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IONOSPHERIC STRUCTURE SPECIFICATIONS 
AND SYSTEMS EFFECTS 

1. INTRODUCTION 

The objective of this investigation is to study the impact of the scintillation caused by the irregular 
ionosphere on trans-ionospheric radio wave propagation employed by Air Force Systems. We 
have achieved an understanding of several structuring processes and started to develop realistic 
models of the evolution of plasma structures. The principal areas where significant progress has 
been obtained are: 1) Polar cap plasma irregularities, 2) Polar cap patch formation, 3) Sun-aligned 
polar cap arcs, 4) Remote sensing using UV techniques, 5) Study of plasma lines, and 6) 
Equatorial plasma structures. 

2. POLAR CAP PLASMA IRREGULARITIES 
The studies of polar cap plasma irregularities conducted during tenure of this contract have 
advanced our knowledge of how plasma structuring develops at polar latitudes and how plasma 
irregularities grow when embedded in the meso-scale structures typically found at these latitudes. 
The most important findings are described in the following subsections. 

2.1. Plasma Structuring in the Polar Cap 

Analysis of scintillation and TEC data obtained in conjunction with arcs and patches observed at 
Thule, Greenland during the high sunspot period of December 1988 were used to indicate the 
importance of the ExB gradient drift and the Kelvin-Helmholtz instabilities for the generation of 
irregularities. A description of this work is contained in the paper "Plasma structuring in the polar 
cap" by Su. Basu, S. Basu, E. J. Weber, and G. J. Bishop. A copy of this paper is included in 
this report (Appendix 1). 

2.2. IMF control of drifts and anisotropy of high latitude irregularities 

A comprehensive study with spaced receiver drifts demonstrated that the patch-related irregularities 
at Thule have very large anisotropy. In such cases, only the apparent drift of the diffraction pattern 
can be derived. For the case of sun-aligned arcs, however, the true drift can be derived, and 
distinct examples of sheared flows were obtained. Extending the measurements to Sondrestrom 
provided evidence that E-region ionization tends to reduce the anisotropy of the patch-related 
irregularities. Under these circumstances, the true drift of the diffraction pattern can be measured 
even in the presence of patch-related irregularities. It was found that the true drift agreed well with 
the simultaneously measured plasma drift by the incoherent scatter radar at Sondrestrom. A 
description of this work is contained in the paper entitled: "IMF control of drifts and anisotropy of 
high latitude irregularities" by Su. Basu, S. Basu, E. Costa, C. Bryant, C. E. Valladares, and 
R.C. Livingston. A copy of this paper is included in this report (Appendix 1). 

3. HIGH LATITUDE PLASMA STRUCTURES DURING NORTHWARD IMF 

Significant progress has been achieved to understand the formation, lifetime and decay of the E- 
and F-region polar cap arcs. One of the most important issues in polar cap arc research deals with 
determining the region of the magnetosphere to which the polar cap arcs map. Several studies have 
been undertaken to achieve this goal. They are described in the following subsections. 



3.1.    Electrodynamics of Sun-Aligned Polar Cap Arcs 

The complete analysis of data collected by the Sondrestrom incoherent scatter radar (ISR) during a 
polar cap arc campaign on February-March 1987 prompted a calculation of the Joule heating rate, 
the field-aligned currents, and the Poynting flux associated with single and multiple sun-aligned 
arcs. It was found that enhanced ionization signatures of the arc are produced by incoming 
energetic electrons carrying the outgoing field-aligned current. Electron temperature enhancements 
of magnitude larger than 2000 K were found within the sheets of the ionizing particle precipitation. 
Dawn to dusk decreases in the antisunward plasma flow on the order of 1 km s-1, across the arc of 
order 100 km width, corresponded to upward currents of order 1 fiA nr2. It was also determined 
that the high-velocity antisunward flow on the dawnside of the arc marked the location of strong 
persistent Joule heating driven by downward Poynting flux. It was found that a channel of 
strongly enhanced ion temperature, well above the electron temperature, located along the high- 
velocity edge of the arc, was quantitatively accounted for by ion frictional heating. It was also 
concluded that the deposition rate into the ionosphere of the net electromagnetic energy well 
exceeded the net particle energy deposited by the energetic electron flux. A description of this 
work is contained in the paper "The electrodynamics, thermal, and energetic character of stable 
sun-aligned arcs in the polar cap" by C.E. Valladares and H.C. Carlson, Jr. A copy of this paper 
is included in this report (Section 10). 

3.2.   IMF Dependency of Stable Sun-Aligned Polar Cap Arcs 

This research effort was the first study in which almost 1400 images were analyzed to correlate the 
presence, orientation, and motion of stable polar cap arcs with the three components of the IMF. It 
was determined that the probability of observing arcs within the polar cap varied sharply as a 
function of the arc location; arcs were observed 40% of the time on me dawnside and only 10% on 
the duskside. Polar cap arcs were mainly detected during northward orientations of IMF Bz. 
However, 20% of the arcs were observed during "southward IMF conditions". After close 
inspection, it was found that they were formed under northward IMF conditions. The polar cap 
arcs were found to be sun-aligned to a first approximation, but presented deviations from this 
orientation depending upon the location of the arc in the polar cap. The arcs located in the morning 
and afternoon sectors were found to point toward the cusp. The By dependency of the arc 
alignment is consistent with a cusp displacement in local time according to the sign of By. It was 
found that the arc motion in the dawn-dusk direction depended both on By and the arc location 
within the polar cap. For a given value of By, two regions of common flow exist. Between each 
region the arcs move in the same direction toward the boundary between the regions. Arcs located 
in the duskside move dawnward, and vice versa. In this scenario the size of each region is 
controlled by the magnitude of By. The persistent motion of the polar cap arcs was interpreted in 
terms of newly open flux tubes entering the polar cap and exerting a displacement of the convective 
cells and the polar cap arcs which are embedded within them. A description of this work is 
contained in the paper "Interplanetary magnetic field dependency of stable sun-aligned polar cap 
arcs" by C.E. Valladares, H.C. Carlson, Jr., and K. Fukui. A copy of this paper is included in 
this report (Section 10). 

3.3.   Antisunward Decay of Polar Cap Arcs 

This study investigated eight cases of polar cap arcs decaying antisunward following an IMF 
southward turning. The arcs analyzed in this study presented arcs disappearing first in the part of 
the arc closest to the sun; the effect seemed to propagate toward the midnight part arc in an 
antisunward fashion. The lags from the IMF reversal to the arc decay were found to vary between 
19 and 32 min for 6 of the cases and 60-70 min for the remaining two cases. Data from the J4 
sensor on-board the DMSP satellites was also used to characterize the mapping of the polar cap 
arcs to open or closed field lines. Both open and closed field line arcs were seen in association 



with the short lag arcs, while the two arcs associated with 60-70 min lags are on closed field lines. 
Antisunward decay of polar cap arcs 20 min after Bz turns positive is consistent with convection of 
new open flux tubes from the cusp due to dayside merging. The long delays can be understood by 
the development of a substorm-related DP-1 current pattern. A description of this work is 
contained in the paper "Antisunward decay of polar cap arcs" by J.V. Rodriguez, C.E. Valladares, 
K. Fukui, and H.A. Gallagher, Jr. A copy of this paper is included in this report (Section 10). 

3.4. Model-Observation Comparison Study of Multiple Polar Cap Arcs 

This study was designed to prove that the structure of polar cap arcs, say their multiplicity, is 
mainly determined by the magnetosphere-ionosphere coupling processes and that the spacing of 
multiple polar cap arcs is related to the hardness of the magnetospheric precipitation. This work is 
described in the paper entitled "Model-observation comparison study of multiple polar cap arcs" by 
L. Zhu, C.E. Valladares, J.J. Sojka, R.W. Schunk, and DJ. Crain. A copy of this paper is 
included in this report (Section 10). 

3.5. Motion of Transpolar Arcs and Their Relation to the Motion of Auroral 
Boundaries 

We have completed the first phase of the analysis of images obtained by the DE-1 satellite during 
passes over the northern hemisphere. It is known that the imager on-board the DE satellite is able 
to provide simultaneously the location of the transpolar arcs and the location of the auroral oval. 
Figure 1 presents 12 images obtained on November 08, 1981 with a 12-minute time interval. 
Values of the IMF were gathered by the ISEE-3 satellite located at 196 earth radius. 5zwas 
positive until 1455 UT when it switched to a southward orientation (-6 nT). The theta aurora 
disappeared at 1613 UT (not shown in the Figure), this is in good agreement with a delay of -1.2 
hr for the solar wind to reach the magnetopause. It was postulated by Meng (1981) that during Bz 
northward conditions the polar cap continuously reduces in size. We have calculated in Figure 1 
that the equivalent radius of the polar cap (seen as white lines) decreases during the first 7 images, 
but it increases after 1436 UT and the event ends at 1600 UT with an area larger than the initial size 
of the polar cap at 1311 UT. The increase and the decrease in the area of the polar cap is 
proportional to the difference between dayside merging and magnetotail reconnection. Figure 1 
also outlines the location of the theta aurora in each of the 12 images. Reiff and Burch [1985] have 
explained how recently merged field lines move, depending on the 3 components of the IMF and 
how reconnection proceeds in the nightside to form reclosure cells. The transpolar arc of Figure 1 
shows that the area between the arc and the auroral oval grows in size in qualitative agreement with 
the predictions of Reiff and Burch [1985]. 

4. HIGH LATITUDE PLASMA STRUCTURES DURING SOUTHWARD IMF 

Three different studies have been conducted which have provided observational and numerical 
verification that polar cap patches can be produced from sub-auroral or auroral plasma that gets 
fragmented when entering the polar cap. Two mechanism of meso-scale plasma structuring have 
been suggested: 1) large plasma flows and 2) north-to-south transitions of the IMF. 

4.1.   Experimental Evidence for the Formation and Entry of Patches 

Based on data collected by the Sondrestrom incoherent scatter radar, Greenland magnetometers and 
digisondes at Sondrestrom and Qaanaaq, we have shown that a fast plasma jet containing velocity 
in excess of 2 km s_1 can erode a section of the tongue-of-ionization, dividing it into regions of low 
and high densities. The regions of high density constitute the polar cap patches. This work is 
described in the paper entitled "Experimental evidence for the formation and entry of patches into 
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the polar cap" by C.E. Valladares, Su. Basu, J. Buchau, and E. Friis-Christensen. A copy of this 
paper is included in this report (Section 10). 

4.2. Modeling the Formation of Polar Cap Patches Using Large Plasma Flows 

This study investigated the role of plasma jets on patch formation, determined the temporal 
evolution of the density structure, and assessed the importance of 0+ loss rate and transport 
mechanisms. We used a time-dependent model of the high latitude F region ionosphere and model 
inputs guided by experimental data collected by radar and ground-based magnetometers. Several 
different scenarios of patch formation were studied. The first attempt employed a Heelis-type 
pattern to represent the global convection and two stationary vortices to characterize the localized 
velocity structure. No discrete isolated patches were evident in this simulation. The second 
modeling study allowed the vortices to travel according to the background convection. Discrete 
density patches were seen in the polar cap for this case. The third case involved the use of a 
Heppner and Maynard pattern of polar cap potential. Like the second case, patches were seen only 
when traveling vortices were used in the simulation. When the Joule frictional heating term was 
"artificially" removed, it was found that transport of low density plasma from earlier local times 
can contribute to 60% of the depletion. It was also determined that patches can be created only 
when the vortices are located in a narrow local time sector, between 1000 and 1200 LT. This work 
is described in the paper entitled "Modeling the formation of polar cap patches using large plasma 
flows" by C.E. Valladares, D.T. Decker, R. Sheehan, and D.N. Anderson. A copy of this paper 
is included in this report (Section 10). 

4.3. Formation of Polar Cap Patches Associated with North-to-South Transitions 
of the IMF 

Based on experimental measurements and computer modeling, we have demonstrated that patches 
can be generated when sun-produced plasma, augmented by particle precipitation, enter the polar 
cap due to the development of antisunward flows acting in response to a new, even if short lived, 
Bz south-type global pattern. The data clearly indicated that structured density enhancements can 
be present near midday during a prolonged period (>1 hour) of steady northward IMF conditions. 
The nature of the ionospheric flows near the auroral poleward boundary, during Bz northward 
conditions, prevented the high density plasma from transiting across the polar cap. The 
experimental evidence was provided by the Sondrestrom incoherent scatter radar, an all-sky 
imaging photometer located at Qaanaaq, two digisondes located at high latitudes, and a 
magnetometer placed on-board the JJVIP-8 satellite. In summary, the data reinforced the view that 
patches only exist inside the polar cap shortly after negative excursions of the IMF Bz occur. 
Indeed, the Sondrestrom data gave conclusive evidence for the existence of a quasi-stationary 
structure of high densities detached from a uniform high density plasma. Convergent electric fields 
and slightly elevated Te signatures were seen accompanying the F-region Ne feature. This fact 
supported the conclusion that soft precipitation was probably responsible for slightly augmenting 
the density and elevating the electron temperature. Several minutes after Bz changed from north to 
south, a poleward motion of the density structure was detected by the radar, together with the 
appearance of a large flow jet equatorward of the original location of the Ne structure. Nearly 34 
minutes after the Ne structure departed from the Sondrestrom field-of-view, the Qaanaaq digisonde 
measured a factor of 2 increase in the f0F2 values. We also explored the possibility of sudden 
north-to-south-to-north transitions as a likely generation mechanism of polar cap patches. The 
results of the modeling work are in quantitative agreement with the time that the patch appears and 
the density values measured by the Qaanaaq digisonde. The modeling work also predicted the 
existence of stationary structures residing near the boundary of the auroral oval and the polar cap 
during 5Z northward conditions. This work is described in the paper entitled "Formation of polar 
cap patches associated with north-to-south transitions of the IMF" by C.E. Valladares, R. 
Sheehan, D.T. Decker, D.N. Anderson, T. Bullett, and B.W. Reinisch. A copy of this paper is 
included in this report (Section 10). 



5.   REMOTE SENSING OF E-REGION PLASMA STRUCTURES BY 
RADIO. RADAR AND UV TECHNIQUES 

A very comprehensive study was conducted that employed the unique capability of the Polar Bear 
satellite to simultaneously image auroral luminosities at multiple ultraviolet (UV) wavelengths and 
to remotely sense large-scale and small scale plasma density structures with its multifrequency 
beacon package. Coordinated observations between Polar Bear overflights and Sondrestrom 
incoherent scatter measurements were presented for two nights during January-February 1987. It 
was confirmed that the energetic particle precipitation responsible for the UV emissions causes the 
electron density increases in the E region. Large magnitudes of phase and amplitude scintillations 
were measured at 137 and 413 Mhz in the regions of E-region enhancements. Steep phase 
spectral slopes with spectral index of 4 were found in these regions. Strength of turbulence 
computations utilizing the ISR density profiles and observed characteristics of phase and amplitude 
scintillations suggested an irregularity amplitude varying between 10 and 20% at several km outer 
scale size in the E region and extending 50 km in altitude. An estimate of the linear growth rate of 
the gradient-drift instability in the E region showed that these plasma density irregularities could 
have been generated by this process. This work is described in the paper entitled "Remote sensing 
of auroral E region plasma structures by radio, radar, and UV techniques at solar minimum" by 
Su. Basu, S. Basu, R.E. Hoffman, R.E. Daniell, P.K. Chaturvedi, C.E. Valladares, and R.C. 
Livingston. A copy of this paper is included in this report (Section 10). 

6. STUDY OF PLASMA LINES 

We have performed two studies of plasma lines to investigate the importance of wave-particle 
interaction in the amplitude of the plasma lines. The first study deals with an statistical study of 
many experiments conducted at Sondrestrom and the second study used observations with the 
EISCAT UHF system. 

6.1. Statistical Analysis and Modeling of Plasma Line Measurements from 
Sondrestrom During 1985-87 

We have completed the analysis of several plasma line observations at Sondrestrom, which were 
conducted between the years 1985 and 1987. The main purposes of these experiments were to 
make precise observations of the plasma line intensity associated with auroral arc events and to use 
this experimental data for comparison with a computer model of plasma line intensity. Our model 
of the plasma line intensity included the eigenvalue solution of the electron transport equation and 
the Perkins relation of the plasma line intensity. 

The first task of this project was to determine the distribution of the primary electron (P0). This 
was achieved by performing iterative fittings to the measured electron density and temperature until 
the error between the measured and predicted parameters was less than 10%. A schematic of this 
method is depicted in Figure 2. Figures 3 and 4 show the plasma line intensity expressed in terms 
of Plasma Wave Temperature (PWT). PWT corresponding to phase energies (Ef) less than 1.35 
eV is plotted in Figure 3 and that for Ef larger than 1.75 is displayed in Figure 4. We also included 
the theoretical PWT profiles (continuous line) for: a) Ef equal to 1.35 eV (Figure 3) and b) Ef = 
1.90 eV (Figure 4). Good agreement was found between the theoretical and experimental PWT for 
phase energies below 1.35 eV. However, the model predicts almost an order of magnitude smaller 
plasma line intensities for values of Ef larger than 1.75 eV. The disagreement may be reconciled if 
production of upper hybrid waves is considered and a subsequent flattening of the distribution of 
secondaries in the energy range between 1.75 and 5 eV has occurred. A similar flattening of the 
velocity distribution has been observed to occur at mid-latitudes [Basu et al., 1982]. Based on 
these characteristics of the auroral plasma line, we inferred that upper hybrid waves produced a 
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flattening of the distribution of the secondaries (Ef > 1.75 eV), consequently decreasing the Landau 
damping of the plasma waves and greatly increasing the amplitude of the plasma lines. 

6.2. Measurement of Plasma Lines with the EISCAT IS Radar 

Plasma line data measured by the EISCAT UHF radar, during auroral arc events on February 28, 
1992, was analyzed and compared to the results of a computer model of the plasma line intensity. 
The model consisted of the eigenvalue solution of the electron transport equation and the Perkins 
relation of the plasma line intensity. 

The prominent feature of the plasma line data is the altitude at which the plasma line echoes were 
produced, 435 km. These observations constitute the first time that plasma lines associated with 
auroral precipitation were seen at F-region altitudes. Moreover, the plasma line enhancements 
reached values well over 100 times their thermal level. This is the same magnitude or larger than 
the level of E-region plasma line enhancements that have been measured previously with the 
Sondrestrom incoherent scatter radar. During the experiments the EISCAT UHF radar was 
operated in a monostatic mode, with the radar beam directed along the magnetic field. Pulses were 
transmitted at two frequencies, first a 350-ms pulse at 929 MHz and then followed by a 160-ms 
pulse at 928 MHz. Integration time was only 10 seconds. The long pulse was used to measure the 
ion line auto-correlation functions (ACFs) and the short pulse for observing the ion line and the 
plasma line power profiles. A 128-ms pulse was also transmitted for plasma line spectra. 

Four receivers were used to measure plasma line signals and were tuned to detect only the down- 
shifted plasma line. The four receivers were set at offset frequencies between 5 and 8 Mhz and 
were spaced every 1 MHz. Plasma line echoes originating from each of the two transmitted pulses 
were recorded, and in some cases all 4 plasma line channels made clear detections. The lower 
panels of Figure 5 show the power profiles measured by the four plasma line receivers, and the left 
upper panel displays the density profile obtained by the ion line receiver at 2227:10 UT. A large 
plasma line echo is seen centered at 435 km in the 8 MHz channel; another plasma line detection 
was also performed with the 7 MHz channel. These signals correspond to a plasma wave 
temperature above 10 eV, as can be seen in the right upper panel of Figure 5. The spectra of the 
down-shifted plasma line signal are displayed in the upper panels of Figure 6. The five traces in 
the upper panel correspond to the plasma line spectra at -8.5 MHz for 5 different altitudes, starting 
at 435 km altitude and separated by 5 km. The middle panel shows the spectra of the plasma line 
down-shifted by 8 MHz. The narrowness of the spectra indicates that the plasma line signal 
originated near the peak of the F-region. 

The intermittent nature of the enhanced plasma lines and the large value of the down-shifted line 
served to rule out the possibility that a photoelectron flux from the conjugate hemisphere was 
responsible for the plasma line echoes. The results of the modeling effort suggested that secondary 
electrons created locally or transported from below were not able to generate plasma lines at the 
level that was observed. Then, another mechanism or plasma instability must be in effect to 
produce the level of plasma lines that were detected with the EISCAT radar at F region altitudes. 

7. EQUATORIAL PLASMA STRUCTURES 

We have performed two studies aimed at understanding the ion-neutral coupling during the 
development of the equatorial spread-F (ESF) phenomena and determining the climatology of the 
zonal irregularity drifts. These two research efforts are described in the following two sub- 
sections. 
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7.1. Zonal Irregularity Drifts and Neutral Winds Measured Near the Magnetic 
Equator 

This study consists of the first detailed examination of zonal irregularity drifts made by spaced 
receiver scintillation and radar interferometer techniques and zonal neutral winds measured 
simultaneously with a Fabry-Perot Interferometer. These concurrent measurements were 
performed during evening hours in the presence of equatorial spread-F. The drift of km-scale 
irregularities obtained by the scintillation technique agreed with the drift of 3-m irregularities. The 
neutral winds, however, were sometimes a factor of two higher. This result was understood as a 
partial reduction of the vertical polarization electric field in the F-region caused by the effect of 
integrated Pedersen conductivity in the off-equatorial nighttime E-region coupled to the F-region at 
high altitudes above the magnetic equator. This work is described in the paper entitled "Zonal 
irregularity drifts and neutral winds measured near the magnetic equator in Peru" by S. Basu, Su. 
Basu, E. Kudeki, H.P. Zengingonul, M.A. Biondi, and J.W. Meriwether. A copy of this paper is 
included in this report (Section 10). 

7.2. Climatology of Zonal Irregularity Drifts 

A spaced-antenna scintillation system was deployed at the equatorial station of Ancon (11.09°S, 
dip latitude 1.4°N). The system initially consisted of three UHF antennas aligned in the magnetic 
east-west direction, and a 10-m dish used for L-band scintillation. The system was later 
augmented by two more receivers forming another baseline. At the present time 2 GPS receivers 
(Novatel and Ashtech) complete the system and provide measurements of L-band scintillations 
from the GPS constellation of satellites. 

We have established the climatology of the zonal drifts of the irregularities and compared these 
values to the climatology of zonal neutral wind which is the driver of the equatorial 
electrodynamics. The statistics of the first year's drift and scintillations have been presented as a 
function of local time, season and magnetic activity and compared with the statistics of ion drift 
based on the incoherent scatter technique. We found the scintillation drifts to be in good agreement 
with the Jicamarca radar observations except for the fact the scintillation drifts exhibit a value 20 - 
30 ms-1 higher. This discrepancy was attributed to lower ion drag experienced in the presence of 
ESF due to a sustained uplifting of the ionosphere. This work is described in the paper entitled 
"The multi-instrumented studies of equatorial thermosphere aeronomy scintillation system: 
Climatology of zonal drifts" by C.E. Valladares, R. Sheehan, S. Basu, H. Kuenzler, and R.C. 
Livingston. A copy of this paper is included in this report (Section 10). 
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Propagation experiments providing scintillation, total electron content and drift data 
in the field of view of an all-sky imager near the magnetic pole in Greenland are utilized to 
investigate the manner in which ionospheric plasma becomes structured within the polar 
cap. It is found that under IMF B- southward conditions, large scale ionization patches 
which are convected through the dayside cusp into the polar cap get continually 
structured. The structuring occurs through the ExB gradient drift instability process 
which operates through an interaction between the antisunward plasma convection in the 
neutral rest frame and large scale plasma density gradients that exist at the edges of the 
ionization patches. It is shown that with the increase of solar activity the strength of the 
irregularities integrated through the ionosphere is greatly increased. Under the IMF B. 
northward conditions, the plasma structuring occurs around the polar cap arcs in the 
presence of inhomogeneous electric field or disordered plasma convection. In that case, 
the irregularity generation is caused by the competing processes of non-linear Kelvin- 
Helmholtz instability driven by sheared plasma flows and the gradient drift instability 
process which operates in the presence of dawn-dusk motion of arc structures. The 
integrated strength of this class of irregularities also exhibits marked increase with 
increasing solar activity presumably because the ambient plasma density over the polar 
cap is enhanced. 

1.    Introduction 

Plasma subject to stress can structure if the stress-driven instability growth-rates 
exceed the rates of structure dissipation over a sufficiently large number of instability 
growth-times. At ionospheric £-region altitudes relatively short chemical time constants 
(photo-chemical lifetimes of minutes) tend to tie structures to irregularity sources. F- 
region irregularities are quite complex because their lifetimes could be several hours 
depending on their scale size (ViCKREY and KELLEY, 1982). Over hours polar f-region 
plasma can move thousands of kilometers. Thus its instantaneous structure represents 
the cumulative consequence of competing variable growth and dissipative processes 
encountered over the history of its transpolar and/or return flow trajectory. It is thus not 
surprising that we are at present a long way from confidence in our ability to physically 
model or even specify the dominant processes controlling high latitude ionospheric 
plasma structuring. 

It is for this reason that a working group has been set-up under the U.S. National 
Science Foundation's "Coupling, Energetics and Dynamics of Atmospheric Regions 
(CEDAR)" initiative to study high latitude plasma structures (HLPS). HLPS is an 
ambitious program to address the goal of understanding the processes controlling source, 
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evolution and ticcay ol ionospheric structures using a iranspolai an a\ ol i nsi nimenial ion 
delmmg key physical parameters. I he work of ihe HI PS gioup has been primaiiK 
organized around the finding thai the large scale struct mini! (-■ hundreds of km) in the 
very high latitude ionosphere-niagnetospherc (l-M) system is controlled by the north- 
south component, namely. B ol the IMF. Using sensitive all-sky imaging photometers 
(ASlPs) located deep within the dark winter polar cap, it has been shown that when IMF 
B: is negative, large (—1000 km) regions of convecting density enhancement known as 
patches arc observed, whereas, when IMF B: is positive, sun-aligned arcs are found to 
populate the polar cap (WKBIR et al., 1984; BUCHAU el al. 19X5). That both patches and 
arcs are associated with small-scale density and electric field turbulence (~kms to m) has 
been determined by a variety of in situ and remote sensing techniques (CARLSON et al.. 
1988a). 

The first multi-technique HLPS campaign of February 1988 offered a unique 
opportunity to further investigate the structuring of patches and arcs. Coordinated 
measurements carried out with the Sondrestrom incoherent scatter radar, all-sky imaging 
photometers (ASIPs), orbiting and quasi-stationary satellites and ionosondes allowed us 
to present a study of these two distinct classes of large scale plasma structures and 
associated turbulence in the polar cap. These results obtained under iow sunspot 
conditions (SSN = 40) have already been published (BASU et al., 1989). A similar data 
base was utilized to investigate plasma structuring over the polar cap during the second 
HLPS campaign in December 1988 when the sunspot number was as high as 180. During 
this campaign, spaced receiver scintillation measurements could be performed to obtain 
drift and anisotropy of the plasma density irregularities. In this paper the nature of 
irregularity structures in polar cap arcs and patches observed during the second HLPS 
campaign under high sunspot conditions will be discussed and contrasted with the results 
of the first HLPS campaign which as previously mentioned was performed under low 
sunspot conditions. 

2.    Results 

A polar cap patch and an arc event are studied in detail here and contrasted with the 
February events published by BASU et al. (1989). The patch event was observed on 
December 6, 1988, while the arc event was observed on December 12, I< 

2.1    Polar cap patch 
The patches were identified on the imager located at Qaanaaq, Greenland between 

00-02 UT on December 6, 1988. This period corresponded to extremely low magnetic 
activity with 1Kp = T and 6* for December 5 and 6, respectively. In fact, the period 
December 5-7 constituted the three quietest days of the month. Yet polar cap patches 
were observed contrary to generally held opinion that patches are observed under 
moderately high and variable Kp conditions (ANDERSON et al., 1988). No IMF data was 
available at this time but B- was predominantly southward (-2 to -3 nT) between 21-23 
UT of December 5, 1988 and between 02:30-05:30 UT on December 6 and By was 
positive for 22 hours before and 18 hours after the data gap. Given the experimental 
evidence for the existence of patches during the IMF data gap, it seems fairly reasonable 
to assume that Bz remained southward throughout the period. 

Figure I shows the geometry of the observations. At Qaanaaq (QA), an all-sky 
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DECEMBER  19 

Fig.  1.    The geometry of the scintillation and TEC observations in Greenland on December 6, 1988. 

imager was operated, while at Thule (TH), polar beacon satellite signals at 244 MHz were 
acquired by a spaced receiver system which provided amplitude and phase scintillations, 
as well as, irregularity drift velocity. The intersection of the propagation path with an 
ionospheric height of 350 km is indicated by a dot (•) and identified by PBS. The phase 
coherent signals at 1.2 and 1.6 GHz transmitted by the Global Positioning Satellite 
(GPS) were also monitored at Thule to obtain the total electron content (TEC) of the 
ionosphere. The locus of the 350 km ionosphere intersection with the ray path for this 
satellite between 23:30 and 01:20 UT is indicated on the diagram and identified by GPS. 

Figure 2 shows the results of the relative TEC obtained from the differential phase 
measurements with the GPS satellite. The series of increases and decreases of TEC 
indicates successive encounters of the propagation path with the drifting polar cap 
patches of ionization. The average enhancement of TEC in these patches above the 
neighboring minimum amount to lOxlO16 m"2. Correcting for the slant orientation of the 
propagation path, the equivalent vertical TEC of the ionization patches above the 
background is obtained as 7x 10'6 m~2. This contrast of TEC between the patch and the 
neighboring background may be considered to be equivalent to a variation otf0Fi from 7 
MHz with a slab thickness of 200 km within the patch to f0F2 of 5 MHz in the 
background with a slab thickness of 150 km. 

The time history of irregularities of several km to several tens of m as observed by 
250 MHz phase and amplitude scintillation at the ionospheric intersection point PBS in 
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Fig. 2.    TEC observations using a GPS satellite from Thule during a polar cap patch event on December 6, 

Fig. I which occur in association with the larger scale TEC enhancements is shown in 
Fig. 3. Large peaks with A^O.S are observed in conjunction with phase scintillations 
exceeding 10 radians (for 82-sec detrend intervals). The other interesting feature of the 
data is that the decorrelation interval (for 50 percent decorrelation) is fairly constant with 
time varying at most by a factor of 2 from 0.2 to 0.4 sec. 

The scintillation data were being taken with three spaced antennas defining 
approximately an isosceles right-triangle with smaller sides of approximately 170 m, and 
using a slightly modified version of the FEDOR (1967) technique as discussed at length by 
COSTA et al. (1988) in their Subsection 4.1, we obtain the direction and magnitude of the 
vector drift as given in Fig. 4. The magnitude of the drift generally varies between 0.4-0.8 
km s . The direction of the drift varies between 90-140° with this range of directions 
indicating drifts varying between magnetic eastward to southeastward (i.e., approximately 
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THULE       POLAR BEACON      250 MHz      DEC. 6, 1988 

DECORRELAT10N 
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001809        003455 005147 010832 012525    UT 

001809 003455 005147 010832 012525     UT 

Fig. 3. The same as Fig. 2 for phase and intensity scintillations and decorrelation time at 250 MHz. The phase 
scintillation is measured in radians, while the intensity scintillation is expressed in terms of the St index, 
i.e., the second central moment of the intensity. 

antisunward), as shown on the corrected geomagnetic latitude (CGL) and time (CGLT) 
polar plot in Fig. 5. 

Neutral wind measurements were available from Thule where the University of 
Michigan personnel were operating their Fabry-Perot interferometer. Between 00-02 UT 
the average antisunward drift was 300 ms"1 (J. P. Thayer, private communication). It is 
possible to estimate the time required by the trailing edges of convecting patches to 
develop small-scale structures as they drift antisunward in the rest frame of the neutrals. 
The zero-order growth time is given by LN/(KJ- US) where LN is the density gradient 
scale length and Vd and Us are the plasma drift and neutral wind velocities, respectively. 
Now Ls may be estimated by converting the temporal variations of vertical TEC at the 
trailing edges of patches to spatial gradients by utilizing the plasma drift velocity. Using 
this method one gets LN values as small as 40 km. This when combined with the average 
plasma drift of approximately 600 ms~" and the neutral wind of 300 ms~' provides growth 
times on the order of 2 mins which is very short indeed. Thus we can expect the density 
gradients at the edges of patches to become quickly unstable and generate scintillation 
producing irregularities. This finding is consistent with earlier studies of patches (WEBER 
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Fig. 4     The pattern drift velocity and its direction obtained for the data shown in Fig. 3 by using spaced 
antennas. 
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Fig. 5.    The drift velocity vector for the December 6, 1988 patch event shown on a polar plot of corrected 
magnetic latitude and local time. 
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<•/ al.. 19X4. 1986; BliCHAi. CI al., 1985). Whal iciiKims rather enigmatic is lIn- pioccss 
whereby a succession of patches can enter the polar cap under extended quiet magnetic 
conditions. As already mentioned, this is contrary to modeling studies performed earlier 
(ANDERSON CI al., 1988). The cross polar cap potential which can be estimated from the 
DMSP drift measurements (HAIRSTON and HFEUS, 1989) during this event will be 
utilized in future to provide further insight into the problem. 

2.2    Polar cap arc 

I he geometry of supporting measurements during the appearance of the sun-aligned 
arc on December 12, 1988 between 10:30-1 1:30 UT is shown in Fig. 6 with the symbols 
having the same meaning as in Fig. I. Two images of the sun-aligned arc using the 
Qaanaaq ASIP at 630 and 427.8 nm are shown in Fig. 7. The original all-sky lens (180° 
field of view) images have been transformed to geographic projections, and the polar cap 
is displayed as if viewed from above. In order to perform these transformations, an 
altitude of 250 km was assumed for the 630 nm and I 10 km for the 427.8 nm emission 
height, respectively. Geographic latitudes from 70° to 85°N are shown at 5° intervals, 
and geographic longitudes from 0° to 135° W are shown at 15° intervals. The "p" and the 
"g" on the images are the 250 (110) km intersections of the ray paths for the 630 (427.8) 
nm emissions from Thule to the polar beacon and to the GPS satellites. The scintillation 
and spaced-receiver drift measurements obtained from the polar beacon (p) and the TEC 

DECEMBER 1988 

Fig. 6.    The geometry of the scintillation and TEC observations in Greenland on December 12, 1988. 
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Fig. 7. Two AS IP images of the polar cap sun-aligned arc from Qaanaaq obtained on December 12, 1988 at 
630 and 427.8 nm. The images are projected to 250 (110) km for the 630 (427.8) nm images. The points p 
and g represent the 250 (110) km intersections of the ray path from Thule to the polar beacon and GPS 
satellites. 

from the GPS (g) will thus provide information regarding the large and small-scale 
structuring of this polar cap arc. The arc is observed at Qaanaaq in the local morning 
hours such that its equatorward side is toward dawn and consequently its poleward side 
is towards dusk. The fact that both emissions are present indicates that the particle 
precipitation responsible for this sun-aligned arc is energetic enough to create ionization 
in the £-region in addition to the F-region ionization which produces the 630-nm 
emission. 

The TEC from GPS associated with the arc is shown in Fig. 8. The differential 
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Fig. 8.    TEC observations using a GPS satellite from Thule during the sun-aligned polar cap arc event on 
December 12. 1988. 

content increase of 7x10^ el m"2 along the slant path, equivalent to a vertical TEC 
increase of 5xI016 el m"2, is less than that seen in patches but the more important 
difference is the rather gradual rate of increase and decrease for the central structure. 
This could be due to the generally smaller magnitude of the velocities perpendicular to 
the length of the arc as obtained from the spaced-receiver technique to be presented 
below. However, the TEC behavior for this sunspot maximum arc does provide a fairly 
dramatic contrast when compared with the sunspot minimum arc (BASU et a!., 1989). 

The phase and amplitude scintillations associated with the arc shown in Fig. 9 is 
much lower than that observed in the case of patches. There is a peak in the scintillation 
magnitude at approximately 11:15 UT. Of considerable interest is the variability of the 
decorrelation time and larger magnitude observed which (since all the scintillations are in 
the weak-scatter regime) indicates slower drift velocities and variation in their magnitude. 
The drift variability can also be gauged from the intensity scintillation spectrum obtained 
at 11:12:08 UT when compared with that obtained at 11:17:45 UT. Whereas the Fresnel 
filter frequency (=u/y/2Äz, where u is the drift velocity perpendicular to the ray path, X is 
the radio wavelength and z the distance between the screen and the receiver) is at 0.2 Hz 
in Fig. 10(a), it is pushed out to 1.5 Hz in Fig. 10(b). This indicates a factor of seven 
variation in the drift velocity. 

The spaced receiver drift measurements shown in Figs. 11 and 12 provide direct 
measurements of the magnitude and azimuth of the drift velocity vector in cartesian and 
polar coordinates as already described in Figs. 4 and 5 for the case of patches. From Fig. 
11 we find that just after 11:15 UT the pattern velocity direction changes from -90° 
azimuth to +90° and at the same time the magnitude of the velocity increases by a factor 
of seven from 100 to 700 ms"1 in agreement with the information obtained from the 
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Fig. 9.    Same as in Fig. 3 except for the sun-aligned polar cap arc event on December 12, 1988. 

spectral comparison. It was mentioned earlier that the peak in the scintillations was at 
approximately 11:15 UT. From Fig. 11, we note that the scintillation peak is co-located 
with this velocity shear. From the polar plot in the CGL-CGMLT coordinate system in 
Fig. 12 we note that the shear is in a direction such that an antisunward drift seen at 
earlier local time reverses to a sunward drift at a later time. If the time history of the 
images of the type presented in Fig. 7 shows that initially the point p was equatorward of 
the arc and at a later time it was encompassed by the arc, then this finding will be 
consistent with the view that sun-aligned polar cap arcs are found in a region of 
convergent electric fields (CARLSON et al, 1988b; VALLADARES and CARLSON, 1990). A 
careful comparison will be made between the position of the point p and the arc 
boundaries in order to establish the location of the sheared flow. 

3.    Comparison with Earlier Observations 

A comparison between patches obtained at various phases of the sunspot cycle 
provide evidence for considerable variability for TEC within patches. The first TEC 
measurements with GPS at Thule in February 1984 with monthly mean sunspot number 
of 85 provided patches with TEC varying between IOxlO16 el m"2 to 15xl016 el nf2 

(WEBER et a!.,  1986). The patches observed during the low sunspot conditions of 
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Fig.  10.    (a) Intensity scintillation spectrum at 11:12:08 UT on December 12, 19 
UT on December 12, 1988 during a large sheared flow event. 

(b) The same at 11:17:45 
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Fig.   11.    Same as in Fig. 4 but for the data shown in Fig. 9. Note the velocity shear at 11:15 UT. 

February 1988 (sunspot number 40) provided evidence for TEC in patches varying 
between 5 and lOxIO16 el m~2 (BASU et al., 1989) which were not unlike those found in 
the present case. It should be remembered though that these patches seen during this high 
sunspot period were observed during a time of very little magnetic activity. The 
mechanism whereby a succession of patches can enter the polar cap during such an 
extended period of magnetic quiet merits much further investigation. 

The structuring of these patches by the ExB instability is fairly well understood 
(TSUNODA, 1988). However, as with the TEC structures observed in December 1988 the 
leading edge occasionally seems steeper than the trailing edge. In prior studies, similar 
situations were observed in in situ data (TSUNODA, 1988; BASU et al., 1990). 

The comparison of TEC associated with polar cap arcs as a function of sunspot cycle 
and their structuring still remains an intriguing problem. The TEC increase was 
approximately 3 times larger in the high sunspot case (5x 1016 el m"2) as compared to the 
February 1988 arc (about 2xl016 el m""2). Indeed many other arcs observed during the 
Polar Arcs Campaign of February 1987 provided similarly low values of TEC. Since we 
are measuring the relative TEC increase, this seems to indicate that particle precipitation 
during high sunspot conditions creates a much higher level of ionization. It is necessary 
to verify this hypothesis with modeling studies. Further, the increased scintillation 
coinciding with the sheared plasma flow gives further credibility to the velocity shear- 
driven Kelvin-Helmholtz instability as a plausible mechanism for structuring associated 
with polar cap arcs (BASU et al., 1988; KESKINEN et al, 1988). The weaker irregularities 
could be generated at the TEC gradients by the background drifts through the ExB 
process (WEBER et al., 1989). 
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Fig.   12.    Same as in Fig. 5 but for the polar cap sun-aligned arc event of December 12, 1988. 
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Recently, much attention has been focused on the control exerted by the north-south component 
of the interplanetary magnetic field (IMF) on the nature of large-scale plasma structures in the polar 
cap ionosphere. In this paper we investigate whether the above IMF control also extends to the 
small-scale irregularities of plasma density associated with the large-scale structures. For this 
purpose, we have performed spaced-receiver scintillation measurements at Thule and Sondrestrom, 
Greenland, using the 250-MHz transmissions from quasi-geostationary polar beacon satellites. 
Under IMF Bz northward conditions, moderate levels of amplitude (54 < 0.6) and phase scintilla- 
tions are observed with highly variable decorrelation times. Spaced-receiver drifts under this 
situation show dramatic reversals of the true drift of the diffraction pattern from antisunward to 
sunward with moderate values of the axial ratio ranging between 4 and 12. For southward B   we 
detect, in the central polar cap, a series of large magnitude scintillation (54 - 1) structures drifting 
at speeds of the order of 500 m s ~' in the antisunward direction indicating the passage of large-scale 
ionization structures in the F region. In these cases the apparent drift speed of the diffraction pattern 
can only be determined as the pattern on ground is highly anisotropic (axial ratios 15 to 40) which 
makes it difficult to determine the true drift velocity. However, with suitable orientation of our 
antenna baseline we find that the apparent drift gives a fair estimate of the actual velocity. We also 
demonstrate that when these irregularities associated with the ionization patches in the F region 
transit across the polar cap and are observed at Sondrestrom, in conjunction with underlying £ 
region ionization caused by auroral particle precipitation (as sensed by simultaneous incoherent 
scatter radar measurements of densities and temperatures), the irregularity anisotropy is much 
reduced. This reduction of anisotropy is possibly a result of increased cross-field diffusion due to 
coupling with the E region having enhanced density. The true drift of the diffraction pattern measured 
at Sondrestrom on one evening agrees remarkably well with the simultaneous incoherent scatter 
radar measurements of F region plasma drifts, both sets of drifts showing equatorward and eastward 
motion varying between 0.5 and 1 kms"1. 

l.   INTRODUCTION sources of high-latitude plasma structure (HLPS) 

The current solar maximum has given us a unique during  des'gnated   "campaigns."   Hitherto,   four 
opportunity to study plasma structure and dynam- such HLPS campaigns have been conducted be- 
ics deep within the dark polar cap by utilizing tween February 1988 and February 1990. The first 
coordinated optical and radio techniques. The on- camPai8n was conducted when the sunspot cycle 
going NSF initiative in the geosciences known as was low (month|y mean sunspot number 40), while 
CEDAR, an acronym for coupling, energetics, and for the other campaigns the sunspot numbers were 
dynamics of atmospheric regions, has provided an high varving between 130 and 180. Careful analysis 
incentive for several research groups to make si- of the multitechnique data has just begun [Basu et 
multaneous measurements to determine different aL' 1989' 1990a; Dool'ltl^ et ai, 1990]. However, 
  what has become very evident is the extent to 

Institute for Space Research, Boston College, Newton, which plasma structuring is controlled by the north- 
2 Phiiiin* i =,h^.,,     uccr-nr-D ,        ,.   ■   „L 

south comPonent B. of the interplanetary magnetic 
Phillips Laboratory (AFSO/GP, Ionospheric Physics Divi- G„IJ /nv/rci   rr      •     T ■> ■ » , ■•  ,     ,   , 

sion. Hanscom Air Force Base. Massachusetts. fidd (IMF)' F°r instance- lf 'S well established that 
3 Centre de Estudos em Telecommunicates. Pontifica Uni- wnen Bi 1S negative, large (-100-1000 km) regions 

versidade Catolica do Rio de Janeiro. Brazil. of  convecting   density   enhancement   known   as 

SRI international. Menio Park. California. patches are observed, whereas, when IMF B. is 

frmvrioh, IQQI K   ,u   A     •      r-     .       , positive, Sun-aligned arcs are found to populate the 
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polar cap [Weber et ai., 1984; Buchati el al., 1985; 
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p(T), 

Fig. 1. Illustrates autocorrelation and cross-correlation func- 
tions of spaced-receiver signals and their identity at time delays 
-,, and T... 

small-scale density and electric field turbulence 
(approximate kilometers to meters) has been deter- 
mined by a variety of in situ and remote sensing 
techniques [cf. Basu et al., 1988, 1990A, b]. Further, 
using spaced-receiver scintillation measurements 
during the high sunspot conditions prevailing during 
the second and third campaigns, we shall show in 
this paper that the drift of the in situ irregularities, 
the anisotropy of the ground diffraction pattern, and 
the intensity of the several kilometers to hundreds 
of meters irregularities are also indirectly controlled 
byBz. 

The IMF control comes through its effects on the 
magnetospheric convection pattern and, possibly, 
also through the specific instability mechanisms 
which create the plasma structuring for each orien- 
tation of Bz. It is important to note that there is very 
little published material on spaced-receiver drifts 
from within the polar cap. Most of the earlier 
measurements at auroral latitudes have come from 
orbiting satellites which are more suitable for pro- 
viding information regarding the anisotropy of irreg- 
ularities [Livingston et al., 1982]. Costa et al. [1988] 
discussed two consecutive evening's observations 
made at Goose Bay, and Rino et al. [1983] pre- 
sented one evening's observations from Poker Flat. 
Both these latter observations used quasi-geosta- 
tionary satellites with the receiving stations being in 
the auroral oval. One day's observations of irregu- 
larity drifts at Thule using similar satellites in con- 

junciion with optical observations under southward 
B- conditions have been published \Wchcr ci al.. 
1984]. Basu a al. | 1990«] published preliminary 
observations of one patch and one arc event from 
Thule. Greenland. In the current paper we present 
more detailed analysis of four such events recorded 
at Thule and one evening's observations from Son- 
drestrom when simultaneous incoherent scatter ra- 
dar (ISR) observations of plasma densities and 
convection were also available. The Sondrestrom 
radar velocity measurements provide an important 
source for the calibration of the spaced-receiver 
drift measurements, and, to our knowledge, this is 
the first report of a comparison between these two 
sets of measurements made simultaneously. 

2.    CORRELATION ANALYSIS OF SPACED- 
RECEIVER DATA 

The correlation analysis of spaced-receiver data 
has been developed from the original idea that 
signals which interact with a moving medium and 
are detected by closely spaced probes display sim- 
ilar structures displaced in time (cf. paper by Costa 
et al. [1988, and references therein]). Application of 
this idea to transionospheric satellite signals de- 
tected by a small number (generally three) of non- 
aligned and relatively inexpensive receivers, com- 
bined with some modeling and substantial data 
processing, provides an estimate of the true drift 
velocity and the anisotropy of the diffraction pat- 
tern defined by the moving medium on the ground. 
In the following paragraphs we will present an 
overview of the method used for our data analysis. 

It is assumed that the correlation functions p,y(r). 
calculated for all possible combinations of the re- 
ceived signals Sj(r) and SJ(T); i,j= 1, • • • , N, are 
special cases of a single function of three variables. 
Two of these represent the rectangular coordinates 
(x, y) of the vector spacings between the receivers, 
Xjj = Xj - xh while the other measures the time 
delay between different observations. These varia- 
bles are combined into a single argument, as fol- 
lows: 

Pii{r) = R{[a(Xu -Vxr)2 + 2h{x-u - Vxr){yi] - Vyr) 

+ b(yy- Vyr)2] + kT2} 

2/xjjT + 2gy0T + c; (1) 
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252m 

Fig. 2.    Location of satellite intersection points for Thule (PBS-1) and (PBS-2) and Sondrestrom (PBS-3) and the 
geometry of spaced receivers at both these stations. 

where R is a decreasing function, normalized in 
such a way that R(0) = 1; the parameters a, h, b,f, 
9, and c are constants to be estimated from the 
analysis; and Vx and Vy are the two components of 
the true drift velocity of the ground diffraction 
pattern, calculated from the previous parameters. 

The original justifications for the equivalent rep- 
resentations of the "space-time" correlation func- 
tion in (I) can be found in the work by Briggs et al. 
[1950]. Better agreements between the model and 
actual correlation functions are obtained for small 
values of r. Consequently, the analysis, in general, 
only uses high-value samples within the main lobes 
of the correlation functions. The above model also 
results from calculations combining a thin phase- 
screen scintillation model wiih an analogous char- 
acterization for the random electron density fluctu- 
ation in the ionosphere [Costa a al., 1988]. As 
discussed by Briggs [1968], the term within square 
brackets in (I) represents the "frozen-in" motion 
contribution to decorrelation between two received 

signals. The remaining term represents the turbu- 
lent motion contribution to decorrelation. Equation 
(I) thus assumes that the two motions additively 
contribute to the correlation functions through the 
same (quadratic) form. It is also assumed that 
surfaces of constant correlation level characterize 
concentric and equishaped ellipsoids in three-di- 
mensional space (x, y, r). It can be shown from (1) 
that the necessary and sufficient conditions for 
these assumptions are a. b > 0, ab - h1 > 0, and 
k > 0 (that is. the equivalent arguments within curly 
brackets should represent positive-definite qua- 
dratic forms). These conditions are not generally 
imposed during the analysis. Instead, results not 
conforming to them are simply rejected. 

Several algorithms have been proposed to esti- 
mate the values of the parameters in (I). A slightly 
modified version of that suggested by Fedor [1967] 
has been used in the present work and will be briefly 
reviewed. 

Let R, be the value of py(rr) at the time delay rr. 
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Fig. 3.    Amplitude and phase scintillations at 250 MHz and decorrelation time observed at Thule in conjunction 
with Sun-aligned arcs on December 12, 1988. 

The value of T0 such that Rc = p^(Ta) can then be 
calculated, as indicated in Figure 1. From the 
equality p,y(Tc) = p^(ra) and the assumption that R 
is a decreasing function, one gets 

(ax~ + Ihxijyij + by] + 2fXyTc + 2gyijTc)/c 2 2-, 

(2) 

This expression can be used as a building block for 
a N x 5 system of linear equations D • X = T, where 
X = (a, h, b,f, g)lc. The N rows of this system are 
obtained by selecting different combinations of 
cross-correlation, autocorrelation functions, and 
time delays TC in (2), from which the elements of the 
matrices D (JV x 5) and T (N x 1) are easily 
inferred. The obtained system is generally overde- 
termined and should be solved by the least squares 
method. That is, X = (DT • D)~' • DT ■ T, where DT 

indicates the transpose of D. 
Once the parameters of the ellipsoids are deter- 

mined, those characterizing the anisotropy and the 
true drift velocity of the ground diffraction pattern 
can be calculated. It should be noted that this 
anisotropy ellipse of the diffraction pattern is the 
geometrical projection along the ray path on the 

ground of the ellipsoid denning the anisotropy of the 
in situ irregularities. The surfaces of the constant 
correlation levels of the in situ irregularities are 
ellipsoids with axes in the ratio 1 :B:A, with A being 
aligned with the magnetic field, B being in the 
magnetic E-W direction and the other axis being 
along the magnetic N-S direction. The spaced- 
receiver technique provides a measure of the an- 
isotropy of the diffraction pattern and not of the in 
situ irregularities per se. 

The anisotropy of the diffraction pattern is char- 
acterized by the common axial ratio AR and orien- 
tation tya of the major axes of the concentric and 
equishaped ellipses along which the ellipsoids in (1) 
intersect the plane T = 0. It can be shown that 

AR = {[1 + (1 - a2)1/2]/[l - (1 - <*2)m]} 2-, 1/2-111/2. 

(3) a = 2(ab-h2)m/(a + b) 

where Osasl, and 

^0 =iarc tan ip; i]/ = 2hl(a-b) (4) 

The orthogonal components Vx and Vy of the true 
drift velocity can be written as functions of the 
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Fig. 4.    Axial ratios and orientation angles of the anisotropy ellipses of the diffraction pattern for the spaced 
receiver intensity data corresponding to the time interval indicated in Figure 3. 

parameters of the ellipsoids by comparing the coef- 
ficients of identical terms in (1). It follows that the 
amplitude V and direction ^., of the true drift 
velocity can be expressed as 

V = Ugh -fb)2+(fh- gci)2]ml(ab - h2)        (5) 

¥„ = arc tan [{fh - ga)l (gh-fb)] (6) 

A discussion of the errors involved in the corre- 
lation analysis of spaced-receiver data is important 
for a better understanding of the limitations of the 
technique. A full error analysis will probably be 
extremely involved and difficult to apply on a rou- 
tine basis. One example of such a calculation can be 
found in the work by Banerji [1960], who applied his 
results to a very limited number of cases, finding a 
large standard deviation (27 m s"1) for measure- 
ments of the true drift velocity (typically 63 m s ~'). 
Recently, May [1988] has discussed statistical er- 
rors in the determination of wind velocities by the 
spaced-antenna technique. 

Rather than following the above routes, the 
present discussion of the limitations of the spaced- 

receiver technique will be centered on expressions 
(3) to (6), in the important case of elongated diffrac- 
tion patterns (AR very large or, equivalently, a very 
small). It can then be written that 

AR = 21a -* A{AR) = ^ Aa 
a" 

A*. 
1 1 

2 1 + <p 
-^4> 

(7) 

(8) 

Expression (7) shows that, for elongated patterns, 
errors in a, caused by those in the estimation of the 
correlation functions (which are then transmitted to 
the parameters of the ellipsoids), lead to large errors 
in the axial ratio. That is, this parameter is very 
sensitive to errors. On the other hand, expression 
(8) shows that the opposite is true with regard to the 
orientation of the major axes of the anisotropy 
ellipses. 

It is more instructive to perform an error analysis 
of the procedure used in the estimation of the true 
drift velocity by using its components VM and Vm 
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Fig. 5. Magnitudes and directions of the true drift velocity of the diffraction pattern corresponding to the time 
interval shown in Figure 3. The direction toward the Sun at magnetic noon is indicated. Clear reversals of the 
drift velocity may be noted. 

along the major (M) and minor (m) axes of the 
anisotropy ellipses, respectively. After some ma- 
nipulation it can be shown that, for elongated pat- 
terns 

Vm = 
(fh + gb) 

2b(a + bY 

VM = -(AR)2 (fh ~ ga) 

2a(a + b)2 

(9) 

(10) 

Being independent of the axial ratio, the component 
Vm along the minor axes is relatively insensitive to 
errors in the limit of interest. The opposite behavior 
has been obtained for the component VM along the 
major axes. That is, the sensitivity to errors exhib- 
ited by AR is transmitted to VM. Further, the 
estimated value for this component of the true drift 
velocity increases fast for elongated patterns, 
regardless of its actual value. Indeed, two closely 
spaced receivers denning a baseline aligned with the 
major axes of the anisotropy ellipses of very elon- 
gated irregularities would almost simultaneously 
detect the same structure. This observation would 

be interpreted as being caused by a very large 
velocity component along this direction, completely 
masking the actual situation. 

In general, the spaced-receiver technique has 
been utilized to derive drift and anisotropy param- 
eters in the relatively benign mid-latitude iono- 
sphere [Moorcroft and Arima, 1972] or it has been 
used at the magnetic equator where the drift veloc- 
ities are determined to be in the magnetic E-W 
direction, perpendicular to the plane of anisotropy 
of the irregularities [Kent and Koster, 1966]. The 
polar cap and auroral environment, on the other 
hand, can provide extreme conditions such as order 
kilometer per second antisunward drifts, abrupt 
reversals to sunward drifts, a total absence of the E 
region in the dark polar cap or an E region with 
densities higher than the F region caused by particle 
precipitation generally, in the auroral region. As a 
matter of fact, we encounter all the above condi- 
tions in the case studies to be presented. We will 
attempt to point out how such background condi- 
tions either help or hinder the application of this 
technique for the derivation of the true drift of the 
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Fig. 6.    Scatter diagram illustrates the dependence of characteristic velocity Vc, on the true drift velocity of 
diffraction pattern for the two Sun-aligned arc events shown in Figures 3 and 7. 

diffraction pattern. For instance, our analysis of 
polar cap spaced-receiver data at Thule has shown 
that convecting polar cap patches detected on the 
nightside yield large axial ratios varying generally 
between 10 and 40 for the receiver layout shown on 
the upper right-hand corner of Figure 2. (The rest of 
the diagram will be described in section 3.) In such 
cases, as the above analysis shows, the true veloc- 
ity is very difficult to determine accurately. It is, 
however, fortuitous that the geometry of the three 
spaced receivers at Thule is such that the direction 
along the baseline connecting receivers 2 and 3 
points approximately in the direction of magnetic 
north which thus happens to be close to the antisun- 
ward direction for time periods around magnetic 
midnight. It is further important to note that the 
orientation angle of the major axis of the diffraction 
pattern, which depends on the viewing geometry of 
the satellites, is along the magnetic E-W direction, 
i.e., approximately along the baseline connecting 
receivers I and 2. Under these circumstances Vm. 
as defined above, and evaluated in the direction 3-2 
of the  receivers,  is approximately  equal  to  the 

apparent drift of the diffraction pattern as computed 
from (7) and (8) given by Brown and Chapman 
[1972]. It should be noted that the apparent veloc- 
ity, so determined, is not the resultant of the three 
component velocities, but is weighted toward the 
direction of the minor axis of the diffraction ellipse. 
In general, for an anisotropic pattern the true drift 
velocity magnitude is smaller than the apparent drift 
and its direction may be somewhat different also. 
However, we believe the apparent drift magnitude 
and direction are able to provide a significant 
amount of information regarding the background 
plasma convection field as will become evident in 
later sections. Underlying £ region conductivity has 
a positive role to play in the application of this 
technique as we shall show for polar cap Sun- 
aligned arc and auroral precipitation events. 

There is one further correction necessary to the 
drift measurements made at these polar latitudes. 
We note that any instrumentation that is ground- 
based provides experimental data in geographic 
coordinates and the reference frame of these mea- 
surements will be corotating with the earth. How- 
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Fig. 7.    Same as in Figure 3 except data are obtained on November 4, 1989. 

ever, particularly in the polar cap, it is preferable to 
present the measured velocities in an inertial frame 
moving with the auroral oval with one of its axis 
oriented in the Sun-Earth direction. It is important 
to note that the oval as viewed from the sun will 
exhibit a wobbling motion due to the corotation of 
the magnetic poles as reviewed by Killeen and 
Roble [1988]. Thus in this study we have corrected 
for corotation by introducing a coordinate transla- 
tion from the geographic frame to the oval frame 
which includes two terms following the method 
outlined by Sojka et al. [1979]. One term is due to 
the corotation of the location where the measure- 
ments have been made (namely, Thule and Sondre- 
strom), and the other is due to the corotation of the 
north magnetic pole. 

3.    RESULTS AND DISCUSSION 

Spaced-receiver scintillation measurements have 
been conducted at Thule, Greenland, using quasi- 
geostationary satellite transmissions at 250 MHz for 
several years. The satellites were generally viewed 
either to the west or east of the station as shown by 
their 350-km intersection points denoted by PBS-1 

and PBS-2 in Figure 2. The zenith angle of the 
observations reported here were high varying be- 
tween 30° and 35°. The received signals were sam- 
pled at 50 Hz. The satellite frequency was updated 
every 168 s, thus creating a loss of lock during a 
fraction of this time, in the beginning. As a result, 
and also due to some preprocessing of the received 
information, data blocks of 72-s length (correspond- 
ing to 3600 observations of the signal intensity per 
channel) approximately centered at the middle of 
each cycle were used in the correlation analysis. A 
more detailed description of the receiving system 
and preprocessing of the data was presented by 
Basu et al. [1985]. 

We will present spaced-receiver drifts obtained 
during two Sun-aligned arc events at Thule, to be 
followed by drift measurements during two patch 
events there. Finally, we shall present drift mea- 
surements at Sondrestrom when the patches ob- 
served at Thule convect to Sondrestrom and are 
detected there in the presence of underlying E 
region ionization caused by particle precipitation. 
The satellite viewing direction from Sondrestrom is 
indicated by PBS-3 in Figure 2. These measure- 
ments are also made at a zenith angle of 30°. The 
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Fig. 8.    Same as in Figure 4 except data are obtained on November 4, 1989. 

spaced-receiver drifts at Sondrestrom, using the 
layout at the bottom right-hand corner of the figure 
are also compared with the simultaneously mea- 
sured plasma convection measurements by the col- 
located ISR. 

3.1.     Sun-aligned arc events at Thule 

A well-documented Sun-aligned polar cap arc 
event was observed at Thule between 1000 and 1300 
UT on December 12, 1988 [Basu et a/., 1990a; 
Trudelt et al.. 1990], The geometry for these obser- 
vations and of all the others to be discussed in this 
paper are shown in Figure 2. It is important to note 
that several quasi-geostationary polar beacon satel- 
lites are viewed in different directions from Thule 
and Sondrestrom as a function of universal time. 
The satellite is viewed due west of Thule on De- 
cember 12 for the Sun-aligned arc event. 

The phase and amplitude scintillations associated 
with the arc event are shown in Figure 3. The 
scintillations are much lower than that observed in 
the case of patches to be presented later. There is a 
peak in the scintillation magnitude at approximately 

1115 UT. Of considerable interest is the observed 
variability of the decorrelation time (defined as the 
time for which the autocorrelation falls to 0.5 of its 
maximum value). The large magnitude of the de- 
correlation time indicates small drift velocities and 
vice versa (since all the scintillations are in the 
weak-scatter regime).  Some of the gaps in  the 
decorrelation time panel are caused by low values 
of the S4 index (54 < 0.15 is the cutoff for compu- 
tation of r). The drift variability will become appar- 
ent when the spaced-receiver drifts are presented. 
The axial ratios and orientation angles of the major 
axis of the diffraction pattern computed from the 
spaced-receiver amplitude data using (3) and (4) 
given in section 2 are shown in Figure 4. The axial 
ratios are generally smaller than 10 and the orien- 
tation angle is approximately 10° west of magnetic 
north.  The  intersection  point  to  the  satellite  is 
almost at 88° CGL (i.e., very close to the magnetic 
pole) and the arcs were observed in the dawn sector 
between approximately 0600-0900 CGLT, where 
the coordinate system used is corrected geomag- 
netic latitude and time [Whalen, 1970]. 

39 



1088 BASU ET AL.: IRREGULARITY DRIFTS AND ANISOTROPY 

THULt"    POL AR   BmCÜN NOV      A    i989 

UT ( HMS )  023000 030000 033000 040000 043000 050000 
CGL(DEG)  87.73 87.G8 87.63 87.60 87.80 87.61 
CGLT (H)   21.67 22.33 22.94 23.50 23.99  0.39 

Fig. 9.    Same as in Figure 5 except data are obtained on November 4, 1989. 

As discussed by Costa et al. [1988], it is not 
possible to use the results on the axial ratio of the 
diffraction pattern to derive unique solutions for the 
anisotropy of F region irregularities in the present 
case of satellite observations with fixed viewing 
angle. As a result, the present study cannot unfor- 
tunately provide irregularity anisotropy information 
needed by global scintillation model, WBMOD 
[Fremouw and Secan, 1984]. Similar studies with 
orbiting satellites can provide information on irreg- 
ularity anisotropy but, on the other hand, fail to 
yield information on irregularity drift velocity. 

The magnitude and direction of the true velocities 
of the diffraction pattern computed using (5) and (6) 
are shown in Figure 5 after the corotation correc- 
tion has been performed as discussed in section 2. 
The velocity vectors are plotted on a cartesian 
system with the direction to the Sun (i.e., 12 CGLT) 
being indicated. A running mean of three consecu- 
tive vector velocities is taken to reduce the random 
variability that is introduced by noise contamina- 
tion of the correlation functions. From Figure 5 it is 
evident that initially the.velocities are antisunward 
with a westward component (i.e., toward dusk), 
changing occasionally to an eastward or dawnward 

component. At approximately 1100 UT, the anti- 
sunward drift reverses to a sunward drift with the 
sunward drift being observed until 1230 UT. This 
drift reversal is associated with the large value of 
the decorrelation time observed at 1100 UT in the 
bottom panel of Figure 3. Sunward plasma veloci- 
ties in the polar cap have been measured by in situ 
[Burke et al., 1979; Carlson et al., 1988] and radar 
techniques [Valladares and Carlson, 1991], but to 
our knowledge this is the first such measurement 
using spaced receivers. The digisonde at Qaanaaq 
(87° CGL) has also provided evidence for shears in 
the plasma flow and sunward drifts under IMF Bz 

northward conditions [Buchau et al., 1988]. 
It is interesting to note that the large increase in 

phase scintillation at 1115 UT is accompanied by a 
large increase of velocity in the sunward direction. 
The change in shape of the amplitude spectra before 
and after the velocity increase has been presented 
by Basu et al. [1990a]. A comparison with the type 
of all-sky imaging photometer (ASIP) images shown 
by Basu et al. [1990a] indicates, in general, that the 
antisunward flows are observed on the equatorward 
side (or dawnside) of the arc, while the sunward 
flows are observed within and on the duskside of 
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Fig. 10.    Intense amplitude scintillations at 250 MHz and decorrelation time observed at Thule in conjunction 
with polar cap patches on November 5, 1989. 

the arc. However, the arc structures were far from 
static, developing hooks and other protrusions, so 
that it is difficult to make a definitive statement. A 
reversal in the direction of the drift such as shown 
in Figure 5 is expected to be accompanied by an 
increase in Vc, the characteristic velocity, which is 
a measure of the random component of the drift 
[Bhattacharya et al., 1989]. However, as shown in 
Figure 6, Vc is always less than half of the true 
velocity in magnitude. The points plotted are those 
for the true velocity of the diffraction pattern and 
characteristic velocity observed during the Sun- 
aligned arc event discussed above, as well as, those 
observed during the second such event whose de- 
scription follows below. The straight line on the 
graph is a linear least squares fit to the points. The 
fact that the characteristic velocity does not exceed 
half the true velocity provides more confidence in 
the results obtained from the spaced-receiver tech- 
nique in the case of arcs exhibiting sheared flows. It 
is  important  to  note  that  the  apparent  velocity 
measurements also show a concomitant reversal in 
the direction of the drifts, with the directions being 

rotated anticlockwise from those of the true drift. 
(This figure is not shown to minimize the number of 
diagrams.) Such shears in the plasma flow were also 
measured by the ion-drift meter on board the DMSP 
F-8 satellite between 1112 and 1114 UT at a location 
to the west of the Qaanaaq AS IP image of the arc of 
December 12, 1988. However, detailed discussion of 
the satellite data is beyond the scope of this paper. 

The scintillations observed during another Sun- 
aligned arc event at Thule are shown in Figure 7. 
This event was observed during the third HLPS 
campaign on November 4, 1989. Again, the ampli- 
tude and phase scintillations are moderate as com- 
pared to the cases of polar cap patches to be 
presented in the next section. The decorrelation 
interval also shows large variability. The axial ratio 
and orientation angles are shown in Figure 8. There 
are some values of the axial ratio that are larger 
than in the previous case, but the majority of them 
are under 12 and the orientation angle is aligned 
approximately along magnetic north, a situation 
which is not too different from the previous case. 
This  is  not   surprising  since  the  subionospheric 
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Fig. ] 1.    Same as in Figure 4 except data are obtained on November 5, 1989. Large axial ratios are observed for 
patch associated irregularities. 

intersection to the satellite is also given by PBS-1, 
even though the CGLT of the observations are quite 
different being in the premidnight rather than in the 
dawn sector. 

The vector velocities representing the true drift of 
the diffraction pattern are shown in Figure 9 in the 
same format and subject to the corotation correc- 
tion and averaging discussed in conjunction with 
Figure 5. Several reversals in the drift direction are 
observed together with a large variability in the 
magnitude of the drift giving rise to the large vari- 
ability in the decorrelation time. The DMSP F-8 
satellite orbits during this time show multiple arc 
structures and drift reversals consistent with the 
drifts measured by the spaced-receiver technique. 
The apparent drifts show reversals at the same time 
as the true drifts with the directions rotated anti- 
clockwise from those of the true drifts. The charac- 
teristic velocity which is a measure of the random 
component of the drift has already been shown in 
Figure 6 and found not to exceed half the true 
velocity  in  magnitude.  Thus  it  seems  that  the 
spaced-receiver technique is a viable one to sense 

the complex convection pattern when IMF Bz is 
northward. 

3.2.     Patch events at Thule 

It has already been mentioned that patches, i.e., 
convected plasma density enhancements, are ob- 
served in the central polar cap for southward Bz 

conditions. The object of this section will be to 
describe the scintillation patterns, anisotropy, and 
drifts when patches are seen at Thule. 

The first patch event to be discussed here was 
observed on November 5, 1989 as part of the 
HLPS-3 campaign. Unfortunately, the phase scin- 
tillation was unavailable for this period. The time 
history of the amplitude scintillations at 250 MHz 
and the decorrelation time at the ionospheric inter- 
section point PBS-2 (in Figure 2) are shown in 
Figure 10. The intensity scintillation is saturated for 
most of the time and the decorrelation time shows 
less variability when compared to the arc cases. 
The axial ratios and orientation angles of the dif- 
fraction pattern are shown in Figure 11. The axial 
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Fig. 12.    Apparent drift of the diffraction pattern plotted in corrected geomagnetic latitude and time correspond- 
ing to the data shown in Figure 10. 

ratios for the receiver layout shown in Figure 2 are 
quite large with many values between 20 and 30. 
The orientation angle is approximately -55°, i.e., 
for eastward azimuths of the satellite relative to the 
station the major axis of the elliptical diffraction 
patterns is at a large angle to magnetic north. The 
CGL of the intersection point is 85° for this case. 

We determined that it was not possible to obtain 
the true drift of the diffraction pattern with our 
current receiver separation when the axial ratios are 
so large. For this reason we show in Figure 12 the 
apparent drifts computed using (7) and (8) by Brown 
and Chapman [1972] on a CGL-CGLT coordinate 
system. It should be noted that for this time period 
near midnight the expected antisunward drifts are 
approximately perpendicular to the orientation an- 
gle of the major axis of the ellipse. The largest 
apparent drifts measured were about 600 m s '"' and 
the smallest were about 100 m s"', but all of them 
are ordered in their approximately equatorward 
flow direction somewhat west of antisunward. This 
behavior is very different from the drift reversals 

seen in both the apparent and true drifts for the case 
of Sun-aligned arcs. Reversals of the apparent drift 
were seen in the auroral oval by MacDougall et al. 
[1990]. 

The second patch case was observed on Decem- 
ber 6, 1988, the scintillation behavior of which was 
presented by Basu et al. [1990«]. Both phase and 
amplitude scintillations in Figure 13 are found to be 
high, and the decorrelation time in this case shows 
little variability. The ionospheric intersection point 
is also given by PBS-2 (in Figure 2) corresponding 
to 85° CGL. The axial ratios shown in Figure 14 are 
mostly between 15 and 20 and the orientation angle 
is -80°, i.e., almost perpendicular to magnetic 
north. Again, the large axial ratios preclude the 
determination of the true velocity of the diffraction 
pattern. We thus show the apparent drifts in Figure 
15 where indeed there is virtually no drift variation 
over the hour's observation, consistent with the 
behavior of the decorrelation time, the apparent 
drift magnitude being approximately 500 m s-1 

equatorward and antisunward. It should be noted 

43 



1092 BASU ET AL.: IRREGULARITY DRIFTS AND ANISOTROPY 

THULE    12/6/88.   CHANNEL    1 
1 .2 

1 0 

0 8 
•5T 
CO 0 6 

0 4 

0 2- 

n n- 

a. 

Fig. 13. 

20. 

15. 

cr   io. 

2     5. 
to 

0. 
2.0 

3 
cr   l.o- 

o.o- 
oooo 

—. 1 .  
0100 0200 

UNIVERSAL   TIME 

0300 
—i 
0400 

Large amplitude and phase scintillations at 250 MHz and decorrelation time observed at Thule in 
conjunction with polar cap patches on December 6, 1988. 

that this was a period of very quiet magnetic activ- 
ity with December 5 and 6 having a SKp of 7+ and 
6 , respectively. The primary reason for discussing 
this particular patch event is the availability of 
simultaneous data at Sondrestrom where the ISR 
provides a means for calibrating the spaced-re- 
ceiver drift measurements. 

3.3.     Nighttime drift measurements at 
Sondrestrom 

The Sondrestrom station in the evening hours can 
be either an auroral or polar cap station depending 
on auroral oval dynamics. On the night of Decem- 
ber 5-6, 1988, scintillations stated abruptly at about 
2335 UT at the PBS-3 location at 75° CGL as shown 
in Figure 16. In particular, phase scintillations in 
excess of 15 rad were found to accompany a mod- 
erate level of amplitude scintillations, the SA level 
being about 0.5. We shall presently show that the 
very large phase scintillations is due to the effect of 
E region irregularities, in addition to F region irreg- 
ularities, and a good way of identifying such cases is 
through the phase scintillation spectra. We shall 
also show, using the radar density measurements, 

that the two peaks of large decorrelation time (T) at 
2345 and 0145 are caused by a quick buildup of E 
region ionization giving a sharp edge-type diffrac- 
tion pattern on the signal amplitude which creates 
problems for velocity determination with the 
spaced-receiver technique. 

The 630.0-nm ASIP observations at Qaanaaq 
showed the existence of polar cap patches between 
0000-0200 UT [Basu et al. 1990a]. The edge of the 
ASIP field of view at 250-km altitude (where most of 
the 630.0-nm airglow emission is assumed to take 
place) comes close to the latitude of Sondrestrom. 
From a succession of such ASIP measurements it 
was apparent that the patches seen at Qaanaaq 
drifted in an antisunward direction towards Sondre- 
strom during this time (the ASIP data at Sondre- 
strom are not available because of overcast condi- 
tions). By considering the character of scintillations 
and the axial ratios of the diffraction pattern shown 
in Figures 16 and 17, we surmise that the patches 
observed earlier at Thule arrived at Sondrestrom 
approximately around 0030 UT. This is consistent 
with an antisunward drift velocity of approximately 
500 m s_1  measured at Thule and the distance 
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between the two stations. Using radar and optical 
measurements, Weber et al. [1986] provided evi- 
dence for the transit of large-scale ionization 
patches from Thule to Sondrestrom. 

The important point to note in Figure 17 is that 
the anisotropy of the diffraction pattern is quite 
small, namely around 5, up to 0000 UT and in- 
creases after that. What is very interesting, is the 
fact that the E region ionization seems to reduce the 
anisotropy of the diffraction pattern caused by the 
patch-associated irregularities. For instance, if one 
determines the average anisotropy of the patch 
related irregularities at Thule between 0030 and 
0130 UT on December 6 (Figure 13) and compares 
that with the anisotropy at Sondrestrom (Figure 16) 
for the same period, then one finds a 45% reduction 
in the average value of the parameter. 

We wish to digress for a moment to discuss the 
physical implications of the above result. Several 
authors have shown that when the F region is 
coupled to a conducting E region, the ambipolar 
electric field that keeps ions from freely diffusing 
across geomagnetic field lines is decreased thereby 
enhancing the cross-field diffusion [Volk and Haer- 

endel, 1971; Vickrey and Kelley, 1982] (also cf. 
review by Tsunoda [1988 and references therein]). 
Now, the anisotropy of the irregularities (for sim- 
plicity considered to be cylindrical in shape with its 
longer dimension aligned along the magnetic field) 
can be considered to be proportional to (D\\JD±)

1/2, 
where D\\r is the ambipolar diffusion coefficient for 
electrons and Dx. is the cross-field ion diffusion 
[Rozhanskiy and Tsendin, 1984]. It has been men- 
tioned above that D±. is increased when a conduct- 
ing E region is present. Thus one may postulate a 
reduction in irregularity anisotropy in the presence 
of a conducting E region. It is worth mentioning that 
the above ratio of diffusion coefficients may be 
identified with the ratio of (cr\\l a L)

m, which con- 
trols the mapping of transverse perturbations along 
the magnetic field where a\\ and aL are, respec- 
tively, the direct and Pedersen conductivities [Volk 
and Haerendel, 1971]. The above discussion relat- 
ing anisotropy to the ratio of diffusion coefficients 
holds only in the absence of large background 
convection [Gurevich and Tsedilina, 1966] and a 
careful study of the anisotropy behavior of F region 
because of the  highly anisotropic  nature  of the 
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Fig. 16.    Amplitude and phase scintillations at 250 MHz and decorrelation time observed at Sondrestrom on 
December 5-6, 1988. 
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Fig. 17.    Same as in Figure 4 except the data were taken in Sondrestrom on December 5-6, IS 

diffraction pattern. However, at Sondrestrom we 
were able to determine the true drift velocities of 
the diffraction pattern which are shown in the 
bottom panel of Figure 18. The drifts generally 
varied in magnitude between 0.5 and 1 km s~' with 
the direction of the drifts being mostly equatorward 
and eastward. 

The Sondrestrom ISR was being run simulta- 
neously in support of two CEDAR campaigns: the 
Lower Thermosphere Coupling Study (LTCS) and 
HLPS. The ISR mode was optimized to get accu- 
rate densities and velocities in the E region for 
LTCS objectives. This required 5-min integration 
time at each of the three azimuths (21°, 141°, and 
-99°) at 70° elevation angle used for this mode of 
operation. The vector velocities obtained with this 
technique are shown on the top panel of Figure 18. 
Actually the two panels on Figure 18 had to be 
displaced by 1° to prevent the superimposition of 
both sets of measurements, thereby making it dif- 
ficult to compare the data sets. The comparisons 
were thus made at overlapping latitudes with the 
azimuth of the spaced-receiver measurements being 
a little to the east of the ISR. With the caveat that 

the ISR measurements are averages over 5 min 
while the spaced-receiver measurements are made 
every 72 s (with a running mean over three consec- 
utive points), the agreement is quite good in both 
magnitude and direction, the latter being primarily 
equatorward and eastward on both sets of measure- 
ments. Thus it is presumed that the irregularities in 
the F region, in general, drift with the background 
convection velocity. Since the drifts are either 
equatorward or in an eastward direction, it seems 
that Sondrestrom. possibly because of the limited 
radar latitude coverage, was not able to observe the 
Harang discontinuity on this magnetically quiet 
evening. Rino et al. [1983] had earlier hypothesized 
the reduction in irregularity anisotropy near the 
Harang discontinuity. We find that even in the 
absence of the Harang discontinuity E region ion- 
ization is able to reduce the anisotropy as we shall 
show with the radar density profiles discussed be- 
low. 

As mentioned earlier, we found at least two time 
periods when the spaced-receiver technique either 
did not provide drift estimates in agreement with 
the ISR drifts or could not provide any reliable 
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Fig. 18. Comparison of the magnitudes and directions of the true drifts of the diffraction pattern correspond- 
ing to the time interval shown in Figure 16 with the simultaneously measured incoherent scatter radar plasma 
drifts in the F region. Note the displacement of the latitude scales for clarity. A good agreement is observed 
between the velocities measured by the two techniques. 

solutions for the correlation analyses which form 
the basis of these drift measurements. The first of 
these periods is around 2345 UT when very small 
spaced-receiver drifts (less than 100 m s~') were 
measured while the ISR measured about five times 
the velocity much more in keeping with the general 
convection speed. When one looks at one sample of 
signal   amplitude  and  phase  during  this  period 
shown in Figure 19a, the amplitude shows many of 
the "ringing" characteristics evident in sharp-edge 
diffraction patterns while the phase shows an abrupt 
lenslike increase.  Such  signatures in the signal 
amplitude provide either very large cross-correla- 
tion delays or no meaningful solutions at all. Figure 
\9b provides an example of a situation occurring 1 
hour later that same evening where no solutions 
were obtained for the correlation analysis. We wish 
to point out with the help of Figures 19a and 196 
that the  spaced-receiver analysis cannot handle 
such nonstationary signal amplitude structure, a 
pattern that may occur relatively frequently in the 
auroral oval due to particle precipitation as we shall 
presently show with the ISR density profiles. 

In general, in the absence of such non-stationar- 
ity in signal amplitude, we have been able to deter- 
mine two classes of phase spectra at Sondrestrom 
depending on the relative contribution of E region 
structure vis-a-vis F region structure. When E re- 
gion peak densities are comparable to F region 
densities (even.though the F region electron content 
is obviously much higher than the E region con- 
tent), we find a two-slope phase spectrum and 
single-slope amplitude spectrum as shown on the 
right-hand panel in Figure 20a, with the signal 
amplitude and phase shown on the left-hand panel. 
The two-phase slopes are fitted at frequencies 
smaller than, and larger than 0.2 Hz respectively. 
When the E region effect on signal structure is 
evident the low-frequency slope {px) is very steep 
such as in the case shown where px = -5.1. The 
high-frequency slope, p2, is much shallower and 
usually similar in magnitude to the intensity spectral 
slope, p. In this case p2 = -2.3, while p = -2.5. 
These situations, in which E region structure is 
clearly discernible, provides examples of high- 
phase scintillations for relatively moderate levels of 
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Fig.  19.    Samples of signal intensity and phase at (a) 2347:31  UT on December 5 and (b) 0149:26 UT on 
December 6. 1988, at Sondrestrom. 

amplitude scintillation and are generally observed 
at auroral locations. On the other hand, if the £ 
region density and structure provide an insignificant 
contribution to the total perturbations imposed on 
the radio signal, one tends to see a uniform phase 
spectral slope at low and high frequencies. Such an 
example is given in the right-hand panel of Figure 
206 where phase spectral slopes p\ and p2 are 
respectively -2.9 and -2.4. The intensity scintilla- 
tions are usually largest in such cases and a signif- 
icant amount of small-scale structure is also evident 
in signal phase as can be seen from the lower 
left-hand panel of Figure 20b. Since the amplitude 
scintillation index S4 exceeds unity, one sees a 
steepening, possibly a result of refractive scattering 
[Booker and MajidiAhi, 1978], in the slope of the 
amplitude scintillation spectrum which is -3.2 in 
this case. We have frequently encountered these 
situations at Thule during the current sunspot max- 
imum cycle where structure in the high-density F 
region convecting plasma in the absence of £ region 
is the norm. 

The great advantage of making scintillation ob- 
servations at Sondrestrom is that the ISR can 
provide the information on background large-scale 
£ and F region behavior in which the small-scale 
structuring is taking place. The four ISR density 
profiles shown in Figures 7\a-2\d provide a wealth 
of information regarding the various signal structure 
categories exhibited in Figures 19a and \9b and 20a 
and 20A. For instance a comparison of Figures 21a 
and 2\b provides a dramatic example of density 
buildup in the £ region. It should be noted that since 
the integration time itself was 5 min, no finer 
temporal resolution is available. An order of mag- 
nitude increase in the £ region density is seen when 
comparing the 2342-2347 UT profile with the 2348- 
2353 UT profile. The corresponding electron tem- 
perature Tc. derived from the ISR measurements, 
increased from 1000° to 3000°K. Undoubtedly, in- 
tense panicle precipitation must have occurred 
which probably created a localized wall of ioniza- 
tion which intercepted the satellite ray path at 
approximately 2348:30 UT as evident, in particular. 
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from the signal amplitude structure in the top panel 
of Figure 19«. We have already pointed out that in 
such cases the spaced-receiver technique does not 
give us a correct picture of the F region drift 
velocities. It is important to note that the F region 
densities do not vary greatly from Figure 2la and 
2\b so that the E region content in Figure 2\b is a 
significant fraction of the total electron content 
which increases from 3.6 x 1016 to 7.3 x I0l(l 

electrons m~2 when the integration on the density 
profiles are made up to a height of 480 km. Profiles 
such as that observed in Figure 21b usually give rise 
to the two-slope phase spectrum with a moderate 
amount of amplitude scintillation accompanying large 
phase scintillations such as shown in Figure 20a. 

A comparison of Figures 21c with 210", on the 
other hand, shows a similar change in the E region 
densities but by now the F region densities are 
about three times higher than those observed earlier 
in Figures 21a and 2\b. The high F region densities 
are, in all probability, associated with the polar cap 
patches which have made their way from the central 
polar cap at Thule to the edge of the oval near 
Sondrestrom. The situation portrayed in Figure 21c 
is exactly time coordinated with the signal structure 
and spectra shown in Figure 20b. The amplitude 
fades are saturated, the amplitude spectrum shows 
steepening, while the signal phase shows the devel- 
opment of significant small-scale structure and a 
one-slope phase spectrum. Even though we sample 
saturated amplitude scintillations at Sondrestrom 
which are in all probability patch-related, we are yet 
able to determine the true drift of the diffraction 
pattern because of the reduced anisotropy caused 
by the seemingly omnipresent E region ionization 
which even in its reduced state is much higher than 
that available in the dark central polar cap. Thus 
this coordinated ISR and spaced-receiver amplitude 
and phase scintillation data set has provided much 
new information on high-latitude E and F region 
irregularity behavior. 

4.    SUMMARY 

The results presented above clearly demonstrate 
that the F region irregularity strength, their aniso- 
tropy and drifts within the polar cap are sensitively 
controlled by the IMF. 

For IMF B. northward conditions, scintillation 
magnitudes are moderate at 250 MHz, decorrelation 
times are highly variable, axial ratios are small and 

the spaced-receiver drifts show clear evidence of 
shears in the irregularity flow patterns. Such irreg- 
ularity drift reversals are consistent with in situ and 
ISR velocity measurements in the vicinity of Sun- 
aligned polar cap arcs. 

For IMF B. southward conditions, saturated am- 
plitude and large phase scintillations are seen at 250 
MHz, decorrelation times are small and much less 
variable, axial ratios are large. The large axial ratios 
preclude measurements of the true drift velocity of 
the irregularities which cause the intense scintilla- 
tions. With suitable orientation of the antenna base- 
lines, it is still, however, possible to obtain a 
semiquantitative estimate of the background drifts 
which are found to be ordered in the antisunward 
direction. Earlier airglow and ionosonde measure- 
ments had provided evidence for convecting F 
region plasma density enhancements which trav- 
eled from the central polar cap in an antisunward 
direction toward the auroral oval. 

Spaced-receiver observations made at Sondre- 
strom provided an opportunity of studying polar 
cap patches as they convect into a region of intense 
particle precipitation. We show here by means of 
coordinated ISR and spaced-receiver scintillation 
measurements, that the underlying E region ioniza- 
tion caused by the particle precipitation leads to an 
enhancement of the cross-field diffusion of the kilo- 
meter-scale irregularities, thereby causing a reduc- 
tion in anisotropy of the F region irregularities. This 
reduction in the anisotropy allows the determina- 
tion of the true drift velocity which shows remark- 
ably good agreement with the simultaneously mea- 
sured ISR drift velocities. The presence of 
significant density in the E region manifests itself in 
a two-slope phase spectrum and occasionally in its 
fast development stage can give rise to edge diffrac- 
tion effects. 

Future extensions of this work should encompass 
spaced-receiver drift measurements with multiple 
baselines oriented in different directions to be able 
to handle the effect of large anisotropy on drift 
measurements. The entire question of the effects of 
underlying £ region ionization and background con- 
vection on anisotropy of F region irregularities also 
needs to be put on a more quantitative footing by 
numerical simulation studies of field-aligned cou- 
pling effects [Heelis et a/., 1985; Heelis and Vick- 
rey, 1990] using the simultaneously measured ISR 
parameters. 
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The Electrodynamic, Thermal, and Energetic Character 
of Intense Sun-Aligned Arcs in the Polar Cap 
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The electrodynamic, thermal, and energetic character of stable Sun-aligned arcs in the polar cap can 
be meaningfully diagnosed by an incoherent scatter radar, provided a suitable observing scheme is 
selected. We report here such measurements of two intense Sun-aligned arcs. The two arcs were 
diagnosed on two different nights (February 26 and March 1, 1987) using the Sondre Stromfjord radar 
as a stand-alone diagnostic. Repeatable patterns are found in mesoscale area (order 103 km by 103 km) 
maps of altitude profiles for observed electron and ion gas number densities, temperatures, and 
Iine-of-sight velocities, and projected mesoscale area maps of derived electric fields, Pedersen and Hall 
conductivities (Ne, Tr, T„ V, E, IP, 2H), horizontal and field-aligned currents, joule heating rate, and 
Poyntmg flux. We confirm, for the first time with continuous mesoscale area maps, that the arcs have 
the anticipated simple arc electrodynamics. That is, the visual and enhanced ionization signatures of 
the arc are produced by incoming energetic electrons carrying the outgoing current from the electric 
field convergence in the arc. Strong electron temperature enhancements (>2000 K) are found as 
expected  within the sheets of ionizing particle precipitation.  Dawn  to dusk decreases in the 
antisunward plasma flow of order 1 km s   ', across order 100 km, correspond to peak electron densities 
of order 10   cm     down to altitudes as low as 120 km, and upward currents of order 1 Mm"2. These 
data also lead to important implications for the physics of polar cap arcs. The high-velocity 
(antisunward flow on the dawnside) edge of the arc marks the location of strong persistent Joule 
heating driven by downward Poynting flux. There is a channel of strongly enhanced ion temperature 
(well above the electron temperature) along the high-velocity edge of the arc, quantitatively accounted 
for by ion fnctional heating as the strong electric field drags the ions through the neutral gas. The 
deposition rate into the atmosphere of the net electromagnetic energy well exceeds the net particle 
energy deposited by the ionizing energetic electron flux. This heating is a substantial source of heat 
into the polar thermosphere. As estimated by heat into the ions, heat lost by the ions to the neutrals 
or energy available from the Poynting and energetic particle flux, several ergs cm"2 s_1 are deposited 
in channels of order 100 km for good fractions of an hour in these arcs; this contributes to resolving 
the problem of the missing polar thermosphere heat source.  Finally, a reasonably simple yet 
self-consistent, accurate, and comprehensive representation of stable intense Sun-aligned arcs is 
presented, including the electrodynamic, thermal, and energetic character. 

1.   INTRODUCTION polar arcs are usually produced by soft (<1 keV) electrons 

A,     ... 
and t0 characterize the different types, locations and shapes 

Morphological studies of intense polar cap aurora began of intense polar cap auroras 
during the International Geophysical Year (IG Y). Measure- Statistical and case studies of auroras and particle precip- 
ments performed during this year at Antartica [Weill, 1958; itation in the polar cap indicated that intense polar cap 
Denholm and Bond, 1961] and at Resolute Bay, Canada auroras preferentially occur in the morning sector [Gussen- 
[Davts, 1960] found intense polar cap arcs oriented in the hoven, 1982]. The average energy of intense electron precip- 

TOTc    r    dlrectl0n- Later' a scannin8 Photometer on board itation in the polar cap was found to be between 50 and 300 
ISIS 2 [Berkey et al., 1976; Ismail et al., 1977] and all-sky eV [Hardy, 1984]. Burke et al. [1982] inferred that intense 
cameras in Greenland [Lassen and Danielsen,  1978] re- polar cap arcs are the optical signature of upward Birkeland 
vealed that the occurrence of intense polar arcs throughout currents associated with corresponding velocity gradients 
the polar cap correlates well with northward interplanetary The DE 1 spacecraft provided images of intense Sun- 
magnetic field (IMF). aligned arcs extending across the poIar cap The transpolar 

New .mtiat.ves to observe the intense Sun-Earth aligned auroras together with the auroral oval resembled the Greek 
arcs involved airborne observatories [Romick and Brown, letter theta [Frank et al., 1982, 1986]. The salient features of 
l^ I; Eather and Akasofu, 1969] and also particle and optical this striking auroral pattern are the presence of precipitating 
emission detectors on Defense Meteorological Satellite Pro- ions accompanying the energetic electrons (>I  keV)   its 
gram (DMSP) satellites [Meng and Akasofu, 1976; Akasofu, location in a region of sunward convection, and the possible 
1976]. The new instrumentation served to indicate that the existence of four cells of plasma convection. Burke et al. 

r„     •„,, ,OQ, ,..„.„ [\919] have also presented data suggesting four convecting 
Copyright .99. by the Amencan Geophysical Union. cells. A valuable description of the convection for different 

Paper number 90JA0I765. values of the three components of the IMF has been pre- 
0.48-0227/9./90JA-01765S05.00 sented by Reiffand Burch [1985]. Their analysis implies a 

56 



1380 VAI [ A DARTS AND CAKI SON:   l'oi AR ARC Hi I.C t RODV N AM K S/KN I KG I.1 H S 

four-cell convection pattern for strong northward IMF and a 
three-cell convection for smaller positive values of B.. 

There is a general consensus that some of the intense polar 
cap Sun-aligned (S-A) arcs arc formed in a region of closed 
field lines [Akasoju et al., 1984; Frank ci al.. 1986] with 
precipitating electrons having the characteristics of plasma 
sheet or plasma sheet boundary layer electrons [Peterson 
and Shelley, 1984; Obara el al., 1988). Kan and Burke [ 1985] 
have argued that the less intense polar arcs possibly occur on 
open field lines. Other high-latitude arcs may well corre- 
spond to a poleward widened auroral oval [Meng, 1981; 
Murphree el ai, 1982]. Data presented by Huang el al. 
[1987] collected by ISEE 1 during excursions in the magne- 
totail suggest filaments of plasma sheet plasma extend into 
the lobes. Even though the filaments have been observed for 
any orientation of Bz, their presence reflects the discrete 
nature of the plasma source and suggests a causal link 
between the IMF and the formation of the polar cap arcs. 

With the advent of intensified imaging photometers, much 
more common weak stable Sun-aligned arcs were found in 
the polar cap [Weber and Buchau, 1981]. The Sondrestrom 
incoherent scatter radar was also used to study the morphol- 
ogy of these weak S-A arcs. Carlson et al. [ 1984] determined 
sheared (antisunward to sunward reversal) flow which was 
coincident with bottomside F region density enhancements 
and with optical emissions, both produced by the precipitat- 
ing particles. The plasma velocity gradients coincided with a 
simple arc electrodynamics interpretation. Robinson et al. 
[1987] obtained the field-aligned currents for a Sun-aligned 
arc observed near local midnight and merging into the 
auroral oval. Their measurements implied an upward current 
on the western edge of the arc and a downward current on 
the eastern side. Mende et al. [1988] have also presented 
measurements from Sondrestrom. Their observations of 
multiple polar cap arcs showed a preferential antisunward 
flow within the arcs. 

Carlson et al. [1988] have presented convection patterns 
representing northward Bz conditions which were obtained 
by combining the optical emissions associated with S-A arcs 
and the one-dimensional velocity measurements of DE 2. 
These quantitatively confirm electron impact production of 
the arc, and local simple electrodynamics for the arc. Weber 
et al. [1989] used data from a rocket that traversed a polar 
cap arc to model the circuit parameters of the arc. They also 
showed enhanced electron temperature variation across the 
arc. 

The purpose of this paper is to examine more comprehen- 
sive diagnostics and analysis of the electrodynamics, the 
energy, and the thermal properties of a few Sun-aligned arcs 
which were located in the polar cap. The data are more 
comprehensive by virtue of time continuous measurement, 
over a wide spatial area, of a significantly more complete set 
of geophysical parameters. The arcs to be described in this 
work were probed with the Sondrestrom radar on the 
evenings of February 26 and March 1, 1987. The common 
signature of these arcs consists in that they were produced 
by electrons with energies larger than 1 keV, as deduced 
from the altitude of significant E region ionization. Although 
we diagnosed over 30 stable Sun-aligned arcs, using all-sky 
imaging photometers (ASIPs) and/or the incoherent scatter 
radar (ISR) during this campaign, here we will concentrate 
on only two of these arcs. The arcs we concentrate on are 
the two most intense, for optimum signal to noise ratio or 
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measurement statistics on derived parameters. The arc of 
February 26 was iranspolar as observed by the DMSP/F6 
satellite [Suiejewski el al.. 1989]. This stable arc had an 
electron density above 10s cm ' in the K region. On March 
1. 1987 we observed three polar cap arcs. Two of them were 
Sun-aligned and the other hook-shaped. The two Sun- 
aligned arcs were initially separated by 80 km with peak 
densities located at substantially different altitudes. They 
subsequently merged into a single broad arc. We discuss the 
properties of Sun-aligned arcs for these two nights to dem- 
onstrate repeatability of some basic characteristics. 

In section 2 we identify a data-taking mode designed for 
such studies, and present Sun-aligned arc parameters di- 
rectly observable by this technique. In section 3 we extend 
analysis of the ISR data to present important derived param- 
eters. In section 4 we discuss the implications of these 
measurements, develop their interpretation, and identify 
their significance to understanding of the electrodynamics, 
thermal character, and energetics of the arcs. Finally, in 
section 5 we summarize the main conclusions from this 
study. 

2.   DATA-OBSERVING MODE AND DIRECT 

OBSERVABLES 

The Sondre Stromfjord incoherent scatter radar 
(66.987°N, 50.949°W, 74° Invariant Latitude), is situated 100 
miles (160 km) inland from the west coast of Greenland. Its 
location at a very high magnetic latitude makes this station 
capable of probing the nighttime polar cap and examining the 
dynamics of polar Sun-aligned arcs [Carlson et al., 1984; 
Robinson et al., 1987; Mende et al., 1988]. 

While it is difficult, if not impossible, to recognize Sun- 
aligned arcs with conventional ISR observing modes in the 
absence of coincident optical imaging data, it is possible to 
design a radar mode that can unambiguously recognize 
them. We describe the design here, illustrated in Figure 1. 
The design is based on what we know of their morphology 
from optical imagery. The essence of the design is simple. 
One wants to map the electron density profile and velocity 
field over an area, with the area large compared to the arc, 
and with time resolution short compared to the time for the 
arc to pass through the ISR field of view. Signal to noise 
considerations determine look elevation and area of cover- 
age, and limit azimuth scan rates and cycle time resolution. 

Variability in the motion and lifetime of S-A arcs [Weber 
et al., 1989] also imposes some restrictions. For this reason 
we implemented the azimuthal sweeps (AZ) at two different 
speeds. One AZ scan was performed at a rapid scanning 
velocity, with the purpose of obtaining a snapshot of the 
electron density inside fast moving arcs. Two slow AZ scans 
swept 90° in 2 min, probing slower moving arcs and provid- 
ing the line of sight (LOS) velocity and the number density 
with smaller error bars. Good horizontal transarc spatial 
resolution was also achieved (15 km at 150 km of altitude 
when pointed across the arc, and ultimately limited to the 
2.5-km radar beam width smeared over the integration time 
when pointed along the arc). These measurements were 
complemented with an elevation (EL) scan (perpendicular to 
the anticipated arc direction) that gives the dependence of 
the geophysical parameters on altitude and distance across 
the arc. The scan sequence (shown in the bottom panel of 
Figure 1) was slow AZ-fast AZ-slow AZ-EL. For the data 
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Fig. 1. Schematic representation of the volume scanned by the 
Sondrestrom radar during the EL and AZ sweeps of February 26, 
1987. The bottom panel shows the sequence followed by the 
antenna. The initial azimuth was selected in order to align node 3 
with the Sun-Earth direction. 
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Fig. 2a. Number density contours and line of sight (LOS) 
velocity measured by the Sondrestrom radar on February 26, 1987 
and during the time interval from 0224 to 0226. The azimuth was 
kept fixed at 231° and the elevation varied from 25° to 60°. The initial 
density contour corresponds to 0.4 x 105 cm-3, and consecutive 
contours increase linearly in steps of 0.4 x 105 cm-3. The LOS 
velocity was scaled in order to represent a velocity equal to 1 km 
s_1 as a segment 100 km long. The dashed line vectors indicate LOS 
velocities directed toward the radar, and the double line vectors 
characterize plasma motion away from the radar. 

presented here, one complete cycle was performed in 8 min 
and 40 s. Figures 2a-2h present the data corresponding to 
two consecutive cycles of this antenna pattern. 

We will also show data from two other observing modes. 
One, tailored to a specific need, looked directly up the 
magnetic field line so as to give true instantaneous altitude 
profiles within a Sun-aligned arc. Such time continuous 
observations during the full passage of an overhead arc thus 
allow detailed diagnosis of the properties of a transverse 
section of an arc. These observations are presented in Plates 
\a and lb. 

The third data set presented here, Figures Aa-Ac, for 
March 1, 1987, again shows electron number density and 
LOS velocity. The antenna pattern consisted of a full 360° 
AZ scan and two 120° EL scans embedded at planes perpen- 
dicular to each other. By chance, a Sun-aligned arc is clearly 
apparent 150 to 200 km duskward (and westward) of the ISR 
on the Figure 4a scan, although the 20-min time resolution of 
this standard Sondrestrom observing mode is too slow to 
track or in general unambiguously recognize an arc. The 
Sondrestrom ISR is able to make a proper-identification of 
polar cap arcs based upon (1) the ability of the radar to 
measure the number density and the LOS velocity while 
doing rapid scans, and (2) the well-known distribution of 
density gradients and velocity shears within the arcs [Carl- 
son et al., 1984]. Moreover, E region polar cap arcs exhibit 
enhanced densities below 200 km. Recall that chemical 
lifetimes are so short below 200 km that strong A/,, enhance- 
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Fig. 2b. Plasma parameters corresponding to the AZ scan of 
0226-0228. The constant elevation was 35° and the azimuth changed 
from 231° to 141°. The measured velocity and density have been 
projected to a horizontal plane using the same scaling factors 
employed in Figure 2a. Geographic north is at the top and west is on 
the left side of the plot. The arrow at the top central part indicates 
that during the experiment the direction of the Sun was 7° west of 
geographic north. 
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Fig. 2c. Plasma density for February 26, 1987 and time interval 
between 0228 and 0230. The antenna scanned 180° in 2 min using a 
fixed elevation of 35°. The scan started at an azimuth of 141° and 
ended at 321°. The measured LOS velocity is not shown in this plot. 

merits identify local production of ionization. We have used 
the density and LOS velocity mapping capabilities provided 
by the AZ scans to properly determine the occurrence of 
arcs. 

The densities plotted in Figures 7-4 and Plate 1 are on a 
linear scale. The initial value and the interval between 
consecutive levels are both equal to 0.4 x 105 cm"3. The 
arrows superimposed to the Nc contours represent the LOS 
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Fig. Id. Top view of the density and the LOS velocity both 
projected to a horizontal plane. The scan time is from 0230 up to 
0232. This plot corresponds to the northern quadrant. The elevation 
is 35° and the scan starts at 321° of azimuth and continues until 231 °. 
The scaling factor is the same as in previous figures. 
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Fig. 2e.    Similar to Figure la, but for the time interval 0232-0234. 

velocities; they have different patterns and lengths according 
to the sign and magnitude of the LOS velocity. At 150 km of 
altitude the density and velocity statistical uncertainties 
were about 5% and <100 m s"1 respectively. 

2.1.     February 26, 1987 Scans 

Data from this day show a stable Sun-aligned polar arc 
that stayed in the radar field of view for 40 min. This arc 
penetrated to the E layer {Ne was enhanced at altitudes as 
low as 120 km), and was detected near local midnight. Its 
southernmost region was observed to be merged to the 
poleward edge of the auroral oval during the early part of the 
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Fig. If.    Similar to  Figure lb,  but  corresponding to  the  time 
between 0235 and 0237. 
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Fig. 2g.    Similar to Figure 2c, but for time 0237. 
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Fig. 2A.    Similar to Figure 2d, but for time 0239. 

arc transit. At the time of the experiment the background 
density in the polar cap Fregion was 0.2 x 105 cm-3, a value 
well below the lowest density contour level of Figure 2. The 
Pedersen conductivity peak values corresponding to each 
scan are presented in Table 1, which also includes the 
altitude, distance along the dawn-dusk meridian, and dis- 
placement velocity of both maxima. The geomagnetic Kp 

index was 1+ and the solar flux (Sa) 73.9. 
The data of Figure 2a were obtained between 0224 and 

0226 UT when the S-A arc, as defined by scans of Figures 
2b-2d, was located to the west of the radar station. The 
beam scanned through most of the arc, and also probed a 
duskward region beyond the arc (left side). In this region 
beyond the duskward and equatorward edge of the arc the 
LOS velocity was directed away from the Sun and radar (the 
small electron density in this region precludes measurement 
of a precise magnitude of the velocity). Within the arc, at F 
region altitudes (see range gates 2 and 3 placed at 160 and 210 
km of altitude), the LOS velocities (looking transverse to the 
arc) were less than 100 m s"'. That the density contours 
trace to lower altitudes in the dawn (right) side of the arc 
suggests harder precipitation there. 

Figure 2b presents the data gathered with the slow AZ 
scan of 0226. Here, the Sun-aligned arc is identified by the 
high Ne structure seen in the lower south to southwest part 
of the plot, with an orientation much more clearly seen in 
Figures 2d, 2f, 2g, and 2h. The southern extreme of the arc 
shows (in Figures 2b, 2c, and perhaps If) a dawnside 
(eastward) extension with an electron density (about >0.5 x 
105 cm"3) larger than the background Ne at altitudes about 
200 km. This segment, not Sun-aligned, but more auroral 
oval-aligned, is probably associated with the connection of 
the Sun-aligned arc to the poleward edge of the auroral oval. 
The northern extreme of the Sun-aligned arc Ne contours 
mapped here in Figure 2b, all clearly pointing sunward, is 
determined by the simple geometry of the arc intersect with 
the conical radar scan. 

Still in Figure 2b, gates 2 and 3, set at the same heights of 

the previous EL scan, indicate a general antisunward motion 
and a shear inside the arc. Outside in the duskside there is a 
small sunward flow; conversely the dawnside region has a 
large antisunward flow. We will come back to this point in 
section 3, where we include the Earth corotation velocity 
and compute the direction of the plasma flow in the Earth- 
Sun frame of reference. 

Figure 2c shows the same S-A arc during the fast AZ, 180° 
scan of 0228. The two quasi-ellipsoids that are observed 
represent the intersection of the arc and the cone generated 
by the azimuthal motion of the antenna (see Figure 1). The 
north and south cross sections of the arc have a maximum 
density of 1.6 and 0.8 x 105 cm"3 respectively. The angle 
between geographic north and the arc alignment was equal to 
-23.5°. The LOS velocity, in spite of being measured, is not 
presented here because of its poor statistical accuracy and 
its coarse spatial resolution following from the rapid radar 
scan. 

Figure 2d shows the slow AZ scan that starts at 0230. The 
LOS velocity measured in the F region (second range gate) 
shows smaller values as the counterclockwise AZ scan 
progresses. At -90° azimuth it changes from a toward 
orientation to a direction away from the radar. The-LOS 
velocity corresponding to the E region (first gate) shows a 
similar characteristic, with the reversal occurring earlier in 
the scan. The statistical error of the LOS velocity measure- 
ment is 20 m s ~' for gate 1 and about 50ms"1 for gate 2. In 
spite of the latter being a sizable error when the magnitude of 
the velocity is small, the velocity reversal can be visualized 
following the trend of the velocity values. At the end of the 
scan (southwest), gates 1 and 2 exhibit LOS velocities 
oriented away from the radar and with a value of order 100 
m s~'. The density contours indicated that the arc was 
oriented -30° away from the north. 

The second partial EL scan, in Figure 2e, measured the 
complete cross section of the arc, and also probed the 
dawnside region outside the arc (right side). The region of 
maximum density was found displaced 84 km toward mag- 
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TABLE  1 Motion of" I he S-A Are Along the Dawn-Dusk Mcrid an 

Maximum 
Pcdcr.scn Pawn-Dusk Tune, Distance 

I ypc of Conductiviiy. Time. Altitude. Displaccm :nl. Difference.* Difference,* Velocity. Dawn 
to Dusk.t m s"1 Scan x  I04 mho/m UT km km s km 

EL 1.96 0225:26 129.9 107.6 
AZ 1.86 0226:45 125.3 152.6 79 45.0 569 (469) 

-8 (-108) 
194 (94) 

AZ 2.43 0229:50 120.7 151.1 185 -1.5 
AZ 1.95 0231:37 131.1 171.9 107 20.8 
EL 2.20 0233:19 121.2 170.2 102 -1.7 -16(-U6) 

47 (-53) 
65 (-35) 

8 (-92) 

AZ 3.60 0235:07 125.2 175.3 108 5.1 
AZ 2.89 0238:12 128.5 187.3 185 12.0 
AZ 2.84 0240:59 128.5 188.6 167 1.3 

*Differences are relative to the preceding scan. 
tLeft-hand number Earth corotating frame, right-hand number Earth-Sun frame. 

netic west from its previous location 9 min earlier (a dawn to 
dusk virtual velocity by the Ne contours of about 150 tits"1). 
The LOS plasma velocity within (and nominally transverse 
to) the arc was about 150 m s""' in the F region and 300 m s "' 
for the E region, a factor of 3 increase with respect to the 
velocities of Figure 2a. The F region LOS velocities in the 
dawnside of the Sun-aligned arc (right side of the plot) are the 
reverse of on the duskside, with a value equal to 100 m s-1. 

For altitudes below 150 km in the (production-recombina- 
tion) chemical equilibrium region of the Ne profile (exami- 
nation of the slope of, for example, the 0.4-0.8 x 105 cm-3 

Ne contours of Figures 2a and 2e and Plate 1) we find the 
duskside slope entering the arc shallower than the dawnside 
slope leaving the arc. This suggests a gradual hardening of 
the precipitating electron flux across the arc from the leading 
edge to the trailing dawnside, where the greatest depth of 
penetration occurs. There is a relatively sharp cutoff of 
ionizing electron flux on the (trailing) dawnside of the arc. 
We cannot claim here a statistically significant sample (three 
out of the three cases of 0224, 0233, 0210 on February 26, 
1987, and consistency for the fourth case of Figure Ac at 
0340, March 1, 1987). 

The difference in character (bifurcated versus continuous) 
between the Nt contours of Figures 2c and 2g is due to the 
geometry of the ISR conical scan intersecting the slab of arc 
ionization. This may be appreciated by visualizing a verti- 
cally elevated slab or small horizontal cylinder, either pierc- 
ing the (55° vertex angle) vertical conical surface and passing 
through near its axis, or grazing (and encompassing a portion 
of) the conical surface to one side. Thus the intersection of a 
conical scan with Sun-aligned cylindrical forms will depend 
on the distance of the axis of the horizontal cylinder from the 
vertical axis of the cone, and will look very much like 
Figures 2d, 2/, 2g, and 2/z. The intersection of a conical scan 
with a horizontally stratified ionosphere is a set of concentric 
circle Ne contours. Figures 2b and 2c show Sun-aligned arc 
contours merging to the southwest with some horizontally 
stratified ionospheric plasma. The core ionization in Figure 2 
(5:0.8 x 105 cm-3) is continuous, Sun-aligned, and quite 
stable in density, size, and height (e.g., Figures 2a and 2e), 
and separates F region plasma flowing away from the Sun on 
its dawnside from plasma flowing much more slowly and 
toward the Sun on its duskside (the plasma is predominantly 
antisunward within this arc). 

Several characteristics of the measured LOS velocity and 
the number density associated with the arc of February 26 
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can also be explained by changes in the relative location of 
the arc with respect to the radar. The small LOS velocity of 
Figure 2d at -90° azimuth is interpreted as a near perpen- 
dicularity between the flow and the sight direction. The 
differences in the peak density observed on consecutive AZ 
scans or during two sectional cuts of the same arc (Figure 2c) 
are due to variations in the distance between the radar and 
the S-A arc. E region velocities collected during the AZ 
scans can be used to reassure that the null LOS velocity is 
due to a near perpendicularity of the flow and the sight 
direction. The velocity in the E layer, being smaller and 
rotated clockwise with respect to the F region flow, will give 
a null LOS velocity at a different look angle, as in Figure 2d. 

Figure 3 shows the density contours of Figures 2d and 2/ 
superimposed to the OI (6300 Ä) emissions (hatched region) 
recorded simultaneously by the GL all-sky imaging photom- 
eter. Both radar and optical data sets have been transformed 
and scaled to a common coordinate system that depicts 
geographic latitude and longitude. The red line optical aurora 
was assumed to originate at 200 km of altitude. The emission 
produced by impact excitation shows a bright, discrete, and 
isolated feature located westward of the radar station. The 
number density contours measured by the ISR mostly over- 
lap the hatched region, except for a small part to the south. 
This region may correspond to the oval F layer. Figure 3 
confirms genuinely and unambiguously that the radar, in 
fact, diagnosed an arc which was Sun-aligned and locally 
produced. 

2.2.     February 26, 1987 Dwells 

Plates la and lb show observations of the same stable and 
energetic arc as in Figure 2, obtained between 0204 and 0222 
as the arc passed overhead the antenna parked in the 
direction up B, the magnetic field. An integration time of 1 
min was selected in order to provide temperature error bars 
smaller than 10% at a 200-km altitude. The arc motion across 
the radar beam cannot be assumed constant. However from 
Figures 2a-2h (see Table 1) we know that the Sun-aligned 
arc moved westward (toward dusk) at order of 100 m s_1 in 
the Earth corotating frame. As a result of this motion, the 
duskside of the arc appears earlier (lefthand side) in Plates \a 
and lb. Color-coded vertical profiles of T,- and TJT; are 
superimposed on the density contours in Plates la and lb, 
respectively. In the center of the arc the ion temperature is 
500 K in the E layer and about 700 K at F region heights. 7", 
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Fig. 3. Schematic representation of the auroral luminosity observed by the GL/ASIP on February 26, 1987. The 
number density measured by the Sondrestrom ISR is superimposed as a thick line contour. The two contour levels 
correspond to 0.4 and 1.2 x I05 cm"3. Both 6300 Ä intensities and radar Ne have been transformed to geographic 
coordinates. They are both colocated and aligned in the same direction (about 24° west of north). 

sharply increases in the dawnside of the arc reaching 1300 K 
and exceeding Te at both E and F layers. The electron 
temperature has a different pattern, with Te enhancements of 
500 K colocated with regions of higher bottomside electron 
densities (more intense precipitation). This behavior is re- 
flected in Plate lb, where the Te/T, ratio is observed to 
decrease from > 1.5 to 0.8 near the dawn edge boundary. The 
S-A arc, defined by the 0.8 x 105 contour, drifted across the 
radar beam in 10 min. If we take the average westward speed 
to be of order 100 m s"1 in the Earth frame, which implies a 
width of about 60 km for the S-A arc, we get reasonable 
agreement with the 0.8 x 105 contours of Figure 2. The 
maximum density was 1.9 x I05cm~3at 130 km of altitude. 
The width of the arc and the number density are both 
consistent with the view that the arc properties are rather 
stable over the time period covered by Figure 2 and Plate 1 
(over half an hour). 

2.3.     March 1, 1987 

To demonstrate that the conclusions to be reached from 
the February 26 data do not represent a unique circum- 
stance, we present data for another Sun-aligned arc of 
comparable intensity, observed three nights later. On this 
night a system formed by two Sun-aligned arcs traversed the 

Sondrestrom field of view while the radar performed a 
20-min sequence of AZ-EL-EL scans. (At this time the Kp 

and the solar flux indices were 2+ and 72.8 respectively). 
Figure 4a shows the number density and the LOS velocity 

measured with the full circular AZ scan of 0324 with the 
antenna at a fixed elevation of 45°. Most of the patchy 
features to the east and south of the station are radar 
intersections of the polar cap F region. The elongated trace 
located 135 km westward of the radar is the clear signature of 
a S-A arc. We have already noted that any significant 
ionization enhancement near 150 km is due to ongoing 
ionization, and will have attendant impact-excited optical 
emissions. Thus we must say something about the oval 
electron density enhancements approximately 80 km east of 
the northern and southern extremes of this elongated trace. 
These have electron density, electron temperature, and 
electrodynamics consistent with Sun-aligned arc signatures 
(piercing rather than grazing the conical radar scan). How- 
ever, the ISR alone cannot ambiguously identify that they 
are connected by continuous Sun-aligned enhanced electron 
density contours, and thus they will not be discussed further 
in this paper. 

A pair of EL scans (Figures 46 and 4c) cut this arc system, 
respectively in its northwest and southwest regions. 8 and 14 
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, J?'ate lo: Co|or-coded representation of the ion temperature as a function of altitude and time for February 26 
1987, time interval from 0204 to 0221. The Ne contours, measured simultaneously, are superimposed. The antenna was 
pointing parallel to the local B lines (EL = 80°, AZ = 141°). Each individual profile is the result of 1-min integration time 
Density contours start at 0.2 x 105 cm"'. 

min after it was mapped by the AZ scan. An ionization 
feature to the northeast is seen at 0343 on the EL scan at 51° 
azimuth. This (soft ionizing flux) feature is not a stable 
Sun-aligned arc, as it does not extend into the southeast 
radar scan. This will be discussed later. 

The right side of Figure 4b (southern distances) shows the 
LOS velocity at 160 km of altitude (gate 2) varying as 
expected if the velocity is constant and the variation is 
produced only by changes in the radar look angles. A 
different behavior is observed in the northern part (left side) 
of the plot, where the LOS velocities increase abruptly and 
then start decreasing at -100 km of distance. The region of 
larger LOS velocity coincides with the dawnward edge of the 
arc. 

3.    DATA ANALYSIS 

This section presents the analysis of the data correspond- 
ing to February 26 and March 1, 1987. Here, we describe the 
method that was used to calculate the velocity vector, the 
Hall and Pedersen conductivities, the electric field, the 
horizontal and the field-aligned currents, the vertical com- 
ponent of the Poynting flux and the ion-neutral differentia] 
temperature. The data acquired during the EL and AZ scans 
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have been processed independently using different algo- 
rithms (sections 3.1 and 3.2) which were tailored respec- 
tively for each of these two types of scans. The results of 
these independent calculations provide mutually consistent 
values of the geophysical parameters, lending further confi- 
dence to the analysis procedures and results. 

3.1.     Analysis of Elevation Scans 

At F altitudes the plasma drifts in the E x B direction. In 
the E layer the large ion-neutral collision frequency prevents 
the ions from moving perpendicular to E. Brekke et al. [1973, 
1974] used the relation between winds, drifts and electric 
fields to obtain the E region neutral winds. They employed 
ion velocity vectors measured at two different altitudes but 
connected by the same field line. 

A different approach was exercised by Doupnik et al. 
[1977] and de la Beaujardiere et al. [1977] in which simulta- 
neous LOS velocities measured from the E and F layers and 
the radar-deduced wind velocity were used to determine two 
components of the velocity vector; the third component 
(parallel to B) was assumed to be null. 

Nevertheless, the ion motion along B is seldom zero. 
Mechanisms such as adiabatic expansions, parallel electric 
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Plate  lb.    Similar to Plate lo, but the color-coded diagram represents the temperature ratio (TJTf). The time is the 
same as in the previous figure. 

fields or the small component of the neutral wind along B, all 
drive ion motions along magnetic lines. Spencer et al. [1976] 
detected vertical neutral winds in the auroral zone, less than 
or of the order of 80 m s ~'. Peteherych et al. [ 1985] observed 
values of 15 m s"' associated with auroral arcs. Here we 
measure the magnitude of the ionic motion in the direction 
parallel to B by pointing the antenna along B on February 26, 
1987 between 0204 and 0222, before the sequence of EL and 
AZ scans and during the overhead transit of the arc. Vj was 
found equal to 25 ± 7 m s-'. In general a nonzero Vj will 
introduce an error equal to Vj x tan (EL). Consequently the 
null V|| assumption fails when the radar is directed near the 
up B position. 

The velocity vectors were derived using the algorithm 
described in Appendix A. This method has some of the 
characteristics of the one employed by Doupnik et al. [1977], 
with the main difference that the input data were collected by 
EL scans instead of dwells. Appendix A also includes a 
description of the pulse configuration that was used, and a 
list of the different constraints which curtail the capability of 
the radar to measure the ionospheric parameters. 

Concurrently with the radar, a Fabry-Perot interferometer 
recorded the intensity and the Doppler velocity of 01 (6300 
Ä) emissions at the zenith and four cardinal points (J. 
Meriwether, personal communication, 1988). The neutral 
wind  pattern  measured  on  February  26.   1987  has been 

300 
87/03/01     3:23:58-3:31:03     SONDRESTROM 

-300   -ZOO    -100      0       100     200     300 
EOST - WEST  DISTANCE I KM) 

Fig. 4«. Number density and LOS velocily corresponding lo 
March I, 1987. The time interval is between 0323 and 0331. The 
antenna scanned 360° in about 7 min; the elevation was maintained 
fixed at 45°. The Sun direction is indicated in the lower left corner of 
Ihe plot. 
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Fig. Ab. Elevation scan performed in the plane of the magnetic meridian between 0331 and 0336. Magnetic north is 
at the left side of the plot. Only arc A was probed by the radar during this scan. 

described by Niciejewski et al. [1989]. They showed that the 
direction of the wind was southerly during the zenithal 
transit of the arc. 

For all the data presented here, we have performed a 
complete velocity vector analysis, including actual measured 
neutral winds, and a three-dimensional magnetic field model. 
The results of the velocity analysis for the two EL scans of 
Figure 2 are displayed in Figures 5c and 6c. Here we present 
the resolved vectors and their error bars (dashed line). 
Geographic north is at the top of the panel and the arrow in 
the upper part points toward the Sun location. The top 
panels of these figures show the height-integrated Pedersen 

and Hall conductivities plotted as a function of westward 
distance from the radar. Both Hall and Pedersen conductiv- 
ities were calculated using the radar-measured number den- 
sity, the Schunk and Walker [1970] expression of the ion- 
neutral collision frequency, and the Banks and Kockarts 
[1973] expression of the electron-neutral collision frequency. 
The neutral densities are from the MSIS-86 model [Hedin, 
1987], 

Figure 5 corresponds to the EL scan of 0224. During this 
time the Pedersen conductivity peaked at a horizontal dis- 
tance of 105 km away from the radar, the Hall conductivity 
at 95 km. The three vectors farthest to the west have very 
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Fig. Ac. Same as Figure 4b, but for the elevation scan in a plane perpendicular to the magnetic meridian. The cross 
sections of both arcs are displayed at -180 and 150 km. The polar cap F region is on the right side of the plot at altitude 
of 300 km. 
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Fig. 5. Plasma parameters deduced from the data corresponding 
to the EL scan of 0224 on February 26, 1987 (Figure 2a): (a) 
Height-integrated Pedersen conductivity; (b) height-integrated Hall 
conductivity; (c) the velocity vectors calculated from the LOS 
velocity measured at £ and F region altitudes as described in the 
text. The arrow at the middle of Figure 5c points, in geographic 
coordinates, to the direction of the Sun. 

large uncertainties and are given least statistical weighting. 
On the contrary, the velocities closer to the arc have small 
error bars because of the higher Ne. These vectors show a 
very consistent antisunward flow. The magnitude of the 
velocity varies from less than 100 m s-1 at the center of the 
arc up to 900 m s"1 in the limits of the EL scan. The region 
of large conductivities coincides with the small (<100 m s_1) 
velocities. The sharp decline of the conductivities in the 
dawnside (right side) of the arc is partially due to our limited 
EL scan, which did not probe the F region at distances close 
to the radar. 

Figure 6 shows the velocity vectors from the analysis of 
Figure  2e (0232).  At this time  the region  of maximum 
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Fig. 6.    Same as in Figure 5, but for the EL scan of 0232 (Figure 
2e). 

Pedersen conductivity was located at 175 km ground range 
from the station and the Hall conductivity peak at a horizon- 
tal distance of 155 km. Similar to Figure 5, the velocity 
shows a steady antisunward flow. Besides, the region of 
velocity gradients is extended in the dawnside of the arc 
reaching a value of 1484 m s~' and then, slightly decreasing 
when the Pedersen conductivity returns to its background 
level of 0.2 mhos. Our results agree with those of Robinson 
et al. [1987] and Mende et al. [1988J. 

The unchanging characteristic of both Pedersen and Hall 
conductivities during two EL scans separated by 8 min 
argues in favor of this S-A arc being very stable with no 
appreciable variation of its source and dynamics. Based on 
the steadiness of this arc, we proceeded to merge the data of 
Figures 5 and 6 and form the three upper panels of Figure 7. 
This new set of velocity vectors and conductivities was used 
to compute the height-integrated and field-aligned currents 
following the expressions given by Brekke et al. [1974] and 
de la Beaujardiere et al. [1977]. 

IpE, + 1„EX x BIB + 1PV1 x B 

+ 2//(Ux x B) x B/B (1) 

(2) 

where J± andj'n are the current perpendicular and parallel to 
B. 1P and 1H are the height-integrated Pedersen and Hall 
conductivities. 

The geophysical parameters and their error bars shown in 
Figures 7d-7g were all calculated in a coordinate system for 
which the +X axis is perpendicular to the arc alignment and 
directed toward dawn. The + Faxis is parallel to the arc and 
points sunward (poleward). The orientation of the arc was 
determined from the AZ scans displayed in Figures 2b-2h. It 
was found that the angle between the arc alignment and 
geographic north is equal to -24 ± 5. The direction of the 
sun is 7° west of north. 

Figure Id shows the component of the electric field 
perpendicular to the arc Ex (component of the velocity along 
the arc). Ex is less than 12 mV m~' in the duskward edge of 
the arc. It reaches its minimum value of 5.4 mV m~' in the 
region of maximum conductivity. Then, it gradually in- 
creases in the dawnside until it presents a peak value of 72 
mV m"1 at 94 km eastward from the center of the arc. Ey, 
plotted in Figure le, has a different behavior. It remains 
constant and below 6 mV m "' except for a region (distant 73 
km from the center) in the extreme dawnward end of the arc, 
where £,. increases to 28 mV m-1. 

Both components of the height-integrated horizontal cur- 
rents are plotted in Figures 7/and lg. Jx (transverse com- 
ponent) is proportional to Ex, it is directed toward dusk and 
has a maximum value of 0.096 A m~'. Jy, the component 
along the alignment, presents two different regions. Dawn- 
ward from the center of the arc the average current is 0.058 
A m ~ '. Duskward, Jv is below the uncertainty level of 0.008 
Am1. 

Considering that the E field and the conductivities do not 
vary along the arc alignment, j« is given by 

d~Lp din dE< dEv 

n = ES — + Ev — + ip — + ±H-— 
dx dx dx dx 

(3) 

The parallel current associated with the arc of February 
26. 1987 was calculated following (3). The numerical deriv- 
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Fig. 7. Geophysical parameters which were derived using the 
conductivities and velocity vectors of both EL scans of February 26, 
1987 (Figures la and 2e): (a) Pedersen conductivity; (b) Hall 
conductivity; (c) velocity vectors; (d) x component of the E field and 
the statistical error inherent to the measurement; (<?) same as Figure 
Id for y component; (/) x component of the height-integrated 
horizontal current; (g) y component of the height-integrated hori- 
zontal current; (A) field-aligned current density; (<) ion-neutral 
differential temperature computed from the measured ion and neu- 
tral velocity; and {j) vertical component of the Poynting flux. 
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altves were obtained by lining a second-order polynomial to 
four consecutive values of /•.', and /•.',. In Figure Hi, down- 
ward currents are plollecl as positive numbers.  The second 
and fourth terms of the right side of (3) produce very small 
contributions to /p ami can be neglected. In the duskside. the 
parallel current  is less than   I   /u.A  m   ".  In the region of 
maximum conductivity, /|j is directed upward with an aver- 
age value equal to 1 /xA m   :. Between 156 and 140 km jj 
decreases to a level near zero. This decrease is due to a large 
( + 2 /iA m   ") current originated by a negative gradient of the 
Pedersen conductivity, first term in the right-hand side of (3). 

The temperature enhancements of the ion gas observed on 
the dawnside of the arc are colocated with regions of large 
plasma flow. This fact led us to calculate the frictional 
heating due to the ions being dragged through the neutral gas 
by an electric field. Fedder and Banks [1972] have indicated 
that ion temperature effects can be described by the ion 
energy equation. In the steady state 7,- depends on the vector 
difference between ion and neutral velocities [Baron and 
Wand,   1983].  Hence, if ions transfer momentum to the 
neutrals sufficiently rapidly that the neutral particles ap- 
proach the ion velocity, only modest T, enhancements will 
occur. Following the derivation of Baron and Wand [1983] 
for momentum transfer,  we  found  that for the number 
density of the S-A arcs analyzed here the time constant is 
several hours, so for large ion velocities, large T, enhance- 
ments and heating rates should occur. We have used the 
radar ion velocity of Figure 1c and the neutral velocity from 
the FPI to calculate the ion-neutral differential temperature 
shown in Figure 11. Our calculations show that between the 
dusk and the center part of the arc the differential tempera- 
ture is less than 100 K. Substantial 7", enhancements occur 
on the dawn edge, up to 1600 K here. This is simply because 
this is where the largest ion velocities occur, while the 
neutral particles do not have time to experience significant 
acceleration. 

Poynting's theorem states that the rate of energy flow per 
unit area is equal to E x SH. Here, we present the calcula- 
tion of the vertical component of the Poynting flux (Pz) 
which was computed using the electric field and the horizon- 
tal current obtained solely from radar measurements. Fol- 
lowing Ampere's law and the current continuity equation (2) 
and assuming that (1) only the field-aligned current sheets 
contribute to SH, and (2) the magnitude of the total down- 
ward y"n current is equal to the magnitude of the upward jj 
(they are considered to be closed by horizontal Pedersen 
currents), the Pz is nonzero within the arc and given by 

Pz = -EX{JX - t/.v» (4) 

where (Jx) is the average value of the horizontal current 
measured at the dawn and dusk boundaries of the S-A arc. 
Figure 7/ displays the values of Pz calculated according to 
this simple algebraic relation. Negative vales refer to a 
downward energy flux. The region of more intense precipi- 
tation has a small Poynting flux, <1 erg cm-2 s_1. However, 
P. is maximum, about 5 erg cm"- s~' further east of the arc, 
on the dawnside and coincident with the region of maximum 
Ex field. Consistency with these findings can also be claimed 
from less direct calculations (E. J. Weber, private commu- 
nication, 1989) which lead to similar findings of a downward 
Poynting flux on the dawnside of a Sun-aligned arc diag- 
nosed by a rocket flight [Weber el at., [1989]. The time span 
for that segment of rocket data, however, was short com- 
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pared lo an Alfven bounce period, so temporal variation 
cannot be excluded from those data, whereas the ISR data 
here show steady conditions. 

The arc cross sections of Figure 2 were also used to 
determine the motion of the S-A arc. The enhanced electron 
density profiles measured by the radar were transformed to 
Pedersen conductivity profiles. The maximum vp value 
corresponding to each scan is tabulated in Table 1. The 
numbers in parentheses in the last column refer to the arc 
motion along a dawn-dusk meridian in a frame fixed with the 
Sun-Earth frame of reference (positive numbers represent 
duskward velocities). The arc velocities show some scatter. 
However, the general trend is a duskward motion of 460 m 
s~' before 0227 UT followed by a dawn ward drift of 60 m 
s-'. 

Figure 8 presents the derived geophysical parameters for 
the EL scans of March 1, 1987. This figure has the same 
format of Figures 5, 6, and 7. However, when the statistical 
uncertainty of the velocity was large or the antenna was 
pointing close to the up B position the parameters were 
deleted from the plot. 

Figure 8 shows the derived parameters for the EL scan 
that was performed along the magnetic east-west. Both 
Pedersen and Hall conductivities present two peaks corre- 
sponding to both arcs of Figure 4c. The background conduc- 
tivity was 0.3 mhos. Both arcs were located at regions of 
large velocity gradients where V • E < 0. However, one of 
them (arc B, see Figure Ac) had a sunward flow and the other 
had an antisunward convection. Figure 8, as well as Figure 
7, shows the anticorrelation between the magnitude of E and 
the conductivities. This means that a near-zero E field occurs 
when the densities are the largest. The Y component of E is 
only -4 mV m-' in the center and dawnside of arc A. The 
Ex component varies from a peak value of -90 mV m-1 in 
the dawn edge of arc A to +120 mV m~' in the dusk 
boundary of B. Jx is proportional to Ex with a maximum 
value near 0.1 A m "'. Jy reaches values up to 0.075 A m ~'. 
The field-aligned current is upward (2 /xA m~2) in the region 
of arc A;y'n is downward in the duskside of arc B, reversing 
to the highest upward value of this plot (4 /xA m"2) at the 
center of arc B. The ion-neutral differential temperature of 
Figure 8/ and the Poynting flux of Figure 8/ show enhanced 
values at the boundaries of arcs A and B. 

3.2.     Analysis of Azimuthal Scans 

Figure 9 presents the velocities which were obtained 
following the method outlined in Appendix B. We used data 
from the four partial AZ scans of Figures 2b. 2d, 2f, and 2h. 
This figure is in geographic coordinates, where the light 
traces refer to antisunward convection and the heavy traces 
indicate sunward flow. The vectors corresponding to each 
scan were shifted along the dawn-dusk meridian in order to 
compensate for any displacement of the S-A arc which 
occurred between the scans. We also averaged the velocity 
vectors when two or more vectors were located within ±20 
km from each other. 

The vector velocities of Figure 9 reproduce (verify) many 
of the characteristics that were obtained from the analysis of 
the EL scan data. Furthermore, they present additional 
features which were not resolved by the limited coverage of 
the EL scan. The common features arc as follows: (1) There 
is the large antisunward velocity in the dawnside of the arc 
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8.    Same as Figure 7, except that it corresponds to time 0337 
of March I. 1987. 

with a peak value near 1200 m s . (2) The region of velocity 
gradients with negative divergence has a width of about 175 
km measured along the dawn-dusk meridian. (3) Antisun- 
ward velocity decreases beyond the dawn edge of the arc. (4) 
There is a high degree of consistency during consecutive 
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Fig. 9. Velocity vectors obtained from the four slow AZ scans 
of February 26, 1987. Alkms"1 vector is represented as a segment 
100 km in length. The inclination of the vector indicates the direction 
of the flow. 

from ions lo neutrals can be approximated as dU,ldt = 
-/!,.<Y„j3,„(7, - 7„), where N„(N,) and 7„(7',) are the neutral 
(ion) density and temperature, and /J,„ is the ion energy loss 
rate. <V„ and 7„ were calculated using the MSIS-86 thermo- 
spheric model and an exosphene temperature equal to 850 
K. The upper and lower traces correspond to the energy 
transferred lo N, particles (the major neutral constituent at 
E region altitudes) from N2

4 and Oi* ions. 
Figures 10a-10c show a prominent maximum occurring at 

0211 UT. The coincidence of elevated temperature and 
enhanced IP indicates the intrinsic relationship between 
these parameters. The second peak in Te may be produced 
by the decrease in the electron cooling rate due to smaller 
values of Ne. Figures \Qd-\0g present a well-defined peak at 
0220. In spite of the fact that some of these curves are not 
completely independent (the circulation of some of them 
includes common input parameters), the similarity in their 
shapes and location of their maxima suggests a direct rela- 
tion. 

A more quantitative view of the Tc and 7",- enhancements 
associated with the center and dawnside of the February 26 
arc is presented in Figure 11. The four profiles, labeled E or 
I, were obtained during the overhead transit of the arc, when 
the antenna was pointing antiparaliel to B. The dashed lines 

antenna cycles. The new signatures are as follows: (1) The 
duskside of the arc presents a strong sunward flow, with a 
peak value of 500 m s"1. (2) The region of sheared flow 
follows the arc alignment in the area covered by the scan 
(about 700 km). (3) The antisunward flow in the dawnside 
shows that beyond the first-order constancy of plasma flow 
parallel to the arc, there is a gentle second-order variation 
along the alignment of the arc. The magnitude of the vectors 
decreases from 1200 m s"1 in the poleward part of the scan 
to900ms~' in the equatorward region. (4) The northern part 
shows only a gradient but not a reversal. (5) Near the center 
of the plot the sunward flow shows a rotational reversal 
which suggests the limit of the sunward motion. (6) Further 
duskward from the region of sunward convection, the flow is 
again antisunward. There is a sharp shear with positive 
divergence. (7) The width of the sunward flowing region is of 
order 100 km. 

3.3.     Analysis of Data Collected With 
the Antenna Directed Up B 

Derived parameters of the data collected during the dwells 
of February 26, 1987 are shown in Figure 10, together with 
the Poynting flux and Joule heating rate from the EL scans. 
Figures 10a, 106, 10c, and lOe correspond respectively to 
the Pedersen conductivity calculated from the number den- 
sity obtained from the overhead transient of the arc, the 
energy deposition from precipitating electrons, Qp, which 
was computed following the method outlined by Wickwar et 
al. [1975], the electron temperature measured at 250 km and 
the ion temperature from 110 km of altitude. Figure XOd, 
reproduced from Figure Ij, displays the Poynting flux. The 
horizontal scale was changed using a constant arc motion of 
180 m s-1. Figure 10/shows the Joule heating rate, which 
was calculated according to the relation: JH = 
2P(E + U x B)2. Figure 10g presents the height-integrated 
ion cooling rate due to collisions with the neutrals. Banks 
and Kockarts [1973] showed that the energy transfer rate 
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Fig. 11. Electron and ion temperatures measured during the up 
B position. Dashed lines correspond to 0211 UT and the thick solid 
line to measurements at 0220 UT. The thin trace represents the 
neutral temperature calculated using the MSIS-86 model. 

are the electron (E) and ion (I) temperature profiles mea- 
sured between 0211 and 0212 and when the region of higher 
density was being probed. The thick continuous traces are 
the Te and 7; profiles measured at 0220 and near the 
dawnward edge of the arc. The Te curve corresponding to 
the center of the Sun-aligned arc shows an enhancement of 
>1000 K in the F region. Notice that this profile increases 
linearly at altitudes above 150 km. The 7,- curve measured in 
the dawnside was enhanced by 700 K in the E and lower F 
regions. 

3.4.     Thermal Analysis of the March 1, 1987 
Elevation Scan 

The isodensity contours on Figure Ac are reproduced in 
Plate 2. Superimposed on the Nt traces are two color-coded 
contours corresponding to the ion (blue) and electron (red) 
temperatures. The electron isothermal contour of 1000 K 
penetrates to lower altitudes near the regions of enhanced 
number density. The ion temperature is enhanced in the 
dawnside of the arc labeled A, reaching a value of 2000 K at 
150 km. The duskside of arc B is also a region of high 7, 
values. This plot agrees and extends the observations shown 
in Figures 10 and 11. 7(. and 7,- are both enhanced but in 
different regions which do not necessarily colocate. 7, is 
enhanced at the dawn or dusk (or both) sides of the Sun- 
aligned arc. 

Figure 12 has the same format as Figure 10. The curves 
shown in the seven panels were calculated based on the EL 
scan data of March 1, 1987. They correspond to arc A of 
Figure 4c. In spite of the large variability in the parameters 
displayed in this figure, the trend is the same: Regions of 
enhanced 7(. are located near the center of the arc. and T, 
enhancements are situated at the arc boundaries. 

4.    DISCUSSION 

We have extensively analyzed two Sun-aligned arcs diag- 
nosed by the incoherent scatter radar. Excepting unusual 
circumstances, this requires an ISR observing mode tailored 

to nominal temporal and geometric properties of Sun-aligned 
arcs. 

The two arcs studied here are relatively intense Sun- 
aligned arcs. This optimizes the statistical error bars on the 
parameters derived from the ISR data. One of the two arcs 
has been reported elsewhere [Niciejewski et ai, 1989], with 
detailed analysis of its optical, ion production-loss rates, and 
ionizing flux properties. Observed in the UV by Polar Bear, 
and the visible from DMSP and ground-based imagers with 
time continuity, this is a well-documented example of a 
strong Sun-aligned arc. We show in Figure 3 that the position 
of its optical signature is colocated with the ISR signature. A 
second Sun-aligned arc is presented primarily to demon- 
strate that the key findings here are repeatable. 

The observations reported here apply directly to Sun- 
aligned arcs bright enough to be readily seen by conventional 
all-sky cameras or visible and UV satellite images. The 
findings thus apply to stable Sun-aligned arcs as reported 
prior to the 1980s, which are found in the polar cap of the 
order of 5% of the time. The physical processes that we 
demonstrate are important in these arcs are, however, 
candidates for applying to a much broader class of arcs. The 
degree to which they represent the character of the much 
more common weaker Sun-aligned arcs [ Weber and Buchau, 
1981; Carlson et al., 1988], found a third to a half of the time 
in the polar cap, is the subject of a separate study now in 
progress. 

4.1.     ISR Observing Mode 

We have presented and illustrated an ISR mode which, we 
maintain, can in general identify and diagnose Sun-aligned 
arcs in the polar cap. Based on nominal properties of 
Sun-aligned arcs found with image-intensified all-sky pho- 
tometers, the mode maps mesoscale (order 103 x 103 km) 
areas with adequate time resolution to track the passage of 
arcs. 

Arc identification is based on a two-step rationale. The 
ISR signature of the Sun-aligned arc is a Sun-aligned sheet or 
cylinder of persistent enhanced ionization below 200 km (at 
"F, region" or "photochemical" altitudes). For ionization 
to persist much below 200 km, it must represent the presence 
of ongoing ionization, because its chemical lifetime is so 
short. However, a region of stable or persistent production 
of Sun-aligned ionization must by the same token also be a 
region of stable or persistent Sun-aligned production of 
(electron impact excited) optical emissions. Thus when 
looking at contours of greater than 105 electrons cm-3 near 
150 km, with chemical lifetime of order of a minute, and with 
persistence over 10 min, one cannot help but also expect to 
see enhanced airglow within the field-aligned projection of 
these contours. One example of this is shown in Figure 3. 

4.2.     Directly Observed Parameters 

The directly observed parameters are electron density, 
electron and ion temperature, and plasma line-of-sight ve- 
locities. The electron densities show persistent Sun-aligned 
ridges of enhancements. Contours of constant electron den- 
sity are Sun-aligned over mesoscale distances of 500-1000 
km for altitudes between 100 and 200 km. Electron temper- 
atures are enhanced along magnetic field lines above these 
enhanced ridges of ionization. consistent with the expecta- 
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200 

DISTANCE (km) 

Fig. 12. Parameters derived from the left-hand half of the EL 
scan of 0337 UTon March I, 1987. Figures 12a-12^ display the same 
geophysical quantities as in Figure 10. The statistical uncertainties 
of Te and 7,- are 250 K and 500 K respectively. 

tion of heating by a (sheet) flux of incident energetic elec- 
trons. 

On the dawnside of the Sun-aligned arc, there is a channel 
of high ion temperature, exceeding that of the electron gas. 
This channel of ion heating is where the antisunward plasma 
flow is still near its maximum value. As one moves, dawn to 
dusk, into the arc, the ion temperature falls to equilibrium 
with the neutral particle gas, and only the electron gas has 
significantly enhanced temperature. These data confirm, 
refine, and extend the ion temperature enhancement finding 
and semiquantitative interpretation by Carlson et al. [1984]. 
Antisunward-velocity gradients are both coaligned with the 
Sun-aligned contours of enhanced (below 200 km altitude) 
electron density. That is, where the antisunward plasma flow 
velocity decreases in going from dawn toward dusk, ioniza- 
tion is enhanced; when the dawn-to-dusk plasma velocity 
gradient has the opposite sense (increases dawn to dusk) or 
is constant, there is no enhanced ionization below 200 km. 
These confirm a simple arc electrodynamics interpretation 
(convergent electric fields produce converging Pedersen 
currents whose continuity is maintained across the arc by 
incident energetic electrons). 

4.3.      Derived Parameters 

The  derived   parameters  arc  horizontal  and   Birkeland 
currents, E field, and Poynting and particle flux. We esti- 

mated the steady state currents within the arc from the 
plasma density and velocity data. The Birkeland currents 
were calculated by two independent means. First the elec- 
tron density contours of a cross section of the arc (found to 
match  the  density  contours  several   hundred   kilometers 
upstream and downstream and on earlier and later measure- 
ments) were used to estimate the steady state production 
rate of the arc, and hence the upward current above the arc 
carried by the estimated incident energetic electron flux. In 
the second  method the horizontal electric field gradient 
across the arc was derived from the plasma velocity gradient 
across the arc; This electric field, applied to the ionospheric 
conductivity (derived from observed electron density pro- 
files and a standard model atmosphere),  led to derived 
Pedersen and Hall currents. Based on arc symmetry up- 
stream and downstream, transarc gradients in calculated 
Pedersen currents were then used to derive (from the hori- 
zontal divergence of currents across the arc) the variation of 
Birkeland currents across the arc. The upward Birkeland 
currents derived from these two different approaches were 
comparable, and both peaked near the center of the arc at 
about 1 yuA m~2. Because downward Birkeland currents 
(presumably carried by upgoing thermal electrons) can be 
derived only where electron densities are large enough to 
give a useful ISR signal, complete current mapping cannot 
be done. However, this approach gave a rather comprehen- 
sive estimate of the ionospheric current system in and near 
the stable Sun-aligned arcs observed, an estimate that should 
extrapolate well to such arcs in general. This is summarized 
in Figure 14. 

We have performed three independent calculations of the 
energy into the Sun-aligned arc by nonparticle heating. 
While this nonparticle energy input is distributed across the 
full arc, it is strongest into the dawn edge. The three 
calculations are motivated by recognition that energy exter- 
nal to the ionosphere (ultimately mechanical energy in the 
solar wind) is carried down into the ionosphere along mag- 
netic field lines as electromagnetic energy or Poynting flux. 
This is dissipated as frictionai heating of the ions dragged 
through the neutral atmosphere, or Joule heating. Heat, 
initially deposited mostly in the ion gas, is rapidly passed 
onto the neutral gas. 

The first calculation follows the rationale of a 8E x 8B 
Poynting flux calculation. We note that the Sun-aligned arc 
changes much more slowly along than across its axis, and is 
very stable over times large compared to an Alfven bounce 
period. Neglecting the spatial and time derivatives then, we 
take a cross section transverse to the arc, and slice it into a 
series of adjacent differential elements. We look at the 
electric field differential (dawn to dusk reduction) and Ped- 
ersen current differential across each element (the electric 
field is in this measured neutral wind rest frame). The current 
is then crossed against the electric field strength to derive the 
first estimate of energy, plotted in Figures 7/, 10J, and \2d, 
and labeled Poynting flux. Relative to an idealized measure- 
ment of Poynting flux this calculation has its shortcomings. 
Yet we feel it is useful, partly to underscore the real energy 
source, and partly because of the good quantitative agree- 
ment between the ergs cm ':s ~ ' found from this calculation 
and from the following two. 

The second calculation is based on the additional measure- 
ment of the ion gas temperature. Given the measured value 
of the plasma velocity and the neutral atmospheric velocity. 
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we can calculate tho rale al which heal should be going into 
the ion gas. due lo the relative motion of the ions through the 
neutral gas. This leads to the second estimate of energy flow, 
and is verified by the good agreement between the calculated 
and the actually observed ion temperature. 

The third calculation deals with the heat loss from the ion 
gas. to the neutrals. It is based on the measured ion gas 
temperature and the neutral gas temperature. Because of the 
cooling rate cross section dependence on ion composition, 
which we do not measure, we show two values for the 
extremes of 100% NOH versus 100% 0/. Within this 
relatively large uncertainty, this third energy estimate agrees 
with the first two (with better agreement for the more likely 
dominant ion). 

We then applied an approximate energy balance calcula- 
tion to these data. It was reasoned not only that was it logical 
to expect a magnetospheric energy source to drive the 
high-speed ionospheric plasma flow through thermospheric 
frictional-drag "loading," but that this energy dissipation 
should ultimately end up mostly in the neutral atmosphere 
below the enhanced ionospheric densities in the arc. It was 
possible to estimate this latter quantity in two ways: (1) from 
the steady state rate of heat going into the ion gas; and (2) 
from the steady state rate of heat lost from the ion gas. The 
former is derived from the conversion of ordered ion gas 
energy due to coherent motion under the action of the 
driving electric field, to disordered energy (heat) as the ions 
suffer randomizing collisions with neutral particles. This is 
proportional to the square of the difference between the ion 
and the neutral gas bulk velocity [Stubbe and Chandra, 
1971]. The latter is derived from the observed difference 
between the neutral atmospheric and ion gas temperatures. 
Uncertainty in the ion composition leads to greater uncer- 
tainty in this latter estimate than in the former. However, 
both of these methods give a value for the energy deposition 
rate into the neutral atmosphere of a few ergs cm-2 s_l, 
comparable to the Poynting flux into this region. These three 
independent calculations thus lead to a simple but reassur- 
ingly self-consistent interpretation of the data. 

It is important to note a critical step in the above argument 
before proceeding. We note that 7",- can be derived in two 
complementary independent ways, one (theoretically) from 
measured ion and neutral particle velocities, the other di- 
rectly from the radar-observed spectra. Our calculations of 
the differential temperature based on the ion and neutral 
velocities show good agreement with the observed T,- en- 
hancements (see Plate la and Figure li). The Fabry-Perot 
also measured enhanced neutral temperatures, possibly co- 
located with the region of larger ion temperatures (R. Nicie- 
jewski, personal communication, 1989). The observed ion 
heating can be explained solely on the basis of a quantitative 
analysis of the large observed plasma flow V relative to the 
observed neutral atmospheric rest frame U. Since all three of 
these parameters are observed, not modeled, we are thus 
able to determine, not merely assume, that these ion tem- 
peratures are explained solely on the basis of this heating 
mechanism (within small statistical uncertainty). It is this 
use of the directly observed Th V, and U that allows us to 
justify calculating the rate of heat flowing into the thermo- 
sphere on the basis of a steady state ion thermal balance 
argument. 

We then point out that the magnitude of this heating rate is 
also of significance. The Poynting flux and energetic particle 
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flux deposit energy lo the neutral atmosphere near and above 
120 km ol several ergs cm " s ' over the Sun-aligned arc of 
width of oider 100 km. This compares lo about 0.5 erg cm 2 

s ' for a global mean (hermospheric I'-llJV healing rate. Parts 
ol the are experienced 10 limes this reference average, and 
the average across Ihe arc was three or four times this 
reference. Given that the arc is of order 100 km wide and 
persists for a few hours, it is a significant local heat source, 
li is noi a negligible heal source even when averaged over its 
motion across the dark polar cap (of order 10% to tens of 
percent of the global mean EUV and thus comparable to a 
presently missing polar thermospheric heating component 
[e.g., Carlson and Crowlcy, 1989].) While the February 26 
arc discussed is unusually intense, the polar cap under 
northward IMF conditions typically has several stable Sun- 
aligned arcs of a tenth or more of this visual (particle 
precipitation) intensity over a 2000 km or less polar cap 
width, with temporal persistence of order an hour or more. 
Estimates based on measured particle precipitation energy 
flux alone under these conditions may underestimate the 
thermospheric heating rate due to stable Sun-aligned arcs by 
a factor of 3 or more. 

Note that for the March 1 Sun-aligned arc the particle 
precipitation energy (Figure 12) is about a sixth that for the 
February 26 case (Figure 10) although both arcs have com- 
parable incident Poynting flux. 

Here we have stressed taking advantage of the stability of 
the arc, in time and in space along its axial (Earth-Sun) 
dimension, to optimally diagnose its character. Ultimately, 
temporal and spatial variations must occur and become large 
enough to be of interest during one series of arc observa- 
tions. During the 40 min observation of the February 26, 
1987 arc, it drifted from overhead (0212 UT) to 100 km west 
(0225) to 180 km west (0234). A composite image of the arc 
was constructed from the many conical and planar cross 
sections of the arc to estimate departures from idealized 
constancy along its axial length. This analysis indicates a 
velocity gradient along the arc axis, with penetration of 
sunward drifting plasma only part way into the polar cap. 
The two-dimensional cross section (Figure 9) suggests flow 
from where the arc connects to the auroral oval, partial entry 
into the polar cap, and then clockwise rotational flow back to 
antisunward, exiting again from the polar cap. Farther into 
the polar cap there is slowing of antisunward plasma flow, 
but not a reversal to sunward. This is sketched schematically 
in Figure 13. (This is very reminiscent of the interpretation of 
some DE data by Hoffman et al. [1985] under similar 
conditions.) 

It is clear from Figure 13 that the net velocity difference 
from the dawnside to the duskside of the arc is greater in the 
velocity reversal region than the merely velocity reduction 
region. Thus it is apparent from examination of this figure 
that the Pedersen current divergence, and balancing Birke- 
land currents, lead to extra energetic particle input within 
the tongue of sunward moving plasma, relative to that in the 
region of simply a velocity gradient deeper in the polar cap. 
Furthermore, while Hall currents along the dawn edge of an 
arc of constant properties along its axial length simply 
continue into the polar cap, those in the region of partial 
penetration of sunward flow penetrate only partially into the 
polar cap and then must rotate westward near their region of 
maximum poleward penetration. These effects can combine 
to produce the "bright spot" or extra particle precipitation 
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Fig. 13. Schematic representation of the height-integrated den- 
sity (upper side) and the plasma flow pattern (lower surface). This 
figure is based on the EL and AZ scans of February 26, 1987. 

often seen near where the Sun-aligned arc connects to the 
nightside auroral oval. 

Finally, we condense the essential character we have 
found as characteristic of the electrodynamic, thermal, and 
energetic properties of these Sun-aligned arcs into the illus- 
tration of Figure 14. The character of these two sample arcs 
(February 26 near midnight MLT and March 1 post-midnight 
MLT, 1987), understood within the context of Figure 14, 
extends and extrapolates to at least the broad class of strong 
Sun-aligned arcs. We are now combining ISR and ASIP data 
for a large number of stable Sun-aligned arcs, to establish the 
extent to which these findings characterize typical polar cap 
conditions for northward IMF conditions [Carlson et ah, 
1988]. 

The qualitative features of this "cartoon" must apply to 
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Fig. 14. Cross-sectional view of the Sun-aligned arc of February 
26, 1987. Electrical parameters of the arc and energy going into the 
ionosphere are also indicated. This representation is in a semiquan- 
titative fashion. 

Sun-aligned arcs in general. Within the center of the arc, 
where Nc is enhanced below 200 km, Tc must be enhanced 
by the incoming flux of impact ionizing electrons. These 
must also carry an incoming particle energy flux, and an 
outgoing Birkeland current, to one side, while there must be 
a return (incoming) current on the other side. The Pedersen 
currents must decrease from dawn to dusk, as the antisun- 
ward plasma drifts must decrease from dawn to dusk. The 
plasma drifts may simply decrease, or reverse as in this 
illustration. The ion temperature will be enhanced where the 
difference between the plasma and neutral atmospheric 
velocities is sufficiently great. This depends on the thermo- 
spheric winds across the polar cap, and the extent to which 
plasma drifts may have strong sunward flow on the duskside 
of the arc. 7, will generally be enhanced on the dawnside, 
and occasionally on the duskside. Likewise, the Poynting 
flux typically peaks on the dawnside, but peaks on the 
duskside if there are strong sunward flows on the duskside. 
The magnitude of the Poynting flux is many ergs cm-2 s_l 

for relatively intense Sun-aligned arcs, exceeding the parti- 
cle energy, and smaller by a factor to be statistically defined 
for more common weaker arcs. 

5.   CONCLUSIONS 

This study has led to the following: 
1. The first direct measurement over full mesoscale 

horizontal areas (of order 103 x 103 km) of persistent plasma 
velocity gradient across long-lived (slO3 seconds) stable 
Sun-aligned arcs has been made. The sign of these gradients 
confirms simple arc electrodynamics. This is true for single 
and double Sun-aligned arcs observed. 

2. New experimental diagnostic techniques have been 
developed, including illustration of an ISR observing mode 
capable of diagnosing polar electrodynamic features with 
temporal stability of at least several minutes and spatial 
coherence of at least 100 to a few hundred kilometers; 
extension of a potential fitting procedure to map polar 
plasma flow from ISR data; and illustration of a plasma 
rotational feature near where a Sun-aligned arc merges with 
the midnight auroral oval. 

3. The cross sectional area map of the plasma density 
and thermal character across stable Sun-aligned arcs has 
been measured. The electron gas temperature is enhanced 
over the arc, supporting the expectation that the arc is 
produced by a sheet of incoming energetic electrons. 

4. It has been determined that along the high-velocity 
dawnside of the incoming energetic electron sheet (produc- 
ing the arc) there is a channel of enhanced ion temperature 
within which the ion temperature exceeds that of the elec- 
tron gas. This Sun-aligned channel within which heat flows 
from the ion gas to the electron gas coincides with the high 
antisunward velocity channel along the dawn edge of the 
Sun-aligned region of enhanced electron density. In addi- 
tion, if there is also return sunward flow at sufficiently high 
speed, ion heating is also found on the duskside of the arc. 
The ion gas heating can be explained solely on the basis of 
ion frictional drag of high plasma velocity in the thermo- 
sphere rest frame. 

5. Persistent strong Joule heating driven by Poynting flux 
down into a Sun-aligned arc has been calculated and found to 
be at a rate well exceeding the particle energy flux. This rate 
is estimated by three independent calculations based on a 
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horizontal current differential, a vclocily dillcicntial. and a 
icmperature differential. Furthermore, the magnitude of this 
newly measured heat HUN IS several ergs cm : s ' and as 
such is of significance to the polar thermosphenc energy 
budget, and contributed to solution of the missing polar 
thermosphcric heat source. 

6. Present knowledge of the basic charactei ol stable 
Sun-aligned arcs in the polar cap ionosphere has been 
extended to a relatively complete yet simple description, 
consistent with theoretical interpretation. 

APPENDIX A 

We show in this appendix that the LOS ion velocity 
measured by an ISR during elevation scans can be used to 
derive the full velocity vector (V). The only conditions for 
the determination of V are that the LOS velocity from both 
E and F layers needs to be measured almost simultaneously, 
and the probed volumes need to be connected by the same 
magnetic line. 

In the F region the ion motion is controlled by 

V = ExB/ß2 (Al) 

and for the E region 

V = (1 - k2)U± + fc,Uj. x BIB + k\EIB + k2E x B/B2      (A2) 

where E, V, and Ux are the electric field, the ion velocity 
and the neutral wind in a plane perpendicular to B. With 

*i = 

ki = - 

"A 

nr 
'f + Cl 

(A3) 

(A4) 

v, is the ion-neutral collision frequency and D, the ion 
gyrofrequency. The line of sight velocity (VL0S) depends on 
the velocity vector according to 

V: LOS = V-A (A5) 

where A is the unit vector in the antenna pointing direction 
expressed in magnetic coordinates. 

The transmitted pulse pattern consisted of two pulses, a 
narrow pulse, 30^ts (4.5 km) long, and a long pulse, 320 jas 
(48 km) in length. Data sampling time was set equal to 8 /xs 
and a 32-lag autocorrelator was used to provide the ac 
function of the incoherent scatter signal. This setup allows 
the spectra to accept contributions from a range of 82 km. 
The volume probed by the single long pulse during one 
integration period is equal to the product of 82 km, the arc 
segment scanned during the integration time and the radar 
beam width. In the E region, the number density, the ion 
velocity and the neutral wind vary with altitude very rapidly; 
in this sense the long pulse measurements are not able to 
resolve narrow layers and only provide a weighted average 
over the entire E region. This weighting factor depends on 
the local number density the inverse of the range squared 
and a triangular function to compensate for the fact that all 
the lag products have different spatial resolution which 
linearly decrease for the longer delays. Expressions (AI) and 
(A2) were weighted following the procedure described be- 
fore, then multiplied by the A vectors to form dot products 
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for the /.' and /■' layers \Brekke ct til.. 1973] and made equal 
to the measured I.OS velocities. 

Radar observations are subject to several types of con- 
straints which need to be considered in any calculation of the 
velocity vectors. One of them is related to the drift of the 
S-A arcs. These arcs move along the dawn-dusk meridian, 
and the Earth rotational motion will modulate the measured 
velocities resulting in the following distortions. (1) The 
Doppler velocity is reduced by the term V,.-A, where V(. is 
the corotation velocity. At Sondrestrom V(. is equal to 180 m 
s"'. (2) There is also a small spatial displacement between 
contiguous integration periods, equal to (V. x  T, 
where V.ux is the velocity of the arc with respect to a fixed 
frame, and T is the time interval between E and F region 
measurements (about 30 s). Although this effect is small (6 
km), it could generate significant errors when the E region 
measurements are mapped to the F region. The large range 
resolution (82 km) hinders also the ability to resolve the 
vector. In particular, low-elevation measurements can in- 
clude a large contribution of the horizontal variations of the 
ion flow (i.e., plasma boundaries). 

In a strict sense the E to F region mapping algorithm can 
be employed only for data that have been collected in a plane 
coincident with the B field; for Sondrestrom, this corre- 
sponds to -39° azimuth. During our experiments the EL 
scans were performed at -129° and 51° azimuth; conse- 
quently, the E region projections of the F region measure- 
ments are located slightly north and west of the measured E 
layer values. However, for the data presented here, the arcs 
were aligned -24° and -25° with respect to geographic 
north, and the equipotential contours (aligned with the arc) 
deviate 14° or 15° from the magnetic meridian. The E region 
intersections were between 1 or 2 km away from equipoten- 
tial lines that crossed the E region measurements. 

In order to gain some confidence in the analysis of data 
from EL scans, we performed a zero order calculation of the 
velocity vector using the LOS velocities measured at 110 and 
160 km of altitude and 105 km of distance (see arrow in 
Figure 2e). For simplicity U± is considered to be zero and B 
to be pointing downward. After subtracting the corotation 
term the radar LOS velocities are VL0S(E) = 173 m s-1, 
^LOS(^) 

= —101 m s_1. Equations (Al) and (A5) indicate 
that the velocity component along the scan is -168 m s_1. 
Then, using (2), kx = 0.292 and k2 = 0.298; the other 
component (perpendicular to the scan) is -968 m s_1. After 
a rotation to geographic coordinates, we obtain Veasl = 739 
m s_i and Vsouth = 647 m s-1. Instead, when we use all the 
terms of (A2), the IGRF-85 model of B, a second VL0S 

measurement in the F region and the neutral wind from the 
Fabry-Perot, the result is Veast = 647, Vsouth = 900 m s-1. 
This is a velocity that points closer to the antisunward 
direction. All the derived velocities (V) presented in Figures 
4-8 were obtained using the more precise and complete 
algorithm that considered all the terms of (A1HA5). The 
zero approximation shown above can be employed when a 
computer is not available. 

APPENDIX B 

The LOS velocity measured during radar azimuthal scans 
can also be used to derive the ionospheric electric field E, on 
the velocity vector, using the property of E of being irrota- 
tional. The electric field is derivable from a scalar potential 
following 
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where V is the electrostatic potential that varies as a function 
of latitude and longitude. Now, if the scan is performed at a 
low elevation, then V can be represented by V(r, a), where r 
is range and a the azimuth. 

An incoherent backscatter radar measures the radial com- 
ponent of the ion velocity at several distances along the line 
of sight. At high latitudes this radial drift is closely related to 
the azimuthal component of E. Consequently, V could be 
determined by integrating the azimuthal component of (Bl) 
and using a know initial value of the potential, V(r, aQ). At 
the Millstone Hill radar, the boundary potential can be 
assumed to be null at the southernmost part of the scan [Holi 
et al., 1984]. However, no similar statement can be used to 
reduce data from Sondrestrom. 

Another method that has been used to resolve the magni- 
tude and the direction of the ion flow is the beam swinging 
technique. Here, the LOS velocity from several adjacent 
azimuthal sectors are least squared fitted to extract the three 
components of the velocity [Hagfors and Behnke, 1974]. 
This method has been employed at Arecibo, where the more 
uniform ionosphere of this mid-latitude station grants confi- 
dence for the application of this type of analysis. 

Although V(r, a0) could be calculated from the velocity 
vectors of section 3.1, we instead computed the boundary 
potential using the data from the same azimuthal scan. We 
employed the LOS velocity of three adjacent integration 
periods and the condition of negligible ion motion along B 
(less than or of order 25 m s-' as measured) to obtain 
space-averaged velocity vectors. Then, the initial boundary 
potential was calculated for every integration period and 
served as the initial condition for the more precise value of V 
which was obtained by integrating (Bl). The boundary 
potential as calculated in this way smooths rapid spatial 
variations of the velocity but will be less affected by statis- 
tical errors. This scheme was adopted to avoid cumulative 
errors produced by random fluctuations in VL0S which 
sometimes are of the same order of magnitude as the 
measured velocity. 
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Abstract.    This is the first analysis, using a statistically significant data set, of the 
morphological dependence of the presence, orientation, and motion of stable sun- 
aligned polar cap arcs upon the vector interplanetary magnetic field (IMF). For the one 
winter season analyzed we had 1392 all-sky 630.0-nm images of 2-min resolution 
containing a total of 150 polar cap arcs, all with corresponding values of the IMF as 
measured by IMP 8 or ISEE 2. After demonstrating an unbiased data set with smooth 
normal distributions of events versus the dimensions of time, space, and IMF 
component, we examine IMF dependencies of the properties of the optical arcs. A 
well-defined dependence for Bz is found for the presence/absence of stable Sun-aligned 
polar cap arcs. Consistent with previous statistical studies, the probability of observing 
polar cap aurora steadily increases for larger positive values of Bz, and linearly 
decreases when Bz becomes more negative. The probability of observing Sun-aligned 
arcs within the polar cap is determined to vary sharply as a function of the arc 
location; arcs were observed 40% of the time on the dawnside and only 10% on the 
duskside. This implies an overall probability of at least 40% for the whole polar cap. 
20% of the arcs were observed during "southward IMF conditions," but in fact under 
closer inspection were found to have been formed under northward IMF conditions; 
these "residual" positive Bz arcs had a delayed residence time in the polar cap of 
about what would be expected after a north to south transition of Bz. A firm 
dependence on Bv is also found for both the orientation and the dawn-dusk direction of 
motion of the arc's. AH the arcs are Sun-aligned to a first approximation, but present 
deviations from this orientation, depending primarily upon the location of the arc in 
corrected geomagnetic (CG) coordinates. The arcs populating the 06-12 and the 12-18 
quadrants of the CG coordinate system point toward the cusp. The By dependency of 
the arc alignment is consistent with a cusp displacement in local time according to the 
sign of By. We found that the arc direction of motion depended both on By and the arc 
location within the polar cap. For a given value of By, two well-defined regions (or 
cells) exist. Within each cell the arcs move in the same direction toward the boundary 
between the cells. The arcs located in the duskside move dawnward; those in the 
dawnside move duskward. The relative size of these dusk and dawn regions (or cells) 
are controlled by the magnitude of By. This persistent dusk-dawn motion of the polar 
cap arcs is interpreted in terms of newly open flux tubes entering the polar cap and 
exerting a displacement of the convective cells and the polar cap arcs that are 
embedded within them. 

1.     Introduction motion, as it was termed then, to be of the order of 100 
ms~'. During the International Geophysical Year (IGY) it 

The study of polar cap aurora started at the beginning of was realized that this type of aurora only developed at 
this century with the pioneering work of D. Mawson. Maw- latitudes poleward of the auroral oval [Weill, 1958; Denlwlm 
son [1916,  1925], based on visual observations of auroral ancj Bond,  1961; Davis,   I960]. A few years later it was 
luminosities assembled during the Australian Antarctic ex- discovered that the Sun-aligned arcs preferentially devel- 
pedition of 1907-439, was the first scientist to report the oped when the interplanetary magnetic field (IMF) pointed 
occurrence of aurora at very h.gh latitudes. Important break- northward [Berkev ct ,(/    ,976Jj and during periods of quiet 

throughs of his polar aurora research were (1) the determi- magnetjc conditions [Df||l/jS- ,963; Lasse/,_ 1972; Ismail e! 

nation that the aurora was nearly aligned with the Sun-Earth (d              Mor£           g measurements of the morpho,0oy of 
direction and (2) a measurement of  the  "body" auroral      , , .   ..        ,   ,        , "„ the polar cap aurora indicated that these arcs were Sun- 
Copyright 1994 by ihe American Geophysical Union aligned only in a first approximation. Arcs located on each 

Paper number 93JA03255. s'c'e °' tne noon-midnight meridian were observed to be 
0148-0227/94/93JA-()3255$()5.00                                                               directed toward noon [Lassen. 1972]. Similarly, more refined 
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determinations of the arc velocity revealed that this motion 
could reach values as large as 700 ms ' [Daniclscn, 1969. 
Akasoju. 1972], All these observational facts suggested that 
the appearance of arcs in the polar cap was intrinsically 
associated with a different topology of" the magnctosphere 
which prevails when the IMF is directed northward. 

A new era in the research on polar cap aurora was initiated 
by means of satellite-borne instrumentation. The particle 
sensor on-board the Defense Meteorological Satellite Pro- 
gram (DMSP) satellites revealed that the polar cap aurora 
was collocated with low-energy (<500 eV) electron precipi- 
tation. The spectra of this soft precipitation was found to 
contain characteristics similar to the electrons injected at the 
poleward boundary of the auroral oval [Meng. 1981a, b]. 
Almost at the same time, optical images collected by the 
ISIS 2 satellite indicated the existence of a diffuse type of 
aurora filling in between the classical oval and the polar cap 
arcs. It was also pointed out that during extended periods of 
B. northward conditions, the polar cap was observed to be 
contracted into a teardrop shape [Murphree ei al., 1982]. 
These facts suggested that polar cap arcs were actually an 
extension of the system of discrete oval arcs [Murphree et 
al., 1982] and that the poleward flanks of the oval expand 
and occupy much of the otherwise polar cap region [Meng, 
1981a]. The expanded auroral oval model implicitly suggests 
that the polar cap arcs are located in regions of closed field 
lines mapping to the boundary layers of the magnetosphere. 
Consequently, the aurora should exhibit a high degree of 
symmetry between conjugate hemispheres. Within the con- 
text of the oval expansion model the polar cap arcs map to 
and are driven by processes taking place at the low-latitude 
boundary layer (LLBL) or at the plasma sheet boundary 
layer (PSBL) [Lundin etal, 1991]. Satellite excursions in the 
magnetosphere, such as the ISEE 1, satellite have deter- 
mined that the LLBL widens during positive Bz values 
[Mitchell et al.,  1987], giving further credit to the oval 
expansion model. 

A different view in the study of polar cap auroras was 
brought up by the high-altitude imaging capability of the DE 
1 satellite. The imager on-board DE 1 provided a global view 
of the auroral oval and revealed the existence of the transpo- 
lar auroras extending between the midnight oval and the 
midday auroral zone. This auroral configuration was called 
the theta aurora [Frank et al., 1982, 1986]. The precipitating 
particles in the central  "bar" of the theta aurora were 
observed to clearly resemble a population of plasma sheet 
particles, the density, the temperature and the differential 
fluxes, all showed trends similar to the plasma sheet parti- 
cles. This fact led Menietti and Burch [1987] to suggest that 
the theta aurora was also on closed field lines, but contrary 
to the oval expansion model, the transpolar aurora delin- 
eated the ionospheric footpoints of field lines connected to a 
bifurcated magnetotail [Frank et al., 1986]. Conjugate mea- 
surements on both hemispheres have indicated that the theta 
aupora', in fact occurs simultaneously at both poles [Mizera 
et'al., 1987; Obara et al., 1988; Craven et al., 1991]. ISEE 2 
excursions downtail discovered the presence of filaments of 
plasma sheet plasma intruding into the tail lobes [Huang ei 
al., 1987, 1989], suggesting a topological connection between 
transpolar arcs and the filamentary structures. 

Ground-based intensified photometers have observed a 
type of subvisual, Sun-aligned arcs which are present in the 
polar cap more often than it is implied by satellite imager 
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data \Weber and iluchan. I9,XI|. These weak polar cap arcs 
arc associated with gradients in the velocity pattern and with 
low-energy (■  M)0 eV) precipitating electrons. Because most 
ol this particle energy is deposited at altitudes above 240 km, 
they  have  been   named   /•'  region  arcs.   An   instrumented 
rocket launched into a polar cap /■" region arc [ Weher et al.. 
19891 measured sunward (low within the polar arc and a 
particle  spectral  shape  with  characteristics of boundary 
plasma  sheet  and   magnetoshcath  populations.  This  fact 
suggested that some of the polar cap arcs could map to 
regions of open field lines [Kan and Burke, 1985]. Another 
rocket flight, this time over a system of Sun-aligned F layer 
polar cap arcs (L. A. Weiss et al.. Convection and electro- 
dynamic signatures in the vicinity of a Sun-aligned arc: 
Results from the polar acceleration regions and convection 
study (Polar ARCS), submitted to Journal of Geophysical 
Research, 1994) provided precise observations of the elec- 
trodynamics in the arc vicinity. The measurements were 
consistent with a model in which the arc is formed on open 
field lines on the duskside of a bifurcated polar cap or 
alternatively on closed field lines threading an expanded 
low-latitude boundary layer.  Hardy [1984] observed that 
intense fluxes above polar rain levels were embedded in the 
polar rain  suggesting that  the  polar cap arcs  were  not 
attached to the auroral oval and consequently were on a 
region of open field lines. More recently, Gussenhoven and 
Mullen [1989]  have reported  observations of relativistic 
electrons concurrent with precipitating electron and ions 
associated with a polar cap aurora. Their measurement 
argues in favor of the formation of polar cap arcs to occur on 
open field lines. The fact that polar cap arcs are on open or 
closed field lines has important implications not only for 
topological considerations but also for energetic implications 
and to determine whether particle energy can be stored or 
directly precipitated into polar cap arcs [Hardy el al., 1982]. 

The strong observational evidence in favor of both closed 
field line models and similarly for the open field line model of 
polar cap arcs can be understood if each model correspond 
to a specific class of polar cap arcs (e.g., Sun-aligned arcs, 
theta aurora) [Meng and Mauk, 1991]. It is also possible that 
the development of several models was propitiated by the 
large number of different sensors all with distinct sensitivity 
thresholds which have been used to measure characteristics 
of polar cap arcs. 

The electrodynamics of the polar cap aurora has also been 
the topic of intense investigation. Burke et al. [1982] based 
on observations performed by the DMSP satellite found a 
correspondence between the optical aurora and upward 
Birkeland currents. Carlson et al. [1984] used the Sondre- 
strom incoherent scatter radar to indicate that the polar cap 
arcs were embedded in regions of intense gradients in the 
plasma flow, satisfying the V ■ E < 0 condition for the 
presence of an upward field-aligned current. Mende et al. 
[1988] found several Sun-aligned arcs that presented strong 
reversals from a predominant antisunward direction in the 
dawnside of the arc to a more sunward oriented flow outside 
and in the duskside. More recently, Valladares and Carlson 
[1991] have presented data gathered on two energetic Sun- 
aligned arcs that drifted across the Sondrestrom field of 
view. These authors concluded that the Sun-aligned polar 
cap arcs also delineate regions where the downward compo- 
nent of the Poynting flux and the flow of electrons that 
constitute the field-aligned currents have elevated values. 
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These downward flows of electromagnetic and kinetic en- 
ergy were found to lead to ionospheric regions where en- 
hanced values of the ion and electron temperatures were 
clearly identified. Carlson et al. [1988] combined electric 
field measurements of DE 2 and ground-based camera dis- 
plays of Sun-aligned auroras to construct convection pattern 
configurations containing multiple cells. Jankowska et al. 
\ 1990] used the property of the polar cap aurora to delineate 
regions where the field-aligned currents are directed upward 
to determine that the global convection patterns can be 
formed by three or four cells. Other researches have also 
employed concurrent measurements to imply the global 
pattern. Marklund el al. [1991] found a transpolar arc 
embedded in a distorted two-cell pattern and Nielsen et al. 
[1990] presented the temporal evolution of the convection 
associated with a transpolar arc. 

The number of convective cells and the plasma circulation 
within them during B. northward conditions has been pre- 
sented by several authors. ReiffandBurch [1985] applied the 
antiparallel merging theory of Crooker [1979] to investigate 
the consequences of merging of northward IMF field lines 
with closed field lines at the dayside polar cap boundary and 
subsequent reconnection on the nightside. They postulated 
the existence of a region of closed field lines flowing sunward 
at the center of the polar cap. Convection patterns for 
northward IMF inferred from experimental data also show 
the existence of a region of the polar cap containing sunward 
flow [Potemra et al., 1984; Heppner and Maynard, 1987]. 
Burch et al. [1992] have used DE 1 images and in situ 
measurements to further develop a suggested conceptual 
model for the quiet time polar cap, IMF dependencies 
included. The polar cap auroras they dealt with, and refer to 
as Sun-aligned arcs, theta aurora, and horse collar aurora, 
are of necessity sufficiently intense to be seen by the DE 1 
imager. The database we deal with here, using ground-based 
all-sky image-intensified photometers (ASIPs) have over 10 
times the sensitivity, and see Sun-aligned polar cap aurora 
more like half the time, rather than the few percent of the 
time for which they can be seen by satellite based observa- 
tions. 

This present study extends previous work not only on the 
correlation of the occurrence of polar cap arcs with the IMF 
but also the dependencies of other arc properties upon IMF. 
Here we relate (1) the presence/absence of polar cap arcs, (2) 
their alignment, and (3) the arc motion in the dusk-dawn 
direction to the IMF as measured by IMP 8 and ISEE 2. 
Most of the arcs examined here exhibit red line emission 
intensities of the order of 100 R, similar to the intensity of the 
weak polar cap F region arcs studied by Weber and Buchau 
[1981]. The arc velocity as measured here, corresponds to 
the spatial displacement of the red line emissions, which may 
not be necessarily equal to the drift of the thermal plasma. 
Since we have used images, with a time sequence that 
samples rapidly relative to the lifetime of the visual feature, 
we can make certain assurances about the data. We ex- 
cluded hooks, loops, spots, and branches. We are dealing 
with optical features that are relatively extended (unkinked 
or primarily linear or quadratic), their extent filling much if 
not all of the nominal 1000 km circular field of view of the 
AS1P. All extended optical features meeting this criteria 
have been retained in the data set. It is emphasized that extra 
attention was dedicated to exclude oval and substorm re- 
lated aurora. 

The paper outline follows. Section 2 presents the method- 
ology that was employed to compute the geophysical param- 
eters of interest. Section 3 describes the statistical analysis 
and the correlative study of the three parameters of the arc 
with the three components of the IMF. In section 4 we 
formulate the implications of our results within the context 
of the current theories of the formation of polar cap arcs 
during northward orientations of the IMF. 

2.    Data Presentation 
Figure 1 shows the location and the field of view of the 

all-sky imaging photometers (ASIP) that have been deployed 
in the arctic region and are currently operated by the Phillips 
Laboratory (formerly AFGL). The ASIPs are located at 
Qaanaaq (77.5°N, 69.2°W), Nord (8I.67°N, 16.67°W), and 
Ny Alesund (78.9°N, 11.95°E). While, restricted to nighttime 
clear skies, they can provide simultaneous measurements of 
the airglow and aurora in the polar cap and auroral oval 
regions. The circles around the stations show the limits of 
the ASIPs field of view for an assumed emission height equal 
to 250 km. The ASIPs are intensified posses wide-angle 
lenses and have a sensitivity dynamic range from 50 R to 
several kilorayleighs [Weber and Buchau, 1981; Weber et 
al., 1984]. All three cameras operate continuously for peri- 
ods during the winter months when the Moon is below the 
horizon. The combined field of views of the three ASIPs 
covers more than half of the polar cap at any universal time 
almost independently of the size of the polar cap. Here the 
polar cap is understood as the region located poleward of the 
auroral oval [Hones et al., 1989]. This paper presents the 
analysis of data gathered only at one station, Qaanaaq, and 
during one winter season, the winter of 1986-1987. 

The proximity of Qaanaaq to the magnetic north pole gives 
an uncommon capability to this station; the entire field of 
view (155°) of the ASIP is inside the polar cap region at 
almost any local time. This imager alternatively diagnoses 
both 630.0 nm (O I) and 427.8 nm (N2

+) emissions, complet- 
ing a two-line cycle every 2 min. The red and the blue lines 
are respectively more characteristic of lower (hundreds of 
eV) and higher (>1 keV) energy electron precipitation. The 
results presented here are based on data collected by the red 
filter. Figures 2 and 3 show two sequences of images 
containing polar cap arcs with typical morphological char- 
acteristics. These figures show selected images from the full 
set sampled once every two minutes. Other auroral forms, 
such as hooks, loops, and branching were observed occa- 
sionally during the winter of 1986-1987 but are not presented 
here. Two geographic cardinal directions are also indicated 
in every image using a dark L-shaped mark placed near the 
upper border of each image. The vertical and horizontal bars 
of the L-shaped mark point to geographic north and east, 
respectively. 

2.1.    December 5, 1986, ASIP Frame 

The sequence of images of Figure 2 were obtained during 
a prolonged period of northward Bz. The 630.0-nm data 
shows elongated bright emissions, aligned with the Sun- 
Earth direction. These are the typical properties of polar cap 
arcs, as has been described by Weber and Buchau [1981], 
Buchau et al. [1983], and Carlson et al. [1984]. Other 
characteristics of polar cap aurora, such as the appearance 
of new arcs, the continuous variation of the aurora intensity 
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30E 

60W 30W 

Figure 1. Site locations and field of view (10° elevation) of the three all-sky imaging photometers (ASIP) 
operated by the Phillips Laboratory. The regions of the high-latitude ionosphere which are imaged by the 
three ASIPs are (1) the camera located at Qaanaaq (77°N, 69°W geographic) mostly observes the polar cap; 
(2) the Nord's ASIP (81°N, 17°W) can image both the polar cap and the poleward part of the oval; and (3) 
the all-sky camera deployed at Ny Alesund (79°N, 12°E) mainly probes the auroral oval and the 
equatorward side of the polar cap. 

and the arc bifurcation are also clearly displayed on these 
images. The full set of images, from which these are se- 
lected, allows unambiguous continuous tracking of the stable 
reference arcs. The image of 0953 UT shows two arcs that 
are nearly parallel to the Sun-alignment direction, both arcs 
contain different intensity levels. The image collected 4 min 
later shows that the arc that was seen overhead at 0953 UT 
has dimmed and drifted southward. In later images this arc 
continues dimming, drifting southward, and even bifurcating 
at 1005 UT. The appearance of a new arc in a region of no 
previous aurora is illustrated by the most northward arc in 
the image of 0957 UT and also by the thin arc located 
overhead at 1005 UT. 

2.2.    February 19, 1987, ASIP Frame 

The four images of Figure 3 exemplify common character- 
istics of a system of several typical polar cap arcs: arcs that 
occur simultaneously seem to move in the same direction 
and almost always at the same speed. The polar cap arcs of 
February 19, 1987, are seen drifting rapidly (about 200 m 
s ) in the ASIP frame. The swift movement of the arcs can 
be visualized if we compare the relative location of the arcs 
and the dark spot depicted in the lower left quadrant of each 
image. The dark mark is stationary. As time progresses, the 
southernmost arc is seen moving northward (dawnward) 
then drifting across the dark mark (2253 UT) and then 
moving north of it (2301 UT). After 2259 UT, the two other 
arcs  located  further north  show a  separation  gradually 
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diminishing with time until they merge at 2303 UT. Another 
example of an arc pair that merged was published by 
Valladares and Carlson [1991, Figures 4a, 4b, and 4c]. A 
new arc is seen entering the southern end of the field of view 
at 2257 UT. 

The ASIP records the images in a microfilm media. To 
extract precise information about the arc dawn-dusk dis- 
placements and the deviations from the Sun-Earth direction, 
it was required to convert the images to a digital format. To 
accomplish this, the bright traces of the 630.0-nm images 
were projected onto specially scaled draft sheets. Then a 
graphics tablet was used to read the coordinates of selected 
points along the center of the sketch of the arcs. As most of 
the arcs were relatively narrow, no information about the arc 
width was entered into the computer. 

2.3.    December 5, 1986, Frame Transformations 

Figure 4 shows the three arcs which were seen by the 
Qaanaaq imager at 1005 UT on December 5, 1986 (Figure 2 
lower right panel). The arcs are represented in three different 
coordinate systems (Figures 4a-4c). In addition, Figure 4d 
shows the arc motion, in the dusk-dawn direction, of se- 
lected points along the arcs. Figure 4a presents all three arcs 
as they were detected by the all-sky camera, it obviously 
resembles Figure 2d. Geographic north is to the top and west 
to the left of the plot (270°). Figure 4b shows the location of 
the arc after each point in the arc has been transformed to a 
geographic coordinate system. Here we have assumed that 
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Figure 2. Sequence of 630.0-nm images depicting a system of Sun-aligned arcs. The polar cap arcs were 
measured at Qaanaaq on December 5, 1986. Geographic north is at the top of each image, and geographic 
west is to the left. The direction toward the Sun is also indicated by the arrow in the top left frame. 

the emissions originate at 250 km altitude Figure 4c depicts 
the arcs in a corrected geomagnetic (CG) coordinate system 
(based on the 1GRF 1980 model). In this system the arcs 
approximate straight lines almost parallel to the noon- 
midnight meridian: all three arcs have a small offset angle. A 
careful examination of the arcs indicates that there are small 
undulations along the arc alignment. These structures resem- 
ble the twists and folds which have been observed on auroral 
arcs, such as Hallinan and Davis |I97()| suggested, they 
were associated with Kelvin-Hclmholt/ instabilities. figure 

4d shows the dusk-to-dawn velocities which were obtained 
by comparing two consecutive frames. Here the length of the 
arrow is proportional to the dusk-to-dawn velocity ol the 
arc. The arc motion was determined in the following fashion: 
for each individual point along the arc a line was traced in the 
dawn-dusk direction (almost perpendicular to the arc align- 
ment) until it intersected the location of the arc in the next 
2-min frame. This displacement measured in geographic 
coordinates was then divided by the time interval between 
the frames   The result is the velocity along the dawn-dusk 
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Figure 3. Same as Figure 2 but for a system of polar cap arcs observed on February 19, 1987. This figure 
shows typical polar cap arcs. These arcs appear as long. thin, and bright stripes of luminosity moving 
northward. 

direction. This velocity was subsequently corrected to take 
into accouni the Earth's corotation both at Qaanaaq and at 
the magnetic north pole \Sojka ei at.. 1979]. This method is 
subjected to few types of error due to our assumption of a fix 
altitude of the emissions and a thin emitting layer and our 
decision to use the arc center to represent the arc location. 
The error is never severe; it has been calculated that the 
maximum error is always less than 22'-v of the magnitude of 
the arc displacement 
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Figure 4d shows that the two most poleward arcs have 
constant velocities, suggesting that these arcs move uni- 
formly with little change in shape or direction of alignment. 
The most equatorward arc shows a different behavior. The 
center of the arc moves with a dawnward velocity near 600 
m s ' while at both ends of the arc. the velocity is less than 
100 m s '. Such nonuniform arc motion has been found to be 
present in a large number of the polar cap arcs The variable 
arc moiion i motion of the optical emission feature nominally 
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6300 A ASIP IMAGE 
10:05 UT 

5 DECEMBER 1986 
QAANAAQ, GREENLAND 

Figure 4. The 630.0-nm image obtained on December 5, I986, at 1005 UT (Figure 2d). The polar aurora 
is presented in three different coordinate systems: (a) ASIP frame, (b) geographic coordinate, and (c) polar 
plot of corrected geomagnetic (CG) local time versus CG latitude, (d) The arc motion in the dusk-dawn 
direction of selected points along the arc. The arc displacements are calculated based on the arc location 
on this frame and on the succeeding image. 
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transverse lo its length) is caused In the undulations which 
provide additional displacement to certain pails of the arc. 
( consequently, if the dusk-dawn velocity is coniputed taking 
a simple average of all the displacements calculated along 
the are. then the resultant velocit\ will he contaminated by 
the undulations. A different approach to obtain the arc 
motion is presented in subsection 2 v 

2.4.    February 19, 1987, CG Frame 

Figure 5 shows the four images of figure 3 converted into 
a CG latitude versus CG local time coordinate system. This 
representation permits a much finer inspection of the arc 
displacement and angle with respect to the noon-midnight 
meridian. All three arcs at 2249 and 2253 UT have nearly the 3. Statistical Analysis 
same dawnward (clockwise) tilt angle with respect to the 
noon-midnight meridian. The three arcs located further 
dawnward change orientation of their till angles. A fourth 
arc enters Qaanaaq's field of view at 2257 UT. This arc 
moves faster than the other arcs between the time interval of 
2257 and 2301 UT. 

I he total number was 143. Because a polar cap arc can 
change its orientation or velocity in a time as short as 2 min. 
the statistics reported in this paper are based on every 2-mm 
sighi of a bright emission in the red line. On other occasions 
the ,i:c characteristics change at a slower pace and our 2-min 
sampling rale will introduce multiple counts. The only con- 
sequence of this oversampling is to introduce a grouping of 
counts at certain values in the unnormalized histograms of 
Figures 12-17. This effect can be easily identified. The total 
number of arc frames used in this study is 2722. Henceforth, 
they will be referred to simply as arcs. 

2.5.    February 19, 1987, Dusk-Dawn Motion Calculation 

The dawn-dusk motion of each arc was calculated making 
a least squares fit to the displacements corresponding to all 
the points along the arc in seven consecutive images. The 
effect of the wavy features being quasi-stationary will cancel 
out leaving a good estimate of the more uniform background 
dusk-to-dawn velocity of the arc. 

Figure 6 shows the dusk-dawn velocity that was calculated 
following the least squares fitting method. The motion of 
four polar cap arcs is presented in Figures 6a-6d. Figures 6e 
and 6f show the By and 5, components of the IMF in 
geocentric solar magnetospheric (GSM) coordinate system, 
measured by IMP 8. The IMF 5, remains constant and equal 
to +10 nT for almost 2 hours. Bv presents a reversal from 
negative to positive at 2330 UT; 15 min later the velocity of 
arcs 1 and 3 are seen to reverse sign to a duskward 
orientation. While these two quantities (By and the arc 
velocity) seem to be related for the arcs of February 19, 
1987, no well-sustained conclusion can be implied from a 
single-case study. It is then, the purpose of this paper to 
validate (or negate) in a statistical sense several hypotheses 
of the relation between the IMF and the morphological 
parameters of polar cap arcs. 

2.6.    Qaanaaq 1986-1987 Database 

During the winter of 1986-1987 the Qaanaaq ASIP oper- 
ated between the months of October and February. A total 
of 850 hours of film were recorded. Owing to cloudy sky 
conditions or to the lack of IMF information, this number of 
hours was reduced to 223 hours. If we further exclude events 
that show airglow associated with polar cap patches or times 
when no aurora was present, then we end with only 46.4 
hours of red line emissions collected on 20 different days. 
The intensity of the polar cap arcs observed during this 
winter, varied between 50 R and 1 kR. A complete list of the 
days and times when the Qaanaaq imager detected polar cap 
arcs and the IMF was measured by either IMP 8 or ISEE 2 
is listed on Table 1. Blue line measurements were even more 
scarce, only 16.8 hours, which represents only 36% of the 
time that red line emissions were observed. We also counted 
the number of polar cap arcs that were seen transiting 
Qaanaaq's field of view, such as the arcs of Figures 2 and 3. 
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This section describes the statistical analysis of three 
different polar cap arc morphological parameters that have 
been studied in this paper: (1) the presence of at least one arc 
in the ASIP field of view, (2) the deviation of the arc 
orientation (offset angle) from the Sun-Earth direction, and 
(3) the dusk-dawn "body" motion of the arc. 

Figure 7 shows the distribution of the number of arcs as a 
function of the arc orientation, (labeled offset angle in Figure 
7a) and as a function of the dusk-dawn arc motion (Figure 
7b). The center of gravity of each histogram is indicated by 
the arrows and the initials CG. A positive offset angle means 
a dawnward (clockwise) rotation of the arc border closest to 
the Sun. The distribution of Figure 7a has a shape that 
approaches a Gaussian curve. The mean value is equal to 
-5°, and the standard deviation = 14.4°. The largest offset 
values are -45° and 40° for counterclockwise and clockwise 
rotations, respectively. 

The arc velocity is defined positive for dawnward dis- 
placements and negative for duskward translations. The 
velocity distribution of Figure 7b has a center of gravity 
equal to -21 m s"1 and a standard deviation = 108 m s~'. 
However, a significant number of arcs possess duskward 
velocities exceeding 240 m s"1. This tail in the velocity 
distribution displaces the center of gravity toward more 
negative values. 

3.1.    Presence of Polar Cap Arcs 

Figures 8-11 present the number of minutes and the 
probability of detecting one or more arcs. Our statistics of 
the ASIP data has been binned according to the values of 
each of the three components of the IMF. The histograms of 
Figure 8 show the distribution of the number of minutes that 
the Qaanaaq imager was on operation during the winter of 
1986-1987 and besides the sky condition was optimum for a 
clear detection of weak arcs. The purpose of presenting 
these histograms is to show the degree of biasing that may be 
introduced in our data set by a nonuniform sampling of the 
IMF. The distribution of Bx shows two peaks one at 3 nT 
and the other at -3 nT, and a valley in between. The Bx 

histogram is quite symmetric, with only a slight bias toward 
positive values of Bx. The By distribution is asymmetric, 
skewed to -2 nT and containing a rapid fall off at its negative 
side. The number of minutes of negative By outnumber the 
total number of minutes of positive By. The B. histogram 
shows stronger asymmetries and a more uneven sampling in 
the ±6 nT interval. There are clearly more minutes during 
which B. was positive than negative. The B. distribution 
peaks at +2 nT, with a total of 2008 min when it was between 
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6300 A ASIP IMAGES 
CORRECTED GEOMAGNETIC COORDINATE SYSTEM 

22:49 22:53 

22:57 23:01 

19 FEBRUARY 1987 
QAANAAQ,GREENLAND 

Figure 5. Arcs corresponding to February 19, 1987 (Figure 3) presented in a polar display of CG latitude 
versus CG local time coordinates. (a)-(d) Polar cap arcs extending almost parallel to the noon-midnight 
meridian. 
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Qaanaaq Fcb 19, 1987 Dawn-Dusk Arc Velocity (m/s) 

1   UT 

Figure 6. Arc motion in the dusk-dawn direction for the four polar cap arcs observed at Qaanaaq on 
February 19, 1987. (aHd) The arc velocities in meters per second corresponding to arcs 1-4. (e) and (f) 
show the By and Bz components of the IMF in GSM coordinates. The dawn-dusk velocity of arc 1 
approximately follows the same trend of the arc 3 velocity. 

+ 1 and +2 nT. There are two smaller secondary peaks at 
+ 10 and -10 nT. 

The histograms of Figure 9 were obtained by dividing the 
total number of minutes that the ASIP detected one or more 
polar cap arcs by the number of minutes that the imager was 
operating (Figure 8). We do not claim that this distribution is 
equal to the probability of occurrence of polar cap arcs in the 
whole polar cap but only to the probability of having at least 
one arc in the area covered by the ASIP. In this sense the 
statistics that we are presenting here will give a value smaller 
than the true probability of occurrence of arcs in the polar 
cap. Similar to Figure 9, we present here the distributions for 
each of the three components of the IMF. The number of 
minutes that the arcs were observed at Qaanaaq are printed 
on top of the bars. Because the number of events is largely 
reduced for amplitudes >5 nT, it is conceivable that if any of 
the three components of the IMF has a large magnitude and 
this value remains large for several minutes, then the statis- 
tics at those values would be drastically controlled by one 
single event. This has occurred at values of Bx less than -6 
nT (top panel) and of Bz > +8 nT (bottom panel). 

The Bx distribution of Figure 9 is very well uniform and 
maintains an amplitude equal to 20% between -6 and +6 nT. 
However, at values smaller than -6 nT, the probability 
increases to 80%. This high percentage is entirely due to the 
arcs observed on February 2, 1987, when Bx fluctuated 
between -6 and -8 nT during a 100-min time interval. Thus 
the Bx distribution for values of Bx < -6 nT is not 
statistically significant. The By distribution shows a quasi- 
uniform shape with the amplitude of the histogram varying 
between 15 and 25%. We conclude that the probability of 
observing at least one polar cap arc at the Qaanaaq station is 
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Table 1.    Simultaneous Observations of Polar Cap 
Aurora At Qaanaaq and Solar Wind Parameters 
During the Winter of 1986-1987 

Date Time, UT 

October 4, 1986 
October 16, 1986 
November 2, 1986 
November 2, 1986 
November 3, 1986 
November 8, 1986 
November 12, 1986 
November 12, 1986 
November 12, 1986 
November 12, 1986 
November 13, 1986 
November 13, 1986 
November 14, 1986 
November 22, 1986 
November 28, 1986 
December 5, 1986 
December 5, 1986 
December 6, 1986 
December 6, 1986 
December 9, 1986 
December 21, 1986 
January 25, 1987 
February 2, 1987 
February 6, 1987 
February 19, 1987 
February 19, 1987 
February 20, 1987 
February 25, 1987 

Satellite 

0700-0731 IMP 8 
0659-0920 IMP 8 
2027-2107 IMP 8 
2258-2334 IMP 8 
0211-0352 IMP 8 
2102-2325 ISEE2 
0644-1016 IMP 8 
1132-1154 IMP 8 
2056-2106 IMP 8 
2143-2157 IMP 8 
0541-0815 IMP 8 
1011-1132 IMP 8 
0800-0935 IMP 8 
1856-1931 ISEE2 
0053-0200 IMP 8 
0650-1230 IMP 8 
2339-0021 ISEE2 
0244-0321 IMP 8 
0608-1002 IMP 8 
1226-1518 IMP 8 
1819-1849 IMP 8 
0559-0611 IMP 8 
2125-0045 ISEE2 
0621-0947 IMP 8 
0727-1105 IMP 8 
2231-2400 IMP 8 
0000-0058 IMP 8 
0359-0528 IMP 8 
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Figure 7. Histograms of the number of arcs versus (a) the arc offset angle in degrees, (b) Dusk-dawn 
motion of the arcs in meters per second. The distribution of the number of arcs as a function of offset angle 
closely resembles a Gaussian curve. 

about 20% and seems to be independent of the magnitude 
and sign of Bx and By. 

As expected, Bz shows very different statistics. The proba- 
bility of observing an arc is larger than 20% when Bz is positive. 
This result agrees with the findings of Berkey et al. [1976] and 
Lassen and Danielsen [1978]. They found good correlation 
between Bz northward conditions and the occurrence of polar 
cap arcs. However, here Figure 9 provides some extra infor- 
mation: polar cap arcs are sometimes seen during Bz south- 
ward conditions, but the probability of occurrence decreases 
linearly as Bz becomes more negative. All the polar cap arcs 
observed during Bz south conditions originated before the IMF 
turned south and remained detectable, in some cases, for tens 
of minutes after Bz changed sign. These arc events followed 
prolonged periods of northward Bz or during short (<15 min) 
negative excursions of Bz. The probability of observing an arc 
becomes practically zero when Bz < -5 nT. The distribution of 
thcBz shows a plateau of 20% probability between 0 and +5 nT 
and a rapid increase reaching 100% at Bz > +9 nT. However, 
the statistical significance for Bz > 7 nT is very limited. The 
distribution of arc occurrence for Bz negative has some simi- 
larities to the histogram presented by Hardy [1984, Figure 6] of 
the occurrence of intense electron fluxes at latitudes above 85°. 
As the arcs are closely related to the existence of intense 
enhanced precipitating electron fluxes in the polar cap, the 
agreement of these two distributions endorses the view that as 
mentioned above, polar cap arcs can be seen when the B. 
component of the IMF is negative. In the discussion section we 
comment about the time that is needed for polar cap arcs, 
formed under extended B, > 0 conditions, to flush out of the 
polar cap after a B. southward turning. 

The probability of observing polar cap arcs at the dawn 
and dusk hemispheres is displayed in Figures 10 and 11. The 
Bx and By distributions in these figures are quasi-uniform. 
They are basically similar in shape to the histograms of 
Figure 9. The prominent feature of these figures is the 
difference between hemispheres in the average value of the 
arc occurrence probability. It is about 40% for arcs located 
in the dawnside and only 10% for the duskside. This factor of 
4 difference may be due to a distinct intensity of the aurora 
between hemispheres. If the duskside arcs are fainter than 
the dawnside arcs, then they could more easily fall below the 
ASIP sensitivity threshold and the statistics would be greatly 
diminished. In this scenario the statistics for the duskside 
would be scaled down with respect to its dawnside counter- 
part. The Bz histogram of Figure 10 shows a trend different 
to the Bx and By histograms. For values larger than -5 nT 
the dawnside distribution increases linearly reaching values 
close to 50% at +7 nT. No values of Bz larger than 8 nT were 
measured when Qaanaaq was located on the dawnside of the 
polar cap. The B. distribution of arcs located on the dusk- 
side presents a shape different from the histogram corre- 
sponding to the dawnside; it increases between -5 and 0 nT, 
then decreases in the interval from 0 and +5 nT. For values 
larger than 7 nT the limited number of polar cap arcs greatly 
reduce the statistical significance of any statement that could 
be made. The 40% probability of a Sun-aligned arc within the 
dawn sector field of view of Qaanaaq, which is  1/4 the 
diameter of the entire polar cap, puts a floor but not a ceiling 
in the percentage of time Sun-aligned arcs exist in the polar 
cap for B. north conditions. 
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re    nentation culated and included in our statistics when the arc was 30° or 
To measure the arc offset angle or arc orientation, the more above the horizon and the fitting procedure indicated a 

digitized images were transformed to a CG coordinate sys- small deviation error. Plate 1 shows the location of the polar 
tern. In this frame a line was fitted to the arc and the angle cap arcs that were observed during the winter of 1986-1987 
between this line and the noon-midnight meridian was cal- portrayed in a CG latitude versus CG local time polar frame. 
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of the bars are repeated from Figure 8. The B, distribution (bottom panel) shows the probability of arc 
occurrence increasing for larger positive values and decreasing for negative values of B,. 
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^iglJ£L10' Same 3S Figure 9' but restricted to polar cap arcs observed on the dawnside. (i.e., located in 
the 0000-0600 and 0600-1200 CG local time sectors). The quantities at the top of the bars indicate the total 
number of minutes that the Qaanaaq station was in the dawn sector. 
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Figure 11.    Same as Figure 9, but for arcs located on the duskside of the polar cap (i.e., 1200-1800 and 
1800-2400 CGLT sectors). 
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Plate 1. Polar plot of the location of all the polar cap arcs observed during the winter of 1986-1987 and 
their oüset angle with respect to the noon-midnight meridian. Each arc is represented by a small circle that 
is color coded accordmg to the value of the arc offset angle. A red dot denotes dawnward rotation equal 

?rvL ,^2%^ a
J
dark blUe dot rePresents a duskward rotation of at least 20°. All the arcs in the 

t/UU-1800 CGLT quadrant have dawnward rotations and most of the arcs in the 0600-1200 quadrant 
possess duskward rotations. 

Since the arc extension varies from less than 100 km up to 
few thousand kilometers (typical of transpolar arcs), it 
usually spans more than one hour of CGLT. We selected the 
center of the arc to indicate the location where the arc 
occurs. The information about the arc orientation is color 
coded according to positive (dawnward or clockwise) rota- 
tions of 20° or more are in red and negative (duskward or 
counterclockwise) angles equal to -20° or less are in blue. 
Angles in between follow the color scale displayed in the 
upper right corner. It is evident that a larger number of arcs 
were observed in the 0000-0600 and 0600-1200 CGLT quad- 
rants and that a minimum in the arc population was detected 
in the 1200-1800 quadrant. This effect is partially due to the 
uneven local time sampling through the winter months, but 
also to the lesser probability for arcs to be seen in the 
duskside as it is shown in Figure 11. The imager operated 
less hours in the 1200-1800 quadrant than in any of the other 
6-hour sectors. Plate 1 shows that most of the arcs of the 
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0600-1200 quadrant have a negative offset angle (they are 
seen in blue or light blue), contrary to the arcs of the 
1200-1800 quadrant, which are mostly depicted in red, 
orange, and yellow. The other two quadrants, 1800-2400 and 
0000-0600 CGLT possess almost equal numbers of positive 
and negative rotations. There is a large number of arcs in the 
0600-1200 quadrant between 80° and 85° CG latitude. 

A more quantitative view of the arc orientation is pre- 
sented in Figure 12. Here we plot 4 histograms each one 
corresponding to a CGLT quadrant. These histograms show 
the number of arcs binned according to the arc offset angle in 
steps of 2°. The histogram of 0600-1200 CGLT indicates that 
the arc offset angles cluster at the negative values, around a 
maximum of -8°. The center of gravity of this histogram is 
near -10°. The number of arcs in the 1200-1800 CGLT 
histogram is much less than in the 0600-1200 quadrant; 
nevertheless, it is possible to distinguish that the histogram 
bars group at the positive angles and near 16°. The center of 
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Figure 12. Histograms for the number of arcs plotted as a function of the arc offset angle. Each 
histogram corresponds to one CG local time quadrant. Notice the different scale that was used for each 
histogram. The histogram of 0600-1200 CGLT is displaced toward negative (duskward) rotations. The 
histogram of 1200-1800 CGLT presents mostly positive (dawnward) rotations. 

gravity of this histogram is +14°. The histograms of 1800- 
2400 and 0000-0600 CGLT have a center of gravity equal to 
+4° and —0° respectively, they are symmetric with respect 
to an axis set near the center of gravity. 

To determine the effect of the By component of the IMF 
on the distribution of the arc offset angle, the four histograms 
of Figure 12 were recalculated taking into consideration the 
sign of By. Figure 13 shows the number of arcs observed for 
By positive, Figure 14 forßv negative. A careful comparison 
of the histograms corresponding to 1800-0000 and 0000-0600 
CGLT of Figures 12, 13, and 14 suggests that the center of 
gravities remain almost unchanged irrespective of the sign of 
By. Nevertheless, the histograms for the other two quad- 
rants (0600-1200 and 1200-1800 CGLT) show a small varia- 
tion in their center of gravity. This feature is more easily 
seen in the histogram of 0600-1200 CGLT, which has a 
higher number of arcs and a better statistical significance. 
The Bv negative histogram shows a peak in the distribution 
displaced few degrees toward more positive values as com- 
pared to the peak of the histogram for Bv positive. The 
histograms for the 1200-1800 quadrant show also a displace- 
ment similar to the histogram corresponding to the 0600- 
1200 quadrant. We also generated histograms considering 
the sign of the other two components of the IMF. No 
significant differences were observed for either the shape or 
the center of gravity of the offset angle distributions. 

3.3.    Dusk-Dawn Arc Velocity 

Figure 15 shows the distribution of the number of arcs 
versus the dusk-dawn velocity divided for each CGLT 
quadrant. The center of gravity corresponding to the four 
distributions vary between ±40 m s~'. The dawnside histo- 
grams show an average negative (duskward) velocity, and 
the dawnside histograms show a general positive (dawn- 
ward) arc motion. Being the dawnside arcs more numerous 
than the arcs in the other hemisphere, Figure 15 implies that 
an observer in space will more commonly observe arcs 
moving dawn to dusk than in the opposite direction. 

In order to determine the control exerted by the By 

component of the IMF, the histograms of Figure 15 were 
splitted according to the sign of this component. Figures 16 
and 17 present the distributions of the number of arcs for 
positive and negative values of By. In spite of the fact that 
the statistical significance is reduced for the 1200-1800 
CGLT quadrant, the other three segments strongly suggest a 
Bv dependency of the dusk-dawn arc motion. The By control 
can be described as follows: the dawnside histograms (0000- 
0600 and 0600-1200 CGLT) of Figure 16 (By positive) show 
an average dusk-dawn motion equal to — 120 m s ~'. In fact, 
most of the arc velocities have negative values, which 
indicates duskward motions. Contrary to this view, the 
histogram of 1800-2400 CGLT presents almost the same 
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Figure 13. Same as Figure 12, but here only the arcs which occurred when By was larger than zero have 
been considered. The histograms corresponding to 0600-1200 CGLT show the same general characteris- 
tics of arc tilt angle that was observed in Figure 12. 

number of arcs drifting toward dusk than toward dawn and a 
center of gravity near zero. The histograms of Figure 17 
show a remarkably different behavior, they look like the 
mirror image of Figure 16. The dawnside histograms possess 
a center of gravity close toOms"1 and the 1800-2400 CGLT 
histogram (up to some extent the 1200-1800 CGLT histo- 
gram) show a mean value equal to about 100 m s"1. In 
summary, Figures 16 and 17 clearly point out that the 
polarity of By reverses the hemisphere, in which rapidly 
moving arcs are found, and the direction of motion of the 
polar cap arcs. A more refined analysis of the By depen- 
dency of the arc motion is presented in the next subsection. 

3.4.   Arc Motion-Location Versus IMF 

Plate 2 shows the variability of both the arc velocity and 
the arc location versus the value of By in steps of 1 or 2 nT. 
We present the arcs that have dawnward velocities in red 
and the duskward moving arcs as blue arrows. The length of 
the arrows in these two figures follow the magnitude of the 
dusk-dawn velocity. Starting with the plot corresponding to 
-6 < By < -4 nT (upper left corner): the arcs moving 
dawnward (red) are seen to be located in the dusk hemi- 
sphere and covering a large part of the dawn hemisphere. 
They extend up to 82° of latitude in the dawn hemisphere. 
The magnitude of the velocity of the dawnward moving arcs 
shows a large variability, it changes as a function of the 
location of the arc in the polar cap. It is maximum and about 
200 m s   'in the far left side of the subframe, then diminishes 
near the pole and becomes approximately equal toOms -i at 

the extreme dawn side of the plot. This behavior of the arc 
velocity suggests that the arcs slow down when they reach a 
boundary where the motion of the arcs changes from a 
dawnward to a duskward orientation. Examining the blue 
arrows in this frame indicates that most of the duskward 
moving arcs are located at the dawnside and equatorward of 
84' in a region where almost no dawnward moving arcs are 
observed. Similar to the red arrows, the magnitude of the 
velocities are small near the boundary and larger further 
away from this line. We interpret that there is a velocity 
boundary that sets a demarcation line between the dawn- 
ward moving arcs (located to the left) and the duskward 
transiting arcs (situated to the right). The other subframes of 
panel 2 (left to right and top to bottom) show that as By 

becomes more positive the population of dawnward moving 
arcs results greatly reduced in the dawn hemisphere, it is 
replaced by duskward moving arcs. Concurrently with this, 
the velocity boundary seems to be shifted in the direction of 
By positive. For .By positive values the location of duskward 
moving arcs covers not only the dawn hemisphere but also 
extends into the dusk hemisphere. 

3.5.   Miscellaneous Statistics 

On the basis of the examination of 800 hours of data, we 
analyzed 1392 images of 2 min time resolution, measured 
with the 630.0-nm filter. In addition, an equal amount of 
427.8-nm images were also tabulated. The average number 
of arcs per image that was observed by the Qaanaaq's ASIP 
during the winter of 1986-1987 was 2. The average lifetime of 
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Figure 14.    Same as Figure 12, but corresponding to negative values of By. The histograms of 0600-1200 
and 1200-1800 CGLT show almost the same trend of Figure 12. 

the polar cap arcs was 38 min, and the longest lasting arc was 
detected on December 5, 1986. This polar cap arc was inside 
the field of view for 3 hours and 46 min. 

4.    Discussion 
4.1.   Presence of Polar Cap Arcs 

Previous studies of the morphology of polar cap aurora 
have consistently concluded that a northward oriented IMF 
favors the development of arcs inside the polar cap [Berkey 
et a/., 1976; Ismail et al., 1977; Lassen andDanielsen, 1978] 
and a southward pointing IMF restrains the appearance of 
this type of arcs. The histograms presented here indicated 
that about 20% of the polar cap arcs were observed during 
times when the IMF was directed southward (allowing for 
solar wind propagation time from actual IMF sensing satel- 
lite to dayside magnetopause at 350 km s "', zero to less than 
15 min). This apparent discrepancy can be reconciled if a 
proper consideration is taken of the time delay that the 
magnetosphere employs to fully reorganize from a north- 
ward IMF driven topology to a more southward IMF con- 
figuration. 

To demonstrate that the "Bz south" polar cap arcs are 
steady structures in a transitional state of the magneto- 
spheric topology, we carefully selected all the arc events that 
were observed during Bt south conditions and tabulated the 
characteristics of Bz at these times. We found a total of 14 
cases which had time intervals ranging in duration between 5 
and 30 min. Close analysis of these events indicated that all 
the "Bz south" arcs were preceded by unambiguous detec- 

tions of polar cap arcs by the Qaanaaq's ASIP, except for 
one occasion when the ASIP was not operating immediately 
before the IMF changed to a Bz negative value and there is 
no proof that polar cap arcs were absent prior to that 
reversal. Moreover, all of the "Bz south" polar cap arcs, 
which we have analyzed occurred after prolonged periods of 
steady northward IMF. 

Figure 18 shows two types of Bz transitions that were 
commonly observed during the winter of 1986-1987. One 
type of Bz transition, seen on five events, consists of a short 
negative excursion of the IMF Bz component. This is 
depicted in Figure 18a. The duration of these excursions was 
between 10 and 15 min and the behavior of the polar cap arcs 
at the time of Bz south was quite variable. The auroral 
emissions sometimes faded, in other instances they intensi- 
fied, in one special case when the three components of the 
IMF changed sign simultaneously, the polar cap arcs 
evolved into semiclosed loops and finally in another case an 
arc fragmentation was observed. The other nine events 
showed a single transition from positive to negative as 
displayed in Figure 18b. The common characteristic of all of 
these events is the particular manner with which the arc 
fading progresses. The extreme of the arc closest to noon 
vanishes first and then the fading proceeds toward the 
midnight sector. A system of two or more polar cap arcs 
were seen on two of these nine events; in both cases the arc 
located further duskward died out first. 

Thus the unexpected presence of polar cap arcs during 
southward orientations of the IMF can be understood in 
terms of the gradual evolution from one magnetospheric 
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Figure 15.    Same as Figure 12, but the histograms show the arc distribution as a function of the 
dusk-dawn velocity. 

configuration into another, caused by the reversal of B 
Knowing that it takes about 30 min for a solar wind distur- 
bance to travel from the nose of the magnetopause up to the 
far regions of the magnetotail (for typical values of the solar 
wind velocity, say 300 km s_1). Consequently, the informa- 
tion of a Bz reversal would not be expected to be commu- 
nicated across the polar cap faster than the solar wind can 
carry this information. Thus we conclude that the maximum 
30-min delay time between the negative Bz reversal and the 
complete disappearance of the polar cap arcs is due to the 
time that the IMF disturbance needs to propagate from the 
dayside magnetopause to the near-midnight part of the polar 
cap. This tailward region of the polar cap may still thread 
field lines connected to the old magnetic configuration that 
favor the flow of downgoing electrons, while other sunward 
regions of the polar cap may map to the new magnetic 
topology. 

Another striking characteristic of polar cap arcs is the 
difference between the occurrence probability of the arcs 
located on the duskside versus the occurrence probability of 
the dawnside arcs. In this study we found a 40% (10%) 
probability of observing a polar cap arc in the dawn (dusk) 
hemisphere. This result is not in agreement with previous 
findings of Gussenhoven [1982] based on 1600 DMSP polar 
images. Gussenhoven found Sun-aligned arcs only a few 
percent of the time. We attribute this to the relatively weak 
DMSP sensitivity, allowing it to see only the most intense 
arcs, while our sensitivity threshold lets us detect a signifi- 
cantly larger representative sample. We thus look at the 
subset of DMSP passes for which arcs  were detected. 
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Gussenhoven reported that 51% of the -300 DMSP passes 
that detected high-latitude aurora contained arcs in the 
morning sector (her P2 category), but only 9% of the polar 
cap arcs were located on the evening sector (P3). Similarly, 
Rairden and Mende [1989], based on all-sky camera obser- 
vations from the South Pole Station also measured that the 
dawnside Sun-aligned polar cap arcs outnumbered the dusk- 
side arcs by a ratio of 2:1. Lassen and Danielsen [1978] also 
found a strong preference for the polar cap arcs to be 
observed on the dawnside. The property of Sun-aligned 
polar cap arcs of being collocated with regions of intense 
velocity shears possessing convergent electric fields [Carl- 
son et al., 1984; Hoffman et al., 1985; Mende et al., 1988; 
Weber et al.,   1989;  Valladares and Carlson,  1991]  and 
upward flowing currents [Reifet al., 1978] can be used to 
investigate whether or not the different convection patterns, 
reported in the literature also support a larger number of 
polar cap arcs in the dawnside. Zanetti et al. [1990] reported 
observations of a transpolar arc that was embedded on the 
dawn, clockwise rotating cell and collocated with a region of 
upward northward Bz (NBZ) Birkeland currents. The con- 
vection patterns presented by Potemra et al. [1984] and Reiff 
and Burch [1985] contained a region of convergent electric 
fields on the dawnside for both positive and negative values 
of By. Potemra et al.  [1984] places a region of upward 
currents in the dawnside of the polar cap and the return 
downward currents on the duskside. The dusk cell of the 
Reiffand Burch model also contains a region of V-E < 0, but 
only when By > 0. The convection patterns of Potemra et al. 
[1984] do not favor convergent E fields in the dusk cell for 
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Figure 16. Same as Figure 12, but for dusk-dawn velocity distributions of polar cap arcs observed during 
B„ > 0 IMF conditions. Most of the arcs in the 0000-0600 and 0600-1200 CGLT quadrants display negative 
(duskward) velocities. The 1800-2400 CGLT quadrants histogram has a center of gravity near zero. 

any value of By. In conclusion, both models favor a higher 
rate of arc occurrence on the dawn cell of the polar cap. 

The 40% probability of observing one or more arcs in the 
dawnside of the polar cap well implies that the overall 
probability of having at least one arc within the polar cap is 
no less than 40%. The existence of a sensitivity threshold 
(tens of rayleighs) of the Qaanaaq's ASIP precludes stating 
conclusively that the dusk sector polar cap arcs were less 
numerous than their dawnside counterpart. It is possible that 
the dawn cell arcs are only brighter than the dusk cell polar 
cap arcs, and the duskside arcs are simply more difficult to 
detect. Remember that Bz is positive 50% of the time, while 
we have found that the overall arc occurrence probability is 
only 40%; this leaves a 10% deficit that could well be filled by 
less intense arcs that were not detected by the present 
sensitivity of the Qaanaaq's ASIP. Nonetheless, in contrast 
to previous studies that detected Sun-aligned arcs only a few 
percent of the time, this study is based on images collected 
by ASIPs with a low-sensitivity threshold (50 R). 

Leaving statistical sampling uncertainties aside, we did 
not find a clear Bx, By or Bz dependency on the side of the 
polar cap where the arcs were located. Previous studies of 
polar cap arcs using satellites have reported that By controls 
the side of the polar cap where arcs reside. During 5V 

positive conditions, high-latitude aurora are seen on the dusk 
sector [Murphree et al., 1982; Elphinstone et al., 1990]. 
While these studies concentrated on energetic transpolar 
arcs, our observations pertain more to weak polar cap F 

region arcs, which are certainly more numerous than the 
transpolar arcs. 

4.2.    Orientation of Polar Cap Arcs 

The near alignment of the polar cap arcs with respect to 
the Sun-Earth direction, their long extension spanning hun- 
dreds of kilometers and together with the well-accepted 
characteristic of Sun-aligned polar cap arcs to delineate 
regions of intense velocity shears [Carlson et al., 1988] can 
be used to infer properties of the convection cells in which 
the polar cap arcs are embedded. 

The histograms of Figure 7a indicated that 99% of the 
polar cap arcs had a deviation less than 40° with respect to 
the Sun-Earth direction, and 87% of the total number of arcs 
presented orientations that were no more than 20° from the 
Sun-alignment direction. This fact puts some constraints on 
the shape and the alignment of the cells. The polar cap arcs 
could well be placed within the lobe cells presented by Reiff 
and Burch [1985] or in the dawn lobe cell of Potemra et al. 
[1984], subjected to small deformations in the noon-midnight 
alignment of the cells. However, the Heppner and Maynard 
[1987] patterns for B. northward conditions, containing two 
largely distorted cells would predict the occurrence of arcs 
with much larger offset angles. Polar cap arcs located in the 
near noon region of the Heppner and Maynard convection 
pattern could easily reach offset angles near 90°. The polar 
cap arcs observed al Qaanaaq never presented such large 
offset angles. 
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Figure 17. Same as Figure 12, but for By negative values. The histograms of the 0000-0600 and 
0600-1200 CGLT quadrants have a center of gravity near zero. The other two sectors present arcs mainly 
moving dawnward. 

The histograms of Figures 12 and also Figures 13 and 14 
indicated that the arcs that were located at the 0600-1200 and 
1200-1800 CGLT quadrants point toward noon and the arcs 
that populate the other two CGLT quadrants had an orien- 
tation that was randomly distributed around the Sun- 
alignment direction. When the arc orientation was binned 
according to the sign of By, we obtained that the histograms 
corresponding to the 0600-1200 CGLT quadrant were 
slightly skewed depending on the direction of By. The angle 
with respect to the Sun-alignment became larger for values 
of By > 0 and smaller for By < 0. This behavior can be 
understood if the polar cap arcs are pointing toward the cusp 
and the cusp displaces from noon according to the direction 
of By as shown by Newell et al. [1989]. 

The polar cap arcs observed in the 1800-2400 and 0000- 
0600 CGLT sectors presented offset angle histograms with 
center of gravity near zero. These arcs do not seem to point 
toward a center location as the arcs located in the other two 
quadrants, which are directed toward the cusp. 

4.3.    Dusk-Dawn Motion of Polar Cap Arcs 

Previous studies of the motion of the polar cap aurora 
have universally concluded that the motion of this type of 
arcs is in a direction perpendicular to the Sun-Earth line. 
Craven and Frank [1991] based on a few case studies of the 
theta aurora in the northern hemisphere noted that the 
central "bar" drifted in the dawn direction for a negative 
IMF By [Frank et al., 1985] and in the dusk direction for a 
positive By value [Huang et al., 1989]. Simultaneous optical 
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observations of transpolar arcs in both polar caps also 
indicated that the motion of the transpolar arc in the south- 
ern hemisphere was in opposite direction to the motion of 
the arcs in the northern polar cap [Craven et al., 1991]. 
Rairden and Mende [1989] based on a statistical study of few 
polar cap arcs observed at the South Pole Station also 
presented a By dependency contrary to the north pole's and 
in agreement with the observations of Craven et al. [1991]. 
Our statistical analysis of the dusk-dawn motion of the polar 
cap arcs have revealed that the arc motion depends on the 
sign and magnitude of the IMF By component and the 
location of the arc within the polar cap. Figure 19 clearly 
illustrates this arc motion for three distinct values of By. 

The dawnward motion of the duskside polar cap arcs (and 
vice versa) has already been discussed in the literature, in 
the context of cell motions, by Reiffand Burch [1985]. These 
authors predicted the same sense of motion versus the sign 
of By, as experimentally observed. They also predicted that 
the motion of the southern hemisphere cells would be in the 
opposite direction. It was suggested by Reiff and Burch 
[1985] that for By < 0 open field lines will enter the polar cap 
in the duskside and equatorward of a channel of return 
sunward flow of closed field lines. Consequently, the closed 
field line region will move dawnward as the dusk cell size 
expands. For the By > 0 case the mirror image will occur. 
Our large database experimentally confirms this near the 
central polar cap, lending further validation to describing 
polar flow by this Reiffand Burch model. 
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DUSK-DAWN VELOCITY 
200 m/s DUSKWARD MOTION 

-••  200 m/s DAWNWARD MOTION 

DUSK 

BY< -2 

DAWN 

0  <BY<   1 

4  <BY< 6 

CORRECTED GEOMAGNETIC LAT. VS LOCAL TIME 
Plate 2. A series of polar plots showing the location within the polar cap of arcs moving toward dawn 
(red) and toward dusk (blue). The size of each arrow is proportional to the magnitude of the dusk-dawn 
velocity. The polar cap arcs moving dawnward (in red) populate most of the polar cap for large and 
negative values of By. As By becomes more positive, the location of arcs containing large dawnward 
velocities becomes more restricted to the dusk side. The location of the duskward moving arcs is opposite 
to the arcs moving toward dawn. In the upper left panel the arcs in blue, populate only the far dawnside 
but are detected in any place of the polar cap for large positive By values. 

However, in this study we found that the motion depends 
also on the location of the arc within the polar cap. For a given 
value of IMF By the polar cap arcs can move duskward or 
dawnward depending upon whether the arcs are located in the 
dawn or dusk regions. Had prior studies looked simultaneously 
in opposite cells and away from the center of the polar cap, 
they would have seen arcs moving in opposite directions. Our 
findings are interpreted in the context of' field lines being 
reconnected near midnight, producing an increase in the size of 
the auroral oval and a decrease of the polar cap. This is to say, 
for By < 0 then, field lines being closed near the midnight 
region will move sunward along the dawnside and will force 
open field lines located poleward to move duskward, in general 
the dawn cell and the arcs embedded within will be displaced 
toward dusk. 

Our model also makes several predictions for the appear- 
ance of global auroral configurations such as the theta aurora 
[Frank et al., 1982] and the horse collar aurora [Hones et al., 
1989]. For example, if By is near zero and steady for tens of 
minutes, two systems of polar cap arcs could move toward 
the central polar cap. One from the dawnside and the other 
from the duskside of the oval and start drifting toward the 
center. When the polar cap arcs are well apart from the oval 
they will form the two bars of the horse collar aurora 
configuration. When By is large in magnitude, either positive 
or negative only one arc system will move away from the 
oval and will be able to reach the center of the polar cap. 
This auroral configuration will resemble the theta auroral 
pattern. The model proposed here also predicts a shrinkage 
of the polar cap for any value of Bv  and a consequent 
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COMMON Bz TRANSITIONS DURING OCCURRENCE OF POLAR CAP ARCS 
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Figure 18.    Schematic representation of common transitions of the Z component of the IMF and the 
occurrence of arcs in the polar cap. 

expansion of the auroral oval. This is in accord with the oval 
expansion model. 

4.4.    Existence of Two or More Cells in the Polar Cap 

Several characteristics of the polar cap arcs reported here 
seem to suggest that each of the arcs in a system of several 
arcs may be associated with an independent cell of plasma 
convection. The dusk-dawn velocities of Figure 6 for arcs 1 
and 3 are not exactly equal but instead, it seems that there is 
a constant bias between the velocities plotted in Figures 6a 
and 6c. When two or more polar cap arcs were fading after 
aBz reversal, they did not disappear simultaneously, one arc 
vanished completely before the other arc started fading. 

At the present time we feel that more questions may have 
emerged and only few answers have been proposed here. We 
hope that the analysis of the vast database that has been 
accumulated between the years 1987 and 1992 for all three 

high-latitude stations and correlative studies with other 
sensors, such as the instrumentation on-board the DMSP 
satellites or ground-based digisondes will help us to under- 
stand the physics of the polar cap arcs. 

5.   Conclusions 
This study has led to the following: 
1. In agreement with findings reported by other research- 

ers, more polar cap arcs were seen, above the sensitivity 
threshold of the images (several tens of rayleighs), on the 
dawnside (40% probability) than on the duskside (10%). This 
large difference in the observed occurrence of polar cap arcs 
may follow from the convergent/divergent nature of the 
electric fields that are usually encountered in the polar cap 
during Bz north values of the IMF. The dawn cell has been 
generally described as a region of convergent E fields, that 

DUSK-DAWN MOTION OF POLAR CAP ARCS 

12MLT 

DUSK —      —      — 

12MLT 12MLT 

24MLT 24 MLT 

—       —       — DAWN 

24 MLT 

By«0 By = 0 

a> b) c) 

Figure 19.    Schematic representation of the relative location of the arcs within the polar cap and their 
corresponding dusk-dawn motion for three diiferent values of Bv. (a) Bv « 0, (b) By = 0, and (c) B   » 0 
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contain upward Birkeland currents. This fact facilitates the 

flow of more intense electron fluxes, thereby generating 
brighter auroral emissions. Contrary to this, the dusk cell 

has been classified as a region of downward currents which 
are not conducive to intense precipitation. The overall 

probability of observing an arc in the polar cap was found to 

be at least 40% (for a threshold of several tens of rayleigh in 
630 nm). 

2. As expected, the probability of detecting a polar cap 
arc was found to depend strongly on the value of B.. This 
probability becomes large when Bz is positive, and increases 
for larger Bz. It sharply diminishes during negative values of 
Bz. Unexpectedly, we found that about 20% of the total 
number of the polar cap arcs observed during the winter of 

1986-1987 occurred under Bz south conditions. However, 

inspection showed that these arcs developed after prolonged 

periods of northward Bz, and followed steady displays of Bz 

north generated Sun-aligned polar cap aurora. We interpret 

the 30-min delay between the Bz reversal and the disappear- 

ance of the polar cap arcs, as the time needed for the 

magnetosphere to complete reconfiguration into a Bz south 

topology, that is, the time for the IMF change to propagate 
from the dayside magnetopause to the near midnight region. 

3. When we looked at all arcs visible to our imagers, we 
found a very weak dependence of the location of the arcs 
within the polar cap, on either the Bx or the By components 
of the IMF. However, there is a significant By dependence of 
the dawn-dusk direction of motion of the arc. Therefore it 
must follow that if By maintains a fixed sign for an extended 
period of time (order an hour), the arc must shift to a favored 
hemisphere (e.g., duskside for By > 0). It is in such cases 
that the arcs become sufficiently intense (>kR) that they are 

visible from space or conventional all-sky cameras. Because 
satellites only see the few brightest arcs, they would get the 
impression of a stronger By dependence. 

4. The polar cap arcs which were observed in the 0600- 
1200 and 1200-1800 CGLT quadrants presented a small 
offset angle with respect to the Sun-Earth line. The offset 

angles are such that the arcs in both quadrants tilt toward the 
cusp. In addition, there is a small, but detectable variation of 
the arcs orientation with By. We interpret this latter modest 
rotation as a displacement of the cusp region in magnetic 

local time coordinates. 
5. Polar cap arcs observed in the 0000-0600 and 1800- 

2400 CGLT were Sun-aligned, with no detectable depen- 
dence on BY. 

6. Polar cap arcs located at the dawnside "cell" were 
observed to move duskward and the arcs situated at the 
duskside cell moved toward dawn. However, the size of the 
cells was found to depend on the magnitude and sign of By. 

Temporal variations in the X or Y components of the IMF, 
{BBxldt and dByldt), do not seem to affect the arc motion. It 
is suggested here that the arc motion is the result of the 
entrance of open flux tubes into the polar cap ionosphere/ 
magnetosphere, producing a general displacement of the 
cells and consequently of the arcs which are embedded 
within the convection cells. 

7. Following the line of reasoning of Reiß' und Barch 

[1985], but guided by the additional data base of our time 
continuous polar photometric images, we postulate polar 

plasma circulation for northward IMF that leads to a persis- 
tent forcing of open and closed field lines poleward from 
both the dawn and dusk regions. For By < 0 field lines open 

into a dusk cell forcing a dawnward motion of shear lines in 
a growing dusk cell, concurrently field lines close near 

midnight forcing a duskward displacement of shear lines in a 
residual dawn ceil. For By > 0 the mirror image situation will 

occur. This simple model can provide the behavior of the 150 
Sun-aligned stable polar cap arcs we have used as the basis 

of this statistical study, as well as "theta" aurora [Frank et 
al., 1986] and the teardrop-shaped aurora [Meng, 1981a; 
Murphree et al., 1982], also called a horse collar aurora 

[Hones et al., 1989]. 
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Model-observation comparison study of multiple 
polar cap  arcs 
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Center for Atmospheric and Space Science, Utah State University, Logan 

Abstract. A quantitative model-observation comparison of multiple polar cap arcs has been 
conducted by using a time-dependent theoretical model of polar cap arcs. In particular, the 
electrodynamical features of multiple polar cap arcs with various spacings are simulated and the 
results are compared with the images obtained from the All-Sky Intensified Photometer at 
Qaanaaq. The results show that the observed and simulated arcs are quite similar, both spatially 
and temporally. The results support the theory proposed by Zhu et al. [1993a, 1994b] that the 
structure of polar cap arcs is mainly determined by the magnetosphere-ionosphere (M-I) coupling 
processes and that the spacing of multiple polar cap arcs is closely related to the hardness of the 
primary magnetospheric precipitation. It is found that for the multiple polar cap arcs with both 
narrow and wide spacings, the associated field-aligned currents are mainly closed by Pedersen 
currents. It is also found that a hard precipitation can lead to a highly structured secondary arc 
because of the nonlinear M-I coupling processes. 

1996 

1. Introduction 

Polar cap arcs are  the auroral arcs seen at very high 
geomagnetic latitudes (> 80°) that extend from 100 km up to 
the size of the whole polar cap and that are aligned parallel to 
the Sun-Earth direction [Davis, I960; Nielson et al, 1990]. 
The arcs are mainly observed during northward interplanetary 
magnetic field (IMF) and quiet magnetic conditions.   Some of 
the arcs are very bright and luminous and cross the entire polar 
cap from the dayside to the nightside of the auroral oval to 
form a pattern that resembles the Greek letter "theta" [Frank el 
al., 1986; Nielsen et al., 1990].  Other arcs are confined to the 
polar cap and are relatively weak, and these tend to be either in 
the evening or morning sectors of the polar cap [Weber and 
Buchau, 1981; Carlson et al., 1984; Rich et al, 1990].   Some 
observations   suggest  that  the  Sun-aligned  arcs  at  high 
latitudes are in regions of open field lines because polar rain 
electrons are sometime observed adjacent to and outside of the 
arcs [Hardy et al., 1982],   However, in other observations, the 
precipitating electrons have the characteristics of the plasma 
sheet or plasma sheet boundary layer, suggesting that the arcs 
are on closed field lines [Peterson and Shelley, 1984; Obara et 
al., 1988].   It has been confirmed by many observations that 
the arcs are associated with upward field-aligned currents 
carried by energetic precipitating electrons, with the energy 
range extending from a few hundred eV to a few keV [Hardy el 
al., 1982; Valladares and Carlson, 1991]. 

More recently, a series of campaigns conducted under the 
auspices of the CEDAR High Latitude Plasma Structure (HLPS) 
Working Group have accumulated a wealth of new information 
on polar cap arcs and have extended our observations from the 
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large-scale, steady state features to the more dynamical, 
mesoscale features of polar cap arcs. The new observations 
have provided information on, for example, the dawn-dusk 
motion and the multiple fine structure of polar cap arcs 
[Valladares et al., 1994], the sudden rotation of the adjacent 
convection prior to the breakup of polar cap arcs [Berg, 
1992], and the field-aligned depletions of F region plasma 
[Doeetal, 1992]. 

Compared to the observations, theoretical studies of polar 
cap arcs, especially quantitative studies, are still in an early 
stage.  On the basis of S3-2 data. Burke et al. [1982] proposed 
a model for polar cap arcs that occur on open field lines.   By 
introducing the concept of a multiple bifurcation of magnetic 
field lines, Kan and Burke [1985] constructed a model of polar 
cap arcs and proposed that theta aurora can occur on closed 
field lines and that the less intense polar cap arcs can occur 
either on closed or open field lines.    More recently, Chin 
[1989] formulated a model in which polar cap arcs are assumed 
to be on open field lines, and he showed that the formation of 
polar cap arcs is due to the current response to a mesoscale 
velocity shear structure in the ionosphere.    Because these 
theoretical models are either qualitative, semiquantitative, or 
steady  state  models,  they  cannot  be  used  to  study  the 
dynamical   features   associated   with   both   the   temporal 
evolution and the fine spatial structure of polar cap arcs. 
Also, these models cannot be used in a detailed quatitative 
comparison   with   observations,   which   is   essential   for 
furthering our understanding of the dynamics of polar cap arcs. 

Recently, we have conducted a series of polar cap arc studies 
using   a  time-dependent   magnetosphere-ionosphere  (M-I) 
coupling model [Zhu et al., 1993a, b; Sojka et al., 1994; Zhu 
ei al.,  1994a, b].    These studies have provided satisfactory 
"theoretical" explanations for a number of important issues 
concerning polar cap arcs, which include the active role of the 
ionosphere for the formation of the arcs, the appearance of 
multiple arcs, and the physical parameters determining the 
spacing of multiple arcs. 

In this paper, we present the results obtained in a detailed 
quantitative  comparison  of the  M-l  coupling  model  with 
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measurements. In past years, several CEDAR-HLPS 
campaigns have led lo a very extensive observational 
database of polar cap arcs, including data from all-sky 
cameras, sounding rockets, incoherent scatter radars. 
digisondes. etc., and many new features of polar cap arcs have 
been observed during these campaigns. To quantitatively 
explain the observed new features and study the associated 
electrodynamica! processes, a series of model-observation 
comparison studies with the focus on these'new features would 
be logical next steps. Since the M-I coupling model of polar 
cap arcs is time-dependent and electrodynamical, the model is 
particularly suited for comparisons with such a database. Here 
we are interested in comparing the model predictions for 
electrodynamical features of multiple polar cap arcs with 
various spacings to the images obtained from the All-Sky 
Intensified Photometer at Qaanaaq. 

2.  Observations 

The images used in this model-observation study were 
obtained using the All-Sky Intensified Photometer (AS1P) 

located near the Grecnlandic Village of Qaanaaq (77.5° N, 
69.2" W). The Qaanaaq ASIP started operation in October 
1983, and since then it has collected images of the aurora and 
the airglow during the winter months when the moon was 
below the horizon. A new lens was installed in February 1988 
to increase the ASIP's field of view to 180". The camera 
routinely alternates between 427.8-nm and 630.0-nm filters 
completing a two-filter cycle every 2 min. The images, 
together with a visual display of the clock, are stored on film 
media. The initial image processing consists of a CCD-based 
digitization of the film and an identification of the boundaries 
of the camera field of view and an L-shaped mark that points to 
the north and east cardinal directions. When these patterns are 
successfully delected, appropriate transformations are 
performed for each pixel of the images, converting each image 
to a geographic or a corrected geomagnetic (CG) coordinate 
system representation. 

Multiple polar cap arcs have been found in many all-sky 
camera images taken at Qaanaaq [e.g., Valladares et a!., 1994] 
as well as in other observations. During 11 years of 
operations at the Qaanaaq station, about 0.5 million images 
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Figure 1.   An image of multiple polar cap arcs taken by the All-Sky Intensified Photometer at Qaanaaq at 
0826 UT, November 12, 1990. in<- 
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were taken and about 30% of them have polar cap arcs. 
Among the images having polar cap arcs, at least 80% of them 
show the multiple arc structures. The development of multiple 
polar cap arcs is quite dynamical. In about 85% cases of 
multiple polar cap arcs, the arcs with a multiple structure did 
not appear simultaneously. It is quite common that new arcs 
develop near the arc that appear in a early time to form 
multiple structures. The locations of individual arcs are not 
spatially stable, and they typically move in a dawn-dusk 
direction with a speed that ranges from tens of meters per 
second to several hundred meters per second. The typical 
spacing of the structured arcs can range from tens of 
kilometers to a few hundred kilometers. This paper is not to 
touch the details of the above statistical features of multiple 
polar cap arcs. Instead, we choose two typical cases of 
multiple arcs based on the above statistical results and 
perform model-observation comparison study to test the 
model predictions and reveal more dynamical features of the 
arcs. 

Figure 1 shows an image taken by the all-sky camera at 
Qaanaaq at 0826 UT, November 12, 1990. Clearly, the polar 
cap arcs are structured and the edge-to-edge spacing (the width 
of the dark region between two arcs) is found to be about 40 
km. These polar cap arcs are not the transpolar arcs, instead, 
they are localized and confined to the morning sector of the 
polar cap. 

3. Theoretical Model 

The modeling of multiple polar cap arcs was conducted by 
using the time-dependent M-I coupling model developed by 
Zhu et al. [1993a]. The mathematical formulation of the 
model will not be discussed in this paper and the interested 
readers are referred to the Zhu et al. [1993a] paper. A key 
feature of this M-I coupling model of polar cap arcs is that the 
arcs are not treated as phenomena merely controlled by the 
magnetosphere, with the ionosphere only acting as a passive 
load. Instead, the polar cap arcs are treated as the processes 
that are coherently determined by the dynamics in both the 
ionosphere and magnetosphere. 

Initially, a magnetospheric shear flow carried by Alfven 
waves propagates towards the ionosphere.   The significance 
of the assumed initial magnetospheric shear flow in the model 
has been discussed by Zhu et al. [1993a] and is not repeated 
here.   The downward propagating Alfven waves are partially 
reflected from the ionosphere and then bounce back and forth 
between the ionosphere and magnetosphere.  The nature of the 
wave reflections  depends  on  both  the  conditions  in  the 
ionosphere and  magnetosphere.    The propagating Alfven 
waves carry both upward and downward field-aligned currents. 
The precipitating electrons associated  with upward  field- 
aligned currents enhance the conductivity in the ionosphere. 
The modified ionospheric conductivity launches secondary 
Alfven  waves  towards  the  magnetosphere.     The upward 
propagating Alfven waves,  which consist of the reflected 
waves and the secondary  Alfven  waves  launched by the 
temporal change of the ionospheric conductivity, carry the 
ionospheric  information  back  to the  magnetosphere,  thus 
reflecting the active ionospheric role in the dynamics of the 
M-I coupling process.   The whole process is transient, during 
which all physical quantities in the ionosphere change sclf- 
consistently   in   time,  and   subsequently,   polar  cap  arcs 
develop.   Because of the Unite conductivity in the ionosphere, 
the temporal variation of the Alfven waves in the coupled M-I 

system diminishes with time, and the M-I system, as well as 
the development of polar cap arcs, approach an asymptotic 
steady state after several bounce periods. 

One important issue that need to be addressed here is the 
treatment of the relationship between the Alfven waves and 
the conductivity enhancement caused by precipitations. Due 
to the great variation of the Alfvdn speed along the magnetic 
field lines, the resonance between the precipitating particles 
and the Alfven waves may not be able to sustain all the time. 
To avoid the complicated wave-particle interaction 
component in the model, we use the following simplified 
approach to tackle the issue. On the basis of MHD theory, 
enhanced E field associated with Alfven waves leads to an 
enhanced field-aligned current. By assuming a linear 
relationship [Fridman and Lemair, 1980], we connect the 
upward field-aligned current and the field-aligned potential 
drop. The increasing potential drop along magnetic field 
lines causes the energization of the current carriers (we assume 
mainly electrons). By using continuity equation, we treat the 
conductivity enhancement caused by the energized 
precipitating electrons. In the reality, the picture for the 
connection between the Alfven waves and the resulted 
conductivity enhancement could be much more complicated. 

The ionosphere is treated as a two-dimensional slab with an 
integrated conductivity. The X axis measures the noon- 
midnight dimension and points to the dayside, and the Y axis 
measures the dawn-dusk dimension and points to the duskside. 
The magnetosphere is a two-dimensional pseudoplane that is 
used as a boundary for the reflection of Alfven waves. The 
magnetosphere and ionosphere are connected by magnetic 
field lines which are assumed to be perpendicular to the 
ionosphere. The communication between the magnetosphere 
and ionosphere is characterized by the bouncing of Alfven 
waves between the two regions, and both the upward and 
downward field-aligned currents are associated with the 
propagating Alfven waves. Initially, the large-scale 
ionospheric convection and conductivity are specified. These 
large-scale patterns are consistent with the overall solar, 
geomagnetic, and IMF conditions. 

Interesting     theoretical     results     concerning    the 
electrodynamics of multiple polar cap arcs have recently been 
obtained with the M-I coupling model.   With this model, Zhu 
et al. [1993a] showed that multiple polar cap arcs might not 
be due to multiple structures in the magnetospheric source 
region.   Instead, they can be internally generated in the M-I 
system as a result of the self-consistent coupling of the 
magnetosphere and ionosphere.   Sojka et al. [1994] found that 
the  appearance  of multiple  polar cap arcs  has  a strong 
dependence on the magnitude of the large-scale ionospheric 
background    convection    (£).     With   the  same   initial 
magnetospheric driver, they found that the number of the arcs 
increased with an increase in the strength of the background 
convection, while the spacing between the arcs remained 
constant.  This dependence is "not" a linear effect in which the 
polar cap  arcs  simply  scale  with  the  magnitude of the 
background convection.   The degree of striation, or multiple 
character, of the arcs increases rapidly from a single arc at E < 
20 mV/m to 5 arcs at 30 mV/m.  These results further indicate 
that the ionosphere plays an active role in the formation of 
multiple polar cap arcs and that the ionosphere dynamically 
responds to the magnetospheric driver.    Expanding on the 
Sojka et al.  [1994] results, Zhu et al.  [1994b]  reached a 
qualitative theoretical conclusion about the appearance and 
spacing of multiple polar cap arcs.    They predicted that 
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Figure 2. A schematic diagram showing the location of the 
ionospheric simulation domain in the polar cap. A magnetic 
latitude-magnetic local time (MLT) coordinate is used. 

multiple polar cap arcs are more likely to occur when the 
large-scale ionospheric convection field is larger than 20 
mV/m and the background ionospheric Hall conductance is in 
the range of from 0.5 to 2 mho. When the large-scale 
convection is weak and the ionospheric conductance is high, a 
single arc is more likely to be seen in the polar cap. With a 
variable conductance ratio, it was found by Zhu et al. [1994b] 
that the spacing of multiple polar cap arcs is mainly 
determined by the hardness of the primary magnetospheric 
precipitation. A harder precipitation causes a wider spacing 
between individual arcs and vice versa. The edge-to-edge 
spacing between arcs varies from about 20 km to about 60 km 
when the ratio of the enhanced Hall and Pedersen conductances 
changes from 1 to 2. 

The above quantitative theoretical predictions concerning 
multiple polar cap arcs can be tested with the Qaanaaq data. 
By using model inputs that are consistent with the conditions 
when the observed multiple polar cap arcs occurred, we can 
compare the time-dependent electrodynamical features of both 
the simulated and observed arcs. If the corresponding spatial 
and temporal scales are largely consistent, that would confirm 
the theoretical predictions made by the M-I coupling model to 
zero-order. Also, the modeling results would provide a much 
more detailed picture of the electrodynamics of multiple polar 
cap arcs than the observations. The model yields information 
about the conductivity enhancement, the Joule heating, the 
connection between field-aligned currents and horizontal 
currents, the cross-flow associated with multiple polar cap 

arcs. etc.   Such information would improve our understadings 
of the underlying physics of multiple polar eap arcs. 

4.  Model-Observation Studies 

Case   1:      November   12,   1990 

The polar cap arcs observed on November 12, 1990, 
occurred in the morning sector of the dark polar cap. The time 
period we are interested in is from 0822 to 0828 UT, during 
which the arcs went through the stages from breaking up to a 
quasi-steady state. During this time period, the IMF Bz was 
positive (~ 1.5 nT) and Bv was negative (~ -1.5 nT). Before 
this period, the IMF Bz component had been positive for 
almost 24 hours, and after the period under study the IMF B. 
remained positive for another 24 hours. The Kp index was 1- 
for almost 9 hours. This is a typical condition for the 
occurrence of polar cap arcs. 

The location of the ionospheric simulation domain in the 
polar cap for case 1 is shown in Figure 2. The simulation 
domain is 1500 km long in the X (midnight-noon) direction 
and 1000 km wide in the Y (dawn-dusk) direction. The grid 
size is 30 km in the X direction, and 10 km in the Y direction. 
It should be noted that Figure 2 is just a schematic diagram and 
is not precisely scaled. With the M-I coupling model, we need 
to specify some initial conditions, which include the large- 
scale background convection and background conductance 
patterns before the breakup of the polar cap arcs and the small- 
scale shear flow associated with the arcs. Unfortunately, for 
both observational periods in this study, there were either no 
DMSP data or the pass of DMSP was far away from the field of 
view of the all-sky camera. Therefore the DMSP satellite was 
not able to provide information on either the large-scale 
convection pattern or the small-scale shear flow associated 
with  the arcs  for the modelings.     Hence we had to use 
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Figure 3. Potential distribution in the dawn-dusk cross 
section associated with the initial magnetospheric shear flow 
(solid) and the corresponding electric field distribution 
(dashed). 

Figure 4. (left) A sequence of the images showing polar cap arcs starting at 0822 UT, November 12, 1990, 
with a 2-min interval and (right) the snapshots of the evolution of the field-aligned current distribution from 
the modeling. The dashed lines indicate upward field-aligned currents. The ionospheric dimension of the 
images in the left column is about 1430 km in noon-midnight (X) direction and about 1165 km in dawn-dusk 
(Y) direction. 
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Figure 5.  The distributions of the (top) enhanced Hall conductance and (bottom) Joule heating rate near the 
asymptotic steady state (0826 UT). No neutral wind effect is included in the calculation of the Joule heating 
rate 

statistical large-scale convection patterns for the IMF and 
geomagnetic conditions similar to those when the polar cap 
arcs occurred. On the basis of the Heppner and Maynard 
[1987] convection model, the large-scale background 
convection in the region where the arcs occurred for case 1 is 
basically uniform and antisunward. The background 
ionospheric conductance for the modelings was obtained from 
the conductivity model developed by Rasmussen et al. [1988] 
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using  the  appropriate  geomagnetic,  solar,  and  seasonal 
conditions. 

The M-I coupling model also needs the initial small-scale 
shear flow originated in the magnetosphere. Since Zhu et al. 
[1994b] found that the appearance and spacing of "multiple" 
polar cap arcs are not determined by the spatial scale of the 
initial magnetospheric shear flow and they are determined by 
the M-l coupling processes, we used the same shear flow 
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profiles for both of the cases we studied. The initial small- 
scale shear flow was assumed to be carried by a downward 
propagating Alfv£n wave. It extended uniformly along the 
Sun-aligned direction (X direction) and had a "single" 
precipitation channel. The cross-section profiles of the 
electric field associated with the assumed initial small-scale 
shear flow (dashed line) and the corresponding electric 
potential (solid line) are shown in Figure 3. 

It should be noted again that a guideline for our simulations 
is the theoretical results of Zhu et al. [1994b]. They found 
that the observed multiple polar cap arcs may not be due to 
multiple structures in the magnetosphere, but instead may 
primarily be determined by the coupled magnetosphere - 
ionosphere system in which the ionosphere plays an active 
role. The spacing of multiple polar cap arcs is mainly 
determined by the hardness of the primary magnetospheric 
precipitation. A harder precipitation causes a wider spacing 
between individual arcs and vice versa. Accordingly, for case 
1, in which the arcs have a narrow spacing, we assumed that 
the ratio between Hall and Pedersen conductances is 1.4, 
which reflects a relatively soft precipitation. 

The simulation for case 1 started at 0818 UT, which is the 
time when the assumed downward propagating Alfv6n wave hit 
the ionosphere. Figure 4 shows snapshots of the evolution of 
the field-aligned current distribution from the modeling (right 
column) and the corresponding time sequence of polar cap arc 
images (left column). From the images, starting at 0822 UT 
with a 2-min interval, we can see that the polar cap arcs started 
to appear at 0822 UT and took about 6 min to reach a steady 
state.   The arcs were structured with an edge-to-edge spacing 
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Figure 6. The cross-section profiles of the total field- 
aligned current, the Hall and Pedersen components of the field- 
aligned currents, and the cross flow associated with the polar 
cap arcs at 0826 UT from the modelings. The negative values 
of field-aligned current mean the upward field-aligned currents. 

(dark region between two arcs) of about 40 km. The arcs were 
aligned mainly in the noon-midnight direction. The first plot 
of the modeled field-aligned currents is for 0822 UT, which is 
4 min after the initial magnetospheric shear flow reaches the 
ionosphere. The successive plots arc also at 2-min intervals. 
The dashed lines represent the upward field-aligned currents. 
Comparing the left and right columns, it is apparent that both 
the spatial and temporal features of the model predictions and 
measurements are quite similar except the intensity of the 
poleward arc at 0824 UT. These similarities indicate that our 
adopted initial conditions for the modeling are largely 
reasonable and that the M-I coupling model describes the 
appropriate physics associated with multiple polar cap arcs. 

Figure 5 shows the distributions of the enhanced Hall 
conductance (top panel) and the Joule heating rate (bottom 
panel) at the asymptotic steady state (0826 UT). It can be 
seen that the Hall conductance is enhanced from about 0.5 
mho (background conductance) to a peak conductance of 8 
mho and that the enhanced conductance is structured. The 
Joule heating rate is also substantially increased and 
structured. It should be noted that there is no neutral wind 
effect in the calculation of Joule heating rate. 

Figure 6 shows the cross-section profiles of the modeled 
total field-aligned current, the Hall and Pedersen components 
of the field-aligned currents, and the cross-flow associated 
with the polar cap arcs at 0826 UT, as obtained from the 
modelings. A negative value in the field-aligned current plots 
means upward current. These cross-section profiles clearly 
show the multiple structure of the polar cap arcs. Comparing 
the first three plots in Figure 5, we can see that the field- 
aligned currents associated with multiple polar cap arcs are 
mainly closed by the Pedersen currents, and only a small part 
of the field-aligned currents is closed by the Hall currents. The 
Hall current contribution to the field-aligned currents is due to 
the small-scale conductivity gradient caused by the arc 
precipitation. It should be noted that if the ionosphere is in a 
steady state and the conductivity is uniform, there is no Hall 
current component of field-aligned currents. However, if the 
ionospheric system is temporally varying or the conductivity 
is nonuniform, the Hall current can make contribution to the 
field-aligned current. In principle, the closure of the 
ionosphere-originated field-aligned currents, which could 
include both Pedersen and Hall components, at the 
magnetosphere is achieved through the adjustment of 
magnetic field configuration in the magnetosphere. However, 
the detailed picture is still not clear and the mechanism for the 
current closure at the magnetosphere has not been self- 
consistently treated in our model. The bottom panel shows 
that a cross flow exists in association with the multiple polar 
cap arcs, but the magnitude of the cross flow is small. It 
should be noted that this cross-flow results from the M-I 
coupling processes associated with the multiple arcs, since 
the initial magnetospheric shear flow is symmetric and does 
not contain a cross flow. 

Case   2:     December   11,   1990 

The polar cap arcs observed on December 11, 1990, 
occurred in the evening sector of the dark polar cap. The time 
period we are interested in is from 2112 to 2118 UT. The IMF 
turned northward at about 1800 UT and remained northward 
until 0030 UT of the next day. During the period we are 
interested in, the ß, was - 5 nT and Sv was - -1.5 nT, and Kp 
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Figure 7. (left) A sequence of images showing polar cap arcs starting at 2112 UT, December 11, 1990, with 
a 2-min interval and (right) the snapshots of the evolution of the field-aligned current distribution from the 
modeling. 

/// 



ZHUETAL.: MULTIPLE POLAR CAP ARCS 

HAUL CONDUCTANCE (MHO) 

331 

200 

1500 

X(km) 

JOULE HEATING ( ERG/CM2 SEC) 

1500 

X(km) 

Figure 8. The distributions of the (top) enhanced Hall conductance and (bottom) Joule heating rate near the 
asymptotic steady state (2118 UT). No neutral wind effect is included in the calculation of the Joule heating 
rate. 
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was I. This is also ;i typical condition for the occurrence of 
polar cap arcs. The location of the ionospheric simulation 
domain in the polar cap for case 2 is schematically shown in 
Figure 1. 

For this case, the DMSP-F8 pass was about 1000 km away 
from the edge of the field of view of the all-sky camera. 
Therefore we again had to depend on statistical convection 
models for information about the large-scale background 
convection pattern. The Heppncr and Moynard [1987] 
convection model shows that under the above specific IMF 
and geomagnetic condictions, the convection in the region 
where the multiple arcs in case 2 occurred is also basically 
uniform and antisunward. Then, by using the same 
magnetospheric shear flow and background ionospheric 
conductance as for case 1, we conducted the modeling for case 
2. The ratio of the Hall and Pedersen conductances for case 2 
is 1.9, which is different from that in case I and reflects a 
relatively harder precipitation. 

The simulation for case 2 started at 2108 UT. which is the 
time when the assumed downward propagating Alfven wave hit 
the ionosphere. Figure 7 shows snapshots of the evolution of 
the field-aligned current distribution from the modeling (right 
column) and the sequence of polar cap arc images (left 
column). The images starts at 2112 UT with a 2-min interval. 
The arc pattern consists of two arcs with an edge-to-edge 
spacing of about 90 km, which is much wider than that in case 
1. The arcs are again aligned mainly in the noon-midnight 
direction. It may be noticed that there is a significant bending 
associated with the equatorward arc at 2118 UT. This bending 
is due to the instrument effect which occurs when the altitude 
of the arc varies significantly along the arc and the arc is far 
away from the center of the field of view. The first plot of the 
modeled field-aligned currents is for 2112 UT, which is 4 min 
after the initial magnetospheric shear flow reaches the 
ionosphere. The successive plots are also at 2-min intervals. 
Again, a comparison of the left and right columns indicates 
that the two are quite similar, both spatially and temporally. 

Special attention needs to be paid to the second arc. Zhu et 
al. [1993a] suggested that the nature of the primary and 
secondary arcs could be quite different. The primary arc is 
directly related to the magnetospheric driver. The appearance 
of the secondary arc and the spacing between the primary and 
secondary arcs are largely determined by the M-I coupling 
processes. Here, as a nonlinear response to a harder 
magnetospheric precipitation from the coupled M-I system, 
there is a wider spacing between the primary and secondary 
arcs. Also, the secondary arc shows fine structure feature. The 
feature of fine structure in the secondary arc from the 
simulation for the situation of hard precipitation is quite 
similar to that of the secondary arc in the images. This 
correspondence is a surprising finding. Further theoretical 
and modeling are needed to explore the underlying physics of 
this new feature. 

Figure 8 shows the distributions of the enhanced Hall 
conductance (top panel) and the Joule heating rate (bottom 
panel) rear the asymptotic steady state (2118 UT). It can be 
seen that the Joule heating associated with the secondary arc 
is distributed. Figure 9 shows the cross-section profiles of the 
total field-aligned current, the Hall and Pedersen components 
of the field-aligned currents, and the cross-flow of the polar 
cap arcs at 2118 UT, as predicted by the modelings. From 
Figure 6, we can see that in the case of the arcs with a wide 
spacing, the field-aligned currents associated are also mainly 
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Figure 9. The cross-section profiles of the total field- 
aligned current, the Hall and Pedersen components of the field- 
aligned currents, and the cross flow associated with the polar 
cap arcs at 2118 UT from the modelings. The negative values 
of field-aligned current mean the upward field-aligned currents. 

closed by Pedersen currents. In addition to the two distinct 
arcs, fine structure is clearly evident in the secondary arc. The 
bottom panel shows that there also exists a cross flow for the 
multiple polar cap arcs with a wide spacing, but the cross flow 
is considerably more distributed than that for the arcs with a 
narrow spacing, case I. 

5. Discussion and Conclusion 

For a first time, a quantitative model-observation 
comparison of multiple polar cap arcs has been conducted by 
using a time-dependent theoretical model of polar cap arcs and 
the initial results are encouraging. The arcs observed with the 
all-sky camera at Qaanaaq and the simulated ones are quite 
similar, both spatially and temporally. This direct 
comparison study of both temporal and spatial features of 
polar cap arcs is beyond the capability of previous theoretical 
models. The key difference between the two cases we 
considered was the arc spacing. Zhu et al. [1994b] predicted 
that the spacing of multiple polar cap arcs is mainly 
determined by the hardness of the primary magnetospheric 
precipitation. A harder precipitation causes a wider spacing 
between individual arcs and vice versa. Our model- 
observation study confirms this prediction. However, the 
prediction can be further tested in a study by combining 
precipitation data from DMSP satellites with ground-based 
image data. The precipitation observation would define the 
spectral hardness that has been used as an assumed input 
parameter in this study. 

The initial magnetospheric shear flow for both cases under 
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study was a simple symmetric convection shear with a single 
precipitation channel, but we successfully produced arcs that 
had multiple structures which were very similar to the 

observed ones. This further indicates that the observed 
multiple polar cap arcs may not be due to multiple structures in 
the magnetosphere but instead may primarily be determined 

by the coupled magnetosphere-ionosphere system in which 

the ionosphere plays an active role. 

Our results show that for the multiple polar cap arcs with 

both narrow and wide spacings, the associated field-aligned 
current are mainly closed by Pedersen currents, and the Hall 
currents only make a small contribution. A cross flow occurs 

for both type of multiple arcs, but the cross flow for the arcs 
with a wide spacing is more spread. 

In the observed arcs of case 2, the secondary arc is highly 
structured. To our surprise, the model developed a secondary 

arc with a similar fine structure. The fine structure in 
secondary arc for the multiple arcs with wide spacing (or hard 

precipitation) is a new finding. We believe this is due to the 

nonlinear M-I coupling process, but more theoretical analyses 

and modelings are needed to understand the detailed underlying 

physics, 

This work is just one of the coordinated endeavors of the 

HLPS campaigns to understand the plasma structures observed 

in the high-latitude regions. In past years, CEDAR-HLPS 

campaigns have led to a very extensive observational 
database of polar cap arcs and many new features have been 
discovered. This makes qualitative model-observation studies 
very feasible, and they are essential for improving our 
understanding of polar cap arcs. 
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Abstract. 

Data from an all-sky imaging photometer (427.8 and 630.0 am) in the central polar 

cap, the IMP 8 and ISEE 2 satellites in the solar wind, and the DMSP F6, F7, and F8 

satellites in the topside ionosphere have been used to investigate eight cases of polar cap 

arcs decaying antisunward following an IMF southward turning that results in Bx < 0 

lasting at least 20 min. The lags from the IMF reversal to the arc decay are corrected 

for the solar wind travel time from IMP 8 or ISEE 2 to the subsolar magnetopause. For 

six of the arcs, the lags range from 19 to 32 min, consistent with previous observations 

of changes in polar cap convection following IMF reversals. In the remaining two cases, 

the arcs first appear in the central polar cap 30-40 min after the southward turning, 

then decay antisunward during the expansion phase of a small substorm, 60-70 min 

after Bz turned negative. In all cases, the direction of dawn-dusk drift is in the direction 

of By, and in the cases in which By also reversed, the corrected lags to a change in 

dawn-dusk drift are < 10 min (in two cases) or ~ 20 min (in two other cases). In the 

five cases in which a DMSP satellite traverses the Qaanaaq field-of-view or its conjugate 

while the arc was present, the precipitation data indicate an origin on open (closed) 

field hues in two (three) cases. Both open and closed field line arcs are characterized by 

-20-30 min Bz lags, while the two arcs associated with 60-70 min lags are on closed 

field Hues. Antisunward decay of polar cap arcs -20-30 min after Bz turns negative 

is consistent with the independent convection of new open flux tubes from the cusp 

to the center of the polar cap due to dayside merging. The behavior of the other two 

arcs suggests an evolution in polar cap convection driven at first by dayside merging or 

viscous processes, then by the development of a substorm-related DP 1 current pattern. 

If polar cap arcs map to the distant tail flanks, they may be associated with instabilities 

due to velocity shears between the plasmasheet and the LLBL. The dawn-dusk drift 

and antisunward decay of polar cap arcs may represent the stirring of the tail flanks by 

dayside driven merging. 
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Introduction 

The alignment toward the Sun of auroral arcs in the polar cap was first determined 

from visual observations by the British Antarctic Expedition during the austral winter 

of 1908 [Mawson, 1916]. This alignment was confirmed by using networks of all-sky 

cameras to make auroral observations during the International Geophysical Year 

(IGY) of 1957-58 [e.g., Weül, 1958; Davis,- 1962; Feldstein, 1963].  Analysis of IGY 

all-sky images also revealed that the existence of Sun-aligned arcs in the polar cap 

was anticorrelated with geomagnetic activity [Davis, 1963; Feldstein et ai, 1967, and 

references therein]. These results and the finding by Fairfield and Cahill [1966] that 

polar geomagnetic disturbances were associated with southward interplanetary magnetic 

field (IMF) were the first indications that the magnetosphere has a different topology 

under northward IMF (B2 > 0). 

Studies of satellite imagery confirmed that the presence of Sun-aligned arcs in the 

polar cap is strongly correlated with northward IMF [Berkey et al, 1976] and generally 

associated with low levels of geomagnetic activity [Ismail et al, 1977J.  Lassen and 

Danielsen [1978] used all-sky images from Greenland to show that visible discrete arcs 

developing within the polar cap under northward IMF conditions are Sun-aligned. 

Starkov and Feldstein [1971] noted that Sun-aligned arcs in the polar cap disappear 

10-30 min before the onset of an auroral substorm. Sun-aligned arcs near the dusk 

oval have been observed to intensify briefly, then fade 20-30 min following a southward 

turning and 30-60 min prior to a poleward or westward auroral surge [Wu et al, 1991]. 

In a study of five years of Vostok all-sky camera and IMF data from IMP 8, Troshichev 

et al   [1988] showed that, on average, Sun-aligned arcs disappear 20 min after a 

southward turning of the IMF and appear 55 min after a northward turning. Similarly, 

the response of polar cap convection to Bz reversals lags southward turnings by 17-25 

min and northward turnings by 28-44 min, as observed from four simultaneously 

operational Defense Meteorological Satellite Program (DMSP) satellites [Hairston and 
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Heelis, 1995]. The close association of polar cap arcs with upward Birkeland currents 

and gradients or shears in the convection electric field such that V • E < 0 [e.g., Burke 

et al., 1982; Frank et al., 1986; Carlson et al, 1988;  Weberei al, 1989] suggests that 

their response to Bz reversals is related to that of the ionospheric convection pattern. 

In a study of one winter of northern hemisphere all-sky images, Valladares et al. 

[1994] showed that the presence of polar cap arcs under Bz < 0 implied that the polarity 

of Bz had reversed from positive to negative within 30 min prior to the observation. 

When the reversal resulted in Bz < 0 lasting about 30 min or greater, the arcs invariably 

disappeared, sometimes in a characteristic fashion whereby the fading started at the end 

of the arc closest to noon, then proceeded along the arc in the antisunward direction. 

Valladares et al.  [1994] interpreted these observations as evidence of the minimum 

time required for the full evolution of a southward IMF convection pattern, 30. min 

being roughly the amount of time required for a solar wind-induced disturbance to 

convect from the dayside magnetopause to the midnight sector of the polar cap. Such 

antisunward decay is distinct from the characteristic dawn-dusk drift of polar cap arcs 

and has been reported only rarely [Starkov and Feldstein, 1971; Burke, 1988; Muryhree 

et al, 1989]. 

We have analyzed eight cases of antisunward-decaying polar cap arcs in the 

northern hemisphere for which IMF data are available. These cases are characterized 

by clear optical (630.0 nm) signatures in ground-based intensified all-sky images and a 

well-defined IMF southward turning and, sometimes, an accompanying reversal in the 

Bx or By components. Postulating that IMF reversals lead to arc decay, we determine 

the lag from the arrival of the reversal at the subsolar magnetopause to the arc decay. 

Four cases in which a DMSP satellite traversed the all-sky imager field-of-view around 

the time of the arc decay are analyzed in detail.  The precipitating particle and ion 

drift data from the satellite are used to determine the state of the polar cap before and 

after the reversal and the origin of the arcs on open or closed field lines. The results of 
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this analysis are applied co the questions of whether the lags from the IMF southward 

turning can be used to distinguish the open or closed field line origin of polar cap arcs, 

and whether the arc response is driven by changes in dayside merging of solar wind 

and magnetosphenc field lines, or by changes in nightside processes such as field line 

reconnection or viscous interactions in the distant tail flanks. 

Sources of Data 

Since 1983, a Phillips Laboratory intensified all-sky imaging photometer (ASIP) 

has been operating at the Danish Meteorological Institute Geophysical Observatory in 

Qaanaaq, Greenland (77.47°N, 69.23°W), during the northern hemisphere autumn and 

winter when the sun is 10° or more below the horizon and the moon is at or below 

the horizon. At 86° N corrected geomagnetic (CG) latitude [Gustafsson et aL, 1992].. 

the Qaanaaq ASIP has a field-of-view that, projected to 250 km altitude, includes the 

CG pole and lies poleward of the statistical auroral oval for all levels of geomagnetic 

activity [Whalen, 1970]. (In its original sense, and the sense used in the present paper, 

the term "polar cap" refers to the region poleward of the auroral oval [e.g., Bather ani 

Akasofu, 1969], a definition based on the occurrence frequency of aurora observed with 

~ 1 kR-sensitivity white-light all-sky cameras during the IGY [Feldstein, 1963; Bather, 

1973].) On February 12, 1988, the 155° fish-eye lens was replaced with a 180° lens. 

As with the original monochromatic all-sky imagers [Mende and Eather, 1976], the 

Qaanaaq ASIP images the night sky at wavelengths characteristic of aeronomic processes 

associated with auroral precipitation (630.0 and 427.8 nm). Images at 427.8 nm and 

630.0 nm are recorded on 35-mm black-and-white film once every two minutes, with 

exposure times of 8 s for the 630.0 nm filter, and 16 and 32 s for the 427.8 nm filter 

before and after March 1989, respectively.   With an original sensitivity of 50 R s 

at 630.0 nm, the Qaanaaq ASIP can detect subvisual Sun-aligned arcs consisting of 

630.0 nm emissions caused by precipitation of < 0.5 keV electrons to F region altitudes 
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[Weber and Buekau, 1981].  The appearance of the 427.8 nro em.ssion ind.cates an 

mcrease in the dtfferenual number flux of keV electrons [Bather and Mende, 1972] 

Data sets from several satellite-based mstruments are used to relate the observed 

polar cap arcs to conditmns in the solar w,nd and the high-laftude ionosphere. IMF 

data were recorded by the magnetometers on the Interplanetary Monitoring Platform 

(IMP) 8 and Internat.onal Sun-Earth Explorer 2 (ISEE 2) satellites. Precip.tatmg ion 

and electron data from the polar-orbiting (~ 840 km altrtude) DMSP F6, F7, and F8 

satellites \Hariy et ah, 1984] and ion drift data from F8 [ffich anä Hairston, 1994] are 

used to characterize the high-latitude ionosphere before and after the decay of an arc. 

Following the scheme of SMnokara and ttfefa. [1996], the DMSP precipitation 

signatures of the decaying arcs are classified as 'type A» (electron and ion) or 

«type B' (electron only) polar showers, which are distinguished from other ktads of 

precipitation by their integral electron number fluxes (4„„ > 107 cm"2 s"1 sr1),^ 

and from each other by their integral ion number fluxes (*„, > 10s cm"2 s'1 sr"1, 

type A; $„, < 10s cm-1 s"' sT1, type B). Type B polar showers have IMF- and 

seasonally-dependent statistical properties similar to those of polar rain, while type 

A showers have ion fluxes characteristic of the low-altitude "boundary plasma sheet» 

(BPS) populations [e.g., Newell et al., 1991).  Consequently, in the present paper, 

type A and type B polar showers are considered to be on closed and open field lines, 

respectively. 

Only cross-track drift data are available for the F8 orbits presented here. The cross- 

cap potential distribution, which quantitatively determines convection cell boundaries, 

is calculated by integrating the dawn-dusk polar cap electric field distribution, derived 

from the F8 ion drift data and the IGRF internal field model (E = -v x B) [Rich and 

Hairston, 1994]. 
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Selection of Cases and Their Relationship to IMF Reversals 

We searched film records from the winters of 1986-87,  1988-89,  1989-90, and 

1990-91 for Sun-aligned arcs whose luminosity decayed lengthwise within the field-of- 

view. (Films from the winter of 1987-88 were omitted from this study owing to damage 

from electrostatic discharges.) The number of cases in which lengthwise decay was 

clear was fundamentally limited by the sampling period of 2 min, which precludes the 

identification of decay lasting less than 4 min. Only cases with simultaneous satellite 

magnetometer data from the solar wind or magnetosheath were included in this study. 

In all of these cases the decay was antisunward. 

The study was limited further to cases in which a reversal in at least one component 

of the IMF, followed by > 20 min of the new polarity, occurred within 2 h prior to the 

decay of the arc. This restriction led to the elimination of two cases from the study. 

(In both cases the IMF polarity was generally Bx > 0, By < 0, and Bz > 0, but there 

were multiple departures from this polarity, particularly in Bz, each lasting no more 

than 10 min.) The resulting number of cases is three from 1986-87, two from 1988-89, 

three from 1989-90, and none from 1990-91. If all forms of arc disappearance following 

a well-defined IMF reversal were considered, we would have about five times as many 

cases to consider. 

The period between an IMF reversal and the Qaanaaq all-sky image in which the 

sunward tip of the decaying arc approached the geomagnetic latitude of the imager 

most closely is defined as the observed lag (tob,).  This lag is corrected for the solar 

wind travel time from the observing spacecraft to the subsolar magnetopause (tsm). The 

corrected lags (t'ob3) can be considered as the response time of the polar cap relative 

to when the IMF reversal reaches the nose of the magnetosphere. The details of this 

correction, involving a minimum variance analysis of the IMF reversals [Sonnerup and 

Cahill, 1968], are given in the Appendix. IMF reversal times and corrected lags are 

summarized in Table 1. Also noted are the UT of the image in which the sunward tip 
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of the decaying arc approached 86°N CG most closely, and the corresponding corrected 

geomagnetic local time (MLT) of the tip of the arc 

In all eight cases, the IMF reversal involved Bz turning negative. The corrected 

lags t'ob3 z between the IMF southward turnings and the antisunward decay of the arcs 

fall into two groups, with six of the cases between 18 and 32 min, and the other two 

between 60 and 70 min (Table 1). Additionally, in four cases By nearly simultaneously 

reversed polarity, while only in one case did Bx also reverse polarity. (All of these cases 

belong to the group with shorter 5r-lags.) The corrected lags i^y from the By reversals 

to the changes in the direction of arc dawn-dusk drift are given in Table 2, using the t3m 

from the associated southward turning. 

Polar Cap Arc Decay Occuring ~ 20 - 30 Minutes After the 

IMF Turns Southward 

In this section we discuss the six arcs that decayed ~ 20 — 30 min after the IMF 

turned southward. The range of lags is similar to that observed by Troshichev et al. 

[1988] in the general disappearance of polar cap arcs, as well as to that observed by 

Hairston and Heelis [1995] in the development of a new convection pattern. In all six 

cases, after the arc decays, no arc-like emission remains in the field-of-view. The two 

cases in which the DMSP F8 satellite passed through the field-of-view just prior to the 

decay of the arc.are analyzed in detail, then discussed in the context of the remaining 

four cases. 

January 6, 1989 

Arcs at 630.0 and 427.8 nm were observed between the zenith and the dawnside 

edge of the Qaanaaq field-of-view from the first image on this day (0247 UT) through 

the 0409 UT image. At 0411 an arc appeared near the duskside edge of the field-of-view, 

where previously no arc had been observed, and drifted dawnward, reaching the zenith 
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by 0423 and fading completely by 0429 (Figure 1).  Meanwhile, another arc drifting 

dawnward behind this arc brightened, then started to decay antisunward by 0431, 

disappearing by 0441 (Figure 1). After this no arcs were observed until 0635. Both the 

first and second arcs emitted at 427.8 nm (not shown), the first at 0422, the second 

between 0428 and 0438. 

Based on the observed doubling of the total IMF magnitude (from ~ 20 to 

~ 40 ET), IMP 8 was probably within the magnetosheath from 0030 at least through 

the period of interest here. Its orbit during this period is consistent with a location just 

inside the magnetosheath [Fairfield, 1971]. Bx was large (~ 20 nT) and positive from 

0030 to 0354, when a reversal occurred (Figure 2). Using simultaneous measurements 

on two spacecraft, Freeman and Southed [1988] showed that magnetosheath By and 

Br behave similarly to the corresponding components in the solar wind. Indeed, the 

dawnward arc drift first evident at 0411 is consistent with By < 0, as discussed below. 

Because of the location of IMP 8 in the magnetosheath, we assumed a purely north-south 

IMF reversal and a gardenhose orientation in order to calculate tam - 10 min. The 

resulting corrected lag ^ between the B, reversal at 0354 and the antisunward decay 

of the second arc is 26 min (Table 1). 

A series of DMSP F8 passes shows an evolution between conditions characteristic 

of northward and southward IMF, consistent with the Bz reversal at 0354 UT. The 

0322-0336 southern hemisphere pass revealed highly structured weak flow, including 

sunward flow in the central polar cap, and structured electron precipitation throughout 

the cap (Figure 3a). This precipitation pattern characteristic of Bz > 0 was similar 

to that observed in the preceding northern hemisphere pass (not shown). In contrast, 

the subsequent northern hemisphere pass (0413-0427 UT) revealed an asymmetry in 

the intensity of ion and electron precipitation in the polar cap (Figure 3b), with more 

intense fluxes on the dawnside, some on closed field lines. The driftmeter observed flows 

consistent with an overall two-cell convection pattern. Two smaller cells with the same 
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sense of rotation embedded in the dawn cell correspond to small regions of sunward flow 

in the dawn cell observed between 0416 and 0418. Strong antisunward polar cap flow 

(> 1 km s-1) is observed in the dusk cell. The asymmetry in the precipitation and flows 

may indicate a polar cap in transition from northward to southward IMF conditions, 

~ 10 min before the arc decayed. The subsequent (0502-0516) southern hemisphere 

pass revealed regular antisunward flow and unstructured polar rain in the polar cap, 

consistent with Bz < 0 (Figure 3c). 

As best as can be determined, the inverted V crossed by F8 at 0419:12 at the 

duskward edge of the region of closed field lines (Figure 3b, "1") is just dawnward of 

the are near zenith in the images at 0419:58 (Figure 4), which is the same-as that near 

zenith at-0423:58' (Figure 1). The arc that decayed antisunward later probably was 

caused by one of the electron precipitation enhancements observed between 0420 and 

0421 by F8. The most intense of these, at 0420:04 (Figure 3b; "2"), is a type B polar 

shower, probably on open-field fines and suggestive of intensified polar rain [Hardy et al., ■ 

1982; Shinohara and Kokubun, 1996]. The appearance and brightening of the 427.8 nm 

emission in this arc after 0428 UT indicates a hardening of the electron fluxes [Bather 

and Mende, 1972], suggesting the development of an acceleration region along this open 

field line that is associated with the arc decay. Both arcs were located amid antisunward 

flow, well duskward of the sunward flow observed within the dawn cell (Figure 3b). The 

dawnward drift of the two arcs observed after 0411 is consistent with the initiation of 

duskward flow following an IMF southward turning when Bv is negative [Newell and 

Meng, 1995]. For Bz < 0 and By < 0, flows at the throat are expected to be directed 

toward the duskside in the northern hemisphere [Heelis, 1984], consistent with the large 

flows observed there (Figure 3b). The corrected lag from the southward turning at 

0354 to the first evidence of dawnward drift is no more than 5 min. The antisunward 

decay of the second arc after 0431 may be due to the polar cap flow turning more 

directly antisunward as By decreased in magnitude after 0410, implying a corrected lag 
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t\     ~ 9 min   These short delays are consistent with the expectation that the effects of 
oos,y 

a new flow direction at the throat caused by changes in By (or changes in Bz while By 

remains constant) are propagated across the polar cap by a magnetohydrodynam.c wave 

before the "new" flux tubes can convect the equivalent distance [Cowley and Lockwood, 

1992], 

October 30, 1989 

Using an ASIP at S0ndre Stromfjord, Greenland, a polar cap arc was observed 

forming near zenith at 0440 UT, possibly connected to the oval near 3 MLT [Gallagher 

et al., 1995]. Subsequently, this arc drifted duskward, appearing at the dawn edge of 

the Qaanaaq field-of-view by 0456 and continuing to drift duskward until 0542. Soon 

thereafter (c. 0556 UT), it started to decay antisunward, disappearing nearly entirely 

by 0610 (Figure 5). Bx was positive throughout this period (Figure 6). Between 0420 

and 0530, By pointed primarily duskward. A sharp north-to-south IMF reversal at 0532 

followed 10 min of ßr - 7 nT preceded by ~ 1 hr of weakly northward IMF with some 

ühort-lived southward excursions. The corrected lag t'ob3,z between this reversal and the 

arc decay is 19 min (Table 1). 

Three consecutive DMSP F8 passes reveal the response of polar cap convection 

and precipitation to IMF changes during the lifetime of this polar cap arc. During the 

0419-0433 southern hemisphere pass and the 0510-0524 northern hemisphere pass, the 

most intense and energetic precipitation was in the center of the cap (Figure 7a,b). In 

contrast, during the 0559-0613 southern hemisphere pass, structured ion and electron 

precipitation was limited to the dawnside of the polar cap (Figure 7c). In all three cases, 

antisunward flows were stronger on the dawnside, and the potential pattern consisted of 

two primary cells, with the dusk cell much broader in extent. The relative smoothness of 

the southern hemisphere flows before and after the Bz reversal may be a polar summer 

phenomenon. 
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Using the response times of polar cap convection to B, reversals determined 

by Harrston and Heelis [1995] (17-25 min following southward turnings, 28-44 min 

following northward turnings), the IMF conditions corresponding to these three F8 

passes were determined to be: (0419-0433, interpolating in a data gap) Bx > 0, By < 0, 

Bz « 0; (0510-0524) Bx > 0, By > 0, Bz « 0; (0559-0613) Bx > 0, By < 0, Bx < 0. 

The dominance of the dusk cell in all three passes, with the strongest antisunward flows 

on the dawnside, is consistent with the change in the sign of Bv between each pass and 

with the existence of a merging cell for weakly northward as well as southward IMF 

[Reiffand Burch, 1985]. The absence of BPS-like fluxes and the presence of polar rain 

and antisunward flow at the highest geomagnetic latitudes during the 0558-0614 F8 

pass suggest that the effect of the Bz southward turning at 0532 has reached the center 

of the southern polar cap by the time the Sun-aligned arc largely has disappeared from 

the center of the northern polar cap (Figure 5). 

The intense precipitation traversed by F8 at 0516:44 (Figure 7b, "2"; Figure 8) 

corresponds to the polar cap arc which later decayed antisunward (Figure 5). It is a type 

A polar shower with a likely origin on closed field lines [Shinohara and Kokubun, 1996]. 

The optical connection of this arc to the nightside oval observed at S0ndre Str0mfjord 

[Gallagher et al., 1995] also suggests a location on closed field fines. Another type A 

polar shower observed by F8 at 0516:04 (Figure 7b, "1") corresponds to the emission 

observed dawnward of the main arc in Figure 8. Both polar showers are associated with 

a shear in the antisunward flow consistent with V • E < 0. Their location on either side 

of a small region of sunward flow is similar to the configuration of precipitation and flows 

comprising the transpolar bar of the classic theta aurora of November 8, 1981 [Frank et 

al., 1986, Plate 17 and Figure 5]. Although the 427.8 nm emission was evident from the 

appearance of the arc until 0540, it was brightest in the 0514 and 0516 images (Figure 

8), then decreased rapidly in intensity.  Moreover, the emission associated with the 

dawnward polar shower disappeared soon after the F8 pass, leaving the single arc which 
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later decayed antisunward (Figure 5). Since the converging electric fields corresponding 

to the region of sunward flow were associated with the more dawnward polar shower, 

it is possible that this sunward flow decreased or reversed as the 427.8 nm emission 

diminished and the dawnward arc disappeared. 

Empirically, duskward drift of northern hemisphere polar cap arcs is expected 

for By > 0 and Bz > 0 [Valladares et aL, 1994]. The IMF duskward turning at 0420 

thus may have led to the duskward arc drift observed at S0ndre Str0mfjord after 0440 

[Gallagher et aL, 1995], and the dawnward turning at 0530 may have resulted in the 

cessation of drift by 0542, prior to the onset of antisunward decay. The corrected lag 

t«.* *>r this effect was 3 min (Table 2). (If only By had reversed c. 0530, the arc might 

have started to drift dawnward without decaying [Craven et aL, 1991; Troshichev and 

Gusev, 1994].) The short delay suggests that the drift is caused by dayside merging 

[Cowley and Lockwood, 1992], which is possible for weakly northward IMF [Reiffand 

Burch, 1985]. 

Comparison of the Cases with -20-30 Bz Reversal Lags 

Some of the salient aspects of the two cases analyzed above are discussed here in 

comparison with the other four cases. 

1. In the case of January 26, 1990, when F8 passed through the center of the region 

conjugate to the Qaanaaq field-of-view (in CG coordinates) while the arc was present, 

no fluxes consistent with a polar cap arc were observed, indicating that the northern 

hemisphere polar cap arc was on open field lines. In contrast to the arc on January 6, 

1989, this arc was long-lived (68 min), suggesting that the lifetime of the precipitation 

causing a 630.0 nm polar cap arc is not a good indication of its origin on open or closed 

field lines. Furthermore, arcs on open (January 6, 1989) and closed (October 30, 1989) 

field lines can have similar response times to Bz and By reversals. 

2. Four of the six arcs ceased to drift duskward or dawnward before they started to 
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decay antisunward. In the case of October 30, 1989, By turned dawnward just before Bz 

turned southward, and the arc ceased to drift duskward, with ^, = 3 mm (Table 2). 

The cases of November 2, 1986, and December 5-6, 1986, are similar to each other 

in the MLT location of the arc (Table 1), the nature of the IMF reversal (By turning 

duskward and B, turning southward), and the cessation of the arc's dawnward drift 

prior to its decay. However, in the former case Vobs, was 5-7 min while in the latter case 

it was 18 min (Table 2), about the same as fob,_z (Table 1). 

In the case of January 26, 1990, the arc ceased to drift dawnward ~ 30 min before 

it started to decay antisunward. Since By was negative during the lifetime of the arc, 

the cessation of dawnward drift may be due to the establishment of a new steady 

state convection pattern ~ 50 min (corrected) after the IMF turned northward during 

constant By [Hairston and Heelis, 1995]. 

3. In the other two cases, January 6 and December 29, 1989, the arc decayed while 

it was drifting. The latter case was similar to those of November 2 and December 

5-6, 1986, in the duskside location of the arc as well as the nature of the IMF reversal 

.(By turning duskward and Bz turning southward). However, its response to the IMF 

reversal differed. The Sun-aligned arc apparently was stationary at the dawnside edge 

of the field-of-view prior to the IMF reversal. About 19 min after By turned duskward, 

the arc started to drift rapidly duskward (Table 2), then about 10 min later started to 

decay antisunward while continuing to drift (Table 1). The ~ 10 nT magnitude of the 

Bz component after reversal indicates strong antisunward flow that may have caused 

the rapid arc drift and decay. 

In summary, the effect of By reversals in these six cases is that, in the northern 

hemisphere, an arc reverses direction, stops drifting, or starts to drift, with the drift 

direction being in the direction of By. This is consistent with previous observations [e.g., 

Craven et ai, 1991; Troshichev and Gusev, 1994; Valladares et aU 1994]. Although the 

reason for the two groups of f^ (< 10 min and ~ 20 min) is not clear, they are well 
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within the range of £y-related lags (0-80 mm) reported by Troshzchev et al.   [1988]. 

The shorter group is expected based on the considerations of Lockwood et al.  [1990] 

and Cowley and Lockwood [1992]. The similarity between the t'ob,,y ^ 20 mm and the 

associated t'ob3<z suggests that, in these two cases, the change in dawn-dusk drift and the 

antisunward decay both occur when the new open flux tubes reach the center of the 

polar cap. Finally, the origin of an arc on open or closed field lines does not seem to 

have a distinguishing effect on its response to By or Bz reversals or on the longevity of 

its 630.0 am signature. 

Polar Cap Arc Decay Occuring ~ 60 - 70 Minutes After the 

IMF Turns Southward 

In two of the eight cases, a polar cap arc appeared at the dawnside of the Qaanaaq 

field-of-view 30-40 min after Bz had turned negative (when arcs normally would be 

decaying antisunward or would have disappeared) and decayed antisunward ~ 30 min 

thereafter. Although the detailed arc behavior is unique to each case, both occurred 

during periods of fairly steady IMF Bx < 0 and By > 0, both occurred near magnetic 

local midnight, and both decayed antisunward after the onset of the expansion phase of 

a small substorm in the Greenland sector. 

December 6, 1986 

When the IMP 8 data started at 0158 UT on December 6, 1986, the IMF was 

strongly northward but had been so no more than an hour, based on ISEE 2 observations 

which ceased at 0100.  The IMF was mostly in a "gardenhose away" configuration 

until 0520, although the magnitudes of both Bx and By varied substantially. At 0209, 

Bx reversed polarity sharply and remained negative until 0253 (Figure 9). By 0244, 

~ 30 min after this reversal reached the subsolar magnetopause, what seemed to be 

part of a loop-like polar arc had appeared and brightened within the field-of-view near 
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the dayside edge (Figure 10). During the following 15 min this arc drifted antisunward, 

rotating into a more nearly Sun-aligned orientation at the dawnside of the Qaanaaq 

field-of-view by 0301. In this new configuration, the portion of the arc that had been 

closest to the dayside was now closest to the nights.de. In its new orientation the arc 

began to drift duskward by 0309 and to decay antisunward by 0315. The 427.8 nm 

emission (not shown) was observed only briefly, between 0249 and 0253, and again at 

0313 and 0315, just as the arc started to decay antisunward. The corrected lag t'oba>z 

between the Bz reversal and this decay is 61-63 min (Table 1). The behavior of this arc 

differs from that of loop-like arcs reported by Valladares et al. [1994], which were of 

shorter duration and evolved from preexisting Sun-aligned arcs during a brief period of 

Bz < 0 following a long period of Bz > 0. 

The 0238-0253 DMSP F6 pass revealed two isolated regions of electron and ion 

precipitation inside the polar cap (Figure 11a) that corresponded to two arms of the 

loop, the dawnside arm being traversed just outside the field-of-view (Figure 12a).  . 

The type A polar shower forming the duskside arm of the loop (Figure 11a, "1") later 

formed the portion of the Sun-aligned arc closest to the nightside. The 0308-0323 F7 

pass skimmed the Qaanaaq field-of-view between 0314 and 0316, after which it traversed 

ions and inverted-V electrons (Figure lib, "1") apparently coincident with the brightest 

portion of the decaying arc (Figure 12b).  Despite the radical evolution in the arc's 

orientation, the electron and ion average energies (~ 300 and 2000 eV) and integral 

energy fluxes (-10" and 4 x 109 eV cm"2 s"1 sr'1) remained nearly constant. These 

flux levels are consistent with an origin on closed field lines [Shinohara and Kokubun, 

1996]. 

November 3, 1988 

At 0049 UT on November 3, 1988, Bz turned southward and remained so until 

0320 UT, apart from occasional northward impulses lasting ~ 1 min each (Figure. 
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13).  Bx was negative throughout this period, and following ~ 3 hr of dawnward IMF, 

By turned duskward between 2352 and 0000 UT. Thus, during the polar cap arc 

observations discussed here, the IMF was in a southward and fairly steady "gardenhose 

away" configuration. At the time of the first all-sky images on this day (0127 UT), just 

prior to magnetic local midnight at Qaanaaq, scattered patchy emissions at 630.0 am 

and at 427.8 nm were observed near zenith.   Patchy polar cap aurorae have been 

reported before [Eather and Akasofu, 1969]. By 0141 UT a bright arc had begun to 

drift into the field-of-view from the dawnside, ~ 40 min after the southward IMF 

reached the magnetopause. An approximately Sun-aligned arc evolved out of the patchy 

emissions by 0147 and drifted duskward in front of the bright arc, disappearing by 

0157. The bright arc reached the zenith by 0203, by which time its orientation departed 

significantly from the Sun-aligned direction (Figure 14). 

At 0205, the arc began to break apart near the zenith into two sections, one 

remaining nearly Sun-aligned and the other rotating into a more latitudinal alignment. 

Thereafter, the Sun-aligned portion decayed in the antisunward direction, disappearing 

by 0223, and the rotated portion drifted antisunward behind it, becoming increasingly 

diffuse. The 427.8 nm emission (not shown) was evident in the bright arc from 0153 

until 0221, including the rotated portion (especially after 0209). Using a correction 

based on the orientation of the well-defined IMF discontinuity at 0030, the lag &,,, 

between the southward turning at 0049 and the arc decay is 67-68 min (Table 1). 

Three consecutive F8 passes before and during the above arc observations reveal 

evolving polar cap flows and precipitation consistent with duskward and antisunward 

motion of luminosity originating on the dawnside of the northern polar cap. During the 

0034-0052 F8 northern hemisphere pass, the ion drift meter observed highly structured 

flow in the nightside polar cap consistent either with a four-cell pattern or a distorted 

two-cell pattern, with a dominant dusk cell (Figure 15a). An isolated region of energetic 

yet mostly unstructured electron and ion precipitation was colocated with overall 

131 



sunward flow and V • E > 0 above 81.9" CG latitude on the dawnside, indicating a 

downward field-aligned current. It lay entirely within a small positive potential cell that 

may have been an extension of the dawnside oval. Accounting for the 10-11 mm solar 

wind delay between IMP 8 and the magnetopause (Table 1), the region of northward 

IMF observed between 0030 and 0049 by IMP 8 had just reached the magnetopause 

when this large region of sunward flow was observed by F8 between 0042 and 0043. 

Consequently, it must have evolved during the preceding period of weakly southward 

and northward IMF and By > 0 (Figure 13). 

Localized regions of V - E < 0 superposed on a region of downward field-aligned 

current might be the source of patchy auroral emissions such as observed at Qaanaaq 

later between 0127 and 0147. In fact, the region observed by F8 between 0042 and 

0043 lay at the dawnside edge of the Qaanaaq field-of-view (unfortunately, no images 

were taken at that time), so if it persisted and remained steady in the Sun-earth frame 

for another hour it probably was the source of the observed patchy emissions. Indeed, 

the most intense and energetic electron and ion precipitation observed during the 

following F8 southern hemisphere pass (0134-0135, Figure 15b) was near the center of 

the polar cap and conjugate in CG coordinates to the patchy auroral emissions observed 

simultaneously at Qaanaaq. This pass occurred ~ 30 min after the region of southward 

IMF reached the magnetopause, and the entire cap was on antisunward flow. However, 

the enhanced structured polar cap ion and electron precipitation and the relatively weak 

polar cap potential (~ 30 keV peak) observed during this pass indicate that, in this 

case, dayside merging for Bz < 0 has been unusually slow in changing the state of the 

southern polar cap. Indeed, these observations and the optical evidence in the north 

suggest that both polar caps responded sluggishly to the IMF southward turning at 

0049 UT, indicating a large degree of connectedness between the two caps, albeit with 

an asymmetry expected for Bv > 0. 

During the subsequent (0216-0234) F8 pass, the spacecraft passed through the 
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Qaaaaaq field-of-view sunward of the antisunward decaying arc (Figure 16).   The 

driftmeter observed highly structured but mostly antisunward flow, corresponding to 

a two-cell potential distribution with the dusk cell predominant (Figure 15c).  The 

presence of flow shears in a region from which the arc had already disappeared indicates 

that the disappearance of the fluxes sufficiently intense to stimulate detectable 427.8 

and 630.0 nm emissions was caused by a change in the electric field configuration, but 

not a total removal of ionospheric shears. 

Relationship of Polar Cap Arc Decay to the Onset of a Substorm Expansion 

Phase 

Despite arc behavior that is as different between these two cases as it is from 

expected polar cap arc behavior, the two cases are similar in several aspects: a 

"gardenhose away" IMF configuration, the appearance of new arcs in the center of 

the polar cap 30-40 min after Bz turned negative, and the decay and disappearance 

of the arcs after a substorm onset. Data from the magnetometer chain on the west 

coast of Greenland [Stauning et aZ.,1994] show poleward-progressing substorm activity 

starting no-later than 0250 UT on December 6, 1986, and 0157 UT on November 3, 

1988 (P. Stauning, private communication, 1996). (The start times refer to activity at 

the Narssarssuaq station, which is part of the AE index chain.) 

The westward electrojet associated with such activity may have driven a nightside 

convection cell (corresponding to the DP 1 current system) with a strong duskward 

drift component in its poleward portion. The development of such a substorm-driven 

cell is consistent with the duskward drift of the December 6, 1986, arc starting around 

0309 UT after a period of dawnward movement (Figure 10). The segmentation and 

rotation of the November 3, 1988, arc starting at 0205 UT may represent a rotation in 

the polar cap flow from nearly antisunward to nearly duskward, with the portion closer 

to the dayside aligning itself with the new flow direction and the portion closer to the 

133 



mghcS1de maintaining its original orientation. This behavior is also consistent with the 

evolution of a substorm-driven cell. 

In the case of December 6, 1986, the substorm onset occurred 34-36 min after 

southward IMF reached the magnetopause, and the drift identified as the effect of 

the substorm on the polar cap arc commenced ~ 17 min after the substorm onset, 

with the arc persisting for at least 12 min thereafter.  DMSP F7 particle data from 

the midnight oval (0319-0322 UT, Figure lib) and a simultaneous image from the F7 

Operational Line Scanner (not shown) reveal the substorm in progress during the polar 

cap arc decay. In the case of November 3, 1988, the substorm onset occurred 57-58 min 

after southward IMF reached the magnetopause, and the segmentation and rotation 

identified as the effect of the substorm on the polar cap arc commenced ~ 6 min after 

the substorm onset, with the arc persisting for at least 20 min thereafter. While polar 

cap arcs are generally expected to disappear prior to substorm onset [e.g., Starkov and 

Feldstein, 1971; Wu et al, 1991], the persistence of polar cap arcs 15-30 min after 

substorm onset has been documented elsewhere by Henderson et al.  [1996] based on 

Viking ultraviolet imagery. 

Discussion 

Ionospheric Convection and the Two Characteristic Lags for Polar Cap Arc 

Decay 

Studies of data from satellite-borne particle detectors, often in combination with 

ground- or satellite-based auroral imagery, have resulted in seemingly contradictory 

evidence for the mapping of polar cap arcs to different magnetospheric regions: open 

field lines linking the mantle and magnetosheath [e.g, Hardy et al, 1982], closed field 

lines threading an expanded [e.g., Meng, 1981] or bifurcated [e.g., Frank et al, 1986] 

plasma sheet and associated with sunward flow, or closed field lines mapping to the lower 
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latitude boundary layer (LLBL) and associated w,th anfsunward flow (e.g., Land.n et 

at., 1991]. 

In the present study, there is some evidence to support each of these scenarios. 

The difference in the two time scales (~ 20 - 30 and -60-70 min) is not attnbntable 

to origms on open vs. closed field fines, however.  Rather, it seems to be related to 

the evolution of polar cap convection followmg an IMF southward turning. Studres 

of the response of convection and currents in the auroral oval and polar cap to IMF 

B, reversals have revealed two characteristic response times.  Effects of merging of 

solar wind and magnetospheric magnetic field linen on dayside convect.on have been 

observed to occur w.th lags of ~ 15 min or less, while the ionospheric signatures of tad 

reconneotion (including snbstorm processes) exhibit lags of 30-60 min [Lockvooi et al, 

1990; Cowley and Lockwood, 1992]. 

If polar cap arcs on ope* field lines are polar rain accelerated by mesoscale Velocity 

shears [Chiu, 1989], their decay is probably caused by the introduction of new, possibly 

unsheared flows into the polar cap followmg an IMF southward turning. Consequently 

the lags (26 and 32 min) associated with the arcs determined to be on open field 

lines (January 6, 1989, and January 26, 1990) suggest that arc decay lagging an IMF 

southward turning by ~ 20 - 30 min is caused by dayside merging, whether the arc is 

on open or closed field lines. The rapid duskward drift of the decaying arc on December 

29, 1989, also suggests the effect of flows driven by dayside merging.  The regular 

decay of the arcs'of November 2 and December 5-6, 1986, and October 30, 1989, may 

represent the equatorward motion of the oval as open flux tubes are added to the polar 

cap by dayside merging after the IMF turns southward. Under such conditions, polar 

cap arcs attached to the nights.de oval (as in the case of October 30, 1989) may move 

equatorward with the oval, and such motion would appear as antisunward decay in an 

all sky camera. Nonetheless, despite the indications that the sunward flow associated 

with the October 30, 1989, arc (on closed field lines) disappeared well before the start 
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of arc decay, a reconfiguration of tail reconnects cannot be ruled out as the cause of 

arc decay based on the evidence at hand in this study. 

In the two cases with long lags (60-70 mm) between the IMF southward turning 

and the arc decay, evidence indicates that the decay is caused by the onset of the 

expansion phase of a small substorm. The appearance of these arcs in the center of the 

polar cap 30-40 min after the IMF turned southward (but prior to substorm onset) is 

harder to understand, however. The duskward drift of the bright arc into the Qaanaaq 

field-of-view at 0141 on November 3, 1988, may have been caused by open flux tubes 

convecting antisunward and dawnward after the Bz reversal at 0049 UT, resulting in the 

detachment of part of the dawnside oval [Newell and Meng, 1995]. In contrast, the arc 

on December 6, 1986, seemed to appear and brighten while already in the field-of-view, 

then rotated antisunward and dawnward before drifting duskward. Such behavior is 

suggestive of turbulence in the polar cap that may map to the distant tail flanks, as 

discussed next. 

_Polar Cap Arcs on Closed Field Lines: An Origin at the Plasma Sheet/Lower 

Latitude Boundary Layer Interface? 

The arcs on closed field lines for which there are drift data (November 3, 1988, and 

October 30, 1989) are at the poleward edge of a dawnside polar cap and oval consisting 

of mixed antisunward and sunward flow and stagnation (Figure 15a and Figure 7b). 

This configuration suggests an origin in the lower latitude boundary layer (LLBL) 

[Mitchell et ai, 1987; Newell et al., 1991; Taguchi et ai, 1995]. Since the low-altitude 

precipitation signature of the LLBL has been identified with the dayside cleft [e.g., 

Newell et al., 1991], an LLBL origin for nightside polar cap arcs has been deemed 

unlikely. [Weiss et ai, 1993]. However, field-line tracing using the Tsyganenko [1987] 

magnetospheric model indicates that regions similar to those equatorward of horse-collar 

aurora bars [Hones et ai, 1989] map to the distant tail flanks (or «distant LLBL") when 

136 



the magnetospheric Bz is positive and enhanced at the tail flanks [Elphinstone et al., 

1991; Birn et ai, 1991). 

In addition to mixed flow directions, such regions may contain precipitation 

characteristic of a mixture of open and closed field lines (e.g., Figure 7b, Figure 

15a). The similarity of the closed field line precipitation to the low-altitude nightside 

"boundary plasma sheet" (BPS) precipitation signature has led to an identification of 

such regions as an expanded auroral oval [e.g., Meng, 1981; Newell and Meng, 1995]. 

Other workers [e.g., Hardy et ai, 1982; Rich et ai, 1990] have determined that such 

precipitation may map to magnetospheric boundary layers other than the plasma sheet 

boundary layer (PSBL), some of which may lie partially or entirely on open field lines 

(mantle,.LLBL, and cusp/cleft). There is also a debate as to whether the BPS originates 

in the PSBL or the central plasma sheet (see Weiss et al. [1993] for a review), and 

a widely-adopted classification scheme for low-altitude precipitation characterizes the 

"BPS" label as a "catch-all" for precipitation signatures that may have more than one 

origin [Newell et ai, 1991]. One possible solution to this problem may be that, during 

quiet times, the PSBL and LLBL are coupled [Lundin et ai, 1991]. There is evidence for 

the intrusion of both plasma sheet and LLBL populations into regions nominally part of 

the low-density tail lobes, between XGSM = -12Re and XGSM = -34Äe, within ±16Äe 

of the noon-midnight meridian, and at vertical distances of 3 - 12Re from the neutral 

sheet [Huang et ai, 1987, 1989; Zwolakowska and Popielawska, 1992; Popielawska et al, 

1993]. 

As suggested by Elphinstone et al. [1994], polar cap arcs may map to surface waves 

or instabilities on the distant LLBL-magnetosheath boundary. The further downstream 

the waves lie in the distant LLBL, the closer the arcs lie to the center of the polar cap, 

and the deeper into the LLBL and adjacent plasma sheet the waves penetrate, the more 

the arcs extend into the nightside [Birn et ai, 1991]. Moreover, the field lines twist 

such that a roughly circular plasma region lying in the tail equatorial plane between the 
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Plasma sheet and the magnetosheath maps to an elongated feature in the polar cap that 

stretches from the nightside toward the cusp, much like a polar cap arc [Elphinstone et 

ai, 1994], Such mapping implies that the duskward or dawnward drift of an arc into the 

center of the polar cap corresponds to tailward movement of structure in the tail flanks, 

while antisunward decay corresponds to movement from the flanks toward the center of 

the plasma sheet. 

This concept is illustrated in Figure 17, with specific reference to the cases of 

December 6, 1986, November 3, 1988, and October 30, 1989. One difference between 

the discussion of Elphinstone et ai [1994] and the present discussion is that we assume 

that instabilities occur at the boundary between the distant LLBL and the plasma 

sheet, where flows are likely to be antiparallel, resulting in a velocity shear that favors 

the Kelvin-Helmholtz instability.  Figure 17a illustrates the behavior of arcs such 

as observed on October 30, 1989, and November 3, 1988, which exhibit dawnward 

drift foUowed by antisunward decay. This polar cap arc topology and dynamics are 

equivalent to a closed field line structure in the tail extending from the plasmasheet 

to the magnetosheath in the dawnside equatorial plane that drifts antisunward, then 

decays toward the plasmasheet. The poleward and dawnward flow shown emerging 

from the throat is driven by dayside merging for By > 0 [Heelis, 1984] and may be 

the cause of the duskward drift [Newell and Meng, 1995]. The multiple flow reversals 

observed on the dawnside may correspond to multiple plasmasheet extensions toward 

the magnetosheath, possibly surface waves at the plasma sheet/distant LLBL interface 

[Tagxtchi et aL, 1995]. Possible locations of field aligned currents directed upward from 

the polar cap to the equatorial plane in the distant tail flanks are indicated by dots 

in the polar cap and crosses in the equatorial plane. Note that LLBL fluxes may also 

be accelerated into the polar cap if V • E < 0, so alternating LLBL and plasma sheet 

plasmas may be observed as a DMSP satellite crosses from dawn to dusk. 

Figure 17b illustrates one possible explanation for the evolution of the arc on 
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December 6, 1986 (Figure 10). The persistence of the arc despite the radical change in 

its alignment suggests that it is at the center of a vortex. This vortex may map to the 

remnant of a spiral at the plasmasheet/LLBL boundary in the distant tail flank. This 

would require that the arc was originally connected to the early morning oval. The lack 

of optical evidence for such a connection may be due either to the Sun-aligned portion 

of the arc being outside the Qaanaaq field-of-view, or due to the associated precipitation 

being too weak to stimulate detectable emissions. The latter situation is supported 

by the observation that the "loop" increased in intensity within the field-of-view 

rather than drifting in. After the spiral is severed from the main part of the plasma 

sheet, perhaps by the development of a viscous cell (clockwise in the equatorial plane, 

counterclockwise in the polar cap) or by the effects of enhanced dawnward convection 

from the throat in the northern polar cap, the remnant of the spiral rotates inward and 

sunward in the LLBL, which maps to an antisunward and dawnward rotation in the 

polar cap. This process energizes the populations in the spiral remnant, which maps to 

a clockwise vortex in the polar cap. Such a feature in the polar cap was observed on 

November 3, 1988, when a counterclockwise cell (V • E > 0) with diffuse precipitation 

contained small enhancements associated with V • E < 0 (Figure 15a, 0042-0043 UT; 

note enhancements in integral flux). The final duskward drift and antisunward decay 

of the arc on December 6, 1986, due perhaps to the substorm onset, corresponds to 

antisunward drift and inward decay of the spiral remnant in the equatorial plane. 

Under this model, if the response of polar cap arcs to a southward turning of the 

IMF is caused by dayside merging, then recently merged open field lines in the polar 

cap affect flows and plasma populations in the distant tail flanks. This may represent 

one means by which a southward turning can affect the tail during the growth phase of 

a substorm, 20 - 30 min after the IMF turns southward. Conversely, the appearance 

and motion of polar cap arcs 30 - 40 min after the IMF has turned southward but prior 

to substorm onset (as in the cases of December 6, 1986, and November 3, 1988) may 
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represent the mapping to the polar cap of evolving viscous processes in the distant tail 

flanks. 

Summary 

An intensified monochromatic all-sky imager at Qaanaaq, Greenland, has been 

used to observe the lengthwise decay of arcs in the center of the polar cap. Eight such 

cases have been selected which followed a reversal in at least one component of the 

IMF within 2 h. These have been analyzed in the context of IMF data (from IMP 8 

and ISEE 2) and of DMSP observations of convection and precipitating particles in the 

topside ionosphere, with the following salient results: 

1. In all cases, the arcs decayed antisunward. Moreover, they all drifted dawnward 

or duskward before or during the arc decay. In four cases, the arc drifted or deformed 

while decaying.  In the remaining cases, it decayed without drifting or deforming. 

The direction of drift in all cases is in the direction of By, consistent with previous 

observations of northern hemisphere polar cap arcs. 

2. All of the IMF reversals involved Bz turning negative. In four cases, By also 

reversed, while Bx reversed in only one case. The lags from the Bx reversals to the decay 

of the arcs have been measured and corrected for the travel time between the spacecraft 

and the nose of the magnetosphere. In six cases, the antisunward decay of polar cap 

arcs was preceded within ~ 20 - 30 min by a Bz southward turning. 

3. In the other two cases, polar cap arcs appeared on the dawnside near midnight 

~ 30 — 40 min after Bz reversed under fairly steady "gardenhose away" conditions. 

They subsequently decayed antisunward following the onset of the expansion phase of a 

small substorm observed in the Greenland sector, ~ 60 - 70 min after the IMF turned 

southward. 

4. In the cases in which By also reversed, the lags from the reversal to the change in 

dawn-dusk drift have also been measured and similarly corrected. In two cases the lag 
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was < 10 min, while in the other cases the lag was ~ 20 mm, similar to the associated 

B. lag. The origin of an arc on open or closed field lines does not seem to affect the lag 

in its response to By or Bz reversals or the longevity of the precipitation causing the 

630.0 nm emission. 

5. Of the five cases in which a DMSP satellite traversed the Qaanaaq field-of-view 

(or its conjugate region) while the arc was present, two (three) arcs were determined to 

be on open (closed) field lines based on the precipitating particle data. Both open and 

closed field line arcs were associated with the ~ 20 - 30 min lags, while both of the arcs 

associated with ~ 60 - 70 min lags were on closed field lines. 

6.  The mechanism which best accounts for the antisunward decay of six arcs 

~ 20 - 30 min after Bz turns negative is the convection of new open flux tubes from 

the cusp to the center of the polar cap due to dayside merging, with a pronounced 

dependence on the sign of By. The appearance of the other two arcs in the center of 

the polar cap ~ 30 - 40 min after the IMF turns southward may be related to dayside 

merging or to viscous processes in the evolving distant LLBL. The behavior of these two 

arcs just prior to decay suggests a rotation of flow in the early morning polar cap from 

antisunward to duskward caused by the development of a substorm-driven convection 

cell. 

7. Polar cap arcs on closed field lines may map to waves or instabilities in the 

distant flanks of the magnetotail, perhaps associated with velocity shears between the 

plasmasheet and the distant LLBL. If so, antisunward arc decay 20-30 min after 

southward IMF reaches the magnetopause may represent the stirring of the tail flanks by 

dayside driven merging, while the appearance and motion of polar cap arcs 30 - 40 min 

after an IMF southward turning is more likely driven by viscous processes in the distant 

tail. 
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Appendix:   Correction of Observed Lags for Travel Time in 

the Solar Wind and Magnetosheath 

The observed lag tob, from an IMF reversal to the onset of the decay of a polar cap 

arc is corrected for the travel time from the observing spacecraft to the magnetopause, 

which is divided into two segments: from the spacecraft to the subsolar bowshock (t3b), 

and across the magnetosheath (tbm) [Lockwood et al., 1989].  Additionally, because 

the 630.0 nm emission has a radiative lifetime of order 100 s, the lag is further 

corrected by removing this amount {Uzcß = 100 s).  The resulting corrected lag is 

tab,  = tabs — t3b — Um  ~ ^6300- 

The lag from the spacecraft to the subsolar bowshock is given by t3b = (x3W—Xb)/v3W, 

where x3W is the point of intersection of the IMF discontinuity with the GSE Sun-earth 

axis, xh is the subsolar bowshock radius, and v3W is the bulk solar wind velocity. (The 

Alfven velocity of the discontinuity relative to the bulk flow is neglected [Sergeev et 

al., 1986].) When the observing spacecraft is close to this line (as in the two ISEE 2 

observations on December 5 and 10, 1986), the z-coordinate of the spacecraft can be 

used as x3w with little error. However, when the spacecraft is far from this axis (as in 

most of the IMP 8 observations shown here), the orientation of the IMF discontinuity 

must be taken into account. Lacking multiple spacecraft observations in the solar wind, 

we use a minimum variance analysis [Sonnerup and Cahill, 1968] of the sharp IMF 

discontinuities to determine this orientation. This technique relies on the fact that 

the magnetic flux density vector B component normal to a boundary is continuous 

across that boundary. The minimum variance method transforms the magnetic field 

components from the GSE coordinate system to one in which the coordinate axes are 

directed along the direction of minimum, intermediate, and maximum variance of the 

magnetic field across the boundary (IMF reversal). The maximum variance direction 

corresponds to the direction of maximum field reversal (e.g., GSE N-S if only Bz 
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reverses), and the minimum variance direction is interpreted as the normal direction to 

the IMF discontinuity, from which its orientation can be determined. 

This technique is applied to the IMP 8 data in the following manner. In each 

case, the calculation is performed on a interval centered on the sharp IMF reversal and 

varying from ±15.36 s (the data resolution) to ±10 min, with the expectation that 

the calculation should be stable over some range of number of points between the two 

extremes.  The lag t,b is determined over such a range on which the following three 

criteria (listed in decreasing order of importance) are satisfied: 

1. The ratio of the intermediate to the minimum variance axis eigenvalues A2/A3 is 

greater than 2 [Lepping and Behannon, 1980]. 

2. The standard deviation of the average normal component normalized by the 

value of this component is minimized. 

3. The average normal component is minimized. 

If the range of valid t3b derived from this calculation is greater than 1 min, this 

range is reflected in the values of t3m = tab + t^ and t'obs given in Table 1. 

The travel time across the magnetosheath is given by tbm = (xb — xm)/vsh, where 

xm is the subsolar magnetopause radius and v3k is the bulk velocity in the sheath. For 

these calculations, it is assumed that xb = 1.33xm [Fairfieid, 1971] and vsh = 0.125v5to 

[Spreitet and Stahara, 1980]. The subsolar magnetopause radius in units of Earth radii 

is given by xm.= G/(n3Wv3w
7)*, where G = 10750 (for v3W in m s_1 and n3W in m-3) 

[Hölzer and Slavin, 1978]. For the case (January 6, 1989) in which IMP 8 solar wind 

plasma data are not available, it is assumed that v3W = 420 km s-1 and xm = llRe. 
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Figure 1. All-sky images at 630.0 nm from Qaanaaq, January 6, 1989, 0423-0439 ÜT. 

The vertical and horizontal bars of the L-shaped mark point to geographic north and 

east, respectively (the images are printed as if viewed from above). The direction of the 

sun is indicated. The second of two faint arcs drifting dawnward brightens, then decays 

antisunward. 
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Figure 2. Magnetic field observed by IMP 8 in the duskside magnetosheath, January 

6, 1989, 0230-0430 UT. The three components of the IMF are shown, along with the 

geocentric solar magnetospheric (GSM) coordinates of the spacecraft in Earth radii. The 

data cease at 0425 UT. The southward turning of Bz at 0354 UT during a period of 

By < 0 may have caused the dawnward drift of the two arcs shown in Figure L followed 

by the antisunward decay of the second arc. 
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Figure 3. Integral electron and ion energy fluxes ($e, eV cm-2 s-1 sr"1), energy- 

time (E-t) spectrograms of precipitating differential electron and ion energy fluxes 

(eV cm-2 s-1 sr"1 eV-1), and horizontal cross-track ion drift velocity observed by DMSP 

F8, January 6, 1989, before and after the arc decay in Figure 1. The resolution of the 

particle data is 1 s, and the drifts shown here are 1 s block averages of the 6-Hz raw data. 

Positive drift velocities are antisunward. The derived polar cap potential distribution 

is represented by a dashed line on the drift velocity plot, (a) 0322-0336 UT (southern 

hemisphere), (b) 0413-0427 UT (northern hemisphere). The corresponding all-sky image 

is shown in Figure 4. (c) 0502-0516 UT (southern hemisphere). 
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Qaanaaq Greenland, 630.0 nm 
January 6. 1989 

04:19:58 UT 

F8, 04:18-04:22 

Figure 4. DMSP F8 traversal of Qaanaaq field-of-view projected along IGRF magnetic 

field lines to 250 km altitude, January 6, 1989. Satellite locations at 041S (asterisk). 0419, 

0420, 0421, and 0422 are shown projected onto a 630.0 nm all-sky image at 0419:58 UT. 

Particle and drift data from this pass are shown in Figure 3b. 
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Figure 5. All-sky images at 630.0 nm from Qaanaaq, October 30, 1989, 0554-0610 UT. 

The format is similar to that of Figure 1. 
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Figure 6.  IMF observed by IMP 8, October 30; 1989, 0330-0730 UT. The format is 

similar to that of Figure 2. B: turned southward at 0532 UT. 
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Figure 7. Integral electron and ion fluxes, E-t spectrograms of precipitating electrons 

and ions, horizontal cross-track ion drift velocity observed by DiYISP F8, and derived 

polar cap potential pattern, October 30, 1989, before and during arc decay. The format 

is similar to that of Figure 3. (a) 0419-0433 UT (southern hemisphere), (b) 0510- 

0524 UT (northern hemisphere). The corresponding all-sky image is shown in Figure 8. 

(c) 0559-0613 UT (southern hemisphere). 
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Qaanaaq Greenland, 630.0 nm 
October 30, 1989 

05:16:15 ÜT       /sun 

F8, 05-A5 -05:19 

Figure 8. DMSP F8 traversal of Qaanaaq field-of-view projected along magnetic field 

lines to 250 km altitude, October 30, 1989. Satellite locations at 0515 (asterisk), 0516, 

0517, 0518, and 0519 are shown projected onto a 630.0 nm all-sky image at 0516:15 UT. 

Particle and drift data from this pass are shown in Figure 7b. 
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Figure 9.  IMF observed by IMP 8, December 6, 1986, 0200-0400 ÜT. The format is 

similar to chat of Figure 2. 
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Figure 10.  All-sky images at 630.0 nm from Qaanaaq, December 6, 1986, 0242-0323 

ÜT. The format is similar to that of Figure 1. 
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Figure 11. Integral electron and ion fluxes and E-t spectrograms of precipitating elec- 

trons and ions observed by DMSP F6 and F7 in the northern hemisphere oval and polar 

cap, December 6, 1986. (a) F6, 0238-0253. (b) F7, 0308-0323. The corresponding all-sky 

images for these two passes are shown in Figure 12. 
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Qaanaaq Greenland. 630.0 nm 
December 6, 1986 

02:46:53 UT 03:17:08 UT 
sun V^tf   ^^. sun 

F6. 02:44 - 02:47 
(a) 

F7. 03:14- 03:16 
(b) 

Figure 12. DMSP satellite traversals of Qaanaaq field-of-view projected along magnetic 

field lines to 250 km altitude, December 6, 1986. (a) Locations of F6 at 0244 (-asterisk), 

0245, 0246, and 0247 are shown projected onto a 630.0 nm all-sky image at 0246:53 UT. 

Particle data from this pass are shown in Figure 11a. (b) Locations of F7 at 0314 

(asterisk), 0315, and 0316 are shown projected onto a 630.0 nm all-sky image at 0317:08. 

Particle data from this pass are shown in Figure lib. 
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Figure 13. IMF observed by IMP 8, November 2-3, 1988, 2300-0300 ÜT. The format is 

similar to that of Figure 2. Apart from a brief period of ''gardenhose toward" orientation 

(~ 0135 - 0140), the IMF was in a "gardenhose away:' configuration after 0000 IT, 

throughout the lifetime of the arc. 
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Figure 14.   All-sky images at 630.0 nm from Qaanaaq, November 3, 1988, 0203-0225 

UT. The format is similar to that of Figure 1. 
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Figure 15. Integral electron and ion fluxes, E-t spectrograms of precipitating electrons 

and ions, and horizontal cross-track ion drift velocity observed by DMSP F8, November 

3, 1988. Derived polar cap potential distribution is shown for the F8 passes. The format 

is similar to that of Figure 3. (a) F8, 0036-0052 UT (northern hemisphere), (b) F8, 

0127-0143 UT (southern hemisphere), (c) F8, 0217-0233 UT (northern hemisphere). 

The all-sky image corresponding to this pass is shown in Figure 16. 
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Qaanaaq Greenland. 630.0 nm 
November 3. 1988 

sun  02:25:16 UT 

F8; 02:23 - 02:27 

Figure 16. DMSP F8 traversal of Qaanaaq field-of-view projected along magnetic field 

lines to 250 km altitude, November 3, 1988. Satellite locations at 0223 (asterisk), 0224, 

0225, 0226, and 0227 are shown projected onto 630.0 nm image at 0225:16 UT. Particle 

and drift data from this pass are shown in Figure 15c. 
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Figure 17.   Northern hemisphere polar cap arc motions (left) and possible mapping 

to motions in the equatorial plane of the distant tail flanks (right): after Bim et al. 

[1991] and Elphinstone et al. [1994]. Arrows indicate convection, dots (crosses) indicate 

upward (downward) field aligned currents, and "BL" and "PS" refer to (low latitude) 

boundary layer and plasma sheet. Dawnward flow through cusp due to dayside merging 

for By > 0 is one possible cause of duskward arc drift [Valladares et al, 1994; Newell and 

Meng, 1995].   (a) In the case of October 30, 1989 (Figure 5), a polar cap arc attached 

to the early morning oval (1) drifts duskward (2), then decays antisunward (3) after Bz 

turns negative. The conjugate behavior in the equatorial plane consists of an extension 

of the plasma sheet towards the magnetosheath that drifts antisunward, then retracts 

toward the center of the tail, (b) In the case of December 6, 1986 (Figure 10), a loop- 

like polar cap arc, possibly detached from the end of a Sun-aligned arc (1), rotates 

antisunward and dawnward (2), coming to rest as a Sun-aligned arc (3) before drifting 

duskward (4) and decaying. The conjugate behavior in the equatorial plane is shown in 

two panels: first, a spiral (due to the Kelvin-Helmholtz instability at a velocity shear near 

the plasmasheet/LLBL boundary) that maps to the loop-like polar cap arc, and second, 

the rotation of the remnant of the spiral sunward and inward after being separated from 

the plasma sheet, followed by its antisunward drift and decay toward the center of the 

plasma sheet. 
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Table 1. Lags from IMF Southward Turnings to Polar Cap Arc Decay Observed at Qaanaaq. 

Greenland (ACG = 86" N) 

Date Bz Reversal Tip c )f Arc at Ace =86° N ^srn ^oba.z 

ÜT ÜT MLT (min) (min) 

Nov. 2, 1986 2019 2057 18.4 11-13 23-25 

Dec. 5-6. 1986 2343 0013 19.1 8 20 

Dec. 6, 1986 0209 0319 23.7 5-7 61-63 

Nov. 3, 1988 0049 0209 23.6 10-11 67-68 

Jan. 6, 1989 0354 0432 1.2 10 26 

Oct. 30: 1989 0532 0600 2.0 7 19 

Dec. 29, 1989 1934 1957 17.7 2-3 18-19 

Jan. 26, 1990 0137 0223 23.2 12 32 
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Table 2.   Lags from IMF BtJ Reversals to Changes in Polar Cap Arc Dawn-Dusk Drift. 

Observed at Qaanaaq.. Greenland (Acc = 86° N) 

Date By Reversal Dawn-Du; 5k Drift L.tm ob.-i.y 

Change L'T Change UT (mini (min) 

Nov. 2, 1986 dawnward- 

d us k ward 

2019 dawn ward- 

dusk ward 

2039 11-13 5-7 

Dec. 5-6, 1986 dawnward- 

duskward 

2343 dawnward- 

stationary 

0011 8 18 

Oct. 30, 1989 duskward- 

dawnward 

0530 duskward- 

stationary 

0542 7 3 

Dec. 29, 1989 dawnward- 

duskward 

1924 stationary- 

duskward 

1948 2-3 19-20 
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Experimental evidence for the formation and entry of patches 
into the polar cap 

C. E. Valladares and S. Basu' 
Institute for Space Research. Boston College. Newton Center, Massachusetts 

J. Buchau2 

Phillips Laboratory, Geophysics Directorate, Hanscom Air Force Base, Massachusetts 

E. Friis-Christensen 
Division of Geophysics. Danish Meteorological Institute, Copenhagen, Denmark 

Abstract.    A mechanism for the formation of polar cap patches is proposed based on data 
collected by the Sondrestrom incoherent scatter radar, magnetometers located on the west 
and east coasts of Greenland and Digisondes, digital ionospheric sounders, operated at 
Qaanaaq and Sondrestrom. This instrumentation has served to identify the formation of 
patchlike structures and follow their temporal evolution and entry into the polar cap. Prior 
to the onset of the event, the background ionospheric plasma was moving in a poleward 
direction and formed part of a tongue of ionization directed toward and into the polar cap. 
The event starts with the appearance of a fast plasma jet containing eastward directed 
velocities in excess of 2 km s_1. This plasma jet consists of a channel extending 300 km in 
width, where the F region ion temperature reaches values in excess of 4000 K and the E 
layer J,- is enhanced above 5000 K. The existence of a region containing high electron 
temperatures associated with soft precipitation (likely the cusp) and located adjacent and 
equatorward of the fast plasma jet is very suggestive of the jet being the result of a tension 
force acting upon recently reconnected field lines. This view is supported by the fact that 
the fast plasma jet was seen in the prenoon sector under IMF By negative conditions. The 
elevated 7",- values inside the plasma jet are exactly collocated with depleted F region 
densities. We suggest that the recombination loss of 0+ is increased by a factor > 10 due 
to the dependence of the 0+ + N2 reaction on the ion temperature. The eroding action of 
the fast plasma jet proceeds until the poleward moving tongue of ionization is divided into 
regions containing high and low densities. Magnetic field perturbations associated with the 
fast plasma jet were observed by the different magnetometer stations. The large negative 
bays recorded at most of the sites have been used to trace the poleward motion of the jet. 
At the time that the fast plasma jet reaches Qaanaaq, the Digisonde there measured low 
f0F2 values. A few minutes before and after this minimum, high/0F, values were 
observed. The ratio of the enhanced fQF2 values on either side of the minimum, to the 
minimum f0F2 is about 2 (or a density ratio of 4). This is the commonly accepted signature 
of a polar cap patch. The series of events leading to the formation of the patchlike density 
structure has been designated a density breakoff event. 

1.    Introduction 1 Now at  the  National  Science  Foundation,  Washington, 
D. C. Polar cap F layer ionization "patches" are large 

2 Deceased August 9, 1993. regions in the polar cap ionosphere, where the 
„      . .   tmj L    , electron density is up to a factor of 10 higher than in 
Copyright 1994 by the American Geophysical Union. -to „•,,      ■ ■        to     i. -    i    moi   w/z. its neighbonng regions [Buchau et al., 1983; Weber 
Paper number 93RS01579. et al., 1984]. Other prominent characteristics of the 
0048-6604/94/93RS-oi579$08.00 polar cap patches are the absence of precipitating 

The U.S. Government is authorized to reproduce and sell this report. 
Permission for further reproduction by others must be obtained from 
the copyright owner. 
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/luxes different from polar rain impinging on them 
{Weberei al.. 1986), (heir dimensions, ranging from 
100 lo 1000 km. and their typically antisunward 
motion, which equals in magnitude the background 
convcctive flow \Fukui et al.. 1993) Polar cap 
patches have been observed only when the IMF B. 
is directed southward and during magnetically dis- 
turbed conditions [Weber ei al., 1984]. 

A great deal of research has been devoted lately 
to determine the place of origin of the polar cap 
patches and to identify the process or processes 
that are responsible for the patchy nature of the 
plasma enhancements observed at the center of the 
polar cap. Buchau et al. [1985] based on the diurnal 
distribution of the transport of patches across Thule 
(near the center of the polar cap), suggested that the 
patches are formed from subcusp plasma produced 
by UV solar radiation and carried across the cusp 
into the polar cap by the high-latitude plasma con- 
vection.   Incoherent  scatter radar  measurements 
have provided evidence that in fact,  subauroral 
plasma is able to enter the polar cap. Measurements 
performed at Sondrestrom, Greenland [Kelly and 
Vickrey,  1984], and at Chatanika, Alaska [Foster 
and Doupnik,  1984], indicated that under active 
magnetic conditions, a large eastward electric field 
develops  near midday,  directing the subauroral 
plasma northward and forming a tongue of ioniza- 
tion, spanning 2-3 hours in local time. Foster [1984] 
suggested that the plasma tongue is not a steady 
feature, developing preferentially during magneti- 
cally active conditions, in agreement with the level 
of activity when polar cap patches are observed. 

Tsunoda [1988], clearly summarized these find- 
ings when he concluded that "The evidence there- 
fore supports the hypothesis that a patch is indeed 
solar-produced plasma that has been detached from 
the dayside subauroral ionosphere." Since then, 
general interest has been focused on finding the 
physical mechanism(s) which could produce the 
plasma detachment. Tsunoda [1988] indicated that 
sudden changes in the By or Bz components of the 
interplanetary magnetic field (IMF) could be re- 
sponsible for the formation of the polar cap patches. 
Foster et al. [1980] showed that a southward turning 
of Bz is usually followed by an expansion of the 
auroral oval to lower latitudes. This fact facilitates 
the entry of more dense subauroral plasma. Once 
subauroral plasma is drawn into the polar cap, the 
detachment could be produced by a retraction of 
the global pattern, for example, by a northward 

turning of B.. Tsunoda | 1988] also explained how a 
change in Bx will shift the location of the throat to 
earlier or later magnetic local times depending on 
the sign of the transition (see Heppner and May- 
nard's 11987] convection patterns for B: south con- 
ditions). Thus it is conceivable that consecutive Bx 

reversals   may   redirect   the  entry   of subauroral 
plasma to different locations in the polar cap pro- 
ducing discrete patches from the plasma tongue in 
this way. The primary objection against the£v orBz 

switching mechanisms is the observational fact that 
a patch is rarely seen as a single event. It is far more 
common to observe a succession of many polar cap 
patches separated by time intervals as short as 10 
min. Furthermore, the transit of a series of patches 
across a polar cap station can last for several hours. 
This implies sudden reversals of Bv (or Bz) at the 
same time scale of 10 min, which is not the typical 
behavior of the IMF. 

Several numerical models have been used to 
study the effect of varying different parameters of 
the global convection pattern. Anderson et al. 
[1988] performed a numerical simulation of the 
effect that a time-varying global convection pattern 
could produce on plasma that is being transported 
into the polar cap. Their results implied that in- 
creasing the cross-polar cap potential and extending 
the polar cap radius to embrace a larger region of 
the high-latitude ionosphere, could produce a flow 
of enhanced density over a polar cap station, such 
as Thule. The subsequent reduction in polar cap 
potential cuts off the flow of enhanced density, thus 
simulating the generation of a patch. 

The high degree of structuring that has been 
observed near the poleward boundary of the mid- 
day auroral oval can be better understood if consid- 
eration is given to the different processes which 
occur and deposit energy in the cusp/cleft region. 
These processes can directly or indirectly produce 
substantial changes in the longitudinal and latitudi- 
nal distribution of the plasma density. Newell and 
Meng [1988] provided a complete set of rules to 
distinguish between the cusp and the cleft regions. 
These authors established that in the cusp the 
average flux is large and the average energy is low, 
below 200 eV for precipitating electrons. These soft 
fluxes have the potential for enhancing the plasma 
in the flux tubes convecting across the cusp and into 
the polar cap. The increase in ionization depends on 
the energy deposited by the soft fluxes, the exact 
convection geometry and the convection velocity in 
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the vicinity of the cusp.  Rohlc and Rccs  |I977| 
determined that a cusp-type precipitation needed at 
least 15 min to produce a change of" the order of Iti'A 
in the density of the daytime high-latitude iono- 
sphere. These electron density enhancements are. 
however, not identical to the order of magnitude 
increases typically observed at Qaanaaq, especially 
near solar maximum [Buchau and Reinisch, 1991]. 

Other processes associated with the cusp dynam- 
ics are the large flows and the auroral breakup 
events which have been observed with the EISCAT 
radar [Sandholt  et  al.,   1990;  Lockwood et al., 
1990a].  These large flows form  channels  in the 
region immediately poleward of the open-closed 
field line boundary: they are a direct result of the 
tension force on the newly opened field lines [Cow- 
ley et al., 1991]. In the northern hemisphere these 
flows are predominantly eastward for By negative 
consistent   with   the   Svalgaard-Mansurov   effect. 
More recently, Lockwood and Carlson [1992] have 
proposed that a transient burst of magnetic recon- 
nection and the equatorward motion of the iono- 
spheric projection of the X line could act harmoni- 
ously to extract a region of high-density subauroral 
plasma, divert the subauroral density poleward, and 
finally "pinch off" the newly formed patch. 

This paper presents experimental data that were 
obtained near midday at auroral and polar cap 
latitudes. The main thesis of this paper is to provide 
evidence that the polar cap patches can be formed 
from the ionization tongue convecting across the 
cusp just before this tongue enters the polar cap 
through the action of elevated recombination rates 
due to very fast plasma jets. Two sets of data have 
been selected for this study, one was obtained 
during winter (February 19, 1990) and the other 
during equinox conditions (September 14, 1991). On 
both days a variety of different instruments were 
employed to fully diagnose the evolution of the 
plasma structuring. Observations were made at 
Sondrestrom (74°A), monitoring the cusp-related 
processes and conditions, and Qaanaaq (87°A) 
which provides central polar cap observations. The 
different techniques include the Sondrestrom inco- 
herent scatter radar (ISR), two Digisondes (modern 
digital ionosondes) [Bibl and Reinisch, 1978] lo- 
cated at Qaanaaq and Sondrestrom, and the Green- 
land chain of magnetometers. In this study, we try 
to combine several ionospheric parameters mea- 
sured by different instrumentation to reconstruct 
the sequence of events that led to the formation of 

the polar cap patches. This combined view provides 
evidence for a density break-off event within the 
region of entry of polar cap patches. The effect of 
the plasma break-off even! is lo "slice" the tongue 
of subauroral ionization convecting poleward 
through the cusp, into chunks of high-density 
plasma, the patches, that subsequently convect into 
the polar cap. 

2.    Observations 
The formation of polar cap patches in the high- 

latitude region near midday was studied using data 
from the Sondrestrom incoherent scatter radar 
(ISR),/0F2 values measured by two Digisondes and 
magnetic field data recorded by the Greenland chain 
of ground-based magnetometers. Simultaneous ob- 
servations of the IMF were made by the IMP 8 
satellite only during the February 19, 1990, mea- 
surements. Figure 1 displays the geographic loca- 
tion of the Sondrestrom incoherent scatter radar, 
the area scanned by the ISR antenna, the sites of 
the ground magnetometers, and the location of the 
terminator at 120 km altitude. The deployment sites 
of the two Digisondes which operated during the 
experiment are also included in Figure 1. The 
Digisondes were located at Qaanaaq (Qa) and Son- 
drestrom (STF). 

2.1.    IMP 8 Solar Wind Observations 
On February 19, 1990, the IMP 8 satellite was in 

the solar wind, slightly upstream from the Earth's 
bow shock and outside the dawn flank of the 
magnetosphere. At the time of the experiment, the 
X, Y, and Z coordinates of the IMP 8 spacecraft in 
the GSM system were 12.5, -35.0, and 0.1 Earth 
radii, respectively. Figure 2 shows 1-min averages 
of the three components of the IMF that were 
measured in an 8-hour segment centered near the 
onset time (1251 UT) of the event described in 
section 2.2. The ground-based sensors first detected 
the occurrence of this event during a 45-min data 
gap of the IMF. At 1258 UT, IMP 8 recorded large 
excursions of both By and Bz components. At this 
time and until 14 UT, the IMF Bz component is 
negative and large (~-10 nT). It is well known that 
there is always a propagation delay for the effect of 
the IMF transitions measured by a spacecraft up- 
stream from Earth in the solar wind, to reach the 
radar field of view. We calculated this propagation 
delay following the work of Farrugia et al. [1989] 
and Lockwood et al. [1989]. It was found that for 
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Figure 1. Illustration of the different sites that contain instruments used during the experiments. 
The digital ionospheric sounders are located at Sondrestrom (STF) and at Qaanaaq (Qa). The other 
stations correspond to ground-based magnetometers. The antenna scanning configuration of the 
Sondrestrom radar used on February 19, 1990, is also displayed. The location of the solar terminator 
line at 120 km altitude can be seen in the upper part of the plot. 

the event of February 19, 1990, the ionospheric 
signatures should lag 109 s behind the IMP 8 obser- 
vations of the IMF. There are several approxima- 
tions in this type of calculation, and the computed 
time delay can be subject to an uncertainty of 2 min. 
Thus we conclude that the event onset (1251 UT) is 
not related to the sharp decrease in Bz of 1302 UT. 
While it is important to establish the cause/effect 
relationship between the large ion velocities which 
lead to the patch formation, as observed by the 
radar, and the type of solar wind-magnetopause 
interaction that drives this ionospheric signature, 
this is not the main subject of the present paper. 
Here we will concentrate basically on studying the 
effect that this fast plasma jet can produce on the 
ionospheric plasma that is convecting poleward. 

2.2.    February 19, 1990, Incoherent Scatter Radar 
Data 

To conduct this study, we designed a radar mode 
that was able to map electron density variations and 

the velocity field over a large area and with a time 
resolution comparable to the lifetime of daytime 
transient events. During our first attempt on Febru- 
ary 19, 1990, we used the antenna configuration 
pattern depicted in Figure 1. The antenna scanned 
in azimuth (AZ) only 180° of the sky, using a 
relatively low (45°) elevation angle. This scan was 
followed by two elevation (EL) scans along the 
magnetic meridian which provided measurements 
of altitude profiles as a function of latitude. 

Figures 3-8 show sequences of ISR data from six 
consecutive scans recorded between 1247 and 1312 
UT. The four basic parameters measured by the 
Sondrestrom ISR (line-of-sight ion velocity, Vlos, 
electron number density, Ne, ion and electron tem- 
perature, T; and Te) are displayed in the four panels 
of each of the six scans. These data illustrate the 
evolution of the density contours as they vary as a 
function of the magnitude of Joule frictional heat 
that is being deposited and the flux of soft electron 
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Figure 2. Interplanetary magnetic field data measured by IMP 8. Shown from top to bottom are the 
three IMF components in GSM coordinates. All three traces are plotted in units of nanoteslas. The 
event described in the text started at 1251 UT. 

precipitation impinging into the ionosphere. While 
these two parameters are not measured directly, the 
ISR provides indirect but fairly accurate identifica- 
tion of these processes [Baron and Wand, 1983; 
Vondrak and Baron, 1977]. The Joule heating man- 
ifests itself as enhanced values of T-„ while the 
signature of local particle precipitation is in the 
form of elevated values of Te. 

Data from February 19, 1990, show a density 
break-off event that occurred between 1251 and 
1312 UT, approximately 1 hour before local mag- 
netic noon. During the experiment the geomagnetic 
Kp index was 5- and the solar flux (Sa) was 180. The 
AZ scan was conducted by sweeping the radar 
beam along a conical surface and maintaining the 
elevation constant at an angle of 45°. Figures 3 and 
6 show the four basic ionospheric parameters mea- 
sured by the IS radar. They are displayed after 
unfolding the conical surfaces and projecting them 
onto separate 1200 x 1200 ground maps with the 
radar at the center. The line-of-sight velocities 
(Figures 3a and 6a) are displayed using arrows of 
different patterns and lengths according to the sign 
and magnitude of the plasma flow. The density 
contours (Figures 3b and 6b) are on a linear scale 

with the initial value and the interval between 
consecutive levels equal to 1.0 and 0.5 x 10 cm- , 
respectively. The 7", (Figures 3c and 6c) and Te 

(Figures 3d and 6d) values are depicted in the form 
of gray-scaled contours varying in discrete steps of 
1000 K. 

The data of Figure 3 were obtained between 1247 
and 1251 UT, a few minutes before the onset of the 
density break-off event. Because of the nature of 
the AZ scans, altitude and distance variations of the 
ionospheric parameters are intermixed. However, it 
is still possible to distinguish spatial Ne structures if 
the comparison is performed at a constant range or 
distance from the radar site. For example, for a 
horizontally stratified ionosphere, equidensity con- 
tours appear as circles, with the peak densities 
shown at the distance where the conical scan inter- 
sects the peak of the F layer. Deviations from the 
circular pattern indicates the presence of nonuni- 
form densities. The identification of the spatial 
structures should also be guided by the unambigu- 
ous altitude profiles which are measured with the 
EL scans. Taking this into consideration we have 
determined that during the scan starting at 1247 UT, 
the plasma is quasi-uniform. The density contours 

175 



172 VAI.I.ADARES ET AL.: EVIDENCE FOR THE FORMATION OF PATCHES 

!9I'HB90 124702- 125 ION iy n-:i)yo DaiMiy' 10 ' 124702- 125 ION 

-600 -500 -4O0 -300 -200 -100    0     100   200   300   400   500   600 
WM' Distance (lern) Easl 

19FEB90 Ti(k) 124702- 1251C 

-600 -500 -400 -300 -200 -100    0     100   200   300   400   500   600 
WeM Distance (km) E^ 

-600 -500 -400 -300 -200 -100    0     100   200   300   400   500   600 
Wea Distance (km) East 

I9FEB90 Te(k) 124702- 125108 G 

-600 -500 -400 -300 -200 -100    0     100   200   300   400   500   600 
W«t Distance (km) East 

Figure 3.   Plasma parameters measured by the Sondrestrom ISR on February 19, 1990, and during 
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hanccmenls to the north and the south of the station 
arc connected by a high-density tongue. The follow- 
ing elevation scan in Figure 4b indeed shows that 
they are connected by a 3.5 x 10' cm-3 density 
plasma, while the densities to the west are <2 x 10" 
cm' . The line-of-sight velocities are located pri- 
marily away from the radar at latitudes north of the 
station. These large velocities are coincident with 
values of 7,- above 3000 K. Considering the azimuth 
scan as a whole, we observe three succeeding 
velocity reversals at the southern part of the scan 
which have the appearance of being aligned in the 
E-W direction. Because the ISR measures only one 
component of the velocity vector, it is not possible 
to determine, without further analysis, whether 
these reversals correspond to a shear or to a rota- 
tional velocity discontinuity. The eastern part of the 
AZ scan presents a region where Te reaches 3000 K 
(notice the arrow in Figure 3d). This region of 
elevated Te is located slightly south of the reversal 
line. The elevated Te, in spite of being localized, 
supports the hypothesis of the existence of a shear 
reversal —250 km south of Sondrestrom. The 
straight lines through the southern part of the scan 
in Figures 3a and 3d denote the location of this 
velocity reversal. 

Figure 4 presents the data obtained with the 
magnetic meridian EL scan starting at 1251 UT. 
In this geometry, both density structures of the 
previous scan can be seen in a sectional cut along 
the magnetic meridian. These regions of high den- 
sity peak at 400 km altitude and they are seen to 
have drifted to new locations being directly over- 
head and at 600 km north. Outside these 
regions, the peak density is only 3 to 3.5 x 105 

cm-3. This represents a 30 to 40% variation with 
respect to the maximum density in the plot. If 
this latitudinal cross section of the high-latitude 
ionosphere remains unchanged and continues 
drifting poleward, and a sounder is properly placed 
downstream of the plasma convection, the f0F2 

values measured by the Digisonde should vary 
between 6.4 and 5 MHz during the passage of this 
structure. Although this is a significant variation 
and detectable by any Digisonde, it would hardly 
qualify as a f0F2 variation, commonly associated 
with polar cap patches [Buchau et al., 1983]. Two 
regions of elevated 7,- values are clearly evident in 
Figure 4c. In particular, the 7; enhancement ob- 
served at 1251:32 UT near 200 km south, marks the 
initial time when the fast plasma jet event was 

observed by the Sondrestrom radar. Notice the 
large values of Vlos (Figure 4a) exactly collocated 
with the 7', structure. Tc was also enhanced above 
the background level (2000 K is a typical value for 
daytime winter conditions). The region of elevated 
Te extends from at least 300 km south to near 600 
km north. It overlaps and extends further poleward 
of the plasma containing enhanced 7,- values. It is 
important to mention that, when the ion drift is 
large (as inside the plasma jet) the ion gas becomes 
anisotropic and the ISR only measures the line-of- 
sight ion temperature, this is to say, only the 
component of 7,- along the antenna look angle. 

The appearance of a region with large ion veloc- 
ities accompanied by enhancements in 7, becomes 
more evident after examination of Figures 5a and 
5c. This figure displays the early stages of the 
formation of a deep density depletion. Both regions 
containing Ne - 5 x 105 cm-3 have continued 
drifting poleward. The 7, enhancement seen in 
Figure 4, 200 km to the south, has moved to an 
almost overhead location. Between scans, the 7, 
structure has drifted a distance almost equal to the 
distance traversed by the Ne structure. In contrast, 
the Te enhancement, which was observed in the 
preceding scan (50 km south), has remained at the 
same geographic location, although the electron 
temperature in the E region has intensified. The 
density contours also display prominent differences 
near the region of the temperature enhancements 
(-100 km south). At altitudes below 200 km, we 
find densities that seem to have been produced 
locally. The poleward velocity of the Ne structures 
is 670 m s-1. 

Figure 6 shows the full development of the 
break-off event and the deepening of the plasma 
depletion. Because of the discontinuous appear- 
ance of the density contours, we have named this 
process a density break-off event. Three of the 
parameters measured by the radar (Vios, T-t and 
Ne) display substantial changes in a region extend- 
ing 200 km in latitude (between 0 and 200 km 
south) and at least 400 km in longitude, from al- 
most due west to overhead of the ISR. The den- 
sity depletion region which encompasses this 
region may stretch well beyond the limits of the 
AZ scan. Within this region the F region density is 
less than 105 cm-3. The Digisonde located at 
Sondrestrom, as will be shown in section 2.4, only 
recorded oblique echoes suggesting the near 
complete loss of the F region in the center of the 
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Figure 6.    Similar to Figure 3, but corresponding to the time interval between 1259 and 1303 UT. 

figure. Figure 6a also depicts the line traced in 
Figures 3a and 3d; it is drawn here at the same 
geographic location to indicate that the sheared 
velocity feature remains stationary in a frame coro- 
tating with the Earth. The largest 7/,- value that we 
observed during this scan was -5000 K in the E 
layer and 74°A. 

Figures 7 and 8 show data obtained during two 
EL scans in the magnetic meridian. Here the newly 
formed region of depleted density is seen drifting 
poleward together with columns of large ion veloc- 
ities and enhanced values of 7/,-. By contrast the 

region of enhanced Te containing values above 3000 
K (~0 km distance) has moved no more than 100 
km since the EL scan that started at 1251 UT. The 
density in the F region has decayed and only a weak 
•F] region still persists, probably due to the tenuous 
solar UV radiation that is present at this latitude 
during this time of the year. The density profiles 
within the depleted region peak at 200 km and have 
a maximum value equal to 105 cm"3. Figures 7c 
and 8c reveal that the enhanced ion temperature is 
subsiding; 7",- has diminished to values near 2000 K, 
concurrently the ion velocity has also decreased 

180 



VA).LADARIES ET AI..: FV1DHNCF FÜR Till: FORMATION 01- PATCHES 177 

(OEO m8»H 

rM 1 1         *5J        *M           !            1            1 
^        o 

O %    *   0 -" •      . *         « V           "        o w -v                         o       o 

O 
■"- \\\ 

m 

" °„ ^* * x\ 

'^£:^%   ■ h 
h ■ „   «"   <=» ^>a 

V 
•a c 
o 

00 

'   *          •   "      .'-•>■'. 

tJ '        -       -      '  s 
■                       ''s 

„«.ö "         ^        *■        * 
■"'S' 

*f*       -         '   • " 
*"       '    / 

o » 
o '              , 
CQ s 

tu 
u. 
o\ ~" 1 i        r        i        i        i        i 

8 f 
~ b 

(nni) iqSisH 

8 8 8        8 

3 

3 
00 

o 

E 
in 

— -p    u 
3 

181 



178 VALFADARFS IT AI..: FVIDFNCF FOR THF FORMATION OF I 5ATCHI-:S 

-* .  '        -      -      ' 

. a •*            s           s 

o / 
as 

a* 
1 f     '        I                     ,                     , 

8        | 

fool) iqSi?H 

182 



VALLADARES ET AL.: EVIDENCE FOR THE FORMATION OF PATCHES 179 

GRlil-NI.AN'DMACNI-TOMI-TI-R CHAIN 

H 

IVI;[-:HRI-ARY W 

Ul'N 

UMQ 

GDH 

ATU 

STF 

SKT 

NRD  - 

DMH - 

SCO 

i  i  ! -H—i—i—(—■—t- 

\. 
- 85 X       I'M I 

7y.V      Ul'N   - 

77 1      UMQ - 

76.4      GDH 

-75.1      ATU   - 

I   [   I   i—I   |   I   I   [   I   I   |   I   I—I—1   i   |   i   i   I   I   i 

10 11 12 13 

UT (Hours) 
14 

- 73.8      STI-"    - 

72.7     SKT 

81.0      NRD 

77.0      DMH 

72.0 

-i—I—I—H 

10 II 12 13 

UT (Hours) 

Figure 9. Stacked plot of the (a) H and (b) Z components of the magnetic deviations from the 
Greenland chain of magnetometers from 1000 to 1400 UT on February 19, 1990. The vertical dotted 
lines depict the times when each station recorded the largest magnetic fluctuation associated with 
the fast plasma jet of Figure 6. The locations of the respective stations are shown in Figure 1. 

and has become of the order of 1 km s ~'. However, 
the density inside the region of the fast plasma jet 
will remain at a low level until it is replenished by 
solar UV radiation. The time needed by solar illu- 
mination to rebuild the ionospheric density to a 
level comparable to the Ne before the density 
break-off event is of the order of 1 hour. Between 
1304 and 1308 UT, the equatorward wall of the Ne 

structure located further north has drifted at a speed 
equal to 400 m s ~'. 

The ISR data show the development of an east- 
west aligned region of strong eastward plasma flow, 
the fast plasma jet. This results in enhancement of 
Th and enhanced recombination and the separation 
of the initially rather uniform plasma tongue into 
two discrete patch-like structures. We have ob- 

served the creation of a "patch" from what was 
initially a rather uniform plasma tongue. 

2.3.    February 19, 1990, Magnetometer Data 
Figure 9 shows the northward (H) and vertical (Z) 

components of the magnetic field deviations mea- 
sured by the Greenland chain of magnetometers. 
The top seven traces of both panels show data 
obtained by stations located on the west coast. The 
other three curves present magnetic field measure- 
ments of the magnetometers situated along the east 
coast of Greenland. The locations of the ground- 
based magnetometers range from 85°A to 73°A. 
Close examination of the magnetic deflections mea- 
sured between 78° and 73°A reveal a high degree of 
correlation. Large positive and negative bays with 
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Qaanaaq 

19Feb90 Sondresirom 

Figure 10. Variations of f0F2 as a function of UT on 
February 19, 1990, recorded at two stations: Sondrestrom 
(67°N, 51°W) and Qaanaaq (77.5°N, 69.2°W) 

amplitudes in excess of 300 nT are seen during this 
4-hour segment, typical for midday and active mag- 
netic conditions. Near 1300 UT there is a prominent 
negative bay in the H component (290 nT at the STF 
station—Sondrestrom), that lasts 15 min. This mag- 
netic deflection is present in all the west coast 
stations and displays a phase delay between adja- 
cent stations; the magnetic fluctuations appear at 
later times at stations located further poleward. The 
dotted vertical lines highlight the time when the 
largest negative values occur. Recall that the fast 
plasma jet was also detected by the ISR during the 
AZ scan starting at 1259 UT. In section 2.2, we also 
demonstrated by utilizing two successive EL scans 
that the fast plasma jet drifted poleward after 1300 
UT. The excellent correlation, temporal and spa- 
tial, between the large negative bay on the magne- 
tometer and the ISR measurements suggests that 
the large electric field associated with the fast 
plasma jet drives large Hall currents which are 
responsible for the magnetic fluctuations observed 
on the ground. We also suggest that the deep F 

region depletion does not affect substantially the 
height-integrated Hall conductivity, as this mainly 
reflects the E layer conductivity. As the plasma jet 

'    drifts poleward, it subsides and the amplitude of 
[    magnetic field fluctuations, as detected by the dif- 
;■    ferent magnetometer stations, sharply decreases. 

The magnetometer labeled  THL and located at 
Qaanaaq (85°A) detected a weak negative bay at 
1329 UT, some 29 min after the one observed at 
Sondrestrom. This reduction in the flow was con- 
firmed by the 7,- and V,os measured by the radar 
during the scans of 1304 and 1308 UT. The vertical 
component of the magnetic deviations (panel Z) 
also shows a magnetic disturbance moving pole- 
ward. 

2.4.    February 19, 1990, Digisonde Data 

On this day both the Qaanaaq and the Sondre- 
strom Digisondes  recorded  digital  ionograms at 
5-min intervals, each sweep being followed by a 
series of drift measurements. Figure 10 shows the 
f0F2 time histories for the two stations. The lower 
panel of Figure  10 shows that patch type f0F2 

enhancements started at Sondrestrom at 1215 UT 
(arrow 1), with/0F2 rising from a background of 4.5 
MHz to initially 6 MHz and after 1300 UT to >7 
MHz. At 1300 UT (arrow 2) the enhancement in 
f0F2 is sharply interrupted, the ionogram shows no 
overhead trace. The only returns observed at this 
time are identified by the Digisonde as being of 
clearly oblique origin. At this time the ISR mea- 
sured an overhead density of less than 105 cm-3, 
and the fast plasma jet was observed. The Sondre- 
strom magnetometer also measured at this time the 
previously discussed strong negative bay in the 
magnetic field H component. 

About 40 min later, at 1255 UT the Digisonde 
observations at Qaanaaq, shown in the top panel, 
also indicate the onset of an F layer patch event 
with a sharp increase in f0F2 (arrow 1) from a 
background near 4 MHz to a series of strong 7- to 
8-MHz enhancements. These increases are sepa- 
rated into patches by sharp decreases down to 
between 4.0 and 5.5 MHz. The transit of polar cap 
patches through the Qaanaaq zenith is abruptly 
terminated at 1435 UT (arrow 3), approximately 45 
min after Bz changed from being strongly negative 
to a series of short positive and negative reversals. 
The sharp decrease from 7 down to 4 MHz occurred 
at 1335 UT (marked by arrow 2). The f0F2 behavior 
described above is typical for patch observations at 
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Qaanaaq [Buchau et «/.. 1983; Weber et «/.,  1984; 
Buehau and Reinisch. 1991]. 

The patch evenls starting at the times marked 
with arrow 1 in the/„F2 time histories of Sondre- 
strom and Qaanaaq, respectively, are most likely 
related,  with  the  two  Digisondes  observing  the 
same F layer patch train at slightly different inter- 
sects with respect to the maximum density centers 
of the respective patches. This may explain the 
differences in f0F2 observed at the two observato- 
ries. Throughout the 1200-1500 UT observing pe- 
riod, the Qaanaaq Digisonde observed antisunward 
convection, with the velocity magnitude at 1200 UT 
approximately 450 m s ~', increasing to 900 m s"' at 
1400 UT, and slowing down to 450 m s ~' after 1500 
UT. Since 1400 UT is near magnetic local noon for 
both stations, antisunward drift in this time sector 
directly connects the two stations. At an average 
antisunward convection velocity of 600 m s_I, the 
transit time from Sondrestrom to Qaanaaq (1300 
km) is about 36 min, in agreement with the 40-min 
separation in the observed onset times of the patch 
events at the two stations (arrows marked 1 in the 
respective panels). The estimated separation of the 
times, when the patch trains are ending at the two 
stations is s25 min, also in general agreement with 
the observed average antisunward convection ve- 
locity. The overall similarity of the patch observa- 
tions at the two stations, the supporting evidence 
provided by the Qaanaaq drift measurements, and 
the good temporal coincidences of the plasma jet 
related f0F2   depression   seen  at   both   stations 
(marked arrow 2) with the negative bays observed 
at Sondrestrom and Qaanaaq provide convincing 
evidence that the ionosonde data at the two stations 
are actually describing the same F layer patch 
event. Similar evidence was also provided by scin- 
tillation measurements made at Thule and Sondre- 
strom during the same period of time [Basu et al., 
this issue]. 

The inspection of selected ionograms from the 
two stations (Figure 11) describing the ionosphere 
on either side and in the center of the plasma jet 
shows strong similarities and provides further evi- 
dence that we are observing the initial plasma 
break-off event at Sondrestrom, and subsequently 
the passage of the newly generated patch and the 
remaining signature of the depletion produced by 
the plasma jet, at Qaanaaq. The individual frames of 
two sequences of ionograms shown in Figure 11, on 
the left side (Figure 11a) are those from Sondre- 

SONDRESTROM QAANAAQ 

100^ 

Figure 11. Sequence of selected ionograms taken during 
the transit of the polar cap patches and the passage of the 
region of highly depleted plasma on February 19, 1990. 
The column to the left presents ionograms recorded at 
Sondrestrom, and the one at the right were obtained at 
Qaanaaq. 

Strom, on the right (Figure lib) those from 
Qaanaaq, indicate in three different shades the 
nature of the echoes. Black indicates overhead 
echoes with o polarization, dark grey represents all 
x echoes, and light grey oblique (o polarization) 
returns. 

The Sondrestrom ionograms (Figure 11a) at 1250 
and 1255 UT show f0F2 values near 5.9 MHz, 
mixed with weak oblique returns. The ionogram at 
1300 UT shows complete absence of overhead 
echoes; only oblique echoes are observed, probably 
originating from the walls of the two adjacent Ne 

structures. This unique signature is the result of the 
low density directly overhead the station, and 
bounded to the north and to the south by high 
densities, as seen in Figures 6 and 7. The ionogram 
at 1305 UT shows the passage of the southern 
density structure into the zenith, in excellent agree- 
ment with the EL scan at 1304 UT (Figure 7). There 
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arc considerable oblique returns; however, the Di- 
gisonde is able to measure frb\ - 7.1 MHz, in 
accord with the 6 x 10s cm maximum electron 
density measured by the radar. 

As previously discussed, plasma velocities mea- 
sured at Qaanaaq, suggested, that the patch struc- 
tures starting at  1215 UT at Sondrestrom and at 
1255 UT at Qaanaaq represented the same ensem- 
ble of plasma patches. This was also suggested by 
the timing of the observation of the negative bay, 
the magnetic signature of the plasma jet creating the 
deep break in the plasma tongue, at Sondrestrom 
and Qaanaaq. On the basis of this conjecture, we 
proceed to compare the ionograms in Figure 11a 
with  the  corresponding Qaanaaq ionograms ob- 
tained 30-35  min later (the approximate 36-min 
travel time inferred from the Qaanaaq drift mea- 
surements, and from the 29-min difference in arrival 
times of the negative bay at the two stations). There 
is close agreement between the f0F2 value mea- 
sured at Sondrestrom at 1255 UT (5.7 MHz), and 
the Qaanaaq/0F2 value at 1330 UT (5.9 MHz). The 
Sondrestrom f0F2 value at 1305 UT (7.2 MHz) and 
the Qaanaaq f0F2 at 1340 UT (7.7 MHz) are very 
close in  magnitude.  The ionograms in between 
these   observations   (Sondrestrom   at   1300   UT, 
Qaanaaq at 1335 UT) show a strong reduction in 
density, which in Sondrestrom had been related to 
the  occurrence  of the plasma jet, generating a 
strong density depletion. While the Sondrestrom 
ionogram indicated total lack of overhead traces, 
with the ISR measuring a maximum density of 105 

cm-    in  the depletion,  the Qaanaaq ionogram, 
related to likely that same depletion, indicates a 
maximum density near 2 x 105 cm-2, a factor of 2 
larger than at Sondrestrom. We believe that this 
discrepancy can be reconciled if we consider that 
production by solar UV radiation during the transit 
of the depletion from Sondrestrom to Qaanaaq is 
replenishing ionospheric plasma in the recently gen- 
erated depletion. It should be noted that the solar 
terminator, at the time of the observations, was 
located north of Qaanaaq. 

2.5.    September 14, 1991, ISR Data 
The scan sequence that was used on September 

14, 1991, consisted of a modified scheme of the scan 
sequence of February 19, 1990. The purpose was to 
diagnose a larger area of the sky. Consequently, the 
azimuth scan was extended to cover a full 360°, and 
the elevation angle was lowered to 30°. This allowed 

the radar to map a circular area -1600 km in 
diameter. The scan rate was also made faster in 
order to maintain a cycle time comparable to the 
one used on February 19, 1990. 

This section presents another case study of a 
density break-off event. The data shown were ac- 
quired on September 14, 1991. Here again, a section 
of the ionospheric plasma was "carved" out of a 
quasi-uniform ionosphere. The prominent feature 
on this day is the existence of two plasma jets of 
oppositely directed fast flows, separated by a region 
of intense precipitation. As will be illustrated in 
Figures 12-14, a considerable amount of soft pre- 
cipitation seems to have been deposited between 
the channels containing large flows, in a region 
where convergent electric fields exists. In this ex- 
ample, we will see  how  the F,   region plasma 
density (between 200 and 300 km altitude) is aug- 
mented. During the experiment the geomagnetic Kp 
index was 4, and the daily solar flux was 183. At the 
time of the experiment the IMP 8 satellite did not 
provide IMF coverage. Equally unfortunate was the 
loss of the Digisonde receiver at Qaanaaq that 
prevented us from tracking the patch transit inside 
the polar cap. Nevertheless, we present this data 
set to show the ease with which these localized 
plasma jets produce break-off events.  Actually, 
patches had been observed on this day starting, at 
least, as early as 1230 UT [Wang et al., this issue]. 

The line-of-sight velocities of Figure 12a indicate 
a predominant general poleward convection in al- 
most any direction probed by the radar. It is only in 
the southwest part of the scan that Vlos shows a 
direction and magnitude different to what would be 
expected from a strictly uniform and steady pole- 
ward directed flow. If we assume that the global 
convection pattern is similar to the statistical pat- 
tern presented by Heelis et al. [1982] or by Heppner 
and Maynard [1987] during Bz southward orienta- 
tion, then we are forced to conclude that the radar 
was probing the throat region, where the plasma 
gains direct entry into the polar cap. The equiden- 
sity contours of Figures 13a and 13b indicate en- 
hancements of between 5 to 7 x 105 cm-3 to the 
SE, overhead, and NW, with lower densities (s4 x 
105 cm-3) to the NE and SW. This is most likely 
the signature of a plasma tongue centered at or 
slightly to the west of Sondrestrom, convecting 
approximately along the magnetic meridian. The 
velocity measurements of Figure 12c show a more 
structured pattern. One region, situated to the west 
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Figure 12. Line-of-sight velocities measured by Sondrestrom ISR during 6 consecutive scans on 
September 14, 1991. Figures 12a, 12c, and 12e present a top view of the LOS velocity projected to 
a horizontal plane tangent at the radar site. Figures 12b, 12d, and 12f present LOS velocities in the 
magnetic meridian plane. Notice the area probed by the radar has been enlarged to cover ±800 km. 
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Figure 13. Density contours corresponding to the six scans of Figure 12. The spacing between the 
contours js 10 cm .To obtain the densities of Figures 13a and 13e, the antenna beam scanned 
from 140° (magnetic south) and continued clockwise. In Figure 13c the antenna started at magnetic 
north and continued counterclockwise. 
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of ihc station presents caslward (lows and another 
region loealed to the east contains large westward 
velocities. These two large flows bound a region of 
large convergent electric fields where 7',. is ob- 
served to exceed 3000 K (sec Figure 14b). The LOS 
velocity of Figure 12«' shows that the large flows 
(plasma jets) move slightly toward the pole. A more 
structured velocity pattern is observed in the scan 
of panel f. 

Figure   13  shows  the  density  contours  corre- 
sponding to the six scans of Figure 12. Notice that 
the contour spacing of Figure 13 has been changed 
to 105 cm-3. The EL scan starting at  1458 UT 
(Figure  13b) shows that the density profiles are 
quite uniform in latitude. This scan was performed 
a few minutes before the plasma jet reached the 
radar field of view. Figure 13c shows data obtained 
during the azimuth scan that started at 1501 UT, at 
the time when the fast plasma jet was first detected 
inside the ISR field of view. Here the Ne contours 
reveal the first sign of a density break-off event. In 
a SW direction from the radar the maximum density 
intersected is 2 x 105 cm ~3, forming a trench which 
pinches off the plasma tongue at a location, where 
between 1451-1458 plasma density were >4 x 105 

cm-3. A region containing high 7,- values is per- 
fectly collocated with this density depletion. Figure 
13d indicates that at 200 km south distance and 
between 200 and 300 km altitude the density has 
been augmented. Figure 12c had indicated that near 
this southward distance, there were large conver- 
gent electric fields, suggesting that this region was 
associated with intense upward field-aligned cur- 
rents. Even though we do not have information 
regarding the temporal variation of the particle flux 
impinging on this region, the presence of an ele- 
vated Te between 200 and 700 km altitude, every 
time we bisected the southern part of the field of 
view, is a sure indication of a continuous precipita- 
tion of soft electrons. Further, 16 min is a reason- 
able time interval for soft precipitation to produce a 
density buildup at 400 km [Roble and Rees, 1977] 
fromnear8 x 105 (1451 UT) to 9 x 105cm~3 (1507 
UT) and at 250 km height from near 4 x 105 (1451 
UT) to 5 x 105 cm-3 (1507 UT). The peak densities 
continue to increase, reaching by  1516 UT  106 

cm-3  (F2) and 8  x   105  cm-3  (F,),  indicating 
continued strong soft fluxes. The maximum density 
increase over the —25 min covered by Figures 
13a-13f is 35% (17% in/0F2). Thus we are able to 
conclude, with confidence, that the excess F2 and 

/•, region densities have been produced locally by 
soil electrons. 

The A/, and EL scans of Figures 13c and 131" 
show the time evolution of the plasma-eroding 
process. The density depletion located to the west 
becomes wider and the fast flow to the cast starts 
eroding the local AL. The /■", region enhancement is 
also seen becoming more pronounced and drifting 
poleward. 

Figure 14a shows a Te enhancement (>4000 K) to 
be located 400 km south with its altitude variation 
aligned parallel to the magnetic field (—80° eleva- 
tion). Figure I4b shows that the same Te enhanced 
region has drifted 200 km to the north, and up to 100 
km south of the radar in Figure 14c. 

On the basis of the above description, it is possi- 
ble to reconstruct the disposition of density struc- 
ture in space instead of along the scan surfaces. The 
Ne structure should extend approximately 300 km 
in latitude and at least 1000 km in longitude. The 
maximum density is 1.1 x 106 cm-3 at —300 km 
altitude. The density structure has been pinched off 
from the original tongue by a trench with a maxi- 
mum density of 3 x 105 cm-3, centered 250 km 
north of Sondrestrom. 

3.    Discussion 
The data presented here were gathered on two 

different days each one corresponding to a different 
season of the year. Nevertheless, the formation of 
density depletions is readily seen on both days. On 
February 19, 1990, several different instruments 
operated simultaneously. The Sondrestrom ISR, 
the Digisondes at Qaanaaq and Sondrestrom, the 
Greenland chain of magnetometers and the magne- 
tometer located at Iqaluit, all have provided data to 
define the extension in longitude and latitude and 
the time evolution of the patch formation processes. 
The scan configuration that was adopted by the 
Sondrestrom radar helped us to obtain a complete 
view of the dynamics of the fast plasma jet. For the 
September 14, 1991, case study we are only pre- 
senting data obtained by the Sondrestrom radar. 
The large area mapping of the ionosphere provided 
by the ISR allow us to observe, every 9 min, an area 
extending ~2 hours of MLT and 12° in latitude. 

The common characteristics of the density break- 
off events which were observed on both days, is the 
excellent collocation between density depletions, 
large flows, and elevated ion temperatures. This 
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Figure 14. Electron temperature measured by the Sondrestrotn ISR during three EL scans on 
September 14, 1991. The LOS velocities corresponding to these scans were presented in Figures 
12b, 12d and 12f. 

feature is very suggestive of a 7",-dependent recom- 
bination rate which produces a sizeable reduction in 
the F region density. However, in order to claim 
that the Ne depletion was in fact produced by 
enhanced recombination rates, it is necessary to 
establish that the plasma flowing along the jet had a 
residence time long enough to produce a significant 
decay of the F region. This means that the fast 
plasma jet has to extend a distance of the order of at 
least 1000 km and have no velocity component 

perpendicular to the alignment of the channel, or 
alternatively, it is necessary to demonstrate that the 
channel, as a whole, is moving with a speed equal to 
the component of the background velocity perpen- 
dicular to the jet alignment. We will show that the 
latter case represents fairly well the observations of 
February 19, 1990. 

In section 2, we dedicated special emphasis on 
the formation of the Ne depletion because the 
density level that is observed at Sondrestrom mov- 
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Figure 14.    (continued) 

ing poleward will be well above the background 
density level when it reaches Qaanaaq and will auto- 
matically qualify as a region of enhanced plasma at 
the center of the polar cap. Thus we are suggesting in 
this paper that the patchy structures that are observed 
in the polar cap can be formed by eroding a part of the 
ionospheric plasma that is moving toward the polar 
cap, creating in this way a succession of enhanced and 
depleted density structures. 

3.1.    February 19, 1990, Case Study 
Figure 15 presents the N-S displacement of three 

structures that have been identified in the radar and 
magnetometer data collected on February 19, 1990. 
These features are (1) the region of enhanced den- 
sity (N) first seen on the AZ scan starting at 1247 
UT and located during this scan at 300 km south, 
100 km west of the radar station, (2) the ion tem- 
perature enhancement (/), collocated with the re- 
gion of fast flow and best identified during the AZ 
scan that started at 1259 UT and situated to the west 
of the station, and (3) the high electron temperature 
(e) observed 200 km south of the station at 1256 UT. 
The lines labeled N, i and e represent the instanta- 
neous location of these three structures along the 
meridian scan. The dotted line represents the time 
when different magnetometer stations along the 
west coast detected peak magnetic deflections. The 
agreement between the high  7",- structures (that 

implies large ion velocity) and the dotted line is not 
a surprise. It points out the fact that the large flow 
velocities are able to drive large horizontal mag- 
netic deflections. The density structure (labeled N 
in Figure 15) moves with an average velocity equal 
to 700 m s ~'. The 7} structure follows fairly well the 
general poleward motion of the density enhance- 
ment. The Te curve shows a swift change at 1257 
UT but before and after this time seems to remain 
quite steady in the radar frame of reference. 

Close examination of Figure 15 indicates that there 
is a 250 m s ~' relative velocity between the density 
and the T-, structures. Knowing that the F region 
plasma density is subjected to motion according to the 
magnitude and direction of the imposed E x B, we are 
able to conclude that in the frame of the fast plasma 
jet, there is a velocity component perpendicular to its 
alignment. If we take into consideration that the jet is 
about 300 km wide, then it will take 20 min for the 
plasma to move across this width. 

The longitudinal extension of the plasma jet dis- 
cussed above can be visualized with the help of 
Figure 16. Here we plot the equivalent drifts of the 
magnetic deflections measured by the magnetome- 
ters located on the west and east coasts of Green- 
land and the magnetometer located at Iqaluit (Can- 
ada). To obtain the drifts, we have followed the 
method of Friis-Christensen et al. [1988] and Lan- 
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Figure 15. Poleward displacement of the electron density, ion, and electron temperature structures 
observed during the EL and AZ scans of February 19, 1990. The N-S distance is measured along the 
meridian. The dotted line depicts the time when the largest negative deflection of the H component 
was detected by the chain of magnetometers along the west coast of Greenland. 

zerotti et al. [1987]. Using the same assumptions as 
were made by these authors, we consider that the 
main source of the magnetic deflections measured 
at the ground is the circulation of Hall currents in 
the E region. Consequently, a 90° counterclockwise 
rotation was applied to the magnetic horizontal 
vectors in order to obtain equivalent drift vectors. 

Figure 16 shows a series of snapshots obtained 
every 5 min of the equivalent drifts deduced from 
nine   different   magnetometer   stations   spanning 
—2000 km in longitude. Figure 16a marks the first 
time that the fast plasma jet was seen by stations 
located on the west coast of Greenland. The Iqaluit 
magnetometer detected an intense eastward flow 
even before this time. Figure 16b (1300 UT) shows 
intensification of the plasma jet at the Sondrestrom 
(STF) station. At later times (Figures 16c and 16d) 
the intense flow is seen at stations located even 
further poleward, finally reaching Qaanaaq (Qa/ 
THL) at -1330 UT, (see Figure 9). Figure 16 gives 
an indication of a vortexlike motion at latitudes near 
70°. This feature agrees well with the reversal of the 
line-of-sight velocity detected to the north by the 
ISR during the AZ scan starting at 1259 UT. The 
eastward boundary of the fast plasma jet is best 
illustrated by the vectors measured at the Scores- 
bysund (SCO) station, located on the east coast of 
Greenland. The plasma velocity is seen to have 
rotated to a more poleward direction. Figure 16b 
delineates the dimensions of the velocity structure 

to be about 2000 km in longitude (from the Iqaluit to 
the Scoresbysund stations) and —600 km in the 
north-south direction. Figure 17 shows that the 
amplitude of the resolved velocity in the fast plasma 
jet is 2 km s-1 (requiring an electric field of 100 mV 
m_1). It will therefore take 16 min for a particle to 
go along the jet channel. Banks et al. [1974] calcu- 
lated that a time interval of 10 min was required for 
an electric field of the order of 100 mV m-1 to 
substantially decrease the F region O + density under 
conditions of enhanced recombination using the reac- 
tion 0+ + N2 -»■ NO+ + N. Thus the 16-min time 
interval is long enough to guarantee substantial loss of 
the 0+ F region density, corroborating the Sondre- 
strom ISR and Digisonde measurements. Lockwood 
et al. [1990b] presented evidence suggesting that a 
recently opened flux tube experiences a magnetic 
tension force during a time interval between 5 and 10 
min. The upper limit is in accord with the time needed 
for the F region plasma to recombine. 

The magnitude and direction of the velocity have 
been resolved using independently the line-of-sight 
velocities obtained during the EL and AZ radar 
scans. These results are plotted in Figure 17. Each 
of the panels depicts the velocities corresponding to 
only one scan. To calculate the velocity vectors, we 
have used the same algorithms employed by Valla- 
dares and Carlson [1991]. In essence, this method 
consists of applying the divergence-free condition 
of the velocity for data collected during AZ scans 
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Figure 16. Equivalent drifts calculated from the H and D components of the magnetic fluctuations 
measured by several stations of the Greenland chain of magnetometers on February 19, 1990. The 
vector to the left is based on measurements performed by the Iqaluit magnetometer. The dotted lines 
represent constant L shell starting at 70° invariant latitude and proceeding in steps of 4°. 

and the property of the field lines being equipoten- 
tial for the analysis of the LOS velocities obtained 
during the EL scans. Figures 17b-17d display the 
velocity at times when the fast plasma jet event was 
located inside the field-of-view of the Sondrestrom 
radar. These three frames show clearly the rotation 
of the velocity vectors located poleward of the ISR 

station. This fact agrees well and confirms the 
results of the equivalent drifts which were deduced 
based on the magnetometer recordings alone. 

3.2.    September 14, 1991, Case Study 
The uniform poleward motion of the plasma that 

was clearly seen during the AZ scan starting at 1451 
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Figure 17. Velocity vectors derived from the LOS velocity corresponding to (a) the azimuth scan 
of 1247:02 UT (Figure 3), (b) the elevation scan of 1256:00 UT (Figure 5), (c) the azimuth scan of 
1259:49 UT (Figure 6), and (d) the elevation scan of 1304:09 UT (Figure 7) on February 19, 1990. The 
vectors of Figures 17b and 17d were calculated combining the E and F region LOS velocities 
measured along the same field line. The vectors of Figures 17a and 17c were computed using the 
divergence-free property of the velocity (V - V = 0). 

UT on September 14, 1991, suggested that the total 
velocity pattern in the radar field of view can be 
represented as the addition of two velocity struc- 
tures. One consists of a uniform horizontal velocity 
directed poleward, while the other is formed by the 
residual LOS velocities representing mainly a sys- 
tem of oppositely directed flows. 

Figure 18 shows the residual LOS velocities for 
four AZ scans, three of them were shown in Figure 
12. These plots were obtained after subtracting a 
uniform velocity of -500 m s_1 pointing almost 

magnetic north to the Iine-of-sight velocities mea- 
sured during the four AZ scans. The presence of a 
region containing a sharp velocity reversal located 
to the south of the station becomes evident from 
these plots. This sharp velocity shear (indicated in 
all four panels by a solid line) extends from east to 
west all across the area probed by the radar. The 
location of the velocity reversal coincided with the 
latitude, where enhanced values of Te were ob- 
served in Figure 14 and also with the location of 
elevated densities at the altitude range of 200 and 
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Figure 18. Residual line-of-sight velocity obtained after subtracting a uniform velocity from all the 
LOS velocities measured by the radar on September 14, 1991. The location of a sharp reversal to the 
south and propagating poleward becomes more evident in this format. 

300 km, as seen in Figure 13. Thus we suggest that 
this region marks the location of intense upward 
currents, probably carried by the soft electron popu- 
lation responsible for the tenuous Ne enhancement. 

Numerical calculations of the production rate and 
the density enhancement produced by a downward 
electron flux containing an average energy of 100 eV 
have indicated that 15 min is a reasonable time inter- 
val to increase the plasma density at 300 km altitude 
by 30% (R. Sheehan, private communication, 1993) 
for the ionospheric conditions that prevailed during 
the observations of September 14, 1991, that is, solar 
maximum and Ne ~9 x 105 cm-3. 

Fast plasma jets accompanied by elevated 7,- 
were also observed during this day exactly collo- 
cated with regions of depleted densities. Even 
though the velocity is only near 1.5 km s-', the 
exact collocation of the jets and the density deple- 
tions is very suggestive of enhanced recombination 
being responsible for the almost complete loss of 
the F region density. 

3.3.    Model Description 

A complete view of the processes leading to the 
break-off event, therefore, starts to emerge, in 
which the fast plasma jets are produced by the 
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Figure 19. Schematic drawing showing a possible scenario for polar cap patch formation and the 
evolution of the density break-off event at two different times, (a) At T = 2 min, near the beginning 
of the event and (b) at T = 12 min, when the density break-off event was fully developed. The wide 
arrows in the lower panels depict the location of the region containing large ion velocities. The upper 
panels show the evolution of the density contours in a latitudinal cross section similar to the radar 
elevation scans. Note the poleward displacement of the A', structure along with the fast plasma jet 
channel. 

tension force on recently reconnected field lines. 
The large velocities are observed in the prenoon 
sector in accordance with the location of a recon- 
nection impulse when By is negative. In the Febru- 
ary 19, 1990, data, we observe a region of persistent 
Te enhancement located to the south of the jet. This 
is very suggestive of the cusp region being within 
the radar field of view. All these features have been 
included in Figure 19, where we summarize the 
sequence of events that culminate in a density 
break-off event. In the diagram we indicate that 
there is a general poleward ionospheric motion and 
superimposed on this, we find the fast plasma jet 
localized in latitude with an eastward velocity. At T 

= 2 min (Figure 19a), only a tenuous erosion of the 
F region density has occurred. Later, at T = 12 min 
the density in the F region has decayed to 105 

cm-3, and both the plasma jet and the density hole 
have drifted to poleward latitudes. 

Thus on the basis of the data presented here and 
the Cowley et al. [1991] model of newly recon- 
nected field lines, we conclude that a density break- 
off event can occur just poleward of the cusp. In 
this scenario the formation of a polar cap patch can 
be understood as the ionospheric response to a 
time-dependent solar wind-magnetopause interac- 
tion. The process described here requires changes 
in the reconnection rate, to cause a variable flow 
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pattern containing a fast plasma jet and adjacent 
regions of smaller velocities. This mechanism is 
different to the patch production process presented 
by Lockwood and Carlson [1992]. We claim that the 
mechanism outlined here is able to form discrete 
polar cap patches with dimensions of the order of 
hundreds of kilometers. However, other mecha- 
nisms, such as continuous By reversals [Sojka et 
ai, 1993] may also help to produce the large variety 
of patch shapes and sizes that are commonly ob- 
served at Qaanaaq. 

4.    Conclusions 
This study leads us to these conclusions: 
1. The Sondrestrom ISR and the chain of mag- 

netometers located at Greenland have detected 
plasma jets containing velocities in excess of 2 km 
s ~ . These large flows were observed to be accom- 
panied by ion temperatures exceeding, in some 
cases, 5000 K. The extension of the fast plasma jet 
was determined to be at least 2000 km in longitude 
and to cover 300 km in the N-S direction. 

2. The fact that the fast plasma jet of eastward 
velocities was observed in the prenoon sector dur- 
ing conditions of negative IMF By, and the concur- 
rent radar measurements which indicated the pres- 
ence of soft precipitation near the equatorward 
boundary of the plasma jet suggest that the large 
velocities measured by the radar, and indirectly by 
the ground-based magnetometers, were intrinsically 
related to the tension force exerted upon recently 
reconnected field lines. 

3. The fast plasma jet was found to be collo- 
cated with regions of low F region density. A factor 
of 6 decrease in the local density was observed 10 
min after the jet was established as a quasi-steady 
feature. We conclude that an enhanced recombina- 
tion rate of the O + + N2 reaction was responsible 
for eroding a substantial volume of the high-latitude 
F region. 

4. The radar and the Greenland chain of magne- 
tometers have described the temporal evolution of the 
fast plasma jet. We have observed the jet to move 
steadily in the poleward direction and with a magni- 
tude close to the speed of the background plasma. 

5. It was calculated that any flux tube will reside 
in the fast plasma jet, at least, for a time as along as 
15 min. This time interval is consistent with previ- 
ous theoretical calculations for the recombination 
time of the F region density in the presence of large 
electric fields [Banks et al., 1974]. 

6. The Digisondcs at Sondrestrom, and more 
importantly at Qaanaaq. detected the passage of 
three different plasma regions sequentially contain- 
ing high, low, and high densities. This confirms that 
on February 19, 1990, the creation of a region of low 
density at latitudes near Sondrestrom constitute the 
formation of polar cap patches when they are con- 
vected into the polar cap. 

7. The September 14, 1991, case study also 
shows the presence of plasma jets exactly collo- 
cated with an F region being eroded by the action of 
enhanced recombination rates. South of this region 
we encountered a region where Ne was locally 
created at altitudes between 200 and 300 km. How- 
ever, the total increase was not higher than 20% of 
the background plasma density. 
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Abstract. Recent measurements made with the Sondrestrom incoherent scatter radar have 
indicated that the formation of polar cap patches can be closely associated with the flow of a 
large plasma jet. In this paper, we report the results of a numerical study to investigate the role 
of plasma jets on patch formation, to determine the temporal evolution of the density structure, 
and to assess the importance of 0+ loss rate and transport mechanisms. We have used a time- 
dependent model of the high-latitude F region ionosphere and model inputs guided by data 
collected by radar and ground-based magnetometers. We have studied several different 
scenarios of patch formation. Rather than mix the effects of a complex of variations that could 
occur during a transient event, we limit ourselves here to simulations of three types to focus on a 
few key elements. The first attempt employed a Heelis-type pattern to represent the global 
convection and two stationary vortices to characterize the localized velocity structure. No 
discrete isolated patches were evident in this simulation. The second modeling study allowed 
the vortices to travel according to the background convection. Discrete density patches were 
seen in the polar cap for this case. The third case involved the use of a Heppner and Maynard 
pattern of polar cap potential. Like the second case, patches were seen only when traveling 
vortices were used in the simulation. The shapes of the patches in the two cases of moving 
vortices were defined by the geometrical aspect of the vortices, i.e. elliptical vortices generated 
elongated patches. When we "artificially" removed the Joule frictional heating, and hence any 
enhanced 0+ loss rate, it was found that transport of low density plasma from earlier local times 
can contribute to -60% of the depletion. We also found that patches can be created only when 
the vortices are located in a narrow local time sector, between 1000 and 1200 LT and at latitudes 
close to the tongue of ionization. 

1. Introduction 

Large-scale density structures are commonly observed 
in the polar cap. When the interplanetary magnetic field 
(IMF) is directed southward mesoscale (100 to 1000 
km), density enhancements, named polar cap "patches", 
drift across the polar cap in the antisunward direction 
[Buchau et al., 1983; Weber et al., 1984, 1986; Fukui et 
al., 1994]. When the IMF is directed northward, 
elongated streaks of precipitation- enhanced F region 
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plasma extend aligned to the noon-midnight meridian and 
move toward dawn or dusk [Buchau et al., 1983; Carlson 
et al., 1984; Valladares et al., 1994a]. Both types of 
structures can be associated with intense levels of 
scintillation [Weber et al., 1984; Buchau et al., 1985; 
Basu et al., 1985, 1989] and disrupt radio satellite 
communication systems. In this paper, we investigate 
theoretically the formation of plasma density 
enhancements that occur during B. south conditions. To 
conduct this study, we have used a three-dimensional 
time-dependent model of the high-latitude F region 
ionosphere developed by Anderson et al. [1988,1996] and 
Decker et al. [1994], Differing from previous attempts, 
we have incorporated into the model analytical 
expressions of localized electric field structures and their 
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time-dependence. We checked the validity of the model 
results by conducting a detailed comparison with data 
gathered from the Sondrestrom incoherent scatter radar 
(1SR) during patch formation events. 

The source of the plasma and the physical processes 
that   form   the   polar   cap   patches   have   been   under 
investigation for over 10 years.  Buchau el al. [1985] and 
de la Beaujardiere el al. [1985] were the first researchers 
to address the question of the origin of the density inside 
the patches. Buchau et al. [1985] measured values of/,/7, 
at Thule, Greenland (86° magnetic latitude), showing 
large fluctuations.  The minimum fuF2 values were equal 
to densities produced locally by the sun EUV radiation, 
but the maximum values were similar to the densities that 
were produced at locations equatorward of the auroral 
oval.    These observations suggested that the plasma 
density inside the patches was produced by solar radiation 
in the sunlit ionosphere, probably at subcusp latitudes, 
and then carried into and across the polar cap by the 
global convection pattern.   In fact, Weber et al. [1984] 
and Foster and Doupnik [1984] confirmed the presence 
of a large eastward electric field near midday, likely 
directing the subauroral plasma poleward.   Buchau et al. 
[1985]   found   also   that   the   occurrence   of  patches 
displayed a strong diumal UT control. The patches were 
seen at Thule almost exclusively between 1200 and 0000 
UT. This UT control of the polar cap F layer ionization 
was interpreted  in terms of the displacement of the 
convection pattern with respect to the geographic pole. It 
is because of this displacement that the polar convection 
is able to embrace higher-density plasma only at certain 
UT hours [Sojka et al,  1993,  1994].    However, the 
mechanism (or mechanisms) by which the auroral plasma 
can break up into discrete entities is still a matter of 
debate. 

Tsunoda [1988] summarized the role of different 
mechanisms conducive for patch generation. He 
suggested that changes in the By and/or B. components of 
the IMF could originate temporal variations in the global 
flow pattern, drastically disturbing the density distribution 
within the polar cap. In the mid 1980s, several theoretical 
studies were designed to study the production, lifetime, 
and decay of large-scale structures inside the polar 
ionosphere {Sojka and Schunk, 1986; Schunk and Sojka, 
1987]. These authors indicated that hard precipitation 
could produce plasma enhancements similar to the 
patches and blobs found in the auroral oval. They argued 
that in the absence of solar radiation, although the 
particle-produced 'E region will rapidly recombine, the 
longer lifetime enhanced F region ionization could build 
up and persist for several hours.    Sojka and Schunk 

[1988]   theoretically  demonstrated     that   large   electric 
fields could create regions of density depleted by a factor 
of 4.   Anderson et al. [ 1988] presented a model of the 
high-latitude /-' region that was used to investigate the 
effect of sudden changes in the size of the polar cap upon 
density enhancements transiting the polar cap.    While 
these model studies were able to form structures, most of 
the success in patch modeling has been attained only after 
the first High Latitude Plasma Structures meeting was 
convened at Peaceful Valley, Colorado, in June  1992. 
Sojka et al. [1993] conducted numerical simulations of 
the effect of temporal changes of the global pattern. The 
latter two studies were successful in producing density 
structures at polar cap latitudes. Decker et al. [ 1994] used 
six different global convection patterns and localized 
velocity    structures    to     reproduce    the    digisonde 
measurements off„F2 values at Sondrestrom.  Lockwood 
and Carlson [1992] used the formulation of transient 
reconnection [Cow/ey et al.,  1991] to suggest that a 
transient   burst   of   reconnection   together   with   the 
equatorward motion of the ionospheric projection of the 
X  line  could  extract  a  region  of the  high  density 
subauroral    plasma,    divert    the    subauroral    density 
poleward, and finally "pinch off the newly formed patch. 
More recently, Valladares et al. [1994b] has shown a case 
study where a fast plasma jet containing eastward directed 
velocities in excess of 2.5 km s"1 was able to increase the 
O   recombination rate and yield an east-west aligned 
region of reduced densities across a poleward moving 
tongue   of  ionization   (TOI).   Rodger  el  al.   [1994] 
presented data from the Halley Polar Anglo-American 
Conjugate Experiment radar in Antarctica, suggesting that 
a region of depleted densities can be carved out by 
increased O recombination due to large plasma jets. 

This paper presents a detailed modeling of the 
mechanism of patch formation presented by Valladares et 
al. [1994b] and Roger et al. [1994]. The mechanism 
described here operates in conjunction with a background 
poleward convection to produce mesoscale polar 
structures from subauroral plasma. This process may also 
have an essential role in determining the size and the 
shape of the polar cap patches. The basic elements of this 
mechanism are (1) a fast plasma jet, observed near the 
midday auroral oval, (2) enhanced ion temperature due to 
Joule frictional heating, (3) enhanced recombination rates 
of 0+, and, (4) transit of low density plasma from earlier 
local times. 

The paper has been organized in the following manner. 
Section 2 succinctly describes our model of the high- 

latitude ionosphere [Anderson et al., 1988; Decker et al., 
1994] and the calculations of the localized electric fields 
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incorporated into the model. Section 3 presents results of 
a computer model of a patch formation mechanism using 
convection patterns for typical IMF Bv positive and 
negative values. An assessment of the ability of 
enhanced recombination loss to erode parts of the TOI 
and to disconnect regions from the oval is also discussed 
in this section. Section 4 presents model calculations for 
vortices located at several different local times. The 
paper concludes with the discussion and conclusions 
section. 

2. Model Description 

The Global Theoretical Ionospheric Model (GTIM) 
calculates the density altitude profile of a single ion 
(0+) along a flux tube.  It solves the coupled continuity 
and momentum equations for ions and electrons.   The 
solution of the differential equations is simplified by 
selecting a coordinate system in which one dimension is 
defined parallel to the local magnetic field.  The model 
attains three-dimensionality by repeating the  profile 
calculations along many (a few thousand) flux tubes. 
The locations of the flux tubes are selected to cover the 
range of latitudes and local times  desired  for the 
simulation. The mathematical foundation of the GTIM 
model   was   introduced   by   Anderson   [1971,1973]. 
Although   initially   used   to   study   the   low-latitude 
ionosphere, it has been extended to include physical 
processes of the high-latitude ionosphere, such as the 
effects of large electric fields and particle precipitation 
[Anderson et al., 1988; Decker et al., 1994].   Recently, 
Decker et al. [1994] have described how the inputs to 
the GTIM  model  can easily accommodate  a time- 
dependent convection pattern and spatially  localized 
regions   containing   high   flows   to   represent   highly 
variable situations, such as those existing in the cusp 
region. Other geophysical input parameters, such as the 
neutral density and wind, along with several  initial 
conditions, such as the plasma density, can be freely 
defined to simulate different scenarios.   In this paper, 
we have adjusted the global convection pattern and 
included a local electric field to reproduce the velocities 
measured on February 19, 1990, by the Sondrestrom 
ISR. 

The radar and magnetometer measurements used to 
define the model inputs were discussed by Valladares et 
al. [1994b]. These authors observed a large channel 
oriented in the east-west direction containing jet-type 
eastward velocities of order 2 km s'1. In this channel, 
the ion temperature (T,) was enhanced and the density 
(Nt) was depleted.   These signatures in the T-, and Nc 

values implied a likely increase in the 0' recombination 
rate. Successive radar scans indicated that the plasma 
jet was continuously moving poleward. This motion 
was also confirmed by the large negative deflection 
seen at later times by magnetometers located at latitudes 
poleward of Sondrestrom. The large negative deviation 
of the H component due to Hall currents appeared at 
Qaanaaq 29 min after being observed at Sondrestrom. 
This implied an average poleward displacement of 620 
m s" for the plasma jet. Valladares et al. [1994b] also 
presented equivalent velocity vectors deduced from the 
magnetometers located along the east coast of 
Greenland, implying a flow vorticity. Similar vorticity 
was seen in the resolved radar velocity vectors. The 
radar line-of-sight velocity also indicated that adjacent 
to and both northward and southward of the large 
plasma jet there existed regions of westward flows. In 
summary, the radar and magnetometer data suggested 
the presence of two adjacent vortices of opposite 
vorticity with the common region in the middle 
comprising the plasma jet. The GTIM model also 
requires other geophysical parameters, such as the 
neutral density, wind and temperature, the ionization, 
and chemical loss rates, and the diffusion coefficients. 
These latter atmospheric parameters were selected as 
described by Decker et al. [1994]. The neutral densities 
and winds were calculated using the mass 
spectrometer/incoherent scatter 1986 (MSIS-86) model 
[Hedin, 1987] and Hedin's wind model [Hedin et al., 
1991]. The ion loss rate was computed as a function of 
an effective temperature. This parameter is derived 
using the following equation of Schunk et al. [1975]: 

'eff 0.329E' 

where   E   is   the   magnetospheric   electric   field   in 
millivolts per meter. 

Plate 1 displays the NmF2 values of the high latitude 
ionosphere as a function of magnetic latitude and local 
time. These values were obtained with the GTIM 
model after following 7200 flux tubes during 8 hours of 
simulation time. During this time, the global 
convection pattern and other relevant ionospheric 
parameters were kept constant. The purpose here was 
to obtain the initial ionospheric densities to be used as a 
convenient starting point for simulating the ionospheric 
effects of a plasma jet. The actual ionosphere rarely has 
8 hours of such steady conditions. However, this allows 
us to single out individual effects that can be produced 
by various ionospheric processes. The real ionosphere 
may be a superposition of several of these plasma jet 
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Model = 09 
PCradius=12 
PotDrop = 80 
By(IMF) 8.0 
1990 02 19 0500 -1300 

Geomagnetic Coordinates 

Plate 1. Polar plot of the NmF2 (peak F region density) of the high-latitude ionosphere at 1300 UT. This 
density plot corresponds to the initial values used in the simulations of sections 3.1. 3.2, 3.4, and 4. The values 
in this plot were obtained by running the model for 8 hours and using steady state inputs. We include in the 
lower right corner the black and white version of this plot in a format that will be shown in subsequent plots. 
The black dots correspond to the locations of the Sondrestrom and Qaanaaq stations, and the white dot indicates 
the location of the European Incoherent Scatter station. The latitudinal circles are in steps of 10°. 

and density break-off events. A prominent feature of 
Plate 1 is the presence of the TOI. At 1300 UT it 
extends from longitudes close to European Incoherent 
Scatter EISCAT (19°E) up to 51°W, where it turns 
poleward. The TOI is bounded at the equatorward edge 
by a region of densities reduced by 30% and poleward 
by densities almost an order of magnitude smaller. The 
larger densities in the TOI are due mainly to two 
factors, a small westward flow in the dusk cell and an 
upward lift of the F region. The longer transit time and 
the relatively smaller solar zenith angle permit the solar 
radiation to build up much higher densities in this 

confined region. Similar steady structures have been 
presented by Grain et al. [1993] in their total electron 
content maps of the high-latitude region. 

The vorticity suggested by the radar and 
magnetometer data and other theoretical implications of 
solar wind - magnetosphere interactions [Newell and 
Sibeck, 1993] led us to infer that the plasma jet may 
actually consist of a system of two vortices 
superimposed on the background convection. With this 
as a guide, we searched for a system of two ellipsoidal 
potential vortices added to a global convection pattern. 
The search was carried out by varying the cross polar 
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Table 1. Global and Local Velocity Patterns 
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Polar Cup   Number of Vortex      Latitude of      Local Time of 
Global pattern Bt      Potential.     Vortices M;i|or Axis.     Minoi axis.      Potential.      Vortices. Vortices. 

kV dc» deu kV deg deg 

Heelis 12° radius 4 80 2 10. 10 2.4. 1 20. -5 74. 71.5 11. 11 
Heppner-Maynard - 76 2 10, 10 2.4. 1 20. -5 74. 71.5 11, 11 

cap potential, the global pattern, the radius of the polar 
cap and other geometrical parameters of the two-vortex 
system. The size, peak-to-peak voltage, location, 
orientation and aspect of the vortices were 
systematically changed iteratively to obtain the best fit 
to the radar velocities. We tried over 10 million 
combinations. Table 1 presents the general parameters 
of the vortices and the global pattern that provided the 
best fit to the Sondrestrom velocity data. A Heelis-type 
pattern gave the smallest error. However, a Heppner 
and Maynard By<0 pattern provided errors almost as 
small as the Heelis-type pattern. Because the radar 
azimuthal scan covers a small region of the total pattern, 
this method is not very sensitive in discriminating the 

convection pattern. Figures la and lb show the Heelis- 
type global convection pattern and the system of the 
two vortices of Table 1. Figure 1c depicts the result of 
adding the velocity patterns of Figures la and lb. 
Figure Id represents the simulated line-of-sight 
velocities which would have been measured at 
Sondrestrom if the pattern in Figure 1c had been in 
effect. The agreement between Figure Id and Figure 6a 
of Valladares et al. [1994b], reproduced here as Figure 
le, is very good. Figure If shows the total vector 
velocity that was obtained using the convection pattern 
of Figure lc. 

Figure 2 shows the plasma density measured by the 
Sondrestrom ISR on February  19, 1990, during four 

12LT 12LT 

18LT 06LT       18LT 

OOLT 

06LT 

00LT 

Figure 1. Series of polar plots, (a) High-latitude potential corresponding to a Heelis-type pattern for By = +8 
nT. The cross polar cap potential is 80 kV, and the radius of the polar cap is 12°. (b) the potential of the 
convective vortices, (c) Addition of the potentials in Fgures la and lb. (d) Simulated Sondrestrom line-of-sight 
velocities considering that the potentials of Figure lc were in effect, (e) Line-of-sight velocities measured by the 
Sondrestrom radar on February 19, 1990 [Valladares et al., 1994b, Figure 6a]. (f) Simulated vector velocities 
using the potential of Figure lc. 
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Figure 1. (continued) 

consecutive elevation scans. Figure 2a, obtained 
between 1251 and 1254 UT and before the appearance 
of the plasma jet, shows a density value above 3xl05 

cm" to the south of the radar. Overhead and to the 
north, the density is structured and peaks at 5.5xl05 cm" 

. These values are in good qualitative agreement with 
the modeled densities of Plate 1. The maximum 
modeled peak densities are 5xl05 cm"3 and 9xl05 cm"3 

for the south and north locations respectively. 

3.    Patch    Modeling    Using    Mesoscale 
Velocity Structures 

During the last decade, a large array of transient events 
have been measured in the high- latitude ionosphere. 
Convective vortices, double vortices, east-west elongated 
ellipses, and vortices moving poleward, equatorward, 
dawnward and duskward have all been observed. While 
the magnetic response of these events have been studied 

204 



VAU.AOARKS K1 Al..: FORMATION <)I  I'Ol AR (AC I'AIVHHS 579 

OO cd ^ 
c 

c o 
n. r*~i 
C/i 

H r 
O o o WO c 
o 

lO I—1 o 
3 
O 
c 

m 
E 

c/1 
2 

o o 
o j= 

Q 
£• 3 o o 

CO 

c o 
0 
O 

n o CO 

XT E 
<s O 

C 
flJ u a> 

3 * 
Oil u 

8       8       8       8 
W-i TT (-1 <M 

(iu:0 iqSpH 

205 



580 VAI.I.ADARKS FT Al. : FORVIA MON (>!  l'Oi.AR CAP PA I CIIFN 

in some detail [Coertz et al.. 1985; Heikkila et al., 1989; 
Ma et eil., 1991], very I illle is known about their effect 
upon the  ionospheric densities.   Furthermore,  transient 
events have been  observed to  have a  fairly complex 
temporal behavior thai is not well  understood.    As a 
result, rather than attempting a simulation that tries to 
include all of the observed behavior of a transient event. 
we have performed four numerical simulations that focus 
on just a few key elements of the event.    The  four 
scenarios modeled were chosen to help us learn how the 
density evolves under different conditions of the local and 
global patterns and to give us some insight as to how 
sensitive our results are to the various properties of these 
events.   In the next four subsections, we report on the 
results from these simulations.   First, we describe a case 

study in which a pair of transient vortices are kept fixed 
in a corrected geomagnetic coordinate system.    In the 
next case, we include the observation that these transient 
vortices move by allowing the vortices to drift according 
to the background polar cap flow. We continue with a 
model case study that uses a Heppner-Maynard-type 
convection pattern as the global convection. This allows 
us to assess the sensitivity of our previous results to the 
global pattern that is chosen.    Finally, in the fourth 
simulation,    we    establish    the    importance    of   the 
enhancement of the recombination  rate  in  producing 
regions of depleted density across the TOI. 

3.1. Stationary Vortices 

The first modeling effort was implemented using two 
vortices which were maintained stationary in a local time 
versus latitude frame of reference. The vortices' potential 
is set equal to the predetermined value at 1300 UT; 15 
min later the potential is turned off. Figure 3 and 
successive figures present a limited region of the northern 
hemisphere high latitude ionosphere. Here we show a 
series of snapshots of the NJF2 corresponding to nine 
different times during the formation of the density 
structure. The area covered in each panel is about 3500 x 
3500 km . Figures 3a through 3f are 3 min apart. Figures 
3g - 3i display the density in steps of 10 min. Figure 3a 
displays the initial density at the time of the potential 
vortices onset. This plot corresponds to a view looking 
down from a satellite that is traveling from the pole 
toward the equator. Lower latitudes are at the top of the 
figure, and poleward latitudes are at the bottom. The 
magnetic pole is at the center of the bottom edge of each 
panel. The locations of the Sondrestrom and Qaanaaq 
facilities are indicated by white dots. 

The TOI is clearly depicted in Figure 3a; it extends 
nearly aligned with the cquipolential lines and turns 
poleward near Sondrcsirom. We remind the reader that 
the N,„F2 pattern of Figure 3a was calculated for February 
19 at 1300 UT using the actual magnetic and solar flux 
conditions measured on thai day and the inferred size of 
the polar cap, as defined in section 2. A weaker TOI may 
be obtained for other days of the year, different UT, or 
even different parameters of the convection pattern. 
Figure 3b displays the peak density 3 min after the vortex 
potential has been activated. Even at this time, the TOI is 
already drastically distorted. A section of the TOI has 
rotated anticlockwise; simultaneously, three parallel 
channels containing depleted densities have been created, 
two equatorward and one poleward of the fragmented 
TOI segment. All three elongated traces of low density 
are coincidental with the equatorward, center, and 
poleward walls of the vortices, which is where the high 
speed flows and the enhanced temperatures are. Three 
minutes later at 1306 (Figure 3c), all three low-density 
channels are further elongated in the east-west direction. 
A region of low density starts propagating poleward at the 
poleward edge of the vortex system. The following three 
panels (Figures 3d to 30 show further elongation and 
deeper depletions in all three density channels. Clearly, 
the presence of the vortices has produced density 
structures. However, the density structure aligned in the 
east-west direction (Figure 3f) is still attached to what 
remains of the TOI. After the localized potential is turned 
off at 1315 UT, the density structures lose their east-west 
alignment. Figures 3g to 3i show that the density 
enhancement acquires instead a more north-south 
alignment. This additional change in the shape of the 
density structure is due to a nonuniform velocity near the 
center of the polar cap of the Heelis-type pattern in Figure 
la. If the flow were uniform, then the equipotential lines 
should have been parallel lines in the polar plot. 

Figure 4 presents simulated radar elevation scans 
through the modeled ionospheric volume. Each of the 
panels shows an equivalent elevation scan in the meridian 
plane that would have been measured at Sondrestrom if 
the modeled densities were the real densities around the 
station. This scheme allows us to perform a one-to-one 
comparison with the data presented by Valladares et al. 
[1994b]. It help us to better understand the radar data 
when only elevation scans are conducted during the 
experiment. Each of the scans of Figure 4 are constructed 
from the density data displayed in the corresponding 
panels of Figure 3. The orientation of the scans is shown 
by the white lines in each panel of Figure 3.  The larger 

206 



VAU.ADARKS IT Al..: FORMATION OP POLAR CAP PATCIIHS 581 

* 

a 
D 
Q 

Geomagnetic Coordinates 

Figure 3. Each panel presents NmF2 values of a section of the high-latitude ionosphere at different times during 
the modeling that uses stationary vortices as input. See section 3.1 for more details. The white dots correspond to 
the locations of the Sondrestrom and Qaanaaq stations. The white line that crosses the Sondrestrom site 
indicates the extension of the elevation scans of Figure 2. 

density at the northern part of the scan of Figure 4a is due 
to the passage of the TOI. Figure 4b, corresponding to 3 
min along the simulation, shows mesoscale structuring 
coincident with the vortices. Two deep depletions are 
evident, one overhead and the other 500 km north of the 
station. The density of the northern depletion is 3xl05 cm" 
J. The density remains unperturbed at the northern and 
southern extremes of the scan; no vortices are located 

there. At 1309 UT, 9 min after the beginning of the 
simulation, both depletions reach a minimum value of 
2x10 cm"''. The Ne depletion located almost overhead 
coincides with the center of the vortex, where the plasma 
flow is maximum. Figure 4e presents the modeled 
densities 12 min after the onset of the potential vortices. 
These contours can be closely compared with Figure 2c 
which shows the density measured by the Sondrestrom 
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radar -12 min after the start of the break-off event. Each 
figure displays two density structures separated by a 
channel of low density located almost overhead. The 
peak density in each of the structures shows a good 
agreement between modeled and measured values. 
However, the minimum density situated between 
structures is much more depleted in the experimental 
data. It is below 10 cm"'' in the radar data but above 
2x10 cm"'' in the model. Other differences between the 
measured and modeled densities are (I) the larger north- 
south extension of the density depleted region of the 
measured data, and (2) the noticeable higher bottomside 
F layer density of the experimental data. 

While the stationary vortices scheme increases the 
amount of density structures transiting within the polar 
cap, it fails to produce isolated islands of enhanced 
density structures detached from the auroral oval. A 
camera located within the polar cap will be able to 
indicate this effect. Moreover, our definition of polar cap 
patches postulates that less dense plasma should surround 
the higher density plasma in all directions in order to 
qualify as a patch. Thus we conclude that stationary 
vortices do not reproduce all the characteristics of polar 
cap patches. 

3.2. Traveling Vortices 

The second modeling effort was carried out using a set 
of two traveling vortices moving with the background 
plasma flow. To generate the motion of the vortices, the 
two-vortex system was displaced  in the antisunward 
direction as a whole entity. The displacement was set by 
the velocity of the plasma at the center of the line joining 
the vortices' centers.   Similar to the previous case, the 
vortices potential was introduced at   1300 UT.    The 
potential was then reduced by half 15 min later. The 
location of the vortices in the polar cap was updated 
every 30 s; this interval was equal to the step time of the 
simulation. Figure 5a repeats the initial density of Plate 1. 
During the first 9 min of the simulation (Figures 5b - 5d), 
the TOI is drastically distorted in a fashion similar to the 
nonconvective case. However, the width of the depletion 
channel and the depth of the density decrease are larger 
for  the   converting  vortices   case.      The   dawn-dusk 
extension  of the density structure  is smaller in  this 
convective scenario. We call this structure a region of 
enhanced   density,   because   Ne   is   higher   inside   the 
structure than in the rest of the polar cap. Figures 5d 
through 5f show that both density structures develop an 
east-west or dawn-dusk alignment. They are also well 
collocated with the corresponding vortices.  In contrast to 

the nonconvecting vortices case, we sec (Figure 51) thai 
the more northern density structure has no attachment to 
the oval or subauroral plasma. The last three panels at the 
bottom of Figure 5 show that as two patches travel 
antisunward across the polar cap, they suffer little 
distortion. This feature is also different from the previous 
case, where only one structure was fully formed. The 
prominent characteristic continues to be that both 
structures are individual entities with no attachment to the 
oval or subauroral plasma. The polar cap patches, as 
described here, are very similar in shape to the "cigar" 
patches, elongated in the east-west direction, described by 
Fukuietal. [1994], 

A more quantitative view of the formation of the 
density enhancement and depletion is displayed in Figure 
6. Figures 6b and 6c show the cross section in the 
magnetic meridian plane of two structures that were 
formed by the convective vortices. The structure located 
at 100 km south of the station was formed from plasma 
located at subauroral latitudes (south of the TOI). The Nc 

structure located at 300 km north is formed from the TOI. 
The particular location of the vortex causes plasma from 
the fragmented TOI to intrude into the southern velocity 
structure and reach values near 9x 105 cm"3. The minimum 
density between patches is 105 cm"3, as seen at 100 km 
north in Figure 6e. This depletion is replenished partially 
by solar radiation and reaches values near 3xl05 cm"3 in 
Figure 6h. Comparison of Figures 6e and 2c indicates a 
good qualitative agreement. The modeled densities of 
Figure 6e show a slightly higher density value and a 
narrower width in the region of depleted densities. In this 
region, the modeled density are <105 cm"3 at 300 km 
altitude, similar to the experimental values. 

The traveling vortices scenario brought only a 
qualitative agreement with the density of Figure 2c. 
However, it was able to produce islands of high density 
transiting the polar cap. Thus we conclude that the 
converting vortices are able to form patches of enhanced 
densities when they are located near the boundary 
between the polar cap and the auroral oval. 

3.3.      Heppner-Maynard-Type   Br   Negative   Global 
Pattern 

As mentioned in section 2.1, the radar data is not 
effective at discriminating between different global 
patterns. Thus it is of interest to see how our results 
might change if a different global pattern is used with the 
vortices. For this purpose, we repeated the calculations of 
the previous section to determine the effect on patch 
formation using a Heppner-Maynard-type pattern. Figure 
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7a displays the initial conditions of the A'„,F, values 
before the start of the simulation. The TO I shows a few 
peculiar differences with respect 10 the Heelis-type 
convection pattern of section 3.1. The maximum densitv 
is slightly higher, and the TOI is ;i much wider before it 
turns poleward. These differences are attributed to a 
slower flow velocity (stagnation region) near the davside 
region in the Heppner-Maynard global convection 
patterns The initial location of the vortices and the 
amplitude of each vortex potential are similar to the case 
described in section 3.2. 

Figures 7b and 7c show thai the vortices are able to 
bisect a region of the TOI and orient the major axis of the 
densitx structure in the dawn-dusk direction. A second 
region o\ depleted densities is seen at the lower latitudes 
in Figures 7c through 7f; however, this structure is not 
completely isolated from the TOI. Moreover, it joins the 
new TOI thai is being formed during the last stages of the 
simulation. The patch located at higher latitudes retains its 
alignment for several minutes after the potential was 
reduced by 50"o (Figures 7g - 7h) Figure 8 shows that 
the patch is bounded on the equ.norwaid side by plasma 
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Figure 7. Same as Figure 3 but tor the Heppner-Maynard convection pattern (section 3.3) 

as low as 10 cm"''. It also demonstrates that the patch 
moves toward the pole and subsequently breaks from the 
TOl. When the patch is circulating across the polar cap, 
the peak density inside the patch is SxKf cm"'', a value 
much higher than the typical I-2xI03 cm" seen in the 
polar cap and outside the TOI. Figures 8e and 8f show a 
more pronounced depletion between the density- 
structures as compared to the Heelis/traveling vortices 
scenario. When compared to the experimental values of 
Figure  2c,  we  notice  that  several   features  are  well 

reproduced. The altitude extension of both structures are 
very similar. /V, = 7xl0> cm" at 700 km is observed in 
both experimental and modeled data. The region of 
depleted density is wider than in the previous case. The 
poleward motion of the structures also resembles more 
closely the movement of the structures seen in the 
experimental data. The Heppner-Maynard pattern 
successfully produced a density structure with all the 
characteristics of a polar cap patch. In contrast to the 
Heelis convection pattern, it creates a single structure. 
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Figure 9.  Same as Figure 3 hui aller eliminating the dependence of the ion temperature on the maunctospherie 
electric field (section 3.4). 

3.4.   Assessment of the Temperature F.ffect on Patch 
Formation 

The fourth case study was performed to quantify the 
importance of the O recombination rate in producing 
channels of low density. The results of this study are 
presented in Figure 9. In this series of simulations, we 
returned to the I leelis/traveling vortices scenario except 
we turned off the dependence of T, on the magnetospheric 
electric Held and hence turned off any enhanced O   loss 

rates. The goal in this investigation was to determine 
quantitatively how much plasma depletion is attributed to 
erosion bv enhancements of the (') loss rate and what 
percentage of the plasma depletion is carried from earlier 
local times by the vortex How. Evidently, an eastward 
flow is needed in order to transport the less dense 
morning side plasma into the afternoon region. A How ol' 
this type exists at the common region between the 

vortices. 
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Fioure 11. Same as Figure 3. but for nine different initial locations of the traveling vortices. 

A comparison of Figures 9 and 5 indicates some 
resemblance between both figures. The structuring is also 
initiated with a rotation of the TOI toward a dawn-dusk 
alignment. Plasma from the early morning side also 
intrudes equatorward of the northern patch. However, 
there are also some prominent differences. We did not 
find a full separation between the /V. structure and the 
auroral oval, even 15 min into the simulation. There is a 
channel containing plasma density equal to 4x1 (r cm ' in 
the  afternoon  side  of the  structure.   The  southern  ,<V. 

structure is absent, because at this latitude the southern 
voncx can only bring more dense plasma from the 
afternoon sector. Figure lOf indicates that the deepest 
depletion achieved in this simulation is 4x10"" cm", while 
the minimum density value during the full-blown 
simulation was Iff cm" in Figure 5. Considering that the 
original density was 9x10"' cm", then 62% of the 
depletion is due to convection of low-density plasma and 
38% is due to erosion by the temperature-dependent loss 

rate. 
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4.  Traveling  Vortices  at  Different  Local 
Times 

In the previous section, wc were concerned with the 
formation of patches under different patterns of global 
convection. In this section, we search for the preferred 
local time at which the vortices are more likely to 
generate polar cap patches. 

Traveling vortices  have  been  observed at a  large 
variety of different local times [Friis-Christensen et a/., 
1988;    Heikkila    et    ai,    1989]    using    radar    and 
magnetometer data. They have also been predicted on 
theoretical grounds [Newell and Sibeck,  1993].    They 
postulated an association between the presence of twin 
vortices and  changes  in the high-latitude convection 
patterns due to pressure pulses in the magnetosphere.   In 
order for the vortices to produce patches, evidently, they 
have to develop near the TOI and have a lifetime long 
enough to erode a sector of the TOI. We have carried out 
eight  additional   simulations   placing   the   vortices   at 
different local times. The local times that were used 
varied from 0800 to 1600 LT. The results of this study are 
compiled in Figure 11. This figure compares NmF2 values 
obtained 15 min along the simulations (at 1315 UT) for 
the eight new cases and the simulation described in 
section 3.2. The number on the upper left comer indicates 
the local times at which the vortices were located at the 
beginning of the simulation. Only the vortices located at 
1000 LT, 1100 LT and 1200 LT (Figures lie, 1 Id and 
I le) produce distinct patches.   Vortices at 0800 LT and 
0900 LT (Figures 1 la and lib) only distort the TOI and 
create  isolated  regions  of low  density (2xl05  cm"3) 
plasma.  When these structures circulate within the polar 
cap, they will consist of plasma equally dense to the polar 
cap plasma.  When the vortices were located at 1300 LT 
(Figure I If), we obtained dawn-dusk elongated density 
traces.   No detachment from the auroral oval densities 
was observed.   The last three modeling efforts in this 
subsection were performed using vortices located at 1400 
LT, 1500 LT and 1600 LT (Figures llg-lli).    These 
figures depict the formation of some kind of structuring in 
the afternoon cell.  These structures are connected to the 
auroral oval and will not penetrate into the polar cap.  In 
fact, we followed all these case simulations for another 30 
min and found the structures continuously elongating in 
the dawn-dusk direction. These structures could certainly 
appear as isolated structures to digisondes or to low- 
orbiting satellites, but an all-sky camera properly located 
could possibly indicate the connection of these structures 
to the auroral plasma. 

5. Discussion and Conclusions 
Several researchers have indicated that the I'OI is 

present at longitudes near Sondrestrom when this high- 
latitude station is near noon [Faster and Doupnik, 1984; 
Kelly and \ickrey, 1984] Our simulation during 
undisturbed conditions has also demonstrated that the 
TOI is a prominent feature at Sondrestrom when we 
select a typical B. south convection pattern. The 
mechanism described here requires the existence of an 
elongated TOI as the basic ingredient to form a patch, it 
also needs a large plasma jet occurring near and across 
the TOI. The large plasma velocity will create a region of 
enhanced T„ consequently increase the O recombination 
rate and then erode the local plasma. We found also that 
low-density plasma can be brought in by the vortex flow 
from earlier local times. This patch formation mechanism 
will create, in this way, sections of depleted and enhanced 
densities across the TOI. 

The elevation scans conducted across our simulated 
volume demonstrated that the TOI or other structures in 
the polar cap could be wrongly interpreted as isolated 
entities (say patches). In reality, they may be connected 
to the auroral/subauroral plasma. We conclude that it is 
necessary to conduct antenna azimuthal scans or to use an 
all-sky camera to properly identify a polar cap patch. 

Sojka et al. [1993, 1994] have used a scheme of 
continuous changes of the Bv component of the IMF to 
redirect the TOI toward the dawn or dusk sides of the 
polar cap. In this study, we have employed the 
appearance of vortices in the polar cap and their 
subsequent motion across the polar cap to produce polar 
cap patches. No repetitive changes in any of the 
components of the IMF were required. The proposed 
mechanism only needs the existence of vortices moving 
with the background plasma. Moreover, it was found that 
the converting vortices scenario was the most favorable 
situation to form disconnected plasma structures inside 
the polar cap. 

The modeled densities of Figures 6 and 8 indicated a 
good qualitative agreement with the data measured by the 
Sondrestrom ISR. The discrepancies between measured 
and modeled densities can be understood in terms of the 
initial inputs that were used in the simulations and a few 

of the limitations of the GTIM model. The much smaller 
density, seen in the depleted density region of Figure 2c, 
can be attributed to a much smaller density in the 
morning cell from where the vortices grab the low- 
density plasma. In fact, the Sondrestrom ISR detected 
values near 2xl05 cm"3 at 1100 UT (2 hours before the 
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measurements reponed here) thai if unchanged could 
explain this discrepancy. The radar also measured 
densities above 10J cm" at 200 km altitude; no similar 
feature was reported in the simulations because of the 
lack of molecular ions in our simulations. The GTIM 
model is at the present time essentially a one-ion (O') 
model. Simulations were performed with and without 
particle precipitation in the auroral oval, and essentially 
no differences were seen in the F region. The effects of 
particle precipitation associated with the vortex located 
more equatorward where convergent electric fields 
existed were not included and neither were the effects of 
soft precipitation that can occur in the cusp/cleft and polar 
cap. These issues will be topics for future work. 

We found that 62% of the density depletion was due to 
plasma being carried from earlier local times. This fact 
argues in favor of the ability of smaller potentials 
associated with the vortices to also create regions of 
depleted density. However, the vortex potential cannot 
be too small, otherwise the vortex velocity will also be 
small, and the time to transport low-density plasma from 
the morning cell will be considerably longer. 
From this study we found the following: 

1. Polar cap patches can be generated by traveling 
vortices independent of the convection pattern being 
used. We have used a Heelis-type and a Heppner- 
Maynard-type convection pattern for By positive and for 
By negative, respectively. An essential condition for 
forming well-separated patches was to allow the vortices 
to travel with the background global convection. 

2. Enhanced recombination of O* contributes to the 
creation of a channel of low density. Equally important is 
the transport of low-density plasma from earlier local 
times. For the size and potential of the vortices that we 
used 38% of the depletion was attributed to the 0+ 

recombination loss and 62% to transport. 

3. There is a preferential local time at which the 
vortices can generate patches. We found that this local 
time sector is restricted to between 1000 LT and 1200 LT. 

4. The simulation presented here qualitatively agrees 
with the data collected at Sondrestrom on February 19, 
1990 [Valladares et a!., 1994b]; both exhibit the same 
salient features. 

5. Our modeling described here postulates that the 
polar cap patches will intrinsically have the shape of the 
vortices. Circular vortices will reproduce more circular 
patches. Elliptical vortices, as presented here, will 
generate the elongated cigar-shaped patches that have 
been found in the polar cap [Fukid el al, 1994]. 
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Abstract Based on experimental measurements and computer modeling, we propose that patches can be 
generated when sun-produced plasma, augmented by particle precipitation, enter the polar cap due to the 
development of antisunward flows acting in response to a new, even if short lived, B. south-type global 
pattern. The data clearly indicates that structured density enhancements can be present near midday during 
a prolonged period (>1 hour) of steady northward IMF conditions. The nature of the ionospheric flows near 
the auroral poleward boundary, during Bz northward conditions, prevents the high density plasma from 
transiting across the polar, cap.   The experimental evidence is provided by the Sondrestrom incoherent 
scatter radar, by an all-sky imaging photometer located at Qaanaaq, by two digisondes located at high 
latitudes and by a magnetometer placed on-board the IMP-8 satellite.   In summary, the data reinforce the 
view that patches can exist inside the polar cap shortly after negative excursions of the IMF Bz occur. 
Indeed, the Sondrestrom data gives conclusive evidence for the existence of a quasi-stationary structure of 
high densities detached from a uniform high density plasma.    Convergent electric fields and slightly 
elevated Te signatures were seen accompanying the F-region Nc feature. This fact supports the conclusion 
that soft precipitation is probably responsible for slightly augmenting the density and elevating the electron 
temperature.   Several minutes after Bz changes from North to South, a poleward motion of the density 
structure was detected by the radar, together with the appearance of a large flow jet equatorward of the 
original location of the Ne structure. Nearly 34 minutes after the Ne structure departs from the Sondrestrom 
field-of-view, the Qaanaaq digisonde measures a factor of 2 increase in the f^ values. We have explored 
the possibility of sudden north-to-south-to-north transitions as a likely generation mechanism of polar cap 
patches.   The results of the modeling work are in quantitative agreement with the time that the patch 
appears and the density values measured by the Qaanaaq digisonde.  The modeling work also predicts the 
existence of stationary structures residing near the boundary of the auroral oval and the polar cap. The Bz 

switching mechanism does not dispute the validity of other patch formation mechanisms; it attempts to 
explain recent observations of patchlike structures inside the polar cap when the hourly value of Bz is 
positive, but there exists short negative excursion of Bz lasting less than 30 min. 
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1. Introduction 
Polar cap patches consist of density enhancements, with sizes ranging between 100 and 1000 km, 

that circulate across the polar cap ionosphere. These localized regions of density larger than the 
background are seen to drift in a generally anti-sunward direction [Weber et al., 1986]. They contain 
enhancements of plasma density that could be up to one order of magnitude above the surrounding sun- 
produced background [Buchau et al., 1983; Weber et al., 1984]. They have been predominantly observed 
under moderate to disturbed magnetic conditions and have been long associated with a Bz south 
orientation of the IMF. Polar cap patches are also commonly accompanied by intense levels of 
scintillations which are an indication of the presence of km-scale irregularities [Buchau et al., 1985; Basu 
et al., 1985,1989]. Studies of polar cap patches are of great importance due to the association of this type 
of mesoscale structures with small scale (km to hundreds of m) irregularities which cause severe 
propagation disturbances even in the GHz frequency window [Basu et al., 1994]. 

There is a general agreement that the plasma density inside the patches is produced by solar 
radiation in the sunlit ionosphere, probably at cusp or subcusp latitudes, and then carried into and across 
the polar cap by the convection pattern. Support for the subcusp as a source of patches was initially 
given by Buchau et al. [1985]. They found a strong UT control of the diurnal pattern of the occurrence 
of patches during solar minimum winter conditions. The patches were seen almost exclusively between 
12 and 00 UT. The f0F2 value observed in the patches during solar minimum conditions was 6 Mhz, in 
agreement with a source region at 73° CG latitude. In contrast, during solar maximum winter 
conditions, patches tend to have f0F2 values up to 11 Mhz suggesting that the source region could be at 
latitudes as low as 65° CG latitude [Buchau and Reinisch,1991]. Clearly, the implication is that the 
convection pattern expands equatorward and embraces higher density plasma that is located at lower 
latitudes. Due to the offset of the geographic and magnetic poles, the global convection pattern is able to 
enclose plasma from lower geographic latitudes only at certain UT periods. During very disturbed, 
storm geomagnetic conditions, rapid convection carries high density solar produced F-region plasma 
from a source at middle and low latitudes through the dayside cleft and into the polar cap [Foster, 1993]. 
It has also been suggested that when the subauroral plasma reaches the cusp/cleft region, enhanced 

recombination [Valladares et al., 1994a] or merging related phenomena [Lockwood and Carlson, 1992] 
can favor plasma detachment. 

A major step in our understanding of the formation of polar cap patches came with the modeling 
work of Sojka et al. [1993, 1994]. These researchers demonstrated that continuous changes in the IMF 
By component could lead to large scale plasma structuring [Sojka et al., 1993]. A large plasma flow near 
midday containing velocities of order 2 km s"1 is able to increase the 0+ recombination rate and to yield 
an east-west aligned region of reduced densities generating a detachment of a plasma patch [Valladares 
et al., 1994a, 1996; Rodger et al, 1994]. Soft precipitation, as encountered at the cusp, could be also a 
source of patches [Kelley et al., 1982; Sojka and Schunk, 1986]. Rodger et al. [1994] presented data 
from the polar anglo-american conjugate experiment (PACE) which the authors claimed supported the 
view that patches could be originated by the intense cusp precipitation. While it is possible that all of 
these mechanisms, and others, produce patches, it is also likely that some of them only operate under 
certain restricted circumstances. Recent measurements at Qaanaaq have shown that the patches can 
display well elongated shapes with the major axis oriented along the dawn-dusk meridian [Fukui et al., 
1994], suggesting a much larger variety of shapes than previously recognized. More recently, Coley and 
Heelis [1995] developed an adaptive algorithm to conduct an automated identification of patches using 
the entire DE-2 database. These authors found typical spatial scale size of the patches in the range 300 
km to 400 km and the existence of density structures inside the polar cap even when the IMF was 
positive. However, Coley and Heelis [1995] used hourly values of the IMF and their result may be 
subject to cases when short negative transitions (20 -30 minutes) of the IMF Bx occurred. 

North-to-south reversal of the IMF has not received much attention as a generation mechanism 
of polar cap patches. Tsunoda [1988] mentioned, in a review paper, that Bz reversals could in fact lead to 

222 



patch formation. However, neither experimental nor modeling verification has been forwarded. In this 
paper, we present experimental data and corresponding computer modeling of a case study event that 
serves to introduce the Bz reversal mechanism as a possible mechanism of mesoscale plasma structuring 
at polar cap latitudes. 
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2. Experimental Observations. 
This section presents ionospheric observations conducted with the Sondrestrom incoherent scatter 

radar, with the Qaanaaq all-sky imaging photometer (ASIP), and with digisondes placed at Sondrestrom 
and Qaanaaq. It also introduces in-situ measurements of the IMF performed by the IMP-8 satellite. The 
data sets under discussion wore collected on January 15, 1991. The Universal Times of the observations 
coincide with near midday hours at Sondrestrom. 'During the observations the magnetic conditions were 
quiet, Kp = 2 and the F10.7 solar flux was 184.6, a typical value of solar max conditions. The Kp value 
is in agreement with the value of the IMF Bz which remained positive for few hours and only changed for 
a brief period to a negative configuration. The time interval when the Bz component was oriented 
southward was 10 minutes, but as the data suggest, it favors an immediate entrance of auroral plasma 
into the polar cap. 

2.1 IMP-8 satellite observations. 
During the time of the observations, the IMP-8 satellite was in the solar wind, well upstream from the 

Earth's bow shock. The X, Y, and Z coordinates, in the GSM system, were 35.0, 2.0, and -12.8 Earth 
radii, respectively. The IMF observations start at 1210 UT (Figure 1) during a sudden rise of the Bz 

values. This component remains positive and near 5 nT until 1548 UT, when a sharp decrease and a 
reversal of Bz occurs. This component of the IMF remains near zero and slightly negative for 10 
minutes, until 1610 UT when it starts to climb back to a positive value. During the period of the 
observations, Bx and By are positive and negative respectively. We calculated that the propagation delay 
for the effect of the Bz IMF negative excursion to reach the Sondrestrom field-of-view (FOV) was ~8 
min. 

2.2 Sondrestrom radar observations. 
To conduct the radar observations, we adopted the antenna pattern that was also used on September 

14, 1991 [Valladares et al., 1994a]. This antenna scheme consisted of a sequence of a 360° azimuth scan 
(AZ) at 30° elevation, followed by an elevation scan (EL) in the plane of the magnetic meridian. While 
the AZ scan gives the largest spatial coverage, the EL scan provides a fine spatial resolution view in a 
latitudinal sectional cut of any structure within the radar field-of-view (FOV). The two-scan pattern was 
repeated every 9 min, providing, in this way, a reasonable time resolution.   On January 15, 1991 the 
Sondrestrom radar operated between 1145 and 1700 UT using a transmitter pulse 320 ^isec long which is 
well suited for F-region measurements. Figure 2 displays the four geophysical parameters as a function 
of Universal Time and North-South distance along the magnetic meridian.   To construct Figure 2 we 
have included the four geophysical parameters derived from the data that was collected only during the 
elevation scans. The top panel shows the velocity vectors that have been derived using the line-of-sight 
ion drifts (Vlos) from the E and F-layers and the property of the field lines of being equipotential [de la 
Beaujardiere et al. 1985].  The three lower panels display the ion temperature (Tj), the number density 
(Ne), and the electron temperature (Te) at a fixed 320 Km altitude. The resolved flow velocities show that 
the flow near Sondrestrom is remarkably zonal, directed westward since 1230 UT until the end of the 
experiment. This measured flow is in agreement with the convection patterns presented by Heppner and 
Maynard [1987] for Bz positive and By negative, and also called DEP and DEPP by these authors. These 
two statistical patterns show a region between 70° and 76° magnetic latitude and near midday consisting 
of westward flows and well defined eastward flows poleward of 76°. 

The density panel of Figure 2 shows a very sharp decline in its poleward extension. This abrupt 
latitudinal gradient is located 200 km northward of the station at 1243 UT. The density poleward 
boundary is seen to be slowly receding southward as time progresses. We propose that the formation of 
this abrupt Ne boundary is related to the steadiness and the westward nature of the flow that brings less 
dense plasma from later local times. Within the region of uniform and high densities, the flows are less 
than 100 m/s (see Figure 3b) which suggests that this region is probably located equatorward of the oval. 
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A very striking feature in the Ne panel of Figure 2 is also the presence of a density structure that seems to 
grow and split from the dayside oval at 1300 UT. This density structure slowly moves poleward until 
1500 UT, when it becomes quasi-stationary. At 1500 UT, the Ne structure has a density of 106 cm"3, is 
situated 400 km north of the station and seems to be placed very close to the region of the convection 
reversal as will be seen in the following figures. However, we are not calling this density structure a 
polar cap patch, at least between 1300 and 1620 UT, because it is not strictly either moving antisunward 
or transiting across the polar cap. The isolated density region constitutes a prominent feature in the gray 
scale plot and remains inside the radar field-of-view until 1619 UT, when it finally departs toward the 
center of the polar cap. 

Figures 3-5 show a sequence of the four geophysical parameters derived from 12 consecutive scans 
recorded between 1549:05 and 1649:26 UT . Each column corresponds to a different scan. The AZ scans 
are displayed by unfolding the conical surfaces of the antenna sweeps and projecting them onto 
1600x1600 km ground surface with the radar at the center and geographic North directed toward the top 
of each plot. Due to the nature of the AZ scans, altitude and distance variations are intermixed. 
Nevertheless, it is possible to identify any localized density structure by examining the variations of the 
contour lines from an ideal uniform or circular pattern. The EL scans are displayed in the plane of the 
measurements, with magnetic North always placed in the right side of the plot. The line-of-sight 
velocities, seen in the second row in figures 3, 4, and 5, are displayed using arrows of different patterns 
and lengths according to the sign and magnitude of the plasma flow. Velocities directed toward the radar 
have also been shaded using a light gray tone. In few cases the area probed by the radar has been dark 
grayed to indicate that Vlos exceeds 1 km s"1 (Figure 4j). The density contours are on a linear scale with 
the initial values and the interval between levels equal to 105 cm"3. The Tj and Te values (first and fourth 
rows) are depicted in the form of gray-scaled contours varying in discrete steps of 1000 degrees. 

Figures 3a - 3d show the Tj, V,os, Ne and Te values measured during the AZ scan that started at 
1549:05 UT. The density contours of Figure 3c show a density structure aligned in the magnetic east- 
west direction and situated 400 km north of the site. This structure corresponds to the Ne structure seen 
in Figure 2. This plot shows that at any given instance the density structure extends for hundreds of km 
and it is well disconnected from a mostly unstructured plasma located in the southern part of Figure 3c. 
When the Ne structure was closer to the Sondrestrom site (e.g. 1350 UT), the radar was able to scan the 
E-layer underneath the density enhancement. No appreciable density was observed below 150 km. The 
magnitude of Vios in the region to the south of dense and unstructured plasma is small (< 100 m/s), this is 
very suggestive of sub-auroral flows. In the northern part of Figure 3 b there is a more complicated 
pattern of line-of-sight velocity shears and reversals. This can be understood if we consider that the 
plasma flow is mainly zonal and pointing toward the east poleward of the heavy line, and pointing west 
equatorward of that line. As the antenna is scanning in azimuth it will point, at one moment, 
perpendicular to the flows and will measure flows equal to zero, but it will measure Vlos of different 
signs at both sides of the point of perpendicularity. The sign of the velocity reversal of Figure 3b 
indicates that the electric fields near the location marked by a solid line are convergent and are probably 
associated with an upward field-aligned current. We have also traced this line at the same location in the 
other panels to indicate that the region containing convergent electric fields is situated near the region of 
enhanced densities. There is a small difference between the location of the density peak and the location 
of the velocity reversal, this can be explained by the nature of the AZ scan that intersects the peak value 
of the Ne structure slightly poleward of the reversal and not at the center of the structure. Enhanced Te 

values, above 3000° K, are also observed poleward of the reversal line. Because there is no significant 
densities below 150 km altitude, we conclude that the precipitating particles, which enhanced Te are 
mainly soft (<300 eV). During this type of precipitation, the kinetic energy is mainly deposited in the F- 
region where the heat conductance along the field lines is large, this produces a more pronounced Te 

increase appearing at higher altitudes. This effect is displayed in Figure 3d. 
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The elevation scans during the experiment were performed at -39° azimuth; which is also 
perpendicular to the ionospheric flows in the northern part of the scan. This fact prevented us from 
measuring the flow shear during the EL scans. However, the EL scan that started at 1555:09 UT shows 
the location of the density structure to be 450 km north of the radar site. The Te is also enhanced at this 
location, but at altitudes above 450 km. EL scans conducted at earlier times, when the structure was 
closer to the radar, measured the width of this feature to be 150 km. While the presence of an isolated 
structure accompanied with elevated Te and convergent electric fields can lead us to conclude that 
particle precipitation is the mechanism that created the density structure, we believe that this structure 
was formed from sun-produced plasma entrapped in the Bz north type global convection. This 
hypothesis is based on (1) the fact that the density structure was initially part of the uniform auroral- 
subauroral density which was sliced when Bz became positive, and (2) the modeling work presented in 
section 3. 

The AZ scan that started at 1558:12 UT shows the location of the velocity reversal displaced 50 km 
poleward with respect to the previous AZ scan. This is the main difference with respect to the previous 
AZ scan; the magnitudes of the geophysical parameters remain almost unchanged.    Data from the 
following EL scan, gathered between 1604:17 and 1607:19 UT (Figures 3m - 3p), show a more visible 
reversal than the previous EL scan. The velocity reversal in this scan is located at 500 km north distance. 

The AZ scan starting at 1607:20 (Figure 4a - 4d) shows a more structured flow pattern south of the 
reversal line.  This line seems to continue moving poleward, as seen by comparing the location of the 
heavy trace with its location in the previous two AZ scans.  The following EL scan (1613:24 - 1616:26 
UT) show a modest increase in the magnitude of Vlos and a small displacement of the location of the 
reversal occurring at 550 km distance. The AZ scan that started at 1616:27 UT (Figures 4i - 41) show a 
different distribution in all four geophysical parameters. The different pattern of velocities and Tj is 
probably the response of the high latitude ionosphere to the reversal of the IMF Bz. The Tj panel (Figure 
4i) displays two regions of intense Joule heating, one to the east and the other to the west of the station. 
Tj is above 3000 K in these two regions which are aligned in the east - west direction and almost parallel 
to the direction of the flows.  As expected they are collocated with corresponding large values of V,os. 
The northwestern part of the scan of Figure 4j does not show the complex system of velocity reversal 
that was present in the previous AZ scans, instead the flow is directed toward the magnetic north 
direction (-27° from geographic north).  Figure 4k reveals that the antenna grazed the density structure 
for a final time at 1619:29 UT. We have used this time to mark the beginning of the transport of the Ne 

structure across the polar cap. The new local pattern of large velocities produces also a more abrupt and 
a wider gap between the structure and the subauroral densities. The EL scan that started at 1628:09 UT 
confirms the presence of a large plasma jet flowing between 200 and 550 km north distance and endorses 
the presence of elevated Tj in this same region. 

The AZ scan of Figures 5a - 5d started with the radar pointing at -39° (magnetic North) and proceeded 
counter-clockwise. The large plasma jet and the corresponding enhanced Joule heating is observed only 
at the beginning of the scan. It has decayed or moved outside the radar FOV when the antenna reached 
the northeastern quadrant about 5 min later. The density at the north is relatively depleted with peak Ne 

values here near 3xl05 cm"3. The following two scans (starting at 1637:16 and 1640:19 UT) show that 
the large flow event has subsided and that no density structure is within the radar FOV. However, the 
densities at the northern part of the scan remain almost depleted for few more scans. This quiescent 
ionosphere is quite typical during IMF Bz northward conditions. The AZ scan of Figures 5m-5p shows 
the 4 geophysical parameters resembling the scans of Figure 3. A salient feature in Figure 5o is the 
appearance of a region of enhanced densities containing densities above 5x10s cm"3 situated almost at the 
end of the scan at 400 km north distance and seen at 1655 UT. The modeling work to be described in 
sections 3 and 4 has helped us to understand that the origin of this structure is closely associated with the 
general characteristics of the global pattern fori?2 north conditions. 
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2.3 Qaanaaq ASIP observations. 
The Qaanaaq (77.5° N. 69.2° W, 86° Invariant Latitude) all-sky imaging photometer (ASIP) has 

operated at this site since 1983, and it constitutes the most poleward imager currently operated by the 
Phillips Laboratory. For a complete description of the system hardware, sensitivity, and operational 
mode, the reader is referred to publications by Weber and Buchau [1981], Weber et al. [1984], and 
Valladares et al. [1994b]. 

Figure 6 presents a sequence of six 630.0 nm images collected on January 15, 1991 and during the 
time when the Sondrestrom radar was operating. This Figure shows the location of the arcs after each 
pixel in the ASIP images has been transformed to a corrected geomagnetic (CG) coordinate system 
assuming that the auroral emissions originate at 250 km altitude. In the CG system a sun-aligned arc 
becomes parallel to the noon-midnight axis and points toward the top of the figure. On the day of the 
experiment, sun-aligned arcs were first observed at 0930 UT and persisted until 1340 UT. Between this 
time interval, several arcs brightened, some faded and others quickly moved outside the imager FOV. No 
arcs were seen after 1340 UT. However, the imager was turned off at 1520 UT, due to the sun rising 
above 12° below the horizon, and no visual recording of the aurora exists. The image of 1254:54 UT 
shows an arc intensifying near the center of the Qaanaaq FOV. It also shows a second arc located near 
the dawn edge of the imager FOV, where its altitude extension produces an apparent much wider arc. 
During extended periods of IMF Bz positive conditions it is quite typical to observe sun-aligned polar cap 
arcs drifting in the duskward or dawnward direction [Lassen, 1972; Berkey et al., 1976]. The images 
presented here show that both arcs drifted duskward and were sometimes located overhead the Qaanaaq 
station. Sun-aligned arcs are commonly accompanied by enhancements of the F-region density [Carlson 
et al., 1984]. Close inspection of the ionograms revealed that the arcs detected on this day were in fact 
associated with small enhancements in the density traces measured between 1200 and 1330 UT. 
However, this singular type of trace was not seen after 1340 UT when the arcs decayed. 

2.4 Qaanaaq and Sondrestrom digisondes. 
In Figure 7, we reproduce the f0F2 values, and the equivalent peak density (right scale) measured by 

two digisondes. One located at Qaanaaq (upper panel) and the other at Sondrestrom (66.98° N, 50.95° 
W, 74° Invariant Latitude) (lower panel). The Sondrestrom digisonde measured peak densities near 106 

cm between 13 and 18 UT. This value is consistent with the density values measured by the 
Sondrestrom incoherent scatter radar at the same time. The Qaanaaq digisonde detected a much lower 
density until 1630 UT, when it abruptly increased from 1.3xl05 cm"3 to 4xl05 cm"3. Fifteen minutes 
later, at 1645 UT, the density reaches a value approximately equal to 5xl05 cm"3. The transit of the patch 
through Qaanaaq is abruptly terminated at 1715 UT. The f0F2 behavior described above is typical for 
patch observations at Qaanaaq [Buchau et al., 1983; Weber et al., 1984; Buchau and Reinisch, 1991]. 
We have also included in the upper panel a trace of the peak density that could have been detected at 
Qaanaaq if the IMF Bz had been southward. This trace was obtained numerically using the GTIM model 
developed by Anderson et al. [1988] for a Bz south and steady convection pattern. (See also Decker et al. 
[1994].) As expected the f^ values measured at Qaanaaq are smaller than the modeled values when Bz 

is positive, no negative excursions of Bz exist, and no sun-aligned arcs are overhead the Qaanaaq 
digisonde, say between 1340 and 1800 UT. However, the solid curve is above the dotted line between 
1000 and 1340 UT when polar cap arcs populated the polar cap. After 1340 UT, when no polar cap arcs 
were observed, the Qaanaaq f0F2 values are much less than the modeled values until 1630 UT when the 
Ne structure reached Qaanaaq. It should be noted that the rise of the Qaanaaq f0F2 values at 1630 UT 
occurs more rapid that the increase of the modeled values (dotted line). This plot is consistent with the 
fact that patches are not seen deep inside the polar cap when the IMF is northward and steady. 
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3. Numerical Modeling. 
We have used the Global Theoretical Ionospheric Model (GTIM) developed by Phillips Lab and 

Boston College researchers [Anderson et al., 1988; Decker et al., 1994] to simulate the chain of events 
that led to the initiation of the patch transit across the polar cap. This model can provide a numerical 
copfirmation that the Ne structure measured at Sondrestrom at 1616 UT transited across Qaanaaq 
producing the plasma enhancements seen by the digisonde at 1650 UT. In general, the GTIM model 
calculates the O density profile along a single flux tube solving the coupled continuity and momentum 
equations for ions and electrons. Inputs to the GTIM model are: the neutral' density, the neutral wind, the 
global convection pattern, and the initial plasma density. In the last few years, the GTIM model has been 
extended to include the effects of large electric fields and particle precipitation [Anderson et al., 1988; 
Decker et al, 1994]. GTIM has recently proved to be well designed to conduct studies of the formation 
of polar cap patches, such as using variable convection patterns [Sojka et al., 1993; Decker et al., 1994], 
or using localized velocity vortices [Decker et al., 1994; Valladares et al., 1996]. The work presented 
here constitutes an initial examination of the Bz switching mechanism as a potential generator of patches. 
We are not modeling the formation of the density structure per se, but instead we start with densities 
measured by the Sondrestrom ISR and model the evolution of the density structure, its reconfiguration 
into a patch and its transit across the Qaanaaq zenith location. 

3.1 Initial conditions. 
We used the plasma number density measured by the Sondrestrom ISR between 68° and 80° invariant 

latitude to define the initial densities in the sub-auroral, auroral and polar cap regions. We also selected 
the global convection pattern guided by the values of the IMF, but in agreement with the line-of-sight 
velocities measured at Sondrestrom. Finally, to corroborate the validity of the mechanism under 
discussion we compare the simulated densities to the f0F2 values measured by the Qaanaaq digisonde, 
and the densities detected at Sondrestrom at the time of the patch crossing at Qaanaaq. We do not intend 
to model the initial creation of the density structure, but instead we adjust the initial conditions to the 
densities measured by the Sondrestrom ISR at 1616 UT and examine the journey of the Ne structure from 
the poleward edge of the Sondrestrom ISR FOV up to the Qaanaaq station. 

Figure 8 demonstrates how the initial plasma density was determined. Figure 8a shows the NmF2 

values as a function of magnetic latitude and local time obtained with the GTIM model after following 
12800 flux tubes during 8 hours 16 minutes of simulation time. This initial simulation used solar and 
magnetic conditions similar to the ones encountered during the experiment. It also employed a steady 
Heppner and Maynard [1987] DEP (Bz >0;By< 0) global convection, which resulted in the best fit to the 
Vios measured by the radar AZ scans between 1549:05 and 1613:24 UT (see Figure 9a). Figure 8a shows 
a plasma intrusion into the polar cap, named a tongue-of-ionization (TOI), with characteristics different 
than the TOI calculated for Bz negative conditions, (see Plate 1 of Valladares et al. [1996]). In the Bz 

positive case the TOI is displaced toward the dusk side and does not reach the midnight side of the oval. 
The plasma simply circulates inside the polar cap and returns back to the afternoon sector. However, this 
structured plasma enhancement could be mistakenly identified as a polar cap patch by an orbiting 
satellite like DMSP or DE-2. The TOI produced during B2 north conditions is not an isolated structure, 
neither is moving antisunward. Figure 8b shows the number densities measured by the Sondrestrom 
radar during the conical AZ scan that started at 1616:27. The location of Sondrestrom and Qaanaaq are 
depicted in this figure as black dots. The densities have been projected to the same geomagnetic 
coordinates used in panels a and c. In this plot, we have included densities measured at all ranges, 
consequently we are not presenting a display of NmF2, but instead density variations as a function of 
range from the radar site. The quasi-steady density structure is seen to be located poleward of the radar 
site and aligned in the magnetic east-west direction. 

Figure 8c shows the initial density that was used in the numerical simulations. It basically consists of 
the densities shown in Figure 8a but multiplied by a factor depending on the solar zenith angle to agree 
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with the densities measured by the Sondrestrom ISR. The multiplying factor varied from 1.4 for the 
smallest zenith angles to 1.0 at zenith angles near Sondrestrom and then decreased to 0.7 for solar zenith 
angles larger than Qaanaaq's. Figure 8c also depicts the peak values of the density structure as it was 
detected at 1619 UT. To introduce the density structure, the density profiles of all flux tubes located 
where the structure was detected at 1619 UT, were increased by a factor that made the peak density in 
this region equal to 9x10 cm" . The final density quantitatively agrees with the density measured at 
Sondrestrom. 

To simulate the negative excursion of the IMF Bz value we changed instantaneously the global 
convection pattern. Using the KL scans that started at 1616:27 and at 1631:12 UT, we determined that a 
Heehs-type pattern [Heelis et al., 1982] would give the best fit to the observed Vlos. Specifically, we 
selected a Heelis-type pattern with a cross polar cap potential equal to 90 kV, and a 10° polar cap radius 
Twenty minutes later, at 1636 UT, the global pattern was changed again, but in this case we use a 
Heppner-Maynard DEPP pattern with potentials increased by a factor of 2 which was found to give the 
best fit to the radar data of 1640 UT. Figure 9b shows the Heelis-type pattern used to implement the 
negative Bz excursion and Figure 9c the H-M pattern used to simulate Bz northward conditions. 

3.2 Modeling of the January 15,1991 event. 
To understand how patches evolve depending on the intensity of the convection pattern and the length 

of the Bz south excursion, we implemented several simulations changing these two parameters. The first 
modelmg effort used a Heelis pattern lasting 20 min, after this time the global convection was changed to 
a DEPP pattern with the potential field multiplied by a factor of 2 (Figure 9c). Figure 10 presents the 
results of this modeling in successive steps 4 min apart. In this format we reproduce the NmF2 values for 
a limited region around the northern magnetic pole. The location of Qaanaaq is indicated by a white dot 
and the coverage of the Sondrestrom ISR during elevation scans by a white line. The magnetic pole is at 
the center of the bottom edge of each panel. 

Figure 10a reproduces a part of the polar cap and auroral ionosphere near midday that was presented in 
Figure 8c. This corresponds also to the initial peak density that was used in the simulation. No TOI is 
seen in this panel. Figures 10b and 10c show a gentle poleward displacement of the boundary of the 
density near midday. The following panels (Figures lOd - 1 Of) display the formation of the TOI; which 
is commonly seen in any simulation that uses a velocity pattern typical of a B. south configuration. This 
new structure is relatively narrow and does not intrude deep into the polar cap even at 1636 UT 
However, a wider or more elongated TOI was obtained when a larger polar cap radius, a more intense 
cross polar cap potential, or a different day of the year was selected. Evidently, if we had allowed the Bz 

south Heelis-type pattern to prevail for a longer period, say one hour, then a fully developed TOI would 
have appeared. During the growth of the TOI, the Ne structure is seen moving poleward (toward the 
bottom of the figure). The density structure moves antisunward carried by the global convection until 
1636 UT when it becomes more dawn-dusk aligned. At this point, the Ne structure has all the 
characteristics of a polar cap patch, this is, moves antisunwardly and consists of an isolated entity with 
densities higher than the surroundings. The patch is only subject to a clockwise rotation due to the 
nature of the flows of being more intense near the center of the polar cap. 

At 1636 UT, we changed the global convection pattern into a DEPP (B2 >0;By< 0) convection pattern 
[Heppner and Maynard, 1987]. Four minutes later (Figure 10g), the flows associated with the new global 
convection start to erode and elongate part of the TOI that was formed during the Bz south excursion. 
This makes the TOI to distort and lose its noon-midnight elongation; instead it becomes extended in the 
magnetic east west direction. Figure 10h shows that the new Bz positive-type pattern brings low density 
plasma from the afternoon and morning sides and erodes plasma both equatorward, in the morning side, 
and poleward in the afternoon section of the TOI. If the Bz north related flow pattern remains unchanged 
for several minutes, as it occurred before 1616 UT, then an east-west elongated density structure will 
form near the velocity shear region and remain stationary in a corrected geomagnetic coordinate system. 
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This new structure, created by the reconfiguration from a Bz south to a Bz north convection pattern, 
resembles the density structure that was seen to remain stationary in the poleward boundary of the oval 
before 1616 UT. Thus, we speculate that the Ne structure, that was seen previously by the Sondrestrom 
ISR until the scan at 1616 UT, could have been formed much earlier by a previous reversal of the IMF Bz 

component, and was only somewhat enhanced and heated by local soft precipitation. 
Figure 11 presents results from the simulation in a format more suitable for comparison with the 

experimental measurements.  The inherent difference in the modeled and the experimental plots is the 
time resolution of both quantities. The radar AZ scans were gathered every 9 min, with a total sweeping 
time of 6 min employed to cover 360° of the sky.    Conversely, the simulated scans represent 
instantaneous snapshots of the ionosphere. Figure 1 la has many features similar to the density contours 
of Figure 4k, it illustrates the fact that the initial conditions reflect the experimental data.   The peak 
density at the southern part of the scan is l.lxlO6 cm"3, equal to the maximum density in the same part of 
the experimental scan of Figure 4k.  Figures llf and llg, corresponding to the simulated times of 1636 
and 1640 UT show low densities near 3xl05 cm"3 at the northern end of the scan; this value is in good 
agreement with the densities detected by the Sondrestrom ISR during the scan between 1640:19   and 
1646:23 UT. The densities in the northern part of the simulated scan show the effect of Bz south and the 
antisunward flow. The last two panels of the simulation, corresponding to values of Bz north simulation, 
(Figures 1 lh and 11 i) show a new density structure in the poleward part of the scan, this plasma intrusion 
of the distorted TOI reaches a density near 8xl05 cm"3 at the scan of 1648 UT. In spite of being 400 km 
wide and located in the northwestern part of the scan, it resembles the density structure seen at the end of 
the scan of Figure 5o (1655 UT). The density structure measured by the ISR is much narrower, but this 
may be caused by the real pattern having very sharp reversal features near the noon sector, at least, 
sharper than the statistical Heppner and Maynard [1987] pattern that was used in the present simulations. 
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4. Sensitivity study of £z south parameters. 
Figure 12 shows f0F2 values collected by the Qaanaaq digisonde on January 15, 1991 (heavy trace) 

together with simulated values of f0F2 which were obtained by changing the length of the Bz south 
excursion and the potential across the polar cap during the Bz south interval. The four thin traces of 
Figure ]i2a correspond to polar cap potentials of 80, 70, 60 and 50 kV. The size of the polar cap was kept 
fixed at 10° and the length of the Bz south period remained at 20 min for all 4 cases. 

To obtain the trace labeled 80 kV (well separated dots) we used the same input parameters that were 
used in the simulation discussed in section 3.2, except for the polar cap potential that was changed to 80 
kV. In spite that this simulation revealed that the density structure passed overhead the Qaanaaq station, 
a quantitative comparison shows that the simulated f0F2 values are much higher (maximum value is 8.6 
Mhz) than the values measured by the digisonde (6.4 Mhz). The 80 kV trace provides only an envelope 
to both f0F2 enhancements, seen between 1600 and 1800 UT. However, the simulated density value is 
almost a factor of 2 larger than the measured density at Qaanaaq. The other three values of the cross 
polar cap potential provide smaller density values, but the appearance of the density structure at Qaanaaq 
is delayed by the smaller velocity inside the polar cap. The 50 kV potential provides f0F2 values closer to 
the measured values, however, the maximum amplitude occurs 5 min after the measured f£2 trace starts 
to decrease. 

A more reasonable agreement between modeled and real f0F2 curves can be achieved reducing the time 
that the Heelis Bz south global pattern is in effect, maintaining the size of the polar cap at 10°, and fixing 
the polar cap potential at 80 kV. Figure 12b shows the result of varying the length of the negative 
excursion from 20 mm (thin dotted trace) to 12 min (thin continuous trace). This last set of parameters 
gives a good agreement with the amplitude and the timing of the occurrence of the f0F2 maximum, but it 
does not provide any indication of a second density enhancement as detected by the digisonde at 1735 
UT. It should be mentioned that 12 min is in better agreement with the extension of the Bz negative 
excursion than the 20 min that was used in the modeling event of section 3. We suggest that the second 
density enhancement may be related to a decrease of the IMF Bz value that is evident in Figure 1 at 1645 
UT and it is seen to last for 10 min. Figure 1' shows that at this time Bz did not reverse sign, it only 
changed from +6 to +1 nT. This variation of the IMF Bz may be strong enough to produce merging of 
closed field lines at the nose of the magnetopause and generate antisunward plasma flow inside the polar 
cap. It was also observed at 1645 UT that By became more negative and Bx reversed briefly to a negative 
orientation; both changes favor merging of closed field lines in the northern hemisphere rReiff and 
Burch, 1985]. 
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5. Discussion and conclusions. 
Figures 2, 3, 4, and 5 demonstrated the presence of an isolated region of enhanced density located 

slightly poleward of the Sondrestrom site in the post-noon sector. This region was found to coincide with 
convergent electric fields, implying the existence of upward-field aligned currents. Elevated Tc values, at 
high altitudes, were also measured by the Sondrestrom ISR f ithin the region of high Ne. Based on these 
key elements several experimenters have concluded in 'the past that particle precipitation is the 
generation mechanism of the density structures they have measured. We do not dispute that in some 
cases, especially when they are located away the from noon sector, this is the correct interpretation. 
However, the simulations presented here point to solar produced plasma and global velocity 
reconfiguration as a more likely causative mechanism of the Ne structure observed on January 15, 1991. 
In this view, an east-west elongated density structure can be formed by zonal flows, that seem to prevail 
near midday when the IMF Bz is positive and remains stationary for few hours. The zonal flows can also 
deform any newly formed TOI that can be produced even if the Bz negative excursion lasts for only 12 
min. Any soft electron precipitation, accompanying the upward field-aligned currents, will simply 
augment the number density and increase Te above 400 km. While soft precipitation, as encountered at 
the cusp, can enhance the local density, to be effective the particle flux needs to remain stationary for 
several min in the frame of the moving plasma. 

Numerical simulations under steady IMF Bz northward conditions have revealed that a limited TOI can 
exist at very high latitudes. The TOI was found to be located in the early afternoon local time sector, 
displaced toward dusk, and extending into the noon-midnight direction barely 10° beyond the center of 
the polar cap. The TOI did not reach the midnight side of the auroral oval. We have implied that this 
structured density enhancement, which protrudes well within the polar cap, could be mistakenly 
identified as a patch by an orbiting satellite. Ground-based measurements or concurrent in-situ velocity 
measurements are needed to unequivocally identify a polar cap patch [Basu et al., 1990]. It is not clear, 
at this point, whether the By switching mechanism of Sojka et al., [1993] will be able to structure the TOI 
much further during Bz north conditions, as it normally occurs during Bz south conditions. More 
extensive modeling work is needed to prove this point. 

The IMP-8 satellite measured the three components of the IMF and indicated that between 1200 and 
1800 UT the Bz component was predominantly positive. The Qaanaaq all-sky imager observed typical 
polar cap arcs at 1300 UT (Figure 6), supporting the well-known characteristic of the polar cap of being 
populated by sun-aligned arcs when the IMF Bz component points northward. However, arcs decayed at 
1340 UT, and no arcs were seen at Qaanaaq afterwards. The imager was not in operation between 1520 
and 1840 UT to avoid scattered sunlight entering the photometer sensor. Between these times, the 
Qaanaaq digisonde did not provide any evidence for polar cap arcs transiting throughout the station. It is 
known that the polar cap arcs can generate enhancements in the F-region density [Carlson et al., 1984], 
usually peaking at 200 km altitude [Valladares and Carlson, 1991], but rarely at altitudes higher than 300 
km. The velocity shears and reversals that commonly accompany polar cap arcs can be also detected by 
digisondes and can be used to imply the presence of polar cap arcs. Between 1200 and 1330 UT the 
Qaanaaq digisonde measured density enhancements associated with dawn-dusk moving polar cap arcs 
peaking at 280 km, and a variable pattern of drift velocities. At 1645 UT, when the density structure 
reached Qaanaaq, the density peaked at 335 km, the drift was directed antisunwardly and without the 
variability seen at 1300 UT. Thus, we conclude that the factor of 3 density enhancements detected by the 
Qaanaaq digisonde can be only explained by a patch transiting the polar cap. 

We did not model the formation of a density structure near Sondrestrom, but only its transit across the 
polar cap and passage through the Qaanaaq FOV. However, the modeling work conducted for steady Bz 

positive conditions revealed that density structures can be readily created near the noon sector at latitudes 
near the poleward boundary of the auroral oval. Our first modeling run of this case event, discussed in 
section 3.2, produced density values at the Qaanaaq station almost a factor of 2 larger that the measured 
densities. When the time of the B. negative excursion was changed from 20 to 12 min, we obtained good 
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quantitative agreement between calculated and measured f0F2 values.    This latter time interval is in 
accord with IMP-8 measurements. 

This study leads to the following conclusions: 
1. The Sondrestrom ISR detected a density structure that remained stationary within the poleward 

boundary of the auroral oval during a prolonged period of northward IMF B. condition. This Ne structure 
was collocated with a region of sheared flows, elevated Te values, and convergent electric fields. 

2. After 1616 UT the Sondrestrom ISR measured a new pattern of velocities consisting of a poleward 
moving plasma, higher absolute velocity values and the initiation of a poleward motion of the density 
structure. These changes seem to be the manifestation of the high latitude ionosphere in response to the 
negative IMF B- excursion. 

3. The modeling work has helped to verify that an elongated density structure residing near the 
poleward boundary of the oval can be produced during IMF B. northward conditions and remains 
stationary in the frame of the global pattern. The role of the precipitating particles is possibly to augment 
the sun-produced densities and to increase Te. We have demonstrated that a statistical global pattern 
corresponding to Bz north, such as Heppner and Maynard [1987] can support the existence of a TOI 
protruding into the polar cap. 

4. Several structures populating the polar cap can be mistakenly catalogued as polar cap patches, but 
instead may correspond to a duskward shifted TOI or a quasi-stationary density structure. A 
measurement of the plasma drift inside the structure is needed to discriminate between stationary and 
antisunward moving structures. 

5. The modeling described here postulates that polar cap patches can be created right after Bz becomes 
negative and the flow inside the polar cap takes an anti-sunward orientation. A good qualitative and 
quantitative agreement was obtained between the model results and the Qaanaaq digisonde f0F2 values 
when the time extension of the Bz south excursion in the model was adjusted to 12 min. 
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Figure Captions. 

Figure 1. Interplanetary magnetic field data measured by IMP 8. Shown from the top are the three IMF 
components in GSM coordinates. Units for all three quantities are nanoteslas. 
Figure 2. Low resolution plot of the plasma parameters measured by the Sondrestrom ISR on January; 15, 
1991 between 1145 and 1655 UT. The T„ Ne, and Te values were measured during the antenna EL scans 
during typical F-region altitude of 320 km. The vector velocities presented in the top panel were derived 
using the Vlos values measured in the E- and F-regions during the radar EL scans. The vertical axis of 
each panel corresponds to North-South horizontal distance from the radar site. 
Figure 3. Plasma parameters measured by the Sondrestrom ISR on January 15, 1991 and during 4 
consecutive scans. The four geophysical parameters (Tj, Vlos, Ne, and Te) presented here were measured 
during two AZ scans and two EL scans which were interleaved between 1549:05 and 1607:19 UT. The 
values gathered during the AZ scans at 30° elevation are displayed in a projection to a plane tangent to 
the earth at the radar site.   Data from the EL scans are presented in a vertical plane parallel to the 
magnetic meridian. 
Figure 4. Similar to Figure 3, but for the period extending between 1607:20 and 1631:11 UT. 
Figure 5. Same as Figure 3, but for the period extending between 1631:12 and 1655:31 UT. 
Figure 6. Images at 630.0 nm from Qaanaaq, corresponding to January 15, 1991, 1250:54 - 1310:24 UT. 
All 6 images have been transformed to a Corrected Geomagnetic coordinate system in which the 
direction of the sun is toward the top of the figure and dusk is located to the left side of each frame. 
Figure 7. f0F2 values as a function of UT on January 15, 1991, recorded at two stations: Qaanaaq and 
Sondrestrom.   The dotted line in the upper panel presents model results of foF2 values under ideal Bz 

south conditions. 
Figure 8. Series of polar plots, (a) NmF2 (peak F-region density) values of the high latitude ionosphere at 
1616 UT. The values in this plot were obtained by running the GTIM model for 8 h 16 min and using 
steady Bz north convection pattern, (b) Density values measure by the Sondrestrom ISR during the AZ 
scan that started at 1616:27 UT. Note the density structure in the poleward part of the scan, (c) NmF2 

used in the simulation of section 3. The latitudinal circles are in steps of 10°. 
Figure 9. Series of polar plots of the global convection patterns used in the simulations described in 
sections 3 and 4. (a) Heppner and Maynard [1987] DEP pattern corresponding to Bz north conditions, (b) 
Heelis-type pattern for By=+6 nT, cross polar cap potential of 90 kV and 10° of polar cap radius, (c) H-M 
DEPP pattern for Bz north conditions and potential multiplied by a factor of 2. 
Figure 10. Each panel presents NmF2 values of a section of the high latitude ionosphere at times after the 
simulation of the patch initiation. The white dot near the bottom of each panel corresponds to the 
location of the Qaanaaq station. The white line near the left side of the panels indicates the extension of 
the elevation scans of Figures 3, 4 and 5. 
Figure 11. Simulated radar azimuth scans through the volumes displayed in Figure 10. Each panel shows 
an instantaneous scan of the density around Sondrestrom at the UT indicated in the panels. 
Figure 12. The solid line in each panel represents the critical frequency of the F-region peak (f0F2) as a 
function of universal time at Qaanaaq, on January 15, 1991. The dotted lines in both panels correspond 
to modeled values of the f0F2 index for different values of the (a) polar cap potential and (b) time 
extension of the Bz south excursion. 
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Remote Sensing of Auroral E Region Plasma Structures 
by Radio, Radar, and UV Techniques at Solar Minimum 

SUNANDA BASU,'-
2
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1
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 R. E. HUFFMAN,-

1
 R. E. DANIELL,

4
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The unique capability of the Polar BEAR satellite to simultaneously image auroral luminosities at 
multiple ultraviolet (UV) wavelengths and to remote sense large-scale (hundreds to lens of kilometers) 
and small-scale (kilometers to hundreds of meters) plasma density structures with its multifrequency 
beacon package is utilized to probe the auroral £ region in the vicinity of the incoherent scatter radar 
(ISR) facility near Sondrestrom. In particular, we present coordinated observations on two nights 
obtained during the sunspot minimum (sunspot number < 10) January-February 1987 period when 
good spatial and temporal conjunction was obtained between Polar BEAR overflights and Sondre- 
strom ISR measurements. With careful coordinated observations we were able to confirm that the 
energetic particle precipitation responsible for the UV emissions causes the electron density increases 
in the £ region. These £ region electron density enhancements were measured by the ISR at 
Sondrestrom. The integrations up to the topside of these ISR electron density profiles were consistent 
with the total electron content (TEC) measured by the Polar BEAR satellite. An electron transport 
model was utilized to determine quantitatively the electron density profiles which could be produced 
by the particle precipitation, which also produced multiple UV emissions measured by the imager; 
these profiles were found to be in good agreement with the observed ISR profiles in the E region. 
Surprisingly large magnitudes of phase and amplitude scintillations were measured at 137 and 413 MHz 
in the regions of TEC enhancements associated with the particle precipitation. Steep phase spectral 
slopes with spectral index of 4 were found in these regions. Strength-of-turbulence computations 
utilizing the ISR electron density profiles and observed characteristics of phase and amplitude 
scintillations are interpreted in terms of an irregularity amplitude varying between 10 and 20% at a 
several-kilometer outer scale size in the £ region extending approximately 50 km in altitude. This outer 
scale size is also consistent with the measured phase to amplitude scintillation ratio. An estimate of the 
linear growth rate of the gradient-drift instability in the £ region shows that these plasma density 
irregularities could have been generated by this process. The mutual consistency of these different sets 
of measurements provides confidence in the ability of the different techniques to remote sense large- 
and small-scale plasma density structures in the £ region at least during sunspot minimum when the 
convection-dominated high-latitude F region is fairly weak. 

1.   INTRODUCTION 

The Polar Beacon Experiment and Auroral Research 
(Polar BEAR) spacecraft was launched on November 13, 
1986, into a 90° inclination, nearly circular orbit of 1000-km 
altitude. The satellite was sponsored by the Defense Nuclear 
Agency (DNA) and was the first satellite to have the capa- 
bility of remote sensing by imaging of auroral luminosities at 
multiple ultraviolet (UV) and optical wavelengths, as well as 
by providing multifrequency scintillations and total electron 
content (TEC) measurements associated with the auroral 
emission regions. The Polar BEAR UV imager operated 
until May 1989, and the data base contains about 6000 
images [DelGreco et al, 1988, 1989]. 

Polar BEAR's predecessor, HiLat, had been launched 
with similar capability, but unfortunately, the imager failed 
after about 50 images were taken [Huffman et al., 1985] and 
before any ground stations for beacon measurements be- 
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came operational. The HiLat satellite was, however, able to 
provide in situ measurements of the particles, fields, and 
currents that can lead to high-latitude irregularities, simulta- 
neously with direct radio beacon observations of the scintil- 
lations they produce [Fremouw et al., 1985a]. The com- 
bined in situ and beacon package on HiLat has produced 
much new insight into sources of free energy responsible for 
high-latitude irregularity generation, and their morphology, 
anisotropy, and dynamics [Basu et al., 1986, 1987, 1988a; 
Basinska et al., 1987; Bythrow et al., 1984; Fremouw et al., 
19856; Tsunoda et al, 1985, 1989; Vickrey et al., 1986; 
Valladares et al., 1989; Costa et al., 1988; Keskinen et al, 
1988; MacDougall, 1990]. 

It is the object of this paper to utilize the remote sensing 
capability of Polar BEAR to diagnose a class of large- and 
small-scale plasma structures (order of hundreds of kilome- 
ters to hundreds of meters) in the auroral E region near 
Sondrestrom. The UV imager on Polar BEAR, known as 
AIRS, was used to sense the emission regions which are 
associated with particle precipitation. An electron transport 
model originally generated for optical emissions [Strickland 
et al., 1976] and modified to include vacuum ultraviolet 
(VUV) emissions [Strickland et al., 1983] is used to deter- 
mine quantitatively the electron density profiles which 
would be produced by particle precipitation generating such 
UV emissions. It should be pointed out that the analysis of 
the AIRS UV data carried out here is similar to that reported 
by Robinson et al. [1992], except that they used intensities at 
391.4 nm instead of 159.6 nm. Rees et al. [1988] and Steele et 
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al. |I992J performed similar analyses of DE 1 and Viking 
images, although the broad bandwidths of the fillers used in 
those instruments make spectral analysis difficult. The tech- 
niques used to deduce electron densities from UV data are 
fundamentally the same as those used to deduce electron 
densities from ground-based observations at visible wave- 
lengths. The latter techniques have been described by Strick- 
land et al. [1989] and Rees and Lummerzheim [1989]. 

Other objectives of this paper are to utilize the TEC and 
scintillation measurements from Polar BEAR to determine 
the integrated effect of the large-scale (tens to hundreds of 
kilometers) and small-scale (several kilometers to hundreds 
of meters) irregularities created directly by the particle 
precipitation or through plasma instabilities. The Sondre- 
strom incoherent scatter radar (ISR) data of electron densi- 
ties are used to calibrate the absolute value of the TEC 
obtained from the beacon measurements. These densities 
are also compared to the model electron density profiles 
obtained from the Polar BEAR measured UV emissions to 
determine how well the modeled values simulate the actual 
measurements. Finally, the plasma density gradients and 
convection velocities measured by the ISR at Sondrestrom 
together with predicted values of the neutral winds obtained 
from  the National  Center for Atmospheric  Research 
(NCAR) thermospheric general circulation model (TGCM) 
are utilized to compute the growth rates of the small-scale E 
region irregularities (several kilometers to hundreds of 
meters) created by the gradient drift instability in the linear 
regime [Fejer and Kelley, 1980; Keskinen and Ossakow, 
1983].  Thus  with  this  coordinated  set of satellite- and 
ground-based measurements we hope to establish the capa- 
bility of Polar BEAR to remote sense a class of large- and 
small-scale E region irregularities which can produce sub- 
stantial degradation in communications and radar systems. 
We wish to point out that this type of remote sensing may 
only be effective during sunspot minimum conditions when 
the convection-dominated high-latitude F region is weak 
compared to the particle precipitation induced densities in 
the E region. Such conditions are commonly encountered 
during the low sunspot phase of the solar cycle. 

2.   INSTRUMENTATION 

The Polar BEAR satellite was instrumented with a visible 
and UV imager known as the auroral ionospheric remote 
sensor (AIRS) which could measure emissions simulta- 
neously at up to four wavelengths [Schenkel et al., 1986; 
Schenkel and Ogorzalek, 1987]. The AIRS instrument was 
designed to be operated at two wavelengths in the far- 
ultraviolet (FUV), such as at 135.6 nm and 159.6 nm, as was 
the case for the data used in this paper, and also at two 
wavelengths in the near-UV and visible channels, with most 
of these images at N2

+ 391.4 nm. In the imaging mode a 
spatial resolution of 5.7 km (cross-track) x 23 km (along 
track) was achieved, assuming an emission altitude of 120 
km, the total cross-track coverage being 5200 km in 3 s. The 
image is acquired line by line, with one image for each polar 
orbit. The satellite developed attitude problems when it 
entered the first period of full sunlight in March 1987 [Hunt 
and Williams, 1987]. Thus, for careful coordinated measure- 
ments between space and ground it was important to use 
data prior to such oscillations. 

The Beacon Experiment on Polar BEAR was identical to 

that mounted on HiLat [Cousins el al., 1984] and similar to 
that described in detail by Fremouw el al. [1978] for Wide- 
band. The major difference was that an S band signal was 
used as phase reference in Wideband while an L band signal 
was used for that purpose in HiLal and Polar BEAR. The 
phase and amplitude scintillations were obtained in the VHF 
and UHF bands with respect to the L band signal while the 
TEC was determined by utilizing a comb of three frequen- 
cies in the UHF band. The object of this study was to 
determine the TEC and scintillation structures along the ray 
path from Polar BEAR to the ground station at Sondrestrom 
when the AIRS imager was able to sense UV emissions close 
to its nadir position. Spectral analysis of the phase scintilla- 
tion data, in particular, provides information regarding the 
nature of the hundreds of meter-scale irregularities associ- 
ated with such auroral emission. 

The ISR at Sondrestrom has been described by Kelly 
[1983] and Wickwar et al. [1984]. In general, the radar was 
scheduled to provide coverage to the high-elevation Polar 
BEAR passes. Usually, the radar made elevation scans close 
to the foot of the field line of the Polar BEAR overflight. 
Such measurements provide both electron density and back- 
ground convection measurements. On some other occasions 
the radar was held stationary, pointed along the local mag- 
netic field in support of other auroral experiments. In this 
latter case, only electron density measurements are avail- 
able. 

3.   OBSERVATIONS 

We present Polar BEAR overflights of the Sondrestrom 
ISR obtained on two evenings with fairly moderate magnetic 
activity early in the life of the satellite. The dates when these 
coordinated measurements were available occurred on Jan- 
uary 24, 1987, near 0210 UT when Kp = 2 and on February 
28, 1987, near 0020 UT when Kp = 3. The sunspot number 
during this period was very low, with the monthly mean 
being 10 for January 1987 and only 2 for February 1987. In 
the following subsections we describe the different coordi- 
nated data sets and the electron density modeling effort from 
the VUV emissions. Finally, in section 4 we present evi- 
dence for the gradient-drift instability in the E region as a 
plausible mechanism for generating the several kilometer- to 
hundreds of meter-scale irregularities which cause the phase 
and amplitude scintillations. 

3.1.    Event of January 24, 1987 

AIRS image. The Polar BEAR AIRS false-color image 
of 0 I 135.6 nm for this event is shown in Plate 1. The image 
is projected on the map of Greenland and surrounding 
regions by considering that the emission layer height is 110 
km. The auroral oval is prominently displayed, with the area 
near 50°W longitude showing diffuse aurora of intensity 
approximately 0.5 kR in the equatorward region with dis- 
crete arc structures of approximately 1.5 kR intensity at the 
poleward edge. These arcs were found to be quite stable as 
their position remained unchanged in an ISR elevation scan 
taken 5 min prior to the Polar BEAR pass. The solid line is 
the E region (110 km) intercept of the ray path from Polar 
BEAR to the ground station at Sondrestrom, while the 
dashed line is the track of the ISR elevation scan in the 
magnetic meridian plane. It is readily apparent that both the 
scan and the intercept cut across the stable auroral arc 
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features at the poleward edge of the oval. Although not 
shown as a plate, an image at the N2 Lyman-Birge-Hopfield 
(LBH) band (159.6 nm) was obtained simultaneously with 
that shown in Plate 1. We will present in detail the nature of 
the UV emissions at 135.6 and 159.6 nm associated with 
these structures as part of the electron density modeling 
effort based on these emissions later in the paper. 

Polar BEAR beacon measurements. The TEC increase 
and scintillations caused by the ionization due to these 
precipitation features are presented in Figure 1. The phase 
and amplitude scintillations at 137 MHz are shown in the top 
panel with the slant TEC, and its equivalent vertical content 
is shown in the bottom panel. The background TEC is quite 
small, about 1 TEC unit (= 10l6 el m ~2). Superposed on this 
is an increase to 3 TEC units in the vertical content centered 
at approximately 0210 UT, with the increase largely between 
0209 and 0211 UT, which covers a distance of 100 km at E 
region altitudes. 

A prominent phase scintillation structure is colocated with 
the TEC enhancement. The phase scintillation is computed 
over 30 s of data with 15-s overlap between data lengths. 
Because of the large time window used and the approxi- 
mately 1 km s_1 velocity of the ray path through the E 
region, it is expected that TEC changes over tens of kilome- 
ters would be reflected in the phase scintillations. The other 
peak at 0211:48 UT at the location where the ray path from 
the satellites makes the minimum angle with the local L shell 
is due to L shell-aligned sheetlike irregularities, first identi- 
fied from Wideband data [Rino et ai, 1978]. The origin of 
this peak is thus geometrical in nature. 

The surprising aspect of the scintillation data is the paucity 
of amplitude scintillations in both the source enhancement 
and geometrical enhancement regions. The low level of the 
amplitude scintillation data seems to indicate that there is 
little power at scales smaller than the Fresnel dimension, 
which in this case is 1 km. The dearth of power at the small 
scales becomes less surprising when one considers the phase 
spectral slope, which is plotted as a function of time in 
Figure 2. We note that the spectral slope is very steep in the 
region of the phase scintillation enhancement, of the order of 
4, which would indicate that the three-dimensional spectral 
slope of the irregularities is 5. The spectra were computed 
using  15-s samples digitized at 50 Hz and utilizing the 
maximum entropy (MEM) technique using 40 filter weights. 
A detailed discussion of the MEM technique and its appli- 
cation to scintillation data have been provided by Fougere 
[1985]. A particular spectral sample obtained at 0209:18 UT 
is shown in Figure 3. The slope is fitted between 0.2 and 2.0 
Hz, which considering the satellite velocity is equivalent 
approximately to the scale length range 5 km to 500 m and, 
given the spectral index, the power at 500 m is 40 dB less 
than that at 5 km. The moderate level of turbulence at the 
kilometer scales coupled with the steep spectral slope pro- 
duces little power at the shorter scales that give rise to 
amplitude scintillation. Moreover, the maximum elevation 
for the Polar BEAR pass is 60°, .so that the geometrical 
enhancement is due to sheetlike irregularities which are 
more effective in giving rise to large phase scintillations 
[Fremouw et ai, 19856]. We will show with the February 
28 case study that when the level of turbulence is much 
larger at the kilometer scales, it is possible to have amplitude 
scintillations in spite of a steep spectral  index for the 
irregularities. In an earlier study, Kelley et al. [1980] using 

the Wideband satellite found phase spectral slopes varying 
between 2 and 3 in a similar auroral zone study and attrib- 
uted the scintillations to F region irregularities. 

1SR measurements.    The TEC and scintillation measure- 
ments  provide  an  integrated   response  to  the   ionization 
created by the particle precipitation, which also is responsi- 
ble for the UV emissions. However, in order to determine 
the exact region within the ionosphere where the ionization 
is created and to estimate the horizontal electron density 
gradients and plasma drifts associated with such an ioniza- 
tion region, we used elevation scans made by the Sondre- 
strom ISR to cover the Polar BEAR overflights. The eleva- 
tion scan closest in time to the Polar BEAR pass is shown in 
Figure 4. The elevation scan was made between 0206:56 and 
0211:56 UT at an azimuth of 141°. A prominent electron 
density structure with maximum of approximately 4.5 x 105 

cm ~3 is seen in the E region centered at a distance of 100 km 
south of Sondrestrom, which is colocated with the UV 
emission feature at the poleward edge of the oval and the 
TEC enhancement measured by Polar BEAR. Actually, the 
satellite orbit was such that both the elevation and azimuth 
of the satellite in the enhancement region matched that of the 
ISR elevation scan in the density structure. There are no 
density structures in the E region poleward of Sondrestrom, 
and the F region is quite featureless with maximum density 
of 5 x   104 cm-3. Figure 5 represents the reconstructed 
vertical electron density profile through the center of this 
enhancement using the elevation scans. While the profile is 
shown to 300 km, the integration to 450 km yields a TEC of 
3 units, which agrees well with the equivalent vertical TEC 
measured by Polar BEAR up to a height of 1000 km shown 
in Figure I. The maximum density in the E region is 4.7 x 
105 cm-3 while that in the F region is 105 cm-3. It is 
important to note that while the integrated density of the F 
region exceeds that of the E region, the effect of the latter is 
expected to be greater on irregularity generation because of 
the presence of the sharp horizontal density gradient visible 
in the radar elevation scan shown in Figure 4. The F region, 
on the other hand, is both low in density and devoid of any 
correspondingly significant density gradients. An estimation 
of the growth rate of irregularities in the E region based on 
density gradients and plasma drifts with respect to the 
neutral medium will be provided in section 4. 

Modeling of electron density profiles from AIRS image. 
The AIRS data are available in the form of smoothed counts 
at 159.6 nm (designated detector 1), due to N2 LBH band 
emission, and 135.6 nm (designated detector 2), due to O I, 
and unsmoothed counts at 135.6 nm as a function of position 
of the 110-km intersection of the line of sight between Polar 
BEAR and the ground station at Sondrestrom. Such a 
diagram for the image shown in Plate 1 is presented in Figure 
6. It is immediately evident from the unsmoothed detector 2 
output that the 110-km ray path cuts through two discrete 
arcs of intensity greater than 1 kR which appear as two blue 
and yellow features at the poleward edge of the auroral oval 
in the false-color image of Plate 1. We concentrate on the 
poleward of the two arcs, as that is the only one which the 
Sondrestrom ISR could completely probe at a distance 100 
km to the south of the station. The equatorward arc was too 
far south of the radar to be probed fully by the elevation scan 
at E region altitudes, as may be observed from Figure 4. 
Thus only for the poleward arc is there the possibility of 
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Plate 1. Ultraviolet image at 135.6 nm (() I) obtained hy the Polar BEAR satellite on January 24, 1987. The solid 
line is the 110-km intercept of the ray path from Polar BKAR to the ground station at Sondrestrom. while the dashed 
line is the track of the ISR elevation scan in the magnetic meridian plane. 
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Fig. 1. (Top) The 137-MHz phase (cr^) and amplitude (S4) scintillation and (bottom) TEC measured along the 
110-km intercept shown in Plate L Note the scintillation enhancement associated with the TEC enhancement between 
0209 and 0211 UT. 

computing electron density profiles from the UV emission 
features and comparing them against observations. 

It is unfortunate that the weak 159.6-nm emission requires 
averaging over 3 pixels to obtain statistical validity of the 
counts. Since the mean energy, E, of the precipitating flux is 
obtained from the ratio of the two intensities, the 135.6-nm 
data were also smoothed in a manner similar to that of the 
159.6-nm data. This introduces some uncertainty because E 
is rather sensitive to the precise value of the ratio and 
smoothing the data smears some of the structure that is 
clearly present in the unsmoothed data. Since arcs are 
associated with inverted-V events [Lin and Hoffman, 1982], 
it is expected that the intensity ratio will vary across the arc. 
However^ smoothing tends to wash out this variation, so the 
inferred E is generally too low at the peak of the inverted-V 
structure. The energy flux (£>) of the precipitating particles is 
estimated from the unsmoothed detector 2 output. Since the 
135.6-nm column emission rate decreases as E increases, an 
underestimate of E produces an overestimate of Q. For 
modeling electron density profiles, the above method tends 
to overestimate the peak electron density (related to the high 
value of Q) and also the altitude of the peak near the centers 
of discrete arcs (related to the low value of E). Further, in 

Plate 2. (Opposite) Same as in Plate 1 except that the image was 
obtained on February 28, 1987. The solid line is the same as in Plate 
I while the plus sign represents the stationary ISR position pointed 
along the local magnetic field. 
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doing the modeling, we assume that the 135.6-nm emission is 
a combination of 0 I 135.6 nm and N2 LBH 135.3 nm as 
AIRS does not provide sufficient resolution to separate 
them. In addition, with two auroral UV emission features we 
had no way of determining the O density independently, an 
input necessary for the determination of the electron density 
profile. We therefore used a model for the 0 density even 
though this density can be quite variable in aurora, as 
discussed by Hecht et al. [1989]. 

Having discussed possible sources of errors in the profile 
modeling effort, we turn to the actual modeling computa- 
tions. To do this, the first step is to convert the smoothed 
and unsmoothed counts shown in Figure 6 into intensities by 
using the respective calibration of the two detectors. We are 
now in a position to interpret these emission intensities with 
the aid of the auroral electron transport code (to be referred 
to as B3C for Boltzmann three constituent) and associated 
chemistry. 

Using B3C and the MSIS-83 (mass spectrometer and 
incoherent scatter 1983) model atmosphere [Hedin, 1983], 
intensities of the 0 I 135.6-nm line and the N2 Lyman-Birge- 
Hopfield band system for incident Gaussian electron spectra 
with mean energies E between 1 and 10 keV and an energy 
flux Q of 1 erg cm"2 s~' were calculated. Using the actual 
instrument response functions for AIRS detectors 1 and 2 
(centered at 159.6 nm and 135.6 nm, respectively), the 
effective intensities that AIRS would observe under those 
conditions were derived. Since the intensity of each of these 
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emission features is proportional to (). the ratio of the 
intensities observed by the two detectors is independent of 
Q. Therefore, by comparing the actual ratio to the calculated 
ratios a value for /-.' was determined. A value loi (J was 
obtained by comparing the actual detector 2 intensity with 
that calculated for Q I erg cm " s '. Once R and Q were 
determined, then B3C and its related chemistry code were 
used to calculate the electron density profile. 

For the case of January 24, 1987, the 10.7-cm solar flux 
and Ap were 70.2 and 7, respectively. These parameters 
were used to run the MSIS-83 model for the neutral atmo- 
sphere. The B3C code then provided the inferred E and 
inferred Q as functions of geographic latitude given the ratio 
of smoothed detectors 1 and 2 as shown in Figure 7. 

As mentioned earlier, we concentrate on the poleward arc 
and find, near the poleward edge of the arc, inferred £ = 4.1 
keV and Q = 7.2 ergs cm 2 s"1. These parameters were 
obtained considering a Gaussian spectrum for the electron 
precipitating flux, as earlier work had shown that this type of 
spectrum was more appropriate for a discrete arc [Strickland 
et al., 1983]. The electron density profile obtained from B3C 
is shown in Figure 8. The maximum density in the E region 
for this profile is 4.2 x I05 cm-3 at a height of 118 km. The 
radar scan presented in Figure 5 which represents the actual 
measurement of the electron density profile in the iono- 
sphere generated in response to the particle precipitation 
was found to have a maximum density of 4.7 x 105 cm-3 at 
a height of 112 km. Given all of the approximations involved 
in determining E and Q from the UV emissions at two 
wavelengths, the comparison is quite good between the 
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Fig. 2. The phase spectral slope obtained by spectral analysis of 
phase scintillation data shown in the top panel of Figure I. Note 
steep phase spectral indices of 4 in the scintillation enhancement 
region between 0209 and 02! I UT. 

observations and modeled values. We think the goodness of 
the fit is likely due to the stable nature of the discrete arc. 

3.2.    Event of February 28, 1987 

AIRS image. The Polar BEAR AIRS image of O I 135.6 
nm for this event is shown in Plate 2, the straight line through 
the image representing the 110-km intercept of the ray path 
from the beacon to the ground station at Sondrestrom. This 
was a very high elevation pass of the satellite, with the 
maximum elevation being 80°. By consulting the scale of 
false-color radiance values (which is different from Plate 1) 
we note that the discrete auroral features are more intense in 
this case than those observed on January 24. In particular, 
we will concentrate on the propagation disturbances created 
by the intense discrete arc with a maximum intensity of 4.6 
kR located at the poleward edge of the auroral oval. On 
February 28 the Sondrestrom radar was not scanning but 
was stationed such that the beam was pointed up along the 
local magnetic field direction (elevation 80°, azimuth 140°). 
That position is marked by a plus sign in close proximity to 
the E region intercept in Plate 2. We note that both the 
stationary radar location and the beacon ray path do inter- 
sect the discrete arc at the poleward edge of the oval. 

Polar BEAR beacon measurements. The TEC and scin- 
tillations obtained along the intercept shown in Plate 2 are 
presented in Figures 9 and 10. The primary reason for 
discussing this event is to highlight the magnitude of VHF/ 
UHF radio wave perturbations that can be caused by the E 
region alone depending on the intensity and width of the 
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Fig. 4. Electron density contours obtained by the Sondrestrom ISR during the elevation scan of 0206:56-02! 1:56 
UT. The density contours are in units of \04 cm"3. Note the prominent electron density structure with maximum of 
4.5 x 10   cm  3 to the south of Sondrestrom at a distance of 100 km. 

emission region associated with the energetic particle pre- 
cipitation. The equivalent vertical TEC shows a sharp, 
narrow, spikelike increase centered at 0023 UT and two 
broader increases centered at approximately 0017:30 and 
0020:30 UT. As in the earlier case study, the background 
TEC varies between 1 and 2 TEC units. On examining Plate 
2 carefully, one finds that the sharp TEC structure around 
0023 UT corresponds to the intense narrow arc of approxi- 
mately 4.5 kR intensity of 135.6-nm emission at the poleward 
edge of the diffuse aurora mentioned in the last paragraph. 

The other two TEC structures presumably are related to the 
other two structured precipitation regions along the inter- 
cept, one immediately equatorward of the very intense arc 
discussed above and the other near the equatorward edge of 
the diffuse aurora. 

The phase scintillations associated with the TEC struc- 
tures are very large at 137 MHz, ranging between 40 and 50 
rad. This is a factor of 4-5 larger than the phase scintillations 
observed on January 24. As a result, the phase scintillations 
at 413 MHz are as large as 20 rad associated with the intense 

87/1/24 2;S:56   -    2- I I :S6 NE      flZ 

DENSITY (cm-3) 

Fig. 5. Reconstructed vertical electron density profile obtained 
by the Sondrestrom ISR through the center of the density enhance- 
ment shown in Figure 4. The maximum density is 4.5 x I05 cm "3 at 
114 km. 
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Fig. 6. The smoothed counts at 159.6 nm and the smoothed and 
unsmoothed counts at 135.6 nm obtained by the UV imager along 
the 110-km intercept shown in Plate 1. 
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Fig. 7. The ratio of the smoothed 159.6- and 135.6-nm emissions 
obtained from Figure 6 and the inferred mean energy and energy flux 
of the precipitating particles obtained from the smoothed and 
unsmoothed counts as explained in the text. 

arc at the poleward edge of the diffuse aurora. The phase 
scintillations were very small at this frequency on January 24 
and hence were not shown in Figure 1. 

The amplitude scintillations are also much larger than 
those observed on January 24. We concentrate on the almost 
saturated scintillations at 137 MHz and the significant scin- 
tillations observed at 413 MHz in association with the 
discrete arc at the poleward edge of the diffuse aurora. The 
perturbations on the 137/413-MHz signal amplitudes are as 
large as those caused by the geometrical enhancement 
(denoted by MIN LZEN) observed a little to the south of the 
arc. It should be noted that the geometrical enhancement is 
not centered on a TEC enhancement. Thus the phase scin- 
tillations in this region are relatively modest, —10 rad at 
VHF. However, the amplitude scintillations are very high 
for this 80° elevation pass. This may indicate that small-scale 
(kilometers to hundreds of meters) magnetic field-aligned 
rods are embedded in larger-scale sheets as postulated by 
Fremouw et al. [19856]. Another important point to note is 
that the phase/amplitude scintillation ratio is much larger for 
the source enhancement region associated with the discrete 
arc than for the geometrical enhancement region. It is our 
view (given the ISR data) that the irregularity source is in the 
E region for the discrete arc and may be in the F region for 
the geometrical enhancement based on the differences of the 
spectral character of the irregularities as discussed below. 

The spectral slopes of the phase scintillation data at 137 
and 413 MHz are shown in Figure 11. If we confine our 
attention primarily to comparing the spectral slopes in the 
geometrical enhancement region with those in the poleward 
discrete arc region, we find the slopes to be much shallower, 
namely 3, in the geometrical region, particularly at 137 MHz. 
It should be noted that, in general, phase spectral slopes are 
steeper in the geometrical enhancement region compared to 
nearby regions if all irregularities are in the F region [Fre- 

DENSITYlcm"3) 

Fig. 8. The modeled electron density profile obtained by using 
the auroral electron transport code. The maximum density is 4.2 x 
105 cm"3 al I I8-km altitude in good agreement with the measured 
ISR profile shown in Figure 5. 

mouw et al., I985&]. In this particular case, they seem 
shallower in contrast because of the extreme steepness of 
the E region irregularities characterized by a phase spectral 
slope of 4. In an earlier study [Basu et al., 1986] where we 
had invoked velocity shears in the F region as the source of 
the irregularities, we had found shallow phase spectral 
slopes in a region contiguous to an auroral arc. The steep 
spectral slopes associated with the arc irregularities are 
consistent with the findings of January 24 and indicate that E 
region spectra have steeper slopes than their F region 
counterpart. Thus the February 28 observations prove that it 
is possible to have large-amplitude scintillations even if the 
phase spectral slope is steep provided the strength of turbu- 
lence at the several-kilometer scales is very large. We will 
provide some order of magnitude estimates of the strength of 
turbulence in a later subsection. 

ISR measurements. As mentioned earlier, the ISR at 
Sondrestrom was not operating in the scanning mode on 
February 28, 1987, but was held stationary along the direc- 
tion of the local magnetic field. Figure 12 shows the contours 
of electron density as a function of time on February 28 
starting at 0018:04 UT. A series of density structures in the 
E region are observed starting at 0022 UT. The F region in 
contrast is fairly featureless with maximum density of 4 x 
10" cm"3. An electron density profile taken through the 
center of the first precipitation feature between 0023:06 and 
0024:06 UT is shown (Figure 13), as it matches well the time 
and location of the Polar BEAR crossing of the most 
poleward discrete arc. The maximum density in the E region 
is 4.8 x 105 cm-3, an order of magnitude larger than in the 
F region. The TEC of the integrated profile is 3.4 TEC units, 
in good agreement with the Polar BEAR TEC. In this case 
also, it seems evident that the perturbation on the VHF and 
UHF radio waves is caused by the structure in the E region. 
In the following subsection we provide order of magnitude 
estimates of the strength of turbulence in the E region which 
can give rise to the observed scintillations. 

Strength of turbulence in the E region. It is important to 
establish some limits on the saturation amplitudes and outer 
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Fig. 9. The TEC measured along the 110-km intercept shown in 
Plate 2. Note the sharp enhancement at 0023 UT which corresponds 
to the discrete arc at the poleward edge of the image. 

of which was shown in Figure 3 for the January 24 case 
study. We note thai the phase spectral strength increases 
with decreasing frequency up to 10 ' H/ and levels oil" 
thereafter. We have to use tin effective velocity dependent 
on irregularity anisotropy. source motion, and ionospheric 
drift \Rini>. 1979] to convert the frequency axis to a scale 
length axis. An irregularity anisotropy of 8:4:1 is appropri- 
ate, as mentioned earlier. Further, in section 4 we shall show 
that there is an electron drift velocity of 455 m s ' equator- 
ward to the south of Sondrestrom. The satellite was moving 
poleward in this orbit. Considering all these geometrical and 
ionospheric parameters, we obtain an effective velocity of 
approximately 275 m s ' which has to be used to convert the 
frequency axis to scale size. This translates the outer scale 
frequency of 10"' Hz to 2.75 km. This value is consistent 
with the C, computations presented in Figure 14, albeit for 
another day. We have mentioned earlier that plasma velocity 
measurements were only available for January 24 so that 
such order of magnitude estimates could only be provided 
for this day. Thus we find that it is possible to model the 
observed VHF/UHF scintillations on the basis of £ region 
parameters which are consistent with the current and earlier 
measurements. 

scale characteristics of the E region irregularities, which 
when combined with the measured layer density and thick- 
ness yield phase and amplitude scintillations reasonably 
consistent with the measurements. The UHF measurements 
at 413 MHz place more severe constraints. Thus the Febru- 
ary 28, 1987, event is chosen for illustration. 

Figure 14 presents 54 and a^ computations for a range of 
Cs, the strength of turbulence parameterfor two values of p, 
the phase spectral index, using equations valid in the weak 
scatter regime developed by Rino [1979]. Such diagrams 
were used by Basu er al. [ 19886] to estimate the strength of 
turbulence associated with polar cap patches. For computa- 
tions of 54 and cr^ we have assumed the height and thickness 
of the irregularity layer to be consistent with the ISR 
measurements, an irregularity anisotropy of 8:4:1 [Fremouw 
and Secan, 1984], and other geometrical parameters appro- 
priate for the source enhancement region near 0023 UT on 
February 28, 1987. (We note that there are no systematic 
modeling efforts of the E region irregularity anisotropy, so 
we made the assumption that the E and F region anisotropies 
were similar, at least, in the nightside auroral oval.) It is 
readily apparent from Figure 14 that the observed large 
values of a^ at UHF for a moderate level of SA are 
consistent with the p = 2v = 4 graphs, a value obtained 
from the phase spectral analysis. Thus confining our atten- 
tion to the p = A case, we find that the observed range of 
values in the enhancement region of <r^, = 10-20 rad and S4 

= 0.1-0.2 can be achieved with Cs in the range of 2 x 10 '8 

to 6 x 1018 mks units. 
To aid the reader, we wish to point out that this range of 

C, values can, in turn, be achieved with irregularity ampli- 
tudes in the range 10-20% and outer scale size ranging 
between 1 and 5 km for an observed peak value of the E 
region density of approximately 5 x 105 cm-3. The irregu- 
larity amplitude is consistent with earlier rocket measure- 
ments of Kelley and Mozer [1973], who observed broadband 
integrated density fluctuation levels An/n of 5-15% in the 
auroral electrojet with a layer thickness of 30 km. The outer 
scale can be estimated from the phase spectra, one example 
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4.   DISCUSSION 

By using multitechnique data to diagnose large- and small- 
scale plasma structures in the E region we have been able to 
show the mutual consistency of the different data sets in 
resolving the structuring issues. Starting with the UV image 
of the discrete arcs, we have been able to show that the 
particle precipitation in the E region giving rise to the UV 
emissions and the electron density increase as measured by 
the ISR were of the right order of magnitude to cause the 
TEC increase measured by Polar BEAR. In addition, the 
ISR measurements were consistent with the electron density 
profile obtained by utilizing an auroral transport code using 
the multiple-wavelength UV emissions recorded by AIRS on 
the satellite. Further, we have shown that it is possible to 
obtain enough strength of turbulence in the auroral E layer to 
cause the observed magnitude of phase and intensity scintil- 
lations. In general, there seemed to be a perception in the 
propagation community that because of the limited thickness 
of the E region, scintillations caused by this region would be 
insignificant. However, coordinated case studies of scintil- 
lations and ISR measurements at Sondrestrom such as this 
and others [Basu et al., 1991] are establishing that the 
structured auroral E region because of its high density and 
considerable vertical extent can, indeed, cause strong phase 
scintillation and moderate intensity scintillations. 

What we have not yet addressed is a viable mechanism 
that may generate the kilometer to hundreds of meter 
irregularities in the E region that could give rise to the 
scintillations. We shall show for the data of January 24, 1987, 
when electron and ion drifts were measured, that the E 
region irregularities could have been caused by the gradient- 
drift instability. The density structure in the E region for this 
event has been shown in Figure 4. The density gradient scale 
length at the edges was found to be approximately 15 km. It 
should be noted that for the mode of observation used here 
and the integration time of 10 s, the 15-km figure is very close 
to the measurement limit and the actual gradient scale length 
could indeed be much smaller. The electron drift in the E 
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Fig. 10. (Top) Amplitude scintillation at 137 and 413 MHz and (bottom) phase scintillation obtained along the 
110-km intercept in Plate 2. Note large phase and amplitude scintillation enhancements associated with the TEC 
enhancement at 0023 UT. 

region or plasma drift in the F region simultaneously mea- 
sured during the same elevation scan is shown in Figure 15. 
By comparing Figure 15 with Plate 1, we find there are two 
distinct components of flow for this magnetic midnight 
event: a large eastward flow poleward of the arc and a steady 
antisunward, i.e., equatorward, drift of -455 m s-1 directly 
across the arc. It is interesting to note that such a flow across 
a stable arc at magnetic midnight was also noted by Weber et 
al. [1991, and references quoted therein]. They discuss, at 
length, the electrodynamics associated with such arcs. In the 
E region the ion drift experiences a rotation and attenuation 
due to collisions with the neutrals. Using the MSIS-86 model 
of the neutral atmosphere and the ion-neutral collision terms 
of Schunk and Walker [1970], we have obtained the value of 
the ion velocity at the peak altitude (114 km) of the E region. 
This value is 40 m s_1 poleward, providing a relative 
electron drift of 495 m s~' equatorward. 
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The electron and ion drifts in the F and E regions were 
calculated using the equations given in Appendix 1 of 
Valladares and Carlson [1991]. These equations had been 
developed earlier by Doupnik et al. [1977] and de la Beau- 
jardiere et al. [1977]. These authors have indicated that the 
computations of these velocities require a knowledge of the 
neutral wind. 

Unfortunately, no measurements of E region neutral 
winds were available for that day at Sondrestrom. We thus 
chose to use predicted values of these winds at —120 km 
altitude for the magnetic latitude of Sondrestrom near mid- 
night from the NCAR TGCM developed by Roble et al. 
[1988]. These predictions were obtained from a recent pub- 
lication by Killeen et al. [1992]. The required values were 
140 m s~' equatorward for the meridional component and 0 
m s"1 for the zonal component. The models were run for 
southern summer, moderate geomagnetic activity, and rela- 
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Fig. 11. The phase spectral slopes at (top) 413 MHz and (bot- 
tom) 137 MHz obtained by spectral analysis of phase scintillation 
data shown in the bottom panel of Figure 10. 
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Fig. 12. Contours of electron density obtained as a function of 
time between 0018:04 and 0038:02 UT at the point marked by the 
plus sign in Plate 2. The density enhancement at 0023 UT is 
associated with the poleward discrete arc in Plate 2. 

and the linear growth rate, 7, for the gradient-drift instabil- 
ity: 

and 

«A==k1-(Veo+0V/o)/(l + !/,) (1) 

tively high sunspot numbers. Our measurements were for 
moderate geomagnetic activity but for winter and low sun- 
spot numbers. It is difficult to find E region neutral wind 
measurements made in winter due to low densities and 
consequent low signal to noise ratio. Comparison with 
observations at Sondrestrom made by Johnson [1991] during 
the Lower Thermospheric Coupling Study (LTCS) for equi- 
nox low sunspot conditions shows considerable day-to-day 
variability of neutral wind speed and variability with alti- 
tude. However, the modeled values are fairly consistent with 
the measurements for moderate geomagnetic activity at an 
altitude of 120 km. Thus using a value of 120 m s-1 in an 
equatorward direction for the meridional wind in the E 
region with no zonal wind, we obtain an electron drift 
velocity of 455 m s~' equatorward with an ion drift of 40 m 
s_I poleward. 

Given the above gradient and drift directions in the auroral 
E region, we consider the geometry for the application of the 
gradient-drift instability in Figure 16. The density gradient 
Vn0 and the relative electron drift \d are assumed to be 
along the x direction, which is southward, the equilibrium 
transverse electric field E0 is along the y axis, and the z axis 
is aligned with the Earth's magnetic field B0. 

Following the work of Fejer et al. [1975] and others we 
obtain the following expressions for the real frequency, wR, 

87/2/28 0=23=6 

200 

DENSITY (cm"3) 

Fig. 13. The electron density profile through the center of the 
density enhancement between 0023:06 and 0024:06 UT. The maxi- 
mum density is 4.8 x 105 cm-3 at 110 km. 
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Fig. 14. The phase and amplitude scintillation as a function of 
the strength of turbulence parameter, Cs, for two values p = 3 and 
4 of the phase scintillation index. 
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Fig. 15. The plasma drift in the F region, which is equivalent to 
the electron drift in the £ region, measured by the Sondrestrom ISR 
simultaneously with the density measurements shown in Figure 4. 

y = 
vi (kx x  ez) •  e„ kj D±kl 

ft,- u + tr   I + «A 
- lane] 

(2) 

where Ve0 and V/"0 are the electron and ion drifts, \d = \e0 

- VJ0, and ip = vevil€leQ.i where ve, vh fte, and ft,- are the 
usual electron and ion collision frequencies and gyrofrequen- 
cies; k± is the wave vector; E„ = Vn0/n0 = MLN where LN 

is the horizontal density gradient scale length; Dx = {vel 
ft^ft.OCj where Cj = (Te + r,)/m,, Te, Th and mt being 
the electron and ion temperature and ion mass, respectively; 
B0 = B0ez and Ve0 = cE0± x ez/B0; a is the recombina- 
tion coefficient, and n0 is the electron density. For the 
auroral geometry we have considered above and for long 
scale lengths (Ax > 100 m for which the second term due to 
diffusive damping can be neglected) we get 

Vi (kj. x   ez)-  en k±-  V. 

(1 + *)' ft, k\ 
2ana (3) 

The instability only occurs for oblique modes such that [(kx 

x ez) • e„] < 0. Since e„ = snex, the unstable modes are in 
the (x)(-y) plane as shown in Figure 16. The growth is 
optimum for modes at 6 = W4 where 8 is the angle between 
k and \d (and Vn0). Then (3) can be written as 

vt k±e„ sin 6 k±Vd cos 6 

"ft, 

Vi e„Vd sin 20 
= äi 2(i+ ^)2 

(1 + .A)2 
— 2an0 

2ann 

e.V„ 

ft; 2(1 + *Y 
2ann (4) 

when 6 = TT/4. 

In the auroral E region, v,-/ft;- = 15, ve v,/ftf ft,- « 1, and 

a ~ 3 x  10" With these approximations we obtain the 
value of the growth rate in (4) to be approximately 0.2 s_1 

whereas the damping term is 0.3 s_1. However, we note that 
the growth rate is inversely proportional to the density 
gradient scale length, which was probably overestimated by 
the ISR measurement resolution. If the scale length is 5 km, 
a value widely used in the E region [Fejer and Kelley, 1980], 
the growth rate is 0.7 s~' and the damping term is 0.3 s~\ 
providing an effective growth time of the irregularities to be 
about 2.5 s. Since this is small compared to the lifetime of 
tens of seconds of the E region irregularities, the gradient 
drift mechanism is probably a viable one for the generation 
of these irregularities. Obviously, the foregoing estimates 
are based on many approximations (such as the neglect of 
the dispersive nature of the large-wavelength modes dis- 
cussed by Rogister [1972]), and even the observations are 
probably made well into the nonlinear regime. 

We also note that in developing the gradient-drift instabil- 
ity arguments described above we used a local analysis 

WEST 

y 

SOUTH 

DOWN 

Fig.  16.   The coordinate system for the application of the gradient 
drift instability for the auroral geometry of January 24, 1987. 
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appropriate for the E region alone. It is well known that due 
to the large conducti\i!y parallel to the magnetic held (cr(|) as 
compared with the transverse conductivity ((/  ). the poten- 

tial fields in the ionosphere map to large parallel distances 
determined by the relationship A^/A,   -  (tr^/a, )'" \Farlcv. 
1959J. Thus the scale sizes considered in this paper (a few 
kilometers) are likely to map from the E region (where Hall 
conductivity is dominant) to the F region (where Pedersen 
conductivity is important), as (a^laL)

U2 - 45 to 100 in the 

lower ionosphere. In a situation like this, an approach using 
quantities integrated along the magnetic field is frequently 

employed [e.g., Perkins, 1973], and the relevant gradient is 
no longer the local density gradient but is replaced by the 

gradient in the integrated conductivity, if, (integrated Hall 

conductivity in E region), if (integrated Pedersen conduc- 

tivity in E region), or if (integrated Pedersen conductivity 

in F region), as the case may be. However, it is generally 

recognized  that  since if, » if  >  if,  the effect of 

coupling to F region altitudes is likely to be of relatively 

lesser importance for the E region gradient-drift instability if 

similar magnitudes of gradients in the E and F regions 
prevail. It may be noted that the observed F region density 

gradient, though favorable to instability, was much weaker 
than the E region gradient during these observations, as seen 
in Figure 4. This would seem to indicate that the E region 
was the more likely driver of the instability. A quantitative 
analysis of the effects of coupling to other regions on the 
gradient-drift instability in the E region is in progress. 

Thus the UV imager provides a method of remote sensing 
a class of large- and small-scale irregularities which have a 

deleterious effect on space-based radar and communications 
systems. It is unfortunate that such coordinated UV and 

scintillation measurements were not obtained during sunspot 

maximum conditions when the F region is expected to have 

substantially greater densities. Under such conditions a 
two-sloped irregularity spectrum has been observed at Son- 

drestrom [Basu et al., 1991]. It is of interest to determine if 
the UV/optical imager and modeling studies will be able to 

provide the relative contributions of perturbations from the 
E and F regions. The results of this study also have 
important ramifications for morphological studies of scintil- 
lations in the aurora! oval. By establishing the E region as 
the likely seat of VHF/UHF scintillations under fairly aver- 
age geophysical conditions during sunspot minimum, we 
have raised several new issues for the consideration of the 
modeling and user communities. 
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Abstract-Measurements of zonal irregularity drifts were made by the spaced receiver scintillation and 
radar interferometer techniques from Huancayo and Jicamarca, respectively. The Fabry-Pcrot Inter- 
ferometer operated at Arequipa provided the zonal neutral winds. These simultaneous measurements were 
performed during evening hours in the presence of equatorial spread-Fon three nights in October 1988 
the zonal drift of 3-m irregularities obtained with the 50-MHz radar showed considerable variation as a 
function of altitude. The drift of hundreds of m-scale irregularities obtained by the scintillation technique 
agreed with the drift of 3-m irregularities when the latter were measured near the F-peak The neutral 
winds, on the other hand, sometimes exceeded the irregularity drifts by a factor of two. This is a possible 
result of the partial reduction of the vertical polarization electric field in the .F-region caused by the effects 
or integrated Pedersen conductivity of the off-equatorial night-time F-region coupled to the f-reeion at 
high altitudes above the magnetic equator. 

I. INTRODUCTION 

Measurements of the east-west (zonal) velocities of 
the F-region plasma in the equatorial region are impor- 
tant for an understanding of both the plasma and 
neutral dynamics. RISHBETH (1971) first showed that 
the neutral air winds in the equatorial F-region blow- 
ing across the magnetic field impart a slow transverse 
drift to the ions perpendicular to both the wind and 
the magnetic field which results in a polarization elec- 
tric field directed vertically downwards. During the 
day, the polarization electric field is neutralized by 
currents flowing along the magnetic field through the 
ionized daytime F-region. In fact, during the daytime, 
the electric field in the F-region caused by the neutral 
wind at F-region heights is mapped to the F-region 
and influences the F-region plasma to move towards 
the west. During the night, on the other hand, due to 
the lower conductivity of the F-region, the polar- 
ization electric field builds up in the F-layer and 
causes the plasma to move towards the east in the 
direction of the wind. In the case of negligible polar- 
ization current, the polarization electric field is fully 
developed and under such conditions the neutral wind 
and the plasma move eastward at the same speed. The 
electrodynamics envisaged above reduces the ion drag 
and allows the neutral wind to blow from the west to 
the east at a much faster rate. This reduction of ion 

drag due to the development of the polarization elec- 
tric fields in the night-time equatorial F-region causes 
the 'superrotation' effect which implies that the mean 
zonal wind in the frame rotating with the Earth is 
eastward (cf. KELLEY, 1989). 

WOODMAN (1972) investigated the 'superrotation' 
effect using the Jicamarca radar. He measured the F- 
region plasma drift to be 50 m s" ' from the east to 
the west during the daytime at the magnetic equator 
and as large as 135 m s"' from the west to the east 
during the night. He thus confirmed RISHBETH'S (1971) 
theory and estimated the 'superrotation' effect to be 
50 m s"1 to the east. 

More recently, the effects of field line integrated 
Pedersen conductivities of the E- and F-region on the 
behavior of the zonal plasma drift and the neutral 
wind in the night-time equatorial F-region have been 
modeled   (ZALESAK  et ai,   1982;  ANDERSON   and 
MENDILLO,   1983).   In   particular,   the   model   of 
ANDERSON and MENDILLO (1983) providing the alti- 
tude profiles of zonal plasma drift at the magnetic 
equator shows good qualitative agreement with the 
DE-2 measurements of the latitude variation of zonal 
plasma velocity in the night-time equatorial region 
(AGGSON et ai, 1987; ANDERSON et al., 1987). It 
should be noted, however, that the above studies deal 
with the background ionosphere and do not consider 
situations related to the presence of equatorial spread-F. 
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In this paper, wc shall study the behavior of neutral 
winds and the drifts of plasma density irregularities 
under spread-/-'conditions. Wc shall use simultaneous 
measurements of the neutral wind by the Fabry-Pcrol 
Interferometer (FPI) and drifts of 3-m and kilomctcr- 
scalc irregularities in the F-region, respectively, by 
radar interferometer and spaced receiver scintillation 
techniques to determine the behavior of drifts of 
plasma density irregularities and neutral winds near 
the magnetic equator at night. We will focus attention 
on the relative magnitudes of neutral winds and 
plasma density irregularity drifts during the incidence 
of strong and weak spread-F. 

2. RESULTS 

Figure 1 shows the geometry of the observations 
with respect to the coastline of South America and 
the geographic latitude and longitude grid on which 
the magnetic equator and the lines of constant mag- 
netic latitudes are superimposed. The location of the 
Jicamarca radar facility is indicated by J (geographic 
latitude: 11.95°S; longitude: 76.86°W; magnetic dip: 
0.3°S). The ground station for scintillation obser- 
vations at Huancayo is shown as HU (geographic 
latitude: 12°S; longitude: 75.3°W; magnetic dip: 0°) 
and the 300-km intersection point of the propagation 

path from Huancayo to the geostationary satellite 
Flccisatcom at 250 MHz is denoted by I lie point 
HU/'FLT. This intersection point is co-located with 
the ionospheric volume probed by the radar. From 
Arcquipa (geographic latitude: 16.5 S; longitude: 
71.5 W ; magnetic dip : 3.2"S), the FPI measurements 
were performed at a zenith angle of 60" to the cast 
and to the west to derive the zonal neutral wind. The 
Arcquipa station is shown by A and the points /f;.and 
/}„ indicate the intersections of the eastern and the 
western measurements with the 275-km level from 
where 6300 A emissions originate. 

Figure 2 shows the behavior of 50-MHz back- 
scattered power recorded by the Jicamarca radar on 
11-12 October 1988 during 1950-2200 LT. This tech- 
nique, first developed by WOODMAN and LAHOZ 

(1976), describes the distribution of backscattered 
power from equatorial spread-fas a function of alti- 
tude and lime. The grey-scale used in the diagram 
depicts the strength of the backscattered power, where 
the darkest shading corresponds to a level of 48 dB 
above the maximum incoherent scatter power level 
and the lightest shading corresponds to a level of 
6 dB. In view of Bragg's relation, the backscatter at 
50 MHz is obtained from spread-F irregularities with 
3-m wavelengths that correspond to half the radar 
wavelength. In view of the extreme aspect sensitivity 

80" W 60° W 

GEOGRAPHIC LONGITUDE 

40"W 

Fig. 1. Locations of 50-MHz backscatter radar at Jicamarca (J), Peru, the scintillation observing station at 
Huancayo (HU), the'300-km intersection (HU/FLT) of the propagation path from HU to the Fleetsatcom 
satellite, the optical' station at Arequipa (A) performing neutral wind measurements and the ionospheric 

volumes at 275 km explored by these measurements in the east (AE) and the west (A„,). 
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Fig. 2. Radar power map at 50 MHz obtained at Jicamarca on 11-12 October 1988 indicating the temporal 
variation of range and intensity of backscattered power from 3-m irregularities. 
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Fig. 3. Temporal variation of the S4 index of intensity scintillation at 250 MHz on 11-12 October IS 

of meter-scale irregularities, the radar has to be 
pointed 3° north of the on-axis position to be per- 
pendicular to the direction of the Earth's magnetic 
field at the ionospheric height. The backscattered 
power is proportional to the square of the electron 
density deviation of 3-m irregularities. Thus the power 
map shown in Fig. 2 depicts the distribution of the 
strength of 3-m irregularities as a function of altitude 
and time. The time-scale on the abscissa can be trans- 
lated to the east-west distance from a knowledge of 
the drift velocity of the irregularities in the east-west 
direction. The diagram shows that in the initial phase 
the irregularities are extended in altitude in the form 
of three plumes, the central one penetrating to alti- 
tudes as high as 800 km. After about 2020 LT, a steep 
descent of the .F-layer takes place and the irregularities 
become much more confined in altitude not exceeding 
100 km in thickness. After 2040 LT, a gradual and 
small increase of F-layer altitude followed by a descent 
is observed. The thickness of the irregularity layer 
during this period becomes much reduced. 

In Fig. 3, the time variation of the strength of inten- 
sity scintillations, observed on the 250-MHz trans- 
missions of the Fleetsatcom satellite, is shown. As 
mentioned in conjunction with Fig. 1 the satellite sig- 
nals were received at Huancayo, Peru, and the sub- 

ionospheric point was co-located with the ionospheric 
volume probed by the Jicamarca radar. As a result, the 
radar explored the plasma density structures nearly 
simultaneously with the scintillation experiment. It 
should be noted that scintillations at 250 MHz are 
caused by the drifting irregularities in the scale length 
range of about 1 km to 100 m which forward scatter 
the radio signals. Comparing Figs 2 and 3, we note 
that the plume structure in Fig. 2 ending at 2020 LT 
corresponds to the first scintillation structure re- 
corded between 1940 and 2020 LT. The second scin- 
tillation structure (2020-2105 LT) possibly corre- 
sponds to the portion of the radar backscatter map 
between 2020 and 2055 LT. During this period, when 
the radar power map indicates the descent of the 
f-layer and the presence of a relatively thin layer of 
3-m irregularities, the scintillations remain high. Dur- 
ing the next scintillation event, we again observe very 
strong scintillation activity to co-exist with relatively 
thin layer of 3-m irregularities. The observed per- 
sistence of strong scintillations even though the 3-m 
irregularities are decaying signifies that the lifetime of 
kilometer-scale irregularities responsible for scin- 
tillations is longer than the 3-m irregularities (BASU et 
a!., 1978). 

Figure 4 compares the results of irregularity drift 
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Fig. 4. Comparison of the eastward drift of 3-m irregularities obtained by the 50-MHz radar interferometer 
(indicated by dots), the drift of kilometer-scale irregularities obtained by the scintillation technique (solid 
line), the neutral wind flow in the east and the west indicated by £ and H^and the best fit quadratic curve 

to the neutral wind data during the entire night on 11-12 October 1988. 

velocity measurements in the east-west direction by 
scintillation and radar interferometer techniques with 
the neutral wind speed measurements in the east- 
west direction being provided by the FPI at Arequipa. 
From auto- and cross-correlation analysis of scin- 
tillations recorded by three antennae separated in the 
magnetic east-west direction over baselines of 366 and 
244 m, the drift velocity of kilometer-scale irregu- 
larities causing scintillations are determined by using 
the peak value method (VACCHIONE et al., 1987). 
These results are shown by the solid-line curve in 
Fig. 4. The drift of kilometer-scale irregularities as 
measured by the spaced-receiver scintillation tech- 
nique is observed to be as high as 150 m s- ' during 
the onset of spread-F, commences to decrease from 
about 2100 LT and decreases to a value of 50 m s~' 
at 0100 LT. 

The east-west drift of 3-m wavelength spread-F 
irregularities  was determined  by  the radar inter- 

ferometer technique (KUDEKI et al., 1981). In this 
technique, the full Jicamarca radar antenna system is 
used to transmit the 50 MHz radar pulse and the 
backscattered echo is received by the east and west 
quarters separately. When discrete scattering centers 
are present, an analysis of the normalized cross-spec- 
trum of the Fourier transforms of the digitized signals 
from the east and west antennae can be performed to 
obtain the east-west drift velocity of the scattering 
centers. With these measurements, the altitude profile 
of the eastward drift of these scattering centers con- 
taining 3-m irregularities are obtained. The maximum 
values of the zonal irregularity drift obtained from the 
velocity profiles during three time intervals between 20 
and 21 LT are plotted as three dots in Fig. 4. We 
consider that the altitude of maximum velocity cor- 
responds to the level of maximum ionization density, 
^max- This follows the findings of ANDERSON et al. 
(1987), who have shown that when the zonal neutral 
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Fig. 5. The altitude profile of the zonal component of the 
3-m irregularity drift between I955 and 2010 LT on  II 

October 1988. 

wind is maximum at the magnetic equator and 
decreases with latitude, the zonal plasma drift attains 
its maximum value at the magnetic equator near hmax. 
Such an altitude selection is appropriate for a com- 
parison of drift results from the radar interferometer 
and the spaced-receiver scintillation measurements 
since the scintillation technique reflects the drift of 
irregularities at heights where the ionization is most 
concentrated. This is because the magnitude of scin- 
tillation is controlled by the product of relative irregu- 
larity amplitude (&N/N) and the background ion- 
ization density (N,) integrated over the irregularity 
layer thickness. Since satellite in-situ observations 
indicate that, in equatorial spread-F, the irregularity 
amplitude is nearly constant with altitude around the 
level of maximum ionization density, the integrated 
value of AN is determined by the weighting of the 
ionization distribution. Figure 5 shows the altitude 
profile of the zonal drift of 3-m irregularities. It shows 
the general trend of increasing drift with altitude up 
to about 580 km and a decrease at higher altitudes. 
The figure also shows thin layers with velocity shear 
in this early phase of plume generation. In Fig. 5, the 
arrow indicates the selection of an appropriate data 
point for drift comparison which was replotted in Fig. 
4atl953LT. 

Referring to Fig. 4, we find that, in the initial phase, 
the zonal drift of 3-m irregularities measured by the 
interferometer agrees quite well with the drift of kilo- 
meter-scale irregularities obtained from the spaced- 
receiver scintillation measurements. Such agreement 

was also observed earlier when similar measurements 
were performed during the Project Condor equatorial 
/■'-region rocket campaign (BASI; el al., 1986). 

Figure 4 also shows the zonal neutral wind drill 
measured by the FPl at Arequipa, Peru. High res- 
olution determinations of the center frequency of the 
forbidden oxygen line emission at 630.0 nm with 
respect to the center frequency in zenith observations 
give a direct indication of the thermospheric flow in 
the observing direction (MERIWETHER el al. 1986). 
The results of these measurements performed in the 
east and the west directions at a zenith angle of 60" 
are indicated by E and W along with the error of 
measurement. The difference between the £ and W 
results as indicated by some of the points may arise 
due to the local time difference of about 40 min 
between these two sets of observing locations. A quad- 
ratic best fit to the observational results obtained dur- 
ing the entire night is indicated by the dotted line. 
These measurements could not be performed at local 
times earlier than those shown because at such times 
the pronounced height increase of the F-layer leaves 
little ionization at 250-300 km for the dissociative 
recombination of the molecular oxygen ions and elec- 
trons to occur for the emission of 630.0 nm. The 
decrease of the eastward neutral wind flow with 
increasing local time may be noted as reported earlier 
by MERIWETHER et al. (1986). The most interesting 
finding is related to the fact that the zonal neutral 
wind is at least a factor of 2 higher than the drift of 
the scintillation causing kilometer-scale irregularities 
at -2300 LT and remains 50 m s"' higher even at 
OlOO LT. It is quite likely that the neutral wind drifts 
refer to altitudes of about 250 km and kilometer- 
scale irregularity drifts correspond to higher altitudes. 
However, as one expects smaller plasma drifts at lower 
altitudes as indicated by the radar interferometer 
results in Fig. 5, this difference will be more than that 
shown. Thus we conclude that the flow of neutral 
wind towards the east in the night-time equatorial F- 
region remains considerably faster than that of either 
the kilometer- or the meter-scale irregularities. It is 
interesting to note that the average zonal plasma drift 
obtained by the incoherent scatter radar measure- 
ments on non spread-F nights indicate values that are 
less than the zonal winds by 40% during the equinoxes 
and 100% during the winter (FEJER et al., 1991, this 
issue). 

In order to discuss the observed differences in zonal 
drift, detailed above, we should consider three com- 
ponents, namely the drift of the neutrals, the drift of 
the plasma and the drift of the irregularities. The 
observations lead us to consider that the neutral wind 
moves eastward faster than the E x B drift of the back- 
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ground plasma. As mentioned in the Introduction, 
the eastward neutral wind develops in the background 
/•-region ionosphere, near the equator, a vertical polar- 
ization electric field pointing towards the ground. 
If the /-region were totally isolated  from the off- 
equatorial /-region during the night-time, the Ex B 
drift would have been just sufficient to have the ions 
and electrons travel at the same speed as the neutral 
wind and reduce the ion drag to zero. The fact that 
the eastward E x B plasma drift is less than the neutral 
wind flow signifies that the integrated field-aligned 
Pedersen conductivity of the /-region contributes sig- 
nificantly to the total integrated Pedersen conductivity 
of the £- and the /-region (ANDERSON et al., 1987). 
The polarization current will  also develop polar- 
ization electric field on the irregularities and force 
the irregularities to travel slower than the E x B drift. 
Since the polarization electric field varies inversely as 
the irregularity scale length L, the meter-scale irregu- 
larities will travel  faster than  the  kilometer-scale 
irregularities. Yet, this polarization electric field on 
the irregularities will be several orders of magnitude 
smaller than the background polarization electric field 
(HAERENDEL et al., 1967), leading to imperceptible 
differences between the zonal drift of the irregularities 
and the background plasma drift. However, the equa- 
torial spread-/ irregularities evolve in a large-scale 
bubble which will polarize with a substantial amount 
of polarization electric field and the velocity of the 
bubble will be much less than the E x B drift. Thus, 
the E x B plasma drift will be slower than the neutral 
wind velocity and the bubble containing all irregu- 
larity scales will travel more slowly than the E x B 
drift. In fact, in the frame of reference of the E x B 
drift, the neutral wind will flow eastward and the 
bubble with its irregularities will travel westward. This 
accounts for the westward tilt in some of the plumes 
in Fig. 2 as pointed out by WOODMAN and LAHOZ 
(1976). 

Figures 6-8 refer to observations on the next night, 
12-13 October 1988, and illustrate the parameters 
similar to those illustrated in Figs 2-4. The weak 
scintillation activity recorded on this night indicates 
that the spread-/"developed very marginally. The very 
limited period of weak irregularity activity accounts 
for so few observational results of spaced receiver and 
radar interferometer drifts shown in Fig. 8. The sparse 
observational results indicate, however, rather low 
zonal drift of both the 3-m and kilometer-scale irregu- 
larities. In addition, the velocity profiles obtained by 
the radar interferometer indicate that hm!LX did not 
exceed 350 km. The zonal neutral wind results indicate 
considerable dispersion between the east and west 
measurements. In view of this, a best fit quadratic was 

not attempted as done on I 1   12 October. Two neutral 
wind data points al 2130 and 2310 LT arc not shown 
because of low .S'./V ratio in these westward measure- 
ments and particularly for the overhead calibration 
fringes. Although there is a difference of 30 min in 
local time, the scatter between the Z (east) and  W 
(west) measurements indicate considerable inhomo- 
geneity in the flow pattern. Overall, a non-plume 
evening in the equatorial region seems to provide a not 
too dramatic post-sunset increase of /-layer altitude, 
with low values of irregularity drift and considerable 
spatial variation of neutral winds. It appears that on 
such nights the equatorial /-region remains strongly 
coupled with the /-region which precludes the turn- 
on of the enhanced zonal electric field that causes the 
/-layer to rise and also inhibits the development of 
the polarization electric field in the /-region. 

Figure 9 shows the example of fully developed 
night-time spread-Zobserved on 14-15 October which 
is similar to that of 11-12 October. The bottomside of 
the /-layer attained a height of 400 km at 2000 LT 
when   50   MHz   backscatter   power   returns   were 
recorded from altitudes as high as 900 km. The scin- 
tillation behavior on this night is also very similar to 
that observed on 11-12 October. Figure 10 shows 
that, in the initial phase (1930 LT), the spaced-receiver 
scintillation technique recorded 250 m s~' eastward 
drift of kilometer-scale irregularities. This drift de- 
creased to a value of about 100 m s" ' at about 2300 LT. 
The   radar  interferometer   measured   zonal   drifts 
approaching 200 m s"' at 2000 LT (at 700-km alti- 
tude) and detected at high altitudes relatively thin 
regions with pronounced shear in the zonal irregu- 
larity drift. As explained earlier, the drifts of 3-m 
and kilometer-scale irregularities were compared by 
reading off the maximum radar interferometer drift 
values. The two sets are in close correspondence with 
one another. Owing to the marked altitude increase 
of the /-layer in the early phase, 630.0 nm emis- 
sion could not be detected prior to 2300 LT. At 
2300 LT, the neutral wind was about a factor of two 
higher than the drifts of kilometer-scale irregularities. 
Thus, we note that similar to the event noted on 
11-12 October, the fully developed spread-/ nights 
yield   marked   increase  in   /-layer  altitude,   high 
zonal drifts of plasma density irregularities with the 
neutral wind flow much faster than the irregularity 
drifts. 

3. SUMMARY 

The observations presented in this paper indicate 
that, on nights when equatorial spread-/ is fully 
developed, the zonal neutral wind flow is more uni- 
form and the eastward neutral wind, in the pre-mid- 

270 



746 S.  BASU CI ill. 

lOOOr 
RADAR BACKSCATTER MAP 

OCT. 12, 1988 
JICAMARCA 

50MHz 

900 

800- 

700- 

1 
t    600- 
I- 

^    500- 
X 

400- 

300- 

200- 

100 - 

g?S;'? :*f;-^Ä?f~?,- ^Wi^ISS" 

fise;-::.-d?«r,- 

1900 
JL 

2000 2100 
LOCAL TIME 

Fig. 6. Same as Fig. 2, except the date is 12-13 October 19 

2200 

271 



/.ona! inegiilanlv dnfls and neutral winds 

HUANCAYO      OCT. 12-13,1988 

250MHz SCINTILLATION 

x 
O 

z 
o 

1.4 

1.2 

1.0 

0.8   - 

0.6 

< 

i      0.4 
z 
o 
in 

0.2 

^vTW 

0.0-1- 
1900 2000 2100 2200 2300 

LOCAL TIME 
0000 0100 0200 

Fig. 7. Same as Fig. 3, except the date is 12-13 October IS 

OCTOBER 12-13, 1988 

300 

E 

>■ 

o 

> 

o 

200 

100- 

04 
1900 

— IRREGULARITY DRIFT 
— NEUTRAL WIND 
•     RADAR INTERFEROMETER 

•E 

"E 

2000 
■   I   ■ 
2100 2200 2300 

LOCAL TIME 

0000 0100 0200 
W 

Fig. 8. Same as Fig. 4, except the date is 12-13 October 1988. 

272 



Zonal irregularity drifts and neutral winds 747 

OCT. 14,1988 

IOOO 

900 

800 

700 

E 
-*     600 

RADAR BACKSCATTER MAP 

x 
o 
ÜJ 
X 

2     500 

400 

300 - 

200 - 

100 - 

r,:-y"ri. 

JICAMARCA 
50 MHz 

SUSS 

1900 2000 

LOCAL TIME 

Fig. 9. Same as Fig. 2, except the date is 14-15 October 1988. 

2100 

273 



754 ^   BAXI; IV ill. 

OCTOBER 14-15, 1986 

100 -. 

IRREGULARITY DRIFT 
NEUTRAL WIND 
RADAR INTERFEROMETER 

-100- 
1900 2200 

LOCAL TIME 

Fig. 10. Same as Fig. 4, except the date is 14-15 October IS 

night period, is at least twice as large as the eastward 
drift of either the kilometer or the meter-scale irregu- 
larities when the latter are measured at the F-peak or 

higher. This difference is expected to be enhanced 
when the irregularity drifts are referred to the lower 
altitude of airglow emission, since the irregularity drift 

profiles obtained by the radar interferometer indicate 
the irregularity drifts to be smaller at lower altitudes. 
It should be noted that the irregularities embedded 
within large-scale plasma bubbles owing to the polar- 
ization of the bubble will travel more slowly than the 

ExB plasma drift. Even under this constraint, the 
observations  performed  on  spread-/7 nights   with 
marked   increase  in  F-layer  altitude  indicate   the 
difference between the plasma drift and neutral wind 
to be significantly larger than that predicted by the 
current models (ANDERSON and MENDILLO,  1983; 
ANDERSON et al., 1987). The models do reproduce 
qualitatively the altitude profiles of irregularity drifts 
but  cannot provide quantitative  agreement.   It  is 
necessary to establish whether this difference between 
the plasma drift and the neutral wind flow arises from 

a not too realistic representation of integrated E- 
region Pedersen conductivity on field tubes that are 

transported to high altitudes at the magnetic equator 
on strong spread-/7 nights. 

On weak spread-/7 nights, the marked increase of 
/imax is not observed and the irregularity drifts remain 

considerably slower. The zonal neutral winds show 
spatial gradients. It is not clear if such gradients in the 
neutral wind flow are responsible for the inhibition of 

the F-region dynamo. More co-ordinated obser- 
vations of neutral winds and irregularity drifts are 
necessary under varying levels of spread-/7 activity to 
determine if such measurements can provide a better 
understanding of F-region electrodynamics and their 
relationship to spread-/7 occurrence. 
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Abstract. A spaced-antenna scintillation system was installed at Ancon, Peru in May 1994 to 
measure scintillation of 250-MHz signals from a geostationary satellite by three antennas 
spaced in the magnetic east-west direction.   These measurements were used to establish the 
climatology of the zonal drift of the irregularities which cause equatorial scintillations    The 
major objective of this study is to compare this drift climatology to the climatology of zonal 
neutral wind which .s the driver of the equatorial electrodynamics. A comparison of these two 
climatologies in conjunction with scintillation statistics may provide some clues regarding 
factors which help or hinder the formation of equatorial spread-F (ESF). With these objectives 
in mind, the first year's drift and scintillation statistics have been presented as a function of local 
time, season and magnetic activity and compared with the statistics of ion drift published earlier 
from incoherent scatter radar observations. The scintillation drift is in good agreement with the 
Jicamarca radar observations except for the fact that the local time dependence of our drift 
observations exhibit a broader maximum. The broad maximum may be attributed to lower ion 
drag experienced m the presence of ESF due to sustained uplifting of the ionosphere.  During 
magnetically active periods, the scintillation  drift often exhibits east to  west  reversals 
presumably because of the disturbance dynamo effects.   The westward drifts during such 
reversals may be as large as 100 m/s. We have also modeled the zonal drifts as a seasonal basis 
by using Hedin s neutral wind model and Anderson's fully analytical ionospheric model   The 
modeled zonal drifts present good quantitative agreement with the drifts obtained with the 
scintillation technique. 

1. Introduction . ^ ,. , 
prompt   penetration   of high-latitude   electric   fields   or   by 

Comprehensive reviews of the electrodynamical processes ionospheric   disturbance   dynamo   generated   electric   fields 
that control the plasma motion of the equatorial ionosphere [Gonzales et al., 1979; Blanc and Richmond, 1980; Fejer et ai, 
have been presented in recent years by Kelley [1989] and Fejer 1983; Senior and Blanc, 1984; Spiro et al., 1988; Sastri, 1988; 
[1991]. These authors have pointed  out that during quiet FeJer et al, 1990]. While the zonal component of the electric 
conditions the ionospheric plasma drifts are driven by the fieId maV resPond very rapidly to penetrating fields, the vertical 
neutral wind through a dynamo action at both E and F layers electric Ae'd does not show a similar response [Fejer et al., 
[Rishbeth, 1971; Heelis el al, 1974; Farley et al, 1986; Crain I990^ 
et al, 1993]. During nighttime a special situation occurs in the The  seasonal.   soIar.   and   magnetic   dependence  of the 
equatorial ionosphere.   Due to the absence of a conductive E ecluatorial F region vertical and zonal plasma drifts have been 
region, large polarization electric fields can develop in the F Presented by FeJer «' al. [1991].    These authors used an 
region. This E field is the result of an interaction of the neutral extensive data set that was accumulated during 20 years of 
wind and the F region plasma and drives the ionized gas in the measurements at Jicamarca.   The F-region drifts show largest 
same direction and with near the same magnitude of the zonal variations in the nighttime periods. Daytime drifts are nearly 
neutral  wind.     During disturbed conditions  the  equatorial independent of solar activity.   In addition, the daytime zonal 
plasma drift is also affected, sometimes quite strongly, by drift are also independent of season and magnetic activity. The 

prereversal enhancement of the vertical drift show the largest 
Copyright 1996 by the American Geophysical Union excursions during the equinox. Fejer et al. [1991 ] also reported 

that the afternoon reversal time of the zonal drifts was season 
A?!^r^^r96JA00183- independent, but the morning reversal time occurred earliest 
0I48-0227/96/96JA-00183S09.00 during summer ^ Iatest during winter 
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A spaced-antenna scintillation system was installed in 
Ancon, Peru, as part of the multi-instrumented studies of 
equatorial thermosphere aeronomy (M1SETA) initiative. The 
main goal of the M1SETA initiative is to study the onset, 
development and decay of the spread /•' phenomenon and the 
general electrodynamics of the equatorial ionosphere. The 
spaced-antenna scintillation system together with a Fabry-Perot 
interferometer and an all-sky imager at Arequipa and the 
digisonde deployed at Jicamarca constitutes the core of the 
MISETA measurements. Other studies committed to relating 
data from all the MISETA instruments during specific 
campaigns are under way and will be reported elsewhere. This 
paper is more limited in scope and presents synoptic data from 
only one instrument, namely, the spaced-antenna scintillation 
system. 

In this paper, we present the results of the zonal drift of 
equatorial F region irregularities obtained by the spaced- 
antenna measurements of scintillation of 250 MHz signals from 
a geostationary satellite. These measurements were performed 
at Ancon, Peru (11.79°S, 77.18°W, dip latitude 0.9°N) with a 
fully automated scintillation system. Since the post-sunset 
enhancement of vertical ion drift is a necessary condition for the 
generation of irregularities, the zonal drift measurements made 
using the scintillation technique pertain to those periods when 
the postsunset enhancement of vertical ion drift also occurred. 
We present a detailed study of the scintillation and the variation 
of the zonal drift of the irregularities on a monthly and seasonal 
basis during both magnetically quiet and disturbed periods. Our 
results should provide an accurate description of zonal drifts in 
the presence of irregularities for comparison with predictions 
from low latitude thermospheric and ionospheric models. We 
have also used the fully analytic ionospheric model (FAIM) of 
Anderson et al. [1989] to establish the time-varying electron 
distribution as a function of latitude and used the neutral wind 
model of Hedin et al. [1988] to model the zonal ion drift. These 
modeled results are compared with the observed zonal drifts. 

2. System Description 

The MISETA spaced antenna scintillation system collects 
and processes UHF (-250 MHz) scintillation amplitude data 
from a geostationary satellite located at 100° W geographic 
longitude and L band scintillation signals from the GOES-8 
satellite. The subionospheric intersection of the UHF ray path 
is at 11.09° S, 78.74° W, dip latitude 1.4°N. The system 
consists of three UHF antennas aligned in the magnetic east- 
west direction, with baselines of 122 and 366 m, and a 10-m 
dish that is used for L band scintillations. UHF and L band 
signals are down converted at the antenna sites to minimize 
cable losses to centrally located RACAL receivers. After 
amplification and anti-alias (low-pass) filtering of the receiver 
automatic gain control (AGC) response, a voltage 
proportional to the logarithm of the signal strength is digitized 
at 50-Hz, processed, and then stored in a 486-50 MHz PC. 
The on-line processing includes calculations of several 
scintillation parameters (S4, power 'spectrum, decorrelation 
time) and the zonal ionospheric drift. Other special features 
that have been implemented are an option to record raw data 

and an automatic restart sequence after power is temporarily 
interrupted. 

Drift velocities arc calculated every 82 sec using the peak 
value and the intersection methods described by Vacchione el 
al. [1987] and Spatz et al [ 1988]. These authors reported 
that both methods provide similar results for the irregularity 
drift velocity V0, while there is typically wider disagreement 
between estimates for the random velocity, denoted Vc. Both 
methods are quite simple and well suited for on-line 
calculations. However, each assumes a quadratic 
dependence of the correlation about the lag time at maximum 
correlation. Since the peak value method is based on times 
closer to the correlation maxima, it is more robust and less 
likely to fail because of the breakdown on the quadratic 
dependence of the correlation assumption. The Vc parameter 
has been variously interpreted as a measure of the velocity 
distribution about the frozen-in drift velocity of irregularities. 

It can arise from a combination of true velocity dispersion 
within a relatively thin slab of drifting plasma and an altitude 
shear in V0 [Wernik et al., 1983]. In this paper, we discuss 
the drift velocity V0 of the irregularities of electron 
concentration with scale sizes of the order of 1 km which 
corresponds to the Fresnel dimension of 250-MHz 
scintillation observations. 

3. S4 Index Statistics 

This section presents monthly distributions of the percentage 
occurrence of scintillations corresponding to the first 12 months 
of operation between May 1994 and April 1995. Figure 1 
shows the monthly distributions of scintillation occurrence for 
all, quiet, and active conditions. The quiet conditions refers to 
Kp between 0 and 3o, whereas the active conditions refers to Kp 

> 3+. For each evening hour (1900 to 0700 LT), we counted the 
number of days when the system was operating and whether 
scintillations were observed in that hour. If scintillations 
persisted for at least 10 continuous minutes in a given hour, 
then the whole hour was considered as having scintillations. 
We also indicate at the bottom of the vertical bars the total 
number of days on which each monthly statistics is based. The 
number of days that were used to generate Figure 1 provides a 
good statistical significance for the majority of the histograms. 
It is only during the month of August that a small number of 
days (<6) were magnetically disturbed. The histogram for this 
month contains larger uncertainties and is indicated using open 
bars. 

In general, all the distributions of Figure 1 show a strong 
local time variation. The equinoctial and December solsticial 
histograms (August through April) show a maximum in the pre- 
midnight hours. In contrast, during the June solstice the 
scintillation occurrence presents a small peak in the 
postmidnight hours. In conformity with the well-established 
statistics of scintillations in the Peruvian sector [Aarons, 1977; 
Basu and Basu, 1985] the percentage occurrence shows the 
expected variation from month to month. It is -40% in May, 
decreases to 20% in June and July, then steadily increases up to 
70% in December, and finally decreases to 40% in April. 
According  to   previous   reports   of scintillation   occurrence 

Figure 1. Percentage occurrence of UHF scintillations for the first year of operation of the MISETA scintillation 
system. A Kp index less than or equal to 3o was used to represent a quiet level of magnetic activity. A Kp index 
larger than 3o indicated active magnetic conditions. 
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Figure 4. Same as Figure 2 but binned according to season. The circles in the each of the four frames correspond 
to hourly average drifts . 

[Aarons et al, 1980], active magnetic conditions increase the 
occurrence of scintillations at any hour of the evening during 
the months of May, June and July. For the other months of the 
year (August through April) the magnetic dependence of 
scintillation occurrence is more variable and changes as a 
function of the local time. Magnetic activity favors an increase 
of scintillations in the postmidnight hours [Aarons et al., 1980], 
but does not favor it in the premidnight hours. Thus the A neon 
scintillation statistics follows the well known pattern of 
magnetic control of scintillation occurrence during the June 
solstice months and also during the postmidnight hours the rest 

28 

of the year. However, in the premidnight hours (August 
through April months), we sometimes see an increase in 
scintillation activity when the magnetic conditions are active. 
This is observed in the histograms corresponding to the months 
of August, September, January, and February. 

4. Zonal Irregularity Drift 

Every 82-s record of scintillations has served to provided an 
independent measurement of the zonal drift of ~l-km scale 
irregularities.  These values have been binned according to the 
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Figure 5. Same as Figure 4 but for active conditions. Notice the large number of westward velocities near and 
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magnetic activity and the month of the year. Figure 2 shows the 
irregularity drifts measured during quiet magnetic conditions 
and Figure 3 displays the drifts for disturbed periods. It is 
evident in Figure 2 that during quiet times, the irregularity drift 
is predominantly eastward. As expected, the irregularity drift 

reverses to westward near sunrise. This feature occurs near 
0700 LT in May and consistently appears at earlier hours as the 
year progresses. In December, during the local summer, the 
reversal is seen as early as 0400 LT. Each panel of Figure 2 

shows a large scatter in the velocity values. The maximum 
velocity in each panel is about 150 m/s and occurs between 

2100 and 2400 LT. The December distribution presents a 
double-peaked pattern; other months show an increase in the 
early evening, then a decrease followed by a reversal. Figure 3 
shows that the general trend of the monthly velocity 
distributions for magnetically active periods is quite similar to 
the quiet day distributions. That is to say, the velocity increases 
in the early evening and then slowly decreases during the rest of 

the night. However, there is a much larger velocity spread in the 
data points, especially in the postmidnight hours. Occasionally, 
the velocity reverses, sometimes abruptly, toward an 
unexpected westward direction.    These anomalous reversals 
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occur during the postmidnight hours and can reach a magnitude 
of 150 m/s. 

Figures 4 and 5 display the zonal drifts presented in Figures 
2 and 3, but here they are grouped by season. Hourly averages 
of the zonal drift are indicated using large circles. The zonal 
drift in Figure 4 under quiet magnetic conditions is basically 
eastward, with most of the points bunched near the average 
values. The velocity reversal seems to occur after 07 LT during 
the June solstice. The other three seasons display a reversal time 
at 0530, 0400 and 0600 LT. The maximum average zonal drift 
is seen between 2200 and 2400 LT and has a magnitude of ~ 
130 m/s for all four seasons. Figure 5 shows the zonal drifts 
corresponding to disturbed conditions. Figure 5 shows that the 
postmidnight anomalous reversals occur during all seasons. In 
some seasons the anomalous reversals occur so frequently that 
even the average drift shows a reversal at 0200 LT (more 
prominent during the equinoxes). This type of event seems to 
be restricted to the post-midnight hours. Occasionally, the 
anomalous reversal occurs before local midnight. It was seen at 
2200 LT during the month of October and at 2330 LT during 
the month of December. In the following two sections we 
compare the scintillation drifts with values originated from an F 
region dynamo model and with previously reported 
experimental drifts from Jicamarca. 

5. Model Calculations 

It is almost universally accepted that during nighttime the 
equatorial F region ionosphere is driven by a polarization 
electric field set up by a dynamo effect operating entirely in the 
Fregion [Rishbeth, 1971, 1981]. We can also consider that any 
leakage of the F region polarization field would be small since 
during nighttime the E region conductivity is small and 
consequently no currents should be flowing in or out of the E 
region. As a result the equations of the equatorial electric field 
are greatly simplified because neither E region coupling nor E 
region dynamo effects need to be included. Thus the equatorial 
zonal F region plasma drift can be calculated if we know the 
values of the Pedersen conductivity and the zonal neutral wind 
along the F region portion of magnetic field lines. Several 
theoretical studies have successfully reproduced some of the 
prominent characteristics of the equatorial drifts that have been 
measured by incoherent scatter radars or by orbiting satellites 
[Heelis et al., 1974; Bonelli, 1985; Farley et ed., 1986; Cräin et 
al., 1993]. The works of Anderson et al.- [1987], Carter et al. 
[1994] and Coley et al. [1994] have added a higher degree of 
refinement to the theoretical computations of the nighttime 
zonal drift. Anderson and Mendillo [1983] showed that the 
equatorial zonal plasma drift velocity (V;) is given by 

V,= 
crp BUds 

BLVds (1) 

where ap is the Pedersen conductivity, B the magnetic field 
strength, and U the zonal wind. The integration is conducted 
along the field line. Points S, and S2 are at the bottom of the E 
region at opposite ends of the field line. 

Coley et al. [1994] have also modeled the nighttime 
equatorial zonal plasma drift. They retained the height 
derivative term (d/dn) in the current continuity equation and 
included effects of the vertical gradients of the Pedersen 
conductivity and the zonal neutral wind. These authors 
concluded that vertical shears in the zonal neutral wind could 
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explain why, al least partially, the ion drift observed by the DE- 
2 satellite were higher than the local wind values. 

In this section, we will try to determine if the seasonal 
patterns of the irregularity drift measured by the Ancon 
scintillation system can be reproduced using empirical models 
of the F region ionosphere and the thermosphere. This is 
justified because we are trying to study seasonally averaged 
quantities and not specific measurements that will clearly 
require knowledge of the plasma density and the neutral wind 
along the field lines during a particular time and day. To 
represent the equatorial ionosphere, we have used the fully 
analytical ionospheric model (FA1M) of Anderson el al. [1989]. 
To delineate the zonal wind we use the Hedin neutral wind 

model of 1987 [Hedin et al. 1988]. To calculate the Pedersen 
conductivity we employed the MS1S86 model of the neutral 
densities. We decided to use the Hedin 87 model of the neutral 
wind in view of the recent note by Biondi et al. [1995] 
regarding the Arequipa values which were used in the more 
recent Hedin 90 wind model. We will not consider the effect of 
vertical gradients or Hall currents, because their effects are 
small and our modelling results were not affected substantially 
when they were incorporated in equation (1). 

Figure 6 displays the result of the numerical solution of 
equation (1) for the four seasons and for 12 hours through the 
night. The averaged scintillation drifts are shown as lines with 
small crosses. The modeled drifts are displayed as lines and 
small circles. During all four seasons the modeled drifts 
reproduce the general trend or local time dependence of the 
experimental values. This is to say, the modeled drift is about 
60 m/s at the beginning of the evening, increases and reaches a 
maximum of-100 m/s at 2300 LT, and then slowly decreases 
and reverses to westward direction at a time near 0400 LT. The 
agreement is the best for the equinoxes and the December 
solstice after 2200 LT. During these seasons the maximum 
difference between the modeled and experimental curves is 
observed in the early morning hours when the E region dynamo 
may play a more significant role. The early morning east-to- 
west reversal of the drifts is also present in the modeled drifts; 
however, they appear 30 to 60 min before the time indicated by 
the experimental drifts. The largest disagreement between the 
modeled and experimental values occurs in the June solstice. 
This season contains also the least number of scintillation 
events; thus the average drift pattern is the least representative, 
because it is based on a small number of measurements. 

6. Discussion 

It is evident from the results presented that the zonal drift of 
plasma density irregularities exhibits significant seasonal, local 
time and magnetic activity variations. We found that the 
climatology of the scintillation drifts changes considerably 
depending upon the magnetic condition. During quiet magnetic 
conditions, we found the zonal drift to be mainly eastward 
throughout most of the evening. During magnetically active 
days, the zonal drift presented anomalous westward reversals 
occurring preferentially in the postmidnight hours. This result 
is somewhat different from the conclusion drawn by Fejer et al. 
[1991] based on zonal drift measurements at Jicamarca 
employing the incoherent scatter technique. Fejer et al. [1991], 
based on Jicamarca measurements that spanned 20 years, 
reported an almost constant difference, less than 20 m/s, 
between the zonal plasma drifts corresponding to quiet and 
active magnetic conditions.   Our 1-hour average scintillation 
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Figure 6. Comparison of the hourly averaged scintillation drifts and a model of the nighttime F region dynamo 
that uses the Hedin 87 model of the neutral wind and the FAIM and MSIS models to calculate the conductivity. 
The magnetic conditions are quiet. 

drifts for quiet and active conditions present differences of 70 
m/s occurring at times near and after local midnight. We will 
address this apparent discrepancy later in' this discussion section 
when we superimpose the average drift values measured at 
Jicamarca on the irregularity drifts measured at Ancon. 

The F region dynamo model calculations conducted in this 
study predict zonal drifts in reasonable agreement with the km- 
scale irregularity drifts measured at Ancon. The modeled and 
experimental drifts for the equinoxes and the December solstice 
show an excellent quantitative agreement for most hours of the 

night. The drifts for the other season, June solstice, are in a 
good qualitative agreement. This fact confirms the ability of 
the spaced-antenna scintillation system to measure plasma 
drifts. It also endorses the current view that km-scale 
irregularities move with the local plasma, specially at times 
when equatorial spread F(ESF) plumes are fully formed, and it 
lends credence to the F-region dynamo as the driving 
mechanism of the equatorial plasma during quiet magnetic 
conditions. 

To perform the F region dynamo calculations we used wind 
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values generated by the Hedin 87 wind model [Hedin et al, 
1988]. Here we compare these wind values provided by 
Hedin's model to ground-based observations of the neutral 
wind conducted at Arequipa in the years of 1983 and 1988 
[Biondi et al., 1990, 1995]. Wind data from Arequipa is 
nonexistent between the months of November and February, a 
period of cloudy sky at this ground station. For the rest of the 
•year the general nighttime trend of Hedin's wind model and the 
wind measured by the FPI at Arequipa are very similar. Close 
comparison indicates that the experimental values are 10% 
higher than the values provided by the Hedin's model. If this 
difference    is    introduced    in   our   calculations,   then   the 

discrepancy between the Ancon drifts and the calculated plasma 
velocities will certainly decrease for most of the nighttime 
hours. To improve the agreement of the modeled and 
experimental values, it would be necessary to increase Hedin's 
wind values by 15%, for the equinoxes, for the December 
solstice and for early evening hours and after 0300 LT hours. It 
is also possible that increasing the nominal altitude of the 
subionospheric intersection point, set at 350 km altitude, for 
certain local time hours could bring a better agreement between 
calculated and measured drifts. 

Figure 7  presents  the zonal  plasma drifts  measured  at 
Jicamarca (solid circles) for solar minimum conditions and for 
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all 4 seasons [Fejer et al.. 1991]. Notice thai we have repeated 
the same drift values in the panels for the September and March 
equinoxes, because Fejer ei al. [1991] lumped together the 
Jicamarca drifts for both equinoxes. Figure 7 also displays the 
average zonal drifts measured at Ancon for quiet (crosses) and 
for active (open circles) magnetic conditions. In summary all 
three curves show reasonable agreement in the early part of the 
evening and in the early morning period. During hours close to 
midnight (between 2300 and 0400 LT) all three curves show 
the largest differences. The separation is less than 20 m/s in the 
December solstice and not larger than 30 m/s in the June 
solstice. However, during both equinoxes the separations 
between the quiet and active scintillation drifts become as large 
as 70 m/s. 

Close comparison of the quiet drifts obtained by both 
techniques indicates that the Jicamarca values are most of the 
time much smaller that the scintillation drifts. It is only during 
the early evening hours in the June solstice and the morning 
hours of the other seasons that the Jicamarca velocities are 
slightly higher than the scintillation drifts. We have also 
examined individual (82-s) records of scintillation drift and 
concluded that most of them are larger than the Jicamarca 
average values. It is only between 1900 and 2100 LT that some 
of the scintillation drifts fall below the Jicamarca averages. We 
suggest that this discrepancy is due to the intrinsic conditions 
prevailing when the measurements are conducted. Jicamarca 
radar observations pertain to periods of no ESF. Spaced antenna 
drifts measurements pertain to ESF. 

A qualitative explanation of this finding is advanced in terms 
of a variation of the F region altitude. During ESF the 
postsunset enhancement causes an uplift of the F region and a 
consequent reduction of the ion drag. This smaller ion drag 
facilitates a larger zonal wind, resulting in a larger zonal plasma 
drift. A slow lowering of the F layer through the night during 
ESF events as compared to a much rapid lowering for no ESF 
nights will also help to maintain larger drifts for several hours 
during the nighttime. 

The markedly  different average  scintillation  drifts  seen 
during the postmidnight hours of both equinoxes were due to 
the occurrence of anomalous westward reversals of the zonal 
drift.   Two salient features of these anomalous reversals are 
worth   mentioning:   (1)   they   occur   predominantly   in   the 
postmidnight, early morning hours, and (2) average Jicamarca 
drifts (mainly no ESF) do not seem affected by them. The latter 
statement is based on the Jicamarca drifts presented by Fejer et 
al. [1991] where no significant variation occurred in the post- 
midnight  hours  of magnetically  active  days.     Blanc  and 
Richmond  [1980]   suggested   that   auroral   heating   during 
magnetic storms is able to disturb the quiet pattern of winds, 
electric fields and currents at mid latitudes and low latitudes. 
The   numerical   model    of   these   authors    indicated   the 
development of a low latitude westward plasma drift (-100 m/s) 
well restricted to the postmidnight and early morning hours of 
the day.   This is in excellent agreement with the anomalous 
drifts measured with the scintillation technique. We conclude 
that the equatorial disturbance dynamo, is responsible for the 
westward reversals of the normally eastward zonal drifts.   We 
also  suggest that low-latitude electric fields setup  by  the 
disturbance dynamo or winds associated with this dynamo can 
help to seed and trigger the ESF phenomena.   The numerical 
work of Blanc and Richmond [1980] suggested a maximum 
eastward electric field of about 1.5 mV/m in the premidnight 
sector. This disturbed electric field is able to lift the ionosphere 
and favor the initiation of the Rayleigh-Taylor instability. 

7. Conclusions 

Analysis of the scintillation drift data and comparison with 
Jicamarca drifts and model results show the following: 

1. We have demonstrated that the scintillation technique is 
able to provide an accurate estimate of the zonal drift of the 
plasma irregularities and to establish the climatology of the 
zonal drifts. In spite of the requirements for the existence in the 
ionosphere of kilometer-scale irregularities, its fairly 
inexpensive cost makes the use of this technique very attractive 
for aeronomical studies. 

2. F region dynamo calculations of the zonal drift 
reproduced quite well the average drift obtained with the 
scintillation technique during quiet magnetic conditions. 

3. The average scintillation drifts were larger than the 
incoherent scatter drifts. We have attributed this discrepancy to 
the predominant ionospheric conditions when the 
measurements are performed. Scintillation drifts are associated 
with times of ESF, IS drifts are related to no ESF. 

4. We have observed occasional sudden westward reversals 
of the zonal drift. These events occurred solely during active 
magnetic conditions and at times near or after local midnight. 
We suggest that electric fields of disturbance dynamo origin or 
winds associated with this dynamo act in some way to trigger 
the ESF phenomenon. This may explain the well-known 
enhancement of ESF activity during active magnetic conditions 
and in the postmidnight sector. 
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