F2uvy 537
AD- AZGS @
PL-TR-93-2025 MR " | lll

STUDIES OF GLOBAL [IONOSPHERIC
ELECTRODYNAMICS

DTIC
ELECTE
R.A. Heelis s MAY 2 5 1993 D

University of Texas at Dallas
Center for Space Sciences
P.O. Box 830688, MS FO22
Richardson, TX 75083-0688

February 1993

Final Report
17 October 1989 - 17 January 1993

Approved for public release; distribution unlimited

893 5 . 3 93-11609
- HE IIM I

PHILLIPS LABORATORY

Directorate of Geophysics

ATR FORCE MATERIEL COMMAND
HANSCOM AIR FORCE BASE, MA 01731-3010




THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



"This technical report has been reviewed and is approved for publication”

(Signature)
DAVID N. ANDERSON DAVID N. ANDERSON
Contract Manager Branch Chief

Signature)
WILLIAM K. VICKERY
Division Director

This report has been reviewed by the ESC Public Affairs Office (PA) and is
releasable to the National Technical Information Service {(NTIS).

Qualified requestors may obtain additional copies from the Defense Technical
Information Center. All others should apply to the National Technical
Information Service.

If your address has cuanged, or if you wish to be removed from the mailing list,
or if the addressee is no longer employed by your organization, please notify
PL/TSI, Hanscom Ar3, MA 01731-3010. This will assist us in maintaining a current
mailing list.

Do not return copies of this report unless contractual obligations or notices on
a specific document requires that it be returned.




Form Approved

REPORT DOCUMENTATION PAGE OMB8 No 0704 0188

PUDHIC reoRrting DUrden 10r thrs COHECTION OF IATOrMANON 15 SSLIMATED TQ v LrAge | NOUT DEf r&SDOME. INCILGING TN TIME TOr 1eVIPw NG \NILTUCLIONY, $EBTLRNG ¢3131NG Gata Sources
Jathering ang Mantaining the data needed. and (OMPISNING and reviewing the (dllection Of intormation  Send comments regarding ths Durden esiimate O §ny Other J3OECTL OF thi
COHeCtIOn at INTOIMATION NCIUGING SUGGESLIONS 107 reducing this DUrden 10 NashiNGION HCAATLArter Services, Drrecrorate for .ntormat:on Opetations ana Repcrts, 1218 jettenon
Daves Mighway, Suite 1204, arhington, YA [2202-4302. and tC the Otfice ot Management and Buaget. Paperwork Reduction Prosect t0704-3188). wasmington. DC 20503

1. AGENCY USE ONLY (Leave blank) ] 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
February 1993 Final (17 Oct 1989~17 Jan 1993)
4. TITLE AND SUBTITLE S. FUNDING NUMBERS
Studies of Global Ionospheric Electrodynamics PE 61102F

PR 2310 TA G9 WU Al

6. AUTHOR(S)

R. A. Heelis Contract F19628-90-K-0001

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Texas at Dallas REPORT NUMBER

Center for Space Sciences
P.0. Box 830688, M/S F022
Richardson, TX 75083-0688

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
Phillips Laboratory AGENCY REPQRT NUMBER
29 Randolph Road
Hanscom AFB, MA 01731-3010 PL~TR-93-2025

Contract ¥ mnager: David Anderson/GPIM
11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release;
Distribution unlimited

13. ABSTRACT (Maximum 200 words) Lhe distribution of ionospheric plasma in the F laver is
intimately related to the electrodynamics of the region. In order to understand
many of the morphological features of the plasma, it is necessary to study both the
composition and the motion of the plasma both parallel and perpendicular to the
magnetic field. At low and middle latitudes we examine variocus contributions to the
electric field, producing plasma motions perpendicular to the magnetic field, and
assess their relative importance as functions of latitude and magnetic activity,
Understanding the distribution of ion species in the topside equatorial ionosphere
also requires consideration of these ion drifts. At higher latitudes, where electrid
field sources from the inner and outer magnetosphere must be considered, the perpen-
dicular ion drifts can be very large and result in frictional heating of the plasma.
This heating produces large scale motion along the magnetic field line that is an
inherent part of the plasma circulation in the region. Finally, studies here show
that small scale structures in the plasma concentration and electric field at high
latitudes are also important in assessing the energy budget and often dominates the
electrodynamics of the region.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Ionospheric Drifts 24
Ionospheric Composition 16. PRICE CODE
Electrodynamics

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION ]20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE Of ABSTRACT

Unclassified Unclassified Unclassified SAR
NON 758003 -280-5500 - T Standarg Form 298 (Rev 2.89)

Preccribed Dy ANSI Stg 239-'8
298-102




TABLE OF CONTENTS

Page
L INtTOAUCTION. ...o.euiiiiiiiiiniieice e tes st e e et e e es e en e ss e rae et aeeneseanee e 1
2. The High Latitude Ionosphere
2.1 OVEIVIBW ceitiiiiiniiieiree e et eeeerae e e s aeesssasseaeae e s sssnaeae s ntaae e ernneneeeane 1
2.2 Three-Dimensional Considerations..........ccocceeoreernieiiieencvcnnnerenerencnes 4
2.3 The Mid-Latitude Trough......c....cooooiiiiii 6
2.4 Energy Dissipation in Electrodynamic Structures. ........c.cccoovveeeenee. 8
3. The Low and Middle Latitude Ionospheric Composition .........c.ccccoeveereinnn. 9
4. Low and Middle Latitude Electrodynamics.............ccceenommnionnrccirienennnnen 11
References ......c.ooiieiiiiiciiirct s e 14
5. PUDIICANOMS «..cuvviiriiciinitenne et srare s s eree et ae st sabe s e s ssaeasase e seeennn 15
e s 3
D;’,:_u R
W T
NTIS  CRaal &
DTIC T1AB 9]
Unannounced 0
dustification
By
Distribution {
A.cdability Codes
Avail andfor
Dist Special
A\ | ‘
il {

R S ST N




STUDIES OF IONOSPHERIC ELECTRODYNAMICS

1. Introduction.

In the F-region ionosphere the transport of plasma perpendicular to the magnetic field is an
extremely important factor effecting its composition, temperature and concentration. The
electric fields that produce this ExB drift motion of the plasma originate both inside and outside
the ionosphere itself. Inside the ionosphere electric field are produced by dynamo action of the
neutral atmosphere. Outside the ionosphere, electric fields produced in the plasma sheet, the low-
latitude boundary layer and the magnetosheath, are mapped along magnetic fields lines from
their source to the ionosphere. The work described here is devoted to a stud_- of these electric
fields in an ottempt to understand their variability and the effects that this variability can have on
the ionospheric plasma itself.

The electric fields that we are studying have an entire spectrum of spatial and temporal scale
sizes that behave differently. At large scale sizes, at low and middle latitudes, electric fields map
almost unattenuated along magnetic field lines. Studies in this area thus reveal the properties of
the source themselves as well as the ionospheric response. At high latitudes even the larger scale
electric fields may be associated with significant field-aligned currents. Thus information about
the source can be modified. However a characterization of the local field and the response of the
ionosphere can be achieved. At small scale sizes, the mapping properties of the field throughout
the ionosphere become important and this represents the first level of understanding that must be
achieved.

The research activities reported on here, represent some significant advances in
understanding the generation and mapping of electric fields in the ionosphere. We have provided
descriptions of large scale climatological features of the ionosphere as well as some details of
physical processes that are responsible for some of the observed features.

2. The High Latitude lonosphere.
2.1 Overview

At high latitudes the ionospheric plasma is dominated by ExB drifts that originate in the
outer magnetosphere. Here, el=ctric field sources that originate in the magnetosheath and in the
low-latitude boundary layer have signatures of ionospheric convection that behave quite
differently as the interplanetary magnetic field changes. Interpretation of observations seems to
require consideration of both sources but we are unable, at present, to determine the relative
importance of these sources in any particular circumstance. Figure | summarizes the magnetic

field and ionospiweric circulation consistent with an electric field originating in the low-latitude
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Figure 1: Magnetic field configuration and ionouspheric convection pattern for
connection to the low-latitude boundary {ayer.

boundary layer. We note that in this picture a two-cell circulation of plasma in the ionosphere is
associated with a similar circulation in the boundary layer and the plasma sheet. Assuming that
the frozen in flux concept is enforced everywhere, then all the antisunward flowing magnetic
flux in the boundary layer must return sunward in the polar cap. However, violations of this
concept would allow this not to be the case but still remain essentially consistent with the
indicated ionospheric flow. When the IMF has a southward component the manner in which the
geomagnetic field and the IMF are interconnected is quite well understood and the electric field
derived from the magnetosheath and transferred to the ionosphere is well specified. Figure 2
shows this interconnection and the resulting circulation of plasma in the plasma sheet, the
magnetosheath, and the ionosphere. In this case the frozen in flux concept is clearly violated on
the dayside and on the nightside where the ionospheric plasma makes a transition from closed to
open field lines and from open to closed field lines respectively. There is thus no requirement for
the antisunward and sunward magnetic fluxes to match except in an average sense.

The electric field from the magnetosheath should clearly be dependent on the orientation of
the IMF while it is not so obvious that the low-latitude boundary layer flow should have such a
sensitivity. Thus examination of how the ionospheric flow changes as the IMF changes can shed
some light on the importance of these different sources. A problem in this area is related to
defining how the interconnection between the IMF and the geomagnetic field might occur when
the IMF is northward. Figure 3 shows one possibility in which interconnection is made on
geomagnetic field lines that stretch own the nightside tail of the magnetosphere. In this case the
ionospheric plasma stills circulates in a two-cell convection pattern but the sense of circulation is
reversed. Studies have shown that sunward flow at very high latitudes is a ubiquitous feature of
the ionospheric plasma when the IMF is northward. However, studies also show that a simple
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Figure 2: Magnetic field configuration and ionospheric convection pattern for
connection to a southward interplanetary magnetic field.

two-cell convection pattern, such as that shown in figure 3, is rarely observed. In fact the most
commonly observed feature of the convection pattern can only be explained by including an
electric field source from the low-latitude boundary layer. In the most simple of pictures this
would lead to a four-cell pattern with the convection cells driven from the boundary layer
surrounding, at dawn and dusk, the convection cells from the magnetosheath. However. it is
reasonable to also consider the evolution of the pattern as the IMF changes and such
considerations lead to the expectation that the ionospheric convection pattern could show
considerably more structure than is indicated in figure 3 [Heelis. 1991].




Figure 3: Magnetic field configuration and ionospheric convection pattern for
connection to the a northward interplanetary magnetic field.

2 e-Dimensional Considerations.

In addition to the circulation of ionospheric plasma perpendicular to the magnetic field,
motions along the magnetic field may also effect the composition and concentration observed at
any given location. These field-aligned motions are coupled to the perpendicular motions in two
ways. First, the perpendicular motion can transport plasma through regions of ionization
production and heating by energetic particles. This leads to plasma expansion above the F-peak.
Second, the rapid horizontal motion of the plasma itself can result in frictional heating in the F
region and subsequent plasma loss by enhanced chemical recombination. This can lead first to
plasma expansion and then to plasma decay. It should be evident therefore that plasma
circulation in the F-region is essentially a 3-dimensional concept. As plasma convects through
the dayside cusp region it is heated by precipitating electrons, the ionization rate increase due to
these same electrons, and the plasma may be frictionally heated by large horizontal drifts. All
these processes produce expansion of the plasma as it assumes a new scale height consistent with
the heating and production rates. On exiting the cusp region and flowing antisunward, all these
processes essentially cease and the plasma relaxes to its former state. In doing:so the topside
plasma falls to re-establish a smaller scale height. The plasma subsequently flows into the
nightside auroral zone where it may again be heated by rapid drifts and energetic particle
precipitation.




Figure 4 shows contours of the field-aligned drifts measured by Dynamics Explorer-2 at
northern high latitudes in the altitude region between 350 km and 600 km {Heelis et al., 1992].
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Figure 4: Contours of fieid-aligned ion drift near 400 km altitude
observed by DE-2 in the Northem Hemisphere.

Field-aligned ion drift velocities with average magnitude of about 50 ms-! are seen throughout
the high latitude region and transport ion fluxes of 1013 m-25-1 poth upward and downward
along the magnetic field lines. The upward velocities are confined to the auroral zones where
frictional heating and heating by low energy electrons is believed to be responsible for the
maximum velocities appearing on the dayside and in the cusp region. In the polar cap, where
frictional heating is low and energetic electrons are largely absent, the ion drifts are downward.
Downward velocities can extend into the nightside auroral zones, but structure in the horizontal
ion drift and in the energetic particle precipitation leads to frequent observation of upward drifts
at this location. On average the nighttime auroral zone flows are upward with an average
magnitude of 30 ms-l. On average a net outward flux is observed to leave the high-latitude
ionosphere above 400 km. This outflow of 8 x 1025 51 5 comparable to the energetic ion
outflow, apparently of ionospheric origin, observed by DE-1 during the same period.
Ionospheric ions move upward as they move sunward in the auroral zones. Some fraction of this
upward moving population is apparently energized to escape energy by processes that are not
discussed here. They continue to convect antisunward in the polar cap and are seen leaving the




ionosphere by DE-1. The remainder fall in the topside ionosphere as it cools due to the
cessation of particle and frictional heating. This cycle then repeats as the antisunward flowing
ions return towards the sun in the nightside auroral zone.

2.3 The Mid-Latitude Trough
One region, just outside the main .nfluence of the high-latitude convection pattern is the
mid-latitude trough. This region is of particular interest since large fluxes of ions are frequentl,
observed to be moving upward associated with rapid sub-auroral ion drifts (SAID).

This association between the horizontal and field-aligned plasma flows has been used to
explain both the plasma features and the dynamics in the mid-latitude trough. Anderson et al.
[1991] claim that the large upward velocities sometimes seen in the topside ionosphere of the
mid-latitude trough are due to the expansion of the plasma associated with frictional heating.
They further claim that this expansion is an important factor in determining the ion concentration
that is observed in the trough itself. Calculations by Sellek et al. [1991] have shown that field-
aligned flows of the appropriate magnitude can indeed be induced by large horizontal flows.
Gombosi and Killeen {1987] have investigated the ability of typical frictional heating rates to
provide the O+ plasma with escape energy and more recently Moffett et al. [1992] have
described the response of the topside ionosphere to the sudden onset of rapid horicontal drifts
exceeding 1 km s-1.

: LA ISLE LR AL AL RS S0 L AL HLALLALAN SO A LAMLELE LSSt G LA AN SLELELALE RAIASLELIS SRAMSLIS
2 18004 by
E
S’ -
‘5 1400- -
'Q-) -
z 1000+
] .
20 600
< .
E P
¥ | ed
i 200
-+ e (- — —
< 300 km 100 km
'ZOC Tlvl|vvvvlryvv'rlrvrrrvvrrvil' YVII‘VIYfTIVfT‘YfTV‘I'Vl{IY‘F‘(
0 10 20 300 10 29 30

Elapsed Time (minutes) Elapsed Times (mins)
Figure 5: Field-aligned drifts in SAID events of 2 i-m/s with acceleration times of
a) 15 secs and b) 10 mins.

The calculations that we have performed expose the sensitivity of the observed field-aligned 1on
drifts to the onset time scale of the SAID event itself. Figurc 5 shows the field-aligned drifts and




that result when the plasma in the trough region is accelerated to 2 km s-1 in 15 seconds and in
10 minutes. The dramatic changes in the maximum field-aligned drift is apparent. Qur work
suggests that in the presence of a large horizontal ion drift velocity the major factors affecting the
energy buaget of the plasma can be summarized as follows. In the electron gas collisions with
the ions provide a heat source below about 600 km altitude and conduction heats the electrons
above this altitude. Above about 1000 km altitude efficient heat conduction in the electrons
produces a temperature that is in excess of the ions. Thus ion-electron collisions provide a heat
sink for the electrons in this region. In the ion gas below about 700 km altitude. frictional
heating of the ions is the dominant heat input and this is countered by collisional cooling to the
neutral gas. Above about 800 km advective transport of hot plasma from lower altitudes
dominates the temperature increase. This is a transient phenomena that exists while the plasma
attains a new scale height. After that the relatively small contributions of heat conduction in the
ions and collisional heating and cooling to the electrons determine the time evolution of the ion

temperature.

The above discussion highlights three factc.s that affect the variability in the field-aligned
flows. First, the magnitude of the SAID velocity affects the initial magnitude of the plasma
pressure gradient formed in the frictional heating region between 400 km and 600 km. Second.
the resulting plasma expansion is a transient phenomenon in an F-region flux tube and thus the
time of the observation with respect to the onset of the SAID event will effect what part of the
transient history is observed. Finally, since the field-aligned flow itself redistributes the heat and
changes the field-aligned pressure gradients. the time taken by the plasma to reach the observed
SAID velocity is important in determining the maximum field-aligned flows rthat take place.

Observations of SAID events [Anderson et al., 1991} do not allow a reliable determination
of the onset time scale except to establish that it is less than 45 minutes. SAID events can be
maintained over time scales of several hours. Even if the onset of the event is instantaneous. the
very large peak velocities associated with this short onset time will only be experienced by the
plasma already in the SAID location. The onset time for all subsequent plasma will depend upon
the convective configuration of the SAID event and not on its initial onset time scale.
Observations of the ion drifts associated with a SAID [Spiro et al.. 1978] suggest that the plasma
enters the westward convection in the SAID region from lower (atitudes after flow eastward and
poleward. The poleward velocities just equatorward of the SAID are quite small. typically less
than 100 m s-1, and even for a SAID haif-width of 0.59 (~50 km), it would take ~[0 minutes for
the maximum SAID velocity to be reached. The evolution of the plasma described in our second
scenario is therefore likely to be more representative of observed conditions. In the rest frame of

the plasma, the field-aligned drift associated with SAID onset is a transient phenomenon. It




continues only until advection acts to reduce the altitude gradient in the ion temperature which is
responsible for a plasma pressure gradient producing the field-aligned drifts. However,
observationally the field-aligned drift is not a transient feature. New plasma is continuousiy
convecting into and through the SAID region and thus the transient conditions modeled here will
be continuously observed at any fixed location in the SAID region. Observations taken where
the plasma enters the SAID region will continuously record peak velocities of the magnitude
calculated here. Where the plasma has resided in the SAID region for some time, much smaller
velocities will be continuously observed. The peak velocities may be considerably smaller than
those shown here. Further calculations in which the time scale for achieving the maximum SAID
velocity was 20 minutes show peak field aligned drifts at 750 km altitude of only 400 m s-1.

4 issipation i tr ic § I

Electromagnetic energy is dissipated in the ionosphere in two ways. One as heat and another as

Energy Dissipation below 600 km in Polar Cap momentumn tn the neutral gas. The heating
0 0002 O rate is proportional to the square of the ion-

* Parpengicuiar - . .
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Figure 6: The scale size dependence of energy  Thuys for electric fields that do not map there is
dissipation from parallel and perpendicular

currents in the polar cap and auroral zone. dissipation of the electromagnetic energy both
parallel and perpendicular to the magnetic




field lines. The perpendicular dissipation is specified by taking into account the effective flux
tube integrated Pedersen conductivity. The parallel dissipation must be accounted for separately.
Figure 6 shows the distribution of energy dissipation rates perpendicular and parallel to the
magnetic field for a range of different scale sizes and two different ionospheric conductivity
distributions describing the polar cap and the auroral zone.

The results demonstrate that an accurate description of t.¢ energy dissipation from quasi-
static electric fields at high latitudes must include consideration of both the perpendicular and
parallel currents. These considerations may be important for perpendicular velocity gradients of
0.5s-1 or greater in the auroral zone. For the simple fixed number density profiles considered
here, the parallel and perpendicular electric fields are related through their scale size and the
altitude distribution of the Direct and Pedersen conductivities. As one would expect, the largest
parallel electric fields occur near 200 km where the Pedersen conductivity has a steep gradient
with altitude as does the ratio of Direct to Pedersen conductivity. For sufficiently large field-
aligned currents, significant field-aligned potential differences occur above 200 km. Even when
these fields are small compared to the ambipolar electric field theyv can cause about 30% of the
energy dissipation to occur from currents parallel to the magnetic field rather than perpendicular
to it. The principal significance of this repartitioning of the energy dissipation between
perpendicular and parallel current components lies in the difference in altitude where the
respective dissipation profiles peak. The perpendicular dissipation dominates at low altitudes
where ion-neutral collisions provide the dissipative mechanism, whereas parallel current energy
dissipation occurs at higher altitudes through electron-ion collis.ons. While a quantitative
estimate of the total energy dissipated may be obtained by assuming that it all occurs
perpendicular to the magnetic field and that the electric field maps unattenuated throughout the
ionosphere, it should be emphasized that this is an erroneous description of the physical situation
for velocity gradients of the order of 0.5 s-1 or greater. Such velocity gradients, associated with
large amplitude quasi-static convection electric fields, can be commonplace in the high latitude
ionosphere. The simple illustrative calculations performed should be viewed cautiously when
the perpendicular ion velocity gradients are very large because the field-aligned electric ficlds
can be large enough that their effect on the ambient plasma distribution should be taken into

account.

3. The Low and Middle Latitude lonospheric Composition

At low and middle latitudes the ionospheric composition and concentration and the
ionospheric motion are intimately coupled. The ExB drift motion of the plasma depends
dramatically on the distribution of the ionospheric conductivity, but this distribution is itself

dependent on the ExB drift motion. In order to unravel some of the complex coupling processes




it is necessary to understand the response of the innosphere to known ExB drift motions and to
understand the circumstances under which these motions change.

A sensitive monitor of the ExB drift motion of the plasma is the height of the peak and the
concentration at the peak of the F layer. The behavior of the F-layer peak also effects the
distribution of ionospheric species in the topside ionosphere. Kaowledge of the topside
ionospheric composition can be obtained from satellite data which provide detailed latitude and
local time distributions of the ionospheric species at a given altitude. Such a study was
undertaken using data from Atmosphere Explorer taken during under solar minimum conditions.
Figure 7 shows the average daytime and nighttime distributions of the ionospheric species
obtained from this study [Gonzalez et al., 1992]. In the ionosphere H+ is produced primarily by
the resonant charge exchange process with O+ and neutral hydrogen. During the daytime this
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process is a sink for O+ in the topside ionosphere and the equilibrium concentrations produce an
O+/H+ transition height near the H+ peak. For the solar minimum conditions prevailing during
this period the transition height lies between 750 km and 825 km. At night the O+ concentration
in the bottomside decays due to recombination. Then the H+ stored in the topside during the days
fall to lower altitudes and the charge exchange reaction becomes a source for O+. The transition
height is lowered to between 550 and 600 km under these conditions.

The O+ peak concentration changes by about an order of magnitude from day to night. having a
daytime value near 106 cm-3. During solar minimum conditions the F-region ExB drifts have
almost a sinusoidal local time distribution. The lack of a post-sunset enhancement in the ExB
drift means that the average altitude of the daytime and nighttime peak densities are about the
same. In this case the peak altitude remains near 350 km. At solar minimum He+ is always a
minor ion. The transport of this species will be dominated by the O+ motion and thus a small
seasonal variation is seen in this species as well as in the O+.

4. Low and Middle Latitude Electrodynamics

Satellite observations can also be used to study the ExB drift motion of the plasma. Studies
of this parameter reveal the dominant local time variations that exist at different latitudes and
enable a qualitative determination of the relative importance of different sources for the electric
fields. At mid-latitudes the ionospheric plasma drift perpendicular to the magnetic field can be
effected by electric fields generated by the dynamo action of the neutral atmosphere in the E
region and the F region, and by electric fields generated in the magnetosphere by the interaction
of the solar wind with the geomagnetic field. The electric field of magnetospheric origin may
manifest itself in two ways that we will term direct electrical influence and mechanical influence.
The mechanical influence results from the so-called "disturbance dynamo” [Blanc and
Richmond, 1980] produced by frictional and particle heating in the auroral zones. The
subsequent motion of the neutral gas is equatorward and westward, by virtue of the angular
momentum carried by the gas (i.e. Coriolis force). Depending on the altitude range over which
the auroral zone heat source is applied, the disturbance dynamo may exist in the E-region and/or
the F-region. In either case the ion drift motion that it produces is predominantly westward at all
local times. Calculations by Blanc and Richmond [1980] indicate that a local maximum in the
westward ion drift of about 100 ms-1 might be expected between 400 and 500 magnetic latitude
but this is evidently dependent on the magnitude and location of the auroral zone heat source that
is assumed. The effects of the disturbance dynamo may also be seen for large fractions of a day
following substantial auroral zone heating effects associated with magnetic activity. The
electrical influence of the magnetosphere solar wind interaction at mid-latitudes can be viewed in

L1




two ways. rirst, due to inadequate shielding by the currents in the plasma sheet [Jaggi and
Wolf, 1973], the electric field may penetrate or leak inside the plasmasphere. Second the
plasmasphere itself, which is normally free of large fields from the magnetosphere, may contract
to relatively low latitudes during magnetically active times and thus the mid-latitude region may
be directly subject to the fringes of the auroral zone electric field. In the larter case we would
expect that the local time distribution of the electric field to be similar to that seen in the auroral
zone. In the other case the effects of conductivity gradients between the auroral zone and the
plasmasphere must be taken into account [Senior and Blanc. 1984a].

The behavior of the mid-latitude ionospheric drift has been extensively studied using ground
based radar data from St Santin [Blanc and Amayenc, 1979] and Millstone Hill [Wand and
Evans, 1981]. Additional data describing the dynamo fields at mid-latitudes is also available
from the Arecibo radar in Puerto Rico {Ganguly, et al., 1987] and the MU radar in Japan {Fukao.
et al., 1991; Oliver, et al., 1988].

In addition to observational studies of the mid-latitude drifts, further advances in
determination of magnetospheric fields at mid-latitudes have been made utilizing numencal
models with varying degrees of sophistication. These models [Spiro and Wolf, 1984; Senior and
Blanc, 1984b)] show that the penetration of the magnetospheric field equatorward of the auroral
zone results in a different local time distribution of the east-west drift than would be found in the
auroral zone itself. A study by Blanc {1983] suggests that penetration fields and disturbance
dynamo fields may both contribute to the observed drift signatures and that careful evaluation of
the local time effects of each is necessary to separate them.

the

This work was devoted to describing the latitudinal and local time distributions of the east

west drift observed by DE 2 equatorward of the auroral zone . By examining the distributions
during quiet and disturbed times and contrasting them with the findings of other observational
and theoretical studies we are able to assess the influence of solar dynamo fields and electric
fields from magnetospheric sources. Figure 8 provides the comparison of data from various
sources including that generated by this work [Heelis and Coley, 1992].

We have examined the zonal ion drifts observed by DE 2 during magnetically quiet and
disturbed periods defined by levels of Kp. It is evident that division of the data using this
parameter does not include or exclude magnetospheric effects from a particular latitude. Rather
the magnetospheric effects are modulated by this division. Determination of the local time
distribution of zonal ion drifts from DE 2 necessarily mixes season and local time. Despite these
limitations there are many areas of agreement between the features observed in this data and
those described in data obtained from ground based radars.

It is apparent that explanation of the observed features in the local time and latitude
variations in the zonal ion drifts seen by DE 2 requires both tidal motion of the neutral
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atmosphere and magnetospheric sources tc be included at different locations and under different

conditions. In considering magnetospheric sources, three local time distributions associated with
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Figure 8: The local time distribution of zonal ion drifts observed by DE-2
and different ground stations. -

the auroral zone field itself, penetration of the field equatorward of the auroral zone and the
magnetospheric disturbance dynamo must all be accounted for. These latter two sources are not
just present during disturbed times and dominate the local time distribution at latitudes between
459 and 55° even during quiet times as defined here by Kp < 2. At latitudes above 500, during
disturbed times defined by Kp 2 3, the expansion of the auroral zone can directly influence the
zonal ion drift observed.

The influences of the electric field sources can be summarized as follows.
1. Semidiumal and terdiumal tides are most important during quiet times between 250 and 55¢
magnetic local time.
2. The influence of the disturbance dynamo and magnetospheric penetration field are seen on
average down to 459 during quiet times and down to 359 during disturbed times.
3. Direct influence of the auroral zone electric field is important on average down to 6(°
during quiet times and down to 500 during disturbed times.
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JOURNAL OF GEOPHYSICAL RESEARCH., VOL. 96. NO. A4, PAGES S785-5792. APRIL {1991

The Ionospheric Signatures of Rapid Subauroral Ion Drifts

P. C. ANDeERsON,} R. A. HEELis, AND W. B. Hansoxn

Center for Space Sciences, Physics Programs, University of Texas at Dallas. Richardson.

Subauroral ion drifts (SAID) are latitudinally narrow regions of rapid westward ion
drift located in the evening sector and centered on the equatorward edge of the diffuse
aurora. Observations of SAID as identified by the ion drift meters on the Atmosphere
Explorer C and Dynamics Explorer B spacecraft are utilized to determine their effect on
the F region ion composition, their telationship to the mid-latitude trough, and their
temporal evolution. At altitudes near the F peak a deep ionization trough is formed in
regions of large ion drift where the O* concentration is considerably depleted and the NO~
concentration is enhanced, while at higher altitudes the trough signature ts considerably
mitigated or even absent. SAID have been observed to last longer than 30 mun but less
than 3 hours, and their latitudinal width often becomes narrower as time prugresses. The
plasma flows westward equatorward of the SAID and becomes more westward as invariant
latitude increases. Poleward of the SAID, the flow is, on average. westward throughout
the auroral zone in the evening, while near midnight it becomes eastward.

JOURNAL OF GEOPHYSICAL RESEARCH. VOL. 97. NO. Ad. PAGES 429924303 APRIL. 1. juy2

Ion Composition of the Topside Equatorial Ionosphere
During Solar Minimum

S. A. GONZALEZ AND B. G. FeIJER
Censer for Ammospheric and Space Sciences, Utah State University, Logan

R. A. HEELIS AND W. B. HANSON
Cenier for Space Sciences, Physics Programs, University of Texas a1 Dallas, Richardson

We have used observations from both the Bennett jon mass specirometer and the retarding potential
analyzer on board the Atmosphere Explorer E satellite to study the longitudinally averaged O*, H*, and He*
concentrations from 150 to 1100 km in the equatorial jonosphere during the 1975-1976 solar minimum. Our
resulis suggest that the ion mass spectrometer measurements need o be increased by & factor of 2.15 o agree
with the densities from the remq}'ng p?lcmial analyzer and with grgund-bucd measurements. The peak H*
co’t_tculmuoqs‘ are alpm 25x 10" em™~ during the day and 10¥em wt night and vary little with season, The
o {H tansition altimde lies between 750 and 825 km during the day and between 550 and 600 km at night,
He” is & minor species at all altitudes; its concentration is highly varisble with & maximum value of 2bout 10°

em’~ during equinox daytime.
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J. Geomag Geoelectr., 43, Suppl . 245 287, 1949}

The High Latitude lonospheric Convection Pattern

R. A, HEELIS
Center for Space Sciences, Physics Programs., Umiversity of Texas at Duallus. Richardseon. Texas, {5 4

(Received September 1. 1990; Revised March 18, 1991)

Simple examination of models of the magnetic and electric ticld indicate that
both direct connection with the interplanetary field and connection to the low-
latitude boundary layer flow are required to explain many of the repeatable features in
the observations of high latitude ionospheric motions. During times of southward
IMF, these two sources of the electric field may not be easily discermible and during
time of northward IMF the details of the magnetic field geometry are important n
determining the geometry of the ionospheric convection cells. When both these
sources of the electric field are considered. a transiion from southward to northward
IMF leads to distorted two-cell convection patterns that can contain multiple cell
configurations.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 97, NO. Al2. PAGES 19.461-19.469. DECEMBER {992

East-West Ion Drifts at Mid-Latitudes Observed by
Dynamics Explorer 2

R. A. HEELIS AND W. R. COLEY
Center for Space Sciences, Physics Program, University of Texas at Dallas, Richardson

Zonal ion drifts measured from the the polar orbiting DE 2 spacecraft are examined to determine the effects of
dynamo electric fields and penetration of high latitude electric fields at middle latitudes. Construction of a local
time distribution from satellite data results in a mixture of local time and season &s well as a range of magnetic activ-
ity encompassing Kp < 2 and Kp >3. Thus some combination of magnetospheric effects, expected to dominate
during disturbed times, are seen during both quiet and disturbed times and solar tidal influences are most easily ob-
served during quiet times. During quiet times, at invariant latitudes near 25°, the solar diurnal tide dominates the
locsl time distribution of the iondrift. At latitudes above 50° a diurnal component of comparable magnitude is also
present, but its magnetospheric origin produces a shift in phase of almost 180° from the lower latitude diurnal tide.
In the intervening region, between 20° and 50° invariant latitude, semidiurnal and terdiurnal components in the
local time distribution of the drift velocity are also seen. These components are generally larger than those seen by
ground besed radars during quiet times and may be attributable in part to e difference insolar activity and inpart toa
combinstion of the solar tides and magnetospheric penetration fields.
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JOURNAL OF GEOPHYSICAL RESEARUH, VOL. 97, NO AY. PAGES 13960313910 SEPTEMBER | 1992

Three-Dimensional Ionospheric Plasma Circulation

R. A. HEELIS AND W. R. COLEY
Physics Program, Center for Space Sciences, University of Texas at Dallas, Richardson

M. LORANC
Space Sciences Laboratory, NASA Marshall Space Flight Center, Huntsville, Alabama

M. R. HAIRSTON
Physics Program, Center for Space Sciences, University of Texas at Dallas, Richardson

Examination of the ion drift velocity vector measured on the DE 2 spacecraft reveals the significance of
ionospheric flows both perpendicular and parallel to the magnetic Geld at high latitudes. Dunng periods of
southward directed interplanetary magnetic field the familiar two-cell convection patte rn perpendicular to the
magnetic field is associated with field-aligned motion predominantly upward in the dayside auroral zone and
cusp, and predominantly dowaward in the polar cap. Frictional heating by convection through the neutral gas
and heating by energetic particle precipitation are believed to be responsible for the butk of the upward flow
with downward flows resulting from subsequent cooling of the plasma. Scme of the upward flowing plasma 1s
apparently given escape energy at altitudes above about 800 km. The average flow of ions across the entire
high-latitude region at 400km isoutward and comparable to the energeticionoutflow observedatmuch higher
altitudes by DE 1.

JOURNAL OF GEOPHYSICAL RESEARCH. VOL. 96, NO. AB, PAGES [3.189-14.193 AUGLUST 11991

Energy Dissipation in Structured Electrodynamic Environments

R.A. HeeLIs

Physics Programs, Center for Space Sciences, University of Tezas at Dallas, Richardson

J.F. ViCKREY

Geoscience and Engineering Center, SRI International, Menlo Park, California

The coupling of electromagnetic energy into the ionosphere and thermosphere is an
essential consideration for understanding the thermal structure and dynamics of the
neutral and charged particles at high latitudes. Often the dissipated electromagnetic
energy exceeds that deposited by precipitating energetic particles at high latitudes. It
is usually assumed that the profile of the ion Pedersen conductivity determines the
altitude dependence of the energy dissipation rate. Herein we point out the strong
altitude dependence of the energy dissipation rate on the spatial scale sise of the imposed
electric field. To illustrate the importance of such considerations, we show examples of
the ubiquity of electric field structure in the high-latitude ionosphere; this is particularly
prominent when the interplanetary magnetic field has a northward component. We then
show quantitatively how the existence of electric field structure with scale sizes of 10 km
ot less strongly impacts both the altitude extent over which the electromagnetic energy is
dissipated and its partitioning between current systems perpendicular and parallel to the
magnetic field.
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Upflowing Ionospheric Ions in the Auroral Region
G. Lu,' P. H. RerFF,? T. E. MOORE,® AND R. A. HEELIS*

) Obs.emtions of upflowing ionospheric ions sre cbtained nearly simultaneousty by DE | and DE 2 over the
mgbhmdg a}xmnl regions. At low altitudes, the mean value of the net upward ion number flux is of the order of
100cm'®s?.  The ionosphere is predominantly O*, and the flux of ions with energy greater than S eV is a

very small fracton (less than 1%) of the total jon flux. At high altitudes, the upflowing ions are accelerated by
a paralle] clectric ficld and heated (with characteristic energies of hundreds of electron volts). Comparning
upf;owing fluxes at high and low altitudes yields an estimated height of the bottom of the auroral acceleration
region of 1400-1700 km for the region of peak potential drop. This low-altitude acceleration could either be
from‘n penallel electric field or from perpendicular accelenation. The fluxes at the edges of the arc are mosuly H*
thus implying a higher-altitude base of the acceleration region at the edges where the potential drop is lower.

JOURNAL OF GEOPHYSICAL RESEARCH. VOL. 96, NO. A0, PAGES [T.847-17 863 OCTOBER 1. 1981

Coordinated Radar and Optical Measurements of Stable Auroral
Arcs at the Polar Cap Boundary

E. J. WEBER.' ]. F. VickreY,” H. GALLAGHER.Y L. WEI1SS.* C. J. HEINSELMAN
R. A. HeerLis.* anp M. C. KELLEY®

A specialized incoherent scatter radar scanning mode has been developed for use in conjunction
with simultaneous real-time all-skv images. These complementary diagnostics are used to examine the
aeronomy and electrodynamics of stable auroral arcs that delineate the boundary between the polar
cap and the auroral oval. The first arc discussed, observed at 2000 MLT. represents the boundary
between antisunward plasma flow in the polar cap and sunward retuen flow equatorsward of the arc.
The arc defined an equipotential in the high-fatitude convection pattern in that no plasmi flowed ucross
the arc. The radar line-of-sight velocity measurements also indicate that this arc 15 consistent with &
convergent electric field and an associated weak upward field-aligned current. The second are wis
observed at 2330 MLT and was associated with a nightside gap or magnetc reconnection region.
Strong antisunward flow was observed directly across the arc. although a veloan shear was
superposed on this steady flow along the poleward edge of the arc. Detiled plasma density,
temperature. and line-of-sight velocity measurements from the radar are presented for both arcs 1o
define the electric field. horizontat and field-aligned currents, and thermal plasma parameters
associated with these arcs.
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