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Structure and Dynamics of Polar Cap F-layer Patches

1. INTRODUCTION

In recent vears, researchers using a variety of measurement techniques have
observed patches of enhanced F-region plasma in the polar cap ionosphere. They
were first recognized in the central polar cap (86° Corrected Geomagnetic latitude)
during winter using optical and radio wave diagnostics (Buchau et al1 and Weber
et alz). These observations led to a description of non-locally produced reyions of
increased F-region density (factors of 5 to 10 times above background with mnaxi-
mum values of ~ 106 el/cm3 inside the patches) with horizontal dimensions of up
to 1000 km. The 6300 A airglow emissionwithin the patches, which drift in the anti-
sunward direction with speeds from 100 to 1000 m/sec, is due to dissociative re-
combination within the high plasma density region.

Simultaneous satellite amplitude and phase fluctuation measurements (scintilla-
tion) showeu that the patches are frequently accompanied by small scale (< 1 km)
ionospheric irregularities that cause significant scintillation at 250 MHz.

More recent observations in the central polar cap show a diurnal or UT varia-

tion of the maximum density within the patches that has been related to a longitudinal

(Received for publication 27 March 19886)
1. Buchau, J., Reinisch, B.W., Weber, F..I., and Moore, J,G. (1983) Structure
and dvnamics of the winter polar cap I Region, Radio Sci., 18:995,

2, Weber, KE..J., Buchau, .J., Moore, .1,G., Sharber, J. R., Livingston, R,C.,
Winningham, J.D., and Reinisch, B.W. (1984) I"'-laver ionization patches
in the polar cap, .J. Geophys. Res,, 89:1683,
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variation in the plasma source region. Buchau et a13 (1985 and references therein)
postulated that the patches originate equatorward of the dayside cusp in the solar-
produced ionosphere, and are subsequently convected into the polar cap. Thus,
the UT variation in the polar cap reflects the variation of geographic latitude of the
source region at different longitudes, due to the separation of the geographic and
geomagnetic poles. All sky imaging and innospheric sounding in the polar cap
near the davside cusp have shown the emergence ol these patches from the cusp
region (Weber and Buvhau4). Incoherent scatter radar measurements from
Sondrestrom (Kelly and \'ivkr‘(‘vs), showed patches of high density plasma convect-
ing poleward through the cusp into the polar cap. These observations support the
concept of solar produced plasma equatorward of the cusp as the source region of
the convecting polar cap patches. loster and I)oupnik6 presented similar results
using davside measurements from the Chatanika Radar.

This report presents new aspects of polar cap F-layver patches: Total Electron
Content (TEC) variations within patches using measurements from the Global
Positioning System (GPS) satellites; and observation of patch convection over large
distances (> 1500 km) using coordinated measurements from Thule and Sondrestrom
Greenland. The GPS measurements provide the first quantitative measure of TEC
variations within patches, as well as, the first polar cap scintillation measurements
at L.-band frequencies (1, 2 GHz) at high elevation angles. Preliminary results on
the <);1er‘ati<)nal aspects of GPS measurements at Thule are presented by Klobuchar
et al.' These coordinated measurements between Thule and Sondrestrom are the
first multi-station measurements to show transport of localized regions of enhanced
density over large distances in the polar cap.

2. OBSERVATIONS

Measurements described in this report were obtained on 3 and 4 February 1984
from two ground stations; Thule, Greenland (86° CGL) and Sondrestrom, Greenland
(75 CGL). The various types of measurements at each location are summarized
in Tauvle 1, Alagnetic conditions were disturbed with the three hour Kp = 4+, 6 and

5+ during the interval trom 3 February 21 UT to 4 Februaryv 06 UT.

2.1 Thule Observations

ALl Skv Invaging Photometer (ASIP) 6300 /i airglow images, shown in Figure 1,

define the large scale pateh structure observed during this period.  These are

e 1o the large number of references cited above, they will not be listed here.
See References, page 15.)
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similar to other airglow images presented by Weber et a12 and show a 1200-km
diameter circle of the F-region above Thule. The dawn-dusk (06-18) and noon-
midnight (12-00) CG Local Time meridians are projected into the 155’ field-ol-view
images to provide a reference frame. The images, at 5-min intervals from

2300 UT 3 February to 0155 UT 4 February 1984, show large scale (up to 1000 km)
patches of enhanced 6300 A airglow drifting in the anti-sunward direction. The
all-sky imaging svstem was actually operated al a rate of one image every 30 sec,
and the higher time resolution format clearly shows the continuous anti-sunward
drift, Airglow patches were observed until ~0330 UT, although the images are not
presented in this report. The main purpose of the images in this study is to iden-
tify times when patches drifted through the signal ravpaths to two satellites; a high
altitude polar beacon satellite transmitting at 250 Mtz (raypath shown as a dot in
the images), and one of the GPS satellites (raypath shown as a t). The GPS
satellites transn it pseudo noise signals at two carrier frequencies from which the
ionospheric group delay, proportional to absolute T12C, and amplitude and phase
scintillation can be measured. They are in 63" inclination, 12-hour sidereal
circular orbits with each satellite visible over Thule for up to four hours. At
0128 UT on 4 February, the GPS receiver was switched to another satellite that
was moving to a higher elevation angle, explaining the fast change in position of

the GPS location shown between the images at 0125 and 0130 UT in Figure 1.

Table 1. Jouospheric Parameters

Location Svstem AMeasured Parameters

TEC, 0 and amplitude scintillation
(1.2 GHz)

Thule GPS

0 and amplitude scintillation
(250 MHz)

Polar Beacon

ASIP Airglow morphology

Digital Ionosnde fol2, h'E, and so on

Vertical Spectrometer  Airglow intensity
Sondrestrom Incoherent Scatter N T \]

Radar
3
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Figures 2a and 2b show the TEC variations and L.-band scintillation index (54)
measured using the GPS downlink. Times when the raypath penetrated an F-region
patch, as determined from the optical images, are indicated by shaded bands along
the abscissa. The 54 scintillation index is the normalized variance of the signal
intensity (Yeh and Liu8) and is a commonly accepted measure of signal fluctuation
caused by ionospheric irregularities. In the GPS case, the intensity scintillation
is caused primarily by irregularities with spatial wavelengths near 300 m. A
comparison of the TEC variations with the raypath location shows a direct associa-
tion between TEC increases and patch intersection. Patch densitiesare characterized
by increases of 10 to 15 TEC units from quiet background levels of 5 TEC units
(1 TEC = 10'°

F-region plasma density enhmcementb within the patches, determined by digital

2 . . .
el/m” column). These increases confirm the earlier results of

ionosonde measurements (Bmhau et al’ ) Figures 3a and 3b show the fol'2, or
peak plasma density and 6300 :\ zenith airglow intensities at Thule during this
period. These measurements confxr‘rn large variations in F-region plasma density
background levels < 1 x 10° el/cm ; peak densities of ~ 8X 10° el/cmj) and
6300 A airglow variations during the period 2250 UT 3 February, to 0330 4 Feb-
ruary corresponding to the period of the large TEC variations. It is evident that
fol'2 and TEC enhancements and increases in 6300 A zenith intensity are different
signatures of the same plasma patches. The lack of exact correspondence in time
among the three parameters is due to the combined effects of patch size, drift
direction, and the off-zenith location of the GPS raypath (for example, 0400 UT).
Figures 2c and 2d show a composite plot of the 250-MHz signal amplitude and
the 54 index. It should be noted that scintillation activity before and after the period
shown in the figure was minimal. Generally, there is good agreement between the
patch observation and the occurrence of 250-MHz amplitude scintillation that is
caused by irregularities of approximately 650-m spatial scale. Up through about
0200 UT, both the optical signatures and the scintillation regions are isolated and
distinct, and correlate well with one another. Between about 0200 and 0300 UT,
both the scintillation and optical ASIP data suggest a series of patches that largely

blur together into a region of irregularly enhanced ionization.

8. Yeh, K.C., and Liu, C.H. (1982) Radio wave scintillation in the ionosphere.
Proc. IEEE, 70:324.
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Density (B) for the Period 23 UT 3 February to 0500 UT 4 February
1984

The correlation between significant enhancement of TEC and the patch images,
defined by 6300 A (recombination) enhancements, is quite good. This is as would
be expected, with minor variation in timing that could be due to differences between
the electron density profiles and the 6300 /o\ volume emission rate profiles. The
correlation between 6300 ;\ patches and scintillation enhancements is good but some-

what less distinct. This is also as would be expected because the scintillation

depends on both electron content and fluctuations in line-of-sight electron content.
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' Also of interest is the systematic increase followed by a decrease of the
s
- scintillation level during the observation period. This may be a result of either
, a change in the process producing the kilometer-scale irregularities, or a change o
¥ .
'-:: in the irregularity anisotropy. Similar changes were measured by lLivingston et al
‘I . .
) -, near the poleward edge of the auroral oval near midnight.
:-: The final observation from Thule is the relation of I.-band amplitude scintilla-
U]
tion to TEC variations. This is a significant comparison since it uniquely relates
A regions of intense ionospheric irregularities of spatial scale equal to approxi-
o mately 300 m to TEC or bulk plasma density variations using the same raypath.
Ty )
'.-: This allows a direct comparison of irregularity intensity, for example, on the
" leading or tailing edge of the plausma enhancement and may help identify candidate
plausmu instability mechanisms. Figure 4 shows a detailed comparison of the S4
_ scintillation index (top) with TEC (bottom) using the GPS signal. Dashed reference
-‘: lines are extended from the maxima of the TEC variations for ten distinct events,
:~:. In cuses 3, 7, and 9, there is a clear increase in the 54 index or irregularity
$ intensity, on the trailing edge of the individual patches, as compared to the 54
index observed at the leading edge. In all cases, a significant level of scintination
W (5, - 0.08) exists within the entire patch, with increases to 8, > 0.1 occurring at
7 1 4
-:\-‘ the edges. The implication of this comparison is considered further in Section 3.
S
g .
oy 2.2 Sondrestrom Observations
During the period covering the above discussed observations, the Sondrestrom
:'L:: Incoherent Scatter Radar was operated in a multiposition mode to provide latitude/
,;‘:‘ local time maps of electron density, temperatures and ion drifts over the range
> : . . sy
2O from 70° to ~ 80° CGIL.,, with a cycle time of ~ 16 minutes. In addition, east-west
£ =" magnetic meridian scans were performed at 52-min intervals. Figures 5a and 5b
/ show electron density maps for the period 0840 UT 3 February to 0758 UT 4 Feb-
iy
\::-. ruary for 277 and 200 km altitude. Universal Time is indicated on the inside dial,
A . .
SAAY locul time on the outside dial.
)
A
'-.':: 9. Livingston, R.C., Tsunoda, R.T., Vickrey, J.F., and Guerin, L.. (1985)
of high latitude nighttime I -region irregularities, J. Geophys. Res.,
90 87:10519.
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Of direct interest to this study is the increase in electron density (to

. ~ 3.5 X 105 el/cms) at 277-km altitude after 2300 UT on 3 February. The increase
. appears first at the highest latitudes and fills the entire coverage area by 0300 UT.
f These enhanced densities are, in fact, the dominant F-region density feature for g
:: the entire 24-hr period of Sondrestrom observations. The combined electron

j density and ion drift velocity measurements indicate the flow of a region of

¢ enhanced "'-region plasma from the vicinity of Thule toward Sondrestrom during

p a period of limited duration, From 2100 UT to 0115 UT the ion drift velocities

(Figure 5d) were mostly southward; they progressively turned from a southeast to

4 a southwest direction. At 0000 UT they were almost parallel to the direction from
:: Thule to Sondrestrom. l.ocal time at Thule is 1 hr behind Scadrestrom, therefore,
N

in Figure 5d flow from Thule to Sondrestrom would be generally southward with a
small casterly component. The flow started to intensify at 0015 UT and, by 0130,
- the tlow velocity had almost doubled. The mugnetograms from the Greenland chain
. show increased activity at 0015 UT, with a maximum AH negative bay of 900 4 at
) 67.5° CGL., reached at 0050 UT. The change in the electric field pattern com-
mencing at 0015 UT may have been associated with this substorm activity. The
period when patches of enhanced densities are observed ends at 0115 UT, approxi-
mately two hours earlier than at Thule. The last patch appeared only in the
northernmost beam position (Figure 5a), in a region of westward flow. This patch
N corresponds to the patch observed overhead Thule from 0045 to 0055 UT. Subse-
quent patches observed with the ASIP at Thule drifted southwest, and did not pass
through the Sondrestrom radar field of view. This is confirmed by the change in

flow direction observed at Sondresirom after 0115 UT. The change in flow direc-

tion (westward poleward of the station, and eastward equatorward of the station)

ey

suggests that the radar rotated into the dawn convection cell at this time. Convec-
tion within this cell may not necessarily transport flux tubes from the same high
5 density source region, which may explain the absence of high density plasma at !
the radar after 0115 UT.
The electron density map at 200-km altitude (Figure 5b) and the electron
temperature map (Figure 5c¢) reveal two important features: while the 277-km ¢
density enhancement was not characterized by a corresponding increase in electron
temperature, the density increases seen to the south in the 200-km map at later
- times (0030 to 0630 UT) were clearly associated with electron temperature in-
. creases. These density increases at 200-km altitude, with corresponding elevated
3 Te that reached 2300° K, are due to direct production by precipitating auroral zone -
particles in this region. They are associated with the substorm activity mentioned
above.
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During the one and three-quarter hour period that the patches were in the
Sondrestrom radar field of view, the electron temperature showed no measurable
enhancement, thereby establishing negligible particle precipitation and local
production. The presence of particle precipitation adequate to lead to any appre-
ciable ionization production would have simultaneously manifested itself in readily
measurable heating of the electron gas. Thus, the long time history of unenhanced
electron temperature (at 277 km) in the patches is direct evidence of transport of
non-locally produced F-region plasma into the Sondrestrom field of view from the
direction of the central polar cap, and is consistent with the optical intensities of
the patch at Thule which did not show evidence of particle precipitation (that is,
lack of N}, (0-0) radiation at 3914 A).

An important feature is the absence of significant density increases at 277 km
associated with particle precipitation in the nightside auroral zone that has recently
received considerable attention (IRobinson et al;lo Weber et al;11 and de la Beau-
jardiere et alw). The present observations indicate that high altitude I'-region
patches can be transported from the polar cap into the oval, and that patches are
not produced by auroral zone precipitation, as proposed by Robinson et al, 10 but
rather are convected across the polar cap into the auroral zone as proposed by

2 Furthermore, the UT period when

Weber et al“ and de la Beaujardiere et al. !
the patches ure observed is consistent with the conclusions reached by de la
Beaujardiere et al. 12 These authors showed that, due to the displacement of the
geographic and geomagnetic poles, the nighttime !'~region density depends strongly
on Universual Time. Patches of ionization were regularly seen in the polar cap
and midnight auroral zone, within the 2000 to 0200 UT period, when the solar
illumination of the auroral oval covers the largest area,

Attention is now focused on one patch in this data set to explicitly track it
from Thule through Sondrestrom. The fol2 enhancement over Thule from 2325
to 0000 UT, marked "A'" in Figure 3, is readily identified in Figure 1 as a bright,
structured patch. The leading edge of this putch passes across the center of the
ASIP at 2320 UT, and the trailing edge overhead at 2355 UT. The fokF2 and TEC

duta (Figures 3 and 4) are consistent with the optical observations. As determined

10. Robinson, R.M,, Tsunoda, R.T., Vickrey, J.F., and Guerin, 1.. (1985)
Sources of I'-region ionization enhancements in the nighttime auroral zone,
1. Geophys. Res., 90:7533.

11. Weber, L.J., Tsunoda, R.T., Buchau, .J., Sheehan, R. E., Strickland, D. ..,
Whiting, W., and Moore, J.G. (1985) Coordinated measurements of auroral
zone enhancements, .J. Geophys. Res., 90:6497.

12. de la Beaujardiere, O., Caudal, C., Holt, J., Craven, J., Wickwar, V.B.,.
Brace, 1.., Evans, D., Winningham, J.D., and Heelis, R.A. (1985)
Universal time dependence of nighttime }F -region densities at high latitudes,
4. Geophys. Res., 90:4319,
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from the ASIP measurements, the velocity of this patch of enhanced density is
anti-sunward, at ~550-600 m/sec, on a track which leads straight toward
Sondrestrom. The patch diameter is estimated to be ~ 1200 km from the ASIP
image.

In Figure 5a, the Sondrestrom radar is 1200 km south of Thule, and the pole-
ward edge of the radar field of view (78.2° CGL) is 700 km south of Thule. Given
these distances, paich dimension and velocity (550-650 m/sec from the ASIP,
500-550 m/sec from the radar), Patch A should enter the northern edge of the
radar field of view at 2341 UT, reach the radar zenith at 2356 UT, and be centered
over the radar at 0014 UT. This is observed as the region of highest electron
density in Figure 5a, that extends over the full Sondrestrom field of view at
0015 UT. Although not shown in this report, close examination of the densities
in the individual beam positions clearly shows the southward motion of this patch.
Density increases are observed at beam positions north, overhead and south of the
radar within ~ 1 min of the postulated nominal arrival times. Enhanced density
regions are seen at the northern edge of the radar field of view as early as
2310 UT. These are related to smaller patches that are seen to drift out of the
southern edge of the ASIP toward the radar at this earlier time.

A radar E-W elevation scan took place from 0010 and 0015 UT, when Patch A
was roughly centered above the radar. This scan shows that this F-region density
enhancement was fairly structured and that its E-W dimension was ~900 km. This
dimension is similar to that inferred from the Thule all-sky imaging photometer

observations. The foF2, TEC and ISR data further show quantitative consistency.

5 3

The ionosonde measured sustained enhanced peak electron densities of 8 X 10° ecm’

inside the patch, and 2 X 105 cm-3 outside the patch. Taking the equivalent slab
thickness of 250 km determined from the density profile measured downstream by
Sondrestrom, this should lead to an electron content within and outside the patch
of 20 TEC units and 5 TEC units respectively. This compares extremely well
with the observed value of 20 TEC units within the patch against a background of
about 6 TEC units. The ISR measured the patch downstream from Thule and about
one-half hour later. It is still enhanced’by a factor of 3.5 to 4 over the background,

5 el/cm-3

with a peak density near 4 X 10° el/cm-3 against a background near 1 X 10
Thus, the densities in both the patch and background have decreased by a factor of
two over the 40 min separating the measurements. This is in good agreement
with commonly accepted F-region decay rates due to recombination.

Therfore, the combined Thule and Sondrestrom data show a large ionization
patch drifting through the Thule and then through the Sondrestrom fields of view.
This is the first direct tracking of an ionospheric patch from the CG pole to

~70° CGL, a total distance of ~ 3300 km.
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ON 3. DISCUSSION
Lo\ These observations present further characteristics of the structure and
:-::: transport of F-region patches in the polar cap, and their relation to smaller scale
:::: (< 1 kin) ionospheric irregularities. During disturbed magnetic conditions, a
"‘.": limited period of patch transport over the polar cap and into the nightside auroral
zone was clearly observed. The most significant new results are quantitative
;',.-:'_ measurements of TEC enhancements of 10 to 15 TEC units above a background
\.}':.:- of five TEC units associated with the patches, and the ability to associate irregu-~
, :E: larity intensity with specific regions within the patches through simultaneous (and
f‘ ) coincident) TEC and I.-band scintillation measurements. Comparison shows a
systematic increase in amplitude scintillation on the trailing edge of several patches.
] s This is the E X B unstable side of the patch, assuming Vion > Vneutral, and
"‘:'_ reconfirms earlier observations by Weber et al. 2 Equally important are the levels
J“: of scintillation on the leading edge and throughout the interior of the patches.
:_:‘ Evidence for internal structures within patches was shown by Buchau et al3 using
digital ionosonde measurements. Lee13 has proposed that thermal effects (Ohmic
SN dissipation of Pedersen current).due to the dc (or convection} electric field can
: give rise to ionospheric irregularities throughout the interior of convecting

F-region patches. This is an attractive candidate process, since it depends only

on a threshold dc electric field of > 25 mv/m (corresponding to convection veloci-

ties of > m/s), conditions readily satisfied by the measurements presented in

.::.: this report. The observations establish a combination of plasma destabilizing
_‘::‘J effects in the patch; and are consistent with E X B on the trailing edge, and thermal
:‘; effects operating within the plasma patches as described in the theoretical calcula-

“‘:* tions of Lee.13 Other mechanisms which could lead to structuring within the patches
/ have been proposed by Fejer and Kelley. 14
',,.::_ Observations at Sondrestrom confirm that the plasma patches convect out of
3:,‘-.. the polar cap and into the high latitude region of the auroral oval. Recent

WY measurements of F-region plasma "blobs' on the equatorward edge of the auroral

P :;":' oval (Weber et al“) indicate a non-local source region for these features. These

] Sondrestrom radar observations, in combination with the multisensor patch

\:,‘i observations at Thule, support the concept of cross polar cap transport as a source

N for nightside auroral zone F-region plasma.
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13. l.ee, M. C. (1985) Contributions of thermal effects to occurrence of
irregularities in the high latitude ionosphere, Radio Sci. (submitted).

14. Fejer, B.G., and Kelley, M, C. (1980} lonospheric Irregularities, Reviews
of Geophys. und Space Phys., 18:401.
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Future measurements are planned to trace individual plasma patches, and to
measure the irregularity spectrum using scintillation measurements at each

location. This will provide valuable insight into the scale size dependence of the
evolution of the irregularity spectrum under reasonably well-known conditions.
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