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Universal Time Dependence of Nighttime
F Region Densities at High Latitudes

O. DE LA BEAUJARDIERE,! V. B. WICKWAR,! G. CAUDAL,2 J. M. HOLT,? J. D. CRAVEN,*
L. A. FRANK,4 L. H. BRACE,’ D. S. EVANS,® J. D. WINNINGHAM,? AND R. A. HEELIS8

Coordinated EISCAT, Chatanika, and Millstone Hill incoherent scatter radar observations have revealed that
in the auroral zone, the nighttime F region densities vary substantially with the longitude of the observing site:
EISCATs densities are the largest and Millstone Hill’s are the lowest. The nighttime Fregion densities measured
by the individual radars are not uniform: the regions where the densities are maximum are the so-called “blobs” or
“patches” that have been reported previously. The observations are consistent with the hypothesis that the
nighttime densities are produced in significant amounts not by particle precipitation, but by solar EUV radiation,
and that they have been transported across the polar cap. The observed differences can be explained by the offset
of the geographic and geomagnetic poles. A larger portion of the magnetospheric convection pattern is sunlit
when EISCAT is in the midnight sector than when Chatanika is. In winter, when Milistone Hill is in the midnight
sector, almost all the auroral oval is in darkness. This universal time effect, which was observed on all coordinated
three-radar experiments (September 1981 to February 1982), is illustrated using two periods of coincident radar
and satellite observations: November 18-19, and December 15-16, 1981. These two periods were selected because
they corresponded to relatively steady conditions. Dynamics Explorer (DE) measurements are used to aid in
interpreting the radar observations. DE 1 auroral images show what portion of the oval was sunlit. DE 2 data are
used to measure the ion drift across the polar cap. Because the altitude of the ionization peak was high, the decay
time of the F region density was substantially longer than the transit time across the polar cap. The southward
meridional wind that was observed coincidentally with the ionization patches at Chatanika and EISCAT
contributed to the maintenance of the F region by raising the altitude of the peak. DE 2 Langmuir probe
measurements of electron density clearly showed a UT dependence, the same as that in the radar measurements.

INTRODUCTION

In the past years, several theoreticians have modeled the iono-
spheric densities in the polar regions. After the pioneering work of
Knudsen [1974] and Knudsen et al. [1977], the effect of the dis-
placement of the geographic and geomagnetic poles was intro-
duced, and computer models were developed of increasing com-
plexity and completeness [ Watkins, 1978; Schunk and Raizt, 1980,
Sojka et al., 1981, 1982; Schunk and Sojka, 1982; Sojka and
Schunk, 1982]. The work of Schunk and co-workers has focused
on showing how the combined effects of magnetospheric plasma
convection and corotation about the geographic pole can be the
cause of profound universal time (UT) variations. However,
because of a lack of adequate measurements, very little has been
done to verify these effects experimentally. During a short time
period (September 1981 to February 1982), three incoherent scat-
ter radars [Chatanika, Millstone Hill, and the European Incoher-
ent Scatter facility (EISCAT)] could simultaneously probe the
auroral zone from widely different longitudes. As part of project
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MITHRAS (Magnetosphere-lonosphere-Thermosphere Radar
Studies) {de la Beaujardiere et al., 1982, 1984], experiments were
designed to take advantage of this opportunity, and now, for the
first time, data have been acquired specifically to search for the
predicted effects arising from the poles’ offset.

Whereas many of the recent theoretical papers dealing with the
effects of the pole displacement have focused on minima in the F
region ionization (mid-latitude trough or polar hole for example),
in this paper we focus on nighttime ionization maxima. Coincident
winter data for several periods were analyzed in search of longitud-
inal variations in the ionization maxima. Indeed, a dramatic UT
effect was observed. The F region density at night was larger at
EISCAT than at Chatanika and was the smallest at Millstone’s
longitude.

Such enhancements in the F region nighttime polar ionosphere
have been reported previously from ionosonde data [for example,
Sato and Rourke, 1964, and references therein]. More recently
they have been observed with the Chatanika incoherent scatter
radar [ Vickrey et al., 1980], and with optical instruments [ Weber et
al., 1984]. These recent observations have shown that in the auroral
zone and the polar cap, the enhancements are patchy in nature,
with typical dimensions of the order of one to two hundred kilo-
meters. They have been called “patches” or “blobs.” Presumably,
blobs, patches, and the enhancements described in this paper are
the same thing, and we use these terms interchangeably. What we
show here, is that detailed, simultaneous observations from three
widely separated longitudes reveal that the peak density of these
maxima strongly depends upon the longitude (or UT) of the
observing site.

Note that the terms “density enhancement” or “density maxima”
do not imply regions where somehow ionization was added to a
background. In fact, it is probably more reasonable to assume that
the background corresponds to the density maxima, a background
that is eroded in an irregular way. In other words, the F region
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Fig. 1. Relative positions of the incoherent scatter facilities. The map isin
geomagnetic coordinates with tick marks 5° apart along two geomagnetic
meridians. The north pole (NP) and ovals of constant geographic latitude
are shown.

minima correspond to flux tubes where the ionization has decayed
faster. It is beyond the scope of this paper to address the question of
how a solar-produced ionization layer which presumably started as
a smooth, sunlit F layer, can evolve into blobs of a few hundred
kilometer scale sizes.

Plasma transport across the polar cap has been recognized as
very important in affecting the morphology of F region densities
[Sato and Rourke, 1964; Knudsen, 1974; Knudsen et al., 1977,
Watkins, 1978; Sojka and Schunk, 1982; Foster, 1984; Kelly and
Vickrey, 1984]. The recent work of Weber et al. [1984] was a clear
experimental verification of the fact that the ionization maximado
move across the polar cap, driven in the generally antisunward
direction by the E x B drift. This paper also emphasizes the role of
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plasma drift across the polar cap. Whereas the basic assumption of
Kelley et al. [1982] was that the density enhancements are initially
produced by soft particle precipitation, it is the assertion of this
paper that these enhancements are initially produced by solar EUV
radiation. We state that the observed UT variation in plasma
densities can be explained by the relative position of the terminator
and of the dayside portion of the auroral oval. This relative posi-
tion changes with geographic longitude. Assuming that the F
region ionization observed in the auroral-zone midnight sector has
originated near the cusp, the amount of solar illumination in the
noon sector auroral zone will, to a first approximation, determine
the amount of ionization in the night sector.

This paper is based on both satellite and radar data. Two specific
periods of observation are described in detail. These periods were
selected because the level of magnetic activity seemed to have been
fairly constant during the observations. One period was magneti-
cally quiet (December 15-16, 1981) and the other was moderately
active but corresponded to fairly steady conditions (November
18-19, 1981). Although we will concentrate on these two intervals,
the UT effect is observed in all the data available from three-radar
coordinated experiments, irrespective of the general level of mag-
netic activity.

EXPERIMENTAL PROCEDURE

The observations presented here were obtained as part of the
MITHRAS campaign during which coordinated measurements in
the auroral zone were conducted from the Chatanika, Millstone
Hill, and EISCAT incoherent scatter radars. Measurements from
space-borne and other ground-based instruments were also part of
MITHRAS. A description of these observations can be found in
the work by de la Beaujardiere et al. [1982, 1984]. The radar
installations for Chatanika, Millstone, and EISCAT are described
by Leadabrand et al. [1972], Evans et al. [1979], and Folkestad et
al.[1983], respectively. Figure 1 shows the locations of the incoher-
ent scatter facilities. The map is in geomagnetic coordinates, and
includes curves of constant geographic latitude. The three radars
are equally spaced around 14 hours of magnetic local time, with
Millstone trailing EISCAT by 7 hours and leading Chatanika by 7
hours. The EISCAT transmitter is located at Tromso. Both Cha-

TABLE 1. Coordinated Three-Radar Observations, 1981 and 1982
Chatanika Millstone Hill EISCAT Mode
Start End Start End Start End Chatanika EISCAT
and Millstone

Sep. 30, 0130 Oct. 1,0138 Sep. 29, 1949 Oct. 1, 0346 Sep. 30, 1130 Oct. 1, 0900 MITHRAS 2 CP(-1)
Oct. 7, 0011 Oct. 8, 1214 Oct. 7, 2236 Oct. 8, 2400 Oct. 6, 2200 Oct. 7, 2120 MITHRAS 3 CP(-1)
Oct. 25, 0031 Oct. 26, 2400 Oct. 24, 0217 Oct. 26, 1328 Oct. 25, 1630 Oct. 26, 0900 MITHRAS 1 CP(0)
Oct. 18, 0017 Nov. 18, 2400 Nov. 17, 2124 Nov. 19, 0500 Nov. 18, 0900 Nov. 19, 0900 MITHRAS 2 CP(0)
Dec. 8, 2143 Dec. 9, 2400 Dec. 8, 2235 Dec 9, 0456 Dec. 8, 1500 Dec. 9, 2020 MITHRAS 3 CP(-3¢)
Dec. 15, 2241 Dec. 17, 0010 Dec. 15, 2146 Dec. 17, 0449 Dec. 15, 1500 Dec. 16, 1940 MITHRAS 2 CP(-3s)
Jan. 26, 1818 Jan. 29, 0129 Jan. 26, 2121 Jan. 28, 0129 Jan. 26, 1500 Jan. 27, 2300 MITHRAS 3 CP(3)

Times and dates are in UT.
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Fig. 2. Overview of the geomagnetic conditions on November 18-19,
1981, as a function of UT: IMF B, and B, components; hemispheric power
input, Kp. The times at which the radars were operated are also indicated.
The diamonds point to the UT when each radar is at magnetic midnight,
and the arrows to the times of the DE 1 images shown in Plate 2.

tanika and EISCAT lie within the nightside auroral oval, at invar-
iant latitudes of 65.1° and 66.3°, respectively. Millstone Hill is
south of the auroral zone but makes high-latitude measurements
by pointing north at low elevation angles. The geographic latitudes
and longitudes of Chatanika, Tromso, and Millstone Hill, respec-
tively, are (65.1°, -147.5°), (69.5°, 19.2°), and (42.6°, -71.5°).
The days when data from all three radars were available are
listed in Table 1. A variety of operating modes was used, as
indicated by the EISCAT Common Program (CP) mode number
and by the MITHRAS mode number. The details of these modes
are given in the papers by de la Beaujardiere et al. [ 1982, 1984] and
Folkestad et al. [1983]. It suffices here to say that the MITHRAS 1
mode affords the largest latitudinal coverage, whereas the
MITHRAS 2 mode provides a local measurement, but with a
better time resolution. MITHRAS 3 is intermediate in latitudinal
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During the November 18-19 and the December 15-16 experi-
ments the radars were operated in the MITHRAS 2 mode. In this
mode, the Chatanika and EISCAT radars measured the local
ionospheric parameters as a function of height and time. During
the November experiment, the EISCAT antennas were fixed, and
during the December one they were cycled through three positions.
The Millstone Hill radar pointed obliquely at two azimuths strad-
dling the magnetic meridian (11° and 341°); at each azimuth, the
radar elevation varied from 4° to 18° by 2° steps.

Concurrent satellite data shown include (1) interplanetary mag-
netic field (IMF) components from ISEE 1 and 3 (provided by E. J.
Smith, J. Berchem, and C. T. Russell), (2) total particle energy
deposited into one hemisphere estimated from NOAA 6 and 7 [ Hill
et al., 1982], (3) auroral images from the spin-scan auroral imaging
instrument (SAI) on board Dynamics Explorer 1 (DE 1) [ Frank et
al., 1981], and (4) one component of the ionospheric electric field
from the ion drift meter (IDM) [ Heelis et al., 1981], electron energy
spectra from the low-altitude plasma instrument (LAPI) [ Win-
ningham et al., 1981], and electron density from the Langmuir
probe [ Krehbiel et al., 1981], all on board the DE 2 satellite. The
instruments on DE 1 and 2 are described in a special issue of Space
Science Instrumentation [ Hoffman and Schmerling, 1981]. Dur-
ing the November-December period considered here, the coplanar
orbits of the two DE satellites were located near the dawn-dusk
plane.

NOVEMBER 18-19, 1981: AN ACTIVE PERIOD

Overall Conditions

The first example corresponds to a period of moderate magnetic
conditions. The overall conditions are summarized in Figure 2
using the IMF B, and B, components from ISEE 1 in GSM
coordinates, the NOAA 6 and 7 hemispheric power input, and the
Kp index. The hemispheric power input that is plotted is the
average of two consecutive NOAA 6 and NOAA 7 individual
power measurements. Care was taken in this average to use one
value from the northern hemisphere and one from the southern
hemisphere, in order to minimize possible bias arising from differ-
ent detectors and from differing geometries in the auroral zone
crossings. Kp remained between 3 and S during the interval con-
sidered. The power input by particle precipitation was high, above
20 GW for most of the time, and fairly constant, which is indicative
of a prolonged period of moderate activity. (The power input did

coverage and time resolution. not vary by more than a factor of ~ 3.) The IMF was also fairly
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Fig. 4. Altitude profiles of electron density, ion temperature (triangles)
and electron temperature (squares) within density maxima at Chatanika
and EISCAT (November 18, 1981). The Points A and B correspond to the
theoretical values calculated by Sojka and Schunk [1982] in the midnight
sector for Millstone and Chatanika (A), and for EISCAT (B).

steady during the observation period; the B, component was nega-
tive, averaging ~ -5 -, and the By component was ~ + 3 y.
Caudal et al. [1984] have examined the electric field variations
detected with the three radars, in an effort to describe the large-
scale convection pattern during this period. Figure 3 shows the
electric field northward component measured by the three radars
and plotted as a function of MLT. The UT of the measurement at
each radar site is also indicated. Magnetic midnight is marked by a
thick arrow on the top of the figure. As previously mentioned,
EISCAT and Chatanika are almost at the same invariant latitude.
For Millstone, the electric field shown is that measured at approx-
imately the same invariant latitude, 65°. It is clear from Figure 3
and from Figure 2 of Caudal et al. [1984] that the ion convection
patterns observed from the three sites are quite similar at a fixed
invariant latitude. These authors showed that specific features in
the convection appear in the observations from each of the radars.
For example, in the noon sector, very intense electric fields are
present at quite low latitudes; in the midnight sector there is a wide
range of local time where the measured convection is very small.
Caudal et al. [1984] concluded that the large-scale convection
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appeared to be close to a steady state during the observing period.

Therefore the overall magnetic activity, the particle energy
input, and the large-scale convection remained reasonably steady
during the November 18-19 MITHRAS experiment. Thus, when
comparing the F region for similar MLT’s we can assume with
some confidence that the effects on the ionosphere of the electric
field and particle precipitation were similar at the three longitudes.
Under this assumption, differing behaviors in the ionospheric F
region density cannot be attributed to temporal variations in the
magnetospheric convection and precipitation.

F Region Nighttime Ionosphere

Plate 1 shows electron densities in a pseudocolor format as a
function of altitude, UT, and local time for Millstone, Chatanika,
and EISCAT for the November and December experiments. The
teardrop-shaped maximum in the middle of Plate la s the daytime
ionization observed from Millstone. The curious shape of this
maximum is partly due to the fact that the radar elevation angle
was low (12°) and that a range of latitudes was sampled along the
radar line of sight. The daytime maximum reached about 1.5 x106
el/cm3. On either side, the nighttime ionization maximum was==1
x 105 el/cm3.

For the Chatanika observations, the daytime hours correspond
to the left and right sides of Plate 1b. The daytime densities were
almost the same at the Millstone and Chatanika longitudes, but the
nighttime densities were a factor of ~ 3 greater at Chatanika (i.e.,
of the order of 3 x 105 el/ cm?). At EISCAT, the nighttime densities,
depicted in the center of Plate 1c, were even larger, exceeding 106
el/cm3 at 2120 UT. They remained very large for several hours,
from ~ 1800 to 2200 UT (2100 to 0100 MLT).

The density enhancements appear fairly patchy at Chatanika
and EISCAT (Plates 15 and 1¢). During this particular experi-
ment, the radar operating modes were not designed to study the
structure of these density maxima. However, during other
MITHRAS experiments the Chatanika radar was scanned in
elevation (modes | and 3 in Table 1). At night, when these other
modes were used, the radar data showed that these F region
enhancements were indeed the same as the blobs described by

Vickrey et al. [1980].

Typical density profiles through ionization maxima are plotted
in Figure 4 for Chatanika and EISCAT. Note that the peak of the
layer was quite high within the blobs: 475 km altitude for EISCAT
and 425 km for Chatanika. The profiles of electron and ion
temperatures are also shown in Figure 4. At Chatanika, the elec-
trons and ions were not quite in thermal equilibrium, indicating
that some energy was being deposited in the electron gas, presum-

[— ¥ ]
18-19 NOVEMBER 1981
10— —
E
g fq  ELECTRON DENSITY AT —|
ARY 500-km ALTITUDE
' ! \
~ 05— / \ —
| 1
o W
z — \ MH R —
S
\\\’J P\/\'\-’\I"M\»—\/‘
0
! I I B A N A B A
17 NOVEMBER, MH-UT 22 04 10 16 22 04
18 NOVEMBER, CH-UT 05 " 17 23 05 "
18 NOVEMBER, EI-UT 15 21 03 09 15 21

MLT 18
Fig.5.

00 06 12
Electron density at 500 km altitude measured from Millstone, Chatanika, and EISCAT as a function of MLT. The bottom

scales indicate the corresponding UT at each site (November 17-19, 1981).

18

00



DE LA BEAUJARDIERE ET AL UT DEPENDENCE OF NIGHT F REGION Ne

ISEE-3 GSM COORDINATES

4323

| | 1
51—

T Wuw,nqdh

W

GAMMAS

o
I

plb"“i W r’fpﬁﬂ,-_w*_

=z 10 _—
0 v (1 s
- ]
S I S — e E
. _
L 1MH
! - . ich °
\ . 1EI
YR N T TR T O N A N T M A
12 16 20 00 4 8 12 16 20 00 4 ur

15 DECEMBER

16 DECEMBER
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ably from soft particle precipitation. Calculations of the energy
deposited in the Fregion were performed using the energy balance
equations for the electrons, as described by Kofman and Wickwar
[1984]. The energy deposited in the electrons, integrated over all F
region heights, only reached about 2 x 107 keV cm™2s™! at the time
that corresponds to the Chatanika profile of Figure 4; the night-
time average was ~ 0.5 x 107 keV ¢cm™ s™!. These fluxes are not
sufficient to produce any appreciable ionization above 300 km
[Roble and Rees, 1977, Mantas and Walker, 1976]. Therefore, the
high-density plasma at both Chatanika and EISCAT must have
been convected to the radar, rather than locally produced.
Figure 5 is a synopsis of the F region measurements for
November 18-19, 1981. The 500-km altitude ion density from the
three radars is displayed as a function of MLT using the same
format as in Figure 3. The 500-km level was selected because at this
altitude the Millstone beam intersected an invariant latitude close
to that of EISCAT and Chatanika. Magnetic midnight is to the left
of center in the figure. The figure clearly shows that the nighttime
density was the largest at EISCAT, and the smallest at Millstone.

DECEMBER 15-16, 1981: A QUIET PERIOD

Overall Conditions

The second example corresponds to relatively quiet magnetic
conditions, as illustrated in Figure 6. The IMF B, component from
ISEE 3 was positive, and Kp remained less than 2 during most of
the period. The hemispheric power input was below 10 GW except
during three intervals. Even then, it only once reached the 20-GW
level, which was among the lowest values for the November 18
experiment. The magnetograms from College (very close to Cha-
tanika) and Tromso confirm that the period was very quiet.

While both Chatanika and EISCAT were operating, two small
magnetic disturbances occurred, one at == 2000 UT on December
15, the other at = 0830 UT on December 16. For brevity, we refer
to these as substorms in the remainder of the paper. Both occurred
shortly after two brief intervals of southward B, (Figure 6) and
were presumably triggered by these changes in the IMF direction.
It is during these two periods that the hemispheric power input

maximized. At the radar latitudes the magnetic and electric field
signatures of these two substorms were small, and we can still state
that the overall conditions remained relatively quiet and fairly
steady during the period of observation. Available sequences of
DE 1 auroral images during ~ 15 hours of this period support this
conclusion.

F Region Nighttime Ionosphere

F region electron concentrations are shown as functions of
altitude, UT, and local time in Plates 1d, le, and 1f, for Millstone,
Chatanika, and EISCAT, respectively. As was the case on
November 18, the F region density was very small at Millstone
during the night (daytime ionization is seen on the left edge and
near the middle of Plate 1f). In contrast, intense density maxima
were detected at Chatanika and EISCAT (around 1400 and 2300
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Fig. 7. Same as Figure 4, but for December 15-16, 1981.
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UT, respectively). These maxima were more pronounced than on
November 18-19.

Individual profiles, shown in Figure 7, indicate that the height of
the F layer was 360 and 430 km, respectively, for Chatanika and
EISCAT. The ion and electron temperatures were nearly equal on
this day, indicating that the electron gas was in approximate
thermal equilibrium with the neutrals, and that virtually no soft
precipitation was taking place coincidentally with the observa-
tions. As was concluded for the previous example, the high-density
plasma must have been convected into the radar field of view,
rather than locally produced.

A summary of the electron density observations at the 500-km
altitude level is shown in Figure 8. This plot shows that the 500-km
altitude electron densities at EISCAT were larger during the night
than during the day. This may be due to the greater altitude of the

layer during the night. The longitudinal effect in the nighttime
density is again present, with the patches of ionization most intense
at EISCAT, smaller, but still intense at Chatanika, and nonexist-
ent at Millstone Hill’s longitude.

OTHER COINCIDENT AURORAL ZONE OBSERVATIONS

The cases of November 18-19 and December 15-16, 1981,
reported here are not isolated. Data from MITHR AS experiments
obtained on other days have been examined (Table 1), and, in all
cases but one, the nighttime ion density at EISCAT was larger than
at Chatanika, which in turn was larger than that at the longitude of
Milistone Hill. This one exception, during which the density at
EISCAT was barely larger than at Chatanika, is discussed in a later
section.

Also, decades of ionosonde measurements in the Scandinavian

TERMINATOR (a)

/:

CHATANIKA =T EISCAT

AURORAL
OVALN

A TERMINATOR (D)

CHATANIKA

AURORAL
7
OVAL

&r8!

© MILLSTONE

h
CHATAN

OVAL

T® MILLSTONE

(d)

TERMINATOR

\__
auroRAL/” |
OVAL ® MILLSTONE

Fig. 9.
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Milistone, (b) Chatanika, and (¢) EISCAT are in the midnight sector; Figure 9d is for UT = 1800.
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sector have revealed that a significant maximum in nighttime
density is virtually always present (T. Turunen, private communi-
cation, 1984). These observations seem to confirm that the UT
effect is not accidental.

INTERPRETATION OF RADAR DATA AND
CORROBORATIVE EVIDENCE

Position of the Terminator Relative
to the Auroral Zone

The interpretation advanced here 1s that the high-density plas-
mas observed at night at Chatanika and EISCAT were not locally
produced but were produced by EUV insolation within the dayside
convection region, and convected across the polar cap [Sojka and
Schunk, 1982; Foster, 1984; Weber et al., 1984; Kelly and Vickrey,
1984]. The recent empirical models giving the auroral oval boun-
daries, such as the models of Gussenhoven et al. [1981, 1983], can
be used to pursue this idea further. The maps of Figures 9a-9¢
show the position of the equatorward boundary of the diffuse
auroral oval at the three universal times when each station was at
midnight. (For clarity, the coastlines shown on Figure 1 are not
repeated.) The invariant latitude of this boundary is that statisti-
cally determined by Gussenhoven et al. [1983]; we have drawn the
boundary corresponding to Kp = 3, the lowest value of Kp during
most of the November 18 period under consideration. As a guide, a
simple two-cell convection pattern is sketched on each map. This
pattern is that of Sojka et al. [1979] and is in the noncorotating
frame of reference. The position of the noon terminator is also
shown, 1.e., where the solar zenith angle (SZA) is 90°. Although
somewhat arbitrary, the 90° value was chosen because it corres-
ponds to a grazing incidence for which EUV production is reduced.
However, Fregion ionization can occur for SZA up to about 105°.
When Millstone is at midnight, the entire auroral oval is in dark-
ness (Figure 94). When Chatanika is at midnight, only part of the
auroral oval is sunlit (Figure 9b). Finally, when EISCAT is at
midnight, a larger fraction of the dayside auroral oval is sunlit
(Figure 9¢). The last map (Figure 94) is for 1800 UT; around this
time, the insolation of the auroral zone is the largest. Thus, plasma
convected across the polar cap carries a greater ionization density
when EISCAT and western Siberia are in the midnight sector than
when Chatanika or Millstone Hill are.

Sequences of DE | auroral images are available for the observ-
ing periods discussed here, enabling us to provide specific examples
of the relative locations of the radar sites, the instantaneous auroral
oval, and the terminator. Six auroral images from these sequences
are displayed in Plates 2a-2f. The UT’s of the images are indicated
on the upper left corner of each panel, and marked by arrows in
Figures 2 and 6. They have been selected to demonstrate relative
locations when each of the three radars is near the midnight sector.
The images display the distribution of auroral emissions in the
northern polar region and atmospheric dayglow in the sunlit hem-
isphere arising principally from atomic oxygen at about 130.4 and
135.6 nm. The sensitivity passband for the images is 123-155 nm.
The terminator (SZA = 90°) and limb at the earth’s surface are
superposed on each image for reference. EISCAT, Chatanika, and
Millstone are at the center of the circles which are the 400-km
intercept of the cones at 58°, 35°, and 12° elevation, respectively.
Thus, the diameter of the circle is greatest for Millstone Hill and
smallest for EISCAT, and these circles roughly match the radars’
field of view.

Two 1mages from the November 18-19 observation period are
presented to demonstrate several key points. The image of 0906 UT
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on November 18 (Plate 2a) displays the northern auroral oval at a
time when Chatanika is close to magnetic midnight (MLT = 2200).
EISCAT and the equatorward edge of the aurora in the noon
sector are sunlit. The image from 0322 UT on November 19 (Plate
2b) displays an auroral oval located entirely within the dark hemi-
sphere as Millstone Hill is close to local midnight (MLT = 2330).
Images taken on the previous day (November 18, not shown here)
demonstrate again that the entire auroral oval was in the dark
hemisphere when Millstone was in the midnight sector. No image
was taken of the northern polar region when EISCAT was in the
midnight sector. However, the photographs that correspond to the
closest time available (~ 1620 UT on November 18, not shown
here) do indicate that a large portion of the oval was sunlit.

Four auroral images are presented in Plates 2¢-2fto supplement
the observations of December 15-16, 1981. On December 15 at
2313 UT (Plate 2¢), EISCAT was very close to magnetic midnight
(MLT == 0200). At this time, as well as several hours before, the
noon sector of the oval was partly sunlit. Maximum separation
between the terminator and the auroral oval is observed ~ 7 hours
later at 0558 UT (Plate 2d) in a period of minimum auroral activity
(see Figure 6). Auroral intensities were generally weak, <1kRat
130.4 and 135.6 nm around the auroral oval at this time. By 0812
UT the auroral oval had expanded to more typical dimensions, and
more intense diffuse emissions were present over Chatanika in the
premidnight sector (Plate 2¢). A narrow auroral oval remained
separated from the terminator in the local noon sector. The last
image (Plate 2f) shows that at 1126 UT, when Chatanika was at
magnetic midnight, part of the oval was sunlit.

A comparison between the two images shown in Plates 24 and
2e¢ and those of Plates 24 and 2b illustrates clearly that in the
December 16 observations the separation between the terminator
and the auroral oval was larger than in the November 18 observa-
tions. Two factors contributed by an equivalent amount (~4°) to
this separation: (1) on December 15, Kp was small, and thus the
radius of the oval is expected to be smaller; and (2) the date is closer
to winter solstice, and thus the terminator was further south.

These DE 1 auroral images confirm the conclusions drawn from
Figure 9 in which a statistical model was used to infer the position
of the auroral zone. A larger portion of the auroral oval is sunlit
when it is midnight at EISCAT rather than when it 1s midnight at
Chatanika or Millstone. Depending upon the season and the
activity, most or all of the auroral oval is in darkness when Mill-
stone is in the midnight sector.

We saw that the Fregion nighttime ionization depends critically
on the geographic latitude of the noon auroral oval. This latitude
changes both with magnetic activity and with longitude (or UT).
Of these two factors, the longitudinal effect is the largest; for a
given Kp, the geographic latitude of this boundary varies with UT
by about 18°; whereas this latitude varies by only 6° if Kp changes
from 0 to 5 [Gussenhoven et al., 1983].

Obviously, it is the position of the overall plasma convection
pattern that 1s important, not the position of the diffuse auroral
oval precipitation. However, to a first approximation, the diffuse
aurora is located within the region of sunward return flow, while
the polar cap and the discrete aurora at the poleward edge of the
oval are located within the region of antisunward flow [ Torbert et
al., 1981; Heelis et al., 1980]. This statistical result was confirmed
by actual DE 2 measurements from the LAPI and the plasma drift
instruments. As an example, Plate 3 shows the Langmuir probe,
the drift meter, and the LAPI data for November 18 (orbit 1586)
and December 16 (orbit 1998). On both dawnside and duskside,
the electric field equatorward edge is at the same or at a slightly
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lower latitude than the electron particle precipitation. This was
true for all the orbits considered on these days. Recent Sondres-
trom incoherent-scatter radar observations have also shown that,
in the noon sector, the convection pattern and the precipitation
pattern are closely related [ Wickwar and Kofman, 1984; Kofman
and Wickwar, 1984; Robinson et al., 1984]. Therefore, it is a
reasonable approximation to use the auroral oval rather than the
convection pattern.

Drift Times Across the Polar Cap

Implicit in this study is the fact that the time necessary for a field
tube to convect across the polar cap is short compared to the
lifetime of the patches. This transit time is not obtained directly
with these experiments, but it can be estimated. Because DE 2 was
in a dawn-dusk orbit, the ion velocity component in the antisun-
ward direction is roughly parallel to v , the drift meter component
perpendicular to the satellite motion. This component was quite
variable with peak values of 3000 m/s, and at times with reversals
to asunward direction. The largest drifts often occurred very close
to the ion convection reversal, at the equatorward edge of the polar
cap. Nevertheless, over large portions of the polar cap, v _averaged
about 500 m/s (== 25 mV/m) as shown, for example, in Plates 3a
and 3b.

Another estimate of the average drift velocity can be obtained
from the magnitude of Kp. For Kp = 3, the polar cap potential drop
is of the order of 60 kV [ Doyle and Burke, 1983], which corres-
ponds to an average polar cap electric field of the order of 25-
mV/m when the size of the polar cap is that from Gussenhoven et
al. [1983]. This value is consistent with other measurements of the
electric field 1n the polar cap [ Heelis and Hanson, 1980; Weber et
al., 1984], which have yielded drift speeds of 500 to 1000 m/s. Thus,
a 25-mV/m average electric field seems reasonable. From this
value, the transit time for plasma motion across the polar cap is
about 1.5 hours. It is likely that this transit time varied with time
and position, yielding a range of values of greater and lesser
magnitudes.

The transit time across the polar cap has also been estimated by
Kelley et al. [1982], Sojka et al. [1979, 1981], and R. M. Robinson
et al. (unpublished manuscript, 1984) using magnetospheric con-
vection models. The values given range from 1.5 to 4 hours. These
values are consistent with our previous estimate.

These estimates of transit time, even the longer ones, are rela-
tively short compared to the lifetime of the ionization at the peak of
the F layer. Rishbeth and Garriott [1969] have shown that the
lifetime in the F region depends primarily on the decay time at the
altitude of the ionization peak. We have seen in the previous
section that this peak was at high altitudes (425 and 475 km on
November 18, 360 and 450 km on December 15, for Chatanika and
EISCAT, respectively). At these heights, the ionization time con-
stants range from 9 to 90 hours, respectively, when adopting the
value for the linear 1onization loss coefficient 8 given by Rishbeth
and Garriott[1969]. These crude estimates assume diffusive equili-
brium and do not take into consideration ionization losses due to
thermal plasma outflow.

In the midnight sector, the neutral wind helps to sustain the high
ionization level [Schunk et al., 1976; Watkins and Richards, 1979].
On both days shown, the appearance of patches within the radar
beam coincided with a southward turning of the Fregion wind. By
raising the peak of the F layer, this wind contributed to increasing
the ionization lifetime. The meridional wind was qualitatively
similar at Chatanika and EISCAT but was stronger at EISCAT, a
result which is consistent with the higher altitude of the ionization
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peak at EISCAT. Therefore, the neutral dynamics also affects the
maintenance of the ionization patches and can partly explain the
observed differences in mighttime densities.

The December 15 observations are not straightforward to inter-
pret because the activity was so low that Chatanika and EISCAT
were probably south of the auroral oval during much of the
experiment. This was seen on several DE 2 orbits and is apparent in
some of the DE | auroral images (e.g., Plate 2d). However, as was
mentioned, two small substorms occurred when EISCAT and then
Chatanika were in the evening sector. In both cases, it was shortly
after the substorm occurred that patches drifted through the EIS-
CAT and Chatanika beams (three and two hours, respectively).
Thus during the small substorms the plasma drift speed across the
polar cap was probably enhanced, and the latitude of the auroral
zone decreased, so that blobs could reach the latitude of EISCAT
and Chatanika. This assumption was confirmed by the DE 2 data.
On both occasions, the spacecraft was over the northern hemi-
sphere at a time close to the onset of the substorms. The velocity
component, which is mostly in the noon-midnight direction,
reached 1000 m/s (— 50 mV/m) within the polar cap (at 1936 UT
on December 15, orbit 1990; and 0824 UT on December 16, orbit
1998). The equatorward edge of the sunward convection moved
down to an invariant latitude of 64.2° on the dawnside and 67° on
the duskside. (This limit was much higher, ~ 75°, when no sub-
storm activity was taking place.)

During another MITHR AS experiment, on December 8, 1981,
a similar sequence of events was observed. Although this period
was not as quiet as December 15, it represents another period of
relative magnetic quiescence during which intense ionization
patches appeared in the EISCAT field of view after a substorm.
Note that, in this case, as in the December 15-16 case, the expan-
sion of the oval is invoked so that solar-produced ionization is
added to the expanding convection pattern in the noon sector and
is available to supply enhanced ionization to the polar cap. Itis not
the increase in particle-produced ionization that is responsible for
the increase in observed electron density. If this were the case, then
patches of particle-produced 10nization that would be associated
with this increased substorm activity would also be seen at
Millstone.

The MITHRAS data do not include observations taken during
a period so quiet as to be completely devoid of substorm activity
during many hours. Consequently, we cannot verify whether
patches would be absent at the Tromso longitude during these
nights of totally undisturbed conditions.

Case of October 25-26, 1981

Interestingly, the only case when the longitudinal dependence
discussed here was not as clear, is the exception that proves the
rule. It occurred on October 25-26, 1981, during a period when the
Chatanika radar was operated for almost 36 consecutive hours (see
Table ). The magnetic activity was moderately high in the middle
of this period and was quiet before and after. For reasons that are
not clear at this point, and that may be related to this increased
activity, the daytime, solar-produced electron density was signifi-
cantly smaller during the active period than before and after. The F
region density during noon was reduced by more than a third, at
both Chatanika and Millstone. No daytime measurements were
made at EISCAT during this active period. However, nighttime
densities measured at EISCAT were very low compared to the
other EISCAT observations. This can be explained by the fact that
the plasma introduced into the polar cap near noon was signifi-
cantly less dense than usual. Therefore, the absence of intense



DE LA BEAUJARDIERE ET AL UT DEPENDENCE OF NIGHT F REGION N,

DE TRAJECTORIES

12 FOR ORBITS 12
1578 AND 1586
06 -1—1 l—> 18
10— , WITHIN PATCHES —°
o L v N
ge= 7 —s
= .
o 7 _
o
EEN s
X
B e -1
= A N, MINIMA -
e \ /"\/ ¢
2} \ - £ —2
| N /,’ c N
- El e H ‘o2 b
- - Ei
Lo 1w WY~ | Y T
16 20 00 a 8 12 16 20 00
17 NOVEMBER 18 NOVEMBER ut

Fig. 10. Electron density measured in the polar cap by DE 2 at an altitude
of ~ 600 km. The solid line shows the density within the ionization patches,
while the dotted line shows the densities in the minima. The UT when each
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nighttime patches at EISCAT supports our hypothesis of plasma
transport across the polar cap. This example is also consistent with
the contention that these patches are not initially produced by
particle precipitation.

[n summary, we find that systematic longitudinal differences in
the mighttime F region can be explained by assuming that the
observed patches are a remnant of solar produced 10nization that
has been convected across the polar cap. During the November 18
experiment, the geomagnetic activity was moderately perturbed
and, as esumated from coincident DE 2 observations, the plasma
crossed the polar cap in a relatively short time. On December
15-16, magnetic conditions were much quieter. Nevertheless,
intense patches were detected at Chatanika and EISCAT. Periods
of small substorm activity preceded the occurrence of the blobs.
Presumably, the expansion of the auroral oval and the increase in
convection speed were sufficient to “capture™ and convect the
patches to the Chatanika and EISCAT fields of view.

Polar Cap Electron Density Measured by DE 2

Electron density observations with DE 2 provide further sup-
port for our explanation of the UT effect. On November 18-19,
1981, the spacecraft altitude was between 450 and 750 km above
the northern auroral zone. The scale height within the density
patches was quite large, as shown by the profiles in Figures4and 7.
Therefore, it is not surprising that large-scale density variations
were readily apparent in the DE 2 in-situ density data. The back-
ground electron density within the patches (solid line) and the
density minima (dotted line) are shown as a function of UT in
Figure 10. One pair of values was read from each available pass,
using the DE summary plots. The values selected correspond to
times when DE 2 was in the polar cap, at an altitude of 600 £ 50
km. As an example, the two values that correspond to pass 1586, at
= 1820 UT, are marked A and B in Plate 3a. Figure 10 shows that
the electron density is strongly dependent upon UT. Comparing
this figure to the plot of hemispheric power input (Figure 2), it is
evident that the two variations are unrelated. The maxima in the
density are not correlated with the times of maximum particle
precipitation. However, these variations in electron density do
depend upon the relative position of the oval and the terminator.
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Arrows on the time axis indicate magnetic midnight at each radar.
As was observed from the radars, the intensity of the patches
increases as the universal time progresses from the time when
Millstone, then Chatanika, and then EISCAT are at magnetic
midnight. The density in the minima varies by a smaller amount,
and it is not clear whether 1t is UT modulated in a similar way. An
equivalent plot for the December 15, 1981 experiment is not shown
because the altitude of DE 2 was too low, below the peak of the F
region enhancements most of the time.

Two satellite trajectories are shown in Figure 10 in an MLT/in-
variant-latitude coordinate system to illustrate a fact that could at
first appear surprising: it is when the DE trajectory is the closest to
the cusp that the patches have the lowest density. This is simply
because, at this UT, the noon-sector auroral oval is not sunlit.
Therefore, Figure 10 demonstrates that the densities show the same
UT dependence as was seen in the radar data. This provides further
evidence to our hypothesis.

OBSERVATION SUMMARY

In summary, coincident auroral-zone experiments were con-
ducted using three incoherent-scatter radars at widely spaced longi-
tudes. These observations have shown that, during the night, the F
layer electron density is strongly dependent on the longitude of the
observingite. lonization patches were observed in the nighttime F
region from Chatanika and EISCAT. Densities that were observed
from Millstone were substantially smaller. The electron density
within these maxima is larger at EISCAT than at Chatanika. This
effect is not isolated to certain observing periods, but is seen in all
cases of MITHRAS three-radar experiments. These densities,
when observed in the midnight sector auroral zone, had a peak
density at a high altitude (360 to 475 km). The southward neutral
wind measured coincidentally was presumably a factor that helped
maintain the F layer at a high altitude where its lifetime is long
compared to the time it takes to transit from the solar-illuminated
regions. DE 2 measurements also showed a UT dependence of the
electron density. The density was maximum when EISCAT was in
the midnight sector (1800-2000 UT) and was minimum when
Millstone was in the midnight sector (0400 UT). The DE | auroral
images showed that a minimum in insolation in the auroral zone
occurs at the UT when Millstone is in the midnight sector.

DiscussioN

It has been suggested that particle precipitation associated with
the auroral regions was the main source of ionization within the
blobs [Kelley et al., 1982; R. M. Robinson et al., unpublished
manuscript, 1984]. The observations reported in this paper do not
seem consistent with this hypothesis because it does not explain the
UT dependence of the maxima in F region density. Instead, as
mentioned earlier, we think that these observations are explained
in terms of the transport across the polar cap of the EUV-produced
plasmas. This idea was suggested as early as 1964 by Sato [Sato
and Rourke, 1964]. Due to the wobbling of the magnetic pole, the
auroral oval insolation varies during the course of a 24-hour
period. The UT when the noon portion of the auroral oval is at its
lowest geographic latitude corresponds roughly to the time when
the plasma drifting across the polar cap contains the largest elec-
tron densities.

The positions of Chatanika and EISCAT are not far from being
symmetric about the great circle that passes through the geogra-
phic and geomagnetic north poles. However, the densities at EIS-
CAT were substantially larger than at Chatanika. This is because
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the system formed by the magnetospheric convection pattern and
the earth is not symmetric. Three factors contribute to this asym-
metry: (1) when a symmetric convection pattern is mapped to an
inertial frame of reference the morning cell becomes larger than the
afternoon cell; (2) the convection across the polar cap is shifted to
early hours due to the finite conductivities (see, for example,
Barbosa[1984] and Friis-Christensen et al.,[ 1985]); (3) the statisti-
cal auroral oval is not centered at the geomagnetic pole, but is
offset by 2° to 5° in the direction of 0240 MLT[Gussenhovenet al.,
1983]; and, (4) more importantly, the time when EISCAT is in the
midnight sector comes after the time of maximum insolation,
whereas the time when Chatanika is in the midnight sector is
before. The ionization at midnight depends on the relative position
of the terminator and the auroral zone 1-3 hours before the radar is

at midnight.
However, the processes that influence the F region densities are

complex and numerous. They include atmospheric, ionospheric,
and magnetospheric effects such as neutral wind, neutral atmo-
spheric composition, diffusion, temperature, particle precipitation,

and ionospheric plasma convection. Thus, we do not claim to have -

answered all possible questions in this paper. To model the UT
effect properly we need to know the global convection pattern
more precisely and how it varies with time. A full model of the kind
produced by Schunk and Raitt[1980} and Sojka et al.{1979, 1981]
is needed in order to assess the relative importance of these effects.
In fact, Sojka and Schunk [1982] have applied their model to
predict what the ionospheric densities would be at the three radar’s
meridians. Their paper covers two seasons and all latitudes north
of 45°, The calculations for winter season were conducted for a
level of magnetic activity that is similar to the November 18
experiment. However, the simulation was done for solar minimum
conditions. The noon densities were ~ 4 x 105 el/cm3, a factor of
three smaller than the measured densities. Their calculated densi-
ties were displayed at 300 km height (their Figure 1). At Millstone
and Chatanika, the predictions at magnetic midnight give almost
the same value (== 2.8 x 105 el/ cm3) while at EISCAT the density is
larger (5.6 x 105). In Figures 4 and 7 of this paper we have marked
the model values. These predictions are in fairly good agreement
with the data. However, a conclusive comparison is difficult
because their model was for solar cycle minimum, and because
their plot was for an altitude below the Fregion peak. A compari-
son between the data and the model at higher altitudes would be

very useful,
Another comparison concerns the electron density in the polar

cap. Sojka and Schunk [1982] displayed their model prediction
versus height and latitude for the three UT’s that correspond to
1800 MLT for each radar site (their Figure 4). The predicted polar
cap densities are lowest at 0400 UT, and thus the model is in good
qualitative agreement with the observations.

The DE 2 Langmuir probe data (Figure 10) have illustrated for a
one-day period how the electron densities in the polar cap exhibit a
maximum around 1800-2000 UT. The same UT effect has been
observed using a large body of ionosonde data collected in the two
polar regions during the International Geophysical Year. Duncan
[1962] reported that a maximum occurs in the Antarctic around
0600 UT, and in the Arctic around 1800; these maxima are about
12 hours apart. In fact, 1800 UT is close to the time when the
geographictatitude of the auroral oval, on the dayside, is the lowest
(Figure 9d). As reported by Pike[1971], and as can be deduced by
looking at the maps in Figures | and 94, it is at the longitudes of
western Siberia that the nighttime Fregion is the largest, and at the
longitudes of the east coast of Canada and of the United States that
the nighttime density is the lowest.
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This UT effect should show up in the background intensity at
6300 A. Under quiet conditions, most of this emission will arise
from dissociative recombination, which is proportional to electron
density. This UT dependence should also affect HF propagation
and VHF transionospheric propagation at high latitudes. Because
these patches are associated with ionospheric scintillation [ Vickrey
et al., 1980; Rino, 1982; Weber et al., 1984}, there should be a
strong longitudinal dependence in nighttime scintillation. As
stated by Basu [1975], little is known about the longitudinal
dependence in auroral scintillation models. However, based on
observations from only two sites, Basu [1975] did see evidence for
this UT effect. The HILAT experiment should provide a better
data set to verify our prediction that ionospheric scintillation is UT
dependent at high latitudes.
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