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Radar and satellite global equatorial F region vertical
drift model

L. Scherliess and B. G. Fejer
Center for Atmospheric and Space Sciences, Utah State University, Logan

Abstract. We present the first global empirical model for the quiet time F region
equatorial vertical drifts based on combined incoherent scatter radar observations
at Jicamarca and Ion Drift Meter observations on board the Atmospheric Explorer
E satellite. This analytical model, based on products of cubic-B splines and with
nearly conservative electric fields, describes the diurnal and seasonal variations of
the equatorial vertical drifts for a continuous range of all longitudes and solar flux
values. Our results indicate that during solar minimum, the evening prereversal
velocity enhancement exhibits only small longitudinal variations during equinox
with amplitudes of about 15-20 m/s, is observed only in the American sector
during December solstice with amplitudes of about 5-10 m/s, and is absent at all
longitudes during June solstice. The solar minimum evening reversal times are fairly
independent of longitude except during December solstice. During solar maximum,
the evening upward vertical drifts and reversal times exhibit large longitudinal
variations, particularly during the solstices. In this case, for a solar flux index of
180, the June solstice evening peak drifts maximize in the Pacific region with drift
amplitudes of up to 35 m/s, whereas the December solstice velocities maximize in
the American sector with comparable magnitudes. The equinoctial peak velocities
vary between about 35 and 45 m/s. The morning reversal times and the daytime
drifts exhibit only small variations with the phase of the solar cycle. The daytime
drifts have largest amplitudes between about 0900 and 1100 LT with typical values

of 25-30 m/s. We also show that our model results are in good agreement with
other equatorial ground-based observations over India, Brazil, and Kwajalein.

1. Introduction

Ionospheric electric fields play important roles on
the plasma distribution and dynamics of the equatorial
and low-latitude thermosphere. At equatorial latitudes,
ionospheric electric fields drive the equatorial electrojet
and F region plasma motions and affect the thermo-
spheric neutral winds, the development of the Appleton
anomaly, the composition of the low-latitude ionosphere
and protonosphere, and the generation of F and F re-
gion plasma instabilities [e.g., Fejer, 1997].

The quiet time low-latitude plasma drifts are driven
by a complex interaction of E and F region electrody-
namic processes [e.g., Richmond, 1995]. The relative
efficiency of these dynamo mechanisms varies signifi-
cantly with the time of day, from day to day, and also
with season, solar cycle, and longitude. At equatorial
latitudes, to first order, the F region electrodynamic
plasma, drifts are upward and westward during the day
and downward and eastward at night. During magnet-
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ically disturbed conditions, magnetospheric and distur-
bance dynamo effects can dramatically affect the low-
latitude drifts [e.g., Fejer and Scherliess, 1997; Scher-
liess and Fejer, 1997).

Incoherent scatter radar observations at Jicamarca
have provided the major source of information about
the equatorial F region vertical and zonal electrody-
namic (ExB) plasma drifts [Fejer et al., 1979, 1989,
1991]. Ionosonde observations in the Peruvian, Brazil-
ian, and Indian equatorial sectors have also been widely
used for inferring evening and nighttime equatorial F're-
gion vertical drifts [e.g., Abdu et al., 1981; Sastri, 1996;
Batista et al., 1996]. Although the ionosonde drifts have
well-known limitations, they have long shown clear in-
dications of large longitudinal variations of the F region
vertical plasma drifts. This has been largely attributed
to the displacement of the geomagnetic and geographic
equators and the large differences in the magnetic dec-
lination angles and magnetic field strength along the
geomagnetic equator.

On the basis of these data, climatological regional
models of the equatorial plasma drifts in the Peru-
vian, Brazilian, and Indian sectors have been devel-
oped. Richmond et al. [1980] derived an empirical
global quiet time model for the F region drifts using
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incoherent scatter radar observations from Millstone
Hill, Arecibo, Saint Santin, and Jicamarca from 1974
to 1977. However, this model is valid only during solar
minimum corditions, and at the equator, this model re-
lies entirely on Jicamarca drift observations. In spite of
the well-known longitudinal variations, these empirical
models have been widely used as input parameters for
global low-latitude modeling studies [e.g., Anderson et
al., 1987; Bailey et al., 1993].

Over the last decade, satellite observations have in-
creasingly been used to study the global distribution
of equatorial F region plasma drifts and, in particu-
lar, their longitudinal variability. Coley et al. [1990]
have used average equatorial vertical plasma drift ob-
servations obtained by the low inclination Atmospheric
Explorer E (AE-E) satellite from January 1977 to De-
cember 1979 and reported largely longitudinally inde-
pendent diurnal drift patterns, similar to the ones at Ji-
camarca, for high solar flux equinox conditions. Fejer et
al. [1995] presented the first detailed study of the global
distribution of the equatorial F' region vertical plasma
drifts using the IDM data from the AE-E satellite also.
They showed thiat the longitudinally averaged satellite
drifts are in agreement with the Jicamarca data only
during equinox and December solstice. For moderate
to high solar flux conditions, the AE-E data indicated
large longitudinal variations of the vertical drifts dur-
ing June solstice. These results are consistent with the
vector electric field data obtained during April-August
1988, by the San Marco satellite [Maynard et al., 1995].

In this study, we combine the AE-E data set of Fejer
et al. [1995] with extensive Jicamarca incoherent scat-
ter radar vertical drift observations from 1968 to 1992
to present the first detailed global empirical model for
the equatorial F region vertical drifts that takes into
account their diurnal, seasonal, solar cycle, and longi-
tudinal variations. This analytical model, which is gen-
erally in good agreement with ionosonde-inferred ver-
tical drifts, should provide considerably more accurate
equatorial inputs into global and low-latitude thermo-
spheric, ionospheric, and plasmaspheric models. It can
also be combined with our analytical equatorial storm
time vertical drift models [Fejer and Scherliess, 1997] to
provide a global empirical representation of these drifts
under different geomagnetic conditions.

In the following sections, we initially describe our Ji-
camarca and AE-E data sets used to develop the empir-
ical model. Then, we describe the methodology, present
our model results, discuss their characteristics and lim-
itations, and compare them with observations.

2. Measurement Techniques and Data

The Jicamarca incoherent scatter radar, located near
the magnetic equator near Lima, Peru (12.0°S, 76.9°W,
magnetic dip 2°N), has been making F region plasma
drift measurements since April 1968. Most of these
measurements covered an altitudinal range from about
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250 to 600 km, with a height resolution of about 20 km
and an integration time of about 5 min. The experimen-
tal technique was described by Woodman [1970]. The
typical uncertainty is about 1-2 m/s during the day and
somewhat larger at night, when the signal-to-noise ra-
tio can be significantly smaller, particularly near solar
minimum.

The Jicamarca drift data have been extensively used
for investigations of equatorial vertical plasma motions
[e.g., Fejer et al., 1979, 1989, 1991]. These studies have
generally used drift averages from about 300 to 400 km
where the signal-to-noise ratio is highest and the verti-
cal drifts do not change much with altitude. The lat-
est version of the average quiet time Jicamarca plasma
drifts was presented by Fejer et al. [1991]. They used
367 days of observations from 1968 to June 1988 to
derive 4-month seasonally averaged drifts for low, mod-
erate, and high solar flux conditions. In the present
study, we used 502 days of observations from 1968 to
April 1992. Figure 1 shows a scatterplot of the sea-
sonal Jicamarca drift observations used in this study
for low, medium, and high solar flux conditions. Fig-
ure 1 shows excellent data distribution for all seasons
and local times, except for low solar flux early morning
solstitial periods.

The low-latitude AE-E satellite (inclination 19.76°)
made ionospheric measurements from the end of 1975
through June 1981. Here we have used the data set
of Fejer et al. [1995], which comprises vertical plasma
drift observations obtained by the ion drift meter (IDM)
from January 1977 to December 1979, when the satel-
lite was in nearly circular orbits with the altitude in-
creasing from 230 to 470 km. This data set consists
of 15-s-averaged IDM drift observations extracted from
the unified abstract (UA) files. The details of the IDM
are discussed by Hanson and Heelis [1975]. The rela-
tive and absolute precisions of the drift measurements
are about 2 and 7 m/s, respectively. Fejer et al. [1995]
discussed the limitations of this data set for equatorial
vertical plasma drift studies and a number of criteria
used to minimize the effects of instrumental biases.

In general, the vertical ion velocity has drift com-
ponents perpendicular and parallel to the geomagnetic
field, but at the dip equator it essentially results from
the ExB drift due to a zonal electric field. Fejer et
al. [1995] have shown that the seasonally and longitu-
dinally averaged diurnal patterns of the vertical drifts
are essentially unchanged for dip latitude ranges up to
=+ 7.5°. We have also used this relatively large dip lati-
tudinal range to maximize the number of available drift
observations, without introducing a bias of the electro-
dynamic drifts by field-aligned motions outside the day-
to-day variability of the data.

Figure 2 shows a scatterplot of the satellite drift ob-
servations used in this study for low (S, < 130) and
high (S, > 130) solar flux conditions. Figure 2 shows
good data coverage for all seasons and solar flux condi-
tions, except for low solar flux December solstice after-
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Figure 1. Scatterplot of the 1968-1992 Jicamarca quiet time vertical drifts for low, medium,
and high solar flux conditions.
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Figure 2. Scatterplot of the 1977-1979 AE-E quiet time vertical drifts for low and high solar
flux conditions.
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noon periods. A detailed description of the longitudinal
distribution of the high solar flux satellite data can be
found in the work of Fejer et al. [1995].

3. Model Development and Description

In this section, we describe our satellite-radar equa-
torial vertical plasma drift model. This empirical model
incorporates local time, longitudinal, seasonal, and so-
lar cycle variations of the drift velocities. Variations
due to geomagnetic activity have not been addressed in
this study but can, in principle, be incorporated in the
model by using, for example, the results of Fejer and
Scherliess [1997]. Altitudinal variations of the equato-
rial vertical drifts [e.g., Pingree and Fejer, 1987; Coley
and Heelis, 1989; Fejer et al., 1996] are also not in-
cluded in the current model. As shown in Figures 1
and 2, the equatorial drifts show considerable day-to-
day and shorter-term variability, but these effects will
not be investigated here.

In a straightforward approach, we could have devel-
oped our empirical drift model by simultaneously fitting
all satellite and radar vertical drift observations using
appropriate functions, and suitable weighting factors to
these two data sets. In this approach, the longitudi-
nal dependence of the drifts would be given mainly by
the satellite data, and a combination of both data sets
would have determined the model drifts in the Peruvian
sector. However, as shown in Figure 2 (and also Figure 5
of Fejer et al. [1995]), the satellite database shows rela-
tively sparse data coverage in some longitudinal sectors
and also during some seasons. In addition, an observed
discrepancy between the nighttime satellite and radar
drift observations has yet not been resolved [Fejer et al.,
1995]. As a result, the longitudinally averaged drifts at
different universal times do not generally maintain con-
servative electric fields. Therefore we have chosen to use
information from the Jicamarca radar drift observations
also in other longitudinal sectors and to constrain the
model drift amplitudes so that the curl-free condition
is nearly satisfied at all times.

In essence, we have spread the radar data over a
grid of longitudes along the geomagnetic equator and
combined them with the satellite data using separate
weighting factors during the day and during the night.
On the basis of these data, we have initially developed
seasonal vertical drift models for low and high solar flux
conditions, and then constrained the model drift ampli-
tudes using the curl-free condition of the electric field.
Finally, the separate seasonal and solar cycle models
wete combined into one single model representation. In
the following sections, we will describe these steps in
more detail.

3.1. Data Preparation

The satellite and radar data sets have been grouped
separately into seasonal bins representing June solstice
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(May-August), December solstice (November-February)
and equinox (March-April, September-October) condi-
tions and two levels of 10.7-cm solar activity yielding
average solar flux values of about 90 and 180 (in units of
10~22 Wm~2Hz 1), respectively. Only data taken dur-
ing geomagnetically quiet conditions (Kp < 3.0) have
been used. Since the daytime equatorial vertical drifts
are essentially independent of solar activity [e.g., Fejer
et al., 1991, 1995], we have enhanced the available data
points in each bin by combining the satellite low and
high solar flux data in the 0600 to 1500 LT sector.

Initially, we have spread the radar data over a grid
of longitudes (grid size 10°) spanning around the entire
globe. Longitudinal effects are most pronounced during
the solstices. Therefore, as a first-order correction, we
have switched the seasonal patterns from one season to
the other when the dip equator crossed the geographic
equator. In a transition zone, when the dip equator was
close to the geographic equator, we have used a combi-
nation of both June and December solstice data. Such a
relatively simple extension of the Jicamarca drift data
over the entire equatorial region has frequently been
used with reasonable success in past modeling studies
when only the Jicamarca data were available (D. An-
derson, private communication, 1994). For easier com-
putation, these data were averaged in 1/2-hour LT bins
and also in 30° overlapping longitudinal bins spaced by
10°.

Fejer et al. [1995] showed that the high solar flux
(1978-1979) AE-E vertical drift averages from the Amer-
ican sector are in good agreement with the more accu-
rate Jicamarca data during the day, but differ signifi-
cantly from about 2100 to 0300 LT, particularly during
June solstice. The reasons for these differences are not
understood [Fejer et al., 1995]. Therefore, to combine
the different drift observations individual weighting fac-
tors have been introduced. From about 0400 to 2100
LT, when the satellite data are most reliable, a weight
of about 75% was given to the satellite data. From
about 2100 to 0400 LT, however, we have decreased the
weight of the satellite data to only about 25%. In some
local time/longitude sectors, this weighting factor has
been modified to give more satisfactory results, in par-
ticular to avoid small scale temporal and spatial oscilla-
tions. Without an exact knowledge of the cause of the
discrepancies between the satellite and the radar data,
it should be clear that our choice of weighting factors
is somewhat subjective. In a later step, we will use the
curl-free condition of the electric field to obtain a more
objective representation of the vertical drifts. We will
also further increase the weight of the Jicamarca radar
data in the Peruvian sector to give a better agreement
between the model and the radar data. Alternatively,
we could have used weighting factors based on the stan-
dard deviation of the satellite and radar data in each
local time/longitude bin, but this would have signif-
icantly affected regions of large temporal and spatial
gradients, which are often of particular interest.
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3.2. Derivation of the Model Drifts

We describe the local time (t) and longitudinal ()
dependences of the vertical drifts for each season and
solar flux interval by products of univariate normalized
cubic-B splines of order four, N; 4(t) and Nj 4(¢):

N 4

u(t,0) =Y Y aiiNia(t)Nja(@).

i=1 j=1

(1)

These basis functions are nonvanishing over limited in-
tervals and add up to one at all local times and longi-
tudes [e.g., DeBoor, 1978]. They are ideally suited to
model the equatorial vertical drifts, with their smooth
daytime and nighttime features and rapid changes near
the terminators, by a proper placement of the mesh of
nodes. Four longitudinal nodes were placed in equally
spaced longitudinal intervals at 0, 90, 180, and 270°.
The number and placement of the local time nodes for
each season and solar flux interval were individually
chosen to account for the large variability in the average
vertical drift profiles from one condition to another. For
example, near dusk, and in particular at the time of the
prereversal velocity enhancement, the solar maximum
data show considerably larger local time gradients than
the solar minimum data. Consequently, a larger num-
ber of basis functions was needed to account for these
rapid changes in the solar maximum drifts. We chose
9 basis functions for the solar minimum data and 12
functions for the maximum data with a denser mesh of
the local time nodes around dawn and dusk. Certainly,
we could have used the same higher density mesh for
all geophysical conditions, but this would have intro-
duced additional freedom to the fitting, even when the
vertical drifts are relatively constant spatially and/or
temporally. In a later step, we will actually use this
approach to obtain a single model representation for
all seasons and solar flux conditions. The coeflicients
a;,; in (1) were determined by a least squares fit to the
binned data and constrained to make the fit periodic in
24 hours and 360°.

In the next step, we have used the curl-free nature
of the electric field to constrain the drift amplitudes
and finally combined the individual seasonal and so-
lar cycle models to obtain our final quiet time model.
For this purpose, we have computed quarter-hourly sea-
sonal drift patterns for each 10° longitude and for low
and high solar flux conditions. As mentioned above,
the vertical plasma drift at the geomagnetic equator is
directly driven by the zonal component of the electric
field. At any given time, this electric field component
must be irrotational, and thus the line integral of this
electric field along the equator is constrained to be zero;
ie.,

]{Edtp = fB’Uzd(p =0, (2)

where B denotes the equatorial magnetic field strength,
which varies between about 0.22 and 0.34 G along the
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geomagnetic equator. We have introduced this con-
straint for each quarter-hourly UT by first multiply-
ing the drift velocities on a 5° longitudinal grid by the
appropriate magnetic field strength B, which was ob-
tained from the International Geomagnetic Reference
Field (IGRF) [Bilitza et al., 1992], and then integrated
the resulting zonal electric field component along the
geomagnetic equator. The resulting quarter-hourly ve-
locity offsets were used to shift the drift amplitudes
to maintain near-conservative electric fields. Since the
daytime satellite drift observations are more reliable
than the nighttime measurements, we have used the
full shift during the night, but only 50% during the
day. The remaining displacement of the drifts from the
ideal irrotational electric field is less than 2 m/s at all
quarter-hourly periods.

To increase the accuracy of the model in the Peruvian
sector, we have again utilized the Jicamarca observa-
tions by giving them a weight of 50%, but this time
restricted to the Peruvian sector. To spatially restrict
the effect of the Jicamarca data to a region of approx-
imately + 25° centered around the longitude of Jica-
marca, we increased the longitudinal resolution of our
model in the American sector by introducing additional
nodes.

Finally, a simultaneous fit has been performed and
the drifts are expressed as

13

8 6
v(t,p,d,S,) = Z Z Z a; ik frNua(t)Nja(p)  (3)

i=1 j=1 k=1
with
i =1 May-August
fo =1 November-February
fs =1 March-April, September-October
fi = f1 (S, —140)

f5 = f2 (Sa—140)
Jo = f3 (Sa—140)

Here again, t denotes local time, ¢ is geographic lon-
gitude, d is day of the year, and S, is the daily 10.7-
cm solar activity. QOutside their above defined limits,
the functions fi to f3 are set to zero. The coefficients
aij1 to a;j3 determine the basic seasonal patterns of
the equatorial vertical drifts for a solar flux of 140 and
the coefficients a; j4 to a; ;e represent the linear vari-
ations of the vertical drifts with the phase of the solar
cycle. The local time and longitudinal B-spline func-
tions are shown in Figure 3. As mentioned above, dur-
ing some geophysical conditions (e.g., low solar flux) a
smaller number of basis functions would have been suf-
ficient, but the advantages of one unified model descrip-
tion certainly outweigh the convenience of slightly fewer
model coeflicients. This model description is also rela-
tively easily upgradable when more satellite drift data
become available. For example, our simple functions
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Figure 3. Basis functions for the (a) local time and (b) longitudinal dependence of the equatorial

vertical drifts.

fi to fz could be replaced by sinusoidal functions to de-
scribe the seasonal drift variations more realistically. In
addition, in future studies, data from ground-based ob-
servations other than Jicamarca, e.g., ionosonde mea-
surements, could be incorporated in the model by a
proper placement of additional longitudinal basis func-
tions. Of course, these measurements should be fully
validated first.

Finally, a simple linear interpolation scheme over a
range of £+ 15 days was employed for the transition from
one season to the other. This interpolation provides a
reasonably realistic transition between seasons.

In summary, we have derived a global empirical model
for the quiet time F region equatorial vertical drifts.
Input parameters for this analytical model are continu-
ous values of local time, longitude, F10.7-cm solar flux,
and day of the year. The longitudinal and temporal
resolution of our model is about 30° and 1/2 hour, re-
spectively. In the near future, we intend to incorpo-
rate this model into a global ionospheric electric field
model, which will be derived using data from all mid-
latitude and low-latitude incoherent scatter radars and

also from satellite measurements. This model will be
accessible through the NCAR CEDAR data base in the
near future. However, for the time being, a copy of our
present model can be obtained from the authors.

4. Results and Discussion

In this section, we will initially validate the model re-
sults by comparing them with average AE-E and Jica-
marca observations and then discuss the characteristics
and limitations of the model. Finally, we will compare
our model predictions with other observations.

Model Validation

A comparison of the model results with binned and
averaged AE-E vertical drift observations for low (1977-
1978) and high (1978-1979) solar flux conditions is
shown in Figures 4 and 5, respectively. The aver-
age solar flux values during these periods were be-
tween 90 and 110, and 170 and 190, respectively. The
data have been grouped in four overlapping longitudi-
nal bins, largely representative of the African-Indian

4.1.
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(Figures 4a and 5a), the Asian-Pacific (Figures 4b and
5b), the Pacific-American (Figures 4c and 5c), and the
American-Atlantic (Figures 4d and 5d) sectors, and av-
eraged in hourly and half-hourly solar local time bins
for low and high solar flux conditions, respectively. The
model drifts have been calculated for each data point
and binned and averaged in the same way as the obser-
vations. As expected, the empirical daytime drifts are
generally in good agreement with the average satellite
drift values, except in the 0800-1100 LT sector, where
the model often underestimates the average satellite
drifts. However, in this local time sector, the model
drifts over Jicamarca are in excellent agreement with
the average radar observations. The largest discrepan-
cies occur during June solstice nighttime period where,
as mentioned above, the satellite measured unrealisti-
cally small nighttime downward drifts. During equinox
conditions, these nighttime discrepancies are also ob-
served, although they are less noticeable. The model
and satellite reversal times are generally in excellent
agreement, except in the Pacific-American sector dur-
ing periods of low solar flux when the satellite drifts
show a reversal time approximately 1.5 hours later than
the model. In this sector, however, we will show that
the model reversal times are in excellent agreement with
the average Jicamarca data.

Figure 6 shows a comparison of the model results over

Peru with seasonally averaged Jicamarca radar drifts.

The radar data were averaged in half-hourly bins and
three levels of solar activity corresponding to approx-
imately 80, 140, and 200 solar flux units during all
seasons. The vertical bars indicate the scatter in the
radar data and not the error on the measurements. The
model results are shown for the longitude of Jicamarca
(76.87° W) and for the average solar flux values of the
radar observations. The model and radar data are in
very good, although not perfect, agreement. Some of
the discrepancies result from our assumed linear solar
cycle dependence which, during solar minimum June
solstice early morning conditions, results in noticeable
differences between the model predictions and the av-
erage radar observations. The observed discrepancies
between the average December solstice radar observa-
tions and the model drifts are most likely due to the
large variations observed in the vertical drift patterns
during this 4-month period [Fejer et al., 1995]. Most
of the low solar flux December solstice data were mea-
sured during January, whereas most of the high flux
data were obtained during December. Our model, how-
ever, should best represent an average drift pattern over
this 4-month period.

4.2. Solar Cycle Variations

Figure 7 shows the average seasonal variations of the
vertical drifts for a change in the solar flux by 100 units
in four longitudinal sectors. In each sector, the drift
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variations have been derived from (3) by subtracting
the model responses for S,=100 from the responses for
S2=200 in 10° longitudinal steps. Finally, the residuals
have been averaged over the corresponding longitudinal
bins. As expected, only small variations are observed
during the day, except in the American sector during
December solstice conditions. It is not clear if this large
daytime solar cycle dependence is entirely realistic or a
result of the Jicamarca radar data distribution during
this season, as mentioned above. Near dusk, at the time
of the prereversal velocity enhancement, strong varia-
tions in the vertical drifts with the phase of the solar
cycle are observed with typical values of 20-30 m/s for
a 100 unit change in the solar flux index. During night-
time, somewhat smaller values (5-15 m/s) are found.
The largest variation with the solar cycle is observed in
the Pacific region during June solstice conditions with
an increase in the prereversal velocities by more than
40 m/s for an increase in 100 solar flux units. The solar
cycle dependence in the Western American sector is in
excellent agreement with Fejer et al. [1991], although
important nonlinear features, e.g., the saturation of the
June solstice high solar flux drift values [Fejer et al.,
1989], are neglected in our linear model.

6837

It is important to note that the satellite altitude in-
creased by about 240 km from 1977 to 1979, and there-
fore some of the apparent solar cycle dependence could
also result from altitudinal variations of the equatorial
vertical drifts. Clearly, additional data are needed to
clarify this solar cycle dependence.

4.3. Longitudinal Variations

The longitudinal variations of the equatorial vertical
drift patterns obtained from our empirical model for
low (5,=90) and high (5,=180) solar flux conditions
during June solstice, December solstice, and equinox
conditions are presented in Figure 8.

The low solar flux equinoctial evening drifts show
only small longitudinal variations and display prere-
versal velocity enhancements with amplitudes between
about 15 and 20 m/s. Near solar minimum, the prere-
versal velocity enhancement is not observed during June
solstice, and is only developed in the American sector
during December solstice, where it reaches amplitudes
between about 5 and 10 m/s.

The solar minimum evening reversal times are fairly
independent of longitude during equinox and June sol-
stice when they occur at about 1930-1945 LT and 1800
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300°-360° E
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Figure 7. Solar cycle dependence of the empirical model drifts in the African-Indian (0°-150° E),
Pacific (150°-210° E), Western American (210°-300° E), and Brazilian (300°-360° E) equatorial

regions.
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Figure 8. Empirical model results in six longitudinal sectors for low (dashed) and high (solid

line) solar flux conditions.

LT, respectively. As shown earlier, these reversal times
are in excellent agreement with Jicamarca radar data
(Figure 6) but differ significantly from the average satel-
lite data during June solstice in the American sector
(Figure 4). The December solstice evening reversal
times show large variations from about 2000 LT in the
American sector to 1830 LT in the Indian sector and
1600 LT in the Pacific sector. However, in the latter
sector, as well as in the Atlantic-African sector, the
drift amplitudes in the late afternoon/evening period
are only about 1-3 m/s and small dc offsets can conse-
quently affect these reversal times dramatically.

The morning reversal times and the daytime drifts
exhibit only small variations with the phase of the so-

lar cycle (see also Figure 7). During June solstice, the
morning reversal times vary between about 0515 LT in
the Pacific-American sector and about 0715 LT in the
African-Indian sector. These reversal times are in good
agreement with the satellite data but are about one
hour earlier than shown by the Jicamarca radar data
(the radar data are rather sparse near the morning re-
versal time for low flux conditions). During equinox
and December solstice, the morning reversal times occur
earliest in the Pacific sector and latest in the Atlantic-
African sector.

The daytime drifts have largest amplitudes (about 25-
30 m/s) between about 0900 and 1100 LT in the Indian
sector during June solstice and near the Pacific sector
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during Equinox and December solstice. The morning
and early afternoon drifts are largely solar flux inde-
pendent.

The late afternoon/evening solar maximum vertical
drifts exhibit large longitudinal variations, particularly
during June solstice. In this case, the prereversal peak
velocities and the evening reversal times can be accu-
rately determined. Figure 9 shows the longitudinal vari-
ation of the dip equator and the empirical evening re-
versal times and prereversal peak velocities for the three
seasons for a solar flux index of 180. The peak velocities
exhibit large longitudinal variations. The equinoctial
peak drifts have values of about 45 m/s in the Brazilian-
African sector, but reach only about 35 m/s in the Pa-
cific sectar. The solstitial data show significant varia-
tions between the American and Pacific sectors. The
June solstice peak drifts maximize in the Pacific re-
gion with drift amplitudes of up to 35 m/s, whereas

the December solstice velocities maximize in the Amer-
ican sector with comparable magnitudes. The evening
reversal times also exhibit large longitudinal variations,
partieularly near June solstice. Here we find the earliest
reversal times at about 1900 LT in the West American
sector. In this sector, the December solstice data reverse
latest at about 2030 LT. The relatively large numher
of drift observations in the June solstitial evening sec-
tor (see Figure 2) allows for a detailed comparison of
the empirical reversal times with satellite drift obser-
vations in this sector, which is presented in Figure 10.
The sharp decrease in the empirical reversal times from
the eastern to the western American sector is in good
agreement with the satellite data, although these mea-
surements indicate a systematically later (= 15 min)
reversal time. Also, note the good agreement of the
empirical and measured prereversal peak velocities. Fe-
jer et al, [1991] reported large longitudinal variations in
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Figure 10. Longitudinal variation of the empirical
(solid and dashed lines) and satellite (symbols) equa-
torial vertical drifts in the afternoon-evening sector for
May-August moderate to high solar flux and magneti-
cally quiet conditions. Here ¢ denoted east longitude.

the evening reversal times determined from ionosonde
measurements in four longitudinal sectors. Our results
are in good agreement with these earlier results.

4.4. Comparison With Other Observations

Figure 11 shows a comparison of the empirical model
drifts with vertical model drifts derived from ionosonde
observations over Fortaleza, Brazil (4°S, 38°W, mag-
netic dip 7.5°S) [Batista et al., 1996]. These results
show generally good agreement between these two mod-
els except for June solstice solar maximum conditions.
However, as pointed out by Maruyama [1996], thermo-
spheric neutral winds can play an important role on
the vertical drifts over Fortaleza as a result of the large
declination over this station.

Figure 12 shows a comparison of our model drifts
with vertical drifts obtained by the ALTAIR incoherent
scatter over Kwajalein (9.4°N, 167.5°E, magnetic dip
7.9°N) [Sultan, 1994, 1996} over a 25-day period during
the July-August 1990, CRRES-at-Kwajalein campaign.
These data, which are averaged over 15-min periods and
correspond to an average solar flux index of approxi-
mately 200, are in excellent agreement with our model
results.

Equatorial vertical drifts have also been derived from
ionosonde and HF radar observations over Trivandrum,
India (8.3°N, 77°E) [Hari and Murthy, 1995; Balan et
al., 1992]. Our empirical model results are in good
agreement with the ionosonde results, but underesti-
mate the HF radar evening prereversal velocities by
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about 10 m/s. However, their study is based on only
eight consecutive days of HF radar observations dur-
ing March-April 1988 when the vertical drifts exhibited
large day-to-day variability. Moreover, the Trivandrum
drifts differ significantly from drift observations made at
Kodaikanal [Sastri, 1996], which is located only 2° to
the north. Therefore it is not clear how well our model
results agree with these ground-based measurements.

Deminov et al. [1988] have inferred solar maximum
vertical drift velocities using F region peak electron den-
sities measured by the Interkosmos-19 (IK-19) satellite
near 1400 LT during December and June 1980. Their
results suggest that the upward drifts from December
are larger than those from June, except for the 180°-
300°E longitudinal sector, in agreement with our re-
sults. Maynard et al. [1995] have used electric field mea-
surements from the San Marco D satellite from April to
September 1988 to infer the morphology of the equa-
torial vertical plasma drifts during periods of quiet to
moderate solar activity. Their results show larger day-
time upward drifts in the Indian sector than in the Peru-
vian sector during June solstice, in agreement with our
results, although their longitudinal daytime variations
are significantly larger than suggested by our model re-
sults. The San Marco D data set during equinox is
too small to determine the longitudinal variations of
the vertical drifts. However, their longitudinally aver-
aged equinoctial daytime drifts maximize in the 1100-
1500 LT sector, whereas our results, based on signifi-
cantly larger data sets, suggest daytime peak velocities
between about 0900-1100 LT. Additional satellite and
ground-based drift measurements would be highly de-
sirable for improving our empirical model.

5. Summary and Conclusions

Extensive incoherent scatter radar observations from
Jicamarca and IDM measurements on board the low in-
clination AE-E satellite were used to develop the first
global empirical ionospheric vertical plasma drift model.
This model incorporates the daily, seasonal, solar cy-
cle, and longitudinal variations of the equatorial ver-
tical drifts and provides a reasonably realistic descrip-
tion of the equatorial vertical drifts. The model results
are in good agreement with other ground-based verti-
cal drift observations over the Brazilian, Indian, and
Pacific regions. The equatorial F region drifts show
largest longitudinal variations during the solstices and
smallest during equinox. Some important features, such
as the altitudinal variation of these drifts, nonlinear so-
lar cycle variations, and differences between the vernal
and autumnal drift velocities, which are observed in Ji-
camarca data [Scherliess, 1997, can be included when
additional data become available. We also intend, in
the near future, to incorporate our current model into a
global ionospheric electric field model, which will be ac-
cessible through the NCAR CEDAR database. A copy
of the current model can be obtained from the authors.
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