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[1] This is the first study to compare plasma depletion drifts with the ambient plasma
drifts and neutral winds in the post sunset equatorial ionosphere using global-scale
satellite observations. The local time and latitude variations of the drift velocities of O+

plasma depletions at 350–400 km altitude are derived from the observations of the far
ultraviolet imager operated on the IMAGE satellite during 10 March to 7 June 2002.
These depletion drift velocities are compared with the simultaneously measured ion drift
velocities and neutral winds by the ROCSAT-1 and the CHAMP satellites for a similar
time period. The analysis shows that the zonal drift velocity of plasma depletions is
smaller than both the ambient ion zonal drift velocity and the neutral zonal wind at
18:00–20:00 magnetic local time, and after 21:00, the variations of these velocities are
similar. The difference of the plasma depletion drift with the background is found to be
smaller at lower latitudes. Furthermore, the zonal drift velocity of the depletion is found
to have a large latitudinal gradient specifically at 12ı–18ı magnetic latitude, which again
does not match the ambient ion drift and the neutral wind. This latitudinal difference has
been reported by previous studies, but those studies use models and they only compare
the depletion drifts with the modeled neutral winds. This study provides a measure of the
difference that has never been studied before by any study using global observations. It
has been suggested that polarization electric fields inside the plasma depletion structure
drive the plasma to drift westward and thus the depletion structure moves to the east. The
latitudinal gradient of the depletion drift velocity seen here in this study could also be
explained by the polarization electric fields. For the C-shaped (reversed C) depletion, the
polarization electric fields inside the depletion drive a westward drift of plasma and this
drift velocity changes with increasing latitude. Consequently, the depletion drift has a
latitudinal gradient becoming significant at higher latitudes.
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1. Introduction
[2] Large-scale plasma density depletions in the night-

time equatorial F region ionosphere are typically associated
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with equatorial spread F (ESF) [e.g., Kelley et al., 1981].
The depletions generally align with geomagnetic field lines
and the depletion regions extend to several thousands of
kilometers in latitude but a few hundred kilometers in lon-
gitude [e.g., Tsunoda et al., 1982]. Because the plasma
density inside the depleted regions can be many times lower
than the ambient plasma density [e.g., Tsunoda et al., 1982;
Kil and Heelis, 1998], the depletion structures are often
referred to as plasma bubbles. The sharp density gradients
at the edges of the depletion structures produce small-scale
plasma irregularities that are believed to cause disruptions in
transionospheric radio signals in communication and navi-
gation system [Basu et al., 2002]. Plasma bubbles have thus
become an important research topic for many investigations.

[3] Mechanism of the generation of plasma bubbles has
been investigated through both observational and modeling
investigations [e.g., Kelley et al., 1981; Huang and Kelley,
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Figure 1. Zonally averaged mean values of plasma deple-
tion drift velocities at 350–400 km altitude as derived from
the IMAGE-FUV observations during 10 March to 7 June
2002 for (a) the magnetic zonal component and (b) the
geographic zonal component. These drift velocities are pre-
sented versus magnetic latitude (MLAT) and magnetic local
time (MLT). Corresponding apex altitudes of the observed
MLATs are given at the bottom of the figure.

1996; Fejer et al., 1999; Makela, 2006; Huba et al., 2008;
Retterer, 2010]. It is known that plasma depletions are
excited in the bottom side F region and they grow higher up
into the topside F region through the generalized Rayleigh-
Taylor instability. The occurrence of plasma depletions
depends on local time, and their global distribution changes
with longitude, season, solar cycle, and magnetic activity
[e.g., Kil and Heelis, 1998; Fejer et al., 1999; Su et al., 2009;
Huang et al., 2013].

[4] Plasma depletions are observed to drift in the zonal
direction [e.g., Abdu et al., 1985; Fejer et al., 1991;
Valladares et al., 1996], and the depletions generally drift
eastward [e.g., Fejer et al., 1991; Immel et al., 2003; Lin et
al., 2005; Huang et al., 2010]. Using the C/NOFS satellite
measurements, Huang et al. [2010] performed a survey of
the relative zonal drift velocities of plasma inside the deple-
tions with respect to the ambient plasma for many cases.
They have found that for most cases, the relative plasma
drift velocity inside the depletion structure is westward aris-
ing from polarization electric fields. The polarization electric
fields drive the plasma inside the depletion to drift westward,
and thus, the depletion structure moves to the east.

[5] The drift velocities of plasma depletions have also
been found to relate with the background neutral winds
[e.g., Chapagain et al., 2012, 2013]. Because the F region
dynamo dominates the nighttime plasma drifts [e.g., Coley
and Heelis, 1989; Heelis, 2004], the ionized plasma at F
region altitudes moves eastward at approximately the same
speed as the neutral atmosphere. The O I 630.0 nm airglow
emission observations allow for the depletion drift velocities
and the neutral winds in the thermosphere to be simulta-
neously measured [Makela, 2006]. Direct comparison has
shown that the depletion drift velocities are approximately
equal to the background wind speeds at nighttime hours after
22:00 LT and the depletion drifts are slower at 18:00–

20:00 LT as the E region is still present [Chapagain et al.,
2012, 2013].

[6] Furthermore, the zonal drift velocities of plasma
depletions have a latitudinal gradient, the result of which
is a westward tilt of the depletion structures with increas-
ing latitude [e.g., Mendillo and Tyler, 1983]. The structures
appear as a reversed C shape when viewed across both hemi-
spheres [e.g., Kelley et al., 1981]. The C-shaped plasma
structures have been attributed to the effects of the F region
neutral wind [Anderson and Mendillo, 1983; Haase et al.,
2011] and/or the ionospheric Pederson conductivity [Zalesak
et al., 1982; Martinis et al., 2003]. Including the HWM93
wind model, the SAMI3/ESF model reproduces a reversed
C-shaped plasma depletion as the observations [Huba et al.,
2009]. The simulations demonstrate that the HWM93 wind
model results agree better with the observations than those
from a constant wind model.

[7] The space-based IMAGE-far ultraviolet (FUV) instru-
ment at high-altitude orbits provided global-scale obser-
vations of plasma depletions, specifically allowing for the
motion of the depletions to be tracked [e.g., Immel et al.,
2003; Lin et al., 2005; Park et al., 2007]. Using the IMAGE-
FUV observations, England and Immel [2012] were able to
build a large database of the zonal drift velocities of plasma
depletions across the globe. This database has illustrated
that the drift velocities of plasma depletions vary with lati-
tude and local time. England and Immel [2012] have found
that for the zonal drift velocities, the local time variations
of the plasma depletions are similar to the background neu-
tral winds as modeled by an empirical and a first-principles
model but the plasma depletions have a larger latitudinal
gradient. They have proposed that the difference in latitu-
dinal gradient between the depletion drift velocities and the
background neutral winds could be caused by polarization
electric fields inside the depletions.

[8] For this study, we use the same database of the
zonal drift velocities of plasma depletions built upon the

Figure 2. Zonally averaged mean values of ion drift veloc-
ities at �600 km altitude as measured by ROCSAT-1
throughout 10 March to 9 June 2002 for (a) the magnetic
zonal component and (b) the geographic zonal component.
Apex altitudes of the observed MLATs are given at the
bottom of the figure.
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Figure 3. Sampling of the CHAMP satellite observations
during 10 March to 9 June (day number 69–160) for 2001–
2005. The MLTs of the observations in each day are given.
Data are plotted in different colors for different years. The
dashed lines outline the range of the data used for this study.

IMAGE-FUV observations. We directly compare these
depletion drift velocities with the ambient ion drift veloc-
ities as well as the thermospheric neutral winds measured
by the ROCSAT-1 and the CHAMP satellites during the
similar time period. The previous studies by Huba et al.
[2009] and England and Immel [2012] use models, and they
only compare the depletion drifts with the modeled neutral
winds. This study compares the satellite observations for
global scales, and the study compares the depletion drifts
with both the neutral winds and the plasma drifts using the
observations. These observations provide a more reliable
comparison than the models and thus allow more definitive
conclusions to be drawn. We have performed the compari-
son for a range of local times and latitudes, and we seek to
gain a better understanding of the variations of the depletion
drift velocities with local time and latitude.

Figure 4. Zonally averaged mean values of geographic
zonal winds from the CHAMP measurements at �400 km
altitude in the thermosphere during 10 March to 9 June of
2001-2005. Apex altitudes of the observed MLATs are given
at the bottom of the figure.

2. Observations
2.1. Plasma Depletion Zonal Drift Velocities

[9] The far ultraviolet (FUV) imager operated on the
IMAGE satellite observed the 135.6 nm O+ airglow emis-
sion that peaks at 350–400 km. The spacecraft was launched
in March 2000 into a highly elliptical orbit with the apogee
altitudes of 7.2 RE. During the Northern Hemisphere spring
of 2002, the satellite apogee was in the evening sector and
the FUV was able to continuously observe the post sunset
equatorial airglow arc for several hours. The O+ emission is
bright during 2002 due to the large solar extreme ultraviolet
flux. This allows for reliable identifications of plasma deple-
tions in the IMAGE-FUV O+ airglow emission observations
over this time period.

[10] Park et al. [2007] and England and Immel [2012]
have described the image analysis technique for Track-
ing of Airglow Depletions (TOAD) using the IMAGE-
FUV airglow observations. The TOAD analysis creates a
database for the 2002 Northern Hemisphere spring, includ-
ing more than 200 plasma depletions and their moving tracks
throughout several consecutive hours from the sunset to
the early morning. This database allows for calculations of
the drift velocities of plasma depletions in the magnetic
zonal direction.

[11] Figure 1a presents the zonally averaged mean values
of the zonal drift velocities of plasma depletions calculated
using the IMAGE-FUV database for the time period of 10
March to 7 June 2002. The calculated depletion drift veloc-
ities are binned at 1ı magnetic latitude (MLAT) and 12
min magnetic local time (MLT) intervals. As the plasma
depletions are magnetic conjugate, the data in the two hemi-
spheres are combined. The IMAGE-FUV database does not
contain sufficient samples to also sort the data by magnetic
longitude, so the results shown represent the magnetic zonal
means. The uncertainties are large for the calculations at the
equator and at high latitudes, where the O+ emission is dim,
so the drift velocities are presented for latitudes between
4ı and 18ı.

Figure 5. (a–c) Magnetic zonal velocities of plasma deple-
tion drifts (in black) and ion drifts (in red) at various MLATs,
presented versus MLTs. The dash-dotted lines represent 1
standard deviation of the velocities.
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Figure 6. (a–e) Magnetic zonal velocities of plasma depletion drifts (in black) and ion drifts (in red)
at various MLTs, presented versus MLAT. The dash-dotted lines represent 1 standard deviation of the
velocities.

[12] As shown in Figure 1a, the zonal drift velocities of
plasma depletions are all positive values, showing an east-
ward motion. The drift velocity changes with MLAT and
MLT, being the largest at low latitudes at �21:00 MLT.
The velocity is smaller at higher latitudes, and the value
decreases at post sunset and after 22:00 MLT. The plasma
depletion drift velocities have already been presented in
terms of meter(s) per second (m/s) and degrees/hour by
England and Immel [2012]. The overall patterns are similar
between them, so the change of the magnetic field geome-
try with MLAT is not responsible for the features discussed
here. For this study, we present the depletion drift veloci-
ties in terms of m/s, and we include the observations at all
longitudes and in the magnetic conjugate hemispheres.

2.2. Ion Zonal Drift Velocities
[13] The ROCSAT-1 satellite operated in a low-Earth

near-spherical orbit at �600 km altitude with 35ı inclina-
tion during March 1999 to June 2004 [e.g., Su et al., 2001].
The onboard Ionospheric Plasma and Electrodynamics

Instrument measured in situ ion densities and three per-
pendicular components of ion drift velocities in the space-
craft frame at 1 s cadence with a 100% duty cycle. The
ROCSAT-1 satellite provided critical measurements of the
ion properties in the F region ionosphere.

[14] This study uses the ion drift velocity measurements
taken by ROCSAT-1 during the same time period as the
IMAGE-FUV plasma depletion observations throughout 10
March to 9 June 2002. The offsets of these measurements
have been removed for three ion drift components, assuming
a constant value in each component over this March–June
time period. Methods for identifying the ROCSAT-1 mea-
surement offsets have been described [e.g, Pacheco et al.,
2010]. We have also removed spikes and applied a 10 data
point running average to the measurements. Finally, the three
components of ion velocity measured in the spacecraft frame
are transformed into the field-aligned (parallel) component
and the two perpendicular components in the magnetic coor-
dinate system using the International Geomagnetic Refer-
ence Field magnetic field model. The parallel component is
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Figure 7. (a–c) Geographic zonal velocities of plasma
depletion drifts (in black), ion drifts (in red), and neutral
winds (in blue) at various MLATs, presented versus MLT.
The solid blue lines are for the measured neutral winds
by CHAMP, and the dashed blue lines are for the adjusted
neutral winds using the HWM93 model.

along the magnetic field direction. One perpendicular com-
ponent is chosen to be perpendicular to the magnetic field
on the meridional plane (in the outward/upward directions).
The other velocity component is perpendicular to both the
magnetic field and the outward/upward directions, and it is
in the magnetic zonal (eastward) direction.

[15] Figure 2a gives the zonal velocities of ion drifts in
magnetic coordinates. The velocities in the magnetic con-
jugate hemispheres are binned for MLAT and MLT. These
velocities exclude the values when plasma depletions are
present. Plasma depletions have been identified in this study
using the same method as described by Su et al. [2006] and
Kil and Heelis [1998]. The figure thus includes the ambient
ion drift velocities surrounding the plasma depletions.

[16] Figure 2a shows that the ion drift velocities have two
maximums at low latitudes at around 21:00 MLT and mid-
night. The velocity is smaller at post sunset and during the
post midnight hours and at higher latitudes. Compared to the
plasma depletion drifts (see Figure 1), the ion drift velocity
has one maximum occurring at similar MLTs and MLATs.
There are also differences between the plasma depletion
drifts and the ambient ion drifts, which are discussed
in section 3.

2.3. Thermospheric Zonal Winds
[17] The CHAMP satellite was launched in July 2000 into

a �450 km altitude orbit with inclination of 87.2ı. Cross-
track winds have been derived from the highly accurate
measurements of the onboard triaxial accelerometer [e.g.,
Doornbos et al., 2010; Lieberman et al., 2013]. Due to
the high inclination of the satellite, the cross-track winds
obtained at latitudes less than 75ı are almost entirely zonal
(positive in eastward). The satellite reentered the atmosphere
in 2010, and the thermospheric neutral wind data are avail-
able until the end of August 2010. For this study, the zonal
winds from CHAMP during 10 March to 9 June through
2001–2005 are used.

[18] Figure 3 shows the local time coverage of the
CHAMP observations for each day of 10 March to 9 June
during each year. Observations in different years correspond
to different local times, and the local time coverage shifts
slowly by very few minutes a day. To provide the cover-
age over all local times needed, the data are combined for
2001–2005.

[19] Figure 4 gives the zonally averaged mean winds from
CHAMP. These are the wind components in geographic
coordinates (different from Figures 1a and 2a), but they are
presented versus MLAT and MLT for which the wind mea-
surements are taken. As the meridional wind components
from CHAMP at low latitudes are not available, a transfor-
mation of the measurements into geomagnetic coordinates is
not possible. The winds in magnetic conjugate hemispheres
are binned. The plot shows that the largest wind velocity
occurs at 21:00 MLT at low latitudes. The wind velocity
is smaller in the early evening and at late night, and it
decreases with increasing latitude. These features appear to
be consistent with those seen in Figures 1a and 2a. Detailed
comparison is presented in section 3 to demonstrate the rela-
tion of plasma depletion drifts with the background neutral
winds and ion drifts.

3. Discussion
[20] The drift velocities of plasma depletions are shown in

Figure 5 in comparison with the ambient ion drift velocities.
The magnetic zonal components are presented as a function
of local time in each plot. It is worth noting that the deple-
tion drifts are measured at around 400 km altitude (where
the O+ airglow emission peaks) but the measurements of
the ambient ion drifts are taken at �600 km altitude. The
measurements at the same latitudes correspond to differ-
ent apex altitudes between the depletion drifts and the ion
drifts (see Figures 1 and 2). To remove this difference, the
ion drift measurements are adjusted along a dipole magnetic
field line. The velocities presented in the comparison are the
adjusted values that correspond to the same apex altitudes
between the ion drift and the depletion drift measurements.

[21] Figure 5 shows that in each plot the zonal drift veloc-
ities change with local time for both the depletion drifts and
the ambient ion drifts. The depletion drift velocity is smaller
than the ambient ion drift velocity at 1800–2000 MLT, and
after 2000 their values are close to each other. The difference
is large at 15ı MLAT, and it is smaller at lower latitudes.
This drift velocity difference should not be caused by the
altitude difference of the measurements because the veloc-
ities shown in each plot have been adjusted for the same
apex heights. Also, the latitudinal difference is not due to
the impact of the magnetic field geometry as the drift veloc-
ities in terms of degrees/hour (included in the supporting
information) have the same patterns.

[22] The zonal velocities of the depletion drifts and the
ion drifts are shown versus MLAT in Figure 6 for 20:00–
00:00 MLT. At each hour, the ambient ion drift velocities
have almost the same values at different latitudes. The
depletion drift velocities are similar to the ion drifts at
4ı–10ı MLAT, but the depletion drift velocities change
sharply at higher latitudes. The zonal drift velocities of
plasma depletions have a larger latitudinal gradient than the
ambient ion drifts becoming significant at 12ı–18ı MLAT.
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Figure 8. (a–e) Geographic zonal velocities of plasma depletion drifts (in black), ion drifts (in red),
and neutral winds (in blue) at various MLTs, presented versus MLAT. The solid blue lines are for the
measured neutral winds by CHAMP, and the dashed blue lines are for the adjusted neutral winds using the
HWM93 model.

[23] This larger difference of higher latitudes is also noted
above in Figure 5. As the ion drift velocities have been
adjusted for the same apex altitudes as the depletion drift
measurements, the difference seen here is not caused by the
altitude difference of the measurements. The latitudinal dif-
ference is also not caused by the magnetic field geometry
since the velocities presented in terms of degrees/hour have
the same patterns (see supporting information).

[24] The CHAMP zonal winds are the components in
the geographic zonal directions, but the plasma depletion
drifts and the ion drifts are provided in magnetic coordi-
nates. As the meridional wind components from CHAMP
at low latitudes are not available, the transformation of the
CHAMP winds into geomagnetic coordinates is not pos-
sible. The plasma depletion drifts and the ion drifts are
transformed into the geographic zonal components to com-
pare with the CHAMP zonal winds. Figures 1b and 2b
present the transformed geographical zonal drift compo-
nents. These components have similar variation patterns

to the magnetic components as shown in Figures 1a
and 2a.

[25] Figure 7 shows the geographic zonal velocities of
the plasma depletion drifts in comparison with the ambi-
ent ion zonal drifts and the zonal neutral winds. The plasma
depletions are observed during the year of 2002 while the
neutral wind observations are combined from 2001 to 2005.
As shown in Figure 3, the wind data during 2005 dominate.
The average f10.7 solar flux value is 180 during 2002 but
is only 90 for 2005. We have calculated the neutral wind
velocities for 2002 and 2005 with the corresponding solar
fluxes, using the HWM93 model [e.g., Hedin, 1992]. The
neutral wind differences between 2002 and 2005 due to the
solar flux change can be calculated. The mean difference is
found to be about 30 m/s (about 1ı/h). By adding the dif-
ference, the neutral winds are adjusted. The neutral winds
adjusted for this difference are also included in the figure.
The velocities included have also been adjusted for the same
apex altitudes between different measurements (the plasma
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Figure 9. An illustration of plasma depletion drifts in relation to the ambient plasma drifts. (a) For
the westward tilted plasma depletion, the zonal drifts of plasma inside the depletion structure (owing
to E � B) are westward with respect to the ambient plasma drifts. Consequently, the plasma builds up
on the west wall of the structure and the depletion drifts to the east. (b) For the C-shaped (reversed C)
plasma depletion, the zonal drifts of plasma inside the depletion are also westward and they change with
increasing altitude (and latitude). The depletion drifts thus have a latitudinal gradient, being larger at
higher latitudes.

depletion observations correspond to different apex altitudes
from the ion drift measurements, but the depletion observa-
tions are for almost the same apex altitudes as the neutral
wind observations; see Figures 1, 2, and 4).

[26] Figure 7 shows a similar pattern between differ-
ent plots. In each plot, the depletion drift velocities are
smaller than both the ion drift velocities and the neutral
winds at 18:00–20:00 MLT, and after 21:00, the variations
of these velocities are rather similar. The velocity difference
at 18:00–20:00 MLT increases with increasing latitude, and
it is smaller at lower latitudes.

[27] The difference of the plasma depletion drifts with
the background neutral winds has been discussed in pre-
vious studies [e.g., Chapagain et al., 2012, 2013]. The
results shown here confirm that the plasma depletions do
not simply drift with the background specifically at 18:00–
20:00 MLT in the early evening when the E region dynamo
is still present. The studies by Chapagain et al. [2012,
2013] have also shown that the depletion drift velocities are
approximately equal to the neutral wind speeds at nighttime
hours after 22:00. This study finds that the difference of the
plasma depletion drifts with the background winds is smaller
at lower latitudes. This explains the previous observations
from single locations near the equator.

[28] The latitudinal variation of the plasma depletion
drifts is compared with the variations of the simultane-
ously observed ion drifts and neutral winds in Figure 8
for the local times of 20:00–00:00. The common feature is
that at 12ı–18ı MLAT, the depletion drift velocities have a
larger gradient than the ion drift velocities and the neutral
winds. This latitudinal gradient difference has been reported
by Huba et al. [2009] and England and Immel [2012]
using the model studies. This study compares the satellite

observations and compares the depletion drifts with both
the neutral winds and the ambient plasma drifts. The study
shows that the latitudinal gradient in the plasma deple-
tion drifts differ from the ambient plasma drifts as well
as the neutral winds. The study provides a measure of the
latitudinal difference from a global perspective.

[29] It has been previously suggested that polarization
electric fields inside the plasma depletions are responsible
for the eastward drift of the depletion structures [e.g., Huang
et al., 2010]. As proposed by England and Immel [2012], the
polarization electric fields could also explain the latitudinal
gradient in plasma depletion drift velocities observed here in
this study.

[30] Figure 9a (as proposed by Huang et al. [2010]) illus-
trates that for the westward tilt depletion, the zonal drift
velocity of plasma inside the depletion structure is westward,
owing to the polarization electric fields. For this, the plasma
builds up on the westward wall of the depletion structure and
the depletion structure moves to the east. Extending the the-
ory proposed by Huang et al. [2010], Figure 9b illustrates
that for the C-shaped (reversed C) depletion, the polarization
electric fields also drive a westward drift of plasma inside the
depletion and the drift changes with increasing latitude. The
result is that the plasma depletion drifts have a latitudinal
gradient becoming larger at higher latitudes.

[31] It is worth noting that the comparison of the plasma
depletion drifts and ion drifts with the background neu-
tral winds presented in this study is at a single altitude.
Specifically, the wind observations used in this compari-
son shows only one piece of the neutral wind contribution
to the overall electrodynamics of the nighttime equatorial
ionosphere, which is a flux-tube-integrated effect. However,
our study is useful for understanding the motion of plasma
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depletions and the ion-neutral coupling because the F region
wind dynamo dominates the zonal plasma drifts during the
nighttime [e.g., Heelis, 2004] and the vertical gradient in
the winds at F region altitudes is believed to be small [e.g.,
Heelis, 2004; Shepherd et al., 2012]. Thus, the impact of
not including wind observations from different altitudes is
believed to be limited.

4. Conclusions
[32] This study analyzes the zonal drift velocities of the

O+ plasma depletions at 350–400 km altitude in the post
sunset equatorial ionosphere as observed by the IMAGE
satellite during the time period of 10 March to 7 June 2002.
These velocities are compared with the ambient ion drift
velocities measured simultaneously by the ROCSAT-1 satel-
lite for the same time period. The plasma depletion drifts
are also compared with the thermospheric neutral winds at
�400 km altitude measured by the CHAMP satellite for
the similar time period. These simultaneous and global-scale
satellite observations allow for an examination of the local
time and latitude variations of the plasma depletion drifts
and provide a comparison between the depletion drifts and
the background neutral winds as well as the plasma drifts.

[33] The analysis shows that the zonal drift velocity of
plasma depletions is smaller than both the ambient ion drift
velocity and the neutral wind at 18:00–20:00 MLT, and after,
21:00 the variations of these velocities are similar. The anal-
ysis also shows that the difference of the depletion drifts
with the background is smaller at lower latitudes. This is the
first-ever satellite comparison of the plasma depletion drift
with the ambient plasma drift as well as the neutral wind for
a global scale, explaining many previous observations at a
single location.

[34] Furthermore, the study finds that the plasma deple-
tion drift velocities have a large latitudinal gradient at
12ı–18ı magnetic latitude, which again does not match the
ambient ion drifts and the neutral winds. This latitudinal
difference has been reported by previous studies, but those
studies use models and they only compare the depletion
drifts with the modeled neutral winds. This study compares
the satellite observations and compares with both the neutral
winds and the plasma drifts. The study provides a measure
of the difference that has never been studied by any study
using global observations.

[35] The latitudinal gradient in the zonal drift velocity
of plasma depletions could be due to polarization electric
fields generated inside the depletion structures [e.g., Huang
et al., 2010]. For the C-shaped plasma depletion, the polar-
ization electric fields drive a westward drift of plasma inside
the depletion and this drift changes with increasing latitude.
The consequence would be that the depletion drifts have a
latitudinal gradient becoming significant at higher latitudes.
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