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A B S T R A C T

This study investigated the morphology of the Plasmaspheric Weddell Sea Anomaly (PWSA). Measurements by GPS receivers onboard COSMIC satellites were used to
determine the slant total electron content (STEC) along signal propagation paths during 2007–2017, which were converted to the zenith direction using a specific
plasmaspheric projection function to obtain vertical total electron content (VTEC). The characteristics of seasonal variation of the PWSA between the four seasons
were examined under conditions of high and low solar activity that corresponded to values of the F10.7 index of> 120 and≤ 120, respectively. To investigate
seasonal variation of plasmaspheric VTEC, maps of geographic latitude versus geographic longitude were constructed by binning the data into 5° latitudinal grids and
15° longitudinal grids. The median value of VTEC in each grid was calculated for each season under low and high solar activity conditions. The results showed that
the WSA phenomenon could also be observed in the plasmasphere (altitude≥ 800 km) as well as in the ionosphere. The anomaly is most prominent in winter under
conditions of high solar activity, and it also can be found in spring and autumn, although its amplitude is relatively small. The equatorward neutral wind is the critical
driver for PWSA formation. In addition, during the polar summer, high geographic latitudes are sunlit during the entire day, leading to prolonged photoionization.
This is the most essential process for the existence of the nighttime maximum in the VTEC diurnal variation at the geographic latitudes of the PWSA.

1. Introduction

The Weddell Sea Anomaly (WSA) was identified first in ground-
based ionosonde data in the 1950s by Bellchambers and Piggott (1958).
They noted that the midnight-to-noon foF2 ratio was greater than unity
in summer close to the Weddell Sea at Halley Bay (76°S, 27°W). By the
1990s, following the wider application of Global Positioning System
(GPS) technology, research on the WSA entered a new era. The high
accuracy and high spatiotemporal resolution of GPS data proved crucial
to further exploration of the detail of the WSA. However, it should be
noted that the ground-based GPS observations were only able to detect
the WSA phenomenon around tracking stations. Furthermore, the
sparse distribution of GPS tracking stations within the region of the
Weddell Sea and its surroundings made it difficult to capture the large-
area variability characteristics of the WSA. More recent application of
space technology to investigations of the WSA has revealed that the
heart of the anomaly is actually located over the southeastern Pacific
Ocean rather than over the South Atlantic Ocean (Burns et al., 2008;
Horvath, 2006; Horvath and Lovell, 2010; Kil et al., 2006; Thampi
et al., 2009). Horvath and Essex (2003) investigated the Weddell Sea
Anomaly, using VTEC values obtained from the TOPEX satellite, and
they demonstrated that the anomaly is in reality situated west of the
Faraday ionosonde station over the Bellingshausen Sea and not over the

Weddell Sea that is east of Faraday. Jee et al. (2009) utilized TOPEX
VTEC measurements to study how the WSA varies with seasons and
solar activity. They investigated the seasonal and solar activity varia-
tions of the WSA using four seasonal cases and two solar activity con-
ditions. Lin et al. (2009) provided the three-dimensional description of
the ionospheric density structure of the Weddell Sea Anomaly (WSA),
with the vertical ionospheric density profiles observed by the FORM-
OSAT-3/COSMIC. Ren et al. (2012) simulated the temporal-spatial
distribution of the midlatitude summer nighttime anomaly (MSNA),
using the three-dimensional theoretical ionospheric model. MSNA
mainly appears in three distinct regions, not only occurs in local
summer, but also often occurs in Equinox. They also founded that the
thermospheric zonal wind plays an important role in the formation of
MSNA in the South Pacific region. Slominska et al. (2014) also detected
anomalous behavior of nighttime plasma density enhancements
(NPDEs) in the topside ionosphere (i.e., the WSA and mid-latitude
summer nighttime anomaly (MSNA)) using the so-called normalized
density difference index (INDD). The study provided evidence that the
occurrence of the WSA and MSNA was not limited to the local summer
conditions. Analyzed annual trend of INDD and in particular spatial
pattern obtained during equinoxes suggest that mechanisms governing
the behavior of the equatorial ionosphere cannot be neglected in the
explanation of the development of NPDEs. Liu et al. (2015) discussed
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the unusual increases (decreases) of the daytime (nighttime) electron
temperature Te over the WSA latitudes. Concurrent measurements re-
veal the anticorrelation between Te and Ne along the WSA latitudes in
the daytime and nighttime. Zakharenkova et al. (2017) investigated the
WSA by using GPS and GLONASS measurements of the dense regional
GNSS networks in South America. The WSA effects of the TEC exceed
the noontime values were registered starting from 17 LT, reached its
maximum at 01–05 LT and started to disappear after 09 LT. Further,
they examined the WSA occurrence in the topside ionosphere by using
GPS measurements from a zenith-looking GPS antenna on board three
Swarm satellites to determine topside TEC (above ∼500 km altitude) at
the topside ionosphere plasmasphere system, the results indicated that
the zone with significant WSA effect in the topside TEC had a large
spatial extent over southern Pacific and Atlantic Ocean. Zhong et al.
(2017) systematically studied the longitudinal variations of the topside
ionosphere and plasmasphere using upward looking ionospheric total
electron content from the MetOp-A and TSX satellites during
2008–2015. Chen et al. (2011) conducted a theoretical investigation on
the WSA in the ionosphere and on its generating physical mechanisms
using the SAMI2 physical model. They found that the equatorward
neutral wind was a major factor affecting the ionospheric WSA, while
downward flux from the plasmasphere provided an additional source of
plasma to enhance/maintain the density of the anomalous structure.
Based on radio occultation measurements from the COSMIC satellites
from February 2009 to January 2010, Chang et al. (2015a,b) re-
constructed the three-dimensional distributions of ionospheric electron
density. They reported an eastward shift of a single-peak plasma density
feature along the latitudes of the WSA, which could be interpreted as
the result of the combined effects of the geomagnetic meridional and
vertical motion of the plasma trigged by neutral wind.

The majority of the earlier studies mentioned above have con-
centrated mainly on the WSA phenomenon in the ionosphere below the
altitude of low Earth orbit satellites. Therefore, it is necessary to de-
termine whether similar WSA behavior is observable in the regions of
space from the topside ionosphere to the plasmasphere. In addition, if
such WSA behavior were to exist within the plasmasphere, it would be
necessary to investigate the similarities/differences in the spatio-
temporal distribution and variability characteristics of the WSA be-
tween the ionosphere and the plasmasphere. Therefore, this study in-
vestigated the plasmaspheric WSA based on long-term measurements
by COSMIC (Constellation Observing System for Meteorology,
Ionosphere, and Climate) GPS receivers during 2007–2017. In addition,
the spatiotemporal distribution and seasonal and longitudinal variation
features of the VTEC in the topside ionosphere and the plasmasphere
were examined, and possible physical mechanisms for the occurrence of
the topside ionospheric and the plasmaspheric WSA were proposed.

2. Data and methods

The COSMIC group of Earth observation satellites was launched in
2006 by Taiwan, in collaboration with the United States, with the in-
tention of sensing global changes in both the ionosphere and the plas-
masphere (Anthes et al., 2008). The COSMIC constellation comprises
six small satellites with orbital altitudes of 800 km and orbital in-
clinations of 72°. Each satellite is equipped with four GPS receivers: two
for occultation observations and two for orbit determination. Based on
measurements of GPS signals transmitted from navigation satellites, the
orbits of the COSMIC satellites can be determined precisely. Once
precise orbit determination has been achieved, the COSMIC GPS re-
ceivers are capable of collecting observations of the space region be-
tween the orbital altitudes of the GPS transmitters and the COSMIC
receivers, corresponding to the entire plasmasphere. Thus, observables
collected by the COSMIC GPS receivers were used in this study to in-
vestigate the WSA in the plasmasphere.

Fig. 1 displays the daily average solar radio flux at 10.7 cm (F10.7
index) that mainly represents the condition of solar activity during

2007–2017, in which, the red horizon dash line represents the f10.7
index equals to 120. Here, the VTEC data calculated using dual-fre-
quency observables from the COSMIC GPS receivers are separated into
conditions of high and low solar activity according to F10.7; specifi-
cally, F10.7≤ 120 and 120≤ F10.7 are defined as low and high solar
activity, respectively. In addition, for further study of the seasonal
variation of the characteristics of the WSA, the entire data set was se-
parated into four seasons: spring (March–April), summer (May–Au-
gust), autumn (September–October), and winter (November–February).

The “podTec” was the COSMIC level 2 product, provided by the
COSMIC Data Analysis and Archive Center, was used directly in the
data processing. The “podTec” comprises the TEC along the signal
propagation path between the orbital altitudes of the GPS and COSMIC
satellites. These data have undergone cycle detection and gross error
elimination preprocessing. In addition, the phase-smoothed pseudor-
ange, which integrates the advantages of the carrier phase observables
and code, was used to calculate the slant TEC. After application of sa-
tellite- and receiver-dependent hardware delay corrections, the accu-
racy of the provided “podTec” product can reach 1–2 TECU (TEC unit: 1
TECU=1016 el/m2).

The original slant TEC data sets were converted to the zenith di-
rection to calculate the VTEC based on a specific projection function.
Here, the F&K mapping function (Foelsche and Kirchengast, 2002) was
chosen. This function is based on the assumption that the ionospheric
plasma above the low Earth orbit satellite is concentrated in a thick
layer. The height of the effective ionospheric layer used in processing
the data was selected as a function of the orbital altitude of the low
Earth orbit satellites and F10.7, according to Eq. (8) of Zhong et al.
(2016). Then, the VTEC data were binned in a uniform grid with 15°
resolution in geographic longitude and 5° resolution in geographic la-
titude based on the location of the plasmaspheric pierce points. The
plasmaspheric pierce points (PPPs) is defined as the intersection be-
tween signal propagation and an assumed effective layer (Eq. (8) of
Zhong et al. (2016)).

The median value in each bin was obtained as a statistical result.
The cutoff elevation angle was set to 20° to mitigate errors caused by
the slant-to-vertical TEC conversion. Furthermore, TEC data with daily
mean Kp values of> 3.5 were removed to minimize the effects of
geomagnetic disturbance on the results.

Fig. 1. The time series of daily average solar radio flux at 10.7 cm (F10.7)
during 2007–2017.
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3. Results and analysis

3.1. Two-dimensional distribution of VTEC with geographic latitude and
geographic longitude

In this section, the global distribution of VTEC in different seasons is
analyzed under different conditions of solar activity based on the long-
term VTEC series calculated using observables from the COSMIC GPS
receivers during 2007–2017.

Fig. 2 displays maps of the global distribution of VTEC in winter
during 00–22 local time (LT) under conditions of high solar activity. In
general, there is remarkable hemispheric asymmetry. The peak VTEC
appears to the south of the dip equator, and it is even observed at 30°S
regions in Southern Hemisphere in the nighttime. The difference in
VTEC values between mid- and high-latitude regions is distinct. It is
evident that the VTEC values over the equatorial region decrease re-
markably after 18 LT, particularly over the Indian and Pacific oceans.
At 20 LT, differences in VTEC are clearly distinguished at different
longitudes along the equator, reaching more than 12 TECU over South
America, while reaching only 8–10 TECU in other regions. Later, at 22
LT, the VTEC values over South America drop to 10 TECU, while they

are 6–7 TECU in other regions. In mid- and high-latitude regions, the
VTEC values centered over the southwestern Indian Ocean are lower
with respect to the surroundings, and this area expands with a de-
creasing trend in VTEC magnitude from 18 LT. Therefore, this specific
VTEC region is characterized as VTEC trough A. By 00 LT, VTEC trough
A covers a large area south than 30°S and 0°–150°E with peak magni-
tude of< 4 TECU. However, the values of VTEC over the Weddell Sea
and surrounding areas remain at about 8 TECU with little variation. A
prominent VTEC peak is observed between the eastern Pacific Ocean
and southern South America. From 00 LT, the values of VTEC over the
equator tend to increase, indicating this to be the VTEC recovery period
in the equator region. As shown, the origin of the VTEC recovery in the
equator region is located in South America, and it extends both west-
ward and eastward. Meanwhile, the VTEC peak in mid- and high-lati-
tude regions expands and moves eastward. In addition, the change in
VTEC magnitude appears largest during 02–04 LT, resulting in con-
traction of the range of VTEC trough A, which disappears by 08 LT.
However, by the same time, a new VTEC trough is observed over the
southern Pacific Ocean between 60°W and 180°W, which moves east-
ward. By 14 LT, the new VTEC trough reaches the region between 0°W
and 120°W. It is interesting that the location of the new VTEC trough is

Fig. 2. Global distribution of average VTEC with geographic coordinates in winter under conditions of high solar activity. Black solid line denotes geomagnetic dip
equator, and magnitude of VTEC in each grid is shown according to the color bar below. VTEC isolines with intervals of 1 TECU are also shown. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in agreement with the location of the VTEC peak during nighttime in
the Southern Hemisphere. The successive alternation between peaks
and troughs of the VTEC value results in the higher VTEC value during
nighttime than daytime over the Weddell Sea and its surroundings (i.e.,
the WSA). The region of the anomaly primarily comprises the Weddell
Sea, located to the east of the Antarctic Peninsula, and the western
Bellingshausen Sea, but it even expands to the southern tip of South
America.

The analysis above shows there is a remarkable WSA in the plas-
masphere during winter under conditions of high solar activity. In ad-
dition, at 08 LT, the VTEC over the equator region appears to be in-
creasing more rapidly than in mid- and high-latitude regions. This trend
of increase persists until 12 LT, when the VTEC over the equator
reaches its peak, and this value is maintained until 16 LT. It should be
noted that the VTEC over the equator region is always higher than over
South America and other areas at the same latitude, which is in accord
with the results of Zhong et al. (2017) based on observables collected by
the MetOp-A satellites.

The distribution of the VTEC in the mid- and high-latitude regions of
the Northern Hemisphere is relatively simple. The contours of VTEC
magnitude are almost parallel to the lines of latitude, and the difference
between daytime and nighttime VTEC values is relatively small, i.e., a
range of variation of 4–8 TECU.

Similar to Figs. 2 and 3 illustrates the global distribution of VTEC

with LT in summer under conditions of high solar activity. In this case,
the VTEC within the plasmasphere over the equatorial region presents a
single-peak structure, which is different to the double-peak structure of
the VTEC within the ionosphere (Pi et al., 1993). In addition, globally,
the VTEC has remarkable hemispheric asymmetry. The VTEC values at
latitudes> 50°S are much lower than in other parts of the world. It is
evident that the peak in VTEC is distributed along the magnetic oblique
equator with a slight deviation toward the Northern Hemisphere. This
indicates that the effect of the geomagnetic field on the distribution of
VTEC is stronger than that of the solar zenith angle. For the equatorial
region, the values of VTEC over South America and the Atlantic Ocean
are considerably smaller than other regions. The maximum value of
VTEC is found over the western and central Pacific Ocean, which is the
opposite of what is shown in Fig. 2, but which demonstrates remarkable
agreement with the results of Zhong et al. (2017). At 18 LT, the VTEC
over South America and the Atlantic Ocean begins to decline, reaching
a value of 6 TECU by 22 LT. However, the peak value of VTEC over the
western and central Pacific Ocean at this time exceeds 8 TECU, before
dropping to its daily minimum at 04 LT. The range of the VTEC peak
shrinks considerably and it can only be observed in small regions of the
Western Pacific. However, it recovers gradually to reach its daily
maximum at 12 LT, maintaining this value until 16 LT.

For the mid- and high-latitude regions of the Southern Hemisphere,
the locations of the peaks and troughs in VTEC magnitude move from

Fig. 3. Global distribution of average VTEC with geographic coordinates in summer under conditions of high solar activity. Black solid line denotes geomagnetic dip
equator, and magnitude of VTEC in each grid is shown according to the color bar below. VTEC isolines with intervals of 1 TECU are also shown. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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west to east with the change of LT. However, the small magnitude of the
VTEC, and the slight and indistinct difference in VTEC between night-
time and daytime, make it impossible to trigger a remarkable WSA
within the plasmasphere.

In addition to the analysis of the characteristics of variation of
global VTEC with local time in summer and winter under conditions of
high solar activity, we also investigated the distribution of global VTEC
during midday (11–13 LT) and midnight (23–01 LT) in March and
September under different conditions of solar activity, as shown in
Fig. 4. It is evident from Fig. 4 that in addition to conditions of high
solar activity in winter, plasmaspheric WSA phenomenon can also be
detected in Spring under conditions of low solar activity and in autumn
under conditions of high solar activity. Moreover, the VTEC trough
structure can be observed over the region between the South Atlantic
Ocean and the southwestern Pacific Ocean.

To display the full range of variation of nighttime VTEC relative to
daytime VTEC, Fig. 5 shows the global VTEC differences between
midnight (23–01 LT) and midday (11–13 LT) in the four seasons under
different conditions of solar activity. The VTEC differences in the low-
latitude region (i.e., within±30°N/S) are less than 0 TECU, and this
region is distributed almost symmetrically about the dip equator. The
VTEC differences in the low-latitude region can reach −10 and −4
TECU under conditions of high and low solar activity, respectively. In
addition, globally, the maximum VTEC difference is found in low-lati-
tude regions. It is evident that there is marked longitudinal change in
VTEC differences: the values of the VTEC differences over the Atlantic
Ocean, Indian Ocean, and mid-Pacific Ocean regions are smaller than
other areas. For mid- and high-latitude regions of the Northern Hemi-
sphere, the minimum VTEC difference in the different seasons under
different conditions of solar activity is always observed in the North
American region, although this expands into the North Atlantic Ocean
in some cases. For mid- and high-latitude regions in the Southern
Hemisphere, there is noticeable divergence in the VTEC differences.
Generally, the values of VTEC differences in the Eastern Hemisphere are
larger than in the Western Hemisphere. In addition, the minimum VTEC
differences are observed within 60°–120°E, and the VTEC between

nighttime and daytime are small within 60°–120°W in the different
seasons under different conditions of solar activity. It is evident that the
most prominent plasmaspheric anomaly is detected in the area of the
Weddell Sea and its surroundings. It is interesting that the VTEC at
nighttime is even larger than in the daytime at the winter and also
autumn equinox under conditions of high solar activity. In spring and
winter, the phenomenon of larger VTEC differences at nighttime com-
pared with daytime can also be observed in some regions of western
Antarctica.

3.2. Variations of VTEC with local time (LT)

The spatial distribution of the plasmaspheric WSA has been outlined
preliminarily in the previous section based on the detailed analysis of
the global variation of VTEC with LT. The results showed the most
noticeable plasmaspheric WSA is within the region 60°–90°S,
60°–120°W. To analyze the characteristics of variation of VTEC with LT
over the Weddell Sea, Fig. 6 displays the variation curves of VTEC in
two grids (60°S, 75°W) and (60°S, 75°E) during different seasons. The
upper and lower maps in Fig. 6 represent time series of VTEC under
high and low solar conditions, respectively.

There are several remarkable differences between maps in Fig. 6.
The first is that the VTEC variability in the former (60°S, 75°W) presents
a prominent plasmaspheric anomaly at the winter solstice under con-
ditions of high solar activity. The second is that the maximum value
does not appear at noon but at 03 LT, while the minimum value appears
at 13 LT. It is also evident that this type of anomaly is impossible to
observe in other seasons. The VTEC in right map (60°S, 75°E) of Fig. 6,
which has the same latitude as left map, shows considerable differences
with respect to that left map, indicating that VTEC presents marked
longitudinal variability. As illustrated in right map, the VTEC values in
different seasons have the same characteristics of change with LT under
high solar condition and no prominent plasmaspheric anomalies are
observed. In addition, the VTEC in each season changes markedly
during the day, with daytime VTEC values approximately three times
greater than nighttime values. Except for the period within 5 h before

Fig. 4. Global distribution of average VTEC with geographic coordinates during midday (11–13 LT) and midnight (23–01 LT) in March and September under
different conditions of solar activity.

P. Chen et al. Journal of Atmospheric and Solar-Terrestrial Physics xxx (xxxx) xxx–xxx

5



Fig. 5. Global distribution of differences in average VTEC during midday (11–13 LT) and midnight (23–01 LT).

Fig. 6. Time series of VTEC in two grids (60°S, 75°W) and (60°S, 75°E) with local time.
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and after dawn, the value of the VTEC at the spring equinox is larger
than at the autumn equinox. In addition, the magnitude of the VTEC in
spring, summer, and autumn shown in right map is always greater than
the corresponding seasonal VTEC value in left map under high solar
activity. The daily maximum VTEC value in left map is 10 TECU under
conditions of high condition, which is slightly smaller than that shown
in right map (i.e., 12 TECU), and the values of VTEC in right map are
considerably smaller than in left map during daytime (06–15 LT) under
high solar activity. However, the VTEC values in left map is always
greater larger in right map during 16–05 LT under conditions of high
solar activity. This phenomenon is agreement with the behavior shown
in Fig. 2, which indicates the occurrence times of maximum and
minimum VTEC values in different longitudes are not synchronized. in
different longitudes.

The lower maps in Fig. 6 displays the time series of VTEC with LT at
two grid points during different seasons under conditions of low solar
activity. It is evident that the values of VTEC are reduced considerably
in comparison with conditions of high solar activity (i.e., by about half).
In addition, in comparison with the map under high solar condition, the
nighttime VTEC in the same grid (60°S, 75°W) appears higher than at
noon in winter solstice under conditions of low solar activity. However,
the occurrence times of the maximum and minimum values of VTEC are
advanced, occurring at 17 and 11 LT, respectively.

3.3. Variations of VTEC with longitude

Fig. 7 illustrates the two-dimensional distribution of VTEC at 60°S as
a function of geographic longitude and LT. The white dots and black
boxes in the figure denote the LT for a given longitude at which the
VTEC reaches its maximum and minimum, respectively. It is evident
that solar activity has little effect on the variability of VTEC with
geographic longitude and LT in the different seasons. In summer, the
pattern of VTEC variability is relatively simple. The maximum VTEC at
different longitudes is observed mostly during 10–15 LT, whereas the
minimum VTEC is detected during 22–05 LT. In addition, the values of
VTEC are considerably lower between 0° and 90°S than in other regions,
consistent with the behavior of VTEC shown in Fig. 4. However, the
characteristics of variability of VTEC in winter are different from
summer; the LTs of the maximum and minimum VTEC values change
with geographic longitude. The maximum VTEC at 90°S appears at 02
LT and the time is delayed from the Southern Hemisphere to the
Northern Hemisphere. There is almost linear correlation between the
occurrence times of the maximum and minimum values of VTEC and
geomagnetic latitude. For example, the occurrence times of peak VTEC
at 0°E, 150°E, 150°W, and 105oW are 06, 12, 15, and 23 LT, respec-
tively, which illustrates the variability of the occurrence times of
maximum VTEC. This variability in occurrence time can also be found
in relation to the minimum VTEC, which appears at noon or midnight.
For instance, the maximum VTEC is observed over the region 45°–90°W

Fig. 7. Two-dimensional distributions of VTEC at 60°S as a function of geographic longitude and LT. The white dots and black boxes denote the LTs and longitude at
which the maximum and minimum VTEC values are observed, respectively.
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during 12–15 LT. It is clear that the maximum and minimum VTEC
values over the region 45°–100°W (marked by the green box) are ob-
served at nighttime and noon, respectively. Furthermore, the variability
of the magnitude of the VTEC is higher in summer and winter than in
spring and autumn. The occurrence time of VTEC peak varies with
geographic longitude, although the differences are slight. The max-
imum value of VTEC appears at 08 and 18 LT.

4. Discussion

Today, there is still no commonly accepted mechanism for the for-
mation of the WSA. One widely accepted explanation was proposed by
Dudeney and Piggott (1978), who attributed the existence of the WSA
to a combination of thermospheric neutral winds and magnetic decli-
nation effects. The former acts to transport plasma equatorward and
upward along magnetic field lines from higher magnetic latitudes in the
summer hemisphere, which is where plasma persists for longer periods
because of the reduced loss rates at higher altitudes. Chen et al. (2011)
performed SAMI2 model simulations of the WSA. They concluded that
the equatorward neutral wind is the critical driver for WSA formation
because it sustains the ionospheric layer at a higher altitude, which
results in plasma accumulation.

During the polar summer, high geographic latitudes are sunlit
during the entire day, leading to prolonged photoionization (He et al.,
2009; Chen et al., 2011). This is the most essential process for the ex-
istence of the nighttime maximum in the VTEC diurnal variation at the

geographic latitudes of the WSA. The offset between the geomagnetic
and geographic poles is one of the main reasons for the longitudinal
variations in the thermosphere/ionosphere system (Knyazeva et al.,
2011) and it plays an important role in determining the location of the
WSA via the mechanisms mentioned above.

The effective vertical drag triggered by the horizontal neutral wind
is given as a sinusoidal function of the inclination and declination of the
geomagnetic field, and Liu et al. (2010) and Slominska et al. (2014)
provided a composite equation that describes the effective vertical drift
velocity (EVDV) and the neutral wind. Subsequently, Ryu et al. (2016)
provided a revised formulation valid for both hemispheres, because the
previously introduced equations adopted a convention of different signs
according to hemisphere, which could lead to erroneous interpreta-
tions:

= − ⋅ ⋅ + ⋅ ⋅V W W I0.5 ( cosD sinD) sin 2eff m z (1)

where Veff denotes the vertical drift velocity with positive value for the
upward direction, Wm and Wz are the geographic meridional wind in the
northward direction and the zonal wind in the eastward direction, re-
spectively, and D and I are the magnetic declination and inclination,
respectively.

The WSA in the plasmasphere is very similar to that in the iono-
sphere. Here, we investigated a possible mechanism for the occurrence
of the WSA by studying the correlation between the vertical drift caused
by the horizontal neutral wind and the VTEC. The HWM (Horizontal
Wind Model) 16 model can only provide neutral wind information

Fig. 8. Global distribution of the effective vertical drift velocity at altitude of 500 km on doy 360 (Southern Hemisphere summer).
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below the altitude of 500 km (Drob et al., 2015), therefore, this section
discusses the global characteristics of variation of the vertical drift
caused by the horizontal neutral wind above the altitude of 500 km and
its correlation with plasmaspheric VTEC.

Fig. 8 displays the global distribution of EVDV above the altitude of
500 km in winter (doy=360). Comparison with the global distribution
of VTEC in winter (shown in Fig. 2) reveals high correlation between
EVDV and VTEC. As illustrated in Fig. 8, the VTEC in the plasmasphere
presents a prominent WSA phenomenon in summer in the Southern
Hemisphere. The EVDV increases considerably over the southeastern
Pacific Ocean within the latitudinal range of 30°–60°S from 18 LT, the
maximum value of which exceeds 30m/s. Then, it increases further to
20 LT. At 22 LT, the maximum EVDV over this region reaches 60m/s,
and the peak range of the EVDV moves over the Weddell Sea and the
southern Atlantic Ocean. Subsequently, the peak of the EVDV is ob-
served over southern parts of the South Atlantic Ocean, South America,
and Antarctica at 00 LT. It then moves eastward during 02–06 LT,
reaching a maximum value of 70m/s at 04 LT. From 00 to 06 LT, the
EVDV is relatively more significant in the region over 30°S in the
Southern Hemisphere than in other regions, with values tending toward

zero over low-latitude regions. This low-latitude feature of the EVDV is
consistent with the increase in VTEC at the equator during 00–06 LT.
Later, the EVDV in the Southern Hemisphere begins to decrease at 08
LT, while it increases considerably over low-latitude regions. At 12 LT,
the values of EVDV are most prominent in the equatorial region with
peaks over the Indian Ocean. Meanwhile, the values of EVDV in the
eastern Pacific Ocean and over South America are smaller than in other
equatorial regions. At this time, the peak of EVDV of 10m/s in the
Southern Hemisphere is concentrated over the southern Indian Ocean
and Antarctica, while the values of EVDV in the region between 0°W
and 150°W tend toward zero. At 16 LT, the area of zero EVDV in the
Southern Hemisphere begins to shrink, accompanied by an expanding
area of positive EVDV over the eastern Pacific Ocean, South America,
and South Atlantic Ocean regions. This evolution of EVDV over these
regions is in agreement with the spatiotemporal variation of VTEC
displayed in Fig. 2.

Fig. 9 illustrates the global distribution of EVDV at altitude of
500 km on doy 180 (Southern Hemisphere winter). Comparison with
Fig. 8 reveals a remarkable positive EVDV in summer in the Southern
Hemisphere during nighttime, which is different to the winter in the

Fig. 9. Global distribution of effective vertical drift velocity at altitude of 500 km on doy 180 (Southern Hemisphere winter).
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Northern Hemisphere. Fig. 9 shows an area of large values of EVDV in
Southeast Pacific Ocean at 18 LT. This area generally moves eastward
with increasing amplitude and time, which is similar to the variability
of EVDV during winter, although the amplitude and area of influence
are relatively smaller, which is the main reason for the lack of a dis-
cernible WSA in summer in the Southern Hemisphere.

Sunshine hours may be the another essential factor which related to
the formation of plasmaspheric WSA. Fig. 10 displays the number of
hours of sunshine as a function of geographic latitude and day of year.
Sunshine hours at 60°S exceed 18 h in winter (Northern Hemisphere)
and reach 24 h in regions> 70°S, characterized by the polar day. The
area of extended sunshine hours covers the mid- and high-latitude re-
gions in the Southern Hemisphere, and these areas even have high le-
vels of solar radiation during nighttime, causing the electron density to
remain high. The strong EVDV means free electrons can propagate
higher into outer space, which triggers a prominent WSA phenomenon.
While in summer (Northern Hemisphere), the number of sunshine hours
at 60°S and> 70°S tend toward six and zero. Although the values of
EVDV appear high during nighttime at that time, the reduced sunshine
hours and low level of electron concentration can hardly result in en-
hancement of the plasmaspheric electron density.

5. Conclusions

In this paper, the plasmaspheric WSA has been investigated com-
prehensively using the VTEC derived from measurements by COSMIC
onboard GPS receivers. In addition, we studied the spatiotemporal
distributions and patterns of variability of nighttime VTEC in mid- and
high-latitude regions in different seasons under different conditions of
solar activity.

Results showed that a prominent plasmaspheric WSA could be de-
tected, especially in conditions of high solar activity. The amplitude and
area of the plasmaspheric WSA are both larger under conditions of high
solar activity than low solar activity. A plasmaspheric WSA with small
amplitude could also be observed in autumn and winter under condi-
tions of high solar activity, whereas no prominent plasmaspheric MSNA
was observed in summer, which is different to the ionosphere.

Based on the result we carried out in this paper, we further in-
vestigated the mechanism of WSA. We analyzed effective vertical drag
velocity (EVDV) triggered by the horizontal neutral wind and sunshine

hours in different season (i.e. Summer and Winter), and carried out the
preliminary conclusion that the equatorward neutral wind and sunshine
hours may be the critical driver for WSA formation. In addition, the
offset between the geomagnetic and geographic poles also plays an
important role in determining the location of the WSA.

The plasmasphere is located at a different altitude range to the io-
nosphere, and the space environment between them is relatively dif-
ferent. Therefore, further study based on reliable multisource data is
need.
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