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Abstract

The Weddell Sea Anomaly (WSA) is defined when the nighttime plasma density is greater than the daytime density
in the area near the Weddell Sea, more specifically in the region limited by 50° S–70° S in latitude and 225° E–315° E
in longitude. A similar ionospheric anomaly is also observed near the Okhotsk Sea in the northern hemisphere,
and such a feature was named as Okhotsk Sea Anomaly (OSA).
The objective of this work is to infer possible physical causes of the WSA and OSA phenomena. To that end, we
applied the principal component analysis (PCA) technique to the vertical total electron content (VTEC) from global
International GNSS Service (IGS) in order to analyze the temporal and spatial variations of the ionosphere during
noon and night in far-from-magnetic pole regions, during a 3-year period at high (2000–2002) and low (2006–2008)
solar activity conditions.
The first mode of PCA applied on VTEC scattering represents on average the 93 % of the total VTEC variability. Thus,
the PCA expansions up to mode 1 resulted enough to show WSA and OSA during summer solstices in both solar
activity conditions, as well as WSA during spring equinox during low solar activity. Besides, the analysis of the
temporal variations of these first modes should provide the interpretation of a probable physical explanation to the
observed anomalies. We conclude that the main contributors to the anomalies should be a combination of the
same physical mechanisms that explain annual variation and semiannual anomaly in that regions located far from
the magnetic poles.
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Background
Having the greatest concentration of free electrons, the
F2 region of the ionosphere is of huge interest in radio
propagation. Among its characteristics, it is the most
variable, anomalous, and difficult region to predict. Major
deviations from Chapman theory (Chapman 1931), which
is based on the regular variability of the electron concen-
trations with solar zenith angles, are named “anomalies.”
Many ionospheric researchers (Bellchambers and Piggott
1958; Penndorf 1965; Dudeney and Piggott 1978) studied
the F2 layer over Antarctica using ground-based iono-
sondes. They found a region near the Antarctic Peninsula
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including the Weddell Sea area with an anomalous
behavior in f0F2. This phenomenon was called the
Weddell Sea Anomaly (WSA). The WSA is character-
ized by higher electron densities during the night
than during the day, where the authors considered
night the time interval between 10 p.m. to 4:00 a.m.
local time (LT) and day the interval of 10:00 a.m. to
6:00 p.m. LT (Lin et al. 2009). Recently, several au-
thors (Horvath and Essex 2003; Horvath 2006; Burns
et al. 2008; Lin et al. 2009; Jee et al. 2009; He et al.
2009; Liu et al. 2010) based on remote sensing and
ionosonde data show that the WSA extends in a
region located west to the Antarctica Peninsula.
There are several physical mechanisms proposed that

may contribute to the formation of the WSA. In the
1960s, Penndorf (1965) associated the anomaly with
high-latitude convection patterns, but later, this theory
le distributed under the terms of the Creative Commons Attribution License
hich permits unrestricted use, distribution, and reproduction in any medium,
.

http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-015-0281-4&domain=pdf
mailto:paula@fcaglp.unlp.edu.ar
http://creativecommons.org/licenses/by/4.0


Meza et al. Earth, Planets and Space  (2015) 67:106 Page 2 of 14
was rejected because the region near the Weddell Sea is
located at mid-geomagnetic latitudes, which means high
geographic latitudes. Later, this phenomenon was associ-
ated with the longer daylight hours at these latitudes
during summer and a combination of neutral winds
blowing equatorward from day to night and from sum-
mer to winter (Dudeney and Piggott 1978). Horvath and
Essex (2003), using global TOPEX/Poseidon observa-
tions and based on the previous results in Dudeney and
Piggott (1978), demonstrated that this anomaly is related
with the Equatorial Ionization Anomaly (EIA). They also
showed the estimated size of the anomaly and assever-
ated that it is located west of the Antarctic Peninsula
over the Bellingshausen Sea and not over the Weddell
Sea. In fact, the authors suggested that the correct name
should be Bellingshausen Sea Anomaly instead of WSA.
Lin et al. (2009) described a three-dimensional structure
of the WSA by using ionospheric vertical density profiles
observed by the FORMOSAT-3/COSMIC. The authors
point out that the major reasons for producing this
anomalous characteristic may be in the increment of the
electron density at the southern part of the EIA along
with stronger neutral winds to the equator at longitude
of 90° W and an offset of the magnetic equator to the
south and the magnetic declination to the east. They
also found a similar anomalous feature in the northern
hemisphere (40° N–60° N in latitude and 120° E–140° E
in longitude) in June solstice. This result confirms that
the hypothesis of the offset between magnetic and geo-
graphic equators may be a sustaining feature that leads
to the formation of the WSA. Liu and Yamamoto (2011)
and Lin et al. (2010) called this effect as “Midlatitude
Summer Night Anomaly” (MSNA). The work by He
et al. (2009) on this anomaly based on FORMOSAT/
COSMIC data concludes that a possible cause for the
NmF2 and the hmF2 increases could be due to the ther-
mospheric wind effect. Furthermore, it states that
photoionization is a first-order effect during the local
summer and that the WSA arises from the evening en-
hancements induced by the winds and favored by the
geometry of the magnetic field.
Chen et al. (2011) used SAMI2 model to simulate the

WSA, and they identified various causal mechanisms.
Their major findings about WSA formation are as fol-
lows: the equatorward neutral wind is the critical driver,
the plasmaspheric downward flux is another driver but
not a critical one, and both the magnetic offset and the
declination of the magnetic field are very important. All
these results suggested various possible physical drivers
that may contribute to the formation of the WSA, but
their relative importance is not clearly identified.
The Global Ionospheric Maps (GIMs) are computed

by distinguished research groups dedicated to iono-
spheric studies with GPS observations. The GIM files
are available in the IONEX (IONosphere map EX-
change) format (Schaer et al. 1998), and they contain the
vertical total electron content (VTEC) values on a 2.5° ×
5° grid at regular intervals of latitude and longitude.
Principal component analysis (PCA) is a useful numer-

ical technique for the investigation of the spatial and
temporal variability of physical phenomena. This math-
ematical procedure is based on orthogonal transform-
ation from a set of correlated variables into a set of
uncorrelated variables, the last ones called principal
components. Many authors have used this numerical
tool for ionospheric studies (Zhao et al. 2005; Meza and
Natali 2008).
In this paper, we show the existence of the Weddell

Sea Anomaly and an equivalent feature in the northern
hemisphere named as Okhotsk Sea Anomaly (OSA), tak-
ing into account their geomagnetic, seasonal, and solar
activity dependences. To this aim, the anomalies were
detected from the spatial and temporal ionospheric vari-
ability revealed through PCA application to the GIMs.
Our work proposes to consider the VTEC values at 22
LT and at 12 LT in both regions (far from the geomag-
netic polar areas) and for two different solar conditions:
during 2000–2002 accounting for high solar activity and
2006–2008 for low solar activity, respectively. When the
difference between VTEC at night and VTEC at midday
is positive, the anomaly is recorded. Thus, a lineal com-
bination of these two parameters should obey to the
same physical causes that produce the variations of the
VTEC night and VTEC midday separately. This relation
is studied at different points belonging to the respective
regions and for each day during the periods of our ana-
lysis. The “Methods” section describes data arrange-
ments prior to PCA application as well as the main
steps of the numerical procedure. In the “Results and
discussion” section, we analyze the temporal and spatial
behavior of VTEC values at night and midday separately
using PCA, and we present a discussion about the phys-
ical framework and the relative importance of the differ-
ent excitation mechanisms. Finally, the conclusions are
presented.

Methods
Data selection
Global VTEC maps from International GNSS Service
(IGS) were used in this work. These maps provide iono-
spheric electron content information every 2 h in a grid
of 2.5° in latitude and 5° in longitude.
In order to represent high and low solar activity pe-

riods, two intervals of 3 years each were selected: 2000
to 2002 and 2006 to 2008, respectively. Because we are
interested in analyzing the ionospheric response to simi-
lar solar radiation conditions on different locations, the
data set was ordered to obtain one map per day at two
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selected local times: 12 LT (noon) and 22 LT (night).
Thus, the initial data set of 13,152 maps for high solar
activity and the same for low solar conditions was re-
duced to a set of 1096 maps for each 3-year period. The
reordering scheme was as follows: assuming that the
ionosphere does not change in a 2-h window, we consid-
ered slices of 30° each centered on the same local time,
from all the maps for each day. Then, the slices were
merged into a new VTEC map corresponding to their
central longitude. Thus, following this procedure, a new
VTEC map was built matching to the local time selected
(for example, 12 LT).
For the analysis, we built new VTEC maps corre-

sponding to local time 12 LT and 22 LT. Two regions
defined between 40° W–140° W in longitude and 50° S–
70° S in geographic latitude for the southern hemisphere
and the other one in the northern hemisphere, which is
limited by 90° E–170° E in longitude and 40° N–70° N in
latitude, were selected in order to show the WSA and
OSA properly.
PCA application
Principal component analysis (PCA) is a powerful
technique for multivariate time series analysis. The
technique assumes that a set of observed variables
are correlated through first-order linear dependen-
cies and provides a way to build a new set of uncor-
related variables that allow the reconstruction of the
complete observed data set. This feature is a strong
motivation to use PCA for there may be a good
chance that a small set of uncorrelated variables that
completely represents a data set can also be related
to a combination of a small number of independent
physical phenomena.
The set of uncorrelated variables provided by PCA

is an orthonormal base of minimum dimension. The
shape of these eigenvectors is determined by the
observation set. Thus, they may not necessarily be
described by means of simple mathematical expres-
sions. This is the reason why PCA is a well-suited
technique for multivariate data set analysis on which
the underlying phenomena are not known to be a
superposition of well‐known components that would
point other techniques (e.g., Fourier analysis) as more
adequate.
We present a brief description of the technique;

further details about algebraic foundations of PCA can
be found in Preisendorfer (1988) and Wackernagel
(1998).
Let V contain the VTEC information coming from

GIMs as was described in the “Data selection” section,
where the columns and rows are the temporal and the
spatial variation, respectively,
V tecij ¼ vij t; xð Þ ¼
V tec11 ⋯ V tec1m

⋮ ⋱ ⋮
V tecn1 … V tecnm

0
@

1
A

i ¼ 1;…; n; j ¼ 1;…;m

ð1Þ

Applying PCA, first, we subtract the time average on
each row ( �vij ).

V ′ ¼ v′ij t; xð Þ ¼ vij t; xð Þ−�vij xð Þ ð2Þ
This new data set has zero mean.
In a second step, we define the scatter matrix, S, as:

S ¼ V ′TV ′ ð3Þ
As S is a square matrix, it has a set of orthonormal ei-

genvectors, and this represent the last step. This proced-
ure allow to represent S in a new basis. Using the
eigenvectors ej, it is possible to construct the principal
components aj of the data set:

A ¼ V ′TE or aj ¼ v′Tijej ð4Þ
where the columns of E, {e1, e2, …, en}, are the eigen-
vectors of S.
Multiplying Eq. (4) from the right by ET, and using the

property that EET = ETE = I, the original zero-mean data
set can be expressed in the following form:

AET ¼ V ′T or aje
T
j ¼ v′Tij ð5Þ

The original data set Eq. (1) can be written with PCA
as:

vTij ¼ �vTij þ ajeTj ð6Þ
The eigenvectors (ej) represent the spatial structure of

the ionospheric variability while the coefficients (aj)
characterize the temporal information called principal
components. Thus, we call modes of variability to eigen-
vector and principal components together. The eigen-
value sizes are used to order the modes from biggest to
smallest. As the eigenvalue decreases very fast, a few
modes are enough to represent most of the original
signal.

Results and discussion
VTEC maps from IGS were used to show the WSA and
OSA occurring in the southern and northern hemi-
spheres, respectively. Both anomalies are characterized
by higher electron density at night than at noon.
Figure 1a, b shows monthly averaged difference be-

tween VTEC at 22 LT and 12 LT over the 3 years for
high and low solar activity, respectively, for the WSA re-
gion. The anomaly is clearly shown in January, February,
November, and December (summer solstice) both for
high and low solar activity. In addition, the maps also



Fig. 1 Weddell Sea region. a Differences between monthly averaged VTEC values at night and the respective ones at midday for high solar
activity (2000–2002). Positive values indicate the anomaly. Colorbar units are in TECU. b Differences between monthly averaged VTEC values at
night and the respective ones at midday for low solar activity (2006–2008). Positive values indicate the anomaly. Colorbar units are in TECU
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show a much slighter anomaly during October (equinox)
in low solar activity.
Figure 2a, b shows monthly averaged difference be-

tween VTEC at 22 LT and 12 LT over the 3 years for
high and low solar activity, respectively, for the OSA re-
gion. OSA anomaly can be seen in June and July (sum-
mer solstice) for high solar activity and in May, June,
and July (summer solstice) for low solar activity. OSA
anomaly is smaller and the values are lower than WSA
in summer solstice and is absent in the equinox. Equiva-
lent features were observed by Lin et al. (2009) using
Global VTEC maps.
In the following, we analyze the temporal and spatial

behavior of VTEC values at night and noon separately
using PCA. Eight 3-year daily map series as described in
the “Data selection” section were analyzed using this nu-
merical technique. For WSA, daily map series for years
2000–2002 and 2006–2008 and for local times 12 LT
and 22 LT were computed, producing four maps. For
OSA region, another four equivalent map series were
selected.
Figure 3a, b shows the percentage of variability repre-

sented by the first ten modes for the eight 3-year map
series for the two regions described in the “Data
selection” section. One can see that mode 1 is having an
average of 93 % of the total observed variability. Consid-
ering that the first mode can be written as the product
( a1⋅eT1 ), where e1 contains the spatial variation and a1
contains the temporal variation of the data set, the units
of the product of e1 and a1 are in TECU (1 TECU = 1016

electrons/m2). From Eq. (6), we can rewrite the values of
VTEC as follows:

VTECnight t; xð Þ ¼ VTEC
�

night xð Þ þ a1 tð ÞeT
1
xð Þ

h i
night

ð7Þ

VTECnoon t; xð Þ ¼ �VTEC
�

noon xð Þ þ a1 tð ÞeT
1
xð Þ

h i
noon

where VTECnight and VTECnoon are the synthetized data,
t the day of year, and x is the geographical latitude and
longitude.
In the following, we show the results of mode 1 PCA

analysis along with the two periods representing low and
high solar activity in both regions of interest. Figures 4,
5, 6, and 7 illustrate Eq. (7) showing the amplitude of
the temporal variation, a1 (top), eigenvector or spatial
variation, e1 (middle), and time average VTEC value



Fig. 2 Otkhotsk Sea region. a Differences between monthly averaged VTEC values at night and the respective ones at midday for high solar
activity (2000–2002). Positive values indicate the anomaly. Colorbar units are in TECU. b Differences between monthly averaged VTEC values at
night and the respective ones at midday for low solar activity (2006–2008). Positive values indicate the anomaly. Colorbar units are in TECU
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(bottom). Figures 4 and 5 illustrate this during high and
low solar activity, respectively, in the southern hemi-
sphere, showing noon conditions (left) and night ones
(right). Figures 6 and 7 are equivalent to Figs. 4 and 5
but for the northern hemisphere.
Focusing on the bottom of Figs. 4c, f, 5c, f, 6c, f, and

7c, f, we can see that performing the difference between
time average VTEC values at night and at noon (first
term of Eq. (7)) the result is always negative and this
means there is no evidence of the anomaly. Therefore,
the anomaly is mathematically expressed in the second
term of Eq. (7). Thus, we will focus on the spatial and
temporal variability of the first mode. Figure 4 allows us
to analyze the first mode of PCA on VTEC for noon
and night separately, during high solar activity at the
Weddell Sea region. In Fig. 4d, we can see a strong an-
nual variation at night with maximum value in summer,
and a semiannual variation at midday with maximum
values near the equinoxes is seen in Fig. 4a. Figure 5a, d
shows the same as Fig. 4a, d but for low solar conditions.
Here, there is also a strong annual variation at night
with maximum value in summer, but the semiannual
variation at midday is overlapped by an annual one
(Natali and Meza 2010).
Figure 6 displays the first mode of PCA on VTEC

showing noon and night during high solar activity in
the Okhotsk Sea region. Figure 6d shows an annual
variation at night with maximum values during sum-
mer, and a strong semiannual variation during midday
is seen in Fig. 6a. This feature can also be seen dur-
ing low solar activity (Fig. 7a, d). In this case, both
components, annual and semiannual, have almost the
same amplitude. The PCA method decomposes the
information in spatial and temporal variation, and



Fig. 3 a, b Variability percentage represented by the first ten modes for the eight selected 3-year map series for the southern and northern
hemispheres, respectively
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these features help us to infer the physical causes of
the anomaly. To that end, we physically analyzed the
components of the second term of Eq. (7), hereafter
called variability.
With the objective of confirming that the observed

phenomena only happens in the Weddell and Okhotsk
Sea areas, the former analysis was repeated in two con-
trol regions at the same latitude and during the same pe-
riods of high and low solar activity conditions. The
southern control region extends from 10° E to 110° E in
longitude while the northern control area extends from
40° W to 40° E. Additional files 1, 2, 3, 4, 5, 6, 7, and 8
resembled Figs. 4, 5, 6, 7, 8, and 9 but for the control
zones aforementioned.
During high solar activity period, focusing on the adja-

cent Weddell Sea control area (not shown, Additional
file 1), we can observe that the variability ( a1 tð ÞeT1 xð Þ� �

)
at midday is comparable with respect to the correspond-
ing values at the Weddell Sea area (Fig. 4), while at
night, variability values in the control area are almost
a half. On the other hand, pointing on the northern
control area (Additional file 3), variability values at
noon are comparable although at night they are al-
most 30 % smaller than the respective values at the



Fig. 4 First mode of PCA (a1⋅eT1) on VTEC at local noon (left) and at local night (right) in the Weddell Sea region during high solar activity
(2000–2002). Amplitude of the temporal variation (a1) multiplied by a factor of 10−2 (a, d), eigenvector or spatial variation (e1) (b, e), and the time
average VTEC value (c, f)
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Okhotsk Sea area (Fig. 6). Thus from Eq. (7), in both
cases, VTECnight(t, x) results were always smaller than
VTECnoon(t, x), and consequently, they are not anom-
alous behaviors.
During low solar activity conditions, observing both

variability and time average VTEC values at the southern
control area (not shown, Additional file 2), we can see
bigger values at midday and smaller values at night than
the respective variables at the Weddell Sea (Fig. 5).
Moreover, in the northern control area (not shown,
Additional file 4), variability at noon is similar but vari-
ability at night is slightly smaller than the respective
values at the Okhotsk Sea area (Fig. 7). Again, VTEC-

night(t, x) results were smaller than VTECnoon(t, x) in
both control areas showing that they are not anomalous
behaviors.
From the analysis of the VTEC time variability

(Figs. 4a, f, 5, 6, and 7a, f ), we should conclude that the



Fig. 5 Idem Fig. 4 (Weddell Sea region) but during low solar activity conditions (2006–2008) (a–f)
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main contributions to the anomalies (WSA and OSA)
are a combination of the same physical mechanisms that
explain annual variation and semiannual anomaly in re-
gions located far from the magnetic poles, i.e., the Asian
and South Atlantic sectors (Rishbeth 1998). Millward
et al. (1996) analyze the composition and meridional
wind fields using a coupled thermosphere-ionosphere-
plasmasphere (CTIP) model in two locations in the
southern hemisphere: one far from the pole and the
other near the pole. They found from comparing the
meridional component of the neutral air wind at noon
that the poleward wind at the far-from-pole area was al-
ways greater in magnitude than the same wind compo-
nent at the near-pole location. This situation specially
occurs in winter where the difference is maximum
(Fig. 5). Considering that the vertical velocity of ion can
be described as U*sin(I)*cos(I), where U is the merid-
ional wind and I is the dip angle, and I at the far-pole re-
gion is smaller than in other longitudes at the same
geographical latitudes, therefore the vertical velocity



Fig. 6 First mode of PCA (a1⋅eT1) on VTEC at local noon (left) and at local night (right) in the Otkhotsk Sea region during high solar activity
(2000–2002). Amplitude of the temporal variation (a1) multiplied by a factor of 10−2 (a, d), eigenvector or spatial variation (e1) (b, e), and the time
average VTEC value (c, f)

Meza et al. Earth, Planets and Space  (2015) 67:106 Page 9 of 14
(downwelling due to poleward wind) of ion is larger at
noon in the far-pole region than the near-pole region.
Rishbeth and Müller-Wodarg (1999) also study the verti-
cal circulation and thermospheric composition using the
CTIP model; they found that at noon in the winter
hemisphere in longitude sectors far from magnetic poles,
the downwelling motion occurs at lower latitudes of the
auroral oval over a zone about 20° wide, and the [O/N2]



Fig. 7 Idem Fig. 6 (Otkhotsk Sea region) during low solar activity conditions (2006–2008) (a–f)
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ratio is larger than in the near-pole sector longitudes,
but the NmF2 is very small due to the lack of sunlight.
Following Rishbeth 1998, in far-from-pole regions dur-
ing winter, the downwelling region is in twilight or
darkness at noon giving thus not enough ionizing radi-
ation to increase the electron density. Then, the NmF2
rises from winter to equinox because the effect of the
decreasing solar zenith angle is larger than the result



Fig. 8 Weddell Sea region. a Differences between monthly averaged estimated VTEC values from PCA synthesis (Eq. (7)) at night and the
respective ones at midday during high solar activity (2000–2002). Positive values indicate the anomaly. Colorbar units are in TECU. b Differences
between monthly averaged estimated VTEC values from PCA synthesis (Eq. (7)) at night and the respective ones at midday during low solar
activity (2006–2008). Positive values indicate the anomaly. Colorbar units are in TECU
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from changing the neutral air composition. Going from
equinox noon to summer noon, there is not a great
change in the solar zenith angle and the variations in
[O/N2] have the great effect producing a decrease in
NmF2 in summer. Thus, both effects combined justified
the well-known observed semiannual anomaly.
On the other hand, in the far-from-pole region at

night, the VTEC annual variation with maximum in
summer is reinforced because the region is sunlight all
night and the horizontal neutral winds blow towards the
equator, which drive the ionization up the magnetic field
lines (Millward et al. 1996; Rishbeth 1998; Fuller-Rowell
1998). The former causes explain the annual variation
observed in the time series of the first mode PCA at
local night (Figs. 4d, 5d, 6d, and 7d).
From the former comparison between Weddell and

Okhotsk Sea regions with respect to their respective ad-
jacent control areas, we could asseverate that the equa-
torward neutral winds in summer night plays an
important role in the generation of both observed VTEC
anomalies.
Therefore, looking at the components of the second

term of Eq. (7), the combination of both effects in far-
pole regions produces positive values of the difference
between VTEC at night and the respective values at
noon in both summer solstices and in southern spring
during low solar activity. This conclusion reinforced the
ideas previously expressed by Horvath (2006) and Jee
et al. (2009) who asseverated that the most important
factor to produce the WSA is the neutral wind effects
on reducing the electron density during the day and en-
hancing the density at night. Following the same reason-
ing, OSA could also be explained.
In order to check the goodness of the PCA technique,

we reconstruct the signal as shown in Figs. 8a, b and 9a,
b. Figure 8a, b shows the maps that result from subtract-
ing night–noon mode 1 PCA synthetized maps for WSA
region using monthly average over the three respective
years as shown in Fig. 1a, b. Note the similarity between
these maps and the ones shown in Fig. 1a, b and the
presence of WSA in January, November, and December
for high solar activity and in January, February, Novem-
ber, and December for low solar activity.
Figure 9a, b is equivalent to Fig. 8a, b but for the

northern hemisphere at OSA region. In this case, we
also can see a clear correspondence with the maps



Fig. 9 Otkhotsk Sea region. a Differences between monthly averaged estimated VTEC values from PCA synthesis (Eq. (7)) at night and the
respective ones at midday during high solar activity (2000–2002). Positive values indicate the anomaly. Colorbar units are in TECU. b Differences
between monthly averaged estimated VTEC values from PCA synthesis (Eq. (7)) at night and the respective ones at midday during low solar
activity (2006–2008). Positive values indicate the anomaly. Colorbar units are in TECU
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shown in Fig. 2a, b. OSA is presented in June and July
for high solar activity and in May, June, and July for low
solar activity.
Finally, the goodness of the PCA technique was also

tested in both control areas (not shown, Additional files
5, 6, 7, and 8. From these figures, we can see that the
monthly average maps of the difference between mode 1
PCA synthetized VTEC values at night and the respect-
ive at noon (Eq. (7)) during high and low solar activity
do not show anomalous VTEC behavior.

Conclusions
In this work, we use PCA analysis on IONEX data to
highlight the existence of both WSA and OSA. This
technique separates the main orthonormal component
of the VTEC scattering. In this case, the first mode rep-
resents the 93 % of the total VTEC variability, emphasiz-
ing the semiannual and annual ionospheric variations at
noon and at night, respectively.
We found that the WSA is developed at the west of

the Antarctic Peninsula over the Bellingshausen Sea and
a similar anomaly is recorded in the northern hemi-
sphere at high latitudes at about 130° E in longitude, re-
ferred here as Okhotsk Sea Anomaly (OSA).
When computing the difference between the time

average VTEC values at 22 LT and at 12 LT, it results
negative and thus it is not anomalous. Instead, when
adding the difference between the time average VTEC
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values at night and at noon to its spatial and temporal
variability (Eq. (7)), the anomaly is shown. This anomalous
behavior is present in both regions during summer in
high and low solar activity and also in spring at the
southern hemisphere during low solar activity.
In order to find out a physical explanation of the

observed anomalies, we analyzed the time variations
of the components of the second term of Eq. (7).
We conclude that the main contributions to the
anomalies (WSA and OSA) should be a combination
of the same physical mechanisms that explain annual
variation and semiannual anomaly in that regions lo-
cated far from the magnetic poles. The most import-
ant factor is the neutral wind effect on reducing the
electron density during the day and enhancing the
density at night (Horvath 2006; Jee et al. 2009). In
particular, we conclude that the equatorward neutral
wind during nighttime could play an important role
in the generation of these anomalies.
Additional files

Additional file 1: Figure S4. First mode of PCA in the adjacent
Weddell Sea control area during high solar activity (2000–2002). First
mode of PCA (a1⋅eT1) on VTEC at local noon (left) and at local night
(right) in the adjacent Weddell Sea control area during high solar activity
(2000–2002). Amplitude of the temporal variation (a1) multiplied by a
factor of 10−2 (top), eigenvector or spatial variation (e1) (middle), and the
time average VTEC value (bottom).

Additional file 2: Figure S5. First mode of PCA in the adjacent
Weddell Sea control area during low solar activity (2006–2008). Idem
Figure S4 (adjacent Weddell Sea control area) but during low solar
activity conditions (2006–2008).

Additional file 3: Figure S6. First mode of PCA in the adjacent
Otkhotsk Sea control area during high solar activity (2000–2002). First
mode of PCA (a1⋅eT1) on VTEC at local noon (left) and at local night
(right) in the adjacent Otkhotsk Sea control area during high solar activity
(2000–2002). Amplitude of the temporal variation (a1) multiplied by a
factor of 10−2 (top), eigenvector or spatial variation (e1) (middle), and the
time average VTEC value (bottom).

Additional file 4: Figure S7. First mode of PCA in the adjacent
Otkhotsk Sea control area during low solar activity (2006–2008). Idem
Figure S6 (adjacent Otkhotsk Sea control area) during low solar activity
conditions (2006–2008).

Additional file 5: Figure S8a. Difference of mode 1 PCA synthetized
maps between night and noon for the adjacent WSA region using
monthly average during high solar activity. Adjacent Weddell Sea region:
differences between monthly averaged estimated VTEC values from PCA
synthesis (Eq. (7)) at night and the respective ones at midday during high
solar activity (2000–2002).

Additional file 6: Figure S8b. Difference of mode 1 PCA synthetized
maps between night and noon for the adjacent WSA region using
monthly average during low solar activity. Adjacent Weddell Sea region:
differences between monthly averaged estimated VTEC values from PCA
synthesis (Eq. (7)) at night and the respective ones at midday during low
solar activity (2006–2008).

Additional file 7: Figure S9a. Difference of mode 1 PCA synthetized
maps between night and noon for the adjacent Otkhotsk region using
monthly average during high solar activity. Adjacent Otkhotsk Sea region:
differences between monthly averaged estimated VTEC values from PCA
synthesis (Eq. (7)) at night and the respective ones at midday during high
solar activity (2000–2002).

Additional file 8: Figure S9b. Difference of mode 1 PCA synthetized
maps between night and noon for the adjacent Otkhotsk region using
monthly average during low solar activity. Adjacent Otkhotsk Sea region:
differences between monthly averaged estimated VTEC values from PCA
synthesis (Eq. (7)) at night and the respective ones at midday during low
solar activity (2006–2008).
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