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Abstract This paper investigates and quantifies the causes of the Weddell Sea Anomaly (WSA), a region
near the tip of South America extending from approximately 30° to 120°W geographic longitude and 50° to
75°S geographic latitude at solar minimum between 2007 and 2010. This region is unusual because the
midnight peak electron density exceeds the midday peak electron density in summer. This study is far more
quantitative than previous studies because, unlike other models, it assimilates selected data parameters to
constrain a physical model in order to investigate other aspects of the data. It is shown that the commonly
accepted explanation that theWSA is related to themagnetic field declination and inclination effects on the
neutralwinddoesnot explain the longitudinal variation of the electrondensity. Rather, longitudinal changes in
the neutral winds and neutral densities are the most likely explanation for theWSA. These longitudinal wind
and density changes are attributed to the varying latitudinal distance from the auroral zone energy input.
No contributions from the plasmasphere or other sources are required. Furthermore, it is shown that a widely
used empirical thermosphere density model overestimates the longitudinal changes in the WSA region.

Plain Language Summary This paper investigates and quantifies the causes of the Weddell Sea
Anomaly (WSA), a region near the tip of South America extending from approximately 30° to 120°W
geographic longitude and 50° to 75°S geographic latitude at solar minimum between 2007 and 2010. This
region is unusual because the midnight peak electron density exceeds the midday peak electron density
in summer. This study is far more quantitative than previous studies because, unlike other models, it
assimilates selected data parameters to constrain a physical model in order to investigate other aspects of the
data. It is shown that the commonly accepted explanation that the WSA is related to the magnetic field
declination and inclination effects on the neutral wind does not explain the longitudinal variation of the
electron density. Rather, longitudinal changes in the neutral winds and neutral densities are the most likely
explanation for the WSA. These longitudinal wind and density changes are attributed to the varying
latitudinal distance from the auroral zone energy input. No contributions from the plasmasphere or other
sources are required. Furthermore, it is shown that a widely used empirical thermosphere density model
overestimates the longitudinal changes in the WSA region.

1. Introduction

This research examines and quantifies the causes of the anomalous diurnal behavior of the ionospheric elec-
tron density in the southeast Pacific Ocean where the midnight peak electron densities exceed the midday
values in summer, which is the reverse of normal ionosphere behavior. The Weddell Sea Anomaly (WSA)
was initially identified in ionosonde data in the 1950s by Bellchambers and Piggott [1958] who noted that
the midnight to noon foF2 ratio was greater than unity in summer in the Weddell Sea at Halley Bay (76°S,
27°W). Thus, this anomaly became known as the Weddell Sea Anomaly (WSA). Later, it was found that the
heart of anomaly is actually located in the southeast Pacific Ocean rather than the South Atlantic Ocean.
This study uses ionosonde and satellite data together with the field line interhemispheric plasma (FLIP) phy-
sical model to explore the causes of the anomaly.

In summer, there are large regions of the midlatitude ionosphere in both hemispheres where the maximum
electron density (NmF2) occurs at or just after sunset rather than at noon, which is contrary to expectation.
What distinguishes the WSA from the other regions that have nighttimemaxima is that themaximum density
occurs near midnight. Figure 1 shows the global midnight to midday NmF2 ratio from the FORMOSAT-3/
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Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) satellite constellation
radio occultation data. COSMIC is a joint Taiwan-U.S. mission, consisting of six microsatellites (see Burns
et al. [2008] and Lin et al. [2009] for a description of COSMIC). All data from December and January and the
years 2007 to 2013 were combined to create Figure 1. The binning was ±1 h around noon and midnight.
The WSA clearly stands out in the Southern Hemisphere between about 30°W and 150°W longitude. The
dashed black line in Figure 1 is for 66°S magnetic latitude (L = 6).

Remote sensing and in situ observations demonstrated that the WSA extends over a large region in the
southern central Pacific region with a maximum to the west of the tip of South America [Horvath and
Essex. 2003; Lin et al., 2009, 2010; He et al., 2009; Jee et al., 2009; Liu et al., 2011]. Lin et al. [2010] used
COSMIC data for 2007 to show that there is a prominent electron density enhancement at 2200 LT from
November to February for longitudes near the tip of South America, but it is most intense in December
and January. The COSMIC data show a similar but much less dramatic anomaly near the Bering Sea in the
Northern Hemisphere in June. The unusual F layer nighttime electron density enhancements were further
characterized by the radio occultation observations from the COSMIC constellation by Burns et al. [2008].
Lin et al. [2009] illustrated the three-dimensional electron density structure of the WSA with COSMIC data.
The WSA and other nighttime anomalies have also been observed in the 1356 Å O+ + e recombination emis-
sion by the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)-GUVI (Global
Ultraviolet Imager) instrument [Hsu et al., 2011].

Horvath [2006], He et al. [2009], Chen et al. [2016], and others have attributed the WSA to the variation in
the magnetic field declination and inclination acting in conjunction with the neutral wind. Such an expla-
nation implies that there is little or no variation in the geographical wind components with longitude.
Otherwise, longitudinal variation in the winds could negate the effects of the magnetic field structure.
Northward winds, which are positive and blow toward the equator, raise hmF2, while poleward winds
lower hmF2. The inclination changes the component of the winds that drives the ions along the magnetic
field. A change in declination modifies the wind in the magnetic meridian by altering the relative contri-
butions of geographic meridional and zonal winds. The arrows in Figure 2 show the magnetic declination
at 65°S geographic latitude. The region where the midnight to noon density ratio exceeds unity lies
between 00°W and 150°W. The ellipse in Figure 2 shows the approximate region where the NmF2 ratio
is greater than 2. Table 1 lists the magnetic declination and other key parameters. The magnetic declina-
tion explanation seems unlikely to completely explain the WSA because, as shown by the arrows in
Figure 2, the change in magnetic declination across the edges of the WSA (see the relatively sharp gra-
dient in Figure 1) are small and the declination has opposite signs on the east and west edges. Another
difficulty with this explanation is that a change in declination can simultaneously increase one wind com-
ponent along the field line and decrease the other component depending on the direction of the geo-
graphic meridional and zonal components.

Figure 1. Map showing the midnight to midday NmF2 ratio of the combined January and December COSMIC NmF2 data
from all the years 2007 to 2010. The black dashed line in the Southern Hemisphere is for �66° magnetic latitude
(L = 6).
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High-magnetic latitudes are not modeled in this paper because the highly variable particle precipitation,
ion convection, and ion-neutral drag make it very difficult for any model to produce reliable results. For
example, the 2007–2010 incoherent scatter radar data from Poker Flat (65°N, 147°W, L ≈ 6) reveal order of
magnitude electron density depletions near midnight in summer even during low magnetic activity
[Richards et al., 2014]. These depletions, which are caused by strong ion convection, counteract any ten-
dency to form midnight density enhancements at high magnetic latitudes. Consequently, the current
research concentrates on the region between 00°W and 150°W longitudes at 65°S to avoid the auroral
zone, which is indicated approximately by the L = 6 (magnetic latitude = 66°S) line in Figures 1 and 2.
The 65°S geographic latitude was chosen because it runs through the center of the WSA and because

there are three solar cycles worth
of ionosonde data available from
the Argentine Islands.

There have been several theoretical
studies of the WSA with ionosphere-
thermosphere general circulation
models that have yielded inconclu-
sive results [Fuller-Rowell et al., 1996;
Burns et al., 2011]. While global
general circulation models (GCMs)
can provide valuable insights into
the physics of the ionosphere-

Figure 2. Map showing the magnetic declination at 65°S latitude. The ellipse shows the approximate location of the
main Weddell Sea Anomaly region where the midnight NmF2 exceeds the midday NmF2 by a factor of 2. The
arrows show the declination from geographic meridian pictorially. The numbers underneath the arrows give the
magnitude of the declination. Dip angle and other magnetic parameters are displayed in Table 1. The geographic
and geomagnetic equators are also shown. The dash-dotted line shows the approximate L = 6 (66°S magnetic
latitude) contour. Also shown are the magnetic (65°S, 138°E) and geomagnetic (80°S, 108°E) poles. The magnetic
pole is where the field lines are vertical, and the geomagnetic pole is the point where the axis of a centered
dipole intersects the Earth’s surface.

Table 1. Magnetic Field Parameters at Geographic Latitude 65°S as a
Function of Geographic West Longitude (Glong)a

Glong D I Mlat L CosD SinD sinI × CosI

0 �20 61 �58 3.8 0.94 �0.34 �0.42
�35 �2 59 �56 3.3 1.00 �0.03 0.44
�65 16 59 �50 2.6 0.96 0.28 0.44
�95 33 63 �51 2.7 0.84 0.54 0.40
�120 44 68 �56 3.3 0.72 0.69 0.35
�150 52 75 �62 4.7 0.62 0.79 0.25

aD = declination, I = inclination, Mlat = magnetic latitude, and L = L
value.
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thermosphere system, quantitative evaluation of certain phenomena can be impaired by nonlinear interac-
tions between the neutral winds, neutral composition, and ionosphere, and by the inability to accurately spe-
cify of the external drivers of the system. Indeed, Burns et al. [2008, 2011] concluded that there is no
unambiguous explanation of the WSA.

An alternative approach by Chen et al. [2011] used the first-principles SAMI2 (Sami2 is Another Model of the
Ionosphere) model of Huba et al. [2000] to gain geophysical insight into some of the characteristics of the
anomaly. The SAMI2 model solves a similar set of equations to the FLIP model with observationally based
empirical models used to specify the neutral winds and composition. The SAMI2model does produce a night-
time enhancement in the vicinity of the Weddell Sea, but there were some differences from the observations.
For example, the anomaly was weak at the Argentine Islands where numerous observations show it to be
very strong. Chen et al. [2011] identified the equatorward neutral wind as the major cause of the WSA
together with a downward flux of plasma from the plasmasphere. Ren et al. [2012] used a similar approach
and also concluded that winds are responsible for the WSA.

Karpachev et al. [2010, 2011] studied the WSA using Intercosmos and CHAMP satellite data and mod-
eling and concluded that it is mainly caused by the neutral wind both from longitudinal variations in
the velocity and magnetic field configuration but that further study would be needed with improved
neutral winds. They discounted neutral atmosphere effects and nighttime plasma flows from the
plasmasphere. Klimenko et al. [2015] used topside sounder and ionosonde data together with a
first-principles model and concluded that the WSA is caused by neutral winds and composition.
They also suggest that horizontal transport from electromagnetic drifts is needed to explain the high
nighttime densities.

Chang et al. [2015] examined COSMIC observations of total electron content (TEC) and electron densities to
identify the tidal and stationary planetary wave signatures in the ionosphere that contribute to the genera-
tion of the WSA. They found that the amplitudes and phases of the diurnal and semidiurnal westward migrat-
ing tidal signatures (e.g., DW1 and DW2) are enhanced in the southern middle to high magnetic latitudes
during the southern summer, with peak amplitudes around 300 km altitude. These interannual recurring fea-
tures indicate that the tides superimpose near the midnight hours in the Antarctic Peninsula region to create
the WSA the peak in electron density.

In this work, we present quantitative evidence for the hypothesis that longitudinal variations in both the
neutral densities and winds play key roles in the WSA behavior. As shown in Figure 2, for a constant geo-
graphic latitude, the WSA region is located farthest from the auroral zone in the Southern Hemisphere,
and therefore, the neutral densities and winds are least likely to be directly influenced by auroral energy
input. The correlation of densities and winds with distance from the auroral zone can explain the anom-
alous ionospheric behavior as well as account for the correlation with declination and inclination reported
by Horvath [2006].

This study is facilitated by the availability of comprehensive databases, including ionosonde and COSMIC
data sets, neutral composition and temperature from TIMED-GUVI (Global Ultraviolet Imager) [Christensen
et al., 2003], and solar EUV irradiance measurements from the Solar EUV Experiment instrument on TIMED
[Woods et al., 2008].

The FLIP model is ideally suited to investigate the WSA because it combines an accurate representation
of the Earth’s magnetic field with comprehensive photochemistry. An important advantage of the current
study over previous studies is that FLIP model can assimilate the observed height of the peak electron
density (hmF2). This capability is essential for reducing the large uncertainties in the electron density that
can arise from uncertainties in the neutral wind. Indeed, it is not possible to accurately model the elec-
tron density with a model that does not reproduce the measured hmF2 to within a few kilometers
on average.

Our main finding is that the longitudinal variation of the anomaly is primarily caused by longitudinal var-
iations in the neutral density and wind. We demonstrate that the magnetic field orientation has at most
a small effect on the longitudinal variation of the electron density in the WSA. Further, plasma fluxes
from the plasmasphere cannot account for the WSA because they are upward, not downward as pro-
posed in earlier work.
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2. Data
2.1. Ionosonde hmF2 and NmF2

A large amount of ionosonde data spanning the years 1961 to 1990 is available on CD-ROM from the National
Geophysical Data Center (NGDC). Data from 1990 to the present are available from the NGDC-Space Physics
Interactive Data Resource web site. Two different formulae have been commonly used by the ionospheric
community to retrieve hmF2 from ionosonde measurements of the critical frequencies of the F2 layer, the E
layer (foE), and the maximum usable frequency ((M3000)F2). Many studies have used the formula presented
byDudeney [1983], while the International Reference Ionosphere [Bilitza, 2015] model uses the formula due to
Bilitza et al. [1979], which we use for the calculations in this paper. It yields median hmF2 values that are ~2 km
larger than the Dudeney [1983] formula for the summer solar minimum conditions under investigation here.
Such a small difference does not affect the conclusions in this article.

This study also uses 2007 to 2010 from the Australian ionospheric prediction service (http://www.ips.gov.au/).
These stations are Canberra (35°S, 149°E, L = 1.9), Hobart (43°S, 147°E, L = 2.57), Macquarie Island (55°S, 159°E,
L = 4.2), Mundaring, (32°S, 116°E, L = 1.9), Norfolk Island (29°S, 168°E, L = 1.5), Townsville (20°S, 147°E, L = 1.3),
and Christchurch (44°S, 173°E). These data are carefully hand scaled, which have been shown to be more
accurate than automatic scaling.

2.2. COSMIC hmF2 and NmF2

COSMIC is a joint Taiwan-U.S. mission, consisting of six microsatellites that were launched in April 2006 into a
500 km altitude orbit and are now in near circular orbit at altitudes around 800 km. The raw observations are
processed in both near real-time and postprocess modes and stored at the COSMIC Data Analysis and Archive
Center (CDAAC). Electron density profiles are retrieved from the COSMIC Ionospheric Radio Occultation (IRO)
measurements via an Abel transform of slant TEC measurements. To determine the primary ionosphere para-
meters, all COSMIC Ne profiles within the altitude range of 170–600 km are fitted one-by-one with a least
squares procedure using a Chapman function [Chapman. 1931; Rishbeth and Garriott, 1969]. This fitting tech-
nique has been described by Liu et al. [2011, and references therein] in analyzing Ne profiles from the inco-
herent scatter radar observations and IRO measurements. According to the error analysis by Yue et al. [2010],
the standard deviations of the differences between the retrieved and true values are ~16% NmF2 and ~2% for
hmF2. This means that the largest errors for January (~7 km) occur near midnight when the layer is near
300 km. In order to obtain sufficient coverage, we selected COSMIC data for 21 day intervals centered on
January for the years 2007–2010. The data have been summed into half hour bins.

2.3. TIMED-GUVI Neutral Densities and Temperature

Meier et al. [2015] and by Emmert et al. [2006, 2014] have described the techniques for obtaining the altitude
profiles of the densities and temperatures from the Global Ultraviolet Imager (GUVI) instrument on board the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite.

3. FLIP Model

The field line interhemispheric plasma (FLIP) model has been developed over a period of more than 25 years
as a tool specifically designed to improve our understanding of the physics and chemistry of the ionosphere
[Richards et al., 1998, 2000, 2010; Richards and Wilkinson, 1998; Richards, 2001, 2002, 2004; Torr et al., 1990;
Kotov et al., 2015].

The most important requirement for accurately modeling NmF2 and the whole electron density altitude pro-
file is to reproduce the observed hmF2, because the recombination rate depends on altitude through the
molecular concentrations. For given geophysical conditions, hmF2 is, in turn, primarily dependent on the neu-
tral winds at midlatitudes [Richards, 1991]. The FLIP model has the capability to ingest anymeasured or model
winds from a file or use empirical models such as the horizontal wind model-14 (HWM14) [Drob et al., 2015]. If
hmF2 measurements are available, the preferred option is for the model to automatically adjust neutral winds
to accurately reproduce the observed hmF2 as it steps in time [Richards, 1991]. The resulting winds are termed
equivalent or effective winds because some changes in hmF2 may also be caused by zonal electric fields
[Rishbeth, 1972]. The inclusion of electric fields is a bonus for ionospheric electron density modeling as both
winds and electric fields are needed to produce accurate electron densities. Under magnetically quiet

Journal of Geophysical Research: Space Physics 10.1002/2016JA023565

RICHARDS ET AL. CAUSES OF THE WEDDELL SEA ANOMALY 6566

http://www.ips.gov.au/


conditions, electric field effects appear to be small at magnetic midlatitudes as several studies have shown
good agreement between equivalent winds and optical wind measurements [e.g., Dyson et al., 1997;
Richards et al., 2009].

There are several sources of uncertainties in the calculated magnetic meridional equivalent winds. These
include uncertainties in (1) hmF2, (2) atomic oxygen density, (3) the O+-O collision frequency, and (4) the pos-
sible presence of electric fields. Errors in the measured hmF2 are only important if they are systematic because
random hmF2 errors are effectively averaged out by the FLIP model procedure. For January 2007–2010 the
COSMIC hmF2 is systematically 10–15 km lower than ionosonde hmF2 at Christchurch. FLIP model calculations
indicate that a 15 km increase in hmF2 would increase the midnight equatorward wind speed by about
30 m/s. Measurements and the NRLMSISE-00 thermosphere model [Picone et al., 2002] indicate that the
atomic oxygen density is very reliable near 300 km even during magnetic disturbances (see discussion by
Richards et al. [2010]).

With respect to the collision frequency, early comparisons of optical wind measurements with those inferred
from incoherent scatter radars by Burnside et al. [1987] produced a value of 1.7 as a multiplicative factor for
the collision frequency of Schunk and Walker [1973]. This led to the adoption of the so-called Burnside factor
of 1.7 by the aeronomy community [Salah, 1993]. Recent theoretical calculations and independent evalua-
tions of the optical and radar data yield estimates of the “Burnside” factor ranging from 0.85 to 1.4
[e.g., Nicolls et al., 2006; Jee et al., 2005; Anderson et al., 2012;Wu et al., 2012]. The incoherent scatter technique
also uses the collision frequency to derive neutral winds from the ion velocity. The incoherent scatter radar
community has adopted a Burnside factor of 1.3 [Nicolls et al., 2006], and that is the factor that is used for
the calculations in this paper. The magnitude of the collision frequency has little effect during the day when
the ionosphere is primarily driven by photoionization. However, FLIP model calculations indicate that a 30%
decrease in the collision frequency increases the equivalent winds at midnight by ~25 m/s. On the other
hand, when using the HWM winds, a 30% decrease in the collision frequency decreases the model hmF2 by
~15 km at night. It should be emphasized that the FLIP model NmF2 is insensitive to the collision frequency
when the model assimilates hmF2.

Both electric fields and winds are necessary for modeling the ionosphere electron density. And using hmF2 as
the wind proxy takes care of both. If the electric fields are random, they will not have a significant effect on
the equivalent winds. However, it is necessary to be aware of the possibility of systematic electric fields
effects when comparing equivalent winds with empirical models or to measurements by optical or
radar methods.

Satellite data are not optimal for ingesting into the model because the measurements are not contiguous in
time and space. Consequently, we use medians of the COSMIC data collected over 1–18 January in 2007,
2008, 2009, and 2010. To compare the model NmF2 with the median COSMIC NmF2, median model values
matching the observational conditions were determined from calculations made for 1–18 January for each
of the same years, using the median hmF2 as the wind proxy for each year. Median model NmF2 values were
determined for each UT hour that could be compared with the COSMIC measured median NmF2. This
approach is required in order to accommodate solar and magnetic activity variations from 2007 and 2010.

To check the validity of using the COSMIC median hmF2 values, two separate calculations were performed
using the Argentine Islands ionosonde data from the six solar minimum years between 1975 and 1987.
First, the hourly median model NmF2 was calculated from the 6 × 15 values created by running the model
using the observed hourly hmF2 values as the wind proxy for 1–15 January for each of the 6 years. Then
the calculations were repeated using the measured median hmF2 instead of the hourly values. It was found
that the median NmF2 values calculated using the median hmF2 values were not significantly different from
the medians obtained using the hourly hmF2 ionosonde hmF2 data, thereby validating our approach.

For the neutral atmosphere, the FLIP model uses the NRLMSISE-00 model which is known to reproduce aver-
age satellite drag and mass spectrometer data to within ~15%. However, during ionospheric storms there
may be large differences between measurement and model and NRLMSISE-00 for the atomic to molecular
neutral density ratio, to which the electron density bears a direct dependence in photochemical equilibrium
[Richards et al., 2010]. Richards et al. [1998, 2009, 2010] developed a new algorithm that estimates changes to
the NRLMSISE-00 atomic to molecular density ratio that are needed to explain differences between the
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measured and modeled NmF2. For convenience, this paper refers to the O to N2 density ratio rather than
atomic to molecular (N2 and O2) density ratio. However, the recombination reaction with O2 is also an
important loss of O+. The FLIP model calculations indicate that the N2 loss rate at hmF2 is a factor of 2 greater
than the loss rate to O2 at noon and a factor of 3 greater at midnight in the center of the WSA. Because O2 and
N2 have similar masses, their variations tend to track one another.

4. Results: Observing and Modeling the WSA

The following calculations take advantage of the FLIP model’s ability to assimilate selected data as input para-
meters. In particular, the ability to incorporate the observed hmF2 overcomes the problem that other models
have with accurately specifying the neutral wind. In this results section we establish the capability of the FLIP
model to reproduce the ionosonde observed NmF2 at the Argentine Islands in the heart of the WSA; present
the longitudinal variation of the COSMIC satellite hmF2 and NmF2 data from the eastern to the western peri-
meters of the WSA; derive equivalent winds from the observed hmF2 and use them in a newway to determine
the longitudinal variation of the geographic meridional and zonal wind components; use longitudinally invar-
iant geographic neutral winds to isolate the effects of magnetic declination and inclination on hmF2; and
explore the role of the longitudinal variation of neutral densities using GUVI observations and
model calculations.

The calculations show that longitudinal variation of both densities and winds are the most important factors
for explaining the observed NmF2 longitudinal behavior across the WSA. The calculations also show that plas-
maspheric fluxes do not contribute to the high nighttime electron densities.

4.1. Argentine Islands Behavior

Three decades of ionosonde data show that the anomaly is particularly large at the Argentine Islands (65°S,
64°W). It is present at all levels of solar activity during the summer period from the beginning of November
until the end of February and is absent only during major magnetic disturbances.

Figure 3 shows the model (lines) and data (solid red circles) for 22–26 January 1975 when the magnetic and
solar activity levels were low to moderate. The measured NmF2 is a factor of 2 larger at midnight than at noon.
All of the solid blue lines in Figure 3 are from the FLIP model calculation using the observed hmF2 as a
wind proxy.

There are 7567 data points from hourly ionosonde solar minimum data during December and January in the
years 1975, 1976, 1977, 1985, 1986, and 1986. The average time of occurrence for the maximum nighttime
NmF2 is ~00 LT, the average NmF2 is (6.7 ± 2.0) × 105 cm�3, and the average hmF2 is 338 ± 22 km. The average
minimum NmF2 is (3.2 ± 0.8) × 105 cm�3, which occurs at ~14 LT when the average hmF2 is 246 ± 26 km. The
FLIP model reproduces the observed Argentine Islands behavior very well not only at these solar minimum
conditions but also at all other levels of solar activity, using the standard NRLMSISE-00 model densities.

The long dashed line in Figure 3a is the O+ density at hmF2 that is determined from photochemical equili-
brium (production rate = loss rate, without diffusion). It maximizes near midnight when the O/N2 number
density ratio at hmF2 maximizes (Figure 3e). Note that the photoionization rate is still significant at midnight
because the solar zenith angle never exceeds 95° at 65°S during this period. At 300 km, the slant optical depth
(τ) to the Sun is ~0.16 and the solar flux attenuation factor for the major photoionization wavelengths (e�τ) is
~0.85 at midnight. Variation in the attenuation of the solar flux could be a small factor (~10%) contributing to
the longitudinal variation of NmF2 if there is a significant longitudinal variation in hmF2 or in the neutral den-
sities when the solar zenith angle is near 90°. Both of these factors determine the column density that the
solar radiation must traverse to reach hmF2. When hmF2 is slightly lower, there is more absorption but the
photoionization rate can be comparable because the O density is higher.

The FLIP model produces a lower density than pure photochemical equilibrium at night because excess pro-
duction of O+ near and above hmF2 is removed primarily by diffusion to lower altitudes where the loss rates
are larger; although the equatorward wind impedes the downward diffusion of ions. Downward diffusion is
also the reason that the model NmF2 is larger than the chemical equilibrium value during the daytime
because excess production from above hmF2 is transported down with the help of poleward winds.
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The magnitude of the chemical equilibrium density in Figure 3a shows that local production at hmF2,
by itself, is more than adequate to produce the observed nighttime density. Several researchers have
argued that the downward fluxes of ionization from the plasmasphere contribute to the high electron
densities at night [e.g., Chen et al., 2011]. However, Figure 3d shows that the FLIP model topside H+

flux at 1000 km is actually upward (positive) at night, leading to a small net loss of O+ from the iono-
sphere to the plasmasphere through charge exchange. This is consistent with the finding of Karpachev
et al. [2011]. The nighttime upward flux is to be expected as plasma will naturally flow from the hot
sunlit summer hemisphere toward the relatively cold winter hemisphere, which is dark for more
than 12 h.

The solid blue line in Figure 3b shows how closely the FLIPmodel follows themeasured hmF2. Themodel-data
differences are typically less than 5 km. Anymissing hmF2 values are replaced by a runningmean for the same
UT on previous days. Only actual data points (not means) are plotted in the figures. Figure 3c shows the hor-
izontal wind in the magnetic meridian. Northward (positive) winds blow toward the equator and raise hmF2,
while poleward winds lower hmF2.

Figure 3. Measured (red dots) andmodeled (lines) NmF2 and hmF2 at Argentine Island (65°S, 64°W) for 22–26 January 1975.
The solid blue lines show the FLIP model (a) NmF2, (b) hmF2, (c) magnetic meridional wind, (d) plasmaspheric H+ flux, and
(e) O/N2 ratio at 1000 km. The long dashed green NmF2 line (P = L) is the chemical equilibrium O+ density at hmF2. The
vertical grid lines are at midnight LT.
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Figure 3 demonstrates that the FLIP model can reproduce the observed NmF2 behavior in the heart of the
WSA, given the appropriate hmF2 (or winds plus electric fields). It is therefore possible to address quantita-
tively the fundamental question, “What are the causes of the observed longitudinal variation of the electron
density across the WSA region?”

4.2. COSMIC hmF2 and NmF2 Across the WSA

This study is limited to 65°S geographic latitude and the longitude region between 00°W and 150°W that is
least affected by the highly variable high-latitude processes that cannot be accurately characterized in any
model. At 65°S, 150°W corresponds to 62°S magnetic latitude (L = 4.7). This would put it just outside the aur-
oral oval most of the time for the solar minimum conditions considered here.

Since the WSA is defined in terms of the ratio of the midnight to noon NmF2, the time period between noon
and midnight is of primary interest in this study. Although there is no anomaly in the COSMIC data at 00 W
and 150 W under this definition, they are included in this study to illuminate the factors that limit the area of
the WSA. It is important to note that the electron density at midnight depends to some extent on the history
of the wind and neutral density variations in the preceding hours.

Figures 4a and 4b show the local time variation of the COSMIC NmF2 and hmF2 data at seven longitudes span-
ning the WSA region at 65°S latitude during 1–18 January of 2007–2010. The COSMIC data are binned on the
half hour, local time. Clearly, the anomalous electron density ratio across the WSA is a purely nighttime phe-
nomenon because there are negligible longitudinal changes in the noon NmF2. Except for 00°W, the longitu-
dinal differences in hmF2 are small (< 20 km) between noon and midnight.

4.3. COSMIC hmF2 and Neutral Winds

Figure 4c shows the equivalent neutral winds in the magnetic meridian that were determined from the
COSMIC hmF2 in Figure 4b using the algorithm of Richards [1991]. As expected, the neutral winds reflect
the diurnal variation of hmF2. And, just like hmF2, there is little longitudinal difference in the winds between
noon and midnight, except for 00°W. This contrasts with the large longitudinal differences in hmF2 between

Figure 4. The COSMIC measurements of (a) NmF2 and (b) hmF2 across the WSA at 65°S latitude and 0°W, 35°W, 64°W, 95°W,
120°W, and 150°W longitudes during 1–18 January of 2007 to 2010. The COSMIC data are binned on the half hour. (c) The
equivalent winds determined from the COSMIC hmF2 in Figure 4b. The solar zenith angel (SZA) is shown in Figure 4c.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023565

RICHARDS ET AL. CAUSES OF THE WEDDELL SEA ANOMALY 6570



midnight and noon, which can be attributed to the effect of magnetic declination when the zonal wind
speeds are large and negative, as will be demonstrated next.

The longitudinal similarities and differences are revealed in more detail through their geographic and
magnetic meridian wind components plotted in Figures 5 and 6. Figures 5a and 5b show the longitudinal
variation in the HWM14 winds in the geographic meridian and zonal directions, respectively, for the same
longitudes as in Figure 4. These wind components do not have the phase shifts between midnight and
noon that are evident in the FLIP model magnetic meridional winds shown in Figure 4c. Nor do they have
much longitudinal variation. Also, in the center of the anomaly at 65°W and 95°W the HWM14 meridional
winds overlap and there is little difference between the 00°W, 35°W, and 150°W meridional winds on the
two edges of the anomaly. The diurnal variation of the FLIP model equivalent wind at 35°W is also shown
in Figure 5a (open circles) because the small declination (~2°W) means that it is almost entirely in the
geographic meridian.

Implicit in the hypothesis by previous workers that the WSA arises from the varying magnetic field configura-
tion is the assumption that there is little or no variation in the geographic zonal and meridional winds. If we
assume that the diurnal variation of the meridional wind is the same at all longitudes and equal to that at
35°W (where the magnetic and geographic meridians are the same), we can estimate the geographic zonal
component of the winds at the other longitudes from the FLIP model magnetic meridional winds from

Wzon¼ Wmer cosD�Weq
� �

= sinD; (1)

where Wzon is the geographic zonal wind component to be evaluated, Wmer is the FLIP model geographic
meridional component for 35°W, Weq is the FLIP model equivalent wind in the magnetic meridian from
Figure 4c, and D is the magnetic declination. The relative magnitudes of sinD and cosD are given in
Table 1.

Figure 5c shows geographic zonal winds calculated from the FLIP model equivalent winds using the assump-
tion that there is no longitudinal variation in the geographic meridian wind. There is remarkably good

Figure 5. Geographic meridional and zonal neutral winds at 65°S latitude and 0°W, 35°W, 64°W, 95°W, 120°W, and 150°W
longitudes. (a)HWM14meridionalwinds, (b)HWM14zonalwinds, and (c) zonalwindscalculated fromtheequivalentwinds in
Figure 4c assuming the 35°W FLIP model equivalent wind is purely in the geographic meridian. The open circles show on
Figure 5a show the FLIPmodel wind at 35°W. The open circles in Figure 5b show themedian FLIPmodel zonal wind from the
winds in Figure 5c. For each longitude, these winds are medians at each local time over 1–18 January 2007–2010.
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agreement between the HWM14 zonal winds in Figure 5b and the zonal winds in Figure 5c. This is further
demonstrated by the open circles in Figure 5b, which represent the median of the FLIP model zonal winds in
Figure 5c. Some of the differences in the calculated zonal winds may result from the sensitivity to small errors
inWeq andWmer when the sinD is small. The sources of uncertainties in the equivalent winds are discussed in
the FLIP model section (section 3).

4.4. Magnetic Declination, Inclination, and Neutral Winds

We next investigate the role of the magnetic field configuration in the longitudinal variation of hmF2 across
the WSA. To isolate this effect, it is necessary to use geographic zonal and meridional winds that do not vary
with longitude. For this purpose, we combine the FLIP model meridional wind at 35°W with a median FLIP
model zonal wind (open circles) in Figure 5b. Once again, we primarily focus on the differences between
noon and midnight.

Figure 6a shows the new magnetic meridian winds that were obtained by combining the 35°W meridional
winds (circles in Figure 5a) with the median of the FLIP model geographic zonal winds (circles in Figure 5b).
These winds compare well with the original FLIP model magnetic meridian winds shown in Figure 4c.
Between noon and midnight there is very good agreement in the heart of the WSA, but the new magnetic
meridional winds differ at the edges of the WSA due to the declination effect. The new FLIP model magnetic
meridian winds have a striking resemblance to the HWM14 magnetic meridional winds that are displayed in
Figure 6b. Given that this calculation assumed that there is no longitudinal variation in the geographic winds,
it is clear that the magnetic declination effect is responsible for the midnight to noon phase shifts evident in
Figures 4c, 6a, and 6b. The most important difference between the FLIP model and HWM14 winds is that
HWM14 wind speeds are as much as 50 m s�1 greater than the FLIP model wind speeds in the crucial period
between ~18 LT and midnight. This leads to much higher electron densities at midnight.

The inclination angle of the magnetic field can also contribute to the longitudinal variation of electron
density across the WSA by changing the wind component parallel to the magnetic field by the factor

Figure 6. Magnetic meridian neutral winds at 65°S latitude and 0°W, 35°W, 64°W, 95°W, 120°W, and 150°W longitudes.
(a) The magnetic meridian winds calculated from the 35°W equivalent wind and the median zonal wind from Figure 5c
assuming no longitudinal variation. (b) The HWM14 magnetic meridian winds. All of the winds are determined from
medians over 1–18 January 2007–2010.
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sinI cosI, where I is the magnetic inclination. The reduction of the electron density on the eastern side of the
anomaly cannot be related to inclination because there is negligible change between 00°W and 95°W.
However, on the western side of the WSA, the inclination increases from 63° at 95°W to 75° at 150°W. As a
result, the effectiveness of the horizontal neutral wind in raising or lowering hmF2 will be reduced by a
factor of 0.85 at 120°W and 0.61 at 150°W relative to 95°W (see Table 1).

4.5. Effect of Neutral Winds on hmF2

The magnetic meridional winds (assuming longitudinally invariant geographical wind components) of
Figure 6a were used in the FLIP model to calculate the hmF2 that is shown by the solid red lines in Figure 7
at each longitude. The open circles show the COSMIC hmF2. The solid circles at 65°W show the median solar
minimum hmF2 data from the Argentine Islands. The solid triangles show that there is very good agreement

Figure 7. The calculated hmF2 when the FLIP model uses (1) HWM14 winds (dot-dash) and (2) the FLIP model winds from
Figure 5a that assume that the 35°W wind is purely in the geographic meridian and there is no longitudinal variation in
the geographicmeridional and zonal winds (solid line). The open circles are the COSMIC hmF2 data for 1–18 January of 2007
to 2010 plotted on the hour. The full circles show the Argentine Islands solar minimum (1975–1977 and 1985–1987) median
ionosonde data for 1–15 January. The green triangles show the Argentine Islands hmF2 data reduced by 15 km.
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with the Argentine Islands data when it is reduced by 15 km at all local times. Figure 7 also shows the FLIP
model hmF2 calculations that were obtained when using the HWM14 (dash-dotted lines) wind model.

These longitudinally invariant FLIP model winds produce excellent agreement with the COSMIC data at
35°W, 65°W, and 95°W, but they overestimate hmF2 at 00°W, 120°W, and 150°W. Unless there is a systema-
tic longitudinal error in the COSMIC hmF2 data, these results demonstrate that the actual meridional and
zonal winds must vary with longitude, which contradicts the hypothesis that there is no wind variation
across the WSA. The hmF2 differences at the edges of the WSA are generally less than 25 km, but they
cause the FLIP model to greatly overestimate NmF2 in the evening. A systematic 25 km difference in
hmF2 corresponds to about 50 m/s difference in magnetic meridional wind speed at night. Between noon
and midnight, the declination effect opposes the inclination effect on the winds when the declination is
eastward as it is between 35°W and 150°W. The fact that the model overestimates the evening hmF2 at
120°W and 150°W means that the declination effect is stronger than the inclination effect. Thus, we con-
clude that the magnetic configuration proposed by earlier researchers cannot explain the reduction in the
anomaly between 95°W and 150°W.

The HWM14 produces good hmF2 agreement with the COSMIC data at 150°W but overestimates hmF2 around
midnight at other longitudes. Appendix A discusses the reasons for the differences between the HWMmod-
els. The higher hmF2 from the Argentine Islands ionosonde may indicate that the nighttime neutral wind
speeds are smaller than in previous solar minima during this period of unusually low solar activity. It may
be thought that other possible combinations of longitudinally invariant geographic zonal and meridional
winds could produce the observed longitudinal variation of hmF2. For example, the HWM14 model produces
good results for hmF2 at 150°W. However, when those same geographic components are used as input for the
FLIP model at all longitudes, they do not produce the observed variation of hmF2.

From this analysis, we conclude that longitudinal changes in the meridional and zonal wind speeds contri-
bute to the enhanced nighttime hmF2 at in the heart of the WSA at 65°S latitude. An alternative perspective
is that reduced winds cause a decrease in the electron density at the eastern and western edges of the WSA.
Themagnetic configuration does not explain why NmF2 decreases on the western edge of the WSA. While the
inclination works to lower hmF2 on the western edge of the WSA, it is outweighed by the declination effect
between noon and midnight.

4.6. The WSA NmF2 and Neutral Densities

Longitudinal variations in the neutral densities also play a role in the formation of the WSA. This is illustrated
in Figure 8, which shows the COSMIC NmF2 data (open circles) and FLIP model calculations with longitudinally
varying (green dashed lines) and when the 65°W neutral densities were used at all longitudes (dotted lines).
Note that there is no dotted line on 65°W panel because it is the same as the green dashed line. The mea-
sured hmF2 was used as the wind proxy for all the NmF2 calculations in Figure 8. The model results are hourly
medians that were obtained after running the model using the actual solar and magnetic activity for each
year of the measurements. More details are provided in section 3.

There is very good agreement between the COSMIC satellite NmF2 data (open circles) and the solar minimum
median ionosondeNmF2 data (solid circles) on the 65°W panel. The dash-dotted line at 65°W shows themodel
NmF2 that was calculated using the Argentine Islands solar minimum ionosonde hmF2 as the wind proxy.
There is also excellent agreement between the data and the FLIP model for the Argentine Islands
ionosonde NmF2.

When the neutral densities vary longitudinally as specified by NRLMSISE-00, there is very good agreement
for 00°W and 35°W between noon and midnight, but the model increasingly underestimates the night-
time NmF2 with increasing westward longitude. Using the NRLMSISE-00 neutral densities for the fixed
location of (65°S, 65°W) at every longitude (dotted lines) actually produced better agreement between
the model and COSMIC NmF2 all the way from 35°W to 150°W, while the agreement was slightly degraded
at 00°W.

Although the O to N2 ratio would be expected to decrease with increasing proximity to the auroral energy
input, the NRLMSISE-00 model appears to overestimate the longitudinal variation of the O to N2 ratio as
the magnetic latitude increases between 65°W and 150°W.
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4.7. NmF2 and GUVI Neutral Densities and Temperatures

To further investigate the neutral density variations across the WSA, we compare GUVI satellite observations
from 7 to 11 January 2007 with modeled neutral temperatures and density ratios. The solar and magnetic
activity indices were low for this entire period. The lines in Figures 9 and 10 show the local time variations
at different longitudes for the NRLMSIS00-E model of temperature (Figure 9b) and O/N2 (Figure 10b). The cor-
responding TIMED-GUVI measurements near 14 LT are also shown.

The temperature and composition can be inferred from the FLIP model by running in the mode that deter-
mines what changes to the NRLMSISE-00 O to N2 ratios are needed to reproduce the NmF2 data. The techni-
que alters the O to N2 ratio primarily by adjusting the exospheric temperature in the NRLMSISE-00 model.
Richards et al. [2010] showed that the technique produces very good agreement with the GUVI data

Figure 8. Effect of neutral densities on the model NmF2 at longitudes across the WSA using the COSMIC hmF2 as the
wind proxy. The short dashed green line shows the calculations at all longitudes using the COSMIC hmF2 together with
the actual NRLMSISE-00 model neutral densities at each longitude. The dotted lines labeled 65°W used the COSMIC
hmF2 together with the NRLMSISE-00 model neutral densities for (65°S, 65°W) at all longitudes. The open circles are the
COSMIC NmF2 data plotted on the hour. The solid circles on the 65°W panel show the solar minimum median NmF2 for
the Argentine Islands and the black dash-dotted line shows the FLIP model calculation using the Argentine Islands
median hmF2.
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Figure 10. Model neutral O to N2 ratios at 311 km for the five longitudes. (b) The standard NRLMSISE-00 neutral density
ratios. (a) The ratios were obtained by modifying the MSIS model to reproduce the COSMIC NmF2 and hmF2. The GUVI
data symbols are color coded to match the lines 00°W (square), 35°W (dot with error bar), 64°W (triangle), 95°W (diamond),
120°W (cross), and 150°W (inverted triangle) longitudes. The GUVI values are averages for all the data, and the standard
deviation error bars on the 35°W data are representative of the data spread for all longitudes.

Figure 9. Model neutral temperatures at 311 km for the five longitudes. (b) The standard NRLMSISE-00 temperatures.
(a) The temperatures were obtained by modifying the NRLMSISE-00 model to reproduce the COSMIC NmF2 and hmF2.
The GUVI data symbols are color coded to match the lines 00°W (square with error bar), 35°W (dot with error bar),
64°W (triangle), 95°W (diamond), 120°W (cross), and 150°W (inverted triangle) longitudes. The GUVI values are averages
for all the data, and the standard deviation error bars on the 00°W and 35°W data are representative of the data
spread for all longitudes.
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between 2000 and 2005, even duringmagnetic storms. The temperatures and O/N2 ratios inferred by FLIP are
shown in Figures 9a and 10a, respectively.

The COSMIC data are not ideal for comparison with the 2007 GUVI data because the former are averages over
several years. In order to validate the FLIP model neutral density procedure for this period, the GUVI observa-
tions were compared with FLIP model calculations using ionosonde data from the Australian Ionospheric
Prediction Service. There was very good agreement between the model and GUVI observations for both neu-
tral temperatures and ratios for Canberra, Hobart, Norfolk Island, and Townsville. The model neutral density
ratios are in particularly good agreement with the GUVI ratios for Christchurch (44°S, 173°E) which is closest to
the WSA (see Appendix B).

The FLIPmodel was run for the entire 7–11 January 2007 period of the GUVI measurements using the COSMIC
hmF2 as the wind proxy. For clarity of presentation, and because the COSMIC data are averages, the FLIP and
NRLMSISE-00 model values are binned and shown for 10 January 2007. Similarly, the GUVI data are means for
the entire period. The GUVI error bars are standard deviations from the means that reflect the scatter in the
data. They are similar for all longitudes, but they are only plotted for 00°W and 35°W to avoid clutter. Figure 9a
shows the diurnal variation of the FLIP modified neutral temperature, and Figure 9b shows the standard
NRLMSISE-00 values for the six longitudes.

The temperatures and O to N2 ratios at 00°W are clear outliers in the FLIP model and especially in the GUVI
observations. Together with the lower hmF2 (wind speed) helps to explain the low COSMIC NmF2 at 00°W.

The GUVI and both model temperatures are lowest in the middle of the WSA and this leads to higher O to N2

ratios (Figure 10), which increases the electron density. The twomost notable aspects of the GUVI data are the
small longitudinal variation in temperatures and that the density ratios are largest in the center of the WSA.
The higher O to N2 ratios in the center of theWSA are expected because of the greater displacement from the
auroral energy input. At 14 LT, the percentage change in the NRLMSISE-00 temperatures with longitude is
twice those of GUVI between 35°W and 150°W. On the other hand, the longitudinal variation in the FLIP mod-
ified temperature is comparable to that in the GUVI data near 14 LT. The GUVI data provide further support for
the small longitudinal variations in density between 35°W and 150°W that are implied by Figure 8. There is
very good agreement between the modified and standard temperatures and ratios in the evening at 00°W
and 35°W.

The FLIP model modified temperatures and density ratios have much less variation with longitude than the
NRLMSISE-00 model values. The modified temperatures also display less variation with local time. In particu-
lar, the FLIP modified temperatures are much lower between 18 LT and midnight. For similar geophysical
conditions, higher temperatures usually correspond to smaller O to N2 ratios at a given altitude because of
the difference between the O and N2 scale heights. Another key difference between the two model values
is that the NRLMSISE-00 model has a distinct maximum temperature that migrates from midday at 35°W
toward midnight at 150°W, while the FLIP model temperatures do not have a clearly defined phase shift.
The longitudinal phase shift in NRLMSISE-00 disappears when themodel parameters are plotted as a function
of universal time, perhaps indicating that the longitudinal phase shift is related to displacement from the aur-
oral energy input.

Figure 10 shows the longitudinal variation in the GUVI and FLIP O to N2 ratios. The most important fea-
ture of the O to N2 ratios is that they are highest in the center of the WSA and therefore are an important
contributor to the high electron densities. The differences in the local time variations between the FLIP
model estimates from the COSMIC observations and NRLMSIS00-E may suggest an additional semidiurnal
or even terdiurnal variation during January at these latitudes that is not resolved in NRLMSIS00-E. Finally,
it is important to note that the difference between the FLIP model ratios and the NRLMSIS00-E ratios is
not large, being less than 25% during the day and increasing to ~40% before midnight at the boundaries
of the WSA.

5. Summary and Conclusions

We have investigated physical mechanisms responsible for the longitudinal variation of the electron den-
sity across the Weddell Sea Anomaly where the F region midnight electron density exceeds the midday
electron density. Specifically, we consider the region of the globe at 65°S latitude and between 00°W and
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150°W longitude, which is outside of the auroral zone at magnetically quiet times. Of primary concern for
the WSA is the local time between noon and midnight because the midnight NmF2 depends on the var-
iation of the neutral wind and the neutral density during that time. The major difference from previous
modeling studies is that observations are used to constrain certain key input parameters to the
ionosphere model.

The overall conclusion is that the longitudinal variation of the nighttime NmF2 in the WSA is primarily
caused by variations in both the neutral densities and the neutral winds via their changing proximity
to the high-latitude energy input. There is little longitudinal variation in the midday NmF2. Contrary to pre-
vious suggestions, downward fluxes of ions from the plasmasphere do not contribute to the large densi-
ties in the WSA. In fact, the FLIP model shows that the topside H+ actually flows upward at night, leading
to a small net loss of O+.

The contention that themagnetic field configuration is primarily responsible for theWSA is incomplete rather
than wrong. It ignores likely changes in neutral densities and winds. Indeed, it is possible that the WSA exists
only because it is in a magnetic midlatitude region that has extended sunlight hours. As a test of this hypoth-
esis, we performed FLIP model simulations for several magnetic midlatitude stations (Christchurch, Hobart,
Mundaring, Port Stanley, Wallops Island, Slough, Boulder, andWakkanai) for summer conditions with the arti-
ficial restriction that the solar zenith angle does not exceed 93°. In all cases, the maximum NmF2 occurs near
midnight and in several cases, it is nearly double the midday NmF2. Normally, the maximum NmF2 occurs near
sunset at these stations and the midnight NmF2 is much lower than the midday NmF2 in summer. These simu-
lations demonstrate that a particularly unusual magnetic inclination and declination are not required to
explain the WSA.

The model and the data show that the longitudinal variation in the O to N2 ratio maximizes in the center of
theWSA, thus contributing to the higher electron density there. However, the NRLMSIS00-E model appears to
overestimate the longitudinal temperature and density on the western edge of the WSA. The FLIP model-
derived temperature and O/N2 local time variations suggest higher-order local time variations that are not
presently represented in NRLMSISE-00 climatology.

Significantly better agreement with the observed longitudinal NmF2 variation is obtained when the FLIP
model instead keeps the neutral densities fixed at the 65°W values. Further support for the lower tempera-
tures and densities results when the FLIP model is run in the mode that adjusts the model atmosphere to
agree with the measured NmF2 as well as hmF2. Although the observed GUVI neutral density ratios and tem-
peratures are variable, their median values also support smaller longitudinal variations than predicted
by NRLMSIS00-E.

A notable neutral temperature and density ratio outlier occurs at 00°W longitude where both the model cal-
culations and the GUVI data show that the temperature is ~75°K higher than at all other longitudes at 14 LT.
The 00°W longitude is also a clear outlier with regard to hmF2 and with the equivalent neutral winds. Themea-
sured hmF2 at 00°W is ~25 km lower than at 35°W in the evening and the equivalent wind speed is ~50 m s�1

smaller as a result. The differences in density and wind behavior between 00°W and 150°Wmay reflect asym-
metries in high-latitude energy input or in the way that energy is transferred from high to middle latitudes by
general circulation patterns.

The role of the neutral winds is more complicated than neutral densities because changes can result from
longitudinal changes in the meridional and zonal components as well as in the magnetic field declination
and inclination. Our calculations indicate that longitudinal variation in one or both of the geographic
wind components is most likely responsible for the longitudinal variation in hmF2 across the WSA.
Changes in the magnetic field inclination are only important on the western edge of the WSA, but the
inclination and declination effects on the wind components tend to oppose each other between noon
and midnight. The declination influence on the wind does contribute to the decrease in hmF2 on the east-
ern edge. However, decreased wind speeds and O to N2 ratios are more important for the decrease in
electron density there.

There was remarkable similarity between the equivalent neutral winds determined from the measured hmF2
and the climatological HWM14 magnetic meridional neutral winds derived from other data sets. However,
the HWM14 winds are as much as 50 m s�1 greater than the equivalent winds at night, which causes the
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FLIP model to overestimate the nighttime hmF2 and therefore NmF2. Both the equivalent and HWM14 mag-
netic meridional winds show little longitudinal variation between noon and midnight, but there are substan-
tial longitudinal differences between midnight and noon that result from the combined effects of different
magnetic declination and large zonal wind speeds.

Since theequivalentwindsmaycontainanelectric drift component, it is possible thatelectricfieldsplay a role in
the longitudinal variations in theobservedhmF2 andalsoexplain someof thedifferenceswith theHWMmodels.
However, this research does not support any requirement for horizontal transport of plasma by electric fields
that were proposed by Klimenko et al. [2015]. This is because the high electron densities in the center of the
WSA can be explained by in situ processes once the physical model reproduces the observed hmF2.

The HWM14 wind model produces good hmF2 agreement at some longitudes but there are significant differ-
ences at other longitudes. The lack of data to constrain the basis parameters of the empirical wind model in
the main WSA region may be the reason. (See Appendix A.) One indirect implication of this study is that the
equivalent winds from the FLIP modeling technique could provide important new wind information for
future versions of the HWMmodel that reconcile this localized issue in HWM14, which would, in turn, enable
improved understanding of the WSA.

In summary, we have (1) quantified the factors that lead to the WSA, (2) determined the longitudinal variation
of the geographic zonal wind components using hmF2 data, (3) used hmF2 data as a constraint so that its effect
on NmF2 can be determined, and (4) evaluated changes in neutral density in the WSA. This analysis leads to
the conclusion that longitudinal changes in the neutral winds and neutral densities are important for the
longitudinal variation in the WSA.

Appendix A: HWM Empirical Model Winds

Except at 150°W, the HWM14model does not reproduce the observed longitudinal variation of the nighttime
hmF2 for the localized region and time period considered in this study. Overall, HWM14 represents a major

improvement over HWM07 globally
[cf. Drob et al., 2015, Table 1]. It is
important to keep in mind that the
model parameters of all HWM ver-
sions are estimated globally by a
fitting a truncated set of Fourier-
modulated vector spherical harmo-
nics to all of the available satellite
and ground-based data sets simulta-
neously, including all local times,
day-of-year, latitudes, longitudes,
altitudes, and solar cycle conditions.
Figure A1 shows the data available
in the vicinity of the WSA for
January along with the nominal quiet
time meridional winds on 15 January
predicted by HWM93 (blue line),
HWM07 (green line), and HWM14
(red line) at 275 km altitude at 65°S,
65°W. The dashed lines indicate
projections of the HWM wind
components into the direction of
the magnetic meridian assuming a
declination of 15°.

The only available observations
come from the Upper Atmospheric
Research Satellite Wind Imaging
Interferometer (WINDII) [Shepherd

Figure A1. Comparison of the quiet time 15 January meridional winds at
275 km, 65°S, and 65°W from HWM93 (blue), HWM07 (green), and
HWM14 (red), with the available historical WINDII 557.7 (green squares)
and DE 2 FPI (red triangles) meridional wind measurements. The dashed
lines represent the HWM winds projected into the magnetic meridian with
a declination of 12°. Error bars for the observations ranging from ~30 to
75 m/s have been omitted for clarity. Only ~50% of the available WINDII
557.7 nm wind measurements for all January months from 1991 to 1996,
between 245 and 350 km altitude, 65 ± 5°S latitude, and 65 ± 30°W
longitude are shown. The available DE 2 FPI meridional wind measure-
ments in January (1982 and 1983) between altitudes from 245 to 350 km
and latitudes of 65 ± 7.5°S are shown.
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et al., 1993] and the Dynamics Explorer 2, Fabry-Perot Interferometer (DE 2 FPI) [Hays et al., 1981]. WINDII
measured both components of the daytime thermospheric vector wind between ±72° latitude from 1991
to 1996 using the thermospheric atomic oxygen 557.7 nm dayglow emission. Figure A1 shows approxi-
mately 50% of the available WINDII 557.7 nm meridional wind measurements (green squares) for altitudes
between 245 and 350 km for the region between 65 ± 5°S latitude and 65 ± 30°W longitude. The DE 2 FPI
measured the thermospheric meridional wind component from 1982 to 1983 from the atomic oxygen
630.0 nm dayglow and nightglow emissions. Figure A1 shows all of the January DE 2 FPI measurements
(red triangles) between 245 and 350 km altitude and 65 ± 7.5°S (latitude). For both instruments the mea-
surement uncertainties range from approximately 30 to 75 m/s. Here any observations with uncertainties
greater than 100 m/s, when 3 h Ap > 20, or when F10.7 ≥ 150 were excluded. When the HWM93 model
was developed, only the DE 2 FPI and DE 2 Wind and Temperature Spectrometer zonal component wind
observations [Spencer et al., 1981] (not shown here) were available for this location and time.

Note the lack of observations between approximately 20:00 and 01:00 locale time. Outside these hours
the measurements also exhibit a high degree of variability. Thus, the climatological HWM parameter
estimates are somewhat poorly constrained in the WSA region. Consequently, spurious behavior
around local midnight can be produced by the model from the fitting of the observations in other
regions of space and time period. More specifically, the differences between the HWM models and
this local subset of data highlight are the result of necessary trade-offs between the model resolution
that is required to avoid “overfitting” the data in data-poor regions and “underfitting” observations in
other regions while attempting to match all the observations at adjacent altitudes, latitudes, and
months. Thus, we suggest that the local time behavior in HWM14 (and HWM93) between 20:00 and
01:00 could be the consequence of spectral artifacts from over fitting of spectral components.
Indeed, a preliminary analysis suggests that this artifact resides primarily in the HWM14 terdiunal tidal
component at this latitude and season.

Lastly, Figure A1 also implies that the equivalent winds from the FLIP modeling technique could provide
important new wind information for future versions of the HWM model to reconcile this localized issue in
HWM14, which would, in turn, enable improved understanding of the WSA.

Appendix B: Validation of FLIP Model Neutral Composition Using Christchurch Data

The Argentine Islands would be the ideal location for investigation of neutral composition on NmF2 and hmF2
with coincident ionosonde, COSMIC, and GUVI observations, but the facility closed in 1996. Instead, we use
2007 ionosonde data from Australia and New Zealand for validation of the procedures. These ionosonde data
have been carefully hand scaled for optimal accuracy. While these sites are outside the defined WSA, the
comparison supports the neutral composition analysis.

Figure B1 shows a comparison of the modeled and measured NmF2, hmF2, O to N2 ratio, and neutral tem-
perature at Christchurch, New Zealand (44°S, 173°E), for 8–11 January 2007. The closed red circles without
error bars show the ionosonde data for 8–11 January 2007. There is very good agreement between the
median 2007–2010 COSMIC NmF2 (open circles) and the median ionosonde NmF2 for 1–18 January
2007–2010 (asterisks). However, the median COSMIC hmF2 is 10–15 km lower than the median
ionosonde hmF2.

The solid blue lines in Figure B1 are from a FLIP model simulation that uses the standard NRLMSISE-00 model
and the ionosonde hmF2 as the wind proxy. The FLIP model NmF2 underestimates the 2007 ionosonde data
just before noon, but there is good agreement at the time of the GUVI measurements. A point worth noting
is that the measured and modeled NmF2 increases throughout the day until it maximizes near local sunset.
That suggests that NmF2 would peak near midnight if the solar zenith angle variation were similar to that
at the Argentine Islands. This further emphasizes the need to bin NmF2 data closer to midnight and midday
when studying the Weddell Sea Anomaly.

Figures B1c and B1d show the model and the GUVI (symbols with error bars) neutral temperature and
O to N2 density ratio at 311 km altitude. The solid blue lines are from the standard NRLMSISE-00
model, while the dashed red lines are values obtained by the FLIP model when the neutral densities
are modified so that the model follows the observed NmF2, as well as hmF2. Coincidentally, the GUVI
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observations occur when the FLIP model is in best agreement with the ionosonde observations so the
modification to the neutral densities is smallest. There is excellent agreement between the GUVI and
model O/N2 ratio, but the GUVI temperature is ~50°K lower than the FLIP model temperature on the
first 3 days, although still within the statistical error. It must be noted that the FLIP model derived
O/N2 ratio is more accurate than the derived neutral temperature because the O/N2 ratio primarily
determines NmF2.

Additional model calculations were made for six Australian ionosonde stations that are widely spaced in lati-
tude and longitude. The model agreement with the GUVI Tn and O/N2 data is comparable to that for
Christchurch at all six stations. In particular, there is little difference in hmF2 and NmF2 between the
Christchurch (44°S, 173°E) and Hobart (43°S, 147°E) ionosonde data.

These comparisons provide confidence in the procedures when applied to the WSA region.

Figure B1. Comparison of modeled and measured (a) NmF2, (b) hmF2, (c) O to N2 ratio, and (d) neutral temperature
at Christchurch (44°S, 173°E) for 8–11 January 2007. The closed red circles show the ionosonde data for 8–11 January 2007.
The solid blue lines are from the FLIP model using the standard NRLMSISE-00 model and the 2007 ionosonde hmF2 as
the wind proxy. The open circles show the 2007–2010 COSMIC data, and the asterisks show the 2007–2010 median
ionosonde data. The dashed red lines in Figures B1c and B1d are from the FLIP model neutral density modification
algorithm. The symbols with error bars show the TIMED-GUVI neutral temperature and O to N2 density ratios. The black
vertical marks in Figures B1a and B1b indicate the times of the GUVI data. The vertical grid lines are at midnight LT.
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