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Winds in the nighttime upper thermosphere are often observed to mimic the
ionospheric plasma convection at polar latitudes, and whether the same is true
for the daytime winds remains unclear. The dayside sector is subject to large
temperature gradient set up by solar irradiance and it also contains the cusp,
which is a hotspot of Poynting flux and a region with the strongest soft particle
precipitation. We examine daytime winds using a Scanning Doppler Imager
(SDI) located at the South Pole, and investigate their distribution under steadily
positive and negative IMF B, conditions. The results show that daytime winds
exhibit significant differences from the plasma convection. Under negative IMF
B, conditions, winds flow in the same direction as the plasma zonally, but have a
meridional component that is strongest in the auroral zone. As a result, winds are
more poleward-directed than the plasma convection within the auroral zone,
and more westward-directed in the polar cap. Under positive IMF B, conditions,
winds can flow zonally against the plasma in certain regions. For instance, they
flow westward in the polar cap despite the eastward plasma convection there,
forming a large angle relative to the plasma convection. The results indicate that
ion drag may not be the most dominant force for daytime winds. Although the
importance of various forcing terms cannot be resolved with the utilized dataset,
we speculate that the pressure gradient force in the presence of cusp heating
serves as one important contributor.

KEYWORDS

upper thermosphere, neutral wind, ionosphere-thermosphere coupling, Cusp, IMF B,
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1 Introduction

Thermospheric winds serve to regulate and redistribute mass and momentum in the
upper atmosphere, and it has been an imperative task to specify the morphology and predict
the evolution of winds. While winds at low- and mid-latitudes are primarily driven by solar
EUV heating, those at high latitudes are additionally influenced by energy inputs from
the magnetosphere and hence often discussed in the context of magnetosphere-ionosphere
coupling (Dhadly et al., 2018; Emmert et al., 2008; Forster et al., 2008; Killeen et al., 1995;
McCormac et al., 1987). Studies have shown that winds in the upper thermosphere exhibit
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a circulation pattern that resembles the convection pattern of
ionospheric plasmas. On a large scale, winds flow anti-sunward over
the pole with return flows above 50°-60° MLAT (e.g., Thayer and
Killeen, 1993; Liihr et al., 2007; Forster et al.,, 2008; Dhadly et al.,
2018). The return flow at dusk tends to have a higher speed than
that at dawn, because the curvature and Coriolis forces nearly
balance at dusk, allowing vortex flows to self-sustain (Fuller-
Rowell et al., 1994; Fuller-Rowell, 1995). Wind reversal boundaries
are closely correlated with the auroral oval location (Killeen et al.,
1988). Besides the large-scale convection, the energy input from
the magnetosphere also contains spatial and temporal variations,
such as auroral substorms, subauroral polarization streams (SAPS),
and individual auroral forms. Evidence shows that winds closely
respond to these variations by developing spatial structures, such
as enhancement, suppression, and shears, similar to the plasma
convection (Wang et al., 2011; Zhang et al., 2015; Cai et al., 2019;
Xuetal, 2019; Zou et al., 2021; 2022). The response time of winds
ranges from low tens of minutes (e.g., Zou et al., 2018; Conde et al.,
2018; Davidson et al., 2024) to several hours (e.g., Ponthieu et al.,
1988; Kosch et al., 2001; Heelis et al., 2002; Kiene et al., 2018).

However, most of the studies above focus on nighttime winds or
winds in the polar cap, and observations of daytime winds have been
limited. The dayside sector is subject to large temperature gradient
set up by solar irradiance and it also contains the cusp. The cusp
is not only a hotspot of Poynting flux that carries electromagnetic
energy to the atmosphere, but also a region with the strongest soft
particle precipitation. Whether daytime winds are coupled to the
ionosphere in the same manner as nighttime winds is the question
we aim to understand.

Interestingly, the limited dayside observations have indicated
that winds in the daytime upper thermosphere can deviate from
the plasma convection significantly. For instance, one would expect
winds to flow poleward across the cusp due to the pressure gradient
set up by solar irradiance. However Wuetal. (2012), observed
persistent equatorward winds with High altitude Interferometer
WIND (HIWIND). Such winds are not reproduced by general
circulation model (GCM) simulations that are driven by empirical
inputs, which also predicted poleward winds. Wu’s observation
calls for an equatorward force to counter the irradiance-induced
poleward pressure gradient force. Sheng et al. (2015) proposed that
such as a force can arise in the presence of Poynting flux and
soft electron precipitation which is strong at the cusp. The energy
input enhances the neutral temperature in the F region cusp and
produces a pressure gradient force that can turn the originally
poleward wind equatorward. Zhang et al. (2016) speculated that the
force is ion drag driven by the magnetospheric lobe cell convection.
Specifically, the positive IMF B, combined with the northward Bz
during Wu’s observations drove sunward lobe cell convection in the
polar ionosphere, turning the cusp winds equatorward. Wu et al.
(2019) conducted a second HIWIND experiment, and observed
equatorward winds similar to Wu et al. (2012). They further found
that a southward IMF appears to drive even more equatorward
winds, even though this is the condition driving poleward plasma
convection at the cusp.

Besides the meridional component, the zonal component of
winds has also been reported to differ from the plasma convection.
Huangetal. (2017) used cross-track accelerometer measurements
of CHAMP satellite and found that in the Northern Hemisphere
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around noon, winds flow westward or towards dawn regardless of
the sign of the IMF B,. The westwards winds extend from subauroral
latitudes into the polar cap under a positive IMF By, and turn
nearly due anti-sunward in the polar cap under a negative IMF
B,. Since plasma convection usually has an eastward component in
the polar cap under a negative IMF By, the results of Huang et al.
(2017) indicate that daytime winds can flow at a large angle with
respect to the convection. A westward wind bias is also reported
by Kervalishvili and Lithr (2014).

The differences between winds and plasma convection in the
upper thermosphere have important consequences, one of them
being Joule heating. Although Joule heating rate per unit volume
peaks in the E-region ionosphere, the heating rate per unit mass
is large in the F-region ionosphere or the upper thermosphere
due to the low mass densities of neutrals and ions. Evidence has
shown that F-region Joule heating can elevate the temperature
of ionospheric ions (Anderson etal., 2013; Kieneetal., 2019),
drive vertically propagating waves and vertical winds, and enhance
upper thermospheric neutral density (Dengetal., 2011). In fact,
satellites have detected localized neutral density peaks in the cusp
at an altitude of about 400 km (Liihr et al., 2004). The density is
enhanced almost by a factor of two of the surrounding, creating
significantly large air drag on satellites. One of the plausible
mechanisms that generate these density peaks is the F-region Joule
heating (Deng et al., 2011), and other proposed mechanisms include
Alfvénic Joule heating (Lotko and Zhang, 2018) and heating due to
particle precipitation (Brinkman et al., 2016).

The forementioned literature has motivated us to construct a
synoptic map of daytime winds under different IMF B, conditions.
Different from Huangetal. (2017) and Kervalishvili and Lithr
(2014) who focused on zonal winds, as limited by the somewhat
low fidelity of the along-track wind measurements provided by
satellites, we study 2-D horizontal wind vectors by using ground-
based observations. Ground-based observations further allow us
to examine the local time distribution of the wind field when the
IMF driving is steady. The paper is structured as follows. Section 2
introduces the utilized dataset. Section 3 presents daytime wind
distribution under negative and positive IMF B, conditions based on
case studies, and compares the winds with the simultaneous plasma
convection. Section 4 presents superposed multi-event analysis
from which a synoptic map of daytime wind field is derived. The
results are further compared with literature. The main findings are
summarized in Section 5.

2 Dataset

Measurements of upper thermospheric wind are obtained from
the Scanning Doppler Imager (SDI) located at the South Pole
(SPO, geomagnetic —74.4° N, 18.9° E). In this paper the upper
thermosphere refers to an altitude ranging from about 200 to 500 km
(e.g., Dhadly, 2015a; Roble, 2003; Wang et al., 2008). Because SDIs
only operate during dark periods, we study daytime winds when
it is polar night at the South Pole, which roughly corresponds to
April to August. Despite the prime location of the station, the
data have yet been systematically explored, which motivates the
current analysis. The basic operating principles of SDIs are described
in detail in Conde and Smith (1995), Conde and Smith (1998),
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Conde and Nicolls (2010), and Dhadly et al. (2015). In brief, SDIs
collect optical emissions from a wide field-of-view (FOV, typically
140°), bin the emissions into 115 zones, and resolve the emission
spectra within each zone. The Doppler shift of the emission contains
information of line-of-sight (LOS) wind speeds. The LOS velocities
are inverted to horizontal velocity vectors by applying a monostatic
fitting algorithm (Conde and Smith, 1998). This algorithm assumes
that vertical winds are constant across the FOV and that meridional
winds are stationary in local time. These assumptions haven been
tested for winds in the nightside auroral zone and are found to be
reasonable even for rapidly evolving and/or strongly sheared winds
(Anderson et al., 2012; Dhadly et al., 2015). The emission used in the
current study is the 630.0 nm emissions originated from the upper
thermosphere (presumably at 250 km), and this emission has been
widely used to study upper thermospheric winds (Hernandez, 1988).
The uncertainty of the wind measurements based on 630.0 nm
emissions has been estimated for winds in the nightside auroral
zone. The value is ~5-10 m/s for LOS wind measurements, and
15-20 m/s for monostatically fitted wind vectors (Dhadly et al.,
2015). The temporal resolution of the wind measurements is
1-5 min, and the spatial resolution is ~0.3° in latitude near the zenith
and ~1° near the FOV edge.

To understand winds in the context of ionospheric plasma
convection, we use SuperDARN fitted velocity vectors. We use fitted
velocities rather than direct velocity samples because the latter are
often unavailable within the SDI FOV. For instance, the SuperDARN
radar located at the South Pole has a FOV of a different shape and
size, and covering a different spatial region, from the SDI. This radar,
however, can be used to constrain the spherical harmonic fitting
(Shepherd and Ruohoniemi, 2000) of plasma convection around the
SDI to ensure the fidelity of the velocity fitting. The fitted velocity
vectors have a 2-min temporal resolution, and 1° spatial resolution.

To further assist the interpretation of winds, we examine auroral
activities recorded by the Automatic Geophysical Observatories
(AGOs) located at the South Pole (Mende et al, 2009). The
auroral activities are recorded by a dual wavelength (red and blue)
intensified all-sky camera. We primarily use the red-line auroral
emissions, which are generally produced by precipitation of soft
electrons (Solomon et al., 1988). On the dayside, soft electrons likely
originate from the magnetosheath and stream along open magnetic
field lines into the ionosphere. The data have a temporal resolution
of 1 min, and a spatial resolution of 0.1°-0.3°.

3 Case studies

3.1 Thermospheric winds under a negative
IMF B,

Figure 1 gives an example of daytime upper thermospheric
winds under a negative IMF By. As shown in Figure 1A, the
IMF contained a steady and strong -B, component, and a
near zero Bz component. When such IMF interacts with the
dayside magnetosphere, magnetic reconnection is expected to
produce open field lines with strong tension in the dawn-
dusk direction (e.g., Cowley, 1981; Khuranaetal., 1996), and
correspondingly, plasmas along the open field lines acquire an
azimuthal motion.
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Figure 1B shows a representative plasma convection pattern in
the dayside ionosphere based on SuperDARN. The color vectors,
which represent the fitted velocity vectors, have exhibited clear
effects of the negative IMF B,. For instance, upon entering the
polar cap, plasmas showed an azimuthal velocity component in the
same direction as the magnetic tension force, which is westward in
the Southern Hemisphere. Further poleward in the central polar
cap, the magnitude of the convection increased towards dawn,
as frequently observed under a negative IMF B, (Heppner, 1972;
Heppner, 1973; Mozer et al., 1974). On a global scale, the convection
pattern showed an asymmetric two-cell pattern with a round
(crescent) cell on the dusk (dawn) sector, and such asymmetry
agrees with the negative sign of the IMF B, (Pettigrew et al., 20105
Cousin and Shepherd, 2010).

Also shown in Figure 1B are the color tiles at 10-11 h MLT
that represent LOS velocities measured by the South Pole radar.
Other radars measured LOS velocities deep in the polar cap and
at nighttime and are not shown here. The negative values (black
and dark blue) indicates that plasma was moving away from the
radar, which in this case means westward since the South Pole radar
looks primarily towards the west. The westward plasma convection
suggests that the plasma was as part of the duskside convection
cell, and the dawnside cell was located further westward. In fact,
the transition between the dusk- and dawnside cells occurred
immediately westward of 10 h MLT according to the fitted vectors. In
the following we define this transition as the center of the convection
throat (see Abooalizadeh, 2015). The convection throat, which is
frequently associated with the cusp, is a localized region where
plasmas rotate from being sunward-directed as in the auroral zone
to poleward-directed as in the polar cap.

Figures 1C-F show snapshots of the thermospheric winds when
the station moved from the morning to afternoon sector over
the duration of 3 hours. The winds are represented by the red
vectors, which have been overlain onto red-line auroral emissions
(shown in grey scale) measured by the AGO ASI. In theory, the
equatorward edge of the red-line auroral emissions serves as a
proxy for the open-closed field line boundary (Sandholt et al., 2002;
Johnsen et al., 2012); however, the reliability of the proxy can be
subject to the mapping height of the emissions, and also affected by
thermospheric winds (Johnsen et al., 2012). Our observations below
show that the convection reversal boundary based on SuperDARN
was located poleward of the equatorward boundary of the red-line
emissions, closer to their poleward boundary instead, and that winds
also exhibited shears that were positioned close to the poleward
boundary. We hence use the poleward boundary as a reference
latitude and discuss the wind distribution above and below.

3.1.1 Thermospheric winds in the polar cap

At 12:00 UT (Figure 1C), winds were measured to the west
of the convection throat. They were mainly directly eastward with
a magnitude decreasing from about 90 m/s to near zero towards
high latitude. The decreasing trend can also be discerned from the
plasma convection, likely as a result of transition from the sunward
convection within the auroral oval to the anti-sunward convection
within the polar cap.

At 13:30 UT (Figure 1D), winds were measured around the
center of the convection throat. They were directed poleward and
westward in the polar cap with a speed of about 70 m/s. At
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FIGURE 1

Upper thermospheric winds during a negative IMF B, condition. (A) IMF condition obtained from OMNI database. The interval of our interest is shaded
in yellow. (B) Plasma convection obtained from SuperDARN and shown in the MLAT-MLT coordinates. The convection pattern was taken at 16:00 UT
and it was representative of the studied interval. The color arrows represent velocity vectors derived from spherical harmonic fitting, and the color tiles
represent LOS velocity from the South Pole radar. Positive (negative) LOS velocities indicate plasma moving towards (away from) the radar, and the
location of the South Pole is marked by the magenta cross sign. (C—F) Thermospheric Winds obtained from the South Pole SDI at four different
instances. The magnetic noon meridian is delineated by the orange line, and magnetic south direction is denoted by the white dashed arrow. The MLAT
and MLT location of the South Pole corresponding to these four instances is marked as solid black dots in (B). The wind vectors are overlain onto
red-line auroral emissions that are shown in grey scale and obtained from the AGO camera.

the first glance, the westward wind component can be attributed
to the westward plasma convection due to the strong magnetic
tension force associated with the IMF By. However, a careful
comparison suggests that the westward component was a minor
velocity component for the plasma convection, whereas it was a
major component for the winds. This indicates that the winds were
subject to additional forces that deflect them westward from the
plasma convection.

At 15:00 and 17:00 UT (Figures 1EF),
measured to the east of the convection throat center at

winds were
speeds of about 50-70 m/s. They were directed poleward
and westward in the polar cap, in a direction similar to the
plasma convection.

3.1.2 Thermospheric winds in and equatorward
of auroral oval

At 12:00 UT (Figure 1C), the winds were directly eastward in
the auroral oval, similar to the winds in the polar cap but of a larger
magnitude (about 110 m/s). The larger magnitude can again be
understood as being associated with the transition from the sunward
convection in the auroral oval to anti-sunward convection in the
polar cap.

At 13:30 UT (Figure 1D), the winds were directed primarily
poleward with a small zonal component, and the poleward wind
component was strongest near the equatorward edge of the red-line
oval, reaching about 150 m/s. In comparison, the plasma convection
was more zonally directed. The zonal convection can be attributed
to the fact that within the auroral zone, plasma is affected by
the convection electric field originated from the magnetosphere
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plasma sheet. Plasma mainly drifts in the sunward direction,
which is eastward (westward) on the dawn (dusk) sector. Further
equatorward, plasma is mainly affected by the corotation electric
field and drifts eastward. The difference between the winds and
the plasma convection implies that momentum exchange between
ions and neutrals cannot sufficiently explain the wind flow, and that
other forces, such as pressure gradient force, may have played an
important role. On a global scale, solar irradiance sets up a day-
night temperature gradient, producing a pressure gradient force that
is directed from dayside to nightside. On a local scale, the strong
heating due to particle precipitation and Poynting flux can create
a localized hot spot at the cusp and the dayside auroral oval. The
combination of these two pressure gradient forces can seemingly
explain the broadly-distributed poleward wind and the localized
peak centered around the cusp/oval latitude in Figure 1D. However,
the role of other forces, such as advection and Coriolis force, remains
unknown, and a quantitative assessment by numerical simulations is
warranted.

At 15:00 and 17:00 UT (Figures 1E, F), the winds were directed
poleward and westward at a speed approaching 200 m/s, and they
extended to subauroral latitudes beyond the FOV of the SDI with
a speed of about 110 m/s. In comparison, the plasma convection
was directly mostly westward, and weakened significantly towards
low latitudes. We speculate that the difference between the
winds and the plasma convection in the meridional direction
was caused by forces similar to those discussed in Figure 1D.
The causes of the difference in the zonal direction, however,
remains elusive.
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the

thermospheric wind in continuous time series, where, considering

Figure 2 shows aurora, plasma convection, and
the steadiness of IMFE variations are interpreted as spatial (as
opposed to temporal) associated with the movement of the station
across local time. The poleward and equatorward boundaries of
the red-line auroral oval have been outlined by hand, and overlain
onto the plasma and wind measurements to guide the analysis. The
time series plots have revealed similar features to the snapshots in
Figures 1C-F. The most striking one can be seen in Figures 2D, E,
which shows that the winds had a significant poleward component
(about 150 m/s) near the equatorward edge of the oval, whereas for
the plasma convection, the poleward convection occurred poleward
in the polar cap. As a result, at the convection throat, the winds
were more poleward-directed than the plasma convection within
the red-line oval, and more westward-directed in the polar cap, as
seen in Figures 2F G.

The differences between the winds and the plasma convection
at the convection throat have two main indications: a) in and
equatorward of the oval, the winds were subject to poleward-
directed forces other than the ion drag force; b) in the polar cap, the
winds were subject to westward-directed forces that deflected them
from the anti-sunward plasma convection. We note that although
the effect was strongest at the center of the convection throat, similar
forces may have also acted at other local times, such as to the east of
the convection throat.

Nevertheless, it is noteworthy to point out that despite the
aforementioned differences, the zonal component of the winds and
the plasma convection were overall directed in the same direction
(both eastward or both westward, as seen in Figures 2B, C, except
where the plasma convection diminished). This agreement contrasts
the event presented below, where the zonal components of the winds

and the plasma convection could direct against each other.

3.2 Thermospheric winds under a positive
IMF B,

Figure 3 gives an example of dayside upper thermospheric winds
under a positive IMF B,. Figure 3A shows that the upstream IMF
contained a strong + B, component that persisted nearly throughout
the interval of interest except for occasional and brief excursions (the
longest excursion being ~15 min). The Bz component was mostly
negative. Such an IMF is expected to generate open magnetic field
lines subject to a westward (eastward) tension force in the Northern
(Southern) Hemisphere, which is supported by the convection
pattern in the southern ionosphere in Figure 3B. Specifically, in
Figure 3B, plasma at the convection throat (centered around 13 h
MLT) exhibited an eastward velocity component, and plasma deep
in the polar cap moved at a faster speed at dusk than dawn. On a
global scale, the convection pattern showed dawn-dusk asymmetry
with a crescent (round) cell on at dusk (dawn). In the following
we describe the wind distribution according to their location
relative to the poleward boundary of red-line auroral oval, similar
to Section 3.1.

3.2.1 Thermospheric winds in the polar cap

At 12:12 UT (Figure 3C), winds were measured to the far west
of the convection throat, and they were mainly directly poleward
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at a speed of about 80 m/s. Interestingly, the wind direction was
nearly orthogonal to the plasma convection at the same location,
which was directed mainly eastward. This suggests that the winds
were primarily affected by forces other than the ion drag force.
Forces that are directed poleward include the pressure gradient force
set up by solar irradiance. Advection may have also played a role
as the observed poleward winds originated from latitudes further
equatorward.

At14:10 UT (Figure 3D), winds were measured to the west of the
convection throat. They exhibited a rotation where, from low to high
latitudes, they turned from westward (speed being about 80 m/s),
to poleward (about 60 m/s), and then to poleward and eastward
(about 90 m/s). In comparison, the plasma convection within the
same latitude range (-70° to —80° MLAT) exhibited a rotation from
westward to poleward and westward. Hence the winds again flew
at a large angle relative to the plasma convection. The large angle is
contrary to the common perception that the wind field often mimics
the plasma convection even on transient time scales such as low tens
of minutes (e.g., Zou et al., 2018; Conde et al., 2018; Davidson et al.,
2024), as what often happens at high latitudes in the nightside sector.
It suggests that the behavior and the underlying forces of winds in
the dayside auroral oval are distinctively different from other parts
of the thermosphere.

At 16:10 UT (Figure 3E), winds were measured near the center
of the convection throat and had a speed of about 130 m/s. The
large angle between the winds and plasma convection persisted,
where the winds were directed poleward and westward, and the
plasma convection was directed poleward and eastward. At 18:02
UT (Figure 3F), winds were measured to the east of the convection
throat, and the overall wind distribution was similar to Figure 3E.

3.2.2 Thermospheric winds in and equatorward
of auroral oval

At 12:12 UT (Figure 3C), the winds were directed poleward
and eastward and had a speed of about 120 m/s. The eastward
component is consistent with the eastward plasma convection. The
poleward component could be related to the pressure gradient force
set up by solar irradiance. At 14:10 UT (Figure 3D), the winds were
directed eastward at a speed of about 120 m/s, similar to the plasma
convection.

At 16:10 and 18:02 UT (Figures 3E, F), the winds at subauroral
latitudes continued to direct eastward zonally at a speed of about
80 and 50 m/s, respectively. The winds in the auroral zone are
sheared, and transitioned from the eastward subauroral winds to
the westward winds in the polar cap. In comparison, the plasma
convection was weak at 16:10 UT, which corresponds to around
the center of the convection throat, and directed westward at 18:02
UT, which corresponds to the east of the convection throat. This
indicates that even though the plasma convection reversed its zonal
component as the station moved in local time across the throat,
the winds did not, possibly interrupted by the winds originated
at subauroral latitudes. They, however, turned westward into the
direction of the plasma convection after 18:02 UT (see Figure 4C
below). This turning occurred >1 h eastward from the convection
throat.

Also 16:10 and 18:02 UT, exhibit
significant poleward component of about 150 m/s that peaked

at the winds a

near the poleward boundary of the oval. The local peak

frontiersin.org



Zou et al.

10.3389/fspas.2024.1426267

A
S B
° s—
= =
<
[
B'E.Q
8% ®©
22 =
0 e
T o
w e
CE
u -
S c g
2
»
@ =
1T}
D o
E8 .
=
.
€2
O 0
Z0
Es
a-c =
£2 3
£ =2
(e}
=
c
Fosg .
8% <
> 0 =
c .=
o n
3}
G

Wind
Direction
MLat

0
hhmm 1200

1400

FIGURE 2

uT

From top to bottom (A-E): time series plot of red-line auroral emissions, zonal component of the SuperDARN fitted velocities, zonal component of the
SDI winds, meridional component of the SuperDARN fitted velocities, and the meridional component of the SDI winds. All quantities are taken along
the magnetic meridian of the South Pole. For winds and plasma convection, positive values indicate velocities directing eastward (for the zonal
component) or northward (for the meridional component). (F-G) Ratio of zonal to meridional velocities for the plasma convection and winds. Only
plasma velocities above 150 m/s are shown here to ensure sufficiently large signal.

could be related to strong heating associated with particle
precipitation and Poynting flux. The plasma convection, on
the other hand, had a weak poleward component without
local peaks.

The time series plot in Figure 4 show similar key features to
Figures 3C-F. As shown in Figures 4D, E, similar to the first event,
the winds had a significant poleward component that spanned broad
latitudes but peaked around the red-line auroral oval, especially
at longitudes centered around and to the east of the convection
throat, whereas for the plasma convection, the poleward convection
was mostly confined to the polar cap. As shown in Figures 4B, C,
different from the first event, the zonal components of the winds
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and the plasma convection were opposite to each other over a broad
longitude range in the polar cap, implying a large angle formed
between the winds and the plasma convection. The opposition
also occurred in the oval east of the convection throat around
16:40-18:00 UT.

4 Superposed multi-event analysis
To examine how representative the wind fields in Figures 1-4

are for negative and positive IMF B, conditions, we surveyed
the SPO wind measurements between April and August, which is
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FIGURE 3

(A—F) Similar to Figure 1 but for thermospheric winds under a positive IMF By

the Southern Hemisphere winter seasons, and during 2016 and
2017. We focused on intervals when SPO was located on the
dayside (12:00-19:00 UT), when the sky conditions were good,
and when the red-line auroral emissions were located between
72° and 77° MLAT. The last requirement allows us to observe
winds poleward, within, and equatorward of the oval, obtaining a
comparatively comprehensive latitudinal coverage. Moreover, since
the case studies have shown that wind fields often contain latitudinal
shears organized by the red-line oval, the requirement helps to
align wind shears among various events and facilitates a superposed
analysis. We further require that the IMF had a steady B, component
for>3 h, and a steady B, component is defined as B, maintaining
the same sign for >85% of time. While it is somewhat stringent to
require the IMF to stay steady for such an extended period of time,
the length of 3 h ensures that winds have sufficient time to adjust to
the upstream IMF conditions.

We have identified 23 intervals in total, with 10 intervals
occurring under IMF + B, conditions, and 13 intervals under -B,.
Figure 5 shows the solar wind and IMF conditions for these events.
Since the length of these intervals varies from 3 to 8 h, during which
the solar wind conditions can change, the solar wind parameters
were averaged on an hourly, rather than event, basis. Figures 5A-C
show the distribution of the three IMF components, which have
been binned in to 3-nT bins centered at 0, +£3 nT, +6 nT, etc. In
Figure 5A, the IMF B, component varied mostly between -3 and
+3 1T, and showed a slight preference towards negative (positive)
values when the IMF B, component was positive (negative). Such
a preference is consistent with the Parker spiral, which is ~45°
from radial at 1 AU. In Figure 5B, the absolute magnitude of
the IMF B, component exhibited a peak at around 3-6 nT for
both positive and negative B, events. However, the negative events
showed a broader distribution with the absolute value up to ~15 nT.
In Figure 5C, the IMF B, component peaked at —3 nT, indicating
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that most of our events occurred under weakly southward IMF,
although the occurrence at around 0 nT was also significant. The
limited B, range is possibly because the event selection criteria
required the auroral oval to occur within 72°-77° MLAT, and
a strongly southward (northward) IMF would displace the oval
equatorward (poleward).

Figure 5D shows the solar wind number density in 4 cm™ bins.
The density had a peak at 4 cm™ for the +B, events, and a peak
at 4-8 cm™ for the -B, events. This is consistent with the typical
distribution of the solar wind density at 1 AU (e.g., Dimmock et al.,
2020; Ma et al., 2020). Figure 5F shows the component of the solar
wind velocity in the Sun-Earth direction. The peak occurs at
—500 m/s for the +BY events, and —400 m/s for the —By events.
The slight difference in the velocity peak between + and -B, could
be related to the small difference in the solar wind density in
Figure 5D, since the solar wind velocity and density are generally
anti-correlated with each other. Overall, Figure 5 shows that our
selected events occurred under modest solar wind and IMF driving
conditions.

Figure 6 shows the superposed wind data under negative (left
column) and positive IMF B, conditions (right column). Each data
point represents the averaged wind measurements made from the
same latitude and UT bin. Under negative IMF By conditions,
Figure 6B shows that, from dawn to dusk, the zonal component of
winds transitions from eastward directed to westward at a speed up
to 100 m/s. The transition occurs before magnetic noon, and it starts
earlier at high latitude and then extends to lower latitude. Figure 6C
shows that the meridional component of winds is directed poleward
across all local time and latitudes of our interest. The poleward wind
is particularly significant to the east of 11 h MLT with a peak speed of
>100 m/s. The peak is located between —72° and —76° MLAT, where
the red-line auroral oval is located as required by our event selection
criteria.
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FIGURE 4

(A-G) Similar to Figure 2 but for thermospheric winds under a positive IMF B,

By combining the zonal and meridional components, Figure 6D
sketches wind vectors (red arrows) on top of the typical plasma
convection derived from SuperDARN (Pettigrew etal., 2010;
Cousin and Shepherd, 2010). The overall wind field resembles the
case study in Section 3.1. West of the convection throat, winds are
directed eastward with a decreasing speed towards high latitude.
At the western half of the convection throat, winds rotate counter-
clockwise, from poleward and eastward at low latitudes, to westward
at high latitudes. Further eastward, winds are directed westward, and
those at lower latitudes have a larger poleward component than those
at high latitude. The wind field shares similarities with the plasma
convection with important differences: a) winds are more poleward-
directed than the plasma convection in and equatorward of the
red-line auroral oval; b) winds are more westward-directed than the
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plasma convection in the polar cap; c) winds extend equatorward to
latitudes where the plasma convection nearly diminishes.

One might expect wind fields under positive IMF B, conditions
to be mirror-symmetry of those under negative B, conditions, but
this is not the case. Figure 6F shows that the zonal component of
winds is directed westward poleward of —75° MLAT, and eastward
equatorward, almost throughout the entire dayside sector. The
eastward winds do not transition to westward winds across the
convection throat like the plasma convection, but rather show
a decrease in the magnitude after 13h MLT. The transition to
westward winds may still occur, but probably at a local time further
eastward. The magnitude of the zonal winds is weaker than that
under negative IMF B,, being about 50 m/s. Figure 6G shows that
the meridional component of winds is directed poleward across all
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local time and latitudes of our interest. The strength is larger in the
afternoon than in the morning sector, approaching 100 m/s, and has
a latitudinal peak around where the red-line auroral oval is located.

The wind components described above have led to a wind
field in Figure 6H, which is distinctly different from the plasma
convection. The main differences are: a) in the polar cap, winds are
highly oblique to the plasma convection and are deflected westward;
b) within the red-line auroral oval, winds are sheared, and they may
not exhibit a sharp reversal from eastward to westward directed in
MLT across the convection throat as what the plasma convection
does; ¢) also within the oval, especially in the afternoon sector,
winds have a significant poleward component making them more
poleward-directed than the plasma convection; d) winds extend
equatorward to subauroral latitudes where the plasma convection
nearly diminishes.

Comparing our results with earlier observations vyields
interesting similarities and differences. In the polar cap, winds
in our study have a zonal component that is directed westward
under a positive IMF By, forming a large angle with respect to
the eastward plasma convection. This is similar to Huang et al.
(2017) and Kervalishvili and Lithr (2014), who also suggested
a large angle between winds and the plasma convection in the
same region but under a negative IMF B,. Note that Huang et al.
(2017) and Kervalishvili and Lithr (2014) studied the Northern
Hemisphere, and a negative IMF By in their study corresponds to
eastward plasma convection in the polar cap.
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On the other hand, Huang et al. (2017) and Kervalishvili and
Lithr (2014) find that in the auroral zone, winds flow westward
regardless of the sign of the IMF B,. This is different from our
observation, which suggests a direction dependent on the IMF as
well as MLT. We speculate that the difference between our study and
Huang et al. (2017) and Kervalishvili and Lithr (2014) are caused
by different hydrodynamic processes in the Northern and Southern
Hemispheres, such as solar EUV heating. Different hemispheres
are associated with different offsets between the geographic and
geomagnetic poles, which can lead to different spatial distributions
of solar EUV heating. This further causes different distributions
of the pressure gradient force, which reinforce or weaken the
electrodynamic forcing of winds in the auroral zone, and likely
contributes to the different behaviors of daytime winds. The speed
of winds in Huang et al. (2017) and Kervalishvili and Lithr (2014) is
overall larger than in our study both in the auroral zone and polar
cap.

Furthermore, our observation did not capture winds flowing
equatorward across the auroral zone as Wu et al. (2012), Wu et al.
(2019) did. We speculate that the difference could be attributed to
the different observing conditions. Our observations were made
during winter seasons and modest IMF driving conditions, whereas
Wuetal. (2012), Wuetal. (2019) during summer seasons and
during strong IMF driving. Both the summer season and the
strong IMF driving favors strong heating at the cusp/dayside
auroral oval because summers are associated with high ionospheric
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Superposed multi-event analysis of daytime winds under negative (A-D) and positive (E-H) IMF B, conditions. (A, E) Number of events for the
superposed analysis as a function of UT. (B, F) Superposed zonal winds. Positive values indicate eastward winds. (C, G) Superposed meridional winds.
Positive values indicate northward (equatorward) winds. (D, H) Sketches of daytime wind field based on the superposed analysis. The black contours
represent typical ionospheric plasma convection based on the sign of IMF B, and the red arrows represent the wind vectors at representative local

plasma density (due to continuous solar illumination, which
increases ionospheric conductance and hence Joule heating) and
strong daytime auroral precipitation (Liou etal. 2001). Because
the cusp/oval-related temperature gradient directs equatorward at
subauroral latitudes, when the cusp/oval heating is sufficiently
strong, winds can be subject to an equatorward pressure gradient
force and flow equatorward. This possibility is supported by the
simulation by Shengetal. (2015). The wind speed in Wuetal.
(2012), Wu et al. (2019) varies from near zero up to 400 m/s.

It is noteworthy to point out several limitations of the study.
First, our wind fields are obtained from a monostatic fitting of SDI
LOS measurements, which has only been validated for nighttime
winds. The measurements are also based on 630.0 nm emissions,
which originate from a broad altitude range and may only represent
a height-averaged wind pattern. Second, our events occur under
modest solar wind driving conditions, and may not apply to stronger
or weaker solar wind driving. Similarly, they occur during polar
nights and low solar activity levels, and the potential dependence
on seasons and solar activity levels have not been considered.
Although we categorize wind fields according to the sign of IMF B,,
contribution from other solar wind parameters, such as the B, and
B, components, may be present. For instance, a negative IMF B, is
associated with fast anti-sunward convection (Pettigrew et al., 2010;
Cousin and Shepherd, 2010) and strong Poynting flux (Billett et al.,
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2022). The former can drive faster poleward winds, and the latter
can modify the pressure gradient distribution. Pressure gradient
force is regarded as a leading cause of the differences between winds
and plasma convection. Third, the sample size of our superposition
analysis is still limited. Despite the primitive nature of the study, our
results illuminate interesting characteristics of daytime winds and
highlight the need of better understanding the coupling between the
ionosphere and the thermosphere on the dayside.

5 Summary

the
thermospheric winds under steadily positive or negative IMF B,

The paper examines daytime high-latitude upper
conditions based on the SDI measurements made at the South Pole.
Despite the common perception that the wind field often mimics the
plasma convection, as what often happens in the nightside auroral
zone, the daytime winds have shown significant differences from
the plasma convection. The key features of the winds are
summarized as below.

Under negative IMF BY conditions, winds are directed
eastward in the morning sector, and westward in the afternoon
sector, similar to the plasma convection. However, different
from the plasma convection, winds have a poleward component
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that is strong within the red-line auroral oval, instead of
in the polar cap. As a result, winds are more poleward-
directed than the plasma convection within the oval, and more
westward-directed in the polar cap. Moreover, winds extend
equatorward to subauroral latitudes where the plasma convection
nearly diminishes.

Under positive IMF B, conditions, winds exhibit even larger
differences from the plasma convection than under negative IMF
B, conditions. In the polar cap, winds tend to flow westward
despite the eastward plasma convection there. Considering the
poleward component, winds form a large angle relative to the plasma
convection and are deflected westward. In the auroral oval, winds
are sheared and may not show a sharp reversal from eastward to
westward directed in MLT across the convection throat. The winds
also extend equatorward to subauroral latitudes where the plasma
convection nearly diminishes.

The significant discrepancy between the winds and the plasma
convection indicates that the dayside cusp and surrounding auroral
regions are an interesting region for ionosphere-thermosphere
coupling where ion drag may not be the dominant force for upper
thermospheric winds. Although the importance of various forcing
terms cannot be resolved with the utilized dataset and warrants
numerical simulation, we speculate that the pressure gradient force
in the presence of cusp and auroral oval heating is one of the
dominant forces as it can drive a broadly-distributed poleward wind
field with alocal peak around the cusp/oval. The broad wind field can
be attributed to the day-night temperature gradient set up by solar
irradiance, and the local peak to particle precipitation and Poynting
flux.
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