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Key Points:

+ Nighttime poleward wind changes induced by SAPS exhibit remarkable UT variations, with a maximum at 06 UT and a minimum at

00 UT.

+ The UT variation of the poleward wind changes is caused by the combined effects of pressure gradient, ion drag force and Coriolis

force.

+ The ion drag effects on the poleward wind changes result from the displacement between the geomagnetic and geographic poles.
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Abstract: The present work uses the Thermosphere lonosphere Electrodynamics General Circulation Model (TIEGCM), under
geomagnetically disturbed conditions that are closely related to the southward interplanetary magnetic field (IMF), to investigate how
the nighttime poleward wind (30°-50° magnetic latitude and 19-22 magnetic local time) responds to subauroral polarization streams
(SAPS) that commence at different universal times (UTs). The SAPS effects on the poleward winds show a remarkable UT variation, with
weaker magnitudes at 00 and 12 UT than at 06 and 18 UT. The strongest poleward wind emerges when SAPS commence at 06 UT, and
the weakest poleward wind develops when SAPS occur at 00 UT. A diagnostic analysis of model results shows that the pressure gradient
is more prominent for the developing of the poleward wind at 00 and 12 UT. Meanwhile, the effect of ion drag is important in the
modulation of the poleward wind velocity at 06 and 18 UT. This is caused by the misalignment of the geomagnetic and geographic
coordinate systems, resulting in a large component of ion drag in the geographically northward (southward) direction due to channel
orientation of the SAPS at 06 and 18 UT (00 and 12 UT). The Coriolis force effect induced by westward winds maximizes (minimizes) when
SAPS commence at 12 UT (00 UT). The centrifugal force due to the accelerated westward winds shows similar UT variations as the Coriolis

force, but with an opposite effect.
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1. Introduction

The thermospheric meridional wind is one of the keys to under-
standing the variability of the coupled lonosphere-Thermo-
sphere (IT) system. It can influence the ionosphere by moving the
plasma along the magnetic field lines (Rishbeth, 1967), by the
ionospheric wind dynamo (Blanc and Richmond, 1980), and by
other ion-neutral interaction processes (Richmond et al.,, 1992;
Zhang SR et al., 2017), including the flywheel effect (Lyons et al.,
1985; Odom et al., 1997; Richmond et al., 2003; Ridley, 2005; Deng
Y et al., 2014). Thus, understanding the spatial distribution of ther-
mospheric winds is critical to elucidating the dynamics in the IT
system and thus to improvement of near-Earth space environ-
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ment modeling and forecast capabilities.

At subauroral latitudes, Subauroral Polarization Streams (SAPS)
are an important and interesting physical phenomenon. SAPS are
described as westward plasma jets (PJ, Galperin et al., 1974) or
subauroral ion drifts (SAID, Anderson et al., 1993). They are loc-
ated in a latitudinally narrow region and are observed from dusk
to early morning. The magnitude of the drift speed of SAPS is
greater than 500 m/s in the pre-midnight sector (Foster and Vo,
2002). SAPS are driven by the strong poleward electric field dur-
ing geomagnetically disturbed periods, closely related to south-
ward interplanetary magnetic field (IMF) B, conditions (Anderson
etal, 1991; Yeh et al,, 1991; Foster and Vo, 2002; He F et al.,, 2017).
SAPS have substantial effects on the F region zonal winds. As re-
ported by Wang WB et al. (2012), an empirical model of SAPS was
imposed in the Thermosphere lonosphere Electrodynamics Gen-
eral Circulation Model (SAPS-TIEGCM) to simulate SAPS effects on
the IT system during a period of geomagnetically moderate activ-
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ity. Their results showed that SAPS could drive large changes
globally — not just in the auroral and subauroral regions — in
neutral temperature, electron density, and horizontal wind.. There
are notable ion drag effects in which the neutrals are driven west-
ward by the strong westward ion flow in the SAPS channel, produ-
cing significant temperature changes due to the ion-neutral inter-
action, i.e. frictional heating (Wang WB et al., 2012). Thus, in the af-
ternoon to midnight sector, an extra strong westward wind chan-
nel is generated, which has been studied extensively by using
satellite observations (e.g., Emmert et al, 2001; Wang H et al.,
2008, 2012, 2018).

Apart from SAPS effects on the zonal winds, effects of SAPS on the
thermospheric meridional winds have also been the subject of a
few studies (e.g., Zhang SR et al., 2015, 2017; Guo JP et al,, 2018;
Ferdousi et al., 2019). Due to the lack of global meridional wind
observations from satellites, the meridional winds have been
studied mostly by using ground-based Fabry-Perot interferomet-
ers (FPI) observations and numerical simulations. During periods
of magnetic disturbance, the energy and momentum carried by
the solar wind are deposited into the IT system. Such deposition
into the auroral regions of impulsive magnetosphere energy and
momentum triggers travelling atmospheric disturbances (TADs)
(e.g., Bruinsma and Forbes, 2007; Lei JH et al., 2008; Liu J et al.,
2010, 2015, 2016). Richmond (1978) suggested that the TADs
could push the ionosphere upward or downward along the mag-
netic field lines by the neutral meridional winds and could trans-
port energy from high to low latitude regions. The TADs in the
thermospheric meridional winds can produce disturbance dy-
namo electric fields in the ionosphere (Blanc and Richmond.,
1980). The disturbance electric field can, in turn, directly influence
the plasma and contribute to the TADs (e.g., Fujiwara and Miyoshi,
2006). This is the process of the well-known equatorward wind
disturbances during storm times. By using observations from
three FPI stations at mid-latitudes, Zhang SR et al. (2015) found a
strong poleward surge of meridional winds at geographic middle
latitudes during the 2015 St. Patrick’s Day storm. The nighttime
poleward wind disturbances at 20-21 local time (LT), located at
~45° magnetic latitude (Mat), were found to be opposite to the
well-known equatorward wind disturbances that travel from high
to low latitudes under geomagnetic disturbed conditions. This ob-
servation was attributed to the important role of the Coriolis force
in the subauroral region. They proposed that the strong west-
ward wind jet associated with SAPS might trigger a meridional
wind change due to the Coriolis force (Zhang et al., 2015) and
centrifugal force (Lihr et al, 2007). Based on Global
lonosphere-Thermosphere Model (GITM) simulations, Guo JP et
al. (2018) investigated theoretically the ion-neutral coupling pro-
cesses induced by SAPS. In their study, the poleward surge of
winds was revealed to originate from combined effects from the
pressure gradient associated with the auroral energy and high-lat-
itude convection, and the Coriolis force related to the westward
neutral wind jet driven by SAPS.

While the effects of SAPS on thermospheric winds have been es-
tablished in those abovementioned earlier studies and appear
very straightforward, the exact wind response — particularly, the
magnitude of changesin both zonal and meridional components —
is subject to large variability. This complexity arises from the fact
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that the thermospheric winds result from the balance of forces
from many driving factors, including pressure gradient, Coriolis,
centrifugal, ion drag, and others. The additional ion drag, as well
as pressure gradient changes due to SAPS effects, modify the
winds in general; in particular, they alter the ways in which the
wind (zonal and meridional) components couple. Largely owing
to the separation between geomagnetic and geographic poles,
substantial longitudinal thermosphere and ionosphere variations
exist as a result of longitudinal variations in some of these above-
mentioned forcings, e.g., pressure gradients caused by solar irradi-
ation global distribution, auroral heating, and local heating associ-
ated with SAPS. Therefore UT variations in the responses of ther-
mospheric winds to SAPS are really within expectations; however,
delineation of the relative importance among those competing
forcings responsible for longitudinal/UT variations remains a mat-
ter of significant scientific interest. Using GITM simulations, Wang
H et al. (2018) investigated the zonal wind response to SAPS that
occurred at different UTs. They found that the westward wind dis-
turbances exhibited a significant UT variation; the disturbances
reached their maxima (minima) at 18 (04) UT and 04 (16) UT in the
Northern and Southern Hemisphere, respectively. Thus, SAPS
commencing at different UTs might affect the nighttime pole-
ward winds differently and induce UT variations in the poleward
winds. This phenomenon and its associated physical mechanism
(the relative importance of abovementioned forcings), however,
are still poorly understood, which are thus the focus of the
present work. This investigation can also contribute to under-
standing of the energy and momentum propagation from the
mid-latitude to the equatorial region.

In the following section, we make a comparison between TIEGCM
simulations and FPI observations during the 2015 St. Patrick’s
storm to show that the default TIEGCM without SAPS and the
SAPS-TIEGCM are suitable for our study. Then we carry out a the-
oretical study of the UT variation of poleward winds in response
to SAPS. To explore possible mechanisms driving this response,
we perform a term analysis of the poleward winds.

2. TIEGCM

The TIEGCM is a first principles model of the coupled thermo-
sphere and ionosphere, developed by the High Altitude Observat-
ory of the National Center for Atmosphere Research. The TIEGCM
is driven by a high-latitude electric field (Heelis et al, 1982;
Weimer, 2005), solar extreme ultraviolet and ultraviolet spectral
fluxes parameterized by the Fy7 index (Richards et al., 1994), and
diurnal and semidiurnal tidal inputs at the low boundary (Hagan
and Forbes, 2002, 2003). The horizontal resolution of the TIEGCM
is 2.5° in geographic latitude (GLat) by 2.5° in geographic longit-
ude (GLon). The vertical grid is pressure coordinates with a resolu-
tion of a quarter scale height, extending from ~97 to ~700 km, de-
pending on solar activity. For the purpose of comparing simula-
tion with observations, the model is driven by true geophysical
conditions. For idealized modeling studies, the model is run for
20 days to reach a diurnally reproducible steady state; the results
are then used for the analysis. In this work (TIEGCM v2.0 is used),
all model simulations have been done for two cases, one with
SAPS, the other without. Thus, the differences between these two
simulations are the global IT responses to SAPS. In this work, the
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electric field model at high latitudes uses the Heelis model (Heelis
et al, 1982). The characteristics of the auroral particle precipita-
tion number flux used in this TIEGCM is from Roble and Ridley,
(1987). In a way similar to that of Wang WB et al. (2012), the SAPS
ion velocity is imposed into the subauroral region at all altitudes
in the TIEGCM, with the location and magnitude determined by
the Kp index (SAPS-TIEGCM). The larger the Kp, the lower is the
MLat and the faster is the ion velocity of SAPS. The background
E x B drift at subauroral region is replaced by the imposed SAPS
ion velocity, introducing the SAPS effects into the IT system
without any other changes. Thus, the global IT system in the
SAPS-TIEGCM is self-consistent.

3. Results

3.1 Data-Model Comparison

The zonal ion drift velocities calculated by the SAPS-TIEGCM and
the TIEGCM at 00 UT on 18 March 2015 are given in Figures 1a and
1b, respectively. The black lines and arrows over-plotted are the
orbit and the observed ion drift velocity from the DMSP F18 satel-
lite at ~23 UT on 17 March. In Figure 1a, a notable two-cell plasma
convection is present. The zonal ion velocity is strongly westward
in the SAPS channel (~60° MLat and 14-22 Magnetic local time
(MLT)), with a speed of ~1200 m/s, which corresponds to the
SAPS. Another peak of the westward ion velocity (~500 m/s) is loc-
ated in the auroral region and dawn sector. The eastward peaks of
the ion velocity occur in two sectors; one is at ~70° MLat and
00-09 MLT, and the other is at noon in the auroral region, with a
maximum speed of ~600 m/s. There is a large model-observation
discrepancy in zonal ion velocity at ~75° MLAT and ~20 MLT: the
modeled (westward) velocity is opposite to the observation (east-
ward). This difference does not compromise the reliability of mod-
el, however, because the pattern of subauroral zonal ion velocity
is similar between the model and observation. The pattern of zon-
al ion velocity modeled by the TIEGCM (Figure 1b) is similar to that
of the SAPS-TIEGCM (Figure 1a), with differences mainly in the
SAPS channel. The TIEGCM ion velocity in the SAPS channel is
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small, but westward. In Figures 1a and 1b, the DMSP-observed ion
velocity is westward at ~60° MLat and 19.5 MLT with a speed of
~1500 m/s, as shown by the black arrows. The DMSP-observed
SAPS are reasonably consistent with the ones modeled in the
SAPS-TIEGCM, but with small differences. For instance, the ob-
served ion velocity at ~56° MLat and 08 MLT is eastward, whereas
the simulated one is westward. Such small differences are under-
standable and acceptable in modeling work, because the TIEGCM
and the SAPS-TIEGCM are driven by the 3-hrs Kp index, which
might cause differences between model simulations and observa-
tions when real geomagnetic activity is changing rapidly with
time.

Figure 1c presents wind data from FPI observations and TIEGCM
simulations at 00-03 UT on 18 March 2015. The observed pole-
ward winds have a maximum speed of ~100 m/s (blue, black, and
red lines) at 02-03 UT. The magenta line is the SAPS-TIEGCM simu-
lated poleward winds at 40°N and 80°W, which is in the area sur-
rounded closely by the three stations (Pisgah Astronomical Re-
search Institute (PAR, 35.1°N, 82.8°W), Urbana Atmospheric Obser-
vatory (UAO, 40.1°N, 88.2°W), and Millstone Hill (MH, 42.6°N,
71.5°W)). The poleward winds in magenta line have a maximum
value of ~110 m/s at ~01:40 UT. The peak of the simulated pole-
ward winds occurs ~50 minutes ahead of the observed peak,
which is related to two factors. One is the poleward winds gener-
ated by SAPS at almost all UTs. The other is the wind circulation
(poleward at dayside and equatorward at nightside) during storm
time at the dusk sector. The time differences could be due to the
strong effects of SAPS. Such discrepancies are acceptable in mod-
el work, because the large-scale patterns of poleward winds are
well reproduced by the SAPS-TIEGCM. At 00-02 UT, the observed
poleward winds from FPI vary from station to station. At UAO, the
wind is poleward while at MH and PAO the wind is equatorward.
The modeled winds are directed poleward, consistent with the
observed ones at UAO. The poleward winds due to SAPS have a
maximum speed of ~28 m/s at 02:40 UT (figures not shown). Thus,
the modeled poleward wind induced by SAPS amounts to ~30%
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Figure 1. (a-b) Zonal ion velocity from the SAPS-TIEGCM and the TIEGCM at ~250 km (pressure level: 0.8750) and 00:00 UT on 18 March 2015.
Positive indicates the eastward direction. The black lines and arrows overplotted are the orbit and the observed horizontal cross-track ion velocity
from the DMSP F18 satellite. The magenta lines overplotted are the observed auroral boundary from DMSP F18 (data products from Special
Sensor Ultraviolet Spectrographic Imager, https://ssusi.jhuapl.edu). (c) Blue, black, and red lines are FPI-observed poleward winds at the Pisgah
Astronomical Research Institute (PAR, 35.1°N, 82.8°W), Urbana Atmospheric Observatory (UAO, 40.1°N, 88.2°W), and Millstone Hill (MH, 42.6°N,
71.5°W) stations at 00-03 UT and ~250 km (pressure level: 0.8750), respectively. The magenta line indicates the TIEGCM-simulated poleward

winds at 40°N and 80°W. The speed is given in m/s.
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of the observed poleward winds. The underestimation of the
winds seems to be a common problem in the models. For ex-
ample, Guo JP et al. (2018) showed that the meridional wind out-
put from the global ionosphere and thermosphere model (GITM)
is lower than the observed winds. The longitudinal differences in
the TIEGCM zonal winds in the middle and equatorial region were
reported to be lower than in the CHAMP observations (Zhang KD
etal, 2019), which is due to two reasons. The first is the coarse res-
olution of the model (2.5 degree resolution in MLat), although we
have used the model’s highest available resolution. The second
reason is that the SAPS-TIEGCM is driven by the 3-hrs Kp index,
which is different from the realistic high-latitude driver. However,
the model with SAPS imposed can generate poleward winds in a
qualitative way at middle latitudes at nighttime, which can guar-
antee the reliability and stability of the following study.

3.2 UT Variations of Poleward Winds Driven by SAPS

What differences are possible in the nighttime poleward wind
when SAPS occur at different UTs? To answer this question, we
used the SAPS-TIEGCM to perform four idealized numerical exper-
iments. All the results are thus for idealized cases, not for such a
real case as the one shown in Figure 1. The reason idealized cases

VN nh TIEGCM DSAPS 06 UT
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are used in the following study, instead of a realistic case, is that
external driving (e.g., IMF and geomagnetic activity) at different
UTs varies significantly in the realistic case. In the idealized case,
we can hold the external conditions unchanged and vary only the
UT time of occurrence of SAPS.

Figure 2a shows the epoch time variation of the Kp index, which is
the input used to drive the model. The TIEGCM run without SAPS
is called the “base run” hereafter. The Kp index begins to increase
from 3 at 00:00 epoch time to 7.5 at 01:30 epoch time, then de-
creases to 3 at 03:00 epoch time to represent the disturbed peri-
od. The Kp configuration is used to identify SAPS effects on the
poleward winds. The 00:00 and 03:00 epoch times mark the onset
and end time of SAPS. SAPS have been included in the SAPS-
TIEGCM at four different UT times (00, 06, 12, and 18 UT). By differ-
encing the base run from the four SAPS-TIEGCM runs, we can de-
termine the effects of SAPS on the poleward wind disturbances at
different UTs. In these four cases, SAPS shift equatorward with in-
creasing Kp index, within the band of 40°-55° MLat and 13-
24 MLT. The peak velocity (~1078 m/s) occurs at 45° MLat and
19-20 MLT (01:30 epoch time). The strength of the contour SAPS
channel varies with Kp index. That is, SAPS at larger Kp could pro-
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Figure 2. (a) The Kp index input in the TIEGCM-SAPS. The vertical dashed lines in blue and black are the onset and end time of the SAPS,
respectively. (b-1) The magnetic local time and latitude variations of the geographic poleward wind responses to SAPS that commence at 06 UT.
The epoch time varies from 00:20 to 03:40, with a cadence of 20 minutes. The red solid line denotes the location of SAPS. The altitude is ~250 km,
and pressure level is 0.8750. The velocity is given in m/s. The velocity at the left lower corner of each subfigure is the peak value of the
equatorward (negative) and poleward (positive) winds at 30°-50° MLat and 19-22 MLT. Three magenta stars, from low to high latitudes, indicate
the Pisgah Astronomical Research Institute (PAR, 35.1°N, 82.8°W), Urbana Atmospheric Observatory (UAO, 40.1°N, 88.2°W), and Millstone Hill (MH,

42.6°N, 71.5°W) FPI stations, respectively.
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duce lower MLat and faster ion velocity.

As an example, Figures 2b-2| show the thermospheric poleward
wind disturbances in response to the SAPS that commences at 06
UT, when the nighttime meridional wind disturbances in pole-
ward at 30°-50° MLat are the strongest. The epoch time interval
from 00:20 to 03:40 is shown, with a time cadence of 20 min. In
the SAPS region (enclosed by the red contour lines), the zonal
wind has higher velocity and mainly directs westward at a speed
of ~200 m/s (see the 3rd column of Figure 5), which is consistent
with previous work (e.g. Wang H et al., 2008, 2012, 2018). In
Figure 2b, the SAPS indicated by the red lines locate at ~47° MLat
and 17-21 MLT. In Figure 2e, the SAPS appear at 40°-50° MLat and
14-23 MLT. Thereafter, they move poleward to ~48° MLat and sec-
tor of 16-20.5 MLT in Figure 2i (epoch time 02:40).

The poleward winds under study are enhanced as the time pro-
gresses. At 00:20 epoch time, the poleward wind disturbances at
30°-50° MLat and 19-22 MLT have an average speed of ~15 m/s
(Figure 2b), with a peak speed (~20 m/s) occurring at ~20 MLT.
The peak velocity of poleward winds due to SAPS is given at the
left lower corner of subfigures. Note here that the changes in the
thermosphere-ionosphere coupling system are global in scale
(Wang WB et al., 2012), not limited only to the region of this study’s
focus. The peak speed of the poleward wind changes from epoch
time 00:00 to 03:00, and occurs at epoch time 01:40 (Figure 2f)
and ~21 MLT, with a magnitude of ~56 m/s. Thereafter, it de-
creases with the epoch time and shifts continuously towards the
pre-midnight sector. At epoch time 02:20-03:40, the large pole-
ward wind at 19-22 MLT and 30°-50° MLat seems to occur at rel-
atively lower latitudes, equatorward of the SAPS channel. Note
that we are interested in this paper only in the nighttime pole-
ward wind changes induced by SAPS. In Figures 2b-2i, we can see
that there are also large poleward winds between 14 and 16 MLT
at ~60° MLat. The cause and variation of these winds are of great
interest, and will be investigated in a separate paper. The phe-
nomenon that a spread band of poleward winds occurs at midlat-
itudes and 22-02 MLT sector, which is related to the molecular vis-
cosity, the inertia force, and Coriolis effects due to westward
winds. Based on observations and model outputs, previous stud-
ies (Fig. 6 in Wang H et al., 2011, Fig. 7 in Wang WB et al.,, 2012)
have disclosed that the latitudes of neutral wind with a strong
magnitude induced by SAPS are much greater than the latitudes
of the SAPS. This difference is related to the molecular viscosity in
the thermospheric composition. Furthermore, as disclosed in
Wang H et al. (2018), the westward winds at sector of 12-24 MLT
due to SAPS will not disappear at the time that the SAPS close. On
the contrary, the winds will last several hours because of inertial
forces, owing to the dense thermospheric density (Wang H et al.,
2018). Thus, the poleward winds at midnight can be attributed to
the Coriolis force due to westward winds (Walterscheid and Crow-
ley, 2015).

A large equatorward wind is generated by SAPS at 30°-50° MLat
and 12-18 MLT in Figures 2b-2g. The potential drivers might be
the combined effects of the pressure gradient and ion drag. At the
afternoon sector, the geomagnetic field configuration and SAPS
channel orientation cause the ion drag to have a large compon-
ent in the geographically southward direction; thus ion drag can

have deep influences on the equatorward winds. At lower latit-
udes and 12-18 MLT, the pressure gradient due to the frictional
heating, which heats neutrals and ions locally, can transport the
heated air to lower latitudes through nonlinear dynamic pro-
cesses. The equatorward winds due to SAPS at 30°-50° MLat and
19-22 MLT in Figure 2b have a maximum speed of 13 m/s. The
peak equatorward winds spread from 19 MLT to 21 MLT at epoch
time 00:00-02:00. During the remainder of that epoch interval, the
equatorward wind disturbances induced by SAPS disappear. The
potential drivers of these equatorward winds might be similar to
those operating at 30°-50° MLat and 12-16 MLT, under the com-
bined influence of ion drag and pressure gradient.

Figure 3 gives the epoch time variations of poleward wind
changes caused by SAPS in the Northern Hemisphere at different
UTs (see the four videos in the supporting material). The global
structure of poleward wind changes in Figure 3a is similar to that
in Figure 2b. The meridional winds due to SAPS at 19-22 MLT and
30°-50° MLat are equatorward, with a maximum speed of 32 m/s.
In Figure 3b, the meridional wind changes at 19-22 MLT and
30°-50° MLat include the largest SAPS-influenced poleward winds
— a magnitude of ~25 m/s. At the focus region, a strong equator-
ward wind exists at lower latitudes, with a speed of ~45 m/s. Note
that the selected epoch times in the middle column of Figure 3
capture the maximum poleward winds at the focus region. At the
epoch time marking the end of SAPS, the nightside poleward
winds show a speed of ~25 m/s (19-22 MLT and 30°-50° MLat). A
comparison between Figures 3d-3i (poleward wind changes at 12
and 18 UT) and 3a-3c shows that there exist similar global struc-
tures of poleward wind changes, especially at 19-22 MLT, but with
different magnitudes. The maximum magnitude is about 28 and
44 m/s at 12 and 18 UT, respectively. Thus, the poleward wind
variations at 19-22 MLT and 30°-50° MLat are stronger at 06 and
18 UT than those at 00 and 12 UT.

4. Discussion

UT variations of thermospheric and ionospheric parameters (i.e.,
electron density, neutral winds) have been explored in recent
years (e.g., Hdusler et al., 2007; Cnossen and Richmond, 2012;
Maute et al., 2012; Su FF et al., 2015; Li Z et al., 2018; Yang CY et al.,
2018). As these studies have suggested, UT variations in the IT sys-
tem are associated with effects arising from the displacement of
the geomagnetic pole from the Earth’s rotation axis, from the lon-
gitudinal difference of geomagnetic field, as well as from the sol-
ar illumination. The longitudinal variations of the magnetic field
strength are significantly different in the two hemispheres. A one-
peak longitudinal pattern appears in the Northern Hemisphere
but a two-peak structure in the Southern Hemisphere (Yue J et al,,
2013; Perlongo and Ridley, 2016; Laundal et al., 2017). These struc-
tures rotate with UT throughout the day. Thus, a significant longit-
udinal difference exists in the geomagnetic field configuration.
Based on GITM simulations, Wang H et al. (2018) explored the dis-
turbed zonal winds induced by SAPS at different UTs, which are
induced by the ion drag effects due to the UT variations of sun-
light at geomagnetic mid-latitudes. Previous studies have fo-
cused mainly on UT effects of SAPS on the zonal winds (e.g., Wang
H et al., 2012). Studies on UT effects of SAPS on the poleward
winds have been still lacking. The present work has revealed pole-
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Figure 3. The magnetic local time and latitude variations of the geographic poleward wind responses to SAPS that commence at 00 (top, a—c),
12 (middle, d—f), and 18 (bottom, g-i) UT. The red solid line denotes the location of SAPS. The altitude is ~250 km, and pressure level is 0.8750. The
velocity is given in m/s. The velocity at the left lower corner of each subfigure is the peak value of the equatorward (negative) and poleward
(positive) winds at 30°-50° MLat and 19-22 MLT. The three magenta stars from low to high latitudes indicate the PAR, UAO, and MH FPI stations,

respectively.

ward wind disturbances during the nighttime in response to
SAPS.

It is known that the thermospheric winds are determined by a bal-
ance among various forcing terms, including pressure gradient,
ion drag, the Coriolis force, the centrifugal force, viscosity, and
momentum advection (Thayer and Killeen, 1993; Richmond, 1995;
Kwak and Richmond, 2007; Hsu et al., 2016; Wang H and Zhang
KD, 2017; Zhang KD et al,, 2018). The meridional momentum
equation is

% o€ 2 [

ot Po 9Z| HoZ
+Ayy (VEXB,y - Vo) + Ay (Vixgx = Un) = Vi = Vv
UpUpn 1 0P v,

RE tan A — R—Ea - WE —hdv,

i| i fcorun

+

where v, is the meridional winds, u, is the zonal winds, Re is the
Earth’s radius, ) is the geographic latitude, 7 is the altitude, u is
the molecular viscosity, and A, and A, arethe ion drag coeffi-
cients. The forcing terms are, in this order: the vertical viscosity
(the second term), Coriolis (the third term), ion drag (fourth and
fifth terms), nonlinear horizontal advection (the sixth term), centri-
fugal force (the seventh term), pressure gradient (the eighth
term), vertical advection (the ninth term) and horizontal diffusion
(the tenth term). To investigate the mechanism of the UT depend-
ence of SAPS effects, a term analysis in the meridional mo-
mentum equation, similar to that in Hsu et al. (2016) and Zhang
KD et al. (2019), is applied to the four cases, presented in Figure 4,
in which SAPS occur at different UTs. It is found that ion drag,
pressure gradient, Coriolis force, and centrifugal force in the meri-
dional momentum equation in this work are more important than
the other terms considered (e.g., horizontal advection and viscos-
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ity figures not shown, Hsu et al,, 2016; Zhang KD et al., 2019). Thus,
ion drag, pressure gradient, Coriolis force, and centrifugal force
are shown in Figure 4. Note here that the acceleration is the velo-
city change during unit time. Thus, the variations of acceleration
do not necessarily correspond well to those of the poleward
winds. A positive acceleration stands for acceleration in the pole-
ward direction or deceleration in the equatorward direction.

In Figure 4, the sums of accelerations due to the four forcing
terms are -0.29, 3.84,-0.19, and 1.72 cm/s2? at 00, 06, 12, and 18 UT,
respectively. Those values represent the peak values in the focus
region. Additionally, through a comparison between the subfig-
ures representative of a single force term, one can explore the de-
tailed physical mechanisms causing the UT variations of poleward
wind changes during the SAPS periods. Thus, as shown in Figures
2 and 3, the SAPS-induced poleward wind changes in the post-
dusk sector of (19-22 MLT) and 30°-50° MLat has the strongest
magnitude when SAPS commence at 06 UT, resulting from the im-
portant role of ion drag. The weakest poleward wind changes oc-
cur around 00 UT when pressure gradient plays the prominent

forcing role.

4.1 Roles of lon Drag

The left column in Figure 4 shows the ion drag effects by SAPS at
different UTs at the epoch time of peak changes of poleward
winds. The magenta dash-dotted lines are the geomagnetic latit-
udes calculated by the International Geomagnetic Reference Field
(IGRF). When SAPS occur at 06 and 18 UT (Figures 4e and 4m), the
acceleration disturbances — the differences between with and
without SAPS, due to ion drag at 19-22 MLT and 30°-50° MLat —
are poleward, with a maximum magnitude of 1.56 and 0.53 cm/s?,
respectively. Thus, ion drag contributes to the generation of pole-
ward winds; this observation differs from the previous report of
Guo JP et al. (2018). The difference may possibly be related to the
location of the SAPS channel. As shown in Figure 4e, in our case
the SAPS channel is aligned with geomagnetic latitude. The ion
drag by SAPS is westward in the magnetic coordinates. When it is
projected or viewed in geographic coordinates, it has two com-
ponents, one that is geographic westward (which drives west-
ward winds) and the other that is the geographic northward
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Figure 4. The geographic longitude and latitude variations of SAPS forcing terms (acceleration) in the geographic poleward direction. The top to
bottom panels are for the SAPS commencing at 00, 06, 12, and 18 UT, respectively. The left to right column is for the acceleration, which are the
differences between with- and without-SAPS, due to ion drag (FD), pressure gradient (ZP), the Coriolis force (COR), and the centrifugal force
(CENT), respectively. The magenta dash-dotted lines are the geomagnetic latitudes calculated by IGRF in the region. The red lines overplotted are
the SAPS channel (Kp = 7.5). The vertical black and red dash-dotted lines are the MLTs of 19 and 22 h, respectively. The accelerations are given in
cm/s2. The S_peak is the peak value at 19-22 MLT and 30°-50° MLat. A positive acceleration stands for the acceleration in the poleward direction

or deceleration in the equatorward direction.
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(which contributes to poleward wind changes). As reported in the
literature (Emmert et al., 2001; Wang WB et al., 2012), SAPS can
drive westward neutral winds due to strong ion drag effects
caused by the large relative velocity differences between the ion
drifts and neutral winds. Thus, in this case, the geomagnetic field
configuration and SAPS channel orientation cause the ion drag to
have a large component in the geographically northward direc-
tion and, ergo, ion drag plays an important role in the generation
of the poleward wind changes. On the other hand, the ion drag ef-
fects at 00 and 12 UT (Figures 4a, 4i) are different from those at
06 UT. In geographic coordinates, the SAPS are then equatorward
because of the geomagnetic field configuration (red dotted lines).
Therefore, the ion drag effects are southward, decelerating the
poleward winds.

lon drag is proportional to ionospheric plasma density, magnetic
field strength, and the velocity differences between the neutrals
and ions (Richmond, 1995). There have been studies showing that
both the ionosphere electron density and plasma drifts have large
longitudinal variations (e.g., Maute et al., 2012; Su FF et al., 2015;
Wang H et al., 2015; Zhong JH et al., 2016; Wang H and Zhang KD,
2017). Wang H et al. (2018) found that the middle latitude elec-
tron densities in the subauroral region during SAPS periods are
the largest at 18 UT and least at 06 UT. Under similar SAPS config-
urations, the ionospheric plasma background in the post-dusk
sector should be different when SAPS occur at different UTs.
However, the regions of interest within the SAPS channel are in
the nighttime sector of 19-22 MLT. Thus, the background elec-
tron density is significantly low, and so is the ion drag effect. Thus,
in the area indicated by the red lines, the ion drag effects in the
geographically poleward direction should be caused mostly by
the relative motion between the ions and neutrals, due to the mis-
alignment between geomagnetic and geographic coordinate sys-
tems, as SAPS are flowing in the magnetically westward direction.
Additionally, the magnetic field strength also varies with geo-
graphic longitudes, producing UT variations in the ion drag.

4.2 Roles of Pressure Gradient

During SAPS periods, the neutral temperature is increased due to
frictional heating (Wang WB et al., 2012). Fig. 5 of Wang WB et al.
(2012) shows the altitudinal profile of neutral temperature at
20 LT. In the SAPS channel region, the neutral temperature is en-
hanced by ~50 K. The molecular rich air is heated in the lower
thermosphere and uplifted to the upper thermosphere. This is
shown by the vertical winds in the middle column of our Figure 5,
in this report. Temperature changes increase with altitude, since
Joule heating per unit mass is larger at higher altitudes, although
most of Joule heating is deposited in the E region altitude (Jee et
al., 2008), causing a divergent and upward flow. The vertical winds
due to SAPS are upward in the SAPS channel, but weakly down-
ward outside the channel, with a maximum speed of 1, 4, 4, and
1 m/s at 00, 06, 12 and 18 UT within the interested area, respect-
ively. Additionally, there is a convergent flow around the SAPS
channel at 250 km in the middle column of our Figure 5, which is
similar to Fig. 9 of Guo JP et al. (2018).

The effects of the pressure gradient are complicated, with posit-
ive and negative values, on the poleward winds; and the mag-
nitude of the pressure gradient acceleration has notable UT vari-
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ations, as shown in the second column to the left of Figure 4. The
acceleration are 1.66, 0.9, 1.03, and 0.9 cm/s2 at middle latitudes
and 19-22 MLT at the epoch time of the peak poleward wind
changes when SAPS commence at 00, 06, 12, and 18 UT, respect-
ively. At the equator-side (pole-side) of the SAPS channel, pres-
sure gradient effects drive the neutrals poleward (equatorward) at
06 and at 18 UT. At 00 and 12 UT, the accelerations due to the
pressure gradient are stronger. This is related to the neutral tem-
perature enhancement caused by SAPS, which are due to the fric-
tional heating. The left column of Figure 5 shows that the peak
temperature changes in the subauroral region are 65, 60, 75, and
80K at 00, 06, 12, and 18 UT, respectively. Because the solar illu-
mination at fixed local times achieves its maxima at 18 UT in the
Northern Hemisphere, as disclosed in Wang H et al. (2018), so
does the background ionospheric electron density. Thus, under
SAPS conditions, the plasma is more strongly accelerated, and fric-
tional heating between the plasma and neutrals occurs (Wang WB
et al, 2012; Wang H et al., 2018), but with a smaller magnitude,
because the relative velocity differences between the ions and
neutrals are small. Thus, the temperature increase at 18 UT and 00
UT is smaller, compared to increases at the other two UTs. In
Figures 5a (00 UT) and 5g (12 UT), it can be found that the peak
location of temperature changes is closer and poleward to the
SAPS channel than peak locations at 06 (Figure 5d) and 18 UT
(Figure 5j). The temperature gradient is larger at 00 and 12 UT
(Figures 5a, 5g, the green contour) than at 06 and 18 UT
(Figures 5d, 5j). This difference might be the principal driver of the
magnitude of the pressure gradient, causing the phenomena that
the accelerations due to pressure gradient are stronger at 00 and
12 UT, but weaker at 06 and 18 UT.

4.3 Roles of the Coriolis and Centrifugal Forces

In the TIEGCM, the Coriolis forcing term of the poleward winds is
calculated as: f°" x u,, where " is the Coriolis force parameter
and uj, is the zonal wind. At fixed geographic latitudes, the effects
of the Coriolis force on poleward winds are proportional to the
zonal winds (e.g., Walterscheid and Crowley, 2015; Zhang SR et al.,
2015). The Coriolis force directs poleward with a westward wind. It
has UT variations and contributes to the generation of poleward
wind changes during SAPS events. Due to the westward winds, at
19-22 MLT, the Coriolis force pushes the neutrals to move pole-
ward (Zhang SR et al., 2015).

The westward wind disturbances generated by SAPS achieve their
maxima at 18 UT (Wang H et al., 2018), with a westward speed of
279 m/s (Figure 5l). However, in the right column of Figure 5, the
maximum speeds (S_peak) of westward wind changes are about
135 (Figure 5c), 115 (Figure 5f), 181 (Figure 5i), and 169 (Figure 5I)
m/s at 00, 06, 12 and 18 UT, respectively. The zone of enhanced
westward wind is located at a higher geographic latitude at 06
and 12 UT. Note here that at a fixed geographic latitude, the ef-
fects of the Coriolis force are proportional to the speed of zonal
winds. The effects of a given zonal wind speed are proportional to
the sines of their geographic latitudes, which are larger at higher
latitudes due to a larger Coriolis force coefficient. Thus, taking the
zonal wind disturbances by SAPS and their geographic latitudes
into consideration, the Coriolis force effects on the poleward
winds are large at 12 UT, and relatively small at 00 UT, a notable
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Figure 5. Similar to Figure 4, but for the neutral temperature (left), vertical (middle), and zonal wind (right) changes by SAPS. The temperature is
given in K, and the winds are given in m/s. Positive in winds denotes eastward and upward. The arrows are the horizontal wind changes by SAPS

at the epoch time of peak poleward wind changes. The green contour in the left column is the neutral temperature changes by SAPS. The contour
levels are the same for all UTs (temperature: 10 K). The vertical black and red dash-dotted lines are the MLTs of 19 and 22 h, respectively. The peak
stands for the peak changes by SAPS globally, whereas S_peak stands for the peak changes at 19-22 MLT and 30°-50° MLat.

UT variation (third column to the left of Figure 4).

2
The poleward centrifugal force is calculated as :_” x tang, where

Re is the Earth’s radius and ¢ is the geographic Iati%ude. The centri-
fugal force is also proportional to the zonal winds (Lihr et al.,
2007). The centrifugal force tends to drive an equatorward mo-
tion while the Coriolis force drives a northward motion with a
westward wind (Lihr et al., 2007). Their contributions to the over-
all force balance are opposite. Similar to the pattern of Coriolis
force effects is that of centrifugal force effects (see the rightmost
column of Figure 4), which also exhibit UT variations that achieve
their maximum (-1.74 cm/s?) at 12 UT and minimum (-0.03 cm/s?)
at 00 UT. Thus, during periods of SAPS, the centrifugal force also

contributes to the generation of poleward wind changes at differ-
ent UTs. However, despite their similarities, there are also differ-
ences; for instance, the Coriolis force is strong at 00 UT, but the
centrifugal force is small at the same UT, although westward zon-
al winds are strong at this UT (see Figure 5c).

5. Summary

In this work, the nighttime poleward wind responses to SAPS in
the Northern Hemisphere and their UT variations were explored
using the TIEGCM and the SAPS-TIEGCM. We report several inter-
esting results, as follows:

(1) Changes in the nighttime poleward wind in response to SAPS
exhibit notable UT variations. The overall response is stronger at
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06 UT and weaker at 00 UT. The generation of poleward winds
comes from the combined contributions of the pressure gradient,
ion drag, the Coriolis force, and the centrifugal force. The pres-
sure gradient and Coriolis force effects are strongly poleward at
00 and 12 UT, while the ion drag force is vital to the generation of
the poleward wind at 06 and 18 UT. In addition, the acceleration
due to the centrifugal force is weakly equatorward at 00 and
06 UT, and strongly equatorward at other UTs.

(2) SAPS are westwardly aligned in geomagnetic coordinates. Due
to the misalignment between the geomagnetic and geographic
coordinates, the ion drag effects of SAPS have two components in
the geographic coordinates. One is the geographic westward,
which drives westward winds; the other is the geographic north-
ward (southward), which contributes to poleward wind changes
at 06 and 18 UT (00 and 12 UT).

(3) The pressure gradient, in association with changes of the neut-
ral temperature gradient induced by SAPS-related frictional heat-
ing, plays a vital role in the nighttime poleward winds. The tem-
perature gradient is larger at 00 and 12 UT than at 06 and 18 UT;
this difference accounts for the pressure gradient effects.

(4) The Coriolis force contributes to the nighttime poleward wind
change at all UTs, with notable UT variations. It is stronger at 00,
12, and 18 UTs, and weaker at 06 UT, because of the combined ef-
fects of the geographic latitudes of the SAPS channel and the
speed of zonal wind disturbances caused by SAPS.
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