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[1] Using 2 years of coordinated CHAMP and DMSP observations we have investigated
for the first time the relationship between subauroral polarization streams (SAPS),
ionospheric Hall current (electrojet), upper thermospheric zonal wind, and mass
density at subauroral regions in the dusk and premidnight sectors, separately for both
hemispheres. For comparison, we have also analyzed the same parameters as a function
of magnetic latitude (30°–80° magnetic latitude) during non‐SAPS periods. During
periods of non‐SAPS, the neutral wind exhibits similar features as during SAPS events in
the dusk to premidnight sector, streaming westward in the same direction as the plasma
drift. Both neutral and plasma velocities peak at the same latitude regardless of SAPS
occurrence. For higher geomagnetic activity both velocities are faster and the peaks shift
equatorward. During non‐SAPS periods, the ratio between plasma and neutral wind
velocity is on average 2.75 ± 0.4 in both hemispheres irrespective of geomagnetic activity.
The neutral wind during SAPS events gets enhanced by a factor of 1.5/1.2 for Kp < 4
and 1.3/1.9 for Kp ≥ 4 in the Northern/Southern Hemisphere, respectively, as compared to
non‐SAPS time. The velocity difference between SAPS and neutral wind is also
larger during SAPS period than during non‐SAPS period, and the difference tends to
increase with increasing geomagnetic activity. The peak latitude of the eastward auroral
electrojet appears 1.5° poleward of the plasma drift during SAPS events, confirming
the formation of SAPS equatorward of the high‐conductivity channel. These
SAPS‐induced large winds can heat the upper thermosphere. As a result we observe
a 10% enhanced mass density at 400 km altitude with respect to periods without SAPS. In
addition a density anomaly peak occurs collocated with the SAPS, displaced from the
electrojet peak. We regard this as an indication for efficient thermospheric heating
by ion neutral friction.

Citation: Wang, H., H. Lühr, K. Häusler, and P. Ritter (2011), Effect of subauroral polarization streams on the thermosphere:
A statistical study, J. Geophys. Res., 116, A03312, doi:10.1029/2010JA016236.

1. Introduction

[2] The thermosphere and ionosphere are tightly coupled
together due to the partially ionized upper atmosphere. The
thermospheric neutral winds, the ionospheric electric field
and current systems have close but complicated relationship
with each other (see a review by Richmond [1989]). This
relationship is difficult to describe, especially at middle and
high latitudes, where particles are sensitive to the strongly
varying electric field distribution while neutrals are con-
trolled by both electrodynamic and hydrodynamic processes.

[3] The electric field can affect the neutrals distribution
through electric current in two ways: Ampere force and Joule
heating. Ampere force, also called ion drag, can work on
neutrals through ion‐neutral collisions. The modification of
the neutrals motions can cause a change of the neutral
pressure distribution, thus modifying the wind distribution.
Joule heating can change the neutral temperature and induce
pressure gradients, finally affecting the wind distribution.
Ampere force above 125 km is thought to accelerate the
neutral wind toward the ~E × ~B/B2 velocity, or decelerate
it through the flywheel effect [Banks, 1972]. Some studies
[e.g., Thayer et al., 1987; Emmert et al., 2006] found that
both plasma drift and neutral wind respond in the same way
to the interplanetary magnetic field (IMF), but studies from
McCormac and Smith [1984] and Lühr et al. [2007b] did
not resemble in all cases the tight relation between the
expected plasma drift and the reported neutral wind at high
latitudes. Joule heating above 125 km together with the
Coriolis force drive neutral wind equatorward and west-
ward. On the other hand, the disturbance dynamo electric
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field generated by wind, can deflect the plasma drift at
middle and low latitudes toward westward in all local times
[Heelis and Coley, 1992]. It is important to understand the
relationship among these electrodynamics parameters.
[4] The question we want to address in the present paper

is how strong is the effect of subauroral polarization streams
(SAPS) on the neutral wind in the subauroral region. This
investigation has not yet been made. It will help to provide
new knowledge for our understanding of the thermosphere‐
ionosphere coupling system.
[5] SAPS are one of the interesting and important features

at subauroral latitudes. The term SAPS was introduced by
Foster and Burke [2002] to encompass two different phe-
nomena. One is the polarization jets (PJ) [Galperin et al.,
1974] or subauroral ion drifts (SAIDS) [Spiro et al., 1979],
characterized bymore intense and latitudinallymore confined
plasma flow. The other is described by Yeh et al. [1991],
featured as larger latitudinal extent and longer duration of
plasma flow. SAPS have been extensively investigated for a
long time from satellites and radars as well as by magneto-
spheric simulations [e.g.,Galperin et al., 1974; Smiddy et al.,
1977; Spiro et al., 1979; Yeh et al., 1991; Anderson et al.,
1991, 1993, 2001; Burke et al. , 1998; Rowland and
Wygant, 1998; Wygant et al., 1998; Fejer and Scherliess,
1998; Scherliess and Fejer, 1998; Ridley and Liemohn,
2002; Foster and Vo, 2002; Liemohn et al., 2005; Zheng
et al., 2008]. They are rapid westward (sunward) plasma
flows located equatorward of the auroral oval and are found
predominantly in the dusk and premidnight sectors (1600 to
2400 magnetic local time, MLT). They can last 30 min to 3 h.
SAPS velocity can be affected by both the convection electric
field and the subauroral ionospheric conductivity [Wang
et al., 2008].
[6] The thermospheric wind has been studied extensively

with observations from optical Fabry‐Perot interferometer
(FPI) [e.g., Coley et al., 1994; Emmert et al., 2001;
Meriwether et al., 2008], ground‐based incoherent scatter
radar observations [e.g., Brekke et al., 1974, 1994; Zhang
et al., 2004], satellite instrument such as DE2 (Dynamics
Explorer 2) [e.g., Rees et al., 1983; Thayer et al., 1987], as
well as from thermospheric simulations [e.g., Hedin et al.,
1996; Fejer et al., 2002; Deng and Ridley, 2006]. Recently
the thermospheric wind has been derived from the cross‐track
acceleration measurements on board CHAMP by means of a
newly developed algorithm (for full details of the processing
approach the reader is referred to Doornbos et al. [2010]).
Various papers have been published by using these CHAMP
accelerometer analysis data [e.g., Liu et al., 2006; Lühr et al.,
2007a, 2007b; Häusler et al., 2007; Ritter et al., 2010]. This
paper for the first time examines the possible relationship
between SAPS, ionospheric currents and neutral winds in a
statistical way.
[7] In section 2, we briefly describe the method of data

processing. In section 3, the statistical results are presented.
In section 4, we compare the results with previous reports
and offer explanations for the results.

2. Data Set and Processing Approach

2.1. CHAMP Zonal Wind and Hall Current

[8] CHAMP was launched on 15 July 2000 into a near‐
polar (83.7° inclination) orbit with an initial altitude of ∼450

km [Reigber et al., 2002]. The average altitude of CHAMP
during the years of 2002 and 2003 is around 400 km. It
precesses 1 h in local time every 11 days, thus covering all
local times within 130 days.
[9] The thermospheric zonal wind is derived from the

Space Three‐axis Accelerometer for Research Missions
(STAR) acceleration measurements on board CHAMP.
Details of the method of deriving thermospheric zonal wind
from the cross‐track axis acceleration measurements are
given by Doornbos et al. [2010]. The accuracy of wind
measurements is about ± 10 m/s. SAPS stream westward
mainly along the auroral oval. To ensure a certain alignment
of the CHAMP cross‐track direction with the SAPS, only
results from CHAMP passes are considered where the
angles between orbit track and oval is larger than 45°. This
orbit selection method has been used and described in the
statistical study on field‐aligned currents [Wang et al.,
2005]. The thermospheric wind analysis has been orga-
nized in magnetic coordinates because of the strong geo-
magnetic forcing by plasma shift. The magnetic coordinates
are based on the Apex systems as described by Richmond
et al. [2003].
[10] The ionospheric Hall currents, more precise, the

source free current components, are determined from the
Overhauser Magnetometer (OVM) scalar magnetic field
measurements on board CHAMP. The resolution of the
magnetic field measurement is 0.1 nT. The Hall current is
approximated by a series of auroral oval line currents, sepa-
rated by 1 degree, which are placed in the ionospheric
E region at a height of 115 km. The technique of determining
the current strength of each line by inverting the variations in
total magnetic field has been developed by Olsen [1996].
Moretto et al. [2002] has applied this method later to Ørsted
data. The reliability of this approach has been demonstrated in
a statistical study where current density estimates from
CHAMP were directly compared with independent determi-
nations from ground [Ritter et al., 2004]. In the considered
time sector, evening to premidnight, the determined currents
represent well the auroral electrojet.

2.2. DMSP Plasma Velocity

[11] The DMSP satellites sample polar regions at ∼835 km
altitude along orbits of fixed local times. The orbital period is
approximately 100 minutes. One of the satellites (F13) has a
near dawn‐dusk orbit and two (F14, F15) have dayside‐
nightside MLT orbits. The ion drift velocities in the hori-
zontal and vertical directions perpendicular to the satellite
track are derived from the ion drift meter (IDM) data [Rich
and Hairston, 1994]. The DMSP electron spectrometers
(SSJ/4) instruments monitor the energy flux of electrons and
ions in the range of 30 eV to 30 keV that precipitate from the
Earth’s magnetosphere [Hardy et al., 1984]. Robinson et al.
[1987] have described the relationship relating the energy
flux and the average energy of the electrons with the height‐
integrated ionospheric conductivity. Here we make use
of this empirical relation for determining the conductivity
distribution.
[12] Our SAPS events have been identified in the same

way as described by Wang et al. [2008] in both hemi-
spheres. It is a clearly identifiable sunward ion flow in the
subauroral and premidnight region. A threshold of SAPS
velocity greater than 100 m/s is used for selection. The
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subauroral region is found automatically by computing the
auroral Pedersen conductance along the DMSP path and
determining the peak conductance, then stepping equator-
ward until the conductance is reduced to 0.2 times the peak
value or 1 S, whichever is smaller. The selected orbits are
further visually inspected to fully satisfy the above criteria.
The universal time (UT), magnetic local time (MLT),
magnetic latitude (MLat) and magnitude of the peak
velocities of SAPS are recorded for each event. During 2002
and 2003 the SAPS events are observed generally during
1500–2200 MLT in the Northern Hemisphere and 1600–
2400 MLT in the Southern Hemisphere. The MLT coverage
difference is due to the larger offset between the geomag-
netic pole and the geographic pole in the Southern Hemi-
sphere than in the Northern.
[13] CHAMP and DMSP measurements in both hemi-

spheres from the years 2002 and 2003 have been processed.
There are altogether 1965/1790 close CHAMP and DMSP
approaches during 2002 and 2003 in the Northern/Southern
Hemisphere, respectively. A “close approach” requires that
CHAMP passes the MLat of the peak velocity of SAPS
within a zonal segment of ±15° in longitude and a time
window of ±1 h of the SAPS detection time. As mentioned
earlier, only CHAMP passes are considered where the angle
between orbit and oval is larger than 45°.

[14] As an example, Figure 1 shows the latitudinal variation
of electrodynamic parameters in the premidnight sector coor-
dinately observed by CHAMP and DMSP over the southern
middle‐high latitude region. The upper plot shows the iono-
spheric polar footprints of CHAMP and DMSP. CHAMP
comes from nightside toward dayside, while DMSP flies from
dayside toward nightside. They have closely aligned orbit
segments along the 2200 MLT meridian. CHAMP flies
through the region about 30 minutes ahead of DMSP’s
detection of a SAPS peak. In Figure 1 we have plotted the
latitude profile of the Pedersen conductivity derived from
the particle precipitation (Figure 1b), ionospheric convection
in the east–west direction (Figure 1d), Hall current (Figure 1c),
and neutral wind (Figure 1e). Positive values represent east-
ward directions, that is antisunward direction in the dusk‐
premidnight sector. The conductivity and convection velocity
on the left side are from DMSP and the current and wind on
the right side are from CHAMP. The magnetic activity during
the period is Kp = 1+ and DST = −2 nT.
[15] The obviously large conductivity due to particle

precipitation at high latitudes between 65° and 70° MLat
represents the quiet time auroral oval, and the sunward ion
flow (westward, negative value) in this premidnight region
is the auroral zone plasma convection. The enhanced
westward plasma drift (negative) equatorward of the auroral

Figure 1. (a) CHAMP and DMSP Track in the ionosphere. Example of latitude profile of (b) Pedersen
conductivity SP, (c) plasma cross‐track velocity Vy obtained from DMSP, (d) Hall current JHall,
and (e) zonal wind speed Vwind from CHAMP. Positive marks eastward velocity and current. The peak
velocity of westward SAPS is indicated by the dashed line. The UT, MLAT, and MLT where the SAPS
velocity peaks are listed.
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precipitation is the SAPS, whose peak velocity of −500 m/s
is indicated by the vertical dashed line. This magnitude of
SAPS velocity is typical for quiet period and increases
with increasing magnetic activity [Wang et al., 2008]. In
Figure 1c, the positive (eastward) Hall current peak of
0.2 A/m occurs a little poleward of the SAPS peak, and a
little equatorward of the conductivity peak. The Hall current
strength is typical for the quiet condition. During magnetic
storms the current can reach several A/m [Ritter et al.,
2004]. From Figure 1e, we see that the westward wind
peak of about −400 m/s occurs around the SAPS peak. The
subauroral wind is considerably stronger than the quiet time
background wind of 100 m/s in the dusk auroral zone [Lühr
et al., 2007b]. The stronger zonal wind in the subauroral
zone might be related to the SAPS, as suggested by Lühr
et al. [2007b]. From this typical event it seems that the
subauroral poleward polarization electric field can drive
strong westward disturbance zonal winds in the subauroral
region. In the nightside subauroral region the ion/electron
density is low, compared to the auroral region, due to the
devoid of particle precipitation. It is interesting that the low‐
density ions can have such great effects on the neutrals.
In order to test the significance of these findings we have
performed a statistical study, making use of all closely
conjugated observations of CHAMP and DMSP.

3. Statistical Results

3.1. Number of Events

[16] The numbers of coordinated CHAMP‐DMSP ob-
servations in both hemispheres are shown in Figure 2.
Figure 2 (top) is for passes with SAPS events and the bot-
tom is for passes without SAPS. The non‐SAPS periods are
studied for comparison to get the general features of elec-
trodynamic parameters. For periods of non‐SAPS, the close
approach requires that CHAMP passes the peaks of plasma

convection velocities within a zonal segment of ±15° in
longitude and a time window of ±1 h around the time DMSP
detected the plasma convection peaks. In total, there are
1194 (771) collocated CHAMP and DMSP orbits for SAPS
(non‐SAPS) periods in the Northern Hemisphere and 1326
(464) orbits in the Southern Hemisphere. We have further
divided the events according to two geomagnetic activities,
with Kp < 4 for less disturbed and Kp ≥ 4 for active periods.
Due to the difference in geometry between geomagnetic
pole and geographic pole the events in the south are fewer
than in the north. The events during Kp ≥ 4 are much fewer
in the Southern than in the Northern Hemisphere, which is
due to the 45° threshold selection criterion for CHAMP
orbits. We have more than 200 events in every activity bin,
except for non‐SAPS events during Kp ≥ 4 in the south pole
(∼100). Due to this low sample number and the high activity
the average curves from that bin, as described in section 3.3,
are not so smooth and so reliable. The event numbers, in
general, can be regarded sufficient for a statical study. The
following investigations will be performed separately for
each bin. The results of the plasma velocity, current and
wind velocity are all ordered in the frame of corrected
magnetic coordinates and magnetic local times, which are
both calculated from the Apex algorithm [Richmond, 1995].

3.2. SAPS Periods

[17] In order to obtain the internal relationship between
SAPS, ionospheric Hall current, and neutral wind, we have
performed a superposed epoch analysis (SEA). We take the
peak SAPS location as key MLat, and DMSP and CHAMP
latitude profiles are staged, centered on that key point. Then
the mean velocity and density profiles can be obtained with
1° MLat resolution. We examine the variations from 30°
equatorward of SAPS peaks to 20° poleward of SAPS peaks.
[18] Figure 3 shows the average dynamics of cross‐track

plasma velocities observed by DMSP for quiet and disturbed
periods in both hemispheres. Figures 3a–3d are from the
Northern Hemisphere and Figures 3e–3h are from the
Southern Hemisphere. In Figure 3 (left) the observations for
Kp < 4 and in Figure 3 (right) the observations for Kp ≥ 4
are shown. Figures 3a, 3b, 3e, and 3f are the stack plots of
DMSP velocities presented and Figures 3c, 3d, 3g, and 3h
are the SEA analysis of them. Later currents and winds
are presented in the same format.
[19] In Figure 3 all curves show fast westward flows at the

key latitude, which are SAPS features. When averaged over
all orbits, the peak westward flow occurs at the zero latitude.
The averaged SAPS velocity reaches −960/−1240 m/s dur-
ing Kp ≥ 4 and −710/780 m/s during Kp < 4 in the Northern/
Southern Hemisphere, respectively (as listed in Table 1).
With more geomagnetic activity SAPS become larger in
magnitude and wider in the MLat coverage. The plasma
convection becomes eastward in the polar cap. The SAPS in
the Southern Hemisphere are larger than in the Northern.
[20] We show in Figure 4 the occurrence distribution of

SAPS peaks as a function of MLat for both geomagnetic
activity conditions. SAPS tend to shift equatorward when
the geomagnetic activity increases. The most likely location
tends to occur at 64°–68°/62°–64° MLat for Kp < 4 and
60°/58°–60° MLat for Kp ≥ 4 in the Northern/Southern
Hemisphere, respectively.

Figure 2. Number of selected collocated CHAMP and
DMSP passes in both hemispheres for Kp < 4 and Kp ≥ 4
during periods (top) with SAPS and (bottom) without SAPS.
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Figure 3. (a, b, e, and f) Stack plots and (c, d, g, and h) superposed epoch analysis of the cross‐track
velocity observed by DMSP in both hemispheres for Kp < 4 and Kp ≥ 4. The key MLat of “0” denotes
MLat where SAPS peak occurs. Positive denotes eastward velocity. The bars show the standard devia-
tions of 1° averages.
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[21] The latitude variation of Hall current density during
these SAPS periods are shown in Figure 5. It is presented
in the same format as Figure 3. All curves show a bipolar
variation of Hall current, with eastward currents equator-
ward and the westward currents poleward, which is typical
for the dusk‐premidnight sectors. The current strength is
larger and the width is wider during disturbed periods than
during relatively quiet periods. The averaged Hall currents
peak poleward of the zero latitude, which is valid in both
hemispheres. To seek the peaks of eastward Hall current
more precisely, we have fitted a fourth‐order polynomial to
the averaged curves between −4° and 4° MLat. It is found
that the eastward Hall current peaks are located at 1.5°/1.0°
with a magnitude of 0.14/0.05 A/m during Kp < 4 and at
1.5°/1.5° with a magnitude of 0.15/0.05 A/m during Kp ≥ 4
in the Northern/Southern Hemisphere, respectively (for
details see Table 1).
[22] Figure 6 shows the average latitude distribution of

zonal wind along orbits during these SAPS periods. Equa-
torward of the key latitude we observe prevailing eastward
winds of about 80–100 m/s on the nightside. They decrease
gradually in magnitude with increasing MLat and switch to
westward wind at about −10°, and peak around zero latitude.
Then they recover and become eastward again about 10°
poleward of the key latitude. Through the fourth‐order
polynomial fitting to the averaged curves, we get the peak
westward wind velocities of −215/−80 m/s during Kp < 4
and −242/−118 m/s during Kp ≥ 4 in the Northern/Southern
Hemisphere, respectively (as listed in Table 1). The west-
ward wind is stronger and wider in latitude coverage during
Kp ≥ 4 than during Kp < 4. These tendencies are the same in
both hemispheres. The difference of the peak velocity of
wind and SAPS at 0°, as listed in Table 1, have been further
validated by a t test in order to see whether the difference
is statistically significant. The t test shows that the wind
and plasma velocities in the 0° MLat bin have totally dif-
ferent mean values, with the absolute velocity difference
being 456–526/632–732 m/s for Kp < 4 and 620–776/991–
1256 m/s for Kp ≥ 4 in the Northern/Southern Hemisphere,
respectively. The test provides confidence that the averaged
values are statistically significant.
[23] The SAPS are larger in the Southern Hemisphere

than in the Northern Hemisphere, but the associated winds
in the Southern Hemisphere are smaller in magnitude than
those in the Northern Hemisphere. A possible explanation
for this effect will be offered in section 4.

3.3. Non‐SAPS Periods

[24] In a next step we want to get the general wind dis-
tribution in the dusk‐premidnight sector as a function of
MLat. We consider now passes without SAPS for both
hemispheres and for Kp < 4 and Kp ≥ 4. We take readings

from 30°–80° MLat and stack the observations from DMSP
and CHAMP.
[25] Figure 7 shows the average plasma velocity observed

by DMSP for Kp < 4 and Kp ≥ 4 in both hemispheres
during non‐SAPS periods. It can be seen that the westward
(sunward) plasma convection covers regions around 60°–
75° MLat for Kp < 4. It shifts equatorward and becomes
wider around 55°–75° MLat for Kp ≥ 4. The peak magni-
tudes are −324/−223 m/s at 69.0°/66.0° MLat for Kp < 4
and −409/−301 m/s at 65.5°/60.5° MLat for Kp ≥ 4 in the
Northern/Southern Hemisphere, respectively (as listed in
Table 2). The plasma velocity increases with geomagnetic
activity. When comparing Figure 7 to Figure 4, it can be
seen that SAPS peak equatorward of auroral plasma flow
peaks, which is quite reasonable.
[26] Figure 8 shows the latitudinal distribution of Hall

currents during non‐SAPS times. All curves of Hall currents
exhibit typical bipolar current pictures in the dusk sector,
with eastward currents in the auroral zone and westward
currents in the polar cap. The average eastward auroral Hall
current strength is 0.08/0.06 A/m (0.13/0.04 A/m) for Kp <
4 (Kp ≥ 4) in the Northern/Southern Hemisphere, respec-
tively. The average auroral zone center latitude can be
determined from the peak eastward Hall current density,

Table 1. Characteristics Like Peak Amplitude and MLat of Plasma Drift, Hall Current, and Wind Velocity During SAPS Events

Northern Hemisphere Southern Hemisphere

Kp < 4 Kp ≥ 4 Kp < 4 Kp ≥ 4

DMLat(°) Peak DMLat(°) Peak DMLat(°) Peak DMLat(°) Peak

Plasma drift (m/s) 0.0 −710 0.0 −960 0.0 −780 0.0 −1240
Hall current (mA/m) 1.5 140 1.5 150 1.0 50 1.5 50
Wind (m/s) 0.5 −215 0.0 −242 0.0 −80 0.0 −118

Figure 4. Occurrence distribution of SAPS events as a
function of MLat for Kp < 4 and Kp ≥ 4 in both hemispheres.
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Figure 5. (a, b, e, and f) Stack plots and (c, d, g, and h) superposed epoch analysis of the Hall current
density recorded by CHAMP in both hemispheres for Kp < 4 and Kp ≥ 4. The key MLat of 0 denotes
MLat where the SAPS peak occurs. Positive denotes eastward Hall current.
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Figure 6. (a, b, e, and f) Stack plots and (c, d, g, and h) superposed epoch analysis of the cross‐track
wind observed by CHAMP in both hemispheres for Kp < 4 and Kp ≥ 4. The key MLat of 0 denotes MLat
where the SAPS peak occurs. Positive denotes eastward wind velocity.
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which is 67.5°/66.0° MLat (64.5°/58.5° MLat) for Kp < 4
(Kp ≥ 4) in the Northern/Southern Hemisphere, respectively.
The numbers have been listed in Table 2.
[27] Figure 9 shows the latitudinal variation of the zonal

wind during non‐SAPS period. Steady eastward wind of
around 50–100 m/s can be observed at mid latitudes in both
hemispheres for both Kp < 4 and Kp ≥ 4. Strong westward
wind can be found within the auroral zone. The average
magnitude of the peak wind speed is −120/−79 m/s for Kp <
4 and −175/−88 m/s for Kp ≥ 4 in the Norhtern/Southern
Hemisphere, respectively. The centers of peaks are 68.5°/
67.5° MLat for Kp < 4 and 64.0°/59.0° MLat for Kp ≥ 4 in
the Northern/Southern Hemisphere, respectively. The
numbers are listed in Table 2. The westward wind velocity

gets enhanced and the width gets wider with the geomag-
netic activity. The southern auroral zone wind is weaker
than the northern. The peak magnitude and location of the
westward (sunward) wind is quite comparable with previous
studies [e.g., Thayer et al., 1987; Lühr et al., 2007b].

4. Discussion

[28] In section 3, we have presented results of our statis-
tical analysis about the influence of plasma drift on neutral
wind at subauroral and auroral latitudes. The local time
sector considered covers the hours from dusk to premid-
night. An important finding is that there are differences
between observations with and without SAPS events.

Figure 7. Superposed epoch analysis of the cross‐track plasma velocity observed by DMSP for Kp < 4
and Kp ≥ 4 during non‐SAPS periods in both hemispheres.

Table 2. Characteristics Like Peak Amplitude and MLat of Plasma Drift, Hall Current, and Wind Velocity During Non‐SAPS Periods

Northern Hemisphere Southern Hemisphere

Kp < 4 Kp ≥ 4 Kp < 4 Kp ≥ 4

MLat(°) Peak MLat(°) Peak MLat(°) Peak MLat(°) Peak

Plasma drift (m/s) 69.0 −324 65.5 −409 −66.0 −223 −59.0 −351
Hall current (mA/m) 67.5 80 64.5 130 −66.0 60 −58.5 40
Wind (m/s) 68.5 −120 64.0 −175 −67.5 −79 −59.0 −88
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4.1. Characteristics of SAPS Events

[29] Before we focus on the thermospheric response to
SAPS, we want to discuss some of the features resulting
from our study. Quantitative results of the statistic analysis
of SAPS and non‐SAPS periods are listed in Table 1 and 2,
respectively. Peak locations of the curves for plasma drift,
wind and current density have been determined by fitting a
degree 4 polynomial to the average curves around the
maximum.
[30] During SAPS periods the plasma drift peaks by

design at the key latitude, “0°”. As expected, plasma drifts
are higher during more active times. Interestingly, the
velocities in the Southern Hemisphere are higher by 10–
30% than in the Northern. This could be due to the seasonal
dependence of the SAPS velocity. The SAPS velocity is
inversely proportional to the subauroral ionospheric con-
ductivity [e.g., Wang et al., 2008]. The mid latitude trough,
where the ion and electron density drop, can be very pro-
nounced in winter and fall and less evident in summer and
spring, owing to photoionization [Schunk et al., 1976]. We
have more local summer and spring events in the north (286
events in local summer and spring and 131 events in local
winter and autumn for Kp ≥ 4) while a little more winter and

fall events in the south (132 events in local winter and fall
and 120 events in local summer and spring for Kp ≥ 4).
Thus, one would expect larger subauroral conductivity in
the north than in the south. The neutral wind is stronger in
the north than in the south. The reason might be the ion drag
force, which is proportional to both ion velocity and ion
density, and the latter is larger in the north than in the south.
[31] In the subauroral region the ion density may play a

more important role. During non‐SAPS periods both the
plasma and neutral velocity in the north are larger than
those in the south, because we have larger auroral con-
ductivity in the south than in the north (conductivity due to
particle precipitation derived from DMSP measurement,
figure not shown). This indicates that in the auroral region
the plasma velocity plays a more important role in driving
the neutrals since we have enough ion density. The neutral
wind shows a clear geomagnetic activity dependence with
larger velocity during more active periods. This is consis-
tent with previous model studies predicting that the south-
ward IMF Bz control of the neutral wind is specially evident
in the dusk sectors, and that the auroral zone wind at F
region altitudes increases greatly with an increasing south-
ward IMF Bz, due to the increasing convection electric field
[Deng and Ridley, 2006].

Figure 8. Superposed epoch analysis of the Hall current observed by DMSP for Kp < 4 and Kp ≥ 4
during non‐SAPS periods in both hemispheres.
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[32] Neutral wind peaks at the same latitude as the SAPS,
but the curve is somewhat broader than the plasma drift.
This is expected since measurements have been taken by
two different spacecraft and at some what different times.
As a consequence the peak is more smeared out and the
amplitude reduced. This effect is larger for high magnetic
activity than for low, and it is more pronounced in the
Southern than in the Northern Hemisphere. The difference
in ratios in Table 1 between plasma velocity and wind for
the four cases (e.g., both hemispheres and two levels of
geomagnetic activities) can largely be explained by that
effect. Support for that suggestion is provided by the ratios
of plasma drift to wind velocity during non‐SAPS periods
(cf. Table 2). When averaging both quantities over latitude
this ratio is more or less constant for all four cases, resulting
in 2.75 ± 0.4 independent of the geomagnetic activity. Our
result is consistent with previous model result [Deng and
Ridley, 2006]. They found that the ratio between the neu-
tral wind and the convection velocity showed little depen-
dence on IMF Bz. We may probably assume a similar ratio
between the plasma and neutral velocity for the SAPS
events after excluding seasonal effects, when both quantities
are measured by the same spacecraft such as the upcoming
SWARM mission.

[33] The eastward Hall currents (auroral electrojet) peak at
latitudes about 1.5° poleward of the SAPS drift. This is
expected since the plasma jets flow at subauroral latitudes
where the conductivity is reduced. Interestingly, the current
density of the eastward electrojet does not show obvious
increases with magnetic activity. However, the westward
electrojet, located some 10° in latitude poleward does
increase markedly. This behavior can be explained by the
enhanced conductivity during higher magnetic activity.
[34] Close encounters of DMSP and CHAMP during non‐

SAPS periods have been used as control cases. The results
compiled in Table 2 well confirm our findings about SAPS.
During those periods westward plasma drifts peak again at
the same latitude as the wind, but Hall currents (eastward
electrojet) now peak, as expected, also at the same or even
somewhat lower latitude. Previous model studies showed
that the auroral hemispheric power has little effects on the
neutral winds at 300 km altitude, and their effect is apparent
below 170 km [Deng and Ridley, 2006]. The ionospheric
currents (Joule heating) and particle precipitation are pro-
cesses primarily confined to the low thermosphere region,
thus their effect on neutral wind is modest at 400 km alti-
tude. From the ratio current density over plasma drift we can
estimate the mean conductivity. When assuming a magnetic

Figure 9. Superposed epoch analysis of the cross‐track wind velocity observed by DMSP for Kp < 4
and Kp ≥ 4 during non‐SAPS periods in both hemispheres.

WANG ET AL.: STUDY OF SAPS EFFECT ON THERMOSPHERE A03312A03312

11 of 15



field strength of 40,000 nT at DMSP altitude we obtain Hall
conductances of about 6.5 S and 8 S for the quiet and active
periods. These numbers are very reasonable for the eastward
electrojet region [e.g., Schlegel, 1988]. All these numbers
provide confidence in the reliability of the measurements.

4.2. Influence of SAPS on Thermospheric Wind

[35] Generally, thermospheric winds are blowing from day
to nightside due to the pressure gradient caused by the
density and the neutral temperature difference. At F region
altitudes the basic balance of forces is between ion drag and
pressure, which is different from the E regions, where other
forces like Coriolis and advection play significant roles [e.g.,
Killeen and Roble, 1984].
[36] During both SAPS and non‐SAPS events (cf. Figures 3,

6, 7, and 9), it can be seen that at lower latitudes, equatorward
of the auroral zone, the eastward neutral wind, Vn, is stronger
than the almost stationary ion velocity, Vi. Thus, the ions exert
a negative force to the neutrals. At subauroral and auroral
latitudes this airflow driven by the pressure gradient is mod-
ified by plasma motion, and Vi > Vn indicates that ions have a
positive force on neutrals in the subauroral and auroral zone.
Based on CHAMP wind measurements, Lühr et al. [2007b]
have shown that there is a clear difference between the
dawn and dusk side. While on the dawnside a day to night
flow is observed through all latitudes, there is a reversal of the
wind direction at auroral latitudes reported on the duskside.
Wind data presented in Figures 6 and 9 confirm the dusk
results. At mid latitude we find antisunward winds with 80–
100 m/s velocity during less disturbed period (Kp < 4). During
high activity it is somewhat lower, as expected. The wind
direction switches to sunward at auroral latitudes or at the
SAPS channel. In the polar cap strong winds are directed
antisunward, which can be larger than the plasma convection
velocity, indicating that the ion drag in the polar cap is
sometimes a negative force [Killeen and Roble, 1984]. A
possible reason is that the ion flow is in the same direction as
the neutral pressure gradient in the polar cap. The combined
forces can accelerate the neutral wind velocity to be larger
than that of ions. Consequently, the ion drag force is a neg-
ative force on the neutral to balance the pressure gradient force
[Deng and Ridley, 2006].
[37] The reversal of wind direction to sunward is clearly

correlated with the plasma drift. Both peak at the same
latitude regardless of SAPS occurrence. For non‐SAPS
events we have deduced an almost constant ratio between
plasma drift and wind velocity (2.75). When applying that
factor to the plasma drift peaks for SAPS, we obtain sun-
ward wind velocity peaks of about 270 m/s (400 m/s) for Kp
< 4 (Kp ≥ 4) conditions. These high wind speeds show that
SAPS have a strong influence on the wind, clearly over-
riding all influences of the neutral drivers.

4.3. Heating by SAPS

[38] At auroral latitudes two important heating processes
of the thermosphere are Joule heating and heating by ion‐
neutral friction. For the periods studied we have all the
quantities observed, which are needed for quantifying their
relative importance. As a response to heating the tempera-
ture will increase causing an expansion of the atmosphere.
We expect thus a local enhancement of the air density, r, at
the altitude of CHAMP.

[39] Joule heating is fulled by electric currents. It can be
expressed as

Pj ¼~j � ~E þ~u�~B
� � ¼ �PE

*2; ð1Þ

where~j is the current density, ~E is the electric field, ~E* =
~E +~u × ~B is the equivalent electric field,~u is wind velocity,
~B is magnetic field, sP is the ionospheric Pedersen con-
ductivity. Since sP generally peaks in the E layer, most of
the heat will be deposited in the E region around 120 km
altitude. Here the neutral mass density is fairly high,
therefore the temperature is expected to rise only slightly.
This may also applied for another possible heating source in
the auroral zone E region like particle precipitation. Model
results from Deng and Ridley [2006] showed that the pre-
cipitating heating only affects on the neutral wind at alti-
tudes below 170 km. Previous model results also showed
that the auroral heating sources probably cannot produce the
changes at mid latitudes [Fuller‐Rowell et al., 1990].
[40] In case of frictional heating we can write as

Pk ¼ nemi�ni ~v�~uð Þ �~v; ð2Þ

where ne is the electron density, mi the mean ion mass, nni
the collision frequency between ions and neutrals, ~v is the
plasma velocity vector and~u the neutral wind vector. Here it
is assumed that vertical (field aligned) velocities are negli-
gible. It can be seen that the heating power increases with
the square of the plasma velocity at high drift speeds. For
that reason it is expected that frictional heating plays an
important role during SAPS events.
[41] The ion neutral friction can cause a large enhance-

ment of ion temperature. Consequently, the O+ will convert
into NO+ due to fast chemical reactions with increasing ion
temperature and the subsequent fast dissociative recombi-
nation with electrons. Model results show that large west-
ward drifts of 3 km/s imposed at 60° MLat can enhance ion
temperature over 3000 K at the F region and decrease O+

density [e.g., Moffett et al., 1992]. Model results have
shown that the frictional heating resulting from the ion‐
neutral temperature difference is very important in the SAPS
region when compared to other heating sources [Pintér
et al., 2006].
[42] As a measure for the amount of thermospheric heat-

ing we take the change in mass density as observed by
CHAMP. The approach of retrieving mass density from
accelerometer readings is described by Doornbos et al.
[2010]. Before averaging over the relevant passes the den-
sities have been normalized to the mean height of 400 km in
order to avoid the influences of changing orbital altitudes.
Mass densities have been stacked in the same way as the
other quantities.
[43] Figure 10 shows for the Northern Hemisphere the

average mass density distribution during SAPS and non‐
SAPS events. Figures 10a, 10b, 10e, and 10f present the
total density and Figures 10c, 10d, 10g, and 10h present the
densities anomaly, Dr, after subtraction of a trend line. At
first we may note that the background density is higher by
about 10% during SAPS periods. This is valid for both
activity levels. Another interesting feature is the formation
of a density bulge at or slightly equatorward of the key
latitude during SAPS. This can be regarded as an indication
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of the dominance of frictional heating during SAPS events.
Joule heating is expected to maximize at higher latitudes,
where the currents peak.
[44] During non‐SAPS times density anomalies appear at

latitudes quite unrelated to the peaks in plasma drift and
electrojet current. Previous statistical studies also revealed
an area of enhanced air density in the premidnight sector
between 50° and 72°, which becomes more prominent
during more active periods [Liu et al., 2005]. The air density
maxima does not really agree with the maximal Hall cur-
rents [Schlegel et al., 2005]. Possible reasons can be the
dynamic responses of the thermosphere to local heating.
Ritter et al. [2010] investigated the thermospheric response

to magnetospheric substorms. They reported an equatorward
motion of the density bulge created at onset as traveling
atmospheric disturbance (TAD). The observations during
SAPS events are synchronized in time and space. Therefore
a more confined density response is expected. In case of the
other periods observations take place at a random time offset
to the activity enhancement. TADs thus had variable times
to redistribute the density.
[45] Our observations clearly show that SAPS are efficient

in heating the thermosphere in the dusk and premidnight
sector. From the location of the density anomaly we con-
clude that frictional heating is the dominant process for
causing density variations at 400 km altitude. Responses in

Figure 10. Average latitude profiles of thermospheric mass density at 400 km altitude. In the top Den-
sity profiles are shown from (a, b, e, and f) SAPS events and (c, d, g, and h) non‐SAPS events. For both
cases the total density for two levels of magnetic activity are presented. The dashed line is the trend line of
the air density. Below the density anomalies, after subtraction of background density, is depicted. The
mean standard deviations of the density are 1.37 and 1.33 × 10−12 kg/m3 for Kp < 4 and 1.34 and
1.11 × 10−12 kg/m3 for Kp ≥ 4 for SAPS and non‐SAPS events, repectively.
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the Southern Hemisphere (not shown here) are similar as in
the Northern Hemisphere but less pronounced.

5. Summary

[46] We have presented the first statistical study about the
thermospheric response at 400 km altitude to subauroral
polarization streams. Separate evaluations for SAPS occur-
ring during moderate disturbed (Kp < 4) and magnetically
active periods (Kp ≥ 4) have been performed. With the help
of a superposed epoch analysis concurrent variations of
related quantities are studied. As key latitude the peak in
sunward plasma drift was chosen. For comparison mean
latitude profiles of Hall current density (electrojet), zonal
wind and mass density have been stacked in the same way
as the plasma drift. In this way we revealed some charac-
teristic features.
[47] 1. SAPS have a remarkable effect on the thermo-

spheric wind. Strong sunward winds peak at the same lati-
tude as the plasma drift. Wind speed reaches about 35% of
the plasma velocity. During active periods the plasma
velocity is about 45% higher.
[48] 2.The eastward electrojet peaks 1.5° MLat poleward

of the plasma drift. This confirms the formation of SAPS
equatorward of the high‐conductivity channel. The eastward
electrojet does not intensify with magnetic activity, but the
westward electrojet becomes markedly stronger during dis-
turbed periods.
[49] 3. The thermospheric mass density at 400 km altitude

is enhanced during SAPS events by almost 10%. A density
anomaly peak forms right at the latitude where the plasma
drift maximizes. We regard this as an indication that fric-
tional heating, caused by the motion of ions through neutral
air, as the main process for modifying the density.
[50] For reference, the same analysis was performed for

periods without SAPS events, again dividing the observa-
tions into two activity classes. Here we obtain the following
results.
[51] 4. The zonal wind at auroral latitudes is again closely

controlled by the plasma drift. Wind speeds are on average
by a factor of 2.75 slower than the plasma velocity. Peak
wind velocities are low during non‐SAPS periods. In the
Northern Hemisphere they reach only 60% of that during
SAPS.
[52] 5. During non‐SAPS periods the eastward electrojet

peaks at almost the same latitude or somewhat equatorward
of the sunward plasma drift. This confirms the difference in
conductivity distribution.
[53] 6. The thermospheric density is lower during non‐

SAPS periods. There is no density anomaly directly related
to current density or plasma drift peaks.
[54] Result obtained in the Northern Hemisphere have

also be found in the Southern Hemisphere. Due to the larger
offset between geographic and geomagnetic pole the sam-
pling geometry is less favorable and with that the retrieved
signature less clear.
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