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DiscussionsSeasonal variation of the ion upflow in the topside ionosphere during
SAPS (subauroral polarization stream) periods
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Abstract. A statistical study has been performed by using
two years of DMSP (Defense Meteorological Satellite Pro-
gram) plasma observations to investigate the seasonal ef-
fect of SAPS (subauroral polarization stream) on the ion
upflow in the duskside ionosphere of the Northern Hemi-
sphere. There are obvious upflows occurring in the topside
ionosphere around the SAPS region, exceeding 200 m s−1 at
winter solstice, indicating an important relationship between
SAPS and the local plasma upward motion. Both SAPS
and ion upward velocities show similar seasonal variations,
largest in winter and smallest in summer, irrespective of ge-
omagnetic activity. A good correlation is found and a linear
relationship is derived between SAPS and the ion upflow ve-
locities. During December solstice the average upflow flux
can reach about 2×108 cm−2 s−1 for more disturbed periods,
which is comparable to the typical upflow flux in the dayside
cusp region. The depression of the ion temperatures around
the peak SAPS region can be understood in terms of the
adiabatic cooling. The hot ion cools down when expanding
into the low ion concentration region. The electron tempera-
ture elevates around the SAPS region because of the reduced
Coulomb cooling in the low ion density region. Both the
changes of ion and electron temperatures are larger in winter
than in summer, however, for Kp< 4 the electron tempera-
tures are almost seasonably independent. The present work
highlights the important role of the SAPS-related frictional
heating at mid-latitudes on the local formation of the strong
upward flow, which might provide a direct ionospheric ion
source for the ring current and plasmasphere in the duskside
sector.

Keywords. Ionosphere (mid-latitude ionosphere; plasma
convection; plasma temperature and density)

1 Introduction

The ionospheric upflow plays an important role in the
magnetosphere–ionosphere coupling process, providing the
ionospheric O+ for the magnetosphere (Shelley et al., 1972).
Previous works have investigated the upflow characteristics
and mechanisms by using spacecraft and radar observations
combined with model simulation (Yau et al., 1984; Heelis
et al., 1984; Lockwood et al., 1985; Loranc et al., 1991;
Rodger et al., 1992; Wu et al., 1992; Foster and Lester, 1996;
Yau and Andre, 1997; Horwitz and Moore, 1997; Su et al.,
1999; Malingre et al., 2000; Liu et al., 2001; Coley et al.,
2006; Coley and Heelis, 2009). The ion upflow prefers to
occur in the cusp and auroral region (Yau et al., 1984; Lo-
ranc et al., 1991; Wu et al., 1992) and at the auroral oval
poleward boundary (Lockwood et al., 1985; Malingre et al.,
2000). The occurrence frequency of the auroral upflow shows
a dawn–dusk asymmetry, more frequent in the dusk sector
(Liu et al., 2001). Upflows are observed at altitudes ranging
from 200 km to several thousand kilometers, and the prob-
ability of occurrence increases with the altitude and solar
and geomagnetic activity, e.g. Kp, solar flux, and solar wind
dynamic pressure (Ghielmetti et al., 1978; Yau et al., 1984;
Lockwood et al., 1985; Pollock et al., 1990; Moore et al.,
1999; Liu et al., 2001; Elliott et al., 2001; Cully et al., 2003;
Lennartsson et al., 2004). The occurrence frequency exhibits
seasonal variation, which is altitude dependent. At higher
altitudes (above 8000 km) the occurrence is in favor of the
summer season (Yau et al., 1984), while at F region the oc-
currence prefers winter (e.g.Liu et al., 2001; Coley et al.,
2006).
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The acceleration mechanisms of the ion upflow include
parallel electric field, magnetic momentum pumping, wave–
particle interaction, auroral plasma cavity, etc., which are
generally effective above 1000 km (Sharp et al., 1977; Pa-
padopoulos, 1977; Whalen et al., 1978; Retterer et al., 1986;
Singh et al., 1989; Yau and Andre, 1997; Moore et al., 1999).
At F heights the mechanisms include frictional heating and
particle precipitation (Moffett et al., 1991; Rodger et al.,
1992; Wahlund et al., 1992; Wilson, 1994; Liu et al., 1995;
Coley et al., 2006). Moffett et al. (1991) have found that
O+ upflow together with H+ and He+ in the topside iono-
sphere results predominately from frictional heating.Ker-
valishvili and L̈uhr (2013) have associated the cusp upflow
to the enhanced electron temperature due to intense elec-
tron precipitation.Rodger et al.(1992) have reviewed the
possible generation mechanisms for the high-latitude iono-
spheric ion upflow.Wilson (1994) has shown that the upflow
becomes faster when the neutral atmosphere is cooler and
when the large convection electric field is turned on more
quickly. There are two types of ion upflow in the auroral zone
(Wahlund et al., 1992). Type 1 is related to the enhanced per-
pendicular ion temperature due to frictional heating. Type 2
is associated with the enhanced electron temperature due to
electron precipitation, which can induce field-aligned elec-
tric fields forcing the ions to move upward. Usually Type 2 is
more frequent and stronger than Type 1 as stated byWahlund
et al. (1992). There are other cases where the upflow in the
auroral region is accompanied by both elevated ion and elec-
tron temperature (e.g.Foster and Lester, 1996; Förster et al.,
1999).

Although a lot of studies have concentrated on ion upflow
at high latitudes, an interesting and important feature at mid-
latitude, the effect of subauroral polarization stream (SAPS)
on ion upflow, has not been investigated statistically. The
term SAPS was introduced byFoster and Burke(2002) to re-
fer to the rapid westward plasma flow located equatorward of
the auroral oval, predominantly in the dusk and pre-midnight
sector (16:00 to 24:00 magnetic local time, MLT). The term
tends to encompass two distinct phenomena. One is the po-
larization jets (PJs) (Galperin et al., 1974) or subauroral ion
drifts (SAIDs) (Spiro et al., 1979), featured as more intense
(∼ 1000 ms−1) and latitudinally narrower plasma flow. The
other exhibits a wider latitudinal extent and longer duration
of plasma flow, as described byYeh et al. (1991). In the
present study we are referring to both types of flows. Since
the location of SAPS is conjugate to the peak ring current
energy density (Yeh et al., 1991; Foster and Vo, 2002), and
coincides with the equatorward edge of the ion plasma sheet
(Southwood and Wolf, 1978; Anderson et al., 1993; Huang
and Foster, 2007), the upward ions in the SAPS region might
contribute to the development of the storm time ring current.
From this aspect a statistical study of SAPS effects on ion
upflow might aid understanding the ionosphere–inner mag-
netosphere coupling.

Some case studies of ion upflow associated with SAPS
from models and observations have been presented previ-
ously.Yeh and Foster(1990) have reported about a large ion
upflow event exhibiting a velocity of 3 kms−1 at 1000 km al-
titude around the SAPS region observed by Millstone Hill
during the February 1986 storm. Another strong upward ion
flux of 5×109 cm−2s−1 around a SAPS region has also been
observed by Millstone Hill during the November 2004 storm
(Erickson et al., 2010). Anderson et al.(1991) have reported
a large O+ upflow of 900 ms−1 collocated with a SAPS of
1000 ms−1 plasma drift at 400 km altitude. However, some
model studies have shown that large horizonal flow veloc-
ities at subauroral regions can induce upward flow only in
the topside ionosphere but downward flow around 400 km
(Sellek et al., 1991; Korosmezey et al., 1992). Moffett et al.
(1992) have simulated the response of the topside ionosphere
to the sudden onset of a SAPS exceeding 1 kms−1. They
have found that the enhanced ion upflow subsides after a new
equilibrium scale height is attained.Heelis et al.(1993) have
shown that with quicker raise time of a SAPS the upflow ve-
locity will get larger. However, there are only a few papers on
the seasonal and geomagnetic activity dependence of SAPS
effects on the ion upflow in the topside ionosphere.

In this paper we show statistical results of the vertical up-
flow (i.e. drift speed and ion/electron temperature) related
to SAPS in the northern subauroral topside ionosphere (∼

800 km) by using two years of DMSP (Defense Meteorolog-
ical Satellite Program) observations during 2002 and 2003.
Of particular interest are the seasonal and geomagnetic activ-
ity dependences. In the following section we briefly describe
the method of data processing. Section 3 describes the sta-
tistical results. In the discussion section we compare results
with previous reports and offer explanations.

2 DMSP IDM and SSJ/4 data

The DMSP spacecrafts have an orbital period of roughly
100 min and fly around the Earth about 14 times per day at an
altitude of about 800 km. The DMSP F13 monitors the top-
side ionosphere in the dawn–dusk plane. Of particular inter-
est are the ion drift velocities measured by the ion drift meter
(IDM) in both horizontal and vertical directions perpendic-
ular to the satellite orbit (Rich and Hairston, 1994). In this
work the cross-track velocity has been used to identify the
SAPS event and the vertical velocity to describe the ion up-
flow. The total ion density comes from the scintillation meter.
At 800 km altitude, O+ is the dominant ion species during the
years considered here (e.g.Coley et al., 2006). The retarding
potential analyzer measures the average ion temperature, and
the Langmuir probe measures the electron temperature. Only
high-quality Flag 1 data are used in the study.

The DMSP electron spectrometer (SSJ/4) instruments pro-
vide the average energy flux of electron and ion in the energy
range of 30 eV to 30 keV (Hardy et al., 1984), from which
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Fig. 1. Locations of DMSP F13 SAPS detections in the geographical latitude and longitude in the Northern

Hemisphere for each season and Kp bin. Geomagnetic latitude contours are also shown as dotted-dashed lines

at 10o separately.

16

Fig. 1. Locations of DMSP F13 SAPS detections in the geographical latitude and longitude in the Northern Hemisphere for each season and
Kp bin. Geomagnetic latitude contours are also shown as dotted-dashed lines at 10◦ separately.

Table 1. The number of selected DMSP SAPS events and mean Kp value in each season group. The abbreviation “ME” denotes March
equinox, “JS” June solstice, “SE” September equinox, “DS” December solstice.

Season Kp< 4 Kp≥ 4

Number of events Mean Kp Number of events Mean Kp

ME 133 2.6 117 4.9
JS 149 2.6 49 4.8
SE 96 2.7 101 4.9
DS 118 2.7 34 4.4

the height-integrated ionospheric conductivity can be derived
(Robinson et al., 1987). The subauroral region is found au-
tomatically by computing the auroral Pedersen conductance
along the DMSP path and determining the peak conductance,
then stepping equatorward until the conductance is reduced
to 0.2 times the peak value or to 1◦ S, whichever is smaller.
SAPS are defined as rapid sunward (westward) plasma flows
greater than 100 ms−1 in the subauroral and premidnight re-
gion. The selected orbits are further visually inspected to
fully satisfy the above criteria. The detailed description of
our approach for identifying SAPS can be found inWang

et al. (2008). DMSP passes which have angles between the
orbit track and the auroral oval of less than 45◦ have been
discarded to guarantee that the DMSP cross-track direction
is approximately aligned with the auroral oval.

The number of SAPS events for each season and for less
disturbed (Kp< 4) and disturbed (Kp≥ 4) geomagnetic con-
ditions are listed in Table 1. Overall, we have of the order of
30 or more events in each bin, which can be regarded as suffi-
cient for a statical study. When normalized by the total num-
bers of F13 passes obeying to the same conditions, e.g. Kp,
season, and 45◦ angle criteria, the probability of observing a

www.ann-geophys.net/31/1521/2013/ Ann. Geophys., 31, 1521–1534, 2013
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Fig. 2. Superposed epoch analysis of the cross track velocity observed by DMSP F13 for different seasons and

Kp levels. From top to bottom results are shown for local seasons of spring, summer, autumn and winter. The

key MLat of ’0’ denotes the latitude where the SAPS velocity peak occurs. Positive values denote eastward

velocity. The bars show the standard deviations of0.5o averages.
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Fig. 2. Superposed epoch analysis of the cross-track velocity observed by DMSP F13 for different seasons and Kp levels. From top to bottom
results are shown for local seasons of spring, summer, autumn and winter. The key MLat of “0” denotes the latitude where the SAPS velocity
peak occurs. Positive values denote eastward velocity. The bars show the standard deviations of 0.5◦ averages.

SAPS event is 14 % (41 %), 11 % (28 %), 15 % (20 %), and
11 % (28 %) in spring, autumn, summer and winter during
Kp < 4 (Kp≥ 4), respectively. The mean Kp index for each
of the seasons is also listed in Table 1, which is quite constant
over the year. Thus, there is no activity bias in the seasonal
results.

The locations of observed SAPS are plotted on geographic
coordinates, as shown in Fig.1. Local spring, summer, au-

tumn and winter are shown individually. Each season covers
three months, where June solstice covers June to August and
December solstice covers December, January, and February.
The remaining 6 months are related to March and September
equinoxes. It can be seen that SAPS events are located in the
American–European sector within the range 280◦ E to 80◦ E
of longitude. This does not reflect the actual distribution of
SAPS, but the confinement of events in longitude is caused

Ann. Geophys., 31, 1521–1534, 2013 www.ann-geophys.net/31/1521/2013/
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Fig. 3. The same as Figure 2, but for the vertical flow velocity. Positive values denote upward flow velocity.

The background velocity is indicated by a dashed line.
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Fig. 3. The same as Fig.2 but for the vertical flow velocity. Positive values denote upward flow velocity. The background velocity is indicated
by a dashed line.

by our selection criteria (angle between orbit track and au-
roral oval larger than 45◦ and Flag= 1) which suppress all
other observations.

3 Statistical results

In order to find out the latitudinal relation between SAPS
and the upflow appearance, we have performed a superposed

epoch analysis (SEA) for both SAPS and ion upflow. We take
the location of SAPS peak velocity as the key latitude, around
which the latitude profile of DMSP data are stacked. The
mean velocity profiles are obtained with 0.5◦ MLat (mag-
netic latitude) resolution. We consider the variations over a
latitude range from 30◦ equatorward of the SAPS velocity
peak to 20◦ poleward of the SAPS peak. The potential off-
sets at low latitudes have been removed by using the same

www.ann-geophys.net/31/1521/2013/ Ann. Geophys., 31, 1521–1534, 2013
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Fig. 4. The same as Figure 2, but for electron density. The background level is indicated by a dashed line.
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Fig. 4. The same as Fig.2 but for electron density. The background level is indicated by a dashed line.

method asHairston et al.(1998) before averaging. We have
established a linear baseline for the polar pass by using veloc-
ity data around 40◦ MLat. When the linear baseline (residual
velocity) is removed, the velocity at the endpoints (around
40◦ MLat) can reach zero.

Figure 2 shows the average distribution of cross-track
plasma velocities observed by DMSP for moderate (Kp< 4)
and enhanced geomagnetic activity (Kp≥ 4). From top to
bottom local seasons are spring, summer, autumn and win-
ter, respectively. In Fig.2 peak westward flows occur as ex-

pected at zero latitude, which are the SAPS. With more in-
creasing geomagnetic activity SAPS become larger in mag-
nitude. SAPS peak velocities in winter are larger than in sum-
mer, irrespective of the geomagnetic activity level. The stan-
dard variation is not small in Fig.2, which indicates the large
variability of the SAPS velocity at a certain magnetic activ-
ity level. Previous work has also shown a large scatter in the
SAPS velocity at constant magnetic activity (e.g.Wang et al.,
2008).

Ann. Geophys., 31, 1521–1534, 2013 www.ann-geophys.net/31/1521/2013/
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Fig. 5. The same as Figure 2, but for ion temperature. The background trend is indicated by a dashed line.
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Fig. 5. The same as Fig.2, but for ion temperature. The background trend is indicated by a dashed line.

The average latitudinal variation of the ion upflow is pre-
sented in Fig.3 in the same format as Fig.2. The horizon-
tal dashed line indicates the background trend of the ver-
tical flow, which is downward with a value of 100 ms−1,
indicating a general downward flux at the equatorward and
poleward sides of the auroral region (i.e. at low latitude and
polar cap). There is a clear pattern of upward plasma flow
occurring around the SAPS peak, indicative of the signifi-
cant effect of the SAPS westward plasma drift on the ion

upflow. The peak value of ion upflow velocity is near zero in
spring and summer, but is more than 100 ms−1 in autumn and
200 ms−1 in winter. When looking at the variation of the ver-
tical flow after subtraction of the background trend, we find
about 100 ms−1 in the upward direction to occur in spring
and summer, and approximately 200–300 ms−1 in autumn
and winter. Both the flow velocity and variation get stronger
with increasing geomagnetic activity.
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Fig. 6. The same as Figure 2, but for electron temperature. The background trend is indicated by a dashed line.
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Fig. 6. The same as Fig.2 but for electron temperature. The background trend is indicated by a dashed line.

The ion density is presented in Fig.4. There is a dropout
of electron (ion) density around the key latitude, which
represents the mid-latitude trough. The trough density re-
duces when the geomagnetic activity increases and exhibits a
clear seasonal variation due to solar illumination, with larger
densities in summer than in winter.

The ion and electron temperature at 800 km altitude are il-
lustrated in Figs.5 and6. Interestingly, it can be noticed that
the ion temperature drops down while the electron tempera-

ture enhances around the peak SAPS region. The changes are
larger in winter than in summer.

4 Discussion

We have presented the seasonal variations of SAPS and ion
upflow around subauroral latitudes by using DMSP observa-
tions in the top ionosphere. SAPS have a remarkable effect

Ann. Geophys., 31, 1521–1534, 2013 www.ann-geophys.net/31/1521/2013/
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Fig. 7. Seasonal variation of the SAPS velocity (left) and upflow velocity (right) at the key MLat at 800 km altitude for Kp< 4 and Kp≥ 4.
The bars show the standard deviations of averages.

on the ion upflow in a statistical sense. Both peak in the same
region. Our work has shown that SAPS of around 1.2 kms−1

can yield on average an upflow velocity of∼ 200 ms−1 in
winter, which is within the range of previous reports. Pre-
vious case studies have reported that the upward velocity
increases with altitude, and the typical velocity at the al-
titude of 1000 km or less is around a few hundred ms−1

(Wilson, 1994). Foster and Lester(1996) have reported an
upward ion velocity of 300 ms−1 at 800 km altitude in the
auroral zone, which is related to the ion heating caused by
the enhanced and sheared convection velocity at F region
altitudes.Wahlund et al.(1992) have observed a 100 ms−1

upward flow below 500 km in the auroral zone.Anderson
et al.(1991) have observed a higher upward velocity around
900 ms−1 at 400 km altitude.Korosmezey et al.(1992) have
modeled the effect of SAPS of 3 kms−1 and yielded an
upward flow velocity of 100 ms−1 near 900 km, and when
the SAPS velocity increases to 4 kms−1, the maximum up-
flow velocity reaches 400 ms−1. The model work byWilson
(1994) has shown that the peak upward flow below 1000 km
altitude is only 0.9 kms−1 when the auroral convection ve-
locity is 2 kms−1. However, some model work has shown
that above 500 km altitude the upward flow can reach as
high as 1.9 kms−1 when the auroral convection velocity is
2 kms−1 (e.g.Sellek et al., 1991; Heelis et al., 1993). The
model differences can be explained by the following condi-
tions: whether there is an ion temperature anisotropy or not, a
slower or quicker ramp-up time in turning on the convection
velocity, or a uniform or non-uniform altitude profile of the
electron temperature (e.g.Wilson, 1994).

4.1 Zonal and upflow velocities

The seasonal variation of the peak velocity of both horizontal
and vertical plasma flows are shown in Fig.7 for two differ-
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Fig. 8. Correlation of SAPS with the upflow velocity in the North-
ern Hemisphere. The correlation coefficient,R, the regression line
and the fitting function are also shown in the frame. The bars show
the standard deviations of averages.

ent geomagnetic activities. The error bars have been shown
in Fig. 7. The variability is substantial, but the general char-
acter of the curves is conserved. In the top frame SAPS peaks
are shown. SAPS are more rapid in winter than in summer, in
line with the fact that the SAPS velocity is inversely propor-
tional to the ionospheric conductivity primarily caused by the
solar illumination in the subauroral region, which is larger in
summer than in winter (Anderson et al., 2001). The smaller
conductivity requires an increase in the polarization electric
field (and SAPS velocity) in order to maintain the current
continuity in the subauroral region. In the bottom frame of
Fig. 7 the peak values of the plasma vertical flows around the
SAPS peak latitude are shown. It shows winter over summer
preference, resembling the SAPS seasonal variations.
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Fig. 9. Superposed epoch analysis of the ion upflow flux in winter for two different Kp levels. The key MLat

of ’0’ denotes the latitude where the SAPS velocity peak occurs. Positive denotes upward flux. The bars show

the standard deviations of averages.
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Fig. 9. Superposed epoch analysis of the ion upflow flux in winter for two different Kp levels. The key MLat of “0” denotes the latitude
where the SAPS velocity peak occurs. Positive denotes upward flux. The bars show the standard deviations of averages.
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Fig. 10. Seasonal variation of the upflow flux at the key MLat at
800 km altitude for Kp< 4 and Kp≥ 4. The bars show the standard
deviations of averages.

In the SAPS region the most important factor that can af-
fect the upflow velocity is the frictional heating caused by
ion-neutral collisions. The ion-neutral collision is more ef-
fective and faster at lower altitude than at DMSP altitude. It
has been found that the frictional heating can affect the tem-
perature most effectively between 400 and 600 km altitude
(Heelis et al., 1993), resulting in a vertical pressure gradient.
The altitude gradient of the pressure can cause the plasma
expansion and upflow.

In case of frictional heating we can write for the power
density,Pk,

Pk = nimiνni(v − u) · v, (1)

whereni is the ion density,mi the mean ion mass,νni the col-
lision frequency between ions and neutrals,v is the plasma
velocity vector andu the neutral wind vector. 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 ex-
pected that the SAPS velocity has strong effects on the up-
flow velocity through affecting the ion temperature primarily
between 400 and 500 km altitude.

The scatter plot of the ion upflow vs. SAPS velocity is
shown in Fig.8. As expected, there is a good correlation be-
tween the two parameters, irrespective of the geomagnetic
activity. When performing a linear fit it reveals the relation of
Vz (ms−1) = 0.29× VSAPS− 170(ms−1) at DMSP altitude.

Figure9 shows the latitudinal variation of the upflow flux
in winter for example. It can be seen that the average up-
flow flux can reach about 2× 108 cm−2s−1 for Kp ≥ 4. For
completeness, the seasonal variation of the upflow flux in
the key MLat where SAPS peak is shown in Fig.10. It
can be seen that the vertical flow velocity and related ion
upflow are larger during September equinox and Decem-
ber solstice. The value of upflow flux is within the normal
range of the vertical O+ flux from 106 to 108 cm−2s−1 in
the dusk sector over a large latitude range (62◦–78◦) (Yau
et al., 1985); although during intense storms,Yeh and Foster
(1990) have reported an extremely large upward flux exceed-
ing 3× 109 cm−2s−1 in the dusk sector. In the cusp region
the typical fluxes of upflow are around 2× 108 cm−2s−1 at
quiet times and 5× 108 cm−2s−1 at active times (Kp= 3–5)
(Yau et al., 1985). Therefore, the subauroral upflow reported
here is quite comparable to that in the dayside cusp region.

Ann. Geophys., 31, 1521–1534, 2013 www.ann-geophys.net/31/1521/2013/
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Fig. 9. Superposed epoch analysis of the ion upflow flux in winter for two different Kp levels. The key MLat

of ’0’ denotes the latitude where the SAPS velocity peak occurs. Positive denotes upward flux. The bars show

the standard deviations of averages.
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bars show the standard deviations of averages.
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Fig. 11. Relative variation of both ion and electron temperature (left) and ion density (right) at the key MLat at 800 km altitude for Kp< 4
and Kp≥ 4 for each season. The1 means the subtraction of the background value.

4.2 Ion and electron temperature

The study has shown that there is a depression of the ion
temperature at 800 km altitude around the SAPS peak re-
gion. The relative changes of the ion temperature with re-
spect to the background trend for each season are depicted
in Fig. 11 (left column). The ion temperature has dropped
by more than 30 % when compared to the background trend
during September equinox and December solstice around the
SAPS peak region. The decrease ofTi might be understood
in terms of an adiabatic cooling, whereTi is inversely pro-
portional to the specific volume, thus, inversely proportional
to the ion concentration.Hanson et al.(1973) have explained
the observed ion cooling near the magnetic equator by the
adiabatic expansion. They have suggested that the plasma
will cool down adiabatically as it expands into regions of de-
creasing concentrations. When looking at the seasonal varia-
tion of the ion density in Fig.11(right), it can be seen that ion
densities in the topside ionosphere decrease by 70 % during
September equinox and December solstice. The increased re-
combination with electrons and the westward and upward
movement during SAPS periods can explain the increase of
the trough depth (e.g.Schunk et al., 1976; Anderson et al.,
2001).

Figure11(left) also shows the seasonal variation of the de-
viation of the electron temperature with respect to the back-
ground trend. The relative deviation of the electron tempera-
ture exhibits obvious seasonal variation for more disturbed
periods, enhanced by 30 % around the SAPS region dur-
ing September equinox and December solstice. For less dis-
turbed periods, the relative change ofTe is almost seasonly
independent. The main heat source for electrons at mid-
latitudes is the solar extreme ultraviolet radiation (Schunk
and Nagy, 1978). The radiation can produce high-energy
photoelectrons, which can heat the ambient electrons by elas-

tic collision. The Coulomb collisions with ions are an impor-
tant energy loss mechanism for the electrons in the topside
ionosphere, which are proportional to the ion density (e.g.
Schunk and Nagy, 2000; Rother et al., 2010). It is thus ex-
pected that the cooling by Coulomb collisions is less effec-
tive at lower ion density, which makes the electron temper-
ature higher. Figures6 and4 have shown that there are ob-
vious depressions of ion densities in the enhancedTe region.
The seasonal variation of the relatively reduced electron den-
sity and the enhanced temperature is almost out of phase for
Kp ≥ 4 as can be seen from Fig.11.

5 Summary

In this paper we have studied the effect of SAPS on the ion
upflow observed in the topside ionosphere of the Northern
Hemisphere by using DMSP observations, which exhibit ob-
vious seasonal variations. Main findings are summarized in
the following:

1. In the dusk sector the ion upflow peaks around the same
location as the SAPS velocity. The ion upward and
westward velocity peaks exhibit similar seasonal vari-
ations showing winter over summer preference. Good
correlation is found and functional relationships are de-
rived between SAPS and upward velocity. These indi-
cate that the strong SAPS can give increased vertical
plasma flow.

2. In winter the average upflow flux can reach about 2×

108 cm−2s−1 for Kp ≥ 4. The duskside upflow flux can
be comparable to that in the dayside cusp region.
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3. The local ion temperature is depressed around the re-
gion where SAPS peak, which can be explained by the
adiabatic cooling. The ions convect westward and ex-
pand upward during SAPS periods, which further de-
crease ion concentrations, thus reducing the ion temper-
ature. The local ion temperature decreases around SAPS
peaks, which is deeper in winter than in summer.

4. The local electron temperature is somewhat elevated
around SAPS regions, which might come from the re-
duced Coulomb cooling in that region. The local elec-
tron temperature increases around SAPS peaks, which
is higher in winter than in summer for Kp≥ 4, but is
almost comparable for Kp< 4.

The SAPS-related frictional heating at mid-latitudes is es-
sential for the local formation of the strong upward flow,
which might provide a direct source of ionospheric ions for
the plasmasphere in the dusk sector.
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