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Abstract We investigate the statistical characteristics of the ion upflow occurrence in association with
ion and electron heatings in the polar ionosphere using the European Incoherent Scatter Svalbard Radar
during the period of 2000–2015. The ion upflow events are classified as four types: with ion temperature
increase (Type 1), with electron temperature increase (Type 2), with both ion and electron temperature
increases (Type 3), and without any temperature increase (Type 4). These four types of upflow events are
statistically analyzed with various geophysical conditions. We found that the overall occurrence of ion
upflow is highest for Type 3 and then followed by Type 2, Type 1, and Type 4. This result indicates that the
ion upflow is highly associated with soft particle precipitation induced electron heating, which becomes
more effective with simultaneous friction induced ion heating. The statistical characteristics of ion upflow is
summarized as follows: (1) It is most highly distributed in the daytime with a double peak structure
but a deep minimum at dusk, (2) the highest occurrence appears at about 350‐ to 450‐km altitude for most of
local time but extended to higher altitude near the magnetic local noon, (3) the ions mostly reach only
up to about 200 km above their initiated altitudes, (4) it tends to increase with magnetic activity, particularly
during the daytime, but (5) decreases and distributed at higher altitude with increasing solar activity,
and (6) finally, the maximum occurrence appears in December solstice but the minimum in June solstice for
most of local times.

1. Introduction

It is well known that ions can move upward along the geomagnetic field lines with velocity ranging from
hundreds to thousands of meters per second in the polar ionosphere. The upward moving ions reaching
the escape velocity of the Earth's gravity can flow into the magnetosphere, which is called the “ion outflow.”
These outflowing ions can be a significant source of magnetospheric plasma. More frequently, however, the
upward moving ions do not reach the escape velocity and fall back to the Earth's atmosphere. Although it is
not yet fully understoodd how “ion upflow” becomes “ion outflow” with additional accelerating forces at
high altitudes, it is important to understand the fundamental characteristics of the ion upflow whether it
becomes ion outflow or not.

The main physical mechanisms causing the ion upflow are proposed as follows: (1) The solar extreme
ultraviolet radiation and energetic particle precipitation ionize atmospheric constituents and produce
secondary electrons with enough energy tomove upward under the gravitational forces. The upwardmoving
electrons pull up the ions with them via the ambipolar electric field existing between electrons and ions (e.g.,
Burchill et al., 2010; Liu et al., 1995; Moen et al., 2004; Ogawa et al., 2003; Zhao et al., 2016). (2) The
ion‐neutral frictional heating driven by plasma convection increases ion temperature. The increased ion
temperature then creates the vertical pressure gradient to cause upward motion of the ions along the vertical
magnetic field line in the polar F region ionosphere; in other words, it increases the scale height of ions to
bring them to higher altitude (e.g., Keating et al., 1990; Loranc et al., 1991; Ma et al., 2018; McCrea et al.,
2000; Winser et al., 1989; Zhang et al., 2016). (3) The third mechanism is the velocity shear‐driven instability
which produces transverse ion heating (Ganguli et al., 1994; Liu & Lu, 2004).

A number of studies have been conducted to investigate the statistical characteristics of the ion upflow in the
polar ionosphere in relation to the first and second mechanisms. For instance, it was found that ion upflow
observed with the European Incoherent Scatter (EISCAT) Svalbard radar occurs mostly in the dayside and
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the maximum occurrence of ion upflow is seen at around the magnetic local noon (e.g., Buchert et al., 2004;
David et al., 2018; Liu et al., 2001; Ogawa et al., 2003; Ogawa et al., 2009). One of the main drivers of the
daytime ion upflow is known to be a soft particle precipitation in the cusp region. Soft particles (<500 eV)
entering into the cusp region ionizes the neutral particles and produces heated electrons, which move
upward together with ions via ambipolar electric field. Ogawa et al. (2003) reported that the soft particle pre-
cipitation is the dominant source mechanism causing the ion upflow in the dayside polar cap region, based
on the observations from EISCAT Svalbard Radar (ESR) and DMSP satellite. Moen et al. (2004) showed a
one‐to‐one relationship between poleward moving auroral forms and ion upflows in the cusp region, which
indicates that the individual events of soft particle precipitation induce corresponding upflow events. Zhao
et al. (2016), using FAST satellite data, also showed that the peak of the O+ upflow occurrence at magnetic
local time (MLT) noon is related to the soft particle precipitation in the cusp region.

On the other hand, Endo et al. (2000) suggested that heavy ions such as O+ require other physical processes
in addition to ambipolar electric field to accelerate upward in the polar ionosphere since the heavy ions dri-
ven by ambipolar electric field alone may not reach to the upwelling speed fast enough to overcome the
Earth's gravity. Loranc et al. (1991) studied the vertical bulk ion drift data from the DE‐2 satellite between
200‐ and 1,000‐km altitudes. They found that the ion flows are predominantly upward near the cusp region
and these upflowing ions are associated with high ion temperature caused by frictional heating. McCrea
et al. (2000) reported the observation of ion upflow event with high ion temperature associated with ion‐
neutral frictional heating from the ESR observations. Zhang et al. (2016) reported the dynamics of oxygen
ion upflow associated with a polar cap patch at the center of the polar cap region during a geomagnetic
storm. They found strong fluxes of upwelling O+ induced by frictional heating that is associated with rapid
antisunward flow of the plasma patch. More recently, Ma et al. (2018) also found that the highest ion upflow
occurrence in the polar cap appears with the highest convection speeds.

There have also been several studies indicating that the ion upflow is accompanied by both the elevated ion
and electron temperatures in the cusp ionosphere. For example, Wu et al. (2000), using DE‐2 satellite obser-
vations for the ionosphere, suggested that both the soft particle precipitation and frictional ion heating could
be responsible for ion upflow and the former may be more effective during the daytime, while the latter may
be more efficient during the nighttime. Liu et al. (2001) performed a statistical study of ion upflow using
EISCAT and ESR observations, which suggested physical processes such as soft particle precipitation and
E × B‐driven frictional heating responsible for the ion upflow in the F region heights depending on MLT
and geomagnetic activity. Ogawa et al. (2009) also found that approximately 50 % of dayside ion upflows
were accompanied by enhanced ion and electron temperatures at 400‐km altitude. Skjæveland et al.
(2011) observed the ion upflow events driven by frictional heating as well as the soft particle precipitation
in the cusp region using the ESR observations.

These previous studies seem to indicate that there is yet no evident relationship between electron and ion
heating to cause the ion upflow in the F region height near the polar cap region. The aim of this study is
to better understand the relationship by investigating the height distributions of ion upflow occurrence as
well as the MLT distributions associated with both electron and ion heatings from the 15‐yearlong
EISCAT Svalbard Radar (ESR) observations for different season and solar/geomagnetic condition.

2. Data and Analysis

We used the altitude profiles of ion velocity obtained from the EISCAT Svalbard Radar (ESR; 42 m) during
the period between 2000 and 2015 to investigate the statistical characteristics of the ion upflow events. The
ESR is located in Longyearbyen, Svalbard (78.1°N, 16.0°E), which is in the auroral and polar cap regions
depending on local time and magnetic activity. The ESR 42‐m dish antenna is fixed along the nearly vertical
magnetic field line to monitor the ionospheric parameters along the local geomagnetic field lines such as
electron density, ion and electron temperatures, and line‐of‐sight (i.e., field‐aligned) velocity of the ions.
We used the field‐aligned ion velocity data with a 1‐min time resolution for this analysis. The height resolu-
tion of each measurement of density profile varies with height. It is about 10–20 km at lower altitudes but
increases to about 40 km at high altitudes (~500‐km altitude). The ESR data were obtained from the
EISCAT database at National Institute of Polar Research and the Madrigal database. The altitude range of
data is restricted from 200‐ and 600‐km altitudes because the incoherent scatter radar (ISR) observations
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including ESR often suffer from low signal‐to‐noise ratio at high altitudes
and the strong interactions with dense atmosphere at low altitudes (David
et al., 2018).

The identification of ion upflow requires certain criteria for selecting ion
upflow events (e.g., Foster et al., 1998; Keating et al., 1990; Liu et al.,
2001; Ogawa et al., 2009, 2010). In this study, the ion upflow events are
identified by the criteria adopted by Liu et al. (2001) and Ogawa et al.
(2009). The criteria for selecting ion upflow are as follows: (1) Each profile
is binned by height (every 50 km) and MLT of day (every 10 min). (2) Ion
velocities for each height and time bins exceed 100 m/s at three or more
consecutive heights (i.e., at the altitude range of at least 100 km) along
the height profile. The resulting ion upflow events are displayed in the
MLT and height coordinate in Figure 1a and height‐integrated numbers
of hourly events are presented in Figure 1b. We found that the ion upflow
event mostly occurs in the above about 350‐km altitude. The local time
distributions of events showmaximum at around the magnetic local noon
but minimum at 1600–1900 MLT. The number of the event is mostly less
than 100 per each 50‐km height and 10‐min MLT bin, which corresponds
to about 10% of the whole profiles within the bin. More details will be dis-
cussed in the next sections. The relative occurrence frequency of ion
upflow within each bin is defined by

F h;MLTð Þ ¼ n h;MLTð Þ
N h;MLTð Þ×100

where n (h, MLT) is the number of profiles with ion upflow events in each
bin and N (h, MLT) is the total number of profiles in the bin. With regard
to the ion upflow events in relation to ion and electron heatings, it is con-
sidered to be associated with them when they satisfy the following
condition:

Ti=e−T
0
i=e≥200 K

The background temperatures for ions and electrons (T0
i=e) are calculated

from 2‐hr running average of ion and electron temperatures for each bin.
The temperature data points with ion upflow events are excluded from the
calculation of the background temperature (Ogawa et al., 2009, 2010).

3. Results and Discussions

Before we present the results of the analysis, it needs to be mentioned whether the location of the ESR obser-
vation is in the auroral oval or in the polar cap region. Figure 2 shows the approximate locations of ESR rela-
tive to the auroral oval boundaries on the Northern Hemisphere. This figure is adopted from Xiong et al.
(2014), which statically determined the auroral oval boundaries using 10‐year CHAMP magnetic field data.
The boundaries of the auroral oval vary with magnetic activity as expected but show no dependence on solar
extreme ultraviolet flux or season. Note that the poleward boundary near the MLT midnight does not vary
with Kp level. According to these variations of the auroral boundaries, we can conclude that the ESR during
quiet period (Kp < 2) is largely located in the auroral oval except for around the MLT midnight where it is
nearly always in the polar cap region regardless of the magnetic activity level. On the other hand, during dis-
turbed periods (Kp ≥ 4), the ESR is mostly located in the polar cap region except for around the MLT noon
where it becomes closer to the poleward boundary within the auroral oval. The results of this study should be
discussed with this information of the ESR location.

3.1. Occurrence of Ion Upflow in Association With Ion/Electron Heating

To examine the characteristics of the occurrence of ion upflow in association with ion and electron heatings,
we classified the ion upflow events as follows: (1) Type 1 includes the ion upflow events with the increase of

Figure 1. Height versus magnetic local time (MLT) distributions of the
number of ion upflow events for the entire observation period (a) and
diurnal variations of the height‐integrated hourly number of events (b). The
total number of events during the observation period is also given.
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ion temperature alone; (2) Type 2 includes the ion upflow events with the increase of electron temperature
alone; (3) Type 3 includes the ion upflow events with the increase of both ion and electron temperatures; (4)
Type 4 includes the ion upflow events without any increase of ion or electron temperature. Figure 3 shows
the height versus MLT distributions of the relative occurrence frequency for four types. First of all, the
occurrence of Type 2 with electron heating alone (up to 4%) is overall larger than those of Type 1 with ion
heating alone (up to 1%), which indicates that the effect of electron heating is more effective to produce
ion upflow than the heating of ion itself. However, the largest occurrence frequency occurs when both the
ions and electrons are heated as in Type 3. Skjæveland et al. (2011) also found that the greatest upflow
events occurred in the cusp region when both ion and electron temperatures were enhanced. This result
may imply that the upward moving electrons are much more effective to pull the ions up to higher

Figure 2. Approximate location of ESR in the varying auroral oval with different Kp levels adopted from Xiong et al.
(2014). ESR = European Incoherent Scatter Svalbard Radar; MLT = magnetic local time.

Figure 3. Height versus magnetic local time distributions of ion upflow occurrence for four Types as indicated in the figure: Type 1 with only ion heating, Type 2
with only electron heating, Type 3 with both ion and electron heatings, Type 4 without any heating.
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altitude when the ions are also heated. Finally, when there are no electron and ion heatings (Type 4), our
result shows that the occurrence frequency is negligibly small, which is different from Ogawa et al.
(2009). They reported that approximately 40% of ion upflow events is not accompanied by any noticeable
ion/electron heating from the analysis of the ESR data during the period of 1997 to 2006. However, they
did not provide any discussion on this result. We do not know why the results are so different from each
other, but there are some differences both in the observation period and analysis procedures. The observa-
tion period for this study is from 2000 to 2015, which is much longer than the period for Ogawa et al.
(2009). We used data only from 42‐m antenna of ESR, pointing in the field‐aligned direction, but they used
data from 32‐m antenna as well as 42‐m antenna. There may also be differences in the analysis procedures
such as data binning and the criteria for identifying the ion upflow events.

3.2. Local Time Variations of the Occurrence of Ion Upflow

In Figures 1 and 3, it is found that the occurrence frequency is highest in the daytime between about 08:00
and 14:00 MLT but lowest at around the sunset. There exist appreciable ion upflow events even at night. It
should be noted that the ion upflow occurrences are largely similar for all types in terms of local time and
height distributions. The local time sector with the lowest occurrence at around the sunset spans from the
late afternoon at around 15:00 MLT to the evening at about 20:00 MLT. This result was also found at
Ogawa et al. (2009), which studied the characteristics of ion upflow in Svalbard (75.2° magnetic latitude)
using the ESR data. Liu et al. (2001) described it as a dawn‐dusk asymmetry using only 1‐year ESR data.
However, these characteristic local time variations in Svalbard do not appear in Tromso, mostly located in
the auroral oval. Ogawa et al. (2010) analyzed field‐aligned data obtained from the EISCAT Tromso ultra-
high frequency radar during the period of 1984 to 2008 and found that the ion upflowmost frequently occurs
in the nighttime between 20:00 and 04:00 MLT but barely occurs during the daytime, which is almost oppo-
site to the ion upflow occurrence in Svalbard. This result was also presented at Liu et al. (2001) by using the
observations from ESR and EISCAT. The different characteristics of the occurrence in the two regions imply
that two different physical processes exist in the regions to produce the ion upflow. The minimum occur-
rence of ion upflow at dusk appears only near the polar cap region, but not in the auroral oval, which needs
to be further studied.

Regarding the daytime enhancement, as the ESR radar site approaches to the cusp region as the Earth
rotates, the occurrence frequency of ion upflow substantially increases near the magnetic local noon since
the soft particle precipitation is enhanced to heat electrons (Liu et al., 2001; Ogawa et al., 2009; Su et al.,
1999). The dayside polar cap ionosphere near the cusp region is a highly dynamic region that shows transient
plasma flows and shears due to large energy flux coming from the magnetosphere (Pitout et al., 2001;
Skjæveland et al., 2011). In particular, the soft particle precipitation occurring in this region heats electrons
at high altitudes, and therefore, it can more efficiently drive ions upward with them. The more energetic
electrons penetrate deep into low altitudes where the upward motion of ions is less effective due to the colli-
sions with dense neutrals. In this dynamically active region, the ion upflow can readily be caused by ion and
electron heatings (Skjæveland et al., 2011).

The height distributions of the occurrence frequency are highest in the altitude range of about 350–500 km
for most of local times, but it is extended up to 600‐km height during the daytime. Around the magnetic local
noon sector, there seem to be additional processes to cause the ion upflow in the altitude region above about
500 km, which may be associated with the soft particle precipitation described above. The vertical distribu-
tions of ion upflow will be further discussed in the next section.

3.3. Vertical Extent of the Ion Upflow Events

Figure 4 shows the number of ion upflow events with vertical extents in the altitude range of 200 to 1,000 km.
It is assumed that each ion upflow event starts from their initial altitudes and stops upward motion at the
final altitudes in each bin profile. For this analysis the top boundary altitude is extended to 1,000 km to inves-
tigate the vertical extent of the ion upflow events over 400‐km height range even if the ISR data at the alti-
tude above about 600 km is known to have low signal‐to‐noise ratios. The vertical extent of each ion upflow
event indicates how far the ions can move up to higher altitudes once the upflow events are initiated at each
initial altitude. In Figure 4, the mean vertical extents and corresponding numbers of events are presented for
each initial altitude between 200 and 600 km with a 50‐km step for Types 1 to 4. Note that the range of the
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number of events for Type 3 is much larger than the others: 0–2,000 versus 0–300, which indicates that the
number of events for Type 3 is overwhelmingly larger than the other types, as already implied in Figure 3.
The ion upflow events are hardly initiated below 300‐km altitude for all types. There are appreciable
amount of ion upflow events initiated even at 600‐km altitude. The vertical extents of the ion upflows are
mostly less than 200 km, which implies that the ion upflows initiated at 600‐km altitude can reach up to
about 800‐km altitude. This result indicates that most of the upflowing ions initiated below about 600 km
may not reach high enough to be further accelerated by wave activity to become ion outflows but instead
return back to the lower atmosphere (Nilsson et al., 2008; Ogawa et al., 2009; Skjæveland et al., 2014). On
the other hand, there is a large amount of ion upflows initiated at the altitude of 600 km with the vertical
extent of up to 200 km in Type 3 in Figure 4. These upflowing ions may reach to the high altitude where
the wave activity can transfer additional energy for the ions to be outflows. As seen in Figure 3, these ion
upflows reaching high altitude mostly occur at around the magnetic local noon, in other words, near the
ionospheric polar cusp region. Skjæveland et al. (2014) found that the upflowing plasma below 500‐km
altitude was unlikely to reach to about 800‐km altitude, but the upflowing plasma above 600‐km altitude
was very likely to move to higher altitude and eventually become outflows when there are additional
forces to further accelerate them. As mentioned earlier in this section, however, it should be kept in mind
that the ISR data above 600‐km altitude may have a limitation in the measurement accuracy due to low
signal‐to‐noise ratios.

TheMLT and height distributions of the relative occurrence frequency were similar for all four types as indi-
cated in Figure 2. This is also true for different geomagnetic and solar activity conditions. Therefore, we

Figure 4. Vertical extents of ion upflow events initiated from 200‐ to 600‐km altitude: (a) Type 1, (b) Type 2, (c) Type 3, and (d) Type 4.
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included all types of upflow events to investigate how the ion upflow occurrence varies with Kp and F10.7
indices as well as season in the following sections.

3.4. Occurrences of Ion Upflow With Geomagnetic Activity

The main physical mechanisms for the ion upflow are related to the electron and ion heatings induced by
energetic particles and plasma convection, respectively. Therefore, they are in principle associated with
the level of geomagnetic activity. The occurrence of ion upflow should be expected to show a close correla-
tion with the Kp index. Figure 5 shows the height versus MLT distributions of the number of ion upflow
events and the relative occurrence frequency with three different levels of Kp index. As Kp increases from
low (Kp < 2) to medium (2 ≤ Kp < 4), the local time distributions of the ion upflow show more significant
diurnal variation with being much larger during the daytime than the nighttime and with a deeper and
wider minimum near dusk. In other words, the ion upflow occurrence is significantly enhanced during
the daytime, but little changed during the nighttime, whichmay provide some clue on the physical processes
to cause the upflow. The deeper and wider minimum at dusk sector also indicates that the dusk minimum is
relevant to geomagnetic activity, which requires a further investigation. Note that there seem to be two peaks
in the daytime ion upflow for quiet times (Kp< 2), the first one in the morning sector (06:00–08:00 MLT) and
the second and larger one at around the noon (12:00–14:00 MLT) but the double peak structure disappears
and only one peak appears just before the magnetic noon (10:00–12:00 MLT) for disturbed times. The day-
time double peak structure of the ion upflow was also reported at Ogawa et al. (2011).

For high Kp > 4, although the number of upflow events in the top panels of Figure 5 seems to negligibly be
small, compared with smaller Kp conditions, the upflow occurrence in the bottom panels seems to show
somewhat different characteristics of the distribution. First of all, the daytime occurrence is remarkably
smaller than for medium Kp but the nighttime occurrence is still significant, particularly before midnight,
and even in the lower altitude below 400 km at around midnight. However, the results for Kp > 4 may
not necessarily be presenting the magnetic activity dependence of the ion upflow but it may only be related
to the relative change of ESR location with geomagnetic activity as shown in Figure 2. The smaller

Figure 5. Height versus magnetic local time (MLT) distributions of the number of ion upflow events (top row) and ion upflow occurrence (bottom row) with three
different Kp levels: low Kp < 2 (left column), medium 2 ≤ Kp < 4 (middle column), and high Kp ≥ 4 (right column).
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occurrence at around the noon forKp> 4may indicate that the ESR site is off the cusp region, which reduces
the effects of soft electron precipitation. At around the midnight, the ESR site keeps staying in the polar cap
region and then the enhanced frictional heating andmore energetic electron precipitation with increased Kp
may have affected to increase the upflow occurrence even in the lower altitude region. Ogawa et al. (2009)
also reported that the probability of observing daytime ion upflow increases with Kp until Kp ~ 3 but
decreases when Kp > 3, which largely agrees with our result for daytime ion upflow.

3.5. Occurrence of Ion Upflow With Solar Activity

While the geomagnetic activity affects the ion upflow by changing the energy inputs from the magneto-
sphere, the solar activity may affect it by changing the ionospheric and thermospheric states. Cohen et al.
(2015) investigated the ion upflow dependence on the ionospheric density and solar photoionization from
the model simulation of ion upflow driven by auroral precipitation. Their study showed that the increased
ionospheric density reduces ion upflow occurrence due to smaller electron heating and resulting weaker
ambipolar electric field. Figure 6 shows the height versus MLT distributions of the number of ion upflow
events and the relative occurrence frequency with three different F10.7 indexes. For this results, we used
the data only for Kp < 2 in order to eliminate the geomagnetic effects. We found that the overall number
of events as well as the occurrence of the ion upflow are clearly decreasing with increasing solar activity
as suggested from the model simulation (Cohen et al., 2015). Furthermore, the peak height of the ion upflow
occurrence moves to higher altitude with increasing solar activity from 350‐ to 450‐km altitude to about 450‐
to 550‐km altitude for medium F10.7 and then to above about 500‐km altitude for high F10.7.

As the solar activity increases, the upper atmosphere including the ionosphere and thermosphere is heated
with enhanced photoionization and then the whole upper atmosphere is expanded upward, which results in
the enhanced neutral density in the upper atmosphere as well as the increased ionospheric peak height.
These changes in the ionosphere and neutral atmosphere require more energy to move the ions upward

Figure 6. Height versus magnetic local time (MLT) distributions of the number of ion upflow events (top row) and ion upflow occurrence (bottom row) with three
different F10.7 cm indices: F10.7 < 80 (left column), 80 ≤ F10.7 < 125 (middle column), and F10.7 ≥ 125 (right column).
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(Ogawa et al., 2010), which explains decreased ion upflows with increasing solar activity. Under the given
amount of energy for ion upflow, the enhanced ion density will decrease the average energy per ion and
the enhanced neutral density will further reduce the ion upflow by increasing the friction between ions
and neutrals. Regarding the increased peak height of the upflow occurrence, both the pressure gradient
force of the ions and the ambipolar electric field are directed upward above the ionospheric density peak
height. Therefore, the ion upflow tends to occur at higher altitude as the ionospheric peak height
increases with increasing solar activity.

Note that while the peak height of the upflow increases with increasing solar activity, the ion upflow occur-
rence tends to increase at lower altitudes below the peak height. Ogawa et al. (2010) reported this low‐
altitude ion upflow for high solar activity, though not in the polar cap but in the auroral oval, and suggested
that the vertical neutral motion may be responsible for it.

The double peak structure appeared for low Kp in Figure 5 becomes weak and eventually vanishes as solar
activity increases in spite of the same low Kp condition. This result indicates that the double peak structure
of the ion upflow appears only for geomagnetically quiet and low solar activity conditions. This characteris-
tics of the daytime ion upflow occurrence with magnetic and solar activity conditions should be related to
the physical processes responsible for causing ion upflow and requires further investigation.

3.6. Occurrence of Ion Upflow With Season

Figure 7 shows the height versus MLT distributions of the relative occurrence frequency for quiet (Kp < 2)
and moderately disturbed (Kp ≧ 2) geomagnetic conditions during three seasonal periods as indicated in the
figure. The seasonal bins are equinox (days of year: 50–110 and 234–294), June solstice (111–233), and
December solstice (1–50 and 295–366). The occurrence of ion upflow shows overall maximum in
December solstice and minimum in June solstice. The similar seasonal differences of the occurrence were
also reported by Liu et al. (2001) and Buchert et al. (2004); the occurrence is higher in winter than in sum-
mer. This seasonal characteristics could be explained as in the previous section for solar activity dependence:
The ion upflow tends to be more easily generated in winter than in summer, probably due to the smaller ion
and neutral densities in winter.

Figure 7. Height versus magnetic local time (MLT) distributions of ion upflow occurrence with three seasonal periods: equinox (left column), June solstice (middle
column), and December solstice (right column). It is presented for quiet (Kp < 2) and moderately disturbed (Kp ≥ 2) periods in the top and bottom panels,
respectively.
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The double peak structure for quiet times (Kp < 2) is present only in Equinox and June solstice but does not
appear in December solstice, and as expected, it disappears for moderately disturbed condition even in
equinox and June solstice.

4. Summary and Conclusion

Using 16‐year EISCAT Svalbard radar (ESR) observations between 2000 and 2015, we investigated the
statistical characteristics of ion upflow occurrence associated with ion and electron heatings. During quiet
times, the ESR radar is mostly located in the auroral oval except for around the MLT midnight, but during
disturbed times it is mostly located in the polar cap except for around the MLT noon (Figure 2). Keeping
these changes in mind, the statistical characteristics of the ion upflow occurrence can be summarized as
follows:

1. The occurrence of ion upflow is larger with electron heating (Type 2) than with ion heating (Type 1), but
it is largest when there exist both ion and electron heatings (Type 3).

2. The maximum occurrence appears in the daytime, particularly near the magnetic local noon but a
distinctive deep minimum occurs at around the sunset.

3. The highest occurrence appears in the altitude region of about 350–450 km for most of the local time, but
it is distributed in the more extensive region of 350–600 km near the magnetic local noon.

4. The ions can move up to only about 200 km above their initiated heights, which may bemostly too low to
become ion outflows.

5. The occurrence of ion upflow shows more significant diurnal variations for medium magnetic activity:
that is, larger daytime peak, deeper, and wider dusk minimum, but largely unchanged at night. For high-
est magnetic activity, however, these trends are not persistent probably because of the change of the ESR
radar location with Kp level.

6. The occurrence of ion upflow tends to decrease and distributed at higher altitude with increasing solar
activity probably due to the enhanced and elevated upper atmosphere.

7. The maximum occurrence of ion upflow appears in December solstice, but the minimum occurs in June
solstice for most of local times. The daytime double peak structure disappears in winter.

In summary, the various characteristics of the ion upflow occurrence are revealed with local time, height,
magnetic activity, solar activity, and season in association with electron and ion heatings. Most of these
results still require further investigations and will contribute to the understanding of the physical aspects
of the ion upflow in the polar region.
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