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Abstract We investigated how velocity and ﬂux of ionospheric ion upﬂows vary during magnetic storms
driven by corotating interaction regions (CIRs) and coronal mass ejections (CMEs), using data from the
European Incoherent Scatter (EISCAT) Tromsø UHF and Svalbard radars between 1996 and 2015. The
characteristics of ion upﬂows were compared with ion and electron temperature variations measured with
the EISCAT radars and also joule heating rate, electric ﬁeld, and ﬁeld‐aligned current distribution derived
from the Weimer model. Upward ion velocity increases in the nighttime at Tromsø (66.2 °N geomagnetic
latitude) just after the CIR‐ and CME‐driven storms, corresponding to electron temperature enhancements
due to soft particle precipitation and also ion temperature enhancements in the strong westward electric
ﬁeld region. The CME‐driven storms have larger upward ion ﬂux (~1.7 × 1013 m−2s−1) than those under the
CIR‐driven storms (~0.3 × 1013 m−2s−1). In the daytime, ion upﬂows are seen at Longyearbyen, Svalbard
(75.2 °N geomagnetic latitude), with an upward ﬂux of typically 1013 m−2s−1 for small CIR and CME storm
cases. Substantial ion upﬂows last for a few days after the storm onsets under small CIR storms, whereas they
last for only a day under small CME storms. Under both the cases, the substantial ion upﬂows are associated
with an enhancement of the Region 1 ﬁeld‐aligned current, eastward electric ﬁeld and Joule heating rate.
For large CME storms, substantial ion upﬂows are absent in the daytime probably due to equatorward
expansion of the auroral oval.
1. Introduction
It is well known that ionospheric ions gain kinetic energy and electromagnetic energy originating from the
solar wind and escape from the polar ionosphere to the magnetosphere. Its escape rate has been estimated
using several methods such as in situ measurements and modeling (e.g., Ebihara et al., 2006; Engwall
et al., 2009; Seki et al., 2001). When magnetic storms occur, velocity and ﬂux of the escaping ions largely
increase. Oxygen ions originated from the ionosphere are fed into the plasma sheet as well as the inner magnetosphere. The energy density of the oxygen ions can become dominant in the ring current (e.g., Gloeckler
et al., 1985; Hamilton et al., 1988; Keika et al., 2013) and in the plasma sheet (Nosé et al., 2001, 2005) during
magnetic storms.
In the polar ionosphere, ion upﬂow is frequently seen during auroral substorm (e.g., Ogawa et al., 2013),
which is most likely associated with the ion outﬂow measured in the bottomside magnetosphere (Wilson
et al., 2004). A typical duration of a substorm is about a few hours. Multiple substorms happen recurrently
during the main phase of magnetic storms. Thus, continued and substantial ion upﬂows are expected during
the storm main phase. Coley and Heelis (2009) showed characteristics of the vertical ion ﬂux of thermal O+
in the topside high‐latitude ionosphere before and during magnetic storms using data from the DMSP spacecraft. They revealed a pattern of a sharp increase in upward ﬂuxes at storm onset with a more gradual
increase in downward ﬂuxes. However, it is not fully understood mechanisms of ion upﬂows in the topside
ionosphere during the magnetic storms. A previous case study shows strong ion upﬂows associated with soft
(<500 eV) particle precipitation during the main phase and the beginning of the recovery phase of magnetic
storms (Liu et al., 2000). However, effects of storms on ion upﬂows have not been systematically investigated
because of a limited number of data sets. Thus, it had been difﬁcult to understand long‐timescale processes
of ion escape from the topside ionosphere to the bottomside magnetosphere.
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plasmas and produce high ﬂuxes of relativistic electrons, whereas the CME‐driven storms have denser
plasma sheets and strong ring currents (e.g., Borovsky & Denton, 2006). Cosmic noise absorption observations indicate that particle (>30‐keV electron) precipitation is more intense during the main phase of
CME‐driven storms, but the precipitation remains elevated for a much longer period during CIR‐driven
storms (Longden et al., 2008). During the CIR‐driven storms, cosmic noise absorption caused by energetic
particle precipitation is increased at high latitudes between 21 and 15 magnetic local time (MLT) during several days after the high‐speed solar wind streams impact (Grandin et al., 2017; Kavanagh et al., 2012). Such
high‐energy precipitation causes ionization in the D and E region ionosphere. Thus, there are some differences between the CME‐driven magnetic storms and the CIR‐driven magnetic storms regarding impacts
on the magnetosphere and the ionosphere (e.g., Borovsky & Denton, 2006; Miyoshi et al., 2013). It is therefore important to understand quantitatively the impacts of the CME‐driven storms and the CIR‐driven
storms on the ion upﬂows.
Here we report an investigation of storm effects on the ionospheric ion upﬂow, using a 20‐year data set of the
European Incoherent Scatter (EISCAT) radars at two locations in Tromsø, Norway, and Longyearbyen,
Svalbard. The EISCAT radars are one of the most powerful tools for the ion upﬂow investigation because
they enable us to derive the ﬁeld‐aligned ion velocity and ﬂux in the polar topside ionosphere.
The organization of this paper is as follows. In section 2, we describe the EISCAT and other data sets used in
this study. In section 3, observational results of ion upﬂows at two locations are shown. It was found that
some characteristics of ion upﬂow during CIR‐driven storms are different from those during CME‐driven
storms. In section 4, we discuss what causes the difference based on the relation between the observational
positions, convection pattern, and large‐scale ﬁeld‐aligned currents. The conclusions are provided in
section 5.

2. Data Set
This study used the ionospheric plasma data obtained with the EISCAT Tromsø UHF radar (located at the
geomagnetic latitude of 66.2 °N, the geographic latitude of 69.6 °N, and the geographic longitude of 19.2 °E)
and the EISCAT Svalbard radar (located at the geomagnetic latitude of 75.2 °N, the geographic latitude of
78.2 °N, and the geographic longitude of 16.0 °E) between 1996 and 2015. We chose the EISCAT data
obtained at altitudes between 400 and 500 km only when the radars are looking along the local magnetic
ﬁeld line, and then we integrated their autocorrelation function (ACF) data for 5 min to derive plasma parameters for this study. The altitude resolution of the analyzed data between 400‐ and 500‐km altitude was
approximately 50 km, and an average value at about 420‐ and 470‐km altitudes was used in this study.
The electron density data obtained at Tromsø were calibrated with dynasonde (Rietveld et al., 2008), and
those at Logyearbyen were calibrated with plasma line data when they are available. Their calibration errors
were roughly 20%. We also screened data when ﬁtting results were unrealistic values: Absolute value of ion
velocity was more than 1,500 m/s, electron density was more than 1013 m−3, or electron density was less
than 1010 m−3.
In order to understand the relative location of the radar under various geomagnetic conditions, the Weimer
empirical model (Weimer, 2005) was used in this study. The model provides ﬁeld‐aligned current (FAC),
ionospheric electric ﬁeld, and Joule heating rate. The input parameters are the interplanetary magnetic ﬁeld
(IMF), the solar wind velocity, the solar wind dynamic pressure, and the AL index. We used the OMNI data
base for the solar wind data. Time resolution of the solar wind parameters was 5 min. In the Weimer model,
the electric and magnetic potentials are expressed by a Fourier series. From the magnetic potential, one can
calculate the FAC density and the magnetic disturbance. From the magnetic disturbance and the electric
ﬁeld, one can calculate the incident Poynting ﬂux above the ionosphere. The incident Poynting ﬂux is
assumed to be equal to the Joule heating rate in the ionosphere. We derived the FAC, the ionospheric electric
ﬁeld, and the Joule heating rate for the EISCAT radar locations at the moment when the EISCAT observation data is available, in order to relate characteristics of ion upﬂows observed with the EISCAT radars and
the possible conditions in the ionosphere and the magnetosphere.
For this study, we used the storm list published by Kataoka and Miyoshi (2006) who classiﬁed the magnetic
storms occurred during the interval between 1996 and 2005 into CME‐driven storms, CIR‐driven storms, or
other storms. Their list includes the magnetic storms with the Dst minimum being less than −100 nT. As for
OGAWA ET AL.
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the storms occurred during the interval between 2006 and 2015, we added the storm list with the same criteria as those used by Kataoka and Miyoshi (2006). We also investigated the CME‐driven and CIR‐driven
storms that occurred between 2006 and 2015 with the Dst minimum between −30 and −100 nT, to investigate the response of ion upﬂows on small storms. Each number of EISCAT data during CME‐driven CIR‐
driven storm is described in the next section and the supporting information.

3. Results
3.1. Characteristics of Ion Upﬂows at 66.2 °N Geomagnetic Latitude
The geomagnetic latitude of 66.2 °N measuring with the EISCAT Tromsø UHF radar is a typical region
located within nightside auroral oval and subauroral region in the dayside. Therefore, ion upﬂows have been
frequently seen in the nightside at this latitude (e.g., Endo et al., 2000; Foster et al., 1998; Keating et al., 1990;
Ogawa et al., 2010). We will explain characteristics of ion upﬂows and ion/electron temperature changes at
66.2 °N geomagnetic latitude under CIR‐ and CME‐driven storms and difference of ion upﬂows under different sizes of magnetic storms.
Figure 1 shows averaged ﬁeld‐aligned ion velocity, ion ﬂux, and ion and electron temperatures during the
CIR‐driven storms. They were measured by the EISCAT Tromsø UHF radar at altitudes between 400 and
500 km from 1996 to 2015. The EISCAT data between T − 3 days and T + 5 days are accumulated and averaged over a day, where T is onset time of a storm. The onset time T is deﬁned as the arrival time of the shocks
(stream interface) for CME‐ (CIR‐) driven storms. The horizontal axis of the ﬁgure indicates time from the
onset time T. The bin ranging between “zero” and “one” in the horizontal axis indicates the ﬁrst 24 hr from
the onset time T. Contribution from the data obtained under small storms (Dst minimum > ~−100 nT) to
each bin is large because the number of the large CIR‐driven storms (Dst minimum < ~−100 nT) is very
small (which results in the number of EISCAT data under Dst minimum < ~−100 nT being less than three
storms). We excluded data when the previous storm remains between T – 3 days and T + 5 days. The numbers of samples were about 500–1,500 on average (see panel a2 of Figure S1 in the supporting information).
The number of samples in the morning becomes small (less than ﬁve events) on the third and fourth days of
storm onset. When the number of sample dates was less than three, we discarded those samples and left the
bin blank (panels a1, b1, c1, and d1). Upward ion velocity becomes large in the dusk and nightside regions
just after the storm onset (panels a1 and a2). Their upward ion ﬂuxes are relatively small (~0.3 × 1013 m−2s−1),
due to low ion density at altitudes between 400 and 500 km. Ion velocities in the dawn region (03–09 MLT) are
continuously upward (~50 m/s) before and after the storm onset, but their upward ﬂuxes are very small
(<0.2 × 1013 m−2s−1) because of very low ion density in the dawn region. An increase in ion temperature, from
1000 to 1500 K (i.e., by 500 K), is seen in the dawn region at the storm onset (panels c1 and c2), whereas some
increases in ion temperatures are seen in the nighttime. Electron temperature is typically increasing in the
dawn and nighttime region on the ﬁrst day of the storm onset (from about 1500 to 1800–2200 K) and also
enhanced in the dusk and daytime regions on the second day of the storm onset (panels d1 and d2).
Figure 2 is the same as Figure 1 except for the CME‐driven storms. Contribution from the data obtained during large storms (−500 < Dst minimum < −100 nT) is large because the number of the small CME‐driven
storms (Dst minimum > ~−100 nT) is very little. Also, the numbers of samples are mostly less than 300 in
the morning and daytime from the second to fourth days of the CME‐driven storm onset (see panel b2 of
Figure S1). Upward ion velocity becomes slightly increasing at all MLT sectors just after the storm onset,
and upward ﬂux dramatically increases in the nighttime (1.7 × 1013 m−2s−1), due to increased ion density
in the topside ionosphere. The upward ﬂux drastically decreases on the second and third days of storm.
Ion and electron temperatures show similar characteristics of the ion velocity variations, indicating that
the enhancements of frictional heating and heat ﬂux/soft particle precipitation occur on the ﬁrst day of
storm onset. Ion temperature increases in the nighttime are from about 1300 to 1700 K (i.e., by 400 K)
and then it is concluded that ion temperature enhancement in the nighttime is about 2 times larger than
those under CIR‐driven storm. Note that electron temperature is always high in the daytime due to solar illumination. Also, note that upward ion velocity and ﬂux are seen in the nighttime region a few days before the
CME‐driven storm onset. Because we excluded multiple storm events from the data set, those upward velocity and ﬂux between T – 3 days and T – 1 days are probably related to the isolated substorms that could
occur during nonstorm times.
OGAWA ET AL.
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Figure 1. Averaged ion velocity, ion ﬂux, ion temperature, and electron temperature during the CIR‐driven storms measured with the EISCAT Tromsø UHF radar
at 66.2 °N geomagnetic latitude between 1996 and 2015. Horizontal axis indicates days from the beginning of the storm. Vertical axis in upper panels (a1, b1, c1, and
d1) is MLT. MLT at Tromsø is UT plus 2.5 hours. In lower panels (a2, b2, c2, and d2), averaged values at 03–09, 09–15, 15–21, and 21–03 MLT are plotted with blue,
red, cyan, and black colors, respectively. Vertical bars indicate the standard errors of the mean. MLT = magnetic local time; UT = Universal time.

Figure 3 summarizes upﬂow velocity and ﬂux sorted by small/large storms and CIR‐driven/CME‐driven
storms. The number of samples for some of the categories is less than 250 (see Figure S2). However, the main
region of ion upﬂows in Tromsø is nighttime, which often has the best statistics, so this is good for the comparison of ion upﬂow ﬂux behavior between small and large storms. We discarded average values when the
number of sample dates was less than three. As for the CIR‐driven storms, major characteristics of ion velocity and ﬂux seem to be independent of the scale of the storms (panels a1, b1, a2, and b2), except for those in
the dusk side after the storm onset. Ion upﬂow occurs in the nighttime on the ﬁrst day of the storm onset. As
for the CME‐driven storms, upward ion ﬂux in the nighttime on the ﬁrst day of storm depends clearly on the
scale of storms (panels b3 and b4), although upward velocity is almost the same (~50 m/s) for both the small
and the large magnetic storms (panels a3 and a4). Even under the CME‐driven smaller storms (Dst
minimum > −100 nT), the upward ion ﬂux in the nighttime on the ﬁrst day of storm is 0.7 × 1013 m−2s−1

Figure 2. Same as Figure 1 except for CME‐driven storms. MLT = magnetic local time; UT = Universal time.

OGAWA ET AL.
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Figure 3. Averaged ion velocity and ﬂux measured with the EISCAT Tromsø UHF radar. Formats of each panels is same as the panels a2 and b2 of Figures 1 and 2.
They are divided into four categories: (a1 and b1) CIR‐driven small storms (Dst minimum > −60 nT), (a2 and b2) CIR‐driven large storms (Dst minimum
< −60 nT), (a3 and b3) CME‐driven small storms (Dst minimum > −150 nT), and (a4 and b4) CME‐driven large storms (Dst minimum < −150 nT).
CIR = corotating interaction region; CME = coronal mass ejection; MLT = magnetic local time.

(not shown here), which is clearly larger than that under the CIR‐driven large storms (Dst
minimum < −60 nT, panel b2).
3.2. Characteristics of Ion Upﬂows at 75.2 °N geomagnetic latitude
While the EISCAT Tromsø radar at 66.2 °N geomagnetic latitude mainly measures ion upﬂows in the nightside auroral oval, the EISCAT Svalbard radar observations at 75.2 °N geomagnetic latitude have an advantage to measure ion upﬂows in the vicinity of the dayside cusp and polar cap regions (e.g., Ogawa et al.,
2009). In the dayside, radar location relative to several magnetospheric regions is important to interpret
results obtained at a ﬁxed latitude (e.g., Nilsson et al., 1996; Ogawa et al., 2003).
Figure 4 shows the ﬁeld‐aligned ion velocity, the ion ﬂux, the ion temperature, and the electron temperature
at the Svalbard radar during the CIR‐driven storms. The numbers of samples for CIR‐driven storms were
always more than 1,500 (see panel c2 of Figure S1). Clear differences of upward ion velocity and ﬂux between
before and after the CIR storms are seen in the daytime (panels a2 and b2). Just after the CIR storms, averaged ion velocity and ﬂux in the daytime increase up to 80 m/s and 0.9 × 1013 m−2s−1 at 400~500 km altitude,
respectively. The averaged velocity decreases with time but keeps upward (~60 m/s) for a few days. The
upward ﬂux becomes ~0.4 × 1013 m−2s−1. Ion temperature becomes slightly elevated on the ﬁrst day of
storms, in particular, on the dawnside and dayside. The high temperature lasts for a few days. Electron temperature also increases at the storm onset and gradually decreases for a few days. The electron temperature
differences are approximately 600 K in the daytime and 300–400 K in the other time periods.
Figure 5 is the same as Figure 4 except for the CME‐driven storms. The characteristics of upﬂows during the
CME‐driven storms are clearly different from those during the CIR‐driven storms. Small upward velocities
(less than 50 m/s) are seen before the CME‐driven storms and during the ﬁrst day of the storm onsets, but
they become close to zero one day after the onsets. Ion ﬂuxes are largely upward in the nighttime at the
storm onsets (~1.2 × 1013 m−2s−1), but they are almost zero or downward after the storm onsets. Ion temperature becomes elevated on the whole until 2 days after the CME‐driven storm onsets. Electron temperature has no apparent difference between before and after the storm and decreases 3 days after the storm
onsets. Note that the number of ESR data samples for the CME‐driven storms was often more than 1,000
OGAWA ET AL.
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Figure 4. Same as Figure 1 except for the EISCAT Svalbard radar at 75.2 °N magnetic latitude between 1996 and 2015. MLT at the Svalbard radar location is UT plus
2.8 hr. Formats of the plots are same as those of Figure 1. CIR = corotating interaction region; MLT = magnetic local time; UT = Universal time.

for 1 day after the storm onset and earlier periods, but the numbers became small (less than 1,000) 2–4 days
after the storm onset (see panel d2 of Figure S1). Thus, the change of number of samples/dates might cause
the changes of electron temperature behavior.
Figure 6 summarizes upﬂow velocity and ﬂux at 75.2 °N geomagnetic latitude. They are sorted by
small/large storms (in terms of Dst minimum) and CIR‐driven/CME‐driven storms. The numbers of samples
were more than 600, except for small CME storm case and 1 day after the large CME storm onset (see Figure
S3). In the cases of the small CIR storms, ion velocity and ﬂux become high in the daytime (~110 m/s and
~1.0 × 1013 m−2s−1) on the ﬁrst day of storm onsets (panels a1 and b1). The same characteristics are seen
in the daytime under small CME storms (panels a3 and b3), although the number of samples is ~500 (see
panel c1 of Figure S3). The upward ion velocity and ﬂux gradually decrease under the small CIR storms,
whereas the velocity and ﬂux rapidly decrease one day after the small CME storms. On the ﬁrst day of the

Figure 5. Same as Figure 4 except for CME‐driven storms. CME = coronal mass ejection; MLT = magnetic local time; UT = Universal time.
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Figure 6. Averaged velocity and ﬂux of upﬂowing ions measured with the EISCAT Svalbard radar. Formats of the plots are same as those of Figure 3. They are
divided into four categories: (a1 and b1) CIR‐driven small storms (Dst minimum > −50 nT), (a2 and b2) CIR‐driven large storms (Dst minimum < −50 nT), (a3
and b3) CME‐driven small storms (Dst minimum > −100 nT), and (a4 and b4) CME‐driven large storms (Dst minimum < −100 nT). CIR = corotating interaction
region; CME = coronal mass ejection; MLT = magnetic local time.

small CME storm onsets, downward ion ﬂow is seen in the dusk region. The detailed comparison between
the CIR‐driven and CME‐driven storms at this geomagnetic latitude is described in the Discussion section.
In the cases of the large storms, no clear upﬂow is seen in the daytime at this latitude. Ion velocity and ﬂux in
the daytime become slightly upward (~60 m/s and ~0.6 × 1013 m−2s−1) at the large CIR storm onsets (panels
a2 and b2). They retain their values for a few days. During the large CME storms, ion downﬂows are typically
seen in the daytime (panels a4 and b4). On the other hand, upward ion ﬂux becomes extremely high
(~1.6 × 1013m−2s−1) in the nighttime at the large CME storm onsets.
3.3. Summary of the EISCAT Observations at 66.2 °N and 75.2 °N Geomagnetic Latitudes
These results mentioned above are summarized in Table 1. At 66.2 °N geomagnetic latitude, upﬂowing ions
are typically seen in the nighttime and dusk regions. Averaged ion ﬂuxes are ~1.2 × 1013 m−2s−1 and
Table 1
Summary of Ion Upﬂow Flux at Each Region on the First Day of Magnetic Storm
66.2° mlat. (Tromsø)

CIR

Dawnside
Daytime
Duskside
Nighttime

Small storm

Large storm

Small storm

Large storm

~0
~0
0.2
0.3

~0
~0
0.2
0.2

0.2
0.2
0.2
1.2

‐
~0
0.5
3.3

75.2° mlat. (Longyearbyen, Svalbard)

CIR

Dawnside
Daytime
Duskside
Nighttime
13

Note. The unit of the ion ﬂux is (×10

OGAWA ET AL.

CME

−2 −1

m

s

CME

Small storm

Large storm

Small storm

Large storm

0.3
1.2
0.1
0.1

0.1
0.5
~0
~0

~0
0.9
−0.3
~0

0.2
−0.2
−0.2
1.5

).
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~3.3 × 1013 m−2s−1 under the small and large CME‐driven storms, respectively, which are about 4–10 times
higher than those under the CIR‐driven storms, although averaged velocities under the CIR and CME
storms are almost the same (50–80 m/s). This indicates that background ion density becomes high under
the CME storms. At 75.2 °N geomagnetic latitude, an upward ﬂux is always ~1.0 × 1013 m−2s−1 in the daytime, except for the case of the CME‐driven large storms. Under the CME‐driven large storm, nighttime
upﬂow has a large ﬂux (1.5 × 1013 m−2s−1). Downward ion ﬂuxes are seen in the dayside and dusk regions
under the CME‐driven large storms.

4. Discussion
When large storms occur, the auroral oval expands equatorward so that EISCAT Svalbard radar (at 75.2°
geomagnetic latitude) has a high chance to be located in the polar cap region. Thus, it is important to understand relative locations between the two radar positions, in terms of the convection pattern, and the large‐
scale ﬁeld‐aligned currents. These quantities also provide an important clue to understand the possible
causes of the upﬂow. For these purposes, we utilized the Weimer model to estimate the FACs, the ionospheric electric ﬁelds, and the Joule heating rate at the radar sites.
Figure 7 summarizes the FACs, the ionospheric electric ﬁelds, and the Joule heating rate at 66.2 °N geomagnetic latitude (the same latitude of Tromsø UHF radar) together with IMF Bz, and the solar wind speed. Left
panels show the results for the CIR‐driven storms (panels a1–f1), which are comparable to the panel in
Figure 1. Right ones show the results for the CME‐driven storms (panels a2–f2), which are comparable to
the panel in Figure 2. On the ﬁrst day of the CIR‐driven storms, the northward electric ﬁeld is enhanced
in the dusk region and the southward electric ﬁeld is enhanced in the dawn region. The polarity of the electric ﬁeld is consistent with the DP2 current system (two‐cell convection), which probably results in the
increase in the Joule heating rate (~8 mW/m2). Small ion upﬂows and ion temperature enhancements
observed by Tromsø UHF radar in the dawn (03–06 MLT) and dusk (15–18 MLT) regions (see Figures 1a–
1c) are associated with those enhancements related to the two‐cell convection during the CIR‐driven storms.
Before the CIR‐driven storms, the downward (upward) FACs are seen on the duskside (dawnside), which
probably corresponds to the Region 2 FAC deﬁned by Iijima and Potemra (1976). The Region 1 sense
FACs start to appear just after the CIR‐driven storms, which probably corresponds to the equatorward
expansion of the Region 1 FAC or newly developed Region 1 sense FACs.
In the case of the CME‐driven storms, the Region 2 FAC is seen before the storms, while the Region 1 sense
FAC is seen on the ﬁrst day of the storms (Figure 7a2). This is probably understood as the equatorward
expansion of the Region 1 FAC or newly developed Region 1 sense FACs. They also indicate that the
EISCAT Tromsø UHF radar is situated under the Region 1 FAC, at least, in the dusk and dawn regions
on the ﬁrst day of storms. The Region 1 FAC persists for only 1–2 days over the EISCAT radar during the
CME‐driven storms, whereas the Region 1 FAC persists for several days during the CIR‐driven storms.
The panel d2 of Figure 7 shows that westward electric ﬁeld is typically seen in the midnight region, corresponding to the region where upward ﬂux is extremely high (see Figures 2b1 and 2b2). On the ﬁrst day of
CME‐driven storms, the Joule heating rate drastically increases in the dusk region (15–18 MLT) and also
increases in the nighttime region (Figure 7b2). Ion temperature also increased in the nighttime but not in
the dusk region at Tromsø (see Figures 2c1 and 2c2). This indicates that it would be difﬁcult to estimate
the relative location of the EISCAT Tromsø UHF radar to the enhanced Joule heating region in the duskside
from Weimer model on the ﬁrst day of the CME‐driven storm onset.
Note that the samples are not evenly distributed over the solar cycle and season for the CME‐driven storms.
The samples for the CME‐driven storms were acquired in spring, autumn, and winter (not summer) near the
solar maxima (1999–2003 and 2013–2015). Therefore, different solar cycle and seasonal conditions are mixed
in the epoch analyses. In this particular study, we assume that the inﬂuence of the seasonal and solar cycle
variations of the background conditions (such as ion/electron temperature) would be negligible. However,
we admit that the background conditions may contribute to the result. When the large number of samples
are successfully acquired in the future and the data is statistically signiﬁcant, we will reanalyze them.
At 66.2 °N geomagnetic latitude, electron temperature increase is clearly seen in the nighttime on the ﬁrst
day of the CME‐driven storm onset (see Figure 2d2). The increase seems to be larger than that under the
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Figure 7. Averaged parameters derived from Weimer model at 66.2 °N geomagnetic latitude and solar wind parameters during CIR‐ and CME‐driven storms. Left
panels (a1–f1) are CIR case and right panels (a2–f2) are CME case. From top left to bottom right, (a) ﬁeld‐aligned current (positive downward), (b) Joule
heating rate, (c) northward electric ﬁeld, (d) eastward electric ﬁeld, (e) IMF Bz, and (f) solar wind speed. Formats of the vertical and horizontal axes are same as
panels a to d of Figures 1 and 2. CIR = corotating interaction region; CME = coronal mass ejection; FAC = ﬁeld‐aligned current; IMF = interplanetary
magnetic ﬁeld; MLT = magnetic local time; SW = solar wind; UT = Universal time.

CIR‐driven storm. The increase is caused by soft (<500 eV) particle precipitation and heat ﬂux from the
magnetosphere (e.g., Caton et al., 1996), and it makes ions ﬂow upward via enhanced ambipolar electric
ﬁeld in the topside ionosphere. The soft particle precipitation also causes electron and ion density
enhancement in the F region and topside ionosphere and can make upward ion ﬂux increase. This
implies that the signiﬁcant difference of upward ﬂuxes under the CIR‐ and CME‐driven storms is caused
by different number ﬂuxes of the soft particle precipitation.
Aikio et al. (2008) showed variations of electron and ion temperature in the vicinity of the polar cap boundary during late expansion and recovery of a substorm and their connection to ion outﬂow measured with
Cluster spacecrafts in the magnetosphere (~3.4 RE). The ion outﬂow coincides with a region of enhanced
electron temperature rather than increased ion temperature in the F region ionosphere. The region of elevated ion temperature is limited in the vicinity of polar cap boundary. It also suggests that the strong upﬂows
around midnight under CME‐driven storms are mainly associated with enhancement of electron temperature caused by both soft particle precipitation and heat ﬂux from the magnetosphere. The enhanced ion frictional heating due to strong electric ﬁelds may be additional contribution to the generation of ion upﬂow.
Figure 8 is the same as Figure 7 except at 75.2 °N geomagnetic latitude (the same latitude of the Svalbard
radar). Again, the left panels are the results for CIR‐driven storms (panels a1–f1), which are comparable
to the panel in Figure 4. The right ones are the results for CME‐driven storms (panels a2–f2), which are comparable to the panel in Figure 5. The Svalbard radar is most likely situated in the Region 1 FAC current
region throughout the entire interval of interest. The Region 1 FACs increase in the daytime at the storm
onsets during the CIR‐driven storms, while they tend to decrease during the CME‐driven storms. The latter
indicates that the Svalbard radar moved to the poleward of the Region 1 FAC region during the CME‐driven
storms in association with an equatorward expansion of the auroral oval. Consequently, the Svalbard radar
is situated in the polar cap (e.g., downward ion ﬂows) as characterized by the enhancement of the eastward
electric ﬁeld (poleward convection on the dayside). During the CIR‐driven storms, the direction of the electric ﬁeld suddenly changes (panels c1 and d1) and the plasma ﬂow direction becomes poleward in the dayside on the ﬁrst day of storms, and consequently, the Joule heating rate slightly increases in the daytime
(panel b1). The increased Joule heating rate lasts for a few days, as ion upﬂow continues for a few days.
Note that distribution of the Joule heating rates on the ﬁrst day of CIR‐driven storm onset (panel b1)
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Figure 8. Same as Figure 7 except at 75.2 °N geomagnetic latitude. CIR = corotating interaction region; CME = coronal mass ejection; FAC = ﬁeld‐aligned current;
IMF = interplanetary magnetic ﬁeld; MLT = magnetic local time; SW = solar wind; UT = Universal time.

shows small enhancements in the daytime and nighttime, whereas ion temperature slightly increases in the
daytime and morning (Figure 4c1). Typical plasma ﬂow patterns at Longyearbyen have been statistically
investigated with the Svalbard radar data by Cai et al. (2016), and the poleward ﬂows and elevated Joule
heating rate are seen in the dayside during southward IMF conditions (see Figure 3 of Cai et al., 2016).
During the CME‐driven storms, nighttime upﬂows are typically seen on the ﬁrst day of storms (see Figures
5b1 and 5b2). An increase of Joule heating rates on the ﬁrst day of the CME‐driven storm onset is larger than
that of CIR‐driven storm. Clear enhancements in the daytime for CME‐driven storms are seen in Joule heating rates (Figure 8b2) and ion temperature (Figure 5c1). The upﬂows would be mainly caused by frictional
heating in the F region ionosphere near the poleward edge of auroral oval. The case study by Ogawa et al.
(2013) clearly shows such large upﬂows at the northward edge of aurora during the poleward expansion
of auroral substorm. This study indicates that upward ﬂux at this latitude becomes signiﬁcant in nighttime
during the ﬁrst day of storms, although its velocity becomes small on average.
Because the Dst minimum values during the most of the CIR‐driven storms are larger than −100 nT, the difference between the CIR‐driven and CME‐driven storms may come from the different Dst minima. To minimize the inﬂuence of the Dst minima, we compare the panels a2 and b2 of Figure 4 (for all CIR‐driven
storms) with the panels a3 and b3 of Figure 6 (for the CME‐driven storms with a Dst minimum being larger
than −100 nT). The most signiﬁcant difference between them is found in the upﬂow velocities on the ﬁrst
day of the storms. The averaged ion velocity is about 120 m/s in the 09–15 MLT sector under the CME‐driven
storms, while that is about 80 m/s under the CIR‐driven storms. Moreover, a downward velocity is found in
the 15–21 MLT sector only in the CME‐driven storms. These differences should be related to the combined
effects: (1) temporal variations of ion upﬂow and (2) spatial variations of the Svalbard radar position relative
to the auroral oval. The averaged IMF Bz was largely negative in the 15–21 MLT sector on the ﬁrst day of
CME‐driven storms with a Dst minimum being larger than −100 nT (not shown here). The largely negative
IMF Bz during the small CME‐driven storms makes auroral oval expand, and the Svalbard radar observes
downward ion ﬂows at the dusk‐sector in the polar cap region, just after the strong upﬂow in the daytime.
During large CME storms, downward ion ﬂows are typically seen in the daytime at 75.2 °N geomagnetic latitude. Such downﬂow is frequently seen under largely negative IMF Bz and/or high solar wind pressure (e.g.,
Ogawa et al., 2009). It suggests the following scenario: During large CME storms (1) ion upﬂow region moves
equatorward in the daytime, (2) ions in the upﬂow region convect poleward, and consequently, (3) the ions
ballistically return downward at the Svalbard radar location.
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Figure 9. Schematic drawing of ion upﬂows in the polar ionosphere on the ﬁrst day of CIR‐ and CME‐driven storms.
Averaged ion upﬂow/downﬂow velocity and ﬂux during CIR‐ and CME‐driven small storms are included. Gray arrows
indicate typical upﬂow regions only during CIR‐ and CME‐driven large storms. Note that ion upﬂow region moves
equatorward in the daytime during CME‐driven large storms. CIR = corotating interaction region; CME = coronal mass
ejection.

Previous statistical studies of ion upﬂow at Tromsø show that occurrence frequency of upward ion velocity in
excess of 100 m/s above 400‐km altitude was about 10% around midnight (Foster et al., 1998; Keating et al.,
1990). It suggests that average upward ion velocity should be smaller than 50 m/s even in the nighttime. This
study shows that upward ion velocity clearly exceeds 50 m/s on average in the nighttime during the ﬁrst day
of both CIR‐ and CME‐driven storm onsets, although the number of events was limited for this study (about
15 events in the nighttime for both CIR‐ and CME‐driven storm cases). Another previous statistical study of
ion upﬂow at Tromsø exhibits a dawn‐dusk asymmetry above 400‐km altitude, and it favors the dawn sector
under disturbed condition (Liu et al., 2000). Our result also indicates that the average upﬂow velocity in the
dawn region is slightly higher than that in the dusk region on the ﬁrst day of CME‐driven storm onset
(Figure 2a2). A statistical study of Joule heating rate at Tromsø also shows that the Joule heating rate in
the dawn region is higher than that in the dusk region under high geomagnetic activity period (Aikio &
Selkälä, 2009). The characteristic is also reﬂected in our results: Ion temperature increases in the dawn
region on the ﬁrst day of the CIR‐driven storm onset.
It is worth mentioning that upward ion ﬂux is seen in the nighttime at 66.2 °N geomagnetic latitude before
the CME‐driven storm onsets (see Figures 2b1 and 2b2). As mentioned above, multiple storm events are
excluded from our data set, so the nighttime upﬂows are probably related to the isolated substorms that
could occur during nonstorm times. They can be fed into the plasma sheet and the inner magnetosphere
before the storm onsets. The mass supply during pre‐storm periods might affect the population of O+ ions
with local nonadiabatic acceleration in the inner magnetosphere during storms. We will investigate possible
impacts of the prestorm ion upﬂows in future.

5. Conclusions
This paper showed variations of ionospheric ion upﬂow during CIR‐ and CME‐driven storms, using a limited data set of the EISCAT Tromsø UHF and Svalbard radars during storm time between 1996 and 2015.
Upward ion velocity and ﬂux increase in the nighttime at 66.2 °N geomagnetic latitude just after the CIR‐
and CME‐driven storms. CME‐driven storms have larger upward ion ﬂux (1.7 × 1013 m−2s−1) in the nighttime than that under CIR‐driven storms (0.3 × 1013 m−2s−1). The signiﬁcant difference of upward ﬂuxes
under the CIR‐ and CME‐driven storms may be caused by different number ﬂuxes of the soft particle
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precipitation. Comparison results with the Weimer model indicate that Region 1‐sense FACs start to appear
at Tromsø latitude on the ﬁrst day of both CIR‐ and CME‐driven storm onsets.
At 75.2 °N geomagnetic latitude, upward ion velocity and ﬂux are seen under small storm cases. Its upward
velocity and ﬂux are typically ~100 m/s and 1013 m−2s−1 for both CIR‐ and CME‐driven small storms. Ion
upﬂow under the CIR‐driven small storms continues for a few days, whereas that under the CME‐driven
small storms has a large enhancement only on the ﬁrst day of the storms. On the ﬁrst day of the CME‐driven
large storm onset, ion upﬂows corresponding to ion temperature increase are typically seen in the nighttime
and downward ion ﬂows are seen in the daytime and duskside at this geomagnetic latitude. Results of the
Weimer model at the same latitude show that the upﬂows under the CIR‐driven storm associate with
enhancements of the Region 1 FAC. Also, an enhancement of the eastward electric ﬁeld (corresponding
to poleward plasma ﬂow on the dayside) is continuously seen in the daytime between the ﬁrst and fourth
days of the CIR‐ and CME‐driven storm onsets.
The characteristics mentioned in these conclusions are summarized in Figure 9 for the CIR‐ and
CME‐driven storm cases. This basic knowledge about the response of the Earth's upper atmosphere to
CME‐driven and CIR‐driven storms will contribute to understanding of the response of the upper atmosphere in other planets such as Mars and Venus.
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Erratum
During production, unit of ﬂux was changed in error from "m−2s−1" to "m2/s." Unit of ﬂux indicates "per
square meter per second" and the original "m−2 s−1" was correct. This error has been corrected throughout
the article, and this may be considered the ofﬁcial version of record.
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