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Abstract We have used EISCAT Svalbard Radar data, obtained during the International Polar Year 2007
campaign, to study ionospheric upflow events with fluxes exceeding 1013 m�2 s�1. In this study, we have
classified the upflow events into low, medium, and high flux upflows, and we report on the incidence and
seasonal distribution of these different classes. It is observed that high upflow fluxes are comparatively rare
and low flux upflow events are a frequent phenomenon. Analysis shows that occurrence peaks around local
noon at 31%, 16%, and 2% for low, medium, and high-flux upflow, respectively, during geomagnetically
disturbed periods. In agreement with previous studies on vertical and field-aligned flows, ion upflow is
observed to take place over a wide range of geomagnetic conditions, with downflow flux occurrence being
lower than upflow occurrence. In contrast to previous observations, however, the upflow occurrence is
greater around noon during highly disturbed geomagnetic conditions than for moderate geomagnetic
conditions. Analysis of the seasonal distribution reveals that, while high-flux upflow has its peak around local
noon in the summer, with its occurrence being driven predominantly by high geomagnetic disturbance,
the occurrence of low-flux upflow is broadly distributed across all seasons, geomagnetic activity conditions,
and times of day. The medium-flux upflow events, although distributed across all seasons, show an
occurrence peak strongly related to high Kp. Furthermore, during highly disturbed conditions, the low-flux
and medium-flux upflow events show a minimum occurrence during the winter, whereas minimum
occurrence for the high-flux upflow events occurs in autumn.

1. Introduction

Under the right conditions, heavy ions in the upper atmosphere can outflow into themagnetosphere to influ-
ence the dynamics in the coupled solar wind-magnetosphere-ionosphere system. Plasma originating from
the ionosphere and entering the magnetosphere forms a substantial part of the plasma that populates the
magnetosphere. Strangeway et al. (2005) noted that the Alfvén speed slows down when mass from iono-
spheric outflows is added to magnetospheric flux tubes. This speed reduction thus affects the way in which
the magnetosphere responds to changes in external drivers. The upwelling of these heavy ions is also a pro-
cess that can, over geological timescales, lead to the loss of planetary atmospheres. Landmark papers (e.g.,
André & Yau, 1997; Jones et al., 1988; Yau & André, 1997) demonstrate that the main mechanisms responsible
for the initial upflow are Joule heating from current closure in the ionosphere and the ambipolar electric field,
where the ambipolar potential drop is determined both by suprathermal electrons generated by solar radia-
tion, that is, ionospheric photoelectrons, as well as by electron precipitation (see also the schematic represen-
tation from Moore and Khazanov (2010) and Strangeway et al. (2005)).

Dessler and Hanson (1961) were the first to discuss the ionosphere as a source of magnetospheric plasma.
They recognized that the terrestrial ionosphere is a large potential source of plasma, especially for light ions
at high latitudes outside the plasmasphere. Dessler andMichel (1966) extended this theme, exploring the for-
mation of a steady polar ionosphere outflow into the magnetosphere (see also Moore et al., 1999, and the
references therein). Brinton et al. (1971) and Hoffman et al. (1974) established that there is an ionospheric
supply of light ion plasma of polar wind origin to themagnetosphere, using observations from ionmass spec-
trometers on the Explorer 32 and Isis 2 satellites, respectively.

The initial assumption thus was that the only notable ion outflow from the polar cap ionosphere was the light
ion polar wind, first discussed theoretically by Axford (1968). It was envisaged to be made up of H+ and He+,
with energies of a few electron volts (Shelley et al., 1982). In satellite composition measurements reported by
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Shelley et al. (1972), it was first observed that heavy ions of atmospheric origin form a significant component
of the magnetospheric plasma. These measurements indicated the occurrence of energetic (few keV) O+ ion
fluxes, larger than those of H+, at the time of geomagnetic storms. Since then, composition measurements
from the Geostationary Earth Orbit Satellites 1 and 2, the Spacecraft Charging AT High Altitude spacecraft,
and the International Sun-Earth Explorer, in the high-altitude magnetosphere have shown significant
availability of O+

fluxes throughout the magnetosphere, both in the ring current and the plasma sheet
(Waite et al., 1985; Yau et al., 1985). It is now well established that the upper atmosphere supplies outflowing
ions from the polar ionosphere that might be capable of populating a significant fraction of the plasma in the
Earth’s magnetosphere, contributing to both the quiet time light ion plasma and the heavy ion plasma char-
acteristic of active times (Chappell et al., 1987, 2000).

It is believed that wave-particle interactions may be responsible for accelerating upwelling ions, once
they reach altitudes above 800–1,000 km, yet much remains to be understood about this acceleration
process (Hultqvist et al., 1999; Skjæveland et al., 2014). Khazanov et al. (1998) explained that in the polar
cap ionosphere, the force of the ambipolar electric field causing oxygen ions (O+) to outflow is weaker
than that due to gravity. Thus, while light ions generally undergo outflow, heavy ions do not, unless
further accelerated.

Intensive investigations into ion upwelling and subsequent outflow from the Earth’s upper atmosphere have
been undertaken in recent years. André and Yau (1997) and Yau et al. (2011) addressed the theories and
observations concerning the way the ions are energized. The regions in which plasma from the ionosphere
is accelerated out into the magnetosphere are the plasmasphere, the auroral regions, and polar cap field-line
regions (Glocer et al., 2009). Yau et al. (1985) have shown that between the altitudes of 1.5 and 4 Earth
radii (RE), the occurrence of the oxygen ion, O+, is dominant in the summer compared to the winter months.
Several studies have suggested that the magnetic force acting upon a toroidal anisotropic ion velocity distri-
bution can result in outflow, the anisotropy resulting from resonant charge exchange that transfers energy
via frictional heating to the ion population (Jones et al., 1988; Winser et al., 1988). Howarth and Yau (2008)
have shown that the dawn-dusk asymmetry of the interplanetary magnetic field determines the part of
the plasma sheet that is populated by the ions. According to Moore et al. (2014), the growth of the ambipolar
electric field, as a result of higher electron pressure gradients caused by an increasing electron temperature,
will saturate at some point and start to decline, resulting in a substantial reduction of the upflowing flux. In
addition to the theoretically based proposition by Lemaire and Schunk (1992) that there is a steady transport
of cold ions from the plasmasphere through the plasmaspheric wind during a period including extended low
geomagnetic disturbance, Dandouras (2013), using data from the Cluster spacecraft, has inferred the erosion
of plasmaspheric ions into the magnetosphere during low and medium activities. In addition, a statistical
study of solar cycle 23 by Ogawa et al. (2009) has shown that ion upwelling is a general phenomenon that
occurs at all local times (LTs). Foster et al. (1998) examined ion upflow as a function of ionospheric altitude
and plasma temperature, while Endo et al. (2000) investigated the geomagnetic activity dependence of
upflow and downflow, using the data from the vertically pointing CP7 experiment on the Tromsø EISCAT
VHF radar. André and Yau (1997) confirmed the presence of polar wind ions in the topside ionosphere, up
to about 10,000 km altitude, in data from the Dynamics Explorer-1 satellite, while Ogawa et al. (2009, and
references therein) found, using DE-2 satellite data, that ion upflow occurrence peaked at around 75° and
65° geomagnetic latitude in the dayside and nightside, respectively. Yuan et al. (2008) reported observations
by the Defense Meteorological Satellite Program F-15 satellite during a very intense geomagnetic storm, in
which fluxes of upflowing ions of order 1014 m�2 s�1 were observed when upward field-aligned ion velocities
exceeded 460 m s�1.

The main aim of this study is to investigate the diurnal and seasonal variability of the ion flux at various
levels of geomagnetic activity (determined by the Kp index), as observed at E and F region altitudes by
the EISCAT Svalbard Radar (ESR), an Incoherent Scatter Radar (ISR) operated by the European Incoherent
Scatter Scientific Association (EISCAT, Rishbeth, 1985). In comparison to some previous studies of upflow
events conducted using spacecraft data, ground-based radars have the advantage of providing relatively
long homogeneous data sets from a fixed location, covering a wide range of altitudes and geomagnetic
conditions. We restrict our attention to events with ion fluxes above a threshold of 1013 m�2 s�1 which
have the potential to become an outflow (Wahlund et al., 1992; Wahlund & Opgenoorth, 1989). The data
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set comprises the results obtained by the ESR during the third
International Polar Year (IPY) campaign. This campaign ran from
2007 to 2009, during which time the ESR 42 m dish was run
continuously for about 300 days, measuring 312,444 field-aligned
plasma parameter profiles from March 2007 to February 2008, during
a period of deep solar minimum. This period is shown in Figure 1,
where we plot the time series of the daily total (black line) and yearly
smoothed (red line) sunspot numbers. The interval studied here is
indicated by the pair of vertical dashed lines. It can be seen that the
period of the IPY 2007 campaign corresponds to solar minimum
conditions, with yearly smoothed sunspot numbers of 18 for 2007
and 5 for 2008.

Below, the source of data and the filtering technique employed to
separate the real signal from noise will be discussed. The analysis of
upflow and downflow as a function of Kp index will then be presented,
followed by an analysis of seasonal occurrence. Finally, we summarize
our conclusions.

2. Data Source and Criteria for Data Selection
2.1. Source of Data

The EISCAT Svalbard Radar uses the ISR technique (Williams, 1995) to measure the basic plasma parameters
of the ionosphere, including electron density, ne, from the total scattered energy, ion temperature, Ti, and
electron temperature, Te, from the spectrum shape which is usually double peaked, and the ion drift
velocity, vi, from the ion line Doppler shift. This study uses data obtained from the 42 m diameter fixed dish,
measuring the ion drift velocity along the local geomagnetic field line. The data are contained and
extracted from the Madrigal online database, which contains a wide variety of ionospheric data from
ISRs and other instruments.

The ESR data have a resolution of 1 min and range from about 75 to 500 km in altitude. The average number
of data points for each unique time covers the D, E, and F regions with an average ratio of 2:5:9, respectively.
An upper limit of 470 km is imposed here on the geodetic altitude, to avoid the low signal-to-noise ratios
characterizing much of the high altitude data at solar minimum. A lower altitude limit of 100 km is adopted
here. At these low altitudes, the atmosphere is still strongly collisional, making large upflow fluxes unlikely. In
addition, the radar data can be susceptible to clutter at close ranges due to the mountainous topography of
Svalbard. The ISR measurements are obtained from the ipy_60 pulse code experiment. The range gate size
varies along the line-of-sight: increasing from about 3 to 14 km, 15 to 20 km, and 20 to 30 km for altitudes
100–200 km, 201–300 km, and>300 km, respectively. The lateral cross section of the EISCAT beam increases
by about 1 km for every 100 km in range, but the increase in illuminated volume with height does not play a
significant role in biasing the data, as all densities are calculated per unit volume. The length of the IPY 2007
experiment allowed us to perform a statistical analysis over a long period of ionospheric variations. During
the campaign, data were recorded on 81% of the 366 days, with measurements being available for about
70% of the 8,784 hr. The period of November and December 2007 suffered many data gaps due to opera-
tional problems (Vlasov et al., 2011).

2.2. Data Filtering

To distinguish between good data andmeasurements adversely affected by noise, we formulated some addi-
tional criteria (supplementary to the data quality flag embedded in the Madrigal database), which were also
incorporated into our filtering routine:

1. The flux at the altitude immediately above or below a given point in any profile must not change by a
factor greater than 10.

2. The condition in (a) abovemust also be satisfied for the corresponding altitude in the profiles immediately
before and after any given observation.

3. The geodetic altitude of an observation point must be at least 100 km.

Figure 1. The time series of the daily total (black line) and yearly smoothed (red
line) sunspot number.
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4. The 0.05% of the data above 470 km has also been expunged because the signal-to-noise ratio drops dra-
matically; we note that Vlasov et al. (2011) set a cut-off altitude of 450 km when studying traveling iono-
spheric disturbances using the same data set.

Before applying the above filtering, the data were found to contain several instances of unphysical velocity
values in excess of 10 km s�1, whereas previous literature (Blelly et al., 1996; Jones et al., 1988; Wahlund &
Opgenoorth, 1989; Winser et al., 1988) shows that the drift velocity of upwelling ions generally remains below
a thousand meters per second (vi < 1,000 m s�1). The incorporation of the filter described above removed
many single noisy data points, such that only 0.2% of the remaining data exceeded this velocity.

In some previous studies of ion upflow, events have been sorted on the basis of ion velocity. In this work,
however, we have chosen to sort upflow events on the basis of their ion flux, which, in the steady state,
should be a conserved quantity along the flux tube. In terms of potential impact on the magnetosphere,
the flux of an outflow event seems to be a more significant metric than its speed. We also note that previous
authors have used the flux, rather than the speed, as a way of discriminating between upflow and
outflow events.

Following the assumption that quasi-neutrality holds for ionospheric plasma (ni ≈ ne), the ion flux is calculated
from the ESR data by using equation (1), and any observation that satisfies the filtering conditions set out
above is taken as a valid data point.

f ion ¼ ne�vi (1)

Wahlund and Opgenoorth (1989) defined a minimum threshold of 1013 m�2 s�1 for an ion flux having the
potential of becoming an outflow, while Skjæveland et al. (2014) referred to the same class of events as
“strong upflow flux” with plasma temperatures >2,800 K enhancing the possibility of ion escape. Based on
the study by Wahlund and Opgenoorth (1989), which found that potential outflow usually correlates with
ion upflow fluxes of magnitude 1013 m�2 s�1 and above, a further filter was applied to remove negative
values and fluxes below 1013 m�2 s�1. Events which exceed this threshold are then classified as having
low, medium, or high ion flux as presented in Table 1 and the incidence of each type is shown. Each such
event may be characterized by multiple altitudes for which the flux threshold is exceeded along a given
field-aligned profile. A total of 1,832,559 data points (representing 22% of the available data) are obtained,
after filtering. It is worth noting that, for a large data set such as this, uncertainties in incoherent scatter
parameter measurements are expected to be dominated by random noise errors ( e.g., Williams et al.,
1996). These are dependent on signal-to-noise ratio, and the most significant will be removed by not consid-
ering the altitudes above 470 km. In any case, such noise errors are random and hence should not bias the
statistical behavior in a large data set. The LT at Longyearbyen, which is 2 hr ahead of UT, is used throughout
this study. While it might be argued that MLT is a more applicable parameter, we note that MLT has less
meaning at higher latitudes, where the effective MLT is highly dependent on geomagnetic conditions.
Where the ESR is known to be on closed field lines, field models indicate that MLT at the ESR is 3 hr ahead
of UT and magnetic latitude is 75°N.

3. Results and Discussion

The data presented in Table 1 clearly indicate the high-flux upflow events to be a rare occurrence while the
low-flux events are a much more frequent phenomenon. About 88% of the upflow fluxes are between
1.0 × 1013 m�2 s�1 and 2.5 × 1013 m�2 s�1, while the remaining ~12% is shared between the medium and
high flux events in the ratio of about 9:1.

Figure 2 shows the plots of ionospheric parameters on 14 June 2007, which is a typical example of an ESR
parameter plot during the IPY-ESR campaign. The five panels shown in Figure 2 are electron density,

Table 1
The Classifications of the Ion Upflow Flux (i.e., Flux Above the Threshold of 1013 m�2 s�1), Where fion Indicates Ion Flux

Ion flux Class interval Class frequency

i. Low 1.0 × 1013 m�2 s�1 ≤ fion < 2.5 × 1013 m�2 s�1 88.3%
ii. Medium 2.5 × 1013 m�2 s�1 ≤ fion < 7.5 × 1013 m�2 s�1 10.5%
iii. High fion ≥ 7.5 × 1013 m�2 s�1 1.2%
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electron temperature, ion temperature, ion drift velocity, and the ion flux, respectively. The interval begins
with moderate nighttime electron density in the E region (below 150 km) from 00:00 LT until around 06:00
LT, followed by a short-lived moderately intense precipitation, inferred from the increase in the electron
density below 150 km. Additional long duration soft precipitation events, indicated by elevated F region
electron density, are observed throughout the prenoon and postnoon sectors, while intermittent more
intense electron precipitation down to E region altitudes occurs in the period from 18 to 24 LT. The second
panel shows the enhancements in Te which occur during the periods of precipitation, especially around
local noon, possibly corresponding to cusp conditions, which would favor the creation of an ambipolar
electric field, together with an increase in the ion scale height and ion upwelling as a result. Except for few
intermittent periods of elevated Ti (shown in the third panel) around 03, 07, and 10 LT, the period is
dominated by moderate ion temperature. However, high field-aligned flows corresponding to periods of
precipitation are observable around noon and in the premidnight sector, from the velocity plot in Figure 2d.
Ion fluxes above the threshold of 1013 m�2 s�1 are observed in the fifth panel, with a maximum flux of
1.8 × 1014 m�2 s�1 around local noon and 4.7 × 1013 m�2 s�1 between 20 and 23 LT. OMNI data indicate

Figure 2. Ionospheric parameters observed by the EISCAT Svalbard Radar (ESR) on 14 June 2007 (a typical example from
the 42 m dish during the International Polar Year-ESR campaign) from 22:00 to 00:00 LT on 14 June 2007: (a) electron
density, (b) electron temperature, (c) ion temperature, (d) ion drift velocity, and (e) the ion flux.
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that the noon and nightside events are both associated with a southeast
orientation of the interplanetary magnetic field clock angle indicating
the possibility of geomagnetic reconnection and flux transfer events
on the dayside and moderate substorm onset from the analysis of the
upper and lower electrojets AU and AL indices (not shown), indicating
substorm event on the nightside, respectively.

Figure 3 shows the distribution of upward ion fluxes observed by the
EISCAT Svalbard Radar during the entire IPY-ESR 2007 campaign with
respect to LT. Figure 3a shows the total number of observations for
each hour throughout the campaign, while Figure 3b shows the
number of upflow events (above a threshold of 1013 m�2 s�1) per hour
during the same period. Figure 3c shows the percentage ratio of
Figure 3b to Figure 3a. The percentage upflow occurrence shows a dis-
tinct peak around local noon, which appears consistent with the obser-
vational report by Ogawa et al. (2009). However, the occurrence level is
lower (by about 25%) compared to their previous work, possibly as a
result of the present study coinciding with a deep solar minimum.
Outgoing ion flux is, however, observed for 2–13% of the total time,
comparable to the estimate of 3–17%, which Ogawa et al. (2009)
observed during a complete solar cycle.

3.1. Kp Index Analysis of Upflow

Figure 4 shows the temporal distribution of events with low, medium,
and high fluxes, as a function of activity level. These are shown as
percentages of the time for which such magnetic conditions are
encountered. The green, amber, and red colors represent the low,
medium, and high values of Kp index, respectively. In Figure 4a,
where low flux upflow is investigated, the maximum occurrence is
below 5% during low geomagnetic conditions (Kp < 2), and there
is no obvious peak across the LT. However, when Kp is either medium
or high, a distinct occurrence peak appears around local noon and

the enhancement peak is much wider, especially for low flux condition. The highly disturbed periods
(Kp ≥ 4) show a peak of about 31%, while the maximum occurrence encountered during moderate distur-
bance (2 ≤ Kp < 4) is ~23%. Another phenomenon observed in this class of low flux events is the dawn
and nightside occurrence spikes, which occur during active geomagnetic periods between 5–6 LT and
21–22 LT.

The medium flux events are investigated in Figure 4b, showing that the occurrence frequency increases in
magnitude with respect to the level of disturbance as is the case with the low flux. However, the occurrence
magnitude for the medium flux events is drastically reduced, with a peak of about 16% and 5% during high
and medium Kp, respectively, and negligible occurrence during low disturbance. Figure 4c is focused on
influence of geomagnetic disturbances on the high flux events and, as for the previous classes, its occur-
rence peak is observed around local noon, with low values indicating that it is a rare phenomenon. The
occurrence peak during high disturbance is about 2%, while at other geomagnetic conditions, the occur-
rence of high upflow flux is below 0.5%. A small enhancement in all three classes of flux event is observed
during high Kp between 5 and 6 LT, indicating a possible prenoon asymmetry. However, the peaks observed
in the night sector for the low flux upflow events are not evident for the high and medium-flux upflows. The
occurrence peaks during high flux and high Kp index in the morning, noon, and evening sectors are 0.24%,
2.09%, and 0.03%, respectively, which is equivalent to a percentage ratio of about 10:89:1. Similarly, the ana-
logous ratios for low and medium upflow flux events are 23:56:21 and 15:83:2. This indicates that the high
and medium-flux upflow events tend to be highly concentrated around local noon, while the low-flux
events are more evenly spread in time. An inference from this is that the low flux events do not exhibit
the controlling influence of either the cusp or the auroral oval, while the high and medium flux events seem
to be predominantly cusp related.

Figure 3. The local time distribution of ion fluxes observed during the
International Polar Year-EISCAT Svalbard Radar 2007 campaign: (a) all data
points observed by the radar during the period under investigation, (b) event
points-data points that satisfy the threshold of 1.0 × 1013 m�2 s�1, and
(c) percentage of flux that meet the required threshold, that is, (b)/(a).
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The occurrence peak for each class of flux is between 10 and 11 LT for
the high Kp conditions, while it occurs between 11 and 12 LT for mod-
erate disturbance. The peak total occurrence during high geomagnetic
disturbance, summing over all three classes of upflow event, is about
50%, which is almost double the peak total occurrence during moder-
ate Kp. This is in contrast to the data presented by Ogawa et al. (2009),
where the occurrence peak during high disturbance was lower than for
medium geomagnetic conditions. These differences in the pattern of
ion upflow occurrence in the two studies could be as a result of the
Ogawa et al. (2009) study being distributed over a whole solar cycle
(700 days from 11 years; 97,000 field-aligned profiles), while the current
study uses a near-continuous yearlong data set (300 days from 1 year;
312,444 field-aligned profiles) at solar minimum. Further observation
reveals that as expected, the upflow occurrence across all LT is lower
in the present study compared to previous studies, characteristic of
conditions that, on average, are more active. The only exception is for
ion upflow occurrence around the cusp, which is greater by a factor
of 2.5 in the present study during high geomagnetic activity (Kp ≥ 4).
A discussion of the upflow flux as a function of the location/magnetic
morphology is very interesting and the subject of a forthcoming paper
by these authors.

3.2. Kp Index Analysis of Downflow

The upwelling ions, unless they are accelerated to gain enough energy
to escape, will ultimately experience a downflow due to gravity. In addi-
tion, particle precipitation during magnetic reconnection can lead to
the injection of particles from either the cusp or the nightside, which
can also enhance the downflow flux. We have defined downflow
events in this study as those which, in addition to satisfying the filtering
conditions in section 2.2, also reach a threshold ion flux of
∣fion ∣ ≥ 1013 m�2 s�1 arising from a negative (downgoing) velocity.
Figure 5 presents the downflow/upflow distribution for the IPY-ESR

Figure 4. Local time distribution of upflow occurrence in each class in Table 1.
This is the percentage ratio of event points to all data points in each local time
bin with respect to Kp index level and class. The red line indicates Kp ≥ 4, the
amber line indicates 2 ≤ Kp < 4, while the green line shows plots for Kp < 2:
(a) low, (b) medium, and (c) high flux occurrence.

Figure 5. (a) The velocity distribution of ion flux; (b) local time variation of ion downflow occurrence when (i) Kp< 2 (green
line), (ii) 2 ≤ Kp < 4 (amber line), and (iii) Kp ≥ 4 (red line); (c) local time variation of total downflow-upflow ratio; (d) hourly
variation of ion downflow-upflow ratio when (i) Kp < 2 (green line), (ii) 2 ≤ Kp < 4 (amber line), and (iii) Kp ≥ 4 (red line).
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2007 data. Figure 5a shows the velocity distribution of the flux magnitude, where negative and positive
values in the horizontal axis refer to the downward and upward motions of the ions indicated by the dashed
and dotted lines as marked respectively. While some degree of symmetry is seen in Figure 5a, it is clear that
the number of upflow begins to dominate slightly above ∣fion ∣ ≥ 1013 m�2 s�1, which agrees with previous
studies (Endo et al., 2000; Ogawa et al., 2009) pointing out that upflow events are more commonly observed
than downflows at all LT, especially in the cusp and nightside auroral oval (see Figure 5c). Figure 5b presents
the occurrence of downflow flux, computed from the ratio of the downflow event points in each LT interval to
the total number of data points in the same interval, as a function of Kp index. The green, amber, and red col-
ors show the low, medium, and high geomagnetic conditions. Figure 5b suggests that there is little change in
downflow occurrence with respect to geomagnetic disturbance level in the prenoon and midnight sectors.
However, between 13 and 18 LT, a clear Kp dependence is observed, where downflow occurrence increases
with increasing disturbance level. The average downflow occurrence in each LT bin is low and does not
change much as a function of magnetic activity, being 1.34%, 1.39%, and 1.55%, respectively for low, med-
ium, and high disturbance levels. It is notable that in the period 10–13 LT, there appears to be an inverse rela-
tionship between downflow occurrence and Kp level. This is precisely the interval in which we already
showed that greater magnetic activity tends to increase the number of ion upflow events (see Figure 4). In
Figure 5c, the LT distribution of the ratio of the number of downflow to upflow eventswith |fion| ≥ 1013m�2 s�1

is presented. It can be seen that the general trend observed in this 2007 extreme solar minimum data set is
for the ratio of downflow to upflow occurrence to have a peak of about 60% (Figure 5c). This agrees with pre-
vious studies conducted during periods of higher solar activity (Endo et al., 2000; Ogawa et al., 2009) that
showed that the ratio is predominantly less than 1 across all LTs. This result appears to reinforce the conclu-
sion that events with fluxes above this threshold have the potential to become outflow events, which are not
necessarily balanced by downflow. The minimum values of downflow/upflow ratio are observed before 04LT,
and around local noon and local midnight, which were already identified as periods of increased upflow inci-
dence, as shown in Figure 4a (representing about 88% of the upflow events). Figure 5d shows the
downflow/upflow ratio, now separated into different Kp levels, where the green, amber, and red colors once
again represent the low, medium, and high Kp index, respectively. As for ion upflow, it is seen that downflows
can occur across the whole range of LTs and geomagnetic conditions. For example, Zhang et al. (2016) noted
that even in the polar cap, which is frequently characterized by downflowing plasma, significant ion upflows
can be observed in association with polar cap patches. It is clear, however, that the average downflow/upflow
ratio for all levels of Kp is less than 1 across all LTs, being 42%, 19%, and 22% for low, medium, and high Kp
conditions, respectively. It is notable that the downflow/upflow ratio is highest at low Kp levels across all LTs
except for the intervals between 2–4 LT and 16–18 LT where the ratio is higher during periods of high Kp. A
sharp increase in the downflow/upflow ratio is seen in the 15–18 LT when the geomagnetic disturbance level
is high, at which point the upflow and downflow fluxes almost balanced. This is perhaps connected to the
injection of plasma on the nightside during substorms, and it is interesting to note that, while the relationship
between particle precipitation and ion upflow has received much attention, the potential contribution of
precipitation to downflow does not seem to have been so much discussed in the literature. The downflow
occurrence in Figure 5b shows similar trends to those reported by Ogawa et al. (2009), indicating that the
LT dependence is similar, irrespective of solar activity, but with a smaller peak in this present study at
solar minimum.

3.3. Seasonal Analysis of Results

Given its geographic location, there is obviously a very strong seasonal variation in the solar flux and ioniza-
tion rate above the EISCAT Svalbard Radar. This might intuitively be expected to lead to a seasonal variation
in ion upflow events, due to the modulation of electron density. In searching for such a seasonal variation,
however, we must take into account the fact that the radar data are often of lower quality during the winter
months, due to low signal-to-noise ratio; hence, a smaller fraction of the ESR data satisfies the filtering criteria
which we specified earlier.

Figure 6 shows the size of the filtered IPY data set as a function of season and geomagnetic activity level, with
Figures 6a to 6d representing spring, summer, autumn, and winter, respectively. The two right-hand panels
emphasize the extent to which the winter data set is smaller than that for summer. All panels also show that,
in general, the data set contains fewer radar observations in the noon sector than in the midnight sector,
across all seasons. While, in general, all seasons contain examples of low, moderate, and high geomagnetic
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activities across all LTs, the winter observations are sufficiently sparse that some LT bins have no examples of
high Kp conditions (Kp ≥ 4). Hence, the red traces in the wintertime (lower right) panels are not continuous.

Figures 7–9 show the diurnal variation in percentage occurrence of upflow events for each season, with
Figure 7 representing the low-flux events, Figure 8 showing events with moderate flux, and Figure 9 showing
the high-flux events. The green, amber, and red traces on each plot represent increasing levels of solar activ-
ity, as before.

Not surprisingly, the likelihood of observing low-flux upflow is higher for all seasons of the year. The
maximum occurrence of low-flux events during high geomagnetic activity is greater than 30% (Figure 7),
while for medium-flux events, the occurrence maximizes in the region 13–22% (Figure 8) and for high flux

Figure 6. The seasonal local time distribution of total number of flux observed by the radar for all Kp data (black line), low
Kp (green line), medium Kp (amber line), and high Kp (red line) during (a) spring, (b) summer, (c) autumn, and (d) winter.

Figure 7. Seasonal occurrence of the low-flux upflow. The red line indicates Kp ≥ 4, the amber line indicates 2 ≤ Kp < 4,
while the green line shows plots for Kp < 2. (a) Spring, (b) summer, (c) autumn, and (c) winter.
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in the region 2–5% (Figure 9). This analysis excludes the winter time data, which has too few examples of high
activity conditions to enable a meaningful comparison.

For all classes of upflow event, it is notable that no LT dependence is evident under quiet geomagnetic con-
ditions (corresponding to the green traces in Figures 7–9). For higher levels of solar activity (the amber and
red traces) the presence of a peak in upflow events around 10–11 LT becomes increasingly noticeable, cor-
responding to the expected time of the cusp. This peak tends to be broadest in summer and least significant
in winter. This may, to some extent, be due to the small size of the winter data set (although the plots have
been normalized into percentage occurrence, the statistics are poor for wintertime high Kp) but probably also
indicates the reduction of ion flux resulting from the absence of solar-produced ionization in winter, when
electron densities in the cusp sector are expected to arise primarily from soft particle precipitation.

Outside of the cusp sector, an occurrence peak in the midnight sector is to some extent evident at all seasons
for the low-flux events shown in Figure 7, though it is apparently not present for higher fluxes. The size of this

Figure 8. Seasonal occurrence of the medium-flux upflow. The panel and color format are the same as in Figure 7.

Figure 9. Seasonal occurrence of the high-flux upflow. The panel and color format are the same as in Figure 7.
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midnight sector peak increases with increasing Kp, suggesting a relationship with the aurora, though the
main oval is often well to the south of Svalbard in the midnight sector at these activity levels.

In general, it seems likely that the probability of upflow occurrence increases with geomagnetic activity and
that events with higher flux are progressively less prevalent than those with lower flux, irrespective of season.

4. Summary and Conclusions

We have investigated the ionospheric upwelling events observed by the EISCAT Svalbard Radar (ESR) during
a yearlong continuous series of deep solar minimummeasurements, made as part of the IPY collaboration in
2007. Previous studies in the field chose the ion velocity as the basis for identifying events, but in this work,
we have chosen the ion flux because it is a conserved quantity along the flux tube (for approximately
constant magnetic field strength). A summary of the main results of this study is as follows:

1. The incidence of upgoing ion flux (≥1013 m�2 s�1) progressively reduces as the level of flux increases,
across all seasons and activity conditions. In quantitative terms, events with upward fluxes in the range
1 to 2.5 × 1013 m�2 s�1 have approximately 10 times higher incidence than events with fluxes above
2.5 × 1013 m�2 s�1.

2. Upflow occurrence maximizes around local noon for all classes of upflow, in all likelihood corresponding
to the ionospheric projection of the cusp.

3. A lower magnitude of upflow occurrence has been observed during solar minimum, compared to
previous studies on over a wider range of solar cycle conditions.

4. In agreement with previous studies, where the ratio of downflow to upflow occurrence was observed to
be less than 1 (Endo et al., 2000; Ogawa et al., 2009), downflow occurrence is observed less frequently than
upflow at all LTs.

5. Low-flux ion upflows and downflows are common phenomena, which can occur for all levels of geomag-
netic activity. This is in good agreement with previous studies from EISCAT VHF radar data at Tromsø
(Endo et al., 2000) and ESR data (Ogawa et al., 2009).

6. Occurrence increases for all classes of ion upflow as the level of geomagnetic disturbance increases,
whereas there is little or no significant change in occurrence frequency of ion downflow events as the
Kp level changes. Although the relationship between geomagnetic activity and the downflow/upflow
ratio is not linear, a higher ratio of downflow to upflow events is generally observed when Kp is low.

7. High-flux upflow is a rare event, with its peak occurring around local noon, whose occurrence frequency
depends predominantly on geomagnetic activity. This dependence on geomagnetic activity is visible for
all classes of upflow event, though low-flux upflows are much more broadly distributed across all LTs.

8. The cusp sector peak in upflow occurrence is visible in all seasons but is broadest andmost pronounced in
summer, when ionospheric densities are enhanced by solar production. An additional premidnight occur-
rence peak is seen in the case of low-flux upflow events and is also clearest in summer. The premidnight
peak is not seen in the case of medium or high-flux events.
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