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Abstract—The solar wind continuously transfers energy into the Earth’s thermosphere-ionosphere system
and variations in the solar wind properties modify the state of the system. The modifications are best visible
during storm conditions when the ingestion of extreme amounts of solar wind energy into the thermo-
sphere-ionosphere system causes global changes in thermosphere as well as large deviations in the
ionospheric electron density from its quiet conditions. This study shows that there exists a persistent impact
of the solar wind on the high-latitude electron density. A data set of 22 years of Total Electron Content
(TEC) and 15 years of ionosonde data (critical frequency foF2 and height of maximum electron density
hmF2) at Tromsg (70°N, 19°E) are used for correlation analyses with different solar wind parameters from
OMNIWEB hourly “Near-Earth” solar wind magnetic field and plasma data. The results show that the
ionospheric parameters systematically respond with an increase or decrease depending on local time,
season, and solar cycle. TEC and foF2 increase with solar wind energy during winter night conditions
and decrease with increasing solar wind energy during summer daytime. The summer negative ionospheric
response is more intense during high solar activity conditions, while the winter positive ionospheric
response is stronger during low solar activity. An anomaly is observed around 10 UT (noon) when TEC
and foF2 respond with an increase during low solar activity conditions. Plasma convection, particle precip-
itation and Joule heating are the main drivers of the observed electron density changes at Tromsg. Local
time, season, and solar cycle changes in the background ionosphere-thermosphere conditions lead to
different effects of these driving processes. The results help to better understand the variability of the
high-latitude electron density and show that solar wind forcing causes a systematic and persistent response

of the ionosphere, which alternates depending on local time, season, and solar cycle.
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1 Introduction

The state and variability of the ionosphere are relevant for
many technical applications, e.g. in the communication and
navigation sector, because of its impact on radiowave propaga-
tion. The ionospheric variability is strongly linked to thermo-
spheric conditions and geomagnetic activity via complex
electrodynamic coupling processes. Electromagnetic forcing
from the Sun is the main driver of thermosphere-ionosphere
variations, mainly through the solar EUV irradiance (e.g. Lean
et al.,, 2011) but also through the solar wind (e.g. Lei et al.,
2008a; Pedatella & Forbes, 2011). The solar wind forcing is
strongest in high latitudes, where open magnetic field lines con-
nect to the interplanetary magnetic field (Dungey, 1961; Prolss
et al., 1988). The energy input from solar wind becomes most
obvious during storm conditions when large amounts of energy
are transferred from the solar wind into the Earth’s geosystem
(e.g. Tsurutani et al., 2004; Schunk & Zhu, 2008). This energy
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is partially stored in the magnetotail (and later released during
substorms) and partially deposited in the ionosphere-
thermosphere via Joule heating. The high-latitude heating
processes play a crucial role in the modification of the global
ionosphere-thermosphere conditions (e.g. Rodger et al., 2001;
Wilson et al., 2006; Lu et al., 2016; Heelis & Maute, 2020).
A positive correlation between solar wind dynamic pressure
and Joule heating has been derived in Palmroth (2004). Accord-
ing to their simulation, increasing dynamic pressure increases
the field-aligned current (FAC) intensity, which then increases
Joule heating. Also, Ritter et al. (2004) showed a correlation
of solar wind with FACs, but in this case with the Kan-Lee
merging electric field (Kan & Lee, 1979). A seasonal depen-
dence of FAC strength, with the FAC intensity being much
stronger in summer than in winter, can be observed (Weimer,
2001; Coxon et al., 2016; Milan et al., 2017; Workayehu
et al., 2020) because the intensity of FAC depends on the con-
ductivity in the auroral ionosphere, which is mainly modified by
solar EUV irradiance and particle precipitation. Consequently, a
seasonal and local time dependence also exists for Joule heating.
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In fact, Joule heating is about 50% stronger during summer than
in winter (Foster et al., 1983; Fuller-Rowell et al., 1996).

Particles precipitating into the polar ionosphere partially
ionise the neutral atmosphere and heat the electrons. In particu-
lar soft electron (<500 eV) precipitation, which occurs in the
dayside cusp region and pre-midnight sector of the auroral zone,
can cause a strong increase in the electron density and temper-
ature in the F region. It contributes to thermosphere heating
(Rentz, 2009; Zhang et al., 2012) and topside ionospheric
upflows (Su et al., 1999).

Since the ionospheric response to solar wind variability is
strongest during storm and substorm conditions, it has been
mostly studied during these conditions. Average characteristics
of the ionospheric storm evolution have been derived with
statistical analyses of the F2 layer critical frequency (foF2,
e.g. Araujo-Pradere et al., 2002; Tsagouri & Belehaki, 2008)
and of Total Electron Content (TEC) observations (Mendillo,
2006). They show that the storm perturbations depend on a
large extent on geomagnetic latitude and storm time. A classifi-
cation of storms by season and local time of onset reveals a
strong dependence on these parameters (Borries et al., 2015).
Experiments with numerical models of the coupled thermo-
sphere and ionosphere showed that differences between the
background circulation in the summer and winter hemisphere
are the explanation for the seasonal patterns in the ionospheric
storm characteristics (Fuller-Rowell et al., 1996).

A long-duration solar wind impact on the thermosphere-
ionosphere system has been reported for a period from 2005 to
2006, when rotating solar coronal holes caused recurrent
geomagnetic activity. The resulting recurrent geomagnetic activ-
ity caused changes in electron density, TEC, neutral density,
temperature, composition and winds (e.g. Lei et al., 2008a,b;
Thayer et al., 2008; Crowley et al., 2008; Pedatella et al.,
2010; Grandin et al., 2015). The authors attributed these thermo-
sphere-ionosphere changes to some combination of effects due
to chemical loss, neutral winds and disturbance dynamo-driven
electric fields. Also, other studies show clear indications of a per-
sistent solar impact on the ionosphere. For example, Girish et al.
(1997) showed correlations of the day-to-day variability of TEC
at high-latitude Goose Bay station and mid- latitude Sagamore
Hill station with four solar wind coupling parameters, including
the well-known Akasofu Epsilon parameter €. They showed the
highest (negative) correlation during winter and equinox condi-
tions. Birch and Hargreaves (2020) found a concurrent occur-
rence of periodic ripples in the solar wind, the geomagnetic
flux and ionosphere F-region electron density, which had about
25 min period. Cai et al. (2021) showed that high-latitude forcing
can be an important source of TEC day-to-day variability during
geomagnetically quiet conditions. However, according to our
knowledge there does not yet exist a study on the persistent solar
wind impact on the ionosphere.

The thermospheric behaviour at high latitudes is typically
dominated by the dissipation of energy originating from the
solar wind and this energy source is operating continuously,
even if there is no magnetic activity (Prolss et al., 1988).
Additionally, Crowley et al. (2008) stated that the processes
creating neutral composition changes during geomagnetic
storms occur at all activity levels. Since thermospheric heating
and composition changes affect the electron density, there must
be an ionospheric response to solar wind variability at all activ-
ity levels, too.

Based on the above-mentioned seasonal variation of
ionospheric key parameters such as conductivity and Joule heat-
ing, we hypothesise and analyse that there is an ionospheric
response to solar wind variability at all geomagnetic activity
levels, which varies with local time, season, and latitude.
Because the solar wind impact on the ionosphere is most imme-
diate at high latitudes, we intend to study the seasonal depen-
dence of the high-latitude ionospheric response to solar wind
forcing. The goal of this study is to characterize the correlation
between ionospheric electron density and solar wind forcing and
to discuss the mechanisms causing the high-latitude ionospheric
response to solar wind.

2 Data and methods

2.1 lonospheric data

Tromsg ionosonde (TR169, geographic coordinates: 70°N,
19°E, apex coordinates on 1st Jan 2020: 67°N, 101°E) data
has been available since 2005 with a temporal resolution of
15 minutes. It covers two periods of low solar activity (2005—
2010 and 2016-2020) and one period of high solar activity
(2011-2015). We use the F2 layer critical frequency foF2 and
the height of the maximum F2 layer electron density hmF2.
hourly averages are calculated before generating a time series
for each UT separately. This results in a 24-time series with a
daily resolution of foF2 and hmF2, one time series per UT.
The resulting data is shown in Figure 1, second and third panel,
with each line representing an individual time series. There are
data gaps (indicated with grey colors), especially during the
night conditions. foF2 varies with local time (the solar local
time at Tromsg is about 1.3 h past UT), season, and the solar
cycle. The maximum values are observed during local daytime,
summer and high solar activity intervals. Minimum values
occur during local night conditions. hmF2 decreases during
low solar activity intervals, and is largest during high solar
activity night conditions.

Widely used and validated global ionosphere maps are
provided by the International GNSS Service (IGS). We use
the 2-hour resolution 7EC data in the time range 1998 to
2020, covering two solar cycles and extract the data at the grid
point of Tromsg (70°N, 20°E). The TEC data is restructured into
12 individual time series with daily resolution, containing TEC
at the different UT times. The time series are shown in image
format in Figure 1, top panel. Solar cycle, (semi-)annual, and
local time dependencies similar to foF2 are clearly visible.
TEC extracted from TEC maps contains spatial averages for a
larger region (2.5° x 5°) and is not much affected by small-
scale irregularities.

The equivalent slab thickness 7 of the ionosphere represents
the width or shape of vertical electron density profiles. It is
defined by the ratio of the TEC and the peak electron density
NmF?2 and thus easy to measure (Miro et al., 1999; Jakowski
etal., 2017). Since it is sensitive to temperature and composition
changes in the thermosphere and plasma redistribution pro-
cesses, it has a high potential for exploring the dynamics of iono-
spheric perturbation processes. Here, we compute 7 from IGS
TEC and TR169 foF2, which is translated to NmF2. In
Figure 1, the bottom panel shows the equivalent slab thickness
data used for the study. The slab thickness is observed lowest
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Figure 1. First Panel: IGS TEC data at 70°N, 20°E with 2 h temporal resolution. Second Panel: Ionosonde observation of critical frequency of
the F2 layer, foF2, at Tromsg ionosonde TR169. Third Panel: height of F2 layer, imF2, at Tromsg ionosonde TR169. Fourth Panel: Equivalent

slab thickness at Tromsg ionosonde TR169. All data is gridded per UT

during winter day conditions and highest during winter night
conditions, especially during high solar activity. However, since
foF?2 data is very sparse during winter night conditions, we also
obtain sparse data for the equivalent slab thickness during that
time.

2.2 Solar wind and solar activity data

UV and EUV irradiances are the main drivers of ionization
processes and thus, ionospheric electron density typically shows

and day (Local time is UT+1.3 h). Grey colors represent data gaps.

a high correlation with solar activity proxies. The solar radio
flux at 10.7 cm (F10.7) is a widely used index of solar activity
(Tapping, 2013). It describes solar UV and EUV forcing of the
upper atmosphere (Floyd et al., 2005). In the auroral region
investigated here, the correlation between F10.7 and TEC
decreases due to low solar inclination angle and polar night
conditions (Vaishnav et al., 2019). The Ottawa 10.7-cm radio
flux adjusted to 1 AU, used in the present work, is illustrated
in Figure 2. The top panel, shows the F10.7 index with a daily
resolution in grey and the 2-year moving average in red.
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Figure 2. First panel: solar radio flux F10.7 cm index in grey and 2 years moving average in red. Second panel: Solar wind Kan-Lee merging
electric field. Third panel: solar wind plasma flow speed. Bottom panel: solar wind flow pressure. All solar wind data is derived from th OMNI
database. In all panels periods of solar activity maxima are indicated with red shading and solar activity minima with blue shading.

The 2-year moving average is used to identify intervals above
100 sfu, which describe high solar activity periods throughout
this work. The high solar activity periods are indicated with
red shading and the low solar activity periods with blue shading.
In the analysis period of this work, there are two periods of high
solar activity (1998-2004 and 2011-2015) and two periods of
low solar activity (2005-2010 and 2016-2020).

We work with solar wind and Interplanetary Magnetic
Field (IMF) observations obtained from the OMNI hourly
“Near-Earth” solar wind magnetic field and plasma parameter
data. The data is derived from several spacecraft in geocentric
or L1 (Lagrange point) orbits, at about 1.5 million km
distance from Earth. We use the IMF components B, and B,
(in geocentric solar magnetospheric coordinates, GSM) and

the plasma flow speed v to compute the Kan-Lee merging elec-
tric field as E,, = vB;sin*(0.50,) with the transversal magnetic

field B, = /B + B: and the clock angle 0. = arctan(B,/B.).
E,, is a solar wind coupling function, which can be assumed

to be related to the magnetospheric convection electric field.
The magnetospheric electric convection field maps down into
the ionosphere, where it is driving plasma convection from
the dayside to the night side across the polar cap (e.g.
Lockwood et al., 1990; Milan et al., 2017; Zhang et al.,
2015). We also use the OMNI solar wind flow pressure. It is
an indicator of the compression of the magnetosphere and
enhancement of magnetospheric currents (Palmroth, 2004).

Page 4 of 15



C. Borries et al.: J. Space Weather Space Clim. 2024, 14, 33

In the rest of the paper, we refer to the plasma flow speed as
solar wind speed vy,,. The whole dataset of solar wind parame-
ters used in this work is illustrated in Figure 2.

The data is used with one hour temporal resolution and a
moving average with a window size of 1 day is applied. This
reduces, but does not eliminate the impact of storm conditions
(strong perturbations in the solar wind and IMF). After the
application of the moving average, the data is binned for each
UT separately, such that 24-time series with a daily temporal
resolution are generated (similar to the ionospheric data).

2.3 Correlation with a moving window method

The working hypothesis of this manuscript is that the iono-
spheric response to solar wind variability changes with season.
Thus, it can be assumed that the correlation between solar wind
variability and ionospheric variability is not constant. For that
purpose, we are applying a cross-correlation analysis with a
moving window. Because the objective is to extract seasonal
effects, the correlation window is set to 90 days. A Gaussian
window is used, which has the advantage to reduce the
effect of values close the the edge of the window. The cross-
correlation coefficient of the solar wind and ionospheric param-
eters is calculated for each window separately and located in
time at the center of the window. The window is shifted by
one day. This windowed cross-correlation analysis is performed
for each UT separately. This results in a matrix of correlation
coefficients containing a value for each UT and day. Data gaps
reduce the number of data points used for the cross-correlation.
In order to obtain statistically meaningful results, the correlation
value is provided only if there are at least 60 data values of each
signal in the window to correlate.

3 Results

The correlation between solar wind merging electric field
E,, and the ionospheric parameters at Tromsg is shown in
Figure 3. The results of the correlation with TEC (top panel)
show positive (yellow color) and negative (blue color) correla-
tion values with magnitudes up to +0.7. Positive correlation is
most prominent during Tromsg winter (November to February)
night conditions. Another positive correlation is observed
during solar minimum conditions (2005-2010 and 2016—
2020) at noon in a very narrow time band (10 UT). It means that
during this period, TEC increases with Ej,. In general, the
correlation values tend to be more positive during low solar
activity conditions. A negative correlation can be observed dur-
ing high solar activity conditions (1998-2004 and 2011-2015)
in summer daytime (at Tromsg, summer daytime covers almost
24 h due to polar day). During these times, TEC decreases with
increasing Ej,,. Only during noon conditions, the correlation is
around zero during high solar activity.

The results of the solar wind merging electric field corre-
lated with foF2 (Fig. 3, second panel) show very similar corre-
lation values compared to TEC. During summer conditions, the
correlation values are negative and even lower than in TEC. The
strongest negative correlation is likewise during summer day
conditions during high solar activity. Although there are many
data gaps in the ionosonde data at winter night time, the positive
correlation of foF2 with the solar wind is still detectable.

The results of the solar wind merging electric field corre-
lated with AmF2 (Fig. 3, third panel) show a rather different
picture compared to TEC and foF2. Again, there exist positive
and negative correlation periods. The positive correlation occurs
during winter noon conditions, indicating that at these times,
hmF?2 increases with E,,. Negative correlations are not as strong
in magnitude as in foF2 and TEC.

For the correlation of solar wind merging electric field and
ionospheric equivalent slab thickness 7, an almost continuous
positive correlation can be observed during noon. Thus,
7T increases with Ej,, during noon time. During high solar activ-
ity, this positive correlation can be observed throughout summer
daytime condition, i.e. throughout the day. Negative correlation
patterns are not very strong. When a negative correlation occurs,
it occurs predominantly during winter night conditions.

To get a measure of how much solar activity impacts the
ionospheric variability at the location studied here (near
Tromsg), we apply the same correlation analysis with a 90-day
moving window to F10.7 cm solar radio flux index. Since
F10.7 index has a daily temporal resolution, each UT dependent
ionosphere time series gets correlated with the same F10.7 index.
The results are presented in the same way as Figure 3, the same
way as it has been done for E,. The correlation coefficients
reach the same magnitude as for the solar wind Ej,,. However,
they change very quickly with time and do not show as
well-defined seasonal patterns as the correlation with the solar
wind. As expected, Figure 4 shows generally a higher positive
correlation during high solar activity periods. The correlation
is weaker during the second solar maximum period, which is
attributed to the fact that the second solar maximum was weaker
than the first.

To show the seasonal dependence of the correlation results,
an average of the correlation values is estimated for each day of
the year and UT. In that case, we do not distinguish the solar
cycle effects. The average correlation estimates illustrated in
Figure 5 are computed using a minimum variance unbiased esti-
mator (Alexander, 1990). We add to the results of Ej,, (first row)
and F10.7 (last row) the average correlations for the solar wind
dynamic pressure py,, (second row) and solar wind speed vy,
(third row). To allow the identification of day and night condi-
tions, sunrise and sunset times at 250 km altitude are indicated
with yellow lines.

For all the solar wind parameters, the correlation with TEC
(first column) and foF?2 (second column) show similar charac-
teristics. The correlation coefficients are positive in winter night
conditions and negative in summer day conditions (except
noon). The strongest positive correlation can be observed for
the correlation between E,, and TEC. The strongest negative
correlation can be observed for the correlation between vy,
and foF2. The correlation of solar wind parameters with the
equivalent slab thickness 7 (third column) is mostly positive
with the highest correlation during noon time. hmF2 (last
column) shows a clear positive correlation with Ej,, and vy, only
during winter noon conditions. p,,, shows the weakest correla-
tion among all solar wind parameters.

In the correlation with the F10.7 index (last row), TEC
shows the highest values, especially during summer day condi-
tions. The average correlation of the F10.7 index with foF2,
hmF?2, and 7 is very weak. Overall, the magnitude of the aver-
age correlation of the ionospheric parameters with the F10.7
index is much smaller than for E;,, and vy,
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Figure 3. Correlation of the ionospheric parameters TEC, foF2, hmF2, and t at Tromsg with the solar wind merging electric field. Missing data

is indicated in gray shading.

In Figure 5, all correlation results between ionospheric
F2-region parameters and solar wind parameters show an anom-
aly during noon-time, when the correlation coefficients are
typically larger than before and after. A more detailed look into
Figure 3 shows that during summer conditions, the correlation
coefficients of TEC and Ej,, at 10 UT are always about a value
of 0.5 larger than at 5 UT and 15 UT.

4 Discussion

4.1 Joint impact of solar activity and solar wind

The ionospheric variability at Tromsg depends on both,
solar activity and solar wind variability. This is reflected in
the results with the observation that both F10.7 index and E|,,
show similar magnitudes of the correlation coefficients obtained
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Figure 4. Correlation of the ionospheric parameters TEC, foF2, hmF2, and t at Tromsg with the solar activity index F10.7. Missing data is

indicated in gray shading.

in a 90-day moving window. Although the expectation would
be to get only positive correlation coefficients for the correlation
between F10.7 and the ionospheric parameters TEC and foF2,
the actual correlation coefficients fluctuate between positive
and negative values. In a time window of 90 days, the main
period of the F10.7 solar radio flux index is the solar rotation
period, which is 27 days. The solar rotation period is also a

strong spectral component in the solar wind variability. Thus,
negative correlation coefficients between F10.7 and TEC at
Tromsg will reflect a response to solar wind variability and
not a response to solar EUV irradiance. It needs to be taken into
account that the solar zenith angle, which is even more impor-
tant to the ionization than solar EUV irradiance variability,
changes a lot at Tromsg during the 90-day window, which is
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Figure 5. Average cross-correlation per day of the year and UT between ionospheric parameters at Tromsg with the merging electric field (top
row), the solar wind dynamic pressure (second row), the solar wind speed (third row) and the solar activity index F10.7 (last row). Sunrise and
sunset at an altitude of 250 km are indicated with a bold yellow line. Missing data is indicated in gray shading.

yet another factor that reduces the correlation between F10.7
and ionospheric parameters. The fact that solar EUV irradiance
and solar wind impact the ionospheric parameters at the same
time explains that the magnitude of the correlation coefficients
in all results seldom exceeds ~0.8. However, the regular local
time and seasonal changes in the correlation between iono-
spheric and solar wind parameters indicate a persistent solar
wind impact on the ionosphere at Tromsg.

4.2 Coupling processes during winter conditions

During winter (December—February), there is night condition
at Tromsg most of the time (polar night). A positive correlation is
observed between solar wind parameters E,,,, v, and py,, with
foF2 and TEC. It describes an increase in TEC with solar wind
forcing. This result agrees with the statistical storm study pre-
sented by Borries et al. (2015), which revealed that very strong
TEC enhancements occur in high latitudes during nighttime and
only during the winter season. These TEC enhancements were
well correlated with solar wind energy input, which has been
represented in this study by IMF B, and a variant of Ej,,. The
results presented here show the highest positive correlation for
E,,. Thus, it can be assumed that plasma convection driven by
the solar wind coupling is an important process modifying the
ionosphere electron density. Also, plasma resulting from soft
particle precipitation in the auroral oval can be involved in the
convection process (Lockwood et al., 1984). This leads to an
increase in the nightside high-latitude ionospheric electron

density in the F-region. The magnetic field lines at Tromsg have
an inclination of 77° (c.f. Ogawa et al., 2010). Anti-sunward
E x B plasma drifts, as initiated by the convection electric field
under conditions of negative B, component of the interplanetary
magnetic field, will have an upward component on the dayside
and a downward component on the nightside (c.f. schematic
illustration in Fig. 6). This will lead to a rise of hmF2 during
day and decent during night with increasing solar wind energy.
In good agreement, hmF2 shows a positive correlation with the
merging electric field during winter day conditions. This is a
strong indication that high-latitude electron density changes dur-
ing winter are strongly driven by magnetospheric electric con-
vection field resulting in anti-sunward plasma convection
across the polar cap. Precipitation of energetic particles from
the magnetotail is certainly another factor that increases the elec-
tron density during winter night conditions. Seasonal effects on
auroral particle precipitation have been described in e.g., Liou
et al. (2001). Nightside (=1900-0300 MLT) auroral power is
suppressed in summer and the average energy of precipitating
electrons is higher in the dark than in the sunlit hemisphere.
More than half of the energy deposited by precipitating auroral
electrons goes into heating the neutral atmosphere (Brekke,
1982; Rees et al., 1983). There are long-time constants associ-
ated with some processes that contribute to heating so that there
is a time lag between energy deposition and heating (Rees et al.
1983). Thus, it can be that auroral particle precipitation first
increases the electron density by ionization and a few hours later
composition changes due to heating increase the recombination
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Figure 6. Schematic illustration of anti-sunward plasma convection as main driver for the observed correlation pattern between solar wind and

ionospheric parameters.

rate leading to a decrease in the electron density. Further analyses
of ionospheric response times are planned in a follow-up study to
investigate and separate different processes leading to the
ionospheric response to solar wind variability in high latitudes.

The cross-polar cap ion convection usually stimulates ion-
driven neutral winds due to collisions, which can become
intense during storm conditions (Killeen et al., 1995). The
Tromsg location is affected by these ion-driven winds, as shown
by Oyama et al. (2023). The authors provide a statistical
analysis of thermospheric winds measured with the Fabry-Perot
Interferometer at Tromsg, and the results show well, how the
ion-driven winds enhance with increasing geomagnetic activity.

The careful reader may have noticed that the results of
Girish et al. (1997) showed a negative correlation of solar wind
parameters with TEC at the sub-auroral station Goose Bay.
This station is located outside the auroral oval (magnetic latitude
59°N) and thus it is not affected by the plasma convection and
the particle precipitation as it occurs in the auroral oval. Hence,
the winter night-time enhancement of TEC with solar wind
energy does not occur at sub-auroral latitudes.

4.3 Coupling processes during summer conditions

During summer, Tromsg has polar day conditions and is
thus sunlit most of the time. The correlation coefficients of
the solar wind parameters with TEC, foF2, and hmF2 are
mainly negative with the peak coefficients at about 5 UT. The
correlation with 7, which is mainly positive during noon, indi-
cates an increase of neutral temperature with solar wind energy
input. During noon, the average correlation coefficients are
larger than during morning and afternoon hours for all parame-
ters. To better illustrate these correlation characteristics during
summer, the correlation coefficients for the July 1st of each year
are shown in Figure 7. The average correlation results are
shown for three solar wind coupling functions (Fig. 5), the
Kan-Lee merging electric field Ej,,, the solar wind dynamic
pressure py,, and solar wind speed vy,,. The strongest correlation
during summer is obtained from the correlation of the solar
wind speed vy,, with foF2. The solar wind speed is an important
parameter, driving the magnetospheric electric convection
field. It contributes to the increase in plasma transport. It is
worth mentioning that the correlation between solar wind
speed and ionospheric parameters during summer time is nega-
tive throughout the solar cycle (not shown here), while the
correlation with merging electric fields tends towards zero

during low solar activity summer conditions (c.f. Fig. 3). Further
analysis is needed to better understand the coupling processes
that lead to this observation. The solar wind dynamic pressure
has been discussed in e.g., Palmroth (2004) to cause a compres-
sion of the magnetosphere, an increase in magnetosphere
currents, and finally an increase in Joule heating. Since the
correlation between py,, and ionospheric parameters is weakest
among all solar wind parameters, magnetosphere compression
is not likely to be the major source of the ionospheric changes
during summer. It can be argued that Joule heating increases
mostly because of enhanced ion convection, which produces a
larger relative flow between ions and neutrals.

The role of Joule heating is also indicated by the different
summer correlation values during high and low solar activity
periods (c.f. Fig. 7). The summer correlation coefficients of
TEC are strongly negative during high solar activity (red lines),
while they tend towards zero during low solar activity condi-
tions (blue lines). Also, the summer negative correlation values
of foF2 tend to be stronger during years of high solar activity.
This can be explained on the one hand by the background
ionisation and thus ionospheric conductance. The conductivity
in the E-region is most relevant for the Joule heating. Tromsg
ionosonde foE observation (not shown here) which is propor-
tional to the E-region electron density, increases with solar
zenith angle and with solar activity. This variability impacts
Joule heating and can explain partially the larger negative
correlation coefficients during daytime and high solar activity
periods. On the other hand, also the location of the auroral oval
and heating regions needs to be taken into account. Most of the
time, Tromsg location is within the auroral oval and heating
region. Statistical studies of Joule heating show that the main
heating effects take place at 2-5 and 15-18 magnetic local time
at Tromsg (Cai et al., 2014). Given that thermosphere changes
due to Joule heating causes a decrease in TEC and foF2, the
Joule heating maxima agree well with the most negative corre-
lation coefficients. During noon conditions, Tromsg is typically
outside the heating region and the time span when Tromsg is
outside the auroral oval becomes larger with decreasing geo-
magnetic activity (Prolss et al., 1988; Tesfaw et al., 2023).
When the geomagnetic activity is lowest, Tromsg is outside
the oval from 6 to 21 magnetic local time. This is another expla-
nation showing why there is not a strong negative correlation
during noon and during low solar activity conditions.

The seasonal variation of Joule heating effects has been
analysed with a coupled thermosphere-ionosphere model in
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Figure 7. Correlation coefficients at 1st July each year (1998-2020) between Emy,, and TEC (first panel), foF2 (second panel), hmF2 (third
panel), and equivalent slab thickness (last panel). Correlation coefficients at high solar activity (one-year moving average of F10.7 > 120 sfu)
are red, low solar activity (one-year moving average of F10.7 < 80 sfu) are blue and other correlation coefficients are grey.

Fuller-Rowell et al. (1996). They show a high-latitude enhance-
ment of molecular mass in response to solar wind forcing,
which is stronger during summer conditions than in winter. This
hemispheric difference is found to be caused by larger conduc-
tivity in summer and 50% stronger Joule heating. The heating
causes an upwelling and a decrease in [O/N,]-ratio. Conse-
quently, the recombination rate becomes higher with increased
solar wind impact and causes a decrease in TEC and foF2.
The change in composition is considered the main driver of
the negative correlation between TEC and foF2 with solar
wind variability. The concurrent positive correlation of t during
daytime supports this argument because it indicates an increase
in temperature (Jakowski et al., 2017), preferentially caused
by the Joule heating. The correlation of AmF2 with the solar
wind parameters is not as strong as for the other ionospheric
parameters. It shows a negative correlation with the solar wind,
which is difficult to explain without using physics-based
modeling.

Grandin et al. (2015) performed a simple model study to
identify the cause of the decrease of foF2 during high-speed solar
wind streams. They conclude that an increase of both ion and
neutral temperature plays an important role. These temperature
increases are caused by ion-neutral friction. The ion temperature
increases the recombination coefficient. The neutral temperature
drives the recombination by an increase of the number of
molecular species caused by upwelling. These processes inten-
sify during storm conditions and EISCAT Incoherent Scatter
Radar observations of storm conditions during summer and
equinox daytime at Tromsg can be used to illustrate the effect.
An example is shown in Figure 8 where the EISCAT electron
density distribution on 15 May 1997 and its deviation from quiet
conditions is shown during a major geomagnetic storm at the
beginning of the solar cycle 23. A clear electron density deple-
tion in the F2 region is visible, which has been attributed to
increased recombination caused by a strong electric field (Liu
et al., 2000). Also, Ellahouny et al. (2024) observe a decrease
in the electron density in EISCAT Tromsg and Svalbard radar

latitude scans, which they attribute to composition changes
due to ion-neutral frictional heating transported by neutral winds.
Based on satellite in-situ observations different studies (e.g.
Prolss et al., 1988; Liu et al., 2012) showed that the thermo-
spheric density increases globally with solar wind impact. The
density changes are strongest during summer daytime condi-
tions. Also, a change in the [O/N,]-ratio, which is inversely
related to the recombination rate, is observed. The composition
change differs with latitude. At high latitudes, [O/N,]-ratio
decreases during day and night conditions as well. The percent-
age difference is stronger during summer than in winter. Both
density and composition changes reflect the effect of thermo-
spheric expansion and they cause a decrease in electron density,
especially during summer daytime conditions.

Decreasing [O/N,] during weak external forcing which led
to a decrease in TEC at high-latitudes has been reported in
Cai et al. (2021). The authors studied a small amount of geo-
magnetically quiet days and considered that the number of
“quiet” days that may be influenced by low levels of geomag-
netic activity is small. Our statistical study reveals that this is
not the case. According to our results, there is a persistent indi-
rect impact of solar wind on ionospheric variability, which
relates partially to the solar wind energy deposition in the ther-
mosphere. Because the dissipation of solar wind energy in the
thermosphere is nearly exclusively monitored by geomagnetic
indices it is also interpreted as ‘“‘geomagnetic activity effect”
(Prolss et al., 1988; Juusola et al., 2009).

4.4 TEC response to solar wind variability at the
magnetic conjugate point

Since Prolss et al. (1988) described that solar wind-driven
thermospheric disturbances depend on both solar local time
and geomagnetic latitude, it can be expected that the same local
time and seasonal effects discussed before for Tromsg occur
similarly at its magnetic conjugate point, with some deviations
due to hemispheric asymmetries (Laundal et al., 2016). This is
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Figure 8. EISCAT observations at Tromsg: (a) Two-dimensional
image of electron density distribution vs. UT and height on 15 May
1997, (b) an average of electron density distributions on some quiet
days in April and June of 1997 as a reference, (c) deviation of
electron density during the magnetic storm of 15 May 1997 with
respect to the quiet reference (Figure from Ma et al., 2002).

confirmed by the results presented in Figure 9, which shows the
correlation coefficients between TEC and Ej,, at the magnetic
conjugate point of Tromsg. TEC has been extracted from the
IGS TEC maps at the closest grid point of the magnetic
conjugate point, which has been calculated for each time step
individually. The magnetic conjugate point fluctuates around
—61.6+0.5° S and 63.8+1°E geographic coordinates. The corre-
lation results at the magnetic conjugate point of Tromsg show
almost the same magnitude and variation in the correlation
coefficients compared to Tromsg. There is a positive correlation
during winter (May-August) night conditions and a negative
correlation during summer (November-February) day condi-
tions. Also, the magnetic conjugate point shows the same solar
cycle dependence as observed at Tromsg with a much stronger
negative correlation during summer (December-February) when
the solar activity is high. The slight difference can be explained
on the one hand with sparse TEC observations around the
conjugate point and on the other hand with hemispheric
asymmetries. The consistency between the correlation results
of TEC with E, at Tromsg and its magnetic conjugate point

confirms the local time, seasonal, and solar cycle dependence
of the TEC response to solar wind variability.

4.5 Noon-time correlation anomaly

The correlation results show an anomaly during noon-time
(=10 UT) when the correlation coefficients are larger than in
the morning and afternoon hours. During high solar activity
conditions, morning and afternoon are negatively correlated
and at noon the correlation tends towards zero. During the
low solar activity, morning and afternoon are weakly correlated
and noon shows a positive correlation. This anomaly is best
visible in TEC. The same anomaly is visible at the magnetic
conjugate point of Tromsg.

As explained above (c.f. Sect. 4.3), this is partially attributed
to periods when Tromsg is outside the heating region. However,
especially during low solar activity conditions, the correlation
between TEC and E, becomes positive from time to time.
Thus, there must be a plasma source. An increase of foF2
during noon time at Sodankyld ionosonde (geomagnetic latitude
64°N) in response to high-speed solar wind streams during low
solar activity has been reported in Grandin et al. (2015). During
the low solar activity, Tromsg and Sodankyli are typically out-
side the auroral oval during daytime (Tesfaw et al., 2023) and
thus, subauroral effects are likely to cause the increase of
foF2. Grandin et al. (2015) explain the increase with an
enhancement of dayside auroral transients caused by increased
solar wind dynamic pressure and the resulting compression of
the dayside magnetosphere. So-called “midday subauroral
patches” (Liou et al., 2002) and “subauroral proton flashes”
(Hubert et al., 2003) can be associated with the observed
noon-time increases of foF2 and TEC with increasing solar
wind energy. The duration of the shock-induced auroral precip-
itation is short (=10 min), the enhanced plasma density they
produce in the F region decays slowly and may be detected
during an hour or longer (Grandin et al., 2015).

The above presented EISCAT campaign during the major
geomagnetic storm on 15 May 1997 (Fig. 8) shows a noon-time
increase in electron density. It has been described by (Ma et al.,
2002) as a stable layer of ionization enhancement which peaked
at about 350 km height during 09:10-11:30 UT. The compar-
ison with satellite based UV data and energetic particle snap-
shots revealed that EISCAT was located under the polar cusp
region which was highly active, and expanded greatly equator-
wards due to magnetopause reconnection during long-lasting
southward IMF. Simultaneously, soft particles of the magne-
tosheath precipitated into the F-region ionosphere and caused
the electron density increase over EISCAT. This event has
been associated with strong dayside aurora extending to as
low as 62° N magnetic latitude (Ma et al., 2002). Based on
an assessment of several months of Polar UV imager data, Liou
et al. (2001) described the enhancement of dayside aurora in
summer as a seasonal effect.

Another example of a short period noon-time electron den-
sity increase has been discussed in Jakowski et al. (1992) for the
onset phase of a geomagnetic storm on 28-29 July, 1987, at the
beginning of solar cycle 22. Using observations of the Tromsg
Incoherent Scatter Radar, they showed a clear increase of the
electron density with respect to quiet conditions in the F2-region
at 323 km altitude. This increased electron density persisted in
the period from about 9-15 UT. In this case, the authors

Page 11 of 15



C. Borries et al.: J. Space Weather Space Clim. 2024, 14, 33

1998 2000 2002 2004 2006 2008

years

Correlation of merging electric field with TEC at the conjugate pomt

06
04
02
0
0.2
0.4
0.6
2020

2012 2014 2016 2018

Figure 9. Correlation of the TEC extracted from IGS maps at the magnetic conjugate point of Tromsg with the solar wind merging electric

field.

attribute the electron density increase to a rapid uplifting of
plasma by E x B drift, because effects of a prompt penetration
electric field have been observed globally. Poleward convection
of mid-latitude plasma, which is familiar from the effects of the
storm enhanced density plume and tongue of ionization (Foster
et al., 2005), may have contributed to this F2-region electron
density increase at Tromsg.

Hence, the noon-time anomaly in the correlation may be
caused on the one hand by a decrease in Joule heating and on
the other hand by additional plasma supply which can have
different sources: 1) during low solar activity dayside auroral
transients (precipitation from the plasma sheet) or 2) from pole-
ward convection of mid-latitude plasma due to E x B-drift or 3)
during high geomagnetic activity from soft particle precipitation
associated to an expansion of the cusp during strong solar wind
energy input.

4.6 Delay of the ionospheric response

The ionospheric response to the solar wind is not instanta-
neous, as shown by Shirochkov et al. (1990). They studied
the effects with minutes resolution and found a delayed
response of about 40 min in the upper ionosphere. Also, Burke
et al. (2007) found a delay of 4-6 h of the thermospheric density
response to the electric field in the inner magnetosphere.
Depending on the data filtering applied, even longer delays of
the ionosphere to solar wind variability have been detected.
For example, Jakowski et al. (1998) reported a negative corre-
lation between TEC and solar wind speed during winter condi-
tions with a time lag of 2-5 days and associated it with a
negative storm response. The authors applied a 6-day moving
average on the data before correlation, which is expected to
average out the immediate positive response, which is visible
in the results presented here. Further investigations are planned
in a follow-up study to assess the delayed response of the iono-
sphere to solar wind forcing in more detail.

5 Summary and conclusions

Analysing two decades of ionospheric F2-region observa-
tions (TEC, foF2, hmF2, and equivalent slab thickness) at
Tromsg and solar wind observations from OMNI with a
cross-correlation method revealed that the solar wind energy
input into the Earth system persistently causes a response of
the high latitude electron density to the solar wind variability.

The change in electron density alters between increase and
decrease depending on local time, season and solar activity.
The electron density increases with the Kan-Lee merging elec-
tric field during winter night conditions and decreases during
enhancement of it in summer. Since the negative correlation
between the different solar wind parameters and the ionospheric
parameters TEC and foF2 in summer is strongest for the solar
wind speed, we conclude that the major driving process of
the ionospheric response to solar wind variability is the intensi-
fication of the magnetosphere convection electric field, which
maps down into the polar ionosphere and drives strong plasma
convection across the polar cap.

One factor causing the systematic local time, seasonal, and
solar cycle variations of the correlation coefficients is assumed
to be the ionospheric conductivity, which changes mainly with
the E-region electron density. Another important factor is the
location of Tromsg with respect to the auroral oval. The fact that
during daytime UT hours, Tromsg is most of the time inside the
auroral oval during high solar activity and mostly outside during
low solar activity conditions introduces a solar cycle effect in
the correlation, too.

The decrease in TEC and foF?2 with solar wind energy input
during summer, which is expected to be caused by frictional
heating, is strongest in the morning hours (=5 UT) and has a
second peak in the afternoon hours. An anomaly in the correla-
tion is present at noon-time (=10 UT) with larger correlation
coefficients than in the morning and afternoon hours. The
source of this anomaly is expected to be reduced or missing
heating during noon conditions and depending on the geomag-
netic activity level, sub-auroral precipitation effects, plasma
transport, and soft particle precipitation.

The correlation results between TEC at Tromsg’s magnetic
conjugate point and the solar wind parameters confirm the
observations of the ionosphere response to solar wind variability
and show that it occurs similarly at both hemispheres at the
same geomagnetic latitude.

The knowledge gained about the persistent and systematic
ionospheric response to solar wind forcing helps understanding
the ionospheric variability at high latitudes and shows the need
to include solar wind metrics in empirical ionosphere models.
The detected electron density perturbations caused by the solar
wind energy input agree well with the common knowledge
about the processes and seasonal dependence of ionospheric
storms. Studying the persistent ionospheric response to solar
wind more in-depth is expected to improve the understanding
of ionospheric storms in general.
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