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Abstract

We report one of the first comprehensive ground-based investigations of energy transfer rates in the E-region ionosphere com-
pared relative to geomagnetic activity, seasonal effects, and solar activity level using nearly continuously sampled data collected
with the Poker Flat Incoherent Scatter Radar (PFISR) between 2010-2019. We quantified the integrated electromagnetic (EM)
energy transfer rate and the integrated Joule heating rate in the E-region between 90-130 km, which includes the contributions
from the neutral winds. We find that (1) the median Joule heating rate and electromagnetic (EM) energy transfer rate in the
evening sector is larger in the winter versus the summer and have similar magnitudes in the spring and fall for the same solar
activity and geomagnetic conditions. (2) The seasonal dependence of the energy transfer rates is closely associated with the
seasonal variations of the electric fields. Our analysis shows that the larger EM energy transfer and Joule heating rates in
disturbed conditions in the winter versus the summer are associated with the combined effects of both the electric field and
Pedersen conductance with the electric field playing a dominant role. Given that the Pedersen conductance in the evening sector
is closely related to the particle precipitation and field-aligned currents in the auroral region, this study provides complementary
ionospheric evidence of the winter-summer asymmetry of the intensity and density of field-aligned currents (e.g. Ohtani et al.,
2009). (3) The geomagnetic activity level has the most significant impacts on the magnitude of the energy transfer rates,

followed by seasonal variations, and last the solar activity level.
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Key Points:

« Geomagnetic activity, seasonal, and solar activity variability of the integrated
energy transfer rates are quantified in the E-region between 90-130 km span-
ning 2010-2019 using PFISR observations for the first time.

e The integrated Joule heating and EM energy transfer rates in the evening sec-
tor are larger in winter versus summer and have similar magnitudes in spring
and fall equinoxes.

e The larger energy transfer rates in winter relative to summer in disturbed
conditions are associated with a combination of electric field and Pedersen
conductance.
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Abstract

We report one of the first comprehensive ground-based investigations of energy
transfer rates in the E-region ionosphere compared relative to geomagnetic activity,
seasonal effects, and solar activity level using nearly continuously sampled data col-
lected with the Poker Flat Incoherent Scatter Radar (PFISR) between 2010-2019.
We quantified the integrated electromagnetic (EM) energy transfer rate and the in-
tegrated Joule heating rate in the E-region between 90-130 km, which includes the
contribution from the neutral winds. We find that (1) the median Joule heating rate
and electromagnetic (EM) energy transfer rate in the evening sector are larger in
the winter versus the summer and have similar magnitudes in the spring and fall for
the same solar activity and geomagnetic conditions. (2) The seasonal dependence
of the energy transfer rates are closely associated with the seasonal variations of
the electric fields. Our analysis shows that the larger EM energy transfer and Joule
heating rates in disturbed conditions in the winter versus the summer are associated
with the combined effects of both the electric field and Pedersen conductance with
the electric field playing a dominant role. Given that the Pedersen conductance in
the evening sector is closely related to the particle precipitation and field aligned
currents in the auroral region, this study provides complementary ionospheric evi-
dence of the winter-summer asymmetry of the intensity and density of field-aligned
currents (e.g. Ohtani et al., 2009). (3) The geomagnetic activity level has the most
significant impact on the magnitude of the energy transfer rates, followed by sea-
sonal variations, and last the solar activity level.

Plain Language Summary

We reported a comprehensive statistical study of energy transfer rates (EM
transfer rate and Joule heating rate) in the auroral E region in aspects of season,
geomagnetic activity, and solar activity. This study is done by collecting ground-
based 10 years of measurements from Poker Flat Incoherent Scatter Radar. We find
a consistent seasonal variation of energy transfer rates for different geomagnetic and
solar activity levels. That is the EM energy transfer and Joule heating experience
larger enhancements in the evening sector in the winter versus the summer and show
similar magnitudes in the spring and fall equinoxes. We further find that the sea-
sonal variation of the enhancement is mainly associated with the seasonal variation
of the electric field while the seasonal variation of the E region conductance could
also play a smaller role during disturbed conditions. We also compared the relative
importance of season, geomagnetic, and solar activity levels in impacting the energy
transfer rates and find that the geomagnetic activity has the largest impact, followed
by season and solar activity.

1 Introduction

Joule heating is an important mechanism by which electromagnetic (EM)
energy input from the magnetosphere is dissipated in the high latitude ionosphere-
thermosphere (Thayer & Semeter, 2004). Therefore, the energy deposited through
Joule heating is an important source in the ionosphere-thermosphere (IT) system,
and can lead to temperature and density changes of the neutrals (Thayer & Seme-
ter, 2004; Barth et al., 2009; Barth, 2010). Joule heating can further induce gravity
waves which impact the IT system on a large scale (Brekke, 1979; Sofko & Huang,
2000; Yuan et al., 2005). Many factors that modulate the transfer of EM energy into
the IT system have been investigated, although primarily through modeling inves-
tigations. These factors include solar activity (e.g. Zhang et al., 2005; Bjoland et
al., 2015), Interplanetary Magnetic Field (IMF) clock angles and magnitudes (e.g.
McHarg et al., 2005; Zhang et al., 2005; Bjoland et al., 2015; Cai et al., 2016), the
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solar wind (e.g. Zhang et al., 2005; Cai et al., 2014), geomagnetic activity (Fujii

et al., 1999; Aikio et al., 2012; Weimer, 2005; Zhang et al., 2005, etc.) and season
(dipole tilt angle) (e.g. Foster et al., 1983; Weimer, 2005; Zhang et al., 2005). IMF
has also showed effects on the E-region neutral wind through ion drag (Richmond et
al., 2003), which could potentially affect the distribution of EM energy.

Observational investigations of seasonal and solar cycle dependence of the
EM energy transfer and Joule heating rates are sparse, especially in the E-region.
Foster et al. (1983) presents one of the only observational studies that examined
the seasonal dependence of Joule heating using satellite observations during solar
minimum conditions. The solar cycle dependence of the F-region Joule heating was
investigated by Bjoland et al. (2015) using ion convection measurements from the
Super Dual Auroral Radar Network (SuperDARN) of high-frequency (HF) over-the-
horizon radars, and neutral wind measurements from the CHAMP satellite during
2001-2009, but no similar study was conducted in the E-region. The purpose of this
paper is to quantify the seasonal and solar cycle dependence of the integrated EM
energy transfer rates and Joule heating by utilizing nearly continuously sampled
observations obtained with the Poker Flat Incoherent Scatter Radar (PFISR), which
also includes the contribution to the EM transfer rates from the neutral winds. This
investigation provides a unique opportunity to quantify the seasonal and solar cy-
cle effects on the EM transfer rates with relatively high temporal resolution, thus
enabling providing a new perspective of Joule heating, although spatially limited to
one geographic location.

The previous investigations have demonstrated that Joule heating exhibits
different characteristics with respect to season during different conditions. Foster et
al. (1983) used Atmosphere Explorer C (AE-C) satellite measurements and found
that the Joule heating input is 50% larger in summer than in the winter during solar
minimum, on a global scale. This result was attributed to the larger conductance
caused by solar illumination in the summer hemisphere. Weimer (2005) used nu-
merical simulations to show that the total Joule heating in the northern hemisphere
doubles as the Earth’s dipole tilt angle increases from —30° to +10° and decreases
when the angle is above +10° during fixed southward IMF conditions and fixed solar
wind velocity. These results indicate larger Joule heating in the summer and smaller
Joule heating during the winter. However, another simulation study by Zhang et al.
(2005) showed that for a fixed IMF angle the Joule heating pattern and intensity
do not change significantly as the dipole tilt angle increases. These contradictory
simulation results can be reconciled by utilizing a large dataset of observations cov-
ering different solar cycles and seasons to investigate the seasonal and solar cycle
dependence of Joule heating.

Moreover, there are not observational investigations that compared the relative
importance of solar activity levels versus geomagnetic activity level. Geomagnetic
and solar activity have been shown to be associated with an increase in Joule heat-
ing (Fujii et al., 1999; Aikio et al., 2012; Zhang et al., 2005; Bjoland et al., 2015),
but the relative importance of these two mechanisms on the variability of Joule
heating is not clear. Zhang et al. (2005) showed that the intensification of solar
EUYV radiation, indicated by F10.7, is associated with a significant increase of Joule
heating for a fixed geomagnetic activity level (AL and Kp), while the geomagnetic
activity level can change the Joule heating rate mainly in the postmidnight sector
when the solar activity level is fixed. Their relative importance is not compared
specifically.

We hypothesize that there should be seasonal variation in Joule heating due
to seasonal variations in both the Pedersen conductivity and electric field. For ex-
ample, using sparse observations from the Sondrestrom ISR spanning 5 years near
solar minimum, de la Beaujardiere et al. (1991) showed that the polar cap potential
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drop is largest in fall, followed by winter, then spring and was smallest in summer.
However, the seasonal dependence of the conductivity is not well resolved. The con-
ductivity in the ionosphere in different seasons is closely related to the solar EUV ra-
diation, therefore the conductivity is larger in summer and smaller in winter. When
the particle precipitation at night in winter is considered, especially in the E-region
under disturbed condition, the conclusion is not intuitive. Ohtani et al. (2009)
showed that the absence of the solar EUV radiation can be often overcompensated
by more intense and energetic electron precipitation in the dark hemisphere, which
leads to the corresponding larger Pedersen conductivity. Using Constellation Ob-
serving System for Meteorology, Ionosphere, and Climate (COSMIC) satellites ob-
servations at high latitudes during 2008-2011, Sheng et al. (2014) showed that the
ratio of the E-region Pedersen conductance to F-region Pedersen conductance in the
nighttime reaches minimum at local summer and maximum at local winter, which

is interpreted as the seasonal variations of the solar irridance and auroral activity.

In addition, the neutral wind is also believed to play a role to reduce or enhance
Joule heating depending on the MLT sector and range (e.g. Thayer, 1998a; Thayer
& Semeter, 2004). However, the extent to which the neutral wind influence the Joule
heating varies among studies (Thayer, 1998a; Lu et al., 1995).

In this investigation, we use nearly continuous PFISR observations of electron
density and neutral winds in the E-region, and the F-region electric field to quantify
the seasonal and solar cycle variations of energy transfer rates in the E-region. We
use a dataset of energy transfer rates between 2010-2019 derived from nearly contin-
uous observations of the local E- and F-region ionosphere obtained with PFISR. A
recent study by Zhan et al. (2021) using the same dataset analyzed the energy trans-
fer rates in Fall 2015. This investigation expands upon the previous results by Zhan
et al. (2021) by understanding seasonal, solar cycle, and geomagnetic variability of
the Joule heating rate. Therefore, the dataset of energy transfer rates is divided into
subgroups according to seasons, solar, and geomagnetic activity levels. We present
the climatology of energy transfer rates for different seasons under different solar
and geomagnetic activity levels. To first order, we find that the seasonal variability
of the electric field has a significant contribute to the variability of the EM transfer
rate.

In the next section, we present a brief introduction of the data and the meth-
ods used to estimate energy transfer rates. The results section will show the seasonal
variation of the energy transfer rates during low, medium, and high solar flux con-
ditions for quiet, moderate and active geomagnetic activity. The discussion section
will examine the relation between the seasonal variation of the Joule heating en-
hancement and the seasonal variation of the electric field for different solar and
geomagnetic activity levels; the main findings are summarized in the last section.

2 Data and Methodology

We use observations collected with PFISR (65.13° N, 147.47°W, MLAT: 65.4°
N) from 2010-2019, including the E-region altitude resolved electron densities and
line-of-sight (LOS) velocities in the International Polar Year (IPY) operational
mode(~1% duty cycle) and other high duty cycle operational modes (>1% duty
cycle). For a detailed description of PFISR, please refer to Heinselman and Nicolls
(2008) and the IPY mode are described in Sojka et al. (2009), and Makarevich et al.
(2013). The majority of the data we use for this investigation were collected from
the IPY mode, which covers 1° of geomagnetic latitude in the E-region (please see
Figure 1 in Makarevich et al. (2013). The LOS velocities of the ions drifts in the
E-region are used to derive the neutral winds and F-region ion drifts are used to es-
timate the electric fields using a Bayesian inversion method described by Heinselman
and Nicolls (2008). This technique assumes that the ion velocity and wind fields are
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spatially uniform (i.e. Thayer, 1998a; Heinselman & Nicolls, 2008). The Pedersen
and Hall conductivities were calculated using the E-region electron densities com-
bined with the neutral densities from NRLMSISE-00 (Picone et al., 2002), which are
used to calculate the ion-neutral collision frequency.

The integrated energy transfer rates (Joule heating rate, passive energy depo-
sition rate, mechanical energy transfer rate, and EM transfer rate) between 90-130
km in the E region are estimated using the equations from previous investigations
(Aikio et al., 2012) and described further in Zhan et al. (2021)(accepted by JGR-
Space Physics). We summarize these equations and the corresponding derivations in
Table 1. For more details on how to calculate the energy transfer rates using radar
measurements, please refer to Zhan et al. (2021). Significant additional conductivity
and Joule heating (the integrated Pedersen conductance between 130-150 km could
be 27~38% of the integrated Pedersen conductance between 90-150km depending on
the geomagnetic activity level) does exist above 130 km (Zhan et al., 2021); however,
this study will only consider the E-region Joule heating below 130 since this is the
altitude region where PFISR can reliably estimate the neutral winds. For conve-
nience, the different energy transfer rates mentioned in this paper are all integrated
with respect to altitude between 90-130 km. Measurements with SNR > -20 dB are
used in this investigation to perform the statistical study with detectable electron
densities. We use a 1 hour running median filter with a 15 minutes time step and
obtain the median energy transfer rates. Each 15-minute time interval must satisfy
a threshold for the number of measurements (18). The raw data has a resolution of
around 10 minutes. A timestep of 15 minutes will ensure small temporal variations
are not smeared out. More details about the PFISR measurements and the proce-
dure to derive the energy transfer rates as well as the limitations of this dataset can
be found in Zhan et al. (2021).

We use the regional local time version of the Supermag Auroral Electrojet in-
dex (SMEr) (Newell & Gjerloev, 2014; Gjerloev, 2012) for the geomagnetic activity
index and divide the data set into three categories corresponding to quiet (SMEr <
100 nT), moderate (100 < SMEr < 200) and active (SMEr > 200 nT) geomagnetic
activity levels. This local index can better characterize the variations of Joule heat-
ing from local observations versus global indices (Thayer, 2000). We use F10.7A (81
day average of F10.7 index) as the solar activity index and divide the data set into
three categories corresponding to low (F10.7A < 95 SFU, SFU: solar flux unit, 1
SFU = 10"22W - m~2 - Hz~! ), medium (95 SFU < F10.7A < 130 SFU) and high
(F10.7A > 130 SFU) solar activity levels.

3 Results

The seasonal variations of the integrated energy transfer rates between 90-
130 km during quiet, moderate and active conditions are presented in Figures 1,
2, and 3, respectively. In each figure, the results for different seasons are presented
as columns (from left to right: spring, summer, fall, and winter) and during differ-
ent solar activity conditions as rows (from top to bottom: All, low, medium, and
high solar activity). For completeness, the overall seasonal variation of the energy
transfer rates during 2010-2019 are presented in the first row. In each subplot, the
green, blue, black, and red curves correspond to the median Joule heating rate @),
passive energy deposition rate Qf , mechanical energy transfer rate Q,,, and EM
energy transfer rate Qgys. The associated shaded light green, light blue, gray and
pink areas correspond to the lower and upper quartiles for @;, Qf , Qm, and Qgu,
respectively. The total number of measurements (count of the 15-min intervals) used
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Table 1. Electrodynamics Parameters, Symbols and the Derivation through PFISR Measure-

ments.

Parameter Symbol Derivation
Electron density Ne ion-line spectra in the E region
Ton velocity V; ion-line spectra in the E region
Electron velocity Ve = Vipeion ion-line spectra in the F region
Neutral wind U, line-of-sight ion velocity® in the E region
Electric field E ~Vigegion X B
Pedersen conductance B gloggflm e (Vv [ (QF + v2,)]Pdz (2, altitude)
Currents J ene(Vi — V)
Passive energy deposition rate Qf YEE2
Joule heating rate Q; YE(E + U, x B)?
Mechanical energy transfer rate Qm U, - (J xB)
Electromagnetic energy transfer rate Qem J-E

?Detailed derivation of the neutral wind can be found in Heinselman and Nicolls (2008).

®Magnetic field: B, gyro-frequency of ion: €; , e: amount of elementary charge, ion-neutral frequency:
Uin, see the definition in Schunk and Nagy (2009) The electron density needed is from the measurements,
and the neutral densities are from the NRLMSISE-00 model (Picone et al., 2002).

in each subplot is labeled. Note the different scales of the vertical axes in Figures
1-3.

Figure 1 shows the results in geomagnetic quiet conditions. The results in the
first row for all years show that the passive energy deposition rate, Q and EM
energy transfer rate, Qgas, are very small (<0.1mW/m?) in most MLT sectors but
there are weak enhancements ( 0.36~0.92mW/m?) in the evening sector (1500 -
2400 MLT) for all seasons. Here the enhancement refers to the increase of energy
transfer rates relative to the small daytime (0600-1500 MLT) values. The magni-
tudes of the Joule heating rate, Q;, are larger (maximum of Q;: 1.2mW/m?) than
the passive energy deposition rate, Q]E , and the electromagnetic energy transfer
rate, Qgnm, in all seasons. These larger magnitudes of @); are mainly due to the
neutral wind-associated mechanical energy. Under quiet conditions the ion drifts
are frequently opposing the neutral winds such that the neutral gas is experienc-
ing a net loss of kinetic energy (negative @,,), and the frictional (Joule) heating
rates are higher than the passive rates would be ignoring the neutral winds (i.e.

i — un|? > |ug]?).

Comparing the results for different seasons, we find that the enhancements
of the median Q Q; and Qg in the evening sectors are weakest in the summer
(0.45mW/m?,0. 60 mW/m?,0.36 mW/m?) and have slightly larger magnitudes in
other seasons (0.50~0.92 mW/m ,0.82~1.18 mW/m?,0.47~0.90 mW/m?). When
comparing the results for different solar activity levels in the following rows, the
maxima, of Qf , @;, and Qg in the same season show a descending trend with the
solar activity level. When comparing the results for different seasons, the maxima
of QJE, Qj, and Qg are smallest in the summer for low and medium solar activity
levels. For high solar activity level, the maxima of Qf , @j, and Q gy show similar
magnitudes in spring and summer and larger values in fall and winter. The mechani-
cal energy transfer rates show enhanced magnitudes in the spring and winter for low
solar activity level and smaller magnitudes during medium and high solar activity
conditions. Detailed comparisons are included in Tables S1 in the Supplemental
Information SI.



Integrated Energy Transfer Rates (Quiet)

Spring Summer Fall Winter

mW/m?
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Figure 1. Energy transfer rates (green: @Q;, blue: Q]-E, black: Qm, red: Qg ) during quiet
condition in different seasons and different solar activity levels. From left to right: spring, sum-
mer, fall and winter. From Top to bottom: All years, low solar activity, medium solar activity
and high solar activity. Shaded areas corresponds to the regions bounded by the upper and lower

quartiles of the energy transfer rates (light green: Q;, light blue: Qf, gray: Qm, pink: Qeum).
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Figure 2. The same as Figure 1 but for results during moderate condition.
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Figure 2 shows the results during moderate conditions that are plot-
ted in a similar format to Figure 1. The results for all years in the first
row show enhancements of the median Qf , @; and Qg in the morn-
ing and evening sectors, with larger enhancements in the evening sector
for all seasons. Further comparison shows that the magnitudes of the en-
hancements of Qf , Qj, and Qg in the evening sector have the follow-
ing order: smallest in summer (2.18 mW/m? 1.98 mW /m?,1.85 mW /m?),
followed by fall (3.86 mW/m?,3.27mW /m?,3.40 mW /m?), spring
(4.45mW/m? 3.87TmW/m?,4.21 mW /m?), and slightly larger in winter
(4.97mW/m?,4.28 mW /m?, 4.45mW /m?). However, there are relatively small
differences in the morning sector. The smallest magnitude of the energy transfer
rate in the summer relative to other seasons is consistent across solar activity levels,
as shown in the second through fourth rows. The solar activity level has a small
impact on the enhancements of energy transfer, especially in the summer and fall.
The differences in the same season among different solar activity levels are less than
1 mW/m? in summer and fall.

When we compare these results with the results in Figure 1, we see that the
increase of the peak energy transfer rates associated with geomagnetic activity is
a factor of five larger relative to the solar activity level for the same season. In ad-
dition, while the mechanical energy transfer rates are still small, we see a short
interval (1900 - 2200 MLT) of positive values in the spring for all solar activity levels
and in the fall and winter mainly for high solar activity level. Positive @, implies
that the neutral atmosphere is accelerated by the plasma forcing.

In Figure 3, during active conditions the results for all years in the first row
show that the enhancements of the peak QJE , @; and Qg in the evening sector
are larger than that in the morning sector for all seasons and the peaks are a factor
of two larger relative to moderate geomagnetic conditions. The mechanical energy
transfer rate is still close to zero in most of the MLT sectors and all seasons ex-
cept for a short interval with positive values in the morning (0200 - 0400 MLT)
and evening (1600 - 2000 MLT) sectors in the spring, fall and winter. Similarly, the
enhancements of the energy transfer rates in the morning sector have similar mag-
nitudes for all seasons, while the enhancements in the evening sector are smallest in
the summer relative to other seasons.

The results for different solar activity levels during active geomagnetic condi-
tions do not show consistent features. The results for low solar activity level in the
evening sector show very small differences with respect to season. The results for
medium solar activity level show the smallest enhancements of energy transfer in
the summer which is consistent with the results for quiet and moderate conditions.
The results for high solar activity level show abnormal large values and less smooth
curves compared to low and medium levels. This could be partially explained by
fewer observations for this solar activity level. For the same reason, the results for
spring, fall and winter show small changes from low to medium solar activity, while
high solar activity level shows large differences compared to low and medium solar
activity levels.

From the results in Figures 1, 2, and 3, we see that the geomagnetic activity
has the strongest impact on the energy transfer rates, followed by seasonal varia-
tions, and last solar activity level variations. We also find that the duration of the
enhancements of energy transfer rates in the morning and evening sectors become
longer and the MLT of the peak shifts towards noontime sector with the increase of
geomagnetic activity similar to what were found by Aikio et al. (2012). We find that
the median energy transfer rates in the evening sector show the smallest enhance-
ment in the summer during most solar and geomagnetic activity conditions, which is
different from observational and modeling results (Foster et al., 1983; Weimer, 2005;



Integrated Energy Transfer Rates (Active)
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Figure 3. The same as Figure 1 but for results during active condition.
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Zhang et al., 2005). A detailed summary of the maximum enhancement of energy
transfer rates in different seasons and different solar activity levels is provided in
Tables S1 in the Supporting Information.

4 Discussion

We find that the geomagnetic activity level has the most significant contri-
bution to the MLT dependence of the auroral E-region EM energy transfer rate
and Joule heating rate, followed by the seasonal variability, and finally solar activ-
ity level at Poker Flat latitude. We seek to understand which terms in the Joule
heating equations are responsible, to first order, for the variability that we observe.
The electric field, neutral wind and conductivity are the main factors in the energy
transfer rates.

It is well-established that the electric field and particle precipitation- related
conductivity are closely related to the geomagnetic activity, therefore, we expected
to observe stronger energy transfer with an increase of geomagnetic activity. How-
ever, it is not well understood what are the seasonal dependencies of the conduc-
tivities and how those seasonal variations impact the EM energy transfer rate. In
particular, the differences of the energy transfer between winter and summer could
be associated with the differences of the particle precipitation-related Pedersen con-
ductivity in the dark and sunlit hemisphere (Ohtani et al., 2009).

Our analysis will focus primarily on variations of the electric field and Peder-
sen conductance. The integrated mechanical energy transfer rates shown above are
comparatively small during moderate and active geomagnetic conditions, therefore,
we will not investigate the integrated contribution from the neutral winds in this
study. However, the altitudinal structure of the neutral winds are known to have a
significant role on the altitude distribution of the energy transfer rates (Thayer &
Vickrey, 1992; Lu et al., 1995; Thayer, 1998b; Fujii et al., 1999; Thayer, 2000; Cai et
al., 2013). The seasonal variations during geomagnetic quiet intervals (AP < 16) of
the neutral winds has been investigated by Nozawa and Brekke (1999).

To compare the relative importance of the seasonal variations of the electric
field and the Pedersen conductance on the auroral E-region energy transfer rates,
we present the results of the median electric field and median Pedersen conduc-
tance in Figures 4 and 5, respectively, and then compare their relative importance
in leading to the seasonal and solar activity dependence of the energy transfer rates.
Given that the magnitudes of the zonal electric field are small relative to that of the
meridional component, we only present the meridional electric field. In Figure 4, the
variations of the meridional electric field are plotted in green, black, blue, and red
curves corresponding to spring, summer, fall, and winter, respectively. The shaded
areas correspond to their lower and upper quartiles. The rows from top to bottom
correspond to quiet, moderate, and active conditions, respectively and the columns
correspond to all, low, medium, and high solar activities, respectively. We present
the variations of Pedersen conductance in Figure 5 in the same way.

We first summarize the key features shown in Figures 4 and 5. The magnitude
of the median meridional electric field in the evening sector is smallest in summer
while it has similar values in spring, fall, and winter during quiet and moderate ge-
omagnetic activity conditions for all solar activity levels. This is consistent with the
smallest enhancements of energy transfer rates in summer relative to other seasons
shown above. The large electric field in the spring and fall equinox can be explained
by the semi-annual variation of the geomagnetic activity (Russell & McPherron,
1973; Lockwood et al., 2020). The electric field is closely related with the geomag-
netic activity. In the evening sector it varies from between 20-25 mV/m during quiet
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Figure 4. Variations of meridional electric field under quiet, moderate and active conditions
(from top to bottom) in different seasons:spring (green), summer (black), fall (blue) and winter
(red) and solar activity levels (from left to right: all (2010-2019), low, medium and high).
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Figure 5. The same as Figure 4 but for Pedersen conductance.

,13,



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

conditions, to between 25-40 mV/m during moderate conditions, and to between
40-60 mV/m during active conditions.

The Pedersen conductance shows large seasonal variations during daytime
while the solar and geomagnetic activity show small impacts on daytime conduc-
tance, which could be explained by the ISR being at subauroral magnetic latitudes
during the day. The nighttime conductance shows a large dependence on geomag-
netic activity while the solar activity and seasonal effects are generally small. The
Pedersen conductance in the evening sector increases from below 2 S during quiet
conditions, to between 2-6 S during moderate conditions, and to between 6-10 S
during active conditions.

During quiet conditions, the conductance around 2100 MLT in the evening
sector is generally larger in the summer. The slightly larger conductance during
summer night could be partially attributed to weak solar EUV illumination, which
is a more pronounced effect during quiet intervals. To maintain current continuity
a larger electric field in the winter/dark hemisphere is needed relative to the sum-
mer /sunlit hemisphere. However, the smaller conductance in winter is not large
enough to offset the larger contribution from E? (see equation for QF in Table 1).
Therefore, we still see larger EM energy transfer and Joule heating rates in the win-
ter. During moderate conditions, the conductance in the evening sector shown in
Figure 5 there is slightly larger in the winter than in the summer, due to the auro-
ral precipitation. Thus there is larger EM energy transfer and Joule heating in the
winter than in the summer during moderate conditions which is the result of both
the electric field and the enhanced conductance. During active conditions, we do
not find a distinction of the electric field and conductance for different solar activity
levels; however, we can still see that the electric field and conductance in the evening
sector are slightly larger in the winter than in the summer from the data for all
years in the first column of Figures 4 and 5.

A detailed calculation of the ratios of E? and the Pedersen conductance be-
tween winter and summer are presented in the Figure 1S in Supplement Information.
These results show that E? mostly dominates the Joule heating term during energy
transfer enhancements in the evening sector. Our observations of a larger electric
field in winter than summer is also consistent with the results from Foster et al.
(1983) and de la Beaujardiere et al. (1991). In addition, Foster et al. (1983) showed
that the Joule heating input is 50% greater in summer than in winter, primarily due
to conductivity enhancements caused by the solar production. For the case where
conductance from particle precipitation is used, Foster et al. (1983) showed that the
summer peaks at dawn and dusk are greatly reduced. The study by Foster et al.
(1983) corresponds to global scales and covers both the E- and F-region ionosphere,
and the E-region conductance has been shown to be less sensitive to solar activity
than the F-region (Sheng et al., 2014). Therefore, it is reasonable to conclude that
the variability of the E-region Pedersen conductance during disturbed conditions in
the evening sector in different seasons is mainly due to particle precipitation. Thus,
the larger energy transfer rates in the evening sector in the winter relative to sum-
mer is consistent with the results excluding the conductance associated with solar
production (Foster et al., 1983).

Joule heating is a result of the closure of field-aligned currents (FACs) in
the E-region, the summer-winter asymmetry of energy transfer can be associated
with the summer-winter asymmetry of the FACs. Ohtani et al. (2009) used a large
dataset of Defense Meteorological Satellite Program (DMSP) satellite observations
to show that the Region 1 current density is larger in the dark hemisphere because
the absence of solar illumination is often overcompensated by more intense and ener-
getic electron precipitation thereby causing larger Pedersen conductance. This larger
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conductance in the dark hemisphere is consistent with the slightly larger conduc-
tance in winter in this study.

Through a comparison between Figure 4 and Figure 5, we find that the geo-
magnetic dependence of the energy transfer enhancement is a result of the combi-
nation of enhanced electric field and conductance because geomagnetic activity is
strongly correlated with large electric fields and Pedersen conductance. These geo-
magnetic dependence of energy transfer rates is consistent with the study by Fujii et
al. (1999) and Aikio et al. (2012).

In addition, there are larger energy transfer rates in the evening sector than in
the morning sector for each season for the same geomagnetic and solar activity levels
which is driven by the larger electric field in the evening sector. Figure 4 shows that
the electric field in the evening sector is much stronger than in the morning sector
in all seasons for all geomagnetic and solar activity levels. Figure 5 shows that dur-
ing all geomagnetic and solar activity conditions, though the median conductance
in the morning sector is slightly larger than in the evening sector, it cannot offset
the larger contribution from the electric field. This morning-evening asymmetry has
been investigated in detail in Zhan et al. (2021) and also reported in Thayer (2000).

5 Conclusion

We present one of the first comprehensive investigations of the Joule heating
and EM energy transfer rates in the high latitude E-region between 90-130 km as a
function of geomagnetic activity, season, and solar activity level. These results are
possible given the unique, nearly continuously sampled incoherent scatter radar data
obtained with PFISR. For this investigation we analyze observations from 2010-2019,
which nearly covers a solar cycle. The results we present also include the contribu-
tion from the neutral winds to the Joule heating rate, making this one of the first
investigations to quantify the neutral wind contribution on the energy transfer rate
as a function of season and solar activity level. We summarize our main findings:

The median Joule heating and EM energy transfer enhancements in the
evening MLT sector show an asymmetry with respect to season; the heating rates
are smaller in summer versus winter and have similar magnitudes in the spring and
fall. The larger energy transfer rates in the evening sector in the winter versus sum-
mer show different characteristics relative to global scale studies by satellites and
numerical simulations (Foster et al., 1983; Weimer, 2005; Zhang et al., 2005). We
find this result during quiet and moderate geomagnetic activity levels, and for all
solar activity levels.

We have demonstrated that the seasonal dependence of the energy transfer
enhancements, to first order, are associated with the seasonal variation of the elec-
tric field. Further analysis shows that during quiet conditions, while the Pedersen
conductance is smaller in the winter than summer, the contribution from the electric
field is much larger, which leads to the larger Joule heating in the evening sector
in the winter. During moderate and active conditions, both the Pedersen conduc-
tance and the electric field contribute to the larger magnitude of Joule heating in
the evening sector in the winter, although the contribution from the electric field is
generally larger than the conductance. We find the conductance to be larger in the
winter than in summer, which is consistent with the results in previous studies on
the dependence of FACs and particle precipitation (Ohtani et al., 2009).

We also compared the relative importance of geomagnetic activity and solar
activity levels on the energy transfer rates. Geomagnetic activity has a larger im-
pact than solar activity. Our results show that the maximum energy transfer rates
increases by a factor of ~ 5 from geomagnetic quiet to moderate condition and by
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factor of 3 from geomagnetic moderate to active conditions for the same season and
solar activity level. However, the change of the energy transfer rates due to the solar
activity for the same season and a fixed geomagnetic activity level is much smaller.
Generally, the change due to solar activity varies from below 1 mW/m?, to around 3
mW/m?2, to around 5 mW/m? for geomagnetic quiet, moderate, and active intervals,
respectively. We find that the geomagnetic activity has the most significant impact
on the EM energy transfer and Joule heating rates, followed by seasonal variability,
and by solar activity variations.

This large dataset of energy transfer rates in the high latitude E-region has for
the first time provided resolved observations of the energy transfer rates which show
seasonal and solar activity dependencies during different geomagnetic activity levels.
These results provide a climatological perspective of the energy transfer rates that
can be used in ionosphere-thermosphere model development.
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