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Abstract lonospheric conductivity plays an important role in the magnetosphere-ionosphere coupling.
The altitudinal distribution of Pedersen conductivity gives us a rough idea about the altitudinal distribution
of Joule heating at high latitudes, which is of great significance regarding the response of upper atmosphere
to geomagnetic energy inputs. Based on the electron density profiles derived from the Constellation
Observing System for Meteorology, lonosphere, and Climate measurements during 2009-2014, Pedersen
conductivity has been estimated. A climatologic study of the height-integrated Pedersen conductivity in
both E (100-150 km) and F (150-600 km) regions, i.e., Z,r and Zp¢, and their ratio (yp = Zpz/Zpe) under
different solar and geomagnetic conditions has been conducted. Both X,; and X, increase with F,,, and Ap
indices. Their ratio is smaller at higher solar flux but larger under more disturbed geomagnetic conditions.
Meanwhile, an interhemispheric asymmetry has been identified in the Ap and F,,, dependencies of yp,
which also varies with local time. These results will help to improve our understanding of the variations

of the altitudinal energy distribution under different solar and geomagnetic conditions and the
interhemispheric asymmetry of the high-latitude electrodynamics.

1. Introduction

Understanding and being able to predict the ionospheric and thermospheric response to geomagnetic
energy inputs is of great importance in the context of space weather. During geomagnetically disturbed
times, magnetospheric energy, in the forms of Joule heating and particle precipitation, flows into the coupled
ionosphere-thermosphere (IT) system and generates a series of disturbances [Buonsanto, 1999; Richmond and
Lu, 2000; Danilov and Lastovicka, 2001]. Such disturbances have strong, adverse impacts on low-Earth orbit
satellite operations, Global Position System (GPS) based navigations, and power grids [Scherer et al., 2005;
Moldwin, 2008]. One of the key factors controlling the energy transfer between the magnetosphere and the
IT system is ionospheric conductivity, which directly determines the Joule heating rate [Thayer et al., 1995;
Strangeway, 2012]. However, not like some other ionospheric parameters, conductivity cannot be measured
directly and is usually inferred from radar measurements of ionospheric electron density [Brekke et al., 1974;
Robinson and Vondrak, 1984; Moen and Brekke, 1993] or satellite measurements of particle precipitation at the
topside ionosphere [Spiro et al., 1982; Robinson et al., 1987; McGranaghan et al., 2015, 2016].

The Constellation Observing System for Meteorology, lonosphere, and Climate (COSMIC) is a joint Taiwan-US
mission, consisting six identical microsatellites [Rocken et al., 2000]. With the radio occultation technique, COS-
MIC has been providing continuous, global measurements of ionospheric total electron density (TEC), which
can be further inverted to electron density profiles (EDPs) by applying an Abel inversion with the assumption
of spherical symmetry of the ionosphere [Hajj et al., 2000; Wu et al., 2005; Schreiner et al., 2007; Lei et al., 2007;
Anthes et al., 2008; Pedatella et al., 2015]. TEC and EDPs from COSMIC measurements have been widely used
in low- and middle-latitude ionospheric studies [Burns et al., 2008; Zeng et al., 2008; Luan et al., 2008; He et al.,
2009; Yue et al., 2010a, 2010b, 2012; Pedatella et al., 2014]. Yue et al. [2013] initiated a data quality investiga-
tion for electron densities derived from COSMIC measurements at high latitudes. Following that, Sheng et al.
[2014] demonstrated the feasibility of utilizing the EDPs from COSMIC measurements to estimate the iono-
spheric conductivity on a global scale. The height-integrated conductivity in both E and F regions, i.e., X,z and
Xpr, and their ratio (yp = Xy /Zpr) have been compared with the Thermosphere lonosphere Electrodynam-
ics General Circulation Model (TIEGCM) outputs, and it is found that the simulated ratio is relatively larger in
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the auroral zone, which indicates the energy input in the high-latitude F region may be underestimated in
the model. Besides COSMIC, DMSP satellites also provide a decent coverage of particle precipitation measure-
ments, based on which ionospheric conductance maps at high latitudes can be constructed [McGranaghan
etal., 2015].

Solar radiation is the major source for ionospheric conductivity, and the relationship between them has
been determined theoretically [Rasmussen et al., 1988] and observationally [Brekke et al., 1974; Robinson and
Vondrak, 1984; Moen and Brekke, 1993]. At high latitudes, particle precipitation becomes another important
source, especially during disturbed times. Many efforts have been devoted to estimate the ionospheric con-
ductivity due to particle precipitation [Vickrey et al., 1981; Spiro et al., 1982; Fuller-Rowell and Evans, 1987; Hardy
et al., 1987; Robinson et al., 1987; Kaeppler et al., 2015; McGranaghan et al., 2015, 2016]. Therefore, both solar
radiation and geomagnetic activity can affect the ionospheric conductivity, but it is not clear how the altitu-
dinal distribution of the conductivity changes under different conditions. In this paper, we present the Ap and
Fi0- dependencies of Pedersen conductance in both E and F regions, i.e., 5 and X, and their ratio utiliz-
ing the EDPs from COSMIC measurements. It is found that both X, and X, increase with Ap and F, ; indices.
Their ratio is larger when the geomagnetic activity is stronger, but smaller when the solar flux is higher.

2. Methodology

COSMIC has been continuously providing 1000+ EDPs per day since launch. COSMIC EDPs in the altitude range
of 100-600 km from 2009 to 2014 have been used in this study. For each positive data point of electron
density, the corresponding Pedersen conductivity was calculated based on the formula in Evans et al. [1977],

en

o= T {Da|mts| ks ) g
where n, is the electron density, B is the magnetic field, C; is the relative concentration of ion species i, v;,
is the collision frequency between an ion of species i and neutral particles, w; is the ion gyrofrequency, v,
is the sum of electron-ion and electron-neutral collision frequencies, and w, is the electron gyrofrequency.
Further details regarding the conductivity calculation from COSMIC EDPs can be found in Sheng et al. [2014].
The calculated Pedersen conductivity was binned to a three-dimensional grid, with the grid size of 2.5° in
latitude, 1 h in MLT, and 5 km in altitude. For each grid, the average conductivity was solved after including
all the electron densities derived from COSMIC measurements. The conductivity was then integrated along
altitude to get height-integrated Pedersen conductivity in the £ (100—150 km) and F (150-600 km) regions,
i.e., Xpp and Xp. At this step, two-dimensional maps (longitudexlatitude) of £, and X, were generated, from
which the distribution of the ratio between Z,; and Z,; (y,) can be obtained.

The dependencies of Zp¢, Zpr, and their ratio y, (Xp:/Zp) on the geomagnetic activity and solar radiation are
investigated in this paper. The geomagnetic activity is divided into three levels, with Ap <15, 15 <Ap < 80, and
Ap > 80. The solar radiation is also divided into three levels, with f,,, <100, 100 < F,,, <150, and F,,, > 150.
Figure 1 shows the Ap and F, ; indices from 2009 to 2014. The two horizontal dashed lines in the Ap plot show
Ap =15 and Ap = 80, respectively. The two in the F,,, plot show F,,, = 100 and F,,, = 150, respectively.
During this period, 91.5% of the time the Ap index was smaller than 15, 8.2% of the time it was between 15
and 80, and 0.3% of the time it was larger than 80. For the F;, index, 43.3% of the time it was smaller than
100, 45.4% of the time it was between 100 and 150, and 11.3% of the time it was larger than 150.

3. Results and Discussion

3.1. Dependence of Height-Integrated Pedersen Conductivity on the Ap Index

Solar extreme ultraviolet (EUV) radiation and particle precipitation are the two major sources for the ioniza-
tion and conductivity in the high-latitude ionosphere. Considerable effort has been made to estimate the
conductivity produced by solar EUV radiation [Rasmussen et al., 1988; Robinson and Vondrak, 1984; Moen and
Brekke, 1990]. The contribution from particle precipitation has also been estimated in many studies [Spiro
etal., 1982; Hardy et al., 1987; Robinson et al., 1987; Fuller-Rowell and Evans, 1987; McGranaghan et al., 2015].
In Robinson et al. [1987], the height-integrated Hall and Pedersen conductivities are related to the average
energy and energy flux of precipitating electrons. In this section, the dependencies of X, X, and the ratio
7p on the Ap index are examined. The Ap index, which is an indicator of geomagnetic activity level, can also
be used as a proxy for particle precipitation. The larger the Ap index is, the stronger the particle precipitation
and the conductance are expected.
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Figure 1. Ap and F; 7 indices during 2009-2014. The two red dashed lines in the Ap plot mark Ap = 15 and Ap = 80,
respectively. The two in the F;q 7 plot mark F;q 7 = 100 and F;( ; = 150, respectively.
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Figure 2. Pedersen conductance in the (left column) E region (Zpg), in the (middle column) F region (Zp), and (right column) their ratio (£pg /Zpg) under
(top row) quiet (Ap < 15), (middle row) moderate (15 < Ap < 80), and (bottom row) severe (Ap > 80) geomagnetic conditions in the Northern Hemisphere.
Magnetic coordinates are used. The dashed rings label the magnetic latitudes of 55°, 65°, 75°, and 85°, respectively. Each column shares the same color bar.
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Figure 3. Same as Figure 2 but in the Southern Hemisphere.

Figure 2 shows X, (left column), 2, (middle column) and their ratio y, (Zp¢/Z 4, right column) in the Northern
Hemisphere under quiet (Ap < 15, first row), moderate (15 < Ap < 80, second row) and severe (Ap > 80, third
row) geomagnetic conditions. COSMIC-derived electron densities from 2009 to 2014 have been utilized to
generate these figures. Magnetic Apex coordinates are applied, and the dashed rings label the magnetic
latitudes of 55°, 65°, 75° and 85°, respectively. We will focus on the results under quiet and moderate
geomagnetic conditions, since the data coverage is poor under severe conditions.

X maximizes on the dayside for all conditions, due to the strong ionization caused by the EUV radiation. X,
also has a localized peak in the nightside auroral region, which results from the auroral particle precipitation.
The localized peak on the nightside under moderate conditions is larger than that under quiet conditions,
changing from ~2-3 S to ~5-6 S. It is reasonable since auroral particle precipitation is more intense when
geomagnetic activity is stronger. Furthermore, the nighttime peak under moderate conditions is comparable
to the daytime peak, which demonstrates the significance of the contribution of auroral particle precipitation
to the total conductance. Z,; also maximizes on the dayside as Z,;. During quiet time, X, on the nightside
is relatively low and in the auroral zone it is ~0.5 S. Under moderate conditions, the magnitude increases to
~1.0 S, which indicates a considerable increase of electron density at F region altitudes caused by particle
precipitation, especially by soft particles [Fang et al., 2008; Millward et al., 1999]. It is also found that under
moderate conditions, Z, in the premidnight sector is relatively larger than that in the postmidnight sector.
As for the ratio yp (Zpe/2Zpe), it maximizes on the nightside in the auroral zone under all conditions. Although
X,r does increase on the nightside from quiet to moderate conditions, X increases a lot more since most
of the magnetospheric energy is dissipated in the auroral E region. Moreover, the maximum ratio y, under
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Figure 4. Comparisons of Zpg, Zpr, and their ratio (Zpg/2pr) between the two hemispheres at (left column) MLT =
21-22 and (right column) MLT = 02-03 under different geomagnetic conditions. For each local time, the location with
maximum Zp is selected to ensure the comparisons in the auroral zone. Blue lines show for the Northern Hemisphere,
and red lines show for the Southern Hemisphere. In the (top row) conductance plots, solid lines plot Xy and dashed
lines plot Zpf. Error bars represent standard deviation.

moderate conditions (~5.5) is larger than that under quiet conditions (~4.7), and the region with large ratio
expands, which is likely related to the expansion of the auroral zone during active times. It is also interesting
to notice that y, is slightly larger in the postmidnight sector than in the premidnight sector, which calls for
further investigation.

Figure 3 is the same as Figure 2 except for the Southern Hemisphere. The two hemispheres share very similar
features as mentioned above, but some differences can be easily identified, such as slightly larger conduc-
tance and smaller ratio y, under all conditions in the Southern Hemisphere. Sheng et al. [2014] have identified
an interhemispheric asymmetry, in which the seasonal variation of the maximum ratio in the Southern Hemi-
sphere is larger than that in the Northern Hemisphere. Here we further investigate the local time dependence
of the asymmetry. Two local times have been chosen, one in the premidnight sector (21-22 MLT), and the
other in the postmidnight sector (02-03 MLT). As shown in Figures 2 and 3, the maximum ratio is not nec-
essarily coincident with the maximum XZp;. Therefore, instead of directly comparing the maximum ratio, the
locations with maximum Z,; in each local time sector have been selected first to focus on the comparison in
the auroral zone. X, X5, and y, at those locations are then plotted out together for comparison as shown
in Figure 4. The comparison for the premidnight sector is shown on the left, and the postmidnight sector on
theright. 2, X, and y, show a relative standard deviation of 10%-30% as indicated by the error bars. lono-
spheric conductance change with solar and geomagnetic activities and may also have longitudinal, seasonal,
and other dependency. These factors contribute to the standard deviation, in addition to the observational
uncertainty. In the premidnight sector, X, and X, are very symmetric between the two hemispheres, and
thus y; is very close. However, in the postmidnight sector, both X, and X are slightly larger in the Southern
Hemisphere, which may result from the unequal solar radiation in the auroral zone between the two hemi-
spheres due to the displacement between the geomagnetic and geographic poles. y, is actually larger in the
Northern Hemisphere in the postmidnight sector. The difference of the ratio between the two hemispheres
is larger in the postmidnight sector than in the premidnight sector, which implies the local time dependence
of interhemispheric asymmetry. We suspect that not only solar radiation but also auroral activity are differ-
ent in the auroral zone between the two hemispheres. Newell et al. [2009] showed that the discrete aurora
peaks in the premidnight sector and the diffuse aurora distributes from the premidnight sector to the early
morning sector. Therefore, the asymmetry found in this study implies that the diffuse aurora intensities may
be different in the two hemispheres.

Due to the limitation of available data, the solar flux effect was not separated when investigating the Ap
dependency of X, Xy, and yp. It can be seen from Figure 1 that the Ap index was more likely to be larger than
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Figure 5. (left column) Zpg, (middle column) Zp, and (right column) their ratio (2 /Zpr) under different levels of solar radiation, (top row) F;¢ 5 < 100,
(middle row) 100 < F;q7 < 150, and (bottom row) F;q 7 > 150 in the Northern Hemisphere.

15 from 2011 to 2015 when the F, ; was relatively larger. As we calculated the average F, ; and Ap indices for
each longitude-latitude bin, the average F,, ; index rises from ~95 to ~110 at most bins when the geomag-
netic condition changes from quiet (Ap < 15) to moderate (15 < Ap < 80). Meanwhile, the average Ap index
jumps from ~4.5 to ~29. Therefore, the influence of change in solar flux should be secondary compared with
that of change in geomagnetic activity.

3.2. Dependence of Height-Integrated Pedersen Conductivity on the F,, ; Index

lonospheric conductivity at high latitudes is also strongly influenced by solar radiation. Analytic relationship
between ionospheric conductance and F,, ; index has been examined both theoretically and observationally
in previous studies [Robinson and Vondrak, 1984; Rasmussen et al., 1988; Moen and Brekke, 1993]. All these stud-
ies suggested an increase of the ionospheric conductance with increasing F, ;. Figure 5 shows the variation
of Xpr and X with solar radiation in the Northern Hemisphere derived from COSMIC observations. Only data
under quiet geomagnetic conditions (Ap < 15) are considered to minimally exclude the influence of geomag-
netic activity. In Figure 5, first row shows the results for F,, ; <100, the second row for 100 < F,,, <150, and
the last row for F,,; > 150. In Figure 5 (top to bottom), both X, and X, show an increase with the F,, ; index.
For example, the magnitudes of X,; at noon and midnight at 65°N increase from 3.9 Sto 5.0 Sand 2.4 S to 3.2
S, respectively, and the percentage increase are close to 25% and 35%, respectively. Meanwhile, the magni-
tudes of X, increase from 1.5S to 3.4 Sand 0.4 S to 0.9 S, respectively, which are more than 100% increase. It
also shows that the region with larger conductance expands to higher latitudes when solar activity is stronger.
The variation of the ratio is shown in Figure 5 (right column). The ratio again maximizes in the nighttime
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Figure 6. Same as Figure 5 but in the Southern Hemisphere.

auroral region in all three categories. With increasing solar flux, the ratio actually decreases. Although only
observations under geomagnetically quiet conditions are used, it is still possible that the particle precipita-
tion changes at certain level with the solar activity. Based on the DMSP particle measurements from 1984 to
1995, Newell et al. [1998] reported that the occurring frequency of intense aurora (>5 erg cm=2 s~') decreased
with solar flux for sunlit conditions and was unaffected for dark conditions. Utilizing 13 years of electron data
from the FAST satellite, Cattell et al. [2013] reached a similar conclusion for the sunlit conditions but found
a negative correlation between the occurring frequency of intense aurora and solar flux. Meanwhile, Zhou
et al. [2016] concluded that the aurora power in the nightside aurora oval under dark conditions decreased
linearly with solar flux under geomagnetically quiet conditions (Kp = 1-3), by combing observations from
TIMED/Global Ultraviolet Imager and DMSP/Special Sensor Ultraviolet Spectrographic Imager from 2002 to
2014. Therefore, both solar and aurora activities contribute to the decreasing trend of the ratio with solar flux.
More detailed discussions have been included in the following paragraphs.

Figure 6 shows the variations of X, X5, and y, with solar radiation in the Southern Hemisphere. Again, the
two hemispheres share very similar features. But the influence of solar radiation on X,; and X, is stronger
in the Southern Hemisphere since the magnetic South Pole locates at a lower geographical latitude, which
means the magnetic South Pole receives more sunlit than the magnetic North Pole in average. Both X, and
Y, in the Southern Hemisphere are larger than that in the Northern Hemisphere. Meanwhile, the ratio in the
Southern Hemisphere is slightly smaller than that in the Northern Hemisphere since the ratio decreases with
stronger solar radiation.
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Interhemispheric asymmetry has been investigated in a number of studies and identified in different iono-
spheric and thermospheric parameters, e.g., hemispheric power [Luan et al., 2010; Zheng et al., 2013], ion
convection pattern [Lu et al., 1994; Lukianova et al., 2008; Pettigrew et al., 2010], and neutral density responses
to geomagnetic storms [Ridley et al., 2012]. In Sheng et al. [2014], an interhemispheric asymmetry that the
seasonal variation of the ratio between X, and X, is larger in the Southern Hemisphere than in the North-
ern Hemisphere has been recognized. In this paper we further examine the interhemispheric asymmetry and
focus on the local time dependence. Similar to the procedure in section 3.1, the dependence of X, 2., and
7p on the F,,; index at the center of the nighttime auroral zone (where X,; maximizes) has been compared
between the two hemispheres at two different local times, 02-03 MLT and 21-22 MLT, as shown in Figure 7.
Interestingly, the difference of the ratio between the two hemispheres is again larger in the postmidnight
sector than in the premidnight sector. First of all, solar radiation is not equal between the auroral zones in
the two hemispheres due to the tilt and shift of the geomagnetic poles. The auroral activity is not symmetric
between the two hemispheres as well [Luan et al., 2010; Laundal and @stgaard, 2009]. Furthermore, even in the
same hemisphere solar radiation and auroral activity are not evenly distributed between the premidnight and
postmidnight sectors in the auroral zone. While the solar radiation is evenly distributed along geographical
longitudes, the geomagnetic activity and auroral zone are oriented according to the geomagnetic coordi-
nates, which were used to bin the data. As mentioned in the last section, the discrete aurora is found to peak
in the premidnight sector and the diffuse aurora distributes from the premidnight to early morning hours
[Newell et al., 2009]. Additionally, the responses of the auroral power under dark conditions to solar activity
have been found to be different between premidnight and postmidnight sectors [Zhou et al., 2016]. All these
factors may contribute to the local time dependence of the ratio and the interhemispheric asymmetry iden-
tified in this study. While the mean value of the ratio shows a modest difference in the postmidnight sector
between the two hemispheres as discussed above, it has also been noticed that the differences are within the
error bars, which indicate strong variations of the ionospheric conductivity in the nighttime auroral zone.

Geomagnetic activity and solar radiation control the conductance at high latitudes in different ways. Z;
increases with geomagnetic activity significantly, due to intensified auroral precipitation. X, also increases
due to the stronger ionization at F region altitudes by auroral precipitation and plasma transport. Meanwhile,
a positive correlation has been found between solar flux and ionospheric conductances (X, and Z,;) from
Figures 5 and 6. However, the ratio between X, and X, generally increases with the Ap index but decreases
with the F,,; index. This is related to the altitudinal distribution of energy associated with geomagnetic activ-
ity and solar radiation. lonization caused by auroral particle precipitation (~ keV) usually maximizes in the
E region, while the ionization due to solar radiation peaks around 150 km [Knipp et al., 2004, and references
therein]. Therefore, with increasing Ap index, the enhancement in Z; is relatively larger than that in Zp,
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which results in a larger ratio. The situation is opposite with increasing F,, ; index, the enhancement in Z; is
relatively larger and leads to a smaller ratio.

Altitudinal distributions of the Pedersen conductivity and energy deposition by Joule heating are crucial to
accurate modeling of the neutral density response [e.g., Deng et al., 2013]. In Sheng et al. [2014], the ratio
between X, and 2, derived from COSMIC EDPs was found to be smaller than those from TIEGCM simulations
in the auroral zone, which indicates that the energy deposited in the F region may be underestimated in
TIEGCM simulations. In this paper, the ratio is found to change with Ap and F, ; indices, which implies that the
altitudinal distribution of energy deposition may also vary under different solar and geomagnetic conditions.
These findings will help to quantify the altitudinal distribution of energy deposition in general circulation
models and improve the simulations of neutral density variation.

4. Summary

COSMIC observations from 2009 to 2014 have been used to estimate the height-integrated Pedersen con-
ductivity in the E (100-150 km) and F (150-600 km) regions. Ap and F,, ; dependencies of Z,, -, and their
ratio y, have been examined. Both X, and X, increase with the Ap and F, ; indices. Their ratio peaks in the
postmidnight sector and increases with the Ap index but decreases with the F,, ; index. It is also found that
the conductance (both X, and Z;) in the Southern Hemisphere is slightly larger than that in the Northern
Hemisphere, since the south magnetic pole receives more sunlit. The difference of the ratio between the two
hemispheres in the postmidnight sector is found to be larger than that in the premidnight sector. The possible
mechanisms for the interhemispheric asymmetry in ionospheric conductance and their ratio include unequal
energy inputs between the two hemispheres and uneven solar radiation and auroral activity between the pre-
midnight and postmidnight sectors in the auroral zone. Further studies are needed to help fully understand
the asymmetry.
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