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Abstract when the geomagnetic field is weak, the small mirror force allows precipitating charged
particles to deposit energy in the ionosphere. This leads to an increase in ionospheric outflow from the
Earth's polar cap region, but such an effect has not been previously observed because the energies of the ions
of the polar ionospheric outflow are too low, making it difficult to detect the low-energy ions with a
positively charged spacecraft. In this study, we found an anticorrelation between ionospheric outflow and
the strength of the Earth's magnetic field. Our results suggest that the electron precipitation through the
polar rain can be a main energy source of the polar wind during periods of high levels of solar activity. The
decreased magnetic field due to spatial inhomogeneity of the Earth's magnetic field and its effect on outflow
can be used to study the outflow in history when the magnetic field was at similar levels.

Plain Language Summary Earth, Venus, and Mars have very different atmospheres although
they are thought to possess similar atmospheres about 4.5 billion years ago. One of the main reasons
considered for the losses of H,0O and O, is dramatic decreases in the dipole magnetic field on Venus and
Mars. Although the Earth has kept its intrinsic magnetic field, there are variations in both orientation and
strength. Previous observations have confirmed that atmospheric loss is controlled by the orientation of
the geomagnetic dipole. However, the effect of variations in the strength of the Earth's magnetic field on
atmospheric outflow has not been addressed. In this study, we have focused on the polar wind, the dominant
ionospheric outflow from the polar regions. Our results reveal an anticorrelation between the outflow

and the strength of the Earth's magnetic field, offering us a clue on the ionospheric and atmospheric
evolution with a changing magnetic field.

1. Introduction

Over the last few decades, ionospheric outflow has been recognized as a significant supplier to the plasma in the
Earth's magnetosphere (Chappell et al., 1987). Outflow plays an important role in magnetosphere-ionosphere
coupling and magnetospheric dynamics. It is also believed that the ionospheric outflow could affect the evolu-
tion of the atmosphere (Moore & Horwitz, 2007; Wei et al., 2014; Yamauchi, 2019).

Among various ion escape mechanisms, the polar wind is attributed to a significant amount of ions escaping
from the polar cap ionosphere (Axford, 1968; Banks & Holzer, 1968; Ganguli, 1996; Yau et al., 2007). At low
altitudes, electrons have higher velocities than ions. The different scale heights between electrons and ions
form an ambipolar electric field along the magnetic field lines. As the magnetic field lines in the polar caps
are open and extended to the magnetotail lobes, ions primarily extracted by the ambipolar electric field could
eventually escape and enter the magnetotail. Because of their ionospheric origin, ions in the polar wind are
characterized as cold ions with both thermal energies and kinetic energies lower than a few tens of eV. Due
to their low energies, cold ions of the polar wind are difficult to measure with an ion spectrometer on a posi-
tively charged spacecraft.

Both solar radiation and solar wind energy input are considered to drive the polar wind outflow. The solar
radiation, containing extreme ultraviolet (EUV) radiation is essential for the formation of the ionosphere
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and ions available for outflow (André et al., 2015; Engwall et al., 2009). Heating due to lower frequency
radiation (e.g., in infrared ranges) enhances the ambipolar electric field and the polar wind outflow. The
solar wind energy input, on the other hand, causes particle precipitation and Joule heating in the polar
cap, for example, as calculated by Lu et al. (2016) for a geomagnetic storm. In the polar cap, the
superthermal electrons in the solar wind precipitate along the open field lines in the magnetotail to the
ionosphere with energies of a few hundreds of eV (Newell et al., 2009). Electron precipitation through this
mechanism is defined as the polar rain, which could be one of the main energy sources of the polar wind.
However, it is still not clear whether the polar rain influences the polar wind.

The polar wind is also influenced by the changes in the Earth's magnetic field. The diurnal and seasonal
changes in the dipole tilt angle of the geomagnetic field have been found to influence the polar wind. The
dipole tilt angle modulates the solar zenith angle (SZA) and hence the solar irradiation over the polar cap
around the dipole axis. This effect has been addressed in both simulations (e.g., Barakat et al., 2015;
Glocer et al., 2012; Su et al., 1998) and observations (e.g., Kitamura et al., 2011; Li et al., 2017, 2018; Maes
et al., 2017). Furthermore, the dipole tilt angle also influences magnetosphere-ionosphere coupling as simu-
lated by Cnossen and Richmond (2012). In addition, the review paper of Laundal et al. (2017) gives a com-
prehensive survey of the north-south asymmetries in the magnetic field at polar latitudes and their
consequences for magnetosphere-ionosphere-thermosphere coupling.

The strength of the Earth's magnetic field is thought to affect the ionospheric outflow. With a strong mag-
netic field in the polar cap, a large upward magnetic mirror force allows the precipitating plasma with con-
stant energy to penetrate shallow into the ionosphere. As the polar rain is relatively homogenous in the polar
cap, there should be an anticorrelation between the polar wind and the strength of the Earth's magnetic
field. However, this effect on the polar wind has not been addressed because of the difficulty in measuring
the cold ions as mentioned above.

In this study, we have utilized a data set of cold ions to investigate the correlation relationship between the
ion outflow (including density and particle flux) and the strength of the Earth's magnetic field.

2. Data and Methods
2.1. Cold Ion Outflow in the Topside Ionosphere

The method to derive the bulk velocity of cold ions in the magnetosphere has been introduced by Engwall
et al. (2009). They have analyzed the wake electric field downstream of the Cluster spacecraft in flows of cold
ions. With this method, André et al. (2015) have utilized measurements from two Cluster spacecraft (C1 and
C3) from July to November during each year from 2001 to 2009 (C1) and 2010 (C3, excluding 2006), covering
a large part of solar cycle 23. The number of records is approximately 330,000, and of these, approximately
320,000 records are identified as tailward flow.

The density of cold ions is derived from a functional dependence between spacecraft potential and ambient
electron density (Lybekk et al., 2012), assuming the electric neutrality of plasma. It should be noted that the
cold ion data set mainly contains information on protons because the wake method is more sensitive to light
ions. Nevertheless, H* is the dominant population in the polar wind (Su et al., 1998). For details on data
selection and error estimation, we refer to a previous study (André et al., 2015). Their data set contains
the density (1,,4¢) and parallel velocity (V) jnqg) Of cold ions in the magnetosphere.

To obtain the parallel velocity of cold ions in the topside ionosphere (V})), Li et al. (2017) have conducted par-
ticle tracing with input from the above data set. In the particle tracing, the cold ions of the polar wind are
considered to move in a magnetic flux tube, while the magnetic flux tube is moving tailward due to the mag-
netospheric convection. Along the magnetic field lines, cold ions experience accelerations such as those due
to the centrifugal force and gravity. The motion of cold ions follows the guiding center equation. The mag-
netic field used for particle tracing is given by the Tsyganenko TO1 model (Tsyganenko, 2002a, 2002b).
Assuming the conservation of particle flux in a magnetic flux tube, the density of cold ions in the topside

. . . B*(nmag*vl\.mag)
ionosphere (n) is obtained by n = ————+
Binag*Vi

in the ionosphere and the magnetosphere, respectively. Li et al. (2017) have found approximately 237,000

, where B and By, denote the strengths of the magnetic field
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records of cold ion density, velocity, and particle flux (Fp = nV))) at 1,000 km altitude. Their tracing results
have been used in the study by Li et al. (2018) and in this study.

2.2. Sorting Data According to Internal Driver

The internal driver is the strength of the Earth's magnetic field (IBl in the following). In the polar cap, the
precipitation of charged particles is impeded by the local magnetic field close to the Earth. On one end of
the field line in the magnetotail lobes where electrons start to precipitate toward the Earth, the strength
of local magnetic field is measured as about 10 nT from approximately 30 to 220 Re (Slavin et al., 1985),
although the field lines eventually connect to the Sun. On the other end of the field line at the surface of
the Earth, |Bl varies from ~3 x 10* to ~6 x 10* nT due to spatial inhomogeneity of the Earth's magnetic field
in the polar region. This leads to different gradients of the magnetic field strength along the field lines and
hence different mirror forces for precipitating electrons from the magnetotail along the field lines with the
same magnetic moment. A smaller |Bl at the surface of the Earth and thus a smaller overall magnetic mirror
force allows an electron to penetrate deeper in the atmosphere/ionosphere, and to cause more heating and
ionization. The heating due to collisions enhances the ambipolar electric field that accelerates ion outflow.
The ionization provides oxygen ions for the charge exchange between oxygen ions and hydrogen atoms
(Barakat et al., 1987; Richards & Torr, 1985). Therefore, the high density and flux of the
proton-dominated polar wind tends to be observed at locations with small IBI. In this study, |Bl is obtained
from the international geomagnetic reference field (IGRF11) model combined with the Tsyganenko
TO1 model.

For a long time, the southern hemisphere has been known to have a large inhomogeneity of |B in the polar
cap at a fixed height compared to the northern hemisphere. The much larger range between minimum and
maximum values of |Bl at a fixed height inside the polar cap, for example, in Figure 1 of Forster and
Cnossen (2013), makes the southern hemisphere more favorable for this study. Therefore, we have only
focused on the polar wind in the southern hemisphere.

2.3. Data Selection According to External Drivers

One of the external drivers of the polar wind is the solar wind energy in terms of Poynting flux that enters the
polar cap ionosphere, which affects the Joule heating and particle precipitation. Both of these could be
enhanced during times of enhanced geomagnetic activities. Several indices have been introduced to estimate
the energies from the two mechanisms. For example, investigations on Joule heating as a function of the aur-
oral electrojet (AE) index have been carried out by Ahn and Akasofu (1983) and Baumjohann and
Kamide (1984). Chun et al. (2002) have studied the correlation between Joule heating and the polar cap
(PC) index. The AE index has also been found to correlate with the energy dissipation due to electron pre-
cipitation (@stgaard et al., 2002). In this study, we have used the AFE index as an indicator of energy dissipa-
tion in the polar region from the two mechanisms.

Electron precipitation from the solar wind to the polar cap ionosphere via the open field lines in the magne-
totail lobes, which is defined as the polar rain, depends on the sign of the x component of the interplanetary
magnetic field (IMF) (Gosling et al., 1985; Newell et al., 2009). This is explained by field lines connecting to
the solar wind. When the IMF B switches from negative to positive, the southern hemisphere becomes a
favored hemisphere for the polar rain. The density of the precipitating electron is three to eight times higher
in the favored hemisphere than that in the other hemisphere (Gosling et al., 1985), although the polar rain
density does not correlate with the density of the solar wind (Riehl & Hardy, 1986). In the polar rain of either
hemisphere, the halo and the core components of the solar wind electrons with low energies and isotropic
distributions are commonly observed. Additionally, the field-aligned Strahl component of the solar wind
electrons with relatively high energies is also commonly observed in the favored hemisphere (Fairfield
& Scudder, 1985).

We have confined our selection of the data with IMF By < 0 for the southern hemisphere in the following sta-
tistics. Because the field lines in the favored hemisphere are more directly connected to the solar wind on the
dayside than the nightside, the particle flux of electron precipitation exhibits a strong noon-midnight gradient
(Gussenhoven & Madden, 1990), which affects the polar wind. In addition, the precipitating electrons have
more field-aligned electrons in the hemisphere favored for the polar rain. They are more likely to be lost in
the atmosphere. In terms of energizing the polar wind, they behave differently from the polar rain electrons
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Figure 1. An example of identifying the anticorrelation between outflow and |BI for outflow with the AE index between 250 and 350 nT and SZA between 80° and
90°, when the Fy( 7 index was between 150 and 200 sfu. (ae) The AE index, SZA, the F;( 7 index, n, and Fp as functions of |B| are shown, respectively. Where n and
F, are the density and the particle flux of cold ion outflow at the topside ionosphere, respectively. The red and black dots represent the values for IMF By

< 0 and for IMF By > 0, respectively. The blue circles and vertical bars in Figures 1d and 1le represent the 99% confidence intervals and the mean values,
respectively, for IMF By < 0 in each interval of |BI (103 nT cadence). The confidence intervals and mean values are calculated for the intervals with more than 40
data points. Some of the confidence intervals overlap the mean values as they are sufficiently small compared to the scale of the y-axis.

in the unfavored hemisphere. The outflow densities and fluxes with IMF B, > 0 are often larger than those with
IMF By < 0. This is demonstrated in Figures 1d and 1e as an example and is explained in section 3.

Another external driver is the solar EUV irradiation which can be parameterized by the F ; index. To elim-
inate the effect of a large variation in the F;, ; index during the solar cycle, we have confined the data selec-
tion with respect to the Fo 7 index in a relatively narrow range (between 150 and 200 sfu). Outflow in other
ranges will also be discussed at the end of the next section.
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With the Earth's rotation and revolution, the diurnal and seasonal changes in the dipole tilt angle modify the
SZA within the polar cap surrounding the dipole axis, which eventually modulates the EUV irradiation over
the polar cap. As there is only a small variation in the F,, ; index of selected data, we have used the SZA to
sort the data.

3. Observational Results

Figure 1 shows an example in which all the records have been collected when the AE index was between
250 and 350 nT, SZA was between 80° and 90°, and the F,( - index was between 150 and 200 sfu. With
these criteria, approximately 1,300 data points recorded in 8 days have been selected. Of these, approxi-
mately 980 data points have been found with IMF By < 0. From top to bottom, Figure 1 shows the AE
index, SZA, the F,q; index, n, and Fp as functions of |BI, respectively. The red dots in each panel represent
the parameters for outflows with IMF By < 0. For IMF By < 0, the blue vertical bars and circles in
Figures 1d and 1le represent the 99% confidence intervals and the mean values of the corresponding out-
flow parameters in each 10° nT interval of |BI, respectively. Values calculated from less than 40 data points
in each 10° nT interval of |B are removed for reliability, although requiring at least 30 or 50 data points
does not change our conclusions. Figure 1d shows that the mean n decreases with increasing |Bl, while
all other parameters shown in Figures lalc do not systematically vary with |BI. Similarly, Figure 1e shows
that the mean Fp is anticorrelated with |Bl. The 99% confidence intervals are smaller than the variation of
either n or Fp, indicating that uncertainties of measurement are small compared to the variation of
the outflow.

The black dots in Figure 1 represent the data selected with the same criteria on the F ; index, the AE index,
and SZA as those shown in red, except the IMF By being positive. When IMF B; is positive, the southern
hemisphere is favored for the polar rain, a larger density of the polar rain enables a higher density and par-
ticle flux of the polar wind than when the hemisphere is unfavored for the polar rain (shown in Figures 1d
and le, respectively).

The data with |Bl at 1,000 km altitude being between 3.6 x 10> and 3.8 x 10° nT are used to quantify the effect
of the polar rain, because the number of data points for IMF B, < 0 is comparable to that for IMF B, > 0.
With fixed energy sources except the polar rain, our calculation shows that the mean value of n increased
by approximately 50% as the hemisphere turns from unfavored to favored for the polar rain. Likewise, the
polar rain causes an increase of approximately 20% in F,. These increases are smaller than and comparable
to that caused by the solar wind energy input in terms of Poynting flux and solar EUV, which are shown in
Figure 3a (for n) and Figure 3c (for Fp) of Li et al. (2017).

A similar dependence of the outflow on the direction of IMF By is found in others ranges with the same and
higher Fjq ., suggesting that the polar rain could be one of the main energy sources of the polar wind.

The anticorrelations between the outflow and Bl were also identified in other subsets in various ranges of
the AE index and SZA, with IMF By < 0, and F;( 7 index between 150 and 200 sfu. Following the same pro-
cedure as that in Figure 1, Figures 2 shows the mean values and the 99% confidence interval of n as a func-
tion of |Bl at 1,000 km altitude. Figure 3 shows the same as Figure 2, but for that of F,. The anticorrelation is
identified by the fact that the mean values of n or F,, decrease with increasing |Bl, while there is no systematic
change in other parameters. The confidence interval as a measure of uncertainty of measurement being
smaller than variation is another criterion for identifying the anticorrelation. The ranges of the AE index
and SZA for each subset are indicated in the corresponding panel. Only the subsets with sufficient data
points and relatively large spans in |BI (at least three mean values in the range of IBl shown in each panel)
for analysis are shown in these figures.

We have sorted these subsets into three categories. Category 1 is for the subsets in which both n and Fp are
anticorrelated with |Bl. In category 2 subsets, only n is anticorrelated with |Bl. Category 3 denotes the subsets
in which neither n nor F,, is anticorrelated with |Bl. The category of each subset is indicated in the corre-
sponding panel by the red-colored number.

Figure 4b shows an overview of identifying the anticorrelations in subsets with various ranges of AE
index and SZA for the southern hemisphere when the F,o, index was between 150 and 200 sfu and
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Figure 2. Mean values and 99% confidence intervals of n as functions of |Bl at 1,000 km altitude in various ranges of the AE index and SZA (indicated in each
panel) when the F( ;7 index was between 150 and 200 sfu and IMF By was negative. All the subsets with sufficient numbers of data points and span in

|Bl are included in this figure. The red-colored number in each panel indicates the category of the subset that is determined from the type of correlation between n,
F), and |B| as described in the text.

IMF By was negative. In total, approximately 23,000 records of polar wind were selected. The colored
pixels indicate the numbers of data points. Numbers 1 and 2 in pixels denote categories 1 and 2
subsets of anticorrelation, respectively (they are also detailed in Figures 2 and 3). In addition to
subsets of categories 1 and 2 anticorrelations, there are category 3 subsets in which the anticorrelation
is not identified. The category 4 subsets are defined as the subsets in which the correlation cannot be
identified because of a small number of data points or a small span in |Bl. Here, the occurrence rate
of the anticorrelation between n and Bl is approximately 71% and was calculated from the number of

LI ET AL.

6 of 12



o~
AGU

ADVANCING EARTH

AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2020JA027802

8
15 x 10
@ s ® . © . @ .
= ,150)nT AE=[250,350)nT AE=[250,350)nT AE=[350,450)nT
- 10 & SZA=[ 70, 80)deg & SZA=[ 80, 90)deg & SZA=[ 90,100)deg & SZA=[ 80, 90)deg
()
o
£
A
a 5
u. \
*o
0
8
15 x 10
e f h
( ) AE=[350,450)nT ( ) AE=[550,650)nT (g) AE=[450,550)nT ( ) AE=[450,550)nT
- 10 & SZA=[ 90,100)deg & SZA=[ 80, 90)deg & SZA=[ 70, 80)deg & SZA=[ 60, 70)deg
(/]
o
£
L [\
o 5 W
T
0
8
15 x 10
(I) AE=[250,350)nT (l) AE=[350,450)nT (k) AE=[150,250)nT (I) AE=[150,250)nT
- 10 & SZA=[ 70, 80)deg & SZA=[ 70, 80)deg & SZA=[ 80, 90)deg & SZA=[ 90,100)deg
(/]
o
£
L
nt 8 o T /\ ”ﬂ
0
15 « 108 32 34 36 3.8 4 4232 34 36 3.8 4 4.2
4 4
(m) (n) 1Bl 1000 km [NT] x 10 1Bl 1000 km [NT] x 10
AE=[350,450)nT AE=[450,550)nT
- & SZA-=[ 60, 70)deg & SZA=[ 80, 90)deg
'w 10
o
5
= —t
L
0
32 34 36 3.8 4 4232 34 36 3.8 4 4.2
4 4
IB|h=1ooo km [nT] x 10 IBIh=1ooo km [nT] x 10

Figure 3. The same as Figure 2, but for the values of Fp. Compared to Figure 2, the anticorrelation does not appear in Figures 3h and 3i, suggesting they are the
category 2 subsets. The subsets shown in Figures 3k3n are category 3 subsets, as the anticorrelation appears neither in Figures 2k2n nor in Figures 3k3n.

categories 1 and 2 subsets divided by the number of categories 1, 2, and 3 subsets. Similarly, the
occurrence rate of the anticorrelation between Fp and |Bl is approximately 50%.

The same analysis procedure has been done for outflow with the F;, ; index smaller than 150 sfu (approxi-
mately 20,000 data points). As demonstrated in Figure 4a, 17 subsets are found with sufficient data points
and coverage in |Bl. Two of them are identified as category 1 subsets in our data set. Figure 4c shows the ana-
lysis for the outflows with the F;, 7 index larger than 200 sfu (approximately 7,800 data points), only two out
of eight subsets that contain sufficient data points with sufficient span in |Bl are identified with the anticor-
relations. These results are summarized in Table 1.
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Figure 4. Results of analyzing anticorrelation between the polar wind and |BI in various ranges of the AE index and SZA with the F;( 7 index when IMF By was
negative and the Fp( 7 index was (a) below 150 sfu, (b) between 150 and 200 sfu, and (c) above 200 sfu. Pixels are color-coded by the numbers of data points in

(a) Number of Data Points (F ; 0_7<150 sfu)

SZA [deg]
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AE [nT]

(b) Number of Data Points (150 sfu<F 10_7<200 sfu)
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AE [nT]

(c) Number of Data Points (F ; 0_7>200 sfu)
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AE [nT]

various ranges. The number in each panel indicates the result of analyzing anticorrelations as described in the text.

4. Discussion

Table 1 shows that the occurrence rate of the anticorrelations derived from our data set was the highest when
the Fyq.; index was between 150 and 200 sfu. Our analysis shows that the occurrence rates are 12% and 25%
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Table 1
Occurrence Rates of Anticorrelation and Numbers of Data Points
for Different Levels of Solar Activity

Occurrence rates
of the anticorrelations

Between Between Total number
Solar activity levels n and |B Fpand IBl  of data points
Fio7 < 150 sfu 12% (2/17)  12% (2/17) ~20,000
150 sfu < Fyg7 < 200sfu  71% (10/14)  50% (7/14) ~23,000
Fio.7 > 200 sfu 25% (2/8) 25% (2/8) ~7,800

The observed dependence of anticorrelation on solar activity can be
explained as shown by the schematic sketch in Figure 5. During the peri-
ods of low solar activity with lower thermospheric temperatures and
hence a contracted atmospheric layer (as shown in Figure 5a), the elec-
trons from the polar rain may have a lower probability of access the atmo-
sphere, that is, the topside ionosphere may be lower than the mirroring
altitude of precipitating electrons. Under this condition, the ionospheric
outflow is less likely correlated with |Bl. During the high levels of solar
activity, the topside atmosphere (thermosphere) expands to high altitudes.
The atmosphere becomes accessible for the precipitating electrons, which
are mirrored at different altitudes in the atmosphere depending on |BI.

Therefore, there are anticorrelations between the outflow and |Bl as we have observed. Figure 5c shows that
the topside atmosphere expands to even higher altitudes during periods of extremely high levels of solar

activity. No matter how much mirror force they encounter, a large portion of the precipitating electrons col-

lide with many particles and deposit all their energies. These electrons are eventually lost in the atmosphere.

Only a few electrons are mirrored back to high altitudes. Therefore, a low occurrence rate of anticorrelation

under this condition is expected.

For the F}, 7 index between 150 and 200 sfu, the disappearing of the anticorrelation in category 3 subsets may
be attributed to occasional changes in the pitch angle distribution of the polar rain electrons, depending on
the condition of the bow shock (Goodrich & Scudder, 1984). When the distributions of precipitating elec-
trons with initial pitch angles close to 180° (Earthward in the southern hemisphere) are populated, they
access the atmosphere and enhance the outflow, diminishing the anticorrelation between the outflow and
IBl that is caused by electrons with initial pitch angles smaller than 180° and eventually mirrored back to
high altitudes. It is also possible that the precipitating electron population is dominated by electrons with
initial pitch angles much smaller than 180°. This pitch angle distribution can be also attributed to the electric
potential across the bow shock (Goodrich & Scudder, 1984). These electrons are mirrored by the magnetic
field before entering the atmosphere, making the anticorrelation no longer obvious.

The fact that |Bl is on average smaller in the northern hemisphere than in the southern hemisphere may lead
to larger energy deposition in the northern hemisphere, under similar conditions for the electron precipita-
tion. This may be the cause of a higher density of cold ions in the northern lobe as observed by

Haaland et al. (2017).

For a better understanding of the complex processes, one should carry out a simulation to reproduce the
effects of the spatial inhomogeneity of the Earth's magnetic field on the polar wind outflow for various levels

of solar activity. Considering invariance of the magnetic moment, the magnetic strength at the mirror alti-
tude (Birror) can be calculated as Boirror = Blobe!/ SIn>Cinitiats Where Qinitiar a0d Bjope represent the initial pitch
angle of electrons and the strength of local magnetic field in the lobe where electrons start to precipitate,
respectively. The magnetic mirror altitude (H,,;o,) is obtained from the magnetic models (the IGRF model
combined with the Tsyganenko T01 model) with the input of By, As |BI at the Earth's surface decreases
from 6.7 x 10* to 5.5 x 10* nT in the southern polar cap region, our results indicate that H,,;,.,, decreases
from 408 to 51 km for a;,iriq; = 179.2° and that H,,;,,., decreases from 1,039 to 555 km for o, = 179.1°.
In Figure 6, the ranges of the magnetic mirror altitudes for the precipitating electrons are marked by the blue
areas. Using the NRLMSISE00 model (Picone et al., 2002), we have obtained the density profiles of the most
dominant ionizable species (O and O,).

Within the ranges of the magnetic mirror altitude, there are significant variations in the density of the atmo-
sphere and thus in the efficiency of energy deposition. Figure 6a indicates that density of O at the lowest
magnetic mirror altitude (for either 0 = 179.1° Or ®yiiar = 179.2°) is about two to three orders of mag-
nitude larger than that at the highest magnetic mirror altitude. The enhancement in the density of O, with
decreasing altitude is even larger. This implies that the energy deposition due to particle collision at places
with small IBIl could be greatly more efficient than that with large IBI.

We have also estimated the expansion of the thermosphere as a function of the Fi, 7 index. For a given mir-
ror altitude of precipitating electrons with ;i) = 179.1°, for example, Figure 6b shows that the number
density of O when Fjo; = 160 sfu is about 10 times that when F;o; = 90 sfu. The number density of O
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Figure 5. Schematic diagram showing the cause of dependence of the anticorrelation on solar activity. Dashed and dotted curves represent the magnetic field lines
with the smallest and the biggest |Bl, respectively. The trajectories of the guiding center of precipitating electrons are represented as the red solid curves. The red
arrows indicate the directions of the downward moving electrons and the upward one if the electrons are mirrored. From left to right, each panel shows the
situations with solar activity from low to high.

Topside a“mosphe.:re

when Fjp; = 250 sfu is about two orders of magnitude larger than that when Fjo; = 90 sfu. The
enhancement in the density of O, with increasing solar activity is even larger at high altitudes. These
results imply that the energy deposition due to particle collision at times of extremely high solar activity
could be greatly more efficient than that at times of low solar activity.
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Figure 6. (a) Number density of O (solid curves) and O, (dashed curves) in the polar region as a function of altitude for three different F; - indices that are
obtained from the NRLMSISE00 model. The blue areas, as well as that in Figure 6b, indicate the ranges of the magnetic mirror altitudes for the precipitating
electrons with initial pitch angles ajiriqr = 179.1° and ttpiriqr = 179.2°. (b) Number density changes with increasing Fy 7 index as a function of altitude.

The density changes at an altitude due to the increase in the Fjq 7 index from 90 to 160 sfu (or from 90 to 250 sfu) are calculated as the density when F¢ 7 = 160
(or Fyg.7 = 250) divided by that when Fy¢ 7 = 90.
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The simulation should include the magnetic mirror force, charge exchange, and energy loss due to collisions
(Green & Stolaski, 1976; Slinker et al., 1988), with considering of the pitch angle scattering of precipitating
electrons in the upper atmosphere (e.g., Prasad et al., 1985), and the effects of secondary electrons produced
by precipitating electrons (e.g., Varney et al., 2014). As an observational study, however, a more realistic
simulation is beyond the scope of the present paper and will be focused in a later paper.

5. Conclusions

We have utilized the data set of cold ions with energies lower than a few tens of eV to study the correlation
between the strength of the Earth's magnetic field and the polar wind. The main results of this study are the
following:

1. Under the conditions where the F,(- index is between 150 and 200 sfu, the occurrence rate of the
anticorrelation between density of the polar wind ion outflow and the strength of the Earth's magnetic
field (IBl) in the southern hemisphere is approximately 71%. Meanwhile, the occurrence rate of the
anticorrelation between the particle flux of the polar wind and IBl is approximately 50%. The occur-
rence rate of the anticorrelation in other ranges of the Fj,; index is much less because the atmosphere
is not accessible for electrons in the polar rain when the Fj,; index is extremely low, or the energy
deposition by electron precipitation is not influenced by magnetic field strength when the F;(; index
is extremely high.

2. The observed anticorrelation can be explained by the fact that the precipitating electrons along field lines
with large |Bl deposit less energy in the ionosphere than those with small |BI. A strong magnetic field pro-
vides a large gradient of magnetic field along the field line and thus large magnetic mirror forces for pre-
cipitating electrons, which mirror electrons back to their initial altitude before depositing a fraction of
their energies in the atmosphere.

3. The electron precipitation from the polar rain is one of the main energy sources for the polar wind. This is
confirmed by our observation in the southern hemisphere during the period of high solar activity levels
(F10.7 > 150 sfu). Our observation shows relatively large densities and particle fluxes of the polar wind
when the southern hemisphere was favored for the polar rain. This mechanism may contribute to the
north-south asymmetry in ionospheric outflow because the northern hemisphere has on average a smal-
ler |BI at ionospheric heights and a smaller spatial inhomogeneity in the magnetic field than the southern
hemisphere.
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