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Abstract Ionospheric outflow from the polar cap through the polar wind plays an important role in the
evolution of the atmosphere and magnetospheric dynamics. Both solar illumination and solar wind energy
input are known to be energy sources of the polar wind. However, observational studies of the energy
transfer from these two energy sources to the polar wind are difficult. Because of their low energy, polar wind
ions are invisible to regular ion detectors onboard a positively charged spacecraft. Using a new technique
that indirectly measures these low-energy ions, we are able to estimate the energy budget of the polar wind.
Our results show that solar illumination provides about 107 W of the kinetic energy of the polar wind, in
addition to the energy transferred from the solar wind with a maximum rate of about 108 W. The energy
transfer efficiency of solar illumination to the kinetic energy of the polar wind is about 6 to 7 orders of
magnitude lower than that of the solar wind. Moreover, daily and seasonal changes in the orientation of the
geomagnetic dipole axis control solar illumination over the polar cap, modulating both energies of the polar
wind and energy transfer efficiencies from the two energy sources.

1. Introduction
For the last few decades, ion outflow from the Earth’s polar ionosphere has been recognized as an important
source of ions in the magnetosphere. Many studies have shown that ion outflow plays an important role in
ionosphere-magnetosphere coupling and magnetospheric dynamics (André & Cully, 2012; Chappell et al.,
1987; Engwall, Eriksson, Cully, André, Puhl-Quinn, Vaith, & Torbert, 2009; Kronberg et al., 2014; Moore &
Horwitz, 2007; Olsen, 1982; Welling et al., 2015; Yau et al., 2007). It is also believed that ionospheric outflow
may have significantly affected the evolution of the atmosphere and thus the habitability of the Earth
(Kulikov et al., 2007; Lundin et al., 2007; Wei et al., 2014).

A significant amount of ions escape from the Earth’s polar cap ionosphere in the form of the polar wind (Axford,
1968; Banks & Holzer, 1968; Ganguli, 1996; Yau et al., 2007). These ions are accelerated by an ambipolar electric
field due to the different scale heights between ions and electrons in the ionosphere. They escape from the
polar cap ionosphere along the open field lines and flow into the magnetotail. Because of their ionospheric
origin, the polar wind consists of cold ions with low kinetic and thermal energies (André et al., 2015;
Engwall, Eriksson, Cully, André, Puhl-Quinn, Torbert, & Vaith, 2009; Li et al., 2012; Su et al., 1998).

Two energy sources are considered to drive the polar wind outflow.

One significant energy source for the polar wind outflow is the solar wind energy input into the
magnetosphere. The energy dissipation in the polar ionosphere is enhanced by increasing solar wind energy
input (Guo et al., 2012; Knipp et al., 2004). During periods with a southward interplanetary magnetic field
(IMF), the solar wind energy enters themagnetosphere and enhancesmagnetospheric convection. This drives
ionospheric convection over the polar cap and consequently increases energy dissipation in the ionosphere
through collisions between ions and neutrals in the ionosphere (Körösmezey et al., 1992). Increased solar
wind energy input can also trigger geomagnetic storms or substorms that are associated with enhanced
particle precipitation and Joule heating in the polar ionosphere. Lu et al. (2016) found that on average
22–25% of the energy in the polar region (including particle precipitation and Joule heating) dissipates in
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the polar cap during a geomagnetic storm. This energy dissipation may be attributed to an enhancement of
the polar wind during periods of geomagnetic activity (Engwall, Eriksson, Cully, André, Puhl-Quinn, Vaith, &
Tobert, 2009; Li et al., 2012, 2017).

The other significant energy source is solar illumination. The ionosphere is essentially formed by ionizations
due to extreme ultraviolet (EUV), X-rays, and the shorter wavelengths of the solar spectrum. The ion density of
the polar wind is controlled by the solar EUV radiation (André et al., 2015). Heating due to solar illumination
increases the ambipolar electric field that enables the polar wind outflow. The dependence of the outflow on
solar zenith angle (SZA) is seen in both simulations (Glocer et al., 2012, 2017) and observations (Abe et al.,
2004; Kitamura et al., 2011; Maes et al., 2017; Su et al., 1998). Daily and seasonal changes in the geomagnetic
dipole tilt angle modulate illumination over the source region of the polar wind and consequently modulate
the polar wind.

The energy transfer efficiencies between these energy sources and the polar wind outflow can be used as a
proxy to estimate the ability of the Earth’s magnetosphere to prevent the ionosphere from losing ions to
space. These energy transfer efficiencies may vary in response to changes in the solar wind, solar illumination,
and geomagnetic field. The various conditions of solar wind and the geomagnetic dipole may correspond to
the different conditions over the history of the solar system and may help us to understand the evolution of
the Earth’s atmosphere and atmospheric loss from a magnetized exoplanet.

However, a quantitative study of the energy transfer based on in situ observations in the magnetosphere is
difficult. Because a spacecraft in a sunlit and tenuous plasma environment is positively charged as a result of
the photoelectron effect, the cold ions of the polar wind (with low kinetic and low thermal energies) are invi-
sible to the ion detectors onboard spacecraft because their energies are lower than the electric potential
energy of the spacecraft (Moore et al., 1997). The parameters of the polar wind at high altitudes were not
available until they were reported by Engwall, Eriksson, Cully, André, Tobert, and Vaith (2009), who used elec-
tric field measurements to derive data of the polar wind. André et al. (2015) extended the data to cover most
parts of the solar cycle 23. These data have been used in several studies (e.g., Haaland et al., 2012, 2015; Li
et al., 2012, 2013, 2017; Maes et al., 2017).

This study uses the data from André et al. (2015) to estimate the energy transfer from the two energy sources
to the polar wind and to assess the energy budget of the polar wind. The results show that the energy budget
changes with different solar wind conditions and tilt angles of geomagnetic dipole field. The results also give
us a clue on how the polar wind outflow changes with the evolution of the solar wind and geomagnetic field.
In section 2, we describe the data and method. Section 3 presents the results, which is followed by a discus-
sion in section 4 and conclusions in section 5.

2. Methods

To study the modulation of the solar wind energy input and solar illumination on the polar wind outflow, we
combined data sets of the solar wind and cold ions in the magnetosphere. They are described in the
following sections.

2.1. Solar Wind Energy Input Rate

We use the ε parameter (Perreault & Akasofu, 1978) in the present study to estimate the solar wind energy
input rate. It is calculated in terms of the Poynting flux that enters the magnetosphere. The energy entering
is modulated by the IMF clock angle (θ), and the total input rate is related to the cross-sectional area of the
magnetosphere. After it was introduced by Perreault and Akasofu (1978), several modifications have been
proposed. To include the variation of the size of the magnetosphere due to changes in the solar wind
dynamic pressure, several studies replaced the fixed effective cross-sectional area of themagnetosphere with

the variable one asR2cf ¼ B0=4πρV2
SW

� �1
3R2E , where B0~3 × 104 nT is a constant given by Mac-Mahon and

Gonzalez (1997), ρ is the mass density of the solar wind, VSW is the speed of the solar wind, and RE is the
Earth’s radius. In the present study, the ε parameter is thus calculated as

ε ¼ 4π
μ0

VSWB
2 sin4

θ
2
R2cf (1)

where μ0 is the magnetic permeability and B is the magnitude of the IMF.
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This ε parameter was also used by Li et al. (2017). The solar wind and the
IMF parameters time shifted to the bow shock nose are obtained from
the OMNI data set, with a 1-min resolution.

2.2. Estimating the Parameters of Cold Ion Outflow in the
Topside Ionosphere

The velocity of cold ions in the lobes are obtained from the observations of
plasma wake downstream of spacecraft. The derivation of cold ion veloci-
ties using the wake observation was first conducted by Engwall, Eriksson,
Cully, André, Puhl-Quinn, Torbert, and Vaith (2009). Their data set con-
tained about 176,000 measurements of cold ions in the lobes from 2001
to 2005. Later, André et al. (2015) extended the data set based on the same
method. They used observations made by two Cluster spacecraft (C1 and
C3) from July to November in each year from 2001 to 2010. The extended
data set contains approximately 330,000 measurements of the bulk veloci-
ties of cold ions. This data set also includes the densities of cold ions, which
are obtained from measurements of spacecraft electric potential by
assuming the electric neutrality of plasma (Lybekk et al., 2012). With a
given velocity, heavy ions (e.g., O+) typically have an energy exceeding
the spacecraft potential energy (Nilsson et al., 2010), so that they can easily
penetrate the wake. Therefore, the wake observation is more sensitive to
light ions (H+ and He+). The cold ion data set is considered to contain only
the parameters of protons. Of these 330,000 measurements, about
320,000 are identified as tailward flows. For details of this data set, we refer
to the paper by André et al. (2015).

To study the polar wind in the ionosphere, Li et al. (2017) conducted back-
ward particle tracing using the cold ion parameters obtained in the lobes
and using the solar wind parameters given in the data set mentioned
above. We use the tracing results from Li et al. (2017), which considered
the relevant accelerations and magnetospheric convections. The tracing
results include positions in the topside ionosphere at 1,000-km altitude,
travel times from the topside ionosphere to the spacecraft, outflow parti-
cle flux (FDP), density (n), parallel velocity (V||), and perpendicular velocity
in the topside ionosphere. For the details of the particle tracing, we refer
the paper by Li et al. (2017).

2.3. Outflow Parameters as Functions of the SZA

Solar illumination controls ion production and the ambipolar electric field
that enables outflow. Thus, the polar wind outflow is modulated by the
SZA. As can be seen in Figure 1a, the density decreases with increasing
SZA. Figure 1b shows that there is also a dependence of outflow parallel
velocity on SZA with maximum velocity at an SZA of around 90°. On the
dayside with a small SZA, the inferred V||may be influenced by the velocity
filter effect. In this case, the spacecraft in the lobes would measure more
ions from the dayside with low V||than from the nightside. This effect

would result in a smaller V|| in a location with a smaller SZA, as shown in Figure 1b. This effect on our results
will be discussed in section 4.1. On the nightside, V|| decreases with increasing SZA. This may be attributed to
a small ambipolar electric field because of a weak solar illumination.

To estimate the hemispheric outflow rates of kinetic energy from one record for a given position in the polar
cap ionosphere at a specific time, n and V|| must be known at locations in the polar cap with various SZAs
(The polar cap is the region in the ionosphere magnetically connected to the magnetotail; Siscoe & Huang,
1985). Here we use least square fitting to approximate n and V|| as functions of SZA for a given solar EUV
over various solar wind energy input ranges. We divide the data set into three groups according to the

Figure 1. (a) Number of data points as a function of density at 1,000-km alti-
tude (inferred from particle tracing) and solar zenith angle (SZA). (b) Number
of data points as a function of outflow velocity at 1,000-km altitude (also
inferred from particle tracing) and SZA. The white line with circles in each
panel shows the median values of the parameter in the corresponding SZA
ranges. The plotted median values include an equal fraction of all data
points.
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F10.7 index and ε parameter with each group having the same number of data points. This results in a total of
nine subsets of data.

Because the calculation of the hemispheric outflow rate of kinetic energy FE contains only outflow from the
polar cap, the data used for fitting to the empirical model and following statistics do not include ions origi-
nating from regions equatorward of the estimated polar cap. Most of these ions are derived to be from the
dayside because of the high tailward ionospheric convection in these cases. For this reason, the original data
points from particle tracing are reduced from approximately 237,000 (Li et al., 2017) to
approximately 181,000.

Kitamura et al. (2011) studied the density of photoelectrons measured by Akebono spacecraft at various alti-
tudes. They fitted photoelectron density as a function of altitude and SZA using an empirical model. In the
present study, we assume overall the charge neutrality and simplified the model:

nmod θSð Þ ¼ 10aeb cosθS (2)

where nmod is the modeled density at 1,000-km altitude, θS is the SZA, and a and b are the coefficients to be
determined. nmod is shown as solid curves in Figure 2, with different ranges of the F10.7 index (indicated on
the top of each column). The different colors represent the different ranges of the ε parameter (indicated by

Figure 2. (a–i) The least square fitting and distributions of outflow density at 1,000-km altitude (n) as functions of solar zenith angle (SZA) for different ranges of F10.7
index and the ε parameter. Each panel includes the data in the range of F10.7 index indicated at the top of the column, and in the range of the ε parameter indicated
by the legend in Figures 2a–2c. The ranges for each panel are set to include the optimal number of data points. The solid curve in each panel is the curve fitted
with the data, following the equation shown in Figures 2f. The mean values of density in each SZA interval are shown as colored circles with error bars indicating the
first and the third quartiles.
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the legend in Figures 2a–2c). Mean values of n are shown as circles with error bars. SZA intervals are set to
have the same number of data points. Error bars indicate the first and third quartiles in the SZA intervals.

It can be seen in Figure 2 that the actual values of n as a function of SZA change in almost the same pattern as
the fitted curves. The magnitude of n determined by coefficient a increases with increasing F10.7 index and ε
parameter. To maintain the same patterns of the variation of n as functions of SZA for the following calcula-
tions, we use the coefficient b from the curve fitting but use a variable coefficient a determined from the
actual density (n) inferred from particle tracing:

a ¼ log10
n

eb cosθS
(3)

We slightly modify the curve fitting for V||, following a similar empirical method:

V‖;mod θSð Þ ¼ 10ced sinθS (4)

where the coefficient d is determined from curve fitting, and the coefficient c is determined from

c ¼ log10
V‖

ed sinθS
(5)

Figure 3 shows the fitted V|| as solid curves with the ranges of the F10.7 index indicated at the top of each col-
umn and with the ranges of the ε parameter indicated in Figures 3a–3c. Mean values of V|| are indicated as

Figure 3. The least square fitting and distributions of outflow velocity at 1000 km altitude (V||) as functions of solar zenith angle (SZA) for different ranges of F10.7
index and the ε parameter, in the same format as Figure 2. The curve fitting follows the equation indicated in Figure 3f.
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circles with error bars in the SZA intervals, in the same format as those for n. The modeled n and V|| are analog
to most of the actual mean values. In the following, parameters with the subscript mod denote the
parameters unavailable in the data from particle tracing and are instead estimated from the empirical model.

2.4. Estimating the Hemispheric Kinetic Energy Outflow Rate of the Polar Wind

Because our data set contains only protons with a mass of mp, FE can be calculated as

FE ¼ ∑
θS
FDE;mod θSð ÞΔS θS; λ;μð Þ ¼ 1

2
mp∑

θS
nmod θSð ÞV3

‖;mod θSð ÞΔS θS; λ;μð Þ (6)

where FDE;mod θSð Þ ¼ 1=2mpnmod θSð ÞV3
‖;mod θSð Þ, ΔS(θS, λ,μ) is the area of the topside ionosphere at 1,000-km

altitude, with an SZA of θS. This area is bordered by the largest and smallest SZA in the interval of ΔθS, and the
magnetic open-close boundary with the magnetic latitude of λ (see the area bordered by red solid lines in
Figure 4). The SZAs of the polar cap are also modulated by the hemispheric dipole tilt angle (μ) as shown in
Figure 4.

Milan (2009) considered that the λ is controlled by the dayside reconnection rate (ΦD) and the nightside
merging rate estimated from the Dst index. They obtained the relationship between the λ, the ΦD, and the
Dst index by data fitting using approximately 40,000 images of the auroral oval from the Imager for
Magnetopause-to-Aurora Global Explorer spacecraft. Their results have been used in the present study, with
λ calculated as

Figure 4. Geometry of the polar cap used for calculating the hemispheric outflow rate of kinetic energy and particles of the
polar wind in the GSM system (see equation (6)). The Sun is to the left. The spherical area in the polar cap shown in red,
with a solar zenith angle of θS, is bordered by the largest and smallest solar zenith angle in the interval of ΔθS and
the open-close boundary, where μ is the hemispheric magnetic dipole tilt angle and λ is the magnetic latitude of the open-
close boundary. The λ is controlled by the interplanetary magnetic field and strength of the geomagnetic activity as
illustrated in equation (7).
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λ ¼ π
2
� 18:2� 0:038Dst þ 0:042ΦDð Þ

ΦD ¼ 2:75REVSW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2y þ B2y

q
sin2

θ
2

(7)

where 2.75 RE is a characteristic length scale and By and Bz are the y and z components of the IMF, respec-
tively. The dipole tilt angle (μ) is estimated from the International Geomagnetic Reference Field 2011 model
of the Earth’s main magnetic field.

Because the outflow from the two hemispheres can differ from each other (Haaland et al., 2017), cold ion
measurements in one hemisphere obtained from the spacecraft are considered to be inaccurate for the esti-
mation of outflow fluxes and energies for both hemispheres. In the present study, FE of one data point is cal-
culated for the hemisphere where cold ion measurements are available.

3. Results
3.1. Energy Transferred From the Solar Wind

The control of the polar wind outflow by the solar wind energy input is demonstrated in Figure 5. Figure 5a
shows the number of data points as a function of the ε parameter, indicating that the solar wind energy input
rate estimated from the ε parameter in our data is mostly of the order of 1010 W. Figure 5b shows the hemi-
spheric kinetic energy flux of the polar wind outflow (FE) as a function of the ε parameter. The colored pixels
indicate the number of data points in the corresponding ranges of FE and ε. The white curve with circles indi-
cates themedian values of FE. Eachmedian value is calculated with the same number of data points. Figure 5c
is the same as Figure 5b, but colored pixels now indicate the relative occurrence rate per bin of the ε para-
meter. The blue curve with circles is the median FE and is the same as the one in Figure 5b. The brown curve
with circles is the ratio between the median FE and the ε parameter (eε = FE/ε).

When the ε parameter increases from 1010 W to higher than 1011 W, the median FE increases, as shown in
Figures 5b and 5c. The ratio eε shown in Figure 5c is almost a constant of about 0.02% when the ε parameter
is of the order of 1011 W. The linear relationship between the median FE and the ε parameter of 1011 W indi-
cates that FE is mainly transferred from the solar wind energy input when the ε parameter is of the order
of 1011 W.

From the curve of the median FE, we see there is a transition in the ε parameter between 1010 and 1011 W in
which the slope of the median FE gradually became zero as the ε parameter decreases. This transition is
caused by the relatively low rate of energy transfer from the solar wind.

When the ε parameter falls below 1010 W, FE remains at around 107 W and eε increases linearly as the ε para-
meter decreases. This indicates that the rate of the energy transferred from the solar wind energy input is
comparable to or lower than a rate of around 107 W, and the constant 107 W of the FE is transferred from
another energy source.

3.2. Energy Transferred From Solar Illumination

The energy transferred from sources other than the solar wind can be estimated when the solar wind energy
input rate is extremely low. Figure 6 shows evidence that a large fraction of FE is due to solar illumination
when the ε parameter drops below 1010 W (marked by the red dashed vertical lines in Figures 6a and 6b).
Figure 6a shows the relationship between the ε parameter and FE for periods whenmore than 95% of the area
of the polar cap is illuminated. The illuminated and dark areas are determined as<90° and>90° SZA, respec-
tively. Figure 6b shows the same, but for periods when less than 95% of the area of the polar cap is illumi-
nated. Curves with circles in Figures 6a and 6b show the median FE, where each median value is calculated
using the same number of data points.

Figure 6a indicates that the median FE for almost the whole polar cap being illuminated is about 2 × 107 W,
while themedian FE for almost the whole polar cap in the nightside is about 106 W, as shown in Figure 6b. The
changes in solar illumination in the polar cap ionosphere led to a maximum change in the median FE of about
one order of magnitude. This large difference suggests that solar illumination provides energy to the polar
wind outflow at a rate of the order of 107 W. The kinetic energy of the polar wind outflow from the nightside
ionosphere is considered to partly originate from solar illumination as well. Indeed, ions with a long chemical

10.1029/2018JA025819Journal of Geophysical Research: Space Physics

LI ET AL. 7923



lifetime are transported across the terminator from the dayside due to ionospheric convection, the rotation of
the Earth, the circulation of the atmosphere, and plasma diffusion.

Figures 7a–7c show FE, λ and the corresponding number of data points as functions of the percentage of illu-
minated area in the polar cap (qill). Each error bar in Figures 7a and 7b indicates the first quartile, median, and
third quartile. Only data with ε < 1010 W are included in these figures. Figure 7a suggests the median FE gra-
dually increases by about 1 order of magnitude as qill increased from 0% to 20%, while Figure 7b indicates
that there is no simultaneous change in λ. This is considered reasonable because ε < 1010 W often corre-
sponds to a geomagnetic quiet time. Figure 7b suggests the increase in FE is not caused by an enlargement
of the polar cap. Judging from equation (6), it can be concluded that the increase in FE is caused by increases

Figure 5. The polar wind outflow characteristics as a function of the ε parameter. (a) Distribution of the number of data
points. (b) The hemispheric kinetic energy of the polar wind outflow (FE). The colored pixels represent the numbers of
data points in the given ranges of the FE and ε parameter. The white circles show the median FE, with each circle calculated
using same number of data points. (c) The same as Figure 5b, but the colored pixels represent the relative occurrence
rate per ε parameter. The blue circles are the same as the white ones in Figure 5b. The brown circles show the ratio between
the median FE and the median ε parameter. All three panels use the same x axis as shown at the bottom of Figure 5c.
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in the FDE and thus overall FDE,mod. Figure 7c indicates that the number of data points for qill intervals are
comparable to each other and are therefore suitable for use in the above analysis. Therefore, with the
significant difference in solar illumination between Figures 6a and 6b, we conclude that solar illumination
is the main energy source of the polar wind outflow when the solar wind energy input rate is low.

It is worthy to note that the solar EUV of the illumination is the main driver of ion production. Due to changes
in the geomagnetic dipole axis during a rotation or a revolution period, solar EUV irradiation over the polar
cap changes more significantly than the variation of solar EUV emission during the solar cycle. Changing
the geomagnetic dipole tilt angle has an effect of modulating the EUV irradiation over the polar cap and
the polar wind outflow.

4. Discussion
4.1. Influence of the Velocity Filter Effect

As mentioned in section 2.3, V|| in our data is affected by the velocity filter effect. Figure 1 suggests that the
dependence of V||on SZA is different from that of n. On the dayside, the median V|| decreased with decreasing
SZA. This effect resulted in a smaller V|| in locations with a smaller SZA, as shown in Figure 1b. In addition, out-
flow from the dayside with very high parallel velocities may enter the magnetosheath or the mantle. This part
of the outflow is therefore likely missed by the Cluster spacecraft and is not included in our dataset.
Therefore, FE in the present study may be underestimated.

Previous studies without the velocity filter effect suggest comparable outflow velocities between the dayside
and the nightside. The simulation studies by Glocer et al. (2012, 2017) suggest that there is no significant day-
night asymmetry in H+ velocity at 1,000-km altitude, although a day-night asymmetry in the simulated H+

density exists at the same altitude. Using measurements from POLAR spacecraft at 5,000-km altitude, Su

Figure 6. The modulation of the polar wind outflow by solar illumination. The FE as a function of the ε parameter for the
conditions when more than 95% of the area of the polar cap are (a) illuminated and (b) unilluminated. The brown
circles in both panels are the median value of the FE. The red dashed lines mark the ε parameters of 1010 W, below which
the FE does not systematically change with the value of the ε parameters. The difference in solar illumination caused
one order of magnitude change in the median FE for ε < 1010 W.
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et al. (1998) found no obvious dependence of H+ velocity on SZA on the dayside, although they were not able
to include measurements from the nightside.

To assess the influence of the velocity filter effect on our results, we modified the model illustrated in
section 2.3 to exclude the velocity filter effect. We set the ratio of n on the dayside to the nightside as 2 at
a given time. Based on the fact described in the previous paragraph, V|| is set to be equivalent to any SZA
in the polar cap at the same time. The dayside and nightside are separated by the boundary of the 90° SZA.
Figure 8 shows the difference between the modified hemispheric outflow rate of kinetic energy of the polar
wind (FEM) and the FE described in section 2. It can be seen that there are few cases with large differences
between FEM and FE. As a consequence, these differences did not change our conclusions. Therefore, we
assess that the influence of the velocity filter effect on our results is negligible.

4.2. Energy Transfer Efficiency Between the Outflow and Solar Illumination

Solar irradiance provides both energies and free ions to the polar wind outflow. Solar EUV emission causes
ionization, while the solar radiation spectra with lower frequencies is responsible for the thermal irradiation
over the ionosphere. The thermal irradiation affects the pressure gradient and the ambipolar electric field
that drives the polar wind.

Figure 7. (a) FE, (b) λ, and (c) number of data points as a function of percentage of illuminated area in the polar cap with
interval of 5%. Only the data with ε< 1010 W are shown here. Each error bar in Figures 7a and 6b indicates values of the first
quartile, mean and the third quartile, respectively, from bottom to top.
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We estimated the total energy power entering the ionosphere as a result of solar electromagnetic irradiation
(ET) as ET = TSI · A = 2.32 × 1017 W. The total solar irradiance (TSI) is a measure of solar electromagnetic irradia-
tion over all wavelengths per unit area perpendicular to the sunlight and is measured as TSI = 1,361 W/m2

(Kopp & Lean, 2010). A is the cross-sectional area of the topside ionosphere (1,000-km altitude) projected
on the YZ plane of the geocentric solar ecliptic coordinate system.

Due to the rotation of the Earth and circulation of the atmosphere, part of the energy of the polar wind out-
flowmay come from illumination at low latitudes. Likewise, the energy of ion outflow from the dark polar cap
may originate from illumination on the dayside because ions with a long chemical lifetime may be trans-
ported across the terminator. Here we used the power of solar illumination over the illuminated ionosphere,
ET, to estimate the energy transfer efficiency between solar illumination and the FE. Under the condition that
more than 95% of the polar cap is illuminated (Figure 6a), the maximum energy transfer efficiency of solar
illumination is estimated to be of the order of 10�10 (2×107 W/ET). Meanwhile, the maximum transfer rate
of energy from solar wind is about 108 W (1.1 × 108 � 2 × 107 W), and thus, energy transfer efficiency of
the solar wind is about 3×10�4 (108/3×1011 W). Therefore, the energy transfer efficiency of solar illumination
is approximately 6–7 orders of magnitude smaller than the transfer efficiency of the solar wind. Solar illumi-
nation is known to be one of the main drivers of the ion outflows from Mars and Venus at similar distances
from the Sun but without a dipole magnetic field. The transfer efficiency can be used to compare the Earth
with other planets to understand the ability of the Earth’s magnetosphere to prevent the atmosphere from
being lost into space.

5. Summary and Conclusion

In this study, we use particle tracing results to estimate the kinetic energy budget of the polar wind outflow in
the topside ionosphere. We focus on the energy transfer between the twomain energy sources and the polar
wind outflow. Our results are summarized below.

When the ε parameter for estimating the solar wind energy input rate is of the order of 1011 W, an almost
linear relationship between the hemispheric kinetic energy flux of the polar wind outflow, FE, and the ε para-
meter suggests that the solar wind is the main energy source for the kinetic energy of the polar wind. The

Figure 8. Comparison of the FE described in section 2 to the FEM that is modified from FE to exclude the velocity filter effect.
The details of FEM are described in section 4.1.
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median value of the FE reaches 10
8 W for themaximum solar wind energy input rate in our data. As the ε para-

meter decreases to values between 1010 and 1011 W, FE becomes less related to the solar wind energy input.

FE remains constant when the ε parameter drops to below 1010 W, indicating that the solar wind energy input
is not the main energy source for the outflow at this level. For a polar cap with more than 95% of area being
illuminated, the median FE is of the order of 107 W, while the median FE for a polar cap with less than 5% of
area being illuminated is about 1 order of magnitude lower at around 106 W. The difference in the FE at dif-
ferent solar illuminations indicates that solar illumination is the main energy source when the solar wind
energy input rate is extremely low. We estimate that the solar illumination transfers energy to the kinetic
energy of the polar wind outflow at a rate of approximately 107 W.
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