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of Physics, Umea University, Umed, Sweden

Abstract The presence of a large-scale planetary magnetic field is thought to be a protective factor

for atmospheres, preventing them from being blown off by the solar wind. We focus on one key aspect of
atmospheric escape: how does a planetary magnetic fields affect the energy transfer from the Sun to the
atmosphere? We estimate the solar wind energy currently dissipated in the Earth's atmosphere using empirical
formulas derived from observations. We show that it is significantly higher than the energy dissipated in the
atmosphere of a hypothetical unmagnetized Earth. Consequently, we conclude that the Earth's magnetic field
enhances the solar energy dissipation in the Earth's atmosphere and that, contrary to the old paradigm, an
intrinsic magnetic field does not necessarily reduces atmospheric loss.

1. Introduction

The Sun is the dominant energy source for ionizing atmospheric material and energizing a fraction of it to ener-
gies above the gravitational binding energy. Solar energy is transferred to the atmosphere mainly through solar
ultraviolet and extreme ultra violet (UV/EUV) radiation and via the solar wind, a continuous flow of plasma emit-
ted by the Sun and embedded in the Interplanetary Magnetic Field (IMF). In the following, we do not consider
the energy deposition by solar photons in the planetary atmosphere as it is independent of the planetary magnetic
environment. Solar wind energy is mainly dissipated in the upper atmosphere. It includes energy dissipation in
the ionosphere, that is, the transfer of energy to the ionized component of the upper atmosphere, and in the ther-
mosphere, that is, the transfer of energy to the neutral component of the upper atmosphere.

The coupling between the solar wind and the ionosphere is mediated by the planetary magnetosphere, both for the
magnetospheres of magnetized planets like Earth and for the induced magnetospheres of unmagnetized planets
like Venus and Mars. Extensive measurements of ion outflow from Venus, Earth and Mars have shown that the
escape rates are similar from all three planets, if not higher for Earth than for the other two. This suggest that an
intrinsic magnetic field is not required to prevent ion escape, contrary to the old paradigm (Gunell et al., 2018;
Maggiolo & Gunell, 2021; Ramstad & Barabash, 2021).

Ton escape involves many steps (Gronoff et al., 2020), from the ionisation of neutral atmospheric material to
the acceleration and transport of planetary ions into interplanetary space. Each of these steps, like the solar
wind energy transfer to the upper atmosphere, the ion supply in the ionosphere or the efficiency of the acceler-
ation processes, can act as a bottleneck and limit the amount of ionized material that can be removed from the
atmosphere.

The energy carried by the solar wind and IMF is the sum of the kinetic energy of the bulk flow of the particles, the
enthalpy of the solar wind plasma and the electromagnetic energy. At Earth, the solar wind energy flux is domi-
nated by the kinetic energy of the wind which is roughly two orders of magnitude larger than the electromagnetic
energy (Lockwood, 2019) while the contribution of enthalpy is negligible (Le Chat et al., 2012).

The Earth's magnetosphere acts as a shield that diverts most of the solar wind flow so that a small fraction of the
incoming solar wind energy enters the magnetosphere (Wing et al., 2014). Once in the magnetosphere, the solar
wind energy can either be dissipated in the magnetosphere, in the ring current region and in the magnetospheric
tail, or be dissipated in the upper atmosphere. The proportion of energy dissipated in the upper atmosphere repre-
sents approximately 1%—10% percent of the solar wind energy entering the magnetosphere (Knipp et al., 1998; Li
et al., 2012; @stgaard, Germany, et al., 2002; Tenfjord & @stgaard, 2013). However, the Earth's magnetosphere
is much larger than the Earth itself. The solar wind compresses its sunward side to a typical distance of 10 Earth
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radii while its night-side is much more extended, possibly up to 1,000 Earth radii. At the level of the Earth, the
cross section of the magnetosphere with the solar wind is more than 200 times larger than the cross section of the
Earth with the solar wind. The Earth intrinsic magnetic field thus generates a large scale magnetosphere which
has two opposite effects. On the one hand, it efficiently diverts the solar wind flow from the upper atmosphere
and only a small fraction of the solar wind energy flux it intercepts eventually ends up being dissipated in the
upper atmosphere. On the other hand, a large scale magnetosphere dramatically increases the area of interaction
between the solar wind and the Earth and thus the amount of solar wind energy that may potentially be funneled
into the upper atmosphere.

In the upper atmosphere, solar wind energy dissipates through various mechanisms. The solar wind plasma, as
it flows past the Earth's magnetosphere, generates a large scale electric field that drives the plasma circulation
in the high-latitude ionosphere. Ionospheric Joule heating refers to the energy dissipated by collisions between
plasma and neutrals due to their resulting relative motion (Vasyliinas & Song, 2005). This is the dominant
channel for solar wind energy dissipation in the upper atmosphere. Solar wind energy is also dissipated through
particle precipitation. Particle precipitation mostly occurs at high latitude. In the dayside high latitude upper
atmosphere, particle precipitation is dominated by the precipitation of solar wind material in the cusp region. In
the nightside high latitude upper atmosphere, the precipitating particles consist of solar wind and ionospheric
plasma that has been accelerated in the magnetosphere. Precipitating particles transfer their energy to the upper
atmosphere through collisions. The solar wind interaction with the Earth's magnetic field generates a variety of
waves (Thorne et al., 2021). These carry electromagnetic energy that can be dissipated in the upper atmosphere.
In particular Ultra Low Frequency Waves (ULF which in the context of magnetospheric physics refers to elec-
tromagnetic waves with frequencies below ~5 Hz) can contribute significantly to electromagnetic energy flow
from the magnetosphere to the high-latitude ionosphere during geomagnetically active periods. Among the ULF
waves, Alfven waves transfer energy along the background magnetic field direction and likely represent the
dominant wave mode (Hartinger et al., 2015). ULF wave energy is dissipated in the upper atmosphere through
collisions between ions and neutrals due to their relative motion induced by the waves (similar to ionospheric
Joule heating for quasi stationary electromagnetic fields).

Joule heating, particle precipitation and waves are the three main pathways for energy dissipation in the upper
atmosphere. Other processes may contribute to a lesser extent.

A large scale magnetosphere like the Earth's can store solar wind energy and release it abruptly in the upper
atmosphere during storm or substorm time periods. This sudden release of energy results in variations of the
magnetic field that are measured by ground stations from which geomagnetic activity indices are derived. The
time response of the magnetospheric activity to the solar wind driver varies from a few minutes to tens of hours
(Maggiolo et al., 2017). There is thus no immediate correspondence between the solar wind incoming energy
level and the energy dissipation in the upper atmosphere as they are mediated by the magnetosphere. Empirical
formulas derived from observation therefore describe the energy deposition in the upper atmosphere as a function
of geomagnetic indices rather than solar wind parameters.

This study focuses on a particular aspect of the chain of processes leading to ion loss: the energy transfer from the
Sun to the upper atmosphere. The goal is to assess the protective effect of planetary magnetic fields on the upper
atmosphere, and more specifically to assess if the Earth's magnetosphere enhances the solar energy dissipation in
the Earth's upper atmosphere as suggested by Maggiolo and Gunell (2021).

To do so, we compare the energy dissipated by the solar wind in the Earth's upper atmosphere to the maximum
energy that would be intercepted by the induced magnetosphere of a hypothetical unmagnetized Earth, which
corresponds to the maximal solar wind energy that could be dissipated in the upper atmosphere of the Earth if it
were unmagnetized.

2. Comparing the Incident Solar Wind Energy Input With the Energy Dissipated in
the Earth's Ionosphere

2.1. Data

The solar wind data and the geomagnetic indices for the time period considered in this study (from 1 January 1963 to
31 December 2020) are extracted from the OMNI data set through the OMNIWeb (http://omniweb.gsfc.nasa.gov).
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We use 1 hr resolution solar wind parameters propagated to the nominal magnetospheric bow shock. The details
of the method used to compute 1 hr averaged data and to propagate solar wind data to the nose of the bow shock
can be found on the OMNIWeb website. Solar wind data are relatively accurate. The solar wind density, velocity,
temperature, composition, and the IMF are obtained directly from in-situ measurement and the solar wind incom-
ing energy is directly derived from those observations. The OMNI database is built from measurements made in
the solar wind, in particular by the ACE spacecraft located at the Lagrange L1 point. The propagation from the
location where the spacecraft makes the measurement to the Earth's magnetosphere may not always be accurate.
However, no systematic error on the propagation of the solar wind is expected and thus it may not impact the long
term averages on which our conclusions are based. The rate of energy dissipation in the Earth's upper atmosphere
is derived from observations. Empirical formulas relating the energy dissipation in the upper atmosphere to
geomagnetic indices are obtained from the literature as described below. The actual energy dissipation level for
one specific event or time interval may substantially differ from this trend, in particular for extreme events which
are less constrained by observations due to their rarity. However, such periods represent a tiny fraction of the data
set and do not significantly impact the long term averages.

2.2. Incident Solar Wind Energy

In this section we compute the solar wind energy flux at 1 astronomical unit. It will be used to estimate the solar
wind power that would be intercepted by the induced magnetosphere of a hypothetical unmagnetized Earth. The
solar wind kinetic energy is mostly carried by the ions, as the bulk velocity of ions and electrons are the same
in the solar wind. Here we consider the contribution of the two dominant solar wind ions species, H* and He*,
which on average represent respectively 95% and 4% of the solar wind ions. Heavier ions are not considered as
they represent a small fraction (~1% all together) (Schwenn, 1990). The solar wind kinetic energy flux density
is thus given by:

1
GEr = 5 (muny + myenne) V;W (D

where m,; and m,,, are the H* and He** atomic mass, n, and n,,, the H*, and He** number density and Vg, the
solar wind velocity.

The solar wind electromagnetic energy flux density is given by the Poynting flux (e.g., Lockwood, 2019):

2
dem = VSﬂLOBcosze )

where B is the IMF magnitude and 0 the angle between the solar wind velocity and magnetic field.

The solar wind interacts with planetary magnetospheres and thus the total amount of solar wind energy that can
potentially be diverted toward their upper atmosphere is proportional to the cross section of the magnetosphere
with the solar wind. Here we consider a hypothetical unmagnetized Earth in order to estimate the solar wind
energy that would be intercepted by its induced magnetosphere. This will be considered as the maximal amount
of solar wind energy that could be dissipated in the upper atmosphere of a fictitious unmagnetized Earth for
current solar wind conditions. We consider that the cross section of the induced magnetosphere of a hypothetical
unmagnetized Earth corresponds to the cross section of its induced magnetosphere at the terminator as delimited
by the Induced Magnetosphere Boundary (IMB). The average radial distance of the IMB of a fictitious unmag-
netized Earth is estimated to 1.2 R by considering the pressure balance between the exosphere and the solar wind
and using a Chamberlain exosphere as done by Gunell et al. (2018). For comparison, the average radial distance
of the IMB of Mars at the terminator is ~1.5 Martian radii according to observations from Phobos 2 and Mars
Global Surveyor (Trotignon et al., 2006), Mars Express (Ramstad, Barabash, Futaana, & Holmstrom, 2017) and
Maven (Matsunaga et al., 2017). The outer boundary of the Venusian induced magnetosphere is located closer to
the planet, at radial distances comprised between 1.1 and 1.2 Venus radii according to Venus Express observa-
tions (Zhang et al., 2008).

Figure 1 displays the incoming solar wind power intercepted by the induced magnetosphere of a hypothetical
unmagnetized Earth. It includes the contribution of the solar wind kinetic energy and Poynting flux as described
in Equations 1 and 2, the other components of the solar wind energy flux being negligible. On average, the solar
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wind kinetic energy flux is approximately two orders of magnitude higher
5 than the Poynting flux. The total power intercepted by the magnetosphere of
_ 40 {1012 a hypothetical unmagnetized Earth with a radius of 1.2 R is displayed on the
‘\"E right vertical axis.
2
S 710 5 2.3. Energy Dissipated in the Upper Atmosphere
o 2
X & In this section we estimate the solar wind energy actually dissipated in the
= : Earth's upper atmosphere for the actual (magnetized) Earth, using observa-
T
2 10 1108 tions and empirical formulas available in the literature.
8 |
The main energy dissipation pathway in the upper atmosphere is Joule
{ heating. Joule heating has been estimated from measurements, large statis-
108 -

1970 1980 1990

tical studies, data assimilation methods and simulations (Tenfjord &
Dstgaard, 2013). The various estimates of the linear relation between the

2000 2010 2020

Figure 1. Solar wind energy input at 1 astronomical unit. The left vertical scale ~ Auroral Electrojet (AE) index and Joule heating based on observations are
represent the solar wind power flux at Earth. The right vertical axis represents discussed in details in @stgaard, Germany, et al. (2002). Experimental esti-

the total power intercepted by the induced magnetosphere of a hypothetical
unmagnetized Earth. The radius of this induced magnetosphere is fixed to 1.2
Earth radii at the terminator. The red scattered points correspond to the 1 hr
averaged solar wind kinetic energy while the blue scattered points represent

1 hr averaged the solar wind Poynting flux. The red and blue solid lines show
the yearly average of the solar wind kinetic energy and Poynting flux.

mates vary by approximately a factor of 2 (@stgaard, Germany, et al., 2002;
Tenfjord & Bstgaard, 2013).

A review of several studies based on observations where Joule heating is
parametrized as a linear function of the AE index indicates that Joule heat-
ing at the solstice is best approximated by the following function (Jstgaard,
Germany, et al., 2002):

U;IGW]=0.54AE + 1.8 3)

Joule heating in the Northern Hemisphere as a function of the Polar Cap (PC) index has been estimated using
the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) procedure (Chun et al., 1999). The authors
proposed the following quadratic functional forms categorized by season:

U;[GW] = 1439PC? + 23.7PC + 11.5 (summer)
U;[GW] = 4.14PC? + 23PC + 8.9 (equinox) @)
U;[GW] =4.84PC? + 16.9PC + 5.6 (winter)

These formulas tend to underestimate Joule heating during strong geomagnetic storms (Chun et al., 1999). This
issue has been addressed by adding a dependence on the Disturbance Storm Time (Dst) index (Knipp et al., 2005)
with the following functional forms categorized by seasons describing Joule heating as a function of the PC and
Dst index:

U;[GW]=29.27PC + 8.18PC? — 0.04Dst + 0.0126 Dst* (summer)
U;[GW]=29.14PC + 2.54PC? + 0.21 Dst + 0.0023 Dst* (equinox) 35)
U;IGW] =13.36PC +5.08PC? 4+ 0.47Dst + 0.0011 Dst* (winter)

Figure 2 shows the 1 hr averaged estimates of the power dissipated via Joule heating given by the functional
forms (3-5) from 1963 to 2020. Superposed to it are the corresponding yearly averages. The functional forms (4)
and (5) can become negative during periods of very low geomagnetic activity (i.e., for low values of the PC and
Dst indices). In that case we set the value to zero as a negative value for the power dissipated by Joule heating is
unrealistic. This corresponds to a limited fraction of the data (respectively 3.6% for the functional form (4) and
15.7% for the functional form (5)). Data gaps corresponds to time periods when at least one of the parameters
used to determine the energy dissipation was not available. We assume that the dissipated power in the Southern
and Northern hemispheres behave similarly to estimate the total dissipated power from the hemispheric values
from Equations (4) and (5). For each hemisphere we consider the seasonal variations (summer in the Northern
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Figure 2. Energy dissipation in the Earth's ionosphere via Joule heating. Panel (a) estimate from the empirical formula from
Dstgaard, Germany, et al. (2002). Panel (b) estimate from the empirical formula from Chun et al. (1999). Panel (c) estimate
from the empirical formula from Knipp et al. (2005). The scattered points represent the 1 hr averaged energy dissipation
while the solid lines correspond to the yearly averages. Panel D compares the yearly average of the power dissipated via Joule
heating from the three methods using the same colors as in panels (a, b, and c) The yearly averaged dissipated power in 1989
may not be accurate as the AE index is only available for the month of March.

hemisphere and winter in the Southern hemisphere from April 21 to August 20, winter in the Northern hemi-
sphere and summer in the Southern hemisphere from October 21 to February 20 and equinox in both hemispheres
from 21 February to 20 April and from 21 August to 20 October). Despite some differences in the estimated 1 hr
averaged dissipated power, there is a fairly good agreement between the yearly averaged dissipated power as
estimated with these three different functional forms (Figure 2).

In addition to Joule heating, particle precipitation is the second contributor to solar wind energy dissipation in
the upper ionosphere. The energy dissipation caused by electron precipitation (between 0.1 and 100 keV) and
its relation to the AL index has been derived from UV and X-ray emissions in the Northern Hemisphere during
substorm periods (@stgaard, Vondrak, et al., 2002). This relation has been later updated resulting in the following
functional form (Tenfjord & @Bstgaard, 2013):

1

U.[GW]1=43|AL|2 -9 (6)

This functional form has been determined by deriving the electron energy deposition during seven substorms.
It is thus by construction better suited to describe the electron energy deposition during geomagnetically active
periods. For periods of low geomagnetic activity (when|AL| < \/m ) it results in an unrealistic negative value
for the energy dissipated in the ionosphere by precipitating electrons.
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The AMIE data assimilation method has been used to determine functional forms describing the energy flux of
precipitating electrons as a function of the PC index and categorized by seasons (Chun et al., 2002):

U [GW]=63PC +21.9 (summer)
U [GW] =9.29PC + 22.6 (equinox) (@)
U.[GW] = 12.5PC + 31.7 (winter)

The energy flux of precipitating ions and electrons in the upper atmosphere has been extensively measured by the
SSJ/4 instrumental package onboard the DMSP satellites. A statistical analysis of DMSP data (Newell et al., 2009)
provided average values of the precipitating electron and ion energy flux for low and high solar wind driving as
defined by the solar wind-magnetosphere coupling function proposed by Newell et al. (2007). The energy flux
of precipitating ions corresponds to 2.3 GW for low solar wind driving and 4.9 GW for high solar wind driving.
For precipitating electrons the energy is estimated to 8.5 GW for low solar wind driving and 30.8 GW for high
solar wind driving. Low solar wind driving corresponds to periods when the solar wind-magnetosphere coupling
function is lower than 25% of its average value while high solar wind driving is corresponds to periods when
it is higher than 50% of its average value (Newell et al., 2009). For intermediate solar wind driving conditions,
we consider the average value (obtained for all conditions) of the energy dissipation level (3.4 GW for ions and
17.4 GW for electrons). The energy flux of precipitating ions and electrons for each type of solar wind driving
conditions and separated for four auroral precipitation types can be found in Table 1 in Newell et al. (2009).

Figure 3 shows the 1 hr averaged power dissipated via particle precipitation from 1963 to 2020 given by the func-
tional forms (6) and (7) and by the estimates derived from DMSP observations (Newell et al., 2009). Superposed
to it are the corresponding yearly averages. These functional forms can become negative during periods of very
low geomagnetic activity (i.e., for low values of the AL and PC indices). In that case we set the value to zero as
a negative value for the energy dissipation by particle precipitation is unrealistic. This corresponds to a very low
fraction of the data (respectively 3.2% for the functional form (6) and 0.16% for the functional form (7)). Data
gaps corresponds to time periods when at least one of the parameters used to determine the energy dissipation was
not available. We assume that the dissipated power in the Southern and Northern hemispheres behave similarly
to estimate the total dissipated power from the hemispheric values from Equation (7). For each hemisphere we
consider the seasonal variations (defined the same way as for Joule heating). There is some discrepancy between
those three estimates of the power dissipated by precipitating particles (Figure 3). The estimate from the func-
tional form (7) is approximately two times higher than the estimate from the functional form (6) and from DMSP
observations. Only the later one consider the energy dissipation related to both precipitating ions and electrons
(Newell et al., 2009) while the two functional forms (6) and (7) only consider the contribution of precipitating
electrons (Chun et al., 2002; Tenfjord & @stgaard, 2013). However, the contribution of ions to the energy depo-
sition is relatively limited, representing on average 16% of the total energy deposited by precipitating particles
(Newell et al., 2009).

ULF waves also contribute to the energy dissipation in the Earth's upper atmosphere. Among them, Alfvén waves
constitute the main wave mode that contributes to dissipate energy in the upper atmosphere. The contribution of
ULF waves to the total energy dissipation in the upper atmosphere is estimated to a few percent for low to moder-
ately active periods but for intense geomagnetic storm it can contribute to up to ~30% of the dissipated energy
(Rae et al., 2007). The energy carried by Alfvén waves flowing in and out of the Auroral Acceleration Region
(AAR) has been quantified by using observations from the FAST and Polar satellites. The following functional
forms describing the dependence of the inflowing and outflowing energy of Alfvén waves as observed above the
AAR have been built according to those observations (Keiling et al., 2019):

AW [GW] = 0.009 - AE[nT] + 0.070[GW]

®)
AWou[GW] = 0.003 - AE[nT] - 0.138[GW]

The difference between the inflowing and outflowing Alfen wave energy corresponds to the energy that has been
lost by Alfvén waves in the AAR and in the upper atmosphere. ~56% of the incoming Alfven wave power in the
auroral zone is transferred to precipitating electrons in the AAR (Keiling et al., 2019). The Alfven wave energy
is thus transferred to precipitating electrons above the upper atmosphere and thus is already accounted for when
considering the energy flux of precipitating electrons. ~11% (lower limit) of the incoming Alfven wave power is
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Particle Precipitation
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Figure 3. Energy dissipation in the Earth's ionosphere via particle precipitation. Panel (a) estimate from the empirical
formula from Tenfjord and @stgaard (2013). Panel (b) estimate from the empirical formula from Chun et al. (2002). Panel
(c) estimate from Table 1 in Newell et al. (2009). The scattered points represent the 1 hr averaged dissipated power while the
solid lines correspond to the yearly averages (for the estimate presented in panel (c), the 1 hr averaged data points can only
take three different values, for low, moderate and strong solar wind driving). Panel D compares the yearly average of the
power dissipated via particle precipitation from the three methods using the same colors as in panels (a, b, and ¢) The yearly
averaged dissipated power in 1989 may not be accurate as the AL index is only available for the month of March.

either dissipated in the upper atmosphere or transferred to upflowing electrons in undefined proportions (Keiling
et al., 2019). Consequently, we estimate that the Alfven wave energy dissipation in the upper atmosphere corre-
sponds to 11% of the incoming Alfven wave energy as given by Equation 8. The average power dissipated by
Alfvén waves in the upper atmosphere during this period is 0.26 GW, much lower than the power dissipated by
Joule heating and particle precipitation.

2.4. Result

The solar wind energy flux density is obtained summing the contribution of the solar wind ion kinetic energy and
of the Poynting flux. To estimate the total energy flux intercepted by the induced magnetosphere of a hypothetic
unmagnetized Earth, we multiply it by the cross section of the induced magnetosphere which is estimated as
being a disk with a radius corresponding to the geocentric distance of the IMB at the terminator. It is estimated
to 88.2 GW for a radius of the induced magnetosphere of 1.2 R, 103.5 GW for a radius of 1.3 R and 120 GW
for a radius of 1.4 R. This corresponds to the maximum solar wind power that could be dissipated in the upper
atmosphere of an unmagnetized Earth if all the incoming solar wind power were dissipated in the ionosphere.

This is to be compared with the power dissipated in the atmosphere of the actual (magnetized) Earth. Joule heat-
ing and particle precipitation are the two dominant solar wind energy dissipation mechanisms in the Earth's upper
atmosphere. Table 1 shows the average value of the total power dissipated in the ionosphere as estimated from the
functional forms discussed above. It includes the contribution of Joule heating, particle precipitation and Alfvén
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Table 1
Average Power Dissipated in the Upper Atmosphere of the Earth Between 1963 and 2020

Joule heating (GW)

@stgaard, Germany, et al. (2002) Chun et al. (1999) Knipp et al. (2005)

110 110 99.2

Total dissipated power (GW)*

Particle precipitation (GW) Tenfjord and Bstgaard (2013) 324 143 142 132
Chun et al. (2002) 70.6 181 181 170
Newell et al. (2009) 45 155 155 144

Note. This table shows the various estimates of the total power dissipated in the upper atmosphere for the various estimates of the dissipated power due to Joule heating
and particle precipitation discussed in the text.
It also includes the power dissipated by Alfvén waves (0.26 GW) as estimated from the Keiling et al. (2019) functional forms.

waves. Our estimates of the average dissipated power in the ionosphere from 1963 to 2020 range between 132 and
181 GW with a contribution of Joule heating estimated between 99.2 and 110 GW and a contribution of particle
precipitation estimated between 32.4 and 70.6 GW.

3. Discussion

The solar wind energy dissipated in the Earth's upper atmosphere is higher than the solar wind power that would
be intercepted by the induced magnetosphere of a hypothetical unmagnetized Earth. This result is valid for all the
different methods we used to estimate the energy dissipated in the Earth's upper atmosphere and when consider-
ing a larger induced magnetosphere.

It implies, without any assumption on the solar wind energy dissipation in the upper atmosphere of a hypothetical
unmagnetized Earth, that the Earth's magnetic field increases solar wind energy dissipation in the upper atmos-
phere. In order to quantify the increase of energy dissipation due to the magnetization of the Earth, it is necessary
to estimate the amount of incoming solar wind energy that would be dissipated in the Earth's upper atmosphere
if it were unmagnetized. For the large scale Earth's magnetosphere, the ratio between the solar wind energy
transferred into the magnetosphere and the solar wind energy intercepted by the magnetosphere is estimated
typically between less than 1% and 10%, the higher values being associated with periods of strong geomag-
netic activity when the energy dissipation inside the magnetosphere is high (Knipp et al., 1998; Li et al., 2012;
@stgaard, Germany, et al., 2002; Tenfjord & @stgaard, 2013). A fraction of the solar wind energy transferred into
the magnetosphere, estimated between 20% and 80% (Guo et al., 2012; Knipp et al., 1998; @stgaard, Germany,
et al., 2002), is eventually dissipated in the ionosphere. The induced magnetospheres of Venus and Mars are
of much smaller scale. Not all the energy in the solar wind that is intercepted by an unmagnetized planet is
imparted to its upper atmosphere, however. Contrary to a low-conductive object without an atmosphere, like the
Moon, where the bulk of the solar wind is absorbed by the surface, the ionized part of the planetary atmosphere
sets up currents that create a magnetic field opposing the IMF. This IMB diverts the solar wind (Kivelson &
Bagenal, 2014; Schunk & Nagy, 2009). Observations at Mars (Frinz et al., 2006; Halekas, Brain, et al., 2017,
Halekas, Ruhunusiri, et al., 2017) and Venus (Kollmann et al., 2016; Nordstrom et al., 2013) show the solar
wind being slowed down as it crosses the bow shock and flowing around the IMB with an increased density and
temperature, along the magnetic field lines that are draped around the IMB. This IMB is very effective at keeping
most of the solar wind out of the dense planetary atmosphere (Brain, 2006) and at diverting the solar wind energy.
There is no observational estimate of the coupling efficiency between the solar wind and an induced magneto-
sphere. However, the average ion escape coupling efficiency (the ratio between the incoming solar wind energy
and the energy carried by escaping ions) has been empirically estimated to 0.67 + 0.04% for Mars (Ramstad,
Barabash, Futaana, Nilsson, & Holmstrom, 2017) and to 0.008% for Venus (Persson et al., 2021). The ion escape
efficiency only consider the solar wind energy transferred to escaping ion and not all the solar wind energy that is
dissipated in the upper atmosphere. It thus represents a lower limit for the coupling efficiency between the solar
wind and the upper atmospheres of Mars and Venus.
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The observations discussed above indicate that large scale and induced magnetospheres are efficient at diverting
the solar wind and preventing solar wind energy to be dissipated in the upper atmosphere. Thus, the energy that
would be dissipated in the upper atmosphere of an unmagnetized Earth would only correspond to a fraction of
the incoming solar wind energy. For a coupling efficiency between the solar wind and the upper atmosphere of a
hypothetical unmagnetized Earth of 1%, the solar wind energy dissipated in the upper atmosphere would be of the
order of ~1 GW meaning that the presence of a large scale magnetic field at Earth would increase the solar wind
energy dissipation in its upper atmosphere by a factor of at least 100. For a coupling efficiency of 0.1%, it would
be increased by a factor of ~1,000 and by a factor of ~10 for a coupling efficiency of 10%.

Our results thus show with a very high degree of confidence that the presence of a large scale magnetic field
substantially increases the solar wind energy deposition in the upper atmosphere of the Earth. The reason behind
this increase lies in the interaction between the solar wind and the magnetic environment of planets. Both induced
and large scale magnetospheres interact with the solar wind and efficiently shield planetary atmospheres from
the solar wind. However, the magnetospheres of magnetized planets like Earth are much larger than the planets
themselves. They thus dramatically increase the size of interaction region between the solar wind and the plan-
etary environment and thus the amount of solar wind energy that can potentially be diverted toward the upper
atmosphere.

4. Conclusions

It has been shown that the solar wind power currently dissipated in the Earth's upper atmosphere is higher than
the solar wind power intercepted by the induced magnetosphere of a hypothetical unmagnetized Earth. This
demonstrates a counter-intuitive result: the large scale magnetic field of the Earth increases the solar wind power
dissipated in the Earth's upper atmosphere. This conclusion remains valid even if considering the unrealistic
situation where all the solar wind energy intercepted by the induced magnetosphere of a hypothetical unmagnet-
ized Earth would end up dissipated in its upper atmosphere. Actually, while of much smaller scale, the induced
magnetospheres of unmagnetized planets like Venus and Mars efficiently shields their upper atmosphere from
the solar wind. Only a fraction of the solar wind energy intercepted by their induced magnetosphere ends up
dissipated in their upper atmosphere. It implies that the increase of solar wind energy dissipation in the upper
atmosphere due to the presence of a large scale magnetic field at Earth is significant and can realistically reach a
factor of 10 or more. The consequences of this increased energy deposition on atmospheric escape remain to be
quantified. However it clearly favors atmospheric escape as more energy is available to accelerate atmospheric
material to sufficient energies allowing it to leave the planetary system. Having established that more energy is
dissipated in the Earth's upper atmosphere due to the presence of a global magnetic field calls for a re-evaluation
of the paradigm that an intrinsic planetary magnetic field minimizes the escape of planetary atmospheres. The
results presented in this study are thus relevant not only for understanding the evolution of the Earth's atmosphere
but also for understanding the longevity of planetary atmospheres and assessing the habitability of exoplanets.

Data Availability Statement

The data used in this study (in-situ solar wind measurements and geomagnetic activity indices) are publicly
available on the GSFC/SPDF OMNIWeb database and can be obtained from its web interface at https://omni-
web.gsfc.nasa.gov. We also use empirical formulas derived from observations available in @stgaard, Germany,
et al. (2002), Chun et al. (1999), Knipp et al. (2005), Tenfjord and @stgaard (2013), Chun et al. (2002), and
Keiling et al. (2019).
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