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Abstract15

Superthermal electron precipitation is one of the main sources supporting the Mars16

nightside ionosphere. It is expected that solar wind electron fluxes are to increase sig-17

nificantly during interplanetary coronal mass ejections (ICME) and therefore an enhanced18

nightside ionospheric density. This study is to quantify the variation of the precipitat-19

ing and deposited electron fluxes during five extreme ICMEs encountered by Mars Global20

Surveyor (MGS). We find energy fluxes correlate better with the upstream dynamic pres-21

sure proxy than number fluxes and electron fluxes increase more at high energies, which22

means electrons tend to have a lower peak production altitude during storm times. The23

precipitating and net/deposited fluxes are increased up to an order of magnitude from24

low to high dynamic pressures. The estimated total electron content (TEC) is a few times25

of 1014 m−2 for quiet times and on the order of 1015 m−2 for storm times, with an en-26

hancement up to an order of magnitude locally near strong crustal fields. Crustal mag-27

netic fields have an effect on the deposited fluxes with more prominent magnetic reflec-28

tion over strong magnetic fields during quiet periods, which is significantly reduced dur-29

ing storm times. Lastly, we estimate a global energy input from downward fluxes of 1.1×30

108 W and 5.5×108 W and the globally deposited energy from net fluxes of 2.0×10731

W and 1.6×108 W for quiet and storm time periods, a factor of 5 and 8 enhancement32

globally, respectively, but up to an order of magnitude locally near strong crustal fields.33

1 Introduction34

The Mars nightside ionosphere is known to have low densities and patchy spatial35

distributions (e.g. Němec et al., 2010; Duru et al., 2011; Xu et al., 2016). Without pho-36

toproduction, Mars’ nightside ionosphere is mainly maintained by plasma transport from37

the dayside ionosphere and in-situ production by primary and secondary electron im-38

pact ionization (e.g. Fillingim et al., 2007; Lillis et al., 2009; Fillingim et al., 2010; Lil-39

lis et al., 2011; Shane et al., 2016; Lillis et al., 2018; Adams et al., 2018). Superthermal40

electron precipitation can be from either solar wind electrons on open magnetic field lines41

(e.g. Dubinin et al., 2008; Shane et al., 2016; Weber et al., 2017; Adams et al., 2018),42

which are connected to the solar wind at one end and to the Mars collisional atmosphere43

at the other end, or dayside ionospheric photoelectrons through cross-terminator closed44

field lines (e.g. Liemohn et al., 2007; Xu et al., 2016, 2017; Xu, Weber, et al., 2019). Note45
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that electron precipitation occurs on the dayside too but its energy input is negligible46

(0.1– 1%), compared to solar extreme ultraviolet (EUV) input (e.g. Xu et al., 2014).47

Many previous studies have focused on statistical characterization of electron pre-48

cipitation (e.g. Shane et al., 2016; Lillis et al., 2011) and its impact on the nightside iono-49

sphere (e.g. Lillis et al., 2018; Adams et al., 2018; Cui et al., 2019), representing a pic-50

ture during quiet times. During solar transient events, such as interplanetary coronal mass51

ejections (ICMEs), sub-keV solar wind electrons and solar energetic particles (SEP, usu-52

ally above ∼ 10 keV) tend to have high fluxes. The ICME leading portion contains com-53

pressed solar wind (the source of the high dynamic pressure along with the higher ICME54

speed compared to ambient solar wind). This increases the solar wind electron flux on55

interplanetary magnetic field (IMF) lines in the ICME sheath, and if the compressed so-56

lar wind is shocked, it also heats them (e.g. Kilpua et al., 2017). In addition to this ICME57

leading “sheath” population of external electrons, there is often an accompanying pop-58

ulation of flare or ICME shock-generated SEPs. These add an even higher energy tail59

but at lower fluxes.60

SEP electrons were reported to cause global-scale auroral emission during ICMEs61

at Mars, with a deposition altitude of ∼ 100 km or lower (e.g. Schneider et al., 2015, 2018).62

The sub-keV solar wind electrons tend to deposit their energy in the main ionosphere,63

at 100-150 km altitude. The enhanced solar wind electron flux during transient events64

is expected to cause a higher plasma density on the Mars nightside. Lillis and Brain (2013)65

investigated variability in the global electron precipitation pattern and magnitude for66

different upstream dynamic pressures with MGS data, which is a result of both enhanced67

solar wind electron fluxes and magnetic topology changes during high dynamic pressures68

(e.g. Xu et al., 2018; Xu, Curry, et al., 2019; Weber et al., 2019). Harada et al. (2018)69

reported an unusually high peak electron density of ∼ 1−2×104 cm−3 during the 201770

September ICME event at Mars, based on measurements from the Mars Advanced Radar71

for Subsurface and Ionospheric Sounding (MARSIS) (Gurnett et al., 2005) on Mars Ex-72

press, owing to enhanced electron impact ionization. In this study, we mainly focus on73

the sub-keV electron population to assess their impact on the Mars nightside ionosphere.74

ICME events and their impact on the Mars system are of a particular interest to75

the Mars atmospheric community because the early Sun was significantly more active76

and ICMEs were much more frequent (Güdel, 2007). Ion escape can also increase from77
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a factor of a few to two orders of magnitude for different ICME events (e.g. Dong et al.,78

2015; Luhmann et al., 2017; Ma et al., 2018). Characterizing how the Mars plasma en-79

vironment responds to present-day extreme solar events can help us more confidently ex-80

trapolate atmospheric loss back in time and thus gain a better understanding of Mars’81

atmospheric evolution (e.g. B. Jakosky et al., 2018; Dong et al., 2018). Therefore, this82

study focuses on superthemal electron precipitation during a few of the most extreme83

ICME events and its impact on the ionosphere state with observations from the Mars84

Global Surveyor (MGS) spacecraft. MGS experienced a much more active solar cycle than85

the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft and was collecting86

measurements at fixed local times (2 AM/PM) and altitudes (∼400 km) such that we87

can study the variation in electron precipitation with fewer confounding variables.88

Five events encountered by MGS are chosen: four most extreme ICMEs (1, 2, 4,89

5) over the entire mission and one ICME event (3) that is similar (in terms of the dy-90

namic pressure level) to the March 2015 ICME encountered by MAVEN, as indicated91

in Figure 1. These five ICME events are identified by Delory et al. (2012) with the Elec-92

tron Reflectometer (ER) instrument background count rates for 16-20 keV and upstream93

dynamic pressure proxies based on the magnetic vector measurements by the Magne-94

tometer (MAG) instrument, as shown in panels a and b in Figure 1, respectively. The95

count rates at these high energy channels are mainly produced by galactic cosmic rays96

during quiet times and by high-energy SEPs (>∼25 MeV for protons and > a few hun-97

dred keV for electrons) during solar transient events. The dynamic pressure proxy (Pdyn)98

is obtained with a method similar to Crider et al. (2003), assuming the magnetic pres-99

sure over weak crustal fields being balanced with the upstream dynamic pressure. More100

specifically, dayside magnetic fields measured at the N 50◦−60◦ latitude band, where crustal101

fields are insignificant, are used to calculate a magnetic pressure, which is then fit to the102

sub-solar point with a cosine function of local solar zenith angles (SZAs). One dynamic103

pressure proxy per orbit is obtained and used for the entire orbit. The dynamic pres-104

sure levels of two ICME events encountered by MAVEN are highlighted in Figure 1b for105

a comparison.106

As Xu, Curry, et al. (2019) showed, magnetic topology in the Mars-solar wind in-107

teraction is altered when an ICME disturbance encounters Mars. The ICME typically108

has significantly larger magnetic field than the normal solar wind, and it may also have109

unusual orientations as the disturbance passes over a typical period of hours to a frac-110
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Figure 1. Upstream proxies for the entire MGS mission. (a) Background count rate (s−1) of

16-20 keV energy channels recorded by MGS ER against time. (b) Time series of the upstream

dynamic pressure proxy based on magnetic field measurements. The blue and magenta horizon-

tal dashed lines in (b) mark the dynamic pressure levels for the March 2015 ICME event and

the September 2017 ICME event encountered by MAVEN, referenced from B. M. Jakosky et al.

(2015), Lee et al. (2018), and Ma et al. (2018).

tion of a day. These external fields interact with the Mars ionospheric and crustal field111

obstacle, with the consequence that more magnetic field lines inside the Mars ionosphere112

become directly connected to the solar wind. This in principle allows more direct entry113

paths for the external electrons, which are closely tied to magnetic field lines.114

In this study, we disentangle the topological variation and the variation in solar wind115

electron fluxes during ICME events by mainly examining the flux variation on open mag-116

netic field lines, as only solar wind electrons on open topology can precipitate into the117

collisional atmosphere. More specifically, we characterize how the downward and net (i.e.118

downward - upward) electron fluxes vary with upstream conditions, particularly the up-119

stream dynamic pressure, and assess their impact on the nightside ionosphere. Magnetic120
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topology, i.e. magnetic connectivity to the solar wind and/or the atmosphere, is deter-121

mined manually, adopting the method in Xu, Curry, et al. (2019). This paper is orga-122

nized as follows: we describe the methodology in section 2, followed by the main results123

in section 3, and conclude in section 4.124

2 Methodology125

The MGS spacecraft was operating during its mapping phase from late 1999 to late126

2006 at a 370-430-km-altitude polar orbit at 2 AM/PM local time (LT) (Acuña et al.,127

1998). The MAG/ER onboard MGS measured magnetic field vectors and electron en-128

ergy/angular distributions from 10 eV to 20 keV (Acuña et al., 1992; Mitchell et al., 2001).129

The ER instrument had a field of view (FOV) of 360◦ × 14◦ with 16 sectors and an an-130

gular resolution of 22.5◦× 14◦ and collected data a time cadence of 2-8 seconds. These131

angular distributions are then mapped to pitch angle (PA) distributions with magnetic132

vectors measured by the MAG instrument. As MGS was a three-axis stabilized space-133

craft, only a 2-D slice through the 3-D velocity space was sampled by ER, which means134

the pitch angle coverage for each measurement varies depending on the magnetic field135

direction. When the magnetic field is in the plane of ER’s FOV, ER provides measure-136

ments over the full pitch angle range (0◦-180◦). Conversely, when the magnetic field is137

perpendicular to this plane, ER only measures pitch angles near 90◦. Following previ-138

ous studies (e.g. Brain et al., 2007; Xu, Curry, et al., 2019), our main analysis only in-139

cludes data with the pitch angle range > 90◦.140

Magnetic topology, i.e. magnetic connectivity to the solar wind and/or the atmo-141

sphere, is determined manually, adopting the same method as in Xu, Curry, et al. (2019).142

This method utilizes both the energy and pitch angle distributions of superthermal elec-143

trons. More specifically, we determine the presence or absence of loss cones in the pitch144

angle distribution and ionospheric photoelectrons through their spectral features in the145

energy distribution for both parallel and antiparallel directions with each measurement,146

which indicates magnetic connectivity to the collisional atmosphere and the dayside iono-147

sphere on one end or both ends. If a magnetic field line intersects the collisional atmo-148

sphere/ionosphere only once, then it is open; if twice, then it is closed; and if not at all,149

then it is draped. In addition, if the measured fluxes are close to the instrument back-150

ground in all directions, so-called superthermal electrons voids, it indicates that the space-151

craft was flying through closed field lines on the nightside having no access to either so-152
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lar wind electrons or dayside photoelectrons. More details of how to determine topol-153

ogy are in the methodology section in Xu, Curry, et al. (2019). These basic principles154

to identify topology have been used in many studies (e.g. Brain et al., 2007; Duru et al.,155

2011; Steckiewicz et al., 2015; Weber et al., 2017; Xu et al., 2017; Xu, Weber, et al., 2019;156

Niu et al., 2020).157

In this study, we remove background fluxes caused by high-energy particles with158

the method described in Xu, Curry, et al. (2019), which can be significant during ICMEs.159

We then integrate the flux over pitch angles 0 − 90◦ and 90◦ − 180◦ and classify the160

integrated fluxes into “upward” and “downward” based on the magnetic elevation an-161

gle (with respect to the local horizontal plane).162

3 Results163

In this section, we start with a case study of event 1 in section 3.1 to illustrate how164

the fluxes vary during an ICME event. We then show statistical analyses based on the165

five ICMEs indicated in Figure 1, including data for 24–28 September 2001 (event 1),166

29 and 31 December 2001 and 1 January 2002 (event 2), 11–12 January 2002 (event 3),16–167

24 July 2002 (event 4), and 11 October, 21–22 October, 29–31 October, 1-2 November168

2003 (event 5), 27 days in total.169

3.1 An Event Example170

We take event 1 in Figure 1 as an example, which is shown in Figure 2. From Fig-171

ures 2a and 2b, the ICME shock arrived at Mars at ∼20:00 universal time (UT), 25 Septem-172

ber 2001, marked by the vertical dotted line, where there is a sudden enhancement of173

both the ER background count rate and the upstream dynamic pressure proxy. The count174

rate enhancement prior to the shock arrival, starting mid 24 September 2001, are prob-175

ably caused by the early-arriving SEP particles released from the Sun arriving at Mars176

before the ICME because of their faster speeds. In contrast, the count rate enhancement177

near the ICME shock are mainly particles accelerated by the shock.178

Magnetic topology is a consequence of solar wind’s interaction with Mars’ ionosphere179

and crustal magnetic fields, dynamic even during quiet times, as shown in Figure 2c, be-180

cause of the changing IMFs and/or the planet rotation (e.g. Ma et al., 2014). In response181

to the pressure impulse by the ICME shock, combined with the enhanced field associ-182
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ated with the passing structure, the magnetic topology (Figure 2c) changed from dom-183

inantly closed (red) at 400-km altitude before the shock arrival to open (green) and draped184

(blue) during high dynamic pressure periods, and then recovered to closed-dominated185

topology during the recovery phase. The topology change during an ICME event has been186

investigated in detailed by previous studies (e.g. Xu et al., 2018; Xu, Curry, et al., 2019).187

Particularly, Xu, Curry, et al. (2019) found that the occurrence rate of open and/or draped188

topology increases linearly with upstream dynamic pressure by investigating the 2003189

Halloween ICME event in detail.190

In this study, we mainly examine the downward electron fluxes, both the number191

flux (# cm−2 s−1) and the energy flux (eV cm−2 s−1), which is the energy/particle in-192

put to the Mars system, and the net electron fluxes (downward – upward), which rep-193

resents the deposited energy/particles. The downward/net number fluxes are shown in194

Figures 2d and 2e and the downward/net energy fluxes in Figures 2f and 2g, respectively,195

integrated over the entire energy range and also respective solid angles. Significant flux196

enhancements are seen in the lower four panels right after the ICME shock. The flux en-197

hancement correlates better with the pressure enhancement, rather than the ER back-198

ground count rate, because solar wind electrons for 10 – 1000 eV are mainly heated by199

the ICME shock while MeV electrons and ions, the main source of background count rates,200

can be either released from the Sun or shock accelerated. In addition, the trend between201

the electron flux and the ER background count rate for the selected five events is not202

as clear as with dynamic pressure (not shown here). Therefore, in the following analy-203

sis, we mainly examine the correlation between the electron flux and the upstream dy-204

namic pressure.205

We also see a periodic behavior of electron fluxes in Figures 2d and 2g, which is206

mainly the day-night difference. Dayside electrons are more likely to be heated by Mars’207

bow shock while nightside electrons tend to be decelerated by the wake potential (Mitchell208

et al., 2001), an effect similar to the lunar wake (e.g. Xu, Poppe, et al., 2019). In this209

study, we mainly focus on nightside electron precipitation, because (1) the dayside en-210

ergy input from supthermal electron precipitation is small (0.1% to 1%) compared to so-211

lar EUV input; (2) some of low-energy ER channels facing the spacecraft body were con-212

taminated by spacecraft photoelectrons in the sunlit hemisphere, which makes the day-213

side results unreliable since we are integrating over the entire energy range. In contrast,214

electron precipitation is one of the most important sources for Mars’ nightside ionosphere215
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(e.g. Lillis et al., 2018; Adams et al., 2018) and the contamination from spacecraft pho-216

toelectrons is minimal on the nightside, as well.217

3.2 Superthermal Electron Deposition218

We show that the electron flux correlates well with dynamic pressure through the219

example above. To quantitatively illustrate this relation, Figure 3 shows the downward220

and net electron number/energy fluxes as a function of the dynamic pressure proxy. Here,221

we only show results for when magnetic topology is determined to be open from elec-222

trons’ energy and angular distributions, as only these electrons can precipitate onto the223

nightside collisional atmosphere (< 200 km altitude). The black lines and error bars are224

quartiles. The correlation between the electron energy flux and the dynamic pressure (the225

lower two panels) is much more prominent than that for number fluxes (the upper two226

panels), which can be seen in the case study shown in Figures 2d and 2g, as well. This227

suggests that the flux enhancement occurs most prominently at high energies, which is228

in agreement with heated solar wind electrons by the ICME shock causing the flux en-229

hancement. Electron energy fluxes are increased by about an order of magnitude from230

dynamic pressure < 1 nPa to ∼ 30 nPa.231

There is an enhancement in energy fluxes for dynamic pressure < 0.1 nPa (the lower232

row of Figure 3), which is somewhat counterintuitive. As shown in Figure 2a, such a low233

level of dynamic pressures likely occurs at the ejecta phase of an ICME event, or known234

as the magnetic cloud right behind the ICME sheath region, where solar wind proton235

densities are usually very low. Meanwhile, the field-aligned electron fluxes at high en-236

ergies tend to stay high during the ejecta phase, often observed as counter-streaming elec-237

trons. This could explain the enhanced electron fluxes, and other quantities shown in238

the following sections, during this extreme low level of upstream dynamic pressures. As239

we do not have other upstream parameters from MGS to better characterize different240

phases of ICMEs, we focus on the discussion of periods with dynamic pressure > 0.1 nPa241

hereafter.242

We estimate a fractional deposition rate, calculated as the net flux divided by the243

downward flux, of ∼20%–30%. This rate is slightly higher than the rate of 10% – 20%244

reported by Shane et al. (2016), probably because we select only open topology here such245

that our results are not biased by the expected small deposition on draped topology. For246
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solar wind pressure levels similar to ICMEs encountered by MAVEN (green crosses in247

Figure 3, referenced from B. M. Jakosky et al. (2015), Lee et al. (2018), and Ma et al.248

(2018)), downward number and energy fluxes are 0.5 – 1×108 # cm−2 s−1 and 0.5 – 1×1010249

eV cm−2 s−1 and net number and energy fluxes are 1 – 2×107 # cm−2 s−1 and 1 – 5×109250

eV cm−2 s−1, respectively.251

One way to demonstrate that the flux enhancement occurs mostly at high energies252

is to calculate the characteristic energy of each measurement, which is the integrated en-253

ergy flux divided by the integrated number flux. Figure 4 shows that the characteris-254

tic energy increases from 20–30 eV for dynamic pressure of 0.1–1 nPa to 100–400 eV for255

dynamic pressure > 10 nPa. A higher characteristic energy during high dynamic pres-256

sure periods suggests electrons deposit their energy at lower altitudes than that during257

quiet periods. For pressure levels similar to ICMEs encountered by MAVEN (green crosses),258

the characteristic energy is around 100–300 eV.259

3.3 Electron Impact on the Ionosphere260

To further evaluate the impact of superthermal electron precipitation on the night-261

side ionosphere, we calculate the electron-ion pair per cm2 per second (noted as ’p’ here),262

which is calculated as the net energy flux divided by a weight function (W , in the unit263

of eV) for Mars (Wedlund et al., 2011), i.e. the energy per ion pair. This weight func-264

tion takes into account the fact that high-energy electrons can produce multiple electron-265

ion pairs. More specifically, E0/W describes how many electron-ion pairs an electron with266

an energy of E0 can produce. As shown in Figure 5a, the resulting p increases signifi-267

cantly with solar wind dynamic pressure, up to a factor of ∼40 from dynamic pressure268

< 1 nPa to ∼ 30 nPa, as the flux enhancement occurs most predominantly at high en-269

ergies.270

We can convert electron-ion pairs (p) to a volume ion production rate by dividing271

the depth of the ionosphere L, i.e. p/L (in the unit of cm−3 s−1), a similar approach to272

Shane et al. (2016). Here we take L = 100 km to represent electron impact ionization273

at 100–200 km altitude. By assuming a local chemical equilibrium with a single ion spieces,274

O+
2 , and applying a disassociation recombination rate of α = 4.2 × 10−7(300/Te)

0.75
275

cm3 s−1 (Schunk & Nagy, 2009) and an electron temperature Te = 1000 K (e.g. Fowler276

et al., 2015), the averaged ion density is n =
√

p/Lα. Here we assume the density is277
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uniform across L and thus it is more appropriate to calculate the total electron content278

(TEC), which is TEC =
√

pL/α. In other words, both the averaged electron density279

and TEC are proportional to
√
p. As shown in Figure 5b, with assumed L and Te, the280

calculated TEC is around 2×1014 m2 for quiet times (< 1 nPa), which agrees well with281

TEC values derived from MARSIS radar signal distortions (Figure 1 of Lillis et al. (2010))282

and also derived values with a similar approach by Shane et al. (2016). During high dy-283

namic pressure time periods (> 10 nPa), TEC is increased to 1 – 1.5×1015 m−2, by a284

factor of ∼6.285

Using a simple triangle distribution for the density altitude profile, a peak density286

(npeak) can be calculated as npeak = TEC/(L/2), which is 4×103 cm−3 for quiet times,287

comparable to existing measurements (e.g. Withers et al., 2012), and 2−4×104 cm−3
288

for solar wind dynamic pressure > 10 nPa. For pressure levels similar to ICMEs encoun-289

tered by MAVEN (green crosses), the estimated TEC is 0.5−1×1015 m−2, which cor-290

responds to a peak density of 1 − 2 × 104 cm−3, agreeing well with the reported high291

peak electron density by Harada et al. (2018). Our results support their hypothesis that292

the enhanced electron precipitation created the unusually high electron density during293

the ICME event.294

We note that our evaluation on TEC and peak densities provides only order-of-magnitude295

estimates as we use typical values for some of the parameters but we obtain a reason-296

able agreement with observations in previous studies for both quiet times (e.g Lillis et297

al., 2010) and storm times (e.g Harada et al., 2018). Our work shows that the electron298

flux enhancement during ICME events increases electron impact ionization, which can299

cause up to an order of magnitude enhancement in TEC and peak electron densities in300

the nightside ionosphere. A thorough evaluation of TEC variations during an ICME event301

and if it mainly owes to enhanced electron precipitation requires the right set of obser-302

vations at the right time/place, which is beyond the scope of this paper and left for fu-303

ture studies.304

3.4 Effects of Crustal Magnetic Fields305

Not all precipitating electrons on open field lines can be deposited into the atmo-306

sphere, as those in more perpendicular pitch angles can be magnetically reflected. There-307

fore, where the field lines connected to, whether it is strong or weak crustal magnetic fields,308
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matters for the deposition. As the downward flux is about the same regardless of crustal309

field strengths, we show results for net fluxes in Figure 6 to demonstrate the effects of310

crustal magnetic fields, the left column for weak crustal fields (|Bcrust| < 10 nT) and311

the right for strong crustal fields (|Bcrust| > 10 nT), where (|Bcrust| is the crustal field312

strength at 400 km from the Morschhauser crustal model (Morschhauser et al., 2014).313

Comparing Figures 6a and 6b, the net energy flux over weak crustal fields is about314

twice of that over strong crustal fields under low dynamic pressures (< 1 nPa), as more315

electrons are magnetically reflected over strong crustal fields. In contrast, the net flux316

is about the same regardless of crustal strengths during high dynamic pressures. This317

is probably because the tail magnetic field strength increases significantly when the up-318

stream pressure is high such that magnetic reflection over strong crustal fields is largely319

reduced.320

Comparing Figures 6c and 6d, the characteristic energy tends to be higher over weak321

crustal fields than that over strong crustal fields, more prominent during high dynamic322

pressures. This should still be caused by the mirror effect. High-energy electrons tend323

to deposit at lower altitudes where the magnetic strength is also stronger over strong crustal324

fields, resulting in less deposition and thus a lower characteristic energy for net fluxes325

on average.326

To examine how the electron impact on the ionosphere varies with crustal magnetic327

fields, Figures 7a and 7b show electron-ion pairs and TEC (m−2) as a function of the328

upstream dynamic pressure and crustal magnetic strength. Similar to trends in Figure 6,329

electron-ion pairs over weak crustal fields are roughly twice of that over strong crustal330

fields during quiet times but vary less for different crustal fields during high dynamic pres-331

sures. Meanwhile, TEC over weak crustal fields is about 50% higher than that over strong332

crustal fields during quiet times but shows less dependence on crustal strengths during333

storm times as well. This can, again, be explained by the different levels of magnetic re-334

flection over strong crustal fields for different upstream dynamic pressure levels.335

3.5 Hemispheric Energy Deposition336

The results above are solely for open magnetic topology, the occurrence rate of which337

can change globally during an ICME, as pointed out by e.g. Xu, Curry, et al. (2019). In338

order to estimate the global energy input and deposition during quiet periods and dis-339
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turbed periods, we show the geographic mapping of the downward energy fluxes (the left340

column) and net energy fluxes (the right column) for dynamic pressures < 1 nPa (pan-341

els a and d) and > 3 nPa (panels b and e) in Figure 8. The gray pixels in Figure 7 are342

for samples < 10, mostly because closed topology dominates in those areas.343

The total downward electron energy flux (the left column) is integrated globally344

to be 1.1×108 W for 0.1 < Pdyn < 1 nPa (Figure 8a) and increased to 5.5×108 W,345

for Pdyn > 3 nPa (Figure 8b). The integrated global fluxes in Figure 8 are scaled by346

a factor of 0.5 to account for only the nightside hemisphere. Figure 8c shows the ratio347

of median downward electron fluxes during high and low dynamic pressures, i.e. values348

in Figure 8b divided by those in Figure 8a. The enhancement is on average a factor of349

5 but can be up to more than an order of magnitude locally near strong crustal fields.350

The net energy fluxes (the right column of Figure 8) are much lower over strong351

crustal regions during low dynamic pressures, as shown in Figure 8d, because of mag-352

netic reflection, with a global integrated flux of 2.0×107 W. In comparison, the net en-353

ergy fluxes are more uniform globally during high dynamic pressures due to reduced mag-354

netic reflection effects, with a global integrated flux of 1.6×108 W. As a result, most ar-355

eas have a high ratio comparing high to low dynamic pressures, up to an order of mag-356

nitude locally and an averaged enhancement of a factor of 8.357

The electron-ion pairs (the left column) and derived TEC (the right column) for358

low (0.1 < Pdyn < 1 nPa) and high (> 3 nPa) dynamic pressures are shown in Fig-359

ures 9(a, d) and 9(b, e), with the ratio shown in panel (c, f). Both quantities show sim-360

ilar variations, though with slightly different magnitudes. Resembling the net energy fluxes361

in Figure 8d, both quantities are lower over strong crustal fields because of magnetic re-362

flection during low dynamic pressures and more uniform during high dynamic pressures.363

Particularly, TEC is around a few times of 1014 m−2 during low upstream dynamic pres-364

sures and on the order of 1015 m−2 for high dynamic pressures. As a result, the enhance-365

ment in TEC is a factor of 3 on average but can be an order of magnitude locally, es-366

pecially near strong crustal fields.367

4 Discussion and Conclusions368

In this study, we investigate superthermal electron energy deposition into the Mars369

system during ICMEs. Through a case study, we show that the electron flux enhance-370
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ment correlates better with the upstream dynamic pressure than the ER background count371

rate (representing the flux of ∼MeV particles), as these enhanced fluxes at 10 – 1000 eV372

result from solar wind electrons being mainly heated by the ICME shock. Upstream so-373

lar wind electrons also experience an additional electrostatic potential acceleration by374

Mars’ bow shock before they precipitate onto Mars’ atmosphere. During ICME events,375

the potential across Mars’ bow shock also increases upon the ICME shock arrival, as it376

scales with the ram energy of solar wind ions (Schwartz et al., 2019). However, open field377

lines connected to the nightside ionosphere should intersect the bow shock at very high378

SZAs, where the shock potential is minimal as the normal incident ram energy is also379

small (e.g. Schwartz et al., 1987). In short, this additional acceleration to the upstream380

solar wind by Mars’ bow shock might be another mechanism to cause the electron flux381

enhancement, though expected to be small, which is also intensified after the ICME shock382

arrival. Both mechanisms cause the energy flux enhancement to correlate well with the383

upstream dynamic pressure.384

Electrons at this energy range (10 – 1000 eV) are one of the main sources main-385

taining the Mars nightside ionosphere and we therefore expect an enhanced ionospheric386

density during ICME events. To assess the impact of enhanced precipitating electron fluxes387

on the nightside ionosphere during ICMEs, we choose five extreme ICME events encoun-388

tered by MGS and correlate the downward and net (downward – upward) electron num-389

ber and energy fluxes on open magnetic topology with upstream dynamic pressure prox-390

ies. The fractional deposition rate, calculated as the net flux divided by the downward391

flux, is ∼20%–30% on open field lines. Furthermore, evidently, energy fluxes have more392

significant enhancement, up to an order of magnitude, during high dynamic pressures393

and a better correlation with dynamic pressure than number fluxes, indicating that the394

flux enhancement mainly occurs at high energies. Indeed, the characteristic energy, cal-395

culated as the integrated energy flux divided by the integrated number flux, increases396

from 20–30 eV during low dynamic pressures to 100–400 eV during high dynamic pres-397

sures. A higher characteristic energy means the peak impact ionization production oc-398

curs deeper in the atmosphere than usual.399

To evaluate the impact on the nightside ionosphere, we calculate electron-ion pairs400

from net energy fluxes, which are deposited fluxes, and obtain a factor of ∼40 enhance-401

ment from dynamic pressure < 1 nPa to ∼30 nPa. We also estimate the TEC with a402

few assumptions to be 2×1014 m−2 for quiet times (< 1 nPa) and 1−1.5×1015 m−2
403
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for dynamic pressures > 10 nPa, increased by a factor of ∼ 7. The corresponding peak404

electron density is also estimated to increase from 4× 103 cm−3 to 2− 4× 104 cm−3.405

We can also evaluate the possible impact from the two ICME events encountered406

by MAVEN by applying the same upstream dynamic pressure levels. We obtain the down-407

ward number and energy fluxes are on the order of 0.5 – 1×108 # cm−2 s−1 and 0.5 –408

1×1010 eV cm−2 s−1 and the net number and energy fluxes are on the order of 1 – 2×107409

# cm−2 s−1 and 1 – 5×109 eV cm−2 s−1. The characteristic energy is around 100–300410

eV and TEC is around 0.5 – 1×1015 m−2, corresponding to an estimated peak density411

of 1 – 2×104 cm−3, which agrees well with the reported high density by Harada et al.412

(2018) for the 2017 September ICME event.413

Crustal magnetic fields can also play a role in the energy deposition as magnetic414

reflection varies with different crustal field strengths. We show that during low dynamic415

pressures, the net electron fluxes, electron-ion pairs, and TEC tend to be lower over strong416

crustal fields than weak crustal fields because of stronger mirror effects. During high dy-417

namic pressures, the results for strong and weak crustal fields are more similar, prob-418

ably because an enhanced tail magnetic field strength reduces the magnetic reflection419

over strong crustal fields. Interestingly, the characteristic energy tends to be higher over420

weak crustal fields, probably because the deposition altitude of high-energy electrons is421

lower, where crustal fields are stronger and magnetic reflection is also stronger on av-422

erage.423

We also map the downward and net energy fluxes on open topology in the geographic424

coordinate for high (> 3 nPa) and low (0.1 < Pdyn < 1 nPa) dynamic pressure level425

to assess the global effect. The global energy input from the downward fluxes increases426

from 1.1×108 W to 5.5×108 W and the deposited energy globally from the net fluxes427

increases from 2.0× 107 W to 1.6× 108 W, a factor of 5 and 8 enhancement globally,428

respectively, but up to an order of magnitude locally near strong crustal fields for both429

cases. Consequently, the enhancement in TEC is a factor of 3 on average but can be an430

order of magnitude locally, especially near strong crustal fields.431

Lastly, in this study, we focus on the impact of electron precipitation on the main432

ionosphere but high altitude in-situ production might be important, and also enhanced,433

during solar transient events. During extreme events, draped IMF can be down to ∼200434

km altitude on the dayside (e.g. Xu et al., 2018), inhibiting vertical plasma transport435
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from the main ionosphere to high altitudes. It means that in-situ production might be436

the main source for high altitudes rather than plasma transport. An enhanced in-situ437

production at high altitudes during storm periods implies a richer reservoir for high-altitude438

pick up ions.439

Acknowledgments440

This work was supported by NASA grant 80NSSC17K0455. The MGS data used in this441

study are available through the Planetary Data System (http://pds-ppi.igpp.ucla.edu).442

References443

Acuña, M., Connerney, J., Wasilewski, P., Lin, R., Anderson, K., Carlson, C., . . .444

others (1992). Mars Observer magnetic fields investigation. Journal of Geo-445

physical Research: Planets (1991–2012), 97 (E5), 7799–7814.446

Acuña, M., Connerney, J., Wasilewski, P. a., Lin, R., Anderson, K., Carlson, C., . . .447

others (1998). Magnetic field and plasma observations at Mars: Initial results448

of the Mars Global Surveyor mission. Science, 279 (5357), 1676–1680.449

Adams, D., Xu, S., Mitchell, D. L., Lillis, R. L., Fillingim, M., Andersson, L.,450

. . . Mazelle, C. (2018). Using Magnetic Topology to Probe the Sources of451

Mars’ Nightside Ionosphere. Geophysical Research Letters , 0 (ja). Retrieved452

from https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/453

2018GL080629 doi: 10.1029/2018GL080629454

Brain, D., Lillis, R., Mitchell, D., Halekas, J., & Lin, R. (2007). Electron pitch an-455

gle distributions as indicators of magnetic field topology near Mars. Journal of456

Geophysical Research: Space Physics (1978–2012), 112 (A9).457

Crider, D. H., Vignes, D., Krymskii, A. M., Breus, T. K., Ness, N. F., Mitchell,458

D. L., . . . Acuña, M. H. (2003). A proxy for determining solar wind dynamic459

pressure at Mars using Mars Global Surveyor data. Journal of Geophysical460

Research: Space Physics, 108 (A12).461

Cui, J., Cao, Y.-T., Wu, X.-S., Xu, S.-S., Yelle, R., Stone, S., . . . others (2019).462

Evaluating local ionization balance in the nightside martian upper atmosphere463

during maven deep dip campaigns. The Astrophysical Journal Letters, 876 (1),464

L12. Retrieved from https://doi.org/10.3847\%2F2041-8213\%2Fab1b34465

doi: 10.3847/2041-8213/ab1b34466

–16–



manuscript submitted to JGR: Space Physics

Delory, G. T., Luhmann, J. G., Brain, D., Lillis, R. J., Mitchell, D. L., Mewaldt,467

R. A., & Falkenberg, T. V. (2012). Energetic particles detected by the Elec-468

tron Reflectometer instrument on the Mars Global Surveyor, 1999–2006. Space469

Weather , 10 (6).470

Dong, C., Lee, Y., Ma, Y., Lingam, M., Bougher, S., Luhmann, J., . . . others471

(2018). Modeling Martian Atmospheric Losses over Time: Implications for472

Exoplanetary Climate Evolution and Habitability. The Astrophysical Journal473

Letters, 859 (1), L14.474

Dong, C., Ma, Y., Bougher, S. W., Toth, G., Nagy, A. F., Halekas, J. S., . . . others475

(2015). Multifluid MHD study of the solar wind interaction with Mars’ upper476

atmosphere during the 2015 March 8th ICME event. Geophysical Research477

Letters, 42 (21), 9103–9112.478

Dubinin, E., Fraenz, M., Woch, J., Winnigham, J., Frahm, R., Lundin, R., &479

Barabash, S. (2008). Suprathermal electron fluxes on the nightside480

of mars: Aspera-3 observations. Planetary and Space Science, 56 (6),481

846 - 851. Retrieved from http://www.sciencedirect.com/science/482

article/pii/S0032063307003893 (Mars Express/Venus Express) doi:483

http://dx.doi.org/10.1016/j.pss.2007.12.010484

Duru, F., Gurnett, D., Morgan, D., Winningham, J., Frahm, R., & Nagy, A. (2011).485

Nightside ionosphere of mars studied with local electron densities: A general486

overview and electron density depressions. Journal of Geophysical Research:487

Space Physics, 116 (A10).488

Fillingim, M., Peticolas, L., Lillis, R., Brain, D., Halekas, J., Lummerzheim, D., &489

Bougher, S. (2010). Localized ionization patches in the nighttime ionosphere of490

Mars and their electrodynamic consequences. Icarus, 206 (1), 112–119.491

Fillingim, M. O., Peticolas, L. M., Lillis, R. J., Brain, D. A., Halekas, J. S., Mitchell,492

D. L., . . . Kirchner, D. L. (2007, June). Model calculations of electron pre-493

cipitation induced ionization patches on the nightside of Mars. Geophysical494

Research Letters , 34 , 12101. doi: 10.1029/2007GL029986495

Fowler, C. M., Andersson, L., Ergun, R. E., Morooka, M., Delory, G., Andrews,496

D. J., . . . Jakosky, B. M. (2015). The first in situ electron temperature497

and density measurements of the Martian nightside ionosphere. Geo-498

physical Research Letters, 42 (21), 8854-8861. Retrieved from https://499

–17–



manuscript submitted to JGR: Space Physics

agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015GL065267 doi:500

10.1002/2015GL065267501
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Figure 2. Observations for event 1. From top to bottom are time series of (a) background

count rate (s−1) of 16-20 keV energy channels, (b) magnetic pressure proxy, (c) magnetic topol-

ogy (red for closed, green for open, and blue for draped), (d) downward omnidirectional number

flux (# cm−2 s−1), (e) net (downward-upward) omnidirectional number flux (# cm−2 s−1), (f)

downward omnidirectional energy flux (eV cm−2 s−1), and (g) net (downward-upward) omni-

directional energy flux (eV cm−2 s−1). The vertical dotted line marks the arrival of the ICME

shock.
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Figure 3. Downward and net (downward - upward) omnidirectional electron fluxes as a func-

tion of the upstream dynamic pressure. Only measurements with open magnetic topology are

shown. The upper row is for number fluxes (# cm−2 s−1) and the lower for energy fluxes (eV

cm−2 s−1). The left column is for the downward flux and the right for the net flux. The black

lines and error bars are quartiles. The green crosses marked the dynamic pressure levels of the

ICMEs encountered by MAVEN.

–24–



manuscript submitted to JGR: Space Physics

(a) (b)

Figure 4. Electron characteristic energy, calculated as the integrated energy flux divided

by the integrated number flux, as a function of dynamic pressure based on downward electron

fluxes (left) and net electron fluxes (right). Only measurements with open magnetic topology

are shown. The black lines and error bars mark the quartiles and the green crosses marked the

dynamic pressure levels of the ICMEs encountered by MAVEN.

(a) (b)

Figure 5. (a) Electron-ion pairs per cm2 per second and (b) derived TEC (m−2) as a function

of dynamic pressure. The black lines and error bars are quartiles. The green crosses marked the

dynamic pressure levels of the ICMEs encountered by MAVEN.
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(a) (b)

(c) (d)

|Bcrust| < 10 nT |Bcrust| > 10 nT

|Bcrust| < 10 nT |Bcrust| > 10 nT

Figure 6. Scatterplots for weak (|Bcrust| < 10 nT) and strong (|Bcrust| > 10 nT) crustal

magnetic fields are shown in the left column (a, c) and the right column (b, d), respectively,

where (|Bcrust| is the crustal field strength at 400 km from the Morschhauser crustal model

(Morschhauser et al., 2014). The net (downward - upward) electron energy fluxes [eV cm−2 s−1]

(a, b) and the characteristic energy (c, d) as a function of dynamic pressure. Similar formats as

Figures 3-5.
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Figure 7. (a) electron-ion pairs cm−2 s−1 and (b) derived TEC (m−2) as a function of dy-

namic pressure and crustal magnetic strength (at 400-km altitude).
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(a) down engy flux night; 0.1 < Pdyn < 1 nPa
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(b) down engy flux night; Pdyn > 3 nPa
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(b) down engy flux night; Pdyn > 3 nPa
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(c) down engy flux night; High/Low Pdyn
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(d) net engy flux night; 0.1 < Pdyn < 1 nPa
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(d) net engy flux night; 0.1 < Pdyn < 1 nPa
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(e) net engy flux night; Pdyn > 3 nPa
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(e) net engy flux night; Pdyn > 3 nPa
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(f) net engy flux night; High/Low Pdyn
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(f) net engy flux night; High/Low Pdyn
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Figure 8. Maps of median downward energy fluxes (the left column) and median net energy

fluxes (the right column) for 0.1 < Pdyn < 1 nPa (panels a and d) andPdyn > 3 nPa (panels

b and e). Open topology only. Panels (c) and (f) show the ratio of downward energy fluxes and

net energy fluxes for high and low dynamic pressures, calculated as values in (b) and (e) divided

by values in (a) and (d), respectively. The numbers in panels (a, b, d, e) are integrated global

downward/net energy fluxes in W and the ratios of these global energy fluxes.
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(b) NIGHT/e-i pairs; Pdyn > 3 nPa
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(c) NIGHT/e-i pairs; High/Low Pdyn
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(d) NIGHT/TEC; 0.1 < Pdyn < 1 nPa
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(e) NIGHT/TEC; Pdyn > 3 nPa
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(e) NIGHT/TEC; Pdyn > 3 nPa
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(f) NIGHT/TEC; High/Low Pdyn
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(f) NIGHT/TEC; High/Low Pdyn
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Figure 9. The map of electron-ion pairs per cm2 per second (the left column) and derived

TEC (m−2) (the right column) for 0.1 < Pdyn < 1 nPa (a, d) and Pdyn > 3 nPa (b, e). Open

topology only. (c, f) The ratio of these two quantities for high and low dynamic pressures, calcu-

lated as values in the second row divided by values in the first row.
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(a) down engy flux night; 0.1 < Pdyn < 1 nPa
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(b) down engy flux night; Pdyn > 3 nPa
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(b) down engy flux night; Pdyn > 3 nPa
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(c) down engy flux night; High/Low Pdyn
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(d) net engy flux night; 0.1 < Pdyn < 1 nPa
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(e) net engy flux night; Pdyn > 3 nPa
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(f) net engy flux night; High/Low Pdyn
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(b) NIGHT/e-i pairs; Pdyn > 3 nPa
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(c) NIGHT/e-i pairs; High/Low Pdyn
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(d) NIGHT/TEC; 0.1 < Pdyn < 1 nPa
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(e) NIGHT/TEC; Pdyn > 3 nPa
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(f) NIGHT/TEC; High/Low Pdyn
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