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Abstract

We provide a comprehensive update of photochemical escape rates of atomic

carbon from the present-day Martian atmosphere using a one-dimensional pho-

tochemical model and a Monte Carlo escape model. The photochemical model

incorporates new results relevant to carbon photochemistry at Mars, including

new cross sections for photodissociation of CO2 into C and O2 (Lu et al., 2014)

and electron impact dissociation of CO (Ajello et al., 2019). We find the newly

included channel of CO2 photodissociation to be the largest contributor to C

escape, at 34–58%. CO photodissociation and CO+ dissociative recombination,

which have been discussed extensively in the literature, also show up as sig-

nificant sources of hot C atoms, with respective contributions of 15–23% and

7–10%. Electron impact dissociation of CO2 (11–15%) and photoionization of

CO (6–20%) are also important channels. Overall, escape rates vary over 3–

11× 1023 s−1, with an increase of 70% at perihelion compared to aphelion, and

a much larger increase of 133% at solar maximum compared to solar minimum.

While these present escape rates give a total integrated escape of only 1.3 mbar

of CO2 when multiplied by 3.6 billion years, the better characterization of car-

bon photochemistry and escape from this study will enable us to more reliably

extrapolate backwards in time to when conditions of the Martian atmosphere
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were significantly different from those of today.

Keywords: Mars, atmosphere, Atmospheres, chemistry, Atmospheres,

evolution

1. Introduction1

Mars is believed to have lost a substantial fraction of its atmosphere since2

the Noachian period. The extensive occurrence of fluvial and lacustrine geo-3

morphologies (e.g. Howard et al. (2005); Irwin et al. (2005); Fassett and Head4

(2008)), and phyllosilicates (e.g. Carter et al. (2013)) dated to the Noachian5

suggest that surface temperatures and pressures then had to be significantly6

higher than those of today for liquid water to have been thermodynamically7

stable at the surface. Over the 3.6 billion years following the Noachian, the8

atmosphere has been both eroded into space and sequestered into the surface9

(Lammer et al., 2013), though the relative importance of these two sinks remain10

uncertain. Among the various channels for atmospheric escape into space, pho-11

tochemical escape is regarded to be a major contributor, accounting for the loss12

of potentially hundreds of millibars of CO2 (e.g. Fox and Hać (1999); Lammer13

et al. (2013); Gröller et al. (2014)). In photochemical escape, CO2 is broken up14

into high-energy atomic C and O fragments via various photochemical reactions,15

and these fragments can then escape. In this study, we focus on the production16

and escape of these high-energy atomic C fragments.17

Photochemical escape of C has been widely regarded to take place primarily18

via two reactions: photodissociation of CO and dissociative recombination of19

CO+. Previous studies found CO photodissociation to be the largest contrib-20

utor to C escape, with rates of 1023–1024 cm−2 s−1 (Fox and Bakalian, 2001;21

Gröller et al., 2014; Lee et al., 2014; Cui et al., 2018). Photodissociation of22

CO (∆Hr = 11.09 eV) involves excitation of CO by an ultraviolet photon into23

pre-dissociating states (van Dishoeck and Black, 1988; Fox and Black, 1989).24

The high degree of structure with respect to wavelength in the CO cross sec-25

tions due to these pre-dissociating states means that a sufficiently high spectral26
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resolution is required when calculating CO photodissociation rates so as to ac-27

curately characterize the coincidence or non-coincidence of peaks in the CO28

cross sections with corresponding peaks in the solar spectrum. Newly available29

high-resolution CO photodissociation cross sections at the public “Leiden pho-30

todissociation and ionisation database” (Heays et al., 2017) now allow us to31

calculate CO photodissociation rates to a higher level of accuracy than before.32

CO+ dissociative recombination is exothermic, with ∆Hr = −14.01 eV,33

significantly higher than the minimum 1.55 eV required for a C atom to escape34

the gravity of Mars. The contribution to C photochemical escape by CO+
35

dissociative recombination has been determined to be smaller than that of CO36

photodissociation, with an escape rate of 1023 s−1 (Fox and Bakalian, 2001;37

Gröller et al., 2014; Lee et al., 2014).38

In addition to these well-known channels, recent laboratory results have39

provided cross sections for new C-producing reactions. In particular, Lu et al.40

(2014) measured cross sections for the previously theoretical CO2 + hv → C +41

O2, and Lo et al. (2020) found that this new channel can potentially account for42

half of all C production in the Mars atmosphere. Experiments by Ajello et al.43

(2019) also provided updated cross sections for electron impact on CO2, and44

new cross sections for electron impact on CO.45

In light of these new developments, we present here an updated and compre-46

hensive investigation into C photochemical escape from the Martian atmosphere47

today. This study is also the first time that the contributions to C photochem-48

ical escape of many minor channels are included and evaluated. Although their49

contributions may turn out to be insignificant in the bigger picture, we believe50

that the quantification of their contributions in our study will provide the es-51

sential justification for their exclusion in future studies that choose to focus on52

the top processes driving C photochemical escape at Mars.53

In the next section, we describe the mechanics and inputs for our photo-54

chemical model, with a discussion of processes relevant to hot C production. In55

Section 3, we explain how we calculate the energy distribution of the C atoms56

from the results of the photochemical model. We then describe our escape model57
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in Section 4. In Section 5, we present our results for the present C escape rates.58

We conclude in Section 6.59

2. Photochemical Modeling60

We use a global-averaged one-dimensional coupled ion-neutral model to cal-61

culate the densities of various minor species and rates of various reactions in the62

Martian atmosphere. We use the same model as Lo et al. (2020), which pro-63

vides the most recent compilation of reaction rates and cross sections that we64

require. The model spans the atmosphere from the surface to 240 km altitude65

at a resolution of 1 km, allowing us to take into account effects driven from the66

lower atmosphere. Four scenarios are investigated, from each combination of:67

• High/Low Solar Activity : Photochemistry in the Martian atmosphere is68

driven by solar ultraviolet radiation, and higher reaction rates can heat69

up the middle and upper atmosphere, raising the exobase altitude. Solar70

UV fluxes at high solar activity can be 4 times that at low solar activity.71

• Perihelion/Aphelion Conditions: The Martian orbit is rather eccentric,72

with the planet receiving 45% more solar radiation at perihelion. In ad-73

dition, the perihelion season (correlated with northern winter) is charac-74

terized by significant dust activity in the atmosphere. While the photo-75

chemical model does not model dust loading in the atmosphere per se, it76

does take into account secondary effects such as increased temperatures.77

H2O densities are also higher during the perihelion season, but they are78

not expected to have a significant impact on C escape Lo et al. (2020).79

2.1. Model Mechanics80

Details of the photochemical model can be found in Lo et al. (2020). In81

summary, the model calculates the steady-state densities of 34 neutral species82

and 33 ionic species, linked via a web of unimolecular, association, dissociative83

recombination (DR), photodissociation, photoionization and electron impact84

(EI) reactions. The calculation of photodissociation rates is divided into three85
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spectral regions: region A (0–75 nm), region B (75–108 nm) and region C (108–86

300 nm). Photodissociation rates in regions A and C are calculated with a87

spectral resolution of 1 nm, while rates in region B are calculated with a much88

higher spectral resolution of 2×10−5 nm to account for the finer structure from89

CO pre-dissociating states in that range. Figure 1 shows the CO cross sections90

against the solar spectrum up to the escape threshold wavelength of 90.5 nm,91

with the dotted line marking the boundary between regions A and B.92
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Figure 1: Solar spectrum for the solar minimum perihelion scenario (red) with CO photodis-

sociation cross sections (blue) up to the escape threshold wavelength of 90.5 nm. The dotted

line marks the transition from region A to region B in the model, where the spectral resolution

of the photodissociation rate calculation increases from 1 nm to 2 × 10−5 nm.

2.2. Cross Sections and Branching Ratios93

Total photodissociation and photoionization cross sections used in the model94

were primarily taken from the Leiden photodissociation and ionization database95
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(Heays et al., 2017). However, branching ratios into specific products are not96

provided in the database, and the references behind specific important reactions97

are described below. Electron impact cross sections were drawn primarily from98

Jackman et al. (1977), Itikawa (2002) and Bhardwaj and Jain (2009).99

2.2.1. CO2 + hν → C +O2100

Photodissociation of CO2 into C(3P ) and O2(X3Σ−
g ) through first excitation101

into the cyclic [c-CO2(1A1)] complex and then the colinear COO(1Σ+) interme-102

diate was first shown theoretically to be energetically possible by Hwang and103

Mebel (2000). The reaction was subsequently verified experimentally to occur104

with vacuum ultraviolet laser pump-probe spectroscopy and velocity-map imag-105

ing detection of the C(3PJ) product conducted by Lu et al. (2014). Lu et al.106

(2014) reported a 5% ± 2% yield between 101.5 nm and 107.2 nm. Although107

yet to be experimentally verified, this branching ratio is not expected to vary108

significantly outside this wavelength range (Mebel, personal communication).109

Assuming Arrhenius behavior for the rate constants of both C + O2 (activa-110

tion energy 264 kcal/mol) and the dominant CO + O (activation energy 135111

kcal/mol) (Hwang and Mebel, 2000), a reduction of the photon wavelength to 80112

nm results only in a slight increase of the branching ratio into C + O2 from 5%113

to 5.6%, well within the uncertainty of 2% in Lu et al. (2014). Thus in our model114

we adopt a constant branching ratio of 5% from the CO2 ionization threshold of115

76 nm to 108 nm, which corresponds to the reaction threshold energy of 11.44116

eV (Lu et al., 2014).117

2.2.2. CO2 + hν → C + 2O118

Cross sections for CO2 photodissociation into C + 2O are taken from Wu119

et al. (1978). In their experiments, Wu et al. (1978) observed the produc-120

tion of C I emissions at 156.1 nm (3P ← 3Do), 165.7 nm (3P ← 3P o) and121

193.1 nm (1D ← 1P o) when CO2 was irradiated by photons of wavelengths122

42–50 nm, pointing to photodissociative excitation of CO2. They concluded123

through analysis of the threshold energies of various candidate reactions that124
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total dissociation into C + 2O rather than dissociation into C + O2 was what125

occurred. It is important to note however that CO2 + hν → C + 2O can con-126

ceivably occur without leaving the C atom in an electronically excited state. No127

C I emissions will be produced in this case, and thus the experimental setup of128

Wu et al. (1978) would be blind to this process. Cross sections for this total129

dissociation without excitation are not available in the literature, and we ignore130

the non-excitation branch in our model.131

2.2.3. CO2 + e→ C + 2O + e132

Analogous to photodissociation of CO2, electron impact (EI) of CO2 can133

also produce total dissociation into C + 2O with an electronically excited C134

atom (Mumma et al., 1972; Gentieu and Mentall, 1973). In our photochemical135

model we adopt the cross section parameters for the production of C I 127.9136

nm (3P ← 3F o) and C I 132.9 nm (3P ← 3P o) emissions from Jackman et al.137

(1977). For dissociation with C I 156.1 nm and C I 165.7 nm emissions, we use138

the cross sections from Mumma et al. (1972), and extrapolate them to high inci-139

dent electron energies using the simple logarithmic relationship suggested by the140

normal Born approximation. While Ajello et al. (2019) also reported cross sec-141

tions for EI of CO2, they were only at two energies (30 eV and 100 eV), making142

them less useful than the fuller cross sections provided in Mumma et al. (1972)143

and Jackman et al. (1977). A similar caveat as with CO2 photodissociation144

applies here as well — while there exist no cross sections for total dissociation145

without excitation and is ignored in our calculations, it can potentially occur146

nonetheless.147

2.2.4. CO+
2 Dissociative Recombination148

CO+
2 dissociative recombination (DR) has only the single branch of CO +149

O in our photochemical model. Measurements by Viggiano et al. (2005) found150

the branch of CO+
2 DR producing C + O2 to be negligible. CO+

2 DR into C151

+ 2O is endothermic, and thus will also be negligible. Thus CO+
2 DR is not152

a C production channel in our model, and is included in our model only for153
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calculating the general photochemistry.154

2.2.5. CO + hν → C +O155

Cross sections for CO photodissociation are compiled from a variety of156

sources: Ehresmann et al. (1996) for 54–63 nm, Samson and Gardner (1976)157

for 64.5–75 nm, Cairns and Samson (1965) for 75–88.5 nm and 88.5–199 nm158

from Heays et al. (2017), which are calculated from the linelists of Visser et al.159

(2009). For Samson and Gardner (1976), the photodissociation cross sections160

were calculated by taking the difference between the photoabsorption cross sec-161

tions and the photoionization cross sections. For Ehresmann et al. (1996), CO162

photodissociation cross sections are measured through the production of C I163

emissions at 156.1 nm, 165.7 nm and 193.1 nm, and so the same caveat that ad-164

ditional C production could have been missed if it can occur without electronic165

excitation of C would also apply in this case.166

2.2.6. CO + e→ C +O + e167

Cross sections for electron impact dissociation of CO were based on Cosby168

(1993). The experimental values from Cosby (1993) span 14–200 eV. These cross169

sections were extrapolated to 1000 eV using the phenomenological equation from170

Green and Barth (1965):171

σ(E) =
q0F

W 2

(
1− W

E

)β (
W

E

)Ω

(1)172

where σ(E) is the cross section with incident electron energy E, q0 = 6.514 ×173

10−14 eV2 cm2, W is the threshold energy for the reaction, and F , β and Ω are174

fitting parameters. The obtained best-fit values were F = 0.577, β = 2.04 and175

Ω = 0.592.176

EI dissociation of CO can also result in electronic excitation of the C atom177

(Ajello, 1971). Cross sections resulting in the production of C I 156.1 nm and178

C I 165.7 nm were measured by Ajello et al. (2019). Now Ajello et al. (2019)179

only measured the cross sections at 30 eV and 100 eV, and thus Eq. (1) was180

used to model the cross sections over the entire range of 0–1000 eV spanned by181
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the photochemical model. Two data points cannot fit three parameters, and so182

we adopted the suggestion in Green and Barth (1965) of Ω = 3/4 to simulate the183

logarithmic dependence of the normal Born approximation. Furthermore, due184

to a normalization error, the CO cross sections published in Ajello et al. (2019)185

were wrong. Using the same data, we have recalculated the CO EI dissociation186

cross sections, and they should be 6.98 × 10−19 cm2 and 1.77 × 10−18 cm2 for187

the production of C I 156.1 nm emissions with E = 30 eV and E = 100 eV188

respectively, and 7.51×10−20 cm2 and 1.62×10−18 cm2 for the production of C189

I 165.7 nm emissions with E = 30 eV and E = 100 eV respectively. With these190

corrected values and the above assumptions, we have F = 0.0558 and β = 2.29191

for EI dissociation of CO producing C I 156.1 nm, and F = 0.0889 and β = 5.19192

for electron impact dissociation of CO producing C I 165.7 nm.193

2.2.7. CO+ + e→ C +O194

CO+ dissociative recombination cross sections are obtained from Rosén et al.195

(1998). The largest branch, producing O(3P ) + C(3P ) + 2.92 eV with branch-196

ing ratio 76.1%, is the only branch sufficiently exothermic to contribute to C197

photochemical escape. The smaller branches of O(3P ) + C(1D) + 1.66 eV198

(14.5%) and O(1D) + C(3P ) + 0.96 eV (9.4%), while not important for escape,199

are nonetheless included in general photochemical calculations.200

2.2.8. C+ + e→ C201

Rate coefficients for C+ recombination (∆Hr = −11.26 eV) are obtained202

from Nahar and Pradhan (1997).203

2.2.9. CN+ + e→ C +N204

Rate coefficients for CN+ dissociative recombination (∆Hr = −7.32 eV) are205

obtained from Prasad and Huntress (1980).206

2.3. Model Atmosphere207

Four base atmospheres corresponding to the four scenarios are used as start-208

ing points for the model (Figure 2). These base atmospheres define the altitude209

9



profiles of essential quantities in the atmosphere:210

• Neutral Temperatures211

Neutral temperatures Tn in the model are derived from version 5.3 of212

the Mars Climate Database (MCD). The MCD is a collection of results213

from the Mars Global Circulation Model developed at the Laboratoire de214

Météorologie Dynamique du CNRS (Forget et al., 1999; Millour et al.,215

2015). The model extends from the surface up to 300 km, and takes into216

account a wide variety of phenomena such as dust and ice aerosols, CO2217

ice condensation and sublimation on the ground and in the atmosphere,218

and the water cycle with modeling of cloud microphysics. Results have219

been extensively validated using available observational data.220

For our neutral temperatures, we sample the MCD at local times 1100–221

1300 and latitudes within 55◦ of the equator. Ls = 180–330◦ is used for222

the perihelion scenario while Ls = 60–90◦ is used for the aphelion scenario.223

High and low solar activity are set using the MCD climatology scenarios of224

solar EUV maximum and minimum conditions respectively. The sampled225

temperatures are then averaged to produce altitude profiles for each of the226

four scenarios investigated in this study.227

• Electron Temperatures228

Electron temperatures Te are used in the model to calculate rates of re-229

combination reactions. The Te profiles follow the Tn profiles at the lower230

altitudes, diverging at above ∼150 km altitude to follow an electron tem-231

perature profile based on observations by the Langmuir Probe and Waves232

(LPW) instrument on board the Mars Atmosphere and Volatile EvolutioN233

(MAVEN) spacecraft (Andersson et al., 2015). This Te profile is derived234

from smoothed averaged LPW observations during the MAVEN Deep Dip235

2 campaign (18–22 April 2015, Ls = 328◦), and has also been previously236

used in Lo et al. (2020).237

• Neutral Densities238
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Densities of CO2, N2, Ar, H2O and He are fixed in the model, while the239

densities of all other species are calculated. The fixed densities of CO2,240

N2, Ar, H2O and He are derived from MCD averages in the same manner241

as the neutral temperatures.242

Similar to Lo et al. (2020), the densities of all other species are allowed to243

converge through photochemistry and diffusion, except for the short-lived244

O(1D) and N(2D), which are only through photochemistry. The upper245

and lower boundary conditions for each species have to be defined for this246

calculation. All neutral species, except H, H2 and O, are given boundary247

conditions of zero surface and escape fluxes. H, H2 and O also have zero248

surface fluxes, but H and H2 have Jeans escape fluxes while the O escape249

flux is set to 107 cm−2 s−1 based on current estimates from MAVEN data250

(Lillis et al., 2017; Rahmati et al., 2018). Although C escape is known251

to occur (and is the point of this paper), previous C escape studies (e.g.252

Fox (2004) and Gröller et al. (2014)) did not self-consistently calculate C253

escape rates, i.e. their photochemical calculations assumed a zero escape254

rate as a boundary condition rather than the escape rate calculated from255

the photochemistry. In this study we have likewise imposed the upper256

boundary condition of zero escape flux for C to be comparable to those257

studies. Neglecting C escape in the photochemical model is not expected258

to have a significant effects on the results however, since Lo et al. (2020)259

found C escape fluxes up to 106 cm−2 s−1 to be too small to have a260

significant impact on the general photochemistry. Boundary conditions261

for ions are set to be at chemical equilibrium at the surface with zero262

escape at the top.263

• Eddy Diffusion Coefficients264

Eddy diffusion coefficients used in the model follow those from Nair et al.265

(1994) and Lo et al. (2020), increasing exponentially from 106 cm2 s−1 at266

the surface to 107 cm2 s−1 at 40 km altitude, remaining constant to 70 km,267

then increasing exponentially to 108 cm2 s−1 at 100 km and remaining at268
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108 cm2 s−1 at higher altitudes. Similar profiles have been used in other269

photochemical models such as Atreya and Gu (1995) and Krasnopolsky270

(2006).271

2.4. Solar Ultraviolet Spectra272

For solar minimum conditions, the Whole Heliospheric Interval (WHI) solar273

spectral irradiance (SSI) reference (Woods et al., 2009) is used. The WHI SSI274

reference is a composite dataset taken close to the solar cycle minimum over275

10–16 April 2008 with an average F10.7 of 69.276

For solar maximum conditions, we create a composite using data from the277

Flare Irradiance Spectral Model (FISM) (Woods et al., 2006) for 1–115 nm and278

data from the Naval Research Laboratory’s Solar Spectral Irradiance (NRLSSI2)279

model (Coddington et al., 2016) for the longer wavelengths. The reference280

spectrum is then constructed from daily means from the solar maximum in281

solar cycle 21 (1 Jan 1979–31 Jan 1982). Average F10.7 is 197.282

These two SSI references are then scaled to the perihelion and aphelion of283

Mars with factors of 0.524 and 0.360 respectively. The solar zenith angle is284

taken to be 60◦ in the model to represent the mean dayside irradiance, giving a285

factor of cos(60◦) = 0.5.286

The native spectral resolutions of the reference SSI spectra are 1 nm, and287

thus can be used for calculating photodissociation rates in regions A and C288

without further manipulation. Calculations in region B, however, are done289

with a much higher spectral resolution of 2 × 10−5 nm. Thus for region B,290

we additionally use a reference solar spectrum obtained by the Solar Ultra-291

violet Measurements of Emitted Radiation (SUMER) instrument onboard the292

SOlar and Heliospheric Observatory (SOHO) spacecraft (Curdt et al., 1997)293

which has a spectral resolution of 4 × 10−3 nm. Two steps are taken. Firstly,294

the SOHO/SUMER reference spectrum is scaled to match the two SSI refer-295

ences. This scaling involves rebinning of the SOHO/SUMER reference spec-296

trum in an energy-preserving manner into 1-nm bins. Independent scaling fac-297

tors for each 1-nm bin are then determined and used to differentially scale the298
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original unbinned SOHO/SUMER reference spectrum. Secondly, this scaled299

SOHO/SUMER reference spectrum is interpolated linearly to the finer spectral300

resolution of 2× 10−5 nm required by region B.301

3. Calculation of C Energy Distributions302

Using the photochemical model, we calculate C production rates by the var-303

ious reactions at each altitude. However, for the C atoms to escape, they also304

have to have a kinetic energy above 1.55 eV. To determine the nascent energies305

of the C atoms after their formation, we first calculate the total remaining ki-306

netic energy after the reaction taking into account any incident photon energy,307

the reaction enthalpy and any resulting electronic states, and then distribute308

the kinetic energy over the fragments assuming conservation of energy and mo-309

mentum. Incident electrons in recombination reactions are assumed to have310

zero initial kinetic energy. This methodology gives a well-defined solution for311

the kinetic energy of the C atom for CO2 + hν → C + O2, CO + hν → C + O,312

CO+ +e→ C+O, C+ +e→ C and CN+ +e→ C+N, but not so when there are313

more than two products (i.e. for CO2 + hν → C + 2O, CO2 + e→ C + 2O + e,314

CO + hν → C + O+ + e and CO + e → C + O + e). For these latter four315

reactions where there is no unique solution for the kinetic energy of the C atom,316

we proceed with the assumption that the C atom is given the maximum energy317

under the constraints of conservation of energy and momentum (the minimum318

energy would be zero, implying that the particular reaction is not a contribu-319

tor to C escape rates). Thus, the calculated energy distributions for the four320

reactions represent the highest possible energies, and thus the resulting escape321

rates represent the upper limit for the contribution by the reactions.322

In addition, because we have the assumption of maximum kinetic energy,323

we assume that the impacting electron loses all its energy in EI dissociation324

of CO2 and CO. This is highly unlikely, and the electron is expected to retain325

a substantial fraction of its kinetic energy. Unfortunately, there are no pub-326

lished differential cross sections for CO2 and CO EI dissociation describing the327
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resulting energy distribution of the electron after impact and the production328

of C. While the assumption of maximum energy (henceforth referred to as A1)329

gives the absolute upper bound to the contributions of these two EI reactions to330

C escape, we also calculate the contributions based on two other assumptions.331

Supposing that the role of the electron in the EI reaction resembles that of the332

photon in photodissociation reactions in that it gives only an injection of energy333

into the molecule, the cross sections for both EI dissociation and photodissocia-334

tion should be similar, determined only by the Franck-Condon factors between335

the reactant states and the product states. Now, since electrons up to 1 keV336

are calculated in our photochemical model, the resulting energy distribution for337

the C atom under A1 has a long high-energy tail. On the other hand, photodis-338

sociation cross sections for CO2 and CO have a high-energy cut-off at 42 nm339

(= 29.5 eV) and 55 nm (=22.5 eV) respectively. Thus, with a higher-energy C340

atom having a higher probability of escape, a more realistic upper limit than341

provided by A1 would be to cap the maximum energy of the impacting electron342

to 29.5 eV and 22.5 eV for CO2 and CO EI respectively (A2). Electrons with343

energies higher than these thresholds are assumed to instead have the threshold344

energies. Finally, we also investigate the significance of these high-energy tails345

in the electron distribution by ignoring all electrons with energies above the346

thresholds (A3).347

4. Escape Model348

With the differential production rate of C atoms P (E, z) with nascent energy349

E at different altitudes z in hand, we then use an escape model to calculate the350

probability of escape for a hot C atom E(E, z). Our escape model is adapted351

from the three-dimensional Monte Carlo hot atom transport model in Lillis352

et al. (2017). The atmosphere is assumed to be spherically symmetric, com-353

prising four neutral species: CO2, CO, N2 and O. Densities of these species354

come from the atmospheres for the four scenarios in the photochemical model.355

Hot C atoms start at a set altitude and nascent energy and are given random356
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directions. They are then propagated through elastic collisions with thermal357

neutrals until their energies fall below the escape energy of 1.55 eV. The model358

is run at each starting altitude and energy until 1000 hot carbon atoms es-359

cape (i.e. reach the top of the atmosphere at 240 km with escape energy or360

greater). The escape probability is then easily calculated by dividing 1000 by361

the total number of atoms spawned, and the escape rate is given by the integral362

2π
∫∫

r2P (E, r)E(E, r)dEdr over the sunlit hemisphere, where r = R+ z is the363

radial coordinate and R = 3389.5 km is the planetary radius.364

Collisional cross sections for C with all four background neutral species are365

unavailable in the literature, and so we substituted with O collisional cross366

sections. O-CO2 cross sections from Gacesa et al. (2020) are used to substitute367

for C-CO2 collisions, with a scaling factor of 45/56 to correct for the differences368

in the reduced masses of O and C in O-CO2 and C-CO2 respectively. O-O369

cross sections from Kharchenko et al. (2000) are used for C-O collisions, and370

O-N2 cross sections from Balakrishnan et al. (1998) are used for C-N2 and371

C-CO collisions. The use of scaled O-CO2 rather than C-CO2 cross sections372

may result in values that are smaller by as much as 50% (Gacesa, personal373

communication). In order to assess the size of the error that could result,374

we have also performed sensitivity tests using cross sections with values 50%375

and 150% those of the nominal scaled O-CO2 cross sections. Results for these376

sensitivity tests are reported in Section 5.2.2. In addition, similar to Lillis et al.377

(2017), the escape model is limited in that it can only calculate elastic collisions,378

and cannot support cross sections that vary with incident energy. To minimize379

the error due to the former limitation, we use the total (elastic + inelastic)380

collisional cross sections in the model, effectively forcing all inelastic collisions381

to be elastic as well. This assumption will give an overestimation of the escape382

rate, since more kinetic energy will be lost through inelastic collisions. For383

the latter, we pick the cross sections corresponding to the energy of 1.77 eV,384

representing the median energy of the suprathermal electrons.385

In addition to uncertainties in the cross sections, there is also uncertainty386

arising from the Monte Carlo algorithm. The fractional uncertainty in the387
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calculated escape rate, assuming binomial statistics, is then388

√
E(1− E)/n

E
=

√
E(1− E)/(1000/E)

E
=

√
1− E
1000

(2)389

where n is the number of atoms spawned in the model. The maximum fractional390

uncertainty of 0.03 occurs as E → 0.391

5. Results and Discussion392

5.1. Escape Rates393

Figures 3 and 4 show the results from the photochemical model for the394

solar minimum perihelion scenario, with Figure 3 showing the marginalized395 ∫
P (E, z)dE and Figure 4 showing P (E, z = 150 km). A1 is assumed for the396

energy spectra of EI on CO2 and CO in Figure 4. Results for the other three397

scenarios are mostly similar, with differences described in the following discus-398

sion. Figure 5 shows the results from the escape model, E(E, z), at E = 1.55 eV,399

the threshold energy for altitude z = 50 km, and a significantly higher nascent400

energy of E = 20 eV. We can see the expected increase in escape probability401

with higher altitude and higher nascent energy. Figure 6 shows the contribution402

function for each reaction, 2π
∫
r2P (E, z)E(E, z)dE, for the solar minimum per-403

ihelion scenario. The total integrated escape rate 2π
∫∫

r2P (E, r)E(E, r)dEdr404

from each reaction for all four scenarios are presented in Table 1.405
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Figure 2: Model inputs for the four scenarios. Panel A: Solar spectral photon flux at Mars.

Panel B: Neutral temperature Tn and electron temperature Te profiles. Panel C: CO2 density

profiles. Panel D: N2, He, Ar and H2O mole ratios relative to CO2.
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the solar minimum perihelion scenario. Reactions producing similar products at different

electronic states are grouped. 18
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energy of 1.55 eV for a C atom. Recombination reactions, which produce C atoms at a single

energy, are not included.
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Table 1: Escape rates and percentage contribution to total by each re-

action for the four scenarios, in order of descending total contribution.

Reactions producing similar products at different electronic states are

grouped, with individual constituent reactions in the group italicized.

Solar Max Aphelion Solar Max Perihelion Solar Min Aphelion Solar Min Perihelion

Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

CO2 + hν → C + O2 2.51× 1023 38 3.66× 1023 34 1.61× 1023 58 2.62× 1023 55

CO + hν → C + O 1.30× 1023 20 2.47× 1023 23 4.18× 1022 15 8.78× 1022 18

C(3P ) +O(3P ) 1.26× 1023 2.40× 1023 4.05× 1022 8.51× 1022

C(1D) +O(1D) 2.86× 1021 5.49× 1021 1.15× 1021 2.41× 1021

C(3P ) +O(3P ) + hν(156 nm) 3.08× 1019 5.95× 1019 8.78× 1018 1.84× 1019

C(3P ) +O(3P ) + hν(166 nm) 4.06× 1020 7.84× 1020 1.50× 1020 3.14× 1020

C(1D) +O(1D) + hν(193 nm) 1.52× 1015 2.89× 1015 3.65× 1014 7.68× 1014

CO2 + e→ C + 2O + e A1: 1.00× 1023 15 A1: 1.54× 1023 14 A1: 3.19× 1022 12 A1: 5.21× 1022 11

A2: 9.83× 1022 A2: 1.52× 1023 A2: 3.14× 1022 A2: 5.14× 1022

A3: 8.92× 1022 A3: 1.40× 1023 A3: 2.83× 1022 A3: 4.71× 1022

+hν(128 nm) A1: 1.29× 1022 A1: 1.98× 1022 A1: 4.16× 1021 A1: 6.75× 1021

A2: 1.26× 1022 A2: 1.94× 1022 A2: 4.08× 1021 A2: 6.64× 1021

A3: 1.11× 1022 A3: 1.75× 1022 A3: 3.61× 1021 A3: 5.98× 1021

+hν(133 nm) A1: 5.33× 1021 A1: 8.22× 1021 A1: 1.82× 1021 A1: 2.95× 1021
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

A2: 5.19× 1021 A2: 8.03× 1021 A2: 1.78× 1021 A2: 2.90× 1021

A3: 4.48× 1021 A3: 7.09× 1021 A3: 1.53× 1021 A3: 2.55× 1021

+hν(156 nm) A1: 2.99× 1022 A1: 4.60× 1022 A1: 9.37× 1021 A1: 1.53× 1022

A2: 2.93× 1022 A2: 4.53× 1022 A2: 9.21× 1021 A2: 1.51× 1022

A3: 2.66× 1022 A3: 4.17× 1022 A3: 8.30× 1021 A3: 1.38× 1022

+hν(166 nm) A1: 5.21× 1022 A1: 8.04× 1022 A1: 1.65× 1022 A1: 2.71× 1022

A2: 5.12× 1022 A2: 7.93× 1022 A2: 1.63× 1022 A2: 2.68× 1022

A3: 4.70× 1022 A3: 7.37× 1022 A3: 1.49× 1022 A3: 2.48× 1022

CO + hν → C + O+ + e 1.05× 1023 16 2.18× 1023 20 1.73× 1022 6.3 3.55× 1022 7.4

CO+ + e→ C + O 6.23× 1022 9.5 8.80× 1022 8.1 2.00× 1022 7.2 3.29× 1022 6.9

CO2 + hν → C + 2O 6.20× 1021 0.94 9.26× 1021 0.85 4.66× 1021 1.7 7.51× 1021 1.6

+hν(156 nm) 8.69× 1020 1.29× 1021 6.82× 1020 1.10× 1021

+hν(166 nm) 1.94× 1021 2.90× 1021 1.46× 1020 2.36× 1021

+hν(193 nm) 3.39× 1021 5.07× 1021 2.51× 1020 4.05× 1021

CO + e→ C + O + e A1: 3.07× 1021 0.47 A1: 6.46× 1021 0.59 A1: 5.00× 1020 0.18 A1: 1.05× 1021 0.22

A2: 3.00× 1021 A2: 6.34× 1021 A2: 4.92× 1020 A2: 1.03× 1021

A3: 2.58× 1021 A3: 5.55× 1021 A3: 4.27× 1020 A3: 9.12× 1020

+hν(156 nm) A1: 2.39× 1021 A1: 5.05× 1021 A1: 3.91× 1020 A1: 8.22× 1020

A2: 2.36× 1021 A2: 4.99× 1021 A2: 3.87× 1020 A2: 8.16× 1020

A3: 2.14× 1021 A3: 4.56× 1021 A3: 3.51× 1020 A3: 7.46× 1020
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

+hν(166 nm) A1: 6.77× 1020 A1: 1.41× 1021 A1: 1.09× 1020 A1: 2.25× 1020

A2: 6.42× 1020 A2: 1.35× 1021 A2: 1.05× 1020 A2: 2.19× 1020

A3: 4.48× 1020 A3: 9.82× 1020 A3: 7.63× 1019 A3: 1.66× 1020

C+ + e→ C 6.22× 1018 9.5× 10−4 9.64× 1018 8.9× 10−4 1.57× 1018 5.7× 10−4 2.95× 1018 6.2× 10−4

CN+ + e→ C + N 1.45× 1017 2.2× 10−5 2.61× 1018 2.4× 10−4 4.30× 1017 1.6× 10−4 5.57× 1018 1.2× 10−3

Total 6.58× 1023 1.09× 1024 2.77× 1023 4.79× 1023
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The newly included branch of CO2 photodissociation into C and O2 turns406

out to be the most significant contributor to C escape at Mars. With rates of407

1.6–3.7 × 1023 s−1, it makes up about 60% at solar minimum and about 35%408

of total escape at solar maximum. The significance of this channel has been409

hinted at in Lo et al. (2020), which found CO2 photodissociation to be the410

largest production channel of C (Lo et al. (2020) did not distinguish between411

hot and thermal C). Maximum contribution for CO2 photodissociation occurs412

at 2.2–2.6 × 108 cm−3 CO2 density (170–176 km altitude) for solar minimum,413

and at a smaller 1.2–1.6×108 cm−3 CO2 density (194–202 km altitude) for solar414

maximum, with the aphelion scenarios peaking at lower CO2 densities. Above415

the peak, the contribution falls with a scale height consistent with that of CO2.416

A 40–60% increase in escape rate can be seen in both switching from low to417

high solar activity, and from aphelion to perihelion conditions.418

These variations with season and solar cycle are ultimately driven by varia-419

tions in the solar UV flux. How exactly the solar UV flux affects the C escape420

rate from CO2 photodissociation is however a complex picture. By increas-421

ing the number of photons for reaction, higher solar UV flux directly increases422

photochemical reaction rates in the atmosphere, including that of CO2 pho-423

todissociation. Higher overall photochemical reaction rates also lead to higher424

temperatures in the upper atmosphere, making it puffier and increasing its den-425

sity. The higher CO2 densities increase CO2 dissociation rates by increasing the426

amount of CO2 for reaction. However, the increase of atmospheric density also427

increases the overlying column density, making it more difficult for the hot C428

atoms to escape. Figure 5 shows that the higher the solar UV flux, the lower429

the escape probability E(E, z) for some fixed values of E and z is. Although the430

300% increase in solar UV flux from solar minimum to solar maximum is signif-431

icantly larger than the 45% increase from aphelion to perihelion, the resulting432

higher CO2 photodissociation rates and smaller escape probabilities counteract433

each other, leading to a more modest increase in escape rates that is comparable434

in magnitude to the increase at perihelion.435

CO photodissociation, known in the literature to be major C escape channel,436
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gives an escape rate of 4.2–25×1022 s−1 in our model, or about 20% of the total437

escape. CO photodissociation has a variety of branches, with the largest branch438

giving products C(3P ) and O(3P ) making up 97% of the total contribution439

from CO photodissociation. While the peak contribution occurs at the similar440

8.7–12×107 cm−3 CO2 density (178–212 km altitude) compared with CO2 pho-441

todissociation, CO photodissociation has a larger high-altitude scale height of442

1.6–2.6 times that of CO2, so the contribution of CO photodissociation is more443

highly weighted towards higher altitudes than that for CO2 photodissociation.444

Now seasonal and solar activity variations, being driven by the solar flux, are445

stronger towards higher altitudes, as can be seen in the temperature and CO2446

density profiles in Figure 2. The higher weights of CO photodissociation at the447

higher altitudes thus lead to a higher sensitivity of CO photodissociation rates448

to these seasonal and solar activity variations. In addition, escape probabilities449

vary less with altitude towards the higher altitudes (Figure 5), and thus its450

counteracting effect on reaction rates becomes weaker. Moving from aphelion451

to perihelion doubles the escape rate, while increasing solar activity triples the452

escape rate. This results in the order in relative escape rates from CO pho-453

todissociation across the four scenarios following that of the high-altitude CO2454

densities, with solar maximum perihelion having the highest rate, followed by455

solar maximum aphelion, then solar minimum perihelion and solar minimum456

aphelion.457

Our calculated fluxes (rate divided by the surface area of the sunlit hemi-458

sphere, 2π(R + z)2, with z = 240 km) of 5–30 × 104 cm−2 s−1 from CO pho-459

todissociation are significantly smaller than the range of 4–50 × 105 cm−2 s−1
460

published in Fox (2004) and Gröller et al. (2014). These smaller escape fluxes461

are due to CO photodissociation rates that are more than an order of magnitude462

smaller. It is not immediately clear how this disagreement in CO photodisso-463

ciation rates arises however. Firstly, a comparison of the solar fluxes used for464

solar maximum and minimum conditions in our model found little significant465

differences with both Fox (2004) and Gröller et al. (2014). Secondly, both Fox466

(2004) and Gröller et al. (2014) used cross sections from the Photo Ioniza-467
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tion/Dissociation Rates (PHIDRATES) database (Huebner et al., 1992). While468

our CO photodissociation cross sections are compiled from more recent refer-469

ences, our cross sections extend further than the PHIDRATES cross sections470

at the shorter wavelengths, and are comparable to PHIDRATES cross sections471

where coverages overlap, and thus should instead result in higher production of472

escaping C. We also used significantly higher spectral resolutions of 2 × 10−5
473

nm over 75–108 nm compared to 1-nm resolution in PHIDRATES to account474

for CO pre-dissociating states. While using the higher resolution gives lower475

photodissociation rates than if the same calculation is done at lower resolution,476

the difference is only 5%, and is insufficient to explain the order-of-magnitude477

discrepancy. Thirdly, CO densities may be different. Both Fox (2004) and478

Gröller et al. (2014) used the same neutral atmosphere, with CO densities from479

Viking measurements (Nier and McElroy, 1977) for the solar minimum scenario480

and the Mars Thermospheric General Circulation Model (MTGCM) (Bougher481

et al., 1990), which does not explicitly calculate CO densities and simply im-482

poses an assumed mixing ratio (Bougher, personal communication). In contrast,483

CO densities are calculated self-consistently in our photochemical model, and484

Lo et al. (2020), using the same model, argued for the reliability of CO densites485

above 130 km altitude. While we find CO densities in our model to be an order486

of magnitude smaller than Fox (2004) for the solar maximum scenarios, and487

hence could potentially explain the correspondingly lower CO photodissocia-488

tion rates, our CO densities for the solar minimum scenarios are consistent with489

Viking observations (Nier and McElroy, 1977) and thus with Fox (2004) as well.490

Differences in CO densities hence are unable to fully explain the disagreements491

in CO photodissociation rates across all the scenarios.492

EI dissociation of CO2 contributes 11–15% of the total escape, with an es-493

cape rate of 3.2–15 × 1022 s−1 under the assumption A1. Since A1 assigns all494

the energy of the incident electron to the atomic products, these escape rates495

represent the upper limit of the contribution from EI dissociation of CO2. The496

four branches, producing C at various electronic excitation states, are compa-497

rably significant in terms of their contributions. Maximum contribution occurs498
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at 4.8–5.7 × 108 cm−3 CO2 density (162–168 km altitude) for the solar mini-499

mum scenarios, and at significantly smaller at 3.8–3.9× 108 cm−3 CO2 density500

(176–188 km altitude) for the solar maximum scenarios. Contributions across501

all scenarios fall off with a scale height similar to CO2 however, pointing to the502

dependence of the reaction rates on CO2 density. Similar to CO photodissoci-503

ation, EI on CO2 has the same ordering of the four scenarios in terms of the504

relative size of escape rates. Perihelion scenarios have about 60% higher rates505

due to this process than aphelion scenarios, while high solar activity increases506

the e+CO2-produced escape rate by about 200% over low solar activity. This507

significantly higher variability with solar activity compared to CO2 photodis-508

sociation in both peak contribution altitude and total escape rate arises from509

stronger variations in the EUV (which drives CO2 photoionization and the pro-510

duction of electrons) than in the FUV (which drives CO2 photodissociation)511

over the solar cycle.512

As noted earlier, the assumption A1 represents the maximum escape rate.513

Rather than having the long high-energy tail (Figure 4), it is more likely that514

the energy spectra for C atoms produced from EI dissociation of CO2 resembles515

those of CO2 photodissociation, which has sharp drop-offs after the threshold516

energy of 29.5 eV. Should we cap the maximum nascent energy of the C atoms517

to 29.5 eV (A2), we find only a 1–2% decrease in the escape flux across all518

scenarios. Under the more aggressive A3, which ignores all C with nascent519

energies higher than 29.5 eV, the decrease across all scenarios is only a modest520

10%, substantially smaller than the variations from seasons and solar activity.521

Thus overall, while we are unable to accurately determine the nascent energy522

distribution of the C atoms produced from electron impact dissociation of CO2,523

the effect of this uncertainty on escape rates should not be significant.524

CO photoionization into C and O+ contributes an escape rate of 1.7–22×1022
525

s−1, or 6–20% of the total. While the relative size of escape rates across the526

scenarios follow the same order as the other reactions other than CO2 pho-527

todissociation, the variability is significantly higher, with a 100% increase from528

aphelion to perihelion and more than 600% increase from low to high solar ac-529
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tivity. This large variability is also reflected in significantly different altitudes530

for the peak contribution: 3.3–4.0 × 108 cm−3 CO2 (166–172 km altitude) for531

solar minimum scenarios verses 2.3–2.6×108 cm−3 CO2 for the solar maximum532

scenarios (182–198 km altitude). This is likely due to CO photoionization being533

driven by the more variable EUV photons. The decline in contribution towards534

the higher altitudes also has a scale height matching that of CO, pointing to535

the relationship between CO photoionization rates with CO densities.536

Our escape fluxes of 2.4–30×104 cm−2 s−1 compare favorably with the fluxes537

of 3.6–34× 104 cm−2 s−1 from Fox (2004). However, CO photoionization rates538

in our model are about an order of magnitude lower, with peaks at 0.5–1 cm−3
539

s−1 and 0.1–0.2 cm−2 s−1 for high and low solar activity respectively, compared540

to 10 cm−2 s−1 and 1 cm−2 s−1 from Fox (2004). This discrepancy may be541

related to the previously discussed discrepancy for CO photodissociation, with542

our reaction rates being significantly lower than those of Fox (2004) for both543

reactions. Just as it is for CO photodissociation, it is not obvious how this544

discrepancy in CO photoionization rates arises. Our lower CO photoionization545

rates also imply that our escape probabilities are about an order of magnitude546

higher than those in Fox (2004) to arrive at similar escape fluxes. This is likely547

due to different methodologies in the calculation of the escape probability, with548

Fox (2004) using an exobase approximation and us using a Monte Carlo model.549

CO+ DR, another channel that has been characterized extensively in the550

literature, accounts for 7–9% of the total C escape rate in our model. The escape551

rate varies over 2.0–8.8×1022 s−1, with peak contribution at 2.5–5.7×107 cm−3
552

CO2 density (186–226 km altitude). Above the peak, contribution decreases553

slowly with altitude, with a scale height 2.4–5.1 times that of CO2. The high554

altitude of the peak, together with the large scale height, makes CO+ DR very555

sensitive to variations in season and solar activity. Escape rates increase 50%556

from aphelion to perihelion, and triple from solar minimum to solar maximum,557

with the escape rates of four scenarios following the same order as the high-558

altitude CO2 densities.559

Overall, our fluxes of 2.8–12×104 s−1 are somewhat lower than the 1–3×105
560
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cm−2 s−1 from Gröller et al. (2014) and quite a bit lower than the 1–8×105 cm−2
561

s−1 from Fox (2004). With peak C production rate at 140 km altitude of 0.1–0.2562

cm−3 s−1 during solar minimum and 0.4–0.7 cm−3 s−1 during solar maximum,563

our C production rate profiles for CO+ DR are similar to those in Gröller et al.564

(2014), but are about 7 times smaller than that of Fox (2004). This suggests565

that escape probabilities in our model are slightly smaller than those in Gröller566

et al. (2014), who also used a Monte Carlo model but with different collisional567

cross sections. When compared against Fox (2004), both our C production568

rates and our escape fluxes are smaller by a factor of 7. This suggests similar569

escape probabilities for this study and Fox (2004), which contradicts the earlier570

inference from CO photoionization that our escape probabilities are an order571

of magnitude larger. This apparent contradiction probably stems from CO572

photoionization and CO+ DR rates peaking at different altitudes, and the ratio573

of the escape probabilities at the two altitudes are different between this study574

and Fox (2004). Unfortunately, the data corresponding to Figure 5 for Fox575

(2004) is not available, and we are unable to confirm that this is the reason576

behind the discrepancy.577

The other branch of CO2 photodissociation, with C and 2O as products,578

contributes a significantly smaller fraction to overall C escape. Rates vary over579

4.7–9.3× 1021 s−1, increasing about 55% from aphelion to perihelion, and 25%580

from solar minimum to solar maximum. Maximum contribution occurs at 3.9–581

4.0 × 108 cm−3 CO2 (164–172 km altitude) for solar minimum scenarios, and582

2.3× 108 cm−3 CO2 (184–196 km altitude) for solar maximum scenarios, with583

a decline towards the higher altitudes following the CO2 scale height. All three584

branches, producing C at different electronic states, give significant rates.585

EI dissociation of CO gives rates of 5.0–65× 1020 s−1 under assumption A1.586

Similar to CO photoionization for similar reasons, electron impact on CO rates587

display large variations with seasons and solar activity, with more than 100% in-588

crease at perihelion over aphelion scenarios, and more than 500% increase from589

low solar activity to high solar activity. Contribution rates peak similarly to590

total CO2 photodissociation at 3.3–3.9× 108 cm−3 CO2 (166–172 km altitude)591
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for solar minimum scenarios, and 2.3–2.6 × 108 cm−3 CO2 (182–196 km alti-592

tude) for solar maximum scenarios, but with a slower decline towards the higher593

altitudes of 1.7–2.2 times that of the CO2 scale height. This scale height cannot594

be explained purely by CO densities, which have a scale height of 1.6 times that595

of CO2. Our fluxes of 6.9–90 × 102 cm−2 s−1 are also significantly lower than596

the 1.9–18× 105 cm−2 s−1 from Fox (2004), although we find a similarly large597

increase with solar activity.598

Analogous to EI dissociation of CO2, we also calculated the C escape rates599

corresponding to assumptions A2 and A3 on the C energy spectrum. We find600

that under A2, escape rates decreased by 1-2% across the scenarios, while A3601

gave a decrease of 13–16% from A1. Thus, similar to electron impact dissociation602

of CO2, this uncertainty associated with the exact nascent energy distribution of603

the produced C atoms is not expected to have a significant effect on the overall604

escape rates.605

C+ recombination gives escape rates of 1.6–9.4 × 1018 s−1, showing an in-606

crease of 60–90% from aphelion to perihelion and an increase of more than 300%607

with increased solar activity. Peak contribution occurs at 1.5–3.9 × 108 cm−2
608

s−1 (170–194 km altitude).609

CN+ DR contributes a tiny escape rate of 1.5–56× 1017 s−1. Rates increase610

30–80% from aphelion to perihelion and, in contrast to the other processes,611

decrease with increased solar activity by 50–70%. This decrease is due to lower612

CN+ densities at high solar activity.613

Overall, C escape rates at Mars vary between 2.8× 1023 s−1 and 1.1× 1024
614

s−1. Averaging the four scenarios, this gives 1.4 × 106 kg of CO2 per year, or615

1.3 mbar of CO2 when multiplied by 3.6 billion years.616

5.2. Potential Model Errors and Uncertainties617

5.2.1. Truncation at Top of Atmosphere618

Due to limitations in our photochemical model, we are only able to calculate619

densities and rates up to 240 km altitude. Nonetheless, we believe that the620

lower ceiling of our model does not significantly impact our calculated escape621
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rates. Assuming a CO2 scale height of 15 km, we find that raising the ceiling to622

infinity from 240 km will add as much CO2 as the 10-km-thick layer just below623

240 km altitude. From Figure 3, there is no significant C production across all624

the reactions over 230–240 km altitude, and thus also not in the hypothetical625

infinitely thick layer above 240 km altitude. Secondly, the atmosphere is essen-626

tially optically thin to solar UV all the way down to 140 km altitude, and thus627

the additional layer of CO2 would not substantially change reaction rates below628

240 km altitude. Thirdly, from Figure 5, we can see that escape probabilities629

are relatively constant over 230–240 km altitude, indicating that the additional630

layer of CO2 would also not significantly lower escape probabilities.631

5.2.2. Collisional Cross Sections632

As described earlier, there are several limitations in our modeling of the es-633

cape probabilities. Firstly, there is a lack of published C collisional cross sections634

in the literature, and we have substituted with O collisional cross sections in635

this study. Nonetheless, preliminary results suggest that the actual C-CO2 col-636

lisional cross sections can be larger than the O-CO2 cross sections by as much as637

50% (Gacesa, personal communication). In order to investigate the effect on the638

escape rates from a larger collisional cross section, we have repeated the same639

analysis assuming the “C-CO2” cross sections in our model to be 50% larger.640

CO2 is the primary species in the Martian atmosphere, and C collisions with641

it is the largest factor in determining the escape probability of hot C atoms.642

The resulting escape rates are presented in Table 2. For completeness, we have643

also repeated the analysis with 50% smaller “C-CO2” cross sections, and these644

results are presented in Table 3.645

Overall, we find that larger cross sections give lower escape rates, but the646

variations are modest. The 1.5× case gives rates of 2.1–7.9 × 1023 s−1, corre-647

sponding to 1.0 mbar over 3.6 billion years (25% smaller). The 0.5× case gives648

rates of 4.2–17 × 1023 s−1, or 2.1 mbar over 3.6 millions years (55% larger).649

These variations of escape rate with collisional cross section suggest that the650

inverse relationship observed for oxygen photochemical escape (Cravens et al.,651
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2017) may also be applicable to C photochemical escape. The decrease in escape652

probabilities from larger cross sections is also more pronounced at the lower al-653

titudes, resulting in a shift towards the higher-altitude reactions in their relative654

contribution to the overall escape. We find that this is indeed the case for reac-655

tions such as CO photodissociation, CO EI dissociation and CO+ DR, but the656

changes are small, at only . 10% of the nominal values from the 1× case. Thus,657

with the discussion of escape rates in the literature generally in terms of orders658

of magnitude, this uncertainty from using O collisional cross sections as C cross659

sections in our study translates into only a modest uncertainty in escape rates,660

and the picture we have painted in our earlier discussion in Section 5.1 remains661

generally accurate.662

Secondly, the escape model is at present unable to take into account the de-663

pendence of the cross section on the incident energy of the hot C atom. For our664

model, we used the cross sections at 1.77 eV, representing the median energy665

of the hot C atoms produced in our model. The impact of this limitation is666

not expected to be large however. The cross sections do not vary significantly667

with energy, with a value of 1.4 × 10−14 cm−2 at the threshold energy of 1.55668

eV and 0.9 × 10−14 cm−2 at 5.0 eV, the maximum energy from the photodis-669

sociation reactions. These variations are smaller than the ±50% that we have670

investigated with our sensitivity tests, and thus the corresponding uncertainty671

is also expected to be small.672

Thirdly, the escape model does not take into account inelastic collisions.673

The inelastic component can be significant, making up 30% of the total O-CO2674

cross section at 1.55 eV (Gacesa et al., 2020). However, properly treating the675

inelastic collisions would involve extensive accounting of the many transitions676

between the unique electronic states of the two colliding species on top of the677

elastic cross section. This has been done for O escape (e.g. Gröller et al. (2014)),678

but it is not clear if and how it was done in published C escape studies. For679

this study, we use the total collisional cross sections, effectively assuming that680

the inelastic components of the O-CO2 and C-CO2 cross sections are similar681

and treating the inelastic collisions as elastic. While the latter assumption gives682
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rise to a smaller error compared to using only the elastic cross sections and683

completely ignoring the inelastic cross sections, the true escape probabilities684

should be still smaller than the values we present here since more kinetic energy685

is lost through inelastic collisions. Exactly how much smaller would have to be686

investigated with a more sophisticated escape model.687
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Table 2: Escape rates and percentage contribution to total by each re-

action for the four scenarios, in order of descending total contribution.

C-CO2 cross sections are set to 150% of the nominal values. Reactions

producing similar products at different electronic states are grouped,

with individual constituent reactions in the group italicized.

Solar Max Aphelion Solar Max Perihelion Solar Min Aphelion Solar Min Perihelion

Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

CO2 + hν → C + O2 1.83× 1023 37 2.53× 1023 32 1.21× 1023 56 1.92× 1023 53

CO + hν → C + O 1.02× 1023 21 1.85× 1023 23 3.49× 1022 16 7.26× 1022 20

C(3P ) +O(3P ) 9.99× 1022 1.80× 1023 3.39× 1022 7.04× 1022

C(1D) +O(1D) 2.26× 1021 4.12× 1021 9.58× 1020 1.99× 1021

C(3P ) +O(3P ) + hν(156 nm) 2.44× 1019 4.47× 1019 7.32× 1018 1.52× 1019

C(3P ) +O(3P ) + hν(166 nm) 3.22× 1020 5.89× 1020 1.25× 1020 2.58× 1020

C(1D) +O(1D) + hν(193 nm) 1.20× 1015 2.15× 1015 3.05× 1014 6.35× 1014

CO2 + e→ C + 2O + e A1: 7.20× 1022 14 A1: 1.08× 1023 14 A1: 2.30× 1022 11 A1: 3.70× 1022 10

A2: 7.07× 1022 A2: 1.06× 1023 A2: 2.27× 1022 A2: 3.66× 1022

A3: 6.42× 1022 A3: 9.76× 1022 A3: 2.05× 1022 A3: 3.35× 1022

+hν(128 nm) A1: 9.26× 1021 A1: 1.39× 1022 A1: 3.00× 1021 A1: 4.79× 1021

A2: 9.05× 1021 A2: 1.36× 1022 A2: 2.94× 1021 A2: 4.72× 1021

A3: 8.01× 1021 A3: 1.22× 1022 A3: 2.61× 1021 A3: 4.25× 1021
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

+hν(133 nm) A1: 3.83× 1021 A1: 5.74× 1021 A1: 1.31× 1021 A1: 2.09× 1021

A2: 3.73× 1021 A2: 5.61× 1021 A2: 1.28× 1021 A2: 2.06× 1021

A3: 3.22× 1021 A3: 4.95× 1021 A3: 1.11× 1021 A3: 1.81× 1021

+hν(156 nm) A1: 2.15× 1022 A1: 3.21× 1022 A1: 6.77× 1021 A1: 1.09× 1022

A2: 2.11× 1022 A2: 3.16× 1022 A2: 6.66× 1021 A2: 1.07× 1022

A3: 1.91× 1022 A3: 2.90× 1022 A3: 6.00× 1021 A3: 9.81× 1021

+hν(166 nm) A1: 3.74× 1022 A1: 5.61× 1022 A1: 1.20× 1022 A1: 1.93× 1022

A2: 3.69× 1022 A2: 5.53× 1022 A2: 1.18× 1022 A2: 1.91× 1022

A3: 3.38× 1022 A3: 5.14× 1022 A3: 1.08× 1022 A3: 1.76× 1022

CO + hν → C + O+ + e 8.38× 1022 17 1.68× 1023 21 1.41× 1022 6.6 2.85× 1022 7.8

CO+ + e→ C + O 5.14× 1022 10 6.83× 1022 8.6 1.79× 1022 8.3 2.87× 1022 7.9

CO2 + hν → C + 2O 4.50× 1021 0.90 6.44× 1021 0.81 3.43× 1021 1.6 5.42× 1021 1.5

+hν(156 nm) 6.32× 1020 8.97× 1020 5.05× 1020 8.00× 1020

+hν(166 nm) 1.41× 1021 2.01× 1021 1.08× 1021 1.71× 1021

+hν(193 nm) 2.46× 1021 3.53× 1021 1.84× 1021 2.91× 1021

CO + e→ C + O + e A1: 2.44× 1021 0.49 A1: 5.00× 1021 0.63 A1: 4.05× 1020 0.19 A1: 8.45× 1020 0.23

A2: 2.39× 1021 A2: 4.90× 1021 A2: 3.99× 1020 A2: 8.34× 1020

A3: 2.06× 1021 A3: 4.28× 1021 A3: 3.46× 1020 A3: 7.36× 1020

+hν(156 nm) A1: 1.91× 1021 A1: 3.90× 1021 A1: 3.17× 1020 A1: 6.63× 1020

A2: 1.88× 1021 A2: 3.85× 1021 A2: 3.14× 1020 A2: 6.58× 1020
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

A3: 1.70× 1021 A3: 3.52× 1021 A3: 2.85× 1020 A3: 6.02× 1020

+hν(166 nm) A1: 5.39× 1020 A1: 1.10× 1021 A1: 8.80× 1019 A1: 1.82× 1020

A2: 5.12× 1020 A2: 1.04× 1021 A2: 8.46× 1019 A2: 1.76× 1020

A3: 3.57× 1020 A3: 7.60× 1020 A3: 6.18× 1019 A3: 1.34× 1020

C+ + e→ C 5.08× 1018 1.0× 10−3 7.69× 1019 9.7× 10−4 1.34× 1018 6.3× 10−4 2.53× 1018 6.9× 10−4

CN+ + e→ C + N 1.35× 1017 2.7× 10−5 2.38× 1018 3.0× 10−4 4.22× 1017 2.0× 10−4 5.44× 1018 1.5× 10−4

Total 5.00× 1023 7.93× 1023 2.14× 1023 3.65× 1023

Table 3: Escape rates and percentage contribution to total by each re-

action for the four scenarios, in order of descending total contribution.

C-CO2 cross sections are set to 50% of the nominal values. Reactions

producing similar products at different electronic states are grouped,

with individual constituent reactions in the group italicized.

Solar Max Aphelion Solar Max Perihelion Solar Min Aphelion Solar Min Perihelion

Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

CO2 + hν → C + O2 4.01× 1023 40 6.22× 1023 36 2.53× 1023 61 4.33× 1023 58

CO + hν → C + O 1.80× 1023 18 3.67× 1023 21 5.56× 1022 13 1.19× 1023 16

C(3P ) +O(3P ) 1.75× 1023 3.58× 1023 5.38× 1022 1.16× 1023

C(1D) +O(1D) 3.98× 1021 8.17× 1021 1.53× 1021 3.29× 1021
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

C(3P ) +O(3P ) + hν(156 nm) 4.29× 1019 8.83× 1019 1.17× 1019 2.52× 1019

C(3P ) +O(3P ) + hν(166 nm) 5.66× 1020 1.16× 1021 1.99× 1020 4.28× 1020

C(1D) +O(1D) + hν(193 nm) 2.11× 1015 4.30× 1015 4.85× 1014 1.04× 1015

CO2 + e→ C + 2O + e A1: 1.67× 1023 17 A1: 2.71× 1023 16 A1: 5.28× 1022 13 A1: 8.98× 1022 12

A2: 1.64× 1023 A2: 2.66× 1023 A2: 5.19× 1022 A2: 8.86× 1022

A3: 1.49× 1023 A3: 2.45× 1023 A3: 4.68× 1022 A3: 8.11× 1022

+hν(128 nm) A1: 2.15× 1022 A1: 3.48× 1022 A1: 6.89× 1021 A1: 1.16× 1022

A2: 2.10× 1022 A2: 3.40× 1022 A2: 6.75× 1021 A2: 1.14× 1022

A3: 1.86× 1022 A3: 3.07× 1022 A3: 5.98× 1021 A3: 1.03× 1022

+hν(133 nm) A1: 8.94× 1021 A1: 1.44× 1022 A1: 3.02× 1021 A1: 5.10× 1021

A2: 8.70× 1021 A2: 1.41× 1022 A2: 2.95× 1021 A2: 5.00× 1021

A3: 7.51× 1021 A3: 1.24× 1022 A3: 2.54× 1021 A3: 4.40× 1021

+hν(156 nm) A1: 4.99× 1022 A1: 8.06× 1022 A1: 1.55× 1022 A1: 2.64× 1022

A2: 4.90× 1022 A2: 7.93× 1022 A2: 1.52× 1022 A2: 2.60× 1022

A3: 4.44× 1022 A3: 7.29× 1022 A3: 1.37× 1022 A3: 2.38× 1022

+hν(166 nm) A1: 8.70× 1022 A1: 1.41× 1023 A1: 2.74× 1022 A1: 4.67× 1022

A2: 8.56× 1022 A2: 1.39× 1023 A2: 2.69× 1022 A2: 4.62× 1022

A3: 7.85× 1022 A3: 1.29× 1023 A3: 2.46× 1022 A3: 4.27× 1022

CO + hν → C + O+ + e 1.50× 1023 15 3.23× 1023 19 2.39× 1022 5.7 4.98× 1022 6.7

CO+ + e→ C + O 8.09× 1022 8.1 1.24× 1023 7.2 2.41× 1022 5.8 4.11× 1022 5.5
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Reaction Rate (s−1) % Rate (s−1) % Rate (s−1) % Rate (s−1) %

CO2 + hν → C + 2O 1.01× 1022 1.0 1.60× 1022 0.92 7.43× 1021 1.8 1.27× 1022 1.7

+hν(156 nm) 1.42× 1021 2.22× 1021 1.08× 1021 1.85× 1021

+hν(166 nm) 3.17× 1021 5.00× 1021 2.33× 1021 3.97× 1021

+hν(193 nm) 5.56× 1021 8.77× 1021 4.02× 1021 6.83× 1021

CO + e→ C + O + e A1: 4.43× 1021 0.44 A1: 9.50× 1021 0.55 A1: 6.89× 1020 0.17 A1: 1.47× 1021 0.20

A2: 4.25× 1021 A2: 9.33× 1021 A2: 6.78× 1020 A2: 1.45× 1021

A3: 3.66× 1021 A3: 8.17× 1021 A3: 5.88× 1020 A3: 1.28× 1021

+hν(156 nm) A1: 3.39× 1021 A1: 7.43× 1021 A1: 5.39× 1020 A1: 1.15× 1021

A2: 3.35× 1021 A2: 7.36× 1021 A2: 5.33× 1020 A2: 1.14× 1021

A3: 3.03× 1021 A3: 6.72× 1021 A3: 4.82× 1020 A3: 1.04× 1021

+hν(166 nm) A1: 9.56× 1020 A1: 2.07× 1021 A1: 1.50× 1020 A1: 3.16× 1020

A2: 9.09× 1020 A2: 1.98× 1021 A2: 1.45× 1020 A2: 3.05× 1020

A3: 6.35× 1020 A3: 1.44× 1021 A3: 1.05× 1020 A3: 2.32× 1020

C+ + e→ C 8.31× 1018 8.4× 10−4 1.37× 1019 7.9× 10−4 1.99× 1018 4.8× 10−4 3.79× 1018 5.1× 10−4

CN+ + e→ C + N 1.59× 1017 1.6× 10−5 2.89× 1018 1.7× 10−4 4.40× 1017 1.1× 10−4 5.67× 1018 7.6× 10−4

Total 9.94× 1023 1.73× 1024 4.17× 1023 7.47× 1023
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6. Conclusions688

In this study, we provide an updated and comprehensive picture of present C689

photochemical escape rates from Mars. Escape rates vary over 3–10× 1023 s−1,690

with an increase of 70% at perihelion compared to aphelion over a Martian year,691

and a much larger increase of 133% at solar maximum compared to solar mini-692

mum. Escape is driven primarily by five reactions. Both CO photodissociation693

and CO+ DR have been discussed extensively in the literature, but there is still694

no convergence on the hot C production rate from these reactions. Our results695

in this study confirm the importance of these two channels to photochemical696

C escape at Mars, and provide an updated calculation for the reaction rates697

of these two channels using a comprehensive photochemical model and newly698

available high-resolution cross sections. Through our study, we also find the699

newly experimentally verified CO2 photodissociation to be an important, and700

possibly the most important, C escape channel. This channel, together with the701

previously known but much neglected EI dissociation of CO2 and photoioniza-702

tion of CO into C and O+, should be taken into account in future studies of C703

photochemical escape from Mars.704

In the bigger picture of general atmospheric escape from Mars, our new val-705

ues for the C escape rate are more than an order of magnitude smaller than706

the O escape rate (1.2–5.5 × 1025 s−1 from Lillis et al. (2017) and 9 × 1025
707

s−1 from Rahmati et al. (2018)). This is consistent with the observation that708

atmospheric losses of H and O today are driven by H2O (Jakosky et al., 2018),709

with the H loss rate being approximately twice that of O and both loss rates710

significantly higher than C. Assuming today’s C escape rates for the last 3.6711

billion years, the total photochemical loss of 1 mbar of CO2 is insufficient in712

accounting for the hypothesized loss of hundreds of millibars of CO2. Together713

with the other C escape processes of sputtering of CO2 and CO (Leblanc and714

Johnson, 2002; Chassefière et al., 2007) and CO+
2 ion escape (e.g. Manning et al.715

(2011)), photochemical escape rates are expected to increase with higher EUV716

fluxes in the past. In this study, we have found already significant increases by717
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200% and 600% in escape due to EI on CO2 and CO ionization from the 300%718

increase in EUV at solar maximum. The solar EUV flux from the young Sun719

could have been 6–10× that of today (Ribas et al., 2005; Tian et al., 2009), and720

this would have driven even higher escape rates, as well as shifted the relative721

importance of the various processes. Characterizing how the contributions of722

each photochemical channel were different at ancient Mars has been and will723

continue to remain a key to constraining the carbon inventory that has been724

lost into space verses being sequested underground in the big scientific question725

of “What happened to the CO2 at Mars?”. We hope that the updated and com-726

prehensive characterization in our study of all known photochemical channels727

of hot C, major and minor, that occur at Mars today would provide a more728

solid foundation for future studies to perform more sophisticated extrapolations729

backwards in time to when both the Martian atmosphere and the solar fluxes730

were substantially different from those of today.731

Acknowledgements732

This work is funded through the MAVEN mission, supported by NASA733

through the Mars Exploration Program. We would also like to thank Marko734

Gacesa for his assistance with the O-CO2 collisional cross sections, which are735

available at https://github.com/mgacesa66/O-CO2 cross-sections. We would736

also like to thank our two anonymous reviewers for their helpful suggestions for737

improvements to the manuscript.738

References739

Ajello, J.M., 1971. Emission cross sections of CO by electron impact in the740
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Mousis, O., Odert, P., Möstl, U.V., Breuer, D., Dehant, V., Grott, M.,890
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