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a b s t r a c t

HOx radicals are produced in the martian atmosphere by the photolysis of water vapor and subsequently
participate in catalytic cycles that recycle carbon dioxide (CO2) from its photolysis product carbon
monoxide (CO), providing a qualitative explanation for the stability of its atmosphere. Balancing CO2

production and loss based on our current understanding of martian gas-phase chemistry has, however, pro-
ven to be difficult. The photolysis of O3 produces O(1D), while oxidation of CO produces HOCO radicals, a
new member of the HOx family. The O(1D) quantum yield has recently been updated, which quantifies non-
zero quantum yields in the Huggins bands. In Earth’s atmosphere HOCO is considered to be unimportant
since it is quickly removed by abundant oxygen molecules. The smaller amount of O2 in the Mars’
atmosphere causes HOCO’s lifetime to be longer in Mars’ atmosphere than Earth’s (3� 10�5 s to 1.2 days
from Mars’s surface to 240 km, respectively). Limited kinetic data on reactions involving HOCO prevented
consideration of its reactions directly in atmospheric models. Therefore, the impact of HOCO reactions on
martian chemistry is currently unknown. Here, we incorporate new literature rate constants for HOCO
chemistry and an updated representation of the O(1D) quantum yield in the Caltech/JPL 1-D photochemical
model for Mars’ atmosphere. Our simulations exemplify perturbations to NOy, HOx, and COx species, rang-
ing from 5% to 50%. The modified O(1D) quantum yield and new HOCO chemistry cause a 10% decrease and
a 50% increase in OH and H2O2 total column abundances, respectively. At low altitudes, HOCO production
contributes 5% towards CO2 production. Given recent experimentally-obtained branching ratios for the
oxidation of CO, HOCO may contribute up to 70% toward the production of NOy, where HOx and NOy species
are enhanced up to a factor 3, which has implications for rethinking the fundamental understanding of NOy,
HOx, and CO/CO2 cycling on Mars. Two new reaction mechanisms for converting CO to CO2 using HOCO
reactions are proposed, which reveal that H2O2 is more intimately coupled to COx chemistry. Our
simulations are in good agreement with satellite/spacecraft measurements of CO and H2O2 on Mars.

Published by Elsevier Inc.

1. Introduction

Mars continues to be a test-bed for space exploration for finding
extraterrestrial life. At present, finding life on Mars may not be
limited by essential life nutrients, such as water and nitrogen

(Boxe et al., 2012a,b). It’s atmosphere is comprised primarily of
carbon dioxide (Owen et al., 1977), approximately �95%, which
is readily photolyzed by solar ultraviolet radiation below 205 nm
to produce carbon monoxide (CO) and atomic oxygen (O):

CO2 þ hv ! COþ O;

where atomic oxygen forms O2 via the following reaction:

Oþ OþM! O2 þM:

Once CO2 is converted into CO and O, it is difficult to restore it.
This is primarily due to the fact that the following reaction,
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COþ OþM! CO2 þM;

is spin-forbidden, and its three-body reaction rate coefficient is
many orders of magnitude slower than the formation channel for
O2 shown above. Therefore, the net result of the of CO2 photolysis is
2CO2 ! 2COþ O2:

Within the context of a pure CO2 atmosphere, the amounts of
CO and O2 would undoubtedly be very large, even when consider-
ing the photodissociation of O2:

O2 þ hv ! Oþ O:

Specifically, this scenario yields CO and O2 mixing ratios of
7.7 � 10�2 and 3.8 � 10�2, respectively, and a CO:O2 ratio of 2:1,
which is in contradiction to the observed mixing ratios
(7.0 � 10�4 for CO and 1.3 � 10�3 for O2) and ratio of 0.5 (Yung
and Demore, 1999). This suggests that another process stabilizes
the observed CO2 concentration of the martian atmosphere.

The stability of CO2 in the martian atmosphere appeared to be a
contradiction to known chemical kinetics for a pure CO2 atmo-
sphere, where for Mars, there was substantially smaller amounts
of CO and O2 – previously termed the CO2 stability problem. It is well
known that HOx (H, OH, HO2) chemistry plays an important role in
stabilizing the CO2 dominated atmosphere of Mars (McElroy and
Donahue, 1972; Parkinson and Hunten, 1972). According to chemi-
cal mechanisms proposed by McElroy and Donahue (1972) (cata-
lytic cycle 1) and Parkinson and Hunten (1972) (catalytic cycle 2),
CO is then effectively converted back to CO2 via reactions with HOx.

2ðCOþ OH! CO2 þHÞ

2ðHþ O2!
M

HO2Þ
HO2 þHO2 ! H2O2 þ O2

H2O2 þ hv ! 2OH

net : 2COþ O2 ! 2CO2 ðcatalytic cycle 1Þ

OHþ CO! Hþ CO2

Hþ O2!
M

HO2

HO2 þ O! O2 þ OH

net : COþ O! CO2 ðcatalytic cycle 2Þ

McElroy and Donahue (1972) and Parkinson and Hunten (1972)
recognized that the small amount of water vapor in Mars’s atmo-
sphere could play a fundamental role in atmospheric photochemi-
cal processes. Since these seminal investigations, the only
significant addition involved the reaction of HO2 with NO to yield
NO2 and OH, which introduced 2 new chemical schemes for the
oxidation of CO to CO2 (Nair et al., 1994; Yung and Demore, 1999).
2ðCOþ OH! CO2 þHÞ

2ðHþ O2!
M

HO2Þ
HO2 þ NO! NO2 þ OH
NO2 þ hv ! NOþ O
HO2 þ O! OHþ O2

net : 2COþ O2 ! 2CO2 ðcatalytic cycle 3Þ

OHþ CO! Hþ CO2

Hþ O2!
M

HO2

HO2 þ NO! NO2 þ OH
NO2 þ O! O2 þ NO

net : COþ O! CO2 ðcatalytic cycle 4Þ

Since Nair et al. (1994), there has not been any significant update
on addressing the CO–CO2 cycling on Mars. The O(1D) quantum yield
has recently been updated, which quantifies nonzero quantum
yields in the Huggins bands (Matsumi et al., 2002). In addition, it is
also known that the OH + CO reaction produces HOCO, a radical spe-
cies, whose impact has never been considered in the martian atmo-
sphere, given the once limited kinetic data on reactions involving
HOCO (Petty et al., 1993; Olkhov et al., 2001; Mielke et al., 2003;
Yu et al., 2005). We, therefore, utilize the Caltech/JPL 1-D photo-
chemical model for Mars to look at the impact on the chemical state
of its atmosphere via the inclusion of updated O(1D) quantum yields
(Matsumi et al., 2002) and HOCO chemistry (Fulle et al., 1996; Sears
et al., 1992) (Table 1). Firstly, the photochemical model setup is
briefly described; thereafter, the impact on NOy, HOx, and COx

chemistry are discussed in Section 3.

2. Photochemical model setup

We utilize the Caltech/JPL one-dimensional (1-D) photochemi-
cal kinetics model for a latitude of 30� versus season, which is sim-
ilar to that used by Yung et al. (1988) and Nair et al. (1994) to study
the, overall, photochemical state of the martian atmosphere. A
detailed description of the 1-D photochemical model can be found
in Nair et al. (1994); we, therefore, only provide a short description
of the model. Specifically, it incorporates Mars atmospheric Ox,
COx, HOx, and NOy chemistry in the presence of vertical diffusive
transport and allows for time-dependent calculations. This model
is an update of the Nair et al. (1994) model. It solves the 1-D con-
tinuity equation,

@ni

@t
þ @Ui

@z
¼ Pi � Li;

(ni, Ui, Pi, and Li are the concentration, vertical diffusive flux, and
chemical production and loss terms, respectively, for species i
(Allen et al., 1981) for 29 species (O, O(1D), O2, O3, N, N(2D), N2,
N2O, NO, NO2, NO3, N2O5, HNO2, HNO3, HO2NO2, H, H2, H2O, OH,
HO2, H2O2, CO, CO2, O+, O2

+, CO2
+, and CO2H+) in 177 reactions from

the surface to the exosphere at 240 km (with 2 km resolution) in
121 levels. In the diurnally-averaged 1-D photochemical model,
the steady-state solution is solved after allowing @ni

@t ! 0. The
vertical flux is given by

Ui ¼ �D
dni

dz
þ ni

Hi
þ nið1þ aÞ

T
dT
dz

� �
� K

dni

dz
þ ni

Hi
þ ni

T
dT
dz

� �
;

where Di is the molecular diffusion coefficient of species i through
the background atmosphere, Hi is the scale height of species i, T is
the temperature, a is the thermal diffusion factor (which we take
to be zero), K is the eddy diffusion coefficient, and H is the scale
height of the background atmosphere.

Table 1
New reactions included in the JPL/Caltech 1-D Photochemical Mars Model. Rate
coefficients are given in cm3 molecule�1 s�1 for bimolecular and cm6 molecule�2 s�1

for termolecular reactions.

Reaction Rate coefficient Reference

R1 OH + CO + M ? M + HCO2 k0 = 5.90E�33
(T/300)�1.4

Sander et al. (2006)

R2 HCO2 + O2 ? HNO2 + CO2 2.00 � 10�12 Sander et al. (2006)
R3 HCO2 + HO2 ? H2O2 + CO2 5.80 � 10�11 Yu et al. (2008)
R4 HCO2 + HO2 ? 2O2 + CO2 6.50 � 10�12 Yu et al. (2008)
R5 HCO2 + H ? H2 + CO2 1.00 � 10�10 Yu and Francisco (2008)
R6 HCO2 + H ? H2O + CO 4.00 � 10�12 Yu and Francisco (2008)
R7 HCO2 + OH ? H2O + CO2 1.00 � 10�11 Yu et al. (2005)
R8 HCO2 + NO ? HNO2 + CO 2.00 � 10�12 Olkhov et al. (2001)
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