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Abstract Recent observations by instruments aboard the ExoMars Trace Gas Orbiter (TGO) have revealed
the seasonal presence of hydrogen chloride (HCl) in the Martian atmosphere. This discovery may have
important implications for Martian photochemistry as chlorine species are chemically active, and it may provide
a link between the atmosphere and known surface reservoirs of chlorine. However, the global distribution of
atmospheric HCl is unknown beyond the very sparse TGO observations, and the source and sink processes
driving the observed variability of HCl are not currently understood. We used a Martian global climate model to
investigate, for the first time, the spatial distribution of chlorine species in the Martian atmosphere, and the
resulting distribution of surface perchlorates formed via adsorption of atmospheric chlorine species. We adapted
an existing Martian photochemical scheme to include gas‐phase chlorine chemistry with HCl as the source
species, and the resulting atmospheric perchloric acid was allowed to deposit onto the Martian surface via a
heterogeneous adsorption scheme. We found that odd‐oxygen (O,O3) and odd‐hydrogen (H,OH,HO2) species
play a major role in controlling the distribution of atmospheric chorine species. Surface perchlorate deposition
was found to occur preferentially at high latitudes; in the tropics, the perchlorate distribution was anti‐correlated
with surface thermal inertia and agreed qualitatively with observations of surface chlorine. Our model predicted
a relative enhancement of HCl in polar regions, but it did not reproduce the observed strong seasonality of HCl,
suggesting that heterogeneous chemistry may be required to explain the observed chlorine cycle.

Plain Language Summary Instruments aboard the ExoMars Trace Gas Orbiter have recently
measured a seasonal presence of hydrogen chloride in the Martian atmosphere. This finding is surprising as an
active chlorine cycle was not thought to be present on Mars, and it is not currently known what the processes
driving this cycle are. Chlorine has also been found on the Martian surface as perchlorate, which is hazardous for
life but is also a potential fuel source. The presence of atmospheric chlorine thus raises the possibility of a link
between the surface and atmospheric chlorine reservoirs. In this work, we adapted a Martian global climate
model to investigate the chemistry and three‐dimensional transport of chlorine species in the Martian
atmosphere, as well as where these species might accumulate on the surface. We found that odd‐oxygen and
odd‐hydrogen species play a major role in influencing the spatial and seasonal distributions of the chlorine
species. The surface distribution of perchlorate in our model is in qualitative agreement with several (but not all)
features of the surface chlorine distribution observed by satellites. Our model did not reproduce the observed
large seasonal variation of atmospheric hydrogen chloride, however, and we suggest potential mechanisms that
might explain this.

1. Introduction
Atmospheric hydrogen chloride (HCl) has recently been detected in the Martian atmosphere by instruments
aboard the ExoMars Trace Gas Orbiter (TGO), first with the Atmospheric Chemistry Suite (Korablev et al., 2021;
Olsen, Trokhimovskiy, et al., 2021) and later confirmed with the Nadir and Occultation for MArs Discovery
(Aoki et al., 2021) spectrometers. Prior to the TGO detections, Earth‐based attempts to find chlorine species had
only established upper detection limits (e.g., Hartogh et al., 2010; Villanueva et al., 2013) and had implied an
absence of contemporary chlorine‐based chemistry in the Martian atmosphere. These measurements were only
performed during the cold aphelion season, however, and a recent Earth‐based measurement campaign following
the TGO discoveries has since detected HCl in the perihelion season (Aoki et al., 2024).
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The TGO orbital HCl measurements have revealed a seasonal cycle in the observed HCl, with HCl mixing ratios
rising rapidly in both hemispheres during the perihelion (dusty) season (areocentric solar longitude, LS = 180–
360°), while remaining low in the clearer aphelion season apart from a small number of detections (Aoki
et al., 2021; Olsen, Trokhimovskiy, et al., 2021). The source and sink processes driving the distinct seasonal
variability of HCl have not yet been determined and are the subjects of ongoing research. It has been suggested
that mineral dust may be the source of the observed HCl (Aoki et al., 2021; Korablev et al., 2021; Olsen, Tro-
khimovskiy, et al., 2021), possibly via heterogeneous interactions between chloride‐bearing dust aerosols and
atmospheric hydrogen radicals (Krasnopolsky, 2022). The rapid loss of HCl after the dusty season has been linked
to the uptake of HCl on water ice aerosols, a mechanism consistent with an observed anti‐correlation between HCl
and water ice in the lower atmosphere (Luginin et al., 2024; Olsen et al., 2024a, 2024b).

Prior to the detection of HCl in the Martian atmosphere, perchlorates and chloride‐bearing minerals had been
identified on the Martian surface by in situ measurements. These include measurements of perchlorate salts by the
Phoenix lander (Hecht et al., 2009) and of chlorinated hydrocarbons and perchlorates by the Curiosity rover
(Glavin et al., 2013). From orbit, the distributions of surface chlorine and chloride‐bearing minerals have been
mapped by the Gamma Ray Spectrometer (GRS) (Keller et al., 2006) and Thermal Emission Imaging System
(THEMIS) (Osterloo et al., 2008) aboard the Mars Odyssey spacecraft, as well as by the Compact Reconnaissance
Imaging Spectrometer for Mars (Murchie et al., 2009) aboard the Mars Reconnaissance Orbiter and the
“Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité” (OMEGA) spectrometer aboard Mars Express
(Ruesch et al., 2012).

A number of mechanisms have been proposed to explain the presence of perchlorates on the Martian surface.
Catling et al. (2010) hypothesized that gas‐phase atmospheric oxidation of chlorine volatiles could explain the
observed perchlorate salts both on Mars and in the Atacama desert on Earth. However, Smith et al. (2014) used a
one‐dimensional (1D) atmospheric column model to conclude that perchlorate formation purely via gas‐phase
oxidation of volcanic chlorine was insufficient to explain the Phoenix measurements, and that non‐gas‐phase
processes (such as heterogeneous reactions) were likely an important factor. Wilson et al. (2016) suggested
that radiolysis of the Martian surface by galactic cosmic rays could provide an efficient pathway for chlorine
oxidation and explain observed surface measurements. Wu et al. (2018) proposed multi‐phase redox plasma
chemistry from electrostatic activity by analyzing laboratory experiments under Martian conditions. They sug-
gested Cl‐bearing surface minerals and atmospheric free radicals may react together to produce surface per-
chlorates. Whilst there have been no direct observations of electrical discharges within the Martian atmosphere,
these have been inferred indirectly by Ruf et al. (2009). Finally, Edgar et al. (2022) have recently demonstrated in
laboratory experiments that perchlorates can be formed through the mechanical activation of silicate rocks in the
presence of halite salts.

The detection of HCl in the Martian atmosphere provides an impetus to revisit the work of Catling et al. (2010)
and Smith et al. (2014), who invoked HCl as the source species for perchlorate formation via an atmospheric
pathway. As both of these prior studies only modeled atmospheric chlorine chemistry in a single column, no study
has yet investigated the spatial distribution of chemical production and loss of chlorine species, or the impacts of
atmospheric dynamics and transport processes on their spatial distributions. Therefore, in this study we use a Mars
Global Climate Model (MGCM) incorporating gas‐phase chlorine chemistry to investigate, for the first time, the
impacts of global transport on the distribution of chlorine species in the Martian atmosphere. We then use our
model to characterize the distribution of surface perchlorates arising from the adsorption of atmospheric
perchloric acid onto the Martian surface.

Our focus in this study is on the relationship between gas‐phase chemistry and transport processes, which will aid
in our understanding of the non‐heterogeneous processes affecting chlorine species and provide a benchmark for
future work. Given the potential importance of factors such as gas‐phase chlorine chemistry, heterogeneous
chemistry on aerosol surfaces, and transport processes (Olsen, Trokhimovskiy, et al., 2021; Taysum et al., 2024)
in understanding the seasonal, vertical, and spatial distribution of observed atmospheric HCl, it is important to
understand how these separate elements affect the global chlorine distribution on their own, and subsequently
how they combine. In a companion work (P. M. Streeter et al., 2025) we will focus on the impact of the inclusion
of heterogeneous chemical processes on chlorine chemistry using the same MGCM.

In Section 2 we introduce the MGCM used and describe the implementation of the chlorine chemistry scheme.
The gas‐phase chemical pathways and distributions of the chlorine species contributing to perchlorate formation
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are discussed in Section 3, and the resulting surface distribution of perchlorate is presented in Section 4. We
discuss our findings in Section 5.

2. The Mars Global Climate Model
We model the Martian atmosphere with the MGCM used at the Open University (UK), which is the spectral
variant of the Mars Planetary Climate Model (Forget et al., 1999, 2022). This model utilizes a spectral dynamical
solver (Hoskins & Simmons, 1975) which represents horizontal atmospheric fields as a weighted sum of spherical
harmonic functions, thereby improving representation of waves and dynamical fields near the poles. Vertical
discretization is achieved using a finite difference scheme that conserves both energy and angular momentum
(Simmons & Burridge, 1981). The dynamical core is coupled to a semi‐Lagrangian tracer advection scheme
(Newman et al., 2002) and a set of Martian physics routines. These include schemes for radiative transfer, CO2
condensation and sublimation, photochemistry, dust processes, boundary layer processes and cloud microphysics
(Colaïtis et al., 2013; Forget et al., 1999; Lefèvre et al., 2004; Madeleine et al., 2011; Navarro et al., 2014). The
model incorporates a data assimilation scheme (S. Lewis & Barker, 2005; Lorenc et al., 1991) that has been used
extensively for investigations of the Martian atmosphere. Recent work using this model includes investigations of
the water cycle and supersaturation during a global dust storm year (Holmes et al., 2022), multi‐year variations to
the northern polar vortex (P. Streeter et al., 2023) including during an equinoctial dust storm (P. Streeter
et al., 2021), and atmospheric super‐rotation (Rajendran et al., 2021).

2.1. Chlorine Scheme

In order to study chlorine chemistry in the Martian atmosphere, we extended the existing model photochemistry
scheme of Lefèvre et al. (2004) to incorporate 11 new chlorine species: hydrogen chloride (HCl), atomic chlorine
(Cl), molecular chlorine (Cl2), chlorine monoxide (ClO), hydrogen hypochlorite (HOCl), chlorine peroxy
(ClOO), chlorine dioxide (OClO), dichlorine dioxide (Cl2O2), chlorine trioxide (ClO3), chlorine perchlorate
(Cl2O4) and perchloric acid (HClO4). The chlorine scheme was adapted from the photochemical model presented
in Catling et al. (2010), which was designed to use hydrogen chloride as the sole source of chlorine, resulting in
the production of perchloric acid as the final product.

Tables 1 and 2 list the full set of gas‐phase and photolysis reactions that were included in the photochemistry
module for the purposes of this study. Reaction rates were updated using the most recent version of the JPL
atmospheric chemistry evaluation (Burkholder et al., 2019). In order to account for the higher efficiency of CO2 as
a third body compared to N2, all the new 3‐body reactions were multiplied by a factor of 2.5 (Lefèvre et al., 2004).
For the new photolysis reactions, the actinic flux calculations were performed using a version of the Tropospheric
Ultraviolet (TUV) model (Madronich & Flocke, 1999) that had been adapted for Mars (Lefèvre et al., 2004). The
actinic flux was first calculated offline in a lookup table for a range of values of temperature, solar zenith angle,
ozone column density, atmospheric column density, dust opacity, and Sun‐Mars distance; during the model run,
photolysis rates were calculated by interpolating across the lookup table.

Some of the reaction rates in Table 1 are uncertain. In particular, the formation of ClO3 (x012) and its reaction
with OH (x030) are key steps in the formation of HClO4, but the relevant reaction rates have yet to be determined
experimentally. Simonaitis and Heicklen (1975) estimated the reaction rates using a combination of old labo-
ratory data and guesses based on analogous reactions. In their one‐dimensional modeling study, Catling
et al. (2010) reduced the reaction rate estimates of Simonaitis and Heicklen (1975) by a factor of 30 and managed
to simulate a reasonable match to observed terrestrial profiles of HCl,Cl,ClO and other chlorine‐bearing species.
The same tuned reaction rates were used by Smith et al. (2014) in their follow‐up study of perchlorate formation in
the Martian atmosphere, and therefore we use these reaction rates in our study as well. Changes to the reaction rate
would affect the total amount of atmospheric perchloric acid produced in our model, but are not expected to
significantly affect the resulting surface distribution of perchlorate as we expect that perchloric acid will remain
well‐mixed in the atmosphere.

The photochemical scheme uses the Semi‐Implicit Backwards Euler Method (SIBEM; Shimazaki (1985)) to
calculate the rate of chemical change of long‐lived species. The scheme was applied iteratively in order to
conserve mass, and a short chemical timestep of 30 s was used in order to maintain stability of the scheme. At each
output timestep, the amount of chlorine in each model grid box was scaled to ensure that the total mass of chlorine
in the model remained constant. In order to account for variations in the photochemical lifetimes of different
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Table 1
The Gas‐Phase Chemical Reactions, Including New Reactions Involving Chlorine Species, That Were Included in the Mars Global Climate Model Photochemistry
Module for This Study

ID Reaction Rate coefficient Reference

a001 O + O2→
M O3 2.075 × 6.0 × 10− 34 ( T

300)
− 2.4

[M] Burkholder et al. (2019)

a002 O + O→M O2 2.365 × 10− 33e485∕T [M] Campbell and Gray (1973)

a003 O + O3 → O2 + O2 8.0 × 10− 12e− 2060/T Burkholder et al. (2019)

b001 O(1D)→M O 7.5 × 10− 11e115∕T Burkholder et al. (2019)

b002 O(1D) + H2O → 2OH 1.63 × 10− 10e60/T Burkholder et al. (2019)

b003 O(1D) + H2 → OH + H 1.2 × 10− 10 Burkholder et al. (2019)

b004 O(1D) + O2 → O + O2 3.3 × 10− 11e55/T Burkholder et al. (2019)

b005 O(1D) + O3 → 2O2 1.2 × 10− 10 Burkholder et al. (2019)

b006 O(1D) + O3 → O2 + 2O 1.2 × 10− 10 Burkholder et al. (2019)

c001 O + HO2 → OH + O2 3.0 × 10− 11e200∕T Burkholder et al. (2019)

c002 O + OH → O2 + H 1.8 × 10− 11e180∕T Burkholder et al. (2019)

c003 H + O3 → OH + O2 1.4 × 10− 10e− 470/T Burkholder et al. (2019)

c004 H + HO2 → OH + OH 7.2 × 10− 11 Burkholder et al. (2019)

c005 H + HO2 → H2 + O2 6.9 × 10− 12 Burkholder et al. (2019)

c006 H + HO2 → H2O + O 1.6 × 10− 12 Burkholder et al. (2019)

c007 OH + HO2 → H2O + O2 4.8 × 10− 11e250∕T Burkholder et al. (2019)

c008 HO2 + HO2 → H2O2 + O2 3.0 × 10− 13e460∕T Burkholder et al. (2019)

c009 OH + H2O2 → H2O + HO2 1.8 × 10− 12 Burkholder et al. (2019)

c010 OH + H2 → H2O + H 2.8 × 10− 12e− 1800/T Burkholder et al. (2019)

c011 H + O2→
M HO2 k0 = 2.5 × 5.3 × 10− 32 ( T

300)
− 1.8, Burkholder et al. (2019)

k∞ = 9.5 × 10− 11 ( T
300)

0.4

c012 O + H2O2 → OH + HO2 1.4 × 10− 12e− 2000/T Burkholder et al. (2019)

c013 OH + OH → H2O + O 1.8 × 10− 12 Burkholder et al. (2019)

c014 OH + O3 → HO2 + O2 1.7 × 10− 12e− 940/T Burkholder et al. (2019)

c015 HO2 + O3 → OH + 2O2 1.0 × 10− 14e− 490/T Burkholder et al. (2019)

c016 HO2 + HO2→
M H2O2 + O2 2.5 × 2.1 × 10− 33e920∕T [M] Burkholder et al. (2019)

c017 OH + OH→M H2O2 k0 = 2.5 × 6.9 × 10− 31 ( T
300)

− 1.0, Burkholder et al. (2019)

k∞ = 2.6 × 10− 11

c018 H + H →M H2 2.5 × 1.8 × 10− 30(T)− 1.0
[M] Baulch et al. (2005)

e001 OH + CO → CO2 + H 1.6 × 10− 13 + 3.5 × 10− 33[M] Burkholder et al. (2019)

e002 O + CO →M CO2 6.5 × 10− 33e− 2184/T [M] Burkholder et al. (2019)

x001 HCl + O → OH + Cl 1.0 × 10− 11e− 3300/T Burkholder et al. (2019)

x002 HCl + OH → Cl + H2O 1.8 × 10− 12e− 250/T Burkholder et al. (2019)

x003 HCl + O(1D) → HCl + O 1.8 × 10− 11 Burkholder et al. (2019)

x004 HCl + O(1D) → OH + Cl 0.99 × 10− 10 Burkholder et al. (2019)

x005 HCl + O(1D) → ClO + H 3.3 × 10− 11 Burkholder et al. (2019)

x006 Cl + H2 → HCl + H 3.05 × 10− 11e− 2270/T Burkholder et al. (2019)

x007 Cl + H2O2 → HCl + HO2 1.1 × 10− 11e− 980/T Burkholder et al. (2019)

x008 Cl + HO2 → HCl + O2 1.4 × 10− 11e270∕T Burkholder et al. (2019)

x009 Cl + HO2 → ClO + OH 3.6 × 10− 11e− 375/T Burkholder et al. (2019)

x010 Cl + O2→
M ClOO k0 = 2.5 × 2.2 × 10− 33 ( T

300)
− 3.1, Burkholder et al. (2019)

k∞ = 1.8 × 10− 10

x011 Cl + O3 → ClO + O2 2.3 × 10− 11e− 200/T Burkholder et al. (2019)
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Table 1
Continued

ID Reaction Rate coefficient Reference

x012 Cl + O3 →M CLO3 2.5 × 1.0 × 10− 31[M] Simonaitis and Heicklen (1975)

x013 Cl + ClOO → Cl2 + O2 2.3 × 10− 10 Burkholder et al. (2019)

x014 Cl + ClOO → 2ClO 1.2 × 10− 11 Burkholder et al. (2019)

x015 ClO + O → Cl + O2 2.8 × 10− 11e85/T Burkholder et al. (2019)

x016 ClO + OH → Cl + HO2 7.4 × 10− 12e270∕T Burkholder et al. (2019)

x017 ClO + OH → HCl + O2 6.0 × 10− 13e230∕T Burkholder et al. (2019)

x018 ClO + HO2 → HOCl + O2 2.6 × 10− 12e290∕T Burkholder et al. (2019)

x019 ClO + ClO→M Cl2O2 k0 = 2.5 × 1.9 × 10− 32(T /298)− 3.6, Burkholder et al. (2019)

k∞ = 3.7 × 10− 12(T /298)− 1.6

x020 ClO + O→M OClO k0 = 2.5 × 8.6 × 10− 21e− 420/TT − 4.1 Zhu and Lin (2004)

k∞ = 4.33 × 10− 11e43/TT − 0.03

x021 ClO + O3 → ClOO + O2 2 × 10− 12e− 3600/T Burkholder et al. (2019)

x022 ClO + O3 → OClO + O2 1 × 10− 12e− 4000/T Burkholder et al. (2019)

x023 ClO + ClO → Cl2 + O2 1.0 × 10− 12e− 1590/T Burkholder et al. (2019)

x024 ClO + ClO → ClOO + Cl 3.0 × 10− 11e− 2450/T Burkholder et al. (2019)

x025 ClO + ClO → OClO + Cl 3.5 × 10− 13e− 1370/T Burkholder et al. (2019)

x026 ClO + ClO3 → ClOO + OClO 1.85 × 10− 18e− 2417/TT2.28 Xu and Lin (2003)

x027 ClO + ClO3 → OClO + OClO 1.42 × 10− 18e− 2870/TT2.11 Xu and Lin (2003)

x028 ClO + ClO3 →M Cl2O4 k0 = 2.5 × 0.143e− 1597/TT − 10.19, Xu and Lin (2003)

k∞ = 1.43 × 10− 10e− 82/TT0.094

x029 ClOO→M Cl + O2 2.5 × 2.8 × 10− 10e− 1820/T [M] Atkinson et al. (2007)

x030 ClO3 + OH → HClO4 6.67 × 10− 13 Simonaitis and Heicklen (1975)

x031 ClO3 + OH →M HClO4 k0 = 2.5 × 1.94 × 1036T − 15.3e− 5542/T , Zhu and Lin (2001)

k∞ = 3.2 × 10− 10T0.07e− 25/T

x032 ClO3 + OH → OClO + HO2 2.1 × 10− 10e− 18/TT0.09 Zhu and Lin (2001)

x033 Cl2 + O(1D) → ClO + Cl 2.025 × 10− 10 Burkholder et al. (2019)

x034 Cl2 + O(1D) → Cl2 + O 6.75 × 10− 11 Burkholder et al. (2019)

x035 Cl2 + OH → HOCl + Cl 2.6 × 10− 12e− 1100/T Burkholder et al. (2019)

x036 HOCl + O → ClO + OH 1.7 × 10− 13 Burkholder et al. (2019)

x037 HOCl + OH → ClO + H2O 3.0 × 10− 12e− 500/T Burkholder et al. (2019)

x038 Cl + HOCl → Cl2 + OH 3.196 × 10− 12e− 130/T Burkholder et al. (2019)

x039 Cl + HOCl → HCl + ClO 2.04 × 10− 13e− 130/T Burkholder et al. (2019)

x040 Cl + Cl2O2 → Cl2 + ClOO 7.6 × 10− 11e65/T Burkholder et al. (2019)

x041 Cl2O2→
M ClO + ClO k0 = 2.5 × 3.7 × 10− 7e− 7690/T , Atkinson et al. (2007)

k∞ = 7.9 × 1015e− 8820/T

x042 OClO + O → ClO + O2 2.4 × 10− 12e− 960/T Burkholder et al. (2019)

x043 OClO + OH → HOCl + O2 1.4 × 10− 12e600∕T Burkholder et al. (2019)

x044 Cl + OClO → 2ClO 3.4 × 10− 11e160∕T Burkholder et al. (2019)

x045 OClO + O→M ClO3 k0 = 2.5 × 3.0 × 10− 31(T /300)− 3.1, Burkholder et al. (2019)

k∞ = 8.3 × 10− 12

x046 OClO + O3 → ClO3 + O2 2.1 × 10− 12e− 4700/T Burkholder et al. (2019)

x047 Cl2O2 + O3 → ClO + ClOO + O2 1.0 × 10− 19 Burkholder et al. (2019)

Note. Reaction IDs have been grouped by species: oxygen (a, b), hydrogen (c), carbon monoxide (e), and chlorine (x) respectively. Rate coefficients are cm3 s− 1 for
two‐body reactions and cm6 s− 1 for three‐body reactions. [M] refers to the atmospheric number density (cm− 3), and T is temperature (K).
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chlorine species at different altitudes, a variant of the quasi steady‐state approximation (Brasseur & Jacob, 2017,
p. 264) was applied. In this scheme, the species are sorted by their chemical lifetime and are stepped forward in
time using different methods; long‐lived species with the SIBEM method, intermediate‐lifetime species with an
exponential approximation, and short‐lived species with a steady‐state approximation respectively.

Cl and ClO have short lifetimes as a result of multiple reactions that rapidly inter‐convert these two species
between each other. As a consequence, the chemical family consisting of the sum of these two species has a long
lifetime. We applied the SIBEM method to this “odd‐chlorine” family:

[ClOx] = [Cl] + [ClO].

Individual species concentrations were then calculated by assuming that ClO is in photochemical equilibrium. A
similar approach has been utilized by Lefèvre et al. (2004) when modeling the concentrations of odd‐oxygen
(O,O3) and odd‐hydrogen (H,OH,HO2) species on Mars.

2.2. Surface Adsorption Scheme for Perchloric Acid

The chlorine chemistry scheme presented above has perchloric acid (HClO4) as its end product. We investigated
the surface distribution of perchlorates of atmospheric origin by implementing a surface deposition scheme to
transfer HClO4 from the atmosphere to the surface. We posited the following scheme for the adsorption of
gaseous perchloric acid onto the surface regolith:

d[HClO4]S
dt

=
1
4
× γ × SSA × ρsoil × vT × [HClO4]A. (1)

Here [HClO4]S and [HClO4]A are the number densities of HClO4 on the surface and in the (≈5 m thick) lowest
model layer respectively, γ is the reaction uptake coefficient, SSA = 1.7 × 104 m2 kg− 1 is the specific surface

Table 2
Photolysis Reactions Used in This Study, With Sample Photolysis Rates

ID Reaction Photolysis rate (s− 1) Reference

j001 O2 + hν → O + O 3.3 × 10− 9 Minschwaner et al. (1992); Yoshino et al. (1988)

j002 O2 + hν → O + O(1D) 0.0 (at 40 km) Brasseur and Solomon (1986)

j003 CO2 + hν → CO + O 6.8 × 10− 11 Parkinson et al. (2003); B. Lewis and Carver (1983)

j004 CO2 + hν → CO + O(1D) 0.0 (at 40 km) Yoshino, Esmond, Sun, et al. (1996)

j005 O3 + hν → O2 + O(1D) 3.8 × 10− 3 Sander et al. (2006)

j006 O3 + hν → O2 + O 6.3 × 10− 4 Sander et al. (2006)

j007 H2O + hν → H + OH 2.5 × 10− 8 Cheng et al. (1999); Yoshino, Esmond, Parkinson, et al. (1996)

j009 H2O2 + hν → OH + OH 4.9 × 10− 5 Schergers and Welge (1968); Sander et al. (2003)

j010 HO2 + hν → OH + O 3.0 × 10− 4 Sander et al. (2003)

j021 HCl + hν → H + Cl 3.7 × 10− 7 Sander et al. (2006)

j022 HOCl + hν → OH + Cl 2.4 × 10− 4 Barnes et al. (1998)

j023 ClO + hν → Cl + O 2.9 × 10− 3 Trolier et al. (1990)

j030 Cl2 + hν → Cl + Cl 1.2 × 10− 3 Sander et al. (2006)

j031 ClOO + hν → ClO + O 4.8 × 10− 3 Sander et al. (2011)

j032 OClO + hν → ClO + O 4.0 × 10− 2 Wahner et al. (1987)

j033 Cl2O2 + hν → Cl + ClOO 3.4 × 10− 3 Papanastasiou et al. (2009)

j034 Cl2O4 + hν → ClOO + OClO 2.2 × 10− 4 Sander et al. (2011)

Note. The sample rates were calculated at an altitude of 40 km above the surface at 0°N, 0°E, at local noon and LS ≈ 180°. Equations j008, j011–j020 and j024j029 involve
unsimulated heavy water, nitrogen, organic and sulfur species and so have been excluded.
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area of the Martian soil, ρsoil = 1650 kg m− 3 is the density of Martian soil (both from Gough et al. (2010)). vT is
the thermal velocity of HClO4 at the surface:

vT = [
8RTair

πM
]

1/2

, (2)

where R is the universal gas constant, Tair is the near‐surface air temperature and M is the molar mass of HClO4.

No experimentally derived values of the uptake coefficient γ exist for HClO4; therefore, we used a surrogate value
of γ that was experimentally measured for CH4 adsorption onto the surface in Martian conditions by Gough
et al. (2010). They estimated that γ = X/ (1 + X) ≈ X, where

X = exp(− kA + kB/Tair), (3)

and the fitting parameters are kA = 45.41 and kB = 2173.4. The use of an uptake coefficient that was measured
for a different molecule is a significant source of uncertainty in our model, and so in Section 4 we consider the
impact of first order variations in the magnitude of the uptake coefficient on estimates of the HClO4 surface
adsorption rate.

2.3. Model Configuration

For this study, the MGCM was configured with a spectral truncation at wavenumber 31 (resulting in a 5° latitude‐
longitude horizontal grid), and with 35 vertical levels extending to around 90 km above the surface. During the
simulation, the wind, temperature and surface pressure fields were updated by the dynamical core every 60 s in
model time, and the physics and tracer advection routines were called every 10 min. The HCl mass mixing ratio
was initialized to 1.2 parts per billion (ppb) by volume (i.e., ≈ 1 ppb by mass) everywhere below approximately
50 km, simulating a well‐mixed distribution of HCl in the lower atmosphere where HCl has been detected by the
TGO instruments. All other chlorine species were initialized to zero. Data from the OpenMARS reanalysis
(Holmes et al., 2020) was used to provide initial conditions for the non‐chlorine model fields, and the dust
distribution was constrained using the dust maps provided by Montabone et al. (2015, 2020). The model was
initialized at LS = 159° of MY 34, which is the start of the period of TGO observations. The simulation was
initially run to the end of MY 34 in order to give the non‐HCl chlorine species time to spin‐up. We found that
equilibrated values were achieved for all species within 100 sols of initialization, with the exception of HClO4
which does not have an atmospheric sink. After the initialization period the model was then run for a further year,
over MY 35; the results from this simulation period are reported here.

3. Chlorine Chemistry
Figure 1a shows the mean vertical profiles of the 11 different chlorine species in the model, averaged over MY 35
and over all latitudes and longitudes. HCl is the dominant chlorine species, with a 1‐year mean value close to the
initialized value of 1.2 ppbv. HCl values decrease slightly above 50 km, in the middle atmosphere, where the
monotonically increasing Cl profile reaches its largest abundance. ClO, ClO3, HOCl and OClO all display
parabolic profiles with local maxima occurring at around 40 km. Cl2O4 and Cl2O2 have monotonically decreasing
profiles, and HClO4 has a constant profile at all heights. The ClOO profile increases monotonically from the
surface up to 40 km, and then remains relatively constant above that level. The Cl2 profile is similar, except that it
increases toward the surface below 15 km, unlike ClOO.

The averaged profiles of chlorine species discussed above were compared to the previous one‐dimensional
modeling study of Martian chlorine species by Smith et al. (2014) (their Figure 1c, reproduced in Figure 1b).
The overall profile shapes and relative orders of magnitude of HCl and Cl are similar in both works. The profiles
of ClO and ClO3 are similar up to 40 km, but above 40 km both profiles in Smith et al. (2014) decrease rapidly,
whereas the comparative decrease is much slower in our results. Also, in our work the amounts of ClO and ClO3

are comparable, whereas in Smith et al. (2014) they differ by a factor of ≈ 103. The larger amount of ClO3 results
in a larger amount of HClO4 produced in our model than in Smith et al. (2014), although HClO4 is well‐mixed in
both models. Smith et al. (2014) do not consider seasonal variations in their work, and their one‐dimensional
model is unable to account for the effects of dynamical and transport processes. Furthermore, they assume an
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idealized temperature structure (linear decrease to 50 km and constant above that height). There is also less water
and ozone in their model above 40 km (Figure S1 in Supporting Information S1); both of these species play key
roles in chlorine‐related photochemical pathways. These differences between our models are the likely reasons
for some of the discrepancies in the species profiles.

Figure 2 presents the spatio‐temporal distributions of the main chlorine species that lead to the formation of
atmospheric perchloric acid ‐ HCl, Cl, ClO and ClO3 ‐ at four different times of year. Figure 2 should be
considered together with Figure 3, which shows the annual and global mean vertical profiles of the most important
production and loss reactions involving the above species. As odd‐oxygen and odd‐hydrogen species play
important roles in the chemistry of these species, the spatial distributions of O, O3, H2O, OH and HO2 are also

Figure 1. (a) Mean vertical profiles of chlorine species in the Mars Global Climate Model, on a logarithmic scale. The mean
profiles were derived by averaging in space (across all longitudes and latitudes) and time (over 1 Martian year of simulation).
Model sigma levels were converted to a pseudo‐height scale by assuming a fixed scale height of 10.8 km. (b) Vertical profiles
of chlorine species from the one‐dimensional modeling study of Smith et al. (2014) (their Figure 1c). HCl is introduced via a
constant volcanic flux of 6.0 × 104 molec. cm− 2 s− 1 and removed via a deposition rate of 0.02 cm s− 1. The equilibrium HCl
volume mixing ratio is two orders of magnitude smaller than the annual mean value in our study (≈10− 11 vs. ≈ 10− 9) and so,
when comparing the figures, all species magnitudes should be rescaled accordingly.
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presented in Figure 4 (see e.g. Lefèvre and Krasnopolsky (2017) for a discussion of these species). The spatio‐
temporal distributions of the other seven chlorine species, as well as vertical profiles of their major chemical
sources and sinks, are presented in the Supplementary Material (Figures S2–S5 and Text S6 in Supporting
Information S1).

Figures 2a–2d indicate that HCl values range between 1 and 1.4 ppbv. This relatively small dynamic range in-
dicates that HCl is a well‐mixed species and that transport effects generally dominate over chemistry in this work
where gas‐phase chemistry is being considered exclusively (see P. M. Streeter et al., 2025; Taysum et al., 2024 for
the potentially significant role of heterogeneous chemistry). During the equinoxes the Hadley circulation is
approximately symmetric, with cells of similar strength in each hemisphere (Figures 2a and 2c). The HCl dis-
tribution follows the vertical structure of the cells, with HCl levels reaching higher over the equator due to the
tropical upwelling branch of the circulation. Similarly, there is less HCl in the polar regions above 50 km due to
the downwelling branches of the Hadley cells (for which direct evidence was recently presented by Olsen,
Lefèvre, et al. (2021)) transporting HCl back down to the lower atmosphere. Peak HCl values are found over both
poles between 15 and 40 km. Peaks over the poles are also present during the solstices (Figures 2b and 2d), with
the peak over the summer pole occurring at a higher altitude than the peak over the winter pole. Low HCl values
are present over the summer pole below 20 km. In the tropical regions the HCl distribution is fairly uniform below
40 km, but above that height the HCl volume mixing ratio (vmr) decreases due to an increase in the HCl photolysis
rate with height. The vertical extent of the HCl distribution is lowest at northern summer solstice, and is highest

Figure 2. Variations of zonal mean (a–d) HCl, (e–h) Cl, (i–l) ClO, and (m–p) ClO3 in latitude and altitude (filled contours).
Each column displays data that has been time‐averaged over a period of 30° of solar longitude centered around LS = 0°, 90°,
180° and 270° respectively. Note that HCl contour lines have been drawn on a linear scale, compared to a logarithmic scale for
the other species. The mean meridional stream function has been included in the HCl subplots as gray contours, with solid
(dashed) lines representing anti‐clockwise (clockwise) flow along the streamlines.
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during northern winter solstice; the difference is partly due to differences in the circulations at these times of year,
but it is also related to changes in the water cycle, discussed in the next section.

Figure 3a shows the annual and global mean vertical profiles of the most important production and loss reactions
involving HCl. The major loss processes of HCl are its conversion to Cl via photolysis (j021) and reaction with
OH (x002). Photolysis is generally the largest loss process, although the loss rates are similar around 40 km
where there are significant quantities of OH (cf. Figures 4m–4p). Cl is the most significant source of production of
HCl via its reaction with HO2 (x008). Consideration of these reactions explains the peak of HCl over the poles,
where photolytic destruction of HCl is reduced, most significantly over the winter pole. At the same time, HCl is
produced at around 40 km by the reaction of significant amounts of HO2 (Figures 4q–4t)—formed by the reaction
of downwelling H atoms with O2—with downwelling Cl atoms. During the solstices, the HCl peak over the
summer pole is advected upwards, and so the altitude of the HCl peak is higher over the summer pole than the
winter pole (Figures 3b and 3d). The increase in the amount of HO2 in the atmosphere during the warm perihelion
season also explains the differences in the amounts of HCl above 60 km during northern winter solstice compared
to northern summer solstice, as the increased quantity of HO2 during northern winter solstice reacts with Cl to
form more HCl in the middle atmosphere.

Figures 2e–2h shows the latitude‐height distribution of atomic chlorine (Cl). The Cl distribution is much more
variable than HCl, and its vmr increases exponentially with height from 10− 14 near the surface to 10− 10 at around
60 km. During the equinoxes (Figures 2e and 2g), the Cl distribution is symmetric about the equator with the
largest values occurring over both poles above 50 km. During the solstices (Figures 2f and 2h), the Cl vmr over the

Figure 3. Vertical profiles of selected rates of production and loss for (a) hydrogen chloride, (b) atomic chlorine, (c) chlorine monoxide, and (d) chloride trioxide.
Profiles are calculated by averaging each rate equation in space (latitude and longitude) and time (1 Martian year). Filled circles and crosses represent production and
loss reactions respectively.
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winter pole drops to very low values below 40 km; at the same time, maximum values of Cl are to be found over
each winter pole above 40 km, driven by downwelling of the single‐cell Hadley circulation.

The major production and loss rates for Cl and ClO are given in Figures 3b and 3c. As described in Section 2.1,
these two species undergo rapid inter‐conversions and are therefore modeled as a single family, ClOx, which has a
longer lifetime than each constituent species. The major production mechanisms of the ClOx family are the
production of Cl from HCl via photolysis (j021) and reaction of HCl with OH (x002), as previously discussed.
Production of Cl via the breakdown of chlorine peroxy (ClOO) is also large (x029), but is almost completely
balanced by the reverse reaction (x010) and so is discounted. The main loss process for the ClOx family is the
reaction of Cl with HO2 to produce HCl (x008).

Figure 4. Variations of zonal mean (a–d) atomic oxygen, (e–h) ozone, (i–l) water, (m–p) hydroxyl, and (q–t) hydroperoxyl in latitude and altitude. Each column displays
data that has been time‐averaged over a period of 30° of solar longitude centered around LS = 0°, 90°, 180° and 270° respectively.
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The proportions of Cl and ClO within the ClOx family are determined by assuming that ClO is in photochemical
equilibrium, that is, that its production and loss rates are balanced. Consideration of only the dominant production
and loss mechanisms yields the following approximate expression:

[ClO] =
ClO Production

ClO Loss
≈

kx011 [Cl][O3]

kx015 [O]
. (4)

Here kx011 denotes the rate coefficient for the reaction of Cl and O3 to produce ClO and O2 (x011), and kx015 is the
rate coefficient for the reaction of ClO with O to produce Cl and O2 (x015). This expression highlights the key
role played by odd‐oxygen species in controlling the balance of Cl and ClO in the atmosphere. The presence of O3
enhances the balance of the family toward ClO via (x011); conversely, the presence of O atoms reduces the
amount of ClO via (x015).

The greater amount of Cl above 40 km during northern summer solstice compared to northern winter solstice can
be attributed to the significantly reduced amounts of HO2 in the atmosphere during the cold aphelion period,
allowing for a greater buildup of Cl. The significant decrease in Cl levels in the winter polar region during the
solstices (Figure 2 (f,h)) is due to the lack of sunlight and very low values of OH in the winter polar regions
(Figures 4n and 4p), which together curtail the replenishment of Cl via destruction of HCl. At the same time, the
build‐up of O3 in the same region (Figures 4f and 4h), together with the absence of O in the winter extratropics
(Figures 4b and 4d), encourages the conversion of Cl to ClO via equation (x011) whilst preventing the reverse
reaction (x015).

Figures 2i–2l shows the latitude‐height distribution of chlorine monoxide (ClO). Equation 4 implies that the
[ClO]/ [Cl] ratio is directly proportional to the [O3]/ [O] ratio, to a first approximation, since variations in
kx011/ kx015 are comparatively small. Since the spatial distributions of Cl and O are very similar (compare
Figures 2e–2h and 4a–4d), the distribution of ClO (Figures 2i–2l) is strongly correlated with the O3 distribution
(Figures 4e–4h). At the equinoxes, peak values of ClO occur over the poles between 0 and 40 km and at the
equator at 40 km; these are regions where there is a build‐up of O3 (Figures 2i and 2k). Above these heights the
amount of ClO decreases due to the rapid increase in O and thus destruction of ClO via (x015). The ClO dis-
tribution during the solstices (Figures 2j and 2l) also follows the corresponding O3 distributions (Figures 2f and
2h) closely, with a buildup over the winter pole and a peak in the tropics at 40 km during northern summer
solstice.

The latitude‐height distribution of ClO3 is given in Figures 2m–2p, and the major production and loss mecha-
nisms for ClO3 are shown in Figure 3d. The most important production process for ClO3 is the reaction of Cl with
O3 (x012), and the largest loss process is the reaction of ClO3 with OH (x032). As a result, the spatial dis-
tribution of ClO3 is closely related to the distributions of O3 and OH. During the equinoxes ClO3 is high over both
poles where there is a maximum in O3 and relatively little OH (Figures 2m and 2o), and for similar reasons during
the solstices ClO3 peaks over the winter pole (Figures 2n and 2p). There is also much less ClO3 in the atmosphere
during northern winter than northern summer due to there being comparatively more OH and less O3 in the
atmosphere during northern winter.

4. Surface Distribution of Perchlorate
HClO4 is formed from ClO3 and OH via (x030) and (x031); as its formation rate is slow, it is a relatively well‐
mixed gas in the atmosphere (see Figures S3m–S3p in Supporting Information S1). Figure 5a shows variations in
the surface HClO4 adsorption rate across latitude and time, over the course of MY 35. There is a clear seasonal
structure, with the bulk of the adsorption occurring in the extratropical regions during the respective winter
seasons. Comparatively little surface adsorption occurs outside of these latitudes and times. The total mass of
chlorine adsorbed on the surface over the year was found to be approximately 2,600 kg. Given that the total mass
of chlorine initialized in the model is 2.6 × 107 kg, and assuming a constant annual adsorption rate, we estimate
that it would take approximately 10,000 years to remove all of the chlorine from the atmosphere via this
mechanism.

Figure 5b shows the spatial distribution of surface HClO4 after 1 Martian year (MY 35). The surface distribution
of HClO4 shows a strong latitudinal dependence, with the largest deposits occurring in polar regions, particularly
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the northern polar region. In the northern extratropics, the largest deposits occur in a band centered around 75°N.
There is a slight longitudinal asymmetry, with greater adsorption having occurred in the region northeast of Alba
Patera (regions are labeled in Figure 6). There is less adsorption over the course of the year in the southern
extratropics compared to the north; this is partly because the amount of perchlorate is increasing in the model, and
so a larger amount is available for adsorption during northern winter than during southern winter for the chosen
study period LS = 0°–360° of MY 35. However, topographic differences between the hemispheres also play a
role; these will be discussed later in this section.

Figure 6a shows the distribution of surface HClO4 in the tropics. The model distribution of perchlorates can be
compared to the distribution of chlorine measured by the GRS aboard the Mars Odyssey spacecraft (Keller
et al., 2006), shown in Figure 6b. The plots show a broad similarity in longitudinal structure, with enhancements
of chlorine in the Medusae Fossae, Tharsis and Arabia Terra regions, and reduced amounts of chlorine in the
southern tropics. However, there are also differences: for example, the GRS data shows reduced amounts Cl in the
Hellas and Utopia Planitia regions, but these are regions with significant perchlorate deposits in the model.

The spatial distribution of surface perchlorate is influenced by near‐surface air temperature and HClO4 number
density (cf. Equation 1); annual‐mean quantities of these two fields are shown in Figures 7a and 7b. The variations
in the tropical perchlorate distribution seen in Figure 6a are broadly reflected in the variations in the mean near‐
surface temperature (Figure 7a); given the negative temperature dependence of the uptake coefficient

Figure 5. (a) Variation of the surface perchlorate adsorption rate across latitude and solar longitude. The data has been
smoothed by applying a 3‐sol running mean. (b) Spatial distribution of cumulative surface HClO4 deposits over the course of
Mars Year 35.
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(Equation 3), areas with lower temperatures have larger deposits of HClO4. The difference between adsorption
rates in the northern and southern extratropics can be explained by differences in the near‐surface HClO4 number
density (Figure 7b); this is much higher in the northern high latitudes than in the southern high latitudes due to the
topographic asymmetry between the hemispheres, and so greater adsorption occurs in the north.

Variations in the near‐surface temperature are closely linked to the thermal inertia of the underlying Martian
surface,which is shown inFigure 7c.Areaswith low thermal inertia correspond to areaswhere surface adsorption is
high, and longitudinal variations in the thermal inertia field correlate with longitudinal variations in the surface
perchlorate distribution. The sensitivity of the perchlorate field to thermal inertia variations reflects the nonlinear
(exponential) dependence of the uptake coefficient γ to changes in temperature; for example, regions with low

Figure 6. (a) Spatial distribution of cumulative surface HClO4 deposits in the tropics. This plot uses the same data as Figure 5
(b), but the color scale has been enhanced and the data has been masked for comparison with observations. (b) Surface
distribution of Cl (in weight %) as measured by the Gamma Ray Spectrometer on board Mars Odyssey, based on data from
Keller et al. (2006).
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thermal inertia will exhibit a larger diurnal cycle, and therefore HClO4 adsorption will be much larger in these
regions at night compared to neighboring regions with the same mean temperature but greater thermal inertia.

We briefly examined the impact of applying the adsorption scheme to other chlorine species. Figure S7 in
Supporting Information S1 shows the outcome of a model simulation where the surface adsorption scheme was
applied to HCl rather than HClO4, using the same adsorption parameters. The resulting spatial distribution of
surface deposits of hydrogen chloride mirrors that of the perchlorate distribution (albeit with much larger
magnitudes; compare Figure 5), since both gases are relatively well‐mixed in the atmosphere. However, the

Figure 7. Spatial distributions of (a) near‐surface air temperature, (b) near‐surface HClO4 number density, and (c) surface thermal inertia. The near‐surface air
temperature and HClO4 number density fields have been averaged over a Martian year.
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hemispheric asymmetry in extratropical deposits of HCl is less pronounced compared to HClO4 (compare
Figure 5b and Figure S7b in Supporting Information S1)—this is because the amount of HCl in the model remains
relatively constant over the course of 1 Martian year, whereas the amount of HClO4 increases significantly over
the same period.

We investigated the sensitivity of the surface perchlorate distribution to changes in the temperature‐dependent
uptake coefficient γ (cf. Equation 3). Two additional model simulations were performed that were identical to
the original simulation but with the value of kA set to kA = 47.71 and kA = 43.11; these values were selected in
order to respectively decrease and increase the value of γ by a factor of 10 with respect to the high‐temperature
limit of γ used in the original simulation. The value of kB was fixed at kB = 2173.4.

When γ was reduced by an order of magnitude (Figure 8a), the mass of perchlorate deposits decreased by an order
of magnitude, and the total amount of chlorine adsorbed onto the surface reduced to 370 kg. However, most of the
features noted in Figure 5b remain: there is a clear preference for adsorption to occur in the extratropics, and
within the tropics slightly more adsorption occurs in the Medusae Fossae, Alba Patera and Arabia Terra regions
mentioned previously. However, the relative magnitudes of these features are reduced. When γ was increased by
an order of magnitude (Figure 8b), the same spatial pattern of perchlorate adsorption is preserved and enhanced:
along with adsorption at the regions previously mentioned, there is an evident increase in adsorption in the area
north of Alba Patera, as well as in the southern extratropics (such as in the south‐east corner of the Hellas basin).
The total amount of chlorine adsorbed onto the surface in this case is 7,300 kg.

Figure 8. Spatial distribution of surface perchlorate accumulation over the course of MY 35, under variations of the uptake
coefficient γ ≈ exp (− kA + kB/T) : (a) kA = 47.71, (b) kA = 43.11, representing an order of magnitude increase and
decrease in γ respectively compared to Figure 5a. The value of kB is kept constant at kB = 2173.4.
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5. Discussion
The surface distribution of perchlorate over a year of simulation indicates that perchloric acid adsorption occurs
preferentially in the polar regions (Figures 5b and 8, Figure S7b in Supporting Information S1) for our chemistry
scheme that considers only gas‐phase reactions of atmospheric chlorine species. The surface adsorption scheme
introduced here has a negative temperature dependence, with adsorption occurring preferentially on cold areas of
the surface. Lower elevation levels in the northern extratropics further enhance surface adsorption, due to
increased near‐surface HClO4 number densities. We have shown that a similar surface distribution arises when
the parameter γ is increased or decreased by an order of magnitude (Figure 8), and when the adsorption scheme is
applied to HCl (Figure S7 in Supporting Information S1). This suggests that the surface distributions presented in
this work could potentially apply to any well‐mixed atmospheric species with a temperature‐dependent uptake
coefficient.

It is notable that the surface distribution predicts relatively high levels of perchlorate deposits at the location of the
Phoenix lander (68°N, 126°W), where high levels of perchlorate salts were measured (Hecht et al., 2009). Our
modeling results thus suggest that if surface perchlorates form primarily through the atmospheric pathway
explored here, then the perchlorate levels measured by the Phoenix lander may be quite high relative to other
places on the surface, and so may not be representative of the planet as a whole.

The total mass of chlorine that deposited (as perchlorate) onto the surface over the course of one Mars year was
found to vary between 370 and 7,300 kg, depending on the particular choice of the uptake coefficient γ. Assuming
that the same rate of adsorption is maintained each year, we estimate that it would take between 103–105 years to
remove 1 ppbv of HCl from the Martian atmosphere via the surface adsorption of atmospheric perchloric acid,
with the bulk of the adsorption occurring in the polar regions. This estimate could be narrowed by experimental
work characterizing the specific adsorption parameters of chlorine species onto rocky and icy surfaces. However,
it is also subject to the uncertainties of the chemical production rates of ClO3 and HClO4 (equations x012 and
x030 respectively), as well as model uncertainty ‐ for example, we have not considered the impact of desorption
of gases back into the atmosphere. Furthermore, heterogeneous interactions between gas‐phase species and at-
mospheric aerosols could further enhance perchlorate production; for example, it has been shown by McKeachie
et al. (2004) that ClO can react on ice when the ice sublimates, producing OClO that serves as an additional source
of perchlorate via equations x045–x046 and x030–x031. Therefore, the above estimates must be considered to
be preliminary and subject to further refinement.

In the tropics, our work predicts enhanced surface adsorption in the Medusae Fossae, Tharsis and Arabia Terra
regions. Our findings are broadly consistent with the measurements of near‐surface chlorine by the GRS on board
the Mars Odyssey spacecraft (Keller et al., 2006), which show elevated chlorine values in those same locations. In
our model, enhanced adsorption is closely linked to near‐surface temperature and surface thermal inertia
(Figures 7a and 7c). Keller et al. (2006) noted a negative correlation between the observed surface chlorine
distribution and surface thermal inertia; our work points toward a possible causal link between this observation,
via preferential adsorption of atmospheric chlorine species at regions with low thermal inertia. Keller et al. (2006)
also noted that the observed Cl distribution had a significant positive correlation with the distribution of H, and a
negative correlation with the distribution of Si. We speculate that these correlations may be related to the dif-
ferences in uptake of atmospheric chlorine species onto icy and rocky surfaces. Future experimental work will be
crucial to improving the characterization of the adsorption process for different chlorine species on different
surfaces.

However, the GRS results also show low amounts of chlorine in the southern subtropical latitudes around 50°, as
well as in part of Utopia Planitia (Figure 6b); neither of these features are present in our model results. The surface
adsorption model that we have used also contains several parameters that are not well‐constrained, most
significantly the exact uptake coefficient of HClO4 which has not been measured experimentally. We have also
not considered the impacts of obliquity variations on surface adsorption; given the potentially long timescale of
105 years over which surface adsorption happens, this could be an important factor.

It is possible that the observed negative correlation between surface chlorine and thermal inertia is primarily
driven by other processes rather than surface adsorption of atmospheric chlorine. For example, it is believed that
low thermal inertia surfaces on Mars correspond to dusty surfaces (e.g., Kieffer et al., 1977). Therefore, if there
was a mechanism by which chlorine could be incorporated into the dust—such as via a heterogeneous interaction
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between dust and HCl, as reported to occur on Earth by Sullivan et al. (2007)—then this could be responsible for
the correlation between (high dust) thermal inertia areas and chlorine‐rich areas. Evaluation of this possibility
could be the subject of a future study.

In our model simulation we used an initially uniform HCl distribution of 1.2 ppbv everywhere below approxi-
mately 50 km. Whilst this is not a realistic initial condition, we find it acceptable within the context of gas‐phase
chlorine chemistry modeling because of the long atmospheric lifetime of HCl under these conditions; most
particularities of the initial HCl distribution quickly become smoothened out as the gas is transported and mixed
within the atmosphere, resulting in an approximately uniform distribution. However, latitudinal mixing is ex-
pected to be limited in the polar winter region where the fast‐moving jet stream restricts the movement of air
masses into and out of the polar vortex. The effects of this transport barrier, while still present, may not be as clear
in our simulations due to the assumed uniformity of the initial HCl distribution.

Of course, in the real atmosphere the initial HCl distribution will depend on the locations of the sources and sinks
of HCl, and identifying these remains the subject of ongoing research. Once the physical processes controlling the
production and loss of HCl have been confirmed, it would be worthwhile to explore more realistic initial and
boundary conditions to the model. One possibility could be to introduce HCl via point surface emissions in areas
of geologically recent tectonic activity such as Tharsis (Hauber et al., 2011) and Elysium Planitia (Broquet &
Andrews‐Hanna, 2023), to investigate the effects of atmospheric transport on HCl emissions from volcanic
sources and the resulting surface distribution of perchlorates.

HCl in our model does exhibit seasonal variations, the most significant of which occurs in the polar regions.
There, HCl is relatively enhanced over the winter pole, driven by the interaction between HO2 and downwelling
Cl atoms. This interaction has not been described in previous one‐dimensional modeling studies of Martian HCl,
as these works would have been unable to resolve the downward transport of Cl atoms without use of a full
MGCM. However, the seasonal evolution of HCl in our model does not agree well with the recent observations of
HCl by instruments aboard the ExoMars TGO (Aoki et al., 2021; Korablev et al., 2021; Olsen, Trokhimovskiy,
et al., 2021). A clear feature of the observations has been a distinct seasonal pattern in the prevalence of HCl.
Almost all detections of HCl have occurred during the perihelion season, and there have been very few positive
detections of HCl during the cold aphelion season in either hemisphere despite clear observation conditions (see
Figure 5 of Olsen, Trokhimovskiy, et al. (2021)). The effective disappearance of HCl during the aphelion season
is absent in our model; whilst there is indeed a seasonal cycle of HCl in our simulation, seasonal variations do not
exceed ≈ 20% of the annual‐mean HCl value (Figures 2a–2d). Chlorine removal via surface adsorption of HClO4
also does not have an appreciable effect on HCl levels over a year compared to the scale of the changes observed
by the satellite instruments. It is likely that heterogeneous processes, recently studied in one‐dimensional models
by Krasnopolsky (2022) and Taysum et al. (2024) but not simulated in this work, are responsible for the observed
seasonal changes in the HCl distribution.

Despite the above limitations, our model simulation still provides useful insights into the distribution of the other
non‐HCl species. The detection limit of HCl observations is around 0.1 ppbv, and so it is possible that there are
small amounts of HCl well‐mixed throughout the atmosphere; this should be sufficient to reproduce the quali-
tative distributions of the other non‐HCl species, if not the exact quantities. We have shown that the distributions
of the major chlorine species are strongly impacted by odd‐oxygen and odd‐hydrogen species. OH and HO2
molecules play a significant role in mediating the concentration of Cl. Similarly, the balance between Cl and ClO
is primarily controlled by the presence of O3 and O, with HO2 exerting a secondary influence. There is a very
strong correlation between O3 and ClO distributions throughout the year, and especially during aphelion
(compare Figures 2j and 4f). Since all of the other chlorine species explored in this scheme are sourced from either
Cl or ClO, the influence of the odd‐hydrogen and odd‐oxygen species on the distribution and evolution of chlorine
species is pervasive.

One implication of this work is that observations of HCl can in principle be used, together with O3 and H2O, to
help constrain the odd‐hydrogen chemistry that is so crucial for maintaining the stability of the Martian atmo-
sphere, but whose exact nature still eludes understanding. However, this would require an improved represen-
tation of the seasonal variability of HCl, which we have shown that gas‐phase chemistry alone cannot reproduce.
In a companion work (P. M. Streeter et al., 2025) we investigate the impact of heterogeneous chemistry on the
surfaces of dust and ice aerosols on chlorine species; this has been suggested as a possible explanation for the
observed seasonal variations in the HCl distribution (Korablev et al., 2021; Krasnopolsky, 2022; Olsen,
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Trokhimovskiy, et al., 2021; Taysum et al., 2024). The results in this paper constitute a useful benchmark against
which that work and other future investigations can be compared. It is also noteworthy that many of the chlorine
species studied here tend to have the highest concentrations in the high extratropics, especially in the winter
hemispheres. Given the presence of water ice clouds in these regions, and the recent findings of Olsen
et al. (2024b) of an anti‐correlation between HCl and water ice profiles in TGO observations between 40 and
50 km, it seems increasingly likely that heterogeneous chemistry plays an important role in the Martian chlorine
cycle, just as it does on Earth (Solomon, 1999).

6. Conclusion
We have used a global climate model to investigate the spatial and seasonal distributions of chlorine species in the
Martian atmosphere, as well as the distribution of perchlorate resulting from the adsorption of atmospheric
perchloric acid onto the surface. We found that the chemistry of odd‐oxygen and odd‐hydrogen species plays a
large mediating role in the distribution of chlorine species; in particular, there is a strong correlation between the
distributions of Cl and ClO with O and O3 respectively. We also found that the HCl distribution is predominantly
controlled by dynamical effects, especially at the poles during equinox and the winter pole during solstice where
reactions between downwelling Cl and HO2 species creates a local maximum in the HCl distribution. We found
encouraging agreement between the surface distribution of perchlorate in our model with both in situ and remote
observations, and we found that surface thermal inertia, together with near‐surface temperature and topography,
plays a significant role in controlling the locations of these deposits. However, our model was unable to reproduce
the distinct seasonal cycle of HCl that has been observed by instruments aboard the TGO, reflecting the need for
the inclusion of heterogeneous processes. Our MGCM study suggests that the atmospheric origin theory of
Martian surface perchlorates posited by Catling et al. (2010) could indeed be a viable mechanism for explaining
the observed distribution of surface chlorine, and it highlights the pressing need for better experimental con-
straints on the processes controlling surface‐atmosphere exchange of chlorine species.

Data Availability Statement
Data ‐ Data fom the GRS is hosted on the NASA Planetary Data System archive (Boynton, 2007). Outputs from
the MGCM used in this study have been uploaded to the Open Research Data Online repository (Rajendran
et al., 2024).
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