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Abstract Recent observations from the ExoMars Trace Gas Orbiter (TGO) have revealed the presence of
hydrogen chloride (HCl) in the martian atmosphere. HCl shows strong seasonality, primarily appearing during
Mars' perihelion period before decreasing faster than projected from photolysis and gas‐phase chemistry. HCl
profiles also display local anti‐correlation with water ice aerosol. One candidate explanation is heterogeneous
chemistry. We present the first results from a heterogeneous chlorine chemistry scheme incorporated into a
Mars global climate model (GCM), with atmospheric dust/water ice parameterized as an HCl source/sink
respectively. Results were compared against a Mars GCM with gas‐phase only chlorine chemistry and
observations from TGO's Atmospheric Chemistry Suite. We found that the heterogeneous scheme significantly
improved the modeled HCl seasonal, latitudinal, and vertical distribution, supporting a crucial role for
heterogeneous chemistry in Mars' chlorine cycle. Remaining discrepancies show that further work is needed to
characterize the exact aerosol reactions involved.

Plain Language Summary The ExoMars Trace Gas Orbiter (TGO) recently detected hydrogen
chloride (HCl) for the first time in the martian atmosphere. Observations show that HCl appears around southern
summer, when Mars is closest to the Sun, and abruptly decreases at the end of this season. This variation occurs
on timescales far shorter than the expected photochemical lifespan of HCl, implying other processes are
responsible. One possible explanation is heterogeneous chemistry: reactions between gaseous species and
atmospheric dust and/or water ice. To investigate we implemented such a scheme into a Mars global climate
model, whereby atmospheric dust and water ice aerosol act (respectively) as a source and sink for HCl.
Comparing to TGO observations, we found that including heterogeneous chemistry significantly improved HCl
representation. We were able to reproduce key observed features such as the HCl seasonal cycle, the greater HCl
presence in the southern hemisphere, and to an extent the complex vertical structure. This strongly suggests that
heterogeneous chemistry is a crucial component of the martian chlorine cycle. However, some questions
remain, such as whether there is a causal relationship between dust storms and HCl presence. Further work is
therefore needed to understand the relationships between aerosols and chlorine species.

1. Introduction
Atmospheric hydrogen chloride (HCl) has recently been detected from orbit in the martian atmosphere, first by
the Atmospheric Chemistry Suite (ACS) (Korablev et al., 2021) and confirmed by Nadir and Occultation for
MArs Discovery (NOMAD) (Aoki et al., 2021) spectrometers aboard the ExoMars Trace Gas Orbiter (TGO).
Previous ground‐based attempts to find chlorine species had only established upper detection limits (e.g., Hartogh
et al., 2010; Villanueva et al., 2013), implying an absence of contemporary chlorine‐based chemistry in Mars'
atmosphere. TGO's HCl measurements of 1–4 ppbv therefore open up a new avenue of chemical activity in the
Martian atmosphere to investigate.

The seasonal changes in TGO's orbital HCl measurements suggest an important relationship between HCl and
atmospheric aerosol and water presence. In Mars Year (MY) 34, the measured HCl abundance increased during
the Global Dust Storm (GDS) and decreased after its end (Korablev et al., 2021). In MY 35, HCl mixing ratios
rapidly rose in both hemispheres with the advent of the perihelion (dusty) season from Ls = 180°, while remaining
low in the clearer aphelion season, with values of 0.1–0.4 ppbv in both hemispheres (Olsen et al., 2021). This
increase during the MY 35 perihelion season also demonstrated that the observed HCl increases are a seasonal
phenomenon, not tied solely to GDS occurrences (Aoki et al., 2021).
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In addition to this broad correlation with the dust seasonal loading, there appears to be a significant link between
HCl and water (Aoki et al., 2021; Olsen et al., 2021). More recent analysis of MY 34–36 HCl profiles and
comparison to Mars Climate Sounder (MCS) dust and water ice observations shows a relatively weak HCl‐dust
correlation, and a much stronger HCl‐water vapor correlation (Olsen et al., 2024b). ACS profiles also show
apparent “ice holes” where rapid reductions in HCl abundance align with water ice layers, suggesting a role for
water ice as an HCl sink (Luginin et al., 2024). While retrieved HCl and water ice abundances show only a weak
anti‐correlation between the two, climatologies show that HCl and water ice do not generally both exist in
measurable quantities at the same altitudes (Olsen et al., 2024a). This difference in residence heights of HCl and
water ice (Olsen et al., 2024b) together with the “ice holes” implies a possible role for water ice clouds in
explaining the observed HCl distribution, including the observed rapid drop‐off in HCl (tens of sols) after the
dusty season despite its projected photochemical lifespan of 90–1,000 sols below 15 km, depending on location
(Aoki et al., 2021). This new potential role for water ice as a sink has never been tested in a global Mars model.

The results of observational analysis suggest that the sources of atmospheric HCl on Mars are likely associated
with heterogeneous chemistry. On Earth, stronger acids than HCl, such as H2SO4 and HNO3, can displace and
push out HCl from chloride‐containing aerosol particles such as sea salt (Simpson et al., 2015). Such reactions are
rapid and so likely proceed near the surface of the particle (George & Abbatt, 2010). There is observational
evidence of such reactions on the Martian surface. The Curiosity rover detected gaseous HCl during its heating of
rock and soil samples (Clark et al., 2020), and its results indicate that the reaction of water with perchlorates and/
or chlorides caused this HCl release. ACS measurements of stable HCl isotopologues (H35Cl and H37Cl) found a
ratio almost identical to that on Earth and consistent with the martian surface, implying that observed atmospheric
HCl likely originates from dust and does not have a long enough lifetime to undergo noticeable fractionation
(Trokhimovskiy et al., 2021). NOMAD‐derived Cl isotopic ratios also show values compatible with the Martian
surface, again suggesting limited fractionation and instead the dominance of HCl creation/sequestration (Liuzzi
et al., 2021).

Recent 1D modeling, using measured aerosol profiles, of Martian HCl photochemistry suggests that gas‐phase
chemistry alone is unable to reproduce the orbitally observed HCl distribution, but that addition of heteroge-
neous processes can improve the observational match. Krasnopolsky (2022) included five possible heterogeneous
chlorine reactions in a 1D model. These consisted of modeling dust as a heterogeneous source for atmospheric
chlorine species, and dust and water ice as heterogeneous sinks. They found that the modeled lifespan and dis-
tribution of HCl at 5–35 km was consistent with observations, and abundances rose above 35 km where ob-
servations are sparser. They also found little effect on major photochemical products from HCl chemistry.
Taysum et al. (2024) included UV photolysis of hydrated perchlorates in dust particles, and produced a HCl
seasonal and temporal distribution consistent with observations, which included declining HCl abundances with
altitude. However, the lack of atmospheric transport within 1D models necessarily curtails their ability to fully
represent how the HCl distribution, such as in latitude, might be affected by global dynamics.

In this study we use a global climate model (GCM) for Mars with both gas‐phase and heterogeneous chlorine
chemistry to investigate the 3D impact of heterogeneous processes on the modeled HCl distribution. One key
advantage of using a GCM over 1D modeling is in being able to examine the global, self‐consistent behavior of
HCl over multiple Mars years, both where HCl observations are present for comparison and validation, but also
examine HCl behavior at times and locations where observations are lacking. By using a GCM, transport of HCl
and relevant species/tracers such as water vapor, dust, and water ice are also explicitly included in our simula-
tions. The aim is to investigate if heterogeneous chlorine chemistry can help explain the observed behavior of HCl
in the Martian atmosphere, and pave the way for greater understanding of the chlorine cycle on Mars.

2. Methods
2.1. Model Overview

The GCM used in this study was the Mars Planetary Climate Model (Forget et al., 1999) and specifically the
variant with a spectral dynamical core (Hoskins & Simmons, 1975) employed by the Open University. This
martian GCM (henceforth, the MGCM) contains an extensive range of routines to represent the specific features
of the martian atmosphere, including radiative transfer, atmospheric dust radiative effects and transport, water ice
microphysics, the CO2 cycle, and photochemistry. Dust transport is performed via a two‐moment scheme where
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dust mass mixing ratios and number densities are advected by the model, assuming a log normal dust size dis-
tribution, and opacities are scaled according to observed column dust opacities (Madeleine et al., 2011). The
MGCM has an established heritage of use for investigating varied phemonena such as dust lifting and transport
(Chapman et al., 2017; Mulholland et al., 2015; Newman et al., 2002), large‐scale dynamics (S. R. Lewis &
Read, 2003; S. R. Lewis et al., 2016; Rajendran et al., 2021), the water cycle and atmospheric escape (Holmes
et al., 2021; Steele, Lewis, Patel, Montmessin, et al., 2014), polar processes (Streeter et al., 2021; Streeter, Lewis,
et al., 2024), and atmospheric chemistry (Brown et al., 2022; Holmes et al., 2018). The water cycle in the MGCM
is self‐consistent but, unlike the dust cycle, not directly constrained by observations. While attempts have been
made to directly assimilate observed water ice extinction profiles (Steele, Lewis, & Patel, 2014), the problem is a
challenging one and for this work we have decided to focus on using a self‐consistent water cycle that broadly
agrees with the observed cycle.

2.2. Gas‐Phase Chlorine Chemistry

For this study, the MGCM was run with the photochemical scheme described in Rajendran et al. (2025), but with
the addition of heterogeneous chlorine reactions. As described in Rajendran et al. (2025), the photochemistry
scheme of Lefèvre et al. (2004) was modified to add 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 perchlorate acid (HClO4). This updated chlorine scheme was based on the photo-
chemistry scheme presented in Catling et al. (2010). Tables S1 and S2 in Supporting Information S1 contain the
gas‐phase and photolysis reactions included in the photochemical routine used for this study (values taken from
Campbell and Gray (1973); Burkholder et al. (2019); Baulch et al. (2005); Simonaitis and Heicklen (1975); Zhu
and Lin (2004); Xu and Lin (2003); Atkinson et al. (2007); Minschwaner et al. (1992); Yoshino et al. (1988);
Brasseur and Solomon (1986); Parkinson et al. (2003); B. Lewis and Carver (1983); Yoshino, Esmond, Sun,
et al. (1996); Sander et al. (2006); Cheng et al. (1999); Yoshino, Esmond, Parkinson, et al. (1996); Schergers and
Welge (1968); Sander et al. (2003); Barnes et al. (1998); Trolier et al. (1990); Sander et al. (2011); Wahner
et al. (1987); Papanastasiou et al. (2009)). Details of the (photo)chemical timestepping can be found in Rajendran
et al. (2025). We differ by not including adsorption of perchloric acid (HClO4) onto the martian surface. We
decided against its inclusion for reasons of methodological clarity, as we wished to focus on specifically at-
mospheric HCl heterogeneous reactions. From sensitivity testing by Rajendran et al. (2025) it was calculated that
the scheme removed atmospheric chlorine at a rate of approximately 0.001%–0.1% per Mars year (depending on
surface uptake coefficient) which is miniscule compared to the variation we discuss below; we therefore feel
confident that the inclusion of the scheme would have no significant effect on our analysis.

2.3. Heterogeneous Chlorine Chemistry

In addition to the gas‐phase chlorine reactions described, we also implement heterogeneous reactions between
HCl and Martian atmospheric dust and water ice. We follow the scheme described by Krasnopolsky (2022),
adopting mineral dust as a heterogeneous source and water ice as a heterogeneous sink for atmospheric HCl.
Specifically, we adopt the following two reactions (R1 and R4 respectively from Krasnopolsky (2022)):

XClk(s) + H(g) → XClk− 1(s) + HCl(g) (1)

HCl(g) + H2Oice(s) → products(s) (2)

where X is a metal in chloride, with likely candidates for XClk being FeCl3 and NaCl. The former is favored due
its high energy yield δE (Krasnopolsky, 2022). Free atomic H is available from photolysis of water vapor
(Krasnopolsky, 2022). The products from Equation 2 are nominally water ice with HCl adsorbed onto the surface
and/or interior, but for the purposes of this study the HCl is effectively removed from the system and only the
water ice remains.

For the reaction rate, Q, at altitude z, of a heterogeneous reaction we use

Q(ζ) =
1
4
γ(ζ) ng(ζ) Vt(ζ) A(ζ) (3)
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where ζ = (t, z,ϕ,ψ) represents time, altitude, latitude, and longitude respectively, γ represents the reaction
probability, ng is the number density of the gas reactant, Vt is the thermal velocity of the gas reactant, and A is the
aerosol surface area per unit volume of air. It should be noted that our heterogeneous parametrization does not
take into account the possible effects of diffusion‐limited uptake (Jacob, 2000), whereby the molecular diffusion
rate of H on dust particles and/or HCl on water ice particles may serve as a bottleneck on further uptake.

Here, γ is a parameter incorporating the probability of the reaction occurring, including the share of reactants in
the aerosol. Due to its poorly constrained nature, for this study γ was empirically tuned to a value of 0.01 for dust
heterogeneous reactions and 0.1 for water ice heterogeneous reactions. This tuning was conducted by exploring
the parameter space of the γ value for both dust and ice. A higher value of γ for dust results in greater HCl
production, and for ice results in greater HCl adsorption. The best fit for these γ values was obtained by comparing
the resultant HCl magnitudes and distribution to retrieved HCl, with all else held equal. In particular, γ values for
dust above 0.01 resulted in dramatically overestimated HCl magnitudes.

The thermal velocity, Vt, is defined

Vt(ζ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8 kB T(ζ)
π m(ζ)

√

(4)

where kB is the Boltzmann constant, T is the atmospheric temperature, and m is the molecular mass of HCl. The
aerosol surface area per unit volume of air, A, is calculated according to

A(ζ) = 4 π fa Na(ζ) ra(ζ)
2 ρ(ζ) (5)

where the subscript a represents the aerosol kind (dust or water ice), fa is a constant multiplying factor for the
mass‐mean radius based on the variance of the log normal particle size ( fd = 1.23 and fi = 2), Na is the number
density of the aerosol kind (scaled to match observed column opacities), ra is the geometric mean radius of the
aerosol kind, and ρ is the atmospheric density. Refer to Figure S5 in Supporting Information S1 for information on
approximate particle size ranges in the MGCM. The dust number density Nd is taken directly from the MGCM,
which contains Nd as a freely transported prognostic field as part of the two‐moment dust transport scheme
(Madeleine et al., 2011). Water ice, however, is not represented with a two moment scheme. For the water ice
number density Ni, therefore, we use the number density of cloud condensation nuclei (CCN) in the MGCM's
water ice cloud microphysics scheme. This is a two‐moment scheme separate to the dust two‐moment scheme,
including only the “activated” dust population where cloud nucleation is judged to occur, and with a different
effective variance of the log normal size distribution (Madeleine et al., 2012; Navarro et al., 2014).

Heterogeneous production/loss rates will, via Equations 3 and 5, be proportional to aerosol number density, gas
reactant number density, mean aerosol particle radius, temperature, and atmospheric density. In the two‐moment
scheme, however, aerosol number density is inversely proportional to the cube of partice radius (Madeleine
et al., 2011). Heterogeneous production/loss rates should therefore be inversely proportional to particle radius.

2.4. Model Configuration

The MGCM was run at a spatial resolution of approximately 5° × 5° gridboxes, and with 35 nonlinearly spaced
topography‐following vertical layers up to an altitude of approximately 90 km. The spatial (column) dust dis-
tribution was constrained by the dust maps for MY 34–36 of Montabone et al. (2015, 2020), though the vertical
dust distribution was allowed to evolve freely through model advection. The model was run from Ls = 150° of
MY 34, corresponding to the beginning of the TGO science mission, until the end of MY 36. In the gas‐phase
chemistry only run, henceforth “Model‐GP,” HCl was initialized to 1 ppb by mass uniformly across all loca-
tions below approximately 50 km. All other chlorine species were initialized to 0. In the gas‐phase and hetero-
geneous chemistry run, henceforth “Model‐HET,” HCl loss and production was controlled entirely by the
heterogeneous processes in Equations 1 and 2.
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2.5. HCl Observations

For this study we used publicly available HCl volume mixing ratio (VMR) retrieved profiles from TGO/ACS
from Ls = 163° of MY 34 to the end of MY 36. Full details of the observations, filtering, and solar occultation
retrieval techniques can be found in Olsen et al. (2024a). Retrievals were reported on a 1 km vertical grid, and
detections above 30 km with standard deviations >4 ppbv were rejected. The data set used here contains 494 HCl
profiles, of which 467 (94.5%) occur during the dusty/perihelion season (Ls ≥ 180°) and 27 (5.5%) occur during
the clear/aphelion season (Ls < 180°) of their respective Mars Years. Measurements were made via solar
occultation, and so retrieved profile values are for local dawn and dusk.

3. Results
Figures 1a and 1b displays the seasonal trends and latitudinal structure of both modeled and observed HCl. As
noted in the existing literature, observed HCl abundances show a high degree of variation with both season and
latitude. While there are some (5.5%) aphelion season detections, mostly <1 ppbv, the vast majority of observed
HCl is present during the perihelion season. There is also a noticeable latitudinal bias during the perihelion season,
with higher observed HCl in the southern hemisphere.

The Model‐GP results in Figure 1a show minimal seasonal and latitudinal structure and do not correspond to
observations. VMRs show slight (∼20%) peaks at high northern and southern latitudes throughout the year
(Rajendran et al., 2025). Elsewhere, including at tropical and mid‐latitudes, the HCl distribution is highly uni-
form. There is no perihelion season increase or subsequent aphelion period decrease, and no hemispheric bias.

The Model‐HET results in Figure 1b display seasonal and latitudinal behavior in line with observations. HCl
VMRs are at their highest, >4 ppbv, during the MY 34 GDS (Ls = 180–230°), and show a bifurcated structure
with greater latitudinal and temporal extent in the south than in the north. HCl values decay afterward, though
remaining high at southern high latitudes and with a southern polar spike with the MY 34 B‐storm (Ls = 270°)
(following nomenclature of Kass et al. (2016)), before a brief spike with the MY 34 C‐storm (Ls = 320°). Global
HCl VMRs drop during the subsequent MY 35 aphelion season, though with high values (2–4 ppbv) around the
southern seasonal cap edge and northern high/polar latitudes. The latter show a marked minimum between
Ls = 90–150°. This may be due to increased HCl photolysis at northern high latitudes during the height of
northern summer. However, ACS detection limits show no high aphelion abundances here. HCl is absent from the
southern polar vortex in Model‐HET, agreeing with observations.

The MY 35 perihelion season shows another HCl increase, in particular around the time of the MY 35 A‐storm
(Ls = 220°). HCl VMRs remain consistently higher in the southern hemisphere (2–4 ppbv) than the northern (1–
2 ppbv), and show local maxima at times corresponding to the A,B,C regional dust storms. The perihelion season
also shows strong exclusion of HCl from the northern polar vortex. This general structure of HCl distribution in a
non‐GDS year appears to be repeated in MY 36, though with varying intensities of the storm‐linked HCl spikes.
Notably, the MY 35 aphelion dust storm at Ls = 45° did not appear to cause an enhancement in HCl in Model‐
HET or the observations. This may be due to the relative paucity of H atoms available for the heterogeneous dust
reaction at northern latitudes during the aphelion season (Lefèvre & Krasnopolsky, 2017).

The observations in Figure 1c show nearly all retrieved profiles occurring during the perihelion season. The
maximum values of HCl VMR in each profile occur at higher altitudes (30–50 km) earlier in the perihelion season
of each year (Ls = 180–270°), before declining to lower altitudes (10–30 km) later (Ls = 270–320°). The result is
an apparent descending HCl distribution. However, there does not seem to be a strong instantaneous correlation
between HCl increases and dust storm activity, including from the GDS.

The Model‐GP results in Figure 1d show a highly uniform HCl distribution with no apparent seasonal or altitude
structure. The Model‐HET results in Figure 1e show a sharp structure which matches observations. One notable
point of agreement is the descending HCl distribution mentioned above, evident between Ls = 230–320° of each
MY. In Model‐HET, this descending HCl structure is due to the gradual descent of atmospheric dust throughout
the perihelion season. However, there are also points of disagreement. The Model‐HET HCl shows maximum
values during the early phase of the MY 34 GDS (Ls = 190–240°), while observations show enhanced values later
after the GDS. This may be in part a function of difficult observing conditions under high dust loading, or ev-
idence of a more indirect relationship between dust and HCl than in Model‐HET. Observations also show
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Figure 1.

Geophysical Research Letters 10.1029/2024GL111059

STREETER ET AL. 6 of 12



apparently smoother variations in HCl abundances across individual profiles as compared to the sharper changes
in Model‐HET profiles.

Figure 2 shows a comparison of mean (a) and illustrative individual (b–d) HCl VMR profiles for the two model
runs and the ACS observations, including the population standard deviation for the mean profiles. The mean
observation profile has a VMR of around 1.5 ppbv between 10 and 40 km, rising both below 10 km and above
40 km to 2–3 ppbv. The high population standard deviation of 1–2 ppbv indicates significant vertical and temporal
variability. This is in contrast to Model‐GP, which shows a uniform mean profile with very low variation. The
Model‐HET mean structure shows increasing HCl VMR with altitude, from around 0.5 ppbv at 10 km to 2 ppbv at
50 km, with a high population standard deviation of over 3 ppbv above 30 km. While the mean profile of Model‐
GP shows reasonable agreement with observations between 10 and 40 km, it cannot capture the high spatial and
temporal variability of the observed HCl.

In the three individual profiles in Figures 2b–2d the Model‐GP results show a uniform HCl VMR with altitude
while the observations and Model‐HET show a high degree of vertical structure. The Model‐HET results are able
to approximate the general shape of the observed profiles, such as the peaks in VMR between 20 and 30 km in (b,
c) and the HCl absence/minimum between 30 and 50 km in (d). Figures S1–S3 in Supporting Information S1
show similar comparisons as Figure 2, between the models and ACS water vapor (Olsen et al., 2024b), ACS water
ice (Stcherbinine et al., 2020), and MCS dust (Kleinböhl et al., 2011) retrieved profiles. The water vapor dis-
tribution in Model‐HET for profile (d) also shows the weakest agreement of the three profiles (Figure S1 in
Supporting Information S1), and ACS observations indicate water ice presence not seen in the models. This
suggests that a better model aerosol distribution would improve model HCl representation.

4. Discussion
Unlike Model‐GP, Model‐HET is able to reproduce key features of the observed atmospheric HCl distribution.
One is the broad seasonal trend where HCl abundance increases in the perihelion season Ls = 180°, and decreases
again after Ls = 360° (Korablev et al., 2021; Olsen et al., 2021). In Model‐HET, this seasonal variation is caused
by the relative abundance of dust and water ice aerosols. Dust loading increases during the perihelion season,
increasing the aerosol surface area for the source reaction Equation 1. This is evident in the correlation between
HCl and large dust storms (Figure 1). During the colder and clearer aphelion season, lower atmosphere water ice
clouds are more prevalent. This also applies to the northern polar vortex during the perihelion season.

Model‐HET also reproduces broad features of the observed latitudinal and vertical HCl distribution. Observed
HCl displays a latitudinal asymmetry during the perihelion season with greater abundances in the southern
hemisphere (Aoki et al., 2021; Korablev et al., 2021; Olsen et al., 2021). Observed dust opacities during the
perihelion season are also greater in the southern hemisphere (e.g., Montabone et al., 2015), including during
regional dust storms (Kass et al., 2016), while water ice opacities are greater in the northern hemisphere
particularly in the polar region (e.g., Haberle et al., 2019; Wolff et al., 2019). This aerosol latitudinal structure is
reflected in the perihelion season Model‐HET HCl abundances, which closely correlate with dust storm timings
and structure (including hemispheric asymmetry) while being absent around the north polar hood (Figure 1b).

Model‐HET captures some of the observed vertical variability and structure in HCl, unlike Model‐GP. One point
of agreement is the descending structure of HCl around the time of the MY 34 GDS, visible in Figures 1c and 1e.
Given the absence of water ice, this shows that the dust source scheme provides a reasonable representation of
HCl behavior under high dust loading. This descending structure is linked to the descending dust distribution after
the initial and mature stages of the GDS (e.g., Bertrand et al., 2020), and similar dust height lowering during non‐
GDS perihelion seasons. This hints at similar causes in the observations. Altertnatively, this link could be indirect:

Figure 1. Observations and model fields with time against (a, b, f) latitude and (c, d, e) altitude. Panels (a, b) show maximum HCl volume mixing ratios for each profile
from the MGCM between 10 and 40 km (filled contours), ACS MIR observations (circle markers), and ACS MIR detection limits (triangle markers). Marker size is
proportional to HCl volume mixing ratio. Panels (c, d, e) show HCl volume mixing ratio observations and model values masked to fit closest observation times/
locations; model HCl diurnal variability is minimal (see Figure S4 in Supporting Information S1). Panel (f) shows model column dust optical depth at 670 nm for the
same periods. Model data in panels (a, b, f) has had a 5‐sol running mean applied and is not masked to observation times/locations. Gray background indicates absence
of model/observational data.
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for example, warmer temperatures from enhanced dust presence inhibiting water ice formation and/or sub-
limating HCl from existing water ice.

However, there are differences between the Model‐HET results and observations. Two notable examples are high
HCl abundances in Model‐HET at high altitudes, Figure 2a, and at northern polar latitudes and the southern
seasonal cap edge during aphelion season, Figure 1b. There are not unambiguous HCl detections above 60 km,

Figure 2. Comparison of atmospheric HCl profiles for ACS observations, gas‐phase only model outputs, and heterogeneous model outputs. All model data is masked to
best match the observation times and locations. Subplot (a) shows mean (solid lines) and population standard deviation (shaded area) for all observations/data within the
perihelion seasons of MY 34–36. Subplots (b–d) show comparisons for individual observed profiles in MY 34–36, with error bars representing standard errors.
Displayed Ls, latitude, and longitude values are for the observations. Values for Model‐GP and Model‐HET are within the closest 0.04° in Ls, and 2.5° in latitude/
longitude.
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though this does not necessarily indicate its absence (Olsen et al., 2024a). In Model‐HET these enhanced high‐
altitude abundances are linked to large number densities of submicron dust, which have been hypothesized
(Montmessin et al., 2002) but not confirmed. The northern polar high HCl abundances in Model‐HET seem more
likely to be incorrect, given the predicted values of ≥4 ppbv compared to ACS detection limits between 0 and
1 ppbv. This disagreement is interesting as it results from the same heterogeneous mechanisms which provide a
reasonable observational agreement during the perihelion season. The high vapor abundances (meaning available
H via photolysis), moderate dust abundances, and ice absence which cause this enhancement in Model‐HET are
also visible in observational data (Smith, 2004). This model‐observation disagreement implies that the current
heterogeneous scheme is misrepresenting or missing some crucial process(es) that are either inhibiting HCl
production or destroying it rapidly.

Another disagreement is the level of correlation between HCl abundance and dust opacity, particularly with large
dust events. Model‐HET naturally shows a close correlation between atmospheric dust loading and HCl abun-
dance. This is evident in the HCl maximum VMR structure closely following GDS and regional dust storm dust
timings (Montabone et al., 2015). The observed HCl, however, does not appear to show a strong correlation with
dust opacity beyond its annual increase during the dusty season. Observations from ACS (Olsen et al., 2021) and
NOMAD (Aoki et al., 2021) instead indicate strong vertical similarities between HCl and water vapor profiles.
Olsen et al. (2024b) found weak correlation between HCl and dust and weak anticorrelation between HCl and
water ice, but stronger correlation between HCl and water vapor. These analyses indicate that water vapor may
have greater causal effects on HCl than aerosol, though the evidence of ice‐holes provides a compelling case for a
water ice and HCl causal relation (Luginin et al., 2024).

Other evidence suggests a more direct role for dust in HCl creation. HCl isotopologue measurements suggest
chlorine bearing dust grains are linked to HCl formation (Trokhimovskiy et al., 2021), and the established
presence of surface perchlorates implies chlorine species adsorption onto martian soil. 1D modeling work sug-
gests that a wider range of reactions than presented here could be the impetus for future GCM work. Krasno-
polsky (2022) included reactions for mineral dust as a sink for Cl and a source for ClO, and water ice as a sink for
HCl/HOCl and source for Cl2. They were able to replicate lower atmosphere HCl profiles and seasonal variation
in a 1D model, with HCl VMR increasing above the ACS cutoff. Taysum et al. (2024) modeled dust as a Cl source
via UV photolysis, together with water ice and dust as sinks, and were able to reproduce ACS profiles though with
HCl VMR decreasing at the ACS cutoff (contra Krasnopolsky (2022)).

Our results strongly suggest that heterogeneous processes play a key role in explaining the observed global
distribution of HCl and its seasonal, latitudinal, and vertical structure. In the context of previous observational and
1D modeling work, it is likely that water ice has a direct causal relationship to HCl via heterogeneous processes.
The role of dust is more debatable; the relationships between dust, vapor, ice, and the seasonal cycle make it
difficult to ascertain whether atmospheric dust has solely an indirect relationship with HCl via its links to vapor
and ice, or also a direct causal relationship via heterogeneous processes. Another possibility is temperature
dependence of heterogeneous reactions; a strong temperature dependence in reaction probabilities could help to
account for model‐observation discrepancies during aphelion and at high altitudes. Lastly, it appears that particle
size is important in determining heterogeneous impacts; for example, smaller dust particles at higher altitudes,
with greater surface area per unit mass available for reactions, seem to have an outsized effect and contribute to
higher HCl abundances, both directly and via lofting. The role of particle sizes (in both source and sink reactions)
requires further investigation.

Future work will aim to improve atmospheric aerosol and water vapor representation via data assimilation,
combining GCM with observations from various spacecraft. It will also explore further heterogeneous chlorine
reactions and in particular the role of dust as a chlorine sink via adsorption and water ice as a chlorine source via
release of previously adsorbed chlorine. The adsorption‐sublimation scheme of Brown et al. (2022) for OH and
water ice offers a way forward for these investigations. In addition, future work would be well‐served by further
laboratory experiments to measure and constrain heterogeneous reaction rates, uptake coefficients, and chemical
lifetimes for gases on chlorine‐containing minerals and water ice under martian conditions (temperatures,
pressures, atmospheric composition, incident radiation), including in suspended aerosol form to evaluate any
particle size dependencies.
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5. Conclusions
We have incorporated for the first time heterogeneous chlorine chemistry into a Mars global climate model,
representing atmospheric mineral dust as an HCl source and water ice as an HCl sink.

1. The inclusion of heterogeneous chemistry shows significant improvements in the HCl distribution relative to
ACS HCl observations, as compared to gas‐phase only modeling.

2. The heterogeneous model is able to reproduce key observed global HCl features such as overall abundances;
seasonal enhancement and reduction; the observed latitudinal asymmetry, represented as a greater HCl
presence in the southern hemisphere in the model; lowering of the HCl profile with altitude following large
dust events; and altitudinal variation.

3. However, there are disagreements. The heterogeneous model displays a close correlation between dust and
HCl abundance not necessarily apparent in the observations. The model also predicts high HCl abundances at
northern high latitudes during aphelion season not currently seen in ACS retrievals.

4. Accurate representation of atmospheric aerosols (dust, water ice) and key species (water vapor) is important
for determining HCl heterogeneous behavior.

5. Our results suggest that heterogeneous chlorine chemistry is key for explaining the observed distribution of
atmospheric HCl on Mars, but further work is required to adequately represent and understand the exact
heterogeneous reactions involved.

Data Availability Statement
HCl observations are publicly available from Olsen et al. (2024a). Model data is publicly available on ORDO
(Streeter, Rajendran, et al., 2024).
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