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Abstract The Nadir and Occultation for MArs Discovery (NOMAD) instrument on board ExoMars Trace
Gas Orbiter measured a large increase in water vapor at altitudes in the range of 40-100 km during the 2018
global dust storm on Mars. Using a three-dimensional general circulation model, we examine the
mechanism responsible for the enhancement of water vapor in the upper atmosphere. Experiments with
different prescribed vertical profiles of dust show that when more dust is present higher in the atmosphere,
the temperature increases, and the amount of water ascending over the tropics is not limited by saturation
until reaching heights of 70-100 km. The warmer temperatures allow more water to ascend to the
mesosphere. Photochemical simulations show a strong increase in high-altitude atomic hydrogen following
the high-altitude water vapor increase by a few days.

Plain Language Summary The ExoMars Trace Gas Orbiter (TGO) is currently in orbit around
Mars measuring the composition of the atmosphere. TGO was able to make observations before, during,
and after a large planet-encircling dust storm that occurred from June to August 2018. The TGO
measurements provide the first opportunity to observe how water vapor is distributed with height in the
atmosphere during a global-scale dust event. It was found that there was a large increase in water vapor very
high (40-100 km) in the atmosphere during the dust storm. Using a three-dimensional numerical model

of the Mars atmosphere, we found that when dust from the storm is transported up to levels above ~40 km, it
warms the atmosphere due to solar absorption, and this in turn prevents ice clouds from forming at heights
of 40-60 km and allows more water vapor to ascend to greater heights in the atmosphere. This is of
interest in terms of the planetary evolution, as water molecules at greater heights are more readily dissociated
by sunlight and lost from the atmosphere. This is an important factor for understanding the changes that
have occurred since the period when surface features on Mars indicate that liquid water was present.

1. Introduction

The planet-encircling global dust storm (GDS) on Mars in 2018 provided the first opportunity since 2007 to
study the effects of such an event on the distribution of trace gases in the atmosphere. The ExoMars Trace
Gas Orbiter (TGO), in orbit around Mars during the storm, carries two instruments designed to measure
the composition of the atmosphere with unsurpassed spectral and vertical resolution: the Nadir and
Occultation for MArs Discovery (NOMAD; Vandaele et al., 2018) and the Atmospheric Chemistry Suite
(ACS; Korablev et al., 2018, 2019). These instruments began science operations in April 2018, well before
the GDS started, and monitored its full evolution from onset to decay from June to August 2018. The
NOMAD water vapor retrievals during the GDS have been reported elsewhere (Vandaele et al., 2018;
Aoki et al.,, 2019). This study has applied numerical simulations of the atmosphere of Mars to determine
the processes that caused the increase in water vapor during the GDS of 2018.

During the 2007 GDS, observations from the Mars Express Spectroscopy for Investigation of Characteristics
of the Atmosphere of Mars infrared (IR) spectrometer observed an increase of water vapor at high latitudes
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(Fedorova et al., 2018). A similar result was inferred from Mars Climate Sounder (MCS) temperature and ice
optical depth profiles (Heavens et al., 2018). The TGO NOMAD and ACS instruments also measured an
increase in water vapor at high altitude during the GDS in 2018, which occurred much earlier than the
2007 GDS and also was much stronger (Vandaele et al., 2019; Aoki et al., 2019). The enhancement of
high-altitude water vapor has been linked to reinforced hydrogen escape (Chaffin et al., 2017, 2019;
Heavens et al., 2018; Krasnopolsky, 2019).

The present paper will report on numerical simulations in a 3-D Mars general circulation model (GCM) that
were carried out to determine the processes that caused the high-altitude water vapor abundances observed
during the 2018 GDS. During a GDS, the enhanced atmospheric dust content will lead to an increase of the
atmospheric temperatures due to absorption of solar and IR radiation. This causes an expansion of the atmo-
sphere and reinforces the global circulation's Hadley cells, which in turn transport dust and trace gases up to
the lower mesosphere (40-60 km; Vandaele et al., 2019; Shaposhnikov et al., 2019; Clancy et al., 2010; Clancy
etal., 2019). However, at the middle and upper mesospheric altitudes (60-100 km) where a strong increase of
water vapor is observed during the GDS, there is no similar strong increase in atmospheric dust content
observed (Fedorova et al., 2018; Vandaele et al., 2019). The mechanisms that cause the strong increase in
water vapor at those altitudes must therefore be only indirectly related to dust and the reinforced
global circulation.

The transition region between high and low water vapor abundances is controlled by saturation conditions
and is usually referred to as a “hygropause.” Under normal conditions on Mars, the hygropause occurs at
altitudes of 20-50 km (depending on season) over low latitudes. Poleward from midlatitudes, the height of
the hygropause decreases (Daerden et al., 2019, their Figure 13). In a similar fashion, in the atmosphere
of the Earth, the temperature minimum at the tropopause forms a barrier for water vapor transport from
the troposphere into the stratosphere (Holton & Gettelman, 2001). In GDS conditions with increased tem-
peratures, it can be expected that the hygropause would occur at greater heights (Heavens et al., 2018); how-
ever, this mechanism was never explicitly simulated in Mars GCMs. Shaposhnikov et al. (2019) presented a
simulation of water vapor transport in the 2007 GDS. High-altitude water was explained by a strengthening
of the southern hemispheric Hadley circulation cell, which is particularly strong near southern summer sol-
stice (when the 2007 GDS occurred). Here we present the first simulations for the 2018 GDS, which occurred
near equinox, with model comparisons to direct retrievals of new and unique high vertical resolution water
vapor vertical profiles from the NOMAD instrument (Aoki et al., 2019). As our GCM contains an interactive
calculation of atmospheric gas and photochemistry processes (Daerden et al., 2019), we also address the
impact on the dissociation of water and escape from the atmosphere.

2. Model and Scenario Description

The GEM-Mars model is described and evaluated in Neary and Daerden (2018) and Daerden et al. (2019). The
model uses a grid point dynamical core with staggered log-pressure vertical levels simulating the atmosphere
up to ~150 km. The simulations for this work were performed with a horizontal resolution of 4° X 4° and a
dynamical time step of 1/48th of a Mars day (sol). The model includes a wide set of physical parameterizations
for the Mars atmosphere. This includes radiative transfer through dust, CO,, and water ice clouds, heat trans-
fer through the soil, interactive CO,, pressure, dust and water cycles, size distributed dust particles, and a sim-
ple cloud formation scheme with a mono disperse water ice particle distribution. Surface and planetary
boundary layer turbulent mixing, molecular diffusion, and gravity wave drag are parameterized (Neary &
Daerden, 2018), and gas and photochemistry are included (Daerden et al., 2019; Encrenaz et al., 2019;
Smith et al., 2018). The radiative transfer code includes a two-stream method (Toon et al., 1989) applied in five
wavelength bands in the visible and IR range. For dust, the optical properties are the same as in Madeleine
et al. (2011), Table 2, Case 2. For water ice, the optical properties are calculated using Bohren-Huffman
Mie scattering code (original program taken from Bohren & Huffman, 1983, Appendix A, modified by B.T.
Draine, Princeton Univ. Obs. 26/10/1990) with refractive indices from Warren and Brandt (2008).

The GEM-Mars model includes the option to simulate a generic Mars year with a dust distribution computed
using a scheme to lift dust from the surface by saltation (Daerden et al., 2015; Musiolik et al., 2018; Neary &
Daerden, 2018). To study a specific year, the dust total column optical depth can be scaled to a climatological
scenario (Montabone et al., 2015), while maintaining the same vertical profile shape. In previous versions of
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Figure 1. Average profiles of dust optical extinction coefficient at wavelength 0.67 um at the equator for the period of L
196-202°. The black lines are Mars Climate Sounder (MCS) data, red is the simulated dust profile from the dust lifting
scheme with no scaling, green is the same free dust profile with the column scaled to MY34, magenta is the dust profile
prescribed with Conrath parameter of v = 0.007 and scaled to MY34, and blue is Conrath parameter of v = 0.0008 and
scaled to MY34. Both day (solid) and night (dashed) profiles are shown for all data. GDS = global dust storm.

GEM-Mars, we averaged the daily maps from the climatology every 10° Ly (Giuranna et al., 2019; Neary &
Daerden, 2018), but to capture the rapid onset of the 2018 storm, we update the maps daily. The new
2018-2019 maps are described in Montabone et al. (2020). They were generated using data from the MCS
(Kleinbohl et al., 2009, 2011) on the NASA Mars Reconnaissance Orbiter. Also, the orbital settings for
orbital settings for our simulations correspond to Mars Year (MY) 34 so that the time of the observations
discussed in this paper corresponds to exactly the same conditions in the model.

The simulations are designed to examine the sensitivity and response of the distribution of water vapor to the
GDS. We do not address the mechanism for the transport of dust to high altitudes or the formation of
detached dust layers. Figure 1 shows the average model dust extinction profiles at the equator for the period
during the strongest part of the storm (Ls = 196-202°) compared with MCS measurements (v5.2.9). The dust
optical extinction coefficients measured by MCS at a wavelength of 21.6 um were scaled to visible wave-
lengths using a factor of 7.1 (Kleinbohl et al., 2011). For the non-GDS case, we use the dust horizontal
and vertical distribution as it is calculated in the dust-lifting parameterization with efficiency parameters
set for an average non-GDS year (Daerden et al., 2019; Neary & Daerden, 2018) and do not scale it to any
climatology. In the GDS case with free dust (GDSfree), the same model settings are applied, but the total col-
umn dust optical depth is scaled on a daily basis to match the climatology of MY34 (Montabone et al., 2020)
The GCM dust profile matches well with the MCS nighttime profile, but at heights above40km, the dust
optical extinction coefficient profile remains below that of the MCS daytime profile (Figure 1). This

may indicate that there are missing processes in the GCM that relate to daytime activity, for example
subgrid -scale deep convective events that are currently not represented in the model (Daerden et al.,
2015; Heavens et al., 2018; Spiga et al., 2013; Wang et al., 2018). To impose control over the vertical

profile, we use a prescribed distribution based on Conrath (1975; also see Montmessin et al., 2004, for the

equations). Using the typical value of the so-called Conrath parameter (v=0.007), the dust vertical profile

decreases with altitude more rapidly than indicated by the observations from MCS at the time of the GDS

(see simulation GDS007 in Figure 1), so we adapt the value of v=0.0008 to better match the observed profile

of dust (simulation GDS0008, Figure 1).
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The water cycle in GEM-Mars is described and evaluated against observational data sets in Neary and
Daerden (2018), Smith et al. (2018), and Daerden et al. (2019). Water vapor and ice volume mixing ratios
are stored as tracers that are transported by advection and eddy mixing. Water condenses into water ice
when its partial pressure is above the saturation pressure (or the temperature drops below the frost point).
For these simulations, we have made one modification relating to the ice particle size in the second half
of the year. Previous simulations employed a cloud particle radius of 4 um for radiative transfer calcula-
tions throughout the entire year, which led to good model-data comparisons for atmospheric tempera-
tures and aphelion cloud belt (ACB) opacities during the aphelion season (Neary & Daerden, 2018).
For the case of the 2018 GDS, (and nonaphelion season), smaller ice particle sizes are likely to apply
(e.g., Clancy et al., 2010, 2019), and such particles lead to less dramatic cloud radiative feedbacks
(Daerden et al., 2019). For the current simulations, we use ice particles with a radius of 2 pm in the
second half of the year (Lg > 180°).

3. Comparing Model Simulations and NOMAD Observations

The first water vapor profiles retrieved from NOMAD solar occultations in the IR were reported in Vandaele
et al. (2019), but the full data set over the period of the 2018 GDS is presented in the accompanying paper of
AoKki et al. (2019). There are 467 profiles available between Iy =180-240°. These profiles are by definition
taken at the day-night terminator (morning or evening). The latitudes at which the profiles are measured are
defined by the TGO orbit and vary through time across all latitudes (see Figure 2). The vertical profiles of
tical profiles of water vapor were retrieved on an altitude grid with reference to the aeroid from 0 to 120 km
with a vertical resolution of 1 km.

The GEM-Mars model output was interpolated to the exact latitude and longitude and to within 15-min local
time of the NOMAD profiles. Because NOMAD takes a sunrise and a sunset solar occultation in each orbit,
which is inclined at 74°, the NOMAD profiles are typically alternating between the northern and southern
hemisphere on a daily basis. To make a concise plot that summarizes the NOMAD measurements in a mean-
ingful way, the time series of the vertical profiles are split into northern and southern hemispheres
(Figure 2). The current version of the NOMAD retrievals contains water vapor number densities.
Approximate volume mixing ratios can be derived using model CO ,number densities (Aoki et al., 2019);
however during a GDS, the atmosphere will expand, and so the pressure scale height will change, and this
will impact the actual CO number densities, To compare model results only with directly retrieved quantities,
we will consider the retrieved water vapor number densities here. As water densities span over several
orders of magnitude in the vertical domain considered here (10-100 km), we present them on a logarithmic
scale (Figure 2a). The latitude variation is overlaid on Figure 2 to indicate the spatial/temporal
variability of the observations.

The colocated water vapor number density profiles from the different model simulations are plotted in the
same way as the data in Figures 2b and 2c. The results from two simulations are compared: the MY34 simu-
lations with Conrath parameter v = 0.0008 (GDS0008, Figure 2b) and the free dust simulation under non-
GDS conditions (non-GDS, Figure 2c). The non-GDS simulation has much less water vapor than
NOMAD, up to a factor <1,000 above 60 km, and by factors 10-100 between 20 and 40 km, particularly in
the southern hemisphere (Figure 2c). In the GDS0008 simulation, water vapor densities are increasing above
a height of 60 km and up to 80 km at the start of the GDS (Ls ~195-200°), and the enhanced water vapor con-
tent extends up to heights of 100 km after Ls ~210°. This corresponds well to the NOMAD observations in the
GDS. During the onset of the GDS (Ls ~195-200°), GDS0008 simulated water vapor densities remain below
the NOMAD measurements above 80 km, but during the main phase of the GDS (Lg ~210-230°), the match
of the GDS0008 simulation with NOMAD is excellent.

4. Discussion

Properly simulating the dust profile between 40 and 80 km is crucial to improving the comparison between
the observed and simulated water vapor density profiles. A Conrath parameter of v = 0.0008 provides a very
good match with MCS dust profiles and also results in successful simulations of the water vertical profile at
high altitude relative to NOMAD water vapor observations. It is expected that the precise shape of the dust
profile will change over time, as the GDS evolves and declines. The value of the Conrath parameter applied
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Figure 2. Water vapor number densities for northern (left) and southern (right) hemispheres for the period between Lg 180° and 240°, (a) as observed by Nadir and
Occultation for MArs Discovery (NOMAD), (b) simulated by GEM-Mars using v = 0.0008, and (c) simulated by GEM-Mars for a non-global dust storm (GDS)
case. The model results are at the same latitude (indicated by black circles, right axis), longitude, and Lg as the observations and within 15’ local time of them. All

profiles were averaged over 1° Lg bins.

in the GDS0008 simulation appears to be appropriate for the initial phase of the GDS as shown in Figure 1.
At the start of the GDS, the layer of increased dust around 80 km seen in MCS data may cause additional
heating and a further increase in high-altitude water vapor. This layer is difficult to implement using a
simple Conrath description and was not considered in our simulations. In reality it may be caused by
nonlocal deep convective events when the GDS develops (Heavens et al., 2018; Spiga et al., 2013; Wang
et al., 2018).
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Figure 3. Daytime zonal mean profiles of water vapor (top row) and water ice (bottom row) volume mixing ratios (vir, in ppmv) for the period of Lg 196-202° for
three simulations, (a) non-GDS case, (b) Conrath v = 0.007 (GDS007), and (c) Conrath v = 0.0008 (GDS0008). Daytime meridonal mass stream function
contours (><109 kg/s) are shown in black in the top row. Full lines represent counterclockwise circulation, and dashed lines clockwise circulation. In the bottom row,
contours are for temperature (in K) in the non-GDS case (d) and for the respective temperature differences GDS007-non-GDS (e) and GDS0008-GDS007

(f). Water ice vmr represents the number of water molecules in the ice phase relative to the total of air molecules. GDS = global dust storm.

During a GDS, two factors play a role in the increase of water vapor at high altitudes (40-100 km). One
aspect is the enhanced global circulation, and the second is warmer temperatures in the 40- to 60-km range,
which reduces the condensation of water vapor and the subsequent sedimentation of ice particles and allows
the further transport of water vapor. The role and importance of these two mechanisms are illustrated in
Figure 3, which shows zonal mean latitude-height cross sections of water vapor and ice water content aver-
aged over the period Lg=196-202° for three different simulations. To examine the enhancement of the global
circulation, contours of the daytime average meridional mass stream function are shown in Figures 3a-3c.
For clarity, only daytime data are shown with solar zenith angles <80°. The non-GDS case (Figures 3a
and 3d) represents the standard, nondust storm case where water vapor deposits on dust particles to form
ice clouds at altitudes and latitudes where the water vapor partial pressure is equal to the saturation vapor
pressure. The distribution of water and ice is very symmetric with latitude (owing to the season being near
equinox). Due to the saturation and cloud formation at 30-50 km height, only small amounts of water con-
tinue to rise to higher altitudes as a result of the gravitational settling of the water ice particles. In the
GDS007 simulation (Figures 3b and 3e) and the GDS0008 simulation (Figures 3c and 3f), which both have
column optical depth scaled to the climatological values of MY34, two strong daytime Hadley circulation
cells have developed due to the enhanced presence of dust in the lower atmosphere and its heating effect.
The upwelling branches of the circulation cells transport dust upward and warm the equatorial atmosphere
at heights up to 60 km (Figure 3e). There is a reduction in the water ice content around 40 km, but not
enough to allow sufficient transport of water vapor above 60 km. The GDS0008 simulation (Figures 3c
and 3f) only differs from the GDS007 one in the vertical distribution of dust above 40 km (see Figure 1). It
results in a slightly enhanced circulation pattern above 40 km, but also in an additional strong increase in
temperature (Figure 3f), preventing much more water vapor to condense and so less ice to sediment, so that
water vapor can continue to rise to higher altitudes. This simulation results in water vapor mixing ratios at
parts per million by volume level up to 100 km.

The GEM-Mars model includes gas-phase photochemistry (Daerden et al., 2019), which demonstrates how
the increased water vapor over 40- to 100-km altitudes results in the production of H atoms in the upper
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atmospheric chemistry) in the equatorial region (between 30° N/S) for the period between Ls=160-280°. GDS = global
dust storm.

atmosphere. The model does not yet include specific routines for H escape, but a predicted increase in the
abundance of H in the upper atmosphere can be linked to enhanced escape (see Chaffin et al., 2017, for a
detailed discussion). In Figure 4, we show the ratio of the results from the GDS0008 and the non-GDS
simulations for water vapor and hydrogen volume mixing ratios in the equatorial region between 30°S
and 30°N. The onset of the GDS is very rapid around Lg ~190°, and the water vapor profile responds with
a large increase by more than a factor of 150 at a height of around 70 km. At this altitude, the photolysis
of water vapor is strong, and atomic hydrogen is produced (see also Daerden et al., 2019, their Table 1 and
Figure 1for rates and reactions). The reaction rate of the strongest photolysis reaction (J11 in Daerden
et al., 2019) is ~10 s at 80 km and ~3x10® s™ at 100 km, which corresponds to a lifetime of ~11.5 and
3.8 sols, respectively. This is also the typical delay found in the simulations between the enhancement in
water vapor and the resulting production of hydrogen. This delay of several sols is consistent with new
data from the MAVEN spacecraft (Chaffin et al., 2019). There is a second injection of water vapor toward
the end of the main GDS around Lg ~240°, which causes an increase of hydrogen by a factor 40. The
response is again rapid, with H being transported above 120 km within a few sols. After Ly ~280° the
mixing ratios return to values similar to the non-GDS case.

5. Conclusions

The NOMAD and ACS instruments on ExoMars TGO observed a strong increase of water vapor at high alti-
tudes (40-100 km) during the 2018 GDS. We presented the first detailed simulations in a 3-D GCM that are
constrained by day-to-day dust optical depth maps for the time of the GDS and compare them directly with
the NOMAD water vapor retrievals. It was found that the simulation of enhanced high-altitude water abun-
dances is very sensitive to the vertical distribution of the dust. When a dust vertical profile is prescribed in the
model that matches the profile observed by MCS, the model simulates a water vapor vertical distribution
similar to what is observed by NOMAD. The extra dust in the atmosphere reinforces the global circulation
below 40 km, but this alone does not explain how water vapor can ascend to 70-100 km, as is seen in the
observations. In non-GDS conditions, saturation and ice cloud formation simulated at heights of 30-50
km prevents the upward transport of water to higher altitudes at the same volume mixing ratio (vmr) found
at lower altitudes, since the water that deposited on ice particles falls through the ascending atmosphere. As
aresult, there is a decrease in the water vapor vmr at this altitude range, which is usually called the “hygro-
pause.” In the GDS, temperatures are warmer in the 40- to 60-km altitude range, and saturation occurs in the
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simulations at much higher altitudes (70-100 km). Our simulations show the sensitivity of this process to the
vertical profile of dust. If there is not enough dust above 40 km, the enhanced circulation below 40 km does
not heat the hygropause sufficiently to prevent strong ice cloud formation. When the dust profile is set to
match the profile observed by MCS, the heating is strong enough, and water can continue to rise at constant
vmr to such altitudes, as is observed by NOMAD. At the greater temperatures in the GDS, there were fewer
clouds, and there would be less water deposited on the ice particles.

Photodissociation of water vapor is most rapid at heights above 90 km, and our model predicts that the
enhanced water vapor abundances at these altitudes during the 2018 GDS cause an increase in H atoms
by almost 2 orders of magnitude. The response of H above 120 km to the H,O increase is typically a few sols.
This result supports the hypothesis that dust storms can enhance atmospheric loss through H escape
(Chaffin et al., 2017; Heavens et al., 2018).
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