
1 
 

Observations of Effects of Global Dust Storms on Water Vapor in the Southern 1 
Polar Region of Mars. 2 

 3 

 4 

Alexey A. Pankinea,*, Cecilia Leungb, Leslie Tampparib, Martinez, Germanc, 5 

Giuranna, Marcod, Piqueux, Sylvainb, Smith, Michaele, Trokhimovskiy, 6 

Alexanderf. 7 

 8 

aSpace Science Institute, Boulder, Colorado, USA 9 

b NASA Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA 10 

cLunar and Planetary Institute, Houston, Texas, USA 11 

dIstituto di Astrofisica e PlanetologiaSpaziali (IAPS) – Istituto Nazionale di Astrofisica (INAF), 12 

Rome, Italy 13 

eNASA Goddard Space Flight Center, Greenbelt, MD, USA 14 

fSpace Research Institute RAS, Moscow, Russia 15 

*Corresponding Author E-mail address: apankine@spacescience.org 16 

 17 

 18 

 19 

Pages: 46 20 

Tables: 0 21 

Figures: 11 22 

 23 



0 
 

Proposed running head: . 24 

 25 

 26 

Editorial correspondence to: 27 

Dr. Alexey Pankine 28 

E-mail address: apankine@spacescience.org  29 

 30 



0 
 

ABSTRACT 31 

Martian Global Dust Storms (GDS) can significantly affect the water cycle in the lower 32 

atmosphere (0−40 km). We compare evolution of water vapor abundances, dust opacity and 33 

surface temperatures in the Southern Polar Region (SPR) during GDS years of MY25, MY28 34 

and MY34 relative to years without GDS. During all GDS years, the vapor abundances decrease 35 

in the lower atmosphere in the SPR following the storm. Our results suggest that this decrease 36 

could be the result of vapor moving to higher altitudes and not being available for poleward 37 

transport in the lower atmosphere. 38 

 39 

PLAIN LANGUAGE SUMMARY 40 

This work provides the first look at how water vapor in the Martian polar atmosphere 41 

reacts to large dust storms in different years. Measurements of water vapor, atmospheric dust and 42 

surface temperatures collected by different spacecraft instruments in years with and without large 43 

dust storms are compared. These comparisons inform our understanding of how Martian water 44 

vapor is transported through the atmosphere and how it interacts with the surface.   45 

 46 

KEY POINTS 47 

Water vapor abundances over the Southern Polar Region of Mars are reduced following a 48 

Global Dust Storm. 49 

The decrease in water vapor abundances could be caused by disruption of southward 50 

vapor transport by a Global Dust Storm.  51 

 52 

Key Words: Mars, atmosphere; Mars, climate; Abundances, atmospheres. 53 
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1. Introduction 54 

The present-day water cycle is a window into the history of water on Mars. A key 55 

scientific question is understanding how Mars transitioned from an early history where water 56 

was in greater abundance, to today’s arid environment (Banfield et al., 2020).  57 

 All of the known water on present-day Mars is tied up in the north and south polar ice 58 

caps, in the subsurface, and in the atmosphere. Water vapor, in particular, is the most variable 59 

trace gas observed on Mars, being affected by atmospheric circulation, cloud formation, as well 60 

as by interactions with the regolith and surface ice deposits on seasonal and diurnal cycles. The 61 

global water cycle on Mars is driven largely by the annual exchange between the north polar ice 62 

cap and the atmosphere (e.g., Haberle et al., 2017). The presence of a perennial CO2 ice layer 63 

near the south pole has led to the hypothesis of a permanent cold trap for water vapor, where up 64 

to ~1010−1011 kg of water, representing 1−10% of the seasonal inventory of water vapor, may be 65 

deposited at the south pole each year (Jakosky, 1983; Brown et al., 2014). Placing limits on the 66 

modern-day water deposition rate in the Southern Polar Region (SPR) will provide important 67 

insight into the mass balance of volatiles and the stability of the polar ice cap, a key to 68 

unraveling the climatic history of Mars. 69 

 Along with water, dust is another important climatic parameter in the Martian 70 

atmosphere. Coupling between the water and dust cycles is particularly evident during global 71 

dust storms (GDSs), as the radiative effects of dust can dramatically alter atmospheric and 72 

surface temperatures, leading to significant modifications in the global circulation, vertical water 73 

distribution, water-ice cloud saturation conditions, as well as surface-atmospheric exchange rates 74 

(Guzevich et al., 2019; Savijarvi et al., 2020). A number of recent studies have highlighted the 75 

role of GDSs in enhancing the rate of water escape, by injecting water from the lower 76 
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atmosphere (0−40 km) into the middle atmosphere (40−150 km). Vandaele et al. (2019) and 77 

Fedorova et al. (2020) observed an increase in southern hemisphere H2O at altitudes between 78 

40−80 km during a planet-encircling dust storm. This phenomenon is thought to result from 79 

warmer atmospheric temperatures causing stronger atmospheric circulation and prohibiting water 80 

ice cloud formation. Chaffin et al. (2014; 2017) and Heavens et al. (2018) further linked the 81 

increase in atmospheric water content at high altitudes to an increase in hydrogen escape from 82 

Mars’ atmosphere. Montmessin et al. (2017) found that the mass transfer between the well-83 

mixed lower atmosphere and upper atmosphere (above ~150 km) where hydrogen can freely 84 

escape appears to occur on seasonal timescales, much shorter than theoretical predictions. These 85 

studies emphasize the strong coupling between (1) the water and dust cycles, and (2) the 86 

interconnections between the lower atmosphere and the upper atmosphere. The study presented 87 

here investigates these interdependences by doing a systematic and detailed assessment of the 88 

vapor and dust behavior during GDS years.  89 

We propose that just as global dust storms have been shown to significantly affect the 90 

water cycle in the middle atmosphere, they could similarly influence the water cycle in the lower 91 

atmosphere. While an increase in middle atmospheric water was observed during global dust 92 

storms, several studies noted a decrease in the overall water column abundance in the southern 93 

polar region (SPR) during a GDS. The three most recent (at the time of writing in the spring of 94 

2023) major global dust storms on Mars occurred during Mars Years (MY) 25 (2001), 28 (2007), 95 

and 34 (2018). Pankine and Tamppari (2019) showed that in MY25 column vapor abundances 96 

between 50°S−90°S were lower by ~5−10 pr-μm than in MY24 and MY26 (adjacent years 97 

without GDS) after Ls~250° during the decay phase of the GDS. These interannual difference are 98 

in response specifically to the effects of the MY25 GDS. Similarly, Smith et al. (2018) and 99 
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Trokhimovskiy et al. (2015) reported a decrease in CRISM and SPICAM water vapor 100 

abundances in the SPR, respectively, during the MY28 GDS relative to non-GDS years. 101 

Pankine and Tamppari (2019) put forth two possible mechanisms for the reduction in 102 

observed column water vapor abundances in the south polar region during a GDS: (1) Changes 103 

in surface temperatures (lower daytime surface temperatures and higher nighttime surface 104 

temperatures) during the GDS at latitudes between 50°S−60°S could lead to an overall reduction 105 

in regolith vapor desorption rates; (2) Changes in atmospheric circulation could reduce 106 

southward transport of water vapor from the southern mid-latitudes into the SPR during southern 107 

spring. The first hypothesis reduces the atmospheric vapor column in the SPR by sequestering 108 

water in the subsurface, while the second reduces the vapor column by preventing atmospheric 109 

water from entering the SPR.  110 

In this paper, we quantify the water vapor deficit in the SPR observed during the three 111 

most recent major GDSs on Mars occurred during MY25, MY28, and MY34, and compare the 112 

variabilities across the three global dust storm years. For the purpose of this study, our definition 113 

of the Southern Polar Region expands beyond traditional latitudinal boundaries to include 114 

unfrosted surfaces spanning from 40°S to the polar cap edge. The SPR defined in this way 115 

includes Hellas and Argyre Planitias, which may have significant effect on the circulation and 116 

vapor concentrations in the area (Steele et al., 2014). We examine and compare the water vapor 117 

abundances, dust optical depths, and surface temperatures (Tsurf), from latitudes 40°S−90°S 118 

between Ls =180°−360° during the three most recent GDS years, plus adjacent non-GDS years. 119 

The paper is organized as follows: Section 2 provides an overview of the datasets used in this 120 

study, Section 3 presents the results, which are discussed in Section 4, and conclusions are 121 

presented in Section 5. 122 



4 
 

2. Instruments and Datasets  123 

To assess the variabilities and characterize differences and similarities in water vapor 124 

abundances, atmospheric dust opacities, and surface temperatures, we use datasets from the Mars 125 

Global Surveyor (MGS) Thermal Emission Spectrometer (TES), the Mars Express (MEX) 126 

Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Mars (SPICAM), 127 

Mars Odyssey (MO) Thermal Emission Imaging System (THEMIS), the Mars Reconnaissance 128 

Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) and Mars 129 

Climate Sounder (MCS) instruments, as well as the Nadir and Occultation for MArs Discovery 130 

(NOMAD) instrument onboard the ExoMars Trace Gas Orbiter (TGO) spacecraft. We have 131 

considered observations collected by Planetary Fourier Spectrometer Long Wavelength channel 132 

(PFS/LW) aboard the Mars Express (MEx) spacecraft (Giuranna et al., 2021; Pankine, 2022b), 133 

but unfortunately the coverage of the SPR in MY28 and MY34 was not sufficient for analysis. 134 

Figure 1 shows a summary of GDS occurrences and the availability of the data products used in 135 

this study as a function of Mars year. These datasets are discussed below. To compare behavior 136 

of vapor abundances, dust opacities and surface temperatures in different years, we average the 137 

observations from each dataset into 10°-wide zonal bands from 40°S to 90°S, and 5° Ls time-138 

interval bins. Hundreds of observations are typically averaged per spatio-temporal bin resulting 139 

in statistically robust estimates of average quantities. Vapor abundances and dust opacities were 140 

scaled by surface pressure to remove effects of topography and possible biases associated with 141 

differences in longitudinal coverage. Only data retrieved above surfaces with Tsurf> 155 K were 142 

included in the analysis. Using this surface temperature criterion enables a simple approximation 143 

for selection of locations that are not covered by seasonal CO2 frost. Comparison of locations of 144 

seasonal cap boundaries derived with this simple criterion to locations of boundaries calculated 145 
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by Piqueux et al. (2015) from analysis of diurnal variability of surface temperature shows close 146 

correspondence. 147 

 148 

Figure 1. Occurrences of GDSs and usage of datasets between MY24 to MY34. 149 

2.1 MGS TES 150 
TES was an infrared spectrometer aboard the MGS spacecraft operating in the spectral 151 

range of 200−1700 cm-1 (6–50 µm, Christensen et al., 2001). TES made observations of Mars 152 

from a near-polar sun-synchronous orbit and operated in both limb-scanning and nadir-pointing 153 

viewing geometries. Spectra of the Martian surface and atmosphere were collected at two local 154 

times: ~2 am and ~2 pm. The complete TES dataset, consisting of ~200 million thermal infrared 155 

spectra, covers the time period from MY24 at Ls =104° to MY27 at Ls =82° (Smith, 2004; 2008). 156 

In this study, we use TES surface temperatures, atmospheric dust opacities (Smith, 2004; 157 

Pankine et al., 2023), and water vapor column abundances (Pankine and Tamppari, 2019) 158 

retrieved from nadir observations over the SPR in MY24 and MY25. 159 

2.2 MEX SPICAM IR 160 
The SPICAM IR spectrometer on the MEX spacecraft started observing Mars at the end 161 

of MY26 (January 2004). SPICAM IR is dedicated primarily to nadir measurements of water 162 

vapor abundance (Korablev et al., 2006). It is one of two channels of the SPICAM UV-IR 163 
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instrument. SPICAM IR analyzes solar radiation reflected from the surface of Mars and modified 164 

by atmospheric absorptions in the 1.0–1.7 μm spectral range. Local times of SPICAM IR 165 

observations vary through its mission due to the eccentricity of the MEX spacecraft’s orbit. In 166 

this work we utilize water vapor abundances for MY28 and MY29. In both MY28 and MY29 167 

SPICAM IR observations in the SPR cover all local hours throughout the second half of the year 168 

(Ls=180°−360°). We use SPICAM IR observations for local hours between 6 am and 6 pm. 169 

2.3 MO THEMIS 170 
THEMIS aboard the MO spacecraft observes Mars at nine wavelengths centered from 171 

671 cm-1 to 1470 cm-1 (6.8 to 14.9 μm), and in visible/near-infrared bands centered from 0.42 to 172 

0.86 μm (Christensen et al., 2004). THEMIS observations began in MY25 at Ls = 330° (February 173 

2002). Observations made by THEMIS in the nine infrared spectral bands enable the retrieval of 174 

the atmospheric dust opacity and surface temperature. The local times of the THEMIS 175 

observations varied between roughly 3 pm and 6 pm for MY26−MY29 (Smith, 2009), prior to an 176 

orbit node change. In this work we use THEMIS dust opacities and surface temperatures 177 

collected in MY28 at ~4−6 pm for comparison with MCS data in MY29. 178 

2.4 MRO CRISM 179 
CRISM is a visible/near-IR imaging spectrometer on the MRO spacecraft, which began 180 

taking data in MY28 at Ls~101° (September 2006) and ended on Ls~222° in MY36 (May 7, 181 

2022) (Murchie et al., 2007; Seelos et al., 2023). CRISM operated in the spectral range of 0.36–182 

3.92 μm. Spectra were taken in nadir and off-nadir geometry. Near-infrared reflectance spectra 183 

taken by CRISM can be used to retrieve atmospheric column abundances of CO2, CO and water 184 

vapor. Local times of CRISM observations are ~3 pm. In this work we use CRISM water vapor 185 

abundances in MY29 as the reference observation for a non-GDS year. 186 
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2.5 MRO MCS 187 
MCS is a radiometer on the MRO spacecraft that observes Mars in nine spectral intervals 188 

with 20 cm−1 and broader spectral passbands in the range 0.3–45 μm (McCleese et al., 2007). 189 

Each spectral band is represented by a 21-element linear array. MCS can observe in limb, nadir 190 

and on planet (8−10° below limb) viewing geometry modes. Limb observations provide vertical 191 

profiles of temperature and aerosols for altitudes from ~10 to 80 km, while nadir views provide 192 

column abundances of aerosols and surface temperatures. Local times of MCS observations are 193 

approximately ~3 am and~3 pm. 194 

2.6 TGO NOMAD 195 
The NOMAD spectrometer suite aboard the TGO spacecraft combines three channels, 196 

covering a spectral range from the UV to the IR (Vandaele et al., 2015). NOMAD can perform 197 

solar occultation, nadir, and limb observations. The solar occultation only channel (SO) covers 198 

the infrared (2.3–4.3 µm), the second infrared channel (2.3–3.8 µm) can observe in nadir, but 199 

also solar occultation and limb viewing geometry (LNO – Limb Nadir and solar Occultation), 200 

and the ultraviolet/visible channel (UVIS – UV visible, 200–650 nm) can work in all observation 201 

modes. The TGO spacecraft is in a 2-hr precessing orbit that enables NOMAD to observe the 202 

day and nightsides of Mars at many local times and latitudes. The majority of observations are 203 

for local hours between 8 am and 4 pm. The nominal science phase operations began in MY34 at 204 

Ls~140° (March 2018). In this work we use retrievals of water vapor abundances from the 205 

NOMAD LNO channel (Crismani et al., 2021) during the first year of the mission (Ls~140° in 206 

MY34 to Ls~135° in MY35).  207 

2.7 Dust opacity datasets 208 
For our study, we looked at the three most recent GDSs that occurred during MY25, 209 

MY28, and MY34. We have chosen to use dust opacity data retrieved from TES, THEMIS and 210 
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MCS observations for these storms. We have selected observations by these particular 211 

instruments because they provide good spatial and temporal coverage of the SPR in years with 212 

and without GDSs. Martian GDS typically occur between southern spring (Ls=180°) and summer 213 

(Ls=270°), but each dust storm can have vastly different characteristics (Wolkenberg et al., 214 

2020). Figure 2 illustrates evolution of dust opacities in the zonal band between latitudes 40°S 215 

and 60°S observed by TES, THEMIS, and MCS during second half of MY24, MY25, MY28 and 216 

MY34. TES MY24 observations provide a reference for a typical Mars year without a GDS. The 217 

GDSs that occurred in MY25 and MY34 began early in the dust season at Ls ~185°, near the 218 

southern vernal equinox. Both became planet encircling storms by Ls ~193°, however their decay 219 

phases had significantly different durations. In MY25 the atmospheric dust opacity remained 220 

above climatological values until Ls ~275°, while the MY34 storm lasted only until Ls~230°− 221 

much shorter compared to the events in MY25 and MY28. Meanwhile, the GDS of MY28 began 222 

much later in the dusty season with an onset of Ls~265° after perihelion during the period of 223 

solsticial activity (Wolkenberg et al., 2020). Elevated dust loading was distributed throughout the 224 

entire planet as far north as 40°N during this storm. An increase in dust opacities starting on 225 

Ls=320°−340° in MY34 corresponds to a regional storm ‘C’ typically occurring at this time of 226 

Mars year (Kass et al., 2016). 227 
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 228 

Figure 2. Zonally averaged surface pressure-scaled dust opacities (at 1075 cm-1) in the 229 
zonal band 40°S-60°S during years with GDSs: MY25, MY28, MY34. Dust opacities during 230 
MY24 illustrate typical variability of dust during southern spring and summer in a year 231 
without a GDS. Increased dust opacities around Ls=330° in MY34 correspond to a regional 232 
dust storm. 233 

2.7.1 MGS TES dust opacity 234 
Dust opacities for MY24 and MY25 were extracted from derived products of re-235 

calibrated TES dataset (Pankine 2020; 2022a; Pankine et al., 2023). These dust opacities were 236 

retrieved from TES spectra that were corrected for the presence of a calibration error (Pankine, 237 

2015; 2016). The retrieval algorithm is similar to that used by Smith (2004), but accounts for the 238 

presence of radiometric error in the TES spectra (Pankine et al., 2023). This results in a relatively 239 

small difference (~5%) between daytime dust opacities used in this work and those derived by 240 
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Smith (2004).The retrieval algorithm searches for the best fit to radiances observed in multiple 241 

TES spectral channels by iteratively varying dust and water ice opacity, and surface temperature 242 

(Smith, 2004). Atmospheric temperatures used in the retrieval are retrieved from TES radiances 243 

across the 665 cm-1 CO2 absorption band in a separate step (Conrath et al., 2000). TES dust 244 

opacities are for wavenumber 1075 cm-1. 245 

2.7.2 MO THEMIS dust opacity 246 
Dust opacities for MY28 are from the THEMIS dataset that covers MY26−29 (Smith, 247 

2009). The THEMIS dust opacity retrieval algorithm finds the best fit to radiances in THEMIS 248 

Bands 3–8 (roughly 830−1250 cm-1) by iteratively varying dust and water ice opacities. 249 

Atmospheric temperatures used in the retrieval were found in a separate step using observations 250 

in THEMIS Band 10 and climatological TES temperatures (Smith, 2009). THEMIS dust 251 

opacities are for wavenumber 1075 cm-1, similar to TES. 252 

2.7.3 MRO MCS dust opacity 253 
Dust opacities for MY29 and MY34 were extracted from the MCS dataset (Kleinböhl et 254 

al., 2009). MCS dust opacities are retrieved from radiances in channel A5, centered around 463 255 

cm-1 (21.6 μm). For limb retrievals retrieved dust opacity profiles between 10−80 km are 256 

extrapolated to the surface. MCS opacities at 463 cm-1 were converted to opacities at 1075 cm-1 257 

(9.3 μm) for ease of comparison with TES opacities using a conversion factor of 2.2 258 

corresponding to the ratio of extinction coefficients at these wavenumbers for dust particles with 259 

radius 1.5 μm (Wolff and Clancy, 2003). 260 

2.8 Dust opacity uncertainties 261 
Typical retrieval errors for daytime dust opacities are ~10% (e.g. Smith 2004; Smith 262 

2009; Kleinböhl et al. 2009). Retrieval errors are likely higher during intense dust storm events, 263 
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possibly reaching 20% and higher (Smith 2009). Hundreds of individual retrievals are typically 264 

averaged to produce the zonal averages used in this work, significantly reducing opacity 265 

uncertainty associated with random errors. However, retrieval uncertainties associated with 266 

calibration and other systematic errors are not reduced by averaging. During GDS when dust 267 

opacities increase above unity at the observing spectral range, dust in the lowest part of the 268 

atmosphere is not detectable by orbiting remote sensing instruments, which may lead to an 269 

underestimation of opacities by 30−50%. Another potential source of error is the choice of the 270 

factor for converting MCS opacities at 463 cm-1 to 1075 cm-1. We assume effective radius of 1.5 271 

μm for the dust particles corresponding to a conversion factor of 2.2. Figure 2 shows that MCS 272 

opacities in MY34 during times outside of strong dust events are consistent with opacities 273 

retrieved by TES in MY24 (Ls=240°−320°), supporting this choice of conversion factor. During 274 

a GDS, larger particles could be lofted into the air, increasing the effective radius of the dust 275 

particles population (Wolff and Clancy, 2003). For particles with effective radius of 2 and 3 μm, 276 

the conversion factors are 1.9 and 1.5, respectively. Therefore, estimated MCS opacity at 1075 277 

cm-1 could be overestimated by ~15−30% during a GDS. In this work, we do not use dust opacity 278 

directly in our analysis. We use it to establish the time period when the atmosphere is affected by 279 

the dust activity during a GDS. Since large dust particles appear in the atmosphere at the peak of 280 

the storm, the uncertainty in the dust opacity that is associated with possible underestimation of 281 

dust particle sizes is the largest during the same time. However, this has no effect on the 282 

determination of the time period when dust opacities are elevated during a GDS above their 283 

typical values. Therefore, the uncertainty of the dust opacity conversion factor has no effect on 284 

our analysis.  285 
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2.9 Water vapor datasets 286 
The water vapor abundance datasets used in this work are briefly reviewed below.  287 

2.9.1 MGS TES water vapor 288 
Water vapor abundances for SPR in MY24−25 were retrieved from TES daytime nadir 289 

observations (Pankine and Tamppari, 2019). TES vapor abundances were retrieved from the 290 

200−300 cm-1 (50−33 μm) spectral region in the TES spectra. Atmospheric temperatures 291 

required for the retrieval were retrieved from TES spectra in a separate step (Conrath et al., 292 

2000). Retrievals over low-temperatures regions (Tsurf<240 K), such as recently thawed areas in 293 

the SPR and nighttime surfaces, have higher uncertainties than vapor retrievals over warmer 294 

surfaces (Smith 2002; 2004).  295 

2.9.2 MRO CRISM water vapor 296 
We use water vapor abundances retrieved from CRISM nadir spectra at ~3 pm local time 297 

from the ~2.6-μm spectral band (Smith et al., 2018) in MY29 for comparison to NOMAD vapor 298 

data in MY34 (see discussion in Section 3.3). CRSIM vapor abundances are also available for 299 

MY28, and they show behavior similar to SPICAM abundances (Section 2.9.3). In the interest of 300 

keeping the paper short, analysis of the GDS in MY28 is based on the SPICAM data only. 301 

CRISM water vapor retrievals are run on spectra averaged from 100×100 pixels in the central 302 

area of the nadir image. The water vapor ~2.6-μm spectral band is mixed with a strong CO2 303 

band, therefore CO2 and water vapor retrievals are run simultaneously. Spectra with spectral 304 

signatures of surface ice are excluded from retrieval. Atmospheric temperatures required for 305 

retrieval are taken from TES climatology (Smith, 2004). Atmospheric dust and water ice aerosols 306 

affect spectral signatures of gases observed in CRISM spectra and their optical depths are taken 307 

from concurrent observations from THEMIS (Smith et al., 2009). 308 
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2.9.3 MEX SPICAM IR water vapor  309 
Water vapor abundances are retrieved using the ~1.38 μm spectral band (Trokhimovskiy 310 

et al., 2015). We use SPICAM daytime retrievals in MY28−29 to compare vapor abundances in 311 

the SPR during GDS and non-GDS years. Vapor retrievals were limited to those for local hours 312 

between 6 am and 6 pm to minimize effects of possible diurnal variability when comparing to 313 

TES vapor abundances (see discussion in Section 2.10). Pressure and temperature profiles 314 

required for the retrieval were taken from the Mars Climate Database (MCD, Millour et al., 315 

2009).These profiles were simulated by the Global Circulation Model (GCM) with assimilated 316 

TES data. SPICAM IR retrieval accounts for scattering effect of atmospheric aerosols (dust and 317 

water ice). Opacities of aerosols were taken from THEMIS (Smith et al., 2009) and interpolated 318 

to locations and times of SPICAM IR observations. 319 

2.9.4 TGO NOMAD water vapor  320 
NOMAD LNO channel can measure water vapor abundances in the atmosphere of Mars 321 

using observations in the 2.3–4.3 μm spectral range (Crismani et al., 2021). We use NOMAD 322 

water vapor abundances retrieved from daytime observations during Ls=180°−360° in MY34 to 323 

study the effects of the GDS in MY34 on the water vapor cycle in the SPR. There were no 324 

NOMAD data for Ls=180°−360° for years after MY34 to compare with NOMAD MY34 at the 325 

time this work was carried out. Therefore, we compare NOMAD abundances during and after the 326 

GDS of MY34 to CRISM abundances in MY29 during the same season, and we use NOMAD 327 

abundances during Ls=0°−135° in MY35 for comparison with CRISM data in MY29 to establish 328 

that vapor abundances are similar in the two datasets during times of low atmospheric dust 329 

loading. The majority of NOMAD observations in MY34 are for local hours between 8 am and 4 330 

pm. Limiting analysis to local hours of observations in the range from 11 am to 4 pm reduces the 331 

number of available data, but does not significantly change the results reported in Section 3.3.  332 
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2.10 Water vapor abundance uncertainty 333 
Uncertainty due to random factors in retrieved water vapor abundances are typically 334 

below 10−20% for the datasets used in this work. Zonal averaging of many individual retrieval 335 

significantly reduces this uncertainty, to the level of a few percent or lower. Systematic 336 

uncertainties that are not reduced by averaging could be associated with calibration, choice of 337 

environmental parameters, and approach to modeling vapor absorption. Different instruments 338 

measure different bands of water (SPCIAM IR: ~1.38 μm; CRISM and NOMAD: ~2.6 μm; TES: 339 

~25−50 μm), and therefore, make different assumptions about modeling the absorption features, 340 

aerosols and surface at their respective spectral ranges. These uncertainties are difficult to 341 

quantify. Systematic differences between different datasets of water vapor abundances have been 342 

noted before (Tschimmel et al., 2008; Fedorova et al., 2010; Pankine, 2022b) and are subject of 343 

ongoing debate. To avoid systematic differences, we compare vapor abundances measured by the 344 

same instruments. When this is not possible (like in the case of GDS in MY34), and results from 345 

different instruments are compared (NOMAD and CRISM), we verify that these instruments 346 

retrieve similar vapor abundances during times of low dust loading, and, therefore, there are no 347 

systematic differences between these instruments. Different instruments observe water vapor at 348 

different local times and detected vapor abundances may differ due to diurnal variability of vapor 349 

abundances. Water vapor mixing ratios vary diurnally due to formation of water ice clouds and 350 

near-surface fog at night, and due to desorption/adsorption exchange with the subsurface. 351 

However, these changes are small and do not noticeably affect column abundances (e.g. 352 

Savijarvi et al., 2019). Nevertheless, we limit our analysis to daytime vapor abundances to 353 

minimize possible differences associated with vapor diurnal cycle.      354 
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2.11 Surface-temperature datasets 355 

2.11.1 MGS TES surface temperatures 356 
Surface temperatures for MY24 and MY25 were extracted from derived products of re-357 

calibrated MGS TES dataset (Pankine 2020; 2022a).These surface temperatures were retrieved 358 

from TES spectra corrected for the presence of calibration error and radiometric error (Pankine et 359 

al., 2023). These surface temperatures may differ by 1−2 K from the temperatures retrieved by 360 

Smith (2004) for surface temperatures above ~240 K. For lower temperatures, the difference 361 

could be larger (~10 K), because calibration and radiometric errors effects were larger for 362 

observations of low radiances. 363 

2.11.2 MRO MCS surface temperatures 364 
Surface temperatures for MY29, MY33 and MY34 were extracted from the MCS dataset 365 

(Kleinböhl et al., 2009). For limb observations surface temperature is determined by 366 

extrapolating from atmospheric temperature at the lowest level. Similar to dust opacities, MCS 367 

surface temperatures are available starting from MY28 Ls=330°.  368 

2.11.3 MO THEMIS surface temperatures 369 
Surface temperatures for MY28 were extracted from the THEMIS dataset (Smith, 2009). 370 

THEMIS surface temperatures are found as part of the retrieval of atmospheric aerosol opacities. 371 

THEMIS surface temperatures are available only for daytime (~4 pm to 6 pm) and only for 372 

locations with Tsurf above ~225 K.  373 

3. Results 374 

This section presents inter-comparison results between environmental fields observed 375 

during GDS years in MY25, MY28 and MY34 and adjacent non-GDS years.   376 
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3.1 MY25 GDS 377 
To explore the influence of the MY25 GDS on the water vapor cycle at the SPR, we 378 

compare TES observations in MY25 to observations in non-GDS MY24. Figure 3 compares 379 

zonally averaged water vapor column abundances and dust opacities during Ls=180°−360° in 380 

MY25 and MY24. Data for the MY25 dust storm year are shown in red, while MY24 non-dust 381 

storm year data are in blue. The GDS of MY25 manifests itself as a sharp rise in the dust opacity 382 

in the 40°S−50°S and 50°S−60°S latitudinal bands starting from Ls ~180°. Dust opacity peaks in 383 

these bands at Ls~210°. The relative increase in dust opacities in MY25 relative to MY24 384 

decreases from the outermost zonal band of 40°S−50°S to the innermost band of 80°S−90°S as 385 

atmospheric dust is unable to penetrate deep into the polar atmosphere. Dust opacities in MY25 386 

remain higher than in MY24 in all zonal bands until Ls~235°, except in the outermost band, 387 

where elevated opacities in MY25 are observed for much longer – until Ls~290°. In response to 388 

the GDS, the vapor column abundances in MY25 decrease compared to MY24. The earliest time 389 

vapor abundances can be retrieved in the 40°S−60°S zonal bands following the start of the storm 390 

in MY25 are at Ls=220°−225°. In the 60°S−70°S zonal band vapor abundances do not appear to 391 

deviate from MY24 abundances until Ls~210°. After that Ls the observed dust opacity in the 392 

50°S−70°S zonal bands is decreasing from its peak value until it returns to typical values at 393 

Ls~230°, but the depletion in water vapor column abundances persist late into the Martian year, 394 

until Ls~310°. 395 

Moving further south, the delay in vapor column depletion during GDS year is even more 396 

noticeable in the 70°S−80°S and 80°S−90°S latitudinal bands, where the water vapor column 397 

abundances during the dust storm year are similar to abundances in MY24 all the way until 398 

Ls~250°− well into the decay phase of the MY25 dust storm. Lower vapor abundances in MY25 399 
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are observed until Ls~310°, long after dust opacity levels in MY25 have returned to MY24 400 

levels. 401 

 402 

Figure 3. TES daytime water vapor column abundances (left) and scaled dust opacities 403 
(right) during Ls=180°-360° in MY24 (blue) and MY25 (red). 404 



405 

406 

407 

408 

409 

410 

411 
412 
413 
414 

415 

 

T

surface te

decrease 

storm (Ls

however 

Figure 4
surface t
(top), 20

F

temperatu

The increase 

emperatures

in daytime t

s~275°, botto

water vapor

4. Polar plot
temperature
5°-210° (mi
igure 5 show

ures Tsurf in 

in atmosphe

 being signif

temperatures

om row in F

r remain low

ts of MGS T
es in MY25
iddle) and 2
ws the behav

the SPR dur

eric opacity d

ficantly cool

s reflects red

Figure 4), sur

wer than MY

TES water v
 (middle) an

270°-275° (b
vior of the M

ring the seco

18 

during the pe

ler than duri

duced insolat

rface temper

24 levels.

vapor in MY
nd MY24 (r

bottom). 
MGS TES day

onds half of M

eak of the M

ng MY24 (m

ation during t

ratures return

Y25 (left), an
right) in the

ytime and ni

MY24 and M

MY25 storm 

middle row i

the GDS. Fo

n to pre-stor

nd MGS TE
e SPR durin

ighttime surf

MY25. Dayt

 leads to day

in Figure 4).

ollowing the 

rm levels, 

ES daytime 
ng Ls=185°-1

face 

time surface 

ytime 

 The 

 

190° 



19 
 

temperatures during the dust storm decrease in the zonal bands between 40°S and 70°S. This 416 

decrease is in response to a decrease in insolation due to increased atmospheric opacity. The dust 417 

storm has very little effect on the daytime Tsurf poleward from 70°S, because the sun is still low 418 

over horizon during most of the storm (Ls=210°−240°) and does not provide significant heating 419 

to the ground. This can be seen in the behavior of the Tsurf during MY24, where the temperature 420 

does not begin to increase above ~160 K until after Ls~235° and ~250° in the 70°S−80°S and 421 

80°S−90°S bands, respectively. Parts of these zonal bands are still covered by the seasonal CO2 422 

frost during this time, but only areas that are free from ice are used to calculate Tsurf (see Section 423 

2.11).  424 

Nighttime surface temperatures during the MY25 dust storm increase in the zonal bands 425 

between 40°S and 60°S (Figure 5). The increase is in response to relatively larger downwelling 426 

IR radiation at nighttime caused by enhanced opacity. The effect of the storm on nighttime Tsurf 427 

in the zonal 60°S−70°S is very small (due to low temperatures) and cannot be seen in Figure 5. 428 

Retrievals of nighttime Tsurf are not available in the zonal bands south of 70°S until 429 

Ls~225°−235° when atmospheric dust opacities in MY25 and MY24 are very similar. No 430 

difference is observed between nighttime Tsurf in these zonal bands. 431 
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 432 

Figure 5. MGS TES daytime (left) and nighttime (right) surface temperatures in the SPR 433 
during MY24 (blue) and MY25 (red). 434 
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3.2 MY28 GDS 435 
Figure 6 compares water vapor abundances and dust opacities during MY28 and MY29. 436 

For the comparison between adjacent years MY28 (GDS) and MY29 (non-GDS), we use water 437 

vapor column abundances from Mars Express SPICAM (Section 2.9.3), and dust opacities from 438 

THEMIS for MY28 (Section 2.7.2) and MCS for MY29 (Section 2.7.3). MCS data are not 439 

available for MY28, thus necessitating the use of two different datasets for dust opacity data. 440 

THEMIS data typically have poorer latitudinal coverage than MCS data, therefore we used MCS 441 

rather than THEMIS data for MY29. Water vapor abundances in the SPR in MY28 and MY29 442 

are also available from CRISM observations, and they show similar behavior as the abundances 443 

retrieved from SPICAM data. Only SPICAM data are shown below to keep the paper short. 444 

The GDS of MY28 began around southern summer solstice at Ls~265°. Dust opacities 445 

can be seen increasing sharply at latitudes between 40°S −70°S at this time (Figure 6). In the 446 

40°S −60°S bands, dust opacity did not return to pre-storm levels until Ls~310°−315°. Dust 447 

opacities did not noticeably increase in the 70°S −90°S latitudinal bands suggesting that 448 

southward transport of dust was limited during the MY28 GDS. 449 

The vapor column in zonal bands between 40°S−90°S is observed to respond nearly 450 

immediately after the sharp rise in dust opacities in the outer (40°S−60°S) bands at Ls~265°. 451 

Even at high southern latitudes where the dust does not penetrate as far south towards the poles, 452 

the relative change in vapor column is significant, decreasing from 30 pr-μm during 453 

Ls~280°−300° in MY29, to only 10 pr-μm during the same time period in MY28 GDS year 454 

(Figure 6). Water vapor abundances in MY28 continue to be lower than in MY29 until 455 

Ls~320°−330°. Water abundances remain lower than in MY29 even after dust opacities return to 456 

pre-storm levels after Ls~310°.  Areas south of 70°S are relatively clear of dust during the MY28 457 
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storm. However, water abundances over these latitudes are noticeably lower than during the 458 

same period in MY29 (Ls=270°−310°). 459 

In MY29 when no GDS was present, vapor abundances generally increase during 460 

southern spring and early summer (Ls=180°−280°), reflecting the southward transport of vapor 461 

by atmospheric circulation and sublimation of seasonal surface frost (Figure 6). A temporary 462 

decrease in abundances at Ls=230°−255° coincides with a regional dust storm ‘B’ (Kass et al., 463 

2016). Unlike after the GDS of MY28, vapor abundances quickly increase to their pre-storm 464 

level after the end of the regional storm. Vapor abundances reach their maximum values (~30 pr-465 

μm) at latitudes 70°S−90°S at Ls~280°−295° after the seasonal polar cap completely disappears. 466 
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 467 

Figure 6. (Left) SPICAM IR daytime water vapor column abundances in MY28 (red) and 468 
29 (blue). (Right) THEMIS MY28 (red) and MCS MY29 (blue) dust opacities during 469 
Ls=180°−360°. 470 

Polar plots show spatial variability of dust before, during, and after the MY28 GDS, and 471 

the coincident changes in the polar ice cap extent during this season.   472 
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 473 

Figure 7. Polar map of SPICAM IR scaled water vapor abundances at Ls~280°−290° in 474 
MY28 GDS year (left), and in MY29 non-GDS year (right). 475 

 Comparison of water vapor abundances observed by SPICAM IR in MY28 vs. MY29 476 

shows a strong response in the water cycle during the MY28 GDS (Figure 6, Figure 7). In 477 

particular, water vapor abundances at all latitudes in the SPR declined sharply at the onset of the 478 

MY28 GDS (Ls~260°) and remained at lower values until Ls~320°−330° when compared to 479 

vapor abundances during a nominal year without a GDS (e.g., MY29). Polar plots of vapor 480 

column abundances in the SPR at Ls=280°−290° in MY28 and MY29 in Figure 7 illustrate the 481 

difference between years with and without a GDS. The suppressed vapor abundances over the 482 

SPR were observed even when the dust opacity decreased to pre-storm levels.  483 

Figure 8 compares daytime surface temperatures in the SPR in MY28 and MY29. 484 

Observations in MY28 are by THEMIS, because MCS observations in MY28 started only after 485 

Ls~330°. No nighttime THEMIS observations are available. Daytime THEMIS surface 486 

temperatures are for local times that vary between 4 pm and 6 pm, while MCS observations are 487 
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for 3 pm. This difference in local times of observations may be responsible for some of the 488 

difference between THEMIS and MCS surface temperatures in Figure 8. However, the decrease 489 

in THEMIS daytime Tsurf relative to MCS temperatures in the zonal bands north of 70°S during 490 

Ls=270°−310° correlates with the increase in the atmospheric dust opacities and likely represents 491 

the response to decreased insolation.   492 
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 493 

Figure 8. Comparison of daytime surface temperatures in the SPR during THEMIS MY28 494 
(red) and MCS MY29 (blue). 495 

3.3 MY34 GDS 496 
For the GDS in MY34, we use water vapor column abundances retrieved by TGO 497 

NOMAD. At the time this study was carried out, retrievals of NOMAD water vapor abundances 498 
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were only available for the time interval from Ls~150° in MY34 to Ls~135° in MY35 (as a 499 

supplement to Crismani et al., 2021). Therefore, NOMAD vapor abundances during the second 500 

half of MY34 could not be compared to other NOMAD observations of the same season in a 501 

different year. We use CRISM observations during non-GDS MY29 as the reference 502 

observations for comparison with NOMAD MY34. There are two reasons for selecting CRISM 503 

observations for comparison with NOMAD. First, both instruments use water vapor absorption 504 

near 2.6 μm to retrieve atmospheric abundances, which likely reduce possible uncertainties that 505 

could be associated with the usage of absorption models for different spectral ranges. Second, 506 

NOMAD and CRISM retrieved abundances compare well for seasons with low atmospheric dust 507 

levels (i.e., Ls=0°−180°) between different years. To compare CRISM and NOMAD vapor 508 

abundances during different Mars years, individual retrievals were zonally averaged in zonal 509 

bands 4° wide and in Ls intervals 5° wide. NOMAD retrievals with local times between 8 am and 510 

4 pm were used. Local times of CRISM observations are ~3 pm. Daytime vapor abundances are 511 

not expected to be significantly affected by the diurnal cycle of water vapor (see discussion in 512 

Section 2.10), therefore, the difference in local hours of observations between the two datasets 513 

should not affect the comparison. Figure 9 shows the comparison between averaged CRSIM and 514 

NOMAD abundances in latitude-Ls bins during Ls=0°−135° in MY29 and MY35 (orange 515 

symbols) and during Ls=150°−360° in MY29 and MY34 (blue symbols). The solid line indicates 516 

a one-to-one correspondence between CRISM and NOMAD abundances, while the dashed line 517 

corresponds to NOMAD abundances being a factor of two lower than CRISM abundances. 518 

Ls=0°−150° is typically the low dust period of the Martian annual dust cycle (Smith 2004; 2008). 519 

Figure 9 shows that during this time period in MY29 and MY35, NOMAD vapor abundances 520 

show a high degree of similarity with CRISM abundances, falling close to the one-to-one 521 
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correspondence line, except for when NOMAD abundances are low (~1−7 pr-μm), which are 522 

~3−4 pr-μm lower than the CRISM observations. In contrast, the NOMAD abundances retrieved 523 

during the second half of MY34, which includes the appearance of the GDS, are seen to be 524 

consistently lower than CRSIM abundances, reflecting the effects of dust loading on the water 525 

cycle during and after the GDS.  526 

 527 

Figure 9. Comparison of the averaged NOMAD and CRISM water vapor abundances in 528 
the same latitude-Ls bins during Ls=150°-360° in MY29 and MY34 (blue), and Ls=0°−135° 529 
in MY29 and MY35 (orange).    530 

The effects of the MY34 GDS on the vapor cycle in different zonal bands in the SPR are 531 

illustrated in more detail in Figure 10. Panels in the left column of Figure 10 compare zonally 532 

averaged water vapor abundances derived from CRISM data in MY29 and NOMAD data in 533 
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MY34 during Ls=180°−360°, for different latitudinal bands. Zonally averaged scaled MCS dust 534 

abundances in the SPR in MY29 and MY34 are shown in the right column in Figure 10 for the 535 

same latitudinal bands. The GDS of MY34 manifests itself as an increase of dust opacities during 536 

Ls=185°−240° at latitudes north of 70°S. The highest opacities are observed at Ls~210°. There 537 

were no valid NOMAD water vapor data in the innermost zonal band of 80°S−90°S, therefore 538 

only CRISM vapor data appear in this band. In the other zonal bands, NOMAD vapor 539 

abundances appear systematically lower than CRISM abundances during and after the GDS. 540 

CRISM abundances are typically higher than NOMAD abundances by ~5−10 μm, except at 541 

Ls~245°−250° at latitudes 60°S−80°S when this difference decreases to 2−4 μm. We attribute 542 

this systematic difference between vapor abundances in the year with and without the GDS to 543 

effects of the GDS. 544 

Figure 11 provides a comparison between daytime (left column) and nighttime (right 545 

column) surface temperatures observed by MCS in MY29 and MY34. During the MY34 GDS, 546 

MCS daytime surface temperatures decrease by several degrees at latitudes equatorward of 70°S. 547 

The decrease is associated with the increase in atmospheric opacity decreasing insolation.  The 548 

difference between daytime surface temperatures at latitudes south of 70°S between MY29 and 549 

MY34 is very small because atmospheric opacities remain low at these latitudes during the GDS. 550 

The recently thawed ground is still very cold (Tsurf~160 K) and is slow to respond to changes in 551 

insolation, and insolation levels are low at these high southern latitudes during early spring. 552 

Nighttime surface temperatures increase at latitudes north of 70°S because of the higher 553 

atmospheric opacities that reduce surface heat loss at night. Similar to daytime temperatures, 554 

nighttime temperatures show little change at latitudes poleward of 70°S for similar reasons. 555 
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 556 

Figure 10. CRISM and NOMAD water vapor column abundances in MY29 and MY34, 557 
respectively (left); MCS MY29 and MY34 dust opacities scaled to 1075 cm-1 (right) during 558 
Ls=180°−360°. 559 
 560 



31 
 

 561 

Figure 11. MCS daytime (left) and nighttime (right) surface temperatures in the SPR 562 
during MY29 (red) and MY34 (blue). 563 

 564 
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3.4 Results from all three Dust Storms 565 
 For all three GDSs that occurred in MY25, MY28, and MY34, water vapor column 566 

abundances remain depleted after dust opacities have returned to their climatological values. 567 

During the MY25 storm, the decrease in abundances is clearly observed ~50°−70° of Ls after the 568 

start of the storm and its magnitude is ~5−10 pr-μm, increasing closer to the South Pole. During 569 

the MY28 and MY34 storms, the vapor depletion is observed simultaneously with the onset of 570 

elevated dust loading at the start of the GDS in all zonal bands within the SPR. The magnitude of 571 

abundance decrease during the GDS of MY28 is ~10−20 pr-μm, increasing towards the South 572 

Pole. In MY34 the magnitude of vapor decrease is ~10 pr-μm in all zonal bands. Surface 573 

temperatures in the SPR respond to increased dust opacities by decreasing during the day and 574 

increasing at night, when compared to same season in years without a GDS. The response of the 575 

surface temperatures (day and night) to the increased atmospheric opacity is the weakest south of 576 

70°S latitude in all GDS years analyzed in this work. 577 

4. Discussion 578 

All GDSs explored in this study show a decrease in SPR vapor abundances following an 579 

increase in dust opacities. This decrease in abundances cannot be attributed to the inability of the 580 

orbiting remote instruments to detect atmospheric vapor in the lower atmosphere during times of 581 

high atmospheric opacity, because it continues to be observed even after dust opacities return to 582 

climatological levels. This decrease in vapor could be interpreted as a response to changes in the 583 

atmospheric transport or to changes in surface-atmosphere vapor exchange, as proposed in 584 

Pankine and Tamppari (2019). According to the GCM simulations of water vapor transport in the 585 

Martian atmosphere in years without a GDS (Steele et al., 2014; Navarro et al., 2014), vapor is 586 

concentrated in the equatorial and tropical lower atmosphere at the start of southern spring 587 

(Ls=180°). In the southern hemisphere, stationary waves transport vapor from the tropics into the 588 
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southern extra-tropics. By Ls=225°, water vapor abundances increase above southern mid-589 

latitudes and poleward transport by stationary waves continues, while vapor released from the 590 

sublimating southern seasonal cap is transported from the south pole to mid-latitudes. At the start 591 

of the southern summer at Ls=270° most of the water vapor is found in the atmosphere above the 592 

SPR, with the poleward transport by mean meridional circulation still strong in mid-latitudes. 593 

Disruption of this circulation pattern by a GDS at any time during southern spring may cause a 594 

net decrease in the vapor transport into the SPR, resulting in a decrease in abundances following 595 

the storm. On the other hand, changes to surface temperatures during a GDS may decrease 596 

sublimation rates of water ice in the soil pores or vapor desorption rates, also leading to 597 

decreased abundances. 598 

All analyzed GDS areas poleward from 70°S exhibit a decrease in vapor abundances 599 

during or following the storm even though dust opacities there remain relatively low. This 600 

suggests that the decrease in vapor at these latitudes is related to the atmospheric transport rather 601 

than to the vapor exchange with the surface. The observed dust opacities remain low near the 602 

South Pole during GDS, which is also consistent with weak poleward atmospheric transport from 603 

mid-latitudes during this season. 604 

The timing of the water vapor decrease differs across the three storms − the GDS of 605 

MY25 shows a delay in a vapor cycle response to increased atmospheric opacities, while during 606 

the GDS of MY28 and MY34 the decrease in vapor is coincident with the increase in opacities. 607 

Even though the GDS of MY25 and MY34 started at approximately the same time of year 608 

(Ls~180°−190°), the timing when vapor decreased in different zonal bands was different. The 609 

reason for this behavior is unclear. It could be that the Ls date of the GDS is just one of a number 610 

of possible factors affecting the response of the water cycle to the dust storm.  611 
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The role of atmospheric transport in the observed decrease in vapor abundance in the 612 

SPR following a GDS is supported by the NOMAD observation of water vapor vertical 613 

distribution during GDS of MY34 (Aoki et al., 2019). In that work, vapor abundances observed 614 

by NOMAD during and after the GDS of MY34 were compared to the distribution of vapor 615 

simulated by GCM for a non-GDS year. Observed abundances increased at altitudes between 616 

40−100 km in the equatorial region and mid-latitudes in both hemispheres after the onset of the 617 

GDS at Ls~190°. As the storm developed, abundances decreased at altitudes below 40 km in the 618 

equatorial region and mid-latitudes in both hemispheres at Ls=210°−215°. This dramatic change 619 

in the distribution of water vapor is also supported by the GCM modeling by Holmes et al. 620 

(2022). Holmes et al. (2022) simulated water vapor distribution in the atmosphere during the 621 

MY34 GDS using a general circulation model and assimilation of observations of temperature, 622 

dust, and water vapor from TGO NOMAD and ACS spectrometer suites (Korablev et al., 2018), 623 

and from MRO MCS. Simulations showed that vapor moved to altitudes above 40 km during the 624 

storm. This redistribution of vapor in the equatorial region and mid-latitudes could explain the 625 

observed reduction in vapor abundances in the SPR: the lower atmosphere vapor at mid-latitudes 626 

is no longer available for transport to the SPR, which leads to the observed decrease in 627 

abundances there following the GDS.  628 

The above discussion supports the idea that changes in atmospheric transport contribute 629 

to the decrease in vapor abundances in the SPR following a GDS. However, the role of surface-630 

atmosphere exchange cannot be conclusively excluded. Modeling the changes in the vapor 631 

desorption rates is a subject of future investigation. 632 

The Martian water vapor cycle response to a GDS can be compared to the response to a 633 

smaller dust storm event. There were two regional dust storms among the years of observations 634 
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explored in this work: in MY29 during Ls=230°−255° and in MY34 during Ls=320°−350°. In 635 

MY29 the regional dust storm caused a decrease of 2−3 μm in the water vapor abundances at 636 

latitudes 40°S−80°S (Figure 6). However, this decrease in vapor abundances was short lived 637 

compared to the GDS effect, and abundances increased with the decreasing dust opacities. A 638 

larger regional dust storm started at Ls~320° in MY34 (Figure 2, Figure 10). NOMAD coverage 639 

of the southern hemisphere at the end of MY34 was poor and vapor abundance retrievals are 640 

only available for latitudes 40°S−60°S during the decay phase of the storm (after Ls~335°−340°) 641 

(Crismani et al., 2021). At the start of the regional storm, water vapor abundances were already 642 

depleted from the GDS earlier in the season and the late southern summer season of the MY34 643 

regional storm is characterized by low vapor abundances (Smith, 2004; 2008). Therefore, the 644 

possible effect of the regional storm on the water cycle cannot be conclusively identified. The 645 

relatively small effect of the regional storms on the vapor abundances in the SPR could be due to 646 

their short duration and smaller areal extent, which do not sufficiently affect atmospheric 647 

transport and surface thermal balance.  648 

5. Conclusions 649 

We have analyzed the behavior of atmospheric water vapor at the Martian Southern Polar 650 

Region (SPR) during the global dust storm (GDS) years in MY25, MY28 and MY34 using data 651 

collected by MGS TES, MEX SPICAM, TGO NOMAD, MRO CRISM and MRO MCS. For all 652 

studied storm years, water vapor column abundances decreased by ~10 pr-μm following the 653 

GDS, when compared to years without a GDS. We speculate that the decrease in vapor 654 

abundances follows the redistribution of water vapor in the atmosphere during the storm, where 655 

vapor elevated to higher altitudes in the mid-latitudes becomes effectively removed from the 656 

poleward transport, leading to vapor depletion at the SPR. 657 
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