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Introduction:   

To understand the evolving martian water cycle 

and variations in transport of water throughout the 

atmosphere on several timescales (diurnal to season-

al), a global perspective of the combined vertical and 

horizontal distribution of water is needed. The global 

4-D vertical water vapour distribution is investigated 

through a reanalysis that unifies water, temperature 

and dust retrievals from several instruments on mul-

tiple spacecraft throughout Mars Year (MY) 34 with 

a global circulation model. The global dust storm 

and southern summer regional dust storm events 

pushed water vapour higher in altitude across all 

latitudes, and supersaturated water vapour is found 

to penetrate the northern winter polar vortex. This 

analysis provides new insights into water loss from 

the atmosphere throughout time and helps to further 

constrain estimates of the past water inventory on 

Mars 

The past inventory of water on Mars is largely 

unconstrained as a result of the currently incomplete 

understanding of how much water has escaped from 

the atmosphere over time and the processes through 

which this phenomenon occurs [1,2]. More complete 

knowledge of how the water inventory has been al-

tered over time requires a better understanding of the 

past and present atmospheric water cycle and vertical 

mobility of water vapour. Over the past 50 years 

orbital and, more recently, surface observations 

gathered by several missions have helped to build up 

a more complete description of the seasonal trend 

and interannual variations in the water cycle through 

observations of the water vapour column by several 

different spacecraft [3-9]. One of the outstanding 

questions regarding the water cycle is a complete 

understanding of the seasonal evolution of the verti-

cal distribution of water vapour that has a large im-

pact on the transport of water in the atmosphere and 

surface-regolith interactions [10]. 

Until recently, the seasonal evolution of the wa-

ter vapour profile had been observed primarily from 

spatially sparse SPICAM profiles [7,11] that discov-

ered the presence of supersaturation in the atmos-

phere of Mars. Supersaturation allows water vapour 

to propagate through the hygropause, impacting the 

escape of water from the martian atmosphere. Sys-

tematic mapping of the presence of supersaturation, 

in particular across a complete diurnal cycle, has not 

yet been conducted but is important to understand 

how prevalent supersaturation is on Mars. Recent 

increasingly expansive water vapour profile datasets 

have been retrieved from instruments on the Exo-

Mars Trace Gas Orbiter (TGO) spacecraft [12,13] 

illustrating the impact of a global dust storm event 

on the water vapour vertical structure and further 

evidence of supersaturation. However, restrictions in 

space and time mean they cannot provide a truly 

global perspective. 

A global circulation model (GCM) can be uti-

lised for interpretation and understanding of the ob-

served seasonal and latitudinal variations in a global 

sense. They do however also contain errors of repre-

sentation associated with computational constraints, 

meaning it is impossible to completely represent all 

the physical processes occurring across the globe on 

local scales (10s of kilometres and below); GCMs 

can never fully replicate the evolving atmosphere of 

Mars. Obtaining the best possible analysis of the 

global evolution of the water cycle requires combin-

ing observational data with a Mars GCM. This tech-

nique, called data assimilation, is widely used in 

conjunction with Earth GCMs and three different 

Mars reanalysis datasets are now publicly available 

[14,15,16]. 

In this study we investigate the global distribu-

tion of water vapour and the saturation state of the 

atmosphere throughout LS = 159-358° in MY 34 

utilising a global reanalysis that combines spacecraft 

observations from several instruments with a Mars 

GCM. 

 

Spacecraft observations:   

This study uses a multi-spacecraft assimilation ap-

proach that combines a Mars GCM with retrievals 

from the ExoMars TGO and Mars Reconnaissance 

Orbiter (MRO) spacecraft currently in orbit around 

Mars. Retrieval datasets of water vapour vertical 

profiles [12,17] and water vapour column [18] are 

included from the Nadir and Occultation for Mars 

Discovery (NOMAD) instrument. The Atmospheric 

Chemistry Suite (ACS) retrieved temperature and 

water vapour profiles in the near-infrared [13] and 

mid-infrared [19,20] that are also incorporated into 



 

 

the reanalysis. Mars Climate Sounder (MCS) [21] 

retrieved temperature profiles are also incorporated 

into the assimilation [22-24]. 

Differences in the orbits of these spacecraft result 

in a largely complementary expanded dataset when 

combined due to the minimal overlap in data at the 

same local time and spatial location, with the cover-

age of all datasets shown in Figure 1. Data assimila-

tion therefore is a highly efficient method in these 

circumstances to provide the best possible reproduc-

tion of the global atmospheric evolution during this 

time period. 

 
Figure 1 – Coverage of the (a) water vapour and (b) 

thermal observations included in the global reanaly-

sis. 

 

Modelling and data assimilation:   

The reanalysis created through this study incor-

porates a Mars GCM used by the Open University 

(OU) modelling group that has been developed in a 

collaboration between the LMD, the OU, the Univer-

sity of Oxford and the Instituto de Astrofı́sica de 

Andalucı́a. Physical parameterisations [25] and the 

LMD photochemical module [26,27] both shared 

with the LMD Mars GCM are coupled to a spectral 

dynamical core and semi-Lagrangian advection 

scheme [28]. Specific physical parameterisations 

linked to the water cycle include the cloud micro-

physics package [29] that incorporates nucleation on 

dust particles and supersaturation, an implementation 

for radiatively active clouds [30], a semi-interactive 

two-moment scheme to transport dust [31] and a 

thermal plume model for better representation of 

turbulence in the planetary boundary layer [32]. 

The reanalysis produced by this study utilises the 

Mars GCM truncated at wavenumber 31 (resulting in 

a 5° longitude-latitude grid in the horizontal for 

physical variables) with 70 vertical sigma levels that 

can extend to around 100 km. 

To combine the retrieval datasets with the Mars 

GCM, the Analysis Correction (AC) scheme 3[3] is 

used (with necessary parameters adapted to martian 

conditions) that has previously been used to investi-

gate several martian atmosphere scientific topics. 

The AC scheme is a form of successive corrections 

in which analysis steps are interleaved with each 

model dynamical time step. In each analysis step, the 

analysis increments are spread from the observation 

locations to the surrounding model grid points with 

subsequent derivation of multi-variate increment 

fields for dynamical balance where applicable (e.g. 

after assimilating temperatures, balanced thermal 

wind increments are applied). 

 

Validation of the reanalysis dataset:  

To validate the water vapour distribution pro-

duced by the reanalysis, it was compared against 

SPICAM data [9] that were not assimilated. An add-

ed advantage of data assimilation is that the reanaly-

sis can be compared to retrievals that are not neces-

sarily in the same location as the retrievals combined 

with the Mars GCM, but nevertheless are still influ-

enced by assimilation of temperature profiles, dust 

column, and potentially even water vapour profiles 

in the past. 

Figure 2 displays a comparison of SPICAM pro-

files to the reanalysis and a free running GCM at the 

closest spatial location and local time. The reanalysis 

is efficient at reducing the overestimation of water 

vapour at higher altitudes that is a common problem 

for GCMs that include supersaturation and is also in 

very good agreement with the abundance and shape 

of SPICAM profiles. The validation indicates the 

reanalysis dataset is the optimal dataset to use for 

investigating the water cycle, as it captures realistic 

vertical structures in the atmospheric water pro-

files.

 
Figure 2 – Comparison of water vapour profiles 

from SPICAM (red) with independent coincident 

water vapour profiles in the reanalysis (blue) and a 

free running GCM (black). Red horizontal bars indi-

cate uncertainty on each altitude point of the retriev-

al. 

 

Results: 

The vertical distribution of water is highly varia-

ble and dependent on the season and latitudinal loca-

tion, as illustrated in Figure 3 which displays the 30° 

zonally averaged vertical profile of water vapour at a 

selection of different latitude bands (30° latitudinal 

means) over time. The global dust storm that oc-

curred from LS = 180-225° and the intense southern 

summer regional dust storm from LS = 320-335° 

both provided an increased abundance of water va-

pour to the upper atmosphere at all latitudes includ-

ing the northern polar region. During the onset of the 

MY 34 global dust storm, wave activity controls the 

transport of water poleward of 30°N and 30°S, with 

wave activity generally acting to transport water 

vapour polewards in each hemisphere. The hygro-



pause (defined as the highest point at which water is 

present at 50 ppmv or above) has risen considerably 

since the start of the simulation and is beyond 50 km 

during the initiation phase of the global dust 

storm.

 
Figure 3 – Zonally-averaged water vapour profiles 

averaged over 30° latitudinal bands in the water rea-

nalysis. The red line approximates the hygropause 

location (50 ppmv). 
 

Sublimation of water ice releasing vapour from 

the southern polar cap in southern summer is evident 

from LS = 255-315° in the 60°S-90°S latitude band. 

While northern polar latitudes (90°N-60°N latitude 

band) are largely absent of water vapour below 20 

km during the dusty season of MY 34, water vapour 

is found in a middle atmosphere layer reaching the 

northern pole. The variations in water vapour above 

20 km are linked to transport from mid-latitudes via 

stationary and transient eddies during a global dust 

storm, perihelion season and the intense MY 34 

southern summer regional dust storm. Water vapour 

at the start of the simulation in the 60°S-90°S latitu-

dinal band is only seen in a band at around 40 km 

altitude. This water vapour layer is linked to the anti-

clockwise cell transporting water vapour from lower 

latitudes into this region. 

New evidence is found of water vapour, in a su-

persaturated state, breaking into the northern winter 

polar vortex. Figure 4 displays the vertical structure 

of northern hemisphere water vapour and atmospher-

ic temperature during northern polar winter focused 

on a 10-sol period around LS= 250°. The increased 

water vapour abundance (above 50 ppmv) directly 

over the north pole above around 40 km is linked to 

the polar warming and meridional circulation pattern 

during this time of year in which water vapour is 

transported northward by transient and stationary 

eddies rather than the mean meridional circulation. 

This finding has implications for the surface-

atmosphere exchange of water between the northern 

polar cap and the large-scale atmosphere (via 

transport of water vapour) and would also have a 

potential impact on how much water was present in 

the past atmosphere of Mars if the breaking of super-

saturated water into the northern polar vortex is hap-

pening repeatedly each Mars year. The results here 

suggest that the seasonal flux of water vapour into 

the northern polar cap could be larger than previous-

ly thought. 

  
Figure 4 – Zonally-averaged latitude-altitude cross-

section of water vapour vertical distribution and at-

mospheric temperature (white contours) at LS = 250° 

in the reanalysis. Red dots indicate the presence of 

supersaturated water vapour. 
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