
1. Introduction
Mars is a hyper-arid cold desert, where the surface temperature is mostly below the triple point of liquid 
water and atmospheric pressure is not high enough to sustain permanent liquid water on its surface. The 
surface meteorology of Mars exhibits strong diurnal variations, with temperature swings of up to 80 K from 
daytime to nighttime (Martínez et al., 2017; Schofield et al., 1997; Spanovich et al., 2006), due to its lower 
surface thermal inertia and thinner atmosphere with respect to the Earth (Mellon et al., 2000; Putzig & Mel-
lon, 2007; Putzig et al., 2005). During daytime, surface temperatures can exceed the freezing point of water 
from mid to equatorial latitudes (McEwen et al., 2014; Pla-García et al., 2020; Savijärvi et al., 2004). Studies 
focused both on the surface meteorological conditions of present (Chevrier et al., 2020; Haberle et al., 2001; 
Pál & Kereszturi, 2017; Rivera-Valentín et al., 2020) and early Mars (Fukushi et al., 2019; Richardson & 
Mischna, 2005) show the possibility of transient liquid water on the surface of Mars. Different geological 
features have been suggested to be the result of past surface water flows (Borg & Drake, 2005; Gaidos, 2001; 
Head et al., 2008; McEwen et al., 2007; Schon et al., 2009) and present-day surface features hypothesized to 
be related to the existence of liquid water (Chevrier & Rivera-Valentin, 2012; Dundas et al., 2017; Martínez 
& Renno, 2013). The presence of salts decreases the melting point, allowing saline liquid water, or brine, 
to be stable under wider temperature and pressure conditions compared to pure water. Perchlorate salts, 
which have been detected both in polar and equatorial regions (Glavin et al., 2013; Hecht et al., 2009), can 
melt water ice and form brine near temperatures above their eutectic points, which can be as low as 199 K 
for pure salts found on Mars.

Abstract We have investigated the seasonal and regional variations in the evaporation rate of both 
pure liquid water and liquid brine solutions on the surface of Mars. Our evaporation rate estimates 
are performed using a novel parameterization method taking into account the effects of concentration 
difference, between the evaporating liquid water solution and the atmosphere, in addition to the effects 
of near-surface winds. The method is based on atmospheric surface-layer calculations obtained from a 
global circulation model. We show that near-surface winds strongly enhance strong seasonal variability in 
the evaporation rate of liquid solutions on Mars. The evaporation rate of a liquid brine solution can vary 
seasonally up to a factor of 3 and changes by two orders of magnitude depending on the surface elevation 
and properties of the terrain.

Plain Language Summary The search for liquid water on modern-day Mars is one of the 
main drivers of exploration efforts because of its implications for habitability and value as an in-situ 
resource. Recent investigations have shown the plausible surface meteorological conditions for the 
existence of transient pure and saline water (brine) on the surface of Mars. The possibility of transient 
pure and briny water on the surface of Mars was suggested based on visual and spectroscopical evidence. 
A transient liquid water solution, pure or saline, can only exist on the surface of Mars, when the surface 
temperature and pressure permit its stability against boiling and freezing. The time duration that a liquid 
water solution can stay on the Martian surface depends on its evaporation rate. Here, we investigated the 
seasonal and regional variations in the evaporation rate of liquid water. We find that the residence time 
can vary up to a factor of 3 throughout a full Mars year with a higher geographical dependency that can 
cause the evaporation rate to vary by two orders of magnitude.
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More recent studies on the stability of liquid water and brine have investigated their evaporation rate as 
a function of temperature and water activity, which vary with the composition of liquid brine solutions 
(Altheide et al., 2009; Hanley et al., 2012; Sears & Moore, 2005; Toner et al., 2014, 2015; Chevrier & Alt-
heide, 2008). Two mechanisms were suggested for the formation of liquid brine. The first one is melting 
of water ice when the temperature exceeds the eutectic temperature of the brine (Brass, 1980; Clark & Van 
Hart, 1981; Fairén et al., 2009; Fischer et al., 2014). Nevertheless, a surface temperature higher than the 
melting point is a sufficient condition for liquid water, pure or saline, to exist. In order for liquid water to 
be stable against boiling, the surface pressure must also be higher than the saturation vapor pressure at the 
surface temperature. The second mechanism is the absorption of atmospheric water vapor by salts (i.e., 
deliquescence), when the surface temperature is above the eutectic temperature and relative humidity is 
higher than a threshold value (Clark, 1978; Davila et al., 2010; Gough et al., 2011; Nikolakakos & White-
way, 2015, 2018; Nuding et al., 2015; Primm et al., 2020; Rennó et al., 2009; Toner & Catling, 2018). In addi-
tion to lowering the freezing/melting temperature of liquid solutions, the presence of salts also lowers the 
saturation vapor as a result of decreasing water activity. The effect of water activity manifests itself through 
changing the saturation vapor pressure, linearly. For a surface temperature of 273 K, the saturation vapor 
pressure is 610 Pa. For a liquid brine solution with a water activity coefficient, wE a  , of 0.5, the saturation vapor 
pressure is 305 Pa (Akridge, 2008).

The possibility of transient liquid water on the surface of Mars can only be assessed if the surface tempera-
ture and pressure are known. The previous and currently operating landers and rovers (Banfield et al., 2020; 
Fischer et al., 2019; Guzewich et al., 2019; Hess et al., 1977; Martínez et al., 2017) provided information on 
the diurnal and seasonal evolution of surface meteorological conditions. However, a limited number of sur-
face observations is insufficient to evaluate the liquid water potential of Mars on a global scale. Locations 
at the same latitude and similar elevations, having a similar seasonal radiative forcing, can have different 
diurnal temperature and pressure variations as a result of different surface properties, such as surface albe-
do, thermal inertia, and topographical differences. Remote sensing observations, such as from the Thermal 
Emission Spectrometer (TES) on the Mars Global Surveyor spacecraft (Christensen et al., 2001), are able 
to provide global daytime and nighttime surface temperature maps of Mars, but cannot provide the diur-
nal evolution of surface temperature, only daytime and nighttime temperatures at a specific local time. 
Therefore, atmospheric models, mostly global circulation models (GCMs), are also applied to investigate the 
transient liquid water potential of Mars (Chevrier et al., 2020; Haberle et al., 2001; Pál & Kereszturi, 2017; 
Richardson & Mischna, 2005; Rivera-Valentín et al., 2020).

One of the first GCM studies on the possibility of liquid water on Mars was performed by Haberle et al. (2001), 
showing that pure liquid water can only exist in equatorial regions; but when brine is considered, the re-
gions, where the surface meteorological conditions permit the existence of transient liquid brine solutions, 
can cover the entire surface of Mars. Moreover, Richardson and Mischna (2005) investigated the effect of 
obliquity and surface pressure on the long-term liquid potential of Mars. Later, a GCM study was devoted to 
highlighting the time periods for observing possible transient liquid water activity at the landing site of the 
ExoMars rover (Pál & Kereszturi, 2017). Recently, Rivera-Valentín et al. (2020) provided estimates for the 
locations and properties of liquid brine solutions formed through deliquescence on present-day Mars using 
experimental constraints and GCM simulations. Following up this study, Chevrier et al. (2020) investigated 
the stability of liquid brine solutions, both on the surface and in the subsurface, providing evaporation rate 
estimates for an average Mars year using a GCM model.

The previous studies addressing the evaporation rate of liquid water on Mars, both experimentally and 
theoretically (Altheide et al., 2009; Chevrier & Altheide, 2008; Chevrier et al., 2009; Hanley et al., 2012; 
Hecht, 2002; Ingersoll, 1970; Sears & Moore, 2005), were carried out under idealized conditions without 
considering the effect of near-surface winds, atmospheric stability, and dust. It was suggested that the effect 
of wind on the phase change of water on Mars is negligible under a relative humidity larger than (30–35)%, 
but has an important effect for lower relative humidity conditions (Chittenden et al., 2008). In-situ observa-
tions on Mars show that with increasing surface temperature, the relative humidity becomes lower than 1% 
during daytime, when the surface temperature is most favorable for the existence of transient liquid water 
(Fischer et al., 2019; Savijärvi et al., 2015). For the sublimation of water ice under low relative humidity 
conditions, a linear relationship between sublimation rate and wind speed has been suggested, indicating 
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an increased sublimation rate of up to 40% for a mean wind speed of 10 m/s, compared to the case without 
any wind (Chittenden et al., 2008).

In this study, we focus on the seasonal variations in the evaporation rate of pure water and liquid brine solu-
tions, affected by the near-surface winds, which are driven by the Martian dust cycle. We follow a similar 
approach to Chevrier et al. (2020), using the MarsWRF model (Richardson et al., 2007; Temel et al., 2021; 
Toigo et al., 2012). In order to represent the contribution of the Martian dust cycle to seasonal variations, 
we force GCM simulations with the observed atmospheric dust contents (Montabone et  al.,  2015). Ad-
ditionally, we use a novel evaporation rate parameterization method (see Section 2), which includes the 
effects of atmospheric stability, near-surface density gradients, and near-surface winds in evaporation rates. 
Furthermore, we compare our estimates, based on this present method, with those obtained by Chevrier 
et al. (2020) using a variant of the parameterization presented by Ingersoll (1970). Finally, we assess both 
models' capability to represent seasonal variations in the evaporation rate of liquid water solutions on Mars 
(see Section 4). Our new evaporation model improves the model used by Chevrier et al. (2020).

We investigate the variations in the evaporation rate for pure liquid and saline water solutions on the surface 
for the regions, where and the time periods, when the surface pressure and temperature permit stability 
against boiling and freezing. These conditions are the bare minimum for a liquid solution to be present 
on the surface of Mars. In the case of brine formation through melting water ice, surface frost of a near 
sub-surface water ice reservoir must be present (Byrne et al., 2009; Carrozzo et al., 2009; Khuller et al., 2021; 
Mellon et al., 2004; Schorghofer & Aharonson, 2005). Also as noted, the relative humidity is a determining 
factor for the case of deliquescence. For both cases, these additional conditions can only be met for spe-
cific regions and seasonal conditions. These will, however, not be studied in this study, since our aim is to 
show the effects of seasonal and topography driven changes in the wind speed on the evaporation rate of 
liquid water solutions. We investigate the evaporation rate variations of liquid water solutions regardless of 
its formation mechanism for regions and time periods, where and when the surface conditions permit its 
transient stability.

The paper is organized as follows: We present our evaporation rate parameterization method in Section 2. 
This parameterization method is coupled with the outputs of GCM simulations as described in Section 3. In 
Section 4, we discuss the variability in the evaporation rates of liquid water, both pure and saline. Finally, 
we present our conclusions in Section 5.

2. Parameterization of the Evaporation Rate
When the surface meteorological conditions permit the presence of liquid water, and liquid water is avail-
able, evaporation starts to occur. The rate of evaporation is driven by two main related mechanisms. The 
first mechanism is diffusion driven by the vapor concentration difference between the brine and the atmos-
phere. The second mechanism is convection forced by the near-surface winds. As its speed increases, the 
wind carries more evaporated water vapor into the atmosphere so that the evaporation rate also increases. 
Both processes are affected by seasonal, geographical, and diurnal variations in the turbulent atmospheric 
surface layer (Jiménez et al., 2012), such as different turbulent regimes, and thus atmospheric stability con-
ditions. After sunrise, convection starts to increase, with the increasing turbulent kinetic energy reaching its 
highest values around noon (Martínez et al., 2011; Spiga et al., 2010). In addition to diurnal variations, the 
Martian dust cycle plays an important role in the surface energy balance (Savijärvi et al., 2020). The pres-
ence of dust in the Martian atmosphere reduces daytime temperatures of the lower atmosphere and surface 
(Guzewich et  al.,  2019; Smith,  2004), and has significant effects on near-surface winds (Haberle,  1986). 
Furthermore, a lower surface temperature results in a lower saturation specific humidity, leading to a lower 
rate of evaporation. These effects will manifest themselves in surface layer fluxes of momentum, heat and 
volatile exchange between surface and the first layer of the atmosphere.

Atmospheric models use empirical relationships to determine the surface-atmosphere exchange of momen-
tum, heat, or atmospheric volatiles (Garratt & Pielke, 1989; Kurgansky et al., 2011; Nickovic et al., 2001; 
Sharan & Piyush, 2016). The parameterization method that we adopt here to estimate the evaporation rate 
of liquid water on Mars for the first time, is based on Monin-Obukhov similarity theory (Katul & Par-
lange, 1992). The evaporation rate, E, is given by:
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E C u q qd a 0 5.
*

*( ) (1)

where, dE C  , the surface-atmosphere bulk transfer coefficient is defined as follows:
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Despite that this term is not called as a “diffusion coefficient,” it has the same purpose of a diffusion coeffi-
cient modulating the amount of total transport. In Equations 1 and 2, E  is the von Kármán constant, taken 
as 0.4, *E u  is the friction velocity, a reference wind velocity representing surface stress and used as a measure 
of near-surface winds (Foken, 2006), E  is the atmospheric density, aE q  is the near-surface atmospheric spe-
cific humidity, q* is the saturation-specific humidity, 0E z  is the aerodynamic roughness length, employed 
as a measure of surface terrain roughness, E L is the Monin-Obukhov length, representing the atmospheric 
stability, and  vE  is the stability correction term for surface flux formulation (see Katul & Parlange, 1992 and 
Martínez et al., 2009 for the calculation of these terms.). aE q  , the ratio of the mass of water vapor to the total 
mass of the air parcel, is computed using the water vapor mixing ratio predicted by GCM simulations. The 
Monin-Obukhov length, which represents the relative roles of shear production and buoyancy production/
destruction of turbulence, refers to the diurnally varying near-surface atmospheric stability, becoming neg-
ative during daytime (convective) conditions and positive during nighttime (stably stratified) conditions 
(Martínez et al., 2009, see their Section 3a for its detailed definition). Determination of the Monin-Obukhov 
length requires the knowledge of the surface temperature, near-surface temperature gradient, and near-sur-
face winds, which are acquired by GCM simulations and used to calculate the Monin-Obukhov length, 
surface fluxes, and friction velocity as in (Martínez et al., 2009). To do that, we use the predicted wind speed 
at the first model layer of our GCM model (located at E  20 m) and interpolate it to lander altitude, 1.5 m, 
similar to (Newman et al., 2017). It must be noted that the Monin-Obukhov similarity theory is based on the 
theoretical formulation of the vertical fluxes of momentum, heat in the surface-layer. The turbulent fluxes 
and wind stress vary less than 10% within the surface layer (Stull, 1988). In other words, despite the wind 
speed will change if E z is taken as another altitude, the resulting  0.5/E u Cd  will be the same. Therefore, as 
long as the first model layer is located within the surface-layer, the choice of E z will not affect our conclusions 
based on our evaporation rate estimates. The thickness of the surface layer can be approximated as 0.1E h , 
where E h is the height of the boundary layer (Petrosyan et al., 2011). The observational studies showed that 
the Martian boundary layer thickness can vary between 3 and 10 km (Hinson et al., 2008). Thus, our first 
model layer is sufficiently located deep in the surface layer for daytime conditions. Extensive observational 
and modeling studies are lacking for the nighttime Martian boundary layer. However, terrestrial studies 
showed that a shallow boundary layer, as thin as 50–100  m, can form under nighttime conditions with 
strong surface cooling when the surface temperature is coldest during the diurnal cycle (Chu et al., 2019; 
Liu & Liang, 2010). While this is probably the case for the nighttime Martian boundary layer. Such a shallow 
boundary layer will only form under very low nighttime surface temperatures and the liquid water solu-
tion will not be stable against freezing. For the stability correction term, we use the formulation as given 
in (Katul & Parlange, 1992, see their Equations 5–9). We note, though, that  vE  has not been fully validated 
on Mars due to the lack of high-frequency ( E  1 Hz), simultaneous measurements of temperature, and wind 
speed at different heights. Nonetheless, Monin-Obukhov theory has been applied to Mars with reasona-
ble success using in situ measurements and modeling (Davy et al., 2010; Martínez et al., 2009; Newman 
et al., 2019; Sutton et al., 1978; Tillman et al., 1994). Equation 1 includes both the effect of forced convection 
by winds and convection by density gradients, through *E u  and ( )*q q

a
  , respectively. Observational studies 

of the atmospheric surface-layer of Mars have shown that *E u  varies diurnally, ranging from 0.5 m/s after the 
local noon to 0.05 m/s around sunrise and sunset (Martínez et al., 2009). The effect of temperature on the 
evaporation rate manifests itself through the saturation vapor pressure, and thus saturation specific humid-
ity. The saturation specific humidity is computed as:
 

(3)q
M p

M p

w sat

a surf
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where wE M  is the molecular weight for water and aE M  for the atmosphere, which are 18.01  g mol/  and 43.49  
g mol/  , respectively. satE P  and surfE p  are the saturation vapor pressure and surface pressure. For satE P  , we use the 
Goff-Gratch equation (Smithsonian meteorological tables, 1984) In order to include the linearly lowering 
effect of water activity on the saturation-specific humidity (Akridge, 2008), we modify the saturation-spe-
cific humidity term as *wE a q  , where wE a  is the water activity coefficient.

We incorporate Equations 1 and 2 into the MarsWRF model to estimate seasonal and regional variations 
in the evaporation rate, with the aim of searching the most plausible regions and seasons for the presence 
of liquid water. To validate this approach, we first compare our parameterization with the evaporation rate 
predictions obtained by experimental estimates for a wide range of surface pressures and for different tem-
perature and water activity coefficients (Chevrier & Altheide, 2008). We perform the comparison based on 
the fact that despite the laboratory conditions and the simulation conditions, we acquire through GCM 
simulations, might differ, they should represent an average daytime behavior of near-surface conditions on 
Mars as the experimental conditions are designed using the similarity analysis by dimensional numbers (as 
in Hecht, 2002). So that, our chosen friction velocity and other parameters, corresponding to daytime condi-
tions as observed by landers (Martínez et al., 2009), must be compatible with the experimental conditions. 
We use typical values of the Martian surface layer: *E u   = 0.55 m/s, 0E z   = 0.02 m, and E L  = −5 m (Charalambous 
et al., 2021; Martínez et al., 2009; Tillman et al., 1994). Atmospheric density is set to 0.02 kg/ 3mE  and the spe-
cific humidity is 0.0001 kg/kg (Fischer et al., 2019; Martínez et al., 2017). The experimental results, focusing 
on the effect of pressure, were obtained in a pressure chamber, filled with nitrogen gas at room temperature 
and Mars-analog pressure conditions (Hecht, 2002). The evaporation rate was measured using a hygrometer 
and experimental results were scaled for Mars conditions. For both experimental results, we also include 
the evaporation rate estimates by a theoretical method (Ingersoll, 1970) that uses an empirical formulation 
as a function of a dimensionless number:


1
3Δ0.17 D qE Gr

x
 (4)

Here, 3

2

Δg
Gr


 



  
     
  

 is the Grashof number, where E D is the mass diffusivity of water, ΔE  is the density 

difference between the surface and atmosphere, E  is the kinematic viscosity, and E  is the characteristic 
length scale. The Grashof number has been extensively used for free convection applications over a vertical 
wall or a heated sphere, and the diameter or length of the heated surface is usually taken as the character-
istic length scale (Potter & Riley, 1980). We note that this method does not include the effect of convection 
driven by winds directly.

Our estimates for the evaporation rate show good agreement with the experimental results (see Figure 1). 
The good match between our estimates and experimental data proves that our methodology can be used to 
provide evaporation rate estimates using the outputs of GCM simulations.

3. GCM Simulations
3.1. Model Settings and the Dust Forcing Scenario

The MarsWRF model, using similar setups as we do, has also been widely validated against remote-sens-
ing and in-situ observations (Guo et  al.,  2009; Newman & Richardson,  2015; Temel et  al.,  2021; Toigo 
et al., 2012). The model is run using a resolution of 5E  in both longitude and latitude, with 52 vertical model 
levels, allowing us to resolve the boundary layer with a high resolution. A radiatively active water cycle 
(transported water vapor and water ice with a fixed particle radius) is included. Water vapor mixing ratio at 
the first model layer is used to calculate surface-specific humidity. Atmospheric radiative heating rates are 
calculated using a single scattering, two stream, Mars-specific, k-distribution radiation scheme (Mischna 
et al., 2012). Atmospheric dust content is specified using the average of derived optical dust thicknesses of 
Mars years (MY) without a global dust storm event between MY 24 and MY 33 (Montabone et al., 2015). The 
vertical distribution of dust is based on a variant of the classical Conrath profile as in Heavens et al. (2011). 
Turbulent mixing in the planetary boundary layer (PBL) is parameterized using a Mars-specific turbulence 

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

TEMEL ET AL.

10.1029/2021JE006867

6 of 16

closure (Temel et al., 2021). The lower boundary conditions for the vertical transport of state variables are 
obtained using a surface-layer parameterization scheme (Jiménez et al., 2012). This surface layer scheme is 
also used to provide the near-surface fluxes being used for the evaporation rate calculations.

Before investigating the seasonal and regional variations in the evaporation rate of liquid water solutions, 
we first briefly investigate how the friction velocity, which is one of the drivers of the rate of evaporation 

Figure 1. Top panel: Comparison of the present method (Equation 1) to estimate the evaporation rate of liquid water 
(blue) with another theoretical method (Ingersoll, 1970) (red) and with experimental results of Hecht (2002) (black). 
Experimental results and theoretical estimates are digitized from Figures 2 and 7 of Hecht (2002). Bottom panel: 
Comparison of the present method (solid lines) with experimental results of Chevrier and Altheide (2008) for various 
liquid brine solutions with different salt concentration (black) along with the theoretical estimations obtained by 
Chevrier and Altheide (2008).
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according to Equation 1, varies in a full Mars year with respect to seasonal radiative forcing, boundary-layer 
meteorology, and dust forcing. The globally and daily averaged column integrated atmospheric dust opacity 
in our constructed dust forcing based on the observations and the resulting friction velocity, are presented 
in Figure 2. Figure 2 presents the annual variation of globally and daily averaged column integrated atmos-
pheric dust opacity, as forced in our GCM calculations, and the resulting friction velocity. Despite our dust 
forcing scenario being obtained by using the average of years without a global dust storm, the atmospheric 
dust content still increases starting from  130sE L  reaching its maximum value around  230sE L  . The av-
eraged friction velocity starts to increase after  160sE L  , before the Southern hemisphere spring equinox at 

 180sE L  . This is mainly a result of the Martian topographic dichotomy, the elevation difference between the 
Northern and Southern Hemispheres. Both observational and numerical studies showed that lower daytime 
surface pressures lead to higher levels of turbulent mixing and PBL height (Spiga et al., 2010). Studies of the 
terrestrial PBL, which shares significant similarities with its Martian counterpart (Petrosyan et al., 2011), 
show the positive correlation between the PBL height and friction velocity (Gryning et al., 2007). After the 
Northern hemisphere autumn equinox at  180sE L  , surface temperatures at the Southern hemisphere start 
to increase and thanks to the lower surface pressure compared to the Northern hemisphere, the globally and 
daily averaged friction velocity becomes higher after  180sE L  compared to the rest of the year. The other 
possible mechanism is related to the mixing of dust in the Martian atmosphere. The abundance of dust 
decreases the daytime surface temperature. However, the dust is not spread uniformly in the atmosphere, 
leading to strong thermal gradients on the surface. It might be possible that thermal gradients created by the 
heterogeneous distribution of dust after the onset of enhanced dust activity season, after  130sE L  , invoke 
higher near-surface winds globally. Such a possibility is consistent with the studies, which investigated the 

Figure 2. Globally averaged dust optical thickness as forced in our dust climatology scenario (top) and the seasonal evolution of the friction velocity (bottom).
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seasonal variations of the dust lifting rate, a function of the friction velocity, and found that lifting rates 
increase after  160sE L  (Haberle et al., 2003).

3.2. The Possibility of Liquid Water on the Martian Surface

In order to define where and when the liquid brine or pure water can be stable regardless of its source, we 
check the following conditions: (a) If the temperature is lower than the eutectic temperature of the brine 
solution, then the liquid solution will freeze. (b) Even if the surface temperature is higher than the eutectic 
temperature, the surface pressure must not be lower than the saturation vapor pressure. Otherwise, the 
liquid brine solution will not be stable against boiling. We use the hourly output of MarsWRF and calculate 
the total integrated amount of time, that liquid water can temporarily remain on the surface, through one 
full Mars year. We use a set of six eutectic temperatures and corresponding water activity coefficient, based 
on a temperature-water activity curve obtained by Chevrier et  al.  (2020) for various Mars-relevant salts 
(including sulfates, chlorides, perchlorates, and chlorates) (see their Figure 1): ( ,w eE a T  ) = (1.0, 273.15 K; 0.9, 
261.3 K; 0.8, 249.4 K; 0.7, 236 K; 0.6, 217 K; and 0.5, 186 K).

Before investigating the seasonal variations in the evaporation rate of liquid solutions on Mars, we first 
calculate the total integrated amount of time, when the surface meteorological conditions may permit the 
existence of transient liquid water, both pure and saline. Figure 3 shows the total integrated amount of time 
over a Mars year and the corresponding regions for pure water (  1.0wE a  ) and liquid brine solutions (from 

 0.9wE a  to  0.5wE a  ). The highest possible occurrence of liquid water is linked with low surface thermal 
inertia terrains, where the highest daytime temperatures occur (see the east of Amazonis Planitia and Ara-
bia Terra in Figure 3a). Another region with a high potential for liquid water formation is Hellas Basin as 
a result of the higher surface pressures due to its low elevation. Since liquid brines can form under a much 
lower surface temperature, they can be present over a wider range of regions and for a much longer total 
integrated amount of time, spanning between 90 and 600 sols over one Mars year for the cases of the high-
est and the lowest considered water activity as in Figures 3b–3f. The estimated regions, and the integrated 
amount of time, where and when the transient pure liquid water can be stable on the surface of Mars, 
correspond to the same quadrangles in Richardson and Mischna (2005). Similar to the finding of Haberle 
et al. (2001), a liquid brine solution can be temporarily stable over the whole planet. It must be stated that 
a very high possible occurrence of liquid brine solutions, such as up to 600 sols over a full Mars year, does 
not mean that a liquid brine solution can remain on the Martian surface for such a long time. Despite the 
surface meteorological conditions allowing the existence of a temporarily stable liquid brine throughout the 
diurnal cycle, a liquid brine solution will freeze as soon as the surface temperature drops below its eutectic 
temperature or will boil when the surface pressure is not large enough to be stable against boiling.

4. Evaporation Rate Estimates
For the regions shown in Figure 3, we calculate annually averaged evaporation rates for pure water and 
brine solutions using Equation 1. As shown in Figure 4, the highest evaporation rates occur in the east of 
Amazonis Plantia, at 3.5, 1.0, and 0.5 mm/h for liquid brine with water activity of 1.0 (pure water), 0.7, and 
0.5, respectively. With such an evaporation rate, a pure water spheroid of 1 cm in diameter, similar in scale 
to the purported briny spheroid observed on the robotic arm of the Phoenix lander (Rennó et al., 2009), 
would be fully evaporated in approximately 30 min. For a liquid brine solution with a water activity of 0.7, 
we obtained a residence time of 100 min. The evaporation rates calculated using Equation 1 is in kg m s/( )

2  . 
The residence time is computed by using the spherical area of a water droplet of 1 cm and its mass. Obvi-
ously, the residence time of a liquid brine on the Martian surface depends on the choice of the reference 
size. Chevrier et al. (2020) showed that a liquid brine layer of 10  E m with a water activity coefficient greater 
than 0.6 can only remain on the surface for a few minutes per sol. Consistently, we find that with an evap-
oration rate of 0.4 mm/h, which is the globally averaged rate for  0.7wE a  , such a liquid brine layer will be 
fully evaporated in 1.5 min. Hereafter, we define our residence time estimates using a droplet of 1 cm in 
diameter. Other regions with high evaporation rates are Arabia Terra, Hellas basin, and Elysium Planitia, 
more precisely to the west of Elysium Mons. The reason why we find higher evaporation rates for these 
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regions is related to their topography and surface properties. For the Hellas basin region, strong downslope 
winds on its southern slope, leading to a strong meridional transport, have been reported (Ogohara & Sato-
mura, 2008). It is also suggested that strong surface thermal inertia variations in the Amazonis Planitia re-
gion, similar to the Arabia Terra region, can result in strong near-surface winds (Fenton & Michaels, 2011). 
Moreover, the near-surface meteorology of the Amazonis Planitia region may be affected by the presence of 

Figure 3. The total integrated length of possible residence time during a Mars year (sols) and location where surface meteorological conditions permit pure 
liquid water (  1.0wE a  — panel (a)) and brine (with water activities from  0.9wE a  to  0.5wE a  (panels b–f) and eutectic temperatures as suggested by Chevrier 
et al., 2020).

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

TEMEL ET AL.

10.1029/2021JE006867

10 of 16

Tharsis Montes, with downslope winds generated by the elevation difference between mountainous high-
lands and flat lowlands. A similar surface meteorology is present for the Elysium Planitia region, resulting 
in high near-surface wind speeds and evaporation rates.

In terms of the effect of water activity, and thus the eutectic temperature, on the evaporation rate of liquid 
brine solutions, we find that a liquid brine solution can be stable for a much longer time period, as long 
as 3 h, even with the highest evaporation rate (for the case of water activity of 0.5). With the minimum 

Figure 4. Annually averaged evaporation rate for pure liquid water (panel a) and liquid brine (panels b–f) with different water activity and eutectic 
temperatures (mm/h).
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evaporation rates occurring in the poleward of the Northern midlatitudes, this residence time can be even 
longer than a whole diurnal cycle. However, it does not mean that a liquid brine solution can remain on 
the surface for such a long time, because even the globally averaged nighttime temperatures can fall below 
170 K, lower than the considered eutectic temperature (Smith, 2004). Hence, the evaporation rate does not 
play an important role on the stability of liquid brine solutions with low water activity coefficients as sug-
gested by (Chevrier et al., 2020). As illustrated in Figure 4, the evaporation rates start to fall in the northern 
midlatitudes and reach their minimum values, down to below 0.1  mm/h, in the northern polar region. 
This is a result of the elevation decreasing in the poleward direction, leading to a higher surface pressure, 
combined with the lower surface temperatures. As given in Equation 2, the saturation-specific humidity 
decreases with increasing pressure. In addition to the effect of decreasing temperature in the poleward 
direction, higher surface pressure leads to evaporation rates as low as 0.05 mm/h. With such a low evapo-
ration rate, a briny spheroid of 1 cm can remain on the surface of Mars up to 6–7 sols as long as the surface 
meteorological conditions permit stability against freezing or boiling, which is not likely to happen as a 
result of either very low nighttime temperatures or daytime surface pressures in the northern high latitudes. 
The lowest evaporation rates in the Southern hemisphere correspond, similarly, to regions poleward of 
60E   S. Because of the higher elevation of the southern polar region compared to the northern polar region, 

the evaporation rates are higher in this region. Moreover, the lower surface pressure indicates that liquid 
water could exist during more brief periods, reducing the amount of nighttime that can permit its existence 
on the surface. As noted before, daytime near-surface conditions exhibit higher values of friction velocity 
and hence, higher values of evaporation rate. This is also another reason why higher values of evaporation 
rates are observed in the Southern hemisphere.

Figure 5 presents the seasonal evolution of evaporation rate of liquid solutions through one full Mars year 
using two different parameterizations: Our presently proposed method (Equation 1) and the one used by 
Chevrier et al. (2020) (see their Equations 1–7). Despite both parameterizations showing the gradual low-
ering of evaporation rate with lower water activity, evaporation rate estimates by Equation 1 exhibit strong 
seasonal variations in the case of all water activity coefficients unlike the latter. Evaporation rate estimates 
for  0.6wE a  and  0.5wE a  show that the highest evaporation rate can be three times higher than the low-
est value in a full Mars year. For the case of  0.8wE a  and  0.7wE a  , we find inconsistent evaporation rate 
estimates between our parameterization and the one used by Chevrier et al.  (2020). As an example, our 
evaporation rate estimates by our method vary between 0.4 and 0.7 mm/h for  0.8wE a  , whereas the method 
of Chevrier et al. (2020) provides a seasonally independent diurnally averaged evaporation rate of approxi-
mately 0.85 mm/h, as calculated by using the meteorological predictions of our recent GCM calculations. It 
must be noted that this does not exclude the applicability of the method of Chevrier et al. (2020) to predict 
the extreme diurnal variations in the evaporation rate of liquid solutions. Chevrier et al.  (2020) showed 
several orders of magnitude of difference between maximum and minimum evaporation rates by consid-
ering the annually maximum and minimum surface temperatures, including seasonal and also diurnal 
variations, which are stronger than the seasonal one. Here, we present the diurnally averaged evaporation 
rates, where the effect of strong diurnal temperature oscillations is excluded. Therefore, the evaporation rate 
estimates with our method are able to exhibit the seasonal variations caused by friction velocity variations, 
which is not taken into account by the method of Chevrier et al. (2020). The chosen eutectic temperature for 

 0.8wE a  , for which experimental studies for a chlorate-based brine solution report evaporation rates up to 
0.6 mm/h (Hanley et al., 2012). This difference between our parameterization and the one used by Chevrier 
et al. (2020) can be a result of the chosen diffusion coefficient of water into gaseous 2E CO  in the model of 
Chevrier et al. (2020), which formulates it as a function of temperature (Boynton & Brattain, 1929). Instead, 
Equation  1 is based on calculating a surface exchange coefficient using surface-layer relationships as a 
function of E  and 0E z  , as in commonly used for modeling surface processes in Mars atmospheric models (see 
Equation 9 in Forget et al., 1999).

In terms of the results obtained from Equation 1, we observe two time periods when the evaporation rate 
changes remarkably. These two periods correspond to    160 220sE L  and    260 320sE L  . As shown in 
Figure 2, the friction velocity increases as a result of the heterogeneous dust loading during    160 220sE L  . 
The second time period covers the Southern hemisphere summer solstice (  270sE L  ), when the shortwave 
radiative flux on the surface of the Southern hemisphere is the highest, thus leading to higher tempera-
tures and lower atmospheric surface densities. Recalling that the forced convection term in Equation  1 
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Figure 5. Globally and daily averaged evaporation rates for pure liquid water (panel a) and liquid brine solutions (panels b–f): predictions with Equation 1 
(blue) and the method used by Chevrier et al. (2020) (red).
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is formulated as  *E u  , it is reasonable to state that the forced convection decreases during this time period, 
leading to lower evaporation rates.

5. Conclusions
We obtain evaporation rates using the MarsWRF model with a parameterization that includes the effect of 
seasonally and regionally varying near-surface winds and atmospheric stability. To complement previous 
recent studies, we have focused both on the seasonal and regional variations in the evaporation rate of 
pure liquid water and liquid brine solutions. Furthermore, our results show that seasonal variations in the 
evaporation rate strongly depend on the effects of concentration difference of water vapor and near-surface 
winds, and therefore need to be considered.

We report strong seasonal variations in the evaporation rate of possible transient liquid brine on the surface 
of Mars. Our results show that globally averaged evaporation rates of liquid brine can vary by up to a factor 
of 2 for water activity coefficients higher than 0.6, and a factor of 3 for lower water activity coefficients 
through a Mars year. As an example, a briny liquid spheroid of 1 cm with a water activity of 0.8 and a eutec-
tic temperature of 249.4 K would be fully evaporated in 140 min around  220sE L  , whereas it would remain 
on the surface much longer, up to 250 min, around  70sE L  .

We showed that variations in the evaporation rate caused by changes in the topography can be more sig-
nificant than those caused by seasonal changes in the environmental conditions. Liquid brine solutions 
with water activity coefficients lower than 0.8 can evaporate at rates as low as 0.01 mm/h in the Northern 
Hemisphere high-latitudes, indicating that liquid brine solutions can remain on the Martian surface as long 
as the surface meteorological conditions permit stability against boiling and freezing. It must be noted that 
this is the case for brine formed through melting water ice. For the case of deliquescence, the absorption of 
atmospheric water vapor by salt solutions, the residence time will be a function of the efflorescence relative 
humidity of the solution. Here, we did not investigate the possible residence time of solutions formed by 
deliquescence specifically. Our lowest evaporation rate estimates correspond to the Northern high-latitudes, 
where the meteorological conditions can permit the formation of liquid brine solutions through deliques-
cence due to high atmospheric water vapor content during the Northern summer. Our finding shows that 
future studies on liquid solutions formed through deliquescence should focus on the diurnal variation of 
relative humidity to determine their possible residence time on the surface. Nevertheless, for the same water 
activity, evaporation rates can be two orders of magnitude higher, as high as 1.2 mm/h, in specific regions 
such as the east of Amazonis Planitia, leading a briny spheroid of 1 cm to be fully evaporated in 80 min.

Finally, our dust forcing is constructed to represent a Mars year without a major global dust storm event, 
which will increase the effect of seasonal variability. A major global dust storm can intensify the near-sur-
face winds but would also result in lower daytime temperatures, leading to a lower saturation specific hu-
midity. A comprehensive sensitivity analysis of atmospheric dust loading on the evaporation rate of liquid 
brine solutions on Mars will be the subject of a subsequent paper.

Data Availability Statement
The GCM data used to calculate the evaporation rates are available online (https://doi.org/10.17605/OSF.
IO/P9Z8J) (Temel, 2021).

References
Akridge, D. G. (2008). Methods for calculating brine evaporation rates during salt production. Journal of Archaeological Science, 35(6), 

1453–1462. https://doi.org/10.1016/j.jas.2007.10.013
Altheide, T., Chevrier, V., Nicholson, C., & Denson, J. (2009). Experimental investigation of the stability and evaporation of sulfate and 

chloride brines on mars. Earth and Planetary Science Letters, 282(1–4), 69–78. https://doi.org/10.1016/j.epsl.2009.03.002
Banfield, D., Spiga, A., Newman, C., Forget, F., Lemmon, M., Lorenz, R., et al. (2020). The atmosphere of Mars as observed by insight. 

Nature Geoscience, 1–9.
Borg, L., & Drake, M. J. (2005). A review of meteorite evidence for the timing of magmatism and of surface or near-surface liquid water on 

Mars. Journal of Geophysical Research, 110(E12), E12S03. https://doi.org/10.1029/2005je002402
Boynton, W., & Brattain, W. (1929). Interdiffusion of gases and vapors, international critical tables of numerical data physics, chemistry, and 

technology (Vol. 1). New York: McGraw-Hill.

Acknowledgments
This work was financially supported 
by grant 12ZZL20N (to OT) of the 
Research Foundation Flanders (FWO). 
Ozgur Karatekin acknowledges the 
support of the BELSPO through the 
ESA/PRODEX Program. A portion of 
this work was performed at the Jet Pro-
pulsion Laboratory, California Institute 
of Technology, under a contract with 
NASA. Cem Berk Senel was supported 
by the Belgian Science Policy Office 
(BELSPO) through Chicxulub BRAIN-
be (Belgian Research Action through 
Interdisciplinary Networks) project.

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.17605/OSF.IO/P9Z8J
https://doi.org/10.17605/OSF.IO/P9Z8J
https://doi.org/10.1016/j.jas.2007.10.013
https://doi.org/10.1016/j.epsl.2009.03.002
https://doi.org/10.1029/2005je002402


Journal of Geophysical Research: Planets

TEMEL ET AL.

10.1029/2021JE006867

14 of 16

Brass, G. W. (1980). Stability of brines on Mars. Icarus, 42(1), 20–28. https://doi.org/10.1016/0019-1035(80)90237-7
Byrne, S., Dundas, C. M., Kennedy, M. R., Mellon, M. T., McEwen, A. S., Cull, S. C., et al. (2009). Distribution of mid-latitude ground ice 

on mars from new impact craters. Science, 325(5948), 1674–1676. https://doi.org/10.1126/science.1175307
Carrozzo, F., Bellucci, G., Altieri, F., D'aversa, E., & Bibring, J.-P. (2009). Mapping of water frost and ice at low latitudes on mars. Icarus, 

203(2), 406–420. https://doi.org/10.1016/j.icarus.2009.05.020
Charalambous, C., McClean, J., Baker, M., Pike, T., Golombek, M., Lemmon, M., et al. (2021). Vortex-dominated aeolian activity at in-

sight's landing site, part 1: Multi-instrument observations, analysis, and implications. Journal of Geophysical Research: Planets, 126(6), 
e2020JE006757. https://doi.org/10.1029/2020je006757

Chevrier, V. F., & Altheide, T. S. (2008). Low temperature aqueous ferric sulfate solutions on the surface of mars. Geophysical Research 
Letters, 35(22), L22101. https://doi.org/10.1029/2008gl035489

Chevrier, V. F., Hanley, J., & Altheide, T. S. (2009). Stability of perchlorate hydrates and their liquid solutions at the phoenix landing site, 
mars. Geophysical Research Letters, 36(10), L10202. https://doi.org/10.1029/2009GL037497

Chevrier, V. F., & Rivera-Valentin, E. G. (2012). Formation of recurring slope lineae by liquid brines on present-day mars. Geophysical 
Research Letters, 39(21), L21202. https://doi.org/10.1029/2012gl054119

Chevrier, V. F., Rivera-Valentín, E. G., Soto, A., & Altheide, T. S. (2020). Global temporal and geographic stability of brines on present-day 
Mars. The Planetary Science Journal, 1(3), 64. https://doi.org/10.3847/psj/abbc14

Chittenden, J., Chevrier, V., Roe, L., Bryson, K., Pilgrim, R., & Sears, D. (2008). Experimental study of the effect of wind on the stability of 
water ice on Mars. Icarus, 196(2), 477–487. https://doi.org/10.1016/j.icarus.2008.01.016

Christensen, P. R., Bandfield, J. L., Hamilton, V. E., Ruff, S. W., Kieffer, H. H., Titus, T. N., et al. (2001). Mars global surveyor thermal 
emission spectrometer experiment: Investigation description and surface science results. Journal of Geophysical Research, 106(E10), 
23823–23871. https://doi.org/10.1029/2000je001370

Chu, Y., Li, J., Li, C., Tan, W., Su, T., & Li, J. (2019). Seasonal and diurnal variability of planetary boundary layer height in Beijing: Intercom-
parison between mpl and wrf results. Atmospheric Research, 227, 1–13. https://doi.org/10.1016/j.atmosres.2019.04.017

Clark, B. C. (1978). Implications of abundant hygroscopic minerals in the Martian regolith. Icarus, 34(3), 645–665. https://doi.
org/10.1016/0019-1035(78)90052-0

Clark, B. C., & Van Hart, D. C. (1981). The salts of Mars. Icarus, 45(2), 370–378. https://doi.org/10.1016/0019-1035(81)90041-5
Davila, A. F., Duport, L. G., Melchiorri, R., Jaenchen, J., Valea, S., de Los Rios, A., et al. (2010). Hygroscopic salts and the potential for life 

on Mars. Astrobiology, 10(6), 617–628. https://doi.org/10.1089/ast.2009.0421
Davy, R., Davis, J. A., Taylor, P. A., Lange, C. F., Weng, W., Whiteway, J., & Gunnlaugson, H. P. (2010). Initial analysis of air temperature and 

related data from the Phoenix MET station and their use in estimating turbulent heat fluxes. Journal of Geophysical Research, 115(E3), 
E00E13. https://doi.org/10.1029/2009je003444

Dundas, C. M., McEwen, A. S., Chojnacki, M., Milazzo, M. P., Byrne, S., McElwaine, J. N., & Urso, A. (2017). Granular flows at recurring slope 
lineae on Mars indicate a limited role for liquid water. Nature Geoscience, 10(12), 903–907. https://doi.org/10.1038/s41561-017-0012-5

Fairén, A. G., Davila, A. F., Gago-Duport, L., Amils, R., & McKay, C. P. (2009). Stability against freezing of aqueous solutions on early Mars. 
Nature, 459(7245), 401–404. https://doi.org/10.1038/nature07978

Fenton, L., & Michaels, T. (2011). Mesoscale and large eddy simulations of dust devils in Amazonis Planitia, Mars. LPI(1608), 2718.
Fischer, E., Martínez, G. M., Elliott, H. M., & Rennó, N. O. (2014). Experimental evidence for the formation of liquid saline water on Mars. 

Geophysical Research Letters, 41(13), 4456–4462. https://doi.org/10.1002/2014gl060302
Fischer, E., Martínez, G. M., Rennó, N., Tamppari, L., & Zent, A. (2019). Relative humidity on Mars: New results from the Phoenix TECP 

sensor. Journal of Geophysical Research: Planets, 124(11), 2780–2792. https://doi.org/10.1029/2019je006080
Foken, T. (2006). 50 years of the monin–obukhov similarity theory. Boundary-Layer Meteorology, 119(3), 431–447. https://doi.org/10.1007/

s10546-006-9048-6
Forget, F., Hourdin, F., Fournier, R., Hourdin, C., Talagrand, O., Collins, M., et  al. (1999). Improved general circulation models of 

the martian atmosphere from the surface to above 80  km. Journal of Geophysical Research, 104(E10), 24155–24175. https://doi.
org/10.1029/1999je001025

Fukushi, K., Sekine, Y., Sakuma, H., Morida, K., & Wordsworth, R. (2019). Semiarid climate and hyposaline lake on early Mars inferred 
from reconstructed water chemistry at gale. Nature Communications, 10(1), 1–11. https://doi.org/10.1038/s41467-019-12871-6

Gaidos, E. J. (2001). Cryovolcanism and the recent flow of liquid water on Mars. Icarus, 153(1), 218–223. https://doi.org/10.1006/
icar.2001.6649

Garratt, J., & Pielke, R. (1989). On the sensitivity of mesoscale models to surface-layer parameterization constants. Boundary-Layer Mete-
orology, 48(4), 377–387. https://doi.org/10.1007/bf00123060

Glavin, D. P., Freissinet, C., Miller, K. E., Eigenbrode, J. L., Brunner, A. E., Buch, A., et al. (2013). Evidence for perchlorates and the origin 
of chlorinated hydrocarbons detected by SAM at the Rocknest aeolian deposit in Gale crater. Journal of Geophysical Research: Planets, 
118(10), 1955–1973. https://doi.org/10.1002/jgre.20144

Gough, R., Chevrier, V., Baustian, K., Wise, M., & Tolbert, M. (2011). Laboratory studies of perchlorate phase transitions: Support for 
metastable aqueous perchlorate solutions on Mars. Earth and Planetary Science Letters, 312(3–4), 371–377. https://doi.org/10.1016/j.
epsl.2011.10.026

Gryning, S.-E., Batchvarova, E., Brümmer, B., Jørgensen, H., & Larsen, S. (2007). On the extension of the wind profile over homogeneous 
terrain beyond the surface boundary layer. Boundary-Layer Meteorology, 124(2), 251–268. https://doi.org/10.1007/s10546-007-9166-9

Guo, X., Lawson, W. G., Richardson, M. I., & Toigo, A. (2009). Fitting the viking lander surface pressure cycle with a mars general circula-
tion model. Journal of Geophysical Research, 114(E7). https://doi.org/10.1029/2008je003302

Guzewich, S. D., Lemmon, M., Smith, C., Martínez, G., de Vicente-Retortillo, Á., Newman, C., et al. (2019). Mars science laboratory ob-
servations of the 2018/Mars year 34 global dust storm. Geophysical Research Letters, 46(1), 71–79. https://doi.org/10.1029/2018gl080839

Haberle, R. M. (1986). Interannual variability of global dust storms on Mars. Science, 234(4775), 459–461. https://doi.org/10.1126/
science.234.4775.459

Haberle, R. M., McKay, C. P., Schaeffer, J., Cabrol, N. A., Grin, E. A., Zent, A. P., & Quinn, R. (2001). On the possibility of liquid water on 
present-day Mars. Journal of Geophysical Research, 106(E10), 23317–23326. https://doi.org/10.1029/2000je001360

Haberle, R. M., Murphy, J. R., & Schaeffer, J. (2003). Orbital change experiments with a mars general circulation model. Icarus, 161(1), 
66–89. https://doi.org/10.1016/s0019-1035(02)00017-9

Hanley, J., Chevrier, V. F., Berget, D. J., & Adams, R. D. (2012). Chlorate salts and solutions on Mars. Geophysical Research Letters, 39(8). 
https://doi.org/10.1029/2012gl051239

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/0019-1035%2880%2990237-7
https://doi.org/10.1126/science.1175307
https://doi.org/10.1016/j.icarus.2009.05.020
https://doi.org/10.1029/2020je006757
https://doi.org/10.1029/2008gl035489
https://doi.org/10.1029/2009GL037497
https://doi.org/10.1029/2012gl054119
https://doi.org/10.3847/psj/abbc14
https://doi.org/10.1016/j.icarus.2008.01.016
https://doi.org/10.1029/2000je001370
https://doi.org/10.1016/j.atmosres.2019.04.017
https://doi.org/10.1016/0019-1035%2878%2990052-0
https://doi.org/10.1016/0019-1035%2878%2990052-0
https://doi.org/10.1016/0019-1035%2881%2990041-5
https://doi.org/10.1089/ast.2009.0421
https://doi.org/10.1029/2009je003444
https://doi.org/10.1038/s41561-017-0012-5
https://doi.org/10.1038/nature07978
https://doi.org/10.1002/2014gl060302
https://doi.org/10.1029/2019je006080
https://doi.org/10.1007/s10546-006-9048-6
https://doi.org/10.1007/s10546-006-9048-6
https://doi.org/10.1029/1999je001025
https://doi.org/10.1029/1999je001025
https://doi.org/10.1038/s41467-019-12871-6
https://doi.org/10.1006/icar.2001.6649
https://doi.org/10.1006/icar.2001.6649
https://doi.org/10.1007/bf00123060
https://doi.org/10.1002/jgre.20144
https://doi.org/10.1016/j.epsl.2011.10.026
https://doi.org/10.1016/j.epsl.2011.10.026
https://doi.org/10.1007/s10546-007-9166-9
https://doi.org/10.1029/2008je003302
https://doi.org/10.1029/2018gl080839
https://doi.org/10.1126/science.234.4775.459
https://doi.org/10.1126/science.234.4775.459
https://doi.org/10.1029/2000je001360
https://doi.org/10.1016/s0019-1035%2802%2900017-9
https://doi.org/10.1029/2012gl051239


Journal of Geophysical Research: Planets

TEMEL ET AL.

10.1029/2021JE006867

15 of 16

Head, J. W., Marchant, D. R., & Kreslavsky, M. A. (2008). Formation of gullies on Mars: Link to recent climate history and insolation mi-
croenvironments implicate surface water flow origin. Proceedings of the National Academy of Sciences, 105(36), 13258–13263. https://
doi.org/10.1073/pnas.0803760105

Heavens, N., Richardson, M., Kleinböhl, A., Kass, D., McCleese, D., Abdou, W., & Wolkenberg, P. (2011). The vertical distribution of dust in 
the martian atmosphere during northern spring and summer: Observations by the Mars climate sounder and analysis of zonal average 
vertical dust profiles. Journal of Geophysical Research, 116(E4), E04003. https://doi.org/10.1029/2010je003691

Hecht, M., Kounaves, S., Quinn, R., West, S., Young, S., Ming, D., et al. (2009). Detection of perchlorate and the soluble chemistry of mar-
tian soil at the Phoenix lander site. Science, 325(5936), 64–67. https://doi.org/10.1126/science.1172466

Hecht, M. H. (2002). Metastability of liquid water on Mars. Icarus, 156(2), 373–386. https://doi.org/10.1006/icar.2001.6794
Hess, S., Henry, R., Leovy, C. B., Ryan, J., & Tillman, J. E. (1977). Meteorological results from the surface of Mars: Viking 1 and 2. Journal 

of Geophysical Research, 82(28), 4559–4574. https://doi.org/10.1029/js082i028p04559
Hinson, D., Pätzold, M., Tellmann, S., Häusler, B., & Tyler, G. (2008). The depth of the convective boundary layer on mars. Icarus, 198(1), 

57–66. https://doi.org/10.1016/j.icarus.2008.07.003
Ingersoll, A. P. (1970). Mars: Occurrence of liquid water. Science, 168(3934), 972–973. https://doi.org/10.1126/science.168.3934.972
Jiménez, P. A., Dudhia, J., González-Rouco, J. F., Navarro, J., Montávez, J. P., & García-Bustamante, E. (2012). A revised scheme for the 

WRF surface layer formulation. Monthly Weather Review, 140(3), 898–918. https://doi.org/10.1175/mwr-d-11-00056.1
Katul, G. G., & Parlange, M. B. (1992). A penman-brutsaert model for wet surface evaporation. Water Resources Research, 28(1), 121–126. 

https://doi.org/10.1029/91wr02324
Khuller, A., Christensen, P., Harrison, T., & Diniega, S. (2021). The distribution of frosts on mars: Links to present-day gully activity. Jour-

nal of Geophysical Research: Planets, 126(3), e2020JE006577. https://doi.org/10.1029/2020je006577
Kurgansky, M. V., Montecinos, A., Villagran, V., & Metzger, S. M. (2011). Micrometeorological conditions for dust-devil occurrence in the 

Atacama desert. Boundary-Layer Meteorology, 138(2), 285–298. https://doi.org/10.1007/s10546-010-9549-1
Liu, S., & Liang, X.-Z. (2010). Observed diurnal cycle climatology of planetary boundary layer height. Journal of Climate, 23(21), 5790–

5809. https://doi.org/10.1175/2010jcli3552.1
Martínez, G., Newman, C., De Vicente-Retortillo, A., Fischer, E., Renno, N., Richardson, M., et al. (2017). The modern near-surface Mar-

tian climate: A review of in-situ meteorological data from Viking to Curiosity. Space Science Reviews, 212(1), 295–338. https://doi.
org/10.1007/s11214-017-0360-x

Martínez, G., & Renno, N. O. (2013). Water and brines on Mars: Current evidence and implications for msl. Space Science Reviews, 175(1–4), 
29–51. https://doi.org/10.1007/s11214-012-9956-3

Martínez, G., Valero, F., & Vázquez, L. (2009). Characterization of the martian surface layer. Journal of the Atmospheric Sciences, 66(1), 
187–198. https://doi.org/10.1175/2008jas2765.1

Martínez, G., Valero, F., & Vázquez, L. (2011). The TKE budget in the convective Martian planetary boundary layer. Quarterly Journal of 
the Royal Meteorological Society, 137(661), 2194–2208. https://doi.org/10.1002/qj.883

McEwen, A. S., Dundas, C. M., Mattson, S. S., Toigo, A. D., Ojha, L., Wray, J. J., & Thomas, N. (2014). Recurring slope lineae in equatorial 
regions of Mars. Nature Geoscience, 7(1), 53–58. https://doi.org/10.1038/ngeo2014

McEwen, A. S., Hansen, C., Delamere, W. A., Eliason, E., Herkenhoff, K. E., Keszthelyi, L., et al. (2007). A closer look at water-related 
geologic activity on Mars. Science, 317(5845), 1706–1709. https://doi.org/10.1126/science.1143987

Mellon, M. T., Feldman, W. C., & Prettyman, T. H. (2004). The presence and stability of ground ice in the southern hemisphere of mars. 
Icarus, 169(2), 324–340. https://doi.org/10.1016/j.icarus.2003.10.022

Mellon, M. T., Jakosky, B. M., Kieffer, H. H., & Christensen, P. R. (2000). High-resolution thermal inertia mapping from the Mars global 
surveyor thermal emission spectrometer. Icarus, 148(2), 437–455. https://doi.org/10.1006/icar.2000.6503

Mischna, M. A., Lee, C., & Richardson, M. (2012). Development of a fast, accurate radiative transfer model for the martian atmosphere, 
past and present. Journal of Geophysical Research, 117, E10009. https://doi.org/10.1029/2012je004110

Montabone, L., Forget, F., Millour, E., Wilson, R., Lewis, S., Cantor, B., et al. (2015). Eight-year climatology of dust optical depth on Mars. 
Icarus, 251, 65–95. https://doi.org/10.1016/j.icarus.2014.12.034

Newman, C. E., Gómez-Elvira, J., Marin, M., Navarro, S., Torres, J., Richardson, M. I., et al. (2017). Winds measured by the rover environ-
mental monitoring station (REMS) during the Mars science laboratory (MSL) rover's Bagnold Dunes campaign and comparison with 
numerical modeling using Mars WRF. Icarus, 291, 203–231. https://doi.org/10.1016/j.icarus.2016.12.016

Newman, C. E., Kahanpää, H., Richardson, M., Martínez, G. M., Vicente-Retortillo, A., & Lemmon, M. (2019). Mars WRF convective vor-
tex and dust devil predictions for Gale Crater over 3 Mars years and comparison with MSL-REMS observations. Journal of Geophysical 
Research: Planets, 124(12), 3442–3468. https://doi.org/10.1029/2019je006082

Newman, C. E., & Richardson, M. I. (2015). The impact of surface dust source exhaustion on the martian dust cycle, dust storms and interan-
nual variability, as simulated by the mars wrf general circulation model. Icarus, 257, 47–87. https://doi.org/10.1016/j.icarus.2015.03.030

Nickovic, S., Kallos, G., Papadopoulos, A., & Kakaliagou, O. (2001). A model for prediction of desert dust cycle in the atmosphere. Journal 
of Geophysical Research, 106(D16), 18113–18129. https://doi.org/10.1029/2000jd900794

Nikolakakos, G., & Whiteway, J. A. (2015). Laboratory investigation of perchlorate deliquescence at the surface of Mars with a Raman 
scattering lidar. Geophysical Research Letters, 42(19), 7899–7906. https://doi.org/10.1002/2015gl065434

Nikolakakos, G., & Whiteway, J. A. (2018). Laboratory study of adsorption and deliquescence on the surface of Mars. Icarus, 308, 221–229. 
https://doi.org/10.1016/j.icarus.2017.05.006

Nuding, D., Davis, R., Gough, R., & Tolbert, M. (2015). The aqueous stability of a Mars salt analog: Instant Mars. Journal of Geophysical 
Research: Planets, 120(3), 588–598. https://doi.org/10.1002/2014je004722

Ogohara, K., & Satomura, T. (2008). Northward movement of martian dust localized in the region of the hellas basin. Geophysical Research 
Letters, 35(13), L13201. https://doi.org/10.1029/2008gl034546

Pál, B., & Kereszturi, Á. (2017). Possibility of microscopic liquid water formation at landing sites on Mars and their observational potential. 
Icarus, 282, 84–92. https://doi.org/10.1016/j.icarus.2016.09.006

Petrosyan, A., Galperin, B., Larsen, S. E., Lewis, S., Määttänen, A., Read, P., et al. (2011). The martian atmospheric boundary layer. Reviews 
of Geophysics, 49(3). https://doi.org/10.1029/2010rg000351

Pla-García, J., Rafkin, S., Martinez, G., Vicente-Retortillo, Á., Newman, C., Savijärvi, H., et al. (2020). Meteorological predictions for Mars 
2020 perseverance rover landing site at Jezero crater. Space Science Reviews, 216(8), 1–21. https://doi.org/10.1007/s11214-020-00763-x

Potter, J. M., & Riley, N. (1980). Free convection from a heated sphere at large grashof number. Journal of Fluid Mechanics, 100(4), 769–783. 
https://doi.org/10.1017/s0022112080001395

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/pnas.0803760105
https://doi.org/10.1073/pnas.0803760105
https://doi.org/10.1029/2010je003691
https://doi.org/10.1126/science.1172466
https://doi.org/10.1006/icar.2001.6794
https://doi.org/10.1029/js082i028p04559
https://doi.org/10.1016/j.icarus.2008.07.003
https://doi.org/10.1126/science.168.3934.972
https://doi.org/10.1175/mwr%2Dd%2D11-00056.1
https://doi.org/10.1029/91wr02324
https://doi.org/10.1029/2020je006577
https://doi.org/10.1007/s10546-010-9549-1
https://doi.org/10.1175/2010jcli3552.1
https://doi.org/10.1007/s11214-017-0360%2Dx
https://doi.org/10.1007/s11214-017-0360%2Dx
https://doi.org/10.1007/s11214-012-9956-3
https://doi.org/10.1175/2008jas2765.1
https://doi.org/10.1002/qj.883
https://doi.org/10.1038/ngeo2014
https://doi.org/10.1126/science.1143987
https://doi.org/10.1016/j.icarus.2003.10.022
https://doi.org/10.1006/icar.2000.6503
https://doi.org/10.1029/2012je004110
https://doi.org/10.1016/j.icarus.2014.12.034
https://doi.org/10.1016/j.icarus.2016.12.016
https://doi.org/10.1029/2019je006082
https://doi.org/10.1016/j.icarus.2015.03.030
https://doi.org/10.1029/2000jd900794
https://doi.org/10.1002/2015gl065434
https://doi.org/10.1016/j.icarus.2017.05.006
https://doi.org/10.1002/2014je004722
https://doi.org/10.1029/2008gl034546
https://doi.org/10.1016/j.icarus.2016.09.006
https://doi.org/10.1029/2010rg000351
https://doi.org/10.1007/s11214-020-00763%2Dx
https://doi.org/10.1017/s0022112080001395


Journal of Geophysical Research: Planets

TEMEL ET AL.

10.1029/2021JE006867

16 of 16

Primm, K., Stillman, D., & Michaels, T. (2020). Investigating the hysteretic behavior of mars-relevant chlorides. Icarus, 342, 113342. https://
doi.org/10.1016/j.icarus.2019.06.003

Putzig, N. E., & Mellon, M. T. (2007). Apparent thermal inertia and the surface heterogeneity of Mars. Icarus, 191(1), 68–94. https://doi.
org/10.1016/j.icarus.2007.05.013

Putzig, N. E., Mellon, M. T., Kretke, K. A., & Arvidson, R. E. (2005). Global thermal inertia and surface properties of Mars from the mgs 
mapping mission. Icarus, 173(2), 325–341. https://doi.org/10.1016/j.icarus.2004.08.017

Rennó, N. O., Bos, B. J., Catling, D., Clark, B. C., Drube, L., Fisher, D., et al. (2009). Possible physical and thermodynamical evidence for 
liquid water at the Phoenix landing site. Journal of Geophysical Research, 114(E1), E00E03. https://doi.org/10.1029/2009je003362

Richardson, M. I., & Mischna, M. A. (2005). Long-term evolution of transient liquid water on Mars. Journal of Geophysical Research, 
110(E3), E03003. https://doi.org/10.1029/2004je002367

Richardson, M. I., Toigo, A. D., & Newman, C. E. (2007). Planet WRF: A general purpose, local to global numerical model for planetary 
atmospheric and climate dynamics. Journal of Geophysical Research, 112(E9), E09001. https://doi.org/10.1029/2006je002825

Rivera-Valentín, E. G., Chevrier, V. F., Soto, A., & Martínez, G. (2020). Distribution and habitability of (meta) stable brines on present-day 
Mars. Nature Astronomy, 1–6. https://doi.org/10.1038/s41550-020-1080-9

Savijärvi, H., Harri, A.-M., & Kemppinen, O. (2015). Mars science laboratory diurnal moisture observations and column simulations. 
Journal of Geophysical Research: Planets, 120(5), 1011–1021. https://doi.org/10.1002/2014je004732

Savijärvi, H., Määttänen, A., Kauhanen, J., & Harri, A.-M. (2004). Mars pathfinder: New data and new model simulations. Quarterly Jour-
nal of the Royal Meteorological Society: A journal of the Atmospheric Sciences, Applied Meteorology and Physical Oceanography, 130(597), 
669–683. https://doi.org/10.1256/qj.03.59

Savijärvi, H., Martinez, G., Harri, A.-M., & Paton, M. (2020). Curiosity observations and column model integrations for a martian global 
dust event. Icarus, 337, 113515. https://doi.org/10.1016/j.icarus.2019.113515

Schofield, J., Barnes, J. R., Crisp, D., Haberle, R. M., Larsen, S., Magalhaes, J., & Wilson, G. (1997). The Mars Pathfinder atmospheric struc-
ture investigation/meteorology (ASI/MET) experiment. Science, 278(5344), 1752–1758. https://doi.org/10.1126/science.278.5344.1752

Schon, S. C., Head, J. W., & Fassett, C. I. (2009). Unique chronostratigraphic marker in depositional fan stratigraphy on Mars: Evidence for 
ca. 1.25 Ma gully activity and surficial meltwater origin. Geology, 37(3), 207–210. https://doi.org/10.1130/g25398a.1

Schorghofer, N., & Aharonson, O. (2005). Stability and exchange of subsurface ice on mars. Journal of Geophysical Research: Planets, 
110(E5), E05003. https://doi.org/10.1029/2004je002350

Sears, D. W., & Moore, S. R. (2005). On laboratory simulation and the evaporation rate of water on Mars. Geophysical Research Letters, 
32(16), L16202. https://doi.org/10.1029/2005gl023443

Sharan, M., & Piyush, S. (2016). Characteristics of the heat flux in the unstable atmospheric surface layer. Journal of the Atmospheric 
Sciences, 73(11), 4519–4529. https://doi.org/10.1175/jas-d-15-0291.1

Smith, M. D. (2004). Interannual variability in TES atmospheric observations of Mars during 1999–2003. Icarus, 167(1), 148–165. https://
doi.org/10.1016/j.icarus.2003.09.010

Smithsonian meteorological tables. (1984). Smithsonian miscellaneous collections (5th ed., pp. 350).
Spanovich, N., Smith, M., Smith, P., Wolff, M., Christensen, P., & Squyres, S. (2006). Surface and near-surface atmospheric temperatures for 

the Mars exploration rover landing sites. Icarus, 180(2), 314–320. https://doi.org/10.1016/j.icarus.2005.09.014
Spiga, A., Forget, F., Lewis, S., & Hinson, D. (2010). Structure and dynamics of the convective boundary layer on Mars as inferred from 

large-eddy simulations and remote-sensing measurements. Quarterly Journal of the Royal Meteorological Society, 136(647), 414–428. 
https://doi.org/10.1002/qj.563

Stull, R. B. (1988). An introduction to boundary layer meteorology (Vol. 13). Springer Science and Business Media.
Sutton, J. L., Leovy, C. B., & Tillman, J. E. (1978). Diurnal variations of the martian surface layer meteorological parame-

ters during the first 45 sols at two viking lander sites. Journal of Atmospheric Sciences, 35(12), 2346–2355. https://doi.
org/10.1175/1520-0469(1978)035<2346:dvotms>2.0.co;2

Temel, O. (2021). JGRP_water_Mars. Open science framework. https://doi.org/10.17605/OSF.IO/P9Z8J
Temel, O., Senel, C. B., Porchetta, S., Muñoz-Esparza, D., Mischna, M. A., Van Hoolst, T., & Karatekin, Ö. (2021). Large eddy simulations 

of the martian convective boundary layer: Towards developing a new planetary boundary layer scheme. Atmospheric Research, 250, 
105381. https://doi.org/10.1016/j.atmosres.2020.105381

Tillman, J. E., Landberg, L., & Larsen, S. E. (1994). The boundary layer of Mars: Fluxes, stability, turbulent spectra, and growth of the mixed 
layer. Journal of Atmospheric Sciences, 51(12), 1709–1727. https://doi.org/10.1175/1520-0469(1994)051<1709:tblomf>2.0.co;2

Toigo, A. D., Lee, C., Newman, C. E., & Richardson, M. I. (2012). The impact of resolution on the dynamics of the martian global atmos-
phere: Varying resolution studies with the mars WRF GCM. Icarus, 221(1), 276–288. https://doi.org/10.1016/j.icarus.2012.07.020

Toner, J., & Catling, D. (2018). Chlorate brines on Mars: Implications for the occurrence of liquid water and deliquescence. Earth and 
Planetary Science Letters, 497, 161–168. https://doi.org/10.1016/j.epsl.2018.06.011

Toner, J., Catling, D., & Light, B. (2014). Soluble salts at the phoenix lander site, Mars: A reanalysis of the wet chemistry laboratory data. 
Geochimica et Cosmochimica Acta, 136, 142–168. https://doi.org/10.1016/j.gca.2014.03.030

Toner, J., Catling, D., & Light, B. (2015). A revised Pitzer model for low-temperature soluble salt assemblages at the Phoenix site, Mars. 
Geochimica et Cosmochimica Acta, 166, 327–343. https://doi.org/10.1016/j.gca.2015.06.011

 21699100, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006867 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [22/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.icarus.2019.06.003
https://doi.org/10.1016/j.icarus.2019.06.003
https://doi.org/10.1016/j.icarus.2007.05.013
https://doi.org/10.1016/j.icarus.2007.05.013
https://doi.org/10.1016/j.icarus.2004.08.017
https://doi.org/10.1029/2009je003362
https://doi.org/10.1029/2004je002367
https://doi.org/10.1029/2006je002825
https://doi.org/10.1038/s41550-020-1080-9
https://doi.org/10.1002/2014je004732
https://doi.org/10.1256/qj.03.59
https://doi.org/10.1016/j.icarus.2019.113515
https://doi.org/10.1126/science.278.5344.1752
https://doi.org/10.1130/g25398a.1
https://doi.org/10.1029/2004je002350
https://doi.org/10.1029/2005gl023443
https://doi.org/10.1175/jas%2Dd%2D15-0291.1
https://doi.org/10.1016/j.icarus.2003.09.010
https://doi.org/10.1016/j.icarus.2003.09.010
https://doi.org/10.1016/j.icarus.2005.09.014
https://doi.org/10.1002/qj.563
https://doi.org/10.1175/1520-0469(1978)035%3C2346:dvotms%3E2.0.co;2
https://doi.org/10.1175/1520-0469(1978)035%3C2346:dvotms%3E2.0.co;2
https://doi.org/10.17605/OSF.IO/P9Z8J
https://doi.org/10.1016/j.atmosres.2020.105381
https://doi.org/10.1175/1520-0469(1994)051%3C1709:tblomf%3E2.0.co;2
https://doi.org/10.1016/j.icarus.2012.07.020
https://doi.org/10.1016/j.epsl.2018.06.011
https://doi.org/10.1016/j.gca.2014.03.030
https://doi.org/10.1016/j.gca.2015.06.011

	Strong Seasonal and Regional Variations in the Evaporation Rate of Liquid Water on Mars
	Abstract
	Plain Language Summary
	1. Introduction
	2. Parameterization of the Evaporation Rate
	3. GCM Simulations
	3.1. Model Settings and the Dust Forcing Scenario
	3.2. The Possibility of Liquid Water on the Martian Surface

	4. Evaporation Rate Estimates
	5. Conclusions
	Data Availability Statement
	References


