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During an almost two week-long field campaign in the Atacama Desert high altitude region of Ojos del Salado volcano, tem-
perature (T) and relative humidity (RH) values were monitored on the surface and <1-5 cm sized rocks, focusing on the
night-time values. The aim was to identify and evaluate potential temporal characteristics of daily T and RH changes, search-
ing for ideal periods for deliguescence that has recently been proposed for Mars. Although the atmospheric pressure on
Mars is much lower than on Earth, and the atmosphere is drier in general, the huge daily temperature fluctuation there could
produce elevated humidity values at night-time; this aspect has thus been analysed on Earth at a desert location, where be-
cause of the high elevation night-time cooling is very strong, just like on Mars. Different nearby surface locations showed the
same temporal T/RH characteristics, but evident variations were observed between different days. Strong fluctuations could
be observed on 10-20 minute long temporal scales, that might influence the deliquescence process, and should be ac-
counted for in future missions aiming to analyse this process on Mars. Night-time periods were favourable for deliguescence.
Among the modelled Mars-relevant salts [CaCl,, Ca(ClO,),, Mg(ClO,),, NaCl] the longest durations of possible deliques-
cence were for CaCl,, Ca(ClO,), and Mg(ClO,),, ~7—12 hours for one day. The duration for deliquescence showed some in-
crease along with the rising elevation, due to the decreasing night-time temperature. Thus despite the low humidity on Mars,
the cold nights may cause elevated RH towards deliqguescence. The Atacama Desert locations analysed are a useful ana-
logue of the deliquescence process on Mars. Fluctuation in RH was observed in night-time, suggesting that similar variability
might be present on Mars, and that should be considered in the future, including in evaluating how fast the microscopic liquid
formation progresses. Night-time slope winds expected on Mars might have a strong impact on the local T/RH conditions. A
more detailed analysis in the future should focus on identifying and separating regions with and without much of the expected
night-time fluctuation.
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INTRODUCTION the air. Onboard the ExoMars 2020 rover the HABIT instrument
(Martin-Torres and Zorzano, 2018) will be able to detect this

deliquescence process for the first time. While models of Mar-

This work evaluates the on-site monitoring-based results of
night-time T and RH measurements at the Ojos del Salado re-
gion of the High-Andes, near the Atacama Desert. The deli-
guescence process (by which a substance absorbs moisture
from the air until it dissolves in the absorbed water and forms a
solution), was found to be a realistic possibility producing micro-
scopic liquid water on Mars today, despite the dry conditions. A
thin-layer of liquid solution could form on the top layer of such
hygroscopic salts that have the ability to absorb moisture from

* Corresponding author, e-mail: kereszturi.akos@csfk.mta.hu

Received: November 10, 2019; accepted: July 8, 2020; first
published online: October 8, 2020

tian atmospheric behaviour are often used to evaluate the pos-
sibility of deliquescence (Lewis, 2003), they usually consider
“general or average” conditions, which in reality may be more
variable. To better understand the atmospheric conditions’ im-
portance for deliquescence, this Earth-based Mars analogue
site was surveyed to observe the temporal behaviour of temper-
ature and humidity values (Farris and Davila, 2016), under
partly Mars-relevant (reduced atmospheric pressure and hu-
midity) conditions. The results gained there were comple-
mented with Mars-relevant atmospheric modelling, as the joint
evaluation of these two approaches can provide relevant infor-
mation for the expected conditions on Mars. The contribution of
this work to our current knowledge is to provide some example
measurements of relative humidity and temperature changes in
night-time at a high-altitude dry and cold Mars analogue site on
the Earth, in order to inform research into Mars.
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Besides the occurrence of favourable conditions for deli-
quescence, the presence of specific Mars-relevant salts is also
important; however, our study did not search for these, and this
could be the target of a future longer mission. However, earlier
information exist on the mineralogy of the Atacama region,
mainly in situ though recently also from remote sensing data
(Harris et al., 2016). These surveys demonstrated that several
Mars-relevant hygroscopic salts are present there. The highest
salt concentration occurs on salt flats, often dominated by chlo-
rides, especially halite (Artieda et al., 2015), and gypsum
(Amundson et al., 2012), which have been considered as useful
Mars analogue materials (Osterloo et al., 2008) regarding their
formation and potential biological relevance (Weng et al.,
2018). Nitrates and perchlorates were also identified in variable
abundance, which are most abundant in the driest Yungay re-
gion among the sites surveyed (McKay and Claire, 2016), partly
because perchlorates are extremely soluble, and can remain
only at the driest locations. Natural perchlorates (CIO,) have
been identified at several dry areas on the Earth (including
southwestern United States, southern Africa, United Arab Emi-
rates, China, Antarctica, and Chile) with concentrations ranging
from 107 to 10° ug/kg (Jackson et al., 2015) — and this is abun-
dant in the Atacama region. Oxychlorines have already been
proposed as a reason for the lack or very low abundance of or-
ganic material in the soils of the Atacama Desert (Montgomery
et al., 2019), thus they are important targets. At the three target
sites analysed in this study, evaporites occur in variable
amounts, although no specific compositional analysis has yet
been realized there.

The Atacama Desert has been considered as a Mars ana-
logue area on Earth because of its dryness (Stepinski and
Stepinski, 2005), occurrence of oxidants (Catling et al., 2010;
Smith et al., 2014; Jackson et al., 2015) and extreme habitats
(Navarro-Gonzalez et al., 2003; Heldmann et al., 2010; Wierz-
chosetal., 2013; Azua-Bustos et al., 2018). The characteristics
of temperature and humidity daily cycles identified here, their
repeatability, and the reasons for differences between various
daily cycles, might have Mars-relevant consequences as re-
gards formulating expectations for the deliquescence process
there. In this work we mainly focus on night-time values mea-
sured in the High Andes; the daytime values are much more un-
certain and are noted only for context. The data we have ob-
tained may help to identify those temporal characteristics (like
certain parts of daily cycles, required temporal resolution, scale
of fluctuations etc.) that should be a focus of future observa-
tions and planning.

During the geological history of Mars there were periods
when the planet likely had rivers, lakes (Cabrol and Grin, 1999;
Fassett et al., 2008; Czechowski et al., 2013; Ehimann et al.,
2016) and even large standing liquid water bodies (Tokano et
al., 2005). Liquid water cannot exist in large volumes there to-
day, mainly because of the thin atmosphere, low temperature
and general dryness. However, based on new results, it can
emerge at a microscopic scale on the surface of hygroscopic
minerals (Reiss et al., 2010; Nikolakakos and Whiteway,
2018), if the circumstances are favourable (Losiak et al., 2015;
Pal and Kereszturi, 2017). The necessary conditions, elevated
humidity and temperature can be met on Mars, as the meteoro-
logical observations of the Rover Environmental Monitoring
Station (REMS) instrument onboard Curiosity rover showed a
few years ago (Torres et al., 2015). Deliquescence is an impor-
tant step toward the potential emergence of bulk liquid brines
(Farris and Davila, 2017). There are numerous other studies in-
dicating the existence of liquid water or brines on Mars
(Zorzano et al., 2009), that might facilitate movement on the
Martian surface in the form of streaks emanating from Dark

Dune Spots (Kereszturi and Rivera-Valentin, 2012, 2016), Re-
curring Slope Linae (McEwen et al., 2011; Ojha et al., 2015)
while what look like droplets on the leg of the Phoenix lander
have also been observed (Renno et al., 2009).

BACKGROUND INFORMATION

The study site: the Ojos del Salado (6893 m, 27°06'34" S,
68°32'32” W) is the highest volcano on Earth (Oscar, 1995),
with an elevation of 6893 m in the Atacama Desert — Altiplano
region, above the Puna de Atacama plain. The region is a
desert without vegetation or soil cover (Fig. 1). Due to the undu-
lating topography and high altitude, permafrost is present
(Cobos and Corte, 1990; Ahumada, 2002) with some glacier
remnants (Oyarzun, 1987). The morphology of the surface is
dominated by rocks and boulders; at a few locations ripples
(rarely dunes) are also observable. Ojos del Salado has the
highest altitude snowline (Clapperton, 1994), however >6500 m
the terrain is mostly (but not always) snow covered (Amman et
al., 2001) and it hosts the highest altitude lakes and desert re-
gion on Earth.

The climatic conditions are not well-known, partly because
of the stochastic changes and the poor observational coverage.
From the remote sensing analysis of Gspurning et al. (2006), it
is difficult to determine the snow coverage, as fresh snow might
sublimate within hours. There is a characteristic night-time tem-
perature drop, occasionally <—10°C even during summertime,
and above 6000 m it is often <-10°C even in daytime. The cli-
matic snowline is situated ~7000 m, and a high-altitude desert
can be found below 6000 m (Ammann et al., 2001; Azocar and
Brenning, 2010; Nagy et al., 2014a, b; Nagy, 2019). Precipita-
tion is occasionally present but only in the form of snow (no rain
>5000 m altitude), mainly during local winter. The snow might
sublimate away, but a small amount of ephemeral runoff can
occasionally be generated by the melting snow.

Temperature and humidity monitoring have already been
realized in the Atacama region at lower altitude locations, and at
other Mars analogue sites on the Earth. Azua-Bustos et al.
(2015) surveyed the driest Yungay region of the Atacama
Desert and the even drier Maria Elena South location, reporting
a mean atmospheric relative humidity of 17.3%, a constant 14%
at the depth of 1 min the soil, and found a number of viable bac-
terial species there. Based on the climate and moisture data of
four years (1994-1998) reported by McKay et al. (2003) there
was only one significant rain event of 2.3 mm, near midnight lo-
cal time. This may have been a rain out of a heavy fog that pro-
duced liquid water in the soil for 65-85 h over the 4 years. How-
ever, all of these earlier measurements were realized at much
lower altitudes (usually <1100 m elevation), thus it is important
to extend the analysis to higher levels, as at a lower-pressure
environment the atmospheric variability might be larger, and
closer to that relevant for the Martian surface. Unfortunately no
remote data recording was realistic at this altitude, because the
strong winds often redistribute dust, and any unguarded detec-
tor may be covered with a thick sediment layer and produce
false data. As a result only a relatively short interval of data re-
cording was possible here, during a manned expedition.

For deliquescence to take place on Mars, elevated atmo-
spheric humidity and hygroscopic salts need to be present on
the otherwise generally dry planet. Humidity can be elevated
during night-time because of the very low temperature, and so
the relative humidity could increase substantially. Under the
conditions measured by the REMS instrument at Gale Crater
on Mars, some chlorine-containing salts can hydrate and others
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Fig. 1. Images of the area, showing the general outlook of the barren, rocky debris-covered surface (A, B)
and a map of the locations of measurements (C)

dehydrate on daily cycles based on laboratory tests (Gough et
al., 2019), however, atmospherically based hydration of salts
may be very slow. Aqueous solutions from the interaction of
various perchlorates are expected to emerge around the Phoe-
nix landing site but not probable at the Curiosity landing site of
Gale crater (Primm et al., 2018); however, deliquescence is ex-
pected there (Rivera Valentin et al., 2018). Analysing the Phoe-
nix landing site, RH was usually <5% in the day and >95% at
night-time, the transition between the two values being rapid
(Zent et al., 2016). According to recent results (Martin-Torres et
al., 2015; Pal and Kereszturi, 2017) deliqguescence is a realistic
possibility for microscopic liquid water emergence on Mars un-
der current conditions. Although in the High-Andes region there
are various hygroscopic salts, which might provide ideal sur-
faces for the deliquescence process, in this work only the mete-
orological conditions, and Mars-related theoretical occurrence
of deliquescence, were analysed.

Perchlorates and chlorates were first identified by the Wet
Chemistry Laboratory experiment on the Phoenix Lander on
Mars (Hecht et al., 2009; Kounaves et al., 2010; Toner et al.,
2014a). The existence of perchlorates was further indicated by
the Thermal and Evolved Gas Analyzer (Boynton et al., 2009),
of the Sample Analysis at Mars instrument onboard the Curios-
ity rover (Glavin et al., 2013) and perchlorates were also de-
tected spectroscopically by the Mars Reconnaissance Orbiter

(Ojha et al., 2015). Perchlorates and chlorates are popular
among researchers due to their ability to considerably lower the
freezing point of water, and to their hygroscopic nature. These
properties suggest the potential for liquid water on Mars in spite
of the cold and dry, frigid conditions (Gough et al., 2011; Nuding
etal., 2014; Toner etal., 2014a, 2015a, b). Because of the great
variability of meteorological conditions on Mars, several as-
pects of the Martian H,O cycle are awaiting discovery (Martinez
etal., 2017).

METHODS

In this study, in situ temperature and humidity measure-
ments were analysed and compared to Martian atmospheric
modelling-based trends. At the field sites atmospheric and shal-
low subsurface temperature and relative humidity were mea-
sured using 8 sensors per site. These were used at three differ-
ent altitudes during the field trip on the slopes of Ojos del
Salado volcano in the High Andes and Atacama region for a to-
tal period of 12 days, at 3810, 4328 and 5260 m a.s.l.
(Kereszturi, 2019).

SHT21 Humidity and Temperature Sensor IC instruments
(4 x 1.5 x 0.5 cm) produced by Sensirion company, were used.
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These were equipped with capacitive type humidity sensors,
band gap temperature sensors and a specialized digital inte-
grated circuit — all on a single CMOS chip. The sensors provide
calibrated, linearized signals in digital I12C format. The resolu-
tion of SHT2x can be changed by command (8/12bit up to
12/14bit for RH/T). The RH resolution of the instrument is better
than 0.7%, but can reach up to 6% below zero Celsius; the tem-
perature resolution is better than 0.04°C (operating range —40
to 125°C).

The detectors acquired measurements every 5 minutes.
They were exposed on the surface to be able to react quickly to

changes in the environment, and arranged in a 1 m? area <1 m
distance apart at each site (Fig. 2). Four types of placing were
used in order to see possible differences related to cm-scale
topographic undulations (shadowing). The first placing type was
a nearly smooth area directly on the surface, the second at the
bottom of a 12-14 cm diameter, 8—12 cm deep pit (depression),
the third next to a stone (min. 8 cm high) at its east and west
sides, the fourth at the bottom of a 8-12 cm deep pit as noted
above, but covered with a stone from above (that allows air to
flow through the depression; Fig. 2).

Fig. 2. The placing of detectors (yellow-green box with black rod)

A — exposed on a barren surface; B — inside a small pit; C, D — beside rocks; E, F — inside a pit covered by a rock;
the 5 cm scale at the bottom is approximately valid for all insets
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Although the measurements targeted the night-time peri-
ods, some observations from the daytime dataset are interest-
ing too. In order to provide further compare with Mars-relevant
aspects, we analysed the measurements in contrast with Mar-
tian Recurring Slope Lineae sites, Horowitz Crater and Newton
Basin (McEwen et al., 2011). We obtained surface temperature
and relative humidity curves from model calculations by
Laboratoire de Météorologie Dynamique Mars General Circula-
tion Model (LMDZ GCM), detailed in Forget et al. (1999), in-
cluding a water cycle as described in Navarro et al. (2014).

To calculate the relative humidity on Mars, we need the wa-
ter vapour volume mixing ratio at the surface. Since a GCM
does not model this at the Martian surface, but at ~4 m above it,
we assume that the area between the surface and this height
layer is well-mixed (this assumption is roughly acceptable as
the best available approach, because of near-surface mix-
ing-induced wind shear even in a relatively stable atmosphere).
With this approximation, we consider that the water vapour vol-
ume mixing ratio at the surface is equal to the value at ~4 m.
The relative humidity is then derived as:

RH=0

Qsat

where: Qo is the estimated water vapour volume mixing ratio at the
surface.

According to Martin-Torres et al. (2015) and Pal and
Kereszturi (2017) deliquescence is a realistic possibility for mi-
croscopic liquid water emergence on Mars under current condi-
tions. Although in the High Andes region there are various hy-
groscopic salts which might provide the ideal surfaces for the
deliquescence process, in this study only the meteorological
conditions and Mars-related theoretical occurrence of deliques-
cence were analysed.

We examined the expected potential behaviour of 5 salts al-
together, evaluating the model based results and the measured

parameters in order to see whether these components liquefy
on Mars and the analysed Earth analogue locations: calcium
perchlorate: Ca(ClO,), (Toner et al., 2014b), magnesium per-
chlorate: Mg(ClQOy), (Méhimann and Thomsen, 2011), calcium
chloride: CaCl, (Davila et al., 2010), sodium chloride: NaCl and
magnesium sulphate: MgSO, (Chevrier et al., 2012). Magne-
sium perchlorate was identified by the Phoenix lander (Hecht et
al., 2009) and calcium perchlorate was also identified at the
Martian surface; these are the most probable salts to liquefy
through deliquescence under current conditions, mostly be-
cause of their low eutectic temperature.

RESULTS

The numerical summary of the observed temperature and
humidity values can be seen in Table 1, while some observed
typical daily curves at the Ojos del Salado volcano are shown in
Figure 3. The temperature and relative humidity curves exhibit
general trends that are related mostly to the daily cycles, with in-
creased temperature in the day and increased humidity at
night-time, although they showed some specific features too.
These observations suggest that the parameters recorded are
more site- (and local conditions-) dependent than related to any
possible specific characteristics of certain detectors. The tem-
perature and humidity curves are anticorrelated to each other,
according to expectations.

An overview of values of the temperature and humidity
measured are indicated in Table 1 where all detectors were
used to calculate the average, minimum and maximum values
for night-time temperatures, using all sensors from 2 days at
Laguna Santa Rosa, 2 days at Laguna Verde, and 4 days at
Atacama Base Camp. For daytime values our own measure-
ments were combined with other studies (Gspurning et al.,
2006; Azocar and Brenning, 2010) to evaluate the range and
minimum and maximum values. Evaluating the numbers in Ta-
ble 1, subzero temperatures might appear at all locations even

Table 1

Summary of measurements

Location Lagur\r)mgsganta Laguna Verde Atacama Base Camp
min 1.4 -2.7 -12.2

Daytime T [C°] max 22 23 18
average 14.4 8.6 8.0
min 3.0 6.7 0.7
Daytime RH [%)] max 78.5 98.4 89.7
average 11.4 20.8 12.4
min -0.7 -3.9 -13.5
Nighttime T [C°] max 17.3 17.5 7.8
average 3.4 2.9 -2.3
min 30.7 26.2 32.2
Nighttime RH [%] max 85.3 100.0 94.7
average 29.6 39.1 33.0

Daytime temperatures are not part of the analysis
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Fig. 3. Summary of all curves recorded where different colours mark different detectors (top right corner)

Please note that the last two days of the observations have not been considered during the analysis as in these cases the detectors were sit-
uated close to the location of site where melting was taking place and were covered by wet sediments; thus, they were not realistic. Placing of
the detectors at each site was done according to: 51 — exposed on a barren surface, 52 and 54 — inside a small pit, 55 and 56 — beside rocks,

57 and 58 — inside a pit covered by a rock

in daytime too, however, even at night-time it was not neces-
sary to go below zero. The daytime and night-time average val-
ues both decreased with increased altitude. A high range of
daily fluctuation can be observed for both temperature and hu-
midity. The relative humidity in particular could show extreme
values; in the daytime it was usually very low, ~11-21% but
rarely (during snowfall) could reach saturation. At night-time, it
never decreased below ~26-30%, but could also reach satura-
tion. According to expectations, the average night-time RH was
higher than the average daytime RH.

In Table 1 we can see the overall daytime and night-time
temperature and relative humidity values by measuring loca-
tion. As the altitude increases the temperature drops, which
shows here in the daytime and night-time minimum tempera-
tures with an ~10°C decrease between the lowest and the high-
est measuring locations. The same is apparent if we look at the
daytime and night-time average temperatures. As the pressure
decreases with increasing elevation, the amount of water that
the atmosphere can hold also decreases. However, with lower
amounts of water vapour in the air, relative humidity levels
could be high because of the decreasing temperature. This
might be the reason for the table showing no clear trend in the
relative humidity minimum, maximum or average levels — in
colder nights, a smaller absolute humidity can produce elevated
relative humidity.

A general overview of the recorded data and characteristics
of daily curves are shown in Figure 3. The curves recorded by

different detectors show similar trends on the same days (com-
paring the curve sections below and above each other). This
shows that the location types of the different detectors cause
much smaller differences than the differences between various
days. However differences between particular days could be
easily identified. Variability on an hourly scale (the finest ob-
servable fluctuation of the curves) is also present, especially in
the night-time humidity values, for almost all nights.

There were strong fluctuations in certain parts of the
dataset. We compared these fluctuations between nearby de-
tectors with each other, to see if they all recorded the same vari-
ability (see some examples for the Laguna Santa Rosa site in
the Figure 4A), while in the case of relative humidity measure-
ments, the trends between different detectors were similar. The
numbers by the curves show the identification number of each
detector there. The fluctuations show the same trends at differ-
ent detectors roughly 1 m apart, both on exposed surfaces or in
shadowed and covered locations. Similar trends are visible at
all detector location types: a small pit (51, 54), next to a stone
(58, 57), under a stone (55). Since similar trends are observable
at all detector location types, these small placement differences
(inside a pit, next to or under a stone etc.) do not influence the
trends substantially.

Whole-night example curves are visible in Figure 4B. The
night-time temperature (lower) and relative humidity (upper)
curve pairs of day 2 (thicker) and day 1 (thinner) of detector no.
52 are provided. They show examples for a cloudy, less cold
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Fig. 4. Example of night-time relative humidity curves

A - 3rd day at the Atacama Base Camp of the different detectors, to demonstrate that the change in relative humidity recorded by 5 different
detectors, located close to each other, show the same RH values (vertical axis) as time elapsed (horizontal axis); B — night-time temperature
(lower) and relative humidity (upper) curve pairs of day 2 (thicker) and day 1 (thinner) curves of detector no. 52

and windy (day 1) and a cloudless thus colder (day 2) night-time
with much smaller fluctuations in the second case.

Night-time temperature variations could also be observed.
These were usually not larger than 1-2°C during an hour in
night-time, but occasionally could reach up to 2°C rise/fall in 10
minutes. The temporal density and amplitude of fluctuations in-
creased along with the topographic elevation. The level of fluc-
tuation also showed differences between various days, for ex-
ample in the Atacama Base Camp on day 2 the daytime fluctua-
tions were ~2—4°C while on day 1 during >10 occasions they
reached >5°C.

Some specific events are worth highlighting. Relatively brief
changes in temperature and related increase in relative humid-
ity could be observed at several sites and during several peri-
ods. The reason probably relates to the strong winds that can
carry somewhat warmer or colder air masses to the location of
the detector. A snowstorm at Laguna Verde on day 2 produced
saturated conditions during the night for 6-7 hours. At the
Atacama Base Camp the daily fluctuations were much stronger
on day 1 than on day 2, together with more elevated RH on day
2 (average 40.6%) than day 1 (25.7%).

POSSIBILITY FOR DELIQUESCENCE

Figure 5 below shows the presumed time intervals (as verti-
cal blue bars), when the circumstances are favourable for deli-
quescence of certain salts. The calculated relative humidity val-
ues are shown on the left y axis, and the surface temperatures
on the right y axis. The eutectic temperatures and relative hu-
midity levels needed for deliquescence are indicated with hori-

zontal lines denoting the salt in question. The ideal time periods
are indicated by light blue rectangles showing the beginning
and end of the ideal window.

In Figure 5, we can see that the relative humidity stayed al-
most constant throughout the night on the second day, resulting
in long and continuous possible periods suitable for deliques-
cence. On the third day the relative humidity fluctuated quite
heavily during the night, and this resulted in shorter, more scat-
tered ideal periods; the overall ideal time window did not change
between the two days. Table 2 gives a summary for two exam-
ple days at the Atacama Base Camp, which was the highest al-
titude among the locations analysed, probably the most
Mars-relevant one among the sites surveyed.

In Table 2 one can see the two example days showing dif-
ferent deliquescence characteristics. On day 2 at the Atacama
Base Camp all the salts except Mg(SO), could liquefy, and the
ideal time periods are long and continuous. On day 3 the rela-
tive humidity levels were fluctuating throughout the night and
dropped below 60% after ~2 am, which led to shorter and more
scattered ideal periods.

In Figure 6 one can see the total length of ideal time inter-
vals for deliquescence. The measurements were taken at
Laguna Santa Rosa for 1 day, Laguna Verde for 2 days and at
the Atacama Base Camp for 4 days. There were 7 differently
placed detectors at each site and their measured ideal time win-
dows were summed for each day. Therefore there are more
measurement points at the Atacama Base Camp than at
Laguna Santa Rosa for example, because the same detector
has 4 points at the former site, one for every day with ideal time
periods. An example of our calculations is as follows: at the third
day at Atacama Base Camp, the detector counted 51 (exposed
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Fig. 5. Daily temperature and relative humidity curves of four Mars-relevant salts

The calculated relative humidity values are shown on the left y axis, and the surface temperatures on the right y axis. In the A, B, Cand D in-
sets the second day of measurement is shown at the Atacama Base Camp with 4 different salts denoted. In insets E, F, G and H the next day
is shown at the same location with the same salts. There is a notable difference between the relative humidity behaviour of the two days. On
the third day (right column) it fluctuated during the night, causing the ideal time periods to be divided into shorter durations



906 Akos Kereszturi, Bernadett Pal and Akos Gyenis

Table 2

Summary of example salts’ deliquescence periods on days at the Atacama Base Camp

Location Salt type Beginning of ideal period | End of ideal period | 141 quration
Date Local time Date | Local time [h]
CacCl, 2018/2/19 19:15 2018/2/20 06:10 10.9
Ca(ClOy)> 2018/2/19 19:05 2018/2/20 18:55 12.2
Atacama Base Camp
Mg(ClO,), | 2018/2/19 19:05 2018/2/20 18:55 11.9
2.
- Mg(SO), - 00:00 - 00:00 0.0
NacCl 2018/2/19 21:40 2018/2/20 05:55 8.3
19:15 19:25
19:35 2018/2/20 21:35
2018/2/20 22:40 23:00
CacCl, 23:50 00:00 7.2
00:10 00:50
2018/2/21 -
2018/2/21 01:10 02:15
02:25 05:10
19:00 21:40
Atacama Base Camp 2018/2/20
3. day 2018/2/20 22:40 23:00 T
CalClOd) 23:15 03:20 '
2018/2/21
2018/2/21 05:00 05:20
19:00 21:35
2018/2/20
Mg(ClOy4), | 2018/2/20 22:40 23:00 86
23:25 2018/2/21 05:10
Mg(SO), - 00:00 - 00:00 0.0
NacCl 2018/2/20 20:30 2018/2/20 21:10 0.6

on the barren surface) measured ideal conditions for Ca(ClOy),
between 19:00-21:40, 22:30-03:20 and 05:00-05:10 (the mini-
mum ideal window was 10 minutes, shorter periods were ex-
cluded). This summed up is 7 hours and 30 minutes, 7.5 hours,
which is then shown as a single point in Figure 6. Calcium per-
chlorate [Ca(ClO,4);] and magnesium perchlorate [Mg(ClO,),]
showed the longest total ideal time period, with calcium chloride
(CacCly) behind them with a few hours in total. The same “order
of salts” could be identified at each of the three sites, suggest-
ing that material-related properties of the salts could strongly in-
fluence the result at each site. Magnesium sulphate
[MgSO4(H,0)] could only liquefy through deliguescence at
Laguna Verde, while sodium chloride (NaCl) could liquefy at all
the locations measured; however, the total times were usually
shorter than those for the perchlorates.

Taking Table 1 into consideration, we can see that Laguna
Santa Rosa shows shorter ideal time periods, most likely due to
the lower average relative humidity. Out of the three locations,
Laguna Santa Rosa has the highest temperatures, both aver-
age and minimum. However, the average relative humidity is
the lowest here. Laguna Verde has the highest relative humidity
values according to the data, but given the snowfall here, the
relative humidity average is biased by the saturated detectors.
As we would assume, the average temperatures are the lowest
at the highest altitude, at the Atacama Base Camp. We see no
significant variation between Laguna Verde and the Base
Camp. This is most likely due to the balance between their re-
spective temperature and relative humidity levels; this also sug-
gests that the true average relative humidity of Laguna Verde

should be somewhere between the averages of Laguna Santa
Rosa and the base camp.

In Figure 7 one can see how the ideal time periods for deli-
guescence were arranged by local time, location and salt type.
The beginnings and the ends of ideal periods are denoted by
differently shaped and coloured symbols according to the spe-
cific salts. At Laguna Santa Rosa we can see that almost every
ideal window is at least 5 hours long, starting either ~10 pm, or
~2 am. There were only 4 instances when the ideal window
was shorter. At Laguna Verde there is a significant group start-
ing ~7 pm and ending between 3 and 10 am gradually, de-
pending on the salt. Another group is from 8-9 pm to 10-11
am. There are few instances during the night, as well as a few
short time windows in the early morning hours. The third group
is located at the top right, starting in the late afternoon hours
and ending before midnight. Atacama Base Camp (the highest
elevation site) shows the most ideal windows, but this is also
because there are 4 days of data, while there are only 2 days
from Laguna Verde, and 1 day from Laguna Santa Rosa. On
the graph there is an almost continuous 45° line consisting of
very short time windows, possibly due to temperature or rela-
tive humidity fluctuations close to the minimum ET (eutectic
temperature) and WA (water activity) thresholds — such fluctu-
ations were less abundant at the two other sites (Laguna
Verda, Laguna Santa Rosa) than at the highest elevation. The
group seen at Laguna Verde, starting from ~7 pm and ending
between 3 and 10 am, is also visible here. Note the empty re-
gion between ~11 and 4 pm, when there seems to be no condi-
tions for deliquescence.
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Fig. 6. The total amount of time when the circumstances were ideal for certain salts to liquefy through deliquescence
(different salts marked by different symbols, see key at top right)

The y axis shows the total length of ideal time per day. There were altogether 7 detectors, each of them positioned differently. Each symbol
shows the total amount of ideal time for 1 specific salt at 1 specific detector summed for 1 day. The measurements spanned 1 day at Laguna
Santa Rosa, 2 days at Laguna Verde and 4 days at the Atacama Base Camp

DISCUSSION

The T/RH values at the different detectors, located close to
each other at different altitudes, showed similar trends (see Fig.
4A). This implies that the small-scale (cm) differences in the
spatial distribution of rocks, and locations exposed or sheltered
from the wind, did not overcome the analogue trends. Even be-
low rocks at 1-3 cm depth, probably because of the constant
wind, no substantial difference could be identified compared to
the open air locations in the T/RH values recorded. This sug-
gests that large differences (>1-2°C and 2.4% for RH) are not
expected according to the local conditions at similar cm-scale
levels on Mars (above/next to/under cm-sized stones). How-
ever, due to the lower atmospheric density, and related smaller
heat transport, on Mars, larger differences in T/RH parameters
cannot be excluded and therefore need consideration there.
The results also suggest that under Martian surface conditions,
with even lower atmospheric pressure, relatively large fluctua-
tions are expected in T and RH parameters, that the models
cannot simulate yet (see below).

In agreement with the expectations, deliquescence seems
to be possible under the hyperarid conditions of the Atacama
Desert site analysed using only the available small water
vapour content of the atmosphere. Similar trends were ob-

served overall for the Atacama sites and modelling-based cal-
culations for Mars. Night-time deliquescence was possible at all
of these sites, and Mars-relevant salts considered are CaCl,,
Ca(ClO4),, Mg(ClOy4), (supporting deliquescence for 10-12 h
duration, almost all night long), while Mg(SO), and NaCl were
less ideal for this process with shorter periods, and for NaCl no
deliquescence may be present at all. This large difference be-
tween the specific salts points to the importance of hygro-
scopicity, what makes a difference in similar T and RH condi-
tions. Although the few days covered by the on-site survey was
not long enough to obtain statistically valid results relevant for
annual durations, because of elevated T and RH fluctuations in
day 3 at the Atacama Base Camp, the total duration of periods
favourable for deliquescence was decreased by 30—40% and
divided into separate periods. If such fluctuation also takes
place on Mars, the modelling-based average results should be
considered carefully.

These fluctuations increased along with increased eleva-
tion, what may not be solely related to the lower atmospheric
pressure and air density (e.g., the decreased thermal inertia),
because for example at the Atacama Base Camp on day 2 the
fluctuations are substantially smaller in general than on day 1.
These fluctuations were probably caused by atmospheric con-
ditions, for example wind fluctuations. Wind can carry air
masses with different temperatures from nearby locations,
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shows its end, both according to local time. Each point represents
one interval of the specific salt at a given altitude

which might have other surface temperatures because of differ-
ent daytime exposure, albedo or thermal inertia. These factors
are important as the small night-time temperature fluctuations
produce relatively large fluctuations in relative humidity. These
RH values might fluctuate between being below and above the
critical deliquescence relative humidity level on the same night
— thus influencing the emergence of microscopic liquid, and this
possibility should be targeted by future analysis.

As the altitude increases, the average temperature and the
pressure decrease. With the atmosphere becoming more
rarified at higher elevations, the total amount of water vapour
that the atmosphere can potentially hold is decreased; how-
ever, it is still possible to reach high relative humidity values.
There is a delicate balance between surface temperature and
relative humidity values when it comes to ideal circumstances
for deliquescence. Before the temperatures drop below the
eutectic temperatures of the examined salts, the increasing alti-
tude can result in longer ideal periods of deliquescence. We can
see this if we compare the measurements recorded at Laguna
Santa Rosa with Laguna Verde, but it is not as obvious if we
compare Laguna Verde with Atacama Base Camp.

Based on the experience gained by this project, the next
step could be the installation of a real deliquescence detector
there, resembling the HABIT onboard ExoMars 2020 rover
(Martin-Torres and Zorzano, 2018), which is proposed at lower
altitude by Farris and Davila (2017).

MARS-RELEVANT ASPECTS

Atmospheric temperature variability, especially during eve-
ning hours (Hamilton et al., 2014), as well as daily variability in
humidity (Martinez et al., 2016) was observed on Mars by the
REMS instrument onboard Curiosity rover. Pressure fluctua-
tions were also observed by Curiosity of up to 0.2 Pa in daytime
and 1 Pa at night-time over a matter of seconds/minutes, possi-
bly related to upslope/downslope winds. In the night, topo-
graphic slope winds contributed to producing simultaneous
changes in surface temperature. Air temperatures fluctuated
with amplitudes of ~2 K, while the ground temperature showed
0.2-0.5 K variations probably by forced convection (Ullan et al.,
2017).

In Figure 8A we can see the daily surface temperature and
relative humidity curves at Elysium Planitia, the landing site of
the InSight mission. The boxes mark the beginnings and ends
of the ideal periods for Ca(ClO,), to liquefy through deliques-
cence. The circumstances are ideal during the night, similar to
what we can see in the Earth measurements above. The ideal
time is expected to be continuous from ~8 pm until almost
11 pm. There is another short window just after 7 am. During the
night, the surface temperature drops below the eutectic temper-
atures. In Figure 8B we can see another type of behaviour at the
Phoenix landing site, Green Valley. Here both calcium perchlor-
ate and magnesium perchlorate could liquify according to the
model calculations. The ideal times are in the early morning
hours from ~5:30 am until 8:30 am, with a short (~30 minute)
ideal window for magnesium perchlorate as well. The evening is
ideal from ~9 pm extending to ~11:30 pm. The proposed ideal
time for magnesium perchlorate is again ~30 minutes long in
the evening.

The variations in temperature at the surveyed High Andes
sites, concentrated between 10-16 local time, suggest that they
might be related to strong solar insolation. A connection with lo-
cal wind is also possible, but it is important to note that on calm
days, the wind starts to blow in the afternoon, and on windy
days there was continuous strong wind all day, but still stronger
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Fig. 9. Comparison between the daily surface temperature (red) and relative humidity (blue) curves at the Atacama Base Camp
(dashed lines) and two RSL sites in Horowitz Crater and Newton Basin (solid lines) on Mars

At the top there is an example for markedly fluctuating relative humidity levels (A), while at the bottom there is one for a mostly
constant night-time relative humidity (B); the overall trends of the curves are similar, but the simulated Martian values show
greater daily variations, as expected
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in the afternoon. Thus it is not likely that the wind would be the
main reason for the fluctuations on Earth.

In Figure 9 there is a comparison between the Atacama
Base Camp measurements and model calculated values at
two recurring slope lineae (RSL) sites (McEwen et al., 2011)
on Mars. These RSL-s are dark features on the surface of
Mars that were previously considered as evidence for liquid
subsurface flow of water due to their changes in shape and
colour. New research interprets them as possible granular
flows, where the slope is steep enough for grains of dust and
sand to slide down (Dundas et al., 2017). The question of
whether the RSL are caused by granular flows or liquid wa-
ter/brine activity is still under debate today. The overall trends
are similar, but the simulated Martian results show greater
daily variations in both cases, as expected. The Martian
curves have a 1 hour temporal resolution, and they were calcu-
lated by the LMDZ GCM detailed in Forget et al. (1999), includ-
ing a water cycle (Navarro et al., 2014). The relative humidity
values were determined as described in Pal and Kereszturi
(2017). Both the daily temperature and relative humidity fluctu-
ations are much larger on Mars, but small-scale fluctuations
are visible only on Earth as the Martian dataset cannot
modelthe process on this scale. Such fluctuations obviously
could influence the temporal behaviour of deliquescence, as it
could exist on Mars, even though the model data (Fig. 9) is not
able to show it.

Although the pressure and temperature conditions barely
overlap between Mars and these Earth locations, the style of
T/RH fluctuation from the Atacama region point to conditions
and processes that might be relevant for Mars. For example
the RH values on Mars at the Phoenix landing site were close
to ~0% at —13.5°C daytime (Farris et al., 2017), but thus corre-
spond with the lowest temperature recorded at the Atacama
Base Camp. The temporal behaviour shows relevance be-
tween the two planets (very dry daytime and occasionally sat-
urated night-time), though the actual values did not overlap.

The importance and Mars relevance of the T/RH behav-
iour at the site analysed is its high elevation that produced
large daily fluctuations, close to saturation, even in an other-
wise dry region (similar to Mars, where the 60—100°C daily
fluctuation could result in close-to-saturation conditions de-
spite the low total water vapour abundance). Another impor-
tant analogue aspect is the high variability, down to several
minutes, that was also partly observed on Mars by the REMS
instrument onboard the Curiosity rover, though this is not yet
involved in the atmospheric models describing the Martian
near-surface conditions.

Further analogue aspects of the analysed High Andes
Atacama site make it important for Mars-relevant analogue
work on the Earth in the future. Besides the general dryness
and decreased atmospheric pressure plus elevated UV irradia-
tion, is the occurrence of permafrost (ground with temperatures
<0Cr for at least two consecutive years; van Everdingen, 2005)
in patchy distribution >5200 m and continuously >5600 m (Nagy
etal., 2019). The permafrost is accompanied by some post-vol-
canic activity there (Moreno and Gibbons, 2007) while some
glaciers also existed there until recently (Oyarzun, 1987).

These characteristics, together with the conditions to analyse
the occurrence of liquid water in the form of deliquescence,
make this site highly Mars-relevant.

CONCLUSIONS

1. During the field work at the Ojos del Salado mountainous
region in the High Andes Atacama area, temperature and rela-
tive humidity measurements were made with detectors ex-
posed on the surface and next to or below some rocks, in order
to identify night-time changes in temperature and relative hu-
midity values. The exact placement of the detectors did not in-
fluence the measurements as much as did the changing of
overall weather conditions, and small-scale micro- or nano-
climate observations are worth making on Mars, as the differ-
ences in T/RH parameters could be larger there because of the
lower atmospheric density and related reduced heat transport
possibility. The patterns recorded showed characteristic daily
cycles with decreased temperature and elevated relative hu-
midity during the night; however, due to weather changes, dif-
ferences between certain days could be also observed. The
overall behaviour and daily trends of relative humidity and sur-
face temperatures, along with the possible ideal time windows,
show overlap between the Atacama Desert and the Martian
sites analysed.

2. Strong fluctuation could be observed at 10-20 min-
ute-long temporal scales in the temperature and relative humid-
ity values, that was not present in the Martian model-based
datasets, thus any future detectors should be prepared to wit-
ness such fluctuations on Mars. Considering different Mars-rel-
evant salts, the longest duration for deliguescence (between 7
and 12 hours in a night) was found in the case of CacCl,,
Ca(ClOy,), and Mg(ClOy), salts. MgSO, salt provided the short-
est period, while with NaCl salt almost no period favourable for
deliquescence was found.

3. The ideal duration for deliquescence showed some in-
crease with the rising elevation, because of the decreasing
night-time temperature resulted in larger relative humidity val-
ues. This observation supports the expectations that despite
the low humidity on Mars, the very low night-time temperatures
could provide the necessary conditions for deliguescence. The
locations surveyed in the High Andes desert provide interesting
conditions for more detailed analysis of the deliquescence pro-
cess on Mars in the future, including testing of instruments to
identify the emergence of liquids, as projected for the HABIT in-
strument onboard ExoMars 2020 rover mission.
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