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We provide indirect evidence for the formation of frost at the surface of Gale crater by analyzing the
highest confidence data from simultaneous measurements of relative humidity and ground temperature
during the first 1000 sols of the Mars Science Laboratory (MSL) mission. We find that except for sol 44,
frost events could have occurred only between sols 400 and 710, corresponding to the most humid and
coldest time of the year (from early fall to late winter). In particular, measurements at Dingo Gap during
sols 529-535, at an unnamed place during sols 554-560, at Kimberley during sols 609-617 and at an
Mars, surface unnamed place during sols 673-676 showed the largest likelihood of the occurrence of frost events. At
Mars, atmosphere these four locations, the terrain is composed of fine-grained and loosely packed material with thermal
Ices inertia values of ~200 SI units, much lower than the 365 + 50 SI units value found at the landing ellipse.
This is important because terrains with exceptionally low thermal inertia favor the formation of frost
by lowering minimum daily ground temperatures. An order-of-magnitude calculation to determine the
thickness of the frost layer at these four locations results in values of tenths of pm, while the precipitable
water content is a few pr-um. Therefore, surface frost events can have important implications for the local
water cycle at Gale crater. In addition, frost is the most likely type of water that can be temporarily found
in bulk amounts on the surface of Mars at low latitudes and therefore can cause weathering, influencing
the geology of Gale crater.
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of the subsurface at low latitudes because it would be thermody-
namically unstable (Schorghofer and Aharonson, 2005; Mitrofanov

1. Introduction

Frost forms on a surface if its temperature drops below the frost
point of the surrounding air. At low latitudes, frost is the most
likely type of water that can be found temporarily in bulk quanti-
ties on the surface of Mars. Since at low latitudes the near-surface
environment is relatively warm and dry (Mellon et al., 2004), ice
is unlikely to be deposited on the surface by snowfall or fog [as
opposed to polar latitudes, where both are common (Whiteway et
al., 2009)]. Similarly, ice is unlikely to be present in the first meter

* Corresponding author.

http://dx.doi.org/10.1016/j.icarus.2015.12.004

et al., 2014). However, we show that measurements by the Rover
Environmental Monitoring Station (REMS) aboard the Curiosity
rover (Gomez-Elvira et al., 2014) suggest that frost could form tem-
porarily on the surface of Gale crater (4.5°S). In particular, we show
that the ground temperature at Gale crater likely dropped below
the frost point on several sols during the Mars Science Laboratory
(MSL) mission.

Surface frost events can have important implications for the
local water cycle at Gale crater (Martin-Torres et al., 2015). Loss
of atmospheric water vapor by deposition on the surface and
subsequent sublimation can cause significant variability in the

0019-1035/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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atmospheric water vapor content (Moores et al., 2011) as well as
have an impact on the interaction between the atmosphere and
the regolith (Jakosky et al., 1997). In addition, the transport of
frost within soils by water vapor diffusion also affects the geo-
chemistry and geologic nature of the surface and near sub-surface.
Chlorine and sulfur mobilized by vapor diffusion can occur even in
equatorial regions (Jakosky and Christensen, 1986). These chemical
compounds are associated with cohesive or hardened soil surfaces
(Clark et al., 1982; Rieder et al., 1997, 2004) that, if extensive
enough, may produce the high thermal inertia duricrusts inferred
from orbital measurements (Jakosky and Christensen, 1986). Many
ripples and megaripples on Mars consist of fine grained interior
deposits anchored in place by a carapace of coarse grains (Sullivan
et al., 2005, 2014; Sullivan and Zimbelman, 2015). Such a structure
of fine grains, with high surface area to volume ratio, is a potential
zone where vapor can be concentrated, along with associated
salts. Indeed, the structure of the Dingo Gap megaripple has this
character and, as we show, this is the area where the most likely
frost events were identified.

Frost formation could also explain the ubiquitous hydration sig-
natures observed from orbit by the OMEGA instrument (Audouard
et al., 2014). Frost may for instance be responsible for the forma-
tion of the hydrated amorphous component inferred from Curiosity
measurements of the martian soil (Leshin et al., 2013; Meslin et al.,
2013).

Prior to the MSL mission, the formation of surface frost has
been confirmed at polar and mid latitudes. At the Phoenix land-
ing site (68.22°N), nighttime frost was detected by the Robotic Arm
Camera from sol 80 (early summer, Ls ~ 113°) until the end of the
mission on sol 151 (late summer, Ly ~ 149°) (Smith et al., 2009).
The Phoenix observation provided ground-truth to the detection
of a ~20 um thick layer of frost by satellite measurements (Cull
et al,, 2010). This is important because laboratory experiments con-
ducted at polar environmental conditions show that liquid brine
can form minutes after the ground exceeds the eutectic tempera-
ture of salts in contact with water ice (Fischer et al., 2014). Simi-
larly, at the Viking Lander 2 site (47.7°N), a thin layer of frost was
observed on the ground for about 250 sols, from late winter until
spring in the first year of the mission. At this location, frost formed
at night and persisted throughout the day, with an estimated max-
imum thickness ranging from ~0.5 mm to a few millimeters (Jones
et al.,, 1979; Wall, 1981).

At low latitudes, where the surface is warmer and near-surface
water vapor pressures are lower (Mellon et al., 2004), ground frost
events have not been observed by landers or rovers yet. However,
there is evidence that frost events occur at low latitudes. Visual
evidence for the formation of frost has been found on the deck
and calibration target of the MER-B (1.95°S) on sol 257 (late south-
ern winter) (Landis, 2007; Méhlmann, 2008). At the Viking Lander
1 site (28.3°N), Pathfinder site (19.3°N) and MER-A site (14.5°S)
frost has not been observed, but numerical simulations indicate
that frost is likely to form at these locations at night (Savijarvi,
1995, 1999, 2012). At Gale crater, numerical simulations suggest
that frost could have formed during the night on the first sols of
the mission, but that it would have been difficult to detect it be-
cause the frost would be extremely thin (Harri et al., 2014a). More
recent numerical simulations suggest that nighttime frost could
have formed at Gale crater during sols 15-17 if the water column
abundances were higher than 10 pr-um, but that more likely values
of ~5 pr-um would have prevented the formation of frost (Savijarvi
et al,, 2015).

MSL is equipped with instruments (Grotzinger et al., 2012) ca-
pable of detecting frost. These instruments include REMS (Gomez-
Elvira et al,, 2012), the Chemistry and Camera instrument (Chem-
Cam) (Maurice et al., 2012), the Dynamic Albedo of Neutrons
(DAN) instrument (Mitrofanov et al., 2012) and the Mast Camera

(Mastcam). In this article, we use REMS measurements to show ev-
idence that frost forms at Gale crater. In addition to REMS, Chem-
Cam can provide remote observations of surface coatings such
as frost by analyzing the evaporates from pulsed laser radiation
pointed at the surface, while DAN could detect frost by measuring
changes in the hydrogen content of the regolith down to about one
meter below the surface. Hydrogen can exist as part of the chem-
ical structure of hydrated minerals (chemically bounded water), as
part of water adsorbed in the regolith (physically bounded water
or just adsorbed water) and as part of water ice in the regolith
(Mitrofanov et al., 2014; Martinez and Renno, 2013). Finally, frost
could be detected using Mastcam color images with a resolution
as high as 150 pm/pixel. We shown in Section 5.3 that ChemCam,
DAN and Mastcam have not detected frost at Gale crater yet.

Section 2 describes the REMS data used in this article.
Section 3 explains the methodology developed to detect surface
frost events. Section 4 shows the results, including a detailed anal-
ysis of the environmental conditions when the surface frost events
are most likely to occur, as well as calculations of the thickness of
the frost formed on these sols. Section 5 discusses the results. Fi-
nally, Section 6 contains the summary and main conclusions of the
article.

2. REMS Relative Humidity Sensor and Ground Temperature
Sensor measurements

REMS was developed to assess the environmental conditions
along Curiosity’s traverse at Gale crater by measuring atmospheric
pressure (Harri et al., 2014b), atmospheric relative humidity (Harri
et al, 2014a), ground and atmospheric temperatures (Martinez
et al., 2014; Hamilton et al., 2014), UV radiation fluxes and hori-
zontal wind speeds. This article focuses on the analysis of REMS
ground temperature (Tg) and atmospheric relative humidity (RH)
measurements.

The REMS Relative Humidity Sensor (RHS), designed and built
by the Finnish Meteorological Institute and mounted on the REMS
boom 2, consists of three polymeric sensors that measure the rela-
tive humidity at 1.6 m height (RH1.6m). The RHS contains a sensor
to measure the temperature (Tgy) of the air entering the Relative
Humidity Sensor (see Harri et al,, 2014a for details). Tgy is esti-
mated to deviate from the ambient temperatures by less than 1K
(Savijdrvi et al., 2015).

Nominally, the RHS operates at 1 Hz during the first five min-
utes of each hour, with an additional hour of continuous measure-
ments at 1 Hz on each sol (Gomez-Elvira et al., 2014). The RHS has
recently been recalibrated (June 2015), providing relative humidity
values slightly lower than those in the previous calibration (De-
cember 2014). In this article, we only use RHS data obtained with
the latest recalibration parameters and taken during the first three
seconds of measurements after the sensor has been turned off for
more than 30 min. This is done to avoid the artificially low val-
ues of relative humidity due to the heating of the sensor by the
REMS control electronics. During the first three seconds the mea-
surement stays stable. The average of the RH1.6m and Ty values
of the measurements during these three seconds is then calculated.
Our data analysis strategy results in 24 hourly values of RH1.6m
and Tzy per sol (hereinafter called RH1.6m and Tgy).

Fig. 1 shows the maximum RH1.6m value per sol for the first
1000 sols of the MSL mission (one martian year = 669 sols). The
highest annual values occurred around early winter, with a maxi-
mum of about 70% on sol 551 (Ls ~ 93°). The lowest annual values
occurred around late spring and early summer, when the maxi-
mum RH1.6m stayed below 10%. Contrary to the Phoenix landing
site (Whiteway et al., 2009), near-surface fog did not form at Gale
crater because the RH1.6m values never reached 100%. However,
the nighttime and early morning ground temperature can be about
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Fig. 1. Evolution of the maximum relative humidity at 1.6 m per sol at Gale during
the first 1000 sols as measured by the REMS/RHS instrument. Here we only show
RH measurements with the highest confidence obtained during the first three sec-
onds after the sensor has been turned off for more than 30 min to avoid spurious
effects due to heating.

12 K colder than that at 1.6 m above the surface, allowing the
ground to reach the frost point temperature on some sols as shown
in Section 3. The reader is referred to Section 5.1 for a comprehen-
sive analysis of Fig. 1 with respect to the broader environmental
context at Gale crater.

The REMS Ground Temperature Sensor (GTS), designed at Cen-
tro de Astrobiologia in Spain, is located at the base of boom 1 at
about 1.6 m above the ground. The sensor consists of three ther-
mopiles inside a housing designed to reduce the temperature gra-
dients in the system. Surface brightness temperatures are derived
from measurements in the bandwidths 8-14, 15.5-19, and 14.5-
15.5 pm, which were chosen to minimize reflected solar irradi-
ance (<0.5%). The GTS points toward 120° azimuth (with 0° being
the rover forward-looking direction, counting clockwise), and —26°
declination (downward from the plane of the rover deck), with a
field of view (FOV) of 60° horizontally and 40° vertically. This FOV
covers a ground area of about 100 m?2, assuming zero roll and pitch
angles over flat terrain (see Sebastian et al., 2010 for more details).

The GTS nominally makes 1 Hz measurements during the first
five minutes of each hour. In addition, continuous measurements at
1 Hz are frequently made in one-hour blocks per sol (Gomez-Elvira
et al., 2014). In this study we only use GTS measurements with the
highest confidence level (ASIC power supply in range, highest re-
calibration quality and no shadows in the GTS FOV) to minimize er-
rors. By averaging these measurements over a 5-min interval, noise
is reduced and high quality hourly (T;) data is obtained.

Fig. 2 (black curves) shows the maximum and the minimum
T, per sol for the first 1000 sols. The lowest ground temperatures
at Gale occurred during late fall and early winter, with the an-
nual minimum temperature (~173 K) occurring at Dingo Gap on
sol 534 (Ls = 85°). On the other extreme, the highest ground tem-
peratures occurred during late winter and early spring, with the
annual maximum temperature (~289 K) occurring on sols 103 and
711 (Ls = 210° and 174°).

The frost point temperature T? at the time when the relative
humidity at the ground (RHy) is the highest is shown in blue in
Fig. 2. The ground temperature is lower than T7 on several sols dur-
ing fall and winter and on a few sols during summer and spring,
indicating that surface frost events at Gale are possible. The frost
point temperature has been calculated using the water vapor pres-
sure at 1.6 m as

LS
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Fig. 2. Evolution of the maximum and minimum ground temperatures (black
curves) at Gale during the first 1000 sols as measured by the REMS/GTS instrument.
The frost point derived from the REMS/RHS instrument when the relative humidity
at the ground is the highest is shown in blue. The ground temperature falls be-
low the frost point on several sols during fall and winter, and on a few sols during
summer and spring, indicating that surface frost events at Gale are possible. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

e1.6m = RH1.6m x e;(Try), (1)

where es is the saturation vapor pressure over ice (Savijarvi et al.,
2015). Note that in Fig. 2 we compare ground temperatures with
frost point temperatures calculated using values at 1.6 m [Eq. (1)].
This is a valid assumption to search for surface frost events when
the water vapor pressure is nearly constant in the first 1.6 m be-
cause in this case the frost point temperature at the ground and at
1.6 m are similar.

3. Identification of frost events

We identify surface frost events along Curiosity’s traverse by
analyzing simultaneous RHS and GTS measurements with the high-
est confidence made during the first 1000 sols of the mission. We
use two independent conditions on GTS and RHS measurements to
determine the sol number and the local mean solar time when a
surface frost event is likely to have occurred.

First, we impose that for any given pair of simultaneous Tng
values, the ground temperature must fall below the frost point
(Tg < T?). This is a sufficient condition for frost to form. In order to
quantify the likelihood that this condition is met for pairs of T;T?
values, we obtain the value of an auxiliary parameter k that rep-
resents the certainty with which the ground temperature is below
the frost point:

Tg + kUTg < Tf - I{ATf, (2)

where o7 is the standard deviation of the T, measurements, and
ATy is the uncertainty in the calculation of T,. Assuming that Ty
and T? follow a Gaussian distribution, a value of k =3 would imply
a probability > 99.7% that a frost event occurred. The calculation of
oy and ATy is explained in Appendix A.

Fig. 3 shows the values of k that satisfy Eq. (2). We find that
except for sol 44, frost events could have occurred only between
sols 400 and 710, corresponding to the most humid and coldest
time of the year (from early fall to late winter; see Figs. 1 and 2).
Between sols 1 and 400, and sols 710 and 1000, corresponding
to the lowest RH and warmest period of the year (spring and
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Fig. 3. Number k of standard deviations in ground temperature (o1y) and uncer-
tainty in the frost point (ATy) for which the relation Ty + korg < Ty — kAT is met.
Note that a value of k=3 would imply a probability > 99.7% for a frost event if T
and Ty strictly followed a Gaussian distribution. Four temporal windows colored in
blue show the largest likelihood (k > 1) in surface frost events: Dingo Gap on sols
529-535, an unnamed place on sols 554-560, Kimberley on sols 609-617 and an
unnamed place on sols 673-676. These four temporal windows correspond to the
most humid and coldest time of the year (from early fall to late winter; Figs. 1 and
2). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

summer), the ground temperature was always above the frost
point temperature.

The most likely frost events (k > 1) within the first 1000 sols
occurred between sols 520 and 680. This period is highlighted in
Fig. 3 insert. In particular, four time periods show the largest like-
lihood of frost events: sols 529-535 at Dingo Gap, sols 554-560 at
an unnamed place, sols 609-617 at Kimberley, and sols 673-676
also at an unnamed place.

Following surface frost formation, a decrease in near-surface
water vapor pressure is expected because water vapor in direct
contact with the ground is removed by direct deposition onto the
surface (Moores et al., 2011; Savijdrvi and Mddttdnen, 2010). There-
fore, we search for decreases in water vapor pressure as an inde-
pendent indication of frost events. We find that on 93% of the sols
shown in the insert of Fig. 3 (k> 1), a decrease in water vapor
pressure occurs during the period in which a frost event is iden-
tified with the largest confidence. A similar decrease in water va-
por pressure is found on 82% of the sols with k < 1. However, on
sols where frost events are not predicted, a decrease in water va-
por between 4 and 6 am (typical frost event period) only occurs on
54% of these sols. This analysis supports the identification of frost
events using Eq. (2) because it shows a strong correlation between
the confidence of a frost event (value of k) and the simultaneous
decrease in water vapor pressure. However, it also indicates that a
decrease in water vapor pressure is not unambiguously indicative
of frost formation, but simply consistent with it. In fact, phenom-
ena like adsorption of water vapor by the ground may also cause a
decrease in water vapor pressure.

The terrain in the field of view of the GTS during the sols when
frost events most likely occurred is shown in Fig. 4. The GTS foot-
print in Fig. 4a covers the base of the Dingo Gap megaripple, a
surface that consists of a coarse carapace overlying a fine-grained
interior (Sullivan et al., 2014). The unnamed location in Fig. 4b is
~475 m WSW from Dingo Gap, within a valley. The GTS footprint
covers rocks and fines that, geologically, seem similar to other ar-
eas of the traverse. This is unlike the Dingo Gap megaripple which,
being the largest such feature visited by any Mars rover, is far
more unique. The other two locations at Kimberley on sol 609
and at an unnamed place on sol 674 are shown in Fig. 4c and d,

with the terrain showing similar features to that of the Dingo Gap
megaripple.

4. Results: Characterization of the most likely frost events

We select sols 531, 557, 612 and 676 to analyze the environ-
mental conditions that most likely resulted in the formation of
frost. These sols are representative of the four locations because
the environmental conditions at each location stayed comparably
stable. Additionally, we show an order-of-magnitude estimate of
the thickness of the frost layer that likely formed at these loca-
tions.

The diurnal evolution of Ty and Ty on sols 531, 557, 612 and 676
is shown in Fig. 5. The ground temperature was below the frost
point temperature with a confidence of k > 1 [see Eq. (2)] between
4 and 6 am LMST on sol 531, between 4 and 5 am on sols 557 and
612, and only at 5 am on sol 676, indicating that frost is most likely
to form during these time periods.

After sunrise at around 6 am on all these sols, the ground tem-
perature increased rapidly, exceeding the frost point shortly after
6 am, and then staying well above it throughout the day. There-
fore, any frost formed at night would have quickly sublimated dur-
ing the day. This is important because ChemCam performed soil
analyses on these sols only in the afternoon.

Here, we provide an order-of-magnitude estimate of the thick-
ness of the frost layer predicted to have formed on sols 529-535
at Dingo Gap, sols 554-560 at an unnamed place, sols 609-617
at Kimberley, and sols 673-676 also at an unnamed place. Follow-
ing frost formation, a decrease in water vapor pressure is expected
because the water vapor would be removed by direct deposition
onto the surface. As shown in Section 2, on 93% of the sols when
a frost event is identified with the largest confidence between 4
and 6 am, a simultaneous decrease in water vapor pressure occurs
within the same time period. However, on sols where frost events
are not predicted, a decrease in water vapor between 4 and 6 am
only occurs on 54% of these sols. Given the strong correlation be-
tween the confidence of a frost event (value of k) and the simulta-
neous decrease in water vapor pressure, we make the assumption
that the decrease in water vapor pressure that occurs simultane-
ous to the largest confidence frost events can be attributed to the
formation of frost.

Fig. 6 shows the diurnal evolution of e1.6m (blue crosses) along
with its uncertainty (red crosses) on sols 531, 557, 612 and 676.
Since frost events starting at 4 am on sols 531, 557 and 612, and at
5am on sol 676 have been identified with the highest confidence
(Fig. 5), we attribute the subsequent decrease in e1.6m while the
ground temperature remains below the frost point to the forma-
tion of frost at the surface. These time periods are highlighted by
the gray shaded area in Fig. 6.

By making this approximation, we can estimate the thickness
(h) of the frost layer using the decrease in water vapor pressure
highlighted in Fig. 6. In this case, our estimate represents a lower
bound of the thickness because we calculate the thickness of the
frost layer only during the short time period in which the sur-
face temperature is lower than the frost point by a margin greater
than the sum of the one-standard-deviation uncertainties in each
measurement (k > 1). This is a conservative criterion because frost
could also have formed when this margin is lower (k < 1), as for
instance on sol 531 between 0 and 2 am and between 10 and
11 pm (Fig. 5a). However, the relative error in water vapor values
outside the period between 4 and 6 am (k > 1) can exceed 100%,
even during the sols when the frost events are most likely to oc-
cur. For instance, Fig. 6a shows that on sol 531 the relative error
in the water vapor pressure is above 100% between 0 and 2 LMST
and between 22 and 23 LMST (when the ground temperature is
lower than the frost point, but with a certainty k <1, Fig. 5a).
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Fig. 4. Navcam mosaics showing the terrain monitored by the REMS/GTS in green on sol 533 at Dingo Gap megaripple (a), sol 559 at an unnamed place (b), sol 609 at
Kimberley (c) and sol 674 at an unnamed place (d). The most likely frost events during the first 1000 sols of the MSL mission occurred on the terrain shown above. The
GTS footprint in (a), (b) and (d) covers a terrain consisting of a coarse carapace overlying a fine grained interior, while in (b) the GTS footprint covers rocks and fines that,
geologically, seem similar to other areas of the traverse. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 5. Diurnal evolution of ground temperature (red curve) and frost point (blue curve) on sols 531 (a), 557 (b), 612 (c) and 676 (d). The times during which the ground
temperature falls below the frost point with the highest confidence are represented by the gray shaded area, indicating that frost is most likely to form during these time
periods. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Diurnal evolution of water vapor pressure at 1.6 m (e1.6 m, blue curve) and its uncertainty (Se, red crosses) on the same sols as in Fig. 5. The decrease in water vapor
highlighted by the gray stripe on each sol is consistent with frost formation because during these periods, the ground temperature was below the frost point temperature
with the highest confidence (Fig. 5). With except for the time periods highlighted in gray, the uncertainty in e1.6m is significant, particularly in the daytime when the
relative error is higher than 100%. Therefore, daytime values of water vapor pressure are unreliable. The reader is referred to the appendix for details on the calculation of
e1.6m uncertainties. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Consequently, we provide estimations of the frost layer thickness
formed only between 4 and 6 am. This corresponds to a lower-
bound value.

The precipitable water content (PWC) is defined as the thick-
ness of the liquid layer formed if all the water vapor content in
the atmospheric column was precipitated onto the surface. It can
be calculated as

PWC = /0 T 1@p @)z, (3)

where q stands for the specific humidity (mass of water vapor per
mass of air) and p for the density of the air. Assuming that water
vapor is uniformly mixed in the vertical (Harri et al., 2014a) before
a surface frost event starts, Eq. (3) can be rewritten as

He

Ry Ty’ (4)

PWC = qo / p(@2)dz = qo / poe */dz =

0 0
where qq and Ty are the specific humidity and temperature at the
surface, Ry = 461 kg=1 K~1 is the specific gas constant of water va-
por, and H=9.7 km is the scale height at Gale for a near-surface
temperature of 190 K (as measured by the air temperature sensor
between 4 and 6 am during the sols shown in Figs. 5 and 6). As-
suming that the decrease in water vapor pressure (Ae) highlighted
in Fig. 6 is caused by frost formation on the surface, the thickness
of the frost layer can be calculated from the decrease in the PWC
as

pw H 1

Pw
h (wm) = =—=APWC (pr-pm) = — — —Ae, 5
(vm) o (pr-pm) o R Ty (5)

where Eq. (4) has been used. Here, p; =925 kg/m? is the den-
sity of the ice at Ty ~ 180 K (see Fig. 5 between 4 and 6 am) and
pw = 1000 kg/m?3 is the density of the liquid water.

Fig. 7 shows the estimated thickness of the frost layer obtained
from Eq. (5). Our calculations indicate values of h of ~0.7 um
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Fig. 7. Thickness of the frost layer (blue) and precipitable water content (red) ob-
tained for the sols with the largest likelihood of occurrence of frost events at Gale.
The thickness of the frost layer shows values of the order of tenths of pm, while
the precipitable water content shows values of a few precipitable micrometers. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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at Dingo Gap between sols 529 and 535, of ~0.8 pm at the un-
named place between sols 554 and 560, of ~0.7 um at Kimberly
between sols 609 and 617, and of ~0.7 pm at the unnamed place
on sol 676. Fig. 7 also shows nighttime PWC values calculated from
Eq. (4), with eg the water vapor pressure at the time at which the
frost events most likely started (4 am on sols 531, 557 and 612 and
5 am on sol 676; Fig. 6). PWC values range from 1.2 pr-um at Dingo
Gap, to 2.9 pr-um on sol 676. These results suggest that: (i) either
a considerable portion of the PWC was deposited on the surface in
a few hours, or that (ii) the terrain at these four locations was act-
ing as a cold trap, bringing in moist air from the surroundings, or
that (iii) the two previous mechanisms were acting together. This
is discussed in more detail in Section 5.3.

Finally, we note that the decrease in water vapor pressure high-
lighted in Fig. 6 is slightly larger than the uncertainty in e1.6m,
which still allows the use of Ae in Eq. (5) to calculate h. However,
they are still of the same order of magnitude (103 Pa; see Fig.
6 between 4 and 6 am), and thus h values represent a first-order
approximation of the thickness of the frost layer. We also note that
a change of Ae~ 0.007 Pa, as that occured on sol 531 between 4
and 6 am, would have caused an increment of ground temperature
of only about ~0.01K, as follows from ATg=(Lg,e/Pcy) Ae,
where Ly, ~ 2.8 x 106 kg=! is the latent heat of sublimation,
cp =736] kg~1 K1 is the heat capacity of the air at constant pres-
sure, and ¢ = 0.41 is the ratio of gas constants for dry air to that
for water vapor. Such a tiny variation in the ground temperature is
beyond the resolution of the GTS, and therefore changes of ground
temperature due to frost formation are not detectable.

5. Discussion

In this section, we first discuss the environmental conditions
and the type of terrain that likely led to the formation of surface
frost at Gale. Then, we discuss the daily variability of near-surface
water content. Finally we discuss the impact of frost formation on
changes in the atmospheric water content.

5.1. Frost events in the climatological context at Gale

The relative humidity [RH =e/es(T)] depends on atmospheric
water vapor content and temperature. We show that at Curios-
ity’s landing site, the seasonal evolution of the relative humidity
is mainly controlled by temperature. The maximum diurnal value
of the relative humidity shown for the first 1000 sols in Fig. 1 fol-
lows the minimum diurnal value of the ground temperature shown
by the lower black curve in Fig. 2. This is because on every sol, the
maximum diurnal value of RH1.6m generally occurs at the same
time as the minimum diurnal value of T;. Therefore, in early win-
ter, when the diurnal minimum temperatures are the lowest of the
year, the relative humidity shows the highest annual values. Simi-
larly, in spring and summer, when the diurnal minimum tempera-
tures are the highest of the year, the relative humidity shows the
lowest annual values on both years.

Interestingly, the seasonal evolution of the relative humidity ap-
pears to be anti-correlated with the seasonal evolution of near-
surface water vapor pressure shown in Fig. 8. On one hand, the
lowest annual values of e1.6m occur in late fall and early winter,
when RH1.6m is the highest (Fig. 1). On the other hand, the high-
est annual values of e1.6m occur in late spring, early summer, and
late winter, when RH1.6m is the lowest.

The sol-to-sol variability in e1.6m shown in Fig. 8 is larger
around the annual maximum than around the annual minimum.
This variability might be related to the uncertainty in el.6m
measurements rather than to actual variations in e1.6m. Diurnally,
the most accurate value of water vapor pressure corresponds to
the time of the day when the relative humidity is the highest
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Fig. 8. Evolution of the water vapor pressure at 1.6 m at Gale during the first
1000 sols. We only show the most accurate e1.6m value per sol, which corresponds
to the time of the day when RH1.6m is the highest, usually between 4 and 6 am as
shown in Fig. 6.

(between 4 and 6am, as shown in Fig. 6). Annually, RH1.6m
shows the highest values around late fall and early winter (Fig. 1).
Therefore, e1.6m values around this time of the year present the
highest accuracy and lowest day-to-day variability (Fig. 8). In
contrast, RH1.6m shows the lowest annual values in spring and
summer (Fig. 1). Therefore, e1.6m values around this time of the
year present the lowest accuracy and largest day-to-day variability
(Fig. 8).

We have shown that the most likely frost events occurred be-
tween sols 520 and 680 (Fig. 3) simply because this was the cold-
est time of the year (and therefore the most humid time of the
year despite corresponding to an annual minimum in water va-
por pressure). Next we show that the type of terrain also plays
an important role in frost formation. We have used the method-
ology developed by Martinez et al. (2014) to calculate the ther-
mal inertia (I) of the four terrains on which frost formed at Gale
(Fig. 4), obtaining ~200 SI units for each of them. This value is
exceptionally low compared to previous estimations of I in other
places at Gale crater. Using REMS/GTS measurements, Martinez
et al. (2014) obtained I values of ~450 SI units at Yellowknife Bay,
and ~300 SI units at Rocknest. Also at Gale, but using Thermal
Emission Spectrometer (TES) data with a horizontal resolution of
~107 m?, Christensen et al. (2001) and Putzig et al. (2005) ob-
tained I values ranging from 335 to 425 SI units, while Fergason
et al. (2012) obtained I values of 365 £ 50 SI units at the land-
ing ellipse using THEMIS data with a resolution of 10* m2. Thus,
the thermal inertia estimated for the terrain shown in Fig. 4 is ex-
ceptionally low. This is important because terrains with low val-
ues of I, consistent with fine-grained and loosely packed material,
amplify the diurnal amplitude in ground temperature, producing
lower daily minimum temperatures and thus facilitating frost for-
mation.

At Gale, none of the instruments aboard MSL has yet detected
frost directly. ChemCam has been used in four different campaigns
designed to search for frost between 04:30 and 06:00 on sols 75,
290, 317 and 545. However, no signs of an elevated H signal were
detected on any of these sols (Schroder et al., 2015). As shown in
Sections 2 and 3, the ground temperature never dropped below
the frost point on any of these sols, indicating that frost would not
have been detected when the search was conducted. Additionally,
since ice is not stable in the shallow subsurface at the latitude of
Gale crater, and DAN is sensitive to the bulk shallow subsurface
material, it is unlikely that DAN would have been able to detect
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the weak signal of a frost layer that is only a few tenths of a mi-
crometer thick (Fig. 7). Furthermore, DAN was not used to search
for frost around sunrise, when frost events are most likely to occur.
Finally, Mastcam has not been used to search for frost at the time
that it is most likely to form.

Frost is most likely to form on megaripples (Fig. 4) with very
low thermal inertia and therefore low daily minimum tempera-
tures. Measurements and images taken between 4 and 6 am during
late fall and early winter, when both the annual and daily temper-
atures are the lowest (Figs. 2 and 5) and the relative humidity is
the highest (Fig. 1), have the highest probability of providing direct
evidence of frost at the latitudes of Gale crater.

5.2. Daily variability of near-surface water content at Gale

Fig. 6 shows that over the course of the day, the most accurate
water vapor pressure values derived from REMS measurements oc-
cur between 4 and 6 am (when RH is max), whereas the daytime
values show high uncertainties (>100%). This is also valid for other
sols not shown in Fig. 6. Therefore, the day-to-night variability in
the near-surface water content at Gale crater cannot be analyzed
using only REMS data. However, we can shed some light on this
variability by comparing the nighttime PWC values obtained from
REMS (Fig. 7) with the daytime PWC values obtained from satellite.

For the first 100 sols of the MSL mission (Ls ~ 150-210°), Harri
et al. (2014a) obtained PWC values between 3 and 6 pr-pm using
nighttime REMS estimations of the volume mixing ratio (VMR) by
assuming that the water vapor is uniformly mixed in the night-
time boundary layer. Using nighttime REMS estimations of the
water vapor pressure, we obtain PWC values at Dingo Gap rang-
ing from 1.2 pr-um on sols 529-535 (Ls ~ 86°) to 2.9 pr-um on sol
676 (Ls ~ 154°) (Fig. 7). Since during the first 100 sols of the mis-
sion the near-surface nighttime water vapor pressure (and thus the
VMR) was roughly between 2 and 3 times higher than during sols
529-676 (Fig. 8), the two estimations of nighttime PWC are consis-
tent with each other.

However, daytime estimations of PWC from TES climatology at
similar latitudes as Gale and for solar longitudes in the range
86-154° (corresponding to the sols shown in Fig. 7) show values
of about 10 to 14 pr-um (Harri et al., 2014a). Similarly, daytime
PWC estimations from the in situ Mini-TES observations aboard the
Opporunity rover (1.95°S) at the same time of the year show val-
ues of about 4 to 8 pr-um (Smith et al., 2006). By comparing these
daytime values to the nighttime PWC values shown in Fig. 7 (1.2-
2.9 pr-pm), a crude day-to-night ratio of about 4 to 6 can be in-
ferred for the near-surface water content at Gale.

A higher day-to-night ratio is obtained at the Phoenix land-
ing site from the analysis of measurements by the TECP instru-
ment and the Surface Stereo Imager (SSI) camera. Using RH mea-
surements by the TECP, Rivera-Valentin and Chevrier (2015) have
shown typical day-to-night ratios of about 5 early in the mission,
with much higher ratios of the order of 10 toward the end of the
mission when frost formed every night. Furthermore, the daytime
PWC value derived by the SSI at the Phoenix landing site was about
30 pr-pm (Tamppari et al., 2010). Since nighttime near-surface wa-
ter vapor pressure values at the Phoenix landing site at that time
were very similar to those at Gale during the first 100 sols (Zent
et al., 2012; Harri et al.,, 2014a), they would have resulted in maxi-
mum PWC values of about 6 pr-um (as in Gale for the first 100 sols)
assuming a well-mixed atmosphere. This also indicates a day-to-
night ratio of about 5 at the Phoenix landing site.

In summary, a day-to-night variability in the near-surface wa-
ter content at Gale of about 4-6 seems reasonable. During the day,
the ground would become a source of water vapor due to des-
orption and/or sublimation of frost, whereas during the night the
ground would become a sink because of adsorption and/or frost

deposition (Zent and Quinn, 1997). However, a more comprehen-
sive analysis is needed to quantify the daytime near-surface water
content. The Sample Analysis at Mars (SAM) instrument (Mahaffy
et al., 2012) has attempted to measure the water vapor pressure (as
on the evening of sol 964), but values were below the SAM detec-
tion threshold. Measurements between late spring and early sum-
mer, when the annual near-surface water content is the highest
(Fig. 8) could better constrain the day-to-night variability at Gale
crater.

5.3. Impact of surface frost formation on the atmospheric water
content

We have estimated values of the order of tenths of um for the
thickness of the frost layer formed at the four locations shown in
Fig. 4 between sols 520 and 680. During these sols, the nighttime
PWC showed values of a few pr-um (Fig. 7).

On each sol shown in Fig. 7, the ratio between the thickness
of the frost layer and the PWC can be used to quantify the impact
of surface frost formation on the atmospheric water content. This
ratio varies from a minimum of 1% on sol 556, to a maximum of
40% on sol 533. These results indicate that either a considerable
portion of the PWC was deposited on the surface in a few hours,
or that substantial horizontal advection brought in moist air from
the surroundings, or that the two previous mechanisms were act-
ing together. We believe that a combination of both mechanisms
is reasonable. At the Phoenix landing site, a frost layer of about
20 um thick was estimated using satellite measurements (Cull
et al., 2010) when the daytime PWC was about 30 pr-um (Tamppari
et al,, 2010). It has been suggested that regional atmospheric circu-
lations are inhibited at Gale crater (Moores et al., 2015) and there-
fore water vapor transport does not cause significant variability in
the atmospheric water vapor content. Since the terrains on which
frost likely formed (Fig. 4) were colder than their surroundings due
to their low thermal inertia, they could have acted as a cold trap
of water vapor, locally enhancing its transport.

6. Summary and conclusions

We provide indirect evidence for the formation of frost at the
surface of Gale crater by analyzing simultaneous measurements of
relative humidity and ground temperature with the highest confi-
dence during the first 1000 sols of the MSL mission. We find that
the most likely frost events occurred at four different locations:
Dingo Gap megaripple during sols 529-535, an unnamed place
during sols 554-560, Kimberley during sols 609-617, and an un-
named place during sols 673-676, corresponding to the most hu-
mid and coldest time of the year (from late fall to early winter;
Figs. 1 and 2). At these four locations, the terrain features thermal
inertia of ~200 SI units, a value much lower than that obtained
from satellite measurements at the landing ellipse of 365 + 50 SI
units. This is important because terrains with exceptionally low I
values, consistent with fine-grained and loosely packed material
(Fig. 4), favor the formation of frost by producing lower daily min-
imum ground temperatures than terrains with higher thermal in-
ertia values.

We select sols 531, 557, 612 and 676 to analyze the environ-
mental conditions that most likely resulted in the formation of
frost. The ground temperature was below the frost point with the
highest confidence between 4 and 6 am on sol 531, between 4 and
5am on sols 557 and 612, and only at 5am on sol 676 (Fig. 5),
indicating that frost is most likely to form during these time peri-
ods. Furthermore, the water vapor pressure decreased during these
periods on each sol (Fig. 6), consistent with loss of water vapor by
frost formation.
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We calculate a lower-bound estimate for the thickness of the
frost layer developed at these four locations of the order of tenths
of pm, with the precipitable water content showing values of a
few pr-um (Fig. 7). These results suggest that either a consider-
able portion of the PWC was deposited on the surface in a few
hours, or that the terrain at these four locations was acting as a
cold trap, bringing in moist air from the surroundings. We believe
that a combination of both mechanisms is plausible.

Since water vapor pressure values derived from REMS measure-
ments present high uncertainties during the daytime (Fig. 6), the
day-to-night variability in the near-surface water content at Gale
cannot be analyzed using only REMS products. By comparing the
nighttime PWC values obtained from REMS (Fig. 7) with the day-
time PWC values obtained from satellite, we estimate a crude day-
to-night ratio of the near-surface water vapor pressure at Gale of
about 4-6.

Frost formation at Gale crater has important implications for
the local ground-atmosphere interaction, the geochemistry and the
geologic nature of the surface and near sub-surface. In addition, it
could explain the ubiquitous hydration signature observed from or-
bit as well as the formation of the hydrated amorphous component
documented by the Curiosity payload in the martian soil.
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Appendix A
A.1. REMS GTS measurements: uncertainties

The GTS measurements and their specifications can be found
in the NASA Planetary Data System (PDS). In this study we only
use GTS measurements with the ASIC power supply in range, the
highest recalibration quality, and with no shadows in the GTS FOV.
By averaging these measurements over an interval of 5 min (nomi-
nal measuring strategy of the GTS), we produce high quality hourly
values of ground temperature (Ty).

In order to calculate the absolute uncertainty oy, of the mean
T, we use REMS GTS random uncertainties and systematic long-
term uncertainties (SySerror). The former represent the standard de-
viation of the mean while the latter represent the absolute sys-
tematic uncertainty of the sensor, which includes the impact of
calibration errors and the sensor degradation on the accuracy of
the GTS. Since the random and systematic uncertainties arise from
adding up several uncorrelated errors of different origin and nature
(thermal and electrical), we add them quadratically to calculate the
absolute uncertainty of T; as

O-T/g 2 J—
Org = («/N) + (SYSerror) (A1)
where the first term on the right accounts for the random un-
certainty and the second for the systematic uncertainty. Specifi-
cally, the random uncertainty is represented by the standard de-
viation of the mean, which is calculated from the standard devia-
tion (a}g) of N GTS measurements averaged over a 5 min interval.
Finally, the systematic uncertainty is calculated as the mean of the
absolute systematic error of each GTS measurement over a 5 min
interval.

A.2. REMS RHS measurements: uncertainties

The REMS/RHS products that can be found in the NASA PDS
are the relative humidity (RH), its uncertainty (ARH), and the tem-
perature (Tgy). Using these three quantities, we show next how to
calculate the water vapor pressure at 1.6 m (e1.6m) and its uncer-
tainty (de1.6m), as well as the frost point (T¢ ) and its uncertainty
ATy

The uncertainty in RH and in Tgy is given by

2, Try > 243K

ARH (%) = { 10,203 K < Try < 243 K, (A.2)
20, Try < 203K
ATgy (K) =02 VTgy. (A.3)
By definition, e1.6m can be obtained as
el1.6m = RH x es(Tgy), (A4)

where e is the saturation vapor pressure over ice expressed as

b(T—c)
es = ae T+ |

(A.5)

where a=611.35Pa, b=2245 ¢=27316K and d=0.32K
(Savijarvi et al., 2015). By substituting Eq. (5) into Eq. (4) and
taking differentials on Eq. (4), we obtain the uncertainty in the
water vapor pressure as

ARH ATry
de ~ e( + bc). (A.6)
RH T2,

The frost point is defined as the temperature at which the sat-
uration vapor pressure over ice is equal to the atmospheric water
vapor pressure. Therefore, T; can be obtained from Eq. (5) by rear-
ranging terms as

c+zd
Tr = =7 (A7)
where

1 e
zZ= Elna. (A.8)

Taking differentials on Eq. (A.7), we finally obtain
Tf Se d 1

ATf_be<C+Zd+l_Z>. (A9)

Egs. (3), (4), (6)-(9) can be used to calculate e1.6m, el.6m, Ty
and ATy from the RHS products RH, ARH and Tgy found in the
NASA PDS. We note that very similar values of el.6m, del.6m, Ty
and ATy have been obtained using the Goff-Gratch relation for es
instead of the Buck relation shown in Eq. (5).
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