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a b s t r a c t 

The Mars implementation of the Planet Weather Research and Forecasting (PlanetWRF) model, MarsWRF, 

is used here to simulate the atmospheric conditions at Gale Crater for different seasons during a period 

coincident with the Curiosity rover operations. The model is first evaluated with the existing single-point 

observations from the Rover Environmental Monitoring Station (REMS), and is then used to provide a 

larger scale interpretation of these unique measurements as well as to give complementary information 

where there are gaps in the measurements. 

The variability of the planetary boundary layer depth may be a driver of the changes in the local dust 

and trace gas content within the crater. Our results show that the average time when the PBL height 

is deeper than the crater rim increases and decreases with the same rate and pattern as Curiosity’s ob- 

servations of the line-of-sight of dust within the crater and that the season when maximal (minimal) 

mixing is produced is L s 225 °–315 ° (L s 90 °–110 °). Thus the diurnal and seasonal variability of the PBL 

depth seems to be the driver of the changes in the local dust content within the crater. A comparison 

with the available methane measurements suggests that changes in the PBL depth may also be one of the 

factors that accounts for the observed variability, with the model results pointing towards a local source 

to the north of the MSL site. 

The interaction between regional and local flows at Gale Crater is also investigated assuming that 

the meridional wind, the dynamically important component of the horizontal wind at Gale, anomalies 

with respect to the daily mean can be approximated by a sinusoidal function as they typically oscil- 

late between positive (south to north) and negative (north to south) values that correspond to ups- 

lope/downslope or downslope/upslope regimes along the crater rim and Mount Sharp slopes and the 

dichotomy boundary. The smallest magnitudes are found in the northern crater floor in a region that 

comprises Bradbury Landing, in particular at L s 90 ° when they are less than 1 m s −1 , indicating very 

little lateral mixing with outside air. The largest amplitudes occur in the south-western portions of the 

crater where they can exceed 20 m s −1 . Should the slope flows along the crater rims interact with the 

dichotomy boundary flow, which is more likely at L s 270 ° and very unlikely at L s 90 °, they are likely to 

interact constructively for a few hours from late evening to nighttime ( ∼17–23 LMST) and from pre-dawn 

to early morning ( ∼5–11 LMST) hours at the norther crater rim and destructively at night ( ∼22–23 LMST) 

and in the morning ( ∼10–11 LMST) at the southern crater rim. 

We conclude that a better understanding of the PBL and circulation dynamics has important implica- 

tions for the variability of the concentration of dust, non-condensable and trace gases at the bottom of 

other craters on Mars as mixing with outside air can be achieved vertically, through changes in the PBL 

depth, and laterally, by the transport of air into and out of the crater. 
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1. Introduction 

The Planetary Boundary Layer (hereafter PBL) is the part of the

atmosphere closest to the surface, within which the interactions

between the atmosphere and the surface take place. On Mars it is

in this region where dust is lifted and settles back to the surface,

where water and other trace molecules may be transferred be-

tween the surface and the atmosphere, and where turbulence and

small-scale features such as convective vortices and topographic

flows occur ( Petrosyan et al., 2011 ). Dust is a fundamental com-

ponent of the atmosphere on Mars that has a strong impact on

its thermal and dynamical state. It affects the operation of sur-

face spacecraft as well as the retrieval from orbiters and it is also

critical for the entry, descent and landing phase of surface space-

craft probes. Despite its central importance, to date the circulation

within this region of the atmosphere has been poorly validated due

to the scarcity of in-situ instruments on the surface of Mars. The

goal of this work is to investigate the PBL and circulation dynam-

ics on daily and seasonal time-scales to better understand their

variability and potential implications for: (1) the concentration of

trace gases such as methane; (2) the dynamics of dust, and; (3)

the interaction between regional and local slope flows. The Mar-

tian implementation of the Mars Weather Research and Forecasting

(MarsWRF) model ( Richardson et al., 2007 ) is used here to simu-

late the atmospheric conditions at Gale Crater for different seasons

during a period coincident with the Curiosity rover operations. The

model will be first validated with the existing single-point obser-

vations from Curiosity, and will then be used to provide a larger

scale interpretation of these unique measurements as well as to

provide complementary information where there are gaps in mea-

surements. 

On August 6th 2012 (UTC), the Mars Science Laboratory (MSL)

mission successfully landed and delivered the rover Curiosity to

the surface on Mars at 4.49 °S, 137.42 °E, in the north-western part

of Gale Crater, a 154 km wide crater located at the edge of the

hemispheric dichotomy, whose floor is at 4.451 km below da-

tum. The central mound of Aeolis Mons (Mount Sharp) rises about

5.5 km above the floor of the crater ( Anderson and Bell, 2010 ). Gale

is an impact crater that is estimated to have formed ∼3.6–3.8 bil-

lion years ago ( Thompson et al., 2011 ). On board the MSL rover is

the Rover Environmental Monitoring Station (REMS; Gómez-Elvira

et al., 2012, 2014 ) which comprises several sensors including air

and ground temperature sensors, a pressure sensor, an ultraviolet

(hereafter UV) sensor with 6 detectors and a wind sensor. Being

the only surface observation station in the region (and one of only

two rovers currently operating on the planet), REMS measurements

have proven to be very useful and have been used for a wide va-

riety of purposes including to gain further insight into the proper-

ties of some of the soil types present on Mars (e.g. Martínez et al.,

2014; Hamilton et al., 2014 ), to perform dust ( Moore et al., 2016 ),

moisture ( Savijärvi et al., 2015 ) and pressure ( Haberle et al., 2014;

Ullán et al., 2017 ) studies and to investigate the chemical compo-

sition of the surface and subsurface and the possible viability of

transient liquid water ( Martín-Torres et al., 2015 ). This dataset has

also been used to evaluate the performance of numerical models

(e.g. Pla-García et al., 2016; Rafkin et al., 2016 ) that investigate the

influence of the atmospheric circulation dynamics on local scales.

More recently, in Newman et al. (2017) REMS data have been used

to verify the performance of MarsWRF during the season of the

Bagnold Dunes Campaign, as well as to constrain the setup and as-

sumptions used in the model. 

A discussion of the meteorological conditions at Gale is given

in Rafkin et al. (2016 ). Outside the dust storm season (which typi-

cally begins around L s 180 °–225 ° and ends around L s 315 °–360 °; L s 
is the areocentric solar longitude) the circulation at Gale is dom-

inated by upslope (downslope) flows along Mount Sharp and the
rater rim during the day (night). In the daytime the winds di-

erge from the bottom of the crater and converge higher up with

escent in the middle of the crater which acts to suppress convec-

ion and reduce the depth of the boundary layer ( Tyler and Barnes,

013; Moores et al., 2015 ). At night the downslope winds do not

ypically reach the bottom of the crater as at some point in their

escent the compressed air parcels will be warmer than the air

elow and hence will lose their negative buoyancy. At this point

hey flow horizontally, gliding over the colder air below and form-

ng katabatic sheets. As a result, the air at the bottom of the crater

emains largely isolated with very little mixing with the outside

ir. In the dust storm season these local circulations are likely to

e disrupted by the global mean meridional circulation: the large-

cale northerly winds favour the downslope flow along the north-

rn crater rim leading to strong mixing with the air from outside

he crater in what is known as a “flushing” event ( Rafkin et al.,

016 ). The global mean meridional circulation is stronger in the

ustral summer primarily due to: (i) the asymmetry in the so-

ar insolation (in the austral summer the insolation is up to 45%

reater than in the boreal summer leading to a stronger Hadley

irculation; Zurek et al., 1992 ); (ii) the hemispheric dichotomy (as

he northern one-third of Mars is at a lower elevation than the

ottom two-thirds of the planet, in the boreal winter the lower

urface temperatures in the northern polar region lead to higher

urface pressures that together with the elevated terrain in the

outhern hemisphere and associated lower surface pressures en-

ance the global mean meridional circulation ( Hourdin et al., 1993 ;

oshi et al., 1995; Richardson and Wilson, 2002 ); and (iii) the in-

reased amount of dust in the atmosphere in the austral summer

ompared to the boreal summer that acts as a positive feedback

trengthening the Hadley cell ( Forget et al., 1999 ). 

In this paper, a Martian atmospheric numerical model is run

or Gale Crater with the model performance evaluated against ob-

ervational data given by REMS. The primary focus is on the di-

rnal cycle of the PBL depth in the different seasons during a

artian year. Since the landing of Curiosity at Gale Crater, REMS,

he Navigation Cameras (Navcam) and Mastcam have provided two

nd a half Martian Years (MY, the convention of Clancy et al.

20 0 0) is used in this work) of observations of the Martian dust

ycle from the surface ( Moore et al., 2016 ). We hypothesize that

he PBL height variability may be the driver of the dust content

ariability within the crater as well as of the variability of other

race molecules such as methane, which has been measured with

ariable concentration during the year at the crater floor ( Webster

t al., 2013, 2015 ). As we shall see in this work, even if the max-

mum depth of the PBL exceeds the height of the crater rim, ver-

ical mixing with the outside air will be limited by the period of

ime during which it is deeper than this height (i.e. the tempo-

al extension of the daytime convective boundary layer). Another

opic discussed here is circulation dynamics, with a focus on the

nteraction between the crater slope flows and the regional-scale

ows. While variations in the PBL depth will affect the extent of

he vertical mixing of the air inside the crater with that outside,

hanges in the horizontal circulation will determine the amount of

ateral transport of air into and out of the crater. By accounting for

he full three-dimension circulation, further insight into the vari-

bility of dust and trace gases such as methane can be gained. In

ddition to the global mean meridional circulation (which is ex-

ected to impart southerly winds around L s 90 °, northerly winds

round L s 270 ° and weak and variable winds at the equinoxes),

he circulation at Gale is controlled by local slope flows and re-

ional slope flows. The latter, and besides the dichotomy bound-

ry flow (which is expected to be significant as Gale is located at

he edge of the hemispheric dichotomy), includes slope flows from

eighbouring topographic features such as Elysium Mons located

o the north. The local and regional slope flows generally blow
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Table 1 

Data sources for the topography, surface albedo and thermal inertia used in the MarsWRF’s experiments. 

Model Parameter Data Source Reference 

Topography Mars Orbiter Laser Altimeter (MOLA) 1/64 ° topographic grid Smith et al. (2001) 

Surface Albedo Thermal Emission Spectrometer (TES) MY26 albedo map Putzig and Mellon (2007) 

Thermal Inertia Thermal Emission Spectrometer (TES) apparent thermal inertia nightside map Putzig and Mellon (2007) 
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Table 2 

Height above ground level of the MarsWRF GCM vertical layer cen- 

tres. A scale height of 10 km is used in the computation of the 

heights. 

Layer Number Height (km) Layer Number Height (km) 

1 0.112 24 7.386 

2 0.339 25 7.862 

3 0.572 26 8.362 

4 0.810 27 8.889 

5 1.054 28 9.445 

6 1.304 29 10.033 

7 1.560 30 10.658 

8 1.823 31 11.325 

9 2.093 32 12.040 

10 2.371 33 12.809 

11 2.657 34 13.643 

12 2.951 35 14.553 

13 3.254 36 15.554 

14 3.567 37 16.666 

15 3.889 38 17.917 

16 4.223 39 19.348 

17 4.568 40 21.019 

18 4.925 41 23.025 

19 5.295 42 25.538 

20 5.680 43 28.903 

21 6.080 44 34.010 

22 6.497 45 44.993 

23 6.931 
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pslope during daytime and downslope at night and, as discussed

n Tyler and Barnes (2013) , can interact constructively or destruc-

ively. In Tyler and Barnes (2013) , however, the potential interac-

ion between the slope flows along the crater rims and the di-

hotomy boundary flow is only considered for one season (L s 151 °)
nd a specification of the times when it may occur has not been

tated. A better understanding of this interaction is crucial as ad-

ection by the wind has been shown to play a very important role

n the variability of trace gases such as methane ( Mischna et al.,

011; Viscardy et al., 2016 ). Given the strong topographic contrasts

hat exist everywhere on Mars, insight gained from this work is

pplicable to other places on Mars, in particular to craters and fea-

ures with a similar topography to Gale. 

Section 2 provides details about the model setup and meth-

ds used. The results of the MarsWRF experiments are shown in

ection 3 . In Section 4 the focus is on circulation dynamics while

n Section 5 the emphasis is on the variability of the boundary

ayer depth. A discussion of the main findings is presented in

ection 6 . 

. Experimental setup 

In this study we use MarsWRF version 3.3.1. The model’s grid

nd dynamical core, as well as most of the physical parameteriza-

ion schemes, are described in Richardson et al. (2007) with fur-

her details provided in Toigo et al. (2012); Newman and Richard-

on (2015) and Newman et al. (2017) . The model’s topography, sur-

ace albedo and thermal inertia are derived from Mars Global Sur-

eyor (MGS) measurements and their detailed references are pro-

ided in Table 1 . A simplified CO 2 microphysics scheme is used,

hich accounts for the deposition and sublimation of CO 2 and as-

umes that all CO 2 condensed is directly deposited onto the sur-

ace. The total CO 2 inventory and albedo and emissivity of the

orth and south seasonal caps are tuned to produce an annual

ressure cycle that best fits the Viking Lander 1 and 2 pressure

urves ( Guo et al., 2009 ). Thermal conduction within the subsur-

ace is represented in the model by a 15-layer implicit scheme. The

odel does not have a permanent CO 2 ice cap at the southern pole

ut the effects of this residual cap are represented by keeping the

round temperatures at latitudes below 82.5 °S equal to the frost

emperature of CO 2 ( Richardson and Wilson, 2002 ). The PBL pa-

ameterization scheme applied in the model is the Medium Range

orecast (MRF; Hong and Pan, 1996 ) PBL scheme. This scheme was

rst used in the MRF model (and hence it is called the MRF PBL

cheme) and includes both local and non-local mixing. The PBL

epth in the MRF scheme is determined as the first level starting

rom the surface at which the bulk Richardson number exceeds 0.5.

MarsWRF is run with a yearly repeatable dust distribution

aken from the Mars Climate Database (MCD) “MGS dust scenario”

 Montmessin et al., 2004; Toigo et al., 2012 ). The dust mixing ra-

io is assumed to be constant from the surface to a (spatially and

emporally varying) height z max , shown in Fig. 1 (a), above which it

apidly declines ( Conrath, 1975 ). Fig. 1 (b) shows the seasonal and

atitudinal distribution of the dust optical depth normalised to 7

Pa used as proxy for atmospheric opacity in the visible band in

he model. The dust opacity increases during the dust storm sea-

on from L s 180 ° to L s 240 ° and starts to decrease just before the

ustral summer solstice with very little variability from L s 0 ° to L s 
80 °. The radiation scheme used is a k-distribution radiative trans-

er model (KDM) described in Mischna et al. (2012) . A Non-Local

hermodynamic Equilibrium (NLTE) adjustment to the long-wave

adiation flux based on López-Valverde et al. (20 0 0) is also em-

loyed. At high-latitudes polewards of 70 °, in order to prevent the

se of a smaller time-step given by the decreasing zonal grid spac-

ng with latitude, a zonal filter that damps high frequency waves is

sed ( Richardson et al., 2007 ). In the top 4 km Rayleigh damping is

pplied to the three wind components and potential temperature

n a time-scale of 100 s ( Skamarock et al., 2008 ). In the global

omain the zonal mean of the horizontal wind components and

otential temperature is also damped in the top 3 model levels on

ime-scales of 2, 6, and 18 days, respectively, to zero for the wind

omponents and 140 K for the temperature. 

The model is set up in a five nested grid configuration with

he domains shown in Fig. 2 . The outermost grid is global at a

orizontal resolution of 2 ° × 2 ° ( ∼118.33 km) with the other do-

ains centred on Gale Crater with horizontal resolutions of about

9.44 km, 13.15 km, 4.38 km, and 1.46 km. This domain configura-

ion is nearly identical to that used in Newman et al. (2017) , which

lso included a 6th domain at a resolution of 480 m. However,

hile in the referred paper the authors run the first two grids in

ydrostatic mode and the remaining four in non-hydrostatic mode

Claire Newman, pers. comm., 2017), here only the global grid is

un hydrostatically. In the vertical 45 levels, concentrated in the

BL region, are used with the model top at 120 km. A model top

bove an altitude of 90 km is needed for the model to properly

imulate the global mean meridional circulation ( Wilson, 1997;

orget et al., 1999 ). The approximate height above ground surface

f the centre of the vertical layers is given in Table 2 . The out-

rmost (global) grid is first run for two Martian Years (MY, the
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Fig. 1. Seasonal and latitudinal distribution of the (a) dust “top” (units of km) and (b) dust optical depth normalised to 7 hPa, used as proxy for atmospheric opacity in the 

visible band in the model, for the “MCD MGS” dust scenario. 

Fig. 2. Orography (units of meters) of the 5 grids used in the MarsWRF experiments. The outermost domain is global at a horizontal resolution of 2 °×2 °. The other grids 

are centred on the Gale Crater (the boundary regions are not shown here). The horizontal resolution of each domain is given above the correspondent plot. 
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convention of Clancy et al. (20 0 0) is used in this work), MY31

and 32, with the first year regarded as model spin-up. Restart

files are generated and stored every 10 sols and are subsequently

used to initialize the nested experiments. The model is run in a

5-nest configuration for 7 sols (with a one-sol spin-up before) for

about every 45 ° of solar longitude, including around the equinoxes

and solstices, in order to properly sample the annual cycle: L s 0 °
(REMS/MSL sols 354–360), L s 45 ° (REMS/MSL sols 436–442), L s 90 °
(REMS/MSL sols 546–552), L s 148 ° (REMS/MSL sols 6 63–6 69), L s 
180 ° (REMS/MSL sols 726–732), L s 225 ° (REMS/MSL sols 795–801),

L s 270 ° (REMS/MSL sols 865–871) and L s 315 ° (REMS/MSL sols

934–940). It is important to note that L s 148 ° is chosen instead

of L s 135 ° as in REMS/MSL sol 664 there was an unusually high

number of convective vortices ( Kahanpää et al. 2016 ) so it is of in-

terest to run the model for this period. According to Moore et al.

(2016) , the amount of dust in the lower layers of the atmosphere

(i.e. the line-of-sight opacity) at Gale is observed to be near a min-

imum around L s 110 ° and a maximum around L s 315 °. As vari-

ability in boundary layer dynamics may be one of the drivers of

the referred changes in dust mixing ratio, MarsWRF is also run for
 s 110 ° (REMS/MSL sols 586–592). All the aforementioned sols are

ithin the first 10 0 0 REMS/MSL sols, which will enable a compari-

on of the model output with REMS measurements. A time-step of

 min is used for the outermost grid and for the four inner nests

he time-steps used are 20 s, 10/3 s, 10/9 s and 10/27 s, respec-

ively. For all experiments the model output is stored every 1 h for

he first four grids and every 5 min for the innermost grid with

he latter used for comparison with REMS data. 

The REMS measurements used in this work are publicly avail-

ble and documented at the National Aeronautics and Space Ad-

inistration (NASA) Planetary Atmospheres Node of the Plane-

ary Data System (PDS, http://pds-atmospheres.nmsu.edu/; Gómez-

lvira, 2013 ). The booms of REMS (in which the air and ground

emperature and the wind sensors are found) are located at the

ast of the rover approximately 1.6 m above ground level. Hence,

he model’s 1.5 m temperature and horizontal wind, extrapolated

rom the values at the surface and first model-level using the sur-

ace layer similarity theory ( Newman et al., 2017; Jiménez et al.,

012 ), are compared with the corresponding REMS measurements.

he MarsWRF’s surface skin temperature is verified against the

http://pds-atmospheres.nmsu.edu/;
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EMS ground temperature while the model’s surface pressure is

valuated against the observed pressure measurements. More in-

ormation about REMS data can be found in Gómez-Elvira et al.

2012, 2014 ). 

. Model experiments 

In this section a discussion of the results of the MarsWRF ex-

eriments is presented. The outputs of the model are compared

ith the REMS ground-truth observations for six seasons: austral

inter (L s 90 °) and summer (L s 270 °) solstices and spring (L s 180 °)
nd autumn (L s 0 °) equinoxes as well as L s 110 ° and 315 °. The

odel performance for the other seasons (L s 45 °, 148 ° and 225 °)
s similar and hence is not discussed here. 

.1. Surface pressure 

In Fig. 3 the results for the surface pressure are shown. The

lack circles show seven sols of the 5 min MarsWRF data for the

losest model grid-point to the rover’s location while the coloured

ircles show REMS measurements for seven sols (first sol in light

lue, last in red) at the corresponding season. It is important to

ote that no observational data are available for REMS/MSL sols

59 and 360 (L s 0 °) and 938 (L s 315 °). 
The daily mean surface pressure predicted by MarsWRF is sim-

lar to that observed, as given by REMS, for the sols of most of the

xperiments except for those of L s 0 ° for which it is higher in the

odel. Higher than observed daily mean surface pressures at L s 
 ° are also seen at other locations on Mars such as at the Viking

ander 1 site (Fig. S1). Regarding the diurnal cycle of the surface

ressure, the observed maximum at ∼6–9 LMST and minimum at

17–18 LMST are generally captured by MarsWRF but the overall

hase is not well replicated. The most likely reason for this is an

ncorrect representation of the dust distribution: as discussed in

uzewich et al. (2016) , deficiencies in the atmospheric dust load-

ng (also in the vertical, the observed detached layers at 20–30 km

nd large diurnal variability (e.g. McCleese et al., 2010; Navarro

t al., 2014 ) are not present in the prescribed dust scenario consid-

red here) have an impact on the atmospheric tides which directly

ffect the diurnal cycle of the surface pressure. These discrepan-

ies in the phase are also seen at the Viking Lander 1 site (Fig.

1) further confirming the likely role of the atmospheric opacity.

utside the dust storm season there are relative maxima at ∼1–3

MST and ∼19–21 LMST. These extrema, likely associated with the

nteraction between the atmospheric tides and the local crater cir-

ulation ( Wilson et al., 2017 ), are reproduced by the model at L s 
80 ° but not at L s 90 ° and 110 °. 

.2. Ground & air temperatures 

In Figs. 4 and 5 the results for the ground and air tempera-

ures are given. The uncertainty for the ground temperature used

s that given in REMS data whereas for the air temperature it is

ssumed to be ±5 K, the worst accuracy of the air temperature

ensor to determine local temperatures near the rover platform

 Gómez-Elvira et al., 2014 ). In the REMS data there are two air

emperature readings taken by the two air temperature sensors:

ne from boom 1 and another from boom 2. Notice however that

he mast where the booms are attached to is heated by the Sun

nd the local air in the boundary layer of the platform is typi-

ally warmer than the free air. Thus the air temperature fluctu-

tes during daytime between a maximum, which is sensitive to the

ast temperature, and a minimum, which is the one that should

e compared with the MarsWRF temperature and hence used here

s REMS air temperature data. 
The MarsWRF ground temperature is generally in agreement

ith that observed except at L s 270 ° (and, to a lesser extent, at

 s 315 °) when the model temperature is higher by about 10 K

uring the early to mid-afternoon hours. As the nighttime tem-

eratures are reasonably well captured, the higher daytime tem-

eratures are likely due to an incorrect simulation of the surface

lbedo which may be too low in the model. A comparison of the

odel’s surface albedo and thermal inertia with that estimated

rom rover imagery and a 1-D surface-atmosphere thermal model

y Vasavada et al. (2017) seems to confirm this hypothesis: while

he model’s thermal inertia at the grid-point closest to the loca-

ion of the rover is within the 20 0–40 0 J m 

−2 K 

−1 s −1/2 range pre-

icted by Vasavada et al. (2017) for all seasons, the surface albedo

alues are only in agreement for L s 0 ° - 225 ° ( ∼0.17 – 0.20), they

re lower for L s 270 ° and 315 ° ( ∼0.17 in the model as opposed to

redicted values of ∼0.25). In addition, while in the sols of the L s 
0 °, 110 ° and 180 ° experiments the model temperatures increase

t a slower rate in the morning compared to the REMS tempera-

ures, in particular at L s 315 ° the opposite is true with the REMS

emperatures increasing at a slower rate compared to those pre-

icted by MarsWRF. As discussed in Pla-Garcia et al. (2016) , these

iscrepancies may be related to the topographic orientation that

s not well captured by the model at this resolution (insufficient

o properly resolve local slopes) in addition to an incorrect repre-

entation of the atmospheric dust loading and surface properties

including albedo and thermal inertia). It is also interesting to note

hat, on top of the background diurnal cycle of ground tempera-

ure, there is very little variability during the daytime but at night

EMS data show large fluctuations of more 20 K in relatively short

eriods of time, in particular in some of the sols in L s 90 ° and 180 °.
hese fluctuations, not seen in the air temperature ( Fig. 5 ) and also

ot captured by the model, are likely caused by the noise of the

round Temperature Sensor (GTS) electronics ( Gómez-Elvira et al.,

014 ). 

As seen in Fig. 5 , the model predicted air temperatures are gen-

rally within the observed range of values but during daytime tend

o be on the lower end at L s 90 °, 110 ° and 180 ° and upper end at L s 
70 °. Some of these biases are also present in the ground temper-

ture (e.g. warmer daytime temperatures at L s 270 °, Fig. 4 ) while

thers, such as the cooler daytime temperatures at L s 180 °, are not

nd may be attributed to an incorrect representation of the at-

ospheric circulation (e.g. the afternoon superadiabatic lapse rate

ay be steeper in MarsWRF in the L s 180 ° season) which require

igher horizontal (and vertical) resolution to be fully simulated.

n addition, there are high-frequency fluctuations in the REMS air

emperature data mostly during daytime (likely due to turbulent

ddies) which are not captured by the model. 

.3. Horizontal wind direction & speed 

Figs. 6 and 7 show the results for the horizontal wind direc-

ion and speed. The error bars in the horizontal wind direction

eflect the information available on the PDS website: the uncer-

ainty is typically ±15 ° if the wind is blowing from the front of the

over and ±45 ° if it is blowing from the rear. This is because the

ear-pointing wind sensor boom was lost on landing, thus winds

oming from the rear of the rover are strongly perturbed by the

emote Sensing Mast (on which the front wind sensor boom is

ounted) before they reach the remaining wind sensor ( Gómez-

lvira et al., 2014; Newman et al., 2017 ). No information regarding

he uncertainty of the horizontal wind speed is available on the

DS website so following Newman et al. (2017) a ± 20% uncer-

ainty is considered. It is important to note that when the wind is

lowing from the rear of the rover the wind speed cannot be re-

rieved, due to the perturbations of rear winds before they reach

he sensor, as stated above. When comparing the wind direction
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Fig. 3. WRF (black circles) and REMS (coloured circles with error bars) surface pressure (units of Pa) for REMS/MSL sols 354 to 360 (L s 0 °), 546 to 552 (L s 90 °), 586 to 592 

(L s 110 °), 726 to 732 (L s 180 °), 865 to 871 (L s 270 °) and 934 to 940 (L s 315 °). For each season the REMS data points are coloured from blue (sol #1) to red (sol #7). Data for 

REMS/MSL sols 359 and 360 (L s 0 °) and 938 (L s 315 °) are not available. The WRF values are for the model grid-point closest to the location of the rover. 
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and speed with REMS measurements it is crucial to note that

while observed winds are based on 5-min averages of instanta-

neous wind measurements taken at a single point, the MarsWRF

winds are averaged over a grid-box at ∼1.46 km horizontal resolu-

tion. The aforementioned issues with the REMS wind sensor mean

that it is difficult to get clear picture of the observed winds. As
he wind fields also typically exhibit a large spatial and temporal

ariability, a poorer match between model output and observations

compared to other variables such as surface pressure and air and

round temperatures) is to be expected, even if the model were to

e relatively accurate. 
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Fig. 4. As Fig. 3 but for the ground temperature (units of Kelvin). 
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Outside the dust storm season, and in particular at L s 90 °
nd 110 °, the horizontal wind direction is more easterly from ∼0

o 15 LMST, with a brief interlude with more variable directions

rom ∼3 to 6 LMST, and exhibits a large variability in particu-

ar from the late afternoon to nighttime hours. These fluctuations,

hich take place mostly between 18 and 21 LMST (nighttime mea-

urements are rare due to the wind sensor electronics limitation

ith temperature), are generally captured by the model. However,
here are some southerly wind directions in mid-morning hours

issed by MarsWRF. A possible explanation is that these winds

rise from the influence of small-scale topography that is not re-

olved by the model. Regarding the wind speeds, and as seen in

ig. 7 , there is good agreement in the early morning when the

bserved and modelled speeds are ∼4–7 m s −1 , but in the after-

oon and early evening the REMS wind speeds ( ∼4–8 m s −1 ) are

uch stronger than those predicted by MarsWRF ( ∼0–2 m s −1 ).
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Fig. 5. As Fig. 3 but for the air temperature (units of Kelvin). 
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Newman et al. (2017) evaluated the performance of MarsWRF, con-

sidering different configurations, during the Bagnold Dunes Cam-

paign which took place around L s 90 °. They found that by using

a similar vertical resolution near the surface to that used in this

work, the model is able to simulate the peak in the early morning

winds but the late afternoon and evening winds are significantly

under-estimated, as is the case here, whereas with a higher verti-

cal resolution near the surface MarsWRF misses the early morning
eak but simulates the higher evening wind speeds. In addition

o the vertical resolution, the mismatch between the observed and

odelled winds seen here can also be a result of deficiencies in

he PBL scheme and insufficient horizontal resolution to properly

esolve the topography (as discussed in Newman et al. (2017) to-

ographic features can block winds blowing from a given direc-

ion) and surface properties. It is also important to stress that wind

peed differences may also be attributed to the local character of
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Fig. 6. As Fig. 3 but for the horizontal wind direction (units of °). 
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3  
EMS wind speed retrieval and the perturbations induced by the

latform rather than the MarsWRF model alone ( Úllan et al., 2017 ).

EMS was more able to measure the unobstructed wind at a wide

ange of times of day in some seasons than in others, depending

n whether or not measurements were taken at a wide range of

over orientations (or at least at those which resulted in unob-

tructed winds). Thus in some seasons it is possible that the REMS

ataset shown here does not reflect the complete wind field, and
hat the true dominant wind directions (and hence wind speeds)

or a significant portion of the diurnal cycle were not measured.

owever, exploring this in detail would require an in-depth anal-

sis of the complete wind dataset to locate periods when such a

ange of orientations were available, and is beyond the scope of

his study. 

During the dust storm season, in particular at L s 270 ° and

15 °, the local circulations at Gale are likely to be disrupted by
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Fig. 7. As Fig. 3 but for the horizontal wind speed (units of m s −1 ). 
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the global mean meridional circulation which will lead to more

northerly winds at the crater floor ( Rafkin et al., 2016 ). This is pre-

dicted by MarsWRF with wind directions predominantly from the

east to north-west. While at L s 270 ° there is a rather good agree-

ment with REMS measurements, at L s 315 ° there are several REMS

observations of more southerly wind directions in the early morn-

ing ( ∼9 LMST) and late afternoon and evening hours that are com-
letely missed by the model. As these wind directions are present

n all six seasons except L s 270 °, they are likely to be associated

ith more localized slope flows (with a possible contribution from

he downslope winds from Mount Sharp) that are suppressed near

he austral summer solstice when local circulation at Gale is dis-

upted. A higher spatial resolution would be needed to properly

imulate these features. Regarding the wind speed, the warmer
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emperatures at L s 270 ° allow for some nighttime measurements

hat generally are of a similar magnitude to those given by the

odel which continues to underestimate the strength of the af-

ernoon and early evening speeds. In the warm season the model

lso predicts larger inter-sol variability in the wind speed in par-

icular during the daytime ( ∼4 m s −1 , at L s 90 ° the range is about

 m s −1 ). 

In this section the focus has been on the L s 0 °, 90 °, 110 °, 180 °,
70 ° and 315 ° seasons. However, similar results are obtained for

he other seasons not discussed here (L s 45 °, 148 ° and 225 °) in

erms of surface pressure, ground and air temperatures and hori-

ontal wind direction and speed (not shown). The L s 148 ° exper-

ment comprises REMS/MSL sol 664 during which a high num-

er of convective vortices was observed at Gale Crater ( Kahanpää

t al., 2016 ). Ringrose et al. (2007) points out that convective vor-

ices leave a signature on the wind fields (change in direction and

peed), surface pressure (drop) and temperature (increase) with

he latter only seen if the vortex passes overhead. MarsWRF does

ot show any of these “atypical” features in the 7 sols. This sug-

ests that the observed dust devil burst was possibly related to

ust storm activity, which is part of the intrinsic natural variability

f the real system but is not part of the model’s intrinsic variabil-

ty because dust loading is prescribed. It is important to note that

arsWRF is run without data assimilation, an idealized dust distri-

ution is used and even the albedo and thermal inertia maps em-

loyed are not those of MY32. Hence, if the dust devil burst was

riggered by the passage of a dust front, as suggest by Kahanpää

t al. (2016) , the fact that it is not represented in the model means

hat MarsWRF will not be able to simulate the observed event. 

. Circulation dynamics 

As discussed in Rafkin et al. (2016) , the atmospheric circula-

ion at Gale Crater is mostly the result of the interaction between

he global mean meridional circulation (which leads to generally

outherly/northerly winds around the austral winter/summer sol-

tices and weak and variable winds at the equinoxes when the

scending branch of the Hadley cell crosses the equator), regional

lope flows (which include the dichotomy boundary flow, expected

o be significant as Gale is located near the edge of the hemi-

pheric dichotomy, and flows from nearby topographic features

uch as the Elysium Mons to the north) and local crater slope

ows (along the crater rim and the slopes of Mount Sharp). Even

hough the latter two flows are generally upslope during the day

nd downslope at night, the time of their maximum strength is

ot the same: as discussed in Tyler and Barnes (2013) , their in-

eraction can be both constructive and destructive. In this section

he interaction between local (along the crater rim slopes) and re-

ional (along the dichotomy boundary) flows at Gale Crater will be

nvestigated. 

For the two solsticial (L s 90 ° and 270 °) and equinoctial (L s 0 °
nd 180 °) seasons the hourly diurnal cycle of the meridional wind,

he dynamically important component of the horizontal wind field

t Gale Crater ( Tyler and Barnes, 2013 ), is obtained by averag-

ng over the 7 sols with the daily-mean subtracted to remove the

ffects of the global mean meridional circulation. As the merid-

onal wind tends to oscillate between the upslope and downs-

ope regimes along the northern and southern crater rims, Mount

harp slopes and the dichotomy boundary, its variation on a diur-

al time-scale can be approximated by the least square method as

 sinusoidal function of the form 

 ( t ) = A cos [ ω ( t − φ) ] 

here A is the amplitude (in m s −1 ), φ is the phase (defined as

he time of maximum amplitude, in hours) and ω = 2 π/ 24h . Figs.

 and 9 show the amplitude and phase, respectively, of the merid-
onal wind at the first model level ( ∼110 m) and for model grid #4

horizontal resolution ∼4.38 km). Bradbury Landing, highlighted by

 cross in the plots, has one of the smallest meridional wind am-

litudes anywhere in the crater ranging from ∼0–1 m s −1 at L s 90 °
these extremely weak magnitudes suggest very little lateral mix-

ng with outside air at this time of the year) to ∼4–5 m s −1 at L s 
70 °. The local minimum in meridional wind around the landing

ite has been reported in Tyler and Barnes (2013) and is expected

s it corresponds to a deformation zone where the afternoon ups-

ope flow diverges north up the crater rim and south up the slopes

f Mount Sharp and the respective downslope flows converge at

ight. It is important to stress that even though here the fit is

one to the meridional wind anomalies with respect to the daily

ean, similar results are obtained with the full meridional wind

ndicating that the background (daily mean) wind is rather weak

not shown). The highest amplitudes are seen at the south-western

arts of the crater extending into the western section of Mount

harp (here, and in particular at L s 90 °, they exceed 20 m s −1 ) and

ake place mostly around 4–6 LMST (given the sinusoidal function

lso around 16–18 LMST). The exception is at L s 270 ° when the

trongest meridional winds occur in portions of the northern crater

im, to the north-east of Bradbury Landing, mostly around 10–12

MST. The results for the phase at Bradbury Landing at L s 90 °, and

t other locations mostly in the northern crater floor at all seasons,

ave to be interpreted with care as the amplitude is rather small

aking it difficult to properly fit a sinusoidal function to the low

agnitude oscillations in the meridional wind speed . 

Figs. 10 and 11 show the time of transition between southerly

nd northerly wind regimes for model grids #4 (horizontal reso-

ution ∼4.38 km) and #2 (horizontal resolution ∼39.44 km), re-

pectively. As the meridional wind variation is approximated by a

ure sinusoidal function, the transition from northerly to southerly

ind regime will take place 12 h later. These transition times are

etermined by setting V (t) = 0 and solving for t . It is important

o note that while in the northern crater rim the winds generally

low from south to north during the day and from north to south

t night, the opposite is true at the southern crater rim and at the

orthern slopes of Mount Sharp. Figs. 10 and 11 highlight some of

he main circulation features in the region which include the flows

long the crater rims of Gale and the slopes of Mount Sharp, the

ichotomy boundary flow which transitions to upslope (north to

outh) at ∼11–13 LMST and downslope (south to north) at ∼23–01

MST, as well as the flow along the slopes of Elysium Mons which

ecomes downslope (north to south) at ∼20–22 LMST and upslope

south to north) at ∼8–10 LMST. 

For L s 0 °, 180 ° and 270 °, the transition from daytime to night-

ime regime at the northern Gale Crater floor to the north of Brad-

ury Landing takes place from mid to late-afternoon hours, ∼15–17

MST. To the north of Gale, where the dichotomy boundary flow

s expected to play the largest role, the transition from southerly

o northerly winds (here nighttime to daytime regime) occurs at

11–13 LMST whereas the transition from northerly to southerly

inds takes place 12 h later, around 23–01 LMST. Should the two

ows interact with each other, for a few hours ( ∼17–23 LMST) they

re likely to interact constructively as they both blow from north

o south. The time window during which the referred interaction

s possible is shortened for L s 270 ° ( ∼19–23 LMST) as in this sea-

on the transition to nighttime regime at the northern crater rim

ccurs later around 18–19 LMST. The possible interaction between

ocal and regional slope flows at Gale mentioned here is likely

o take place at L s 270 ° as during this season the air at the bot-

om of the crater is expected to be strongly mixed with the out-

ide air ( Rafkin et al., 2016 ) and very unlikely to occur at L s 90 °
hen the air at the bottom of the crater is expected to be largely

solated from the outside air ( Newman et al., 2017; Rafkin et al.,

016 ). As stated before, the results at L s 90 ° have to be interpreted
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Fig. 8. Amplitude of the meridional wind, at the first model level ( ∼110 m), anomalies with respect to the daily mean (units of m s −1 ) for the sols of the L s 0 °, 90 °, 180 °
and 270 ° experiments for model grid #4 (horizontal resolution ∼4.38 km). The black lines are orography contours (negative contours are represented by dashed lines and 

positive contours by solid lines, the zero line is not shown) with a step of 10 0 0 m. The black cross indicates the location of Bradbury Landing. 
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with care as a comparison with Fig. 8 reveals that in the same re-

gions where in Fig. 10 there are blue shadings or a rapid change

in the colour shading the amplitude of the meridional wind speed

is rather small, less than 1 m s −1 in some locations, suggesting

that the fit to a sinusoidal function may not work well. At the

southern crater rim, and for all seasons, the transition from day-

time (north to south) to nighttime (south to north) regime occurs

at ∼20–22 LMST, with the regional slope flow switching to downs-

lope mode later around ∼23–01 LMST. Should the two flows in-

teract with each other in the period ∼22–23LMST they will do so

destructively as the slope flow along the crater rim has shifted to

the south whereas the dichotomy boundary flow is still blowing

from south to north. Similar results are obtained for the transition
rom nighttime to daytime regimes: at the northern section of the

ale Crater floor (including Bradbury Landing) this transition oc-

urs from pre-dawn to early morning hours ( ∼3–5 LMST) also ear-

ier than further north away from the crater suggesting the pos-

ibility of a constructive interference between the regional slope

ow (blowing from south to north) and the upslope flow along

he northern crater rim from ∼5–11 LMST. At the southern crater

im the local slope flow switches to daytime upslope mode also a

ew hours earlier than the regional slope flow suggesting should

he two flows interact they will do so destructively from ∼10–11

MST. Here in the night to early morning ( ∼1–8 LMST) and late

orning to early evening ( ∼13–20 LMST) hours the two flows are

oth downslope and upslope, respectively, meaning that they may
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Fig. 9. As Fig. 8 but for the phase (time of maximum amplitude in LMST). 
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einforce each other. The results in Figs. 10 and 11 indicate that

or the L s 0 °, 180 ° and 270 ° seasons the local crater flows at the

orthern and southern crater rims switch from daytime/nighttime

o nighttime/daytime regimes earlier than the regional slope flow

hich raises the possibility of constructive interaction between the

lope flow at the northern crater rim and the dichotomy boundary

ow from late afternoon to nighttime ( ∼17–23 LMST) and from

re-dawn to early morning ( ∼5–11 LMST) hours and destructive

nteraction at the southern crater rim at night ( ∼22–23 LMST) and

n the morning ( ∼10–11 LMST). Further insight into the interac-

ion between the slope flows along the crater rims and the di-

hotomy boundary flow can be achieved through semi-idealised

xperiments in which some of the topographic features, such as
he dichotomy boundary, are smoothed out or even removed. Such

xperiments, which may provide further details as to when the re-

erred interaction between the crater rim slope flows and the di-

hotomy boundary flow is likely to take place, will be left to a fu-

ure paper. 

. Boundary layer dynamics 

The variability of the PBL depth is investigated in this section.

he results show that this element is the likely driver of changes

n the local dust content within the crater. Possible implications for

he variability of trace atmospheric elements such as methane are

lso discussed. 
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Fig. 10. As Fig. 8 but for the time of transition from southerly to northerly winds (in LMST). 
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5.1. Variability of the boundary layer depth and potential 

implications for dust mixing 

Fig. 12 shows the boundary layer depth for the sols of each of

the L s 0 °, 90 °, 110 °, 180 °, 270 ° and 315 ° experiments. On the top

left of each plot the number of hours when the depth of the PBL

exceeds the height of the crater rim ( ∼4.501 km, shown by a black

solid line) for each sol is given with the average number of hours

for all sols shown in Table 3 . All fields are plotted in Local Mean

Solar Time (LMST) which differs from Local True Solar Time (LTST)

by as much as + 0.82 h (around + 49 min) at L s 315 ° to −0.66 h

(around −40 min) at L s 180 °. Fig. 13 shows the maximum bound-

ary layer depth for the sols of the MarsWRF experiments as well

as the estimated PBL depth from REMS measurements taken from

Moore et al. (2016) . The latter is computed in the following way:
rst the m parameter (a non-dimensional parameter that is related

o the convective heat transfer coefficient measured by the REMS

ir temperature sensor and available on a second by second basis)

s used to infer the times when there are periodic changes in the

ind from late morning to mid-afternoon (roughly between 13:00

o 16:00 LTST) when the convective boundary layer is most active.

ollowing Spiga et al. (2012) , the width of the PBL convective cells

s assumed to approximately scale with the PBL depth meaning

hat if the convective cells are assumed to be regular and do not

hange structure when advected by the wind, the product of their

eriod with the average wind speed can be taken as a rough es-

imate of the PBL depth. As discussed in Spiga et al. (2012) this

pproach is found to work well for arid regions on Earth where

he period of the surface pressure fluctuations is used instead of

he m-modulation period. It is important to stress that the esti-
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Fig. 11. As Fig. 10 but for model grid #2 (horizontal resolution of ∼39.44 km). 

Table 3 

Average number of hours per sol during which the depth of the PBL exceeds the height of the crater rim for the 

sols of the L s 0 °, 45 °, 90 °, 110 °, 148 °, 180 °, 225 °, 270 ° and 315 ° experiments. Also shown is the mean difference 

between Local Mean Solar Time (LMST) and Local True Solar Time (LTST) estimated using data available in the 

REMS files. 

Season (L s ) Number of hours per sol when PBL depth exceeds height of crater rim (h) LMST – LTST (h) 

0 ° 1.54 0.66 

45 ° 0.00 0.17 

90 ° 0.00 −0.26 

110 ° 0.00 −0.35 

148 ° 0.00 −0.54 

180 ° 1,59 −0.66 

225 ° 1.81 −0.46 

270 ° 3.64 0.26 

315 ° 1.95 0.82 
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Fig. 12. Planetary Boundary Layer (PBL) depth for the 7 sols (from sol #1 in light blue to sol #7 in red) of the WRF L s 0 °, 90 °, 110 °, 180 °, 270 ° and 315 ° experiments. The 

solid black line represents the height of the crater rim (4.501 km) and the numbers at the top left of each plot are the number of hours in each sol when the boundary 

layer depth exceeds this height. 

 

 

 

 

 

i  

r  

o  

c  

a  
mated values of PBL depth should not be directly compared to the

MarsWRF-predicted values. REMS data will be more sensitive to

rapid local wind variations and to the particular dust loading pro-

file at that specific year and site. For example, the passage of a

dust front around REMS/MSL sol 664 was coincident with (a) an
ncrease of the dust devil activity and (b) a sudden rise of the de-

ived PBL depth. On the contrary, MarsWRF averages the behaviour

ver a grid box and is run with a prescribed dust scenario. In any

ase it is remarkable that the order of magnitude of both the lower

nd upper bounds of the PBL depths are comparable using either
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Fig. 13. (Red) maximum Planetary Boundary Layer (PBL) depth (units of km) for the sols of the L s 0 °, 45 °, 90 °, 110 °, 148 °, 180 °, 225 °, 270 ° and 315 ° MarsWRF experiments 

and (blue) boundary layer depth estimated from REMS data for REMS/MSL sols 250 to 873 taken from Moore et al. (2016) . 
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ethod, although the specific seasonal variability may depend on

he dust loading and local weather phenomena. 

For the L s 45 °, 90 °, 110 ° and 148 ° seasons (mid-autumn to mid-

pring in the southern hemisphere) the boundary layer depth does

ot exceed the height of the crater rim for any of the sols with

ather shallow depths that do not rise above 2–3 km. Conversely,

t the austral summer solstice, L s 270 °, the boundary layer depth

xceeds the height of the crater rim by on average 3.64 h per sol

ith the maximum depths in the range of 5–7 km. From mid-

pring to mid-autumn at Gale Crater (warm season), the PBL depth

iurnal variability is similar to that predicted by Haberle et al.

2013) at the Viking Lander sites but with higher maximum depths

onsistent with the fact that Gale is located near the equator ex-

eriencing warmer daytime temperatures. While the depth of the

octurnal boundary layer is fairly constant and typically does not

xceed 500 m (at night a sharp thermal inversion develops irre-

pective of the season as a result of the strong radiative cooling

f the surface leading to a strongly stratified atmospheric bound-

ry layer), the daytime convective boundary layer deepens in time

ith the maximum depth occurring normally in the late after-

oon just before sunset whereas during most of the daytime hours

he PBL is confined to the depth of the crater. These findings

re consistent with the findings of Tyler and Barnes (2013) and

afkin et al. (2016) which showed that the daytime boundary layer

t northern Gale Crater is suppressed as a result of the descending

otion associated with the upslope flows along the northern crater

im and Mount Sharp. The results given in Fig. 12 suggest that it

ay be of interest to have further measurements in the time pe-

iod ∼14:30–16:30 LMST when, in the warm season, the PBL depth

s likely to exceed the height of the crater rim. A close inspection

f the boundary layer diurnal cycle reveals that the growth of the

onvective boundary layer is not steady in time, in particular for

ome of the sols at L 0 ° and 180 ° there is a slowdown around
s 
9–10 LMST with the PBL depth increasing again after ∼12 LMST.

t is interesting to note that during the referred time the horizontal

ind speed reaches a maximum, as seen in Fig. 7 , indicating en-

anced mixing which seems to reduce the rate of increase of the

ir temperature ( Fig. 5 ) and hence may explain the slowdown in

he PBL growth. During the dust storm season the local circulation

t Gale is disrupted by the global mean meridional circulation. At

his time of the year the air at the bottom of the crater is likely to

e strongly mixed with the outside air ( Rafkin et al., 2016 ) which

s only possible if the convective daytime boundary layer is deeper

nd longer lasting. 

Regarding the comparison of the PBL depths predicted by Mar-

WRF with those estimated from REMS measurements, and bearing

n mind the caveats stated before, Fig. 13 shows that they are of

 comparable magnitude for the full period. The model-predicted

epths are slightly higher at L s 0 ° but clearly larger at L s 270 °
the over-estimation of the daytime air and ground temperatures

y MarsWRF, seen in Figs. 4 and 5 , and the resulting more ac-

ive convective boundary layer can explain the higher depths in

he model) whereas the rather high boundary layer depths of ∼9–

0 km around L s 148 ° occur right after the single event of high

ust devil activity which, as discussed before, is not simulated by

he model. It is important to note that as MarsWRF is not run with

he observed dust distribution (as well as surface properties such

s albedo and thermal inertia) for this particular MY, some of the

bserved sol-to-sol variability in the PBL depth will not be simu-

ated by the model. The PBL depths here are only plotted for the

odel grid-point closest to the location of the rover but similar

alues are obtained in most of the northern and north-western

ections of Gale between Mount Sharp and the northern crater

im for all seasons (Fig. S2). As a result, the PBL depths given

n Fig. 13 can be considered representative of that region of the
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Fig. 14. (a) Average number of hours per sol during which the depth of the PBL exceeds the height of the crater rim (4.501 km) for the sols of the L s 0 °, 45 °, 90 °, 110 °, 148 °, 
180 °, 225 °, 270 ° and 315 ° WRF experiments (the red dots represent the mean values and the error bars the range for the seven sols of each experiment; the blue curve is 

a sinusoidal fit to the data). (b) is as (a) but with the methane measurements taken from Webster et al. (2015) added as squares with the correspondent uncertainty. The 

green, brown and blue squares represent measurements taken in MY31, 32 and 33, respectively. 
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Fig. 14 (a) shows the mean (circles) and the minimum and max-

imum (range) time periods during which the boundary layer depth

exceeds the height of the crater rim for the seven sols of each of

the 9 MarsWRF experiments. The blue curve is a sinusoidal fit to

the data. In general the higher the mean value the larger the range

of values for a given season with a sharp contrast between the

austral winter (when this figure is 0 h for all the sols) and sum-

mer (when the PBL depth at the location of the rover can exceed

the height of the crater rim by more than 5 h in a sol) seasons.

As is the case for the PBL depths these values are predicted by

the model not just at the grid-point closest to the location of the

rover but over the northern and north-western Gale Crater floor

(Fig. S3). Moore et al. (2016) shows in their Fig. 2 the line-of-sight

extinction, a measure of the amount of dust in the lower layers of

the atmosphere. It has a somewhat sinusoidal variability with the

lowest values occurring between L s 90 ° and 120 ° and the highest

between L s 270 ° and 315 °. The line-of-sight extinction within the

crater is less than the column extinction, a measure of the dust

in the whole vertical column, for the majority of the Martian year.

This implies that the relatively low mixing ratio of dust within the

crater, when compared to the atmosphere above the crater rim,

persists throughout most of the year. Furthermore, even though

the line-of-sight extinction and the column extinction (opacity)

have different yearly trends, the data do show a convergence of

the two around L s 270 °–315 °. This suggests that at this time of the

year the air above the crater mixes with air inside the crater. The

results given in Fig. 14 (a) show that the average time when the

PBL is deeper than the crater rim increases and decreases with the

same rate and pattern as the line-of-sight of dust within the crater

and that the season when maximal (minimal) mixing is produced

is L s 270 °−315 ° (L s 90 °−110 °). This suggests that the PBL height

and time duration variations is a possible mechanism that may ac-

count for the observed changes in dust mixing within the crater. 

5.2. Implications for the variability of trace gases 

In the previous section it is shown that variations in the depth

of the boundary layer, and the time during which it exceeds the

height of the crater rim, may be one of the drivers behind the

observed changes in dust mixing within the crater. It therefore

seems likely that the variability in the PBL depth may also ac-

count for some of the changes of other trace molecules that are
ensed at the surface such as methane. In Fig. 14 (b) the Cu-

iosity Tunable Laser Spectrometer (TLS) – Sample Analysis at

ars (SAM) methane measurements from MY31 to 33 taken from

ebster et al. (2015) are plotted on top of the number of hours

he PBL depth exceeds the height of the crater rim for all Mar-

WRF experiments. Although the match is not perfect overall the

ighest methane measurements take place around the austral win-

er solstice (L s 90 °), when the boundary layer at Gale is suppressed

nd confined mostly to the depth of the crater. By contrast, when

he PBL is deeper and the air at the bottom of the crater mixes

ore strongly with the outside air, around the austral summer

olstice (L s 270 °), lower amounts of methane have been recorded

y Curiosity. This suggests that the two fields are generally anti-

orrelated pointing towards a local source of methane within the

rater. Similar results are obtained for a comparison with the PBL

epth (not shown). It is important to stress that there are other

actors at play not considered here: as discussed in Webster et al.

2015) , methane can be advected from some other location inside

he crater (recent modelling work highlighted the crucial role of

dvection by the wind on the evolution of methane concentra-

ions; Mischna et al., 2011; Viscardy et al., 2016 ), released by the

egolith (it is possible that more favourable conditions for desorp-

ion from the regolith exist around the austral winter solstice), pro-

uced by degradation of meteoritically delivered organics (a possi-

le mechanism according to Keppler et al. (2012) but unlikely ac-

ording to Roos-Serote et al. (2016) ) or UV degradation of surface

rganics (e.g. Poch et al., 2014 ). The results presented in this sec-

ion simply argue that mixing with the outside air through changes

n the depth and temporal extension of the convective boundary

ayer may account for some of the observed variability of the mea-

ured methane concentrations at Gale Crater. These findings also

pply to other gases and non-condensables that may be present at

he bottom of the crater. 

As stated in Webster et al. (2015) , all the methane measure-

ents were taken at night except two (MY 31, L s 336.5 °; MY 32,

 s 81.7 °) which showed higher values than their closest nighttime

ounterparts but with a large uncertainty. Hence, and assuming

hat the methane was advected from elsewhere in the crater, it is

mportant to check how different the nighttime circulation is be-

ween the two solstices. Fig. 15 (a) shows vertical cross-sections of

eridional wind and potential temperature averaged over night-

ime hours ( ∼20–04 LMST, as seen in Fig. 12 during this period
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Fig. 15. Vertical cross-section at 137.454 °E of potential temperature (solid lines, units of Kelvin, contour interval of 2 K) and meridional wind speed (shading, units of ms −1 , 

contour interval of 2 ms −1 ) averaged over (a) nighttime hours ( ∼20:00 to 04:00 LMST) and (b) daytime hours ( ∼10:00 to 15:00 LMST) for the sols of the L s 90 ° and L s 270 °
experiments. Orography as seen by the model is shaded in the black. Regions below the first model level for which there are no data are shaded in grey. The vertical purple 

line shows the approximate location of Bradbury Landing ( ∼4.58950 °S). 
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nighttime boundary layer dynamics are likely to be at play) for

the austral winter (L s 90 °) and summer (L s 270 °) solstices. As can

be seen, at L s 90 ° the downslope winds from Mount Sharp do

not reach the bottom of the crater (as discussed in Rafkin et al.

(2016) , as they encounter colder air below they lose their negative

buoyancy and stop descending) with rather weak winds at Brad-

bury Landing (even though the rover at this time is located to the

south-west of Bradbury Landing there is very little difference in

the meridional flow in the region). However, at L s 270 ° the merid-

ional wind at the bottom of the crater is large (in excess of 6 m

s −1 at Bradbury Landing) and from the north with strong downs-

lope winds from the northern crater rim (where speeds exceed 20

ms −1 ), strengthened by the interaction with the northerly winds

from the global mean meridional circulation, extending over the

northern section of the crater floor. These results, together with the

higher methane measurements around the austral winter solstice,

seem to suggest that there could be a methane source located

somewhere inside the crater: while in the austral summer season

the northerly flow sweeps the crater floor resulting in strong mix-

ing with the outside air and hence lower methane concentrations,

in the austral winter season the weak meridional flow allows its

concentration to increase at the bottom of the crater. 

It was stated before that there are two methane measurements

made during the daytime that, even accounting for their large er-

ror bars, were very likely higher than their closest nighttime coun-

terparts. They were taken in the late austral summer (MY 31, L s 
336.5 °) and autumn (MY 32, L s 81.7 °) seasons with the latter hav-

ing a larger magnitude and in fact the highest concentration out

of all measurements considered here. Fig. 15 (b) shows similar ver-

tical cross-sections but for the daytime hours ( ∼10–15 LMST). For

both seasons the meridional wind is rather weak: northerly winds

with speeds between 2 and 4 m s −1 for L s 90 ° (likely associated

with upslope winds along Mount Sharp) and even weaker winds

speeds for L s 270 °. These results appear to convey that there may

be a source somewhere to the north of the rover’s location, as the

weak upslope winds may advect it towards the MSL site. This hy-

pothesis has also been put forward by Webster et al. (2015) . 

6. Conclusions 

In this paper we use MarsWRF to simulate the weather condi-

tions at Gale Crater for about every 45 ° of solar longitude including

the two equinoxes and solstices (L s 0 °, 45 °, 90 °, 148 °, 180 °, 225 °,
270 °) during a Martian year. The model is also run for L s 110 ° and

L s 315 ° as at this time of the year the amount of dust in the low-

est levels of the atmosphere at Gale is likely to be near a min-

imum and maximum, respectively ( Moore et al., 2016 ). As one of

the goals of this work is to study the boundary layer dynamics, and

given the potential role of mixing with outside air on the variabil-

ity of dust inside the crater, it is of interest to run the model for

those seasons as well. MarsWRF is run with the “MCD MGS” dust

scenario ( Montmessin et al., 2004; Toigo et al., 2012 ) that simu-

lates the observed increase in atmospheric opacity during the dust

storm season with a maximum just before the austral summer sol-

stice (L s 270 °). 
The model is found to generally simulate well the observed sur-

face pressure and air and ground temperatures at Gale for all sea-

sons. For surface pressure the main discrepancies are a higher daily

mean value for the sols of L s 0 ° and an incorrect simulation of

the diurnal variations (the observed maximum and minimum are

generally well captured by the model but the diurnal variability is

not). These biases are also seen at other locations, such as at the

Viking Lander 1 site, suggesting they are most likely due to an in-

correct representation of the dust distribution that is critical to get

right for the model to properly simulate the diurnal cycle of the

surface pressure ( Guzewich et al., 2016 ). For air and ground tem-
eratures the agreement with REMS measurements can be consid-

red very good except at L s 270 ° when the daytime ground tem-

eratures are warmer in the model by about 10 K (the air temper-

tures are on the upper range of the observed values). This can be

ttributed to an inaccurate representation of the surface properties

n particular the albedo which may be too low in the model. This

s supported by the fact that the surface albedo at the rover’s lo-

ation used in the model in this season is indeed lower than that

stimated by Vasavada et al. (2017) . The rate at which the model

nd REMS air and ground temperatures increase in the morning

nd decrease in the evening is not the same with the model some-

imes warming up slower or faster than observations. As discussed

n Pla-Garcia et al. (2016) , the most likely reason for this is an in-

orrect simulation of the topographic orientation, surface proper-

ies (such as thermal inertia and albedo) and dust loading. One of

he periods for which MarsWRF is run is L s 148 ° which comprises

EMS/MSL sol 664 when an unusually high number of convective

ortices was observed at Gale. The model response does not reveal

ny unusual features in any of the seven sols of this experiment

uggesting that the observed event, likely related to dust storm ac-

ivity ( Kahanpää et al., 2016 ), is part of the intrinsic natural vari-

bility of the real system but not of the model’s intrinsic variabil-

ty as the dust loading is prescribed in MarsWRF. It is important to

tress that MarsWRF is run without data assimilation and that the

urface properties and dust loading used are not those of MY32

o if there was any forcing in the observations that led to the ob-

erved dust devil burst, such as a dust front suggested by Kahanpää

t al. (2016) , it is not included in the model and hence MarsWRF

ill not be able to simulate the observed event. 

The agreement between the observed and modelled horizontal

ind direction and speed is not as good as that obtained for the

ther fields mentioned above. The large uncertainty in the wind

irection, in particular when the wind is blowing from the rear of

he rover in which case no wind speed is given (the reason for

his is that one of the two wind sensor booms was lost on landing

nd the measurements given by the other are strongly affected by

he Remote Sensing Mast when the wind is blowing from the rear

f the rover; more information in Gómez-Elvira et al. (2012 ) and

ewman et al. (2017 )) and wind speed (estimated to be ± 20%),

ogether with the fact that the horizontal wind exhibits large high-

requency fluctuations that the model at 1.46 km horizontal reso-

ution is not capable of simulating, mean that it will be harder for

arsWRF to simulate the winds. In addition, the REMS winds are

n situ winds averaged over 5-minute periods whereas the Mar-

WRF’s winds are instantaneous winds but effectively ‘averaged’

ver the area of the innermost grid box. Together with the referred

arger uncertainty in the observed wind measurements and ex-

ected wind variability, a poorer match between the model output

nd observations (compared to other variables) is to be expected,

ven if the model were to be relatively accurate. In any case the

odel captures the easterly to northerly winds from early morning

o mid-afternoon, in particular at L s 270 ° when they are more per-

istent, but misses some of the southerly winds in mid-morning

nd mid to late-afternoon in particular at L s 180 ° and 315 °. The

arge variability in the horizontal wind direction in the late after-

oon and evening hours in the sols of the L s 90 ° and 110 ° seasons

s generally reproduced by the model. MarsWRF successfully sim-

lates the wind speed in the early morning for all seasons but sig-

ificantly underestimates the late afternoon to evening speeds, in

articular for the L s 90 °, 110 ° and 180 ° seasons. A possible expla-

ation for the referred biases is the reduced horizontal and verti-

al resolution of the model grid as well as possible deficiencies in

he PBL scheme. Regarding the spatial resolution, a properly repre-

entation of the surface properties and topography is needed to

imulate the winds as some directions can be blocked by topo-

raphic features ( Newman et al., 2017 ). In the referred papers the
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uthors have also shown that by using a vertical grid with higher

esolution near the surface the model gives a better estimate of

he shape of the wind speed distribution in the late afternoon and

vening but there is a deterioration of the performance in the early

orning meaning that the choice of vertical resolution also has an

mportant role on the model-predicted horizontal winds. 

In addition to the Hadley Cell, the circulation at Gale Crater is

he result of the interaction between regional (including the di-

hotomy boundary flow and flows from nearby topographic fea-

ures such as Elysium Mons located to the north) and local (along

he crater rims and the slopes of Mount Sharp) slope flows. These

lope flows are upslope during daytime and downslope during

ighttime hours with the transition between the two regimes tak-

ng place at different times meaning that should they interact with

ach other they will not always do so destructively at the northern

rater rim and constructively at the southern crater rim ( Tyler and

arnes, 2013 ). A more comprehensive understanding of how the

lope flows along the crater rims and the dichotomy boundary flow

nteract is achieved here by first removing the daily mean, which

ill contain the signal from the global mean meridional circula-

ion, and then fitting the meridional wind variations to a sinu-

oidal function with a period of 24 h. This simple approach al-

ows an estimate of the magnitude and phase of the wind at dif-

erent locations in the crater as well as the estimation of the ap-

roximate transition times between the two regimes for the dif-

erent seasons. The northern crater floor, including Bradbury Land-

ng and the region over which the rover has been traversing, has

ne of the smallest magnitudes anywhere in the crater in partic-

lar at L s 90 ° when it does not exceed 1 m s −1 , indicating re-

uced lateral mixing with the outside air (even though the fit here

s done to the meridional wind anomalies, the background merid-

onal wind is rather weak with similar results obtained if the full

eridional wind is considered). The largest magnitudes are typi-

ally seen at the south-western section of the crater in pre-dawn

nd late-afternoon hours (here they can exceed 20 m s −1 ) except

t L s 270 ° when the highest wind speeds occur in portions of the

orthern crater rim in late morning and nighttime hours. An anal-

sis of the transition times showed that at the northern crater

im the local crater slope flow switches to downslope mode ear-

ier than the dichotomy boundary flow meaning that in case they

nteract with each other, which is more likely around L s 270 ° and

ery unlikely around L s 90 °, the interaction will be constructive

rom late afternoon to nighttime hours (typically between ∼17–23

MST) when the two blow from north to south and in pre-dawn to

arly morning hours ( ∼5–11 LMST) when they blow from south to

orth. At the southern crater rim the local slope flow also transi-

ions to a new regime a few hours earlier than the regional slope

ow and hence if they interact they will do so destructively in the

orning ( ∼10–11 LMST) and at night ( ∼22–23 LMST). In order to

etermine in which seasons the referred interaction between the

rater rim slope flows and the dichotomy boundary flow is more

ikely to take place, semi-idealised experiments with some of the

opographic features smoothed out or even removed have to be

erformed. These experiments will be discussed in a subsequent

aper. This analysis has given further insight into the regions in

hich lateral mixing with outside air (i.e. mixing with air advected

nto and out of the crater) could be more likely to occur as well as

hen stronger slope flows may be expected as a result of a possi-

le interaction between local and regional slope flows. These find-

ngs can be extended to similar craters on Mars located at the edge

f the hemispheric dichotomy. 

Regarding the boundary layer dynamics, there are essentially

wo regimes at Gale Crater: from mid austral autumn to mid aus-

ral spring the PBL is confined within the crater at all times with

aximum depths in the range 2–3 km whereas outside this pe-

iod the convective boundary layer deepens in time with maxi-
um depths of 5–7 km just before sunset. At night and for all

easons the boundary layer is rather shallow, with depths that do

ot exceed 500 m, as a result of the strong radiative cooling of

he surface and subsequent development of a strong thermal inver-

ion. A comparison with the line-of-sight extinction of Moore et al.

2016) suggests that changes in the boundary layer are a key driver

f dust mixing within the crater: the time during which the PBL

epth exceeds the height of the crater rim is 0 h from L s 45 ° to

48 ° (when the atmosphere near the crater floor is clearer) and

eaks at an average of 3.64 h per sol at L s 270 ° (when the low-

evel air is dustier at northern Gale Crater with comparable val-

es of line-of-sight and column extinction indicating strong mix-

ng with the outside air). The deeper and longer lasting convective

oundary layer in the austral summer season is therefore consis-

ent with strong mixing with air from outside the crater that is

ikely to take place at this time ( Rafkin et al., 2016 ). The fact that

he PBL at northern Gale is normally confined within the crater ex-

ept for a few hours in the warm season is also consistent with the

ndings of Tyler and Barnes (2013) . The PBL depths obtained from

arsWRF are also compared to those estimated from REMS data.

hey are found to be in general agreement with the largest dis-

repancy occurring in the sols of the L s 270 ° experiment in which

he model boundary layer depths are larger by ∼2–4 km. A possi-

le explanation is that the model daytime air and ground tempera-

ures are higher than those observed by REMS (the ground temper-

ture by up to 10 K) leading to a deeper convective boundary layer.

he results of the PBL depth and the time during which the bound-

ry layer exceeds the height of the crater rim described above are

t the grid-point closest to the rover location but similar results

re predicted by the model at the northern and north-western sec-

ion of the Gale Crater floor. 

In addition to at least partly explaining the observed changes in

ust mixing ratio at the bottom of the crater, the variability of the

oundary layer depth may also account for some of the changes

n the concentration of trace gases such as methane: when the

ime during which the PBL depth exceeds the height of the crater

im is superimposed on the methane measurements taken by Cu-

iosity given in Webster et al. (2015) , a general anti-correlation is

een with higher amounts of methane typically measured around

 s 90 ° when the convective boundary layer is more suppressed

nd vice-versa suggesting a possible local source within the crater.

ven though, as discussed in Webster et al. (2015) , other pro-

esses not considered here may also explain the observed varia-

ion in methane concentration, mixing with the outside air through

hanges in boundary layer depth is a possible mechanism that

an account for some of the observed variability in the amount of

on-condensable and trace gases at the bottom of Gale and other

raters on Mars. As stated in Webster et al. (2015) , with the ex-

eption of two measurements, which are higher than their closest

ighttime counterparts but have a large uncertainty, all methane

ecordings took place at night. An analysis of the model’s circula-

ion during nighttime hours indicates a weak meridional flow at

he location of Bradbury Landing near L s 90 ° and strong northerly

inds around L s 270 ° that descend along the northern crater rim

nd sweep the entire crater floor reaching the slopes of Mount

harp. This is consistent with a local source within the crater as

he northerly winds that bring air from outside the crater will

ct to disperse the gas. During daytime the meridional flow is

ather weak with predominantly northerly winds at L s 90 ° when

he highest methane concentration has been measured. This points

o a source somewhere to the north of the MSL site, a hypothesis

lso raised by Webster et al. (2015) . 

Curiosity has monitored the dust and methane atmospheric

ontent within a crater close to the equator over multiple seasons.

hese observations were analysed here in light of the PBL depth

ariability during different seasons. A comparison with the smooth
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variation of the line-of-sight extinction of Moore et al. (2016) sug-

gests that changes in the boundary layer is likely to be a key driver

of dust mixing within the crater, whereas the methane measure-

ments showed higher variability within a few sols with ups and

downs which may be associated with sudden transient changes in

the PBL depth or lateral wind transportation processes. It is im-

portant to stress that MarsWRF is not run with the observed dust

distribution (as well as surface properties such as albedo and ther-

mal inertia) for this particular MY and hence only intrinsic natural

variability is simulated by the model. 

In the experiments discussed in this paper MarsWRF is run

“dry” . Given that the relative humidity is one of the fields mea-

sured by REMS (which can be used for model verification) and re-

cent studies on likely frost events ( Martínez et al., 2015 ) and water

activity ( Martín-Torres et al., 2015 ) at Gale, in future simulations

the model will be run with an active water cycle. Semi-idealised

experiments, in which some orographic features are smoothed out

or removed, may yield further insight into the circulation dynam-

ics at Gale Crater whereas idealised experiments with localized

methane sources, like those performed by Mischna et al. (2011) but

at a higher spatial resolution and centered at Gale, may give a bet-

ter understanding of the role of the atmospheric circulation on the

variability of methane inside the crater. Such experiments will be

left to a future study. 
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