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Abstract 23 

 24 

Two recalibrated sets of Phoenix (PHX) near-surfaceTECP air humidity measurements were 25 

compared with results from adsorptive single column model simulations during a warm clear-sky 26 

polar midsummer period, PHX sols 50-60. The model’s 2 m temperatures were close to the 27 

observed values. Relative humidity (RH) is very low during the day but at night RH at 2 m reaches 28 

nearly 100% by the Zent et al. (2016) recalibration (Z), and 60-70% by the Fischer et al. (2019) 29 

recalibration (F). Model values of RH2m are close to Z and F at night and to F during the day. All 30 

three imply low water vapor pressures near the surface at night, 0.03-0.05 Pa, with a rapid increase 31 

each morning to 0.3-1 Pa and a decrease in the evening by both F and the model simulation. The 32 

model’s daily adsorbed and desorbed water is in balance for regolith porosity of 16% (instead of 33 

35% for lower latitudes). The depleted layer of nighttime air moisture extends to only about 200 m 34 

above the surface; hence the model’s precipitable water content stays around the observed ~30 m 35 

throughout the sol. The model’s moisture cycle is not sensitive to tortuosity of the regolith but the 36 

in-pore molecular diffusivity should be at least 5 cm2/s for fair agreement with the observations. In 37 

the adsorption experiments there is no fog and just a hint of ground frost, as observed during this 38 

period. Strong night frosts appear if adsorption is made weak or absent in the model.  39 
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1. Introduction 49 
 50 

The Phoenix spacecraft (PHX) landed on the northern arctic plains of Mars (234oE, 68oN) in May 51 

2008, prior to the martian northern summer solstice (Ls 90o). PHX operated for five Earth months, 52 

from Ls 76.5o to 148o. Its instrumentation included the Thermal and Electric Conductivity Probe, 53 

TECP. The TECP carried a capacitance-based polymer relative humidity (RH) sensor inside its 54 

movable probe box on the robotic arm, producing the first in-situ air moisture observations from 55 

Mars. The original calibration and initial results, including the RH measurements, are described in 56 

Zent et al. (2010). Later, the raw RH counts were recalibrated by Zent et al. (2016), and more 57 

recently by Fischer et al. (2019) using the TECP engineering model and the Michigan Mars 58 

Environmental Chamber (Fischer et al., 2014). We compare these two recalibrated datasets to single 59 

column model simulations in order to study the processes in the diurnal cycle of martian near-60 

surface moisture. This article focuses on PHX measurements on sols 50-60 (Ls 98o-103o), a clear-61 

sky warm midsummer period, when frosts, fogs and ice clouds are unlikely to form and there are 62 

plenty of raw RH counts available both very near the surface and at 0.48-1.1 m heights.   63 

 64 

PHX did detect an underground ice table at 5 cm below the surface (Smith et al., 2009). Later in the 65 

mission, from about sol 70-80 onward, night frosts, fogs and boundary layer (BL) clouds became 66 

common (Martinez et al., 2017). With the approaching fall even snowfall from the BL water ice 67 

clouds was detected by the Phoenix LIDAR (Whiteway et al., 2009). 68 

 69 

Our observational data is described in Sections 2 and 4 and in more detail by Fischer et al. (2019). 70 

We use the University of Helsinki/Finnish Meteorological Institute adsorptive subsurface-71 

atmosphere single column model to simulate the conditions at the PHX landing site. The column 72 

model was used previously for Phoenix simulations by Savijärvi and Määttänen (2010, SM10 from 73 

now on), but at that time without the inclusion of water adsorption by the regolith. This was added 74 

for simulations at the Mars Science Laboratory (MSL) and the Viking lander sites in Savijärvi et al. 75 

(2016; 2018; 2019a,b,c). In SM10, the simulation for PHX sol 30 (Ls 90o) reproduced the observed 76 

MET mast 2 m temperatures, telltale slope winds and LIDAR dust profiles relatively well and 77 

suggested for the daytime near-surface water vapor partial pressure a value of 0.66 Pa, the TECP 78 

first results (Zent et al., 2010) indicating instead a quite high ~1.8 Pa. The SM10 simulation for sol 79 

99 (Ls 122o) did reproduce the LIDAR-observed night fogs and BL clouds quite well. Hence the 80 

present atmospheric model part is basically the same as in the well-behaving SM10 model, but it is 81 

here equipped with the MSL model scheme for adsorption/desorption in the regolith. This soil 82 

scheme is described in detail in Section 3.  83 

 84 

The MSL REMS-H humidity device (Harri et al., 2014) is unfortunately not accurate during the 85 

warm and dry daytime conditions with very low RH. On the other hand the Michigan PHX 86 

TECP/RH recalibration focused specifically on trying to improve the accuracy of the TECP 87 

moisture observations during daytime. Here, with that purpose in mind, we hope to gain detailed 88 

information of the not so well-known diurnal behavior of near-surface moisture on Mars 89 

(Montmessin et al., 2017), especially during the morning, daytime and evening, by interpreting the 90 

recalibrated TECP observations with the help of model simulations (Section 4) and sensitivity 91 

experiments (Section 5). Our conclusions are given in Section 6. 92 

 93 

 94 

2. TECP calibrations 95 
 96 

The original pre-flight calibration of the TECP’s relative humidity sensor was performed at the 97 

University of Washington (Zent et al., 2009), covering temperatures between 208 and 303 K and 98 

frost point temperatures between 194 and 263 K, resulting in calibrated relative humidity values 99 

between ~0 and 55%. Then, after finding only a partial overlap between in-situ measurements and 100 
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calibration points, a new post-flight calibration was performed by Zent et al. (2016). They added 101 

three low-temperature data points obtained during the mission, when the atmosphere is 102 

independently known to be saturated, and changed the calibration function to frost point (Tf) instead 103 

of RH. This calibration resulted in water vapor pressure values in the range of ~0.004 – 0.4 Pa 104 

throughout the mission.  105 

 106 

More recently, the TECP RH sensor data was recalibrated at the University of Michigan by Fischer 107 

et al. (2019), to further improve the measurement accuracy, specifically during the high-108 

temperature/low-humidity and low-temperature/high-humidity extremes observed at the Phoenix 109 

landing site. While the low-temperature range remained rather similar to the previous calibration by 110 

Zent et al. (2016), using in-situ measurements at known saturated conditions, the high-temperature 111 

range of the calibration was improved by using in-situ temperature measurements and new 112 

laboratory measurements, while assuming a maximum water vapor pressure based on independent 113 

orbital measurements. This recalibration used a spare engineering model of the TECP inside an 114 

environmental chamber (the Michigan Mars Environmental Chamber) to cover the entire range of 115 

temperature, pressure and humidity conditions encountered by the TECP flight unit on Mars for 116 

generating a new calibration function, while taking into account any differences between the flight 117 

and spare models. This calibration resulted in water vapor pressure values in the range of ~0.005 – 118 

1.4 Pa, similar to the previous calibration at nighttime, but showing considerably larger values at 119 

daytime. These new daytime values match ground-based estimates made by the Surface Stereo 120 

Imager (SSI) instrument of Phoenix, as well as orbital estimates by CRISM. They are an order of 121 

magnitude larger than those suggested for the dry equatorial MSL landing site, as expected for the 122 

high latitude of Phoenix just after the sublimation of the polar water ice cap. 123 

 124 

 125 

3. The column model 126 
 127 

The atmospheric part of the column model has been described in SM10, so only a brief account is 128 

given here; the adsorptive subsurface scheme for porous regolith is described below in more detail. 129 

The air column with constant geostrophic wind Vg is assumed hydrostatic without advections. 130 

Parameterizations include turbulence (a Monin-Obukhov surface layer scheme with a mixing length 131 

approach aloft), short- and longwave radiative effects for CO2, H2O, dust, clouds and fogs, and 132 

radiatively interactive moist physics. The diurnally varying surface energy balance determines 133 

surface temperatures. Water vapor mass mixing ratio q is the moisture predictand. Supersaturation 134 

(q > qsat(p,T)) leads to accumulation of ice clouds and fogs; subsaturation to sublimation of them, 135 

with latent heat effects included both ways. There are 29 air grid points at heights of 0.3, 0.8, 2, 5, 136 

10 m … from the surface; the top is at 50 km. Time step is 20 s. For the Phoenix site the soil 137 

thermal inertia is 150 SI units, albedo 0.18 and surface roughness length zo 0.01 m, producing for 138 

Vg of 10 m/s near-surface diurnal winds of ~ 4 - 6 m/s, as observed by the Phoenix telltale (Martinez 139 

et al., 2017; SM10). Dust is assumed to be well-mixed. 140 

 141 

In the soil vertical diffusion of soil temperature Ts and pore air water vapor (mixing ratio qs) is 142 

solved implicitly at eight depths, which are optimized for accurate prediction of Ts, as discussed in 143 

SM10. The depths are 0, 0.25, 0.5, 2, 3.8, 7.5,.., 35 cm for the Phoenix site. At any time the 144 

moisture flux from the soil surface (positive upward) must equal the flux to the lowest air layer: 145 

 146 

(1)                                             −𝐷𝑒
𝜕𝑠𝑞𝑠

𝜕𝑧
|

𝑧=0
= faChVa(qs(0) – qa) 147 

 148 

where , Va and qa are the density, wind speed and mixing ratio in the lowest air point, qs(0) is the 149 

mixing ratio of pore air at the surface, Ch the stability- and roughness-dependent scalar transfer 150 

coefficient (given by the model’s surface layer scheme described in SM10 and in Savijärvi and 151 
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Kauhanen, 2008), f porosity (the fractional air volume in the soil) and De the effective diffusivity of 152 

porous soil. Surface-qs can be solved from the finite difference version of (1) at each time step. 153 

Following Zent et al. (1993) non-ice water is assumed to exist in the soil, both as vapor in the pore 154 

space (with density w = qssand as adsorbate a(w,T) on the regolith grain surfaces. Vapor is able to 155 

diffuse vertically within the pore space. Thus, in a unit volume of porous soil 156 

 157 

                                          
𝜕

𝜕𝑡
(𝑓𝑤 + 𝑎(𝑤, 𝑇)) = −

𝜕

𝜕𝑧
(−𝐷𝑒

𝜕𝑤

𝜕𝑧
) 158 

 159 

Assuming that f is constant and air temperature in the pores adopts Ts(z) but its small density 160 

change effects are negligible, this leads at each depth to  161 

 162 

(2)                                      
𝜕𝑞𝑠

𝜕𝑡
=

1

𝑓𝑐

𝜕

𝜕𝑧
(𝐷𝑒

𝜕𝑞𝑠

𝜕𝑧
) −

1

𝑠𝑓𝑐

𝜕𝑎

𝜕𝑇𝑠

𝜕𝑇𝑠

𝜕𝑡
 , 163 

 164 

wheres is pore air density (= p/RTs) and 𝑐 = 1 + (1/𝑓)𝜕𝑎/𝜕𝑤. In practice, at each time step after 165 

the update of Ts (and of c, De) at each depth, qs is first updated by the fast and strong last term of 166 

(2), then qs(0) is updated from (1) and used as the top boundary condition for solving the slower 167 

diffusion part of (2). Finally conditions for super/subsaturation are checked at each depth and the 168 

amounts of surface frost and pore ice qi(z) are updated accordingly. The Jakosky et al. (1997) 169 

adsorption isotherm (J97) is mainly used for a(w,T) but other formulations or tabulations can easily 170 

be adopted, since 𝜕𝑎/𝜕𝑤 and 𝜕𝑎/𝜕𝑇 are estimated by finite differencing. If adsorption is set to 0 171 

(no adsorption), only the unscaled (c = 1) diffusion part of (2) operates in the regolith. If f  0, as 172 

for solid rock, there are in the limit no pores and hence no surface interactions of moisture, except 173 

for possibly frost.  174 

 175 

The effective diffusivity De of porous regolith is formally De = (f/s)
.D. Here D = D(p,T) is the 176 

molecular Fick/Knudsen diffusivity of water vapor in CO2 gas, f (porosity) the cross sectional area 177 

available for free-path molecular diffusion, and s the tortuosity, which describes the relative path 178 

increase due to the winding gas routes and dead ends in the porous soil, best determined by 179 

measurements (Montmessin et al., 2017). Hudson et al. (2007) have made laboratory measurements 180 

of De for Mars-like conditions, using the purely Fickian formulation for D from Wallace and Sagan 181 

(1979) (which we will also adopt):  182 

 183 

(3)                                  D = 0.1654.(po/p)(T/To)
3/2  cm2/s 184 

  185 

where po = 1013.25 mb and To = 273.15K. For JSC-1 volcanic ash Hudson et al. (2007) report f ~ 186 

58%, De  ~ 5.4 cm2/s, so s  ~ 2.6 and 1/s ~ 38%. For their proxy for aeolian regolith on Mars (glass 187 

beads in a 40-70 m size range ( f ~ 44%) at 6 mb, 260K of CO2) Hudson et al. obtained De  ~ 4.5 188 

cm2/s, so s  ~ 2.4 in reference to (3). Hence 1/s is 42%, i.e. very close to the f of 44%.  189 

 190 

If 1/s equals f, the famous ‘Buckingham law’ De ~ f2D results. This was adopted in Savijärvi et al. 191 

(2016), inspired by calculations of Meslin et al. (2010). On the other hand some laboratory 192 

experiments (e.g. Sizemore and Mellon, 2008) suggest s  ~ f  -1/2 , so then De ~ 𝑓√𝑓𝐷. The Phoenix 193 

data may now provide an opportunity to test these two suggestions for De(f) against real martian 194 

atmospheric observations, and also the sensitivity to using various constant values for D and De. 195 

Previously adopted constant values include e.g. D of 1 cm2/s (Zent et al., 1993; Schorghofer and 196 

Aharonson, 2005, Savijärvi et al., 2016), and D of 5 cm2/s (Savijärvi et al., 2018; 2019a; 2019b). 197 

During midsummer conditions at Phoenix (p ~ 8 mb, Tg  ~ 191-260K, Fig. 1), the D(p,Tg)-range of 198 

(3) is 12-20 cm2/s. 199 

 200 

The apparent porosity f around Phoenix is not well known. We define it, as in our previous 201 
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experiments, by finding a value which produces the best match with the diurnal near-surface 202 

moisture observations while simultaneously preserving the column water contents from sol to sol at 203 

their orbit- and SSI-observed mean daytime values. The soil might experience a net loss of water 204 

during this season and advection could carry away the gain to the atmosphere but these effects are 205 

probably small in the timeframe of a few sols. We thus assume a fully reversible daily cycle of 206 

adsorption and desorption, the observations shown appearing to be approximately consistent with 207 

that. 208 

 209 

 210 

4. Results for clear skies: Phoenix sols 50-60 211 
 212 

Before sol 50 there are only a few daytime TECP RH observations and almost no nighttime 213 

observations. On the other hand from about sol 70-80 onward there were regular frosts, fogs and 214 

boundary layer clouds at the Phoenix site (Martinez et al., 2017). We hence present here results and 215 

comparisons for sols 50-60, when there were enough RH observations to define the full diurnal 216 

cycle of near-surface moisture without major complicating condensation effects, and the solar 217 

height angles and optical depths did not vary too much during the short 10-sol stretch. This 218 

midsummer Ls 98o-103o period represents the warmest time at Phoenix (Davy et al., 2010), the sky 219 

being fairly clear all the time. The available first-per-each-hour TECP RH data from the Zent et al. 220 

(2016, Z) and the Fischer et al. (2019, F) recalibrations for this period are applied. During sols 54-221 

55 the TECP needles were within the surface (Zent et al., 2010), so these RH measurements are 222 

taken from very near the surface, at about 3 cm height. For the other sols the RH measurements 223 

refer to various heights 48-111 cm above the surface (Zent et al., 2010). The sol 54-55 values for 224 

water vapor pressure e are respectively called ‘surface-e’ in what follows; the others being ‘air-e’.  225 

 226 

The RH sensor was located inside the TECP box next to the board temperature sensor Tb, which 227 

measures air temperature within the box. Solar heating of the box and heating due to the board 228 

electronics increase Tb above ambient air temperature, thereby decreasing the measured internal RH 229 

below ambient RH (and also preventing harmful internal frost effects). The measured RH at Tb is 230 

converted in the recalibrations to the frost point temperature Tf, from which the water vapor partial 231 

pressure e is obtained. Since RH = e/esat(T), ambient RH at 2 m height can then be evaluated using 232 

for esat the observed 2 m temperature from the MET mast and assuming that e is constant with 233 

height. This assumption will be commented on later. For esat(T) we use the formulation of Savijärvi 234 

et al. (2016), which is extremely accurate with regard to the reference values of Murphy and Koop 235 

(2005) in the temperature range 190-273 K relevant here. 236 

 237 

The column simulations for average conditions during sols 50-60 were made by having Ls of 101o 238 

(sol 55) and initially setting T to 220 K at the surface with lapse of 1.3 K/km and the water vapor 239 

mass mixing ratio q to 200 ppmm, with linear decrease to 0 at 35 km. The q-profile is based on 240 

GCM results for the season and latitude (Navarro et al., 2014; Montmessin et al., 2017). It produces 241 

an initial column precipitable water content (PWC) of 31.7 m, near the observed average PWC of 242 

~30 m by CRISM and PHX/SSI for PHX sols 50-60 (Tamppari et al., 2010; Zent et al., 2016). Soil 243 

pore mixing ratios qs(z) are initially set to the boundary layer mean (0-4 km) of air-q(z), 188 ppmm. 244 

Surface pressure is the observed 800 Pa and the total visible optical depth  is 0.33 (dust 0.3 plus a 245 

seasonal high icecloud, 0.03).Results are shown from the third model sol, when the model is 246 

repeating its diurnal cycle of winds, temperatures and moistures, conserving PWC at the observed 247 

~30 m from sol to sol. The ground porosity f = 0.16, the Buckingham law De = f2D(p,Ts(z)) and 248 

the J97 adsorption isotherm are used in the reference simulation described below. Sensitivity tests 249 

will be shown in Section 5. Our initial q-profile suggests a volume mixing ratio (vmr = q/0.41) of 250 

about 488 ppmv, and water vapor pressure (e = vmr.p) of about 0.39 Pa, at the surface. The main 251 

parameters of the reference simulation are shown in Table 1. 252 

 253 
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Table 1. Main parameters used in the UH/FMI SCM reference simulation for Phoenix at Ls 101o 254 

(PHX sol 55). 255 

 256 

Parameter Value 

Soil thermal inertia I 150 J m-2 K-1 s-1/2 

Surface albedo  0.18 

Surface emissivity g 0.97 

Surface roughness length zo 0.01 m 

Geostrophic wind speed Vg 10 ms-1 

Surface pressure p 800 Pa 

Dust visible optical depth  0.30 

Initial PWC 31.7 m 

Ground porosity f 16% 

Molecular diffusivity of H2O in CO2  D(p,T) Equation 3 

Adsorption isotherm a(w,T) Jakosky et al. (1997) 

Ground tortuosity s 6.25 (= 1/f) 

  257 

 258 

Fig. 1 presents the sol 50-60 TECP observations of Tb and the two recalibrated (F and Z) frost point 259 

temperatures Tf, together with the simultaneous MET T2m observations and the model’s T2m and 260 

ground temperature Tg. One may note that Tb is in general higher than MET T2m, as expected. Tb 261 

displays lower values at around 1500 LTST (local true solar time), due to temporary shadowing of 262 

the TECP box from sun by the lander body. The model’s T2m curve is quite close to the observed 263 

T2m. During the day the Fischer et al. (2019)-recalibrated Tf is clearly higher than that from the 264 

Zent et al. (2016) recalibration. During the night the two frost points are instead fairly similar. They 265 

are below T2m all the time, so fog is unlikely. From midnight to 0100 LTST they tend to be slightly 266 

above the model-predicted surface temperature Tg. Hence light frost might temporarily appear at the 267 

(model) ground.  268 

 269 

Fig. 2 displays RH = e/esat(T) at 2 m height; e as evaluated from the two recalibrations and esat taken 270 

at the MET T2m. RH2m is high at night for both recalibrations, almost hitting 100% by the Zent 271 

recalibration (RH2m, Z) and by the model, whereas the max RH2m, F –values are around 60%. 272 

During the warm afternoons RH is quite low, especially by the Zent recalibration. Fig. 2 suggests 273 

that during the night the model’s RH2m stays closer to the Zent recalibration but during the day the 274 

model result is much closer to the F recalibration.  275 

 276 

Ice fogs were first detected at Phoenix by SSI at sol 61 (Moores et al., 2011), and became common 277 

later on. Zent et al. (2016) display Tf exceeding the MET T2m around 0100 LTST on sol 55, when 278 

the TECP was at the cold surface. Hence RH2m by Z being slightly below 100% at 2 m height at 279 

this time in Fig. 2 appears realistic and light frost was likely at the cold ground. The reference 280 

simulation indicates no fog but very light ground frost just around 0200 LTST.  281 

 282 

The water vapor partial pressure e is shown in Figure 3. Here the Fischer et al. surface-e (at ~3 cm 283 

height, sols 54-55, sfc-F) are the filled squares, and e from sols 50-53, 56-59 (air-F, at 48-111 cm 284 

heights) are open squares, whereas all e from Z are triangles for clarity. Model curves of e are from 285 

the surface (dash-dotted), and from air at 2 m height (solid). During the night the observed e-values 286 

of surface-F are quite small, down to 0.04-0.06 Pa (estimated error for these low values being 287 

±0.005 Pa (17%) by Fischer et al., 2019). They increase rapidly after 0300 LTST, presumably 288 

indicating desorption of water from the sun-heated regolith. The model’s surface e-curve (dash-289 

dots) matches the surface-F values very well in the morning, air-F of e (open squares) becoming 290 

0.3-0.5 Pa in the afternoon with some scatter, but close to the model-predicted e at 2 m (solid line).  291 
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 292 

Interestingly, the midday e-values of surface-F are quite high, up to 1 Pa, indicating relatively high 293 

desorption rates and consequently quite strong midday vertical gradients in e above the hot ground. 294 

The estimated midday error of the F-calibrated e is ±0.3 Pa (26%). The model curves indicate much 295 

smaller midday vertical gradient in e (high gradient might call for very high model vertical 296 

resolution near the ground). The Zent recalibration displays instead quite low daytime values, e < 297 

0.1 Pa.  298 

 299 

From about 1800 LTST onward, when Tg and T2m decrease rapidly and the near-surface air 300 

becomes statically stable (Tg < T2m, Fig. 1), the F values of surface-e drop rapidly in Fig. 3, 301 

probably due to downward diffusion and adsorption onto the cooling regolith grains as in the model. 302 

Night observations of e are all from very near the surface. The model’s surface-e matches these 303 

well, whereas its values at 2 m are higher, indicating a nocturnal surface inversion in humidity due 304 

to adsorption. Hence the assumption of vertically constant well-mixed absolute humidity appears to 305 

be slightly invalid above a strongly desorbing and strongly adsorbing regolith.  306 

 307 

This is further demonstrated in Fig. 4, which displays the model’s initially linear q-profile from 308 

0.01 m (= zo) to 20 km, and the resulting model profiles at 0200, 0800, 1200 and 2000 LTST. Note 309 

the logarithmic scale, which emphasizes the near-surface behavior. Strong midday desorption and 310 

convection mixes moisture nearly evenly to about 4 km height by the afternoon (just as dust in the 311 

PHX/LIDAR-observed profiles; Whiteway et al., 2009). Downward diffusion and adsorption to the 312 

regolith then depletes moisture during the evening and night in a shallow air layer below about 200 313 

m by Fig. 4.  Desorption is then activated by the morning sunshine (Fig. 3), and strong convection 314 

quickly mixes the desorbed moisture nearly evenly into the growing convective boundary layer. The 315 

CBL reaches to about 500 m by 0800 LTST, to about 2 km by midday, and to 4 km during the 316 

afternoon, by Fig. 4. Because the diurnally depleted layer of moisture is quite low (< 200 m), PWC 317 

does not vary diurnally a lot due to adsorption. Its daily minimum is 29.74 m at 0900 LTST and 318 

maximum 30.03 m at 1600 LTST in the reference simulation; a diurnal variation of just 1%.  319 

 320 

No fog and just a hint of frost around 0200 LTST appears in the reference simulation, so the diurnal 321 

variation of e is solely due to the vertical diffusion–desorption-adsorption cycle. The good match of 322 

the model with the F recalibration suggests that the model is presumably realistic but this also 323 

suggests that the F recalibration was worthwhile and realistic. The apparent strong diurnal variation 324 

of e is most probably due to adsorption. The Zent 2016 recalibration is also quite good during the 325 

night hours but during daytime it does not coincide with the F recalibration and the model in the 326 

light of Figs. 1-3. 327 

 328 

 329 

5. Sensitivity tests and discussion of the depletion mechanism and soil physics 330 
 331 

Here sensitivity tests are made concerning various model parameters and weather conditions at 332 

Phoenix, changing one property at a time, everything else remaining the same as in the above 333 

reference simulation defined in Table 1. The recalibrated values of e (from Fig. 3 but now in linear 334 

scale) are displayed in Figs. 5-7, together with e at 2 m height from various model experiments. The 335 

model’s surface-e (not shown for clarity) is in all cases about 0.1 Pa higher than e at 2 m during the 336 

midday hours and about 0.04 Pa lower than e2m during the night hours, as displayed for the 337 

reference simulation in Fig. 3 (the solid and dash-dotted lines).  338 

 339 

The model’s air and soil temperatures (Fig. 1) remain unchanged in the experiments as water phase 340 

changes are not involved in the adsorption-desorption cycle and the frost amounts remain 341 

insignificant (depth < 0.1 pr m) in all experiments with adsorption switched on. The model results 342 

are not sensitive to variations in Ch and wind speed as long as the surface winds are higher than 343 



8 

 

 

about 1 m/s (here they are 4-6 m/s), as shown in Savijärvi et al. (2016). 344 

  345 

When first varying the porosity of soil around Phoenix, the best model match with the diurnal TECP 346 

observations is obtained for f of 16% (Fig. 5). This is further supported by the fact that PWC then 347 

remains at around 30 m from sol to sol as observed, whereas with f of 5% PWC rapidly decreases, 348 

and with f of 30-35% (the best values for Curiosity and the two Viking landers), PWC increases 349 

from sol to sol during the integration. The daytime values of e are the most sensitive to f by Fig. 5. 350 

Zent et al. (2010) estimated f of 44-50% for Phoenix, but this might represent just the spot around 351 

the TECP needles, whereas the model- f, like its thermal inertia and albedo, represents apparent 352 

average conditions of the soil all around the lander. The small model-indicated porosity at Phoenix 353 

(16%) compared to those for the loose-sand-like Curiosity and Viking sites (30-35%) is consistent 354 

with the crusted and cloddy top regolith around Phoenix (Smith et al., 2009), where the soil grains 355 

may have been cementated by carbonates and other salts in the presence of water, as suggested by 356 

Boynton et al. (2009).  357 

 358 

Fig. 5 also presents a simulation with tortuosity s set to 2.5 ( = f -1/2 ) instead of 6.25 ( = f -1) of the 359 

reference simulation. This only makes a tiny difference in Fig. 5, so the exact value of s is of less 360 

importance for modelling of adsorption/desorption, as long as s is made somehow inversely 361 

proportional to f. Such an inverse proportionality guarantees the quite natural condition of no 362 

moisture flux due to adsorption over solid ground (no pores, f ~ 0), because f itself cancels out in (1) 363 

after substituting De = (f/s)
.D. 364 

 365 

The adsorption isotherm J97 was also varied. Simulations with the Fanale and Cannon (1971) 366 

isotherm (FC71) were not in balance for realistic porosities; instead PWC always increased rapidly 367 

from sol to sol due to excessive daytime desorption, similarly to Steele et al. (2017) and Savijärvi et 368 

al. (2016) for Curiosity, and to Savijärvi et al. (2018) for the Viking landers. In contrast, use of the 369 

Zent and Quinn (1997) isotherm (ZQ97) produced air moisture results for Phoenix, as well as for 370 

the Viking landers and Curiosity, which agree with the available observations and are nearly 371 

identical to those obtained by J97. Thus the J97 and ZQ97 adsorption isotherms appear generally 372 

applicable for regolith on Mars, whereas FC71 is less valid. 373 

 374 

In Fig. 6 constant values for the molecular diffusivity D are tested. D of 1 cm2/s (dotted line) 375 

appears to produce a weak soil moisture flux, hence it displays weaker evening depletion than the 376 

F-observations and the reference simulation. This leads to frost deposition taking place from 2200 377 

LTST onward. At 0500 LTST all frost has sublimated away and thereafter weak desorption with 378 

upward diffusion prevails. The D = 5 cm2/s simulation (dash-dotted) is instead quite close to the 379 

reference case in Fig. 6, but light frost still appears in it between midnight and 0400 LTST.  380 

 381 

Fig. 6 displays furthermore a simulation, where adsorption is set to 0 but soil diffusion does remain 382 

active in the porous regolith. This no-adsorption case (a = 0, dashed) shows only very weak evening 383 

moisture depletion at 2 m, due here only to the unscaled downward diffusion in the soil pores. After 384 

2200 LTST heavy frost formation hence takes over in the now relatively moist surface layer. Frost 385 

depth reaches 0.74 pr m (2.5% of PWC) by 0400 LTST in this simulation but frost sublimates 386 

rapidly away in the clear-sky morning sun (there is no fog), hence making a weak peak to model-387 

e2m at 0600 LTST in Fig. 6. There is also a hint of pore ice within the regolith in this case during 388 

the coldest morning hours, unlike in all the other simulations.    389 

 390 

The available water amount is varied in Fig. 7, from a low PWC of 25 m to a high PWC of 35 m 391 

(vs. 30 m in the reference simulation). Also these low and high PWC values are conserved fairly 392 

well from sol to sol for f of 16% (but not for the other other f, with spreads then similar to those in 393 

Fig. 5), which gives more support to the 16% estimate for f. The rather scattered daytime 394 
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observations of air-F (open squares) match perhaps best with the reference simulation according to 395 

Fig. 7, the model’s e2m curves from the 25 m simulation staying on the low side, and those from 396 

the 35 m simulation on the high side, of the daytime air-F values. Nighttime vapor pressure values 397 

are less sensitive to the assumed PWC.  398 

 399 

Fig. 7 furthermore displays the case of f approaching 0, i.e. solid rock ground. In this case there is 400 

no surface flux of moisture during the day (no interaction, dashed line). Hence e2m remains 401 

constant at 0.38 Pa late to the evening, until the surface frost point is reached, with heavy frost 402 

thereafter deposited onto the ground. This depletes air moisture very rapidly from 2100 LTST 403 

onward in Fig. 7 (as in SM10 for sol 30 with no adsorption in that model version). The frost depth 404 

reaches in this case 1.01 pr m by 0400 LTST (3.3% of PWC), sublimating thereafter. As there is 405 

here more frost than in the no-adsorption case (0.74 pr m) of Fig. 6, the respective sublimation 406 

peak in e2m is also stronger at 0600 LTST.  407 

 408 

In all the above experiments RH at 2 m stays below 120%, which is the critical value for initiation 409 

of fog in our model. Therefore no fog occurs at 2 m in the above simulations, as either adsorption or 410 

frost, or both, manage to remove enough moisture from the air in the evening to prevent fog. 411 

However, if ground frost and/or adsorption is artificially shortcut, thick fog is formed near the 412 

surface every night in such experiments.  413 

 414 

Finally, some in-soil temperatures Ts, water vapor densities fw = fqss and adsorbed water amounts 415 

a(w,Ts) per unit volume of regolith are demonstrated in Table 2 from the reference simulation with 416 

the J97 adsorption isotherm. Values are shown down to 3.8 cm depth at 0200, 0800, 1400 and 2000 417 

LTST (below 5 cm there is ice table but in the timeframe of three sols this has little impact on the 418 

daily adsorption and desorption, which takes place essentially in the top 1 cm of soil, as shown in 419 

Table 2). The vapor density mainly follows the damped and lagged soil diurnal temperature wave in 420 

the ground. Adsorbed surface water amounts range from 0.98 kg m-3 at 1400 LTST to 1.63 kg m-3 at 421 

0200 LTST (assuming regolith density of 1000 kg m-3), settling to about 1.28 kg m-3 at 3.8 cm 422 

depth. This is about three times the diurnally adsorbed water at MSL for Ls 189o in Steele et al. 423 

(2017, their fig. 10 for the J97 isotherm), but then again PWC at Phoenix (30 m) is about threefold 424 

that at MSL (11 m for Ls 189o, McConnochie et al., 2018).  425 

 426 

 427 

Table 2. Temperatures Ts, water vapor densities fw and adsorbed water amounts at five depths z (0 - 428 

3.8 cm) in the regolith according to the Phoenix sol 55 reference simulation (Table 1) with the J97 429 

adsorption isotherm.  430 

 431 

 Ts (K) fw (mg m-3) adsorbed water (kg m-3)  

z z (cm) 0 0.25 0.50 2.0 3.8 0 0.25 0.50 2.0 3.8 0 0.25 0.50 2.0 3.8 

0200h 191 193 195 207 216 0.4 0.3 0.3 0.7 1.1 1.63 1.34 1.27 1.34 1.28 

0800h 236 232 228 216 212 2.1 2.1 1.7 1.1 0.9 1.15 1.22 1.20 1.32 1.29 

1400h 260 257 255 240 226 3.8 4.1 4.3 3.1 1.7 0.98 1.05 1.13 1.27 1.26 

2000h 220 223 225 232 230 1.4 1.3 1.4 2.3 2.0 1.33 1.20 1.17 1.29 1.26 

 432 

 433 

Use of the ZQ97 adsorption isotherm produced nearly identical behavior of air-e as J97 at Phoenix, 434 

as stated above, but the ground-adsorbed amounts then are much smaller, about 0.15 kg m-3 at 1400 435 

LTST, 0.30 kg m-3 at 0200 LTST at the surface, and about 0.25 kg m-3 at the 3.8 cm depth. These 436 

values are also consistently about threefold to those obtained with the use of ZQ97 at the MSL site 437 

in Steele et al. (2017).  438 
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 439 

 440 

6. Conclusions 441 

 442 
We have compared two recalibrations of the Phoenix TECP air humidity measurements to each 443 

other and to results from simulations with a subsurface-atmosphere single column model having a 444 

diurnal soil adsorption/desorption cycle based on the Jakosky et al. (1997, J97) adsorption isotherm. 445 

Comparison was made here for a clear-sky warm midsummer period (sols 50-60, Ls 98o-103o) at 446 

Phoenix, when there were enough observations to define the full diurnal moisture cycle without 447 

complicating water vapor condensation effects (i.e. no fog and no strong frosts). The observed 448 

MET-mast temperature range was 192-244K at 2 m height, the model’s T2m-range being the same 449 

without any bias. The orbit- and SSI-observed precipitable water content of the air was about 30 m 450 

during the period. The model was initialized to that value using a linear GCM-indicated profile for 451 

the water vapor mass mixing ratio.   452 

 453 

During sols 54-55 the TECP device was on the ground, with air intake for its relative humidity 454 

sensor (on the electricity board) being at 3 cm height, i.e. near the surface. During the other sols the 455 

intake was at 48-111 cm heights, i.e. in the air. The readings of RH and board temperature were 456 

later recalibrated to the respective air frost points by Zent et al. (2016; Z), and by the University of 457 

Michigan group (Fischer et al., 2019; F). From these the water vapor partial pressure e at the sensor 458 

height and ambient RH at 2 m height (RH2m ~ e/esat(T2m)) could be extracted and compared to 459 

model predictions.  460 

 461 

The values for RH2m are quite low during the day (1-8% by the F recalibration and 0.1-0.8% by the 462 

Z recalibration), whereas during the coldest hour of 0200 LTST, RH2m is close to 100% by the Z 463 

recalibration and around 60% by the F recalibration. Fog was not reported for this period, but very 464 

light frost may have occurred occasionally. The model-indicated RH2m is closer to the Z 465 

recalibration during the night but to the F recalibration during the morning, midday and evening 466 

(Fig. 2). On the other hand the model’s surface-e is slightly closer to the F-recalibrated near-surface 467 

e at night (Fig. 3). We conclude, as Fischer et al. (2019), that during nighttime the F recalibration is 468 

in fair agreement with the Z recalibration and the model simulation is close to both of them, so both 469 

recalibrations have (different) merits during nighttime. Instead, during daytime the model results are 470 

much closer to the F-recalibrated RH2m and e, agreeing with the daytime SSI and CRISM 471 

observations of column water. Hence the F-recalibration is recommended for daytime values.  472 

 473 

The recalibrations and the model suggest low values of e (0.03-0.04 Pa) at nighttime, with a rapid 474 

increase in the morning to around 0.4-0.6 Pa during daytime at 0.48-1.11 m heights, and even 475 

higher very near the sun-heated midday surface by the F recalibration and by the model. After about 476 

1800 LTST air moisture then begins to decrease rapidly, especially near the surface. The depletion 477 

is due to downward turbulent diffusion and subsequent adsorption onto regolith grains in the model, 478 

the daily desorbed and adsorbed water being in a reversible, approximately PWC-conserving 479 

balance for regolith porosity of 16%. The depleted layer of air moisture extends to only about 200 480 

m in the model; hence PWC stays around the observed 30 m throughout the sol, with only ~1% 481 

diurnal variation due to the adsorption/desorption cycle.  482 

 483 

Sensitivity experiments with the model indicate that the best agreement with the F-recalibrated 484 

water vapor pressure cycle was obtained via using the observed PWC of 30 m and a low regolith 485 

porosity f of 16%, consistent with the observed crust in the topsoil around the Phoenix site (Smith et 486 

al., 2009). The results show little sensitivity to the exact value of tortuosity as long as this is made 487 

somehow inversely proportional to f.  Low constant value for the molecular/Knudsen diffusion 488 

coefficient D, e.g. the much-used 1 cm2/s, leads to too weak evening adsorption and hence to too 489 

early and too strong frost formation in the experiments, D and De of 5 cm2/s appearing to be a more 490 



11 

 

 

useful constant value. If adsorption is fully shortcut in the model, the remaining diffusion of water 491 

vapor in the soil is weak and this, too, leads to strong night frosts. Strong frosts were not observed 492 

during the warm period.  493 

 494 

Higher (lower) f than 16% increased (decreased) adsorption too much and indicated rapid 495 

unobserved growth (decay) of PWC from sol to sol during the simulation, as did use of the Fanale 496 

and Cannon (1971) adsorption isotherm. On the other hand adopting the Zent and Quinn (1997) 497 

adsorption isotherm led to air results, which are nearly identical with those using the J97 isotherm, 498 

but the nocturnally adsorbed soil water amounts then are much smaller. This suggests that more 499 

laboratory determinations of adsorption in Mars-like conditions, future soil sample returns or in-situ 500 

martian soil moisture measurements would be helpful to advantage our understanding of this 501 

peculiar phenomenon. 502 

 503 
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Figures: 619 
 620 

 621 

 622 
 623 

Fig. 1. TECP board temperatures (Tb) and frost point temperatures from Fischer et al. (2019, Tf F) 624 

and Zent et al. (2016, Tf Z) for Phoenix lander sols 50-60, together with 2 m air temperatures from 625 

the PHX MET mast (T2m, pentagons) and from the reference sol 55 simulation (T2m, solid line). 626 

The model’s ground surface temperature is also shown (Tg, dashed line).  627 

 628 

 629 

 630 

 631 

 632 
 633 

Fig. 2. Relative humidities at 2 m height from the F and Z recalibrations of TECP observations for 634 

Phoenix sols 50-60 (see text for details). Note the logarithmic scale. The solid line is RH at 2 m 635 

height from the reference simulation. 636 

 637 

 638 

 639 



15 

 

 

 640 
 641 

Fig. 3. Water vapor partial pressures e (Pa, log scale) from the F and Z recalibrations of TECP air 642 

humidity observations for Phoenix sols 50-60. F values of e from 48-111 cm heights (air, F) are 643 

open squares; near-surface e from 3 cm height (sfc F), black squares. All Z values of e are inverted 644 

triangles. Model-e are from 2 m height (air, solid line) and from the surface (sfc, dash-dotted line). 645 

 646 

 647 

 648 
 649 

Fig. 4. Model water vapor mass mixing ratio profiles q(z) from the surface (roughness height of 650 

0.01 m) to 20 km initially (dots) and at 0200, 0800, 1200 and 2000 LTST in the reference 651 

simulation. Gridpoint heights are indicated in the 0200 LTST curve. Note growth (by desorption 652 

and convection) in the morning and depletion below 200 m during the evening and night (by 653 

downward turbulent diffusion and adsorption onto porous regolith).  654 

 655 

 656 
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 657 
 658 

Fig. 5. Water vapor pressures e (Pa, linear scale) from the two recalibrations F and Z, and e at 2m 659 

from model simulations for ground porosities f of 0.05, 0.35 and 0.16 (= ref, from Fig. 3); and for f 660 

of 0.16 but with tortuosity s of 2.5 (T2.5, s = 1/√𝑓) instead of 6.25 (ref, s = 1/f). 661 

 662 

 663 

 664 

 665 

 666 
Fig. 6. Water vapor pressures e F and e Z as in Fig. 5, and e2m from model simulations for constant 667 

D of 1 and 5 cm2/s. Shown is also the reference simulation and the reference simulation but without 668 

adsorption (a = 0), i.e. with soil diffusion only active.  669 

 670 

  671 
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 672 

 673 
 674 

Fig. 7. Water vapor pressures e F and e Z, and e2m from model simulations with PWC of 25, 30 (= 675 

ref) and 35 m. Also shown is the reference simulation but for porosity f ~ 0, i.e. solid ground.  676 

 677 


