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Introduction:   
The Phoenix mission played a key role in our 

current understanding of polar clouds. Previous 

studies have investigated the opacity (Dickinson et 

al., 2010), morphology (Moores et al., 2010), and 

transport (Whiteway et al., 2009) of the water-ice 

clouds throughout the 151-sol mission in the Martian 

northern polar region (68.2°N).  

The lidar and Surface Stereo Imager (SSI) 

onboard the Phoenix lander were the two main in-

struments used for characterization of the clouds. 

However, both instruments leave large temporal gaps 

in the coverage of clouds. The lidar was used only a 

few times per sol, with no overnight coverage at the 

beginning and end of the mission. Similarly, atmos-

pheric movies captured with the SSI encompass only 

0.76% of the length of the entire mission (Moores et 

al., 2010).  

The Meteorological (MET) station onboard the 

Phoenix lander, however, ran near-continuously 

throughout the mission, taking measurements of the 

air temperature at 2 m, 1.5 m, and 1 m above the 

surface every 2 seconds. Investigations into water-

ice clouds in other regions of Mars show that the 

absorption and emission of longwave flux by clouds 

can influence the surface and near-surface atmos-

pheric temperature, particularly in the nighttime 

(Wilson et al., 2007; Cooper et al., 2021).  

We can exploit the near-continuous coverage of 

the MET instrument to model a record of clouds 

throughout the Phoenix mission by isolating cloud 

emission from the surface energy balance. We com-

pare the cloud emission with water-ice optical depths 

retrieved from the lidar (Dickson et al. 2010) to 

provide a unique examination of the radiative prop-

erties of Martian water-ice clouds.  

 

     Methods: 

     MET Suite on Phoenix. The MET instrument suite 

onboard the Phoenix lander carried three fine-wire 

thermocouple temperature sensors, located 1 m, 1.5 

m, and 2 m from the surface, with a measurement 

frequency of 0.5 Hz. The temperature sensors had an 

uncertainty of ± 1 K (Taylor et al., 2008). A pressure 

sensor took measurements of the atmospheric pres-

sure at 2 m at the same cadence as the temperature 

measurement. A tell-tale wind-indicator was includ-

ed to monitor the direction and speed of the wind.  

     Reduced Data Records (RDRs) form each sol 

were acquired for this work from the Planetary Data 

System: Atmospheres Node. We use the data  

 

from the 2 m air temperature sensor to avoid any 

heat contamination given off from the lander.  

     

Surface Energy Balance and Cloud Emission. This 

work seeks to build a record of clouds at the Phoenix 

site by analyzing the radiative contribution of the 

water-ice clouds to the surface energy balance. The 

energy balance used in this work is adapted from 

Martínez et al. (2014) and is given by  

 

 
 

Where G is the net flux into the surface, S is the solar 

flux minus a portion reflected back to space given by 

the surface albedo, α. LW↓ is the longwave flux 

emitted from atmospheric gases and dust. LW↑ is the 

longwave flux emitted from the surface. H is the 

latent heat flux, describing the exchange in energy 

between the surface and near-surface atmosphere. LE 

is the latent heat, representing the phase change of 

water. The last term, R, is the longwave flux emitted 

from the clouds, referred to as “cloud emission” 

throughout. R is an independent parameter in the 

model, calculated in 2-hour intervals.  

     Because the Phoenix lander was not equipped 

with a ground temperature sensor, the thermal envi-

ronment of the site is modelled numerically. This 

was achieved using the subsurface conduction model 

of Schörghofer (2020), with physical parameters 

tuned to the Phoenix site. The model included a 2-

layer scheme, where subsurface ice began at 10.4 cm 

deep, within the range of depths uncovered by the 

Robotic Arm (Mellon et al., 2009).  

     The ground and 2 m air temperature are related to 

the sensible heat flux by  

 

 
 

where k is the Von Karman constant, cp is the specif-

ic heat capacity of CO2, u is the wind-speed, ρa is the 

density of the air at 2 m, f(Rb) is a thermal stability 

term, z0 is the height at which the air temperature is 

measured, and za is the surface roughness. 

     The air temperature is plotted in time steps of 120 

s and compared to the data acquired from the MET 

instrument. If the modelled temperature and MET 

temperature are equal, R is set to zero over the entire 

run of the model. If the temperatures differ, R is 

varied on 2-hour intervals to match the modelled 

temperature to the MET data. By doing this for each 

sol of the mission, the amount of cloud emission in 

the energy balance necessary to match the MET 

[2] 
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temperature data is found, creating a record of clouds 

throughout the mission.  

    It is important to note that, while the temperature 

is modelled over a full diurnal cycle, cloud emission 

is only considered between 22:00 to 10:00 local true 

solar time (LTST). During the day, the near-surface 

layer is super-adiabatic (Smith et al., 2006), meaning 

convection is influential when determining the tem-

perature. This can be seen in the turbulent daytime 

temperatures in Figure 1. However, at nighttime, the 

atmosphere becomes much more stable. Because the 

daytime convection is not included in the model, 

isolating the cloud emission from the energy balance 

is not possible. As such, we limit the scope of this 

work to the time of day when radiation is the domi-

nant heat transporting mechanism.  

 

     Results:  
     The modelled temperature, energy balance, and 

cloud emission for sols 9-10, 64-65, and 137-138 are 

shown in Figure 1. These sols were chosen as they 

represent a range in the values of R that were found 

throughout the mission. The rightmost panels show 

the buildup and decay of the cloud emission through 

the night, representing the formation and dissipation 

of clouds. On sol 9-10, the modelled temperature fit 

the MET temperature well, so no cloud emission was 

needed in the surface energy balance, representing a 

day with no clouds. On sol 64-65, up to 5 W m
-2

 

emitted from clouds is needed to ensure the mod-

elled temperature fits the MET data. On sol 137-138, 

the highest value of R is 10 W m
-2

.  

Figure 1: 2 m air temperature on (a) sols 9-10, (d) 

sols 64-65, and (c) sols 137-138. The red line repre-

sents the temperature when the model is run with R 

= 0 over the entire run. The blue line represents the 

temperature with R values from the corresponding 

righthand panel (c, f, and i). The dashed gray line is 

the MET temperature. The center panels (b, e, and h) 

show the remaining terms in Equation 1.  

 

     We complete this analysis for each sol to investi-

gate cloud emission as a function of time over the 

entire mission, as shown in Figure 2. At the begin-

ning of the mission, cloud emission is sparse, with 

low values around 5 W m
-2

. Toward the middle of 

the mission, from sols 55 to 80, the cloud emission 

reaches a  

Figure 2: A near-continuous record of nighttime 

clouds is built by analyzing the cloud emission as a 

function of time throughout the entire Phoenix mis-

sion. 

 

minimum. There are several sols with no emission 

whatsoever, indicating no clouds formed throughout 

the night. During this time, on the sols where clouds 

are present, the cloud emission is shown to 

begin around 02:00 LTST, corresponding 

with the coldest point of the night. This min-

imum in cloud emission coincides with the 

time after summer solstice when the 

nighttime atmospheric temperature is highest. 

From sol 90 until the end of the mission, the 

cloud emission reaches its highest values. 

Most sols show the presence of clouds, with 

values up to and surpassing 20 W m
-2

. 

Throughout the entire mission, the cloud 

emission gets larger throughout the night, 

with the highest flux in the energy balance 

from the clouds occurring between 02:00 and 

06:00 LTST.  

     As clouds emit longwave flux toward the 

surface during the nighttime, there is an in-

crease in the surface and near-surface tem-

perature. We investigate this temperature 

change by taking the difference between the 

temperature model when it is run with and 

without R introduced, shown in Figure 3. The clouds 

typically induced a small warming effect, between 1 

– 4 K. Toward the end of the mission, when the 

cloud emission was highest, the temperature was up 

to 8 K warmer than it would have been without the 

presence of clouds.  



 

 

Figure 3: The maximum change in the 2 m air temperature from 22:00 to 10:00 LTST due to the longwave flux 

emitted from clouds above the Phoenix lander. Errors bars represent an uncertainty of  1K, consistent with 

uncertainty from the MET temperature sensor. 

  

     Discussion:  
     This work suggests clouds were present at the 

Phoenix landing site before they were detected by 

the SSI or lidar. The lidar was precluded from 

nighttime operation until sol 38, where water ice-fog 

was observed. Water-ice retrievals from the Thermal 

Emission Spectrometer on Mars Global Surveyor in 

the late northern spring show the presence of clouds 

in northern polar region of Mars (Tamparri et al. 

2008). Sporadic water-ice clouds were detected in 

the period between 12:30 and 14:30 LTST. The 

presence of afternoon clouds suggests clouds could 

have formed over the Phoenix site during the coolest 

part of the night. Additionally, Moores et al. (2010) 

note an increase in the optical depth at the beginning 

of the mission, where they noted this increase could 

be due to dust and not necessarily indicate water-ice 

clouds. However, the increase in optical depth in the 

beginning of the mission and drop in optical depth 

near the middle of the mission shown in Moores et 

al. (2010) is similar to the trend in cloud emission 

seen in Figure 2.  

      Each year, around Ls = 120  at 60 N, an annular 

cloud forms, seen in images taken from the Mars 

Reconnaissance Orbiter and Mars Express (Sánchez-

Lavega et al. 2018). During the year the Phoenix 

mission occurred, a double cyclone produced cloud 

phenomena, beginning at Ls = 118  (Sánchez-Lavega 

et al. 2018). The increase in cloud emission around 

sol 90 in Figure 2 coincides with the formation of the 

annular cloud, indicating the increase in cloud emis-

sion is due to the annular cloud reaching the landing 

site.  Additionally, Sánchez-Lavega et al. 2018 note 

that years in which there was high coverage of the 

annular cloud show a rapid sol-tol-sol evolution of 

the cloud. This agrees with Figure 3, where the tem-

perature change varies from each sol.  

     The lidar ran frequently overnight after sol 60, 

showing the ice-water content and water-ice optical 

depth of the clouds throughout the latter half the 

mission (Dickinson et al. 2010). We investigated the 

properties of the water-ice cloud by analyzing the 

cloud emission as a function of water-ice optical 

depth retrieved from the lidar (Figure 4). We see that 

optically  

Figure 4: Cloud emission as a function of water-ice 

optical depth values measured with the lidar. Con-



 

tour lines represent the temperature of the cloud. 

Horizontal error bars represent the uncertainty in 

the lidar measurements of ±10%, cited in Dickinson 

et al. (2010), The vertical error bars are given as ± 5 

W m
-2

, consistent with the uncertainty in the MET 

instrument. 

 

thicker clouds radiate more longwave flux toward 

the  

surface, with an increase in optical depth throughout 

the night. On some occasions, clouds with different 

optical depths have similar values of emission. Ter-

restrial studies have shown that a cloud composed of 

aggregates emits more thermal radiation than that 

made of spherical particles (Wendish et al. 2007). A 

more thorough understanding of cloud microphysics 

is needed to explain the thermal emission from wa-

ter-ice clouds.  

 

     Conclusions 

     A record of water-ice cloud throughout the Phoe-

nix mission was built by modelling the 2 m air tem-

perature collected by the MET temperature sensor. 

The amount of cloud emission was found over the 

mission, filling in temporal gaps left by the lidar and 

SSI.  

     A diurnal cycle was seen, where the cloud emis-

sion increased throughout the night, typically reach-

ing a peak between 02:00 and 06:00 LTST, and 

dissipating into the morning. In addition, as a sea-

sonal cycle was observed, where sporadic clouds 

were seen in the beginning of the mission and 

reached a minimum by the middle of the mission. 

From sol 90 onward, the highest amount of cloud 

emission occurred, reaching values upwards of 20 W 

m
-2

. This induced a warming effect at the surface, 

raising the 2 m air temperature, usually by 1 – 3 K.  

     This analysis can be expanded to other regions of 

Mars to build cloud records by analyzing the energy 

balance. This would build a cloud record at other 

locations where temporal gaps may exist. In addi-

tion, analyzing the cloud emission as a function of 

water-ice optical depth may provide a valuable com-

parison between equatorial and polar clouds. 
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