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Abstract 23 

Studying the Martian atmosphere is important in planetary science. The boundary layer 24 

turbulence is characterized at the Zhurong location using spectrum analysis, two-dimensional 25 

spectrum, and similarity theory. The results reveal that the atmospheric temperature and wind at 26 

the Zhurong location are consistent with Kolmogorov's “-5/3” turbulence laws. The atmospheric 27 

movement at the Zhurong location has four usual weather scales: 50 m, 100 m, 150 m, and 200 28 

m. The atmospheric refractive index structure parameters, and thus the effect of turbulence on 29 

the light propagation, at the Zhuong and Insight locations are 3 or 4 orders less than at the 30 

Perseverance location. The sensible heat flux values in the Zhurong location is mainly in the 31 

range of 0-10 W/m²and increases during measurement. The clear seasonal variability in heat flux 32 

flow with greater value in spring and summer than in autumn and winter is revealed at both the 33 

Zhuong and Insight locations. 34 

Plain Language Summary 35 

Mars is an important area for deep space exploration. The surface layer of Mars is the 36 

region directly explored by the rover, and understanding the characteristics of its atmospheric 37 

environment is critical for future rover landings.This study characterises surface turbulence in 38 

terms of scale, intensity, and heat transport.  The study found that the outer scale of turbulence 39 

on Mars is about 30m. Four scales of weather systems may affect surface layer temperatures, 40 

their scales are  50 m, 100 m, 150 m, and 200 m. Combining Perseverance and Insight Mars 41 

rover data,  geographical variations affect the intensity of turbulence, which also shows seasonal 42 

variations. This difference in magnitude can make the impact on optical transmission vary from 43 

region to region. Turbulence due to buoyancy differences causes variability in surface heat flux. 44 

However, the sensible heat fluxes of both Zhurong and Insight locations have a seasonal trend, 45 

with the trend being higher values in spring and summer than in autumn and winter. These 46 

results are important for deepening human understanding of Mars. 47 

1 Introduction 48 

The boundary layer acts as a medium for exchanging energy and matter between the 49 

surface and the free atmosphere on both Mars and Earth. Using large eddy simulations, Gheynani 50 

found that the Martian boundary layer is approximately six times higher than Earth's, with more 51 

turbulent activity(Gheynani & Taylor, 2011). Richard Davy et al. calculated a wind speed-52 

normalized turbulence spectrum at the Phoenix location consistent with the Kolmogorov 53 

turbulence "-5/3" law(Davy et al., 2010), and Petrosyan et al. (2011) reached similar conclusions 54 

using large eddy simulations and data from the Viking 2 and Phoenix rover observations. Earth 55 

and Mars have nearly identical turbulence laws and very similar nonlinear dynamics and are 56 

fully turbulent over most scale ranges(Chen et al., 2016). Martínez et al. (2009) calculated the 57 

local heat flux for a single day using data from Pathfinder. Because of measurement limitations, 58 

studies of Martian turbulence are still relatively rudimentary, with very few quantitative 59 

descriptions of turbulence in terms of scales and intensity. Besides spectrum characterization, the 60 

turbulence structure parameters quantify small-scale turbulence. Turbulence affects 61 

electromagnetic wave propagation in the atmosphere. The variation of refractive index structure 62 

parameters on Mars reflects this process. Thus, more Mars observation experiments are needed 63 

to understand the fundamental principles of the Martian atmosphere. This study examines the 64 

turbulent structure parameters of the Martian atmosphere in the surface layer. It also investigates 65 
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Mars's atmospheric movement scales and seasonal turbulent transport regulations in the surface 66 

layer. 67 

Since the 1960s, more than twenty Mars exploration projects have used at least five 68 

rovers for meteorological observations (Banfield et al., 2020; Davy et al., 2010; Lemmon et al., 69 

2015; Seiff et al., 1997). The Zhurong data enriches Mars' surface observation datasets. This 70 

paper uses meteorological data from Zhurong's meteorological measurements to study surface 71 

turbulence at the Utopia Plain landing site.  72 

2 Data and Analysis Methods 73 

2.1 Data 74 

On May 15, 2021, the Zhurong landed successfully in the Utopia Plains at 109°E and 75 

25.1°N. The rover is 1.85 meters tall and equipped with the Mars Meteorological Measuring 76 

Instrument. The rover recorded 1 Hz temperature, pressure, and wind data. 77 

Comparing and analyzing data from the Perseverance and Insight near the Zhurong will 78 

help us better understand the Martian surface. On 18 February 2021, the Perseverance 79 

successfully landed in Jezero crater lake at 77.5°E and 18.4°N. The rover is 2.2 meters high. The 80 

data included temperature, pressure and wind. Unfortunately, wind measurements have been lost 81 

since Sol 315. According to the Mars Orbiter Laser Altimeter(MOLA) elevation map(Smith et 82 

al., 2001), Zhurong's elevation is 1535 m lower than that of Perseverance. The two rovers differ 83 

by 6.7° in latitude and 31.5° in longitude. On 26 November 2018, Insight landed near the 84 

Martian equator at 135.6°E, 4.5°N. The station has consistently recorded surface pressure, 85 

temperature and wind for almost a full Martian year. In this article, the name of the Mars Rovers 86 

is used to refer to their landing location. 87 

On Mars days, Zhurong's instruments started measuring at 09:45 or 09:16 and collected 88 

data for 41 to 50 minutes. While the instruments on Perseverance and Insight have a continuous 89 

measurement period that spans the entire day, each individual measurement lasts one hour. In 90 

addition, sampling intervals and collection times for different elements vary. Therefore, this 91 

paper mainly emphasizes the temporal variations in the average field between 9:00 a.m. and 92 

10:00 a.m. 93 

2.2 Power spectrum method 94 

The power spectral density FT(f) for temperature (or velocity) fluctuations satisfies the "-95 

5/3" law(Wyngaard et al., 1971) and is represented in frequency coordinates as: 96 

2 2/3 5/3( ) (2 / ) ( ) 0.25 (2 / )T T TF f U F C U f     
                         (1) 97 

where κ is the wavenumber, U is the mean wind speed, and C
2 

T  is a temperature structure 98 

parameter used to characterize the intensity of small-scale temperature fluctuations. 99 

2.3 Conversion of the two-dimensional spectrum 100 

The spatial spectrum distribution of atmospheric turbulence provides scale information. 101 

Since the three-dimensional movement of the atmosphere, the one-dimensional(1-D) spectrum 102 

could underestimate the wave peak and related scale of information. Still, the three-dimensional 103 

spectrum is impossible to obtain. A two-dimensional spectrum can better reflect scale 104 
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information under realistic situations. If atmospheric motion is statistically isotropic, the 1-D 105 

spectrum can be converted into a two-dimensional(2-D) spectrum for better spatial scale 106 

information(Kelly & Wyngaard, 2006) . 107 

Equation (1) converts the frequency spectrum F(f) to a 1-D F(κ), and then the 2-D 108 

spectrum E(κh) is(Kelly & Wyngaard, 2006)： 109 

2 2 1/2

2 ( )
( )

( )h
h

h h

d F
E d

d 

 
 

  






                                        (2) 110 

2.4 Refractive Index Structure Parameters 111 

The previous part converts a 1-D spectrum into a 2-D spectrum to collect turbulence scale 112 

information. We also focus on turbulence intensity, which can be measured using the 113 

temperature structure parameter 𝐶𝑇
2 (Belov et al., 2012). To determine how atmospheric 114 

turbulence affects light propagation, the temperature structure parameter 𝐶𝑇
2 should be used to 115 

calculate the refractive structure parameter Cn
2
. 116 

Cahoy's Mars refractive index calculation formula(Cahoy et al., 2006)can be used in 117 

conjunction with the gas state equation to approximate the relationship between the refractive 118 

index structure parameter and the temperature structure parameter: 119 

𝐶𝑛
2 = (

𝑣𝑝

𝑅𝑇2
𝑁𝐴)

2𝐶𝑇
2                                        (3) 120 

2.5 Surface turbulent transport 121 

Atmospheric turbulence plays a critical role in the surface layer of Mars by transporting 122 

materials, energy, and momentum between the Martian surface and the atmosphere. Within the 123 

surface constant flux layer, the sensible heat flux of the turbulent vertical flux can be expressed 124 

as: 125 

0 0 * *h p pF c T w c u T const     
                         (4) 126 

where T' and w' represent the temperature and vertical velocity fluctuation terms, respectively. 127 

Characteristic temperature T* and friction velocity u*. According to the similarity theory, the 128 

wind speed at height z can be expressed as 129 

   *

0
( ) [ln( ) ( )]

u z z
k z L

U z                                               (5) 130 

where z0 is the roughness, and L is the Obukhov length(Obukhov, 1971), which characterizes the 131 

surface layer stability and is defined as: 132 

𝐿 =
𝑇̅𝑢∗

2

𝑘𝑔𝑇∗
                                                             (6) 133 

where g is taken as 3.72 m s
-2

, k is the von Karman constant of 0.4, and 𝑇̅ is the average wind 134 

speed. 𝜓(
𝑧

𝐿
) is the correction term, denoted as(Petrosyan et al., 2011): 135 
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                           (7) 136 

where 𝑥 = (1 − 𝛾1
𝑧

𝐿
)1/4, γ1=16, c=5.3, and d=1.1(Cheng & Brutsaert, 2005). 137 

When the layer junction is in convective instability, the stability parameter basically satisfies 138 

0.03<-z/L<60, and the temperature fluctuation square can be expressed as: 139 

1/3

1 2

*

( )T z
C C

T L

  

                                        (8) 140 

where C1=0.95 and C2=0.0549. Under the free convection assumption, the equation can be 141 

simplified to: 142 

1/3

1

*

( )T z
C

T L

  

                                          (9) 143 

In summary, based on Eqs. (4), (5), and (9), the heat flux during a certain period can be 144 

calculated via an iterative method(Petrosyan et al., 2011). 145 

T* and u* can also be used to calculate the turbulent momentum diffusion coefficient km and 146 

turbulent heat diffusion coefficient kh in the boundary layer model(Martínez et al., 2009): 147 

2 *
*

*
* *

( )

( )

m m m

h h h

uU z
u w u k k

z kz L

TT z
T w u T k k

z kz L






      




      

                        (10) 148 

The generic functions 𝜙m and 𝜙h are derived from Högström(Hogstrom, 1988). 149 

3 Results and discussion 150 

We first discuss the fluctuation characteristics of the average surface temperature and 151 

pressure in Zhurong. This is followed by air temperature, wind speed, and pressure variability, 152 

including power spectrum variability, scale obtained from spectrum analysis, and variability in 153 

turbulence intensity. We also compare the characteristics of the surface layers in the vicinity of 154 

the Perseverance and Insight sites. 155 

3.1 Conventional meteorological data 156 

First, the morning seasonal meteorological trends at the three sites were compared. Figure 157 

1(a) shows that the Zhurong result had a higher average temperature than Perseverance and 158 

Insight during the morning. Perseverance and Insight results slightly linearly increased in 159 

summer but slowly decreased in autumn, and stabilized in winter and spring. The seasonal 160 

variation in pressure is strongly influenced by altitude, as shown in Fig. 1(b). The pressure at all 161 

three locations also follows similar seasonal trends. They rise slightly in spring and fall slowly in 162 

summer, reaching their lowest point at 135°solar longitude. They then gradually increase during 163 

the autumn, reaching their highest point at 240° solar longitude. During the winter, they slowly 164 
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decrease. Figure 1(c) shows the wind speed for the three locations. The wind speeds were less 165 

than 6 m/s for Zhurong and Perseverance and more than 4 m/s for Insight. There were also clear 166 

seasonal variations in wind speed. The wind speed showed a progressive increase over the 167 

summer, followed by a gradual decrease in the autumn. However, the wind speed trends became 168 

more erratic in winter and spring. 169 

We also compared the same 4 consecutive days of weather for Zhurong and Perseverance. 170 

The results are shown in Figure 1(d)(e). In the morning, Zhurong has an average pressure of 701 171 

Pa and an average temperature of 248.5 K, while Perseverance has a pressure of 653 Pa with a 172 

difference of 48 Pa and a temperature of 232 K. The model proposed by Chen et al. estimates the 173 

Martian atmospheric density at 223 K at approximately 7×10
-3

 kg/m
3
(Chen et al., 2016). 174 

According to the pressure-height equation, a height difference of 1535 m results in a pressure 175 

difference of roughly 42 Pa. The calculated pressure difference between the two locations is very 176 

close. Differences in geographical position can influence the horizontal pressure difference. 177 
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 178 

Fig. 1 Seasonal fluctuations in (a) temperature, (b) pressure, and (c) wind speed. The time series 179 

for the Sol 266-Sol 269 measurements of (d) temperature and (e) pressure. where red is Zhurong, 180 

dark blue is Perseverance, and light blue is Insight 181 

3.2 Turbulence Characterization 182 

Turbulence characteristics are generally quantified from two perspectives: the turbulence 183 

scale and turbulence intensity. First, we confirm that Martian atmospheric turbulence follows 184 

turbulence laws. Scale information is obtained using 2-D spectral methods. To characterize the 185 

intensity of the turbulence, the temperature structure parameter and the refractive index structure 186 

parameter were calculated. 187 
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3.2.1 Turbulence Spectrum and Turbulence Scale 188 

Understanding the scale of turbulence is important for assessing its properties, as it 189 

dominates boundary layer gas motion. Figures 2(a), (c), and (e) show the time variation of 190 

temperature, pressure, and wind speed, respectively. The ambient temperature can be determined 191 

from the temperatures at three specific points on the PCB temperature frame(Peng et al., 2020). 192 

t1 has more high-frequency components. This makes it more suitable for studying turbulence 193 

characteristics. There are six significant pressure variations. The wind speed changes follow a 194 

clear pattern of periodic variations every 5 minutes. 195 

It is important to transform the time series into a power spectrum to obtain the high-196 

frequency variability and scale information of atmospheric motion. The usual processing 197 

approach is to multiply the power spectrum density(PSD) by the frequency, and the results for 198 

Sol 269 are shown in Figs 2(b), (d), and (f). In the range of 0.01~0.1 Hz, the smooth line of 199 

temperature and wind speed matches the trend of the "-3/2" line, indicating that Kolmogorov's 200 

theory of turbulence still applies on Mars. Studies by Petrosyan et al. have reached the same 201 

conclusion(Petrosyan et al., 2011). Increasing pressure at higher frequencies flattens the power 202 

spectrum fit away from the expected "-3/2" line. However, in the lower frequency range, the 203 

smooth line is consistent with the fit and has similar characteristics to the high-pressure spectrum. 204 

The results obtained are inconsistent with the theoretical predictions of Kolmogorov's theory of 205 

the PSD of pressure fluctuations, which is expected to have a scaling exponent of -7/3(Banfield 206 

et al., 2020). 207 

The turbulent outer scale divides the atmospheric scale into two distinct regions. The 208 

vortices smaller than the outer scale are isotropic, and those beyond the outer scale are affected 209 

by other weather systems, resulting in an anisotropic state. Temperature variations are important 210 

in determining how turbulence develops. Identifying the outer scale requires screening the 211 

temperature spectrum for deviations from the turbulence law. The coordinates of the first peak 212 

point outside the confidence interval in Fig. 2b indicate that the outer scale is about 30 m at this 213 

time. In addition to the turbulent outer scales, we also revealed the presence of other peaks in the 214 

power spectrum. These peaks correspond to wavelengths of 48 m, 70 m, 107 m, and 231 m, 215 

respectively. Furthermore, it is worth noting that the calculated outer scale of the wind speed 216 

spectrum remains at 30 m, which is consistent with the outer scale based on the temperature 217 

spectrum. In addition, the power spectrum of the wind speed has a clear discontinuity in the 218 

waveforms on both sides at a frequency of 0.01 Hz. There is speculation about the possible 219 

combined influence of at least two weather systems on wind speed, leading to the observed 220 

truncation after power spectrum superposition. 221 
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 222 

Fig. 2 The time series of (a) temperature, (c) pressure, and (e) wind speed; frequency · power 223 

spectrum of (b) pressure, (d) temperature, and (f) wind speed for Sol 269 224 

 225 

Even after smoothing, a 1-D spectrum still contains many peaks and needs to be 226 

transformed into a 2-D spectrum to identify typical scaling further. The results for partial days 227 

are shown in Fig. 3. The statistics show the presence of four distinct peaks at heights of 30 m, 50 228 

m, 100 m, and 250 m. Through statistical analysis of a dataset spanning 75 days, the wave peak 229 

with a length of 30 m fluctuated 52 times, the wave peak with a length of 50 m fluctuated 41 230 

times, the wave peak with a length of 100 m fluctuated 26 times, and the wave peak with a 231 

length of 250 m fluctuated 14 times. Furthermore, the 2-D temperature spectrum is not limited to 232 

the abovementioned four scales. Sometimes the wind speed can have an influence, and the 2-D 233 

spectrum of the temperature shows a state of three to five peaks. 234 
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 235 

Fig. 3 2-D spectrum of the temperatures for multiple Martian days 236 

3.2.2 Temperature and refractive index structure parameters 237 

Another crucial metric for characterizing the turbulence field is the turbulence intensity, 238 

measured in addition to the turbulence scale. Figure 4 shows that the mean refractive index 239 

structure parameter of the atmosphere measured by Zhurong is 4.6×10
-19

 m
-2/3

, while the 240 

Perseverance is 6.6×10
-16

 m
-2/3

. During the spring and summer, when the sun's longitude is less 241 

than 180°, the average Insight is 9.7×10
-19

 m
-2/3

. At angles greater than 180°, the average value is 242 

approximately .6×10
-18

 m
-2/3

. Both the temperature structure parameter and the refractive index 243 

structure parameter exhibit distinct seasonal variations, remaining relatively constant during 244 

spring and summer, decreasing during fall, and significantly exceeding the levels observed in 245 

spring and summer during winter. Simultaneously, we observed notable variations in the 246 

magnitudes of the refractive index structure parameters among the three locations. The 247 

Perseverance exhibits the most turbulence intensity, followed by the Insight, while the Zhurong 248 

area experiences the lowest turbulence. The regional disparity may be attributed to the spatial 249 

distribution of the Martian atmosphere, as well as the distributions of radiation flow and sensible 250 

heat flux. 251 
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 252 

Figure 4 Variations in the (a) temperature structure parameter and (b) refractive index 253 

structure parameter, where red is Zhurong, dark blue is Perseverance, and light blue is Insight 254 

3.3 Surface heat flux and turbulent diffusion coefficients 255 

The study of heat transport caused by turbulence is important in characterizing the 256 

turbulence field. Turbulent conditions are generated by buoyancy and shear mechanisms. This 257 

phenomenon can be quantified more precisely using the friction velocity, u*, the characteristic 258 

temperature, T*, and the Obukhov length, L. 259 

As displayed in Fig. 5(a), the friction velocity u* of Perseverance remains fairly stable at 260 

approximately 0.2-0.4 m/s. The friction velocity u* of Zhurong is identical to that of 261 

Perseverance before a solar longitude of 150°; however, it decreases progressively to 262 

approximately 0.2 m/s thereafter. The value of Insight was 0.3 m/s. Zhurong's absolute T* is 263 

lower than that of Perseverance, while the values and trends of Insight are shown in Fig. 5(b). 264 

The magnitude of T* represents the influence of buoyancy. While the calculation results are 265 

impacted by the temperature variation, the aforementioned error in the temperature variation on 266 

T* has a negligible effect, fluctuating by less than 0.4% or approximately 0.001 K. As shown in 267 

Fig. 5(c), the Obukhov length at Zhu Rong consistently varies between -10
2
 and -10

1 
m. The L 268 

values at the three sites are not significantly different, and this calculation is comparable to that 269 

of Petropsyan et al.(Banfield et al., 2020). Specifically, Zhurong's calculations are almost 270 

identical. 271 

Overall, the atmosphere at all three locations was unstable between 9 a.m. and 10 a.m., 272 

which promoted the formation of turbulence. The speed scales for all three locations were 273 

essentially identical; however, Zhurong and Insight had smaller buoyancy effects than 274 

Perseverance, resulting in weaker vertical transport. 275 
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The turbulent diffusion coefficient values km and kh often express the magnitude of 276 

turbulent momentum and heat fluxes in boundary layer atmospheric models. Typically, the 277 

molecular heat diffusivity and molecular kinematic viscosities are on the order of 10
-3

 m
2
s

-1
. The 278 

turbulent diffusion efficiency on Mars was approximately two orders of magnitude greater than 279 

the molecular diffusion efficiency. The km m in all three places was 0.3 m
2
s

-1
. The kh values 280 

from smallest to largest were 0.32 m
2
s

-1
 for Zhurong, 0.37 m

2
s

-1
 for Insight, and 0.45 m

2
s

-1
 for 281 

Perseverance. 282 

The variation in heat flux with solar longitude was calculated at the three sites, as shown 283 

in Fig. 9(d). The heat flux in Zhurong ranges from 0 to 10 W/m². During the same season, the 284 

heat flux of Insight is comparable to that of Zhurong; however, it is greater in autumn and winter 285 

than in spring and summer. The heat flux in Zhurong is lower than that in Perseverance. 286 

Much of this difference is caused by turbulence. The surface heat flow is mainly 287 

determined by the correlation between the vertical velocity and temperature variations. In 288 

contrast, buoyancy generates turbulence due to the upward sensible heat flow at the planet's 289 

surface. The vertical velocity variation is typically less dramatic than the temperature variation, 290 

so the heat flux and variation range in the weaker vertical transport Zhurong will be smaller than 291 

those throughout the Perseverance. Furthermore, the altitude difference may be a factor for the 292 

large difference between the two heat fluxes. According to Haberle et al., the effect of longwave 293 

radiation explains why the heat flux of Viking 1 in the Golden Plain at a higher altitude is greater 294 

than that of Viking 2 in the Utopia Plain(Haberle et al., 1993). 295 

 296 

Fig. 5 (a) Friction velocities u*, (b) characteristic temperature T*, (c) Obukhov lengths L and  (d) 297 

the heat flux, where the red is Zhurong, the dark blue is Perseverance, and the light blue is 298 

Insight 299 

4 Conclusions  300 

The following conclusions are derived from the research: 301 

(1) The turbulence "-5/3" law of temperature and wind speed remains valid for the 302 

Martian boundary layer. The wind power spectrum discontinuity phenomenon was also 303 

identified, but its cause and mechanism are unclear. 304 
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(2) The 2-D temperature spectrum of Zhurong shows four peaks at 30 m, 50 m, 100 m 305 

and 250 m. The atmospheric temperature structure parameter and the refractive index structure 306 

parameter have geographical variations, and three to four orders of magnitude separate the values 307 

of Zhurong and Insight from Perseverance. This turbulence in the Perseverance has a greater 308 

effect on light transmission than does the turbulence in the Zhurong and Insight values. 309 

(3) The heat fluxes in Zhurong and Insight were lower than that in Perseverance. The 310 

disparity in question may stem from the influence of buoyancy on the ability to vertically 311 

transfer, as well as the variation in longwave radiation. However, deeper mechanisms affecting 312 

heat flux need to be analyzed with more diverse data. 313 
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