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A B S T R A C T

Martian surface temperature and its diurnal variations play a key role in studying Mars land-atmosphere in-
teractions. However, accurate Diurnal Temperature Cycle (DTC) models on Martian surface are presently absent 
or have large uncertainties. This study aims to construct semi-empirical DTC models of the Martian surface and 
address this gap by assessing their performances. Utilizing in-situ data collected by the Viking 1, Insight, 
Perseverance, and Curiosity rovers, we assess the performances of these DTC models by examining overall ac-
curacy, daily precision, error rates across various hours, and effectiveness during different Martian seasons. The 
parameters of the models gain insights into the seasonal variations of surface temperature on Mars. Additionally, 
we conduct a focused analysis on the parameter-reduction approaches (PRAs) to assess the potential suitability of 
DTC models with the constraints of limited satellite observations available for Mars. Results indicate that the DTC 
models can effectively capture the diurnal surface temperature variations on Mars, with an overall error ranging 
from 0.74 to 2.28 K. Among the DTC models, the DMT24 model developed in this study shows the superior 
performance and can reproduce the slow and smooth increase around sunrise and maintain accuracy during 
nighttime periods. The DTC models can well capture the diurnal surface temperature cycle on Mars using limited 
satellite data based on suitable PRAs. This study offers valuable references for utilizing global DTC models on 
Mars.

1. Introduction

Martian surface temperature is a crucial parameter in comprehend-
ing climate changes on Mars, particularly in evaluating the presence of 
surface water ice (Grima et al., 2009; Stcherbinine et al., 2023), sub-
surface water (Bandfield, 2007; Li et al., 2023), environmental evolution 
(Jin and Zhang, 2014), and the habitability of Mars (Michalski et al., 
2018) as well as the possibility of life (Mellon et al., 2024). Surface 
temperature plays an integral role in land-atmosphere interactions, 
which governs the characteristics of convective activity in the atmo-
spheric surface layer and determines the extent of the planetary 
boundary layer with influencing key atmospheric dynamics (Li et al., 
2021; Smith et al., 2017). The importance of Martian surface tempera-
ture becomes particularly prominent due to the tenuous atmosphere of 
Mars, which lacks the moderating influence in more substantial atmo-
spheres (Munguira et al., 2023). Variations in the Martian surface 
temperature give rise to global oscillations in atmospheric pressure, 

temperature, and winds. These fluctuations play a pivotal role in 
shaping dust events (Wolfe et al., 2023; Xiao et al., 2019) and constitute 
the core dynamics of the Martian polar caps (Arnold et al., 2022; 
Piqueux et al., 2008). Furthermore, the diurnal cycle of Martian surface 
temperature is instrumental in estimating the energy and mass ex-
changes occurring at the land-atmosphere boundary (Atri et al., 2023; 
Martínez et al., 2014). These interactions are key determinants of the 
heat flux transmitted from the surface to the planetary boundary layer, 
thereby exerting a substantial influence on the weather and climate on 
Mars.

Several missions have proven their capacity to reliably acquire sur-
face temperature measurements on Mars. For instance, the Thermal 
Emission Spectrometer (TES) provided the first systematic mapping of 
the Martian global thermal structure (Smith, 2008) and offered invalu-
able data for analyzing seasonal and annual temperature variations on 
Mars (Smith, 2004). The Mars Odyssey’s Thermal Emission Imaging 
System (THEMIS) operated since 2003 has amassed data spanning over 
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two decades (equivalent to ten Martian years), significantly augmenting 
our understanding of the Martian surface climate (Smith, 2019a; Smith 
et al., 2003). Its concurrent operation with TES for five years enabled 
essential cross-calibration of atmospheric measurements, enriching the 
reliability and accuracy of the data (Christensen et al., 2004). Further 
advancements were made with the deployment of subsequent in-
struments like the Planetary Fourier Spectrometer (PFS) aboard Mars 
Express (Giuranna et al., 2021; Helbert et al., 2006; Wolkenberg et al., 
2011) and the Mars Climate Sounder (MCS) on the Mars Reconnaissance 
Orbiter (MRO) (Kleinböhl et al., 2009; McCleese et al., 2007). These 
missions have enhanced the quality of data, offering a more compre-
hensive understanding of the Martian surface and atmospheric condi-
tions. In-situ observations have also yielded a wealth of invaluable data. 
The Viking Landers, as pioneers in delivering in-situ meteorological data 
from the Martian surface, unveiled the significant thermal amplitude of 
the diurnal temperature cycle (Hess et al., 1977; Sutton et al., 1978). The 
Pathfinder mission, with its multi-level temperature measurements, 
provided deeper insights into the heat and momentum exchange be-
tween the Martian atmosphere and surface (Schofield et al., 1997). 
Additionally, the Phoenix lander, positioned at 68◦N within the Martian 
arctic, has contributed valuable data from its unique location (Davy 
et al., 2010). Recent rover missions like Curiosity (Savijärvi et al., 2022), 
Insight (Banfield et al., 2020), and Perseverance (Rodriguez-Manfredi 
et al., 2023) have perpetuated the exploration on Mars, recording sur-
face temperature data multiple seasons, including periods of dust 
storms. Each mission has significantly contributed to our comprehension 
of Martian surface temperatures, enriching our knowledge of Martian 
atmospheric and surface dynamics.

Satellite remote sensing is highly effective in measuring surface 
temperatures across extensive areas. However, a tradeoff exists between 
the spatial and temporal resolutions in the majority of satellite obser-
vations. This compromise often leads to a temporally discontinuous or 
even sporadic sampling of the surface. Fortunately, Diurnal Tempera-
ture Cycle (DTC) models provide a solution to this challenge. Among the 
DTC models, the semi-empirical model (SEM) prevails because of its 
direct description of surface temperature, inherent simplicity, and a 
relatively limited parameter range (three to six parameters). Through 
fitting a DTC model, a set of parameters describing the thermal dynamics 
of the land surface is obtained. Once these parameters are determined, 
the surface temperature at any time of the day can be described. These 
models have demonstrated their efficacy in reconstructing spatio- 
temporally continuous surface temperatures (Hong et al., 2022), esti-
mating surface air temperatures (Bechtel et al., 2014, 2017), deducing 
surface thermal properties (Holmes et al., 2015), and identifying soil 
freeze/thaw status on Earth (Zhan et al., 2014). Nonetheless, a 
compromise exists between modeling precision and the parameter count 
of DTC models. DTC models with a greater number of parameters typi-
cally yield heightened accuracies (Duan et al., 2012; Huang et al., 2014). 
However, models with excessive parameters are impractical for satellite 
measurements due to the constraints of limited observations. Therefore, 
parameter reduction approaches (PRAs) have received special attention. 
By reducing parameters in existing DTC models, a DTC model with an 
appropriate number of parameters for satellite data can be facilitated 
(Duan et al., 2014; Hong et al., 2018; Schädlich et al., 2001).

Mars possesses an atmosphere analogous to that of Earth, but there 
are distinct differences between the Martian atmosphere and its terres-
trial counterpart (Banerdt et al., 2020; Kavulich et al., 2013; Temel 
et al., 2022). Most studies have used physics-based models, such as 
THM, to simulate diurnal cycles by adjusting parameters like albedo and 
thermal inertia to achieve the best-fit cycle that matches observations 
(Martínez et al., 2021; Vasavada et al., 2017). However, the effective-
ness of these semi-empirical DTC models in Martian conditions remains 
uncertain. There is aslo a lack of comprehensive assessment regarding 
the performance of these semi-empirical DTC models, as well as the 
PRAs. To address these issues, in this paper, we conducted a comparative 
analysis of the performance of DTC models on Mars using in-situ 

measurements collected from Viking1, Insight, Perseverance, and Curi-
osity rovers. The characteristics of parameters are further scrutinized to 
facilitate a deeper comprehension of these models as applied to Mars. 
Additionally, PRAs were evaluated to simulate the condition of limited 
data obtained from satellite observations.

The structure of the paper is organized as following. In-situ obser-
vations and satellite data employed in this study are outlined in Section 
2. The methodology for modeling the Martian surface temperature is 
detailed in Section 3. Results and analysis are presented in Section 4, 
including an examination of the efficacy of DTC models using in-situ 
data, a detailed analysis of model parameter characteristics, and an 
evaluation of DTC model performance utilizing satellite data. Section 5
contains discussions on the results and outlines future work. Conclusions 
are given in Section 6.

2. Observation data

2.1. In-situ data

Currently, there is a limited amount of in-situ data available for 
Mars. For our analysis, we use data collected by four rovers: Viking 1, 
Insight, Perseverance, and Curiosity. These rovers operated over a 
Martian year, allowing us to evaluate performance across different lo-
cations whenever feasible. The detailed information on these in-situ data 
is listed in Table 1.

2.1.1. Viking mission
The Viking landers represent a pioneering pair of spacecraft 

deployed to explore Mars, marking the first successful landings on the 
Martian surface with the primary objective of investigating potential 
signs of past or present life (Hess et al., 1972; Moore et al., 1987). 
Following their respective arrivals on July 20 (Lander 1) and September 
3 (Lander 2) in 1976, these two landers operated continuously for nearly 
four Martian years (Moore et al., 1987; Soffen, 1976, 1977; Soffen and 
Snyder, 1976). Although the footpad sensor was not specifically 
designed to necessarily survive (Tillman, 1989), it provided valuable 
in-situ surface temperature data on Mars. It should be noted that the 
footpad sensor of Viking1 was buried by soil about 0.165 m below the 
surface (Moore et al., 1977).

2.1.2. Insight
On November 26, 2018, the InSight mission achieved a successful 

landing on Mars within the Elysium Planitia region. Its primary goal is to 
deepen our understanding of the formation and evolution processes of 
terrestrial planets by investigating the interior structure of Mars 
(Banerdt et al., 2020). Onboard InSight, the Radiometer (RAD) com-
prises a suite of radiometers specifically designed to measure surface 
temperatures by conducting radiance measurements at three wave-
length windows (Piqueux et al., 2021). Its performance is characterized 
by a random measurement error equivalent to 4 K at 150 K (Spohn et al., 
2018). Two sets of three RAD units are mounted on Insight. One set 
observes the soil in close proximity to the lander. The other set monitors 
the surface approximately 3.5 m away from the nearest edge of the deck 
(Mueller et al., 2021). In this study, we employ the mean surface tem-
perature obtained from two sets of instruments to address discrepancies 
that may arise from observations conducted at a single site.

Table 1 
Description of in-situ Mars surface temperature data.

Rover name Latitude Longitude Instrument Sols

Viking 1 22.3 ◦N 312.0 ◦E Footpad sensor 740
Insight 4.5 ◦N 135.9 ◦E RAD 360
Perseverance 18.4 ◦N 77.5 ◦E TIR 826
Curiosity 4.6 ◦S 137.4 ◦E REMS 3503
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2.1.3. Perseverance
The Perseverance rover landed on Mars at Jezero crater on February 

18, 2021 (Farley et al., 2020). Onboard Perseverance, the Mars Envi-
ronmental Dynamics Analyzer (MEDA) comprises a collection of mete-
orological sensors designed to measure pressure, temperature, wind 
speed, and relative humidity on Mars (Smith et al., 2023). TIRS, a 
component of the MEDA suite, consists of an infrared radiometer 
featuring five channels for measuring various parameters: downward 
longwave radiation (IR1), air temperature at 40 m (IR2), upward 
short-wave radiation (IR3), upward longwave radiation (IR4) and sur-
face temperature (IR5). The surface temperature data obtained via TIRS 
achieves an accuracy of 0.75 K with a resolution of 0.08 K 
(Rodriguez-Manfredi et al., 2021; Sebastián et al., 2021).

2.1.4. Curiosity
In August 2012, the Curiosity rover landed in Gale Crater with the 

goal of comprehending the past and present habitability of its designated 
area (Martínez et al., 2017). The Mars Science Laboratory (MSL) 
mission, aimed at studying the climate, water, and CO2 cycles on Mars, 
has far exceeded its operational goal and has provided the 
longest-running surface meteorological dataset on Mars (Vasavada, 
2022). The Rover Environmental Monitoring Station (REMS) instrument 
suite measures atmospheric pressure, air temperature, ground temper-
ature, relative humidity, wind speed, wind direction, and ultraviolet 
radiation (Gómez-Elvira et al., 2012, 2014). The Ground Temperature 
Sensor (GTS) on REMS records the infrared brightness temperature of 
the Martian surface using three thermopiles. It provides ground 
brightness temperature data with an accuracy of ±1 K at 273 K 
(Gómez-Elvira et al., 2014).

2.2. Satellite data

MCS and THEMIS, two instruments capable of providing valuable 
surface temperature data from Mars orbit, are chosen to simulate the 
practical scenario of utilizing satellite-derived data to model the 
temporally continuous surface temperature of Mars.

2.2.1. MCS
The Mars Reconnaissance Orbiter (MRO) spacecraft (Zurek and 

Smrekar, 2007) carries the MCS instrument (McCleese et al., 2007), 
which consists of a 9-channel infrared radiometer. This instrument en-
ables observations of the Martian surface and atmosphere from various 
angles, including limb, off-nadir, and nadir orientations. The MCS offers 
temperature profiles from the surface up to an altitude of 80 km. These 
profiles have a vertical resolution of 5 km and are available at local times 
approximately around 03:00 and 15:00. This capability facilitates global 
monitoring of atmospheric properties, including atmospheric circula-
tion, seasonal variations, and interannual climate variability (Shirley 
et al., 2015). The precision of the retrieved temperatures is estimated to 
range from 0.5 to 2 K (Kleinböhl et al., 2009).

2.2.2. THEMIS
The THEMIS instrument (Christensen et al., 2004) consists of cam-

eras capable of imaging Mars across both thermal infrared and visible 
wavelengths. Its primary objectives include determining surface 
mineralogy and investigating small-scale geologic processes and ther-
mophysical properties. In this study, which focuses on surface temper-
ature, we utilize THEMIS band 3 (centered at 7.93 μm) to estimate the 
Martian surface temperature. Band 3 is chosen for its transparency and 
the ability to quickly approximate using brightness temperature (Smith, 
2019a). With typical daytime surface temperatures around 245 K, 
THEMIS thermal-infrared images exhibit a single-pixel noise equivalent 
delta temperature of 0.4 K at 9.35 μm (Smith et al., 2003). The local 
times observed by THEMIS varied between approximately 2:45/14:45 
and 7:30/19:30 over the long duration of the Odyssey mission (Smith, 
2019b).

3. Models and methodology

3.1. DTC models

Four semi-empirical DTC models of the Martian surface are evalu-
ated: GOT01 (Göttsche and Olesen, 2001), VAN06 (Van den Bergh et al., 
2006), INA08 (Inamdar et al., 2008), and GOT09 (Göttsche and Olesen, 
2009). Furthermore, an enhanced Diurnal Martian Temperature model, 
denoted as DMT24, is developed to refine the characterization of 
Martian surface temperatures. These models employ empirical functions 
to depict variations in surface temperature, each with parameter 
numbers from five to six.

3.1.1. GOT01 model
Göttsche and Olesen (2001) proposed a two-part DTC model to 

describe the diurnal temperature variations under clear-sky conditions. 
This model delineates the evolution of daytime surface temperature 
through the utilization of a cosine function, while nighttime tempera-
ture decay is characterized by an exponential function, assuming 
adherence to Newton’s law of cooling for surfaces. Here is a detailed 
description of the model: 

Td(t) = T0 + Ta cos
(π

ω (t − tm)
)
, t < ts (1) 

Tn(t) = (T0 + δT) +
[
Ta cos

(π
ω (ts − tm)

)
− δT

]
e
− (t− ts)

k , t ≥ ts (2) 

where Td and Tn denote the temperature at the daytime and nighttime, 
respectively. T0 is the residual temperature around sunrise, Ta is the 
temperature amplitude, ω is the width over the half-period of the cosine 
term, tm is the time when the temperature reaches its maximum, ts is the 
time when free attenuation begins, δT is the day-to-day change of re-
sidual temperature, k is the attenuation constant. The values of ω can be 
determined by the duration of daytime (DD), and the k can be derived by 
requiring the two parts of the model to be first differentiable at t = ts. 
They are calculated by: 

ω =
2
15

arccos(− tan ϕ tan δ) (3) 

k =
ω
π

[

tan− 1
(π

ω (ts − tm)
)
−

δT
Ta

sin− 1
(π

ω (ts − tm)
)]

(4) 

where ϕ is the latitude, and δ is the solar declination.
Hence, the GOT01 model contains five free parameters (T0, Ta, tm, ts, 

δT), necessitating a minimum of five LST observations within a day to 
estimate these parameters accurately.

3.1.2. VAN06 model
Van den Bergh et al. (2006) observed that the width of the 

best-fitting cosine term of the DTC differed between the rising slope in 
the morning and the falling slope in the afternoon. As a result, they 
proposed a DTC model that introduced an additional term based on the 
GOT01 model. This model encompassed three functions representing 
the entire DTC: one for the rising slope of the daytime curve, another for 
the falling slope of the daytime curve, and a third term describing 
nighttime cooling. The model can be expressed as follows: 

Td1(t) = T0 + Ta cos
(

π
ω1

(t − tm)
)

, t < tm (5) 

Td2(t) = T0 + Ta cos
(

π
ω2

(t − tm)
)

, tm ≤ t < ts (6) 

Tn(t) = T0 + Ta cos
(

π
ω2

(ts − tm)
)

e
− (t− ts)

k , t ≥ ts (7) 
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where Td1 and Td2 denote the daytime temperature before and after 
reaching its maximum, respectively. ω1 and ω2 are widths of the cosine 
terms for morning and afternoon, respectively. Tn T0, Ta, tm, ts have the 
same definitions as in the GOT01 model. Therefore, the VAN06 model 
involves six free parameters (T0, Ta, tm, ts, ω1, ω2) that need to be fitted. 
To ensure the model is differentiable at time ts, the attenuation constant 
k is calculated as follows: 

k =
ω2

π tan− 1
(

π
ω2

(ts − tm)
)

(8) 

3.1.3. INA08 model
Inamdar et al. (2008) discovered that the hyperbolic function more 

accurately matches the observations during the nighttime decay of 
temperature. Consequently, the INA08 model replaces the exponential 
function with the hyperbolic function, as described below: 

Td(t) = T0 + Ta cos
(π

ω (t − tm)
)
, t < ts (9) 

Tn(t) = (T0 + δT) +
[
Ta cos

(π
ω (ts − tm)

)
− δT

] k
(k + t − ts)

, t ≥ ts (10) 

where all parameter definitions and the number of free parameters 
remain consistent with those of the GOT01 model.

3.1.4. GOT09 model
Starting from the energy balance equation of the surface, Göttsche 

and Olesen (2009) developed a novel DTC model that incorporates at-
mospheric attenuation of solar irradiation. By integrating total optical 
thickness, the new model better captures the morning rise of surface 
temperature and more accurately reflects the natural variability of DTC 
width and slope. The description of this new model is as follows: 

Td(t) = T0 + Ta
cos(θz)

cos
(
θz,min

)e(mmin − m(θz))τ, t < ts (11) 

Tn(t) = (T0 + δT) +
[

Ta
cos(θzs)

cos
(
θz,min

)e(mmin − m(θzs))τ − δT
]

e
− 12
πk (θ− θs), t ≥ ts

(12) 

where Td, Tn, T0, Ta, tm, ts, and δT hold the same definitions as in the 
GOT01 model, τ is the total optical thickness, θ is the thermal hour 
angle, θz is the thermal zenith angle, and m is the relative air mass. The 
values of θ, θz and m can be calculated by Iqbal (1983) and Vollmer and 
Gedzelman (2006). Additionally, the θz,min is the minimum zenith angle 
when θ = 0, mmin is the minimum relative air mass when θz = θz,min, θs 

is the thermal hour angle when t = ts, θzs is the thermal zenith angle 
obtained when θ = θs, RM is the radius of Mars, and H is the scale height 
of the Martian atmosphere. Finally, the derivatives at θ = θs lead to the 
calculation of k: 

k =
12

π dθz(θs)

dθ

cos(θzs) −
δT
Ta

cos
(
θz,min

)

eτ(mmin − m(θzs))

sin(θzs) + τ cos(θzs)
∂m(θzs)

∂θz

(13) 

Hence, in total, GOT09 involves six free parameters (i.e., T0, Ta, tm, ts, 
δT, and τ).

3.1.5. DMT24 model
During the process of modeling surface temperatures on Mars, our 

observations indicate that the GOT09 model exhibits the most robust 
overall performance. However, we identified a potential opportunity for 
enhancing its accuracy during nighttime periods. Notably, previous 
studies, such as the INA08 model, have employed a hyperbolic function 
to represent nighttime temperature decay effectively. Motivated by this 
approach, we incorporated a similar function to refine the nighttime 
cooling component of the GOT09 model. This modification led to the 
development of the Diurnal Martian Temperature model (DMT24), 
which was described as follows: 

Td(t) = T0 + Ta
cos(θz)

cos
(
θz,min

)e(mmin − m(θz))τ, t < ts (14) 

where all parameter definitions and the number of free parameters 
remain consistent with those of the GOT09 model.

3.2. Parameter-reduction approaches

In order to apply the model with limited satellite mission and surface 
temperature data on Mars, it is essential to reduce the number of free 
parameters. Previous studies have suggested various PRAs. For example, 
the day-to-day change in residual temperature can approximate zero 
(Schädlich et al., 2001). Additionally, the time when free attenuation 
begins can be estimated to be about 1 h before sunset (Duan et al., 2014). 
In this study, we applied the most used PRAs in previous research to all 
the models in section 3.1. Two main PRAs are used: (1)setting δT to zero, 
(2) setting ts to 1 h before the sunset time (tss). In the case of VAN06 and 
GOT09, which involve six parameters, two additional PRAs are applied 
to fix ω1, ω2, and τ. In total, there are twelve four-parameter DTC models 
after applying these PRAs. Detailed information about these models is 
provided in Table 2.

3.3. Solutions

Levenberg-Marquardt algorithm is employed to fit the parameters of 

Table 2 
General information of the four-parameter DTC models.

Model name Parameters PRAs

GOT01_dT T0, Ta, tm, ts, δT δT = 0
GOT01_ts T0, Ta, tm, ts, δT ts = tss − 1
VAN06_ts_w1 T0, Ta, tm, ts, ω1, ω2 ts = tss − 1; ω1 = DD
VAN06_ts_w2 T0, Ta, tm, ts, ω1, ω2 ts = tss − 1; ω2 = DD
INA08_dT T0, Ta, tm, ts, δT δT = 0
INA08_ts T0, Ta, tm, ts, δT ts = tss − 1
GOT09_dT_tau T0, Ta, tm, ts, δT, τ δT = 0; τ = 0.01
GOT09_dT_ts T0, Ta, tm, ts, δT, τ δT = 0; ts = tss − 1
GOT09_ts_tau T0, Ta, tm, ts, δT, τ ts = tss − 1; τ = 0.01
DMT24_dT_tau T0, Ta, tm, ts, δT, τ δT = 0; τ = 0.01
DMT24_dT_ts T0, Ta, tm, ts, δT, τ δT = 0; ts = tss − 1
DMT24_ts_tau T0, Ta, tm, ts, δT, τ ts = tss − 1; τ = 0.01

Tn(t) = (T0 + δT) +
[

Ta
cos(θzs)

cos
(
θz,min

)e(mmin − m(θzs))τ − δT
]

k
(

k +
12
π (θ − θs)

), t ≥ ts (15) 
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DTC models. The initial values of free parameters for each DTC are listed 
in Table 3.

4. Results and analysis

4.1. Performance of DTC models with in-situ data

An example of DTC models on Mars is provided in Fig. 1 to illustrate 
a typical DTC observed by Curiosity MSL, aiding in a clearer under-
standing of the variations between models. All five DTC models effec-
tively replicate the diurnal cycle of surface temperature on Mars. The 
GOT01, VAN06, and INA08 models exhibit nearly identical predictions 
around sunrise, with the primary distinction being noticeable in the case 
of the GOT09 model during this period. The GOT09 model captures a 
smooth and gradual increase in Martian surface temperature around 
sunrise, aligning closely with findings conducted on Earth (Göttsche and 
Olesen, 2009). At noon, VAN06 diverges from GOT01 and INA08, as it 
employs a distinct ω for the cosine term. After sunset, the INA08 model 
starts to demonstrate differences with the GOT01, VAN06, and GOT09 
models because of the hyperbolic function it employs. The DMT24 
model is a refined iteration of the GOT09 model, integrating a hyper-
bolic function to characterize the nocturnal temperature reduction. This 
selection stems from the hyperbolic function’s superior alignment with 
observations on Mars.

The comparison between surface temperatures obtained from in-situ 
measurements and those reconstructed by five DTC models is depicted in 
Fig. 2. It shows the efficacy and overall accuracy of these models in 

different missions. For Viking1, both the GOT09 and DMT24 models 
exhibit a distribution that is more centered around the identity line, 
suggesting greater accuracy in their modeling results. The remaining 
three models (i.e. GOT01, VAN06, INA08) exhibit analogous error dis-
tributions, each manifesting notable biases in proximity to temperatures 
around 210K. This bias primarily stems from the falsely sharp increase in 
surface temperature around sunrise. The outcomes for Insight, Perse-
verance, and Curiosity closely resemble those observed in Viking1 
regarding error distributions. While the root mean square error (RMSE) 
values vary across different missions, the DMT24 model consistently 
surpasses the other four models, demonstrating the lowest RMSE and 
presenting a reduction in RMSE ranging from 4.48 % to 21.9 % 
compared to the GOT09 model (except Viking1). Following closely in 
second place is the GOT09 model, trailed by the INA08, VAN06, and 
GOT01 models.

Fig. 3 presents the bias of five DTC models binned according to local 
time and solar longitude. In Viking1 observations, both GOT09 and 
DMT24 models exhibit minimal bias, underscoring their clear superi-
ority compared to the other three models. In Insight observations, 
GOT01, VAN06, and INA08 models display substantial bias during 
sunrise, particularly from 5:00 to 9:00, where they demonstrate a 
notable positive-negative-positive bias pattern. In contrast, both GOT09 
and DMT24 models show relatively smaller biases compared to the 
others. Nevertheless, all five models exhibit a strong positive bias during 
the early night (before 21:00 local time) and transition to a negative bias 
from late night to before sunrise (22:00–3:00). Regarding Perseverance 
and Curiosity, their bias distributions mirror those from Insight obser-
vations but with smaller magnitudes. Furthermore, the pronounced bias 
during sunrise for GOT01, VAN06, and INA08 models in Curiosity’s case 
suggests a significant orbital season variation.

The frequency distribution of RMSE values within each 0.5 K interval 
illustrates the daily performance of these models (Fig. 4). For Viking1, 
the RMSEs of the GOT01, VAN06, and INA08 models mostly range from 
1 to 3K, while those of the GOT09 and DMT24 models are mostly in the 
range of 0.5–1K. Regarding Insight and Perseverance, most RMSEs of the 
GOT01, VAN06, and INA08 models fall in the range of 1–2K, with the 
INA08 model slightly outperforming the others. The majority of results 
from the DMT24 model show RMSEs ranging from 0.5 to 1.5K for Insight 
and 0.5–1K for Perseverance, showing an improvement of about 0.5K 
compared to the GOT09 model. In the case of Curiosity, the RMSEs are 
notably larger than in other missions, mostly ranging from 1 to 3K. This 
discrepancy may stem from a diminished precision in Curiosity’s mea-
surement of nighttime low temperatures. Nonetheless, it is worth noting 
that the DMT24 model demonstrates a notably higher frequency of 
lower RMSEs within the range of 0.5–1.5K compared to other models.

Fig. 5 illustrates the hourly RMSEs of DTC models, computed based 
on averages over sols binned from all available data. Large RMSE values 
are observed to be more prevalent during nocturnal periods and around 
sunrise. The RMSE values from various in-situ data sources remain 
relatively consistent around sunrise, hovering at approximately 4K for 
the GOT01, VAN06, and INA08 models, and within a 2K range for the 
GOT09 and DMT24 models. The sunrise time can be roughly estimated 
by observing the rapid increase in RMSE around 6:00. RMSEs peak 
shortly after sunrise within approximately 2 h, then gradually 
decreasing. However, there is another increase in RMSE after sunset. 
When assessing the performance of various DTC models, distinct per-
formance patterns emerge over different times of the day. Specifically, 
the GOT09 and DMT24 models demonstrate minimal errors around 
sunrise, while the VAN06 model exhibits its superior performance dur-
ing afternoons. The INA08 and DMT24 models display diminished errors 
during nighttime. These advancements align with their respective de-
velopments derived from the GOT01 model.

In Fig. 6, we further assess the overall and seasonal performance of 
the five DTC models. Among them, the DMT24 model consistently 
outperforms the other models across all missions. Regarding perfor-
mance across different seasons, DMT24 model exhibits lower RMSE 

Table 3 
Initial values of the free parameters for the DTC models.

Model name T0 Ta tm ts δT ω1 ω2 τ

GOT01 Tmin Tmax − Tmin 13 tss − 1 0 – – –
VAN06 Tmin Tmax − Tmin 13 tss − 1 – 12 12 –
INA08 Tmin Tmax − Tmin 13 tss − 1 0 – – –
GOT09 Tmin Tmax − Tmin 13 tss − 1 0 – – 0
DMT24 Tmin Tmax − Tmin 13 tss − 1 0 – – 0
GOT01_dT Tmin Tmax − Tmin 13 tss − 1 – – – –
GOT01_ts Tmin Tmax − Tmin 13 – 0 – – –
VAN06_ts_w1 Tmin Tmax − Tmin 13 – – – DD –
VAN06_ts_w2 Tmin Tmax − Tmin 13 – – DD – –
INA08_dT Tmin Tmax − Tmin 13 tss − 1 0 – – –
INA08_ts Tmin Tmax − Tmin 13 – 0 – – –
GOT09_dT_tau Tmin Tmax − Tmin 13 tss − 1 – – – –
GOT09_dT_ts Tmin Tmax − Tmin 13 – – – – 0.01
GOT09_ts_tau Tmin Tmax − Tmin 13 – 0 – – –
DMT24_dT_tau Tmin Tmax − Tmin 13 tss − 1 – – – –
DMT24_dT_ts Tmin Tmax − Tmin 13 – – – – 0.01
DMT24_ts_tau Tmin Tmax − Tmin 13 – 0 – – –

*Tmin and Tmax represent the minimum and maximum of input temperatures, 
respectively.

Fig. 1. Martian surface temperature observed by Curiosity observations at sol 
3330 (black dots), and its diurnal variation reconstructed by DTC models 
(colored lines).
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values during the perihelion season. This trend can be attributed to the 
increased occurrence of local or global dust storms during these periods. 
Dust plays a significant role in reducing the range of diurnal surface 
temperatures by lowering daytime temperatures and elevating night-
time temperatures (Wilson and Smith, 2006). The performance of the 
GOT01, VAN06, and INA08 models exhibits variability across distinct 
missions. Specifically, the INA08 model outperforms the VAN06 model 
on the Perseverance and Insight datasets, and the VAN06 model out-
performs the GOT01 model on the same datasets. Conversely, in the 
analysis of Viking1 data, the GOT01 model surpasses the VAN06 model, 
exhibiting only marginal deviations from the performance of the INA08 
model.

4.2. Parameter characteristics

While the GOT01, VAN06, INA08, GOT09, and DMT24 models all 
share parameters such as T0, Ta, tm, ts, and δT (excluding VAN06), their 
values may vary significantly when modeling a same day. Therefore, it is 
crucial to thoroughly understand their individual characteristics. This 
understanding could aid in deducing surface thermal properties, iden-
tifying surface freeze/thaw status, and optimizing parameters in satellite 
applications.

Fig. 7 illustrates the distribution of parameters across different 
models and missions. Regarding T0, it is noteworthy that the T0 value in 
the VAN06 model is smaller than in the other four models. Additionally, 

the T0 values in the GOT01 and INA08 models are similar, as are those in 
the GOT09 and DMT24 models, suggesting that T0 is primarily influ-
enced by daytime temperature observations. Conversely, Ta exhibits the 
opposite trend compared to T0. Specifically, the Ta values in the VAN06 
model are larger than in the other four models. Moreover, the Ta values 
in the GOT01 and INA08 models are comparable, as are those in the 
GOT09 and DMT24 models. This disparity arises because the daily 
maximum temperature is the sum of T0 and Ta. In terms of tm, the dis-
tribution in the VAN06 model deviates from that of the other four 
models, which share a similar distribution. This discrepancy stems from 
the fact that in these four models, tm directly indicates the time when the 
temperature reaches its maximum, whereas in the VAN06 model, it 
determines the usage of either ω1 or ω1. For ts, all five models exhibit a 
similar distribution (except for Viking1), suggesting a commonality in ts 
across these models. Regarding δT, the distributions of GOT01 and 
GOT09 are similar, as are those of INA08 and DMT24, a consequence 
directly attributed to the models’ decay functions.

Fig. 8 shows the annual variation of parameters observed by the 
Curiosity rover, serving as an exemplary demonstration. In regard to T0, 
discernible seasonal fluctuations are apparent. These fluctuations mirror 
the changes in radiation received by the Martian surface, wherein ra-
diation decreases from Ls 0–90◦ (aphelion season) and increases there-
after. During perihelion season, T0 remains relatively stable, attributed 
to the dust effect, which hinders radiation from reaching the Martian 
surface. Similarly, Ta exhibits consistent variation across seasons and is 

Fig. 2. Scatter density plots of Martian surface temperature observed by in situ rovers and those reconstructed by GOT01 (a–d), VAN06 (e–h), INA08 (i–l), GOT09 
(m–p), and DMT24 (q–t). The columns from left to right represent data from Viking1, Insight, Perseverance and Curiosity observations.

Y. Wang and S. Jin                                                                                                                                                                                                                             



Planetary and Space Science 260 (2025) 106100

7

more sensitive to the influence of dust particles. Regarding tm, mea-
surements from GOT01, INA08, GOT09, and DMT24 closely align, 
remaining relatively stable around 13:20. However, tm from VAN06 
varies considerably, spanning from 13:00 to 14:00. As for ts, a consistent 
trend of change is observed across models. Specifically, ts increases from 
Ls 0–100◦, decreases from Ls 100–230◦, and then stabilizes during Ls 
270–360◦. δT from GOT01 and GOT09 demonstrates relatively stable 
values around − 15K, whereas δT from INA08 and DMT24 exhibits 
obvious seasonal variations, following similar trends with ts. In terms of 
τ, it displays small values in the aphelion season and relatively larger 
values in the perihelion season, corresponding to the climatology of dust 
on Mars. Overall, the variations in parameters are largely dependent on 
orbital season, prompting further evaluation of these variations with 
respect to the distance from the sun to Mars (Fig. 9). Parameters that are 
highly dependent on orbital season, such as T0, Ta, ts, and δT (only for 
INA08 and DMT24), remain stable when the distance is small. However, 
they show strong linear trends when the distance exceeds 1.45 AU. 
Additionally, τ exhibits relatively large values when the distance is 
within 1.45 AU, corresponding to increased dust during Martian peri-
helion season.

4.3. Performance of DTC models with satellite data

Increasing the number of parameters in DTC models, along with a 
larger volume of data during the fitting process, generally leads to better 

performance. However, a primary application of DTC models is in 
reconstructing diurnal temperature variations, especially when obser-
vations are scarce. Therefore, it is imperative to assess the performance 
of DTC models based on satellite data. To simulate common conditions 
with data gathered from two polar satellites, we streamline the param-
eters of DTC models to four. Additionally, we select observations closest 
to 3:00 and 15:00 (corresponding to MCS overpass times) and those near 
6:00 and 18:00 (corresponding to THEMIS overpass times) as inputs. 
The hourly RMSEs of the four-parameter DTC models fitted with four 
inputs are illustrated in Fig. 10. Overall, errors notably increase as pa-
rameters and observations decrease. The significant decline in model 
performance observed between 7:00 and 14:00 can be partly attributed 
to the absence of observations around these times. Additionally, since 
surface temperatures typically peak around noon, accurately fitting 
temperature amplitude becomes challenging without the maximum 
surface temperature data. Nevertheless, some unexpected consistent 
outcomes emerge. Specifically, the PRA “ts = tss − 1” consistently out-
performs the PRA “δT = 0” across four in-situ datasets. Additionally, the 
VAN06_ts_w2 model exhibits superior performance compared to the 
VAN06_ts_w1 model. To provide a more intuitive representation of the 
models’ performance, we rank these twelve models based on their mean 
errors in Table 4. The INA08_ts model ranks first among the twelve 
models, exhibiting a mean RMSE of 3.15K. It is succeeded by the 
DMT24_ts_tau, GOT01_ts, VAN06_ts_w2, and GOT09_ts_tau models, 
which demonstrate RMSE values ranging from 3.29 to 3.77K.

Fig. 3. Bias of GOT01 (a–d), VAN06 (e–h), INA08 (i–l), GOT09 (m–p), and DMT24 models(q-t) in the (local time, solar longitude) bins. The columns from left to right 
represent data from Viking1, Insight, Perseverance and Curiosity.
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Fig. 11 displays two examples in describing the diurnal variation of 
Martian surface temperature derived from satellite data, showcasing the 
efficacy of DTC modes applied to satellite observations. INA08_ts was 
deliberately chosen because of its consistent superior performance. The 
validation process relies on data from the Perseverance mission. Our 
selection criteria for satellite observations encompassed spatial prox-
imity of within 3◦ in latitude and longitude of the Perseverance rover, as 
well as temporal discrepancies within 5 degrees of solar longitude (Ls), 
considering the limited data available. The 5-degree difference in Ls is 
unlikely to significantly affect the accuracy because the diurnal tem-
perature cycles change very little on consecutive sols (Munguira et al., 
2023). On Perseverance sol 307, a systematic bias existed between the 
temperatures constructed by satellite data and in-situ measurements, 
with the satellite observations consistently smaller than the in-situ data. 
This bias resulted in an overall RMSE of 6.10 K between the in-situ data 
and the temperatures reconstructed by satellite. On sol 422, the 
INA08_ts model exhibited a significant underestimation in both tem-
perature amplitude and nighttime temperature, resulting in an overall 
RMSE of 4.67 K. These discrepancies primarily stem from observations 
near 3:00 and 15:00. Consequently, the accuracy of surface temperature 
reconstruction heavily depends on the quality of satellite observations. 
However, discrepancies between satellite and in-situ observations are 
inevitable due to inconsistent scales. Several factors, such as the 
approximation of actual locations, temperature estimates for adjacent 
days, and the rapid estimation of surface temperature retrieved by 
THEMIS, may influence these discrepancies. The combination of these 
factors can exacerbate nonlinear errors. Therefore, it is crucial to care-
fully consider these possible factors in practical satellite applications.

5. Discussion

Dust events are the most frequent and significant weather phenom-
ena on Mars, making a profound impact on the planet’s surface tem-
perature by altering radiance received by ground. Thus, we proceed to 
conduct an additional assessment of these models’ performance specif-
ically on days characterized by dust presence. Table 5 displays the ac-
curacy of DTC models on clear days and dust days, as observed by 
Curiosity. Dusty days are defined as those where the optical depth at 
880 nm exceeds 1. The GOT01, VAN06, and INA08 models exhibit 
higher RMSE values on dust days compared to clear days. Conversely, 
the GOT09 and DMT24 models demonstrate lower RMSE values on dust 
days than on clear days. The GOT09 and DMT24 model outperforms 
others because of their incorporation of a parameter for total optical 
thickness. This feature is particularly beneficial for modeling the 
Martian atmosphere given the prevalence of local and global dust 
storms. However, setting it as a constant to create four-parameter DTC 
models in Section 4.3 may seem somewhat arbitrary. Therefore, there is 
a critical necessity to explore more robust PRAs for these two models. 
Fortunately, we have identified a strong correlation between the total 
optical thickness estimated by the GOT09 and DMT24 model and the 
visual opacity of the Martian sky (Lemmon, 2023) during the 2018 Mars 
global dust storm (Fig. 12). This correlation suggests a new potential 
PRA for these two models by integrating opacity data from additional 
sources to refine the estimation of total optical thickness. Moreover, 
surface temperatures largely depend on surface albedo and thermal 
inertia values (Piqueux et al., 2023). Therefore, information about sur-
face properties can be invaluable for DTC modeling, especially when 
there are limited diurnal thermal observations available.

Due to Mars’ thin and tenuous atmosphere, surface temperatures 
primarily respond to variations in solar irradiation over diurnal and 
seasonal cycles. However, temperature fluctuations are also influenced 

Fig. 4. Histograms of the daily RMSE of DTC models for (a) Viking1, (b) 
Insight, (c) Perseverance and (d) Curiosity observations. Fig. 5. Averaged hourly RMSE of DTC model for (a) Viking1, (b) Insight, (c) 

Perseverance, and (d) Curiosity observations.
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Fig. 6. Boxplots of overall and seasonal RMSE of DTC models for (a) Viking1, (b) Insight, (c) Perseverance, (d) Curiosity observations. The top and bottom of the box 
are the first quartile and the third quartile of the RMSEs, respectively. The whiskers extend to the farthest data point lying within 1.5 times the inter-quartile range 
from the box. The band and point inside the box denote the median and mean RMSE for each model, respectively. Dashed lines show the median RMSEs for DMT24 
models as baseline references.

Fig. 7. Density distributions of parameters in DTC models from (a) Viking1, (b) Insight, (c) Perseverance, (d) Curiosity observations.
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by several localized factors. On regional and local scales, surface tem-
perature dynamics are affected by properties such as surface albedo, 
thermal inertia, atmospheric opacity, and the slope and shadowing ef-
fects of the terrain. As a result, the parameters used in DTC models can 
be interpreted in terms of the thermophysical properties of the surface 
and atmosphere. In particular, seasonal variations in the parameters Ta 

and T0 correspond to seasonal changes in solar irradiation. The timing of 
sunrise and the distribution of sunlight throughout the day are also 
strongly influenced by these seasonal variations, affecting the parame-
ters tm, ω, ts. On a more localized scale, T0 is primarily determined by 
surface albedo, as higher albedo reflects more sunlight, reducing heat 
absorption. Meanwhile, Ta is closely linked to thermal inertia, with 

Fig. 8. Seasonal variations of parameters (a) T0, (b) Ta, (c) Tm, (d) ts, (e) δT, and (f) τ derived from Curiosity observations.

Fig. 9. Variations of parameters (a) T0, (b) Ta, (c) tm, (d) ts, (e) δT, and (f) τ, against the distance from Sun to Mars derived from Curiosity observations.
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Fig. 10. Averaged hourly RMSE of four-parameter DTC models for (a) Viking1, (b) Insight, (c) Perseverance, (d) Curiosity observations.
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materials of high thermal inertia retaining heat longer and cooling more 
gradually overnight. Another crucial factor is τ, which represents the 
degree to which the atmosphere scatters and absorbs sunlight. It plays a 
particularly significant role in Mars’ dust-laden atmosphere, moderating 
the rate of temperature increase after sunrise and influencing the overall 
thermal behavior of the surface.

Our assessment on Mars indicates that DTC models perform effec-
tively regardless of clear-sky conditions, owing to the Martian tenuous 
atmosphere. However, our study has several potential uncertainties and 
limitations that warrant further investigation in future studies. One 
notable limitation is that the selected rovers primarily operate near the 
equator and in low latitudes due to the constraints of landers. Further 
investigation is needed to assess the accuracy of DTC models in middle 
and higher latitudes, particularly with continuous, high-quality 

observations in those regions in the future. Additionally, understanding 
the parameter characteristics in middle and higher latitudes is crucial. 
These characteristics can be leveraged to examine the global applica-
bility of PRAs.

6. Conclusions

In this study, we constructed and assessed the DTC models on Mars 
surface using in-situ datasets from the Viking, Insight, Perseverance, and 
Curiosity rovers. These models effectively replicate the diurnal varia-
tions of surface temperatures on Mars with an overall error from 0.74 to 
2.28 K. The most notable RMSEs predominantly occur during nighttime 
or around sunrise. Among the models, DMT24 exhibits the superior 
overall performance, primarily attributed to accurately reproduce the 
slow and smooth increase of Martian surface temperatures around 
sunrise, as well as its strong performance during nighttime. This 
improvement stems largely from the use of a hyperbolic function to 
describe nighttime cooling with capturing temperature variations more 
accurately than the GOT09 model. Model performance varies across 
different sites and seasons. Models incorporating parameters for optical 
thickness (i.e. GOT09 and DMT24) consistently show smaller errors 
during the perihelion season compared to the aphelion season due to 
increased dust storms during the former period.

In regard to the distribution of parameters, those from VAN06 differ 
significantly from the other models. The remaining four models exhibit 
similar parameter distributions, except for δT. GOT01 and GOT09 show 
a similar distribution for δT, whereas INA08 and DMT24 display a 
comparable distribution. These parameters demonstrate strong seasonal 
variations, which are highly correlated with the distance between Mars 
and the Sun.

The performance of DTC models is further evaluated by satellite data 
through PRAs with considering the inherent limitations in observations 
from Mars. Overall, the PRA “ts = tss − 1” outperforms the PRA “δT =

0”. The INA08_ts model consistently outperforms all other models, fol-
lowed by DMT24_ts_tau, GOT01_ts, VAN06_ts_w2, and GOT09_ts_tau 
models. However, there is not much disparity between these best models 
in each type of DTC model, as their performance relies heavily on the 
quantity of observations. Furthermore, the effectiveness of DTC models 
in satellite applications is exemplified. It is worth noting that the quality 
of observations can significantly impact the temperature outcomes.

Table 4 
Ranking order of performance for four-parameter DTC models.

Model name Rank Mean RMSE (K)

GOT01_dT 9 6.99
GOT01_ts 3 3.42
VAN06_ts_w1 6 4.90
VAN06_ts_w2 4 3.44
INA08_dT 12 11.05
INA08_ts 1 3.15
GOT09_dT_tau 7 5.63
GOT09_dT_ts 10 8.09
GOT09_ts_tau 5 3.77
DMT24_dT_tau 8 6.59
DMT24_dT_ts 11 10.67
DMT24_ts_tau 2 3.29

Fig. 11. DTC estimated by the INA08_ts model driven by the Perseverance and 
satellite observations at (a) sol 307 and (b) sol 422. Solid lines represent the 
constructed temperatures, dots denote the input observations.

Table 5 
Mean RMSE (unit: K) of DTC models in clear days and dust days.

GOT01 VAN06 INA08 GOT09 DMT24

Clear days 2.14 2.08 2.03 1.88 1.77
Dust days 2.22 2.24 2.15 1.74 1.67

Fig. 12. Scatter plot of 880 nm visual opacity observed by Curiosity and τ 
estimated by DMT24 model. The solid line represents the linear regression of 
the observed opacity and estimated τ.
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