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Abstract: A two-dimensional energy balance climate model has been built to investigate the climate on Mars. The model takes into
account the balance among solar radiation, longwave radiation, and energy transmission and can be solved analytically by Legendre
polynomials. With the parameters for thermal diffusion and radiation processes being properly specified, the model can simulate a
reasonable surface atmospheric temperature distribution but not a very perfect vertical atmospheric temperature distribution compared
with numerical results, such as those from the Mars Climate Database. With varying solar radiation in a Martian year, the model can
simulate the seasonal variation of the air temperature on Mars. With increasing dust content, the Martian atmosphere gradually warms.
However, the warming is insignificant in the cold and warm scenarios, in which the dust mixing ratio varies moderately, whereas the
warming is significant in the storm scenario, in which the dust mixing ratio increases dramatically. With an increasing albedo value of
either the polar cap or the non-ice region, Mars gradually cools. The mean surface atmospheric temperature decreases moderately with
an increasing polar ice albedo, whereas it increases dramatically with an increasing non-ice albedo. This increase occurs because the
planetary albedo of the ice regions is smaller than that of the non-ice region.
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1. Introduction

Humanity has long been fascinated by the planet Mars (Haberle et
al.,, 2017). The present name comes from the Roman god of war in
western culture. Mars was called “Yinghuo” in ancient China to de-
scribe its glowing light and uncertain whereabouts. Our know-
ledge of Mars has accumulated dramatically in the past 40 years
because of the wealth of information provided by Mars orbiters,
landers, and rovers (Barlow, 2014), and it will continue to increase.
The three most recently launched spacecrafts are exploring the
planet by the time this article is published. These include humans’
first successful unmanned flight by the Ingenuity helicopter re-
leased from NASA's Perseverance Mars rover; China’s first Martian
probe, Tianwen-1, released by China’s first Mars rover, Zhurong,
which has successfully completed its established mission and con-
tinues to explore the planet (e.g., Liu K et al., 2020; Peng YQ et al.,
2020); and the Al-Amal probe, the first Mars probe launched by
the United Arab Emirates.

Mars has always played a prominent role in such comparative
studies with the Earth because the two planets share the funda-
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mental properties of rapid rotation, similar atmospheres that are
largely heated by a radiative and convective exchange with the
surface, and a seasonal progression of the climate (Haberle et al.,
2017). The fact that the Martian atmosphere is mostly driven by
radiation has long been the mainstream understanding. However,
this assumption has recently been challenged by a large eddy
simulation study by Wu ZP et al. (2021), who pointed out that pos-
itive feedback exists between the dust optical depth and the vig-
or and depth of convective boundary layer mixing. Leovy and
Mintz (1969) adapted a two-level model for planetary atmo-
spheres to build the first-generation Mars general circulation
model (MGCM). The model was developed and applied to ad-
dress issues of heat balance in the Martian polar region (Pollack et
al., 1990) and the atmospheric dynamics, such as the zonal mean
circulation (Haberle et al., 1993), transient baroclinic eddies and
winter quasi-stationary eddies (Barnes et al, 1996), and dust
storms (Murphy et al., 1995; Hollingsworth et al., 1996). In addi-
tion, two groups from the Laboratoire de Météorologie Dy-
namique (LMD, Paris) and the Sub-department of Atmospheric,
Oceanic and Planetary Physics at Oxford University (AOPP, Oxford)
had collaborated to develop a new-generation MGCM, based
largely on the models previously developed separately by the two
groups (Forget et al, 1999). They constructed a Mars Climate
Database (MCD; Read et al., 1997; Lewis et al.,, 1999) that can be
applied in investigations such as the effect of dust storms, simula-
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tions of geometric albedo spectra (Smith et al., 2020), and gravity
wave activity in the lower atmosphere of Mars (Heavens et al.,
2020). To address some of the limitations of the MCD, the Open
access to Mars Assimilated Remote Soundings (OpenMARS) data
set was recently created for use as a reference data set of actual
global weather that occurred on Mars from 1999 to 2015 (Holmes
et al., 2020). The MGCM has greatly promoted the investigation of
the red planet and our understanding of it.

Nevertheless, it is still necessary to apply some simple models to
highlight the thermodynamics and dynamics of specific physical
processes. Considering that the energy balance between incom-
ing solar radiation and outgoing longwave radiation determines
the temperature on Mars, a major part of what is meant by cli-
mate (Pierrehumbert, 2010), the energy balance model (EBM) is a
good candidate. For example, Hoffert et al. (1981) investigated li-
quid water on Mars by developing a theoretical EBM that includes
the meridional heat flux proposed by Budyko (1969), Sellers
(1969), and North (1975). Nakamura and Tajika (2001, 2002) stud-
ied the stability and evolution of the climate system of Mars un-
der annual and seasonal solar radiation incomes. Savijarvi (2014)
constructed a “toy climate model” (in fact, an EBM) for Mars from a
surface energy budget to simulate midday surface and near-sur-
face air temperatures. Taubenberger (2020) calculated the surface
temperature on Mars by applying the classic Budyko-Sellers-type
EBM with a realistic albedo. Generally speaking, EBMs are applic-
able for the zonal mean surface temperature. They can be exten-
ded to be two-dimensional by adding either the longitudinal or
vertical distribution. For the vertical distribution, a common prac-
tice is to introduce the classic radiative—convective equilibrium,
the analytic solution of which is difficult to derive. Another useful
practice is to solve the simplified temperature equation analytic-
ally. For example, LG YH and Chao JP (1981) built a two-dimen-
sional EBM by applying a simplified scheme for the radiative trans-
fer equation proposed by Kuo HL (1973). However, they provided
only a few calculation examples and left the two-dimensional
temperature distribution undiscussed. They also did not consider
some important physical factors, such as dust and water-ice
clouds.

Considering that the knowledge of Mars has advanced greatly
during the past decades, this work attempts to update the two-di-
mensional EBM of Lu YH and Chao JP (1981) by adding more spe-
cific physical processes. The remainder of this paper is organized
as follows. The two-dimensional EBM framework is introduced in
Section 2, along with the effects of dust and CO, on the absorp-
tion of solar and longwave radiation. The theoretical temperature
distributions for different Martian seasons are then calculated and
discussed in Section 3. Finally, conclusions and a discussion are
presented in Section 4.

2. The Two-Dimensional EBM

2.1 Temperature Equation
By considering the balance between the turbulent heat flux and
the radiation flux, the temperature equation (e.g., L YH and Chao
JP, 1981; Li YK and Chao JP, 2014) can be written as

Kp O (1 —X2) or o

oT .
;a a+a—z(KzE)'FZk}(A/"-Bj—ZE})‘FkQ—0, (1)
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where k, k, are the horizontal and vertical turbulent thermal con-
ductivity; k; is the longwave radiation absorption coefficient at
wavelength A; A;, B, and E; are the corresponding downward and
upward longwave radiation and the black body radiation at
wavelength A; k' is the mean bulk absorption coefficient of the
solar radiation; Q is the downward solar radiation; x = sing, where
¢ is latitude; and a is the radius of Mars. Equation (1) involves the
summation of the entire radiation absorption spectrum, which is
too complex to derive an analytic solution. To simplify the deriva-
tion and to highlight the physical meanings of the radiation pro-
cesses, Kuo HL (1973) proposed a method to divide the entire ra-
diation absorption spectrum into strong and weak zones (de-
noted by the subscripts s and w, respectively). He assumed
K2, < 8*]a7* < K so that k, can be neglected with respect to
&*/87’, whereas &*/37° can be neglected in comparison with k2. By
applying this simplification scheme, Equation (1) can be trans-
formed to

2
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are the mean absorption coefficients in strong and weak absorp-
tion regions, and r = E/E is the proportion of the strong absorp-
tion zone to the entire absorption spectrum. Q, is the mean solar
radiation at the top of atmosphere (TOA) of Mars and S(x) is its
zonal mean nondimensional distribution. Variable € is the optical
depth, and &, is the global mean optical depth at the surface. It
shows the absorption capacity of the Martian atmosphere to solar
radiation. Variable , is the planetary albedo. Therefore, /1, and 11,
represent the proportion of net solar radiation arriving at the TOA
and at the surface, respectively. I, and 1, are their global mean
values. One can refer to Li YK and Chao JP (2014) for more de-
tailed information. By specifying the upper and lower boundary

conditions,
1
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Equation (2) can be solved analytically by expanding the solution
to the Legendre series.

2.2 Solar Radiation Distribution

The instantaneous beam irradiance at the Mars TOA (Appelbaum
etal, 1993)is

s [1+ ecos (L, — 248°)T

-

(singsind + cosgcosbcosw),  (5)

where S, is the Mars solar constant (S, = 590 W/mz), e isthe ec-
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centricity of Mars (e = 0.009377), and L, is the areocentric longit-
ude. When Mars arrives at its perihelion, L, equals 248°. Variable &
is the declination angle, and w is the hour angle measured from
true noon westward. The solar declination angle is given by
sind = sindysinL, where &, is the obliquity of the Mars rotational ax-
is (6, = 24.936°). By integrating Equation (5) from sunrise to sunset
of a Martian day, we can derive the daily total solar irradiation (TSI)
at the Mars TOA at any latitude. Further, by integrating the daily
TSI for a complete orbit cycle, we can derive the annual mean TSI
at the Mars TOA (Figure 1a). We can find that the annual mean TSI,
or mean solar radiation at the Mars TOA, is not symmetric around
the equator because of its large eccentricity. The maximum value
is located near the equator in the southern hemisphere. This is a
major difference compared with the Earth, where the annual
mean TSI is basically symmetric around the equator. This asym-
metric feature denotes the need to include the odd terms when
expanding the TSI to the Legendre series,

N
Qo=Qoy SuPalx)=QoS(x), (6)
n=0
where S, are the expansion coefficients, P, (x) are the Legendre
polynomials, and N is the expansion order. We find that N = 4 is
good sufficient to fit the annual mean distribution. In addition, we
set the mean solar radiation in months 1, 4, 7, and 10 to present
different seasons on Mars. Here, a month is defined as the 30°
areocentric longitude range, and month 1 begins from 0°. Under
this definition, a Martian year will have 12 months, similar to a
year on the Earth.

2.3 Dust Distribution
Now let us deal with the transmission of the solar radiation. Dust
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is the main absorption medium for solar radiation, in contrast to
water vapor on Earth. A classic suspended dust distribution is giv-
en by Conrath (1975):

g = qoexp{V[1 - exp (z/H)]}, 7

where g, is the dust mixing ratio at the surface, v is a parameter
modifying the vertical profile and is often taken to be 0.007, and H
is the scale height of the Martian atmosphere and is often as-
sumed to be 10 km. To better represent a realistic vertical distribu-
tion, Forget et al. (1999) modified Equation (7) to

q = qoexp [ V(1 = po/p)"**™], 8)

where z,,, is the altitude (km) of the top of the dust layer;
Po/ p = exp (z/ H) is the log pressure, and p, is a reference pressure
level (e.g., 700 Pa). If zmax = 70 km, Equation (8) reduces to the
Conrath form of Equation (7). Variable z,,, can be a function of
the areocentric longitude L, and latitude ¢; for example, Forget
et al. (1999) summarized a function z,, = 60 + 18sin(L; — 160°)—
22sin’¢. However, we still apply Equation (7) in the model rather
than this complex form.

Once the dust distribution is specified, the dust optical depth can

be calculated:
&= [ Kaz= [ Kpsacz (©)
0 0

where k;; is the mean mass absorption coefficient of dust for
solar radiation and p,, is the density of the atmosphere. In calculat-
ing the whole-layer optical depth of the dust, g, is generally taken
as a constant (e.g., 5xX1074, as Heavens et al,, 2011, and Wang C et
al., 2018, suggested), although it varies spatially. The Martian
atmosphere absorbs approximately 9% of the incoming solar
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Figure 1. Zonal mean solar radiation (a), zonal mean surface albedo from the Mars Climate Database (b), CO, absorption spectra (c) from the
high-resolution transmission molecular absorption database (HITRAN) website (https://hitran.iao.ru/), and dust absorption spectra from Smith
(2004) (d). Notice that the spectral values near 15 pm are not portrayed because of the extremely strong absorption by CO, in the 15 um band.
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radiation, which includes approximately 8% absorbed by dust
and 1% absorbed by clouds and other gases (Haberle et al., 2017).
This indicates that the absorption optical depth for solar radia-
tion is approximately 0.09, namely, & = 0.09, which is basically
consistent with the results by Montabone et al. (2015) derived
from observation and with the results (§, = 0.1) provided by Mil-
lour et al. (2008) in their Detailed Design Document for version
4.3 of the MCD. On the basis of the references above, the value of
the absorption optical depth for solar radiation is set to 0.1. The
value of the surface atmospheric density is set to 0.0174 kg-m~3
according to the MCD. We can then derive the mean dust mass
absorption coefficient for solar radiation k, = 61.6 m2kg~', which
is basically consistent with the values derived by Heavens et al.
(2011) in order. In a later calculation, k), is set as a constant, where-
as g, can vary to represent different dust concentrations in the at-
mosphere.

2.4 Surface Albedo Distribution

Similar to Earth, Mars has ice caps in polar regions. Unlike the
Earth, the caps are mainly composed of CO, ice. The albedo val-
ues vary greatly in the polar ice regions and the ice-free regions
(Figure 1b). Therefore, referring to the common practice of EBMs,
the surface albedo distribution function is given as

’

a, Xp <x<1
as:{af, Xs <X < Xp (10)
a;, —1<x< X
where q; is the albedo of the polar ice cap, a is the albedo of the
non-ice region, x; = sing,, x, = sing,, and ¢, and ¢, are ice lines in
the southern and northern hemisphere, respectively. The polar ice
albedo value varies from 0.45 to 0.75 in different literature studies
(e.g., Pollack et al., 1981; James and North, 1982; Haberle et al.,
1994; Clifford et al., 2000; Nakamura and Tajika, 2001). The refer-
ence CO, ice cap albedo in this article is chosen as 0.6. The ice-free
land albedo is set to 0.18, a little lower than the 0.25 set by
Haberle et al. (1994) and the 0.215 set by Pollack et al. (1987). They
chose a relatively larger value in their one-dimensional EBM to
represent the Mars planetary albedo, which is set as a constant;
for example, a commonly used value is r, = 0.25 (Barlow, 2014;
Haberle et al., 2017). In the two-dimensional EBM adopted in this
research, we not only considered the surface albedo, but also the
clouds and dust albedo. Equation (10) suggests asymmetric ice
line latitudes around the equator in each hemisphere. If setting
Xs = —X,,, it reduces to the symmetric situation as applied by Na-
kamura and Tajika (2001, 2002). By estimating from the results of
Titus and Cushing (2014), Piqueux et al. (2015), and Haberle et al.
(2017), we chose ¢, = 70°N and ¢; = 60°S. These values are com-
parable to those of Nakamura and Tajika (2001, 2002), who used a
symmetric 70° to denote the ice line. On the basis of the values
above, the mean surface albedo value is approximately 0.21,
which is basically consistent with that of Haberle et al. (2017). By
subtracting the mean surface planetary albedo from the planet-
ary albedo, we can then determine that the clouds and dust al-
bedo value is approximately 0.04, basically the same as that of
Haberle et al. (2017) but smaller than the value (0.124) used by
Pollack et al. (1981). We also tested the sensitivity of the surface al-
bedo by changing the albedo values of the polar ice and ice-free
region.

Earth and Planetary Physics  doi: 10.26464/epp2022026 287

2.5 Longwave Radiation Scheme

Unlike with solar radiation, CO, and dust are the main absorbers
of longwave radiation. The total absorption coefficient can be
written as

k = kco,Pq + KaustPad: (11)

where kgo, and kqust are the mass absorption coefficients for CO,
and dust. It should be noted that water-ice clouds are also an im-
portant absorber of longwave radiation. Considering that the
amount of water-ice clouding on Mars is relatively small, we do
not take its effect into consideration right now. The spectrum k¢,
(Figure 1c) can be obtained from the high-resolution transmis-
sion molecular absorption database (HITRAN) website (https://
hitran.iao.ru/). The dust spectrum (Figure 1d) comes from the res-
ults of Smith (2004), who gave a nondimensional amplitude with
respect to the wavenumber of 1,075 cm~'. He further suggested a
reference value of approximately 0.15 for the dust optical depth at
1,075 cm~1. According to the definition of optical depth in Equa-
tion (9), we can easily determine that the dust mass absorption
coefficient at 1,075 cm~' is 1.78 m2kg~'. The dust absorption
spectrum can then be totally known. By dividing the total absorp-
tion spectrum by 4x10% m-', we can determine that k; =
41.6 m, k, = 1.79x1075 m~1, and r = 0.071. This result suggests
that although strong absorptive regions have a relatively large ab-
sorption coefficient, they account for only a very small part of the
entire absorption spectrum. This can also be seen directly in
Figures 1b—1c. By specifying the proper horizontal and vertical
turbulent thermal conductivity (e.g., k, = 6x10° W-m~1.K-1, k, =
4x10* W-m~"-K-1), we can obtain a reasonable temperature distri-
bution.

3. Results

As discussed above, we conducted two control experiments in
which all the variables were set to the climatological mean (Exp1)
and monthly mean climatological values (Exp2) to represent the
climatological atmospheric temperature distribution. We then
conducted three additional experiments (Exp3-Exp5) to further
calculate the atmospheric temperature distribution in cold, warm,
and storm scenarios that differed in dust content to test the reli-
ability of the model. We designed the last two experiments
(Exp6-Exp7) to test the sensitivity of the introduced surface al-
bedo values. At present, the surface albedo of Mars does not have
significant variations. However, the surface of Mars has under-
gone dramatic changes on a very long term time scale. Therefore,
these two experiments may provide useful information for under-
standing the climate evolution on a very long term time scale. A
detailed description of the experimental design is summarized in
Table 1.

As shown in Figure 2a, the mean surface atmospheric temperat-
ure is approximately 210 K at the equator and declines to approx-
imately 150 K at the south pole and to approximately 160 K at the
north pole (solid line in Figure 2a). These temperatures fit well
with the mean surface atmospheric temperature in the MCD
(dashed line in Figure 2a) and suggest that the model has the reli-
ability to simulate a reasonable surface atmospheric temperature.
However, some deficiencies exist in the vertical distribution. We
can see that the theoretical atmospheric temperature generally
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Table 1. Description of the experiments conducted.

Exp. no. Solar radiation ~ Dust content  Surface albedo
Expl Climatological 9o Qi Af
Exp2 Monthly Monthly a;, af
Exp3 Climatological ~ Cold scenario aj, g
Exp4 Climatological Warm scenario a;, ar
Exp5 Climatological ~ Storm scenario aj, af
Exp6 Climatological 90 a; varies, ar
Exp7 Climatological 9o a;, as varies

Note. Variable g, represents the climatological dust mixing ratio.
Variables a;, ar are the albedo values of polar ice and non-ice,
respectively.
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Figure 2. Climatological mean surface atmospheric temperature (a),
climatological mean atmospheric temperature distribution of the
two-dimensional energy balance model (EBM) (b) and of the Mars
Climate Database (MCD) (c). The solid and dashed lines in (a) denote
the surface atmospheric temperature for the two-dimensional EBM
and the MCD, respectively.

declines monotonically with altitude, with a smaller lapse rate at
low latitudes and a larger one at middle and high latitudes
(Figure 2b). Significant differences exist comparing with the MCD,
in which a strong temperature inversion occurs near the ground
and the temperature lapse rate is larger at low latitudes but smal-
ler at middle and high latitudes (Figure 2c). Generally speaking,

the theoretical model can represent the basic temperature distri-
bution in the MCD, but with caveats in the vertical distribution.

By specifying the monthly solar radiation and dust content, we
further calculated the monthly atmospheric temperature. In
Figure 2, months 1, 4, 7 and 10 are selected to show the seasonal
variation. In month 1, the solar radiation is basically symmetrical
around the equator, determining a symmetrical temperature
(Figure 3a). Compared with the corresponding month in the MCD
(Figure 3e), the theoretical model captures the symmetrical fea-
ture but with a smaller lapse rate in the tropical regions and a lar-
ger one in the polar regions. In month 4, the warmest temperat-
ure moves to approximately 50°-60°N in the northern hemi-
sphere (Figure 3b). Compared with the corresponding month in
the MCD (Figure 3f), the vertical structure is imperfect and needs
further improvement. In month 7, the solar radiation is again
basically symmetrical around the equator but with a relatively
large irradiation value. The warmest atmospheric temperature
(Figure 3c) can exceed approximately 220 K near the equator. Be-
cause the theoretical model does not simulate the low temperat-
ure in the southern polar region, the meridional temperature dis-
tribution is smaller than in the MCD (Figure 3g). In month 10, the
warmest temperature is located at approximately 40°S in the
southern hemisphere (Figure 3d). This theoretical calculation cap-
tures the essential characteristics, but it lacks additional detail on
the meridional and vertical temperature gradients because it does
not consider the atmospheric dynamic processes compared with
the MCD (Figure 3h). Therefore, the model may be more suitably
applied in calculating the climatological mean atmospheric tem-
perature distribution, especially the surface atmospheric temper-
ature distribution. On the basis of such a consideration, we fur-
ther calculated the mean surface air temperature in each month
(Figure 4). We found that the model could predict the seasonable
variation quite well. The mean surface air temperature declines to
a minimum value in month 2 of approximately 183 K and climbs
to the maximum value of approximately 200 K in month 9. The
largest differences with the MCD appear in months 7 and 8.

Dust is one of the major absorbers of solar and longwave radi-
ation. It plays a critical role in modulating the climate of Mars. The
MCD includes three scenarios, which represent the cold, warm,
and storm cases on Mars, respectively. Following the scenarios in
the MCD, we conducted three experiments (Exp3-Exp5) by apply-
ing the dust mixing ratio in the corresponding MCD scenarios. In
the cold scenario, the atmospheric temperature distribution
(Figure 5a) basically shows little change compared with the clima-
tological state (Figure 2b). The atmospheric temperature in the
cold scenario in the MCD (Figure 5d) also changes little compared
with its normal climatological state (Figure 2c). In the warm scen-
ario, the situation is quite similar. The changes in atmospheric
temperature (Figure 5b) are insignificant. The surface atmos-
pheric temperature in the warm scenario in the MCD changes
slightly, whereas the atmospheric temperature aloft varies greatly
(Figure 5e). Because the vertical distribution of dust in the theor-
etical model is fixed, the theoretical calculation does not predict
the vertical temperature distribution well. In the storm scenario,
the atmospheric temperature warms significantly (Figure 5c).
However, as in the warm scenario, the vertical temperature distri-
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Figure 4. Variation of the mean surface atmospheric temperature
with the month. The solid and dashed lines denote the two-
dimensional EBM and the MCD, respectively.

bution violates the corresponding storm scenario in the MCD
greatly (Figure 5f). Generally speaking, the theoretical calculation
represents the surface atmospheric temperature well in all scen-
arios. However, it fails in predicting the vertical temperature distri-
bution. This result may be caused by the specified vertical distri-
bution of dust in the theoretical model and the lack of an atmo-
spheric dynamic process.

We conducted another two experiments (Exp6 and Exp7) to test
the climatic sensitivity to the surface albedo. In Exp6, we changed
the albedo value of the polar CO, ice cap from 0.45 to 0.75, cover-
ing its general range of variation, as discussed previously. A small
polar CO, ice albedo value (0.45) corresponds to a warm atmo-

spheric temperature (Figure 6a). When the polar ice albedo value
increases to 0.75, the atmospheric temperature declines in both
the meridional and vertical directions (Figure 6b). The mean sur-
face atmospheric temperature (Figure 6¢) decreases from approxi-
mately 197 K to approximately 193 K. In Exp7, we changed the al-
bedo value of the non-ice region from 0.1 to 0.3. A small albedo
value (0.1) is associated with a warm atmosphere (Figure 7a), and
the mean surface atmospheric temperature is approximately 200
K. When the albedo value is increased to 0.3, the atmosphere
cools significantly (Figure 7b), and the mean surface air temperat-
ure is approximately 187 K. The mean surface air temperature ba-
sically decreases linearly (Figure 7c) with an increasing albedo
value. Both cases suggest that the atmospheric temperature de-
clines as the surface albedo increases because an increasing al-
bedo at the surface will eventually increase the planetary albedo,
which leads to more solar radiation being reflected into space.
Furthermore, although the polar CO; ice albedo value is higher,
the coverage of the polar ice cap is relatively smaller. Therefore,
the contribution of polar ice to the planetary albedo is relatively
small. The mean surface atmospheric temperature can be seen to
decline by approximately 4 K when the polar ice cap albedo value
increases from 0.45 to 0.75, whereas it declines by approximately
13 K when the albedo value of the non-ice region increases from
0.1t00.3.
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4. Summary and Discussion
We built a latitudinal-vertical EBM for the Martian climate in this
study. The model considers the energy balance among the incom-
ing shortwave solar radiation, the outgoing longwave radiation,

and the meridional, vertical energy transport. By applying a sim-
plification scheme to deal with the longwave radiation spectrum,
we analytically expressed the temperature, a climate indicator, as
Legendre polynomials. Given the referenced climatological val-
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ues of all the parameters used, the model can predict a reason-
able climate on Mars. Compared with the results of numerical
models, such as the MCD, it captures the main features of the
mean temperature distribution but has certain distortions, such as
the vertical temperature distribution. Generally speaking, it has
sufficient reliability to simulate the mean surface atmospheric
temperature distribution on Mars. Of course, there are some limit-
ations of and caveats with the model. For example, the dynamic
processes in the tropics are not so diffusive; the vertical and hori-
zontal eddy diffusivities were chosen semi-empirically to fit the
model simulation with observations; the atmospheric temperat-
ure is a steady response to the solar radiation but with no time
evolution. We further conducted several experiments to test the
ability of the model to simulate the impact of several important
parameters, such as the solar radiation distribution, dust concen-
tration, and surface albedo. The basically symmetric solar radi-
ation, such as in months 1 and 7, can force a nearly symmetric
temperature distribution, whereas a basically asymmetric solar ra-
diation, such as in months 4 and 10, can obviously lead to an
asymmetric temperature distribution. The mean surface temper-
ature declines to minimum values near month 1, when Mars re-
ceives the least solar radiation, and it climbs to the maximum
value near month 10, when Mars receives the most solar radiation.

Dust can absorb both the solar and longwave radiation to warm
Mars. In the cold scenario, the atmospheric temperature varies
little compared with its climatological state. In the warm scenario,
the atmospheric temperature also shows an insignificant change.
We noticed that in both cases, the dust mixing ratio is relatively
small. Its absorption for the longwave radiation is relatively small
compared to the strong absorption of CO,, the major component
of the Martian atmosphere. However, in the storm scenario, in
which the dust mixing ratio has a very high value, dust can warm
the atmosphere significantly. The two-dimensional EBM can pre-
dict a relatively reasonable surface atmospheric temperature but

fails on the vertical distribution. This may be because the vertical
distribution of dust is specified in the theoretical model.

The surface albedo plays a negative role in determining the tem-
perature because it can reflect solar radiation. Although polar ice
can reflect more solar radiation, the amount of solar radiation it-
self is smaller in the polar regions and the area of polar ice is also
smaller. Therefore, the total amount of reflected solar radiation is
relatively smaller than in the non-ice region. An increase of 0.3 in
the albedo value of polar ice causes a decrease of 4 K in the mean
surface atmospheric temperature, whereas an increase of 0.2 in
the albedo value of the non-ice region can lead to a decrease of
13 Kin the mean surface air temperature.

These experiments imply that the model can deal with problems
associated with solar radiation, dust concentration, and the sur-
face albedo. For example, it can be applied to investigate the evol-
ution of the paleoclimate in different cases of solar radiation. By
specifying a temperature corresponding to an ice line, it can fur-
ther be applied to study the evolution of the polar ice and the
equilibrium states of the climate. In addition, by introducing the
large-scale atmospheric motion equation, the climatological at-
mospheric motion can be derived from the basic temperature dis-
tribution. This will further extend the application of the model. Fi-
nally, the model can be improved by introducing latitudinal vari-
ation and by providing a more accurate dust spectrum and sur-
face albedo distribution. This, in turn, depends on continuous ob-
servation and investigation on Mars, given that most of the
needed observations have actually been accumulated only in the
past two decades.
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