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Abstract The radiant energy budget (REB) is a fundamental physical parameter for planetary bodies,
though studies constraining the REB for bodies beyond Earth are relatively limited. We generate the first
meridional profiles of Mars' REB at seasonal and annual timescales through measurements based on long term
multi‐instrument observations from spacecraft orbiting Mars. Then, we compare our findings to Earth's REB
using contemporary satellite data sets. Each planet exhibits remarkably distinct seasonal REB distributions due
to differences in their orbital, atmospheric, and surface properties. Annually, Earth's REB exhibits a tropical
energy surplus and a deficit at the poles. In contrast, Mars' annual REB displays an inverted meridional
distribution with significant hemispheric asymmetry. Additionally, global dust storms significantly modify the
Martian REB. Our observations are employable in future studies to improve models on Mars' general
circulation, meteorology, and polar ice cap evolution.

Plain Language Summary The climate and weather patterns of a planet or moon are significantly
influenced by its radiant energy budget (its solar energy absorbed vs. heat energy emitted). Here, we determine
Mars' radiant energy budget averaged at each latitude per season. While Mars' global energy budget remains
roughly balanced over the course of a Martian year, as expected for rocky planets, there is a significant
imbalance within each season. Mars' southern hemisphere during its spring season is the most striking example.
Not only is the strongest energy excess amongst all Martian seasons found here ‐ this excess is also the largest in
terms of areal coverage, spanning almost all southern latitudes. Such an energy surplus contributes to the
development of Mars' atmospheric circulation and dust storms. The influence of global dust storms on the
radiant energy budget is also examined. Finally, we compare Mars' radiant energy budget to that of Earth, which
reveals dramatic differences in the meridional distribution of radiant energy at both seasonal and annual
timescales between the planets. These differences are attributed to the unique properties of each planet and have
profound impacts on their respective climate systems.

1. Introduction
When studying the thermal characteristics of a planetary body, the radiant energy budget (REB) is of fundamental
importance. For the terrestrial planets, it is largely sufficient to consider only the absorbed solar flux and the
emitted thermal power, with the REB being defined as the subtractive difference between these two quantities
(Atreya et al., 1989). When the REB has a value of zero, we consider it to be balanced—unbalanced if nonzero.
Should the body possess a substantial atmosphere, the top‐of‐atmosphere REB serves as the boundary conditions
for its climate and atmospheric circulations. Particularly, an uneven spatial distribution of radiant energy across
the body is one key factor that drives global circulation (Peixoto & Oort, 1992).

In many aspects, Mars and Earth are similar. For starters, their obliquities (25.2° vs. 23.4°) and rotation periods
(24.66 vs. 24.00 hr) are comparable. Over annual timescales, the REBs of Mars and Earth are in approximate
balance as expected of terrestrial planets (Read et al., 2016). Mars, however, displays a stronger seasonal cycle
than that of Earth because of the orbital eccentricity. While Earth's orbit is nearly circular (eccentricity ∼0.0167),
Mars' orbit is more elliptical (eccentricity ∼0.0935). Consequently, Mars' global‐average insolation is approxi-
mately 1.5 times greater at perihelion than at aphelion. In contrast, the variation of global‐average insolation is
less than 10% over a terrestrial orbit. Additionally, seasons on Mars vary greatly in length, which differs from the
roughly equal season lengths on Earth.
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As an aside, some studies regarding Earth have discerned a small, long‐term imbalance toward net absorption,
likely a consequence of increasing greenhouse gases and aerosols from anthropogenic activities (Hansen
et al., 2005; L’Ecuyer et al., 2015; Read et al., 2016; Trenberth et al., 2016). As experienced here on Earth, even
the smallest imbalances on a planet's global REB can have massive implications on a planet's climate system.
Currently, there is no consensus on whether a small imbalance exists for Mars because existing Martian obser-
vations lack the necessary spatiotemporal coverage to confidently discern such an imbalance.

Both Mars and Earth are among the handful of Solar System bodies possessing an atmosphere and ice caps at their
poles. The key differences are: (a) the Martian atmosphere is much thinner than Earth's and overwhelmingly
comprises carbon dioxide (CO2), and (b) the Martian ice caps are mostly solid CO2 instead of water ice, though
residual water ice does exist on Mars underneath the frozen CO2 at the north pole (Byrne et al., 2008). Unlike the
Earth, Mars' atmosphere is subject to large seasonal pressure variations due to the exchange of CO2 between its
polar ice caps and atmosphere over the course of a year (Hourdin et al., 1993). Amounting to approximately a
quarter of the total atmospheric CO2 content, this phenomenon is primarily induced by seasonal variations of
insolation and the subsequent distribution of the REB at the poles (Haberle & Kahre, 2010; Kelly et al., 2006;
Martínez et al., 2017). The observational characteristics of Mars' REB provided in this study have potential for
estimating or constraining the condensation and sublimation budgets of CO2 in the polar regions, which plays a
critical role in the CO2 cycle and polar cap stability (Byrne, 2009; Byrne et al., 2008; Kieffer et al., 2000; Kieffer
& Titus, 2001; Piqueux et al., 2015).

The meridional distribution of REB also has crucial influence on planetary surface, atmosphere, and climate
(Atreya et al., 1989; Peixoto & Oort, 1992; Read et al., 2016; Schubert & Mitchell, 2014), so we analyze the
meridional (zonally averaged) profiles of Mars' REB at seasonal and annual timescales. The meridional profiles of
Mars' REB are analyzed using long‐term observations from the Thermal Emission Spectrometer on the spacecraft
Mars Global Surveyor (MGS‐TES) (Christensen et al., 1998, 2001). On Mars, the most common source of
meteorological variability is the dust storm, unlike Earth's liquid H2O precipitation. Hundreds of dust storms
occur every Martian year (MY) (Cantor et al., 2001)—some even reach global dominance (e.g., Battalio &
Wang, 2021; Guzewich et al., 2019; Sánchez‐Lavega et al., 2019; Smith et al., 2001; Strausberg et al., 2005;
Zurek & Martin, 1993). MGS‐TES observed one global dust storm in MY25, so we can explore the role of the
global dust storm in the REB of Mars. Finally, we conduct a comparative analysis of the Martian REB to Earth's
with respect to meridional distribution. Corresponding meridional profiles for Earth's REB are constructed with
data from Clouds and the Earth's Radiant Energy System Energy Balanced and Filled (CERES‐EBAF) (Loeb
et al., 2018).

2. Materials and Methods
Analyses of the meridional profiles of REB at the seasonal and annual scales for Mars and Earth are based on the
observations recorded by MGS‐TES (Christensen et al., 1998, 2001) and CERES‐EBAF (Loeb et al., 2018),
respectively. The process of computing the radiant energy components (the absorbed solar energy and the emitted
thermal energy) with the observations from MGS‐TES and CERES‐EBAF are described here, with corresponding
plots for each step provided in Figures S1–S13 in Supporting Information S1.

2.1. Processing TES Data Sets

MGS‐TES consists of a solar reflector sensor (0.3–2.9 μm) and a broadband thermal radiance sensor (5.1–
150 μm) (Christensen et al., 1998). The observations recorded by the solar sensor are used to measure the reflected
solar radiance and hence the absorbed solar power, while the observations recorded by the thermal sensor are used
to measure the emitted thermal power. Here, we briefly detail the procedure of computing Mar's absorbed and
emitted powers at both seasonal and annual timescales with the TES measurements.

With the known values of incident solar flux at Mars (Figure S1 in Supporting Information S1), the absorbed solar
power can be computed by subtracting the reflected solar radiance from the incident solar flux. Meridional
profiles of the incident solar flux at Mars are based on Mars' solar flux in the two‐dimensional domain of Ls and
latitude presented in our previous study of Mars' emitted power (Creecy et al., 2022). Figure S1 in Supporting
Information S1 provides the meridional profiles at both seasonal and annual scales. For the observations of the
reflected solar radiance, the TES team further processed them into albedo data by assuming a Lambertian surface
for Mars (Christensen et al., 2001). We inherit this assumption because there is good agreement between the
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collocated TES‐derived Lambert‐albedo values and the in‐situ measurements from rovers (e.g., Perseverance)
(Martínez et al., 2023).

Uncertainties that appear when using the Lambert albedo to represent the true albedo rise from two dominant
sources: (a) the calibration of the reflected solar radiance data from TES; and (b) the non‐Lambertian effect of
Mars' surface. For the TES reflected solar radiance, the TES introductory paper suggests that the calibration error
is roughly equivalent to a signal‐to‐noise ratio ∼2,300, or ∼1/2,300 (∼0.04%) of the recorded solar radiance
(Christensen et al., 2001). Such an error is about two orders of magnitude smaller than the error introduced by the
non‐Lambertian effect as discussed below. One previous study suggests that the non‐Lambertian effect for the
Martian surface is ∼9%, where terrain variations are responsible for ∼4 of those 9% points (Bell et al., 2008). The
4% spatial variations for surface albedo have been accounted for in our computations of the zonal average albedo.
Therefore, we systematically estimate the uncertainty in the albedo measurements as 5%, with its primary cause
being the non‐Lambertian effect. We further assume that 5% uncertainty for each pixel in the albedo maps
(Figures S2 and S3 in Supporting Information S1) and for the meridional profiles of albedo in seasonal and annual
timescales (Figure S4 in Supporting Information S1).

We first organize the TES data of Lambert albedo, which span from MY24 to MY28, into a 3‐dimensonal (3D)
matrix (longitude× latitude× time). The areocentric solar longitude (Ls) is used to represent time in the TES data.
Resolutions of the 3D matrix are 1°, 2°, and 10° for longitude, latitude, and Ls, respectively. The 3D matrix is
averaged over Ls for each season to get the seasonal albedo maps (Figure S2 in Supporting Information S1). The
four seasons in the northern hemisphere (NH) (spring, summer, autumn, and winter) have Ls ranges of 0–90°, 90–
180°, 180–270°, and 270–360°, respectively. Based on the seasonal albedo maps, we can compute the annual‐
average global map of Mars' Lambert albedo after weighting each map by the varying lengths of each season
(Figure S3 in Supporting Information S1).

It should be mentioned that Mars experienced a planet‐encircling dust storm in the autumn of MY25. Global‐scale
dust storms can greatly influence the optical and thermal characteristics of Martian atmosphere (e.g., Battalio &
Wang, 2021; Sánchez‐Lavega et al., 2019), which has the potential to modify the absorbed solar power and
emitted thermal power (Creecy et al., 2022). Since Earth experiences no global‐scale phenomena of comparable
size and severity, we exclude solar and thermal data from TES that is associated with the autumn of MY25 for the
comparative study between Mars and Earth. This excluded data is repurposed for another part of this study, which
investigates the role of the autumn MY25 global dust storm in Mars' REB.

Our previous study (Creecy et al., 2022) suggests that the global‐average absorbed solar power, based on the TES
global‐average Lambert albedo, is smaller than the global‐average emitted power during the TES epoch (MYs
24–28). There are two possibilities: (a) uncertainties in the measurements of Mars' albedo caused the inconsis-
tency, and (b) there is indeed an energy imbalance at the annual scale. Sun‐synchronous observations conducted
by MGS‐TES have incident angle limited coverage, making it difficult to fully examine the Bidirectional
Reflectance Distribution Function and hence the regional albedo. Therefore, it is challenging to precisely measure
the albedo and absorbed solar energy based on the TES observations, which further hinders our ability to examine
the potential energy imbalance. It should be emphasized that the uncertainties in the albedo do not significantly
affect the structure of meridional profiles of the albedo and its related absorbed solar power provided that the non‐
Lambertian effects and other unidentified error sources in albedo are systematic. Additionally, the uncertainty in
the TES measurements of albedo (5%), as discussed above, is accounted for in our analysis of Mars' absorbed
solar power and REB.

Earth's global‐average annual REB is approximately balanced with an energy imbalance smaller than 0.1% of
each of the radiant energy components (i.e., the absorbed solar energy and the emitted thermal energy) (Hansen
et al., 2005; L’Ecuyer et al., 2015; Trenberth et al., 2016). In this study, we also assume that Mars' global‐average
REB at the annual scale is balanced despite lacking precise measurements. Our previous study of Mars' emitted
power suggests that the global‐average albedo at the annual scale should be 0.24 to balance the observed global‐
average annual emitted power (Creecy et al., 2022). Based on the annual‐average Lambert albedo (Figure S3 in
Supporting Information S1), the global‐average albedo at the annual scale is 0.216. Consequently, each of the
global maps of Mars' Lambert albedo in the four seasons are scaled by 0.24/0.216 = 1.12, which corrects the
Lambert albedo in adherence with the assumption of annual global power balance. The rescaled global maps are
then averaged over the longitudinal direction to get the meridional profiles of Mars' albedo at both seasonal and
annual scales (Figure S4 in Supporting Information S1).
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The meridional profiles of Mars' albedo (Figure S4 in Supporting Information S1) are combined with the incident
solar flux at Mars (Figure S1 in Supporting Information S1) to the get the meridional profiles of absorbed solar
power as follows: Pabs = (1 − A)F, where Pabs is the absorbed power, A the albedo, and F the incident solar flux.
This equation suggests that uncertainty in the computed absorbed solar power is determined by uncertainties in
both albedo and the incident solar flux. Incident solar flux is theoretically calculated based on known values of
Mars' obliquity and the Sun‐Mars distance, so its uncertainty is negligible. Therefore, the uncertainty in the
computed absorbed solar power is primarily driven by the uncertainty in albedo, which as described earlier, is
systematically estimated as 5%. The meridional profiles of Mars' absorbed power at both seasonal and annual
timescales, along with their uncertainties, are presented in Figure S5 in Supporting Information S1.

Measurements of Mars' emitted power are based on observations recorded by the TES thermal sensor, with its
processing previously completed using techniques originally developed to investigate the emitted power of
Saturn, and later Titan and Jupiter (Li et al., 2010, 2011, 2012). To summarize the procedure for calculating Mars’
emitted power from our previous study (Creecy et al., 2022): TES infrared data sets from MYs 24–28 were
averaged seasonally to produce meridional profiles of Mars' emitted power for each season, with a 2° latitude
resolution (Creecy et al., 2022). These seasonal profiles were then used to derive the annual profiles of Mars'
emitted power. Additionally, the meridional profile of Mars' emitted power for the autumn of MY25 (the season
with a global dust storm) was also separately computed in that study. The uncertainties in the emitted power,
primarily arising from two dominant error sources (the uncertainty related to the calibration of TES infrared data
and uncertainty related to filling observational gaps) were discussed in detail in our previous study (Creecy
et al., 2022). A reproduction of the results from this procedure is presented in Figure S6 in Supporting Infor-
mation S1, where linear interpolation was used to double the resolution to 1° latitude. Comparisons of the
meridional profiles of Mars' absorbed solar power and emitted power at the seasonal scale are shown in Figure 1
of this paper. As a supplement, the comparison between solar power and emitted power profiles at the annual scale

Figure 1. Seasonal comparison of meridional profiles between the absorbed and emitted powers of Mars. Vertical lines indicate uncertainties in the measurements of the
absorbed and emitted powers. (a) Spring in the NH (Ls = 0°–90°), (b) Summer in the NH (Ls = 90°–180°), (c) Autumn in the NH (Ls = 180°–270°), and (d) Winter in
the NH (Ls = 270°–360°). The average sub‐solar latitudes for the four seasons are 16.2°, 16.7°, 15.6°, and 15.7° for the NH spring, summer, autumn, and winter,
respectively.
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is provided in Figure S7 in Supporting Information S1. The difference between the meridional profiles of
absorbed solar power (Figure S5 in Supporting Information S1) and emitted power (Figure S6 in Supporting
Information S1) at both seasonal and annual scales defines the REB profiles, which are displayed in Figure S8 in
Supporting Information S1.

2.2. Processing CERES‐EBAF Data Sets

Unlike Mars, the meridional profiles of Earth's zonally averaged REB are comparatively well‐studied—the
earliest analyses date back to the infancy of satellite technology (Ellis & Vonder Haar, 1976; Vonder Haar
et al., 1980). As of 2023, the most up‐to‐date measurements for Earth's top‐of‐atmosphere REB are from CERES‐
EBAF, which is a data product constructed through agglomerating the radiance measurements acquired by
multiple CERES instruments onboard the Terra, Aqua, Suomi National Polar‐Orbiting Partnership, and NOAA‐
20 satellites (Loeb et al., 2018). This data product is accessible online (Doelling, 2022), where the desired data is
selectable for export via a configurable user interface. For this study, the all‐sky monthly profiles for the top‐of‐
atmosphere reflected shortwave solar flux, outgoing longwave thermal flux, and incident solar flux were extracted
with the “climate year” option (i.e., monthly averages for 2005–2015) to smooth out transient effects on Earth's
albedo and to act as a baseline for what constitutes average conditions in the Earth's atmosphere. To compute the
seasonal and annual average profiles of the absorbed and emitted powers from the monthly mean data (Figures
S9–S13 in Supporting Information S1), each month is assigned a weight based on the number of days it has within
the season of interest. Additionally, February is treated as 28.25 days long; solstices and equinoxes are considered
to occur on the 22nd of March, June, September, and December. As an example, the month of March has a weight
of 31/365.25 in the annual average, 9/92 in spring, 22/90.25 during winter, and 0 otherwise.

For the CERES‐EBAF data sets, measurement uncertainties were given as 2.5 W/m2 for the meridional profiles of
emitted longwave thermal flux, reflected shortwave solar flux, and incident shortwave solar flux (Loeb
et al., 2018). The meridional profiles of incident solar flux at both seasonal and annual scales, along with the
uncertainties (2.5 W/m2), are presented in Figure S9 in Supporting Information S1. We subtract the reflected solar
flux from the incident solar flux to obtain the absorbed solar power at the seasonal and annual scales (Figure S10
in Supporting Information S1). Since the incident solar flux and the reflected solar power both have a uniform
uncertainty of ±2.5 W/m2 for all data points (Loeb et al., 2018), the uncertainty of the absorbed power is also
uniform (∼3.5 W/m2) as derived from the propagation of additive errors ((2.52 + 2.52)1/2 = 3.5 W/m2). For the
emitted thermal power, their meridional profiles at both seasonal and annual scales, along with the uncertainties
(2.5 W/m2), are presented in Figure S11 in Supporting Information S1.

Based on the meridional profiles of absorbed and emitted power at the seasonal scale, we have the comparisons
between Earth's absorbed solar power and emitted power during the four seasons in the main text (Figure 2). A
related comparison between Earth's absorbed and emitted power at the annual scale is presented in Figure S12 in
Supporting Information S1. Additionally, the REB profiles at both seasonal and annual scales, which are based on
the profiles of the absorbed solar power (Figure S9 in Supporting Information S1) and emitted power (Figure S10
in Supporting Information S1) are displayed in Figure S13 in Supporting Information S1.

3. Results
3.1. REB Comparisons Between Mars and Earth at Seasonal and Annual Scales

When discussing imbalances in the REB, we consider positive and negative signs to indicate a net energy excess
and deficit respectively while zero suggests a perfect balance. We first consider the seasonal profiles of Martian
radiant energy components (Figure 1). Direct comparison of Mars' seasonal absorbed solar power and emitted
thermal power profiles suggest an energy deficit near the equator and the northern middle latitudes during the
northern spring (Figure 1a). The energy deficit here is related to the smaller absorbed solar power, a consequence
of a higher local albedo (Figures S2 and S4 in Supporting Information S1). The southern polar region also exhibits
an energy deficit attributable to a stronger decrease in the absorbed solar power relative to that of the emitted
thermal power toward the South Pole. On the contrary, the northern pole shows an energy excess during NH
spring, which is primarily caused by a large solar flux and the resulting high absorbed solar power (Figure S5 in
Supporting Information S1). Furthermore, lower albedo values near latitudes 60°N and 75°N also contribute to
the energy excess in the northern polar region. Exhibited in Figure 1b (NH summer) are similar patterns for each
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radiant energy component as observed during the NH spring (Figure 1a), which rises from the comparable
magnitudes of each component across the two seasons.

Panels C and D of Figure 1 also show similar patterns between the NH autumn and NH winter seasons, with a
dominant energy excess in the southern hemisphere (SH) for both seasons. These two seasons occur around the
perihelion of Mars' orbit (solar longitude Ls= 251°), where the Sun‐Mars distance is minimal and the solar flux is
maximal. Thus, the strong solar flux in the SH during these seasons is the primary reason for the energy excesses
observed there. Perihelion's occurrence within the northern autumn (Ls = 180–270°) instead of the northern
winter (Ls = 270–360°) also explains the greater latitudinal range and magnitude of the former season's energy
excess (panel C) compared to the latter (panel D).

Now, we examine the seasonal profiles of Earth's REB. Figure 2 shows minima near the equator for both absorbed
solar power and emitted thermal power across all four seasons. Minima in the power absorption profiles are
related to the high albedo deserts and clouds present at ∼10°N latitude; minima in the emitted power profiles are
attributed mostly to the high clouds generated by the Inter‐Tropical Convergence Zone (Schneider et al., 2014).
These high clouds, characterized by relatively cold temperatures, are the dominant depressor of equatorial power
emission. Figure 2 further indicates that the regional minima around the equator are much more pronounced in the
emission profiles compared to the absorption profiles, contributing to Earth's persistent tropical energy excesses
across all seasons, which are more clearly illustrated in Figure 3. Figure 3 also shows that Earth's tropical energy
excess shifts from a latitudinal band spanning ∼20°S–60°N during the NH spring and summer seasons to a
latitudinal band of similar width shifted roughly 40° southward during the other two seasons. Outside the tropics,
energy deficits are observed in the middle and high latitudes throughout all seasons.

Returning to Mars, the REB for each of the four seasons (red curves in Figure 3) is constructed based on the
meridional profiles of each radiant energy component shown in Figure 1. Generally, energy imbalances are more
pronounced in the polar regions (>60°) than at lower latitudes. During the NH spring and summer, the northern

Figure 2. Seasonal comparison of the meridional profiles between Earth's absorbed and emitted powers. Vertical lines represent uncertainties in the absorbed and emitted
powers. (a) Spring in the NH, (b) Summer in the NH, (c) Autumn in the NH, and (d) Winter in the NH.
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polar region experiences an energy excess, while the southern polar region shows an energy deficit. In the other
two seasons (NH autumn and winter), the polar regions reverse this pattern. An extreme case is observed in NH
autumn (panel C of Figure 3), where an energy excess almost completely covers the SH, with the strongest
magnitude of any season, reaching approximately 80 W/m2 near the south pole.

Now, we consider the annual average energy imbalances of each planet (Figure 4). Derived from averaging the
seasonal energy imbalance profiles of Figure 3, fundamental differences between these two terrestrial planets'
REBs are reinforced. Once more, we observe an energy deficit predominant in the Martian tropics, while Earth's
tropics exhibit an energy excess. Mars' tropical energy deficit is concentrated north of the equator, whereas Earth's
tropical energy excess is roughly symmetric about the equator. The unique topography of each planet and their
different orbital characteristics underly these differences at annual time scales.

Poleward, the annual average energy imbalance manifests different patterns as well, though the behavior follows
that of the seasonal profiles. Martian middle and high latitudes have energy excesses, while deficits are found on
Earth. Earth's deficits are largely due to its oceans and thick atmosphere acting as effective transporters of incident
solar flux poleward from the tropics (Boeira Dias et al., 2020; Stocker et al., 2013). Conversely, Mars' thin at-
mosphere hinders efficient meridional solar flux transport, subsequently yielding a steeper meridional temper-
ature gradient and thus a greater contrast in power emission between the tropics and higher latitudes of Mars
(Figure 1) relative to Earth (Figure 2). This meridional contrast on Mars results in higher latitude energy excesses,
while a smaller corresponding contrast on Earth contributes to energy deficits in its high latitudes (Figure 4).

3.2. Role of Global Dust Storms in Martian REB

During the period of TES observations, a global dust storm developed in the northern autumn of MY25.
Therefore, TES observations of the MY25 global dust storm provide an opportunity to examine the role of how
global dust storms modify Mars' REB. The impacts of the MY25 global dust storm on the emitted thermal power

Figure 3. Seasonal comparison of meridional profiles of the REB (the absorbed power minus the emitted power) between Mars and Earth. Vertical lines indicate
uncertainties of the REB. Different scales are used in the vertical axis for each planet to maintain the visibility of finer structure within the profiles. (a) Spring in the NH,
(b) Summer in the NH, (c) Autumn in the NH, and (d) Winter in the NH.
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were discussed in our previous study (Creecy et al., 2022). Here, we investigate the storm's influence on albedo
and, by extension, the absorbed solar power. Then, in combining the analyses of emitted and absorbed powers, we
can determine the role of the MY25 global dust storm in Mars' REB.

We begin by averaging the Lambert albedo from the TES data set during autumn MY25 to derive the seasonally
averaged albedo. The global map of Lambert albedo in autumn of MY25 is then compared to the global map of
other autumns without global dust storms (referred to as normal autumns—see Figures S14 and S15 in Supporting
Information S1). There are noticeable changes in albedo from normal autumns to the autumn of MY25. In the
Hellas basin (∼40°S), where the global dust event originated, the albedo increased substantially. Elsewhere, the
albedo increase can exceed 60%. Changes in albedo can be explained by increased dust transport during the global
dust storm. These additional dust particles, both those suspended in the atmosphere and resting on the surface,
reflect more sunlight and thereby increases the albedo.

Albedo increases are more pronounced southward of the Hellas basin than to the north. This is probably related to
the asymmetry in the global meridional circulation, where the circulation branch in the northern hemisphere is
stronger and wider than that of the southern hemisphere during the autumn season (e.g., Holmes et al., 2019,
2020). Generally, the magnitude of albedo modification decreases in latitude bands moving away from Hellas
basin (Figure S15 in Supporting Information S1). In the southern polar region (60–90°S), the albedo modification
due to the global dust storm is more complex. Longitudes initially covered by polar ice (∼120°W—45°E) saw an
increase in albedo, whereas other longitudes saw a decrease. This is because dust particles that cover polar ices
decrease albedo, as Martian soil has lower reflectivity than ice, while in non‐icy polar longitudes, dust particles
aloft increase the albedo by reflecting more sunlight.

By averaging the albedo in the longitudinal direction, we obtain the meridional profiles of Lambert albedo for the
autumn of MY25 and normal autumns. We then multiply these profiles by the scale factor of 1.12 as discussed
earlier, which adjusts the Lambert albedo to a value that satisfies the assumption of a globally balanced annual

Figure 4. Comparison of annual‐average meridional profiles of the REB between Mars and Earth. Vertical lines indicate uncertainties in the measurements of the REB.
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energy budget. During the MY25 global dust storm, the maximum albedo increase occurs around∼40°S, or where
the Hellas basin lies. Simultaneously, the zonal mean albedo decreased in the southern polar region while
increasing everywhere else from normal autumns to the autumn of MY25 (See Figure S16 in Supporting
Information S1).

Based on the albedo modifications just described (Figure S16 in Supporting Information S1), we now examine the
impact of the MY25 global dust storm on the absorbed solar power. Figure 5 shows the changes in the absorbed
solar power versus variations in the emitted thermal power (Creecy et al., 2022). Increased albedo decreases
absorbed solar power, so modifications of absorbed solar power caused by the global dust storm (panel B of
Figure 5) are inversely related to changes in albedo (panel B of Figure S16 in Supporting Information S1). The
maximum decrease in the absorbed solar power occurred in the latitude of Hellas basin (∼40°S), with a reduction
of ∼18 Wm− 2 (∼10%). Panel E of Figure 5 shows that the emitted power also decreased during the season of the
global dust storm (MY25 autumn), again particularly in the Hellas basin. However, unlike with absorbed solar
power, the global dust storm decreased the emitted power across all latitudes (Creecy et al., 2022). During the day,
dust particles in the atmosphere reflect and absorb solar radiation, which cools the surface (e.g., Gurwell
et al., 2005; Smith, 2004) and subsequently reduces emitted power (Creecy et al., 2022). At night, dust particles in
the atmosphere trap outgoing thermal radiation from the surface, causing surface temperatures and emitted power
to rise. However, the overall effect of the global dust storm in MY25 was a decrease in the emitted power, as the
daytime reduction outweighed the nighttime increase (Creecy et al., 2022).

Figure 5. Comparison of the absorbed and emitted powers between normal autumns and the autumn of MY25. Vertical lines indicate measurement uncertainties. A
global dust storm developed during the autumn of MY25, while autumns without global dust storms are defined as normal autumns. (a) Comparison of Mars' absorbed
solar power between normal autumns and the MY25 autumn. (b) Difference—defined here as Mars' absorbed solar power in autumn MY25 minus that of normal
autumns. (c) Difference ratio—the ratio between the difference (panel B) and the absorbed power of normal autumns (red line in panel A). Panels (d), (e), and (f) are the
same as (a), (b), and (c), respectively except for the emitted thermal power.
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By combining the variations in absorbed and emitted powers (Figure 5), we can next assess the impact of the
MY25 global dust storm on the REB (i.e., the net power). Figure 6 suggests that the maximum increase in the net
power caused by the storm mainly occurred in the southern polar region. At other latitudes, changes in the
absorbed and emitted powers better offset each other, resulting in smaller net power variations. In most latitudes
beyond the southern polar region, the decrease in the emitted power exceeds the decrease in the absorbed power,
leading to an increase in the net power. Exceptions include a latitude band from ∼47°S to ∼60°S and a narrow
band around 43°N, where the decrease in the emitted power was less than the decrease in the absorbed power,
resulting in a decrease in the net power. Uncertainties in the net power variations are larger than the variations
themselves at some latitudes, making these changes statistically insignificant. Additionally, the difference ratio
(variation in the net power relative to the net power of normal autumns) becomes extremely large near the equator,
where the net power approaches zero during normal autumns.

We conclude this section with a brief look into the hemispheric distribution of albedo between the planets. Unlike
Mars, Earth does not experience singularly sourced global weather phenomena akin to Martian global dust

Figure 6. Comparison of the net power between normal autumns and the autumn of MY25. Vertical lines indicate
measurement uncertainties. (a) Comparison of Mars' net power between normal autumns and autumn of MY25.
(b) Difference between the net power of autumn MY25 minus and the net power in normal autumns. (c) Ratio between the
difference (panel B) and the net power of normal autumns (red line in panel A). Extremely large difference ratios, resulting
from the net power of normal autumns approaching zero near the equator, are not shown in panel C to maintain visibility of
the finer structures within the middle and high latitudes.
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storms. Despite that, the annual‐mean albedo and reflected solar power on Earth exhibit a surprisingly hemi-
spheric symmetry (e.g., Datseris & Stevens, 2021; Stephens et al., 2015). The CERES‐EBAF data set shows that
the hemispheric‐average albedos are 0.29351 and 0.29396 for the NH and SH, respectively. The difference in
albedo between the two hemispheres is ∼0.15%, which is much smaller than the measurement uncertainty
(∼1.0%). This hemispheric symmetry in Earth's albedo is attributed to a compensating mechanism, where
increased reflection from clouds in the SH balances the higher reflection from land in the NH (e.g., Datseris &
Stevens, 2021; Stephens et al., 2015). However, current atmospheric and climate models fail to capture this
symmetry (Stephens et al., 2015), suggesting an incomplete understanding of the underlying physics behind the
hemispheric symmetry in Earth's albedo, even though there are some proposed mechanisms such as the role of
clouds (Datseris & Stevens, 2021). Since the observational characteristics of Earth's albedo have been used to
evaluate the climate models of our home planet (e.g., Stephens et al., 2015), usage of Mars' albedo and REB
characteristics revealed in this study can refine constraints used to develop atmospheric and climate models for
Mars.

Here, we examine the hemispheric distribution of Mars' annual‐mean albedo and the role of influence that the
MY25 global dust storm plays. Figure S17 in Supporting Information S1 compares the meridional profile of
annual‐mean albedo between the season containing the MY25 global dust storm and normal years. Albedo
modifications caused by the global dust storm (i.e., decreased albedo in the southern polar region and increased
albedo elsewhere) are similar in both the seasonal and annual analyses (Figures S16 and S17 in Supporting In-
formation S1). Since modifications to the albedo occur mainly in the autumn of MY25, its impact is diluted in the
annual analysis, making the seasonal modification (Figure S16 in Supporting Information S1) more pronounced
than the annual modification (Figure S17 in Supporting Information S1). Figure S17 in Supporting Informa-
tion S1 can be also used to assess whether the MY25 global dust storm contributed to balancing the annual‐mean
albedo between the NH and SH. For MY25, the annual hemispheric‐average albedos are 0.275 and 0.228,
respectively. The NH albedo is larger than the SH albedo by ∼0.047 (∼20.6% of the SH albedo) and is much
larger than the albedo uncertainty (∼5.0%). In normal years, hemispheric‐average albedos are 0.267 and 0.215 for
the NH and SH, respectively, or rather the albedo of the NH exceeds the SH by ∼0.052 (∼24.2% of the SH al-
bedo). Thus, the global dust storm in MY25 reduced hemispheric asymmetry in the annual‐mean albedo from
∼24.2% to ∼20.6%, which is substantially larger than the persistent ∼0.15% asymmetry found on Earth and does
not fully balance the albedo between the two hemispheres.

4. Conclusion and Discussion
We have presented the first meridional distribution of Mars' REB at seasonal and annual timescales. Additionally,
a comparative analysis of the REBs of Mars and Earth at seasonal and annual scales was conducted. Their
meridional distributions are dramatically different due to variations in surface, atmospheric, and orbital prop-
erties. Earth, a vibrant world with a thick atmosphere and an ocean of liquid water, facilitates meridional heat
transport. In contrast, Mars lacks a liquid ocean and possesses a thin atmosphere. Earth's robust heat transport
capacity results in meridional energy budget profiles with tropical energy excesses that diminish poleward into a
deficit. Conversely, the dominant feature of Mars' seasonal REB is the presence of energy excesses in the higher
latitudes of the spring and summer hemispheres with deficits in the polar night region at the opposite pole.
Midlatitude and tropical regions exhibit a near neutral meridional distribution south of the equator and a slight
deficit northward of the equator. Additionally, the eccentricity of the Martian orbit causes the polar REB maxima
to vary in magnitude significantly due to insolation differences between perihelion and aphelion. At the annual
scale, the meridional profiles of Mars' REB form a dip (a “U” shape) with the minimum around the equator. In
contrast, Earth's corresponding profile would be similar but inverted and vertically stretched. Finally, our in-
vestigations suggest that global dust storms, a unique large‐scale weather phenomenon on Mars, play a significant
role in modifying the planet's REB.

As the meridional distribution of the REB is crucial for understanding a planet's atmosphere and climate. We
anticipate that the new observational characteristics of the meridional distribution of Mars' REB at seasonal and
annual timescales can enhance our understanding of the Martian system. Aiming to stimulate further ideas and
studies, we briefly discuss a few potential applications of the Martian REB's meridional distribution.

One consideration for future studies concerning Mars' general circulation is the role of the REB in influencing
large‐scale meridional circulation and dust storm formation. Conventionally, the large‐scale meridional
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circulation of Mars has been attributed to the meridional distribution of insolation at the surface and its evolution
over time (e.g., Ward, 1974; Zurek et al., 1992). Additionally, the Martian dichotomy has also been suggested as a
mechanism capable of generating the observed seasonal variations in meridional circulation independent of the
timing of perihelion (e.g., Richardson & Wilson, 2002). It is possible that the net effect of the REB, rather than
insolation alone, combined with topographic forcing, can enhance our understanding and improve the fidelity of
models for Mars' meridional circulation. In turn, the meridional distribution of the REB likely plays a critical role
in creating the ‘dusty’ conditions of Ls 180°–360° on Mars. In particular, panel C of Figure 3 shows that relatively
large energy excess exists in the whole SH during its spring season (Ls = 270°–360°). This significant energy
excess can warm up the surface and hence the atmospheric layer near the surface, further creating convectively
unstable conditions. Such instabilities probably play a role in developing dust storms over the whole SH.

Another potential application of our REB reanalysis is on the Martian CO2 cycle, since the energy excess and
deficit in the polar region can respectively contribute to the sublimation and deposition of CO2 (e.g., Paige &
Ingersoll, 1985; Schmidt et al., 2010; Titus et al., 2017). Here, a simple estimate of the CO2 mass flux can be made
by assuming that all of the excess and deficit in the REB (Figure 3) are utilized to sublimate and deposit CO2

respectively. With such an assumption, we can convert the REB profiles shown in Figure 3 into profiles of CO2

mass fluxes through dividing each profile by the latent heat of CO2 sublimation/deposition (571,300 J/kg).
Spatially, only high latitudes are considered, because relatively little solid CO2 exists equatorward of 50°.
Temporally, only the equinoctial seasons (spring and autumn) are examined, as CO2 phase changes are most
dominant during these periods. During these seasons, the growth and recession of the seasonal polar caps are most
rapid, and the flux of mass into and out of the polar regions highest. In contrast, the sizes of the seasonal caps
remain relatively stable throughout most of summer and winter, despite these being the warmest and coldest
periods, respectively.

As anticipated from applying a scalar uniformly to Figure 3, the southern cap liberates more CO2 than the northern
cap overall (Figure 7). Deposition rates, on the other hand, are comparable between the two polar caps. Quan-
titatively, the mass fluxes have rough agreement with prior studies within one order of magnitude (Kieffer
et al., 2000; Kieffer & Titus, 2001; Titus et al., 2017). While our simple estimate suggests that the REB is an
important factor in the CO2 cycle in the high latitudes, there are other factors that must be accounted for. For
example, part of the energy excess and deficit in the REB can modify the surface temperature, which could be ice,
before the sublimation and deposition of CO2 occurs. Another consideration is the interactive relationship

Figure 7. Meridional profiles of Martian daily carbon dioxide mass flux across the typical latitudes of each polar cap (50°–90°) during the equinoctial seasons. The red
curve corresponds to Ls 0°–90° (NH spring and SH autumn) and the blue curves 180°–270° (NH autumn and SH spring). (a) South polar region; (b) north polar region. A
positive mass flux indicates the sublimation of CO2, while the negative mass flux represents the deposition of CO2. Vertical lines represent uncertainties in mass flux.
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between the REB and the CO2 phase change: while the REB directly affects CO2 sublimation/deposition rates,
corresponding growth and recession of the ice caps cause changes in the visible and thermal characteristics of the
surface, hence modifying the REB. Summarily, the REB provides an important constraint for the Martian CO2

cycle, especially at the poles, which should be considered in future studies of Mars' surface, atmosphere, and
climate.
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