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The global energy budget is pivotal to understanding planetary evolution and
climate behaviors. Assessing the energy budget of giant planets, particularly
those with large seasonal cycles, however, remains a challenge without long-
term observations. Evolution models of Saturn cannot explain its estimated
Bond albedo and internal heat flux, mainly because previous estimates were
based on limited observations. Here, we analyze the long-term observations
recorded by the Cassini spacecraft and find notably higher Bond albedo
(0.41+0.02) and internal heat flux (2.84 + 0.20 Wm™) values than previous
estimates. Furthermore, Saturn’s global energy budget is not in a steady state
and exhibits significant dynamical imbalances. The global radiant energy
deficit at the top of the atmosphere, indicative of the planetary cooling of
Saturn, reveals remarkable seasonal fluctuations with a magnitude of

16.0 + 4.2%. Further analysis of the energy budget of the upper atmosphere
including the internal heat suggests seasonal energy imbalances at both global
and hemispheric scales, contributing to the development of giant convective
storms on Saturn. Similar seasonal variabilities of planetary cooling and energy
imbalance exist in other giant planets within and beyond the Solar System, a
prospect currently overlooked in existing evolutional and atmospheric
models.

The radiant energy budget, which measures the balance or imbalance  heat'?, which can help us constrain models and theories of planetary
between the two radiant energy components (i.e., emitted thermal formation and evolution®™°.

energy and absorbed solar energy), is essential for understanding
planets and satellites™*. It significantly affects the thermal structure and
related characteristics (i.e., surface properties, atmospheric circula-
tion, weather, and climate) of planets and satellites®”. For giant pla-
nets, the radiant energy budget is also used to estimate the internal

A study of Jupiter’s energy budget" suggests that the wavelength-
dependent nature of radiant energy components plays a critical role in
determining the energy budget of planets. For Saturn, examination of
the radiant energy at the top of the atmosphere is more complicated
because of its rings ™. The rings can block and scatter solar radiance
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and hence affect the amount of solar power absorbed by Saturn’s
atmosphere. Additionally, thermal emission from Saturn’s rings onto
its atmosphere influences the radiant energy budget. In addition to
directly influencing the radiant energy budget at the top of Saturn’s
atmosphere, the rings pose difficulties in observing Saturn’s atmo-
sphere by blocking the view of an observer to the atmosphere’s.

Moreover, the combination of Saturn’s rings and the planet’s
other unique features, including its large orbital eccentricity (0.052)
and axial obliquity (26.7°), results in significant seasonal variations.
However, Saturn’s seasonal variations of the radiant energy compo-
nents have not been fully considered in previous studies>”'*%,
because long-term high-quality observations were lacking prior to the
Cassini mission. The difference between the emitted thermal energy
and absorbed solar energy is generally used to estimate the internal
heat of giant planets"?. Similarly, the seasonal variations of the radiant
energy components have not been fully considered in previous esti-
mates of the internal heat of giant planets including Saturn.

In this study, we use the multi-instrument observations recorded
by the Cassini spacecraft during its long-term mission orbiting Saturn
(2004-2017) to investigate Saturn’s radiant energy budget and its
seasonal variations. The investigation of the seasonal variations of
Saturn’s radiant energy budget is further used to estimate the inter-
nal heat.

Results
Treatment of rings’ effects and computation of radiant energy
components
Thermal observations from the Composite Infrared Spectrometer
(CIRS)* are used to compute Saturn’s emitted power, while solar
observations from the Imaging Science Subsystem (ISS)"® and the
Visual and Infrared Mapping Spectrometer (VIMS)* are used to
examine the Bond albedo and hence the absorbed solar power. The
Cassini observations offer significant advantages over previous
observations in many aspects for measuring the radiant energy bud-
gets of planets and satellites (e.g., better coverage of wavelength,
viewing geometry, and observational period)".

The methodology of using visible and infrared observations to
compute the radiant energy components has been described in our
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Fig. 1| Meridional profiles of Saturn’s emitted power during the whole Cassini
period (2004-2017). The profile titled “1980-81” (i.e., the dashed line) comes from
previous studies®* based on the observations recorded by Voyager 1 and 2 in
1980-81. The Cassini/CIRS observations in 2004 and 2005 are relatively sparse, so
we combine them with the observations in 2006. The thick lines are the profiles of
the emitted power in different years. The horizontal error bars represent the
uncertainties of measurements, which mainly come from the uncertainty sources
from the CIRS data calibration and filling observational gaps.

previous studies™**2%, The discussions of the methodology, the
corresponding data processing, and the computations of radiant
energy budget are presented in the Methods (also see Figs. S1-S25 in
the Supplementary Information). Here, we briefly describe the process.
We first compute Saturn’s emitted power for the Cassini epoch (2004-
2017) and extend the results to cover Saturn’s complete orbital period
from 1995 to 2025, a period including the Cassini epoch. To measure
Saturn’s bolometric Bond albedo, we need to consider the effects of
the rings on the radiant energy components. Based on the model of
rings developed by previous studies™”™* and the optical characteristics
of Saturn’s rings updated by the Cassini observations*~°, we calculate
the meridional and seasonal distributions of the three effects of the
rings (i.e., insolation shadowing, insolation scattering, and thermal
emission) on Saturn’s atmosphere. The ring-modified solar flux, which
is defined as the solar power per unit area, is validated by observations.
We use this solar flux as a reference, combined with the solar obser-
vations from Cassini and other observatories, to calculate Saturn’s
Bond albedo. The computed Bond albedo is further used to investigate
the global and hemispheric averages of Saturn’s absorbed power. It
should be mentioned that Enceladus water torus®™** can potentially
affect the radiant energy budget of Saturn, but its effects are much
smaller than those from the rings due to its significantly colder tem-
perature, greater distance from Saturn, and lower density compared to
the rings. Therefore, the water torus generated by Enceladus is not
considered in our analysis of Saturn’s radiant energy budget.

Emitted power

Figure 1 shows Saturn’s emitted power during the Cassini period. The
significant increase in emitted power in the middle latitudes of the
northern hemisphere (NH) from 2010 to 2011 is related to a giant
storm®?¢, which modified the thermal structure of Saturn’s
atmosphere®*’*® and consequently affected the outgoing thermal
radiance. In contrast, the southern hemisphere (SH) displays relatively
smooth temporal variations, with Saturn’s emitted power gradually
decreasing from 2004 to 2017. These temporal variations are related
to the seasonal transition from summer (2004) to the winter solstice
(2017) in the SH. The Cassini profiles shown in Fig. 1 are used to
compute the global and hemispheric averages of emitted power for
the Cassini epoch (Figs. S3-S5). Figure 1 also displays a comparison of
the emitted-power profile between the Cassini measurements and the
results from the Voyager spacecraft®*'. The Voyager profile differs
from all Cassini profiles. Specifically, the solar longitude for the Cassini
observationsin 2010 is 10.1°, which is close to the solar longitude of13°
for the Voyager observations in 1980-81. This suggests that the two
observations are separated by approximately one Saturn year. The
difference between the two observations provides an opportunity to
examine the possible interannual variations of Saturn’s emitted power.

The meridional distribution shown in Fig. 1 is used to compute the
global and hemispheric averages of Saturn’s emitted power, as pre-
sented in Fig. 2. The hemispheric-average emitted powers exhibit
much stronger seasonal variations than the global-average quantity
because the seasonal variations at the hemispheric scale are partially
canceled out when conducting a global average. The 2010 giant storm
developed in the middle latitudes of the NH did not affect the thermal
structure of the Southern Hemisphere (SH), so the SH-average emitted
power displays a monotonic decrease in the Cassini epoch, which
corresponds to the decreasing solar irradiance in the SH from 2004 to
2017. The effects of the 2010 giant storm on the emitted power in the
middle latitudes of the NH (Fig. 1) is clearly shown in the global and NH
averages (Fig. 2).

The Cassini epoch does not cover Saturn’s complete seasonal
cycle, so we extrapolate the measurements from the Cassini epoch
(2004-2017) to a complete orbital period (1995-2025), including the
Cassini epoch. Solar irradiance, which has a clear seasonal cycle, is the
most important factor affecting the thermal property and, hence, the
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Fig. 2 | Global and hemispheric averages of Saturn’s emitted power during the
Cassini epoch. Vertical lines represent the measurement uncertainties. The NH and
SH represent the northern and southern hemispheres, respectively.
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Fig. 3 | Fitting Saturn’s SH-average emitted power and extrapolating it from the
Cassini epoch to the complete orbital period. A The observed emitted power is
fitted by a sine function with a fixed period of one Saturn year (29.4 years). B The
fitting in panel A is used to extrapolate the emptied power from the Cassini epoch
(2004-2017) to the complete orbital period (1995-2025), including the Cassini
epoch. Vertical lines in panel B represent uncertainties.

emitted power. Additionally, Earth’s emitted power*>** displays a clear
seasonal cycle. Here, we assume that Saturn’s emitted power also has a
seasonal cycle. We use a sine function with a period of 29.4 years (i.e.,
Saturn’s orbital period around the Sun) to fit the emitted power. The
test of the SH-average emitted power (Fig. 3), which was not affected
by the 2010 giant storm, suggests that such a fitting does a good job of
fitting Saturn’s emitted power. The fitting shown in Fig. 3 is used to
extend Saturn’s emitted power from the Cassini epoch (2004-2017) to
the entire orbital period (1995-2025).

Estimating the uncertainty of such extrapolation is difficult. We
combine the uncertainty in the measurements of the emitted power
based on the Cassini observations (Fig. 2) with the sine-function fitting
residuals (i.e., fitting results minus observational data) to estimate the
uncertainties of the extrapolated emitted power for the years neigh-
boring to the Cassini epoch. For example, the uncertainty of the 2017

measurement of Saturn’s emitted power is combined with the sine-
function fitting residual for the 2017 observational data to estimate the
uncertainty of the extrapolated emitted power in 2018. Likewise, we
can combine the measurement uncertainty and the sine-function fit-
ting residual at the 2005 observational data to estimate the uncertainty
of the extrapolated emitted power in 2004.

The above estimates probably work for these extrapolated emit-
ted powers at times neighboring the Cassini epoch (2004 and 2018,
respectively), but they may underestimate the uncertainties for the
extrapolated emitted powers with times far away from the Cassini
epoch. Here, we use the standard deviation of the measured emitted
powers during the Cassini epoch, which is much larger than the above-
mentioned uncertainties, as the upper limit of the uncertainties for the
extrapolated emitted power. Given their distance from the Cassini
epoch, the initial and final years of the entire orbital period (1995 and
2025, respectively) are expected to bear the greatest uncertainty,
corresponding to the standard deviation during the Cassini epoch.
Subsequently, we linearly interpolate the uncertainty of emitted power
at the beginning of the Cassini epoch (2005) and the largest uncer-
tainty in the initial year of the whole orbital period (1995) to get the
uncertainties for the extrapolated emptied powers from 1995 to 2004.
Likewise, we linearly interpolate the uncertainty of emitted power at
the end of the Cassini epoch (2017) and the largest uncertainties at the
final year of the whole orbital period (2025) to get the uncertainties for
the extrapolated emptied powers from 2018 to 2025 (see Fig. 3).

Fitting the global and NH averages of the emitted power is more
challenging because the 2010 giant storm affected both the NH and
global emitted powers. A study® suggests that the 2010 giant storm
increased the global-average emitted power by 2%. We first subtract
such anincrease (2%) from the observed global-average emitted power
to get a modified emitted power for the period after the 2010 giant
storm (i.e., 2011-2017), as shown in panel A of Fig. 4. We then fit the
modified emitted power using a sine function with a period of 29.4
years. Panel B of Fig. 4 shows that this fitting works well. Finally, we use
the fitting results to extrapolate the global-average emitted power
from the Cassini epoch to the entire orbital period (panel C of Fig. 4).
For the period after 210, we increase the modified emitted powers and
the corresponding fitting results by 2% to revert the modified emitted
powers from 2010 to 2017 back to the original measurements. Simi-
larly, we modify the NH-average emitted power and use the fitting
function to extrapolate the NH-average emitted power from the Cas-
sini epoch to the complete orbital period (see panels D-F of Fig. 4).
Extrapolating to the complete orbital period can help us better
understand the seasonal variations of Saturn’s emitted power. Addi-
tionally, it can help us refine the internal heat flux.

Considering the large uncertainties in extrapolating the analysis
from the Cassini epoch to the whole orbital period (see Figs. 3 and 4),
we try to validate the extrapolation. A previous investigation of
Saturn’s global-average emitted power is based on relatively high-
quality observations conducted in 1971-72. Unfortunately, the obser-
vational times are beyond the whole orbital period including the
Cassini epoch (1995-2025). We add the observational time (1971-72) by
a one orbital period (29.4 years) to project the study to year 2001 and
then compare with our extrapolation of the global-average emitted
power (the green point in panel C in Fig. 4). The comparison shows that
the difference between the previous result'® and the extrapolated value
is less than the uncertainty of the extrapolated value, which suggests
that they are qualitatively consistent.

We also examine observations and studies of Saturn’s thermal
radiance after the Cassini epoch. A study**, based on the ground-based
mid-infrared observations, analyzed the brightness temperature of
Saturn. Specifically, this study provides the brightness temperature
recorded at 17.7 pum from 2017 to 2022, which is a period following the
Cassini epoch. Additionally, the 17.7 pm observations sound the upper
troposphere. Our previous study' suggests that Saturn’s emitted
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for the extrapolation. The results in (D-F) are the same as the global analyzes in
(A-C) respectively except for the NH. Vertical lines in panels C and F represent
uncertainties. The global-average emitted power before the Cassini epoch (i.e.,
“validation 2” with the green dot in panel C comes from a previous study'. The
emitted powers after the Cassini epoch (i.e., “validation 1” with magenta dots in
panel C and “validation” with magenta dots in panel F) are based on the ground-
based observations of Saturn’s brightness temperature*.

power mainly comes from the upper troposphere, so the 17.7 pm
observations can be used to estimate Saturn’s emitted power.

The post-Cassini period from 2017 to 2022 corresponds to the
summer season of the NH. The view geometry of the ground-based
observatories, along with the effects of rings (e.g., blocking), make it
challenging to observe the entire SH. Consequently, the ground-based
observations** from 2017 to 2022 cover latitudes from 10°S to 90°N,
which do not resolve the whole SH. We first computed the NH-average
brightness temperature to validate the extrapolation of NH-average
emitted power. Subsequently, we used the average over limited lati-
tudes in the SH (0-10°S) to represent the SH-average brightness tem-
perature. This was then combined with the NH-average brightness
temperature to estimate the global-average emitted power.

While brightness temperature is related to effective temperature
(i.e., emitted power), they are not equal®. Our focus here is on exam-
ining the temporal variations of our extrapolation of emitted power, so
we utilize the temporal variations of brightness temperature to esti-
mate the temporal variations of effective temperature (i.e., emitted
power). We use NH and global averages of brightness temperature
from 2017 to 2022 to represent effective temperature and then com-
pute the corresponding emitted power. Since brightness temperature
is not equal to effective temperature'®, the computed emitted powers
from 2017 to 2022 are scaled to the finally estimated emitted power
using the ratio between the emitted power computed from brightness
temperature and the Cassini-CIRS measured emitted power in 2017. In
other words, we shift the computed emitted powers based on ground-
based observed brightness temperature (2017-2022) to align the
computed 2017 emitted power with the corresponding CIRS-measured
emitted power. Subsequently, the finally estimated emitted power at
the global and NH scales are compared to the extrapolations, as shown
in panels C and F of Fig. 4. The temporal variations of the estimated

emitted power from brightness temperature are generally consistent
with our extrapolated emitted power based on the Cassini/CIRS mea-
surements. This suggests that observations after the Cassini epoch
qualitatively validate the extrapolation of Saturn’s emitted power.

Bolometric bond albedo
The absorbed power is controlled by the Bond albedo, which is further
determined by the full-disk reflectance (i.e., the ratio between the
reflected solar radiance and the incoming solar radiance of the full disk
for a planet)®. As discussed in the Methods (see subsection “Obser-
vations of Saturn’s Full-disk Reflectance”), the measurements of
Saturn’s Bond albedo are mainly based on the observations recorded
by the two instruments onboard the Cassini spacecraft (i.e., ISS and
VIMS). Among the two instruments, the ISS observations are used to
investigate the phase function of Saturn’s full-disk reflectance (i.e., the
function of Saturn’s full-disk reflectance varying with phase angle)
because they have the best coverage of phase angle among all available
observations. However, the coverage of phase angle for the ISS
observations in each year of the Cassini epoch (2004-2017) is not
enough to measure phase function and hence Bond albedo (Fig. S12).
Additionally, our investigations of Saturn’s full-disk at different times
(Figs. S13 and S14) suggest that Saturn’s full-disk reflectance did not
significantly vary with time during the Cassini epoch. Therefore, we
combine all the ISS observations from the Cassini period to explore
the time-mean full-disk reflectance and, hence, the phase function.
Figure 5 shows the ISS measurements of Saturn’s full-disk reflectance
at these ISS filters (wavelengths) with enough coverage of phase angle
for investigating the phase function.

The ground-based full-disk observations recorded by the Eur-
opean Southern Observatory (ESO)* (Fig. S17) have a phase angle of
5.7°, which can help fill observational gaps in low phase angles for the
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Cassini/ISS measurements. Therefore, we combine the measurements
of the full-disk reflectance based on the ESO observations with the
Cassini/ISS measurements to investigate the phase functions of
Saturn’s full-disk reflectance. However, the combined observations still
have gaps in phase angle and wavelength that need to be filled before
computing the Bond albedo. Our study of Jupiter’s Bond albedo"
suggests that a polynomial function with the least-squares technique*®
works well for fitting the phase function of the full-disk reflectance for
the gas giants, which can be used to fill the observational gaps in phase
angle. We try different polynomial functions to fit the combined
measurements of Saturn’s full-disk reflectance and find that a four-
order polynomial function P(g) = c,;g* + c,g3 + c;g% + c,g + ¢c5 (Where P
and g represent phase function and phase angle, respectively, and the
parameters cj, Cp, Cs, C4, and cs are fitting coefficients to match the
observations with the least-squares technique) has the smallest fitting
residual. It should be mentioned that we also tested some physically-
based functions, such as the double Henyey-Greenstein (H-G)
function*’*%, Figure 6 shows the comparison of fitting between our
polynomial function and the double H-G function, which suggests that
the fittings of polynomial function have relatively small fitting resi-
duals (i.e., fitting results minus observational data). The physically-
based functions can shed light on the atmospheric properties of giant
planets*’, but here we focus on filling the observational gaps in phase
angle and hence computing Saturn’s Bond albedo. Therefore, the
polynomial-function fitting is used in our analysis. The fitting residuals,
which are combined with the calibration errors, are utilized to estimate
the uncertainties of phase function and hence Bond albedo (see
Methods, subsection “Measurements of Saturn’s Bond Albedo”).
Figure 7 displays the fitting results for the data of combining the
ESO and Cassini/ISS measurements at ISS seven filters /wavelengths
(i.e., GRN at 568 nm, RED at 647 nm, BL1 at 463 nm, CB2 at 752 nm, CB3
at 939 nm, MT2 at 728 nm, and MT3 at 890 nm). The fitting results are
used to fill the observational gaps in phase angle. It should be men-
tioned that both the data and the fitting show that Saturn’s full-disk
reflectance increases with phase angle when phase angles become very
large (i.e., >130°) at some wavelengths (e.g., panels F and G for the two

methane-absorption filters), which is probably related to the moder-
ately forward scattering of the haze particles in Saturn’s atmosphere™.
The fitting at these high phase angles (150-180°), where observations
are lacking, may have relatively large uncertainty. But the reflectance at
these phase angles does not significantly contribute to the Bond
albedo because there is a factor of sine of phase angle in computing
Bond albedo™*"** and this factor is small when phase angles approach
to 180°. Therefore, the fitting uncertainties at the high phase angles,
which are considered in our estimate of total uncertainty (see Meth-
ods, subsection “Measurements of Saturn’s Bond Albedo”), do not
significantly affect our analysis of Saturn’s Bond albedo.

The fitting presented in Fig. 7 generates complete phase functions
at the wavelengths recorded by the ISS seven filters. Here, we discuss
how to interpolate/extrapolate the complete phase functions from the
ISS seven wavelengths to the entire spectral range under investigation.
As shown in Fig. S17, the observations from IUE”, Aerobee*?, and ESO*
provide the spectra of full-disk reflectance in the wavelengths 195-
244 nm, 245-305 nm, and 300-1050 nm, respectively. Additionally, the
Cassini/VIMS recorded the reflectance spectra from 350nm to
5130 nm (Fig. S16). By combining the complete phase functions at the
ISS seven wavelengths with the available reflectance spectra in other
wavelengths, we can fill in the observational gaps in other wavelengths
by interpolation and extrapolation (see Methods, subsection “Mea-
surements of Saturn’s Bond albedo”).

Figure 8 displays the full-disk reflectance in the domain of wave-
length and phase angle. By integrating the reflectance over phase angle
and averaging it over wavelength, we find that Saturn’s Bond albedo is
0.41+0.02. The most thorough previous analysis' suggested a value of
0.34+0.03 for Saturn’s Bond albedo. The difference of Bond albedo
between the Cassini epoch (2004-2017) and Voyager time (1980-1981)
should be investigated. First, we examine the possibility of temporal
variation of Saturn’s Bond albedo from the Voyager time to the Cassini
epoch. The Cassini analysis (Figs. S13 and S14) reveals that Saturn’s full-
disk reflectance and Bond albedo did not significantly vary during the
Cassini epoch. Additionally, Earth-based observations*** also suggest
that the Saturn’s full-disk reflectance and, hence, Bond albedo basically
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B and D are the same as panels A and C respectively except for the combined
data between the ESO observations and the Cassini ISS observations recorded at

ongest methane-absorption fitler (i.e., MT3 at 890 nm).

Panels

the str:

Phase angle (degree)

Full-disk reflectance

Fig. 7 | Fitting results for the combined measurements obtained using the ESO observations and the Cassini/ISS observations recorded at the seven filters. A RED
filter (647 nm); B GRN filter (568 nm); C BL1 filter (463 nm); D CB2 filter (752 nm); E CB3 fitler (939 nm); F MT2 filter (728 nm); and G MT3 fitler (890 nm).

06 (A) RED 06 (B)GRN
‘ 0 ‘ .
60 120 180 O 60 120 180
Phase angle (degree)
0 L I 0 I 1 ¢ ESO data
0 60 120 180 0 60 120 180 . ~ociied gata
0.25[ M2 — fitting
0.2
0.15
0.1
0.05
0 1 Il 0 Il
O 60 120 180 0 60 120 180

Phase angle (degree)

Nature Communications | (2024)15:5045



Article

https://doi.org/10.1038/s41467-024-48969-9

180

o
o

150

o
(2]

s
n
o

o

S

Phase angle (degree)
[(e]
o
o
w
Full-disk reflectance (I/F)

60 0.2
30 0.1
0

0 T

150 1000 2000 3000

Wavelength (nm)

4000 5000
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remained constant from 1993 to 1995. Finally, a study** also indicates
that there was no significant difference in Saturn’s full-disk reflectance
between the observations during the 1963-1965 period*~® and those
during the 1991-2009 period*’. These studies suggest that Saturn’s full-
disk Bond albedo did not significantly change from the Voyager epoch
(1980-1981) to the Cassini time (2004-2017). Therefore, we think that
the difference in Bond albedo between the Voyager and Cassini mea-
surements is caused by something else.

The Voyager analysis' was based on the observations covering a
latitude band from -11° to —32° in the SH. Such a latitude band sits in a
belt (Fig. S22). Belts, which correspond to areas lacking clouds, have
lower reflectance than that of zones, which are full of highly reflective
clouds*. As a result, the Voyager study may have underestimated
Saturn’s Bond albedo. Our analysis suggests that the reflectance
decreased by 4.6% from the global-average reflectivity to the reflec-
tance of the belt covering latitudes from —11° to -32°. The difference of
Bond albedo between the Cassini measurements (0.41+/-0.02) and
the Voyage analysis (0.34+/-0.03) has a lower limit (0.37-0.39)/
0.37=-5.4% and an upper limit (0.31-0.43)/0.31=38.7%. The differ-
ence of reflectance between the global average and the belt from -11°
to —32° is close to the lower limit of the Bond-albedo difference
between the Cassini and Voyager measurements, but it cannot explain
all the difference. Reproducing Voyager’s analysis of Saturn’s Bond
albedo and further discerning the differences between Voyager’'s
analysis and the Cassini measurements is challenging due to the lack of
necessary details in analyzing the Voyager data in the previous study"
and the difficulty of reprocessing the old Voyager datasets. It should be
mentioned that our study is based on long-term multi-instrument
Cassini observations, which exhibit significant improvements in var-
ious aspects (such as much better coverage of latitude, wavelength,
and phase angle) compared to the Voyager observations used by the
previous study'. Therefore, we think that the Bond albedo generated
by our study is more robust.

Radiant energy budget and internal heat

The Cassini analysis (Figs. S13 and S14) and previous investigations***
suggest Saturn’s full-disk reflectance did not significantly vary with
time. Therefore, we assume that Saturn’s Bond albedo is constant
throughout the entire orbital period including the Cassini epoch

(1995-2025). Then we can combine the Bond albedo (0.41+0.02) with
the rings-modified global-average solar flux (panel A of Fig. 9) to
compute the absorbed power (panel B of Fig. 9), which is compared to
the global-average emitted power (panel B of Fig. 9). The difference
between the global-average absorbed and emitted powers, equivalent
to the energy budget of Saturn, is presented in panel D of Fig. 9. The
absorbed solar power, ranging from 1.80 to 2.37 Wm2, is much smaller
than the emitted power, varying from 4.83 to 5.01 Wm™. Therefore,
there is a significant radiant energy deficit, which is defined as the
difference between the absorbed solar energy and the emitted thermal
energy (i.e., the absorbed solar energy minus the emitted thermal
energy), for Saturn as a whole (including its atmosphere and
interior)>7'%_ This energy deficit suggests that Saturn is losing
energy, a phenomenon referred to as global cooling. The range of the
energy deficit spans from -2.63 + 0.08 Wm™ in 2003 to —-3.05 + 0.07
Wm in 2013. The seasonal variations of the energy deficit imply that
Saturn’s radiant energy budget and global cooling are not stable over
time. Saturn’s global energy budget is assumed to maintain equili-
brium across all time scales in current models and theories'****° and
the new findings can help to better develop these models and theories.

Three principal factors drive the time variability of the radiant
energy budget. The first aspect pertains to Saturn’s large eccentricity
(0.052), which results in significant variations in the global-average
solar constant, defined as the solar flux without accounting for the
effects of the rings (indicated by the red line in panel A of Fig. 9).
The solar constant at Saturn changes by approximately 24.3% from
aphelion to perihelion. Secondly, the rings create a large modulation in
the seasonal variations of the global-average solar flux with a magnitude
of 10.7% (panel A of Fig. 9), which consequently impact the absorbed
solar power (panel B of Fig. 9). Lastly, the occurrence of Saturn’s giant
convective storms, approximately every thirty years®®, modify the
emitted power and the absorbed solar power of Saturn. A previous
study” and Fig. S14 suggest that the 2010 giant storm changed the
global-average emitted power and absorbed power by 2.0% and 2.9%,
respectively. Other potential factors, such as small and mesoscale
storms and waves, which may have relatively minor effects on the
temporal variations of the radiant energy budget, are not considered in
this study. At the global scale, the seasonal variations are considerably
more pronounced in the absorbed power (panel B of Fig. 9) than in the
emitted power (panel C of Fig. 9). As a result, the difference between the
two powers (panel D of Fig. 9) largely mirrors the seasonal fluctuations
observed in the absorbed power (panel B of Fig. 9).

The difference between the absorbed and emitted powers can
also be used to estimate the internal heat. The interior evolution of
giant planets has much longer time scales than their orbital periods®.
Therefore, Saturn’s internal heat has been assumed to be constant
throughout its orbital period>"'**, On the other hand, our analysis
suggests that the radiant energy budget significantly varies during an
orbital period (Fig. 9). This variation must be considered when esti-
mating the seasonally constant internal heat. Such seasonal variations
were not fully explored in previous studies of giant planets>”*?°,
leading to less precise estimates of their internal heat. Therefore, the
internal heat of giant planets should be re-examined.

The long-term Cassini observations partially covered three of
Saturn’s seasons (i.e., part of the NH winter, complete NH spring, and
part of NH summer), providing a great opportunity to estimate
Saturn’s internal heat. Based on Fig. 9, we first calculate the time-
average radiant energy components over the entire orbital period
(1995-2025): 2.04 + 0.17 Wm2 and 4.88 + 0.11 Wm? for the absorbed
and emitted powers, respectively. The difference between the time-
average absorbed and emitted powers is used to estimate the internal
heat flux, yielding a value of 2.84 + 0.20 Wm for the internal heat flux.
We also examine the internal heat flux based on the global-average
energy during the Cassini epoch (2004-2017) only, which yields a value
of 2.89 + 0.18 Wm™. The period between the perihelion (July, 2003) and
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Fig. 9 | Saturn’s global-average solar power, absorbed power, emitted power,
and the difference between absorbed and emitted powers. A The comparison of
solar power per unit area (i.e., solar flux) between two scenarios: (1) computation
without considering the two effects of the rings (i.e., insolation shadowing and
scattering); and (2) calculation including the effects of the rings (Fig. S6). The four
magenta vertical dashed lines (from left to right) indicate the autumn equinox,
winter solstice, spring equinox, and summer solstice of the NH, respectively. The
two black vertical dashed lines represent Saturn’s perihelion and aphelion in its
orbit around the Sun. B The absorbed power. The absorbed power is a combination
of the absorbed solar power (Fig. S25) and the atmosphere’s absorption of the

thermal radiation from the rings (Fig. S5), although the latter is considerably
smaller in magnitude compared to the former. C The emitted power. The emitted
power comes from panel C of Fig. 4. D The difference between the absorbed and
emitted powers (i.e., the absorbed power minus the emitted power). The solid lines
represent the measurements taken during the Cassini epoch (2004-2017), while
the dashed lines display the extrapolated results for the entire orbital period (1995-
2025). The gray rectangular areas in panels (B-D) illustrate the variances of the
qualities depicted in these panels. Specifically, the top boundary of each rectangle
area represents the time-mean value plus the standard deviation, while the bottom
boundary represents the time-mean value minus the standard deviation.

the aphelion (April, 2018) is roughly consistent with the Cassini epoch,
suggesting that the Cassini observations have captured the dominant
variations in the seasonal cycle of solar constant at Saturn. The sea-
sonal cycle of solar constant is one of the key factors affecting the
seasonal variations of Saturn’s radiant energy budget™'. It helps
explain the consistency of the estimated time-average internal heat
between the complete orbital period (2.84 +0.20 Wm™) and the
Cassini epoch (2.89+0.18 Wm™). The new value of internal heat
(2.84 + 0.20 Wm™), accounting for the seasonal variations in Saturn’s
radiant energy budget, is notably higher than the previous best
estimate (2.01+0.14 Wm™) derived from the limited Voyager
observations'. The new measurements of internal heat can help us
to constrain the theories of planetary formation and evolution. The
evolution models that used the previously estimated albedo
of Saturn (0.34+0.03), alongside phase diagrams consistent with
Jupiter/Galileo helium constraint, overpredicted the previously esti-
mated internal heat flux (2.01+0.14 Wm™) at the solar age'. It was
suggested that the model can explain the evolution of Saturn better if
the Bond albedo value is higher, such as 0.5, indicating a larger
internal heat. These values are more compatible with the results
of this study (Bond albedo 0.41+0.02 and internal heat flux
2.84+0.20 Wm) than the estimates (Bond albedo 0.34 +0.03 and
internal heat flux 2.01+ 0.14 Wm™ from the Voyager study®.

Energy imbalance of upper atmosphere
For the system of Saturn including both atmosphere and interior, the
absorbed and emitted energies are the only energy source and sink
(Fig. 9). But for Saturn’s upper atmosphere including the weather layer,
the internal heat also serves as an energy source®. As a result, we can
merge the seasonally-constant internal heat flux with the seasonally-
fluctuating absorbed solar power to calculate the overall input energy
flux for Saturn’s upper atmosphere. Conversely, the seasonally-varying
emitted power constitutes the sole output power from the upper
atmosphere. The comparison between the input and output fluxes can
be used to examine the energy budget of Saturn’s upper atmosphere.
Panel A of Fig. 10 suggests a significant energy imbalance at the global
scale during the Cassini epoch. Specifically, the global energy imbal-
ance changed from an excess of 4.0 +1.6% of the emitted power in
2009 to a deficit of -3.4 +1.4% of the emitted power in 2013. For the
entire orbital period, the global energy imbalance can be even larger
(e.g., an energy excess 5.0 +1.8% of the emitted power in 2003).
Saturn’s atmosphere does not exhibit significant differences in
reflectance between the two hemispheres (Figs. S23 and S24), so we
assume that the two hemispheres have the same Bond albedo. Addi-
tionally, we assume that the internal heat does not significantly vary
from the NH to the SH. Therefore, we can explore the energy budget at
the hemispheric scale, as shown in panels B and C of Fig. 10. The
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Fig. 10 | Saturn’s energy budgets of the upper atmosphere at both global and
hemispheric scales. The energy budget is determined by comparing the input flux
to the output flux. The vertical lines represent uncertainties in the measurements of
the two fluxes. The input flux is calculated by combining the absorbed power in the
entire orbital period (panel B of Fig. 9) with the internal heat flux calculated as

described in the text. The output flux is determined solely by the emitted power.
The global and hemispheric averages of emitted power come from Figs. 3 and 4.

A The comparison between the global-average input and output fluxes. B and C are
the same as (A) except for the hemispheric analyzes of the NH and SH respectively.

hemispheric-average energy budget displays much larger energy
imbalances than that of the global-average energy budget. The NH-
average energy imbalance can vary from a deficit —25.2 +1.5% of the
emitted power in 2000 to an excess 21.8 + 2.1% of the emitted power in
2015. For the SH, the hemispheric-average energy imbalance ranges
from an excess 27.8+2.6% in 2002 to a deficit 27.9 +1.3% of the
emitted power in 2014. Panel B further suggests that the NH has an
energy excess in its spring and summer seasons (2009-2025) and an
energy deficit in its autumn and winter seasons (1995-2009). The NH
and SH have opposite seasons, so panel C suggests that the SH also has
an energy excess in its spring and summer seasons and an energy
deficit in its autumn and winter seasons. The energy excess mainly
occurs in the spring and summer seasons of the two hemispheres,
which can be explained by the fact that the two seasons have a rela-
tively large solar flux in the two hemispheres (Fig. S7).

The energy imbalances revealed in Fig. 10 may help us better
understand planetary atmospheres. Hemispheric energy imbalances,
with an excess of over 20% of the emitted power, appear in the spring
and summer seasons of both hemispheres. This excess energy prob-
ably contributes to the development of Saturn’s storms, especially the
periodic giant storms®%, The historical survey of Saturn’s storms®
reveals that Saturn’s storms, regardless of their size, basically occur in
the spring and summer seasons of the two hemispheres. This spatio-
temporal distribution of storms is consistent with the seasons and
hemispheres with energy excess (Fig. 10), which suggests that energy
excess is probably a necessary condition for storms on Saturn. Saturn’s
giant storms mainly occur during the spring and summer seasons of
the NH®%, which corresponds to the NH energy excess at the same
time. The NH spring and summer seasons (e.g., 2009-2025) are around
the time when Saturn moved through the aphelion in its orbit around
the Sun (e.g., 2018), so Saturn’s giant storms mainly develop in the
aphelion seasons. There is ample evidence for a relationship between
radiant energy imbalance and storms on other planets. For Mars,
relatively large dust storms mainly occur in the perihelion seasons with
maximal global energy excess®. Large storms appear to develop in
different seasons between Saturn (aphelion seasons) and Mars (peri-
helion seasons). This difference may be because Saturn has a thick

atmosphere without a solid boundary, while Mars has a very thin
atmosphere (surface pressure approximately 0.01bar) with a solid
surface. Mars’ radiant energy excess can directly drive storms in its thin
atmosphere by heating its solid surface. On Saturn, the giant storms
are probably rooted in the relatively deep atmosphere at the level of
water clouds around 5-10 bars, while the radiant energy imbalance
mainly happens around the top ammonia cloud level around 0.5 bar.
Linking the radiant energy imbalance at the top cloud level to deep
moist convection, which is thought to be a driving mechanism for giant
storms on Saturn, needs further theoretical and model studies.

Discussion
The temporal variations of energy imbalance revealed in this study
should be taken into consideration when developing the models and
theories of Saturn’s atmosphere. In addition, it has been shown that the
spatial and temporal inhomogeneities of the atmospheres on giant
planets, such as those induced by orbital eccentricity, obliquity of the
rotation axis, and rings’ effects, would boost the planetary cooling flux
and energy imbalance compared with the traditionally assumed one-
dimensional evolution models®”*®, Re-examining the cooling fluxes,
internal heat, and energy imbalances of other giant planets in our solar
system by considering the seasonal variation of radiant energy com-
ponents is crucial to understand planetary formation and evolution,
both within and beyond our solar system. Jupiter and Uranus have
orbital eccentricities of 0.049 and 0.047, respectively, which are
comparable to Saturn’s orbital eccentricity (0.052). As a result, the
seasonal variations in solar irradiance for the three giant planets
(Jupiter, Saturn, and Uranus) have a similar magnitude (approximately
20%). Itis anticipated that Jupiter and Uranus also exhibit considerable
seasonal energy imbalances at both global and hemispheric scales.
Neptune has a much smaller orbital eccentricity (0.010), and therefore,
its global-average seasonal variations in solar irradiance are relatively
small (approximately 4%). However, Neptune has a significant obli-
quity (28.3°), implying that it experiences a hemispheric-average sea-
sonal energy imbalance caused by its obliquity.

Especially, Uranus is a unique planet in our solar system due to its
large orbital eccentricity (0.047) and very high obliquity (97.8°), which
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likely result in the strongest seasonal energy imbalance. Addressing
this energy imbalance can help reconcile a long-term discrepancy in
estimates of Uranus’ internal heat between observational
investigations®®’° and theoretical studies”. A flagship mission to Ura-
nus, which was given the highest priority in the recent decadal survey
of planetary science and astrobiology’, will provide an opportunity to
investigate the predicted significant energy imbalance and re-examine
the internal heat of this planet. Moreover, many extrasolar giant pla-
nets like HD 80606 b display high eccentricities, and there is a possi-
bility that some of them might harbor ring systems”. These planets
could also undergo substantial fluctuations in their global energy
budgets. It is imperative to take this significant factor into careful
consideration when developing their evolutionary and climate models -
a suggestion inspired by our current findings of Saturn.

Methods

Methodology for computing radiant energy budget

The radiant energy budget of a planet is determined by the amount of
thermal energy emitted by the planet and the solar energy it
absorbs*"'®*, The methodology for computing Saturn’s emitted
power using Cassini CIRS data was presented in one of our previous
studies'. The basic idea is to integrate the recorded thermal radiance
over different emission angles to determine the emitted power'°. The
absorbed solar energy is determined by the full-disk Bond albedo with
the known solar irradiance at the distance of Saturn*’. The metho-
dology of computing the full-disk Bond albedo using Cassini obser-
vations is presented in our previous studies of the Bond albedos of
Jupiter, Titan, and Enceladus***¢, However, the rings of Saturn intro-
duce difficulties in measuring the Bond albedo. Therefore, the effects
of the rings on the radiant energy budget must be addressed first. After
that, the observations recorded by the Cassini ISS and VIMS are used to
measure Saturn’s Bond albedo and, consequently, the absorbed solar
power. The details of computing the radiant energy budget with the
above-mentioned methodology and the Cassini observations are
described below.

Measurements of Saturn’s emitted power

The measurements of Saturn’s emitted power are based on the infra-
red spectra recorded by the CIRS* onboard the Cassini spacecraft.
Saturn’s emitted power in some years of the Cassini epoch was dis-
cussed in a couple of studies'®”. However, this study is the first to
discuss measurements of Saturn’s emitted power during the complete
Cassini epoch (2004-2017). The Cassini CIRS has three focal planes
(FP1, FP3, and FP3). The wavenumber ranges of the three focal planes
are 10-695cm™ (14-1000um), 570-1125cm™ (9-18uym), and
1025-1430 cm™ (7-10 um), respectively. The radiance recorded by FP1
is dominant in the total thermal radiance emitted from Saturn'®. Fig. S1
shows the coverage of FPl-recorded thermal radiance in the two-
dimensional domain of emission angle and latitude, which suggests
that there are still observational gaps even for the best observations
from Cassini. The least-squares fitting, which was applied in our pre-
vious study’, is used to fill the observational gaps in the direction of
emission angle for each latitude.

Figure S2 provides the complete distribution of radiance after
filling the observational gaps. By integrating the radiance in the
direction of emission angle, we obtained the meridional profiles of
Saturn’s emitted power in different years, which are displayed in Fig. 1
of the main text. The error bars depicted in Fig. 1, which illustrate the
measurement uncertainties, are estimated by combining the CIRS data
calibration errors with the uncertainties associated with filling the
observational gaps'®. Then, the meridional distribution of emitted
power is averaged over latitude to obtain the global and hemispheric
averages (Fig. 2). The estimates of uncertainties in the global and
hemispheric averages are based on the error-bars shown in the mer-
idional profiles of emitted power by applying the rule of error

propagation’®*¢, As discussed in the main text, the measurements of
Saturn’s emitted power are further extrapolated from the Cassini
epoch (2004-2017) to the whole orbital period (1995-2025), which are
shown in Figs. 3 and 4.

Solar irradiance and the effects of Saturn’s rings

The other energy component in Saturn’s radiant energy budget, the
absorbed solar energy, is primarily determined by the bolometric
Bond albedo'”. The bolometric Bond albedo is sometimes simply
referred to as Bond albedo, which is further determined by the
monochromatic Bond albedo. The monochromatic Bond albedo (i.e.,
Bond albedo at each wavelength)"* is defined as the ratio of the
absorbed solar irradiance to the incoming solar irradiance at each
wavelength. For Saturn, the incoming solar irradiance to Saturn’s
atmosphere is modified by Saturn’s rings. The solar irradiance and its
modifications by the rings are discussed here.

The incoming solar irradiance at each wavelength, also known as
the solar spectral irradiance (SSI), provides the reference for com-
puting the monochromatic Bond albedo™?. The SSI has temporal
variations larger than 10% at some wavelengths®**, Therefore, it is
better to include the temporal variations of the SSI in the measure-
ments of Saturn’s monochromatic Bond albedo. The SSI during the
Cassini epoch (2004-2017), constructed from multiple data sets, was
provided in our previous studies of Titan and Enceladus®*. The solar
irradiance, which is an integration of the SSI over wavelength, is used in
our investigations of Saturn’s Bond albedo and the absorbed
solar power.

For Saturn, there is difficulty in measuring the Bond albedo due
to the modification of incoming solar irradiance at the top of the
atmosphere by Saturn’s spectacular rings. Saturn’s rings can block
solar irradiance to the atmosphere by casting shadows on it (i.e.,
ring-shadowing). In addition, Saturn’s rings can scatter solar irra-
diance to the atmosphere (i.e., ring-scattering). Finally, the thermal
emission from the rings (i.e., ring-emitting) also affects the radiant
energy budget. The first two effects (ring-shadowing and ring-scat-
tering) directly modify the solar irradiance at the top of the atmo-
sphere. The third effect (ring-emitting), which is concentrated in the
far-infrared wavelengths due to the cold temperature of the rings,
does not significantly affect the solar irradiance in the visible and
near-infrared wavelengths. However, this third effect should be
considered in the analysis of Saturn’s radiant energy budget. In this
study, the first two effects (ring-shadowing and ring-scattering) are
considered in the modification of solar irradiance at the top of
Saturn’s atmosphere and hence the measurements of Bond albedo.
Then, we assume that the thermal emission from the rings to the
atmosphere is reflected at a ratio identical to the Bond albedo
measured in the visible and near-infrared wavelengths when con-
sidering the thermal emission in Saturn’s radiant energy budget.
This simple assumption probably overestimates the Bond albedo of
the rings’ thermal emission concentrating in the middle and long
infrared wavelengths because the absorption and scattering of
cloud particles are probably strong in these wavelengths. However,
this assumption essentially does not affect our analysis of Saturn’s
radiant energy budget because the thermal emission from the rings
is smaller by at least one order of magnitude compared to the
scattering and blocking of the rings (Figs. S3 and S5).

To compute the three effects from the rings, a model of the rings
was developed in previous studies”™. The computation of ring-
shadowing effect on an oblate planet, developed in a study’, was
included in a model of rings'*"*. The equations for the ring-scattering
effect were developed in another study®, which were accounted for in
the model of rings'**. The model depends on the thermal and optical
properties of Saturn’s rings. Previous computations of the rings’
effects”™ are based on the measurements of the rings’ properties
from the observations recorded by Pioneer” and Voyager spacecraft’®.
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The thermal emission from the rings, which mainly depends on
the temperature of the rings, has a much smaller effect than the sha-
dowing and scattering effects. Therefore, we still use the temperatures
of the rings retrieved from observations recorded by the Pioneer
infrared radiometer”. On the other hand, the optical depth, which
plays a critical role in computing the ring-shadowing and ring-
scattering effects, has been significantly updated since the Pioneer/
Voyager epochs. In particular, the in-orbit observations conducted by
the Cassini spacecraft significantly improved our understanding of the
rings’ optical characteristics. Here, we use the optical characteristics of
Saturn’s rings from recent studies based on the Cassini
observations**° to compute the ring-shadowing and ring-scattering
effects.

Figure S3 shows the meridional distributions of the three effects
of the rings (i.e., shadowing, scattering, and emitting) at the top of
Saturn’s atmosphere from 1995 to 2025, a complete orbital period
including the Cassini epoch. The corresponding solar longitude (Ls),
which is defined as the longitude of the Sun on the sky in a Saturn-
centered reference frame, is also shown in the figure. The seasons are
defined as Ls = 0-90° for the spring of the NH (autumn of the SH), Ls =
90-180° for the summer of the NH (winter of the SH), Ls = 180-270°
for the autumn of the NH (spring of the SH), and Ls = 270-360° for the
winter of the NH (summer of the SH).

The total effect from ring-shadowing and ring-scattering is dis-
played in panel A of Fig. S4. The magnitude of the ring-shadowing
effect is generally larger than that of the ring-scattering effect. Panel B
of Fig. S4 shows the solar irradiance at the top of Saturn’s atmosphere
without the effects of the rings, which is constructed based on the
time-varying SSI, Saturn’s oblateness, the eccentricity of Saturn’s orbit
around the Sun, and Saturn’s obliquity to its orbital plane. Panel C
shows the modified solar irradiance at the top of the atmosphere by
considering the total effect from the ring-shadowing and ring-
scattering (panel A). This panel shows that the rings’ effects sig-
nificantly modify the solar irradiance at the top of Saturn’s atmo-
sphere. At some latitudes, the rings’ effect is comparable to the original
solar irradiance. It should be mentioned again that the third effect (i.e.,
ring-emitting) was not considered in the modified solar irradiance
because it is concentrated in the far infrared. Such an effect is included
in our analysis of Saturn’s radiant energy budget.

Using the meridional distribution of solar irradiance shown in
Figs. S3, we can calculate the global averages of the three effects from
Saturn’s rings (Fig. S5) by considering the oblate shape of the
planet’®””. Figure S6 displays the global-average total effect of ring-
shadowing and ring-scattering (panel A) and the global averages of the
original and modified solar irradiance (panel B). The modified global-
average solar irradiance shown in panel B serves as the reference to
compute the Bond albedo with the reflected solar irradiance observed
by the Cassini spacecraft. Additionally, we calculate the hemispheric
averages of the three effects from the rings (panels A and B of Fig. S7)
and the modified solar irradiance (panels C and D of Fig. S7). The
hemispheric calculations will be used in the analysis of the absorbed
solar power at the hemispheric scale (Fig. S25).

We also try to validate the computed effects of the rings. Among
the three effects of the rings, ring-scattering and ring-emitting are
difficult to observe directly. However, the shadows cast by the rings
can be observed. We can validate the computation of the rings’ model
by comparing the observed shadows with the computed shadows.
Figure S8 shows a global image of Saturn recorded by the imaging
system of the Cassini spacecraft in May 2011 (for more details of the
Cassini data, see the next section). The observational time (May 2011)
corresponds to the spring of the NH with a sub-solar-latitude of 9.5°N,
which means that the shadows cast by the rings appear in the SH (panel
A). The sub-Cassini-latitude is very small (0.2°N), so the rings only
block the Cassini view from a very narrow latitude band around the
equator (see the thin line at the equator of the global images shown in

panel A). Panel B of Fig. S8 shows the navigated latitudes for the image
shown in panel A, while panel C only shows the latitudes covered by
the rings’ shadows. Panel D of Fig. S8 is the distribution of the ring-
shadowing effect with latitude, which is outputted from the rings’
model. The latitude range outputted from the model (3-19°S) is con-
sistent with the observed latitude range shown in panel C. Further-
more, the rings’ model also captures the Cassini division between the A
ring and B ring, which is shown as a peak of the solar irradiance around
10°S in panel D.

Observations of Saturn’s full-disk reflectance

The ring-modified solar irradiance discussed in the previous section is
an integration of SSI over wavelength, whereas the Cassini observa-
tions of Saturn’s reflected solar irradiance were recorded at various
wavelengths. Therefore, we need to convert the modified solar irra-
diance into modified SSI. The optical depths of the rings are generally
greater than 1 in the visible and near-infrared wavelengths?*°, indi-
cating that ring-shadowing is independent of wavelength. This asser-
tion is further supported by Cassini/ISS observations (Fig. S23).
Additionally, ring-scattering does not significantly vary with wave-
length in the visible and near-infrared spectra’®’’, which primarily
contributes to solar flux. Therefore, we can use the ratio between the
modified solar irradiance and the original solar irradiance to estimate
the modified SSI. With the modified SSI, we require observations of the
reflected SSI to calculate the monochromatic Bond albedo. These
observations are mainly recorded by the Cassini spacecraft. Addi-
tionally, we use supplementary observations recorded by other
observatories in our analysis of Saturn’s Bond albedo. This section
introduces these observations and datasets.

The Cassini spacecraft conducted long-term observations of
Saturn from October 2004 to September 2017. In this study, we mainly
analyze observations of Saturn’s reflected solar radiance recorded by
two Cassini instruments: the 1SS and the VIMS*. Compared to pre-
vious observations, the Cassini observations are better suited for
measuring the Bond albedos and absorbed solar powers of planets and
satellites. This is due to several advantages they offer, such as better
coverage of wavelength and viewing geometry. These advantages have
been previously discussed in our studies™**?%,

The characteristics of the ISS instrument and related data pro-
cessing (e.g., calibration and navigation) have been described in pre-
vious studies8?628081 In this study, we mainly examine the
observations recorded by the ISS 12 filters, which include three ultra-
violet filters (UV1at 264 nm, UV2 at 306 nm, and UV3 at 343 nm), three
methane-absorption filters (MT1 at 619 nm, MT2 at 728 nm, and MT3 at
890 nm), three continuum filters (CB1 at 635 nm, CB2 at 752 nm, and
CB3 at 939 nm), and three color filters (BL1 at 463 nm, GRN at 568 nm,
and RED at 647 nm)™®. Figure S9 shows an example of calibrated ISS
global images recorded by the RED filter. The calibrated radiance at
each pixel of the global image is multiplied by the projected area of the
pixel over Saturn’s surface and then summed over all pixels in the disk
to obtain the full-disk reflected spectral intensity”®. The reference
spectral intensity, based on the modified SSI, is multiplied by the total
area of Saturn’s disk to obtain the reference full-disk solar spectral
radiance. Then, Saturn’s full-disk reflectance can be computed by
dividing the observed reflected spectral intensity by the reference
solar spectral intensity®.

Saturn’s rings introduce difficulty in measuring the Bond albedo
by modifying the incoming solar irradiance, as discussed above.
Another difficulty is caused by the rings blocking Cassini’s view of
Saturn’s atmosphere, especially when the spacecraft was away from
the plane of the rings. Therefore, we carefully select global images that
avoid serious obstruction of the Cassini view by the rings. Our tests
suggest that if the sub-Cassini latitude is less than 3°, the observational
gaps caused by Cassini’s view being blocked by the rings can be filled
using linear interpolation. Figure S10 shows an example of our selected
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global images. Panel A shows the original global image, which was
calibrated using the ISS calibrated software - the Cassini ISS CALibra-
tion (CISSCAL, version 4.3)*°%!, The raw image was taken by Cassini in
July 2010 (spring of the NH) with a sub-solar latitude of 5.1°N, so the
shadows cast by the rings appeared in the SH (i.e., the lower blue belt
shown in panel A). The Cassini recorded the image with a sub-Cassini
latitude of 2.6°S, which means that the Cassini was under the plane of
the rings at the observational time. Therefore, the Cassini view blocked
by the rings takes place in the NH (i.e., the upper blue belt shown in
panel A). Because of the small sub-Cassini latitude (<3°), the latitude
belt blocked from the Cassini view is narrow. We can linearly inter-
polate the observed solar radiance in the neighboring latitudes to fill
the observational gaps, as shown in panel B of Fig. S10.

Based on the selection criterion (i.e., sub-Cassini latitude <3°), we
only found high-quality global images at 7 filters (RED, GRN, BL1, CB2,
CB3, MT2, and MT3). For these 7 filters, very few global images were
recorded at phase angles less than 20° due to the observational geo-
metry of Cassini. At low phase angles, the Cassini spacecraft was
generally close to Saturn, so only parts of Saturn’s full disk were
recorded. To increase the coverage of phase angles, we constructed
Saturn’s global images based on some quasi-simultaneous quarter
images recorded by the ISS. Examples of making global images from
quarter images taken in a 2 x 2 mosaic are shown in Fig. S11. The four
quarter images were recorded by the Cassini ISS at a phase angle of
15.9°, so the corresponding global image can help fill the gap in phase
angle. By searching the public Cassini ISS data, we found two groups of
quasi-simultaneous images to make two global images for each of the
three color filters (RED, GRN, and BL1). The phase angles for these
global images change from 15° to 17°. We first calibrate the global
images made from the quarter images and then compute Saturn’s full-
disk reflectance at the corresponding phase angles.

The Cassini ISS conducted observations of Saturn from 2004 to
2017. In principle, we could explore the temporal variations of Saturn’s
Bond albedo. However, the poor coverage of phase angles in Saturn’s
global images makes it difficult to compute the Bond albedo for each
year of the Cassini period. As shown in Fig. S12, the ISS global obser-
vations have very sparse coverage of phase angle for most years of the
Cassini period. Therefore, the Cassini’s global observations in each
year are not sufficient to measure Saturn’s Bond albedo, which
requires good coverage of phase angle. Nevertheless, we can investi-
gate the temporal variations of Saturn’s full-disk reflectance at these
phase angles for which the ISS global observations are available at
multiple times.

Panels A-C in Fig. S13 show global images captured by the ISS CB2
filter at different times but with the same phase angle of 62°. Panel D
illustrates the corresponding full-disk reflectance, which suggests that
Saturn’s full-disk reflectance varied by approximately 1.1-2.6% during
the Cassini mission. Figure S14 displays global images captured by the
BL1 filter at different times but with the same phase angle of 62°. Panel
B of Fig. S14 displays the bright cloud belt generated by the 2010 giant
storm, allowing us to examine the effect of the 2010 giant storm on
Saturn’s full-disk reflectance. Panel D indicates that Saturn’s full-disk
reflectance increased by 2.9% in 2011 (panel A) than in 2007 and 2012
(panels B and C). The increase of full-disk reflectance in 2011 is due to
the bright cloud belt generated by the 2010 giant storm. However, the
increase in Saturn’s full-disk reflectance caused by the 2010 giant
storm (2.9%) is comparable to the temporal variations of Saturn’s
reflectance recorded by the CB2 observations (Fig. S13). Since the
temporal variations of Saturn’s full-disk reflectance (a couple of per-
centages) are lower than the measurement uncertainty of Saturn’s
Bond albedo (approximately 5%, see the uncertainty discussion in the
following sections), they are not considered in this study.

Therefore, we combine all the ISS observations from the Cassini
period (2004-2017) to explore the time-mean full-disk reflectance and
hence the Bond albedo of Saturn. The ISS measurements of Saturn’s

full-disk reflectance based on all available global images at the seven
filters (RED, GRN, BL1, CB2, CB3, MT2, and MT3) are shown in Fig. 5 of
the main text. The global images created from quarter images taken
with the RED, GRN, and BL1 filters (panels A-C) provide better coverage
of the low phase angle range compared to the measurements obtained
with other filters (panels D-G).

The Cassini ISS observations have the best coverage of phase
angle, but they are limited in wavelength coverage. The Cassini
spacecraft carried another instrument with much better wavelength
coverage. The Cassini VIMS? is an imaging spectrometer that acquired
images at 352 wavelengths between 350 nm and 5131 nm. Therefore,
the VIMS observations can help extend the spectral coverage of the ISS
observations. The processing of the VIMS data was described in pre-
vious studies?*>®, Here, we used the Geological Survey Integrated
Software for Imagers and Spectrometers (ISIS3) (https://isis.
astrogeology.usgs.gov/7.0.0/UserStart/index.html) to calibrate the
VIMS data. The VIMS visual (VIS) and infrared (IR) channels have
spectral ranges of 350-1046 nm and 891-5131nm, respectively. A
study® suggested that scaling the IR to the VIS spectra around 980 nm
provides good results for the continuity of the VIMS spectra over its
overlapped wavelengths between the VIS and IR observations. Here,
we followed the study to merge the VIS and IR spectra.

Unfortunately, the VIMS was unable to directly capture high-
spatial-resolution global images of Saturn because it was limited to
acquiring images with a maximum resolution of 64 x 64 pixels. As a
result, the VIMS could only record global images at low spatial reso-
lutions (worse than 2000 km/pixel). These low-spatial-resolution
images did not provide sufficient detail to determine the effects of
the rings. In addition, making global images from the VIMS regional
images is difficult. Figure S15 shows one of the best attempts, but the
combination of the nine VIMS images still does not cover the full disk
of Saturn. In this study, the VIMS observations are mainly used to
examine the spectral shape of Saturn’s reflectance, which can help us
extrapolate the phase functions from these wavelengths measured by
the ISS to other wavelengths.

Based on the quasi-global image shown in Fig. S15, we can esti-
mate the full-disk reflectance. By averaging Saturn’s reflectance over
the nine images shown in Fig. S15, we have the full-disk reflectance
spectra (red line in Fig. S16). Additionally, we compare the global-
average spectra with the reflectance spectra based on one image in
Fig. S15 to examine whether the spatial coverage affects the shape of
Saturn’s reflectance spectra. The comparison in Fig. S16 suggests that
the incomplete coverage of the full disk affects the magnitude of
Saturn’s reflectance, but it does not influence the spectral shape of
Saturn’s reflectance. Therefore, we can use the reflectance spectra
averaging over the nine images to represent the spectral shape of
Saturn’s full-disk reflectance, even though the nine images do not
completely cover the full disk of Saturn. It should be noted that the
magnitude of the quasi-global spectra shown in Fig. S16 (red line)
should be used with caution because (1) the quasi-global image does
not cover the full disk of Saturn, and (2) the rings’ effects were not
considered in the data calibration. However, the spectral shape shown
in Fig. S16 can help us fill the observational gaps in wavelength.

In addition to the ISS and VIMS, the Cassini spacecraft has another
imaging system called the Ultraviolet Imaging Spectrograph Sub-
system (UVIS)*® that observed Saturn’s reflected solar radiance. The
UVIS has a wavelength range of 56 nm to 190 nm, which accounts for
only 0.13% of the total solar irradiance. However, we could not find
high-quality global reflectance spectra from the public database of the
UVIS. Instead, we found available ultraviolet spectra of Saturn from
other observations. These ultraviolet reflectance spectra and other
observations, which are used to fill observational gaps and validate the
Cassini measurements, will be introduced in the next section. The
measurements based on observations by the ISS and VIMS (Fig. 5 and
Fig. S16) have the shortest wavelengths at around 350nm.
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Additionally, we did not find good global data from the Cassini UVIS
database for wavelengths shorter than 350 nm. Therefore, we searched
for other datasets and published results of Saturn’s full-disk reflec-
tance in wavelengths shorter than 350 nm. There are numerous
observations and studies of Saturn’s reflectance in different wave-
lengths and times. Here, we focus on the best full-disk observations
and studies. The data recorded by the European Southern Observatory
(ESO)***, located in La Silla, Chile, is among the best observations. The
ESO observations were conducted by the Boller and Chivens spectro-
graph, which was mounted on a 1.52-m telescope. The spectrograph
recorded Saturn’s full-disk observations in 1993 and 1995 with a
spectral range of 300-1050 nm and a spectral resolution of 0.4 nm.

Compared to the 1993 observations®, the 1995 observations* are
much better suited for measuring Saturn’s full-disk reflectance. Firstly,
the 1995 observations were conducted closer to the equinox, with a
small sub-solar latitude of 2.0°N, while the 1993 observations were
taken away from the equinox, and had a much larger sub-solar latitude
of 11.9°N. Therefore, the shadows cast on Saturn’s atmosphere by the
rings are much larger in 1993 than in 1995. Secondly, the inclination of
the rings with respect to Earth is much smaller for the 1995 observa-
tions (0.6°) than for the 1993 observations (10.9°), suggesting that the
rings block much smaller parts of Saturn’s full-disk from the ESO view
in 1995 than in 1993. In addition, there are several other improvements
in the analysis of the 1995 observations®. Therefore, the full-disk
spectra based on the 1995 observations are used in this study (Fig. S17).
The 1995 observations of Saturn’s full-disk reflectance had a phase
angle of 5.7°, making them helpful for filling the observational gaps in
phase angle for the Cassini ISS global images.

The wavelengths covered by the ESO observations in 1995 range
from 300 nm to 1050 nm, with a very high spectral resolution of
0.4 nm. The ESO observations do not cover wavelengths shorter than
300 nm. The International Ultraviolet Explorer (IUE)*' observed Saturn
in 1978-80 with a phase angle close to 0°, covering the spectral range
of 120-194 nm with varying spectral resolutions from 0.1 nm to 1.2 nm.
In addition, the Aerobee Rocket* recorded Saturn’s full-disk reflec-
tance in 1964 with a phase angle of 0.89° across four wavelengths from
ultraviolet to visible (i.e., 245 nm, 280 nm, 295 nm, and 353 nm). Both
spectra are displayed in Fig. S17 as well.

The observations other than the Cassini observations not only
help us fill observational gaps in phase angle and wavelength, but
also provide independent datasets to validate the Cassini measure-
ments. Figure S18 shows a comparison of Saturn’s reflectance
spectra between the VIMS measurements and the ESO analyzes®,
which suggests consistency in the spectra shape between them over
their overlapping wavelengths (350-1050 nm). It should be men-
tioned that the VIMS spectra do not resolve some fine structures
shown in the ESO spectra because the spectral resolution is much
better for the ESO observations (0.4 nm) than for the VIMS obser-
vations (4-24 nm). The magnitude of the spectra is different between
the VIMS measurements and the ESO analysis, probably because (1)
the two spectra were recorded at different phase angles; and (2) the
magnitude of the VIMS spectra should be used with caution as dis-
cussed above. It is also worth mentioning that the ESO spectra were
conducted closer to the equinox, so the effects of the rings are
relatively small.

Measurements of Saturn’s Bond albedo

As discussed in the main text, the Cassini/ISS measurements are
combined with the ESO observations® to investigate the phase func-
tions of Saturn’s full-disk reflectance at the seven filters of the ISS (i.e.,
GRN at 568 nm, RED at 647 nm, BL1 at 463 nm, CB2 at 752 nm, CB3 at
939 nm, MT2 at 728 nm, and MT3 at 890 nm). A polynomial function is
used to fit the phase curve and hence fill the observational gaps in
phase angle. Figure 7 in the main text displays the fitting results for the
data recorded by the seven filters (wavelengths) of the Cassini ISS,

which suggests that the polynomial function works well for fitting
Saturn’s full-disk reflectance. The fitting results are used to fill the
observational gaps in phase angle. The corresponding fitting residuals
can be used to evaluate the fitting quality, which are displayed in
Fig. S19. This figure indicates that the residual ratios are less than 10%
for most phase angles smaller than 100°, except for some points in the
fitting of MT2 and MT3 data (see panels F and G in Fig. S19). Therefore,
the fitting works well for most of the ISS data. The relatively large ratios
in MT2/3 and at large phase angles (>100°) are caused by the small full-
disk reflectance in those areas, which do not significantly contribute to
the measurements of Saturn’s Bond albedo. It should be mentioned
that the uncertainty related to the fitting residuals at all phase angles
and all filters is considered in our analysis of measurement
uncertainties.

The fitting presented in Fig. S23 generates complete phase func-
tions at the ISS seven filters/wavelengths. Here, we discuss how to
interpolate/extrapolate the complete phase functions from the ISS
seven wavelengths to the entire spectral range under investigation.
The ESO observations* provide continuous reflectance spectra from
300 nm to 1050 nm (Fig. S17). By combining the complete phase
functions at the ISS seven wavelengths with the available ESO obser-
vations in other wavelengths, we can fill in the observational gaps in
wavelength. For the wavelength gaps from 463 nm (the shortest
wavelength of the ISS seven filters) to 939 nm (the longest wavelength
of the seven filters), we first linearly interpolate the complete phase
functions from the seven filters to other intermediate wavelengths. We
then use the ESO spectra to adjust the interpolated phase functions.
Figure S20 shows an example of how we obtained the phase function
at 500 nm, which is between the ISS BLI filter (463 nm) and GRN filter
(568 nm). We have the complete phase function at 463 nm and 568 nm
for the two wavelengths on either side of 500 nm. We first linearly
interpolate the complete phase functions at 463 nm (red solid line) and
568 nm (blue solid line) to obtain the phase function at 500 nm (black
dashed line). We then use the ESO-observed reflectance at 500 nm with
a phase angle of 5.7° to adjust the interpolated phase function. The
ratio of full-disk reflectance at the phase angle of 5.7° between the
interpolated results (black dashed line) and the ESO observations is
used to adjust the interpolated phase function (black dashed line in
Fig. S20) to the final phase function for the wavelength 500 nm (black
solid line in Fig. S20).

For wavelengths less than 463 nm, we scale the phase function at
463 nm to match the observed reflectance spectra at specific phase
angles. In other words, we use the ESO spectra®** from 300 nm to
463nm (5.7° phase angle), the Aerobee spectra®™ from 245nm to
300 nm (0.89° phase angle), and the IUE spectra® from 120 nm to
194 nm (0° phase angle), which are shown in Fig. S17, to fill in the
observational gaps in this range. For the wavelength gaps between the
IUE and Aerobee coverage (195-244 nm, see Fig. S17), we interpolate
the phase functions at 194 nm and 245 nm to fill the phase functions
from 195 nm to 244 nm.

For wavelengths longer than 939 nm but shorter than the longest
wavelength observed by VIMS (5131nm), we use both the phase
functions from the CB3 filter (939 nm) and MT3 filter (890 nm) to
extrapolate the phase functions at wavelengths longer than 939 nm.
The Cassini ISS observations and fitting results (Fig. S23) demonstrate
that the phase functions differ between the continuum bands (e.g.,
CB2 and CB3) and the methane-absorption bands (e.g., MT2 and MT3),
so we use the phase functions at the MT3 and CB3 wavelengths to scale
these wavelengths with and without methane absorption, respectively.
We use the methane-absorption band around 1400 nm (Fig. S16) as an
example to demonstrate how to scale the phase angle at MT3 (890 nm)
to obtain the phase function at the wavelength of 1400 nm. Firstly, we
calculate the ratio of full-disk reflectance at a phase angle of 11.5°
between 1400 nm and 890 nm based on the spectra recorded by the
Cassini/VIMS (Fig. S16). Then, we scale the complete phase function at
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890 nm by this ratio to obtain the phase function at the wavelength of
1400 nm.

After filling the observational gaps in wavelength, we have the full-
disk reflectance in the domain of phase angle and wavelength, which is
shown in Fig. 8 of the main text. Based on Fig. 8, we can integrate the
full-disk reflectance over phase angle to get the monochromatic Bond
albedo (i.e., Bond albedo at each wavelength)®®, which is shown in
Fig. S21. The wavelength-averaged Bond albedo, also known as the
Bond albedo, is calculated by weighting the monochromatic Bond
albedo with the SSI*°. Based on the monochromatic Bond albedo dis-
played in Fig. S21 and the SSI provided in our previous studies***, we
have Saturn’s Bond albedo as 0.41+ 0.02.

Now, we discuss the uncertainties in the measurements of
Saturn’s Bond albedo, which affect the analysis of absorbed energy and
the energy budget. Saturn’s Bond albedo depends on the monochro-
matic Bond albedo, which is determined by the full-disk reflected solar
radiance at different phase angles and wavelengths. The uncertainties
in the measurements of Saturn’s monochromatic Bond albedo mainly
arise from uncertainties in measuring the reflected solar radiance at
different wavelengths and phase angles. We organize the uncertainty
sources in the measurements of monochromatic Bond albedo into
three categories: (1) noise related to calibrating the observational
datasets; (2) uncertainty in estimating the effects of the rings; and (3)
uncertainty related to filling observational gaps.

In this study, Saturn’s full-disk reflectance is mainly determined by
the Cassini ISS and VIMS observations. We first discuss the noise
related to the calibration of the ISS and VIMS data. We used the latest
version of the Cassini ISS CALibration software® to calibrate the ISS
data. The calibration errors have been discussed in previous
studies®®**%!, which are - 5% of the absolute calibrated radiance.

For Cassini VIMS data, the noise after calibration process*** is
also on the order of 5% of the calibrated radiance®. Our computation
of Saturn’s Bond albedo also uses observations from other observa-
tories. For simplicity, we assume that the calibration uncertainties of
the other datasets have a similar magnitude to that of the calibration
noise in the Cassini datasets. It should be emphasized that the cali-
bration noise is not systematic. The uncertainties caused by the cali-
bration noise become much smaller than 5% when the recorded
radiance is integrated over wavelength and phase angle for computing
the Bond albedo, because the noises at different wavelengths and
phase angles cancel each other out.

The solar irradiance at the top of Saturn’s atmosphere, which is
modified by the two effects of the rings (i.e., ring-shadowing and ring-
scattering) (Figs. S6 and S7), is used as the reference for computing the
full-disk reflectance and hence Bond albedo. Estimating the uncer-
tainty in computing the two effects of the rings is difficult because they
involve multiple processes (e.g., blocking and scattering), optical
characteristics of the rings, and the geometry model. Here, we use the
temporal characteristics of the two effects to estimate the uncertainty
in the computed effects of the rings. Based on the combined effect of
ring-shadowing and ring-scattering (panel A of Fig. S6), we first com-
pute the standard deviation of the temporal variations of the com-
bined effect. Then, such a standard deviation is used to represent the
uncertainty. The ratio between the standard deviation and the mean
value of the modified solar irradiance is approximately 3%. Such a ratio
is used to estimate the uncertainty of the modified solar irradiance,
which is further accounted for in our analysis of the uncertainty of the
measurements of Saturn’s Bond albedo.

For the uncertainties related to filling observational gaps in phase
angle and wavelength, we use fitting residuals to examine them. The
fitting residuals shown in Fig. S19 are used to estimate the uncertainty
related to filling observational gaps in phase angle. The basic idea is
that we use the fitting residuals, which exist in the phase angles with
available observations, to estimate the uncertainties in the observa-
tional gaps. The fitting residuals can also be applied to estimate the

uncertainties related to filling observational gaps in wavelength. Let us
take the wavelength 500 nm as an example. First, we can use the above
method to estimate the uncertainties related to filling observational
gaps in phase angle at the two observed wavelengths (463 nm and
568 nm), which are on two sides of the wavelength 500 nm. Then we
linearly interpolate the estimated uncertainties at 463 nm and 568 nm
to the uncertainty at 500 nm and use it to estimate the uncertainty at
500 nm. To evaluate the uncertainties at wavelengths outside of the
seven wavelengths, we simply extrapolate the uncertainties at the
seven wavelengths to estimate the uncertainties at these wavelengths.

To obtain the total uncertainty of the monochromatic Bond
albedo of Saturn, we combine three sources of uncertainty: calibration
noise, errors in computing ring effects, and imperfect fitting. We fol-
low the rule of error propagation of addition, as described in a study*°.
Saturn’s Bond albedo is equivalent to the sum of the monochromatic
Bond albedos at different wavelengths®. Therefore, we can estimate
the uncertainty of Saturn’s Bond albedo by applying the rule of error
propagation of addition again to the uncertainties of the monochro-
matic Bond albedos at different wavelengths.

Computations of Saturn’s absorbed solar power

Based on investigations of the rings-modified solar flux at Saturn
(Figs. S6 and S7) and measurements of the Bond albedo, we can
compute the hemispheric and global averages of Saturn’s absorbed
solar power during the Cassini epoch. We first investigate potential
temporal fluctuations in Saturn’s Bond albedo, both globally and
hemispherically.

Saturn’s brightness (i.e., reflected radiance) and its related optical
characteristics display temporal variations®-?°. The Cassini observa-
tions also suggest that Saturn’s brightness changed with time during
the Cassini epoch (panels A, B, C of Figs. S13 and S14) even though its
full-disk reflectance did not significantly change with time (panel D of
Figs. S13 and S14). The seasonal variations of solar irradiance at Saturn
(Figs. S6 and S7), which are determined by both the Sun-Saturn dis-
tance and ring effects, significantly affect the temporal variations of
Saturn’s brightness. The temporal variations of cloud activities and
banded structures also influence the seasonal variations of Saturn’s
brightness®*°. Compared to the significant temporal variations in
Saturn’s brightness, Saturn’s global and hemispheric reflectance, as
well as its Bond albedo, exhibit relatively minor temporal fluctuations.
The Cassini ISS observations reveal that Saturn’s full-disk reflectance
varied about 1.1-2.9% during the Cassini epoch (panel D of
Figs. S13 and S14), which is smaller than the ratio between the mea-
surement uncertainty and the Bond albedo (approximately 5%). Con-
sequently, the temporal changes in Saturn’s full-disk reflectance
during the Cassini epoch lack statistical significance. Additionally,
previous studies****** also suggest that Saturn’s full-disk reflectance
does not significantly vary at the longer time scales. Finally, the
regional modifications of Saturn’s brightness do not significantly
change the global and hemispheric albedos. For example, Fig. S14
suggests that the bright cloud band generated by the 2010 giant storm
increased Saturn’s reflectance by 2.9% and 5.8% for the global and
hemispheric reflectance, respectively. This implies that the modifica-
tions of global and hemispheric Bond albedo by the strongest atmo-
spheric events (e.g., giant storms) are still smaller or around the
measurement uncertainty of Saturn’s Bond albedo. Therefore, we did
not consider the temporal variations of the global and hemispheric
albedos in the analysis of Saturn’s absorbed solar power during the
complete orbital period, including the Cassini epoch (1995-2025).

Saturn’s brightness also displays hemispheric asymmetry, espe-
cially when Saturn moves away from its equinox points in its orbit
around the Sun®°°"%, Figures S13 and S14 reveal the difference in
Saturn’s brightness between the NH and SH at two wavelengths
(463 nm and 752 nm). The hemisphere directly facing the sun (the
subsolar hemisphere) receives more solar irradiance than the other
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hemisphere. Saturn’s rings further strengthen the hemispheric asym-
metry by scattering solar irradiance to the subsolar hemisphere and
blocking solar irradiance to the other hemisphere (Fig. S7). Corre-
spondingly, the subsolar hemisphere has greater brightness than the
other hemisphere, as shown in Figs. S13 and S14. The hemispheric
difference in cloud opacity also contributes to the brightness contrast
between the two hemispheres®*?°-,

The hemispheric asymmetry of Saturn’s brightness does not
necessarily suggest the hemispheric asymmetry of reflectance and
Bond albedo. Reflectance and Bond albedo are primarily determined
by the ratio between incident solar radiance and reflected solar radi-
ance. While incident solar radiance and reflected solar radiance (i.e.,
brightness) can vary between hemispheres, it is possible for the ratio
between them to remain constant from one hemisphere to the other.
Here, we examine possible differences in Saturn’s reflectance and,
hence, Bond albedo between the two hemispheres.

The methodology used for computing full-disk Bond albedo**"***
does not work for investigating Bond albedo at regional and hemi-
spheric scales. For regional and hemispheric Bond albedos, the Bidir-
ectional Reflectance Distribution Function® should be considered. Here,
we select the Cassini ISS observations around the NH spring equinox
(i.e., August 2009) with the sub-Cassini-latitudes close to the equatorial
plane of Saturn. Such a selection minimizes the effects of the rings on
Saturn’s atmosphere and the blocking of the Cassini view by the rings.
Additionally, the two hemispheres can be compared with the basically
same viewing geometry. We searched for such global observations from
the entire ISS dataset but, unfortunately, did not find any observations at
low phase angles (i.e., phase angles <100°). However, we did find some
observations at high phase angles, from 102° to 120°, at the six filters
(RED, GRN, BL1, CB2, MT2, and MT3).

Figure S23 shows examples of high-phase-angle global images
taken at times around the spring equinox. Banded structures appear in
these high-phase-angle images at different filters, particularly in two
methane-absorption bands (MT2 and MT3, see panels E and F in
Fig. $23). In addition, Fig. S23 shows the roughly symmetrical pattern
of reflected radiance between the two hemispheres. Figure S24 dis-
plays a comparison of the hemispheric reflectance between the two
hemispheres, which confirms that the hemispheric reflectance is gen-
erally the same between the two hemispheres. Figure S24 also shows
that the NH reflectance is slightly larger than the SH reflectance at all
filters except for CB2. The CB2 measurements suggest that the NH
reflectance is larger than the SH reflectance at some phase angles, but
smaller than the SH reflectance at other phase angles. However, the
ratio of the difference in reflectance between the two hemispheres to
the hemispheric reflectance is smaller than 3%. This ratio is also smaller
than the ratio between the measurement uncertainty and Saturn’s
Bond albedo, which is approximately 5%. If the basic consistency
between the two hemispheres revealed in the limited wavelengths and
phase angles (Fig. S24) holds for other wavelengths and phase angles,
we can assume that the Bond albedo probably does not significantly
change from one hemisphere to the other during the complete orbital
period, including the Cassini epoch.

After discussing the spatio-temporal variability of Saturn’s
Bond albedo, we can use the measured full-disk Bond albedo to
calculate the global and hemispheric averages of absorbed power.
To obtain the total incoming power, we add the thermal emission
from the rings (Fig. S5) to the modified solar irradiance (Fig. S6),
despite the rings’ thermal emission being much smaller than the
modified solar irradiance on a global scale. Additionally, we assume
that Saturn’s full-disk Bond albedo remains constant throughout the
seasons, as previously discussed. Consequently, we combine the
seasonally constant Bond albedo with the seasonally variable
incoming power to calculate the global-average absorbed power
during the Cassini epoch and the entire orbital period (1995-2025),
as shown in panel A of Fig. S25. The error bars in this panel primarily

stem from the uncertainties in measuring Saturn’s Bond albedo. It
should be noted that there are uncertainties in the total incoming
power as well. While the known Sun-Saturn distance primarily
determines the total incoming power, the effects of the rings
introduce uncertainties. Nevertheless, the effects of the rings have
already been factored into the uncertainty analysis of Saturn’s full-
disk Bond albedo. Therefore, we do not need to account for
uncertainties in the total incoming power when calculating the
absorbed power. The comparison between the global-average
absorbed power and emitted power is used to determine Saturn’s
global cooling and internal heat (see Fig. 9 in the main text).

Figures S23 and S24 suggest that the Bond albedo does not vary
between hemispheres. Therefore, the global Bond albedo can also be
used to calculate the hemispheric averages of absorbed power for the
Cassini epoch and the entire orbital period. Panel B of Fig. S25 shows
that the seasonal variations of absorbed power are much stronger in
the hemispheric averages than in the global average. The solar irra-
diance and the related absorbed power of the two hemispheres have
opposite phases, which partially cancels out the seasonal variations at
the global scale. This helps to explain why the magnitude of seasonal
variations is smaller in the global analysis than in the hemispheric
analysis. The hemispheric averages of the absorbed power are com-
bined with the hemispheric averages of the emitted power
(Figs. 3 and 4) and the estimated internal heat from the global analysis
to determine Saturn’s energy budgets at the hemispheric scale, which
is discussed in Fig. 10 of the main text.

Data availability

The Cassini raw data used in this study are publicly available from
NASA Planetary Data System at https://pds-atmospheres.nmsu.edu/
data_and_services/atmospheres_data/Cassini/Cassini.html. Specifically,
the Cassini data sets of the Composite Infrared Spectrometer (CIRS),
Imaging Science Sub-system (ISS), and Visual and Infrared Mapping
Spectrometer (VIMS), which are analyzed in this study, can be down-
loaded from https://pds-atmospheres.nmsu.edu/data_and_services/
atmospheres_data/Cassini/inst-cirs.html, https://pds-atmospheres.nm
su.edu/data_and_services/atmospheres_data/Cassini/inst-iss.html, and
https://pds-atmospheres.nmsu.edu/data_and_services/atmospheres_
data/Cassini/inst-vims.html, respectively. The datasets generated dur-
ing and/or analyzed during the current study are available from the
corresponding author on request.

Code availability

The Geological Survey Integrated Software for Imagers and Spectro-
meters (ISIS3), which was used to process the Cassini data, is available
on https://isis.astrogeology.usgs.gov/7.0.0/UserStart/index.html. The
software Matlab was used to further process and analyze the Cassini
data. The Matlab codes of rings’ effects, which were used for com-
puting Saturn’s albedo, are direct implementations of the published
model of rings?™*. Additionally, the Matlab codes of analyzing Saturn’s
radiant energy budget are direct implementations of published
methods™'¢%,
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