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Abstract: Knowledge of the radiant energy budgets and internal heat of planets and moons is
of wide interest in the planetary science community. Some progress has been achieved with
recent studies, but there are still significant limitations in current observations and studies. We
recommend future exploration to better understand the radiant energy budgets and internal
heat of planets and moons in our solar system.

1. Big picture and significance

As a fundamental parameter of planets and moons, the radiant energy budget is
determined by the absorbed solar energy and the emitted thermal energy (1, 2). Such an
energy budget plays an important role in determining the thermal structures of planets and
moons (3-6). It can help us understand the geology (e.g., polar ices of Mars) (7), internal heat
related to the formation and evolution of giant planets [8-10], and sub-surface internal heat
driving the jet plumes on some moons (11-15). For bodies with atmospheres, the radiant
energy budgets at the top of atmospheres also set critical boundary conditions for the
atmospheric systems (3). The transfer and distribution of radiant energies within the
atmospheric systems modify the thermal structure to generate available potential energy. The
available potential energy can be converted into kinetic energy to drive atmospheric
circulation and the related weather and climate (3-6, 16, 17).

Unfortunately, the global radiant energy budget has not been well determined for most
of planets and moons (4-6) in our solar system, mainly because the observations of the radiant
energies are limited (1, 2, 18, 19). With the advance of space exploration, we expect to get a
much better picture of the global radiant energy budget and internal heat for the planets and
moons in our solar system.

2. Methodology and observations

To determine the radiant energy budgets and hence the internal heat of planets and
moons, we have to measure two radiant energies — the absorbed solar energy and the emitted
thermal energy. The emitted thermal energy of planets and moons in our solar system is
concentrated in the infrared wavelengths, which can be measured by an instrument in the
wavelength range 5-400 microns. On the other hand, the solar energy from the Sun is mainly
concentrated in the ultraviolet, visible and near-infrared wavelengths (0-5 microns). Generally,
we measure the reflected solar energy and then compute the absorbed solar energy.

The precise measurements of the emitted thermal energy and the reflected solar
energy require accurate observations with complete coverage of wavelength and viewing
angles (e.g., emission angle and phase angle). The basic methodology of computing the radiant
energies is to integrate the radiance over wavelength and viewing angle, which is described in
detail in our previous studies (18, 19). The difference between the emitted thermal energy and
the absorbed solar energy is generally used to estimate the internal heat of planets and moons



(1, 2). To better understand the radiant energy budgets of planets and moons, the spatio-
temporal variations of the radiant energies (i.e., the absorbed solar energy and the emitted
thermal energy) should be addressed, as shown in our previous studies (18, 19, 20-25).

3. Recent Progress and challenges

There has been significant progress in understanding the radiant energy budgets and
internal heat of planets and moons from studies by multiple research groups. However, there
are significant limitations in current observations and studies. It should be a priority to address
those in the next decade.

3.1 Terrestrial bodies
3.1.1 Terrestrial bodies with Earth-like atmospheres (i.e., surface pressure around 1 bar)

In our solar system, Earth and Titan are
two terrestrial bodies that have both significant
atmosphere and surface seas. In addition, the
surface pressures of the two bodies are
comparable (Earth ~ 1 bar and Titan ~ 1.5 bar). 2';0‘5‘" T T TR TR
For Earth, some recent studies (26-30) revealed 101
a small energy imbalance: the absorbed solar
energy exceeds the emitted thermal energy by
a magnitude of 0.2-04% of the emitted energy. @ 7
These studies further suggest that such a small 2005 2007 2009 tirii1;year) 2013 2015 2017
energy imbalance has a significant impact on
the global warming and climate change on
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Figure 1. Titan’s radiant energies. (A) Comparison
between the absorbed solar power and the
Earth. emitted thermal power. (B) The ratio between

Titan’s global energy budget had not the net radiant energy (i.e., absorbed power —

been well determined before the Cassini epoch. ~ emitted power) and the emitted power.

All current theories and models assume that

the global radiant energy budget is balanced (4-6, 31-35). However, the Cassini observations
suggest that Titan’s radiant energy budget is not balanced (24). The energy imbalance can be
beyond 10% of the emitted energy on a time scale of one Earth year (Fig. 1). Averaging over
the Cassini era (2004-2017), the energy imbalance is 2.73+0.46% of the emitted energy.
Extending the analyses from the Cassini era to a complete Titan year (~ 29.4 Earth years), the
energy imbalance is 4.78+0.91% of the emitted energy (24).

Titan’s energy imbalance is much larger than Earth’s energy imbalance (~ 0.2-0.4% of
the emitted energy), so we expect Titan’s energy imbalance has important impacts on its
climate system. The current theories and models of Titan’s atmosphere and climate, in which
the global radiant energy balance is assumed, should be re-examined. In addition, the roles of
the energy imbalance in the atmospheric and climate systems of Titan should be examined
with the greenhouse and anti-greenhouse effects (36). Furthermore, the energy imbalances on
Earth and Titan also suggest that there are probably more terrestrial planets and moons
having unbalanced radiation budgets. Unfortunately, the global energy budgets for most of
these terrestrial bodies in our solar system have not been well determined. The more we
understand the factors influencing ‘natural' energy balance on planets and moons, the better
we can understand climate change on Earth (e.g., anthropogenic vs non-anthropogenic
factors).



3.1.2 Terrestrial bodies without global atmospheres
There are many terrestrial bodies without global atmospheres, which include the
planet Mercury and many moons (e.g., Earth’s moon and most of giant planets’ moons).
12p—+—+—1 1+ Among them, Enceladus is attracting more and
. Enceladus’ geometric albedo at RED (649nm) more attention because of its south polar jets.
5 Enceladus’ radiant energy budget in the polar
N regions has been examined by the Cassini and HST
observations (11-14), but studies of the global
" .. radiant energy budget are still lacking. Based on
observations from the Cassini spacecraft, we have
., conducted  preliminary  measurements  of
Lo e Enceladus’ full-disk albedo (Fig. 2).
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Figure 2. Full-disk albedo of Enceladus from Enceladus is relatively difficult because its
recorded by the Cassini observations. surface temperature has large diurnal variations

and the temperature is significantly affected by the incident solar radiance. In addition, the
heterogeneous surface makes the global measurements of Enceladus’ emitted power even
harder. We are still working on the measurements of Enceladus’ global emitted power based
on Cassini observations. It should be mentioned that studies of Enceladus’ global radiation
budget and hence the internal heat shed light on the putative jets on Europa, which is planned
to be visited by Europa Clipper.
3.1.3 Terrestrial bodies with thin atmospheres.

There are some terrestrial bodies with thin atmospheres in our solar system (e.g.,
Mars, Pluto, and Triton).

Mars has been visited by many spacecraft %
and landers. Regional energy budgets were 60
addressed (37, 38). But Mars' global radiant _ %
energy budget has not been well determined yet,
even though there are some preliminary
estimates (4-6, 39). The Thermal emission
spectrometer (TES) on the Mars Global Surveyor
recorded long-term observations (40), which
provide an opportunity to examine Mars' global
radiant energy budget and its temporal ,
variations. The observations recorded by the TES  didiaidiecdiii.
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broadband thermal emission sensor (Fig. 3) can west longitude (degres)

be used to compute Mars' emitted power. In  figyre 3. Thermal radiance recorded by the TES
principle, the observations recorded by the TES (A) Daytime. (B) Nighttime.

broadband solar reflectance sensor can be used

to compute Mars' Bond albedo and hence the absorbed solar power, but the TES solar
reflectance observations have some limitations (e.g., coverage of phase angle). The current
available observations from other Mars missions (e.g., Mars Climate Sounder) also have
limitations in measuring Mars’ global radiant energy budget. Accordingly, better observations
(e.g., better coverage of wavelength and view angle) are needed to advance our
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understanding of Mars’ global radiant energy budget.

The radiant energy on Mars is tightly coupled to atmospheric and surface properties
and processes. Radiant energy measurements should hence be accompanied by
measurements of the optical and thermal properties of the atmosphere and surface. The
combination of such measurements will lead to a better understanding Mars’ global radiant
energy budget and the processes controlling it.

Pluto and Triton are similar in many ways. There are very limited studies of the global
radiation budgets of the two bodies (41, 42). Their Bond albedos are ~ 0.72+0.07 (43) and 0.65
(44) respectively, which are much larger than Mars’ albedo ~ 0.37-0.40 (45). Comparative
studies of the radiation budgets among these terrestrial bodies with thin atmospheres (e.g.,
Mars, Pluto, and Triton) will be interesting.

3.1.4 Terrestrial Bodies with thick atmospheres.

In our solar system, Venus is the only terrestrial body with a thick atmosphere. Venus
has a strong greenhouse effect (46), and the measurements of radiation budget can help us
better determine the efficiency of the greenhouse mechanism. The observations and studies
of Venus’ radiation budget are very limited (47-50). We do not know how well the absorbed
solar energy is balanced by the emitted thermal energy on Venus. The spatial and temporal
variations of Venus’' radiation budget have not been measured either. Considering the very
thick atmosphere on Venus (Venus’ surface atmospheric pressure is about 90 times that of
Earth) and its highly reflective clouds, we expect that Venus has a unique radiation budget
among the terrestrial planets in our solar system.

The observations from the Akatsuki mission can be used to partly address the emitted
power of Venus (50, 51), but they do not work well for measuring Venus’ Bond albedo and
hence the global energy budget. Therefore, better observations and studies of the radiation
budget of Venus are urgently needed. NASA just selected two Discovery Program
Investigations to develop missions to Venus (i.e., VERITAS and DAVINCI+), but the global
radiation budget is not the main goal of the two mission concepts. So new missions are still
urgently needed for providing the first picture of the global radiant energy budget of Venus.
3.2 Giant planets
3.2.1 Gas Giants 180

The emitted power of giant planets
is generally thought to be constant with
time due to their large thermal inertia.
However, Cassini observations suggest that
Jupiter's emitted power changes with time
(22). Cassini observations also provide the
first picture of Jupiter's full-disk albedo in 50
the domain of wavelength and phase angle ‘“ |
(18) (See Flg 4) Based on our 00 500 1000 1500 2000 2500 3000 3500 4000

. wavelength (nm)
measurements of the emitted thermal
power and the absorbed solar power, we
suggest that Jupiter's Bond albedo and
internal heat are 0.50+0.01 and 7.5+0.2 W/m? respectively (18), which are significantly larger
than the previous best estimates (0.34+0.03 and 5.4+0.4 W/m?) (53).
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Figure 4. Jupiter’s full-disk albedo in the domain of
wavelength and phase angle.



% ' ‘ ‘ The Cassini multi-instrument observations
0 <§§’ are also used to explore Saturn’s radiant energy
e~ = otiivds banid of budget and internal heat (17, 23). Saturn’s emitted
the2otostorm - power displays seasonal variations (Fig. 5). Such
seasonal variations are clearly displayed in the
Southern Hemisphere from 2004 to 2013 (23). The
variations in the Northern Hemisphere are more
complicated, since both seasonal variations and the
2010 giant storm play roles. Measurements of
Saturn’s absorbed power are more difficult because
of effects from the rings, and we are still working to
Figure 5. Saturn’s emitted power from the  determine the absorbed solar energy and hence the
Cassini observations. internal heat of Saturn.

The Cassini observations provide a great opportunity to examine the radiant energy
budgets and internal heat of Jupiter and Saturn, but there are still limitations. For example, the
Cassini observations cannot resolve the temporal variations of Jupiter’s radiant energy budget.
For Saturn, the Cassini observations provide the first opportunity to examine the temporal
variations of its radiant energy budget, but the Cassini observations cover less than half a
Saturnian year. Saturn has strong seasonal variations due to its large obliquity and optically
thick rings. To better resolve the seasonal cycle of Saturn’s radiant energy budget and internal
heat, we need observations that cover at least a complete Saturnian year.

3.2.2 Ice Giants

The radiant energy budgets and internal heat of Uranus and Neptune have been
studied for a long time. But there are discrepancies among these studies of ice giant planets
especially for Uranus. Estimates using the ground-based and Voyager observations suggest
there is no detectable internal heat (54, 55). But detailed modeling (56) suggests that the
internal heat of Uranus should be substantially larger than the estimates from observational
studies. The dynamo-generated magnetic field also requires an internal heat source
(Soderlund et al. white paper, The Underexplored Frontier of Ice Giant Interiors and Dynamos).

The above discrepancy is mainly due to
the limitations in previous observational
studies. Enough coverage of viewing angle and 06f
wavelength is required to compute the radiant o5l
energy budget and corresponding internal heat,
but significant observational gaps in viewing
angle and wavelength exist in the previous
observations of Uranus and Neptune (54, 54). 02
In addition, there are some issues in the
calibration of Voyager visible observations,
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We are re-calibrating these Voyager images
(57) and expect better phase functions of full-  Figure 6. Temporal variations of full-disk
disk albedo of Uranus and Neptune. albedo of Uranus.

The other limitation in the previous studies is that the temporal variations of the



radiant energies, which plays important roles in the radiant energy budgets of planets and

moons (24), has not been adequately addressed. Figure 6 shows that Uranus’ full-disk albedo

significantly varied with time especially in the visible wavelengths around 500 nm (0.5 um)

where the solar radiance is concentrated (58-60).

The limitations in the current observations and studies make it difficult to precisely
measure the radiant energy budgets and corresponding internal heat of Uranus and Neptune.
It is impossible to completely solve the observational limitations by Earth or near-Earth
observatories. Therefore, future missions to Uranus and Neptune, which include well-designed
instruments measuring their radiant energies (61) and in situ heat fluxes (62), are still needed.
4. Future Exploration

In summary, recent studies of radiant energy budgets and internal heat of planets and
moons have pointed to energetic processes that are beyond the current planetary science
framework. But there are still significant limitations in current studies, which are mainly due to
the limited observations (e.g., limited coverage of wavelength and viewing angle) and poor
measurement precision. The systematic observations and studies of the global radiant energy
budgets for most of the planets and moons in our solar system have not been conducted yet.
We think the following science topics have high priorities.

(1) Terrestrial planets. For all terrestrial planets beyond Earth, we do not even know if their
global radiant energies are balanced. In particular, the exploration of global radiant budget
of Venus should have the highest priority for the following two reasons: (i) As the only
terrestrial planet with a dense atmosphere, we expect Venus has a unique energy budget
which will help us understand its atmospheric and climate systems; and (ii) The current
observations and studies of Venus’ global radiant energy budget are very limited.

(2) Giant planets. The seasonal variations of the radiant energy budget play important roles
not only in the atmospheric evolution but also the estimate of internal heat of giant
planets. Combining the long-term observations from Earth or near-Earth observatories and
the precise measurements from the flyby or on-orbit spacecraft can resolve this problem.
In particular, investigating the discrepancy among the studies of Uranus’ internal heat is
urgent because such investigations can help us better develop the evolutionary theories
and models of giant planets.

(3) Moons. The exploration of radiant energy budgets of moons can help us better understand
their surface features (e.g., ices) and sub-surface internal heat. However, the global radiant
energy budgets for most of moons are poorly understood. We thus recommend the studies
of the radiant energy budgets of moons based on the current and future observations.

Even with the current observations, it is possible to improve our understanding of
radiant energy budgets and internal heat for some planets and moons by better analyses (e.g.,
combining multi-mission observations to resolve some limitations). But considering the
intrinsic limitations in the current observations, new missions and observations are still
needed. To significantly advance our understanding of the radiant energy budgets and internal
heat of planets and moons, we have the following recommendations.

(1) Support from the decadal survey and NASA. We suggest that the decadal survey supports
continued research of the radiant energy budgets and internal heat of planets and moons.
Part of these investigations are supported by NASA existing programs (e.g., CDAP and
MDAP), but the measurements of the radiant energy budgets and the related critical



properties and processes are important enough that they should be specifically
encouraged in relevant funding AO's.

(2) Instrument/mission development. The current instruments for measuring the radiant
energies of planets and moons have some weaknesses (61). So we recommend developing
better instruments. The precise measurements of radiant energies require complete
coverage of viewing angles and accurate calibration, but such measurements cannot be
achieved by Earth and near-Earth observatories. Therefore, on-orbit missions are needed
for measuring the radiant energy budgets of planets and moons.

(3) We also recommend the decadal survey to encourage the planetary science community to
foster an interdisciplinary, diverse, equitable, inclusive, and accessible environment. It will
benefit the exploration of our solar system.
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