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ABSTRACT

We present a one-dimensional solid-phase heat diffusion model of Europa’s ice shell. The model
incorporates orbital and physical parameters that influence the surface and sub-surface temperatures,
such as Europa’s instantaneous distance from the Sun, time of day, local albedo, and internal heating.
Europa’s surface is divided into 5°x5° latitude-longitude cells, each modeled to a depth of 9.5 km,
using 33 depth points distributed to concentrate on the uppermost ice. Each model is run in three
stages: the first allowing temperatures at the deepest positions to approach convergence; the second to
obtain temperature convergence at all depths; and the third providing high time-resolution data during
a cycle of nine orbits of Jupiter around the Sun. These outputs will serve as the thermal profile for
planned chemical-kinetic modeling of Europa’s ice. Our results suggest a global annual mean surface
temperature of 98.5 K, with equatorial temperatures averaging 107.3 K and reaching maxima near
160.0 K, while polar temperatures average ~55.0 K and reaching minima near 40.6 K. This thermal
model will be valuable for interpreting observations of upcoming NASA Europa Clipper and ESA
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JUICE missions. The model framework is adaptable to other icy moons in our Solar System.

1. INTRODUCTION

The global sub-surface ocean beneath Europa’s icy
crust makes it one of the most promising places in the
Solar System to search for extraterrestrial life (R. T.
Pappalardo et al. 1998; M. H. Carr et al. 1998; M. G.
Kivelson et al. 2000). Tt likely contains the key pre-
requisites for supporting life as we understand it: lig-
uid water, an energy source capable of driving chemical
reactions, and a diverse inventory of chemical species
(D. J. Des Marais et al. 2008). Many such species—
including hydrogen peroxide, sulfur dioxide, and poten-
tially sodium chloride or other salts—have been detected
on Europa’s surface ice and may be transported into
the sub-surface ocean (R. W. Carlson et al. 1999a,b;
C. A. Hibbitts et al. 2025; R. Greenberg 2010). Cru-
cially, this potentially habitable sub-surface environ-
ment is shielded from Jupiter’s intense radiation, pro-
viding a stable setting in which complex molecules may
survive and undergo further chemical reactions.

It has been proposed that such reactions are driven by
the coupled effects of internal heat exchange between
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Europa’s core, ocean, and ice shell, and irradiation of
near-surface ice. Together, these processes may play
a role in regulating ice thickness and could potentially
drive convection or fracturing of the ice shell, facilitating
the transport of ocean-derived materials to the surface,
as well as the transport of energetically-processed sur-
face materials to the ocean (R. Greenberg 2010).

The potential transport of processed materials to the
ocean highlights the importance of understanding the
energy sources responsible for the chemical alteration of
Europa’s surface ice. Solar energetic particles, galactic
cosmic rays, ions from Jupiter’s magnetosphere, and mi-
crometeorite impacts are all expected to impart energy
that may induce chemical changes on or near the surface
(R. E. Johnson et al. 2019; J. R. Szalay et al. 2024; S.
Kempf et al. 2025). However, comprehensive modeling
of these energy sources and their influence on ice chem-
istry remains limited. Upcoming observations from in-
struments aboard NASA’s Europa Clipper, such as the
Surface Dust Analyzer, will give insight into the com-
position of surface ejecta, constraining the level of en-
ergetic processing experienced by the surface (S. Kempf
et al. 2025). Chemical models that account for these
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processes are therefore essential to the interpretation of
these observations.

Given the importance of chemical modeling, under-
standing the thermal regime of the ice shell becomes
critical, as temperature controls the rates and path-
ways of chemical evolution in Europa’s ice. Therefore,
any computational simulation of the chemical behav-
ior of Europa’s surface ice would require information
about the temperature structure, ideally as a function
of surface-position, depth, and time. The key to under-
standing Europa’s geological activity, diversity of sub-
surface chemistry, and potential habitability lies in ac-
curately characterizing and modeling the thermal struc-
ture of its ice shell (S. D. Vance et al. 2023).

Observations of Europa’s thermal emission have pro-
vided key constraints on its surface temperature distri-
bution, and previous modeling efforts provide essential
insight into Europa’s thermal environment, but several
aspects of its thermal profile remain insufficiently char-
acterized in the published literature. Existing models
can simulate Europa’s temperature evolution at spe-
cific locations or for selected conditions, yet no study
has published a globally consistent, depth- and time-
resolved temperature profile. Europa’s surface ice ex-
hibits a complex thermal environment, shaped by di-
urnal and seasonal variations, spatially variable sur-
face properties, and interactions with external energy
sources. Capturing this complexity requires a compre-
hensive thermal model that resolves temperature as a
function of both depth and time for the entire surface.
Such a dataset is essential for interpreting spatial vari-
ability and for integrating realistic thermal structure
into multidimensional chemical models.

In this work, we develop a multi-depth thermal model
of Europa’s ice shell from the surface down to 9.5 km,
with a particular emphasis on the temperature structure
in the upper 30 m, where energy input from impinging
radiation fields and energetic particles may induce chem-
ical activity, to be simulated in follow-up work. Our ap-
proach incorporates elements from both Y. Ashkenazy
and C. Mergny & F. Schmidt, while introducing our own
treatments for parameters such as Jupiter’s position in
its orbit and its eclipse of Europa. With this model,
we produce a spatially-resolved map across latitude and
longitude of the time- and depth-dependent temperature
across Europa’s surface.

The rest of the paper is structured as follows: Sec. 2
describes the thermal model and the parameters affect-
ing Europa’s surface temperature. Sec. 3 presents model
results as a function of depth and time for a single loca-
tion, and as a function of latitude and longitude for the
entire surface. Sec. 4 compares our results to previous
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models and discusses the thermophysical and chemical
implications. Conclusions are presented in Sec. 5.

2. METHODS
2.1 General Model Setup

We model the temperature of Europa’s ice shell in
a depth- and time-resolved manner, using a model with
vertical heat conduction (i.e., no horizontal conduction).
The model is applied independently at various surface
positions, allowing the construction of a high-resolution
three-dimensional grid of time-dependent temperatures.

Europa’s surface is divided into a grid of
5°x5° latitude-longitude cells spanning the entire sur-
face. In the calculations, each cell is represented by the
angular midpoint of its longitude-latitude extent; for ex-
ample, 277.5° W longitude and 12.5° S latitude represent
the region from 275-280° W and 10-15° S. However, for
simplicity, we label each cell according to the western-
and northern-most values for each angle (i.e., 280° W,
10° S, in the example above). This structure results
in 2,592 independent, one-dimensional thermal models,
with physical parameters evaluated separately for each
position.

For every surface position, Europa’s ice shell is mod-
eled in a depth-resolved manner, where the ice tem-
perature in each vertical column evolves under a bal-
ance of heat gains and losses. Heat gains include inso-
lation at the surface, thermal infrared (IR) radiation
from Jupiter, and conductive heat flux from internal
heating in the mantle, while heat loss occurs via ther-
mal emission from the surface (see Sec. 2.0.0.0 for de-
tails). Although Europa’s ice shell is generally thought
to be between 15 and 30 km thick (W. B. McKinnon
1999; G. Tobie et al. 2003; S. M. Levin et al. 2026), our
model extends only to a depth of 9.5 km. This depth
is sufficient to stabilize the effects of internal heating
on surface/near-surface temperatures, allowing accurate
modeling for the upper ~30 m of ice. The specific depth
positions at which temperatures are calculated through
the ice are also chosen to suit the requirements of the
planned chemical-kinetic models of those near-surface
regions.

Gear’s integration algorithm is used to solve the one-
dimensional heat transfer equation to 9.5 km depth. A
total of 33 depth points are included in the tempera-
ture model, representing interfaces between regions of
ice through which heat may flow. Temperatures are cal-
culated for each such interface/depth point.

The depth points as well as the separation between
each point are listed in Tab. 1. The separation of depth
points in the thermal model is chosen based on the
planned layer thicknesses in the chemical model, en-




suring high resolution near the surface and increasingly
larger layer spacing at greater depths.

The first depth point represents the surface-
atmosphere boundary. The second thermal depth point,
separated from the first by 2.81 x 10~2 c¢m, corresponds
to the midpoint of what will be the tenth layer in the
planned chemical model, which will focus especially on
the chemistry very close to the surface. Chemical pro-
cessing at such depths will be dominated by particles
of varying penetration: UV photons reach only a few
micrometers, oxygen and sulfur ions penetrate up to a
few millimeters, and electrons which can reach up to a
few meters (C. Mergny et al. 2025b; C. Paranicas et al.
2002). However, based on test calculations, a resolution
of much less than a centimeter is required in the present
temperature model, even very close to the surface.

The remaining depth points (3-33) in the thermal
model represent the midpoints of each subsequent layer
in the chemical model, with the ability to extend to
a depth of 10 km. Between ~8 m and ~20 m, depth
point and layer separation in both models more refined
to allow for accurate modeling of the effects of Galac-
tic cosmic rays (GCRs). In our recent chemical models,
GCRs are found to be influential to a depth of up to
~15 m (R. T. Garrod 2019). Thus, the chosen reso-
lution scheme ensures that the temperature gradients
relevant to surface chemistry and radiation processing
are accurately captured.

In the present model, we consider solar heating and
IR thermal heating from Jupiter to be the only exter-
nal heat sources. Although energetic particles drive
radiolytic chemistry in Europa’s ice, their energy flux
is several orders of magnitude smaller than the insola-
tion at Europa’s surface and are therefore negligible in
determining surface temperatures. Similarly, microm-
eteorite impacts provide only sporadic, short-duration
energy pulses that are minor compared to insolation.
These processes are not considered as energy input in
the thermal model.

We carefully account for the time-variation of exter-
nal heating, which is dependent on both the local po-
sition on Europa’s surface, and on the overall orbital
timing. While sidereal time is used to define the sim-
ulation output times and total duration, the synodic
day length is employed for calculating the Sun’s appar-
ent motion and incoming solar radiation, as described
in Sec. 2.3. Jupiter’s sidereal orbit around the Sun is
4332.589 Earth days (~11.87 Earth years), and Europa’s
sidereal orbit around Jupiter is 3.551 days.” However,
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Table 1. Total depth and separation between each point in
the heat transfer model.

Depth Point Total Depth (cm) Separation (cm)

1 0.00
2 2.81 x 1072 2.81 x 1072
3 1.12 x 107! 8.43 x 1072
4 4.50 x 107! 3.37 x 107!
5 1.80 x 10° 1.35 x 10°
6 7.20 x 10° 5.40 x 10°
7 2.88 x 10! 2.16 x 10!
8 1.15 x 102 8.63 x 10!
9 4.60 x 10° 3.45 x 10?
10 8.05 x 10? 3.45 x 10°
11 - 19* 2.05 x 10° 1.38 x 10? (x9)
20 2.31 x 10° 2.60 x 10?
21 2.75 x 10° 4.41 x 102
22 4.00 x 10° 1.25 x 103
23 2.75 x 10* 2.35 x 10*
24 7.50 x 10* 4.75 x 10*
25 1.50 x 10° 7.50 x 10*
26-33* 9.50 x 10° 1.00 x 10° (x8)

NoTE—Depth points represent interfaces between ice
layers. Asterisk (*) indicates a group of depth points
with the same distance between them; total depth of
a group is given as bottom of the final depth point
in the group. Layer thickness ¢ corresponds to the
interval between depth points ¢ — 1 and <.

to ensure exact periodic alignment between Europa’s ro-
tation and Jupiter’s orbit in the model, we reduce the
vales to 4332.578 and 3.550, corresponding to changes
of 0.00025% and 0.028%, respectively. This adjustment
provides an orbital framework that repeats after pre-
cisely nine Jovian years and 10,984 synodic Europa days,
providing a manageable period of simulated time, and
allowing the resulting temperature profiles to be cycled
seamlessly for subsequent chemical modeling whose sim-
ulation times (and run-times) are as yet undefined. Each
such period of nine adjusted orbits by Jupiter around
the Sun, and the associated adjusted orbits of Europa,
is referred to hereafter as an “orbital cycle.”

2.2 Orbital Position Calculations

The most influential parameter affecting Europa’s sur-
face temperature is its distance from the Sun. Because
Europa’s orbital distance from Jupiter (~6.71x10° km)”
is negligible compared to Jupiter’s distance from the Sun
(~7.78x10% km)”, we approximate Europa’s distance
from the Sun simply as Jupiter’s heliocentric distance.
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To determine Jupiter’s instantaneous orbital position
and distance from the Sun, we follow Kepler’s laws and
the standard treatment in C. D. Murray & S. F. Dermott
(2000). Each time the solver calculates the temperature,
the mean anomaly is calculated from orbital period and
time since perihelion. Then, Kepler’s equation is solved
numerically to obtain the eccentric anomaly, and the
true anomaly is computed and used to calculate the in-

stantaneous Sun—Jupiter distance:
~a(l—e?)
" 14ecosv’

(1)

where ¢ is the semi-major axis, e is the orbital eccen-
tricity, and v is the true anomaly. This distance feeds
directly into the insolation calculation (Eq. 5).

2.3 Heat Diffusion Calculations

To model the evolution of Europa’s ice temperatures,
we follow the one-dimensional heat diffusion formulation
of G. Herman & M. Podolak (1985):

2
oL ®
ot 022

where T' is temperature, z is depth, ¢ is time, and & is
the thermal diffusivity of ice.

The upper boundary condition accounts for incoming
solar radiation, thermal IR radiation from Jupiter, and
outgoing thermal emission. Following the methods of Y.
Ashkenazy (2019), we define the upper boundary condi-
tion as:

pfcms% =Wl —-a)(1—p)+W; —eacT:,  (3)
where p; and ¢y are the density and heat capacity
of the ice, k4 is the surface ice diffusivity, W is insola-
tion (Eq. 5), « is albedo, p is the eclipse fraction, W;
is radiation from Jupiter, € is emissivity, and o is the
Stefan-Boltzmann constant.
The lower boundary includes internal heating, and
also follows Y. Ashkenazy (2019):

oT
PICIKd G = -Q, (4)
where k4 is the diffusivity of the deep ice and @ is the
internal heat flux.
Insolation at Europa is given by A. Berger et al.

(1993):

W =25 (%)2 cos O, (5)

where S is the solar constant at Jupiter, a is the semi-
major axis, r is the instantaneous Sun—Jupiter distance
(Eq. 1), and 65 is the solar zenith angle:
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cos s = sin ¢, sin d + cos ¢, cos 6 cos Hyyp, (6)

with ¢. as latitude on Europa, ¢ the declination an-
gle, and Hy, the hour angle based on the synodic day.
Here, Hgyy, is calculated from the sidereal time (T;q)
to account for Europa’s orbital motion around Jupiter
relative to the Sun:

Hsyn =Tsia— Ae — 1, (7)

where )\, is Europa’s surface longitude and v is
Jupiter’s true anomaly. This ensures that the incoming
solar radiation correctly reflects the daily and seasonal
cycles observed on Europa.
The angle § is related to obliquity € and true longitude
)\ji

sind = sinesin A, (8)
and the true longitude is related to the true anomaly

v and Jupiter’s longitude of perihelion w by
/\j =v+w. (9)

Thermal IR radiation from Jupiter is also included.
Unlike Y. Ashkenazy (2019), who assume hemispheri-
cally uniform flux, we calculate longitude—latitude de-
pendence for Europa’s sub-Jovian hemisphere:

W; = Jo cos ¢e cos Ae, (10)

where Jy is Jupiter’s radiation constant. On the anti-
Jovian hemisphere, W; is set to zero.

2.4 Explanation of Chosen Parameter Values

To model Europa’s surface temperature over the an-
nual and diurnal cycles, the parameters referenced in
Egs. 1-10 and listed in Tab. 2 are incorporated into
the model. Parameters requiring further explanation are
marked there with a special character and are described
below.

2.4.1 Orbital Parameters

We adopt a mean obliquity of 3° for Europa (¢), fol-
lowing Y. Ashkenazy (2019), which accounts for Eu-
ropa’s axial tilt, Jupiter’s tilt, and Europa’s orbital incli-
nation. This value has a negligible effect on global and
equatorial temperatures, with only a minor (~1.8 K)
increase at the poles compared to slightly higher oblig-
uities (Y. Ashkenazy 2019).

Europa experiences periodic eclipses by Jupiter, dur-
ing which solar radiation is blocked. A simple treat-
ment for this effect is to adjust the total insolation for
regions that are affected by the eclipse. Because Europa




Table 2. Physical parameters used in the calculation of heat
diffusion on Europa.

Parameter & Description Value
¢ Europa’s obliquity™ 3°
p time in Jupiter’s shadow™ variable
e Jupiter’s eccentricity™ 0.0487
@ Jupiter’s longitude of perihelion™ 14.75385°
¢ Europa’s emissivity' 0.9
a bolometric albedo of Europal variable

7.7 x 1075 cm?/s
1.54 x 1072 cm?/s
9.17 x 107! g/em?
2.0 x 107 erg/g/K
Q internal heating rate* 10 erg/s/cm?
5.10 x 10* erg/s/cm?
1.76 x 10? erg/s/cm?

ks surface ice thermal diﬁusivityT
kq deep ice thermal diffusivity®
pr density of ice

cr specific heat of ice

So solar constant at Jupiter

Jo Jupiter’s radiation constant

Parameters requiring more explanation are indicated by a
special character: asterisk (*) for orbital parameters, () for
surface and ice properties, and (t) for internal heating.

is tidally locked, only the sub-Jovian hemisphere (0—
90° W and 270-360° W) is affected, while the anti-Jovian
hemisphere (90-270° W) experiences nighttime (i.e., no
incoming solar radiation) during the eclipse. Following
Y. Ashkenazy (2019), we approximate the fraction of
time spent in Jupiter’s shadow as p. Unlike Y. Ashke-
nazy (2019), who apply p = 0.033 globally, we apply
this value only to the sub-Jovian hemisphere, and use
p = 0.0 for the anti-Jovian hemisphere, providing a sim-
ple treatment of this effect in the heat diffusion calcula-
tions (Eq. 3).

2.4.2 Surface and Ice Properties

The bolometric albedo, also called the Bond albedo,
is defined as the fraction of incident solar energy re-
flected across all wavelengths. The values we use are
based on the high-resolution map of C. Mergny et al.
(2025a), derived from USGS Voyager and Galileo photo-
metric data. For use in the thermal model, the map was
rebinned and averaged into 5° x 5° latitude-longitude
cells, matching the spatial structure of the model grid.
The high-resolution map from C. Mergny et al. lacks
data for some areas in the south polar region due to
limited thermal imaging observations below 83° S. To
avoid missing values, we filled the south polar albedo
data with the nearest available value along the same
longitude.

We adopt a global bolometric (i.e., across all wave-
lengths) emissivity of 0.9 for Europa, consistent with
J. A. Rathbun et al. (2010) and S. K. Trumbo et al.
(2018). Spatial variations in surface morphology are not
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Figure 1. Low-resolution Bond albedo map of Europa’s
surface derived from C. Mergny et al. (2025a). Note: south
polar values are extrapolated from incomplete data to give a
complete map.

incorporated due to a lack of comprehensive emissivity
data across Europa.

Thermal diffusivity (k) determines how quickly a ma-~
terial responds to heating. For Europa’s deep ice, we
adopt kg = 1.54 x 1072 cm? s~!, consistent with crys-
talline water ice (R. L. Kirk & D. J. Stevenson 1987;
H. Hussmann et al. 2002; M. Beuthe 2015). Surface ice
is expected to have a lower diffusivity due to porosity,
grain size, and ion bombardment effects (A. E. Thelen
et al. 2024), with typical values ranging from 9.0 x 1076
t0 1.0 x 107* cm? s™!. We use ks = 7.7 x 1079 cm? s7!
(Y. Ashkenazy 2019) for the first 6 depth points, rep-
resenting the upper 7.20 cm of the ice. This value also
falls within the error range of thermal diffusivities con-
verted from Atacama Large Millimeter/submillimeter
Array (ALMA) Band 6 thermal inertia measurements,
which probe between 1.5 and 3.0 cm (A. E. Thelen et al.
2024).

2.4.3 Internal Heating of Europa

Furopa’s internal heating is poorly constrained but
likely arises from a combination of tidal deformation
and the resulting dissipative heating in the core, sub-
surface ocean, and ice shell, as well as radiogenic heat-
ing in the rocky core (G. Tobie et al. 2003; F. Nimmo
et al. 2007; G. Tobie et al. 2025). While some stud-
ies neglect internal heating due to its small contribution
relative to solar flux (C. Mergny & F. Schmidt 2024),
it can have a greater effect at the poles where insola-
tion is low (Y. Ashkenazy 2019). Furthermore, because
our model extends to 9.5 km depth, internal heating
contributes to the thermal profile at these depths. To
account for this, we include a uniform internal heating
rate of Q = 10 erg s~! cm™2, slightly lower than Y.
Ashkenazy (2019), but in agreement with deep ice heat
flux from G. Tobie et al. (2003).



2.4.4 Model Execution and Convergence

Because of the large depth of the modeled ice shell,
the thermal model is run in three stages. The purpose of
the first stage is to allow the deepest depth points, which
are insensitive to diurnal or seasonal fluctuations, to con-
verge under the influence of internal heating (Sec. 2.4.3).
To do this, the model is initialized at a uniform tem-
perature of 95 K for every position. During this stage,
the solar flux at the surface is not calculated as a func-
tion of distance from the Sun, but is applied as an aver-
age yearly value for each 5° latitude cell, and no orbital
variations are included. Temperatures are output every
3.0672 x 100 sec (i.e., on timescales much longer than
Jupiter’s sidereal orbital period), and the stage is con-
sidered converged once the difference between successive
outputs is less than 1072 K at all depths for two consec-
utive outputs. The simulated time it takes to reach this
criterion is roughly one billion years for each position.

The second stage focuses on achieving temperature
convergence across consecutive orbital cycles for the up-
per depth points, which are sensitive to both diurnal
and seasonal variations. This stage is initiated using
the final temperature profiles of stage 1 as input, and in-
corporates time-dependent solar radiation, as described
in Sec. 2.2, based on both the orbital position of Eu-
ropa and the geographical position on Europa’s surface.
Model runs are carried out over multiples of the orbital
cycle. The final profile from each cycle is used as the
starting point for the next, and iterations continue until
temperatures at all depths differ by less than 1072 K be-
tween consecutive cycle end-points. Convergence takes
between 50 and 600 orbital cycles, depending on the po-
sition.

In the third and final stage, the fully converged model
is run for a single orbital cycle at high temporal reso-
lution, providing temperature outputs every 4260 sec-
onds (i.e. 72 times per Europa day). The final temper-
atures from stage 2 are used as initial temperatures in
this stage. This resolution captures the full diurnal cy-
cle at each location and allows maximum and minimum
daily surface temperatures to be identified.

3. RESULTS

Using the data from the one-dimensional heat transfer
model, we calculate Europa’s average surface tempera-
tures and insolation for various regions across Europa’s
surface (Tab. 3). The global average surface tempera-
ture, computed as the annual average of a diurnal pe-
riod, is 98.5 K, and the average insolation at Europa,
again computed as the annual average of diurnal peri-
ods is 10,229 erg s~ cm™2. The equatorial region ex-
periences the highest levels of insolation, and therefore
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Table 3. Average yearly values for global regions.

Region Range Temp  Insolation Bond

(K)  (erg/s/cm?®) Albedo
Global all 98.5 10,228 0.549
Equatorial 5° N-5° S 107.3 12,763 0.500
N. Polar 85°N-90° N 524 1,009 0.562
S. Polar 85°S-90°S  56.1 1,009 0.399
Leading 0-180° W 95.5 10,228 0.609
Trailing 180-360° W  101.4 10,228 0.489
Sub-Jovian ~ 270-90°W  97.8 9,891 0.559
Anti-Jovian  90-270°W  99.1 10,558 0.540

Regional averages were computed from all grid points
within the indicated latitudinal or longitudinal ranges.

reaches higher temperatures than other regions on the
surface.

The leading and trailing hemispheres receive the same
level of solar insolation, but their average temperatures
are 93.7 K and 99.5 K, respectively. This difference is
a result of the bolometric albedo values for each region.
The higher albedo of the leading hemisphere means that
more radiation is reflected from its surface, resulting in
less absorption of energy as heat, and therefore lower
temperatures. A similar, but less extreme albedo effect
is seen in the difference in the average temperatures of
the sub-Jovian and anti-Jovian hemispheres, where the
sub-Jovian hemisphere has a higher albedo and a lower
average temperature. However, this temperature differ-
ence can also be attributed, in part, to Jupiter’s eclipse
of Europa, with only the sub-Jovian hemisphere experi-
encing this effect.

The polar regions, which receive very little solar radi-
ation, have much lower temperatures than equatorial
regions. The north and south polar regions average
temperatures of 49.2 K and 52.9 K, respectively. The
difference between polar temperatures largely reflects
local bolometric albedo differences, as the north pole
has a higher average albedo (0.562) than the south pole
(0.399); note that south polar values are extrapolated
from incomplete data, and the results from the south
polar region should be interpreted with caution.

Maximum yearly surface temperatures at each
5°x5° grid point are shown in Fig. 2. These temper-
atures do not represent values across the entire surface
at a single point in time, but rather are the maximum
temperatures reached at any time during a single or-
bital cycle. Comparing this temperature map to the
bolometric albedo map in Fig. 1, it is clear that the sur-
face temperature is influenced greatly by the bolometric
albedo. Similar patterns can been seen in the albedo
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Figure 2. Maximum surface temperatures reached during
a single orbital cycle calculated by the one-dimensional heat
transfer model at 5°x5° resolution across Europa. Color bars
use the same scale to more clearly show difference between
average, maximum, and minimum temperatures.

and temperature maps, where regions of lower albedo
correspond to regions of higher temperature. For ex-
ample, the Pwyll Crater region (271° W, 25° S (J. M.
Moore et al. 1998)), which is represented in our maps
by the grid cell 270° W, 25° S, is characterized by higher
albedo than the surrounding area, resulting in the lower
maximum temperatures seen in Fig. 2. The strong influ-
ence of albedo on surface temperature is consistent with
previous studies investigating albedo-temperature rela-
tionships (H. H. Kieffer 2013; P. R. Christensen et al.
2024).

These global trends are reflected in the locations of the
extreme daytime temperatures during a diurnal cycle.
The highest daytime temperature of 158.7 K occurs at
(235° W, 10° N), shown in Fig. 3. This site lies near the
equator on the anti-Jovian hemisphere, and coincides
with the lowest albedo (0.279), resulting in enhanced
solar absorption and increased temperatures. In con-
trast, the lowest daytime temperature of 40.6 K occurs
at (160° W, 90° N), near the north pole where the high
albedo (0.603) severely limits solar heating (Fig. 3).

Having identified these extreme locations, Fig. 3 illus-
trates how their surface temperatures vary over a diurnal
cycle at two points, perihelion and aphelion, in Europa’s
orbit. The equatorial location exhibits diurnal tempera-
ture fluctuations of ~70 K during warmest periods (i.e.,
perihelion), and ~60 K during colder periods near (i.e.,
aphelion). In contrast, the polar region shows a diurnal
variation of only ~6 K during warm periods and almost
no fluctuation during cold periods.

To illustrate how surface temperature fluctuations
propagate downward at a single position, Fig. 4 shows
the temperature evolution over one Europa day at five
different sub-surface depths. This snapshot is taken just
after perihelion, when the location reaches its maximum
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Figure 3. Surface temperature for two positions, each
shown near perihelion and aphelion. The equatorial position
corresponds to 235° W, 10° S, which experiences hottest diur-
nal temperature. The polar position corresponds to 160° W,
90° N, which experiences the coldest diurnal temperature.
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Figure 4. Surface temperature as a function of depth at
235° W, 10° S, just after perihelion. The surface depth has
no thickness, and corresponds to the surface-atmosphere in-
terface.

temperature during the orbital cycle. The surface expe-
riences the largest diurnal fluctuation, responding di-
rectly to variations in insolation, while the amplitude of
temperature variations decreases with depth. At depths
between 7.20 cm and 28.80 cm the temperatures remain
nearly constant, demonstrating the damping of diurnal
signals at greater depths. The time of peak tempera-
ture at each depth shifts later with increasing depth,
demonstrating the lag of heat transfer through the ice.

4. DISCUSSION

The thermal model developed in this work predicts an
equatorial annual mean temperature of 107.3 K, which
agrees very well with the equatorial seasonal tempera-
ture of 106 K predicted by J. R. Spencer et al. (1999)
(see Sec. 3). The predicted global annual mean surface
temperature is 98.5 K, which is higher than the global
mean temperature of 90.1 K reported by Y. Ashkenazy



(2019). Several factors likely contribute to this differ-
ence.

One contributing factor is our use of location-specific
albedo values derived from C. Mergny et al. (2025a).
After re-binning and averaging, these data yield a global
mean albedo of value 0.549, compared to global value
of 0.6 adopted by Y. Ashkenazy (2019). The higher
albedo assumed in their model therefore leads to a lower
predicted global mean temperature.

Additionally, in this work, we perform a full thermal
analysis for each of the 2,592 surface positions and cal-
culate the global and regional mean temperatures by
area-weighted averaging. However, Y. Ashkenazy (2019)
calculate the annual temperatures for each region using
a mean annual insolation value for that region. Fur-
thermore, our treatment of Europa’s eclipse by Jupiter
increases the mean insolation for anti-Jovian longitudes
compared to the treatment of Y. Ashkenazy (2019), pro-
viding another possible contributor to the differences in
reported global and regional mean temperatures.

Our model also provides a depth- and time-dependent
view of Europa’s entire surface and ice temperature, of-
fering a unique understanding of how Europa’s orbital
dynamics and thermal properties affect the temperature
of the ice shell. By explicitly resolving diurnal tempera-
ture and sub-surface structure, the model captures both
the immediate effects of insolation and the delayed re-
sponse due to heat capacity and thermal diffusivity.

Fig. 5 provides a cartographic view of how Europa’s
entire surface temperature evolves over a single diur-
nal cycle, shown at four times (0.25, 0.5, 0.75, and 1.0
Europa days). The white dashed lines indicate the lon-
gitude of peak instantaneous solar radiation (local solar
noon), shown on the leading hemisphere of the first col-
umn and the trailing hemisphere of the third column.
Although these lines trace the progression of maximum
insolation as Europa rotates, the warmest surface tem-
peratures do not always coincide spatially with this lon-
gitude.

For example, in the first column, the hottest region
occurs at (95° W, 10° S), even though this location has
not yet reached local solar noon. This is likely a result of
the relatively low albedo of this area (~0.527) compared
to nearby regions such as (90° W, 10° S), which has a
slightly higher albedo (~0.586). The lower albedo allows
the surface to retain more solar energy, causing it to
reach higher temperatures earlier in the day than the
adjacent higher-albedo areas.

In the third column, the hottest region has already
passed local solar noon, but it remains warmer than
nearby locations that are currently at peak insolation.
This behavior reflects both the albedo differences and
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the heat capacity of the ice. Because the hottest region
has a lower albedo, it absorbs more energy, and the fi-
nite heat capacity of the ice causes the stored heat to be
released later in the day, so surface temperatures peak
after maximum insolation.

Thermal models and observations are inherently com-
plementary: models provide the framework for inter-
preting observational data, while well-constrained mod-
els rely on observations to validate and refine their re-
sults. Therefore, Europa Clipper will both test and re-
fine our thermal model predictions.

In particular, the Europa Thermal Emission Imaging
System (E-THEMIS) is an infrared camera that is de-
signed to map the brightness temperature of Europa’s
surface (P. R. Christensen et al. 2024). By providing
multi-time or multi-wavelength observations of Europa,
E-THEMIS will help constrain key surface properties
such as thermal inertia I', albedo o and surface rough-
ness.

The Mapping Imaging Spectrometer for Europa
(MISE) will provide imaging data with spectroscopic
data to link the composition of Europa with its physical
properties such as albedo and emissivity (D. L. Blaney
et al. 2024). Collectively, the data provided by these in-
struments and others on Europa Clipper will reduce un-
certainties in the model inputs, improve interpretation
of observed surface properties and enable more confident
model-based predictions. This capability is especially
important for regions with limited observational cover-
age such as polar regions. A well-calibrated thermal
model can thus be used to predict conditions in these
poorly observed areas and guide future observations.

5. CONCLUSIONS

Europa’s sub-surface ocean and overlying ice shell re-
main among the most compelling targets for astrobiolog-
ical and astrochemical exploration because of the unique
conditions provided by the energetic coupling of these
two environments. The high level of scientific interest is
evidenced by NASA’s Europa Clipper and ESA’s JUICE
mission, both designed to characterize Europa’s ice shell
and investigate Europa’s potential habitability.

In advance of these missions, thermal modeling is es-
sential for interpreting previous observations and pre-
dicting how the thermal profile will affect chemical pro-
cesses. In this work, we developed a depth- and time-
dependent thermal diffusion (heat transfer) model for
Europa’s ice shell. We used our model to predict the
thermal profile of Europa’s entire surface and its sub-
surface ice to a depth of 9.5 km. We summarize the
main conclusions below:
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Figure 5. Modeled surface temperature of Europa at four time points in a single Europa day at perihelion, when insolation is
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1. Our predicted global mean surface temperature
on Europa of 96.6 K refines previous estimates
by incorporating spatially resolved albedo values,
rather than a globally uniform assumption. How-
ever, the accuracy of this refinement remains lim-
ited by the available albedo coverage, particu-
larly at polar regions where additional observa-
tions could further improve the model.

2. The use of the spatially varied albedo values high-
lights the strong influence that local bolometric
albedo exerts on Europa’s surface temperatures.
Both diurnal and annual temperature maps show
a clear correlation between lower-albedo regions
reaching higher temperatures and higher-albedo
regions remaining cooler.

3. Analysis of the vertical temperature structure in-
dicates that Europa’s diurnal temperature varia-
tions are confined to only a few centimeters into
the ice shell, converging to a stable profile between
3 and 12 cm, based on our depth resolution.

Thermal models such as the one developed in this
work will be essential tools for interpreting observations
from Europa Clipper, JUICE, and other ground- and
space-based measurements. Our model is unique be-
cause it not only captures depth- and time-dependent
temperature structure but it also allows for more pre-
cise position-specific predictions. By adjusting local pa-
rameters such as albedo, emissivity, and diffusivity, the
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model can be tailored to individual positions and used
to explore how these properties affect the temperature.

Although this work is focused on the thermal modeling
of Europa, our ultimate goal is to model the chemistry
in its near-surface ice. Chemical models require explicit
depth and time-dependent temperatures over long, con-
tinuous time-scales. This level of detail is not possi-
ble to obtain from observations. Thus, thermal mod-
els will remain essential for capturing the full, contin-
uous temperature structure of the ice shell, regardless
of improvements in observations. As new observations
provide finer constraints, the model can be refined to
improve accuracy and deepen our understanding of Eu-
ropa’s ice thermal structure.

Finally, this model can also be applied to other
icy moons in our solar system, including Saturn’s
moons Enceladus and Titan, as well as Jovian moons
Ganymede and Callisto. Adapting the model to these
worlds would require only modest adjustments to ac-
count for their different orbital and surface properties.
Such extensions are timely given upcoming missions like
JUICE and the continued interest in Enceladus as a
high-priority astrobiology target (G. Mitri et al. 2022).
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