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Abstract How much of Io's SO, atmosphere is driven by volcanic outgassing or sublimation of SO, surface
frost is a question with a considerable history. We develop a time dependent surface temperature model
including thermal inertia and the exact celestial geometry to model the radiation driven global structure and
temporal evolution of Io's atmosphere. We show that many observations can be explained by assuming a purely
sublimation driven atmosphere. We find that a thermal diffusivity a = 2.41 x 1077 m?s~! yields an averaged
atmospheric SO, column density decreasing by more than one order of magnitude from the equator to the poles
in accordance with the observed spatial variations of Io's column densities. Our model produces a strong day-
night-asymmetry with modeled column density variations of almost two orders of magnitude at the equator as
well as a sub-anti-Jovian hemisphere asymmetry, with maximum dayside column densities of 3.7 x 10'6 cm™2
for the sub-Jovian and 8.5 x 10'® cm™? for the anti-Jovian hemisphere. Both are consistent with the observed
temporal and large-scale longitudinal variation of Io's atmosphere. We find that the diurnal variations of the
surface temperature affect the subsurface structure up to a depth of 0.6 m. Furthermore, we quantify seasonal
effects with Io having a northern summer close to perihelion and a northern winter close to aphelion. Finally, we
found that at Io's anomalous warm polar regions a conductive heat flux of at least 1.2 Wm™? is necessary to
reach surface temperatures consistent with observations.

Plain Language Summary o is the innermost of Jupiter's four Galilean moons and the most
volcanically active body in our Solar System. It has a fairly dense SO, atmosphere with column densities on the
order of ~10'® cm™2. The huge number of erupting volcanoes on Io's surface constantly inject SO, into its
atmosphere. The volcanic ejecta cover lo's surface with yellowish SO, surface frost. The gas injection as well as
the sublimation of the surface frost are considered to be the main causes of Io's atmosphere. However, what
controls the spatial and temporal structure of Io's atmosphere and to what proportion the atmosphere is driven by
volcanoes or sublimation, is still not fully clear. Since the sublimation of surface frost strongly depends on the
surface temperature, we developed a surface temperature model that takes thermal inertia and the exact celestial
geometry into account in order to calculate the corresponding sublimation atmosphere. Using this model, we
show that the SO, column density not only depends on the latitude, but also has a diurnal, seasonal and
longitudinal variation. With the simulations we show that many observations of Io's atmosphere can be well
explained by an atmosphere that is purely sublimation driven.

1. Introduction

Io's widespread surface volcanism was first predicted by Peale et al. (1979) right before Voyager arrived at the
innermost Galilean moon. In contrast to other bodies in the Solar System, the ultimate source of Io's mostly SO,
atmosphere (de Pater et al., 2021; Lellouch et al., 1990; Peale et al., 1979) is volcanism. It has both small and large
scale, spatial and temporal variability (e.g., Bagenal & Dols, 2020). The atmosphere is observed to have equa-
torial SO, column densities in the range of 0.7 — 16 x 10'® cm™2, based upon different observation techniques,
with significantly decreasing values toward the poles (de Pater et al., 2020; Feaga et al., 2009; Feldman
et al., 2000; K. Jessup et al., 2004; McGrath et al., 2000; Strobel & Wolven, 2001). Observations also show that
the atmosphere has column densities that are higher by up to a factor of 10 on the anti-Jovian hemisphere, than on
the sub-Jovian (Feaga et al., 2009; Giono & Roth, 2021; K. Jessup et al., 2004; Spencer et al., 2005; Tsang
et al., 2012). In the early 2000s, especially the latitudinal variation of the atmosphere was often explained by the
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global distribution of volcanoes (e.g., Strobel & Wolven, 2001). The debate whether Io's atmosphere is primarily
driven by direct particle injection from volcanoes or the sublimation from SO, surface frost has evolved through
time due to research by, for example, K. Jessup et al. (2004), Saur and Strobel (2004), Feaga et al. (2009), Tsang
etal. (2012) and Lellouch et al. (2015). Viewed on smaller scales, Lellouch et al. (2007) suggested that direct SO,
particle injections do not dramatically increase the atmosphere's column densities above the plumes. Since the
solar illumination decreases with increasing latitude, the idea arises that these large scale spatial structures can
also be caused by the varying surface temperature and the thermal inertia of Io's surface materials. The corre-
sponding sublimation atmosphere would then show the effect of thermal inertia as well (e.g., Tsang et al., 2012;
Retherford et al., 2019).

Looking at hemispheric differences, lo's atmosphere is also observed to be more extended to higher latitude
regions on the anti-Jovian hemisphere compared to the sub-Jovian (Lellouch et al., 2007). Later observations by,
for example, Feaga et al. (2009) support that finding and state that the longitudinal dependence of the SO,
abundance may result from a higher number of volcanoes on the anti-Jovian hemisphere compared to the sub-
Jovian. More recently, Davies, Perry, Williams, Veeder, and Nelson (2024) found that the number of active
volcanoes per area unit in the polar region is similar to those of lower latitudes, but the polar volcanoes are smaller
in terms of thermal emission compared to the large equatorial volcanoes.

Additional to the spatial variation, Io's atmosphere is also observed to vary temporally: First, the atmosphere
collapses during the daily 2 hr eclipse by Jupiter (de Pater et al., 2020; Roth et al., 2011; Saur & Strobel, 2004;
Tsang et al., 2016) and secondly, it varies as a function of Jupiter's (and Io's) distance to the Sun (Tsang
et al., 2012, 2013). Since this variability, especially the short-term variation during Io's eclipse, can not be
explained by the presence of active/non-active volcanoes, the sublimation of Io's SO, surface frost was realized to
be the dominant atmospheric source, although the exact proportion is still not clear. Nevertheless, using eclipse
observations naturally obtained mainly on the sub-Jovian hemisphere, for example, Tsang et al. (2016) and de
Pater et al. (2020), suggest that Io's volcanoes contribute on the order of tens of percents to the global SO, at-
mosphere and only have a pronounced effect if there is an eruption. To summarize, the global scale column
density varies on two different timescales: Io's rotational period of ~42 hr and Jupiter's orbital period around the
sun of ~12 years. The (local) minima are reached during eclipse and shortly before sunrise or in aphelion,
respectively.

Previous model work on Io's atmosphere was done by, for example, A. Walker et al. (2010) and A. C. Walker
et al. (2012). The authors focused on modeling the surface temperature and atmospheric variations using a direct
simulation Monte Carlo method. They include complex surface characteristics and dynamic atmospheric processes
such as inhomogeneous frost distributions and variable flow velocities, respectively. In the present work, we
develop a simple time dependent surface temperature model with only one free parameter, namely Io's thermal
inertia. Our model considers exact celestial geometry and therefore is able to calculate Io's surface and subsurface
temperatures at any point in time and for each astronomical position of Jupiter, Io and the Sun. Our simplified model
aims to investigate to what degree such a plain sublimation model can explain the large-scale structure and vari-
ability of Io's surface temperature and SO, column density on short (diurnal) and long (Jovian year) timescales. A
parameter study determines the thermal inertia values that fit observations from the past decades the best.

2. The Time-Dependent Temperature Model

With our model we investigate how well observed structures of Io's SO, atmosphere can be explained with an
atmosphere that is purely sublimation driven. Since the amount of sublimated SO, surface frost highly depends on
the surface temperature, we develop a simplified and time dependent surface temperature model. We include the
most important heat production and loss processes as well as heat conduction with a subsurface layer characterized
through its thermal inertia. First, we use the insolation F(|S(7)|) as the most important heat source. It depends on the
distance | S| between Io and the Sun which in turn is dependent on the time ¢. The local heat production rate P,,; due
to insolation also depends on the albedo A,;; and the zenith angle ¢ which is dependent on #, the latitude
0 € [-90°, 90°] and the longitude ¢ € [0 °, 360°). We define the depth below the surface asz = R;, — r, with r
the radial component. All radiative interaction (incoming and outgoing) is assumed to occur only at the surface, that
is, z = 0, which is represented in our description with the 5-function §(z). Therefore, P, is given as

P.ml = F(IS(I)D (1 - Avi.s‘) cos ‘}:(t’ 07 (ﬂ)(‘)‘(Z) (1)
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Table 1
Model Parameters That Are Used to Create a Reference Case for Our Simulations and Range of Values of a Parameter Study
Regarding the Thermal Diffusivity
Parameters of reference model
Mass density p [kg m™] 2096 (Leone et al., 2011)
Specific heat capacity ¢, [J kg7'K™'] 290 (Leone et al., 2011)
Thermal conductivity x [Wm™'K™'] 1.46 (Leone et al., 2011)
Thermal diffusivity ay [m?s™!] 2.41 x 107° (Leone et al., 2011)
Thermal inertia I’ [Jm’zs’%K’]] (MKS) 942
Albedo Io (visible) A, ;, 0.62 (Williams, 1995a)
Albedo Io (IR) Ajp 0.5 (Nash & Nelson, 1979)
Albedo Jupiter A 0.54 (Williams, 1995b)
Parameter study Range of values Default
Thermal diffusivity a [m?s™] 1.61 — 96.4 x 1077 241 x 1077
Note. We determine a thermal diffusivity that fits the modeled and observed column densities well for all latitudes and
longitudes and call this the default value.
For completeness and similar to previous works we also include the thermal radiation from Jupiter P, 5, as well
as the sunlight reflected from Jupiter P,,;,,- The contribution from Jupiter can be written as
J RN
Pm(l,]url = O_EJT_/ d (1 - AIR) Cos 52 (t’97 40)5(Z)a (2)
(lo.J)
R \2
J
Pagin = Fids () -6+ = A cosEa(t 0025 ®
(loJ)
and is illustrated in Figure 3. Here, o is the Stefan-Boltzmann constant, A;z = 0.5 (Nash & Nelson, 1979) is Io's
albedo in the infrared, ¢; = 0.9 (Morrison & Telesco, 1980), T, = 165 K (Williams, 1995b), R; = 71,492 km
and A; = 0.54 (Williams, 1995b) are the emissivity, surface temperature, radius and albedo of Jupiter and d(y, ;)
is the distance between lo and Jupiter. To calculate the heat flux due to the thermal radiation from Jupiter reaching
Io's surface, we include Io's albedo in the infrared as well as a second zenith angle &,, which is the zenith angle
with respect to Jupiter. Due to Io's size compared to Jupiter and its close distance to the planet we consider the
thermal radiation to come only from the direction that is pointing toward Jupiter's center. Additionally, the re-
flected sunlight from Jupiter is calculated using a factor £, which describes the portion of Jupiter that is illu-
minated by the sun as seen from lo. At the equator and the sub-Jovian point the additional production terms given
in Equations 2 and 3 contribute approximately 0.55 Wm™? (for parameters given above and in Table 1) to the total
heat production at the surface, which is on the same order as the internal heating rate (see Equation 4).
Second, as the only internal heat source, we include Io's tidal heating P;,,. In general, the internal heat flux is
assumed to be in the range of 1.5-4 Wm™2 (McEwen et al., 2004; Rathbun et al., 2004; Veeder et al., 2004). In the
simulation we use a constant and uniformly distributed total internal heat flux of 2.4 Wm™2. Simulations suggest
that 80% of To's internal heat is transported by magmatic processes (Steinke et al., 2020). Veeder et al. (2015) use
Galileo NIMS data to constrain that ~50% of Io's internal heat flux can be attributed to volcanic hot spots. In the
first parts of our study we assume 20% of the total internal heat flux, and therefore only 0.48 Wm™2, to be
transported by heat conduction. The internal heat production term only acts on the lower limit of the modeling
domain, that is, z = d. At this lower boundary the internal heat flux can be written as
P, =0.48 Wm™25(z — d). 4)
The most important heat loss term is the thermal radiation
DOTT ET AL. 3 of 25

85UB01 7 SUOWILLIOD AIERID 3ot jdde ayy Aq peusenob ake ol VO ‘8N J0 S8|nJ 10} AIq)TaUIIUO AB|IA UO (SUOIPUOD-PUE-SWIRI/LI0Y A8 |MAseIq 1 [pulUO//SdNy) SUORIPUOD PUe SULB | 84} 88S *[9202/20/90] UO ARiqIT8uljuO AB|IM ‘U0 NZ IBISAIN Jep *|q1g AQ 6988003Y202/620T 0T/I0P/W09 A8 |mAiq1jeul|uo'sgndnfey/scny wouy pepeojumod ‘. ‘Sz0z ‘00T669TZ



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Planets 10.1029/2024JE008869

L = 6eT*(2,1,0,9)5(2), (%)

where ¢ = 0.9 (cf. Morrison & Telesco, 1980) is Io's emissivity and 7T is Io's surface temperature.

In addition to the sources and sinks detailed in Equations 1-5, we assume that heat is only transported within the
subsurface layer through conduction with a thermal diffusivity a. We assume that the thermal diffusivity is
spatially constant near the surface. The influence of the heat fluxes of the surface extends only several meters in
the subsurface layer (as shown in Section 3.4). This extent is much smaller than the latitudinal and azimuthal
scales of the surface which are the order of a fraction of Io's radius; therefore, the heat flux is effectively only
radial (see Appendix A). With this assumption, our temperature model can be written as

0T(z,1,0,90)  0T*(z,1,60,9) 1
ot =a ()ZZ + ;(Psol + Pint -L+ Prad,/up + Pref,Jup)' (6)
P
The complete derivation of Equation 6 can be found in Appendix A. Heat conduction is controlled by the thermal
diffusivity a, which depends on the thermal conductivity «, the mass density p and the specific heat capacity c, of
the subsurface matter and is given as

a=—". @)
ey

It physically describes the efficiency of heat transfer through Io's interior and is related to thermal inertia. The
analysis and the findings of this work are expressed in terms of thermal diffusivity since it is the essential variable
in Equation 6 controlling the temperature on Io's surface. In the literature, the thermal inertia I' = 4/kpc, is

frequently used. In Table 1 upper part we show the model parameters for our reference model, where we list for
comparison both thermal diffusivity and thermal inertia (see Section 3.2 for the direct relation between the
thermal diffusivity and thermal inertia). The zenith angles £ and &,, the distance between o and the Sun S as well
as the distance between Io and Jupiter d(y, 5, are calculated using SPICE kernels (Acton, 1996) to provide a
model that enables us to consider the exact celestial geometry (e.g., Io's inclination and the exact timing and
positions of the eclipse by Jupiter) automatically. We use the latest satellite ephemeris JUP365 and the planetary
and lunar ephemerides DE440 (R. S. Park et al., 2021).

The lower boundary condition of our model was set at a depth of z;,,, = 2 m. This value was determined in a
parameter study for our selections of thermal diffusivity values a (Table 1 lower part) such that at the lower
boundary z,,,, no significant temperature changes due to the Sun's diurnal cycle occurs anymore (see Section 3.4
and Equation 11). Due to the absence of solar driven heat flux at the lower boundary z,,,, only conductive heat flux
from Io's tidal heating is present. We assume the latter heat flux to be constant and uniformly distributed over all
latitudes and longitudes in most of our studies (except Section 3.7). The outer boundary condition is determined
by the heat production and loss terms as they only act on Io's surface (z = 0) (cf. Equation 6). The boundary
conditions can be found in Appendix A. This set of equations (Equations 6, A5, and A6) is then solved
numerically in our work. Each simulation is resolved with the same resolution for every thermal inertia
assumptions.

Since a main objective of this work is to investigate [o's atmosphere, we calculate the corresponding SO, column
density of the sublimation driven part N, according to Wagman (1979) assuming a hydrostatic, isothermal
atmosphere in instantaneous thermal and vapor pressure equilibrium with a pure SO, ice underlying surface:

6 0
1.1516 % 10! exp<—m>

mgo,lkg] - gy [ms=2]

Nsub(tv 0, (p)[m—Z] = ’ (8)

with T the surface temperature, mygo, the mass of an SO, molecule and g, = 1.81 m s72 Io's surface gravitational
acceleration. In addition to that, we assume the atmospheric SO, column density to be completely controlled by
the surface SO, sublimation temperature with no additional SO, source included in the simulations.
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Figure 1. Diurnal equatorial surface temperatures and sublimation driven SO, column densities as a function of time elapsed
over 42 hr Io rotation period for different values of the thermal diffusivity at the sub- and anti-Jovian point. Key Io local solar
times are annotated on the plot. As reference value for the thermal diffusivity we assume oy = 2.41 x 10~®m?s~! and

perform simulations varying o between llfzao and 2a,. Remarkable is the eclipse by Jupiter which only affects the Sub-Jovian

hemisphere due to the locked rotation of Io (cf. Figure 2) and which causes a drop in surface temperature within a few minutes.
As a consequence, the surface temperature and atmospheric SO, column density is enhanced on the anti-Jovian hemisphere.

3. Results

In this section we present a parameter study where we investigate the effects the thermal inertia of the surface has
on lo's SO, atmosphere (assuming it is completely controlled by surface temperature). In Section 3.1 we discuss
the effects of lo's eclipse by Jupiter and changes in the thermal inertia on the diurnal temperature and SO, column
density. To demonstrate the influence of thermal inertia not only on diurnal variations but also on global char-
acteristics meaning the latitudinal and longitudinal variations, we present two extreme cases for extremely high
and low thermal inertia values in Section 3.3. By comparing the simulations with several observations taken in the
last decades we constrain a thermal diffusivity that fits the observed structure of Io's atmosphere best. In Sec-
tion 3.4 we estimate the “Depth of solar influence” (DOSI) that is defined as the depth from where the diurnal
temperature variation is not significant anymore and discuss its dependence on the thermal diffusivity. Addi-
tionally, we also discuss an alternative variable to estimate the depth of the solar influence, that is, the skin depth.
We take a look at the long term variations of the surface temperature and the SO, column density over timescales
of Jovian years using the exact celestial geometry in Section 3.5. By using also the exact body related geometry,
for example, the inclination, we show that we can expect hemispheric seasons on lo depending on Jupiter's
position in its orbit (Section 3.6). Finally, we discuss whether or not our model could also explain Io's anomalous
warm poles (Rathbun et al., 2004) assuming a higher or non-uniformly distributed internal heat flux (Section 3.7).

3.1. Thermal Inertia Effects on the Diurnal Temperature and Column Density Variation

With the temperature model presented in Section 2 we are able to calculate Io's surface temperature T as a
function of time ¢, latitude 0, longitude ¢ for different values of thermal diffusivity. We begin with a study how the
thermal diffusivity controls the surface temperature in response to diurnal variations. Therefore we present the
equatorial surface temperature and column density as a function of time during one Io day (~42 hr) and for
different thermal diffusivity values in Figure 1. The top panel shows the diurnal variation at the sub-Jovian
hemisphere (0°W), and the bottom panel shows the same but for the anti-Jovian hemisphere (180°W). Here,
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we present one lo day in 1999 when Jupiter was near its perihelion just as an example. The effect of the varying
heliocentric distance on the surface temperature and atmosphere is discussed in Sections 3.5 and 3.6.

In our parameter study we start with a reference value for the thermal diffusivity oy = 2.41 X 107°m?s~! (Leone
et al., 2011). Here we choose the values for the lowest depth provided by Leone et al. (2011) since we expect the
DOSI to be on the order of ~1 m (see Section 3.4). As shown by de Pater et al. (2020) the thermal inertia also may

vary as a function of depth with values of 50 J m~2s72K~! (MKS in the following) directly at the surface and ~320
MKS at a depth of a cm and below. We assume the thermal diffusivity to be constant as a function of depth and
vary it between %ao and 2a, (see Table 1). The heat transfer through Io's interior is faster for a higher thermal
diffusivity resulting in a weaker diurnal variation. Observations of Io's thermal radiation made with Galileo's
photopolarimeter—radiometer show that Io's daytime surface temperature varies between 90 K minimum near the
terminators and in the polar regions and 130 K maximum close to the subsolar point (Rathbun et al., 2004). The
reference thermal diffusivity ay(black line) already leads to a diurnal surface temperature variation that is un-
realistically low with minimum and maximum temperatures of 106 and 109 K for the sub-Jovian and 107.5 and
111 K for the anti-Jovian hemisphere. Nonetheless, we also added the diurnal variations resulting from simu-
lations assuming even higher thermal diffusivity values of 2¢, (cyan line) to show that the resulting temperature
and column density variation is even lower compared to the reference case. We determine minimum and
maximum values &, = %ao and ap,, = %ao of the thermal diffusivity that lead to a diurnal variation that
corresponds to observations for the sub- and anti-Jovian hemisphere, especially when looking at the corre-
sponding column density.

Accounting for the eclipse at each point on the surface individually, for the sub-Jovian hemisphere the eclipse
around 12:00 local time (LT) has a pronounced effect with a sharp temperature decrease of up to 7.5 K within
~10 min (for the respective values of @) corresponding to an atmosphere that collapses by more than one order of
magnitude. The drop in surface temperature is expected to occur within minutes (e.g., de Pater et al., 2002) with a
reacting sublimation atmosphere that collapses on comparable timescales (e.g., Cruikshank et al., 2010). As a
consequence, the simulations at times of very rapid changes of insolation and surface temperature do not include
adjustment of the atmospheric column densities to equilibrium state in Equation 8. We give more details on our
model limitations in Appendix A3. However, since this work is about investigating the variability of Io's at-
mosphere on significantly longer timescales than ~10-15 min we can assume the atmospheric temperature is the
same as the surface temperature (Wagman, 1979). The observed column densities decrease by a factor of 5 + 2
and on similar timescales as found in the simulation (Roth et al., 2011; Tsang et al., 2012, 2016). Observations at
millimeter wavelengths in de Pater et al. (2020) do not show a significant drop in disk-averaged column densities
during Io being in eclipse. Instead, they show a much lower fractional coverage of Io in eclipse compared to lo
being in sunlight and are assumed to probe Io's subsurface at a depth of 1-2 cm, so do not show the temperature
variation directly at the surface. Since it is not possible to distinguish between a high column density with low
fractional coverage or vice versa with the data used in Tsang et al. (2016), the findings of de Pater et al. (2020)
may agree with a column density decreasing by a factor of 5 in the mid-infrared, nonetheless. However, the
weaker temperature decrease of ~3 K described in de Pater et al. (2020) is consistent with our simulations
evaluated at a respective depth of ~3 cm, since the strength of the temperature decrease during eclipse naturally
decreases with increasing depth due to the diminishing influence of the sun with increasing depth. Although their
inferred column density decrease match our simulations, Tsang et al. (2016) found the brightness temperature to
decrease up to 22 K in eclipse in two sets of observations obtained on two different days in November 2013, which
would require a relatively low thermal inertia. In general our model is consistent with larger thermal inertia values
causing a weaker temperature drop in eclipse. A. C. Walker et al. (2012) determined a best fit thermal inertia of a
frost-covered surface of 200 + 50 MKS, which is close to our default value of 298 MKS and fits to the model
assumption that Io is uniformly covered with SO, surface frost. Therefore, the observations by Tsang et al. (2016)
could be explained by either a two-layer model as described in de Pater et al. (2020) or by a non-uniform surface
frost coverage. Additionally, Tsang et al. (2015) in another study did not see any significant column density
increase shortly after eclipse egress, implying that the atmosphere has not collapsed in Jupiter's shadow. Whether
the sharp temperature decrease found by Tsang et al. (2016) is attributable to either a low thermal inertia surface
(layer), a non-uniform surface frost coverage or unknown time-variability, or how the apparently contradicting
observations might be reconciled otherwise, may remain the subject of future observations and simulations.
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Shadow Zone

Figure 2. Top view of Io's orbit around Jupiter to illustrate the effect of Io's eclipse by Jupiter. Remarkable here is that due to
the moon's locked rotation around the planet the anti-Jovian hemisphere is Io's nightside whenever Io is in eclipse by Jupiter.
As a consequence, the anti-Jovian hemisphere receives 2 hr more sunlight compared to the sub-Jovian hemisphere, which has
a significant effects on Io's atmosphere.

To explain the eclipse effect in more detail, Figure 2 illustrates a top view of lo's orbit around Jupiter. Because of
Io's locked rotation around the planet, the anti-Jovian hemisphere is always on Io's nightside when Io is in eclipse
so that Jupiter's shadow has no direct impact on the anti-Jovian hemisphere with regard to its surface temperature.
As a consequence, this hemisphere is exposed to sunlight ~2 hr longer during each Io day, namely every 42 hr,
compared to the sub-Jovian hemisphere. Therefore, the eclipse effect is also the reason for the surface temperature
to be generally higher on the anti-Jovian hemisphere compared to the sub-Jovian as was shown before by, for
example, A. C. Walker et al. (2012).

In addition to direct insolation, the surface is heated due to thermal radiation and the sunlight reflected from
Jupiter at Io's sub-Jovian hemisphere. Figure 3 shows the diurnal variation of the surface temperature and cor-
responding column density including and neglecting both effects. The surface temperature increases by ~3 K due
to the thermal radiation and the sunlight reflected by Jupiter, which therefore have only a very small influence on
the surface temperature compared to the solar radiation. However, the corresponding sublimation driven SO,
column densities increase by a factor of ~3.5 at times of maximum influence, which is during the night, when the
solar illumination vanishes. Here the thermal radiation from Jupiter has the larger influence with a temperature
increase of ~2.3 K compared to the reflected sunlight, which leads to a temperature increase of ~0.7 K.

3.2. Interpreting the Parameter Study With Regard to Thermal Inertia

Since both the thermal diffusivity a = &( pcp)_1 as well as the thermal inertial " = , /kpc, depend on the thermal

conductivity k, we can relate both quantities for a given mass density p and specific heat capacity c, through
= pc,,\/a (O

In our parameter study, we perform simulations by assuming thermal diffusivity values in the range of
1'—20:0 < a < 2ay with ¢y = 2.41 X 10~®m?s~!. Using the values of Leone et al. (2011) for the mass density p
and the specific heat capacity c,, (see Table 1) this corresponds to thermal inertia values varying between 272 and
1334 MKS which is comparable to the range inferred as reasonable by Tsang et al. (2012). In Section 3.1 we
determine minimum and maximum values @, = %ao and o = %ao that lead to a diurnal surface temperature
and column density variation in agreement with observations. For the given values of p and c,, from Table 1, this
corresponds to thermal inertia values of 272-333 MKS, which agrees well with the thermal inertia (320 MKS)
derived at millimeter wavelengths (de Pater et al., 2020).
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Figure 3. Diurnal equatorial surface temperatures and sublimation driven SO, column densities as a function of time
including the contribution of the thermal radiation from Jupiter P, ;,, and the sunlight reflected from Jupiter P, ;,, (solid
line) and neglecting them (dashed line) at the sub-Jovian point. The surface temperature differs by ~3 K with largest influence of
Pragup and Py, during the night. The corresponding SO, column density is higher by a factor of ~3.5 when including the
contribution from Jupiter. Around 22% of that enhancement is due to the reflected sunlight by Jupiter (red line) and 78% is due to
the thermal radiation from Jupiter (blue line).

3.3. Latitudinal Variation of a Purely Sublimation Driven Atmosphere

In the following we present complete maps of Io's surface temperature as well as the corresponding SO, column
density as a function of latitude and longitude. We focus on two extreme cases with an extremely high and an
extremely low thermal inertia to separate the effect of the thermal inertia on the surface temperature from other
effects. Once this is shown, we determine a default thermal diffusivity by finding the value that fits modeled and
observed column densities well for all latitudes and longitudes. At the end of this section we compare the sim-
ulations with observations.

In Figure 4 we present an exceptionally high and exceptionally low case of the thermal inertia to explain its effects
on the latitudinal structure of Io's surface temperature and correspondingly the SO, atmosphere. For the purposes
of identifying surface temperature and column density patterns at this point the relative distance of lo to Jupiter is
inconsequential, so the date of simulation is arbitrary. The left panel shows a map of o at a certain point in time
assuming a thermal diffusivity of 50q,. Due to the extremely high thermal diffusivity the conductive heat
transport into the subsurface of lo is very efficient. Therefore, the surface does not heat up very fast when exposed
to sunlight and does not cool strongly on the night side due to the conductive heating from within Io. Conse-
quently, the atmosphere is clearly band structured with the largest column densities around the equator. Since the
solar zenith angle increases for higher latitudes the amount of heat absorbed by the surface decreases, which
results in steadily decreasing surface temperatures and column densities toward the poles. Additionally, there is
no or nearly no diurnal variation of the surface temperature or column density from dawn to dusk. The maps
shown in Figure 4 both result from simulations when Io's subsolar longitude corresponds to its sub-Jovian
longitude, so the sub-Jovian hemisphere is illuminated by the sun and the anti-Jovian hemisphere is the night
side. The enhanced column densities on the anti-Jovian hemisphere from 90 to 270°W are only attributed to the
eclipse effect, mentioned in Section 3.1 and in for example, A. C. Walker et al. (2012).

In contrast to that, the right panel presents a map assuming a thermal diffusivity of %ao. The extremely low
thermal diffusivity causes the surface heat to remain in the very shallow subsurface structures and is not trans-
ported to deeper structures. Therefore, the surface temperature is only dependent on the solar zenith angle and
increases quickly and strongly when exposed to sunlight. So the atmosphere is centered around the subsolar point
with decreasing column densities toward the poles and the terminators.
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Figure 4. Global surface temperature and column density maps, assuming that the sub-Jovian longitude is the subsolar
longitude, so the sub-Jovian hemisphere is illuminated by the sun. The column density is represented as contour lines and
given in cm™2, the surface temperature is color-coded and given in K. (a) For a high thermal diffusivity (50 o, with

ay = 2.41 x 107°m?s~!) the atmosphere is clearly band structured with highest column densities around the equator
decreasing toward the poles. There is no collapse of the atmosphere on the night side. On the contrary, here the night side is even
warmer than the day side due to the eclipse effect (see Section 3.1). (b) For a low thermal diffusivity (% ao), the atmosphere is
mainly centered around the subsolar point with column densities decreasing toward the poles as well as toward the terminators.
For identifying the surface temperature and column density patterns the relative distance of Io to Jupiter is not relevant at this
point of our work, therefore the date of simulation is arbitrary.

Of particular note is that the thermal diffusivity strongly influences the peak column density. Due to the slower
heat transfer the surface heats up much faster for a low thermal diffusivity, resulting in peak surface temperatures
of 107.5 K for 50a and much larger values of 122 K for 51—00:0, respectively. The peak surface temperature extends
over a longitudinal range of 180° for the high thermal inertia, whereas the peak temperature for the low thermal
inertia is reached only in a small region close to the subsolar point. The corresponding peak column densities of
4.5 x 10 and 4 x 10'7cm2 differ by more than two orders of magnitude.

We conclude that the choice of thermal inertia has strong influence on the latitudinal structure of lo's atmosphere,
which we will quantify further in the following Section.

The surface temperature and column density shown in Figure 4 do not represent the observed structure of the
atmosphere and only serve to demonstrate the effect of different thermal inertia assumptions on the latitudinal and
longitudinal variation of the atmosphere separated from other physical effects. Now we further constrain the
thermal diffusivity by comparing model results with observations of surface temperature and column densities for
a in the range of 11—2010 < a < 2ay by taking into account lo's surface temperature at the sub- and anti-Jovian
hemisphere as well as its diurnal variation. By comparing the model results also with observations of the lat-
itudinal column density variation (e.g., Strobel & Wolven, 2001) and excluding temperature variations with
unrealistic low and high diurnal variations we then choose our default value through quantitative comparison. We
find 0.1, which compares to a thermal inertia of I' = 298 MKS. It is in a similar range of the best-fit thermal
inertia values determined by Tsang et al. (2012) (150-300 MKS) and A. C. Walker et al. (2012) (200 £ 50 MKS).
The large uncertainty in our values is due to the large uncertainty of the mass density and specific heat capacity
directly at lo's surface.

The surface temperature and column density map resulting from our simulation with a thermal diffusivity of 0.1«
agrees well with the observations and is shown in Figure 5. At the equator on the subsolar point the solar heat flux
is ~9 times larger than the internal heat flux of 2.4 Wm™2. The solar heat flux on the surface decreases with
latitude. At a latitude of about 83° the solar heat flux becomes similar to the internal heat flux and further toward
the pole the surface temperature is mainly controlled by the internal heat flux, which is why a slightly changing
albedo toward the poles has no influence on the surface heating. For now, we will concentrate only on an extended
equatorial region up to 60° latitude since Io's high latitude and polar regions are observed to have temperatures
around 90 K (Rathbun et al., 2004) and are therefore significantly warmer compared to what is expected from a
surface heating due to tidal heating with the given total heat flux of 2.4 Wm~2 only.
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Figure 5. Global surface temperature and column density map assuming a thermal diffusivity of 0.1ay with

ay = 2.41 x 107°m?s~!. We distinguish here between (a) the sub-Jovian and (b) the anti-Jovian hemisphere being Io's
dayside. In both cases the atmosphere is mostly centered on Io's dayside as expected from observations and the model. The
significant collapse of the atmosphere from dusk to dawn is controlled by thermal inertia with column densities decreasing by
more than one order of magnitude. The anti-Jovian hemisphere has generally higher diurnal surface temperatures and column
densities due to the eclipse by Jupiter.

Figure 5 shows two “snapshots” taken during one day in 1999, when Jupiter was near its perihelion. To
highlight the sub-anti-Jovian hemisphere asymmetry, the left panel shows a time of day when the subsolar
longitude occurs at sub-Jovian longitude, so the sub-Jovian hemisphere is fully illuminated by the sun whereas
the right panel shows a time of day when the subsolar longitude occurs at anti-Jovian longitude, so the anti-
Jovian hemisphere is the dayside. The maximum dayside column densities of 3.7 x 10'® cm~2 and 8.5 x 10!
cm~2 respectively for the sub-Jovian and anti-Jovian hemisphere lie well with observed values that are in the
range of 1 — 20 X 10'® cm™2 (Feaga et al., 2009; Feldman et al., 2000; K. L. Jessup & Spencer, 2015; K.
Jessup et al., 2004; Spencer et al., 2005; Tsang et al., 2012). The sublimation atmosphere is observed to
collapse during Io's eclipse by Jupiter because of the dwindling solar insolation. This is why Io's atmosphere is
also assumed to collapse on the nightside with significantly decreasing column densities. As it is hard to
observe Io's nightside from Earth, there are no measured values of the surface temperature or column density
from dusk to dawn. According to our simulation, the column density de-
creases by one order of magnitude from 10'® cm™2 at the dusk terminator

1016 -

1015 4

Nsuplcm=2]

to 0.4 — 1 x 10" cm™2 at the dawn terminator depending on whether we

investigate the sub-Jovian or the anti-Jovian hemisphere to be the dayside.

Additional to this longitudinal column density variation, the atmosphere is
latitudinally structured as well. To quantify the equator-to-pole decrease,
Figure 6 provides a direct comparison to the column density as a function of
latitude determined by Strobel and Wolven (2001), who processed reflected

Northem-Hemisphete:Sim: N solar Lyman-a data measured by the Hubble Space Telescope (HST) when

—-= Southern Hemisphere Sim. e D Jupi 1 iheli I dditi h b . 1y derived
Strobel & Wolven (2001), 5 upiter was close to perihelion. In addition to the observationally derive

""" Neg = 1x10%°cm 2 \.\ column densities (dotted lines), we present the dayside averaged SO, column

LU SO Ztr°bell7&‘{‘g’l'g’e” {2001), N density as a function of latitude resulting from the simulation (solid and
=1.7x cm” N . . .

& dashed dotted lines). Strobel and Wolven (2001) use two different equatorial

0 10 20 30 40 50

Figure 6. Column density as a function of latitude for Io's northern (solid
line) and southern (dashed-dot line) hemispheres assuming a thermal
diffusivity of 0.1a with @y = 2.41 X 10~°m?s~! in each case. The
simulated northern hemisphere column density is higher than the south due to
Io's inclination causing hemispheric seasons, and this contributes to the strong
agreement of the northern hemisphere results of Strobel and Wolven (2001)
which are also obtained during perihelion. See the main text for a detailed
summary.

column densities of 1 X 10'® cm™ and 1.7 X 10'® cm™2 that are nearly

NHS/SHS Latitude [°]

constant between 0 and 20° latitude and found them to decrease between 20
and 50° to 3 X 10'* cm~2. Since our calculations consider Io's inclination of
~3° (tilt of Io's spin axis with respect to Jupiter's orbital plane (Wil-
liams, 1995b)), our model shows a northern-southern hemisphere asymmetry,
with higher column densities over the northern hemisphere during the time of
the observation in the year, because Io's northern summer season is close to
perihelion (discussed in Section 3.6). Therefore, our results are split in one
curve representing the latitudinal decrease on the northern hemisphere (solid)
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Figure 7. Diurnal variations of the surface temperature and column density for all latitudes at (a) the sub-Jovian (¢ = 0°W)
and (b) the anti-Jovian longitude (p = 180°W) assuming @ = 0.la, with ay = 2.41 x 10~®m?s~!. The eclipse effect
generates an atmosphere that has a more extended atmosphere with maximum column densities that are higher by a factor of
four on the anti-Jovian hemisphere, compared to the sub-Jovian.

and one curve for the southern hemisphere (dashed dotted). Due to a poor telescope resolution at very high
latitudes, Strobel and Wolven (2001) assume the column density to stay constant from 50° latitude polewards. As
expected and observed in later observation, however, the column density would decrease even further (e.g., Feaga
et al., 2009). For comparison purposes, in Figure 6 we only present our model results obtained between 0 and 50°
latitude.

This comparison shows that our simulations yield dayside averaged column density values that agree with the
ones from Strobel and Wolven (2001). Thus, a plain sublimation generated atmosphere reproduces the observed
latitudinal decrease of the column density which is more than one order of magnitude.

3.3.1. Diurnal Variations of the Surface Temperature and Column Density

So far, we only presented surface temperature and column density maps at one specific time, meaning one specific
solar time, but for all latitudes and longitudes (Section 3.3) as well as the diurnal variation at one specific point on
Io's surface (cf. Section 3.1). In the following, we focus on the diurnal variation at one specific longitude but for
all latitudes. Therefore, Figure 7 shows the surface temperature (color-coded) and corresponding SO, column
density (contour lines) as a function of latitude and time for both, the sub- (¢ = 0°W, panel A) and anti-Jovian
longitude (¢ = 180°W, panel B). We assume a thermal diffusivity of 0.1 as our default model to investigate the
effect of the eclipse by Jupiter on Io's atmosphere.

For comparison, we again show the diurnal column density variation for one day in June 1999, when Jupiter was
near perihelion. Figure 7 A refers to the sub-Jovian longitude, where the eclipse effect is clearly visible. After
passing the dawn terminator, the column density increases and reaches its morning maximum of 4 X 10'® cm™2
shortly before eclipse ingress. At 11:30 LT Io goes into eclipse by Jupiter for ~2 hr and no longer receives
sunlight. Consequently, the surface temperature decreases, the atmosphere collapses and column densities
decrease by one order of magnitude from 4 x 10'® cm™2 before eclipse ingress to 3.4 x 10> cm™2 in eclipse,
which compares well to previously modeled and observed values (Saur & Strobel, 2004; Tsang et al., 2012, 2016).
de Pater et al. (2020) found the atmosphere to collapse and recover within 10 min after eclipse ingress and egress.
As described in Section 3.1 the simulation matches that well. Additionally, K. L. Jessup and Spencer (2015)
observed lo's low latitude dayside surface temperature to be 0.6 + 0.1K larger at 10.00 LT than at 13.00 LT. The
authors did not relate their observations to the eclipse effect, but the simulated surface temperatures show a
similar trend before and during the eclipse phase: it decreases from 110 K at 10.00 LT (before eclipse) to 106 K at
12.30 LT (before eclipse egress). At the dusk terminator (18.00 LT) the surface temperature and column density
starts to decrease slowly throughout the night controlled by the thermal inertia of the subsurface materials. In total,
the equatorial surface temperature decreases by 6 K from 108.6 to 102.8 K from dusk to dawn, which corresponds

to the column density decreasing by almost one order of magnitude from 7.4 x 10" cm™2 to 7 x 10'* cm™2.
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Figure 7 B presents the diurnal variation of the surface temperature and column density at the anti-Jovian
longitude at ¢ = 180°W. It highlights the hemispheric differences between the sub and anti-Jovian side. The
anti-Jovian hemisphere does not experience the eclipse by Jupiter (cf. Figure 2). Therefore, the surface tem-
perature does not decrease until the afternoon LT and the atmosphere does not collapse during the day. Due to the
enormous size of Jupiter and the small distance of o from the planet, the eclipse affects the whole sub-Jovian
hemisphere, leading to in general lower surface temperature and SO, column densities here. This effect is
well observed in HST data (Feaga et al., 2009; K. Jessup et al., 2004). According to our simulation, the eclipse
effect causes a temperature difference of 4 K at the equator between both hemispheres, which corresponds to
maximum column densities that are higher by a factor of 4 on the anti-Jovian compared to the sub-Jovian
longitude.

The diurnal maximum surface temperature occurs not exactly at noon where the solar heat flux is strongest. At the
sub-Jovian longitude the diurnal maximum is reached shortly before noon because the following eclipse causes
the surface to cool down. In contrast to that, at the anti-Jovian longitude, the maximum surface temperature is
reached after noon at around 14.00 LT which is due to the thermal inertia of the subsurface materials. Further-
more, the eclipse by Jupiter lowers the total diurnal variation which is 10.5 K at the sub-Jovian but 12.3 K on the
anti-Jovian longitude. This fits well with the model results of Tsang et al. (2012) who find diurnal variations of 10
and 12 K, respectively, for their best-fit model. A. C. Walker et al. (2012) find the diurnal variation to be ~14 K on
the sub-Jovian and ~17 K on the anti-Jovian hemisphere. This slightly enhanced diurnal variation compared to
our results is attributable to a lower thermal inertia value (I' = 200 £ 50MKS) assumed by A. C. Walker
et al. (2012) as discussed in Section 3.1.

Lastly, the atmosphere is not only observed to be denser on the anti-Jovian hemisphere, but also more extended to
high latitudes (Feaga et al., 2009; Lellouch et al., 2007). Looking at the northern hemisphere, Feaga et al. (2009)

-2 «

found the atmosphere to have its 10'® cm column-density-boundary” at 30° latitude on the anti-Jovian

hemisphere, and at 15° lat on the sub-Jovian. In our simulation the 10' cm~2 boundary is more at 20° latitude
at the sub-Jovian longitude, and at around 30° latitude at the anti-Jovian. Therefore, the simulated atmosphere is
slightly more extended on the sub-Jovian hemisphere than found in Feaga et al. (2009), but still clearly more
expanded on the anti-Jovian hemisphere when comparing to the sub-Jovian. This effect is also attributed to the
fact that the anti-Jovian hemisphere experiences ~2 hr more of sunlight each day compared to the sub-Jovian.

3.4. Equatorial Skin Depth

Additional to the surface temperatures, our model also provides values of subsurface temperatures. To charac-
terize the heat diffusion through Io's subsurface layer, we define the following two measures:

First, we introduce a skin depth d. Applying an Ansatz of the form

T(z,1) = T, exp[i(ﬁ)] exp( z) (10)

within the simplified heat equation (Equation 6) without production and loss terms with k the complex wave

number k = \/—’(‘—‘? and assume that the skin depth requires the surface temperature to decrease by a factor of % (at

d= | Tee )
T

with T}, is the length of one Io day in units of seconds and « is the thermal diffusivity (see e.g., de Pater &
Lissauer, 2015). Hence, the skin depth depends on thermal diffusivity @ and decreases for decreasing a. For the
parameter study setup (Section 3.1) the skin depth varies between d =~ 0.1 m for the lowest and d =~ 0.5 m for

depth z = d), the skin depth is given as

highest thermal diffusivity value.

Figure 8 presents the vertical temperature profiles at the equator, on the anti-Jovian hemisphere (¢ = 180°W),
assuming a thermal diffusivity of 0.1a, and for one Io day in June 1999, where Jupiter was at perihelion. The
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Temperature [K] shape of the vertical temperature profiles is mainly determined by the heat

0.0 . e a s production at Io's surface, the thermal diffusivity and the internal heat flux. In
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Figure 8. Temperature as a function of depth for different times during one Io
day. The heating of the surface by insolation influences the subsurface up to
a depth of ~0.6 m (dashed line). This depth is referred to as depth of solar
influence. Further below, the temperature of the subsurface is controlled by
internal heat sources only. The skin depth (dotted line, see Section 3.4) is

addition to the skin depth, we also determine the depth beyond which the
diurnal temperature variability is not significant any more. This depth is
referred to as DOSI in the following. It is determined by making sure that the
temperature difference between the different temperature profiles does not
exceed 0.1 K here. This is 1% of the 10 K diurnal temperature variation at the
surface and therefore considered to be adequate to determine the DOSI. For
a = 0.1ag, the cyclic heating and cooling of the surface influences the sub-
surface temperatures up to a depth of ~0.6 m (dashed line) in our simulation.
Beyond that depth, the temperature gradient is determined by Io's internal
heating. It is worthwhile to point out that at the dusk terminator the shallow
subsurface is hotter than the surface (see de Pater & Lissauer, 2015). This
causes a conductive heat flux toward the surface, which heats the surface
although there is no direct heating by the sun. Therefore the surface tem-
perature and column density do not decrease instantaneously after sunset but
decrease with a temporal delay lasting throughout the night time.

The simulated skin depth (dotted line) is at 0.1 m. Comparing the skin depth

at 0.1 m. and the DOSI (dashed line) shows that the DOSI is higher by a factor of 6
compared to the skin depth. In order to not miss any significant diurnal
temperature changes in analyzing the simulation results this fact is used to estimate the modeling domain
boundary in the z—direction.
3.5. Long-Term Column Density Variation
In the last decades, observations of Io's atmosphere have been performed regularly. This Section compares our
simulations to observations obtained between June 1996 and September 2013 covering one Jovian year.
Therefore, Figure 9 presents the maximum diurnal surface temperature as well as the corresponding sublimation
column density over the time span from June 1996 to September 2013 at the sub-Jovian (¢ = 0°W, dashed line) as
well as at the anti-Jovian point (¢ = 180°W, solid line). Also added are the times of perihelion and aphelion
Equatorial Diurnal Maximum Surface Temperature
and Sublimation Column Density: Jovian Year
T T T
1171 I * L I * |
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Figure 9. Modeled diurnal maximum surface temperature and corresponding sublimation column density as a function of
time between June 1996 and September 2013. Added are also the pericenter/apocenter locations (dashed lines) and observed
column densities published by various authors for comparison. Io's northern hemisphere summer and northern hemisphere
winter seasons are indicated in light and dark gray.
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(dashed gray lines) that are very close to Io's summer and winter solstices. Io's northern summer and northern
winter seasons are indicated in light and dark gray.

From aphelion to perihelion Io's distance to the sun decreases from 5.65 AU to 4.95 AU, which corresponds to
change of the solar illumination of 45.9 Wm™2 to 55.9 Wm™2. As expected because of the smaller heat flux in
aphelion, the surface temperature decreases from mid 1999 to 2005 by 5 K in the simulation. With regard to
Jupiter's global thermal emission that is also included as a heat source at Io's surface (see Equation 2), there is no
significant variation expected on timescales of a Jovian year. On the one hand this is due to the fact, that Jupiter
emits more heat than it receives from insolation, meaning that it is mostly heated from internal heat sources that
are assumed to have only very minor temporal variability on respective timescales (Guillot et al., 2004; Smo-
luchowski, 1967). On the other hand, further characteristics such as Jupiter's band structure and northern polar
CH, emission, that are representative for the thermal structure, undergo relatively strong variations (up to 37% on
the case of CH, emissions) over one Jovian year (Antufiano et al., 2019; Sinclair et al., 2023). However, those
variations are not attributable to the seasonal cycle and occur only locally, leading to the conclusion that we can
assume the global thermal emission of Jupiter to be constant over one Jovian year.

In the following, we compare our simulation with a set of observations labeled as stars, diamonds and triangles in
Figure 9 (for measurements on the anti-Jovian, sub-Jovian, trailing and leading hemisphere) and published values
for atmospheric densities by various groups are color coded.

3.5.1. Comparison to UV-IR Observations

Feaga et al. (2009) use a set of Lyman-a images of lo's dayside atmosphere obtained with the HST Space
Telescope Imaging Spectrograph when Io approaches and then passes perihelion between October 1997 and
December 2001 (marked red in Figure 9). The authors found the average dayside atmosphere to be densest on the
anti-Jovian hemisphere with column densities of 5 x 10'® cm™2. In late 1999, the observations show the averaged
sub-Jovian hemispheric column densities to be in the range of ~2 x 10'® cm™2 and lower by a factor of 2
compared to the anti-Jovian hemisphere with column densities of ~4 x 10'6 cm~2. Looking at data from 2002 to
2004, Spencer et al. (2005) (labeled in blue in Figure 9) obtained disk-integrated 19-um spectra taken with the
TEXES high spectral resolution mid-infrared spectrograph and found column densities in the range of
1.5 — 18 x 10'® cm™2 depending on whether observing the sub- or anti-Jovian hemisphere. Compared to Feaga
et al. (2009) their values for the anti-Jovian hemisphere are significantly larger, although the decreasing surface
temperature when approaching aphelion would lead to the assumption that the column densities should decrease.
Our simulations suggest column densities in the range of 6 — 10.5 x 10" cm™ (sub-Jovian) and
1.5 — 3 x 10' cm™2 (anti-Jovian) during that period of time. Comparing our simulation to the work of Feaga
et al. (2009) it is noticeable that it matches the observed column densities quite well considering that our values
are diurnal maxima. The simulated column densities also match the observed values at the sub-Jovian hemisphere
found by Spencer et al. (2005), although the simulation suggests column densities lower by a factor of 6 on the
anti-Jovian hemisphere. Covering almost one Jovian year, Tsang et al. (2012) also evaluated 19 pm spectra of Io's
atmosphere from the TEXES mid-infrared high spectral resolution spectrograph (green). They found the anti-
Jovian column densities to increase by factor of 3 from 5.5 X 10'® cm=2 in aphelion to 1.6 x 10'7 cm™2 in
perihelion. The annual variation resulting from the simulations show a column density increasing by almost a
factor of 10 from ~10'6 cm=2 at aphelion up to ~10'” cm~ at perihelion. The simulation underestimates the
observed column density found by Tsang et al. (2012) by between 35% and 75%. More recently, Giles et al. (2024)
expanded the data set analyzed in Spencer et al. (2005), Tsang et al. (2012, 2013) by 19-uym IRTF/TEXES data
obtained throughout an additional Jovian year from 2014 to 2023. They found the seasonal pattern observed from
2001 to 2013 to repeat in the following Jovian year. At the anti-Jovian hemisphere the data are well in agreement
with a surface bond Albedo of 0.56f8:8§, a thermal inertia of ZSOfégo MKS and some additional constant (vol-
canic) component of 0.74J_r8:?? x 10" cm~2, with column densities approaching ~2.1 x 10'7 cm~2 in perihelion
and ~7 X 10'° cm™2 in aphelion. The maximum and minimum surface temperatures are modeled to be 116.5 and
110.4 K shortly after Jupiter being at pericenter and apocenter, respectively. Similar to the Tsang et al. (2012)
data, our model, which uses a slightly higher surface albedo and thermal inertia (0.62 and 298 MKS), un-
derestimates these column density values by a facor of 2—-6 depending on whether comparing at perihelion or
aphelion, while our minimum and maximum surface temperature values are almost identical to the ones found by
Giles et al. (2024). Thus our model would need to assume either a lower thermal inertia or an additional constant
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volcanic component to fit the data with higher agreement. For the first time, Giles et al. (2024) investigated the
seasonal variability also on the sub-Jovian hemisphere, shown as purple diamonds in Figure 9. In our plot the
selected times of observations between 2014 and 2023 are matched to the previous Jovian year, which is sufficient
because the seasonal pattern of 2001-2013 repeats with almost equal column density values as reported in Giles
et al. (2024). The authors found the column density and surface temperature to decrease from 3.5 x 10'¢ cm=2
and 111.9 K in perihelion to 0.9 X 10'® cm™2 and 106.4 K in aphelion assuming a constant component of
0.067502 x 10'7 cm™. In contrast to the anti-Jovian hemisphere our simulation underestimates the column
density values found in Giles et al. (2024) by only a factor of 1.8 for both, perihelion and aphelion, where the
surface temperature values almost fully agree again. However, Giles et al. (2024) derived a comparable albedo of
0.667092 but a thermal inertia of 80*32° MKS, which has large error bars but is significantly lower compared to
our value of 298 MKS. Overall, our simulations show an atmosphere that is significantly thinner when Jupiter's
distance to the Sun is maximum consistent with the observations of, for example, Moullet et al. (2010), Tsang
et al. (2012) and Giles et al. (2024).

3.5.2. Comparison to Millimeter Observations

Column densities derived from observations at millimeter wavelengths by Moullet et al. (2010) are shown in cyan
in Figure 9. The authors present disk-resolved observations obtained with the Submillimeter Array. Since
millimeter observations usually do not cover the sub- or anti-Jovian but the trailing and leading hemispheres,
those observations are highlighted differently and are shown as triangles in Figure 9. Moullet et al. (2010)
evaluated data from mid 2006 and mid 2008 when Jupiter was moving from its apocenter toward the pericenter.
The authors also observe the SO, column density to increase between the two dates by a factor of ~1.5 for both,
the trailing and leading hemisphere. The trailing hemisphere seems to have column densities that are lower by a
factor of ~3-4 compared to the leading hemisphere. This difference is similar to the sub- and anti-Jovian
hemisphere asymmetry. Moullet et al. (2010) found the atmosphere to have column densities of
8 — 10 x 10" cm™2 on the trailing and 2.5 — 4 x 10'® cm™2 on the leading hemisphere. Since the simulation
and the millimeter observation cover different hemispheres, a direct quantitative comparison of the modeled and
the observed data is not fully possible, however, the simulations match well the observations from mid 2008 when
comparing the anti-Jovian and leading as well as the sub-Jovian and trailing hemisphere. Two additional milli-
meter and well matching observations were published by de Pater et al. (2020) and Roth et al. (2020). de Pater
et al. (2020) concentrated on the sub-Jovian hemisphere and performed observations with the Atacama Large
(sub)Millimeter Array in 2018. The authors found the SO, atmosphere to have column densities of 1.6 x 10'°
cm™2, which compares well with our simulation results for the sub-Jovian point in late 2009 where Jupiter had the
same distance to the sun. Focusing on the anti-Jovian to trailing hemisphere, Roth et al. (2020) (magenta)
observed lo with the Northern Extended Millimeter Array in late 2016 and early 2017 where the sun distance was
~5.45 AU. The observed column densities of 1.1 x 10' cm™2 also match the simulation results for the same
distance to the sun in late 2005 almost perfectly.

In summary, our simulated sublimation-only atmosphere shows some slight differences when comparing with
SO, gas abundances derived from mid-UV and mid-IR data, but matches well, with the sub-millimeter and FUV
data. It represents the general trend of an atmosphere well varying by more than one order of magnitude over the
course of a Jovian year. In particular, the observed sub-Jovian column density abundances (Diamonds in Figure 9)
agree well with our simulated sublimation atmosphere implying a high sublimation component on this hemi-
sphere according to our model. The lacking SO, abundances at the anti-Jovian hemisphere could be balanced by
assuming either a (longitudinally varying) lower thermal inertia compared to the sub-Jovian hemisphere or an
additional constant (volcanic) component of 0.75 — 1.1 X 10'7 ¢cm™2, which is consistent with the constant
component derived in Giles et al. (2024).

3.6. Seasonal Effects

Since we use the exact celestial geometry in our model, we are able to consider Io's inclination as well as Jupiter's
(and Io's) distance to the Sun over timescales of Jovian years. Figure 10 shows the diurnal surface temperature and
column density variation at one longitude on the anti-Jovian hemisphere (¢ = 180°W) on a day when Jupiter is
near perihelion in 1999 (left panel) and on a day when Jupiter is near aphelion (right panel) 6 years later, in 2005.
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Figure 10. Diurnal surface temperature and column density variation at ¢ = 180°W (anti-Jovian). (a) One day during the
northern summer season where Jupiter is near perihelion. (b) One day during southern summer, half a Jovian year (~6 years)
later when Jupiter is near aphelion.

The simulation indicates that the maximum surface temperature at Jupiter's perihelion is 6 K higher than at
aphelion, which corresponds to sublimation column densities that differ by almost one order of magnitude. This
effect is visible and was discussed in Figure 9.

In Figure 10, the column density contours in the low latitude region illustrate that the surface temperature and
column density variation is not fully symmetric around the equator, but shifted toward the north around perihelion
(left panel) and toward the south around the aphelion (right panel) because of Io's inclination. As a consequence,
the northern hemisphere is ~4 K hotter on average per day compared to the southern hemisphere near perihelion
and vice versa near aphelion. Observations showed that near perihelion the column densities are modestly higher
at northern mid-latitudes than at the same southern latitudes. The effect was not yet attributed to the inclination of
Io (K. Jessup et al., 2004). Since these characteristics occur in a cycle of one Jovian year, these “seasonal effects”
lead to Io having a winter and a summer hemisphere.

3.7. Io's Warm Poles

The simulations presented in this work can explain qualitatively in all cases, and quantitatively in many cases the
longitudinal, latitudinal and temporal variation of Io's atmosphere quite well up to the mid-latitudes. Since the
high latitudes from 60° to the poles are observed to have dayside surface temperatures of around 75-90 K
(Rathbun et al., 2004) the simulations do not fit to observed values. Here, our modeled surface temperature values
are in the range of 55-60 K with corresponding column densities of 10° cm™2 or less.

Close to the poles the zenith angle is close to 90°, therefore solar illumination and other external radiation sources
are not sufficient to raise the surface temperature to values on the order of 75-90 K. In general, it is not known
how Io's internal (conductive) heat flux is distributed. Due to the polar solar illumination geometry, the albedo
does not affect the surface heating due to insolation at Io's poles significantly, so that even with an albedo of
A = 0 our simulation yields polar surface temperatures of ~64 K on the winter hemisphere (cf. Equation 1). This
is why we can conclude that a uniformly distributed internal heat flux of 0.48 Wm™2 (cf. Section 2) does not match
observations and there has to be an additional, most likely internal, heat flow. Assuming for a basic estimate that
there is no surface heating from external heat sources and an equilibrium between internal heat production and
heat loss at the poles, a conductive heat flux 2.1 Wm™2 leads to polar surface temperatures of 80 K, which is 4 four
times our initially assumed value of 0.48 Wm™2. This calculation is confirmed by a parameter study presented in
Figure 11 which shows the simulated surface temperature of Io's north and south pole during northern summer
resulting from our default model with varying conductive heat fluxes between 0.4 and 3 Wm™2. As expected,
conductive heat fluxes of 1.2 Wm™2 for the summer and 2.1 Wm™2 for the winter hemisphere are necessary to
reach a polar surface temperature of 80 K.

Although Davies, Perry, Williams, and Nelson (2024) found that the thermal emission of the volcanoes located
near lo's north pole is higher than those at the south pole, the higher surface temperature of the northern polar in
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3.0 our simulation is only attributed to Io's seasons as discussed in Section 3.6.
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Figure 11. Polar surface temperature (default model) during northern
summer for different conductive heat fluxes. To reach a surface temperature
of 80 K a conductive heat flux of 1.2 Wm™? at the north pole and 2.1 Wm™2

at the south pole is required for the selected season.

Veeder et al. (2015) concluded that ~50% of Io's internal heat, which would
be 1.2 Wm™? for our assumptions, may not be attributed to known hot spots.
Comparing that to the parameter study presented in Figure 11, it might well be
possible that at least in the polar regions 50% of Io's internal heat flux is
conductive.

Veeder et al. (2004) suggested that volcanically active polar regions lead to an
additional heat flux of ~0.6 Wm™ to Io's global heat budget of ~2.5 Wm™2
and therefore could explain lo's comparatively warm poles. In the following
we investigate whether our simulations lead to a comparable result. There-
fore, we discuss two different scenarios: First, we assume a conductive heat
flux that is not uniformly distributed, while the global heat flux stays at 2.4
Wm~2 corresponding to ~1 x 10 W in total. In the simulations presented
up to this point, we assumed 80% of Io's internal heat to be lost through
volcanic eruptions at all latitudes even though the volcanoes are observed to
be predominantly located at low latitudes (e.g., de Kleer, de Pater,
et al. (2019)). We now assume a higher percentage of the internal heat flux to
be conductive at the high latitudes. This scenario is referred to as “latitude-

dependent” case in the following. The conductive heat flux is assumed to increase polewards from 0.48 Wm™2

around the equator up to 1.44 Wm™2, which corresponds to the assumptions that 60% of the global heat flux is
transported through conduction in the polar regions (> 60° latitude). Second, we perform simulations assuming a

total internal heat flux that is higher by 1 Wm™2 but still uniformly distributed leading to a global heat flux of 3.4
Wm™2 in total, and in the range of the total heat flux of 3 + 1 Wm™2 derived by Veeder et al. (2004). The

conductive heat flux is then assumed to be still 20% of the total internal heat flux, or 0.68 Wm™2. The simulation
results for both cases as well as the surface temperature as a function of latitude for Io local noon at the prime

meridian are presented in Figure 12. To gain a better understanding of the different scenarios we also added the

conductive heat fluxes as a function of latitude in Figure 12.

3.7.1. Uniformly Enhanced Heat Flow

In the equatorial and low latitude regions, the enhanced internal heat flux in the uniform case does not affect the
surface temperature significantly since the total heat flow from solar radiation dominates. Looking at the poles,

the simulation suggests that a uniformly distributed additional heat flux of | Wm™? is not enough to increase the
surface temperature close to the observed values. To increase the simulated surface temperature in the polar
regions with a uniformly distributed heat flux within the observed range of 75-90 K, it needs to be increased to
10.5 Wm™2 and 4.4 x 10'* W in total, under the condition that we still assume only 20% of that heat flux to be
conductive. This highly enhanced internal heat flux exceeds the expected range of internal heat due to tidal
heating of 1.5 — 4 Wm™2 (McEwen et al., 2004; Rathbun et al., 2004; Veeder et al., 2004) by more than a factor
of 2 and it would also affect the equatorial regions such that the surface temperature and corresponding column

densities would increase to unrealistic values; therefore, we consider this scenario to be less likely.

3.7.2. Latitudinal-Dependent Enhanced Heat Flow

In contrast to that, the enhanced heat flux at the higher latitudes for the latitude-dependent case scenario leads to
simulated surface temperatures in the range of 75-85 K depending on whether looking at the northern or southern
(summer or winter) hemisphere. These values are in the range of the observed 75-90 K (Rathbun et al., 2004).

In the equatorial regions we still assume 80% of the internal heat to be lost through non-conductive processes. The

surface temperature values here and in the low latitude regions are therefore the same or comparable to our default
case and the uniformly enhanced case. In both cases, the latitudinal-dependent and the uniformly enhanced case,

the diurnal variation of the surface temperature in the very high latitude to polar regions decreases to a minimum

or vanishes completely, due to the missing solar insolation.

We can conclude at this point that the observed polar surface temperature according to our model is consistent
with larger heat fluxes at the poles compared to the equator.
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Figure 12. (top) Global surface temperature and column density map of Io's surface with the subsolar longitude occurring at
@ = 0° and the sub-Jovian hemisphere being fully illuminated. The simulations were performed for Jupiter (and Io) at
perihelion. The internal heat fluxes were assumed to be (a) not uniformly distributed and (b) uniformly distributed but higher by
1 Wm™? leading to a global heat flow of 3.4 Wm™2. (bottom) Corresponding (c) latitudinal variation of the sub-solar surface
temperature at ¢ = 0° (sub-Jovian hemisphere, dayside) for & = 0.1a with g = 2.41 X 10™°m?s™! and (d) latitudinal
variation of the conductive heat flux assuming no additional pole heating (bold line), a latitude-dependent heat flux (dashed line)
and a uniformly enhanced heat flux (dotted line).

3.7.3. Internal Heating Patterns

The distribution of Io's internal (conductive) heat flux is assumed to be strongly dependent on whether the
dissipation concentrates in the deep mantle or asthenosphere. Deep mantle heating models show a maximum heat
flux in the polar regions and a minimum around the equator (de Kleer, McEwen, et al., 2019; Hamilton
etal., 2013; Segatz et al., 1988). In contrast, the models of asthenospheric heating predict the minimum heat flux
at the poles (de Kleer, McEwen, et al., 2019; Hamilton et al., 2013; Kervazo et al., 2022; Segatz et al., 1988).
Another fact that is likely to change the heat flux pattern is whether or not Io has a subsurface magma ocean. If so,
it is to be expected from models that, comparable to the asthenospheric heating, the heat flux is maximum in the
equatorial region (de Kleer, McEwen, et al., 2019; Hamilton et al., 2013; Matsuyama et al., 2022; Tyler
etal., 2015). In a recent work by Davies, Perry, Williams, Veeder, and Nelson (2024), the authors obtained a new
global map of Io's volcanic thermal emission and point out a slight preference for a global magma ocean model
over a heat flow model dominated by shallow asthenospheric tidal heating. Khurana et al. (2011) argue that
Galileo magnetometer data show an electromagnetic induction signal from a global conductive layer of ~50 km
thickness and a rock-melt fraction of 20% indicating that Io possesses a subsurface magma ocean. However, later
works showed that the measured perturbations can also be caused by plasma interaction with a longitudinally
asymmetric atmosphere and a magma ocean is not necessarily needed to explain the data (Blocker et al., 2018).
Furthermore, an analysis of HST images from auroral spot oscillations does not reveal a phase shift that would be
expected if induction in a highly conductive near-surface layer is present (Roth et al., 2017). More recently R.
Park et al. (2025) used Juno data to determine Io's k, Love number to be 0.125 £ 0.047 which is inconsistent with
a shallow magma ocean (<500 km from the surface).
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Our simulation results of the latitude-dependent case support the theory of heating predominantly within the deep
mantle and therefore higher heating rates in the polar regions. However, this work does not aim to address the
existence of a subsurface magma ocean.

4. Conclusions

In this work we develop a surface temperature model to describe lo's sublimation atmosphere. It includes as heat
sources time-dependent solar illumination, constant internal heat fluxes, the thermal radiation as well as the
sunlight reflected from Jupiter, heat losses due to thermal radiation and considers time-dependent heat flux from
the surface into subsurface layers and vice versa. Using SPICE Kernels, we calculated the subsurface temper-
atures as a function of latitude, longitude and time. We include assumptions about Io's thermal diffusivity as well
as the exact celestial geometry to make sure that effects caused by the geometry such as the eclipse by Jupiter are
also considered. Assuming initially a thermal diffusivity of @y = 2.41 x 107 m?s~! (cf. Leone et al., 2011), we
perform a parameter study to determine a default thermal diffusivity by comparing our simulation results to
observations. The large scale characteristics of Io's atmosphere that we describe in this work such as the latitudinal
dependence (e.g., Feldman et al., 2000; Strobel & Wolven, 2001), the sub-anti Jovian hemisphere and day-night
asymmetry (e.g., Feaga et al., 2009; K. Jessup et al., 2004) and the long-time variation (Tsang et al., 2012) were
discovered before and also partly attributed to the sublimation part of the atmosphere. In addition to identifying
hemispheric seasonal response to Io's inclination and heliocentric distance, our model of a purely sublimation
driven atmosphere matches the cyclical cadence and order of magnitude of long-term spatial and temporal SO,
abundance variability as well as variations of its global atmospheric structure on short time scales observed at Io.

We summarize our findings as follows:

1. We found that a range of thermal diffusivities within 11—20(0 <a< %ao with oy = 2.41 x 107% m?s~! (272-
333 MKS in terms of thermal inertia) is sufficient to explain most of the surface temperature and column
density observations. We determine the default value of the thermal diffusivity, which fits the observed
diurnal variation and latitudinal structure the best to be lower by a factor of 10 compared to our reference case
ap. It corresponds to a thermal inertia value of 298 MKS.

2. The atmosphere has been observed to be significantly denser on the anti-Jovian hemisphere when compared
to the sub-Jovian hemisphere. The sub-Jovian hemisphere receives 2 fewer hours of sunlight compared with
the anti-Jovian hemisphere every day, because it is eclipsed when it would otherwise has been in sunlight. It
results in maximum SO, column densities that are larger by a factor of 4 on the anti-Jovian hemisphere
according to our simulations.

3. The atmosphere is observed to be centered around an extended equatorial region and its column density
decreases with latitudes. With our model we are able to reproduce a column density decrease from 1.5 x 10
cm~2 at the equator to 3 X 10'* cm™2 at ~50° latitude longitudinally averaged with our sublimation driven
atmosphere.

4. During the eclipse by Jupiter, Io's atmosphere is observed to collapse by almost one order of magnitude
within ~10 min. Our simulation found the atmosphere to collapse on similar timescales with decreasing
equatorial column density values from 2.5 x 10'® cm~2 shortly before eclipse ingress to 1.7 x 10'> cm™
shortly before egress. Therefore, we can consider 10 min to be the surface temperature's response time to the
vanishing solar heat flux.

5. Due to the thermal inertia of the subsurface materials the diurnal maximum surface temperature occurs not at
noon but at 15.00 LT on the sub-Jovian hemisphere and at 13.00 LT on the anti-Jovian.

6. Since we calculate subsurface temperatures as a function of time we investigate the influence of Io's diurnal
temperature variation to determine the DOSI. We found the DOSI to be at ~0.6 m depth. The skin depth,
which requires the surface temperature to decrease by a factor of é (at depth z = d from the surface), is at
0.1 m for the thermal diffusivity value of J5ap with @y = 2.41 x 107 m?s™".

7. Simulating the surface temperature and corresponding column density over Jovian years, we found that the
surface temperature varies by 5 K from perihelion to aphelion, with column densities decreasing/increasing
by a factor of 7.

8. We found that due to Io's inclination its atmosphere has hemispheric seasons, additional to the helio-distance
driven surface temperature variability occurring on ~decadal periodic timescales. The northern summer is
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near the perihelion and the northern winter is near the aphelion. We found the respective summer hemisphere
to be on average 4 K hotter compared to the winter hemisphere.

9. In our simulation, the thermal radiation from Jupiter as well as the sunlight reflected from Jupiter were
included but have a minor contribution of ~3 K to the equatorial surface temperature at the anti-Jovian point.
However, the contribution from Jupiter increases the corresponding SO, column density by a factor of ~3.5 at
times of maximum impact, which is during the night.

10. We confirm the suggestion that Io's (active) volcanoes have only a small spatial scale perturbation to the
atmosphere, for example, modeled by Saur and Strobel (2004). The observed large scale spatial and temporal
characteristics are well explained with the simulated sublimation driven atmosphere. The comparison of our
simulation results to available observations suggests that volcanic contributions do not override the funda-
mental spatial and temporal patterns produced by a sublimation driven atmosphere.

11. Lastly, we found that Io's anomalously warm poles could be explained by an internal conductive heat flux that
is higher by a factor of 3 compared to the initially assumed 0.48 Wm™2, at least in the high latitude regions.
According to our simulations, an enhanced globally averaged total internal heat flux of 3.4 Wm™ is not
sufficient to explain Io's poles being hotter than expected by only internal heat sources.

With the model used in this work we are able to explain large scale spatial and temporal characteristics of Io's
sublimation atmosphere simultaneously. Nevertheless, some features, such as the detailed physical properties of
the surface and the near-surface materials remain unresolved with our model. To only mention a few, Io's sub-
surface probably has gradients in thermal inertia and density with depth (de Pater et al., 2020), which we treated to
be homogeneous. Other than that, the model used in this work does not take into account any spatial variability of
SO, ice properties which could affect the surface albedo as well as the sublimation rate itself. And as mentioned
throughout the paper, the model does not include any volcanic impact at all at this point. All these and additional
extensions remain part of possible future studies.

Appendix A

Al. Evolution Equation for the Surface Temperature

Here we derive the evolution equation for the surface temperature (Equation 6) from the general form of the
internal energy equation in a solid.

The change of heat can be expressed as the divergence of the thermal diffusion flux and is given as
0
5P T 1.0.9) =V - (VT(r.1.0,9)) + P~ L (A1)

with P and L production and loss terms. The general heat equation describes the change of a materials temperature
T and includes the mass density p, the specific heat capacity ¢, and the thermal conductivity . In our case, T is a
function of time ¢ and spherical coordinates r, latitude & and longitude ¢. Assuming p, ¢, and « to be constant and
writing the resulting Laplace operator in spherical coordinates leads to:

k|10

P P 1 a(1. a
—T(r,1,0,9) = —| 5 —(r*=-T(@1,0, — —( =sin 6 =T(r, 1,0,
o (1:0:0) pe,| 72 0r(r o ‘”))+rs1neae<rsm 26" "’))

(A2)

1 d 1 0 1
— —T1(r,t,0 —(P —-L).
rsin96¢<rsin90(p (s, ’w))]+pc,,( )

Now we transform radial distance r to depth z with z = R;, — r and Ry, is lo's radius. Consequently, it holds that
% 7(r,t,0,¢) = —C%T(z, t,0, ). Furthermore, there is no significant surface temperature heat production and loss
variability on scales of a few meters in horizontal direction. Therefore the resulting lateral conductive heat fluxes
are orders of magnitude lower compared to the vertical and can be neglected the 8- and ¢-direction in Equa-
tion A2. The evolution equation for the temperature is now only depending derivatives of the depth z:
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0 _ K 1 _3 Y _i
aT(ZJ,es(ﬂ) = pr[m( 6z) [(Rm 2) < dzT(Z’t’e’(p))H

1
+—(P—L).
pc,

(A3)

For reasonable values of the thermal diffusivity and the temporal evolution of the sources and sinks within one lo
day, the heat flux is spatially dependent only within depth |z| < R;,. Thus we can approximate R;, — z & R;, and
(Equation A3) reduces to

d k [ 0° 1
=T(z,1,0,9) = —| =5T(z,1,0,9) | + —(P — L). (A4)
ot pcp\ 0z pCy

Lastly, we introduce the thermal diffusivity a = f which yields the final form of the energy equation we use in
14

our simulations:
aT( 1,0,p) —azT( 1,0 )+—1 (P-1L)
= LU, p)=a L, U, — L)
o © ¢ o2 \Leho? e

The production and loss terms are specified in detail in Section 2.

A2. Boundary Conditions

To obtain a complete set of equations that can be solved numerically we need boundary conditions for both, the
outer boundary at Io's surface (z = 0) and the inner boundary at a certain depth (z = z,,,). Considering that the
most of the heat production and the heat loss processes only act on Io's surface, the outer boundary condition is
given as

/] 1 1
;T(Zv Z, 9, q)) = _7(Psol + Prad,Jup + Pref,Jup) +-L (AS)
Z K K

with P and L production and loss terms, temperature 7, time ¢, latitude 6, longitude ¢ and thermal conductivity «.
The heat production due to Io's tidal heating is only acting at an inner boundary z = z,,, such that the inner
boundary condition reads as

0 1
7T(Z, 1, 0’ ¢) = 7Pint' (A6)
0z K

The production and loss terms are specified in detail in Section 2.

A3. Model Limitations

The main goal of this work is to reproduce the temporal variability and spatial structure of Io's atmosphere using a
simple 1-D heat diffusion equation that includes the most important heat production and loss processes and has
only very few free parameters principally the thermal inertia and later in the study also the internal heat flux.
Therefore, the model neglects effects contributing to Io's surface temperature and column densities of its at-
mosphere, which we discuss in the following.

e Latent heat: Latent heat due to sublimation and condensation is not included in our model. A. C. Walker
et al. (2012) determined these to be negligible compared to other heat production and loss processes and to not
contribute significantly to lo's surface temperature and column density variation.

o Lateral heat fluxes: In our 1-D model, we only include vertical heat fluxes from Io's surface to deeper
structures (and vice versa) and neglect any heat fluxes in lateral direction. This assumption is justified based on
the small vertical compared to the large horizontal spatial scales (see also Appendix Al). Therefore, the 1-D
heat transfer model can be applied to each modeled point on Io's surface individually.
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Volcanic component: 10's volcanoes are assumed to contribute to the atmosphere only locally and only if there
is an eruption present (de Pater et al., 2020). Eclipse observations suggest that the averaged volcanic column
density is on the order of ~10'* cm™ and therefore approximately one order of magnitude lower when
compared to the sublimation driven column density of Io's dayside atmosphere (Saur & Strobel, 2004). The
proportion of volcanic and sublimation support may also vary over one Jovian year, with sublimation being the
dominant source close to perihelion and the volcanic component to be dominant during aphelion (Giles
etal., 2024). Tsang et al. (2013) concluded that the volcanic component is in the range of ~5 x 10'® cm™2 and
therefore may become the dominant source of SO, also on shorter timescales when the insolation decreases,
for example, on the nightside or during eclipse.

Surface sputtering: Surface sputtering is considered to be a significant source for alkali salts NaCl and KClI
(Roth et al., 2025), but it is generally not considered to significantly add to the mass density of Io's SO, at-
mosphere, except possibly on the nightside or during eclipse and also at high latitudes with vanishing solar
illumination or/and at locations where active plumes are absent and therefore the sublimation support or the
volcanic impact gets small (de Pater et al., 2023; Lellouch, 2005). While sputtering plays an important role in
driving the atmospheres of other Galilean moons such as Europa and Ganymede, for lo a sputtering atmo-
sphere is self-limited to a column density of ~ 10'® cm™2 and is not in accordance with observations from, for
example, Voyager (e.g., Lellouch, 2005).

Winds: The influence of winds on the structure of the atmosphere is complex and difficult to assess quanti-
tatively without numerical modeling. Pressure driven winds are expected to smear out vertical density vari-
ations, but day night and equatorial versus polar gradients are still maintained (e.g., Austin & Goldstein, 2000;
Ingersoll et al., 1985; Moreno et al., 1991). In addition to that, Saur et al. (2002) suggest that the magnitude of
the drag forces due to the fast moving plasma constantly overtaking Io to be on the same order as those of the
pressure gradients. Thelen et al., (2024) support that theory by showing clear effects of plasma flows on the
SO, and NaCl winds in Io's atmosphere. However, since the aim of this work is to keep the underlying model
as simple as possible to explain the observed large scale spatiotemporal structure and variability of Io's at-
mosphere, this effect exceeds the limits of our model.

Surface properties: The surface is not homogeneous with respect to albedo, surface roughness, rock and ice
patterns and the composition of the (sub)surface materials. In general, Io's albedo is expected to have a
patchy structure due to the geology being composed of plains, lava flows and volcanoes (Williams
et al. (2023)). However, the surface frost bond albedo is estimated to have only low variation on the order of
~0.7 (Kerton et al., 1996; Rathbun et al., 2004; Veeder et al., 1994). On large scales, albedo variations show
the largest gradient from a bright, extended equatorial belt to darker polar regions (e.g., Simonelli
et al., 2001). However, as discussed in Section 3.3, at high latitudes the internal heat becomes the dominant
heat source to determine the surface temperature, which is independent of the albedo and the reason for us to
neglect that latitudinal variability. In our study, we want to focus on the description of global-scale surface
temperature and column density variations, which is why we use globally averaged albedo values in our
simulations and do not account for the small scale albedo variations. We also assume Io's surface and
subsurface to be homogeneous with respect to surface roughness or material composition and assume Io to
be uniformly covered with SO, surface frost. Local deviations from these spatially averaged values are
expected to locally modify surface temperatures and column densities. As such the averaged values of
surface properties are intended to derive spatially averaged surface temperatures and column density which
we compare with hemispheric observations.

Vapor pressure equilibrium assumption: Finally we assume the atmosphere to be in vapor pressure equi-
librium with the underlying surface ice to calculate the sublimation atmosphere's column density according
to Wagman (1979). In accordance with other items of A3, this assumption only holds true if the contribution
to the atmosphere is mainly due to sublimation, there are no winds due to pressure gradients and one
considers sputtering of SO, surface frost and chemical reactions to be absent (Moore, 2011). Furthermore,
the atmospheric temperature is expected to react on timescales of several minutes to rapid changes of the
surface temperatures (see main text Section 3.1 for a more detailed discussion). Therefore, the simulation
results presented in this work do not fully capture the atmospheric perturbations at locations that experience
rapid temperature variations at a time due to ingress/egress in/out of eclipse or at the terminators. However,
our work does not aim to resolve the detailed atmospheric variations at small timescales of only a few
minutes.
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