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Abstract

Variations of Atmospheric Chemical Systems on Venus and the Ice Shell on

Enceladus

by
Wencheng Shao

The principal theme of this thesis is to see the planetary processes underlying
observable variations. Various planetary processes in atmosphere, surface and interior
exert long-term or short-timescale influence on the superficial properties that can be
easily observed. This thesis combines observations with theoretical modelling to mine
out the essential information of the Venus atmosphere and Enceladus’s ice shell and

promote the understanding of variations and evolution of our Solar System.

The Venus atmosphere is essential for understanding why Earth and Venus
have evolved so differently even though they are similar in mass and radius.
However, the complicated coupling among atmospheric dynamics, chemistry and
clouds on Venus is still not well investigated. Using chemical-transport models
(CTMs), I aimed to disentangle the effects from various atmospheric processes and

guide observations of future Venus missions (DAVINCI+, VERITAS and EnVision).

Recent ground observations from TEXES/IRTF have for the first time
revealed the co-evolution of SOz and H20 at the cloud top of Venus. The two species

exhibit a temporal anti-correlation. I used a one-dimensional CTM to investigate the

X1



mechanism of this anti-correlation. I found that the anti-correlation can originate from
the sulfur photochemistry in the middle atmosphere, while the variations can be
caused by the lower-atmosphere perturbations. Eddy diffusion alone cannot explain
the observations. This study emphasizes the urgent need of detecting the cloud layer
and the deep atmosphere of Venus.

The instrumentation TEXES/IRTF also found a two-peak feature in the local-
time distribution of SO: at the cloud top, consistent with SPICAV/VEx observations.
I developed a two-dimensional CTM and connected it to a Venus GCM to investigate
this feature. My work revealed that the two peaks can be explained by the
combination of the semi-diurnal tides and the retrograde superrotating zonal (RSZ)
flow. SOIR/VEx also observed a statistical difference between terminators for CO in
the upper atmosphere. From my simulations, this difference can be explained by the
transition from the RSZ flow to the sub-solar to anti-solar (SS-AS) circulation. My
work also discussed mechanisms underlying the local-time distributions of other
species and implied a complex coupling of photochemistry and dynamics in the
Venus mesosphere.

The Cassini flyby observed that Enceladus currently experiences a high
surface heat flow. This leads to the question whether its ice shell is in steady state or
its sub-surface ocean is freezing with time. To support the steady state of the ice shell,
amounts of endogenic heat are required, which are currently thought coming from
tidal dissipation. However, the exact process that produces sufficient tidal dissipation

to match the observations remains elusive. [ used a libration model to investigate the

Xii



heating effect of the diurnal forced libration. I found that although the forced libration
enhances the tidal dissipation in the ice shell, the total heating in the shell is still
insufficient to match the observed surface heat loss. If Enceladus is in steady state,
there should exist a large heat source beneath the shell, either in the ocean or in the
core. If in steady state, Enceladus is likely to be in a stable thermal equilibrium,
which resists small perturbations on the ice shell. This implies that thermal runaway

or episodic heating is unlikely to originate from the librations of the ice shell.
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Chapter 1. Co-evolution of SOz and H:O in the middle
atmosphere of Venus

1.1 Introduction

The sulfur cycle is one major part of the complicated chemistry in the Venus
atmosphere. (Yung & DeMore, 1982). Sulfur oxides react with water and form the
sulfuric acid clouds at 60-70 km (Young, 1973; Hansen & Hovenier, 1974). Those
clouds block the ultraviolet photons globally and separate the Venus atmosphere into
two distinct regions in terms of tracer transport and chemistry. The lower atmosphere
is characterized by thermochemistry and vigorously convective mixing. The upper
part, usually termed as the middle atmosphere ranging from 60 to 100 km, is stably
stratified, and photochemistry plays an important role. Previous work (e.g., Yung &
DeMore, 1982; Mills, 1998; Zhang et al., 2012; Krasnopolsky, 2012, 2013, 2018)
used one-dimensional photochemistry-transport models to explain species
abundances in the middle atmosphere. Those models can explain vertical profiles of
species like HCL, OCS, SOz and SO. But not much effort has been put forth on

explaining variability of those species.

The Pioneer Venus spacecraft and the International Ultraviolet Explorer
observed that SO2 mixing ratio at the cloud top (~70 km) decreases by an order of
magnitude during 1970s and 1980s (Esposito, 1984; Esposito et al., 1988; Na et al.,

1990). The SPICAV instrument onboard the Venus Express spacecraft observed a



secular increase in SOz at the cloud top between mid-2006 and 2007 (Marcq et al.,
2013) and then an overall decrease from 2007 to 2014 (Marcq et al., 2013, 2019b;
Vandaele et al., 2017). Ground-based observations from the TEXES high-resolution
imaging spectrometer at the NASA Infrared Telescope Facility (IRTF) also detected
long-term variations of SOz at 64 km (near the cloud top) in 2012-2019 (Encrenaz et
al., 2016, 2019a). The SPICAV and the TEXES data also show that SOz above or
near the cloud top has large short-term and spatial variations (Encrenaz et al., 2012,
2013, 2016; Vandaele et al., 2017). For water, ground-based telescopes found
temporal variations in the disk-integrated H20 abundance (Sandor & Clancy, 2005;
Encrenaz et al., 2016, 2019a). But TEXES discovered that H20 at 64 km, unlike SO2,
exhibits relatively uniform spatial distribution over the Venus disk (Encrenaz et al.,

2012, 2013).

Although one-dimensional models can explain the observed vertical profiles
of SOz in the middle atmosphere through eddy diffusion and photochemistry (e.g.,
Yung and DeMore 1982; Mills 1998; Zhang et al., 2012; Krasnopolsky, 2012, 2013,
2018), mechanisms underlying horizontal and temporal variations of sulfur species
and water are still not well understood. Proposed explanations include middle-
atmospheric photochemistry (e.g., Parkinson et al. 2015; Vandaele et al., 2017) and
flux variations from the lower atmosphere due to either periodic volcanic injections
(e.g., Esposito, 1984; Esposito et al., 1988) or atmospheric dynamical fluctuations

(e.g., Cottini et al., 2012; Marcq et al., 2013). Discriminating these mechanisms



requires detailed sulfur-water chemical models and detailed observations in high

temporal and spatial resolutions.

Encrenaz et al. (2019b; 2020) simultaneously observed variations of SOz and
H20 at 64 km. These observations range from 2012 to 2019 and are made by TEXES
in the spectral range around 7.4 um. These observations show not only temporal
variations of disk-integrated abundances but also a seemingly temporal anti-
correlation between SO2 and H20. The evidence of this anti-correlation is not very
clear in Encrenaz et al. (2019a), but with more data taken recently the correlation is
stronger (Encrenaz et al., 2019b, 2020). The cause for this anti-correlation is
unknown. Parkinson et al. (2015) (hereafter P15) used the one-dimensional
chemistry-diffusion model in Zhang et al. (2012) to study the sulfur-water chemical
system in the middle atmosphere. It was found that the system is extremely sensitive
to the middle cloud top mixing ratios of SOz and H20 at 58 km. But mechanisms of
this sensitivity are not well explored. Bierson and Zhang (2020) used a photochemical
model describing the full atmosphere of Venus and pointed out that sulfur species
abundances in the middle atmosphere are very sensitive to the vertical transport in the
lower and middle clouds. The new TEXES data provide a unique opportunity to
revisit the sulfur-water chemical system and understand the co-evolution of SO2 and

H20 in the Venus atmosphere in detail.

Using a one-dimensional chemistry-diffusion model, we explore the mechanisms
underlying the anti-correlation and variations of SO2 and H20 from TEXES in this

study. We find that the sulfur-water chemical system has three chemical regimes. We



show that there is no chemical bifurcation claimed in previous studies (e.g., P15). We
also point out that the SOz self-shielding effect plays an important role in this system.
Combining our model with the TEXES data, we find that sulfur chemistry in the
middle atmosphere accounts for the long-term anti-correlation of SO2 and H20. Eddy
mixing variations alone cannot produce the observed anti-correlation of both species.
The temporal variations of SOz and H20 at the observed altitude (64 km) are linked to
variations of mixing ratios and fluxes at the middle cloud top (58 km). This implies
the observed variability probably originates from processes inside the clouds or from

the lower atmosphere.

1.2 Model Description

In this study we use the JPL/Caltech Kinetics Venus model (e.g., Yung &
DeMore, 1982; Mills, 1998; Zhang et al., 2012), as was used in P15. This chemical
kinetics model has 51 species, 41 photodissociation reactions and over 300 neutral
reactions. The model details are described in Zhang et al. (2012). This is the same
model used by P15, and following P15 we set the lower boundary at 58 km, the
middle cloud top (Knollenberg & Hunten, 1980). Below this altitude the middle and
lower cloud layers have low static stability, while above it the Venus atmosphere is
stably stratified (Tellman et al., 2009; Imamura et al., 2017; Limaye et al., 2018). To
explore the parameter space of the sulfur-water chemical system, we vary lower
boundary mixing ratios of two parent species—SO2 and H2O—that are transported

upward from the middle cloud region. The range of SO2 lower boundary mixing ratio



is 1-75 ppm and that of H20 is 1-35 ppm, covering the ranges of two species in P15.
The temperature, pressure, total number density and eddy diffusion profiles are all the

same as Zhang et al. (2012) and P15.

Above 80 km, the volume mixing ratio of SO2 has been observed to increase
with height, implying a high-altitude sulfur source (e.g., Sandor et al., 2010; Belyaev
et al., 2012). This source may be sulfuric acid or poly-sulfur species (Zhang et al.,
2010; 2012). In this study we only use sulfuric acid as the upper sulfur source, same
as in P15. Note that the amount of sulfuric acid in the upper atmosphere required to
match the sulfur inversion does exceed the upper limits from ground based
observations (Sandor et al., 2012). But using poly-sulfur instead or even not including
any upper sulfur source (thus no inversion above 80 km) does not alter our

conclusions in this paper (see discussions in Section 1.4.1).

The chemical model we use in this study solves the one-dimensional

atmospheric continuity equation:

X 0 X\ P-1L
(—51( )+T (1.1)

(e.g., Zhang et al., 2013). Here X is the volume mixing ratio of a chemical species.

¢ = z/H, and H is the pressure scale height of the background atmosphere. K, is the
eddy diffusivity. P and L are the total production and loss rates respectively. # is the
number density of the background atmosphere. The first and second terms in the right
hand side are the eddy diffusion and net production respectively. The molecular

diffusion is ignored below the homopause, ~125 km, on Venus. When the chemical



system reaches the steady state, the eddy diffusion and net production should balance

each other for every species.

The chemistry-diffusion system is usually numerically stiff as the chemical
reaction rates could differ by several orders of magnitude. This system can be solved
using an implicit Euler time stepping scheme, allowing the time step to exponentially
increase in the time marching. A traditional convergence criterion is to check the
abundance differences of the chemical species in two successive time steps. If the
relative difference is sufficiently small, the model is considered to have reached the
steady state. This was the criterion used in P15. Using the same model setup and the
traditional convergence criterion, we can reproduce the simulation results of P15 (Fig.
S1.2 (a-c)). However, we found that some cases do not actually reach the steady
states defined by Equation (1), i.e., the eddy diffusion and net production terms do not
exactly balance each other. See Appendix A and Fig. S1.1 for an example case and

discussions.

To ensure that the model simulations reach the real steady state, in this study
we reinforce a more rigorous convergence criterion, i.e., eddy diffusion and net
production must equal in Equation (1) for every species. See an example case in the
supplementary materials. Under this new criterion, we reached different simulation
results and conclusions from that of P15 (see Fig. S1.2), as discussed in the following

section.



1.3 SO; and H:O Variability above the Clouds

Following P15, Fig. 1.1 shows SOz, H20 and SO3 mixing ratio variations
(hereafter “maps”) at 80 km as a function of SOz and H20 mixing ratios at 58 km (the
middle cloud top). Here we adopt the same parameter setting as that in P15 to make
comparison. In P15’s Fig. 9 and 10, SO2 and H20 maps are “anti-symmetric” across
mixing ratio ranges at 58 km (also see Fig. S1.2 (a-b) in this study). P15 found two
regimes, high-SO2-low-H20 and low-SO:2-high-H20. The transition between the two
regimes is abrupt and is called the “chemical bifurcation”. However, in our work the
SOz and H20 maps (Fig. 1.1; Fig. S1.2 (d-f)) do not have these behaviors. First, the
SO2 and H20 maps are not “anti-symmetric”. Second, it appears no chemical
bifurcation or abrupt transition. Instead, the most salient feature is the non-monotonic

behavior of H20 variations as a function of SOz at 58 km (Fig. 1.1b).
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Fig. 1. 1 Mixing ratios of SOz (a), H20 (b), and SOs3 (c) at 80 km as functions of SO2
and H20 mixing ratios at 58 km. The white lines divide species maps into three regimes,
I, IT and III. Colors are volume mixing ratios on a logarithmic scale.

According to Fig. 1.1, we summarize behaviors of the chemical system at 80

km within three regimes:



I.  Low-SOz-low-H20. H20 mixing ratio decreases as SOz at 58 km
increases. SO2 mixing ratio decreases as H2O at 58 km increases. This
pattern is similar to that of P15 except that two species do not have very

abrupt changes in this regime, i.e., no “chemical bifurcation”.

II.  Low-SO2-high-H20. H20 is oversupplied. H2O mixing ratio still decreases
as SOz at 58 km increases. SO2 mixing ratio remains relatively low and
insensitive to changes in H20 at 58 km. H20 behavior is similar to that in

regime I, but SOz behavior is different.

II.  High-SO2. H20 mixing ratio increases as SOz at 58 km increases. SO2
mixing ratio decreases as H20 at 58 km increases. SO2 behavior is similar

to that regime I, but H20 behavior is different from that in regime 1.

In all three regimes, the mixing ratio of an individual species at 80 km
increases as its own mixing ratio at 58 km increases. This is primarily a result of eddy
diffusive transport from the lower boundary. We also found that SO3 and H20 maps
(Fig. 1.1b and c) exhibit an anti-correlated pattern. This is possibly due to sulfuric

acid formation:

S04 + 2H,0 - H,S0, + H,0.  (R1)

This reaction is the main chemical sink for both SO3 and H20 near and insides the
clouds. The supply of H20 is mainly from diffusion. Thus, in steady state, the
reaction rate of (R1) should be roughly equal to the diffusion contribution to the H20

supply. If the diffusion contribution does not vary largely, the reaction rate of (R1)



should be roughly constant, and then increase of H20 (or SO3) can cause decrease of

SOs (or H20) .

Fig. 1.1b shows that H2O responds non-monotonically to changes in SOz at 58
km. From regime I or II to regime III, H20 at 80 km first decreases and then increases
as SOz at 58 km increases. This behavior is due to the SOz self-shielding effect. SO3
and H20 consume each other via reaction (R1). In all regimes, when SO3 above the
clouds decreases, H20 above the clouds increases. SO3 above the clouds is mainly

produced by SOz oxidation:
0+S0,+M - S0;+M, (R2)

where M is the background atmosphere. Reaction (R2) suggests that SO3 production
is affected by abundances of both atomic oxygen O and SO:. The atomic oxygen O

above the clouds is mainly produced by SOz photolysis:

SO, +hv > SO +0. (R3)

Reaction (R3) suggests that atomic oxygen production is affected by SO2 abundance

and the amount of photons (or UV light intensity).

When SOz at the middle cloud top increases, SO2 above the clouds increases.
This increase produces more atomic oxygen via SOz photolysis (R3). SOz oxidation
(R2) then increases SO3 production due to increase of both SOz and atomic oxygen.
Increased SO3 consumes more H20. This is the chemistry in regimes I and II. Fig. 1.2

shows an example with H2O mixing ratio fixed as 10 ppm at 58 km. When SO: at 58



km increases from 1 to 10 ppm, at 80 km SOz, atomic oxygen and SOs3 all increase

while H2O decreases.

As SOz inside the clouds continues increasing, SOz at higher altitudes
becomes abundant due to eddy transport. Abundant SOz absorbs many photons, and
thus less photons reach lower altitudes such as 80 km. This limits atomic oxygen
production via SOz photolysis (R3). Less atomic oxygen is produced, and this
decreases SO3 production via SOz oxidation (R2). Then sulfuric acid formation (R1)
consumes less H20 and H20 is accumulated. In this process SO2 absorption and
photolysis at higher altitudes “shield” SOz photolysis at lower altitudes. This is the
SOz self-shielding effect. This effect causes H20 behaviors in regime III. See the
example in Fig. 1.2 where H20 at 58 km is fixed as 10 ppm. When SOz at 58 km
increases from 10 to 50 ppm, at 80 km SO: increases, atomic oxygen and SO3 both

decrease due to the SOz self-shielding, and consequently H20 increases.
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Fig. 1. 2 SOz, H20, SO3 and atomic oxygen mixing ratios at 80 km vary with SO2
mixing ratio at 58 km. H2O mixing ratio at 58 km is fixed as 10 ppm. The black dashed
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line delimits regime I and regime III.

SO:2 mixing ratio at 80 km generally decreases as H20O at 58 km increases
(Fig. 1.1a). This behavior is strong in regime I, weaker in regime III and almost
negligible in regime II. Our analysis suggests that some SOs-involved reactions are
key for this behavior. These reactions convert SO3 to SOz and are here called SO3
pathways:

SO+ hv - S0, + 0, (R4)
0+S0;,-5S0,+0,  (R5)
S+S0; > S0, +S0,  (R6)
S, 4+ 505 - S,0 +50,,  (R7)
SO + S0; - 250,.  (R8)

To investigate the role of these SO3 pathways, we do a test in which we shut off all
pathways (R4-R8) and see how the chemical system behaves. In our test cases, SO2
lower boundary mixing ratios are all 9 ppm. We designed two groups with (control)

and without (experimental) the SO3 pathways, respectively.

Fig. 1.3 shows mixing ratio variations at 80 km in two groups. In the control
group, SOz at 80 km decreases when H20 at 58 km increases from 1 to 10 ppm. This
is because more H20 consumes more SO3 and causes less SO2 produced via the SO3
pathways. When SO3 pathways are not included (the experimental), SO2 mixing ratio
is not affected. Consequently SOz at 80 km remains low and insensitive to variations

when H20 at 58 km increases from 1 to 35 ppm.
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When H20 mixing ratio at 58 km is above 10 ppm, H20 is oversupplied. In
this situation, SO3 mixing ratio is low due to efficient sulfuric acid formation and SO3
pathways (R4-R8) contribute little to the SOz production. As a result, SOz at 80 km in
both the control and experimental groups remain low and insensitive to H20

variations at 58 km. This explains the SOz behavior in regime II.
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Fig. 1. 3 The mixing ratios of SO2 (red), H20 (blue), and SO3 (green) at 80 km for two
groups vary with H2O mixing ratio at 58 km. SO2 mixing ratio at 58 km is fixed as 9
ppm. In the control group (solid lines) reactions (R4-R8) convert SO3 to SO2, while in
the experiment group (dashed lines) these reactions are shut off. The black dashed line
delimits regime I and II.

1.4 Comparison with the TEXES data

Encrenaz et al. (2019b; 2020) reported an anti-correlation of disk-averaged
abundances of simultaneously observed SOz and H20 at ~64 + 2 km (near the upper
cloud top) in 2012-2019 from TEXES/IRTF. As shown in Fig. S1.5a and Fig. 1.6a,
these data provide unique information about how the two parent chemical species

vary together in the middle atmosphere. In particular, the apparent anti-correlation
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between the disk-averaged SOz and H20 could be used to distinguish different
proposed mechanisms for the long-term variation. Using our simple one-dimensional
chemistry-diffusion model, here we specifically explore two possibilities. First, if the
temporal variation of SO2 and H20 is a result of perturbations below the middle cloud
top (e.g. Esposito, 1984; Esposito et al., 1988), varying the lower boundary conditions
in our model should be able to reproduce the anti-correlation. On the other hand, if
the variation is due to changes in the vertical mixing inside the upper cloud (e.g.,
Lefevre et al., 2018, 2020), changing the eddy diffusivity in our model should be able

to explain the data.

To compare our model with these disk-averaged observations, we set the
latitude at 45°N and assume that the SO2-H20 chemical system is in steady state at
each individual observational time. The Venus atmosphere is highly variable on
timescales of hours and days (e.g., Encrenaz et al., 2013). To isolate longer-period
variations (which are more comparable to steady state simulations) we spatially
average over the entire disk and temporally average over observations taken within 2
months. The chemical lifetimes of SOz and H20 at 64 km are generally less than two

months.
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1.4.1 Middle Cloud Top Variations

10 (a) SO; (b) H0 (c) SO3
-8
§ 8 - : -9
I3} _6
o -10
" i 1] i
> © -6
1] -11
s -7 .
8 -12
g
3 _8 1 -7 ] -13
5 10 5 10 5 10
Lower Boundary H,0 [PPM] Lower Boundary H,QO [PPM] Lower Boundary H,QO [PPM]

Fig. 1. 4 Same as Fig. 1.1, but at 64 km and 45°N. White dots are models that match
the TEXES observations.

To test whether the variations of SO2 and H20 come from the lower
atmospheric processes, we first perform simulations by varying SOz and H20 mixing
ratios at the middle cloud top (58 km) but fixing the eddy diffusivity. We analyze
SO2, H20 and SOs variations at 64 km to explore the parameter space (Fig. 1.4).
There are also three chemical regimes at 64 km, similar to that in Fig. 1.1 where we
showed the same species at 80 km. For example, in regime I at both altitudes, SO2
decreases as H2O at 58 km increases, and H2O decreases as SOz at 58 km increases.
But the regime boundaries are different between Fig. 1.1 and 1.4. The regime I in Fig.
1.4 only covers H20 and SOz at 58 km from 0-2.6 ppm, while regime I in Fig. 1.1

covers both species at 58 km from 0-10 ppm.

For each individual observational data point of SO2 and H20 at 64 km, we fix
the eddy mixing and carefully tune the SOz and H20 mixing ratios at the lower
boundary of our model to match the disk-averaged TEXES observations. Fig. 1.5

shows our simulated SO2 and H20 mixing ratio profiles. As altitude increases, SO

14



decreases by orders of magnitude below 80 km. H20 remains relatively constant
within a factor of 2. These structures are consistent with measurements from SOIR
onboard Venus Express (e.g., Belyaev et al., 2012; Bertaux et al., 2007). From 2012
to 2019, SO2 mixing ratio below 80 km varies in a similar way to SOz at 64 km,
consistent with the correlated observations from TEXES and SPICAV (Encrenaz et
al., 2019a). H20 below 80 km also follows the same variation pattern as that at 64
km. In the region between 60 and 80 km, the primary sink for both SO2 and H20 is
sulfuric acid formation (R1). Above 90 km both H20 and SOz mixing ratios are
supplied by our prescribed sulfur acid source. Note that removing this prescribed
source hardly changes SO2 and H20 profiles below 70 km (Fig. 1.5). There is some
difference at 80 km between cases with and without the source, but this difference

does not change three regimes discussed in Section 1.3 except that the transitions
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among regimes could shift. In this section the mainly focused altitude region is below

70 km, the existence of this source is not important to our results.
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Fig. 1. 5 Simulated vertical profiles of SO2 (a) and H20 (b) mixing ratios consistent
with the TEXES data at 64 km (horizontal dashed lines). Curves are colored by the
observational dates. Solid curves are of cases with the prescribed upper source (sulfuric
acid) and dashed curves are of cases without this source (i.e. no sulfuric acid photolysis).
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Constrained by the TEXES data, the derived SO2 and H20O mixing ratios at 58
km are shown in Fig. 1.6, along with the upward fluxes of two species at 58 km.
Mixing ratio variations at 64 km can be divided into two periods: 2012-2015 and
2015-2019 (Fig. 1.6a; Encrenaz et al., 2019a). In 2012-2015 SOz at 64 km varies
significantly, by a factor up to 5. H2O varies gently by a factor up to 1.5. In 2015-
2019, H20 varies by a factor over 2, and SOz remains relatively constant. The two

different periods at 64 km also exist at 58 km (Fig. 1.6b). This similarity between 58
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km and 64 km suggests that eddy diffusion plays an important role in the system in

addition to photochemistry below 80 km (e.g., Jessup et al., 2015).

The fluxes of two species at 58 km show similar temporal variations to mixing
ratios at 64 km (see Fig. S1.5a and S5c¢). More interestingly, the two fluxes are
strongly and positively correlated (Fig. 1.6¢), and the correlation coefficient is 0.99.
This linear-relationship feature for fluxes of two species is a result of the middle-
atmosphere photochemistry in our model. Sulfuric acid formation (R1) is the major
sink for SO2 and H20 in the middle atmosphere. If there are no other sinks, then by
mass conservation, the two fluxes have to both equal the sulfuric acid formation rate.
In fact because some SOz is also lost to the formation of the poly-sulfur haze, the SO2

flux is larger than the H20 flux (Fig. 1.6c¢).
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Fig. 1. 6 Scatter plots of (a) the observed SOz and H20 mixing ratios at 64 km, (b)
inferred mixing ratios at 58 km and (c) upward fluxes at 58 km. Points are colored by
the observational dates. The two fluxes (not considering error bars) can be fit (with1-
sigma error) by y = (1.10 + 0.06)x + (1.61 *+ 0.25), where y and x are the SO2 and
H>O fluxes, respectively. Units of x, y and the intercept are 1011¢m™2 - s71. This fit is
shown by the solid line in (c). The SO2 and H20 fluxes are also correlated in this manner
in all of our model simulations, not just those shown.
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1.4.2 Origin of the Anti-correlation

The TEXES data show that SO2 and H20 at 64 km are anti-correlated (Fig.
1.6a). The correlation coefficient is -0.80, and the linear regression slope is -0.27. But
the inferred SO2 and H20 at the middle cloud top (58 km) do not show a good linear
correlation (Fig. 1.6b), implying that the anti-correlation behavior is not universal at
all altitudes. This prediction can be tested in future observations. More importantly,
the lack of a strong correlation between the two species at 58 km suggests that,
although the variations of SO2 and H20 at 64 km might come from the lower
atmospheric processes, the anti-correlation between the two species has a different

mechanism.

To diagnose the system, we first notice that the TEXES observations are well
located in regime I, i.e., Low-SO2-Low-H20 (Fig. 1.4a). In this regime, the SO2 self-
shielding effect is insignificant. SO2 and H20 are linked by SO3 via SOz oxidation
(R2), sulfuric acid formation (R1) and SO3 pathways (R4-R8). More SOz produces

more SOs3 that consumes more H20. More H20 consumes more SO3 that results in
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less SOz. It looks that the anti-correlation of SO2 and H20 might just be a

characteristic of the regime I chemistry.
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Fig. 1. 7 (a) Scatter plot of the SO2 and H>20 mixing ratios at 64 km for all cases in the
regime I (Fig. 1.4). Red crosses are the TEXES data with error bars. (b) Statistics of
ten-case correlation coefficients and (c) linear regression slopes of SO2 and H20 at 64
km from our model. In total we have 10 000 correlation coefficients and slopes. We use
100 bins to plot the statistical distributions. The red dashed lines are the values
calculated from the TEXES data.

To test this idea, we do a statistical correlation analysis. First we run a suite of
model cases in the regime I, and among these cases both SOz and H20 at 58 km are
evenly spaced by 0.2 ppm between 0.2 and 2.6 ppm. Since we have ten observations,
we randomly choose ten cases and calculate the correlation coefficient and the linear
slope of SO2 and H20 at 64 km. We repeat the above analysis for 10 000 times and
obtain the distribution of correlation coefficients and slopes (Fig. 1.7b and c). 97.7%
of correlation coefficients and slopes are negative, qualitatively consistent with the
sensitivity test in Krasnopolsky (2018). The correlation coefficient peaks at -0.5, and
the slope peaks at -0.8. This analysis shows that if H2O and SO2 vary uniformly and

independently at the middle cloud top, a negative correlation of SO2 and H20 at 64

km would be expected due to the regime I chemistry. This suggests that sulfur
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chemistry in the regime I together with the lower boundary variations can produce the

anti-correlation of SOz and H2O at 64 km.

Fig. 1.7 shows that the observed correlation of SO2 and H20 differs somewhat
from the model’s prediction. The observed value does not locate at the center of the
distributions. Although there are uncertainties in the observations, this discrepancy
could also suggest that there are some second-order processes involved. It is likely
that the mixing ratios of SOz and H20 at 58 km do not follow a uniform distribution
as assumed and may be somewhat correlated through atmospheric dynamics inside
the middle clouds. Also, the exact location of the center of the distribution might
depend on the choice of the eddy mixing profile in the model. But note that changing
the eddy mixing alone would not produce the anti-correlation, as detailed below in
Section 1.4.3. Future observations, both remote and in-situ, could help distinguish

influences from these factors.

1.4.3 Eddy Mixing Change
(a) (b)

K .
110 1 K/ nom4nal
1.25 1
100 -
= 1.00 1 f 3
v | =
5 0 & 0.751 i
3 s : ’
] b A
£ % 3 050 A
< A .
701 0.25 - =
60 0.001
10° 108 0.5 1.0 1.5 2.0
Knominal [Cm2 5_1] H>O [PPM]

Fig. 1. 8 (a) The nominal eddy diffusivity profile in our model. (b) Scatter plot of SO2
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and H20 mixing ratios at 64 km for various eddy diffusivity profiles. Diffusivity
profiles vary from 0.1 to 4 times the nominal profile, as shown by colors. Circular
markers are of cases with 1.0 ppm SOz and 1.0 ppm H20 at the lower boundary.
Triangular markers are of cases with 1.7 ppm SOz and 2.5 ppm H20 at the lower
boundary. Red crosses are the TEXES data with error bars.

Now we test whether the middle atmospheric dynamics can produce the
variations and anti-correlation of SOz and H20 at 64 km. In the above cases we varied
the lower boundary conditions and fixed the eddy diffusivity profile (nominal, Fig.
1.8a). The diffusivity profile is from Zhang et al. (2012), calculated based on
measurements from Pioneer Venus (Von Zahn et al., 1979) and radio signal
scintillations (Woo & Ishimaru, 1981). Here we fix the lower boundary conditions at
58 km but multiply this diffusivity profile by a constant factor ranging from 0.1 to 4,
to explore the influence of the eddy mixing change on species mixing ratio variations
at 64 km. We perform two sets of lower boundary conditions. In one set we use 1.0
ppm SOz and 1.0 ppm H20 at 58 km. In the other one we use 1.7 ppm SOz and 2.5
ppm H20 at 58 km. The results are shown in Fig. 1.8b. Varying eddy mixing alone
above 58 km does change the mixing ratios of SOz and H20 at 64 km, but our
simulations show that SOz is far more sensitive to the eddy mixing changes than H2O.
This difference in sensitivity of SO2 and H20 to eddy mixing is qualitatively
consistent with Krasnopolsky (2018) and may explain the greater variations of SO2
than H20 over both space and time observed by TEXES (e.g., Encrenaz et al., 2013)
and SPICAYV (e.g., Vandaele et al., 2017). When we fix the lower boundary condition

and vary the eddy mixing so that SOz at 64 km changes from 0 to 0.3 ppm, which is

approximately the range of the observed SOz variations, H20 only varies by less than
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30%. In contrast, the observed abundance of H20 has larger variations up to a factor
of ~3. Also, when diffusivity increases in a large range from 0.1 to 4 times the
nominal values, both SO2 and H20 at 64 km generally increase. Thus, we conclude
that even though the eddy mixing could vary with time above 58 km, the variations of
eddy mixing alone cannot explain the observed variation range of H20 and the anti-

correlation between SOz and H2O at 64 km.

1.5 Conclusions and Discussions

In this work we revisited the sulfur-water chemical system in the middle
atmosphere of Venus, motivated by the recently and simultaneously observed SO2
and H20 variations at ~64 km from TEXES/IRTF (Encrenaz et al., 2019b; 2020).
Using a one-dimensional chemistry-diffusion model, we studied the co-evolution of
SO2 and H20 in the middle atmosphere of Venus for the first time. We first explored
the variability of the chemical species in the system and the underlying mechanisms
in a thorough way. We reported chemical regimes and mechanisms different from
previous studies. Then we used our model to investigate the long-term anti-
correlation of SOz and H20 observed by TEXES. We tested two possible mechanisms

for the anti-correlation and provided implications of those TEXES observations.

The chemical system is highly dependent on SO2 and H2O mixing ratios at the
middle cloud top at 58 km. SO2 and H20 mixing ratios above the clouds vary with
mixing ratios at 58 km in three regimes: low-SO2-low-H20 (regime I), low-SO:2-high-

H20 (regime II) and high-SOz2 (regime III). The pattern of regime I is similar to that
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in P15 but in a much smaller parameter space. There is no chemical bifurcation or
abrupt transition in regime I. In regime II SO2 mixing ratio above the clouds remains
low and constant as H20 at 58 km increases. In regime I1I, H2O above the clouds
increases as SOz at 58 km increases, different from H20 behavior in regimes I or II.
Across the regimes there is the non-monotonic variability of H20 with respect to SO2
variations at 58 km. H20 and SO3 variations above the clouds are anti-symmetric for

all three regimes due to sulfuric acid formation.

The SOs-involved chemistry network connects SO2 mixing ratio above the
clouds to H20 at 58 km. The non-monotonic behavior of H20 above the clouds
results from the interplay among eddy diffusion, neutral chemistry and photolysis

processes. In those processes, the SOz self-shielding effect plays a crucial role.

We explored the mechanisms underlying the variations and anti-correlation
between SOz and H20 at 64 km from TEXES. We tested two possibilities: eddy
mixing change in the middle atmosphere and species variations at the middle cloud
top. Both possibilities can originate from lower atmospheric processes. We found that
the eddy mixing change alone cannot produce the observed variation range of H20 or
the anti-correlation, while variations of mixing ratios at the middle cloud top with the
regime [ sulfur chemistry can explain both variations and the long-term anti-
correlation of SOz and H20. This suggests that the observed SOz and H20O variations
are more likely due to perturbations on mixing ratios at the middle cloud top rather

than changes in the vertical mixing alone.
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Although our 1D model provided the first and simplest explanation of the
observed anti-correlation behavior of SO2 and H20, our model is relatively simple
with some caveats and could be improved in the future. First, our model does not
include phase changes of H20 and H2SO4 that could affect trace species abundances
in the middle atmosphere (e.g., Gao et al., 2014; Krasnopolsky, 2015). Second, our
model does not include the coupling between the lower and middle atmosphere (e.g.,
Bierson & Zhang, 2020), which can directly link the lower atmospheric processes to
the middle atmosphere. Third, our model does not include the local time and spatial
variability across latitude and longitude (e.g., Marcq et al., 2019a). It would be

important to revisit our proposed mechanism in a more realistic model in the future.

We also noticed discrepancies between different methods and observations of
SOz and H20 in the middle atmosphere. Several methods have been used to infer the
water vapor abundance in the mesosphere of Venus. From Venera 15 data at 30 um,
Ignatiev et al. (1999) derived a H20 volume mixing ratio of 10 £ 2.5 ppm at 62.5 +
1.3 km for latitudes below 50°. Using ground-based spectroscopy at 3.3 um,
Krasnopolsky et al. (2013) inferred a H2O mixing ratio of 3.2 + 0.4 ppm at 74 km for
latitudes below 55°. Using VIRTIS abroad Venus Express at 2.6 um, Cottini et al.
(2015) derived 3 £+ 1 ppm for H20 at 69 + 1 km; Fedorova et al. (2016), using
SPICAV at 1.38 um, inferred H20 = 6 ppm at 62 km; in both cases, low and middle
latitudes were observed, and no evidence was found for local time or inter-annual
variations. These results are all globally higher than the values inferred by TEXES. A

possible reason is the choice of the D/H ratio in the Venus atmosphere. For the
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TEXES observations, the D/H ratio is taken equal to 200 times the VSMOW (Vienna
Standard Ocean Water), following Krasnopolsky (2010), but there is some
uncertainty about this parameter. Another reason might be the use of different line
transitions and some uncertainty in the line parameters. Finally, in the case of
TEXES, the altitude of the penetration level is not precisely defined, since the
spectroscopic analysis gives information on the pressure above the continuum level
and not the altitude. Nevertheless, it can be seen that all observers agree on the
absence of strong local and temporal variations of H20 at the cloud top of Venus.
Indeed, between 2012 and 2016, the H2O volume mixing ratio inferred by TEXES
was more or less constant (Encrenaz et al., 2016), as pointed out by the other teams

for the same period.

The main advantage of the method used with TEXES is the fact that both the
SOz and H20 volume mixing ratios are inferred simultaneously in location and time,
at the same penetration level, from the same spectra and the same maps. Thus, the
study of their local and temporal variations should not be significantly affected by
uncertainty regarding the exact altitude of the penetration level. To our knowledge,

TEXES is the only facility that offers this opportunity.

The continued observations of Venus using the TEXES/IRTF instrument will
provide us with more information about atmospheric dynamics and tracer transport on
Venus. However, due to the limited information in the cloud region and the lower
atmosphere, it is still unclear that how dynamics and chemistry in the lower

atmosphere, inside the clouds and in the middle atmosphere are coupled and
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interacted. Besides, the decadal variations of SOz at the cloud top are observed since
1980s (Esposito, 1984; Esposito et al., 1988; Na et al., 1990; Marcq et al., 2013,
2019b). The underlying mechanism is elusive although our work highlights the
importance of the lower atmospheric processes. It would be crucial to continue
simultaneously monitoring SO2 and H20 (as well as other species) in the middle and
lower atmosphere, through both ground-based instruments and future spacecraft
missions, to provide more clues. A three-dimensional model describing the entire
Venus atmosphere involving multiple processes is expected to provide more insights

into these problems in the future.
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Chapter II. Local-time Dependence of Chemical Species in
the Venusian Mesosphere

2.1 Motivation

The Venusian mesosphere (~70-100 km) is characterized by complex
photochemistry (e.g., Yung & DeMore 1982; Mills 1998; Zhang et al. 2012;
Krasnopolsky 2012). Species like SO2 and CO — fundamental components of the
photochemical network — have shown significant spatial and temporal variabilities.
For example, Venus Express detected that the SO2 mixing ratio at 70-80 km varies by
orders of magnitude over time and space (Vandaele et al. 2017a, 2017b). Ground-
based observations by TEXES/IRTF (Texas Echelon Cross Echelle
Spectrograph/Infrared Telescope Facility) show that SO2 around the cloud top
exhibits plumes and patchy features over the Venus disk (Encrenaz et al. 2012, 2013,
2016, 2019, 2020). Venus Express also observed that CO has strong short-term

variabilities up to one order of magnitude (Vandaele et al. 2016).

Some chemical species in the Venusian mesosphere show strong local-time
variabilities. Encrenaz et al. (2020) extracted the local-time dependence of SO at ~64
km from TEXES/IRTF and found that the SO2 mixing ratio generally exhibits two
local maxima around the morning and evening terminators, respectively. SPICAV
(Spectroscopy for the investigation of the characteristics of the atmosphere of Venus)
on board Venus Express also observed a similar SOz local-time pattern at the cloud

top on the dayside (Vandaele et al. 2017b; Encrenaz et al. 2019; Marcq et al. 2020).
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Sandor et al. (2010) used microwave spectra to obtain day-night differences of SOz
and SO at 70-100 km. Despite the scarcity of the data, SO2 appears more abundant at
night than that during the day, while SO is likely to have a reversed day-night
difference. Belyaev et al. (2017) observed that midnight SOz abundance appears 3-4
times higher than at the terminators around 95 km through SPICAV occultations. For
CO, Clancy and Muhleman (1985) observed a day-night difference from microwave
measurements. They found that the CO bulge (i.e., the local maximum of CO mixing
ratio) shifts from midnight to the morning as altitude decreases from above ~95 km to
80-90 km. Clancy et al. (2003) showed similar CO patterns in subsequent microwave
observations. Vandaele et al. (2016) summarized the CO data observed by SOIR
(Solar Occultation in the InfraRed) on board Venus Express and found a statistical
difference between the morning and evening terminators, and the difference also
depends on altitude. Compared to SOz and CO, H20 seems to vary insignificantly
with local time. Encrenaz et al. (2012, 2013, 2016, 2019, 2020) using TEXES
observed that the H2O mixing ratio at ~64 km, obtained from the HDO spectra,
distributes uniformly over the Venus disk. Chamberlain et al. (2020) showed that the
H>0 profiles above 80 km observed by SOIR do not exhibit dependence on
terminators. Sandor and Clancy (2012, 2017) using JCMT (James Clerk Maxwell
Telescope) observed that HCI mixing ratio above 85 km exhibts no evident day-night
difference. Krasnopolsky (2010) using the CSHELL spectrograph at NASA IRTF

observed that the morning OCS can be more abundant than the afternoon OCS.

28



The origin of these local-time variabilities has not been thoroughly investigated
but likely relates to atmospheric chemistry and dynamics. In the Venusian
mesosphere occurs intense photochemistry (e.g., Zhang et al. 2012), in which the
dependence of solar irradiance on local time affects the local distribution of chemical
species. On Venus, the cloud region (~47-70 km) is characterized by a retrograde
superrotating zonal (RSZ) flow (e.g., Sdnchez-Lavega et al. 2008; Lebonnois et al.
2010; Mendonga & Read 2016; Mendonga & Buchhave 2020). In the thermosphere
(>110 km), strong evidence shows a sub-solar to anti-solar (SS-AS) circulation
pattern (e.g., Bougher et al. 2006). The upper mesosphere (90-110 km) might be a
region where SS-AS circulation is superimposed on the RSZ flow (e.g., Lellouch et
al. 1994). Besides, thermal tides excited by the solar heating also strongly perturb the
temperature and winds in the mesosphere (e.g., Taylor et al. 1980; Limaye 2007;
Fukuya et al. 2021). These dynamical flow patterns transport chemical species and

modulate their local-time variabilities.

A few theoretical studies have investigated the local-time variabilities of chemical
species. Jessup et al. (2015) studied spatial variations of SO2 and SO observed by
HST/STIS (Hubble Space Telescope Imaging Spectrograph). They showed through
one-dimensional (1D) photochemical models that solar zenith angle could
significantly affect the SO2 variability. Gilli et al. (2017) presented CO and O density
profiles in the upper atmosphere at different local times using a three-dimensional
(3D) general circulation model (GCM) coupling chemistry and dynamics

(Stolzenbach et al. 2015; Stolzenbach 2016). Their results indicate the importance of

29



the SS-AS circulation on the CO and O distributions. Navarro et al. (2021) and Gilli
et al. (2021) used an improved GCM to study CO’s spatial variabilities in the upper
atmosphere. Their simulated CO pattern shows a CO bulge shift toward the morning
by 2-3 hours in the mesosphere, attributed to a weak westward retrograde wind.
However, a dedicated study of the local-time variability of SO is still lacking, and

mechanisms controlling CO’s local-time distributions need further investigation.

As a preliminary step towards fully understanding the spatial and temporal
variabilities of chemical species in the Venusian atmosphere, in this study we
investigate the local-time dependence of multiple chemical species including SOz and
CO using a 3D dynamical model in combination with a 2D (longitude-pressure)
chemical model with the state-of-the-art full photochemical network on Venus. Our
simulated local-time distributions of species like SO2, CO, and H20 show agreement
with observations. We explore underlying mechanisms determining species’ local-
time distributions and find that the relative importance of dynamics and chemistry
depends on altitude and species. Our study indicates that the local-time distributions
of SO2 and CO can constrain important dynamical patterns in the Venusian

atmosphere.

2.2 Methodology

We use a 3D GCM in combination with a 2D chemical-transport model (CTM) to
study the local-time variabilities of chemical species in the Venusian mesosphere. We

adopt this combination method because fully coupling chemistry with dynamics in
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the GCM or utilizing a 3D CTM with a full chemical network is computationally
expensive. A 2D (longitude-pressure) chemical model is sufficient to study the
chemical species’ local-time variabilities that we focused on in this work. For
example, combining a 3D GCM with a 2D CTM has been used to study chemical

species in Earth’s atmosphere (e.g., Smyshlyaev et al. 1998).

We adopt the OASIS GCM, a novel and flexible 3D planetary model (Mendonga
& Buchhave 2020). OASIS is a dedicated model that incorporates multiple self-
consistent modules. For our Venus dynamical simulations, we use the non-hydrostatic
dynamical core coupled with physics modules that represent a basalt soil/surface,
convective adjustments, and the radiative processes from the gas and clouds (a non-
grey scheme with multiple-scattering). The simulated atmosphere extends from the
surface to 100 km, with a horizontal resolution of 2 degrees and a vertical resolution
of ~2 km. The model was integrated for 25000 Earth days (~214 Venus solar days;
one Venus solar day is ~117 Earth days) with a time-step of 50 seconds. The model
and bulk planet parameters (e.g., specific heat, gravity and mean radius) are the same
as the ones used in Mendonga and Buchhave (2020, see their Table 2). One of the
main weaknesses of current Venus GCMs is the poor representation of the circulation
in the deep atmosphere, which is also poorly constrained by observational data (refer
to Mendonga & Read 2016 for more details). To represent a deep circulation in our
3D simulations closer to the observations, we applied a Newtonian relaxation method
to force the zonal winds in the deep atmosphere towards the observed values. The

forcing acts only at 44 km altitude, which is below the cloud region and the region
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explored in this study. The equilibrium winds were constructed assuming the
atmosphere at 44 km rotating as a solid body with a maximum velocity of 50 m/s at
the equator based on the estimated observed values from Kerzhanovich & Limaye
(1985). For the Newtonian relaxation timescale, we have assumed a value of 2000
Earth days (~17 Venus solar days), which is close to the radiative timescale at 44 km
(Pollack & Young 1975). At 44 km, the temperature difference between the day- and
night-side of the planet is small (less than 10K) because the radiative timescale is
much longer than the dynamical timescale. The value chosen for the relaxation
timescale ensures a good model performance and low impact in the wave activity in
the lower atmosphere. Our converged simulations were further integrated to 5000
Earth days (~43 Venus solar days) to produce the temperature and wind fields for the

CTM input.

We do not directly couple the GCM and CTM in the sense that the simulated gas
distributions in the CTM are not used as the GCM input. As described in Mendonca
and Buchhave (2020), the 3D GCM itself only uses simple representations of the
clouds and chemistry. The cloud structure remains constant with time, and three
different cloud particle size modes (Knollenberg & Hunten 1980; Crisp 1986) are
used. The GCM considers four main chemical species in the atmosphere: 96.5% of
COz2 in mole, ~3.5% of N2, 50 ppm of H20, and 100 ppm of SO:. Their volume
mixing ratios are assumed to be well-mixed in the GCM and not meant to be exactly
equal to the values observed but to capture the main bulk conditions of the Venusian

atmosphere.
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The 2D CTM is generalized from the 1D state-of-the-art Caltech/JPL kinetics
model (Yung & DeMore 1982; Mills 1998; Mills & Allen 2007; Zhang et al. 2010,
2012; Bierson & Zhang 2020; Shao et al. 2020). This model resolves complex
chemistry for carbon, oxygen, hydrogen, nitrogen, sulfur, and chlorine species. This
model includes 52 chemical species and over 400 reactions (refer to Zhang et al.
2012). We generalized this 1D model to 2D and included the advection for each
chemical tracer in the longitude-(log-)pressure coordinate plane. See Appendix C for
the derivation of the meridionally-mean continuity equation. The meridionally-mean
advection is constructed from the output of the 3D GCM. We implemented the flux-
limiting Prather scheme (Prather 1986; Shia et al. 1989, 1990) to calculate the
advection of species in the 2D continuity equation. This scheme has several
advantages, including the conservation of chemical species, maintenance of positive
concentration, and stability for large time steps. The chemical model incorporating
this scheme has been applied to the Earth's atmosphere to study variabilities of
chemical species like ozone (Jiang et al. 2004). We have also implemented a parallel
computing technique using Message Passing Interface (MPI) in our 2D CTM to

improve simulation efficiency.

In our 2D CTM, photon density reaching the top of atmosphere (TOA) is set as
equal to /4 times the equatorial value on Venus, so as to represent the meridionally-
mean value considering the latitudinal dependence of solar zenith angle. The solar
zenith angle in our 2D CTM varies with longitude, and the solar zenith angle at each

longitude also changes with time. Our 2D CTM has a vertical resolution of ~2 km and
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a horizontal resolution of 12 degrees. The altitude range is ~58-100 km. The time step
is set as 10 minutes. In Section 2.4, we show that increasing horizontal resolution

does not change the simulated local-time variabilities of chemical species.

The 3D distributions of temperature and wind patterns from GCM simulations in
the last ~4 Venus solar days are first averaged meridionally. To match the spatial and
temporal grids in our 2D CTM, we then smooth and interpolate the GCM data to
obtain temperature and wind fields in one-hour resolution. Finally, we average the
fields temporally to obtain the diurnally-varying one-Venus-day (~117 Earth days)
fields and repeatedly input them into the 2D CTM. Table 2.1 lists boundary
conditions for several important species. For other species, zero flux at the upper
boundary and maximum deposition velocity at the lower boundary (58 km) are
applied. We apply the same lower and upper boundary conditions to all longitudes.
The unknown sulfur reservoir in the upper atmosphere (e.g., Zhang et al. 2010, 2012;
Vandaele et al. 2017a) is represented by a downward Ss flux at the upper boundary in
our model, as used in Bierson and Zhang (2020). The specified flux at the upper
boundary (e.g., Table 2.1) is separate from the advective flux and is used to provide
extra sources outside the domain (e.g., the Ss flux). We calculate the advective flux
above (below) the upper (lower) boundary by setting a ghost box with species’
mixing ratios the same as those at the boundary. In the zonal direction, a periodic
boundary condition (i.e., species abundances at 0 and 360 degrees are equal) is

adopted.

34



Table 2. 1 Boundary conditions for several important species in the 2D CTM.

Species  Lower Boundary Condition Upper Boundary Condition

SO2 f =1.0ppm =0
H20 f =1.0ppm =0
CcO f = 45ppm =0
NO f = 55ppb =0
HCI f = 0.4ppm =0
CO2 f = 0.965 ¢=0
OCS f = 1.0ppm =0
Ss V= vy ¢=—-60x10"cm 2?57t

Note: f means the fixed volume mixing ratio, ¢ means the diffusive boundary flux,
and v is the deposition velocity. Values here are referred to those in Zhang et al. (2012)
and Bierson and Zhang (2020). Species not specified here all have ¢ = 0 at the upper
boundary and the maximum deposition velocity v,, (see Zhang et al. 2012) at the lower
boundary (58 km).

In this study, we treat the sub-grid diffusivity parameters Kxx, Kxz, Kzx, and Kz in
the meridionally-mean continuity equation (see Appendix C) as free parameters. For
simplicity, we assume zero Kxz and Kz. The meridionally-mean zonal wind is usually
larger than the eddy wind. For example, the meridionally-mean zonal wind is ~100
m/s at ~60 km, while the eddy wind is ~10-20 m/s at ~60 km at the equatorial region
in the GCM output. If we assume the sub-grid eddy length scale is 10-100 km (the
horizontal grid size is about 200 km around the equator in the GCM), the horizontal
diffusivity Kxx is about 10° — 101° cm?s~1. Here we use Kxx= 10 cm?s™1 to
represent the horizontal transport by eddies. The Kz vertical profile in our CTM is the
same as the 1D Kz profile in Zhang et al. (2012) and is applied to all longitudes. In

Section 2.4, we will explore the sensitivity of our results to these parameters.
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2.3 Local-time Dependence of Chemical Species

In this section, we discuss the local-time dependence of SOz, CO, H20, HCI,
ClO, OCS and SO. These chemical species’ distributions are averaged over the last 5
Venus solar days from our simulations. To better understand the interaction between
atmospheric dynamics and chemistry and the influence on local-time variability, we
also estimate the chemical loss timescale tchemical and horizontal transport timescale
trransport. The chemical loss timescale for each species is equal to the number density
of the species divided by its total chemical loss rate. For SO2, CO and SO, the
chemical loss in the fast cycles (see Appendix D) is excluded. The horizontal
transport timescale is estimated using the planetary radius divided by the zonal wind

speed (e.g., Zhang & Showman 2018).

The 3D GCM results show that the diurnal cycle excites various harmonics of the
thermal tides in the Venus atmosphere (Fig. 2.1a-b). The thermal tides are stationary
with respect to the sub-solar point. Observational (e.g., Pechmann & Ingersoll 1984;
Zasova et al. 2007) and theoretical (e.g., Lebonnois et al. 2010; Mendonga & Read
2016) studies suggest that the semidiurnal component has the largest amplitude of the
thermal tide harmonics in the upper cloud region. Our GCM successfully simulates
this semidiurnal component in the upper cloud (58-70 km). In the vertical wind
pattern shown in Fig. 2.1b, the semidiurnal tide at 58-70 km induces an upwelling
branch in the afternoon. A similar branch also appears at 0:00-6:00 but with a weaker

amplitude. At 18:00-0:00 and 6:00-12:00, the semidiurnal tide in the upper cloud
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induces downwelling motions. The evening downwelling is stronger than the morning
downwelling. Positive temperature anomalies are found around midnight and noon as

a result of perturbations by the semidiurnal tide.

Above 85 km, the diurnal thermal tide dominates the wind and temperature local
variations in our simulations (Fig. 2.1a-b). As altitude increases, the phase of the
semidiurnal tide shifts eastward. Above 85 km, two upwelling branches of the
semidiurnal tide merge into a dayside upwelling branch, while the morning
downwelling of the semidiurnal tide extends and becomes the nightside downwelling
branch above 85 km. In this altitude region, the vertical wind field is mainly
composed of the wavenumber-one diurnal component. Temperature distribution is
also affected by the diurnal thermal tide above 85 km, with positive anomaly on the
dayside. At 85-100 km, the SS-AS circulation is imposed on the RSZ flows, marking
a transition region from RSZ flow to SS-AS circulation where the wind pattern is
important for chemical tracer exchange between the lower and higher altitudes as well
as that between the dayside and the nightside. The chemical tracers at the lower
altitude are first transported upward by the upwelling branch on the dayside and then

delivered to the nightside by horizontal day-night flows of the SS-AS circulation. On
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the nightside, the chemicals are recycled back to the lower region by the downwelling

branch of the SS-AS circulation and transported to the dayside by the RSZ flows.
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Fig. 2. 1 Local-time dependence of (a) temperature anomalies Tanomaly, (b) vertical
velocity W, (c) SO2 mixing ratio, (d) SO2 chemical loss timescale tchemical, (€) transport
timescale tTransport, and (f) ratio of trransport to tchemical. The wind field (m/s) is superposed
on panel b. Temperature and wind fields are from the OASIS simulations (Mendonga
& Buchhave 2020), and the SOz mixing ratios is from the 2D CTM. Temperature
anomaly is the deviation from an average temperature profile shown in Fig. S2.1. Note
that both the 2D CTM and OASIS use (log-)pressure coordinate. Height at the vertical
axis in this plot represents the isobaric level and is derived from pressure by using the
VIRA model (cf. Table 1 of Mendonga & Read 2016). The local time 06:00 is the
morning terminator, 18:00 the evening terminator, 12:00 the noon, and 00:00 the
midnight. Earlier local time means eastward shift on Venus. The ratio of trransport to
tchemical indicates the main driven mechanism for the species distribution: the ratio
smaller than unity (blue region in panel f) implies a mainly transport-driven regime;
the ratio larger than unity (red region in panel f) implies a mainly photochemistry-
driven regime; the ratio around unity (white region in panel f) implies the transition
between the two regimes.
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2.3.1 SO,

Our simulation shows that the semidiurnal thermal tide is essential to explain the
SOz local-time pattern in the upper cloud region (Fig. 2.1). Below 80 km, the SOz
mixing ratio decreases as altitude increases. Vertical mixing occurs when the SO:-
rich air is transported upward from a lower altitude, and the SOz-poor air is
transported downward from a higher altitude. In the upper cloud region (58-70 km),
the two upwelling branches of the semidiurnal tide produce two local maxima in the
SOz local-time distribution. The two maxima are shifted westward by the RSZ flow
and located around two terminators. This local-time pattern is more clearly seen in
Fig. 2.2. Our simulations successfully reproduce the SOz observations by TEXES at
~64 km (Encrenaz et al. 2020). Note that SPICAV also observed a similar SOz local-
time distribution at ~70 km on the dayside (Vandaele et al. 2017b; Encrenaz et al.
2019; Marcq et al. 2020). The TEXES data exhibit more complicated features, like a
peak around 22 hour and another around 2 hour (Fig. 2.2). The causes of these peaks

are not well understood and might be associated with small-scale dynamics.

In the region above the clouds, photochemistry drives the SO2 behavior on the
dayside (Fig. 2.1f). Above 85 km, SOz day-night difference becomes evident; SO: is
less abundant on the dayside than on the nightside. Both photochemistry and
dynamics drive this day-night difference. On the dayside, photolysis destroys SOz; on
the nightside, the descending branch of the SS-AS circulation brings SOz-rich air

downward because SO2 mixing ratio generally increases as altitude increases above
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85 km due to the assumed Ss downward flux in our model. Sandor et al. (2010)
implied an SOz day-night difference from microwave measurements at 70-100 km,
despite the scarcity of their data. Belyaev et al. (2017) observed 150-200 ppb SO: at
midnight versus 50 ppb SOz at terminators around 95 km from SPICAV occultations.

Our simulations roughly agree with the observed SO: pattern around 95 km (Fig.

2.10a).
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Fig. 2. 2 Local-time distributions of (a) vertical velocity, (b) SO2 mixing ratio, and (c)
zonal velocity around 64 km. Observational data (error bars) in (b) are from
TEXES/IRTF (Encrenaz et al. 2020). Positive vertical velocity is upward, and negative
zonal velocity is westward.
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232 CO

CO is a long-lived chemical species whose local-time distribution is determined
mainly by dynamics (Fig. 2.3). Fig. 2.3b and ¢ show that CO has a long chemical loss
timescale above the clouds. Below 85 km, CO is well-mixed and almost exhibits no
diurnal variations. Above 85 km, CO shows a day-night difference similar to SO2
(Fig. 2.3a). This difference is caused by the SS-AS circulation. The CO mixing ratio
generally increases as altitude increases above 85 km because it is mainly produced
by CO: photolysis in the upper atmosphere and transported downward. Above 85 km,
the SS-AS circulation reduces CO on the dayside by mixing the CO-poor air upward
from below. Although photochemistry produces more CO on the dayside, the SS-AS
circulation regulates and dominates the CO local-time distribution by transporting the
CO from dayside to the nightside. As a result, CO is accumulated on the nightside
and appears more abundant than the dayside.
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Fig. 2. 3 Local time dependence of (a) CO mixing ratio, (b) CO chemical loss timescale
tChemical and (C) ratio of tTransport tO tChemical.
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The CO maximum is located around midnight at ~95 km and shifts to dawn at
~85 km (also see Fig. S2.3c-d). This pattern has been observed by microwave
instruments (Clancy & Muhleman 1985; Clancy et al. 2003). The CO maximum is
shifted westward due to zonal winds in the transition region, where SS-AS circulation
transits to RSZ flow as altitude decreases. A similar CO pattern is also seen in the 3D
GCM of Navarro et al. (2021) and Gilli et al. (2021). In their simulations, the CO
maximum shifts westward toward the morning at 85-100 km, caused by a westward

flow imposed on the SS-AS circulation. Our results overall agree with their results.
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Fig. 2. 4 Vertical profiles of (a) CO mixing ratio and (b) zonal wind at different local
times. Altitude derived from the VIRA model is shown on the right axis. The grey
dashed line in panel a encloses a region corresponding to a rough range of the
observations by Vandaele et al. (2016). The blue dashed line in panel b is zero zonal
wind.
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SOIR has observed a statistical difference of the CO mixing ratio profiles
between two terminators via solar occultation (Vandaele et al. 2016). In Fig. 6 of
Vandaele et al. (2016), the CO mixing ratio below 95 km is larger at the morning
terminator than the evening terminator, while CO above 105 km shows a reversed
pattern. Our simulation reproduces such a pattern, but the reversal of the terminator
difference occurs at a lower altitude (~90 km, see Fig. 2.4a) than in the SOIR

observations (~90-110 km).

This reversed CO terminator difference originates from transition of atmospheric
flows. At 80-90 km in our model, thermal tides transport CO-rich air downward on
the nightside. The RSZ flows shift the CO-rich air toward the morning terminator.
CO-poor air is pumped up by the upwelling branch of the tides on the dayside and is
shifted toward the evening terminator. This process results in a larger CO mixing
ratio in the morning than in the evening. Above 90 km, the SS-AS circulation
transports CO produced on the dayside toward both terminators. Theoretically, if the
dynamical pattern is symmetric about the noon, there should be no difference
between the two terminators. However, the circulation from our 3D GCM simulations
is asymmetric at these altitudes. For example, at 90-95 km, zonal flows at the two
terminators have different amplitudes with opposite directions (Fig. 4b). This
asymmetry could cause the terminator difference of the CO mixing ratio above 90
km. The wind pattern from the GCM in Gilli et al. (2021) is also asymmetric above
110 km due to perturbations of gravity waves. The CO observations by SOIR do not

show a large difference between terminators until above 120 km (Vandaele et al.
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2016). This may imply that only above 120 km, the asymmetric wind pattern

becomes significant enough to affect CO local-time patterns.

The reversal altitude of the CO terminator difference might be closely related to
the transition from RSZ flow to SS-AS circulation on Venus. That our simulated
reversal level is lower than in the SOIR observations might imply that the transition
from RSZ flow to SS-AS circulation occurs at a lower level in our GCM simulations
than that in the real Venusian atmosphere. Because the transition level could also vary
with time and space, future observations of CO distributions are useful to constrain

the flow pattern transition in the upper atmosphere of Venus.

2.3.3 H,0, HC], CIO, OCS and SO
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Fig. 2. § Same as Fig. 2.3, but for H20.
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Fig. 2. 6 Same as Fig. 2.3, but for HCI.

H:0 distributes almost uniformly over local time and altitude in our simulations
(Fig. 2.5a). This is because H2O is a long-lived species (Fig. 2.5b-c). Due to thermal
tides, H20 exhibits small local-time variations in the upper cloud region (58-70 km),
and the amplitudes of these variations are generally less than 30 percent. The uniform
distribution of H20 over local time is consistent with observations by both SPICAV
(e.g., Fedorova et al. 2008) and TEXES (e.g., Encrenaz et al. 2020). SOIR
observations also show no significant difference of H20 between morning and

evening terminators in the upper mesosphere (Chamberlain et al. 2020).

HCI, like H20, has a long chemical lifetime and distributes uniformly over space
(Fig. 2.6). Its vertical profile in our simulations, like in previous 1D models (e.g.,
Yung & Demore 1982), shows a weak decrease from the cloud top to above 90 km.
This simulated profile disagrees with JCMT (James Clerk Maxwell Telescope)
observations (Sandor and Clancy 2012, 2017), which show a large decrease as

altitude increases. Our model seems to support the conclusion of Sandor and Clancy
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(2017) that the large decrease of HCI mixing ratio observed by JCMT does not

originate from the SS-AS circulation. However, note that SOIR observed that HC1
mixing ratio increases as altitude increases (Mahieux et al. 2015), which disagrees
with the JCMT observations and also our model (and previous models). The SOIR
observation suggests a chlorine source at high altitude, but no chemical hypothesis
could support this source. Future observations are needed to further investigate the

discrepancy among models and observations.

CIO is a short-lived species except at 80-95 km on the nightside (Fig. 2.7). In the
entire mesosphere, ClO mixing ratio is rather small, mostly < 1 ppb. But at 80-95 km
on the nightside, where ClO chemical lifetime is longer, C1O can reach a few tens of
ppb (Fig. S2.6). Our simulated nightside CIO is roughly consistent with the results in
a 1D nightside model from Krasnopolky (2013) but the abundance is much larger
than the 1D diurnal-mean photochemical model results from Zhang et al. (2012) and
Krasnopolsky (2012). Sandor and Clancy (2018) observed the nighttime CIO using
JCMT and retrieved a few ppb of CIO above 85 km, which is an order of magnitude

smaller than our simulated Cl1O mixing ratio on the nightside. Because the observed
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HCI from JCMT is also smaller than our simulated HCI in the upper atmosphere, we

hypothesize there might be some unidentified sinks for C10 and HCI.
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Fig. 2. 7 Same as Fig. 2.3, but for CIO.
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Fig. 2. 8 Same as Fig. 2.3, but for OCS.

The vertical profile of OCS mixing ratio shows a small peak at 80-90 km. This

peak is due to the downward Ss flux from the top boundary in order to explain the

SOz inversion. Part of the Sg also converts to OCS to form a peak at 80-90 km. OCS

is a short-lived chemical species on the dayside above the clouds and long-lived
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species on the nightside (Fig. 2.8). Its distribution thus is largely affected by
photochemistry on the dayside in the upper atmosphere and by dynamics on the
nightside. OCS around 95 km exhibits a smaller mixing ratio on the dayside than the
nightside and a reversed local-time pattern around 85 km (Fig. S2.7), as a result of
competition between photochemistry and dynamics. However, since OCS mixing
ratios at these altitudes do not exceed 1 ppb, these local time variations are not easily
observed. At ~65 km in the upper cloud, OCS mixing ratio can exceed 1 ppb, and the
local time difference of the OCS mixing ratio can reach ~10 ppb. This may be an
observable pattern in the future. OCS also exhibits a two-maxima local time pattern at
~65 km, similar to SO2. But the larger maximum of OCS locates around the morning
terminator while that of SO2 is around the evening terminator. Krasnopolsky (2010)
observed a few ppb of OCS near 65 km using the CSHELL spectrograph at NASA
IRTF, and indicated a pattern in which the morning OCS is more abundant than the
afternoon OCS, supporting our simulated OCS local-time pattern here (Fig. 2.10c).
The OCS decrease from morning to afternoon should be related to that around 65 km,
the OCS behavior is both driven by photochemistry and dynamics (Fig. 2.8c), unlike

SOz, which is more driven by dynamics.

SO exhibits a complex spatial pattern (Fig. 2.9). Since SO is a short-lived species
and mainly produced by SOz photolysis, SO is more abundant on the dayside than the
nightside. But in the upper cloud region on the nightside, SO has a longer chemical
lifetime than the transport timescale by the RSZ flow (Fig. 2.9¢), leading to a smaller

day-night contrast than that at 70-95 km. The day-night difference of SO in the upper
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mesosphere is consistent with the JCMT observation by Sandor et al. (2010) (Fig.
2.10b). However, the SO mixing ratio around 95 km is lower in our model than the
SPICAV observations (Belyaev et al. 2012). The SO mixing ratio shows a very strong
local-time dependence (Fig. 2.9a). Therefore, only observing the terminator SO is
insufficient to understand the SO behavior. To better understand the sulfur cycle in
the upper mesosphere of Venus, observations covering multiple local times on both

dayside and nightside are required.
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Fig. 2. 9 Same as Fig. 2.3, but for SO.
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value shown in this plot (refer to Table 2.2 to see the observation altitude range).

Table 2. 2 Observations used in this paper.

Observation Altitude, Species Mixing ratio Reference
km range
TEXES ~64 km 150-400 ppb Encrenaz et al. (2020)
JCMT 70-100 km SO» 0-90 ppb Sandor et al. (2010)
SPICAV 95-100 km 50-200 ppb Belyaev et al. (2017)
Microwave  80-100 km 30-1000 ppm  C1AnCY ??gé\;[;hleman
JCMT 75-100km  CO 50-1000 ppm Clancy et al. (2003)
SOIR 85-130 km 10*-10" Vandaele et al. (2016)
TEXES ~64 km H20 ~1 ppm Encrenaz et al. (2020)
Sandor and Clancy
JCMT 70-100 km HCl 0-450 ppb (2012.2017)
SOIR 70-105 km 30-800 ppb Mabhieux et al. (2015)
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JCMT 70-100km  ClO 1.5-3.7 ppb Sandor and Clancy

(2018)
CSHELL ~65km - ocg 0.3-9 ppb Krasnopolsky (2010)
JCMT 70-100 km 0-30 ppb Sandor et al. (2010)
SPICAV  85.105km 10-1000 ppb  Belyaev et al. (2012)

2.4 Sensitivity Test

We conduct sensitivity tests to explore the effects of the horizontal diffusion
coefficient Kxx, the vertical diffusion coefficient K., and the horizontal resolution on
our results. For simplicity, we still assume the diffusion coefficients Kx, and Kzx as

Z€10.

Our sensitivity tests show that K-z augment does not affect the overall local-
time patterns of all species discussed above (Fig. S2.2-2.8). For example, the two-
maximum pattern of SOz at ~64 km is still well produced in the cases with a larger
Kz (Fig. S2.2a). The major effect of increasing K. is to increase the SO2 mixing ratio
below 80 km. The increase below 80 km is due to more diffusion from the lower
sulfur reservoir (at ~58 km in our model). As a result, the mixing ratio of SO—a
photochemical product of SO>—below 80 km also increases. OCS is also sensitive to
Kz value. As Kz increases, the amplitude of the OCS local-time variation at ~65 km
increases despite the qualitative pattern unchanged (Fig. S2.7a). This implies that the
OCS local-time pattern at ~65 km can be a good indicator of the strength of

atmospheric vertical mixing.
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Changing Kxx from 10° cm?s~! (the value in the nominal case) by a factor of
10 does not affect the local-time patterns of all species discussed above (Fig. S2.2-
2.8). It exerts almost no effect on the mixing ratios of the species. This is because
horizontal transport by eddies only contributes a small proportion to chemical
transport compared to the meridionally-mean zonal wind; the horizontal diffusion
timescale is ~107-10% s (estimated by L? /K,,,., where L is planetary radius) compared
to the advection timescale of ~10* s in the upper cloud (Fig. 2.1¢). Our test also
shows that increasing the horizontal resolution from 12 degrees to 6 degrees does not

change the local-time patterns of the species discussed in this work (Fig. S2.2-2.8).

2.5 Conclusion and Discussions

In this paper, we investigated the local-time dependence of chemical species
in the Venusian mesosphere. We used a 3D GCM and a 2D CTM to simulate species’
local-time distributions and investigate the underlying mechanisms. Our models
reproduce the observed local-time patterns of many chemical species such as SOz and
CO. Dynamics and photochemistry play different roles in controlling the local-time

patterns for different chemical species in the Venusian atmosphere.

As observed by TEXES, the local-time pattern of the SOz at ~64 km features
two local maxima around terminators (Encrenaz et al. 2020). Using our model, we
found that this feature is caused by the superposition of the semidiurnal thermal tide
and the RSZ flow in the upper cloud. The two upwelling branches of the semidiurnal

tide produce two local SO2 maxima, and the superrotating wind advects the maxima
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toward terminators. SO2 above 85 km has a large day-night difference with more SO2
on the nightside, due to both chemistry and dynamics; SOz on the dayside is
destroyed by photolysis, while SOz on the nightside is enriched by downwelling
motions. This day-night difference of SOz in our model agrees with SPICAV

occultation observations.

Circulation patterns control the CO local-time pattern over photochemical
processes in the upper mesosphere. Above 80 km, CO increases as altitude increases.
The upwelling of SS-AS circulation transports the CO-poor air on the dayside, while
the downwelling does the opposite on the nightside. This circulation pattern decreases
CO on the dayside and increases CO on the nightside. The CO local-time maximum
shifts westward from midnight to the morning as altitude decreases in the upper
mesosphere. This shift is consistent with microwave observations and is due to the
transition from the SS-AS circulation to the RSZ flow. Below 80 km, the CO mixing

ratio is nearly constant over space due to its long chemical loss timescale.

Our models also explain the CO terminator difference observed by SOIR. CO at
the morning terminator is more abundant than that at the evening terminator at lower
altitudes, while this pattern is reversed at higher altitudes. The difference at lower
altitudes is due to thermal tides combined with the RSZ flows. The difference at
higher altitudes might relate to the zonally asymmetric circulation. The reversal level
simulated by our models is lower than the SOIR observations. This could indicate that

the transition level from RSZ flow to SS-AS circulation in our GCM is lower than
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that in the Venusian atmosphere. The CO local-time variability could thus be used to

constrain the atmospheric circulation of Venus.

H20 and HCI are long-lived like CO and distribute almost uniformly over
both local time and altitude. The uniform distribution of H20 is qualitatively
consistent with the TEXES observations. HCI vertical profiles simulated by our
models disagree with JCMT observations and support that SS-AS circulation is
unlikely to produce the large decrease of HCI in the upper mesosphere. CIO shows a
maximum at 80-95 km on the nightside. OCS is observable in the upper cloud and
also exhibits a two-maxima local-time pattern in the upper cloud. SO is a short-lived

species whose mixing ratio is larger on the dayside than the nightside.

The disagreement of RSZ-to-SS-AS transition level between the model and
the SOIR data needs further investigation. This transition occurs where the
semidiurnal tides dissipate in the upper mesosphere. The thermal tidal waves
transport retrograde angular momentum downwards to the superrotation region and
decelerate the atmosphere above (Mendonca & Read 2016). These waves
dissipate/break in the upper layers by radiative damping. Improving the
representation of gas absorbers in the upper atmospheric region of the 3D simulations
and moving the top of the model domain to higher altitudes might help reduce the
disagreement in the RSZ-to-SS-AS transition altitude between the data and the model.
The latter will mitigate the inaccuracies due to the top rigid model boundary, which

may impact the atmospheric flow in the transition region. Also, moving the top
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boundary to a higher altitude will diminish the impact of the sponge layer scheme in

the model’s uppermost layers in the GCM.

Furthermore, in the future, new observations from the Venus missions
(DAVINC+H, VERITAS and EnVision) will reveal more spatial and temporal
variabilities of chemical species on Venus. To understand these variabilities, the 3D
GCM + 3D CTM approach could be a better way than our current approach despite a
more expensive computational cost. A future 3D GCM + 3D CTM model set will
show how 3D circulations (including meridional circulations) and photochemistry

together control species’ variabilities in the middle atmosphere of Venus.
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Chapter II1. Evolution of the Ice Shell on Enceladus

3.1 Introduction

Enceladus is the third geologically active body whose internal heat can be
detected by remote sensing (Spencer et al. 2006), following the Earth and Io. A high
heat flow, ~5-15 GW, is observed by Cassini’s Composite Infrared Spectrometer
(CIRS) on the south polar terrain (SPT) of Enceladus (Spencer et al. 2006, 2013;
Howett et al. 2011). Gravity, shape and libration data from Cassini demonstrate the
existence of a global subsurface ocean (e.g., less et al. 2014; Beuthe et al. 2016;
Thomas et al. 2016; Cadek et al. 2016). If the freezing point of the ocean is close to
273 K, the implied conductive heat flow is a few tens of GW at present (Hemingway
et al. 2018). Thus, if Enceladus is now in steady state and the ocean is not freezing

with time, a corresponding endogenic heat production must be taking place.

Because radiogenic heating at Enceladus is only ~0.3 GW (Roberts and Nimmo
2008), by far the most likely heat source is tidal dissipation. Until recently, it was
unclear whether sufficient tidal heat was available. However, recent astrometric
results (e.g., Lainey et al. 2020) have demonstrated that Saturn is transferring energy
and momentum to its orbiting satellites at a much higher rate than previously thought
(Meyer and Wisdom 2007). Thus, even with the current small eccentricity, tidal
dissipation can be sufficient to maintain Enceladus in a conductively steady state

(Fuller et al. 2016; Nimmo et al. 2018).
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However, several puzzles remain. One is where in Enceladus the tidal heat is
dissipated. Initial studies focused on the ice shell (e.g., Roberts and Nimmo 2008;
Shoji et al. 2013; Béhounkova et al. 2015), but more recent studies have found it
difficult to generate enough heat in the ice shell (Soucek et al. 2016; Beuthe 2019).
Instead, water-filled fractures (Kite and Rubin 2016), the ocean beneath (Chen and
Nimmo 2011; Tyler 2011; Wilson and Kerswell 2018; Rovira-Navarro et al. 2019,
2020), or the porous silicate core (Roberts 2015; Choblet et al. 2017; Liao et al. 2020)
have been suggested as alternatives. A second is whether Enceladus is actually in
steady state. In principle, tidal-orbital feedbacks can arise and generate time-variable
heating rates and eccentricities (e.g., Ojakangas and Stevenson 1986). Furthermore,
the presence of deformed terrains with indications of high heat flux elsewhere on
Enceladus (Giese et al. 2008) suggests some kind of time-variable behaviour. We will

examine both of these questions through the prism of ice shell librations.

In a reference frame fixed to the surface of Enceladus, librations result in a
periodic motion of Saturn across the sky. Librations can be either physical - variations
in the ice shell rotation rate, driven by time-variable torques from the primary — or
optical — driven by the time-variable orbital speed of Enceladus in its eccentric orbit
(Hurford et al. 2009). Either kind results in motion of the tidal bulge relative to the
solid surface and can thus produce deformation and heating. In general, librations are
forced at various distinct periods arising from the various orbital periodicities.
However, Enceladus also has free libration periods, the natural frequencies of the

system. In the case of an ice shell, the natural frequency depends on the ice shell
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thickness. As with any oscillator, if the natural libration frequency is close to the

forcing frequency, resonant amplification will occur.

An early suggestion that Enceladus’s high heating rate was driven by a 3:1
libration resonance (Wisdom 2004) was not borne out by subsequent Cassini gravity
measurements. Rambaux et al. (2011) investigated forced librations at Europa and
argued that a similar resonance might occur, with the very interesting possibility of a
thermal runaway. However, this paper did not include the effect of a shell of finite
rigidity on the libration amplitude (cf. Van Hoolst et al. 2013). Luan and Goldreich
(2017) proposed a thermal runaway for Enceladus. Eccentricity growth of Enceladus
produces more tidal dissipation and melts the ice shell. The thinner ice shell in turn
leads to enhancement of tidal dissipation. Runaway melting follows until the decrease
of shell thickness leads to large eccentricity damping. One goal of our study is to
investigate whether a libration-driven thermal runaway could take place at Enceladus
or whether thermal equilibrium of the ice shell can be maintained against small

perturbations.

Rambaux et al. (2010) investigated forced librations at Enceladus, but their results
did not include the effect of a subsurface ocean. As shown by Van Hoolst et al.
(2013), inclusion of an ocean overlain by an elastic shell can completely change the
librational response of a body. Van Hoolst et al. (2016) included this effect in their
study of Enceladus’s librations but did not address the issue of heat generation. This
is because the present-day libration amplitude is known (Thomas et al. 2016) and is

too small to generate sufficient heat. However, since Enceladus’s eccentricity and
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libration amplitudes could have been higher in the past, we wish to investigate
whether a thermal runaway could have operated recently, so that it is contributing to

the present-day energy budget.

In this work we calculate the forced librations of Enceladus’s ice shell using
the model of Van Hoolst et al. (2013). We compare the resulting ice shell tidal
dissipation rate to the present-day heat flow on Enceladus to understand the thermal
state of Enceladus. We find, in common with other studies, that the ice shell heating
is insufficient to compensate for the high conductive heat loss on Enceladus. We then
investigate whether a thermal runaway of the kind proposed above could occur on
Enceladus. We find that even with a higher eccentricity in the past, Enceladus could
have been in a stable, high-heat-flux equilibrium resistant to small perturbations, and

that no thermal runaway is likely.

3.2 Methodology

We follow the elastic libration model established by Van Hoolst et al. (2013,
hereafter VB13) to calculate the forced libration amplitude. This model is developed
for a tidally locked satellite with three homogeneous layers: an ice shell, a subsurface
ocean and a rocky core. Compared to previous libration models assuming infinite
rigidity of the ice shell (e.g., Van Hoolst et al. 2009; Rambaux et al. 2011), this model

includes the effect of the finite elasticity of the shell.
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In this libration model, the gravitational torques the satellite experiences can be
divided into two major parts. One is the total torque applied by the external

gravitational potential on both the periodic and static bulges

3k, —k GM
=27 2(g-p_2

[} = 2k PE sin 2y, (3.1

where ky and k;, are the fluid Love number and classical dynamical Love number.
(B — A) is the equatorial moment-of-inertia difference. G is the gravitational

constant, M, is the mass of the primary, and d is the distance between the satellite

and the primary. 1 is the angle between the long axis of the satellite and the direction
to the primary. This external torque expression is from equation (12 or 30) in VB13
and is applicable for each internal layer of the satellite. To get an expression for a
specific layer, Love numbers, moment-of-inertia difference and the angle 1) need to
be specified for that layer. Note that if the satellite has no rigidity, then k2=kr and the

total torque is zero.

The other part is the torques between internal layers. The pressure torque from the
subsurface ocean can be divided into two components which can be incorporated into
the expressions of the external and internal gravitational torques. The combined effect
of the external gravitational torque above and the contribution from the oceanic

pressure torque is

ki — ki kP — k$P1GM,
! e Bon = ) ! k},,, Sosin2,  (3.2)

3
l—‘pe,i = E (Bi - Ai)
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for the rocky core. Subscript or superscript i represents the core (or the rocky
interior), and ob refers to the bottom of the ocean. This expression is from equation
(34) in VB13. A similar expression can be written for the ice shell layer, with

subscript or superscript substituted.

The other component of the oceanic pressure torque goes into the expression of
the internal gravitational torque. The final expression of the internal torque including

the contribution from the pressure torque and associated with the static bulge is

Fstatic —

4G
pg,i - 5 [

(Bi = Ai) + (Bob — Aon)1[poBo + ps(Bs — Bo)] sin 2(ys — vi), (3.3)
where subscript or superscript o and s represent the ocean layer and the shell layer,
respectively. p and [ are the density and the equatorial flattening (8 = (a — b)/a,
where a and b are the radii of the two equatorial principal axes of inertia). y is the
small libration angle. This expression is from Eq. (37) in VB13. This expression is
the internal torque exerted on the core, and the same torque with an opposite direction
is exerted on the shell. The internal torque associated with the periodic bulge and

including the contribution from the pressure torque is

Fgge: = ZKimLOSC + ZKiiyi - ZKiSyS' (34)

for the core layer. Here the coefficients K;,,,, K;; and K;, refer to equation (39-41) in
VB13. L, is the oscillation part of the true longitude at the diurnal frequency (refer
to equation (11) in Rambaux et al. 2011). This expression is from equation (38) in

VB13. A torque equal to (3.4) but with an opposite direction is exerted on the shell
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layer. Note that here we only consider the internal torque related to the periodic tidal
bulge at the diurnal frequency. The torque related to the periodic bulge at long-term

frequency is not considered in this study.

The deformation of each layer also changes the polar moment of inertia. The
change of the polar moment of inertia due to the variable centrifugal acceleration has
negligible effect (Van Hoolst et al. 2008, 2013) and is thus not considered here. The
change due to zonal tides at the diurnal frequency gives an additional forcing of a few
percent (Van Hoolst et al. 2008, 2013) and is included in our calculations. Refer to
equation (44) in VB13 for the expression of this effect. Here we ignore the effect on

the polar moment of inertia from zonal tides at long-term periods.
The final equations to calculate the forced librations are
CsVs + Kivs + Koy = 2K3Lose,  (3.5)
Civi + Ka¥s + Ksyi = 2KeLosc, (3.6)

where C is the polar moment of inertia. The expressions of the coefficients K; to K¢
refer to Equations (47-52) in VB13. To allow readers to verify our calculations, an

example of this calculation is shown in Appendix G.

In the libration calculations, the dynamical Love number ké' for each layer
needs to be specified. This Love number can be acquired from the radial

displacement:

62



;_ AnGp;

ky = —pz (RY —RLy/™Y), (37)

where R is the radius of the satellite. R; is the radius of the upper surface of layer j.

j — 1 refers to the layer below layer j. y/ is the radial displacement at the upper
surface of layer j. This expression is from equation (24) in VB13. Here we calculate
the radial displacement using the viscoelastic model developed by Roberts and
Nimmo (2008). The input of this model is the physical properties of each
homogeneous layer, including rigidity and viscosity. In our work, to better represent
the viscosity profile in the ice shell, we divide the shell region into multiple layers
with different viscosity values. The details of this division are described in Appendix

F.

The true-longitude oscillation (Losc) 1s obtained from the JPL/Horizons database

(https://ssd.jpl.nasa.gov/horizons.cgi). This database conveniently provides the time

series of orbital osculating elements for different astronomical bodies. Here we obtain
the time series of the orbital elements of Enceladus for 300 years (1850-2150) with a
time interval of one hour. The reference frame is ICRF/J2000.0, and the center is
Saturn. We detrend the calculated true-longitude data to get its oscillations. Then
through Fourier decomposition, the orbital forcings at different frequencies are
obtained (see Table 3.1). Finally, the libration amplitudes are calculated via (3.5-3.6),

and the libration heating is calculated via (3.8) in Section 3.5.
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3.3 Forcings in JPL/Horizons Data

Table 3. 1 Fourier decomposition of true-longitude oscillations of Enceladus based on
data from JPL/Horizons Ephemeris.

Magnitude (arc

Frequency (rad/day)  Period (days) Phase (degree)

second)
4.579656 1.371978 1671.31 111.64
0.001548 4058.259259 901.51 163.83
0.004415 1423.025974 623.74 46.61
4.578107 1.372442 36.39 -112.19

Table 3.1 gives the main orbital perturbing terms of Enceladus, obtained from a
frequency analysis of true-longitude oscillations via the fast Fourier transform (FFT)
method. The first three forcing terms are the mean anomaly, the Dione-Enceladus
resonance and the Dione proper pericenter, respectively (Rambaux et al. 2010). The

fourth, small term is FFT spectral leakage from the mean anomaly.

Comparing this table to that in Rambaux et al. (2010), here we obtain a slightly
smaller amplitude for the mean-anomaly forcing. This is due to spectral leakage of
the FFT method. Reducing this leakage effect by using the Hann window is shown in
Table S3.1. However, since this leakage does not significantly affect our results, we
will still show the results without applying the Hann window in the following
sections. The phases of the first three terms here are different from those in Rambaux
et al. (2010) because of difference in selected datasets (e.g., different initial starting

points of time series of orbital elements). This phase difference does not affect
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accuracy of our calculations; in Fig. S3.1, we show that our dataset and method give
results consistent with Fig. 2a in Rambaux et al. (2010) if the same interior model is

used.

3.4 Interior Models and Librational Response

We first need to specify the interior structure of Enceladus to calculate forced
librations from equations (3.5-3.6). We use a three-layer model here: core, ocean and
shell. Based on Cassini’s measurement of the mean moment of inertia (0.331+0.002),
the core size of Enceladus is inferred as ~190 km (Hemingway et al. 2018), assuming
Enceladus has fully differentiated. We adopt this core size as a constraint. For the ice
shell thickness, various estimates give a range of results based on different methods
(Iess et al. 2014; McKinnon 2015; Beuthe et al. 2016; Thomas et al. 2016; Cadek et
al. 2016; Van Hoolst et al. 2016; Hemingway and Mittal 2019). Therefore, here we
take the shell thickness as a free parameter, ranging from 5 to 50 km, and construct 41

interior models with different shell thicknesses.

Table 3.2 shows major physical properties of our interior models. Bulk modulus,
shear modulus and viscosity are required to calculate the radial displacement
(equation E7) in the tidal model of Roberts and Nimmo (2008). The bulk modulus
(not shown in Table 3.2) is set as 10" Pa for all layers (effectively incompressible).
The shear modulus assumed for the core is 10'° Pa and for the ice shell is 3.3x10° Pa.
The core viscosity is 10%° Pa s. Because the code of Roberts and Nimmo (2008)

cannot treat a purely fluid layer, the ocean is represented as a layer with low viscosity
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and rigidity. As long as this layer’s Maxwell time is well away from the forcing

period, this approximation works reasonably well. To better account for the viscosity
effect of the ice shell, here we divide the shell into multiple sub-layers with viscosity
changing by orders of magnitude. Details of this treatment are described in Appendix

F.

Table 3. 2 Physical properties of interior models of Enceladus

Core Ocean Shell
Density (kg/m®) Calculated® 1000 900
Radius of upper boundary 190 ® 202.3-247.3 252.3
(km)
Shear modulus (Pa) 10" 10° 3.3x10°
Viscosity (Pa s) 10% 108 1014©

@ Core’s density is calculated using the constraint of the total mass of Enceladus
® See Hemingway et al. (2018)

© This value is the basal viscosity of ice shell. Viscosity varies within ice shell; See
Appendix A for details

In common with earlier works (e.g., Van Hoolst et al. 2016), our calculations
show that the diurnal libration amplitude is greatly dependent on the shell thickness
(Fig. 3.1a). The diurnal libration amplitude increases from a few hundred meters to a
few kilometers as the shell thickness decreases from 50 km to 5 km. This is because
one of the two free frequencies gets closer to the diurnal frequency as the shell
becomes thinner, which amplifies the diurnal libration. On the contrary, the libration

amplitudes at long periods, 1423 days and 4058 days, are almost constant for
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different interior models. This is because when the interior structure changes, the
free-libration periods change but are still around a few days. The long forcing periods
are always far away from the free libration periods. This insensitivity has also been

seen in the long-term librations of Europa (Rambaux et al. 2011).

Despite the insensitivity to the shell thickness, the long-term libration amplitudes
are not negligible (~0.7 and ~1.1 km) compared to the diurnal libration amplitude.
When observations are being interpreted, it is important to disentangle the diurnal and
long-term librations. Once the diurnal libration is extracted from observations, then
utilizing the sensitivity of this libration, the shell thickness can be constrained. This
was done by Van Hoolst et al. (2016), who used the libration data from Thomas et al.
(2016) and got an average shell thickness of 14-26 km for Enceladus. Using our
model, we infer a shell thickness of 15-19 km corresponding to the libration data of

Thomas et al. (2016) (Fig. 3.1a).
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Fig. 3. 1 Dependence of libration amplitudes (or displacements) at (a) 1.37-day, (b)
1423-day and (c) 4058-day periods on shell thickness. Blue region gives the observed
libration amplitude at equator (Thomas et al. 2016).
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3.5 Diurnal Libration Heating

Here we consider the heating effect of the diurnal forced libration. The heat
contributed by long-term forced librations is assumed to be insignificant and not
included here. The total tidal dissipation in the ice shell, including the diurnal
libration heating effect, can be approximated by a simple equation (Wisdom 2004;

Hurford et al. 2009):

9 3 ky GM2nRS
E, = —eZ+E(Ze+F)2 XQ_T'

- (3.8)

N

where e is eccentricity, and F is libration amplitude. k2 and Qs are the Love number
and the dissipation factor of the satellite. Note that k2 here is for the whole satellite,
different from that in equation (3.7) for a specific layer. G is the gravitational
constant. M) is the mass of the primary. a is orbital radius. » and Rs are the mean
motion and the radius of the satellite. This equation requires that the diurnal forced
libration is out-of-phase with the optical libration (Hurford et al. 2009; Tiscareno et

al. 2009), which is true for all our cases.

k2 and Qs here are obtained from the complex degree-2 tidal Love number k,
calculated by the tidal model of Roberts and Nimmo (2008)

_ Real(k,)

k2 = Real(g), s = W

(3.9)

The complex Love number k, relates to the surface value of the potential J5 solved

by the correspondence principle (Tobie et al. 2005; Roberts and Nimmo 2008)
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E = _(%|r=Rs,l=2) - 1. (3.10)
The tilde indicates a complex number, and / is the spherical harmonic degree.

Our calculations show that the total tidal dissipation in the ice shell is
dependent on the shell thickness (Fig. 3.2). The total tidal heating in the ice shell
increases as the shell becomes thinner. This is due to the increase of both the Love
number k2 and the diurnal libration amplitude F (Fig. 3.1a). The dissipation factor Qs
increases (i.e., becomes less dissipative) by a factor of ~2 as the shell thickness
decreases from 50 to 5 km, due to the decreased volume of low-viscosity ice region.
The combined effect of the three factors, k2, F and Qs, gives the dependency of the
tidal heating in Fig. 3.2a: from 50 km to 10 km for the shell thickness, the heating
increases slowly; from 10 km to 5 km, the heating rapidly increases. When the ice

shell is ~5 km thick, the tidal heating in the ice shell could reach ~10 GW.

Enhancement of the shell tidal dissipation due to including the diurnal forced
libration increases as the shell gets thinner (Fig. 3.2a). When the shell is ~17 km thick
(within the inferred shell thickness range from our model and the libration
observation), the diurnal forced libration increases the shell heating by ~27%. This
percentage is consistent with that in Beuthe (2019), ~28% (the small difference of this
value comes from the small difference between our calculated libration and the

libration value used in that paper). When the shell is very thin, the heating
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enhancement due to the forced libration dominates over that due to regular

eccentricity tides.
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Fig. 3. 2 (a) Shell tidal dissipation rate with (black solid line) and without (black dashed
line) the diurnal forced libration included. Blue line shows the increased percentage of
shell dissipation by including the diurnal forced libration. (b) Love number k2 for
different interior models. (c) Dissipation factor Qs for different interior models. The
ratio of k2 to Qs 1s also shown by the blue line in panel b.

We compare the total tidal heating rate to the surface heat flow of Enceladus to
understand its current thermal state. Under the assumption that the ice shell is

conductive and other assumptions as in Ojakangas and Stevenson (1989), the heat

flow can be approximated as

(Hemingway et al. 2018). S is satellite global area. ¢ is a constant (567 W/m, e.g.,
Klinger 1980). d, Ts and T» are the shell thickness, the surface temperature and the
bottom temperature of the ice shell, respectively. The surface temperature is set at 75
K, and the bottom temperature at 273 K. A shell thickness of ~17 km implies a global

conductive heat flow of ~34 GW.
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However, even with the diurnal libration heating included, the total heating rate
in the shell is still insufficient to explain the high heat flow on Enceladus’s surface. In
the model with the shell thickness of ~17 km, the total shell heating rate is ~0.9 GW
(Fig 2a), less than the observed high heat flow on the SPT (~5-15 GW, Spencer et al.
2006, 2013; Howett et al. 2011) and certainly much less than the global conductive
heat flow of ~34 GW required to maintain the shell in equilibrium. Only in extreme
cases with very thin shells can the total shell heating rate approach 10 GW (Fig. 3.2a).
However, these extreme cases also have extreme conductive cooling rates, and the
shell’s tidal heating in total is still not enough to balance the heat budget. Thus, if
Enceladus is currently balancing its heat generation and loss, dissipation must be

happening in either the ocean or the silicate interior, as well as in the ice shell.

3.6 Possible Thermal Equilibrium States of Enceladus
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Fig. 3. 3 Dependence of total shell heating rate (in GW) on shell thickness and
eccentricity. Value of y axis is the scaling factor with respect to the current eccentricity
of Enceladus (0.0047). Bottom viscosity of the ice shell is 10'* Pa s for (a) and 10 Pa
s for (b).
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To consider Enceladus’s possible thermal states in its past, we calculated the
shell’s total tidal dissipation with different eccentricities (Fig. 3.3). Different shell
basal viscosities are also considered. Basically, larger eccentricity and lower viscosity
produce more heat in the ice shell. From equation (3.8) the shell heating rate is
proportional to €; if the eccentricity was 2 times the current value, the shell heating
rate would have been 4 times the current value. As for the basal viscosity, the lower
basal viscosity means larger low-viscosity volume in the ice shell and thus more tidal
dissipation. For a fixed eccentricity the heat production generally decreases as shell
thickness increases, because k2/Q and the forced libration amplitude both generally

decrease with increasing shell thickness (Fig. 3.2).
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Fig. 3. 4 Total global heating rate (red) versus conductive cooling rate (blue) for interior
models with the shell basal viscosity of (a) 10'* Pa s and (b) 10'3 Pa s. The heating
consists of dissipation in the ice shell and a heat source of 25 GW below the shell.
Different line styles indicate different orbital eccentricities. Enceladus’s surface
temperature is taken as 75 K. Stable and unstable equilibrium points are marked out.
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Assuming Enceladus’s shell is losing heat through conduction, we determine
possible thermal equilibria of the shell. As mentioned in previous section, there are
possibly other heat sources inside Enceladus beside those in the shell. Perhaps tidal
friction in a porous core (Roberts 2015; Choblet et al. 2017; Liao et al. 2020) or
turbulent dissipation in the ocean (e.g., Wilson and Kerswell 2018) could generate a
significant amount of heat. Here we do not identify other heat sources; instead, we
simply use an additional constant heating rate to represent the unknown heating
mechanism(s) inside Enceladus. Note that the constant value assumed, 25 GW, is

consistent with the astrometrically-derived heating rates (Fuller et al. 2016).

With this additional heating, present-day Enceladus could readily be in a stable
thermal-equilibrium state resistant to small perturbations. The total tidal heating of
Enceladus’s ice shell is relatively insensitive to the shell thickness, inherited from our
assumption that the unknown heating mechanism(s) is(are) independent of the shell
thickness. In this situation, once thermal equilibrium is reached, a small perturbation
to the shell thickness would be resisted by this thermal state. For example, if the shell
thickness is decreased by a small percentage, the conductive cooling rate will become
larger than the total heating rate (Fig. 3.4). This would cause the ice shell to freeze
and return to the original equilibrium point. At the present day, therefore, it appears
that heat in the ice shell represents a small fraction of the total heat, and Enceladus

could maintain thermal equilibrium against small perturbations to ice shell thickness.

However, it is also possible that Enceladus is not heat-balanced. In this situation,

Enceladus is cooling, and its subsurface ocean is freezing with time (i.e., to the left of
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the stable point in Fig. 3.4). Or on the contrary, Enceladus is heating, and its ice shell
is melting (i.e., to the right of the stable point in Fig. 3.4). In either case Enceladus
will tend to move back towards equilibrium, but the details would depend on the
melting/freezing timescale of the ice shell compared to the eccentricity damping
timescale and could in principle result in oscillatory behaviour. Coupled thermal-
orbital models of this kind have been investigated in the past (e.g., Ojakangas &

Stevenson 1986; Shoji et al. 2014), but are beyond the scope of this work.

Even with a higher eccentricity, Enceladus will still generally be in stable thermal
equilibrium (Fig. 3.4). Thus, a thermal runaway of the kind envisaged by Luan and
Goldreich (2017) is unlikely to occur in the recent past. In the thermal-runaway
scenario, when the ice shell thickness decreases, tidal dissipation increases, and this
in turn melts ice and decreases the ice shell thickness further. Runaway melting may
occur. Our results, however, do not support this scenario. In our work, equation (3.11)
gives a strong dependence of conductive loss on shell thickness. In Fig. 3.4,
conductive heat loss increases more rapidly than tidal dissipation as ice shell gets
thinner, and this prevents the thermal runaway of Enceladus from occurring. This
stable equilibrium implies that the multiple resurfacing events inferred for the past of
Enceladus (e.g., Giese et al. 2008) may not have arisen from some intrinsic instability
of ice shell. More likely possibillities include passage through earlier orbital mean-
motion resonances (e.g. Meyer & Wisdom 2008a) or (perhaps) impactors (Roberts

and Stickle 2021).
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In some extreme cases (thin ice shell, high eccentricity and low viscosity), there is
an unstable equilibrium point vulnerable to small perturbations (Fig. 3.4). If
Enceladus was once in this point, a runaway process as described above could have
occurred. But, quite apart from the extreme parameter choices required, we are then
faced with the question of how to put Enceladus into such an unstable point. More
information about Enceladus’s past is needed to facilitate the investigation of such an

unstable thermal state.

3.7 Discussion and Conclusions

In this study, we investigated the libration heating effect on Enceladus’s thermal
state. We found that the ice shell tidal dissipation including the diurnal libration
heating is significantly dependent on ice shell thickness, and a ~17 km thick ice shell
can generate heat of ~0.9 GW. When the ice shell is very thin, heat enhancement due
to the diurnal forced libration dominates the heat generation in the ice shell. The ice
shell dissipation is far from being sufficient to match the conductive cooling rate (~34
GW for a ~17 km thick shell) required for Enceladus to be in steady state. Either
present-day Enceladus is not in thermal equilibrium, or there are additional large
heating sources beneath the ice shell, keeping Enceladus in steady state. If, as seems
likely, these additional heating sources are independent of shell thickness, Enceladus
could be in a thermal equilibrium state where small perturbations to shell thickness

are resisted.
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A higher eccentricity Enceladus in the past would also likely have been in a
similar, thermally stable state resistant to small perturbations. Any runaway melting
process (if it occurred) or episodic heating is unlikely to have originated from
librations of the ice shell. There are unstable equilibrium points under some extreme
cases (thin shell, high eccentricity and low viscosity), but many unknowns about

Enceladus’s history leave the investigation of such an unstable point to the future.

One deficit of our study is that we do not calculate the mutual feedbacks between
thermal evolution and orbital evolution. Ojakangas and Stevenson (1986) did this
coupling for lo and found that unstable or periodic regime can occur. Even though
they focused on the convective heat flow on lo, their results also implied a possible
cyclic solution for the resurfacing of Enceladus. Meyer and Wisdom (2008b) found
that the Ojakangas and Stevenson (1986) mechanism did not produce periodic
behavior at Enceladus, but there are certainly other possible modes of cyclic behavior,
including that suggested by Luan and Goldreich (2017). While our results do not
suggest that librationally-driven thermal runaways occur at Enceladus, coupling of
thermal evolution and orbital evolution is a rich topic, and whether it can solve the
question of episodic heating events at Enceladus deserves more attention in the

future.
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Appendices

Appendix A. Steady State Problem in the Kinetics Model

As stated in the main text, using the traditional convergence criterion, that is,
checking the abundance differences of the chemical species in two successive time
steps, we can reproduce the simulation results of P15. But we found in some cases the
eddy diffusion and net production terms in the right hand side of Equation (1) do not
balance each other for every species. For example, in Fig. S1.1 (a-c), we show
diffusive flux divergence and net chemical production for three species, SO2, H20
and SOs, respectively. For each species, the two terms differ by several orders of
magnitude, although the model claims it has reached the apparent “steady state”
under the traditional convergence criterion. We attribute the reason to the exponential
time marching scheme used in the implicit solver in the model. This scheme can
make the traditional convergence criterion not accurate for the stiff system because
the time step could become very large as time evolves. We went back to check
published JPL/Caltech Kinetics Venus models prior to P15 (e.g., Yung & DeMore,
1982; Mills, 1998; Zhang et al., 2012), which usually fixed the H2O abundance
profile (but P15 did not) and employed the exponential time marching. But we found
those models reached the steady states. The exact cause for the different behaviors
between P15 and earlier models is still not very clear and probably depends on the
stiffness of the specific chemical system and how fast we increase the time step in the
simulations. Our exercise implies that one should be cautious about the exponential

time marching scheme in the stiff chemical system simulations.
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To ensure that the model simulations reach the real steady states, that is,
diffusion and net production are equal to each other for each species, we take the
apparent “steady state” output by the model as the new initial condition and restart the
model from a small time step. We repeat this process until the steady state satisfies
Equation (1) for each species. Using this new criterion, the model can reach the real
steady state. Fig. S1.1 (d-f) show diffusive flux divergence and net production of SOz,
H20 and SOs for one case. The case has the same parameter setting with that of P15
shown in Fig. S1.1 but now the two terms are equal for each species. Consequently,

our simulation results are very different from that in P15, as shown in Fig. S1.2.
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Appendix B. Supporting Figures for Chapter I
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Fig. S1. 1 Net production rates (green) and divergences of eddy diffusive fluxes (blue)
for SO2 (left), H2O (middle) and SO3 (right) from P15 (top) and our work (bottom).
The results are from a case with 40 ppm SOz and 10 ppm H20 at the lower boundary
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Fig. S1. 2 Mixing ratios of SOz (left), H2O (middle), and SO3 (right) at 80 km as
functions of SO2 and H20 mixing ratios at 58 km from simulations of P15 (top) and
our work (bottom). Colors are volume mixing ratios in a logarithmic scale. Lower
boundary H20 ranges from 1 to 35 ppm, and lower boundary SO2 ranges from 1 to 75
ppm.
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Fig. S1. 3 Same as Fig.2 except that H>O mixing ratio at 58 km is fixed as 5 ppm.
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Fig. S1. 5 (a)Time series of H20 (blue) and SOz (red) disk-averaged mixing ratios at
64 km from the TEXES/IRTF. (b) Time series of mixing ratios and (c) fluxes at 58
km from the simulations that match the TEXES observations.

Appendix C. Meridionally-mean Chemical Transport Equation

Our CTM uses the log-pressure-longitude coordinate to solve the continuity
equation. From Chapter 9 and 10 in Andrews et al. (1987), the continuity equation for

volume mixing ratio y of a minor species is
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(poxu)a + (poxv cos @)y
acos¢

(Pox)e + + (Poxw); = poS. (C1)

Here py = psexp {—z/H} is the reference background density, and p; and H are the
density at a reference level (bottom boundary) and a characteristic scale height that
does not vary with height. t is time. A, ¢, and z are longitude, latitude, and height in
the log-pressure coordinate, respectively, and u, v, and w are velocities in three
directions. a is the planetary radius. pS represents chemical production and loss

rates. Subscript represents the partial derivative with respect to each coordinate.

Multiplying equation (C1) by cos ¢p d¢, integrating it from one pole to the other

pole over the meridional direction, and dividing it by f_n; fz cos ¢ dop, we get

_ (Po)(u* ) - -
(Pox )e + TA + (PoXW), = poS, (C2)

where the overbar represents the average of any quantity x over latitude

~ f_”ﬁzxcosqb do
= : ,
fi/z cos ¢ d¢

=1

(€3)

and u* = u/ cos ¢.
Doing the same operation to the continuity equation for the background atmosphere

(o) + (pov cos )y
acos¢

+(pow), =0,  (C4)

we can get a similar expression
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W+ (pT), = 0. (C5)

Combining equations (C2) and (C5) and using
X1X; = X1 Xz + XX, (C6)

where x; and x, are any two quantities, and x; = x; — x; (i = 1,2) is the deviation

from the mean, we get

(POX'U*’ )

+ poW(X), = poS — 2+ (pox'w’) . (C7)

(Pox e + Ll(xh

We can parameterize the deviation term in the curly bracket as diffusion:

P L | o we),

(pox e +
= P0§
NGz, + 2K7,) + (oK, + 2K, | (cB)
This is the tracer continuity equation in the log-pressure-longitude plane, derived

based on the traditionally defined longitude-latitude coordinate.

Appendix D. Fast Chemical Cycles

When calculating the chemical lifetimes of SOz, SO and CO, we exclude some

fast chemical cycles. We list these cycles here for a reference.

There are two fast cycles in the SOz-related network. One involves species Cla:
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2Cl + 250, + 2M — 2CISO, + 2M
2C1S0, - Cl, + 250, } (D1)
Cl, - 2¢l

The other involves species SO:

Cl+ SO, + M - CISO, + M
SO + CISO, — 0SCl + SO, I (D2)
0SCl+ M - Cl+ SO + M

For SO, besides the cycle (B2), there is another fast cycle involving the SO

dimer:

2S0 + M - (S0), + M

(S0), + M - 250 + M}' (D3)

For CO, there are two fast cycles:

Cl + CO + CO, — CICO + coz}

CICO + CO, — Cl + CO + CO, (D4)

and

C1+CO+N2—>C1CO+N2} .
CICO + N, — Cl+CO + Npj (P>

In Fig. 2.1, 2.3 and 2.9, we have shown the chemical lifetime calculations for
SO2, CO and SO with these fast cycles excluded. Fig. D1 shows the chemical lifetime
calculations when these cycles are included. Comparing Fig. D1 to Fig. 2.1, 2.3 and
2.9, we found that including these cycles when calculating the chemical lifetime
would give unreasonable results. For example, CO appears short-lived in the upper

cloud on the dayside (panel e of Fig. D1).
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Fig. D 1 Chemical lifetimes of (a) SOz, (b) CO and (c) SO if the fast cycles in Appendix
D are included. Panels d-f are the ratios of trransport to tchemical for the three species when
the fast cycles are included.
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Appendix E. Supporting Figures for Chapter I1
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Fig. S2. 1 Average temperature profile simulated by our GCM (black) and VIRA
temperature profile (blue). The temperature anomaly in Fig. 2.1 is the deviation from
this GCM’s average temperature profile.
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Fig. S2. 2 Local-time distributions of SOz mixing ratio at different altitudes (a-d) for
different cases: our nominal case (black); cases with Kzz enlarged by 1.5 (blue) and 2.0
(red); cases with Kxx changed by a factor of 0.1 (green) and 10.0 (cyan); case with a
higher (double) horizontal resolution (magenta). Note that green, cyan, and black lines
are almost overlapping with each other. In panel d, error bars show observations at 95-
100 km from SPICAV/VEx by Belyaev et al. (2017) and observations at 70-100 km
from JCMT by Sandor et al. (2010).
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Fig. S2. 3 Same as Fig. S2.2 but for CO.
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Fig. S2. 7 Same as Fig. S2.2 but for OCS. In panel a, grey bars show a few observation
points near 65 km from CSHELL/IRTF by Krasnopolsky (2010).
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Fig. S2. 8 Same as Fig. S2.2 but for SO. In panel d, error bars show observations at 70-
100 km from JCMT by Sandor et al. (2010).

Appendix F. Viscosity Profile in the Ice Shell

The tidal model of Roberts and Nimmo (2008) requires specification of
viscosity for each layer. For viscosity of the silicate core, we adopt a large value, 10%
Pa s (Table 3.2). For the viscosity of the ocean, we adopt a small value, 10® Pa s
(Table 3.2). For the viscosity of the ice shell, we further divide the shell into multiple
sub-layers with different viscosities to more accurately calculate Enceladus’s radial

displacements and dissipation factor.

According to Ojakangas and Stevenson (1989), under reasonable assumptions,
the gradient of In (T') is nearly constant through the majority of the ice shell, where T

is temperature. Thus, the temperature profile can be approximated as

_ In (Tb/Ts)

InT z + InT, (F1)
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where T}, and T are the bottom and surface temperature of the ice shell, d is the shell
thickness, and z is the vertical coordinate (positive being downward). Ice viscosity n

relates to temperature through the Arrhenius relation

1 = 1o exp {l (T?M - 1)} (F2)

Here Ty, 1s the melting temperature of ice, [ is a coefficient, and 1, is the viscosity at
the melting temperature. In this paper, we assume T}, = Tyy = 273 K, | = 24.0, and

No = 10 Pa - s. n, is also the basal viscosity of the ice shell.

We use equations (F1-2) to construct the sub-layers in the ice shell. We first
set the viscosity ranging from 10'* to 10° Pa s (values above 10?? Pa s will contribute
negligible dissipation), then use equation (F2) to derive the temperature, and finally
use equation (F1) to derive the ratio z/d. This ratio is assumed as the radial position
of the midpoint of each sub-layer, and then the positions of the lower and upper
surfaces for each sub-layer can be obtained through average of adjacent midpoints.

Table F1 shows the calculated results for each sub-layer.

Table F 1 Viscosity for each sub-layer.

Sub-layer Index Viscosity (Pa s) Temperature (K) Ratio z/d
1 10 273.0 1.00
2 103 249.1 0.93
3 10 229.0 0.86
4 10" 212.0 0.80
5 108 197.3 0.75
6 10" 184.5 0.70
7 10%° 173.3 0.65
8 10%! 163.3 0.60
9 10* 154.5 0.56
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Appendix G. Example of Libration Calculations

Here we give an example of calculation using the methodology described in

Section 3.2. In this example, the interior model has a shell thickness of 20.4 km.

Table G1 gives the calculations.

Table G 1 Example of libration calculation for the shell thickness of 20.4 km

Physical quantity Symbol Value
Shell thickness (km) d 20.4
Radial displacements at the upper Y ; 0.00426098
surface of each layer Y 0.405993
y* 0.394497
k& 0.000143322
Dynamical Love number of each kgP -0.000057987
layer kSt 0.012261138
k3 0.003988245
K; 3.05 x 1020
K, —6.02 x 101°
20
Coefficients in equations (3.5-3.6) gz _1525 8X><1](_)019
Ks 1.44 x 102°
Kg 4.28 x 101
Polar moment of inertia for the shell C, 5.36 x 102°
and the core C; 1.03 x 103°
Total dynamical Love number k, 0.0163274
Dissipation factor Qs 40.18
Diurnal libration amplitude (km) Ys " Rs 0.414

*Physical quantity uses the SI unit if its unit is not specified.

Appendix H. Supporting Tables and Figures for Chapter I11

92



Table S3. 1 Similar to Table 3.1, but using the Hann window.

F(rrzc(lll/lg:;)y Period (days) Magsrgict(l)lrcll(ei)(arc Phase (degree)
4.579656 1.371978 1841.35 111.63
0.001548 4058.259259 925.12 163.82
0.004415 1423.025974 656.43 46.87
4.578107 1.372442 33.22 -142.22
0.000057 109573.000000 16.21 -110.52
0.005849 1074.245098 14.92 -122.53
0.002179 2883.500000 9.52 136.39
0.001147 5478.650000 8.56 -153.91
4.575183 1.373319 8.29 -25.24
3.771700 1.665876 7.64 -99.41
5.028934 1.249407 7.44 -102.55
0.000573 10957.300000 6.53 50.04
2.514467 2.498814 6.51 83.72
4.581204 1.371514 6.48 5.24
0.008831 711.512987 5.69 -176.28
1.257233 4.997628 5.40 -93.14
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Fig. S3. 1 Variation of physical libration displacement (km) of Enceladus over 2005-
2018 period. In this calculation, we used the same interior model as that for Fig. 2a in
Rambaux et al. (2010). We did not include viscosity effect here since it only gives a
small change to the results (refer to Rambaux et al. 2010). We did not include the free
libration here since our model may break around the free frequency due to the small
amplitude assumption (Rambaux et al. 2011), and libration terms in Rambaux et al.
(2010) also did not include the free-frequency term. This figure is aimed to be a
reproduction of Fig. 2a in Rambaux et al. (2010) to validate the accuracies of both the
dataset and the method we used in this work.
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