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ABSTRACT

The climate of a terrestrial exoplanet is controlled by the type of host star, the orbital configuration and the characteristics
of the atmosphere and the surface. Many rocky exoplanets have higher eccentricities than those in the Solar System,
and about 18% of planets with masses < 10 Mg have e > 0.1. Underexplored are the implications of.such high
eccentricities on the atmosphere, climate, and potential habitability on such planets. We use WACCMBS6, a state-of-
the-art fully-coupled Earth-system model, to simulate the climates of two Earth-like planets;one in a circular orbit
(e = 0), and one in an eccentric orbit (e = 0.4) with the same mean insolation. We quantify the effects of eccentricity
on the atmospheric water abundance and loss given the importance of liquid water.for habitability. The asymmetric
temperature response in the eccentric orbit results in a water vapour mixing ratio,in the stratosphere (> 20 ppmv) that
is approximately five times greater than that for circular orbit (~ 4 ppmv). This leads to at most ~ 3 times increases in
both the atmospheric hydrogen loss rate and the ocean loss rate compared*with the circular case. Using the Planetary
Spectrum Generator, we simulate the idealised transmission spectra for both cases. We find that the water absorption
features are stronger at all wavelengths for the e = 0.4 spectrum than for the circular case. Hence, highly-eccentric
Earth-like exoplanets may be prime targets for future transmission spectroscopy observations to confirm, or otherwise,

the presence of atmospheric water vapour.

Key words: planets and satellites: terrestrial planets — planets and satellites: atmospheres — planets and satellites:

physical evolution

1 INTRODUCTION

An objective of.the field of exoplanetary research is the hunt for extraterrestrial life. The potential
for an exeplanet to harbour life is commonly assessed by its equilibrium temperature, assuming
that the planet radiates as if it were a black body. A planet is deemed to be habitable if water is in a

liquidistate at this temperature; however, assessing the potential habitability of an exoplanet is less
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2 Binghan Liu et al.

straightforward than the equilibrium temperature would suggest. The orbital parameters of a planet,
such as eccentricity, play an important role in affecting the planetary climate. If we adopt 1.6 Rg
(Earth radii) and 10 Mg (Earth masses) as the upper limits for defining rocky exoplanets, we find
that among a total of 114 confirmed rocky exoplanets, 49 of them have measured eccentricities, and
nine of them have an eccentricity greater than 0.1'. For instance, TOI-1238 b has an eccentricity
of 0.25, LTT 1445A c has an eccentricity of 0.223, and L 168-9 b has an eccentricity of 0.21
(Gonzélez—Alvarez et al. 2022; Winters et al. 2022; Astudillo-Defru et al. 2020). To date, GJ 1061
d, a potentially rocky exoplanet (> 1.5 Mg) detected by the radial velocity method, has the largest
constrained eccentricity (e < 0.54) (Dreizler et al. 2020). The 10 Mg sets the boundary between
super-Earth and ice/gas giant planets, and beyond 1.6 Rg, the planet’s density would beteo’ low
to be rocky (Rogers 2015; Lopez et al. 2019; Wordsworth & Kreidberg 2021). Supér-Earth” and
mini-Neptune exoplanets could vary largely in their planetary compositions, and the absence of
their analogues in the Solar System makes it difficult to fully characterize them and determine if
they are predominantly rocky.

The climate response of rocky planets to changes in eccentricity hastbeeniinvestigated in previous
work. Williams & Pollard (2002) examined the climate of the current Earth with elliptical orbits
near the habitable zone (HZ) of the Sun. They pointed out that long-term climate stability primarily
depends on the average stellar flux received over an entire orbit, which is known as the mean flux
approximation. However, later Bolmont et al. (2016) demonstrated that the mean flux approximation
becomes less reliable for tidally-locked Earth-like planets in highly-eccentric orbits (e > 0.6) with
host star luminosities between 107* Ly and\l Ly as surface liquid water may not persist for the
entire course of an orbit as the planet: moves in and out of the habitable zone. The seasonality effects
induced by higher eccentricities wereconsidered by Dressing et al. (2010), who found that Earth-
like planets surrounding Sun-like stars do not necessarily suffer from long winters near aphelion
due to thermal inertia if at least/10% of the surface is ocean-covered. In addition, Linsenmeier et al.
(2015) showed that for Earth-like planets, eccentric orbits extend the outer edge of the habitable
zone and effectively limit the transition into snowball states.

The time it takes for the planetary atmosphere to adapt to changes in radiation, also known as the
atmosphericradiative timescale, can be affected by the mass of the atmosphere, the equilibrium
temperature and the surface thermal inertia (Donohoe et al. 2014; Guendelman & Kaspi 2019; Ji

et al:2023). The seasonal response of temperature for rocky planets in eccentric orbits and with

' The Extrasolar Planets Encyclopaedia: http://exoplanet.eu/
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Water Loss on Earth-like Exoplanets 3

zero obliquity is strongly dependent on the interplay of the orbital period, rotation rate and radiative
timescale (Adams et al. 2019; Guendelman & Kaspi 2020, 2022; He et al. 2022). For example, the
amplitude of the seasonal response decreases with decreasing rotation rate. For a constant rotation
rate, longer orbital periods provide the atmosphere with more time to adjust to the changes in
insolation, resulting in a stronger seasonal cycle. On the other hand, a longer radiative timescale
means a weaker seasonal cycle because the atmosphere needs more time to respond to variations
in insolation.

Ohno & Zhang (2019) revealed that eccentricity might influence temperature patterns indirectly
by affecting the radiative timescale; hence a transition from a diurnal mean insolation-controlled
climate to an annual mean insolation-controlled one is possible. Because equilibrium temperature
increases with increasing eccentricity (Quirrenbach 2022), we can deduce that, for a‘givenyatmo-
spheric mass and orbital period, the orbital eccentricity can modulate the seasonal temperature
response.

Eccentricity could also affect the habitability of rocky planets by affecting atmospheric loss rates.
Originating near the planetary surface, hydrogen-bearing species in-the-ferm of H,O, H;, and CH4
travel upward to the homopause through advection and turbulent mixing. In the upper homosphere,
hydrogen-bearing molecules are dissociated by ultraviolet radiation, leaving hydrogen in atomic
and molecular form only. Hunten (1973) showed that-the diffusion-limited hydrogen escape flux

(®;), in units of molecules lost per unit time per unit area, is
- by

H,
where b; is the binary diffusion parameter, f; i$the mixing ratio of the hydrogen-bearing species at

®@; (D
the homopause in units of moles per mole'of air, and H,, is the temperature-dependent atmospheric
scale height at the homopause..The detailed derivation can be found in Catling & Kasting (2017).
The atmospheric water concentration due to the effect of eccentricity has been examined by Way
& Georgakarakos (2017), in Which they identify temperate climatic conditions when varying the
eccentricity from Q.to 0.283. They found that the tropopause water vapour mixing ratio is the highest
at e = 0.283, but it'is still nearly 15 times lower than the moist-greenhouse limit> at perihelion. In
addition,Palubski et al. (2020) showed ocean worlds with higher eccentricity orbits are more likely
to lose water, and that if the eccentricity is greater than 0.55 for an Earth-like aqua-planet orbiting
a G-type star, the whole water inventory will be lost owing to the runaway greenhouse effect.

The effects of eccentricity on water loss owing to an increased solar constant have been studied

2 The moist-greenhouse limit occurs when water vapour starts accumulating in the stratosphere with a mixing ratio > 1073,
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using both 1D radiative-convective models (RCMs) (e.g. Kasting et al. 1984, 2015) and 3D general
circulation models (GCMs) (e.g. Wolf & Toon 2015; Linsenmeier et al. 2015; Kopparapu et al.
2017; Guendelman & Kaspi 2020). They find a general trend that water loss increases with
increasing solar constant. While there are a few papers which addressed the climate seasonality
effect due to increasing eccentricity with the mean flux approximation for Earth-like exoplanets (e.g.
Williams & Pollard 2002; Bolmont et al. 2016), they did not quantify the atmospheric water vapour
abundance with varying eccentricity. In addition, the 3D GCMs used in Williams & Pollard (2002)
and Bolmont et al. (2016) are not coupled with whole atmosphere chemistry, and the atmosphere’s
vertical extent does not reach the homopause at which the diffusion-limited escape of hydrogen€an
be estimated. In this study, we quantify the water abundance and estimate the water loss rate for a
highly-eccentric rocky exoplanet using the fully-coupled whole-atmosphere Earth-syStem model,
WACCM 6 (Section 2.1). We describe the simulation configurations in Section 2.2. The simulation
results are shown in Section 3. The impact of our results on the potential observability using the
Planetary Spectrum Generator (PSG) is included in the Discussion (Section 4). In Section 5, we

summarize our findings.

2 METHODS
2.1 Model Description

Simulations are performed using WACCMG6 (the Whole Atmosphere Community Climate Model
version 6), which is a configuration in CESM?2.2 (the Community Earth System Model version
2.2) (Gettelman et al. 2019). WACCM6;jan/updated version from WACCM4 (Marsh et al. 2013),
is a high-top 3D atmosphere model used primarily for studying the pre-industrial, present day
and potential future climates.of*\Earth. As an interactive Earth-system model, WACCMBS6 consists
of a land model with soil, vegetation and topography, an ocean model with ocean dynamics and
sea-ice, and an atmosphere model with fully coupled chemistry. WACCMBS6 is capable of studying
the Earth’s climate\with whole atmosphere chemistry and dynamics from the surface (~ 1000 hPa)
to the lower thermosphere (6 X 107 hPa) with two horizontal resolution options of 1° and 2°.
The/chemieal mechanism which we opt for our simulations is the middle atmosphere chem-
istrysscheme (MA) with a horizontal resolution of 2°, which is a subset of the comprehensive
troposphere-stratosphere-mesosphere-lower thermosphere chemistry scheme (TSMLT) (Gettel-
man et al. 2019; Emmons et al. 2020). MA includes 97 chemical species, 208 chemical reactions

and 90 photolysis reactions. Compared with TSMLT, MA requires much less computational re-
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Water Loss on Earth-like Exoplanets 5

sources owning to a reduced set of tropospheric reactions (i.e., prescribed sulfate aerosols and
neglected non-methane hydrocarbons). The radiative transfer code is the Rapid Radiative Transfer
Model for GCMs (RRTMG) using the correlated-K approach (Mlawer et al. 1997; Iacono et al.
2008; Liu et al. 2012; Gettelman et al. 2019) in which the line integration over discrete wave
number is replaced by the integration over correlated continuous cumulative probability density
function. The parameterizations of boundary layer, shallow convection and cloud macrophysics
are performed using the Cloud Layers Unified By Binormals (CLUBB) in which the small scale
variabilities are predicted by the multivariate probability density function (Larson et al. 2002;
Bogenschutz et al. 2013; Li et al. 2022). Cloud microphysics parameterizations uses the Morrison-
Gettelman Version 2 microphysics (MG2) which explicitly predicts the mixing ratios and-number
concentrations of cloud water droplet and cloud ice (Park et al. 2014; Gettelman &) Mogrison
2015). The aerosol treatment is the Modal Aerosol Model Version 4 (MAM4) in which aerosol size
distributions are represented by multiple lognormal functions (Liu et al. 2012,,2016; Mills et al.
2016). WACCMG has been used extensively to study the Earth’s climate from the ancient geologic
era to pre-industrial and modern times (e.g. Zeng et al. 2022; Richteretal=2022; Dubé et al. 2022).
Recently, the model was used to study the habitability and climate~ef ‘Earth-like exoplanets. For
example, Cooke et al. (2022a,b) calculated O3 column variations at different O, concentrations
based on knowledge of the ancient Earth, and the implications of variable O, concentrations on

observations of oxygenated Earth-analogue exoplanets.

2.2 Simulation Configurations

We initialize our simulations with'equilibrated conditions on January 1% in the year 1850 (so-called
pre-industrial era or PI) with.a mean surface temperature of 287.2 K. The PI controlled case has
cyclic lower boundary conditions for the zonally symmetric surface chemical emissions, which
annually repeats the same amplitude and the same seasonal variation for each chemical species.
For instance, the mixing ratios of the greenhouse gases on the surface, such as CO, CHy4 and
N,O, have“an annual global mean of 284 ppmv, 0.808 ppmv and 0.273 ppmv, respectively. The
seasonal variations of these greenhouse gases are ~ 1% . Other H species, such as Hj, have surface
emissions fixed at 0.5 ppmv in latitude throughout the year. The major atmospheric constitutes in
the PI controlled case are about 21% O, and 78% N5.

After running the PI case for 101 days when the total solar irradiance (TSI) equals its annual

mean, we branch into two different simulations with eccentricities of e = 0 and e = 0.4. The orbital
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obliquity is set to be zero, and the longitude of perihelion is fixed at 100.29° in both cases. To focus
on the climate response due to varying eccentricity only, we fix the annual mean insolation of the
e = 0.4 case (the highly-eccentric case) and the e = O (the circular case) to the same value as for
the Earth’s PI case (1360.75 W m~2). Using Eq. 2 and Eq. 3, the TSI is 1248.58 W m~2 for the
e = 0.4 case, and 1360.94 W m™2 for the circular case using the flux ratio calculated according to

Berger (1978).

F._
TSI,_o4 = TSIpy - —<24 (2)
Fe-0.0167
F._
TSI,—g = TSIp - —=2— (3)
Fe-0.0167

We verify that a quasi-steady state has been reached by running the model until the trénds in
the Earth Energy Imbalance (EEI) for the e = 0.4 and e = 0 cases between two, consecutive
years are well within their inter-annual variability. It took eight simulation years for the e = 0.4
case to reach a quasi-steady state, whereas the e = 0 case reached a quasi-steady ‘state after only
one simulation year due to a smaller change in the eccentricity from the PI case. All simulation
data is averaged over five simulation years after the quasi-steady state is'reached to average over
inter-annual variability and to avoid the influence of the model spin-up'time due to the change in
eccentricity.

Two important modifications were made in the simulation cenfigurations compared with a default
PI run. Firstly, we mute the QBO (Quasi-biennial Oscillation) forcing because it is a specified tuning
parameter which was originally included to/treproduce the Earth’s stratospheric water vapour
distribution. Secondly, we disable MARBL? (Marine Geo-biochemistry Library) in the model
configurations to simplify the calculations and because it is also tailored to Earth’s ecosystem,

which we cannot assume is the samne'on other planets.

3 RESULTS
3.1 Temperature.and Water Vapor Profiles

Figure 1 shows the globally-averaged annual mean vertical temperature profiles for the circular
case (blue)'and the e = 0.4 case (red). The temperature decreases with increasing altitude in the
troposphere up to the tropopause, at which a temperature inversion occurs. We show the globally-

averaged monthly mean temperature profiles to demonstrate the range in temperature experienced

3 MARBL is a sub-model that controls marine ecosystem dynamics and the coupled cycles of carbon, nitrogen, phosphorus, iron, silicon, and

oxygen (Long et al. 2021).
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Figure 1. The annual mean atmospheric temperature profile for the e = 0.4 case (red) anththe circular case (blue) from
the surface to the homopause. The hot (red shaded area) and cold (pink shaded area).passages for the e = 0.4 case
cover the time when the atmospheric temperature is higher than the mean and isslewer than the mean, respectively.
The temperature profiles for the hottest month (April) and the coldest month (November) are indicated by the dotted
lines on the outer boundary of the shaded areas. For demonstration purposes, \We.giy€ a secondary y-axis to indicate

the altitude in km for the circular case. For the e = 0.4 case, the correspondingaltitude in km does not deviate much
from the secondary y-axis because they have similar atmospheric scale heights (§H ~ 0.5 km).

by the eccentric planet in April (red dotted line)“and\November (pink dotted line) at which the
highest and lowest surface temperatures are reached, respectively, and to compare with the annual
means. The annual mean temperature profile for the e = 0.4 case has a slightly warmer troposphere
with a 1.3 K higher surface temperature than the circular case. The tropopause is moved up in
altitude in the e = 0.4 case but itS tropopause temperature is lower than the circular case by 1.2 K.
In the upper atmosphere from.the tropopause to the mesopause, the annual mean temperature in the
e = (0.4 case is lower by 6.7°K on average than in the circular case, and the maximum temperature
difference of 11.1 K occurs at the stratopause. That the stratosphere is colder may be due to a
3 % less annual mean ozone column due to increased production of OH radicals from increased
water vapor.photolysis (see Section 4 for more details). Less ozone means fewer UV absorbers,
and hence they contribute less heating to the stratosphere. In addition, the increase in water vapor
in the stratosphere could have a radiative cooling effect (Oinas et al. 2001).

Although the stratosphere and mesosphere are, on average, colder in the eccentric case, there is
significant seasonal variation in the temperature profiles which reaches a maximum in April and a

minimum in November due to the lagged response of surface and tropospheric temperature. It takes

€20z AInr 0 uo 1sanb Aq 96/661 2/8Z8 1 PEIS/SEIUW/SE0 ] "0 /I0P/a0IIB-80UBADPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



8  Binghan Liu et al.

roughly two months for both the planetary surface and the atmosphere to respond to the highest
insolation at perihelion, and three months to respond to the minimum insolation at aphelion (see
Fig. 1). The lag may correspond to the radiative timescale of the coupling between the surface
and the atmosphere (Cronin & Emanuel 2013). A simplified approach from Guendelman & Kaspi

(2020) states that the radiative timescale, 7, can be approximated as
Tx C Q_3 /4

where C is the atmospheric heat capacity and Q is the incoming insolation at the top of the
atmosphere. Assuming that C remains approximately constant over the eccentric orbit, the radiative
timescale should decrease with increasing Q. This is consistent with what we see her¢\which
is that the surface and tropospheric temperature lagged response at aphelion is longer than at
perihelion. Furthermore, the surface temperature difference between the peak and/'the annual mean
(|6TS| = 12.8 K) is significantly greater than the difference between the trough, and the annual
mean (|07'S| = 7.8 K). Thus, the lagged response of surface and tropospheric temperature for the
e = 0.4 case is seasonally asymmetric in both the response time and‘the-résponse magnitude.

The top panel of Fig. 2 shows the annual mean temperature (top,panel) from the surface to
the stratopause as a function of latitude for the e = 0.4 case, ‘and the bottom two panels show
the temperature difference at perihelion (middle panel), andraphelion (bottom panel) relative to
the annual mean temperature profile. The mean témperature pattern reflects the fact that Earth’s
obliquity is set to zero such that the zonal mean surface temperature decreases between the tropics
and the poles. Similar to Earth, the Arctickegion is warmer at the surface than the Antarctic region
because the former is ocean-covered and'hence has a larger heat capacity mitigating the cold winters
in the eccentric orbit. Unlike the"whole-atmospheric and surface warming and cooling during the
hottest month (April) and the celdest month (November) shown in the middle and bottom panel
of Fig. 3, respectively, one feature in Fig. 2 is the atmospheric and surface lagged response to the
change in insolation, as shown in the bottom panel. At perihelion where the planet receives 2.64
times its meandnsolation, the troposphere (< 10 hPa) is colder than the annual mean temperature.
However, the temperature pattern is reversed in the stratosphere between 107 to 1 hPa. We find that
the stratospheric temperature is lagged by 1 month relative to perihelion, and 2 months relative to
aphelion; whereas the tropospheric temperature is better coupled with the surface temperature. In
addition to the ocean heat buffer at aphelion, that the troposphere and the surface are warmer in
the e = 0.4 case can be attributed to a weaker cloud shortwave radiative effect, which contributes

about 5 Wm™2 more into the system compared to the circular case. The cloud shortwave effect
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controls the transmitted radiation from the cloud layer down to the surface. The atmospheric and
surface lagged response to insolation helps the climate to remain temperate in these two extreme
scenarios.

During the hot orbital passage, more surface water can be evaporated and uplifted into the tropical
troposphere as the surface temperature rises. Through condensation, the tropical tropopause, also
known as the cold trap, confines most of the rising water vapour in the form of clouds, but a
small amount of water vapour can escape into the stratosphere *. The stratospheric water vapour
concentration oscillates seasonally at the same frequency as the tropical tropopause temperature,
which is known as the ‘tape recorder’ signal. Here, we examine the ‘tape recorder’ signal in‘the
circular and e = 0.4 cases. The upper panel in Fig. 4 shows the seasonal variation of‘tropical
tropopause temperature for the e = 0.4 case (red) and the circular case (blue). The corresponding
stratospheric water vapour mixing ratios in ppmv for these two cases are shown in the middle and
bottom panels of Fig. 4. The tropical tropopause altitude is calculated for, eachymonth over the
last five simulation years after steady state is reached since the tropopause,can be lifted upward or
downward depending on the surface temperature in the e = 0.4 case=As-indicated by the dotted
lines in the top panel of Fig. 4, the annual mean tropical tropopausétemperatures are 194.27 K in
the e = 0.4 case and 193.07 K in the circular case. Although the annual mean temperatures differ by
~ 1 K between these two cases, the seasonal variation ofithe tropical tropopause temperature in the
e = 0.4 case is significantly higher than in the circularease. From the middle and the lower panels,
the water vapour mixing ratios at the bottom‘of the stratosphere for both cases follow the same
temporal pattern as shown in their tropical tropopause temperature profiles. This also indicates
that the water vapour mixing ratios at the cold trap are in phase with the surface and tropospheric
temperature. In April, the temperature,is over ~ 215 K in the e = 0.4 case, in contrast to ~ 193 K
in the circular case. The cold trap in April for the e = 0.4 case becomes less effective, allowing
a larger amount of water vapour (up to 30 ppmv) to enter the stratosphere, producing a clear tape

recorder signal.

4 Moist air could bypass the cold trap for high obliquity worlds (Kang 2019)
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Figure 4. Upper-panel: the seasonal variation in the tropical tropopause temperatures for the e = 0.4 case (red solid
line) and.the'circular case (blue solid line). Also shown are the annual mean of the tropical tropopause temperatures
for the e = 0.4 case (red dotted line) and the circular case (blue dotted line) over the last five consecutive years of the
simulations. Perihelion takes place in February (grey dotted line), and aphelion takes place six months afterwards in
August (grey solid line). Middle and lower panels: the H>O mixing ratio in the stratosphere for the circular case and the
e = 0.4 case over the last five consecutive years of the simulation, respectively. Note the presence of the ‘tape recorder’
signal“in the bottom plot for the e = 0.4 case. The black contours highlight a constant mixing ratio of 20 ppmv and the
‘tape recorder’ signal is moving vertically upward in each case. Note that the middle and bottom panels have different
colour scales, and the dark red regions in the bottom panels are over-saturated with a water vapour mixing ratio from
30 ppmv to 80 ppmv as indicated by the arrow on the right-hand of the colour bar.
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Figure 5. The global, annual mean H,O and total H species mixing ratios in the stratosphere averaged over the last 5
simulation years for the e = 0.4 case (red solid and red dotted line, respectively) and-the ¢ircular case (blue solid and
blue dotted lines, respectively). The vertical scale in the plot is set to cover from the tropopause to the homopause
for the circular case. For demonstration purposes, we give a secondary y-axis which is used to indicate the altitude in

km for the circular case only. For the e = 0.4 case, the corresponding altitudeyin km'does not deviate much from the
secondary y-axis because both cases have similar atmospheric scale heights (6 H/~ 0.5 km).

4 DISCUSSION
4.1 Water Loss Rate and Ocean Loss Timescale

Figure 5 shows the H>O and total H species (H+2 - Hy + 2 - H,O + 4 - CH,4) mixing ratios. For
simplification, we assume that the total hydrogen species comprises only the four listed species,
as these are the primary hydrogen-carriers in the upper atmosphere of modern Earth. The annual
mean mixing ratio of the tropieal-ttopopause water vapour for the e = 0.4 case (red dotted line) is
11.3 ppmv and is about thtee times greater than that for the circular case (blue dotted line), though
it is still about two orders of magnitude lower than the threshold of 3 x 10? ppmv needed to trigger
moist greenhouse'states(e.g. Kasting et al. 1984; Kasting 1988).

To quantify hew)quickly water can escape into space, we compute the total loss rate at the
homopaiise, in-units of atoms cm™2 s~!, as the sum of individual hydrogen-bearing species as

follows:
1
Py = (brfu +2 by fu, + 2 bino fino +4 - ben, fen,) 4)
where f is the mixing ratio of the selected hydrogen carrier in ppmv, b is the binary diffusion

parameter in units of cm™' s™!, and H, is the atmospheric scale height in cm. The scale height is
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kgT; . , .
H, = 'fn—;" where k g is Boltzmann’s constant, T}, is the globally averaged homopause temperature,

m is the mean atmospheric molecular mass, and g is the surface gravity. The binary diffusion
parameter formulas can be found in Hunten (1973) for by, bn,, bn,0, and in Banks & Kockarts

(1973) for bcy,, and we reproduce them here:
by =6.5x%x 10" T;?j]
by, = 2.67x 107 . T;?}]S
b0 = 0.137 x 107 . T}zbon
ben, = 0.756 x 10'7 - Tl?j]“

)
where T}, is the homopause temperature in K.

The homopause is taken to be at a pressure level of 1.458 x 10~ hPa (~ 100 km); and the
total hydrogen species mixing ratios at homopause in the e = 0.4 case (red.dotted line in Fig.
5) is 24.2 ppmv. This is about three times larger than the 8.5 ppmv calculated for the circular
case (blue dotted line). The escape fluxes calculated using the abovetequations are 6.33 x 10® and
2.31 x 108 atoms cm™2 s~! for the ¢ = 0.4 case and the circular casé;respectively. Additionally, we
have compared the escape fluxes from taking the global annual mean operator over the individual
component on the right hand side of Eq. 4 against taking,the global annual mean operator over the
sum of all species, and we find a 0.3% difference int the escape flux. Thus, it can be confirmed that
this uncertainty is not significant. To compare, with.previous estimates, the H escape flux in the
circular case is lower than that Catling & Kasting (2017) calculated for the Earth’s eccentricity case
(3.5 x 108 atoms cm™2 s~!). This could be due to the obliquity and eccentricity differences, which
result in a lower homopause temperature; a smaller scale height, and a lower total hydrogen species
mixing ratio when calculating the escape flux. In addition, the hydrogen mixing ratio values in that
work are taken from the lowersstratosphere instead of the homopause. Thus, any bottlenecks that
could exist above the lewer stratosphere may not have been included in their calculations (see Fig.
5 for the differences’in’the total H mixing ratio at different altitudes).

We can use our-calculated H escape fluxes to estimate the ocean survival timescale for both cases.

The tofal mass of water in Earth’s ocean is 1.4 x 10%*

g (e.g. Wolf & Toon 2015; Kopparapu et al.
201%)."We compute the corresponding total hydrogen reservoir to be about 9.36 x 10%® atoms so
that the ocean loss timescale is 2,437 Gyr for the circular case and 891 Gyr for the e = 0.4 case.
As a result, an Earth-like planet in an eccentric orbit (¢ = 0.4) around a Sun-like star loses its

water inventory in approximately one third of the time it takes a planet in a circular orbit to lose
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its water inventory. Despite this higher ocean loss rate, our results suggest that a highly-eccentric
Earth-like exoplanet could retain its oceans over the lifetime of the stellar system. Our result agrees
with Palubski et al. (2020) who predict, using a 1D model, that an Earth-like exoplanet around a
G-type star in an e = 0.4 orbit has a dry upper atmosphere (i.e., one that is far away from entering
a runaway greenhouse state). However, it is worth noting that complete ocean water loss has been
predicted to occur within 2 Gyr for our Earth under the brightening Sun due to its evolution through
the main sequence stage (Wolf & Toon 2015). Thus, the ocean loss timescale under a brightening
host star should be much shorter than what we have estimated here for both the circular and the
eccentric cases. How both orbital eccentricity and evolving host star luminosity together affect'the
water loss should be tested in future simulations. On the other hand, our water loss rate estimates
are upper bounds under constant insolation as they are computed based on the mixing ratioyof the
total H species which can enter into the homopause (Hunten & Strobel 1974). So, the ocean loss
timescales calculated in the two cases here could be longer depending on the efficiencies of active
escape mechanisms (i.e., thermal escape, non-thermal escape, impact erosion). We note also that
the water loss rate on an Earth-like exoplanet is also likely to be influenced by the stellar type of
the host star (e.g. Wolf et al. 2017; Kaltenegger & Lin 2021). Moreover, the ocean loss timescale
also depends on the initial water inventory, and so it is possible'for an Earth-like exoplanet with a
much smaller initial water reservoir (<1 %) to lose all of.its water content within the lifetime of its

stellar system.

4.2 Implications for Observations
4.2.1 Calculating the spectra

Using the Planetary Spectrum Generator (PSG;Villanueva et al. (2018)) with an idealized telescope
and a constant spectral resolving power of 250, we calculated the transit spectrum in the UV, visible
and infrared regions between 0.2 to 20 pm to determine if the water abundances predicted for both
of our cases leads\to potentially observable differences in the synthetic transit spectra. In PSG,
the layer-by-layer radiative transfer is done by the Planetary and Universal Model of Atmospheric
Scatteting, (PUMAS; Villanueva et al. (2018)), and the line-by-line intensity calculation uses
molecular cross sections from the latest HITRAN database (Gordon et al. 2022). The geometry
of the observation is set such that the planet is in front of the host star at a phase of 180° for all
cases. So, the planet’s terminator is located at 90° and 270° in longitude. The inclination angle

is fixed at 90° (edge-on) for all cases. For the eccentric case, we take snapshots of the climate on
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April 16 and November 12" to represent the hottest and coldest days, respectively. The planet-
star separation of the e = 0.4 case is 1.03 au on April 16", and 1.2 au on November 12%. For
the circular case, the planet-star separation is fixed at 1 au, and we take one snapshot on April
16™ only for comparison since the climate experiences no seasonal variation (recall that both
simulations assume zero obliquity). Note that we simulate spectra only at two distinct points in the
orbit representative of two extreme cases (corresponding to the hottest and coldest day). Whilst we
may expect simulated spectra from other orbital positions to lie within these two scenarios, this
should be tested with further simulations.

The atmospheric composition is assumed to be made of N, H,O, O,, O3, CO,, N,O, CHj as
they are the dominant absorbers expected over our chosen wavelength range. We feed PSG -with
the instantaneous WACCMG6 output which includes the pressure-temperature structure, the mixing
ratios of the molecules in the atmosphere, cloud fraction, and cloud ice fraction. Model'data were
re-binned to a resolution of 5.625° in latitude (i.e., a binning number equal.to.3)to save costs for
computing the radiative transfer. Hence, a total of 32 sample points in latitude on the terminator

are averaged over instead of the original 96 latitudinal points from the"-WACCMS6 runs.

4.2.2 Synthetic Transit Spectra

The upper panel of Fig. 6 shows the synthetic transit spectra for the circular case (black), the
snapshot on April 16" for the e = 0.4 case (red) andythe snapshot on November 12% of the e = 0.4
case (blue). The lower panel shows the differénces in transit depth between the circular case and the
snapshot on April 16™ of the ¢ = 0.4°case (ved) and between the circular case and the snapshot on
November 12 of the e = 0.4 case.(blue), and between the snapshots on April 16™ and November
12 of the e = 0.4 case (green). Absorption signatures from H,O, O3, CO, and CHy are present in
the synthetic spectra. The strong absorption feature near 4.8 ym is due to CO, with a transit depth
of 55 km. For water, the dominant feature is at 2.6 pm with a ~ 37 km transit depth. The largest
O3 feature with a transit depth of 65 km is at around 0.25 pm. The feature at 15 pm has a transit
depth of S0Kkmand is due to both CO, and O3. The baselines of the three cases are different due to
a combined effect of differences in the planet-star separation, cloud coverage and temperature. In
general;alarger planet-star separation, more cloud coverage and higher temperature all increase the
baseline (Bétrémieux & Kaltenegger 2014; Fauchez et al. 2019). The effect of clouds is important
in the e = 0.4 case because there is more cloud than in the circular case, and the cloud extends

vertically to the lower stratosphere below 20hPa. Thus, the cloud in the e = 0.4 case can, not only

€20z AInr 0 uo 1sanb Aq 96/661 2/8Z8 1 PEIS/SEIUW/SE0 ] "0 /I0P/a0IIB-80UBADPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



Water Loss on Earth-like Exoplanets 17

increase the transit depth of the baseline, but also decrease the depth of spectral features in the
infrared.

In the lower panel of Fig. 6, the water features on April 16™ are about 5 km deeper than on
November 12 (green line), reflecting the largest seasonal difference in the water abundance in the
e = 0.4 case. This is seen in the water absorption features present at 1.36 um, 1.87 pm, 2.7 pm
and between 5.93 pm and 6.64 nm. The difference in the depth of the water features between the
April 16™ snapshot in the ¢ = 0.4 case and the circular case is 1 to 2 km larger (red line) than
the maximum seasonal difference. The differences in the depth of the water features between the
November 12 snapshot in the e = 0.4 case and the circular case (blue line) is the smallest of‘our
three comparisons; however, slightly stronger water absorption features are present evenon the
coldest day of the e = 0.4 case. The reason for this is related to the strong release of"'wateryvapor
into the stratosphere during the warmest month (April in the e = 0.4 case) which slowly propagates
upward in the stratosphere (see the bottom panel Fig. 4). Thus, the water vapor.celumn above the
baseline at a given time depends on both the current and the previous rel€ase of water vapor above
the cold trap. This is essentially a result of the strong seasonality indueed:by the large eccentricity.

The stronger water features on April 16 compared to November, 12 and the circular case can be
explained by the higher temperature in the April 16™ snapshot forthé e = 0.4 case. A higher surface
temperature increases the evaporation rate of H,O, whieh increases the H,O number density with
altitude; more H>O molecules mean stronger absorption/in the infrared. Some secondary effects
could also contribute to the transit depth differénce. For example, the H,O absorption cross-section
positively correlates to the temperature_at these wavelengths (Gordon et al. 2022). The higher
temperature on April 16™ also causes aumore inflated atmosphere, and hence more water vapour
molecules are present at a higher altitude.

Unlike the H,O features which are always stronger in the highly-eccentric case than the circular
case, the CO, transit depthfeatures near 4.8 pm and 15 pm are 2 to 3 km deeper for the April 16"
case than the circular ease; but they are about 4 km deeper for the circular case than on November
12 The seasonal variation of the CO, transit features is about 6 km between the April and the
Novembercases:“The reasons for these are the same as just described for the water. The atmosphere
expands at higher temperatures, and the CO, density remains high at higher altitudes than if the
atmosphere were cooler.

The ozone layer in the stratosphere is an important atmospheric constituent on Earth as it can
prevent harmful UV radiation from reaching the surface. The ozone concentration in the atmosphere

does not vary as much as the water vapour in the highly-eccentric system. The annual mean ozone

€20z AInr 0 uo 1sanb Aq 96/661 2/8Z8 1 PEIS/SEIUW/SE0 ] "0 /I0P/a0IIB-80UBADPE/SEIUW/WOD dNo"olWapeoe//:sdny WwoJj papeojumoq



18  Binghan Liu et al.

column density decreases by about 3% in the e = 0.4 case compared to the circular case, and the
seasonal ozone column density in the e = 0.4 case decreases up to about 13% in April compared
to the circular case. This is affected by the water vapour abundance in the atmosphere: a higher
water vapour abundance leads to more OH radicals formed in the atmosphere via photolysis, and
hence more ozone is destroyed by the increasing amount of OH radicals. The seasonal variation of
O3 density in the stratospheric ozone layer for the e = 0.4 case (~ 16%) could impact the temporal
surface habitability (Gomez-Leal et al. 2019). In the upper panel of Fig. 6, the most prominent
ozone features of the transit spectrum peaks around 0.25 pm in the UV region, 0.6 pm in the visible,
and around 9.6 ym in the infrared. There are small O3 absorption depth differences between the
April 16™ snapshot case and the circular case, whilst there are noticeable O3 absorptiofi, depth
differences (~ 2 km) between the April 16 snapshot case and the November 12" snapshot'case.
Contrary to expectations, the e = 0.4 case’s ozone features are stronger on April 16 than on
November 12, as shown in the lower panel of Fig. 6, despite the former having a lower ozone
column density than the latter. Similarly, when comparing the circular‘case jand the November
12 snapshot case, we find that a higher ozone column density dees-not correspond to a more
pronounced ozone feature. This is because a higher atmospheric témperature causes larger ozone
absorption cross-sections (Serdyuchenko et al. 2014; Gordon ‘et'al. 2022), and the O3 number
density above 40 km is higher in both the April 16" snapshotiease and the circular case than in the
November 12" snapshot case. Therefore, future transmission spectra observations could result in

degenerate interpretations for inferring the total ozone€ column density for Earth-like exoplanets.

5 CONCLUSIONS

Terrestrial exoplanets can have large orbital eccentricities up to values as high as 0.4 to 0.5 (Lopez
et al. 2019). The climate response of rocky planets to changes in eccentricity has been studied
in recent years using both’1D models and 3D general circulation models (GCMs). Previous work
has examined water'10ss due to an increasing solar constant from both Earth and other potential
exoplanet host stars. However, whether the eccentricity-induced seasonality effect alone has a
critical impaet on water loss had yet to be studied. Using the fully coupled 3D Earth climate model,
WACCMSO6, we simulated the climate response of Earth-like rocky planets around a Sun-like star
that have different orbital eccentricities. We compared the temperature structures and the water
loss rates calculated for a circular orbit case and a highly-eccentric case (e = 0.4). We find that

the water loss rate for a planet in the e = 0.4 orbit is about 3 times larger than if it were in
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a circular orbit under the same annual mean insolation. Consequently, the ocean loss timescale
for an Earth-like exoplanet in such an eccentric orbit is about 3 times shorter than the circular
orbit. Moreover, an Earth-like planet with an eccentricity of 0.4 spends half of its orbit outside of
the Earth’s habitable zone as traditionally defined by Kasting et al. (1993). Nevertheless, we find
that the climate remains temperate and the planet can hold on to its water reservoir. In addition,
Earth-like exoplanets with a high orbital eccentricity could have stronger H,O and CO; absorption
features in simulated transmission spectroscopy than for the same planet in a circular orbit. Hence,
the climate response to eccentricity as indicated by a higher water abundance may be measurable
with future observations. Stronger O3 absorption features seen in future observations may hot
always imply a higher ozone column density for an Earth-like exoplanet with an ozone-layer in
its atmosphere. It is worth noting the limitations of this study. First of all, the model'we adepted
in the simulation uses numerous parameterizations that are tuned to Earth’s climate and might
be inappropriate to generalize to an exoplanetary climate with different conditions. Hence, these
conclusions should be tested in future simulations with more flexible chemistry, land and ocean
coverage, and cloud and radiative transfer schemes. Secondly, a variety-of-effects such as QBO and
ocean bio-geochemistry are excluded from the simulation, though they will not change our results
qualitatively. In addition, the Earth-like exoplanet’s atmosphere evolution over its geological history
and the effects of space weather have been ignored because these factors are beyond the scope of
this study. For a more comprehensive view of the habitability analysis of Earth-like exoplanets,
future work should include a systemic climate study-due to the change of eccentricity with more

effects included and more inter-comparisonstbetween different 1D and 3D model simulations.
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Figure 6. Upper panel: the transit spectra of the circular case (black), the snapshot on April 16" of the e = 0.4 case (red)
and the snapshot on, November 12 of the e = 0.4 case (blue) between 0.2 um to 20 um; Bottom panel: the transit
depth difference between the snapshot on April 16™ of the e = 0.4 case and the circular case (red), the transit depth
difference between the snapshot on November 12% of the e = 0.4 case and the circular case (blue) and the transit depth
difference bétween the snapshots on April 16" and November 12 of the ¢ = 0.4 case (green).
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