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Abstract

We simulate the 3D ozone distribution of a tidally locked Earth-like exoplanet using the high-resolution, 3D chemistry-
climate model CESM1(WACCM) and study how the ozone layer of a tidally locked Earth (TLE) (7. = 1/365 days)
differs from that of our present-day Earth (PDE) (2ppe = 1/1day). The middle atmosphere reaches a steady state

asymptotically within the first 80 days of the simulation. An upwelling, centred on the subsolar point, is present on the
day side while a downwelling, centred on the antisolar point, is present on the night side. In the mesosphere, we find
similar global ozone distributions for the TLE and the PDE, with decreased ozone on the day side and enhanced ozone
on the night side. In the lower mesosphere, a jet stream transitions into a large-scale vortex around a low-pressure
system, located at low latitudes of the TLE night side. In the middle stratosphere, the concentration of odd oxygen is
approximately equal to that of the ozone [(Oy) & (O3)]. At these altitudes, the lifetime of odd oxygen is ~16 h and the
transport processes significantly contribute to the global distribution of stratospheric ozone. Compared to the PDE,
where the strong Coriolis force acts as a mixing barrier between low and high latitudes, the transport processes of the
TLE are governed by jet streams variable in the zonal and meridional directions. In the middle stratosphere of the TLE,
we find high ozone values on the day side, due to the increased production of atomic oxygen on the day side, where

it immediately recombines with molecular oxygen to form ozone. In contrast, the ozone is depleted on the night

side, due to changes in the solar radiation distribution and the presence of a downwelling. As a result of the reduced
Coriolis force, the tropical and extratropical air masses are well mixed and the global temperature distribution of the TLE
stratosphere has smaller horizontal gradients than the PDE. Compared to the PDE, the total ozone column global mean
is reduced by ~19.3 %. The day side and the night side total ozone column means are reduced by 2321 and 15.52 %,
respectively. Finally, we present the total ozone column (TOC) maps as viewed by a remote observer for four phases of
the TLE during its revolution around the star. The mean TOC values of the four phases of the TLE vary by up to 23 %.

Keywords: Exoplanet, Tidally locked Earth, Middle atmosphere, Circulation, Ozone layer, Photochemistry, Total ozone,
Daytime, Day side, Night side

Introduction

In this study, we simulate and analyse the middle atmos-
pheric ozone distribution of a tidally locked Earth-like
exoplanet orbiting a Sun-like star (TLE) using a realis-
tic, high-resolution, 3D chemistry-climate model. We
aim to investigate the evolution of the planet’s ozone
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layer towards a steady state, determine its main charac-
teristics and compare them to those of the present-day
Earth (PDE). This comparative study aims to improve our
understanding of the role of photochemistry and trans-
port processes in the middle atmosphere of exoplanets.
We are also interested in the planet’s total ozone column
(TOC) and its day side—night side variation. In the case
of the present-day Earth, the day—night variation of the
TOC is less than 2 %.

An exoplanet’s ozone layer can be observed through the
absorption band in the 9.6 pm region of the spectrum.
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The importance of the existence of an ozone layer lies in
its ability to protect life on the surface of the planet from
the harmful stellar UV radiation. It has been determined
that for the generation of a protective ozone layer only a
small amount of oxygen (0.1 of the present atmospheric
levels) is sufficient (Kasting and Donahue 1980).

Yang et al. (2014) studied the dependence of a planet’s
habitability on its rotation rate using two 3D models, the
CAMS3 and the CCSM3. CAM3 is a 3D GCM standalone
atmospheric circulation model, which calculates the
atmospheric circulation and radiative transfer, as well as
the small-scale vertical convection, clouds and precipita-
tion. CCSM3 is a 3D GCM coupled ocean—atmosphere
model. Its ocean component calculates the oceanic circu-
lation using an ocean with uniform depth and albedo and
no circulation. The CCSM3’s atmospheric components
are the CAM3 or the CAMA4. They are able to simulate the
marine stratus, layered, shallow convective and deep con-
vective clouds as well as liquid and ice condensates. CAM4
has a cloud scheme similar to that of the CAM3 and an
improved deep convection scheme. Both models are pre-
cursors of the model used in our paper. The study of Yang
et al. (2014) focused on the troposphere of the simulated
planets. They demonstrated that a slow rotating Earth-like
planet (rotation speed = 1 rotation/243 days), located at
a distance of 0.7 AU away from a Sun-like star, would be
habitable. They also determined that an Earth-like planet
rotating at a rate of 1 rotation/day required half the stellar
flux compared to an Earth-like planet rotating at a rate of 1
rotation/243 days to maintain an Earth-like climate.

The planets orbiting M stars are prime targets in the
search for terrestrial habitable exoplanets (Tarter et al.
2007). M stars comprise 76 % of the stars in the Sun’s
neighbourhood. Owing to the good mass and radius
star—planet ratio, such planets have a high probability of
being detected.

Habitability studies performed for such tidally locked
exoplanets by Haberle et al. (1996), Joshi et al. (1997) and
Joshi (2003) have shown that terrestrial planets located
in an M star’s habitable zone (0.02—-0.2 AU) (Tarter et al.
2007) would be habitable as long as liquid water and the
chemical constituents necessary for the emergence of
life were present on them for a sufficiently long period
of time. Furthermore, Segura et al. (2010) concluded that
the flares emitted by M stars should not pose a threat to
the surface life of an orbiting habitable planet.

M stars have a weaker UV and visible emission than
the Sun, with the spectrum peaking in the infrared. The
impact of different stellar spectral energy distributions
on the ozone distribution of habitable non-tidally locked
terrestrial extrasolar planets has been studied by Selsis
(2000), Segura et al. (2003, 2005), Grenfell et al. (2007),
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Rugheimer et al. (2013), Rauer et al. (2011) and Godolt
et al. (2015).

Selsis (2000) used a 1D atmospheric model to simu-
late how the chemical and thermal structure of the Earth
would have evolved, had it been orbiting a F9 and a K2
star. His simulations revealed that the amount of ozone
increased with increases in the UV/visible ratio. F9 stars
have a higher UV/visible ratio than the Sun, whereas
K2 stars have a lower UV/visible ratio. The study also
showed that the thickness of the ozone layer increased
with the strength of the UV flux, resulting in higher
amounts of ozone for the planet orbiting the F9 star and
lower amounts for the planet orbiting the K2 star, com-
pared to the Earth. Despite the decreased amounts of
ozone, the planet orbiting the K2 star would have a vis-
ible O3 spectral signature as a result of the temperature
contrast between the surface and the atmosphere. How-
ever, the planet orbiting the F9 star would have no dis-
tinguishable ozone spectral signature, despite the planet’s
higher atmospheric ozone levels.

Segura et al. used a 1D coupled radiative—convective
photochemical model to calculate the spectra of Earth-
like planets orbiting a F2V, a G2V, a K2V (Segura et al.
2003) and an M star (Segura et al. 2005), respectively.
They determined that in the case of planets orbiting
the F2V, G2V and K2V orbiting stars, the ozone 9.6 pm
spectral line should be visible if the planet’s O, concen-
tration was at least 1072 of the present atmospheric lev-
els (PAL). They also determined that at 1 PAL O levels,
the ozone concentration in a planet orbiting an F2V star
would be weaker than around a G2V or a K2V star. This
result is not consistent with that of Selsis (2000). For the
case of an active M star orbiting planet, Segura et al.
(2005) found that a similar Earth-like ozone layer would
develop, resulting in an observable O3 9.6 pm spectral
line, comparable to that of the Earth (Segura et al. 2005).

Grenfell et al. (2007) used a 1D coupled radiative—
convective photochemical column model to calculate
changes in the atmospheric composition of a planet with
the Earth’s atmospheric composition, when subjected to
5-10 % changes of its orbital position around a solar-type
G2V star, a F2V star and a K2V star. They found that as
the planets were moved outwards, the ozone increased
by ~10 %, as a result of the decreased stratospheric
temperature.

Rugheimer et al. (2013) simulated the spectra of clear
and cloudy Earth-like planets orbiting F, G and K stars at
1 AU equivalent distances, using a geometrical 1D global
atmospheric model. They determined that an increase in
either the parent star’s UV radiation or its temperature
resulted in increased O3 concentrations and stronger O3
spectral features.
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Rauer et al. (2011) calculated the molecular absorption
bands of the atmospheres of super-Earth planets orbit-
ing M stars, using a plane-parallel, 1D climate model,
coupled with a chemistry model. They predicted that
the ozone emission spectra observed during a secondary
eclipse for planets orbiting quiet MO to M3 dwarfs would
be stronger than the PDE. On the other hand, the ozone
emission spectra of planets orbiting very cool and quiet
M4 to M7 stars would be weaker, as a result of increases
in their mid-atmospheric temperatures.

Grenfell et al. (2013) performed a sensitivity study of
the atmosphere of an Earth-like planet using a global
mean radiative—convective photochemical column
model. They varied the stellar class and gravity of the
planet and investigated how the changes affected the
resulting photochemistry and climate and hence the
potential observed biosignatures. Their study revealed
that for an MO star, the stratospheric ozone generation
was still dominated by the Chapman cycle, but it was
somewhat suppressed (89.2 %) compared to the Sun sce-
nario (90.5 %). The ozone generation through the smog
mechanism was increased (by 9.1 %) compared to the
Sun scenario (by 0.8 %). The balance between the Chap-
man mechanism and the smog mechanisms shifted
towards the smog mechanism as one moved towards
cooler stars. For cool M5-M7 stars, the stratospheric
ozone photochemistry was completely smog-dominated.

Godolt et al. (2015) used a state-of-the-art 3D Earth
climate model, which accounted for local and dynami-
cal processes, to study the influence of F, G and K stars
on the stratospheric temperature, climate and potential
habitability of Earth-like extrasolar planets. The plan-
ets were positioned at certain orbital distances around
the stars, such that the total amount of energy received
from the parent stars would equal the solar constant. A
fixed Earth-like atmosphere was used, and no atmos-
pheric chemistry calculations were performed. The study
revealed that, similar to Selsis (2000), Segura et al. (2003,
2005), Grenfell et al. (2007), Rugheimer et al. (2013) and
Rauer et al. (2011), different stellar spectral energy dis-
tributions resulted in different ozone heating rates and
therefore different vertical temperature structures. The
stratosphere of planets orbiting K stars, which are cooler
than our Sun and therefore emit a smaller portion of their
radiation in the UV part of the spectrum, was character-
ised by lower ozone heating rates and shallower strato-
spheric temperature increases compared to the Earth.

The above studies demonstrated that for the same total
amount of stellar energy incident at the top of the atmos-
phere, changes in the stellar spectral energy distribution
result in changes in the ozone radiative heating rate. This
leads to different stratospheric temperature structures
in Earth-like exoplanets. For non-tidally locked, M star
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orbiting, planets, the reduced UV radiation emission
could result in the development of a cooler stratosphere
and changes in their stratospheric ozone concentration.
It is reasonable to assume that tidally locked planets
would be equally affected.

Studies of the ozone concentration of a tidally locked
planet would need to account for both the effects of the
tidal locking and the altered stellar irradiance spectrum.
This would complicate the cause—effect attribution anal-
ysis, making the attribution of the changes in the ozone
distribution to either the tidal locking or the altered UV
radiation exceedingly challenging. We therefore did not
include the effects of the altered UV radiation in our
study and focused only on the magnitude of the impact of
tidal locking on the Earth-like planet orbiting a Sun-like
star.

Past studies on the atmospheres of tidally locked Earth-
like exoplanets were focused on the troposphere. Merlis
and Schneider (2010) used an ideal gas GCM with an
active hydrological cycle, a grey radiation scheme and
a slab ocean lower boundary condition to simulate the
troposphere of an Earth-like, tidally locked aquaplanet
with a rotation period equal to one Earth year. Their
study revealed that while the subsolar point surface tem-
perature was ~300 K, the antisolar point temperature
was much lower but never dropped below 240 K, and
therefore, no atmospheric collapse occurred on the night
side. Furthermore, they reported the presence of a strong
upwelling above the subsolar point on the day side, due
to radiative heating. On the night side, they reported the
presence of a downwelling, generated by radiative cool-
ing, centred over the antisolar point.

Yang et al. (2013) showed that the presence of clouds in
the troposphere of a tidally locked aquaplanet, especially
over the subsolar point, can ensure habitability at almost
twice the solar flux on Earth.

Grenfell et al. (2014) used a global mean, station-
ary, hydrostatic, atmospheric column model to perform
a 1D simulation of an Earth-like exoplanet atmosphere.
The model atmosphere extended from the surface to 70
km and had the starting composition, pressure and tem-
perature of the 1976 US Standard Atmosphere. In the
simulation, the UV emission of a cool M7 star was var-
ied, and the resulting climate—photochemical response
of the planetary atmosphere including numerous, cata-
lytic processes of O3 depletion was calculated. The study
showed that the strongest O3 emission is generated at ten
times the stellar UV radiative flux of an M7 star and that
an exoplanet’s O3 9.6 wm spectral line profile is strongly
influenced by the 200 nm and 350 nm UV output of the
parent star.

A fundamental parameter for the description and
the observation of the planetary ozone layer is the total
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ozone column (TOC). Currently the Earth’s TOC is
measured by several satellite missions such as Aura/OMI
(Veefkind et al. 2006) and Metop/GOME-2 (Callies et al.
2004) providing global maps of TOC with a horizontal
resolution of 80 x 40 km. The O3 distribution is deter-
mined primarily by the Brewer—Dobson circulation and
the photochemistry (Brasseur and Solomon 2005).

Below, we first describe the model used for our simula-
tions and the simulation setup. Next, we present the par-
tial ozone content (POC) and TOC of the planet. Lastly,
we present four different phases of the planet’s TOC as
viewed by an observer.

Model description

The Community Earth System Model (CESM) version
1.04 is used to perform our simulation. It consists of five
fully coupled geophysical models: atmosphere (ATM),
land (LND), ocean (OCN), sea-ice (ICE) and land-ice
(GLC). The models can be set as fully prognostic, data
or stub and are “state-of-the-art climate prediction and
analysis tools” (Vertenstein et al. 2012) when set in the
prognostic mode.

The surface parameter fluxes are provided by the land
(LND), ocean (OCN), surface ice (GLC) and sea-ice (ICE)
models. They provide the lower flux boundary conditions
for the turbulent mixing, the planetary boundary layer
parametrisation, the vertical diffusion and the gravity
wave drag. In our simulation, the OCN, GLC and ICE use
prescribed data, while the LND is an active model [Com-
munity Land Model (CLM)]. CLM calculates among
other parameters, the absorption, reflection and trans-
mittance of solar radiation, the absorption and emission
of longwave radiation, the surface colour variability, the
surface albedo, the sensible heat, the latent land surface
heat fluxes, the heat transfer in soil and snow and the
atmosphere—surface coupling (Neale et al. 2012).

The atmospheric model used in our simulation is
the Whole Atmosphere Community Climate Model
version 4 [CESM1(WACCM)] (Neale et al. 2012).
CESM1(WACCM) has been used to simulate the circula-
tion, gravity waves and atmospheric composition changes
due to the chemistry and photochemistry in the lower,
middle and upper atmosphere (Pedatella et al. 2014;
Pedatella and Liu 2013; Lu et al. 2012; Tan et al. 2012a, b,
¢; Davis et al. 2013; Smith et al. 2012). Furthermore, it is
fully coupled to the land and ocean models (Vertenstein
etal. 2012).

It has 66 vertical levels from the ground up to 5 x 107°
hPa (150 km) and is purely isobaric above 100 hPa. It has
a vertical resolution of 1.1 km in the troposphere, 1.1-1.4
km in the lower stratosphere, 1.75 km at the stratopause
and 3.5 km above 65 km altitude. The coupler timestep
is At = 30 min, while the timestep for the dynamics
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equations is At = A¢/8 (Neale et al. 2012). It has a com-
position identical to that of the present-day Earth on
21.03.2000 (Neale et al. 2012).

CESM1(WACCM) has full tropospheric and strato-
spheric chemistry as well as mesospheric chemistry,
with 57 chemistry species (Neale et al. 2012). The gas-
phase chemistry is coupled to the Modal Aerosol Model
(Neale et al. 2012). The stratospheric distributions of
long-lived species are taken from previously performed
CESM1(WACCM) simulations (Neale et al. 2012). The
main physical processes included in the model are:

+ conversion to and from dry and wet mixing ratios for
trace constituents

+ moist turbulence

+ shallow and the deep convection

« evaporation of convective precipitation

+ cloud microphysics and macrophysics

« aerosol processes

+ condensed phase optics

« radiative transfer

« surface exchange formulations

+ dry adiabatic adjustment

+ prognostic greenhouse gases (Neale et al. 2012).

The radiative transfer calculations in the longwave and
shortwave are provided by the radiation code RRTMG
(Tacono et al. 2008; Mlawer et al. 1997), which is an accel-
erated and modified version of the correlated k-distribu-
tion model RRTM. It efficiently calculates the irradiance
and heating rates in broad spectral intervals, while retain-
ing a high level of accuracy relative to measurements and
high-resolution line-by-line models. It also distinguishes
between the direct and scattered solar radiation.

The radiative transfer is calculated over 14 bands in
the shortwave spectrum (0.2-12.2 pum) and 16 bands in
the longwave spectrum (3.1-1000.0 pm). The 16th long-
wave band includes the infrared contribution from the
spectral interval below 3.1 pm. Above 65 km, the model
also covers the spectrum interval between soft X-rays
and extreme ultraviolet irradiances (0.05 nm to Lyman-«
121.6 nm) and the spectrum interval between the Lyman-
o and 100 wm (Neale et al. 2012).

The total shortwave fluxes have an accuracy of 1-2
W/m? compared to the standard RRTM SW (using
DISORT with 16 streams) for clear sky conditions and
aerosols and an accuracy of 6 W/m? in overcast sky con-
ditions. The total longwave fluxes have an accuracy of 1.0
W /m? at all levels. “Longwave radiative transfer is per-
formed over a single angle for one upward and one down-
ward calculation” (Neale et al. 2012). The absorption
coefficients for the k-distributions of both the shortwave
and the longwave radiation calculations in RRTMG are
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obtained from the line-by-line radiation model LBLRTM
(Clough and Iacono 1995; Clough et al. 2005).

The calculation of the photolysis coefficients is divided
into the 120-200 and 200-750 nm regions. The total
photolytic rate constants are calculated by the model
by integrating the product of the wavelength depend-
ent exo-atmospheric flux, the atmospheric transmission
function, the molecular absorption cross section and
the quantum vyield for each absorbing species. The exo-
atmospheric flux is provided by observations and varies
over the 11-year solar sunspot cycle. The transmission
function is wavelength dependent and a function of the
abundance of ozone and molecular oxygen in the model.
For wavelengths above 200 nm, the molecular absorption
cross section and the quantum yield are calculated by the
model, while below 200 nm, their values are pre-defined.
This approach works for all species except NO and O for
which detailed photolysis parametrisations are included
in the model. The impact of clouds on the photolysis
rates is parametrised, but the impact of tropospheric and
stratospheric aerosols on photolysis rates is not calcu-
lated (Neale et al. 2012).

The CESM model uses the Kurucz solar source func-
tion whose radiative transfer calculation is based upon
solar measurements. It assumes a total solar irradiance at
the top of the atmosphere of TSI = 1368.22 W /m? The
value is then “scaled in each spectral band through the
specification of a time-varying solar spectral irradiance”
(Neale et al. 2012). The model uses a combination of solar
parametrisations to specify the spectral irradiances over
two spectral intervals (soft X-ray to Lyman-« (4 = 121.6
nm) and from Lyman-o to 100 pwm). The first spectral
interval fluxes are calculated using the parametrisation of
Solomon and Qiang (2005). It accepts as input the 10.7
cm solar radio flux, whose daily values are obtained from
the NOAA’s Space Environment Center (www.sec.noaa.
gov) and its 81-day average (f 10.7a). The second spectral
interval fluxes are calculated using the empirical model
of the wavelength-depending sunspot and facular influ-
ences (Lean 2000; Wang et al. 2005; Neale et al. 2012).

In the shortwave, H,O, O3, CO,, Oy, CHy, N>, clouds,
aerosols and Rayleigh scattering are the modelled sources
of absorption and scattering. In the longwave, HyO, COa,
03, Nb,O, CHy, Oy, Ny, CFC—11 and CFC—12 are the
molecular sources of absorption. The shortwave radia-
tion is calculated only for zenith angles larger than zero
(Neale et al. 2012).

The model computes the chemical equilibrium of 36
photochemical species (Og, O3, N2O, NO, NOy, N,Os,
HNO3, NO3, HO;NO,, CH300H, CH;0, Hp0O, HyOy,
Cly, CIO, OCIO, Cl,04, HOCI, HCI, CIONO,, BrCl, BrO,
HOBr, BrONO,, CH3Cl, Ccly, CH3CCl3, CFC11, CFC12,
CFC113, HCFC22, CH3Br, CF3Br, CF,CIBr, CO,, CHy).
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The atmospheric tracers in the model are the O,, NO,,
HO,, ClO, and BrO, chemical families, excluding Oy,
along with CH4 and its degradation products. The main
photochemical and chemical interactions responsible
for changing the atmospheric ozone concentration are
described by the reaction rate of ozone:
HO) 1 Jo,(05) + k5(0)(Os) + as(H)

(O3) + a6(OH)(O3) + a6, (HO2)(O3)

+ ba(NO)(O3) + bo(NO2)(O3) + da(C1)(O3)

+ e2(Br)(03) = k2(M)(02)(O).

d(o
(©s) is the production rate of O3. Jo, is the photoly-

sis rate of ozone, and its values were taken from differ-
ent sources depending on its molecular absorption cross
section ¢ and the quantum yield (¢) [o: 136.5-175 nm
(Tanaka et al. 1953)], 0: 175-847 nm (Ackerman 1971), o
: 185-350 nm (Ozone Atmosphere 1985), o: 185-350 nm
¢ < 280 nm (Kaufmann et al. 2003), ¢ > 280 nm (Sander
et al. 2006). The k3, ay, ag, agp, ba, by, da, €2 and ko (M) are
the chemical rate constants of the reactions and are taken
from (Sander et al. 2006).

A polar stratospheric cloud parametrisation scheme is
incorporated in the model. It is activated when the cosine
of the solar zenith angle is larger than zero at strato-
spheric altitudes and the stratospheric temperature drops
below 195 K (Neale et al. 2012).

The starting values of the zonal mean climatology of
the local O3 concentration, the temperature, the overhead
column O3 and other chemicals used by the model are
based on satellite and in situ Earth observations (Neale
et al. 2012). A detailed model description can be found in
Neale et al. (2012).

Methods

Simulation setup
We perform two simulations, one for the PDE with a rota-
rotation

tion rate of Qppg =1 ( ) and a second one for

days

1 tati
the TLE with a rotation rate of QT g = — rotation \
365 days

365
rotation rate. The slow TLE rotation rate results in one
side of TLE permanently facing the Sun-like star.

The Sun—Earth distance is 1 AU in both cases, and the
eccentricity is that of the present-day Earth on the day of
the spring equinox. In our simulation, we use active, fully
prognostic atmosphere and land geophysical models and
a data ocean geophysical model. The solar irradiance at

1
Therefore, the TLE rotation rate is ( )th of the PDE
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the top of the atmosphere is Sy = 1368.22 W/ m? (Neale
et al. 2012). The simulation begins on the day of the
spring equinox (21.03.2000). The duration of the simula-
tion is 90 days. Several model parameters are changed to
obtain a tidally locked planet:

« the obliquity,

+ the number of seconds in a sidereal day,

+ the number of seconds the planet needs to rotate by
1 degree,

« the cosine of the solar zenith angle (SZA),

+ the position of the subsolar point,

« the sea surface temperature (SST).

The TLE’s obliquity is set to 0° for the duration of the sim-
ulation. The number of seconds in a siderial day is altered
from 86164 s/day to 3.15 x 107 s/day. As a result, the
earth’s rotation velocity changes from 8.43 x 1071 rad/s
t02.31 x 107! rad/s. The planet is set to rotate one degree
every 87,600 s (the Earth rotates one degree every 240 s).
The SZA is set to a constant value by means of the PDE
Julian date. By setting the Julian date to a constant value, the
periodic 24-h variation of SZA is stopped at all grid points
of the TLE. The SZA is the central parameter for the assess-
ment of the incoming solar radiation in the CESM model
world. The position of the subsolar point is set to remain
constant at (0.17° N, —178.17° E), which is the position of
the subsolar point at 00:00 UT on the spring equinox.

The subsolar point and the distribution of the short-
wave solar radiation at the top of the model for the dura-
tion of the simulation are shown in Fig. 1. Shades of red
indicate high incoming solar radiation on the day side of
the planet, while shades of blue indicate low incoming
solar radiation. The dark blue visible in the centre of the

1200
=
.2
1000 &
=
e
800 5o
< E
night * side 600 —&
2
400 E
g
200
0

Fig. 1 Simulation setup. Downward shortwave top of the model flux
setup for the TLE simulation. The subsolar point is indicated with a
white point and the antisolar point with a magenta point. Shades of red
indicate high incoming solar radiation and define the day side of the
planet. Shades of blue indicate low incoming solar radiation. The dark
blue visible in the centre of the plot indicates the absence of incom-
ing solar radiation and defines the night side of the planet
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figure indicates zero incoming radiation on the night side
of the planet. The subsolar point is indicated with a white
point on either side of Fig. 1. It is centred approximately
at (0°, 80°) over the Pacific Ocean. The antisolar point is
indicated with a magenta point in the centre of the figure
and is centred approximately at (0°, 0°).

The prescribed SST input dataset was altered to closely
resemble the SST reported by Merlis and Schneider
(2010), as shown in Fig. 2. The SST is highest at the sub-
solar point with a temperature ~300 K and decreases
monotonically and isotropically as one moves away from
the subsolar point. The night side SST has a uniform
value of 250 K.

The continents and topography of the Earth were main-
tained as the use of the standalone atmospheric geo-
physical model CESM1(WACCM) without an active land
model is not supported. We emphasise that the initialisa-
tion data are the same for both runs. This means that the
TLE simulation run starts with the same 3D ozone and
wind field as the PDE simulation run.

Although the possibility of tidal locking of an Earth-
like planet within the habitable zone of a Sun-like star
is low, the existence of Venus shows that a slow rotating
planet is possible. As mentioned in the “Introduction’,
Yang et al. (2014) demonstrated that very slowly rotating
and tidally locked planets located at a distance of 0.7 AU
from a Sun-like star can maintain an Earth-like atmos-
phere despite their close distance to the parent star. Their
models were designed for tropospheric simulations and
lacked the full stratospheric chemistry and resolution
available in CESM1(WACCM). Furthermore, several past
studies of tidally locked exoplanets orbiting M stars used
models with solar spectrums and atmospheric compo-
sitions similar to that of the PDE (Merlis and Schneider
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Fig. 2 Sea surface temperature. Tidally locked Earth SST. The subsolar
point is indicated with a white point and the antisolar point with a
magenta point. Shades of red indicate high temperatures and define
the day side of the planet. Shades of blue indicate low tempera-

ture and define the night side of the planet. The subsolar point is
indicated with a white point on either side of the figure. The antisolar
point is indicated with a magenta point in the centre of the figure
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2010; Joshi 2003; Yang et al. 2013; Edson et al. 2011; Kaspi
and Showman 2015; Menou 2013). Our method therefore
also fosters the intercomparison and interpretation of the
differences with these past models. Lastly the use of the
Earth’s starting atmospheric composition for our simula-
tions simplifies the intercomparison and interpretation of
the differences between the PDE and TLE model runs.

Ensemble simulation

To verify the validity of our results, an ensemble simula-
tion with 5 runs is performed. This is the typical sensitiv-
ity setup used in atmospheric physics simulation studies.
The first two runs are set 5 and 10 days before the spring
equinox, respectively. One run is set on the day of the
spring equinox. The last two runs are set 5 and 10 days
after the spring equinox, respectively. The main features
of the simulation, described in detail in the “Results and
discussion” section, are present in the ensemble aver-
age and in each individual run, with the extent of the
enhanced and depleted TOCTg regions varying slightly,
in accordance with the variability of the starting condi-
tions. The deviation from the ensemble average is of the
order of ~1 % and is given in Table 1.

Data analysis
The O3 volume mixing ratio (O3VMR), the air density
and the zonal, meridional and vertical wind as well as the
downward shortwave flux are extracted from the output
datasets of the simulation run. As a first step, the above
parameters are interpolated for the altitudes of 1 to 140
km with a variable step 1.7 < step < 104 km. Then the O3
concentration is calculated by multiplying the O3 volume
mixing ratio with the air number density [O3] = Oszymr X
[air]. It is useful to note that trace gases like ozone and
atomic oxygen are usually given in volume mixing ratio
(VMR).

As a next step, the POCs (partial ozone column den-
sities) for the troposphere and lower stratosphere, mid-
dle stratosphere and mesosphere (5-28, 30-45 and

Table 1 Comparison of the deviation of the TOCt g global
mean of the ensemble runs from the ensemble average

Date of the start
of the simulation

TOCgm (DU) Deviation (DU) Deviation (%)

11.03 2453 —201 —0.93
16.03 2424 0.88 0.37
21.03 2441 —08 —033
26.03 2435 —0.22 0.08
31.03 243.6 —0.35 0.12
Ensemble average 2433 0 0
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55-100 km) are calculated by interpolating the O3 con-
centration from the lower to the higher limits for each
case; POC5728 = ([528[03]61'2, POC30745 = f;f[Og]dZ,
POCs5_110 = f51510[03]d2-

Due to the presence of several high mountains and
mountain ranges (e.g. Himalayas and Kilimanjaro) and
data gaps in the air density parameter above the altitude
of 110 km, we calculate the TOC between the altitudes of
5and 110 km (TOC = [}'°[03]dz).

As a next step, the global means of the TOC and POCs
are calculated by calculating their zonal means as a func-
tion of latitude and then weighting them with the surface
area of the latitude belts (surface area preserving mean).
Then, the change in percentages of TOC and POC
between the PDE and TLE is calculated.

TOCtLE — TOCppg

ATOCy = 100
% TOCppg % )
POC — POC
APOCy, — TLE PDE 100 @)
POCppg
ATOCpy = TOCt1g — TOCppE 3)
APOCpy = POCtLg — POCppg )

Lastly, we calculate the hemisphere means (HM) of
PDE and TLE (TOC]—[M(pDE), TOCHM(TLE) as well as
their differences (ATOC]—[M([JLE,TLE), ATOCHM(TLE,TLE)
ATOCuMmepEPDE). The TOC hemisphere mean is the
TOC mean of one side of the planet, which spans 180°
in longitude and 180° in latitude. First, the hemisphere
TOC zonal mean is calculated as a function of latitude
and then weighed with the surface area of the hemi-
sphere latitude belts (surface area preserving mean).
ATOC@pLg, TLE) is the difference between the hemisphere
mean of the TLE and PDE. The ATOC tLg, 11E) is the dif-
ference between the TLE hemisphere centred around
the 0° meridian and the hemisphere centred around the
¢ meridian (where 0° < ¢ < 360°). The ATOC ppE,PDE)
is the difference between the PDE hemisphere centred
around the 0° meridian and the hemisphere centred
around the ¢ meridian.

TOCum@epg) — TOCHM(TLE)

ATOCHM(PLE,TLE) = TOCrniie) 5)
TOCHM(TLE(0°)) — TOCHM(TLE
ATOCHMTLETLE = ( To(ci-)[M(TLE(tb)) —
(6)
TOCHM@PDE(0°)) — TOCHM(PDE
ATOCHM(PDE,PDE) _ ( (0°)) ( (9))

TOCHM(PDE(@#))
@)
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Terminology

A tidally locked planet can be divided into the day side
and the night side. The day side is the permanently illu-
minated hemisphere that is always facing the parent star.
The position of the maximum solar flux, located at the
centre of the day side, is the subsolar point. The night
side is the hemisphere that is never illuminated by the
parent star. The position at the centre of the night side,
located 180° away from the subsolar point, is the antiso-
lar point. The border region of these two hemispheres,
the terminator (Tarter et al. 2007), is located 90° away
from the subsolar and antisolar points and stretches from
the North to the South Pole. This region can be divided
into the dawn terminator region (located 90° to the West
of the subsolar point) and the dusk terminator region
(located 90° to the East of the subsolar point).

The VMR gives the amount of a trace gas in parts
per million (ppmv), e.g. 10 ppmv means 10 ozone mol-
ecules per 1 million air molecules. The TOC is meas-
ured in Dobson units (DU). One Dobson unit “refers to
a layer of gas that would be 10 wm thick under standard
temperature and pressure” (Liu et al. 2007) and is equal
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to 2.69 10'® ozone molecules/cm? or 2.69 102° ozone
molecules/m? (Liu et al. 2007).

Results and discussion

Atmospheric steady state

The middle atmosphere of the TLE adjusts to the new
conditions within 80 days. The adjustment times of the
TLE total ozone column (TOCrtiEg), the global mean
horizontal wind (HWrrE), the global mean vertical wind
(VWrLE) and the global mean stratospheric temperature
(Tstrat(TLE)) to the new tidally locked conditions are shown
in Fig. 3. The HW g, VW tLE and Tirat(TLE) are calculated
for the altitude region of 30-40 km altitude. In the figure,
the temporal evolution of the PDE’s TOCppr, HWppE,
VWoppE and TiiratpDE) is also shown for comparison.

The steady atmospheric state is reached at double the
e-folding time, which is the time interval in which an
exponentially decreasing quantity decreases by a factor
of e. The e-folding times of the aforementioned param-
eters along with their steady-state mean values and their
standard deviations are presented in Table 2. A compari-
son between the TLE and the standard deviations of the
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Table 2 Comparison of the TOC and POC e-folding times,
steady-state mean values and their standard devia-
tions obtained for the PDE on the first day of the simula-
tion and for the TLE on the 90th day of the simulation

PDE OPDE TLE OTLE
TOC(DU)  280.1 144 2487 1.00
HW (m/s)  21.19 521 14.21 1.00
Q (Pa/s) —86x1077 96x107/ —17x1077 13x107/
Tstrat (K) 239.9 0.85 2384 043

PDE reveals that the PDE standard deviations are actually
larger than that of the TLE.

The TOCTLE, HWTLE: VWTLE and Tstrat(TLE) have an
e-folding time of 30, 20, 15 and 40 days, respectively.
Therefore, the steady state is reached in approximately 60,
40, 30 and 80 days, respectively. A comparison between
the PDE and the TLE adjustment times reveals that the
middle atmosphere of the TLE adjusts to the new con-
ditions within approximately 2.5 months with the global
mean of total ozone maintaining a value of approximately
249 DU (Table 2).

Ozone distribution

The Earth has a primary, a secondary and a tertiary ozone
layer, all of which are shown in Fig. 4a, b. They depict the
ozone O3VMR distribution of the present-day Earth at
00:00 UT, on the day of the spring equinox (21.03.2000)
along the prime and the 180° meridian.

The primary ozone layer is located in the stratosphere
between 20 and 50 km and displays a maximum in the
vicinity of the tropics at an altitude of 34—36 km (Bras-
seur and Solomon 2005). It is present during both the
daytime and the night-time, though a small (<2 %) diur-
nal variation has been detected (Sakazaki et al. 2013). The
tropopause is characterised by altitude variations (visible
in Fig. 4a, b). It is located at higher altitudes in the tropics
and lower altitudes in the poles.

The secondary ozone layer is located in the mesosphere
between 80 and 100 km, with a maximum at ~90 km.
As shown in Fig. 4a, b, the ozone is depleted during the
daytime (~1 ppmv) compared to the night-time (~2.5-8
ppmv) (Kaufmann et al. 2003; Marsh et al. 2002).

During daytime, the stratospheric and mesospheric
molecular oxygen is photodissociated towards atomic
oxygen by the solar UV radiation (4 < 242.4 nm):

(2); O2+hv—-0+0 ®)

It then recombines with molecular oxygen, through the
three-body process recombination, to produce ozone.

(k2); O+ 02 +M — O3+ M )
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PDE daytime hemisphere, ¢ the TLE night side hemisphere and d the
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M is a third body catalyst needed for the conserva-
tion of energy and momentum. In the stratosphere, the
ozone generated through reaction 9 is photodissociated
towards atomic oxygen by the UV radiation (4 < 320 nm)
(Fig. 4b).

(J3); O3 +hv — O+ O (10)

Due to the high air and molecular oxygen density, O and
O rapidly recombine to form ozone through reaction 9.
As a result, the stratospheric diurnal variation is of the
order of 2 % (Fig. 4a, b).

In the mesosphere, the generated ozone is either pho-
todissociated by the UV radiation (4 < 320 nm) towards
atomic oxygen through reaction 10 or converted to O3
through a two-body collision with atomic oxygen.

(k3); O+ 03 — 20, (11)

During the night-time, the absence of UV radiation
results in the increase in the mesospheric ozone through
reaction 9 and the emergence of the secondary ozone
layer (Fig. 4a).
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Ozone is destroyed not only through photodissocia-
tion by the incident UV radiation and interaction with
O, but also through catalytic cycles with NO and OH. In
the middle stratosphere (Wallas and Hobbs 2006), Os is
destroyed by NO through the following reactions

NO + O3 — NO3y + Oy

NOy + O — NO + Oy
This catalytic cycle is most efficient between 35 and 45
km (Brasseur and Solomon 2005). It is the most impor-
tant ozone depletion cycle in the stratosphere. In the
middle and upper stratosphere (Brasseur and Solomon
2005), O3 is destroyed through the following reactions

OH + O3 — HOy + Oy
HOy 4+ 0O — OH + Oy

Below 30 km (Wallas and Hobbs 2006) and close to
the troposphere (Brasseur and Solomon 2005), Os is
destroyed through interaction with OH

OH + O3 — HOy + Oy

12)

13)

HO5 4+ O3 — OH + 20, 14)

In the same altitude range, the reactions
OH+0O —- H+ 0y
H+02+M— HO, +M (15)
HOy; + O3 — OH + 20,

and

OH+ O — H+ 0O,

(16)

H+ 03 - OH+ Oy

are also responsible for the destruction of ozone (Bras-
seur and Solomon 2005).

In the mesosphere, ozone is destroyed primarily by OH
(Brasseur and Solomon 2005).

OH+0O—-H+0,

H4+ 03 - OH+ Oy an

The quantities of atomic oxygen and ozone fluctuate dur-
ing the day as a result of the rapid cycles of photolysis
and recombination. However, their sum, also known as
odd oxygen O, , remains almost constant. A reduction in
ozone could indicate either the presence of a sink or an
impermanent change towards atomic oxygen. A reduc-
tion in odd oxygen, on the other hand, reveals the pres-
ence of a permanent sink. Consequently, odd oxygen is
used to discuss the generation and destruction of ozone
in this paper.

The PDE possesses a tertiary night-time ozone layer,
as shown in Fig. 44, in the region between 60 and 80 km
in the vicinity of the North Pole. It was first detected
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and modelled by Marsh et al. (2001) and is present only
within a small region at high latitudes during night-time.

The atmosphere of the TLE has a vertical structure
similar to the PDE, with a troposphere, stratosphere and
mesosphere. However, the characteristics of these layers
differ markedly from those of the PDE. Due to the tidal
locking, the geographic locations of the daytime and
night-time hemispheres are static.

Figure 4c, d depict the O3VMR distribution of the TLE
along the meridians intersecting the antisolar and subso-
lar points, respectively. The primary ozone layer on the
day side of the TLE (Fig. 4d) is characterised by a higher
O3VMR and a wider coverage area compared to the day-
time equivalent of the PDE (Fig. 4b). The primary ozone
layer on the night side of the TLE (Fig. 4c), on the other
hand, appears depleted compared to its PDE night-time
equivalent (Fig. 4b). Since the production of odd oxygen
requires shortwave radiation, the night side displays a
reduced ozone concentration compared to the day side.
The day—night side variation of the TLE primary ozone
layer is ~40 %, one order of magnitude larger than that of
the PDE (<2 %). The global mean altitude averaged mid-
dle atmospheric horizontal wind is 13.2 m/s on the TLE
and 27.5 m/s on the PDE.

The enhanced day-night side variation can be
explained by this reduction in the transport velocities
of the ozone, from the day side to the night side of the
TLE stratosphere compared to the PDE stratosphere, as
well as the static locations of the daytime and night-time
hemispheres. The primary TLE ozone layer is also char-
acterised by altitude variations (Fig. 4c, d), which are pre-
sent in both the day side and the night side, but are much
less pronounced compared to the PDE (Fig. 4a, b).

The secondary ozone layer of the TLE is shown in
Fig. 4c, d. As in the case of the rotating Earth (PDE), the
secondary ozone layer is only present during night-time.
The formation mechanism of the secondary ozone layer
on the TLE is similar to that of the observed night-time
ozone layers present in both the Earth’s mesosphere and
the upper atmosphere of Venus (Montmessin et al. 2011).

The O3VMR of the TLE day side (Fig. 4d) is similar to
the daytime PDE primary ozone layer (Fig. 4b). The TLE
night side secondary ozone layer (Fig. 4c) is characterised
by an enhanced O3VMR compared to the PDE night-
time (Fig. 4d, a, respectively). This is due to the transport
of odd oxygen from the day side to the night side through
both the horizontal and vertical circulation, where it
recombines to form ozone. The transport of air from
the day side to the night side in the 55-100 km altitude
region through the horizontal circulation and the vertical
circulation is shown in Figs. 6 and 8, respectively.
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The TLE does not possess a tertiary night-time ozone
layer as shown in Fig. 4c. The chemical and dynamical
processes that cause the disappearance of the TLE ter-
tiary ozone layer currently remain unclear. It could be
related to the fact that the air is not rapidly brought from
the day to the night side in the case of the TLE compared
to the PDE.

Atmospheric circulation

The PDE stratospheric ozone distribution is determined
by the atmospheric wave-driven Brewer—Dobson circu-
lation, which is responsible for the transport of air from
the equatorial troposphere to the stratosphere. As shown
in Fig. 5, air rises from the tropical troposphere into the
stratosphere. It is then transported towards the poles
and descends back into the troposphere at middle and
high latitudes, following the conservation of mass law
(Andrews 2010; Miiller 2012). Due to the land—ocean dis-
tribution differences in the Southern and Northern Hem-
isphere, the Brewer—Dobson circulation differs in the
two hemispheres, with a much stronger Southern winter
polar vortex compared to the Northern winter polar vor-
tex. As a result, the horizontal mixing seldom reaches the
Antarctic region and is confined in lower latitudes in the
Southern Hemisphere. In the Northern Hemisphere, on
the other hand, the horizontal mixing often reaches the
North Pole region (Miller 2012).

On the TLE, the vertical air transport is achieved
through a different mechanism, as a result of the break-
down of the Brewer—Dobson circulation, which is shown
in Figs. 6, 7 and 8. The middle atmospheric wind system
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Fig. 5 The Brewer-Dobson circulation in the PDE. The Hadley, Ferrel
and Polar cells are visible in the figure for both hemispheres. Adapted
from Bonisch et al. (2011)
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of the TLE shows a high degree of spatio-temporal vari-
ability, with the direction and location of the TLE jet
stream completely changing over height intervals of the
order of 10 km (Fig. 6).

Figure 6 shows the zonal mean of the zonal wind for
the PDE (Fig. 6a) and the TLE (6b), from 5 to 110 km
altitude. A comparison between the two figures reveals
that the TLE zonal mean zonal wind is markedly differ-
ent from the PDE equivalent. In the PDE, the southward
air motion contributes to the geostrophic zonal wind.
On the TLE, on the other hand, the air motion is south-
ward in the Northern Hemisphere and northward in the
Southern Hemisphere at tropospheric, middle strato-
spheric and mesospheric altitudes.

It is, therefore, clear that there is a tendency for the for-
mation of only one jet stream over the globe with high
wind speeds in the meridional or zonal direction at dif-
ferent altitudes.

In the lower stratosphere, atmospheric transport can
occur over the poles or along the equator from the day
side to the night side depending on the altitude.

The meridional wind zonal mean of the TLE is smaller
compared to that of the PDE, possibly due to smaller hor-
izontal gradients in the temperature field of the TLE and
the lack of the overturning circulation cells at the poles.

Figure 7 shows the horizontal wind at the altitudes of
24 km (Fig. 7a), 36 km (Fig. 7b) and 60 km (Fig. 7c). As
can be seen, the horizontal circulation differs greatly
between different altitudes, and this applies to the entire
atmosphere. It also differs from the equivalent PDE cir-
culation, which is not shown here. At lower and middle
stratospheric altitudes, jet streams are present, which
encompass the entire globe with the strongest compo-
nent located in the equator. At 20-35 km the jet stream
is eastward, while at 35—-40 km altitude the jet stream is
westward, as shown in Fig. 7a, b. The strong natural vari-
ability of the lower stratospheric wind field leads to con-
siderable periodic changes (=15 days) in the distribution
patterns of the lower stratospheric ozone (16-28 km),
while at the same time the global mean of total ozone
is maintained. The PDE circulation at these altitudes is
characterised by the presence of a westward equatorial
jet stream and two eastward extratropical jet streams.
At mesospheric altitudes, the meandering jet stream
can transit into large-scale vortices as shown in Fig. 7c.
In comparison, in the PDE the circulation is largely east-
ward in the Northern Hemisphere and westward in the
Southern Hemisphere, with no vortices present.

The Brewer—Dobson circulation is replaced by an
upwelling on the day side of the planet and a downwelling
on the night side. The upwelling is centred in the subso-
lar point, while the downwelling is centred on the anti-
solar point. Both extend from the surface to the middle
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while cold colours indicate movement from the east to the west
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Fig. 7 Horizontal circulation of the TLE at select altitudes, a at 24 km, b at 36 km, ¢ at 60 km. The black arrows indicate the wind vector while the
colour shading shows the wind speed. Warm colours indicate high wind speed, while cool colours indicate low wind speed

mesosphere. The day side receives a constant flux of solar
radiation and is radiatively heated. The upward move-
ment of the heated air creates the reported upwelling.
The night side, on the other hand, receives no solar radia-
tion and is, therefore, radiatively cooled with the cooler
air sinking and creating the reported downwelling. How-
ever, compared to the PDE the TLE has a much smaller
temperature gradient compared to the PDE, as shown in
Fig. 9 for the altitude of 36 km.

Merlis and Schneider (2010) also predicted the pres-
ence of an upwelling on the day side, centred on the

subsolar point and a downwelling on the night side, cen-
tred over the antisolar point, in their simulated tidally
locked aquaplanet troposphere. They also attributed the
upwelling to radiative heating and the downwelling to
radiative cooling.

Mesospheric partial ozone column

On the Earth’s mesospheric daytime hemisphere, atomic
oxygen is more abundant than ozone, so atomic oxygen
can be used as a measure of odd oxygen [(O,) ~ (O)].
Figure 10a depicts the PDE mesospheric POC
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Fig. 8 Longitude-latitude vertical wind circulation on the TLE. Vertical wind at a 10 km, b 30 km, € 40 km, d 50 km, e 60 km and f 70 km. Warm col-
ours (positive values) indicate a downwelling wind. Cold colours (negative values) indicate an upwelling wind. Each figure is centred on the antisolar
point, which is indicated with a black dot. The subsolar point is indicated with a white dot on either side of each figure
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Fig. 9 Comparative view of the PDE and TLE atmospheric tempera-
tures at 36 km altitude. a Tppg, b Tt The antisolar point is indicated
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The middle stratospheric TLE temperature is clearly decreased com-
pared to the PDE

[POCppE(55—110)] at 00:00 UT on the day of the spring
equinox. The ozone is depleted on the daytime side of
the planet and enhanced on the night-time side of the
planet. A sharp transition region exists between the day-
time and the night-time hemispheres. The odd oxygen is
partitioned towards atomic oxygen on the daytime and
towards ozone on the night-time hemisphere. At these
altitudes, the lifetime of odd oxygen ranges between a
few hours at 55 km to ~1 month at 95 km. After sunset,
the atomic oxygen rapidly recombines to form ozone as
shown in Fig. 10a. The mean PDE night side POC is 0.40
DU, and the mean PDE day side POC is 0.23 DU. There-
fore, the PDE mesospheric diurnal variation is ~74 %
with respect to the daytime.

On the TLE, the night-time mesospheric ozone is well
mixed from the equator to the poles (Fig. 10e). The day
side ozone is visibly depleted due to the tidal locking,
with O and O3 constantly photodissociated towards odd
oxygen. Due to its long lifetime, odd oxygen is then trans-
ported through the horizontal circulation, as shown in
Fig. 6, from the day to the night side where it recombines
to form ozone. The ozone is further enhanced by the
transportation of odd oxygen-rich air to the night side
through the vertical circulation, by means of an upwelling
centred over the subsolar point and then a downwelling
centred on the antisolar point, where it recombines to
form ozone. Consequently, the POC appears enhanced
on the night side compared to its PDE counterpart. From
Fig. 10e, we determined that on the TLE the mean night
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Fig. 10 Comparative TOC and POC maps for the PDE and the TLE.
aPOCppe(s5—110) bPOCppE30-45), € POCppE(5—28) d TOCppE at 00:00
UT on the day of the spring equinox, respectively. @ POCrig(s5—110),
fPOCTLE(30,45), g POCTLE(5728) and h TOCq £ on the 90th day of the
TLE simulation, respectively. All figures are centred on the antisolar
point, which is indicated with a black dot. The subsolar point is indi-
cated with a white dot on either side of each figure

side POC is 0.40 DU and the mean day side POC is 0.28
DU. Therefore, the TLE mesospheric day—night side vari-
ation is ~43 % with respect to the day side. This is a con-
siderable decrease compared to its PDE counterpart.

Stratospheric partial ozone column

Ozone is much more abundant than atomic oxygen in the
Earth’s stratosphere. Therefore, in the stratosphere odd
oxygen is used as a measure of ozone ((O,) = (O3)).

Middle stratospheric partial ozone column

The middle stratosphere of the PDE ranges from 30 to
45 km and is the region with the highest stratospheric
O3VMR. At these altitudes, the ozone distribution is
governed mainly by the photochemistry and to a smaller
degree by the dynamics. Odd oxygen is mainly generated
during the daytime through the photolysis of molecular
oxygen (reaction 8) and has an average lifetime of 7o, ~
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16.5 days. It is destroyed during the night-time through
recombination with atomic oxygen (reaction 11) and cat-
alytic chemical reactions by NO and OH (Brasseur and
Solomon 2005).

In Fig. 10b, the Earth’s middle stratospheric ozone is
displayed. The increased solar radiation flux that the
equatorial latitudes receive leads to enhanced ozone gen-
eration. Due to its relatively long lifetime, as well as the
strong Coriolis force, odd oxygen remains enhanced dur-
ing the night-time and, therefore, displays a small diur-
nal variation (<5 %) (Sakazaki et al. 2013). As shown in
Fig. 10b, the POC has a zonal latitudinal dependence as
a result of the strong Coriolis force, which creates a mix-
ing barrier. Consequently, the middle stratospheric POC
(POCppE@3E0-45)) is enhanced in the tropics and depleted
in the poles.

In Fig. 10f, the middle stratospheric ozone of the TLE
is displayed. On the TLE, ozone is only generated on
the day side. It is transported to the night side through
the horizontal circulation. On the night side, ozone is
depleted through reactions with O and catalytic cycles.
The global mean transport velocities between the day
and the night side of the middle stratosphere (13 m/s) are
smaller by 47 % compared to the mesosphere (25 m/s), so
the mixing between the day and the night side occurs at a
slower rate. Furthermore, the middle stratospheric global
mean temperature is reduced on the TLE compared to
the PDE as shown in Fig. 9. As a consequence, the ozone
generation rates on the day side will be increased, result-
ing in a visibly enhanced POC. On the night side, a com-
bination of the lack of shortwave radiation flux, increased
destruction rates and slow transport velocities leads to
a visibly depleted night side POC and a high day—night
side difference. The above effects are further enhanced by
the large-scale meridional mixing due to the small Corio-
lis force. As shown in Fig. 10f, the mean night side POC is
45 DU, while the mean day side POC is 58 DU. Therefore,
the day—night side middle stratospheric ozone variation
of the TLE is ~29 % with respect to the night side, one
order of magnitude larger than the PDE middle strato-
spheric diurnal variation.

Lower stratospheric and tropospheric partial ozone column

The PDE lower stratosphere ranges from 14 to 28 km. The
troposphere ranges from the surface to approximately 14
km. Figure 10c displays the PDE lower stratospheric and
tropospheric POC (POCppg(5-28)). At these altitudes, the
odd oxygen (and, therefore, ozone) has a lifetime of sev-
eral months due to the attenuation of the UV radiation
flux at higher altitudes. As a result, the ozone distribution
is influenced mainly by the dynamics. The Brewer—Dob-
son circulation transports ozone-rich air from the mid-
stratosphere to the polar regions, where the overturning
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circulation cell shifts the ozone-rich air into the lower
polar stratosphere (Brasseur and Solomon 2005) where it
accumulates. The PDE lower stratospheric diurnal vari-
ation is ~0.1 %, which is in agreement with the diurnal
variation observed by the SMILES experiment on the
International Space Station (Sakazaki et al. 2013). On the
PDE, the tropospheric [Os] is lower by an order of mag-
nitude compared to the stratosphere and, therefore, does
not contribute considerably to the POCppg5—28).

In the lower stratosphere of the TLE, the ozone, which
was concentrated in extratropical latitudes at the start of
the simulation, was transported through the horizon-
tal and vertical circulation to the night side of the planet
where it accumulated, generating the high levels of ozone
visible in the Southern night side. Furthermore, any ozone
generated on the day side of the planet is transported,
through the horizontal and vertical circulation, to the night
side of the planet where it accumulates due to its long life-
time. As a result, the POCrrg5—28) appears depleted on
the day side and enhanced on the night side (Fig. 10g).

Due to the weak Coriolis force, large-scale meridional
mixing takes place. The mean night side POC is 181 DU,
and the mean day side POC is 158 DU (Fig. 10g). There-
fore, in the lower stratosphere of the TLE, the day—night
side variation is ~13 % with respect to the day side, which
is two orders of magnitude higher compared to that
of the PDE. The TLE tropospheric [O3] is lower by two
orders of magnitude compared to the stratosphere and,
therefore, also does not contribute considerably to the
POCTLE(5-28)

Total ozone column

Selsis (2000), Segura et al. (2005), Rugheimer et al. (2013),
Rauer et al. (2011), Grenfell et al. (2007) and Kalteneg-
ger et al. (2013) predicted that exoplanets orbiting F, G,
K and M stars would produce a visible ozone spectral
signature, with the strength of the signature varying
depending on the star’s UV radiation emission as well as
the planet’s molecular oxygen content. A planet’s spectral
ozone signature is derived from the planet’s TOC, though
the relation is not linear, as it also depends on the plan-
et’s temperature structure and distribution, its vertical
ozone profile, the line of sight towards the observer, other
atmospheric constituents and other factors.

The TOCTLE (Fig. 10h) is characterised by enhanced
O3 columns on both the day and the night side and a
well-mixed meridional TOC distribution (TOCtrg). A
comparison between Fig. 10f-h reveals that the main
characteristics of the TOCt g are formed in the lower
and middle stratosphere.

Specifically, the enhanced features on the night side
of the TLE originate in the lower stratosphere and are
due to the transportation of ozone generated on the day
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side to the night side (Fig. 10h, g) through the horizon-
tal and vertical circulation. The enhanced features of
the TLE day side TOC are generated by the combined
enhanced middle stratospheric POC (Fig. 10f) and the
depleted day side lower stratospheric POC (Fig. 10g)
and are, therefore, produced by a combination of pho-
tochemistry and dynamics. The depleted feature present
on the left side of the globe (over the American conti-
nent) originates partly in the lower and partly in the
middle stratosphere. In the lower stratosphere (Fig. 10g),
the depletion appears as a result of the transport of the
ozone depleted air present at the start of the simula-
tion in the tropics, to their current location through the
horizontal and vertical circulation. In the middle strato-
sphere (Fig. 10f), the depletion is the result of the lack of
UV radiation on the night side of the planet combined
with the downwelling of ozone poor air from the mes-
ospheric day side (Fig. 10e).

The PDE and TLE TOC global means are presented in
Table 3. The day and night side PDE and TLE hemisphere
means are presented in Table 4. The TOCrLg global mean
is 244.05 DU, while the TOCppg global mean is 291.14
DU. The TOCTLg global mean is, therefore, reduced by
19.3 % compared to the TOCppg, global mean. Therefore,
the TLE Os global concentration is depleted compared
to the equivalent PDE, but not to the extent that would
render the planet inhospitable to life. The day side O3

Table 3 Comparison of the TOC and POC global means
obtained for the PDE simulation on day 1 and TLE simula-
tion on day 90

PDE (DU) TLE (D) Ag, (%) Apy (D)
TOCom 291.14 244.05 19.3 47.09
POC(5_28)GM 216.35 169.42 27.7 46.93
POC(30—45)GM 4645 46.84 —08 —0.39
POC(55_1 10)GM 0.31 034 —7.2 —0.03

The Ags are defined in Egs. (1) and (2), while Apys are defined in Egs. (3) and (4)

Table 4 Comparison of the TOC and POC day side
and night side means obtained for the PDE simulation
on day 1 and TLE simulation on day 90

PDE day side PDE night TLE dayside TLE night

side side

Mean (DU) Mean (DU) Mean (DU) Mean (DU)
TOCem 295 287 240 249
POCs_agem 220 213 158 181
POC0_4si6M 52 51 58 45
POCss—110pam  0.23 040 028 040
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concentration of the TLE is also depleted compared to
the daytime O3 concentration of the PDE, though it still
remains within the limits of habitability.

The POCtLE(5-28) global mean is reduced by 27.7 %,
while the POCtrg30-45) global means is increased by
0.8 %, respectively, compared to the PDE. As mentioned
before, due to the long lifetime of odd oxygen (and
hence ozone) at these altitudes, the POCt1g(5-28) reduc-
tion can be attributed to the changed dynamics, which
play a dominant role at these altitudes. The increased
POCT1E@30-45, on the other hand, can be attributed
equally to the influence of dynamics and photochemis-
try, due to the shortened lifetimes of odd oxygen at these
altitudes. The POCrrE55-110) global mean is increased
by 7.2 % compared to the PDE and at these altitudes
can be attributed to the effects of photochemistry and
transport of atomic oxygen. This increase has no major
impact on the TOCtrg due to the small POCTLE(55-110)
value (<1 DU). As the bulk of the TOCtE is provided
by the stratosphere, the reduction in the TOCTLE can
be attributed equally to the changed dynamics and
photochemistry.

Phases of the TLE

As the planet moves around its parent star, differ-
ent phases of the planet become visible to the observer
(Fig. 11). The figure is an alteration of a figure by Winn
(Seager et al. 2010). At any given time, only one side of
the planet will be visible to the observers. It is, therefore,
of interest to present the TOC hemisphere mean for dif-
ferent phases of the TLE and compare it with its PDE
equivalent. We present the hemispheric TOC maps of
the phases ¢ = 0°, ¢ = 90°, ¢ = 180° and ¢ = 270° of our
simulated exoplanet. In phase ¢ = 0°, only the planet’s
day side is visible. In phases ¢ = 90° and ¢ = 270°, half
of the day side and half of the night side become visible.
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In phase ¢ = 180°, only the night side is visible. Only the
TOC values radially integrated from the surface to the
top of the atmosphere are shown.

Figure 12a—d show these phases for the PDE. The
phases are characterised by high ozone values at high lat-
itudes. A long-distance observer would not notice a dif-
ference in the TOC maps of the PDE.

In contrast, the situation is different for the TLE.
An observer would notice TOC depletion or enhance-
ment depending on the observed hemisphere. This can
be seen in Fig. 12e—h which present the TOCrtiE of the
subsolar hemisphere (TOCtLE(o-)), the dusk hemisphere
(TOCrtLE(90°)), the antisolar hemisphere (TOCrtiE800))
and the dawn hemisphere (TOCtLE2700)), respectively.

Table 5 shows the changes in the hemisphere means of the
ATOC 11E,1LE) compared to the TOCTLE(oe). It is clear that
the TOCt1E(90°) is depleted compared to the TOCTLE2700).
It is characterised by low Oz columns, with the depleted
region coinciding with the TLE dusk region (Fig. 12f).

The TOCt1E(180°) (Fig. 12g) is enhanced compared to
the TOCtLE(oe) (Fig. 12e) and is characterised by high
Oj3 concentrations between the antisolar point (depicted
with a white point) and the subsolar point (depicted
with a black point) and low concentrations towards the
North—West part of the hemisphere.

A comparison between the TOCppg and TOCTLE
values in Table 6 reveals that the TOCtig is depleted
compared to the TOCppg irrespective of the observed
hemisphere.

It is, therefore, clear that the TOCtg distribution will
differ depending on the side of the planet observed. The
difference in the four phases between the PDE and the
TLE is on average ATOC ~20 %. Depending on the tem-
perature structure of the atmosphere, the vertical ozone
profile and other factors, the change in the observed
spectral line can be at most 10 %. Since the measurement

the night side is visible

by Winn (2010

Fig. 11 Phases of an exoplanet as seen by an observer. The phases ¢ = 0°, ¢ = 90°, ¢ = 180° and ¢ = 270° have been marked. In phase ¢ = (°,
only the planet’s day side is visible. In phases ¢ = 90° and ¢ = 270°, half of the day side and half of the night side are visible. In phase ¢ = 180°, only
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¢ =0°

©=90°

o =180°

¢ =270°
Fig. 12 Comparative view of four different phases of the TOCppg
and TOCqir. a Q= 0° OfTOCPDE, b @ = 90° of TOCPDE, Cp = 180° of
TOCppg d @ = 270° of TOCppg, @ ¢ = 0° of TOCt g, f = 90° of TOCry g,
g ¢ = 180° of TOCrig and h ¢ = 270° of TOCy . The antisolar point
is indicated with a white point. The subsolar point is indicated with a
black point

errors of the observed exoplanet spectra currently range
between 10 and 30 % (Burrows 2014), the difference will
not be critical for observations at present. However, as
bigger telescopes and improved observing and data anal-
ysis techniques are developed, differences in the hemi-
spheric TOC of tidally locked exoplanets might become
detectable.
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Table 6 Comparison of the TOCHM(pDE) and TOCHM(TLE)
hemisphere means for different phases of the planet

Phase ¢ TOCppe (DU) TOCt.e (DU)
0° 295 239
90° 285 234
180° 287 249
270° 291 260

Conclusions

We discussed and compared the 3D ozone distributions
of the present-day Earth (PDE) and a tidally locked Earth-
like exoplanet revolving around a Sun-like star (TLE).
We demonstrated that it is possible to simulate the mid-
dle atmosphere of a TLE using the realistic, high-resolu-
tion, 3D chemistry-climate model (CESM1(WACCM)).
We further demonstrated that the simulation achieves a
steady state for the middle atmosphere within 80 days.

A comparison between the middle atmospheres of the
PDE and TLE reveals that the ozone distribution of the
TLE is greatly altered due to the reduced Coriolis force
and the breakdown of the Brewer—Dobson circulation.
The TLE simulation shows an upwelling centred over the
day side and a downwelling centred over the night side.
The primary ozone layer is enhanced on the day side and
depleted on the night side compared to its PDE equiva-
lent. The secondary ozone layer is enhanced on the night
side, while the day side remains relatively unchanged and
the tertiary ozone layer disappears.

We studied the TOC of four phases of the planet, with
respect to a remote observer. The TOC means of the four
phases of the TLE are reduced by ~19.8 % compared to
the PDE.

The observations conducted with our existing tele-
scopes have a 30 % error margin, which is approximately
1.5 times higher than the 220 % TOC change. Therefore,
even though the TOC of the TLE greatly differs from that
of the PDE, it is not possible, with our current technol-
ogy, to detect the difference and the observations will,
therefore, not be affected.

Table 5 Comparison of the difference between the TOCyyppe) and TOCym(1LE) hemisphere means for different phases

of the planet

Phase ¢ ATOCHMm(PDE,TLE) (DU) ATOCHM(PDE,TLE) (%) ATOCHM(TLE,TLE) (%) ATOCHM(PDE,PDE)
(%)

0° —56 23 0 0

90° —51 22 2.2 35

180° —39 16 —38 2.7

270° =13 12 —8.1 14
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The atmospheric phenomena discussed in this paper
are generated as a result of the interplay between photo-
chemistry and dynamics, making the study of the mid-
dle atmosphere of Earth-like planets a new branch of
research.

In the present study, we focused on the ozone distri-
bution of an Earth-like tidally locked planet, only briefly
mentioning the planet’s atmospheric circulation. How-
ever, the variable jet streams and large-scale vortices in
the middle atmosphere of the TLE are astonishing. More
investigations with advanced data analysis techniques are
required to describe the 3D circulation of the TLE. A 3D
study of a tidally locked Earth-like planet orbiting an M
dwarf star, where both the different stellar spectrum and
the tidal lock are included in the model, is also a possible
future project.

When only atmospheric chemistry is considered, as in
the case of Segura et al. (2005), the total ozone column
of an Earth-like planet is determined by the UV radia-
tion of the stellar spectrum used. The use of a flaring M
star spectrum, whose UV radiation output in the 200 nm
region is comparable to the Sun’s, results in no decrease
and even an increase in the total ozone column. The use
of a quiescent M star spectrum, on the other hand, whose
UV output in the 200 nm region is more than three order
of magnitude lower than the Sun’s, results in a decrease
in the total ozone column by 40 %.

When dynamics but no photochemistry or atmos-
pheric chemistry is considered, as in the case of the 3D
Godolt et al. (2015) study, the stratospheric tempera-
ture of an Earth-like planet is also determined by the UV
radiation of the stellar spectrum used. Higher UV radia-
tion (e.g. an F star spectrum) results in increased strato-
spheric temperatures, while lower UV radiation (e.g. a K
star spectrum) leads to decreased stratospheric tempera-
tures. Had the simulations included photochemistry and
atmospheric chemistry, their outcomes would possibly
show a different behaviour than described above.

The ozone generation and destruction rates depend on
the ambient temperature, the abundance of atomic and
molecular oxygen and the photodissociation of the ozone
molecules by the stellar UV radiation. Therefore, the final
total ozone column will depend on the balance reached
between these three processes, whose prediction is not
trivial.

It is possible that a combination of tidal locking and a
change to an “M dwarf spectrum” will probably lead to a
decrease in the planet’s total ozone column, compared to
a spectrum change-only simulation.
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