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Abstract

We investigate the influence of the sea surface temperature (SST) changes on the middle atmosphere of a tidally
locked Earth-like planet orbiting a G star using the coupled 3D chemistry-climate model CESM1(WACCM). We perform
three 90 day simulations. The first simulation is a present-day Earth (PDE) simulation, the second is a simulation of a
tidally locked Earth-like planet with a tidally locked aquaplanet sea surface temperature (cold TLE (CLTE)) and the third
is a hybrid simulation of a tidally locked Earth-like planet with a present-day Earth sea surface temperature (warm TLE
(WTLE)). Our results show that changes in the SST have an influence on the lower stratospheric temperature and the
secondary ozone layer. Both atmospheres exhibit a dayside upwelling and a nightside downwelling extending from
the surface to the mesosphere. They are also characterised by comparable lower and middle stratospheric horizontal
winds and relatively different mesospheric horizontal winds. The temperature of the WTLE atmosphere is altered as a
result of the SST changes, compared to the CTLE. Specifically, the WTLE lower tropospheric temperature is increased
by 3.7 K on average, due to the absorption of the increased upwelling longwave radiation and the increased sensible
and latent heat. The WTLE upper troposphere temperature is decreased by 4 K on average, is adiabatic in nature, and
is generated by the increased WTLE upwelling. The WLTE lower stratospheric temperature is increased by 3.8 K on
average due to the absorption of the increased upwelling longwave radiation. The lower mesospheric temperature is
decreased by 1.13 K on average due to increased mesospheric wave breaking. The upper mesospheric temperature is
increased by 4.3 K, and its generation mechanism is currently unknown. Furthermore, the secondary ozone volume
mixing ratio is increased by 40.5 %. The occurrence of large-scale vortices and variable jet streams depends, to some
extent, on the SST distribution.

Keywords: Exoplanet, Tidally locked Earth, Middle atmosphere, Circulation, Atmospheric dynamics, Absorption lines,
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Background
In this study, we simulate and analyse how differences in
the underlying sea surface temperature (SST) of a tidally
locked Earth-like planet orbiting a Sun-like star (TLE)
alter its circulation and ozone distribution using a realis-
tic, high-resolution, 3D chemistry-climate model.
To that end, we perform a pure TLE simulation, with the

SST of the tidally locked aquaplanet generated by Merlis
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and Schneider (2010) and a hybrid TLE simulation, which
has the sea surface temperature of the present-day Earth.
The hybrid simulations is not supposed to be a physi-
cal scenario and is only meant to test the importance of
SST patterns for slowly rotating planets. We then com-
pare the evolution of the ozone layer towards a steady
state and determine their atmospheric structure and cir-
culation. The study aims to determine the level of SST
accuracy needed in simulations and observations of future
of observed exoplanets.
The importance of the presence of an ozone layer in

a planetary atmosphere is its ability to protect lifeforms
from the harmful stellar UV radiation. It is, therefore,
important for habitability studies, to determine whether
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very different underlying SSTs will significantly alter a
planet’s ozone layer.
Currently, planets located in the habitable zones of M

stars are considered prime targets for the search for terres-
trial habitable exoplanets (Tarter et al. 2007). This is due
to the abundance of M stars and a good mass and radius
star-to-planet ratio. Furthermore, the detection of plan-
ets orbiting an M star is easier due to the close proximity
of the habitable zone to the M star and leads to a higher
probability of the planet becoming tidally locked.
Haberle et al. (1996), Joshi et al. (1997) and Joshi (2003)

showed that terrestrial planets located in an M star’s hab-
itable zone (0.02–0.2 AU) (Tarter et al. 2007) would be
habitable provided that liquid water and the chemical con-
stituents necessary for the emergence of life existed for
a sufficiently long period of time. The flaring activity of
M stars has been cited as a danger for the habitability of
such planets; however, Segura et al. (2010) showed that the
flares should not present a threat for the surface life. In our
study, we investigate the ozone distribution and, there-
fore, one condition for the habitability of a tidally locked
exoplanet revolving around an M star.
Due to being less massive than the Sun, M stars have

weaker UV and visible emission and their spectrum peaks
in the infrared. However, the enhanced stellar activity
of M stars can result in the generation of flares whose
EUV and UV emission is stronger than those of the
quiet Sun. The different stellar spectral energy distribu-
tions will impact the planet’s ozone distribution and the
atmospheric temperature structure. Selsis et al. (2000),
Segura et al. (2003), Segura et al. (2005), Grenfell et al.
(2007), Rugheimer et al. (2013), Rauer et al. (2011) and
Godolt et al. (2015) investigated the impact of different
stellar spectral energy distributions on the ozone distribu-
tion of habitable non-tidally locked terrestrial extrasolar
planets.
Selsis (2000) simulated the evolution of the chemi-

cal and thermal atmospheric structure of an Earth-like
planet’s when placed in the orbit of a F9 and K2 star using
a 1D atmospheric model. He reported that an increase in
the UV/visible light ratio results in the thickening of the
planetary ozone layer compared to the Earth.
Segura et al. (2003) calculated the spectra of Earth-like

planets orbiting a F2V, a G2V and a K2V star using a 1D
coupled radiative-convective photochemical model and
determined that the F2V planet would have a lower ozone
concentration compared to the G2V or a K2V planet. This
contrasts with the results of Selsis et al. (2000).
Segura et al. (2005) calculated the spectra of Earth-like

planets orbiting a M star and determined that an ozone
layer similar to that of the Earth would develop.
Grenfell et al. (2007) calculated the atmospheric com-

position changes of an Earth-like planet when subjected
to 5–10 % changes of its orbital position around a G2V,

a F2V, and a K2V star using a 1D coupled radiative-
convective photochemical column model. As the planet
moved outwards, the ozone increased by∼10 % due to the
decreased stratospheric temperature.
Rugheimer et al. (2013) used a geometrical 1D model

global atmosphere model to simulate the spectra of clear
and cloudy Earth-like planets orbiting a F, a G, and a K
star at the 1 AU equivalent distance. They reported that
an increase in either the parent star’s UV radiation or its
temperature resulted in increased O3 concentrations and
stronger O3 spectral features.
Rauer et al. (2011) used a plane-parallel, 1D climate

model, coupled with a chemistry model to calculate
the molecular absorption bands of super-Earth planetary
atmospheres orbiting M stars. They reported that the
ozone emission of planets orbiting quiet warm M0–M3
dwarfs would be stronger than the Earth’s. The ozone
emission spectra of planets orbiting cool and quiet M4–
M7, on the other hand, stars would be weaker due to
increases in the planet’s mid-atmospheric temperatures.
Grenfell et al. (2013) used a global-mean radiative-

convective-photochemical column model to perform a
sensitivity study on the atmosphere of an Earth-like
planet. The stellar class and planetary gravity of the
planet was varied and the effects of the resulting pho-
tochemistry and climate changes investigated. According
to their results, the stratospheric ozone generation of an
Earth-like planet orbiting an M0 star is still dominated
by the Chapman cycle but to a lesser extent compared
to the Earth and the smog generation mechanism is
strengthened. The Chapman cycle is a set of chemical
and photochemical reactions responsible for the forma-
tion and destruction of ozone that involves only oxygen
reactions. Moving towards cooler stars, the Chapman
mechanism is weakened and the smog mechanisms is
strengthened. For cool M5-M7 stars, the ozone photo-
chemistry shifted completely from the Chapman produc-
tion to smog-dominated stratospheric ozone production.
Godolt et al. (2015) studied the influence of F, G and K

stars on the stratospheric temperature, climate and poten-
tial habitability of Earth-like exoplanets using a state-of-
the-art 3D Earth climate model which accounted for local
and dynamical processes. They used a fixed Earth-like
atmosphere with no atmospheric chemistry and posi-
tioned the planets at orbital distances that ensured that
the total amount of energy received from the parent stars
would equal the solar constant. The results of the study
confirmed that when the atmospheric chemistry is main-
tained unaltered, different stellar spectral energy distri-
butions will result in different ozone heating rates and,
therefore, different vertical temperature structures, in
accordance with Selsis (2000), Segura et al. (2003), Segura
et al. (2005), Grenfell et al. (2007), Rugheimer et al. (2013)
and Rauer et al. (2011). Specifically, the stratospheres of
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Earth-like planets orbiting stars less massive than the Sun
will be characterised by lower ozone heating rates and
shallower stratospheric temperature increases compared
to the Earth.
The above studies demonstrated that for non-tidally

locked, M star orbiting planets, the reduced UV radia-
tion emission would result in a cooler stratosphere and
changes in their stratospheric ozone concentration. It is
reasonable to assume that tidally locked planets would be
equally affected.
The ozone concentration of a tidally locked Earth-like

planet orbiting an M star would be altered by the effects
of the tidal lock and the altered stellar irradiance spec-
trum and make the attribution of the ozone distribution
changes on either the tidal lock or the altered UV radia-
tion exceedingly challenging. Therefore, we chose to not
include the effects of the altered UV radiation in our study
and focus only on the impact of the tidal locking on the
Earth-like planet orbiting a Sun-like star.
Past studies of tidally locked Earth-like atmospheres

limited themselves to the troposphere (Merlis and
Schneider 2010; Yang et al. 2013; Grenfell et al. 2014).
Merlis and Schneider (2010) simulated the troposphere

of an Earth-like, tidally locked aquaplanet with a rota-
tion period equal to one Earth year using an ideal gas
GCM with an active hydrological cycle, a grey radiation
scheme and a slab ocean. They reported a maximum sub-
solar point surface temperature of∼300 K and aminimum
antisolar point temperature of 240 K. Since the surface
temperature never dropped below 240 K, no atmospheric
collapse occurred on the nightside. They also reported
the presence of a strong upwelling above the subsolar
point on the dayside and a downwelling, centred over
the antisolar point, on the nightside. The upwelling was
generated by the increased radiative heating, while the
downwelling was generated by the increased radiative
cooling.
Yang et al. (2013) demonstrated that clouds in the tro-

posphere of a tidally locked aquaplanet, especially when
located over the subsolar point, can ensure habitability at
almost twice the Earth stellar flux.
Grenfell et al. (2014) used a global-mean, stationary,

hydrostatic, atmospheric column model, extending from
the surface to ∼70 km, to perform a 1D simulation of
an Earth-like exoplanet atmosphere. The planet’s atmo-
sphere had the starting composition, pressure and tem-
perature of the 1976 Wikipedia US Standard Atmosphere
(2016). The UV emission of a cool M7 star was varied,
and the resulting climate-photochemical response of the
planetary atmosphere, including numerous catalytic pro-
cesses of O3 depletion, were calculated. Grenfell et al.
(2014) showed that the strongest O3 emission was gener-
ated when the stellar UV radiative flux is ten times that
of an M7 star. They also reported that the exoplanet’s O3

9.6 μm spectral line profile was influenced strongly by the
200–350 nm UV output of the parent star.
The influence of the sea surface temperature on the

tropospheric and lower stratospheric temperature and
dynamics has been investigated by several researchers for
the present-day Earth but not for exoplanets.
Braesicke and Pyle (2004) investigated the dynamics

and ozone sensitivity to different SSTs using the Met
Office UnifiedModel with simple stratospheric chemistry.
They performedmulti-annual simulations, each lasting 20
years. The simulations shared the same simplified ozone
chemistry but different prescribed SSTs. According to
their results, the appearance of extreme events in the win-
ter stratosphere were more strongly correlated with the
underlying SSTs rather than with changes of the ozone
layer.
Rosenlof and Reid (2008) used data provided by the

NOAA/CIRES Climate Diagnostics Center to investigate
the long-term tropical lower stratospheric temperature
trends over the western Tropical Pacific Ocean, in relation
to variations in the SST. Their study revealed the presence
of an anticorrelation between stratospheric temperature
anomalies and SST anomalies. Rosenlof and Reid (2008)
proposed the existence of a fairly direct influence between
the underlying ocean and the lower tropical stratosphere
and speculated that the anticorrelation is generated by the
increased deep tropospheric convection generated by the
SST warming.
Decker and Dameris (2008) reported the presence of a

lower stratospheric cooling due to higher tropical SSTs.
Their study investigated how the strength of the tropi-
cal upwelling is influenced by changes in the underlying
SST and greenhouse gas concentrations. To that end,
they performed two simulations with different SSTs and
greenhouse gas concentrations. They concluded that the
deep convection was amplified by the higher underly-
ing SST and waves were generated. The waves enhanced
the residual meridional circulation and the upwelling of
ozone-poor tropospheric air into the lower stratosphere
in the tropics.
One study by Hegy et al. (2014) was performed using

the Community Earth System Model 1 (Whole Atmo-
sphere Community Climate Model) (CESM1(WACCM))
version 1.0.2 to investigate the initial transient response
of the boreal winter stratospheric polar vortex to localised
SST warming events. They conducted 20 perpetual winter
simulations. According to their results, the polar vor-
tex was weakened by changes in the eddy-driven mean
meridional circulation and negative anomalies appeared
in the eddy momentum flux convergence. They also
demonstrated that the initial state and subsequent inter-
nal variation of the extratropical atmosphere is equally
important to the type of SST forcing in determining the
response of the stratospheric polar vortex. Furthermore,
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they found that the interactions between the internal vari-
ability of the vortex and the SST-driven wave anomalies
govern the nature of the polar vortex response to the
forcing.
Chen et al. (2010) used an Earth-like aquaplanet gen-

eral circulation model to study the tropospheric winds
and stratospheric Brewer-Dobson circulation sensitivi-
ties to SST warmings. The main aim of the study was
to investigate the relationship between a warming ocean
due to global warming and a change in the Earth’s large-
scale atmospheric circulation. The authors concluded that
the location and sign of the SST perturbations gradient
strongly influenced the tropospheric jet and the Hadley
cell. They reported an increase in the Brewer-Dobson cir-
culation in the presence of a low-latitude warming and
a decrease in the presence of a high-latitude warming
extending to the subtropics.
To the extent of our knowledge, the correlation between

the SST and the middle atmosphere has not been investi-
gated for a tidally locked Earth-like planet whose circula-
tion largely differs from the Brewer-Dobson circulation of
the fast rotating, present-day Earth.
Furthermore, the majority of the exoplanet and tidally

locked exoplanet studies to date were performed using
1D and 2D models, and atmospheric transport processes
are generally not accurately represented in such mod-
els. The few studies performed using a 3D model either
focused entirely on the exoplanet’s troposphere (Yang
et al. 2013; Merlis and Schneider 2010) or studied the
stratospheric dynamics, without taking into consideration
the stratospheric chemistry and photochemistry (Godolt
et al. 2015). None of the past studies investigated the exo-
planets’ mesosphere. They also did not study how the
secondary ozone layer found in the Earth’s mesosphere
would be affected by the changes in parent star’s stellar
class, its distance from the star or the planet’s tidal locking.
In a tidally locked Earth-like planet, the majority of the

stratospheric ozone is located in the lower stratosphere
and its distribution depends strongly on the atmospheric
transport processes, as shown in Proedrou and Hocke
(2016). Our current study uses a 3D realistic chemistry-
climate global circulation model, extending from the sur-
face to the top of the mesosphere. The 3D nature of
the model and its inclusion of dynamics, chemistry and
photochemistry will allow us to correctly calculate the
exoplanet’s ozone distribution and how a change in the
underlying SST will affect it.
The sensitivity of the mesospheric conditions to SST

variations is crucial for the observations of the spectral
signatures of mesospheric gases, who will be affected by
altered temperatures and/or circulation patterns.
Below, we first describe the model used and the simula-

tion setup. Next, we present and analyse the atmospheric
evolution to a steady state, the atmospheric circulation,

the atmospheric temperature structure and the ozone
volume mixing ration distribution (O3VMR).

Model description
The simulation is performed using the CESM version 1.04
which consists of five fully coupled geophysical models:
atmosphere (ATM), land (LND), ocean (OCN), sea-ice
(ICE) and land-ice (GLC). The models have five possible
different modes: fully prognostic, data, stub and dead. The
fully prognostic mode provides “state-of-the-art climate
prediction and analysis tools” (Vertenstein et al. 2012).
The atmospheric model used to perform our study is the

Whole Atmosphere Community Climate Model version 4
(CESM1(WACCM)) (Neal et al. 2012). CESM1(WACCM)
has been used to simulate the circulation, gravity waves
and atmospheric composition changes of the present-day
Earth by Pedatella et al. (2014), Pedatella and Liu (2013),
Lu et al. (2012), Tan et al. (2012a, 2012b, 2012c), Davis
et al. (2013) and Smith et al. (2012). It is fully coupled to
the land, ocean and ice models (Vertenstein et al. 2012).
It has a fully compressible horizontal discretisation and

a quasi-Lagrangian vertical discretisation approximation
which is good for scales larger than 10 km (Neal et al.
2012). It has 66 vertical levels starting on the surface of
the planet and up to 5 × 10−6 hPa (2.5–149 km). The
model top is located at ∼150 km. The vertical coordi-
nate is terrain following below 100 hPa and purely iso-
baric above 100 hPa. The vertical resolution is 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 (Neal
et al. 2012).
CESM1(WACCM) has full tropospheric, stratospheric

and mesospheric chemistry, with 57 chemical species
(Neal et al. 2012). The gas-phase chemistry is coupled to
the Modal Aerosol Model (Neal et al. 2012). The strato-
spheric distributions of long-lived species are taken from
previously performed CESM1(WACCM) simulations.
The longwave and shortwave radiative transfer calcula-

tions are provided by the radiation code RRTMG (Iacono
et al. 2008; Mlawer et al. 1997). It is capable of efficiently
calculating the irradiance and heating rate in broad spec-
tral intervals, while retaining a high level of accuracy
relative to measurements and high-resolution line-by-line
models. It also distinguishes between the direct and scat-
tered solar radiation.
The shortwave radiative transfer is calculated over 14

bands (0.2 to 12.2 μm) while the longwave radiative trans-
fer is calculated over 16 bands (3.1 to 1000.0 μm). The
16th longwave band includes the infrared contribution
from the spectral interval below 3.1 μm. Above 65 km, the
model covers the spectrum interval between soft X-rays
and extreme ultraviolet irradiances (0.05 nm to Lyman-
α (121.6 nm) and the spectrum interval between the
Lyman-α (121.6 nm) and 100 μm (Neale et al. 2012).
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The total shortwave fluxes are accurate within 1–2
W/m2 compared to the standard RRTM SW for clear
sky conditions and aerosols and 6 W/m2 in overcast
sky conditions. The total longwave fluxes are accurate
within 1.0 W/m2 at all levels. “The longwave radiative
transfer is performed over a single angle for one upward
and one downward calculation” (Neale et al. 2012). The
absorption coefficients for the k-distributions for both
the shortwave and the longwave radiation calculations
in RRTMG are obtained from the line-by-line radia-
tion model LBLRTM (Clough and Iacono 1995; Clough
et al. 2005).
The calculation of the photolysis coefficients is divided

into the 120–200 nm and 200–750 nm regions. The total
photolytic rate constants are calculated by the model by
integrating the product of the wavelength-dependent exo-
atmospheric flux, the atmospheric transmission function,
the molecular absorption cross section and the quantum
yield for each absorbing species. The exo-atmospheric
flux is taken from observations and varies over the 11
year solar sunspot cycle. The transmission function is
wavelength-dependent and a function of the model abun-
dance of ozone and molecular oxygen. 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. For NO and
O2 detailed photolysis and parametrisations are included
in the model. The impact of clouds on the photolysis rates
is parametrised. The impact of tropospheric and strato-
spheric aerosols on photolysis rates, on the other hand, is
not calculated (Neale et al. 2012).
The CESM model uses the Kurucz solar source func-

tion, whose radiative transfer calculation is based upon
solar measurements. The model assumes a total solar
irradiance at the top of the atmosphere equal to TSI =
1368.22 W/m2. The value is then “scaled in each spec-
tral band through the specification of a time-varying
solar spectral irradiance” (Neale et al. 2012). A combi-
nation of solar parametrizations is used to specify spec-
tral irradiances over the soft X-ray to Lyman-α and the
Lyman-α to 100 μm spectral interval. The first spectral
interval fluxes are calculated using the parametrization
of Solomon and Qiang (2005). It accepts as input the
10.7 cm solar radio flux (f 10.7), whose daily values are
obtained from the NOAA’s Space Environment Center
(www.sec.noaa.gov) and its 81 day average. The second
spectral interval fluxes are calculated using the empirical
model of the wavelength-depending sunspot and facu-
lar influences (Lean et al. 2000; Wang et al. 2005; Neal
et al. 2012).
The modelled sources of radiation absorption and scat-

tering in the shortwave electromagnetic spectrum are
H2O, O3, CO2, O2, CH4, N2, clouds, aerosols and Rayleigh
scattering. The sources of molecular radiation absorption

in the longwave electromagnetic spectrum are H2O, CO2,
O3, N2O, CH4, O2, N2, CFC-11 and CFC-12. The short-
wave electromagnetic radiation is calculated only for
zenith angles larger than zero (Neale et al. 2012). The
zonal mean climatology of the local O3 concentration, the
temperature, the overhead column O3 and other chem-
icals is based on satellite and in situ Earth observations
(Neal et al. 2012).
The model computes the chemical equilibrium of 36

photochemical species (O2, O3, N2O, NO, NO2, N2O5,
HNO3, NO3, HO2NO2, CH3OOH, CH2O, H2O, H2O2,
Cl2, ClO, OClO, Cl2O2, HOCl, HCl, ClONO2, BrCl,
BrO, HOBr, BrONO2, CH3Cl, Ccl4, CH3CCl3, CFC11,
CFC12, CFC113, HCFC22, CH3Br, CF3Br, CF2ClBr, CO2,
CH4). The model atmospheric tracers are Ox, NOx, HOx,
ClOx and BrOx chemical families, excluding O2, along
with CH4 and its degradation products. The main photo-
chemical and chemical interactions responsible for chang-
ing the atmospheric ozone concentration are described

by the reaction rate of ozone
d(O3)

dt
+ JO3(O3) + k3

(O)(O3) + a2(H)(O3) + a6(OH)(O3) + a6b(HO2)(O3)+
b4(NO)(O3)+b9(NO2)(O3)+d2(Cl)(O3)+e2(Br)(O3) =
k2(M)(O2)(O). Where

d(O3)

dt
is the production rate of

O3, JO3 is the photolysis rate of the ozone and k3, a2, a6,
a6b, b4, b9, d2, e2, k2(M) are the chemical rate constants of
the reactions and are taken from JPL06-2 (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 stratospheric
altitudes and the stratospheric temperature drops below
195 K (Neal et al. 2012).
Themomentum, sensible heat flux, latent heat flux, land

surface albedos and upward longwave electromagnetic
radiation are used to calculate the atmospheric radiation.
The upward longwave radiation is given by the differ-
ence of the incident and the absorbed fluxes. The incident
flux values are, in turn, determined from the daily val-
ues of the solar radio flux (F 10.7) which are provided by
the National Oceanic and Atmospheric Administration’s
(NOAA) Space Environment Center (2016).
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
provided by satellite and in situ Earth observations (Neal
et al. 2012). A detailed model description can be found in
Neal et al. (2012).

Methods
Simulation setup
We perform three 90 day simulations. Two for a TLE
planet, with different SST distributions, and one for the
present-day Earth (Fig. 1).

www.sec.noaa.gov
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Fig. 1 CTLE and WTLE sea surface temperature setups. a CTLE. Shades
of red indicate high temperatures and define the dayside of the planet.
Shades of blue indicate low temperature and define the nightside of
the planet. bWTLE. Shades of red indicate high temperatures. Shades of
blue indicate low temperature. The subsolar point is indicated with a
black point on either side of the figure. The antisolar point is indicated
with a white point in the centre of the figure for both simulations

The present-day Earth simulation is an unaltered simu-
lation of the present-day Earth, which starts on the Spring
Equinox (21.03.2000) and ends 90 days later (18.06.2000).
The TLE simulations simulate a tidally locked Earth-like

planet orbiting a Sun-like star. The tidally locked planets
are located at a distance of 1 AU from the parent star and
have the same eccentricity as the present day Earth, a stel-
lar irradiance at the top of the model 1366.96 < So <

1368.60 and a rotation rate that is 1/365th of the Earth’s
rotation rate. Both of their subsolar points are perma-
nently located (0.17◦ N,−178.17◦ E), which is the position
of the Earth’s subsolar point at 00:00 UT on the day of the
Spring Equinox (21.03.2000).
The parameters altered to achieve the tidal lock and a

perpetual equinox are:

• The number of seconds in a siderial day: altered from
86, 164 s/day to 3.15 × 107 s/day

• The planet’s rotational velocity: set to 2.31 × 10−12

rad/s
• The planet’s new rotation rate: set to 1◦ every

87,600 s (the Earth’s rotation rate is 1◦ every 240 s)
• The position of the subsolar point: set to (0.17◦ N,

−178.17◦ E) for the duration of the simulations
• The SST: changed to resemble the SST reported by

Merlis and Schneider (2010)
• The solar zenith angle (SZA): set to a constant value

by means of the present-day Earth (PDE) Julian date.

The SZA is the main parameter used for the assessment
of the incoming solar radiation in the CESM model. By
setting the Julian date to a constant value we stop the peri-
odic 24 h variation of the SZA at all grid points. Figure 2
shows the shortwave solar radiation flux at the top of the
model for the WTLE and CTLE simulations. The solar

 

Fig. 2 Incident shortwave radiation at the top of the model for both the CTLE and the WTLE. Shades of red indicate high incoming solar radiation
and define the dayside of the planet. Shades of blue indicate low incoming solar radiation. The dark blue visible in the centre of the plot indicates a
lack of incoming solar radiation and defines the nightside of the planet. The subsolar point is indicated with a white point on either side of the
figure. It is centred approximately at (0◦ , 180◦) 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◦)
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point is depicted by a white dot located on either side
of the figure, while the antisolar point is depicted by a
magenta point located in the centre of the figure.
As mentioned in the Introduction, the tidally locked

planets are identical except for their sea surface tempera-
ture distributions. The pure TLE SST distribution resem-
bles the SST reported by Merlis and Schneider (2010)
(Fig. 1b). It was characterised by a uniform nightside SST
of 250 K and a monotonically and isotropically increasing
dayside SST that reached a maximum of 300 K within a 30
degrees radius centred on the subsolar point. On account
of the overall cooler SST, the simulation will be called cold
TLE (CTLE).
The hybrid TLE SST distribution is that of the present-

day Earth. It is characterised by temperatures of 290–
300 K in the tropics and 270–280 K in the polar regions.
Due to the overall warm SST, the simulation using this
SST will be hereafter called warm TLE (WTLE). This
WTLE simulation is not a realistic physical scenario but
is rather used to test the importance of SST patterns for
slowly rotating planets. Both SSTs can be seen in Fig. 1.
The CESM1(WACCM) requires the presence of an

active land model and, therefore, has the general topog-
raphy and continents of the Earth. The atmospheric and
surface initialisation data are identical for all simulations
and all start with same 3D ozone and wind fields.
In the next subsection, we present the middle atmo-

spheric circulation (�, HW) and temperature (T) and
ozone distribution (TOC, O3VMR) of the two simulations
and we discuss the degree by which they are influenced
by the two extreme SSTs. We first discuss the atmo-
spheric adjustment time of the two tidally locked Earths
(TLEs) and compare it to the present-day Earth. Then,
we present and discuss their atmospheric circulation,
atmospheric temperature structure and latitude-longitude
O3VMR cross section.
It should be noted that while the possibility of tidal lock-

ing of an Earth-like planet within the habitable zone of
a Sun-like star has a low probability, the similarity of the
solar spectrum and atmospheric composition to the PDE
fosters the intercomparison and interpretation of the dif-
ferences in the model runs. Furthermore, since several
past studies of tidally locked exoplanets have used models
with solar spectrum and atmospheric composition similar
to that of the PDE, this setup fosters the intercomparison
and interpretation of the changes with past models."

Data analysis
The zonal wind (U), the meridional wind (V), the vertical
wind (�), the atmospheric temperature (T), the air num-
ber density (M) and the O3VMR are extracted from the
output datasets of the simulation run. The above parame-
ters are then interpolated for the altitudes of 1 to 140 km.
Next, the zonally averaged zonal, meridional and vertical

wind are calculated from 5 to 110 km. The O3 concen-
tration is calculated for the altitudes of 1 to 110 km by
multiplying the ozone volume mixing ratio with the air
number density ([O3]= O3VMR×[ air]). As a next step,
the total ozone column density (TOC) is calculated by
interpolating the O3 concentration between the altitudes
of 5 and 110 km (TOC = ∫ 110

5 [O3] dz). The altitude lim-
its are imposed in order to avoid the data gaps generated
by the presence of several high mountains and mountain
ranges at low altitudes (e.g Himalayas, Kilimanjaro) and
the air density data gaps above 110 km altitude. The TOC,
HW, � and T global means are determined by calculat-
ing their zonal means as a function of latitude and then
weighting them with the surface area of the latitude belts
(surface area preserving mean). The change in percent
between the CTLE and WTLE parameters is calculated
using the following equation:

� = parameterCTLE − parameterWTLE
parameterWTLE

∗ 100 (1)

where the term parameter is used to refer to any of the
TOC, �, HW, T and O3VMR.

Terminology
The dayside of a tidally locked planet is the permanently
illuminated hemisphere that is always facing the par-
ent star, while the nightside is the hemisphere that is
never illuminated by the parent star. The subsolar point
is defined as the position of maximum solar flux, located
at the centre of the dayside and has a SZA equal to zero
(SZA = 0◦). The antisolar point is defined as the centre of
the nightside (SZA = 180◦).

Results and discussion
Atmospheric steady state
According to our results, the middle atmospheres of the
CTLE andWTLE adjust to the new radiative and dynami-
cal conditions, reaching a steady-state condition within 80
days from the start of the simulation. Figure 3 shows the
adjustment times of the CTLE andWTLE total ozone col-
umn (TOC), and the global-mean stratospheric horizontal
wind (HW), global-mean stratospheric vertical wind (�)
and global-mean stratospheric temperature (T) for the
30–40 km altitude range. The temporal evolutions of the
PDE TOC, HW, � and T are also provided.
The CTLE and theWTLE TOC, HW and � adjustment

times and values are not significantly altered by the SST
change, as can be seen in Fig. 3a–c. The percent change in
their adjustment times is shown in Table 1. The CTLE and
WTLE T adjustment times are shown in Fig. 3d. As one
can see, their adjustment times are comparable despite
their altered slope and the CTLE values are decreased
compared to the WTLE. This difference is also visible
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Fig. 3 CTLE, WTLE and PDE atmospheric temporal evolution. a TOC. b HW. c �. d T. The CTLE and WTLE TOC, HW, and T are exponentially decaying
to their steady-state value with an e-folding time of 30, 20, and 40 days, respectively. The CTLE and WTLE vertical winds are exponentially increasing
to their steady-state value with an e-folding time of 15 days

in the CTLE and WTLE T global average which will be
presented in the “Vertical wind” section.
The CTLE and WTLE e-folding times of the TOC,

HW, � and T along with their PDE equivalents and stan-
dard deviations (σ ) are shown in Table 1. They are 30,
20, 15 and 40 days, respectively. Therefore, their adjust-
ment times are 60, 40, 30 and 80 days, respectively. A
comparison between the CTLE, the WTLE and the PDE
σ in Table 1 reveals that the PDE has higher standard

deviations (σPDE) compared to the CTLE andWTLE stan-
dard deviations (σCTLE and σWTLE, respectively).

Atmospheric circulation
The tidal lock results in a breakdown of the Brewer-
Dobson circulation (Fig. 4) in both the CTLE and the
WTLE. As can be seen in Figs. 5, 6, 7, 8 and 9, it
is replaced by a very different atmospheric circulation.
Despite the atmospheric changes in the circulation, tro-

Table 1 Comparison of the PDE, CTLE and WTLE TOC and the middle stratospheric HW, � and T e-folding times, steady-state mean
values and their standard deviations

PDE σPDE CTLE σCTLE WTLE σWTLE

TOC (DU) 280.1 1.44 248.7 1.00 248.64 1.42

HW (m/s) 21.19 5.21 14.21 1.00 16.10 2.22

� (Pa/s) −8.6 × 10−7 9.6 × 10−7 −1.7 × 10−7 1.3 × 10−7 −2.0 × 10−7 −9.7 × 10−8

Tstrat (K) 239.9 0.85 238.4 0.43 239.6 0.27
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Fig. 4 The Earth’s Brewer-Dobson circulation. The Hadley, Ferrel and
Polar cells are visible in the figure for both hemispheres. The thick
white arrows indicate the transformed Eulerian-mean mass stream
function. The wavy orange arrows indicate two-way mixing processes.
The thick green lines indicate the presence of stratospheric transport
and mixing barriers. (Adapted from Bonisch et al. 2011)

posphere, stratosphere, and mesosphere are present in
both simulations. Below, we present a description of the
atmospheric circulation of the two simulations.

Vertical wind
Snapshots of the last model step of the PDE, CTLE, and
WTLE vertical wind are shown in Figs. 5, 6 and 7, respec-
tively. The PDE vertical circulation is characterised by

many upwelling and downwelling regions in both the day-
time and the nighttime hemispheres. In the tidally locked
planets on the other hand, the dayside air rises as a
result of being radiatively heated by the constant short-
wave radiation flux it receives from the parent star. On
the nightside, the lack of incoming radiation results in
the radiatively cooling of the air which subsequently sinks
towards the surface. This results in the appearance of a
dayside upwelling and a nightside downwelling extending
from the surface to the mesosphere. Merlis and Schneider
(2010) also predicted the presence of such a vertical wind
setup for the troposphere of a tidally locked Earth-like
aquaplanet orbiting a Sun-like star.
A comparison between Figs. 6 and 7 reveals that the ver-

tical winds of the two simulations are very similar. They
are characterised by different small-scale variability vor-
tices and jets of different magnitudes and locations in the
CTLE and WLTE simulations. The WTLE atmosphere
is characterised by a greater small-scale variability com-
pared to the CTLE. We can, therefore, conclude that the
SST change has only a limited effect on the vertical wind.

Horizontal wind
Snapshots of the last model step of the CTLE and WTLE
horizontal wind at stratospheric and mesospheric alti-
tudes are shown in Figs. 8 and 9. The CTLE horizontal
wind at 24 km is shown in Fig. 8a, while the WTLE hor-
izontal wind at 24 km is shown in Fig. 9a. A comparison
between the two figures reveals that in both simulations,
the horizontal wind is characterised by the presence of a
global eastward zonal jet stream.
The CTLE and WTLE stratospheric horizontal wind at

36 km is shown in Figs. 8b and 9b. In both simulations,

Fig. 5 PDE longitude-latitude vertical wind circulation. a Vertical wind at 10 km. b Vertical wind at 30 km. c Vertical wind at 40 km. d Vertical wind at
50 km. e Vertical wind at 60 km. f Vertical wind at 70 km.Warm colours (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. 6 CTLE longitude-latitude vertical wind circulation. a Vertical wind at 10 km. b Vertical wind at 30 km. c Vertical wind at 40 km. d Vertical wind at
50 km. e Vertical wind at 60 km. f Vertical wind at 70 km.Warm colours (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

a westward global zonal jet stream with an accompa-
nying vortex located at polar latitudes is present. The
vortex can be seen on the left hand side of the Southern
and Northern Hemispheres in Figs. 8b and 9b. The blue
coloured regions on the right hand side of the South-
ern and Northern hemispheres, on the other hand, are
regions of low HW speeds. The WTLE horizontal wind is
slightly weaker and has a wider jet stream compared to the
CTLE.
The situation is different at mesospheric altitudes. At

60 km altitude, the zonal jet stream is replaced by large-
scale vortices in both the CTLE and theWTLE, located at
different geographical locations.

The mesospheric wave-breaking mechanism may
explain this phenomenon. Gravity waves are generated by
tropospheric convection followed by the release of latent
heat. They then propagate upwards and break when they
reach the mesosphere. There, they deposit their energy
and, in the process, decelerate the wind flow (Nappo
2013). As a result of the different SST heat distributions
in the WTLE and CTLE, the convectively induced gravity
waves are generated at different locations with different
energy budgets. This leads to different wave-breaking pat-
terns and different gravity wave energy dissipation rates
and gives rise to different horizontal wind circulations
patterns in the two simulations.

Fig. 7WTLE longitude-latitude vertical wind circulation. a Vertical wind at 10 km. b Vertical wind at 30 km. c Vertical wind at 40 km. d Vertical wind
at 50 km. e Vertical wind at 60 km. f Vertical wind at 70 km.Warm colours (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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(a) (b)

(c)

Fig. 8 CTLE horizontal circulation at select altitudes. a Horizontal wind at 24 km. b Horizontal wind at 36 km. c Horizontal wind at 60 km. The black
arrows indicate the wind vector while the colour shading shows the wind speed

Gravity waves are also generated through interaction
between the planet’s surface orography and the lower
tropospheric wind field (Nappo 2013). The encounter
between the tropospheric wind and a hill, mountain
or mountain range vertically displaces the stably strat-
ified wind flow upwards. This leads to the generation
of upwards propagating gravity waves which transport
energy and mean-flow momentum towards the middle
and upper atmosphere. There, it is deposited through the
wave-breaking mechanism (Nappo 2013). In the case of
the WTLE and CTLE, both simulations have the same
Earth-like orography but different SSTs. As a result dif-
ferent sea and land breezes are generated, which lead
to different lower tropospheric horizontal wind distribu-
tions (1.4 m/s in average) and therefore different terrain-
generated gravity wave distributions. Consequently, the
mesospheric energy deposition and wind deceleration are

different for the two simulations. Therefore, the reported
changes in the mesospheric horizontal wind are possi-
bly induced by differences in the energy and momentum
fluxes of the convectively and orographically generated
gravity waves of the two simulations.
As can be seen in Fig. 3b, the middle atmospheric hor-

izontal wind speeds of the CTLE and the WTLE are
slower compared to the PDE. They are also characterised
by stronger and wider jet streams and the presence of
large scale vortices at various geographical locations. The
slower wind speeds could be attributed to the smaller
CTLE and WTLE Coriolis force, compared to the PDE.
We can, consequently, conclude that the mesospheric

circulation is more sensitive to the underlying SST com-
pared to the stratospheric circulation, as is made evident
by the regional differences in the vertical and horizontal
wind maps. The discrepancy between the stratospheric

  

 

(a) (b)

(c)

Fig. 9WTLE horizontal circulation at select altitudes. a Horizontal wind at 24 km. b Horizontal wind at 36 km. c Horizontal wind at 60 km. The black
arrows indicate the wind vector while the colour shading shows the wind speed
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and mesospheric circulation can be explained by the fact
that the stratospheric dynamics are mainly driven by the
insolation of stratospheric ozone.

Atmospheric temperature structure
Next, we present the temperature structure of the CTLE
and WTLE atmospheres, which can be seen in Fig. 10a.
An inspection of Fig. 10a, b, which depicts the snapshots
of the last model step, shows that the WTLE’s lower tro-
posphere (z < 3 km) is warmer than its CTLE equivalent
by a factor of 3.7 K on average. This temperature is gen-
erated by the increased upwelling longwave radiation and
sensible and latent heat from the underlying WTLE SST
which is warmer by approximately 23.7 K compared to the
CTLE.
In the 10–15 km region, the WTLE temperature is

cooler by 4 K on average compared to the CTLE, as can
be seen in the purple highlighted region of Fig. 10b. The
adiabatic cooling is generated by the increased upwelling
of the subsolar region air, which is radiatively and con-
vectively heated by the warm WTLE SST. This result
is in agreement with the studies performed by Rosenlof
and Reid (2008), Breasicke and Pyle (2004), Decher and
Dameris (2008), who reported the generation of an upper
tropospheric cooling by an SST warming, due to the
increased deep tropospheric convection generated by the
SST warming.
Between 18 and 30 km, the increased upwelling long-

wave radiation emitted from the warm WTLE SST is
absorbed by ozone and radiatively heats theWTLE strato-
sphere, increasing its temperature by 3.8 on average. This
warming is shown in the green highlighted region of
Fig. 10b and is in agreement with expectations of radia-
tive coupling between the surface infrared emission and
the lower stratosphere.

 

a b

Fig. 10 CTLE and WTLE temperature global mean on day 90. a
Comparison between the temperature global means of the two
planets. The CTLE temperature is depicted using the blue colour line.
The WTLE is depicted using the red colour line. The altitude range is
0–120 km. b The difference �Taltitude of the two planets

To investigate this coupling, we correlate the atmo-
spheric temperature differences with the SST differences
obtained from the two simulations. They are calculated by
the following equations:

�Taltitude = TWTLE − TCTLE (2)

gives the difference between the WTLE and the CTLE
temperatures at a given altitude and geographic location,
while

�SST = SSTWTLE − SSTCTLE (3)

gives the difference between the WTLE and the CTLE
SSTs at a given geographic location.
Figure 11 shows the relationship between the �SST and

the�T at 1 km altitude (�T1km). The figure indicates that
there is a linear correlation between the two quantities and
that the SST changes have a direct radiative effect on the
lower tropospheric temperature. Using the least squares
method, we determine that the correlation between the
�SST and the �T1km is given by:

�T24km(�SST)=(0.2768±0.0131)�SST+(1.678±0.394)
(4)

A 30 K change of the SST corresponds to a 8.3 K change
of the lower stratospheric temperature.
Figure 12 shows the relationship between the �SST and

the �T at 24 km altitude (�T24km). As can be seen, a
linear correlation exists between the �SST and �T24km,
which suggests that SST changes have a direct radiative
effect on the lower stratospheric temperature. Using the
least square method, we determine that the correlation
between the �T1km and the �T24km is given by

�T24km(�SST) = (0.00168 ± 0.000495)�SST
+ (3.82 ± 0.015)

(5)

A 30 K change of the SST corresponds to a 0.05 K
change of the lower stratospheric temperature. The incli-
nation of the regression line is rather small. This may be
due to the strong mixing and quasi-isothermal behaviour
of the lower stratosphere of tidally locked Earth-like
planets.
The above results suggest that the increased thermal

radiation emitted by the WTLE’s surface together with
the upwelling sensible and latent heat are absorbed by the
lower tropospheric greenhouse gases and then increases
the WTLE’s temperature. The longwave radiation not
absorbed by the lower troposphere reaches the lower
stratosphere. There, it is absorbed by the ozone 9.6 μm
absorption band, a band expected to be present in the
spectra of exoplanets capable of sustaining an ozone layer.
Therefore, a stronger absorption line could be expected
for warmer SSTs.
The lower mesospheric temperature (70–80 km) on the

other hand is cooler by 1.13 K on average compared to
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Fig. 11 Scatter plot of �SST and �T1km. The plot shows the correlation between the surface � SST and the �T at 1 km altitude, together with a
linear regression to the data

the CTLE. This temperature difference can be explained
using the mesospheric wave-breaking mechanism men-
tioned above. The higher number and more energetic
gravity waves generated by the warm WTLE SST lead to
higher wave momentum deposition in the lower meso-
sphere and, therefore, to a lower mesospheric adiabatic
cooling.

The picture reverses in the upper mesosphere (90–
110 km), where the WTLE temperature is higher by 4.3
K on average, compared to the CTLE. This temperature
difference may be induced by circulation changes gen-
erated by different gravity wave fluxes from below, but
the details of the underlying processes remain an open
question.

Fig. 12 Scatter plot of �SST and �T24km. The plot shows the correlation between the surface � SST and the �T at 24 km altitude, together with a
linear regression to the data



Proedrou et al. Progress in Earth and Planetary Science  (2016) 3:22 Page 14 of 16

We can therefore conclude that increased SST leads
to enhanced temperatures in the lower stratosphere of a
tidally locked Earth-like exoplanet. Our results indicate
that this lower stratospheric heating could be due to the
enhanced upwelling of infrared radiation from the warm
SST. Generally, the difference between the WLTE and the
CLTE simulation is smaller than we expected.

Ozone volumemixing ratio distribution
Figure 13 shows the snapshots of the last model step of
the CTLE and WTLE dayside and nightside ozone vol-
umemixing ratio O3VMR distribution. It depicts the cross
section of the CTLE and WTLE O3VMR distribution
along the 1st and the 180th meridian, respectively.
A comparison between Figs. 13b and d reveals that

the primary ozone layer (30–40 km altitude) is not sig-
nificantly affected. The increased WTLE middle atmo-
spheric temperature (Fig. 10) results in the decrease of the
WTLE dayside O3VMR by 1.8 % and a nightside decrease
of 1.27 %.

(a) (b)

(c) (d)

Fig. 13WTLE and CTLE height-latitude cross section of O3VMR along
the meridian through the subsolar point and the antisolar point.
a Vertical cross section of the WTLE nighttime hemisphere. b Vertical
cross section of the WTLE daytime hemisphere. c Vertical cross
section of the CTLE nightside hemisphere. d Vertical cross section of
the CTLE dayside hemisphere

On the other hand, the nighttime secondary ozone layer,
located in both cases in the 85–110 km altitude range,
is significantly affected. On Earth, the secondary ozone
layer appears only during nighttime. On the daytime
hemisphere, the strong UV radiation destroys any ozone
molecules that might form shortly after their creation.
On the nightside, ozone is generated and accumulated on
the nightside by recombination of atomic and molecular
oxygen.
TheWTLE O3VMR is enhanced by 40.5 % compared to

the CTLE. It is possible that the mesospheric circulation
changes, generated by the different upwelling gravity wave
fluxes, are responsible for the changes in the secondary
ozone layer, but the details of the underlying processes
remain an open question.
We can, therefore, conclude that the use of an inaccurate

SST in a tidally locked Earth-like exoplanet may signifi-
cantly affect the secondary ozone layer, while the primary
ozone layer remains almost unaffected.
The gap visible at mesospheric altitudes over theWTLE

equator in Fig. 13a appears as a result of local upwelling
of ozone-poor air from lower altitudes and is located in
the regions close to the Atlas mountains and the Atlantic
Ocean. It is possibly generated by upwelling gravity waves,
not present in the CTLE.

Conclusions
We studied the sensitivity of a tidally locked Earth-like
atmosphere to its underlying SST by simulating the atmo-
spheric circulation, temperature, and ozone distribution
changes generated by two different SST distributions. The
first SST distribution represented the well-observed SST
of the fast-rotating, present-day Earth, and the simulation
using it was named WLTE. The second SST distribution
was the SST of a tidally locked Earth-like aquaplanet. It
was provided by Merlin and Schneider (2010) and the
simulation using it was named CLTE.
The main conclusion of our study is that for slow-

rotating planets, the drastic SST changes do not lead
to similarly strong changes in the middle atmosphere of
the planet, as the vertical and horizontal winds, the pri-
mary ozone layer and the atmospheric thermal structure
are relatively insensitive to the changes in the underlying
SST.
The underlying SST changes result in small-scale vari-

ability changes of the vertical and horizontal winds. The
strongest effect appears at mesospheric altitudes, possibly
due to differences in the upwelling gravity wave flux gen-
erated by the different SST distributions. Our results are
of interest for both exoplanets and for Earth climate trend
studies.
The primary ozone layer O3VMR is altered by 1.8 % on

the dayside and by 1.27 % on the nightside. The secondary
ozone layer, on the other hand, is altered by 40.5 %. The
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generation mechanism is currently an open question and
under investigation.
The lower tropospheric temperature global average is

increased, on average, by 3.7 K compared to the CTLE
due to the warmer WTLE SST. The WTLE tropospheric
warming causes the hot air to ascend and cool adia-
batically, generating a cooling of 4 K on average in the
altitude regions between 10 and 15 km, compared to the
CTLE. This result is in agreement with past studies on
the effects of SST warmings on the Earth’s upper tropo-
sphere. Between 18 and 30 km, a stratospheric heating of
3.8 K on average, is present in the WTLE compared to
the CTLE, generated by the absorption of the upwelling
longwave radiation by ozone through the 9.6 μm line.
The enhanced, upwelling longwave radiation is generated
by the warmer WTLE SST. The lower mesospheric cool-
ing (1.13 K) on average is also generated by the warmer
WTLE, due to increased wave generation and subsequent
wave-breaking in the mesosphere. An upper mesospheric
warming (4.3 K) is also present in the WTLE compared to
the CTLE, but its generation mechanism is currently an
open question and under investigation.
Our results show that the majority of the changes in

the middle atmospheric circulation appear due to the tidal
locking which results in the breakdown of the Brewer-
Dobson circulation. The vertical circulation is replaced
by a dayside downwelling, centred on the subsolar point
and a nightside upwelling, centred on the antisolar point.
The tidal locking also alters the horizontal wind at all alti-
tudes, resulting in lower wind speeds, wider and stronger
jet streams and the appearance of large scale vortices at
various locations compared to the PDE, possibly due to
the reduced Coriolis force of the TLE.
A future study would aim to explain the physical pro-

cesses responsible for the increase of the upper meso-
spheric temperature and strengthening of the secondary
ozone layer accompanying the increase in the underlying
SST.
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