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Figure 1. Diurnal mean insolation for different values of obliquityy,193°, Figure 2. Yearly mean insolation and insolation gradient dependence on the

and 90. Black contours represent the beginning of the zero insolation zone. opliquity. Panela) shows the yearly mean insolation as a function of latitude
and obliquity( ) (similar to Figure 2 in Linsenmeier et &015. Panel(b)

Though most of these studies focus mainly on the effect ofshows the normalized yearly mean insolation gradiep§o %@SW

obliquity on the planetary habitabilitgwiliams & Kasting as a function of obliquity.

1997 Spiegel et al2009 Armstrong et al2014 Ferreira et al.

2014 Linsenmeier et ak015 Wang et al2016 Nowajewski Table 1

et a|-2,01& M'tche” et al'(_2014>, studied the sea_son_ahty effect  7he selected Parameters Approximated Values for the Solar System Terrestrial

on climate, using an idealized parameterization for the Atmospheres

seasonality and radiative timescale. In contrast, in this study

we examine the climate seasonality response to different Orbital Rotation - .

physical parameters. This study also provides a systematic Period Period Obliquity _Atmospheric Mass

study of the seasonal cycle climate dynamical response td/enus 0.6 yr 243 days 177.4 92 bar

changes in the obliquity, and the obliquity effect in a larger Earth lyr 1day 234 1 bar

parameter space. This study can be viewed as an expansion {2 1.8 yr 1.026 days 25.2 0.006 bar
Titan 29 yr 16 days 26°7 1.5 bar

Kaspi & Showmats (2015 perpetual equinox study to include
the effects of seasonality.

Introducing seasonality to the climate system requires taking
into account different timescales. The orbital period is a naturalyet because it is not an input parameter of the model and in
timescale of the seasonal cycle, dictating the time over whichorder to avoid additional complexities as shown in Kaspi &
radiative changes take place. When the orbital period is longerShowman(2015, we focus on varying the radiative timescale
radiative changes occur over more extended periods givingby changing only the atmospheric mass.
the atmosphere a longer time to adjust. As radiative changes |ncreasing the atmospheric mass expands the outer edge of
take place over shorter periofihort orbital periogs a point  the habitable zone due to the increase in surface temperatures
where the radiative forcing is effectively the annual mean onewith the atmospheric mags.g., Wordsworth et a201Q 2011,
(Figure2) is reached. Note that although the orbital period is viadilo et al. 2013. Increasing the atmospheric mass also
coupled to the distance from the host star and thus to the stellafesults in attening of the meridional temperature gradient and

ux reaching to the planet, in this study the stellax is kept  |owering of the troposphere heig@oldblatt et al2009 Kaspi
constant while the orbital period varies. This is analogous t0& Showman2015 Chemke et al2016 Chemke & Kaspi
studying similar planets that orbit stars with different mass and2017. Several explanations for this increase in the surface
thus different luminosity. Due to the simpdid radiation  temperature have been given. First, increasing the atmospheric
scheme in our model, effects related to the spectral distributiormass results in enhancement of the greenhouse effect by
of the insolation are not taken into account, although it can pressure broadening of absorption lines overcoming the
have some effect on the resulting climg@mldot et al.2015 enhancement of Rayleigh scatteri(@oldblatt et al.2009.
Shields et al2018. Second, by increasing the atmospheric mass, the adiabatic lapse

Another important timescale is the atmospheric radiativerate is increased, that, in turn, warms the surface and lowers the
timescale, meaning, the time that it takes the atmosphere t@ropopause (Goldblatt et al. 2009. A third explanation
adjust to radiative changes. This timescale depends on thguggested by Chemke & Kasf#017) is that increasing the

atmospheric mass per unit area, med to bem= pJ/g atmospheric mass increases the atmospheric heat capacity that
(Hartmann2019, whereps is the surface pressure agds the in turn weakens the atmospheric radiative cooling. The
surface gravity. The radiative timescale is i as decrease in radiative cooling, which is more pronounced in
oR colder latitudes, results in warming of the surface atténing
Ur——H, (1) of the meridional temperature gradient. Chemke & Kaspi
49°bTe (2017 also studied the Hadley circulation response to

increasing the atmospheric mass, and found that the Hadley
the heat capacity of the air,, is the StefamBoltzmann  Crculation narrows and weakens as the atmospheric mass is
constant, andy is the radiative equilibrium temperature. The increased; this is attrlbpted mainly to the Iowenng of Fhe
oo e o . : __tropopause and theattening of the temperature gradient with
radiative timescale is linearly proportional to the atmosphericiya increase in atmospheric mass.
mass(Equation(1)), meaning that as the atmospheric mass iS  The solar system terrestrial atmospheres of Venus, Earth,
increased, the atmosphere needs a longer time to adjust to t@ars, and Titan exhibit signcant variability in their different
changes in the radiative forcing. The radiative timescale has glanetary paramete(3able 1), which results in a variety of
strong dependence on the planetary equilibrium tempeigure circulations. For example, Venus has a massive atmosphere, no

where g is the infrared optical depth of the atmosphegds

2



THE ASTROPHYSICAL JOURNAL, 881:67(16pp, 2019 August 10 Guendelman & Kaspi

signi cant obliquity, and a very slow rotation rate. It has a constant of air,T, is the virtual temperature, which is the
circulation in its lower atmosphere that is composed of two temperature that an air parcel would have in a water vapor free
hemispherically symmetric equator to pole Hadley cells, with ajr at a given pressure and densify, Q., and Q, are the

no seasonality, while its upper atmosphere is dominated by &agiative, convective, and boundary layer heating per unit of
day to night side circulatio(e.g., Rea®013 Sanchez-Lavega 1455 respectively.

et al.2017). On Earth, there is a seasonal cycle, in which the 14 radiative heating), is calculated using

Hadley cell transits from a hemispherically symmetric circula- '

tion to a strong, wide, winter cross-equatorial cell and a weak g s

and narrow summer cd.g., Dima & Wallace2003. Qr gg(u D R, ©)
During Mars seasonal cycle, its maximum surface temper-

ature shifts from one pole to the other. This strong seasonalitywhere U and D are the upward and downward longwave

is attributed to Marsthin atmosphere and rocky surface, that radiation, respectively, aril is the solar shortwave radiation.

also_explains Matslarge meridional temperature gradient |5 order to include seasonality, we calculRtausing
(McCleese et al2010 Read et al2015. Titan, on the other

hand, although having a long orbital period, has a high R Scos[e P27 (3
atmospheric mass and low surface temperature resulting in a

long radiative timescaléMitchell & Lora 2016. As a result, =~ Where, § = 1360 Wm? is the solar constant,s is the

the surface temperature does not shift sicgutly off the parameter that controls the vertical absorption of the solar
equator during the seasonal cyf®ra et al.2015 Jennings radiation, and is the diurnal mean zenith angle, which is given
et al.2016. Also, in contrast to Mars, Titan has an all tropics by (Pierrehumber201Q Hartmann2015

climate (Mitchell et al. 2006, meaning that its meridional

temperature gradient is weglkennings et al2009. The low cos| h sin si6 EcoE cos sih G ( BE
meridional temperature gradient on Titan is attributed mainly to

its slow rotation ratéMitchell & Lora 2016 Horst2017). The ) )

solstice Hadley circulation on both planets is composed of awhere cosh tan ta@ is the Haily average hour angle,
cross-equatorial cell, with air rising at midlatitudes of the where for perpetual nigtit= 0 and for perpetual daly =
summer hemisphere and descending at midlatitudes of théhe declination angle is calculated us{Rgerrehumber2010
winter hemispherée.g., Lora et al2015 Read et al2015. . . .

Although the Hadley cell extent on both planets is similar, on sin SirE sin L (6 H
Mars the extent of the circulation is mainly due to the poleward \yhere is the orbital position relative to the northern

shift of the maximum surface temperature at solstice, and Ohemisphere autumnal equinox angle arid the obliquity.
Titan, it is mainly due to its slow rotation rguendelman & Increasing the obliquity, shifts the maximum insolation

Kasp|2-01&. L . poleward and increases the meridional insolation gradient
Section2 introduces the model used in this study, focusing (gjgure1). For short orbital periods, the yearly mean insolation
on the temperature equation. Sect@rd_escnbes how the  can become important. The latitude of maximum yearly mean
surface temperature depends on the dlffergnt parameters. Ifqqjation ips from the equator to the poles around obliquity
order to illustrate the effects of the orbital period and gz (Figure2(a)). Also, the yearly mean meridional insolation
atmospheric mass, the case of 54 is studied in detail. gradient is lower for higher obliquities, reaching a minimum at

Section 4 describes the zonal mean meridional circulation 3, nd = 54° (Figure 2(b)). This was shown to be the

dependence on the study parameters and the dynamic fth | f t aiowaj ki
interpretation of this dependence. We then suggest an empiricaéts;}?;gfaoKanegé%?g mean suriace temper jewsK

power-law t to the model results for the latitudes of the ~ \ya se a spectral horizontal resolution of T2 x 2.8
Hadley circulation ascending and descending branches and it§,q 25 uneven vertical levels for all simulation.s The
strength. Sectiof summarizes and concludes the results with a parameters and their ranges are as follows: '

discussion on the implications of this study results on possible
future observables and planetary habitability. 1. Rotation rate, 8 1_16 %, %, % 1.
2. Model 2

In order to study the climate sensitivity to the parameters  Obliquity,
mentioned above, we use an idealized, aquaplanet Gcm H [10,20,80,40 60,60 n70,80n90 n
(Frierson et al2006, based on the GFDL dynamical core 3. Atmospheric mas{y % 1, 2, 5, 10, 30.
(Anderson et al2004), similar to the model described in detail . . D
in Kaspi & Showman(2015. The model uses a two-stream 4. Orbital period, X =, 2,5, 1,2, 4.
gray radiation scheme, where the temperatusdd is

determined by Note that in this study, the units for, p;, and are normalized

to the corresponding Earth-like values, where for convenience

DT RyTw we take = 1 to be 360 days instead of 365.
Ot S & Q 2 Also note that in this study, given this vast parameter range,
L we simulate six different subspaces. We select the subspaces by
_ ) o ) s varying two parameters at a time, holding the other two with
with the material derivative given @{ 5 U <,where  parinike values, except for the obliquity, that is held &t 30
u= (u, v, w) are the velocities in the longitudingl ), The range chosen for the different parameters is discussed in

meridional (f ), and vertical( ) directions.Ry is the dry gas  Sectionb.
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a b In long orbital periods, the surface temperature follows more
closely the solar insolation patteiiack contours in Figuré).

As a result, the climate in long orbital periods exhibits strong
seasonality, with maximum surface temperatures reaching to
the summer poléottom row in Figuref). Short orbital periods

(top row in Figured), exhibit weak to no seasonality, and the
surface temperature takes a similar shape to the yearly mean
insolation. The surface temperature dependence on the orbital
period is a result of the orbital period being the timescale in
which radiative changes occur. This means that long orbital
periods allow radiative changes to take place over longer
periods, giving the atmosphere more time to adjust to these
changes, resulting in a pronounced seasonality. Alternatively,
when the orbital period is short, the atmosphere does not have
enough time to adjust to the seasonal radiative changes,
resulting in the solar forcing being effectively the yearly mean
forcing.

Faster rotation rates result in a stronger meridional temper-
ature gradien{Figure5). This is explained by the eddy scale
decreasing with faster rotation rate, which results in a less
Figure 3. Comparison between the Eafaken from NCEP reanalysis, top  ef cient meridional heat transport, that in turn increases the

row) and the model climatébottom row). Panelqa) and(c) are a Hovmoller [RE -em, ;
diagram of the streamfunction at the height of its time and latitude maximum of meridional temperature gradl alker & Schneider2006

the NCEP reanalysis and the model, respectively, with the color scale beind<@SPi & Showmar2013. _
+5x 10’ m?s . Panels(b) and (d) are Hovmoller diagrams of the surface By increasing the atmospheric mass the surface temperature

temperature of NCEP reanalysis and the model respectively, the colorincreases and the meridional temperature gradient decreases
represents 250300 K, with red being the warmest. Note that in all relevant Figure5), in agreement with previous studi@sg., Goldblatt
gures in this study, for convenience the time coordinate represents the yea| ) y .
fraction. t al.2009 Chemke et aI?OlG Chemke & Kaspk017). Usmg_
the temperature equatidficquation (2)), Chemke & Kaspi
(2017 showed that the main component in the temperature

Comparing the model with an Earth-like cguration and equation that is strongly affected by the atmospheric mass is the
Earth observational reanalysis shows a general Sim”arityre?diative termE uatign)ES)) which ></:an be rewlr)itten as
between the model results and observations, with some q ’

differences. The model exhibits stronger seasonality, a stronger 1 s

meridional streamfunction, and a colder climate compared with Qr gg(u D R v
observationgFigure 3). Taking into account that the model is

highly idealized, where, for example, clouds, land, or ice Writing Q, in this form highlights its dependence on the
effects on the climate are neglected, the resulting climate withatmospheric magsn = p/ g), or the atmospheric heat capacity,
Earth-like parameters is satisfying. In addition, as the aim Ofcpdm- Equation(7) shows that an increase in the atmospheric
this study is to examine the climate sensitivity to the planetarypea; capacity lowers the radiative cooling effect, which in turn
parameters to leading order, a perfect reconstruction of &arth results in a warmer surface climate and adter ,meridional
climate is not necessary. Note that in all relevantres in this emperature aradief€hemke & KaspR0O1

study, for convenience, the time coordinate is represented b)y FgcusilrJ]g (?n thlen;:tmospheric rr?gss deen déFigere 5)

the year fraction. shows that the atmospheric mass has only a small effect on the

surface temperature seasonality. More spadly, increasing

the atmospheric mass has only a small effect on the latitude of

maximum surface temperature and on the temperature temporal
Visualizing the climate dependence on a broad set ofvariations. The dominant effect of increasing the atmospheric

parameters becomes complex when the seasonal cycle is takenass, is, as mentioned, a warmer surface climate atidr

into account. A good form to visualize it in argures such as  meridional temperature gradient. This is puzzling, as the

Figure4. This type of gure demonstrates how the climate, and radiative timescale of the atmosphere strongly depends on the

its seasonality, change in response to changes in the parametesatmospheric mag&quation(l)).

in a continuous form. The reader should approach thise as In order to understand why the atmospheric mass has little

one plot following the axis that represents the varied effect on seasonality, it is interesting to take a closer look at the

parameters. For orientation, we highlight in blue the simulation 54° case. This is a special case, as it is a turning point in

with Earth-like parameters. the yearly mean forcing from maximum radiation at the equator
Increasing the obliquity shifts the maximum surface to maximum radiation at the poles. Also, it is a minimum point

temperature toward the summer hemisphere pole, increasds the yearly mean insolation gradi€¢rtgure?2). As a result of

the meridional temperature gradient, and results in a sharpethis unique obliquity value, in a short orbital period, the

transition between summer and winter, where at highexpected surface temperature will have a relatively small

obliquities the transition seasons are less pronouncedneridional gradient as the effective forcing in a short orbital

(Figure 4). This temperature response to changes in theperiod resembles the yearly mean forojRigure 4).

obliquity is a result of the insolation dependence on the A priori assuming all other parameters stay constant,

obliquity (Figure 1). decreasing the orbital period or increasing the atmospheric
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Figure 4. Hovmoller diagram of the surface temperafsteading, scale is 25820 K°, with red being warmegtfor different obliquitieg ) and orbital period§ ). In
all plots rotation rate and atmospheric mass are Earth-like. Black contours represent the insolation. The highlighted panel is for an Eadatfolke sim

mass should have a similar effect on the seasonality as botlatmospheric mass is increased. This decrease in radiative cooling
relate to the adjustment timescale of the atmosphere. For thisiith the atmospheric mass has a more pronounced effect that
reason, comparing the effects of increasing the atmospheridiminishes the seasonal effect of the atmospheric mass.

mass to decreasing the orbital period, can help to explain why The coupled effect of a short orbital period together with
increasing the atmospheric mass has a small effect orhigh atmospheric mass results in a climate with close to a
seasonality. A quantitative comparison shows that increasindatitudinally uniform surface temperature throughout the
the atmospheric mass mainly warms the surface, withseasonal cycle for a planet with= 54°. More specically,

signi cant warming of the cold latitudes thamtten the the difference between the yearly maximum and minimum
meridional temperature gradier{Figures 6(b), 7(a). In surface temperature is6° K (Figure6(d)). This suggests that
contrast, a shorter orbital period tones down the seasonalitynot all high obliquity planets will experience a strong seasonal
by symmetrically decreasing the temperature in warm latitudescycle, with fast and strong transitions between warm and cold
and increasing them in cold latitud@sgures6(c), 7(b)). This temperatures, and the possibility that a high obliquity planet
asymmetric effect of atmospheric mass on the surface tempemill have an equable climate that is habitable exists. It is
ature can be explained by the radiative cooling dependence ommportant to note that diurnal cycle effects are neglected, and
the atmospheric maggquation(7)). As mentioned, increasing although they might become important for short orbital periods,
the atmospheric mass decreases the radiative cooling, whicthey are out of the scope of this study. Salameh gpalLg

is more effective at cold latitudes. As a result, there is moreshowed that diurnal effects on the surface temperature become
warming of cold latitudes than cooling at warm latitudes as theimportant when the ratio between the orbital pefigdand the

5
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Figure 5. Hovmoller diagram of surface temperat(skading, scale is 2681C° K, with red being warmepfor different rotation rates ) and atmospheric masses
(ps)- Orbital period is Earth-like and= 30°. Highlighted panel for Earth-like simulation.
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Figure 8. Normalized meridional surface temperature differeng W for the southern hemisphere summer. P@jés$ for atmospheric mass and the

obliquity, panekb) is for rotation rate and obliquity, pan() is for the orbital period and obliquity, par(é) is for orbital period and atmospheric mass, péeb
for orbital period and rotation rate, and patiglis for atmospheric mass and rotation rate. The values of the parameters when kept constar@@res = 1,
=1,and = 1.

whereTs is the surface temperature in the southern hemisphere The Hadley circulation is closely related to the water cycle
summer. 4 is a measure for the meridional surface on Earth, and the methane cycle on Tigititchell et al.2006
temperature gradient and represents the value of the tempeBchneider et ak012. As mentioned, the ascending branch of
ature difference between the warm and cold latitudes in thethe circulation correlates to the region of intense precipitation
extreme season. Generally,, increases as the rotation rate, @nd is a region highly populated with clouds. In contrast, the
obliquity, and orbital period are increased, or when the déscending branch region is clear of clouds and generally
atmospheric mass is decreagBéyure 8). However, a clear associated with low precipitation and desert areas. The cloud
exception is found for short orbital periofis< 1/ 4), were a and desert zones mlg_ht be 9°°d candidates for f%“!”e
minimum in y is found around obliquity 50° (Figures(c)) observables through their very different albedos. Determining
This mini H d h quity 5Y hg | : the detection methods for the circulation effects is out of the
is minimum corresponds to the minimum in the yearly mean scope of this study.

insolation - meridional  difference around ~ obliquity 54° The seasonality of the meridional circulation and its strength
(Figure 2(b)), indicating that in short orbital periods, the increase with increasing obliquitifigure9). During solstice of
climate becomes similar to the yearly mean climate. strong seasonal cases, the zonal mean meridional streamfunc-

tion is composed of a strong cross-equatorial winter Hadley

cell, with no summer cell and weak transition seasons. This
4. Hadley Circulation Response Hadley cell response follows the surface temperature response
(Figures4 and9). However, for Earth-like rotation rate cases,
) o ) even in cases where the maximum surface temperature is at the

The Hadley circulation is a thermally driven component of pole (fourth row in Figured), the ascending branch does not

the zonal mean meridional circulation, with air rising at warm reach the polgbottom row of Figure9). This result is in
latitudes and descending at colder ones. As air rises, itagreement with Faulk et #2017, who showed that even in an
condenses, creating a zone highly populated with clouds anceternal solstice caséfor Earth-like forcing, where the
intense precipitation. On Earth, it is called the intertropical maximum surface temperature is at the pole, the ITCZ stays
convergence zon@TCZ). The width, namely the latitude of  at low latitudes, and does not shift to the position of maximum
ascending and descending branches and the seasonality of thgrface temperature. However, by slowing down the rotation
Hadley circulation varies between the solar system planetsrate, a wider and stronger circulation emerges, extending from
Venus and Titan are extreme examples, where the meamhe summer hemisphere pole to around latitu@®® in the
meridional circulation is composed mainly of the Hadley winter hemispherdFigure 9). This result indicates that the
circulation, which reaches high latitudés.g., Roe2012 rotation rate is a limiting factor for the width of the circulation,
Sanchez-Lavega et al2017). Numerous theories were a result that is consistent with the axisymmetric theory
suggested for predicting the positions of the ascending andGuendelman & Kasp018 Hill et al. 2019 Singh2019.
descending branches, and a good summary of the different The circulation narrows and weakens in response to an
theories can be found in Faulk et g017). increase in atmospheric mass, and an opposite response occurs

4.1. Simulation Results
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Figure 15.Comparison between the model results and three chosen theoretical

predictors. Pandh) is for the axisymmetric predict@tindzen & Hou1989,
panel(b) is for the energy ux equator predictgiKang et al.2008, and panel
(c) is for the position of maximum moist static energy predi¢ieelin &
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Figure 16. Empirical t correspondence with the model results, blue dots are
for the ascending branch, red dots are for the descending branch, and the bla

line is for a one to one correspondence. Dark gray shadingisfarthe light
gray shading includes all the points.

model function and thetted power-law function. For thet
process, all saturated points were left out.

The t for the ascending branchy is
Ogp 028

with R? = 0.87.

Although possible correlations between the different para-the perpetual equinox casey
meters are ignored, this power-laidoes reasonably well as a

R
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Figure 17.Empirical t correspondence with the model results, for the strength
of the circulation, the black line is for a one to one correspondence. Dark gray
shading is for: 2 ; the light gray shading includes all the points.

circulation becomes stronger and wider as we increase the
obliquity and orbital period(positive sigl, and also by
decreasing the atmospheric mass and rotation(naigative
sign), in agreement with the results shown in this study.

The widening and strengthening of the circulation with the
obliquity and orbital period correlates with the increase in the
seasonality and meridional temperature gradient that results by
increasing these parametéfsgures4 and8). Although there
is also some contribution from the increase in the tropopause
height with these parametdgFgurel14), the tropopause height
increase is not as substantial as the increase in the temperature
gradient.

Comparing the strength of the circulation and latitude of

@scending and descending branch powengsshows a clear

difference, where the atmospheric mass strongly affects the
circulation strength but has little effect on the width of the
circulation. The reduction in the meridional temperature
difference (Figure 8) and of the troposphere height
(Figure 14) together with the small to no imence on the
maximum surface temperature posit{digure5) can explain
the difference between the dependence of the circulation
strength and width on the atmospheric mass. Our results are
consistent with Chemke & Kasg2017, which found that in
F§0.16 and i r %0‘41-
Previous studies of the Hadley cell dependence on the

rst-order approximation for both the ascending and descendfotation rate suggested some empirical and theoretical power

ing branchegFigures13 and 16). The t for the descending

branch is

with R? = 0.93.

Another important aspect is the meridional circulation

013 014
A

0.4¢4 O.l?

strength(Figure 17), for which the bestt is

with R? = 0.87.

The rst step in studying this empiricat is to examine the

Rr

0.43 0.27

033 0.39

(R1)

(22)

laws. Caballero et al(2008, using a small angle approx-
imation showed that the axisymmetric theory predicts that
1 23 which is close to the result presented here for the
ascending brancfEquation(20)). However, Caballero et al.
(2008 gave the same scaling fog, which is different from the
result here(Equation(21)), indicating, that the axisymmetric
arguments cannot help to fully explain the descending branch
position in our simulations and there is a need for other
processes. This conclusion is strengthened by the fact that the
descending branch in our simulations does not go further than
latitude 60°, which is not a feature of the axisymmetric
theory. Faulk et al(2017 studied the ITCZ position in the

power sign of each parameter. The signs show that theseasonal case, where the insolation was kept Earth-like, and
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only the rotation rate was changed and found that the positiorHowever, increasing the atmospheric mass also decreases the
of the ITCZ is proportional to  %®3 in agreement with these  radiative cooling, which is a dominant effect on the temper-
results. Other studies gave different theoretical and empiricakture, and it masks over the seasonal effect of atmospheric
ts; however, those studies focused mainly on the perpetuamass, and as a result, the seasonality is weakly affected by
equinox casge.g., Held & Houl98Q Walker & Schneider  changes in the atmospheric mé&iguress and7). That being
20009. said, we can still see some effect of the atmospheric mass on
the seasonality, more specally, the equatorward shift of the
maximum surface temperature for high enough atmospheric
masgFigure5). The 54° case is an interesting one, mainly
The ability to detect and characterize terrestrial exoplanetphecause it exhibits a minimum in the yearly mean insolation
has improved in the last years, with more planets detected anag:igureZ). As a result of this minimum, in a short orbital period
future missions planned to detect and characterize terrestrigdnd a high atmospheric mass planet, the climate becomes
planets and their atmospheres. The planets span over a widgquable, with no abrupt seasonal transitigfigure 6(d)), this
range of orbital congurations, planetary parameters, and ¢gn increase the planetsabitability potential.
atmospheric characteristics. Studying the circulation depend- The response of the circulation to changes in obliquity,
ence on different planetary parameters is important in order toyrpjtal period, and atmospheric mass follow the response of the
unde.rstand the climate on these planets and can also give rise @mperature. Meaning that by increasing the obliquity and
possible future observables. , orbital period, the circulation becomes wider and stronger
This study focuses on the climate dependence on fourrigyres9 and10) due to the increase in seasonality and the
parameters: obliquity, orbital period, and atmospheric massyeridional temperature gradie(figure 8). Decreasing the
which strongly relate to th.e radiative forqing, .together with the atmospheric mass also results in a wider and stronger
rotation rate, that has sigmiant dynamical importance. In  jrcylation (Figure 10), attributed mainly to the increase in
order to study the climate dependence on these four parametergye meridional temperature gradient and the increase in the
we use an idealized GCM, where the simgdtions in this — ,h55phere heighChemke & Kasp017). The effect of the
model allow us to separate the different dynamical effects of 5y ospheric mass on the circulation strength is stronger than
each parameter without introducing other complexities such 83he effect on its width(Equations (20<(22)). This also

larflfjﬁe'cf%'cﬁrsﬁgogg Iﬁgdzbgncaﬁ' mean circulation, spmally the correlates to the temperature response, as mentioned, the
’ Y atmospheric mass does not contribute sicgmtly to season-

tsﬁéfascfr]f:g;pigﬂurgr:&?;h?egagrlg;C'trc(;uﬁ;)r?‘elén?r?rsgﬁfnedrg%lity changes, but does change the meridional temperature
P P 9 radient(Figure 8) and tropopause heigffigure 14).

planetary parameters is important in order to assess the planet g :
habitability potential. For example, a highly seasonal climate It is Important to note that even in a Vvery seasonal case,
where the maximum surface temperature is at the summer pole,

with ‘large and fast transitions between cold to warm he circulation does not extend to the pole if the rotation rate is
temperature reduces the habitability potential of a planet, eve arth-like(Figure9), and only happens when the rotation rate

if the planets mean surface temperature is in the habitable. .

range, and surface water can be present. Also, it is essential t5 tr?ducedt(Guclende:trnan tﬁ l(taspiZOlE)J;. Slown:jg dto:/jvn t?e th

understand the water cycle response to changes in the planetal auon rate aiso attens the temperature gradient dueé to the
igher heat transport efiency of larger eddies. In addition,

parameters; therefore, we study the Hadley circulation ) ) - .
lowering the rotation rate widens the region where the weak

response. The Hadley circulation will also dictate ground ; . ; - .
features of the planet, for example, on Earth the distinctiont€émperature gradient limit holds, i.e., where the Coriolis term is

between the wet tropical regions, located around the ascendin%jaSS dominant, and gravity waves are acting to smooth the
branch of the Hadley cell and the deserts located at thelemperature gradient, resulting in wider trop{@ebel et al.
descending branch of the Hadley cell. Also on Titan methane2001 Raymond & Zen@009. The widening of the circulation
lakes around the pole and ice deserts around the equator ariey lowering the rotation rate can be attrlb_uted to the d_ecrease in
midlatitudes can be related to the Hadley circulagen., the eddy momentumux convergence with the rotation rate
Hayes et al2008 Aharonson et al2009. (Faulk et al.20179. _ _
Nonzero obliquity introduces seasonality to the solar Summarizing the circulation depgndence on the different
insolation, and as the obliquity increases toward, 9ae ~ Parameters, we suggest an empirical power-lawfor the
seasonality strengthens and the insolation meridional gradiengscending and descending branches and the circulation strength
increases(Figure 1). When introducing seasonality to the (Equations(2022), respectively. Although this t is for a
climate system, different timescales that relate to the radiativesPeci ¢ model in a spect con guration, it gives arst-order
forcing become relevant. The natural seasonal timescale is th@pproximation for the dependence of the circulation on these
orbital period, which is the time over which radiative changes four parameters.
take place. Short orbital period means that the radiative changes Although theoretically the range of the orbital period,
take place over a short amount of time and for a short enoughotation rate, and atmospheric mass can be even larger, the
orbital period, the resulting surface temperature is closer to thgange that this study covers represents the different seasonal
yearly mean climate. Long orbital periods result in a longer regimes of the diurnal mean climate. The chosen values for the
time for radiative changes to take place. As a result, the surfacerbital period covers climates ranging from close to an annual
temperature in long orbital periods will have a similar structure mean climate for the short orbital periods, to a strong seasonal
to the insolation(Figure4). climate where the surface temperature follows the insolation
The atmospheric radiative adjustment timescale, the timeclosely(Figure4). The atmospheric mass range shows both the
that the atmosphere needs to adjust to changes in the radiativetrong radiative cooling and the relatively weak radiative
forcing, depends on the atmospheric m@Sguation (1)). timescale effect§Figure5). For the rotation rate, we mainly

5. Conclusion
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cover the range for Earth-like and slower rotation rate, whichyhere~ " Rdz/ H. SubstitutiRgu(H) = u., and Equatiorf29)
covers the circulation response from a narrow, hemisphericallyInto Equati(;)n(27) gives
symmetric Hadley circulation to a wide cross-equatorial

circulation(Figure 9). Faster rotation rates are discarded as it 1 sR &a? tanG
enters into a different dynamical regini@hemke & Kaspi _IBS_G gH cog G
20153 2015h Kaspi & Showmark015.

In future observations, with some spatial resolution or other
ways of inferring cloud cover, regions highly populated with "R) G ()R @Ba2(sir SinG ;)? G
clouds can possibly be associated with the ascending branch of B 2gH 02 G , (31
the Hadley cell, and a sector that is cloud depleted can be
related to the descending branch of the Hadley cell. Detectingwvhich is similar to Equatiorf12). In order to get the exact
such temporal changes in these cloud regitatisude can give  expression as in Equatigh?), one needs to use= 4 G a/3
an indication about the planetary orbital and atmosphericyhere is the planeés mean density an6 is the universal

co ;, siB cos . (@D

Integrating Equatio§30) with respect td yields

characteristics. gravitational constant and the dhétion for the thermal Rossby
: . . . numbe
We thank Rei Chemke for his help in the model gquration. . '
We also appreciate the helpful comments from the anonymous R 8QGH wE (32)
reviewer. We acknowledge support from the Israeli Science 38&a

foundation(grant 181916) and the Helen Kimmel Center for

. . . ) where is meridional fractional change of the radiative
Planetary Science at the Weizmann Institute of Science. h g

equilibrium (Equation(33)). SubstitutingR; in Equation(31)
gives Equation(12) exactly.

To close the set of equations, we parameterize the thermal
forcing using Newtonian relaxation to an equilibrium potential

Appendix
The Axisymmetric Theory Derivation

Following the derivation in Lindzen & Ho(1988 closely, temperature of the form
we start with the zonal mean angular momentum per unit mass, B K
de ned to be = 1 ?(1 3(sin sit )?) , G33
M ( aBcos ua) cos , (2B G 8

. . . . with f ¢ being the latitude of maximur® In order to nd the
where is the planetary rotation ra@js the planetary radius,  regicted latitude of ascending and descending branches of the
f is latitude, andi is the zonal mean zonal wind. The angular ¢jrcyjation we need to assume that the circulation is thermally

momentum of air that starts at rest from latitédethe Hadley  ¢josed and that the temperature is continuous at the edge of the
circulation ascending branch, is

cells, e.g.,
M 8&%cos G. (23 % Rycos ® 0, G G (33
Assuming that the upper branch of the Hadley circulation ¢ _ _
conserves its angular momentum, we can write an expression R) Ge()R G (39
for the angular momentum conserving wind, wherej = w, s represents the position for the winter and
cog , cod 5; summer descending branch respectively.
Um T eosG (29 Of patrticular interest is the pole-to-pole circulation case. In
this scenario Equatior(84) and (35) translate to
Assuming also that the zonabw is in gradient-wind balance Q2 _  _
v cosR 0, G G (3
@ u2 tan G _:I.S_' (26) QZ( Re) ( 6
a asG R/ (/B Q (39
where = p/ o, we can evaluate this balan@quation(26)) writing these equations explicitly, wifhy = /2 gives
at heightsH and 0 and subtract the two to give Q2 E
" 1 2@ 3(sin si6 ,)?) cosd G
u(H)?tan G 1 s , 0
) MHERS LSy 01 (29 ez 3
0@ .22 R/2D _H(sir?E 1?2 cos & G(39
where we assume that(0) < u(H) . Assuming hydrostatic Q2 B R cog G '
balance -
s g R By 31 sing?). (39
- IR (28 8 3
g R

After some simple algebraic manipulations of these equations,
where is the potential temperature anglis some reference  one can obtain the expression given in Equatid).
potential temperature, and integrating the hydrostatic balance

(Equation(28)) with respect t@ gives ORCID iDs
[ (H) (0] g—R (29 llai Guendelmar® httpsi/ orcid.org 0000-0002-6873-0320
R Yohai Kaspi® httpsi/ orcid.org 0000-0003-4089-0020
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