
Icarus 282 (2017) 1–18 

Contents lists available at ScienceDirect 

Icarus 

journal homepage: www.elsevier.com/locate/icarus 

The circulation pattern and day-night heat transport in the 

atmosphere of a synchronously rotating aquaplanet: Dependence on 

planetary rotation rate 

S. Noda 

a , 1 , ∗, M. Ishiwatari b , c , K. Nakajima 

d , Y.O. Takahashi a , c , S. Takehiro 

e , M. Onishi a , 2 , 
G.L. Hashimoto 

f , K. Kuramoto 

b , c , Y.-Y. Hayashi a , c 

a Department of Planetology, Kobe University, Kobe 657-8501, Japan 
b Division of Earth and Planetary Sciences, Hokkaido University, Sapporo 060-0810, Japan 
c Center for Planetary Science, Kobe University, Kobe 650-0047, Japan 
d Department of Earth and Planetary Sciences, Kyushu University, Fukuoka 819-0395, Japan 
e Research Institute for Mathematical Sciences, Kyoto University, Kyoto 606-8502, Japan 
f Department of Earth Sciences, Okayama University, Okayama 700-8530, Japan 

a r t i c l e i n f o 

Article history: 

Received 29 September 2015 

Revised 21 August 2016 

Accepted 6 September 2016 

Available online 1 October 2016 

Keywords: 

Astrobiology 

Atmospheres, dynamics 

Atmospheres structure 

Extra-solar, planets 

Meteorology 

a b s t r a c t 

In order to investigate a possible variety of atmospheric states realized on a synchronously rotating aqua- 

planet, an experiment studying the impact of planetary rotation rate is performed using an atmospheric 

general circulation model (GCM) with simplified hydrological and radiative processes. The entire plane- 

tary surface is covered with a swamp ocean. The value of planetary rotation rate is varied from zero to 

the Earth’s, while other parameters such as planetary radius, mean molecular weight and total mass of 

atmospheric dry components, and solar constant are set to the present Earth’s values. The integration re- 

sults show that the atmosphere reaches statistically equilibrium states for all runs; none of the calculated 

cases exemplifies the runaway greenhouse state. The circulation patterns obtained are classified into four 

types: Type-I characterized by the dominance of a day-night thermally direct circulation, Type-II char- 

acterized by a zonal wave number one resonant Rossby wave over a meridionally broad westerly jet on 

the equator, Type-III characterized by a long time scale north-south asymmetric variation, and Type-IV 

characterized by a pair of mid-latitude westerly jets. With the increase of planetary rotation rate, the cir- 

culation evolves from Type-I to Type-II and then to Type-III gradually and smoothly, whereas the change 

from Type-III to Type-IV is abrupt and discontinuous. Over a finite range of planetary rotation rate, both 

Types-III and -IV emerge as statistically steady states, constituting multiple equilibria. In spite of the 

substantial changes in circulation, the net energy transport from the day side to the night side remains 

almost insensitive to planetary rotation rate, although the partition into dry static energy and latent heat 

energy transports changes. The reason for this notable insensitivity is that the outgoing longwave radia- 

tion over the broad area of the day side is constrained by the radiation limit of a moist atmosphere, so 

that the transport to the night side, which is determined as the difference between the incoming solar 

radiation and the radiation limit, cannot change greatly. 

© 2016 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

A number of recent systematic surveys have discovered many

arth-sized exoplanets (e.g., Torres et al., 2015 ). Many of those
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lanets exist inside the tidal lock radius of their central stars, and

re thought to be synchronously rotating (e.g., Von Bloh et al.,

007 ). Even when the global mean incoming heat flux from the

entral star is comparable to that of the present Earth’s, the in-

ident flux on the perpetual day side of a synchronously rotating

lanet can easily exceed the radiation limit of a moist atmosphere,

hich is the upper limit of outgoing longwave (infrared) radiation

t the top of the atmosphere (OLR) defined by a one-dimensional

adiative–convective equilibrium model of an atmosphere with

 sufficient amount of liquid water on its bottom surface

 Nakajima et al., 1992 ). So, a synchronously rotating planet may
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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easily enter the runaway greenhouse state if the day side to night

side (hereafter, day-night) energy transport is insufficient. 

However, in previous studies on atmospheres of synchronously

rotating planets using general circulation models (GCMs), the run-

away greenhouse state does not emerge for several different values

of planetary rotation rate with the present value of the Earth’s so-

lar constant (e.g., Joshi, 2003; Merlis and Schneider, 2010; Edson

et al., 2011 ). Even with the a solar constant 1.9 times that of the

Earth, Yang et al. (2013) obtains statistically equilibrium states in

an aquaplanet GCM experiment, in which high cloud albedo in the

regions around the subsolar point presumably prevents a runaway

greenhouse state. These results suggest that the mechanism that

determines the amount of day-night energy transport still remains

to be understood and its dependence on planetary rotation rate to

be revealed. These issues may be crucial in considering the habit-

ability of synchronously rotating exoplanets. 

The atmospheric circulation structure, which should be related

to day-night energy transport, has been shown to depend on the

planetary rotation rate (e.g., Showman et al., 2013 ), which is, in

this paper, represented by �∗, the value divided by that of the

present Earth: 7 . 272 × 10 −5 s −1 . Using a GCM with a slab ocean,

Merlis and Schneider (2010) obtains a day-night thermally direct

circulation in the case with �∗ = 1 / 365 , whereas high-latitude

westerlies emerge in the case with �∗ = 1 . The latter circulation

pattern is similar to that obtained earlier by Joshi (2003) with

�∗ = 1 . Merlis and Schneider (2010) names the two circulation

regimes the “slowly rotating regime” and the “rapidly rotating

regime”, respectively. However, there is little information on the

transition between these two regimes. Edson et al. (2011) explores

the �∗ dependence of the atmospheric circulation structures of

both dry and moist planets, and shows that, in addition to the two

regimes similar to those identified by Merlis and Schneider (2010) ,

a regime with a strong westerly zonal wind in low latitudes ap-

pears with intermediate values of �∗. It is also shown that, for the

dry planet condition, an abrupt change of zonal wind velocity oc-

curs and multiple equilibria with hysteretic behavior exist between

�∗ = 0 . 109 and �∗ = 0 . 25 . However, corresponding multiple equi-

libria for the aquaplanet have not been described clearly. 

As for day-night energy transport, Merlis and Schneider

(2010) shows that the amounts of moist static energy transport are

almost the same for the two cases with �∗ = 1 / 365 and �∗ = 1 ,

but there is no information about energy transport for intermedi-

ate values of �∗. Edson et al. (2011) describes �∗ dependences of

minimum, maximum, and globally averaged mean surface temper-

ature, but does not present that of energy transport. The depen-

dence of day-night energy transport on �∗, together with possible

constraints on it, remain to be explored. 

Recently, GCM experiments have also been performed in order

to examine possible climates on synchronously rotating terrestrial

exoplanets with particular parameter setups estimated from obser-

vations (e.g., Heng and Vogt, 2011; Wordsworth et al., 2011 ). Nat-

urally, detailed parameter dependence is not examined in these

works, since they focus on exploration of climates for the parame-

ters of particular exoplanets. 

In this paper, a series of GCM runs with �∗ incremented by

small steps is performed under a simple setup considering a moist

planet that rotates synchronously. We will attempt to confirm that,

for the same value of incoming solar flux as that of the present

Earth’s, statistically equilibrium states are obtained and the run-

away greenhouse state does not occur for various values of �∗ in-

cluding those that are not closely examined in the previous stud-

ies. We also examine how �∗ affects the atmospheric circulation

structure and day-night energy transport, and consider what de-

termines the amount of day-night energy transport. The same sim-

ple model configuration as used in Ishiwatari et al. (2002) and

Ishiwatari et al. (2007) is adopted, namely cloud-free conditions,
ray radiation, swamp ocean and so on. This choice allows us to

ompare the results of the experiment directly with our previ-

us studies showing that the three-dimensional moist atmosphere

volves into the runaway greenhouse state when the global mean

nsolation exceeds the radiation limit. Using the swamp condition

llows the system to reach a statistically equilibrium state in a

horter time than with a slab ocean, and is convenient for exe-

ution of a large number of runs with various �∗ and initial con-

itions. Varying these initial conditions is necessary to search for

ossible multiple equilibrium solutions. 

The specification of the GCM and the experimental setups

re described in Section 2 . The realization of statistically equilib-

ium states is confirmed, and an overview of the dependence of

he structure of the atmospheric circulation on �∗ are given in

ection 3 . Four typical cases with different values of �∗ are chosen

nd their associated structures of atmospheric circulation are de-

cribed in Section 4 . The dependence of day-night energy transport

n �∗ is analyzed, and it is argued that day-night energy trans-

ort is constrained by the radiation limit of a moist atmosphere in

ection 5 . Discussions and conclusions are given in Section 6 . 

. Model and experimental setup 

The GCM utilized in this study is DCPAM5 (the Dennou-Club

lanetary Atmospheric Model, http://www.gfd-dennou.org/library/

cpam/index.htm.en ), which is reconstructed from GFD-Dennou-

lub AGCM5 used in Ishiwatari et al. (2002) and Ishiwatari et al.

2007) with a design convenient for numerical experiments on var-

ous planetary atmospheres. With DCPAM5, it is confirmed that the

unaway greenhouse state emerges under the same conditions as

hose of Ishiwatari et al. (2002) . Here we use the same model con-

guration as that of Ishiwatari et al. (2002) . The governing equa-

ions for dynamical processes are the primitive equations. Simple

arameterization schemes are adopted for physical processes. The

tmosphere consists of water vapor and dry air. Both dry air and

ater vapor are transparent to shortwave radiation, and only wa-

er vapor absorbs longwave radiation with constant absorption co-

fficient (0.01 m 

2 kg −1 ). The moist convective adjustment scheme

 Manabe et al., 1965 ) is used as a cumulus parameterization. Con-

ensed water is immediately removed from the atmosphere as

ain. There is no cloud; absorption and scattering of radiation by

louds are not incorporated. The surface of the planet is entirely

overed with the swamp ocean, an ocean with zero heat capacity.

t is assumed that the ocean does not transport heat horizontally

nd does not freeze. The surface albedo is set to zero. A bulk for-

ula ( Louis et al., 1982 ) is used for surface flux calculation. 

In order to draw on existing knowledge of the present Earth’s

tmosphere, the values of parameters used in our experiment are

asically those of the Earth except for planetary rotation rate and

bliquity. The values of molecular weight and specific heat of dry

ir are set to 28 . 964 × 10 −3 kg mol −1 and 1004.6 J K 

−1 kg −1 , re-

pectively. The values of molecular weight and specific heat of wa-

er vapor are set to 18 . 0 × 10 −3 kg mol −1 and 1810.0 J K 

−1 kg −1 ,

espectively. The planetary radius R p is set to 6.371 × 10 3 km. The

cceleration of gravity is 9.80 6 65 m s −2 , and global mean surface

ressure is 10 5 Pa. The synchronously rotating planet is configured

ith the obliquity set to zero, and the distribution of solar incident

ux fixed to the planetary surface ( Fig. 1 ) according to 

 solar = S 0 max [0 , cos φ cos (λ − λ0 )] , (1)

here φ is latitude and λ is longitude, with subsolar longitude

0 = 90 ◦ and solar constant S 0 = 1380 W m 

−2 , which is about

8% of the threshold value ( S 0 = 1570 W m 

−2 ) to enter the run-

way greenhouse state obtained by the non-synchronously rotat-

ng aquaplanet experiment by Ishiwatari et al. (2002) . We use

6 values of �∗: �∗ = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.33, 0.5, 0.6,

http://www.gfd-dennou.org/library/dcpam/index.htm.en
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Fig. 1. Horizontal distribution of the incident solar flux [W m 

−2 ] given by Eq. (1) . 

Contour interval is 300 W m 

−2 . 
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Fig. 2. Time series of global mean quantities. (a) Surface temperature [K] and (b) 

OLR [W m 

−2 ]. Green, light-blue, black, and red lines indicate �0.0, �0.15, �0.75, 

and �1.0, respectively. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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.67, 0.7, 0.75, 0.8, 0.85, 0.9, and 1. Hereafter each case will be re-

erred to as character � followed by the value of �∗. For example,

0.05 is the case with orbital period of 20 Earth days. Note that

hanging �∗ with fixed solar constant means changing the lumi-

osity of the central star. Although no planet with �∗ = 0 exists in

eality, we examine the circulation structure of this idealized non-

otating planet as the limiting case of small �∗. 

For the horizontal discretization, we use the spherical spectral

ransform method with triangular truncation at total wavenumber

1 (T21), giving 64 grid-points for the longitudinal axis and 32

rid-points for the latitudinal axis. As the vertical coordinate, σ ≡
 / p s is adopted, where p s is surface pressure. The number of verti-

al levels is set to 16. The model top level is set to σ = 0 . 02 . We

erformed test runs for several values of �∗ employing 32 verti-

al levels with the top level of σ = 9 . 2 × 10 −5 . The results show

o qualitative change in either the atmospheric circulation charac-

eristics or the energy budget compared with those with 16 verti-

al levels; the change in day side averaged OLR is at most 10 W

 

−2 (figures not shown), which is negligibly small compared to

he value of OLR itself. We also conducted a high resolution test

xperiment up to T341 with �∗ = 1 , and confirmed that the large

cale circulation and the surface temperature patterns are mostly

nchanged. These sensitivity tests show that the vertical and hor-

zontal resolutions are adequate for the present purpose. Some

spects of the resolution dependence are demonstrated later in

ppendix A . 

For each �∗, we perform 10 runs. As will be discussed in the

ollowing sections, we have recognized that initial condition de-

endence appears for certain values of �∗; different types of circu-

ation patterns result from slightly different initial conditions. The

nitial condition for each run is an isothermal (280K) resting at-

osphere with a small temperature perturbation in the form of

andom noise with amplitude of 0.1 K added to all grid-points; we

repare ten different perturbation fields for the ten runs. Each run

s integrated for 20 0 0 Earth days, and the data from the last 10 0 0

ays are used for analysis. 

. Dependence of atmospheric circulation characteristics on 

lanetary rotation rate 

In all runs the atmosphere reaches a statistically equilibrium

tate; the runaway greenhouse state does not emerge. Fig. 2 shows

emporal changes of the global mean values of surface temperature

nd OLR obtained in four typical runs with different values of �∗.

n every case, the atmosphere settles down after about 300 days

o a statistically equilibrium state in which both global mean sur-
ace temperature and OLR fluctuate around their equilibrium val-

es. The temporal mean values of global mean surface temperature

nd the magnitudes of temperature fluctuation differ among runs. 

The structure of the atmospheric circulation varies with �∗.

ig. 3 summarizes the variety of global distributions of time mean

urface temperature for various values of �∗. For each value of
∗, the result of a single run arbitrarily chosen from the ten runs

s plotted. In Fig. 3 , we can identify at least three features that

haracterize the variety of surface temperature. First, an equato-

ial warm belt in the night hemisphere is present in �0 . 05 − �0 . 8

 Fig. 3 b–m), while it is absent in the other cases. Second, the equa-

orial region is generally warmer in �0 . 0 − �0 . 8 ( Fig. 3 a–m), while

he mid-latitude regions are warmer in the other cases. These

wo features above reflect the meridional structures of zonal mean

onal wind, as will be shown later. Third, a north-south asymmetry

s evident in �0 . 6 − �0 . 8 ( Fig. 3 i–m), while it is absent or weak

n the other cases. This last feature reflects the presence of north-

outh asymmetric variability with long time scales, as will be de-

cribed in Section 4.3 . 

For a more quantitative description of the general dependence

f the atmospheric circulation structure on �∗, bearing in mind

he three features of the surface temperature fields identified

bove, we examine the �∗-dependences of four quantities. These

re the surface temperatures at the subsolar and antisolar points,

he upper tropospheric zonal mean zonal wind at the equator, and

 measure of north-south asymmetry in the surface temperature
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Fig. 3. Horizontal distributions of 10 0 0-day mean surface temperature for all of the computed values of �∗ . Contour interval is 5 K. 
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with short time scale transients filtered out defined by 

�NS [ T s ] ≡ 1 

2 π

∫ π/ 2 

0 

∫ 2 π

0 

∣∣ ˜ T s (λ, φ) − ˜ T s (λ, −φ) 
∣∣d λ cos φd φ, (2)

where ˜ T s is the 50 day running average of surface temperature,

and the overbar means the temporal average over 10 0 0 days. Fig. 4

shows the �∗ dependences of these four quantities. Note that the

ten runs for each value of �∗ are plotted separately. Now we can

identify two separate branches of atmospheric states: one extend-

ing from �∗ = 0 to �∗ = 0 . 8 (hereafter, the small- � branch), and

the other from �∗ = 0 . 7 to �∗ = 1 (hereafter, the large- � branch).

Between �∗ = 0 . 7 and �∗ = 0 . 8 , these two branches coexist, giv-

ing multiple equilibria. The preference between the two branches

in the range of the multiple equilibria seems to depend on the

value of �∗; the ratio of runs on the large- � branch increases from

10% for �∗ = 0 . 7 to 80% for �∗ = 0 . 8 . The branch taken by a par-

ticular run depends on small differences in the initial conditions.

It is determined in the first ∼500 days of the model integration,
nd there is no switching to the other branch after that. Note that

hose shown in Fig. 3 k–m belong to the small- � branch by chance;

here are also runs belonging to the large- � branch for this range

f �∗, with surface temperature structure similar to those shown

n Fig. 3 n–p. 

In Fig. 4 we observe that the atmospheric circulation charac-

eristics change continuously but markedly on the small- � branch.

hen �∗ = 0 , both zonal mean zonal wind and north-south asym-

etry are negligible. As �∗ increases, the westerly wind intensi-

es rapidly, and the night side surface temperature rises rapidly,

oth of which are tied to the appearance of the equatorial warm

elt identified in Fig. 3 b–m. The temperature at the subsolar point

alls at first, then rises. The north-south asymmetry remains small.

round �∗ = 0.5, the north-south asymmetry increases, and con-

inues to increases with increase of �∗. The asymmetry has been

dentified in Fig. 3 i–m, but is not evident in cases �0.2–�0.5

 Fig. 3 e–h), where, as will be shown later, the temporal scale of

he variability is short compared with the averaging period of
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Fig. 4. �∗ dependences of (a) surface temperature [K] at the subsolar point, (b) surface temperature [K] at the antisolar point, (c) zonal mean equatorial zonal wind [m s −1 ] 

at σ = 0 . 17 , and (d) degree of north-south asymmetry of surface temperature defined by Eq. 2 in the text [K]. The values are temporal averages between day 10 0 0 and day 

20 0 0. All 10 runs for each �∗ case are plotted. Red and blue lines are ensemble averages for the small- � and the large- � branches, respectively. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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0 0 0-days. Until the end of the small- � branch at �∗= 0.8, the

alues of temperature at the subsolar and antisolar points re-

ain high, and the zonal mean wind at the equator maintains

ts strength. On the large- � branch, the upper tropospheric zonal

ean wind is easterly. The temperature is lower than that of the

mall- � branch at both the subsolar and antisolar points, and 

orth-south asymmetry is weak. Changes in the four circulation

haracteristics are rather small over the entire range (0.7 � �∗ � 1)

f the large- � branch. 

. Typical atmospheric circulation structures 

In order to understand the atmospheric circulation and its de-

endence on �∗ on the synchronously rotating planet, we exam-

ne here the spatial structures and temporal variation of the so-

utions in detail. Although the circulation structure changes more

r less continuously as �∗ changes on the small- � branch as im-

lied in Figs. 3 and 4 , we can classify the circulation structures

nto three types according to the zonal wind structure and the

emporal variability. They are, in order of the planetary rotation

ate where they appear, Type-I, characterized by day-night convec-

ion, Type-II, characterized by a broad equatorial westerly jet and

 north-south symmetric stationary wave-like pattern that turns

ut to be a stationary Rossby wave, and Type-III, characterized by

ong time scale north-south asymmetric variability. In the large- �

ranch we can classify the circulation structure as Type-IV, char-

cterized by a pair of mid-latitude deep westerly jets. For each

f the four types, we choose one case and examine it in detail

elow. 
.1. Type-I: day-night convection (case �0.0) 

The Type-I circulation appears in cases with very small values

f �∗, and is characterized by day-night convection; it is similar to

hose obtained with small �∗ in earlier studies ( Edson et al., 2011;

erlis and Schneider, 2010 ). We examine case �0.0 as a represen-

ative case of Type-I. 

The time mean structure of the atmospheric circulation in case

0.0 is shown in Fig. 5 . Upper tropospheric horizontal flow di-

erges toward the night side ( Fig. 5 b) from the concentrated up-

ard motion at the subsolar point, where intense precipitation

evelops ( Fig. 5 e). The outflow is strong not only in the upper tro-

osphere ( σ ∼0.23) but also at the middle levels around σ ∼0.55

 Fig. 5 c). In the middle troposphere, the entire planet except at

he subsolar point is covered with a widespread, weak, and almost

omogeneous downward flow ( Fig. 5 c). In the lower troposphere

 σ ∼ 0.9), the air flow diverges from the antisolar point and re-

urns to the day side, connected to the flow converging toward the

ubsolar point. 

The surface temperature distribution ( Fig. 5 h) closely follows

he incident solar flux distribution ( Fig. 1 ). The night side surface

emperature is almost homogeneous; its variation is as small as

0 K, being by far the smallest among all the experiments. The

urface pressure distribution ( Fig. 5 a) can be interpreted as a direct

esponse to the surface temperature distribution; a notable feature

s the heat low in the lower troposphere of the day side ( Fig. 5 a

nd c). Temperature on the night side is generally highest in the

iddle levels ( σ ∼ 0.6) and lower nearer the surface ( Fig. 5 c). In

ontrast, temperature in the heat low around the subsolar point

20 ° ≤ λ ≤ 160 °), increases with decreasing altitude. 
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Fig. 5. Day 10 0 0 to day 20 0 0 temporal mean fields for case �0.0. (a) Surface pressure (color shading) [Pa] and horizontal wind vectors [m s −1 ] at the lowest level. Contour 

interval of surface pressure is 5 × 10 2 Pa, and the unit vectors of zonal and meridional wind are 20 m s −1 . (b) Horizontal wind vector [m s −1 ] and geopotential [J kg −1 ] 

at σ = 0 . 17 . Unit vector indicates 25 m s −1 . Contour interval of geopotential is 500 J kg −1 . (c) Vertical wind − ˙ σ [s −1 ] and zonal wind [m s −1 ] (vector), and temperature 

[K] (color) in the equatorial vertical section. Unit vectors of vertical wind and zonal wind are 1 . 67 × 10 −5 s −1 and 50 m s −1 , respectively. Contour interval of temperature 

is 5 K. (d) Specific humidity at the equator. Contour interval is 2 × 10 −3 . (e) Condensation heating [W m 

−2 ]. Color interval is 50 W m 

−2 . White area represents heating 

over 20 0 0 W m 

−2 . (f) Horizontal distribution of surface evaporation [W m 

−2 ]. Color interval is 50 W m 

−2 . (g) Vertically integrated water vapor flux [m s −1 ] and vertically 

integrated water vapor mass [kg m 

−2 ]. Unit vector is 0.3 m s −1 . Contour interval is 10 kg m 

−2 . (h) Surface temperature [K]. Contour interval is 5 K. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The hydrological cycle is governed by the direct day-night circu-

ation. Surface evaporation has its maximum at the subsolar point,

nd is very small over the whole night side ( Fig. 5 f). Rainfall occurs

lmost exclusively around the subsolar point ( Fig. 5 e). The middle

evel outflow from the subsolar point ( Fig. 5 c) advects moist air

nto the night side, producing relatively moist tongues (0.45 ≤ σ
0.65, λ < 210 ° and λ > 320 °) ( Fig. 5 d). However, the magnitude

f the vertically integrated water vapor flux ( Fig. 5 g) is fairly small

ompared to those for the other circulation types. 

.2. Type-II: stationary Rossby wave on broad equatorial westerly jet 

case �0.15) 

The Type-II atmospheric circulation structure appears for

.05 � �∗ � 0.2 and is characterized by a warm region on the

ight side ( Fig. 3 b–d) below an intense broad equatorial westerly

ind as shown in Fig. 4 c, and large amplitude wavenumber one

tationary waves in the higher latitudes. These features are also

een in the circulations obtained in an intermediate range of �∗

y Edson et al. (2011) . We examine case �0.15 as a representative

ase of Type-II. 

The time mean structure of the atmospheric circulation in case

0.15 is shown in Fig. 6 . The most notable feature is the emer-

ence of a broad and deep westerly wind that covers almost the

hole depth of the troposphere ( Fig. 6 c) of the low-latitudinal re-

ion ( Fig. 6 b). In the bottom layer near the surface, a trace sig-

ature of day-night circulation can still be noted ( Fig. 6 a). The lo-

ation of maximum rainfall and the associated deep updraft are

hifted eastward from the subsolar point by about 20 ° ( Fig. 6 c and

), possibly due to moisture advection by the deep westerly wind.

he surface temperature peak is also shifted eastward from the

ubsolar point by 25 ° ( Fig. 6 h). A similar eastward shift emerges

lso in the other cases on the small � branch, explaining the drop

n subsolar point surface temperature at �∗ ∼ 0 ( Fig. 4 a). The peak

f evaporation remains at the subsolar point ( Fig. 6 f). In fact, the

atent heat flux around the equator on the day side changes lit-

le over the range of �∗ examined in this study. The insensitivity

o �∗ results from the employment of the swamp surface condi-

ion and cloud free condition; the incoming shortwave radiation

eaching the ground surface has fixed geographical distribution,

nd must be approximately balanced by the energy loss by latent

eat of evaporation. The surface pressure minima are located at

 λ, φ) ∼ (120 °, ±15 °); these are not only to the east of the sub-

olar point, but also off the equator ( Fig. 6 a). The higher-latitude

egions are characterized by intense wavenumber one stationary

aves manifested as the ridge around λ ∼ 150 ° and the cyclones

round ( λ, φ) ∼ (330 °, ±60 °) ( Fig. 6 b). The pressure signatures are

enerally geostrophic, and have an equivalent barotropic vertical

tructure suggested by the low surface pressure signatures below

he upper level low pressure area ( Fig. 6 a). 

The deep, broad equatorial westerly wind transports a large

mount of sensible and latent heat to the night side, which is

anifested as the warm and moist tongue in the lower to the

iddle troposphere extending eastward crossing the terminator at

= 180 ◦ ( Fig. 6 c and d). A considerable portion (about one fourth)

f the water vapor transported to the night side at λ = 180 ◦ re-

urns to the day side at λ = 360 ◦ (figure not shown). At λ = 180 ◦,
ater vapor transport to the night side is more intense in the high-

atitudinal regions than in the equatorial region, resulting from

he meandering of the eastward wind associated with the intense

avenumber one stationary waves and near surface westward

ind near the equator. Rainfall is no longer focused at the subso-

ar point, as it is associated with the moisture transport, and some

mount of rainfall occurs even in the night hemisphere ( Fig. 6 e)

espite the negligibly small amount of surface evaporation. Also

ue to the enhanced water vapor transport, the column integrated
oisture content around the antisolar point reaches about three

imes that in case �0.0 ( Fig. 6 g). Actually, column integrated mois-

ure content increases considerably also on the day side; the peak

alue near the subsolar point in case �0.15 is about 1.5 times the

alue of that in case �0.0, and its associated greenhouse effect re-

ults in the rise of surface temperature following the drop near
∗ ∼ 0 ( Fig. 4 a). 

It is notable that the horizontal distribution of surface temper-

ture closely follows that of column moisture content on the night

ide ( Fig. 6 g and h); in an extensive region of high column wa-

er vapor content in the low latitudes, surface temperature is high,

hereas it is very low in the dry regions located around the low

ressure centers of wavenumber one structure at higher latitudes.

he energy budget at the ground surface explains this close re-

ationship; because incident solar flux is absent and both latent

 ∼2 W m 

−2 ) and sensible ( ∼ −4 W m 

−2 ) heat fluxes are negli-

ibly small on the night side, the upward thermal radiation flux

 ∼230 W m 

−2 ) at the surface almost balances the downward long-

ave radiation from the atmosphere that is exclusively emitted by

ater vapor, the only radiatively active component in this model. 

When all Type-II cases are compared, the broad equatorial jet

s stronger for the cases with larger value of �∗ as indicated in

ig. 7 , where the values of mass weighted global mean zonal wind

elocity in Type-II are shown. Moreover, for �∗ � 0.2, the wind

peed is close to the absolute values of the intrinsic phase speed

f the normal mode Rossby wave of Longuet-Higgins (1968) . The

hin line in Fig. 7 shows the intrinsic phase speed of the merid-

onally gravest normal mode Rossby wave with wave number one,

hich we calculate with the spectral method of Kasahara (1976) .

onsidering the vertical structure of the waves appearing in Type-

I, we assume an equivalent depth of 10 0 0 0 m, which is the value

or the barotropic mode in an isothermal atmosphere of 245 K.

he rough coincidence of the speed of the broad eastward equa-

orial jet and that of the intrinsically westward propagating nor-

al mode Rossby wave for each �∗ suggests that the wavenumber

ne planetary scale stationary wave in Type-II is resonantly excited

n the broad westerly jet. Other evidence for the resonant exci-

ation is the �∗-dependence of the amplitude and phase of the

tationary wavenumber one waves. The cyclonic regions associated

ith the waves are expressed as the north-south symmetric cold

egions in the night side mid to high latitudes ( Fig. 3 ). For �∗ from

.05 to 0.2, the amplitude of the cyclonic regions is generally large.

he longitudinal phase difference between the precipitation max-

mum and the cyclonic centers is about 270 ° for �∗ = 0.05. This

s the largest eastward phase shift of the upper Rossby wave re-

ponse to a wavenumber one thermal forcing in a westerly flow

aster than the resonant speed. As �∗ increases, the phase differ-

nce decreases, dropping below 180 ° for �∗ = 0.25 and 0.33. Pos-

ible mechanisms for the acceleration of the broad westerly wind

nd its resonant relation to the normal mode Rossby waves will be

iscussed in more detail in Section 6.3 , referring to earlier studies.

For �∗ � 0.25, the westerly wind does not reach the normal

ode Rossby wave speed. Our preliminary analysis reveals that, in

hese cases, mid-latitude transient disturbances, which may orig-

nate from baroclinic instability given the development of merid-

onal temperature gradient (not shown), transport westerly mo-

entum poleward and decelerate the broad westerly jet. Detailed

nalysis on the nature of the transient disturbances and their pos-

ible role as the “governor” of the equatorial jet remains to be per-

ormed. 

.3. Type-III: long time scale north-south asymmetric variability 

case �0.75) 

The Type-III atmospheric circulation structure appears on the

mall- � branch for 0.5 � �∗ � 0.8. The temporally averaged
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Fig. 6. Same as Fig. 5 but for case �0.15, except that the unit vector in (b) is 50 m s −1 and the unit vector of vertical wind in (c) is 2 . 5 × 10 −6 s −1 . 
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characteristics of Type-III are similar to those of Type-II in terms

of the strong eastward equatorial jet, but, as shown in Fig. 4 d, dif-

fer in the presence of significant north-south asymmetric long time

scale variability. 

Before considering the Type-III circulation structure in detail,

we summarize the �∗ dependences of the amplitude and the typ-

ical oscillation period of the north-south asymmetric variability.

Fig. 8 compares the time series of zonal mean surface pressure in
our cases with different values of �∗. In case �0.2, where Type-

I structure develops, a quasi periodic oscillation with amplitude

f ∼20 hPa and a temporal scale of ∼10 days is notable. In case

0.5, in addition to an oscillation with ∼20 day period, a slower,

orth-south asymmetric variability is evident; its period and am-

litude are ∼40–100 days and ∼45 hPa, respectively. In cases with

arger �∗, the slow, north-south asymmetric variability is more in-

ense and its characteristic period is longer; in case �0.67, the
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Fig. 7. Mass weighted global mean zonal wind velocity for cases with �∗ from 0.0 

to 0.33 (circles). Absolute value of westward phase velocity of the zonal wavenum- 

ber one gravest Rossby normal mode is indicated by the thin line for comparison. 
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mplitude is ∼80 hPa, and the period is ∼10 0 0 days. In case �0.75,

he amplitude is as large as ∼160 hPa, and, looks almost perma-

ent in Fig. 8 d. However, by conducting several extended exper-

ments, we have confirmed that the asymmetry does change its

ign over a long time; the pressure deviation reverses at around

 = 250 0 0 days for the run shown in Fig. 8 d. Furthermore, the

ign of the asymmetry is determined by chance; in the ten runs

onducted for �0.75, Type-III structure appears in four runs (not

hown), and, during the period shown in Fig. 8 d, two of them

ave a positive pressure anomaly in the northern high latitudes,

nd the remaining two are negative. We conclude that, despite the

evelopment of the distinct long time scale north-south asymmet-

ic variation, the structure of the atmospheric circulation is, in a
Fig. 8. Latitude–time distribution of zonal mean surface pressu
tatistical sense, north-south symmetric, consistent with the sym-

etry of the applied solar flux. 

Considering the characteristics of the north-south variation, we

xamine case �0.75 as representative of Type-III, where the north-

outh asymmetry appears as a quasi stationary structure that per-

ists throughout the 10 0 0 days of the temporal average. As shown

n Fig. 8 d, northern (southern) high latitudes are occupied by high

low) pressure throughout the averaging period. The north-south

symmetric features discussed below are naturally reversed in the

ime period when the surface pressure in the northern (southern)

emisphere is low (high). We also note that the north-south asym-

etric atmospheric circulation features develop also in GCM exper-

ments with higher horizontal resolution (T42 and T85), although

hey appear in slightly different ranges of �∗ (see Appendix A ), so

e believe their emergence itself is insensitive to model resolution.

The time mean structure of the atmospheric circulation in case

0.75 is shown in Fig. 9 . The deep westerly flow along the equa-

or ( Fig. 9 b and c), and the associated eastward advection of water

apor ( Fig. 9 d and g) resulting in a warm belt along the equator

n the night hemisphere ( Fig. 9 h), are features similar to those in

ype-II ( Fig. 6 ). However, except for the distribution of evapora-

ion, which is strongly constrained by insolation as was discussed

or Type-II, most of the off-equatorial features exhibit north-south

symmetry in contrast to the north-south symmetry in Type-II.

orthern (southern) high latitudes are covered with surface high

low) pressure ( Fig. 9 a). The low pressure area in the day hemi-

phere also exhibits north-south asymmetry; the low pressure cen-

er in the southern hemisphere is much more intense than its

ounterpart in the northern hemisphere. Being in geostrophic bal-

nce with the pressure gradient around the polar pressure anoma-

ies, north-easterly (north-westerly) wind prevails at the surface in

orthern (southern) mid latitude (arrows in Fig. 9 a). This brings

ry (moist) air into the mid latitudes of the day (night) hemisphere

 Fig. 9 g) crossing the day-night boundary at λ = 180 ◦, inducing the
re [Pa] for (a) �0.2, (b) �0.5, (c) �0.67, and (d) �0.75. 
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Fig. 9. Same as Fig. 6 but for case �0.75, except that the unit vector of vertical wind in (c) is 1 . 3 × 10 −6 s −1 . 
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north-westward (south-eastward) development of the mid-latitude

precipitation zone ( Fig. 9 e) and the north-south asymmetry of sur-

face temperature in both the day and night hemispheres ( Fig. 9 h)

through the anomaly in downward thermal radiation. 

Two additional features characterize the north-south asymme-

try. First, the westerly region extends farther poleward in the
outhern hemisphere than in the northern hemisphere ( Fig. 10 a),

here intense baroclinic disturbances develop (not shown here),

resumably transporting westerly momentum downward. Second,

here is a baroclinic zonal wavenumber one feature ( Fig. 9 ab)

hich has markedly north-south asymmetric meridional phase tilt

 Fig. 10 b); the phase lines tilt from northwest to southeast in
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Fig. 10. Structure of the atmosphere averaged from day 10 0 0 to day 20 0 0 for case �0.75: (a) zonal mean zonal wind, and (b) eddy stream function at σ = 0.17. 
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 wide latitudinal zone from the northern high latitudes ( φ ∼
70 ◦) to southern mid latitudes ( φ ∼ −40 ◦), crossing the equator.

he phase tilt of the zonal wavenumber one feature, which im-

lies southward transport of westerly momentum from northern

o southern hemispheres, presumably contributes to driving the

id-latitude westerly jet in the southern hemisphere noted above

 Fig. 10 a). 

According to our preliminary analysis (not shown here) of

he vorticity sources following the formulation of Sardeshmukh

nd Hoskins (1988) , the meridionally tilted wavenumber one fea-

ure seems to be forced jointly by tropical and extratropical pre-

ipitation ( Fig. 9 e); the heating near the subsolar point, which

s distributed mainly in the northern tropics around (λ, φ) =
(120 ◦, +12 ◦) , can be regarded as an excitation source of a Rossby

ave that contributes the northern half of the wavenumber one

tructure. Meanwhile the latent heating associated with the precip-

tation band in southern mid latitudes distributed around (λ, φ) =
(180 ◦, −30 ◦) , can be regarded as an excitation source of a Rossby

ave that contributes the southern half. Upward cascade of baro-

linic eddies developing in the westerly jet could also contribute

o the southern half. The distribution of mid-latitude precipita-

ion seems to be, in turn, induced by the north-south asymme-

ry of moisture flux associated with surface pressure as described

n the previous paragraph. Combining these features, the north-

outh asymmetry may possibly be maintained through a positive

eedback loop, so that the asymmetry tends to have long life time.

uantitative examination of the dynamics of this possible feedback

oop remains for future studies. 

.4. Type-IV : mid-latitude westerly jets (case �1.0) 

The Type-IV atmospheric circulation structure is found over the

ntire large- � branch for �∗ � 0.7, and is characterized by some-

hat Earth-like mid- to high- latitudes westerly jets. This is simi-

ar to the structures obtained by Merlis and Schneider (2010) and

dson et al. (2011) with �∗ = 1 , although several points of differ-

nce can be noted (See Section 6.1 ). We examine case �1.0 as a

epresentative case of Type-IV. 

The time mean structure of the atmospheric circulation in case

1.0 is shown in Fig. 11 . The mid latitudes are occupied by west-

rly winds through the whole depth of the troposphere ( Fig. 11 a

nd b). The low latitudes are occupied by easterly wind, but only

n the upper troposphere. The lower tropospheric circulation along

he equator ( Fig. 11 c) is more strongly controlled by the day-night

ontrast; zonal wind near the surface converges to form the up-

ard motion at the subsolar point, and diverges around the an-

isolar point compensated by the broad downward motion. In the

ff-equatorial latitudes, latitudinal tilting of zonal wavenumber one

ave features are notable, but these have generally baroclinic ver-
ical structure, in contrast to the barotropic Rossby wave in Type-II.

olar regions are covered with deep low pressure areas. 

The precipitation and water vapor distributions are more com-

licated than those on the small- � branch. Precipitation ( Fig. 11 e)

s most intense in a zonally aligned V-shaped region extending

rom the equatorial point ( λ, φ) ∼ (110 °, 0 °) to ( λ, φ) ∼ (30 °,
25 °), loosely overlapping the low pressure area in the western

art of the day hemisphere (contours in Fig. 11 a). The wings of

he V-shaped precipitation region intrude into the night side from

he regions around φ = ±25 ◦ at λ = 360 ◦. There is also a pair of

onally elongated precipitation zone in the higher latitudes, which

tart at ( λ, φ) ∼ (45 °, ±45 °) and extend to ( λ, φ) ∼ (330 °, ±80 °)
n the night side. The distribution of column integrated water va-

or content roughly follows that of precipitation ( Fig. 11 g), but the

reas of greatest moisture content are located far from the equa-

or, poleward of the high-latitude parts of the equatorial V-shaped

trong precipitation area at ( λ, φ) ∼ (50 °, ±30 °). 
The distribution of night side surface temperature ( Fig. 11 h)

losely follows that of the atmospheric water vapor content

 Fig. 11 g) as in the cases on the small- � branch. However, reflect-

ng the complex structure of humidity, temperature varies longi-

udinally; it is warmer to the east along φ ∼ ±30 °, whereas it is

armer to the west along φ ∼ ±50 °. Also the distribution of sur-

ace temperature on the day side is affected by the distribution of

ater vapor content; the highest surface temperature appears at

 λ, φ) ∼ (80 °, ±40 °), the locations that are quite far from the sub-

olar point and below the belts of large water content (deep blue

olors of Fig. 11 g). The values of surface temperature at the sub-

olar and antisolar points are lower than the respective values in

ypes -II or -III ( Fig. 4 a and b), resulting from the reduction of at-

ospheric water content compared to those cases. 

. Day-night energy transport 

.1. Dependence on �∗

In this section, we examine how day-night energy transport

hanges with �∗, responding to the considerable variation of the

tmospheric circulation structure described in the previous section.

e analyze OLR on the night side, F OLR , day-night dry static energy

ransport, T sens , and day-night latent energy transport, T lat , which,

n equilibrium states, satisfy the energy balance of the night side: 

 sens + T lat − 2 πR 

2 
p F OLR = 0 . (3) 

 sens and T lat are calculated assuming the approximate balances of

eat and moisture budgets in the night side atmosphere, which

re 

 πR 

2 
p (F SLR + F sens − F OLR + LP ) + T sens = 0 , (4) 
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Fig. 11. Same as Fig. 9 but for case �1.0 except that unit vector of the vertical wind in (c) is 2 . 5 × 10 −6 s −1 . 

 

 

 

 

 

 

 

m  

u  

o  

w  

s  

a

d  

m  

o  

t  
2 πR 

2 
p (F e v ap − P ) + T lat /L = 0 , (5)

where F evap is surface evaporation flux, F SLR is net upward long-

wave radiation flux at the surface, F sens is surface sensible heat

flux, P is precipitation, and L is latent heat of water vapor. All of

the terms are 10 0 0-day mean values spatially averaged over the

night side. 

Fig. 12 a shows �∗ dependences of F OLR , T sens / (2 πR 2 p ) , and

T lat / (2 πR 2 p ) . All 10 runs are plotted for each value of �∗. The
ost remarkable feature is that total energy transport is almost

nchanged regardless of the branch of the solution and the value

f �∗, while the partition into T sens and T lat changes. For �∗ ∼ 0,

here the Type-I structure appears, T lat is negligible, as atmo-

pheric water vapor content is very small ( Fig. 5 g). As �∗ increases

nd the Type-II structure appears, T lat rapidly increases, but T sens 

ecreases correspondingly, keeping the sum of the two ( F OLR ) al-

ost unchanged. The increase of T lat results from the development

f the deep broad westerly wind ( Fig. 6 b and c) together with

he increase of moisture in the day hemisphere ( Fig. 6 d). Further
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Fig. 12. (a) �∗ dependences of outgoing longwave radiation on the night side, F OLR ( � ), day-night dry static energy transport per unit area, T sens / (2 πR 2 ) ( � ), and day-night 

latent energy transport per unit area, T lat / (2 πR 2 ) ( × ). Units are [W m 

−2 ]. All 10 runs for each �∗ case are plotted. Blue and red lines represent ensemble averages for 

the small- � and the large- � branches, respectively. (b) Same as (a) but for global mean ( � ), day side mean ( ×), and night side mean ( �) of surface temperature [K]. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 13. Relationships between surface temperature and OLR obtained by the GCM 

and by the one-dimensional (vertical) radiative-convective equilibrium model. The 

GCM results are shown as colored dots: purple, light blue, green, and pink dots 

indicate runs �0.0, 0.15, 0.75, and 1.0, respectively. Data are from the grid points in 

the 120 ° × 120 ° rectangular region centered on the subsolar point. Crosses in black 

circles indicate the values at the subsolar point. Black lines are the one-dimensional 

model results with tropospheric relative humidity of (in order from the top) 50, 60, 

70, 80, 90, and 100%, respectively. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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ncrease of T lat and decrease of T sens continue for larger �∗ as the

ype-III with north-south asymmetric variability appears. T lat ex-

eeds T sens at �∗ = 0 . 33 and T lat reaches about twice T sens at the

arge- � end of the small- � branch ( �∗ = 0 . 8 ). Still, the sum of

he two ( F OLR ) is kept almost constant. At the transition from the

mall- � branch to the large- � branch around �∗ ∼ 0.75, T lat sud-

enly reduces by about half. Nevertheless, an equally abrupt in-

rease of T sens means that total heat transport changes only a little.

he decline of T lat at the transition results from the associated dis-

ppearance of the broad westerly wind at low latitudes. The type-

V structure has a pair of deep mid-latitude westerly jets blowing

hrough the day and night sides ( Fig. 11 b), but they cannot trans-

ort as much water vapor as the broad equatorial westerly wind in

he Type-II or Type-III cases, because the water vapor mixing ra-

io in the mid latitudes is smaller than in the lower latitudes. The

ariation of total day-night energy transport is less than 2% over

he wide range of �∗, while the atmospheric circulation structure

aries considerably. Day-night total energy transport scarcely de-

ends on the atmospheric circulation structure. 

We have already seen in Fig. 4 b that surface temperature at

he antisolar point changes greatly with the change of �∗. This

eems perplexing, since day-night total energy transport is almost

onstant. However, if we examine the hemispherically averaged

emperature, the change is only modest. Fig. 12 b shows �∗ de-

endences of surface temperature averaged over the night side,

he day side, and the whole globe. The range of the variation of

ight side average temperature is around 10 K, which is much

maller than the variation at the antisolar point of almost 50 K

 Fig. 4 b). This results from the compensation between the temper-

ture variations in the lower and higher latitudes; in Type-II and

ype-III, surface temperature in the low latitudes including the an-

isolar point is high, while regions of low surface temperature ap-

ear in the higher latitudes associated with the large amplitude

ossby waves ( Fig. 3 b–m). The remaining modest changes of aver-

ged temperatures can be explained mainly by the change of mean

olumn water vapor content. 

.2. Moist atmosphere radiation limit constraint 

As described in the previous subsection, the total amount of

ay-night energy transport is found to be insensitive to the change

f �∗ and to the associated change of atmospheric circulation

tructure. The invariance of day-night total energy transport is

quivalent to the invariance of day side OLR, because the day-night

otal energy transport is equal to the difference between the day

ide OLR and the incident solar flux; the latter is constant in the

resent study. It has been recognized that, in the framework of a
ne-dimensional radiative convective equilibrium model, the value

f OLR from the atmosphere on a water covered planet can not

xceed the radiation limit. In the following, we attempt to under-

tand the invariance of day-night energy transport in relation to

he constraint on the day side OLR from the radiation limit of a

oist atmosphere. 

Fig. 13 shows the relationship between surface temperature and

LR on the day side obtained by the present GCM calculations

uperposed on the relations obtained by the one-dimensional ra-

iative convective equilibrium model described in Section 4 of

shiwatari et al. (2002) with several specified values of tropo-

pheric relative humidity. The relationship between surface tem-

erature and OLR is sampled at the grid points within the 120 ° ×
20 ° rectangular region centered on the subsolar point from the

un for each �∗ described in the previous section. 

In all the GCM runs, the maximum values of OLR are between

00 and 430 W m 

−2 , and lie under the values of the radiation

imits in the one-dimensional calculation, given that the values of

elative humidity averaged over the troposphere on the day side

f the GCM runs are within the range 60–80%. Moreover, in each

f the GCM results, the relationship between surface temperature

nd OLR roughly follows those obtained in the one-dimensional

alculations. These results imply that the day side OLR in the
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1 Edson et al. (2011) presents the maximum values of zonal wind in each of the 

aquaplanet experiments in Table 3, but does not mention whether it occurs at the 

equator or not. 
present GCM calculations is constrained by the radiation limit of

a moist atmosphere on a water covered planet. Now recalling that

the system is in a statistically equilibrium state, the amount of

day-night total energy transport should be equal to the difference

between the incident solar flux and the radiation limit of a moist

atmosphere. The results of our GCM calculations indicate that the

change in atmospheric circulation structure associated with the

change of �∗ does not modify drastically the mean value of at-

mospheric humidity, and hence does not affect the value of the

radiation limit. This explains the general insensitivity of day-night

energy transport to �∗ obtained in the present GCM calculations. 

6. Concluding remarks 

6.1. Summary of results and comparison with previous studies 

Numerical experiments are performed using a cloud-free,

swamp aquaplanet GCM with a gray absorption coefficient for

longwave radiation and with the Earth’s solar constant. The value

of planetary rotation rate normalized by the Earth’s value, �∗, is

varied from 0 to 1. For all �∗ cases, statistically equilibrium states

are obtained; the runaway greenhouse state does not emerge. The

circulation structures obtained are classified into four types: Type-

I characterized by day-night convection, Type-II characterized by

a broad equatorial westerly jet and a stationary Rossby wave,

Type-III characterized by a long time scale north-south asymmetric

variability, and Type-IV characterized by a pair of mid-latitudinal

westerly jets. Types-I, II, and III evolve continuously from one to

another as �∗ increases, constituting one branch of the solution

referred to as the small- � branch, whereas Type-IV belongs to

a different branch referred to as the large- � branch ( Fig. 4 ). For

0.7 � �∗ � 0.8, multiple equilibrium states emerge; both Type-

III and Type-IV are allowed. The dependence of the amount of

day-night energy transport on �∗ is analyzed. It is confirmed that

the amount is large enough to prevent the day side atmosphere

from entering a runaway greenhouse state. Moreover, the amount

is found to be almost insensitive to �∗ despite the drastic change

in the structure of the atmospheric circulation, although the par-

tition into latent and sensible energy transports varies. Day side

OLR in the experiments is analyzed and compared with the values

obtained with a one-dimensional radiative convective model. The

results strongly suggest that day side OLR is constrained by the ra-

diation limit of a moist atmosphere; the details of the circulation

structure do not greatly change atmospheric humidity, so the value

of the radiation limit is unchanged. This explains the invariance of

day-night energy transport, as it is equal to the difference between

incoming solar flux and day side OLR. The former is a constant pre-

scribed amount in this study, and the latter is constrained by the

radiation limit. 

It should be useful to re-examine the circulation characteristics

obtained in previous studies from the present viewpoint, since this

study has performed a more complete investigation on their sen-

sitivity to �∗ than previous studies. The “slowly rotating regime”

and the “rapidly rotating regime” identified by Merlis and Schnei-

der (2010) presumably correspond to the small- � branch and the

large- � branch in the present study, respectively. However, the

correspondence is not certain because they present the horizon-

tal distributions of atmospheric variables for only two values of

�∗. Circulation structures similar to those of Type-I and Type-IV

are obtained for those two values of �∗, but it remains unclear

whether they obtained atmospheric structures similar to Type-II

and Type-III. The dependence of the circulation structure on �∗

obtained by Edson et al. (2011) can be compared with the re-

sults of the present study with more confidence. They observed

two separate branches of solutions with multiple equilibria, and

solutions with planetary waves of zonal wavenumber one super-
osed on broad westerly wind in the low latitudes for intermedi-

te values of �∗. These features are similar to those obtained in

he present study. 

However, more careful comparison suggests a few differences.

ne is the difference of the directions of the zonal mean equato-

ial upper tropospheric wind obtained on the large- � branch. It

s easterly in the present study, whereas it is westerly in Edson

t al. (2011) , at least in their “dry” experiment; the structure of

he low to mid-latitude Rossby response in the upper troposphere

mplies that it is also westerly in their “aquaplanet” case, although

ts intensity and structure is unclear. 1 This difference may originate

rom the difference in the distribution of precipitation: the maxi-

um of rainfall seems to be located at the equator in the case of
∗ = 1 of Edson et al. (2011) , judging from the figures showing

he distribution of cloud cover and the meridionally averaged la-

ent heat flux convergence, whereas it is located in the subtrop-

cs in the present study, driving equatorward flow in the upper

roposphere (not shown). The difference in precipitation distribu-

ion may arise from the differences in the GCM setups used by

dson et al. (2011) and the present study, namely the treatment

f oceanic heat transport: they include linear oceanic heat trans-

ort, whereas we do not. The fact that Merlis and Schneider (2010) ,

here oceanic heat transport is not included, obtains subtropical

axima of day side precipitation and easterly upper tropospheric

onal mean wind similar to ours supports the speculation. Another

ifference is in the ranges of planetary rotation rates allowing the

ultiple equilibria; it is around �∗ = 0 . 2 in Edson et al. (2011) ,

ut around �∗ = 0 . 75 in the present study. Part of the difference

riginates from our use of rather low horizontal resolution, T21;

ith T42 and T85, the range shifts to smaller value of � ( Fig. A.1 ).

uch a difference could be an important issue when considering

hether the multiple equilibrium solutions are possible in the hab-

table zones around M type red dwarf stars, for which �∗ � 0.5.

he possible sensitivity of the realizability of multiple equilibria to

odel physics, such as the treatment of cloud, surface albedo, or

ceans, will be a focus of future studies. 

One of the most novel features in the present experiments may

e the global-scale north-south asymmetric variability (Type-III)

ppearing for a fairly wide range of �∗, and its origin remains to

e examined in detail. Both Merlis and Schneider (2010) and Edson

t al. (2011) do not mention such north-south asymmetric oscil-

ating structures, which suggests that the occurrence of the oscil-

ation may depend on the physical configurations of the experi-

ental design. Both Merlis and Schneider (2010) and Edson et al.

2011) employ a slab ocean with finite heat storage as the surface

ondition, whereas the swamp condition with zero heat storage is

sed in the present study. However, oceanic heat storage does not

eems to be a critical factor; we repeated several runs of �0.75

mploying a slab ocean, and still obtained north-south asymmet-

ic variation essentially similar to that described in Section 4.3 .

ceanic heat transport, which Edson et al. (2011) considered, could

e more important. Clarification of the conditions for the emer-

ence of the global-scale north-south asymmetric variability, in-

luding the possible importance of ocean discussed above, is left

or future studies, together with more detailed understanding of

he nature and dynamics of the north-south asymmetric variabil-

ty. 

Provided that the north-south asymmetric variability of Type-

II in the present study is theoretically permitted, an interesting

uestion would be whether or not such a variability is obser-

ationally detectable on exoplanets. In fact, around M9 type red

warf stars, synchronously rotating habitable planets should have
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∗ ∼ 0.5 ( Kaltenegger and Weslsy, 2009 ), which is in the range for

ype-III structure. Typical differences between the northern and

outhern hemispherically averaged OLRs obtained in our GCM cal-

ulations reach about 30 W m 

−2 , which is about 10% of the OLR

veraged over the entire day side. Since this difference in OLR is

he same order of magnitude as the error in the observation of sec-

ndary eclipses of hot-Neptune (e.g., Deming et al., 2009 ), it might

e detectable if the observational accuracy improves by another or-

er of magnitude. 

.2. Mechanics of the broad equatorial jet in type-II 

The latitudinally broad equatorial eastward jet in Type-II is sim-

lar to those of the synchronously rotating terrestrial planets ( Joshi

t al., 1997 ; Edson et al., 2011) and those of the hot Jupiters

 Showman and Guillot, 2002 ; Dobbs-Dixon and Agol, 2013 , and

thers). This universal appearance of equatorial prograde jets in

ynchronously rotating planetary atmospheres implies the exis-

ence of a common underlying mechanism. Showman and Polvani

2010, 2011) argues that the equatorward eddy transport of west-

rly momentum arising from the superposition of equatorial Kelvin

nd Rossby waves excited by the day-night contrast of heating is

esponsible to the appearance of equatorial jets. Preliminary anal-

sis of the present experiments also indicates the importance of

he equatorward westerly momentum transport due to station-

ry eddies, which can be interpreted as generated by Rossby and

elvin responses to the equatorial thermal forcing as described by

howman and Polvani (2011) . 

A novel observation in the present study is that the broad equa-

orial eastward jet is accelerated for a relatively wide range of �∗

p to or exceeding the speed of the wavenumber one normal mode

ossby wave ( Fig. 7 ). The appearance of the large amplitude nor-

al mode Rossby wave as a near resonance with the zonal mean

ind is also noted by Edson et al. (2011) for the case with �∗ ∼
.2 in a dry atmosphere of a synchronously rotating planet. Our

ovel point is that resonant-like behavior is established over much

ider range of �∗, starting from very small values of �∗. 

Using a three-dimensional atmospheric model with Earth-like

arameters forced by a planetary scale wave-like tropical heat

ource, Arnold et al. (2012) obtains an abrupt transition of equa-

orial zonal wind to a westerly speed exceeding that of the prop-

gation of the Rossby wave. Tsai et al. (2014) describes the equa-

orial acceleration due to a combination of the equatorial Kelvin

nd Rossby wave responses to thermal forcing, and demonstrates

hat the longitudinal phase of the Rossby wave is shifted eastward

ith increasing background westerly wind, and eventually the di-

ection of the westerly momentum flux caused by the combined

ffect with the Kelvin response is reversed when the background

esterly exceeds the resonant speed. The shift of the Rossby re-

ponse phase is also observed as the difference in circulation pat-

ern between the spin-up and mature periods of the broad equa-

orial jet formation in the simulation of hot Jupiters by Showman

nd Polvani (2011) . A notable difference between the results of the

resent study and those for the hot Jupiters of previous studies is

hat the excited wave here is vertically barotropic rather than ver-

ically propagating. The excitation of the barotropic wave by latent

eating can be understood by considering the vertical shear of the

road equatorial westerly jet (e.g., Wang and Xie, 1996 ) and also

he presence of the rigid lower boundary. 

It should be kept in mind, however, that the equatorial Kelvin

nd Rossby responses can only re-distribute westerly momentum

ithin the radius of deformation, and, cannot explain on their own

he development of the broad equatorial westerly jet. As the equa-

orial radius of deformation associated with the barotropic mode

oncerned is comparable to or larger than the planetary radius,

he dominant excitation of barotropic waves is favorable to driv-
ng a meridionally broad equatorial jet. However, there still has

o be some other mechanisms to cancel the easterly acceleration

t high latitudes, which should compensate for the westerly ac-

eleration around the equator, so as to produce the Type-II wind

tructure in the present study, whose zonal mean zonal wind is

esterly almost everywhere in the middle and upper troposphere

not shown). Downward motion at high latitudes associated with

adley circulation may contribute to removing the easterly mo-

entum. Detailed investigation of the driving mechanism of the

road equatorial jet, including the effects of various types of tran-

ient disturbance, is left for future studies. 

.3. Implications and remaining issues 

The lack of sensitivity of the day-night energy transport to the

ariety of circulation structures demonstrated in the present study

as an important implication when considering the habitability of

 synchronously rotating planet. Since it ensures that a certain

mount of energy is transported from the day side to the night

ide, relatively warm regions will be maintained at some locations

n the night side regardless of �∗. In fact, regions with surface

emperature warmer than freezing point of water appear on the

ight side in the present calculation. The location of warm regions

n the night side changes with �∗; a warm region appears in the

quatorial region to the east of the trailing terminator for the cases

n the small- � branch, whereas it appears in the mid latitudes to

he west of the leading terminator for cases on the large- � branch.

ased on the location of possible habitable zone for a planetary

ystem discussed by Kaltenegger and Weslsy (2009) , �∗ should be

enerally less than and not very close to one for synchronously

otating habitable exoplanets, which means that the cases on the

mall- �∗ branch are more relevant. 

It should be emphasized, however, that the insensitivity of day-

ight energy transport to �∗ found in the present study is subject

o several conditions. We list a few cases below as examples where

he insensitivity could be broken. First, when the incident solar

ux is small and the day side temperature is not warm enough

o raise OLR to the radiation limit of a moist atmosphere, the

alue of the day side OLR, and therefore day-night energy trans-

ort, shall not be constrained by the radiation limit. Second, in

ontrast, when the incident solar flux is so large that the antici-

ated amount of day-night energy transport exceeds the amount

hat can escape from the night hemisphere to space at the radi-

tion limit of a moist atmosphere, the day-night energy transport

ill differ from that determined by the values of incident solar flux

nd OLR constrained by the radiation limit on the day side. In this

ituation, a runaway greenhouse state is expected to occur, where

ay-night energy transport is also regulated by the radiation limit,

ut an increase of atmospheric temperature must be considered.

hird, when the amount of water on the planetary surface is so

mall that it is difficult to establish the radiation limit of a moist

tmosphere, energy transport may depend considerably on �∗. In

uch situation, i.e., “a land planet”, the change of circulation pat-

ern may even influence whether a statistically equilibrium state is

ossible ( Abe et al., 2010 ). 

Clouds, which are not considered in the present study, may well

odify the thermal and dynamical aspects of the present results.

ang et al. (2013) performs a GCM experiment with cloud effects

n synchronously rotating planets with increased solar constant.

hey show that equilibrium states can be obtained with values of

he solar constant larger than those for the non-tidally locked case.

owever, they do not investigate the possible relationship between

he emergence of the runaway greenhouse effect and the radiation

imit. We have been investigating the latter point in a numerical

tudy, and will report the results in the near future. 
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Fig. A.1. (a), (b) Same as Fig. 4 c but for the T42 model (a) and T85 model (b), and (c), (d) same as Fig. 4 d but for the T42 model (c) and T85 model (d). 

Fig. A.2. Same as Fig. 7 , but showing values for horizontal resolutions of T42 

(squares) and T85 (triangles) in addition to those for T21 (circles). 
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Finally, the dynamics of the ocean is undoubtedly an impor-

tant element to be examined when considering the habitability of

synchronously rotating exoplanets. Hu and Yang (2014) performs

a series of climate simulation using a coupled atmosphere-ocean

model with parameters following Gliese 581g. They find that the

ocean can contribute greatly to the day-night hemisphere energy

transport and that the partition of the heat transport into the

atmospheric and oceanic transports varies considerably depend-

ing on the atmospheric CO 2 concentration and the incident short

wave flux from the central star. The inclusion of a dynamically ac-

tive ocean may possibly affect the insensitivity of day-night energy

transport to �∗. This issue remains as a focus of future studies. 
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ppendix A. Dependence on resolution 

Because of the large number of experiments required to ex-

mine the �∗ dependence of circulation structures, including the

ossibility of multiple equilibrium solutions, the horizontal reso-

ution of the GCM used in this study is limited to T21. In this

ppendix, we check the resolution dependence of the results, by

riefly describing the results obtained in models with higher res-

lution, T42 and T85, focusing on some of the features that may

e resolution sensitive. For T42, we have performed 10 runs for

ach of several selected values of �∗. For T85, only one run was

erformed for each values of �∗. In a qualitative sense the main

esults, namely the existence of the four types of solutions, are

ot sensitive to the model’s resolution, as shown below. Figs. A.1 a

nd A.1 b show the upper tropospheric zonal mean zonal wind at

he equator for various values of �∗ in the T42 and T85 models,

espectively; for T42, all runs for each �∗ are plotted. These fig-

res share the main features seen with T21 resolution ( Fig. 4 c):

here are two branches of solutions, and the equatorial zonal wind

elocity for each �∗ is insensitive to the resolution. And, at least in

he T42 model, the two branches coexist over a range of �∗ giving

ultiple equilibria, although the values of �∗ with multiple equi-

ibria are about 0.1 smaller than in the T21 model. In the case of

http://www.gfd-dennou.org/library/ruby/
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Fig. A.3. Mean surface pressure distributions for �0.6 in the T42 model (a) and T85 model (b) for 500 days during which high (low) pressure occupies the north (south) 

pole. 
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he T85 model, as we can only perform one run for each �∗, the

xistence of multiple equilibria cannot be confirmed. However, the

verall behavior is not inconsistent with that in T42; the value of
∗ for the upper end of the small � branch is the same. 

Fig. A.2 shows the values of mass weighted zonal mean wind

peed for different values of �∗ obtained in the runs with T21,

42 and T85 resolutions, compared with the intrinsic phase speed

f the Rossby wave normal mode. In a qualitative sense, we can

onfirm the main features described in Section 4.2 ; i.e., the mass

eighted zonal mean wind speed closely follows or slightly ex-

eeds the Rossby wave phase speed for 0.0 � �∗ � 0.2, and lev-

ls off for larger �∗. The only slight exception is �0.15 in T85,

here the zonal mean wind is decelerated by transient disturbance

hose nature is unclear. 

Figs. A.1 c and A.1 d show the measure of the north-south asym-

etry of surface temperature defined by Eq. 2 for various values

f �∗ in the T42 and T85 models, respectively; for T42, all runs for

ach �∗ are plotted. Compared to the corresponding figure for T21

esolution ( Fig. 4 d), the degree of north-south asymmetry seems

o be weaker in higher resolution models. Still, we can identify

eatures largely free from resolution dependence: the monotonic

ncrease of the degree of north-south asymmetry on the small- �

ranch, and the smaller degree of north-south asymmetry on the

arge- � branch. The temporal scales of the north-south asymmet-

ic variability are of the same order of magnitude for all model

esolutions (not shown). The spatial structure of the north-south

symmetric variability in Type III, i.e., toward the large- �∗ end

f the small- � branch, is also common to all model resolutions.

ig. A.3 shows the horizontal structures of surface pressure in the

42 and T85 models for �∗ = 0 . 6 averaged for 500 days during

hich high (low) pressure occupies the north (south) pole. A com-

arison with Fig. 9 a showing the structure of the variability for
∗ = 0 . 75 in the T21 model confirms that all resolutions share the

ame major features, such as the longitudes of the low pressure

rea in the southern day hemisphere and the high pressure area in

he southern night hemisphere. 
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