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ABSTRACT

The large-scale tropical atmospheric circulation is analyzed in idealized aquaplanet simulations using an
atmospheric general circulation model. Idealized sea surface temperatures (SSTs) are used as lower-
boundary conditions to provoke modifications of the atmospheric general circulation. Results show that 1) an
increase in the meridional SST gradients of the tropical region drastically strengthens the Hadley circulation
intensity, 2) the presence of equatorial zonal SST anomalies weakens the Hadley cells and reinforces the
Walker circulation, and 3) a uniform SST warming causes small and nonsystematic changes of the Hadley and
Walker circulations. In all simulations, the jet streams strengthen and move equatorward as the Hadley cells
strengthen and become narrower.

Some relevant mechanisms are then proposed to interpret the large range of behaviors obtained from the
simulations. First, the zonal momentum transport by transient and stationary eddies is shown to modulate the
eddy-driven jets, which causes the poleward displacements of the jet streams. Second, it is found that the Hadley
circulation adjusts to the changes of the poleward moist static energy flux and gross moist static stability, as-
sociated with the geographical distribution of convection and midlatitude eddies. The Walker circulation in-
tensity corresponds to the zonal moist static energy transport induced by the zonal anomalies of the turbulent
fluxes and radiative cooling. These experiments provide some hints to understand a few robust changes of the
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atmospheric circulation simulated by ocean—atmosphere coupled models for future and past climates.

1. Introduction

The tropical atmospheric circulation is characterized
by mean ascending and subsiding motions in the tropo-
sphere. The mean ascents are located over areas of
convective instability, in the intertropical convergence
zone (ITCZ). Mean subsiding motion occurs over the
subtropics, with stratocumulus decks over oceans and
deserts on land. The subsiding motions are partly gov-
erned by the emission of longwave radiation, evacuating
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partly the excess of moist static energy (MSE) coming
from the ascending regions (Pierrehumbert 1995). The
subsidence in the subtropics is also governed by tran-
sient and stationary eddies (Trenberth and Stepaniak
2003). In the low troposphere, surface winds transport
moisture from the subtropics, where oceanic evapora-
tion is strong, to the ITCZ. Water vapor then condenses
in convective clouds and the associated latent heat release
provides the energy for the ascent and acts to maintain
the dry static stability of the tropical free troposphere
(Emanuel et al. 1994).

The tropical large-scale circulation is commonly decom-
posed into zonal-mean and meridional-mean components,
that is, the Hadley and Walker circulations, both gov-
erned by different dynamics.
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The Hadley cells act to transport angular momentum
poleward, as shown in nearly inviscid axisymmetric
models (Held and Hou 1980; Lindzen and Hou 1988).
The presence of zonal asymmetries in the atmosphere
creates eddies of different scales, especially in the mid-
latitudes. A large part of the Hadley circulation is also
forced by these eddies (Schneider 2006). In the absence
of eddies, idealized axisymmetric model simulations
revealed that the Hadley cells are 75% weaker (Kim and
Lee 2001). In fact, the eddies strengthen the Hadley cells
through explicit eddy fluxes and also through their in-
teraction with other processes such as diabatic heating
or surface friction. The Hadley circulation is funda-
mental for the atmospheric general circulation, as it
transports MSE poleward in addition to the transport
realized by the transient and stationary eddies (Frierson
et al. 2007; Frierson 2008). In the tropics, the MSE flux
results from the compensation between the latent heat
and dry static energy (DSE) fluxes (Manabe et al. 1975).
The atmospheric circulation, together with the radiation
and surface turbulent fluxes, adjust so that the poleward
MSE flux is in equilibrium with the incoming and out-
going energy into the atmosphere (Stone 1978).

The Walker circulation is mostly governed by the
zonal SST gradient across the equatorial Pacific Ocean
(Yano et al. 2002). The zonal SST gradient is the result
of complex ocean—atmosphere interactions and of the
tropical ocean dynamics controlling upwelling on the
eastern side of oceanic basins. The Walker circulation is
involved in the Bjerknes feedback that determines the
characteristics of the El Nifio—Southern Oscillation
(ENSO). Note also that both the Hadley and Walker
circulations are strongly modulated by monsoon dy-
namics (Tanaka et al. 2004).

It has been demonstrated in a number of studies that
the Hadley circulation was amplified in model simula-
tions of the last glacial maximum (Broccoli et al. 2006)
due to an amplified meridional SST gradient. On the
other hand, paleoproxies also revealed periods when the
meridional SST gradients were extremely low, such as
the early Paleogene or Cretaceous. Modeling studies
suggest furthermore that there was an atmospheric cir-
culation very different from that of present-day climate
(Huber 2009; Kump and Pollard 2008).

In most of the state-of-the-art ocean—atmosphere
coupled models, the atmospheric large-scale tropical cir-
culation weakens in response to increasing greenhouse
gas concentration in the atmosphere (Vecchi and Soden
2007). Within the free troposphere, the dry static stabil-
ity increases more than the radiative cooling does, which
causes a weakening of the subsidence in a warmer climate
(Knutson and Manabe 1995). Over the ascending re-
gions, Held and Soden (2006) showed that the large-scale
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circulation weakens as a result of the changes in precip-
itation and water vapor in the atmosphere. The increase
in precipitation is the result of relatively small changes in
the radiation and surface energy budgets, while the at-
mospheric humidity increases at a larger rate following
the Clausius—Clapeyron equation. The large-scale circu-
lation weakens so that the precipitation and moisture
convergence within the boundary layer increase at a smaller
pace than the water vapor increase.

The atmospheric circulation changes are not uniform,
and the Hadley and Walker circulations experience dif-
ferent changes under global warming conditions. The
Walker circulation weakens strongly in climate change
projections (Vecchi and Soden 2007). Ocean—atmosphere
coupled models also reveal a gentle decrease of the
Hadley circulation strength (Gastineau et al. 2008), but
the Hadley circulation weakening is found to be smaller
than the associated weakening of the Walker circulation
(Held and Soden 2006; Vecchi and Soden 2007). Previous
studies, using sea level pressure (SLP) observations, also
suggest that the Walker circulation experienced a strong
weakening in the recent period (Zhang and Song 2006;
Vecchi et al. 2006), while reanalysis data show a strength-
ening of the boreal winter Hadley cell (Mitas and Clement
2006). Obviously, the Hadley and Walker circulations are
driven by different mechanisms.

This paper studies the mechanisms governing the
Hadley and Walker circulations and investigates the be-
haviors expected from different idealized changes in SST.
The atmospheric circulation is studied in aquaplanet sim-
ulations using a full-physics GCM. The aquaplanet con-
figuration leads to simplified circulations. For instance, the
absence of continents or mountains suppresses the mon-
soons. Also, the role of sea ice and ice caps is not taken
into account. In the present study, aquaplanet simulations
are set to reproduce both Hadley and Walker circulation
characteristics of present, past, and future climates. Sec-
tion 2 presents the methodology and the experimental
design. Section 3 shows the main results concerning the
large-scale circulation in the aquaplanet simulations. Sec-
tion 4 is dedicated to a study of the zonal momentum.
Section 5 focuses on the MSE budget. Section 6 provides a
discussion and draws conclusions.

2. Model and simulations

The atmospheric GCM LMDZ4 is run without land
and sea ice. The GCM uses all of its physical parame-
terizations, except for the parameterization of subgrid
orography that was deactivated. LMDZ4 uses the con-
vection scheme of Emanuel (1993), with a closure based
on the convective available potential energy. The bound-
ary layer is parameterized using K fluxes. LMDZA4 uses
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TABLE 1. Description of the SSTs used as lower boundary conditions in the aquaplanet simulations. The first set of experiments uses
axisymmetric SST patterns to study the effects of the meridional SST gradients. The second set of simulations studies the effect of the zonal SST
anomalies. The third set of simulations focuses on the response to a 2-K uniform warming; ¢ and A designate the latitude and longitude.

Name in Neale and

Simulation Hoskins (2000a) SST (°C) Duration (months)

GRAD+2 PEAK 27(1 = 3¢/m), —wl3 < ¢ < /3 60
0, if |¢p| > 7/3

GRAD+1 CTRL 27[1 — sin’(3¢/2)], —7/3 < ¢ < 7/3 60
0, if |¢p| > /3

REF QOBS mean between GRAD-1 and GRAD+1 60

GRAD-1 FLAT 27[1 — sin*(3¢/2)], —7/3 < ¢ < 7/3 60
0,if || > 7/3

GRAD-2 27[1 — sin®(3p2)], —7/3 < p < w/3 60
0,if || > /3

WAVEI REF + 3 sinA cos’[(7/2)(¢/9)] 168
REF, if |¢p| > 27/9

WAVE2 REF + 3 sin2A cos?[(7/2)(¢m/9)] 60
REF, if |¢p| > 27/9

WAVE3 REF + 3 sin3A cos?[(7/2)(¢7/9)] 168
REF, if |¢| > 27/9

0.5WAVE3 REF + 1.5 sin3\ cos?[(7/2)(¢m/9)] 60
REF, if |¢p| > 27/9

REF+2K REF+2 60

WAVE1+2K WAVEI1+2, —7/2 < ¢ < 7/2 168

WAVE2+2K WAVE2+2, —7/2 < ¢ < 72 60

WAVE3+2K WAVE3+2, —7/2 < ¢ < 7/2 60

a finite-difference dynamical core, with an Arakawa C grid
and a rather low resolution of about 3.75° X 2.5° with
19 levels in the vertical. The reader is referred to Hourdin
et al. (2006) for an extensive presentation of the physical
parameterizations of LMDZ4. The insolation conditions
are set to a perpetual spring equinox, with the diurnal cycle
being activated.

The initial conditions are obtained from a real state of
the GCM. The removed orography is replaced by air
masses having the same temperature as the surface. We
perform a stabilized 60-month integration using the
aquaplanet setting to deduce a stable initial state for all
aquaplanet simulations. The duration of each simulation
is 72 months, except for three simulations that we extend
up to 168 months. Note that we did not see any signifi-
cant changes in the results by increasing the simulation
length of these three simulations. The first 12 months of
the simulations are discarded for the analysis.

The prescribed SSTs are partly derived from the APE
protocol described in Neale and Hoskins (2000a,b). Table 1
presents the analytic functions used to express the pre-
scribed SST, and Fig. 1 gives the zonal-mean SST profiles.
The REF (reference) experiment uses an axisymmetric
SST that is a mean between a sin® and sin* meridional
profile: this simulation approximates the conditions ob-
served on earth in present-day climate. A first set of ex-
periments is built with the same SST equatorial maximum
and polar minimum, but with different meridional SST

gradients. The simulations use a weaker (stronger) SST
gradient in the tropical latitudes, a stronger (weaker)
SST gradient in the midlatitudes, and are referred to as
GRAD-2 and GRAD—-1 (GRAD+1 and GRAD+2)
as the tropical SST gradients are strongly and moderately
weakened (strengthened). These SST patterns are irrel-
evant for present-day or near-future climate evolutions.
However, in past climate conditions, the meridional
SST gradient between tropics and extratropics decreased
during warm episodes such as the early Paleogene or the
Cretaceous (Kump and Pollard 2008) and increased dur-
ing the last glaciations.

To get a more realistic Walker circulation in the aqua-
planet simulations, some zonal asymmetries of the SST are
introduced in a second set of simulations. A wave-shaped
SST anomaly, centered above the equator, is added to
the reference axisymmetric SST. The SST anomaly is
expressed as

. TP
T, sin(n)) cos<§ d)—c),

where A and ¢ are the longitude and latitude, # is the
zonal wavenumber, ¢.. is the meridional extent of the SST
anomaly, and T, is the amplitude of the SST anomaly.
The SST anomalies are shaped as stationary equatorial
Kelvin waves with 1, 2, and 3 as zonal wavenumbers. These
experiments are referred to as WAVE], WAVE2, and



556

304,

JOURNAL OF THE ATMOSPHERIC SCIENCES

300.
296.
< 292.

= 288.
" 284.
280.
276,
272,

0 20 40 60 80

Lotitude

Lotitude

SST anomalies WAVE3

40°S A

T T
100°W Q°
Longitude

T
100°E

VOLUME 68

20.0
~
R
> 16.0

I
o

Rainfall (mm
oo
o

b
a

o
o

20 40 60 80

Lotitude

Rainfall (mm/d)

©
o

o
N
o

40 60 80
Latitude

FIG. 1. Sea surface temperature (K) and zonal-mean precipitation (mm day ~'): (top left) SST and (top right) zonal-
mean precipitation for the simulations where the meridional SST gradients are modified; (bottom left) SST anomalies
in WAVES3 and (bottom right) zonal-mean precipitation in simulations with zonal SST anomalies.

WAVES3. An amplitude of 7, = 3 K and a 20° extent in
latitude are chosen. As an illustration, the structure of the
SST anomaly is given for WAVE3 in Fig. 1.

In future scenario simulations, most model projections
show a reduction of the zonal SST gradient in the Pacific
Ocean (Di Nezio et al. 2009). So an experiment with the
amplitude of SST anomalies reduced by 50% is added,
using 3 as a zonal wavenumber and an amplitude 7, of
1.5 K. This simulation is referred to as 0.5SWAVE3.

Finally, in order to assess the consequences of the an-
thropogenic greenhouse gas increase, a third set of ex-
periments is performed with a uniform SST increase of
2 K from the experiments REF, WAVE1, WAVE2, and
WAVE3. These uniform warming simulations can be
described as reasonable analogs of future climate changes
and are able to reproduce some of the robust effects of
climate change, such as the water vapor increase (Cess and
Potter 1988) or the weakening of the large-scale tropical
circulation (Gastineau et al. 2009). These simulations are
referred to as REF+2K, WAVE1+2K, WAVE2+2K,
and WAVE3+2K.

3. Description of main results
a. Effect of the meridional SST gradients

The zonal-mean precipitation rates in the aquaplanet
simulations are shown in Fig. 1. In Fig. 1, as in the fol-
lowing figures, an average of the results corresponding
to the Northern and Southern Hemispheres is dis-
played, as there are only few differences between the
two hemispheres.

The reference simulation, REF, shows rather realistic
precipitation values over the ITCZ, with an equatorial
value of about 8 mm day ™ '. The equatorial precipitation

maximum is followed, poleward, by a dry region between
10° and 25° latitude, which covers the subtropical sub-
sidense zones.

For the reference simulation REF, a weak double
ITCZ structure is simulated as the precipitation maxi-
mum is located around 4°. This feature is common in
most aquaplanet simulations using the same prescribed
SST (Williamson and Olson 2003; Brayshaw et al. 2008).
The surface moisture flux cannot provide enough mois-
ture to sustain a wide equatorial ITCZ, and a precipitation
minimum is simulated over the equator.

In the simulations with amplified tropical SST gradients
(GRAD+1 and GRAD+2), the ITCZ structure presents
a single maximum, with heavy precipitations (14 and
20 mm day '). Conversely, the simulations with weak-
ened tropical SST gradients (GRAD—1 and GRAD-2)
show an overamplified double ITCZ, with low precipi-
tation rates over the equator.

Figure 2 illustrates the mean meridional streamfunction
and the zonal-mean zonal wind. The simulation REF
shows a rather strong Hadley circulation with a maximum
value of 17 X 10" kg s~ '. The jet stream associated with
the Hadley cell is also quite intense in REF with a jet core
of ~60 ms .

The simulations with strong meridional SST gradients
(GRAD+1 and GRAD+2) all show a stronger Hadley
circulation, with an intense jet stream. On the other hand,
the simulations with weak meridional SST gradients
(GRAD-1 and GRAD-2) have a weaker meridional
streamfunction, whose maximum is far from the equator.
In GRAD—2, the jet stream is located at 50° latitude, far
away from the Hadley cell. Furthermore, a zone with-
out any significant zonal-mean circulation is observed
at the center of the double ITCZ. In the following sec-
tions, we demonstrate that in the center of the double
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FIG. 2. Mean meridional streamfunction ¢ (10'° kg s~

ITCZ, the radiative—convective equilibrium prevails, and
no large-scale organization of the flow occurs.

The Hadley cell and jet stream are characterized by
their strength and latitudinal extent. The latitudinal extent
of the Hadley cell is calculated as the latitude of the zero-
value streamfunction, linearly interpolated and averaged
between 700 and 300 hPa. The position of the jets is
calculated as the latitude of the maximum zonal-mean

70

1

0.5WAVE3

Pressure (hPa)

T
30 40
| atitude

70

, contours) and zonal-mean zonal wind (m s~ !, shading).

zonal wind. The Hadley cell strength is given by the
maximum absolute value of the streamfunction, averaged
between the 700- and 300-hPa heights, while the jet
stream intensity is given by the maximum zonal-mean
zonal wind. The results are illustrated in Fig. 3.

The Hadley cell is clearly stronger when the tropical
SST gradient is increased, although the intensification
with increased tropical gradient is much smaller than the
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FIG. 3. Hadley cell and jet stream characteristics: (top) intensity and (bottom) latitudinal position (°) of the Hadley
cell and jet stream for simulations with (left) different meridional SST gradients and (right) simulations with SST
zonal anomalies. The latitudinal position of the jet streams is given by the location of the maximum zonal-mean zonal
wind; positions of the subtropical and eddy-driven jets are given by the location of the maximum convergence flux of
momentum by the zonal mean circulation and eddies [see Egs. (3) and (4)].

weakening with decreased tropical gradient. The expan-
sion of the Hadley cell is closely correlated to its strength.
Indeed, the stronger the cell is, the narrower it is. A similar
relation between strength and extent of the Hadley cell
was observed in ocean—atmosphere coupled models by Lu
et al. (2008). The jet stream intensity and position roughly
correspond to those of the Hadley cell. Nevertheless, we
illustrate in the next section that the strong SST gradients
over midlatitudes in GRAD—2 and GRAD—1 create a
strong surface baroclinicity responsible for a reinforce-
ment of the eddy-driven jet, which strengthens the jet and
displaces it farther poleward.

b. Effect of zonal SST anomalies

The simulations with zonal SST anomalies over the
equatorial region (WAVEL, WAVE2, and WAVE3) have
a single ITCZ with lower equatorial rainfalls (see Fig. 1).
The subtropical rainfalls are enhanced compared to REF.
In these simulations, the Hadley cell is weaker and wider
compared to REF (see Figs. 2 and 3). The mean meridi-
onal streamfunction displays two distinct maxima located
at 800 and 350 hPa. The differences with REF increase in
the low zonal wavenumber experiments.

In WAVE1, WAVE?2, and to a lesser extent WAVE3,
strong westerlies are simulated in the upper atmosphere
above the equator. These strong westerlies show that the

upper troposphere is in a state of superrotation. The
superrotation is common in aquaplanet simulations
(Suarez and Duffy 1992; Saravanan 1993; Battisti and
Ovens 1995).

This superrotation is associated with the steady wave
response to convection that settles over the warm SSTs. It
is outside the scope of this paper to study the super-
rotation. Because the superrotation impacts the large-
scale tropical circulation, the three-dimensional structure
related to the steady wave structure is briefly illustrated,
in Fig. 4, for the WAVE?2 simulation. The geopotential
height and wind anomalies in the upper troposphere
show anticyclonic (cyclonic) flows at low latitude over
both hemispheres over the warm (cold) SSTs. The steady
response is shaped like an equatorial Rossby wave with
a weak Kelvin wave component. The momentum flux by
stationary eddies is oriented equatorward, thus trans-
porting momentum from the midlatitudes to the equator,
which contributes to the superrotation. The Hadley cell
intensifies in the upper levels to compensate for the strong
momentum flux by stationary eddies, which causes the
upper-level maximum of the mean meridional stream-
function, between 400 and 300 hPa, in Fig. 2.

The upper-tropospheric flow associated with the
WAVEL! and WAVES3 simulations is shown in Fig. 5. The
stationary wave pattern is amplified in WAVE]1 compared
to WAVES3, especially the Kelvin wave component. The
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tours), the anomalous flow at the 200-hPa level (m s~ !, vectors), and the zonal SST anomalies (K, thick contours); (right) zonal-mean

stationary horizontal momentum transport (m? s~ 2).

superrotation is amplified for smaller zonal wavenumber,
and the amplitude of the stationary wave pattern is sub-
stantially stronger when the zonal wavenumber decreases.
It has been recognized in other studies that the Madden—
Julian oscillation exhibits a similar zonal scale selec-
tion of wavenumber 1 or 2 (Wang and Chen 1989)
because of interactions between boundary layer mois-
ture convergence and latent heat release in the mid-
troposphere.

The Walker circulation is first quantified by the ve-
locity potential at the 200-hPa level, x»qo. The velocity
potential reflects the large-scale features of the tropical
circulation and is calculated using the horizontal wind at
the 200-hPa level, following the definition

)

_ W
Va0 = =V X000

WAVE1

— BQ. m S"W

60°N : ‘x{zf
40°N N ‘
=
“ 20°N
*
R
=8 .
o §
C
S 20°s
*
N
40°S
60°S

100°W 0°

Longitude

100°E

where v, is the velocity vector at the 200-hPa height. A
positive (negative) velocity potential at 200 hPa corre-
sponds to regions of upper-tropospheric convergence
(divergence).

The velocity potential of the simulations with zonal
SST anomalies is shown in Fig. 6. The velocity poten-
tial anomalies reach 80-120 X 10° m? s~ !, which cor-
responds well to the values found in reanalysis (Tanaka
et al. 2004). In the WAVE simulations, the regions of
upper-tropospheric divergence are located in the deep
tropics between 15°N and 15°S, over the warm SST regions.
Regions of convergence develop in both hemispheres,
between 20° and 40° to the west of the main equatorial
updrafts, as expected from the Gill model response to a
prescribed heating (Gill 1980). The upper-tropospheric
circulation above the equator between 25°N and 25°S
is stronger when the zonal wavenumber increases.

60°N
40°N

20°N

Latitude
(@]
0

20°S

7+ and (u*,vx)

40°S

60°S

Longitude

FIG. 5. Geopotential anomalies (m, contours), the anomalous flow at the 200-hPa level (m s~ ', vectors), and longitudinal SST anomalies
(K, thick contours) for the simulations (left) WAVEI1 and (right) WAVE3.



560

WAVE1 and WAVE1+2K - WAVE1

Latitude

T
160°W
Longitude

WAVE3 and WAVE3+2K - WAVE3

T
0° 100°E

Latitude

160°W
Longitude

0° 100°E 60°W

FIG. 6. Velocity potential at the 200-hPa height, 200 (10°

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 68

WAVE2 and WAVE2+2K - WAVE?2

60°N
40°N

20°N

20°5 )+

40°S

Latitude
o
[ R R R

60°S

T
160°W
Longitude

WAVE3 and 0.5WAVE3 - WAVE3

T
100°E

o
°

Latitude

0° 100°E

160°W
Longitude

60°W

m? s !, thin contours), for (top left) WAVEI, (top right)

WAVE2, and (bottom) WAVES3. The differences (top left) WAVE1+2K — WAVEI, (top right) WAVE2+2K —
WAVE?2, (bottom left) WAVE3+2K — WAVE3, and (bottom right) 0.5 WAVE3 — WAVE3 are shown in color
shading. Zonal SST anomalies are shown with thick contours.

The Walker circulation mass flux is also calculated to
allow comparison with the meridional streamfunction
that conventionally measures the Hadley cell strength.
A mass flux can be calculated within the domain of the
Hadley circulation since the zonal-mean mass flux is
zero at the meridional boundaries of the Hadley cells. In
this paper, the extent of the Hadley cells is computed on
a monthly basis, in both the Northern and Southern
Hemispheres, as the latitude of the zero-value mean
meridional streamfunction averaged between 700 and
300 hPa. Then, a monthly zonal streamfunction is re-
trieved. The zonal streamfunction is strongly sensitive
to the vertical shear of the mean zonal wind, character-
ized by easterlies at lower levels and westerlies at upper
levels in the tropics. The zonal streamfunction circulation
is also sensitive to the superrotation. Instead, we use the
zonal anomalies of the zonal mean streamfunction, %,
which provide a better diagnostic of the Walker circula-
tion (see appendix).

Figure 7 shows the zonal streamfunction anomalies, /%,
in the domain of the Hadley cells. The Walker circulation is
the strongest for WAVEL, where the maximum stream-
function, averaged between 700 and 300 hPa, is 9.8 X
10 kg s '. If the zonal wavenumber increases, the
Walker circulation intensity decreases while the Hadley
circulation intensity increases (see Fig. 3). The situation

on the earth is similar to WAVEL, as only two main cells
are observed, even if the intensity is more similar to that of
WAVE?2 (see appendix).

c. Effect of uniform SST warming

The changes in the meridional streamfunction between
the +2K and control experiments are represented in
Fig. 8. All uniform warming simulations show a poleward
expansion of the Hadley cell. This is illustrated by a pos-
itive streamfunction anomaly around 25° at the extra-
tropical edge of the Hadley cell, followed by a negative
anomaly around 40°. The tropopause pressure level is
shifted upward by ~8 Pa in all +2K simulations. It ex-
plains the positive streamfunction anomaly above 200 hPa
seen in the tropics. However, the changes of meridional
circulation between 0° and 15° latitude are less system-
atic: the Hadley cell weakens in REF+2K, whereas it
strengthens in the WAVE simulations. We also notice
that in the WAVE simulations the upper-level maximum
of the meridional streamfunction weakens between 400
and 300 hPa.

The changes in the streamfunction maximum, averaged
between 700 and 300 hPa, are illustrated in Table 2. The
simulation REF shows a gentle weakening of the Hadley
circulation of —4.0%, while the Hadley cell strengthens
by ~3% for the WAVE simulations. We compute the
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FIG. 7. As in Fig. 6, but for mean zonal streamfunction anomalies over the domain of the Hadley cells.

significance of the changes with a Student’s ¢ test, the
degree of freedom being calculated using the total num-
ber of monthly outputs, to give a first-order approxima-
tion of the significance. The Hadley cell changes in the
+2K simulations are mostly significant with p values
lower than 0.05, except for WAVE3 where the changes
are smaller and insignificant.

The Walker circulation changes are illustrated with
the changes of the velocity potential at 200 hPa (Fig. 6)
and zonal streamfunction (Fig. 7). The zonal stream-
function clearly strengthens in WAVE]1 and to a lesser
extent in WAVE2, while the changes are less obvious
for WAVE3. On the other hand, the velocity potential
changes depend on the region considered. The as-
cending branches are displaced westward from the
SST maximum for WAVE2 and WAVES3 in Fig. 7.
Large differences are simulated in each wavelength:
for instance, in WAVES3 the changes at 60°E-180° are
small compared to those at 180°-60°W. Those differ-
ences are due to the important internal variability in
the simulations. Note that the increase of the duration
of WAVEI1, WAVE3, and WAVE3+2K, up to 168
months, does not improve the significance of these
changes.

An analysis of the Walker circulation is presented in
Table 2. The Walker circulation strength is first computed
using the maximum absolute value of the zonal stream-
function, averaged between 700 and 300 hPa, and over all
extreme values. For instance, WAVE2 displays two max-
ima and two minima, and the Walker circulation strength
is calculated as the average of the absolute values of these
four extrema. Since previous studies of the Walker circu-
lation under global warming conditions mainly use the
velocity potential (Tanaka et al. 2004) or SLP (Vecchi
et al. 2006; Vecchi and Soden 2007), we also measure the
Walker circulation strength by the 200-hPa velocity po-
tential and SLP gradients within the deep tropics. We
compute the mean difference of the velocity potential and
SLP, between ascending and subsiding regions, averaged
between 5°N and 5°S. An average over all wavelengths is
shown for WAVE2 and WAVE3.

In Table 2, the response of the Walker circulation to a
uniform warming is often small and weakly significant. The
zonal streamfunction increases in WAVE]1, without any
significant changes of velocity potentials or SLP gradients.
WAVE2+2K shows a weakly significant intensification of
the zonal streamfunction and a decrease in the equato-
rial velocity potentials, whereas in WAVE3+2K only the
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FIG. 8. Mean meridional streamfunction in contours (10'° kg s ') in (top left) REF+2K, (top right) WAVE1+2K,
(bottom left) WAVE3+2K, and (bottom right) WAVE3. The colors show differences (top left) REF+2K —
REF, (top right) WAVE1+2K — WAVEI], (bottom left) WAVE3+2K — WAVES3, and (bottom right)

0.5WAVE3 — WAVE3.

equatorial SLP gradient decreases. The zonal stream-
function represents the zonal circulation over the whole
tropics, while the velocity potential and SLP gradients,
averaged between 5°N and 5°S, represent the circulation in
the deep tropics. As the circulation changes in response to
a uniform SST warming depend on the region considered,
these diagnostics give different results. The response also
varies depending on the zonal wavenumber. For example,
the Walker cells strengthen in WAVE]1, whereas WAVE3
shows a weakening. In our simulations, the Walker circu-
lation changes induced by a uniform SST warming are
clearly small compared to the important weakening seen in
models or observations, where both the velocity potential
and SLP gradient decrease (Tanaka et al. 2004; Vecchi
et al. 2006; Vecchi and Soden 2007).

d. Effects of the zonal SST gradients

The consequences of decreasing zonal SST gradients
are investigated with a comparison of WAVE3 and
0.5WAVES3, as the zonal SST gradients are 50% weaker in
0.5WAVE3. The superrotation is weaker in 0.5WAVE3
than in WAVES3, and the stationary wave response is

smaller (not shown). The 0.5WAVE3 experiment simu-
lates an intensified Hadley circulation of +8.2% compared
to WAVES3 (see Fig. 8). The Hadley cell is narrower with
a lower tropopause. The Walker cells weaken over the
deep tropics between 10°N and 10°S, where the ascend-
ing branches widen (see Figs. 6 and 7). All diagnostics in
Table 2 show that the Walker cells weaken compared to
WAVES3, the zonal streamfunction decreases by —8.8%,
and the velocity potential gradient decreases by —15.0%.
The zonal SLP gradients are 50% smaller, as expected
from the 50% reduction of the SST anomalies (Lindzen
and Nigam 1987).

These changes correspond well to the changes of the
Hadley and Walker circulation induced by ENSO. During
El Nifo (La Nifa) events, warm (cold) SST anomalies in
the central and eastern Pacific Ocean decrease (increase)
the zonal SST gradients, which results in a weakening
(strengthening) of the Walker cells and a strengthening
(weakening) of the Hadley cell (Oort and Yienger 1996).
Surprisingly, the changes induced by a modification of the
zonal SST gradient are stronger and more significant than
those simulated by a uniform SST warming (see Table 2).
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TABLE 2. Hadley and Walker circulations in the aquaplanet simulations. The differences between the control and +2K simulations and
between 0.SWAVE3 and WAVE3, are given; o is the monthly standard deviation. The p values of the Student’s ¢ test indicate the
differences of the means, the degrees of freedom being calculated with the number of monthly outputs. Here, max(¢) and max(¢) are
respectively the maximum meridional streamfunction and zonal streamfunction anomalies, averaged between 700 and 300 hPa; 82 and
S8SLP designate respectively the Walker circulation intensity described by the velocity potential at 200 hPa and SLP zonal gradients,

averaged between 5°N and 5°S.

Simulations
REF/ WAVE1/ WAVE2/ WAVE3/ WAVE3/
REF+2K WAVE1+2K WAVE2+2K WAVE3+2K 0.5WAVE3

max() = o 15.9 £ 0.8 7.7 = 0.6 8.6 = 0.8 10.7 £ 1.1

(10" kgs™h
A (10" kgs™1) -0.6 +0.2 +0.1 +0.4 +0.9
APl (%) —4.0 +3.3 +1.7 +3.8 +8.2
p value Student’s ¢ test 0.00 0.02 0.23 0.00 0.00
max(yi) £ o 32+0.8 9.8+ 1.0 6.8 0.8 42 +0.7

(1010 kg S—l)
A (101 kg s™h +0.3 +0.6 +0.3 -0.1 —0.4
APENE (%) +10.0 +6.1 +3.9 =25 -8.8
p value Student’s ¢ test 0.01 0.00 0.05 0.21 0.00
SX200 £ O 7.6 =0.2 13.7 £ 0.1 184 + 0.1 212+ 0.1

(10°m?s™h)
Adx200 (10°m? s~ 1) +0.6 -0.2 -03 —-0.6 -1.5
A8 x200/8 X200 (%) +6.1 =23 =35 -0.6 -15.0
p value Student’s ¢ test 0.13 0.13 0.02 0.32 0.00
S8SLP * o 98 + 31 718 £ 57 511 + 38 439 + 27

(Pa)
ASSLP (Pa) 0 8 2 -8 =220
ASSLP/SSLP (%) -0.0 +1.2 +0.3 -2.0 -50.0
p value Student’s ¢ test 0.39 0.25 0.38 0.00 0.00

Therefore, the modifications of the zonal SST gradient in
simulations with complete ocean—atmosphere coupled
models could play a major role in explaining the changes
of the Hadley and Walker cells.

e. Thermodynamic state of the tropical atmosphere

Our simulations give a large variety of dynamic and
thermodynamic states in the tropical troposphere. Figure 9
depicts the mean tropical thermodynamic state of the
tropical troposphere in our experiments, with the dry static
stability at 500 hPa, S,s00; the precipitation, P; the column-
integrated water vapor, W; and the 500-hPa mean
ascending velocities, M3, The dry static stability is
equivalent to the Brunt—Viiséld frequency and is de-
fined as

The ascending midtropospheric vertical velocity at the
500-hPa height, M{,,, measures the large-scale circula-
tion intensity, computed using the ascending grid points
only. This quantity is proportional to the mean convec-
tive updraft velocity (Vecchi and Soden 2007). Note that
all quantities in Fig. 9 are averaged over the domain of
the Hadley cells, as defined in section 3b.

All simulations are consistent with the robust changes
of the models in global warming conditions, reviewed by
Held and Soden (2006). Throughout the simulations, the
lower-tropospheric relative humidity is relatively con-
stant (not shown). Thus, the water vapor content in the
atmosphere follows the Clausius—Clapeyron equation.
For instance, the SSTs in GRAD—2 are larger than in
GRAD+2 when averaged over the tropical region, so
the column integrated water vapor in GRAD -2 is also
larger than in GRAD +2. The water vapor increase leads
to an increase in the moisture flux convergence within the
boundary layer in moist regions. However, the precipi-
tation changes in most simulations are smaller than the
water vapor changes, as the precipitation is more con-
strained by the radiative fluxes. Therefore, the mean as-
cending mass flux decreases with larger SSTs in order to
diminish the convergence of the moisture flux.

The dry static stability changes also agree with the robust
changes of ocean—-atmosphere coupled models, studied by
Knutson and Manabe (1995) or Held and Soden (2006).
The SST determines the moist lapse rate and dry static
stability over the convective regions. The tropical regions
have a uniform lapse rate, especially in the deep tropics,
as a consequence of the small Coriolis parameter near
the equator (Sobel et al. 2001). For warm SST over the
convective regions, the water vapor and latent heating
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Here, square brackets indicate a zonal mean, asterisks
indicate departure from the zonal mean, overbars in-
dicate a monthly mean, and primes indicate departure
from the monthly means. The variable u is the zonal
wind, v is the meridional wind, w is the vertical pressure
velocity, a is the radius of the earth, p is the pressure, f
is the Coriolis parameter, and D[u] is a damping. The
first term on the rhs of Eq. (2) is the advection of the
zonal-mean wind by the mean meridional circulation.
The second term is the Coriolis torque. The third and
fourth (fifth and sixth) terms are the stationary (tran-
sient) eddy flux convergence of zonal momentum.

Since the simulations are in a stationary state, the time
derivative is neglected. The damping term, calculated as
a residual, is found to be very small in the upper tro-
posphere and is also neglected. The various terms of
Eq. (2) are shown at the 200-hPa height in Fig. 10.

In the REF simulation, between 0° and 25° latitude,
the Coriolis torque is mainly responsible for the accel-
eration of the zonal wind, as the zonal momentum is
transported poleward by the Hadley cell. The mean
advection acts to diminish the zonal wind in the tropics.
The transient eddies also decelerate the wind in the
subsiding branch of the Hadley cell, between 10° and
25° Then, between 25° and 45°, in the Ferrel cell, the
mean zonal wind is accelerated by transient eddies,
while the Coriolis torque tends to slow it down.

In the simulation GRAD-2, all terms are small be-
tween 0° and 15° and thus the zonal wind is weak in the
equatorial region. Between 15° and 30° the Coriolis and
mean advection terms are smaller compared to REF as
the mean meridional circulation is weaker. The transient
eddy momentum divergence is of a similar magnitude
but shifted poleward between 10° and 30°. This term
becomes much stronger in the midlatitudes between 30°
and 70°. This is related to the very strong midlatitude
SST gradients, which increase the baroclinicity and trans-
port of momentum by transient eddies. These transient
eddies give momentum to the zonal-mean zonal wind,
which enhances the eddy-driven jet. A similar effect was
obtained by Brayshaw et al. (2008) when the midlatitude
SST gradients were specifically modified. The subtropical
jet, which is more dependent on the momentum diver-
gence by the mean meridional circulation, is decreased, as
the Hadley cell is weak.

In WAVES3, the stationary wave pattern is clearly re-
sponsible for a convergence of momentum in the equa-
torial region between 0° and 5°, where it causes the
superrotation, as shown in section 3b. Elsewhere the sta-
tionary eddy momentum flux is smaller than the other
terms. The Coriolis and mean advection terms are smaller
in WAVES3, as the Hadley cell is weaker. An analysis of
WAVE1 and WAVE?2 gives qualitatively similar results.
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F1G. 10. Zonal-mean zonal wind balance at the 200-hPa height
and the contribution to wind tendency (m s ! day ') from the
mean advection, Coriolis torque, and stationary and transient
eddies. The continuous lines designate the results for the simula-
tion REF; dashed lines indicate the results of the simulations (top)
GRAD-2 and (bottom) WAVES3.

The modifications of the zonal wind in WAVE3 are small
beyond 30°, and the maximum zonal-mean zonal wind
is almost unchanged despite a large weakening of the
Hadley cell.

The changes affecting the zonal-mean wind in our sim-
ulations correspond well to those of the transient and sta-
tionary eddies that displace and amplify the eddy-driven
jets. The intensity of the Hadley cell is associated with the
Coriolis torque and mean momentum advection terms.
The locations of the maximum momentum flux conver-
gence by the zonal-mean circulation and eddies are com-
puted to illustrate the positions of the subtropical, ¢gty, and
eddy-driven, ¢epp, jets:
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where acosd ) is maximum;  (3)
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is maximum. 4)
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These positions are added in Fig. 3. The eddy-driven jet
is clearly responsible for the poleward displacement of
the maximum zonal wind in GRAD—1 and GRAD-2
and also in the +2K simulations. In the +2K simulations,
the Hadley cell expansion is analogous to that of ocean—
atmosphere coupled models in global warming conditions
(Lu et al. 2007). This extension is governed in these
models by the increase of the dry static stability, which
prevents the penetration of midlatitude eddies into the
tropics (Lu et al. 2008).

5. Budgets of moist static energy

In this section, the large-scale tropical circulation is
analyzed through the moist static energy (MSE) vari-
able. The MSE quantifies the energy transported by air
parcels and is defined as m = s + L,q, where s = C,T +
gz is the dry static energy and L,q is the latent heat.

The column-average MSE budget is

V.-(vm)=Qp,+H+LE, )

where v is the wind vector, H is the turbulent sensible
heat flux, E is the turbulent evaporation flux, and Qy is
the net atmospheric radiative heating rate, diagnosed
from the budget of the radiative flux at the surface and
top of the atmosphere; the overbars designate monthly
and vertical averaging.

a. Meridional transports of moist static energy

The zonal-mean budget of MSE is

19 o 10 — 19 . .
aﬁ[v][m]-i- Eﬁ[vm]-}— ;ﬁ[v m*]

=[Okl + [H] + [L,E]. (6)

Here, the first term of the lhs of Eq. (6) is the MSE
divergence by the zonal-mean circulation. The second
and third terms are the MSE divergence by transient and
stationary eddies.

The transport of MSE and its division into zonal-mean
and eddy components were carefully diagnosed in the
simulations with an online diagnostic using the fields of
wind, moisture, and DSE at each physical time step of
the GCM. We checked that the MSE divergence of the
total transport diagnosed [lhs of Eq. (6)] corresponds to
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FIG. 11. Zonal-mean MSE total flux, for the REF simulation, and
decomposition into latent heat and DSE fluxes. The position of the
Hadley cell, for REF, indicated by the latitude of the maximum
(zero value) meridional streamfunction, averaged between 300 and
700 hPa, is shown with a thin (thick) black dashed vertical line.

the sum of the energy provided at the surface and top of
the atmosphere [rhs of Eq. (6)] so that MSE is conserved
in the model with our diagnostics.

As the DSE increases with height, the direction of its
transport by the zonal-mean circulation depends on the
upper-level flow. In the tropics, the DSE is therefore
transported poleward by the Hadley circulation, as il-
lustrated in Fig. 11. Conversely, the zonal-mean latent
heat transport is mostly confined in the lower tropo-
sphere and is therefore directed equatorward. In the
midlatitudes, the eddies transport both latent heat and
DSE poleward, as shown in Fig. 11. Over the domain of
the Hadley cells, the DSE and latent heat transports
compensate, giving a relatively small poleward MSE
flux.

The MSE fluxes and their decomposition into mean,
stationary, and transient components are given in Fig. 12.
All simulations have a maximum energy flux located
between 35° and 40°, with a similar intensity. GRAD+2
(GRAD-2) shows an amplified (reduced) poleward
energy flux in the tropics. The differences among the
total MSE flux of the simulations REF, REF+2, and
WAVE are smaller.

The MSE budget is further illustrated in Fig. 13, by the
different terms on the rhs of Eq. (6). In REF, between the
equator and 35° the evaporation and, to a lesser extent,
sensible heating provide MSE to the atmosphere, while
the radiative cooling emits a smaller part of that energy
toward space. The MSE fluxes are divergent. Beyond 35°
the loss of energy due to radiative cooling is the dominant
term, and the MSE fluxes are convergent.

In GRAD+2, between 0° and 5°, the evaporation pro-
vides a large amount of energy at the surface while the
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FI1G. 12. Zonal-mean MSE flux, and decomposition into mean, transient, and stationary components. The REF
simulation is shown with dashed lines, while the (top left) GRAD+2, (top right) GRAD—-2, (bottom left) WAVE3,
and (bottom right) REF+2K simulations are represented with continuous lines. The position of the Hadley cell, for
REF, indicated by the latitude of the maximum (zero value) meridional streamfunction, averaged between 300 and
700 hPa, is shown with a thin (thick) black dashed vertical line.

radiative cooling is not strong enough to compensate. A
vigorous Hadley circulation transports a large amount of
MSE toward the poles. Conversely, between 5° and 40°
the latent heat flux is smaller than in REF and the
exported MSE from this region decreases. In GRAD+2,
this evaporation increase could be explained by the wind-
induced surface heat exchange (WISHE) that may act as
a positive feedback and strengthen the large-scale circu-
lation (Numaguti 1993, 1995; Boos and Emanuel 2008).
However, another set of simulations with prescribed sur-
face fluxes needs to be performed to properly document
the role of WISHE.

In GRAD -2, between 0° and 10° the MSE provided
by the turbulent fluxes is nearly equal to the radiative
cooling. Therefore, the Hadley circulation is negligible and
the radiative—convective equilibrium prevails. However,
between 15° and 30° the evaporation is strong and the
MSE flux strengthens. The transient eddy MSE flux
mainly accounts for this stronger MSE flux.

In the WAVE3 or REF+2K simulations, more energy
is provided by the turbulent fluxes at the surface. For
REF+2K the turbulent fluxes are stronger everywhere,
whereas for WAVES3 the changes are confined to the

equatorial region. In both simulations, a stronger radi-
ative cooling occurs at the same latitudes, and the energy
excess is radiated to space. Therefore, the MSE fluxes
are only weakly modified in these simulations.

b. Zonal transport of moist static energy

The MSE budget [Eq. (6)] is averaged over the do-
main of the Hadley cells:

(V- (ym)) = (Qp) + (H) + (L E), ™)
where angle brackets indicate the average over the do-
main of the Hadley cells (see section 3b). Here, the term
on the left-hand side describes the total MSE divergence
due to the Walker and Hadley circulations [(V - (Vin))]
and transient eddies [(V - (v'm’))]. The right-hand side
terms describe the energy provided in the Hadley cells
domain by radiative cooling and sensible and latent heat
fluxes.

The zonal anomalies of the terms on the rhs of Eq. (7)
are shown in Fig. 14, for the simulations WAVEI1,
WAVE1+2K, WAVE3, WAVE3+2K, and 0.5SWAVES3.
Over the cold (warm) SST anomalies, the radiative
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FIG. 13. Different terms of the zonal-mean MSE budget: L,E, the turbulent latent heat flux; O, the radiative
cooling; H, the turbulent sensible heat flux; and the total, Qg + H + L, E. The REF simulation is shown with dashed
lines; the (top left) GRAD+2, (top right) GRAD—2, (bottom left) REF+2K, and (bottom right) WAVE2 simu-
lations are represented with continuous lines. The position of the Hadley cell, for REF, indicated by the latitude of
the maximum (zero value) meridional streamfunction averaged between 300 and 700 hPa, is shown with a thin
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cooling and turbulent fluxes present large negative
(positive) anomalies. As a consequence, the Walker
circulation transports MSE directly from the warm SST
regions to the cold ones. The zonal anomalies of the mean
meridional circulation and eddies also contribute to this
MSE transport.

In WAVE1+2K, the zonal gradient of latent heat flux
increases as a response to the SST warming. The increase
of the latent heat flux is mainly due to the exponential
dependence of the saturation water vapor pressure on
temperature, following the Clausius—Clapeyron relation-
ship. The increase of evaporation is stronger over the
warm SST regions. The large-scale atmospheric circula-
tion transports more MSE and the Walker circulation
strengthens. On the other hand, in WAVE3+2K, the in-
crease in turbulent flux anomalies is less systematic, and
the turbulent heat fluxes decrease over the warm SSTs
located at 50° or 150°E. These changes are associated with
a gentle weakening of the Walker cells (see Table 2). The
evaporation anomalies also decrease (increase) over the
eastern (western) edge of the warm SST anomalies, which
contributes to a westward shift of the ascending zones in

Fig. 6. It can be concluded that the Walker cell intensity
corresponds to the zonal gradient of turbulent heat flux.
For a uniform SST warming, the changes of the turbulent
heat flux depend on the pattern of the control SST.

In 0.5SWAVE3, the anomalies between warm and cold
regions are strongly reduced when compared to WAVE3.
As the amplitude of the SST anomalies is reduced, the
turbulent fluxes and radiative cooling anomalies are also
smaller. The large-scale circulation transports less MSE
from the warm regions to cold ones. Therefore, the Walker
cells weaken when the zonal SST gradients are reduced.

¢. Role of moist static stability

The links between the MSE flux and the Hadley cell
are complex. The mean meridional circulation transports
an important part of the total MSE flux in the tropics,
while eddies dominate in higher latitudes (see Fig. 12). In
the tropics the MSE transport is determined by the
compensation between the DSE and latent heat fluxes
(see Fig. 11). The gross moist static stability is commonly
used to measure the ratio between the DSE and latent
heat fluxes and quantifies the efficiency of the MSE
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transport by the mean meridional circulation (Neelin and
Held 1987). The gross moist static stability is associated
with the geographical distribution of convection. It is also
linked to the convection scheme used (Frierson 2007).

The gross moist static stability Am is defined as the
ratio between the zonal-mean MSE flux and the intensity
of the meridional circulation:

0
jmm@
Am=_ ,

FM@

s

®)

where the overbars denote a time averaging; P, is the
surface pressure and P, is a midtropospheric level where
the vertical velocity is maximum, commonly found around
500 hPa. The unit of the gross moist static stability is ki-
lojoules per kilogram. It is the amount of MSE trans-
ported per kilogram of mean meridional mass circulation.
The denominator on the rhs of Eq. (8) is the intensity of
the meridional circulation. This formulation of the gross
moist static stability is similar to that of Neelin and Held
(1987), but follows the definition of Frierson et al. (2007)
by defining it as a ratio of flux rather than flux divergence.

We define C, the ratio of the total MSE flux trans-
ported by the mean meridional circulation, as

0
Jmm@
Py
F 9

c )
where F is the total zonal-mean MSE flux, defined as
Jﬁ: [vm] dp. The ratio C quantifies the contribution of
zonal mean circulation in the total MSE flux. An in-
crease of eddy MSE flux for the same total MSE flux
leads to a reduced ratio C. We find a simple relation,
analogous to that in Kang et al. (2009), to describe the
intensity of the meridional circulation:

JO CF (10)

P;[T)]dpzm-

The gross moist static stability Am of the simulations
is shown in Fig. 15. Furthermore, the gross moist static
stability Am, the ratio C, and the total MSE flux F, are
estimated between 2.5° and 15° latitude where the mean
meridional streamfunction is the strongest. The results
are shown in Fig. 16.

In the REF simulation, the poleward MSE flux is 1.1
PW. The Hadley cell is responsible for 28% of the total
MSE flux. The gross moist static stability is quite small,
that is, 3.0 kJ kg~ '. As the deep tropical SSTs are warm,
atmospheric convection is frequent, which homogenizes
the MSE profiles (Am ~ 0).
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In the amplified tropical SST gradient simulations
(GRAD+1 and GRAD+2), the total MSE flux increases
as the evaporation provided in the deep tropics increases
(see Fig. 13), which strengthens the Hadley cell. Nev-
ertheless, the gross tropical moist static stability also
increases, as most of the convection is located over the
equator, while the region between 5° and 25° experi-
ences less convection than in REF (see precipitation in

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 68

Fig. 1). Therefore, the Hadley cell intensity is only
weakly enhanced.

In the reduced tropical gradient simulations (GRAD—2
and GRAD-1), the Hadley cells are displaced into the
midlatitudes. The total MSE flux is much lower than for
REEF in the deep tropics. The Hadley circulation is negli-
gible in the deep tropics as the radiative—convective
equilibrium prevails over such weak SST gradient condi-
tions (Held and Hou 1980). Note that for the experiment
GRAD-1 an inverse weak overturning cell appears in the
deep tropics, causing negative values of the gross moist
static stability in Figs. 15 and 16. In these simulations, the
Hadley cells are located in the midlatitudes (around 25°
for GRAD—2) where the moist static stability is larger
than in the deep tropics, which further weakens the
Hadley cells.

In the simulations with zonal SST anomalies (WAVEI,
WAVE2, WAVE3, and 0.5WAVE3) some subsiding
motions occur in the deep tropics, as convection is in-
hibited over the cold SST regions (see Fig. 6). Therefore,
the zonal-mean gross moist static stability increases over
the deep tropics compared to REF (see lower panel of
Fig. 15). The total MSE flux increases in these simula-
tions (Fig. 16), but the increase in gross moist static sta-
bility is stronger, so that the mean meridional circulation
weakens. In the high-zonal-wavenumber simulations,
such as WAVES3; the zonal SST gradient is locally stronger
than in the low-wavenumber cases (i.e., WAVE]1), and the
turbulent fluxes are enhanced by strong low-level winds.
The reinforcement of the total MSE flux may explain the
strengthening of the Hadley cells when the zonal wave-
number increases.

In the +2K simulations, the total MSE transport is
almost invariant (see Figs. 12 and 15). All simulations
show a decrease of the deep tropical gross moist static
stability. This decrease is associated with the moistening
of the lower troposphere, which exceeds the increase of
dry static stability in the upper troposphere. This effect is
compensated by a decrease of C, the fraction of the total
MSE flux performed by the mean meridional circulation
(see Fig. 16), which corresponds to a reinforcement of the
eddy component of the MSE flux. In REF, the decrease of
C prevails, while in the WAVE simulations the changes of
the gross moist static stability are larger. We conclude that
the Hadley circulation changes induced by a uniform SST
increase are highly dependent on the pattern of the con-
trol SST, as it determines the changes resulting from the
eddy MSE flux and gross moist static stability.

6. Discussion and conclusions

The parameters that determine the strength of the
Hadley and Walker circulation in a GCM are studied
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the monthly standard deviations.

through various idealized aquaplanet simulations using
a GCM with a comprehensive physical package. Four
types of simulations are studied: 1) simulations with
axisymmetric SSTs where the meridional SST gradient is
modified, 2) simulations with a longitudinal equatorial
wave-shaped SST anomaly, 3) uniform warming simu-
lations of 2 K, and 4) simulations in which the equatorial
zonal SST gradient is modified.

Drastic changes are seen when the meridional SST gra-
dient is modified. An SST profile with a maximum peaked
at the equator produces a strong Hadley circulation, with
a small extent accompanied by a strong jet. For large trop-
ical SST gradients, a vigorous Hadley circulation is expected
from the classical angular momentum framework. As con-
vection settles in the vicinity of the equator, the tropical
gross moist static stability increases, which lessens the
Hadley cell’s intensification. Nevertheless, as our simula-
tions use fixed SST conditions, evaporation anomalies can

increase without an accompanying SST decrease, and the
Hadley cell intensity may have been overestimated. This
case of strong and narrow Hadley cell shares some char-
acteristics with the climate of the last glacial maximum
(Williams 2006; Broccoli et al. 2006).

In the case of a very flat SST distribution at the equator,
a double ITCZ is simulated. The Hadley cells are very
weak with a large spatial extent. As radiative—convec-
tive equilibrium is possible, the classical angular mo-
mentum theory predicts that no large-scale organization
of the flow occurs in the tropics (Held and Hou 1980). In
this case, the Hadley cells and MSE flux are governed by
eddy dynamics. As very strong meridional SST gradients
are located in the midlatitudes, the midlatitude baro-
clinicity increases and the eddy-driven jet is enhanced.
It is likely that an analogous circulation existed during
warm episodes of past climate, such as the Eocene or
the late Cretaceous, even if it is still unclear how such
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SST gradients can be sustained by ocean—atmosphere
coupling.

A significant weakening of the Hadley cell is induced
by the introduction of the SST wave-shaped anomaly.
Such a configuration induces a superrotation in the up-
per troposphere and the formation of stationary eddies
in the tropics. In addition, the gross moist static stability
increases, as convection is inhibited over the tropical
subsidence zones. The poleward MSE transport by the
Hadley cells is more efficient and therefore the Hadley
cells slow down. The superrotation is a caveat in our
simulations, as such a state is not observed in present-
day climate. The presence of superrotation may be due
to the absence of cross-equatorial SST gradient in per-
petual equinox conditions (Kraucunas and Hartmann
2005), and it would be interesting to repeat our experi-
ments in the case of the solstices. However, the mech-
anisms that weaken the Hadley cells in the presence of
longitudinal SST anomalies are still valid for present-
day climate.

A uniform warming of +2 K induces nonsystematic
modifications of the Hadley and Walker circulations,
even if the mean updraft velocity diminishes in all sim-
ulations. A uniform warming of +2 K leads to a weak-
ening of the Hadley cells in the reference simulation
owing to an enhancement of the MSE flux by transient
eddies. With the introduction of a warm pool and a cold
SST region, the Hadley circulation increases in the case
of a warming due to a decrease of moist static stability.
Therefore, the Hadley circulation induced by a uniform
SST warming depends on the control SST pattern, which
determines the characteristics of the transient and sta-
tionary eddy fluxes. On the other hand, the Walker
circulation increases (decreases) in the simulation with
a zonal wavenumber 1 (3), and the reasons for these
different changes are still to be rigorously established.
We suggest that the evaporation anomalies are en-
hanced in our uniform warming simulations, which
enhances the Walker cells. In the case of a high zonal
wavenumber, the Walker cells may also be affected by
changes in the transient and stationary eddy flux di-
vergence of MSE.

The weakening of the zonal equatorial SST anomalies
causes a weakening of the Walker cells and a strengthen-
ing of the Hadley cells. The Hadley cells strengthen
mainly because the zonal-mean gross moist static stability
diminishes, as the ascending branches are wider and
convection is more uniformly distributed over the tropics.
The weakening of the Walker cells corresponds well to the
decrease of MSE provided by the anomalous turbulent
fluxes in the tropics.

Aquaplanet simulations represent simple intermediate-
complexity tools suitable for studying the atmospheric
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dynamics. Such simulations show many deficiencies such
as the double ITCZ or superrotation. But, the simplicity of
these experiments also allows us to isolate a few mecha-
nisms that may have modified the tropical large-scale
circulation in past- or future-climate SSTs. Such processes
are more difficult to detect in realistic situations because
of the complexity introduced by orography, land-ocean
contrasts, or nonlinearities associated with the seasonal
cycle (Lindzen and Hou 1988).

In a global warming scenario, ocean—atmosphere cou-
pled models, or models coupled to an ocean mixed layer,
show a strong weakening of the Walker circulation (Vecchi
and Soden 2007), while the Hadley cells only show a
gentle decrease (Vecchi and Soden 2007; Gastineau et al.
2008). In our simulations, such changes are not obtained
with uniform SST warming. How can we explain these
differences? We suggest three explanations:

o First, the fixed SST lower boundary conditions in our
simulations could lead to unrealistic values of the
evaporation and cloud changes, as the SST is not al-
lowed to interact with the atmosphere. The surface
turbulent flux and the clouds are expected to be dif-
ferent in coupled ocean—atmosphere models, which
can affect the Hadley and Walker circulations.

e Second, the stationary and transient eddies are obvi-
ously unrealistic in our simulations, owing to the ab-
sence of continents and mountains, and the eddies,
through their interactions with the diabatic and fric-
tion processes, play a crucial role in driving the Hadley
cells (Kim and Lee 2001).

o Finally, we also argue that the weaker Pacific Ocean
zonal SST gradient simulated by most ocean—-atmosphere
coupled models in global warming conditions may gov-
ern part of the Walker circulation weakening. It may
also explain the different changes of the Hadley and
Walker cells in ocean—atmosphere coupled models.
When the zonal SST gradient decreases, we find a
weakening of the Walker cells and a strengthening of
the Hadley cells. Such an effect is analogous to that
observed during El Nifio events (Oort and Yienger
1996). However, the decrease of the SST gradient
in the equatorial Pacific Ocean obtained in ocean—
atmosphere coupled models (~0.5°K) is relatively low
compared to the applied 3°K decrease of the SST gra-
dient in our simulations.

The tropical large-scale circulation response simu-
lated by the ocean—-atmosphere coupled models is not
fully reproduced by our aquaplanet simulations, although
they include the water vapor and dry static stability
changes. This is a clear demonstration that our under-
standing of these circulations is not sufficient and re-
quires more study.



MARCH 2011
200 200
g 400 \ £ 400
w w
3 3
o 600 < 500
800 800
1000
—4.0 0.0 4.0 8.0 1000

GASTINEAU ET AL.

573

)
Il
it
il
Sl
Y/

FIG. Al. Zonal streamfunction in the domain of the Hadley cells for the ERA-40 reanalysis (10'° kg s ) for the period
1979-2001: (left) zonal-mean zonal streamfunction [¢,] and (right) zonal streamfunction anomalies i

Acknowledgments. This work was supported by a
Ph.D. grant from the Université Pierre et Marie Curie,
Paris, France. We thank Dargan M. W. Frierson and two
anonymous reviewers who contributed to improving this
manuscript.

APPENDIX

Zonal Streamfunction Anomalies as a Diagnostic
of the Walker Cells

As we introduce a new diagnostic to study the Walker
cells, this appendix provides some details on the calcu-
lation of this diagnostic.

Within the Hadley cell domain, the mass circulation
is closed and the mean mass flux is zero at the Hadley
cell boundaries. We calculate the extent of the Hadley
cells on a monthly basis, given by the zero-value mean
meridional streamfunction averaged between 300 and
700 hPa. The Hadley cell extents in the Northern Hemi-
sphere, ¢y, and in the Southern Hemisphere, ¢g, are
separately retrieved. The zonal wind is averaged between
these two latitudes:

b
! J " udo,

qu*d)S

where angle brackets denote an averaging over the do-
main of the Hadley cells. The zonal streamfunction in
the Hadley circulation region, ¢,, is expressed as

(Py — ¢5) [p

8
where a is the earth radius, g is the gravity acceleration,
P, is the surface pressure, and p is the pressure. From the
zonal streamfunction two components are retrieved:

(u)

(A1)

N

Y.=a (u) dp, (A2)
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where square brackets indicate zonal averaging and as-
terisks designate zonal anomalies; [/, ] is proportional to
the vertical shear of the zonal-mean zonal wind, and the
residual ¢ represents the Walker circulation. Figure Al
shows the zonal-mean zonal streamfunction, [¢,], and
the zonal streamfunction anomalies ¢% from the 40-yr
European Centre for Medium-Range Weather Forecasts
(ECMWEF) Re-Analysis (ERA-40) (Uppala et al. 2005),
during the 1979-2001 period.

Strong ascending motions are located over the western
Pacific Ocean. Weaker and narrower ascents are located
over the eastern Pacific, Atlantic, and Indian Oceans;
therefore the anomalous zonal circulation shows some
subsidence motion over these regions.

Note that the use of an average between 25°N and 25°S,
instead of an average over the domain of the Hadley cells,
provides similar results, so these results are not sensitive
to the precise definition of the latitudes used to delimit the
Walker circulation.
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