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ABSTRACT

Hemispherically and temporally asymmetric tropical precipitation responses to global warming are evalu-
ated in 13 different coupled atmosphere—ocean climate model simulations. In the late boreal summer,
hemispherical averages of the tropical precipitation anomalies from the multimodel ensemble show a strong
positive trend in the Northern Hemisphere and a weak negative trend in the Southern Hemisphere. In the
late austral summer, on the other hand, the trends are reversed. This implies that the summer hemisphere
becomes wetter and the winter hemisphere becomes a little drier in the tropics. Thus, the seasonal range of
tropical precipitation, differences between wet and dry seasons, is increased. Zonal averages of the pre-
cipitation anomalies from the multimodel ensemble also reveal a meridional movement, which basically
follows the seasonal migration of the main convection zone. Similar asymmetric features can be found in all
13 climate model simulations used in this study. Based on the moisture budget analysis, the vertical moisture
advection associated with mean circulation is the main contribution for the robustness of the asymmetric
distribution of the tropical precipitation anomalies. Under global warming, tropospheric water vapor in-
creases as the temperature rises and most enhanced water vapor is in the lower troposphere. The ascending
motion of the Hadley circulation then transports more water vapor upward, that is, anomalous moisture
convergence, and enhances precipitation over the main convection zones. On the other hand, the thermo-
dynamic effect associated with the descending motion of the Hadley circulation, that is, anomalous moisture
divergence, reduces the precipitation over the descending regions.
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1. Introduction

A significant warming trend of globally averaged sur-
face temperature has been found in the past few de-
cades, which is mainly attributed to anthropogenic forc-
ing of greenhouse gases (e.g., Santer et al. 1996; Tett et
al. 1999; Mitchell et al. 2001; Jones and Moberg 2003;
Tett et al. 2002; Karl and Trenberth 2003; Trenberth et
al. 2007). Similar to surface temperature, the tropo-
spheric temperature also increases with time (Fu et al.
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2004; Trenberth et al. 2007). For the future projection
of climate models to the end of the twenty-first century,
the warming becomes much stronger and can be found
everywhere, with a different amplitude on a regional
scale (e.g., Senior and Mitchell 2000; Cubasch et al.
2001; Meehl et al. 2005; Santer et al. 2005; Johns et al.
2006; Stott et al. 2006; Meehl et al. 2007). This warming
trend induced by the anthropogenic forcing is consis-
tent among climate model projections (e.g., Cubasch et
al. 2001; Meehl et al. 2007).

In contrast to surface temperature and tropospheric
temperature, precipitation changes of climate model
simulations reveal a much more complicated pattern,
particularly on a regional basis. On a global scale, most
model simulations show a positive trend of global-mean
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precipitation in the future, but this trend has not been
found in observations (Allen and Ingram 2002). On a
regional scale, projected precipitation changes have
great differences in many climate models (e.g., Roeck-
ner et al. 1999; Boer et al. 2000; Meehl et al. 2000; Dai
et al. 2001; Williams et al. 2001; Allen and Ingram 2002;
Douville et al. 2002; Neelin et al. 2006; Meehl et al.
2007). Disagreement is found not only among climate
models, but also between climate models and observa-
tions (e.g., Allan and Soden 2007; Trenberth and Dai
2007; Wentz et al. 2007; Zhang et al. 2007). This implies
that precipitation changes have complex and distinct
behaviors among different regions. A possible reason
for the precipitation disagreement among models might
be complicated physical processes, such as the hydro-
logical cycle (Allen and Ingram 2002) and the interac-
tion between large-scale dynamics and tropical convec-
tion (e.g., Chiang and Sobel 2002; Neelin et al. 2003).

To explain regional precipitation changes, several
mechanisms have been proposed (e.g., Chou and Nee-
lin 2004; Chou et al. 2006). On one hand, as the tropo-
spheric relative humidity varies very little (Dai 2006),
more column-integrated vapor occurs in convective
than in nonconvective regions for each unit of tempera-
ture increase, based on the Clausius—Clapeyron equa-
tion (Held and Soden 2006). On the other hand, since
the atmosphere tends to self-adjust into a stable state
via a convective process, when a warmer climate is
formed, the atmospheric boundary layer (ABL) mois-
ture in convective regions increases under convective
quasi equilibrium (QE). However, this QE mediation
does not occur in nonconvective regions (Neelin and Su
2005). Both aforementioned mechanisms create the
spatial gradient of ABL moisture anomalies between
convective and nonconvective regions. Consequently,
the converged inflow in the lower troposphere trans-
ports relatively drier air from nonconvective regions to
convective regions. This dry advection reduces precipi-
tation in the margin of convective regions, owing to its
inability to match the higher required “convective
ante,” which has been termed the upped-ante mecha-
nism (Neelin et al. 2003; Chou and Neelin 2004). In
convective regions, the increase of low-level moisture
reduces the effective moist stability and then enhances
convection and rainfall, which is the anomalous gross
moist stability (M') mechanism or the rich-get-richer
mechanism (Chou and Neelin 2004).

Despite great uncertainty in regional precipitation
changes, Neelin et al. (2006) examined model simula-
tions and observations to find similarities for tropical
droughts over margins of convective regions. Their re-
sults show agreement on regional precipitation, espe-
cially over Central America and the Caribbean Sea dur-
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ing summer. Other consistent features, such as robust
responses of the global hydrological cycle (Held and
Soden 2006) and asymmetric responses of tropical pre-
cipitation changes between hemispheres (Chou et al.
2007), can also be found from climate model simula-
tions. These consistent features are all associated with
the increase of water vapor in the lower troposphere.
The aim of this study is to examine what mechanisms
control asymmetric responses of tropical precipitation
changes between hemispheres and why this asymmetry
is in good agreement among different coupled atmo-
sphere—ocean climate models (CGCMs). Model simu-
lations used in this study are presented in section 2.
Asymmetry of tropical precipitation changes is dis-
cussed in section 3. Diagnosis of the moisture budget
and analysis of robust responses of the tropical precipi-
tation asymmetry are given, respectively, in sections 4
and 5, followed by conclusions.

2. The data

The CGCM simulations from the World Climate Re-
search Programme’s (WCRP’s) Coupled Model Inter-
comparison Project phase 3 (CMIP3) multimodel
dataset for the Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change (IPCC)
are used to investigate mechanisms governing asymme-
try of tropical precipitation changes under global warm-
ing. The 13 models (and sponsoring institution or
agency) utilized in this study are listed in Table 1.
Monthly variables from the 20C3M simulations for the
period from 1860 to 2000 and the Special Report on
Emissions Scenarios (SRES) A2 global warming sce-
nario for the period from 2001 to 2100, such as precipi-
tation, specific humidity, surface temperature, air tem-
perature, zonal and meridional wind components, and
pressure velocity, are analyzed. The A2 scenario is the
warmest scenario in IPCC, warmer than the A1B sce-
nario that is commonly used. There is likely to be some
dependence on the emission scenario, which will de-
crease as time progresses. By the end of the twenty-first
century, this dependence should become verylittle.
Current climate is the average over the period 1961-90.
An anomaly is obtained from the averages in years
2070-99 minus the averages in years 1961-90. One re-
alization for each of the 13 models is examined.

Considering moisture budget analysis, the 13 models
(See Table 1) are chosen based on the completeness of
datasets at the beginning of the study. However, an
evaporation ensemble is computed only from 11 mod-
els, excluding models GFDL CM2.1 and CCSR3.2M,
owing to a lack of such data outputs. For a similar
reason, most terms in the moist static energy are calcu-
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TaBLE 1. List of the IPCC AR4 CGCM models used for simulations in this study.

Model acronym

Description

CCCMA3.1 _T47

Canadian Centre for Climate Modeling and Analysis (CCCMA) CGCM version 3.1 Model (T47)
Meteo France Centre National de Recherches Météorologiques Coupled Global Climate Model, France,

CCSR Model for Interdisciplinary Research on Climate 3.2, medium-resolution version, Model 32M
Japan Meteorological Research Institute (MRI) Coupled General Circulation Model, version 2.3.2a

National Center for Atmospheric Research (NCAR) Community Climate System Model, version 3

CNRM-CM3
version 3
IPSL CM4.1 L’Institut Pierre-Simon Laplace (IPSL) Coupled Model, version 4.1
GFDL CM2.0 NOAA Geophysical Fluid Dynamics Laboratory, Model CM2.0
GFDL CM2.1 NOAA Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model version 2.1
GISS-ER NASA Goddard Institute for Space Studies Model E-R
CCSR32_M
MRI CGCM2.3.2
MPI ECHAMS Max Planck Institute for Meteorology, Germany
NCAR CCSM3
NCAR PCM1 NCAR Parallel Climate Model (version 1)
INM CM3.0 Institute of Numerical Mathematics Coupled Model, Russia, version 3.0

UKMO HadGEM1

Met Office (UKMO) Hadley Centre Global Environmental Model version 1

lated from 11 models, excluding models ISPL CM4.1
and GISS-ER. An ensemble of net energy into the at-
mospheric column (F*') is calculated only with seven
models: the CCCMA3.1_T47, CNRM-CM3, MRI
CGCM2.3.2, MPI ECHAMS, NCAR CCSM3, INM
CM3.0), and the UKMO HadGEM1. The moist static
energy budget associated with F"' does not vary too
much even though the model number is reduced from
11 to 7. The 13 models have different horizontal reso-
lutions, so model simulations are interpolated into a
uniform grid size, a horizontal resolution of 2.5° lati-
tude X 3.75° longitude, giving 73 X 96 grid points in
total. In the vertical, there are 12 unevenly spaced lev-
els extending to 100 hPa in height. We note that inter-
polation of datasets to a common grid may smooth out
some of the extreme precipitation. However, most re-
sults are presented either by hemispherical averages or
by zonal averages, which are not affected too much by
such smoothing.

3. Asymmetry of tropical precipitation changes

Figure 1 shows seasonal variation of the global mean,
tropical mean, and hemispherical mean of the precipi-
tation anomalies from the multimodel ensemble. The
global mean (90°S-90°N) and tropical mean (0°-30°) of
the precipitation anomalies are obtained for each
month, similar to the Southern (Northern) Hemi-
spheric mean of the precipitation anomalies over the
globe (0°-90°) and in the tropics (+30°). The months of
August, September, and October (ASO) and February,
March and April (FMA) are used because they give the
greatest asymmetric response of hemispheric averaged
precipitation changes: the former has maximum (mini-
mum) averaged precipitation anomalies and the latter
has minimum (maximum) anomalies for the Northern

(Southern) Hemisphere (Chou et al. 2007). In the late
boreal summer (ASO), for hemispherical averages of
the precipitation anomalies in the tropics, the northern
average (0°-30°N) indicates strong positive trends,
while the southern average (30°S-0°) shows weak nega-
tive trends (Fig. 1a). In the late austral summer (FMA),
the trends are reversed (Fig. 1b). Hemispherical aver-
ages presented here look differently from those in
Chou et al. (2007) because the latter removes the posi-
tive tropical mean but the former does not. This result
implies a strong seasonal variation of hemispheric av-
eraged tropical precipitation anomalies: a strong posi-
tive trend over the summer hemisphere and a weak
negative trend over the winter hemisphere. Note that
the entire tropical or global averages found no such
asymmetry at all. A similar finding of the asymmetry is
also seen for the hemispheric mean of precipitation
anomalies averaged over the globe (0°-90°), but their
amplitude is slightly smaller than those in the tropical
averages. Moreover, the hemispheric mean of the pre-
cipitation anomalies over the winter hemisphere has a
weak positive trend instead of a weak negative trend.
This implies that the precipitation anomalies averaged
over higher latitudes (30°-90°) of the summer and win-
ter hemispheres are both positive (not shown), which
has been discussed in recent studies (Meehl et al. 2007,
Zhang et al. 2007). In other words, this precipitation
asymmetry occurs only in the tropics (30°S-30°N).
Thus, we will focus on tropical precipitation in the fol-
lowing analysis and discussion.

This precipitation asymmetry can be consistently
seen in hemispheric averages of all 13 model simula-
tions (Fig. 2). For departures from the tropical mean of
the precipitation anomalies, all 13 model results show
positive anomalies for the summer hemispheric aver-
ages and negative anomalies for the winter hemispheric
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FIG. 1. Changes of precipitation departures (mm day ') from
the 1961-90 averages for the multimodel ensemble in the SRES
A2 global warming scenario in (a) ASO and (b) FMA. For the
tropics Northern Hemisphere (0°-30°N, thick solid line), South-
ern Hemisphere (0°-30°S, thick dot-dot-dashed line), and tropi-
cal (30°S-30°N, thick dotted line) means; for the globe Northern
Hemisphere (0°-90°N, thin solid line), Southern Hemisphere (0°—
90°S, thin dot-dot—dashed line), and global (90°S-90°N, thin dot-
ted line) means. The zero line is the thin dashed line; 30-yr run-
ning mean is used.

averages. Note that such asymmetry is found not only in
the hemispheric difference but also in the seasonal pre-
cipitation range: the wet region (season) becomes wet-
ter and the dry region (season) becomes slightly drier
or remains unchanged. At the end of the twenty-first
century in ASO, the Northern Hemispheric average of
the tropical precipitation anomalies varies from 0.15 to
0.5 mm day ' (—0.2 to 0.1 mm day ' for the Southern
Hemisphere); the change of the hemispheric difference
is around 0.2-0.65 mm day ' (4%-20% relative to the
current climate of respective models). In FMA, on the
other hand, the Southern Hemisphere average of the
precipitation anomalies is from 0.1 to 0.6 mm day '
(—0.2-0 mm day ! for the Northern Hemisphere); the
change of the hemispheric difference is around 0.15-0.8
mm day ' (3%-24%). For both Northern and Southern
Hemispheres, the change of the seasonal precipitation
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range is around 0.1-0.7 mm day~'. Compared to obser-
vations, such as in Chou et al. (2007), the observed
seasonal precipitation range and hemispheric differ-
ence are larger than in model simulations. The discrep-
ancy of the larger changes for the observation is con-
sistent with Allan and Soden (2007), Wentz et al.
(2007), and Zhang et al. (2007). For the multimodel
ensemble, the change of the hemispheric difference is
0.4 mm day ! (12%) in ASO and 0.45 mm day ' (14%)
in FMA; the change of the seasonal precipitation range
is about 0.4 mm day ' for both hemispheres. These
values are much larger than the change of the averages
of the entire tropics, so both the hemispheric difference
and the seasonal precipitation range of the multimodel
ensemble might be useful indicators for detecting glob-
al warming impacts on tropical precipitation.

To further examine the asymmetry of the precipita-
tion anomalies, the seasonal variation of zonal-mean
anomalies of the multimodel ensemble is shown in Fig.
3. The precipitation anomalies show a meridional
movement with seasons, which roughly follows the sea-
sonal migration of the climatological precipitation, de-
noted by a 4 mm day ' contour of the climatological
mean (thick solid line). The maximum zonal-mean pre-
cipitation anomalies of the multimodel ensemble are
about 1 mm day ' at 5°S in January—April. The nega-
tive precipitation anomalies are mainly distributed out-
side the main convective region. However, some rela-
tively stronger negative precipitation anomalies are
also found over the margin of convective regions, 5°—
10°N during February—June. Overall, the negative pre-
cipitation anomalies can occur either in the subsidence
regions or in the margin of convective regions.

Further examination of the spatial distribution for
the multimodel ensemble precipitation and surface
temperature anomalies is described in Fig. 4. Most posi-
tive rainfall anomalies occur in the summer hemi-
sphere. The magnitude of positive precipitation anoma-
lies is much greater than that of negative precipitation
anomalies in both ASO and FMA. Moreover, the area
of stronger positive precipitation anomalies (amplitude
larger than 0.5 mm day ') is broader than that of stron-
ger negative precipitation anomalies. Note that the
positive precipitation anomaly regions in FMA are
mainly located over oceanic regions, especially the Pa-
cific and Indian Oceans, while those in ASO spread in
oceanic regions as well as land areas, such as South
Asia and Southeast Asia, which are dominated by the
Asian summer monsoon. Moreover, positive precipita-
tion anomalies are found to coincide well with the cur-
rent-climate main convective regions, denoted in heavy
solid lines. They imply a relationship between positive
precipitation anomalies and current-climate main con-
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F1G. 2. As in Fig. 1 but for all 13 model simulations in (a) ASO and (b) FMA. Solid lines
are for Northern Hemisphere (0°-30°N) and dashed lines are for Southern Hemisphere
(0°-30°S) averages: ensemble mean (black curve) and zero line (thick dotted line) also plot-

ted.

vection zones, which may be associated with the rich-
get-richer mechanism (Chou and Neelin 2004). Maxi-
mum positive precipitation anomalies are about 1.5 mm
day ! in ASO and 2.5 mm day ' in FMA. The drying
regions with larger negative precipitation anomalies,
over —0.5 mm day ', often occur next to positive pre-
cipitation anomaly regions. In the late boreal summer,
strong drying occurs west of Indonesia and near the
Caribbean Sea and Central America, which is over the
margin of convective regions (Fig. 4a). The drying over
the Caribbean Sea and Central America is consistent
with the observation (Neelin et al. 2006). In late austral

summer, two strong drying regions are found north and
south of the equatorial eastern Pacific, where maximum
precipitation anomalies are found (Fig. 4b). This pat-
tern of the precipitation anomalies over the eastern
Pacific implies an El Nifo-like response. In examining
the corresponding surface temperature distribution
(shaded area of Fig. 4), we did find El Nifio-like surface
temperature anomalies, which often occur under global
warming (Meehl and Washington 1996; Teng et al.
2006; Meehl et al. 2007). This El Nifio-like pattern is
more apparent in FMA than in ASO. The surface tem-
perature anomalies are used in Fig. 4, instead of sea
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F1G. 3. Time-latitude domain of the zonal averages for the mul-
timodel ensemble anomalies: differences of 2070-99 minus 1961-
90 precipitation (mm day~!). Heavy solid line is the 4 mm day '
contour of the climatological precipitation in 1961-90.

surface temperature (SST) because the surface tem-
perature data (in 13 models) is more complete than SST
data (in 11 models) and both temperature anomalies
are similar. The El Nifo-like surface temperature (or
SST) anomalies might be associated with the reduction
of upwelling in the tropical east Pacific, which leads to
warm SST anomalies (Vecchi and Soden 2007). It sug-
gests that El Nifio-like conditions might become per-
manent in a warmer world. We also note that there is
no significant signal in the tropical Atlantic (Fig. 4),
owing to the lack of robust anomalies among the cli-
mate model simulations.

Figure 4 shows strong spatial distribution of tropical
precipitation anomalies, which could be dominated by
large-scale features such as El Nifio and the Asian sum-
mer monsoon. Thus, we are further examining the im-
pacts of those large-scale features on the tropical pre-
cipitation asymmetry (Fig. 5). In FMA, the precipita-
tion change over the eastern Pacific (180°-90°W)
exhibits an asymmetry (red lines in Fig. 5b), consistent
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with the previous studies (Chou and Lo 2007; Chou and
Tu 2008): positive precipitation anomalies over the
Southern Hemisphere and negative precipitation
anomalies over the Northern Hemisphere. Its contribu-
tion to the precipitation asymmetry of the tropical av-
erages (thick solid and thick dot-dot-dashed lines in
Fig. 1b) is ~43%, but it does not affect the scattering of
the asymmetry among climate models shown in Fig. 2b
too much (not shown). In ASO, the precipitation over
the Asian monsoon region (0°-30°N, 60°~150°E) is en-
hanced in every climate model (not shown), which has
been discussed in various studies (e.g., Christensen et
al. 2007; Kimoto 2005; Ueda et al. 2006), so the en-
hancement of the Asian summer monsoon rainfall also
induces a tropical precipitation asymmetry (green lines
in Fig. 5a). The Asian summer monsoon rainfall con-
tributes ~42% to the precipitation asymmetry over the
entire tropics (Fig. 1a), but it does not affect the scat-
tering of the precipitation asymmetry shown in Fig. 2a
(solid lines) too much (not shown).

4. Diagnosis of hemispheric precipitation
anomalies

a. The moisture and moist static energy budget

The above analysis clearly presents robust responses
of tropical precipitation asymmetry from a hemispheric
point of view among the 13 model simulations that we
used here. Since convection is the main process for in-
ducing precipitation in the tropics, the vertically inte-
grated moisture and moist static energy (MSE) equa-
tions are used to understand what dominant processes
are affecting the asymmetric precipitation distribution.

Considering time or ensemble averages, the verti-
cally integrated moisture equation can be written as

(V- (vq)) = E - P, 1)

where E is evaporation, v is horizontal velocity, and the
specific humidity g is in energy units by absorbing the
latent heat per unit mass L. The angle brackets denote
a mass integration throughout the troposphere with p,
as the depth of the troposphere:

1 [ps—pPT
(X)= 2 f X dp, (2)

where g is gravity and py is surface pressure. The pre-
cipitation is presented by energy unit W m™~?, which
when divided by 28 is mm day~'. Equation (1) is in a
flux form: the divergence of moisture flux vg is bal-
anced by moisture source (E) and sink (P). With the
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F1G. 4. Spatial distribution of the multimodel ensemble anomalies: differences of 2070-99 minus
1961-90 precipitation (mm day ', contour line) and surface temperature anomalies (K, shaded) in
(a) ASO and (b) FMA. Heavy solid line is the 4 mm day ! contour of the climatology for the current

climate (1961-90).

assumption of w =~ 0 at the surface and tropopause, the
divergence of moisture flux can be estimated by

(V- (vq)) = (v - Vg) + (03,q), 3)

where w is pressure velocity. Thus, the precipitation
anomalies induced by global warming can be estimated by

P~ —(0'0,q) —(wdyq") —(v-Vg) + E', (4

where the angle brackets with overbar denote the cli-
matology of the current climate and angle brackets with
prime represent the departure from the current climate
climatology. The first term on the right of (4) —(w'd,q)
is a dynamical feedback associated with the anomalous
vertical motion. The second term on the rhs of (4)
—(®d,q') is associated with the vertical gradient of
moisture anomalies, which is more associated with ther-
modynamic processes. Both “dynamic” and “thermo-
dynamic” components are terminology used in Emori
and Brown (2005) and Held and Soden (2006). The
horizontal advection term —(v - Vgq)’ is associated with
anomalous horizontal moisture advection. Some non-
linear terms, such as —(w’d,q’), are neglected from Eq.
(6) owing to relatively small magnitudes.

To estimate the change of vertical velocity associated
with the dynamical feedback in the moisture budget
—(w'd,q), the anomalous vertically integrated MSE
budget is used:

(w'd,h)y ~ = (@d,h'y = (v- V(g + T)) + F*", (5

where T is atmospheric temperature in energy units
that absorbs the heat capacity at constant pressure Cp,
and the MSE is & = g + s. The dry static energy is s =
T + ¢, with ¢ being the geopotential. The net energy
into the atmospheric column is

F*'=F —F. (6)
The net heat flux at the top of the atmosphere (TOA) is
F,=S/ =S/ - R/, @

and the net heat flux at the surface is
F,=S'-S' -R'-R' -E-H, (8)

with the assumption R,l ~ 0. Subscripts s and ¢ on the
solar (S* and S') and longwave (R* and R") radiative
terms denote surface and model top, and H is sensible
heat flux. Positive F, and F, indicate downward heat
fluxes. In (5), the term associated with o', that is,
(w'd,h), is roughly balanced by anomalous vertical
MSE transport associated with mean flow —(wd,h’),
horizontal MSE transport anomalies —(v - V(T + q))’,
and F"". The nonlinear and transient terms are also
neglected here.

b. Diagnosis

The moisture budget for all 13 model simulations has
been analyzed, but only the ensemble mean is shown.
For simplicity, even though the partitioning of each
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Fic. 5. As in Fig. 1 but for the Northern Hemisphere (0°-30°N, black solid line) and
Southern Hemisphere (0°-30°S, black dot-dot-dashed line) means: averages over the ENSO
region (red lines), the Asian monsoon region (green lines), and the area outside the ENSO

and Asian monsoon regions (blue lines).

term in the moisture budget slightly differs among the
model simulations, the ensemble mean can still capture
a rough contribution of each term. Zonal averages for
the years 2070-99 minus years 1961-90 from the mul-
timodel ensemble in ASO and FMA are presented in
Fig. 6. As in Fig. 1, an asymmetric pattern of the tropi-
cal precipitation anomalies with positive anomalies
over the summer hemisphere and negative anomalies
over the winter hemisphere is found. Most positive pre-
cipitation anomalies are much greater than negative
precipitation anomalies. Maximum precipitation
anomalies are clearly found at 5°N in ASO and at 5°S

in FMA, while no clear minimum is found. The maxi-
mum is around 0.7 mm day ' in ASO and 1 mm day '
in FMA. Similar meridional distributions of tropo-
spheric moisture anomalies are found, but the meridi-
onal gradient of moisture anomalies is smoother and
the moisture anomalies are all positive (Fig. 6b).

The meridional distribution of the thermodynamic
term —(wd,q') roughly resembles the skewed pattern of
the precipitation anomalies: both maxima of the pre-
cipitation anomalies and —(@d,q’) are in the same
hemisphere (Fig. 6¢). The maximum —(®d,q’) is
around 10°N in ASO and 10°S in FMA; thus, the maxi-
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ASO (solid lines) and FMA (dotted lines).

mum —(@d,q’)is a little more poleward than the maxi-
mum precipitation anomalies. A second peak is also
found over the winter hemisphere (8°S in ASO and 8°N
in FMA), which is associated with the common feature
of a double intertropical convergence zone (ITCZ) that
often occurs in climate models (Jungclaus et al. 2006).
The amplitude of the maximum —(@d,q") tends to be
larger than that of the minimum —(wd,q’), especially in
ASO. The maximum —(wd,q') is 40 and 25 W m 2 in
ASO and FMA, respectively. The minimum —(@d,q"),
on the other hand, is —10 W m 2 in ASO and —15 W
m~? in FMA. This uneven amplitude of positive and
negative anomalies is similar to the precipitation
anomalies. Unlike —(@d,q’), the dynamical feedback
—(w'd,q) has a very different distribution from the pre-
cipitation anomalies (Fig. 6d). In fact, —(w'd,q) tends

to have opposite signs of —(wd,q’) but with a little
meridional shift. In other words, these two terms have
a tendency to cancel each other out slightly. The am-
plitude of the maximum —(w'd,q) is roughly similar to
that of the minimum —(w'd,q), with an amplitude of
around *+ 20 W m 2. Compared to —(wd,q"), —(0'd,q)
is slightly smaller in magnitude. However, at a regional
scale, the magnitude of —(w'd,q) is larger than that of
—(wd,q"), particularly in convective regions (Chou et
al. 20006). It implies that a cancellation of the dynamical
feedback occurs in zonal averages. The cancellation of
the dynamical feedback becomes much stronger in
hemispherical averages, so the magnitude of —(w'd,q)
is much smaller than that of the thermodynamic com-
ponent —(wd,q') in hemispheric averages.

The horizontal moisture advection —(v - Vg)' is also
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shown in Fig. 6e. Anomalous dry advection, that is,
—(v - Vgq)' <0, prevails in most of the tropical regions.
Near-zero or slightly positive —(v - Vg)’ is found only
for a small area around 5°N in ASO and 5°S in FMA,
which coincides with maximum precipitation anomalies
shown in Fig. 6a. In all three components of —(v - Vg)’,
the thermodynamic term —(v - Vq') is the most domi-
nant term, while both the dynamical term —(v’ - Vg)
and the nonlinear term —(v’ - Vq') are relatively small
(not shown). Thus, mean inward flow (V) at the lower
troposphere that is associated with the Hadley circula-
tion tends to transport relatively dry air (smaller posi-
tive ¢’ shown in Fig. 6b) from nonconvective to con-
vective regions, so negative —(v - Vq') (or —(v - Vg)') is
found to the north and south of the convective regions.
The magnitude of —(v - Vg)' is from —9to 1 W m~? in
ASO and —6 to 0 W m ™2 in FMA.. Similar to the mois-
ture anomalies, the evaporation anomalies increase ev-
erywhere, with amplitude from 3 to 6 W m~? (Fig. 6f).
However, the evaporation anomalies are relatively uni-
form in latitude, with no clear meridional gradient.
Overall, the thermodynamic term —(@d,q') and the dy-
namical feedback —(w’d,q) are much larger than the
evaporation anomalies and —(v - Vg)'. However, from
a hemispherical point of view, the thermodynamic term
—(®d,q") tends to be more asymmetric than the dy-
namical feedback —(w'd,q) owing to cancellation of
similar amplitudes of positive and negative —(w'd,q).
The vertical gradients of mean moisture (g) and
moisture anomalies (g') are both positive and spatially
uniform (Held and Soden 2006), so only mean vertical
motion (@) and vertical motion anomalies (") from the

model ensemble are analyzed to understand the varia-
tions of —(wd,q") and —(w'd,q). The sign of the ther-
modynamic term —(wd,q') depends on mean vertical
motion (), which is associated with the mean Hadley
circulation. The —(®d,q") is positive over the ascending
branch of the Hadley circulation and negative over the
descending branch of the Hadley circulation. Thus, the
distribution of —(@d,q") in Fig. 6¢ is similar to the mean
vertical motion (w) in Figs. 7a and 7b (shaded). The
sign of the dynamical feedback —(w’d,q) is mainly de-
termined by anomalous vertical motion (') at a lower
troposphere. In Fig. 6d, the distribution of —(w'd,q)
implies a far more complicated pattern of anomalous
vertical motion, particularly in the ascending regions, so
a complicated distribution of the anomalous vertical
motion can be expected. In ASO, an anomalous circu-
lation of the same direction as the mean Hadley circu-
lation is found in the inner side of the mean Hadley
circulation (10°S-5°N), that is, anomalous ascent in
mean ascent regions and anomalous descent in mean
descent regions (Fig. 7a). However, over the outer side
of the mean Hadley circulation, with mean ascent at
5°-20°N and mean descent south of 10°S, a reversed
anomalous circulation is found, that is, anomalous de-
scent in mean ascent regions and anomalous ascent in
the mean descent regions. Similarly in FMA, the same
direction of anomalous circulation is found over the
inner side of the mean Hadley circulation (8°S-10°N).
Over the outer side of the mean Hadley circulation,
with mean ascent at 20°-8°S and mean descent north of
10°N, a reversed direction of anomalous circulation is
found (Fig. 7b). Another notable feature is that two



1 NOVEMBER 2008

local maxima of anomalous vertical motions are found
at the lower troposphere around 800 hPa and in the
upper troposphere around the level of 200 hPa in both
ASO and FMA. The maxima in the upper troposphere
might be due to the occurrence of tropopause lifting in
a warmer climate (Holzer and Boer 2001; Santer et al.
2003; International Ad Hoc Detection and Attribution
Group 2005). These two maxima of anomalous vertical
motions should be further investigated. Considering the
change of the entire Hadley circulation, Fig. 7 implies a
weakening of the Hadley circulation, particularly over
the descending areas, which has been discussed in vari-
ous studies (Held and Soden 2006; Lu et al. 2007; Vec-
chi and Soden 2007).

We next examine the MSE budget (5) to understand
processes that induce anomalous vertical velocity w'.
Unlike —(w'd,q) in Fig. 6d, which is mainly associated
with the change of vertical velocity at a lower tropo-
sphere, ('d,h) (Fig. 8a) is much more complicated be-
cause (w'd,h) is affected by o’ at every level. Since the
MSE budget in FMA is similar to that in ASO, we only
discuss the ASO budget here. Over the convergence
zones that are mostly in the Northern Hemisphere,
positive (w/a,ﬁ) occurs everywhere, with a maximum
around 10°N, which coincides well with the precipita-
tion anomalies shown in Fig. 6a. However, the two com-
ponents of <m'apﬁ> ({w'd,s) and {(w'd,q)) are quite dif-
ferent from the distribution of (w’aph>, with a sign
change around the areas near 10°N. Thus, we examine
the MSE budget over the areas near 10°N and the areas
outside the areas near 10°N separately. Outside the ar-
eas around 10°N, the anomalous vertical motion is up-
ward (Fig. 7a), so ('d,) is positive and (w'd,q) is nega-
tive. The positive (w'd,h) over these areas is mainly
contributed by positive (w'd,s) as the magnitude of
negative (w'd,q) is smaller than that of positive (®'d,5).
Examining the terms on the right of the MSE budget
(5) for those regions, positive —(wd,h’) dominates most
areas with maximum at 10°N (Fig. 8b), while positive
F™" and —(v - V(T + ¢q))' dominate the areas near the
equator (Figs. 8g and 8h). Positive —(@d,A') implies a
reduction of effective static stability, which has been
termed as the rich-get-richer mechanism (Chou and
Neelin 2004; Chou et al. 2006). Positive F™" is associ-
ated with ocean dynamical feedbacks via surface heat
flux exchange (Chou et al. 2006).

Around the areas near 10°N, on the other hand, the
MSE budget is very different even though (w'd,h) is
also positive. First, (w'd,5) is negative and (w'd,g) is
positive, a reversal to the areas outside the regions near
10°N. This indicates anomalous downward motion. The
magnitude of negative (w'd,s) is smaller than that of
positive (w'd,q), so (w'd,h) is positive. The relatively
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small magnitude of (w'd,s) is contributed by enhanced
upward velocity anomalies above 250 hPa (Fig. 7a).
Thus, the downward velocity anomalies occur only at
the middle and lower troposphere, while the upward
velocity anomalies dominate upper troposphere. This
vertical structure of the anomalous vertical motion im-
plies an uplift of convection, which has been discussed
in detail in Chou et al. (2008, manuscript submitted to
J. Climate, hereafter C08). Interestingly, the maximum
—(wd,q") and minimum —(wd,s"), which imply a con-
vective center with maximum upward motion, are also
found around 10°N (Figs. 8d and 8f). This implies that
deepening of convection could be associated with an
uplift of the tropopause in a warmer climate.

The ascending area around 8°S is also noteworthy,
which is associated with anomalous downward motion.
Unlike the positive precipitation anomalies over the
areas near 10°N, the precipitation anomalies over this
region are negative. The corresponding downward ve-
locity anomalies are found throughout the entire tro-
posphere, which is also different from those over the
areas near 10°N (Fig. 7a). Examining the MSE budget
(5), the anomalous downward motion and the negative
precipitation anomalies are associated with negative
—(v- V(T + q))', consistent with the upped-ante
mechanism (Chou and Neelin 2004; Chou et al. 2006).

Over the descending regions, such as the Southern
Hemisphere, the corresponding tropical circulation
could be determined by other processes such as the
balance of the adiabatic forcing and the longwave ra-
diation, so the MSE budget might not be appropriate to
diagnose the change of the circulation. Over these re-
gions, the mean downward velocity is reduced (Fig. 7a)
over the areas between 10° and 20°S but enhanced over
the areas south of 20°S (Fig. 7a). Considering the areas
between 10° and 20°S first, the anomalous upward ve-
locity could be associated with positive F™*"" (Fig. 8h).
Further examining of the vertical profile of the anoma-
lous vertical motion, the upward velocity anomalies,
which indicate a reduction of mean downward motion,
occur only in middle and lower troposphere, while
downward velocity anomalies, which indicate an en-
hancement of mean downward velocity, are found
above 250 hPa. This implies a deepening of subsidence
that is a counterpart of the tropical circulation associ-
ated with the deepening of the convection around 10°N.
Thus, the descending motion is reduced. Over these
descending regions, the dynamical feedback associated
with —(w'd,g) tends to increase precipitation. How-
ever, the thermodynamic component associated with
—(wd,q') is more dominant (Figs. 6¢c and 6d), so pre-
cipitation is actually reduced. Over the areas south of



5596 JOURNAL OF CLIMATE VOLUME 21

5 (a)+Wadhm: ASO(solid) FMA 5 (b)—Wmdha: ASO(aoclid) FMA
12 1 124
9 9
™~ ~
< 6 < 6
£ £
5 3'/ 5 34
4] o
s N \ .l
= ASO =
—9 4 _—— —9
—124 —124
—1% T T 1) T T —1% ¥ T ) T T
0S 20S 108 EQ 10N 20N 30N 0Ss 208 108 EQ 10N 20N 30N
o (c)+Wadam: ASO(aolid) FMA P (d)—Wmdaa: ASO(aolid) FMA
304 30
o~ 201 < 201
E E
104 10
[»]

S SUEN/a\
N7V v/ A (N N

—20- —20-
—-30 -30

~*0%s  26s  16s EQ 10N 20N 30N ~*05s 205  18s EQ 10N 20N 30N
40 (e)+Wadgm: ASO(solid) FMA e (f)—Wmdgqga: ASO(solid) FMA

30 1 30 4

(W/m*2)
(W/m*2)

201 20
p _//\);\ ol /\
o / <~ o

Nea A\ V/A — k= A w—

—204 —204
-30 —30
Y v . . v . —40 y y x Y .

0s 20 10S EQ 10N 20N 30N 308 208 10 EQ 10N 20N 30N
s (g) —vdqt: ASO(molid) FMA 5 (h) Fnet: ASO(aolid) FMA

12 12

9 9

\ P i A
-3 AW'\\_\ -3
—64 e -6

—12+ —12+

—1 T T v T T —1 T T T T T
5305 208 108 EQ 10N 20N 30N 5305 208 108 EQ 10N 20N 30N

FIG. 8. Zonal averages of the MSE budget components (a) (w'd,h), (b) —(@d,h'), (c) (w'd,5), (d)
—(®@d,s"), (e) (0'9,q), (f) —(®d,q'), (g) —(v-V(T + @))’, and (h) F"*" anomalies from the multimodel
ensemble for ASO (solid lines) and FMA (dotted lines): All variables in energy units (W m™2).

20°S, on the other hand, the mean descending motionis 5. The robustness of tropical precipitation

strengthened owing to stronger longwave radiation anomalies
cooling (not shown). Thus, both dynamical and ther-
modynamic effects tend to reduce precipitation (Figs. The distribution of zonal-mean precipitation anoma-

6¢ and 6d). A more detailed discussion can be found in  lies for all 13 model simulations in ASO and FMA is
C08. presented in Fig. 9. Hemispherically, all 13 model simu-
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FIG. 9. Zonal averages of precipitation anomalies (mm day ™)
for all 13 climate models (contour types noted in legend) in (a)
ASO and (b) FMA.

lations are consistent, with maximum precipitation
anomalies over the Northern (Southern) Hemisphere
in the boreal (austral) summer and negative precipita-
tion anomalies over the other side of the equator. Zon-
ally, on the other hand, the distribution becomes much
more scattered. The distribution of zonal-mean precipi-
tation anomalies are more scattered in the boreal sum-
mer (Fig. 9a) than in austral summer (Fig. 9b); this is
mostly caused by three model simulations, GFDL
CM2.0, GISS-ER, and UKMO HadGEMI1. The pole-
ward migration of the major rainband is usually asso-
ciated with summer monsoon systems, which is induced
by the meridional temperature gradient associated with
land-sea heating contrast (e.g., Li and Yanai 1996;
Chou 2003). Thus, the greater scattering of the boreal
summer precipitation anomalies implies that changes of
the Asian summer monsoon systems under global
warming might be different among climate model simu-
lations. Examining the contribution of the Asian sum-
mer monsoon rainfall, it does create some scattering in
the meridional distribution of the zonal mean of the
precipitation anomalies, particularly in GFDL CM2.0,
GISS-ER, and UKMO HadGEMI1. Overall, a robust-
ness of tropical precipitation changes is found for all 13
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FiG. 10. As in Fig. 9 but for —(@d,q") (W m™?).

climate model simulations: maximum anomalies over
the summer hemisphere and slightly negative anoma-
lies over the winter hemisphere.

We next examine 13 model simulations for the zonal-
mean distribution of —(®d,q') and —(w'd,q). Figure 10
shows the zonal-mean distribution of —(wd,q") for all
13 model simulations in ASO and FMA. The distribu-
tion of —(®d,q’) is very similar among the climate
model simulations. Maximum —(wd,q’') occurs over the
Northern Hemisphere in ASO and over the Southern
Hemisphere in FMA for all 13 model simulations.
Negative —(wd,q’) is also found over most of the other
side of the equator, the Southern Hemisphere in ASO
and the Northern Hemisphere in FMA. Unlike —(@d,q"),
the distribution of —(w’'d,q) is relatively inconsistent
among the climate model simulations, particularly in
ASO (Fig. 11). However, a “flying bird”-like pattern—
positive anomalies in the center with negative anoma-
lies at the north and south of this positive anomaly
region—is consistently found close to the equatorial re-
gion (15°S-15°N) in most model simulations. This fly-
ing-bird pattern is particularly clear in FMA. From a
hemispheric point of view, —(w'd,q) is much less asym-
metric to the equator than —(wd,q’) mainly due to the
cancellation of positive and negative anomalies on the
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same side of the equator. The cancellation is consis-
tently found among climate models. Thus, the asymme-
try of the tropical precipitation anomalies is mainly
caused by —(wd,q’), while —(w'd,q) is responsible for
the scattering of the zonally averaged tropical precipi-
tation anomalies shown in Fig. 9.

The robustness of the —(wd,q’) distribution implies
that o associated with the Hadley circulation should be
well simulated by climate models, and the moisture
anomalies induced by global warming are similar
among model simulations. Figures 11a and 11b show
that the tropospheric moisture anomalies, indeed, have
similar distributions among all 13 model simulations,
with slight differences in magnitude. Held and Soden
(2006) have suggested that climate models roughly
obey the Clausius—Clapeyron equation, so the column-
integrated water vapor increases as the globe warms up.
Such moisture increase concentrates in the lower tro-
posphere, and moisture increases more in convective
than in nonconvective regions (not shown). All 13 mod-
els indicate that maximum moisture anomalies occur in
the summer hemisphere. The zonal-mean vertical ve-
locity at 500 hPa is used to represent the Hadley circu-
lation. The distribution of the zonal-mean vertical ve-
locity is very similar among the model simulations
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(Figs. 12¢ and 12d), so the Hadley circulation is well
simulated by the climate models. In conclusion, the
consistent mean Hadley circulation and moisture
anomalies create a similar —(wd,q’) distribution in all
13 CGCM simulations.

The distribution of the dynamical component —(w'd,q)
is more similar to ' than the vertical gradient of mois-
ture d,q since 9,4 > 0 is found everywhere and the
distribution of 9,4 is relatively smooth in space. In ad-
dition, d,q is consistently well simulated by climate
models (not shown). Thus, the scattering of —(w'd,q)
shown in Fig. 10a is mainly due to the zonal mean of
anomalous vertical motion. As the distribution of
—(®'d,q) is much more scattered in the northern sum-
mer than in the southern summer, the northern summer
monsoon systems associated with a strong land-sea
heating contrast might be a possible cause for such in-
consistency in the zonal averages of —(w'd,g) between
the model simulations (e.g., Christensen et al. 2007;
Kimoto 2005). This issue is worth further investigation
and will be examined in the future.

The last term in the moisture budget equation, the
horizontal moisture advection anomaly —(v - Vg)', is
also analyzed (Fig. 13). The horizontal advection term
—(v - Vg)' is relatively smaller than the thermodynamic
term —(wd,q") and the dynamical component —(w'd,q ).
The meridional distribution of —(v - Vg)' is relatively
robust among all 13 climate model simulations, espe-
cially over the Southern Hemisphere. Most —(v - Vg)’
is negative in the tropics and only positive —(v - Vg)' is
found over the equatorial side of the main convection
zone, around 5°N in ASO and 5°S in FMA, so dry
advection anomalies prevail in most of the tropical re-
gions. Examining three components of —(v - Vg)’,
—(v - Vg)' is the dominant term (not shown). This im-
plies that the dry advection associated with the mean
Hadley circulation dominates; that is, —(v - Vg)’ < 0.
The mean circulation transfers relatively dry air from
nonconvective regions to convective regions, which
suppresses convection over the margins of mean
ascending regions via the processes discussed in the
MSE budget. Thus, this dry advection might be the
cause of the flying-bird pattern in the distribution of
~('a,).

6. Conclusions

Thirteen CGCM model simulations for the SRES A2
warming scenario are used to study the robustness of
tropical precipitation changes and the associated pro-
cesses under global warming. The major findings in this
study are:
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1) The trends of the hemispherically averaged tropical
precipitation vary strongly with season, which indi-
cates an enhancement of the seasonal precipitation
range, defined as differences between wet and dry
seasons, and the hemispherical difference, defined
as differences between summer and winter hemi-
spheres.

The vertical moisture transport associated with the
mean Hadley circulation is asymmetric to the equa-
tor, which is a robust feature among the 13 climate
models and a major process for inducing the tropical
precipitation asymmetry.

2)

Considering averages in different seasons and over
different hemispheres, the hemispheric-averaged tropi-
cal precipitation anomalies exhibit a robust asymmetric
pattern among climate models: increased precipitation
over the summer hemisphere and slightly reduced pre-
cipitation over the winter hemisphere. The change of
the precipitation over the summer hemisphere is from
0.1 to 0.8 mm day ' at the end of the twenty-first cen-
tury, while the precipitation change over the winter
hemisphere is from —0.2 to 0.1 mm day '. These are
similar to those trends found in tropical ascend and
descend regions (Table 2 in Allan and Soden 2007). For



5600

(a) ASO —<VdQ>anomaly

8
6 — MPI_ECHAMS
4 CCCMA3.1_T47
,| — CNRM_cM3
0N
-2
£ 41
S
8 GFDL_CM2.0
—104 — GFDL_CM2.1
. — GISS_ER
144 — CCSR3.2M
30S 205 10S EQ 10N 20N 30N
(b) FMA —<VdQ>anomaly
8
6{ — MRI_CGCM2.3.2
4] —— NCAR_CCSM3
5 NCAR_PCM1
— INM_CM3.0
L
w2
=
>
\./48_
-9 — UKMO_HadGEM1
=12 — Ensemble Mean
714_

308 205 105 EQ 10N 20N 30N
FIG. 13. As in Fig. 9 but for —(v - Vg) (W m?).

the multimodel ensemble, the seasonal precipitation
range is increased by about 12% relative to the current
climate (0.4 mm day ') and the hemispheric difference
is increased by about 14% (0.45 mm day~'). These val-
ues are much larger than the change of the averages
over the entire tropics (3% and 0.1 mm day '), so both
the hemispheric difference and the seasonal precipita-
tion range might be useful indicators for detecting glob-
al warming impacts on tropical precipitation. These
changes in the climate model simulations are smaller
than those in observations (Chou et al. 2007). This dis-
crepancy has been discussed in several studies (Allan
and Soden 2007; Wentz et al. 2007; Zhang et al. 2007).
Examining the spatial distribution of the precipitation
anomalies, the magnitude and area of positive precipi-
tation anomalies are much greater and wider than those
of negative precipitation anomalies in both ASO and
FMA. Most positive precipitation anomalies are found
in the convergence zones, while negative precipitation
anomalies are found in the convective margins and the
descending regions.

Based on the analysis of the vertically integrated
moisture and MSE budgets, the thermodynamic com-
ponent —(wd,q") and the dynamical feedback —(w'd,q)
were two relatively large terms that affect tropical pre-
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cipitation. The thermodynamic component is associ-
ated with the mean Hadley circulation and the atmo-
spheric moisture changes, which are well simulated in
all 13 CGCM model simulations. The dynamical feed-
back, on the other hand, is much more complicated and
inconsistent among climate models because it involves
changes of tropical convergence and the corresponding
circulation. However, from a hemispheric point of view,
the thermodynamic term tends to be more asymmetric
than the dynamical feedback owing to the cancellation
of similar positive and negative dynamical amplitudes.
Thus, the tropical precipitation asymmetry dominated
by the thermodynamic component becomes a robust
feature among climate models.

Under global warming, the change of the Hadley cir-
culation is complicated. The anomalous circulation has
the same (opposite) direction as the mean Hadley cir-
culation in the inner (outer) side of the mean Hadley
circulation. Considering the whole circulation, the Had-
ley circulation tends to be weakened in a warmer cli-
mate, which is particularly clear over the descending
regions. Although the dynamical feedback does not
play a crucial role in determining the asymmetry of
tropical precipitation anomalies, possible mechanisms
that induce the anomalous vertical velocity are exam-
ined here. Over the convergence zones, the “rich-get-
richer” mechanism that is associated with a reduction of
effective static stability induces upward velocity anoma-
lies. Both deepening of the Hadley circulation and the
‘“upped-ante” mechanism associated with dry advection
induce downward velocity anomalies. Over the subsi-
dence regions, on the other hand, the reduced mean
downward velocity (upward velocity anomalies) is as-
sociated with positive anomalies of net energy into the
atmosphere and deepening of the Hadley circulation.
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