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ABSTRACT

Mechanisms of global warming impacts on regional tropical precipitation are examined in a coupled
atmosphere–ocean general circulation model (ECHAM4/OPYC3). The pattern of the regional tropical
precipitation changes, once established, tends to persist, growing in magnitude as greenhouse gases increase.
The sulfate aerosol induces regional tropical precipitation anomalies similar to the greenhouse gases but
with opposite sign, thus reducing the early signal. Evidence for two main mechanisms, the upped-ante and
the anomalous gross moist stability (M�) mechanisms (previously proposed in an intermediate complexity
model), is found in this more comprehensive coupled general circulation model. Preferential moisture
increase occurs in convection zones. The upped-ante mechanism signature of dry advection from noncon-
vective regions is found in tropical drought regions on the margins of convection zones. Here advection in
both the atmospheric boundary layer and lower free troposphere are found to be important, with an
additional contribution from horizontal temperature transport in some locations. The signature of the M�
mechanism—moisture convergence due to increased moisture in regions of large mean vertical motion—
enhances precipitation within strong convective regions. Ocean dynamical feedbacks can be assessed by net
surface flux, the main example being the El Niño–like shift of the equatorial Pacific convection zone.
Cloud–radiative feedbacks are found to oppose precipitation anomalies over ocean regions.

1. Introduction

Anthropogenic forcings, such as greenhouse gases
and aerosols, are starting to change the global climate.
The recent and projected future warming tendency has

been extensively studied with coupled atmosphere–
ocean general circulation model (Manabe et al. 1991;
Hansen et al. 1995; and recent studies, e.g., Watterson
and Dix 1999; Boer et al. 2000; Dai et al. 2001b; Del-
worth and Knutson 2000; Held and Soden 2000; Meehl
et al. 2000; Mitchell et al. 2000; Washington et al. 2000;
Houghton et al. 2001; Yonetani and Gordon 2001; Lu-
carini and Russell 2002; Meehl et al. 2005). Projected
tropical precipitation changes are large in many climate
models (e.g., Roeckner et al. 1999; Boer et al. 2000;
Meehl et al. 2000; Dai et al. 2001a; Williams et al. 2001;
Allen and Ingram 2002; Douville et al. 2002; Meehl et
al. 2003). However, little agreement on regional tropi-
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cal precipitation changes is found among models since
these involve complicated processes in interaction of
large-scale dynamics and tropical convection (e.g.,
Houghton et al. 2001; Neelin et al. 2003, hereafter
NCS03). Unlike the temperature change, which is
warming almost everywhere, the precipitation change
has a strong spatial variation with positive and negative
anomalies on a regional scale.

Chou and Neelin (2004, hereafter CN04) examined
mechanisms of global warming impacts on regional
tropical precipitation by using an atmospheric model of
intermediate complexity [the quasi-equilibrium tropical
circulation model (QTCM)] coupled with a mixed layer
ocean (Neelin and Zeng 2000; Zeng et al. 2000). In their
study, two dominant mechanisms are responsible for
regional tropical precipitation anomalies: the upped-
ante mechanism and the anomalous gross moist stabil-
ity (M�) mechanism. Under convective quasi-equili-
brium (QE), the low-level moisture over convective re-
gions is enhanced in response to the warming induced
by the greenhouse effect. The effect linking low-level
moisture with tropospheric temperature is termed “QE
mediation” (Neelin and Su 2005). This QE mediation
does not influence low-level moisture over nonconvec-
tive regions, which is affected by different processes,
such as a balance between horizontal moisture advec-
tion and evaporation, so the increase of low-level mois-
ture is less over nonconvective regions than over con-
vective regions. This creates a horizontal gradient of
low-level moisture anomalies, which is fundamental for
the upped-ante and M� mechanisms. In the upped-ante
mechanism, the precipitation over margins of convec-
tive regions is reduced by import of dry air where there
is mean inflow from nonconvective regions to convec-
tive regions. This occurs via the term �v · �q. In the M�
mechanism, low-level moisture is increased over con-
vective regions due to QE mediation. This decreases
the effective static stability M. As a result, convergence
and convection are enhanced in regions that had strong
convergence and precipitation in the climatology. This
mechanism is thus also referred to as the “rich-get-
richer” mechanism.

To what extent can the mechanisms discussed in
CN04 be applied to a more comprehensive climate
model, such as a coupled atmosphere–ocean general
circulation model (AOGCM)? To answer this question
is our primary goal and the ECHAM4/OPYC3
AOGCM simulations (Roeckner et al. 1999) are ana-
lyzed in this study. The model and experiment design
are described in section 2. Since simulations with and
without sulfate aerosol are available, we also briefly
examine the role of sulfate aerosol on regional tropical
precipitation in section 3. Comparisons of the AOGCM

with a coupled atmospheric GCM and mixed layer
ocean model discussed in section 4 isolate the role of
ocean dynamical feedback. To examine those mecha-
nisms of global warming impacts on regional tropical
precipitation that are found in CN04, moisture and
moist static energy (MSE) budgets are discussed and
the budgets of the AOGCM simulations are diagnosed
in section 5.

2. Model and experiments

The AOGCM used in this study is the ECHAM4/
OPYC3 model (Roeckner et al. 1999). The atmospheric
component is the fourth-generation Max Planck Insti-
tute for Meteorology model (ECHAM4; Roeckner et
al. 1996). The ECHAM4 model uses a 19-level sigma-
pressure coordinate system up to 10 hPa and prognostic
equations represented by spherical harmonics with tri-
angular truncation at wavenumber 42 (T42). In the
model, the tropospheric sulfate cycle is simulated and
the associated sulfate aerosol is calculated to estimate
aerosol effects. The oceanic component of the
AOGCM is an extended version of the OPYC model,
which contains the interior ocean, the surface mixed
layer, and sea ice. A detailed description can be found
in Oberhuber (1993). To examine ocean dynamical
feedbacks, the ECHAM4 model with T30 resolution is
also coupled to a 50-m slab mixed layer ocean model
with prescribed seasonal ocean heat transport and the
results are compared to the AOGCM simulations.

Based on the Intergovernmental Panel on Climate
Change (IPCC) scenario IS92a (CO2 concentration in-
creasing at 1% per year after 1990; Houghton et al.
1992), several global warming experiments with the
ECHAM4/OPYC3 model have been performed at the
Max Planck Institute for Meteorology (MPI). All runs
are transient experiments in which greenhouse gases
(GHGs) and aerosol are time dependent and are as
described in Roeckner et al. (1999). The first global
warming experiment is only forced by GHGs that are
updated with observed values before 1990 and pro-
jected values after 1990. The second experiment
[GHG plus sulfate aerosol direct and indirect effect and
tropospheric ozone (GSDIO)] includes the tropo-
spheric sulfate cycle in addition to the same greenhouse
gases in the GHG experiment. Aerosol direct and in-
direct effects are included, the latter with a parameter-
ization of the sulfate aerosol effect on cloud albedo.
The tropospheric ozone distribution also changes with
prescribed anthropogenic precursor emissions. The
GHG experiment ends in 2100, while GSDIO is only
until 2050. Note that the GSDIO experiment only in-
cludes sulfate aerosols. Other aerosol components, such
as mineral dust and black carbon, are not included.
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Averages from 1961 to 1990 are used to represent cur-
rent climate. The CO2 concentration is doubled around
2070–99. Two experiments with the ECHAM4 model
coupled to the mixed layer ocean model (ML) done by
the MPI are also used. The first is a control experiment,
which is a 1000-yr run; data between years 800 and 899
are used. The other experiment is an equilibrium
doubled CO2 run for 50 yr. Data between years 30 and
50 are used since data before year 30 are spinup. Out-
put from these simulations is used to examine mecha-
nisms for regional tropical precipitation change under
global warming.

3. Long-term regional precipitation: GHG versus
aerosol contribution

Figure 1 shows impacts of GHGs on precipitation
and tropospheric temperature in the GHG experiment.
The precipitation and temperature perturbations are
the differences between 2021–50 and 1961–90. The larg-
est magnitude of precipitation changes induced by
GHG is concentrated in the Tropics and has both posi-
tive and negative regions. The positive precipitation
anomalies over the Indian Ocean in June–August (JJA)
and December–February (DJF) and over South
America in DJF are mostly in convective regions. How-
ever, the positive anomalies over the equatorial Pacific
Ocean are shifted slightly eastward, particularly in the
winter season. The positive JJA precipitation anoma-
lies over Africa indicate a northward shift of the con-
vective region. Other negative precipitation anomalies
are found over the southern and northern sides of in-
tertropical convergence zone (ITCZ), such as those
over the Indian and Pacific Oceans. Some negative pre-
cipitation anomalies are found over the eastern side of
convective regions, such as the South Pacific conver-
gence zone (SPCZ) and the South American convective
region. Most of these regions with negative precipita-
tion anomalies are over the margins of deep convection
regions where mean flow imports air from nonconvec-
tive regions. For instance, the precipitation anomalies
in two target regions (the boxes in Fig. 1b) are roughly
about �0.76 and �0.59 mm day�1 averaged over the
margins of the Indian Ocean and South American con-
vective regions, respectively. Here the region with cli-
matological precipitation between 3 and 6 mm day�1

has been used as a simple definition of the convective
margin. The changes of precipitation described above
are qualitatively consistent with the ensemble mean
change of precipitation (e.g., Allen and Ingram 2002;
Houghton et al. 2001) based on multiple AOGCM
simulations.

The tropospheric temperature anomalies are positive
everywhere (Figs. 1c,d). In the boreal summer, the tro-

pospheric temperature anomalies have a maximum
warming at high latitudes of the Northern Hemisphere
and a minimum warming at high latitudes of the South-
ern Hemisphere. In the boreal winter, the warm tem-
perature anomalies at high latitudes of the Northern
Hemisphere are weakened, so the maximum warm tro-
pospheric temperature anomalies are found over the
Tropics. This indicates that the tropospheric tempera-
ture anomalies at high latitudes of the Northern Hemi-

FIG. 1. Differences for the 2021–50 averages minus the 1961–90
climatology for the GHG experiment. Precipitation (mm day�1)
in (a) JJA and (b) DJF and tropospheric temperature (°C; 850–
200 hPa) in (c) JJA and (d) DJF. The thick dashed line in (a) and
(b) is the 6 mm day�1 contour of the precipitation climatology in
1961–90. The two boxes are the target regions (see text).
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sphere have a strong annual cycle, while the annual
cycle of tropospheric temperature anomalies over the
rest of the world is much weaker. This pattern of the
tropospheric temperature anomalies in the boreal win-
ter is similar to the pattern of the tropospheric tem-
perature anomalies in El Niño (Wallace et al. 1998; Su
et al. 2003) in which the warmer sea surface tempera-
ture (SST) in the eastern Pacific warms the tropical
troposphere via tropical convection and wave dynam-
ics.

Figure 2 shows the results in the GSDIO experiment
in which the direct and indirect effects of sulfate aerosol

are included. The overall patterns of the precipitation
anomalies are similar to those in Fig. 1. However, the
amplitude of the precipitation anomalies is weaker for
most regions, except for the central Pacific in the boreal
winter. Interdecadal variance (not shown) is higher in
the Pacific, and so might affect this. The sulfate aerosol
has strong spatial variations (Fig. 4 of Roeckner et al.
1999), but the similar spatial distribution of the precipi-
tation anomalies in Figs. 1 and 2 implies that the aerosol
local effect is small compared to the greenhouse effect
even over those areas where sulfate aerosol concentra-
tion is high. The warm tropospheric temperature
anomalies in Fig. 2 are also weaker than those in the
GHG experiment (Figs. 1c,d). The sulfate aerosol re-
flects solar radiation and cools the troposphere, and
then the cold temperature anomalies are spread glo-
bally by wave dynamics. Thus, the warm tropospheric
temperature anomalies induced by greenhouse gases
are weakened with little change in its global spatial
pattern. The weakened temperature anomalies induce
aerosol remote effects, such as the anomalous gross
moist stability (M�) and upped-ante mechanisms (Chou
et al. 2005), which have similar impacts on regional
precipitation to the global warming case, but with the
opposite sign. For a tropical average, the aerosol effects
reduce the tropospheric temperature anomalies by
about 22% in the GHG experiment while the reduction
of the root-mean-square of the precipitation anomalies
is around 12%. The difference (not shown) tends to
look like the pattern in Fig. 1 with the opposite sign
(i.e., a reduction in the GHG precipitation). The point-
by-point correlation of the (GSDIO � GHG) pattern
to the GHG pattern for all 12 months is �0.61 within
20°S–20°N for those differences greater than 0.5 mm
day�1. The regression coefficient is �0.57 (i.e., aerosol
effects tend to cancel a substantial part of the GHG
induced precipitation pattern). The part of the (GSDIO
� GHG) difference that does not correlate with the
GHG pattern contributes little, so the root-mean-
square reduction is not as large.

While in the long term the GHG effects tend to
dominate, it is of interest to see what signal might exist
in the period of present observations, including the con-
tribution of aerosols. The results of the GSDIO experi-
ments in the earlier period (1981–2000) is shown in Fig.
3 when the greenhouse effect is relatively weak and the
aerosol local effect may be relatively important. The
20-yr averaging and the relatively weaker signal imply
caveats with respect to decadal variability. A compari-
son of Figs. 3a,b to Figs. 2a,b in terms of pattern gives
some sense to what signal might be detectable despite
decadal variability. There is some resemblance between
the patterns although there are also many regions

FIG. 2. Same as in Fig. 1 except for the GSDIO experiment.
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where substantial differences occur due to decadal vari-
ability. This suggests that it may be challenging to infer
the long-term GHG effect reliably from recent ob-
served trends, except for particular regions such as east-
ern South America in DJF and the Caribbean in JJA.

4. Atmospheric versus oceanic feedbacks

To understand the oceanic feedbacks, we compare
experiments with the ECHAM4 atmospheric model
coupled with an ML ocean, with normal and doubled
carbon dioxide concentrations, respectively. This pair
of experiments with no ocean feedback (Fig. 5) is com-
pared to the GHG experiment with differences be-
tween 1961–90 and 2070–99 (Fig. 4) when carbon diox-
ide concentration is roughly doubled. Note that besides
the difference in oceanic feedback, the ML experiments
are an equilibrium simulation, but the GHG experi-
ment is a transient simulation. For the longer GHG
simulation shown in Fig. 4, the spatial distributions of
the precipitation and tropospheric temperature anoma-
lies are very similar to the anomalies in the earlier pe-
riod shown in Fig. 1, but with stronger amplitude. This
implies that the changes in temperature and precipita-
tion induced by the greenhouse effect are already es-
tablished in 2021–50 and the patterns tend to grow and
persist over the century. Most tropical precipitation
anomalies in the ML experiments (Fig. 5) are similar to
those in the GHG experiment when ocean dynamical

feedback is included (Fig. 4), except for the Pacific. In
the Pacific, oceanic feedback tends to shift the positive
precipitation anomalies eastward. Without oceanic
feedback, almost all positive precipitation anomalies in
the Tropics occur over convective regions, while the
negative precipitation anomalies occur over margins of
convective regions [e.g., South America and the Indian
Ocean in DJF (the boxes in Fig. 5b)]. This distribution
of the regional tropical precipitation anomalies (Fig. 5)
is very similar to those found in CN04. In their study,
they also used an ML ocean without considering ocean

FIG. 3. Precipitation differences (mm day�1) between the 1981–
2000 and 1961–80 averages for the GSDIO experiment in (a) JJA
and (b) DJF.

FIG. 4. Same as in Fig. 1 except for differences between 2070–99
and 1961–90.
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dynamical feedback. Those areas with similar precipi-
tation anomaly patterns in Figs. 4 and 5, such as South
America and the Indian Ocean, can be good target re-
gions to examine the mechanisms of global warming
impacts on regional precipitation that are discussed in
CN04. The tropospheric temperature anomalies are
surprisingly similar in Figs. 4 and 5. The only visible
difference is that warmer temperature anomalies are
found over the high latitudes of the Southern Hemi-
sphere in JJA when there is no oceanic feedback (Fig.
5c).

To examine ocean dynamical feedback, we first com-

pare surface temperature anomalies between the GHG
and ML experiments (Fig. 6). For most areas, the re-
sults in the two experiments are quite similar. Surface
temperature anomalies are warmer over land than over
ocean. The high latitudes of the Northern Hemisphere
in DJF have maximum surface temperature anomalies
due to a reduction of snow and sea ice cover in the
Northern Hemisphere (Houghton et al. 2001). This sea-
sonal variation of the surface temperature anomalies
over the Northern Hemisphere is different from the
mid- and upper-tropospheric temperature anomalies

FIG. 5. Same as in Fig. 4 except for the ML experiment, which
is an equilibrium doubled CO2 simulation.

FIG. 6. Surface temperature differences (°C) for the ML experi-
ment in (a) JJA and DJF and the GHG experiment 2070–99 mi-
nus 1961–90 averages in (c) JJA and (d) DJF.
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(850–200 hPa) shown in Figs. 4c,d. The tropospheric
temperature anomalies have a maximum at high lati-
tudes of the Northern Hemisphere in JJA. In the Pa-
cific, the SST anomalies between these two experi-
ments are very different. With ocean dynamical feed-
back, a clear El Niño–like SST anomaly pattern is
found (Figs. 6c,d), but this SST anomaly pattern is not
found in the ML experiments (Figs. 6a,b). It indicates
that the ocean dynamical feedback in the ECHAM4
AOGCM global warming simulations exhibits similar
impacts to those found in El Niño events, which has
been discussed in various studies (e.g., Tett 1995; Meehl
and Washington 1996; Knutson and Manabe 1998;
Roeckner et al. 1999; Jin et al. 2001; Watterson 2003).
That is why the positive precipitation anomalies over
the Pacific shift eastward in Figs. 4a,b. An El Niño–like
horseshoe pattern of negative precipitation anomalies
is also found over the eastern Pacific. Note that this El
Niño–like response in SST anomalies is not found in
every climate model simulation. For instance, Noda et
al. (1999) shows smaller warming anomalies over the
eastern Pacific.

To further study the ocean dynamical feedback un-
der global warming, net surface heat flux anomalies F�s
are examined and the results are shown in Fig. 7. With
ocean dynamical feedback, the variations of the net
surface heat flux anomalies are much stronger. The net
surface heat flux is balanced by ocean heat storage and
transport. An overall negative net surface heat flux
anomaly averaged over the globe indicates that the
ocean acts as a heat sink. The ocean is warmed rela-
tively slower than the atmosphere and land because of
its heat capacity, so the ocean tends to delay the global
warming induced by the greenhouse effect (e.g.,
Manabe et al. 1991). This lag response induced by
ocean heat capacity can affect tropical precipitation via
tropospheric temperature changes (CN04). Another
different feature between the GHG and ML experi-
ments are positive heat flux anomalies in the equatorial
central and eastern Pacific. This is consistent with the
El Niño–like warm SST anomaly pattern found in Fig.
6. The regional F�s is associated with ocean heat trans-
port and it can reach as large as 40 W m�2 (e.g., in the
Pacific cold tongue). Besides the Pacific cold tongue,
the western Indian Ocean in JJA also exhibits positive
surface heat flux anomalies due to ocean dynamical
feedback. Both the Pacific cold tongue and the western
Indian Ocean have strong upwelling. Large regional F�s
does not necessarily induce stronger precipitation
anomalies, such as at high latitudes. It is only the re-
gions that have large F�s and occur in or near-tropical
convection zones that ocean dynamical feedback is im-
portant for precipitation changes. Otherwise, the atmo-

spheric circulation is the dominant factor for inducing
the precipitation anomalies.

5. Diagnosis of regional precipitation mechanisms

a. Moisture and moist static energy (MSE) budget

The anomalous regional precipitation under global
warming can be obtained from the vertically integrated
moisture equation in a steady state, with the vertical
integral � � over the troposphere defined as

�X� �
1
g �ps

ps�pT

X dp, �1�

FIG. 7. Same as in Fig. 6 except for surface heat flux (W m�2).
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where g is gravity, pT is the depth of the troposphere,
and ps is surface pressure. The moisture equation for
departures from current climate is then

P� 	 �����pq� � ���pq�� � �v� · �q� � �v · �q�� 
 E�,

�2�

where P is precipitation, E is evaporation, v is horizon-
tal velocity, and � is pressure velocity. The specific hu-
midity q is in energy units, absorbing the latent heat per
unit mass, L. ( ) denotes climatology in the current cli-
mate (the period of 1961–90) and ()� is a departure
from the current climate.

The term �����pq� is an atmospheric dynamical feed-
back associated with anomalous vertical motion (��).
To understand mechanisms that induce this anomalous
vertical motion, the MSE budget is analyzed. The ver-
tically integrated MSE equation in a steady state can be
written as

����ph� 	 ����ps�� � ���pq�� � �v� · ��q 
 T ��

� �v · ��q� 
 T��� 
 F�s 
 F�t, �3�

where h � s 
 q is moist static energy and s � T 
 

is dry static energy, with 
 being the geopotential.

The atmospheric temperature T is in energy units,
absorbing the heat capacity at constant pressure, Cp.
The net energy input into the atmospheric column Fnet

is given by

Fnet � Ft 
 Fs, �4�

where the net heat flux at the top of the atmosphere
(TOA) can be obtained by

Ft � St
↓ � St

↑ � Rt
↑, �5�

and the net heat flux at the surface is

Fs � Ss
↑ � Ss

↓ � Rs
↓ 
 Rs

↑ 
 E 
 H. �6�

Subscripts s and t on the solar (S↓ and S↑) and longwave
(R↑ and R↓) radiative terms denote surface and model
top, and R↓

t 	 0 has been used. Here H is the sensible
heat flux. Positive values of Ft and Fs indicate heat
fluxes into the atmospheric column.

The nonlinear effects of transients and changes be-
tween current and warmer climate, �����ph��, are ne-
glected. Since only monthly means are used in this
study, we cannot calculate the contribution of tran-
sients in the ECHAM4/OPYC3 simulations. Transients
can be important in climatology; but for anomalies,
their role is believed to be secondary in models where
the precipitation occurs primarily through a smooth
convective parameterization. This holds in QTCM
simulations (CN04), although counterexamples are

known (e.g., Neelin 1987). The effect of transients
should be examined in other model simulations in
the future. The other term, the contribution from
changes in vertical velocity � and moist static energy h
between 1961–90 and 2070–99, is important only when
the mean state changes. For instance, the warm SST
over the equatorial eastern Pacific can shift the mean
state over this region from nonconvective regions to
convective regions, so the nonlinear effect of �����ph��
becomes important. For most areas of interest, how-
ever, �����ph�� is secondary.

b. Background for budget interpretation

Before diagnosing the moisture and MSE budgets in
(2) and (3), we first interpret the physical meaning of
each term based on the derivation used in CN04. The
approximations in this presentation are used only in the
interpretation, not in the GCM diagnostics.

Defining a typical vertical profile of vertical motion
�(p) that is associated with deep convection such that
� 	 ��(p)� · v1 (where � is assumed to vary slowly in
space) yields

�����pq� 	 Mq� · v�1, �7�

where � · v1 is the divergence induced by baroclinic
winds and

Mq � ���pq�. �8�

Positive � · v1 indicates low-level convergence and up-
per-level divergence in baroclinic flow. Thus, the dy-
namical feedback to the anomalous precipitation in (2)
is directly linked to low-level convergence with a factor
Mq, which is associated with vertical distribution of
moisture in convective regions.

Following the similar derivation to (7), ����ph� 	
M� · v�1 and ����ps � 	 Ms� · v�1 with M � ����ph� and
Ms � ����ps�. Thus, � · v�1 obtained from the MSE
budget equation can be used in (2) to estimate the
anomalous precipitation that under the above approxi-
mations is

P� 	
Mq

M
�����ps�� � �v� · �T� � �v · �T�� 
 F�s 
 F�t�


 E� � �Mq

M

 1�����pq�� 
 �v� · �q� 
 �v · �q���.

�9�

While we do not actually use (9) in the GCM diagnos-
tics, it provides the conceptual background for inter-
preting terms like ���pq�� in the GCM. In (9), the
anomalous precipitation is associated with the terms
found in (2) and (3), but with a factor (Mq /M). In con-
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vective regions, the gross moist stability M measures
static stability of large-scale motion and the convective
available potential energy (CAPE) measures static sta-
bility of convective system. The value of M is deter-
mined by the low-level moisture effect and the cloud-
top effect (Yu et al. 1998). The greater low-level mois-
ture enhances convection, and thus increases Mq and
decreases M. On the other hand, the stronger convec-
tion with higher convection height enhances M. This
indicates a strong cancellation of the low-level moisture
effect and the cloud-top effect, so a relatively constant
M is found in convective regions. More detailed discus-
sion of M can be found in Yu et al. (1998).

The sum of ���ps�� and ���pq�� is associated with the
M� mechanism (CN04) if T� is associated with free
tropical warming and q� in the atmospheric boundary
layer (ABL) is also enhanced by the warming. The en-
hancement of the ABL moisture modifies the static sta-
bility of convective regions and produces negative M�.
The atmosphere in convective regions becomes easier
to convert, so the convection and the associated pre-
cipitation are enhanced. The stronger convection can
increase convection height and then produce positive
M�. Thus, M� depends on convection height, which is
sensitive to cumulus parameterization. Because of the
dependence of M on convection height, the uncertainty
of determining M� is a potential cause for creating dif-
ferent tropical precipitation anomalies among climate
models. A constant Ms, which is also uniform in space,
is usually used in a simplified climate model to avoid
the uncertainty in determining convection height, such
as in QTCM (CN04). The convection height is higher in
deep convection regions, so Ms is larger. Thus, the con-
stant Ms tends to reduce M and slightly overemphasize
the dynamic feedback via � · v�1 in deep convection re-
gions, vice versa for shallower convective regions.
When a constant Ms is used, that is, ��� �ps�� � 0, the
term of ��� �pq�� becomes the main source for induc-
ing the M� mechanism, such as in CN04.

The term ��v · �q�� is associated with the upped-ante
mechanism if q� is associated with upper-level temp-
erature anomalies in convective regions. A warm tro-
posphere enhances low-level moisture in convective
regions because of QE mediation, but not in noncon-
vective regions. This induces horizontal gradient of
low-level moisture anomalies. The anomalous moisture
gradient induces horizontal transport of dry air via the
mean flow and suppresses convection over the margins
of convective regions wherever there is inflow from
nonconvective regions. The term ��v · �T�� is relatively
small compared to ��v · �q�� in the Tropics, so the ef-
fect of ��v · �T�� is usually neglected, such as in CN04.
However, QE mediation implies an increase in low-

level moist static energy, and there can be a tempera-
ture contribution to this in addition to that of moisture.

The other terms of horizontal advection, ��v� · �T�
and ��v� · �q �, are dynamical feedbacks associated
with v�. This horizontal transport of moist static energy
also induces regional precipitation anomalies and is
similar to that occurring in El Niño in Pacific decent
regions (Su and Neelin 2002). This effect has been de-
fined as anomaly wind mechanisms by Neelin and Su
(2005).

The surface net heat flux anomalies F�s are balanced
by ocean heat storage and heat transport. Ocean heat
storage and transport can be roughly estimated from
the spatial pattern of F�s without knowing the ocean
circulation. Ocean heat storage tends to have wider
spatial patterns, while ocean heat transport divergence
can create more local features. The net heat flux
anomalies at TOA F�t are associated with OLR and net
solar radiation at TOA. Both longwave and solar ra-
diation are strongly related to clouds, particularly in a
regional scale, so F�t can be treated as a cloud–radiative
feedback. A part of F�t that is associated with deep con-
vection acts like modification of gross moist stability
(Su and Neelin 2002). For instance, the TOA solar ra-
diation associated with deep convection dominates F�t
in the QTCM simulations (Su and Neelin 2002). Thus,

F�t 	 � a� · v�1 � 0, �10�

where a is a positive value. Replacing F�t in (3) with (10)
modifies the factor M with the addition of a. In other
words, the shortwave cooling in regions of anomalous
rising motion acts like a modification of �ph in ����ph�.
In the Tropics, however, a near cancellation between
the net TOA solar radiation and OLR is found over
regions dominated by deep convection (Kiehl 1994;
Cess et al. 2001; Hartmann et al. 2001).

A large-scale average of F�t has very different bal-
ances than the regional variations discussed above. The
average of the term on the left of (3) and the first four
terms on the right is either close to zero over the global
region or exhibits a very small exchange with midlati-
tudes if averaged over the Tropics. Then, balances
among large-scale aspects of

�F�s� 
 �F�t� � 0, �11�

where [] is spatial average, are crucial. These set the
large-scale T� pattern through variations of longwave
radiation and one can trace mechanisms for T� to re-
gional tropical precipitation anomalies that are initiated
by QE mediation.

Finally, we note that there are substantial technical
challenges to computation of MSE budgets from stan-
dard GCM diagnostics. For instance, it has been known
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for some time that the sum of ���ps� and ���pq� terms
has such a strong cancellation between large terms that
estimation of the former from data interpolated to pres-
sure levels can yield substantial error in the sum, and
that contributions of transient terms can be nonnegli-
gible (Neelin 1987). Overcoming these issues, as well as
theoretical challenges in how to interpret cases where
the conditions used in this section must be relaxed, is
the subject of ongoing work. Here, working with stan-
dard diagnostics from an existing run, we side step these
problems by focusing on key individual terms that are
identified with particular mechanisms.

c. Diagnosis

In the study of CN04, QE mediation initiates a pro-
cess that leads to anomalous precipitation under global
warming. When the troposphere warms, low-level
moisture tends to increase to maintain convective quasi
equilibrium in convective regions. However, QE me-
diation does not occur in nonconvective regions where
moisture is controlled by different processes, such as a
balance between low-level divergence and evaporation
that induce smaller increases in low-level moisture. The
different processes controlling low-level moisture in
convective and nonconvective regions create horizontal
gradients of moisture anomalies. Thus, we first examine
the distribution of low-level moisture in the GHG ex-
periment. Then, �(v · �q)� and �(v · �T)� in the lower
troposphere will be examined for the upped-ante
mechanism. Finally, the term ����pq�� associated with
the rich-get-richer mechanism and the � ����pq� feed-
backs should also be examined in the ECHAM4/
OPYC3 simulations.

Figure 8 shows anomalous moisture in the ABL
(1000–900 hPa) and a free atmospheric layer just above
the ABL (900–700 hPa). The results indicate that mois-
ture over the convective regions is enhanced not only in
the ABL, but also in the free troposphere. The mois-
ture increases are comparable in magnitude between
the ABL and the 900–700-hPa layer with both having
maximum values in deep convection regions. Moisture
in the ABL increases due to surface warming even over
nonconvective regions, but the ABL moisture increases
are larger in convective regions (the thick solid line in
Fig. 8.), enhanced by QE mediation. Convection can
further transport moisture into the free atmosphere.
Moisture anomalies the 900–700-hPa layer thus have
very sharp maxima in convective regions. These mois-
ture anomalies create horizontal gradients of anoma-
lous moisture from convective regions to nonconvective
regions. Besides the maximum moisture anomalies in
convective regions, local maxima of the low-level mois-
ture anomalies are also found over the central and east-

ern Pacific where the positive precipitation anomalies
also have a maximum. Another set of local maxima of
low-level moisture anomalies is found in the boreal
summer over the northern margin of the convective
region from Africa, across the Arabian Peninsula, to
the northern Indian Peninsula. Note that the Asia sum-
mer regions also have a local maximum of low-level
moisture anomalies. Thus, the maximum moisture

FIG. 8. Same as in Fig. 4 except for moisture anomalies (g kg�1

in the 1000–900-hPa layer in (a) JJA and (c) DJF and the 900–
700-hPa layer in (b) JJA and (d) DJF. Climatological winds in
1961–90 near margins of convective regions are also plotted for
the same layer averages. The thick solid line is the 6 mm day�1

contour of the precipitation climatology in 1961–90.
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anomalies are consistently found over the northern
edge of the summer monsoon rainband starting from
Africa to East Asia.

Considering the horizontal gradient of the moisture
anomalies, the next step is to examine horizontal ad-
vection of moisture in the anomaly field, which may be
associated with the upped-ante mechanism discussed by
CN04. In the Tropics, the term of �v� · �q is generally
smaller than the term of �v · �q�. The only exception is
the band of increased moisture in JJA in Africa and
East Asia noted above, which is associated with
�v� · �q (not shown). Elsewhere, the distribution of
�v · �q� is similar to the distribution of �(v · �q)�
shown in Fig. 9. The mean winds in the lower tropo-
sphere are plotted over margins of convective regions
for climatological moisture between 3 and 10 g kg�1 to
indicate the regions with possible inflow of dry air (Fig.
8). In JJA, strong inflow of dry air is found over the
southern Indian Ocean, the eastern end of SPCZ, and
the northern edge of South America. In DJF, strong
inflow of dry air is also found on the north and south
sides of the Indian Ocean convective region, the east-
ern end of SPCZ, the eastern part of South America
and Africa. All these areas are consistent with negative
moisture transport anomalies found in Fig. 9. Overall,
the largest horizontal moisture transport anomalies
�(v · �q)� shown in Fig. 9 can be seen by examining the
mean flow in Fig. 8, although the pattern of �(v · �q)�
also contains complex details. The magnitude of the
horizontal moisture transport in the 700–900-hPa layer
is as strong as in the ABL, so the transport in the lower
free troposphere also plays an important role in the
upped-ante mechanism. This was also true in CN04, but
that study could not distinguish between the ABL and
lower free-tropospheric transports.

In nonconvective regions, �(v · �q)� has no impact
on precipitation. In convective regions, on the other
hand, most negative anomalous moisture transport co-
incides with negative precipitation anomalies shown in
Figs. 4a,b (also the thick dashed line in Fig. 9). This
supports the hypothesis that the negative precipitation
anomalies are induced by the upped-ante mechanism
over these regions. Note that the effect of �v · �q� can
also directly contribute the anomalous precipitation in
(2). More importantly, � v · �q� can affect regional pre-
cipitation via the dynamical feedback that is associated
with effects on �� via the MSE balance, which can be
stronger than its direct effect. To further examine the
upped-ante mechanism, the South American region in
DJF is chosen as an example since this region has also
been discussed as a target region dominated by the
upped-ante mechanism in CN04. Dry advection of
moisture anomalies is found over northeast Brazil, with

the dry advection in the free atmosphere contributing
more than the ABL dry advection. This indicates that
the moisture transport in the lower free troposphere is
more important than ABL moisture transport over
South America. Other regions, such as the southern
Pacific and southwestern Africa, are also dominated by
lower free-troposphere dry advection. One exception is
found over the northeastern tip of South America and
the neighboring Atlantic Ocean, which show positive

FIG. 9. Same as in Fig. 8 except for �(v · �q)� (W m�2). The
thick dashed line is the �1 mm day�1 contour of the precipitation
anomalies obtained from Fig. 4.
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anomalous moisture transport (Figs. 9b,d), but negative
precipitation anomalies (Fig. 4b). Over this region,
negative surface heat flux anomalies (Fig. 7d) offset the
moist advection and induce the negative precipitation
anomalies. Thus, an ocean dynamical feedback induces
the negative precipitation anomalies over a small part
of the Atlantic Ocean just north of Brazil, while the
upped-ante mechanism contributes the rest of the nega-
tive precipitation anomalies over the South America–
Atlantic region.

The other term that also has a similar contribution to
the upped-ante mechanism is �v · �T� when trans-
porting cold air from outside convective regions. The
term �v� · �T is relatively small compared to �v · �T�,
so �v · �T� can be used to represent the effect of
�(v · �T )� shown in Fig. 10. Over tropical oceans,
�(v · �T)� is very small. Over tropical continents, some
negative �(v · �T)� is found over Brazil, the southwest-
ern coast of Africa, and the western coast of Australia
(Fig. 10). Over the southwestern coast of Africa and the
western coast of Australia, negative �(v · �T)� is con-
sistent with negative �(v · �q)�, so the upped-ante
mechanism has been enhanced. However, negative
�(v · �T)� contributes in a narrow band between the
region of strong negative �(v · �q)� over Brazil and
the equatorial Atlantic just north of Brazil in DJF
where negative F�s contributes to negative precipitation
anomalies. This again indicates somewhat more com-
plicated processes inducing negative precipitation
anomalies over the South America–Atlantic region in
DJF than that indicated by CN04. To look at the
changes over the South American region in DJF more
closely, the precipitation increases about 0.29 mm
day�1 over the convective region, while it decreases
about �0.59 mm day�1 over the margins of convective
region (3 mm day�1 � P � 6 mm day�1; Fig. 11a). The
negative precipitation anomalies coincide with negative
�[v · �(T 
 q)]� in the 1000–700-hPa layer (Fig. 11b),
evidence of the upped-ante mechanism. However, the
upped-ante mechanism is not only from the contribu-
tion of �(v · �q)� (Fig. 11c), but also �(v · �T)�, espe-
cially over Brazil (Fig. 11d).

Computation of ���ph��, involves challenges dis-
cussed at the end of section 5b, affecting the use of
���ps��. We thus neglect the contribution of ���ps�� and
focus on the effect of ���pq�� in this study. Neglecting
the term ���ps�� will not close the MSE budget, but
mechanisms associated with ���pq�� and other terms
that induce anomalous vertical motion (��) can still be
discussed. Figure 12 shows the distributions of
�����pq � and ����pq��. The term �����pq� can be used
to roughly represent lower-tropospheric convergence
since moisture is concentrated in the lower tropo-

sphere. The term �����pq� in Figs. 12b,d is very similar
to the precipitation anomalies shown in Figs. 4a,b. Ac-
cording to the moisture budget equation (2), �����pq�
contributes more than 80% of the anomalous precipi-
tation in the Tropics. Other effects, such as ����pq��,
�v · �q� and E�, contribute a combined 20% of the
anomalous precipitation. Thus, the dynamical feedback
associated with �� is the most important effect for in-
ducing the anomalous precipitation (consistent with
NCS03 and CN04).

The term � ���pq�� can directly contribute to anoma-

FIG. 10. Same as in Fig. 8 except for �(v · �T )� (W m�2).
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lous precipitation in the moisture budget (2), but it can
also affect the anomalous precipitation via the dynami-
cal feedback in (3). In CN04, this term is equivalent to
the M� mechanism because of the assumption of
����ps�� � 0. Figures 12a,c show the pattern of
����pq�� which is similar to that of mean convection. In
other words, the M� mechanism associated with low-
level moisture enhances convection over deep convec-
tion regions, consistent with CN04. In convective re-
gions, the contribution of ����pq�� is a dominant effect
inducing positive precipitation anomalies compared to
the other effects shown on the rhs. of (9) and it con-
tributes 80% or more of the positive precipitation
anomalies over convective regions.

Another effect on regional precipitation is associated
with the net energy into the atmospheric column Fnet,
which can be divided into Ft and Fs. The term F�s, due to
ocean heat storage and transport has been discussed in

section 4. On the other hand, F�t is associated mainly
with the cloud–radiative feedback in the Tropics be-
cause longwave and solar radiation anomalies de-
pend strongly on convective clouds. Figure 13 shows
the distribution of F�t in JJA and DJF. Over tropical
oceans, negative F�t coincides with positive precipitation
anomalies, and vice versa for positive F�t . This implies
that solar radiative cooling effect is larger than the
longwave radiative warming effect, so net negative
cloud–radiative feedback is found over tropical oceans.
Since the convective clouds are closely correlated with
vertical motion, the F�t cooling effect acts like a modi-
fication of �ph in (3). Over some land regions, such as
the central Amazon, F�t exhibits a different and compli-
cated relation with the regional precipitation. Positive
precipitation anomalies are associated with positive F�t ,
implying a positive cloud–radiative feedback over this
region. This might result from different cloud types. For

FIG. 11. Differences for the GHG experiment 2070–99 minus 1961–90 averages in DJF: (a) precipitation climatology, (b) ��v · �(T

 q)�� (W m�2) in the 1000–700-hPa layer, (c) ��v · �q�� in the 1000–700-hPa layer, and (d) ��v · �T�� in the 1000–700-hPa layer. The
thick solid and dashed lines are �1 mm day�1 contours of the precipitation anomalies obtained from Fig. 4.
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instance, more thin cirrus clouds can enhance longwave
radiative warming without much solar radiative cool-
ing, producing positive F�t . Another possible reason for
this positive cloud–radiative feedback is associated with
larger surface albedo over land (Neelin and Su 2005).
Larger surface albedo weakens the shortwave cloud–
radiative feedback, but not the longwave feedback, so
the net cloud–radiative feedback can become positive.
The global average of F�t is slightly positive. This indi-
cates that the warming due to the greenhouse effect is

not in equilibrium. Combined with the negative F�s dis-
cussed before, the global average of Fnet� is close to
zero.

6. Summary and discussion

Impacts of global warming on regional tropical pre-
cipitation involve complex processes that are not well
understood. Analyzing ECHAM4 AOGCM simula-
tions with theory derived from an atmospheric model of
intermediate complexity coupled with a mixed layer
ocean (CN04), we examine mechanisms of global
warming impacts on regional tropical precipitation.

The anthropogenic forcings include the effects of
greenhouse gases and sulfate aerosol. In these ECHAM4
AOGCM simulations, the GHG contribution is the
leading effect in regional tropical precipitation changes
by 2021–50. Aerosol impacts tend to reduce the GHG
signal in early periods. The pattern of the tropical pre-
cipitation anomalies induced by the greenhouse effect
tends to persist and grow over the century. In other
words, the pattern of the regional precipitation anoma-
lies in the latter stage, such as 2070–99, has already
been established in the earlier stage (2021–50 is shown
here), and the main change is the amplitude of the
precipitation anomalies. Comparing runs with and
without sulfate aerosol, overall, the aerosol effect re-
duces the regional precipitation anomalies in magni-
tude and cools the whole troposphere. The effect on the
tropical precipitation via the tropospheric temperature
anomalies has been termed the aerosol remote effect in

FIG. 12. Same as in Fig. 8 except for ����pq�� in (a) JJA and (c)
DJF and �����pq� in (b) JJA and (d) DJF. The vertical average is
from 1000 to 100 hPa Units: W m�2.

FIG. 13. Same as in Fig. 8 except for F�t (W m�2) in (a) JJA
and (b) DJF.
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Chou et al. (2005). Aerosol local impacts on tropical
precipitation change appear to be secondary in these
experiments.

The ocean affects the atmosphere via net surface flux
anomalies F�s, which are balanced by ocean heat storage
and transport. Under global warming, ocean heat stor-
age creates widespread negative F�s. The atmosphere is
losing energy into the ocean, so atmospheric warming is
delayed by ocean heat storage (Manabe et al. 1991).
Effects on tropical precipitation mediated by tropo-
spheric temperature changes are correspondingly de-
layed, an effect that may be important in the early pe-
riod of the global warming. A separate effect occurs
through ocean dynamical feedback via ocean circula-
tion changes and the associated ocean heat transport.
Unlike the ocean heat storage, the ocean heat transport
produces large F�s locally, which affects regional tropical
precipitation via effects on the energy budget and the
associated vertical motion. In the ECHAM4 AOGCM
global warming simulations, positive F�s is found over
the eastern Pacific, associated with an El Niño–like SST
anomaly pattern. The positive F�s enhances local up-
ward motion and convection over the eastern Pacific
through the MSE balance in (3). Thus, strong positive
precipitation anomalies are found over the eastern Pa-
cific. Besides the local impacts of the El Niño–like F�s,
El Niño–like teleconnections can also affect regional
precipitation. The negative precipitation anomalies in
the eastern Pacific are similar to the well-known horse-
shoe pattern of subsidence during El Niño events.

The net heat flux at TOA F�t represents a cloud–ra-
diative feedback in convective regions and plays a role
in the magnitude of regional tropical precipitation
anomalies. Over the tropical ocean, shortwave cloud–
radiative cooling dominates and longwave cloud–radi-
ative warming is relatively weak, so the net cloud–ra-
diative feedback is negative, acting to reduce regional
tropical precipitation anomalies. Over some tropical
continental regions, however, the cloud–radiative feed-
back associated with F�t is more complicated, possibly
due to different cloud types and land surface albedo.

Under global warming, two main mechanisms asso-
ciated with atmospheric dynamical feedbacks via ��,
which have been discussed in CN04 are examined here:
the upped-ante mechanism and the M� mechanisms.
The upped-ante mechanism is one possible source for
tropical drought in global warming simulations and this
mechanism has been proposed in NCS03 and CN04
with an intermediate atmospheric model coupled with a
mixed layer ocean. In this study, we find evidence for
the upped-ante mechanism in the ECHAM4 simula-
tions, although with slight modification. To initiate the
upped-ante mechanism, horizontal gradients of low-

level moisture anomalies induced by QE mediation
should occur. In the ECHAM4 simulations, stronger
positive moisture anomalies are found in convective re-
gions, while weaker positive moisture anomalies are
found in nonconvective regions. For those regions
where the mean flow is from nonconvective regions to
convective regions, evidence of the import of dry air is
found. The regions with the dry air import coincide with
negative tropical precipitation anomalies. This suggests
that the dry air import associated with the upped-ante
mechanism is responsible for the regional precipitation
reductions. While NCS03 and CN04 emphasized the
ABL, here we find the dry air import occurs not only in
the ABL, but also in the lower free-tropospheric layer.
In some places, eastern South America for instance, the
drying advective tendency in the lower free tropo-
sphere is even stronger than that in the ABL. The im-
portance of the moisture transport in the lower free
troposphere (700–900 hPa) implies that the vertical
moisture transport by convection is important to the
horizontal moisture gradient in the upped-ante mecha-
nism. Besides the dry air import, the energy transport
associated with the ABL temperature gradient can also
have a similar contribution to the upped-ante mecha-
nism since the colder ABL has lower moist static en-
ergy, which disfavors convection. Overall, the upped-
ante mechanism associated with horizontal moisture
transport is one major effect, although not the only one,
inducing negative precipitation anomalies in the Trop-
ics. Other effects, such as �(v · �T)� and F�s can also
play a role in inducing negative precipitation anoma-
lies.

Another important mechanism for inducing positive
regional tropical precipitation anomalies is the M�
mechanism. The gross moist stability M depends on
low-level moisture and depth of convection. The low-
level moisture effect is associated with the term
����pq��, which is equivalent to �M�q� · v1 in CN04,
while the effect of the depth of convection is associated
with ����ps�� (or �M�s� · v1). The M� mechanism dis-
cussed in CN04 is associated with the low-level mois-
ture change. The increased low-level moisture reduces
the stability of the atmosphere in convective regions
and this enhances convection in strong convection re-
gions. In the ECHAM4 results here, the tropical pre-
cipitation anomalies do increase over most strong con-
vective regions, except over the western Pacific warm
pool, which might be controlled by the El Niño–like
teleconnection. Our budget analysis here is subject to
the caveat that we have not been able to assess possible
compensating effects by the depth of convection. How-
ever, we find that positive ����pq�� over convective
regions has a clear association with positive precipita-
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tion anomalies, thus providing evidence for the impact
of the M� or the rich-get-richer mechanism in ECHAM4.

When assessing other GCM results for signatures of
the upped-ante and M� mechanisms, the following is a
list of things that can be examined:

1) increased moisture in the ABL and lower free tro-
posphere in convection zones;

2) association of advecting drying tendency ��v · �q��
with negative precipitation anomalies in margins of
convective regions;

3) association of positive ����pq�� with positive pre-
cipitation anomalies within convection zones; and

4) �����pq� feedbacks enhancing the signals of items 2
and 3 above.
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