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Abstract

Mechanisms that determine the direct and indirect effects of aerosols on the tropical cli-

mate involve moist dynamical processes, and have local and remote impacts on regional tropical

precipitation. These mechanisms are examined in a climate model of intermediate complexity

(QTCM) forced by prescribed aerosol forcing, which is obtained from a general circulation model

(ECHAM4). The aerosol reflection is the dominant aerosol forcing, while the aerosol absorp-

tion has complex but much weaker influences on the regional tropical precipitation based on the

ECHAM4 aerosol forcing. The local effect associated with aerosols contributes negative precip-

itation anomalies over convective regions by affecting the net energy flux into the atmospheric

column. This net energy flux is controlled by the radiative forcing at the top of the atmosphere

on time scales where surface heat flux is near equilibrium, balancing anomalous solar radiation

by evaporation, longwave radiation and sensible heat. Considering the aerosol absorption effect

alone, the associated precipitation anomalies are slightly negative but small when surface heat

fluxes are near equilibrium. Two effects found in global warming, the upped-ante mechanism

and the anomalous gross moist stability mechanism, occur with opposite sign in the aerosol case.

Both act as remote effects via the widespread cold tropospheric temperature anomalies induced

by the aerosol forcing. In the upped-ante mechanism in global warming, a warm troposphere in-

creases the low-level moisture “ante” required for convection, creating spatially varying moisture

anomalies that disfavor precipitation on those margins of convective zones where the mean flow

imports air from non-convective regions. In the aerosol case here, a cool troposphere preferen-

tially decreases moisture in convective regions, creating positive precipitation anomalies at inflow

margins. In the anomalous gross moist stability mechanism for the aerosol case, the decrease in

moisture in convective regions acts to enhance the gross moist stability, so convection and the as-

sociated precipitation are reduced. The partitioning between the aerosol local and remote effects

on regional tropical precipitation differs spatially. Over convective regions that have high aerosol
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concentration, such as the South American region, the aerosol local effect contributes more neg-

ative precipitation anomalies than the anomalous gross moist stability mechanism in the QTCM

simulations. On the other hand, the remote effect is more important over convective regions with

small aerosol concentrations, such as the western Pacific maritime continent. Remote effects of

mid-latitude aerosol forcing have a substantial contribution to tropical anomalies.
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1. Introduction

Aerosols create great uncertainties in studying climate change under global warming. Aerosols

directly affect the climate system by scattering and absorbing solar radiation. These “direct” ef-

fects can cool both the atmosphere and surface by reflecting solar radiation back into the space. At

the same time, the direct effects can also warm the atmosphere by absorbing solar radiation, but

this absorption cools the surface. These effects change the temperature structure and then influ-

ence the strength of convection (Kaufman et al. 2002). The absorption effect mainly induced by

black carbon warms the atmosphere (Jacobson 2001), but is hypothesized to reduce the convection

contribution to warming the atmosphere (Ramanathan et al. 2001 and personal communication).

Aerosols can also increase cloud drop number concentration and reduce cloud drop effective ra-

dius, so clouds exist longer and precipitation efficiency is decreased. These “indirect” effects can

lead to a weaker hydrological cycle (Feichter et al. 2004; Liepert et al. 2004; Ramanathan et al.

2001). The feedback of smaller cloud drop effective radius and longer lifetime of clouds tends

to reflect more solar radiation and further cool the climate system (Lohmann and Lesins 2002;

Penner et al. 2004). Overall, the aerosol climate forcing tends to partly offset the global warming

impacts associated with greenhouse gases (GHG). However, the aerosol lifetime is much shorter

than most GHG and the aerosol concentration varies strongly with space, so the aerosol climate

impact cannot be treated as a mirror image of global warming (IPCC 2001; Rotstayn and Lohmann

2002). Finally, Feichter et al. (2004) noted that the nonlinear interaction between aerosol particles

and GHG weakens the warming tendency dominated by GHG.

Considering the GHG warming alone, the radiative effects have a very broad spatial pattern.

The associated tropospheric temperature anomalies are relatively uniform, while the precipitation

anomalies are much more complex and have strong spatial variations. Studies of global warming

impacts on precipitation show poor agreement among climate model simulations on a regional ba-

sis (Allen and Ingram 2002; Neelin et al. 2003, NCS03 hereafter). To understand the mechanisms
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of global warming impacts on regional tropical precipitation, Chou and Neelin (2004, CN04 here-

after) have proposed two dominant mechanisms: the anomalous gross moist stability (M ′) mech-

anism and the upped-ante mechanism. As the troposphere warms, the low-level moisture tends

to increase to maintain convective quasi-equilibrium (QE) in convective regions. This effect link-

ing the tropospheric temperature and the low-level moisture is termed “QE-mediation” (Neelin

and Su 2005) [CN04 focused on convective available potential energy (CAPE), but QE-mediation

is a more general term for this effect]. Over non-convective regions, the low-level moisture is

controlled by different processes that cause smaller increases in the low-level moisture, such as

the balance between divergence and evaporation. Thus, a spatial gradient of anomalous low-level

moisture is induced. This coexistence of the smooth anomalous temperature distribution and the

strong horizontal gradient of moisture anomalies is critical to inducing regional tropical precipita-

tion changes. In the M ′ mechanism, gross moist stability is reduced by the increases in low-level

moisture, so convection is enhanced and precipitation increases over convective regions. In the

upped-ante mechanism, inflow of air with less positive moisture anomalies from non-convective

regions into margins of convective regions opposes the low-level moisture increases. As a re-

sult, the low-level moisture does not increase enough to meet the higher “convective ante” that is

needed to maintain the convection in face of warmer tropospheric temperature aloft. The precip-

itation is thus reduced over margins of convective regions wherever there is strong inflow. This

upped-ante mechanism is also found in the reduction of precipitation over equatorial South Amer-

ica and the Atlantic intertropical convergence zone (ITCZ) during El Niño events (NCS03).

Regional tropical precipitation changes induced by the aerosol effects are also complex (Fe-

ichter et al. 2004) and have aspects similar to the global warming case. Aerosol distribution

is rather regional and the distribution of greenhouse gases is global. To what extent are mecha-

nisms of tropical precipitation impacts similar or different between the global warming and aerosol

cases? To answer this question, examination of the aerosol effects without interaction with global

warming should be conducted. The separation of aerosol and GHG effects may imply caveats be-
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cause of nonlinear interaction between aerosol effects and GHG effects, such as in Feichter et al.

(2004). However, this kind of experiment can be a prelude to examining more complex cases of

simultaneously competing greenhouse and aerosol effects. In this study, an atmospheric model of

intermediate complexity (Neelin and Zeng 2000; Zeng et al. 2000) is used. This model is coupled

with a mixed-layer ocean model (Chou et al. 2001) and is forced by prescribed aerosol forcing.

Throughout this paper, “aerosol effects” will be used to mean combined direct and indirect ef-

fects as estimated from anthropogenic sulfate and carbonaceous aerosols in Feichter et al. (2004).

The quasi-equilibrium tropical circulation model (QTCM) is a special purpose primitive equation

model designed to aid understanding of interaction of tropical deep convection with large-scale

dynamics. A number of cases of such interaction have already been worked out, including ENSO

teleconnections (Su et al. 2001; Su and Neelin 2002), and greenhouse gas response (Chou and

Neelin 2004; Neelin et al. 2003). To the extent that the ECHAM4 tropical response to aerosols

can be reproduced in the QTCM when given forcing from ECHAM4, theory developed in prior

work can aid in unravelling the causal pathways. Furthermore, the forcing can be decomposed in

a number of ways, since running a series of long experiments with different subsects of the forcing

fields is straightforward in QTCM.

Considering the aerosol case without any influence of greenhouse gases, the aerosol forcing

cools the climate system in general. Figure 1 shows the aerosol climate impacts in the boreal

winter, including direct and indirect effects, from the 4th generation Max Planck Institute for Me-

teorology model, ECHAM4, coupled to a slab ocean and thermodynamic sea-ice model (Feichter

et al. 2004). The troposphere does become colder globally. The temperature anomalies over

the Northern Hemisphere are stronger than those in Southern Hemisphere, and the temperature

anomalies show little longitudinal gradient. This broad cooling pattern hints at a potential con-

nection with the global warming case in terms of mechanisms affecting regional tropical precipi-

tation since widespread tropospheric temperature anomalies occur in both cases. The precipitation

anomalies in Fig. 1a show strong spatial variations and occur mostly in the Tropics, especially
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over the tropical oceans. This spatial pattern of the precipitation anomalies does exhibit qualitative

similarities in some regions to the global warming case (e.g., Fig. 2a of CN04), but with opposite

sign. Negative precipitation anomalies occur over convective regions and positive anomalies are

found over margins of convective regions for the aerosol case, and vice versa for the global warm-

ing case. To what extent mechanisms have similar pathways between the global warming and the

aerosol cases presents an interesting question and will be examined in this study.

Figure 2 shows the aerosol solar radiative forcing in the boreal winter. The associated long-

wave radiative forcing (not shown) is much smaller. Thus, only the solar component of the aerosol

radiative effect is prescribed as forcing in this study. The aerosol forcing, which includes reflec-

tion and absorption, has a much more complex spatial distribution than the forcing associated

with greenhouse gases, which is fairly uniform in space. Figure 2a shows solar absorption, which

is dominated by absorbing aerosols, such as carbonaceous particles. Two maximum regions are

found over southeast Asia and west Africa with values around 8 Wm−2. Figure 2b shows solar

reflection at TOA which is controlled by non-absorbing aerosols, such as sulfate particles, and the

associated indirect feedback of this interaction with cloud microphysics. The distribution of the

aerosol reflection differs from that of the absorption, and there are five maximum areas: southeast

Asia, the southeastern part of North America, South America, South Africa and the western In-

dian Ocean. The maximum amplitude of the aerosol reflection is similar to that of absorption, but

the global average of the aerosol reflection is stronger since its distribution is much broader than

that of the aerosol absorption. Both the aerosol absorption and reflection reduce downward solar

insolation, so the net solar absorption by the surface is reduced more than the reflection at TOA.

With the aerosol forcing in Fig. 2, we examine the aerosol effects on regional tropical precipi-

tation. The models and the forcing strategy used in this study are described in section 2. Simulated

impacts of aerosol absorption and reflection effects are examined together and separately in sec-

tion 3. In section 4, a moist static energy budget analysis approach is outlined with proposed

mechanisms and diagnostics of these. Experiments to separate aerosol local and remote effects
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are presented in section 5 with discussion in section 6.

2. Models and forcing strategy

a. Models

The aerosol model used here is coupled with the atmospheric general circulation model

(GCM) ECHAM4; a complete description can be found in Feichter et al. (2004). Below is a

brief description of the aerosol model. The aerosol concentration is predicted from the aerosol

budget which is controlled by processes of emissions, transport, chemical transformation, dry and

wet deposition, and sedimentation. The aerosol components include sulfate, black carbon, organic

carbon, mineral dust and sea-salt. The physical and optical aerosol properties that are used to cal-

culate the direct aerosol effect are specified from observations for each component. The aerosol

number concentration can modify cloud microphysics and induces the indirect aerosol effect, for

example, it enhances cloud albedo through reduction of the droplet effective radius and increase

of cloud droplet number concentration as described by Lohmann et al. (1999, 2000).

The ECHAM4 atmospheric GCM with the aerosol model is coupled to a slab ocean model

with a depth of 50 meters (Roeckner et al. 1995) and a thermodynamic sea-ice model. Using the

ECHAM4 model, a pair of experiments is used to examine aerosol impacts on climate. The first

experiment is for pre-industrial conditions (PI) with PI aerosol and aerosol precursor emissions

of sulfate and organic carbon. The second experiment is for present-day (mid-1980’s) conditions

(PD) with PD aerosol and aerosol precursor emissions of sulfate, black and organic carbon. The

greenhouse gases are constant at PD level in both experiments. Thus, differences between the

PD and PI experiments are purely caused by aerosol effects, including both direct and indirect

effects. The results shown in this study are for 50 year averages after 20 year integrations to reach

approximate climate equilibrium.

To examine the aerosol effects on regional precipitation, a coupled ocean-atmosphere-land
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model of intermediate complexity (Neelin and Zeng 2000; Zeng et al. 2000, ZNC hereafter) with

prescribed divergence of ocean heat transport (Q-flux) is used (Chou et al. 2001). Based on the

analytical solutions derived from the Betts-Miller moist convective adjustment scheme (Betts and

Miller 1993), typical vertical structures of temperature, moisture and winds for deep convection

are used as leading basis functions for a Galerkin expansion (Neelin and Yu 1994; Yu and Neelin

1994). The resulting primitive equation model makes use of constraints on the flow by quasi-

equilibrium thermodynamic closures and is referred to as QTCM1 (quasi-equilibrium tropical cir-

culation model with a single vertical structure of temperature and moisture for deep convection).

Because the basis functions are based on vertical structures associated with convective regions,

these regions are expected to be well represented and similar to a GCM with the Betts-Miller

moist convective adjustment scheme. Far from convective regions, QTCM1 is a highly truncated

Galerkin representation equivalent to a two-layer model. A cloud-radiation scheme (Chou and

Neelin 1996; ZNC), simplified from the full GCM radiation schemes (Harshvardhan et al. 1987;

Fu and Liou 1993), is included. Deep convection and cirrocumulus/cirrostratus cloud fraction is

estimated by an empirical parameterization (Chou and Neelin 1999). A simple formula is used

to obtain atmospheric boundary layer winds under assumptions of a steady state and a vertically

homogeneous mixed layer with fixed height (Stevens et al. 2002). An intermediate land-surface

model (ZNC) is used to simulate interaction between the atmosphere and land-surface. This model

simulates processes such as evapotranspiration and surface hydrology in a single land surface layer

for calculating energy and water budgets. Soil moisture is balanced by precipitation, evaporation,

surface run-off and ground run-off. QTCM version 2.3 is used here, with solar radiation scheme

slightly modified using the new Fu and Liou radiation scheme.

b. Forcings and experiments

Motivated by the strong spatial pattern of the tropical precipitation change induced by aerosol

effects, we attempt to understand the mechanisms of these aerosol impacts using the QTCM forced
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by prescribed ECHAM4 aerosol radiative forcing (Feichter et al. 2004). Because indirect aerosol

effects are included, direct implementation of aerosol particles in QTCM is not appropriate. Thus,

the aerosol forcing needs to include changes in solar radiation associated with changes in cloud

properties, such as cloud droplet effective radius. A portion of the cloud change is due to dynam-

ical feedback but it is hard to partition this effect. Therefore, we use total solar radiation changes

as forcing and “freeze” the QTCM solar radiation deep convection cloud feedback by using fixed

cloud cover to avoid counting this effect twice. Moreover, since the role of deep convection cloud

feedback is reasonably understood in QTCM and it is secondary in global warming simulations

(CN04), this assumption of freezing solar radiation cloud feedback is a reasonable case in which

to examine aerosol effects. All longwave radiative feedbacks are treated with the standard QTCM

version 2.3 parameterizations. Since mechanisms for inducing the precipitation anomalies do not

depend significantly on season when considering the first-order effects of aerosol, we present the

DJF season only in this study. Moreover, DJF can avoid some complications involved with the

Asian summer monsoons which are not simulated well by most climate models.

We first aim to reproduce general features of the ECHAM4 runs in QTCM. Two components

of the aerosol forcing associated with solar radiation, net solar radiative fluxes at the top of the

atmosphere (TOA) and at the surface, are prescribed in QTCM. Since there is only one thermody-

namic equation in QTCM1, this is sufficient to get projection onto the temperature basis function

response. To examine changes associated with absorption versus reflection of solar radiation, the

aerosol forcing is decomposed into two cases. One case assumes pure absorption by aerosols and

no change due to the aerosol forcing at TOA. The converse case has no absorption in the atmo-

sphere by aerosols with changes in net surface solar radiation identical to TOA reflection. In the

case of aerosol absorption, the net solar absorption in the atmosphere is matched to the ECHAM4

runs and surface solar radiation is reduced correspondingly. For the aerosol reflection case, we

use the TOA solar radiation changes from the ECHAM4 simulations, and surface solar radiation

anomalies are reduced by the same amount so that atmospheric absorption is zero. Another useful
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aspect of this decomposition is that solar radiative forcing anomalies of the two cases add up to

the total ECHAM4 forcing. Thus, if the responses are approximately linear, they can be used to

compare to the full forcing response.

One caveat on this decomposition of the forcing is that it is not identical to running a full ra-

diative transfer calculation with absorption and reflection set to zero in turn. Setting absorption to

zero in such a calculation would change TOA forcing slightly, and in the converse case, pure ab-

sorption would have a small TOA component due to surface albedo. However, the decomposition

used here appears useful for understanding the impacts of each process.

Other cases are used to evaluate local versus remote response. Over a region of interest,

such as South America, the solar radiative forcing is set to zero, so remote response over this

region to the outside forcing can be examined. To examine local response, a converse experiment

with the aerosol forcing only over this region is performed. The target region considered here

is tropical South America which has a large deep convection zone and large aerosol forcing.

Another experiment is to examine impacts of the mid-latitude aerosol forcing on tropical climate.

In this experiment the aerosol forcing over the band region between 20◦N and 50◦N where most

aerosol particles are emitted is prescribed, but the aerosol forcing outside the band region is set

to zero. In order to identify how the aerosol forcing remotely affects the tropical precipitation,

an experiment is also conducted with modified tropospheric temperature obtained from the full

aerosol experiment specified in the convective scheme.

In order to have signal with statistical significance, especially for those experiments with small

changes, a long-term average is needed. Moreover, the long-term average can help us to identify

regional climate changes more precisely. Thus, results of all experiments with QTCM are 400

year averages.
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3. Response to aerosol solar forcing and absorption versus reflection components

a. Total response

The first experiment examines how well QTCM can reproduce the response to the aerosol

effects found in the ECHAM4 simulation. Forced by the prescribed net solar radiation anomalies

at TOA and the surface, the results of the QTCM simulation are shown in Fig. 3. Comparing

to the ECHAM4 runs in Fig. 1, the exact positions of the precipitation anomalies are not the

same, but the positions relative to the pre-industrial mean precipitation in each model are very

similar. The negative precipitation anomalies are located over deep convective regions, while the

positive anomalies are found over margins of deep convective regions. Two areas with anomalies

of opposite sign to the global warming case are well simulated: South America and the central

Pacific. The anomalies over South America will be discussed as an example in the following

sections. The amplitudes of the precipitation anomalies in the QTCM and ECHAM4 runs are

comparable. The tropospheric temperature anomalies in the QTCM simulations are similar to

those in the ECHAM4 simulations with a smoother spatial pattern and slightly weaker amplitude.

Overall, QTCM reproduces the anomalies induced by the aerosol effects found in the ECHAM4

simulations, so QTCM can be used to further examine the aerosol effects.

b. Absorption versus reflection components

To examine the aerosol absorption and reflection effects separately, two experiments described

in section 2b are performed and the results are shown in Figs. 4 and 5. Forced only by the reflec-

tion effect, the results in Fig. 4 show similar patterns of precipitation and tropospheric temperature

anomalies to those in Fig. 3. However, the results in Fig. 5 that are forced only by the absorption

effect are much weaker than those in Fig. 4. This indicates that the aerosol solar reflection is the

leading effect on changing tropical precipitation and is much more effective than the aerosol ab-

sorption. The tropospheric temperature anomalies induced by the aerosol absorption (not shown)
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are also weaker than those induced by the solar reflection. Their magnitude is less than 0.05◦ C

in the Tropics, so little remote effect associated with the tropospheric temperature changes should

be expected. These results are surprising because both aerosol absorption and reflection effects

cool the surface and their amplitudes are relatively comparable (Fig. 2). The reduced surface

solar radiation is balanced by evaporation and surface longwave radiation anomalies, so the net

surface heat flux anomalies are close to zero at a time scale when land and ocean surfaces reach

equilibrium (Liepert et al. 2004). Thus, the net radiation anomaly at TOA becomes crucial in

determining the aerosol effects. For the reflection experiment (Fig. 4), the aerosol TOA forcing

is similar to the control experiment in Fig. 3, so the aerosol climate impacts in both experiments

are similar. For the absorption experiment (Fig. 5), the aerosol TOA forcing is zero by definition,

so changes induced by the aerosol absorption are small. The mechanism associated with the net

radiative flux anomalies at TOA will be discussed in detail in section 4b. The combination of the

precipitation anomalies induced by the aerosol absorption and reflection respectively (Figs. 4 and

5) tends to be close to that in Fig. 3. This implies that the aerosol absorption and reflection effects

are relatively linear in their impact on atmospheric dynamics.

4. Diagnosis of mechanisms

a. Moist static energy budget

In general, the aerosol effects cool the climate system and reduce global precipitation. On a

regional basis, both positive and negative precipitation anomalies are found. This indicates that

more complex processes are involved in determining regional precipitation anomalies. Thus, we

analyze moisture and moist static energy budgets to understand mechanisms of the regional tropi-

cal precipitation anomalies caused by the aerosol effects. Under the quasi-equilibrium convective

closure, the anomaly moisture budget integrated through the troposphere for a steady state can be

written
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P ′ ≈ M̄q∇ · v1
′ + M ′

q∇ · v̄1− < v · ∇q >′ +E ′, (1)

where ¯( ) denotes averaged variables without aerosol impacts, ( )′ represents the anomalies

caused by aerosol effects, P is precipitation, E is evaporation, v is horizontal velocity, and g is

gravity. 〈 〉 denotes a vertical integral over the troposphere with pT as the depth of the tropo-

sphere:

< X >=
1

g

∫ ps−pT

ps

Xdp, (2)

where ps is surface pressure. The specific humidity q is in energy units (absorbing the latent heat

per unit mass, L). The horizontal velocity v1 is the wind component associated with baroclinic

structure under convective quasi-equilibrium constraints. Mq is the gross moisture stratification

(Neelin and Yu 1994; Yu et al. 1998) and is given by

Mq = 〈Ω∂pq〉, (3)

where Ω(p) is the vertical structure of vertical velocity from baroclinic wind and

ω(x, y, p, t) = −Ω(p)∇ · v1(x, y, t), (4)

where ω is pressure velocity. Thus, (1) uses

−〈ω∂pq〉 ≈ Mq∇ · v1 (5)

with Mq giving the amount of moisture convergence produced per unit of low-level convergence/upper-

level divergence in the baroclinic flow.

The precipitation anomaly in (1) is dominated by (Mq∇ · v1)
′ which is mainly determined

by ∇ · v1
′ in the Tropics. Note that ∇ · v1 > 0 indicates low-level convergence and upper-level
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divergence. To estimate ∇·v1
′, the vertically integrated moist static energy budget is used. Under

similar assumptions to (1), the vertically integrated moist static energy equation can be written

M̄∇ · v1
′ = F net′ − M ′∇ · v̄1− < v · ∇(q + T ) >′, (6)

where T is atmospheric temperature in JKg−1 (absorbing the heat capacity at constant pressure,

Cp). The net energy input into the atmospheric column F net is given by

F net = Ft − Fs, (7)

where the net heat at TOA can be obtained by

Ft = S↓
t − S↑

t − R↑
t (8)

and the net heat at the surface is from

Fs = S↓
s − S↑

s + R↓
s − R↑

s − E − H. (9)

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. H is sensible heat flux. Positive values of Ft

and Fs indicate downward heat fluxes. M is the gross moist stability (Neelin and Yu 1994; Yu et

al. 1998) and is defined by

M = 〈Ω(−∂ph)〉, (10)

where h = s+ q is moist static energy and s = T +φ is dry static energy, with φ the geopotential.

Thus, (6) uses

〈ω(−∂ph)〉 ≈ M∇ · v1 (11)
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More detailed derivations of the moisture and moist static energy budget equations can be found

in CN04 and Su and Neelin (2002). Following Neelin and Su (2005), eliminating ∇ ·v1
′ between

(6) and (1) yields

P ′ = M̄q

M̄

[
−〈v · ∇T 〉 ′ + Ft

′ − Fs
′
]

+ E ′

−
(

M̄q

M̄
+ 1

)
〈v · ∇q〉 ′ +

(
−M̄q

M̄
M ′ + M ′

q

)
∇ · v̄1 (12)

The enhancement of terms in the moist energy budget (by a factor of M̄q/M̄ ) in forcing precipita-

tion is termed the gross moist stability multiplier effect. In deep convective regions, M̄q/M̄ ≈ 4

in this model, consistent with estimate in Yu et al. (1998), where values in the range 3-7 were

obtained.

b. Implications for the solar absorption forcing case

The aerosol absorption effect is highly uncertain (Ramanathan et al. 2001) and is dependent

on the vertical distribution of aerosol (Hansen et al 1997). The surface boundary condition is

also crucial. For instance, Menon et al. (2002) use fixed SST and find that aerosol absorption

heats the atmosphere and enhances regional convection and the associated precipitation. This

is because any solar radiation reaching the surface is assumed lost into an infinite heat capacity

ocean. In the fixed SST case, aerosol absorption produces heating in the atmosphere that is not

compensated by changes in surface fluxes and can thus affect precipitation. When the surface layer

is allowed to equilibrate, as in the QTCM simulations with a mixed-layer ocean here, very different

balances apply. An increase in solar absorption in the atmosphere implies an equal reduction

in downward solar at the surface. When the surface layer equilibrates, this is compensated by

reductions in the upward flux into the atmosphere by the sum of other surface fluxes. The net

effect on the column integrated energy input is zero. The leading order impact in the fixed SST

case is thus removed, as elaborated below, and any impacts on precipitation must come from
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more subtle effects, such as the partition among evaporation and other surface fluxes. In the

QTCM experiments, even though the solar absorption forcing (Fig. 2a) is almost as strong as the

TOA forcing (Fig. 2b), the precipitation anomalies are much weaker (Fig. 5 compared to Fig.

4a). Based on (6), F net′ plays an important role in determining low-level divergence associated

with convection. Since F ′
s = 0 is often found over land and is small under oceanic equilibrium,

F net′ ≈ F ′
t . The TOA forcing associated with F ′

t becomes the leading role in moist dynamical

processes. The solar radiative flux anomalies at TOA are zero by definition in the solar absorption

forcing case, so the precipitation anomalies are small. The precipitation anomalies do not fit well

with respect to the effect of aerosol solar absorption in tropical convective zones that would be

expected from one-dimensional radiative-convective balance (e.g., Cess et al. 1986; Ramanathan

et al. 2001 and personal communication). In this balance, convection does not have to transport

as much heat upward, so convection becomes weaker to compensate increased solar absorption in

the atmosphere. The sign of the precipitation anomalies in the QTCM simulations is consistent

with this argument, but the anomalies are strongly offset in space from the regions of strongest

solar absorption (Fig. 2a).

Table 1 contrasts the three-dimensional (3-D) case relevant here with the one-dimensional (1-

D) case often considered for aerosol impacts for the case of land or an equilibrated mixed-layer

ocean where F ′
s = 0. In the 1-D case, F ′

t = 0 in equilibrium due to longwave balancing aerosol

shortwave effects. In the 3-D case, F ′
t can have substantial local anomalies since wave dynam-

ics spreads temperature anomalies, so longwave balance of localized shortwave anomalies occurs

over broad regions. Thus TOA aerosol impacts can be more important in 3-D than in 1-D, espe-

cially since they induce a multiplier effect via the (M∇ · v1)
′ and (Mq∇ · v1)

′ transport terms

according to (12). However, in the aerosol absorption forcing case, such a multiplier effect disap-

pears when the solar radiation anomalies at TOA are zero by definition. Under this circumstance,

regional tropical precipitation anomalies can be created by evaporation, although with no mul-

tiplier effect. Furthermore, the evaporation is constrained by the surface heat flux balance and
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thus is just a fraction of the aerosol solar absorption with opposite sign. Therefore, the aerosol

absorption impact on precipitation is less effective than that of aerosol reflection in convective

regions when surface heat fluxes are in approximate equilibrium. In the 1-D case, the changes in

E ′ due to the surface energy balance are the only way to change precipitation, and so attention has

focused on these, even though they are small compared to changes due to transport terms. In the

solar absorption case in Fig. 5, the evaporation changes are less than 1 Wm−2, so do not account

for the precipitation anomalies.

c. Diagnosis

Before using QTCM to diagnose the aerosol effects in the ECHAM4 simulations, other com-

ponents of the QTCM runs shown in Fig. 3 are compared to the ECHAM4 simulations. In general,

the QTCM simulations (Fig. 7) mimic the variations of the ECHAM4 runs (Fig. 6), but the ampli-

tudes of surface temperature, low-level moisture and evaporation in the QTCM runs are slightly

weaker than those in the ECHAM4 runs. Note that the values of the shading in Figs. 7a and 7b

are different from those in Figs. 6a and 6b. The near surface temperature is decreased globally,

more so in the Northern Hemisphere than Southern Hemisphere since most aerosols are emitted in

Northern Hemisphere (Figs. 6a and 7a). The surface temperature anomalies are relatively smooth

longitudinally. Comparing to the tropospheric temperature anomalies (Figs. 1b and 3b), the sur-

face temperature anomalies are colder at higher latitudes where aerosol concentration is high, but

warmer (less negative) at lower latitudes.

Unlike the temperature anomalies, the moisture anomalies in the lower troposphere (Fig. 6b

for ECHAM4 and Fig. 7b for QTCM) are correlated with regions of mean convection (the thick

dashed lines in Figs. 1 and 3), having the larger negative anomalies in convective regions and

much smaller negative anomalies over non-convective regions. These spatial patterns of the mois-

ture and temperature anomalies strongly suggest that similar mechanisms to the global warming

case might influence the regional tropical precipitation through interaction with moist dynamical
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processes, as will be discussed later. Another interesting point is that the strongest response in

moisture is often found over regions where aerosol concentration is not high. This further indi-

cates that remote effects through moist dynamical processes are active in the response to aerosol

forcing.

Over regions where the precipitation anomalies are large, net surface flux F ′
s is smaller than

other terms in the moist static energy budget equation (Figs. 6c and 7c), because evaporation,

sensible heat and net longwave radiation balance the net solar radiation anomalies. This balance

holds particularly well over land (over oceans, some Fs anomalies occur due to seasonal varia-

tions). Essentially, the surface temperature anomalies are just a by-product of the surface heat

flux balance and should not be viewed as a forcing. This is not like a case with strong ocean heat

transports, which would yield large F net′ associated with the surface temperature anomalies. This

surface heat flux balance is an important step in the pathway of inducing the regional tropical

precipitation anomalies, but its net impact on climate heating in the moist static energy budget is

small. Since F ′
s is small, F net′ (Figs. 6d and 7d) is primarily associated with the net heat flux at

TOA, F ′
t , in regional imbalances. F ′

t is dominated by the aerosol solar reflection, which is par-

tially canceled by outgoing longwave radiation (OLR) anomalies on a regional basis. On broader

scales, such as the global scale, the aerosol solar reflection and OLR anomalies will cancel each

other (Figs. 6e and 7e). To balance the reduced downward solar radiation, evaporation is gener-

ally suppressed (Figs. 6f and 7f) and its horizontal distribution coincides well with the downward

solar radiation anomalies at the surface (Fig. 2c; Liepert et al. 2004). Evaporation anomalies have

a direct effect associated with moisture budget on the precipitation anomalies, but, when F ′
s ≈ 0,

not on the low-level convergence ∇ · v1
′.

To further examine impacts of the aerosol forcing on regional precipitation, the moisture and

moist static energy budgets in QTCM are analyzed. The precipitation anomalies are determined

by four terms on the right of (1). From the moisture budget analysis shown in Figs. 7 and 8,

the combination of the first two terms (Mq∇ · v1)
′, i.e., the moisture divergence, dominates the
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regional tropical precipitation changes and its spatial pattern is very similar to the distribution of

the precipitation anomalies (Figs. 3a and 8a). This (Mq∇ · v1)
′ term is central to the dynamic

feedback that can be diagnosed using the moist static energy budget to estimate ∇ · v1
′. In the

Tropics, the direct effects of evaporation anomalies and anomalous horizontal transport of mois-

ture −(v · ∇q)′ (≈ 6 Wm−2) are not negligible in the moisture budget (Figs. 8b and Fig. 7f), but

they are smaller than those effects via ∇ · v1
′ (Fig. 8a) in the moist static energy budget (≈ 35

Wm−2). Note that −(v · ∇q)′ has a multiplier effect (M̄q/M̄ ≈ 4) through the moist static energy

budget (Yu et al. 1998) according to (12).

The value of ∇ ·v1
′ can be calculated from M̄∇ ·v1

′ in the moist static energy budget, which

is similar to the distribution of (Mq∇ · v1)
′ in the Tropics. Thus, those effects associated with

∇·v1
′ (the r.h.s of (6) will be enhanced by a factor of M̄q/M̄ . For instance, −(v ·∇q)′ ≈ 6 Wm−2

over northeast Brazil, but it contributes 24 Wm−2 (6×4) of the regional precipitation anomalies

via ∇ · v1
′. The analysis of the QTCM moist static energy budget indicates that −M ′∇ · v̄1,

−[v · ∇(T + q)]′ and F net′ are all contributing to M̄∇ · v1
′ (Fig. 8c), but the importance of each

term is different in different locations (see Figs. 8d, 8e and 7d). In the Tropics, particularly over

the summer hemisphere, the term −(v · ∇T )′ tends to be small (not shown), so the values of

−[v · ∇(T + q)]′ (Fig. 8e) are mainly determined by −(v · ∇q)′ (Fig. 8b). Thus, −(v · ∇q)′ is

used in the discussion instead of −[v ·∇(T + q)]′. The term −M ′∇· v̄1 is associated with the M ′

mechanism discussed in CN04, while −(v · ∇q)′ is associated with the upped-ante mechanism.

Negative values of −M ′∇ · v̄1 (Fig. 8d) are found over convective regions, so the M ′ mechanism

reduces precipitation over convective regions. Positive values of −(v·∇q)′ are found over margins

of convective regions, so the upped-ante mechanism enhances precipitation over those regions.

The M ′ and upped-ante mechanisms discussed here are similar to those in the global warming

case, but with opposite effects on regional tropical precipitation. This is because the aerosol

forcing cools the troposphere through radiative feedbacks and wave dynamics, while greenhouse

gases warm the troposphere. The colder tropospheric temperature (Figs. 1b and 3b) induces
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negative low-level moisture anomalies in convective regions (Figs. 6b and 7b) through interaction

with convection. The gross moist stability is increased due to the negative low-level moisture

anomalies producing M ′∇ · v̄1 (Fig. 8d), so the precipitation in convective regions is reduced

by the M ′ mechanism. Controlled by different mechanisms, such as evaporation, the low-level

moisture over non-convective regions is decreased less than over convective regions (Figs. 6b

and 7b). The gradient of the anomalous low-level moisture induces −(v · ∇q)′ (Fig. 8b) where

transport occurs from non-convective regions to convective regions and thus positive precipitation

over these margins of convective regions by the upped-ante mechanism.

F net′ plays two roles in processes changing regional tropical precipitation. The first role is as-

sociated with a local effect that induces local reductions in low-level convergence where there is

increased solar reflection by aerosols. The second effect is remote, communicated by the anoma-

lous temperature response. In a steady state, the net solar radiation should balance OLR at TOA on

a global scale. Aerosols reflect solar radiation back to space, so OLR must be reduced to balance

the increased outgoing solar radiation anomalies on a global average. This remote effect yields

colder temperature anomalies globally. The tropospheric temperature anomalies give M ′∇ · v̄1

and (v · ∇q)′ terms locally via the M ′ and upped-ante mechanisms.

5. Local versus remote impact experiments

The analysis above provides evidence that aerosol climate forcing has both local and remote

impacts on the regional precipitation in the Tropics. The local impact is associated with local

aerosol absorption and reflection, so the impact should be found over regions with high aerosol

concentration. The remote impact is associated with global distributions of temperature and mois-

ture anomalies, which induce the M ′ and upped-ante mechanisms found in the QTCM. To provide

further tests of the hypothesized local and remote aerosol effects respectively, several experiments

were conducted. The first pair uses a target area over South America. During the boreal win-

ter (DJF), the South American region has strong aerosol forcing (Fig. 2) and is also dominated
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by deep convection, so the South American region is a good place to compare local and remote

aerosol effects on regional precipitation. Moreover, both climate models simulate the South Amer-

ican convective zones relatively well, so South America is a good target region to examine both

aerosol effects. In the first of this pair, solar reflection and absorption are specified only within

the South American region. Since the tropospheric temperature anomalies (not shown) in this

experiment are small (less than 0.2◦C), the remote effects associated with the M ′ and upped-ante

mechanisms are weak. Thus, the precipitation anomalies over South America are contributed

mainly by the aerosol local effects. The pattern of the precipitation anomalies over South Amer-

ica is similar to M̄∇ · v1
′ which is associated with low-level convergence anomalies, i.e., ∇ · v1

′.

The low-level convergence anomalies over South America are dominated by F net′ (Fig. 9). Com-

pared Fig. 9a to the control experiment in Fig. 3a, the negative precipitation anomalies over the

South American convective region are weaker than those in Fig. 3a, and the positive precipita-

tion anomalies near northeast Brazil disappear. The local forcing creates negative precipitation

anomalies, but does not induce positive precipitation anomalies. Over land, F ′
s is close to zero, so

F net′ is determined by F ′
t which is determined by the negative solar radiation anomalies at TOA

(Fig. 2b). The negative F net′ disfavors convection, so the associated precipitation is decreased.

In the second pair of the South American experiment, the aerosol forcing associated with the

solar reflection and absorption is specified only outside the box over South America (Fig. 10).

This is used to examine the aerosol remote effect on South America. Over the target region, posi-

tive precipitation anomalies are found over the east, and negative precipitation anomalies are over

the west (Fig. 10a). The horizontal distribution of temperature and moisture anomalies are similar

to those in Figs. 3 and 7, but the amplitudes are slightly weaker. Thus, the M ′ and upped-ante

mechanisms induced by the tropospheric temperature and moisture anomaly patterns are respon-

sible for the anomalous precipitation over the South American region in this experiment. Positive

precipitation anomalies over northeast Brazil are found in Fig. 10a, but not in Fig. 9a. This

indicates that the upped-ante mechanism is the dominant mechanism inducing the positive pre-
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cipitation anomalies. The magnitude of the negative precipitation anomalies is less than half of

those in Fig. 9a, so the local effect is larger than the remote effect in producing the negative pre-

cipitation anomalies over the South American convective region. The sum of the South American

precipitation anomalies in Figs. 9 and 10 is roughly equal to that of the precipitation anomalies in

Fig. 3. Overall, the positive precipitation anomalies near northeast Brazil are contributed mostly

by the remote effect associated with the upped-ante mechanism, while the negative precipitation

anomalies in the west are contributed by both the aerosol local effect and the aerosol remote effect

associated with the M ′ mechanism.

Another experiment examining the aerosol remote effect is performed with the prescribed

aerosol forcing only within a zonal band between 20◦ N and 50◦ N where most aerosol emis-

sions are taking place. Widespread cold temperature anomalies occur over the Tropics (Fig. 11b),

almost half the magnitude of those in the full forcing case (Fig. 3b). Tropospheric tempera-

ture anomalies due to the aerosol cooling effects at mid-latitudes are transmitted to the Tropics

presumably by transient heat fluxes limiting temperature gradients. The temperature anomalies

then propagate throughout the Tropics by wave dynamics. The colder tropospheric temperature

anomalies in the Tropics cause horizontal gradients of low-level moisture anomalies through the

QE-mediated effect. The M ′ and upped-ante mechanisms then affect regional tropical precipi-

tation. The largest precipitation anomalies in this experiment (Fig. 11a) occur over the Tropics

despite the aerosol forcing being set to zero. Comparing to the full experiment shown in Fig. 4,

the mid-latitude aerosol effect contributes half of the precipitation anomalies over most tropical

regions. Some caveats on this experiment are that gradients at the edge of the applied aerosol

region appears to affect transient moisture transport by winter storms, contributing negative pre-

cipitation anomalies in the northern hemisphere subtropics, such as in the tropical North Atlantic

and western Pacific.

To further examine the remote effects associated with tropospheric temperature, an experiment

is conducted in which the tropospheric temperature anomalies obtained from the full aerosol ex-
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periment shown in Fig. 3b are specified in the convective scheme. The pattern of the precipitation

anomalies in Fig. 12a is similar to those in the full aerosol experiment (Fig. 3b), and the mag-

nitude of the anomalies is also comparable over most regions, except for those with high aerosol

concentration, such as South America and Africa. The associated low-level moisture anomalies

are also similar to those in Fig. 7b. This demonstrates that the QE-mediated impacts that depend

fundamentally on deep convection initiate low-level moisture changes and the change of the low-

level moisture is not simply a Clausius-Clapeyron response to surface warming. We also note

that surface temperature anomalies (not shown) in this experiment are less than half those in the

control, consistent with our claim that surface temperature is essentially a by-product.

6. Discussion

The intermediate atmospheric model QTCM qualitatively reproduces aspects of the ECHAM4

simulations of present-day minus pre-industrial climate anomalies due to aerosol direct and indi-

rect effects when forced by the aerosol induced solar radiative flux anomalies from ECHAM4.

The widespread cooling due to aerosol reflection of solar radiation is comparable in surface tem-

perature anomalies and tropospheric temperature. Since there is no sea-ice in QTCM, amplitudes

of the temperature anomalies at high latitudes are weaker in the QTCM simulations than in the

ECHAM4 simulations. The spatial pattern of tropospheric temperature anomalies—which is key

to some of the effects below—is well reproduced, with dynamical effects smoothing and spread-

ing the cooling relative to the aerosol forcing. The associated precipitation anomalies present a

much more complicated spatial distribution. Negative precipitation anomalies are found over con-

vective regions, while positive precipitation anomalies occur over margins of convective regions.

Thus, the aerosol effects on precipitation are complex on a regional scale.

We note some caveats on this approach. Cloudiness in the QTCM simulations is fixed, so

as not to double count cloud-radiative feedbacks which are included in the solar forcing from

ECHAM4. In QTCM, the vertical profile of the temperature variations is prescribed, so the change
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of the vertical temperature structure induced by the aerosol absorption effects cannot be simulated.

However, the large-scale temperature anomalies in ECHAM4 tend to have a deep structure and

this is captured.

A pair of experiments was conducted to approximately separate impacts of aerosol absorption

and reflection, respectively, on the climate system. Both aerosol absorption and reflection effects

cool the surface with similar amplitudes, but the reflection effect is much larger than the absorption

effect in cooling the climate system and producing anomalous precipitation. This occurs because

at the time scales considered here, both land and ocean are equilibrated to have a small net surface

heat flux anomaly. Absorption thus mainly affects the partitioning of surface heat flux to the

atmosphere, but does not affect the net flux heating of the atmospheric column since other surface

fluxes compensate. It also does not change the TOA anomaly (in the definition used here), so it

does not change the overall heat absorbed in the climate system.

We distinguish between local and remote effects of aerosol forcing. Aerosol effects that in-

volve the dynamically direct impact of the change in radiative fluxes on the column impacting the

energy budget (and hence vertical motion in the Tropics) tend to be highly local. On the other

hand, tropospheric temperature anomalies tend to spread to broad spatial scales and this in turn

has remote impacts on tropical precipitation in a manner akin to ENSO teleconnections (NCS03)

or global warming (CN04). We note that the terms local and remote are most appropriate when

the aerosol forcing is localized. If the aerosol were evenly distributed, the effects would overlap

spatially.

The local effect can be understood from the aerosol TOA forcing (Fig. 2b). Aerosols absorb

and reflect solar radiation, so the solar radiation reaching the surface is reduced. This anomalous

solar radiation is balanced by evaporation, sensible heat and longwave radiation emitted by the sur-

face associated with colder surface temperature, so the associated surface heat flux anomalies are

close to zero. Thus, the net radiative fluxes at TOA, F ′
t , determine F net′ which results in regional

imbalances in the energy budget and induces the precipitation anomalies through interaction with
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convection. In convective zones, the partition between anomalous evaporation, sensible heat and

surface longwave radiation is secondary since convection links moisture and energy budgets.

The remote effects are associated with two mechanisms: the anomalous gross moist stability

(M ′) mechanism and the upped-ante mechanism. The widespread cold tropospheric temperature

anomalies create a horizontal moisture gradient between convective regions and non-convective

regions. In convective zones, the colder temperature yields reduced low-level moisture in order to

maintain convective quasi-equilibrium, a process referred to as QE-mediation (CN04; Neelin and

Su 2005). Negative low-level moisture anomalies tend to increase the gross moist stability and

stabilize the atmosphere. Therefore, convection is suppressed and negative precipitation anoma-

lies are induced over convective regions. This effect is referred to as the M ′ mechanism. Over

non-convective regions where moisture is controlled by different mechanisms, such as the bal-

ance between divergence and evaporation, the low-level moisture does not decrease as much as

in convective regions. The mean circulation thus transports less negative low-level moisture from

non-convective regions into convective regions where negative low-level moisture anomalies are

larger. The horizontal advection of moisture enhances the low-level moisture at the margins of

convective regions, strengthening convection. Thus, precipitation is increased by this upped-ante

mechanism over margins of convective regions where there is strong inflow. As noted in CN04,

uncertainties in M ′ are a potential source of climate model disagreement, so effects associated

with the M ′ mechanism should be regarded as model-dependent.

Over regions with strong aerosol forcing coinciding with convection, the local effect of aerosol

contributes a large portion of the negative precipitation anomalies, while the M ′ mechanism con-

tributes only a small portion of the negative precipitation anomalies. This is seen, for instance,

in local versus remote experiments over a South American target region. The upped-ante mech-

anism is responsible for the positive precipitation anomalies over margins of convective regions,

such as northeast Brazil. The importance of the aerosol local and remote effects differs from

region to region. For instance, over the maritime continent where the aerosol concentration is
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low, most precipitation changes are contributed by remote effects. An experiment that specifies

tropospheric temperature anomalies from the control run within the convection scheme—and thus

includes only the remote effects—produces many regions of precipitation anomalies resembling

those of the control. A surprising portion of the tropical temperature and precipitation response

is reproduced by specifying mid-latitude aerosol forcing alone, indicating the importance of mid-

latitude to tropics remote effects.
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TABLE 1: Summary of moist static energy and moisture budget balances that make tropical regional pre-

cipitation anomalies behave differently from a 1-D radiative convective model, especially with respect to

absorption. The case for land or equilibrated mixed-layer with F′
s = 0 is used.

3-D case 1-D case

P ′ = (Mq∇ · v1)
′− < v · ∇q >′ +E ′ P ′ = E ′

F ′
t = (M∇ · v1)

′+ < v · ∇q >′ F ′
t = 0

Tropical regional precipitation anomalies mostly Surface energy partition affects E ′

due to energy and moisture transports;

little affected by absorption; E ′ secondary
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FIGURE CAPTIONS

FIGURE 1. (a) December-February (DJF) precipitation and (b) tropospheric temperature (850-

200 hPa) differences between the ECHAM4 present-day (PD) and pre-industrial (PI) simulations.

The thick dashed line in (a) is 150 Wm−2 contour from the DJF precipitation climatology. Contour

interval is 10 Wm−2 for precipitation. Dark shading is above 30 Wm−2 and light shading is below

-30 Wm−2. Contour interval is 0.2◦C for temperature. Dark shading is above 1.2◦C and light

shading is between 0.8◦C and 1.2◦C. Precipitation is given in Wm−2 for comparison to energy

budgets. Divide by 28 to obtain mm day−1.

FIGURE 2. ECHAM4 aerosol forcing for DJF. (a) Solar absorption by the atmosphere (S↓
t −

S↑
t − S↓

s + S↑
s ), (b) solar reflection at TOA (S↑

t − S↓
t ), and (c) net solar absorption by the surface

(S↓
s −S↑

s ). Contour interval is 4 Wm−2. Dark shading is above 8 Wm−2 and light shading is below

-8 Wm−2.

FIGURE 3. As in Fig. 1 except for the QTCM simulations of PD-PI differences: (a) precipitation

and (b) temperature. Dark shading is above 1.0◦C and light shading is between 0.6◦C and 1.0◦C

(different from Fig. 1).

FIGURE 4. As in Fig. 3 except for the experiment with the aerosol reflection only.

FIGURE 5. As in Fig. 3 except for precipitation of the experiment with the aerosol absorption

only. Contour interval is 2 Wm−2 (different from Fig. 3).

FIGURE 6. As in Fig. 1 except for other ECHAM4 variables: (a) near surface temperature

(1000 hPa), (b) low tropospheric moisture (1000-700 hPa), (c) Fs′, (d) F net′ , (e) OLR, and (f)

evaporation. The moisture is in energy units, i.e., with latent heat per unit mass, L, absorbed.

Contour interval for (a) and (b) is 0.3◦C with dark shading above 1.2◦C and light shading between

0.9◦C and 1.2◦C. Contour interval is 4 Wm−2 for (c), (d) and (f) and 2 Wm−2 for (e) with dark

shading is above 8 Wm−2 and light shading is below -8 Wm−2.

FIGURE 7. As in Fig. 6 except for the QTCM simulations and surface temperature in (a). Dark
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shading is above 0.9◦C and light shading is between 0.6◦C and 0.9◦C for (a) and (b).

FIGURE 8. As in Fig. 7 except for moisture and moist static energy budget terms (a) (Mq∇·v1)
′,

(b) − < v ·∇q >′, (c) M̄∇·v1
′, (d) −M ′∇· v̄1, and (e) − < v ·∇(q +T ) >′. Contour interval is

10 Wm−2 with dark shading above 30 Wm−2 and light shading below -30 Wm−2 for (a). Contour

interval is 4 Wm−2 with dark shading above 8 Wm−2 and light shading below -8 Wm−2 for others.

FIGURE 9. As in Fig. 3 except for the experiment with the aerosol forcing only within the box

around South America. (a) precipitation with contour interval 10 Wm−2, (b) F net′ with contour

interval 4 Wm−2, and (c) M̄∇ · v1
′ with contour interval 4 Wm−2.

FIGURE 10. As in Fig. 9 except for the experiment with the aerosol forcing only outside the

box around South America. (a) precipitation, (b) tropospheric temperature (850-200 hPa), and (c)

low-level moisture (1000-700 hPa).

FIGURE 11. As in Fig. 3 except for the experiment with the aerosol forcing only within 20◦N-

50◦N. (a) precipitation and (b) tropospheric temperature (850-200 hPa).

FIGURE 12. (a) Precipitation and (b) low-level moisture differences between the QTCM present-

day (PD) and pre-industrial (PI) period for the experiment with modified tropospheric temperature

anomalies specified in the convection scheme.
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FIGURE 1: (a) December-February (DJF) precipitation and (b) tropospheric temperature (850-200 hPa)

differences between the ECHAM4 present-day (PD) and pre-industrial (PI) simulations. The thick dashed

line in (a) is 150 Wm−2 contour from the DJF precipitation climatology. Contour interval is 10 Wm−2 for

precipitation. Dark shading is above 30 Wm−2 and light shading is below -30 Wm−2. Contour interval

is 0.2◦C for temperature. Dark shading is above 1.2◦C and light shading is between 0.8◦C and 1.2◦C.

Precipitation is given in Wm−2 for comparison to energy budgets. Divide by 28 to obtain mm day−1.
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FIGURE 2: ECHAM4 aerosol forcing for DJF. (a) Solar absorption by the atmosphere (S↓t −S↑
t −S↓

s +S↑
s ),

(b) solar reflection at TOA (S↑
t −S↓

t ), and (c) net solar absorption by the surface (S↓s −S↑
s ). Contour interval

is 4 Wm−2. Dark shading is above 8 Wm−2 and light shading is below -8 Wm−2.
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FIGURE 3: As in Fig. 1 except for the QTCM simulations of PD-PI differences: (a) precipitation and (b)

temperature. Dark shading is above 1.0◦C and light shading is between 0.6◦C and 1.0◦C (different from

Fig. 1).
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FIGURE 4: As in Fig. 3 except for the experiment with the aerosol reflection only.
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FIGURE 5: As in Fig. 3 except for precipitation of the experiment with the aerosol absorption only. Contour

interval is 2 Wm−2 (different from Fig. 3).
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FIGURE 6: As in Fig. 1 except for other ECHAM4 variables: (a) near surface temperature (1000 hPa), (b)

low tropospheric moisture (1000-700 hPa), (c) Fs′, (d) Fnet′ , (e) OLR, and (f) evaporation. The moisture

is in energy units, i.e., with latent heat per unit mass, L, absorbed. Contour interval for (a) and (b) is 0.3◦C

with dark shading above 1.2◦C and light shading between 0.9◦C and 1.2◦C. Contour interval is 4 Wm−2

for (c), (d) and (f) and 2 Wm−2 for (e) with dark shading is above 8 Wm−2 and light shading is below -8

Wm−2.
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FIGURE 7: As in Fig. 6 except for the QTCM simulations and surface temperature in (a). Dark shading is

above 0.9◦C and light shading is between 0.6◦C and 0.9◦C for (a) and (b).
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FIGURE 8: As in Fig. 7 except for moisture and moist static energy budget terms (a) (Mq∇ · v1)′, (b)

− < v ·∇q >′, (c) M̄∇ ·v1
′, (d) −M ′∇ · v̄1, and (e) − < v · ∇(q + T ) >′. Contour interval is 10 Wm−2

with dark shading above 30 Wm−2 and light shading below -30 Wm−2 for (a). Contour interval is 4 Wm−2

with dark shading above 8 Wm−2 and light shading below -8 Wm−2 for others.
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FIGURE 9: As in Fig. 3 except for the experiment with the aerosol forcing only within the box around

South America. (a) precipitation with contour interval 10 Wm−2, (b) Fnet′ with contour interval 4 Wm−2,

and (c) M̄∇ · v1
′ with contour interval 4 Wm−2.
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FIGURE 10: As in Fig. 9 except for the experiment with the aerosol forcing only outside the box around

South America. (a) precipitation, (b) tropospheric temperature (850-200 hPa), and (c) low-level moisture

(1000-700 hPa).
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FIGURE 11: As in Fig. 3 except for the experiment with the aerosol forcing only within 20◦N-50◦N. (a)

precipitation and (b) tropospheric temperature (850-200 hPa).
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FIGURE 12: (a) Precipitation and (b) low-level moisture differences between the QTCM present-day (PD)

and pre-industrial (PI) period for the experiment with modified tropospheric temperature anomalies speci-

fied in the convection scheme.


