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warming in the middle troposphere, leading to increased 
atmosphere stability and moisture divergence over the 
Amazon. However, during the dry season when the convec-
tive system is stronger over the Amazon, rainfall increases 
in that region due to the warming of the air over the upper 
troposphere produced by biomass burning aerosols, which 
produces an anomalous upward motion and a convergence 
of moisture flux over the Amazon and draws the moisture 
and precipitation further inland. Therefore, aerosol effects 
on precipitation depend on the large-scale atmospheric 
stability, resulting in their different roles over the Amazon 
during the dry and wet seasons.

1  Introduction

The Amazon has been experiencing worsened drought 
during the past decade. The 2005 drought in the Ama-
zon was described as a “once a century” event (Marengo 
et al. 2008), but it was followed by an even worse one only 
5 years later in 2010 (Lewis et al. 2011). The droughts were 
likely associated with unusually warm seas in the Atlantic 
Ocean off the Brazilian coast, the possible result of anthro-
pogenic emissions. Using monthly data from simulations 
performed by global climate models of the Coupled Model 
Comparison Project, scientists have found that in a warm-
ing planet, the dry season of the Amazon would begin ear-
lier in the year and end later in the year, making its overall 
impact more marked (Boisier et al. 2015). The variability of 
the rainy season onset over the Amazon has been attributed 
by most studies to the variability of the tropical oceans, 
such as El Nino-Southern Oscillation (ENSO) and anoma-
lies in the north–south gradient of the tropical Atlantic sea 
surface temperature (SST; Liebmann and Marengo 2001; 
Fu et al. 2001; Zeng et al. 2008; Cox et al. 2008; Marengo 

Abstract  The climatic effects of aerosols on the precipi-
tation over the Amazon during the dry to wet transition 
period have been investigated using an atmospheric general 
circulation model, NCEP/AGCM, and the aerosol climatol-
ogy data. We found increased instability during the dry sea-
son and delayed wet season onset with aerosols included 
in the model simulation, leading to the delay of the maxi-
mum precipitation over the Amazon by about half a month. 
In particular, our GCM simulations show that surface solar 
flux is reduced in the Amazon due to the absorption and 
scattering of the solar radiation by aerosols, leading to 
decreased surface temperature. Reduced surface solar flux 
is balanced by decreases in both surface sensible heat and 
latent heat fluxes. During the wet season, the subtropical 
system over the Amazon has a shallower convection. With 
the inclusion of aerosols in the simulation, precipitation in 
the rainy season over the Amazon decreases in the major 
rainfall band, which partially corrects the overestimate 
of the simulated precipitation in that region. The reduced 
surface temperature by aerosols is also coupled with a 
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et al. 2011), and land surface conditions (Fu and Li 2004; 
Butt et  al. 2011). While these are very important factors, 
whether they can explain the observed climate variability 
of the rainy season onset or the length of the dry season 
remains unclear. Evidences of significant aerosol influence 
on precipitation in Amazon (e.g. Martins et al. 2009; Jiang 
et  al. 2008) and other places in the world (e.g. Gu et  al. 
2006, 2012, 2016) are emerging, raising the question as to 
whether or not aerosol could contribute to the drought in 
the Amazon.

The typical dry (June to November) to wet (December 
to May) circulation transition in the Amazon is largely 
determined by the elevated diabatic heating produced by 
convection (e.g., Lenters and Cook 1997), either locally 
generated or propagating as a meso-scale system (Greco 
et  al. 1990; Machado et  al. 1998). The dry season in the 
Amazon is characterized by the deeper propagating con-
vection (Silva Dias 2002; Rickenbach 2002; Petersen et al. 
2002, 2006) with warmer surface temperature and strong 
vertical wind shear, convective available energy (CAPE) 
and inhibition energy (CIN). During the wet season, how-
ever, the atmosphere is thermodynamically near neutral 
with cooler surface temperature, shallower convection, 
and weaker wind shear, CAPE and CIN. Since the atmos-
pheric thermodynamic structure is generally near neutrally 
stable during the transition, relatively small changes in the 
atmospheric boundary layer due to changes of land surface 
fluxes, clouds and aerosols, during the early phase of the 
dry to wet transition, could induce a chain of feedbacks, 
leading to the reversal of large scale wind and moisture 
transport during the transition (Li and Fu 2004). The aero-
sol loadings are strongest at the initial phase of the transi-
tion, while the influence by ENSO and Atlantic variability 
are relatively weak during June–August so that the aero-
sols can play a more important role in the early transition 
of the atmospheric thermodynamic structure, as indicated 
by the observed strong links between aerosol optical depth 
during dry season and subsequent changes of rainy season 
onset (e.g., Fu and Li 2004). Once the large-scale transi-
tion begins, aerosol concentrations decrease and remotely 
forced large-scale atmospheric circulation, such as ENSO, 
becomes the dominant source of rainfall variability 
(Marengo et al. 2008).

Aerosols from pasture and fires spread over a large area 
of the Amazon (Martin et al. 2010), in which biomass burn-
ing aerosols dominate. These absorbing aerosols can alter 
the radiation budget at the top of the atmosphere and the 
surface, and also influence the cloud formation, regional 
circulation, and precipitation through direct, semi-direct, 
and indirect effects. Understanding the impact of aero-
sols on radiation, clouds, and precipitation in the Ama-
zon is a key to reducing uncertainties in climate change 
simulations. The direct and semi-direct effects are related 

to the high absorption of biomass burning aerosols (Gu 
et al. 2006, 2012). These aerosols substantially absorb the 
incoming sunlight and hence influence the radiation field, 
referred to as the direct radiative effect. The direct effect 
would heat the air column and modify the horizontal and 
vertical temperature gradients, atmospheric stability, and 
convection strength (Miller and Tegen 1998; Menon et al. 
2002; Gu et  al. 2006). Meanwhile, due to the heating of 
the air column by biomass burning aerosols, the cloud field 
can be modified and hence exert cloud radiative forcing, 
referred to as the semi-direct effect (Hansen et  al. 1997; 
Gu et al. 2010). Absorbing aerosols within the cloud may 
decrease cloud cover by heating the air and reducing rel-
ative humidity. However, when absorbing aerosols are 
located above the cloud and increase the temperature there, 
they may enhance the cloud development by the suppres-
sion of diffusion from entrainment (Johnson et  al. 2004). 
When biomass burning aerosols are present in the cloudy 
atmosphere, they can serve as cloud condensation nuclei 
(CCN) or ice nuclei (IN), leading to increased cloud parti-
cle number. Consequently, the cloud particle size decreases 
(e.g. Jiang et  al. 2011) and could alter cloud lifetime and 
cloud radiative forcing. This process is known as the first 
indirect effect since it is through the modification of cloud 
fields due to changes in CCNs or INs associated with aero-
sols (Gu et al. 2012).

A number of studies have been conducted to investi-
gate the influence of biomass burning aerosols on pre-
cipitation over the Amazon (e.g., Jiang et  al. 2008; Mar-
tins et al. 2009; Goncalves et al. 2015), focusing more on 
aerosol indirect effect. Using satellite observations, Jiang 
et al. (2008) found the aerosol polluted clouds during dry 
season in Amazon have significantly weaker precipitation 
than those from the clean clouds. Using a regional climate 
model in a case study, Martins et  al. (2009) found that 
higher CCN concentrations increased high rainfall rates 
but reduced low-to-moderate rainfall rates. This is because 
that the aerosol indirect effect resulted in decreased cloud 
cover, allowing more solar radiation to be available in the 
lower atmosphere. Aerosol absorption in the lower lay-
ers delayed the convective evolution but produced higher 
maximum rainfall rates due to increased instability. Using 
observations from an S-band radar in the Amazon and 
in  situ measurements of biomass burning aerosol, Gon-
calves et al. (2015) found that the influence of aerosol on 
precipitation is modulated by the atmospheric instability. 
For more stable atmospheres (wet season), the higher the 
aerosol concentration is, the lower the precipitation is over 
the region. On the other hand, for more unstable cases (dry 
season), higher concentrations of black carbon are associ-
ated with greater precipitation. However, they pointed out 
that due to limitations imposed by the available data set, 
the responsible mechanisms need to be clarified by climate 
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model simulations. Recently, Gu et  al. (2016) have found 
that the dust aerosol effects on precipitation over the North 
Africa and over South/East Asia show very different char-
acteristics, in part due to the different large-scale circula-
tion patterns and convection strength.

The purpose of this study is to investigate how the aero-
sols influence the radiation, convection, clouds, and pre-
cipitation during the early phase of the dry to wet transi-
tion over the Amazon by examining the responses of the 
regional climate system to direct and semi-direct aerosol 
radiative forcing in the National Centers for Environmen-
tal Prediction (NCEP) Atmospheric General Circulation 
Model (AGCM). The organization of this paper is as fol-
lows. In Sect. 2, we present the model employed including 
the treatment of aerosols in the radiation calculations and 
the AGCM experiment design. The model simulations and 
discussions are presented in Sect. 3. Conclusions are given 
in Sect. 4.

2 � Model description

The NCEP AGCM (Kanamitsu et al. 2002) with a horizon-
tal resolution T62 and 17 vertical levels was used in this 
study. T62 represents 92 longitude equally spaced and 
94 latitude unequally spaced grid points, with a horizon-
tal resolution of approximate 1.875° × 1.90° at the equa-
tor. The prognostic cloud water and ice mixing ratios have 
two sources, namely grid-scale condensation (Zhao and 
Carr 1997; Sundqvist et al. 1989) and convection (Pan and 
Wu 1995). Both of them produce either cloud water or 
cloud ice, depending on the cloud substance at and above 
the grid point and the temperature. Evaporation of cloud 
occurs when the relative humidity is lower than the criti-
cal value required for condensation. Precipitation is diag-
nostically calculated directly from the cloud water/ice mix-
ing ratio. The fractional cloud cover used in the radiation 
calculation is diagnostically determined by the predicted 
cloud condensate based on the approach of Xu and Ran-
dall (1996). The model also has ozone as a prognostic vari-
able with a simple parameterization for ozone production 
and destruction based on 10-day mean climatological data 
available from NASA/GSFC. The shortwave radiation is 
parameterized following the NASA approach (Chou et al. 
1998; Hou et  al. 1996, 2002) and the longwave radiation 
following the GFDL scheme (Fels and Schwarzkopf 1975; 
Schwarzkopf and Fels 1991). For radiation calculation 
associated with clouds, multiple scattering is treated using 
a delta-Eddington approximation with a two-stream add-
ing method (Joseph et al. 1976; Coakley et al. 1983). Cloud 
single-scattering properties are parameterized as a function 
of effective radius of the cloud condensate. For liquid water 
cloud, an effective radius of 5 μm is used for temperature 

above 273.16 K, and a value between 5 and 10 μm is used 
for supercooled water with temperature between melting 
point and 253.16 K (Kiehl et al. 1998). The effective radius 
for ice is parameterized as a linear function of temperature, 
ranging from a value of 80 μm at 163.17 K to 20 μm at 
temperature at or below 223.16 K (Heymsfield and McFar-
quhar 1996). Both radiation parameterizations use random 
cloud overlap with shortwave and longwave being called 
every 1 and 3 h, respectively. The Simplified Simple Bio-
sphere Model version 2 (SSiB2) has been coupled with this 
AGCM (Xue et al. 1991, 2004; Zhan et al. 2003) and used 
in this study, along with the climatological sea surface tem-
perature (SST).

A tropospheric climatological aerosol distribution at 
5-degree resolution (Hess et al. 1998) is used in radiation 
calculations. Seven aerosol vertical distribution profiles 
are used in the data set. For each profile, up to five dis-
tinct vertical atmospheric domains are given according to 
the geographic region and the type of profile selected. Ten 
different types of aerosol components are used in the con-
struction of the aerosol profiles, including water-insoluble, 
soot, four modes of mineral dust (nucleation, accumulation, 
coarse, and transported modes), water-soluble, two modes 
of sea salt (accumulation and coarse modes), and sulfate. 
For each grid point, climatological data of aerosol compo-
nents are given, including the aerosol profile type, the mix-
ing ratio of the aerosol components, and the mean particle 
number density. A separate stratospheric volcanic aerosol 
scheme was also added that is capable of handling volcanic 
eruption events. A generalized spectral mapping scheme 
was developed to compute aerosol optical properties at 
each radiation spectral band.

Two sets of sensitivity experiments have been carried 
out as described below. Each simulation is a 6-year run 
with the initial condition corresponding to January 1, 2006. 
Note that each experiment contains 6 years of integration 
with prescribed climatological SST and land processes, 
representing six members starting from different initial 
conditions.

1.	 Case CTRL: In the control run (CTRL), the aerosol is 
turned off, therefore the aerosol effect is excluded from 
model simulation.

2.	 Case AERO: In the second experiment, the aerosol 
effect is accounted for by incorporating the climatol-
ogy aerosol data in NCEP AGCM.

Results are presented in ensemble means of each set of 
experiment. Since the two sets of experiments are identical 
except for the aerosols, significant differences in the ensem-
ble mean between the two sets of experiments can be attrib-
uted to the sensitivity of the regional climate responses to 
aerosol radiative forcing. The two-tailed Student’s t test, in 
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which deviations of the estimated parameter in either direc-
tion are considered theoretically possible, is used in this 
study to measure the statistical significance of the sensitiv-
ity simulations. The threshold chosen for statistical signifi-
cance is 0.1 for all the results in this study.

3 � Model simulations

3.1 � General features and evolution of the South 
America monsoon

Figure 1a shows the December–February (DJF) mean pre-
cipitation over the Amazon obtained from the Climate Pre-
diction Center Merged Analysis of Precipitation (CMAP; 
Xie and Arkin 1997) in which observations from the rain 
gauge are merged with several satellite-based observa-
tions. The major South America monsoon rainfall band is 
located in the region between 5°N–25°S and 70°W–40°W 
(Fig. 1a). The CTRL experiment simulated DJF precipita-
tion reasonably well, with the South America monsoon 
precipitation captured, albeit the western Amazon along the 
Andes was dry and too much precipitation was simulated 
over the central and eastern Amazon (Fig. 1b). Compared 
to CTRL, AERO, with the inclusion of aerosols in the sim-
ulation, improved the simulation by reducing the precipita-
tion in the central and eastern Amazon while enhancing the 
rainfall in the western Amazon. Here dots represent differ-
ences that are statistically significant at a significance level 
of 0.1 (Fig. 1c).

Figure  2 illustrates the South America monsoon evo-
lution in the form of monthly mean precipitation maps 
for August, October, December, and February. In August 
which is the middle of the dry season of the Amazon, the 
observed rainfall band is mainly located over equator—
15°N, to the north of Amazon (Fig.  2a), with local max-
ima over the Caribbean coast of Venezuela, Columbia, and 
Guyana, while the Amazon region was very dry. The CTRL 
well simulated these features; however, the simulated 
precipitation maximum was higher compared to CMAP 
(Fig. 2e). During the early phase of the dry to wet transi-
tion, a southeastward shift of the convection from the equa-
tor toward the Amazon basin and the Brazilian high lands 
is observed in CMAP. Besides the precipitation center over 
the equator to 15°N, the October mean precipitation also 
shows a maximum precipitation (4–6  mm/day) over the 
central Amazon (Fig.  2b). The CTRL captured the south-
eastern spreading of the precipitation and a dry northeast-
ern Brazil in October. The simulated precipitation over the 
Andes, however, was stronger than that in CMAP, and the 
maximum over the central Amazon was missing (Fig. 2f). 
The maximum precipitation extends toward the southeast 
in December (Fig.  2c). The CTRL showed the observed 
extension of rainfall into southeastern South America and 
the heavy rainfall in the central Amazon and southeastern 
Brazil. The simulated precipitation, however, was much 
heavier over the monsoon region. In addition, the simu-
lated precipitation also showed a strong branch along the 
northeast South American coast, which merged with the 
ITCZ (Fig. 2g). In CMAP observations, however, there is 

DJF Mean Precipitation 

CMAP CTRL(a) (b) (c) AERO-CTRL

Fig. 1   DJF mean precipitation (mm day−1). a Observations from CMAP, b simulated from CTRL, and c differences between AERO and CTRL 
over Amazon. The dotted areas denote differences which are statistically significant at a significance level of 0.1
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a clear separation between the monsoon region over the 
land and the ITCZ over the Atlantic Ocean (Fig. 2c). Dur-
ing the mature phase of the South American monsoon, the 
convection gradually retreats northward toward the equator, 
merging with the ITCZ. In February, the major precipita-
tion band occurs along the equator (Fig. 2d). These features 
were well simulated in the CTRL. The intensity, however, 
was stronger over the monsoon region. Heavy rain was also 
found along the Andes, which is not seen in the observation 
(Fig. 2h).

3.2 � Aerosol effects

The aerosol effect can be shown by examining the differ-
ences between cases AERO and CTRL. It is shown from 
Fig. 1c that due to the aerosol’s effect, precipitation in the 
wet season decreases in this major rainfall band, where aer-
osols are located, which partially corrects the overestimate 
of the simulated precipitation in that region. In order to see 
the aerosol effect in the dry to wet transition, Fig. 3 shows 
the temporal revolution of monthly rainfall for AERO and 

CTRL averaged over 50°W–70°W from January to Decem-
ber. It is found that during the late phase of dry season, the 
major rainfall band over 10°N to equator was weakened 
over October–November, while precipitation was enhanced 
over the southern Amazon due to the aerosol effect. Dur-
ing the wet season, the maximum precipitation over the 
Amazon started to occur between January and February in 
the CTRL (Fig. 3a). However, it occurred around February 
in the case AERO (Fig. 3b), indicating that aerosol effect 
tends to delay the maximum precipitation over the Amazon 
by about half a month.

Figure  4 shows the temporal evolution of the zonally 
averaged (50°W–70°W) differences in precipitation, cloud 
cover, surface downward solar flux, OLR, sensible heat 
flux, and latent heat flux. Precipitation generally decreased 
over the Amazon in the wet season during December to 
February ( Fig. 4a), but increased in March, corresponding 
to the decreased/increased cloud cover (Fig.  4b), indicat-
ing the delay of the wet season over the Amazon in asso-
ciation with aerosols. Surface solar flux decreased in the 
whole area due to the absorption and scattering of the solar 

August October December February

Monthly Mean Precipitation
CMAP

CTRL

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 2   Monthly mean precipitation (mm day−1) from CMAP observations (top panel) for a August, b October, c December, and d February, and 
simulated from CTRL for e August, f October, g December, and h February over Amazon
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Temporal Evolution of Monthly Rainfall 

CTRL AERO

Averaged over 50°W - 70°W
(a) (b)

Fig. 3   Temporal evolution of monthly mean precipitation (mm day−1) averaged over 50°W–70°W simulated from a CTRL and b AERO

Temporal Evolu�on of Monthly Mean Differences

Precipita�on

Cloud Cover (%)

Surface Downward Solar Flux

OLR

Sensible Heat Flux

Latent Heat Flux

(a)

(b)

(c)

(d)

(e)

(f)

Averaged over 50 W - 70 W
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Fig. 4   Temporal evolution of monthly mean differences between AERO and CTRL averaged over 50°W–70°W in a precipitation (mm day−1), b 
cloud cover (%), c surface downward solar flux (W m−2), d OLR (W m−2), e sensible heat flux (W m−2), and f latent heat flux (W m−2)
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radiation by aerosols. The larger reductions in March and 
October–November were due to the increased cloud cover 
(Fig.  4c). Outgoing longwave radiation (OLR) is an indi-
cation of convection strength. Increased/decreased OLR 
corresponded to weakened/strengthened convection and 
hence reduced/enhanced precipitation, as shown in Fig. 4d 
for January–February/March. Sensible heat flux showed 
decreases over the region due to the decreased surface tem-
perature caused by the aerosols (Fig. 4e). Latent heat also 
decreased over the Southern Amazon in response to the 
reduced precipitation and surface solar radiation (Fig. 4f). 
Figure  5 further illustrates the rainfall evolution over the 
Amazon by showing the domain averaged (50°W–70°W, 
5°S–15°S) precipitation for CTRL and AERO cases 
(Fig.  5a) and their differences (Fig.  5b). It is shown that 
due to the aerosol effect, the domain averaged precipitation 
was reduced during December–February while enhanced 
in October and March, indicating the increase/decrease of 
precipitation in dry/wet season and the delays of the onset 
of the wet season and the maximum of the rainfall. 

Since we focus on the aerosol effect during the transi-
tion period, Fig.  6 shows the differences in precipitation 
in October (late phase of dry season) and December (early 
phase of wet season), respectively. In October, the observed 
major rainfall band is located over 0°N–15°N with another 
maximum over the central Amazon (Fig.  2b) where the 
CTRL overestimate the precipitation in the major rainfall 
band but underestimate the rainfall over the central Ama-
zon (Fig.  2f). With aerosol effect included in the simula-
tion, the precipitation was weakened over the major rainfall 
band but strengthened over the central Amazon (Fig.  6a). 

In December the major rainfall band shifts to the central 
Amazon (Fig.  2c), where the precipitation was overes-
timated in the CTRL (Fig. 2g). The effects of aerosol led 
to decreases in precipitation over the Amazon (Fig.  6b). 
Therefore, aerosol effect generally leads to less precipita-
tion over the major rainfall band. However, for the Ama-
zon region where the aerosols are located, precipitation 
increases in the dry season but decreases in the wet season. 
When the atmosphere over the Amazon is more unstable 
in the dry season, biomass burning aerosols can draw the 
precipitation further inland to the Amazon area, leading 
to more precipitation over the Amazon but less precipita-
tion over the major rainfall band located to the north of the 
Amazon. When the atmosphere over the Amazon is more 
stable in wet season, aerosols seem to reduce the precipi-
tation over the region. Figure  7 illustrates the differences 
in the 850 hPa moisture flux and the vertically integrated 
moisture flux divergence between AERO and CTRL for 
October and December, respectively. It is shown that due 
to aerosol effect, stronger moisture divergence occurred 
over the major rainfall band (between 15°N and 5°S to the 
north of the Amazon) in October, while strengthened mois-
ture convergence is produced over the Amazon. In Decem-
ber, anomalous divergence of moisture is produced over 
most area of the Amazon due to aerosol effect, leading to 
decreased precipitation.

To further delineate changes in circulation and relevant 
mechanisms caused by the aerosol forcing, we show the 
latitude-height cross sections of October temperatures 
and streamlines at 60°W for CTRL and the differences 
between AERO and CTRL (Fig.  8). In October which is 

Rainfall Evolution
Averaged over 50°- 70°W, 5°-15°S

AERO

CTRL
AERO - CTRL
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Fig. 5   Domain averaged precipitation evolution over 50°W–70°W, 5°S–15°S for a CTRL and AERO, and b their differences
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the dry season, large scale upward motion is found over 
15°N–10°S where the major rainfall is located. Another 
strong updraft region from surface is located over the 
Amazon (15°S–25°S) caused by the warmer land. The 
intersection of the deep tropical system (~15°N to 10°S) 
and the subtropical system to the south (~15°S to 25°S) 
results in a southward tilt of the stream lines in the mid-
dle troposphere (Fig. 8a). Aerosols are mostly located over 
the Amazon during October, leading to cooling over the 
Amazon and the area to its north, and warming to the south 
and the upper troposphere. The large scale surface cooling 
leads to the weakening of the upward motion and hence the 
reduced precipitation over the major rainfall band. Due to 
the rather strong subtropical convection over the Amazon, 
warming produced by the biomass burning aerosols occurs 
at the 200 hPa in the upper troposphere to the south of the 
Amazon, which induces anomalous updraft (Fig.  8b) and 
moisture convergence (Fig.  7a) around 20°S, resulting in 

increased precipitation over that region. This is in agree-
ment with the elevated heat pump theory suggested by Lau 
et  al. (2006) and also reported by Gu et  al. (2006, 2016). 
In December, the large-scale upward motion shifts south-
ward over 5°N–15°S, leading to the extension of the rain-
fall band to the Amazon. The monsoon inflow is seen near 
the surface at about 5°N and extends to about 15°S con-
fined below 850 hPa, with ascending motion across these 
latitudes. The convection over 15°S–25°S becomes much 
shallower during the wet season, constrained by an anticy-
clonic circulation located at above 700 hPa (Fig. 9a). Due 
to the aerosol effects, cooling is found on the surface over 
20°S–35°S, while warming is seen to the north in the entire 
air column and the south in the middle troposphere capped 
by the anticyclonic circulation, increasing the atmospheric 
stability. Anomalous downward motion is induced over 
10°N–35°S, leading to a large area of reduced precipitation 
over the Amazon (Fig. 9b).

October

Differences in Precipitation (AERO-CTRL)
December(a) (b)

Fig. 6   Monthly mean precipitation (mm day−1) differences between AERO and CTRL for a October and b December
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850mb Moisture Flux & VIMFD (AERO-CTRL)
DecemberOctober(a) (b)

Fig. 7   Monthly mean differences in moisture flux (m s−1) at 850 hPa and vertically integrated moisture flux divergence (mm day−1) between 
AERO and CTRL for a October and b December

Streamline and Temperature at 60°W (October)

CTRL(a) (b) AERO-CTRL

Fig. 8   Latitude-height cross section of October mean streamline (u; −ω × 100) and temperature (K, shaded) simulated from a CTRL and b dif-
ferences between AERO and CTRL at 60°W
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4 � Conclusions

Climate simulations using the NCEP AGCM have been 
carried out to investigate the role of aerosols on regional 
climate, including surface temperature and precipitation as 
well as circulation during the dry to wet transition over the 
Amazon, with an emphasis on the evolution of precipita-
tion. Two experiments have been performed, one with aero-
sol included, one without aerosol effect. The simulations 
consist of two sets of 6-year simulations with prescribed 
climatological SST and land processes, representing six 
members of each experiment starting from different initial 
conditions.

It is shown that with the inclusion of aerosols in the sim-
ulation, precipitation in the rainy season (DJF) decreases in 
this major rainfall band over the Amazon, which partially 
corrects the overestimate of the simulated precipitation in 
that region. In addition, simulation of precipitation distribu-
tion has also been improved for DJF by reducing the pre-
cipitation in the central and eastern Amazon while enhanc-
ing the rainfall in the western Amazon. Examination of 
the temporal revolution of monthly rainfall illustrates that 
during the late phase of dry season, the major rainfall band 
over 10°N to equator was weakened, while precipitation 
over the southern Amazon was enhanced due to aerosol 
effect. During the wet season, aerosol effect tends to delay 
the maximum precipitation over the Amazon by about half 
a month.

Aerosol effect is further investigated through the tem-
poral evolution of zonally averaged differences in various 

fields. With aerosol effects included in the model, surface 
solar flux is reduced in the whole area due to the absorp-
tion and scattering of the solar radiation by aerosols, lead-
ing to decreased surface temperature. Sensible heat also 
decreases as a consequence of the cooler surface tempera-
ture, partially balancing the reduced surface solar radiation. 
Decrease in surface solar flux is also partially balanced by 
decreased latent heat flux which is a result of decreased pre-
cipitation in wet season. Precipitation generally decreases 
over the Amazon in the wet season but increases in March, 
indicating the delay of the wet season over the Amazon. 
Changes in cloud cover follow the patterns of precipitation 
evolution, as also indicated by the differences in OLR, an 
indication of convection strength.

Since the focus of this study is the aerosol effect during 
the transition period, simulation results for October (late 
phase of dry season) and December (early phase of wet 
season) have been further examined. During the dry sea-
son (October) when the atmosphere is more instable with 
a stronger convection, biomass burning aerosols produces 
warming over the 200 hPa in the upper troposphere, which 
induces an anomalous updraft around 20°S. Anomalous 
moisture convergence is produced over the Amazon while 
stronger moisture divergence occurs over the major rainfall 
band to the north of the Amazon. Precipitation is drawn fur-
ther inland to the Amazon area, leading to more precipita-
tion over the Amazon but less precipitation over the major 
tropical rainfall band. During the wet season (December) 
when the atmosphere is more stable with a much shallower 
convection over the Amazon, warming by aerosols mostly 

Streamline and Temperature at 60°W (December)
(a) (b)CTRL AERO-CTRL

Fig. 9   Latitude-height cross section of December mean streamline (u; −ω × 100) and temperature (K, shaded) simulated from a CTRL and b 
differences between AERO and CTRL at 60°W
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occurs in the middle troposphere constrained by the anticy-
clonic circulation, while cooling occurs over the Amazon, 
leading to increased stability and anomalous downward 
motion. Consequently, strengthened divergence of moisture 
is produced over most area of the Amazon due to aerosol 
effect, leading to decreased precipitation. Therefore, roles 
of aerosols on precipitation over the Amazon during the dry 
to wet transition are different in association with the differ-
ent characteristics of the regional atmospheric circulation 
patterns and stabilities.
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