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[1] Biomass burning in the Amazon provides strong input of aerosols into the
atmosphere, with potential effects on precipitation, cloud properties, and radiative balance.
However, few studies to date have systematically examined these effects at the scale of the
Amazon Basin, over an entire burning season, using available data sets. We empirically
study the relationships of aerosol optical depth (ta) versus rainfall and cloud properties
measured from satellites over the entire Brazilian Amazon during the dry, biomass
burning seasons (August–October) of 2000 and 2003. Elevated ta was associated with
increased rainfall in both 2000 and 2003. With enhanced ta, cloud cover increased
significantly, and cloud top temperature/pressure decreased, suggesting higher cloud tops.
The cloud droplet effective radius (Re) exhibited minimal growth with cloud height under
background levels of ta, while distinct increases in Re at cloud top temperatures below
�10�C, indicative of ice formation, were observed with aerosol loading. Although
empirical correlations do not unequivocally establish the causal link from aerosols, these
results are consistent with previous observational and modeling studies that pointed to
dynamical effects from aerosols that invigorate convection, leading to higher clouds,
enhanced cloud cover, and stronger rainfall. We speculate that changes in precipitation and
cloud properties associated with aerosol loading observed in this study could have
important radiative and hydrological effects on the Amazonian climate system. The
accelerated forest burning for agricultural land clearing and the resulting enhancements in
aerosols and rainfall may even partially account for the observed positive trend in
Amazonian precipitation over the past several decades.
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1. Introduction

[2] Forest fires in the Amazon, which have accelerated
over the past decades because of human activities [Crutzen
and Andreae, 1990; Setzer et al., 1994], release large
quantities of aerosols into the atmosphere. Aerosols serve
as cloud condensation nuclei (CCN) [Warner and Twomey,
1967], modifying cloud properties and affecting the cli-
mate system [National Research Council (NRC), 2005;
Ramanathan et al., 2001]. Enhanced input of aerosols into
the atmosphere has been suggested to suppress precipitation
[Ramanathan et al., 2001] by increasing CCN concentra-
tions and reducing cloud droplet size and droplet coales-
cence [Twomey, 1977]. Changes in tropical precipitation can
have significant, potentially even global consequences.
Tropical precipitation provides three fourths of the energy
that drives the atmospheric wind circulation through latent

heat release [Kummerow et al., 2000]. A significant fraction
of tropical precipitation takes place in Amazônia [Chahine,
1992], which is the largest expanse of tropical rain forest in
the world [Food and Agriculture Organization, 1993].
Suppression of rainfall can potentially lead to a positive
feedback through a drier land surface, stronger susceptibility
to fires, and even greater aerosol-induced suppression of
rainfall [Laurance and Williamson, 2001]. Such perturbations
to the hydrological cycle can also have major consequences
for the fresh water supply [Lohmann and Feichter, 2005;
Ramanathan et al., 2001].
[3] Rosenfeld [1999], using satellite-based precipitation

observations from the Tropical Rainfall Measuring Mission
(TRMM), illustrated for a single day that aerosols from a
biomass burning event in Indonesia shut down warm-rain
processes.Kaufman andFraser [1997], on the basis of satellite
observations from theAVHRR sensor, have shown a reduction
in the cloud droplet radius with aerosol loading from biomass
burning in the Amazon but did not quantify the effect on
precipitation. Andreae et al. [2004], analyzing aircraft obser-
vations in the Amazon, found reductions in cloud droplet sizes
and delays in the onset of precipitation within smoky clouds.
The lack of early warm-rain processes enabled updrafts to
accelerate and reach higher altitudes and produce stronger
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storms. Thus the authors concluded that the net effect of
aerosols on total precipitation ‘‘remains unknown.’’
[4] Furthermore, aerosol-induced modification of cloud

properties which cause changes in precipitation can also
have radiative consequences. Twomey [1977] pointed out
that the increase in droplet concentrations and decrease in
droplet size from aerosol loading cause clouds to be more
reflective, given a constant liquid water path. Albrecht
[1989] suggested that aerosol-induced drizzle reduction
increases the cloud cover, enhances global albedo, and
cools the Earth’s surface. Nonetheless, the exact radiative
effect of clouds depends critically not just on amount and
droplet concentrations, but also on the phase of hydro-
meteors and the height of clouds [Intergovernmental Panel
on Climate Change (IPCC), 2001b; NRC, 2005]. How
biomass burning aerosols affect ice formation and cloud
height remains a key question that needs to be examined.
[5] Sekiguchi et al. [2003] investigated global-scale cor-

relations between low-level cloud properties and aerosol
concentrations measured by AVHRR sensor over the ocean.
They reported increased cloud fraction with enhanced
aerosols but no clear relationship with cloud top tempera-
ture. The emphasis on oceanic measurements and the global
scope of this study precluded clear conclusions about the
effects of Amazonian biomass burning. Koren et al. [2004],
using MODIS measurements on the Aqua satellite, found
scattered cumulus cloud cover in the Amazon to decrease
with increases in biomass-burning-derived aerosols. They
did not report the effect on the total cloud cover or other
cloud properties.
[6] Given the inconclusive nature and the limited spatial/

temporal coverage in previous studies, we examine data
from satellites that sample extensively in both the spatial
and temporal domains, focusing on Amazônia. We include
all clouds detected from the satellite sensors, rather than
restricting the analyses to low-level clouds or as in past
studies. Amazônian cloud cover is characterized by scattered
cumuli in the lower levels [Koren et al., 2004] and strongly
convective clouds that reach higher altitudes [Hartmann,
1994], instead of stratus layers more typical of marine
clouds.
[7] The analysis combines satellite observations of pre-

cipitation from the two sensors in the TRMM mission
[Simpson et al., 1996] and measurements of aerosol optical
depth (ta) [Kaufman et al., 1997] as well as cloud properties
[Platnick et al., 2003] from the MODIS sensor on board the
Terra platform.
[8] We attempt to address the following question: What is

the quantitative effect of biomass burning derived aerosols
on precipitation and clouds over the Amazon Basin during
the dry season? The study adopts an empirical approach,
examining relationships between ta and other variables.
While the approach cannot unequivocally establish the
effects of aerosol loading in a mechanistic way, we envision
this work as a first determination of observed relationships
that can be probed in future studies (e.g., using models).

2. Study Region

[9] The study region is shown as the red box in Figure 1.
This region is primarily covered by the tropical rain forest,
excluding the savanna region in southern Brazil, and over-

laps to a great extent with a previous study in the Amazon
[Koren et al., 2004]. Because of the small number of large
cities in the study region, the dominant source of aerosols is
biomass burning, particularly during the dry season (Au-
gust–October) [Guyon et al., 2003; Procopio et al., 2004].
The mean ta averaged over August–October of 2000
(Figure 1) shows elevated values of over 0.4 across a broad
region of the Amazon, from Ji-Parana in the southwest all
the way to Santarém and Manaus in the north.

3. Data Sets Used

[10] The following data sets cover the peak of the dry
season (August–October) from 2 years: 2000 and 2003.
Focusing solely on the dry season ensures large signals of
aerosol loading from biomass burning and reduces poten-
tially confounding effects from seasonal variability.

3.1. TRMM Microwave Imager (TMI) and
Precipitation Radar (PR)

[11] The TMI measures radiation at five microwave fre-
quencies: 10.7, 19.4, 21.3, 37, 85.5 GHz, with a 760 km
swath and footprints ranging from 63 km � 37 km at
10.7 GHz to 7 km � 5 km at 85.5 GHz [Kummerow et al.,
2000]. The retrieval method for precipitation and vertical
hydrometeor profiles is a Bayesian inverse method that
varies a priori hydrometeor profiles from a look-up table
generated by a cloud resolving model (see details given by
Kummerow et al. [1996]).
[12] Comparisons of retrieved values with validation data

have shown the performance to be better over the ocean,
where the low emissivities (e � 0.5) provide a cold
background that is clearly contrasted from the radiation
[Kummerow et al., 1996]. The high emissivities (e � 0.9) of
land surfaces create a warmer background that obscures the
hydrometeor signal. However, radiation at the higher fre-
quency 85.5 GHz channel is strongly scattered by ice,
thereby lowering the brightness temperature and enabling
a measure of the integrated ice content.
[13] PR is the first radar instrument designed to monitor

rainfall from space [Kummerow et al., 2000]. It measures the
radar echo at a single frequency (13.8 GHz). PR has a
subsatellite footprint of 250 m vertically by 4 km horizon-
tally, over a 215 km swath [Kummerow et al., 2000]. The
description of the retrieval algorithm is given by Iguchi et al.
[2000].
[14] The PR precipitation product, as well as the TMI

product, have been compared to ground-based rain gauge
measurements in, e.g., West Africa [Nicholson et al., 2003].
From this comparison the RMS errors for PR and TMI for
seasonal rainfall (aggregated to 2.5� � 2.5�) were 1.6 mm/
day and 1.9 mm/day, respectively. Because of limited
number of rain gauge observations in the Amazon no such
quantitative evaluations of TRMM rainfall estimates in this
region have been carried out at the basin scale.
[15] For this study we used the TRMM 3G68Land

product, which grids the level-2 TMI (2A12) and PR data
(2A25) into 0.1� � 0.1 � cells.

3.2. MODIS Aerosol Optical Depth (ta)

[16] MODIS (Moderate Resolution Imaging Spectroradi-
ometer) has 36 channels, ranging in wavelength from 0.4 mm
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Figure 1. Mean spatial distribution of MODIS aerosol optical depth at 0.55 mm during August–
October 2000, over the study domain in this paper (red box). Major cities with total population greater
than 100,000 are also shown.
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to 14.4 mm. It makes possible unprecedented satellite-based
monitoring of ta and aerosol properties. For the first time, the
MODIS measurements enabled global, operational retrieval
of ta over land [Kaufman and Tanre, 1998]. The MODIS
retrieval method for ta is described by Kaufman et al. [1997],
and a comprehensive description of MODIS aerosol products
is given by Remer et al. [2005].
[17] The MODIS aerosol optical depth retrievals have

been extensively validated against a ground-based network
of Sun photometer sensors (AERONET), showing that the
retrievals were found within Dta = ±0.05 ± 0.2ta [Chu et
al., 2002].
[18] For this study we used the level-2 product of ta at

0.55 mm and at 10 km � 10 km footprint on board the Terra
satellite (MOD04_L2, Collection 4). Terra flies in a sun-
synchronous orbit with a 1030 LT hour equatorial crossing
time.

3.3. MODIS Clouds

[19] The cloud fraction is produced by the 1 km � 1 km
footprint MODIS cloud mask (MOD35_L2, Collection 4)
algorithm, which makes use of as many as 14 of the 36
MODIS spectral bands to identify clouds [Ackerman et al.,
1998, 2002]. The cloud mask ‘‘essentially assesses the
likelihood of a pixel being obstructed by clouds’’ and is
clear-sky conservative, in that a high probability is neces-
sary for a pixel to be classified as cloudy [Platnick et al.,
2003, p. 461].
[20] The following MODIS-Terra cloud variables derive

from the MOD06_L2, Collection 4 product. The cloud top
pressure/temperature and cloud phase are at 5 km � 5 km
footprint, while the cloud microphysical properties (cloud
droplet effective radius (Re) and water path (WP)) are at
1 km � 1 km footprint.
[21] The cloud top pressure and temperature retrieval

follows the ‘‘radiance ratio method’’ [Kidder and Vonder
Haar, 1995], in which ratios between measured radiances at
two different frequencies close to one another can be related
to the cloud top pressure [Menzel et al., 2002]. The specific
method adopted in MODIS makes use of the CO2 slicing
technique that examines the different radiances in the
numerous MODIS infrared bands found within the broad
15-mm CO2 absorption region [Platnick et al., 2003].
[22] The cloud phase retrieval is based on the bispectral

infrared algorithm that relies upon the contrasting effects of
water droplets and ice crystals on the brightness temperature
differences at the 8.52- and 11-mm bands [Platnick et al.,
2003]. The ‘‘ice cloud coverage’’ used in this study is
defined as the percentage of 5 km � 5 km pixels classified
in the ice phase.
[23] Re and the cloud optical thickness (tc) are retrieved

from combining the MODIS water-absorbing bands (1.6,
2.1, 3.7 mm) along with a nonabsorbing band (0.65 mm for
over land) [Platnick et al., 2003]. The water path (WP) (the
atmospheric column-integrated amount of liquid or ice
water) simply follows from the product of tc and Re as
WP = 2rtcRe/3 [King et al., 1997], where r is the density of
water. This algorithm assumes that Re represents the column
averaged values. However, Re retrieved from the visible/
infrared wavelengths tends to reflect values near cloud-top
because of the strong cloud absorption in the infrared band.
While WP could be overestimated/underestimated depend-

ing on the actual profile of Re, Platnick [2000] has shown
this error to be small.
[24] We removed potential artifacts in the cloud proper-

ties versus ta relationship due to aerosol contamination in
the cloud mask algorithm [Brennan et al., 2005]. The cloud
mask product includes an aerosol bit as an indicator of
potential aerosol contamination [Ackerman et al., 2002].
Pixels with the aerosol bit set to true were removed from
calculation of cloud fraction, Re, and WP.

3.4. NCEP/NCAR Reanalysis

[25] The NCEP/NCAR Reanalysis [Kalnay et al., 1996]
is a multidecadal record of atmospheric variables (2.5� �
2.5�, 6 hourly) generated by assimilating observations using
an atmospheric model. The same atmospheric model and
data assimilation system, based on the three-dimensional
variational (3DVAR) method, are used throughout the
record to avoid spurious jumps in atmospheric state variables.
[26] As one of the few available assimilated data sets of

the global atmosphere, the NCEP/NCAR Reanalysis was
used in this study to account for synoptic-scale forcing of
buoyancy generation and precipitation and to separate such
influences from aerosol effects. We compared the vertically
integrated moisture flux convergence and the cloud work
function (CWF) from the Reanalysis fields and found CWF
to correlate more strongly with observed precipitation and
cloud properties. CWF was first introduced by Arakawa and
Schubert [1974] as a measure of the total buoyancy force in
clouds. The Reanalysis adopted a simplified Arakawa-
Schubert convective parameterization [Kalnay et al.,
1996] that retains the CWF as a trigger for convection but
considers only a single cloud type, rather than a spectrum of
clouds [Pan and Wu, 1995]. The CWF is identical to the
commonly used convective available potential energy
(CAPE) but also accounts for the effect of entrainment in
reducing buoyancy [Emanuel, 1994; Pan and Wu, 1995]:

CWF ¼
ZzT
z0

g

CpT zð Þ
h

1þ g
h zð Þ � ~h* zð Þ
h i

dz; g¼ L

Cp

@~q*

@T

 !
P

where T, h, and q denote temperature, moist static energy,
and water vapor mixing ratio, respectively. ~h* and ~q* are the
saturation moist static energy and water vapor mixing ratio
in the environment, outside of the cloud. g is gravitational
acceleration, h is the mass flux, normalized by the cloud
base value, Cp is heat capacity at constant pressure, and L is
latent heat of vaporization. The integration is from z0 to zT,
the cloud’s altitude range.

4. Analysis Procedure

[27] The analysis proceeded by the following steps:
[28] 1. The TRMM and MODIS data from August to

October of 2000 and 2003 were matched and averaged in
space and time, because the TRMM and MODIS satellite
overpasses do not coincide perfectly. A 1� � 1� grid and a
time window ±4 hours of the MODIS observations were
used. The 1� � 1� grid roughly accounts for spatial
mismatch due to advection that takes place over a ±4 hour
time window. Anderson et al. [2003] have shown that over
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4 hours, the temporal autocorrelation of aerosol optical
depth at a point location is still high (>0.8). We retained
for analysis only 1� � 1� grids where more than 10% of the
grid area reported values, because the cloud variables
(section 3.3) were retrieved only in cloud-covered pixels,
and the lowest average cloud fraction was observed to be
�0.10 (see sections 5 and 6.4).
[29] 2. Control for synoptic forcing by dividing the data

into different ranges of cloud work function (CWF), derived
from the NCEP Reanalysis fields.
[30] 3. Examine relationships between aerosol optical

depth versus precipitation and clouds, stratified by different
bins of CWF.

5. Results

[31] We first examine simple linear correlations between
ta and CWF versus rainfall and cloud variables to probe the
potential existence of statistical relationships (Table 1).
Almost all the variables exhibit highly significant correla-
tions (R) with both ta and CWF (p � 0.01), the sole
exception being the 2003 ice cloud coverage-ta relationship
(p = 0.02). Correlation strengths of greater than 0.2 are
found between cloud fraction and both ta and CWF,
between WP and ta, and between cloud top temperature/
pressure and CWF in 2003.
[32] Figures 2–5 plot the relationships of ta with rainfall

and cloud properties for 2000 (left) and 2003 (right),
stratified by different levels of CWF. The dotted, dashed,
and solid lines range from the lowest to the top third of
CWF, respectively. The data are binned by ta, with each bin
spanning 20 percentile of the ta values. The error bars
denote the standard errors (s/

ffiffiffiffi
N

p
) of the bin average. Each

point in Figure 2 represents an average of �310 1� � 1�
grid cell values for TMI and a smaller number of �90
values for PR, because of the PR’s narrower swath. Ap-
proximately 770, 620, and 390 values are averaged in each
point for cloud pressure/temperature, cloud fraction, and ice
cloud coverage, respectively (Figures 3 and 4). The larger
number compared to rainfall data follows from the fact
that these variables were retrieved from the same satellite as
ta, whereas rainfall observations derived from a separate
platform (TRMM), thereby reducing overlap with ta obser-
vations. Each ta � CWF bin for WP (Figure 5) contains
far fewer points (�100) because it was retrieved at 1 km �

1 km footprint, and only pixels deemed to contain clouds
yielded values.
[33] Increasing rainfall trends with ta can be seen in both

years and both TRMM sensors (Figure 2), albeit the points
displayed a fair amount of scatter and the increase was not
monotonic. The increase was especially marked in the top
two thirds of CWF in 2003 and in the 2000 TMI data.
Rainfall is lower, in general, in the bottom third of CWF, as
expected for conditions lacking buoyancy to generate con-
vection. However, the rainfall-CWF relationship is far from
straightforward, with the highest third of CWF not neces-
sarily associated with the highest rainfall rates. In general,
rainfall displayed correlations with CWF of less than 0.1
(Table 1). See section 6.3 for a discussion on CWF.
[34] The cloud top pressure and temperature exhibit clear

relationships with ta (Figure 3), especially for higher levels
of CWF. As ta is enhanced cloud top pressure and temper-
ature both decrease, suggesting higher cloud tops. The
fraction of surface area covered by clouds (‘‘cloud frac-
tion’’) shows pronounced increases (Figure 4), from �0.1 to
greater than 0.3 as ta increases from 0.1 to greater than 0.5.
In the presence of high CWF the increased cloud cover is
particularly large, reaching fractions of over 0.4 in the
highest ta bin. Concomitant with the enhanced cloud cover
is the increased presence of ice clouds (Figure 4). Note that
the ‘‘% ice cloud coverage’’ represents the percentage of
5 km � 5 km pixels within the 1� � 1� grid classified as ice
phase; this differs from the cloud fraction, which was
constructed using 1 km � 1 km pixels from the cloud mask.
[35] WP also increases along with enhanced ta (Figure 5),

suggesting that the column-integrated water (liquid + ice)
increases from �80 g/m2 at the lowest ta to values greater
than �100 g/m2 at the highest ta.
[36] We examined the statistical significance of relation-

ships between ta and the variables shown in Figures 2–5,
stratified by different groups of CWF. We adopted a
nonparametric technique to be free from the Gaussian,
constant-variance assumptions required by a classical tech-
nique like analysis of variance (ANOVA). Such assump-
tions can be violated by distinctly non-Gaussian variables
such as rainfall and from heteroscedasticity stemming from
variable retrieval and sampling errors dependent on atmo-
spheric conditions. We used the Scheirer-Ray-Hare exten-
sion of the Kruskal-Wallis rank test [Sokal and Rohlf, 1994],
which showed that for all variables except the 2000 ice

Table 1. Linear Correlations Between Different Variables and Aerosol Optical Depth (ta) and Cloud Work Function (CWF)

Year Variable

Correlation With ta Correlation With CWF

R p Value 95% Confidence Interval R p Value 95% Confidence Interval

2000 TMI rainfall 0.0876 0.000 0.0590–0.116 0.0602 0.000 0.0315–0.0888
2000 PR rainfall 0.151 0.000 0.102–0.200 0.0976 0.000 0.0476–0.147
2000 cloud top temperature �0.128 0.000 �0.145 to �0.111 �0.125 0.000 �0.138 to �0.113
2000 cloud top pressure �0.128 0.000 �0.145 to �0.110 �0.112 0.000 �0.124 to �0.0994
2000 cloud fraction 0.304 0.000 0.287–0.321 0.204 0.000 0.189–0.219
2000 % ice coverage 0.0717 0.000 0.0474–0.0959 0.135 0.000 0.119–0.151
2000 water path 0.254 0.000 0.205–0.302 0.0647 0.000 0.0371–0.0922
2003 TMI rainfall 0.0458 0.000 0.0230–0.0685 0.0749 0.000 0.0522–0.0976
2003 PR rainfall 0.0830 0.000 0.0419–0.124 0.0738 0.000 0.0326–0.115
2003 cloud top temperature �0.0613 0.000 �0.0780 to �0.0445 �0.248 0.000 �0.259 to �0.237
2003 cloud top pressure �0.0742 0.000 �0.0909 to �0.0574 �0.254 0.000 �0.265 to �0.243
2003 cloud fraction 0.282 0.000 0.266–0.297 0.205 0.000 0.192–0.218
2003 % ice coverage 0.0388 0.002 0.0148–0.0627 0.179 0.000 0.164–0.193
2003 water path 0.246 0.000 0.205–0.287 0.0847 0.000 0.0621–0.107
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Figure 2. Relationships of TRMM rainfall measured by the TMI and PR sensors for (left) 2000 and
(right) 2003 with MODIS aerosol optical depth (ta). The data are binned by ta, with each bin spanning
20 percentile of the ta values and further stratified into different CWF regimes. The dotted, dashed, and
solid lines range from the lowest third to the top third values of CWF, respectively. The error bars denote
the standard errors (s/

ffiffiffiffi
N

p
) of the bin average.
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cloud coverage, the null hypothesis of equivalent distribu-
tions under changing ta and CWF can be rejected at the p <
0.01 level. This suggests that the distributions of rainfall,
cloud top pressure/temperature, cloud fraction, water path,
and the 2003 ice cloud coverage are altered with changing

ta and CWF. The sole exception, ice cloud coverage in
2000, did not exhibit a highly significant relationship with
CWF (p = 0.026). The ‘‘interaction term’’ between ta and
CWF was also statistically significant (p < 0.01) for almost
all variables (except for WP in 2000 and cloud fraction in

Figure 3. Same as Figure 2 but for (top) MODIS cloud top temperature and (bottom) pressure. Note the
y axes have been inverted to indicate the fact that higher clouds are associated with lower cloud top
temperatures/pressures.
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Figure 4. Same as Figure 2 but for (top) MODIS cloud fraction and (bottom) % ice coverage. Cloud
fraction was calculated from the 1 km � 1 km cloud mask product, differing from ice coverage, which
was derived from 5 km � 5 km pixels.
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2003), implying that the manner in which the distributions
of these variables changed with ta depended on the CWF.

6. Discussion

6.1. Eliminating Potential
Aerosol-Cloud Contamination

[37] Spurious correlations between ta and cloud proper-
ties can result if cloud retrievals were contaminated by
presence of aerosols, or vice versa. Brennan et al. [2005]
pointed out that contamination of cloud products began to
take place at ta of �0.6. We have attempted to eliminate
this contamination by removing pixels with the aerosol bit
set to ‘‘true’’ in the cloud mask product from determination
of cloud fraction, Re, and WP, which should minimize
contamination under thick smoke conditions (R. Frey,
personal communication, 2005). Also, the cloud mask used
by the aerosol retrieval [Martins et al., 2002] ‘‘automati-

cally rejects the first layer of non-cloudy pixels surrounding
a cloud’’ [Koren et al., 2005, p. 4], thereby reducing the
possibility for cloud contamination of the aerosol product.
[38] However, some residual misidentification of smoky

pixels as clouds may persist. The misidentification may
explain, for instance, the continued increases in cloud
fraction at ta > 0.6 in 2000 and 2003 (Figure 4). Nonethe-
less the trends with increased aerosol loading identified in
this study clearly still hold for ta < 0.5 (Figures 3–5):
higher clouds, more extensive cloud cover, increased pres-
ence of ice clouds, and enhancement in WP.

6.2. Rainfall

[39] In this study higher ta is correlated with increases in
Amazonian rainfall during the dry season (Figure 2).
Although numerous researchers have suggested that warm-
rain processes would be suppressed under aerosol loading
[Albrecht, 1989; Ramanathan et al., 2001; Rosenfeld, 1999],

Figure 5. Same as Figure 2 but for MODIS water path.
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the impact on the net rainfall was unknown. Namely, if
warm-rain processes were suppressed, it is not known
whether subsequent cold-rain processes (ice phase) will be
suppressed or not. Out of the previous studies only Rosenfeld
[1999] specifically examined a combination of deep cumulus
cloud and aerosols from biomass burning in the tropics, but
this was a case study that only examined a single day rather
than encompassing the entire burning season as was carried
out here.
[40] A recent modeling study incorporating state-of-the-

art spectral microphysics [Khain et al., 2005] has shown
that while elevated aerosol concentrations initially lead to
lowered precipitation efficiency due to warm-rain suppres-
sion, dynamical feedbacks over the continent can actually
result in enhanced rainfall. The delay in raindrop formation
decreases the drag on updrafts by falling raindrops and
increases the latent heat release by the additional water that
reaches higher altitudes, where freezing takes place [Khain
et al., 2005]. The additional buoyancy generated by freezing
has been hypothesized to be essential to deep convection in
the Tropics [Zipser, 2003]. Thus aerosols, by reducing drag
and enhancing the release of latent heat from freezing,
produce stronger vertical velocities over the continent and
convergence in the boundary layer which can lead to squall
lines and intense cold-rain processes [Khain et al., 2005]. A
similar result was observed in a simulation study using a
general circulation model [Lau et al., 2005].
[41] In fact, Andreae et al. [2004, p. 1341] reported

anecdotal evidence of enhanced convection strength from
biomass burning aerosols in the Amazon: ‘‘vigorous con-
vection leading to intense thunderstorms and hail occurred
in the smoky conditions.. . No reports of hail on the ground
could be found for smoke-free conditions.’’
[42] The hypothesis of aerosol-activated extreme thunder-

storms and precipitation is consistent with observed distri-
butions of nonzero rainfall rates from PR (Figure 6). The
rainfall distributions show increased occurrence of events at
the higher end of the distribution’s tail, with more extreme
rainfall rates associated with increased levels of ta for both
2000 and 2003. Similar relationships were observed for
TMI rainfall distributions (not shown).
[43] However, we note that microwave retrievals of

rainfall over land are subject to large uncertainties. The
large emissivity of the land surface obscures signals from
hydrometeors reaching passive microwave sensors like the
TMI [Kummerow et al., 1996]. The TMI surface rainfall is
therefore based upon a semiempirical relation between ice
aloft and surface rainfall [Wilheit et al., 2003]. The PR has
good vertical resolution in the precipitation, but the single
wavelength introduces uncertainties in the derived rainfall
due to variable drop size distributions [Masunaga et al.,
2002]. Rainfall fall velocities, measured directly by neither
TMI nor PR, introduces further uncertainties in rainfall
estimates from both instruments [Masunaga et al., 2002].
At the very least, we conclude that the TMI and PR, while
observing somewhat different portions of the cloud, are both
sensing the increased amount of hydrometeors in the
atmosphere with ta, which is also verified by the MODIS
WP observations (Figure 5).
[44] The uncertainties in the TRMM observations may

account in part for the large scatter in the rainfall versus ta
relationship in Figure 2. We underscore the fact that the

quantitative relationships established in Figures 2 and 6 are
still very much preliminary and may be subject to future
revisions when improved sensors and retrieval algorithms are
available.

6.3. Correlation With Cloud Work Function

[45] While rainfall exhibits anticipated relationships with
CWF, with lower rainfall clearly associated with stabler
conditions, when CWF falls within the lowest-third bin
(Figure 2), the correlation between CWF and rainfall is
weak, with R < 0.1 in all cases (Table 1). The small
statistical correlation may result from the coarse grid and
time spacing (2.5� � 2.5�, 6 hourly) of the NCEP Reanal-
ysis that may fail to capture the subgrid-scale convective
clouds that lead to precipitation. Also, errors in the Reanal-
ysis moisture fields have been shown to be particularly large
in the Tropics [Mo and Higgins, 1996; Trenberth and
Guillemot, 1998]. Furthermore, a recent study has shown
CAPE, closely related to CWF as a vertically integrated
measure of buoyancy, to be uncorrelated with tropical
rainfall on monthly timescales [DeMott and Randall,
2004]. These authors suggested the confounding effect of
rainfall to destroy CAPE (opposing the role of CAPE in
triggering rainfall) as a possible explanation.
[46] In summary, the Reanalysis-derived CWF may be an

imperfect surrogate for the large-scale meteorological forc-
ing for rainfall and convection. Hence the relationships
between rainfall and cloud properties with aerosols ob-
served in this study may still contain residual influences
from meteorological forcing unaccounted by CWF.

6.4. Cloud Fraction and Height

[47] Koren et al. [2004] have reported a reduction in area
covered by low-level scattered cumulus clouds over the
Amazon, in apparent contrast to the increase in cloud
fraction observed in this study (Figure 4). The discrepancy
can be resolved by noting that all clouds detected by the
satellite were included in this study’s consideration of
‘‘cloud fraction,’’ not just low-level scattered cumuli.
[48] Further, the combination of elevated cloud top height

(Figure 3) and enhanced cloud cover suggests that the
increased cloud cover took place primarily with cloud anvils
rather than scattered cumuli. This is consistent with the
invigoration of convection from aerosols. A similar increase
in cloud cover and cloud top height correlated with ta was
also observed by Koren et al. [2005] over the North Atlantic,
on the basis of MODIS data. Sekiguchi et al. [2003] likewise
reported clear, positive correlations in cloud cover and
aerosol concentrations from AVHRR over the ocean.
[49] Concomitant with the enhanced cloudiness is an

increased presence of ice clouds (Figure 4). This result
follows from the elevated cloud top height to altitudes with
lower temperatures and also supports the hypothesis of
Andreae et al. [2004] that suggests aerosols could accelerate
updrafts and lift cloud water to cold regions, where addi-
tional latent heat of freezing is released.

6.5. Water Path

[50] The increased WP in higher ta regimes may seem to
corroborate Albrecht [1989], who also hypothesized this
effect along with an increased cloud fraction. Albrecht
[1989] observed, on the basis of one-dimensional modeling,
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Figure 6. Probability density distributions of rainfall measured by the PR sensor for (left) 2000 and
(right) 2003 at different levels of ta. The data were placed into three ta bins in each year. Only rainfall
data with nonzero values and when CWF falls in the upper 50 percentile are plotted. Note that the axis
ranges are different between the 2 years.
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that aerosols decrease droplet sizes, reducing efficiency of
drizzle and thereby enhancing cloud water and low-level
cloudiness. The absence of total rainfall suppression seen in
this study (Figure 2) does not preclude decreases in low-level
drizzle if the precipitation originates at higher altitudes, from
an aerosol-invigorated convection. However, contrary to the
Albrecht [1989] prediction, shallow cumulus cloud cover
decreases from biomass-burning-derived aerosols [Koren et
al., 2004] in the Amazon Basin. Thus the increase in total
cloud fraction likely reflects increased cloud cover at higher
altitudes, as mentioned in the previous section.

6.6. Re-Cloud Top Temperature Relationships

[51] The relationship between Re and cloud top temper-
ature reveals microphysical processes taking place in clouds
[Rosenfeld and Lensky, 1998]. The small increase in Re with
cloud height at temperatures greater than freezing, at lower
parts of the atmosphere (cloud top temperature > �10�C),
reflects diffusional growth [Rosenfeld and Lensky, 1998].
The steep dRe/dT slope at higher altitudes (cloud top
temperature < �10�C) indicates droplet coalescence and
especially the formation of ice, forming a ‘‘mixed phase
zone.’’ Figure 7 shows this relationship, averaged for the 2
years, at different levels of ta. The dotted line denotes the
14-mm threshold above which it has been suggested that
hydrometeors reach sizes large enough to precipitate out of
clouds [Rosenfeld and Gutman, 1994].
[52] At background aerosol levels (ta = 0.1) the average

Re profile did not increase beyond the 14-mm precipitation

threshold in 2000 and barely crossed the threshold in 2003.
Differences in Re growth between various levels of ta were
found at temperatures below �10�C, in the mixed phase
zone. No clear mixed phase zone was found at background
aerosol levels, while sharp increases in Re with decreasing
temperature, indicative of ice formation, was observed at
higher ta, especially in 2000. In 2000 this ‘‘mixed phase
zone’’ [Rosenfeld and Lensky, 1998] formed at progressively
lower cloud top temperatures with elevated ta: at the
highest ta level the mixed phase zone was elevated to
altitudes with temperatures � �20�C in 2000. Ice phase
formation and release of latent heat in the mixed phase zone
lead to higher cloud tops at aerosol levels elevated above
the background, as already seen in Figure 3.
[53] The decrease in Re associated with biomass burning,

previously observed by Kaufman and Fraser [1997] in the
Amazon and Rosenfeld [1999] in Indonesia, appears to be
manifested slightly only at the highest level of ta in 2003.
Perhaps the same reduction in Re was not seen in 2000
because ta was not as high, and the composite relationship
in Figure 7 aggregates data from all regions, with different
clouds together, rather than restricting the analysis to limited
spatial regions as conducted by Rosenfeld [1999]. More-
over, Kaufman and Fraser [1997] only analyzed low (cloud
top temperature 
 �3�C) clouds, whereas this analysis
pooled observations of all cloud types.
[54] The lack of a clear decrease in Re may also reflect

nonmicrophysical mechanisms that invigorate convection.
Andreae et al. [2004] proposed that the heat from forest

Figure 7. Cloud droplet effective radius (Re) as a function of cloud top temperature, at different levels
of aerosol optical depth (ta). The error bars denote the standard errors (s/

ffiffiffiffi
N

p
). The dotted line denotes

the 14-mm threshold above which it has been suggested that hydrometeors reach sizes large enough to
precipitate out of clouds [Rosenfeld and Gutman, 1994]. Note that the x axis changes between the years.
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fires can strengthen updrafts. Secondly, aerosol absorption
of sunlight causes diabatic heating in the boundary layer
and has the potential to cause stronger convective events
and increase both WP and cloud fraction, as Feingold et al.
[2005] demonstrated in a detailed large eddy simulation of
smoke-cloud interactions, albeit the same study showed
these results to depend on the altitude of the aerosol layer
relative to the cloud height. Rudich et al. [2003] also
suggested that absorption of solar radiation by aerosols
induced convection and cloud formation, based on empir-
ical observations of Middle Eastern oil fires.

7. Summary and Conclusions

[55] On the basis of an empirical analysis of satellite
observations, this study examined correlations between
aerosol loading (primarily from biomass burning) and
rainfall and cloud properties in the Amazon Basin, during
the dry season. While this work cannot unequivocally
establish causal links between aerosols and the observed
changes, the analysis revealed the following correlations
associated with increased aerosols that need to be repro-
duced in future modeling studies: (1) increased precipita-
tion, (2) increased occurrence of intense rainfall events,
(3) enhanced cloud cover, (4) elevated cloud tops, (5) in-
creased water path, and (6) greater formation of ice.
[56] The aforementioned results are in accordance with

the hypothesis proposed by Andreae et al. [2004] for
the Amazon. This hypothesis suggests that aerosols from
biomass burning would invigorate convection by drawing
upon heat from the fires as well as by delaying onset of
precipitation until higher altitudes, where formation of ice
hydrometeors rather than warm rain releases greater latent
heat. The greater vigor of storms could explain the increases
in precipitation, cloud height, and cloud cover seen in this
study.
[57] The observed changes in rainfall and cloud proper-

ties are likely to have major climate impacts in the Amazon
Basin. We present a qualitative discussion below rather than
attempt an exact quantitative assessment of these climate
impacts, because of the simple correlative nature of this
study, uncertainties in rainfall retrievals (section 6.2), and
potential incomplete accounting for meteorological forcing
using the CWF (section 6.3).
[58] The changes in cloud properties are likely to signif-

icantly affect the Amazon’s radiative budget. The increase
in total cloud cover may partially counteract the positive
shift in radiative forcing caused by reduction in shallow
clouds as reported by Koren et al. [2004]. However, the
concomitant shift to elevated cloud tops would also have
radiative consequences. We defer the quantitative determi-
nation of radiative forcing to a future study that incorporates
detailed radiative transfer calculations.
[59] If the enhanced rainfall due to biomass burning is

indeed occurring, the additional precipitation taking place
during the dry season can have important societal [IPCC,
2001a] and biogeochemical [Saleska et al., 2003] conse-
quences. The accelerated burning in the Amazon for agri-
cultural land use over the past several decades [Crutzen and
Andreae, 1990; Setzer et al., 1994] and the associated
enhancements in aerosols and rainfall may even partly
account for the observed multidecadal positive trend in

Amazonian precipitation [Chen et al., 2001; Easterling et
al., 2000].
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