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Abstract

Aerosol and cloud data from the MODerate resolution Imaging Spectroradiometer (MODIS) onboard the Earth Observing System (EOS) Aqua
are used to investigate interannual variability of smoke and warm cloud relationships during the dry-to-wet transition season (August—October)
over the Amazon for two years and its association with meteorological conditions. In one year (2003), smoke aerosols are associated with an
increase of cloud fraction and a decrease of cloud effective radius. These effects amplify the cooling at the surface and at the top of the atmosphere
(TOA) caused by the aerosol extinction. However, in another year (2002) the cloud fraction decreases with increasing aerosol optical depth. Such a
decrease of cloud fraction could offset the effect of increased reflection of solar radiation by the aerosols both at the surface and at TOA. The
changes in radiative fluxes between these years would contribute to interannual changes of surface energy fluxes and radiative balance at the top of
the atmosphere and influence variability of the wet season onset in the basin. In 2003, the atmosphere was more humid and less stable. These
conditions may be relatively favorable for the activation of aerosol particles into cloud condensation nuclei and hence cloud droplets. In 2002, the
clouds were less extensive and thinner in a relatively dry atmosphere and presumably dissipated more easily. This study suggests that the aerosol-
cloud relation can be influenced by atmospheric structure and convective motions, in addition to changes in aerosols properties. An adequate
characterization of aerosol-cloud relationship would require a longer time series of data that includes a variety of climate conditions. The caveat of
this analysis is that differences in aerosol absorption and its vertical distribution may have contributed to the observed interannual change of
smoke-cloud relationship but could not be determined due to lack of adequate measurements.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction presumably modifies the fractional coverage and droplet size of

Amazon warm clouds, and how aerosol-cloud relationship

Biomass burning emits aerosols into the atmosphere. The
composition and amount of these aerosols depends on
meteorological and biospheric conditions as well as on human
activities. In the dry season of the Amazon basin, biomass
burning increases the aerosol loading to number concentrations
at least several times larger than those in the wet season
(Andreae et al., 2004; Roberts et al., 2003). This paper provides
observations as to how this smoke aerosol relates to, and
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varies with interannual changes of the large-scale meteorolog-
ical background and aerosols.

Aerosol-cloud relationships are determined by multiple
complex, correlated or competing processes. Specifically, aero-
sol can act as cloud condensation nuclei (CCN), thus increase the
number and decrease the size of cloud droplets (Feingold et al.,
2001; Kaufman & Fraser, 1997; Twomey, 1977). These changes
consequently increase the cloud reflectivity through more
scattering (Twomey, 1977). On the other hand, the increase of
cloud reflectivity could also be compensated by enhanced cloud
absorption in the presence of smoke particles (Kaufman &
Nakajima, 1993; Twomey, 1977), a broadening of the droplet
size spectrum (Liu & Daum, 2002), and small scale dynamic
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feedbacks (Jiang et al., 2002). The number of smoke particles
activated into CCN depends not only on aerosol size (Dusek et
al., 2006) and composition (Charlson et al., 2001; Nenes et al.,
2002a) but also on the magnitude of updraft velocities (Feingold
et al.,, 2003; Leaitch et al., 1996), low-tropospheric stability
(Matsui et al., 2004), and increase of saturation vapor pressure
with aerosol heating (Conant et al., 2002; Nenes et al., 2002b).

Smaller cloud droplets have longer lifetimes and may not
grow large enough to precipitate through warm rain processes
(Rosenfeld, 1999; Rosenfeld & Lansky, 1998). These effects
tend to increase liquid water content (Albrecht, 1989). The
suppression of warm rain can promote vertical transport of water
and pollutants to the upper troposphere, observed as “smoking
clouds” (Andreae et al., 2004), and enhance vertical exchange of
water vapor (Sherwood, 2002).

Absorption by smoke cools the surface and heats the
atmosphere (Hobbs et al., 1997; Penner et al., 1992; Procopio
et al.,, 2004), changing the surface fluxes and atmospheric
thermal and moisture structure (Yu et al., 2002). This effect
tends to reduce cloud cover and liquid water path (Ackerman
et al., 2000; Feingold et al., 2005; Johnson et al., 2004; Koren
et al,, 2004), competing with the aerosol effect on cloud
microphysics. Thus, whether smoke or pollution aerosol in-
creases or decreases the cloud fraction may depend on mag-
nitude of aerosol absorption (Kaufman & Koren, 2006).

How smoke interacts with the atmospheric boundary layer and
clouds depends on the (highly variable) vertical profile of smoke
aerosols (Feingold et al., 2005; Johnson et al., 2004; Yu et al.,
2002). Different air trajectories may provide different sources of
aerosols with distinct size distributions and chemical composition
that influence clouds differently (Feingold et al., 2003).

Observed smoke-cloud relationship will vary depending on
which of the aforementioned processes dominate as a result of
acrosols and meteorological conditions. To understand what con-
trols such variations, we first need to characterize the conditions
that lead to changes of acrosol-cloud relationship. To do so, large
samples of observations under variety of aerosol, clouds and
meteorological conditions have to be used. In-situ measurements
can provide more comprehensive and detailed measurements of
these conditions, but they are limited in time and space. Satellite
remote sensing provide large samples for broad variety of meteo-
rological, aerosols and cloud conditions globally over multiple
years, although the measurements are limited to few variables,
and generally with greater uncertainty. In this study, we use the
MODerate resolution Imaging Spectroradiometer (MODIS) on
board of Aqua satellite of the Earth Observing System (EOS) to
examine the variations of aerosol-cloud relationship during the
peak of biomass burning seasons (August—October) of 2002 and
2003. We also discuss implications of the smoke-cloud relation-
ships and their influence on the radiative budget.

2. Data and methods
2.1. Description of MODIS aerosol and cloud data

MODIS has 36 spectral bands, good spatial resolution of
250-500 m, and nearly global coverage on a daily basis

(Salomonson et al., 1989). Thus, it provides a state-of-art sat-
ellite observation of aerosol and cloud radiative properties.
Aqua was launched in May 2002 and has an overpass of around
1:30 pm local time when continental warm clouds may be well
developed. This timing allows a better detection of smoke-cloud
interactions than that of the morning overpass of Terra, another
EOS satellite also carrying MODIS. We use the daily MODIS/
Aqua Level 3 atmospheric product (i.e., MYDO08_D3) aggre-
gated to a spatial resolution of 1°x 1° that includes retrievals of
aerosol, cloud, and atmospheric profiles of temperature and
moisture (King et al., 2003).

The MODIS aerosol retrieval algorithms and products
provide a daily retrieval of aerosols over both ocean and less
reflective land regions and at a spatial resolution of 10 km,
based on data at a resolution of 500 m (Kaufman et al., 1997,
Remer et al., 2005; Tanr¢ et al., 1997). The dark-target method
has been successfully used to derive aerosol optical depths at
470 nm and 650 nm over vegetated land under cloud-free
conditions (Kaufman et al., 1997; Remer et al., 2005). The
derived over-land Angstrdm exponent is not as reliable as that
over ocean (Remer et al., 2005). The Level 2 aerosol retrievals
at 10-km pixels (i.e., MYDO04) are then aggregated to
1°x1° grids, generating the Level 3 daily aerosol product
included in MYDO08_D3.

MODIS uses multiple spectral bands to detect clouds at
individual pixels with resolutions of 250 m and 1 km (Platnick
et al.,, 2003), and for the overcast pixels to infer cloud top
pressure and temperature (from thermal bands) and droplet
effective radius (weighted toward cloud top), columnar optical
depth, and water path for different cloud thermodynamic phases
(i.e., water, ice, and mixed) at 1 km resolution. These pixel or
Level 2 products (i.e., MYDO06) are aggregated at 1° spatial
resolution on a daily basis, producing Level 3 products inclu-
ding the fraction of cloudiness (King et al., 2003).

The MODIS estimated effective cloud drop radii are used here
not for their absolute values but for their variation with aerosol
loading. Estimation of cloud average effective radii would require
downward correction for two biases: 1) the observed values are
weighted toward cloud top where updrafts usually promote larger
particles; ii) the plane parallel model for radiative transfer used by
MODIS consistently overestimates the individual droplet size by
25%—-50% (Kaufman & Nakajima, 1993; Marshak et al., 20006;
Nakajima et al., 1991; Platnick & Valero, 1995; Rawlins & Foot,
1990; Reid et al., 1999). However, it is reasonable to expect that
errors in the observed relative changes of effective radii are small
(Nakajima et al., 1991).

2.2. Description of meteorological data

This analysis also uses an atmospheric stability parameter,
referred to as lifted index (LI) that is retrieved by MODIS, large-
scale meteorological parameters such as wind speed and relative
humidity from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF), and operational radiosonde measure-
ments of temperature and moisture in the region. The LI is
defined as the ambient air temperature at 500 mb minus the
temperature of an air parcel if it convects dry adiabatically from
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Fig. 1. Distributions of Aqua MODIS aerosol optical depth at 550 nm averaged
over August—October of (a) 2003 and (b) 2002. The white box (10 °S to 5 °N,
50 °W to 75 °W) illustrates a region selected for smoke-cloud analysis where the
land cover is mostly categorized as tropical evergreen broadleaf forest.

the surface to the lifting condensation level and then moist
adiabatically to 500 mb level. It is more positive for greater
stability (lifted parcels relatively cool compared to environ-
ment). Note that MODIS derives the lifted index from the
retrieved temperature and humidity profiles under clear-sky
conditions. Thus, it is more reliable in representing the atmo-
spheric conditions controlling the formation of warm clouds,
which are the focus of this study, than in representing the
atmospheric conditions in the vicinity of convection.

Amazon convection can be either predominantly a maritime-
type in the wet season or continental-type in the dry season
(Peterson et al., 2002; Silva Dias et al., 2002), which have
distinct thermal structure and properties of their convection and
precipitation. The occurrence of these types is diagnosed by the
sign of the low-level meridional wind over northwest Amazon
(5°Sto 5 °N, 65 °W to 75 °W) (Peterson et al., 2006), referred

to as the V-index (Wang & Fu, 2002). This daily V-index is
derived from ECMWF forecast products. Southerly winds
would advect smoke aerosols northward from the southern
Amazon where biomass burning peaks, whereas northerly
winds would bring in relatively pristine air from the rainy
northern Amazon.

Vertical wind shear, relative humidity, and water vapor
concentration in the lower troposphere are obtained from
routine radiosonde measurements. Relative humidity is also
obtained from ECMWF forecast products.

2.3. Methods of data analysis

The potential influences of smoke on warm clouds are
examined for 2002 and 2003 for the tropical Amazon domain
(10 °S to 5 °N, 75 °W to 50 °W — shown as a white box in
Fig. 1). The later year was “normal,” whereas 2002 was drier.
The latter year has been often associated with an El Nifio
(Hastenrath & Heller, 1977). The domain covers a largely
tropical rainforest so that influences of land surface heteroge-
neity should be small. The distribution of MODIS AOD at
550 nm averaged over August—October of 2003 (Fig. 1a) is
similar to that of 2002 (Fig. 1b), but the peak value in the central
Amazon for 2003 is only ~ 0.6, and that for 2002 is as large as
0.9.

Data are selected where there have been more than 10
successful Level 2 (10 kmx10 km) aerosol retrievals in a
1°x1° grid, where the cloud-top temperature is greater than
273 K (limiting the analysis to warm clouds), and where the V-
index is southerly (about 2/3 of the time as seen in Fig. 2),
giving in 2002 and 2003 about 4560 and 11,700 data samples,
respectively. The 1°x 1° data are averaged to a grid of 3°x3° to
remove small-scale dynamical effects and to minimize potential
effects of the lack of collocation of aerosol (retrieved under
clear sky only) and cloud (Sekiguchi et al., 2003).

We use MODIS aerosol optical depth (AOD) at 550 nm as a
proxy of aerosol loading. Heavy biomass burning events with
AOD greater than one are excluded because of insufficient
sampling. Values of AOD between zero and one are divided into
nine bins with a half-width of 0.1 for the first AOD bin

V-Index (ms™)

— 2003

220 240 260 280 300
Julian Day

Fig. 2. Comparisons of monsoon index (i.e., V-index) in the Amazon basin
between 2002 and 2003. The V-index is defined as the ECMWEF daily
meridional wind at 925 mb level and averaged over the domain (5 °S-5 °N, 65
°W-75 °W). A positive and negative value respectively denotes southerly and
northerly cross-equatorial flow regime.
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(AOD<0.20) and 0.05 for others. Cloud microphysical and
optical parameters for cloud optical depth greater than 2 are
sorted into individual AOD bins, and for each bin their means
and standard errors (i.e., o/(n—1)""?, where ¢ and n are
standard deviation and the number of data points, respectively),
are then calculated. The exclusion of high AOD events and low
cloud optical depths can also help to reduce possible mis-
classification of aerosols and clouds and the resulting artificial
bias in relating clouds to aerosols (Brennan et al., 2005). The
exclusion of optically thin clouds also reduces surface
contamination in cloud retrievals. The cloud parameters in the
lowest AOD bin (0<AOD<0.2) characterize relatively unpol-
luted clouds as supported by measured aerosol variations both
from ground (Procopio et al., 2004) and satellite (Yu et al.,
2003).

The data are also stratified by: i) cloud liquid water path
(LWP) and cloud-top temperature (7;q) to factor out the
dependences of cloud effective radius or cloud fraction on these
terms (Feingold et al., 2003; Lohmann & Lesins, 2003;
Schwartz et al., 2002); ii) various meteorological parameters,
i.e. the MODIS/Aqua retrieved lifted index, ECMWF relative
humidity, and a vertical wind shear in the lower troposphere.
For brevity, we will not show figures with no clear aerosol-
cloud correlations, although all the analysis has been conducted
for both years.
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3. Results

3.1. Different relation between smoke and clouds in 2002 and
2003

3.1.1. A normal year (2003)

The large-scale meteorological conditions during the period
of August—October 2003 were more close to those of an
average transition/biomass burning season. Fig. 3 shows for this
period the change of cloud-top effective radius (r.g) with
increasing aerosol optical depth for different ranges of cloud-top
temperature and liquid water path. Fig. 3(d) shows the radius
averaged over all ranges of 7,4 and LWP as a black line. For a
clean background atmosphere (i.e., AOD<0.2), the cloud
effective radius clearly increases with increasing liquid water
path. Such LWP-dependence of droplet size becomes weaker
and hence less certain with greater aerosol optical depths. The
droplets in optically thin clouds (LWP <40 gm %) have no
obvious change with AOD (data points are limited). Conversely,
for thicker clouds (LWP>40 gm™?), the droplet size decreases
significantly as aerosols increase from light to medium loading
(AOD<0.4-0.6). This slope is more negative for thicker clouds
(LWP>70 gm™ ). At higher AODs, the droplet size levels off
(for T14<289 K) or slightly increases (for 7,,4>289 K) with
AOD. Fig. 4 shows that cloud optical depth increases with AOD
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Fig. 3. Cloud-top effective radius (r.¢) versus aerosol optical depth (AOD) in 2003. The data are stratified by liquid water path (LWP) for three cloud-top temperature
(T1q) categories in (a) to (c). d summarizes for all warm-cloud temperatures. The black line denotes the overall changes for all ranges of LWP and 7,4. The averages for

individual AOD bins are shown as dots and standard errors as vertical bars.
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Fig. 4. As in Fig. 3, but for water cloud optical depth (z.) versus aerosol optical depth (AOD) in 2003.

when LWP is greater than 70 gm™ 2. Because such a change is
observed for warm clouds with similar LWP, it must be at least
in part contributed to by large reductions of cloud effective
radius as shown in Fig. 3.

Fig. 5 shows for this period the variation of the warm cloud
fraction with aerosol optical depth. Note that the cloud
fraction used in this study was derived from MODO06 and
aggregated into liquid water cloud category. Its slope is
positive for larger liquid water paths and on average for
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Fig. 5. Cloud fraction (F4) versus aerosol optical depth (AOD) in 2003, for
warm clouds stratified with liquid water path (LWP). The black line denotes the
overall change for all ranges of LWP.

AOD<0.6. The thinner clouds (i.e., LWP<70 gm %) have
little slope for AOD<0.6 but a negative slope for higher AOD
conditions. For high aerosol loading (AOD>0.6), the total
cloud fraction is essentially unchanged with AOD, because of
the increase of cloud fraction with AOD for higher LWP
compensating the decrease of cloud fraction with AOD for
lower LWP.

Figs. 3—5 show clearly a decrease of the effective droplet
sizes and increase of the optical depths and fractions of clouds
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Fig. 6. Cloud-top effective radius (r.s) versus aerosol optical depth (AOD) in
2002. The data are stratified with liquid water path (LWP) and the black line
denotes the overall changes for all ranges of LWP.
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Fig. 7. Cloud fraction (Fq) versus aerosol optical depth (AOD) in 2002. The
data for all warm clouds are stratified with liquid water path (LWP). The black
line denotes the overall change for all ranges of LWP.

with high LWP (>70 gm™ %) when AOD increases up to 0.6. The
effective droplet sizes and optical depth for clouds with low
LWP (<40 gm ?) remain unchanged, but cloud fraction
decreases with aerosol optical depth. For medium LWP (40—
70 gm ™ ?), these cloud parameters do not change with aerosol
loading.

3.1.2. A dry year (2002)

The atmosphere was drier over the Amazon domain in this El
Niflo year. The AOD was overall higher and the averaged LWP
was smaller. The cloud droplet size does not change
significantly with increasing aerosol optical depth, as shown
in Fig. 6. The further stratification with cloud-top temperature,
similar to that in Fig. 3, does not result in any clearer correlation
and is not shown here. The cloud fraction generally decreases
with increasing AOD (Fig. 7). For high LWP (>100 gm %) in
particular, it decreases from about 0.22 to 0.08, as AOD
increases from 0.1 to 0.95. Larger such changes were observed
using data with a much higher (10 km) spatial resolution (Koren
et al., 2004).

Fig. 8 suggests that cloud top heights decrease as aerosol
increases. As AOD increases from 0.1 to 1.0, the cloud-top
temperature increases by about 3 K (Fig. 8a), but the clear-sky
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Fig. 9. Water cloud optical depth (t.) versus aerosol optical depth (AOD) in
2002. The data are stratified with liquid water path (LWP) and the black line
denotes the overall changes for all ranges of LWP.

air temperatures in the lower and middle troposphere increase
by less than 1 K (Fig. 8b). Cloud optical depths, on the other
hand, do not appear to change with AOD (Fig. 9).

To summarize, we have observed from MODIS different
relationships between biomass burning smoke and warm clouds
during the dry-to-wet transition season over the Amazon in two
different years. Warm clouds were thicker and more extensive in
2003 and showed a decrease of cloud droplet size and an
increase of cloud optical depth with increasing aerosol optical
depth. The cloud fractions generally increased with aerosol
except for clouds that were optically thin or with heavy smoke
conditions. In 2002, an El Nifo year, aerosol optical depth was
higher and the cloud was overall thinner and less extensive. The
cloud fractions decreased, and the cloud top temperatures in-
creased with an increase of AOD. Changes of cloud droplet size
and optical depth with increasing AOD were not discernable.

The analysis described above has examined smoke-cloud
relationships in the southerly regime. No clear smoke-cloud
relationship can be detected in the northerly regime (which
occurred about 1/3 of the time during the transition season),
presumably because of insufficient samples with smoke (Wang
& Fu, 2002).
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Fig. 8. a) Cloud-top temperature (7;1q) of warm clouds versus aerosol optical depth (AOD) in 2002. b) Changes of clear-sky air temperatures with AOD from that of
clean air (AOD<0.2) at various pressure levels in the lower and middle troposphere derived from MODIS.



H. Yu et al. / Remote Sensing of Environment 111 (2007) 435449

—-2002
-

850 mb (2003

,,,,,,,,,,,,,,,,,,,,,,,,,,

-30-15-10 -16-3 -1 1 3 6 10 15 30

700 mb (2003-2002)

-30-15 -10 -6 3 -1 1 3 6 10 15 30

Fig. 10. Change of relative humidity (RH) at 850 mb (left) and 700 mb (right)
levels between 2003 and 2002 for August—October seasonal average derived
from ECMWE.
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3.2. Atmospheric differences between 2002 and 2003

Fig. 10 shows that relative humidity (RH) at 850—700 mb
from ECMWF was lower by 5-25% in 2002 than in 2003 in the
domain. Likewise, radiosonde observations over Manaus (3.15
°S, 59.98 °W), Brazil, (Fig. 11) show 2002 to be lower by about
10% below 2.5 km and more so above the 2.5 km altitude. The
specific humidity in 2002 was also lower by about 1 g kg .

Both radiosonde measurements and the MODIS-derived
lifted index suggest that the atmosphere was less stable during
the transition/biomass burning season in 2003 than in 2002.
Fig. 12 shows the profiles of potential temperature (6), pseudo-
equivalent potential temperature (6.), and saturated pseudo-
equivalent potential temperature (6.,) derived from sounding
measurements over Manaus, Brazil. A parcel rising from the
near-surface with 6.y has negative buoyancy before intersecting
with 6. Its vertical integral, or the area between the vertical 6,
line (conserved during the lifting) and 6., is referred to as the
convective inhabitation negative energy (CINE). After the
intersection, the parcel is positively buoyant and can freely rise
until 6.0=0. again. The vertical integral of positive buoyancy
is called convective available potential energy (CAPE). Fig. 12
shows a smaller CINE and larger CAPE in 2003 than 2002,
implying a conditionally more unstable atmosphere.

Fig. 13(a) shows the frequency of occurrence of MODIS-
derived lifted index for aerosol optical depth of less than 0.2,
i.e., a proxy for pristine background. Clearly, in the tropical
Amazon, the LI peaked at ~1.5 (less stable) in 2003, while it
was more like ~3 (more stable) in 2002. In 2003, the LI was
more often less than 0 (i.e., unstable), compared to 2002. The
average LI was about 1.4 in 2003, much smaller than the 3.9 in
2002. Thus, the MODIS LI indicates that the atmosphere was
less stable in 2003 than in 2002.

Fig. 13 also shows the distribution function of liquid water
path (b), warm cloud fraction (c), and cloud optical depth (d), all
for AOD<0.2 (a proxy for background condition). The
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Fig. 11. Relative humidity (RH) and specific humidity (g) profiles for 2002 (red) and 2003 (blue) derived from radiosonde measurements over Manaus (3.15 °S, 59.98

°W), Brazil.
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Fig. 14. Changes of cloud fraction (F4) (a, ¢) and cloud-top effective radius (r.s) (b, d) with aerosol optical depth (AOD) for 2003 (a, b) and 2002 (c, d). The data are

stratified by the 850 mb relative humidity (RH) from the ECMWF reanalysis.

atmosphere was more stable (Fig. 13a) and clouds were
optically thinner and less extensive in 2002 (Fig. 13b—d) than
in 2003. These conditions are not as favorable for strong aerosol
effect as CCNs on cloud particles size distribution as for
unstable and thick cloud condition. The thinner and less
extensive clouds in 2002 would result in less attenuation of
solar radiation before reaching the smoke layer and hence more
absorption of solar radiation by the smoke that is more likely to
reduce cloud fraction.

3.3. Changes of smoke-cloud relationships with atmospheric
conditions

To explore whether or not the difference of atmospheric dy-
namics and thermodynamics shown in Section 3.2 could be
responsible for the different smoke-cloud relationships between
2003 and 2002, we stratify the MODIS data for various mete-
orological parameters, including the atmospheric boundary layer
(ABL) RH, LI, and the vertical low-level wind-shear (LLWS).
The RH at the 850 mb level is used to stratify the aerosol-cloud
analysis as shown in Fig. 14. In 2003, cloud fraction increases as

AOD increases from 0.1 to 0.4 under high RH (>75%, Fig. 14a).
For lower RH (<75%) and heavier aerosol loading (AOD>0.4),
the change of cloud fraction with AOD is not evident. The
decrease of cloud droplet size is also greater for higher RH (Fig.
14b) as expected. In 2002, no systematic change of cloud droplet
size with AOD can be detected. The cloud fraction decreases,
instead of increasing as it did in 2003, with increasing smoke,
especially for RH<75% (Fig. 14c).

How the aerosol-cloud relationships change with atmospher-
ic stratification is shown in Fig. 15. In 2003, the cloud fraction
increases as AOD increases from 0.1 to 0.4 for a less stable
lower troposphere (LI<3, Fig. 15a). Cloud droplet sizes
decrease with AOD for the similar AOD range as in Fig. 15a
for less stable atmosphere (LI<5). These aforementioned
changes do not exist for a more stable lower troposphere
(LI>5), presumably due to a weaker or complete absence of
updrafts. In 2002 (Fig. 15c), the reduction of cloud fraction with
AOD is generally larger for larger LI, thus more stable lower
troposphere (i.e., red and blue dots), particularly when AOD is
less than 0.7. No systematic changes of cloud droplet size with
AOD can be detected (Fig. 15d).
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Fig. 15. Changes of cloud fraction (F4) (a, ¢) and cloud-top effective radius (r.¢) (b, d) with aerosol optical depth (AOD) for 2003 (a, b) and 2002 (c, d). The data are

stratified by the MODIS-derived lifted index (LI).

Wind shear promotes and prolongs the development of
clouds by their generation of turbulence and displacement of
convective downdrafts (Liu & Moncrieff, 2001) and hence
increases the cloud fraction. On the other hand, a strong wind
shear may also shorten cloud lifetimes by promoting large
lateral entrainment of dry ambient air into the cloud and
decoupling of the cloud layer from the surface.

Fig. 16 examines how wind shear affects the relationship
between smoke and clouds. The wind shear is defined here by a
difference of horizontal wind speed between 925 mb and
700 mb (LLWS) (Peterson et al., 2002) as derived from
radiosonde measurements over Manaus (3.15 °S, 59.98 °W),
Brazil. The relation between cloud and aerosol in 2003 shows
no clear dependence on the wind shear. In 2002, however, the
cloud fraction decreases rapidly with increasing AOD for
weaker vertical wind shear (<2 m s~ ') as shown in Fig. 16¢. For
example, cloud fraction decreases from about 0.3 to 0.05 as
AOD increases from 0.1 to 0.75. But for the stronger wind shear
(>2 m s ") cloud fraction changes little with AOD.

The above analyses generally indicate that the cloud fraction
is reduced more for a lower troposphere with lower RH or a

more stability (higher LI), whereas cloud droplet size is reduced
more and fraction increased more for a lower troposphere with
higher RH or a less stability (lower LI). In addition, a weaker
wind shear in a stable lower troposphere is associated with a
stronger reduction of cloud fraction. However, deviations from
such general relationships for individual parameters also exist.
Such unexpected variability is presumably in part due to
differences in aerosol properties and vertical structure, differ-
ences in sample sizes, uncertainties in the data we use, as well as
other cloud and atmospheric conditions that cannot be included
in our analysis due to lack of observations of these parameters.

4. Implications and discussion
4.1. What are the determining factors?

Both smoke aerosols and changes of meteorological
conditions can change cloud fraction and droplet sizes.
Determination of the underlying causes for observed changes
of any smoke aerosol-cloud relationship requires that we
establish whether or not: a) the observed aerosol-cloud
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Fig. 16. Changes of cloud fraction (F4) (a, ¢) and cloud-top effective radius (7.¢) (b, d) with aerosol optical depth (AOD) for 2003 (a, b) and 2002 (c, d). The data are
stratified by low-level wind difference between 925 and 700 mb as an index of vertical wind shear (LLWS) that is derived from radiosonde measurements over Manaus

(3.15 °S, 59.98 °W), Brazil.

relationship is real and large compared to natural changes of
cloud properties and meteorological conditions; b) that it is
physically plausible; c) that there are no other alternative
explanations for the observed relationship.

Why do we believe that the relationships are real? Cloud
contamination in aerosol retrieval (Kaufman et al., 2005) or
aerosol contamination in cloud retrieval (Brennan et al., 2005)
could result in a positive correlation between cloud fraction and
aerosol optical depth. As discussed earlier, the exclusion of the
samples with high AOD and low cloud optical depth in our
analysis should have minimized such artificial correlation
between aerosol and cloud. While clouds cast shadows to
reduce the reflected sunlight in the cloud neighboring regions,
the reflection of sunlight from cloud sides can enhance the
reflectance in the neighboring regions. Such an effect could
introduce a high bias in retrieved AOD in the vicinity of clouds
(Wen et al., 2006). Because this 3-D cloud effect increases with
cloud cover, it could generate a spurious positive correlation
between aerosol and cloud, especially for high cloud and AOD
conditions. However, the positive correlation between cloud

fraction and AOD is weaker for higher AOD (>0.5) and cloud
fraction than for lower AOD and cloud fraction (Fig. 5). Thus,
this positive relationship cannot be explained by the 3-D cloud
effects. In 2002, the cloud fraction decreased with increasing
AOD. Such a relationship is opposite to those expected from
those caused by retrieval errors.

Why do we believe the observed aerosols-cloud relation-
ships are physically plausible? Our observations show that,
when the lower troposphere is less stable and closer to sat-
uration as it is during the transition season of 2003 (Figs. 10 and
12), the fraction of warm clouds increases with increasing LWP
(Fig. 13). Higher LWP generally implies more well-developed
thicker clouds associated with stronger updrafts. A stronger
updraft can reduce the critical super-saturation for droplet
growth, activating more aerosol particles or condensation nuclei
(CN) into cloud condensation nuclei (CCN) and, hence, more
effectively decreasing the droplet size given the same amount of
available water (Feingold et al., 2003).

What are possible alternative explanations? The most ob-
vious such possibility is that changes in the vertical distribution
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of aerosols might have lead to the observed differences in cloud-
aerosol relationships between the two years. Observations
indicate differences in the vertical extent of the aerosol between
the two years.

Aircraft measurements during the burning season of 2002
indicated that most of optically active aerosols were confined to
the lowest 2000 m layer (Andreae et al., 2004; Chand et al.,
2006). Space-borne lidar measurements from the Geoscience
Laser Altimeter System (GLAS) launched in 2003 (Spinhirne et
al., 2005) during September 25—November 19, 2003 (Fig. 17)
show that most of smoke layers were confined to the lowest
2500 m layer. This suggests that the smoke layer was 500 m
higher in 2003 than in 2002. Such a difference in the vertical
distributions of acrosol may be associated with the less stable
lower troposphere in 2003 than in 2002.

What might be the consequences of these observed
differences? Some such consequences are entirely consistent
with our previously presented hypothesis and some are not. The
deeper smoke layer and higher cloud LWP in 2003 could
provide more smoke particles for cloud condensation nuclei.
Indeed, we have observed that cloud effective radii decrease and
optical depth and fraction increase for warm clouds with higher
LWP (>40 g m™ %) as AOD increases from 0.1 to 0.4—0.6 and
that clouds with similar LWP and top temperatures have optical
depths and fraction that increase with AOD consistent with the
radii decrease.

The impact of the smoke layer heating on meteorological
conditions depends on the vertical distribution of the smoke.
That is, solar absorption by smoke residing below cloud adds to
the boundary layer heating in fueling convection, whereas at
cloud level or above, it increases the inversion and stabilizes the
atmosphere, as demonstrated by Yu et al. (2002), Feingold et al.
(2005). In addition, the latter effect will increase with a greater
AOD and so make the atmosphere drier, hence decreasing
cloudiness.

We cannot determine how aerosol absorption would change
between 2003 and 2002 based on the observations we have.
Such a determination requires more reliable and comprehensive
observation of the aerosol vertical distribution. However, the
observation of a higher aerosol layer in 2003 suggests a greater
stabilization. Thus, the deeper aerosol in 2003 apparently
cannot explain the stronger increase of cloudiness with AOD
seen in that year or to the absence of an observational rela-
tionship between cloud effective radii with AOD in 2002.

However, aerosol heating in the cloud layer could help
amplify the effects of the already less saturated and more stable
atmosphere in 2002 (Figs. 10—12), contributing to cloud
dissipation, and consistent with the smaller fraction of clouds
with lower LWP observed for 2002. The observed decrease of
cloud fraction with AOD, especially for lower relative humidity
and stronger stability (Figs. 14c and 15c), and the lack of
systematic changes in cloud particle sizes (Figs. 14d and 15d)
are consistent with clouds that are influenced by aerosol heating
that stabilizes the lapse rate between surface and smoke layer.

Finally, even though the aerosol-cloud relationships are
derived for similar atmospheric stability (LI) and RH condi-
tions, the increase of atmospheric stability and decrease of RH

with AOD within each LI and RH category could still contribute
to the observed decrease of cloud fraction with AOD. The
contribution of this effect relative to the aerosol heating effect
cannot be determined observationally.

Thus, our observations suggest that in the dry season of 2003
with its more unstable and humid atmospheric conditions, the
dominant effect of aerosols was to decrease the sizes and
increase the lifetimes of cloud droplets. On the other hand, in
the corresponding period of 2002 with more stable and less
saturated atmospheric conditions, stabilization by aerosol
heating, or cloud “burning” appeared to be dominant. A
contribution to these differences from a difference in the vertical
profile of aerosol heating appears unlikely as in conflict with the
observational evidence for a lower aerosol layer in 2002.

There are at least several additional factors that could in
principle contribute to the observed changes in aerosol-cloud
relationships that were not examined in this study. Kaufman and
Koren (2006) showed that pollution and smoke aerosols could
either increase or decrease the cloud cover, with a transition at
aerosol absorption optical depth of about 0.05. This hypothesis
might explain the shift from the increase to decrease of cloud
fraction with increasing column aerosol concentration at AOD
of about 0.5 in 2003 (Fig. 5). Does aerosol single-scattering
albedo change from one year to another? Would such a change
contribute to the changes in aerosol-cloud relationships? In a
dry year like 2002, combustion would be more likely of a
flaming phase, so besides being more frequent smoke would be
darker. In contrast, in a wet year, higher fuel moisture would
result in less absorbing smoke and fewer fires, hence fewer
smoke soot particles. If so, the cloud fraction would decrease
with increasing aerosol columnar concentration at a smaller
AOD in 2002 than in 2003. Unfortunately, the limited number
of observations cannot provide any conclusive assessment on
this issue. For example, retrievals of aerosol single-scattering
albedo (SSA) over two AERONET sites in the domain (Alta
Florest and Abrocos Hill) suggest that smoke was even slightly
darker (smaller SSA) in 2003 than in 2002, but the SSA
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Fig. 17. Detection frequency of aerosol layers and the average aerosol
backscatter measured by the Geoscience Laser Altimeter System (GLAS)
during September 25—November 19, 2003.
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difference of ~0.005 is much smaller than the uncertainty of
0.03 associated with SSA retrievals (Dubovik et al., 2002). It is
also unclear whether smoke in 2002 was dark enough to be
responsible for the decrease of cloud fraction with increasing
aerosol loading at low AOD range as shown in Fig. 7 and in
Koren et al. (2004). Any unambiguous attribution of the
observed difference in the aerosol-cloud relationships to the
difference in aerosol absorption properties remains difficult
until more accurate measurements of aerosol absorption are
available.

4.2. How would the interannual variation of aerosol-cloud
interaction change radiative forcing?

What can we learn about the influence smoke aerosol on the
radiation budget in the Amazon? Assuming that the observed
change in aerosol-cloud relationships qualitatively represent the
change of aerosol influence on warm clouds between 2003 and
2002, we can use a radiative transfer model (Fu et al., 1997) to
provide a simple illustration as to how such a change might
change the aerosol radiative forcing in the Amazon. Robust
quantification of smoke forcing would require adequate mea-
surements of aerosol and clouds and an estimate of
uncertainties.

We use solar insolation of September 15 at 2.5 °S. The
overall solar flux in the region is a fraction weighted average of
clear-sky and cloudy-sky fluxes. Due to lack of observations,
aerosol properties are assumed to be identical in the 2 years.
The aerosol extinction is assumed to decrease with wavelength
with an Angstrom exponent of 2 that is consistent with
measurements by Chand et al. (2006). The aerosol single-
scattering albedo and asymmetry factor are based on observa-
tions at two AERONET sites (Alta Florest and Abracos Hill) in
the region (Dubovik et al., 2002). The single-scattering albedo
of 0.93 at 550 nm is similar to that measured in situ (Chand
et al., 2006). The asymmetry factor at 550 nm is 0.63. We
assume that the aerosol is well mixed in the lowest 1700 m layer
(Chand et al., 2006) and the same amount of aerosol as in the
clear-sky is assumed to reside beneath the cloud layer. Cloud
optical depth, droplet size, and cloud fraction are prescribed as
functions of AOD from the correlation derived in this paper.
Calculations are done for an AOD of 0.1 (background), 0.55
(“moderate smoke”), and 0.95 (“heavy smoke”). The back-
ground computation is subtracted from the moderate and heavy
smoke computations to diagnose qualitatively the forcing by
moderate and heavy smoke. The broadband surface albedo is
taken from MODIS retrievals as 0.15 (Yu et al., 2004). Both
instantaneous and 24-hour average forcings are estimated (the
later with the same aerosol loading and smoke-cloud interac-
tions during the day as that at 1:30 p.m.).

Fig. 18(a) and (b) show the calculated instantaneous (at 1:30
p-m.) smoke forcing and the 24-hour results, respectively. The
24-hour forcing is about 35% (for surface forcing) and 40—50%
(for TOA forcing) of those at 1:30 p.m. Differences in the
estimated aerosol forcing between the 2 years are largely
determined by the observed different cloud fraction and aerosol
relationships. Both surface and TOA aerosol forcing, defined by
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Fig. 18. Changes of (a) instantaneous (1:30 p.m. local time) and (b) daily solar
radiative forcing at the top of atmosphere (TOA) and the surface for moderate
(AOD=0.55) and heavy (AOD=0.95) smoke conditions and associated changes
of warm clouds based on the aerosol-cloud relationship obtained from MODIS
data. The aerosol single-scattering albedo and asymmetry factors are taken from
AERONET measurements. The aerosol is assumed to be uniformly distributed
in the lowest 2 km layer. Clear-sky and cloudy-sky fluxes are calculated
separately and then weighted by clear-sky fraction and cloudy-sky fraction to
derive average fluxes. For cloudy-sky calculations, the same amount of aerosol
as in the clear-sky is assumed to present beneath the cloud layer. AOD=0.1 is an
assumed background for deriving the aerosol forcing.

solar radiation reduction, are stronger in 2003 than in 2002,
caused by increase of cloud fraction and optical thickness with
aerosol in 2003. The aerosol forcing at TOA in 2002 is smaller as
acrosol scattering is largely balanced by the decrease of cloud
fraction. The atmospheric heating due to smoke absorption in
2002 is much stronger than in 2003 for moderate and heavy
smoke conditions because of its greater fraction of clear-sky.

4.3. Potential influence on wet season onset over the Amazon

The increase of humidity in the ABL and weakening of the
inversion are the primary conditions determining the dry-to-wet
transition (Fu et al., 1999). The former depends on the soil
moisture/vegetation conditions and surface solar flux during the
early phase of the transition from dry to wet season (Li & Fu,
2004). Changes in land surface fluxes, as controlled by soil
moisture and surface solar flux, are as important as the influence
of ENSO in determining the interannual variations of wet
season onset (Fu & Li, 2004). Our Fig. 18 suggests that the
aerosol radiative forcing at the land surface is comparable to the
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interannual changes of the land surface fluxes, thus could have
significant influence on the transition from dry to wet season.

Finally, through numerical simulations, Yu et al. (2002) have
suggested that the influences of aerosols on surface fluxes and
ABL structure vary with soil moisture. Since local evapotrans-
piration is the primary source of the ABL moisture during dry
and transition season (Li & Fu, 2004), the variation of aerosol-
cloud relationship with relative humidity implies a significant
role of land surface condition in determining the aerosol-cloud
relationship.

5. Conclusions

An analysis of MODIS aerosol, warm cloud and lifted index
retrievals, radiosonde profiles and the ECMWF reanalysis
indicates very different smoke-cloud relationships between two
different years. The differences appear to be largely correlated
with atmospheric thermodynamic and moisture structure. In
2003, under wet and unstable atmospheric conditions and
widely-spread thicker clouds, cloud droplet size decreased and
cloud lifetime and fraction increased with increasing AOD
except for low-level thin clouds. The decreased droplet sizes
and increased cloud fractions can amplify the reflection of solar
radiation by the smoke. In 2002, the atmosphere was drier and
more stable than in 2003. The cloud fraction decreased with
AOD for similar atmospheric stability and relative humidity
conditions. No clear relationship between cloud effective radius
and AOD could be detected, possibly because of too few
samples for high LWP clouds. The reduction of cloudiness can
compensate the effect of aerosol extinction on surface radiation
balance. How aerosol absorption and its vertical distribution
may have changed between the two years and hence possible
effects cannot be assessed due to lack of high accuracy
measurements.

Caution should be exercised when generalizing results about
aerosol radiative forcing from any individual year to climatol-
ogy. Our analysis implies effects of smoke on clouds could vary
between a wetter and drier year. Changes in aerosol-cloud
relationships can be generally explained by changes in
meteorological conditions between the peak biomass burning
seasons in 2002 and 2003, but whether changes in composition
or absorption and vertical distributions of aerosols could also
contribute to the changes in aerosol-cloud relationship still
needs to be clarified. Analysis of more wet versus dry years is
needed to determine whether our results can be generalized.
Finally, extension of the results in this study to aerosols from the
burning of African savannah or boreal forest would also be
problematic because biomass burning smoke aerosols may have
quite different physical and optical properties in these different
regions (Eck et al., 2003).
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