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Abstract

Aerosol from biomass burning has been shown to strongly modify cloud microphysical properties and cloud lifetime through
the so-called “indirect effect.” However, in the case of a lack of wet scavenging, it stays suspended for days to weeks and can be
transported to considerable distances within an elevated layer above low-level cloud tops with minimal aerosol–cloud interactions.
The observations carried out during the Southern African Regional Science Initiative (SAFARI) 2000 dry season field campaign
often revealed the presence of an elevated biomass-burning aerosol layer above a semi-permanent stratiform cloud deck off the
southern African coasts.

MODerate-resolution Imaging Spectroradiometer (MODIS) cloud products were used to investigate the existence of an aerosol
indirect effect on convective clouds. Results are presented documenting cloud effective radius and cloud radiative forcing
variations due to the presence of the aerosol during the development of convective clouds.

Radiative transfer simulations in the visible (0.8μm, VIS) and near-infrared (1.6, 2.1 and 3.7μm, NIR) wavelengths were
instrumental in establishing the extent of the influence of a biomass-burning aerosol layer overlying a water cloud sheet on the
MODIS satellite retrieval of cloud parameters, in particular the effective radius and the optical thickness. The radiative transfer
simulations suggest that the presence of the aerosol induces a significant underestimation of the cloud optical thickness, whereas an
underestimation of the retrieved effective radius is more pronounced in the retrieval that makes use of the 1.6μm waveband than
the 2.1 and 3.7μm wavebands. The MODIS cloud products of 3 days of the SAFARI 2000 campaign were analyzed to determine
whether the aerosol induced biases evidenced by the simulations also affect the operational cloud property retrieval.

Cloud parameters, in particular the effective radius, are usually employed as indicators of the occurrence of aerosol–cloud
interaction according to the “indirect effect.” However, these results highlight some of the difficulties associated with satellite
retrievals of cloud properties and show the importance of an accurate sighting of the cloud and aerosol layer top and bottom heights
in order to prevent erroneous detections of indirect effects.
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1. Introduction

In recent years, the interaction of clouds with aerosol
particles has been investigated through modeling
studies, in situ measurements, and remote sensing
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observations (Suzuki et al., 2004, and references
therein). Various types of sub-micrometer aerosols
acting as cloud condensation nuclei are responsible for
significant modifications of cloud properties through the
so-called “indirect effect.” Statistical analysis based on
satellite observations have unveiled a significant
correlation between cloud droplet size and small particle
aerosol loadings on a global scale (Bréon et al., 2002),
so that increases in aerosol concentrations are associated
with smaller mean values of the cloud droplet radius.
This in turn leads to an enhancement of the cloud short-
wave reflectivity (Twomey, 1977). Moreover, the effects
of pollution by sub-micrometer aerosol on cloud
lifetime (enhancement) and on precipitation-forming
processes (reduction) have been first observed by
Rosenfeld (1999, 2000). The alterations of cloud
properties as a consequence of the interactions with
aerosols may alter significantly the radiative forcing
with respect to cloud conditions in pristine atmospheric
environments (continental or marine).

The large injections in the atmosphere of aerosol
released by frequent forest and cropland fires all over the
planet are considered to be one of the main contributors
to such modifications of cloud properties (List, 2004).
Apart from significant amounts of inorganic compounds
such as sulphates, this type of aerosol also contains
organic compounds and black carbon, a strong absorber
of solar radiation that can greatly influence cloud
formation and evaporation (Ackerman et al., 2000). In
the absence of wet scavenging, biomass-burning aerosol
can stay suspended in the atmosphere for days to weeks
and be transported to considerable distances confined in
elevated polluted layers (Keil and Haywood, 2003),
which can be located above cloud top and separated
from it. The presence of the aerosol layer above the
cloud deck can significantly affect satellite retrievals of
cloud properties (effective radius and optical thickness),
because the retrieval algorithms do not take into account
the aerosol layer, giving rise to an erroneous detection of
the “indirect effect” (Haywood et al., 2004).

The aim of the present work is twofold. First, the
MODerate-resolution Imaging Spectroradiometer
(MODIS) cloud products from selected scenarios
characterized by convective clouds developing in the
presence of biomass-burning aerosol are used to detect
and quantify the aerosol “indirect effect” on cloud
particle effective radius and, consequently, on cloud
radiative forcing. Second, a radiative transfer modeling
exercise is carried out to quantify the effects of a
superimposed biomass-burning aerosol layer on the
cloud property retrieval. Then the MODIS-derived
cloud effective radius product is analyzed for three
selected case studies during the Southern African
Regional Science Initiative (SAFARI) 2000 to deter-
mine whether the aerosol radiative effects resulting from
the simulations come out also of the operational cloud
property retrieval. The simultaneous presence of clouds
and aerosol requires a very judicious approach to
standard cloud and aerosol products that are routinely
derived from satellite data, since they are in general
retrieved by neglecting one of the two components (for
instance, the aerosol loading) when characterizing the
other (for instance, the microphysical cloud properties).
In the case of heavy aerosol loadings, cloud masks may
have difficulties in separating the two components
(Martins et al., 2002). Further, cloud property retrievals
that disregard the presence of aerosols may suffer from
non-negligible errors (e.g., Haywood et al., 2004).

The next section describes the case studies. Section 3
details the methodology used to derive the cloud
properties and to estimate the cloud radiative forcing
and the respective results. The potential biases in
satellite based retrievals of cloud optical properties that
do not account for an intervening aerosol layer are
presented in Section 4. Finally, conclusions are proposed
in Section 5.

2. The case studies

A case of smoke transport originated from the
biomass fires that raged across southern Africa in
early September 2000 at the peak of the fire season was
analyzed. The area (see Fig. 1) and time period (7–13
September) were selected so as to benefit of the data of
SAFARI 2000, a multinational measurement campaign
that took place in southern Africa in August and
September 2000 (Swap et al., 2003; http://www.daac.
ornl.gov/S2K/safari.html). The heaviest burning was
located in western Zambia, southern Angola, northern
Namibia, and northern Botswana, as documented by
Fig. 1, where the locations of burnt areas for the 2
months are shown according to the Global Burned Area
(GBA) 2000 project data derived from the medium-
resolution (1km) satellite imagery provided by the
SPOT-VEGETATION system (Grégoire et al., 2003).

The meteorological context and the haze layer
characterization during the SAFARI 2000 campaign
are reported by Swap et al. (2003) and Stein et al.
(2003). The major circulation types controlling the
tropospheric aerosol transport in the subtropics at the
end of the dry season are described by Garstang et al.
(1996). The relevant aspects for the present work can be
summarized as follows. (1) The 2000 dry season
followed a period of heavy rainfall anomaly, associated
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Fig. 1. Map of the area of the case studies. The analysis of the variations of the particle effective radius was conducted inside the two dashed boxes for
two different situations: (1) clouds developing in the presence of aerosol (9 September 2000, 0950UTC); (2) maritime clouds in clean atmosphere (10
September 2000, 1035UTC). The locations of burnt areas in August and September 2000 are shown in gray according to the Global Burned Area
(GBA) 2000 project data derived from the medium resolution (1km) satellite imagery provided by the SPOT-VEGETATION system.
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with la Niña phase of the El Niño–Southern oscillation.
Such extremely “wet” climatic conditions fostered
prolific vegetative growth and, hence, fire fuel for the
dry season, which was characterized by biomass-
burning episodes. Massive thick aerosol layers covered
a large part of southern Africa as documented by the
Fig. 2. TOMS aerosol index maps
daily aerosol index (AI) maps of the Total Ozone
Mapping Spectrometer (TOMS) (Torres et al., 1998)
shown in Fig. 2 for the 5 days of the study. (2) During
the campaign the atmospheric circulation was charac-
terized by a high-frequency passage of westerly waves
(every 4–5days) and by the influence of tropical
for the 5 days of the study.
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easterly waves. These circulation types promote direct
easterly and westerly streaming of particulate from
southern Africa coasts. A noteworthy result of frequent
disturbances was the disruption of the conditions of the
classic anticyclonic gyre over the subcontinent, thereby
decreasing the strength and frequency of high-pressure
systems characterized by recirculation of air masses. (3)
The strongly layered vertical structure of the lower
troposphere in the region remained remarkably consis-
tent with the vertical structure detected during the
SAFARI 1992 observing period (Garstang et al., 1996)
characterized by four absolutely stable layers. These
layers serve as traps for trace gases and aerosols, thus
serving in many cases as caps or upper boundaries for
haze layers and controlling the transport over the
continent. (4) The absence of precipitation and the low
absolute humidity of the continental air masses over
southern Africa during the dry winter became an
obstacle in the detection of the effects of the biomass-
burning aerosol on continental cloud formation. On the
other hand, the aerosol transported over the ocean can
mix with moist air masses and affect cloud properties. In
situ analyses of aerosols, cloud condensation nuclei
(CCN) and cloud droplet spectra during SAFARI 2000
confirm that biomass-burning aerosols produce very
effective CCN, thus affecting cloud droplet size
distributions (Swap et al., 2003).

The general meteorological conditions and peculiar
phenomena occurring during the whole study period,
lasting from 7 to 13 September, were examined as the
necessary background frame. The occurrence of specific
conditions during each event is supported by available
coincident measurements (e.g., lidar measurements in
Section 4) or by a more detailed description of
meteorological conditions (as in the next section,
dealing with aerosol indirect effects).

3. Biomass-burning aerosol indirect effects

This section examines the indirect effect that the
biomass-burning aerosol may have on convective
clouds through the analysis of cloud droplet radii.

Recent studies have demonstrated that aged aerosol
particles from biomass burning can become hydrophilic
enough to be activated as CCN at supersaturation
conditions (Zuberi et al., 2005). The aerosol aging may
occur by coalescence with soluble inorganic com-
pounds such as H2SO4 and NaCl. Moreover, the
oxidation by OH, O3, SO2, NOx and HNO3 forms
surface polar groups responsible for the hydrophilic
characteristics (Zuberi et al., 2005, and references
therein). These latter justify the assumption that
biomass-burning aerosol particles, activated as CCN,
contribute to cloud development, modifying their
microphysical characteristics.

The modification of the cloud microphysical para-
meters due to the interaction with the aerosol particles
may induce variations in the cloud radiative forcing with
respect to clouds forming in clean atmospheric condi-
tions. These variations should be detected and quanti-
fied as precisely as possible.

3.1. Study area

The two areas of the MODIS overpasses selected for
the analysis of cloud–aerosol interactions are shown as
dashed boxes in Fig. 1. The MODIS Red–Green–Blue
(RGB) composites for 9 and 10 September 2000 are
shown in Fig. 3a and b. The aerosol plume emanating
from the Angolan–Namibian coast shows up in Fig. 3a
as a brownish haze merging with the cloud system
extending over the south Atlantic Ocean with embedded
brighter convective cells. The AI maps in Fig. 2 locate
the aerosol plume and delimit its extension.

The box labeled “Aerosol” in Fig. 1 encloses an area
of clouds probably developing in the presence of aerosol
from biomass burning on 9 September 2000 0950UTC.
This hypothesis can be supported by several remarks.

Fig. 4 shows the synoptic map for 9 September 2000,
as derived from the NCEP-NCAR 50years reanalysis
data available at NOAA (Kistler et al., 2001). The mean
sea level pressure field is typical of a westerly wave
condition. At 700hPa, the wind vectors show a tendency
to recirculation, according to Garstang et al.'s (1996)
classification, and the pressure level is associated with
the first absolute stable discontinuity (corresponding to
about 3000m asl). Aerosol was surely present at this
elevated absolutely stable layer, transported by recircu-
lation (see also Section 4.2), while direct transport at
lower level is also known to occur. Thus, convective
African coastal clouds have a high probability of
processing aerosol loaded air through their base.
Remote sensing of the modifications induced by aerosol
on cloud hydrometeor size distributions is further
complicated by the presence of the thick elevated
aerosol layer, which can lay above the convective cloud
top in its early development phases, when the vertical
growth is not completed. However, the adopted
Rosenfeld and Lensky (1998) classification and RGB
display method demonstrate their robustness in detect-
ing and analyzing aerosol indirect effects on cloud size
distribution in such difficult conditions.

The “Non-Aerosol” box (10 September 2000,
1035UTC) delimits an area of maritime clouds that



Fig. 3. RGB composites of the MODIS granules: (a) 9 September 0950UTC, (b) 10 September 1035UTC, (c) 7 September 0825UTC, (d) 11
September 0940UTC, and (e) 13 September 0925UTC. The selected areas corresponding to the “Aerosol” and “Non-Aerosol” boxes in Fig. 1 are
drawn in (a) and (b), respectively. The red broken lines in (c)–(e) locate the portions of the ER-2 aircraft flight trajectories characterized by the
presence of clouds.
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developed in a pristine atmosphere characterized by
maritime aerosols, far from the biomass-burning
influence zone.
The choice of the horizontal extent of the two
study areas stems from considering trade-offs be-
tween two constraints: area large enough to contain



Fig. 4. Synoptic map on 9 September 2000: mean sea level pressure (hPa, shaded), isotachs (contours), and wind vectors at 700hPa (m s−1). Data
derived from the NCEP-NCAR 50-year reanalysis.
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clouds in different stages of their life cycle to ensure
statistical significance, and, on the other side, not too
wide so as to enclose clouds formed in a homoge-
neous air mass. The underlying assumption is that
cloud top properties of a cluster of convective clouds
having the top at different heights (i.e., at different
stages of their vertical evolution) can be considered
representative of the time evolution of the individual
cloud element. The validity of this ergodicity
assumption has been addressed by Lensky and
Rosenfeld (2005).

The identification of convective pixels is done
following the Rosenfeld and Lensky (1998) recommen-
dations. A convective pixel is therefore detected when
the following conditions are fulfilled: (a) visible
reflectance (0.65μm) greater than 0.4 and (b) infrared
brightness temperature difference (BTD: T11μm−T12μm)
smaller than BTDs+1°C, where BTDs is the brightness
temperature difference obtained from the precipitable
water (PW) of a saturated atmosphere using the equation
PW=0.837 BTD (Eck and Holben, 1994).
3.2. Data and methods

The MODIS cloud products (King et al., 1997;
Menzel and Strabala, 2002) are analyzed within the
two selected boxes: top pressure, temperature (T) and
phase (at 5×5km2 resolution), cloud optical thickness
(τ), particle effective radius (Re) at three wavelengths
(1.6, 2.1, and 3.7μm), and water path (at 1×1 km2

resolution). All products are geolocated, and geometry
parameters are provided. Since cloud top temperature
and effective radius data are used in the present
analysis, the effective radius data are subsampled to
match the spatial resolution of the cloud top
temperature. The same procedure is applied to the
cloud optical thickness data that are used in the
computation of the cloud radiative forcing. The
subsampling is done taking every fifth pixel along
and across the scan, and it starts at the third pixel
(along and across the scan).

The instantaneous cloud radiative forcing (ICRF) at
the top of the atmosphere (TOA) was calculated from



Fig. 5. Cloud top temperature as a function of droplet effective radius at 3.7μm derived for two different situations inside the boxes of Fig. 1. The
vertical dashed line indicates the 14 μm precipitation threshold described by Rosenfeld and Gutman (1994).
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the net shortwave (NSW) and longwave (NLW) fluxes,
according to the following equation,

ICRF ¼ ðNSW þ NLWÞcloud−ðNSW þ NLWÞnocloud

being the net fluxes given by the differences between
the downward and upward fluxes, NSW=(SW↓−SW↑)
and NLW=(LW↓−LW↑) (IPCC, 2001). A positive
value of the ICRF indicates that the clouds cause a
warming of the overall Earth–atmosphere system,
whereas a negative value denotes a cooling of the
system. Since the ICRF is estimated from the cloudy
and cloud-free radiative fluxes, it strictly depends on
the radiative properties of both clouds and surface
(Ramanathan et al., 1989), which should then be
accurately characterized.

The radiative fluxes were computed using FluxNet,
a neural network version of the radiative transfer model
(RTM) Streamer (Key and Schweiger, 1998). FluxNet
is an extremely fast code for use in applications that
require rapid and accurate radiative transfer calcula-
tions. Streamer, the RTM that trains the neural network
of FluxNet, is based on the plane-parallel theory and
uses the discrete ordinates solver DISORT (Stamnes et
al., 1988). It is a medium spectral resolution model
simulating the Earth–atmosphere radiative processes
and the associated radiation budgets. The shortwave
and longwave fluxes are computed in the 0.28–4.0 μm
and 4.03–500 μm wavelength ranges using 24 and 105
bands, respectively, with variable width. The surface
type is open sea water, characterized by the spectral
reflectance model of Brieglieb et al. (1986). The
surface temperature is obtained from the MODIS cloud
product. The atmospheric gas absorption (H2O, O2,
CO2, O3) is modeled using the Exponential-Sum
Fitting of Transmission technique by Wiscombe and
Evans (1977). Tropical atmospheric vertical profiles of
temperature, pressure and water vapor are taken after
Ellingson et al. (1991). The solar zenith angle values
are those of each one of the MODIS pixels. Computa-
tions are performed for a solar zenith angle value of
20° that corresponds to the average value of the solar
zenith angle of the MODIS pixels contained in the
“Aerosol” labeled box. The cloud characterization,
namely, phase, particle effective radius, optical thick-
ness and top temperature, are derived from the MODIS
cloud product. Aerosols are not considered in the flux
calculations.



Fig. 6. Instantaneous SW, LW and net cloud radiative forcing at TOA for the dashed boxes in Fig. 1.
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3.3. Classification scheme into microphysical zones and
TOA radiative forcing

The relation between cloud top effective radius at
3.7μm and cloud top temperature for developing
convective clouds are instrumental in deriving informa-
tion on microphysical cloud processes and, consequent-
ly, on precipitation formation processes (Rosenfeld and
Lensky, 1998). The evolution of the droplet effective
radius as the cloud top temperature decreases is plotted
in Fig. 5. The temperature vs. Re relation is calculated
for the two boxes by retrieving an Re distribution at each
1°C step. The T vs. Re curves of the 25th, 50th (median)
and 75th percentile are displayed in the figure for clarity
sake. The vertical dashed line represents the 14 μm
precipitation threshold beyond which precipitation from
convective clouds is likely to occur (Rosenfeld and
Gutman, 1994).

Rosenfeld and Lensky (1998) studied ensembles of
clouds with tops covering a wide range of temperatures
and well distributed all over the globe. Based on the
evolution of the droplet effective radius with temper-
ature, they defined five vertical microphysical zones
that may be identified during the development of a
convective cloud system: (1) diffusional growth zone,
characterized by very slow droplet growth rate; (2)
coalescence growth zone, where droplets increase
rapidly by coalescence at temperatures above freezing;
(3) rainout zone, characterized by nearly constant
values of Re (between 20 and 25μm); here, the droplet
growth by coalescence is balanced by precipitation of
the largest drops to lower heights and eventually
rainfall from cloud base; (4) mixed phase zone,
characterized by a large droplet growth rate at
temperatures below 0°C; (5) glaciated zone, which
presents stable values of the effective radius, greater
than those of the rainout zone. The five microphysical
zones do not necessarily characterize all convective
cloud systems. There are particular situations where
some of these processes (zones) may be suppressed
altogether (e.g., Rosenfeld and Lensky, 1998; Rosen-
feld, 1999, 2000).

The curves corresponding to the “Non-Aerosol”
situation in Fig. 5 exemplify some of the vertical zones
mentioned before. First, in the lower atmosphere, cloud
droplet size increased by coalescence with the effective
radius reaching values of about 22μm. A zone of rather
stable Re values between ∼3200 and 5200m follows,
which is identified as the rainout zone. Finally, as
temperature further decreases, mixed phase can be
distinguished from −4°C down below −12°C, charac-
terized by the large droplet growth rate, when the
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glaciated zone seems to start. The 25th and 75th
percentiles follow the trend of the median curve. The
results for this case reasonably compare with results
from highly maritime clouds (see Fig. 2 in Rosenfeld
and Lensky, 1998).

The “Aerosol” curves in Fig. 5 represent the effective
radius evolution for maritime clouds growing in the
presence of smoke aerosols. Note that the curves are
quite different from those of the “Non-Aerosol”
situation. The cloud droplets, instead of growing,
seem to diminish in size between 3100 and 4300m.
Afterwards, for temperatures below 0°C, Re is quite
stable, with an exception around 5500m, with values
around 7μm. The “Aerosol” curves slightly overcome
the 14 μm precipitation threshold below 3700m, but it is
not clear whether rainout actually occurs. In summary,
the various microphysical zones are not identified in
such a profile, a fact that is most probably due to the
severe effect that biomass-burning aerosols exert on
cloud hydrometeors, leading to the inhibition of droplet
growth. Rosenfeld (1999) shows a similar effect,
demonstrating that Amazon smoke may stop the
growth of cloud droplets with subsequent precipitation
suppression.

Fig. 6 shows the ICRF at TOA together with the
SW ICRF and the LW ICRF for the two test areas.
Note that clouds developing in the aerosol-free
atmosphere (solid black curve) present the less
negative ICRF, increasing (more negative values)
until around 0°C and then slightly decreasing (less
negative values) as the temperature decreases. As for
the maritime clouds growing in the presence of aerosol
(dashed dotted gray curve), ICRF has the highest
(more negative) values, becoming progressively lower
(less negative) with increasing height. The LW ICRF
does not show significant differences among the
various cases, since it is almost independent the
cloud microphysical parameters. The SW ICRF
presents the same trends as the ICRF, with the
“Aerosol” case showing the more negative values. In
the LW spectral region, clouds warm the system
(positive values of LW ICRF), whereas in the SW the
effect is the opposite. The net effect (ICRF) suggests
that the convective cloud systems contaminated by the
biomass-burning aerosol induce a more pronounced
cooling of the Earth–atmosphere system. This is due to
an increase of the cloud albedo as a consequence of the
increased number of CCN and consequent overall
diminution of droplet radius, which is in agreement
with findings from several authors (Twomey et al.,
1984; Rosenfeld, 1999, 2000; Bréon et al., 2002;
Andreae et al., 2004).
4. Effects of overlying biomass-burning aerosol
layers on cloud parameter retrievals

4.1. The radiative transfer model

Radiative transfer simulations at 0.8, 1.6, 2.1 and
3.7μm were carried out assuming a stratocumulus cloud
sheet with and without an overlying biomass-burning
aerosol layer. The simulations serve the purpose of
evaluating the sensitivity of reflectance at the opera-
tional MODIS retrieval wavelengths to the presence of
the aerosol, and understanding its possible effects on the
retrieval of τ and Re since the MODIS algorithm is run
disregarding the aerosol. Considering that the three case
studies analyzed in Section 4.3 are over oceanic areas,
the non-absorbing band at 0.8μm was chosen among
those of the MODIS cloud products (0.65, 0.8, 1.2μm)
in order to be consistent with the MODIS retrieval
algorithm applied to oceanic pixels.

The simulated reflectances were computed using the
RTM RSTAR4b (Nakajima and Tanaka, 1986, 1988;
Stamnes et al., 1988), a 1-D, plane-parallel model for
computing radiances at the VIS, NIR and infrared (IR)
wavelengths with the simultaneous presence of water or
ice clouds and an aerosol layer. The RTM can simulate
radiances as measured by a satellite sensor using the
response functions of its channels; monochromatic
simulations are possible as well. The calculations are
based on a combined discrete-ordinate/matrix-operator
method, with the delta-M approximation for the
representation of the phase function and the corrections
for the singly scattered radiation. The delta-M approx-
imation is suitable for representing the strongly
asymmetric phase functions as those of clouds,
characterized by a sharp forward diffraction peak and
a number of secondary features (glory and bows). This
is done via a series of low-degree Legendre polyno-
mials, thus reducing the computational time and the
storage space (Wiscombe, 1977; Levoni et al., 2001).
According to this technique, the phase function can be
approximated by the sum of a Dirac delta-function,
representing the sharp peak, and a Legendre polynomial
series, representing the phase function without the peak.
Only a small number of polynomials are required since
the Legendre series represents the “smooth” part of the
phase function. The atmosphere is vertically divided
into a user-defined number of homogeneous sublayers
[up to a maximum number of 49 between the TOA
(120km) and the ground] and limited at the ground by a
Lambertian surface. The vertical profiles of temperature,
pressure and gases are taken from the atmospheric
models of the Air Force Geophysical Laboratory



Table 1
Aerosol size distribution parameters used in the radiative transfer
simulations. Data of Haywood et al. (2003a) are also reported as a
reference

Mode Aerosol
type

Number
fraction

Mode radius
r0 (μm)

Standard
deviation

Haywood
et al.
(2003a)

1 Biomass 0.9960 0.12 1.30
2 Biomass 0.0033 0.26 1.50
3 Dust 0.0007 0.80 1.90

Mode Aerosol
type

Volume
fraction

Mode radius
rm (μm)

Standard
deviation

RSTAR4b Fine Biomass 0.89 0.15 1.3
Coarse Biomass 0.11 0.43 1.5
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(AFGL) (Kneizys et al., 1988). The principal gaseous
absorbers included in the RTM are water vapor, CO2,
O3, N2O, CO, CH4, O2, NO, SO2, NO2 and NH3. Gas
absorption is treated by means of a three-term k-
distribution method (Fu and Liou, 1992), which
prevents highly time-consuming line-by-line computa-
tions of the absorption coefficients, thus making the
wavenumber integrations more agile for transmittance
computations.

4.2. Radiative transfer simulations

The input parameters for the RSTAR4b RTM were
taken from the SAFARI 2000 field campaign. The
vertical distribution of the cloud and aerosol layers was
deduced from Keil and Haywood (2003) who describe
the typical scenario observed off the Angolan and
Namibian coasts during September 2000. Thus, simula-
tions targeted low-level stratiform clouds confined
between 400 and 700m and biomass aerosol located
in an homogeneous layer between 1.8 and 3.7km.

Clouds were regarded as a homogeneous vertical
layer, characterized by a monomodal log-normal size
distribution with a standard deviation σ=1.42 (ln
σ=0.35) (Haywood et al., 2004). The representative
values for the cloud liquid water path measured during
the SAFARI 2000 campaign ranged from about 7 to 60g
m−2 and Re≅7–8μm near cloud top (Keil and Hay-
wood, 2003). Thus, the radiative transfer computations
were carried out for Re=4–20μm and τ=2–20.

A new aerosol type, more suitable to represent the
radiative effects produced by the biomass-burning
aerosol observed during SAFARI 2000, was included
in the RSTAR4b aerosol data set. The extinction and
absorption cross sections and the phase function of this
aerosol were computed according to the Mie theory.
Aerosol scattering properties were computed using
wavelength-dependent real refractive index values
(1.53 at 0.43μm, 1.55 at 0.67μm, 1.57 at 0.87μm,
and 1.60 at 1.20μm), similar to those measured at the
Aerosol Robotic Network (AERONET; Holben et al.,
1998) Etosha-Pan site (Namibia) between 7 and 13
September 2000 and those reported in Yamasoe et al.
(1998). A fixed value of the imaginary refractive index
of 0.018i (Haywood et al., 2003a,b) was assumed.
Measurements during SAFARI 2000 in Namibia have
shown that the number size distribution of the aged
regional haze can be fitted by a three-modal, log-normal
distribution, whose parameters are summarized in Table
1. The first two smallest modes refer to the biomass-
burning aerosol particles, whereas the third mode is
likely to contain a significant amount of dust aerosol.
The third mode lacks completely in the very aged haze,
presumably because of sedimentation. A bimodal log-
normal volume size distribution was assumed as follows

m rð Þ ¼
X2
i¼1

Cidexp −
ðlnr−lnrmiÞ2
2ðlnriÞ2

" #
;

where the Ci are weighting coefficients, and rmi and σi

the volume mode radius and standard deviation for each
mode, respectively. It was not possible to include the
third dust aerosol mode due to the constraints of
RSTAR4b that does not work on multi-modal size
distributions of different aerosol types. The values of the
size distribution parameters are listed in Table 1. The
volume mode radius values were computed from the
number mode radius values reported in Haywood et al.
(2003a), taking into account for each modes the
relationship between the volume size distribution valid
for spherical particles

mi rð Þ ¼ 4

3
dpr4dni rð Þ

and the corresponding number size distribution ni(r)

ni rð Þ ¼ CVi
r

dexp −
ðlnr−lnr0iÞ2
2dðlnriÞ2

" #

and the consequent relation between the volume mode
radius (rmi) and the mode radius of the number size
distribution (r0i)

rmi ¼ r0idexp½3dðlnriÞ2�:
The single scattering albedo and the extinction coeffi-
cients normalized at 0.55μm resulting from the assumed
setup of the aerosol layer are in good agreement with
those of Haywood et al. (2004) as shown in Table 2. The
same is not true for the asymmetry parameter values, in
particular for the NIR wavelengths, which do not show



Table 2
Comparisons between the scattering properties of the biomass burning
aerosol: single scattering albedo, extinction coefficient normalized at
0.55μm, and asymmetry factor

Wavelengths (μm)

0.55 0.63 0.87 1.63 2.13 3.7

Single scattering albedo (ω0)
Haywood et al. (2004) 0.91 0.88 0.86 0.78 0.78 0.75
RSTAR4b 0.91 0.90 0.88 0.84 0.81 0.73

Normalized extinction coefficient (Kext)
Haywood et al. (2004) 1 0.78 0.38 0.10 0.08 0.04
RSTAR4b 1 0.79 0.42 0.12 0.07 0.02

Asymmetry factor (g)
Haywood et al. (2004) 0.59 0.52 0.40 0.48 0.50 0.57
RSTAR4b 0.60 0.57 0.47 0.42 0.40 0.28
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the expected wavelength dependence with a minimum at
0.87μm. This effect is most likely due to the absence in
the size distribution of the coarser dust aerosol mode.
Finally, an aerosol optical thickness at 0.5μm (τaer)
value of 0.5 was adopted, according to the value used in
Haywood et al. (2004). Area plots of time-averaged τaer
values from MODIS revealed that this value of τaer can
be considered representative of the aerosol load of
oceanic areas off the Namibian and Mozambican coasts
during September 2000.

Standard tropical atmospheric profiles and a Lam-
bertian surface albedo of 0.05 were adopted for the
simulations.

The simulated data at 3.7μm did not include the
thermal emitted component, as the solar reflected
component is much more sensitive to the cloud droplet
size variations and is therefore exploited by the cloud
effective size retrieval algorithms (King et al., 1997;
Nakajima and Nakajima, 1995).

The results of the RTM computations are shown in
Fig. 7a–c. NIR reflectances are plotted as a function of
the 0.8-μm reflectances; black filled circles represents
cloud-only reflectances, while open diamonds those
contaminated by the aerosol layer. Each solid curve
refers to a different value of Re and the dashed lines are
curves with a constant value of τ. A nadir viewing
geometry with a solar zenith angle of 0° is to be assumed
since simulations performed at different sun–observer
geometries do not reveal qualitatively different patterns.
The scarce influence of the solar geometry on this kind
of RTM simulations is also confirmed by the similarity
of the present results with those of Haywood et al.
(2004) for different solar geometries.

The presence of a partially absorbing aerosol layer
above the cloud top induces a significant underestima-
tion of τ, as suggested by the reflectance data at 0.8μm
that are diminished by the effect of the biomass-burning
aerosol. The effect is more evident for high τ values but
it shows up also at smaller τ. For example, the 0.8-μm
reflectances computed for τ=20 and including the
aerosol layer are comparable with reflectances without
the aerosol and τ=16. Similarly, reflectances with
aerosol and τ=10 are similar to those computed without
aerosol and τ=8.

A decrease of the NIR reflectances is also documen-
ted in Fig. 7a–c, due to the absorption of the cloud
scattered radiation by the biomass-burning aerosol layer.
At the same time, the simultaneous decrease in the NIR
and VIS reflectances can induce an underestimation of τ
and an underestimation of the retrieved Re that might be
erroneously interpreted as an indirect effect of the
aerosol on cloud particle size (Haywood et al., 2004).
The reflectance at 1.6μm including the aerosol and
computed for τ=20 and Re=12μm is comparable (see
Fig. 7a) with the reflectance without aerosol for τ=16
and Re=10μm. The effect is noticeable also for smaller
τ values at 1.6μm, e.g., the reflectance including aerosol
computed for τ=10 and Re=8μm that produces the
retrieved values of τ=8 and Re=6μm. NIR reflectances
at 2.1 and 3.7μm are only moderately affected by the
aerosol and for τ≲10, because of the greater τaer value
at 1.6μm (0.05) than at the other two wavelengths (0.03
and 0.01, respectively). Note the reflectance at 2.1μm
including aerosol with τ=8 and Re=14μm (Fig. 7b),
which is similar to that without aerosol and τ=6 and
Re=12μm.

4.3. The aerosol radiative effect on the MODIS cloud
parameter retrieval

The evidence of the effect of a biomass-burning
aerosol layer overlying a stratocumulus cloud on an
actual cloud parameter retrieval from satellite radiance
measurements was investigated using MODIS cloud
products. Re values at 1.6, 2.1 and 3.7μm of three
MODIS data granules acquired in different days during
the SAFARI 2000 campaign were analyzed. Top and
bottom heights of the cloud and aerosol layers were
precisely located (resolution is 30m vertical and 200m
horizontal) from the profiles of volume 180° backscatter
coefficients measured by the Cloud Physics Lidar (CPL)
(McGill et al., 2002, 2003) flying on board the NASA
ER-2 high-altitude aircraft during the campaign (avail-
able at http://cpl.gsfc.nasa.gov/). The CPL can detect up
to 10 different layers, distinguishing among planetary
boundary layer, cloud layer and elevated aerosol layer.
An example of such a data set of cloud and aerosol

http://www.cpl.gsfc.nasa.gov/


Fig. 7. (a) Simulated NIR (1.6μm) and VIS (0.8μm) reflectances as a function of Re and τ. Black filled circles show the results without the aerosol,
and open diamonds those including the biomass burning aerosol layer with τaer=0.5. Computations refer to solar and satellite zenith angles of 0°. (b)
Same as in (a) but for simulated reflectances at 2.1μm. (c) Same as in (a) but for simulated reflectances at 3.7μm.
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boundaries for the 13 September 2000 was shown in
Cattani et al. (2003). During SAFARI 2000 CPL
measurements were validated against the ground-based
Micro-Pulse Lidar Network (MPL-Net) and the NASA
Ames Airborne Tracking 14-channel Sun photometer
(AATS-14) operating on board the University of



Fig. 8. 7 September 2000. Frequency distribution functions of the Re

(1.6)−Re(2.1) (thick line) and Re(3.7)−Re(2.1) (thin line) values for
the MODIS pixels a) not contaminated, b) contaminated by the
aerosol. The vertical lines denote the modal values of the distributions.

Fig. 9. Same as in Fig. 8 but for the 11 September granule.
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Washington's Convair-580 research aircraft (McGill et
al., 2003; Schmid et al., 2003). For each case study, only
the CPL pixels containing a cloud layer were selected
and the data where the magnitude of the aircraft roll
exceeded 3° were considered invalid and excluded from
the analysis. The RGB composites of the three selected
MODIS granules in September 2000 are shown in Fig.
3c–e [(c) 7, 0825UTC, (d) 11, 0940UTC, and (e) 13,
0925UTC] together with the ER-2 aircraft flight
trajectory (red line) in cloudy conditions. Given a CPL
pixel, the co-located MODIS pixel was detected
(difference in latitude and longitude smaller than
0.01°) and classified as aerosol or non-aerosol contam-
inated according to the lidar detection/non-detection of
the elevated aerosol layer above the cloud top. The
inspection of the MODIS cloud phase product for the
three case studies revealed the absence of ice clouds
along the legs of the aircraft trajectories used for the
MODIS pixel classification. For this analysis, only
MODIS cloudy pixels with τ<20 were selected to be
consistent with the theoretical computations. CPL
measurements were taken at (1) 1000 to 1041UTC, (2)
0950 to 1110UTC, and (3) 0900 to 1100UTC. They
were not perfectly time coincident with the three satellite
granules, but the delay never exceeded a few hours, thus
justifying the exploitation of the CPL data in the analysis
of the MODIS cloud products.

The differences between Re values retrieved at 1.6
and 3.7μm and those retrieved at 2.1μm, Re(1.6)−Re

(2.1) and Re(3.7)−Re(2.1), were used to detect the
signature of the aerosol radiative effect. According to
the RTM simulations, the aerosol effect on the Re

retrieval should be pronouncedly wavelength depen-
dent. Therefore, a decrease of Re(1.6)−Re(2.1) values is
expected due to the aerosol effect that causes an
underestimation of the retrieved Re(1.6) values, whereas
the differences Re(3.7)−Re(2.1) should be only moder-
ately influenced. The frequency distribution functions of
the two differences are presented in Figs. 8–10. The
statistical parameters of the frequency distributions
(mode and median values) are reported in Table 3,
together with the number of the MODIS aerosol-
contaminated and aerosol-free pixels.

In the first case (Fig. 3c) the NASA ER-2 aircraft
flew over a cloud system off the coast of Mozambique.
During this portion of the flight, 360 pixels out of the



Fig. 10. Same as in Fig. 8 but for the 13 September granule.
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1810 spatially coincident with the ER-2 trajectory were
classified as aerosol contaminated. The frequency
distribution functions of the Re(1.6)−Re(2.1) (thick
line) and Re(3.7)−Re(2.1) (thin line) values are reported
in Fig. 8 for aerosol-free pixels (Fig. 8a) and for those
that were aerosol contaminated (Fig. 8b). The vertical
lines indicate the modal values of the distributions. In
Table 3
Statistical parameters of the frequency distribution functions of the Re(1.6)
contaminated pixels

Number
of
pixels

Modal values (μm)

Re(1.6)−Re(2.1) Re(

7 September 2000
Non-aerosol 1450 0.67 −1
Aerosol 360 0.03 −0

11 September 2000
Non-aerosol 194 −0.14 −0
Aerosol 1409 −0.86 −0

13 September 2000
Non-aerosol 1262 1.07 −0
Aerosol 2463 −1.26 −0
this case, the presence of the aerosol layer has a
moderate effect on the distribution functions, as
demonstrated by the variations of the statistical para-
meters (Table 3). The Re(1.6)−Re(2.1) distribution for
the non-contaminated pixels shows a maximum at
0.67μm that is shifted to 0.03μm for the aerosol-
contaminated ones. Moreover, the absence of a marked
aerosol radiative effect is also demonstrated by the small
decrease of the median values (from 0.78 to 0.64μm),
which means that no substantial shift of Re(1.6)−Re(2.1)
towards smaller or negative values is detected. Analo-
gous conclusions can be drawn for the Re(3.7)−Re(2.1)
distributions, which do not show any statistically
significant differences. However, note that the aerosol
type and amount in this area are quite different from
those of the Namibian coastal regions (Eck et al., 2003).
Measurements during SAFARI 2000 at the Inhaca
Island AERONET site (Mozambique, 26°02′S 32°54′E)
revealed a substantial contribution from super-microm-
eter particles of marine aerosol and industrial pollution.
The aerosol contributions from fossil fuel burning and
industrial emission influence the aerosol mixture in this
area, therefore also modifying the absorption character-
istics. Moreover, τaer measurements from the Inhaca
Island AERONET site showed a daily average value of
about 0.2 for September 7 (Eck et al., 2003), a value
significantly lower than that used in the RTM simula-
tions. Only negative values are found for the non-
contaminated Re(3.7)−Re(2.1) differences (Fig. 8a)
unlike the other non-contaminated distributions (Figs.
9a and 10a). These findings disagree with those by
Platnick et al. (2003) about optically thick stratocumulus
clouds characterized by slightly positive Re(3.7)−Re

(2.1) differences, though typically less than 1μm. The
corresponding non-contaminated distribution reported
−Re(2.1) and Re(3.7)−Re(2.1) for the aerosol-contaminated and non-

Median values (μm)

3.7)−Re(2.1) Re(1.6)−Re(2.1) Re(3.7)−Re(2.1)

.23 0.78 −1.00

.77 0.64 −0.76

.08 0.94 0.40

.08 −0.64 0.56

.13 1.04 −1.31

.14 −1.78 0.27
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in Haywood et al. (2004) also appear quite different,
with a modal value near zero and the same occurrences
of positive and negative Re(3.7)−Re(2.1) differences.

The area overflown by the ER-2 on September 11 off
the Namibian coast (Fig. 3d) was dominated by the
presence of an aerosol layer above cloud top, as proved
by the CPL measurements. 1409 aerosol affected pixels
were found out of the 1603 MODIS pixels spatially
coincident with the ER-2 trajectory. The aerosol
contaminated and non-contaminated frequency distribu-
tions of Re(1.6)−Re(2.1) and Re(3.7)−Re(2.1) are
presented in Fig. 9a and b. The aerosol is attributed a
displacement of 0.72μm (towards more negative values)
of the modal value of the Re(1.6)−Re(2.1) frequency
distribution after comparing Fig. 9a with b, whereas the
position of the peak (centered at −0.08μm) of the Re

(3.7)−Re(2.1) distribution remains unchanged. At the
same time, Fig. 9b shows a substantial decrease of the
occurrences of positive Re(1.6)−Re(2.1) values and a
corresponding increase of the Re(1.6)−Re(2.1) negative
values up to −3 or −4μm, as confirmed by the decrease
of the median values from 0.94 to −0.64μm.

The distributions of the differences on September 13
(Fig. 10a and b, 3725 MODIS pixels selected for the
analysis, 2463 aerosol contaminated) uncover an
evident aerosol radiative effect. The modal value of
the Re(1.6)−Re(2.1) frequency distribution is now
shifted by 2.33μm towards more negative values. It
increases to 3.72μm, if the secondary maximum at
−2.75μm of the aerosol-contaminated Re(1.6)−Re(2.1)
distribution is considered. Moreover, 50% of the aerosol
contaminated pixels have Re(1.6)−Re(2.1) values be-
tween −1.78μm and −5μm. Such differences are hardly
explained by considering only the vertical distribution
of Re in the cloud, and not accounting for the effect of
the biomass-burning aerosol (Haywood et al., 2004).
The Re(3.7)−Re(2.1) distribution of the non-contami-
nated pixels is centered near zero with a modal value of
−0.13μm, which is unvaried in the presence of the
aerosol (−0.14μm).

5. Conclusions

Cloud–aerosol interactions during SAFARI 2000
have revealed a decrease of the cloud droplets effective
radius when smoke aerosol particles are present over the
area. The evolution of cloud top temperature and
effective radius of convective clouds in the area
indicates that droplets in clouds that come in contact
with biomass burning particles grow less. The
corresponding ICRF reveals that “smoky” clouds reflect
slightly more radiation to space than the “clean” ones.
However, besides the described true indirect effect, a
spurious effect due to a superimposed elevated aerosol
layer was detected, which was not considered by the
MODIS retrieval algorithm.

The radiative effects produced by a biomass-burning
aerosol layer overlying a stratocumulus cloud deck were
investigated by means of radiative transfer simulations
of radiances at 0.8, 1.6, 2.1 and 3.7μm. The computa-
tions used a realistic description of the aerosol optical
properties and of the vertical position of aerosol and
cloud layers. The inclusion of an aerosol layer with
τaer=0.5 was shown to produce significant biases in the
satellite based retrievals of cloud optical properties.
Underestimations of τ range from 20 to 25%, whereas
those of Re are more pronounced at 1.6μm than at the
other NIR wavelengths and can lead to retrieval errors
up to 25%.

The analysis of the aerosol effects on the MODIS
cloud products, in particular Re at the three NIR
channels, did not produce as sharp results as those of
the RTM simulations. The frequency distribution
functions of the differences Re(1.6)−Re(2.1) showed
significant displacements of the modal value only for the
case study of 13 September 2000. In this case, a shift of
2.33μm towards smaller (more negative) values indi-
cates an Re(1.6) underestimation due to the aerosol
presence. Only very small variations of the modal values
of the Re(3.7)−Re(2.1) frequency distributions resulted
from the MODIS data, as it was expected from the
simulations, where the 3.7-μm radiances were the less
affected by the aerosol.

The identification of the aerosol effect on Re

retrievals is further complicated by several factors.
First of all, the classification of the MODIS pixels as
aerosol contaminated or not may be questionable, due
to the temporal delay between the acquisition times of
MODIS and CPL measurements. Note that it is very
difficult to have time and space coincident aerosol and
cloud characterization and vertical distribution. On the
other hand, inherent differences among the Re values
retrieved at the various NIR channels can be found due
to the vertical distribution of the cloud particle sizes
and the different photon transport at the three
wavelengths (Platnick, 2000; Platnick et al., 2003).
However, in some instances, Re(1.6)−Re(2.1) values
are found (e.g., in Fig. 10b <−2μm) that indicate an
underestimation of Re(1.6) that the vertical photon
transport alone cannot justify. Only the radiative effect
of an overlying aerosol layer can account for this
phenomenon.

This study suggests that the use of the 3.7 or 2.1μm
data rather than those at 1.6μm for the cloud Re retrieval
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is preferable in order to reduce bias in assessing aerosol
indirect effect in presence of biomass-burning aerosol.
In particular, cloud Re retrieved at 3.7μm refer to
hydrometeors at cloud top, unlike radii retrieved using
the other NIR spectral channels. A difficulty in the use
of this channel is the separation of the thermal emitted
component from the total signal, but it can be overcome
as demonstrated by Nakajima and Nakajima (1995) and
King et al. (1997). This result shows once again the
effectiveness of the 3.7-μm channel for the Re retrieval,
as also stated by Rosenfeld et al. (2004). However, the
3.7-μm channel, unlike the 2.1-μm one, may be
susceptible to errors in the Re retrievals in the presence
of a desert dust aerosol layer overlying a stratocumulus
cloud, as demonstrated with radiative transfer simula-
tions in Haywood et al. (2004).

Furthermore, when using satellite-based Re retrie-
vals, information about the vertical position of aerosol
and cloud is required in order to discriminate between
the aerosol indirect effect on cloud particle size and the
direct radiative effect of an overlying aerosol layer. This
task will be performed by the next satellite mission
Cloud–Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO, Winker et al., 2003), which is
scheduled for launch in summer 2005. CALIPSO will
combine an active lidar instrument (Cloud–Aerosol
Lidar with Orthogonal Polarization–CALIOP) with
passive IR and VIS imagers to probe the vertical
structure and properties of clouds and aerosol on a
global scale.
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