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1.  INTRODUCTION 
 
    Clouds are the major factor regulating the Earth 
radiation budget. Special attention has been 
dedicated in the last few years to cloud interactions 
with aerosol particles through modeling studies, in situ 
measurements and remote sensing techniques (Bréon 
et al. 2002; Kawamoto and Nakajima 2003). Aerosols 
are considered responsible for significant 
modifications of cloud properties such as the 
decrease of the droplet size due to an increase in 
droplet concentration and respective enhancement of 
cloud reflectivity (Twomey 1974). In addition, changes 
in cloud lifetime and precipitation efficiency have also 
been suggested (Rosenfeld 1999, 2000). Particularly, 
aerosol particles mobilized in great quantities from 
desert areas, the “desert dust”, represent one of the 
main natural sources of atmospheric aerosol. Dust 
aerosol layers are capable of traveling thousands of 
kilometers at high altitudes, depending on the 
meteorological conditions. Apart from the possible 
consequences of cloud-aerosol interactions, desert 
dust particles apparently have a strong ability to act as 
ice nuclei. This statement is supported by 
observations of the conversion of supercooled water 
clouds to ice clouds at temperatures about 20ºC 
higher than those that are expected for homogeneous 
nucleation of cloud droplets in the middle and upper 
troposphere. This can lead to the formation of cirrus 
clouds at much higher temperatures than normally 
thought (Sassen 2002; DeMott et al. 2003). 
 
    The alterations suffered by clouds through their 
interaction with aerosols, specifically with desert dust, 
may have strong implications on the interaction with 
solar and terrestrial radiation, leading to different 
radiative forcing estimates with respect to clouds in 
“clean” atmospheric environments (continental or 
marine). The aim of the present work is to determine 
the cloud optical thickness (COT) and droplet effective 
radius (DER) (indicative properties of the possible 
cloud-aerosol interaction effect) of continental and 
marine cloud layers, which experience interaction with 
dust aerosol layers. These cloud properties are 
derived from the inversion of satellite spectral 
measurements in the visible (VIS) and near infrared 
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(NIR) spectral regions (Nakajima and Nakajima 1995). 
The retrieved cloud properties are in turn used in 
combination with a suitable radiative transfer model to 
estimate the radiation fluxes and subsequently 
evaluate the cloud radiative forcing during selected 
episodes of strong desert dust transports. The 
methodology is applied to a summer 2002 case over 
southwestern Europe, during the VELETA 2002 
(eValuation of the Effects of eLevation and aErosols 
on the ultravioleT rAdiation) intensive measurement 
campaign. 
 
2.  METHOD 
 
    Satellite measurements are those of the MODerate 
Resolution Imaging Spectroradiometer (MODIS) 
onboard Terra and Aqua satellites (1 x 1 km2 spatial 
resolution) in three spectral channels: 0.62 - 0.67 µm; 
3.66 - 3.84 µm; 10.78 - 11.28 µm. 
 
    The methodology used to derived the cloud 
properties (Costa et al. 2004) consists of a first cloud 
detection phase and a subsequent step of particle 
phase determination (liquid water or ice), assuming 
that clouds at one time are made of either liquid water 
or ice particles (no mixed phase clouds are 
considered). The procedure relies on a bi-spectral 
technique that uses satellite measurements in the VIS 
and infrared (IR) spectral regions centered at 0.65 µm 
and 11 µm, respectively. The satellite measurements 
are initially classified in terms of the underlying surface 
(land or water) using a land-sea mask. Subsequently, 
the histograms of the VIS radiances and IR brightness 
temperatures are analyzed to determine threshold 
values that define the limits between clear sky, water 
clouds and ice clouds. Such threshold classification is 
done at the pixel level and when the pixel is cloudy, 
four possible cases are distinguished: water clouds 
over the ocean, ice clouds over the ocean, water 
clouds over land, and ice clouds over land. 
 
    The VIS, NIR (centered at 3.75 µm) and IR radiance 
measurements corresponding to the pixels classified 
in the four categories are used to retrieve cloud optical 
thickness, effective radius and cloud top temperature 
using the algorithm proposed by Nakajima and 
Nakajima (1995) and Kawamoto et al. (2001). The four 
categories are treated separately because relevant 
differences in cloud and surface characterization must 
be taken into account. The algorithm relies on the 
comparison between the modeled cloud radiances in 



the three spectral bands and the corresponding 
satellite radiance measurements. The latter are 
deprived of the undesirable components, such as the 
solar radiation reflected by the surface and the 
thermal radiation emitted from the cloud layer and the 
surface, in order to retain only the cloud signal. These 
corrections are based on the use of LookUp Tables 
(LUTs) calculated using the radiative transfer code 
RSTAR (Nakajima and Tanaka 1986, 1988). The 
LUTs contain the radiative quantities necessary for 
the cloud properties retrieval, namely the cloud 
reflected radiances and hemispherical albedo in the 
VIS and NIR, the transmission in the VIS, NIR and IR 
spectral bands and the reflection and atmospheric 
emitted radiation in the NIR and IR spectral bands. 
The LUTs are built for a grid of selected values of the 
COT, DER, cloud top temperature, equivalent water 
vapor above the cloud, equivalent water vapor of the 
cloud layer, solar zenith, satellite zenith and relative 
azimuth angles. The cloud is characterized by a 
lognormal hydrometeor size distribution. Mean values 
of surface temperature and reflectance, as well as a 
mid latitude summer atmospheric vertical profile 
(McClatchey et al. 1971), are used. Besides the cloud 
optical thickness, effective radius, and top 
temperature, the cloud top height and pressure are 
also retrieved from the top temperature values by 
linear interpolation of the selected atmospheric 
vertical profile. 
 
3.  RESULTS 
 
    The case study refers to the period 15 - 20 July 
2002 during the VELETA 2002 intensive field 
campaign in the south of the Iberian Peninsula (Sierra 
Nevada area, Spain; see Fig. 1). Measurements from 
a set of radiometers and sun/sky photometers 
installed in several locations in the area, as well as 
LIDAR measurements (Alados-Arboledas et al. 2003) 
were available along with other data. The first days of 
the case study were characterized by extremely clear 
conditions in terms of the atmospheric aerosol load 
(background situation). In the last days of the 
campaign (18 - 20 July 2002) a dust plume coming 
from North Africa (Sahara) overpassed the area and 
was detected by the LIDAR at the same atmospheric 
level as the cloud systems. 
 
3.1  Cloud Properties 
 
    The analysis was initially concentrated on the 
retrieved effective radius values to detect any cloud 
modification induced by the aerosol. The particle 
effective radius for each day was averaged in the area 
delimited by the dashed box 1 in Fig. 1. 
 
    In the first two days (15 and 16 July) there were 
very few clouds (mainly stratiform) forming over the 
Mediterranean Sea in the area of box 1. On 17 July, 
one day prior the start of the dust transport event over 
the area, most of the clouds were developing over 
land; the averaged effective radius and the respective 

standard deviation are 7.9 ± 1.3 µm. In this case, the 
cloud top height was of about 1km. Two days later (19 
July) the averaged effective radius and standard 
deviation are 6.2 ± 1.2 µm. Clearly there was a 
decrease of the mean particle effective radius in the 
area, which may be an indication that clouds were 
subject to the influence of dust aerosol particles. 
Additional information from the LIDAR measurements 
in the area of Granada (see square in box 1 of Fig. 1) 
indicate that the dust aerosol layer extended 
approximately from 2 to 4 km height. The cloud top 
height for the same day over the area is shown in the 
frequency histogram of Fig. 2. More than 60% of the 
cloudy pixels in the area are associated to cloud top 
height values between 2 and 4 km, which hints to the 
dust aerosol particles detected by the LIDAR system 
at the same level being incorporated by the clouds 
developing in the area. Moreover, this fact supports 
the hypothesis that the calculated effective radius 

Figure 1. Map of the geographical area considered in the study.
The dashed boxes indicate the areas selected for the analysis of
the: 1) particle effective radius variation; 2) clouds in dust free
atmosphere; 3) maritime clouds in dusty atmosphere; 4)
continental clouds in dusty atmosphere. The square inside box 1
indicates the location where the VELETA field campaign took
place. Boxes 2, 3, and 4 correspond to different days. 

 
Figure 2. Frequency histogram of cloud top height derived for 19
July 2002, 1340 UTC, over the area delimited by the dashed box
1 in Fig. 1. 



decrease (7.9 µm on 17 to 6.2 µm on 19 July) is due 
to the interaction of clouds with dust aerosol particles. 
 
    The relation between the effective radius and the 
cloud top temperature for developing convective 
clouds can reveal information on the microphysical 
processes occurring in the cloud, and consequently 
on the precipitation formation process (Rosenfeld and 
Lensky 1998). The evolution of the particle effective 
radius as the cloud top temperature decreases is 
investigated in Fig. 3 for three selected situations: 
clouds forming in a dust-free atmosphere; clouds over 
a maritime environment forming in the presence of 
dust particles; clouds forming in a continental dusty 
atmosphere. Each curve represents the median 
effective radius value for each 1ºC temperature 
interval, corresponding to the dashed boxes in Fig. 1. 
The vertical solid gray line in Fig. 3 represents the 14 
µm precipitation threshold beyond which precipitation 
from convective clouds is likely to occur (Rosenfeld 
and Gutman 1994). Box 2 in Fig. 1 (curve 2 in Fig. 3) 
delimits an area where convective clouds were 
developing out of a clean maritime atmosphere. The 
evolution of the particle radius in this case allows for 
distinguishing the microphysical zones defined by 
Rosenfeld and Lensky (1998): in the lower 
atmosphere cloud droplet size increases probably by 
coalescence, followed by a rainout zone between 20 
and 25 µm. As the cloud top temperature decreases, 
a mixed phase can be distinguished followed by the 
glaciated zone, which is reached at a temperature of 
about -15ºC. Curve 3 in Fig. 3 (box 3 in Fig. 1) 
represents the effective radius evolution for maritime 
clouds growing in presence of dust particles. As for 
curve 4 (box 4 in Fig. 1), it represents the evolution of 
a continental cloud developing also in presence of 

dust. In both cases, the microphysical zones 
distinguished for curve 2 are not present and a zone 
extending down to below –10ºC in the case of 
continental clouds (curve 4) shows up where cloud 
droplets grow apparently by diffusional growth (slower 
growth than by coalescence). Maritime dusty clouds 
(curve 3) reach the 14 µm precipitation threshold but it 
is not clear if the rainout process actually occurs. Both 
cases seem to present a mixed phase that extends 
from –15ºC to lower temperature values. 
 
3.2  Direct Cloud Radiative Forcing 
 
The cloud radiative forcing (CRF) was calculated from 
the net shortwave ( SWN ) and longwave ( LWN ) fluxes 
at the top of the atmosphere (TOA) according to 
equation 1, being the net fluxes given by SWN =SW↓-

SW↑ and LWN =LW↓-LW↑). 
 

clear
LWSWLWSW )N(N)N(NCRF +−+= cloud            (1) 

 
The fluxes are calculated with the RSTAR code 
(Nakajima and Tanaka 1986, 1988), using the derived 
cloud properties. The graph in Fig. 4 shows the cloud 
radiative forcing derived for the situations in Fig. 3. 
Note that the cloud developing in the dust-free 
atmosphere (curve 2) presents the most negative 
forcing, slightly increasing as the temperature 
decreases. As for the continental cloud growing in the 
presence of dust (curve 4), it presents the lowest (less 
negative) TOA CRF values at temperatures above      
–10ºC, becoming increasingly higher towards the 
highest atmospheric layers, even higher than that 

 
 
Figure 3. Cloud top temperature as a function of particle
effective radius derived for three different situations. The
numbers indicate the correspondence with the dashed boxes of
Fig. 1. The vertical gray line indicates the 14 µm precipitation
threshold (Rosenfeld and Gutman 1994). 

 
Figure 4. Cloud radiative forcing at the top of the atmosphere for
the curves in Fig. 3. 



obtained for the maritime clouds contaminated with 
dust. 
 
4.  CONCLUSIONS 
 
    The case studied revealed a decrease of the cloud 
droplet effective radius when dust aerosol particles 
were present over the area and at the same 
atmospheric levels. The evolution of the cloud top 
temperature and the effective radius for convective 
clouds in the area indicates that clouds that come in 
contact with dust particles are in fact affected by them: 
particles grow less and this most probably affects 
precipitation, diminishing or even suppressing it. The 
corresponding TOA CRF was subsequently calculated 
and found that the “clean” clouds reflect more 
radiation to space than the dust contaminated ones. 
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