
M REPORTS 

The Effect of Smoke Particles on Clouds 
and Climate Forcing 

Yoram J. Kaufman* and Robert S. Fraser 

Smoke particles from biomass burning can generate forcing of climate by modifying 
cloud microphysics and reflectance of sunlight. Cloud modification, critical to an un- 
derstanding of climate change, is uncertain and variable. Satellite data over the Amazon 
Basin and Cerrado were analyzed for cloud reflectance and droplet size and for smoke 
concentration. Smoke increased cloud reflectance from 0.35 to 0.45, while reducing 
droplet size from 14 to 9 micrometers. The regional variability of the smoke effect was 
correlated to the availability of water vapor. During the 3 months of biomass burning in 
the dry season, the smoke-cloud forcing of climate was only -2 watts per square meter 
in this region, much smaller than what can be inferred from model predictions. 

Cloud  modification by aerosol particles (1, 
2) may be the missing process in reconciling 
climate models with observations (3). Yet 
the chemical and ohvsical Drocesses in- . , 
volved may be too complex for parameter- 
ization in climate models (4), and some 
generalization is needed. Large-scale obser- 
vations of the relation between cloud prop- 
erties, the surrounding aerosol, and mete- 
orological parameters represent one way to 
achieve a quantification of the aerosol im- 
pact on cloud radiative properties and cli- 
mate forcing. We  report observations that 
confirm the effect of aerosol ~art icles  on 
cloud mlcr'ophysical and radiaiive proper- 
ties and quantify the dependence of this 
effect on the availability of total precipita- 
ble water vapor. The  results, if not dis- 
proved in other cases, may form the basis for 
understanding the aerosol-cloud interaction 
as a first steo for use in climate models. 

Smoke aerosol particles generated from 
biomass-burning fires in the tropics (5) can 
affect atmospheric radiation (6) and climate 
directly by reflecting sunlight back to space 
(3). This effect was shown recentlv to be ~, 

relatively small (7). Aerosol can alio force 
climate indirectly by modifying cloud micro- 
physics and reflectivity (2, 8). Smoke parti- 
cles generated by fires and modified in the 
lower troposphere (9, 10) are effective cloud 
condensation nuclei (CCN) (1 1 ) and have 
been shown to increase the concentration of 
cloud droplets (1 1-13). Here we show that 
smoke particles also increase the reflectance 
of thin or moderately thick clouds. 

Measurements by satellite sensors, like 
the Advanced Very High Resolution Radi- 
ometer (AVHRR), allow derivation of 
cloud droolet size and reflectance and of 
the smoke optical thickness ( a  measure of 
smoke concentration) in cloud-free re- 

gions (13). The  relation between the 
cloud properties and the optical thickness 
of the aerosol can then be used to quantify 
smoke-cloud interaction. But measure- 
ments of this interaction from satellites 
may be complicated by the variability of 
the smoke particle size distribution, its 
hygroscopicity, and the presence of ab- 
sorbing black carbon and cloud dynamics 
(4) .  Optical thickness is sensitive not  only 
to the smoke concentration but also to the 
aerosol particle size. Large variability in 
the aerosol particle size can therefore re- 
duce the correlation between the concen- 
tration of CCNs that determine cloud 
properties and the satellite-derived smoke 
optical thickness. However, for smoke, the 
median mass radius r, of the size distribu- 
tion varies only by Arm = +0.02 p m  
(rm - 0.14 p m )  for South American (14), 
African (1 5) .  and North American fires ~ , ,  

(9). This corresponds to an  uncertainty of 
35% in deriving the concentration for par- 
ticles with radius 20 .05  p m  that are effi- 
cient CCNs. This relatively small uncer- 
tainty has also been confirmed by recent 
direct measurements of C C N  in Brazil and 
Africa (16). The  large coverage of 
AVHRR observations of smoke-cloud in- 
teraction for thousands of clouds reduces 
the uncertainty in measuring the effect of 
smoke on  clouds. 

In a previous study (1 3) ,  remote sensing 
of smoke and cloud properties over tropical 
South America, by means of AVHRR sat- 
ellite data with 1-km resolution, showed 
that smoke reduces the effective cloud- 
droplet radius Rd from 15 to 8 pm, but 
decreases the cloud reflectance from 0.7 1 to 
0.68 due to absorption of sunlight by black 
carbon that is part of the smoke. Only 
bright clouds that are strongly affected by 
black carbon were used (1 7. 18). thus ob- , ,, 
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CCN effect (20), we used a sensitive cloud- 
detection scheme. For a lo by lo  latitude- 
longitude grid, low clouds that are embed- 
ded in the smoke layer [apparent tempera- 
ture (21) ? 270 K] were selected by their 
reflectance at 0.64 pm, pcv (cv, cloud-visi- 
ble wavelength), and the difference be- 
tween the apparent temperature at 3.7 pm, 
T4, and at 11 pm, Tl l :  

270 K 5 TI1 5 290 K, p,, 2 0.2, and 

Tq - Tll > 8 K  (1)  

The thresholds are appropriate for the 
AVHRR apparent surface temperature of 
297 i- 1 K (Table I ) ,  for a cloud-free sur- 
face plus smoke reflectance at 0.64 p m  of 
<0.2, and for a small difference of (T4 - 
TI , )  for cloud-free regions and a large value 
for clouds. By including clouds with reflec- 
tance pc, down to p,, = 0.2, the average 
cloud reflectance of 0.7 in the previous 
study (1 3)  was reduced to the range of 0.35 
to 0.45. 

Eleven AVHRR images, collected at 
3:30 p.m. local time in August and Septem- 
ber 1987 over the Amazon Basin and Cer- 
rado (20"s to SON and 55"W to 70°W), 
were analyzed for view angles 530". For 
each lo  by lo  grid box, the AVHRR mea- 
surements were used to derive the average 
cloud reflectances at 0.64 pm, p,,, and 3.7 
pm, pc4 (the number 4 refers to the 3.7-pm 
channel), and in cloud-free regions the av- 
erage smoke optical thickness in the grid 
box, 7, (22). The cloud droplet radius Rd is 
derived from pc4 with the use of a radiative 
transfer look-up table ( 1 3, 23). 

The dependence of the cloud properties 
on T~ was explored for four latitude zones. 
The droplet size decreases, and the cloud 
reflectance increases, with 7, for the three 
northern zones for moderate smoke (0.2 5 
T 5 0.8) (Fig. 1). For the Cerrado region 
(she southernmost zone, l lOS to 20°S), the 
effect is smallest. The effect of smoke on 
cloud droplet size is similar for the four 
cloud-top temperature ranges investigated 
here (Fig. 2). For moderate smoke the effect 
on the droplet size increases with latitude 
northward, associated with an increase in 
precipitable water vapor. The effect of 
smoke on cloud reflectance is linearly relat- 
ed to the cloud droplet size (Fig. 3). For 
heavy smoke (0.8 5 T ,  5 1.3) the effect on 
droplet size is small as a result of saturation 
of the smoke effect (Table 2). Similar to  
sulfate aerosol (24), an increase in the 
smoke aerosol concentration above a given 
threshold cannot generate additional drop- 
lets because of limited availability of liquid 
water (25). 

These results were compared with a sim- 
ple model based on the study by Twomey 
(26). For fixed cloud liquid water content, 
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Table 1. Statistical information on the four zones of the analysis. The thezones for the timeof the satellite data (22). The lapse rate is the rate 
minimum and average smoke optical thickness, the fraction of low of decrease of air temperature with altitude. Tll and TI,, are the 
clouds, and their average size are derived from the l o  by 1 " analyzed apparent cloud and surface temperatures, respectively, as measured from 
AVHRR data. The total precipitable water vapor (W) and the lapse rate the satellite. The value of TI,, after correction for atmospheric effects is 
are derived from the average of radiosonde measurements in each of indicated. 

Latitude 
zone (o) 

Smoke optical 
thickness Fraction of Average cloud size (km2) 

low cloud ~ ~~ 

Mini- Aver- (TII 2 
mum 270") 

age 

Solar Surface temp. (K) 

... , . zenith Lame rate 

Number Area VV lcml angle Corr. for (~ntm) 

weighted weighted (o) TI,, water 
vapor 

aerosol size distribution, cloud structure, 
and dynamics, and assuming the number o f  
CCNs is proportional to T,, the relation 
between the cloud droplet concentration 
N, and CCN is 

Nd/Ndo = (CCN/CCN,)O.~ = (T,/T,)~.~ (2) 

and 

Rd/Rdo = (TJT,)-~,(Y = 0.713 = 0.23 
(3) 

radiative transfer calculations for plane-par- liquid water wi th an increase in the smoke 
allel clouds wi th optical thickness T, and concentration. The best fit for heavy smoke 
single-scattering albedo w,. For fixed liquid (Table 2) is obtained for w, = 0.85 to 0.90, 
water content (26) similar to  the fit for bright clouds in the - 

earlier study (1 3). 
(4) There are other factors that could con- 

w, was computed assuming that the cloud 
absorption is equal to  the smoke column 
absorption (1 3): 

wc = [TC - (1 - w,)~,l l~c (5) 

where the subscript o stands for the back- 
ground conditions defined for T, = 0.2. 
The model results fit the measured droplet 
size for precipitable water vapor W of -4 
cm, overestimate it for W < 4 cm, and 
underestimate it for W > 4 cm (Figs. 2 and 
3). 

Model predictions for p,, were based o n  

where w, is the smoke single-scattering al- . 4.0 
bedo. Best agreement w i th  the measure- % 
ments for moderate smoke is obtained when d' ado V .  
w, > 0.9 (Figs. 1 to 3), higher than the - 
reported value (6, 7, 9, 18) of 0.85 to 0.90. 
This discrepancy may result from a smaller - 
fraction o f  the smoke column interacting 
wi th the cloud, or an increase in the cloud 

Fig. 1. Twenty-point running averages 
showing (A) the decrease in the cloud 
droplet radius Rd and (B) an increase in 
the cloud reflectance of sunlight p, at 
0.64 pm as a function of the smoke op- 
tical thickness T,, analyzed from AVHRR 
satellite data for the four latitude zones in 
South America. Model predictions (26) 
are given by black lines. For the cloud 
droplet size, the model lines are for sev- 
eral initial values of R,, defined in Eq. 3 
and given on the ordinate for T, = 0.2. 
For the cloud reflectance, the lines are for 
several values of the smoke single-scat- 
tering albedo o,. There is no depen- 
dence of Rd on w,. Only low clouds with 
cloud-top temperature detected by the 
satellite at 11 pm, TI,, 290 K > TI, > 
285 K, were included in the analysis. The 
view direction was restricted to 230". 

18.0, 
I Latitude zones I 

-0.10 ~ ~ ~ ~ ' ~ ~ ~ ~ 8 " ' " " ' " " "  
2.5 3.0 3.5 4.0 4.5 5.0 

w (cm) 

Fig. 2. (A) Rate of decrease in the cloud droplet 
size ARd/Ars and (B) rate of increase in cloud 
reflectance AP,/AT, resulting from a change in 
the smoke concentration, given by the optical 
thickness T, in the range 0.2 5 7, 5 0.8. The 
results are calculated from the data in Fig. 1, and 
for other ranges of cloud-top temperatures as in- 
dicated by the empty symbols. Color circles are 
weighted averages of the results for the four 
cloud-top temperatures. They were weighted by 
the number of data points in each temperature 
range. The colors correspond to the plots for dif- 
ferent latitude ranges of Fig. 1 that are here trans- 
lated to the value of the total precipitable water 
vapor W with the data from Table 1. The blue 
curve is a smooth fit to the color circles. Model 
results for ARd/A7, and for Ap,/A7,, in which two 
values are used of the smoke single-scattering 
albedo o,, are given by the dashed lines. 
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tribute to a change in the cloud droplet size 
and cloud reflectance, thus introducing un- 
certainty in the conclusions: 

1) Random noise and natural variability. 
Each point in Fig. 1 averages data from an 
area 200,000 km2 taken from 20 different 
locations, and therefore residual errors and 
natural variability in the aerosol size distri- 
bution and cloud properties, uncertainty in 
the surface reflectance, and instrumental 
noise are expected to be small. 

2) Variations in the cloud-top tempera- 
ture. Averaging on layers of cloud-top tem- 
perature with 5-K increments reduces the 
variability to AT,, = 20.1 K, correspond- 
ing to only a small uncertainty in the cloud 
reflectance (1 9) and droplet size. 

3) Variation in the view direction. The 
data were selected for view angles -30" r 
8 r 30". Anisotropic cloud reflectance can 
cause substantial variability in derived 
cloud properties (1 9). Repeating the analy- 
sis for only 8 = 210" resulted in similar 
cloud droplet size. The data for cloud reflec- 
tance were too noisy in this instance as a 
result of the substantially reduced statistics. 

4) Incomplete cloud cover. We estimate 
that adding a 10% cloud-free region to the 
1-km2 cloudy field-of-view changes cloud 
reflectivity by Ap,, - -0.03 and increases 
droplet size by AR, - 0.5 pm, mostly inde- 
pendently of smoke concentration. 

5) Effect of smoke reflectance under or 
above the clouds. Reflectance of sunlight by 
smoke under or above the clouds does not 
affect the derived droplet size, because 
smoke is transparent at 3.7 pm, but can 
affect cloud reflectance at 0.64 pm (27). If 
10% of the smoke is above the clouds, the 
effect is Ap,, - -0.01 for pcv = 0.4, o, = 
0.9, and 7, = 0.8. 

6) Uncertainty in the cloud droplet size. 
A detailed sensitivity study has confinned 
that the absolute uncertainty in remote 
sensing of the droplet size is AR, - 3 pm, 
similar to the value obtained by Platnick et 
al. (20). The precision error in individual 
measurements is expected to be AR, - 0.3 
pm for a cloud-top temperature of 270 K, 
increasing to AR, - 1.5 pm for 290 K. The 
averaging process is expected to decrease 
the error in Rd by a factor of 2 to 5. 

The results confinn that smoke increases 
the reflectance of sunlight by clouds and 
therefore generates an indirect forcing of 
climate; the effect is variable and insignifi- 
cant in the drier Cerrado. The variability of 
the effect with latitude is correlated with the 
precipitable water vapor W, in good agree- 
ment with Twomey's model for W = 4 cm. 
Other atmospheric and surface parameters 
also vary with latitude (Table I), but not as 
systematically as W. No relation was estab- 
lished between the variability of the smoke 
effect and the cloud type (indicated by the 

cloud average size), in contrast to the finding 
for sulfate aerosol (28). Reduction of avail- 
able water vapor may decrease the latent 
heat released during updraft and thereby re- 
duce the updraft velocity and the fraction of 
activated smoke particles (25), thus reducing 
the impact of the increase in the smoke 
concentration on the reduction in cloud 
droplet size and increase in the cloud reflec- 
tance. Leaitch et al. (29) also detected vari- 
ability of the aerosol effect (sulfates in their 
study) on clouds. They found, from aircraft 
in situ measurements, that the aerosol effect 
on clouds is larger for lightly turbulent air 
than for smooth air, possibly also as a result 
of a smaller updraft in the smooth air. 

Biomass burning occurs during 3 months 
of the dry season (July through September) 
with strong anticyclonic subsidence that often 
suppresses convection (30) and reduces low 
cloud coverage (Table 1). For the average 
smoke effect on cloud reflectance ApCv/A~, = 
0.12 2 0.08 for moderate smoke, the increase 
in the cloud reflectance is Ap,, = 0.07 + 
0.05. The total regional albedo is the product 

of the cloud fraction and Apcv, which is 
-0.01 + 0.007. The corresponding cloud ra- 
diative forcing (4) is -2 + 1 W/m2. The 
biggest uncertainty in this estimate is in the 
background value of 7,. If we used T, = 0.1 
instead of 0.2. it would double the forciw. - 
Because this analysis is for a region with max- 
imum smoke loading, a forcing of - 2 W/m2 is 
surprisingly small. Previous estimates (2) of 
indirect smoke forcing of - 1 W/m2 are for a 
global annual average as a result of smoke 
generated in the tropics during -3 months 
per year. This would require a forcing of -20 
W/m2 during the 3 months of biomass bum- 
ing in the 25" latitude belt where most smoke 
is generated, a requirement 10 times that of 
the present result (31). The small indirect 
smoke forcing of climate and the small direct 
forcing reported earlier (7) for South America 
may be the reason why smoke aerosol provides 
a weaker s i m l  than sulfate aerosol in the 

L 8  

temperature records (32). 
Satellite remote sensing of the aerosol 

effect on clouds will be enhanced in 1998 
with the launch of the MODIS (MODerate 

Table 2. Summary of the analysis of the AVHRR satellite data for the rate of change in the cloud droplet 
size AR, and reflectance Ap, with a change in the smoke optical thickness T,, taken from Fig. 2. The 
average results are given for each latitude zone, with the associated total precipitable water vapor Wfor 
two ranges of 7,: moderate smoke, 0.2 5 7 , s  0.8; and heavy smoke, 0.8 5 7, 5 1.3. The results are 
averaged on the four cloud-top temperatures. There is a significantly smaller effect of smoke on cloud 
droplet size for 0.8 5 7, 5 1.3 and a resulting decrease rather than increase in the cloud reflectance for 
this range of 7,. The model results are also given for o, = 1.0 and 0.9. 

AR,lArs Apcv/A7, 
Latitude 
zone (') w (cm) 0.2 5 7, 0.8 5 7, 0.2 5 T, 0.8 1 7, 

5 0.8 5 1.3 1 0.8 5 1.3 

5N-0 4.5-5.0 -1 1.2 - 0.21 - 
0-5s 3.5-4.5 -7.3 -1.1 0.14 -0.15 
5-11s 3.0-4.0 -4.8 -3.5 0.10 -0.08 

1 1-20s 2.5-3.5 -3.7 0.7 0.02 -0.03 
Model results o, = 1 -7.3 -2.8 0.13 0.05 
Model results o, = 0.9 -7.3 -2.8 0.05 -0.02 
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Fig. 3. Relation between the en- 
hancement in the cloud reflectance 
of sunlight Ap,and the reduction of 
the cloud droplet size AR, as a re- 
sult of an increase in the smoke op- 
tical thickness 7, from 0.2 to 0.8. 

0 s  

0.15 

0.10 
Open symbols (Fig. 2) are for data 
from four cloud-top temperature 0-05 
ranges and the four latitude zones. 
Color circles are the weighted aver- am I Bladt 
ages for each zone, with the color 
indicating the latitude of zones as in 

zr 
Figs. 1 and 2. The aqua line is a 
linear fit to the data; it is extrapolat- 
ed with a dashed aqua line. The 4.0 -6.0 -4.0 -2.0 ' 0.0 2.0 

gray vertical bar is the model results A% 
for smoke single-scattering albedo o,, varying from 1.0 at the top of the bar to 0.85 at the bottom. The 

absorption by black carbon in the smoke. When the droplet size does not change (ARdlArs = 0)' there 

0.024 (arrow), indicating the effect of absorption by black carbon on the cloud reflectance. 

I 
cloud reflectance can be increased by the effect of the smoke-induced CCNs and decreased by 

is no effect of the smoke-generated CCNs on the cloud properties. In this instance, p, decreased by 



resolution Imaging Spectroradiometer) sen- 
sor on the Earth Observing System satellite. 
MODIS provides an  enhanced remote-sens- 
ing capability (33) that will enable precise 
monitoring not only of the interaction of 
smoke with clouds but also of the spatial 
distribution of precipitable water vapor, 
presently available only from sparse radio- 
sonde data. A t  that time, testing the hy- 
pothesized impact of water vapor on the 
smoke-cloud interaction will be possible. 
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Explosive Basaltic Volcanism from Cerro Negro 
Volcano: Influence of Volatiles on Eruptive Style 

Kurt Roggensack,* Richard L. Hervig,? Steven B. McKnight,$ 
Stanley N. Williams 

The 1992 and 1995 basaltic eruptions of Cerro Negro volcano, Nicaragua, had con- 
trasting eruptive styles. Although they were nearly identical in composition, the 1992 
eruption was explosive, producing a 7-kilometer-high sustained ash column, whereas 
the 1995 eruption was essentially effusive. The differences in water and carbon dioxide 
contents of melt inclusions from the two eruptions define minimum saturation pressures 
and show how decompression of initially similar magmas influences eruptive style. 
Before eruption, the explosive 1992 magma retained water and carbon dioxide while 
ascending to a moderate crustal level (about 6 kilometers), whereas the nonexplosive 
1995 magma lost all carbon dioxide by degassing during ascent to shallow crustal levels 
(about 1 to 2 kilometers). 

Exsolution of water and carbon dioxide also affect the explosivity of eruptions. Most 
from erupting magmas provides the energy earlier work has concentrated on silicic 
for explosive volcanism (1 ), but it has been rather than basaltic explosive eruptions. 
difficult to correlate preeruptive volatile Here, we contrast two recent eruptions of 
contents of magmas with eruption style (2) basaltic magma from the Cerro Negro vol- 
because factors such as conduit geometry, cano, Nicaragua, that show different erup- 
magma viscosity, and degassing history may tive styles, despite a common composition 

and vent geometry. 
Deoartment of Geoloav. Box 871 404. Arizona State Uni- Cerro Neero is a small (-250 m high) - .  
ve;sity, Tempe, AZ 8y28i87-1404, USA. basaltic volcano (Fig. 1)  that has frequent 
*To whom correspondence should be addressed. but highly variable activity. The volcano's 
?Also at Center for Solid State Science, Box 871704, two most recent events highlight these dif- 
Arizona State University, Tempe, AZ 85287-1 704, USA. 
$Present address: Friends Seminary, 222 East I 6  Street, ferences. The 1992 first 
New York, NY 10003, USA. since 1971, was particularly energetic for a 
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