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Natural Versus Anthropogenic Factors Affecting 
Low-Level Cloud Albedo over the North Atlantic 

Paul G. Falkowski, Yongseung Kim, Zbigniew Kolber, 
Cara Wilson, Creighton Wirick, Robert Cess 

Cloud albedo plays a key role in regulating Earth's climate. Cloud albedo depends on 
column-integrated liquid water content and the density of cloud condensation nuclei, which 
consists primarily of submicrometer-sized aerosol sulfate particles. A comparison of two 
independent satellite data sets suggests that, although anthropogenic sulfate emissions 
may enhance cloud albedo immediately adjacent to the east coast of the United States, 
over the central North Atlantic Ocean the variability in albedo can be largely accounted for 
by natural marine and atmospheric processes that probably have remained relatively 
constant since the beginning of the industrial revolution. 

T h e  albedo of clouds is an important but 
poorly understood factor influencing Earth's 
radiation budget (I) that depends nonlin- 
early on column-integrated liquid water 
content and the concentration of cloud 
condensation nuclei (CCN) (2). There is 
evidence that over land cloud albedo in- 
creases as cloud temperature increases (3). 
Hence, over the ocean, low-level cloud 
albedo might be expected to be high where 
sea surface temperature (SST) is also high. 
CCN are composed largely of submicrome- 
ter-sized aerosol sulfate particles, which 
have both natural and anthrouoeenic sourc- . u 
es. Over the oceans, phytoplankton pro- 
duction of dimethyl sulfide (DMS), which 
outgases and is oxidized to form aerosol 
sulfate, has been suggested to be a major 
source of CCN (2, 4). In the Northern 
Hemisphere, however, the emissions of an- 

P. G. Falkowski, 2. Kolber, C. Wilson, C. Wirick, 
Oceanographic and Atmospheric Sciences Division, 
Brookhaven National Laboratory, Upton, NY 11973. 
Y. Kim and R. Cess, Institute for Terrestrial and Plan- 
etary Atmospheres, State University of New York, 
Stony Brook, NY 11 794. 

thropogenic, continentally derived sulfate 
are approximately five times the emissions 
from natural marine sources (5).  

In examining satellite images over the 
North Atlantic Ocean. we noted that the 
albedo of marine stratus clouds showed 
systematic trends over large distances (Figs. 
1 and 2). In particular, in a latitude band 
corresponding to the highest anthropogenic 
sulfate fluxes from the North American 
continent, albedo generally decreased from 
the western to eastern regions of the Atlan- 
tic basin (Fig. 2B). This gradient suggests 
that emissions of anthrouoeenic continen- 
tal sulfate may affect the'alubedo of oceanic 
clouds thousands of kilometers from the 
coast. We examined the relative impor- 
tance of anthropogenic and natural factors 
on the albedo of marine stratus clouds by 
comparing the seasonal, basin-scale distri- 
butions among upper ocean phytoplankton 
biomass (using chlorophyll as a proxy), 
SST, and low-level cloud albedo for the 
North Atlantic Ocean. 

We elucidated the contribution of phyto- 
plankton sources of CCN to the albedo of 

marine stratus clouds by comparing gridded, 
monthly averaged, low-level cloud albedos 
derived from the Earth Radiation Budget Ex- 
periment (ERBE) satellite data (I) with com- 
posited, surface ocean chlorophyll concentra- 
tions derived from the Coastal Zone Color 
Scanner (CZCS). The ERBE data. obtained 
from the National Oceanic and ~ t k o s ~ h e r i c  
Administration NOAA-9 scanner measure- 
ments, were selected for the North Atlantic 
Ocean and analyzed for four representative 
midseason months: April, July, and October 
1985 and January 1986. The NOAA-9 satel- 
lite is in a sun-synchronous orbit and crosses 
the equator at 1430 local time. The data were 
screened so as to include only totally overcast 
pixels, and a longwave filter (6) was then used 
to isolate warm and thus low-altitude clouds 
(primarily marine stratus). Because the satel- 
lite was in a sun-svnchronous orbit. the effect 
of variations in solar zenith angle on albedo at 
a fixed latitude was largely eliminated in any 
given month. Albedos were calculated across 
seven zonal latitude bands, between 28" and 
60°N (Fig. 1, left). Within each band, all 
pixels (approximately 50 km in diameter at 
nadir) for a given month were averaged for 
each lo of longitude. In all, 28 submaps 
(corresponding to seven latitude bands and 4 
months) of albedo were constructed, from the 
western edge of the North Atlantic basin to 
20°W. At lower latitudes, in warmer months, 
the paucity of stratus clouds did not permit 
further analvses. 

To obtain representative surface phyto- 
plankton distributions, we used the entire 
CZCS data set for the North Atlantic Ocean. 
The sensor, which flew aboard Nimbus-7 
between November 1978 and May 1986, 
acquired global observations of ocean color. 
Upper ocean chlorophyll concentrations were 
calculated from water-leaving radiances with 
atmospheric corrected algorithms (7). The 
spatial coverage of CZCS data for any given 
month was not sufficient to allow a direct 
monthly comparison with the albedos calcu- 
lated from the ERBE data; the temporal over- 
lap between CZCS and. ERBE satellites oc- 
curred when the CZCS data transmissions 
were most sparse. However, the interannual 
variations in chlorophyll within any region 

Table 1. The regional distribution of continental 
sulfur dioxide and sulfate sources for seven 
latitude bands compiled from the NAPAP data 
base (9) (units are tons per year). 

Latitude so2 SO4'- so2 + 
band SO4'- 
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are sqpifkntly lower than the seasonal vari- 
ations. We therefore temporally and spatially 
averaged all CZCS data for each month, 
creating average monthly global maps of the 
distribution of chlorophyll in the North At- 
lantic. For each of the 4 months of albedo 
data, we calculated the average chlorophyll 
concentration in each of the corresponding 
latitudinal zones for each 1" of longitude (Fig. 
1, right). This analysis resulted in transocean 

maps of upper ocean chlorophyll, where each 
chlorophyll value cormponds to one albedo 
value for a given month within a given grid. 

The analysis of d t i o n s  in albedo of low 
clouds revealed transocean gradients that var- 
ied seasonallv and with latitude (8). In 8 of 
the 22 analyhle cases, cloud al&o showed 
moderate to strong amwuzmic gradients. In 
the remaining 14 cases, lower cloud albedo 
showed no systematic aansoceanic trends. In 

the northernmost latitude band, from 57" to 
60W, albedo generally increased from west to 
east, reaching a maximum at the Atlantic 
basin at 2OV, olf the south coast of Iceland 
(Fig. 2A). In this region low-level cloud 
albedo and upper ocean chlorophyll tradc 
each other remarkably, and SST is positively 
associated with albedo (Fig. 2A). In contrast, 
between 38" and 43W, a latitude correspond- 
ing to the tugfiest anthmpgenic sulfate emis- 
sions on the North American continent (Ta- 
ble I), albedo generally decreased from west 
to east aver the ocean, especially in Apd and 
October (Fig. 2B). In this latitude band, 
cloud albedo was most enhanced adjacent to 
the east coast of the United States (Figs. 1 and 
2B).Couldthistransoceanictrendinalbedo 
be due to anhopogenic sulfate emissions on 
the North American continent? 
The relative importance of andmpogenic 

and natural factors that influence marine stra- 
tus cloud albedo can be inferred from an 
examination of the seasonal relation among 
SST, chlorophyll, and albedo between 38" 
and 43W (Fig. 2B). In this latitude band, 
hghSSTisacmmpaniedbylowalbedoand 
vice versa in all three cases, and the anthro- 
pogenic sulfate source is high and relatively 
invariarit throughout the year (9). Superim- 
posed on the anhopogenic source tenn, 
however, is a seasonally varying phytoplank- 
ton source tenn (Fig. 1). In January, except in 
the region immediately adjacent to the east 
coast of North America, phytoplankton chlo- 
rophyll is relatively low throughout the North 
Atlantic. Cloud albedo is also highest imme- 
diately adjacent to the coast; east of 65V,  
however, there is little trend (Fig. 2B). In 
Apnl and October, both albedo and chloro- 
phyll decrease from 65" to 2OV. Mean lower 
atmospheric winds are westerly in January 
between 38" and 43W (10). 

If anthropogenic aerosol sulfate were 
responsible for the transoceanic gradient in 
albedo observed east of 65'W in April and 
October in this latitude band, we would 
expect to find a similar transoceanic gradi- 
ent in January, when the anthropogenic 
source term is high relative to the phyto- 
plankton source term. We do not. Further- 
more, analyses of ERBE data for January 
1987 revealed similar results, suggesting 
that interannual variability cannot account 
for the seasonal daerences in the trans- 
ocean albedo variations. These results sug- 
gest that east of 65"W transoceanic gradi- 
ents in marine stratus cloud albedo are 
affected much more by natural marine pro- 

A cesses (SST and phyto&nkton abundance) 
than by anthropogenic CCN sources. 

Fig. 1. False-color composite images of low cloud albedo (left panels) and surface chlorophyll The fact that in certain high concentrations (right panels). The albedo data, retrieved from ERBE, were averaged for April, July, 
and October 1985 and January 1986. The chlorophyll data, obtained from global monthly whynis associated with high albedo maybe 
composites of CZCS archived data, were averaged pixel by pixel (20 by 20 km) for each month, somewhat as a number of studies 
thereby generating four average monthly color maps. The interannual variations were less than 20% have idcated that the relation k~enveen the 
of the seasonal variation. These albedo and chlorophyll data were analyzed on seven subsets of dm of oceanic DMS and phvtoplankton 
latitude, resolved in each lo of longitude. chlorophyll is weak (1 1). DMS is produced by 
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Fig. 2. Representative spa- 
tial and seasonal distribu- 
tions of averaged (8),  
scaled cloud albedo (A, 
dotted lines), SST c, 
dashed lines), and phyto- 
plankton chlorophyll (C, 
solid lines). Each variable 
was scaled by (3 - x)/u, 
where x, is the observed 
value, xis the mean, and u 
is the standard deviation. 
Data from two latitude 
bands are presented, (A) 
from 57" to 60°N and (B) 
from 38" to 43"N. In these 
figures, the chlorophyll val- 
ues were shifted 400 km 
downwind (8). 
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mophses and cocc~~tho~horids, more than 
other groups, such as diatoms or cyanobacte- 
ria (12). The increase in both albedo and 
chlorophyll between 52" and 60"W in April 
(Fig. 2A) corresponds to coccolithophore 
blooms off the coast of Iceland in the summer 
and to high DMS concentrations in the upper 
ocean (13). At lower latitudes, however, 
there are insufficient data on the temporal and 
spatial distributions of coccolithophores or 
other major DMS producers. It is possible that 
the relation between DMS and chlorophyll 
on the large spatial scales examined here may 
be more robust than on the small scales 
normally examined by surface vessels (14). 

Analysis of the relation between SST and 
albedo indicated that in some regions higher 
albedo was associated with high SST; how- 
ever, in 40% of the regions high albedo was 
associated with low SST. Although a multi- 
variate model could be develoued for each 
region with SST and chlorophyll used to 
predict albedo (15), our results suggest that 
the relation among the albedo of marine 
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Functional Specialization of Olfactory 
Glomeruli in a Moth 

stratus clouds, cloud temperature, and SST 
is complex and cannot be generalized for the Bill S. Hansson,* Hakan Ljungberg, Eric Hallberg, 
basin throughout the year. 

We conclude that. near the continental 
Christer Lofstedt 

margin, both natural and anthropogenic pro- The specific function of the glomerular structures present in the antenna1 lobes or olfactory 
cesses can contribute to the enhanced albedo bulbs of organisms ranging from insects to humans has been obscure because of limi- 
of marine stratus clouds; we cannot quantita- 
tively apportion the relative importance of 
these two factors from the available data. 
Over the central North Atlantic Ocean ba- 
sin, however, much of the variability in 
albedo appears to be related solely to natural 
factors. Although over the last 100 vears - 
anthropogenic sulfate emissions have in- 
creased exponentially, natural marine emis- 
sions of DMS probably have remained rela- 
tively constant (16). The anthropogenic 
emissions amear to have affected noncloud . . 
reflectivity (1 7); however, the effect of human 
activities on cloud albedo appears to be min- 
imal in the remote marine environment. 

tations in neuronal marking methods. By tracing individual neurons in the moth Agrotis 
segetum, it was determined that physiologically distinct types of pheromone receptor 
neurons project axons to different regions of the macroglomerular complex (MGC). Each 
glomerulus making up the MGC has a specific functional identity, initially processing 
information about one specific pheromone component. This indicates that, at least through 
the first stage of synapses, olfactory information moves through labeled lines. 

Olfactory glomerulus function has been of sensory cells and have thus shown acti- 
studied by a variety of methods, including vation of large areas in the olfactory bulbs 
activity mapping by deoxyglucose injec- or lobes, or filling of large numbers of 
tions (1, 2) or tracing by antero- or retro- neurons of unknown specificity. We have 
grade filling of afferent neurons (3-6). here recorded electrophysiologically from 
These studies have involved large numbers single, pheromone-specific receptor cells on 
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