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Direct Observations of Excess 
Solar Absorption by Clouds 

Peter Pilewskie* and Francisco P. J. Valero 

Aircraft measurements of solar flux in the cloudy tropical atmosphere reveal that solar 
absorption by clouds is anomalously large when compared to theoretical estimates. 
The ratio of cloud forcing at an altitude of 20 kilometers to that at the surface is 1.58 
rather than 1 .O, as predicted by models. These results were derived from a cloud 
radiation experiment in which identical instrumentation was deployed on coordinated 
stacked aircraft. These findings indicate a significant difference between measure- 
ments and theory and imply that the interaction between clouds and solar radiation is 
poorly understood. 

Evidence from several experimental and 
theoretical investigations over the past four 
decades has shown that the magnitude of 
shortwave (solar) absorption by clouds is 
uncertain. There has been some hint that 
solar absorption is in excess of that predict- 
ed by models (1).  Cess e t  al. (2) and Ra- 
manathan e t  al. (3) reported that the ab- 
sorption by the entire atmospheric column 
in the presence of clouds exceeds model 

predictions of absorption by perhaps 35 W 
mp2 over the Pacific warm pool (3). The 
relative error this difference introduces into 
current theoretical estimates of solar ab- 
sorption is large, considering that average 
clear-sky absorption in that region is about 
100 W mP2. The absolute error appears to 
be small when compared to other terms in 
the energy budget, but that is misleading. 
Most of the solar radiation absorbed in the 
tropics goes toward heating the surface; the 
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magnitude of solar absorption by clouds is 
the misinterpretation of remote sensing 
data used to infer cloud microphysical prop- 
erties. In this report, we present measure- 
ments of cloud absorption from the Tropi- 
cal Ocean Global Atmosphere-Coupled 
Ocean Atmosphere Response Experiment 
(TOGA-COARE) and the Central Equato- 
rial Pacific Experiment (CEPEX), based on 
direct observations from aircraft. For con- 
sistency, we present our analysis in a man- 
ner similar to that used in (2,  3). 

In TOGA-COARE and CEPEX, 20 co- 
ordinated flights were made with identical 
instrumentation above (at a n  altitude of 
-20 km) and beneath (8  to 12 km) cloud 
layers to determine cloud energetics ( that  
is, flux divergence, absorption, heating, 
and so on). From TOGA-COARE, 33 
hours of useful solar radiation data were 
acquired during well-coordinated flight 
segments (aircraft within 0.5'). CEPEX 
provided an  additional 18 hours of 
well-coordinated solar flux measurements. 
During both TOGA-COARE and CEPEX, 
the National Aeronautics and Space Ad- 
ministration (NASA) ER-2 aircraft flew 
at nearly constant altitude near the tropo- 
pause, approximately 20 km; in TOGA- 
COARE the NASA DC-8 flew at mid- 
troposphere altitude, between 8 and 12 
km, and in CEPEX, the mid-troposphere 
aircraft was the Aeromet Learjet. Each 
aircraft was instrumented with two iden- 
tical broadband (0.3 to 4.0 pm)  solar 
hemispheric field-of-view radiometers 
(BBHFOV) for simultaneous measure- 
ment of upwelling and downwelling flux 
at both flight levels. Total direct-diffuse 
radiometers (TDDR) on each aircraft were 
used to measure spectral components of 
the solar flux (4,  5). 

If one is to determine the absorption in 
a layer, net solar flux must be acquired 
simultaneously, or nearly so, at both flight 
altitudes (Fig. 1). Using the flight naviga- 
tional data from the DC-8 (or Learjet, for 
CEPEX) and ER-2 aircraft, we shifted time 
series of flux data to best align the data sets. 
Typical time offsets between ER-2 and 
DC-8 (Learjet) data were less than 3 min, 
and in most cases the offset was negligible. 
Therein lies the advance in the TOGA- 
COARE and CEPEX data sets over the data 
obtained earlier. Most of the earlier exper- 
imental attempts at determining cloud ab- 
sorption relied on a single aircraft making 
measurements at several flight altitudes. 
The reduction to cloud absorption then 
relied on knowledge of cloud advection, 
homogeneity, evolution, and so forth. Be- 
cause flux divergence is obtained from the 
residual of two relatively large numbers, the 
net fluxes, coeval measurements are crucial 
to limiting errors. Some limited attempts 
have been made at flying stacked aircraft 
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( 6 ) ,  but identical instruments with identical ~ . ,  
calibration were not used. 

We reduced our data in a manner similar 
to that described in (2,  3 )  to examine col- 
umn absorption in the presence of clouds. 
A n  important distinction between our mea- 
surements and those of (2) is that our net 
flux below cloud layers is between 8 to 12 
km above the surface rather than at the 
surface. We adopted two methods for de- 
ducing the effect of absorption by clouds (2,  
3): determination of (i) the ratio of cloud ~, 

forcing above the cloud to cloud forcing 
beneath the cloud layer and (ii) the slope of 
cloud reflectance versus transmission. 

Cloud forcine is defined as the difference 

pause), CT, is the difference between ab- 
sorption by the cloudy total-column atmo- 
sphere and surface versus that by the clear 
total-column atmosphere and surface. If the 
cloud forcing of the atmosphere column 
above the under-cloud level is denoted by 
C,, then 

and 

's/CT = C S / ( ~ A  + CS) (2) 

The quantity CA is given by 

- 
between cloudy and clear-sky net flux. 
Cloud forcing beneath the cloud layer, Cs, 
is equivalent to the difference between ab- 
somtion bv the surface and the lower atmo- 
spcere under the clouds on the one hand 
and the absomtion bv the surface and the 
lower atmosphere under a clear column on 
the other. Cloud forcing above the cloud - 
layer (in our case, at the tropical tropo- 

The most critical element needed to es- 
timate cloud forcing is the clear-sky net flux 
because it cannot be determined concur- 
rentlv with a cloudv-skv net flux measure- , , 
ment. Rather than use satellite-derived 
auantities. we determined clear-skv net flux 
from direct measurements [as in (2)]. We  
constructed a scatter diagram of all net flux 

0- 
22.0 23.0 0.0 1.0 2.0 3.0 

Time (GMT) 

Fig. 1. Net solar flux measured at 20 km from the 
NASA ER-2 (solid curve) and at 10 km from the 
NASA DC-8 (dashed curve) over the tropical west- 
ern Pacific during the TOGA-COARE flight on 31 
January 1993. 

Fig. 2. Three-minute averages of cloud absorp- 
tion determined by the difference between net flux 
at 20 km and at 10 km, from TOGA-COARE and 
CEPEX. The solid line indicates our estimate of 
clear-sky absorption. 

where A is the absorption by the column. 
The ratio of C, to C, is unity when 
A(c1oud) is equal to A(c1ear); model pre- 
dictions place this ratio around unity, and 
rarely does it exceed 1.2 (3,  7), indicating a 
negligible difference in absorption be- 
tween the clear and cloudy atmosphere. 
A n  important conclusion presented in (2,  
3 )  is that the ratio might be substantially 
higher, implying that a significant discrep- 
ancy exists between model-predicted 
cloud (or more precisely, cloudy column) 
absorption and cloud absorption derived 
from measurements. 

- 
(F,,,) data versus the cosine of the solar 
zenith angle, r. Bv definition. the maximum - . -  , 

values of F,,, for a particular value of solar 
angle occur under clear conditions. Howev- 
er, under broken cloudy skies, downwelling 
solar flux can exceed the same flux under 
clear conditions if scattering from the sides 
of clouds becomes significant. With that in 
mind, we performed a linear regression anal- 
ysis of the upper envelope of points to de- 
termine the relation between F,,,(clear) and 
cos(7:). The geographical region covered 
during TOGA-COARE and CEPEX was ex- 
tensive, between 140°E to 180°E and 15"s 

to OOS. However, the entire region is over 
the ocean surface and is part of the quasi- 
homogeneous warm-pool region, where sea- 
surface temperatures are between 300 and 
303 K. The variability in humidity profiles 
above 10 km would not significantly affect 
clear-skv net flux over the region. We esti- - 
mate the uncertainty of our clear-sky net 
flux to be -t-5 W mP2. 

Comparison of the clear-sky absorption 
between the two flight levels, approximately 
10 to 20 km (solid line in Fig. 2), and 3-min 
averages of all column (cloudy and clear) 
absorption obtained from the difference of 
F,,, measurements shows that, on average, 
cloud absorption far exceeds clear-sky ab- 
sorption in the same layer. The average of 
the absorption was 165 W mp2; maximum 
absorption approaches 30% of the solar con- 
stant. A few of the cloud absomtion noints 
actually fall under the clear-sky absorption 
values, possibly the result of side-scattering 
from clouds producing an anomalously high 
value of DC-8 (Learjet) F,,,. 

The dependence of absorption on 7: is 
difficult to decipher from the 3-min aver- 
aged data (Fig. 2). T o  examine this depen- 
dence, we computed the average cloud ab- 
sorption in 0.1-wide cos(7:) bins. Those val- 
ues (Fig. 3 )  show a noticeable trend toward 
increasing absorption with increasing co- 
sine, at a rate steeper than that for clear-sky 
absorption. 

The predicted model estimate of Cs/Cr, 
unitv. is not attained unless clear-skv and , , 
cloudy-sky absorption are identical. Our 
data (Figs. 2 and 3 )  show substantial differ- . - 
ences between clear- and cloudy-sky ab- 
somtion. However, the model estimates are 
based on surface cloud forcing, whereas we 
determined cloud forcing beneath clouds - 
but at 10 km. Cosine-averaged values of 
JC,)/(C,), shown in Fig. 4, were computed 
in a manner similar to the cosine-averaged 
absorption in Fig. 3. The average over all 
angles is 1.68. Using calculations of solar 
transmission in the lowest 10-km layer ( 8 ) ,  
we estimate that this is equivalent to a ratio 
Cs(surface)/CT of 1.5. Our findings are thus 
consistent with those re~or ted  in (2. 3) .  . .  . 

A more direct comparison with (2, 3) can 
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Fig. 3 (left). Averages in 300 
0.1 -wide cosine bins of the 
absorption data shown in 
Fig. 2. The solid line indi- 
cates our estimate of 200- 
clear-sky absorption. Error 
bars denote the standard .2 
deviation of the sample, 5 
a measure of the range 1,- 

S of varlabllity in observed 
cloud absorption. Fig. 
4 (right). Same as Fig. 3, 

- 

- 

except that the ordinate is 
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be made only by inferring the surface flux at 
the base of the column beneath the aircraft 
flight track. Using an estimate of the average 
clear-sky column absorption from (3) and 
making the plausible assumption that our 
estimate of average cloudy column absorp- 
tion is somewhat independent of total col- 
umn depth (9), we can make such an infer- 
ence. Because of Eas. 1 and 3. 

Our estimates of A(cloud) and C, are 165 
W mp2 and -113 W mP2, respectively. 
Adopting the estimate of A(c1ear) over the 
tropical warm pool from (3), 100 W mP2, 
we arrive at (C,)/(C,) = 1.58. We  conclude 
that our estimates of cloud absorption are in 
considerable variance with model predic- 
tions (Fig. 5). 

A further consequence of using flight 
data versus surface data is the variability in 
planetary albedo along a flight track. All 
of the TOGA-COARE flights were over 
the sea surface, and so variability in the 
reflectance at the altitude of the DC-8 was 
a direct measure of variability in cloud 
optical thickness and cloud cover beneath 
the aircraft. W e  therefore used our mea- 
surement of albedo from the DC-8 to dis- 

Fig. 5. Summary of estimates of (C,)/(C,) deter- 
mined by this study, (2, 3), and model calculat~ons. 

criminate between clear and cloudy con- 
ditions beneath the cloud deck, adopting a 
threshold of 0.15. Although the albedo of 
the sea surface is considerably less, around 
0.06 for overhead sun, completely clear 
conditions almost never occurred in that 
region of the tropics, particularly in the 
boundary layer, where scattered cumulus 
clouds were ~reva len t .  

Several of the surface sites used by Cess e t  
al. (2) had available only flux radiometers 
that viewed the zenith; thus, measurements 
of surface net flux were not possible. How- 
ever, they were able to determine the rela- 
tion between satellite-derived albedo at the 
top of the atmosphere (TOA) and the ratio 
of insolation at the surface to insolation at 
the TOA-that is, reflectance versus trans- 
mission. (In our case, below-cloud transmis- 
sion was measured not at the surface but at a 
flight altitude of 10 km.) The slope of the fit 
of their data is --0.6. whereas model Dre- 
dictions are closer to -0.8. The lower mag- 
nitude s l o ~ e  for the measured data indicates 
that solar absorption in the column was 
greater than typically derived in models. 

For comparison, we examined the rela- 
tion between cloud reflectance, measured at 
the tropopause from the ER-2, and cloud 
transmission, measured beneath cloud lay- 
ers from the DC-8 (Learjet), flying between 
8 and 12 km, using the 3-min averaged 
integrated solar flux data. Filtering of se- 
lected data (Fig. 6 )  was done on the basis of 
albedo measured from the DC-8 and a 
threshold of 0.15. For the 200 cases satisfy- 
ing that condition, the resulting slope of the 
regression line (Fig. 6) is -0.48. The vari- 
abilitv of albedo measured from the DC-8 
albedb makes our analysis slightly different 
from that shown in (2) ,  where stationarv . , .  
ground sites with fixed albedo were consid- 
ered. The tendency toward higher surface 
albedo would increase the T O A  albedo in 
the set of points arising from minimal 
cloudy conditions ( to the right in Fig. 6). 
The consequence of measuring the trans- 
mission from the DC-8 (as opposed to mea- 
suring transmission at the surface) has a 
similar effect. Transmission at 10 km ex- 

Fig. 6 (left). The ER-2 albe- 
do or reflectance, R, as a 
function of DC-8 transmis- 0.8 
sion, T. The solid line indi- - -  0<5% 

cates the linear regression 
fit. The slope is -0.48. 
Fig. 7 (right). Same as Fig. 
6, except that two more re- 
gression curves are plotted, 
derived from data that were 
filtered to remove values 
arising when the standard 
deviation of the ER-2 net flux 
exceeded 10 and 5%. The 
slopes of the new curves are 

T T 

-0.54 and -0.61, respectively. 

ceeds that measured at the surface, and this 
would also tend to decrease the slope. 

Although the slope of our regression fit 
is less than that found by Cess et al. (2), it 
is consistent with their general results. Cal- - 
culations of the atmospheric transmission 
between the surface and 10 km (8) show . , 
that the ground-based slope of -0.6 would 
fall to approximately -0.5 if surface trans- 
mission were replaced by transmission at 10 
km. O n  the basis of these results as well as 
our estimate of the ratio of cloud forcing 
beneath clouds to that at the tropopause, it 
is evident that our findings are completely 
consistent with those of (2,  3 )  and that 
measured cloud absorption exceeds theoret- 
ical estimates. 

Several factors that might contribute to 
the discrepancies between measured and 
calculated absor~tion bv clouds have been 
postulated (1).  One is cloud inhomogeneity 
(models are typically run for plane-parallel 
homogeneous cloud layers). Filtering of our 
data allowed us to examine cloud mor~hol -  
ogy and inhomogeneity. We  averaged our 
flux measurements over 3-min ~e r iods  to 
smooth higher frequency features that 
might otherwise lead to difficulties in inter- 
preting data sets from the two aircraft plat- 
forms. The spatial resolution of the ER-2 
and DC-8 data are not identical. owing to 
differences in the ranges of clbuds gom 
both aircraft. thus necessitatine the use of 
time-averaged data. One meas;re of cloud 
homogeneity along the flight track is the 
standard deviation of the upwelling flux at 
ER-2 altitude (20 km) over the 3-min De- 
riod. We  segregated the data shown in Fig. 
6 by filtering at 10 and 5% standard devi- 
ation in the upwelling flux at 20 km (Fig. 
7 ) .  The slopes of the new regression lines 
are -0.54 and -0.61 for the 10 and 5% 
standard deviation thresholds, respectively. 
Undoubtedly, the effect of filtering is to 
reduce the cluster of lower albedo cases and 
to increase the slope of our fit. Whether 
this can be construed as indicating an in- 
crease in absorption with inhomogeneity 
remains uncertain. The statistical signifi- 
cance of the filtered data set is questionable 
because only 25% of all cases met the 5% 
standard deviation criterion. 

If cloud morphology is the key to en- 
hanced cloud absomtion, do broken and & .  

variable clouds really increase column ab- 
sorption (by changing photon path lengths) 
or is the effect only apparent and a measure 
of the inadequacy of current models to pre- 
dict the scattering and absorption of real 
clouds? Other issues also remain unresolved. 
Do clouds absorb anomalously, or does 
there exist a different anomalous absorber, 
such as a carbon-based aerosol? Spectral 
data from the TOGA-COARE experiment 
suggest that this is not the case and that the 
significant absorption and scattering fea- 
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tures in the tropical atmosphere are water- 
like. Further examination of this point must 
rely on more spectral measurements, partic- 
ularly in the near-infrared, where liquid 
water absorption and ice absorption become 
important. 
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Self-Assembled Metal Colloid Monolayers: 
An Approach to SERS Substrates 

R. Griffith Freeman, Katherine C. Grabar, Keith J. Allison, 
Robin M. Bright, Jennifer A. Davis, Andrea P. Guthrie, 

Michael B. Hommer, Michael A. Jackson, Patrick C. Smith, 
Daniel G. Walter, Michael J. Natan* 

The self-assembly of monodisperse gold and silver colloid particles into monolayers on 
polymer-coated substrates yields macroscopic surfaces that are highly active for surface- 
enhanced Raman scattering (SERS). Particles are bound to the substrate through multiple 
bonds between the colloidal metal and functional groups on the polymer such as cyanide 
(CN), amine (NH,), and thiol (SH). Surface evolution, which can be followed in real time 
by ultraviolet-visible spectroscopy and SERS, can be controlled to yield high reproduc- 
ibility on both the nanometer and the centimeter scales. On conducting substrates, colloid 
monolayers are electrochemically addressable and behave like a collection of closely 
spaced microelectrodes. These favorable properties and the ease of monolayer con- 
struction suggest a widespread use for metal colloid-based substrates. 

I n  SERS, millionfold enhancements in 
Raman scattering can be obtained for mol- 
ecules that are adsorbed at suitably rough 
surfaces of Au, Ag, and Cu  (1). Although 
many approaches have been reported (2) ,  
preparation of well-defined, stable SERS 
substrates having uniform roughness on 
the critical scale of 3 to 100 nm has 
proven difficult. Because colloidal Au can 
be synthesized as monodisperse solutions 
throughout most of this size regime (3) 
and because molecules adsorbed to closely 

R. G. Freeman, Divlsion of Science, Northeast Mlssouri 
State University, Kirksville. MO 63501. USA. 

spaced, colloidal Au and Ag exhibit en- 
hanced Raman scattering (4 ) ,  these parti- 
cles are excellent building blocks for 
SERS-active substrates. 

The  kev issue is whether colloidal Au 
and Ag particles can be organized into 
macroscouic surfaces that have a well-de- 
fined and uniform nanometer-scale archi- 
tecture. Indeed, controlling nanostructure - 
is currently a central focus throughout 
materials research (5). Progress in the self- 
assembly of organic thin films on metal 
surfaces (6) led us to explore the reverse 
process: the self-assembly of colloidal Au 
and Ag uarticles onto suvported organic 
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and simple to prepare in large numbers. 
Moreover, these substrates have a surface 
roughness that is defined by the colloid 
diameter (which is tunable) and an  aver- 
age interparticle spacing that is continu- 
ouslv variable. As such. self-assembled Au  
and ' A ~  colloid monolayers are likely to 
have extraordinary utility for SERS. 

Our construction protocol for SERS- 
active Au and Ag colloid monolayers ex- 
ploits the simplicity of self-assembly from 
solution and the affinity of noble metal 
surfaces for certain organic functional 
groups (Fig. I ) .  In our case, these moieties 
are present by virtue of organic films ei- 
ther polymerized or deposited on the sur- 
face of macroscopic (-0.8 cm by 2 cm) 
substrates. Immersion of the functional- 
ized substrate into a dilute solution of 
monodisperse colloidal Au  or Ag particles 
leads to colloid immobilization. This solu- 
tion-based process is extremely general, 
encompassing numerous permutations of 
insulating and conducting substrates 
(glass, quartz, plasma-treated Teflon, Form- 
var, indium-doped S n 0 2 ,  and Pt),  organic 
films [hydrolyzed mono-, di-, and trialkox- 
ysilanes containing the functional groups 
CN,  NH,, 2-pyridyl, P(C,H,),, and SH, as 
well as carboxyl-terminated C18 organo- 
thiol self-assembled monolayers], and col- 
loids (5  to 70 nm in diameter for Au and 
5 to 20 nm in diameter for Ag and Au-Ag 
composites) (7, 8 ) .  

Solution-based surface assembly also 
eliminates preparative, geometric, and op- 
erational constraints associated with most 
previously described SERS substrates ( 1 ,  
2). Thus, 1 liter of 17 nM, 12-nm-diame- 
ter colloidal Au,  which can be stored in- 
defintely at room temperature, can be used 
to prepare 2000 0.5-cm2 surfaces with only 
a 1% decrease in colloid concentration. 
Importantly, these substrates can be as- 
sembled sequentially or simultaneously. 
Surfaces in novel geometries that extend 
the utilitv of SERS can now be deriva- 
tized, including one face of a 5 -p l  spectro- 
electrochemical cell, large glass sheets sev- 
eral centimeters on  a side, and the inside 
of a glass capillary with an  inner diameter 
of 20 p m  (8). Moreover, once construct- 
ed, no  further activation steps (such as 
electrochemical oxidation-reduction cy- 

Step 1: Surface polymerization of (RO),Si(CH,),X 
w 

Step 2: Immersion into colloidal Au or Ag solution 

Fig. 1. Assembly strategy for Au and Ag colloid 
monolayers; X = CN, NH,, 2-pyridyl, P(C,H,),, or 
SH; R = CH, or CH,CH,. 
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