ton when V * n is positive. A nematic drop
with Q = 1 has nonvanishing positive splay
everywhere. This splay acts as an external
field that establishes minimum energy posi-
tions for droplet dipoles and thereby arrests
Brownian motion. The minimum energy
position of a single droplet is at the center
of a nematic drop. A second droplet moves
to maximum splay at the center with p
pointing toward the center along negative n
in accord with observations. Subsequent
droplets form chains. In contrast, in the
parallel geometry there is no splay localizing
particles; as a result, the particles and
chains undergo Brownian motion, which
leads to interchain coagulation.

Finally, one of the most important features
of these novel colloidal interactions is their
dependence on the anchoring of the nematic
at the interface. For example, the behavior of
the colloidal droplets in the multiple emul-
sions is completely altered if the nematic is
forced to align parallel to the surface of the
large droplets rather than perpendicular. In
the passage from homeotropic to tangential
alignment, the topological charge interior to a
nematic drop is changed from 1 to O, and
point defects called boojums (2) develop on
its surface. Splay is a maximum in the vicinity
of these boojums, and thus we would expect
the colloidal droplets to congregate at these
defects. We can achieve tangential bound-
ary conditions at the surface of the nematic
drops, but not at the surfaces of interior
colloidal water droplets, by adding a small
amount of glycerol to the continuous water
phase. As expected, the colloidal droplets
do indeed migrate to the boojums. Similar-
ly, in our theory, both the chaining and the
defect-mediated repulsion are a conse-
quence of the dipolar defect configuration
produced by a droplet with homeotropic
boundary conditions. Droplets with tangen-
tial boundary conditions create neither a
radial nor a companion hyperbolic hedge-
hog and should, therefore, exhibit com-
pletely different structures. To test this, we
added polyvinyl alcohol to the water drop-
lets to change boundary conditions from
homeotropic to tangential. The tendency
to form chains was greatly reduced; more-
over, the droplets were no longer separated
by large distances when they approached
one another, reflecting the absence of the
hedgehog defects.

The new class of colloidal interactions
discussed in this paper is not restricted to
thermotropic nematic LC but should be
present whenever the host fluid is aniso-
tropic. Interesting effects can be expected
as the delicate balance among the magni-
tude of the elastic constant, the particle
size, and the anchoring energies is adjust-
ed. For example, this class of interactions
should also be present for solutions of
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anisotropic micelles (10), rigid-rod poly-
mers, and even biological systems such as
actin or viruses. Moreover, the ability to
controllably obtain both attractive and
repulsive interactions offers an opportuni-
ty to develop novel routes to colloid sta-
bilization and structure, as well as to cre-
ate new materials with potentially useful
applications. The theoretical picture pre-
sented here provides the framework for
understanding all of these phenomena.
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Direct Radiometric Observations of the
Water Vapor Greenhouse Effect Over the
Equatorial Pacific Ocean

Francisco P. J. Valero,* William D. Collins, Peter Pilewskie,
Anthony Bucholtz, Piotr J. Flatau

Airborne radiometric measurements were used to determine tropospheric profiles of the
clear sky greenhouse effect. At sea surface temperatures (SSTs) larger than 300 kelvin,
the clear sky water vapor greenhouse effect was found to increase with SST at a rate
of 13 to 15 watts per square meter per kelvin. Satellite measurements of infrared
radiances and SSTs indicate that almost 52 percent of the tropical oceans between 20°N
and 20°S are affected during all seasons. Current general circulation models suggest that
the increase in the clear sky water vapor greenhouse effect with SST may have climatic

effects on a planetary scale.

Recent studies (1) have demonstrated that
atmospheric general circulation models,
when forced only with measured SSTs (in
particular, tropical Pacific SSTs), can re-
produce the changes in global tropospheric
temperatures that have been observed dur-
ing the last several decades (2, 3). Earlier
results (4—6) also pointed to the existence
of a relation between variations in the trop-
ical Pacific SSTs and global tropospheric
temperatures. In this context, the clear sky
water vapor greenhouse effect is key to the
understanding of climate change, including
global warming (7). The greenhouse effect
can be defined as (8-10)

G, = o(SST)* — F* (1)
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According to the Stefan Boltzmann law,
o(SST)* is the infrared black body emission
by the surface at temperature SST, ¢ =
5.67 X 1078 W m~% K~* is the Stefan
Boltzmann constant, and F™* is the outgoing
infrared radiation flux at the top of the
atmosphere.

Satellite studies (8—10) have found that
for clear skies and SSTs above 298 K, the
spatial variation of G, with SST, dG,/
d(SST), exceeds the rate of increase of sea
surface emission, do(SST)*/d(SST) =
45(SST)>. For a tropical SST of 300 K,
40(SST)? ~ 6.1 W m~2 K~'. This effect,
termed the “super greenhouse effect” (11),
occurs in both hemispheres during all sea-
sons. It is also observed for interannual
variations of G, with SST during the El
Nifio in the tropical Pacific (12). Observa-
tions in the tropical Atlantic ocean (I1)
show that the clear sky downwelling infra-
red flux incident on the surface (F) also
increases faster than the surface emission
with increasing SST. The net result is fur-
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ther warming of the surface, which in turn
induces additional heating of the atmo-
spheric column above. The increase of G,
and F, with SST is linked to the augmen-
tation in column water vapor content with
SST and lapse rate (8). The super green-
house effect is thus defined as (8, 10)

dG,/d(SST) > d[a(SST)*]/d(SST) (2)
at the top of the atmosphere, and as
dF; [d(SST) > d[o(SST)*]/d(SST) (3)

at the surface.

Here we report direct observations of the
tropospheric super greenhouse effect and
investigate the processes by which the clear
sky water vapor greenhouse effect heats the
atmospheric column and the ocean surface.
In particular, we focus on the following
questions. How extensive is the area where
dG,/d(SST) > 45(SST)?? Is it a long-term
effect, or does it occur only during limited
times? How much energy is trapped? Is the
radiative energy transported to the extra
tropics by the atmosphere, or does it con-
tribute locally to the heating of the sea

Fig. 1. Map of the clear sky water vapor
greenhouse effect for each 2.5° (latitude)
by 2.5° (longitude) region where the
monthly mean SST exceeded 298 K for all
months during 1985 to 1989. The values
dG,/d(SST) and do(SST)#d(SST) were
calculated by least squares regression of
the monthly mean G,, calculated with in-
frared radiances from the Earth Radiation
Budget Experiment, and o(SST)* against
SST. The errors in SST and FJ,,, used in
the regression are 0.5 K and 5 W m~2,
respectively (712, 15). Regions where the
difference  between dG_/d(SST) and
do(SST)*/d(SST) is more than twice the
root-mean-square error (indicating super
greenhouse effect) are colored. Flights
were made in the enlarged region where
representative flight tracks of the ER-2 and
Learjet (solid lines) and P-3 (dashed lines)
are indicated.

Latitude

Latitude

Fig. 2. RAMS 10.5-um (nadir viewing)
brightness temperature (dashed line) and
broadband solar albedo (solid line) mea-

sured from the ER-2 during the flight on 15 08

March 1993 over the 2°S latitude belt be-

data classified as clear sky is indicated.

tween 180°E and 170°W. An example of g 0.
<

surface and consequently to climate vari-
ability on a planetary scale?

We used satellite radiances from the
Earth Radiation Budget Experiment and
SST measurements (8, 10) to determine
the areal extent and regions of the tropical
oceans where the temporal rate of increase
in G, exceeds the rate for the surface emis-
sion (Fig. 1). We found that during all
seasons in the period 1985 to 1989, the
super greenhouse effect occurred over 52%
of the tropical sea surface between 20°N
and 20°S, in the Atlantic, Indian, and Pa-
cific oceans.

In situ radiometric observations of infrared
irradiances and radiances were made with
multiple aircraft flying in coordinated, simul-
taneous tracks several thousand kilometers
long during the Central Equatorial Pacific
Experiment (Fig. 1). The NASA ER-2, the
Aeromet Learjet, and the National Oceanic
and Atmospheric Administration (NOAA)
P-3 aircraft were flown at altitudes of 20 km,
11 km, and in the lower troposphere, respec-
tively. Atmospheric irradiances from the low-
er troposphere to the tropopause were mea-
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sured covering the full range of SSTs between
165°E and 170°W longitudes at 2°S latitude.
More than 4 X 10° km? were sampled during
the period from 7 March to 4 April 1993, for
a total of more than 100 hours of flight for
each aircraft.

Two identical radiation measuring sys-
tems (RAMS), which are multiple instru-
ment arrays, were deployed on the ER-2 and
Learjet airborne platforms to profile the
mid- and upper troposphere up to the tropo-
pause. The RAMS upper and mid-tropo-
sphere radiative measurements and instru-
ments pertinent to this super greenhouse
effect study are as follows (13, 14): (i)
spectral broadband (4 to 40 pwm) infrared
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Fig. 3. Clear sky greenhouse effect versus SST as
observed from the ER-2 (69-mbar altitude) and
Learjet (191-mbar altitude) aircraft. The plots show
data from six flights. Each individual flight covered
the full range of SSTs along the 2°S track (Fig. 1).
Data points represent the average of the clear-sky
data points in 0.02 K SST intervals. The standard
deviations are indicated by bars. The figures show
regressions with data from (A) the IRBBR on the
ER-2, correlation factor (R) = 0.871; (B) the IRBBR
on the Learjet, R = 0.964; and (C) the NFOV radi-
ometer on the ER-2, R = 0.921.
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upwelling irradiance was measured with an
infrared broadband radiometer (IRBBR);
(ii) spectral broadband (0.3 to 4.0 wm)
upwelling and downwelling solar irradi-
ances were measured with a solar broadband
radiometer; (iii) narrow spectral bandwidth
(~1 pm, centered at 10.5 pwm) upwelling
radiance and brightness temperature were
measured with a narrow field of view infra-
red radiometer (NFOV); and (iv) spectral
broadband (4 to 40 pm) upwelling radiance
was also measured with an NFOV.

The radiometric precision of the RAMS
is better than 1%. The absolute infrared
accuracy depends on the calibrating black
bodies and is estimated to be about 1 to 2%.
The calibration of the solar radiometers is
accurate to 1 to 2% as determined by com-
parison with a National Institute of Stan-
dards radiation reference.

The P-3 aircraft, dedicated to measure-
ments in the lower and mid-troposphere,
was equipped with broadband infrared and
solar flux radiometers different from those
in the other two aircraft. A comparison of

Table 1. Comparison of satellite and aircraft de-
terminations of dG_/d(SST). The difference be-
tween aircraft and satellite values of dG,/d(SST)
may result, in part, from the gradient of convection
with SST being larger than climatology during the
experiment (20). TOA, top of the atmosphere.

. dG_/dSST dG_/dSST
Altitude (aircraft) (satellite)
(mbar) ' m=2 K1) (W m~2 K=1)
TOA 6-9%
69 156.3*
14.2%
191 13.5%
*Determined  with  irradiances  from the IRBBR.

‘Determined with radiances from the NFOV. tFrom (12).
T T T
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Fig. 4. Vertical profiles of clear sky greenhouse
effect east (diamonds) and west (crosses) of the
dateline. Bars indicate standard deviations and
reflect the change in G, with SST at each altitude.

http://www.sciencemag.org * SCIENCE ¢ VOL. 275 ¢ 21 MARCH 1997

the Learjet and P-3 infrared measurements
suggests a discrepancy of about 5% of the
upwelling irradiance at 400 mbar.

SSTs used in this study were obtained
from a combined analysis of satellite and in
situ data from NOAA and the National
Meteorological Center (15). The SSTs are
accurate to 0.3 K as determined by compar-
ison with ship measurements during the
period of the observations. Relative SSTs
are precise to less than 0.1 K. SSTs in the
experimental region ranged from about 300
to 303 K.

Using concurrent brightness tempera-
ture data, solar broadband albedo measure-
ments, lidar data (16), spectral modis air-
borne simulator (MAS) (17), and photo-
graphic images (wide angle camera) ac-
quired from the ER-2 aircraft, we made a
thorough assessment to distinguish between
clear and cloudy conditions and to ensure
that the observed greenhouse effect was not
due to cirrus radiative absorption as a result
of classification error. Similar classification
schemes have been used in satellite studies
(18). These cloud screening criteria are
based on a comparison of infrared bright-
ness temperatures (IRBTs) from the NFOV
spectral radiometer and the MAS imager
with the ¢loud detection lidar on the ER-2.
The criteria to define clear sky and to select
data used to derive G, were a hemispherical
shortwave albedo <0.1 (characteristic of
clear skies), an NFOV IRBT and average
MAS IRBT =290 K, and more than 90% of
the MAS pixel IRBTs =290 K (Fig. 2). The
cloud detection lidar was used to identify
the radiative characteristics of cloud-free
pixels in the MAS images. A total of 99.7%
of clear sky nadir pixels had IRBTs =290 K;
less than 0.4% of optically thick clouds had
IRBTs =290 K. The MAS images coinci-
dent with the RAMS data were then
scanned to eliminate cloud-contaminated
measurements. The data show that some
low-altitude broken clouds somewhat affect
the albedo but do not affect the infrared
fluxes significantly because their tempera-
ture is close to the surface temperature. In

Fig. 5. Summary of the
measurements of the clear-

the case of the P-3 aircraft, an additional
requirement was imposed to select valid
data points; namely, the airplane must not
have changed altitude by more than 100 m
during the previous 9 min. This require-
ment ensured that the P-3 radiometers had
equilibrated with the ambient temperature.

With the criteria described above, the
data were segregated into clear sky and
cloud-covered regimes. Clear sky G, values
derived from irradiances measured with the
IRBBRs were averaged at each SST for each
flight altitude. SST values were linearly
interpolated between measured surface tem-
peratures. The clear sky values of G, at
altitudes of 69 and 191 mbar were then
plotted against SST (Fig. 3). A least squares
linear regression fit (a good approximation
over narrow SST ranges) to the clear sky
data points (solid lines in Fig. 3, A and B)
gives G, = [146.9 + 15.3(SST — 300)] W
m~2 at 69-mbar altitude (ER-2) and G, =
[142.7 + 13.5(SST — 300)] W m™? at
191-mbar altitude (Learjet).

The relation of G, to SST was also
derived from the broadband upwelling (4 to
40 wm) radiances measured with the NFOV
nadir-pointing radiometer on the ER-2.
Clear sky scenes were identified with the
nadir-pointing cloud lidar that has a field of
view larger than the NFOV. This procedure
guarantees that within the limit of detec-
tion of the lidar the clear sky NFOV data
are free of the effect of thin cirrus clouds.
The irradiances were derived from the radi-
ances by multiplying by a constant factor of
0.893m, which was experimentally derived
by comparing simultaneous radiance and
irradiance measurements from the ER-2 air-
craft. A regression of G, computed from the
NFOV radiances with SST (Fig. 3C) gives
G, = [148.6 + 14.2(SST — 300)] W m~?
at 69-mbar altitude. The excellent agree-
ment between the G's derived from NFOV
radiances and IRBBR irradiances indicates
that the observed variation in greenhouse
effect is not related to cirrus cloud contam-
ination. The aircraft-measured dG,/d(SST)
values are more than double the rate of

298.6 W m2 289.6 W m2

sky water vapor greenhouse
effect. The values of G, F7,
and F; are shown schemat-

Tropopause

|F; Tropopause I F ;

ically for SSTs of 301.5 and
302.5 K at sea level and at

G,=169.9 W m2

G,=185.2 W m?2

69 mbar (tropopause). G, in-
creases by 15.3Wm—2K~1,
Frby6.3Wm~2,and F; by
14 Wm=2K~"(23), illustrat-

468.5 W m 474.8 W m2

ing that the energy ab-
sorbed by the clear sky tro-
pospheric  water  vapor

greenhouse effect is radiat-

ed back to the surface, thus contributing to its heating.

|- ' " y
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change of surface emission at 300 K (~6.1
W m™2 K1) and are larger than previously
derived satellite values (9, 12, 19, 20) as
shown in Table 1.

During the time of the experiment, dif-
ferences (up to 40%) in precipitable water
and convective activity were observed be-
tween regions east and west of the dateline
(19). Therefore, the data were divided into
two groups to produce tropospheric green-
house effect profiles in convectively sup-
pressed (east) and convectively active
(west) regions. The profiles shown in Fig. 4
were constructed by using P-3 data for the
mid- and lower troposphere (400 mbar and
below), Learjet data for the upper tropo-
sphere (~191 mbar), and ER-2 data for the
tropopause (~69 mbar). A comparison of
the G, profiles suggests that the greenhouse
absorption is greater in the convectively
active region west of the dateline at every
level measured by the aircrafts. Our sample
in the convectively active region is not
large enough to prove this point; however,
vertical profiles of atmospheric temperature
and humidity measured with dropsondes
launched from the learjet in conjunction
with the radiometric measurements provide
further support for this observation. The
greenhouse effect was computed from these
soundings with a radiative transfer model
(21, 22). Regression of the calculated G,
against SST and satellite indices of convec-
tive activity also gives values for G, that are
systematically larger in convective regions.
The analysis also shows that the perturba-
tions in G, by convection at fixed SST are
comparable in magnitude with the effect of
increasing SST by 2 K. This effect results
primarily from local moistening of the at-
mospheric column by deep convection.

Lubin (23) finds dF; /d(SST) > 45(SST)?
for surface observations, and our results show
dG,/d(SST) > 40(SST)? for tropopause and
tropospheric measurements. Furthermore, by
comparison we find dG_/d(SST) ~ d(F)/
d(SST), demonstrating that the radiation
absorbed as greenhouse effect is radiated
back to the surface and contributes to surface
heating (Fig. 5). The observed net surface
heating due to the water vapor greenhouse
effect affects those regions of the tropical
oceans that have been shown by general
circulation model studies to be key areas for
climate change and global warming.
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Direct Radiative Forcing by Smoke from
Biomass Burning

Peter V. Hobbs, Jeffrey S. Reid, Robert A. Kotchenruther,
Ronald J. Ferek, Ray Weiss

Airborne measurements in smoke from biomass burning in Brazil have yielded optical
parameters that permit an improved assessment of the effects of smoke on Earth’s
radiation balance. The global-mean direct radiative forcing due to smoke from biomass
burning worldwide is estimated to be no more than about —0.3 watt per square meter
(cooling), compared with +2.45 watts per square meter (warming) due to anthropogenic
greenhouse gases. On regional scales, direct radiative forcing due to smoke can be large

and might indirectly affect global climate.

Radiative forcing (1) due to increases in
long-lived greenhouse gases since preindus-
trial times is know rather precisely: +2.45 *
0.37 W m™? (2). Direct radiative forcing
(DRF) due to increases in anthropogenically
derived aerosols, on the other hand, is quite
uncertain: —0.5 W m ™2 is the global average,
with an uncertainty of at least a factor of 2 (2,
3). Until the magnitude of radiative forcing
due to anthropogenically derived aerosols is
known more precisely, the uncertainty in the
estimate of the net radiative forcing due to
anthropogenic emissions of gases and parti-
cles, and therefore predictions of global warm-
ing, will remain unacceptably large.

The main contributors to radiative forcing
by anthropogenic aerosols are believed to be

P. V. Hobbs, J. S. Reid, R. A. Kotchenruther, R. J. Ferek,
Department of Atmospheric Sciences, University of
Washington, Seattle, WA 98195-1640, USA.

R. Weiss, Radiance Research, Seattle, WA 98177, USA.

sulfate particles from fossil fuel combustion
and smoke particles from biomass burning.
About 80% of all biomass burning occurs in
the tropics, and South America accounts for
about 30% of all tropical burning (4). Penner
et al. (5) estimated the global-mean DRF due
to biomass burning to be —0.8 W m™2 (6).
We describe here a comprehensive set of mea-
surements of the optical properties of smoke
from biomass burning in Brazil (7). We then
assess the effects of these measurements on
estimates of the global-mean DRF due to
smoke from biomass burning using a model
similar to that used by Penner et dal.

To quantify DRF due to aerosols, the
magnitudes of four optical properties of the
aerosols are required: the mass light-scatter-
ing efficiency, the fraction of solar radiation
backscattered to space, the single-scattering
albedo [that is, the ratio of the light-scatter-
ing coefficient (g,) to the total extinction
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