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Radiative effects of convection in the tropical Pacific 

W.D. Collins, 1'2 F.P.J. Valero, 2,3 P.J. Flatau, 2 D. Lubin, •,2 
H. Grassl? and P. Pilewskie • 

Abstract. The radiative effects of tropical clouds at the tropopause and the ocean surface have 
been estimated by using in situ measurements from the Central Equatorial Pacific Experiment 
(CEPEX). The effect of clouds is distinguished from the radiative effects of the surrounding 
atmosphere by calculating the shortwave and longwave cloud forcing. These terms give the 
reduction in insolation and the increase in absorption of terrestrial thermal emission associated 
with clouds. At the tropopause the shortwave and longwave cloud forcing are nearly equal and 
opposite, even on daily timescales. Therefore the net effect of an ensemble of convective clouds 
is small compared to other radiative terms in the surface-tropospheric heat budget. This confirms 
the statistical cancellation of cloud forcing observed in Earth radiation budget measurements 
from satellites. At the surface the net effect of clouds is to reduce the radiant energy absorbed by 
the ocean. Under deep convective clouds the diurnally averaged reduction exceeds 150 W m -2. 
The divergence of flux in the cloudy atmosphere can be estimated from the difference in cloud 
forcing at the surface and tropopause. The CEPEX observations show that the atmospheric cloud 
forcing is nearly equal and opposite to the surface forcing. Based upon the frequency of convec- 
tion, the atmospheric forcing approaches 100 W m -2 when the surface temperature is 303 K. The 
cloud forcing is closely related to the frequency of convective cloud systems. This relation is 
used in conjunction with cloud population statistics derived from satellite to calculate the change 
in surface cloud forcing with sea surface temperature. The net radiative cooling of the surface by 
clouds increases at a rate of 20 W m-2K-lduring the CEPEX observing period. 

1. Introduction 

Clouds have a major influence on the radiation field of the 
Earth. The radiative effect of clouds is an important component of 
the Earth's radiation budget and is one of the major sources of 
uncertainty in climate modeling [Hartmann et al., 1986; 
Ramanathan, 1987; Webster and Stephens, 1984]. At the top of 
the atmosphere, clouds reflect incoming sunlight back to space, 
thereby reducing the amount of insolation reaching the surface. 
Clouds also strongly absorb the thermal radiation emitted by the 
surface and the atmosphere and reduce the amount of heat radiat- 
ed to space. At the surface, clouds generally reduce the amount of 
insolation by reflecting and, to some extent, absorbing the incom- 
ing sunlight. However, the clouds also act as a source of thermal 
radiation, and the heat emitted by clouds is added to the down- 
ward thermal emission from the clear atmosphere. The effects of 
clouds in the tropics are of particular importance to the climate 
system. 
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There has been tremendous progress in the last 20 years in 
estimating the radiative effects of clouds from intensive satellite 
observations. One of the best data sets has been collected by the 
Earth Radiation Budget Experiment (ERBE) [Barkstrom, 1984; 
Barkstrom and Smith, 1986]. The measurements from ERBE are 
sufficient to calculate the impact of clouds on the radiation field 
at the top of the atmosphere to within 10 W m -2 [Harrison et al., 
1990]. However, progress in estimating the impact of clouds on 
the radiation at the Earth's surface is limited by the sparse and 
inhomogeneously distributed network of surface radiometers. 
This problem is especially acute for the tropical oceans, and many 
of the existing radiation data sets are collected from instruments 
on islands. There has been considerable effort devoted to estimat- 

ing the surface energy budget from a combination of satellite mea- 
surements [e.g., Gupta et al., 1993]. The accuracy of the retrieved 
budget parameters is limited by approximations in the treatment of 
radiative transfer, systematic errors in the input cloud parameters, 
and uncertainties in the distribution of radiatively active atmos- 
pheric constituents. Further advances in the treatment of tropical 
convection require in situ measurements of the radiative and non- 
radiative effects of clouds. 

Recent field experiments in the tropical Pacific have provided 
extensive measurements of the surface radiation field. The 

Tropical Ocean Global Atmosphere Coupled Ocean-Atmosphere 
Response Experiment (TOGA COARE) was conducted in the 
western equatorial Pacific from November 1992 through February 
1993 [Webster and Lukas, 1992]. The Central Equatorial Pacific 
Experiment (CEPEX) was conducted during March and April 
1993 [Ramanathan et al., 1993]. The combined data sets from 
these experiments contain 5 months of intensive surface observa- 
tions that extend from the warm pool to the convectively sup- 
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pressed eastern Pacific. Using data from a TOGA COARE pilot 
project, Young et al. [1992] have shown that deep precipitating 
convection significantly alters several components of the surface 
energy budget. Most of the variability in the energy budget is 
associated with effects of cloud shading. In this paper we evalu- 
ate data collected during CEPEX. We have analyzed radiometric 
measurements at the surface and tropopause to estimate the effect 
of convective clouds on the total column, the surface, and the 

atmosphere. 
The radiative effects of clouds may be quantified by calculat- 

ing the shortwave and longwave cloud forcing [Charlock and 
Ramanathan, 1985; Hartmann et al., 1986; Ramanathan, 1987]. 
The cloud forcing is defined as the difference in net radiative flux 
between clear and average (cloudy) conditions. The shortwave 
and longwave cloud forcing are given by 

C•=F-F a, (1) 

where 
C s = S- Sa, (2) 

= -, (3) 

F = F +- F-, (4) 

S a = Sa +- Sa-, (5) 

S = S + - S-. (6) 

Here F a and F are the net clear-sky and cloudy longwave fluxes, 
and S a and S are the corresponding net shortwave fluxes. The indi- 
vidual upwelling and downwelling components of these fluxes are 
denoted with the superscripts plus and minus, respectively. 
Typically, C s < 0, since clouds increase the albedo and reduce the 
downwelling solar radiation. However, C l > 0, because clouds 
absorb upwelling infrared radiation and emit radiation at lower 
temperatures than the atmosphere and surface below. The net 
cloud forcing is defined by 

Cne t = C l + C s. (7) 

When Cne t < 0, the clouds reduce the flux into the ocean-atmo- 
sphere system. Let Ci(O) and Cs(O) denote the longwave and short- 
wave cloud forcing at the surface, respectively, and Ct(Tro p) and 
Cs(Trop) denote the corresponding quantities at the tropopause. 
The atmospheric cloud forcing is the radiative flux absorbed in a 
cloudy atmos•phere and is given by Ci(A) = C/(Trop) - Ci(O) and 
Cs(A) = Cs(Trop) - Cs(O ). 

The basic objectives of this paper are to derive the daily mean 
cloud forcing from in situ measurements and to estimate the cloud 
forcing on the scale of synoptic disturbances. The vertical distri- 
bution of cloud forcing is also examined. For tropical convective 
regions, results from ERBE show that C/(Trop) -- -Cs(Trop) on 
monthly and seasonal time scales [Ramanathan et al., 1989; 
Harrison et al., 1990; Kiehl and Ramanathan, 1990]. The cancel- 
lation implies that the integrated effect of clouds on the ocean- 
atmospheric column is small. However, theoretical studies of the 
tropical atmosphere have shown that the surface cloud forcing 
may be decoupled from the forcing at the top of the atmosphere 
(TOA) [Stephens and Webster, 1984]. Because of the infrared 
opacity and temperature profile of the tropical atmosphere, Ci(O ) 
depends strongly on the cloud base temperature, while C/(Trop) is 
determined by the cloud top temperature and the lapse rate 

[Ramanathan, 1977]. Therefore the relationship of Ci(O ) and 
Ct(Trop) is governed by the vertical distribution of clouds in the 
atmosphere. For tropical deep convection, modeling studies 
[Slingo and Slingo, 1988; Harshvardhan et al., 1990] and CEPEX 
observations (W.D. Collins et al., manuscript in preparation, 
1995) have shown that Ci(O) << C/(Trop). This implies that the 
cloud forcing has a dipole structure, with Cnet(O) << 0 and Cnet(A) 
>> 0 [Ramanathan et al., 1989]. The relationship of Cnet(O), 
Cnet(A), and Cnet(Trop) is derived from the observations. 

In section 2 the instruments and platforms used to collect the 
radiometric data are described. In addition, the procedures for 
estimating the terms for clear and cloudy conditions in equations 
(1) and (2) are derived. In section 3 the cloud forcing is calculat- 
ed from the measurements. The surface and tropopause values are 
combined to give a lower bound on the radiative flux divergence 
in deep convection. In section 4 the measurements are integrated 
with cloud population statistics obtained from satellite data to 
generalize the results and compute regional energy budgets. The 
implications of these findings for further investigations of tropical 
climate are discussed in section 5. 

2. Data and Methods 

2.1. In Situ and Derived Data 

The observations used in this analysis were collected in the 
central and eastern equatorial Pacific during March and April 
1993. The radiometric fluxes at the tropopause were detected with 
instruments on the NASA ER-2 between 18 and 20 km. The sur- 

face fluxes were measured with instruments on a Lockheed P-3 

turboprop aircraft operated by the National Oceanic and 
Atmospheric Administration (NOAA) and on the ship R/V John 
Vickers. A detailed description of the location and times of the air- 
craft and ship observations is given by Williams [ 1993]. Logistical 
considerations did not permit many collocated measurements at 
the surface and tropopause. However, an equatorial track at 2øS 
extending from 170øE to 170øW was repeatedly sampled from the 
ER-2 and P-3 during the CEPEX observing period. The R/V 
Vickers traversed the same region from west to east as it sailed 
from Honiara to Los Angeles. 

The ER-2 was equipped with a radiation measurement system 
(RAMS) and with a cloud detection lidar. The upwelling and 
downwelling shortwave fluxes S + and S- are measured with a 
broad spectral bandpass hemispherical field-of-view solar 
radiometer [Valero et al., 1982, 1984]. The bandpass of this 
instrument is 0.25 to 2.8 •tm. The albedo of the surface-tropo- 
sphere system is given by a(Trop) = S+/S -. To a good approxima- 
tion the downwelling solar flux is given by S- = S0cos (0), where 
S O is the solar constant and 0 is the solar zenith angle. The 
upwelling longwave flux F + is measured by a similar instrument 
for infrared wavelengths between 4 and 40 •tm. The flux mea- 
surements are accurate to better than 1%. In calculating C/(Trop) 
we neglect the contribution of the downwelling flux from the 
stratosphere, since it is not expected to vary significantly from 
clear to cloudy conditions. The upwelling radiance in the midin- 
frared window at 10.5 •tm is used in conjunction with the cloud 
detection lidar [Spinhirne and Hart, 1990] to estimate the 
upwelling clear-sky shortwave flux. Data from two flights on 
March 20 and April 3, 1993 are not included in the analysis owing 
to instrument malfunction. 

The downwelling solar flux at the ocean surface was mea- 
sured with an Eppley pyranometer on the R/V lhckers. The spec- 
tral bandpass of the pyranometer is 0.295 to 2.8 gm. The down- 
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welling infrared flux is calculated from the downwelling infrared 
radiance field. The zenith radiance was measured with a Fourier 

transform infrared (FTIR) spectroradiometer. The radiances are 
recorded with 1 cm -1 resolution over the wavenumber interval 

500-2000 cm -1 by using a narrow field-of-view detector aligned 
with the local zenith. The integrated downwelling flux in this 
spectral interval is estimated by using limb-darkening models 
derived from coincident high-resolution atmospheric soundings 
[Lubin et al., 1995]. The worst-case uncertainty in the flux esti- 
mates from errors in absolute radiometric calibration is approxi- 
mately +6 W m -2. Infrared absorption bands outside the spectral 
bandpass of the FFIR are virtually saturated in the tropical atmos- 
phere. As a result the contribution to Cl(O) from wavenumbers 
outside the FTIR bandpass may be neglected, (W.D. Collins et al., 
manuscript in preparation, 1995). 

The shortwave and longwave fluxes within 33 m of the ocean 
surface were measured by using Eppley pyranometers and pyrge- 
ometers on the NOAA P-3. The spectral band pass of the pyra- 
nometers is also 0.285 to 2.8 •m, and the bandpass of the pyr- 
geometers is approximately 5 to 50 •m. The upwelling and 
downwelling fluxes were measured with pairs of identical Eppley 
instruments. At the beginning of the CEPEX observation period 
the pyrgeometers were calibrated against a reference blackbody 
cavity, and the pyranometers were calibrated against a reference 
solar radiometer. The fluxes are accurate to within 15 W m -2. A 

narrowband spectral PRT-5 instrument is used to estimate the sea 
surface temperature from the upwelling 9.5- to 11.5- •m radiance. 

2.2 Estimation of Fluxes for Clear Conditions 

The cloud forcing defined by equations (1) and (2) is the dif- 
ference between the observed net flux and a background clear-sky 
net flux. In regions with persistent cloud cover it may not be pos- 
sible to determine the fluxes for clear-sky and cloudy conditions 
simultaneously. For example, the lidar on the ER-2 aircraft detect- 
ed clear sky only 6% of the time during 10 research flights. Since 
the variability in the clear-sky fluxes is much smaller than the 
variability introduced by clouds, we have developed empirical 
expressions for estimating the background clear-sky flux under 
cloudy conditions. The expressions are validated against the lim- 
ited sample of clear-sky measurements for each platform. This 
method is similar to one of the approaches used to calculate cloud 
forcing from GCMs [Cess and Potter, 1987; Cess et al., 1992]. 
The cloud forcing calculated with this approach includes the 
radiative effects of variations in the water vapor profiles between 
clear and cloudy regions. Formulas for the clear-sky fluxes have 
been determined for each of the aircraft and ship radiometers and 
are presented below. 

2.2.1 Clear-sky fluxes at the tropopause. The longwave flux 

Fa+(Trop) is related to the atmospheric greenhouse effect by 

Ga(Trop) = bats4- Fa+(Trop), (8) 

where cv is the Stefan-Boltzmann constant, 5.67 x 10 -8 W m -2 
K -4, and b = 0.944 is an adjustment for the spectral bandpass of 
the longwave radiometer. In the tropics, most of the variability in 
Ga(Trop) is related to variations in the sea surface temperature T s 
and the atmospheric humidity [Raval and Ramanathan, 1989; 
Inamdar and Ramanathan, 1994]. The CEPEX observations show 

that Ga(Trop) increases more rapidly with ocean temperature than 
does the surface emission [Weaver et al., 1994], an effect known 
as the supergreenhouse effect [Ramanathan and Collins, 1991 ]. A 
least squares linear fit to the clear-sky measurements from the 

ER-2 (EP.J. Valero et al., manuscript in preparation, 1995) gives 

Ga(Tro p) = 145.3 + 15.3(T s - 300) W m -2, (9) 

The regression explains approximately 70% of the variance in the 
greenhouse absorption. The clear-sky flux Fa+(Trop) is estimated 
by combining (8) and the empirical relation (9). The relation of 
Ga(Tro p) to T s is strongly effected by the distribution of convec- 
tion during CEPEX, and is not necessarily representative of cli- 
matogical conditions. 

The clear-sky upwelling solar flux is related to the clear-sky 
albedo by Sa+(Tro p) = So%(Trop,O). The clear-sky albedos 
measured from the ER-2 are shown as a function of solar zenith 

angle in Figure 1. The clear-sky observations are selected with the 
same criteria as those used to determine the atmospheric green- 
house effect (F.P.J. Valero et al., manuscript in preparation, 1995), 
with the additional requirements that the 10.5-•tm brightness tem- 
peratures exceed 295 K and no clouds are detected by the lidar. 
The angle of the Sun from the zenith is computed from the posi- 
tion of the aircraft and time of day by using a solar ephemeris 
[Michalsky, 1988; Spencer, 1989]. The figure shows two features 
characteristic of the albedo over clear ocean regions. First, the 
albedo when the Sun is directly overhead •s less than 10%, with 
minimum values of 6%. Second, the clear-sky albedo is a strong 
function of solar zenith angle. For moderate angles the albedo is 
proportional to ! / cos (0). 

The dependence of clear-sky albedo on sun angle may be 
approximated by 

aa(Trop, O) = 0.06 6(0), (10) 

The function 6(0) is the ratio of the TOA albedo to the TOA albe- 
do for overhead Sun. Although a number of factors influence this 
ratio, including the surface roughness and the aerosol optical 
depth, the associated changes in %(Trop,0) and Cs(Trop) are not 
significant. The directional albedo model from ERBE is used for 
6(0) [Brooks et al., 1986' Suttles, 1988]. The value of O:a(Trop,0 ) 
= 0.06 is determined from the minimum observed albedo for over- 

head Sun. Since the criteria for selecting clear-sky scenes are nec- 
essary but not sufficient conditions to eliminate cloud contamina- 
tion in the hemispherical albedo, the minimum value of 
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Figure 1. Clear-sky albedo aa(Trop, O) at the tropopause mea- 
sured from the NASA ER-2 as a function of the cosine of the solar 

zenith angle. Solid line is the fit to the data given by equation (10). 
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aa(Trop,0) consistent with the measurements is used. The clear- 
sky observations and equation (10) are plotted in Figure 1. 

2.2.2 Clear-sky fluxes at the surface. The net shortwave flux 
Sa(O) under clear conditions is estimated by using the method of 
Li and Leighton [ 1993]. The parameterization agrees with clear- 
sky surface fluxes measured during CEPEX to within 10 W m -2. 
The calculation of Sa(O) depends upon the TOA clear sky albedo, 
the solar zenith angle, and the column-integrated precipitable 
water vapor p (in centimeters). The clear sky albedo is calculated 
by using equation (10), and the zenith angle is computed from the 
solar ephemeris. For the R/V Vickers observations, p is calculated 
from vertical profiles of temperature and humidity measured with 
radiosondes [Weaver et al., 1994]. The radiosondes were launched 
at 6 hour intervals as the ship sailed across the central Pacific. A 
time series of precipitable water coincident with the surface radio- 
metric data is obtained by linear interpolation. For the P-3 observ- 
ations the precipitable water is determined from fields of temper- 
ature and humidity analyzed by the European Centre for Medium- 
Range Weather Forcasts (ECMWF). The fields used in this analy- 
sis have a temporal resolution of 6 hours and a spatial resolution 
of 1.1 o. At each point along the flight path of the aircraft, p is esti- 
mated by using bilinear interpolation from the values of p at the 
four nearest grid points. Comparison ofp derived from the sound- 
ings and the analyzed fields shows that the rms error in the 
ECMWF estimates is tSp = 0.63 cm, or roughly 14% of the mean 
value ofp = 4.5 cm. The fractional error in Sa(O) due to the uncer- 
tainty tSp in p is less than 1% when 0 = 0 ø and increases to 3% for 
0 = 80 ø [Li and Leighton, 1993]. 

The longwave flux Fa(O) is determined with separate proce- 
dures for the FTIR on the R/V Vickers and the pyrgeometers on 
the NOAA P-3. The clear-sky FTIR measurements during day- 
time are identified by visual inspection of the sky above the detec- 
tor. Contamination by downwelling flux from subvisible cirrus is 
less than the instrumental uncertainty in the measurements [Lubin 
et al., 1995]. The resulting time series of Fa(O) varies slowly with 
time along the ship track [Lubin et al., 1995]. The values of Fa(O) 
used to calculate Ct(O) are linearly interpolated in time from the 
two nearest clear-sky observations. The clear-sky observations 
from the NOAA P-3 have been selected by comparing the mea- 
sured net shortwave flux S(0) with an estimate of the range of 
clear-sky flux Sa(O) [Li and Leighton, 1993]. The data where S(0) 
is within the range predicted for Sa(O) are identified as clear-sky 
points (W.D. Collins et al., manuscript in preparation, 1995). The 
measurements of Fa(O) have been parameterized in terms of the 
sea-surface and air temperatures by 

Fa(rs, ra)= EO•s 4 - EaO•a4, (11) 

where e = 0.97 and e a = 0.852 are the oceanic and atmospheric 
emissivities, respectively. The air temperature T a is measured at 
the altitude of the P-3. The atmospheric emissivity is slightly 
smaller than the e a determined with the empirical formula by 
Anderson [1952]. The mean difference between Fa(O) and 
Fa(T s, T a) is 0.2 W m -2, with a 6.4 W m -2 rms error. A histogram 
of the difference is shown in Figure 2. 

2.3. Estimation of Fluxes for Cloudy Conditions 

The cloud forcing is defined in terms of the daily mean short- 
wave and longwave fluxes. Since the longwave fluxes are not 
directly affected by the incident solar flux, the daily mean values 
of F(0) and F(Trop) are unweighted averages of the longwave 
measurements. However, the shortwave fluxes are proportional to 
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Figure 2. Difference between clear-sky net longwave flux Fa(O) 
measured by the NOAA P-3 within 33 m of the ocean surface and 
the flux Fa(T s, T a) calculated from (11). Ordinate axis is the per- 
centage of flux differences within each 1 W m -2 bin on the abscis- 
sa. 

the insolation S0cos (0), and daily averages of S(0) and S(Trop) 
will differ from their true values if measurements are unavailable 

for certain Sun angles or if the time rate of change of 0 is affect- 
ed by the motion of the measurement platforms. The observations 
from the ER-2 and P-3 were made during daylight hours only, and 
the data sets do not include measurements at dawn and dusk when 

0 _= 90 ø. The largest zenith angles sampled by the ER-2 on indi- 
vidual flights range from 33 ø to 78 ø, and the largest zenith angles 
for P-3 low-altitude flights range from 20 ø to 52 ø. In addition, the 
variation of Sun angle with time measured from a moving plat- 
form is different from the motion of the Sun at a fixed position. 
The Sun angle changes more rapidly for an observer traveling 
eastward and more slowly for an observer traveling westward than 
for a stationary observer. Since the aircraft change direction sev- 
eral times during each flight, the solar zenith angles during the 
westbound segments have greater weight in time-averaged solar 
fluxes than the angles for eastbound segments. 

In order to minimize the effects of incomplete diurnal sam- 
pling and motion of the instruments we have computed the daily 
mean shortwave fluxes using 

- (S) (S0cos (0)). (12) s = ( S0cos (0)) 
The angle brackets denote a time average over all the observa- 
tions, and the horizontal bar denotes a time average from dawn to 
dusk at a fixed location. The first factor on the right-hand side is 
the ratio of the net shortwave radiation to the incident radiation for 

the measurement period. The second factor is the average of the 
diurnal mean incident solar flux for each point along the path of 
the platform. For the R/V Vickers, which is almost stationary, the 
effects of these corrections are small compared to the variations in 
the daily mean fluxes. Therefore the estimates of the daily surface 
insolation from equation (12) and an unweighted average of the 
measured fluxes should be virtually identical. During March 7 to 
March 22, 1993, (S-(0)) ranges from 191 to 318 W m -2. The esti- 
mates of insolation from (S-(0)) and S-(0) differ by less than 
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5 W m -2 during this period. This test confirms that (12) reduces to 
a simple time average for a stationary platform with complete 
diurnal sampling. 

However, when the diurnal sampling is incomplete, S is a 
much better estimate of the daily mean flux than an unweighted 
average of the observations denoted by (S). Figure 3 shows the 
two estimates of the net surface insolation under clear-sky condi- 
tions as a function of the maximum solar zenith angle included in 
the averages. The insolation is calculated for the location 2øS, 
180øE on March 15, 1993. For each point on the two curves, the 
flux is integrated from 0 = 0 (overhead sun) to the value of 0 on 
the abscissa. The unweighted estimate (S) has a strong dependence 
on the range of solar zenith angle included in the averages. The 
weighted average given by (12) varies by less than 4%, or 
12 W m -2, over the range of 0. Since the weighted average is much 
less sensitive to the sampling of the diurnal cycle, we use (12) to 
calculate the clear-sky and average fluxes from all the shortwave 
measurements. 

The upwelling and downwelling solar fluxes necessary to cal- 
culate S(0) and Cs(O) were measured on the NOAA P-3, but the 
upwelling flux was not measured on the R/V Vickers. By defini- 
tion the upwelling flux is related to the downwelling flux by 
S+(0) = oc(0)S-(0), where or(0) is the albedo of the ocean surface. 
The ocean albedo depends upon the relative amounts of direct and 
diffuse downwelling solar radiation under clear and cloudy condi- 
tions. This dependence may be formulated in terms of the atmo- 
spheric transmission [Payne, 1972] 

t = s-(0) (13) 
S0cos (o) 

Under clear-sky conditions the atmosphere transmits approxi- 
mately 80% of the incident radiation to the surface and absorbs the 
remaining 20%. Under overcast conditions with optically thick 
clouds the transmission can reach very low values. The ocean 
albedo 6gdir(0,0 ) for mostly direct radiation under clear-sky condi- 
tions has been calculated by using the method of Li and Garand 
[ 1994] from the TOA albedo (equation 10), solar angle 0, and pre- 

cipitable water p. The dependence of O•dir(0,0 ) on solar angle is 
shown in Figure 4. The ocean albedo estimated from the ratio of 
S+(0) and S-(0) measured close to the ocean surface from the 
NOAA P-3 is plotted for comparison. The measured and calculat- 
ed albedos differ by less than 1% (absolute) for 0 < 53 ø. 

The ocean surface albedo for diffuse radiation is estimated 

from the P-3 measurements. The measured albedo is shown as a 

function of atmospheric transmission t in Figure 5. The ocean 
albedo for diffuse radiation is set to the limiting value 
O•diff(0) = 0.057 for t = 0. For combinations of direct and diffuse 
radiation the albedo is intermediate between the direct and diffuse 

albedos, and it is linear in t to lowest order [Payne, 1972]. The lin- 
ear relationship is demonstrated with the P-3 measurements shown 
in Figure 5. Thus the ocean albedo may be approximated by 

[min(t, ta)] O•(0) = O•diff(0 ) + ta [O•dir(0, 0) -O• diff(0)], (14) 
where t a is the clear-sky atmospheric transmission. The clear 
transmission is computed from the net surface flux Sa(O) [Li and 
Leighton, 1993] and the albedo for direct radiation O•dir(0,0 ) [Li 
and Garand, 1994] by t a = Sa(O ) / [1 - 6gdir(0,0)]. Since or(0) is 
close to a local maximum or minimum when t = t a, the transmis- 
sion t is constrained to be less than t a. The measurements of S-(0) 
and equation (14) for or(0) are used to calculate the net solar flux. 

2.4 Satellite Classification of Cloud Type 

The type of cloud measured by the surface and tropospheric 
platforms is classified by an effective cloud top, or brightness, 
temperature. In regions of deep tropical convection the cloud forc- 
ing is closely correlated with the presence of high, optically thick 
clouds [Kiehl, 1994]. On an annual basis, most of the variance in 
albedo and outgoing longwave radiation (OLR) is correlated with 
high cloud cover for these regions [Ockert-Bell and Hartmann, 
1992]. Because the convective clouds are much colder than the 
ocean surface, the area mean cloud top temperature is determined 
primarily by the amount of high cloud cover. These high clouds 
may be several kilometers thick in the tropics. The relation of 
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Figure 3. Estimates of daily mean clear-sky surface shortwave 
flux as a function of the range of solar zenith angles included in 
the averages. Solid symbols indicate Sa(O) calculated from (12). 
Open symbols show f(Sa(O) ), where œ is the fraction of daylight 
hours. Sa(O) is calculated from the Li and Leighton [1993] para- 
meterization for the net clear-sky solar flux with a TOA albedo 
given by (10) and with 4.5 cm of precipitable water. The calcula- 
tion is for a fixed point at 2øS, 180øE on March 15, 1993. 
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Figure 4. Ocean albedo O•dir(0,0 ) for clear-sky radiation as a func- 
tion of solar zenith angle. Solid points show O•dir(0,0 ) calculated 
for the R/V Vickers from March 7 to March 22, 1993, using the 
method of Li and Garand [ 1994]. Precipitable water is interpolat- 
ed in time between radiosonde profiles. Crosses indicate O•dir(0, 0) 
estimated from the ratio of upwelling to downwelling shortwave 
flux within 33 m of ocean surface from the NOAA P-3. 



15,004 COLLINS ET AL.: RADIATIVE EFFECTS OF CONVECTION 

o.oso J.- - 
0.040 . ß 

0.030 

0.020I , , , , , , , 
0.0 0.2 0.• 0.6 0.8 .0 

Tr(]nsmission 

12000. 

10000. 

o 8000. 

o 6000. 

E 4000. 

z 

2000. 

O. 

101 105 104 105 107 
Cloud Are(] (km 2) 

........ , ........ ............. ': ..... 
10 2 10 6 

Figure 5. Ocean albedo a(0) as a function of atmospheric trans- 
mission t. Solid symbols indicate a(0) estimated from the ratio of 
upwelling to downwelling shortwave flux measured by the 
NOAA P-3. The transmission is given by (13). Fluxes are aver- 
aged over 3 min, and points with S+(0) less than 10 W m -2 have 
been omitted. The solid line shows least squares linear regression 
of t and •0). The diffuse albedo adiff(0) = 0.057 is the value of 
a(0) at t = 0. 

Figure 6. Number of clouds with min (T c) < 233 K as a function 
of cloud surface area A c. The cloud area bins are logarithmic, and 
the width of the bins is log (A c) = 0.1. Clouds detected in GMS 
satellite images in the region 20øN to 20øS, 120øE to 160øW dur- 
ing March 7 to April 5, 1993, are included. The statistics are based 
upon 160,876 clouds, with 74,988 clouds identified during day- 
light conditions. The solid line shows distribution of A c for all 
clouds; the dashed line, distribution of A c for clouds during day- 
time; and the dotted line, median cloud area A c = 6310 km 2. 

cloud forcing and cloud temperature to cloud cover suggests that 
the cloud forcing and temperature should be closely correlated for 
tropical oceanic regions. This correlation is demonstrated with the 
CEPEX observations. 

Infrared brightness temperatures (IRBT) have been measured 
with the Japanese Geostationary Meteorological Satellite 
(GMS-4) [Murayama, 1989]. The satellite includes an imaging 
spectral radiometer that measures radiances in the midinfrared 
window between 10 and 12/•m [Rossow et al., 1992]. The radi- 
ances are converted to IRBT for an equivalent blackbody source. 
For an optically thick cloud in the middle to upper troposphere the 
IRBT is very close to the cloud top temperature. For an optically 
thin cloud the IRBT is higher than the cloud temperature because 
the satellite radiance includes emission from the warm ocean sur- 

face. Infrared images of the CEPEX domain with 5 km pixel res- 
olution were collected at 60 min intervals during the experiment. 
The IRBT for the clouds measured by each platform have been 
extracted from the images by using the satellite observations clos- 
est in space and time. The IRBT are averaged over a square region 
centered on each platform to give an area mean value T c. 

The size of the averaging region has been determined from the 
characteristic dimensions of cold clouds. The clouds in each 

infrared image have been identified with a cloud classification 
algorithm (Boer, E. R., and V. Ramanathan, Satellite based 
approach for modeling clouds in GCMs, submitted to J. Geophys. 
Res., 1995). The procedure classifies each connected region with 
IRBTs less than 285 K into one of eight different cloud types 
based upon the minimum IRBT within the region. The analysis 
does not consider the previous history of the cloud field, so that an 
individual cloud may be counted several times during its evolu- 
tion. The distribution of surface area for clouds with minimum 
IRBT below 233 K and maximum IRBT less than 285 K is shown 

in Figure 6. The lower threshold temperature, which is the homo- 
geneous nucleation temperature for ice particles [Heymsfield and 
Sabin, 1989], insures that the clouds have significant ice content 
and extend into the upper troposphere. The median area for the 

cloud frequency distribution is A c = 6310 km 2. The area corre- 
sponding to the peak in the frequency distribution is also approx- 
imately 6000 km 2. The size of the averaging region is set to 6000 
km 2 in the analysis that follows. This surface area corresponds to 
a class I system in the TOGA COARE classification of convection 
[Webster and Lukas, 1992]. 

Variations in the area-averaged IRBT are related to several 
factors, including changes in cloud cover, cloud optical thickness, 
and cloud top temperature. The area-averaged IRBT is preferable 
to derived quantities such as cloud cover as an index of cloud 
effect for several reasons: IRBT is measured directly, estimates of 
cloud cover from satellite imagery derived with different algo- 
rithms do not converge at the resolution of the GMS radiometers 
[Wielicki and Parker, 1992], and the cloud amounts over oceans 
obtained from in situ and remote sensing data can differ signifi- 
cantly [Haskins et al., 1995]. In this application the principal issue 
is the detection of sub-pixel-scale trade cumulus. The trade cumu- 
lus can have a substantial effect on the surface insolation but may 
be difficult to detect in satellite imagery because the clouds are 
smaller than the spatial resolution of the image pixels. By using 
area-averaged IRBT the broken cumulus are mapped to values of 
T c close to the values for clear regions, approximately 290 K. 

3. Cloud Forcing From In Situ Measurements 

3.1. Tropopause Cloud Forcing 

Figures 7a and 7b show the daily mean C/(Trop) and Cs(Tro p) for 
each flight of the ER-2 as a function of the daily mean brightness 
temperature •c. The numerical values of C l, C s and the estimates 
of the clear-sky fluxes are given in Table 1. The maximum cloud 
forcing was measured during a dedicated microphysics mission 
on April 4, 1993, when the ER-2 flew above a region of active 
convection and extended cirrus anvil clouds. The daily mean 
cloud forcing for this convective system is Cl(Tro p) = 138 W m -2 
and Cs(Tro p) = -136 W m -2. The magnitudes of the shortwave and 
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Figure 7. (a) C/(Trop) as a function of T c for each flight of the 
NASA ER-2. Each point represents the average cloud forcing for 
a single flight (Table 1). Tc is the average over each flight of the 
instantaneous area average IRBT in a 6000 km 2 domain around 
the aircraft. The solid line shows the least squares regression fit 
given by (15). (b) ½s(Trop) as a function of T•. The solid line 
shows the least squares regression fit (16). 

longwave cloud forcing increase monotonically with decreasing 
•c- Regression of the cloud forcing against •c by linear least 
squares explains 86% of the variance in Cs(Tro p) and 95% of the 
variance in Cl(Trop). The relation of the cloud forcing to T c 
obtained from the regression is 

Cl(Trop) = 2.1 (290 - T c) + 11, (15) 

Cs(Tro p) = -2.2 (290 - T c) - 4. (16) 

The factors that reduce the IRBT, including increased cloud 
infrared emissivity, cloud cover, and temperature gradients 
between the surface and cloud top, also reduce the OLR and 
increase Ct(Trop). Changes in cloud cover and cloud emissivity 
also change the albedo. Since the cloud albedo is generally larg- 
er than the clear-sky albedo, an increase in cloud cover with all 
other cloud properties held constant decreases T c and increases 
the magnitude of Cs(Trop). The cloud emissivity and cloud albe- 
do are related by the optical depths q;ext and •:abs for visible extinc- 
tion and infrared absorption respectively. The ratio q;ext/•abs is 
approximately 2.0 for large ice and water droplets [van de Hulst, 
1981 ], and it is positive for smaller particles. Therefore increased 
infrared absorption in clouds is accompanied by more extinction 
of the incident solar radiation. The link between extinction and 

absorption provides a qualitative explanation for the correlation 
between Cs(Tro p) and T c. 

The shortwave and longwave cloud forcing are approximate- 
ly equal in magnitude. Figure 8 shows the relation between the 
two cloud forcing terms for 10 flights. Least squares regression of 
the cloud forcing terms yields 

Cs(Trop) = -1.04 C/(Trop) + 4.2. (17) 

The regression explains 87% of the covariance between C•(Trop) 
and Cs(Trop). The sum of (15) and (16) gives the variation of the 
net cloud forcing Cnet(Trop) with brightness temperature. The 
average of Cnet(Trop) for the CEPEX observing period is less than 
1 W m -2. The net forcing is less than 2% of the average longwave 
and shortwave cloud forcing. The cancellation between C•(Trop) 
and Cs(Tro p) on monthly time scales has been previously 
observed in the ERBE satellite data [Ramanathan et al., 1989; 
Harrison et al., 1990]. The small value of Cnet(Trop) for the 
research flight on April 4 is of particular interest, since most of the 
observations were collected for a single cloud system. The mis- 
sion consisted of seven colinear overpasses above a line of con- 
vective cells and the attached anvil for 80% of the total flight 
time. The length of the overpasses was 195 km, which is less than 
the dimensions of the ERBE grid boxes at the latitude of this 
cloud system. The ER-2 was not permitted to fly close to or above 
convective turrets, and therefore the cloud forcing is determined 

Table 1. Diurnally Averaged Shortwave, Longwave, and Net Cloud Forcing for Each 
ER-2 Flight 

Cs(Trop), C/(Trop), Cnet(Trop), Sa+(Trop), Fa(Trøp), •c, 
Date UTC W m -2 W m -2 W m -2 W m -2 W m -2 K 

March 11, 1993 -27. 23. -4. 35. 267. 282. 
March 15 -63. 72. 9. 34. 267. 261. 
March 16 -103. 108. 5. 33. 264. 248. 
March 17 -134. 109. -25. 33. 264. 239. 
March 23 -44. 55. 11. 33. 266. 266. 
March 25 -83. 91. 8. 33. 266. 259. 
March 28 -43. 44. 1. 33. 267. 272. 
March 30 -75. 71. -4. 33. 266. 260. 

April 4 -136. 138. 2. 32. 266. 227 
April 5, 1993 -88. 96. 8. 32. 265. 247. 

C s and C l are calculated by using (1), (2), and (12). The mean shortwave and long"' 
wave clear-sky fluxes are estimated by using (8), (9), (10), and (12). The spectral band- 
width of Fa(Tro p) is 4-40 gm. 
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Figure 8. Cs(Tro p) versus Cl(Trop) for each flight of the NASA 
ER-2. Each point represents a single flight (Table 1). The solid 
line shows the least squares linear regression given by (17). 

primarily by the radiative effects of the anvil. This demonstrates 
that the cancellation of cloud forcing can occur for a single cloud 
system on timescales less than or equal to 1 day and spatial scales 
comparable to the dimensions of the system. The average of 
Cnet(Trop) for 10 flights is less than 3% of Sa+(Tro p) and is less 
than 1% of Fa+(Trop). The observations show that the heat bud- 
get of the surface-troposphere system is not appreciably changed 
by the presence of convective clouds. 

3.2. Surface Cloud Forcing 

The variation of the daily mean Cs(O) with T c is shown in 
Figure 9. The estimates of Cs(O) and T c from the R/V Vickers and 
the NOAA P-3 are listed in Table 2. The differences between the 

values of Cs(O) from the two platforms on a given day occur 
because the ship and aircraft sampled different geographic 
regions. The differences between the values of Sa(O) occur 
because most of the P-3 measurements at low altitude were made 
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Figure 9. Cs(O) as a function of T c. Solid symbols indicate daily 
mean cloud forcing from the R/V Vickers data (Table 2). Open 
symbols show daily mean cloud forcing from the NOAA P-3. The 
solid line shows least squares regression fit given by (18); and the 
dashed line, the least squares regression fit (19), excluding days 
with •c greater than 290 K. 

Table 2. Diurnally Averaged Shortwave Cloud Forcing for Each 
Day of R/V ISckers and NOAA P-3 Pyranometer Observations 

Cs(O), Sa(O), Yc, (Y(Yc), 
Date UTC W m -2 W m -2 K K 

R/V Vickers 

March 7, 1993 -83. 313. 268. 3. 
March 8 -148. 313. 243. 5. 
March 9 -104. 310. 257. 18. 
March 10 -76. 311. 264. 8. 
March 11 -44. 313. 293. < 1. 
March 12 -37. 316. 291. 1. 
March 13 -29. 317. 293. < 1. 
March 14 -47. 319. 278. 12. 
March 15 -33. 318. 283. 10. 
March 16 -35. 316. 291. < 1 
March 17 -25. 316. 291. 1. 
March 18 -133. 309. 257. 5. 
March 19 -41. 311. 275. 12. 
March 20 -102. 309. 263. 14. 
March 21 -57. 310. 267. 16. 
March 22, 1993 -108. 316. 260. 17. 

NOAA P-3 

March 14, 1993 -21. 329. 285. 6. 
March 15 -16. 331. 281. 10. 
March 16 -35. 333. 286. 4. 
March 25 -36. 315. 283. 12. 
March 26 -184. 323. 232. 8. 

April 3 -178. 320. 229. 15. 
April 4, 1993 -34. 321. 280. 21. 

The fluxes are computed with the same equations as those used 
in Table 1. The averages exclude observations with 0 > 85 ø. The 
standard deviation of T c during each day is given by O(Tc). 

for nearly overhead sun (see Figure 3). The magnitude of Cs(O) 
increases with decreasing T c, with a maximum forcing of Cs(O) = 
-184 W m -2 for •c equal to 232 K. Since Sa(O) = 323 W m -2, the 
clouds reduce the surface insolation to 139 W m -2, 43% of the 
daily mean clear-sky value. The minimum cloud forcing in the 
R/V Vickers observations is Cs(O) =-25 W m -2, and the corre- 
sponding •c is 291 K. Values of •c greater than 290 K are close to 
the range of IRBT measured for cloudless conditions (W.D. 
Collins et al., unpublished manuscript, 1995). The average cloud 
forcing for the days when •c is greater than 290 K is -34 W m -2. 
The magnitude of the cloud forcing suggests that the atmosphere 
is convectively disturbed and cloudy despite the relatively high 
IRBT. The two types of clouds consistent with the value of T c are 
optically thick clouds within the boundary layer and optically thin 
middle and upper level clouds [Wielicki and Parker, 1992]. Visual 
inspection of the cloud field from the ship confirms that the pre- 
dominant cloud types on the days when T c is greater than 290 K 
are low-altitude scattered cumulus and/or thin cirrus. 

The relation of Cs(O) to •c from least squares regression of the 
R/V ISckers observations is 

Cs(O) =-2.3 (290- T c) - 30. (18) 

If the days when •c is greater than or equal to 290 K are omitted 
from the regression, the relation is 

Cs(O) =-3.2 (290- T c) - 5. (19) 

This equation explains 89% of the variance in Cs(O) for T c less 
than 290 K. 
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When Cs(O) and Cs(Tro p) are determined simultaneously, the 
difference between Cs(O) and Cs(Trop) gives the divergence of 
solar flux into the cloudy atmosphere. Analysis of aircraft mea- 
surements from CEPEX [Pilewskie and Valero, 1995] and surface 
and satellite measurements [Cess et al., 1995; Ramanathan et al., 

1995] show that Cs(O) can exceed Cs(Tro p) by 50% in tropical 
regions. These findings differ from calculations with radiative 
transfer models, which indicate that the absorption of shortwave 
radiation by clouds should be a small fraction of Cs(Tro p) 
[Stephens and Tsay, 1991 ]. 

Since the observations from the ER-2 and R/V Vickers were 

made at different times and locations, the tropospheric and surface 
cloud forcing were determined for different cloud systems. 
Estimates of cloud absorption are very sensitive to the spatial and 
temporal coincidence between the radiative measurements above 
and below the cloud layer [Fouquart et aI., 1990]. When the mea- 
surements are not coincident, the effects of inhomogeneities and 
dynamical evolution of the cloud layer can yield large uncertain- 
ties in the amount of shortwave absorption. For this reason the dif- 
ference between Cs(Trop) given by (16) and Cs(O) given by (18) 
or (19) may not be a reliable measure of Cs(A), the shortwave 
absorption by the cloudy atmosphere. We use these equations 
instead to derive a range of Cs(A) for a given value of T c. 

The variation of the daily mean longwave cloud forcing with 
brightness temperature is shown in Figure 10. The estimates of 
Cl(O) are from the FFIR on the R/V Vickers and the pyrgeometers 
on the P-3. The values of daily mean cloud forcing and brightness 
temperature for the FFIR instrument are given in Table 3. The 
relation of Cl(O) to T c is divided into two distinct clusters of 
points. In the first cluster, T c exceeds 280 K, and the cloud forc- 
ing ranges between 0 and 50 W m -2. The cloud forcing is nearly 
uncorrelated with the emission temperature measured from satel- 
lite. In the second cluster the cloud forcing increases gradually 
with decreasing IRBT. Radiative model calculations show that the 
first population corresponds to clouds near the ocean surface or 
thin cirrus, and the second population corresponds to deep con- 
vective clouds [Harshvardhan et aI., 1990]. Optically thick clouds 
near the surface have an infrared emissivity e_-- 1, while the effec- 
tive emissivity of the atmosphere is ea = 0.852 (equation 11). The 
difference in longwave emission from a cloud and the atmosphere 
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Figure 10. Ci(O) as a function of T c. Solid symbols indicate daily 
mean cloud forcing from the R/V l•ckers FFIR data (Table 3). 
Horizontal error bars indicate the rms standard deviation of the 

IRBT, and vertical error bars indicate the rms standard deviation 

of Cl(O). Open symbols show cloud forcing averaged over 180 s 
of flight time from the P-3 pyrgeometer measurements. 

Table 3. Longwave Cloud Forcing for Each Day of R/V Vickers 
FFIR Observations 

G(o), o(G), rc, O(rc), 
Date UTC W m -2 W m -2 K K 

March 7, 1993 10. 10. 266. 7. 
March 9 18. 11. 268. 7. 

March 10 10. 8. 263. 10. 

March 11 -2. 2. 293. 1. 

March 12 13. 13. 288. 4. 

March 13 -2. 4. 292. < 1. 

March 14 7. 10. 270. 9. 

March 15 5. 7. 285. 8. 

March 16 2. 8. 291. < 1. 

March 17 6. 7. 290. 2. 

March 19 5. 10. 275. 6. 

March 20 10. 12. 267. 7. 

March 21, 1993 1. 5. 271. 7. 

The averages include measurements between 1200 UTC 
(approximate local midnight) on the starting date and 1200 UTC 
on the following date. Here O(Tc) is the root-mean-square stan- 
dard deviation of the temperature within a 6000 km 2 domain cen- 
tered on the R/V V•ckers, and O(Cl) is the standard deviation of the 
instantaneous values of Cl(0) averaged to obtain the daily mean. 

can produce a substantial cloud forcing when the cloud is close to 
the surface. The mean Cl(0) for the first cluster with T c greater 
than 280 K is between 4 and 6 W m -2. 

The relation of Cl(0) and T c for the second cluster obtained 
from least squares regression is 

Cl(O ) = 0.37 (290- T c) - 2. (20) 

The correlation between the cloud forcing and IRBT is r = -0.57 
and is statistically significant. Although equations (15) and (20) 
are derived from observations of different cloud systems, the ratio 
of Cl(O) to C/(Trop) is consistent with coincident observations at 
the surface and top of the atmosphere (W.D. Collins et al., manu- 
script in preparation, 1995). The surface cloud forcing is general- 
ly less than 20% of the TOA cloud forcing for the coldest clouds. 
The difference between Cl(0) and Cl(Trop) indicates that most of 
the longwave emission from colder clouds is absorbed in the tro- 
posphere. 

The sum of (19) and (20) gives the variation of Cnet(O) with 
IRBT as 

Cnet(O ) = --2.8 (290 - Tc) - 7. (21) 

This relation is applicable when T c is less than 280 K. The 
CEPEX observations show that the net effect of cold clouds is to 

cool the ocean surface. For example, when the daily mean IRBT 
over a particular region is 240 K, the net surface cloud forcing is 
approximately -147 W m -2. When the clouds are warmer than 
280 K, the average of the R/V Vickers observations gives 
Cnet(O) = -30 W m -2 (Tables 2 and 3). This cloud forcing is asso- 
ciated with low-altitude cumulus clouds. The difference between 

Cnet(Trop) and Cnet(O) is the cloud forcing on the atmosphere. 
From (15), (16), and (21), Cnet(A) is given by 

Cnet(A) = 2.7 (290- Tc) + 15. (22) 

Because the magnitude of Cnet(Trop) is much less than Cnet(O), 
Cnet(A) is nearly equal and opposite to Cnet(O). The vertical dis- 
tribution of cloud forcing in the CEPEX region has a dipole form, 
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Figure 11. Daily mean Cnet(Trop) and Cnet(O) as a function of T c. 
The solid line shows linear regression of Cnet(Trop) (solid sym- 
bols) in terms of T c from (15) and (16). The dashed line shows lin- 
ear regression of Cnet(O) (open symbols) in terms of T c given by 
(21). The dash-dotted line shows the estimate of Crier(A) from 
(22). 

with radiative cooling of the ocean surface and radiative heating 
of the overlaying atmosphere. The variation of the net cloud forc- 
ing on the surface, troposphere, and surface-tropospheric column 
with IRBT is shown in Figure 11. The magnitude of the dipole 
radiative effect increases rapidly as the brightness temperature 
decreases. This structure is a consequence of the small tropo- 
spheric cloud forcing and the longwave opacity of the atmosphere 
[Ramanathan et al., 1989]. The estimate of Cnet(A) is uncertain, 
since the measurements at the surface and tropopause are not 
coincident. However, on timescales of a month or longer, Cnet(A) 
will probably have the general form shown in Figure 11, because 
the cancellation of Cnet(Trop) is a persistent property of tropical 
clouds [Harrison et al., 1990]. 

4. Regional Variation of Cloud Forcing and 
Convection 

The CEPEX observations indicate that variations in the sur- 

face cloud forcing are determined primarily by variations in con- 
vective and cirrus cloud cover. The radiative effect of high clouds 
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Figure 12. Clear-sky and cloud radiative fluxes in the CEPEX observing domain averaged over the CEPEX observ- 
ing period. The arrows show the direction of the vectorial flux, and the sign of the flux is negative if the flux is 
directed away from the ocean surface. (a) Fluxes in the western domain between 3øS and 3øN, 160øE to 180øE. (b) 
Distribution of daily average T c in the western domain between March 7 and April 7, 1993. (c) Fluxes in the east- 
em domain between 3øS and 3øN, 180øW to 160øW. (d) Distribution of T c in the eastern domain between March 7 
and April 7, 1993. 
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is evident in the zonal gradients of the radiative fluxes measured 
during CEPEX. The average clear-sky fluxes and cloud forcing at 
the surface and tropopause west and east of the dateline are shown 
in Figures 12a and 12c, respectively. The terms are averages of 
the daily mean fluxes calculated by using observations between 
3øS and 3øN from 160øE to 180øE (hereafter the western domain) 
and 180øW to 160øW (hereafter the eastern domain). The net 

clear-sky longwave terms F a have been calculated from atmos- 
pheric soundings of temperature and humidity [Weaver et al., 
1994] and validated with shipboard pyrgeometer measurements. 
The clear-sky shortwave and longwave terms S a and F a change by 
less than 7 W m -2 between the eastern and western domains. The 

largest change is the increase in the magnitude of Cs(O) by 
51 W m -2. Since the corresponding change in Ci(O ) is 6 W m -2, 
the net cloud forcing at the surface decreases from 
-26 W m -2 to -71 W m -2 from east to west. The vertical diver- 

gence of cloud radiative forcing should be interpreted with cau- 
tion because the surface and airborne measurements are not coin- 

cident. 

In the absence of a detailed characterization of the cloud mor- 

phology we have used the satellite brightness temperature to char- 
acterize the cloud populations observed from the surface and air- 
borne platforms. While this parameter is insensitive to the specif- 
ic geometry of the clouds, it does provide an index of convective 
activity. The distributions of IRBT in the two domains are shown 
in Figures 12b and 12d for March 7 to April 7, 1993. In the east 
the most frequent temperature and the median temperature are 
approximately 285 K. In the west the median brightness tempera- 
ture is 264 K, and the distribution has a broad peak between 260 
and 280 K. The mean and median brightness temperatures coinci- 
dent with the ship and aircraft observations used to calculate the 
terms in Figure 12 are given in Table 4. The statistics indicate that 
the frequency of convection observed by the surface and airborne 
instruments is similar in both eastern and western domains. The 

satellite observations show that the reduction in surface insolation 

is associated with increased frequency of cold clouds. 
The number of clouds and the fractional cloud cover with a 

minimum IRBT below 240 K in the tropical and subtropical 
Pacific are plotted as a function of sea surface temperature (SST) 
in Figure 13. Both the number and the fractional cloud coverage 
increase rapidly with T s starting at 298 K. The maximum number 
of clouds is observed between 302 and 302.5 K, and the number 

declines rapidly at higher temperatures. The reduction in cloud 
number is related to the reduction in the fraction of the ocean sur- 

face warmer than 302.5 K. Despite the declining number of 
clouds the cloud cover exceeds 50% at the highest surface tem- 
peratures. It is important to note that the observations do not indi- 
cate a local relationship between SST and convective frequency. 

Table 4. Mean and Median Values of Area-Averaged Satellite 
IRBT Coincident with Ship and Aircraft Measurements Near the 
Equator 

NASA ER-2 

R/V Vickers 

Western Domain Eastern Domain 

Mean T c, Median T c, Mean T c, Median T c, 
K K K K 

283_+11 291 266_+26 272 

287_+6 291 264_+21 269 

The IRBT is averaged over a 6000 km 2 area centered on the 
measurement platforms. The western domain is 3øS to 3øN from 
160øE to 180øE, and the eastern domain is 3øS to 3øN from 
180øW to 160øW. The statistics are calculated for all the observa- 

tions by the ER-2 and R/V Vickers in the eastern and western 
domains during CEPEX. 
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Figure 13. Distribution of clouds with min (Tc) < 240 K as a func- 
tion of SST. Clouds detected in GMS satellite images for the 
region 20øN to 20øS, 160øE to 160øW during March 7 to April 5, 
1993, are included. The statistics are based upon 164,260 clouds. 
(a) Number of clouds versus T s. (b) Fractional cloud cover versus 
rs. 

The onset of convection is governed by both local and nonlocal 
mechanisms [Hartmann and Michelsen, 1993' Lau et al., 1994; 
Ramanathan et al., 1994]. Although the relative importance of the 
various mechanisms is still unclear, the frequency of convection 
increases with ocean temperatures up to 302.5 K. The smooth 
increase in convective activity with SST starting at approximate- 
ly 300 K during CEPEX is qualitatively similar to the trends 
observed in decadal-length satellite data sets [Waliser and 
Graham, 1993; Zhang, 1993]. 

The change in the cloud cover with T s is accompanied by 
changes in the probability distribution f(T c, Ts) of IRBT. The inte- 
grated distribution 

p(Tc, •s) = Io wc f(T', Ts) dT' (23) 
of IRBT with T s is shown in Figure 14 for the CEPEX domain. 
The distribution is calculated from the daily mean IRBTs aver- 
aged on a 6000 km 2 grid. The contours indicate the fraction of 
brightness temperatures below the contour ordinate at a given 
SST; for example, approximately 50% (0.5) of the IRBTs in the 
CEPEX domain are less than 260 K when the SST is 303 K. The 

median IRBT exceeds 290 K when T s is below 300 K. Therefore 
during CEPEX most of the cloud cover for oceans colder than 300 
K is composed of low-altitude clouds or thin cirrus. The median 
IRBT decreases by approximately 10 K for each 1 K increase in 
T s. For SST above 303 K the median IRBT is below 260 K. 
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Figure 14. Integrated probability p(T c, Ts) of brightness tempera- 
tures (equation 23) as a function of T s. The probability is calcu- 
lated from the same data as were used in Figure 13. Brightness 
temperatures are averaged over 6000 km 2. Contours show the fre- 
quency of IRBT below the corresponding ordinate at a given SST. 
The contour interval is 0.1 except for the contours labeled 0.01 
and 0.05. The contour for the median IRBT is denoted with a 

thick line. 

The distribution of IRBT with SST and the correlation of 

IRBT and surface cloud forcing (Figure 11) imply that the reduc- 
tion of surface insolation by clouds increases with ocean temper- 
ature. The relation of the surface cloud forcing to SST can be esti- 
mated by integrating the cloud forcing over IRBT weighted by the 
distribution of IRBT The surface shortwave cloud forcing may be 
written in the form 

Cs(rs): I Cs(rc) Z(7c, (24) 

The relation of Cs(O) to T c is given by (18) and (19), and the prob- 
ability of T c at a fixed SST is denoted by f(T c, Ts). A similar rela- 
tion applies to the surface longwave cloud forcing. This method 
for calculating the change in surface cloud forcing with T s is valid 
only if the statistical correlation between cloud forcing and IRBT 
does not depend on T s. The shortwave cloud forcing is linearly 
related to the atmospheric transmission (13) through the average 
downwelling solar flux (12). The transmission estimated from the 
R/V ISckers data under cloudy conditions is shown as a function 
of SST in Figure 15. The transmission is plotted separately for 
clouds with T c above and below 275 K, the median IRBT for the 
clouds observed from the R/V Vickers. The transmission for the 

two ranges of IRBT varies by less than 5% over a 3 K range in 
SST. This indicates that the optical properties of the clouds 
observed from the surface platforms do not depend explicitly on 
SST. 

The variation of Ci(O) and Cs(O ) with SST in the central 
Pacific estimated from (24) is shown in Figure 16. For regions 
with T c below 280 K, (19) and (20) are used to estimate Cs(O) and 
Ci(O). For regions with T c greater than 280 K, Cs(O) and Ci(O) are 
held fixed at the observed values of-30 W m -2 and 4 W m -2, 
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Figure 15. Atmospheric transmission calculated from the R/V 
Vickers pyranometer measurements (13) as a function of SST. The 
gray and black bars are the transmission for clouds with •c greater 
than and less than the median value of 275 K, respectively. The 
data cover the same time interval as Table 2. 

respectively. The 20' confidence intervals determined from the 
6.4 W m -2 rms uncertainty in Fa(O ) and 12 W m -2 uncertainty in 
Sa(O) are also plotted. The longwave cloud forcing changes by 
approximately 7 W m -2 over the range of SST between 300.25 to 
303.25 K. The shortwave cloud forcing decreases by 67 W m -2 
over the same interval. The corresponding rate of change of Cs(O) 
with T s is dCs(O) /dT s =-22 W m -2 K -]. Thus the net radiative 
cooling of the surface by clouds increases by roughly 
20 W m-2K -] during the CEPEX observing period. The rate of 
change of Cnet(O ) is sensitive to the distribution of cold clouds 
since Cnet(O) changes by about 3 W m -2 for each 1 K change in the 
median IRBT. The distribution of T c for small regions or for short 
periods of time may exhibit a different correlation between T c and 
T s, and the distribution observed during CEPEX may differ from 
the climatological mean. However, the increase in convective fre- 
quency with SST is a general characteristic of tropical ocean 
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Figure 16. Shortwave and longwave surface cloud forcing esti- 
mated by combining in situ and satellite data using (24). The 
brightness temperature distribution used to derive the change in 
cloud forcing with SST is for the region 20øN to 20øS, 160øE to 
160øW between March 7 and April 5, 1993. Dotted lines show 20' 
confidence intervals determined from the rms uncertainties in 

Fa(O) and Sa(O). 
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regions [Waliser and Graham, 1993]. The rate of change of 
Cnet(O) is also sensitive to magnitude of Cs(O) for T c greater than 
280 K. Most of the surface and low-altitude observations during 
CEPEX were made under convectively disturbed conditions, 
which tend to increase the magnitude of Cs(O) and this reduces the 
rate of change of Cnet(O) compared to the climatological mean. 

5. Discussion and Conclusions 

The measurements from the high-altitude ER-2 aircraft have 
shown that the shortwave and longwave cloud forcing are closely 
correlated to a radiative measure of the cloud temperature. The net 
radiative effect of clouds integrated from the surface to the 
tropopause is much smaller than the individual cloud radiative 
terms. In contrast to earlier satellite studies, which have demon- 

strated the cancellation of the longwave and shortwave effects for 
monthly and seasonal periods [Ramanathan et al., 1989; Harrison 
et al., 1990], the CEPEX observations show that the cancellation 
can occur on time scales as short as 1 day. Thus the net radiative 
heat budget at the tropopause is essentially unchanged by the 
aggregate effects of clouds associated with deep convection. The 
heat budget is determined primarily by the sum of the clear-sky 
shortwave and longwave fluxes, and during the CEPEX observing 
period the net clear-sky flux across the tropopause is approxi- 
mately 120 W m -2. The proposed mechanisms for the cancellation 
involve both cloud physical and microphysical properties [Kiehl, 
1994; Jensen et al., 1994]. At present it is not clear whether the 
correlations between physical and microphysical parameters 
required by these mechanisms can occur sufficiently rapidly to 
explain the CEPEX measurements. It should be possible to exam- 
ine the physics of the cancellation in greater detail by using coin- 
cident measurements of the parameters from both CEPEX and 
TOGA COARE. 

At the surface the observations indicate that clouds have a 

large net cooling effect. Because of the infrared opacity and tem- 
perature profile of the tropical atmosphere, the longwave cloud 
forcing at the surface is much smaller than the forcing at the 
tropopause. The magnitude of the shortwave cloud forcing is 
strongly correlated with decreasing brightness temperature. In the 
CEPEX domain the shading effect of trade cumulus cools the sur- 
face by approximately 30 W m -2. The largest reductions in surface 
insolation are observed for clouds extending into the upper tro- 
posphere associated with deep convection. The number and frac- 
tional area of the cold clouds derived from satellite observations 

increase with SST, and the fractional area remains near its maxi- 

mum value above 302 K. The trend in shortwave cloud forcing 
with SST calculated from the distribution of IRBT with SST and 

the observed dependence of Cs(O) on IRBT is 22 W m -2 K -1. The 
change in shortwave forcing with SST is larger than the gradient 
in any other radiative term in the surface energy budget. 

The small net forcing at the tropopause implies that the large 
net cooling at the surface is matched with a nearly equal and 
opposite diabatic heating in the cloudy troposphere [Ramanathan 
et al., 1989; Webster, 1994]. During CEPEX the radiative diabat- 
ic heating due to clouds approaches 100 W m -2 when the SST 
approaches 303 K. The radiative divergence in cloudy regions is 
comparable to the total diabatic heating of the tropical atmosphere 
in the central equatorial Pacific [Hoskins et al., 1989; Siegmund, 
1993; Trenberth and Solomon, 1994]. While the vertical profile of 
cloud forcing has been demonstrated in earlier model calculations, 
the CEPEX observations provide direct confirmation of its dipole 
structure and determine the dependence on brightness tempera- 
ture. 

These results may be useful for testing the radiative properties 
of clouds in atmospheric general circulation models (AGCMs) 
once calculations of IRBT are added to the model output. 
Validation of the AGCMs is important for climate studies, since 
the cloud radiative divergence has significant effects on both the 
local and large-scale dynamics [e.g., Slingo and Slingo 1988; 
Sherwood et al. 1994]. In the past, model simulations of the warm 
pool have been tuned against satellite measurements of the Earth 
radiation budget at the top of the atmosphere. The data from 
CEPEX and TOGA COARE provide the energy budget at both the 
surface and TOA as well as the changes in the radiative and non- 
radiative components with convective activity. These observa- 
tions represent a new and stringent data set for testing the para- 
meterization of convection and radiative transfer in AGCMs. 
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