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422 Climate Dynamics

by radiative transfer, but by convection, it follows
that greenhouse gases warm not only the Earth’s sur-
face, but the entire troposphere.3

In contrast to the troposphere, the stratosphere
is close to radiative equilibrium. Heating due to the
absorption of ultraviolet solar radiation by ozone
is balanced by the emission of longwave radiation
by greenhouse gases (mainly CO2, H2O, and O3) so
that the net heating rate (Fig. 4.29) is very close to
zero. Raising the concentration of atmospheric CO2
increases the emissivity of stratospheric air, thereby
enabling it to dispose of the solar energy absorbed by
ozone while emitting longwave radiation at a lower
temperature. Hence, while the troposphere is warmed
by the presence of CO2, the stratosphere is cooled.

10.1.2 Dependence on Time of Day

As the Earth rotates on its axis, fixed points on its
surface experience large imbalances in incoming and
outgoing radiative fluxes as they move in and out of

its shadow. As a point rotates through the sunlit, day
hemisphere, the atmosphere above it and the under-
lying surface are heated more strongly by the absorp-
tion of solar radiation than they are cooled by the
emission of longwave radiation. The energy gained
during the daylight hours is lost as the point rotates
through the shaded night hemisphere.

Over land, the response to the alternating heating
and cooling of the underlying surface produces diur-
nal variations in temperature, wind, cloudiness, pre-
cipitation, and boundary-layer structure, as discussed
in Chapter 9. Here we briefly discuss the direct
atmospheric response to the hour-to-hour changes in
the radiation balance that would occur, even in the
absence of the interactions with the underlying sur-
face. This response is often referred to as the thermal
(i.e., thermally driven) atmospheric tide.4

Because of the atmosphere’s large “thermal iner-
tia,” diurnal temperature variations within the free
atmosphere are quite small, as illustrated in the
following exercise. The thin Martian atmosphere
reacts much more strongly to the diurnal cycle in
insolation (Table 2.5).

Exercise 10.2 If the Earth’s atmosphere emitted radi-
ation to space as a blackbody and if it were completely
insulated from the underlying surfaces, at what mass-
averaged rate would it cool during the night?

Solution: The cooling rate in degrees K per unit time
is equal to the rate of energy loss divided by the heat
capacity per unit area of the free atmosphere. During
the night the atmosphere continues to emit infrared
radiation to space at its equivalent blackbody tempera-
ture of 255 K; hence it loses energy at a rate of

The heat capacity of the atmosphere (per m2) is
equal to the specific heat of dry air cp times the mass
per unit area ( p!g) or

1004 J kg!1 K!1 " 105 Pa
9.8 m s!2 " 107 J K!1 m!2

E # $T4 # 5.67 " 10!8 " (255)4 # 239 W m!2

3 Throughout the tropics the observed lapse-rate % is close to the saturated adiabatic value %w.As the Earth’s surface warms, the latent heat
released in moist adiabatic ascent increases, and so the numerical value of %w decreases. Hence, if % remains close to %w as the tropical tropo-
sphere warms, temperatures in the upper troposphere will warm more rapidly than surface air temperature, as demonstrated in Exercise 3.45.

4 The gravitational attraction of the moon and sun also induce atmospheric tides, but these gravitational tides are much weaker than the
thermal tides.

180 220 260 300 340

0

10

20

30

40

1

10

100

1000

Pure radiative equilibrium

Dry adiabatic adjustment

6.5 °C/km adjustment

P
re

ss
ur

e 
(h

P
a)

A
lti

tu
de

 (
km

)

Temperature (K)

Fig. 10.4 Calculated temperature profiles for the Earth’s
atmosphere assuming pure radiative equilibrium (red curve) and
radiative convective equilibrium, in which the lapse rate is artificially
constrained not to exceed the dry adiabatic value (dashed black
curve) and the observed global-mean tropospheric lapse rate
(blue curve). [Adapted from J. Atmos. Sci., 21, p. 370 (1964).]
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The vertical distribution of temperature within
the troposphere is determined by the interplay
among radiative transfer, convection and large-
scale motions. The radiative equilibrium temperature
profile is unstable with respect to the dry adiabatic
lapse rate. The pronounced temperature minimum
near the 10-km level that defines the tropopause
(Fig. 1.9) corresponds roughly to the level of unit
optical depth for outgoing longwave radiation. Below
this level, the repeated absorption and reemission of
outgoing longwave radiation render radiative transfer
a relatively inefficient mechanism for disposing of the
energy absorbed at the Earth’s surface. Convection
and large-scale motions conspire to maintain the
observed lapse rate near a value of 6.5 K km!1.

The observed lapse rate is stable, even with respect
to the saturated adiabatic lapse rate, because most of
the volume of the troposphere is filled with slowly sub-
siding air, which loses energy by emitting longwave
radiation as it sinks, as documented in Fig. 4.29. As the
air loses energy during its descent, its equivalent poten-
tial temperature and moist static energy decrease, cre-
ating a stable lapse rate, as shown schematically in
Fig. 10.3. It is only air parcels that have resided for
some time within the boundary layer, absorbing
sensible and latent heat from the underlying surface,

that are potentially capable of rising through this stably
stratified layer. Thermally direct large-scale motions,
which are characterized by the rising of warm air and
the sinking of cold air, also contribute to the stable
stratification. It is possible to mimic these effects in
simple radiative-convective equilibrium models by arti-
ficially limiting the lapse rate, as shown in Fig. 10.4. The
tropospheres of Mars and Venus and the photosphere
of the sun2 can be modeled in a similar manner.

The concept of radiative-convective equilibrium is
helpful in resolving the apparent paradox that green-
house gases produce radiative cooling of the atmos-
phere (Fig. 4.29), yet their presence in the atmosphere
renders the Earth’s surface warmer than it would be in
their absence. An atmosphere entirely transparent to
solar radiation and in pure radiative equilibrium would
neither gain nor lose energy by radiative transfer in the
longwave part of the spectrum. However, it is apparent
from Fig. 10.4 that under conditions of radiative-
convective equilibrium, temperatures throughout most
of the depth of the troposphere are above radiative
equilibrium. It is because of their relative warmth
(maintained mainly by latent heat release and, to a
lesser extent, by the absorption of solar radiation and
the upward transport of sensible heat by atmospheric
motions) that greenhouse gases in the troposphere
emit more longwave radiation than they absorb.
Because the tropospheric lapse rate is determined not

Fig. 10.2 Annual average flux density of absorbed solar
radiation, outgoing terrestrial radiation, and net (absorbed
solar minus outgoing) radiation as a function of latitude in
units of W m!2. Pink (blue) shading indicates a surplus (deficit)
of incoming radiation over outgoing radiation. [Adapted from
Dennis L. Hartmann, Global Physical Climatology, p. 31 (Copyright
1994), with permission from Elsevier.]
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2 The sun’s photosphere is defined as the layer from which sunlight appears to be emitted; i.e., the level of unit optical depth for visible
radiation. The photosphere marks the transition from a lower, optically dense layer in which convection is the dominant mechanism
for transferring heat outward from the nuclear furnace in the sun’s core to a higher, optically thin layer in which radiative transfer is the
dominant energy transfer mechanism. Like the tropopause in planetary atmospheres, the photosphere is marked by a decrease in the lapse
rate from the convectively controlled layer below to the radiatively controlled layer above.

Fig. 10.3 Schematic of air parcels circulating in the atmos-
phere. The Colored shading represents potential temperature
or moist static energy, with pink indicating higher values and
blue lower values. Air parcels acquire latent and sensible heat
during the time that they reside within the boundary layer, rais-
ing their moist static energy. They conserve moist static energy
as they ascend rapidly in updrafts in clouds, and they cool by
radiative transfer as they descend much more slowly in clear air.

Tropopause
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Cloud Radiative Effects



Clouds and Earth’s Temperature 
!  All the previous results were for clear skies, but 

clouds have a substantial effect on the TOA energy 
balance. 

https://www.atmos.washington.edu/~dennis/321/

Cloud Radiative Effects

Global Physical Climatology by Dennis Hartmann 

https://www.atmos.washington.edu/~dennis/321/
https://www.atmos.washington.edu/~dennis/321/


S0: solar constant (incoming solar flux, 1367 W m−2).

αp: planetary albedo (0.30).

F ↑(∞): outgoing longwave (IR) radiation at TOA (234 W m−2).



Heuristic Model of  Cloud Radiative Effect (CRE) 
a.k.a. Cloud Forcing 

!  TOA  Energy Balance 

!  Cloud Radiative Effect – Add Clouds, what changes? 
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Heuristic Model of  Cloud Radiative Effect (CRE) 
a.k.a. Cloud Forcing 

• Cloud Radiative Effect – Add Clouds, what changes? 

 

• Shortwave bit 

 

 

 

• Longwave bit 
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Heuristic Model of  Cloud Radiative Effect (CRE) 
a.k.a. Cloud Forcing 

• Longwave bit 

 

• Expand using grey absorption integral equations 

 

• Assume cloud top is above most of  water vapor, 
then OLR is emission from top of  cloud 
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Heuristic Model of  Cloud Radiative Effect (CRE) 
a.k.a. Cloud Forcing 

• Putting the pieces together, 

 

• becomes 

 

• The solar and longwave parts tend to be of  opposite 
sign and we can calculate the cloud top temperature 
at which they will exactly cancel. 
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Figure 2.5. ISCCP Radiometric cloud classification.



Cloud Radiative Forcing
A_i = cloud amount for cloud type i
A = total cloud amount

A = A_i • I

OvcCRF_i = ovc CRF for cloud type i 
CRF_i = avg CRF for cloud type i
CRF = total avg CRF

CRF_i = A_i * OvcCRF_i

CRF = A_i • CRF_i = OvcCRF_i • I
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FIG. 2. Average ISCCP cloud-category percent coverage in the
region 0�–15�N, 120�–150�E during Jul and Aug 1985 and 1986 as
a function of cloud-top pressure and optical depth (42 cloud cate-
gories).

1948 to the present (Kalnay et al. 1996). Global cov-
erage of numerous parameters is available on a 2.5� �
2.5� latitude–longitude grid. NCEP–NCAR temperature
and humidity profiles averaged over our region and time
period of interest are used for the radiative calculations
done here. The profiles are given for 17 mandatory pres-
sure levels between 10 and 1000 mb. The maximum
temperature (302 K) is at the surface, and the minimum
is (193 K) at 100 mb. The freezing point of water occurs
at approximately 570 mb. Above 300 mb, no humidity
data are provided by the NCEP–NCAR reanalysis. Be-
cause the relative humidity from the inversion to 300
mb is approximately 60%, we assume a constant relative
humidity of 60% from 300 to 100 mb. Above 100 mb,
a constant stratospheric value of 3.8 ppmv was assumed
for water.

3. Radiation model

A radiation model developed by Fu and Liou (1992,
1993) is used along with the ISCCP and NCEP–NCAR
data to investigate the effects of cloud type and its var-
iation on the radiative energy budgets at the top of the
atmosphere. The delta–four-stream approximation is
used. The nongray gaseous absorption by H2O, CO2,
O3, CH4, and N2O is incorporated into the multiple
scattering model by using the correlated k-distribution
method. The H2O continuum absorption is included in
the spectral region 280–1250 cm�1. For water clouds,
a parameterization for the single-scattering properties is
developed based on Mie calculations using the observed
water droplet size distributions in terms of cloud liquid
water content and mean effective radius. For ice clouds,
a newly developed parameterization of the radiative
properties is used that considers nonspherical ice par-

ticles in both the IR and solar spectra (Fu 1996; Fu et
al. 1998).
The radiation model generates daily averaged top-of-

atmosphere OLR, shortwave reflected, and net flux for
each of the ISCCP-defined cloud types. Hourly calcu-
lations are done during the day to construct a daily
average. The approximately 1.5% seasonal change of
top-of-atmosphere insolation over the 2-month period
was incorporated by calculating the shortwave irradi-
ances for the mean insolation and then scaling them to
the actual isolation on each day.
Our region of interest is predominantly ocean, and

we assume 7% albedo and 99% emissivity of the sur-
face. Cloud information needed for the model is
matched to the ISCCP categories. Effective cloud par-
ticle radii of 30 and 10 �m were assumed for ice and
water clouds, respectively. Clouds above 560 mb were
assumed to be ice. The midpoints of the six ISCCP
optical depth bins (0.65, 2.41, 6.46, 16.0, 41.5, and
219.5) and pressure bins (105, 245, 375, 500, 620, 740,
and 900 mb) were used for the calculations. The phys-
ical cloud depths are climatological values ranging from
1.0 to 4.5 km (Liou 1992). Profiles of the pressure,
temperature, and water vapor are taken from the NCEP–
NCAR reanalysis dataset described above. The ozone
total column, CO2, O2, and methane concentration val-
ues are 275 Dobson Units, 330 ppmv, 28%, and 1.6
ppmv, respectively.
Figure 4 shows the top-of-atmosphere reflected short-

wave, OLR, and net radiative flux for each cloud type
under overcast conditions. For the second layer from
the top, where ISCCP shows the most deep convective
cloud tops, the shortwave reflected flux ranges from 70
to 312 W m�2, when going from the lowest to the high-
est optical depth category. For optical depths greater
than about 4, the OLR is almost independent of visible
optical depth but depends strongly on cloud-top pres-
sure. The OLR results range from 83 W m�2 for the
highest, thickest cloud to 277 W m�2 for the lowest,
thinnest cloud.
The net radiative flux varies between�131 and�181

W m�2 as a function of height and optical depth (Fig.
4c). The cloud type that results in the most strongly
positive net radiation is the highest and second thinnest
cloud. The cloud type with the most strongly negative
net radiation is the lowest and thickest cloud. The net
radiation thus shows a strong gradient from strongly
negative to strongly positive when going from low, thick
to high, thin clouds.

4. Analysis and validation of cloud radiative
forcing
Before discussing the effects of cloud-type distribu-

tions on the radiation balance, we must first determine
that the combination of ISCCP data with a model gives
a good simulation of the ERBE observations. Two met-
rics are used to evaluate how well our radiation model

15 DECEMBER 2001 4501H A R T M A N N E T A L .

FIG. 5. (a) Modeled overcast-sky net cloud radiative forcing and
(b) modeled average-sky net cloud forcing for each of the ISCCP
cloud categories for the region 0�–15�N, 120�–150�E during Jul and
Aug 1985 and 1986 (W m�2).

sky net radiation value (103 W m�2) is greater than that
of most of the cloud types. So, the cloud forcing for
most cloud types has a cooling effect (�6 to �234 W
m�2). Only 6 of the 42 cloud types have a warming
effect, and they are the higher, thinner clouds. The high-
est and thinnest cloud type, which is the most common
type, has a large positive overcast-sky net forcing of 54
W m�2.

d. Average-sky cloud forcing

‘‘Average-sky’’ is a term to indicate the observed
mixture of clear and cloudy scenes, in this case char-
acterized by the average ISCCP cloud distribution (Fig.
2). The ‘‘average-sky cloud forcing’’ is a useful mea-
surement that describes the response of the radiation
field to the observed distribution of clouds and should
be comparable to the cloud forcing estimated by ERBE.
As actually measured, ERBE cloud forcings may in-

clude differences in temperature and humidity associ-
ated with cloud coverage. In the calculations done here,
however, cloudy and clear scenes are given the same
temperature and humidity profiles. The contribution to
the average-sky cloud forcing by an individual cloud
type (� ) is given by the product of the overcast-skyaveRi

cloud forcing by that cloud type and the fractional area
coverage by that cloud type Ai:

ave�R � A (R � R ).i i i clear (6)
The simulated individual average-sky cloud forcing

is presented Fig. 5b. Note the opposing effects of the
highest thinnest cloud and the bright anvil cloud with
optical depths between 4 and 60. The total positive cloud
forcing is 14 W m�2, dominated by the two highest and
thinnest types (�8.1 and �4.0 W m�2, respectively)
which have the effect of warming the planet. The total
negative cloud forcing is �25 W m�2, with the largest
contributions of �3.2 and �4.1 W m�2 coming from
high, thick anvil cloud. Substantial negative cloud forc-
ings in the 1–2 W m�2 range come from optically thick
clouds (optical depths between 4 and 23) with tops be-
low 310 mb. The five categories with positive cloud
radiative forcings cover about 32% of the area of the
region of interest, and clouds with negative cloud forc-
ing cover about 42% of the region.

e. Comparison of average-sky cloud forcing

The reflected shortwave, longwave, and net radiation
for average-sky and clear-sky and their implied cloud
forcing values are listed in Table 1, both for the ERBE
observations and the calculated values. The differences
between the ERBE radiative flux observations and the
simulations are all within 4 W m�2. The net cloud forc-
ing, the difference between the average-sky and clear-
sky values, is small and negative, with the calculated
value slightly larger (ERBE: �7 W m�2; model: �11
W m�2). The differences between the observations and
the simulations could be attributed to inaccuracies in
the ERBE, ISCCP, and NCEP data, or inaccuracies in
the model simulations. The magnitudes of the differ-
ences are within the measurement uncertainty of the
ERBE data, and it is not worth pursuing them further
here. The data and model agree well enough to warrant
further comparison.

5. Composite analyses
Within the region and time frame of interest here, the

cloud coverage and radiation budget quantities vary sig-
nificantly. In this section, we investigate this variability
by compositing the ISCCP cloud categories relative to
the ERBE radiation budget quantities. We search the
detrended ERBE dataset for days on which the irradi-
ance is one standard deviation � above or below its
mean value. We then obtain six sets of dates for low
and high values for ERBE shortwave, longwave, and
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FIG. 5. (a) Modeled overcast-sky net cloud radiative forcing and
(b) modeled average-sky net cloud forcing for each of the ISCCP
cloud categories for the region 0�–15�N, 120�–150�E during Jul and
Aug 1985 and 1986 (W m�2).

sky net radiation value (103 W m�2) is greater than that
of most of the cloud types. So, the cloud forcing for
most cloud types has a cooling effect (�6 to �234 W
m�2). Only 6 of the 42 cloud types have a warming
effect, and they are the higher, thinner clouds. The high-
est and thinnest cloud type, which is the most common
type, has a large positive overcast-sky net forcing of 54
W m�2.

d. Average-sky cloud forcing

‘‘Average-sky’’ is a term to indicate the observed
mixture of clear and cloudy scenes, in this case char-
acterized by the average ISCCP cloud distribution (Fig.
2). The ‘‘average-sky cloud forcing’’ is a useful mea-
surement that describes the response of the radiation
field to the observed distribution of clouds and should
be comparable to the cloud forcing estimated by ERBE.
As actually measured, ERBE cloud forcings may in-

clude differences in temperature and humidity associ-
ated with cloud coverage. In the calculations done here,
however, cloudy and clear scenes are given the same
temperature and humidity profiles. The contribution to
the average-sky cloud forcing by an individual cloud
type (� ) is given by the product of the overcast-skyaveRi

cloud forcing by that cloud type and the fractional area
coverage by that cloud type Ai:

ave�R � A (R � R ).i i i clear (6)
The simulated individual average-sky cloud forcing

is presented Fig. 5b. Note the opposing effects of the
highest thinnest cloud and the bright anvil cloud with
optical depths between 4 and 60. The total positive cloud
forcing is 14 W m�2, dominated by the two highest and
thinnest types (�8.1 and �4.0 W m�2, respectively)
which have the effect of warming the planet. The total
negative cloud forcing is �25 W m�2, with the largest
contributions of �3.2 and �4.1 W m�2 coming from
high, thick anvil cloud. Substantial negative cloud forc-
ings in the 1–2 W m�2 range come from optically thick
clouds (optical depths between 4 and 23) with tops be-
low 310 mb. The five categories with positive cloud
radiative forcings cover about 32% of the area of the
region of interest, and clouds with negative cloud forc-
ing cover about 42% of the region.

e. Comparison of average-sky cloud forcing

The reflected shortwave, longwave, and net radiation
for average-sky and clear-sky and their implied cloud
forcing values are listed in Table 1, both for the ERBE
observations and the calculated values. The differences
between the ERBE radiative flux observations and the
simulations are all within 4 W m�2. The net cloud forc-
ing, the difference between the average-sky and clear-
sky values, is small and negative, with the calculated
value slightly larger (ERBE: �7 W m�2; model: �11
W m�2). The differences between the observations and
the simulations could be attributed to inaccuracies in
the ERBE, ISCCP, and NCEP data, or inaccuracies in
the model simulations. The magnitudes of the differ-
ences are within the measurement uncertainty of the
ERBE data, and it is not worth pursuing them further
here. The data and model agree well enough to warrant
further comparison.

5. Composite analyses
Within the region and time frame of interest here, the

cloud coverage and radiation budget quantities vary sig-
nificantly. In this section, we investigate this variability
by compositing the ISCCP cloud categories relative to
the ERBE radiation budget quantities. We search the
detrended ERBE dataset for days on which the irradi-
ance is one standard deviation � above or below its
mean value. We then obtain six sets of dates for low
and high values for ERBE shortwave, longwave, and

A_i                  *             OvcCRF_i

= CRF_i 

from Hartmann, Moy, and Fu 2001



There is good agreement between 
modeled radiative fluxes (using 

observed cloud type frequencices) 
and observed (ERBE) radiative 

fluxes.
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TABLE 1. ERBE and modeled radiation balance components for the west Pacific convective region 0�–15�N, 120�–150�E (W m�2).

Longwave

ERBE Model

Shortwave

ERBE Model

Net radiation

ERBE Model

Average sky
Clear sky
Cloud forcing

211
280
70

213
278
65

117
40

�77

119
42

�77

96
103
�7

92
103

�11

net radiation. With these six sets of dates, we construct
composite averages of ISCCP cloud coverage. The
‘‘low’’ composite averages are subtracted from the
‘‘high’’ composite averages to get ‘‘high-minus-low’’
changes in ISCCP cloud distribution associated with
significant changes in each of shortwave, longwave, and
net radiation. The composites are averages of approx-
imately 20 days selected from the 124-day study period.
The average ERBE fluxes for these key dates are also
computed.
The ISCCP cloud distribution changes associated

with �1 � changes in ERBE shortwave, longwave, and
net radiation are shown in Figs. 6a–c, respectively. In
each case, one observes an anticorrelation between up-
per-level and lower-level clouds. The screening of low-
er-level clouds by upper-level clouds influences this an-
ticorrelation when observations are taken from space,
and we will focus mostly on the changes in upper-level
clouds. The differences in Fig. 6 can be compared with
the mean cloud cover given in Fig. 2. The largest com-
posite differences in cloud coverage associated with
ERBE shortwave and longwave variations occur for the
clouds with the largest climatological abundance. This
reflects the fact that most of the upper-level cloud types
are associated with mesoscale convective cloud com-
plexes, and so all the cloud types vary in synchrony.
One significant exception to this rule is the highest,
thinnest cloud type, which varies proportionately much
less than the other cloud types. The high, thin cirrus
may be related more to the coldness of the tropopause
than to the presence of nearby deep convection. More-
over, the detection of thin cirrus overlapping thicker
anvil cloud below is difficult with the two channels that
ISCCP uses. So, an increase of cirrus during periods of
active convection may be masked by the smaller fraction
of the area in which cirrus could be detected by ISCCP
if they were present. The ISCCP cloud distribution re-
sponses to shortwave and longwave compositing are
almost mirror images of each other, which is consistent
with the high degree of cancellation between longwave
and shortwave effects of deep convective cloud com-
plexes. In the case of the shortwave and longwave com-
posites, the total cloud cover varies substantially by 34%
and 36%, respectively.
When the ISCCP data are composited with respect to

ERBE net radiation, the total cloud cover change is
smaller, 19% as compared with about 35%. When the
data are composited for high values of ERBE net ra-
diation, high, optically thick clouds decrease more, as

a percentage of their climatological abundance, than do
clouds at the same altitude with smaller visible optical
depths. So, while net radiation increases when the
amount of convective cloud decreases, it also responds
sensitively to shifts in the relative frequency of optically
thick and thin high clouds. The importance of the shift
from thin to thick anvil clouds for the radiation balance
can be confirmed by applying (4) using the cloud-type
differences in Fig. 6 (not shown).

6. East Pacific convection
Figure 1 shows that in the eastern Pacific ITCZ region

centered near 10�N and 120�W, the convective clouds
produce a significantly negative net cloud forcing with
magnitude in excess of 20 W m�2. We have performed
a similar analysis to that above for an east Pacific ITCZ
region (7.5�–15�N, 100�–140�W). The ISCCP cloud his-
togram for July–August 1985 and 1986 is shown in Fig.
7. By comparing this figure with the histogram for the
west Pacific region in Fig. 2 it can been seen that the
east Pacific has less optically thin cloud relative to op-
tically thick upper cloud as well as more mid- and low-
level cloud. These differences are maintained if one
calculates a conditional probability in which one asks
what fraction of the area that is not obscured by upper
clouds is occupied by clouds at each level.
The radiation comparison for the east Pacific region

is given in Table 2. The agreement between the ERBE
data and the model calculation using ISCCP and NCEP
data is not as good as in the west Pacific. In particular,
the calculation indicates a cloud radiative forcing of
�44 W m�2 as compared with the ERBE estimate of
�24 W m�2. Nonetheless, both ERBE and the calcu-
lation indicate a strongly negative cloud forcing. This
change to more negative cloud forcing is associated with
both a reduction in longwave cloud forcing (ERBE:
�13, model: �16 W m�2) and an increased negative
shortwave cloud forcing (ERBE: �5, model: �16 W
m�2). So, the clouds in the east Pacific convective region
are both warmer and brighter than those in the west
Pacific region. Convective clouds in the east Pacific are
known to be very different in structure from those in
the west Pacific. They tend to have less high anvil and
cirrus cloud and produce more rain per unit of OLR
anomaly than do west Pacific convective clouds (Yuter
and Houze 2000). East Pacific convection may be af-
fected by the proximity of cool SST on the equator and
is more strongly forced by concentrated upward motion
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