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Observations of the Earth's Radiation Budget
in relation to atmospheric hydrology
4. Atmospheric column radiative cooling over the world's oceans
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Abstract. This paper introduces a simple method for deriving climatological
values of the longwave flux emitted from the clear sky atmosphere to the ice-free
ocean surface. Simulations of the clear sky longwave fluxes to space and to the
surface are employed in this study to assist in the development of this flux retrieval
which requires monthly averaged column-integrated water vapor w and the clear
sky top—of—-atmosphere (TOA) outgoing longwave flux (both available from satellite
measurements). It is shown using both theory and data from simulations how the
ratio of the surface to TOA flux is a simple function of w and a validation of the
simple relationship is presented based on a limited set of surface flux measurements.
The rms difference between the retrieved surface fluxes and the simulated surface
fluxes is approximately 6 W m~2. The clear sky column cooling rate of the
atmosphere is derived from the Earth Radiation Budget Experiment (ERBE) values
of the clear sky TOA flux and the surface flux retrieved using Special Scanning
Microwave Imager (SSM/I) measurements of w together with ERBE clear sky
fluxes. The relationship between this column cooling rate, w, and the sea surface
temperature (SST) is explored and it is shown how the cooling rate systematically
increases as both w and SST increase. The uncertainty implied in these estimates
of cooling are approximately £0.2 K d~!. The effects of clouds on this longwave
cooling are also explored in a limited way by placing bounds on the possible impact
of clouds on the column cooling rate based on certain assumptions about the effect
of clouds on the longwave flux to the surface. While a more global assessment of
the cloud effect must await use of new satellite data that will allow us to estimate
the contributions by clouds to these surface fluxes, it is shown in this paper how
the longwave effects of clouds in a moist atmosphere where the column water
vapor exceeds approximately 30 kg m~2 may be estimated from presently available
satellite data with an uncertainty estimated to be approximately 0.2 K d~!. Based
on an approach described in this paper, we show how clouds in these relatively
moist regions decrease the column cooling by almost 50% of the clear sky values
and the existence of significant longitudinal gradients in column radiative heating
across the equatorial and subtropical Pacific Ocean.

1. Introduction

The energy balance of the Earth, the distribution of
energy in space, and its variation in time are funda-
mental characteristics of the Earth’s climate system. It
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is crucial to understand how this energy balance is al-
tered in response to increased concentrations of green-
house gases to understand and ultimately predict any
impending global climate change. Unfortunately, quan-
titative estimates of the individual components of this
energy budget, even in its most rudimentary annual and
global-mean form, are subject to large uncertainties
since many of the key fluxes of energy are yet to be mea-
sured over the globe. For instance, the fluxes of energy
to and from the surface, at least on the global scale, are
primarily derived from model calculations or estimated
from empirical formulae and must be considered highly
uncertain [e.g.,Randall et al., 1992; Gupta et al., 1992).
Methods using satellite observations for retrieving these
fluxes, with the exception of the solar flux to the surface
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[e.g., Schmetz, 1989; Pinker and Laszlo, 1992; Cess et
al., 1991], remain largely undeveloped. Despite this sit-
uation, important but limited advances to our view of
this global energy balance have emerged from satellite
measurements of the radiative fluxes at the top of the
atmosphere. These advances began in the late 1960s
and continue into the present through the Earth Radia-
tion Budget Experiment (ERBE), [House et al., 1986].
This paperis the final in a series [Stephens and Green-
wald, 1991a,b, hereafter referred to as parts 1 and 2;
Stephens et al., 1993, hereafter part 3], which seek to
explore new uses of global satellite data to study re-
lationships between certain components of the energy
budget and the hydrological cycle of the climate system.
The motivation, in part, is to develop useful diagnos-
tic tests of current global climate models and, in part,
to study rudimentary relationships between radiation
and the atmospheric branch of the Earth’s hydrologi-
cal cycle. The main aim of this paper is to introduce a
simple method for deriving climatological values of the
longwave flux emitted from the clear sky atmosphere to
the surface (hereafter denoted as Fy) and in so doing
explore the connection between the longwave radiation
budget and the water vapor content of the atmosphere.
The flux Fy is one of the principal drivers of the planet’s
greenhouse effect. It is the emission of infrared radia-
tion from the atmosphere to the surface that maintains
the mean surface temperature of the Earth (approxi-
mately 288 K) above the mean effective temperature of
the planet (approximately 255 K). It is also the am-
plification of this flux due to increased concentrations
of water vapor, driven by increased concentrations of
other greenhouse gases, that is thought to establish the
water vapor feedback [Manabe and Wetherald, 1967).

We currently estimate that the globally averaged at-
mosphere constantly loses energy by radiation at a rate
of approximately 100 W m~2 [Ramanathan et al., 1989).
It is a related goal of this study to estimate the clear sky
longwave contribution to this loss as well as the long-
wave contributions by clouds in selected regions of the
globe. The loss of radiative energy by the atmosphere
is compensated by energy transfer from the surface via
convective and turbulent transfer processes. The global
balance achieved in the atmosphere through the com-
bination of the radiative and nonradiative processes is
generally referred to as a radiative—convective equilib-
rium. The major contributors to this equilibrium is the
flux of heat supplied by latent heating, associated with
precipitation in the atmosphere, and the loss of long-
wave radiant energy by the atmosphere. It is common
to express this loss of radiant energy as the rate of cool-
ing of the atmospheric column. Global scale changes
in this cooling imply compensating changes in latent
heating and thus changes in the Earth’s hydrological
cycle. It is appropriate then to consider this cooling
as a fundamental measure of the activity of the Earth’s
greenhouse effect and in turn an indirect measure of the
activity of the hydrological cycle in heating the atmo-
sphere.

Section 2 offers a brief account of the data used in
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the present study, and section 3 introduces results from
the simulation system of Slingo and Webb [1992], which
are subsequently used in section 4 to develop a new di-
agnostic method for the retrieval from satellite data of
Fy. Results of this retrieval approach and a limited val-
idation of the method are presented in sections 4 and
5 respectively. Once the clear sky longwave flux to the
surface is known, the clear sky atmospheric longwave
cooling is then determined in the manner described in
section 6, where the correlation between the magnitude
of this cooling and the column water vapor is also ex-
plored.

It remains, however, a considerable challenge to es-
tablish meaningful ways of using present-day space mea-
surements to estimate the contributions by clouds to
the surface longwave fluxes and therefore to the col-
umn heating rates. Despite these unmet challenges, we
demonstrate in section 6 of this paper how upper and
lower bounds can be placed on these cloud effects and
furthermore demonstrate how the longwave effects of
clouds in a moist atmosphere, where the column water
vapor exceeds approximately 30 kg m~2, may be es-
timated from presently available satellite data with an
accuracy of approximately 0.2 K d~!. Based on the ap-
proach described in section 6, we show how clouds in
these relatively moist regions decrease the column cool-
ing by almost 50 % of the clear sky values and we infer
the presence of significant gradients of column radiative

heating across the equatorial Pacific.

2. Data Sources

The main sources of the global data analyzed in
this study are those described and used previously in
part 3. These data include the ERBE fluxes, the col-
umn water vapor retrieved by Greenwald et al. [1993]
based on passive microwave measurements obtained
from the Defense Meteorological Satellite Program’s
(DMSP) SSM/I instrument [Hollinger et al., 1987], and
the sea surface temperature (SST) data of Reynolds
[1988]. The results from the Colorado State Univer-
sity General Circulation Model (GCM) defined in part
3 are also utilized but more sparingly in this study.

An important new source of data for this study is the
simulation of the clear sky longwave radiative fluxes
obtained from the system of Slingo and Webb [1992]
for the simulation and analysis of measurements from
satellites using operational analyses (SAMSON). These
simulations use initialized analyses from the operational
archive at the European Centre for Medium-Range
Weather Forecasts (ECMWF) but with the column wa-
ter vapor constrained to the SSM/I values, as described
by Webb et al. [1993]. Temperature and specific humid-
ity data on 19 model levels were directly incorporated
into the simulations along with analyzed surface pres-
sure.

SAMSON is constructed around a high spectral res-
olution radiative transfer model [Shine, 1991] that in-
corporates the ECMWF analyses from the operational
archive. The accuracy of the radiation model employed
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by SAMSON was checked using a single-column version
applied to Intercomparison of Radiation Codes for Cli-
mate Models (ICRCCM) test profiles [Ellingson et al.,
1991]. Calculations of clear sky outgoing longwave ra-
diation (hereafter represented as Fo) for five standard
atmospheres with effects of water vapor, carbon diox-
ide, and ozone differed from line-by-line calculations of
Fo, by approximately 1 W m~2, suggesting excellent
agreement with these reference calculations [Slingo and
Webb, 1992]. Comparison of clear sky values of Fy de-
pends to a small extent on the specific details of how
the continuum absorption is dealt with in the model.
The treatment of the continuum is described by Shine
[1991] and is based on the far-wing treatment of Clough
et al. [1986]. Variations of the treatment of this contin-
uum can introduce uncertainties in calculations of the
surface flux up to 10 W m~2 [Ellingson et al., 1991].
SAMSON simulations of F; agreed with reference ICR-
CCM calculations of this flux within 3 W m~2.

For the simulations shown below, the effects of mi-
nor trace gases of nitrous oxide, methane, CFC11, and

CFC12 were included in addition to water vapor, car-
bon dioxide and ozone, and the volume mixing ratios of
these gases, which are assumed to be uniformly mixed
in the atmosphere, are given by Slingo and Webb [1992].

The research described in this paper also introduces
surface radiation flux data collected during two oceano-
graphic research cruises by the R/V Alliance in the
Mediterranean Sea off Crete in June 1990 and off Cor-
sica in the fall of 1991 and by the USCGC Polar Sea
cruise in the Arctic Sea in July and August 1992 [Min-
nett, 1992, 1993; NEWATER, 1993|. For the present
purposes the relevant data from these cruises consist
of measurements of downwelling infrared fluxes at the
surface measured by Eppley pyrgeometers mounted on
a mast at 16 m above sea level, observed cloud amounts,

and concurrent radiosonde data. During the 1990 Mediter-

ranean experiment the ship was overflown on four occa-
sions by the U.K. meteorological research flight C-130
which carried a precision pyrgeometer. The differences
between the ship measurements and the aircraft mea-
surements were 7,18,-4, and 4 W m~2 which represents
2-5% range of differences from the measured flux.

Surface radiation budget data also collected in sup-
port of the Tropical Ocean Global Atmosphere (TOGA)
Coupled Ocean Atmosphere Response Experiment
(COARE) at four island sites; the atoll of Majuro in the
Republic of the Marshall Islands at 7 © 05’ N latitude
and 171° 23’ E longitude and the islands of Pohnepi and
Chuuk in the Federated States of Micronesia at 6° 58’ N
latitude and 158° 13’ E longitude and 7° 27’ N latitude
and 151° 50’ E longitude and the island site of Kavieng
2° 30’S 150° 48’E. In addition to these island sites a
site located at Darwin 12° 25°S 130° 51’E, Australia is
also used in this study. The details of the TOGA data,
its quality control, calibration, and its accessibility will
be described in a forthcoming paper by the principal
author and is described in the report of Cornwall et al.

[1993].
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3. SAMSON Simulations

Simulations of the monthly mean clear sky fluxes over
the ice-free oceans were carried out for the period March
1988 to February 1989 which is also a period for which
both ERBE and SSM/I observations are available. As
in the original study of Slingo and Webb [1992], these
simulations apply to a horizontal resolution of 5°. The
radiation code was applied to each daily analyses (a
mean of four 6 hourly analysis for each day) and then
averaged to produce the monthly mean flux distribu-
tions which are used in the analyses described below.
Both Slingo and Webb [1992] and Webb et al. [1993] dis-
cuss the differences between the simulated fluxes from

SAMSON and the clear sky values of F, obtained from
ERBE. Figure 1 presents examples of scatter diagrams
of the SAMSON F,, versus the ERBE F,, for April,
July, and September 1988 and January 1989 to highlight
some gross features of these comparisons. For instance,
a slight positive bias of 3-5 W m~2 exists between the
SAMSON and ERBE fluxes, a bias similar in both sign
and magnitude to that of the ERBE clear sky flux data
[Harrison et al., 1988]. As Webb et al. [1993] show,
there are regions (not shown) where the differences be-
tween the simulated fluxes and the ERBE-derived fluxes
exceed this small bias, such as over the areas of ma-
rine boundary layer clouds off the west coasts of the
major continents where differences may be as large as
10 W m~2. These areas can be traced to biases in
the ECMWF water vapor data [e.g., Liu et al., 1992;
Stephens et al., 1994).

Except for these particular regions the simulations
of clear sky Fo, from SAMSON generally agree with
ERBE estimates of this flux to within 5-10 W m~2,
which is considered to be of the same order of uncer-
tainty of the latter. There are also no a priori reasons to
expect the SAMSON simulations of clear sky F, to be
grossly in error although it is noted above how the spe-
cific details of how the continuum absorption is modeled
may introduce an uncertainty of the order of 10 W m~2.
Bearing this possibility in mind, simulated distributions
of F; over the ice-free oceans are presented in Plates 1a
and 1b in the form of the surface net flux (i.e., aT4 - Fy).
The maps of the surface net flux shown in Plates 1¢ and
1d are those derived by the approach described below
and are presented here for comparison. The smallest
net fluxes of around 40-50 W m~2 occur in the tropical
convergence zones over the Pacific and Indian Oceans
and in the Northwest Pacific in July. A significant an-
nual variation close to the northern continents also ap-
pears to exist which is associated with changesin the at-
mospheric circulation associated with the summer and
winter monsoons. There is also a close correspondence
in the tropics between column-integrated water vapor
w (discussed later in relation to Plates 2¢ and 2d) and
the surface net longwave fluxes shown in Plate 1. This
arises because atmospheric temperatures are relatively
uniform in the tropics, so the net flux is mainly deter-
mined by the lower tropospheric humidities, which also
dominate w [e.g., Stephens, 1990].
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Figure 1. Scatter diagrams of (SAMSON) simulated Fo, versus (ERBE) analyses of clear sky
longwave fluxes for April, July, and September 1988 and January 1989.
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SAMSCN Simulation
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Linear fit from ERBE and SSM/I
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(a) and (b) Distributions over the oceans of the July and January SAMSON
simulations of surface net longwave flux. (c) and (d) Same as Plates 1a and 1b but the net flux

deduced using a linear regression of the flux ratio according to (7b) and ERBE and (SSM/I)
precipitable water.
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Plate 1.

Except at a few isolated locations, there exist very
little independent, research—quality data to validate the
simulations of F;; shown in Plates 1a and 1) or the sim-
ple retrieval of F; introduced later and shown in Plates
lc and 1d. A limited attempt to validate the latter is
described below.

4. Flux Ratios and a Simple Description
of the Planetary Greenhouse Effect

Part 1 introduced a simple model of the clear sky
Earth’s greenhouse effect. While that model is de-
scribed briefly in that paper, a more detailed account
is given here because a new relationship defined by this
model is explored. As in part 1, the model is based
on simple considerations of radiative equilibrium and is
introduced here merely as a diagnostic guide providing
a framework for analyses of the data. Its use should
not be misconstrued as an assumption on our part that
the Earth’s climate exists in such an equilibrium state.
The model derives from the radiative transfer equation
applicable to a nonscattering atmosphere, namely,
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where I is the intensity, ¢ = cosf where § is the angle
of the beam from the zenith.
The optical depth is defined as

o0
T=/ kpadz,
z

where k is the mass absorption coefficient, p, is the
density of the absorbing gas and 2 is the lowest end
point of the path. Casting (1a) and (1b) into equations
for upward (F'1) and downward (F'!) hemispheric fluxes
leads to

(2)

d;i = F' - B, (3a)
l

9 Pl B, (3b)
d7
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where

T. (4)

If we apply these equations to the broad band, then oT*
replaces B and 7 is taken to be a gray body optical
depth. Radiative equilibrium then implies that

F=

N

F'(# =0) = Q,(1 - a) = F,

where @, is the global annual-mean incoming solar ra-
diation at the top of the atmosphere and « is the plan-
etary albedo. It also follows that

Fret = F1(#) = FY(#) = constant
which leads to the solution of (3a) and (3b) as

oT? = %[2 + 74 (5a)

Fe .
Fy = Fl(f,) = T (5Db)
where 7 = 7, and 7 = 7.
Part 1 uses (5a) to introduce a parameter G in the
form
G= oT?
~ F

[ o]

=a + br,, (6a)
which is taken to be a measure of the strength of the
planetary greenhouse effect where from (5a) and (4),
a=1 and b=3/4. In a similar way the relationship (5b)
provides a second flux relationship

F,

==L =p7,
o0

(6b)

which we explore in further detail in the next section.
The flux ratio quantity given in (6a) is not only a
convenient measure of the planetary greenhouse effect
but it also identifies the gray body optical depth as
a crucial parameter is defining the magnitude of this
effect. It was also shown in part 1 that under clear sky
conditions, a proportional relation between G and the
column-integrated water vapor exists and has the form

(7a)

The advantage of (7a) over other definitions is that all
factors in (7a) may be independently observed over the
global oceans using current satellite observations and
so its viability can be tested. For example, G is cal-
culated from the SST which is available from blended
analyses of ship, buoy, and satellite data [e.g., Reynolds,
1988] and from the clear sky F, which is available from
ERBE data prior to 1991. The column water vapor
amount w is also available over the oceans from mi-
crowave measurements obtained from the SSM/I, which
have flown on the DMSP satellites since 1987. Using
these data, we determine the coeflicients in (7a) are
a1 = 1.39 and ¢; = 0.005 kg~ m?.

Similarly, (6b) leads us to suppose that a simple re-
lation exists between F and precipitable water w of the
form

G=a1+quw.
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F=as+ cow (7b)

in an entirely analogous way to (7a) where a; = 0.937
and c; = 0.0102 kg~ !m?. Unfortunately, we do not
have global observations of F; and thus we cannot de-
rive F solely from independent observations to test this
relationship. We propose to use the flux simulations of
SAMSON in lieu of these much needed observations.

4.1. Results

Scatter plots of G derived from ERBE clear sky Fo
satellite data and from SAMSON simulations of the
clear sky F, are compared in Figures 2a and 2b for
July and Figures 2c and 2d for January 1989. In this
diagram, G is plotted as a function of SST rather than
of w, as described previously in part 1 and Webb et al.
[1993] and Stephens et al. [1993]. When plotted in this
way, a dramatic branching of the relation between G
and SST appears which Webb et al. [1993] identify as
largely due to a seasonal effect associated with changes
in the vertical profile of atmospheric temperature in the
middle latitudes.

The flux ratio quantity F derived from the same
SAMSON simulations presented in Figure 2b are also
given in Figure 3a. Similar flux ratios derived from
monthly mean clear sky flux data obtained from sim-
ulations of the UKMO climate model are also shown
in Figure 3b. The results from both sets of data show
a well-defined relationship between the flux ratio and
w and how this relationship is approximately linear, as
predicted by (7b) for w > 20 kg m~2. The model re-
sults exhibit a similar relationship between F and w and
more clearly show its nonlinear but well-behaved char-
acter when w < 20 kg m~2 which resembles the well-
known characteristics of the curve of growth of emission
as w increases.

A simple linear fit applied over the range w > 20
kg m~? was carried out to determine the coefficients
ay and ¢y of (7b). The values of these coefficients are
given in Figure 3a and together with SSM/I observa-
tions of w and ERBE observations of the clear sky F,
are then used to obtain monthly mean values of Fy over
the oceans. Examples of the results of this simple re-
trieval are presented in Plates 1¢ and 1d in the form of
the net longwave flux at the ocean surface. These dis-
tributions are directly comparable with the SAMSON
simulations of net flux shown in Plates 1a¢ and 1b al-
though the higher spatial resolution of both the ERBE
data and the SSM/I precipitable water data allows us
to produce results in Plates 1¢ and 1d at a resolution
of 2.5° x 2.5° compared to the 5° x 5° resolution of the
SAMSON data. Despite this difference the retrieved
distributions are both qualitatively and quantitatively
very similar to those of SAMSON. The rms difference
between the retrieved and the simulated fluxes is 6
W m™2, which is considerably smaller than the uncer-
tainty presently expected from the direct radiometric
measurements of this flux [Dutton, 1993]. We interpret
this rms difference as a confirmation the viability of the
method.
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Figure 2. (a) The derived G from ERBE data and the Reynolds (SST) data as a function of
SST for July 1988.(b) The corresponding relation using SAMSON values of F. (c) and (d)
Same as Figures 2a and 2b but for January 1989 defined using SAMSON simulations of Fo.

4.2, Simple Interpretation of Flux Ratios

Webb et al. [1993] provide a simple analysis of the
influences of the bulk effects of lapse rate on G. Here
we extend this analyses to F and consider how other
factors can also potentially influence F, independent
of any significant change in w. In this way we offer
a relatively simple framework for understanding some
factors that produce the scatter in the relationships de-
picted in Figures 2a and 2b and Figures 3a and 3b.
For example, increasing water vapor in the middle and
upper troposphere only marginally affects w but may
significantly alter Fi.,. With all other factors fixed, in-
creasing (decreasing) upper tropospheric moisture leads
to respective decreases (increases) in Fo and thus to
an increase (decrease) in G. Similarly, variations in the
vertical profile of temperature also alter Fo, and thus
G. For example, a warmer (colder) atmospheric column
(assuming water vapor as fixed) leads to an increase
(decrease) in Fo, and thus to a decrease (increase) in G.
These two factors, we argue, are principally responsible
for producing the observed scatter.

Here we adapt and extend the simple model intro-
duced by Webb et al. [1993] to explore the sensitivities
of both G and F to variations in the vertical profiles
of both temperature and moisture. Consider a single-
layer atmosphere, as shown in the left portion of Figure
4. The upwelling radiation from the top of this atmo-
sphere is Fi, and the downwelling radiation at the base
is Fg. These fluxes may be simply related to the ra-
diating temperature of the atmosphere T, (roughly the
800-mbar temperature), the emissivity of the layer &g,
and the SST T via the approximate transfer equations

Foo=(1—¢€4)0T2 +€40T;
Fy=¢,0T;

which on substitution into (6a) and (6b) and with some
rearrangement give

G 1

T 1=l - (T./TW)Y
_ £a(Ta/Ts)*
T 1ol = (Ta/Te)]

(8a)

F (8b)
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Unified Model simulations from
March 1988 to February 1989
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Figure 3. The flux ratio F derived from combined SAMSON simulations of January and July
fluxes as a function of w. (b) As in Figure 3a but for the flux ratio derived using monthly mean

clear sky fluxes from (CSU GCM) simulations.

Two important factors govern the behavior of both ra-
tio quantities in these expressions, namely, the temper-
ature profile which we associate with the temperature
ratio T, /T, and the total column water vapor which is

Fo el"'-rl4
——tep—
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€q0 Ta* lAeu"'s T "
il €,
|

éaiT;] €2,T2
7Ts 7
v
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Figure 4. (left) A simple-single layer atmosphere used
to highlight sensitivities in flux ratio quantities (right)
and a two-layer atmosphere used to identify effects of
upper tropospheric moisture.

implied in £,. Webb et al. [1993] using (8a) demon-
strated that the branching of the relationship between
G and SST when T, <285 K occurs through changes in
T,/Ts from summer to winter. During winter the lapse
rate in these regions is increased (we think of this as a
reduction in T, /T, relative to summertime conditions)
and this increase in turn produces smaller values of the
denominator and hence larger values of G relative to
summertime conditions. Conversely, larger values of w
lead to larger values of ¢4, a smaller denominator and
thus a larger G which is consistent with (7a).

The effect of temperature on F is not so simple to
diagnose as are the effects of temperature on G since the
T./T, factor appears in both the denominator and the
numerator of (8b). We infer from this simple expression
that the effects of changing T, /T, are largely canceled
in this ratio.

To illustrate possible effects of the vertical structure
of moisture on these ratios in a simple way, consider a
two-layer atmosphere, as shown to the right of Figure
4. The properties of each layer are labeled as shown on
this diagram. The fluxes to space and to the surface
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simply follow as
Foo = (1 - El)Fz + E]G’T14
Fy=(1-¢e2)e10T} + 20Ty

where

Fy=(1—¢€3)oT} +e20T5.

A change in these fluxes due to a change in the water
vapor path will be denoted as AF(1):2) depending on
whether this change occurs either in the top layer 1 or
the bottom layer 2, respectively. It is trivial to show
that these flux changes are

AFY) = Aey[oT} — F)

AF® = Aey(1—61)[oTs — 0T
and that
AF® = Agi(1 - &3)0 T}
AF® = Aey[oTyf — e10T})

for a given change in layer emissivity that occurs as a
result of respective changes in water vapor path. The
change in flux ratios due to these path changes is then

AF _AF, AFs
F - F, Fo
AG _ _AFe
¢  Fe

Estimates of the flux changes AFCQ)’(Z) and AF;I)’(Z)
together with the changes in the ratios AF(1):2)/F
and AGMA?) /G are given in Table 1 based on radia-
tive transfer calculations using the two-stream model
of Stackhouse and Stephens [1991] applied to the Mc-
Clatchey et al. [1972] midlatitude summer atmosphere.

In these calculations we have taken layer 2 to represent
the layer from the surface to approximately 500 mbar
with a path v; = 28.2 mm and layer 1 to represent the
layer above 500 mbar with v = 1.8 mm. The quantities
given in the table are derived for a specified change in
layer emissivities and the parameter values given. The
emissivity values given were derived from the formulae
of Rodgers [1967] and the quoted changes in emissivity
are a result of 10% changes in u; and w2, respectively.
According to these results a 10% change in upper tro-
pospheric moisture (i.e., an increase in %, of 0.2 mm)
has a threefold larger effect on F, than does an equiva-
lent percentage change (but significantly larger absolute
change of 2.8 mm) in lower tropospheric water vapor.
This is due to a combination of the nonlinear curve
of growth of emissivity as a function of u where small
changes in path in an existing dry layer leads to a larger
change in emissivity than occurs when the path of moist
layer is increased by the same amount. This feature is
indicated by the a factor of 2 difference in Ac¢ listed in
the table. This disproportionate influence of upper tro-
pospheric moisture on F, and, subsequently, on G has
also been noted by others in a slightly different context
[e.g., Shine and Sinha, 1991]. According to the results
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Table 1. Changes in Fluxes and Flux Ratios
Ae, Ae; AP, AF, AGIG AFJF
0.02 -14 0.8 0.005 0.007

0.01 -0.48 1.8 0.0017 0.0066
The values in this table were derived for the following:
oT! = 423, F, = 289, F, = 338, F}(x% Flooms) =
338, FH(~ Fl.p) = 139, uz = 282, u; = 18, & =

0.85, £2 = 0.52 where the fluxes are in W m~? and the
path quantities are in mm.

listed in Table 1, changes in upper tropospheric mois-
ture, which go undetected by sensors such as the SSM/I,
can also affect F and it is reasonable to expect that the
scatter in the relationship shown in Figure 3 is due to
variations in the moisture profile, including changes in
the upper tropospheric moisture that are not necessar-
ily reflected in variations in w.

5. Validation of the F Ratio

The F-w relationship shown above is now checked
using both independent surface longwave flux measure-
ments and concurrent radiosonde data. These obser-
vational data were obtained from both ship-borne and
island-based measurements, but unfortunately they were
available only after the failure of the ERBE scanning
radiometers. Thus the clear sky values of F, used to
derive the ratio F were obtained from radiative transfer
calculations using the column version of the SAMSON
and profile information prescribed by the radiosonde
data collected at the measurement site as input.

The surface flux data were first analyzed to identify
clear sky periods and the fluxes at these times were
then averaged to produce 30-min averaged fluxes. Co-
incident ship-borne observer reports of cloudiness were
used to determine these clear sky conditions which were

Table 2a. Monthly Mean Infrared Fluxes

Cruise F, Fp w F
Mediterranean 315 293 19 1.074
355 313 18 1.133

340 321 20 1.060

360 324 21 1.112

350 317 21 1.104

360 320 23 1.125

345 319 19 1.081

350 323 17 1.083

335 316 20 1.060

355 319 20 1.112

335 305 21 1.096

375 302 26 1.241

Arctic 250 260 13 0.961
235 259 11 0.906

225 249 7 0.904

220 248 7 0.887

210 250 6 0.840

225 247 7 0.904

Monthly mean (mm) infrared fluxes (in W m~?) and colo-
cated sonde precipitable water content (in mm) measured
during two cruises. Calculated values of Fo are also pre-
sented.
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Table 2b. Monthly Mean and Standard Deviation of the Infrared Fluxes

All Sky Clear Sky
Site Month F, oF w 0w N F, oF w 0w N Fy
Chuuk  12/92 405.0 11.7 40.7 7.1 8 3994 20 414 104 3 298.7
1/93 4174 152 482 11.0 29 407.0 9.5 445 9.5 9 3009
2/93 4140 114 458 102 25 4110 87 43.7 7.0 12 2956
Majuro  12/92 423.0 11.7 46.0 9.6 2 4116 9.7 404 7.1 6 3094
1/93 4274 12.8 516 10.7 27 4195 123 454 9.9 8 300.1
2/93 4228 151 475 11.2 24 4087 9.7 387 80 10 2995
Kavieng 1/93 443.9 6.0 52.6 34 6 4414 0.5 54.0 0.2 2 284.2
2/93 435.6 46 533 49 25 433.9 2.8 516 3.8 11 288.1
Darwin  12/92 446.7 9.7 464 6.3 20 451.1 4.7 421 6.2 6 302.6
1/93 4476 99 529 84 29 4490 10.0 477 6.6 11 296.0
2/93 441.6 7.3  50.5 54 24 4415 96 489 4.7 7 286.6

Monthly mean aund standard deviation of the infrared fluxes (in W m~™?) and co-located
sonde precipitable water content and standard deviation (in mm) during TOGA/COARE.
The fluxes indicated by the superscript ‘s’ are those derived from SAMSON.

defined when cloud amounts of 3/10 cloudiness or less
prevailed during the time of measurement. The flux
measurements, simulated values of Fo, the values of w
derived from the radiosondes as well as values of the
flux ratio are given in Table 2a. Simulated values of
Fg are not given but the rms differences between these
simulated fluxes and measured fluxes is 12.7 and 9.4
W m~? for the Mediterranean and Arctic measure-
ments, respectively.

Surface observations of cloudiness over the island sites
were not available at the time of the analyses reported
here, so a method was established for identifying clear
skies based on the measurements of the accompanying
solar flux data. The effects of possible cloud contami-
nation in the day time TOGA data are not considered
to be a significant problem since most cloudiness con-
ditions could be readily identified in the solar flux time
series and even deep clouds produce only a relatively
small change in the longwave flux in the moist condi-
tions that prevail at the TOGA island sites. The more
subtle effects of broken clouds or thin clouds that are
more difficult to detect in the surface solar flux measure-
ments also have little effect on the measurements of Fy,.
Table 2b presents the longwave fluxes measured at the
TOGA sites separated into all-sky and clear sky condi-
tions and provides the SAMSON simulation of F, and
the derived flux ratio for clear sky conditions. The sim-
ulated fluxes of Fy, are also not presented in this table
and the rms differences between the measured and the
simulated values of Fy fluxes are within 10 W m~2 for
these TOGA stations. The data in Table 2b support
the assertion that the higher-moisture content of the
tropical atmosphere masks the effects of emission from
clouds measured at the surface. This may be seen from
the difference between cloudy and clear sky fluxes ob-
tained from the subtraction of all-sky fluxes F;; and F,
obtained under clear sky conditions as well as the stan-
dard deviations of each of these fluxes. The smallness of
both the flux differences and their variability is consis-
tent with the notion that the effects of partially cloudy
skies which may be incorrectly diagnosed as clear skies

are not likely to be significantly larger than 10 W m 2.

Values of the flux ratio F obtained from the mea-
surements of Fy; and the simulations of F are pre-
sented in both Figure 5 as well as in Tables 2a and 2b
as a function of the radiosonde derived precipitable wa-
ter w. Ratio values for the Arctic, Mediterranean and
tropical Pacific are identified in Figure 5 by different
symbols. The linear regression of the SAMSON simula-
tions taken from Figure 3a is also shown in the diagram
(dashed line) for reference as well as simulated ratios
obtained with the SAMSON radiative transfer model
and five McClatchey et al. [1972] model atmospheres.
The latter calculations, indicated by pluses connected
by lines, are the results of a series of three calculations
carried out for each of the five modcl atmospheres. The
water vapor profiles of these atmospheres was multiplied
at each level by one of three constant factors (0.75, 1.0,
and 1.25, respectively). These calculations provide a
reference for comparison with the measurements, espe-
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Figure 5. The flux ratio F as a function of w for
model-derived relationships (points connected by lines),
the regression line derived from the results of Figure 3a
and from the measurements indicated.
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cially those over the Arctic where the values of w are
smallest and the relationship between F and w is most
nonlinear. The calculations using these model atmo-
spheres produce a relationship that also closely fits both
the SAMSON regression relation and the flux ratio data
measurements. The agreement between the two mod-
eled relationships and the data is offered as a form of
validation of the F—w relationship.

6. Column Infrared Cooling Rates

The loss of longwave radiative energy by the atmo-
sphere is governed by the emissions of infrared radiation
from the atmosphere to space and toward the surface.
We can define this loss in terms of the following infrared

budget:
AF = (O'T,;1 = Foo — g), (9)

where the first term of the right hand side is given by
the SST data,

the second term is derived from ERBE measurements
and the third term in the balance follows from (7b)
using values of the parameters ay and cy derived from
SAMSON together with satellite observations of w and
F for clear sky conditions.

6.1. Clear Sky Cooling Rates

It is common to express the loss of radiant energy by
the atmosphere as the rate of cooling of the atmospheric
column which follows from (9) as

ar g

— = —AF

dt  cpps (10)
where g is the acceleration due to gravity, c, is the spe-
cific heat of air at constant pressure and p, is the sur-
face pressure. After rearrangement the column heating

becomes T P
= Jtorma _
dt — CpPs [g F 1],

(11)
where according to (7a) and (7b) the two terms in
brackets vary in a systematic way with w. Furthermore
for a given w the heating of the column varies propor-
tionally with the clear sky outgoing longwave radiation
Fo which is a result consistent with the empirical find-
ings obtained from balloon measurements of radiative
fluxes by Sabatini and Suomi [1962].

We use our retrieval strategy to estimate clear sky
values of Fy from satellite measurements of Fo, and w
as described above and substitute a value of 1013 mbar
for p, and use the monthly mean SST of Reynolds for T,
in (10) and (11) to arrive at monthly mean distributions
of the column-averaged clear sky heating rates shown in
Plates 2a and 2b (negative values represent cooling) for
July 1988 and January 1989, respectively. A reasonable
estimate of the uncertainty of the monthly averaged val-
ues of F, and F, is £10 W m~2 based on published
estimates in ERBE clear sky flux uncertainties and in
the uncertainties in F,; expressed by the rms differences
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discussed in relation to the comparisons shown in Plate
1. These flux uncertainties in turn imply an uncertainty
of approximately 0.2 K d~! in the column cooling rate.
The SSM/I fields of w for July 1988 and January 1989
which are used to produce these heating rate distribu-
tions are also shown in Plates 2¢ and d for comparison.
It is evident that the clear sky column heating rate dis-
tributions resemble the distributions of w which is con-
sistent with (11) and the relationship among G, F, and
w. The largest coolings occur in the moist equatorial
regions and in the areas of moisture convergence over
the northwest Pacific and Atlantic Oceans during July
as well as in the South Pacific convergence zone.

The association between the column-averaged heat-
ing rate and w is explored further in Figures 6a and b,
where the data displayed in Plates 2a and ¢ and 2b and
d respectively, are plotted against each other. Based on
(11) and the relationships assumed in (7a) and (7b), we
expect the cooling rate to increase in an approximate
linear way with increasing w, as shown in Figures 6a
and 6b. Linear fits of both F and G as a function of
w yield the following slope coefficients: c; = 0.01015
(kg m~2) ~! and ¢; = 0.00524 (kg m~2) ~!, respec-
tively, which according to (11) implies a slope of -0.005
(kg m~2) ~1. An example of a relationship with this
slope, defined using the global-mean value Fo, = 266
W m~? is also given on each diagram for reference. The
column cooling rate deviates from this simple linear de-
pendence on w in such a way that the rate of increase
of column cooling with increasing w above about 40
kg m~? decreases.

When the column cooling rate is expressed as a func-
tion of SST rather than as a function of w, as it is shown
in Figures 6¢ and 6d, a number of features emerge. The
first is the general change in the cooling SST slope for
SST exceeding approximately 295 K due to the rapid
increase in w as the SST increases beyond this value.
The second feature that emerges from Figures 6¢ and
6d are the winter-summer hemispheric branches in the
column cooling similar to those noted in the G-SST re-
lationship. The characteristics of the relation between
the column cooling rate and the SST, especially the
increased rate of cooling with increasing SST, may be
better understood by reference to Figure 7. This dia-
gram presents scatter diagrams of fluxes as a function
of SST. The left panels are F, and Fy derived from
satellite data for July 1988 (left panels) as a function of
SST and the matching fluxes derived from SAMSON are
shown to the right. We can deduce that the enhanced
rate of change of cooling for SSTs greater than about
295 K is a result of the enhanced emission from the
atmosphere to the surface associated with the increas-
ing water vapor with SST at these temperatures. The
rate of increase of emission from the atmosphere as the
SST increases exceeds the rate of change of the emission
from the surface (i.e., 0T?). The latter is represented
by the solid line in the bottom two panels of Figure 7.
For the SST> 290 K, we deduce that AF;/ASST ~ 15
W m~2 K-! and that AcT?/ASST ~ 6 W m~2 K.
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Figure 6. The clear sky column cooling rate correlated with the SSM /I-derived column water
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Plate 2. (a) and (b) Clear sky column cooling rate distributions for July 1988 and J anuary
1989 (in units of K d~1. (c) and (d) Same as Plates 2a and 2b except for vertically integrated

water vapor (in units of kg m~2).

6.2. Cloudy Sky Cooling Rate Differences

We introduce the effects of clouds on the column cool-
ing rate in terms of the following difference quantity

2() = (@) = (@)
dt dt cloudy dt clear,

which, in flux form, is

aT 9F
A ( dt) =- e [AF, + AF,), (12)

where AF,; and AF,, are the respective differences be-
tween all (cloudy) sky and clear sky fluxes. Since the
fluxes emitted to the surface under normal cloudy con-
ditions exceed the clear sky fluxes, AF, > 0, so that
this term contributes to the radiative cooling of the col-
umn. Conversely, since the radiating temperature of
clouds is typically colder than the equivalent radiating
temperature of the surrounding clear sky, AF, < 0,
so the second term of (12) contributes to column heat-
ing. Therefore the net effect of clouds on the column
longwave heating rate occurs as a result of the differ-

ence between two competing factors, a cooling factor
associated with increased emission by clouds in the at-
mosphere to the surface and a heating factor associated
with decreased emission by clouds in the atmosphere to
space,

The flux difference quantity AF,, is available from
ERBE analyses (this is the negative of the longwave
cloud radiative forcing), whereas global estimates of
AF, is a function of unknown cloud base temperatures
among other parameters. It is therefore not possible to
estimate the global effect of clouds on the column heat-
ing rate using presently available measurements from
satellites and this remains a topic of some challenge for
future research. However, it is possible to provide up-
per and lower bounds on the effects of clouds on the
column heating rate. One extreme, we propose, may be
obtained simply by setting AF, either to zero or more
realistically, as we show below to a small, constant value
bmin. With 8pin = 0, we obtain the maximum possible
heating potential of clouds and for convenience refer to
this extreme as the heating limit. The other extreme
occurs when AFy is set to its maximum possible value
which we propose occurs when the downwelling long-
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Plate 3. (a) The heating limit of clouds on the column radiative cooling rate and (b) the
cooling limit defined assuming a cloud base temperature that is 2 K less than the SST. Both

results are for July 1988.

wave flux to the surface under cloudy skies equals the
blackbody flux emitted by the surface and specified by
the given SST. For convenience, we represent this ex-
treme by Smax, and define it in terms of a small tem-
perature difference AT according to

bmax(AT) = 0(Ty — AT)* — (Fy)clear,

where T}, is the given SST. Although the maximum cool-
ing potential of clouds obviously occurs when AT =0,
this clearly represents an extreme circumstance that oc-

curs, for example, in the case of thick fog on the ground.
We propose that a more realistic cooling limit is one
that corresponds to a non-zero value of AT and we use
AT = 2 K for the example given below.

Distributions of the heating and cooling limits of
clouds are presented in Plates 3a and 3b, respectively,
for July 1988. The distribution shown for the heating
limit (Plate 3a) is just the distribution of the longwave
cloud forcing expressed here in heating rate units rather
than in the more usual flux units. Regions of low clouds,
such as over the eastern portions of the subtropical Pa-
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cific and Atlantic Oceans, have a small impact on the
heating, whereas regions of high, cold—top clouds, such
as in the vicinity of the the Asian monsoon, the Pacific
and Atlantic InterTropical Convergence Zones (ITCZs)
and into the northern Pacific, dramatically contributes
to this heating. A relevant highlight of the the cooling
limit distribution (Plate 3b) is the large cooling associ-
ated with regions of low clouds and the persistence of
column heating in regions of deep cloudiness.

6.3. Cloudy Sky Effects Relative to a Moisture
Threshold

It is reasonable to propose that the effects of clouds
on the infrared column cooling in certain regions can
be more tightly defined than given by the bounds il-
lustrated in Plates3a and 3b. For example, under con-
ditions of marine boundary layer stratiform cloud we
may be able to define AF,; with tolerable accuracy in
a manner very similar to that given above where éax
was defined for AT = 2. In fact, the cloud effect on the
column cooling in these regions as shown in Plate 3b,
is probably a reasonable estimate of the actual effect of
these low-level clouds.

We also suggest that where there is a sufficient wa-
ter vapor burden, introduced here in terms a threshold
value of w, the difference between cloudy and clear sky
longwave flux to the ground is sufficiently small that
uncertainties in the value of this difference are also ac-
ceptably small within say 10 W m~2. In these regions
the impact of clouds on the column cooling rate will
thus resemble the heating limit illustrated in Plate 3a.
It thus remains to test this hypothesis and establish the
appropriate threshold value of w.

Flux difference data derived from three different
sources, all displayed in Figure 8 as a function of w, are
used to test this idea. The curves drawn represent the
relationships between AFy obtained from model calcu-
lations, and the symbols are monthly mean flux differ-
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Figure 8. The difference between cloud sky and clear
sky longwave flux to the surface as a function of the
integrated water vapor content. Shown are flux differ-
ences derived from a radiative transfer model, the CSU
GCM, and from the TOGA surface radiation budget
data.
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ences obtained from analyses of the TOGA surface radi-
ation budget and radiosonde data. The horizontal bars
attached to these points indicate the range of variabil-
ity of clear sky w that occurred during the given month.
The solid line is the relationship obtained using monthly
mean flux differences derived from simulations using the
CSU GCM and thus represent a variety of cloud alti-
tude conditions (it is relevant to recall that the CSU
GCM does not have partial cloudiness). The remaining
two curves are a result of radiative transfer calculations
assuming completely overcast conditions with an opti-
cally thick cloud layers located between 8-9 km and 1-2
km, respectively. These calculations were performed us-
ing the Stackhouse and Stephens [1991] model and the
McClatchey et al. tropical atmosphere and, as above, w
was varied by multiplying the specific humidity at each
level by a constant multiplicative factor.

The largest flux differences occur when overcast low
cloud conditions prevail. According to the results pre-
sented in Figure 8, we assume that the monthly mean
value of AFy for w >30 kg m~2 is 15 W m~2 and that
a reasonable measure of the uncertainty of this value is
of the order of 10 W m~2 based on the spread shown in
Figure 8 and on the measured variances of the TOGA
cloudy sky and clear sky longwave fluxes (Table 2b).

The July 1988 and January 1989 cloud heating differ-
ence distributions in regions where w > 30 kg m~2 are
presented in Plates 4a and 4b. This heating is largest in
the western Pacific approaching a magnitude of 0.9 K
d~! which, when contrasted against the results shown
in Plates 2a and 2b, is approximately half of the clear
sky column cooling in these regions. The net longwave
radiative heating of the atmospheric column is then ob-
tained as the sum of the heatings given in Plates 4a and
4b and the clear sky column cooling shown previously
in Plates 2¢ and b. The combined heating distributions
are presented in Plates 4¢ and 4d and these suggest
the presence of a substantial longwave heating gradi-
ents stretching across the tropical Pacific south of the
ITCZ in January (Plate 4c) and north of the ITCZ in
July (Plate 4d). The eastern portions of the tropical
Pacific are regions of prevalent low cloudiness and the
net column cooling in these regions exceeds the clear sky
values which are approximately 2 K d—!. In contrast to
this strong cooling in the eastern portions of the tropical
and subtropical Pacific is the weaker cooling of approx-
imately 1 K d~! in the western Pacific where heating
by deep convective cloud systems (Plates 4a and 4b)
approximately halve the clear sky values of the column
cooling.

The longitudinal radiative heating gradients that are
set up across the Pacific have the same sign as the gradi-
ents associated with latent heating due to precipitation.
The significance of these heating gradients and the pos-
sible circulations they induce is studied by Slingo and
Slingo [1989].

7. Summary and Conclusion

This paper is the final in a series of papers which seek
to explore new uses of global satellite data to study rela-
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Plate 4. (a) and (b) The longwave column heating by clouds in an atmosphere for which w > 30
kg m™2 derived assuming AF, = 15 W m™2 for July 1988 and January 1989, respectively. (c)
and (d) The net longwave column cooling (sum of Plates 2a and 2b and Plates 4a and 4b for
July 1988 and January 1989, respectively, for those regions where w > 30 kg m™2.

tionships between certain aspects of the energy budget
of the climate system and its hydrological cycle. The
motivation, in part, is to develop useful diagnostic tests
of current global climate models. The present paper
introduces a simple method for deriving climatological
values of the longwave flux emitted from the clear sky
atmosphere to the ground and presents a validation of
this approach. A related goal of the research described

in this paper is to apply these fluxes to the calculation
of the column cooling rate of the atmosphere. We con-
sider it appropriate to view this cooling as a fundamen-
tal measure of the activity of the Earth’s greenhouse
effect and the global character of this cooling in turn
as an indirect measure of the Earth’s hydrological cy-
cle. As such, we explore bulk relationships between the
clear sky column cooling rate and the hydrological cy-
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Plate 4. (continued)

cle as diagnosed by the column water vapor amount.
We also explore, in a limited way and for specific re-
gions, how we might assess the effects of clouds on this
longwave cooling although it is clear that a more global
assessment must await use of new satellite data that
will allow us to estimate the contributions by clouds to
the surface longwave fluxes and therefore to the column
heating rates in a meaningful way.

The major results and conclusions of this study are as
follows: 1. SAMSON simulations of the clear sky long-

wave fluxes to space and to the surface are employed
in this study to assist in development of a retrieval of
F,. Simulations of the flux to space, F, as reported

previously by Slingo and Webb [1992], generally match
the ERBE estimates of the same fluxes within 5-10
W m~? with a small bias (of approximately 3 W m~2)
which also happens to be of a similar magnitude and
sign of a reported bias in the ERBE clear sky flux data
[Harrison et al., 1988]. The uncertainty in the SAM-
SON clear sky monthly mean Fj is also probably of the
order of 10 W m~2 although we have little data to
confirm this uncertainty.

2. A new relationship between the ratio of Fy and F
and the column water vapor w is introduced. This rela-
tionship is derived over ocean surfaces that emit as an
assumed blackbody. It is demonstrated using the SAM-
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SON results how this ratio is approximately linear when
w > 20 kg m™2, as predicted by graybody radiative
equilibrium arguments. When the water vapor amount
is below 20 kg m™2, the relationship, while still dis-
tinct, takes on a nonlinear curve of growth form. Inde-
pendent surface longwave flux measurements, combined
with Fo, simulated using measured radiosonde tempera-
ture and moisture profiles in a radiative transfer model,
confirm the existence of this general flux ratio-w rela-
tionship. The extent to which this relationship exists
over land is not explored in this study, although it is
likely that the relation will break down over surfaces
of variable emissivity such as may occur over arid land
regions.

3. A simple linear fit applied over the range w > 20
kg m~2 was carried out to determine the slope and in-
tercept coefficients. The values of these coefficients, to-
gether with SSM/I observations of w and ERBE obser-
vations of the clear sky F,, are used to obtain monthly
mean values of F; over the oceans. Examples of the
results of this simple retrieval are presented and con-
trasted with those from SAMSON and the rms differ-
ence between the retrieved and the simulated fluxes is
46 W m™2, which is considerably smaller than the un-
certainty presently expected from the direct radiometric
measurements of this flux.

4. We use our retrieval of F, from satellite measure-
ments of Fo, and w together with climatological values
of surface pressure and SST to arrive at monthly mean
distributions of the column-averaged clear sky longwave
heating rates and propose that this heating rate has an
uncertainty of approximately £0.2 K d~!. These col-
umn heating rates, when contrasted with the SSM/I
fields of w that were used to produce them, demon-
strate a systematic increase (in cooling) as w increases
in an almost linear manner, as predicted by a simple
analysis given in this paper. Under moist conditions,
where w >40 kg m™2%, the rate of growth of cooling
with increasing w slightly decreases due to a decreas-
ing sensitivity of F, with increasing w. However, when
viewed as a function of SST rather than as a function of
w, the column cooling rate dramatically increases with
increasing SST. This is shown to be due to the increase
of emission from the atmosphere to the surface associ-
ated with increasing w which is linked to the increasing
SST. We deduce that this increase in the flux emitted
from the atmosphere is more than twice the rate of in-
crease of the flux emitted from the surface.

5. Upper and lower bounds on the effects of clouds on
the column cooling rate of the atmosphere are estab-
lished and, furthermore, we demonstrate how the long-
wave effects of clouds in a moist atmosphere where the
column water vapor exceeds approximately 30 kg m™2

may be estimated from presently available satellite data
with an uncertainty estimated to be not significantly
larger than 0.2 K d~!. Based on the approach de-
scribed in section 6, we show how clouds in these rela-
tively moist regions decrease the column cooling by al-
most 50 % of the clear sky values and how we infer the
presence of significant longitudinal gradients in column
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radiative heating across the equatorial and subtropical
Pacific Ocean.
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