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ABSTRACT

The quantification of cloud-induced shortwave atmospheric absorption is a painstaking task and often the
subject of contention. Several analytical methods previously used for this purpose are examined in detail applying
each method to a set of collocated satellite and surface measurements of radiant fluxes taken in April of 1994
in Oklahoma. It is demonstrated that, if care is not taken, conclusions regarding cloud-induced absorption can
be as much a function of the chosen analytical methods as they are of the data themselves. It is argued that the
best method for determining the cloud radiative forcing ratio is from the slope of a plot of the cloud radiative
forcing ratio at the surface versus the cloud radiative forcing at the top of the atmosphere and/or a normalized
analog. Application of this method shows that clouds in Oklahoma, on average, induced an absorption of 4%
more of the solar insolation than did clear sky. An examination is made of three recent papers that have reported
cloud-induced atmospheric absorption in large excess over that which has been generally considered possible.
It is shown that, once uncertainties and biases in the analytical methods are considered, the results of all three
papers are consistent with conventional formulations of cloud—radiation interactions.

1. Introduction

Exactly how much shortwave atmospheric absorp-
tion is induced by clouds has long been a vexing
question; it is the subject of many papers and much
debate (e.g., Robinson 1959; Reynolds et al. 1975;
Herman 1977; Slingo and Schrecker 1982; Stephens
and Platt 1987; Foot 1988; Rawlins 1989; Nakajima
et al. 1991; Chou et al. 1995; Hayasaka et al. 1995;
Li et al. 1995, 1996; Wiscombe 1995). Many obser-
vational studies indicate that cloud-induced absorp-
tion may be somewhat larger than those predicted by
numerical models. Various explanations for such
‘‘anomalous absorption’’ have been advanced in-
cluding : differences between actual droplet size dis-
tributions and those used to infer absorption from the
backscattering, the presence of absorbing aerosols in
clouds, inaccurate modeling of the water vapor con-
tinuum, and the inability of either measurements or
models to accurately account for cloud heterogenei-
ties [for a summary see Stephens and Tsay (1990)
and references therein].

Quite distinct from these previous discussions, three
recent studies have appeared, which, together, argue
that one particular measure of cloud absorption, the
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cloud radiative forcing ratio (vide infra), is as large as
1.5 (Cess et al. 1995; Ramanathan et al. 1995; Pilew-
skie and Valero 1995). Such a ratio is much larger than
the 0.9—-1.2 commonly predicted by general circulation
models (GCMs) and suggests a cloud-induced absorp-
tion so large that, if it were to exist, it would call into
question our basic understanding of cloud-radiation
interactions (Stephens 1996, manuscript submitted to
Science); mdeed one of these new papers suggests the
possibility of a ‘‘missing physics.”’

Measurements of atmospheric radiative fluxes are
notoriously difficult to interpret. Given the highly vari-
able nature of the data, and numerous past conflicting
reports, it is clear that the conclusions that are derived
from a given set of radiometric data are highly depen-
dent on the details of both the experiment and the anal-
ysis. We present in this paper an analysis of collocated
satellite and surface measurements of shortwave (SW)
fluxes for the intensive observing period (10P) of April
1994 at the Atmospheric Radiation Measurement
(ARM) site in north-central Oklahoma. Our purpose is
to use the high-quality ARM data to examine and com-
pare various methods that have been employed in cal-
culations of the cloud radiative forcing ratio (CRFg),
with an emphasis on the analysis of possible errors. We
demonstrate that conclusions regarding anomalous ab-
sorption can be as much a function of the chosen ana-
lytical methods as they are of the data themselves. Fur-
thermore, we show that the ARM IOP dataset clearly
excludes cloud-induced absorption of the magnitude
recently reported.
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This paper is constructed as follows. In section 2, we
present technical information (sources of data, etc.). In
section 3, there is a preliminary introduction to cloud
radiative forcing (CRF) and the CRFg, followed by a
comparative study of the various analytical methods
used to calculate CRFk. Each method is applied to the
ARM IOP dataset. Section 4 is a case study of the effect
of clouds on SW radiation at the ARM site during the
IOP. Finally, in section S, we reexamine the three re-
cent reports of large excess absorption and demonstrate
that, once reasonable uncertainties are considered, the
results given in these studies do not require the invo-
cation of a ‘‘missing physics.”’

2. Technical

Two sets of surface radiation data were obtained
from the central facility of the southern Great Plains
CART (Cloud and Radiation Test Bed) site of the
ARM Program located in Oklahoma at (36.61°N,
97.49°W). Upward and downward broadband SW ir-
radiances were obtained from the Solar and Infrared
Radiation Observation Station (SIROS ) for 7-27 April
1994. Direct and diffuse surface insolation was ob-
tained from the ARM Broadband Solar Radiation Net-
work (BSRN) from 7 through 30 April. Comparisons
of SIROS and BSRN show that the average surface
insolation as measured by the two instruments for this

period (7-27 April 1994) differed by only 3 W m™2,

The data were supplied with 1-min time resolution. For
comparison with satellite data, 30-min averages (15
min on each side of the satellite data) were calculated.
Temporal averaging is intended to minimize errors due
to unequal spatial coverage by the satellite and surface
detectors. Surface albedo was calculated from the SI-
ROS up- and down-looking radiometers and averaged
0.205 over the month.

Fluxes at the top of the atmosphere (TOA) were ob-
tained from GOES-7 (Geostationary Operational En-
vironmental Satellite), every 30 min from 1330
through 2330 UTC each day during the IOP, on a 0.3°
X 0.3° grid centered on the central facility. The fluxes,
derived specifically for comparison with ground data
recorded during the IOP, were calculated as described
in Minnis et al. (1995). The processing included a con-
version of the calculated narrowband (0.55-0.75 pm)
visible fluxes to broadband (0.2-5.0 pm) fluxes, based
on intercomparisons of previously obtained ERBS
(earth radiation budget satellite ) broadband and GOES-
6 narrowband data. The actual tabulation consists of
TOA albedos, which must be combined with TOA in-
solation to derive the fluxes. Along with the observed
TOA albedos, the satellite product also included the
expected clear-sky albedo for each pixel for the ex-
tant SZA.

We calculate the TOA insolation I, as

lo, = 1365772 cos(SZA) = 1365y,
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where SZA is the solar zenith angle, r is the earth—sun
distance in astronomical units (AU) and the insolation
(W m™?). The orbital correction is virtually constant
throughout April in Oklahoma so that y' is essentially
proportional to the cosine of the SZA. Figure 1 shows
the TOA and surface net fluxes plotted as functions
of u'.

There are two commonly used conventions for re-
porting atmospheric radiation data; one gives values
averaged over 24 h while the second, referred to here
as ‘‘day-side,”’ gives values averaged over u' larger
than some minimum value, usually 0.2—0.3. The sat-
ellite derived data on which this paper is based include
all SW fluxes with y’ greater than 0.25. Day-side av-
erage fluxes for the (April) ARM IOP data are greater
by a factor of 2.3 than 24-h averages; fractional ab-
sorptions and other ratioed values are virtually identi-
cal. Throughout this paper whenever we compare our
results with those of others, we attempt to follow their
convention to make the comparison easier.
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F1G. 1. Net fluxes at the top of the atmosphere (upper panel) and
the surface (lower panel) for the entire (all sky) ARM IOP (SIROS)
dataset. The fluxes are plotted against x’, which closely approximates
the cosine of the solar zenith angle. In the top panel the subset of
points denoted by filled circles are those assigned as clear sky by the
GOES product. Surface clear-sky identification is the subject of Figs.
2,3, and 4. :
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In this paper we treat the satellite (GOES) data as
given, although in our opinion a major question exists
relating to the conversion of the satellite narrowband
visible observation to the required broadband infor-
mation. The validity of the use of a satellite that is
completely blind to the near infrared to study atmo-
spheric absorption, which is almost entirely a near in-
frared phenomenon is not clear. These problems are
exacerbated by the relatively loose correlation between
the broadband and near-infrared terrestrial surface re-
flectance (Li et al. 1993). We defer this question to a
separate study where it will be addressed in detail.

3. Calculating the cloud radiative forcing: A
comparative study of analytical methods

At least four different methods have been employed
in the past for the purpose of deriving the CRF; from
collocated satellite and surface data. In this section we
apply each of these methods to the current data from
the Oklahoma ARM site. First, we review the definition
of the CRF; and the quantities from which it is derived
to make our subsequent analysis clear.

Cloud radiative forcing is defined as the difference
in net SW flux (i.e., downwelling minus upwelling)
between a given atmosphere, and the very same at-
mosphere with the clouds removed. We denote these
two fluxes as the all-sky flux “F and the clear-sky
flux °rF,

At the surface the cloud radiative forcing is

CRF, = “F, ~ °F,, (1)
and similarly for the TOA we have
CRFtoa = aFloa - C]rFtoa‘ (2)

The difference of the two forcings, 6cgr = CRF,,
~ CRF, is the radiative power absorbed by the atmo-
sphere due to the presence of clouds. The cloud
radiative forcing ratio CRFy, is defined to be an aver-
aged (mean) quantity (unless specifically stated other-
wise):

CRF; = CRF,/CRF,,. (3)

The CRF is defined such that it is a measure of the
radiative effect of clouds on the entire atmospheric col-
umn and as such has climatic implications. CRF; is a
measure of how much less SW radiation is absorbed at
the surface due to the presence of clouds while
CRF,, is a measure of how much of that ‘‘missing’’
radiation is reflected back to space. If CRF, = CRF,,,
this implies that all the radiation that is ‘‘missing’” at
the surface has been reflected back to space, in other
words the absorption by the entire atmospheric column
is the same whether the clouds are present or not, the
clouds are ‘‘neutral,”” and CRF; = 1. Similarly,
CRF; > 1 implies that absorption by the entire atmo-
spheric column for cloudy sky must be larger than that
for clear sky. Note that an average CRF; near unity in
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no way implies that clouds do not absorb SW radiation.
It is only a fortuitous consequence of the way clouds
tend to redistribute the absorption throughout the at-
mospheric column, such that the net result is that the
total atmospheric absorption by clouds and gases is ap-
proximately the same as the absorption by the gases
alone when clouds are not present. We must also keep
in mind that CRF;’s averaged over short periods can
be highly variable, depending on the specific atmo-
spheric conditions such as cloud amount, cloud height,
humidity, and SZA.

Superficially, it seems a rather straightforward task
to evaluate the CRF; given collocated, surface, and sat-
ellite radiation measurements. However, as we show
below, derived values of CRF and CRF;, are extremely
dependent on the details of the chosen analytical pro-
cedure, in particular, the exact definition of ‘‘clear
sky.”” This sensitivity to detail is a consequence of the
need to evaluate small differences between large and
highly variable numbers; it is the major source of forty
years of controversy.

a. The direct CRF and CRF ratio method

We first examine what we term the ‘‘direct method”’
in which CRF, and CRF,,, are evaluated directly as the
differences between clear- and all-sky net fluxes, in
strict conformance with the definitions of Eqs. (1) and
(2), and the CRF; is evaluated from Eq. (3). The *‘all-
sky’’ dataset comprises the data points as observed, and
thus is well defined. In contrast, ‘‘the clear sky’” subset
of the data is a conceptual tool subject to various pos-
sible definitions. For example, in Ramanathan et al.
(1995) clear sky is effectively defined for each all-sky
datum as the complementary and hypothetical atmo-
sphere, which would result from removing only the lig-
uid water while leaving all else (e.g., gaseous water
and aerosols) untouched. The definitions used by Cess
etal. (1995 and 1993) differ significantly, in that clear-
sky references were empirically defined as various av-
erages of experimentally measured fluxes during times
when the sky had been identified as free of clouds. To
put this in perspective, we note that surface fluxes un-
der cloud-free skies can vary by over 50 W m™? due
just to normal fluctuations in aerosol loading and hu-
midity (Li et al. 1993). These variations in what might
be empirically chosen as the clear-sky reference are
comparable in magnitude to the difference between
what is considered to be normal and anomalous atmo-
spheric absorption. We need, therefore, a special em-
phasis on how the clear-sky reference is theoretically
defined and, separately, determined from the data.

The all-sky data were shown in Fig. 1. To calculate
the CRF, and CRF,,,, we need now only to choose the
clear-sky references (TOA and surface) for each SZA.
To generate the clear-sky reference fluxes we adopt an
empirical procedure and fit a smooth function through
a subset of points that are considered to represent clear
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FIG. 2. Lines representing three different clear-sky references su-
perimposed on plots of the half-hour net fluxes at the surface. Each
clear-sky reference is derived from a smooth fit through the subset
of clear-sky points assigned on the basis of the (a) upper-envelope,
(b) temporal inspection, and (c) satellite scene identification. The
different ways of assigning ‘clear sky’’ lead to significantly different
values for the surface cloud radiative forcing and thus the CRF ratio
(see also Table 1).

sky. In essence, the derived function represents the av-
erage, clear-sky net flux for any SZA. This function is
then used as rthe clear-sky reference. The freedom in
this method lies in how one chooses to assign data
points as belonging to the clear-sky subset; the details
. of this choice can have a dramatic effect on the derived
value of the CRFy. For illustrative purposes we use
three different criteria for assigning points to the clear-
sky subsets, and derive the corresponding value of the
CRF;. The effect of these choices on CREF, is illustrated
in Fig. 2. '

1) CLEAR-SKY REFERENCE BY THE UPPER-ENVELOPE
METHOD

This method was used in a recent paper by Cess et
al. (1995). The premise of the method is that atmo-
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spheric transmission is maximized for clear sky con-
ditions so that the maximum observed flux for each
SZA is a reasonable representation of the clear sky; the
clear-sky subset is composed solely of these points.
This method tacitly assumes that clear sky has well-
defined properties. In reality, however, clear-sky fluxes
vary from day to day and season to season. For ex-
ample, Fig. 3 illustrates four, clear mornings during the
April ARM IOP in Oklahoma with differences in sur-
faces fluxes (Fig. 3b) of 15-20 W m™2. Obviously,
seasonal variations in clear-sky net fluxes are expected
to be much larger.

As implied by its name, the upper-envelope method
yields a clear-sky reference consistent with the clearest
of clear skies, thus producing the maximum magnitude
possible for CRF, and hence a maximum CRF, (fluxes
measured at TOA exhibit much smaller fractional vari-
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FiG. 3. Net surface fluxes for four different clear mornings (1, 3,
16, and 26 April) at the Oklahoma ARM. The top panel illustrates
the smooth curves indicative of clear sky (the absence of clouds is
confirmed by the satellite scene identification and also the measured
ratio of diffuse to direct surface insolation). The lower panel shows
the differences between the fluxes pictured in the top panel and a
smooth fit through one of them. In this second graph the fluxes have
been compared by ' and the differences are due entirely to differ-
ences in the (clear) atmosphere (e.g., humidity and aerosol loading).
The lower panel shows that differences in the surface clear-sky net
fluxes can be as high as 20 W m™? during a single month.
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ations). For illustrative purposes we have chosen here
only the very uppermost points at each solar zenith an-
gle, as illustrated in the upper panel of Fig. 2. This
manner of choosing a clear-sky reference yields CRF,
= —185 Wm™? and for the TOA, CRF,, = —138
W m™2. The additional absorption due to clouds, §cgr
= 47 W m™2, is comparable to the variations in clear
sky, which are shown in Fig. 3b. The resultant CRF,
is 1.35, which might be considered to be consistent with
a large SW cloud-enhanced absorption.

In applying this method we found it to be highly
subjective in that the final clear-sky reference one ob-
tains depends strongly on how fine a sampling in SZA
one uses when binning the data. Further, as was pointed
out by Cess et al. (1995), under broken cloud cover,
the maximum surface fluxes can sometimes result from
side reflections from clouds which will generate fluxes
higher than those of clear sky. Unfortunately, there is
no way to recognize these points in the usual plot of
flux versus p'.

2) CLEAR-SKY REFERENCE BY TEMPORAL
INSPECTION OF SURFACE DATA

The high-temporal-resolution ARM data allow an
identification of clear sky by a simple inspection of the
1-min averages of downwelling surface radiation plot-
ted against time of day. Figure 4 illustrates two days of
such data; 3 April was mostly clear with clouds in the
late afternoon, whereas 13 April had a clear morning
and cloudy afternoon. Clouds leave a signature, rec-
ognized as noisy traces, both in the (diminution of)
total radiation and in the (increased) ratio of diffuse to
direct radiation. We inspected plots of the type shown
in Fig. 4 for the entire month of April and chose only
sections where the data appear smooth for a few hours
at a time. Clear-sky points assigned in this fashion ex-
hibited a spread of 20 W m~? about the surface clear-
sky reference generated from them. This reference, la-
beled ‘‘temporal inspection’’ in Fig. 2, is on average
12 W m™? lower than that from the upper-envelope
method, and the mean surface forcing is thus also 12
W m~2 lower (in magnitude) CRF, = —173 W m™,
The corresponding TOA clear-sky reference yields a
CRF,, = —136 W m™2, essentially the same as the
—138 W m™2 by the upper-envelope method. The cgg,
which now results in 37 W m~2 and the cloud forcing
ratio, CRF; = 1.27, is smaller than that calculated with
the upper-envelope method.

3) CLEAR-SKY REFERENCE FROM SATELLITE SCENE
IDENTIFICATION

The clear-sky reference can also be assigned on the
basis of satellite scene identification. A scene is iden-
tified by the satellite as clear sky on the basis of both
infrared and SW fluxes. For the satellite data that we
use here the GOES-7 product includes, for every 30-
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FiG. 4. Total surface insolation and the ratio of diffuse to direct
insolation for two representative clear-sky days (3 and 4 April). The
indicated sections have been assigned as clear sky on the basis of
their smooth insolation curves and a low ratio of diffuse to direct
insolation, in accord with the ‘‘temporal inspection’’ method.

min snapshot, an observed TOA albedo and a refer-
ence, clear-sky TOA albedo. CRF,,, can then be eval-
uated directly as

CRFtoa = Itoa(aatoa - (4)
Here I, is the TOA insolation and “a,, and “a,,, are
the observed and the clear-sky reference TOA albedos.
This procedure produces a clear-sky reference based
strictly on what the satellite product identifies as clear
sky. (These TOA clear-sky points are labeled as solid
circles in Fig. 1.) We prefer this method in that the
algorithms used to derive total TOA fluxes (from the
narrow-angle, narrowband radiances observed by the
satellite) also require identification of fractional cloud
cover and, thus, are consistent with the satellite scene
identification of clear sky, but perhaps not with other
clear-sky choices. For the current dataset this method
gives CRF,,, = —136 W m™2, in good agreement with
other methods.

Since the TOA clear-sky reference, and, thus, the
CRF,., are determined on the basis of the satellite
scene ID, for the CRFy to have a physical meaning the
surface clear-sky data need to be assigned in the same
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