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Abstract.

A broadband parameterization that improves the quantitative estimates of

the solar radiative characteristics of low clouds is developed using reference solutions.
The accuracy of the parameterization in determining the shortwave cloud absorption
for a wide variety of low-cloud conditions is better than 20%. Other broadband
treatments, which do not adequately account for the influences due to above- and in-
cloud water vapor and water drop extinction, are also considered to investigate the
sensitivity to these factors. The computed northern hemisphere summertime fluxes
reveal that (1) the absorbed solar flux in low clouds (F,) is overestimated at high
latitudes if the effect of attenuation by the above-cloud vapor is ignored in the
determination of the water drop absorption, (2) F s is underestimated in the tropical
regions if in-cloud vapor absorption is not considered, and (3) the conservative
scattering assumption for drops yields a substantial underestimate of F,;, at most
latitudes. General circulation model simulations with fixed sea surface temperatures
and cloud amounts further highlight the significance of the vapor and drop optical
properties. Differences in the broadband treatment of the radiative interactions with
vapor and drops in low clouds introduce changes in the solar fluxes absorbed by the
atmosphere and the surface; for the cases considered here, the solar flux change at the
top of the atmosphere differs in sign from that at the surface. The flux differences bring
about changes in vertical motion and precipitation; these, in turn, are accompanied by
perturbations in the various components of the land surface heat (e.g., latent and
sensible heat losses) and moisture (e.g., soil moisture, evaporation) budgets. For
approximately similar solar flux differences the changes in the vertical motion,
precipitation, and land surface parameters are dissimilar in the tropical and the
midlatitude continental regions. Thus because of the adjustments in the atmosphere and
the coupling between the atmosphere and the land surface processes, solar flux
differences due to biases or deficiencies in the radiative treatment of vapor and drops
affect the simulation of the hydrologic fields and the heat balance, including the

atmospheric and land surface temperatures.

1. Introduction

The solar radiative interaction with water drops and vapor
in the cloudy atmospheres of general circulation models
(GCMs) is traditionally treated using broadband methods.
For example, broadband parameterizations of Lacis and
Hansen [1974, hereinafter referred to as LH] and Slingo
[1989] are used for calculating the solar flux scattered and
absorbed by clouds in several GCMs. An important general
concern with broadband treatments is the need to satisfac-
torily account for the complicated spectral details of the
near-infrared solar interactions, such as the effect of drop
scattering on the water vapor absorption inside the cloud and
that due to the overlap of the water vapor and drop absorp-
tion bands [Ramaswamy and Freidenreich, 1992, hereinafter
referred to as RF2]. These interactions involve the convolu-
tion of the spectrally dependent values of three different
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physical entities: (1) the solar irradiance, (2) the absorption
features of the water vapor molecule, and (3) the single-
scattering properties of water drops.

In this study, high-spectral-resolution results for overcast
skies are determined corresponding to a range of atmo-
spheric situations. The reference results are then used to
develop and test the accuracy of simple empirical expres-
sions for the transmission and reflection by low-cloud layers
(section 2). Section 3 compares the zonal mean solar fluxes
obtained using the new parameterization with those from three
other broadband treatments and thereby examines the radia-
tive effects due to vapor and drops. Section 4 discusses the
sensitivity of the atmosphere and land surface simulations in a
GCM to different solar broadband treatments of low clouds.
Analyses of the GCM experiments highlight the roles of the
drop and vapor optical properties and the influence of their
solar spectrum interactions upon the surface-atmosphere sys-
tem. Section 5 summarizes the findings of this study.

2. Methodology for New Broadband
Parameterization

Ramaswamy and Freidenreich [1991, hereinafter referred
to as RF1] developed a technique to compute the near-
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infrared interaction of water vapor absorption and cloud
extinction by approximating the scattering process with the
delta-Eddington (DE) method [Joseph et al., 1976], while
maintaining the line-by-line (LBL) structure of water vapor
absorption (for details on the method the reader is referred to
the VC2 technique described by RF1; we will refer to it as
the LBL + DE method in this paper). We employ this
method for generating the reference results for overcast
skies. The spectral interval 0-18000 cm™' (wavelengths
longer than 0.55 wm) is the basis for the broadband param-
eterization. The insolation in this interval is 966 W m ~2. The
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single-scattering properties of the water drops are described
in terms of the cloud liquid water path (LWP) and effective
drop radius (r,) [Slingo, 1989].

RF2 showed that the broadband treatments of the spec-
trally dependent absorption due to drop and vapor inside the
cloud and the spectral attenuation by the vapor above the
cloud affect the accuracy of the cloud reflection and trans-
mission, particularly for low clouds. The quantities that have
a direct effect on the broadband cloud layer solar radiative
properties, besides cloud LWP and r,, are water vapor
inside the cloud, water vapor above the cloud, solar zenith
angle 6, and surface albedo a.. While the range of possible
values for each of the above parameters is vast, we attempt
to reduce the number of variables and thereby construct an
empirical parameterization for the radiative properties of
cloud layers in the lower troposphere.

We assume the cloud r, to have a nominal value of 10 um.
Since most clouds in the lower troposphere exhibit a droplet
mode radius between 5 and 15 um [Mason, 1971; Stephens,
1979], the r, chosen is probably reasonable for the low-lying
water clouds, which are the focus of this study. The solar
zenith angle is assumed to be 53°; this is an approximate
intermediate value of the solar zenith angle. A zero surface
albedo is assumed; this simplifies the multiple-scattering
effects by excluding the reflected upward flux from the
surface. All the cloud layers considered in the calculations
have their cloud tops fixed at 800 mbar since our aim is to
have a parameterization for low-lying water clouds. The
fixed cloud top level restricts the range of the impact due to
the water vapor above the cloud (RF2) by assuming it to be
nearly a constant; this further reduces the number of vari-
ables to be considered in the parameterization. In view of the
above considerations, only two parameters remain as vari-
ables, namely, cloud optical depth and the in-cloud water
vapor. Subsequently, we test the parameterization to varia-
tions in various parameters.

We assume that the broadband transmissivity of a cloud
layer consisting of water drops and vapor can be obtained by
the transmissivity of the water droplets multiplied by a
factor, termed here as ‘““VFT.”” VFT accounts for the effect
of water vapor absorption inside the cloud. It also accounts
for the differences in the details of the spectral interactions
between the reference (LBL + DE) and the broadband drop
radiative properties derived here. Thus we write

TLBL+DE(T drop> W)
VFT(Tdmp, W)= LBL+D. drop

(1

T, ,drop( T drop)
where

TI dro

,drop

Tl,drop(Tdrop) = To,drop(Tdrop) T (2
O,drop 90=53o
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The various quantities in (1) and (2) are identified below.

cloud layer transmissivity calculated using the
LBL + DE method;
drop transmissivity calculated using the solar
spectral irradiance at cloud top;
drop transmissivity calculated using the solar
spectral irradiance at the top of the
atmosphere;
Tarop drop optical depth;

W water vapor amount inside cloud layer.

Tyi+pE
TI ,drop

T0,drop

T arop is calculated following Slingo [1989] and represents
the transmissivity as if there were no water vapor above or
inside the cloud and with only drops being present in the
atmosphere. In (2) the ratio (7 g.0p/Tg,drop) is used to
obtain the drop transmissivity appropriate at the cloudtop
level; this implicitly includes the effect of water vapor

attenuation above the cloud. The ratio can be written as

(M) _
T .
vererl o= J To arop(¥)So(¥) dv f Si(v) dv
Av Av

(3)

where S is the insolation at the top of the atmosphere and
S is the solar flux incident at the top of the cloud layer. The
calculation is performed with the solar zenith angle fixed at
53°.

Similarly, the reflectivity of the cloud layer is assumed to
be the broadband reflectivity of the cloud droplet multiplied
by another factor ‘““VFR,”’ which is analogous to VFT,

f To,drop(¥)S(v) de So(v) dv
Av Av

R (7 drop> W)
VER(rgrops W) = LBL+DE(T drop @
R, ,drop( T drop)

Rl dro

9 p

R, drop(T drop) = R0, drop( T drop) ( R )]
0,drop 0,=53°

The relevant quantities in (4) and (5) are identified below.

R prL+pe cloud layer reflectivity calculated by using the
LBL + DE method;

drop reflectivity calculated using the solar
spectral irradiance at cloud top;

drop reflectivity calculated using the solar
spectral irradiance at the top of the
atmosphere.

Rl,drop

RO,drop

(R} drop/R0,drop) €an be written in a manner analogous to

3):
Rl,drop
RO,drop 9=53°
f RO,drop(V)Sl(V) dv f So(v) dv
Av Ay

= (6)
J R0, arop(¥)So(v) dv f Si(v) dv
Av Av

Note that VFT and VFR are not only functions of the
amount of vapor inside the cloud but also depend on the drop
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Figure 1. (a) Reference results and (b) the relative accu-

racy of the solar flux absorbed within low-cloud layers due to
the new parameterization, as a function of cloud drop optical
depth and in-cloud vapor amount.

optical depth since the multiple scattering by the droplets
enhances the absorption by the vapor. The transmissivity
(equation (2)) and reflectivity (equation (5)) of cloud drops
are calculated using the solar spectral irradiance incident at
the top of the cloud layer, instead of at the top of the
atmosphere.

(T, arop! To, drop) g, = 53° a0d (R drop/ R0, drop) g, = 53¢ are calcu-
lated using the reference values of downward solar fluxes at
the top of the atmosphere and at the top of the cloud, as
appropriate for a solar zenith angle of 53°. The single-
scattering properties considered correspond to the spectral
bands 8 to 24 of Slingo [1989]. For wavelengths longer than
4 pum (which was not included in Slingo’s tabulation), the
drop single-scattering parameters are obtained in the same
way as in RF2.

The atmospheric profile used for constructing the param-
eterization is the midlatitude summer atmosphere [Mc-
Clatchey et al., 1972], with water vapor as the only gaseous
absorber. Nine cloud drop optical depths Tdrop are chosen.
The range of 74, is from 0.625 to 160. Most Tdrop Values of
low clouds are likely to be within this range [Rossow and
Lacis, 1990]. The in-cloud vapor W depends on the cloud
geometrical layer thickness chosen. The vapor is always
assumed to be at its saturated value in the cloud layers. Eight
different geometrical thicknesses (800-820 to 800-960 mbar)
are considered. The corresponding water vapor amounts for
these eight thicknesses are 2.26 to 20.85 kg m ~2. There are,
thus, a total of 72 cloud cases, covering a wide range of Tdrop
and W combinations for low-lying clouds.

The empirical factors VFT and VFR are determined using
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(1)~(6) and are represented by a polynomial series in Tdrop
and W (Appendix). The relative errors in the fits are less than
1%. VFT and VFR range in values from 0.74 to 1 and from
0.95 to 1, respectively, implying that the vapor effects and
the broadband aspect of the parameterization reduce the
cloud transmissivity and reflectivity compared to the case
when only drops are considered.

We consider next the application of our parameterization
to the broadband treatment of solar radiative transfer in
vertically inhomogeneous overcast atmospheres. The prod-
ucts VFT(Tdrop’ W) (Tl,drop(Tdrop)) and VFR(Tdrop’ W)
(R} darop(Tarop)) vield the near-infrared fluxes transmitted and
reflected, respectively, by the cloud layer consisting of drops
and vapor. If the broadband attenuation by vapor in the
other atmospheric layers is given by some appropriate
formulation, then the cloud layers and the vapor-only layers
of the atmosphere can be combined by the usual “‘adding”
method [e.g., Coakley et al., 1983]. In this work we use the
modified LH method to compute the absorption due to the
vapor outside of the cloud (RF2). Because of the use of this
scheme, the incident solar downward flux at the top of a low
cloud becomes slightly different from that obtained using the
LBL + DE method. However, the difference between the
two schemes is <2% for a zenith angle of 53°, indicating that
this is not an important issue.

The one-dimensional broadband radiative transfer model
for the vertically inhomogeneous atmosphere is the same as
in the work of Ramaswamy and Chen [1993, hereinafter
referred to as RC], with the exception of the new cloud
radiative parameterization. Low cloud is the only cloud type
assumed for present purposes while surface albedo is zero.
The incident solar flux at the top of the atmosphere is 579 W
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Figure 2. As is Figure 1 except for the upward solar flux at
the top of the atmosphere.
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Table 1. Reference Computations of Absorbed Flux (W m~2) in Clouds and Relative
Errors (%) Using the New Parameterization

Tdrop = 1 Tdrop = 10 Tdrop = 100

Case W m ™2 % W m™2 % W m 2 %
0y = 50.2 3 98.1 -5 145.8 2
0y =75 13.3 9 14.4 17 20.0 12
re = 5 pum 30.6 -2 40.8 —11 53.1 -3
re =15 um 33.2 4 56.0 7 79.8 10
ag. = 0.1 33.1 =1 49.8 1 67.6 6
ag. = 0.8 41.2 -12 57.6 9 68.9 10
900- to 920-mbar cloud 10.5 18 31.5 14 55.9 11
600- to 900-mbar cloud 78.2 -29 87.0 -18 88.9 -1
SAW atmospheric profile 20.0 —48 44.4 —-14 73.3 -8
TRP atmospheric profile 31.6 18 47.7 9 65.2 10

Results are obtained for three drop optical depths (cited for the visible spectrum) and for conditions
that represent departures from the nominal case. The nominal case is the midlatitude summer profile,
with r, = 10 um, solar zenith angle 6, = 75, surface albedo ag. = 0.0. SAW and TRP denote
subarctic winter and tropical profiles, respectively.

m 2 (0-18000 cm ™! spectrum) for a zenith angle of 53°. The
accuracies of the fluxes absorbed by the cloud, reflected at
the top of the atmosphere, and transmitted to the surface are
shown in Figures 1, 2, and 3, respectively, for various drop
optical depths and in-cloud vapor amounts.

- Figure 1 shows the reference value and the relative errors
in the absorbed solar flux within cloud layers (F,,). As
expected, F,,, increases with drop optical depth and in-
cloud vapor amount (Figure 1a). The relative errors in F
with the new parameterization are less than 5% in most cases
(Figure 1b). The upward solar flux at the top of the atmo-
sphere (F,,) increases with drop optical depth (Figure 2a).
It also decreases slightly with an increase in water vapor
amount inside the cloud. The relative errors in F,,, are less
than 2% (Figure 2b). The downward solar flux at the surface
(F &) decreases with increasing drop optical depth and, to a
lesser extent, with increasing in-cloud vapor amount (Figure
3a). Though the relative errors in F . exceed 10% for larger
drop optical depths (Figure 3b), the absolute values of the
errors are less than S W m 2.

As stated earlier, the empirical broadband parameteriza-
tion has been deduced using a fixed value of solar zenith
angle, effective radius, surface albedo, atmospheric profile,
and low-cloud geometrical thicknesses less than 160 mbar.
We perform a limited number of sensitivity tests to deter-
mine the error in F,,, when conditions different from the
above are considered (see Chen [1994] for more details).
Table 1 lists the reference value and the relative errors under
different conditions. In each case, except for the variable
under consideration, all other parameters assume nominal
values as stated earlier. There are some cases with relative
errors exceeding 15%. However, the absolute errors are less
than 10 W m 2, except when the cloud is located between
600 and 900 mbar and the drop optical depth is less than 10.
Thus the empirical parameterization, with an explicit depen-
dence on only two variables, should yield reasonably accu-
rate results for a variety of low-lying cloud cases.

3. Comparisons With Other Broadband
Parameterizations and Zonal Mean Differences
3.1. Other Broadband Parameterizations

To place the new parameterization in perspective and to
highlight the characteristics of the solar vapor-drop interac-

tions, we consider other methods proposed in the literature
and compare them with that developed here.

Method I (same as technique A in RF2) uses a Slingo
[1989] type formulation to determine the cloud radiative
properties and ignores the influences due to the above-cloud
vapor absorption on the computation of the broadband drop
reflection and transmission. It also ignores in-cloud vapor
absorption.

Method II (same as technique B in RF2) assumes that the
cloud layer reflection is independent of the in-cloud vapor.
The total transmission by the cloud layer is assumed to be
the product of two separate transmission functions: the
transmissivity of the drops and that due to vapor; but, like
method I, it ignores the effect of the above-cloud vapor on
the determination of the broadband drop radiative proper-
ties. The effect of drop multiple scattering on the enhance-
ment of the absorption by the in-cloud vapor is also ex-
cluded.

Method III, which has its origins in LH, is similar to II,
except now the cloud droplets are considered to be pure
scatterers. Only in-cloud water vapor absorption is assumed
to contribute to the cloud layer absorption. Method IV
employs the new broadband parameterization.

From the RF2 study, the water vapor inside and above
cloud have distinct impacts on cloud layer absorption.
Neglect of the former underestimates the cloud layer absorp-
tion, while neglect of the latter serves to overestimate the
drop absorption by considering an increased solar flux
incidence at the cloud top.

3.2. Comparative Accuracy of the Zonal Mean Solar
Fluxes

We compare the latitudinal distribution of the solar fluxes
obtained from using the four different parameterizations. In
contrast to the previous section we now consider three levels
of clouds, the entire solar spectrum, and a GCM’s zonal
mean climatology. The effective drop radius (r,) is assumed
to be 10 um for all clouds. The cloud liquid water paths
(LWPs) for high, middle, and low clouds are fixed at 0.007,
0.025, and 0.08 kg m 2, respectively. The choice of LWP
and r, considered yields a low-cloud drop optical depth of
12.7. Latitudinally dependent cloud amounts and heights,
atmospheric profiles, and surface properties are the same as
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in the VIZSC experiment described in RC and constitute the
““control’’ climatology of a R15 GCM [Manabe and Broc-
coli, 1985]. The low-cloud cover ranges from 14% to 75%
(RC), with most of the tropical regions having a 30% cloud
amount. The solar radiative algorithm employed is the same
as in the Manabe-Broccoli study, with the radiative effects of
carbon dioxide and ozone included. The solar radiative
properties of middle and high clouds are determined using
the Slingo [1989] formulation and the delta-Eddington
method [Joseph et al., 1976] for drops; that is, Rg grop and
Ty, d4rop»> as discussed in section 2, are computed for these
clouds and assumed to represent the cloud properties. Note
that vapor effects are less important for the solar radiative
properties of high and middle clouds. The reflectivity and
transmissivity of the low clouds are determined according to
each of the four methods. The cloud reflection and transmis-
sion are calculated in the UV and visible using bands 1-10 in
Slingo’s [1989] table and, in the near infrared, using bands
11-24. VFT and VFR are assumed to be 1 for the (visible)
spectral range =18000 cm~! (i.e., the above-cloud and
in-cloud vapor do not affect the drop reflection and trans-
mission, since water vapor possesses negligible absorption
in this range).

The zonal mean solar radiative fluxes depend on the
available insolation, water vapor, and cloud cover. For
example, the equatorial region has a total solar (visible plus
near infrared) insolation of about 420 W m 2 throughout the
year, while at midlatitudes it is 500 W m 2 during summer.
There is more moisture in the summer hemisphere than in
the winter hemisphere. The existence of the high and middle
clouds reduces the sensitivity due to low-cloud properties.
Higher surface albedo in the polar regions also reduces the
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Figure 4. Differences (June, July, August averages) in the
zonal mean solar flux (W m~2) (a) absorbed by the cloud
(Faps), (b) reflected at the top of the atmosphere (F,,,), and
(c) net transmitted to the surface (F ), between methods I
and IV, II and IV, and III and IV, respectively.

sensitivity of the Earth-atmosphere system to the solar
radiative effect of low clouds (RC).

We examine the differences in the zonal mean fluxes
between the new parameterization (method IV) and each of
the other methods during the northern hemisphere summer-
time (June, July, August). Figure 4a shows the differences in
the zonal mean flux absorbed by the low-cloud layer (F ).
The in-cloud water vapor amount is relatively small for the
high-latitude clouds (<10 kg m 2 poleward of 50°). Ignoring
the solar flux absorption by the in-cloud vapor at the high
latitudes has less influence on F,,¢ than neglect of above-
cloud vapor, resulting in an overestimate of F,,¢ in these
regions. Thus method I yields a larger F ;¢ in high latitudes.
On the other hand, for the tropical region the low cloud
contains a relatively higher in-cloud vapor amount (between
20 and 30 kg m~?). The underestimate of cloud absorption
due to a neglect of the absorption by in-cloud water vapor
exceeds the effect of not accounting for the above-cloud
vapor absorption in the computation of the drop properties.
Thus a decrease in F ., is obtained near the equator.

F,,s from method II exceeds IV at all latitudes. The
difference is mainly due to the overestimate in F,,, which
arises because of not considering the influence of the vapor
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absorption above the cloud on the broadband drop radiative
properties. The overestimate is less in the tropics because
the enhancement in the in-cloud vapor absorption due to the
increase in drop multiple scattering, which is implicitly
incorporated in method IV, is not included in II. In contrast
to I, method II absorbs 3 W m 2 more near the equator and
about 1 W m~2 more in midlatitudes. Method III, which
assumes the drops to be nonabsorbing, yields less cloud
layer absorption than IV. The relative errors are larger (>6
W m~2) when the in-cloud vapor is small and thus has a
lesser role in absorption (i.e., middle and high latitudes in the
summer hemisphere).

Figure 4b shows the differences in the zonal mean upward
solar fluxes at the top of the atmosphere (Fy,,). Fyo, from
method I is less than IV, except in the northern tropical
regions. This is because, in general, the cloud drop reflec-
tivities in I, which do not account for the above-cloud vapor
absorption of the direct beam, are smaller than for method
IV (RF2). However, between 30°N and 30°S the differences
in F,, are smaller than at the higher summer latitudes. This
is because method I does not, in addition, include the
decrease in the drop reflectivity caused by the effect of
in-cloud vapor absorption, i.e., the factor VFR in method
IV. VFR is greater in the tropical regions where in-cloud
vapor amounts are larger. This causes the difference in F,,
between I and IV to be reduced. The additional consider-
ations in method II relative to I do not alter the difference
vis-a-vis IV. F, for method III exceeds IV because the
conservative scattering assumption increases the drop re-
flectivity. A large increase (more than 4 W m ~2) occurs in
the polar region of the northern hemisphere where more
insolation is available and less in-cloud vapor is present.

Figure 4c shows the differences in the zonal mean net solar
fluxes at the surface (F). Ignoring in-cloud vapor absorp-
tion in method I allows more flux to go through the cloud.
Therefore even though the influence of the above-cloud
vapor on the broadband drop transmission (RF2) is ignored,
the difference between I and IV still turns out to be positive
for clouds containing large amount of in-cloud vapor (be-
tween 60°N and 30°S). For clouds with less in-cloud vapor,
e.g., summer polar regions, the lack of accounting of the
above-cloud vapor attenuation becomes a more important
factor than the exclusion of in-cloud vapor absorption,
resulting in a negative I-IV there.

The in-cloud vapor path increase due to multiple scatter-
ing by drops is not accounted for in method II. Fy. from
method II is more than IV between 40°N and 20°S. This is
mainly due to the neglect of the in-cloud vapor in the
multiple-scattering process. In the rest of the globe the
smaller apparent drop transmissivity of II, due to the above-
cloud vapor not being accounted for (RF2), plays a more
important role than the in-cloud vapor path. The pure
scattering assumption of drops in method III yields an
increase in drop transmissivity and thus leads to overesti-
mates in the surface flux. This is particularly so near the
equator and at S0°N where higher insolation and/or larger
in-cloud vapor amounts prevail. In the polar region, the high
surface albedo reduces the sensitivity of the net solar flux
change (RC).

The differences in cloud layer absorption, reflection, and
transmission between the methods discussed above depend
on the drop optical depth assumed. To study the sensitivity
to other drop optical depths, we repeated the above exper-
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iments for methods I, II, III, and IV with low-cloud liquid
water paths one tenth and 10 times that assumed in the above
calculations (i.e., 0.008 and 0.8 kg m 2, respectively, imply-
ing order of magnitude changes in drop optical depth). The
globally and annually averaged flux results [Chen, 1994]
indicate that the differences in F ¢ can reach 10 W m ~2, that
in F,, can be as high as 8 W m 2, while that in Fy, can
attain values up to 3 W m~2. The differences between
methods I and III, III and IV, and I and IV tend to be the
highest.

The results demonstrate the marked sensitivity of the
zonal mean fluxes to different broadband treatments of
in-cloud and above-cloud vapor and drop properties. An
additional appreciation is obtained by noting that the flux
differences are comparable to those due to changes in trace
gas amounts. The sensitivity arises because both vapor and
drops assume important roles in governing the solar fluxes at
the surface, at the top of the atmosphere, and that absorbed
within the atmosphere. It is also apparent that the sign of the
flux change at the surface between various treatments of
vapor-drop solar interactions can differ from that for the
surface-atmosphere system (Figure 4).

4. Effect of Different Broadband
Parameterizations on GCM Simulations

It is of interest to set a broader context and inquire into the
roles of vapor and drops and the impacts due to the different
solar treatments of low-cloud vapor-drop radiative interac-
tion on the general circulation. We employ a nine-level R15
Geophysical Fluid Dynamics Laboratory GCM [Manabe
and Broccoli, 1985] whose control climatology was used in
section 3. To simplify the scope, we investigate the effects
over land surfaces only, with the sea surface temperatures,
sea ice, and cloud distributions fixed as per the GCM’s
control climate. The cloud distributions are the same as in
section 3. Low-cloud shortwave radiative treatments ac-
cording to methods I, III, and IV are employed in succes-
sion. The radiative transfer algorithm is the same as in the
earlier GCM study. In the longwave, clouds are assumed to
be ‘‘black.”” For each method the GCM is run for 20 years.
The resulting equilibrium thermal and hydrological model
responses of the land areas are examined by taking the
averages of the last 10 years of the runs.

We analyze the results by composing two sets of differ-
ences. First, the results from method III are compared with
method IV. This yields a perspective on the effect due to
inaccuracies in the low-cloud radiative transfer parameter-
ization and serves to illustrate the importance of considering
the proper drop optical properties, particularly absorption,
in the low-cloud layer. Second, we compare methods I and
III, which contrasts the roles of in-cloud vapor absorption
and drop extinction. In both cases the difference in the solar
fluxes can be viewed as perturbations and the differences in
the GCM simulations can be taken to be the responses to the
perturbations. Figure 4 indicates that the change in the flux
at the top of the atmosphere (i.e., absorbed within the
surface-atmosphere system) in methods III-IV and I-III is of
the opposite sign to that at the surface.

We focus on the response of the atmosphere and the land
surface heat and water budgets during the northern summer
season. Three continental regions, as shown in Figure 5, are
chosen for examining the changes. Regions “‘US,”” “‘EA,”
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and ““NA” represent the United States (~35°-60°N), Europe
and western Asia (~40°-60°N), and northern Africa (~10°-
30°N), respectively.

To discern the basic climate of the model, Table 2 lists the
summertime (June, July, August) area-averaged equilibrium
thermal and hydrological fields for method IV. The sign
convention adopted here is such that the components of the
heat budget are positive if they heat the surface. A negative
value indicates a cooling of the surface. Also, if a term is a
source of water for the surface, then it is positive, while if it
is a sink, it is negative. The sign of the changes in the source
terms for energy and moisture is positive if they increase.
The sign of the changes in the sink terms is also positive if
they decrease. Table 2 indicates that the heat and water
balances of the three regions are very different depending on
the ambient moisture, especially soil moisture which directly
affects the amount of evaporation. NA is somewhat dry
during summer. Though both US and EA are in the midlat-
itudes, EA has a relatively dry summer season. The standard
deviation of the summer surface temperature for the US,
EA, and NA regions are 0.6, 0.4, and 0.5 K, respectively.

4.1. Methods III-IV

Methods III and IV yield a zonal mean solar flux differ-
ence at the top of the atmosphere (SW,q, ;) of ~4 W m? over
each region (Table 3); that is, the net solar flux absorbed by
the surface-atmosphere system in III is less than in IV. The
difference is comprised of a rearrangement of the solar fluxes
absorbed by the atmosphere and the surface, with a decrease
in the former and an increase in the latter over all three
regions. Comparing method III with IV, the simulated sum-
mer surface temperature (7. ) changes for US, EA, and NA
are —0.8, —1.9, and —0.2 K, respectively (Table 3). Though
the solar flux changes at the surface and the top of the
atmosphere in the three regions are approximately similar,
the changes in the parameters in each region, including the
decrease in T, are quite distinct. In EA, rainfall (R) and
soil moisture (SM) increase. Since the evaporation (E) in the
model depends on the amount of soil moisture (SM), the
latent heat flux (LH) to the atmosphere increases in EA. The
changes in sensible heat (SH) and longwave radiative fluxes
(LW ) restore the surface energy balance; these are asso-
ciated with a reduction in Ty . The changes in rainfall, soil
moisture, latent heat release, and T, in the US region are
similar to those in EA, except the magnitudes are less. Thus
even along the same latitude belt, the response to a uniform
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Figure 5. The location of the three regions selected for the
examination of the area-averaged heat and water budgets in
the general circulation model (GCM) experiments.
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Table 2. Area-Averaged Thermal, Radiative, and
Hydrological Fields in the GCM (June, July, August
Averages) Obtained by Using the New Parameterization
(Method 1IV)

US EA NA
Ty, K 297 302 306
SWioa, W m ™2 315 311 332

Surface Energy Budget
SW., Wm™2 205 201 201
LW, Wm™2 —-67 -89 -95
SH, W m 2 —-43 -7 —-53
LH, Wm™2 —-95 —40 -53
Moisture Fields

E, myr! -1.20 -0.51 —-0.66
SM, m 0.064 0.015 0.024
R, myr! 1.20 0.31 0.89

GCM, general circulation model. US, EA, and NA denote the
United States, Europe and Asia, and northern African regions,
respectively. T, surface temperature, SW, ; net (dlown minus up)
solar flux at the top of the atmosphere; SW, net solar flux at
ground; LW, net longwave flux at ground; SH, sensible heat flux;
LH, latent heat flux; E, evaporation and sublimation; SM, soil
moisture; R, rainfall. The sign convention is such that the compo-
nents of the heat budget are positive if they heat the surface. A
negative value indicates a cooling of the surface. Also, if a term is a
source of water for the surface, it is positive, while if it is a sink, it
is negative.

solar flux perturbation can consist of nonuniform changes in
the components of the surface energy and moisture budgets.
In NA there is a much smaller temperature reduction than
in US and EA, even though the solar flux differences are
similar. In the NA region the sense of changes in precipita-
tion, soil moisture, evaporation, sensible and latent heat
release are opposite to that in EA (Table 3). This result is
similar to the reduction in precipitation and soil moisture
found in a GCM study of the climate effects due to back-
ground tropospheric aerosols [Coakley and Cess, 1985]. A
similar result is also found in a study of the climate effects
due to changes in surface albedo [Charney et al., 1977
Lofgren, 1993]. However, there are differences between the
earlier works and methods III-IV. Specifically, in the
present experiment, the partitioning of the solar flux differ-
ence between the surface and the atmosphere is different.
If we consider the Coakley-Cess study as an example,
there is a solar radiative flux deficit at both the surface and
the top of the atmosphere in that study. The simulated
decrease in precipitation in that experiment is attributed to a
decrease in the surface solar flux which suppresses convec-
tive activities, cools the atmosphere and surface, and re-
duces the surface latent heat and sensible heat losses. In
methods III-IV, while there is a decrease at the top of the
atmosphere, the surface solar flux in NA actually increases
by 3.7 W m 2 (Table 3). In the present study, too, the solar
deficit for the surface-atmosphere system induces a cooling
tendency in NA (Figure 6); there is a suppression of the
convective activity in the atmosphere as a whole and there-
fore a reduction in precipitation. The surface latent release is
also reduced as in the earlier study. However, in contrast to
the previous study, the III-IV case actually has an increase
in the sensible heat flux loss owing to the surface being
cooled less than the near-surface layers. Because of the
atmospheric cooling and consistent with the relatively
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Table 3. Changes in the GCM Area-Averaged Thermal, Radiative, and Hydrological
Fields (June, July, August Averages) Obtained by Comparing Method III with IV and

Method I With III

Methods III-IV

Methods I-111

Us EA NA uUs EA NA
Ty, K -0.8 -1.9 -0.2 1.4 1.6 -0.1
SWigai, W m™2 -4.1 -4.2 -4.0 4.9 5.0 3.6

Changes in the Surface Energy Budget
SWge, W m ™2 4.1 3.7 3.7 -3.3 -2.7 -1.8
LW, W m™2 -0.8 2.9 -4.0 -0.7 -2.6 3.5
SH, Wm™2 -2.2 2.4 -5.2 1.0 -3.9 4.2
LH, Wm™ -1.2 -9.1 5.6 3.0 9.2 -5.8
Changes in the Moisture Fields

E, myr! -1.5 -11.4 7.0 3.8 11.6 -7.4
SM, cm 0.3 0.6 -0.3 -0.7 -0.7 0.4
R, myr”! 4.6 11.6 -10.9 -9.4 -10.9 14.4

Notation and the units in this table are the same as those used in Table 2, except for SM; SW,, ;
is the initial solar net radiative flux difference at the top of the atmosphere, in contrast to the
equilibrium values listed in the other rows. The sign of the change in the source terms for energy and
moisture is positive if they increase. The sign of the changes in the sink terms is negative if they

increase.

smaller surface temperature change, there is an increase in
the surface net longwave energy loss. In general, the solar
flux differences at the top of the atmosphere and surface in
NA govern the change in rainfall, the atmospheric thermal
profile, and the surface energy and moisture components.

There is a dissimilarity in the manner in which the midlat-
itude (US, EA) and the tropical (NA) atmospheric regions
are affected by the solar flux differences. If the atmospheric
changes due to the top-of-the-atmosphere solar flux deficits
(Table 3) in each region consisted mainly of an adiabatic
heating process, then a reduction in vertical velocity would
be expected. The low-level convergence and the 500-mbar
vertical velocity are indeed reduced in NA (by 0.016 ubar
s 1), a feature also seen in the Coakley-Cess study. Thus in
the NA region the radiatively induced diabatic cooling of the
atmosphere, as implied by III-IV, suppresses convection;
this reduces the latent heat release within the atmosphere,
contributing further to the diabatic cooling.

However, in EA and US the vertical velocities actually
increase (by 0.004 and 0.012 pbar s~ !, respectively), indi-
cating that there is adiabatic cooling instead of heating,
accompanying the solar radiative deficit of III-IV. Thus
compared to NA, changes in horizontal heat advection over
both EA and US regions acquire a more important role in
balancing the cooling. The increase in vertical velocity
implies an increase of the latent heat release within the
atmosphere which compensates, to some extent, the radia-
tively induced cooling. An increase in precipitation occurs
which enhances the latent heat loss from the surface. The
reduction of the adiabatic cooling in the tropics on the one
hand and the importance of advective heating in the midlat-
itudes on the other is consistent with theory. Using a linear
quasi-geostrophic model and scaling arguments, Held [1983]
has argued that the primary mechanism balancing diabatic
processes at midlatitudes is advection. Other GCM investi-
gations of perturbations in the midlatitude and tropical
regions also suggest a similar mechanism [Lofgren, 1993;
Coakley and Cess, 1985].

There is an approximately similar cooling of the tropo-

sphere in all three areas (Figure 6) owing to the flux
difference in F,, (Table 3) being negative. However, for the
boundary layer and surface, the temperature changes are
more nonuniform owing to the manner in which the atmo-
sphere and land surface processes respond in each region.
Because of the larger surface cooling relative to NA the
surface sensible and longwave heat losses are actually re-
duced in EA. The smaller surface cooling in US (compared
to EA) is accompanied by a slight relative increase in the
surface net longwave loss. While the surface temperature
changes in US and EA (Table 3) exceed the model’s standard
deviation (~0.6 K), the response in NA is quite small and
insignificant.

4.2. Methods I-III

The comparison of I-III represents the sensitivity to two
different assumptions concerning low-cloud radiative prop-
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Figure 6. Changes in the GCM atmospheric temperature
profile (June, July, August averages) over the NA, EA, and
US regions (see Figure 5) for methods ITI-IV.
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Figure 7. Same as Figure 6 except for methods I-III.

erties, namely, consideration of drop absorption only (meth-
od I) or vapor absorption only (III) inside the cloud layer.
The radiative flux difference between I and III at the top of
the atmosphere again has an opposite sign to that at the
surface, as in III-IV (Table 3). However, in contrast to
section 4.1, there is now an increase of the solar flux
absorbed by the atmosphere, while at the surface, there is a
decrease. Thus the difference cases I-III and III-IV consti-
tute, qualitatively, a complementary pair. The reduction in
the net solar flux at the surface and an increase in the
top-of-the-atmosphere net solar flux over all three regions
imply an increase in the diabatic heating. The solar radiative
flux differences for the surface-atmosphere system in all the
regions exceed 3.5 W m 2, with those in US and EA being
similar. As in III-IV, the responses in the various surface
components differ for the three regions.

In the NA region the addition to the diabatic heating of the
atmosphere (I-III) is accompanied by an increase in the
low-level convergence and the vertical velocity at 500 mbar
(by 0.021 ubar s ~!). There is thus an additional contribution
to the diabatic heating due to an increase in convective
activity and latent heat release within the atmosphere,
leading to an increase of precipitation. At the surface, there
results an increase in the latent heat loss. Owing to the
warming of the atmosphere relative to the change at the
surface (Figure 7), there is a reduction in the loss of
longwave and sensible heat fluxes (Table 3). The results here
are almost exactly opposite in nature to those seen earlier for
ITI-IV. Note that the solar flux change at the top and at the
surface are less in magnitude than some of the other terms in
the surface energy balance.

In contrast to the tropics the change in the 500-mbar
vertical velocity is actually one of a reduction, not an
increase, in the extratropical regions EA and US (by 0.002
and 0.01 ubar s ~!, respectively). There is hence an adiabatic
heating change accompanying the radiatively induced I-III
diabatic heating of the atmosphere (Table 3). Compared to
NA, the changes in the lower-tropospheric winds result in
lesser alterations of the local convergence/divergence in
both EA and US. For example, methods I-III indicate (not
shown) that the equatorward and eastward winds in the EA
region are strengthened; thus the advective cooling is en-
hanced. Thus for EA and US, too, the I-III adjustment is
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opposite in nature to that for III-IV. This feature, namely,
the diabatic heating difference over the midlatitude conti-
nents being balanced by the strengthening of the equator-
ward surface winds is again consistent with the theoretical
arguments of Held [1983] and the GCM experiments of
Lofgren [1993]. As with the discussions concerning IT1I-1V,
this indicates that advective processes have acted to provide
the balance in a relatively more important manner in the
midlatitudes than in the tropics. The sense of the changes in
the surface energy and moisture components for both EA
and US are, in general, opposite to that in III-IV. In EA the
reduction of the vertical velocity at S00 mbar is accompanied
by a decrease in precipitation (Table 3), leading to surface
dryness and a reduction in the surface latent heat flux
release. The surface warming is accompanied by an increase
in the surface net longwave radiative flux (Table 3).

The vertical profile of the temperature changes for I-III is
shown in Figure 7. In all three regions the middle to upper
troposphere warms, consistent with the sign of the Fy,,
changes (Table 3). However, as seen for III-IV, the re-
sponses in the surface temperature and in all components of
the land surface energy and moisture budget are, in addition,
dependent on the atmospheric and land surface adjustments,
including the changes in vertical velocity and precipitation
over the domain. As in III-IV, the surface temperature
change in NA is small but exceeds the model’s standard
deviation (~0.6 K) in US and EA.

Finally, for methods I-III, we summarize the changes in
the quantities involved in the heat and water budgets from
the zonal mean perspective. These are illustrated in Figure 8.
The solar radiative flux difference at the top of the atmo-

* sphere is >3 W m 2 in the northern hemisphere (Figure 8c).

The change in T can exceed 1 K poleward of 40°N but is
relatively small or even negative in the tropical region
(Figure 8a). Near 10°N (which includes the NA region) a
decrease in the surface temperature is associated with an
increase in latent heat flux loss from surface (negative under
our sign convention, Figure 8b) and a decrease in the
sensible (Figure 8b) and the net upward longwave radiative
flux losses (Figure 8c). At 50° and 70°N (which includes the
EA and US regions), T increases (by about 1 K) and latent
heat flux loss from surface decreases. The change of latent
heat flux follows the change in evaporation, which, in turn,
is affected by rainfall and soil moisture (Figure 8d).

Table 3 and Figures 4 and 6-8 point out that differences in
the broadband determination of the vapor-drop solar inter-
actions in low clouds, due to different treatments of drop and
vapor optical properties, initiate flux changes at the surface
and in the surface-atmosphere system. Thus the solar ab-
sorption within the atmosphere and by the surface is altered.
This, in turn, causes changes in the adiabatic and advective
processes and in the atmospheric thermal profile. The result-
ing influence on vertical velocities and precipitation affect
the components of the land surface moisture and heat
budgets, including soil moisture and surface temperature.
The surface latent heat flux loss depends on the variation of
potential evaporation and amount of soil moisture, with soil
moisture change being usually the more important factor.

The solar flux change for either experiment has opposite
signs at the top of the atmosphere and surface, a feature that
distinguishes them from earlier GCM solar experiments
[e.g., Charney et al., 1977]. The fact that the results of I-II1
(Table 3) are, for the most part, opposite in sign to those of



11,620

2 T LA R B | L T T
(@)
[ -~
1+ ]
< b ]
g O 7
L
9
58 b
a ]
- .
[ ) A N U PR SR | ]
90S 60 30 0 30 60 90N
10 L LA s e s e s s ey e
[ (© 1
<& -
€ L
< L
E L
x -
2 L
- e
w
Z
w ~——
g SWioa,i = 4
; -5~ - —--SWgi 5
5 [ W, 1
-10l_, L - [ Loy ]
908 60 30 0 30 90N

LATITUDE

CHEN AND RAMASWAMY: SOLAR RADIATION AND LOW CLOUDS

10 T
(o)

(4]
T

CHANGE IN FLUX (W/m?)
o
T
4

—0.01

1
o

PE (m/yr)
SM (m)

-0.01

[T AR

-0.02

LATITUDE

Figure 8. Zonal mean changes (methods I-III) in the GCM (June, July, August averages): (a) surface
temperature (7) and surface air temperature (7,); (b) surface sensible heat (SH) and latent heat flux
(LH); (c) initial solar radiative flux at the top of the atmosphere (SW,, ;), net surface solar radiative flux
(SWs.), and net surface longwave radiative flux (LW .); (d) precipitation (P), evaporation (E), and soil

moisture (SM).

III-IV, just like the initial solar flux differences, attributes a
degree of consistency to the present model simulation of the
changes in atmosphere-land surface variables and the asso-
ciated physical processes. The results in Table 3 raise a
caution about interpreting land surface temperature changes
from considerations of only the top-of-the-atmosphere solar
flux perturbations.

The limited scope of the present study inhibits an assess-
ment of the climatic significance of the changes obtained in
the heat and moisture budget components. Rather, the
results highlight the significance of the vapor and drop
effects and illustrate how biases in solar cloud radiative
transfer can affect the simulation of the atmosphere-land
surface interactions and lead to alterations in the surface
heat and moisture balance. Quantitative aspects of the
problem could well depend on the characteristics (e.g.,
physical parameterizations) of the GCM employed. The
changes in the various components of the surface heat
budget can be as large in magnitude as, if not more than, the
solar flux changes. Further, even if the solar radiative flux
biases over the midlatitude and the tropical land areas are
similar, the manner in which the surface heat (including
surface temperature) and moisture balances are rearranged
in the regions can be quite different.

5. Summary

An empirical broadband parameterization for the short-
wave characteristics of low clouds has been developed. It is
easily incorporated in current GCMs and accounts for the

solar radiative interactions involving water drops, in-cloud
and above-cloud vapor. Because of the bases of the param-
eterization the present application is limited to low-lying
water clouds. One virtue of the method is that it has been
possible to consider variation in only two parameters among
the many that are physically possible. The parameterization
demonstrates that the solar radiative characteristics of low
clouds can be reliably described in terms of cloud effective
radius, liquid water path, and the in-cloud vapor amount. It
is however necessary to include the above-cloud vapor
absorption in some approximate sense when the drop radi-
ative properties in the inhomogeneous atmosphere are com-
puted. The parameterization employs Slingo’s [1989] drop
single-scattering representation and provides efficient but
accurate estimates of the cloud reflection, transmission, and
absorption for a wide range of cases. One limitation of the
present parameterization is that cloud geometrical thick-
nesses substantially greater (namely, with higher in-cloud
water vapor) than those considered in the development of
the approximation, could lead to relatively larger errors.
Comparisons with other broadband parameterizations re-
ported in the literature indicate that deficiencies in the
representation of the vapor and drop optical properties and
the vapor-drop solar interactions lead to discrepancies in the
solar fluxes. Compared to the present broadband cloud
parameterization, the neglect of the influence of both the
above-cloud and the in-cloud vapor acts to reduce the
low-cloud layer absorption in the tropical regions and to
increase it at middle and high latitudes. If the additional
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absorption due to the in-cloud vapor is accounted for, the
differences in cloud absorption occur mainly at the middle
and high latitudes. The assumption of conservative scatter-
ing for water drops leads to a significant underestimate of the
low-cloud absorption at most latitudes. Thus the above-
cloud and in-cloud vapor and the drops play an important
role in determining the solar flux absorbed by the surface and
the surface-atmosphere system.

GCM simulations with fixed cloud amounts and sea sur-
face temperatures (SSTs) have been used to investigate the
significance of the vapor and drop optical properties and the
manner in which the differences in the low-cloud solar
radiative treatment affect the land surface heat and moisture
balance. Different assumptions of the solar radiative inter-
actions with drops and vapor in low clouds affect the cloud
layer and the atmospheric absorption and result in solar flux
differences at the top of the atmosphere and surface. The
changes comprise a rearrangement of the solar flux absorbed
by the atmosphere and surface. In this study, the sign of the
solar flux difference at the surface is opposite to that at the
top of the atmosphere. This feature differs in character from
earlier albedo perturbation experiments [e.g., Charney et
al., 1977; Coakley and Cess, 1985].

In response to the solar flux differences the atmospheric
adjustments in the adiabatic and advective processes are
accompanied by changes in vertical velocity and precipita-
tion. The latter become important in determining the surface
heat (e.g., latent and sensible heat fluxes) and moisture (e.g.,
soil moisture, evaporation) budgets, including the land sur-
face temperature. For example, using a broadband treatment
of cloud absorption that assumes drop absorption only in the
cloud layer, the surface temperatures in the United States
and Europe-Asia land masses are more than 1 K warmer
(exceeding the model’s standard deviation) than those ob-
tained from the assumption of vapor absorption only in the
cloud layer. Thus different treatments of the vapor-drop
interactions lead to distinctly different thermal fields over the
continental regions. While the tropospheric temperature
changes follow the solar flux differences at the top of the
atmosphere in a rather obvious manner, the surface changes
involve, in addition, the land surface processes and their
interactions with the atmosphere’s thermal, dynamical, and
hydrological adjustments. Thus the land surface temperature
changes do not have so simple an association with the
top-of-the-atmosphere solar flux differences.

In this study, the net solar flux change due to the different
broadband parameterizations at the top of the atmosphere
and the surface amount to =5 W m ~2. The magnitude of the
flux change in other energy components can be comparable
to or even exceed the initial solar flux changes (e.g., surface
latent heat loss). Thus even small inaccuracies in solar cloud
broadband parameterizations lead to changes in low-level
convergence and vertical velocity that trigger changes in the
precipitation and surface moisture budgets. In turn, these
alter the surface energy budget and the land surface temper-
ature. The character of the atmosphere-land surface energy
and moisture interactions varies from one geographical
region to another, even if the shortwave flux changes are
similar over the various regions. In particular, the changes in
the vertical velocity to a solar radiative bias in the midlati-
tudes differs from that in the tropics; this results in dissimilar
adjustments in the land surface heat and moisture compo-
nents for these two regions.
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By examining the relative impacts due to different cloud
parameterizations on the land surface heat and moisture
balance, the GCM simulations demonstrate the sensitivity of
the climate system to vapor and drop optical properties and
underscore the need for accuracy in the treatment of the
solar cloud radiative processes. While the GCM experiments
here held the SSTs and cloud cover fixed, it would be of
interest to pursue similar experiments in a model with a
mixed layer ocean and an interactive cloud prediction
scheme. The conclusion here that the atmosphere and the
land surface system are sensitive to solar cloud radiative
deficiencies is applicable to other potential causes of such
biases as well, e.g., uncertainties in cloud microphysical prop-
erties and the possible anomalous absorption in cloudy atmo-
spheres, since in these instances, too, differences arise in the
solar fluxes absorbed by the surface and the atmosphere.

Appendix: Derivation of VFT and VFR

VFT and VFR are parameterized using equations (1)—(6).
First we use Slingo’s tabulation of single-scattering proper-
ties and the LBL + DE method (RF1) to compute reference
results that include water vapor and drop optical properties
(i.e., Ty prL+pe and Ry gy +pg)- For the spectral range below
2500 cm ! (which was not included in Slingo’s parameter-
ization), the drop single-scattering parameters are obtained
as in RF2. Then, the drop reflectivity and transmissivity
(i.e., Ry grop and T 40,) are calculated using the incident
solar flux at the top of the cloud, as obtained from the LBL
+ DE result (equations (2) and (5)). Using (1) and (4), VFT
and VFR are derived for each of 72 cloud cases (section 2).
In the derivation the cloud drop optical depth 7 is varied
from 0.625 to 160, while the in-cloud vapor W is varied from
2.26 to 20.85 kg m~2. Solar zenith angle is fixed at 53°,
surface albedo is zero, and cloud top is at 800 mbar in a
midlatitude summer atmosphere [McClatchey et al., 1972].
A least squares fit is employed to obtain the empirical
dependence of VFT and VFR on 74, and W as follows:

VFT = a, + a7 + a3sW + ayr% + asW? + agr> + a; W3
4 4 2 2
+(18'T +£19W +a10W'r+a“W7' +a12W T

+a13W73+a14W27'2+a15W37‘ (Al)

Table Al. Coefficients a; and b; in equations (A1) and (A2)

i ai; b,'

1 1.004465 0.983270
2 0.010451 0.007899
3 —0.065975 0.022400
4 —0.072845 —0.003964
5 0.014006 —0.031112
6 0.088795 0.003035
7 0.000965 0.009529
8 —0.034544 —0.000244
9 —0.000122 —0.000871
10 —0.018128 0.013829
11 0.007729 —0.040609
12 —0.001909 0.018926
13 —0.000398 0.010768
14 0.001938 0.000307
15 —0.000562 —0.004280

The relative error due to the fits (equations (A1) and (A2)) is less
than 1%.
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VFR = by + byt + byW + byt + bsW? + bgr® + b,W?
+ b87'4 + b9W4 + b10W‘T + an’TZ + b]2W2'r

+ b13WT3 + b14W272 + b|5W3'T (AZ)
where 7 = logo(7arop) and a;, b; (i = 1, 15) are coefficients
listed in Table Al.
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