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ABSTRACT

A multilevel spectral radiative transfer model is used to develop simple but accurate parameterizations for
cloud transmittance as a function of cloud optical depth, solar zenith angle, and surface albedo, for use over
snow, ice, and water surfaces. The same functional form is used for broadband and spectral transmittances, but
with different coefficients for each spectral interval. When the parameterization is applied to measurements of
“raw” cloud transmittance (the ratio of downward irradiance under cloud to downward irradiance measured
under clear sky at the same zenith angle), an *‘effective’” optical depth 7 is inferred for the cloud field, which
may be inhomogeneous and even patchy. This effective optical depth is only a convenient intermediate quantity,
not an end in itself. It can then be used to compute what the transmittance of this same cloud field would be
under different conditions of solar illumination and surface albedo, to obtain diurnal and seasonal cycles of
cloud radiative forcing. The parameterization faithfully mimics the radiative transfer model, with rms errors of
1%—2%. Lack of knowledge of cloud droplet sizes causes little error in the inference of cloud radiative properties.
The parameterization is applied to pyranometer measurements from a ship in the Antarctic sea ice zone; the

largest source of error in inference of inherent cloud properties is uncertainty in surface albedo.

1. Introduction

Clouds have large effects on the earth’s radiation bud-
get, both longwave and shortwave. Lack of knowledge
of cloud distributions and cloud properties, and of the
behavior of clouds during climatic change, limits the
accuracy of climate-prediction models (Cess et al.
1990). Cloud distributions and radiative properties are
now being monitored from space by the International
Satellite Cloud Climatology Project (ISCCP; Rossow
and Schiffer 1999). There is also a need for surface
measurements of cloud properties to obtain the effects
of clouds on the radiation budget at the surface as well
as at the top of the atmosphere, and to infer cloud prop-
erties in regions where satellite cloud detection is dif-
ficult, particularly over snow and ice surfaces.

Field experiments [e.g., the Atmospheric Radiation
Measurement (ARM) Program; Stokes and Schwartz

Corresponding author address: Melanie F. Fitzpatrick, Department
of Earth and Space Sciences, University of Washington, Box 351310,
Seattle, WA 98195.

E-mail: fitz@atmos.washington.edu

© 2004 American Meteorological Society

1994] can obtain cloud properties with fine spectral de-
taill at a few geographic locations. However, climate
research would benefit if the routine solar radiation mea-
surements made at weather stations worldwide, and on
many research ships, using broadband pyranometers,
could be used to determine the cloud radiative forcing
(CRF) at the surface. Here we investigate what infor-
mation about clouds can be obtained from broadband
measurements, with particular attention to the effect of
surface albedo on the measured downward shortwave
irradiance.

The number of weather stations measuring solar ra-
diation is a small fraction of the number making visual
cloud observations, and the number of research shipsis
much smaller than the total number of merchant ships
making routine weather observations (including cloud
observations) at sea. In order that the isolated surface
measurements of CRF can be extended to larger areas
using a cloud climatology (e.g., Warren et al. 1986,
1988), inherent cloud radiative properties are needed.
A value for cloud transmittance can be obtained just by
comparing the measured downward solar irradiance be-
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neath the cloud to that obtained at the same solar zenith
angle, 6, on a clear day in the same month. However,
this same cloud would have a different measured trans-
mittance if illuminated at a different zenith angle or if
positioned over a surface with different albedo, «. To
use a cloud climatology to compute surface CRF there-
fore requires an intermediate quantity that is inherent
to the cloud field (which may be inhomogeneous and
nonovercast), which can be used to compute transmit-
tance given 6 and «. This intermediate quantity is the
effective optical depth 7. It is* effective’” in two senses:
(@) it is computed assuming a horizontally homogeneous
overcast cloud, and (b) the cloud is assumed to consist
of liquid water droplets with a standard effective radius
(rgs = 8.6 um, as explained later). The effective cloud
optical depth is the same as the true optical depth if the
observed cloud actually is horizontally homogeneous
and has ry, = 8.6 um. In al other cases the effective
optical depth isjust a convenient intermediate quantity
whose utility is determined by its ability to predict the
transmittance of the observed cloud field over surfaces
and under illumination different from those observed.
Such an effective cloud optical depth has been used
previously by Barker et al. (1998) and is used by | SCCP
(Hahn et al. 2001; Rossow and Schiffer 1999). Boers
et al. (2000) showed that errors in true average optical
depth retrieved from ground-based pyranometers can be
as large as 50% due to cloud inhomogeneities. For this
reason we are careful to note our use of optical depth
only as an intermediate quantity. It is designed to give
the correct transmittance but cannot be expected to give
the correct cloud water content.

Several previous studies have determined cloud op-
tical propertiesin polar atmospheres from ground-based
measurements of solar irradiance. In polar regions with
snow-covered ground, Shine (1984) and Gardiner
(1987) noted that multiple reflection between the snow
and the underside of the cloud can increase the radiation
received at the surface by afactor of 2. In characterizing
clouds, this multiple reflection must be considered.
However, Wiscombe (1975) showed that because of the
strong spectral variation of cloud albedo and surface
albedo, the difference between cloud-top reflectance and
cloud-bottom reflectance (spectrally averaged) depends
on cloud optical depth, so that simple spectrally aver-
aged multiple-bounce models like Gardiner’s cannot ac-
curately relate transmittance of radiation through acloud
to cloud optical depth.

Previous work on inferring cloud optical depth using
only broadband measurements was carried out by Leon-
tyeva and Stamnes (1994). They used broadband mea-
surements of downwelling irradiance and surface albedo
together with a multilayer radiative transfer model to
iteratively determine cloud optical depth. A further
study by Leontyeva and Stamnes (1996) determined
cloud optical depth from spectral transmittance using
lookup tables that had been derived from the radiative
transfer model. In both cases good characterization of
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surface albedo was found to be necessary. Lubin and
Simpson (1997) determined cloud scattering optical
depth at visible wavelengths using a radiative transfer
model to determine the clear sky irradiance. They then
iterated with a discrete ordinates model, adjusting the
estimated cloud optical depth until the calculated irra-
diance matched the measured irradiance. All these meth-
ods rely on an iterative solution to the radiative transfer
equation for each irradiance measurement, a time-con-
suming process if large quantities of data are to be pro-
cessed.

To simplify this step, a simple parameterization is
presented here that relates cloud transmittance to cloud
optical depth, surface albedo, and solar zenith angle.
This parameterization can mimic the results of a mul-
tilayer, multiwavelength radiative transfer model. We
apply this parameterization to obtain cloud properties
from radiation measurements made during aship voyage
in the Southern Ocean.

2. Parameterization

We define aquantity, *‘raw’’ cloud transmittance (trc),
that can be obtained from the measurements alone with-
out any model. It is simply the ratio of downward ir-
radiance measured under cloud to that measured under
clear sky at the same solar zenith angle. It is this quan-
tity, trc, for which we will derive a parameterization.
Using a two stream multiple-reflection model, Wiscom-
be (1975) motivated the form of a parameterization for
Arctic summer stratus clouds, relating cloud transmit-
tance to cloud droplet number density for a grey un-
derlying surface. We have rederived this parameteri-
zation using a spectrally varying surface albedo and
different cloud drop-size distributions. In the original
paper on the two stream method, Schuster (1905)
showed that the monochromatic transmittance through
a nonabsorbing, isotropically scattering atmosphere of
optical depth 7isjust /(1 + 7). Wiscombe (1975, his
Eq. 24) generalized this functional form as 1/(c + dn,),
where ¢ and d are empirical coefficients and n. is cloud
droplet number density. We replace cloud droplet num-
ber density with cloud optical depth 7, in the geomet-
rics—optics limit, as discussed later. Cloud transmittance
is greater if the sun is higher, and Wiscombe (1975)
found that a linear function of cosf was adequate to
describe this effect. Wiscombe accounted for multiple
reflections between cloud and ground by including a
spectrally averaged albedo in the denominator as a mul-
tiplier of cloud droplet number density. However, Shine
(1984) showed that neglecting the spectral variation of
high surface albedos leads to an underestimate of sur-
face irradiance. In the radiative transfer model used to
develop the parameterization we therefore use a spec-
trally varying surface albedo, with spectral shapes char-
acteristic of snow and ice surfaces. The broadband pa-
rameterization itself usesthe spectrally averaged albedo,
so it is valid only for surfaces of snow, sea ice, and



268

surface

FiG. 1. Schematic diagram of the physical basis of the parameteri-
zation. The cloud is underlain by two different surface types: a dark
surface on the right and a bright surface, which supports multiple
reflections, on the left. The measured raw cloud transmittance, trc, is
(i) proportional to the cosine of the solar zenith angle 0, (ii) inversely
proportional to cloud optical depth 7, and (iii) increased by multiple
reflection between the cloud base and the surface with abedo .

water; however, the narrowband parameterizations de-
rived next should be generally valid.
Our parameterization is

_a(r) + b(r) cosh
tre = 1+ (c — da)7 ° @)

Figure 1 shows the physical reasoning behind this pa-
rameterization. The coefficients a and b were constants
in Wiscombe's (1975) parameterization; however, to
make the parameterization accurate in the limit of 7 -
0 we found it necessary to make these coefficients func-
tions of 7:

a(r) = a + (1 — a) exp(—k,7) and )
b(r) = b,[1 + b, exp(—k,7) + b exp(—ks7)].  (3)

Figure 2 shows the coefficients a(7) and b(7): they as-
ymptote to constant values for large 7. At small 7, a
approaches 1 and b approaches 0, removing the solar
zenith angle dependence of cloud transmittance. We
tried a variety of T dependencies of a and b, including
InT and 72, but the best relationship found is an expo-
nential dependence. The coefficients were determined
using a nonlinear least squares algorithm (Press et al.
1992, 678-683) separately for each of three different
drop-size distributions, covering a range of solar zenith
angles, surface albedos, and cloud optical depths.

The optical depth used in (1), and which we attempt
to retrieve from measurements of trc, is the geometric—
optics optical depth, 7,; that is, with extinction effi-
ciency Q,,, = 2. We use 7, to describe the clouds because
it is a quantity that is independent of wavelength. All
forms of the parameterization given later, whether
broadband or spectral, have coefficients chosen to give
7,- The relationship between cloud optical depth and
drop-size distribution is given by

T, = 2mh f r2n(r) dr, 4
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FiG. 2. The functional forms of a(7) and b() used in the broadband
parameterization (for ry; = 8.6 wm) to ensure correct asymptotic
behavior for both thin clouds and thick clouds.

where h is cloud thickness, r is cloud droplet radius,
and n(r) is the cloud drop-size distribution. Effective
radius is defined as the ratio of the third moment to the
second moment of the particle radius distribution func-

tion, and is given by
Jr3n(r) dr

e ©)
f r2n(r) dr

A representative drop-size spectrum for Arctic stratus
clouds was given by Jayaweera and Ohtake (1973). It
hasry = 8.6 um. Observed effective radii for spring-
time cloud droplets in the Southern Ocean range from
4.5 10 16.6 um (Boers and Krummel 1998). They were
measured between 40° and 55°S during the First Aerosol
Characterization Experiment (ACE-1), in November
and December 1995. No trend was observed inr, with-
in this latitude range, so these values may also be rep-
resentative for other parts of the Southern Ocean (R.
Boers 2000, personal communication). However r is
probably smaller in summer than in winter becausethere
are more cloud condensation nuclei in summer (Ayers
and Gras 1991).

3. Model

To derive the coefficients of the parameterization we
use a multilayer atmospheric radiative transfer model,
ATRAD (Wiscombe et al. 1984), with 118 spectral in-
tervalsin the UV, visible, and near-infrared. The model
assumes a plane-parallel, horizontally homogeneous at-
mosphere, and neglects polarization. The adding—dou-
bling method is used to compute radiative transfer. Ab-
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Fic. 3. Spectral albedos used to develop the parameterization for
12 different surfaces, ranging from open water to fine-grained snow
for a solar zenith angle of 60° under a clear sky. The labels indicate
the spectrally averaged albedo for each surface type under these con-
ditions.

sorption and scattering by aerosols, clouds, and all nat-
ural atmospheric gases are included. Exponential sum
fitting of transmittance (ESFT) is used to compute
gaseous absorption. Mie theory is used to compute scat-
tering and absorption by cloud droplets, with exact cal-
culations (Wiscombe 1980) performed for size param-
eters below 100, and approximate calculations (Nus-
senzveig and Wiscombe 1980) for larger-size parame-
ters.

We used the top-of-atmosphere solar spectrum as giv-
en by Labs and Neckel (1970) and Neckel and Labs
(1984). For atmospheric profiles of temperature, ozone,
and water vapor we used the subarctic summer standard
atmosphere (McClatchey et a. 1972) modified to force
arelative humidity of 100% (with respect to liquid wa-
ter) within the cloud. For all optical depths used, the
cloud base was placed at 0.6 km and the cloud top at
1.3 km; the optical depth was varied by varying the
droplet number density, keeping the cloud thickness
fixed. This assumption, as well as the assumption that
I« IS independent of height within the cloud, has little
effect on the computed trc.

The underlying surface is described by a spectral al-
bedo, 1 of 12 choices shown in Fig. 3; the reflected
radiation is distributed with angle according to an azi-
muthally averaged bidirectional reflectance function
given by Warren (1982, his Fig. 15). The 12 spectral
albedos are meant to represent surfaces ranging from
fine-grained new snow (uppermost curve), through
coarse-grained old melting snow, to granular sea ice of
decreasing scattering coefficient. The nearly horizontal
curve at the bottom is that of open water from Briegleb
and Ramanathan (1982), but it more closely resembles
the spectral albedo measured for thin nilas by Brandt et
al. (1999). These spectral albedosfor hypothetical (mod-

) Toge~ONM
<
9 | L
]
B
[+
£ reff=8.6um
8
Tl
&
Pl
&
i | reff—20pm
Z
S
1 10 100

drop radius (um)

FiG. 4. Three different drop-size distributions used in developing
the parameterization. The distribution with ry = 8.6 um is an ob-
served distribution measured in Arctic stratus clouds (Jayaweera and
Ohtake 1973). The other two are lognormal distributions (Reist 1993,
chapter 2).

eled) surfaces types were used because they are avail-
able in the ATRAD model. However, they do resemble
spectral albedos measured for snow and for various
types of seaice (Grenfell et al. 1994; Grenfell and Per-
ovich 1984; Brandt et al. 1999).

The spectral and broadband cloud transmittance was
computed for three zenith angles (cosf = 0.2, 0.4, 0.6),
14 cloud optical depths (7 from 0.02 to 88 with geo-
metric spacing, and = = 0O for clear sky), and the 12
surface albedos with broadband albedosfrom 0.09 (open
water) to 0.87 (fine-grained snow); a total of 504 dif-
ferent conditions. They were then repeated for the three
different drop-size distributions shown in Fig. 4. The
standard drop-size distribution is that measured for wa-
ter droplets in an Arctic stratus cloud by Jayaweera and
Ohtake (1973); it has an effective radius of 8.6 um. The
other two drop-size distributions are lognormal distri-
butions with effective radii of 6 and 20 pwm.

The parameterization proved difficult to fit to ATRAD
results for surface albedos o = 0.83. Furthermore, the
inference of T becomes increasingly indeterminate as «
- 1. We therefore fitted the coefficients for the param-
eterization only to model results for « = 0.83. Thisis
not a severe restriction, as seaice scenes usually contain
some open water or thin ice that lowers the area-aver-
aged albedo.

4. Results
a. Broadband parameterization

A broadband parameterization, covering the solar
spectrum from 0.3 to 3.0 um, so asto cover the spectral
range measured by pyranometers, is derived for each of
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TaBLE 1. Values of coefficients in Egs. (1), (2), and (3) for the broadband parameterization (0.3-3.0 uwm) determined using three different
drop-size distributions. The last column gives the root-mean-square difference between values of cloud transmittance obtained from the
spectral radiative transfer model and those obtained using the parameterization.

g a, b, b, b, k, k, ks c d Rms (%)
6.0 um 0.58 0.75 —0.2053 —0.7935 2.0506 0.1968 2.4790 0.1409 0.1329 12
8.6 um 0.58 0.74 —-0.1612 —0.8343 1.9785 0.2828 2.3042 0.1365 0.1291 13

20 pm 0.58 0.71 —0.7420 —0.2661 0.5600 0.2881 3.1293 0.1206 0.1133 2.4

the three different drop-size distributions. The values of
the coefficients in Egs. (1), (2), and (3) are listed in
Table 1. Cloud transmittance values derived using the
parameterization with an effective radius of 8.6 um
show an rms error of 1.3% when compared with values
obtained from the radiative transfer model (Fig. 5). A
synthetic dataset is used to determine the difference in
optical depths obtained from the three different drop-
size distributions, using values of trc, cosf, and « to
derive 7. Figure 6 shows the inferred optical depths that
result from different assumptions for the effective ra-
dius, at a solar zenith angle of 60° and a surface albedo
of 0.55. The comparison was performed for other values
of solar zenith angle and surface albedo and a similar
percentage variation in 7 is obtained. For a given cloud
optical depth, a cloud with large particles has greater
forward scattering and hence greater cloud transmit-
tance. For the range of observed effective radii in the
Southern Ocean, incorrect assumptions of effective ra-
dius in the parameterization introduce a 10%—15% error
in the inferred effective optical depth.

However, for climatological applications, effective
optical depth is simply an intermediate quantity that
allows us to find the transmittance of the same cloud

1 L
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Fic. 5. Comparison of transmittance obtained from the radiative
transfer model to that obtained from the parameterization, using a
synthetic dataset, an rms error of 1.3% is shown.

field over different surfaces and at different solar zenith
angles. The errors introduced in predicted cloud trans-
mittance, caused by assuming an incorrect drop-sizedis-
tribution, are shown for one example in Fig. 7. Using
an initial measured transmittance trc over alow-abedo
surface (o = 0.1), an effective optical depth risderived
for each of two drop-size distributions. This interme-
diate quantity 7 is then used to predict the transmittance
of the observed cloud field over a different surface («
= 0.6). The error in effective optical depth is typically
10%-15%, but the error in predicted transmittance &,,.
is usually less than 2%. The procedure of Fig. 7 was
carried out for numerous cases of different zenith angles
and surface albedos, and the results were similar to those
shown in Fig. 7.

In al our computations, the model clouds consisted
of liquid water droplets. However, we think our results
are valid for ice clouds as well, by the following ar-
gument. The spectral absorption coefficient of ice (War-
ren 1984) is very similar to that of liquid water (Hale
and Querry 1973) across the solar spectrum (they are
plotted together for comparison by Dozier 1989, hisFig.
2b). Therefore the main reason that optical properties
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Fic. 6. Effect of assumed cloud droplet effective radius, ry;, on
the effective optical depth 7 determined from the parameterization.
To enable comparison with Fig. 7, 7 (the dependent variable) is used
as the abscissa. A larger effective radius of cloud droplets produces
stronger forward scattering (larger asymmetry parameter) and hence
a greater cloud transmittance than a cloud of the same optical depth
with smaller effective radius.
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Fic. 7. Example of the error in derivation of cloud radiative prop-
erties due to lack of knowledge of the drop-size distribution. The
cloud was observed over a surface of abedo 0.1, and the measured
transmittance of solar radiation (trc) was 0.35. If we assume ry; =
8.6 um we obtain 7 = 13.8. We estimate using the parameterization
[Eq. (1)] that if this cloud were placed over a surface of albedo 0.6,
it would have trc = 0.528. If we instead had larger drops (ry = 20
nm), we infer = 15.2, and estimate that if this cloud were placed
over the high-albedo surface it would have trc = 0.512, very close
to that estimated using the smaller drops. Lack of knowledge of r
in this case causes errors of 10%-15% in the intermediate quantity
7 but only 2% in the prediction of solar transmittance in a different
environment.

of anice cloud would differ from those of awater cloud
of the same optical depth is that the ice particles are
likely to be larger. Representing anonspherical icecrys-
tal by a collection of spheres having the same total
volume and the same total surface arearesultsin spheres
with the same volume-to-area ratio (V/A) asthe crystal.
Using this representation, advocated by Grenfell and
Warren (1999) and Fu (1996), any ice crystal shape can
be described by asingle effective radiusfor computation
of absorption and scattering of radiation. This prescrip-
tion results in little error for the shapes tested so far
(hexagonal columns and plates; Neshyba et al. 2003).
Using the equal-V/A description, the effective radii of
crystals in ice clouds are typicaly 10-30 um (Mahesh
et a. 2001; Fu 1996; C. Schmidt and A. Heymsfield
2002, personal communication). Their effect istherefore
represented by the example shown in Fig. 7.
Uncertainties in surface albedo also affect the values
of cloud optical depth inferred using the parameteri-
zation. The albedo to be used in Eq. (1) is the actual
albedo under the observed cloud, not what the albedo
would be under clear sky. The effect on the parame-
terization of specifying an incorrect surface albedo is
shown in Fig. 8 for a case where the estimated surface
albedo was 0.6 but the true surface albedo was different
by as much as 10%. Anincreasein surface albedo results
in an increase in multiple reflections of incoming ra-
diation. For a given measured cloud transmittance, if
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FiG. 8. Effect of errorsin surface albedo estimates on the inference
of effective cloud optical depth. This case is for a solar zenith angle
of 60° and an erroneous assumed surface albedo of 0.6, with true
surface albedos in the range 0.54-0.66.

the estimated surface albedo entered into Eq. (1) is er-
roneously low, the inferred cloud optical depth will be
too large. The errors introduced by uncertainties in sur-
face albedo are greater for higher surface albedos. If the
true albedo is 0.06 greater than the estimated albedo,
the effective cloud optical depthis 15% too high, where-
as if the true albedo is 0.06 lower than the estimated
albedo, the effective cloud optical depth is only 11%
too low. (The percent difference in derived  is nearly
independent of trc, but the absolute value of 7 decreases
as trc increases. For trc = 1.0, 7 = 0, so the absolute
difference vanishes.) Visua reports of ice-type distri-
butions (as discussed later) are estimated to be accurate
to =0.1 of ice concentration (A. Worby 2001, personal
communication). We estimate that surface albedos de-
rived from these reports are typically uncertain to +=0.06
in abedo.

b. Spectral parameterization

The same form of the parameterization can also be
used for narrow spectral intervals, with different coef-
ficients for each interval. To do this we repeat the pro-
cedure described earlier, using spectral results from
ATRAD, and derive coefficientsfor nine different wave-
lengths across the solar spectrum. These values are
shown in Table 2. Using the parameterization instead
of iterating through aradiative transfer model introduces
an error of less than 1% at each of the specified wave-
lengths. Values are applicable at each specified wave-
length, over the range of albedos, optical depths, and
solar zenith angles used in the radiative transfer model.
Attempts were made to fit the coefficients as functions
of wavelength and hence generalize the parameteriza-
tion across the whol e solar spectrum. However, the spec-
tral variation of downwelling irradiance, the spectral
dependence of surface albedo of snow and ice, and the
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TaBLE 2. Coefficients in Egs. (1), (2), and (3) found for nine different wavelengths A, assuming r; = 8.6 um. The last column gives the
root-mean-square difference between values of cloud transmittance obtained from the spectral radiative transfer model and those obtained

using the parameterization.

A (nm) a, b, b, b, ky Kk, Ky c d Rms (%)
370 0.78 0.31 —0.0782 —0.9218 13 0.2000 0.8000 0.0835 0.0759 0.8
440 0.65 0.59 —0.1212 —0.8788 13 0.0229 1.1754 0.1008 0.0954 0.6
560 0.53 0.79 —0.1054 —0.8946 13 0.0409 1.2436 0.1153 0.1126 04
650 0.49 0.88 —0.1276 —0.8724 13 0.0436 1.1836 0.1215 0.1192 0.4
720 0.51 0.82 —0.1054 —0.8946 13 0.0575 1.3637 0.1307 0.1218 04
810 0.49 0.85 —0.0775 —0.9222 13 0.0531 1.0101 0.1324 0.1263 0.5
925 0.53 0.74 —0.0442 —0.9559 13 0.2000 0.8000 0.1426 0.1235 0.9

1050 0.48 0.99 —0.1975 —0.8025 13 0.1124 1.4246 0.1560 0.1482 0.7
1660 0.49 1.02 —0.0973 —0.9026 13 0.2209 1.7544 0.2318 0.1768 0.8

absorption characteristics of liquid water in clouds make
such a generalization impractical. Downwelling irradi-
ance varies by a factor of 100 over the region from 0.3
to 3.0 um. Over the same spectral range the albedo of
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Fic. 9. Frequency distribution of cloud optical depth in the East
Antarctic sea ice zone during a single ship voyage, derived using the
broadband parameterization. An areal concentration of greater than
two-tenths of sea ice is defined as sea ice; less than two-tenths is
considered open water. The bin size is 4 units of optical depth. The
bar at 7 = O represents clear sky.

snow and ice surfaces decreases with wavelength and
exhibits pronounced sharp minimain the infrared. Lig-
uid water in clouds absorbs more strongly in the infra-
red. All these factors make it difficult to generalize the
parameterization as a function of wavelength. We there-
fore offer parameterizations only for the nine discrete
wavelengths in Table 2.

5. Application to field data

The broadband parameterization is applied to mea-
surements in the east Antarctic sea-ice zone during a 2-
month springtime voyage in 1996. The data were col-
lected on the research vessel Aurora Australis as part
of the 49th Australian National Antarctic Research Ex-
peditions (ANARE) between the latitudes of 44° and
69°S. Eppley pyranometers covering the spectral range
from 0.3 to 2.8 wm measured downwelling irradiance
at 10-sintervals for the duration of the voyage. Spectral
irradiance was measured at infrequent intervals using a
spectral radiometer covering the wavelength range 320—
1060 nm. From these measurements raw cloud trans-
mittances (trc) are obtained. An advantage of using mea-
surements rather than model calculations to determine
the clear-sky irradiance is that it does not require ab-
solute calibration of the pyranometer. Furthermore,
modeling errors are avoided.

Spectral surface albedos of different icetypesin Ant-
arctic sea ice have been measured in situ by Allison et
al. (1993) and Brandt et al. (1999). Together with hourly
visual observations, which include estimates of the frac-
tional coverage of the ocean surface, the ice thickness,
and the snow cover thickness for each of several ice
types within 2 km of the ship (the relevant area for
multiple reflections between the surface and low
clouds), these albedos are used to determine the area-
averaged surface albedo at a particular location. Using
the broadband parameterization, effective cloud optical
depth is derived. Figure 9 shows the frequency distri-
bution of effective cloud optical depths obtained for this
one voyage, using only those hourly observations per-
formed while in the seaice zone. The data are separated
into two classes of surface type: ‘‘open water,” where
the areal concentration of ice is at most 0.2, and *‘sea
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Fic. 10. Effective cloud optical depth (in the geometrics—optics
limit) for a 15-min period with completely overcast sky, and asurface
composed of one-tenth snow-covered first-year sea ice and nine-
tenths open water. Values obtained using the broadband parameter-
ization for asingle observation at 0500 UTC are compared with those
for five of the spectral parameterizationsin (a) by assuming aweight-
ed average of snow and water and in (b) by adjusting the spectral
albedo (within =0.05) so that all spectral channels give the same
optical depth (in the geometric-optics limit).

ice,”” wherethe areal concentration of iceis greater than
0.2. The figure shows that thin cloud is more prevalent
in areas of open water and clear sky is more common
over sea ice. The leftmost bin, —2 < 7 < 2, contains
some derived optical depths that are negative (aso
shown later in Fig. 12). These are obtained from Eq.
(1) when trc > 1. This may occur under a clear sky due
to imperfect leveling of the pyranometers, and under a
partly cloudy sky when the solar beam passes between
clouds causing the downward solar irradiance to exceed
the clear-sky irradiance.

We now investigate whether spectral and broadband
measurements are consistent. To compare the spectral
and broadband values of effective cloud optical depth
a 15-min period was chosen when low concentrations
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Fic. 11. Spectral surface albedos used to determine effective cloud
optical depth in Fig. 10. The dotted line is based on the visual ob-
servation of ice types (one-tenth snow-covered ice, nine-tenths wa-
ter), whereas the circles are the values of spectral albedo that cause
the optical depth values to agree at each wavelength [Fig. 10(b)].
Some types of seaice do have spectral albedos corresponding to the
circles (Grenfell and Perovich 1984) but those types were not reported
in the vicinity of the ship during the time of observation.

of sea ice were present (and hence the area-averaged
surface albedo was most accurate), and while the sky
was completely overcast. The surface was nine-tenths
water and one-tenth snow-covered ice. Figure 10 shows
the effective cloud optical depth at five spectral wave-
lengths and compares them with the broadband value
(measured at only one time, 0500 UTC). This compar-
isonisdoneintwoways. In Fig. 10a, at each wavelength
we use the visual observation of the fractional areacov-
ered by each ice type in the vicinity of the ship; at each
of five wavelengths the albedo is computed as aweight-
ed average of the measured spectral albedos of the dif-
ferent types (weighted by their area fractions). The al-
bedos at these five wavelengths are used to compute
five values of cloud optical depth. For the mixture of
ice types reported present, the area-averaged abedo
should be nearly constant with wavelength between 370
and 930 nm (dotted line in Fig. 11). The resulting com-
puted optical depths (Fig. 10a), however, did not agree
with each other. In Fig. 10b, we instead determine the
spectral variation in surface albedo (also shown in Fig.
11) that would be necessary to calculate the same ef-
fective optical depth at all wavelengths.

The improvement in the comparison of effective op-
tical depth in Fig. 10b results from using these latter
spectral abedos that do correspond to some types of
sea ice (Grenfell and Perovich 1984) but not to those
ice types evident near the ship at this time. A possible,
but speculative, explanation for the discrepancy is that
the effective area of sea surface affecting the pyrano-
meter measurement is greater for visible wavelengths
than for near-infrared wavelengths. Because the cloud
is more absorptive at longer wavelengths, photons at
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Fic. 12. Latitudinal variation of derived cloud optical depth during
austral spring 1996 on a voyage from Australia to east Antarctica
and return. Horizontal bars are averages of effective cloud optical
depth over 5° of latitude, excluding cases of clear sky. The approx-
imate edge of the sea ice was at 62°S. Points are plotted at hourly
intervals, for daytime hours when the sun was at least 10° above the
horizon. There are 514 points total.

these wavelengths cannot survive many bounces be-
tween cloud and surface. The near-IR downward irra-
diance may therefore be more dominated by the open
water in the lead surrounding the ship, whereas for the
visible wavelengthsthe relevant albedo isthat of alarger
area, extending beyond the lead into snow-covered floes.
We have not attempted to model this effect. However,
we emphasi ze that, for the typically mixed scenesin the
sea ice zone, surface albedo is the least well-character-
ized of the variables required for use in both the broad-
band and spectral parameterization.

The latitudinal dependence of effective cloud optical
depth for the duration of the voyage is shown in Fig.
12. One measurement per hour is plotted, for the entire
voyage from 44°S to the edge of the Antarctic continent
at 69°S. Observations at night or with the sun less than
10° above the horizon are excluded, leaving a total of
514 points. Thisfigure showsthe contrast between cloud
optical depth over the open ocean and over the sea ice
zone. The approximate edge of the seaice was at 62°S.
It is evident that there are far more instances of clear
sky over the sea ice than over the ocean, probably due
in part to the decrease in ocean—atmosphere moisture
exchange in the seaice zone. However the mean values
of cloud optical depth show little latitudinal variation.

6. Conclusions

A simple but accurate parameterization has been de-
veloped relating raw cloud transmittance trc to cloud
optical depth 7, surface albedo «, and solar zenith angle
0. The parameterization was derived using the measured
spectral albedos of snow, ice, and water; the same form
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of parameterization could be used for various land sur-
faces, but with different coefficients derived for their
spectral shapes.

The parameterization is intended for use in the anal-
ysis of measured surface irradiance to obtain an effec-
tive cloud optical depth 7 from measurements of trc.
The inferred value of 7 is an inherent property of the
cloud field, allowing computation of cloud transmittance
for other conditions of solar illumination and surface
albedo, thus allowing instantaneous point measurements
to be used for computation of diurnal-average and sea-
sonal-average cloud radiative forcing. The parameteri-
zation may also find use in climate modeling.
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