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ABSTRACT

Downward solar irradiance at the sea surface, measured on several voyages of an icebreaker in the
Southern Ocean, is used to infer transmittance of solar radiation by clouds. Together with surface albedo
estimated from coincident hourly sea ice reports, instantaneous cloud radiative forcing and effective cloud
optical depth are obtained. Values of “raw cloud transmittance” (trc), the ratio of downward irradiance
under cloud to downward irradiance measured under clear sky, vary from 0.1 to 1.0. Over sea ice, few values
of trc were observed between 0.8 and 1.0, possibly due to the threshold nature of the aerosol-to-cloud-
droplet transition. This sparsely populated region of transmittances is referred to as the Kohler gap.

The instantaneous downward shortwave cloud radiative forcing is computed, as well as the time-averaged
net forcing. The net forcing at a solar zenith angle of 60° is typically —250 W m™2 over open ocean, but only
half this value over sea ice because of the higher surface albedo and less frequent occurrence of clouds.

“Effective” optical depths 7 (for a radiatively equivalent horizontally homogeneous cloud) are classified
by season and surface type. The frequency distributions of rare well fitted by decaying exponentials, giving
a characteristic optical depth of 15 at 47°S, increasing to 24 in the region of maximum cloud cover at 58°S,

Department of Earth and Space Sciences, and Department of Atmospheric Sciences, University of Washington, Seattle, Washington

and decreasing to 11 at 67°S near the coast of Antarctica.

1. Introduction

In Fitzpatrick et al. (2004, hereafter Part I), a method
was developed to infer cloud information from mea-
surements of downward broadband solar irradiance us-
ing pyranometers. The observed “raw” cloud transmit-
tance (trc) is used, together with knowledge of the solar
zenith angle 6 and an estimate of surface albedo «, to
infer an inherent property of the cloud field, called the
“effective” optical depth 7. This derived quantity is de-
signed to be useful in climate studies (together with
regional climatologies of cloud cover and surface al-
bedo) for computing the solar transmittance over other
surface types and at other zenith angles. Such an effec-
tive optical depth has been used previously, for ex-
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ample, by Barker et al. (1998). In Part I a parameter-
ization was developed for trc as a function of 7, 6, and
«, by fitting simple functions to the results of a multi-
layer multispectral atmospheric radiative transfer
model, using for the surface boundary conditions the
spectral shapes of albedo for snow, ice, and water. Over
high-albedo surfaces, multiple reflection between the
cloud and the ground enhances the observed downward
irradiance (e.g., Nichol et al. 2003); this is taken into
account in the parameterization. The parameterization
for trc was shown to give rms errors of only 1%-2%
when compared to the trc computed by the radiative
transfer model. Although the effective droplet size can-
not be obtained from a single broadband measurement,
lack of knowledge of the droplet sizes causes little error
in computed trc (typically 2%) when the inferred T is
applied to other environments of 6 and «.

In this paper we use the parameterization to analyze
pyranometer data from several ship voyages in the
Southern Ocean.
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Fi1G. 1. Tracks of the RSV Aurora Australis voyages used in the analysis of cloud optical properties (sections
3 and 4). Voyages were confined to the Southern Ocean and East Antarctic region between 43° and 69°S, 55°

and 159°E.

2. Voyage data

Data were collected on voyages of the RSV Aurora
Australis as part of the Australian National Antarctic
Research Expeditions (ANARE) during the years from
1991 to 2002. Voyages were carried out between lati-
tudes 43° and 69°S, longitudes 55° and 159°E. Voyage
duration varied from 4 to 12 weeks, covering winter,
spring, and summer seasons. The tracks of 18 voyages for
which we determine cloud properties (in sections 3 and 4)
are shown in Fig. 1. We selected voyages that provided
observations of ice conditions and weather, coincident
with instrumental measurements of solar irradiance.

Considerable variation in seasonal sea ice cover oc-
curs among these voyages. Hourly visual observations
were recorded, including estimates of the fractional
coverage of the ocean surface for each of several ice
types within 2 km of the ship, as well as the ice thickness
and the snow cover thickness. Standard observational
procedures were used according to the protocol of
the Antarctic Sea Ice Processes and Climate Program
(ASPeCt), given by Worby (1999). Together with sur-
face albedos of different types of Antarctic sea ice,
which have been measured in situ by Allison et al.
(1993) and Brandt et al. (2005), these hourly observa-
tions are used to determine the area-averaged surface
albedo at a particular location. Figure 2 shows the sea-
sonal variation of broadband surface albedo « within

the sea ice zone, with representative albedo distribu-
tions. In the winter, albedos are slightly higher (with a
mode of 0.75) and indicate less thin ice and open water
than in the spring and summer when albedos range
from 0.2 to 0.8 with a mode of 0.65. This transitional
period in spring and summer, characterized by decaying
ice and brash and hence larger areas of open water,
results generally in a greater frequency of lower surface
albedos. Visual ice-type distributions are estimated to
be accurate to within one-tenth of sea ice concentration
(A. Worby 2001, personal communication). We esti-
mate that surface albedos derived from these reports
are typically uncertain to *+0.06 in albedo (Fitzpatrick
et al. 2004). The largest source of error in the inference
of inherent cloud properties (section 4) is uncertainty in
surface albedo.

On most voyages between 1991 and 2002, cloud
amount and type were recorded at 3-hourly intervals by
trained weather observers. We obtained cloud observa-
tions for these voyages both from the Comprehensive
Ocean—Atmosphere Data Set (COADS) (Woodruff et
al. 1998) and from the archives of the Commonwealth
Bureau of Meteorology. Comparison of winter, spring,
and summer voyages shows little seasonal variation in
total cloud cover and low cloud amount (Fig. 3). Typi-
cally, the Southern Ocean region displays average total
cloud exceeding 80% (Warren et al. 1988, Maps 6-9),
well above the global average of 64% (Hahn et al.
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FiG. 2. Distribution of surface albedos in the East Antarctic sea ice zone in different
seasons, excluding regions with no ice cover. Area-averaged surface albedos for a particular
location are determined from measured surface albedos for different ice types (Brandt et al.
2005), together with hourly visual observations of each of these ice types including estimates
of the fractional coverage of the ocean surface, the ice thickness, and the snow cover thick-
ness. Plots are arranged according to chronological dates within a season with (a) being

earliest dates to (f) being latest.

1995). Cloud types for the same voyages show slight
seasonal differences. Figure 4a shows the frequency dis-
tribution of cloud types in the sea ice zone, while Fig. 4b
shows those over open ocean. High and middle clouds,
which are dominated by cirrus and altocumulus respec-
tively, show little variation with season. Low cloud dis-
plays some changes in summer in the sea ice zone, with

an increase in clear sky and a slight decrease in the
frequency of cumulus and stratus clouds compared to
winter. The cumulus in winter are probably due to con-
vection over leads, where the air-sea temperature gra-
dient is large and unstable. Comparing Figs. 4a and 4b,
slightly more clear sky is reported over sea ice than
over open ocean.
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FI1G. 3. Frequency of cloud amounts in oktas (eighths) observed during voyages of Aurora
Australis for the period 1990-95. The code value 9 means “sky obscured,” usually due to

fog.






























