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ABSTRACT

Radiative fluxes and cloud forcings for the ocean areas of the Arctic are computed from the monthly cloud
product of the International Satellite Cloud Climatology Project (ISCCP) for 1983-90. Spatially a_veraged short-
wave fluxes compare well with climatological values, while downwelling longwave fluxes are significantly lower.
This is probably due to the fact that the ISCCP cloud amounts are underestimates. Top—of-the-atmosphere
radiative fluxes are in excellent agreement with measurements from the Earth Radiation Budget Experiment
(ERBE). Computed cloud forcings indicate that clouds have a warming effect at the surface and at the top of
the atmosphere during winter and a cooling effect during summer. The net radiative effect of clouds is larger
at the surface during winter but greater at the top of the atmosphere during summer. Overall the net radiative
effect of clouds at the top of the atmosphere is one of cooling. This is in contrast to a previous result from
ERBE data showing that arctic cloud forcings have a net warming effect. Sensitivities to errors in input parameters
are generally greater during winter with cloud amount being the most important parameter. During summer
the surface radiation balance is most sensitive to errors in the measurements of surface reflectance.

The results are encouraging, but the estimated error of 20 W m~2 in surface net radiative fluxes is too large,
given that estimates of the net radiative warming effect due to a doubling of CO; are on the order of 4 W m2,
Because it is difficult to determine the accuracy of results with existing in situ observations, it is recommended
that the development of improved algorithms for the retrieval of surface radiative properties be accompanied
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by the simultaneous assembly of validation datasets.

1. Introduction

The most comprehensive compilations of infor-
mation on arctic radiative fluxes are nearly 30 years
old. The climatologies of Marshunova ( 1961; Marshu-
nova and Chernigovsky 1966) and Vowinckel and Or-
vig (1962, 1963, 1964) are based on information from
a sparse network of drifting stations, ice islands, and
coastal stations. Although some of the coastal stations
have provided reliable long-term records of radiation
balance components (Ohmura and Gilgen 1991) for
the ice-covered areas of the Arctic Ocean, these cli-
matologies rely on drifting stations records with highly
variable temporal and spatial deployment histories.
Further, drifting stations are generally established on
large multiyear ice floes or ice islands, and measure-
ments there will be more representative of thick ice
where the energy fluxes through the ice are small
(Makshtas 1991).
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The problem of the spatial representativeness of
drifting station measurements is particularly severe
with respect to surface albedo, which becomes highly
variable during summer due to the development of
melt ponds, and in the marginal seas where there is a
broad range of ice concentrations. Similar problems
exist for the interpolation of surface temperatures that
depend on distribution of ice thickness and open water
areas. In their compilation of arctic radiative fluxes
Vowinckel and Orvig (1962 ) have addressed this prob-
lem by using surface albedos weighted by ice concen-
tration (Larson and Orvig 1962). However, their ice
concentration data, a compilation from the Oceano-
graphic Atlas of the Polar Seas (U.S. Navy 1958) and
various sources from the Deutsches Hydrographisches
Institut (1950), are of questionable quality. Fletcher
(1966) reviewed the information then available on ra-
diative fluxes. He questions Gavrilova’s (1966) esti-
mates that total solar radiation in the Arctic is known
to an accuracy of 2.5% for annual fluxes, 5%-10% for
monthly fluxes, absorbed solar radiation to 10%-15%,
outgoing longwave to 15%-20%, and the radiation bal-
ance to 20%-30%, noting that differences between
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Marshunova’s and Vowinckel and Orvig’s climatolo-
gies are much greater than the estimated accuracies.
Fletcher concluded that the compilation of Marshu-
nova (1961) probably represented the most accurate
description of the radiation climate in the Arctic.
Ohmura (1981) arrived at the same conclusion 15 years
later.

While the Marshunova climatology may indeed
represent the general characteristics of the radiation
climate in the Arctic, the information in that dataset
is of limited utility, in part for the above reasons, and
in part because of its low spatial resolution. The record
from Russian drifting stations continues until today
(Colony et al. 1992) but has not been processed into
a comprehensive climatology. Even such an extended
climatology will suffer from the biases and shortcom-
ings related to the lack of spatial representativeness.
Although it would be valuable for climate monitoring,
it will be of limited utility for sea-ice modeling exper-
iments and validation of general circulation models.
For such applications, datasets of radiative fluxes de-
rived using remote sensing techniques, possibly in
combination with surface measurements, will have to
be developed. This need for development and valida-
tion of datasets of surface radiation balance compo-
nents derived from satellite was clearly identified by
the World Climate Research Programme (WMO
1992).

The objective of our study is the compilation of a
monthly climatology of arctic radiative fluxes at the
surface as well as at the top of the atmosphere. The
term climatology is used somewhat loosely in this con-
text since it covers only seven years. This compilation
provides an alternative to prior estimates. It incorpo-
rates the most recent satellite-derived datasets, which
for the first time allow the investigation of the spatial
variability of arctic radiative fluxes. These fluxes are
computed using a radiative transfer modeling ap-
proach, with the International Satellite Cloud Clima-
tology Project (ISCCP) C2 dataset as the main source
of information on radiatively important atmospheric
and surface properties. Due to the limitations of satellite
remote sensing retrieval techniques, a secondary ob-
jective of this study is to determine the range of errors
that we may expect owing to deficiencies in the input
dataset.

2. ISCCP C2 data description and comparison with
surface observations

Radiative fluxes are computed using the ISCCP
C2 dataset as the primary source of information for
radiatively important atmospheric and surface
properties. The C2 set is a compilation of monthly
statistics from the 3-h ISCCP C1 dataset and contains
information on satellite-derived cloud fraction, at-
mospheric profiles of temperature, water vapor and
ozone, surface temperature and reflectivity, cloud-
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top pressure and temperature, and cloud optical
depth. Compilation is an ongoing effort; currently
available data cover the period from July 1983 to
December 1990. This dataset provides global cov-
erage from a variety of sensors on a 280 km X 280
km analysis grid. For the polar regions it consists
entirely of data from the Advanced Very High Res-
olution Radiometer (AVHRR) and 7/ROS-N Op-
erational Vertical Sounder (TOVS) on board the
National Oceanic and Atmospheric Administration
(NOAA ) satellites. The ISCCP procedure involves a
large number of processing steps; for more detail the
reader is referred to Rossow et al. (1991). Data cov-
ering all ocean areas north of 62.5°N from 1983
through 1990 are used in the analysis.

Since the radiative fluxes presented here are based
upon the ISCCP cloud amounts, the validity of those
amounts should be examined. We do so here by
comparing the satellite-based cloud amounts with
surface-based observations. However, there are
many questions concerning the validity of the sur-
face-based cloud amounts as well, so it is not pos-
sible to draw conclusions in an absolute sense about
either dataset. Only a summary of the results is pre-
sented here; for more details see Schweiger and
Key (1992).

The comparison is made with monthly cloud sta-
tistics from an atlas of global cloud cover compiled
by Warren et al. (1988; hereafter WAR). Cloud ob-
servations from ships for 1951-81 form the basis for
the ocean area atlas. Since there is no direct overlap
between the ISCCP and WAR datasets, only monthly
statistics were compared. Interannual variability of
monthly cloudiness is small, in the range of 5% for
July and up to 8% in January of the ISCCP years, so
errors due to nonoverlapping climatologies should
be of lower magnitude than the other potential
€rror sources.

Figure 1 shows the annual variation of total cloud
amounts in the ISCCP C2 and WAR datasets for the
region north of 62.5°N, including land areas. Two
separate cloud amounts are given for the ISCCP C2
set: the total cloud amount reported in the ISCCP
C2 dataset and marginal cloud amount. (The total
cloud includes the marginal cloud.) Marginal cloud
amounts are derived in the ISCCP procedure through
the application of a different threshold and represent
the first derivative of cloud amount with respect to
the threshold. These marginally cloudy pixels display
radiances that are near the clear-sky radiances. The
marginal cloud amount is presented as an indicator
of the level of uncertainty in the thresholds. As can
be seen from Fig. 1, the uncertainty is greatest
during winter.

The satellite cloud amounts are generally 5%-35%
less than the surface observations over the entire Arctic.
Regional differences may be as high as 45%, however.
In winter the ISCCP climatology in the central Arctic
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FiG. 1. Cloud amounts from the ISCCP C2 dataset for the period 1983-90 and from the Warren et al.
dataset for the period 1951-81. Marginal cloud amounts from the ISCCP dataset are also shown.

agrees within 10% of the surface observations. Satellite-
derived cloudiness during summer seems to reflect the
conservative approach of the ISCCP algorithm and
probably represents an underestimate, but there is
considerable uncertainty with respect to the winter
cloudiness. Ice crystal precipitation could account for
the unexpectedly high winter ISCCP cloud amounts
(Schweiger and Key 1992).

3. Calculation of radiative fluxes

A review of techniques to infer surface radiative
fluxes from top-of-the-atmosphere ( TOA ) radiances is
provided by Schmetz (1989) and Raschke et al. (1992),
who also discuss the application of such techniques to
the polar regions. Median rms errors of satellite-derived
solar fluxes for lower latitudes are near 5% for monthly
sums, near 9% for daily sums, and 5%-50% for hourly
sums (Schmetz 1989). Rossow and Lacis (1990) use
NOAA scanning radiometer (SR ) data to compute the
surface radiation balance globally for 4 months in 1977,
but problems in the polar regions are not specifically
addressed. Using data from the ISCCP project, Rossow
et al. (1990) computed radiative flux profiles and com-
pared them to surface measurements in Wisconsin and
Bermuda. Their results are encouraging since they
showed rms errors of 4 and 9 W m ™2, respectively, in
downwelling solar radiation for the two areas. To date,
only a small number of case studies have been con-
ducted in the polar regions. Using surface and aircraft
measurements from the Fram Strait area during the
Arktis-88 experiment, Stuhlmann and Bauer (1991)
found that satellite-derived solar irradiances were un-

derestimated by 30-50 W m™2, or 10%. They found
these errors to be particularly large near the ice edge
where the resolution of the AVHRR sensor is insuffi-
cient to distinguish ice-free and ice-covered areas. Sat-
ellite-retrieved surface albedos were lower by up to 0.2
than those measured on the ground, which contributed
to the error in downwelling shortwave fluxes. This un-
derestimation of surface albedo was attributed mainly
to the different scales of areal integration. Combining
a discrete-ordinate radiative transfer model (Stamnes
et al. 1988) for the inversion of satellite radiances to
cloud transmissivities and a two-stream model for the
calculation of radiative fluxes at the surface, Kergor-
mard et al. (1993) found a +10 W m~? agreement be-
tween satellite-retrieved fluxes and those measured on
board a ship in Fram Strait on 31 August 1988. Given
the limited scope of the studies, a more extensive val-
idation of the various algorithms is clearly indicated.

The model used to calculate radiative fluxes is mod-
ified from Tsay et al. (1989), by replacing the discrete
ordinate solution of the radiative transfer equation with
a delta-Eddington two-stream approximation for
shortwave calculations and a hemispheric mean two-
stream approximation with an internal source function
for longwave calculations (Toon et al. 1989). Gas ab-
sorption for water vapor, ozone, CO-, and oxygen is
parameterized using an exponential sum fitting tech-
nique with 24 bands at varying intervals without over-
lap for the shortwave region, and 9 bands at 200-cm™!
intervals including overlap of gases for the longwave
region. Cloud single scattering properties are param-
eterized using the scheme of Slingo (1989):
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¢ + R,
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B = (¢s + ¢cs/ R)LWC,

where w, g, and @ are the single-scattering albedo, the
asymmetry factor, and the volume extinction coeffi-
cient, R, 1s the effective radius, and LWC is the liquid
water concentration. The constants ¢; are determined
by linear fits to results from Mie calculations for each
spectral band over a range of cloud types. Clouds are
represented as Mie scattering layers of variable thick-
ness. Cloud height and optical thickness are set to the
values reported in the ISCCP dataset. Cloud physical
thickness is calculated from the above parameterization
with an effective radius R, of 10 um and a liquid water
concentration of 0.2 g m™3, These values were chosen
to be consistent with the ISCCP retrieval algorithm.
During winter no cloud optical thickness is reported
in the ISCCP dataset so the mean summer value of
10.5 was used instead. Optical depths for ice crystal
clouds calculated by Curry et al. (1990) range from 5
to 21 in winter. The sensitivity of radiative fluxes to
this assumption is tested in section 6b. Although cloud
amount in seven categories is reported in the dataset,
only total cloud amount is used in the analysis due to
computational constraints. Monthly averages of cloud
optical properties for total cloud amount contained in
the ISCCP dataset are computed from the 3-h values
of seven of the cloud types using an averaging scheme
that accounts for the nonlinear relationship between
cloud optical properties and their radiative effects
(Rossow and Schiffer 1991). For each grid cell separate
calculations are performed for cloud-free and cloudy
conditions. Results are linearly averaged with the frac-
tional area of cloud and clear sky as weights. This linear
averaging, neglecting the effect of reflections from cloud
sides and leakage of radiation through cloud walls,
seems legitimate in the Arctic regions, where stratiform
clouds dominate and cloudiness is generally high. Daily
and month-to-month variation of solar zenith angle is
treated by averaging calculations at 6-h intervals for
the middle of the month. We found that using this
integration step resulted in only a small error when
compared with shorter (30-min) integration steps.
To calculate radiative fluxes, surface reflectivity and
emissivity need to be specified for each of the spectral
bands used in the radiative transfer scheme. Consistent
with the ISCCP analysis, emissivity is assumed to be
unity. Spectral albedos in the 24 bands must be esti-
mated from the single channel reflectance (0.6 um)
reported in the C2 dataset. The problem is complicated
by the fact that a variety of surface types may exist
within each grid cell; the proper mixture must be de-
termined before reflectances can be assigned. The sur-
face types considered are: open water, melt ponds, bare
ice, and snow-covered ice with either 300- or 1000-um
snow-grain size. The spectral albedos for these surfaces
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are in part extracted from the literature and in part
computed using a four-stream model analogous to the
development of Warren and Wiscombe (1980). For
the modeled snow albedo, snow-grain size is season
dependent. A soot content of 0.2 ppmw, consistent
with the amounts necessary to match measured albedos
by Grenfell and Maykut (1977), is used. The albedo
at the lower boundary, the snow-ice interface, was set
to the spectral albedo of ice from which the snow has
been removed. The snow depth in the nonmelt season
was assumed to be 40 cm, a value typical for early
May. Spectra for melting first- and second-year ice, as
well as melt ponds are taken from Grenfell and Maykut
(1977).

With these temporal distributions of the surface types
defined, and not allowing more than three in any given
month, we assign the 24 reflectances by first determin-
ing what combination of surface types would produce
the reported visible reflectance. Ice concentration data
from the C2 dataset is used, thereby fixing two of the
(possible) three types. The remaining spectral band
albedos are assigned as the sum of the weighted “pure”
reflectances in each band; that is A = SF, where A is
the vector of albedos in the 24 bands, S is a matrix of
pure spectral signatures for each surface type and each
spectral band, and F is the five-element vector of the
fractional coverage of each surface type. In practice the
estimated melt pond fraction may assume unrealistic
values so that the right-hand side of the above equation
is adjusted for unmodeled effects.

One further addition to the information provided in
the C2 data was necessary. The C2 dataset reports at-
mospheric temperatures at only four levels (five if a
cloud is present) so that detail in the vertical temper-
ature profile must be reconstructed. We drew on a da-
taset of atmospheric vapor and temperature profiles
from North Polar drifting stations compiled by Serreze
etal. (1992). The vertical resolution of the TOVS tem-
perature and humidity profiles being too coarse to rep-
resent the radiatively important low-level inversion,
the inversion statistics from this ice island dataset were
used to add a climatological inversion to the ISCCP
profiles. Similarly, information on water vapor and
ozone abundance is only reported in integrated colum-
nar quantities. Standard subarctic profiles were used
to reconstruct water vapor and ozone profiles from the
total columnar amounts by assuming a constant ratio
of layer to column amounts.

4. Basinwide mean fluxes and cloud forcing
a. Surface

For the baseline case, calculations were conducted
for all ocean areas north of 62.5°N. Only total cloud-
iness is considered. Total aerosol optical depth is set
to 0.06 and does not vary with season or place. Surface
fluxes from the baseline calculations are shown in Table
2 and Figs. 2 and 3, with symbols defined in Table 1.
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FIG. 2. Shortwave fluxes at the surface for all ocean
areas north of 62.5°N.

Downwelling shortwave radiation increases from Feb-
ruary to a June maximum of 286 W m™2. Downwelling
longwave radiation during summer is of a similar mag-
nitude but has a maximum of 279 W m~2 a month
later in July. Variation in downwelling longwave ra-
diation is small from November through May and the
minimum occurs in April when air temperatures have
begun to rise and cloud amount decreases from winter
to spring. While incoming shortwave radiation in-
creases and decreases monotonically to and from the
June maximum, downwelling longwave radiation
shows a rather abrupt jump of 55 W m™? from May
to June Net longwave fluxes are negative (loss from
the surface) throughout the year. Maximum losses of
—71 W m™? occur during May when rising surface
temperatures coincide with a minimum in cloudiness.
Shortwave gains exceed longwave losses from April
through September, and the net surface radiation bal-
ance varies from a minimum in November of —48
W m~2 to a maximum in July of 118 W m™2. This
maximum occurs one month after the maximum in
downwelling shortwave radiation and is caused mainly
by a drop in albedo during this time of the year.

To investigate the net radiative effect of clouds in
the Arctic regions cloud forcings are determined. Cloud
forcing is the integrated partial derivative of the radia-
tive flux with respect to the cloud fraction and is defined
as

Ac a A

cs, = [ ga = 040 - 84(0)
0 oa
e JF

CF, = da = Fs(Ac) - FS(O)

da
CNET, = CS, + CF,,

where CS, CF, and CNET are the shortwave, longwave,
and net cloud forcing for the surface (subscript s), A4,
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F1G. 3. Longwave fluxes at the surface for all ocean
areas north of 62.5°N.

is the total cloud amount, S; and F; are the net short-
and longwave fluxes at the surface, and a is cloud frac-
tion. Cloud forcings are negative for cooling and pos-
itive for warming. The net cloud forcing is the sum of
both cloud-forcing parameters. Cloud-forcing param-
eters were calculated for each individual grid cell and
averaged spatially and over the eight years under in-
vestigation. Surface cloud forcings are shown in Fig.
4. During the winter season, clouds have a warming
effect of about 66 W m™2 and the net cloud forcing at
the surface remains positive from October through
May. During summer the effect of clouds to decrease

TABLE 1. Symbol definitions. All flux variables are subscripted
with s or ¢ for surface or top of the atmosphere.

Variable Description

F| Downwelling longwave flux

F4 Upwelling longwave flux

F Net longwave flux

R Net flux (balance)

N Net shortwave flux

Sy Downwelling shortwave flux

Slaic Direct downwelling shortwave flux
Sl Diffuse downwelling shortwave flux

St Upwelling shortwave flux

CS Shortwave cloud forcing
CF Longwave cloud forcing
CNET Net cloud forcing
A, Total cloud fraction
Amarg Marginal cloud fraction
R, Effective cloud droplet radius
P, Cloud-top pressure
T, Cloud-top temperature
T Cloud optical depth
a Spectrally and hemispherically integrated directional
albedo
Yos AVHRR channel | surface reflectance
rs Surface reflectance
B Surface skin temperature




AUGUST 1994

SCHWEIGER AND KEY

953

TABLE 2. Radiative fluxes (W m™2) and cloud forcing for the ISCCP baseline case.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
A 0.7 0.7 0.6 0.5 0.5 0.5 0.5 0.6 0.6 0.7 0.6 0.7
a 0.0 0.1 0.6 0.6 0.5 0.4 0.4 0.3 0.3 0.3 0.00 0.00
SV, 0 7 70 236 414 508 475 324 134 23 0 0
St 0 5 47 152 252 267 236 164 73 14 0 0
S, 0 2 23 84 162 240 239 160 60 9 0 0
F4, 182 182 187 200 220 223 227 221 211 208 193 186
R, -182 —180 —164 —115 -57 17 12 —62 —151 -200 -193 —186
Slairs 0 1 12 63 146 160 129 74 23 3 0 0
Slaises 0 1 16 61 104 127 122 79 29 4 0 0
Sis 0 2 28 124 250 287 251 153 52 7 0 0
St 0 1 14 69 138 130 91 48 15 2 0 0
Ss 0 1 13 55 112 156 160 105 37 5 0 0
Fl, 196 199 202 1989 207 262 279 276 260 224 204 200
F4, 239 239 238 253 278 306 321 316 297 274 252 245
F; —-43 —40 -36 —54 -71 —44 —42 —40 -37 —49 —48 —44
R, —43 -39 —-23 1 41 112 118 65 0 —44 —48 —44
CS, 0 -2 —12 -31 —48 =70 =79 -61 -29 -6 0 0
CF, 22 23 21 17 13 13 16 16 15 21 21 23
CNET, 22 22 8 —-14 -34 -57 —-63 —45 -14 16 21 23
CS; 0 -2 —-13 -34 -53 -71 -78 —60 -29 —6 0 0
CF, 66 68 7 59 60 30 31 35 40 72 65 66
CNET; 66 66 58 25 -3 —41 —47 =25 11 66 65 66

incoming shortwave radiation outweighs their long-
wave radiative effects: clouds have a net cooling effect
ranging from 4 W m~2 in April and May to a maximum
of 47 W m™2 in July. These cloud forcings are in good
agreement with those computed from a surface-based
climatology (Curry and Ebert 1992).

b. Top of atmosphere (TOA)

Since radiation is the only form of energy exchange
at the top of the atmosphere, radiative fluxes there pro-
vide a measure of the total energy balance of the earth.
Net TOA shortwave radiation (Fig. 5) increases from
February to June, from 2 to 240 W m™2, respectively,
and drops to 9 W m~? in October. The maximum oc-
curs in June. Even though incoming shortwave at the
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FI1G. 4. Net, shortwave, and longwave cloud forcings at the surface.

TOA decreases by 33 W m™2 from June to July, net
TOA shortwave drops by only 1 W m™2 due to the
effect of the drop in surface albedo on the TOA fluxes.
This drop in surface albedo obviously outweighs the
effect of an increase in cloudiness from June to July
(Fig. 1), which is expected to increase the planetary
albedo. Since there is no thermal input at the top of
the atmosphere, the net longwave radiation balance at
the top of the atmosphere is negative throughout the
year. The TOA longwave flux remains almost constant
(within 5 W m™2) from December through March with
a maximum of —182 W m™2 in January and a mini-
mum of —223 W m™? in June. Compared with the
longwave fluxes at the surface, the annual variability
at the top of the atmosphere is rather small. Except for
the months of June and July when the net balance is
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FIG. 5. Top-of-the-atmosphere fluxes.
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slightly positive (17 and 12 W m™2, respectively), the
Arctic loses energy at its top boundary throughout the
year. The maximum (—200 W m~?) occurs in No-
vember. This radiative loss at the top of the atmosphere,
which has to be balanced by energy exchange with
lower latitudes and the lower boundary (the ice-covered
ocean), is a major driving force in the global climate
system ( Nakamura and Oort 1988). In fact, our sum-
mer (June-July-August) average of —11 W m~2 is in
close agreement with the —15 W m™2 value used by
Nakamura and Oort. However, winter (December—
January-February ) losses of —183 W m ™2 exceed their
average (—157 W m~2) by 26 W m~2.

In the context of a CO, global warming scenario,
which may or may not increase cloudiness, it is im-
portant to know the net radiative effects of clouds. Fig-
ure 6 shows the shortwave, longwave, and net cloud
forcings at the top of the atmosphere. The impact of
clouds on the longwave radiation balance is relatively
small and shows little variation over the year. However,
the effect of clouds on the shortwave radiation balance
at the top of the atmosphere is significantly larger. In
July at the maximum, the net effect of clouds on the
total radiation balance is to reduce the energy input to
the atmosphere by 79 W m™2. A comparison with cloud
forcings calculated for the surface (Fig. 4) shows that
even though shortwave cloud forcings at the surface
are almost identical to those at the top of the atmo-
sphere, the net effect of clouds is greater at the surface
during the winter and greater at the top of the atmo-
sphere during the summer.

Unlike surface radiative fluxes, TOA radiative fluxes
can only be obtained from satellite measurements or
from modeling studies. A significant effort has been
made to obtain TOA radiative fluxes from satellite ( cf.
Barkstrom et al. 1990; Ramanathan et al. 1989). Bark-
strom et al. (1990) present zonal means from four
months of ERBE data that overlap with the ISCCP
dataset. Their results are compared with those com-
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FIG. 6. Top-of-the-atmosphere cloud forcings.

JOURNAL OF APPLIED METEOROLOGY

VOLUME 33

4001 T T T—T T T T T T T T
[ -—— |ISCCP—shortwave j

P ISCCP—longwave
[ © ¢ Barkstrom=shortwave ]
r O 0[O Barkstrom—longwave 1
300F 3
e - ]
E E eI ]
2 200} af T N o]
X i . ]
[ t ]
100F -
: 3
£ S _
0
Jan Mar May Jul Sep Nov
Month

FiG. 7. Comparison of upwelling longwave and shortwave radiative
fluxes from the ISCCP baseline case and ERBE data. ERBE data
from Barkstrom et al. (1990; their Fig. 4 and 5) at 80°N. The period
of comparison is January 1986, and April, July, October of 1985.
ISCCP data plotted here represent the zonal mean of the ISCCP grid
cells centered at 81.3°N.

puted from the ISCCP dataset in Fig. 7. Top-of-the-
atmosphere fluxes calculated for the ISCCP baseline
case are in excellent agreement with those measured
by ERBE; the greatest difference is in October for
shortwave values, where ISCCP values are 0 but ERBE
measures 18 W m™2, This difference is explained by
the fact that no shortwave retrievals (and therefore no
flux calculations) are performed beyond the solar ze-
nith angle cutoff (72.5°). Barkstrom et al. (1990) es-
timate the accuracy of monthly averaged statistics at
a regional scale as 6 W m~2. Over the poles and snow-
covered areas, where cloud detection is error prone,
this accuracy is expected to be less (Ramanathan et al.
1989).

Zonally averaged cloud forcings for regions north of
60° for 4 days in July 1985 have been calculated by
Li and Leighton (1991). In their approach, an
AVHRR-based algorithm for scene identification is
applied to broadband ERBE radiances, to calculate
outgoing longwave and shortwave fluxes. Figure 8
compares net cloud forcings calculated by Li and
Leighton with those calculated for the ISCCP baseline
case. The curves labeled “ERBE” and “ERBE with
AVHRR” are the cloud forcings from the ERBE da-
taset and those computed from the ERBE dataset using
an AVHRR-based scene identification, respectively. Li
and Leighton stress the point that scene identification,
which is more accurately accomplished using the
higher-resolution, multichannel AVHRR sensor, is
extremely important when calculating cloud forcings
over the polar regions. The excellent agreement be-
tween the ISCCP calculated cloud forcings and those
obtained from ERBE using the AVHRR scene iden-
tification is encouraging. The close agreement between
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FiG. 8. Longitudinally averaged net cloud forcings at TOA cal-
culated from the ISCCP dataset and measured by the ERBE instru-
ment. “ERBE with AVHRR” are ERBE fluxes weighted by AVHRR-
derived cloud fractions.

the two datasets further disputes the finding that net
cloud forcings at the top of the arctic atmosphere are
positive (Ramanathan et al. 1989). Indeed, the un-
modified ERBE data show that annual net cloud forc-
ings north of 80°N are positive. Given their calculated
cloud forcing being close to zero near the pole in July,
with positive winter values, it is apparent why Rama-
nathan et al. arrived at their conclusion about net cloud
forcings in the Arctic.

5. Spatial variability of fluxes and cloud forcing

Spatial variability was also examined. Only spatial
patterns for January and June are given here; a com-
plete set (though for a shorter time period ) can be found
in Schweiger (1992). In March downwelling shortwave
radiation at the surface in the central Arctic is 20-25
W m™2, increasing southward. A modulation of the
solar zenith angle effect by cloud amount is seen over
the Greenland and Norwegian Seas, where cloudiness
is usually greater than in other regions of the Arctic.
In April this pattern persists, but downwelling fluxes
have increased by about 100 W m™2 for the areas north
of 70° with less of a latitudinal gradient than that in
March. Since the ISCCP dataset reports fewer clouds
in the central Arctic than elsewhere, in May this region
receives more solar radiation (300 W m~2) than other
areas of the Arctic. The minimum again occurs over
the Greenland and Norwegian Seas where cloud
amounts are persistently high. In June (Fig. 9) and
July, downwelling shortwave patterns vary little over
most of the Arctic region with downwelling fluxes in
the order of 300-325 W m™2 for the central Arctic and
180-280 W m 2 in the Norwegian Sea. A steep gradient
can again be observed in the Greenland and Norwegian
Seas as well as the Barents Sea, where summer cloud
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amounts of 80% reduce incoming shortwave radiation
substantially. In these areas summer ice concentrations,
and therefore areally averaged albedos, are lower. In
August, the solar zenith angle-related concentric pat-
tern redevelops and cloudiness has a secondary effect
on the spatial distribution of shortwave fluxes.

Downwelling longwave fluxes show little variation
over most of the Arctic and are on the order of 175
W m~2 from November through April. Results for
January are shown in Fig. 10a. A strong increase up
to 300 W m™ can be found over the Norwegian,
Greenland, and Barents Seas. This gradient is also fairly
constant for these months and is again caused by the
greater cloudiness over these areas. In May the periph-
eral seas, because of rising temperatures, begin to re-
ceive greater amounts of longwave radiation (200
W m™2), while the central Arctic remains at the 175
W m~2 level. In June (Fig. 10b) a sudden jump to 250
W m~2 with little variation over the central areas oc-
curs, and the maximum is reached in July with 275
W m™2 over most of the Arctic Ocean and the periph-
eral seas. In August this pattern persists at approxi-
mately the same level before values drop again most
drastically in the central Arctic. The spatial distribu-
tions of net cloud forcing at the surface during January
and June are shown in Figs. 11a and 11b. The rela-
tionship between the cloud forcing and downwelling
shortwave and longwave radiation in Figs. 9 and 10 is
readily apparent. For a more detailed discussion of the
spatial variability see Schweiger (1992).

6. Sensitivity analyses

In this section the sensitivity of the computed fluxes
to cloud amount, height, droplet size, and optical depth,

f' -y,

FI1G. 9. The spatial distribution of downwelling shortwave
radiation (W m~2) during June.
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FIG. 10. The spatial distribution of downwelling longwave radiation (W m~2) during (a) January and (b) June.

surface reflectance and temperature, and data time step
are examined. The results are summarized in Table 3.
In this and subsequent tables, the columns labeled “all”
refer to the entire study area (ocean areas north of
62.5°N) and columns labeled “>75” refer to ocean
areas north of 75°N. Where no particular mention is
made of area, the results pertain to the entire study
region.

a. Sensitivity to cloud amount

There is considerable uncertainty in reported cloud
amounts in the Arctic (Schweiger and Key 1992). To
evaluate the sensitivity of surface radiative fluxes to
errors in the determination of cloud amount, two sep-
arate sensitivity studies were conducted. Categories
“cloud amount” and “marginal” in Table 3 show the

FI1G. 11. The spatial distribution of surface net cloud forcing (W m™2) during (a) January and (b) June.




AUGUST 1994 SCHWEIGER AND KEY 957
TABLE 3. Sensitivity of surface fluxes to changes in cloud and surface parameters.
Jan Jan Jan Jan Jul Jul Jul Jul Jul Jul
All All >75 >75 All All All >75 >75 >75
F} R F| R F| R S Fl R S¥
Baseline case 206 —43 190 —40 280 127 259 267 113 275
Cloud amount
—20% 192 -57 177 —52 274 137 279 263 129 291
+20% 220 -29 203 —26 284 118 240 272 106 258
Marginal cloud
- 182 -59 164 -57 268 136 276 256 122 296
+ 229 -27 216 -22 291 121 243 279 105 255
Cloud-top pressure
—-10% 206 —43 189 —40 278 126 259 266 112 274
+10% 221 -28 202 —27 283 131 259 270 115 275
Cloud-droplet radius
S um 204 —45 188 —41 279 124 254 267 111 271
Surface reflectance
—15% — — — — — 138 255 —_ 128 270
+15% — — —_ — — 116 262 — 98 280
Cloud optical depth
—20% 205 —44 189 —40 279 132 266 267 117 281
+20% 207 —42 191 -38 280 123 253 268 110 270
Surface temperature
-4 K 198 -35 183 -32 267 133 259 255 120 275
+4 K 214 —51 197 —47 292 121 259 280 107 275

results for comparison with the “baseline case.” Values
for the baseline case are different from those presented
previously; they are averages for January and July of
1985 only. For the “cloud amount” sensitivity study,
the cloud amount was varied upward and downward
by 20% (relative) without altering any of the other pa-
rameters used in the radiative transfer calculations. In
January a 20% increase in cloud amount causes an
increase in downwelling longwave radiation of 14
W m~2 for the entire area and 13 W m~2 north of 75°N.
In summer the effect on longwave fluxes is smaller,
particularly north of 75°N, but the effect on shortwave
fluxes is substantial and on the order of 20 W m™2.
Since the accuracy of the ISCCP cloud detection al-
gorithm will affect the accuracy of the retrieved cloud
properties as well as surface temperature and surface
reflectance, following Rossow et al. (1990), a study
was conducted to determine the combined effect of
errors in the cloud detection step of the ISCCP algo-
rithm on the derived surface radiative fluxes. Marginal
clouds and those potentially missed by the ISCCP cloud
retrieval algorithm have properties that are different
from those of detected clouds. The larger decision
thresholds applied to the “certainly cloudy” pixels
cause these pixels to have lower cloud-top temperatures
and a greater cloud optical depth than marginal clouds.
The retrieved surface properties are not independent
of the decision thresholds applied in the cloud analysis.
If undetected, the properties of these cloudy pixels will

affect the statistics for the surface variables reflectance
and temperature. Because of the photon-conservative
nature of the ISCCP algorithm (i.e., radiation must
come from either surface or cloud; if clouds are missed,
radiation that is falsely attributed to the surface must
actually have been radiated by the clouds), a new set
of surface and cloud properties can be computed from
information on the properties of marginally cloudy
pixels. These are computed by removing the effect of
marginal clouds (they are included in the total cloud
amount) from the radiative properties reported in the
ISCCP dataset:

- AcTc — Amarngarg

T
Ac - Amarg
T = (1 — Ac) Ts + Amarngarg
: 1 — A+ Amarg
, AcTc - Amarngarg
T =
Ac - Amarg

plo= (1 —AJ)ry + Amarngarg
: 1 — A+ Amarg

where A4, and A4,,,, are the total and marginal cloud
amounts, 7, and r; refer to the surface temperature
and surface reflectivity, T, and 7, are the cloud-top
temperature and cloud optical depths for totally cloudy
pixels, and Targ and 7, are the cloud-top temper-
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ature and cloud optical thickness for marginally cloudy
pixels. The primed variables are calculated from the
digital counts reported in the ISCCP dataset rather than
from the geophysical variables. Since 7 + r = 1 in digital
count coordinates, r can be calculated using — 7,5,
instead of 7.y, Which is not reported. This set of new
variables represents the assumption that the ISCCP al-
gorithm actually overestimates cloud amount and that
marginal clouds and their attributed radiative prop-
erties actually represent the surface. Previously pre-
sented evidence suggests, however, that the ISCCP
cloud detection algorithm, at least during the summer
months, underestimates ‘“‘true” cloud amounts. The
combined effect of the cloud amount underestimate
on all ISCCP parameters is approximated by the as-
sumption that changes in surface and cloud radiative
properties due to changes in the decision thresholds
are symmetric about the reported values. The magni-
tude of the effect of removing marginal “objects” from
clouds and adding them to the surface is assumed to
be equal to the effect (in the opposite direction) of
clouds that were actually missed by the ISCCP algo-
rithm. For radiative consistency, variables are calcu-
lated from the digital counts, rather than the geophys-
ical variables.

Category “marginal cloud” in Table 3 reports the
results of this sensitivity study. The row labeled “+”
indicates the radiative fluxes that would be expected if
“missed” clouds were actually included in the calcu-
lations and the above assumptions about the properties
of these clouds were correct. The effect is to increase
cloud amount. In this case January downwelling long-
wave fluxes for the entire area increase from 206 to
229 W m™2 and the net radiation balance increases
from —43 to —27 W m™2. In July downwelling long-
wave fluxes increase from 280 to 291 W m™2 and
shortwave fluxes decrease from 259 to 243 W m™2 for
the entire area; the net radiation balance is decreased
by only 5 W m™2. In order to compare the sensitivity
of these radiative fluxes to those computed when cloud
fraction alone was varied, it is important to consider
that the addition of marginal clouds to the total cloud
amounts increases total cloud amounts by (relative)
30% in January and 20% in July. For the “cloud
amount” sensitivity study the cloud amount was in-
creased (relative) by 20% for January and July.

Next, spatially averaged downwelling radiative fluxes
calculated for ocean areas north of 75°N were com-
pared with measured radiative fluxes reported by Mar-
shunova. The comparison shows a good agreement of
downwelling shortwave fluxes but a substantial dis-
agreement in midsummer downwelling longwave
fluxes. The following sensitivity study was conducted
to test the hypothesis that the discrepancies in down-
welling longwave fluxes are mainly caused by the fact
that the ISCCP algorithm by design will miss a sub-
stantial fraction of thin low clouds. Figures 12 and 13
show a comparison of downwelling longwave and
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F1G. 12. Downwelling shortwave flux calculated from the ISCCP
dataset, climatological values from Marshunova, and ISCCP values
corrected for potentially underestimated cloud amounts.

shortwave radiative fluxes for the ISCCP baseline case,
the ones reported by Marshunova, and a sensitivity
study in which a combination of ISCCP data and the
cloud climatology of Warren et al. (1986, 1988) was
used. This combination was produced by assuming that
the ISCCP data indeed represent an underestimate and
that the difference between the ISCCP dataset and the
WAR cloud climatology is accounted for by thin low
stratus clouds. In the figures, “ISCCP Adjusted” was
therefore computed by adding a thin stratus cloud of
optical depth 2 with its cloud top in the inversion layer.
Cloud amounts for this cloud type are calculated as
the difference between the climatological cloud amount
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F1G. 13. Downwelling longwave flux calculated from the ISCCP
dataset, climatological values from Marshunova, and ISCCP values
corrected for potentially underestimated cloud amounts.
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and the reported ISCCP cloud amount for each grid
cell whenever the climatological cloud amount was
greater. In cases where the climatological cloud amount
was less than the ISCCP cloud amount (i.e., the central
Arctic in winter), the ISCCP cloud amount was as-
sumed to be correct. The comparison of downwelling
longwave fluxes indicates that summer values are now
substantially closer to those reported by Marshunova.
July differences are now reduced to 25 W m~2. In Oc-
tober (Fig. 13), downwelling longwave fluxes now ex-
ceed those reported by Marshunova. In spite of the
small optical depth of the added clouds, the close match
in downwelling shortwave fluxes between ISCCP cal-
culated fluxes and those reported by Marshunova dis-
appears in May and June. In July ISCCP shortwave
fluxes are closer to Marshunova’s, however. This sen-
sitivity study indicates that not all of the differences
encountered between the ISCCP and Marshunova da-
tasets can be accounted for by the clouds missed by
the ISCCP algorithm; other factors must be involved,
and a combination of errors is likely. For example, if
ISCCP surface reflectances were not underestimates as
shown earlier (Schweiger et al. 1993), the effect of
missed clouds on downwelling shortwave radiation
would be smaller. It is also important to keep in mind
that even though the WAR cloud climatology incor-
porates many of the data from Russian ice islands and
drifting stations used by Marshunova, it spans a much
longer record; interannual variability as well as mea-
surement errors may account for some of the observed
differences.

b. Sensitivity to cloud height, droplet size, and
optical depth

The ISCCP dataset reports cloud-top height in pres-
sure coordinates derived from the cloud-top temper-
ature and the temperature profiles retrieved from the
TOVS. The accuracy of the cloud-top height is there-
fore dependent on the accuracy of TOVS retrieval al-
gorithms. In the approach selected for computation of
surface radiative fluxes, the cloud-base height is com-
puted from the optical depth and cloud-top height and
is therefore affected by this error. To test the sensitivity
of surface radiative fluxes to potential errors in cloud-
top height, calculations were performed where cloud-
top height (in pressure coordinates) was increased and
decreased by 10%. The results are given in Table 3
under the category “cloud-top pressure.” A 10% in-
crease in cloud-top pressure in January causes an in-
crease of 15 W m™2 in downwelling longwave radiation
for the entire area. This increase is similar to the one
expected from a 20% increase in cloud amount. In
summer the effect of cloud height on downwelling
longwave radiation is much smaller (3 W m™?). In-
terestingly the effect of a 10% decrease in cloud-top
pressure is very small (below rounding error) in Jan-
uary and only 2 W m~2 in July. Downwelling short-
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wave radiation shows little sensitivity to cloud-top
height.

To determine the sensitivity of surface fluxes to as-
sumptions about the effective radius of the cloud drop-
let distribution, a sensitivity study was conducted by
calculating radiative fluxes for an effective radius of 5
wum instead of the 10 um assumed for the baseline case.
Because cloud physical thickness is calculated from
optical depth under the assumption of a cloud micro-
physical model characterized by its effective droplet
radius and liquid water content, a decrease in cloud-
droplet size will cause a decrease in cloud physical
thickness and thereby reduce downwelling longwave
radiation. The sensitivity study conducted using a 5-
um cloud-droplet radius resulted in a small reduction
in downwelling longwave radiation, by 2 W m™2. Be-
cause of the effect of cloud-droplet size on cloud scat-
tering properties and because of an increase in cloud
height reducing multiple scattering effects between
surface and clouds, downwelling shortwave fluxes are
reduced by 5 W m~2. Under the assumption that cloud
optical depth is correctly retrieved, cloud microphysical
parameters affect the calculation of surface fluxes very
little compared with other variables. This agrees with
the findings of Kergomard et al. (1993). Assumptions
about cloud microphysical parameters in the radiative
analysis step of the ISCCP algorithm do affect the ac-
curacy of cloud optical depth values, however.

Virtually no information is available on the large-
scale seasonal and spatial variability of cloud optical
depths in the Arctic. Cloud optical depths measured
from aircraft by Herman and Curry (1984) during the
Arctic Stratus Experiment range between 2.1 and 24.3
for a spatially limited sample in June 1980. The ac-
curacy of the optical depth retrieval in the ISCCP al-
gorithm depends on the accuracy of the cloud detection
step, the computation of surface reflectances, assump-
tions regarding gas absorption and cloud microphysical
parameters, and general limitations with respect to the
application of horizontally homogeneous plane-parallel
radiative transfer theory. Over highly reflective surfaces
the inversion of the radiative transfer equation is mul-
tivalued since a very thin cloud may result in the same
top-of-the-atmosphere radiances as a thick cloud. In
such cases, the ISCCP algorithm selects the greater op-
tical depth. The same approach was selected by Ker-
gomard et al. (1993) over ice-covered surfaces in the
marginal ice zone. It is therefore likely that cloud op-
tical depths reported by the ISCCP dataset are over-
estimates. A more accurate statement about the ac-
curacy of cloud optical depths in the ISCCP dataset is
currently not possible, however. A range of £20% of
the reported optical depths was selected to investigate
the sensitivity of surface radiative fluxes to potential
errors in the retrieved optical depth values. The effect
of shortwave cloud optical depth on downwelling
longwave fluxes again arises from the link between
cloud optical depth and cloud physical thickness. The
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TABLE 4. Measurement accuracies that result in a 5 W m™2 change in surface fluxes.

Jan Jan Jan Jan Jul Jul Jul Jul Jul Jul

All All >75 >75 All All All >75 >75 >75

Fl R F R F| R Sy F} R SV
Cloud amount 7% 7% 8% 8% 20% 10% 5% 22% 9% 6%
Cloud-top pressure 6% 7% 8% 8% 20% 20% — 20% 33% 100%
Cloud-droplet radius 125% 125% 25% 250% 250% 80% 50% — 125% 60%
Surface reflectance — — — — — 7% 21% — 5% 15%
Cloud optical depth 100% 100% 100% 100% 200% 22% 15% 200% 29% 18%

Surface temperature 1% 1% 1% 1%

1% 1% 1% 1% 1% 1%

increase in downwelling longwave fluxes due to a 20%
increase in cloud optical depth amounts to only |
W m~? in January, smaller than the rounding error in
July. The downwelling shortwave radiation then is re-
duced by 6 W m~2, however.

¢. Sensitivity to surface reflectance and temperature

The comparison of surface albedos calculated from
the ISCCP dataset and from other datasets indicated
that the surface reflectances reported in the ISCCP da-
taset are underestimates. The effect of incorrectly re-
trieved AVHRR channel 1 (0.6 um) retrieved reflec-
tances on the calculation of surface radiative fluxes is
estimated to increase the surface reflectances by 15%
(relative to the observed values). A 15% increase in
surface reflectance (similar to the expected underesti-
mate) despite an increase in downwelling shortwave
radiation of 3 W m™2 will reduce the net radiation bal-
ance by 11 W m™~2 when averaged over the entire study
area. This decrease in net radiation is even greater (15
W m™?) at latitudes north of 75°N even though it is
accompanied by gains in downwelling shortwave of 5
W m~2 due to an increase in multiple reflections be-
tween clouds and surface.

ISCCP surface temperatures during winter probably
represent overestimates, most likely due to the radiative
effects of undetected ice crystal precipitation, which
occurs frequently during the arctic winter (Ohtake et
al. 1982). Through comparison with buoy data the
difference between January mean temperatures and
ISCCP surface temperatures is estimated to be about
4 K (Schweiger 1992}, even though buoy data may in
themselves be overestimates. A 4-K range about the
baseline case was therefore selected to determine the
sensitivity of surface radiative fluxes to potential errors
in retrieved surface temperatures. In January a 4-K
decrease in surface skin temperature results in an 8
W m~? increase in net radiation and a decrease in
downwelling longwave radiation of 8 W m™2. This drop
in downwelling longwave radiation is due to the fact
that surface temperature is used in the construction of
the temperature profile. A drop in surface temperature
will cause a simultaneous drop in atmospheric tem-
peratures below the height of the climatological inver-

sion. In July the effect of surface temperature on
downwelling longwave radiation is even greater (13
W m™2) and the increase in net radiation is smaller (6
W m™?).

As described previously,- atmospheric temperature
profiles provided by the TOVS in the ISCCP data
stream do not provide sufficient vertical resolution to
represent a surface inversion. A procedure was therefore
developed to “retrofit” the TOVS profiles with a cli-
matological inversion based on statistics compiled by
Serreze et al. (1992). Using the TOVS profiles in the
data stream without a retrofitted inversion decreases
downwelling shortwave fluxes by 19 W m~2 from 208
to 189 W m™2 in January when averaged over the entire
ISCCP period. In July the absence of a climatological
surface inversion lowers the downwelling longwave
fluxes by only 6 W m~2.

With what accuracy do we need to measure cloud
and surface characteristics to obtain useful flux esti-
mates? This certainly depends on the application, but
we can begin to answer the question by examining the
accuracy with which the parameters must be measured
in order to obtain a given change in the radiation bal-
ance. Table 4 shows the relative error in a particular
input parameter that will cause a change of 5 W m™2
in the estimates of net and downwelling radiation at
the surface. The values in the table are based on the
sensitivities given in Table 3, and therefore are only
applicable for the same conditions. As an example, to
achieve a 5 W m™2 accuracy in the net radiation balance
(R) in July over the entire Arctic basin we need to
measure cloud amount to within 10%, assuming that
all other parameters are measured perfectly. In light of
the uncertainties in the ISCCP dataset, we conclude
that a 5 W m™? accuracy is not currently achievable.

d. Temporal sensitivity: Monthly data versus 3-h
data

The ISCCP C2 dataset is a monthly average of the
3-h C1 dataset. All variables in the C2 set are simple
linear averages of the 3-h data except for optical depth.
Cloud optical depth is averaged in an “energy-
weighted” fashion (Rossow and Schiffer 1991) to ac-
count for the nonlinear relationship between cloud op-
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tical thickness and its radiative effect (cloud-top al-
bedo). Since this energy-weighted averaging scheme is
an approximation, a sensitivity study was conducted
to investigate the accuracy of this nonlinear averaging
scheme. Cloud fractions and optical depths for July
1985 were extracted from the C1 dataset and monthly
average surface fluxes were computed for three grid
cells by averaging 3-h fluxes. The C2 monthly averages
of all other input variables were used in this study.
While downwelling longwave fluxes show no sensitivity
to the averaging scheme, downwelling shortwave fluxes
calculated from the monthly averaged ISCCP C2 data
are slightly higher than those calculated from the Cl
dataset. This difference in downwelling shortwave is 7
W m?2 for the most southern location and 4 W m™2
for the most northern location. When cloud amounts
are fixed at 60% and only optical depth is compared,
monthly averages from the C1 and C2 datasets are in
very close agreement. Considering the magnitude of
other potential errors previously identified, this error
can be considered small and the use of monthly data
for the calculation of radiative fluxes seems clearly jus-
tified.

e. Comparison of sensitivities

In future development and refinement of arctic cloud
detection algorithms and schemes to compute surface
radiative fluxes from remote sensing platforms, it is
desirable to order the identified sensitivities by their
magnitude. To have such an ordered list would allow
the prioritizing of research projects dealing with the
improvement of the accuracy of any of the input vari-
ables. Following Ebert and Curry (1993) sensitivity
parameters were computed as the scaled partial deriv-
atives of surface radiative fluxes with respect to the
input variables in the radiative transfer calculations:

_ I ¢base>| _a_F
5F(¢)_ <Fbas€> <a¢>9

where F is a flux density (downwelling longwave,
shortwave, and net radiation ), angle brackets denotes
the mean over all grid cells, the subscript “base” denotes
the baseline case value, and ¢ refers to the input vari-
able that is changed in the sensitivity study. The partial
derivatives are approximated by differencing over the
range selected for the sensitivity study. The sensitivity
parameters are scaled by the magnitude of their baseline
case means in order to make them comparable to each
other. Table 5 shows the sensitivity parameters cal-
culated for the variables over the ranges shown in Table
3. Columns | and 2 present the sensitivity parameters
for January and July averaged over the entire study
area; column 3 presents the July results over areas that
are 100% ice covered. Surface net radiation generally
displays the greatest sensitivity to an error in the input
variables. The largest sensitivities for net radiation are
found in response to changes in cloud amount (1.91)
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TABLE 5. Relative sensitivity parameters.

July
January Tuly Ice concentration
All data All data = 100%
Longwave
T.* 0.30 0.14 0.14
P, 0.35 0.09 0.06
A, 0.34 0.09 0.07
Aty 0.41 0.20 0.12
R, 0.02 0.00 0.00
T 0.03 0.00 0.00
Net
T -1.50 -0.16 -0.19
P, 0.98 0.10 0.08
A, 1.91 -0.38 —0.23
Avtaay 1.55 -0.30 -0.31
R, 0.18 0.05 0.04
Tos — —0.66 -1.26
T 0.20 —-0.18 —0.12
Shortwave
P, — 0.00 0.00
A — —0.44 —0.25
Acaay — -0.37 —0.22
. — 0.04 0.03
Tos — 0.09 0.14
T — —0.14 —0.08

* For temperature the sensitivity parameter was scaled using the
range in temperature rather than the mean baseline case temperature.

and surface temperature (—1.50) in winter. The effect
of cloud amount on net radiation is smaller in both
January (1.55) and July (—0.30) when other variables
are adjusted for the error introduced by missed clouds.
In winter this occurs because an increase in cloud
amount, and the associated increase in downwelling
radiation, i1s accompanied by an increase in surface
temperature (if missed clouds are colder than the sur-
face), thereby reducing the sensitivity of net radiation
to cloud amount. With respect to downwelling long-
wave radiation, the sensitivity to cloud amount is
greater when adjustments to other variables are made.
This greater sensitivity is related to the fact that in our
model downwelling longwave radiation increases with
an increase in surface temperature. Downwelling
shortwave radiation is less sensitive to cloud amount
when surface reflectivity and optical depth are adjusted
to account for the error in these variables associated
with the cloud amount underestimate. This is expected
because an increase in cloud amount will reduce the
optical depth; missed clouds are expected to have lower
optical depths than those detected by the ISCCP al-
gorithm. In July net radiation is most sensitive to
changes in surface reflectance (0.66) and is twice this
value (—1.26) when only completely ice-covered areas
are considered.

Cloud-top pressure affects net radiation considerably
in winter (0.98 ) but is less of a factor in summer (0.1).
Cloud-droplet radius and cloud optical depth have a
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much smaller impact when compared with other input
variables. Downwelling longwave radiation in winter
is most significantly affected by cloud-top pressure
(0.35), but cloud amount and surface temperature each
affect downwelling longwave radiation with a similar
magnitude. As noted before, the strong sensitivity of
downwelling longwave radiation to surface temperature
arises from the fact that ISCCP surface temperatures
are used in the construction of temperature profiles.
In summer the sensitivity to surface temperature even
exceeds the sensitivity to cloud amount. Downwelling
shortwave radiation is most significantly affected by
cloud amount, followed by optical depth and surface
reflectance. When only completely ice-covered surfaces
are considered, the sensitivity of downwelling short-
wave to surface reflectance is increased, due to the
greater importance of multiple reflections between
cloud bottom and surface.

7. Summary and conclusions

Radiative fluxes and cloud forcings for the ocean
areas of the Arctic have been computed from the ISCCP
C2 dataset. Spatially averaged shortwave fluxes agree
well with climatological values. Downwelling longwave
fluxes are significantly lower, largely because ISCCP
cloud amounts are underestimates. Top of the atmo-
sphere radiative fluxes are in excellent agreement with
measurements from the ERBE instrument. Computed
cloud forcings indicate that clouds have a warming ef-
fect both at the surface and the top of the atmosphere
during winter and a cooling effect during summer. The
net radiative effect of clouds during winter is greater
at the surface whereas in summer the effect is greater
at the top of the atmosphere. Over the annual cycle
the net radiative effect of clouds at the top of the arctic
atmosphere is one of cooling. This finding disputes a
previous result from ERBE data that arctic clouds have
a net warming effect (TOA).

Given the probable shortcomings of the ISCCP C2
cloud data product in the Arctic, it may be argued that
radiative fluxes cannot be computed from this dataset
with any useful degree of accuracy. The following
‘counterarguments can be made: 1) Datasets and
methodologies currently used to compute radiative
forcing fields in sea-ice modeling experiments suffer
from even greater shortcomings. Forcing fields such as
those computed here, in spite of their potential inac-
curacies and biases, should capture the spatial and
temporal variability. A time series of sufficient length
with simultaneous Arctic-wide coverage can only be
established using satellite data. 2) The analysis pre-
sented here should provide valuable feedback to the
research community involved in improving algorithms
and defining new approaches to calculating radiative
fluxes at the arctic surface. It is our belief that improve-
ments in datasets such as the ISCCP’s will depend on
feedback by users and thus will occur in cycles of re-
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processing and revalidation. In fact, a new “polar al-
gorithm” is currently being prepared (W. Rossow 1993,
personal communication ). 3) Having established the
general methodology and models, new datasets can be
easily reprocessed and compared with previous versions
of radiative flux fields. 4) Using a radiative transfer
approach in conjunction with actual data, radiative
forcing fields can be computed that allow more detailed
studies of the sensitivity of sea ice models to radiative
forcings than would be possible with simple parame-
terizations.

Sensitivities to errors in input parameters are gen-
erally greater during winter, with cloud amount being
the most important parameter. During summer the
surface radiation balance is most sensitive to errors in
the measurements of surface reflectance. The retrieval
of clouds, and hence of surface characteristics, will be
significantly improved in the “next generation” ISCCP
algorithm currently under development. This algo-
rithm incorporates AVHRR channel 3 (3.7 um) data,
which has been shown to allow a better discrimination
of some lower cloud types over ice- and snow-covered
surfaces (e.g., Raschke et al. 1992; Key and Barry
1989).

While overall the results are encouraging, from the
perspective of climate change detection the estimated
potential error in net radiative fluxes at the surface of
20 W m™? is too large. Estimates of the net radiative
warming effect due to a doubling of CO; are on the
order of 4 W m™2. On the other hand, it is difficult to
determine the accuracy of our satellite-based fluxes
from the in situ data that is currently available. The
development of improved algorithms for the retrieval
of surface radiative properties should therefore be ac-
companied by the simultaneous development of vali-
dation datasets. These validation datasets should not
consist of single point measurements but must some-
how address the variability over scales that are com-
patible with satellite analyses.
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