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ABSTRACT

Measurements from the Russian *‘North Pole’ series of drifting stations, the United States drifting stations
“T-3" and ““Arlisll,” land stations, and, where necessary, over the northern North Atlantic and coastal Greenland,
empirically derived values from earlier Russian studies are used to compile a new gridded monthly climatology
of global (downwelling shortwave) radiation for the region north of 65°N. Spatio-temporal patterns of fluxes
and effective cloud transmittance are examined and comparisons are made with fields from the National Centers
for Environmental Prediction—National Center for Atmospheric Research (NCEP-NCAR) reanalysis and those
derived from the International Satellite Cloud Climatology Project (ISCCP) C2 (monthly) cloud product.

All months examined (March—October) show peak fluxes over the Greenland ice sheet. March, September,
and October feature a strong zonal component. Other months exhibit an asymmetric pattern related to cloud
fraction and optical depth, manifested by an Atlantic side flux minimum. For June, the month of maximum
insolation, fluxes increase from less than 200 W m~2 in the Norwegian and Barents seas to more than 300 W
m~2 over the Pacific side of central Arctic Ocean extending into the Beaufort Sea. June fluxes of more than 340
W m-2 are found over the Greenland ice sheet. Effective cloud transmittance, taken as the ratio of the observed
flux to the modeled clear sky flux, is examined for April-September. Values for the Atlantic sector range from
0.50-0.60, contrasting with the central Arctic Ocean where values peak in April at 0.75-0.80, falling to 0.60—
0.65 during late summer and early autumn. A relative Beaufort Sea maximum is well expressed during June.
The NCEP-NCAR and ISCCP products capture 50%—60% of the observed spatial variance in global radiation
during most months. However, the NCEP-NCAR fluxes are consistently high, with Arctic Ocean errorsin excess
of 60 W m~2 during summer, reflecting problems in modeled cloud cover. | SCCP fluxes compare better in terms
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A New Monthly Climatology of Global Radiation for the Arctic and Comparisons with

of magnitude.

1. Introduction

Largely dueto feedbacksinvolving the surface energy
budget, the Arctic is considered to be a region of par-
ticular importance and vulnerability to global climate
change (IPCC 1990). Although many potential feedback
processes have been identified (Curry et al. 1996), the
best known is the ice-albedo feedback, in which an ini-
tial temperature change may be amplified through at-
tendant changes in terrestrial snow cover, snow on sea
ice, and sea-ice extent. Although theimportance of feed-
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back mechanisms is recognized from modeling exper-
iments, there is a need for improved datasets of surface
energy budget components for process studies, the de-
velopment of single-column process models, and model
validation. Detailed measurement programs planned for
the (1997-98) Surface Heat Budget of the Arctic Ocean
(SHEBA) field experiment in the Beaufort Sea should
help to fulfill some of these needs, but existing data
sources also need to be assembled to provide basic cli-
matol ogi es.

The often-cited Arctic radiation climatologies by
Marshunova (1961), Marshunova and Chernigovskii
(1966, 1971), Vowinckel and Orvig (1962, 1963, 1964),
and Gavrilova (1963) are based on data from coastal
sites and sparse Arctic Ocean data then available from
the Russian ““North Pole’” (NP) series of drifting ice
stations. Fletcher (1966) noted that differences between
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Marshunova’'s and Vowinckel and Orvig's climatologies
are much greater than the estimated accuracies. On this
basis, he questioned Gavrilova's (1963) arguments that
global radiation in the Arctic is known to an accuracy
of 2.5% for annual fluxes, 5%—-10% for monthly fluxes,
10%-15% for absorbed solar radiation, 15%—20% for
outgoing longwave radiation, and 20%-30% for the ra-
diation balance. Nevertheless, he concluded that the
work of Marshunova (1961) probably represented the
most accurate description of the Arctic radiation climate.
Ohmura (1981) arrived at the same conclusion 15 yr
later. Much more recently, Marshunova and Mishin
(1994) summarized results from the NP stations 2-31,
covering the period 1950-91.

The World Climate Research Program (WMO 1992)
has identified the need to develop and validate satellite-
derived surface radiation datasets. Reviews of tech-
niquesto infer surface fluxes from top of the atmosphere
radiances and problems in application to high latitudes
are provided by Schmetz (1989) and Raschke et al.
(1992). Errorsin satellite-derived solar fluxes for lower
latitudes are near 5% for monthly sums, 9% for daily
sums, and 5%-50% for hourly sums (Schmetz 1989).
An example of an Arctic application is given by
Schweiger and Key (1994), where surface and top of
the atmosphere radiative fluxes were computed using
the monthly cloud product (C2) of the International Sat-
ellite Cloud Climatology Project (ISCCP) (cf. Rossow
and Zhang 1995) for the period 1984-90. Although the
ISCCP-C2 cloud amount is generally underestimated,
especially during summer, spatially averaged shortwave
fluxes were found to agree well with the climatology of
Marshunova (1961), in part due to balancing overesti-
mates of cloud optical depth. By comparison, down-
welling longwave fluxes were found to be too low, ap-
parently in part due to underestimates of low cloud cov-
er.

From the perspective of climate change detection and
modeling, the estimated potential error in surface net
radiative fluxes of 11-20 W m-2 istoo large. Estimates
of the net radiative warming effect due to a doubling
of CO, are on the order of 4-11 W m~2. Given the
uncertainty in satellite-derived fluxes, the relatively
short satellite record, and the fact that more than 30 yr
of surface data have been collected at Arctic land and
drifting ice stations, new climatologies of surface ra-
diative fluxes are needed (cf. Marshunova and Mishin
1994). We have initiated efforts to provide improved
climatologies of the Arctic surface radiation budget,
starting with global radiation. This new climatology is
based primarily on recordsfrom the NP series of drifting
stations, U.S. drifting stations, and land stations. Esti-
mated values from Marshunova and Chernigovskii
(1971) and Smetannikovoi (1983) are used for locations
along coastal Greenland and the North Atlantic where
actual observations are scanty or nonexistent (Fig. 1).

Here we describe the assembly of this dataset and
discuss spatio-temporal patterns of insolation and ef-
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FiG. 1. Location map of the Arctic showing the distribution of data
used in the study and their sources. GEBA (GB); Canadian Atmo-
spheric Environment Service (C); SAMSON (S); PARCA (P); Gav-
rilova (GA); field experiments (F); Russian and U.S. drifting stations
(*); Marshunova and Chernigovskii (MC); Smetannikovoi (SM). The
|atter two sources provide only estimated values (see text). The drift-
ing station locations are plotted at the average monthly positions;
some plotted positions represent data for multiple months.

fective cloud transmittance. Comparisons are made with
radiation fields being provided by the National Centers
for Environmental Prediction—National Center for At-
mospheric Research (NCEP-NCAR) reanalysis effort
(Kanay et al. 1996), representing part of an ongoing
effort to assess the veracity of the model outputs for
studies of Arctic climate variability. Comparisons are
also made with fields computed using the 1SCCP-C2
cloud climatology (Schweiger and Key 1994). Work is
under way to provide a new radiation climatology using
the ISCCP D" product, now in production, which
promises improved retrieval of Arctic cloud properties.
However, more robust validations of the existing |ISCCP
climatology are needed to assess whether expected im-
provements in the D products are significant.

2. Datasets
a. Drifting stations

Starting in 1950, the Soviets maintained two and
sometimes three North Pole drifting ice stations in the
Arctic Ocean. Thirty ice stations were manned between
1950 and 1991 (NP-2 through NP-31; NP-1, the first
ice station, operated during 1937-38). Along with other
synoptic meteorological and scientific observations, ra-
diation measurements were made on aregular basis. The
average duration of each station was 2.4 yr. Russian
scientists at the Arctic and Antarctic Research Institute
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have assembled these records to provide monthly av-
erages at the mean positions of the stations, climato-
logical monthly fluxes on a coarse lat-long grid, and
daily values from NP-17 through NP-31 (Marshunova
and Mishin 1994). These datawere obtained from a CD-
ROM compiled by the University of Washington’'s Polar
Science Center (PSC) and the University of Colorado’s
National Snow and Ice Data Center (NSIDC).

Radiation measurements from the U.S. iceisland *“ T-
3" (also known as Fletcher's Ice Island and Ice Station
B) for primarily spring—autumn months of 1953, 1957—
59, and 1971-73 were digitized from tables in Marshu-
nova and Chernigovskii (1971) and the technical report
of Weller and Holmgren (1974), with positions obtained
from the PSC and the latter report. From 1953-59, T-
3 drifted from north of Ellesmere Island along the Ca-
nadian coast and into the Beaufort Sea. It then continued
to drift clockwise around the Canada Basin again to
north of Ellesmere Island, remaining nearly motionless
at approximately 85°N, 85°W during 1971-73.

Monthly radiation means and positions from U.S.
“Arlis II"" for January 1964—May 1965 were digitized
from tables published by Roulet (1969). During this
interval, Arlis 1l drifted from near the Pole to just north
of Greenland. Efforts were also made to recover radi-
ation fluxes in the Beaufort Sea collected at four drifting
camps during the Arctic Ice Dynamics Joint Experiment
(AIDJEX) (Pautzke and Hornof 1978). Careful inspec-
tion of these data revealed numerous large errors. Fol-
lowing recommendations from a scientist involved in
the measurement program (G. Weller 1997, personal
communication), these data were discarded.

The resulting number of available station months
from combining the Russian NP and U.S. drifting re-
cordsisover 70 from June through September and over
40 from March through May as well as October. Few
data points are available from November through Feb-
ruary, ranging from one in December to 15 in February.

b. Land stations

Data from land stations were obtained from several
sources. The Global Energy Balance Archive (GEBA,;
Ohmura and Gilgen 1991) contains monthly means of
global radiation from 57 land stations north of 60°N.
Records range in length from 1 to 49 yr, with data for
stations in continual operation available through 1987.
We also use monthly data from nine Alaska stations
from the National Oceanic and Atmospheric Adminis-
tration (NOAA) Solar and Meteorological Surface Ob-
servations (SAMSON) archive north of 60°N for the
time period 1961-90. Monthly records of at least 20 yr
duration for 14 sites in the Canadian Arctic, obtained
from the Atmospheric Environment Service, Ottawa,
and climatological monthly meansfor two Eurasian sites
from Gavrilova (1963) are also included in our analysis.

Several years of monthly data (1971-73) were ob-
tained for Broughton Island, off the east coast of Baffin
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Island, collected as part of a field experiment (Jacobs
et al. 1974) and for the Carey Islands (1973-74), Coburg
Island (1972—74), and Cape Herschel (1973-74), col-
lected during the Baffin Bay ** North Water Experiment”’
(Muller et al. 1976). Lastly, monthly data were obtained
for six sites over the Greenland Ice Sheet from the Pro-
gram for Arctic Regional Climate Assessment (PARCA)
(headed by K. Steffen, University of Colorado, and
sponsored by the National Aeronautics and Space Ad-
ministration and the National Science Foundation). Four
sites over western Greenland provide a single year of
data between 1995 and 1996, with the summit station
providing only summer data for 1996. A longer record,
complete for 199495 with partial records for 1990-93
and 1996, is provided from the PARCA University of
Colorado Greenland Camp.

c. North Atlantic sector and coastal Greenland

It was found that the above archives provide poor
coverage of the North Atlantic between about 60° and
65°N and for coastal Greenland. To obtain coverage over
these areas, it was necessary to resort to calcul ated rather
than measured values. For coastal Greenland stations
and Jan Mayen, we made use of values from Marshu-
nova and Chernigovskii (1971). For the North Atlantic,
a series of points was chosen from contour maps pro-
vided by Smetannikovoi (1983). Marshunova and Cher-
nigovskii (1971) employ the method of Vowinkel and
Orvig (1964) to estimate station fluxes from consider-
ation of clear-sky radiation and attenuation by aerosols,
cloud amount, and type. These relationships are then
assumed to hold for other stations for which no fluxes
are measured. The Smetannikovoi (1983) valuesare cal-
culated similarly. Marshunova and Chernigovskii
(1971) find that this technique is generally accurate
within 10%, but their Table 13 indicates that it may be
in error by as much as 25% in autumn. Key et al. (1996)
compare a variety of downwelling shortwave flux para-
meterizations, similar to those of Marshunovaand Cher-
nigovskii (1971) and Smetannikovoi (1983), to surface
measurements. Their results agree with the findings of
Marshunova and Chernigovskii (1971).

3. Data processing
a. Interpolation

Our objective is to provide long-term monthly means
at a regular grid of points. A Cressman interpolation
(Cressman 1959) was used to interpolate the irregularly
spaced datato a 100 X 100-km grid on the north polar
Lambert equal-area projection known as the NSIDC
EASE-grid (Armstrong and Brodzik 1995). This is a
lower-resolution form of the same equal -area projection
being used at NSIDC for producing Special Sensor Mi-
crowave Imager (SSM/I) global brightness temperature
grids and geophysical products from the NOAA/NASA
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SSM/I Pathfinder program. The Cressman interpolation
has the form

Faw = 2 FW/X W
W, = (N2 — d?)/(N2 + d?),

where F_.. is the flux at a desired EASE-grid point, F,
is the flux at an observed location i, W, is the weight
given to that observation, d is the distance between the
observation and the EASE-grid point, and N is the
search radius, beyond which the weight is zero. Anini-
tial search radiusis set, with the summations performed
for all observations falling within that radius. If no ob-
servation falls within that radius, the search is extended
over larger values of N.

The use of the raw values in the interpolation pro-
cedure may introduce biases related to latitudinal de-
pendencies of the flux. Therefore, the interpolation is
instead based on values expressed as the difference be-
tween the observed radiation (G,,,) and an estimate of
the clear-sky downwelling shortwave flux (G,,). The
adjustment by G, essentially normalizes the data with
respect to latitudinal variationsin solar zenith angle/day
length and associated path-length dependencies of non-
cloud atmospheric absorption and scattering. It also acts
to normalize the data with respect to the minor effect
of varying surface albedo (G, tends to increase with
respect to albedo due to the effects of multiple scatter-
ing). After the interpolation, G, is added back to the
gridpoint values.

The G, is computed using a neural network imple-
mentation of the two-stream radiative transfer model
used by Schweiger and Key (1994) that was employed
in the computation of radiative fluxes from the |SCCP-
C2 cloud data (see Key et al. 1997 for details). The
clear-sky flux calculations were done using I1SCCP-C2
all-sky surface albedos (Schweiger et al. 1993), an aero-
sol optical depth of 0.05 representing background tro-
pospheric conditions, month-specific total precipitable
water ranging from 2000 g m-2 (January) to 20000 g
m-2 (July) (see Serreze et a. 1995), and total column
ozone of 7 g m~2 (327 Dobson units). The effect of
uncertainties in these quantities is small; for example,
for a 20% error in an abedo of 0.85, the error in a
calculated flux of 400 W m=2isonly 5 W m-2.

The land data sources with monthly resolution vary
widely in terms of record length, with some of the land
and ocean data records expressed instead as climato-
logical monthly means. With few exceptions, each in-
dividual monthly drifting station record represents a
sample from aunique location. Simply passing all avail-
able data values into the interpolation without address-
ing these inconsistencies would result in serious spatial
biases. Similar to the procedure used by Serreze et al.
(1995) to provide a gridded Arctic climatology of pre-
cipitable water and vertically integrated water vapor
fluxes, we adopted a two-step interpolation approach
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whereby the drifting station and fixed-location records
are equally represented.

First, we passed all individual monthly values from
the drifting stations into the interpolation (each adjusted
by the climatological clear-sky flux), providing clima-
tological monthly means at ocean grid points only (de-
termined from a land—ocean mask). We required that
for each grid point, the interpolated value be based on
data from at least five different years; otherwise, it was
coded as missing. We initially used a 500-km search
radius. If fewer than five values were represented in the
interpolated flux, the search radius was enlarged to 750
km.

The monthly land station measurements were then
processed to provide climatological monthly means,
also expressed as departures from clear-sky values. Cli-
matological means based on fewer than 3 yr were dis-
carded. The exception is for the Greenland Ice Sheet
stations. Means for all of these irregularly distributed
fixed locations were then appended to the calculated
values described in section 2c and ocean gridpoint
means derived from the initia interpolation, with the
combined dataset then passed through a second inter-
polation, using search radii of 500, 750, 1000, and 1250
km and a minimum of two values for each radius. The
larger search radius was necessary due to the compar-
atively sparse distribution of the land stations. Initial
resultsindicated aregional problem related to sharp flux
gradients between the PARCA Greenland | ce Sheet sta-
tions and surrounding coastal sites. Consequently, we
modified the interpolation so that fluxes over central
Greenland are interpolated from the PARCA values
only.

As a result of the second interpolation, ocean grid
points experience some additional adjustment by sur-
rounding ocean points or, if near the coast, from land
stations. In turn, coastal land grid pointswill be adjusted
by the ocean grid values. Few observationsare available
for the drifting stations from November through Feb-
ruary, resulting in missing data values over the central
Arctic Ocean. Corresponding values of G, are, of
course, very small, generally less than 15 W m~2 during
this time of year. Although we limit discussion in this
paper to March—October, for the sake of completeness
we simply filled missing values for which G, is less
than 15 W m~2 by multiplying G, by an assumed ef-
fective cloud transmittance of 0.60 (see section 4c). Our
two-step interpolation and the latter adjustment provid-
ed nearly complete coverage for all EASE-grid points
north of 65°N. As such, we also restrict discussion of
results to this area.

b. Limitations

We are well aware of limitations in our climatology.
Regarding the raw data themselves, the absolute accu-
racy of the radiometers used for the measurements is
generally =5-10 W m~2. However, the actual accuracy
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may belessthan that stated if the sensorswere calibrated
under conditions unlike those in the Arctic, for example,
differences in the direct/diffuse ratio over high albedo
surfaces and in the spectral distribution of solar radiation
due to lower water vapor amounts. Sensor drift is as-
sumed to be negligible under the assumption that the
sensors underwent regular eval uation, maintenance, and
replacement when necessary. The datasets described
above have been quality controlled by the investigators
who developed them. As such, we use these datalargely
as provided. Obvious outliers were flagged through
manual inspection and limits checks. However, when
the solar zenith angle is extreme (e.g., greater than 85°),
measurement errors can be large due to limitations in
the cosine response of the instruments and multiple re-
flections within the radiometer domes.

A two-stream model was used to train the neura net-
work used for the computation of G, [Streamer; see Key
(1997) for details]. The same two-stream model was used
by Schweiger and Key (1994) to compute surfaceradiative
fluxes from the ISCCP C2 cloud data product. Unfortu-
nately, the accuracy of atwo-stream model decreaseswith
increasing solar zenith angle (cf. Toon et a. 1989), par-
ticularly under cloudy conditions. For clear-sky conditions
the error tends to be small. Comparisons with a discrete-
ordinate model [DISORT (Stamnes et al. 1988) in Stream-
er], using 24 streams, solar zenith angles from 40°—80°,
an aerosol optical depth of 0.1, and avisible surface albedo
of 0.7, indicate that the two-stream model overestimates
the downwelling shortwave flux by less than 1%. For
cloudy conditions, the two-stream model overestimatesthe
flux by up to 10% for overcast conditions with a liquid
water cloud optical depth of 10 and other conditions as
in the clear case. Additionally, the neural network used to
estimate G, has only been trained up to solar zenith angles
of 85°. These zenith angle problems are primarily limited
to the months October—March when fluxes are small, es-
pecialy at high latitudes. As noted above, missing values
for which G, is less than 15 W m~2 were filled using an
assumed effective cloud transmittance 0.60.

Regarding the interpolations, we acknowledge that as
our gridded dataset is a composite of many sources cov-
ering different areas and from different time periods,
spatial variation will to some extent be influenced by
temporal sampling. Although, on a year-to-year basis,
the drifting stations provide only one or two points per
month, taken over the entire period of record they pro-
vide reasonably good coverage (Fig. 1). The coverage
isfairly sparse over the Canadian and Eurasian sectors,
but apart from the short records for the Northwater re-
gion and Broughton Island, the station means are based
on many years (a 23-yr modal station duration for the
GEBA records). Clearly we would like to have data for
more years over Greenland, but we are limited by the
record presently available. Results for the northern
North Atlantic and coastal Greenland, which are based
largely on empirically derived values, should also be
viewed cautiously. Because the interpolations are based
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Clear Sky Transmittance: April

TNo

Fic. 2. Calculated clear-sky transmittance for Apr.

on alarge search radius, inhomogeneities in the gridded
fields due to data sampling problems will tend to be
minimized. However, by the same token, real local vari-
ations are smoothed.

4. Results
a. Factors controlling global radiation

The primary control on the global radiation flux
reaching the surface is the zonally symmetric distri-
bution of the top of atmosphere (TOA) or extraterrestrial
flux. At the North Pole, the TOA flux is zero from the
autumnal to spring equinoxes. By contrast, although the
solar zenith angle at local noon at the summer solstice
is still alarge 66.5°, the attendant 24-h daylight yields
a daily mean TOA flux of 522 W m~2, as compared to
only 383 W m~2 at the equator. Because of the combined
effects of day length and solar zenith angle, the monthly
mean TOA flux for northern high latitudes increases
with latitude from May—August, decreasing with lati-
tude in other months. However, the maximum flux that
can be received at the surface is G, which, unlike the
TOA flux, includes the effects of atmospheric path
length and, to aminor extent, surface albedo (see section
3a). Figure 2 shows the field of estimated clear-sky
transmittance, taken as the ratio between our modeled
G, and TOA fluxes (the latter also taken from |SCCP-
derived fields) for April. The clear-sky transmittanceis
lower at high latitudes because of the longer path length,
such that the latitudinal gradient in G, is sharper than
for the TOA flux. As path length decreases with ele-
vation, other factors being equal, fluxes will be higher
over high-elevation surfaces such as the Greenland ice
sheet.
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Global Radiation : March

- Global Radiation : April
\_“ .............. .

Fic. 3. Observed monthly average global radiation fluxes for Mar—Oct (W m~2).

Clouds generally reduce the downwelling shortwave
flux at the surface due to their high reflectivity (60%—
75% for Arctic stratus) (Herman 1977) and, to a lesser
extent, cloud absorption (Herman and Curry 1984).
However, cloud attenuation is partially offset for high
albedo surfaces due to multiple reflections between the
surface and the cloud (Wendler et al. 1981; Shine 1984).
In fact, the proportion of the downwelling shortwave
flux resulting from multiple reflections can be significant

and must be considered along with scattering, absorp-
tion, and transmission through the atmosphere.

A summary of surface-based climatologies for the
Arctic (Huschke 1969; Warren et al. 1986, 1988) in-
dicates that the total cloud fraction during the winter
half of the year ranges from 40% to 70% but with un-
certainty during months of polar darkness (Hahn et al.
1995). The greatest cloud amounts are found over the
Atlantic side of the Arctic Ocean where storm activity
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Global Radiation : July

Gioba! Radiation :

August

Globa! Rodiation : September

FiG. 3. (Continued)

associated with the primary North Atlantic cyclonetrack
is frequent and water vapor is relatively abundant (Ser-
reze et al. 1993). Cloud cover is typically more limited
over land, the sea-ice cover, and over the central Arctic
Ocean in particular, where water vapor is less abundant,
the boundary layer is more stable, and anticyclonic con-
ditions are common (Shine et al. 1984; Serreze et al.
1993). Total cloud fractions rise to between 70% and
90% in summer with arapid increase between May and

June, characterized by extensive low-level, optically
thin stratus over the ocean. Although summer cloud
cover is more evenly distributed, cloudiness over the
Beaufort Searegion remains relatively limited, as mean
anticyclonic conditions typically prevail during June
and July. This Beaufort Sea cloud minimum is evident
in the regional analysis by Serreze and Rehder (1990)
for June, the July results from the combined Warren et
al. (1986, 1988) land and ocean climatol ogies examined
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Effective Cloud Tronsmittance: April

Effective Cloud Transmittonce: May

FiG. 4. Effective cloud transmittance for Apr—Sept.

by Schweiger and Key (1992), and the warm and cold
season analyses of Clark et al. (1996).

b. Observed global radiation fluxes

Our monthly gridded global radiation fields for
March—October illustrate these basic controls (Fig. 3).
Maps are displayed with a contour interval of 20 W
m~-2. March, September, and October show a primarily
zonal pattern, illustrating the dominant effects of the

strong latitudinal decrease in G,, for these months.
Comparatively large fluxes for these months are found
over the southern part of the Greenland Ice Sheet, rep-
resenting the tendency for the higher TOA flux at the
lower latitudes to be locally enhanced by the elevation
effect on path length. By contrast, April-August are
instead dominated by a strong asymmetric pattern.
Greenland shows a pronounced peak over its central
portions from May through August, illustrating both the
elevation effect on path length and the tendency for the
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Effective Cloud Transmi

SIS N

FiG. 4. (Continued)

high central portions of the ice sheet to be above the
bulk of cloud cover. In turn, fluxes decrease sharply
toward the Atlantic side, largely afunction of increasing
cloud amount.

There is also some tendency in summer months for
a latitudinal increase in mean monthly fluxes, most ap-
parent for June when G, shows a marked increase with
latitude, about 20 W m=2 from 65°-90°N. Although
cloud cover attenuates the flux, the higher central Arctic
values in summer likely in part also manifest the off-
setting effects of the high sea-ice surface albedo in pro-
moting multiple scattering between the surface and
clouds. For June, the month of maximum insolation,
fluxes over the high-elevation Greenland ice sheet peak
at more than 340 W m~2, but with values in excess of
300 W m~2found over the Pacific side of central Arctic
Ocean extending southward into the Beaufort Sea. June
cloud cover is known to be relatively limited over the
latter area. Fluxes of less than 200 W m~2 characterize
the Atlantic side in the Norwegian and Barents seas.

TABLE 1. Gridpoint correlations between monthly mean global

radiation fields.
Obs. Obs. NCEP-NCAR
'S S S
NCEP-NCAR ISCCP-C2 ISCCP-C2
Mar 0.98 (0.55) 0.97 (0.80) 0.98 (0.45)
Apr 0.89 (0.84) 0.85 (0.54) 0.92 (0.66)
May 0.91 (0.88) 0.84 (0.76) 0.86 (0.79)
Jun 0.83 (0.75) 0.88 (0.84) 0.93 (0.90)
Jul 0.76 (0.72) 0.80 (0.77) 0.90 (0.88)
Aug 0.69 (0.80) 0.85 (0.89) 0.84 (0.90)
Sept 0.88 (0.75) 0.87 (0.80) 0.96 (0.87)
Oct 0.94 (0.26) 0.90 (0.79) 0.97 (0.36)

c. Effective cloud transmittance

As described in section 4a, and illustrated in Figs. 2
and 3, the primary influences on spatio-temporal vari-
ations in surface global radiation are solar zenith angle/
day length, path length, and clouds. To isolate the net
effect of clouds, the first two effects can be removed
by calculating an effective cloud transmittancet for each
grid cell:

t = Gobs/GcIr'

The quantity t is primarily a cloud property because
the effects of the atmosphere are removed through the
use of the surface clear-sky global radiation rather
than the TOA flux. It takes a value of one for clear
sky (assuming that the modeled G, is error free) and
decreases toward zero with increasing cloud optical
thickness and/or increasing cloud fraction. It is not a
true cloud transmittance, which is the ratio of down-
welling shortwave fluxes immediately below and
above the cloud, because it includes the effects of
multiple reflections between the surface and the cloud
as well as the surface and the atmosphere, which are
inturn related to surface albedo and because the cloud
amount is unknown. The unknown cloud amount is
related to the effective transmittance and the true
cloud transmittance by

t=(1- f) + fty,,

where f is the cloud fraction and t, is the true cloud
transmittance. We therefore use the term ‘‘effective
cloud transmittance’ to identify these shortcomings.
Fields of t are shown in Fig. 4 for April-September.
Following earlier discussion, other months are not dis-
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Fic. 5. Monthly average global radiation fluxes (Mar—Oct) from the NCEP-NCAR reanalysis and | SCCP-C2 product and departures from
observed climatology (both in W m~2). Contour lines for departures are dotted for positive values and dashed for negative values.

cussed ast is strongly influenced by errors in measure-
ment and estimation of clear-sky fluxes under extreme
solar zenith angles. From April through August, the spa-
tial patterns of t are similar to the patterns of G, in
showing the highest values over Greenland (above
0.80), fairly high values over the ice-covered central
Arctic Ocean with values falling toward the Atlantic
side of the Arctic. This further demonstrates the dom-
inance of cloud effects on the spatial distribution of G,

for these months rather than G,. As cloud cover during
summer tends to be more spatially homogeneous, the
summer pattern for t also argues for a greater optical
thickness of Atlantic side clouds. For the ice-covered
central Arctic Ocean, t rangesfrom 0.75t0 0.85in April,
falling to 0.60 to 0.65 in September. June shows a closed
contour of relatively high values over the Beaufort Sea,
where mean anticyclonic conditions tend to persist and
cloud cover is suppressed. In contrast to April-August,
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ISCCP: June

Fic. 5. (Continued)

September shows no marked relationship between G,
and t. This again demonstrates the effects of the strong
latitudinal gradient in G, for this month.

5. Comparisons with other climatologies
a. Surface-based climatologies

Comparisons with earlier surface-based radiation
climatologies are arguably not particularly meaning-

ful. Due to the sparsity of data, particularly over the
Arctic Ocean, most earlier studies have simply re-
ported results for individual stations or as regional
averages. At least three studies have attempted to pro-
vide spatial fields of global radiation (Marshunova
and Chernigovskii 1971; Gavrilova 1963; Vowinkel
and Orvig 1964), but these are not available in digital
form and are based largely on estimated values rather
than direct observations. Given our more extensive
observational database, there is no reason to expect
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Fic. 5. (Continued)

quantitative agreement. Nevertheless, a few general
comparisons are useful.

The monthly maps of Marshunova and Chernigovskii
(1971) for February—October are based on measured
values for 15 land stations as well as estimated values
for 22 meteorological stations and 70 additional points
over the Arctic Basin. Oddly, it does not appear that
direct or calculated values from the NP drifting stations
are used. Whiletheir Fig. 1 indicates points correspond-
ing to T-3, it appears that calculated, rather than mea-

sured, values were used, despite available observations
listed in their appendix 111. No information is presented
for the Greenland Ice Sheet.

Like our analysis, they depict a primarily zonal dis-
tribution of radiation for early spring and late autumn,
with spring and summer displaying minimum values
over the Atlantic side of the Arctic. However, they fail
to show the relatively high values in the Beaufort Sea
during June, presumably reflecting the lack of radiation
or cloud observations in this region. Maximum values
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Fic. 5. (Continued)

north of Greenland are indicated. Vowinkel and Orvig
(1964) provide maps for March and June, also based on
calculated values but for fewer points. Not surprisingly,
their March map effectively captures the zonal pattern
of the flux seen in Fig. 3 when the latitudinal gradient
of G, is steep. However, their June map isvery similar
to that of Marshunova and Chernigovskii, also failing
to capture the relative Beaufort Seamaximum. The same
can be said of the maps of Gavrilova (1963), which are
also based largely on estimated values but do include

actual NP measurements. None of the NP stations at
that time, however, provided Beaufort Sea coverage.

b. NCEP-NCAR and ISCCP-C2

The joint National Centers for Environmental Pre-
diction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis project (Kalhay et al. 1996)
is providing internally consistent gridded fields that will
eventually span a 40-yr time period (1957-96). The
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NCEP-NCAR fields are hoped to represent improve-
ments over earlier numerical weather prediction prod-
ucts as a result of 1) the elimination of discontinuities
through theuse of a*'frozen state-of-the-art T62 model
and data assimilation system, and 2) concerted efforts
to use al available historical data in the assimilations
with strict quality control. Along with temporally con-
sistent analyzed atmospheric fields, a suite of modeled
fields is provided, including all components of the sur-
faceradiation balance. Details of the NCEP-NCAR sys-
tem are provided by Kanay et al. (1996). As of this
writing, 13 yr (1983-95) of the 6-h radiation fieldswere
available.

Schweiger and Key (1994) used the ISCCP-C2
monthly cloud product to generate a gridded dataset of
surface and TOA radiative fluxes and surface abedo
over the Arctic Ocean for the period 1984—90. | SCCP-
C2 (Rossow and Schiffer 1991) isacompilation of grid-
ded monthly satellite-derived cloud statistics, surface
reflectivity, atmospheric temperature, water vapor, and
other variables. The data have a spatial resolution of
about 280 km. The grids have constant 2.5° latitude
increments and variable longitude increments, ranging
from 2.5° at the equator to 120° at the pole. Radiative
fluxes were computed for each ISCCP grid. For the
computations, a background tropospheric aerosol
amount was assumed; water vapor and ozone are part
of the ISCCP data product. The procedure employed a
two-stream radiative transfer model with 24 shortwave
and 105 longwave spectral bands, optical property mod-
els for liquid clouds, and Arctic aerosols and mixed-
surface albedo parameterizations. While we believe that
the primary source of uncertainty in this flux dataset is
uncertainty in the input data, we recognize that other
methodologies might produce somewhat different sur-
face radiative fluxes, for example, using daily or three-
hourly input data (rather than our monthly values) and
using a different radiative transfer model (cf. Rossow
and Zhang 1995).

The NCEP-NCAR and ISCCP-C2 fields for March—
October were interpolated to the EASE-grid using
Cressman weights with a 500-km search radius. Grid-
point correlations were then calculated between the ob-
served and ISCCP-C2 fields, observed and NCEP-
NCAR fields, and the ISCCP-C2 and NCEP-NCAR
fields (Table 1). Correlations were computed using both
the “raw’ grid values and with grid values expressed
as departures from G, as calculated earlier (in paren-
theses), hence filtering out solar zenith angle/day length
and path length effects. Resultsusing theraw grid values
argue that the ISCCP-C2 and NCEP-NCAR fields cap-
ture reasonably well the observed spatial patterns of
global radiation; all correlations are above 0.80 (i.e.,
more than 60% of the spatial variance explained) except
for July and August between the observed and NCEP—
NCAR fields. However, these correlations in part reflect
latitudinal dependencies common to all three datasets.
Not surprisingly, removing these effects generally, but
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not always, results in lower correlations. The ** adjust-
ed’ correlations between the observed and NCEP-
NCAR and observed and ISCCP-C2 fields range from
about 0.70-0.85 from May through August. The ad-
justed observed versus NCEP-NCAR correlations drop
sharply in March and October, with ISCCP-C2 per-
forming poorly in April; this accounts for the low cor-
relations for these three months between the NCEP-
NCAR and | SCCP-C2 fields, which are otherwise rather
high.

Figure 5 shows the March-October NCEP-NCAR
and ISCCP-C2 fields averaged over their respective pe-
riods of the record along with corresponding departures
from G,,.. It is evident that both radiation products cap-
ture the major features of maximum fluxes over Green-
land, the seasonal north—south migration of thisfeature,
and strong zonal flux patterns for March, September,
and October, with other months showing an asymmetric
pattern with an Atlantic side minimum. However, nei-
ther field effectively captures the relative maximum
from near the pole extending into the Beaufort Sea ob-
served for June, although ISCCP-C2 does give some
indication of this feature. We find that for all months,
the adjusted correlations tend to be anchored by the high
values in all three fields over Greenland. Correlations
drop by typically 0.10 when Greenland grid points are
removed from the calculations.

The more basic problem is in the flux magnitudes,
which are too high, especialy for the NCEP-NCAR
fields. The error contours in Fig. 5 reveal the NCEP-
NCAR fluxes as high everywhere for every month. Er-
rors for June, the month of maximum insolation, range
from 60 to 80 W m~2 over most of the Arctic Ocean,
growing over Siberia and toward the Atlantic side of
the Arctic, although in fairness we stress that our fluxes
for the latter region largely represent estimated values.
| SCCP-C2 departures are consistently smaller, typically
20—40 W m~2 over the Arctic Ocean for most months.
On the other hand, |SCCP-C2 appears to underestimate
fluxes by about 20 W m~2 during spring and autumn
and notably March and April.

These errors are fundamentally related to cloud cover.
From comparisonswith available climatol ogies, | SCCP-
C2 appearsto underestimate cloud fractions by typically
5%-35%, with the errors greatest during summer
(Schweiger and Key 1992). Not surprisingly, compar-
isons with summaries for the region north of 75°N from
the Marshunova (1961) climatology indicate that the
downwelling longwave fluxes are in general too low,
although the global radiation fluxes are in good agree-
ment (Schweiger and Key 1994). While not entirely
resolved, this appears to result from the negative bias
in cloud fractionsto be offset by optical thicknessvalues
that are too high. The comparisons in Fig. 5 suggest
that this balancing effect on global radiation fluxes is
nevertheless incomplete.

Our analysis indicates that the NCEP-NCAR model
correctly depicts the basic observed pattern of higher
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cloud fractions over the Atlantic side of the Arctic, in
accord with the modeled Atlantic-side radiation mini-
mum. However, as averaged for the region north of
70°N, the NCEP-NCAR cloud fraction has an annual
average of only about 40% and furthermore exhibits
only aweak seasonal cycle, ranging by about 10% from
a winter—spring minimum to a summer—autumn maxi-
mum. This compares to annual mean values from dif-
ferent available surface climatol ogies of typically 70%—
80% with a summer maximum. An oversight in archiv-
ing the NCEP-NCAR output precludes assessments of
low, middle, and high cloud amounts. However, some
estimate of the cloud problem can be obtained by es-
timating the effective cloud transmittance (t) based on
the NCEP-NCAR global radiation fluxes and G,. Our
estimate of t for the central Arctic Ocean for June is
0.65-0.75 (Fig. 4) compared to the modeled values,
which are 0.15-0.20 higher (not shown). Similar errors
characterize other months. By comparison, t calculated
using the ISCCP-C2 global radiation fluxes tends to be
within 0.05-0.10 of our values.

6. Summary and conclusions

Arctic Ocean measurements from the Russian North
Pole series of drifting stations, records from the United
States drifting stations T-3 and Arlis|I, existing archives
for land stations, and, where necessary, around coastal
Greenland and the northern North Atlantic, estimated
values are used to compile a new gridded monthly cli-
matology of global radiation for the region north of
65°N.

The distribution of global radiation is primarily zonal
for March, September, and October, when latitudinal
gradients in the clear-sky flux are pronounced. Other
months are characterized by a strong asymmetric pattern
with peak fluxes over central Greenland and low values
over the North Atlantic. The Greenland peak represents
the effect of elevation with the Atlantic-side minimum
resulting from more extensive cloud cover. For June,
the month of maximum insolation, fluxes over the At-
lantic side of the Arctic are locally less than 200 W
m~-2, compared to more than 300 W m~2 for the Pacific
side of central Arctic Ocean extending into the Beaufort
Seaand more than 340 W m-2 over Greenland. Effective
cloud transmittance, estimated for April-September,
shows patterns similar to that for global radiation for
all months except September, further illustrating therole
of cloud cover in controlling the spatial distribution of
the global radiation flux.

The spatial patterns of monthly fluxes as depicted in
the NCEP-NCAR reanalysis and fluxes computed using
the ISCCP-C2 cloud product correlate reasonably highly
(0.70-0.85) with our climatology during most months.
However, NCEP-NCAR reanalysis fluxes are much too
high for all months, which fundamentally relatestolarge
underestimates in cloud fraction or optical thickness,
although the general spatia patterns of cloud cover ap-
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pear reasonable. Fluxes based on the ISCCP-C2 data
are also generally too high, but with smaller departures
than for the NCEP-NCAR reanalysis. A preliminary
examination of the reprocessed |SCCP monthly cloud
product (D2) for 1990 indicates that cloud amounts in
the Arctic are somewhat higher, and optical depths are
lower than in the C2 data.

We plan to improve upon our global radiation cli-
matology through the acquisition of updates to the
GEBA and PARCA archives and Beaufort Sea data to
be collected during the upcoming SHEBA field exper-
iment. Efforts are also under way to compile a similar
climatology of net radiation. Work is also underway to
process the new ISCCP-D product and to validate these
fields against our observed climatologies.
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