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ABSTRACT. The spatial and temporal variability of surface, cloud and radiative
properties of sea ice are examined using new satellite-derived products. Downwelling
short- and longwave fluxes exhibit temporal correlation over about 180 days, but cloud
optical depth and cloud fraction show almost no correlation over time. The spatial vari-
ance of surface properties is shown to increase much less rapidly than that of cloud prop-
erties. The effect of small-scale inhomogeneity in surface and cloud properties on the
calculation of radiative fluxes at ice- and climate-model gridscales 1s also investigated.
Annual mean differences between gridcell fluxes computed from average surface and
cloud properties and averages of pixel-by-pixel fluxes are 9.46% for the downwelling
shortwave flux and —7.04% for the longwave flux. Therefore, using mean surface and
cloud properties to compute surface radiative fluxes in a gridcell results in an over-
estimate of the shortwave flux and an underestimate of the longwave flux. Model sensi-
tivity studies show that such biases may result in substantial errors in modeled ice
thickness. Clearly, the sub-gridscale inhomogeneity of surface and atmospheric proper-
ties must be considered when estimating aggregate-area fluxes in sea-ice and climate

models.

INTRODUCTION

Numerical models of weather, climate and sea ice typically
use radiative-flux parameterizations that are based on the
assumption that the underlying surface is homogeneous.
Recent studies have shown that this assumption can result
in errors in estimating surface radiation and turbulent
fluxes because some atmospheric and surface properties
are non-linear with respect to surface radiation fluxes
(Mabhrt, 1987; Sellers, 1991; Friedl, 1996). How large are the
errors in radiative fluxes computed from arca-average
surface and cloud properties? The magnitude of the error
depends on the degree of non-linearity in the relationship
and on the spatial variability of the parameters. For
example, the relationship between cloud optical depth
and shortwave radiation is highly non-linear and the
spatial variability of optical depth is often large. Con-
versely, surface albedo and shortwave radiation are
linearly related and, except for the summer months, the
surface albedo of sea ice is relatively homogeneous over
large areas.

The purposes of this paper are to (a) assess the degree of
spatial variability in the surface, cloud and radiative
parameters over sea ice using satellite data, (b) evaluate
the differences in radiative fluxes calculated from area-
average surface and cloud properties vs averages of fluxes
calculated at a relatively high spatial resolution, and (c)
express the averaging error in terms of its effect on sea-ice
thickness. The objective is to determine the importance of
parameterizing sub-gridcell variability in sea-ice and
climate models.
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FORMULATION, DATA AND METHODS

The instantaneous value of a surface radiation-flux quantity
¢ at a given point in space and time is a function of the
atmospheric forcing 7y and surface properties w:

¢:f(7aw)a (1)

where f is a function describing the relationship between ¢,
« and w. For the purpose of this study, w includes surface for-
cing terms such as temperature, albedo and surface type,
and 7y includes the atmospheric temperature and humidity
profiles, cloud optical depth, cloud fraction, cloud tempera-
ture, cloud optical depth, incoming solar radiation at the
top of the atmosphere, aerosol amount and ozone amount.
The estimate of ¢ over an area A is then given by the inte-
gration of Equation (1):

A
6=7 [ forwaa, e
0

Since f is inherently micro-scale in nature and both v and w
may vary in space and time, continuous expressions such as
Equation (2) cannot be solved analytically. Unless the relation-
ships between ¢, v and w are linear,

fopw) # f(7,0), (3)

where the overbar represents an average, 1.e. the average flux
over some area computed as in Equation (2) is not equal to
the flux calculated from the average surface and cloud prop-
erties for that area. If three-dimensional effects are not con-
sidered, then ¢ = f(7,w), which can be calculated from data
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using a discrete form of Equation (2). We refer to this as the
“pixel average” A similar concept, the “independent pixel
approximation”, has been used in studies of three-dimensional
radiative transfer effects (cf. Marshak and others, 1998).

The pixel-average concept is employed here to show the
magnitude of the inequality in Expression (3). Surface radi-
ative fluxes were computed from satellite-derived surface
and cloud properties on a 5 km pixel scale. These were then
averaged over a 255 x 255 km” area representing a climate-
model gridcell. The average gridcell flux was also computed
from the mean cloud and surface properties within the grid-
cell. (The mean of the natural logarithm of cloud optical
depth was used because of the exponential relationship
between it and surface radiation.) We refer to this method as
simply the “area average” These two gridcell averages corres-
pond to the left and right sides, respectively, of Expression (3).

Semivariance analysis is employed to describe the spatial
and temporal variability of the surface radiative fluxes, cloud
and surface properties. The semivariogram is a structure func-
tion that, like autocorrelation, describes the correspondence
between observations made at some distance or time lag.
Therefore, a parameter measured at one location or time pro-
vides some information about the parameter at other locations
or times. The semivariance r(h) is defined as:

N
() = o 6) — o+ HE. (4)
i=1

The change in semivariance with lag illustrates how
rapidly the autocorrelation changes, while the magnitude of
the semivariance indicates the degree of variability. One
characteristic value of the semivariogram is the “sill”. The sill
is the ordinate value at which the semivariogram reaches a
maximum and becomes asymptotic, indicating that beyond
the corresponding distance (time or space) the variance does
not increase substantially.

Data from the Advanced Very High Resolution Radi-
ometer (AVHRR), on board U.S. National Oceanic and
Atmospheric Administration polar-orbiting satellites, are
used in this study. The specific dataset is a product of the
AVHRR Polar Pathfinder (APP) project (Maslanik and
others, 1997, 1999, 2000; W. N. Meier and others, 1997, http://
earthinteractions.org). The APP data are twice-daily compo-
sites available at 5 km pixel size for June 1981-98. The study
period (September 1997—August 1998) and the area (Fig. 1)
encompass the Surface Heat Budget of the Arctic Ocean
(SHEBA) field experiment, where an ice-breaker drifted with
the pack ice for lyear (Moritz and others, 1993). The APP
standard products are clear-sky surface temperature and
broadband albedo, a cloud mask, sea-ice motion and the cali-
brated, geolocated channel data and viewing/illumination
geometry. We have extended this product set to include the
all-sky surface skin temperature and broadband albedo, cloud
properties (particle phase, effective radius, optical depth,
temperature and pressure) and radiative fluxes using algo-
rithms in the Cloud and Surface Parameter Retrieval
(CASPR) system (Key, 1999). The calculation of cloudy-sky
surface skin temperature is based on an empirical relationship
between the clear-sky surface skin temperature, wind speed
and solar zenith angle (daytime). The cloudy-sky broadband
surface albedo 1s determined using the clear-sky broadband
albedo (interpolated from nearby pixels) adjusted by the
cloud optical depth and the solar zenith angle. Radiative
fluxes are computed in CASPR using FluxNet (Key and
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Study arec

Fig. 1. The study area. The curve is the drift track of SHEBA
ship during the year-long experiment. It started at 75.70° N,
144.10° W on 2 October 1997 and ended at 78.20° N,
160.70° Won 3 August 1998.

Schweiger, 1998). See Key (1999) and references therein for
more information on the algorithms and their validation.

TEMPORAL AND SPATIAL VARIABILITY

Figure 2 shows a time series of AVHRR retrievals for down-
welling shortwave and longwave fluxes at the surface (SWD
and LWD, respectively), cloud optical depth (TAU) and
surface temperature around the SHEBA ship site. The
results shown are averages over a 55 x 55 km? area centered
on the ship and smoothed with a 5 day running-mean filter.
The temporal persistence of downwelling short- and long-
wave fluxes, net radiation flux (NET'), cloud fraction, cloud
optical depth, surface broadband albedo and surface skin
temperature 1s illustrated as a semivariogram in Figure 3.
The semivariance of each parameter was normalized by
the maximum semivariance. For both downwelling short-
wave and longwave fluxes the sill is reached after 180 days,
implying strong temporal correlations. But for cloud frac-
tion and cloud optical depth the persistence is weak, indicat-
ing that there is almost no temporal correlation. Another
interesting feature is that the net radiation flux at the sur-
face has a different range than that of downwelling short-
and longwave fluxes, reaching the sill about after 220 days.
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Fig. 2. Tume series of downwelling shortwave (SWD ) and
longwave (LWD ) fluxes at the surface, cloud optical depth
( TAU ) and surface temperature. Values are averages over an
area of 55x 55km” centered on the SHEBA ship and
smoothed with a 5 day running mean.
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Fig. 3. Time-lag semivariogram for surface downwelling short-
and longwave fluxes (SWD and LWD ), cloud optical depth
(TAU), cloud fraction, surface broadband albedo, surface skin
temperature and net radiation at the surface. The semivariance of
each parameter was normalized by the maximum semivariance.

Figure 4 shows the spatial semivariogram of surface and
cloud properties for June 1998, based on monthly mean values
along the longitude 165°W. Cloud fraction is not shown
because sub-pixel cloud fraction was not computed. As with
the temporal semivariogram, radiative fluxes, surface skin
temperature and surface broadband albedo show persistence
with distance. Cloud particle effective radius and optical
depth do not, indicating that clouds in this area and time are
not horizontally homogeneous as is commonly assumed in
sea-ice and climate models. The gradual increase in the
normalized semivariance of surface skin temperature and
broadband albedo relative to that of cloud optical depth and
shortwave radiation implies that the spatial variance
increases much less rapidly for surface properties than for
cloud properties. An interesting feature of downwelling fluxes
and surface albedo is that the semivariograms show sinusoidal
wave patterns with spatial scale. Cloud optical depth also
shows a similar wave pattern with spatial scale. This phenom-
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Fig. 4. Space-lag semivariogram for surface downwelling short-
and longwave fluxes (SWD and LWD ), cloud optical depth
( TAU ), cloud fraction, surface albedo, surface skin tempera-
ture, cloud effective radius, and net radiation flux at the surface.
The semivariance of each parameter was normalized by the
maximum semivariance. Monthly means along longitude

165° W were used.
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Table 1. Monthly means of downwelling shortwave (SWD ),
longwave (LWD ) and net (NET ) radiation fluxes at the
surface (Wm ?)

Area average over 255 X 255 km’  Pixel average over 255 X 255 ke
Month”  SWD  IWD  NET — SWD  LWD  NET

10 0.00 218.76 —11.68 0.00 223.18 —13.62

11 0.00 17802  —3348 0.00 211.60 —10.62

12 0.00 126.31 —49.59 0.00 172.14 —18.13
1 0.00 204.76 2.04 0.00 203.98 —-1.31
2 74.10 209.06 16.25 71.61 212.90 14.93

3 291.51 182.67 16.28 216.08 228.82 34.16
4 494.52 234.47 6049  465.10 237.12 5167
5 50291 25741 71.33 470.46 283.27 77.50
6 475.58 290.04 180.08  458.41 290.01 173.19
7 258.90 29540 124.74 243.89 301.52 118.36
8 332.18 299.77 135.26 317.22 296.95 122.70

* Months 10-12 are in 1997; 1-8 are in 1998. August means are based on
only three cases.

enon may be related to synoptic-scale weather systems, atleast
in June over this part of the Arctic. When such patterns are
present, spatial averaging must be done with care.

AREA-AVERAGE AND PIXEL-AVERAGE FLUX BIAS

Given that (a) surface and cloud parameters exhibit spatial
variability on scales less than that of a typical climate- or
ice-model gridcell, (b) the magnitude of the variability dif-
fers for each parameter, and (c) the relationship between
some parameters and surface radiation is non-linear, one
would expect that radiative fluxes calculated using average
surface and cloud properties over a gridcell would be differ-
ent from the average of fluxes calculated at some arbitrarily
small scale (high resolution) within the cell. In the termin-
ology presented previously, the pixel average for a gridcell
must be different from the area average. How different are
they for radiative fluxes over sea ice?

Monthly mean downwelling short- and longwave fluxes
over 255 x 255 km? are given inTable 1 for the two different
averaging methods. Table 2 shows both the absolute value of
the bias and the percentage bias, where bias is defined as the

Table 2. Monthly mean bias of downwelling shortwave
(SWD ) and longwave ( LWD ) radiation fluxes at the surface

Absolute value over 255 x 255 km®  Percentage over 255 x 255 km’

Month* SWD bias LWD bias SWD bias LWD bias
10 0.00 —4.42 0.00 -1.98
11 0.00 —33.57 0.00 -15.87
12 0.00 —45.84 0.00 —26.63
1 0.00 0.79 0.00 0.39
2 249 —3.84 347 -1.81
3 7543 —46.15 34.91 —20.17
4 29.41 2.66 6.32 112
5 3245 —25.86 6.90 -9.13
6 17.16 0.04 3.74 0.01
7 15.01 —6.13 6.15 —2.03
8 14.96 2.81 4.72 0.95

* Months 1012 are in 1997; 1-8 are in 1998. August means are based on
only three cases. Percentage biases are calculated relative to the pixel-
averaged values.
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Fig. 5. Relative frequency of flux differences for the area-average
and pixel-average flux computations. Values shown are for the
period September 1997—August 1998. Downwelling short- and
longwave radiation fluxes are denoted by SWD and LWD,
respectively.

area-average flux minus the pixel-average flux. Figure 5
shows the frequency of the flux bias for downwelling short-
and longwave fluxes. Shortwave biases are generally posi-
tive, with a mean annual bias of 9.46%. Longwave flux
biases are negative, with a mean annual bias of —7.04%.
The largest monthly mean bias was nearly 35% in March
1998 for downwelling shortwave flux, and —27% for the
downwelling longwave flux in December 1997.

The bias introduced by using area-averaged surface and
cloud properties to compute surface fluxes can lead to over-
or underestimates of latent heat, sensible heat and ultimately
snow and ice thickness in models. Ebert and Curry (1993;
hereafter EB93) evaluated the sensitivity of the equilibrium
ice thickness in the Arctic to changes in surface and atmos-
pheric parameters using a one-dimensional sea-ice model.
They show that the equilibrium ice thickness changes from
4.3 m to 1.5 m for changes in the annual average downwelling
shortwave flux of =5% to +5%, where the baseline equilib-
rium ice thickness is approximately 3 m (EB93, fig. 15). In the
context of the EB93 sensitivity study, our mean annual short-
wave bias of 9.46% implies a decrease in the equilibrium ice
thickness to approximately 0.5 m. Regarding the longwave
flux bias, the mean annual value of =7.04% determined here
would increase ice growth, and result in an equilibrium ice
thickness of > 10 m based on the EB93 sensitivity results.

However, there are a number of reasons why the radi-
ative-flux biases may have less impact on ice thickness than
the comparisons to EB93 sensitivities imply. First, EB93
show a nearly linear response of ice thickness to changes in
the downwelling shortwave flux, but a highly non-linear
response to the downwelling longwave flux. The two-dimen-
sional dynamic—thermodynamic model used by Maslanik
and Silcox (1993) exhibited a linear response of ice thickness
to changes in the shortwave flux, but, unlike EP93, the
response to the longwave flux was also linear. They speculate
that the different response may be a result of including ice
dynamics. Second, the short- and longwave annual flux
biases are of opposite sign, and would therefore be offsetting
to some degree. Third, flux biases during the freezing season
may have a much smaller effect on ice thickness than similar
biases in the summer. For example, if the downwelling long-
wave flux is increased during the winter, the upwelling long-
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wave and turbulent fluxes may respond such that there is only
a modest decrease in ice growth. Conversely, during the sum-
mer melt season all of the excess energy would go directly
into ice melting, resulting in a large impact on overall thick-
ness (personal communication from G. Maykut, 2000).
Fourth, the biases found here were less than the expected
uncertainties in the satellite retrievals for some months. In
such cases the method used to calculate area-average fluxes
may not be important.

CONCLUSIONS

Satellite retrievals of surface, cloud and radiation parameters
over sea ice were used to investigate the spatial and temporal
variability of surface and atmospheric parameters in the
western Arctic during the SHEBA experiment. Downwelling
short- and longwave fluxes at the surface exhibit temporal
correlation over a long time period (about 180 days), but
cloud optical depth and cloud fraction have nearly no corre-
lation over the time period. Radiative fluxes, surface skin
temperature and surface broadband albedo also show persis-
tence with distance, while cloud particle effective radius and
optical depth do not. The spatial variance increases much less
rapidly for surface properties than for cloud properties.

Given the spatial variability of surface and cloud param-
eters and, in some cases, their non-linear relationship with
radiative fluxes, one would expect that using mean surface
and cloud properties within a climate- or ice-model gridcell
to compute radiative fluxes could result in substantial
errors. This was investigated by computing average radi-
ative fluxes for a 255 x 255 km? gridcell as (a) the mean of
fluxes calculated for every 5 km pixel, and (b) the result of
using area-average mean surface and cloud properties in the
flux calculation. As annual averages the mean shortwave
flux bias was 9.46%, while the mean longwave flux bias
was —7.04%. For the SHEBA case this indicates that using
mean surface and cloud properties to compute surface radi-
ative fluxes for a gridcell results in an overestimate of the
downwelling shortwave flux and an underestimate of the
downwelling longwave flux. In terms of ice growth and
melt, sensitivity studies done by other investigators imply
that the biases observed here may result in substantial errors
in the modeled equilibrium ice thickness. Therefore, it is
recommended that sub-gridcell inhomogeneity of surface
and atmospheric properties be taken into account in sea-ice
and climate models.
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