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ABSTRACT. The surface radiation budget of the polar regions strongly influences ice
growth and melt. Thermodynamic sea-ice models therefore require accurate yet compu-
tationally efficient methods of computing radiative fluxes. In this paper a new parameter-
ization of the downwelling shortwave radiation flux at the Arctic surface is developed and
compared to a variety of existing schemes. Parameterized fluxes are compared to in situ
measurements using data for one year at Barrow, Alaska. Our results show that the new
parameterization can estimate the downwelling shortwave flux with mean and root mean
square errors of 1 and 5%, respectively, for clear conditions and 5 and 20% for cloudy
conditions. The new parameterization offers a unified approach to estimating downwel-
ling shortwave fluxes under clear and cloudy conditions, and is more accurate than exist-

ing schemes.

INTRODUCTION

Over thick ice in the Arctic, the downwelling radiation flux
is typically two orders of magnitude greater than either the
turbulent or oceanic flux. One would therefore expect sea-
ice models to be sensitive to the radiative fluxes used to drive
them. For example, in the two-dimensional (2-D) dynamic—
thermodynamic ice model described in Maslanik and
others (1995), a 10% change in the longwave flux changes
the computed mean ice mass by 36%. A 10% increase in
the shortwave flux decreases the mean ice mass by 11%,
while a 10% decrease in the shortwave flux increases ice
mass by 8%. Accurate simulations of sea ice therefore re-
quire accurate forcings of the downwelling radiation fluxes.
While a radiative—transfer model will give more accurate
estimates of radiative fluxes, computational considerations
and data constraints generally preclude their use. There-
fore, thermodynamic sea-ice models have incorporated sim-
ple radiative flux parameterizations that require only a few
input variables. It is important to know which schemes are
most accurate, what the main problems or errors associated
with them are, and if they can be improved.

Key and others (1996) evaluated the accuracy of a vari-
ety of parameterizations for downwelling shortwave
(SW'|) and longwave (LW |) radiative fluxes that can be
used in dynamic—thermodynamic sea-ice models. The ob-
jectives of this paper are (1) to present a new shortwave flux
parameterization scheme, and (2) to compare it to a number
of the schemes presented in Key and others (1996). (See Key
and others (1996) for recommended longwave schemes.)

DATA

To assess the accuracy of the various parameterization
schemes we compare parameterized fluxes to observations
made at two Arctic locations: Resolute, in the Northwest

Territories, Canada, and Barrow, Alaska. The Resolute
observations were made at the Seasonal Sea Ice Monitoring
and Modelling Site (SIMMS), located off the coast of Corn-
wallis Island near Resolute (74.6°N, 94.7° W) (Papakyria-
kou, 1993). It is a region where both multi-year and first-
year ice can be found, as well as areas of open water in
summer. Downwelling and upwelling shortwave and long-
wave radiation were measured at the site and averaged over
15 minute intervals. Data from May and June 1993 are used
here. While these data cover a wide range of solar zenith an-
gles, no part of this period was without solar radiation.

The Barrow data were collected at the Climate Monitor-
ing and Diagnostic Laboratory (CMDL) baseline observa-
tory (71.32°N, 156.61°W) near Barrow, Alaska (BRW).
Although situated on the Arctic tundra, where complete
melting of the snow occurs each summer, the site is gener-
ally considered to be representative of an Arctic maritime
climate because the prevailing winds are northeasterly, off
the Beaufort Sea; all observations are made within 2 km of
the coast. Surface albedo varies from about 018 during
summer months to over 0.86 when snow covered. The data
used in this study were carefully edited, calibrated and
further averaged into daily values. Shortwave-irradiance
measurements are accurate to within 3% on average, with
systematically greater uncertainties as the signal diminishes
with increasing zenith angle (Stone and others, 1996). Data
from all of 1994 are used here.

EXISTING SCHEMES

Radiation parameterizations are simple schemes or equa-
tions that require just a few input variables to estimate ra-
diative fluxes. They do not treat explicitly many important
physical processes in the atmosphere but, instead, employ
empirical relationships to predict radiative fluxes. Here, ra-
diative-flux parameterizations are categorized as “clear sky”

33



Key and others: Shortwave flux parameterizations in sea-ice models

or “all sky” (clear, partly cloudy and overcast). Units pre-
sented have been standardized and the coefficients altered
accordingly. Thus SW | and LW |, and the solar constant,
Sp, are inWm % the solar zenith angle Z 1s in degrees; the
near-surface air temperature 7 is in K, the near-surface
vapor pressure e is in mb, while the cloud optical depth 7,
cloud fraction ¢, and the surface albedo a are unitless. The
subscripts ¢y and (g refer to clear and cloudy conditions, res-
pectively. In this section only those parameterization
schemes that are most applicable to high-latitude conditions
are evaluated. Descriptions are brief; for more detail see Key
and others (1996).

For clear-sky fluxes, Moritz (1978) modified the method
of Lumb (1964) using data from Baffin Bay, Canada:

SW | gw= Socos Z(0.47 + 0.47cos Z) . (1)

Bennett (1982) used a very simple formula in an ice-
modelling experiment:

SW | =0.725y cos Z . (2)

This equation, due to its simplicity, would likely be inaccu-
rate over short time periods, although it may be of value for
estimating long-term means (e.g. monthly).

Zillman (1972), using data from the Indian Ocean, devel-
oped a parameterization that includes the near-surface
vapor pressure. It has been used in sea-ice modelling experi-
ments (e.g. Pease, 1975; Parkinson and Washington, 1979):

(S cos? Z)
[1.085cos Z + (2.7 + cos Z) x 10~3e + 0.10] -
(3)
Using this equation, Shine (1984) compared parameterized
Arctic fluxes to fluxes generated by a radiative—transfer
model. He concluded that the Zillman (1972) equation gen-
erally underestimated Arctic fluxes and modified the coeffi-
cients to give a better fit with the modelled fluxes:
(Sp cos® Z)
[1.2cosZ 4 (1.0 + cos Z) x 10~3e + 0.0455]
(4)
In order to parameterize the effects of clouds on the all-
sky flux, SW |, is commonly multiplied by a simple cloud
factor, which includes the cloud fraction and a coefficient.

Jacobs (1978) modified the Berliand (1960) model using
measurements from Baffin Island, Canada:

SWlaHZ Schlr (1 —0.33 C) ) (5)

while Bennett (1982) used a value of 0.52 in Arctic sea-ice
modelling experiments:

SVVlaH: SWlClr (1 —0.52 C) . (6)
For cloudy conditions, Shine (1984) developed a para-

SW lch‘:

SW L=

Table 1. Clear-day transmussivity (T ) at Barrow

meterization suitable for high albedo surfaces such as snow
and ice. The inclusion of the cloud optical depth and ground
surface-albedo parameters takes into account the effects of
cloud thickness and multiple reflections between the surface
and cloud base:

(53.5 + 1274.5 cos z) cos’® Z

[1+0.139(1 — 0.9345a)7]

SW laa= (7)

(8)

Equation (8) is likely to be superior to the others described,
particularly for estimating fluxes over short time periods.

SW laH: l:(l - C)Schlr +(C)5chld:| .

A NEW SHORTWAVE SCHEME

Is it possible to improve upon these shortwave parameteri-
zations? We approach this question by returning to the basic
1ssue of what processes influence the transmission of solar
radiation through the atmosphere. In the absence of the
atmosphere, the flux of downwelling solar radiation is
expressed in a well-known form:

SW = Sycos(Z). (9)

In the presence of an atmosphere, the transmission of so-
lar energy involves gaseous absorption, molecular scatter-
ing and particle scattering, and can be characterized by
two quantities: transmissivity 7' and optical air mass m.
Transmissivity is the relative amount of solar energy trans-
mitted to the bottom of the atmosphere if the transmission
path is vertical. Optical air mass summarizes the effect on
transmission if the path is other than vertical:

SW = Sycos(Z)T™. (10)

For clear skies the value T' = 0.8 has been widely used in the
literature (Hartmann, 1994). For a cloudy atmosphere T'
decreases with increasing cloud thickness.

For optical air mass m, we use an expression similar to
that given by Kasten (1966):

= [(Bewtn) v2fit] - (Beosi) 0

where R = 6371km is the radius of the earth and H is the
equivalent height of the atmosphere. Note that H can be
higher than the physical height of the atmosphere; for
example, on a clear day H is 120 km but under cloudy con-
ditions H can be several hundred km.

The relationship between transmissivity 7' and equiva-
lent height H is expressed in Beer’s Law:

T = exp(~BH) (12)

where (3 is an empirical constant and 8H is equivalent opti-

T Standard deviation Julian Day Low, high temperature Low, high dew point temperature Surface albedo
Wm? °C o

0.87 14.6 105-108 —23 -13.0 -25 -15.0 0.76-0.91

0.88 14.3 117-118 -2 -16.0 28 -19.0 0.75-0.90
0.88 120 129 -9 -18.0 -12 230 0.77-0.88
0.85 7.54 159-160 -3 9.9 56 0.8 0.59-0.90
0.82 1116 181-182 -0.8 2.8 -0.8 1.2 0.18-0.28
0.83 102 187-190 0.4 34 0.8 1.0 0.19-0.36
0.82 9.88 191 1.9 6.3 0.6 2.1 0.19-0.28
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Table 2. Cloudy-day transmissiity (T') and equivalent
atmospheric height (H ) at Barrow

Julian Day T H Standard deviation
km Wm?
139-140 0.69 270 189
143 0.66 300 12.8
148 073 190 30.5
154 0.63 340 179
175-76 0.50 420 313
178 0.54 370 26.2

cal depth of the atmosphere. These relationships have been
documented elsewhere (i.e. Igbal, 1983).

Our objective is to develop a model based on Equations
(10), (11) and (12) using field data to derive empirical rela-
tionships. Table 1 summarizes the Barrow clear-sky data in
terms of transmissivity, the standard deviation of the
observed shortwave flux, and the ranges of temperature,
dew-point temperature and surface albedo. The transmis-
sivity given is the ratio of the observed surface flux to the
modelled top of the atmosphere (TOA) shortwave flux.
Although a relationship between atmospheric transmissiv-
ity and temperature or humidity in Table 1 is not obvious,
the correlation between transmissivity and surface albedo
is more apparent. The empirical relationship determined
from the data is:

T =038+0.0la. (13)

For this relationship the coefficient of variation R? is 0.94.
The clear-sky flux can now be expressed as a function of solar
zenith angle and surface albedo by setting H = 120km and
using Equations (13), (12), (11), and (10).

Table 2 gives the Julian Day, transmissivity, equivalent
height of atmosphere, and flux standard deviation for over-
cast conditions at Barrow. As in Table 1, the transmissivity
was computed as the ratio of the surface to TOA shortwave
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fluxes. H was then determined from Equation (12) using (3
for the clear-sky case. The values of T'and H differ substan-
tially from the clear-sky case in that clouds reduce the trans-
missivity and effectively increase the path length.

The relationship between H and the cloud optical depth
7 was determined using a two-stream radiative—transfer
model (Key, 1996). Calculations of the downwelling short-
wave fluxes at the surface and TOA were performed using a
standard Arctic summer atmosphere, an aerosol optical
depth of 0.25, and a liquid-water cloud with the top at
500 mb, a water content of 0.2 g m %, effective droplet radius
of 10 um, and visible optical depths ranging from 1 to 32. T
and H for the model results were determined in the same
manner as the empirical results inTable 2. From these data
a relationship between H and 7 was determined:

H=112+2347. (14)

Approximately 84% of the variance in H is explained by
this relationship.

To estimate the downwelling shortwave flux with obser-
vations of the solar zenith angle, surface albedo and cloud
optical depth the following procedure is used. For clear con-
ditions, the equivalent atmospheric height is fixed at 120 km
and the transmissivity is computed as a function of albedo
using Equation (13). For cloudy conditions H is determined
with Equation (14) and T is computed using Equation (12)
with [ for clear sky. In both clear and cloudy situations m
is determined using Equation (11) and the downwelling
shortwave flux is calculated with Equation (10). In the text,
tables and figures that follow, this method is identified as
“TM”

COMPARISONS WITH IN SITU MEASUREMENTS

Measurements of climatological variables from Resolute
and Barrow are now used in the various parameterizations
and the estimated fluxes are compared to the in situ meas-
urements. Each of these datasets was analyzed separately in
order to examine the effects of the differences in surface
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Fig. 1. The shortwave clear-sky flux error for four parameterizations ( estimated flux minus the flux measured at Barrow and Resolute).
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Table 3. Parameterized shortwave clear-sky flux errors

Table 4. Parameterized shortwave all-sky flux errors

Mean Mean error r.m.s.e. Mean Mean error r.m.s.e.
Measured flux 430.7 Measured flux 214.6
Moritz (1978) 395.9 -348  (-8.]) 40.1 Berliand (1960) 176.9 =377  (-176) 784
Bennett (1982) 409.9 -208  (-4.8) 36.1 Jacobs (1978) 211.1 -36 (-17) 55.1
Shine (1984) 435.8 5.1 (1.2) 18.6 Bennett (1982) 157.1 —576 (—26.8) 97.8
™ 428.8 -19  (-0J5) 21.4 Shine (1984) 201.2 -134  (-63) 503
T™ 224.9 10.2 (4.8) 46.8

Values are inW m™2 Numbers in parentheses are percentages.

types/location and time averaging. Results for the two data-
sets were nearly identical, with the accuracy ranking of the
various parameterizations being the same and the means
and root mean square errors (r.m.s.e. within 20%. This
result is significant given that high temporal resolution data
are often not available, or desired, in modelling studies. In
the figures and tables presented below, the results for these
two datasets are combined.

For the Shine (1984) and TM parameterizations, cloud
optical depth is required. Here a value of 10 is used, which
is near the center of the distribution reported by Leontyeva
and Stamnes (1994) for optical-depth estimates at Barrow.
The all-sky parameterizations require an estimate of
SW |4 which, for all schemes except TM, was computed
using Shine’s (1984) formulation. For comparison with the
Resolute data, shortwave flux parameterizations are com-
puted using the solar zenith angle in the middle of the
15min data averaging period. For the daily Barrow data,
fluxes are computed for each hour of the day using the solar
zenith angle in the middle of the hour. The 24 flux values are
then averaged to get the daily average flux.

Parameterized shortwave flux errors under clear skies
are shown in Figure 1. The mean, mean error and r.m.s.e.
of the parameterized fluxes are given in Table 3. The most
accurate parameterizations of SW |, are TM and that of
Shine (1984). The equation of Bennett (1982) tends to over-
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estimate fluxes at low sun angles and underestimate fluxes
at higher sun angles, but performs surprisingly well consid-
ering its simplicity. The parameterized fluxes using Moritz
(1978) are the least accurate. The equation tends to under-
estimates fluxes, particularly under moderate solar zenith
angles.

Parameterized shortwave flux errors under all skies are
shown in Figure 2. The mean, mean error, and r.m.s.e. of the
parameterized fluxes are given in Table 4. The most accu-
rately parameterized fluxes are again those computed using
TM and Shine (1984). These parameterizations include sur-
face albedo and cloud optical depth. The parameterizations
of Jacobs (1978) and Bennett (1982) are extremely simple,
consisting of a coefficient multiplied by the clear-sky flux.
Thus, they do not model any of the variability due to factors
such as cloud thickness or surface albedo. The parameter-
ization of Bennett significantly underestimates fluxes. The
parameterization of Jacobs fares better than that of Bennett,
perhaps because the coefficient was selected to fit Canadian
Arctic data. Although the r.m.s.e. is still relatively high, the
mean error is the smallest of the expressions examined.

What is the effect of cloud optical depth? Both TM and
Shine (1984) cloudy sky methods exhibit the lowest rm.s.e.
when the optical depth is near 10. This is the approximate
mean of the cloud optical depth distribution in the Barrow
data, determined using an inverse procedure with a radia-
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Fig. 2. The shortwave cloudy-sky flux error for four parameterizations (estimated flux minus the flux measured at Barrow and

Resolute ).
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tive—transfer model. Therefore, the coefficients in Equation
(14) are appropriate for the optical depth range estimated
from the Barrow data, or about 5-25. Comparisons with a
radiative—transfer model showed that TM performed con-
sistently, though modestly, better than the Shine method
throughout this range. Because the range of surface albedo
observed at Barrow is large, both methods are appropriate
for open water, dark vegetation and bright snow surfaces.

CONCLUSIONS

The objectives of this study were to present a new all-sky
parameterization of downwelling shortwave radiation at
the Arctic surface, and to evaluate its performance against
existing schemes. Using in situ data from two sites, the most
accurate parameterizations are the new scheme developed
here and that of Shine (1984). Comparing the two, the new
parameterization offers a more unified approach for clear
and cloudy conditions and is more accurate. Additionally,
it was developed for a wide range of conditions over both
sea ice and land, so it may be more generally applicable.
Based on these results the new parameterization is recom-
mended for use in sea-ice models.
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Parameterization of fluxes over heterogeneous
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ABSTRACT. Fluxes of heat and moisture over heterogeneous snow cover are studied
using a boundary-layer model. The performance of a “tile” model, suitable for calculating
gridbox-average surface fluxes in a GCM, is assessed in comparison with the boundary-
layer model. The impact of using a tile representation for heterogeneous snow cover in a
single-column version of the Hadley Centre GCM is discussed.

INTRODUCTION

Snow cover is frequently heterogeneous on length scales too
small to be resolved by a general circulation model (GCM)
grid, introducing marked sub-grid heterogeneities in land-
surface characteristics and fluxes. A high-resolution two-di-
mensional (2-D) boundary-layer model is used in this study
to model turbulent fluxes of heat and moisture over hetero-
geneous snow cover. The performance of a “tile” model,
which parameterizes gridbox-average surface fluxes as
weighted averages of fluxes over snow-covered and snow-
free regions, is assessed in comparison with the boundary-
layer model. Using the tile model to allow for heterogeneous
snow cover in a single-column version of the Hadley Centre
GCM is found to have a large impact on the partitioning of
available energy into latent and sensible heat fluxes.

THE BOUNDARY-LAYER MODEL

The boundary-layer model used here is described by Wood
and Mason (1991). Velocity components, potential temper-
atures and specific humidities are found as solutions of the
Boussinesq equations with first-order turbulence closure
on a 2-D grid that has a horizontal spacing of 31.25 m and
20 vertical levels (five in the lowest 10m) extending up to
5000 m. The numerical scheme used is second-order
accurate, and energy conserving. Vertical fluxes of heat
and moisture are set to zero at the upper boundary, and
the flow 1s driven by a constant horizontal-pressure gradi-
ent. Periodic boundary conditions are imposed at the left-
hand and righthand edges of the model domain, which is
1km wide. ‘

Parameterizations of surface radiation, sensible heat and
moisture fluxes have been added to the boundary-layer
model (Essery, in press). Sensible heat fluxes () and moist-
ure fluxes (E) are proportional to differences in potential
temperature (0) and specific humidity (g) between the sur-
face and the lowest model level (at height z = 0.25 m),
divided by appropriate resistances;

x 90 — 9(2’)

Ta

H
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and

Gsat (TO) - q(Z)
o 2= 2 TV
Ta +7Ts

E )
where 6 is the surface potential temperature, gsat(7p) is the
saturation humidity at surface temperature Tp, and 7 is a
surface resistance for moisture transfer (zero for saturated
surfaces such as snow). The aerodynamic resistance, 7,,
increases with increasing atmospheric stability, decreasing
surface roughness (characterized by roughness length zp)
and decreasing windshear, all of which suppress turbulent
transport.

Given downward fluxes of solar and longwave radiation
(SW, and LW)) and assuming unit longwave emissivity,
the net radiation at a point on the surface is

R=(1-a)SW, + LW, — 0Ty},

where « is the surface albedo, and o is the Stefan—Boltz-
mann constant. The net radiation is partitioned into sen-
sible, latent, ground and snowmelt heat fluxes. Surface
temperatures are found by inverting the surface-energy
balance,

R:H+/\E+G+Hsm

The sign convention used is that R and G are positive down-
ward, and H and E are positive upward. Hyy, is the snow-
melt heat flux required to ensure that the calculated snow-
surface temperature does not exceed 0°C, G is the ground
heat flux (assumed to be negligible) and A is taken to be
the latent heat of sublimation at snow-covered points or the
latent heat of vaporization at snow-free points.

The boundary-layer model was run with surface para-
meters, shown in Table 1, chosen to represent forest, grass
and snow-covered grass. The snow is given the same rough-
ness length as the grass (roughness lengths for deep, contin-
uous snow covers are generally much lower) but has higher
albedo and zero surface resistance, whereas the forest has
the same albedo as the grass but larger roughness length
and surface resistance. It should be noted that the drag at
model levels that would lie within the forest canopy is not
explicitly represented, and the modelled wind profile is only
valid at heights above the canopy.

Figure la shows heat fluxes across a surface with 500 m



