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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 computationally efficient 
methods of computiag radiative fluxes. In this study a variety of simple parametefizafions of down- 
welling shortwave and longwave radiation fluxes at the Arctic surface are examined. Parameterized 
fluxes are compared to in situ measurements over an annual cycle. Restfits suggest that existing 
parameterizafions can estimate the downwelling shortwave flux to within 2% in the mean, with a 
root-mean-square error (RMSE) of about 4% for clear skies and 21% for cloudy conditions. Param- 
eterized longwave fluxes are accurate to within 1% in the mean, with RMSE values of 6% for both 
clear and cloudy skies. On the basis of these results, two parametefizafion schemes are recom- 
mended to estimate radiation forcings in sea ice models for Arctic applications. 

Introduction 

The sea ice cover is controlled by dynamic processes (wind, 
ocean currents) and thermodynamic processes (heat from the 
ocean and leads, sensible heat from the atmosphere, latent heat 
from the phase change of water, and downwelling shortwave and 
longwave radiation). Over thick ice in the Arctic, the downwelling 
radiation flux is typically 2 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 dynamic-thermodynamic ice 
model described by Mas!anik et al. [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 !1%, while a 10% decrease in the shortwave flux increases ice 
mass by 8%. Accurate simulations of sea ice therefore require 
accurate forcings of'the downwelling radiation fluxes. 

Because the downwelling surface radiation fluxes are a com- 
plex function of many variables in the entire atmospheric column, 
the most accurate computation of fluxes is likely to be •rough the 
use of a radiative transfer model. However, the application of such 
schemes is only possible if all the required model input data (e.g., 
vertical distributions of temperature and moisture, cloud proper- 
ties, and aerosols) are available. In the absence of such a complete 
description of the surface and atmosphere, thermodynamic sea ice 
models have incorporated simple radiative flux parameterizations 
which require only a few input variables. It is important to know 

thermodynamic sea ice models. The shortwave parameterizations 
used are those of Moritz [1978], Bennett [1982] and Shine [1984] 
for clear skies and those of Berliand [1960], Jacobs [1978], Ben- 
nett [1982] and Shine [1984] for cloudy skies. The longwave 
parameterizations computed are those of Efimova [1961], 
Marshunova [ 1966], ldso and Jackson [1969], Zillman [ 1972], 
Maykut and Church [1973], Ohmura [1981] and Andreas and Ack- 
Icy [1982] for clear skies and those of Marshunova [1966], May- 
kut and Church [1973], Zillman [1972] and Jacobs [1978] for 
cloudy skies. 

To assess the accuracy of the various parameterizafion schemes 
we take the following approach: (1) Parameterized SW$ and LW$ 
fluxes are computed using input data from ground-based observa- 
tions of atmospheric variables over several weeks during the 
spring of 1993 at Resolute, Northwest Territories, Canada, and 
over an annual cycle at Barrow, Alaska (Figure 1). Computed 
fluxes are then compared with the observed downwelling long- 
wave and shortwave fluxes at these sites. (2) Parameterized SW$ 
and LW,I, fluxes based on input data from the International Satel- 
lite Cloud Climatology Project (ISCCP) monthly (C2) data set are 
compared with the Arctic flux climatologies of Vowinckel and 
Orvig [1962], Marshunova [1966] and Schweiger and Key [1994] 
for nine Arctic locations (Figure 1). 

Surface Radiation Fluxes: Sensitivities 

Shortwave radiation enters the Earth's atmosphere where it is 
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which schemes are most accurate, what the main problems or absorbed, scattered, and transmitted. Some of the energy is 
errors associated with them are, and if they can be improved. absorbed by the ground and reemitted in the form of longwave 

The objective of this study is to evaluate the accuracy of a vari- (thermal) radiation which is also absorbed, scattered, or transmit- 
ety of parameterizations for downwelling shortwave (SW$) and ted, a portion of which is reradiated by the atmosphere. In particu- 
longwave (LW$) radiative fluxes that can be used in dynamic- lar, ozone, oxygen, carbon dioxide, water vapor, aerosols and 

clouds in the troposphere absorb and scatter radiation. Clouds 
reflect some of the incident shortwave radiation back to space but 
also cause multiple reflections between the surface and the cloud 
base, which contributes a substantial amount to the downward flux 
over high albedo surfaces. The downwelling longwave flux is the 
result of emission and scattering in the entire atmospheric column, 
although the lowest layers, especially the bottom 100 m, are most 
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Location of ISCCP Data and the SIMMS Site 
Used in Pararneterizations Tests 

Figure 1. Locations of the in situ measurement sites (Resolute 
and Barrow) and the International Satellite Cloud Climatology 
Project cells used in flux comparisons. 

important [Konzelmann et al., 1994]. It is typically parameterized 
as a function of the near-surface temperature and the atmospheric 
emissivity. The effects of clouds are implicit in this relationship. 
Water vapor and carbon dioxide are especially good absorbers and 
emitters of longwave radiation, thus their concentration in the 
lower troposphere strongly affects the downwelling flux at the sur- 
face. The temperature profile in the lower troposphere and the 
effects of clouds (cloud fraction, base height, temperature, thick- 
ness, and microphysical characteristics), including ice crystal pre- 
cipitation, are very important. 

Which atmospheric and surface parameters exert the greatest 
influence on surface radiative fluxes? In an attempt to answer this 
question, tests were performed to investigate the sensitivity of the 
shortwave and longwave downwelling surface radiative flux to 

prescribed changes in a number of variables. A two-stream radia- 
tive transfer model [see Key, 1994, and references therein] was 
used to compute fluxes under a variety of atmospheric and surface 
conditions. A reference atmosphere was prescribed for both clear 
and cloudy conditions, and variables were varied over a range of 
values most likely to occur in the Arctic. Standard sub-Arctic tem- 
perature and humidity profiles were used for the summer, the solar 
zenith angle was 65 ø, the total precipitable water amount was 1.5 
cm, the total aerosol optical depth was 0.1, the atmospheric ozone 
amount was 375 Dobson units, and the surface albedo was 0.5. For 
cloudy conditions, low-level stratus water clouds were prescribed 
with the cloud base height set to 400 m, the cloud thickness was 
400 m, the cloud droplet effective radius was 7 gm, and the cloud 
liquid water content was 0.2 g m '3 based on observations of Arctic 
stratus in the summer by Tsay and Jayaweera [1984]. Under these 
prescribed conditions the shortwave flux was 435 W m '2 under 
clear skies, and 188 W m '2 under cloudy skies, and the longwave 
flux was 288 W m '2 under clear skies, and 372 W m '2 under 
cloudy skies. 

Table 1 shows the sensitivity of SW$ and LW$ to variations in 
the prescribed values for the reference case. For the variables 
listed in Table 1 the reference value (above) was changed to each 
of the two extreme values in the "Rar. ge of Change" column and 
the fluxes were recalculated. The differences between the fluxes 
for the two extreme values and the ratios of these differences to 
the reference case fluxes are given in the last two columns. It was 
found that both SW$ and LW$ are sensitive to the concentration 
of aerosols in the troposphere but with opposite effects, which is 
also true of precipitable water and ozone amounts and, to some 
extent, cloud thickness. The negative shortwave and positive long- 
wave responses to changes in these variables results from oppos- 
ing atmospheric or cloud "albedo" and "greenhouse" effects, 
respectively. The albedo effect is greatly enhanced when the visi- 
ble optical depth of clouds increases either as a result of diminish- 
ing mean drop size or increases in geometric thickness or water 
content. Because Arctic stratus tends to be "black" (near unit emis- 
sivity) at long wavelengths [cf. Stephens and Webster, 1981], the 
greenhouse effect is much less sensitive to changes in cloud thick- 
ness, drop size spectra, or cloud water content but is more sensi- 
tive to cloud base height because this affects the effective 
emission temperature of the cloud through the Stefan-Boltzmann 
law. The greenhouse effect is more pronounced, however, when 
skies are clear if precipitable water or aerosol content increases 
because the effective emissivity of the intervening atmosphere is 

Table 1, Sensitivity of the Downwelling Shortwave sw,L and Longwave LW,L Radiative Flux to 
Variations in Arctic Atmosphere Variables 

Variable Range of Change Sky Condition Change in Change in 
SW,I, (W m -2) LW,I, (W m -2) 

Precipitable water, cm 1.0- 1.8 clear 7 (2) 16 (6) 

Ozone amount, DU 300 - 450 clear 2 (0) 1 (0) 

Aerosol optical depth, unitless 0.06 - 0.2 clear 26 (6) 12 (4) 

Surface albedo, unitless 0.4 - 0.8 clear 22 (5) 0 (0) 
cloudy 116 (62) 0 (0) 

Cloud base height, km 0 - 1.6 cloudy 1 (0) 16 (4) 

Cloud thickness, rn 100 - 700 cloudy 169 (90) 4 (1) 

Cloud drop size radius, !xm 4.0 - 10.0 cloudy 83 (44) 1 (0) 

Cloud liquid water content, g m -3 0.1 - 0.3 cloudy 101 (54) 1 (0) 

Numbers in parentheses indicate the percent of change. DU is Dobson units. 
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much more susceptible to change. Clearly, for the simulations 
evaluated here the shortwave albedo effect dominates the surface 
radiation balance during the Arctic summer, with shortwave cloud 
radiative forcing being most sensitive to changes in physical and/ 
or microphysical properties. Under clear summer skies, competing 
shortwave and longwave effects tend to cancel when surface con- 
ditions remain stable; thus the net radiation balance is rather insen- 
sitive to changes in atmospheric structure. 

Because, overall, SW$ is most sensitive to changes in surface 
and atmospheric conditions, one might expect that simple parame- 
terizations of this quantity are most prone to uncertainties and that 
this would be especially true when clouds are present in the atmo- 
sphere. In subsequent sections it will be shown, through compari- 
sons with in situ observations, that fluxes estimated using various 
parameterization schemes are least accurate for shortwave calcula- 
tions under cloudy conditions. Improvements to parameterizations 
of shortwave fluxes under cloud cover will require significant 
refinements most likely involving the addition of parameters that 
accurately characterize cloud physical and microphysical proper- 
ties. 

Parameterization Schemes 

Radiation parameterizations are simple schemes or equations 
which require just a few input variables to estimate radiative 
fluxes. They do not treat explicifiy many important physical pro- 
cesses in the atmosphere but, instead, employ empirical relation- 
ships to predict radiative fluxes. Here radiative flux equations are 
categorized into clear sky and all-sky fluxes for simplicity. All 
units presented have been standardized and the coefficients altered 
accordingly. Thus downwelling shortwave and longwave fluxes, 
SW, I, and LW, I,, and the solar constant, So, are in watts per square 
meter; the solar zenith angle Z is in degrees; the near-surface air 
temperature T is in kelvin, the near-surface vapor pressure e is in 
millibars, while the cloud optical depth x, the surface albedo a, 
and the coefficients x, y and z, are unifiess. 

The Shortwave Clear Sky Flux 

Lumb [1964] devised a formula suitable for hourly computa- 
tions, as well as mean daily and monthly values, for estimating the 
shortwave flux over oceans 

SW, I, ck = So cosZ (0.61 + 0.20 coif) (1) 

where S O is the solar constant and Z is the solar zenith angle. It 
was derived from an extensive set of ship reports in the mid-Atlan- 
tic. Others have investigated Lumb's equation and found that the 
coefficients are sensitive to location; e.g., Moritz [1978] computed 
values to fit data from Baffin Bay, Canada. 

Bennett [1982] used a very simple formula in an ice modeling 
experiment. Ohmura [1981], who used spring and summer data 
from Axel Heiberg Island, Canada, calculated the mean atmo- 
spheric transmittance to be 0.72, identical to the value used by 
Bennett, suggesting the equation used by Bennett may be reason- 
able for Arctic applications. This equation, due to its simplicity, 
would seem likely to be inaccurate over short time periods, 
although it may be good for estimating mean monthly values. 

Zillman [1972] derived a parameterization using data from the 
Indian Ocean which include the near-surface vapor pressure e as 
an input variable: 

SW$• = (So cos2Z) / 
[1.085 cosZ + (2.7 + cosZ)x10 '3 e + 0.10]. (2) 

It has been used in sea ice modeling experiments [e.g., Pease, 
1975; Parla'nson and Washington, 1979]. Shine [1984] compared 
parameterized Arctic fluxes using this equation to fluxes gener- 
ated by a radiative transfer model. He concluded that the Zillman 
equation generally underestimated Arctic fluxes and he modified 
the coefficients of the equation to give a better fit with the Arctic 
fluxes computed using the radiative transfer model. Other short- 
wave clear sky flux equations are given by Moritz [ 1978], Bennett 
[1982], and Shine [1984], respectively: 

SW, I, ek = S O cosZ (0.47 + 0.47 cosZ) (3) 

sw, l, ck = 0.72 So cosZ (4) 

SW$• = (So cos2Z) / 
[1.2 cosZ + (1.0 + cosZ)x10 '3 e + 0.0455]. (5) 

The Shortwave All. Sky Flux 

In order to parameterize the effects of clouds on the all-sky 
flux, SW, I, ek multiplied by a simple cloud factor, which includes 
the cloud fraction and a coefficient, is commonly used. Berliand 
[1960] determined mean values of the coefficient according to lat- 
itude, where the coefficient equals 0.45 at 75øN/S: 

sw'l, all= sw'l'clr (1- 0.45 c). (6) 
Berliand [1960] also devised a cloud factor c from mainly land 
surface observations, which has since been used extensively to 
estimate fluxes over both land and ocean areas: 

SW, I, al 1 = SW, I, cl r (1- x c- y c2). (7) 

In this equation a quadratic dependence of the flux on cloud cover 
accounts for the relationship between cloud amount and cloud 
form. The idea behind this equation is that with an increase in 
cloudiness, the frequency of low clouds, which reduce solar radia- 
tion the most, is usually increased. Thus as cloudiness increases, 
the reduction of radiation occurs slowly at first and then more rap- 
idly. Budyko [1974] investigated this equation and found a y coef- 
ficient of 0.38 to be good for all latitudes and assigned the x 
coefficient mean annual values according to latitude, where x is 
0.14 at 85 ø, 0.41 at 55 ø, and 0.38 at 45 ø. Bishop and Rossow 
[1991] consider this parameterization better than those of Reed 
[1977] and Dobson and Smith [1988] over land surfaces, although 
both Reed, and Dobson and Smith consider this formula to poorly 
estimate fluxes over oceans. 

Laevastu [1960] derived a shortwave cloud factor from midlat- 
itude ocean data with a cubic function of fractional cloud cover 
which has since been used to estimate shortwave radiation in the 

sea ice modeling experiments of Parkinson and Washington 
[1979]: 

sw, l, an = SW$c•r (1- 0.6 c3). (8) 

However, Reed [1977] found that this equation overestimates 
fluxes, except for high cloud amounts. Tabata [1964] derived a 
cloud factor to estimate fluxes over the oceans which includes the 

mean noon solar zenith angle Z n and coefficients x and y, which 
were assigned values of 0.716 and 0.00252, respectively: 

SW, I, an = SW, I,c• r [1- x c + y (90- Zn)]. (9) 

Reed [1977], Dobson and Smith [1988], Simpson and Paulson 
[1979], and Isemer and Hasse [1987] have also worked with 
Tabata's formulation, but none was for high-latitude conditions. A 
general problem with this equation is that by including the param- 
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eter Z n, it is clearly of no use in estimating fluxes at timescales less 
than aday. 

Lumb [1964], using Atlantic Ocean data, d. erived coefficients 
for a parameterization which varies according to cloud type and 
amount, for which nine categories of cloud type exist: 

SW$•n = So cosZ (x + y cosZ). (10) 

Reed [1977] found this equation to be quite accurate for eastern 
Pacific sites from the tropics to the Croft of Alaska, and Simpson 
and Paulson [1979] considered the equation for mid-North Pacific 
Ocean fluxes to be better than those using the Reed formula. 
Moritz [1978], using data from Baffin Bay, Canada, recomputed 
values of the coefficients according to cloud level and opacity. 
Unfortunately, problems arise with the Lumb model since not all 
cloud observations fit one of the categories [Dobson and Smith, 
1988] and because very reliable information on cloud type is nec- 
essary [Reed, 1977], which makes the equation less desirable. 
Dobson and Smith [1988] developed what they call the "cloud 
okra model" using ocean data based on the Lumb model. In this 
equation the coefficients are assigned values depending on the 
fractional cloud cover, and hence the flux does not depend on 
cloud type. They found that when measurements exist at a given 
location, allowing a calibration, this model does as well as the 
models of Lumb [1964] and Reed [1977]. Bishop and Rossow 
[ 1991], using temperate latitude ocean data, found that this model 
gives better results than the Budyko [1974] and Reed [1977] mod- 
els. 

Using the Berliand [1960] model, Jacobs [1978] arrived at a 
value of 0.33 for the coefficient based on measurements at Baffin 

Island, Canada, for the period •une to October: 

SW$al I = SW$½i r (1- 0.33 c). (11) 

Bennett [1982] used a value of 0.52 in Arctic sea ice modeling 
experiments: 

SW,•al I -- S•r,•½lr (1 - 0.52 c). (12) 

Shine [1984] developed a parameterization for estimating the flux 
under cloudy conditions to be suitable for high albedo surfaces 
such as snow and ice. 

SW, I, cld = (53.5 + 1274.5 cosZ) cosø'SZ 
[1 + 0.139 (1 - 0.9345 (13a) 

SW'['all = [(1- c) SW,[,clr + (c) SW,[,e•d] (13b) 

The inclusion of the cloud optical depth '• and ground surface 
albedo a takes into account the effects of cloud thickness and mul- 

tiple reflections between the surface and cloud base. This equation 
is likely to be superior to the others described, particularly for esti- 
mating fluxes over short time periods. 

The Longwave Clear Sky Flux 

•ngstrOm [1918] derived a method of estimating the down- 
welling longwave clear sky flux in which the atmospheric emit- 
tance is parameterized as a function of the near-surface vapor 
pressure: 

LWSelr TM • 74 (x - 10 'ze y). (14) 

where T is the near-surface air temperature and is the Stefan-Bolt- 
zmann constant. Idso and Jackson [1969] report that the empirical 
coefficients are somewhat variable by region and others, e.g. 
Budyko [1974], have arrived at different values for the eoeffi- 

cients. Brunt [1932] devised a formula which also includes the 
near-surface vapor pressure and coefficients: 

LW$clr = • T • (x + y eø'5). (15) 

He assigned values of 0.526 and 0.075 to x and y. Several others 
have since found the form of the equation good but have assigned 
different values to the coefficients; e.g., Berliand and Berliand 
[1952] used x = 0.61 and y = 0.058. Arnfield [1979] examined a 
wide range of coefficients and concluded that the performance of 
the model varied considerably. Marshunova [1966] attributed the 
many different values of the coefficients to differences in measur- 
ing devices and in geographic conditions. Marshunova determined 
coefficients for various coastal Arctic stations and for drifting ice 
stations for year-round data over 5 years, with a mean annual tem- 
perature range of approximately 235-280 K. She found x to vary 
between 0.605 and 0.695 and y to vary between 0.078 and 0.040 
for coastal stations and found x and y to average 0.67 and 0.05, 
respectively, for the drifting stations: 

LWSelr = • 74 (0.67 + 0.05 eø'S). (16) 

Efimova [1961 ], using year-round land data from many Russian 
stations, modified the form of Brunfs [1932] formula to be more 
accurate under conditions of low absolute humidity, claiming that 
using e ø'5 resulted in fluxes too low for regions of low humidity: 

LW$clr = */4 (0.746 + 0.0066 e) (17) 

Swinbank [1963], using data from Australia, the Indian Ocean at 
low latitudes, England and France, for a temperature range of 
approximately 275-302 K, derived two parameterizations: 

LW,!,el r = 1.195, T 4 - 170.9 

LW,!,dr =, 74 (9.365X10 '6 T2). 

(18) 

(19) 

He considered the differences between the two insignificant, 
although the second to have a more physical basis. Maykut and 
Church [ 1973] report some reasonable success with this scheme at 
the lower latitudes but not at high latitudes, and Jacobs [1978] 
claims that the formula underestimates fluxes at B affin Island, 
Canada. Zillman [1972], however, using Southern Ocean data, 
computes a coefficient for one of the S winbank equations which 
matches quite closely that used by Swinbank 

LW$o•r = • T • (9.2x10 '6 T2), (20) 

and which has been used by Pease [1975] for modeling Antarctic 
sea ice. ldso and Jackson [1969] consider the equation of Swin- 
bank to be more general than the ,•ngstr6m [1918] and Brunt 
[1932] formulas but still lacking universal applicability: 

LW, I, o1 r: o T 4 [1- 0.261 exp{-7.77x10 '4 (273- T)2}]. (21) 

Idso and Jackson [1969] have developed a slightly more com- 
plex relationship but one which treats the atmospheric emitrance 
as a function of near-surface temperature alone. The parameter- 
ized fluxes fit well data from Alaska, Arizona, Australia, and the 
Indian Ocean over a total temperature range of 244-310 K and 
should be valid for all latitudes and seasons. The formula was 

found to perform marginally better than that of Swinbank [1963] 
for southern Ontario summer data by Arnfield [1979] and has been 
used in ice modeling experiments by Parkinson and Washington 
[1979]. It appears, however, to underestimate Arctic fluxes at Baf- 
fin Island according to Jacobs [ 1978]. 

Maykut and Church [1973], using Arctic data collected at Bar- 
row, Alaska, over a 5-year period with a mean annual temperature 
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range of 244-277 K, derive a simple formula where the atmo- 
spheric emitrance is based on a single coefficient: 

LW,!,c• r = 0.7855 cy 24 . (22) 
Ohmura [ 1981] derives a formula to best fit Arctic observations 
during the spring and summer from Axel Heiberg Island, Canada, 
over a temperature range of 243-289 K, which includes the near- 
surface temperature in the parameterization of the atmospheric 
emitrance: 

LW,!,c• r = o T 4 (8.733x10 'z •[0.788) . (23) 

ldso [ 1981] derived a formula from observations made at Phoenix, 
Arizona, for temperatures greater than 285 K, which includes both 
the near-surface temperature and near-surface vapor pressure as 
input parameters: 

LW$½u = cy 24 (0.70 + 5.95xl 0 '5 e 1500/T) (24) 
Andreas and Ackley [1982] have modified a coefficient in the for- 
mula in order for it to be appropriate for the Arctic and Antarctic 
regions since aerosol concentrations are suspected to be lower 
over the oceans and the polar regions than at Arizona: 

LW,!,e• r = cy 24 (0.601 + 5.95x10 '5 e l•øø/r) (25) 

LW,!,au = LW,!,e• r + cy T 4 0.96 (1 - 9.2x10 '6 T 2) c. (30) 
None of these equations treats adequately, or at all, the effects 

of variable cloud base height, cloud thickness, or cloud water 
phase. Their accuracy is therefore likely to be limited, particularly 
for estimating fluxes over short timescales. There is yet another 
parameterization for downwelling longwave fluxes that deserves 
mention, one that takes into account cloud properties. The parame- 
terization of Schmetz et al. [1986] was also investigated. The all- 
sky flux parameterization consists of a parameterization for the 
clear sky flux plus a parameterization for the cloud contribution 
flux: 

LW, I, al 1 = LW,•cl r + (1- %) c œc • To 4 exp [(r B + r O) ! 46] 
where e o is the effective sky emitrance, •c is the cloud emissivity, 
T O is the near-surface air temperature, and T/• is the cloud base 
temperature. This scheme performs well under both winter and 
summer conditions and for a wide range of atmospheric emissivi- 
ties. The parameterizafion is therefore anticipated to be reasonably 
accurate under almost all Arctic conditions and a significant 
improvement upon simpler parameterizations that only consider 
the cloud fraction as a variable. However, because its use requires 
information that is not generally available, i.e., cloud base height, 
it is not considered further in this study. 

The Longwave All-Sky Flux 

Marshunova [ 1966] used a cloud factor that includes the frae- 
tional cloud cover and a coefficient to parameterize Arctic fluxes: 

LW,!,aU = LW,!,• r (1 + x c). (26) 
Values of the coefficient were derived using year-round Arctic 
data covering a temperature range of approximately 235-280 K. 
The coefficient varies by season and time. Extreme values for Arc- 
tie coastal stations range from 0.16 in summer to 0.31 in winter, 
indicating that clouds have a lesser relative impact on the long- 
wave flux in summer than in winter, although the absolute effects 
are similar. Drifting station values vary from 0.22 in summer to 
0.30 in winter. Jacobs [1978] arrived at a mean value of 0.26 for 
the coefficient in a cloud factor of the same type using data from 
Barfin Island, Canada, for the period June - December: 

LW,!,aU = LW,!,dr (1 + 0.26 c). (27) 
Jacobs found little variation in its value between summer and win- 
ter. 

Budyko [1974] suggested a different cloud factor, showing that 
the increase in the flux with an increase in cloudiness is not linear 
but, instead, an exponential function of cloud amount, or c y. Boltz 
[1949] varied x according to the cloud type and used a y value of 
2. This type of cloud factor may be more accurate when cloud type 
is known, although cloud type is a subjective judgement: 

LW,!,an = LW,!,½• r (1 + x c 2) (28) 

Maykut and Church [1973], who used year-round data collected at 
Barrow, Alaska, over the temperature range 244-277 K, arrived at 
values for x and y of 0.223 and 2.75: 

LW,!,aU = LW$½•r (1 + 0.22 c2'75). (29) 
Zillman [1972] treats the cloud effects a different way, where the 
cloud factor is considered a function of both the fractional cloud 
cover and the near-surface temperature. Zillman developed this 
equation using data from southern oceans, and it has been used by 
Pease [1975] in Antarctic sea ice modeling experiments: 

Comparisons With In Situ Measurements 
In this section, measurements of climatological variables from 

Resolute, Northwest Territories, Canada and Barrow, Alaska, are 
used in the various parameterizations, and the estimated fluxes are 
compared to the in situ measurements. The Resolute observations 
were made at the Seasonal Sea Ice Monitoring and Modelling Site 
(SIMMS), located off the coast of Corwallis Island near Resolute, 
74.6øN, 94.7øW (Figure 1) [Papakyriakou, 1993]. It is a region 
where both multiyear and first-year ice can be found, as well as 
areas of open water in the summer. Domwelling and upwelling 
shortwave and longwave radiation were measured at the site and 
averaged over 15-rain intervals. Data from May and lune 1993 are 
used here. While these data cover a wide range of solar zenith 
angles, no part of this period was without solar radiation. 

The Barrow data were collected at the Climate Monitoring and 
Diagnostic Laboratory (CMDL) baseline observatory 
(71.32øN,156.61øW) near Barrow, Alaska (BRW) (Figure 1). 
Downwelling and upwelling shortwave and longwave radiation 
are measured continuously at BRW (refer to Peterson and Rosson 
[1994] and earlier National Oceanic and Atmospheric Administra- 
tion (NOAA)/CMDL annual reports for details). Although situ- 
ated on the Arctic tundra, where complete melting of the snow 
occurs each summer, the site is generally considered to be repre- 
sentative of an Arctic maritime elimate because the prevailing 
winds are northeasterly, off the Beaufort Sea; all observations are 
made within 2 km of the coast. It is a very cloudy region and one 
of high relative humidity. Surface albedo varies from about 0.18 
during summer months to over 0.86 when snow covered. BRW 
radiation data are collected at a sampling rate of 1 Hz but averaged 
into 3-min raw voltage or resistance values. The data used in this 
study have been carefully edited, calibrated, and further averaged 
into daily values (see R.S. Stone et al., Barrow Surface Radiation 
Balance Measurements, lanuary 1992 to December 1994, NOAA 
data report ERL, in preparation, 1996]. Shortwave irradiance mea- 
surements are accurate to within 3%, on average, with systemati- 
cally greater uncertainties as the signal diminishes with increasing 
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zenith angle. The longwave data have been shown to be accurate 
to within about 1% [Dutton, 1993]. Daily data from the entire 
1994 year are used here. 

Each of these data sets was analyzed separately in order to 
examine the effects of the differences in surface 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 (RMSE) 
within 10% for the longwave and 20% percent for the shortwave. 
This restfit is significant, given that high temporal resolution data 
are often not available or desired in modeling studies. In the fig- 
ures and tables presented hereafter, the results for these two data 
sets are combined. 

For the Shine [1984] parametedzation, cloud optical depth is 
required. Values of cloud optical depth were not measured at either 
site but were, instead, estimated by inverting a radiative transfer 
model using the method of Leontyeva and Stamnes [1994] and a 
two-stream model [see Key, 1994, and references therein]. Down- 
welling shortwave fluxes were computed over a range of optical 
depth for the surface and atmospheric conditions observed. The 
optical depth for each observation was the value that gave the best 
match between that modeled flux and the observed flux. Since 

using these optical depths in the parameterization is somewhat cir- 
ctfiar, we instead used the mean of all 0.6-gm optical depths for 
the calctfiations. The mean optical depth was approximately 8. 

Only those parametedzations with coefficients derived specifi- 
cally for the polar regions and parameterizations derived for use 
over the whole globe are used in subsequent analyses. The param- 
eterizations investigated are (3), (4), and (5) for the shortwave 
clear sky flux; (6), (11), (12), and (13b) for the shortwave all-sky 
flux; (16), (17), (20), (21), (22), (23), and (25) for the longwave 
clear sky flux; and (27), (29), and (30) for the longwave cloudy 
sky flux. The longwave and shortwave all-sky parameterizations 
include a cloud factor multiplied by sw, l, elr or Lw,l, elr Since 
sw, l, elr cannot be measured under cloudy skies, values need to be 
estimated. Shine's [1984] SW, I, elr is used to estimate the shortwave 

Table 2. Parameterized Shortwave Clear Sky Flux Errors 
Mean Mean Error RMSE 

Measured Flux 430.7 

Moritz [1978] 395.9 -34.8 (-8.1) 40.1 

Bennett [ 1982] 409.9 -20.8 (-4.8) 36.1 

Shine [1984] 435.8 5.1 (1.2) 18.6 

Values are in watts per square meter. RMSE is root-mean- 
square error. Numbers in parentheses are percentages. 

clear sky flux since the results of this study show this to be the 
most accurate parameterization for this data set. In a similar man- 
ner, the longwave flux under dear skies is parameterized using 
Efimova [ 1961] to estimate the clear sky component since this is 
shown to be the most accurate pararneterization of the clear sky 
longwave flux. The longwave cloudy sky parameterization of 
Marshunova [1966], which includes a spatially and temporally 
variable coefficient, is not considered here because it is essentially 
the same as that of Jacobs [1978]. 

Results: Shortwave Fluxes 

For comparison with the Resolute data, shortwave flux pararne- 
terizations are computed using the solar zenith angle in the middle 
of the 15-min 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 aver- 
aged to get the daily average flux. 

Pararneterized shortwave flux errors under clear skies are 
shown in Figure 2. The mean, mean error, and RMSE of the 
parameterized fluxes are given in Table 2. The most accurately 
parameterization of SWSelr is that of Shine [1984]. The measured 
flux typically varies by approximately 50 W m '2 or more for each 

300 

2OO 

100 

o 
-100 
-200 

-300 

9O 

Moritz (1978), Clear Sky Bennett (1982), Clear Sky 
300 

2OO 

100 

o 
-100 
-200 

-300 

9O 80 70 60 50 80 70 60 50 
Solar Zenith Angle Solar Zenith Angle 

Shine (1984), Clear Sky 
300 

2OO 

E 100 

•, 0 ..... ,x,,_•,.._, •-2•..•-•6•- :'_..•,. 
• -100 

-200 

-300 ................................. 

90 80 70 60 50 

Solar Zenith Angle 

Figure 2. The shortwave clear sky flux error for three parameterizations (estimated flux minus the flux measured at 
Barrow and Resolute). 
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Figure 3. The shortwave all-sky flux error for four parameterizations (estimated flux minus the flux measured at 
Barrow and Resolute). 

Sun angle. This variability does not exist in any of the parameter- 
ized fluxes. Some of the variability may be due to measurement 
errors (5%). However, other factors are probably important, e.g., 
tropospheric aerosols. The equation of Bennett [1982] tends to 
overestimate fluxes at low Sun angles and underestimate fluxes at 
higher Sun angles but performs surprisingly well, considering its 
simplicity. The parameterized fluxes using Moritz [1978] are the 
least accurate. The equation tends to underestimates fluxes, parfie- 
ularly under moderate solar zenith angles. 

Parameterized shortwave flux errors under all skies are shown 

in Figure 3. The mean, mean error, and RMSE of the parameter- 
ized fluxes are given in Table 3. The most accurately parameter- 
ized fluxes are those using Shine [1984]. The parameterization 
includes surface albedo and cloud optical depth parameters. Since 
the cloud optical depths were derived, not measured, this result is 
not totally unexpected. The parameterizations of Berliand [1960], 
Jacobs [ 1978], and Bennett [1982] are extremely simple, consist- 
ing of a coefficient multiplied by the clear sky flux. Thus they do 
not model any of the variability due to factors such as cloud thick- 
ness or surface albedo. The parameterizafions of Berliand and 
Bennett both signifieanfiy underestimates fluxes. The parameter- 
ization of lacobs fares better, perhaps since the coefficient was 

Table 3. Parameterized Shortwave All-Sky Flux Errors 

Mean Mean Error 

Measured Flux 214.6 

Berliand [1960] 176.9 -37.7 (-17.6) 

Jacobs [ 1978] 211.1 -3.6 (- 1.7) 

Bennett [1982] 157.1 -57.6 (-26.8) 

Shine [1984] 211.5 -3.2 (-1.5) 

See Table 2 footnote. 

RMSE 

78.4 

55.1 

97.8 

46.3 

selected to fit Canadian Arctic data. Although the RMSE is still 
very high, the mean error is reasonably small. 

Results: Longwave Fluxes 

Parameterized longwave flux errors under clear skies are 
shown in Figure 4. The mean, mean error, and RMSE of the 
parameterized fluxes are given in Table 4. The most accurately 
parameterized fluxes are those using Efimova [1961]. This equa- 
tion was not developed using Arctic data but was designed to be 
accurate in regions of low absolute humidity, which Resolute typi- 
ties. The parameterized fluxes of Idso and Jackson [1969] are 
almost as accurate as those of Efimova. The parameterizations 
developed using observed ground-based Arctic data, i.e., 
Marshunova [1966], Maykut and Church [1973] and Ohmura 
[1981], also give moderately accurate results. The parameteriza- 
tions of Zillman [1972] and Andreas and Ackley [1982] are less 
accurate. The accuracy/inaccuracy of the equations appears to be 
largely due to the coefficients chosen rather than their form. It 

Table 4. Parameterized Longwave Clear Sky Flux Errors 
Mean Mean Error RMSE 

Measured Flux 214.2 

Efimova [1961] 214.3 0.1 (0.04) 7.8 

Marshunova [1966] 201.1 -13.1 (-6.1) 15.7 

Idso and Jackson [1969] 215.9 1.6(0.8) 13.3 

Zillman [1972] 188.0 -26.2 (-12.3) 27.5 

Maykut and Church [1973] 224.7 10.5 (4.9) 12.9 

Ohmura [1981] 204.1 -10.1 (-4.7) 12.5 

Andreas and Ackley [1982] 213.9 -42.0 (-19.6) 43.4 

See Table 2 footnote. 
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Figure 4, The longwave clear sky flux error as a function of the observed flux for seven parameterizations (esti- 
mated flux minus the flux measured at Barrow and Resolute). 

appears that none of the equations models effectively the observed 
variability of the flux due to factors other than near-surface tem- 
perature variations. 

Parameterized longwave flux errors under all skies are shown 
in Figure 5. The mean, mean error and RMSE of the parameter- 
ized fluxes are given in Table 5. The most accurately parameter- 
ized fluxes are those using Jacobs [1978]. The errors may be due, 
in part, to errors in the clear sky flux parameter (that of Efimova 

Table'5. Parameterized Longwave All-Sky Flux Errors 
Mean Mean Error RMSE 

Measured Flux 267.2 

Zillman [1972] 299.8 32.6 (12.2) 36.6 

Maykut and Church [ 1973] 257.5 -9.7 (-3.6) 18.7 

Jacobs [1978] 267.9 0.7 (0.3) 16.9 
See Table 2 footnote. 

[1961]), which is merely an estimate. Other errors are very likely 
caused by atmospheric factors that are not accounted for in the 
equation such as cloud base height. The Jacobs [1978] equation is 
not surprisingly the most accurate since it was developed using 
Arctic data, unlike that of Zillman [1972]. The parameterized 
fluxes using Zillman [1972] tend to overestimate the observed 
flux. Once again, a modification of the coefficients would be 
expected to produce more accurate fluxes. 

Preferred All-Sky Parameterizations 
The results from the investigation using the in situ data show 

the most accurate parameterizations to be those of Shine [1984] 
for sw, l, elr and sw, l, eld and those of Efimova [1961] for LW,I,e• r 
and Jacobs [1978] for Lw, l, eld. The shortwave all-sky parameter- 
ization of Jacobs [1978] and the longwave all-sky parameteriza- 
tion of Maykut and Church [1973] also performed very well. The 
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preferred parameterizafion for SWSall is derived by combining the 
clear and cloudy sky equations of Shine [1984, equations (5) and 
(13a)], which is given as (13b). These are identical to those used 
by Shine and Crane [1984] and Shine and Henderson-Sellers 
[1985]. 

The preferred parameterizafion of LW4,al I is derived by using 
Efimova [1961] for LW4'elr in Jacobs [ 1978] for LWSall: 

LW, l, an = o' 14 (0.746 + 0.0066 e) (1 + 0.26c) 

Maykut & Church (1973), fill SIo/ ture and reflectivity, cloud top pressure and temperature, and 
cloud optical depth. The atmospheric variables are averages for 
approximately 280 x 280 km cells [Rossow and Schiffer, 1991]. 
The ISCCP C2 data set provides an extensive set of input data for 
the radiative flux parameterizafions being investigated in this 
study, although there are uncertainties in the accuracy of the data. 
The satellite cloud amounts were found to be typically 5% lower 
in winter and up to 35% lower in summer than surface observw 

100 155 200 255 300 
Ol:•rv•t Rux (W m') tions over the Arctic [Schweiger and Key, 1992]. To estimate sur- 

face radiative fluxes, a two-stream radiative transfer model with 
24 shortwave and 105 longwave bands was employed. The clear 
and cloudy portions of each cell were treated separately, and the 
all-sky fluxes were computed as the sum of the clear and cloudy 
sky fluxes weighted by the cloud fraction. This set of fluxes is 
hereafter referred to as the radiative transfer model (RTM) fluxes. 

The Arctic flux "climatologies" developed using the parame- 
terizations for all-sky conditions (equations (13b) and (31)) are 
compared to the climatologies of Vowinckel and Orvig [1962], 
Marshunova [1966], and Schweiger and Key [1994] for the short- 
wave all-sky flux, and compared with the elimatologies of 
Marshunova, and Schweiger and Key for the longwave all-sky 
flux. The climatologies are generated with five years of data 
(1984-1988) for the months of January, April, July, and October at 
the nine Arctic locations shown in Figure 1. These locations were 
subjectively chosen to capture the spatial diversity of the Arctic 
surface radiation field. The ISCCP satellite data, including the 
cloud fractions, are used as input. 

Fluxes from the Vowinckel and Orvig [1962] climatology for 
the areas corresponding to the nine locations are estimated through 
interpolation of their isoline maps. Because the isolines are drawn 
at intervals of approximately 10 W m '2, the errors should be no 
greater than this. The shortwave fluxes of Marshunova [1966] cor- 
responding to the particular locations are estimated from gfidded 

(31) data for areas north of 75 ø and from ship measurements. The long- 
wave fluxes corresponding to the particular locations are esti- 
mated by interpolating between coastal measurements and by 
averaging values from drifting stations in the central ice pack. 
Owing to the limited spatial coverage of Marshunova's •ta, rea- 
sonable estimates of fluxes are not possible for some of the loca- 
tions. Hence shortwave fluxes are only estimated for locations 1, 
2, 6, 8, and 9, and longwave fluxes are only estimated for locations 
1, 6, 8, and 9. These estimated fluxes may be less accurate th• 
those estimated from the charts of Vowinckel and Orvig [ 1962]. 

Table 6 gives the mean monthly shortwave all-sky fluxes aver- 
aged over the nine Arctic locations. The climatologies of Vow- 
inckel and Orvig [1962] and Marshunova [1966] are in close 
agreement (generally within 5 W m '2) which gives us some confi- 
dence in their reliability and usefulness for comparative purposes. 
There are, however, considerable discrepancies between these eli- 
matologies and the RTM climatology, where differences generally 
exceed 20 W m '•. 

The parameterized shortwave all-sky fluxes are considerably 
lower for April than the other flux climatologies, generally by 10- 
60 W m '•. This large difference is due to the very low parameter- 
ized fluxes under cloudy skies using the formula of Shine [1984]. 
The low values may be due, at least in part, to large values of 
cloud optical depth in the ISCCP data set for this month (averag- 
ing approximately 40). The RTlVl fluxes, calculated using the same 
data set, are, however, in somewhat closer agreement with the 
fluxes of Vowinckel and Orvig [1962] and Marshunova [1966], 
which may indicate that the parameterizafion of cloud effects by 
Shine is not accurate for the early spring. In July the parameter- 
ized fluxes are again lower than the RTM fluxes, due to the low 

These parameterization schemes are recommended for use in 
sea ice models, although there are, of course, uncertainties in their 
suitability for estimating fluxes under conditions different from 
those measured at Barrow and Resolute. The shortwave flux 
parameterizafion of Shine [1984] has been used in a number of 
Arctic ice modeling experiments. Shine and Henderson-Sellers 
[1985], for example, investigated the sensitivity of a one-dimen- 
sional thermodynamic sea ice model to changes in surface albedo. 
The recommended longwave flux parametefizafion has not yet 
been used in ice modeling experiments. 

Comparison of All-Sky Radiative Flux 
Climatologies 

Perhaps the most comprehensive climatology of the shortwave 
all-sky flux generated using ground-based measurements is that of 
Vowinckel and Orvig [1962], developed using data collected from 
Greenland, Canada, Alaska, Russia, Scandinavia and the central 
Arctic during various periods over the last 50 years. Marshunova 
[1966] has also generated an Arctic flux climatology from ground- 
based observations, tabulating monthly shortwave and longwave 
all-sky fluxes from Russian coastal stations, ships, and drifting ice 
stations in the central Arctic. 

Schweiger and Key [1994] calculated mean monthly Arctic 
Ocean radiative fluxes and cloud forcing effects for the period 
1983-1990 using the monthly cloud product of the International 
Satellite Cloud Climatology Project. The monthly (C2) product 
contains global information on satellite-derived cloud fraction, 
atmospheric temperature, water vapor and ozone, surface tempera- 
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Figure 5. The longwave all-sky flux error as a function of the 
observed longwave flux for three parameterizations (estimated 
flux minus the flux measured at Barrow and Resolute). 
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Table 6. Mean Shortwave Fluxes for Locations in Figure 1 

Parameterized Fluxes using 
Shine [ 1984] with ISCCP data 

RTM Fluxes with ISCCP data 

Measured Fluxes of Vowinckel and 
Orvig [19621 

Measured Fluxes of 

Marshunova [1966] 

January April July October 

0.0 107.6 231.9 4.8 
(0.0) (107.9) (243.8) (6.2) 

0.0 132.3 258.3 6.0 
(0.0) (140.2) (279.5) (8.1) 

0.0 155.8 205.6 12.1 
(0.0) (160.6) (208.0) (11.8) 

(0.0) (155.6) (206.7) (12.6) 

th Values are in watts per square meter. Numbers in first row are for locations 1-9, while 
ose in parentheses are for locations 1, 2, 6, 8, and 9. ISCCP is the International SateHim 

Cloud Climatology Project. RTM is radiative transfer model. 

parameterized values of the cloudy sky flux. The fluxes are higher 
than those of Marshunova and Vowinckel and Orvig, which indi- 
cates that the input data may be inaccurate for midsummer. 

Table 7 gives the mean monthly longwave all-sky fluxes aver- 
aged over the nine Arctic locations. The clirnatologies are gener- 
ally in closer agreement for the all-sky longwave flux than for the 
all-sky shortwave flux. The largest discrepancies are between the 
climatology of Marshunova [1966] and the RTM climatology dur- 
ing summer, with the RTM fluxes being considerably lower. These 
discrepancies are probably due to inaccuracies in the ISCCP cloud 
amounts and optical depths. 

The parameterized fluxes are higher than the RTM fluxes for 
all months by approximately 15-20 W m '2 but are lower than those 
of Marshunova [1966] for all months, except lanuary. The annual 
flux range of the parameterized flux climatology is therefore 
smaller than that of Marshunova by approximately 4045 W m 2. It 
is uncertain whether these discrepancies are the result of inaccu- 
rate ISCCP data, a poor parameterization, or errors associated with 
estimating fluxes from Marshunova's tables for the particular loca- 
tions. 

Summary and Conclusions 
Downwelling longwave and shortwave radiative fluxes for use 

in sea ice models are commonly generated in one of three ways. 
1. Fluxes may be prescribed from existing climatologies. May- 

kut and Untersteiner [1971] and Semtner [1976], for exam- 
ple, simulate the Arctic ice pack by prescribing spatially 
invariant monthly fluxes according to the Arctic climatology 
developed by Marshunova [1966]. With the ever-increasing 
availability of Arctic cloud and surface data, significant 
improvements to this approach are now possible. 

2. Spatially and temporally variable fluxes may be generated 

using simple parameterizations such as the ones described 
here. Many such ice modeling experiments have been per- 
formed [e.g., Parkinson and Washington, 1979; Andreas and 
Ackley, 1981; Bennett, 1982; Shine and Crane, 1984]. 

3. Fluxes may be calculated using radiative transfer models. 
This technique has been explored recently by Curry and 
Ebert [1993] and Maslanik et al. [1995]. However, for 
dynamic-thermodynamic models the computational burden 
is excessive and simpler parameterization schemes are desir- 
able. 

The objectives of this study were to use ground-based measure- 
ments to identify the most accurate parameterizations of down- 
welling shortwave and longwave radiative fluxes at the Arctic 
surface under both clear and cloudy skies and to develop short- 
wave and longwave all-sky parameterizations. Comparison of the 
parameterized fluxes computed using input data measured at Bar- 
row and Resolute with measured fluxes shows that the shortwave 
fluxes for clear and cloudy skies are most accurately estimated 
using the parameterizations of Shine [1984], the longwave flux for 
clear skies is most accurately estimated using the parameterization 
of Efimova [1961], and the longwave flux for cloudy skies is most 
accurately estimated using the parameterizafion of Jacobs [1978]. 

Fluxes computed using these parameterizafions and the ISCCP 
monthly cloud product as input were compared to climatologies. 
Differences between the parameterized fluxes and the dimatolo- 
gies of Vowinckel and Orvig [1962], Marshunova [1966], and Sch- 
weiger and Key [1994] were large in the shortwave but small in 
the longwave. 

The shortwave all-sky equations of Shine [ 1984], and the long- 
wave all-sky equations of Efimova [1961] and Jacobs [1978] are 
tentatively recommended for estimating radiative fluxes in sea ice 
models. Further work is needed to investigate in more detail 
parameterizations of the shortwave cloudy sky flux. Refinement 
of coefficients in a number of the equations, as well as the inclu- 

Table 7. Mean Longwave Fluxes for Locations in Figure 1 

January April July October 

Parameterized Fluxes using Efimova 206. 3 209.6 292.0 243.2 
[1961] and Jacobs [1978] with (187.8) (192.0) (285.3) (223.9) 
ISCCP data 

RTM Fluxes with ISCCP data 

Measured Fluxes of Marshunova [ 1966] 

See Table 6 footnote. 

189.8 187.3 279.0 223.3 

(173.2) (170.8) (272.6) (205.2) 

(169.8) (197.8) (311.0) (238.8) 
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sion of other parameters (e.g., atmospheric aerosol amount, cloud 
microphysics), may yield better results. 
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