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ABSTRACT. Thc surface radi a ti on budge t ofth c pola r regions strongly influences ice 
growth a nd melt. Therm od yna mic sca-ice m odels th erefo re require acc ura te ye t compu­
ta ti o na ll y effi cient methods of computing radi a ti w flux es. J n thi s paper a new pa rameter­
izati on of th e downwell ing short waw radi a ti on flux a t th e Arctic surface is de \'Cloped a nd 
compared to a \'a riety of ex isting schemes. Pa ra meteri zed flu xes a rc compa red to in situ 
measurements using da ta for one year at Ba rrow, Al aska. Our results show th a t the new 
parameteri zati on can estim ate the downwelling short \l'a\'e flu x \\'ith m ean a nd root mea n 
squa re errors of I a nd 5% , resp ee ti\'ely, fo r clea r conditi ons a nd 5 a nd 20% for cloud y 
conditions. Thc new pa ra mcteri za ti on offers a unifi ed approach to estim a ting downwel­
ling short wa\'C flu xes under clea r a nd clo ud y co nditions, a nd is m ore acc ura te th a n exi st­
ing schemes. 

INTRODUCTION 

O \'er thick ice in th e Arctic, the dOIVI1\I'Clling radi a ti on flux 
is typica ll y two ordcrs of m agnitude greater th a n cither th e 

turbul ent o r oceanic flux. Onc wo uld therefore ex pec t sea­

ice models to be sensitive to th e radi a ti\ 'e flux es used to dri\ 'C 
I hem . For exam p le, in th e two-d imensiona l (2-D ) d yna mic 
the rm odynamic ice model desc ribed in ?lIas la nik a nd 
othcrs (1995), a 10% cha nge in th e long wa\'e flu x cha nges 
the compuled mean icc mass by 36%. A 10 (% inc rease in 

th e shortwm'C flu x decreases th e mean ice m ass by 11 °lr" 
whil c a 10 % dec rease in the shortwa\'e flu x increases ice 

mass by 8%. Acc ura te simul a ti ons of sea ice th ercfore re­
qu i re acc ura te fo rci ngs of th e down welling radi a ti on fluxes. 
\Vhile a radi a ti\'e t ra nsfer m odel will g i\'C more acc ura te 
es tim ates of radi a ti \'e fluxes, computa ti o nal considera tions 

a nd d a ta constra ints ge nera lly prec lude th eir use. There­

fo re, th ermod yna mic sea-ice m odel s ha\'e incorpora ted sim­

p le rad ia tiw flux pa ra meteri zalio ns that require onl y a fe\\' 
in p ut \'a riables. 11 is importa nt to know \\'hich schemes a re 
mos t acc ura te, wha t the m ain problems or errors assoc ia ted 
with th em a rc, a nd if they ca n be imprO\'ed, 

K ey and o th ers (1996) e\'a lua ted the acc urac), of a \'a ri­

e l)' of pa ra meter izations fo r dm-vn\\'elling short wa\'e 

(5 11 "1) a ndlong wa\'e (LTlt' l ) radi a ti \'e flu xes th a t can be 
used in dy na mic- th ermod ynam ic sea-ice models. The ob­
j ecti\'Cs of this paper a re (I) to present a new short wave flu x 
pa ra meterizati on scheme, a nd (2) to compa re il to a number 

of th e schemes presented in K ey a nd o thers (1996). (Sce K ey 

a nd o thers (1996) for recommendedl ongwa\'e schemes.) 

DATA 

10 assess the acc uracy of th e \'a ri ous pa ra meteri zati on 

schemes we compare pa ramete ri zed fluxes to obse r\'ati ons 

m ade at two Arctic locati ons: Reso lute, in th e Northwes t 

"Ie rritori es, Canada, a nd Ba rrow, Alas ka. The R eso lute 
obsen 'ati ons were m ade a l the Seasona l Sea fe e ?I [oni to ring 
a nd :'Ioclelling Site (ST?\[?lIS ), loca ted off the coas t of Corn­
wallis Isla nd near Resolute (74,6 ~, 9+.7 W ) ( Papakyri a­

kou, 1993). It is a region where bo th multi-year a nd first­

year ice can be found , as well as a reas of open wa ter in 

summer. D ow nwelling a nd upwelling shortwa\ 'C a nd long­
\l'a\'e radi a ti on were m easured a t the site a nd a\'C raged O\ 'er 
15 minutc inten ·a ls. D a ta from J\lay a ndJune 1993 a re used 
here. \\'hi le these da ta cO\ 'C r a wide range o f so la r zenith a n­
gles, n o pa rt oflhi s peri od was witho ut sola r radi a tion. 

The Ba rrow da ta \I-ere co llec led at the C limate ?lIonito r­

ing a nd Di ag nostic L aborato ry (CJ\lDL ) baseline obsen 'a­
tory 71.32 1\, 156.61 \\' ) nea r Ba rrow. A laska (BR\\'). 
Altho ug h situa ted on the Arct ic tundra, where complete 
melting of th e snow occurs each summer, the site is ge ner­

a ll y conside red to be represe llla ti\ 'C of a n Arctic m a ritime 

clim ate because the pl'C \'a iling winds a rc northeasterly, ofT' 

the Beaufort Sea; a ll obsen 'a ti ons a rc m ade within 2 km of 
the coas t. Surface a lbedo \'a ri es (i"om about 0.18 during 
summer m onths to O\ 'C r 0.86 when snow co\'Cred. The d a ta 
used in thi s study were ca refull y edited , ca libra ted a nd 
furth er a\'e ragecl into d a il y \'a lues, Short wa\'e-irradi ance 

meas urements a rc acc ura te to within 3% o n a\ 'e rage, with 

systema tica ll y g reater unce rta inti es as th e signa l dimini shes 
lI'ith increas ing zenith a ngle (Sto ne a nd o th ers, 1996). D a ta 
from a ll of 199+ a rc used here. 

EXISTING SCHEMES 

R adi a tion pa ra meteri zati ons a rc simple schem es o r equa­
ti ons th a t requirc just a fell' in p ut \'a ri ables to es timate ra­
di at i\ 'C flu xes. They do no t treat explicitl y ma ny importa nt 
phys ical processes in th e atm os phere but, instead, employ 

cmpiri ca l rela ti onships to predi ct radia ti\ 'e fluxes. H ere, ra­

di ati ve-flux pa ra meteri zati ons a re catego ri zed as "c1ea r sky" 
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or "all sky" (clear, partly cloud y and overcast). U nits pre­
sented have been standa rdi zed and the coeffi cients altered 
accordingly. Thus SVV 1 a nd LHI L and the solar consta nt, 
So, a re in \\' m 2; the sola r zenith angle Z is in deg rees; the 
near-surface air temperatu re T is in K , the near-surface 
vapor pressure e is in mb, while the cloud optical depth T , 

cloud fi'action c, a nd the surface a lbedo a a re unitless. The 
subscripts elr a nd del refer to clear and cloud y conditions, res­
pec tively. In this sec ti on only those pa rameteri zation 
schemes that a re mos t applicable to high-l atitude conditions 
a re eva luated. Descriptions a re brief; for more deta il sce Kcy 
a nd others (1996). 

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

SW 1,lr= So cos Z(OA 7 + 0.4 7 cosZ) . (1) 

Bennc LL (1982) used a "ery simple formula in an lce­
modelling experiment: 

SW 1ch= 0.72So cos Z . (2) 

This equation, due to its simplicity, would likely be inacc u­
rate over shOrltime periods, although it may be of va lue for 
estimating long-term means (e.g. monthl y). 

Zi llma n (1972), using da ta from the Indi an O cean, devel­
oped a pa rameterization that includes the nea r-surface 

" apor pressure. It has been used in sea-ice modelling experi­
ments (e.g. Pease, 1975; Pa rkinson and Washing ton, 1979): 

SW = (So eos
2 Z) 

lelr [1.085 cos Z + (2 .7 + cos Z) X lO- Je + 0.10] 

(3) 

Using thi s equation, Shine (1984) compa red pa rameteri zed 
Arctic flu xC's to fluxes ge nerated by a radi ati, "(- transfer 
model. H e concluded that the Zillman (1972) equation gen­
erally underestimated Arcti c fluxes and modifi ed the coe fTi­
cients to give a better fit with the modelled fluxes: 

S _ (So cos2 Z) 
W lch- [1.2 cos Z + (1.0 + cos Z) x lO- Je + 0.0455] 

(4) 

In order to pa rameteri ze the effec ts of clouds on the a ll­
sky flu x, SH-lclr is commonl y multipli ed by a simpl e cloud 
factor, which includes the cloud fr ac tion and a coefficient. 
J acobs (1978) modifi ed the Berliand (1960) model USll1g 
measurements ri 'om Baffin Island, Canada: 

SW lall= S W-L'lr (1 - 0.33 c) . (5) 

while Bennetl (1982) used a "alue of 0.52 in Arctic sea-ice 
modell ing experiments: 

Sw la 11 = SW lelr (1 - 0. 52 c) . (6) 

For cloudy eondit ions, Shine (1984·) de\'e loped a pa ra­

Table 1. Clear-(fc~y transmissivi£y (T) at Barrow 

meterization suit able for high a lbedo surfaces such as snow 
a nd ice. The inclusion of the cloud optical depth and g round 
surface-a lbedo pa ra meters takes into acco unt the effec ts of 
cloud thickness and multi p le refl ec ti ons betwee n the surface 
and cloud base: 

S W 1 = (53 .5 + 1274.5 cos z) co sO 
5 Z (7) 

cleI [1 + 0.139( 1 - 0.9345a)T] 

S W 1,,11= [(1- c)SW le1r +(c)SW l ekl]' (8) 

Equation (8) is likely to be superior to the others desc ribed, 
pa rticul a rly for estimating fluxes over short time periods. 

A NEW SHORTWAVE SCHEME 

Is it poss ibl e to improve upon these short wa\'e pa rameteri­
zations? \ Ve approach this question by returning to the basic 
iss ue of wha t processes influence the transmission of sola r 
radiat ion through the a tmosphere. In the absence of the 
a tmosphere, thc flu x of downwcll i ng so lar radiat ion is 
expressed in a well-known form: 

S w = So cos(Z) . (9) 

In the presence of a n a tmosphere, the transmission of so­
la r energy im'olves gaseo us absorption, m olecul a r ca tter­
ing a nd pa rticle sca ttcring, a nd can be charac teri zed by 
two quanti ties: transmiss ivity T and optical air mass 'In . 

Transmiss ivity is the rclative amount of solar energy trans­
mitt ed to the bottom of the atmosphere if the transmission 
path is vertical. Optica l air m ass summari zes the effec t on 
transm ission if the path is other than " ertical: 

SW = So cOS(Z)T'" . (10) 

For clea r ski es the value T = 0.8 has been widely used in the 
literature (H a rtmann , 1994). Fo r a cloudy atmosphere T 
decreases with increas ing cloud thickness. 

For optica l air mass rn, wc use a n expression simila r to 
tha t g ivcn by K astcn (1966): 

m ~ [ (: CO,(Z) )' +2 ~ + 1 r' -(~ CO'(Z)) (11 ) 

where R = 637l km is the radius or the ea rth and H is the 
equi valent height of the a tmosphere. Note that H can be 
higher than the physica l height of the atmos phere; for 
exa mple, on a clea r day H is 120 km but under cloud y con­
ditions H can bc severa l hundred km. 

The relationship between transmissivity T ancl equiva­
lent height H is expressed in Beer 's Law: 

T = exp( -(3H ) (12) 

where !3 is an em pi rical consta nt and (3H is equivalent opt i-

T Standard deviation ]ufiaIl DI9' Lo1l', high tem/Jelllture Lw'. high dell' /Jointtem/Jeratllre Sill/are albedo 

I\' In " 

0.87 1-1-.6 
0.88 1-1-.3 
0.88 12.0 
0.85 7.5+ 
0.82 11. 16 
0.83 10.2 
0.82 9.88 

34 

105 108 
117- 11 8 
129 
159 160 
181 - 182 
187 190 
191 

C 

23 
2 
9 
3 
0.8 
0.·1 
1.<) 

C 

13.0 2.1 15.0 0.76- 0.91 
- 16.0 - 28 19.0 0.75- 0.90 
- 18.0 12 23.0 0.77- 0.88 

9.<) 5.6 0.8 0.59- 0.90 
2.R - 0.8 1.2 0.18 0.28 
H 0.8 1.0 0.19- 0.36 
6.3 0.6 2.1 0. 19- 0.28 
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fttbLe 2. CLollc(y -day transmissivi[)! (T) and equivalent 
atmospheric height ( H ) at Banow 

]ufiall Da), T H Stalldard del'iatioll 

kill \ " III ~ 

139 1+0 0.69 270 18.9 
1+3 0.66 300 12.8 
1+8 0.73 190 30..5 
L'i+ 0.63 3+0 17.9 
1 7.'i~76 0.50 +20 31.3 
178 0.5+ 370 26.2 

cal depth of the atmosphere. These rela ti onships have been 
documented elsewhere (i.e. Iqba l, 1983). 

Our obj ecti\'e is to develop a model based on Equations 
(l0), (l l) and (12) using fi eld data to derive empirical rela­
ti onships. Ta ble 1 summari zes the Barrow clear-sky data in 
terms of transmissivity, the sta nda rd dn'iation of the 
obse rved shortwa\'C flux , and the ranges of temperature, 
de w-point temperature and surface albedo. Thc transmis­
sivity give n is the ratio of the observed surface flu x to the 
modelled top of the atmosphere (TOA ) shon wa\'e flu x. 
Although a relati onship between atmospher ic transmissi\'­
ity a nd temperature or humidity in Table 1 is not obvious, 
the co rrela ti on between transmissivity a nd surface albedo 
is more appa rent. The empirica l relati onship determined 
from tl1t' da ta is: 

T = 0.8 + 0.010: . (13) 

For this relati onship the coeffi cient of variation R 2 is 0.9+. 
The clea r-sky flu x can now be expressed as a function of sola r 
zenith angle and surface a lbedo by setting H = 120 km and 
using Equations (13), (12), (11), and (10). 

Ta ble 2 g i\'es th eJuli an D ay, transmiss ivity, equi\ 'alent 
height of atmosphere, and flu x standard devi ati on for O\'er­
cast conditions at Ba rrow. As in Tabl e I, the transmissivit y 
was computed as the ratio of the surface to TOA short wa\'C 
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flu xes. H was then determined fro m Equation (12) using f3 
for the clea r-sky case. The va lues ofT and H difTer substa n­
ti a lly from the clear-sky case in that clouds reduce the (rans­
mi ss i\'it y and effecti\'ely increase the path leng th. 

The rel ationshi p between H a nd th e cloud optical depth 
T was determined using a two-stream radi ati ve-transfer 
model (Key, 1996). C a lculati ons of the downwelling short­
wm'C fluxes at the surface and TOA were performed using a 
standa rd Arctic summer atmosphere, an aeroso l optical 

depth of 0.25, and a liquid-water cloud with the top at 
500 mb, a water content of 0.2 g m 3, effective droplet radius 
of ID ~lm, a nd \·isible optica l depths ranging from I to 32. T 
and H fo r the model results were de tCTmined in the sa me 
manner as the empi ri cal results in Table 2. From these data 
a rela tionship betwee n H and T was determined: 

H = 11.2 + 23.-1.7 . ( 1.J) 

App rox imately 8+% of the va ri ance in H is explained by 
thi s rela tionship. 

To estimate the downwelling short wave flu x \\'ith obser­
vations of the sola r ze nith angle, surface a lbedo and cloud 
optical depth the following procedure is used. For clear CO I1-

di tions, the equi\'a lent atmospheri c height is fixed a t 120 km 
and the transmissivit y is computed as a fun ction of albedo 
using Equati on (13). For cloud y conditions H is determined 
with Equation (14) and T is computed using Equa ti on (12) 
with f3 for elear sky. In bo th clear a nd cloudy situa tions m 
is determined using Equation (11) and the downwelling 
short wa\T flux is calculated with Eq uation (10). In the text, 
tables and fi gures that follow, thi s method is identified as 
"Tl\I". 

COM PARISONS WITH IN SITU MEASUREMENTS 

l\Tcasurements of climatologiea l \'a ri ables from Resolute 
a nd Barrow a rc now used in the \ 'a ri ous pa rameteri zati ons 
and the estimated nuxes a re compa red to the in situ meas­
urements. Each of these da tase [s was analyzed sepa ra tely in 
order to examine the effec ts of the dilTerences in surface 

Bennett (1982) 
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Fig.l. The s!lOrlwave cfear-skvJllt I err07Jorfou r jJarameterizatiolls ( estimated flux mllws theJ7u.1 measured a/ Barrow and Resolute ). 
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Table 3. Pammeterized s/lOrlwave clear -skyflux erroTS 

l\Icas urcc\ nu x 
l\Io rilz (1978) 
Bcnnclt (1982) 
Shi ne (198-f) 
T :--l 

.\ tea}} 

+30.7 
395.9 
409.9 
<1.35.8 
428.8 

J lea}} error 

34.8 (-8.1) 
- 20.S (-L8) 

5.1 (1.21 
1.9 ( 0.5 

UII .S.f'. 

+0.1 
36. 1 
18.6 
21.+ 

Va lues arc ill \\' 111 :.!. :"Julll b(' rs in parent heses arc pe rcentages. 

t ypesjlocation and time averaging. Results for the two data­
sets were nearly identical, with the accuracy ranking of the 
va rious pa rameteri zations being the same and the means 
a nd roo t mean square errors (Lm .s.e.) withi n 20 % . This 
res ult is signifi cant given tha t high temporal resolution data 
a rc often not available, or des ired, in model ling studies. In 

the figures a nd tables presented below, the results for these 
two datase ts are combined. 

For the Shine (1984) a nd TM parametcri za tions, cloud 
optical depth is requ ired. Hcre a value of 10 is used, which 
is near the center of the distributi on reported by Leontyeva 
and Stamnes (1994) [or optical-depth estim ates at Barrovv. 

The a ll-sky parameterizati ons require a n estimate of 
SW lclr which, for all schemes except TM, was computed 
using Shine's (1984) fo rmul ation. For compari son with the 
Resolute da ta, short wave nu x parameteri zati ons a re com­
puted using the solar zenith a ngle in the middle of the 
15 min data averaging period. For the da il y Barrow data, 
Duxes a re computed for each hour of the day using the sola r 
zenith a ngle in the middl e of the hour. The 2'1· nux va lues a re 
then a\'Cragedto get the da il y average nux. 

Pa rameteri zed short wave nux errors under clear ski es 
a re shown in Figure I. The mean, mean error and Lm.s.e. 
of the pa rameterized nuxes a re given in Table 3. The most 
accurate pa rameteri zations of SvV lelr are TM a nd that of 
Shine (1984). The equation of Bennett (1982) tends to over-
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Table 4. Parameterized shortwave all-skyjlux errors 

l\kas urcc\ fl ux 
Bcrl iancl (1960) 
J acobs (1978) 
Bennell 1]982) 
Shine 119S"f) 
T;"[ 

.Ilea}} 

21<L6 
176.9 
211.1 
157. 1 
201.2 
22-1.9 

. \ le(lll error 

-37.7 ( 17.6) 
- 3.6 ( 1.7) 
57.6 ( 26.8) 
tt~ ( 6.3) 
10.2 I<LS) 

Va llles a rc in \\. m 1, " umbe rs in pa rentheses arc p'Tcelllages. 

l:m.J.f'. 

78.+ 
55.1 
97.8 
50.3 
+6.8 

estimate Du xes at low sun angles a nd underestimate Du xes 
at higher sun angles, but performs surprisingly well consid­
ering its simplicit y. The pa rameteri zed nu xes using I\loritz 
(1978) a re the least acc urate. The equati on tends to under­
estimates fluxes, pa rticul a rly under moderate solar zenith 
angles. 

Parameteri zed short wave Dux errors under a ll ski es are 
shown in Figure 2. The mean, mean error, and r.l11 .s.e. of the 
pa rameteri zed flu xes a re given in Tabl e 4. The most acc u­
rately pa rameteri zed flu xes a re again those computed using 
TM a nd Shine (1984)_ These pa rameteri zations inel ude sur­
face a lbedo and cloud optical depth. The parameteri zations 

of J acobs (1978) and Bennett (1982) a re extremely simple, 
consisting of a coeffi cient multiplied by the elea r-sky (lux. 
Thus, they do notmodcl any of the va ri ability due to fac tors 
such as cloud thickness or surface a lbedo. The pa rameter­
ization of Bennett signifi cantly underestimates flu xes. The 
pa rameteri zation ofJacobs fa res better than that ofBennell, 
perhaps because the coeffi cient was selec ted to fit Canadi an 
Arctic data . Although the Lm. s.e. is still relatively high, the 
mean error is the sma ll est of the ex press ions examined. 

What is the effec t of cloud optica l de pth? Both TM a nd 
Shine (1984) cloud y sky methods exhibit the lowest r. m.s.e. 
when the optica l depth is nea r 10. This is the approximate 
mean of the cloud optical depth di stribution in the Barrow 
data, determined using a n inverse procedure with a radia-

Bennett (1982) 
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Fig. 2. The s/lOrlwave cloll~y -skyJ7ux errorJo rJollr jJammelerizalions (estimatedflllx minus tlzejlllx measured at Banow all d 
Resolute ). 
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ti\T transfer model. Therefore, the coeffi cients in Equation 
(14-) a re appropri ate for the optica l depth range est imated 
from the Barrow data, or about 5- 25. Comparisons with a 
radiati\'e- transfer model sho\\'ed th at T:\I performed con­
sistentl y, though modestly, beller than the Shine method 
throughout thi s range. Because the range of surface albedo 
observed at Barrow is large, both methods a re appropria te 
for open water, dark \'Cgelat ion and bright snow surfaces. 

CONCLUSIONS 

The obj ectivcs of th is study wc re to present a new a ll-sky 
pa rameteri zat ion of downwelling shortwave radi ation at 
the Arctic surface, and to e\'a luate its performance aga inst 
ex isting schemes. Using in silL! data from two sites, the most 
accurate parameterizations arc the new scheme de\ 'c1oped 
here and that of Shine (1984). Comparing the two, the new 
parameterization offers a more unified approac h for clear 
a nd cloudy conditions and is more acc urate. Additionally, 
it was de\Tloped for a wide range of conditions over both 
sea ice and land, so it may be more genera lly applicable. 
Based on these results the new parameteri zation IS recom­
mended [or use in sea-ice models. 
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