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A BSTR ACT. Although the snow albedo feedback mecha ni sm has been shown to am
plify globa l warming effects in nearl y a ll model s of global clim ate, it continues to be rep

resented as a simplisti c pa ra meteri zation. Here, wc demonstrate how cha nges in snow

pack energy-ba lance d r ive th e seasona l flu ctuations in sno\\' a lbedo for the G ree nla nd 

ice sh ee t. For a de ta il ed, po int-based im·estigat ion of the relati onship between snow pac k 
energy ba lance a nd a lbedo, two model s a rc coupled together; one that ca leul ates snow 
g rain-size a nd the other tha t uses those g ra in-size data as input to a rad iati \'(:-tra nsf'c r 
code to obta in spect ra l a lbedo. These data ind ica tc tha t in thc near-infrared wa\'C lcng ths, 
a lbedo \'alues drop nea rl y 20% during a 10 day pcriod during which g rain-sizcs increased 

dramaticall y. Satellite data were used to map momhl y cha nges in a lbedo o\'C r the enti re 

G reenland ice shee t during the spring a nd sUl11mer months. These 111 0nth ly a lbedo im ages 

indicate albedo reducti ons of as much as 80% in coas ta l regions. E\ 'en in a reas th at ex
pe r ience lilll e or no melt, a lbedo dec reases of 10- 20%, wc re common. From these res ults, 
it is clea r tha t snow a lbcdo pa rameter izati ons fo r clim a te models must inco rpo ra te th e 
dynamics of snowpac k energy ba lance. 

INTRODUCTION 

Snow is the brightes t substa nce of considerable ex tent on the 

surface of our pla net a nd, because of its high a lbedo CO lll

pared to other natural surfaces, seasona l and perenni a l 

snow cO\'e r plays a signifi cant role in the g lobal energy 

ba lance (Ba rry, 1985), The connec tion be tween snow albedo 

a nd clim ate has long been recogni zed as an importa nt feed

bac k mecha ni sm (M eehl, 1984; Cess a nd others, 1991), Snow

a lbedo feedback has bee n shown ignificantly to amplify 

globa l warming ( ~ I ee hl a nd Washing ton, 1990), The sno\\'

a lbedo feedback mecha nism is looked upon as a positi \'C 

feed back tha t occurs when warmer temperatures reduce 

the snow-cove red a rea, revealing a da rker substrate a nd 

p ro moting increased radi a ti ve heating. 

In thi s study, we ha\'e revealed a n additional asp ec t of 

the snow a lbedo feedback: that the dynamics of snowpack 

energy balance di reetly influence snow a lbedo over seasonal 

time-scale a nd over la rge regions by th e cha nging size of 

snow g ra ins in the near-surface layer. Us ing the G reenland 

ice sheet as our study a rea, we have inves tigated the va ri

abili ty of a lbedo in deta il a t a point a nd spati ally across the 

ice sheet, and have related these cha nges ro sno\l'pack 

energy and mass flu xes, 

To the huma n eye, the vast G reenl and ice sheet, measur

ing 1.7 X 106 km
2

, gives the impress ion of homogeneity. 

H owever, la rge seasonal flu ctu ations in surface climate at 

these high latitudes create substa nt ia l cha nges in surface 

energy ba la nce (Ste ffen and others, 1995, 1996) Pa rameteri

zations of snow a lbedo in mos t of the currelll ge nera l circu

lati on model s (G C M s) ha\'e been sim pli stic representa tions 

that vary onl y as functions of latitude a nd a i I' temperature, 

Although snow a lbedo has been identifi ed as a sensitive 

bounda ry condition in GCl\Is, onl y recentl y has a more 

physica ll y based treatment of snow a lbedo been added to a 

GC:-'l ( .\ l a rshall a nd O glesby, 199+; )' l a rsha ll and others, 

199+), This a lbedo parameter izati on ta kes into acco un t 

changes in snow g rain-size, snoll' depth , sola r zenith a ngle, 

a nd li ght-absorbing impuriti es in th e snow. In their applica

tions of a rea li stic snow a lbedo pa rameteri zation, ~ I a r s h a ll 

a nd O glcsby (199+) rera n Nati ona l Celller for Atmospheric 

Resea rch (NC AR ) CCMI simul ations fo r Anta rctica a nd 

the Northern H emisphere. :\Tot surpri singly, they noted a 

ma rked imprO\'ement in the model's representation or 

cha nges in seasona l snow cO\'Cr. This new pa rametcr ization 

has not ye t been widely incorporated into other G C ~ I s . 

I n other work, connections between snowpack physica l 

properties a nd albedo ha\'e been measured a nd mode led, 

\\'ith their two-stream radi ati\ 'e-tra nsfer model of snow 

a lbedo, Wiscombe and Warren (1980) showed hO\\' a n 

increase in snow g ra in-size causes a decrease in snow 

albedo. J n the visible wa\'elcng ths, (0.+ 0.7 {l m ), a single ice 

pa rti cle tra nsmits nea rl y a ll incidelll radi ati on a nd tends to 

sca ller mos t o f thi s energy into t he forwa rd direction. Snow 

is very highl y refl ecti\'e in that pan of the spectrum with 

a lbedo \'a lues generally ranging from 0,80 to 0,98, Ice 

becomes moderately absorbing of solar energy in the nea r

infra red pa rt of the spec trum (0.7- 2.5 {lm ). Figure 1 shows 

that changes in snow grain-size have their g reatest influence 

on a lbedo in the nea r-in fra red, D epending on g rain-size 

a nd waveleng th, infrared snow a lbedo can ra nge from nea r 

zero to 0,8. In Figure 1, the rela ti onship between spec tra l 

a lbedo a nd snow g rain radius is shO\\'n using two-stream 

model results, Increases in snow g ra in-size a rc prima ril y 

responsible fo r lower values of spec trail ), integrated snow 

a lbedo and because a signifi cant proporti on of the incident 
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Fig. I. Modeled spectral directional hemispheric riflectance if 
snow Jor three grain-sizes. Fine-grained new snow is rep 

resented by the 50 I1m grain radius curve, the 200 flm grain 

radius curve represents medium-grained snow, and coarse

grained melting snow is represented by the 1000 fun Cllrve. 

solar radiation is in the near-infra red region, this change in 

a lbedo has important consequences for surface radiation 

ba lance. A preliminary study by Davis and others (1993) 

demonstrated how aging and warming of a snowpack leads 

to an increase in grain-size and an ensuing decrease in near

infrared a lbedo. 

In this paper we investigate these principl es through a 

combina ti on of theoretica l models, fi eld observati ons and 

satellite measurements to: 

(I) demonstrate the connection between surface climate, 

snowpack energy balance, snow grain-size and surface 

a lbedo; 

(2) map and quantify the spat ia l and temporal variability of 

a lbedo on the Greenland iee sheet; 

(3) rel a te these measurements a nd model results to current 

snow a lbedo parameterizations in climate models. 

METHODOLOGY 

1'0 examine in deta il the relationship between snow pack 

energy ba lance and a lbedo, two coupled models arc used. 

One model calculates the energy a nd mass fluxes within 

the snow pack and the second uses radi ative-transfer code 

to compute the spectra l a lbedo from snow optical proper

ti es. Both models are one-dimensional (I -D ) and are run 

for hourly time-steps. The energy and mass balance model 

is driven by hourly meteorologic data and calculates, among 

other things, the grain-size for each snow layer. From this 

grain-size output, NIie theory is used to compute the optical 

properti es of the snow grains and these a re used as inputlo 

the radia tive-transfer model to obtain spectra l albedo at 

each time-step. These two model s are described in greater 

detail below. The coupled model was tes ted for two time per

iods: 2- 25 May 1994 and 15 M ay- 12 June 1995. Measure

ments were made during these time periods at the ETH/ 

CU camp located on the western portion of the Greenland 

ice sheet (located at 69.58° N, 49.30° W ). The 1994 experi

ment period was cha racteri zed by cold temperatures and 

numerous, small accumulation events during which fine

gra ined new snow was deposited . In 1995, the first pa rt of 
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the experiment period was cold but about halfway through, 

the snowpack warmed and began lo melt. 

To examine and quantify the spati al changes in a lbedo 

across the Greenland ice sheet, remote sensing images for 

M ay, June and J uly 1991 were used. Melt on the ice shee t 

usua lly becomes fairly extensive duringJune, and maximum 

values for melt area usua lly occ ur inJuly (Abdalati and Sref

fen, 1995; Mote and Anderson, 1995). Although the images 

and the point-based measurements a re not for coincident 

years, similar processes a ffec t both datasets. 

Sn owp ack-en e r gy and m ass-ba la n ce model 

SNTHERM, a snowpack-energy and mass-balance model 

OOl'dan, 1991), requires input values of air temperature, 

rela tive humidity, wind speed, air pressure, incoming a nd 

outgoing shortwave radi ation, incoming longwave rad ia

ti on, a nd precipitation information at regula r time-steps 

(in thi s case hourly averaged data ). 

For the 1994 experiment period, snow-accumulat ion 

data (accumulation rate and gra in-size) were obta ined 

from a combination of synoptic weather observations (every 

3- 6 hours), grain-size measurements and additiona l field 

observations. For the 1995 period, additiona l snow accum

ul ation information was suppli ed by a snow-height sensor 

mounted on the instrument tower. 

The model was initia lized with snowpack physical prop

erti es including grain-size, temperature and density (from 

field measurements). SNTHERM then generated a time

series of snowpack temperature, grain-size and density 

profiles corresponding to the time intervals of the input 

meteorologic data. 

For metamorphism in dry snow, SNTHERM uses a 

grain-growth algorithm formul ated by Jordan (1991), based 

on the previous work of Col beck (1983): 

ad Cl 1000 ( T)6 laTI 
at = d D eOs P" 273.15 CkT az 

where d is snow-grain di ameter (m ), G1 is a grain-growth 

parameter ( m+ kg- I), Dcos is the effective diffusion coeffi

cient for water vapor (m2 s \ P" is atmospheric pressure 

(mb), T is snow temperature (K ),CkT is the variation of 

saturation vapor pressure with temperature (Nm 2 K ) a nd 

z is the height (m ) above the snow-ice j nterface. 

A sepa rate formulation is used for g ra in growth in wet 

snow (Colbeck, 1982) that incorporates the liquid water 

fraction, f: 

~~ = ~2 (f + 0 .005) 

when 0.0 < f < 0.09 and 

ad G2 
at = --;1(0.14) 

when f:2: 0.09. The variabl e C2 has units of m 2 
S- I and is 

I ') 
currently set at 4 x 10 -. 

During the experiment per iod, 2- 25 May 1994, there 

was no significant snowmelt. M elt occurred only during 

the second half of the 15 M ay- 12 June 1995 experiment 

period. 

At hourly time-steps, SNTHERM calculates an effec

tive sphere size, representative of the panicle-size di strib

ution, for each snow layer in the snowpack. To test that this 

effecti\'e grain-size can be rela ted to a physical quantity such 

as mean snow grain-size, measurements of grain-size in the 
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top 5 cm were made over the course of the 1994 exper iment 

period. Grain-size in the top 0- 5 cm of the snowpack was 

used for the model calculat ions. \\'iscombe and Warren 

(1980) haw shown that albedo is prim arily a ffec ted by 

rr rain-size in the top few cm so measu rements of the sur

face-l aye r gra in-size are su ffi cient. Though onl y the near

surface layers haye a direc t affect on snow albedo, the full 

snowpack is modeled to acco unt properly for hea t and mass 

transfers that drive these changes in nea r-surface gra in-size. 

Two-stream r adiative-tran sfer m od el 

To calculate spectral albedo fo r these two experiment peri

ods, onl y snow grain-size in the 0- 5 cm depth is needed. The 

required optical properties include optical thickness, single 

scattering a lbedo and an asymmetry parameter. The single 

scattering a lbedo represents the probability that light inci

dent 0 11 a particle will be scattered rather than abso rbed. 

The resulting direction of the scattered light is described 

by the sca ttering-phase function of a particle P( e), where e 
is the scattering angle. The asymmetr y pa rameter, g, is a 

parameterization of the pa rticl e scattering-phase function. 

r n this case, because the snowpack was thick enough to be 

considered "opti ca ll y-thick" (where the substrate has vir

tually no effect on a lbedo), the optica l thi ckness, a dimen

sionlcss number, was prescribed to be 2000. Both the single 

scattering a lbedo and asymmetry parameter are functions 

of gra in-size and these a re calcul ated using the refracti\'e 

indices of ice a nd the effective gra in radius from the 

energy-balance model (\\'iscombe and \ Varren, 1980). Using 

these scattering and absorbi ng parameters, the two-stream 

model was used to calculate the spec tral a lbedo of the snow

pack at each hourly time-ste p. 

Sn owpack m easurem en ts 

Snow gra in-size was measured II times oye r the 199+ model 

run period. A gridded card and hand lens were used to 

measure the maximum, minimum and mean grain-size for 

replicate sa mples of snow from the top 5 cm of the snow

pack. Six snowpits were exca\'ated to pro\'ide de nsity and 

snow stratig raphy inform ation. 

During the 1994 exper iment, snowpack renec ta nce was 

measured using a portable field spec trometer that operates 

in the 400- 2500 nm spectra l range. These refl ec ta nce values 

were collected for compa ri son with the a lbedo estimates cal

culated from the rad iati\'e-trans fer model. 

To initia li ze snowpack te mperat ure in the snowpack 

energy and mass-ba lance model, temperature data were 

acquired from thermistor a nd fin e-wire thermocouples 

placed in the snowpack. Snow grain-size data fi-om snowpit 

profiles were also used to initia li ze the model. 

R em ote-sen s ing-image d ata ana lysis 

For the spati al component of this analysis, satellite images of 

the Greenland ice shee t were acquired from the Nationa l 

Ocea nic and Atmospheric Administration 11 Adyanced 

Very High Resolution R ad iometer (NOAA/lIAVH RR ) 

sensor. For this research, AVHRR channel I (0.58-

0.68 J.lm ) and channel 2 (0.725- 1.10 ~lm ) were used. Because 

snow types on the G reenl and ice shee t extend O\"Cr tens of 

km, the AVHRR Global Area Coverage (GAC) data with 

a nomina l spatial resolution of + km were used. Each image 

is first co-l ocated by correct ing for distortions due to Ea rth 

/VO/ill and Stroeve: Albedo qftlze Greenland ice sheet 

curvature, sca nning geometry, orbital errors. Images a re 

then georegistered to a pola r stereographic projection using 

a navigation code deYeloped by Baldwin and Emery (1993). 

The AVHRR data are then ca librated using the method 

currently employed by the NOAA/NASA Pathfinder pro

gram. This melhod combines both a relative calibration 

(using the pre-launch coefficients) with aircraft measure

ments to calibrate channel I and 2 as functions of days

since-lau nch. 

The nex t step invo lves calcu lating surface albedo from 

the AVHR R data. For th is, the atmospher ic cor rec tion 

a lgorithm 6S (Ta nre and others, 1992) was used. I n addi

tion, a correcti on for the bidirectiona l ren ectance of snow 

was made using an isotropic refl ecta nce factors calculated 

from a discrete-ord inates radiative-transfer model (Stroeve 

and Nolin, in press). 

RESULTS 

Measured and modeled grain-s ize 

199..J 

For the period 2- 25 l\ Iay the SNTHER M model generated 

the snow surface-l ayer gra in-size data that could then be 

compared with measurements of snow grain-size from the 

same period. Figure 2 shows good agreement between the 

mean measured grain-size a nd the modeled grain-size. The 

irregul a r, sha rp d ips in modcled grain-size arc the result of 

sno\\'-acc umulation epi sodes, mostl y from blowing a nd 

drifting snow bUl also from prec ipitation. Following an 

accumu lation e\'ent, the surface snow grains showed steady 

increases in size as metamorphism proceeded in the snow

pack. While the maximum and minimum gra in-size meas

urements have a wide range (see Table I), the mean grain

size closely tracks changes in modcled grain-size. The la r

gest snow grains renec t the effec ls of g rain clustering whi le 

the sma ll est g ra in were primaril y broken crys tals. 

1995 

Model results from the 1995 experimental period show gen

era ll y small changes in g ra in-size for the first ha lf of the time 

se ries when a ir and snow temperatures were cold. Figure 3 

shows a dram atic increase in surface-layer g rain-size begin-

ETH/CU Snow Groin Size 
50 0~~~~~~~~~~~~~~~~~~~~~ 

6 m easured groin size 1994 

400 
__ SNTHERM groin size 

o 100 200 300 400 500 

May 2 - 25, 1994 ( hours since start of model run) 

Fig. 2. SNTHERM modeled snow grain sizeJor 2- 25 1\I1a) 

1994. Solid fine is the model results and the triangles are 

measured snow gmin -sizeJrom the top 0- 5 cm. 
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Table 1. ilJeasllred grain -sizes from the snowpack sU1JaceJor 

May--J une 1994 

llfinimum radius AIean radills A Iaximum radius 

pm pm {Lm 

100 200 500 

100 190 550 

50 100 175 

100 300 500 

100 -1-00 1250 

100 150 300 

50 100 250 

50 100 300 

50 150 350 

100 180 400 

75 125 350 

ETH/ CU Modeled Snow Groin Size 
500~~~~~~~~~~~~~~~~~ 

1995 

-;;;- 400 
c 
e 
u 

E 

~ 300 
'6 
o 
er 
c 
'0 
l5 

100~~~~~~~~~~~~~~~~~~~ 

o 100 200 300 400 500 600 

May 15 -- 25 . 1995 (hours since start of model run) 

Fig. 3. SNTHERM modeled snowgrain-si::.eJor 15 Ma..v- 12 

J une 1995. Grain -sizes show a large increase starting about31 

JIlay when the snowpack is warming and melt is beginning. 

ning on about 31 !\1ay when the effec ti\'e grain radius 

increases from about 100 pm to nea rly 500 lLm by the end 

of the period. This increase in g ra in-size coincides with the 

onse t of melt (Steffen a nd others, 1996). Subsequent acc um

ulati on event were sma ll and, with the wa rm snowpack, 

these smaller surface g ra ins were quickl y melted or sub

limed away, revealing the older a nd larger g ra ins benea th. 

It appears that once melt begins, such sma ll accumul ation 

events have littl e effect on grain-size. 

Measured and rnodeled albedo 

1994 

Figure 4 shows a time seri es of modelcd spec tral a lbedo 

\'alues for three waveleng ths (0.40 {Im, 0.70 {Im a nd 1.03 pm) 

for the 1994· experimenl period. Broadba nd albedo meas

urements also shown in this figure closely co rrespond to 

trends a nd magnitudes of the modeled values. These broad

band albedo data were calculated using a pair of pyran

omcters, one upwa rd a nd one downwa rd looking; their 

speetra l range is 0.3- 3.0 pm. These measured values co rres

pond well wilh both the trends and magniludes of lhe 
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Fig. 4. Two-stream modeLed spectral albedo Jar three wave

lengths Jor 2- 25 May 199J.. Top, second and bollom curves 

are Jor wavelengths q! 0.46 pili, 0.70 {Lnl and 1.03{un, res

pectivel)!. The second-:from-bollom curve re/Jresents measll red 

broadballd aLbedo Jor the same period. 

modcled albedo va lues. Albedo increascs a nd dec rcases at 

1.03 {Lm correspond to accumul ation e\"cnts from both pre

cipitation a nd blowing/drifling snow. These new snow 

g ra in-sizes a re typicall y \'e ry fin e, with g rain radii of about 

100 pill. A warming trend from 12-16 M ay created a 55°/., 

increase (from 250 to 400 J.lm ) in grain-size a nd resulted in 

a 13% dec rease (.75 to .65) in a lbedo in the near-infra red. 

Only sma ll changes in albedo a re evident for 0.70 {UTI and 

virtuall y no cha nges occ urred for 0.46 pm. 

19.95 

For the 1995 model period , thc spec tra l a lbedo data closely, 

but im'erscly, mirror the g rain-size data with a strong 

dec rease in a lbedo beginning with the onse t of melt. Thi s 

cha nge is most strongly seen in the 1.03 {Lm da ta in Figure 5 

where lhere is a nea rly 20% relative difference in a lbedo 

compa rcd to the Sla rt of the model run. As expected , albedo 

0 
u ., 
D 

:;;: 

"§ 
U ., 
a. 

(/) 

ETH/ CU Modeled Albedo 
1.00~~~~~~~~~~~~~~~~~~~~ 

------------------- --------------------

0.90 

0.46 microns 

0 .80 
0 .70 microns 

1.03 microns 

0.70 

1995 

0 .60 

0 100 200 300 400 500 600 
May 15 -- 25 . 1995 (hours since start of model run) 

Fig.5. Two-stream modeled spectral albedo Jor three-wave

lengths Jor 15 M a..y--12 June 1995. Top, middle, and bollom 

curves aTeJor wavelengths qf O.46 {tm, 0.70 {tin and 1.03 {t11l, 

res/leet ivety. 
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changes are neglig ible at 0.46 pm even during melt; and 

albedo dec reases a re moderate at 0.70 fliT! . 

Albedo from AVHRR 

Of signifi cance a re the la rge variations in surface a lbedo 

from AVHRR cha nnels I a nd 2. I n a time se ri es or month ly 

averaged a lbedo da ta from M ay through July for AVHRR 

channels I and 2, it is clear that spatial a nd tempora l 

cha nges in the albedo of the Greenland ice sheet a re sub

sta ntia l. The Channel I images in Figure 6 show the la rgest 

decreases (40% ) in a lbedo a long the southern a nd western 

. \ oLiIl alld StlOeve: Albedo qfthe Green/and ire sheet 

portions of the ice sheet but even the northeas tern regions 

show decreases or as much as 10- 20% . 

Cha nges in surface albedo are even more pronounced in 

the Channel 2 da ta with May-to-July decreases of as much 

as 50% (see Figure 7). Using the formul ation dC\'elopecl by 

Stroe\'C (1996) the broaclband albedo \\'as calculated fo r 

lVIay a ndJu ly a nd the per cent cha nge in broadba nd a lbedo 

is show n in Figure 8. A lthough th e a lbedo remains relati\ 'c1 y 

consta nt during the summer months O\'e r the celllra l por

tion of the ice sheet, there appears to be a slight increase in 

albedo due to new snowfa ll. Large a reas of the ice sheet 

show cha nges in the 10- 20% range a nd in the abl ati on zone 

where snow is melting away to reveal the ice substrate, the 

Fig. 6. AVHRR Channel J surfacealbedoJor A1ay, J une andJuly 1991. Albedo decreasesG7"e evidelllJromJllnf loJ uly especially ill 

coastal regions. 

Fig. 7 AVHRR Channel 2 sll1j ace albedoJor M ay, June andJuDI1991. Substantial albedo decreases occur as snowpack warming 

and melt OCCllr on the ice sheet. 
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Fig. 8. Relative decrease in broadband albedo between May and June. Note the decreased albedo along coastal regions where 

extensive melt is occurring, and in the northeast, where low accumulation rates allow suiface grains to continue to grow. Negative 

values correspond to those pixels showing slight increases in albedo resultingfrom new snow deposition in southern portions qf the 

ice sheet. 

change in broad band albedo is even larger, in some places 

reaching 80%. It is interesting to note that the 17% 

AVHRR-derived relative change in albedo for the ETH/ 

CU camp is nearly identical to the 18 % decrease calculated 

by the coupled model. Although these represent different 

time periods, the warming and melting of the snowpack is 

being demonstrated by both types of data. 

The large albedo changes that have been shown here 

would not be accounted for in GCMs using the simple para

meterizations for snow albedo. For instance, the snow 

albedo values of Meehl and Washington (1990) are fixed at 

85 % for cold snow and 60% for warm snow over the short

wave region (0- 0.911m ). Yet, AVHRR Channel 1 albedos for 

May 1991 range from 60- 96% and much of the ice sheet has 

an a lbedo of>90%. And longwave albedo has been shown 

to be more high ly varying than shortwave, both in the 

coupled-model results and the remote-sensing data, but 

Meehl and Washington (1991) promote a fixed value of 

55% regardless of snow conditions. Only an albedo para

meterization such as that proposed by Marsha ll and Ogles

by (1994) can encompass the changes demonstrated here. 
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CONCLUSIONS 

The results of this work demonstrate an important point: 

that there does not need to be any reduction in snow- and 

ice-covered a rea for there to be a substanti al decrease in 

albedo over the course of a season. Changes in snowpack 

energy balance can strongly and rapidly affect albedo 

through grain growth especially during periods of snow

melt. Rapid fluctu ations in surface-layer grain-size and 

albedo result from even sm a ll accumul ation events on the 

ice sheet. However, when the snowpack is near O°C, these 

small grains are rapidly sublimed or melted away making 

this a relatively short-term change. 

Use of AVHRR data was successful for identifying both 

spatial and temporal a lbedo changes. Remote-sensing data 

such as these can be used to monitor changes in visible, near

infrared, and broad band albedo for the Greenland ice sheet. 

If accurate predictions of climate change are to be made, 

seasonal albedo variations need to be accounted for in 

GCMs. To date, only one physically based albedo para

meterization takes into accou nt the changes in snow grain-
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size that affect albedo (Marshall a nd Oglesby, 1994). Models 

such as SNTHERM, that characterize the dynamics of 

snowpack energy ba lance, can be used furth er to improve 

th is parame teri zation by more accurately representing 

grain growth for a wide range of conditions. 
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