
o·jllllll!:; of G!ar/o!og)' 21 1995 
(' In tema tional Gla eio logica l Society 

Spectral albedo of snow-covered first-year and :multi-year 
sea ice during spring tnelt 

R OGER A. D E ABREL , 

D ejJarllllell / oJ GeogralAv. Ear/h Obsf}"m/iolls La/Jora/oIJ'. Cnll'eI"s/{l' oJ l l·aler/oo. ll ·a/er/oo. Oll/ario ,\ 2L 3(;1 . Callada 

D ,\\ ' , D G . B.\RBER, 

De/Jar/lIIl'II/ of G'eograjJl!) ,, Cell/re Jar Ear/I! Obserl'([//oll Se/mu, CII /l'ers/{l' (!/, I /alli/oba. 11·/lIl1i/Jeg .. Ijalli/uba R3T 2, \ 2. Callada 

KE\ 'J.'\ MISUR:\ K r\~D E. F. LEDRE\\ 

D ej}{[)'/ml'll/ Q/ Geogra/)/~) ' , Ear/h Obserl'at/oll), Laboralol)l, L'1I11'ersi{j' oJ ll ·a/er/on. l l 'a/er/oo, Onlario , \ 2L 3G1, Callada 

ABSTRACT, Surface spec tral-a lbedo d a ta co ll ec ted O\U sno\l'-cO\'ered lirs t-year 
and mu lti -year sea ice under difTuse sky conditions during the spring tim e tra nsiti o n are 
exa m ined, Of specifi c interes t is th e relationship be twee n cha nges in th e \'isiblc and 
nea r- infrared a lh ed o of sea ice a nd co ncurrent c ha n ges in th e geo pll\'sical 
characteristics of th e ice \'olum e, \ \ ' ith th e onset of melt conditi o ns, \ 'isible and 
nea r-inJl-a red sea-ice a lbedo d ec reased due to physical changes \I'ithil1 th e SI10\\' and ice 
\ 'olumes, \ ' isible albedo \l'as found to be se nsiti\'e to changes occ urrin g throug ho ut th e 
sea-ice \ 'olume, whi le the near-infrared albcdo a ppea red most influcnced Iw near­
surface co nditi o ns. 

1. INTRODUCTION 

The fra ction oC inc ident solar radiation refl ec ted from a 

snow- cO\'e red sea -ice surface is intima tely linked to th e 
geophysical charactcristics of the sno\\-j ice \ 'o lume. This 
frac tion. or albedo, cxhibits certa in spect ral cha ra c ter­
isti cs in the visible (0,39 0,77 ,Llm ) a nd infrared regions 

(0,77- 4 ,0 llm ) of the so lar spec trum that c\'ohc through 

th e a nnual cyc le o f sea -icc growth and d ecay (Grenfell 

and P erO\'ich, 1984; Allison and others, 1993) , Thc dcsire 
for both impro\'ed paramete rizations of sca-icr a lbedo in 
ell\'i ron men tal-ch a nge mod els a nd th e de\ 'e lopnwn t of 
remote-se nsing m e thodo logies to map s urf~lce albedo a t 

both so la r and mi c rowa\ 'e frequ en c ies has heightened th e 

importance of und e rstanding th e relationship between 

spec tra l albedo and the geophysical characteristics o f th e 
sea-ice \ 'o lume. The purpose of thi s ill\'es ti ga ti on is to 
e~a min e the temporal change in spec tra l a lbedo O\'er 
snow-cO\c red sea-i ce surfaces during I he Arctic spring­

time transition ancl re la te thi s transformation to obser­

vable changes in the geophysical properties occurring 111 

the vo lum e throu g hout thi s period, 

2. METHODS 

Field observations were made mcr first- yea r and mu lti­

yea r sea -ice surfaces during th e spring segment (April 
Jun e ) or the S I1\I\IS 1993 ex perim ent ( 74 ,59 ° :\ . 
94,71 " \\ ' ) in th e fa st-ice regime of thc Lancaster Sound ! 

Barrow Strait regIO n in th e Arctic Arch ipe lago , For a 

d e tailed d escriptio n o r th e SI.\I1\lS project sce LeDre\\' 

and Barber ( 1994 ), T\~ 'o majo r sa mpling sites were 

loca tcd O\'Cr sm oo th fi rs t- year icc (FY I ) and on a 

co ng lom erat e multi-\Ta r-i ce I \ 1\'1) flo c, A portable 
li eld spec trom eter (Analyti ca l Spectral D e\'ices . Inc, ) 
\\'as used to co llect su rrace spectral-al bcdo a nd i lTad ia nee 
m eas urem ents in the spect ral ra ngc 0,34 I ,06 ~lm (512 
chann els) , A cosinc recepto r \I'as used to prO\'ide th e 

instrument with a 180 field of \'ieYl' , }leas urelll ent s were 

ta ken under clea r and difTuse irradian ce conditions to 

m aximizc th e likelihood of a stable irradiance li e lcl, 
Ho\\'e \ '(' r , spec tra l a lbedos co llected und e r clear ,.,k ies O\'cr 
sno\\' surfiot.ccs appeared to be O\'C ITstimatcci du e to a ye t 

und e te rmin ed \l'<l\T le ng th-d e p end e nce of th e cos in e 

res ponse or th e cosin e receptor. Since this d epend ence is 

prese ntly unknown. o n ly d a ta ri 'om on' I'Cas t d a\'s \I 'ith no 
\'isi ble so la r di sk a re presen ted he re (\\'i th e~ceptions 

noted belo\\ ') , 
After each albed o m casuremenl a d eta iled exam in­

ation of th e sno\\'! ice \'olume \\' as made \'ia sn o\l'-pit 

m eas urem ents, Sno\l' and ice ph ysica l-propert y m eas ure­

ments \\'ere m ad e in dedicared sampling areas Ica ll ed 
" cJ'\ 'sw l pits" ) eHT\' 3 days a t a pproxim a tely so la r n OO I1, 

Crystal pit s co nsisted of a sm a ll rectangular l'xca\ 'a ti o l1 o f 
approximate!) 0,5 m 2

, Sampling \\'as d one at \ 'e rti ca l 

inten 'a ls o f 2 cm a t th e FYI site a nd 3 cm a t the r-IYl site , 

Sno\\' \I 'e tn ess \I 'as meas ured using a ca pacitance plate 

(dielcctric m e thod ) , Den sit y \\'as m eas ured using a 
gra \'i metric a pproach, I n si tu macroph otogra ph y \\'as 
used to oiJtain snow-gTa in ph o tographs a t eac h sampling 

le\'e l. Sno\\' g ra in-size \I'as d ete rmin ed a utom a ti call y ri 'olll 
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rh e ph o togra phs a fte r di g iti za tion . I n th is stud y, we 

co nsid er th e sm all es t discerni ble pa rticl e in th e snow 

cover to be a snow gra in . Snow-g ra in radii in th e crys ta l 

pho tog ra phs we re d e te rmin ed by ass uming rh a t th e 

grains we re a r ea-egui\'a lent spher es . C rys ta l ph o to­

g ra ph y was stopped on d ay 158 beca use o f difIi cul ry in 
keeping th e sam pI es [i'om melting. C rud e m eas urements 

o f g rain shape a nd di a m e te r we re continued by \'isua l 

a nalysis o f g rain-size a nd sha pe th ro ugh th e use of a 

m agnifying g lass a nd g ridded pa pe r. Sa mpling e\'en ts a rc 

referred to here by rh eir Juli a n d ay . Solar zenith a ng les 
during th e sa mpling pe riod ra nged from 56° (d ay 134) to 
SI C (d ay 173 ). During SIMNIS '93 , d a il y a ve rage ,1Ir 

tempera tures ra nged from 19° to 2°C (Fig . I ) . 

120 124 128 132 136 140 144 148 152 156 160 164 168 172 

Day of Year 

Fig. 1. Dail)' average air temperature durillg S111111 1S '93. 

3. RESULTS AND DISCUSSION 

Observa ti o ns rcvea l th a t FYT a nd l\1YT surfaces change 
dra m a ti ca ll y \\"ith th e onse t of melt conditi ons. \V e 

examine th e season a l cha nge in surface a lbed o within 

th e contex t of three stages : ea rl y, tra nsitional a nd la te . 
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Fig ure 2a a nd b show th e spect ra l-a lbedo d a ta co ll ec ted 

ove r FVI a nd j\1YI sites r es pec tiv ely. Th e d a ta ha ve bee n 

truncated to 0.4--1.0 pm to eliminate noise a t the limits of 

th e d e tec to r. T a ble I provides a lbed os ave raged O\'e r th e 

\ 'isiblc (O\is) (0.40- 0.77 ~lIn ) a nd th e n ea r-infra red (a llir ) 
(0 .77 1.0 !lm ) regions of th e instrum ent 's spectra l ra nge . 
T a ble I a lso includ es tb e geoph ysical m easurem ents 
collected after each a lbed o m eas urem ent. 

3.1 Early stage 

With th e on se t o f m elt conditions, Arcti c sea ice is 
typicall y cove red by an o ld snow cover d epos ited th e 

pre\'ious a utumn . Spatia ll y, th e d epth of th e \'olume can 

va ry ove r m e tres d epending on th e surface topogra phy 

a nd aeo li a n processes. In the early s tage , snow cO\'e rs 
ha ve low liquid-wa ter contents as a ir tempera tures a rc 
well below O°C . FYI snow cover during SI Ml\!JS '93 was 
sha ll ower th a n in prev ious years ( 1 99 0~9 2 ) - 10 cm 

maximum in th e crys ta l-pit a rea (Fig . 3c ) - a nd was 

pred omin a n tI y com posed of sm a ll , rounded g rains (radi us 

0. 3~0 . 5Jlm ) (Fig . 3 b ) . Compared to FY I, th e MVI 
surface is consid e ra bl y m ore sp a ti a ll y he terogeneo us. The 
fl oe's a nnu a l m e lt cyc le enco urages th e dn'e!opment of 
hummocky surface fea tures se pa ra ted by d epressed inte r­

stitial a reas refe rred to here as m elt-pond a reas . In 

STMMS '93, humm ock top s co nsisted of a white fra zil-like 

layer ove rl ying d a rke r b lu e ice, g iv ing the hummocks a 
g rey tone. L a rge m elt-pond areas cove red by a thi ck snow 
layer (Fig . 3c) were inte rsp ersed a m ong th ese humm ocks. 

Fig ure 2a a nd b show a lbed o spec tra coll ec ted during 

th e earl y stage ( tri a ngle s),mbols) ove r FY l a nd MYI , 
res pecti ve ly. Sin ce bo th surfaces were covered b y snow, 

th e a lbedo at this stage was prima ri ly controlled by th e 
opti ca l cha rac te ristics o f the ove rl ying snowpae k. Th e 
a lbed o a t both sites was high in th e visible p a rt o f" th e 
spec tru m (FYI avis = 0.86; MY 1 avis = 0.89 ) as most of 

th e inc id ent sol a r radi a ti o n is sca ttered o ut o f th e 

snowpac k. In th e near-infra red region , th e a lbed o begins 
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Fig. 2a. Spectral albedo measured over the Jirst-.JwlI site ill SILlIUS '93. b. SjJerLTa l albedo measured over the II1l1lti ~)lear 

site ill SlNfL'vlS '93. (6. . ear0' stage, D . transitiollal stage, 0, Late jtage) ( S)lmbotJ occur evel), 30 channels ) . 
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Table l. AI'erage I'isible (O . .f 0.77 pili ) alld lIear-illfrared (0.77 1.0 J.IIII ) albedo alld coillcidmlal geol)/~J 'J ical dolo jin 
albedo-samlllillg f1'mls. ( 1lalirs denole lIear-sllljare sa lllple: brackels dmole 1'01111111' or dai(J' m'nage q/ variable; , \ ".-1.110/ 

al'ai/able 

,SjJeclrull7 , 'i,lible albedo . \ 'ea r-infra red 
albedo 

Firsl-jf(1I' ire 

Dm' 135 sno\\' 0.86 0.77 

D ay 162 sno\\' 0.80 0.64 

Day 171 snow / ice 0.71 i'\A 
Day 171 melt pond 0.37 0.12 

.Illllli:J'ear ire 
Day 134 snow 0.89 0.82 

Day 161 sno\\' 0.87 0.67 
])a\' 161 hummock 0.73 0.57 

Da\' 163 sno\\' /s I ush 0.80 0.58 

Day 163 slu sh / melt pond 0.55 0. 17 

Day 173 mel t pond 0.4 1 0.15 

• Data [or day 164 used . •• A\ 'C rage of d ay 13 and day 

to decrease in crementa ll y \\ 'ith \\·a\'Clength . The \ 'isible 

and infrared characte ristics or sno\\' spect ral a lbedo are 
controlled th rough the \\ 'a\'C length -d ependent absorpt ion 
c ha racteristics of' pure ice. Figure -~ sho\\'s the absorpt io n 

coe fficients [or pure ice ove r th e in strument 's spectral 

se nsiti\·itv . It is e\ 'ident that , OVCl' th e spectral range 

10 ~---------------- ---------------------, 
Snow Wetness 

P p 

118 122 126 130 134 138 142 146 1~ 154 158 162 166 170 

Day of Year 

F/~t; . 3. Seasollal lrallsilion Qf SIIOll' IJrol)erlil'J al CI)'J lal 
I)ils: a. SIIOll ' II'e lll eH ( lIear-.I'lIljare 3 CIIl 1r~J'er ) : b . . 1'II01l'­
graill radi/l ,1 ( lI ear-sllrface 1r!l'er ) : (c) SIIOll' dellllt: O . 
ji'rsl:J'ear-ia sill' : D. 117/1lli:)'l'ar-icf sill' . 

137 . 

SnUll' deplh SnOll' dmsif)' Snou' u'elness Grain radil/,I 

cm ko' m 
'" 

:l % by \ 'o lulTI c mm 

10 349(307 ) 3./ (4.0 ) O . .f8(0.96 ) 
6 352(353 ) 6.8 (8.4 ) 2.50 (NA ) 

0 l.50 (i'\A ) 

48 243(335 ) 1.7(0.5 ) o ?",** ( :\ \ ._J • 1 ) 

62 503(401 ) 3.0 ( 1.2 ) 1.5(NA ) 

10 + 38.f 452 )' 6.316.0 ) ' .f ( ~A I 

0 

+ On' rlying 1.5 cm slu sh. 

sa mpled. ice c n 's tab a rc re lati\'eh- transparent to in cident 

radiation at \ 'isibl e \\ 'L\\ 'e leng th s, but becom e moderately 
abso rpti n' to infi-ared radiation (\\ 'isco ll1b e and \\' a rrcn. 
1980 ). I n the ear l>' s tage. \ 'isibl e li g ht extinct ion in the 

O\'e rl ying sno\\'pack was d om in ated bv mu ltip le sca tt erin g 

by ice gra ins, resulting in a high surface a lbedo as the 

sca ttered li g ht e\'entua ll y left the \·o lum e. The incident 

nrar-infi-a red radiation \\'a s absorbed b\' ice crysta ls in the 
near-s ur!~\ce lanTs of' the sno\\'pack. thus reducin g the 
albedo at these \\·a\-c le ng th s. This absorp ti o n increased 

\\ ' ith \\'a\Tlcngth following th e abso rption coefficient for 

pure Ice . 

Figure 2a and b also in c lud e mode ll ed \ 'isibl e a lbedo 

fo r optica ll y thick , pure sIlO\\'j)acks for days 135 (FY I I 
and 134 ( i\IYI ), respeC'li\'('ly. 1I1uminal ion a nd geophys­
ica l data of' eac h sampling day \\'ere used as inputs to 

\\' iscombe and W arren' s 1980 sno\\'-a lbedo model. Th e 

100 c---------------------------------------~1 

.§. 10 
C .. 
c:; 
:: 
~ 
u 
c:: o 
'S. 
(; 
~ 0.1 ~ 

;-j 

0,01 LI ~~-~--~~~-~~~--_+_-~__+--~--'---' 

0.4 0.5 0.6 0,7 

Wavelength (~m) 

0.8 0.9 

Fig . .f . . Jb:lOrlllion coeJficielll of IJllre ire FOIII O . .f 10 

l.O pili (.IO I/lCl': Grfll/ell and Perol'I'dI, 1981) . 

339 https://doi.org/10.3189/S0260305500016037 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500016037


De . lbrell alld others: SjNe/rat albedo oJ SlI01l'-cOl'ered sea ice 

mod ell ed a lbed o a \'eraged O\'C r th e \'isible spec trum IS 

0,93 fo r th e FYl site a nd 0.96 fo r th e i\IYJ site , It IS 

e\' id en t th a t th e magni tud e of th e measured \'isible a l bed o 
o\'C r bo th sites is lower th a n wo uld Ix- e:-;:pec ted o\Tr a n 
im p urit y-fi'ee, opti ca ll y thi ck snow \'o lume, One po tenti a l 
reaso n for th e low visibl e a lbed o is th e poss ibility th a t th e 
snowpac k was no t optica ll y thi ck, thus all owing the 
und erl ying, lower- albed o ice surface to redu ce th e \'isible 
a lbed o , Another possible reason wo uld be th e presence of 
im p uriti es in th e snoll' \'o lum e th a t \\'e re cap a ble of 
a bso rbing visibl e radi a ti o n , 

Dozier a nd o th ers (1989 ) halT shO\I'll th a t in ord er for 
th e a lbed o of a snow pac k com posed of snoll' \I 'ith radi i of 
Imm to be independ ent o f th e a lbed o of th e underl ying 

surface (semi-inrinite), a snoll' COlTr of a t leas t 145 mm 
w.e. is requ ired wh en in coming so la r radi a ti on a t a 
wan' leng th o r 0,45 ~lIn is incid ent a t a solar zenith a ng le 
of 60 . Gi\ 'e n th e FYI snow \'o lume's a \T rage gra in-size or 
0 ,96 mm a nd d ensity o f 307 kg m :l, a sno\l' d epth of 47 cm 

\I'ould be required before th e eflec ts or the und erl ying ice 

surface a rc nega ted a nd th e \'o lum e co u ld be consid ered 
optica ll y thi ck for a n incid en t \I'an.- leng th a t 0.45 I1m . 
Since th e snow Co\Tr o n d ay 135 \I'as fa r less ( 10 cm ), lI'e 
co nclude th a t th e snow co\'e r \I'as no t opti ca ll y thi ck a nd 
th e und erl ying lower-albed o ice surface is th e principa l 

reaso n for th e FYI surface's 10\l'C r th a n ex pec ted \'isible 

al bed o , 
Since th e SIl OW COlT r o n th e i\1 VI site was consid er­

a bl y dee per (48 cm ) a nd composed or [incr crys ta ls, the 
unde rl ying ice did no t contribu te to th e \·isible a lbed o , 
The di sc repa ncy between th e mod ell ed and sa mpled 

results fo r d ay 134 is pro ba bl y due to th e presence of 
a bso rbing pa rti cul a tes \\'ithin th e snowpack. Simil a rl y, 
the 10llT r a lbed o O\ 'e r th e FYI sit e m <1 )' a lso be pa rti a ll y 
due to impuriti es . Wa rren a nd \\ ' iscombe ( 1980 ) ha \'e 
shown th a t g rey a bso rbers within a snow volume, such as 
soot pa rticl es, can reduce th e visible a lbedo of snow, 

U nfo rtun a tely, we are una ble to verify thi s since sno\\'­

impurity measurements were no t ta ken, If present, these 
particul a tes may h a lT ori gin a ted as wind-bl own crusta I 
ma teri a l from nea rby islands a nd /o r soo t from th e nearby 
camp, 

3.2 Transitional stage 

Th e tra nsitio na l stage \I'as ma rk cd by th e ani\ 'a l of 
pos iti\T a ir tempera tures whi ch subsequentl y transfo rm ed 
FYI a nd i\IYl snow cove rs from a rrlati\ 'e ly low-wa ter 

(funi cul a r) sta te to a satura ted , free ly dra ining (pend­

ul a r ) \'olume. In thi s stage, th e FYI sit e was co\'e red by a 
thin , ra pidl y d ecompos ing snO\l' \ 'o lume th a t all oll'ed th e 
und erl ying ice to a ppea r as sca tt ered grey pa tches. The 
.\IYJ surface a rea was d omina ted by melt po nds fill ed 
\I'ith \I'e t snow. In th e tra nsiti ona l stage, SIl O\\' cO\'e rs O\'e r 
bo th ice types ex peri enced sig niri cant increases in snow 

wetn ess a nd grain-size a nd d ec reases in snow d epth (Fig , 
3; T a ble I ) . Th e dra ma ti c increase in gra in-size was du e 
to the form a tion of la rge , polyc rys ta llin e aggrega te grains 
by snow grains clusterin g to minimize sur/ace free energ y 
(Colbec k, 1979 ) , Increases in liquid wa ter can furth er 

increase th e optica ll y e fTec ti\'e gra in-size by filling pore 

spaces and coa ting g ra ins (Doz ier a nd o th ers, 1981 ) . 
Spec tra \I'ith squa re symbo ls in Fig ure 2a a nd b 
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rep rese nt spectra l a lbed o measured during th e tra ns­
itio na l stage. Compared to th e ea rly stage, th e FYI \'isibl e 
a lbed o (da y 162 ) d ec reased 6% as th e snow d epth 
d ec reased to 6 cm a ll o\\'ing th e underlyin g ice surface to 
furth er reduce the surface a lbed o, By comparison , th ere 
was littl e change ( 2% ) in th e visibl e albedo of th e .\IYI 
site (da y 161a) , Tt is e\'id ent th a t in term s of a d ee p, 
opti ca lly thick snow co\'Cr, cha nges in the snow's g ra in 
stru cture ha d littl e e flec t o n th e a mount o f visible 
radiati on refl ec ted o ut o f th e yolum e a t thi s stage , The 
mos t dra ma ti c changes in th e spect ra l a lbedo of bo th ice 
ty pes occ urred a t th e lo nge r, nea r-infra red lI'a \'e leng th s. 
Th e a ppeara nce of th e la rge aggrega te sno\l' g ra ins in th e 
sno\\", surface layer increased th e a mount of a bso rbed 

in fr a red ra di a ti on , co nseq uen tl y lowering th e nea r­
in fra red a lbedo b y 17 18% a t both ice sites. In 
compari son to th e I\IYI sit e, la rger surface snow g ra ins 
a t th e FYI site res ult ed in a lower nea r-infra red a lbedo 
(FYI a nir = 0,64, MYl etllir = 0. 67 ) , Th e infl ec ti o n a t 
0.95 {lm in spec trum day 162 of Fig ure 2a is the result 0 [' 

instrum ent noise . 
\\'a rm er conditi o ns led to increased ex posure o f ice 

hummocks on th e noe. Spectrulll da y 16 1 b in Fig ure 2b 
\I'as co ll ec ted 0 \ '(' 1' a hummoc k top adj acent to th e c rys ta l­
pit a rea , Th e hummock s urf~tee consisted ofa thin , crusty, 

white ice laye r cO\ 'e rin g milk y-blue ice. The surface laye r 

had a ppa ren tl y und ergo ne preferen tial solar melti ng, 
ma kin g th e darker-to ned ice laye r \'isible ben ea th it. Th e 
surface's spec tra l a lbedo a ppea rs to d ec rease lin ea rl y with 
\\' aI'e leng th [i'om 0.5 to O, 8 /1m, Th e upper ice laye rs of 
th e humm oc k top sca ttered th e in cid ent light less e!Ti c­

iently th a n the thick melt-pond sno\l' \'olumes , r es ulting 

in 10\l'e r a \'e r age \'isi bl e a nd near-infrared a l bed os 
( et'is = 0. 73; etlli r = 0 .57 ) (T a ble I ) . 

T,,'o d ays la te r, melt-po nd sno \\' CO\T rs e:-;:hibited a 
dull co lo ur as th ey a pproached sa turati on le\T ls. \\ ' ithin 
th e melt ponds, (i'eely dra ining meltwater acc umul a ted 

within lower snow laye rs, creating a darker sub-surface 

slush laye r. Spectrum d ay 163 in Fig ure 2b was coll ec ted 
ill a melt-pond d epress ion th a t consisted of' a 15 cm blue­
slush laye r cO\ 'e red by 10 cm o r \ 'C ry \I'e t snow. Th e thin 
snoll' CO\T r a llO\\'ed in cid ent visible radi a tion to inte ract 
with th e lower-a lbedo slush laye r, d ec reas ing \'isibl e 

a lbed o by 8 % from d a y 16 1. La rge pol yc rys ta lline 
aggrega te grains at th e s urf~lce (g rain radius = + mm ) 
d ec reased the nea r-infrared a lbed o by 13% to 0 ,58 
thro ug h increased a bsorpti o n ill nea r- surface zo nes , 
O\'e ra ll , th e appeara nce o f' a sa turated snow surface in 

th e tra nsitional stage ca used a lbed o to d ecrea se across th e 

instrument ra nge, th e la rges t d ec rease being a t nea r­

in fra red \I'a \'e leng th s. 

3.3 Late stage 

In th e la te stage , both FYI a nd i\JYI surfaces evoh-ed into 

a he te roge neous mi x o f sta nding melt\l'ater and ba re 
snow/ice surfaces as a ir tempera tures sta yed consistentl y 
a \)o \'e OCC. The unique topogra phy of .\IY[ floes, having 
encouraged th e acc umul a ti on o r d ee p snow cove rs, led to 

th e form a tion of wa ter-rill ed melt ponds inte rspersed 

a mong th e fl oe', hummocks, In comparison , increased 

mclt\l'a te r dra inage a nd na tter topogra ph y a t th e FYI site 
pre\T nted th e form a ti o n of d eep wa ter-fill ed melt ponds. 
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[n Fi gure 2a a nd b , spec tra with circle sy mbols represent 

a lbed o m cas urem e nt s m ad e durin g th e la te s tagt'. U nlik e 
th e spcc tra tra m the prn' io ll s stages, th ese dat a \\T re 
co llecred 0 11 cl ea r d ays . Th e m elt-po nd spenra a ppea r to 

be co rrec t, but th e near-infi-ared pa n o r th e d ay 17 1 a 

sp ec trull1 in Fig ure 2a is pro ba bl y O\Trest ima ted du e to 

th e res po nse o f th e co ll ec to r a nd thus trunca ted a t 

0. 77 pm. 
Speerrum d ay 17 1 a in Fig ure 2<1 \I"as ta ken 0 \ "(' 1' a 

\I ' hite-i ce a rea a t th e FYI site . Th e white pa rc hes \lT re nOl 

dra in ed ice areas, bUl ra th e r thin , rragile remnants of th e 

d eco m posed snow cO\·e r. Th is la : 'e r was " ery fragil e a nd 

eas il\" bro ke a \l"ay to rn"ea l a sa tura ted blu e-i ce eO\·e r. 
Th e spcn rum is sli g htll- hi g he r a l th e sho rt, blu e \1 ' <11"(, ­

leng th s i nd ica li ng sea Ll ering b y t he ci a rk. u lIdc rl yi ng ice 
la YC r. Spenra we re collected OI'er both FYI a nd :\ fYl 

m elt-pond ar eas. Spect rum d a \" 17 1 b (Fig . 2<.1 ) \I ' as ta ken 

a t th e FYl site O\'er a light -blue o r aqu a m a rin e-co loured 

m elt a rea 11 cm d ee p. ,\ thill. froze ll ice la:'Cr cO\"e red th e 

s urf~lce. \I os t ot th e FYI sur lace \I'as cO \'e reel with me lt­
\I"'UCl'. Spectrum d ay 173 (Fig . 2b ) \I as m eas ured a t th e 
I\IYl site o\"c r a milk y-blue m e lt po nd filled with 15 cm o r 

m eltwa ter. A thin « 1 cm ), tra nsluct'nt , slush layer lay 

0 11 th e p o nd sur/ace . At bo th ponds, so la r e ne rgy in cid e nt 

a r shorter \I'an 'leng th s « 0. 5 J.Lm ) pene tra ted dee pl \' into 
rh e und e rl ving ice . \I 'hile \"isiblc li g ht a r \I"a n : leng rh s 
> 0. 5 pm illtCl'a ctecl m o rc \I 'ith th e subm e rged S Ud~1C C ice 
layc r (P crOl'ic h a nd Gre nlell , 198 1) . This la yer a ppcars to 

sca tter less efIi cie ntl y, r es ultin g in a d ec rease in a lbed o. At 

n ea r-i nrra reel In t I'(' leng ths, a bsorpti o n b y mel t lI"a te r 

clea rly d o min a tes as th e a lbed o lel'C ls a t an a l'tTage 
\ 'a lu e o r 0 .1 2. Th e sm a ll a m o unt or refl ec ted ra di a ti o n a t 
th ese \I'a \ 'C kng rh s is du e to \"o lum c sca ttcrin g in th e po nd­
surtace laye r;., th a t we re prese nt at bo th sit es . 

4. SUMMARY 

In SL\L\lS '93, th e FYJ sit e rra nsfo rm ed trom a hi g h­
a lbed o snow-cOl'e reel surbce to a low-a lbeel o \I'a ter­

cO\'e reel surface . Th e m os l dra m a ti c cha nges occ urreel a t 

near-infi-a red wa lTkng th s. Th e hi gh a lbed o o r sno ll'­

cO\'ereel sea ice was reduceel wbe n reelunio n in th e snO\l" 
\'()Ium e's e1 e pth a nd enl a rge m e nt o r snow g ra ins a ll o \\"eel 
inc id enr radi a ti o n to int eract \I"ith th e darke r., und erl ying 
ice surface . This d ecrease in s urf~l ce a lbed o OI'C r th e FYT 

sit e pro ba bl y co ntributed to th e ea rl y a rri\"a l o r s Llrl~l ce 

m elt\\'a ter in 1993 . The tim e oC season wh en thi s criti cal 
d epth is ITilc hecl \\' ill va ry e1 e pe ndin g o n th e a mbi e nt 
tempera ture a nd m os t impo rta ntl y snO\l' d epth . Th e 
spring SIl Ol\" d epth is d epe lld e nt o n th e frequ enn ' of 

snowra ll , whi ch ca n se n T to in crease snoll' d epth and 

reduce th e I'o lulll e's snO\l" g ra in-size, a nd th e opportunit y 

[o r catchm ent to (~l c iJitate sig nifi ca nt snOl\' d e pth s. Th e 

infra red sea -i ce a lbed o respo nd ed to seaso na l c ha nges in 
rh e surtace laye rs o t th e \·o lume. \\' he n a snow cOl'er \\ 'as 
prese nt. rh e seaso na l ,2,Towth of SIl O\l' grains into po ly­
crys tallin e units in th e nea r-sur tace laye r o t th e pac k 

d ec reased infi'a reel a lbed o . \\'he n surfa ce \I"a tc r \I 'a s 

present , th e sea -i ce surrace was a radiation sink a t infi-a­

red \I"al'l"le ng th s. It sho uld be no ted th a t th e SL\L\IS '93 
ex periment d id no t e ncompass th e rull m elt seaso n. \\' ith 
th e a ppearance o f' th e crac ks in th e ice . thi s FY T s Ul " f~I Ce 

De .-lbreu alld others : 5j)ec/ral albedo I"!/ ,IIlO1l'-CIJl'el-er1 ,lea ice 

dra ined, pro babh rel 'ea ling a hi g her-a lbed o ice surface 

(G re nCr Jl a nd Perm 'ich, 198+ 1. 
Lik e FYI , th e \JYT fl oe in Sll\ll\IS '93 tra nsfo rm ed 

fro lll a hi g h- to 10 \1 -a lbed o surtace \I 'ith th e prog ress ion 

or lh e spring m elt. Lnlike th e FYI site, al rull m e lt 

co nd iti o ns lh e \1\"1 site ,nlS less ho m ogeno us du e to th e 

prese nce o f th e \lhite hummocks inte rspe rsed am o ng th e 

m elt po nd s. The noe\ o 1"1''1' a I I a lbed o is thus d e pe nd ent 
o n its hummock/m e lt-po nd rario . It \I'as C\·ici e nt th a t this 
ra ti o d ecreased as m elt co nciiti ons ('\ 'o ll-ed O H T th e 

ex pr riment p e ri od. E a rl \' in th e m e lt season , th e fl oc's 

m elt - po nd areas \I,(,IT fill ed with a thi c k snO\l" COl"er 

whi c h produ ced a high e r a lbed o th a n th e sno w- co\'e red 
FYl sile . Th e infj 'a red a lbed o was m o re se nsiti\"e to 

mi lTos rru c tura l c ha nges occ urrin g in th e sno wpac k' s 
u p per la\'C rs. Th e \'isibl e a lIJed o sta yed co ns ta nt until 
increased wa te r \ 'o lum es in th e pac k res ulted in th e 

sa tura ti o n or th e co ,"er 's 10 1\'(' 1' la :·e rs. As thi s slush laye r 

g re\l' and a pproac hed th e sll o \l,/ a ir inte rface, in c id ent 
\"isiblc radi a ti o ll sca tt e rin g thro ug" h th e re m a ining sno ll' 
la\"lT is a bso rlw ci , co nseque ntl y 10 \l 'C rin g lh e s url~l ce 

\i siblc albed o . \'"ith th e appea r a nee o r s url~1C(, m elt­

\I·,Her. bo th th e I'is ible a nd infi 'ar cd a lbed os a rc reduced 

co nsid erabl y. Th e sho rte r-wa H'leng t h "isi ble radia tion 

ill te racts m o re \I"i th th e po nd 's bo t to 111 a nd uncle rh 'ing 
in' micros tru cture . Nearl y a ll o r lh e incid e nt infj-ared 
ra d ia ti o n is a bsorbeci \li th in the nlC ll\l'a ter, pro ba b ly 
leading to th e a blati o n o f'rh e po nd' s ice bo tt o m a nd 

sid es . 

5. CONCLUSION 

This il1l ,(,s ti ga ti o n has exa min ed th e tra nsto rm a ti o n o r till' 

spec tra l a lbed o o r snO\\'-cO\'(' red lirst- yea r a nd multi-yea r 

ice surfaces \I'ith th e o nse t o f'm elt conditi o ns. ,\ s expected . 

th e albedo o r sea ice durin g thi s peri od is intim a teh " 
relat ed to rh e geo pl1\"s ical srructure o C both th t' snO\l" a nd 
ice \ '01 um es . Th e spri ng ri m e m e ta m orphi ;., m o r sll o llpac ks 

on bo th first- H ar a nd multi- yea r ice redu ces surface 

albed o and inereases th e co ntras t be twee n "isible and 

nea r-infrared spectral a lbed o . Future field ca mpa ig ns \I·ill 

pro \' id e a n o ppo rtunil>" to ex te nd thi s d a ta se t to 
e ncompass th e Cull melt C \ T Ie (i. e. dra in age a nd break ­
up I . or spec i fi c interes t a re imprm'i ng th e pa ra Ill c tcri z­
a ti o n o f sca-i ct' a lbed o in Ea rth sys tem Ill od e ls a nd 

d el'e lo ping m e th od ologies \I·he reb\, remote-se nsing d a ta 

co ll ec ted a r so la r a nd micro\l"<1I e \I 'a " e leng ths m ay be 

used to prOl' id e sea -i ce a lbed o info rm a ti o n Ll se rul to r th e 
d Cle lo pm e llf , initiali za ti o n a nd I'<liici ar io n o f' th ese 
m od e b,. 
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