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Visible and near-infrared reflectivity during the ablation 
period on Peyto Glacier, Alberta, Canada 
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ABSTRACT. ~Iod els fo r calcul a ting g lac ier mass ba la nce a re se nsiti\'e to surface 
refl ectivit y va ri a tion. Fieldwork carri ed out on Pey to Gl ac ier, Alberta, C a nada, 
contributes to the da ta se t a \'a il a bl e fo r ice-refl ec ti\'ity pa ra meterizatio n in such 
models. H emispheri ca l re fl ec ti\'it y in the \'isible a nd nea r-infra red parts o f th e so la r 
spec trum was obtain ed fo r rock, snow a nd three contras ting glacier surfaces to 
examine temporal a nd sp a ti a l va ri a ti ons. Glac ier-i ce nea r-in fra red refl ec ti\ 'ity di splays 
onl y min o r spa ti a l \'a ri a ti o n (0.12- 0.17) in comparison with th e visiblc ra nge (0.23-
0.40) , th e la tter being influenced prima ril y by surface im purity content. S urface 
roughness is of minor importa nce compa red with impuriti es . T emporal varia ti on of 
refl ectivi ty \,'as wea k a t a ll g lacier-ice a nd rock loca ti ons; si ig h t \'a ri a ti ons o bsen 'ed 
II"cre du e to cha nges in eith er so la r zenith a ngle or cloud a m o unt. Snow refl ec ti vit y 
di splayed pronounced diurna l asymmetry and a larger res po nse to cloud co\·e r. The 
minim al tempora l \'a ri a ti o n in glacier-ice re fl ecti\'ity sim plifi es its param eteri zati on. 
Thi s be ll£1\" iour is additi o na ll y useful fo r sa tellite-based m easurements o f th e 
refl ec ti\ 'it y fi eld on la rger g laciers, as im ages obta ined \\' ithin a 6 h windo \\' cen tred 
on sola r noon a re likely to yield \'a lues whi ch a re within 2 3% of dail y mean ya lues. 

INTRODUCTION 

The a blat ion a reas of mid-l a ti tude glaciers contribute a 
di spro po r t io na tely la rge vo l ume of me ltwa ter to tota l 
summ er discha rge in proglac ial stream s. Differen tia l 
refl ec ti o n o f incident sola r radi a ti on by th e va ri ety of 
sur faces enco untered o n \'a ll ey g lacie r s exerts a n 
importa n t tem poral a nd spa ti a l con trol o n me! twa ter 
genera ti o n . \\'hilst snow re fl ec ti \'ity has recei\'ed ex tensi\'e 
exa min a ti o n , in terms of bo th measurem ent a nd model
ling (see re\ 'ie\l's by M e li o r, 1977; Wa rren , 1982; Dozier, 
1987 ) , ex posed glac ier ice rem ains und erex pl o red in thi s 
rega rd. l\Ie teorological im'es tiga tions o n g laciers have 
in clud ed th e meas urem ent of ice re fl ec ti\' it y, with 
considera bl e \ 'a ri a ti on in th e res ults obta in ed (Andrews, 
1964; H o lmg ren, 197 1; W end lc r and W ell er , 1974) . In 
lig ht of th e sensiti\ 'ity of c urrent glac ier m ass-ba la nce 
simul a ti o ns to re fl ecti vity (O erl ema ns a nd H oogendoorn , 
1989; Munro, 199 1), es tim a ting a single \ 'a lue from such 
studi es to represent the en tire a bl a ti on a rea o f a new area 
\I'ill p rodu ce erroneous predi c ti ons of'd a ily m ass loss. 

Fi eld wo rk on Peyto G lacier, Alberta, Canada, was 
designed to qua nti fy the spa ti a l and tempo ra l ra nge of 
refl ec ti\'it y in a temperate g lacier se tting . Sno w refl ec ti \'ity 
para me teri za ti ons in so m e current g lo ba l circul a ti on 

• .\101'" a t the D epa rtme nt o f Geology a nd Geo ph ysics, 
U nive rsit y of Minn eso ta, 3 10 Pill sbury Dri \'e SE, 
~ finn eapoli s, T\fN 55455-02 19, U .s.A. 

models sepa ra te the \' isible and nea r-in frared waveba nds 
( ~I a rs h a ll a nd W a rren, 1987 ) because of their different 
responses to surface physical pro perti es . Values from Pe)'to 
Glacier we re obta ined for th e spec tra l \I'a \'eba nds of 0.35-

0.695 {lm (\'isible ) a nd 0.695- 2.8 {lm (nea r-infi'a red ) . 

BACKGROUND 

~1eas urem e nts o f' broad-ba nd renec ti vit y a re o ft en 
conducted o\,e r th e short- wa \'e spec trum fro m 0.35 to 

2.8 Jlm , a nd a rc commonl y re f'erred to as a lbed o (p). 
H emispheri cal re nec ti \' i t)' o \'C r th e broad \' isi bl e a nd 
nea r- infra red spec tral ba nds (PVl S a nd PNIH ) is rep o rted in 
this pa per. Th e te rminology adopted here origin a tes from 
th e more precise d efiniti ons of Siegel and H owell ( 1972 ) . 

Earl y measure m en ts of P o n mid-l at itude glaciers in 
th e Austri a n Alps we re ca rried o ut by Sa ubere r a nd 
Dirmhirn ( 1952 ) , Scheibbner a nd ~Jahringe r ( 1968 ) a nd 
W agner ( 1979 ) . T a ble I includ es res ults of th ese studies in 
a comparison o f th e quoted ra nges o f P for differen t sno\\' 
a nd ice surfaces. Grenfell a nd Perovich ( 1984) provid ed 
\ 'a lues for spec tra l refl ec ti\'ity o f g lacier ice betwee n 0.38 

a nd 2.5 Jlm fo r Ath a basca Gl acier, Ca nada . !-.1unro a nd 
Young ( 1982 ) m a d e some preli m in a ry inves tiga tio ns of P 
o n PeyLO Glac ie r. 

The fac to rs influencing refl ec ti vity are those rel a ted to 
th e surface itse lf a nd those co ncerning the inc id ent so lar 
radi a ti on. An inc rease in g ra in-size res ults in red uced 
re fl ec ti\'ity, most e ffect ively in th e nea r-infra red sp ec tral 
region (W a rre n , 1982 ) . Bohre n a nd Beschta ( 1979) 
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T able 1. Examples of rejJorted ranges of lotal hemisjJherical reflectivity over glacier sU1Jaces. SllIface descrijJtions are 
ada/Jted ]ram those lIsed by the autliors cited in the lable 

Source Wagller (1979 ) Scheib b71e1" and _Halzri71ger ,\larkin ( 1961) Sauberel" and Dirmlzim 
( /968) ( 1952) 

Location Hinlereistemer Sonnblickglelscher Frall;:-Josef Land SOllnblickglet scller 

N ew snow (> 0.05 m thick ) 0.90- 0.95 0.88- 0. 98 
New snow « 0.05 m thick) 0.60- 0.90 0. 70- 0. 88 0.85-0 .95 0.70- 0.90 
Clean old snow 0.62 0.68 0.50- 0.70 0.65- 0.70 0.46- 0.70 
Impure old sno"" 0.46- 0.59 0. 35- 0. 50 0.30- 0.60 
Clea n firn 0. 50- 0.63 0.60- 0. 65 0.50- 0. 65 
Im pu re firn 0.25- 0.30 0.1 5- 0. 30 0.18- 0.30 
Clean ice 0. 30- 0.45 0. 30- 0.46 
l\1edium impure ice 0.15- 0.20 0.20- 0. 30 0.20- 0. 30 
Impure ice 0.06- 0. 20 0.09- 0. 20 

d emonstrated tha t for a given gra in-size p is, a t m os t, 
weakl y dependent on density. \Va ter alone does no t 
increase radi a tion a bsorption, because its refrac ti ve ind ex 
is simil a r to th a t of ice (Bergen and o thers, 1983) , but th e 
efTec tive gra in-size is increased by wa ter in interstices 
be tween grains (Colbeck , 1979 ), a nd this reduces p. 
Impurity content ac ts mainly on visibl e refl ecti vity; la rge r 
con ce ntra ti ons I-edu ce \'a lu es of p (Wa rren , 1982 ) . 
Increasing surface ro ughness, through the developm em 
of mi crotopographical fea tures such as sas trugi , has th e 
same effec t. Slope a ngle and aspec t interac t \\-ith in cident 
sola r-radiation geometry to al ter its effec tive a ngle of 
approach to th e surface, thus a ltering p (M a nnstein , 
1985) . A depend ence of refl ec ti\'i t y on sola r zeni th a ngle, 
e, has been demonstra ted in num erous studi es ove r snow 
and ice (Sauber er and Dirmhirn , 1952; Hubley, 1955; 
Scheibbner a nd M a hringer, 1968; Yamanouchi , 1983; 
M cGuflie and H enderson-Sell ers, 1985; Wendl er a nd 
K ell ey, 1988), where refl ecti\ 'ity increases as e in creases, 
beca use of enh a nced spec ul a I' refl ec tion of th e direc t
beam component of radi a ti on. 

Th e spec tra l composition of incid ent sola r radia tion is 
a l tCl-ed by th e presence of cloud s as water a nd ice 
preferenti ally a bsorb nea r-infra red radia tion, thus in
creas ing the proportion of visible li ght. This enh a nces p 
because snow a nd ice re fl ec t mo re visible th a n nea r
infrared radi a tion (W arren, 1982) . Additi ona ll y, the 
difTuse fraction of the incid ent flu x increases with cloud 
cover. The diurna l varia ti on of p is smoothed as the 
diffuse fi'ac ti on in creases, with va lues for e > 50° reduced 
but th ose for e < 50° increased, a response which h as been 
well doc umented for wa ter (1'\ unez and others, 19 72) . 

PROCEDURES 

Five sites in th e a bla tion zone o f Peyto Glacie r were 
examined, each fo r approx ima tely I week of th e 1990 
summ er. Three loca tions were chose n to represent 
extremes of cl ean, dirt y a nd rough ice (excluding 
crevassed a reas ) . Th e rema inin g two sites wer e on 
melting snow a nd roc k. A deta il ed assessment of surface 
properti es was ca rri ed ou t fo r each si te (T abl e 2) . 
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Impurity com ent was determined by filtering a melted 
sa mple of known volum e through a pre-weighed qu artz 
membra ne filter (1.5 JiI1l pore spacing) . Th e sample was 
then dri ed for 24 h a t 110°C and reweighed to yield 
impurity content. Snow density was meas ured using 
sta ndard techniqu es (0strem and Brugm an, 1991 ) . 
Valu es fo r ice were obta ined from a SIPRE-type co ring 
auger (83 mm di amete r ) penetra ting th e topmos t 0.25-
0.30 m of th e surface. Each sample was split a t th e 
discontinuity between th e wea thering crust (MLiller a nd 
Keeler , 1969) and th e m ore dense ice below, permitting 
sepa ra te densiti es to be ealcula ted. Surface roughness at 
each site was es tima ted b y laying out 5 m long poles on 
the ice a nd measuring th e distance from pole to surface a t 
0.1 m intervals. Five hundred values were collec ted a long 
each of two transec ts a ligned a t rig ht-a ngles to one 
anothe r, a nd stand ard d evia tion about the mean dista nce 
was used as an ind ex o f roughness . 

Four pyranometers (Kipp and Zonen , ~Iode l CM 11 , 
Holl a nd ) were used to obtain hemisph erical reilec ti vi ty. 
These were mounted in two bac k-to-bac k pairs on adj acent 
horizonta l supporting a rms 1.6 m above the surface . One 
pair reco rded incoming a nd refl ec ted so la r radi a tion over 
th at pa rt of the spectrum which passes through clear g lass 
(0.35- 2. 8 ~lm ) , thus capturing all but neglig ible amounts of 
solar radi a tion (K ) from the full short-wave spectrum. 
Hemisph erica l RG695 filters on the second pair permitted 
onl y wa velengths grea ter th an 0.695 ~lm to pass through , 
thus capturing near-infra red solar radi a tion (K Nm). Th en 
PV lS a nd PNIR a re es ri m a ted by: 

p)J (\ c1A 1
0.095 

0.35 
PVlS = 1 0.095 

K., c1A 
0.3~ 
.) 8 

r- p>, K ).. dA 
J 0695 

PNm = /2.8 K >, dA 

J 0695 

K T - K h m 

K 1 - K lNfR 
(l a) 

(lb) 

wh ere A refers to wa vcl eng th and a rrows denote direct
ions of flu x. 
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Table 2. Properties oJ sll/dJ'-sile Jlllfaces 

Sile Unils 

i\Ieasurement p eriod Juli an days 
EIe\ 'a tion 
Aspect 
Inclin ation 
Surface impurity content l 

:"l aximum 2 

IVI i n i m um :; 

Densit y 
Surface -t 

Substrate'') 

R oughness 6 

East- west 
North- so u th 

G ra in-size 

I From th e top 10 mm. 
2 :"1ean of three highes t \·a lues . 
3 ~Iean of th ree lowes t \'a l ues . 
I To a d epth of 609mm . 

m 

g l 
g l 

kg m 3 

kg m 3 

mm 
mm 
mm 

SIIOU' 

203- 210 
2500 
032 
09 

0. 199 ± 0.040 

515 ± 13 
569 ± 12 

30 
27 

0.75- 1.00 

5 L aye r iml1l ed i a t e l ~ ' be low surface sample to a depth 
of 0.3 m. 

It lI'as impo rtant to ma inta in consta nt se nso r he ight in 
o rder to eliminate changes in th e fi eld o f' v iew of the 
il1\'C rted ins truments. A " fl oa ting" suppo rt sys tem \\'as 
thus ado pted in lI'hi ch a vertica l mas t rested on a sma ll 
fl a t rock (0.05 m2 in a rea ) o n th e glac ier surface . A bolt 
embedded in th e rock held th e pole centred, whil e three 
guy wires pro \ 'id ed Ihe necessa ry stability. Th e sys tem 
performecl II'C I\ througho ut th e season , ",i th minima l 
adjustm ent. Th e pyranometers lI'Cre a lig ned such that 
midd ay shad ows were cas t north of' th e centre of th e 
i l1\'e rted -py ra no meter I·iell·i ng c i rcI e. 

Th e pe rce nta ge of' total re fl ec ted so la r ra di a ti o n ( ~, ) 

orig ina ting fro lll a circle o f' ra dius a can be calcul a ted 
from instrum ent height Zo (Schll-crdtfeger, 1976 ) : 

(2) 

Senso rs Illoun ted at 1.6 m lI'o uld therefore rcce ilT 9 1 % of' 
th eir sig na l fro m within a c irc le of radius 5 m. Aecorcl
ingh', obse n 'a ti o ns of surface physical pro pe rti es lI'ere 
made within thi s boundary whenel'Cr possibl e. 

The pyra nolllet er signa ls were sca nn ed at 5 s intel'\',ti s 
by a cl ata logger (Campbcl l Scient ifi c. l\fodcl 2 1:\ , 
tJ.S.A. ) II' hi c h reco rd ed 15 min mea n I·a lu es . A number 
o f' adjustm e nts lI'ere mad e to th e data : 

(i) A filt er fa c tor of 1.049 was a ppli ed to th e sensors fitt ed 
lIith R G695 filt e rs to correc t fo r sola r rad ia ti o n a bso rbed 

by th e g lass. 

(ii ) A co rrec tion facto r of 1.0 I , based on measu rem ents of 
shaded a rea o l 'e r a range o f sola r zenith ang les, \\'as 
app li ed to da ta from the i l1\'Crted se nsors. 

(iii ) D a ta o btain ed durin g prec ipita tion pe riod s were 

Culler and ,Il l/lira: R eflecliviO' 011 Pl')ilo Clacier 

D irly ice Cleall ice J-/u11Zl7wck} ice IV! oraine 

2 10- 217 2 17-223 223- 232 198- 203 
2267 2265 2244 2240 
350 350 107,287 i 3 15 
04 02 30- 48 07 

2.9 11 ± 1. 354 1.390 ± 0.626 2.475 ± 1. 976 
1.598 ± 0.253 0 .1 5 1 ± 0.088 0. 197 ± 0.079 

671 ± 2 1 630 ± 3 1 613±41 
822 ± 28 834 ± 23 834 ± 27 

89 11 3 163 50 
44 72 30 44 

5- 30 5-30 5- 20 5-400 

6 Standard d el' ia ti o n of 500 readings in east west a nd 
north- so uth tra nsec ts. 

Aspects represe nt two domin a nt slopes of th e hu m 
m ocked surface, 180 0 apan. 

di sca rd ed, sin ce th e p resence of raindrops on th e ill\ 'e rted 
g lass hemispheres mav ha l'e produ ced erroneo us readings. 

Considera ti o n o f potentia l e rrors in pyra nometri e 
m eas urement s. trea tin g th em as ind epend ent a nd add i
til 'C , results in a worst-case e rro r of ±5.+% for th e 
re!l eC[il'itl' measurem ents. ~IcG urfi e a nd H end c rson -Sell
C l'S ( 1985 ) poi nt o u t th a t this ra n ge is broad enoug h to 
mask man y or th e subtle I'a ri at io ns in rell ee ril'it), th a t a rc 
so ug ht. This is, however, not Lhoug ht to be a problem sin ce 
th e errors represent rh e mean de\ 'iat ion from the correc t 
rea ding, th e d irec ti o n o r whi ch is unlikely to cha nge ol'er 
th e day, or fi 'om o nc dal' to the next. Expe rim ents 
perform ed on th e i llI 'erted i nstru m ent s, to i I1\'CS ti ga te 
poss ible a lterati o n in ca libra ti on constant du e to ove r
turning, showed no sig nificant e rTeer upon th e ca librat ion. 

Data from th e up\l'a rd-facing unlilt ered pyranometer 
lI'(' re used, in co njun c tion wit h p yrh eli ometri c m easure
m e nts or direc t rad ia ti on (Eppl y, l\Iode l E6 , U.S.A. ) to 
find the difru se radiati on, D, b y residua l. Thus, a 
s tat isti ca l rela ti o nship \\'as found be tll'een g loba l r ad ia 
ti o n , and th e diffu se fr ac ti on: 

~=(\+ (3 ](1 
]( 1 10 cos e 

(3) 

whe re 1o, th e so la l' constant, is taken to be 1353 \ V m 2 

(M on teith , 1973 ) a nd e is th e so lar zen ith angle. Our d a ta 
yie lded a = 1.1 7 1 a nd (3 = - 1. 225, lI'ith a coeffi c ient of 
d e te rmination equal to 0.82 . It sh o uld be noted that th e 
dirT'use frac tion is assumed to be equ a l in the I'isibl e and 
nea r-infrared spec tral regions in la ter data ana lys is. 
Commonl y th e d i fru se-rad ia ti on pea k drifts fu rther in to 
th e nea r-infrared as clo ud increases (\\'e iss and Norman. 
1985 ). 
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RESUL TS AND DISCUSSION 

A strong distinction between P VIS and PNIR was o bsen 'ed 
und er clea r ski es a t a ll three g lac ier-i ce locatio n (Fig. 
l a ) . The la rger va lues for PVIS agree with pre\ 'iously 
observed contras ts be tween the two wavebands over snow 
surfaces . The la rge surface impurity con te nt a t the dirty
ice site is responsibl e for the relatively greate r difTe rence 
be tween PVIS and PNlR a t this site. R efl ec ti\ 'ity di spl ayed 
limited tempor a l va ri a ti on, whil st spa ti a l va ri a ti on, 
indicated by comparing th e clean-ice and dirty-ice 
resul ts, was marked ly la rger in the \'isible spec tral 
ra nge. Th e presence of surface roughness elem ents a t 
the hummocky-ice site, crea ting mi crotopographi c shad
ing, is appa rently less influenti a l th an impurity content. 
E vid ence for asymmetry of P VIS a nd PKIR a round solar 
noon, caused by ph ysical changes of the surface ove r the 
passage of a d ay (mel ting), was only sli ght, a lth ough 
afternoon \'a lues tend to be lovver th an mid-m orning 
va lues a t th e hummocky- and dirty-ice sites , 

Snow co\'e r a nd rock are a t th e ex tremes of th e range 
of observed reOec ti\'ity behaviour (Fig, I b), The g rea ter 
diurnal va ria tion of re fl ecti vi ti es occurred a t the snow site, 

LOCAL APPARENT TIME (h) 

a 

As no completely clear days occurred during th e sn ow 
meas urements per iod , a composite trace \\'as plolled by 
combin ing records fro m two days with ove rl apping clea r 
pe riod s. Here asymmetry around so lar noon is mo re 
prono unced, with reduced a fternoon values att ributa ble 
to surface metamorp hos is and slope geometry; the slop e 
dips a t 9° wes t (280°) , whi ch fa\'o urs g rea ter refl ec tion in 
the m orning. In contrast to the glacier surfaces. reOectio n 
of so la r rad ia ti on from rock is grea ter in th e near-infra red 
ra nge. Non-linea riti es in the traces a re probab ly caused 
by sh ading effec ts from indi\'idu a l rock elements, As 
expec ted fro m an op a qu e medium , d iurna l \'aria tion is 
negligible. 

I n o rder to stud y th e in fl uence of cloud cover on P VIS 

and PNIR, refl ec ti viti es reco rded in th e zenith -angle ra nges 
3So< e < 4So, and SOO< e < 60° we re plo tted against th e 
diffuse fraction of in cid ent so lar rad ia tion, D/ ]{ 1, a n 
approac h used by N unez and others (1972) o\'er wa ter. 
As no ted ea rlier, th e p rese nce of cloud should subdue 
reOec tivity for e > SOO, whi lst the con verse is ex pec ted fo r 
e < SOO. 

The resul ts of thi s a na lysis (Fig. 2) for dirty ice, in the 
zenith-a ngle ra nge 3So< e < 4S o, show th a t neith e r 
waveba nd is pa rti cu la r ly sensitive to increasing d iffi,lse 
frac t io n, althoug h there is a rising trend which is 
qu a ntifi ed by regressing refl ec tivit y aga inst d iffu se 
frac ti o n of incident g lo ba l radi a tion (T a ble 3). For dirty 
ice in the zenith -a ng le ra nge 3So< e < 4So, PV1S ri ses by 
0, 033 a diffuse frac tion goes from 0 to I , whereas P V1S 

increases by onl y 0.011 . R eOecri\'ity fo r a ll glacier-i ce sites 
shows a similarl y weak res ponse to increased diffuse 
fr ac ti on, although of th e two wave ba nds the near-in fra red 
shows the greater sensi ti \'ity, r t should be no ted tha t the 
stand a rd error di sp layed in T able 3 is often >50% of the 
cha nge in refl ectivi ty from purely direct to purely diffuse 
condi tions, 

1°·5 
rO.4 

~--------~~~--~--~~----~ 1 > I 

a. 

> 
I-

> 
i= 
(.) 
W 
...J 
u-
W 
a: 

b 

o 

~ oJ t; i crQ ED L£ ~ §JrJ O r 

~ 0 . 2 } 0 . 2 

0 . 8 SNOW, P y I 5 -
W I 

~ ':_"_R_: _:_K_, _P_N_I_R ___ ~:: · 0 : -fJ _ _ t-_o "-oT; __ I _-o""~-_O_'_O_: -o-.~-:-·--·-:,:_1 _0 __ O+l: ' 

-......... D/K + 

oJ 

,.; 
0 . 2 

ROCK , PylS I 
o 1 +---r----c----,----r---,------,----r-,-------,--.....---.-----+r ° 
0600 0900 1200 1500 1800 

LOCAL APPARENT TIME (h) 

Fig, I. (a) Diurnal variation oJ PVlS and P NlR on clear 
days aL the dirly-ice ( D.ICE) , clean-ice (G. ICE ) and 
11lI1111110cked-ice ( H ICE) sites , (b) Diumai varia tion oJ 
P,'IS a7ld P~IR 011 clear days at t/ie snow and rock sites , 

Fig, 2. The responses of P VIS (open squares) and PNIR 

( closed circles) aL the dirLy-ice site Lo increasing diffuse 
}i'acLion oJ incident solar radiation Jor 3S' < e < 4S , 

As theory predicts (C houdhu ry a nd Chang, 198 1) , 
snow refl ec tivity und er clear ski es (D / J{ 1-> 0) is grea ter 
for the la rge r of th e two e ranges, so there is a m o re 
dra m a ti c response o f snow re fl ec tivi ty to cloud (Fig . 3 ) , 
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Cutler and JlIlIllro: R eJ7ectivi{l' on P,,-vto Glacier 

TabLe 3. Results oj Linear regression al1a[)I.'iis oj rej7ectil'il)' vs diffuse fraction oj incidellt solar radialion 

Site Rej7ectivity Range oj () Sam/Jle size 
I.y/)e (0) 

Dirty ice PVlS 35- 45 71 
50- 60 53 

P:-IlR 35- 45 71 
50- 60 53 

Clean ice P\' lS 35- 45 11 5 
50- 60 54 

PN IR 35- 45 11 5 
50 60 54 

Humm ocked Ice P VIS 35- 45 144 
50- 60 74 

P:-IlR 35- 45 144 
50- 60 74 

Snow PVlS 35- 45 61 
50- 60 45 

PmR 35- 45 61 
50- 60 45 

R oc k PVIS 35-45 38 
50 60 31 

P;"\T lR 35- 45 38 
50- 60 31 
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Fig. 3. The resjJollse oj P Vl S (cloSfd squares) and PNIR 

(closed circles) at the metal1lorjJhosed snoU' site to 
increasing di/JlIse fractio ll oj illcidfllt solar mdialion j01' 
35"< () < 4:;-0, and eqlliNdentres/Jonmjor 50 < () < 60° 
(a/Jell 5,.vmbols) . 

Again PNlR is th e \'a ri ab le more se nsitive to increasll1g 
diffuse fract ion, a nd P VlS provid es a good exa mple of'h ow 
th e [\\'0 zenith-angle ranges ma y converge at D j J( 1 = 1 
(as sugges ted by Nunez a nd o th ers, 1972). These res ults 
indica te that m ost of th e ri se in p under increas ing cloucl is 
clue to th e r ise o f re Oec ti vity in th e nea r-infrarecl pa rt of' 
th e spec trum . 

Regression Slandard ReJ7ectivi{JI at Refleclivi~v at 
slojJe error Dj K l= O Dj K l= 1 

0.0 11 0.008 0.2 34 0.245 
- 0.002 0 .01 3 0. 253 0.250 

0.033 0.008 0. 11 5 0.147 
0.03 3 0.0 12 0.125 0.158 

0.000 0.009 0.406 0.406 
- 0.003 0.0 15 0.417 0.4 13 

0.023 0.0 14 0.164 0.1 87 
0.057 0.0 18 0.160 0.2 16 

0.021 0.0 11 0.378 0.398 
- 0.0 12 0.0 19 0.4 12 0.40 1 

0.033 0.0 16 0.1 54 0.186 
0.027 0.021 0.1 6 1 0. 188 

0.049 0.0 14 0.728 0.777 
- 0.01 4 0.022 0.779 0.766 

0.184 0.0 16 0. 396 0.580 
0.166 0.0 17 0.399 0.565 

- 0.006 0.0 11 0.171 0. 165 
- 0.0 19 0.0 18 0. 182 0. 164 

0.008 0.0 10 0.240 0.248 
- 0.004 0.013 0.247 0.243 

One factor clri\ 'ing cha nges in reOect i\'ity uncler 
inc reasing cloucl is diminished a lte ra ti on of th e a ngle of 
app roach of inc icl e n[ so la r ra di a tion. It is therefore 
interesting [ 0 exa mine th e rela tion ship betwee n refl ec ti\ '
it )' a nd cos () und e r sunn y ski es (Fig . 4), contras tin g th e 

beha\'iour of' P VlS a nd P KIR a t th e clean-i ce and th e snow 
sites (clean ice was chosen bcca use surface impurity 
contcnt \\'as th c closest ma tch w ith th e snow site ) . 
Predomina ntl y sunn y sky pre\'a ils in th c se lec ted ra nge 

1 t~ -----~ ----'- -- l' ---r1 . . 
Cl. 0 . 8l 

. , . ~ .. .. 
., •• ::::., , o.s . ...... ~ SNOW 

>-

E 0 . 61 ~ 0.6 
(,) 
L1J 
....I 
LL 
L1J 
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0 . 4- ~ O . 4 

j 
0 . 2-

CLEAN ICE 

C. A A A A 

#;,~t;.~b;,~~~!~ 0 . 2 

0~1~~~~~~--__ _ - 0 
o 0 . 2 0 . 4 0 . 6 0.8 

cos e 

Fig. 4. The r eS/J 01ISe of PVlS (squares) al/d P NJR 

( triangles ) 10 ill creasing solar zenith angle at the sites jor 
cleal/ ice (O/Jell 5,.J1mbols) al/d SIIOW (closed ~ ) ' II/bols) . 
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of cloud cond i tions (0- 0. 2 cloud ), thus mIlllmlZll1g the 
inf1uence of clo ud on e. As ex p ec ted from th e rela tivel y 
g rea ter respo nse of the snow surface to cloud , th e snow 
ref1 ec ti vity displ ays the grea ter sensiti\'ity to cos e. 

Direc t compa rison o[ our results with da ta se ts from 
oth er glaciers is hindered by inadequa te desc ripti ons of 
surface properti es in pas t in ves tiga ti ons ofref1 ec tivity. The 
broad-ba nd na ture o[ our da ta a lso makes compa risons 
difficult because the majorit y of measurements availa ble 
are spec tral re f1 ec tiviti es [or na rrow \\·a\'e ba nds. N ever
theless , compa ri son o[ our d a ta with som e spec tra l 
refl ec ti viti es pu blished for glacier ice (fi g. 5) sho ws tha t 
P VlS [or dirty ice (solar noon \'a lue ) is slightl y greater than 
values in th e visible range reported by Zeng and others 
( 1984) for wh a t they term " honeycomb glacier ice" . Their 
surface is inte rpre ted as ice with multiple cryoconite hol es 
conta ining mo rainic debris. 

0 +---------------- C 0 Q C 

o 0 . 5 1 .5 

WAVELENGTH ( fl m) 

2.5 

Fig. 5. Comparison oj broad-band visible and near
infrared rejlectiviliesfrom clean and dirl} glacier ice ill this 
slud} wil/z sj)eclral rejleclivil)l data jrom olher glacier- ice 
slllJaces . The division between lite visible and near
infra red bands is indicaled al lite tOll oj lite fig ure. 

O\'era ll , it seems tha t the cleanes t ice fo und o n Peyto 
Glacier is surpassed on some glaci ers. Compa ri son o f P VIS 

from the c1 eanest pa rt of Pey to Glacier wi th sp ectral 
refl ec ti\ 'iti es o f g lacier ice (Fig . 5) sugges ts tha t surfaces 
exa mined by Grenfell and Perovich (1984 ), Z eng a nd 
o th ers ( 1984) a nd H a ll and o th ers ( 1990) conta ined fewer 
impurities . Th e va lues of Zeng a nd others a re [o r a blue
ice ba nd , whilst H all and o thers o nl y desc ribe th eir site as 
being in the a blation area . 

Compari son of values in the near-infra red band is 
compli ca tcd by the ra pid dec rease in spec tra l re f1 ec ti\'iti es 
a t 1.4 pm. Additionall y, the spec tra l distributio n of sola r 
radi a ti on may be slightly weighted towa rds th e shorter 
wa \'eleng ths (Monteith , 1973; W eiss a nd ~orma n , 1985). 
T a kin g this into considera ti o n , the da ta of Grenfell a nd 
PerO\' ich, wh en weighted acco rdin g to th e ex pec ted 
di stribution o [ incoming so la r near-infra red radia ti on 
(Monteith , 197 3), yield a valu e of 0 .20 for th e wa velength 
ra nge equiva lent to PNfR , which compares well with 0.1 8 
[or PNIrl a t th e cl ean-i ce site . 
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For eompa n so n o f sno\l' re fl ec ti\'ities with th e 
literature, values a re ta ken from sola r noon under clea r
sky condi tions (P VlS = 0 .71 , PNIR = 0.42) . SnolV surface 
density obtained I d before th e ref1 ec tivity measurem ents 
was 536 ± II kg m- 3

. L a bora tory tes ts were conducted b y 
O 'Brien a nd \Iunis ( 1975 ) for sno\\' (d ensity 525 kg m 3) 
ove r th e waveleng th range 0.6- 2.5 pm. Th e ra nge 0 .6-
0.695 pm li es in the \'isible region as defin ed by th e 
present stud y. In this ra nge, O 'Brien and J\Iuni s observed 
refl ec ti viti es of 0.85 ; substanti a ll y hig her tha n 0.71 fo r 
P VlS . This is a ttributed to impurities in th e na tural surface 
on P ey lO Glacier , as well as grea ter roug hness . A 
com para ble snow surface is reported by Grenfell a nd 
oth ers ( 1981 ) wi th a d ensity of 480 kg m 3 and a n 
impurity content < 500 ppm by m ass . Visible spec tral 
refl ec ti\'iti es ra nged from 0.72 to 0 .78. More surface dust 
con cen trati on (2000 ppm by mass wh en converted from 
g I I in T a ble 2), as well as possible influ ence from g lac ier 
ice und er the rela tively thin snowpac k (0. 3 m thi c k) , 
could aceo unt fo r the lower P VIS value of 0.71 on P ey to 
Glac ier . 

A di stinctive feature of roek refl ec tivity a t Pey to 
Glacier base camp w as Pl\lR > P VIS, a reversa l from the 
sno w a nd ice surfaces . This beha\ 'iour was a lso obsen 'ed 
by Rott a nd Sogaard ( 1987) during spec tral scans of ice
m a rg inal loca ti ons in wes tern Greenland. For "grave l a nd 
rocks covered in lichens", their reflec ti vities ranged from 
0.1 3 to 0.1 6 in th e vi sibl e range, a nd 0.18 to 0. 34 in th e 
near-infra red (compa red with P VIS = 0.16 a nd P :-.1 JR = 
0.25 on Pey to Glacier moraine a t sol a r noon ). 

CONCLUDING REMARKS 

Th e results f1"om three ex treme types o f ice in this stud y 
(c lean , dirty a nd hummocked ) clarify the fact tha t 
impurity content is th e domina nr influence on spa ti a l 
\ 'ariability of hemisph eri cal ref1 ectivity. Th e rela tively 
mino r difference in va lues betll'een sm ooth a nd hum
m ocked iee surfaces furth er emph as izes th e weaker 
influence of roug hness compared with impurity concen
tra tio n. Ass uming that the three selec ted sites do represent 
extre m e eases o f cl ea n, dirt y, rou g h a nd sm ooth 
(exc luding cre\'assed a reas ), the d a ta suggest that nea r
infra red refl ec tivi ti cs va ry only slightl y O\ 'er th e e n tire 
a bla tion a rea of P ey to Glacier. Th us, mos t of th e spati a l 
\"a ri a ti o n in m e ltw a te r ge nera ti o n will be du e to 
a bsorption of visibl e sola r radi a tion. On th e oth er h a nd , 
the O\'era ll higher abso rption in the nea r-infi"ared ba nd 
pro vides the stro nge r contribu tion to tota l meltwa ter 
ge n era ti on by radiative melt. 

Differences b e twee n cl ea n ice (smoo th es t ) a nd 
hummocked ice (roug hes t) indi cate th a t th e develop
m en t of mi crotopogra ph y during the a bla ti on season m ay 
reduce ref1 ectiviti es . The Im hummock reli ef d eve lo ps 
O\ 'er a number o f melt seasons. Lowering of reflec tiviti es 
by up to 0.1 due to increased shading therefore represe nts 
a conserva ti ve upper constraint [or a single summer. 

The diurnal varia bility of refl ec ti vity a t a ll ice sites 
was sm all in compa ri son to th e vari a tion between ice 
ty pes . In contras t to th e grea ter flu ctuation of P VlS for 
diffe rent loca ti o ns, it was PNIR whi ch displayed la rger 
responses to tempo ra l cha nges in a tmospheri c a nd surface 
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conditions (a lso tru e at the snow site) . This bias h as also 
been noted in broad-band pa rameteri za tions o f snOl1' 
re fl ectil'ity ca rri ed out by Marsh a ll and Warren (1987 ) 
a nd M arks a nd Dozier (1992 ) . 

The reduced re fl ecti\'iti es during intensive surface 
m elt onJu lia n day 2 18 (Fig. 6) , illustra te the contribution 
of meltwa ter to th e low temporal varia bility 0[' g lacier-ice 
refl ec tiviti es on P ey to Glacier. M elting ice crysta ls a t the 
surface ha\'e less a bilitl' to spec ul a rl ), refl ec t incid ent solar 
radi a tion th a n frozen crys ta ls. Additionally, water-fill ed 
intersti ces between crys ta ls increase th e density 0 [' th e 
surface laye r, and thus red uce PNIR . 

0 . 5--~--~--~------~--~--~--------~-+ 0.5 

. ,.j 0.4 
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~ 0.3l 
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~ " ~ 
o i 
~ I:: 
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Fig. 6. The im/Jact oJ high-melt condiliolls Jor ] uliall da)! 
218 (lighl jJLol ) all reflecl il'iO' , illustrated b)' comparison 
wilh Ihe JoLLowillg d(~J' oJ lower mell (bold /llot ) . Sk)' 
cOlldiliolls all dCI)' 218 were /Jledominallt(J' clear, wilh 0.3 
CllI1l11I11S cloud at all times. The lIerl dCI)' lcas clear 
Ihroughoul . 

The timing o f the peak melt\\'a ter discha rge a t a 
g lacier LOngue wi ll be influenced b y th e diurn a l va ri a ti on 
o f refl ec til ·ity. Our results sugges t that peak meltwater 
genera ti on in the a b lat ion a rea sho uld co incid e with so la r 
noo n, a lthoug h o th er facLOrs suc h as increased a ft e rnoon 
a ir temperatures , c lo ud presence a nd ka ta ba ti c wind s II'ill 
com pli ca te th e si tu a tion. 

Thc measurem e nts from Peyto G lac ier pose a problem 
fo r ma ss-ba lance m odell ers in th a t spa ti a l hetc rogeneity of 
re fl ec ti vity in th e \'isible range makes it d if Tic ult to 
es ta bli sh co rrect "representative" re fl ec til'iti es fo r a ltit u
din a l zo nes. O erl em a ns (1990 ) d emonstrated th e poss ibi
li ty of a III m ri se in equilibrium -l in e a ltitud e du e to a 
d ec rease of onl y 0.03 in sho rt- wave refl ec tivity . Yet 
differences of up to 0. 15 II'ere seen be tween the dirty- and 
clean-i ce loca tions, sires with less th an 5m ele \'a tion 
difference which wo uld thus be g rouped within the same 
a ltitudina l zo ne. On c meth od of a lle\ 'ia ting thi s problem 
mi ght be LO adopt a gridded mod el, II'hereby a reas of 
homoge neo us refl ec ti vity a rc i nco rpo ra tedinto sin gle 
el em ents. Clearly, thi s ap proach wou ld require d e ta il ed 
kn o wledge of refl ecti\'ity ol'C r th e entire glacier a t regu la r 
inten 'als, a feat whi ch is prac ti cal wi th sa tellite im age r y, if 
it is suita bly processed to acco unt fo r bi -direc tional 
re fl ec tance. 

Cutler alld JIl III/TO: R4lerliviLJ! 011 Peyto GLacier 

Th e d omina nt influence of impurity conten t on spa ti a l 
I'ariation of PVIS ra ises a ques tion regarding the impac t o f 
impurity acc umula tion ove r tim e, a nd its effec t on mass 
bala n ce. The cleallesl patch of ice ava il a ble possessed low e r 
PVIS th a n found on som e g laciers, wh ic h suggests that the 
depositio na l climate m ay play a role in influencing m ass 
balance. Nega ti ve m ass ba lances have become increas
ingly commull on Peyto Glac ier in recent yea rs: se\'en 
nega tive years during th e 1975- 85 peri od (Letreguill y 
a nd R eyn a ud , 1989 ) . Th ese have prev iously bee n 
associated with increasi ng temperat ures a lone, but the 
possibility th a t acc umula ting impuriti es h a \'e 10ll'ered th e 
refl ec ti \"i ty should a lso be considered . 

YVhil st the lack of d iurn al varia tion in refl ec ti vity a t 
the ice a nd moraine sites is in itself unexc iting, th is 
behavio ur is useful fro m th e standpoint of rem ote se nsin g . 
\ Vi th in a 6 h windo'vV cen tred on so lar noon , suita b ly 
processed sate llite im age ry is likely to be a reli ab le source 
ofre fl ec ti\'ity estima tes for ice. as these a re within 2-3% o f 
da il y m ean I'alues, th o ug h a 4 h window is mOIT appro
pri a tc fo r snow. Such va l ues ca n be used as a base to 
whi c h such factors as so lar zenith-a ng le d e pend ence can 
be adcl ed in mode lli ng the net sho rt-wal'C radi a ti o n 
reg i m e o f the glac ier su rface . 
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