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CHAPTER I 
I NTRODUCTION 

I . I Review o f Lit erature 

Albedo (~) is a dimens ionless r ati o expressed 

in the form : o< = K 1' ( I) 
K.l-

where K1" and K-1- a re t he refl ecte d and g loba l solar 

irra di a n c es respectively . 

The r a di a tion b a l ance 

Q J" = ( I-"'-)KJ-+ L~ ( 2 ) 

~heie Q~ is net r a di 3tion, and Lf is the longwave r a dia tion 

b a l ance , shows t he i mport ance of a lbedo. Snow surfa ce 

alb e d o i s one o f the mos t i mp ort ant it ems whi ch con trols 

the net radi ation ba lance over a s no wpack, the h~at 

excha n g e proc e ss es a nd the melt r a t es of a snowpack 

( Arai, 1966, Petzold, 1971, Grey , 1970, Giddings and 

La Chapelle, I96I). Be c a use alb edo is t h e mo st i mporta n t 

mete~rolo gic al prope r t y of the net r a di a t ive tra ns f e r 

a t the surface of the snowpack , it is a l so importa nt 

f o r c a lcula ting the r a di a tive transfer ~ithin t h e snow . 

Albedos r a n g e from .75 to . 95 for fresh f a llen 

snow to • 40 to • 70 for snow vrhi ch i s sev e~. cLl d e.ys old 

( Sellers, I965). Ara i (I 966 ) found the alb edo o f old 

grain s n ow to be as l ow as . 5I to . 56 at the Ta kimami 

River Basin , J a p a n. 

With the i mportance of a lbedo of snowc over bei ng 

obvious , esti ·:1a :t;i on techni tl_ u es have h e en a ttempted . Gi dd in;ss 

and La Cha p elle ( I9 6I ) est i '. 'k. t e ci t h e a l bedo o f a ser,1i ­

inf inite a nd isot ropic snowcover: 

I 
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I-·a/ 2 
o{ == I +1.v/ 2 

( 3 ) 

where w is a dimensionless p a rameter d epending on .the 

density o f the snow and gr~in size of the snow particles . 

Also estimated by Giddings a nd La dhapelle (I96I) was 
the a lbedo of snow wi th an interna l absorbing surfa ce at 

a depth: 

= I-w(I- y )/2 (4) 
o( I+v:( I -y)/2 

where y depends on the absorp t ion rate of snow, the 

de n th of snow a nd a diffusion co efficent, D. Giddings 

a n d La Chapelle (I96I) feel the se equa tions are a ccurate 

unt il the a lbedo drops below about .60. Effects - such as 

p a rticulat e f a llout on the snow , irtfluences of different 

snovityp es aCld zenith angle s are not t Ei.ken into account 

but the authors (Giddings and La Cha pelle) fe e l that 

appropri a t e modific a tion of thei~ e qu a tions are possible. 

The united States ArmY Corps of Engineers (U. S .A. 

C.E.) h a ve develop~d widely u s ed a lbedo estimat ors which 

rely only on the age o f the snow (U.S. A.C.E., I960}. 

'11he U.S.A.C.E. method e s tima tes the albed o for the accu­

mula tion season and the melt season. Fig. I shoHs these 

rela. tionships . This U.S.A.C.E. method assun:rns a perc~n.t 
decre~s e in the a lb edo per da y, with no other influences 

on t he snowpa ck excep~ time. 

Petzold (I977) incorp orates into the U.S.A.C.E. 

method da.ily maxi mum tempera ture, cloud 8.t10lmt nnd cloud 

type . Utilizing t h is inforuntion, plus t he U.S. A.C. E. 

r:H~t!:o d of numb·2r o f cl :'.ys _si ~,ce . l c:i.:::; t snoY1fall. Petz old 

(!977 ) o.tte mpts greater a ccuracy in the U'. S~A.C . E . 

equ~ti o!'ls by add i ng his ow-.n correct ion f B.ctor., 

2 
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I . 2 Ob j ect ive 

The o b j ec tive of this p2p er i ~ to s tudy t h e 

feas ibility of the pa r a meters u~ed by Petzold (I 977) in 

est i mating a lbedo over snow and to det ermine if his 

co r r ection f a ctor enhances the U. S . A. C. E. method . In 

addi tion, an examina t i on of other p ossible improve~ents 

is undert a ken . 

4 
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CHAP'rER 2 

STUDY AR «~AS A'·:D DATA 

2 .1 .") tudy Areas 

Da t a were u s ed fo r t he t hree s t a tions shov'm. 

in Fi g . 2~: Toront o Sca r bourough St a t i on, Onta rio (4~ 4 3' N , 

79°14' W); Goo s e Bay Rawi nsonde St ation , Labrado r (5Yl8 ' N, 

60° 33 ' ~ ); and Res olut e, North #es t Territo r i es (79° 43' N, 

9 4 ° 2 7 ' ·.1 ) • 

According to t he Geneti c Cl assifi ca t i on of ·.Jor ld 

Clima tes , E. Neef (fr om B21,rry and Chor]:.e y, 1 968 ) clas.:; ifies 

thes e a re a s climatica lly as cool continent al, sub- pol a r 

an d "9o l a r r espect ively . At a l l thre e st .t i ons i n s truments 

2.re r un and maint a ined b 7 t h e At mospheric Envi ronment 

Servic e (A. E. S .). 

From t h e yea r s 1966 - 1 976 s n ow fall .data we re 

examl~e d fo r a ll t hree s t a t ions an d t he yea r with t he 

longest number of r1onths vri th mea sur::1bl e snow on the 

ground a t t he end of t h e mont h was cho s en a s t h e d8.ta 

study pe riod. For Re s olute t he time p e r io d studi ed wa s 

Augus t 1967 to Jun e 1968 wi t h u s eable a l be do dat a t a k en 

between Sept embe r an d Octo ber 1 967, and Februa ry a.nd AprjJl 

1968 . For Goo s e Ba y the time peri od studied was Novembe r 

1 971 to April 1 972, with u seabl e a lbedo dc:i. t a f ound between 

t he mi ddl e of Dec embe r 1 971 and t h e mi ddl e of A~ril , 1972, 

and for i oronto the time p er i od was be t ween Novemb er 196 5 

a n cl April 1966 vvi_t h u St:!:l.hl c d",t a foun d bet'.-:e en e 2,rly J an-· 

u a ry to e ::1- rly Febru2.ry 1 966 , 2.s we l l as 2. few da~/:3 2 t 

the end of march , 19 66 . App endi x Three gives t h e d .:::.t <:1 

for the thre e sta t ions . 

6 
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The po l e:\r nig ht i n .C1e s olute b egan 6 .a Novemb e r I, 

I967 and continued until F'ehrua ry 6 , I 968 . Bec a u se o f 

the sma llne ss of the sola r r a diat ion during the so ls t ice, 

u s e o.b le measurements were n o t a v a ila ble u n til l!' erua ry I6, 

I 968 . Dat·a a re missing for mo s t o f May and could not be 

u sed i n t his study . 

The clima te of Toronto is cha racterized by 11 sprin g 

t h :?.wn con.di t i ons t h r ou ghovt t h e wiLt e r vYhi c .h crea t e s 

,,-, ·:~ t c 1r,, - s n onr co ndi· ti o n s ( -S,.-, -'- ?: Q l d ~C..:v "" --- ,~ - t/ , .l _ - •· . .. \,,.; lJ •.. / __ f 1974 ), t herefore o~ly a 

s ma ll da t a · s3~nl e i s ava i 1 a ·.1e . 

2 . 2 Met eorol ogic~l anJ Hy<lrologica l Dat ~ 

~11 i a ta Bere t a k en from the Monthly Radi a tion 

Summary a nd t he T;'fonthly Record : rJeteorologic a:l Observ ::?: tions 

in Ca n'',da ,' bo th p u b l ished by the A t 21o s pheric Environment 

S e rvic e , ( A. E . S .) Environment Ca n a da . · 

Glo bal sol~r r Rdiation (Ki) a nd r efl ected sola r 

r a di a tion ( K1n were me a sured u sing, E:!.Jpley or Ki pp pyrano­

metArs a nd an inve rsley mounted Eppley or Kipp ~yranometer 

respectively . The uni t s of Ki and Kt a re l a n g leys ( Ily. = 
I c a l/ cm.

2 ) 
Alb e do was c alculate~ using e q . (I). Cloud t yp e 

a n d amount v1ere t aken fro :~1 mi c ro . ._ film · file s o f t he 

A. E . S . Time s u s e d were: 0 600h , 1200h and 1 800h at 'roronto 

(Do vmsview St2 .. tion); 0 8 0 0 h , 1 600h a n cl 2300h a t Goo s e 

B~y; a n d 0 600h , 1 200h , 1 8 00h , and 2100h at Resolut e~ The 

cloud a mount and type were averaged e a ch da y to ob tain 

a da ily value. 

Daily temp era tur . s Rnd precip i t a i on we re obtain ed 

fro ~ t h e Mon t hly Rec ord. Tempera ture s ~ere me n s ured 2 t 

s c r een hei g h t, 0.. ':1d nF~xi m:wn te1~rn er ', ture of a given d2~y is 
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the hi g he s t temp e r a ture o f a 24 hour period beg i nning a t 

the r:1 orning observ c1. tion of t he da y in que s tion . Temp er"'.. tu­

r es we re conv erte d to ce l s ius deg rees . 

Rainfa ll rms me a sured by a s t e..ndard r a in guage 

while snowf a ll i s t a ken as a denth of freshly f a llen 

snow , mea sured with a ruler in a a rea free fro m drifting. 

The de p th of snow on the g r ound i s t he accumula tion of 

snow on the g round .meas u r ed on the morning of the las t 

day of the month. 

Daily pre c i pi t ~tion a t e a ch s t a tion w .s recorded 

and c he cked with t h e a v ere.ge tempe r a tu r e and a lb edo 

of the da y to d etermine snow f a ll eve nts. 

2.3 Da t a Accura cy 

The accura cy o f dat2 su~plied by the At mos pheric 

Environment Service must be questioned. The measured 

a l bedo a t Resolute ma y not a l 'rmys r epre s en t t h e true 

regional a lbedo. The s now depth at Resolute is measured 

a t the a irport while the r a dia tion is me a sured about 

three-qua rters of a mi le away over a sma ll built up 

g r 2,ve l a rea . Due to blowing snow · a nd loca tion, there may 

be no s n ow u nde r the r a di omet ers while t here is snow 

being me ~sured a t the a irport. This will especi a lly 

effect the v a lue s of K-t a nd Q*, thus affecting a lbedo 

v a lue s . Inform::i.tion on t h e loc a tion of ins trua ents and 

speci a l pro blems a t Goose Bay ~ere µn a v a ilable. 

The Tdronto lo cation had to be split b etween 

Sc a rbouroug h and Do wn s vi ew . Measurements of da ily preci­

pita tion, maxi mum da ily temp er;=:. ture , Kt and K..i, were t ~:.k en 

ci.t Sc a rbourough but ho,;rly cloud CO 'Je r and cloud. t y ;?e 

http:rtlr:rnn.ts
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da t a was n ot a v a i l abl e and t he refore we r e ob t a ine d from 

t he Downsvi e vv s t a. t i on . No one s t ·_, t ion i n To r ont o me :i.sure s 

da i ly temp era ture , p re c ipita t ion , Kt , KJ- , Q* , L* as '"tell 

a s hourly cloud cover a nd t yp e. 

In some insta nc e s albe 6o v a lues h a d to be disc a rded. 

In c a ses wh ere t he i mp o s sib le s itua t i on of da ily Kt being 

g r e a t e r than d a ily K ~ occured, the da t a was rej ec t ed . 

The U. S. A.C. E. (!960) hav e g enera lly det e rmined 

t h a t a f r esh Snovv cove r h .'. s an a l be d o of • 84, v1h ile 

P et z old (I974 ) pla~ es i t be t ween . 84 a n d . 89 . On days 

with a ·fresh snow cover a nd mi ss ing albedo da t a , instea d 

o f us i n g t he above a s sump tions , t he da t a was rej e c t ed . 



CHAPT ER. 3 

EFF~CTS UPON ALBEDO 

3. 1 Cloud Cover 

One of t he mos t i mpo r tant effects of cloud on 

a lb edo r esul t s fr or;i t h e proc ess of multi nle reflect i on 

be t~een t~e snow surf~ c e and cl oud bas es . Cat c hn cil e and _, -
r.Toodi e (1971) expre ss t h is rn.:J.lt i p le reflec t ion i n the 

form of a s eri es : 

..L . -' .... - (5) 

whe re o{ g a nd ~c a r e 2"1 be dos of groun d and c l oud , and t 
i s t he tra n smi tted qu~nti t y whi ch equa l s Ki(l-~c~g ). 

The a lbe do of t he cloud ba s e i s t a ken a s . 60 . Fi g . 3 

sho~s thi s ~ultiple refl ect i on ~ode l . 

Eq . ( 5) i n co rp or a te s 8~ i n f inite nl®ber of cycle s . 

As the numbe r of cycl e s i n c rea se s t h e i ntensity of the 

refl e c t~d r a dia ti on approa ches z e r o. For pr a ctica l purpos es 

on e ne eds to i nclude only t h e f i rs t cycle of multipl e 

refl ection . Eq . ( 5 ) apri r oaches it s maz i r:mm when there 

i s fr ec h sno\' and an overc a s t sky . Under t ~1 e se curcums t a ­

n~ e s t he c ontributi on of mult i pl e r efl ection can approa ch , 

in magnitude, t he downwa r d flux of di f fu ::-:; e r a di ation . 

resv.l ting f r om the fir 3t p a.ss of t he prima ry he8.m t \·,ro1;_gh 

t he cloud . 

Al b edo va ri a r io n s un der diff erent cloud covers 

and co ndit ions have been reporte d ( Hubl ey , 1955 , Nke~di ri m , 

1972 , Petzold , 1974 ). Gene r a l ly , t ~e t ot a l al b~ d o over a ny 

suri> ce i ncren ~ c s vvith c l oudi :i.e ·:=;s , t h.e ::-, c:.in cont r i bution 

10 



ground surface 

Fig. 3. Model of multiple r eflection of sola r 
r a di a ti on bet•ileen the ground :J.nd. atmos phere 
with a l ayer of clouds. KJ,

0 
- i ncident s ol?.r 

radi ~tion , ~c = albe do of cloud , ~g = albedo 
. of gr~nmd , a == ·amount absorbed i n cloud, 
t == transmitted auo.ntity (from Catch'9ole a nd 
moodie, I 97I ). 
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Comi n g f r oEl t he d i f f v se c o •rtpo:nent . Expl a n a tio n s ha ve 

b een e iven by Be r gen (1975) a nd P e t z o ld (1977). 

12· 

A numbe r of phy s ica l f a ct ors affe ct a lb edo . 

Albedo v 2.l ue s f or t he ne f.l. r inf r a - r ed ( ) . 73um) p orti on of 

t he sola r sp e c t r u m a r e s ~nall er t han f o r vi s i b l e l i ght . 

Wi th clouds , du e to mu l ti p l e r e f l e cti cn s betvree n clou d 

b a s e s a nd snow s urf Rc e , t he p re domina te l y diff use r 2di a tion 

·n i l l b e .t i gh i n v i s i b l e li ght . Wi th cl e a r s k y c onditi or:s , 

so l a r r a d iat ion i s ma i n ly dire c t, t hus shadows are c a~ t 

by s urfa ce r ougbx1e s s el ement s . S ep a r a te s n ow g r a ins a r e 

r e a c h e d b y d i r e ct r a dia t ion o n on e si d e on l y , wh e rea s 

with pri ma .rily d i ffu se r n d i ation , t h e r~di et i on re ~ch0s 

a ll s i de s o f the e;r a i ns . 'r hu s , t h e s no v; a l b e d o under 

cl e a r s k ie s c an b e e xpe c te d t o b e s mal l e r t han t h os e 

u na_e r cloudy I . s .r;: i es . 

Fi g . 4 , whi c h p lot s s e l ect e d da ta fro m t he 

ent i re wi n ter season , s hows t h e eene r Ql i n creas e i n a l bed o 

f r om cl ear sky c onc!j_tj_ons to cloudy s ky c ondi t i or:.. s i n 

To ron to , Goo se Bay a n d Res olute , The plo ts of da t a from 

Goo s e Bay a n d Reso l u te f ollow t he e xp e ct e d p a tt e rn of 

g ene r a lly inc r e Rs ing a l bedo wi th i :ncre 2sin g cloud c ov er . 

When a line i s dr~wn t h r ou g h the Toron to p o i nt s , a v e r y 

d. e f i n:.ite s inus oida l p a t tern eme r ge s . The. a l bedo v a ria. t ion 

l i e s b etween . 72 . 77 . Inc r eas ing t h e da t a bas e wou l d 

p robably p ro duc e a b a nd o f p o int s a l ong t h i s v a r i at ion 

s prea d . The s mall da t a bas e in t his s t udy prob a b l y g ives 

r i s e to t h e s i nus dide.l p a t t e rn . 

Pet z old (1977 ) r e l a t es cloud c ov er amoun t s , 

C, ( measu re d i n t ens f r om 0 to 10 ) 1 t o t h e aver~g e per c ent 

c hange in L:i. l bedo f rom t he cl e ~>.r sky v P.l u.e (6. f o)) i n a 

l ine a r reg r ess i on whe r e : 
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b cfa <f. = 0. 449 + 0.0097 ( C)3 ( 6) 

Eq . ( 6 ) i s d erived t h r ou g h r egre ssion a n a l ysis 

from da t a obt a ined at Mc Gi ll Ic e Cap , N . ~ . T . , ( BON, 90J ), 
Mi r ny , Ant a rctica , ( 67S , 92E ), 2.nd ~. l eighan Ic e C2.p, 

N. W. T., (SO N, 100~ ). Acco rdi ng to data from these s t a tion s 

Eq . ( 6 ) has a correlat ion co efficien t of 0 . 999 a nd a 

s t a n da rd error of re~re s sion o f 0.2 percent . 

Tab l e 1 shows · dai ly v a lues f or Li %o< for eleven 

d i fferen t cloud covers c c:~ lculate d f r om Eq . ( 6 ). 'l'h e · 

p ercent cha n g e i s rel~t ive to t he p r evious da ys a lb edo . 

Thes e pe r c ent ages sho wn i n Ta bl e 1 wo uld be 2.dded to 

t he p r evious do-~ys a l be d o c.•.n d an estim<~tt ed c.1. l be do -1-wul d 

b e obtai n ed pu re l y on the bas i s o f the a mount o f cloud 

c over . 

J.2 Snow Surfa ce De ca y 

Natura l d e c ay of the snow surfa ce a l te r s a l bedo. 

Pack deteriora tion i s a ltered by a ir tempera ture , a ero s ols 

in the a t mosphe r e, ori g i n a l n a ture of f a ll en s n ow, age 

of the snow a nd i ts density . 

A hi ~h inverse correla ti on has been f oun d by 

Ar a i (1966 ) b etwe en snow surf~c e densi t y a nd a lbedo. 

Fi g . 5 shows t h is rel2 tionship fro~ me a sureoe nts t a ken 

a t t h e Ta k i n ami River Bas in , J apan ( 36N, 144 W) during · 

abl a.tion se='son . 

Dirmhirn and Ea t on (1975 ) ha v e f ound tha t re­

cry s t a lizat i on with in t he snowpa ck r e s ul ts i n a decre nse 

o f snownac k a l bedo. A s tro~ r-~ d i ative co o li ~~ ~t ni ght 



Cloud 
Amount 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Perc ent Chan g e FroB 
Cl e::i. r Sky Al bedo 

. 0()449 

. 00459 

~ 0 ZJ527 

.0::!.070 

. 03776 

. 05410 

. 075 20 

.14900 

Table 1: Percent chang e in a l bedo fro n cl ea r 
sky to c l oudy sky c ondi tions using 
Eq . ( 6 ). 
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and h eat a p -J? lied dur _i_ rifr, t he d ::.y c ause s t h e recrystali ­

zatio ~ proc ess and d ecrease s t he number of f a cet s 

17 

o f t h e crys t qls of s n ow. Radi a tive sc atterin~ i n t ~e 

upper layers of the snow is decreased , and the r ad i a tion 

c an penetra te de ep er thus an overa ll i ncre ci.sed absorption 

in a maturing snow n~ c k ta ~ es ula c e . This i s an irrevers­

abl e proc ess . Petzold (1 9 77), h c.s fo und t h :".t a t l eas t 

1 c m. o f new sno~ i s ne e d e d to oblite r at e the influences 

of the underlyinr:: su:cf :lce . The a l bedo o f a meltin g snow­

p a ck will c h ang e more r ap idly t han t hs, t o f an a cc wnula t ­

i ng snovtpack . Fig . l shov;s t he typic 8.l v n.ri a tion of sno'n 

surf~ c e a lb e d o with time for both t h e a c cus ula ti on and 

1'.tel t sea s ons , _ as <foes F i g . 6, ·s h ic h s ho ·-;s t he v 8.ri e.t ion 

o f albedo with time for both s eas ons at Toronto , Go ose 

Bay and Res olute . Again , b ec2u s e of t he l a ck o f da ta , 

t he spread of t~x axis i s n ot v e ry l a r g e . All three 

,~raphs show •Nhat would be ex;?ected . 1rhe ac c umul at ion 

season begins with a hi gher a lb edo - v a lue, and the r a te 

o f de c r e a se i s l e ss pronounc ed t han during the melt 

season . The melt seas on ' s day zero a l bedo be gins l ower 

t h a n t he ac cu mul a t ion s e~3 on , a nd wi th i ncreas ing days 

sin ce l .,,s t snow , r apidly d ec a ys . 
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Fi g . 1 expresses naturRl a lb edo de t erio ra t ion a s 

a s i mpl e exp onent i a l dec a y func tion , one f or a ccumultion 

season and one for melt s eason~ Petzold (1977 ) u se s the 

i n f ormati on from these g r aphs to obta in a rela t ionship 

b etwe en perce 0t da ily c han g e i n a l b e do a n d a g e of t h e 

snow since l as t snow f a ll . Eq .(7 )expresses the e ff ects 

of metamorphosis on a a cc umula ting s novvpack ( ~aximum 

daily temp e ~ature 0 C), and Eq .( 8 ) expresses t h e s ame 

effects for a mel tin .q; snowpa c k ( maxi mum da ily temp er a ture 
·- - -

0 c); 

li %o\ = _10 ( 0 . 78 - 0 . 069D ) ( 7 ) 

/::l cfo<J. = _10 (1. 05 - 0.07D) ( S ) 

where D i s the number of days since l as t s n owf a ll . As 

with Eq . ( 6 ) these perc entag e c ha n g es a re a ppli ed relative 

to the p r evi ou s da ys a l b e do . 

Ta b le 2 s h ows t he a vera g e dec reas e per da y i n 

a l be d o by the U. S . A. C.' E . me thod and t he U. S . A. C. E . 

method modifi ed by Petz old . Th e t wo model s , by looking 

a t their aver~ge p e rcent difference s , compqre well . 

Petzold u ses t h is i n forma tion and puts it i nto 

·--b.-... _ 

http:comp:.=i.re
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Day 

0- 1 

1 - 2 

2- 3 

.3- 4 

4- 5 

5- 6 

6-7 

7- 8 

9-10 

10- 11 

11- 12 

1 2-13 

13- 14 

14- 15 

15-16 

1 6- 1 7 

1 7-18 

1 8- 19 

1 9- 20 

Equation 7 

. 0123 

. 0375 

. 0 260 

.• 0400 

. 0278 

. 0143 

. 0290 

. 0149 

. oooo 

. 011 5 

. 0000 

. 015 4 

. oooo 

. 015 6 

. 0000 

. 01 59 

. 0161 

.oooo 

.0164 

. 0000 

P etz old 

. 0630 

. 0514 

. 0438 

. 0374 

. 0319 

. 0 272 

. 0232 

. 0198 

. 016 9 

. 011 4 

. 0123 

. 0105 

. 0 089 

. 00 7 6 

. 001 5 

. 0056 

. 0 0 47 

. 0040 

. 0034 

. 0029 
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Equation 8 
U. S. A. C. B. Pe tzold 

. 1125 

. 0 845 

. 061 5 

. 0492 

. 034 5 

. 0357 

. 0370 

. 038 5 

. 0200 

.0408 

. 0213 

. 0 217 

. 0 222 

. 02 27 

.0000 

.0232 

.0238 

. oooo 

. 0243 

.0000 

. 0630 

. 0 955 

. 0 812 

. 0692 

. 0588 

. 0501 

. 0 407 

. 03 63 

. 030 9 

. 0263 

. 0224 

. 0190 

. 0116 

.0138 

. 011 7 

. 01 00 

.0000 

. 0072 

. 0061 

•. 0050 

Table 2 : Ave rag e d e c reasa per day in a lbe do, c ompa ring 
t he U . ~ . A . C . E . metho d a nd e~s . 7 a n d 8. Percent 
difference between en . 7 a n d U. S. A. C. E. method 
for da y s 0 - 7 i s .Ol l i% ~nd for a~ys 8- 20 i s 

· . 000 5 ~~ . Perce t diff e renc e h et·:·e cn en . 8 r-ncl. 
U • . ) • \.. C. E. method for days 0-7 i s • 0114~~ a :1d 
for da ys 8- 20 i s . 0039%i 
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a co mputer prediction model. Fig . 7 i s a copy of the 

floi:; c h'.J.rt u .::>ed for t h e c. l b e do es tim2t i ng prog r amme . 

J .3 Correct ion Factor 

Running the progr amme , Petzold (1977) found 

t he model to consis tently underp-redict the a ctu2.l a l b edo . 

To compen~}e for this he found a r e l at ionship between 

t his error and t he a~e of t be s no w, Rnd applied it to 

t he da t a . The co rrect ion fRctor i s as foll ows : 

4 ?'o correction 
. . 2 

= 3. 86 + 0 . 380 + 0 . 123D (9) 

r = . 95 

where D i s t he age of t h e snow gr e a ter t han -ze r o days . 

Thi s correction f a ctor was developed on an 11 da y period 

of n o new snow , ~here the surface dec a yed a t a consta n t 

r a te . The correc tion f a ctor was te s t ed on a 42 day p er iod 

i n the su' l.r.ler of 1 969 a t t h e l\'Ieighan Ice Cap, N. W. T. 

The a ccura cy r ange was found to be + 5.00%. 

http:accura.cy
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Fig . 7 . Al b e do Prediction Flow Chart 
( from Petzo l d , 1977) . 
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CrLAPTEB. 4 

Following Petzold's (1977 ) method using cloud 

araount, daily maximum tempera ture and m1 mber of da ys 

sin cA l as t snowfa ll, p l u s his corre ction f a ctor, t h e 

r1.10de1 does no t wo rl-c for two of t h e t hree s t a ti ons . The 

n erc ent e r r o rs ~re as follows : Goo s e Bay! 6.00%, 

Reso lute ± 1 9 . 4 5%, and Toront o ± 27.60%. Goose Bay is 

t h e only st :0 tion with an a c ce 01t '1ble erro i~ and t h e O:'.l ly 

sta tion t hat co~es c lose to Petzold ' s e stimated error of 

! 5.00% . Fi g . 8 ~lot s Pet z old ' s calcula t §d a lbedo 

aeains t t ~e observed . In a ll cas es t he .Jo d el overe s tiQqtes 

albedo . I t wRs generally fo u :'."l. d a t the t hree s t ::i.ti.ons t h a t 

the pe r c ent err o r per d a y i n c rease d ~vi t h the numb er 

o f da ys since t he l as t sno wf a l l , possibly i ndi ca~ing 

an error a t t he beg inning wh i c h i s c o m~ounded v~en 

pre dicted upon. ( Appendix 3 gives t a ble s of a ctua l a l bedo . 

values and predicted v a lues ). 

To co rrec t for the larg e error occuri ng when 

u sing Petzold ' s metho d , re gre ssions were run seperately 

for e a c !1 s t ;::i. tion on ( i) cloud a Qount and a lb edo , (i i ) 

cloud amount and perc e :", t change i n a l bedo, ( iii) a ccum-

23 
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ula t i on seas on : d2ys sin c e l as t sno wf a ll and a l bedo, 

( iv ) a ccu u ul a tion s eas on : da ys since 1 2.:; t snowf a ll and 

t he percent c hang e i n albedo from da y zero, ( v ) melt 

s ea son: days s ince l as t snowfall a nd a l bedo , a nd ( v i) 

melt s ea s on: da ys sin ce l a 3t s n owf a ll and t h e ne r c ent 
. -L 

c hange in albedo fro o d ay zero . The a l be do was t hen 

estima ted using t h e pe r c ent c hang~s . 

\'/hen u sing the e ffects o f c loud a mount while 

p redi c t i ng a lbedo , the f i rst pred.i c -~ i o n wa.s c orre c ted 

to t h e r1r ev i ous clays cloud 8:wu n t and subsequent da ys 

were es t ima ted u pon t he i r c orre c t e d fi gure. Fi g . 9 pl ots 

the n ew predi cted a lbed o agains t t he a ctual a l bedo . A 

marked reducti on i n t he perce ~ t error e xperi enced a t 

each station i s evident . Goo se Bay ' s erro r reduce d to 

± 5.94% , Toronto ' s t o ± 6.18% a n d Res olu t e's to + 9 . 4 4%. 

I n Fi g . 9 it c a n be s e en t ha t the r a ng e of 

t he a ctua l a lb e do s fo r ea c h s t ,·.t i on i s f 2.irly small . 

Goo se Bay ' s albedos t end to 11clus t e r 0 a b out • 85 , a ".'l d 

To ron to ' s a nd Res olute ' s a round . 75. Thes e v a lues 

would tend t o b e a mo d e r a ther than a me a n v a lue . 

Taki ng t h e mode l on e ~tep furt he r, Fig . 10 shows the 

re s ults of u 3ing t he ab ove 0 c l us te r " va lues -to p r e cl i ct 

u~on e a ch t i~e i ns t ead , as previou s l y u sed , pre ~icting 
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( a ) Ba y 
Perc en t Error = 
4.45% 

( b ) ':I: oronto 
Pe rc ent Erro r = 
5 . 08% 

( c ) Re s olut e 
Percen t Error = 

. 9. 33% 
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Fi g . IO. Obs'erv ed: a n d pre di c t ed albedo f or 
t he three ;::;t .. t io.ns . 



u sing thi o third m2t hod furthe r r educ es the pe rcent 

error , Go o se Bay ' s becomi ng 4. 45% , Toronto ' s becomi ng 

5 .08~ , and Res olute ' s error be boming 9 . 22~ . 
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CHAPTER 5 

DI SCUSSHr 1 OF RESFiiTS 

Pet zold ' s (1977 ) mode l of a lbedo estimation 

has proven n ot to be reli ::1.ble in estim2.ting a l be do . 

Using thi s method Goo se Bay w~s t he only s t a tion to 

h2v e an a cc ept D.b1e pe ::c·cent e .Tor . Thi s nay be due t o the 

fre :~ uency of snor;f a ll even ts becau se 2. s vvas p revi ously 

sta t ed 1 tl:.e e r ror gets l a r ger with a.n i nc re8.se o f days 

s i n c e l~s t sno~fall . In the cas e of Toron to the sinuso idal 

r el nt .i_onshLo between cloud cove r and a l bedo as s ho vrn i n 

Fig . 3 give s rea s 6n - for t he origi nal e s timation o odel 

n ot wo r k ing . The model assumes an inc re~s i ng rela ti on-

ship between cloud cover 2.nd a lbe do, i,vhi ch cioes not oc cur 

i n t he Toronto da t a . Eq . ( 6 ) has been deve lop ed f or t hi s 

rela tionship. 

Toronto 1 due to i ts clima tic conditions has very 

l ittle u seable dat a over E ful l ye c:. r neriod, anc_ increas­

ing the d21. t 2. bas e may i crprove the model. At a ll st:-, tions 

t h e J. oc 2.tion of snov1 me e:1. sur ing in c; truments 2,t a j_rports 

crea tes a p r obl em . Be caus e of this loc a tion , the melt 

period se ems to be v~ry s hort . 

In Fig . 6 Petzold include s the effects of 

sola r zeni th angl e on a l bedo but does not incorpora te 

29 
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t his effect into t he wor ~ i ng model . It has be en re corded 

(Hub l ey , 19 55 , Sal omoDso.n 2.nd T.12-rl ci. tt, 19 68 , Be r .sen , 197 5 , 

Dirm ·irn an~ Eat on , 19 75 ) t ha t change s in s ola r zenith 

a n gl e s i gnific ant ly a f fe ct t he a l bedo of snow , e s pecia lly 

f or cl ea r days and solc::, r anpl e s unde :c 40:.. 45~ Over sn ov1, 

t he a lb edo v~ri es inve rsely with so l~r ~~gl e a nC i s 

ro tu··hl~r syrnme tric :f1 e.bont n oon . Unfort u.n2.l tely f or t h is 

study , sp ec ifi c info r~at i on f or snow ws s una v a i l a ble . 

P e t zold s t <:. -C ed t h e u . :-) . A. C. E . mode l c ·· .. nsis t ... n.tly urider-

e s timat ed t he a l be do, t hus he add ed hi s c or r ect ion f ct or. 

Poss i : .l y t ne i nclusion of t he effect s of zen i t h angle on 

a l bedo v.1oul d i n crea s e t he e s ti r2u t ed a l be do and de c rease 

t he percent e ~ro r . Thi s m~y ~l s o be the cas e i n the l a s t 

of estim::ttio:n nresent e d i.!1 
.J.. · • 

I ;. ' , C 
u ' - o.J stu dy . 

Hu bl ey(l9 55 ) s t a t ed t he r e is very little 

a l b edo depe ·r; d enc e on t he :::mgl e of inci dent r e:1.dia tion 

over f r 0 s h .s no vr, but as snoi'rpa ck metamorphi s m t 2,kes 

~lace , sn ecul~r r ef l ection 29 oe nrs ao d i s mani fes t as 

8. v a ri o.ti o:n i n 0,l h e do '.'·it h zenith 2.n g le . 1.1his e.ga i n may 

be t he r ea son for the i ncre 2s ing error as t he age of t h e 

s no.w increas es . 

The third me t hod of e ~ t i~at ion g ives i nte resting 

r e s u l ts und po sec i mp or t an t ~t set lons . B e c~u3 e t he r an5e 

mailto:esti@.ttion
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of ::w tu2.l a l bedo i s s o smo.11, u e.i nc 2 . . ::: t .:-:.nd2.rd a l bedo 

for ea ch s t Gti on t o pre dict upon g ives bett er r e sults 

i n al l cas e s . It wou l d be useful t o increase the data 

base to a t l eus t 10 ye2.rs and det e r ;nine i f the resul t s 

s till pro v e to be satisf~ct ory . 
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CH PT3R 6 

COi>TC L TTSitjl -

The mo d ~ l whi ch Petzold(l977) presents doe s 

not adequa-G ely e :o timn t e a l be do over snow . ~1Tore inf or,"!1J.tion 

suc h as t he effect of zeni th angle on snow surface i s 

i r:::;ort ::.n t <:.nd h"', ;3 b e en on i t ·l;e_l from thi s study . 

The ~o3 t int ? re 3 ti n~ find sho~s better a gree-

rnent bet ~ e en c ~lculated a~d obse rve d a l bedos usi ng a 

mode or 11 clus t er 11 a l beO. o t ha n with any ot h:er· method 

i nve s tigate d . If , a s i s s u g5e s ted, t h e albedo V3lues 

s t _· y ',';i t hin a c erta i n r ':m-~· e , it i s po :::;s i bl e t h:::o. t the 

modelling net hod need not inc l ude t he a ctua l albedo . 

Better re s ults a re obt ~-'- i ned by u sing the 11 clus ter" 

method . 

Inc reas i ng the dat~ bas e would prove t his 

correct or incorrect. UsinE a l a r ger dBt a bas e and 

bre8.king t he da t a i nto accu~:mlation and melt se::ts ons , 

and o bt aining a " c luste rn ve. lue for e :::..ch s e ;-·.s on i s anot her 

poss ible WHY of i mproving t :ie :odel . A :1orc thorou:~h 

study is needed to determine this . 
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APY~H DIX ONE 

Cur v e ~c unt ion3 f or Fi ~ . 4 

Albedo Vari .:i.t i on Vvi th Cloud Cover 

Toront o: . 6683 7 . 06386x .Ol546x 
2 

. 00100x3 y = + - + 

Goo s e Bay : . 79233 . 00509x . 00029x 
2 3 y = + + . 00008x 

Re s olute : .73825 . 00692x . 000 27x 
2 . ooooox3 y = -r + 
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APPENDL Z re·.10 

Curve Equ a t\o n s f or Fi g . 6 

Accumula tion : Al be d o Va r i a tion wi t h Day s Sinc e Last Sno w 

Toront o : .7988 9 . 0 08 78x . Ol 81 3x 2 
. 0028 7x 3 y = + 

Go os e Bay : . 8 7773 . 0 408 7x . 0097 5x 
2 3 y = + . 00093x 
2 ") 

!1 e s olute : y = . 78 450 . 0 67 2 2x -.- . Ol 63 3x . 00119x.J 

T:t e l t : Al be d o va~ci ation with Da y s Si n c e 1,a s t Snow 

Toron t o : . 695 2 4 . 0 37 50x . 0 23 6Sx 
2 

. 00500x 3 y = + 

Go os e Bay : . 70 778 . 041 8 5x . 011 94x 
2 

. 0 01 76x3 y = + 

,1e s olut e : . 64 2 33 . 0 2 6 63x . Ol 226x 
2 . 3 

y = + . 0 02 78x 
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APP.C.:HDI X TETtEE 

Ac tu8.l and Predict ed Al b edos fo r 

Toront o , Goo s e Bay and Res olute 

( i ) Tor onto 

Date Actual Predi c ted Predi c ted Predic t ed 
Albedo Al bedo I Al !.i edo I I Alb edo III 

,Jan . 

8 .78 
9 .78 . 76 . 79 . 71 

29 . 77 
31 . 67 . 86 . 81 . • 71 
Feb . 

1 • 71 . 91 . 73 . 64 
2 . 68 . 92 • 60 . 61 

Ir!o. r . 

24 . 78 
25 • 74 . 87 . 85 • 72 
26 . 74 . 89 . 83 . 75 
27 . 68 . 8 6 • 74 . 65 

28 . 67 . 84 . 64 . 63 
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(ii) Goose Bay 

Date Actual Pre dicted Predicted Predicted 
Al bedo Alb e do I Al be do II Albedo III -----

Dec . 
17 . 87 
18 . 80 . 86 . 83 .78 

19 . 80 . 83 . 77 • 74 
20 . 80 . 80 .71 . 68 

25 c-. 93 
26 . 82 . 92 . 89 . 81 

27 .79 . 89 . 84 .77 
28 . 93 
29 I:I . 88 . 89 . 87 

30 . 80 . 85 . 86 . e2 

31 . 82 . 83 . 80 . 76 
,Ja n . 

1 .79 . 83 .74 .72 

2 . 79 . 82 . 76 . 65 

14 . 81 

15 .73 . 80 .77 .71 
20 . 82 
21 .76 . 81 .78 .75 
Fe·b . 

8 . 85 

9 . 84 . 93 . 81 . 81 

10 . 82 . go .75 .76 

11 . 85 . • 88 . 68 .69 
12 . 88 

13 . 26 . 94 . 93 . 86 
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Date Ac tual Predicted Predi c ted Predi c ted 
Alb edo Albedo I Alb edo II Al bedo III ----

Feb . 

17 . 87 
18 . 83 . 86 . 83 . 83 
19 . 85 . 85 . 81 . 78 
29 .88 
l:iP.r . 

1 . 81 . 84 . 84 . 84 

3 . 87 
4 . 85 . 86 . 88 • 79 

5 . 86 . 93 . 88 . 79 

9 • t)6 

10 . 85 . 84 . 83 • t)l 

11 . 85 q? . (.;._ . 87 • 77 
1 2 . 88 

13 . o4 . 84 (5 i::: . _; . 75 

15 • 88 
16 . 85 . 88 . 91 . 87 

17 .93 
18 . 87 .97 .99 . 89 
20 . 87 
21 . 84 . 86 . 83 . 81 

2'.2 I"> ' \ • o .::: . 33 r7'7 
• I l . 73 

23 . 85 . 84 . 76 . 84 

28 . 89 
29 . 82 ~ 88 . 85 .77 

30 . 82 . 86 . 87 .78 

31 • C1l . 89 . 37 7P. • :J 

.. -) ·-~i1 

1 . 85 . 89 . 84 .74 
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( iii ) Resolute 

Date Actua l Predict ed Predicted Predic ted 
Albedo :if"i ~edo I- - Albedo Il Al1J .2do III ---- _ ... __ ,. ____ 

---··-·~---- - - · 
Sept . 

2 . 79 
3 • 72 . 88 .79 .73 
6 . 77 
7 . 70 . 86 .77 .71 
8 . 67 . 92 . 75 . 68 

9 . 63 . 99 . 70 . 64 
10 . 65 
11 . 66 '7 11 

• I I; . 65 . 59 
12 . 66 . 80 . 63 . 56 
13 • 6/L . 87 . 59 . 52 

15 . 76 
16 .77 • 8 '.5 .76 . 69 
17 . 76 P, ") 

• •• _J . 73 . 66 

18 .75 . 79 . 68 . 63 
?O . 71 . 83 . 61 . 55 
21 • 6'~ .86 . 58 . 53 
~~ 2 .60 . 92 . 55 . 50 
23 .73 
24 . 66 . 77 . 73 . 68 

25 . 62 . 81 . 70 . 65 
26 . 62 . fl-8 . 66 . 62 

27 . 61 . 95 . 62 . 59 
Oc t . 
·5 . 77 
6 . 68 . 79 . 77 .70 
a .7'2 ./ 

10 . 83 • f!., 7 .78 . 72 

12 . 81 • ~)3 • 71 . 64 
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Dqt e Act t:.l Predicted Predicted Predic t ed 
Al b edo Al bedo I Alb edOII Al be do-:-r I I ---- -·-··---- ~-----

20 . 85 
21 .77 . 88 . 84 .75 
Feb . 

14 . 86 
15 e78 . 94 R? . .. , - .76 
16 . 73 . 94 . 74 . 68 
18 • 72 . 97 . 56 . 50 
24 . 90 
26 . 79 . 86 .77 .73 
27 . 76 . 87 .72 . 68 

28 .74 
r:rar. 

1 . 84 
2 .77 . 83 .79 .73 

3 • 71 . 80 .71 . 65 

4 .75 .77 .64 .5 5 

5 .74 .75 .56 .47 
6 .70 .77 .53 .44 
8 .75 
9 .75 .74 .70 . 69 

26 . 87 
27 .79 . 86 . 81 .76 
28 .77 . 83 .72 . 68 

29 .76 . 81 • 63 . 59 
April 

7 . 84 
8 .79 . go .84 . 80 

9 • 74 . 86 .78 .75 
10 .71 . 84 .72 .69 
11 .74 .92 • 69 .60 
12 . 73 . 90 .65 ,... 1. 

• ti_, 
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