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Annual net balance of North Cascade glaciers, 1984-94 
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ABSTRACT. ,\nnual net ba lance 011 e ig ht ~onh Cascadt' glacins during the 
198+ 9+ period has been d e te rlllin ed b\' m cas ure ment of'tota l mass loss f'rom firn and 
ice melt and , o f' res idu a l snoll' depth a t th e r nd of' th c sumlll r r seaso n, O IT ra11 spati a l 
d ens it\, o f' Illeasurement point s is 200 point s kill ~ , :-I ca n annual balance or Konh 
Cascade g laci e rs ri 'om 198 "~ to 199+ has bec n 0,38 III a I, Thf' rcsullin g 1',2 m loss in 
II'a tn -equi\ 'a le nt thi ckn ess is sig nifi cant , sincc ~() rth C asC<ldr g laciC'l's halT a n al'C ra ge 
thi ckness of' 30 5 0 Ill , 

Cross-co rrel a tion of a nnu a l n e t balance fo r e ig ht g lacicr, ranges fi 'o lll 0,83 to 0 ,97, 
This indicates th e mass ba la n ces of th e cig ht g la c iers halT bee n res po ndin g simil a rl y to 
c limate conditi ons d esp ite th eir ra nge of' topographi c a lld geographi c charac te ri s tics , 
,\ nnu a l l1 e t balance o f' indil 'idu a l g lac iers Ilas corre lated \I 'ith clilll ate record s, Th e 
hi g hest ab la ti o n-seaso n co rre lat io n coell icient is m ea l1 \ I ay, \ ug ust telll peratu r c, 
ra nging fi 'o lll 0 ,63 to 0 ,8+, Th e hi g ht's t acc umul at io l1-season cor re latio l1 cocfJicient is 
LOtal accu m ula t io n-seaso n prec i pi rarion , ra ng i n g f'mm 0,35 to 0,59, 

MASS-BALANCE MEASUREMENT 

Th e :\'o rth Casca des mountain s arc hosr to approximatch-

725 g la c ie rs (Fig , I ) Pos t and o t h e rs. 1971: Pe l to, 1993 

Thc :\'o nh Cascade Gl ac ier Climate Pro ject (.'\CCCP I 

Il'as fo und ed to idelllify th e response or :\'o rth Cascade 

g lac ie rs to regio na l climatr c hange, Ebbeslll c \ 'C r anci 

others , 199 1 n o ted th c broad impa ct of' a regional 

c limate chang e occ urring ill 1976, id en ti fy ing il sign iri ca llt 

shin ill 40 cl1\ 'irollmental f~lc to rs th a t arc se nsitin' LO 

climate, Glacier res ponse to alpine Il'rather pilllerns a nel 

cl i mare is co III pi ica ted 1)1' loca l efTeers, Th us, to u nd er

sta nd thf' causes 0 [' and na ture of' c hanges in g lac ier mass 

ba lan ce, it Il'a s necessan' to m on itor a sig llifi ca nt number 

of' g la c ie rs , Sin cc 198+, the North Casca de G lacier 

Climate Pro ject has mo nit o red a nnual net ba lal1 ce o n at 

lea st e ig h t ~ o nh Cascade g lac ie rs Pe l to, 1988. 1993 , T o 

nlollitor thi s number of'glac ie rs ill the Cnit cd States is no t 

feasible fin a nci a ll y o r logisti ca ll y usin g standal'(l mass

balance methods, ,\ modiricd s tra ti g rap hi c m e th o ci based 

o n a n o bse n 'a bl e summer su rface is lI sed to redu ce 

log isti ca l costs, 

:\ nnual balance is th e difTi.:renc(' be twce n annual snOl1 

accumulation a nd snOlI'- firn ice melt la bl at io n \. :-fass

ba lance measure m ent s a re mad e o n th e sa m e dat e eac h 

yea r in Au g ust and again in late S ept em ber c lose to th e 

e nel of' th e a bl a ti o n season, Th e lat e Sept ember date is 

co nsidered th c c nd or th e h\'drologic l'Car for th a t g la c ier. 

An y mass-bal a n ce cha nges occurring befo re th e act ua l 

acc umul a tion seaso n begins is a measured Illass loss o r 

ga in for th e nex t hydrolog ic yea r, Annual ice a nd rim 

a bl at ion ( firn a nd ice ne t balance: :-l ayo a nd oth ers, 

1972 ) is dcte rmin ed using a blati o n sta kes drill ed into th e 

g lac ie r surlace and simulta neous ly c hecked 0 11 the same 

elate in late September, R es idu a l snOll' aCTulllulation 

final lat e SI1 01l' iJalan ce : \la yo and ot hers, 1972 a t th e 

c nd or the a l) la ti on season is dctermined using probing 

<llId CTl'I 'aS,e stratigraph y on the sall1c dat e as a bla ti on 

lll eaS Urell1('nts are cO lllpicl Cd , Th e m e th od s used a rc 

pattel'llcd af'tcr Ill ass- balance studi es o n Lcmoll Crcek 

C lac ier, ,\l askit, a nd Blue G lac ier, \ \ ' ash ingtoll H cu sser 

and :-la rcu:" 196+: L aC: ha pcll e, 1965: . \ rmstl'Ong , 1989 

Th e only difll' rence bc tll '('(' n the Ill e th od s used o n Blu e 

Glacier L aC hapcllc , 196J: ,\ rll1 s tron g, 1989 , and in thi s 

s tu ch ' al,(,: I ! snoll' dCllSitl' is not m eas ured: ,2) a ll o rd e r 

of' ma g nitudc higher IllcasurelllC'nt d e n sit y is used, 

Onh accumula ti on Illca SLl I'C m ents a re macie a bo\'(' t h e 

SI1O\I' lin e in th e accum ul at ion zone, In thc accumulati on 

zo n C', a nllu al ac'('u l1lulati on-ial'C r thickness is determined 

us in g CITI' i1 SSC strati g raphl' and probin g , i\lrasurc lllcnts 

a rc madc in .\ ug us t and again in late September, Th e 

,\ ug us t measurelllent s arc made to cietermine snOlUllC lt 

rUIl-oO' fi.) r th e late SUIllll1 e r period and a rc not used in th e 

final a nllu a l hal a nn,. a ,'iSl'ss mcnt. Th e a\'Crilge ci ens it y o f' 

mcasurelll c llt s utili zed in thi s stud y is :290 points km 2, 

Il' hile thc a lT rage densit y of' Illcasu rement s lI sed in 

assess ing th e mass balance in th e acculllu lat ion zone o r 

o th c r Canadian , :\' orll'egia n , S\I' iss and L'nited St a tes 

g lac iers is 33 point s kill ~ PYli C'. 1969: ,\I e icr, a nd othcrs, 

197 1 ) (Table I) , Th is hi gher d e ll sit y is ac hi el'('c1 by 
fC.JC u s in g 011 tim C' -effic iellt JllC;I SU1Tme l1t m ct hods, 

Th e <lccumlJlatiol1-lal'Cr thi ck n ess is m easu red at eac h 

pOint to th e neares t O,Ol m , Cre\'a ssc stratigraphy 

meas urcm ent s a rc conducted on '" in \'(Tt ica lh- I\'<lll ed 
, , 

c rCI'Ctsses 1\ ith di s tin guis ha bl e dirt b a nd s, Crel'<l SSCS 

lack ing H Tti ca l \I 'all s \ 'ie ld in acc ura tc d e pth Illeas urc

m e lHs. 111 th c :\'o rth Cascad es thc a bl a ti o n s urf~lce of th c 

prC\ 'ious yea r is a ill'ays marked bl' a 2 5 cm thi ck band of' 

dirt\, firn o r g lacier ice , The depth to th e top of this dirt )' 

band is Illcasured at se l 'c ral points O il each crn'a sse lI'all 
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Fig. / . Localioll oflhe /lille glaciers all H'/liril all/llIal balallce IlIl'aSlIrell7et1l.\ /ta te beet! iliadI' k)' , \ C(; (.P [ro III /984101993. 
c:. Colllmbia; D. Daniel5: F, 1;051: 1, Ice II ·orm : I .. ["o /t 'er ClIrli,,: P. ( mt'lIillg: R. Raillblllt': S. ,SjJid!'r: 1'. J~ ) 'IIc1I. 

within a distance ofseHTalmcr(Ts . The a\'Crage thickn ess 

of' the se\'e ral poi n ts is take n ro be the accu m ula tion-Iayer 
thi ckn ess a t that locat ion. 

\\'e comple ted more than 100 snoll' pits rrom 1984 to 

1986. the ra nge in mean accumulat ion-laye r density 
obse n 'ed was 0.58 0.63 ~Ig m :' . This narrow ran ge 

indicates th a t late in t il e a blat ion season the density or 

snoll'park o n .'\ Orlh Cascade g lac iers is uniform and need 
not be measured to determ in e ma ss ba la nce . For this 
reaso n, snow p it s a rc no longer utilized. Th e lack o r 
dellSit\, \ 'a riation has bee n ohsClycd in the two otil er 

4 

mass-ba lance prog rams in \\ 'ashingLO n on Blu e Glac ier 

a nd South Cascade Glacier ~l e i er and T a ngborn. 1965: 
Armstrong. 1989 ). or cq ua l i m ponance is th a t th e range 
or densit\, \'ariatio ll is or th e sa me o rd er as the dens it y

measurement error. determ in ed throug h repeat measure

me11 ts. Since -"ort h Cascade glac iers ra rely ha\'(' ice lenses 

(an indicator or litt le int ernal accumu la ti on ). p ro bing is 
a n accurate method of meas uring acc umulatio n-Iaver 

thickness. The lac k or ice lenses is also c ru cial to h<t\ 'ing a 
constant sno\\' den sil y. The probe is driHII th ro ug h th e 

sIl O\\'pack until th e P1T\' ious a blatioll surli\ce is rea ched: 
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Ptllo: . l lIIlIIa l 11 1'1 liIIIII IICI' of. \ 'II rllt (,'(/I((fr/e glacil'r.l. IWN 9'; 

'7 abll' I . '/ hI' 1IIIIIIun o/IIII'({,l/lrl'lIIl'lIl ,lill',1 /111'11 (filii Iheir dl'll " i~l' ill liII? ill 1I/ III ,I- b({lnll(l' ,llIdil' l 11 11 .Iell'(/ I'd glacin.l : i ll 

Sll'il .:nl({lIi1 (, I ) ( . 1 d 11'11 . 1(88 ) . I~l' l it e l 'lIi l l'ri Slall',1 ( :I'ologiml SlIrl'l:1' ( l ') (, \ Ic ier 1111i1 ol lter,l, /971) , I!I' Ihl' , \ '{) / ~!!,(',' 

1·({,,,r!mgl-UIl.lri.I,I('// ( , \ 'J ( / ~ )' III'. 19('/ ) ) allt! I!J' Ih l', \ 'orl lt (,'(/I(ar/I' (; llI cin (;f ill/({/t' Plojl'CI ( J» 

(: /ru·ill ,I M({lioll lllea 

Sil e,l J)1'II" ill' 

LiIII IIH'I'11 12 H 
Sil\ clT lla IH 10 
(; I'ci , '17 q 

(;ulbll;! '1 0 :1 
So ulh C:a ,c: lti e '10 17 
\\ 'o I\T l'il1(' I,i I 
,\ I/ill bl'l'(' n ,-) I 
.\ USII'C .\l c lllul'uiJl'c B :3 
e; 1';) ' UI11,(,(, 11 9 B 
Hcll slu g- u iJrcC I1 1:1 7 
:\ig-a rcbbrcc l1 10 I 
\ ' ("liT .\l l'lllurul)J'(' (j 

Colulllbi a :) 10 
Daniels 1'1 
Fos, 3 Li 
I.c)\\ cr C:urLi , :1 10 
I.) I1 cll :1 10 
RailliJow 3 G 

this , ur!;\('(' o J' gl;l cin icc or dirt ) ha rd lirn call1l o t bc 
Pl' lll 'll'al ec!. Th e pro llin g in slrU llll 'lll is a I '1 ill 11,'17 cllll 
Ihi ck I) pc I . CO ppl'l' wiJc 11 hi (' h i, dri\ (' 11 t1mlll gh tll( ' 
SIlO\I pac k lI sing- a I kg- wc ig h!. 

Thc <I l'l' lI rac) o J' c r('\ a ss(' slr<lligra ph ) a nd PI'Ollill g 
IllCa\ urCIllCI1I S i, (Toss-c hec ked iJ ) cOl11pa rin g lil l' cOl1 sis
ll ' IH ' ~, Oil c: lch gl;l ciel' , a l Icaq '1 ,-loo o J' Ih e a CCUI11Ul a li o l1 
;) I'ea i, a /.Oll(' () J' OIT rl a p \\ he re bOlh pr()bil1g a nd ('I '('\ ass(' 
s tl' :lli ,gra ph) :IIT used. This (To\S-c ll!'c kin g- id cl1lilics 
Ill caS UI'CI1H' llI poillts tha t c ith('\' I'cpl'escnl a ll ice 1('11'; a lld 
nOI Ih l' pr('\ 'io ll s SlIl1ll11(T s lIrEll'!' ill th c case oJ' proiJil1g or 
;lre: IS \\' h c rc l'I'('\ 'assc\ d o 11 0 1 ) ic ld I' c pn's l' l1t a ti \ c 

acc umul a ti o l1 depth ill th e caS(' oJ' CIT\'a'Sl' stra tigra ph ). 
Th c sta lld a rd cl n 'iati o n in SI1()\1 clclll h oiJt a ill ed ill 

c ross-c hec kill g a nd dllpli ca tc lll e: l',lI (,(' Ill (' llt '> i" slll a ll es t lel r 
(, IT\'a,"e str:lti g ra pll\ , 0 ,02 111 , a llci (J.(n 111 li lr pl'Obil1g. 
Til l' 1l<l lTO\l ra ll gc o r cI(,\' ia tioll ill \'('('ti ra ll ) \l a lled 
('I'(' \'a,s('s indica lt'" th a t th cy cl o ) icld consi<,lc ll t a li(I 
ITPITS('lIt a ti\ 'c a(T lIlll1ll a tiol1 d cpths lat(' ill th e SUIII Ill('r , 
,\ rl c r a d cca cl c or prl'CIOlllill a ntl\ II('ga ti n' Ill a", bala ll c(', 
th e IlUl11iJl'I' or (, 1,(,\'<1SSCS th a t a rc slI llic ie l1ll ) Op CII to 

('0 III plelc llle :lSurcllH' llt s h;ls ek cl i Ill'c1 sig n ifl callll y. 
T o e l1 sure tli a t m ass- b a la ll ce I11 C;ISllIT lll l' llt s a rc 

cO ll sistcllt 1'1'0 111 )ca r 10 ) l'ar , 1l11';(SlI(,(' Ill l' llIS al ,(, Ill ac/(o at 
a spati ;dl ) ii xl'c1IIl,t\l ork ol'poinl s u"ill g thl' sa lll c IlH' lhocl , 
Oil the sa me d a le ('ach )'ca r. Thl' 11I ' tll o rk is ii xcd spa ti a ll ) 
\I illl rcspcc t 10 th e SIIITOllllciill ,g Ill'drock \\' al ls, i \ I) pi c; Ji 
Ill C:I ',uIT IlH' 111 1l (' I\l o rk is sh()\11I ill l: ig- lIIT 2. Eac h 
11 \(' ;I'; UIT Il1(' nl Il ctll ork co \'(' rs a ,glacier 's c ntilT a(,(, lllllula 
ti o ll 1.01l(' \I ith ;1 I' caso l1 :d ) l ~ (' ol1 sis t!'llt d(,llSit ~ o r 
ll1l'aS lIIT IlH' IlI S. Bcca usc all or the sit e, arc ;l c('csscd I») 
iJackpa ckin g , it has Ilot bccn a probil'1ll 10 reach cach 
glac icr a t th c righ t ci a te . 

\l ass-llal a IlCl' llll'aSlIl'l 'll1cnts a rc ill \I:ltcr cqui\·; i1rllt. 

, l rClIlI/lllalioll (IIWI S II 11 r rl' 

Sil l',' J) I'II ,lio-

17 2 ,\ 

2 1 1:3 . \ 

'1H 9 , \ 

(iB (j l ' 
HI ,,) () L 

IO.i () L 
12(j :1,) :'\ 
:11 (i - I) 

,)- :'\ 
12.1 50 :-\ 
'1 1(i III :'\ 
237 .1 :'\ 

BB 10 :'\ 
I G,) 2.10 P 
I I.) 2HO P 
I 10 2 10 P 
IH,) 2HO P 
I'F - ,) '150 P 
'lOO 180 P 

Thl' proclu('[ 0 1' th e a(,(,( llllu lati()Il - la ) lT thi ckness alld ci CIl 
, it) oJ'tll c "llO \\pae k (),()O.\I g- 1ll 1 )ie lcb th e \I a tCl' l'qlli \'
;Ii ellt. Error., ill ci cplh 1l1 (': ISlIl'l' IlH'llt a rr 11'1,1 Ilto ll ± 0,0,) m, 
allel ± o. m 0 .0:1 \I g III 1 is tll(' l'1'ror due 10 dr mit\ 
\'a ri a tio ll , Th c ITs lill ill g crro r in :l lll1ual a'Sl'Ss nH'llt ICl r 
tll( ' alTllmlJi a li o l1 /' ()II( ' ra llg-cs 1'1'0111 ± O. IO to ± 0 . 1.) Ill . 

Ik lo\l th c SIl O\l lill (', a blalioll "take, clllpl accci il l a 
tri a ll gui:lr patl ('I'n a n ' IN'd to elctcrlllille allllll a l a h la lioll. 
,\ 11 a l)la ti o ll tri a ng ir (,() Ilsi-a s of' Ihrcl' sta kcs cirin'll or 
dril led ill to the ic(' a l :l l1l spac illg, IClI'Il lillg a n cquil ,lllTal 
tri a llg le . Threc 10 lil llr tl'i a ll g les a re (, 1l1pi;I(,( ' I 011 e;(c h 
g lacier, ,\ hl a ti o n sta ke, a rc \\ ilitc 11 (Jot/ ell poles :1,3 1ll 
lo ng, Th i, leng th \I ,h chosc n a s IOllger , t;lk cs al'(' LOO 
c lIIlJi )(' rsO Illt' lO tra nsporl alld cm place, and sho rt e r , tak cs 
t!' llclto 1ll!' lt OUI. ,\ hl atio ll Ill CaS UIT llll 'lllS a rc 1ll ;ld e ;It nill (, 
po illts on Ih e tri a ll g- il' pnipIH' r ) li'o lll a cross bar I'cs lillg 
lIpon t\l O or th e ahlalio n sta kcs to th e lil'll or icc sur!;(( '(' . 
.\lca~ urc n l(' llh a rc made ill laiC .J 1I1 ) ;In d ca rl y ,\ ugll'.t, 
rcco rdin g Ih!' ahlati on durill g til c lirst :l lllonths of'th .. 
a hl a ti oll seasoll . ,\ I't ('(' rc-clrillin g- ir nl'l'('S\a r) ill ,\ ugUSI. 
a iJl a ti on n1('aSUIT I11Cll h <1 1'(' re p eatecl in Iatc Se plc llll)('r al 
Ihe ci e, ig ll a tccl cO ll clllSioll of' th e h ) ciro logic ) C,lr , 

.\ /)I a ti o ll Iri a ng les a rc p/;I(T d ill a scquell CC fro m 
rcg io ll s th a t lirs l los(' Ih eir sllO\\' c()\'(' r to r(,g ions \I h('l'c 
<,11 0 \1 CO\ ' ('I' pc rsis ls Ic)\' a sig nili c;llll part of' Ih l" a hl a ti oll 
season, Eac h a lli:Jtio ll Iri a ng le is th ell ('( 'pITsc ntali\ '(' of' 
abl a ti on lill ' ot lHT part , or lil c g lac ier lli a t losl" th cir 
sllO\I'pac k silllult <l lll'ousl), ,\ bl <l tion \'<l riali o ll o \ '(' r Ih l' 
e ll tirc a lJl a tiol1 sea,oll :It th e ciilll'lTnl poillt s 0 11 th l' 
pniph c' J'\ o r a s ing le abl :lli o ll Iriangil' arc ins ig nili cant. 
Thus, indi\ 'idu a l ahl :llion Sla kes ",ill be used in ruture 
) '('~Irs, If' a stak!' I11 CIt S oul , il is not IItili zcci in assessing 
ahlatioll. Stakc lll e lt -o ut has bee n illli-cqucnt ; t\\ 0 Sla kes 
I1l c lled out in 198 7 on I.oll'n Curt is C laci('l' a ll d ill 1992 
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F ig . 2. ,\ [ as.l - ba/allce Illl'aSllrfil/m/ lIe l work 011 Colllmbia C/acier ill 1991. ,\ [ fa.WrI'lIlCl7I.1 (Ire made al eaclt 0/ Iltese /)0 ill Is al 

lite same lillll' ('aclt )"fClr . . l lIIlIIa/ ba/alia (nlllollr.1 are Iltfll cOll j lrurled. 

o n R a inbO\\' Gl ac ie r. 

Th e erro r in a nnu a l a bl a ti o n Illcas uremc nts is 
eolilllalN/ al ±O.25 m . due to ice-d e nsit y \'a ria ti o ns , 1011" 
sam pling d ensit y a nd sta ke sC LL l ing . This es tim a te is 
b ased O il th e sta nd a rd de\'ia ti o n in a hl atioll a10 11 ,2; 50 III 

long tra nsec ts lI"i th ab la ti o n sta kes placed .5 III a p a rl. 
T wo o f' th ese tra nsec ts " 'e re e mpl aced on C o lumbi a 
Gla cie r in 1987 and o n R a inh()\\ G lac ierin 199 1. There 

a rc at leas t three ab la ti on-lll eaS lllT m ellt sites Oll eac h 
g lac ie r. Th e sa mp ling density is la\\' a t 6 2D points km 2, 

but compara bl e ro th e mcan d en s it y 01"3 17 po in ts km 2 

used by th e use s a nd :\" \ 'E I T a ble I ) . 
i\ m ass-ha lance m a p for the elltire g lac ier is th e n 

com p iled 101' each g lac ie r. The mass ba la nce 10 1' th e enti re 
glac ie r is calcula ted b y summ a ti o n o f' th e produ c t of' 
glac ier a rea " 'ithin eac h 0 .1 D m mass-ba la nce cont our a nd 
th e n e t ba lance of th a t inten ·a l. Th e e rro r in mass
iJa la nce calc ul a ti on lo r th e entire g lac ie r is ± D. 17 0.22 111. 
Th e a nllu a l balance from 1984 to 1993 I() r th e nin e ~orth 

Cascad e g laciers and i 11 1994 for eigh t g lac ie rs is shOlm i 11 

T a bl e 2. Spicier G lac ie r will no longer be monitored: it 
could n Ol be reached in 1994 beca use o f' fo res t fi res in th e 

T able 2. T lte alllllla/ ba/al/te of. Vorlft (;{/jcarlf glarinsJi-olll dirlY/ IIlm.wrelllel/ls ( ill meters (Ull'aler equim/elll ) 

Clacitr /98-1 1985 /986 1987 /988 1989 1990 199 / 1992 1993 1994 

C o lum bia + 0.21 O. :{ I 0.20 0.63 + 0.1+ 0.09 0.06 + 0. :-18 1.85 0.90 0.96 
Da niels + 0. 11 D .. 'i l 0.% 0.87 0.1.1 - 0.37 D.6S 0.07 1.70 0.83 035 
Foss + 0.5 1 0.69 + 0.12 0.38 + 0.23 + 0.09 - 0.27 + 0.30 1.92 0.73 0.68 
lee " 'o rlll + 0.86 D.75 Cl. I.") 1.39 0 .2+ D.67 0.92 + 0.63 2.23 1.02 1.23 
L. Cu rtis + 0.39 0.16 0 .22 0.36 0 .06 - 0.29 - 0.31 + 0.0+ 1.76 0. [8 D.55 
I,y nch + 0.33 0.:22 0 .07 0.30 + 0 .17 + 0.03 0.12 + 0 .36 - 1.38 - 0 .62 0.+0 
R a in boll' + 0 .. ')8 +O.D [ + 0.20 0.26 + 0. 13 0.2 [ 0.+6 + O.H - 1.65 - 0.80 0. 78 
Sp id er + 1.1 2 - 0.63 + O.:{() 11.1 + 0.73 0.15 0.96 + 11 0 0.67 O. -lO 
Y aw n ing + 0.09 0.23 0. 11 0.+7 0.06 0. 19 0.32 + 0.23 - 2.06 - 0.66 0.62 

.\l ean + 0.39 - 0.35 (). I I D6 1 + 0.06 0.22 0. [2 + 0 .29 1.81 0.75 0.69 
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Tab/e 3. Cro:,.\ - {orre/alioll I({bie 0/ ({IIIII({I/ 111'1 ba/allte .1(1/' (' ighl . \ 'orlh C{/\(({c/e g/a(iN.I j(n Ihe 198-1 .93 jierior/ 

Co/. D a". F O,I., 

C o lumbi a 1. 00 0 .9G 0.95 

Daniels 0 .9G 1. 00 0 .95 

Foss 0 .95 0.95 1.00 
ice \\'orm 0 .88 0 .9 ~ 0 .87 

Lo\HT C UrLi s 0 .9'1· 0.98 0 .92 

Ly n c h 0 .9'1- 0.93 0 .92 

R :tinbol\' 0 .90 0 .95 0 .90 

Ya\\'ning 0 .97 0 .9 ~ 0 .9+ 

\\' a tershed. Tlt e l11ean a nnu a l ba la ncc o f' 0.38 III a I [e) r 

lh e e ig ht g lac iers during th c 198+ 9 ,\· p e ri od is a l11 ea n loss 

o f' 3 .5 5 .0 m o r g lac ie r thi ckn css during the las t 1 1 I·ca rs. 

This is a sig nifi ca nt amo u nt g il T Il tlt e thin n a turc or 

)." o rth C ascad e g lac ie rs es ti mated to ran ge !'rom 30 GO m 

( P os t a nd o th ers, 197 1) . 

CROSS-CORRELA TION OF NET ANNUAL 
BALANCE 

Tab le 3 co nt a ins th e cross-co rre la ti o n or a nnu a l ba la n ce 

le))' th e e ig ht :\o rth Cascacl e g lac iers. Th e hi g h cross

co rrc la ti o ns 0.83 0 .97 in di cate th e silllil ari t l o r cac h 

g lac ier's a nn Lla l b a la n ce response to th e a nn ua l c li ma te 

co nditi o ns. Fi g ure 3 di spl a,'s th e a nnu a l I)a la nce or th e 

e ig ht Sorth C ascad c g lac ie rs o bsl'!'n'd bl' :\CC;C P f'ro m 

1 98 "~ to 1 99 ·~ . Th e trcnd fi'o lll yea r to I'('ar is quit e 

co nsistent , illu s tra ti ng tlt e Iti g h cross-co rrcla t io ns. ' I'h e 

a ctu a l ra nge in a nnua l ba la nce bet \\ '('cn the g lac ie rs fc) r 

a ll\' g in' n \'Ca r is sig nifi ca nt r Fig . 3 1. 
The indil 'idual g la c iers liTre se lec ted to re prcsc nt a 

ra nge or geogra ph ic a nd to p ug ra phic clt a raCle ri s t ics. 

0.5 

o 

/rll' /AiC / . 1'11. RIill'. J il !g. 

0.88 ().9 "~ 0.9+ 0.90 0.97 

0 .9+ 0 .98 0 .93 0 .9,) 0 .9·1 

0.87 0.92 0.92 0 .90 0.9 1· 

1. 00 0 .9 1 0 .83 0 .8G 0 .8.') 

0.9 1 1.00 0 .90 0 .95 0 .9G 

0.83 0 .90 1. 00 0 .9 1 0 .90 

0.86 0.95 0.9·1 1. 00 0 .9 1 
0 .8,,) 0 .9G 0.90 o.~) I 1. 00 

Ceop;r a phi c cha racte ri s ti cs o r eac h g lacier arc g il'l' n in 

T a ble L 

Th e m ode ra te ra ngT o r \ 'ar iati o n in a nn ua l ba lance 

ll1akes ci is tin gui, hin g lI'hi c h geog ra phi c c h a rac te r is ti cs a re 

mos t im po rt an t in dc tCl'm inin g cli ma te sc n s i t i\ ' i ty 

clifli c u ll. Th is tl' nd c n n ' fi) r sm a ll a lpi1l c g lac ie rs in til e 

Pac ifi c :\ o rth llTst to h alT diflc rent mass-ha la n ce hi sto r

ies, yet hi gh lToss-co rrc la ti o n coelIic ien ts, was p rn 'io usl y 

noted iJ ) LCIJ'{"g ll ilh a n d R C\'n a ucl 1989 \ . Lct rcguil IY 

a nd R cynaud 1989 compa red th e mea n a n n u a l ba lance 

hi sto ri cs fi 'olll 1956 to 1985 o f' Blu e Gl ac ie r , Ol ympi c 
.\Io u n ta in s + 0.3.) m a I a nd So uth (: ,Iscacl e Gl ac in, 

:\o r th Cascades O. I.) III a I , lI'h ic h 1\,('1'(' IT I'\' c1 ifTtTenl. 

HO\\'('\T r. thcir ,c ns i\ ' it) to spec ifi c clima te co nd iti o ns. as 

ind ica tcd 1)\ a noss-co ITI·l; lli o n coe ll il' ic n t or 0 .G9. \I'as 

q ui tc hi g h f()J ' tllO g lac ins in d iffere nt , th o ll g lt a dj accn t, 

Ill u unt a in ra ll gcs. 

Pe lt o f ~)88. in cxa mini ng th e \irst sc\'era l yca rs or 
m ass- ba la lHT data. pm tul ated th at t he \'a ri a ti o n in 

a nn lla l h :il a ncc iJ l'tlll'C n g lac iers is cl ue to th e ir clifle'l'cllt 

gcograp hi c cha ral'lni st ics. Th e hig h cross-co rre la ti o n or 
a llnu a l h :tl ancc [e)!' eac h g lac ie r suggcs ts th a t th e gC'o

g rap hi c c h a ral'lLT ist ics a re or seco nd a r y im po rt a nce to 

.......... ....... t"-'7"':c..d 

.......-Columbla 
~Daniels 

=~~:~o~nis l 
........ lynch . 
-+-Ralnbow 
- Yawning 

-1.5 ......... . -... --- -. -.................... ---... --.... -...... --.... -... -..... .. .. -. 

·2 ........... . -.-............................. .. ....................................... -....... .. 

-2,5 +---+---r----+----+--t----+----+--t----+-----j 

84 85 86 87 88 89 90 91 92 93 94 
Year 

Fig . 3. T lte (1I111l{{{1 ba/ailCl' 0/ eigltl . \ 'orllt (;(L)wr/e glarin,l. . \ 'ole Iltal Iltal' i l ({ siglliflcalll r(lIIgl' ill ({IIIII/al balallce 

belwefll 1111' glaciers alld Iltal lite j){lllem 0/ rltallge/i 'olll ) 'I'ar 10 }I'ar i .1 sill/ilar/(J/' all (ij' Iltl' glacin.1. 
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] ollmal 0/ C:laciolog), 

7 ((ble ·1, T he geogm/J/tic cll({/'{/cltri,l/ic,1 II/!'ighl glacin,l [('her!' a 1111 1111 I /;((I((IICI' ha,l b!'1'II II/IJlli1or1'(1 al/ll/(({[()' ,lillC!' 11)8-1 ((lid 

w il [ cO ll lillll(, III be IlIoll ilored, , 1((lIlI/lIlalioll ,IOllrCI',I: l('illd dri/lillg ( " ' f) ) , al'([[allchl' aC(,(IIIIIi/alioll (, I ' '), diral ,ll7oni((11 
( /).\;) 

(;[acier Oril'lllalioll , l c(J(lIlIi/alioll ,I 1111 rce,l D i,llalll'l'j io/ll D ii'ir/I' Df1'alioll r{III"!' 
.~ 

III 

SS E DS , \\ ' 0 , ,\ \ ' 15 km IITs t 17,")0 11 50 C olumbi a 

D a nids 

Foss 
E DS,\\' ]) I km cas t 2230 1970 

'\E DS ,\ t Di l ici c 2100 1840 
Ice \\ ' 01'Jl1 

L OII'er Curti s 

L I'nc h 

R a inboll' 

SE DS, ,-\ \ ' I kill cas t 2100 1900 
S DS, \\ 'D ,l ,") km 11 cs t 1850 1+60 
.\ DS, \\'D ,\ t Di l' ici c 2200 19.')0 

E'\E DS , , \ \ ' 70 km IITs t 2040 I :~ I 0 
\' Lt lI'n i IIg .\ 

acrua l c li mat r co nditi o ns but docs no t sugges t th a t 

geogra phi c c harac teri stics a rc u n impo rta nt. Th e Ill ea n 

ann ua l ba lan ('c ciiffe lT Ill,(,s be tll 'Cc n g lac il'l's d o re ll eC't 

impo r tant diffe renccs th a t arc proba bl y th e res ult 0 [' 

cha ng ing geogra phi c charac teristi cs , Th e a nnu a l ba la ncr 

reco rd is insulli cie nt to assess rul" thi s h ypot hrs is l e t. 

NET ANNUAL BALANCE CLIMATE 
CORRELA TION 

,\ compa ri so n o r th e lo ng- te rm a nd sho rt-t CJ'm m ca n li) r 

m o n thl y prrc ipit at ion a nd te mpera turc ri 'o m th e e ig ht 

.\O,c\ :\ St a te o f' \\ 'as hin g to n Dili sio ll ,) \ \ 'c<! rh cr Sta ti o ns 

Cascaci c .\I o untains illu strates thrce importa nt cl ima te 

changes in th e .\orth C ascades 1'01' th e 198 1 9+ pe ri od , I 

.\ lean a b la ti o ll-scason te mpe ra ture h as been 1,1 C a bolT 

th e 10 ng -t('J'm m ea n 119,J0 SO I , 2 1 \\ ' int cr prcc ipit a ti o n 

has been 11 <;I" be l 0 11' th e lo ng -t erm m can, 3 1 .\ lcall 

.\ pril J unc tempera turc h as bce n 1,3 c: a bo\"(' th e 10 1lg 

term m ea n, ,\11 th rce 0 [' th cse c ha nges lead to m o re 

nega til'(' b a la nces a nd h <ll'(' bee n the ca use or th e ra pid 

g la cia l re trea l tha t has occ urred in th e .\'Orlh C asca d es 

d urin g t h e las t .'i 7 :e,lrs (Pclto, 1993 , 
The ro ur prim a l'\' c lim a ti c I'a r ia bles a lketing .\Orlh 

C ascad e g la c iers a rc a b la ti o n -season tem pera l u re, acc ull1-

ula tio n-season prcc ipit a ti o n , sum me r clo ud cOl'(' r a nd 

.\ I a y a nci O c tobn li'Cez i ng iclT ls t T a ng' llo rn , 1980: Pcl to, 

1988) , S incc summ n clo ud COI'(' r is no t ll1 onit o red in th c 

.\o rth Cascad e region , tlli s pa ra m e ter ca nn o t be CX<l. m

incd, P Oi'ln 1977 a nd T a ng bo n l 19S0 demo nstra tcd 

th at s umlller clo ud COIT I' is hi g hl : ' co rrc' la led 11 i t h 

sUlllm('J' te mpnat ure, is inhere nt'" in c lud ed in th e 

tem pcra ture record an d is no t an ind e pe nd enl I'a ri a llie, 

Freez i ng -Ic I'l'1 clcl 'a ti o ns a rc inco rpo ra ted iJ : i Ilclud i ng 

on'" .\I ay and O ('[o bn prec ip il<lti o n occ ur rin g \I 'he n 

StcI'(' ns Pas;, temperat ure is IJcioll' 7 c: as acc u lllu lat io ll

seaso n prcc ipit a ti on , 

Compariso n bctll '('c n nc t a nnll ,iI ba la nce 101' cae h 

g lac ic r a nd acc um ula t io n-seaso ll ;1 nd a lJla ti on-season 

co nd it io n s at )\0 ,\ ,\ \\ 'as hin g to ll Sta te Di l'is io n ,) 

\I,(,<l th c l' s ta ti o ns is presc n ted in T a hle 5, Fou r dint' re llt 

meas u rCll1 e n t meth ods o r acc ull1ui<l t io ll-season p reci p i ta 

ti o n pp!. ) ,liT usecl: ( I ) Ouo iJ n ,\1 arc h pp t., 12 1 

8 

DS , \ t Di l' ic! r 2100 1880 

O cto ber ,\ pril pp t .. 3 .\OI'('m bCJ' \ Ia rc h pp!. , ( ~ a ll 

p rcc ip ita ti o n fro m O ('[o ber to \I al' tha l rail s \I ' he n til t' 

tempe ra ture at Stc\'(' ns Pass is be loll' 7 C, Prcc ipit a ti on 

d a ta used is th e m onth'" m ea n I() r Dil'isio n 5 \I '(' ;)t l1(' r 

sta t ions, \\'ca t h e r records ti 'o m I I ind il 'idu a I \l'ea ther 

sta ti o ns lI'(' re a lso co rrel a ted \I 'ith a nn ua l ba la ncc but eac h 

I'ic lcl ecl ICJIIT r co r re la ti o n coe ffi c ie llt s tha n th e C:ascadc 

.\ Io unt a in Di l'is io n rcco rd , p ro b a hl : du e to th e s ig nifi ca nt 

loca l c ha ngcs in prec ip it a ti o n [cl r malll' sto rm ('IT nt s, 

Th e hi g h es t co rrelat io n coc fli c ic nt s liT re fo r Ill easure

m (' nt m ct hod ~ a ll prer ipiLali o n ri'olll O cto be r to '\ 1al' 

th a t 1;lIl s \I 'he n th e tC lllpera tulT a t S tcI'e ns Pass is beloll' 

7 C , ra ng' in g [i'o lll O,3b to 0,59 , Onl y on \' ,\II'nin g G lar ier 

lI'as a not her Ill e th od as acc ura te': me th od I O ctober 

:'1a )'c h pp !. \I'ith a n ide nti ca l co rrelat ion coefTi c ie nt. This 

dC lll o nst ra tes th c ro bustn ess or Ill e't hod +, 
During th c a bl a ti o n season , (clI lr clim a tc I'a ri a hl es 

\l'e )'e' used: 1\ '\ 1a)' ,\ ug- us t Ill ca n tc mpera ture , (2 \ Iay 

Scpt c mbe r l11 e<ln te lllpcra ture , 13 JU ll e . \ ug- u st I11 can 

tem pna ture, cl'l J UI1 C Scptem be r mca n tempe ra ture, 

T cm pera tll res used lI'('re mo n th h ' mcans fi'om Di I' is ion .'i 

IITat ll e r s tat io ll s , .\ Ic-thod I .\I al ,\ ug us t Ill ca n tem 

pcra tul 'C 1 prol't'd to hc til (' 111 0s t acc ura te lI'ith co ),),e la ti on 

coe fli c ic n ts r 'lng i ng /i 'om 0,63 to O,S ~ , Th is Il'as tru e o n a ll 

b ut LI'nc h Gl ac icr a nd R a inbow G lac ier. LI1l('h G lae in 

a nd R a inbow C lac ier hal'e th e least lI egati\ ,(, m ea n 

a ll n ua l ba la nce a nd hi g hes t m ean acc ulllul at io n-zone 

a ltitudc o f' th e e ig ht g lac iers , Th csc (I \'C) g lac il'l's Il'ere 

Ill o re c losdy re lat ed to .J un c Se ptcmber tcmpera turc, 

Excep t fc) r Ly n c h a nd R a inbo w G lac icrs, Ill e th od I 

\ 'icld ed co rre la ti o n coeffl c ic nt s /)c tllccn 0,75 a nd O,B ~ , 

Th e correl a ti o n be tll'('c n a nnu a l ne t ba la nce is hi g her 

ff) r ab la ti o n-sc'aso n tc mpcra turc t ha n I'DI' acc lIllluiatio n

seaso n p rec ipitati o n , Thi s does 1I 0 t d em onstra te th a t th e 

g lac ie),s a rc m o re sc nsiti l'(, to a hl a ti on-seaso n conditi ons, I t 

is mo re likel: ' a )'csu ll or tem pcra tulT being a be ll ('J' Ill cas ure 

or a bl at io n lh a n p rcc ipit a ti o n of' act ua l acc umul a ti o ll, 

CONCLUSION 

Th e a nnu a l ba la ncc o r .\o rth Cascad e g lacic rs he tll'CclI 

198 1, a nd 199 ~ has bee n Ill ocicra tc ly n ega til ,(, a t 

0,38 III a I , Crel 'ass in g on a ll nin c g lac iers \I 'h e re a llllua l 
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[ ab/e .J. Correllllioll (uc/Fc/I'II!.I belll'I'I'1I /II1'([,llIred ({milia/ ba/a ll cl' . alld ab/alioll - ,I(,([S(}II II'III/!I' ra III 1'1' l/IId acclllllu/alioll -Jeaso ll 

11'III/mal/IIl' . '/111'1'(' dijji>rl'lll illll'/'1'([/.\ durillg 1//1' ab/aliolll('al{}1I are wed: J h!)' , I lIgllsl (,1/ . 1) . . ll I!)' SI'/)ll'lIIiJI'I' ( .Il S) . 

.lUll!' Sc/)lclII/m (.J S) . , I rmlllu/alioll -,I('a.lolI /!rI'CI/)ilal/oll illrillr/I',I all /nf(l/Iilalioll bl'lll'l'fll / O(lober alld 1 J IIIII' ( ,1St» {hal 

.la/h lL'IIl' 11 llil' IIIII/)nalllrc al Sh'i' l'1I1 Pal.\ i,1 bc/Oll ' 5 c:. Oclobfl' . I/}/il ( 0 .1) illrludn all /Jlw/)ilalioll dllrillg llii,\ /miod 

Glacier , I blalioll -,\'f(I.IOII lemjJeralure , ICCllll1l1lalivlI 

Colulll bi,l 
I) ,micl, 

F oss 

I Cl' \ \ 'llrI11 

[, ()\\{'I' CUJ'l i, 

Llnch 

Rain hlJ\\ 

Y a\\ 'ning 

~ I .\ 

0.81 
0.78 
0.79 
O.7j 
0.78 
0.G3 
0.6 ~ 
0.81· 

halalllT nlt'<1SIIlTmcnts h a\'(' been made h as a lso dimin

ished signi li can tl y . . \ loss 0 1' 1-. 2111 or ice thickncss 0 11 

glacil'l's \\ ' ith all estima ted 1l1eall thi ck ll ess 0 1' 30 50111 
Post allcl o th l'J's. 197 1 is signif icallt. 

T he re,>u lt o['llcg;lli\'(' a nnu al halance h as been glac ier 

rctreat. I n 198.'). of'the U g laciers \\T obsel'\Td 38 \\ '(' IT 

IT t rC<lti ng. In 1 99~, +6 0[' ~ 7 glac iers obsC I'\'cci \\TIT 

retrcating I PCIIO, 199:) ). LC\\' is G lac ie r \\ ' ith a ll area 0 [' 

0.09 km~ \\ a , illitial" selected J()I' a llnual l1las,>-halaIllT 

mCa,UIT1l1Cllt , .. \f't er CUIll pkti Ilg I11 easu remcl1ts I'rolll 198 ~ 
tll 1988, L C\\·i" Clacin mclted ;mal in 198~) a ncl 1990, 
Ical'i ng relicl in' 1\ ith all arca 0[' 0.c)3 kll1 ~ hy th e cnd 0[' 

1990. I n 1992. I) al 'id (;Iacil'l' ncar C lacin Pea k ccasecl to 

c:-;ist. In 1993. \Iilk Lake C lacin di sa ppeareci. E ach or 

tlt e,e thrce glal'icr, has 10\\' I\·ill t('\' acculllulat ioll. Glaciers 

\\ i tlt geog r<lphic J;ll'lllrS incrcasing mean Il ct an nu a l 

a(TUmulalioll hal,(, had less llegatilT alln ual ha lances 

ali(I slo\\'('r glac ier-ITt l'eat r a te,s IPe lt o. 1993 1. During the 

1981 9 1 pl'\'iocl. g lacil'\'-rctl'l'at r<ltl's ha l,(, illcreased 

s uh, talltiall~ c1uc to Ileg'a til 'c anllual ba lanccs PCIIO. 

I~)~n . The high negalil'(' allllual halance 0(' l,(,lTIIl )fa r, 

comhin ed I\·ith the ,ma ll s i/.c oj' the g lacins I\·ill cns ure a 

COll lillu ecl r et r ea t Ic)!' the Il cx t sCI'(' ra l Icars. 
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