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ABSTRACT, Da ta fro m l\I'ice-d aih' ra di osond e ni ghts a re used to estima te spa ti a l 
a nd tempora l \'a ri a ti ons of a ir tem pe rat ure. a tmosp heric tra nsmissi\'it )' . lI'ind speed 
and humid it y a t Blue G lac ier, wes tern \\'ashingto n. U ,S,A, Res ults indi ca te tha t th e 
ri'ee-a ir conditi ons (inte rpola ted in a ltitud e a nd in tim e fro m radi oso nd es ) prO\ 'id e a 
mu ch bette r es tim a te or conditi ons on th e g lac ie r tha n d o measurement s (i'om 1011'
a lt itud e sta ti ons, D a ta from the radi osond es a re used to mod el th e hourl v exc ha nge of 
mass a nd energy a t the surface of'Blu e G lacier. In th e a bsence of ex plicit inform a ti on 
a bo u t clo uds, tem pera ture a nd h umidi ty profi les I'rom th e radi osond e a re used to 
es tima te the a tmos ph eri c tra nsmi ss i\ 'it y need ed [or th e ca lcul a ti o n of short-II'a \'e 
radi a ti o n. T o pogra phi ca l innuences (a ltitud e. shading . slope a ngle a nd ori enta ti on ) 
a nd surface a lbed o a re pa ra meteri zed ex pli cith' to mod el th e abso rbed so la r flu x a t 
spec ifi c sit es on th e glac ier. Other energy nu xes (lo ng-wa\'C ra d ia tio n, sensibl e-hea t 
a nd la tent-hea t exc ha nge ) a re est im a ted using es ta bli shed ph ys ica l mod els. H o url y 
es tima tes o f a bl a ti on a re integ ra ted to obta in the scasona l a bl a ti on, ;"lodeled a blation 
a nd sta ke measurements ma d e O\'er 30 a a t t\I'O sit es on Blu e G lac ier agrce \\'ithin 16% . 
whi ch is within th e error associa ted VI'ith sta ke meas urements of a bl a ti on, 

INTRODUCTION 

Hig h-resolution meteo rologica l a nd g lae iologica l d a ta a re 

need ed to mod el no n-linea r glacie r- atmosph ere interac
ti ons (e ,g , 10ng-wa \T rad ia ti on ) and threshold efTec ts (e,g , 
phase cha nges a nd a lbed o feed-bac ks), N on-linea r efiecrs 
a re pa rti cu la rl y significant in ma ritime clim a tes wh erc 
tempera tures o ften nuctu a te a round the melting point o f' 
ice, Acc ura te mod eling of' g lacier mass bala nce has been 

ha mpered beca use it is diffi cult to d etermine th e spat ia l 
a nd tem po ra l \'ar ia ti ons o f meteo rologica l \'a ri a bles , 
i\fi cro-m eteorological meas uremcnts ha\'e been mad e o n 
onl y a few g lacie rs, a nd mos t reco rds ex tend bac k less 
th a n 30 a a nd cO\'er on ly pa rt of th e yea r. T wice-d ail y 

ra di osond e nights sta rted a t ma n y loca tio ns in 1948, a nd 

here lI'e im'es ti ga te th e feas ibility of using th ese d a ta to 
es tim a te glacie r a bl a ti on, Ou r stud y is moti\'a ted by th e 
possibilit y th a t radi osondes, or equi valent gridd ed a tm o
sph eri c d a ta, cou ld be used to mod el th e rece n t mass
ba la nce histor y of a ny glac ie r. 

Th e stud y has two stages : (i) ex tra po la ti o n of 
m eteo ro log ica l d a ta fro m th e ra d iosond e to g lacie r 
surfaces: (ii ) use or radi osonde d a ta to dri \'e ph\"s ica l 
mod els o f mass a nd energy excha nge, For the first, we 
co mpa re meas urem ents interpola ted fro m a nea rb y 
r adi oso nd e with m easurem e nts [rom Blu e G lac ie r , 

wes tern \\' as hingto n , U ,S .A , .'\ a ti ona l \\'ea th er Sen 'ice 

radi osond e nig hts in the region sta rted in 1948 a t T a toosh 
Isla nd (a bout 100 km north wes t of Blue G lac ie r) a nd 
mo\"ed in 1966 to Quill ay u te (a bout 70 km lI'es t-n orth\l"es t 
or th e glacier ) , R ad iosond es meas ure \'('I' ti ca l p ro fil es o f 
pressure, tempera ture, rela ti ve humidity, wind speed a nd 
direc ti o n , With fe\\' excep ti ons, radi osondes ha \'e been 

la un ched twice daily since 1958 a t 0000 a nd 1200 UTC, 
a nd liT interpola te each \'a ri a ble li nearl y in time between 

ni ght . In this prelimina ry im'est iga ti on , we interpola te 

\'a ri a bles linea rl y in a ltitud e from measurements a t just 
three sta nd a rd pressure leve ls (850, 700 a nd 500 mba r). 
The 850 mbar press u re le\'d is abo ut 150 m hi g her tha n 
th e terminus of Blue G lac ier, a nd 700 mba r is a bout 600 m 
a /)o\'e th e top of the glacier , I n the second pa rt o f' th e 

stud y lI'e use th e radi oso nde d a ta in esta blished formula 

ti ons of' mass a nd energy exc ha nge a t glac ier surfaces , 

EXTRAPOLA TING RADIOSONDE DATA TO THE 
GLACIER 

R ela ti o nships be tll'een radiosonde a nd g ro und-ba, ed 
m eas urcmen ts a re studi ed by compa ring d a ta from a 
meas urem ent epoch during th e summ er o f 199 1, An 
a u to ma ti c lI'ca th er stati on , loca tcd on roc ks a t 2008 111 
beside th e g lac ier. measured a ir temperature, th e 3 m 

\\'ind speed a nd sola r radi a ti on a t 5 min inten 'a ls a nd 

reco rd ed th e a \'erage ho urh' \'alu e o f eac h \'a ri a ble. 
Fig ure I shows tem pc ra tures at the g lacie r a nd temp

era tures in te rpolated fro m the rad iosond e a t 2008 m , The 
radi osonde d oes not ca pture a ll d e ta il s of th e diurnal 
cyc le. but th e riTe-a ir temperature is close ly simila r to th e 

a\'e rage tempera ture at th e g lac ier \ rms = 2.3
n

C, 
}'2 = 0 .73 ). By com pari son , measu remen ts ri'om a nea rb y 
low-a lti tud e sta ti on a t Quillay ut e (64m ) ofTer a poo r 
es tim ate of g lac ier tem pera ture (I'm, = 4, 5 C. r2 = 0 ,1 9 ). 
part ly beca use stra tu s clouds \I'ith tops j us t beloll' th e 
glac ie r often comp lica te th e tempera ture profi le in th e 

10ll'er a tmos phere during summ er. 
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Fig. 1. T emperatures at the glacier (averaged over the 12h 
centered around the radiosonde limes), and tem/Jeratures 
inte7polatedJrom the radiosonde to 2008m. On the line, the 
temperatures are equal. 

A realisti c simul a ti on of the local winds requires a 
three-dimensional ph ys ical model of interac ti ons between 
th e synoptic winds a nd topogra phy. Howeyer, here we 
ass ume th e speed a t a ny time is consta nt ove r th e entire 
glacier. It i. calcula ted empiricall y from th e speed V aso a t 
850 mbar (Fig. 2) with an rms of 1. 3 m s I (1'2 = 0.44) . 

A mod el of a tmospheri c transmissivity is needed to 
determin e th e flux of incoming so la r radi a tion. Th e Oux 
a t the top of the a tmosphere Qo is calcula ted from the 
sola r irradi ance (a bout 137I Wm 2; Hickey and o thers, 
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Fig . 2. Wind speeds al the glacier (averaged over the 12 h 
centered around the radiosonde times), and speeds at 
850 mbar from the radiosonde. The Line is the bestJit to the 
meaS1lrements; on the line the speed al the glacier is 
0.34 Va50 + 1.2. 
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1988) and eph emeri s data (List, 1966) whi ch gw e th e 
Ea rth- Sun di sta nce through th e yea r. The rela ti" e pa th 
length m and the angle of incidence lIt the so la r beam 
makes with th e earth surface are simple fun ctions of the 
surface geometry and the eleva tion a ngle e and azim u th 
of the Sun . H ere m is the ra ti o of the ac tua l pa th leng th to 

th e zenith path leng th. V alu es for th ese vari abl es a re 
calcula ted as a fun ction of the hour of d ay and d ay of yea r 
(R asmussen, 1974). Th e so la r beam is a ttenua ted by a ir 
molecules, aeroso ls, wa ter va por and clouds as it passes 
through the a tmosphere, and we ass ume th e tra nsmissiv
ity Tsw can be fac tored into a clear-air component Tair a nd 

a cloud y component Tel . 

(1) 

Th e clear- air component is furth er facto red in to a dry-air 

component Tdry (which includes the effec ts of aerosols) 

and a wa ter-vapor component Tw . 

The va por component (Lacis and H ansen, 1974) is 

Tw = 1 - O.29w/[(1 + 14.15 w)O.635 + O.5925w] (3) 

in whi ch w is th e precipita ble wa ter (in mm ) above th e 
site. The dry-air fac tor is a fun ction of p , th e pressure a t 
a ltitude rela ti ve to th e pressure a t sea leve l (List, 1966) . 

Tdry = 1 - O.lIp . (4) 

The opti cal properti es of clouds va ry wi th cloud type and 
drop-size di stribution, but here we assume th e cloud y 
component TeI is a simple, linear fun ction of th e rela ti ve 
humidity H (in per cent) a t the indica ted pressure levels. 

TeI = 2.199 - (16.55 x 10- 3 H S50 + 4.94 X 10- 3 H 700 

+ 0. 50 X 10- 3 
H 500) . (5) 

Th e fi ve mod el pa rameters in Equ a ti ons (4) a nd (5) were 
d etermined by optimizing the agreement betwee n short
wave radia tion mod eled using Equa ti ons (1) and (7), a nd 
hourl y measurements from th e wea th er sta ti on . 

A full y satura ted a tmosph ere (H = 100 % at a ll levels) 
implies TeI = O. This condi ti on is ra re; a typi ca l "wet" 
co nditi on ( H S50 = 92%; H 700 = 9 1 %; H 500 = 66% ) 
yields TcJ = 0.194. Wh en H = 55 % a t a ll levels, TeI = I ; 
but TeI is bounded in Eq ua tion ( I) so it neve r exceeds I. 
Th e transmissivity T:"v is continuous, but th e slope of the 
fun ction changes ab ruptl y when the a ttenua tion from the 
cloud y componen t se ts in , at about 55% . In reality, a n 
a brupt increase in short- wave a ttenu a tion occurs when 
a tmospheric conditions cause clouds to form . 

W e ignore th e effec ts of reOec ting surfaces but we d o 
pa rtition the incoming beam into a direc t-beam com po
nent Q dir and a diffuse-sky component Q dif, beca use the 
direc t-beam component received by a surface d epends on 
the surface slope. We modify a formula tion sugges ted by 

O erlemans (1992 ), 

Q dir = JTswQo sin lIt 

Q dif = (1 - f hwQosine , (6) 
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wh ere .f = (0.2 + 0.65 Tsw ) , which implies that th e direct
beam con-:ponent in creases lin early with transmissivity to 
a max imum of 85 % of the total incoming radiation when 
T S\\' = I . \Ve have no data to support this formulation 

because our radiation measurements were made on a 
horizonta l surface a nd do not contain information on th e 
pa rtItioning . That is, when \[I = e, 

(7) 

Figure 3 sho\\'s that when the tra n missivity model is u ed 

to es timate incoming short-wa\'e radiation at 2008 m , th e 
agreement with glac ier measurements has a n rms of 
29 \V m 2 (r2 = 0.86 ) . Th e agreement is importa nt 
because short-wave radiation is the dominant source of 
ene rgy to the summer snow surface . Furth ermore, th e 
m ethod is yaluable because it eliminates the diffi culty of 

obtaining a n expli cit measure of cloudin ess. 
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Fig. 3. M odeled alld measured flux oJ short-wave 
radialioll at 2008 m. The jlux is estimated lIsing the 
hansmissivity model which makes use cif the Lem/Jeratllre 
alld humidity prcifiles j7'Om Lhe radiosonde. 011 the lille, the 
modeled and measured jluxes are equal. 

Th e a utomatic weather station did not measure 
rela tive humidity. H owever, wet- a nd dry-bulb tempera
tures, measured ma nua ll y at 1600 UTC during the 
summers of 1985- 87 at 2008 m , were used to calculate 

rela tive humidity. The agreement between glacier data 

a nd va lues interpola ted in time a nd a ltitud e from the 
radiosonde (Fig. 4 ) has a n rms of 20 %, (1'2 = 0.44) . 
~leas urem ents at the glacier are abo ut 10% hig her th a n 
from the radiosond e, which might be ex pec ted beca use 
melting snow or ice is a potential source of moisture; but 

we have some reservations a bo ut th e accu racy of the 

measurements. For example, the large number of da y. 
when H = 100% on the glacier (abo ut 15% of a ll da ys ) 
makes us suspect th a t th e wet-bulb thermometer was not 
a lways full y sa turated. This prob lem would result in 
artificially high va lues of H at the g lacier. A different type 
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Fig . 4 . . Ileasuremellts oj relative Izumidi~)' made at 1600 
U TC during the summers of 1985- 87 at the glacier, and 
values intelpo/a/ed /n al/ilude and in lime from the 
radiosonde. 011 the line, the relalive 11lImidilies aTe equal. 

of error is in trod uced because radiosonde sensors are not 
accurate a t low h umidi ti es . Most radiosond e data a re 

post-processed and an y low H va lues a re increased to 
19% (Elliot ancl CafTen, 1991 ), which effecti\ 'e ly increases 
the a \'erage rela ti\'e humidity sli g htl y . 

MASS AND ENERGY EXCHANGE AT THE 
GLACIER SURF ACE 

Th e energy excha nged at thc surface ofl empera te g lac iers 
such as Blue G lacier is much grea ter than th e energy 
associated \\'ith ice now or geo therm a l nuxes; here we 
ignore contributions from th ese sources. W e a lso ig no re 

any heat storage on the ass umption that there is suffi cient 
\\·inter ra infall to pro\'ide la tent hea t to kee p th e 
temperature of' the g lacie r a t O°C. For a m elting 
surface, the energy exc ha nge and ablation a re coupl ed: 

where dNI/dt is th e ab lation ra te (in m s- I w. e. ) , p\\' the 
density of wa ter in kg m 3, L~ I the latent heat of melting 
(0 .335 MJ kg I) a nd Qsw, QL\\" QSH a nd QLH are the net 
nuxes (in Wm 2) of short-wave (solar ) radi a tion , long

wa \'e (terres trial ) radiation , sensible hea t and latent hea t, 

respec ti ve ly. Fluxes direc ted towards th e surface have a 
positi\'c sign a nd those lea \ 'ing are negati\·e . \\'e use 
me teoro logica l measurements interpol a ted in time a nd 
a ltitud e from radiosond es to deri ve ph ysica l mod els of 
mass a nd energy exchange a t the g lac ier surface . l\Iodel 

parameters a re deri\'ed by optimizing the fit to measure

m ents of net hort-wa\'e a nd lo ng-wave radi a tion , mass 
cond ensa tion , eva pora ti o n a nd melt th a t were mad e at 
2050 m on Blu e Glaci er during 1958 (La Chapell e, 1959a, 
1960) . Th e sensible-hea t nux \\'as es tim a ted by calc ul a t
ing the residua l of these measurements. The \'arious 
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m od els a nd optimi za tion proced ures a re d .isc usscd below. 1. 0,---.----.,---,---,--...,.--,------,---, 

(i ) Abs orbed short-wave radiation 

Th e a bsorbed short-wave radi at io n d e pends o n th e 
effective a lbed o a: 

(9) 

whe re Q clir a nd Q clif a re d e fin ed in Equ a tions (6 ) . A lbed o 
varies as th e surface propert ies evok e during th e a bla ti on 
season. H e re we ass ume th a t aging processes (e.g . gra in 

coarsening, acc umula ti on of light-a bso rbing pa rti cula tes. 

surface rou ghn ess ) cause the surface a lbed o 0:' to d ec rease 

exp onenti a ll y with tim e from an initial va lue 0'0 a t th e 

sta rt o f th e a blation season to a limiting \'a lue a" . The 
fo rmula tion is sim ila r to o ne proposed hy O erlem a ns and 
H oogendoom (1989) : 

cia' /clt = (all - a')/te 

wi th a soluti on, 

(10) 

\I'he re to is the e-fo lding time-scale in d ays. Values for ao 
and an , w hi ch were d erived ri'om m easurem ents m ad e by 
L aCh a p elle in 1958, diffe r fo r sn ow (0.85 a nd 0.59 ) , fim 
(0.48 a nd 0 .40) and ice (0.40 a nd 0.33 ) . The time-scale to 
is taken to be 30 d fo r a ll three surfaces . 

C louds a bsorb lig ht at near-i nfrared wavelengths , 

wh ich effec ti vely in creases th e sp ec trall y integrated 

a lbed o at th e surface (\\I a rren , 1982 ) . J n the absence of 
d e ta il ed info rm a ti o n a bou t clouds, we m od e l th e 
wave leng th dependence of a lbed o implicitl y a nd ass um e 
it \ 'a ri es with the a ttenuation due to c lo ud s. Th e effective 

a lbed o is written as a linea r combin a tion of! - Tcl a nd 0:' : 

a = 0. 14(1 - Ted + 0.91a' , (11) 

Th e two coe ffi cients for the parameterization were 
obta ined by optimiz ing th e fit to d ai ly meas urements of 
snow a l bed o during 1958 (LaCh a pell e, 1960) . Fig ure 5 

shows the mod el agrees very well with m eas urem ents 

(rms = 0.03, r2 = 0 .89 ) . 

(H) Absorbed long-wave radiation 

The components of incoming long-wal'e ra di a ti on a re 

from the clear-sky (Qair ) a nd from clouds (Qcl ). Th e 

emiss il 'ity o f snow €SI10\\' is 0.99 (W a rren . 1982) , so th e 
res ulting outgoing black-bod y radi a ti on from m elting 
snow o r ice is 3 12.5 \ V m 2 Th e net long-wave fl ux 
a bso rbed b y the surface is 

(12) 

The c lear-sky component is 

(13) 

Th e Stef~ll1-Boltzm ann co nsta nt (J is 5.67 x 10 8 Wm 2 
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Fig. 5. ,vIadeled and measured sll1face aLbedo al 2050111 
during 1958. The model jJarameteriz:.es the effects of clouds 
and stojare aging processes ( Equation ( / /)) . During the 
/Jeriod of measurements, the s1l1jace remained snow-covered 
(ao = 0.85, an = 0.59, te = 30 d) . 

K "~ir is the temperature (K ) and lOts is th e emissivity of 
the clear sky, wh ich is calcul ated as a fun c ti o n of a ltitud e 
z (m e ters) a nd th e vapor pressure (Kimba ll a nd others, 
J 982; O e rl em a ns, 1992) . 

Ecs = 0.70 - 2.49 X 1O- 5z + 5.95 

(14) 

Th e vapor press ure P"ap (Pa ) is es tima ted from th e 
re la ti ve humidity and a n approxim a ti on for the sa tura

tion vapor pressure given by Kraus ( 1972 ) . 

Qc! d epends on cloud type, h eight, temperature a nd 

clo ud amount; but, lack ing ex pli cit measurem ents of 
clo udiness, we ass ume th e Dux \'aries wit h th e a ttenua ti on 
due to clo uds: 

(15) 

The cloud tempera ture T,'i is ta ken to be th e tempera ture 
1000 m a bQ\'e the site. Both the a ltitude coe fficient in 
Equa tion (14) a nd th e coe ffi cient in Equation ( 15 ) were 

ob ta ined by optimizing the agreem ent be twee n Equa ti on 

( 12 ) a nd L aChapell e's (1959a) dail y m eas urem ents, 

which has a n rmsofI2'vVm- 2 (r2 = 0.43 ). 

(iii ) Sens ible heat 

Th e Dux of sensible heat can be written (Deardorff, 1968) 

(16) 

in which v is th e wind speed , a nd L1Tsfr is th e tempera ture 
difference be twee n the a ir a nd th e surface. A va lue for th e 

m ean bu lk turbu lent coe ffi cient DT = 1.65J m 3 K i was 

d e ril'ecl using concurrent m eas urem ents of wind speed 

a nd air temper a ture, and LaC ha pell e's ( 1959a) calc ula -
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ti ons of the d a il y ave rage nu x . LaChapell e's ,",du es are 
ques ti onab le beca use th ey were ca lculated as th e residua l 
of the energy equat ion , and a ny errors in th e meas ure

ments of the other flu xes or of ab la ti on would acc umula te 

in th is term. This is pa rti cul a rl y eviden t on occasions 
wh en th e calcul a ted nux \\'as negati\'e and ye l L'lT,fc was 
positive. Oth er errors arise beca use of uncen a inti es in th e 
wind speed ; a lso . th e ass umpti ons impli cit in Eq uatio n 
( 16) may not be ad eq uate (:-'lullro, 1989 ). G iven th e 

diffi culties, it is not surprising th a t the unce rta inty in th e 

es tim a te of th e d a il y flux is hig h (rms = 3 1 \\' m 2 

)'2 = OA9 ). 

(iv) Latent heat 

Th e flux of latent hea t O\'e r a melting snow or ice surface 

ca n be written (D eardorIT, 1968 ) 

in which LE is the late nt hea t of \ 'a por iza ti o n 
(2.5 1 7\1J kg 1), Cp the specifi c hea t of a ir, v th e wind 

speed, P,'tm the a tmospheri c press ure. PV"P th e vapor 
press ure of the a ir, a nd Psat th e sa tura tion \'a por pressure 
O\'er a m e lt in g ice surface . In 1958, LaCh ape ll e 
calculated the magn itud e o f th e la tent-heal nu x direc th' 
from measurements o[ mass condensa ti on or enlpora ti on. 

The agreemen t be tween th e mod el a ndm easu reme n ts has 
? ') 

a n rmS of II \\' m - (r- = 0.30) . 

RESUL TS OF ABLATION MODEL 

\V e a re now in a po. ition to model ablation a t any site 

o n th e g lac ie r. The model is run using ho ur ly tim e 
s teps , p l' im a ril y to resolve th e d a il y so la r cycle, but a lso 
to represent te mpo ra l varia ti o ns of m e teo l'o logica l 
va ri ables throug h lin ea r inte rpo lation . Air tempera
ture a nd re la tive humidity a re interpola ted direc tl y in 

tim e a nd a ltitud e from ra di oso ndes. \\ ' ind speed is 

ass umed to be a simple fun c ti o n of th e speed at 
850 mba r (see Fi g . 2 ) a nd spa ti a ll y il1\'a ri a nt O\'e r th e 
g lac ie r. Althoug h th e innu ences of loca l topographv 
a nd irregu la r dra in age \-\' inds con1.pli cate th e loca l wind 
fi eld, we do not ha \ 'e data fro m o th er si tes to support a 

more sophisti ca ted form ul atio n . A ltitudin a l \'a ri a tions 

o f th e c lear-a ir transmissivity a re modeled ex p li citl y . 
but the clo ud facto r TcI is ass um ed to be co nstant O\ 'er 
the a ltitude I'ange o f the g lac ier. This impli es that th e 
c lo ud base is a lwa ys a bove the to p of the g lacier , wh ic h 
is no t a h\'ays true . T he influe nces of topogra phy on the 

m agnitud e a nd partition ing o f short-\va\'e ra di atio n a t 

each site a re ca lc ul a ted using a 30 m di g it a l e leva ti o n 
m odel. T he pa ra m e ters for th e a lbed o m od el, 0'0 a nd 
0'", a re cha ngeel as th e surface e\'oh-es from snow, to 

fir n , to ice . 
Stake nel\\'o rks ha\ 'e been used to measure summ er 

ab la ti on at Blue G lacier for most years since 1958 . \ 'a ri a ti ons 
in the nea r-surface densitv and sub-surface melting can 
inlrodu ce erro rs of up to 20% in stake meas urements 
(LaC ha pell e, 1959b ). H ere wc co nvert meas urements 
of surface 10\\'e rin g to wate r equi\'a le nt by using 

3 3 3 
Pier = 900 kg m ; Pfil'll = 580 kg m ; Psno\\' = 5 I 0 kg m , 

COl/wa)' al/d olhers: Cse oJ radiosol/deJ 10 model ab/alioll 

based on meas urements of ave rage d ensit y [t'om snow pits 
a t Blue G lac ie r. This trans fo rmati o n co uld introduce 
sys tem a tic e rro rs. particularly whe n freshl y deposited 

snow of low d ensi ty ex ists a t the glacier surface . 

\\' e test th e a bl at ion mod el using m easurem ents fro m 
one site at 2050 m in th e acc umulation zo ne a nd an o th er 
a t 1540 m in th e a blation zone. Fig u re 6 ind ica tes the 
m od el d oes well O\'er a wide range of a ltitud es, a nd th e 
ag reem e nt (less th a n 16% ) is with in th e erro rs of stake 

m easureme nts. On a\'erage, there is a po iti \'e b ias of 1.9 
mmd- l : th at is, m od elecl a bl at io n is hi g her th a n 
measurem ents. Di lfe rences in a lbedo (ice is exposed fo r 
longer periods a t lower a ltitudes) and ge nera ll y hig her 
tcm pera tu res a t lo\\-er a l ti tudes cause hig her ab lat io n 
there: th e ab la ti on at 2050 m is a bout ~ that a t 1540111. 
(Fig. 6 ). 
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Fig. 6. ,Ii ode/er/ and measured ablalion ill Ihe acell/nllla
liol/ ::'Olle ( al 2050 m) alld fhe ablalion ZOlle (al 15JO Ill ) 

showing 53 seasol1al measuremenls ]ram 195810 1987. 011 
the lil/e, the 1Il0deled and tlte measured ablation are equal . 
. ·lsh f iom .I/Ol/Ilt SI . H elms was dejJOsited 0 11 the glacier ill 
.I /{/) , 1980. 
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The 1980 ab lation season was ano m a lo us because a 
thin layer of\'olcanic as h from i\ [ount Sl. H elens (abo ul 
220 km so uth-so uth eas t o f Blu e G lac ie r ) rem a ined at th e 
surface throug ho ut th e seaso n. The m easured ab la ti o n a t 
2050 m r33 mmd 1) is much hig her th an the model 

(2-+ mm cl 1) when using th e a lbedo formul a tion [i'om 

Equation ( 11 ). This suggests the ash lowered the albed o 
sig nifi canth' at th a t site. Th e impact is less e\'id ent a t 
J 5+0 111, pro bably beca use th e a lbedo of ice does nOI 
change much when cO\'e red by ash . 

CONCLUSIONS 

I n a marit im e cl ima te such as \\'es tern \\ 'ashi ng ton' s, 
a tm ospheric meas urement from radi osondes prO\'icl e a 
much better es tim ate or mou nta in conditi ons th a n do 
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Conway alld olhers : Use if radiosondes to model ablalion 

measurements from low-a ltitude stations. A method of 

using radiosonde data to model mass and energy 
exchange a t glacier surfaces was tes ted at Blue Glacier. 
The model was not tuned explicitl y to meas urem ents of 
ablation ; rather, model param eters were adjusted ro 
optimize relationships between meteorological variables 
and measurements of th e surface energy fluxes. Neve r

theless, th e modeled ab lation is within the accuracy of 
stake measurements, which suggests th e meteorological 
data from radiosondes a re suitable for es timating seasona l 
ablation on Blu e Glacier. The slight positive bias in the 
modeled a blation indi cates that the model parameters 
(e.g . the coeflicien ts in Eq uations (14)-( 1 7)) are not 

optimally tuned. The res ults are highly sensitive to th e 
numerica l \'alues of many model parameters, but w hi ch 
valu es need revising is not clea r in the absence of 
additional information. Another poss i ble improvemen t 
would be to make better use of the vertical resolution of 

the radiosondes. 

The physical basis of the model gives us confidence 
that the methodology should appl y ro any glac ier. 
Radiosonde or eq ui va lent gridded data with wide spatial 
coverage extend back more than 45 a and olTer an 
opportunity to model the recent ab lation hisrory of 

glaciers, including those where mi cro-meteorological 
measurements are not available. Furthermore, thi s type 
of approach could easil y be coupled ro a predicti\'e 
regional clim a te mod el a nd used to assess the response of 
glaciers ro possible future climate scenarios. 
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