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ABSTR.\CT 
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TWO' aspt!cl-s l of the glaCIer-cl mat~ problem are investigated by linedrl 
\ 

. , \ 
regresslull analysu. of data fr Whi te 

\ . 
Glacler (Axel Heiberg lslan~. 

\ 

N.W.T.) and surrounding~~ \ 

, 
1)' Che rel~tlonshlp between .. ur over ~laciers and at 

dlstant weather stat.lons. 

" 2) 
1 

\ ' 
~lation and air temperature. 
/ 

the relatlonshlp 

Parameters ~n the two models are 

\ 

dlfferent samples. Averaged parameters 

1 

1 • 

reasonably consis~ent for 

incorporated 

into a furit~er model to simu1ate summer Glacier for 
\ 

1960-72, usli~~ summer tempe ratures at di s ru t weather stations as input 

~.ata. ~~tt~\ are test.ed by comparison with pse~ed innua1 net balance 

~ dat

l
" Main\ s'oJ'l"ces of discrepancy are the eUe ts of accumulation. 

'" ~,"" \ 1 ~ J!' 
-----' "" , . --==-:..=; ", / 

:.... ",. -- -,- - ' ,,-- -. 1 / " 
---------Ana ys'iB' of ',data '~rom twelvé other glac}erl;i sugge s that :elatioilillips 
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bet balante and te reasonably consistent for differ-
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and cao" be interpreted in 
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Deux aspects du problè~ climatique du glacier sont ex~iné5 à l'aide 

d'an.iyses de 'régression,faites avec de~ donnée~\ du White Glacier (Axer 
, " 

Heiferg Island, ~WT) et' ses envirqns: 

\ • 
\, 

\ 
\ 

l~., Compara~son des tempérâtur~s ambiantes mesurées ~u-dessus du glacier 

! 
t 

2) 

et dans des stations météorolog~ques éloignées. 
, , ,J 

Re~at~ons entre 1 'ablat~on à court terme et la température ambiante. 

Il a été constaté que les paramètres des deux modèles appliqués à des 

, 

échanti 110ns différents sont à peu près analogues. Les moyennes des para- " 
1 

mètres des deux-Wodèles ont été incorporées daQs un modèle ùltériéur pour 

simuler l'ablation estivale du White Glacier de 1960 à 1972 ~ usant comme 

données de base les températures mesurées en~été par des stations météoro

" logiques éloignées. 'Les ré~'u1tats ont été mis à l'épreuve avec les bilans 
~ ~ -~ , 

'" annuels de masse.~ Les désaccords ~ statés résultent principalement de 
,\ '(! .:.sm" \1 

\ ' " 

r'accumulation. 

'\ 

\ 
Une\analyse des données de douze autres glaciers sembl:e-\ndiquer que les 

\, , ~ 

\ 

, r~laiions' 'entre le bilan de là masse g~aciaire et la température sont assez 
\ 

\ 

rappro~~ées.PQur les d~ffét~~~s glaciers et, peuvent être interprétées dans 

1. ca.dr; ~ résultats du Whizte< Çlacier < "'l ~ 

'\ 
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'" 
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\ , . 
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" Symbol s c.lrl! feJefincd wl,thin the text whencver necessary. • ln particuLH, l' 

have con!>l~tent.Jy used the ,overbar to dcnote the mean value .of any .qudllt i ty 

with re~pe\.t to time-a'veraglng, b,lt the penod of averaging ia different in 

diLfetent contexts. For ex,,j-lpre, the s)'I'lbol T denotes"'the 'thne-average of the
l 

local air lempel."dturc wlth rt'~ù--4.)--Jrbitraryperiods of record or (i'l) 
~ 

calendar months or (lii) sflllun~r~, of !>pl'clfit'd,lcngth. lt 1'"8 clear from con-
• 1 

lext \oIhich i5 meant. l have av.oidcJ tlle ll!>C of the overbar to denote ared-

averag~s 50 thdt l "denote. "medn spec 1 t iL dllnua,l' bai.mce" ,by b _ ra'ther -=:ban'. by 
~ n ; 

b as recèmuuended by Anonymou~ (1 JlJJ, p. 7 i. 
n ~ ~ 

The use of SI-Unlts in,glaciology 15 q>commcndcd riy Anonymous (1968). Howevèr, 

l do make u5~e of energy and roass balance dat'a thdt have been previously publish-
-

ed in c.g.s. units, and 1 \oIjls reluctant ta give them a,"n~w" appearance by trans-~ 

l~ti~g the units int? SI equ{valellts. l have, accordingly, consistently used 

the Langley (Ly) and centimetre of water equivdlent ( cm H
2

O) respectivel~ for 
, ' 

energy,and mass balance quantiti,s: 

1 Ly 41 868 J 
-2 

ni . ' -2 
1 .cm H

2
0 0.01 m H

2
0 or 10 kg m 

For convenience ln comparing computed specifie ablation \oIith observed speci~ic 

barance, quantities in the ablation area, 1 have expressed the Jatter in tenns qf 

!'net'ablation" i~ C~pters 9 & 10. 1jhls lS consistent \oIlth previous usage in 

the"Axel Heiberg li~erature and merely involves:B change of sign 50 that a ne

gative balanee~corre~ponds to a positive qet ablation. l do differentiate be-
" ., 

tween "spe,ciflc" and "mean specifie" quantities as referrring ta values at a 

point and to values averaged over the \oIhol"e glacier respectively, but it shou,ld 

be noted t.hat the upp'er case letters A, Band C are also used for non-glaciq

logieal quantities, e.g. for constants in regression,equat,ions. Furthermore, l 

'" ", alao use ,the symbol A to denote short:'period specifie ablatipn quantities w,hich 
- -- ~"~"" 

"~an be summed over time ~o g\ve a sp,ecific ablation total denoted by the low~r 

case letter a:, 
1 • " 

,My use of the term "parameter" lS consistent with the definitions given in the 

, ) 
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CHAPTER 

lNTRODUCTION "~' 

ii'" The Glacier-Çlimate ,~trrobl~m' . =:J 
Glaliers are a significant f'eature of the rul.fllfrdl landscape under p'res~nt 

l "- , 
,climatic conditions and were even ,.more èxtensive in the recent geological pasto 

/ ."t (). , , 

<i'~Eve~ smal~'i\iariation_s in glade/ behaviour and thei r extent could have profound 

effects upon h'uman activity. The 's'patial distribÎJtion and t,i~e v'ariations of 

glaciers are control1ed by c1lma~e. 
. ' 

The mechanisms are not yet fully under-

stood, nor la the proble~j" clearly defined. 
~. 

The,'refationship' be.tween climale and gracier, advancé or retrcat la' ~fte:n ,ex

pressed in the form of a simplified flow diagr'am, e.g. by Neier "'(1965) ,Pater-

, - -son (1969, p.226) and Müller- (1965 lnd 1972) and in Figure 1.1 of the presE!n.1 - \ 

work. A flow diagram such as Figure '1.1 expresses implicitly tlie notion that , 

the glader-climate system as a whole can be treatèd:;;Ws a numbt:r of separate 

-

systems coup1ed together. The glacier-climate prob1em can then be conveniently__ ,.'" 

broken down into two parts (Pate.r'son, '1969, p. 226): <-

1) 

2) 

HOkl does the large-seale climate ~rol the glacier's mass balance'? 

This i$ primarily a meteorologicaàlc~matologj,cal problem~ ~ 
l ' 

HOkl dO~slli~the glaFier respond to a ,ahange in mass balànce? This 1s 

prihla.rilg â problem r:f glacier dynamips. 
('" 

,The present wor~ On1Y"Con,:~r~s,itse1~ first of these'questions. The. \\, ' 

processes invo~ved are the 'ri ••• least nderstood and hardest to analyse of the 
, ,{ 

several processes in the' ~hain that, li' ks glaciers to climate" according to \, 

Mel' er (196' 5, p. "796) ." '\,. ,. ln the following 'chapters hypotheses are advanced and 
, "'- ~ 

tested in .an attempt to .develop, a usefu quantitative 'approach ta the ~oblem. 
In particular, the possibility of computi'rt g~i:er mass balance/ablab.Îo'n from . . \ 

This is use fuI because ob--......... -.... 

rom glacie;; themselves ~n 
data at distant weather stations i8 investig ted. . , 
served meteorologica1 da~, are se1dom avai1able 

parallel to mass-balance'measurements. The problem of "explaining" the large-, 

scale climate is not attempted. In principle, the g1a~ie..r':climate syst'ém could 
~ 

bè described by the usuali hydrodynamic/thermodynamic equations of meteoralogy, 

but in practice the complexity of the system and the difficulty in sp~cifying 
1 

.! 
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the state of t't,e system necessltate an emplrlcH 

lS placed upon ~tatistics for ..thd approach. lt is 

approdch. 1 A h~clVy' re Il dl1(c 

hbped tha~ the sCie"lll~c 
\, ~ '1 ' 

basis of the approaeh i5 adequately demonstrated. 

'\ . \ 
, 'Nle. data used or ~nalysed in the present study come mail'lly fr~m Axt!l Helber~ 

-,' 

Island" N.W.T .• c~'nada, and nearby r,ermanent weaçher stations. 'Glaciers 111 

other ar,eas, Aretie, and Alpine, are bri~fly discussed for comparison. 

ii) Brief Literature Review , 

There are no comorehensi~ t(!xtbooks or h.lnJbooks of gJ.àciology in rngli~h. 
,.. " 

ln German there is a series df books by Heim' (1885).. Ress (~904), Drygal~ki and 

Machatschek (1942), Kle}u!lsberg (l948-49fJ'and 9-IWi1helm Ol7S) which give cl 
1· _ /... '. 

good overview of the historieal de~lopmènt~f glaeio1ogy •. The'most comprehéns~ 
. , ,\' 

ive textbook lS by LlihPutry (1964-65) in French. An e1e~enta~y introduction 
, 

ta glaciology in English is by Sharp (l960) lwhilst Paterson (1969) has wriq:en. 

an admirable book on the physics of glacie~s. Ahlmann (1948) and Wallén (1948) 

are of great histor-ie,,: ipterest for the study of the glacier-climate problem,l 
1 • " 

and Qrvig (1954) gives an extensive bibliography of ear1y work in the field. 
, 0 

Hoink~s (1964) and Meier (1965) present concise reviews of'gla~ier-meteor?logy. 
==--''''-'' 

" The re1ationship bet~fen glacier variations and climatic fluctuations has long .. 
been a 8~bject.of spebu1ation, but monitoring of glacier ma~~ balance on a sys-

t~~tic basia is relatively'recent. Some of the longer records arè from Aletsch

gletaeher (Switzerland, surt,ing in 1922/23),' StorglacHir~'n (Swederr, 1945/46), 

Glacier de Sarennes (Franc~, 1948i49), Storbreen (Norway, 1948/49) and Hin~er-, 
eisferner (Austria, 1952/53). There are\everal long r~cords from the Cana4ian , , \ ' t~ 

Arctic: White Glacier and ,Baby 'Glacier (A.xf;ll l!eiber~ 18lan"1959/60), Meighen 

Island lce Cap, (1959/60) and the Devon Island Ice Cap .(1960/61). Data from 
, 

these,an~ other glaclers'are published in summ~y forro by the Permanent Service 

on the Fluctuations of Glaciers of the IUGy-FAGS/ICSU: fot examples see Kasser 

(1967 and 1~73) . 
l 

The ablation process is probably better understood than the accumulation pro-
, . 

cess. The relation between ablation and me~eoro1ogical e1ements has often been 

.studied by measuremeqt of the,varioua terms in the energy balance eq~ation for 
" 

short periods at a limited ~ber of si tes (Paterson, 1969, ,Chapter 4). Early 
~ , 

ex:unples of 'this approach ~n the Canadian Arctic (Baffin Island) are by Orvig 



, ' 
1 
1 
! 
! 
t 

1 

'. 

i 
,\ 

r 

'. 

1· 
1 
1 

1 / 
j / 

(1\151 <11\1..1 Il):1:') IoIhll"t !>lllllloH !ptuJies on Axel ,Heiberg 1Il1and and Devoll bLl11'd 

have bcen repur'lcd by Allllrl'W& (196'4), Have~8~ (1964)~ Havens et dl (1965), 

MÜ'ller ... and Kecla (lfJbY), Kl'eler (l9~4) and Holmgren 0971'a-f). fh~ applll'"h

ility of the re!>ultl> il> sometimes questione~: "energy balance studics hdve Ml, 
\ 

fàr yidded det . .Jiled ,inforr.<1tion only 1).bq.6t the pârt'icular ptace .... here 'the]' , -
Were carricd ou~" (Paterson, 1969, p.62,). l'he œethod ~lso' involve,s theorcll-

'»J' 

cal problems ('for examp le, the specification of the turbùlent fluxes) and In-. 

strumentcll pr·obJen:s (especi~l1y meas,urement of long-.... ave radiatio~). 

A new appruach'to, the surface ene..gy exchauge by solution of a system of diff-' 

crential eqlldtiolls descri~ing the boundary layer OVc( glaciers ia briefly rc-
y' 

porte.d by Ohll1Urd (1972) ,md' ~1üller et al (197'3). Such methods are discus8ed 

by l([:aus (1974). It 18 unlikely, however, that 'such approaches can ever be 

~;/r - . 
" " I~"~~ 

* applied to th", study of long".Jleries of roass balance data because df (a) lack of 

sufficiently detailed input data and (h) computing dme. "An alternative upp

roach i8 to parJmeterize ,each term in the energy balance equation et.npirically 

in term8 of routine rneteorological data as i~ the Synoptic Energy Balance me

thod of Vowinckel ând Orvig (1968 and 1972). Taylor-Alt (<1975) applied sueh 'an " ' 
approach on the Meighen Ice Cap to' study ablation-- over si,xl summer seasons, 

Actually long-terro records of even simple meteorological e1ements on or'very 

close "'to ~laciers are rare.' AnalYs.is of long {101 year) series of mass balance 

data i5' of~,:n do~e (a) in terms of large-scJ1le weather' patterns or "GFosswet-
• \ 1 

1 terlagen" (e\ g. Hoinkes, 1968) or (b) in tenus of data (usually temperature and 

preçipi tationp frém distant (101 km) weather stations (e. g. ~oi.nkes and Stein

acker, 1975 and Martin, 1974). Such approaches often involve statistical ana-

lyses. paterso~ (1969, P.'2'28) st/tes that a stattstical approach "may have 

sorne practical value" but that "a correlation established for one glaci~r will 
--:.; 

not nebessarilY h~ld 'in another ~rea, or even on another glacier in the same 
c , ~ ~ 

area. 'Uoreover r such analyses tell nothing about the physical faétors ~hich 

c~ntrol accumulation and ,ablation". Kraus (1974, p.146-7) is also sceptical 

about such methods as is LaChapelle (l9~5)\in his oreview of M~rcus '(1964)': One 

of the obJectives of the present wor:k i8 ta ~ttempt jusd.-fica~ion of the "stat

r~tica1 approach", 

" 1 

) 

/ 
/~ 

._~ ------/----~----_. 
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ill) Ared 01 Stlldv dllJ <dlHee!l of D~tJ 

-------------'---- - "~---'-- ! 
'he lll'Id J,ll,1 Il~~d III the present study corne mainly from whlte Lldllt't( 

and i s ~urro\lnding', ùn Axel HClberb , N.W.T., Canada. Sorne data from t..tll"SVl'r-' 

drup 
li' 

Ml' t l'" ru-
" l ' 

lacler and lc~ Cd? on Devon Island, N.W.r., are al~o analyseJ, 

logic 1 data (ru~ perWdl1cnl wealher stations in ihe Queen Elizabeth l~lallJb. 

dnu ISdchsen, are used ln the analysls. Location~ of tlll" 

vin,io s places of interest are illustrated in.Figure 1.2. 

FInal y, the rcsults of the,>tudy are cOUlpared wi th results from other t;1..H.

iers: ) ~lac-iers in ~he Canadian Arctic, 1 in Northern Sweden. 2 ln the French 

,Alps, 2 in the Austridll Alps • .md 4 ,in the Swiss Alp~. 

(? 

Much 'of the Axel Heiberg data \I~cd in the study is unpub1ished. P~rmissioll to 
. 

use th' s dat~s kindly given by ProfessaI' Fritz ~mller, leader of the McGi 11 

University Axel lfeibcq; Island Research Project. the efforts of Ulûny membcrs -
, 

research project must be gratefully acknow1edged, particuldrly thuse 'of 
, . 

01111,<,,<1,' Jdkob Wei:,;s. Davicl Terr'oux and Ludwig Braun. 
1 

metporological data from the Sverdrup Glaci~r, Devon Island, dnd 

fr6m the Devon Island Iee Cap were kindly @ade avail~b1e by Dr C.M. Keeler and 

Dr Bjorn Holmgren respectively. 

Axel ~eibe~g Island: 

• The exped~tion area on Axel Hejberg Island (see maps ~ Figures 1.3 and 1.4) 

has been visited every summer sinee 1959 by expeditions froUl McGil) University~ 
, 

The main glacier under study is White Glacier - a medium sized sub- ola; ~alley 
r' 1... li j 

glacier approximately 14.5 km l.ong, 1 km wide and extending fwm 75 to ~~out 

1400 m a. s.l. '(Adams. 1966, P{ 1). A continuous record of annual net ala1~e ~~ 
availab1e from 1959/60 ta the present. However"the se~ies are not completely 

~ 

hOUlogeneou5idue to 10ss of stakes, changes of stake location ~nd stake density 

~'!< etc. The clirnatic equilibrium l,ine altitude (ELA) is approximately 900 m a: s. 

1. but varies widely from year to year (Mü11er~ 1966) with a low of ca 400 m 

(1963/64) aqd a high of ca 1300 ~ (1~61/62). , 

Adams (1966) studied ablation and run-off on White G1acier'whilst Andrè'ws 

(1964) ,Müller and Roskin-Shar1in '(1967) and Havens et al (1%5) present results ../ 

1 

i 

" 1 
! 
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of\ summer heat balance "udles carr"ied out ~1 "Lowe, 1<0" .t 210.m a. 5. 1. n.d~ 
the snout of White Glacier in the summer of 1960, 1961 and 1962. cespectively, 1) 
AU'- the heat balance 'studies 'showed .that net ra Jiatio~ was, on average, the 

. ~ 

major heat sou~ce for ablation. 

Q Already d~ring the period 1960-62 an emphasis was pl~ced upon maintenance of d 

~ 

meso-seale network (1 km si~le) of simple weather stations, mainly thermohygro-

graphs'/thermographs, t'o supplement the surface weather observations from Base 

Camp. Several automatic weather stations have also been incorporated into the , . 
network (Müller, 1969, and Müller & Schroff, 1976). TabÙ 1.1 and Figure 1.4 

~ ........ 
• show,,~~tation network as it exi~ted in theoperiod, 1969-72. Despite great 

. .efforts the "summer" temperature record for the 13-year period 1960-72 is not '. 
complete: considering the glaciologically important months of June-Augubt, the 

i 
Base Camp record is 727. complete, Lower Ice 46% and Moraine Camp 447..: This is 

actually quite good compared to the situation fo~ most glaciers, but.,here are 

no winter precipitation records at aIl. 
1. 

Field data from Axel Heiberg Island which âre used ln the present study are as 

fo1lows:' 
.-

"Dai ly Mean Temperature (Chapter 4): SlX summet tempenature records comprlSlng 

564 days ïn total from three stations for each of the two summers 1960 and 
.. of 

1961. AIl data are published except for the 1900 Base Camp record, se~ Andrews 

(1964),dHavens (1964) and Müller & Roskin-Sharlin (1967). 

DaiIy Mean Temperature (Chapter 5): thi~ty-nine summer t~peratu:e records com

prising 3427 days in total from nine to eleven stations fJr the four summers 0 

1969-72. None of the data~are pub1ished. The 1969-70 an~ 19;2 data were'co11-

ected by Ats~u Ohmura wni1st Roger Braithwaite C011ectedJ,'the 1971 data. 

Short-P~riod Ablatio~ and E~ergy Balance Data (Chàpters 7 and 8): 16 periods 

(irregular duration) between 8 Ju1y and 19 August 1960 f am Andrews (1964), 63-·< 

1 days betwe,en 12 June and 18 August 1961 from Müller and eeler (1969) and 11 

periods (irregular durati~n) between \6 July and 31 July 1962 ,from Havens.'~ 

(1965). In aIl three cases'the measurements were made t t~e Lower lce station ~ 
·at 210 1Ij a.s.l. on White Glacier. -. 

" \ . 
(Annuai Specifie Net BalanCe (Chaptèrs 9 and 10): 13 

~hree altitudes on White Glacier: at or near 210 m a. 

a.s.l. (Anniversary) and 81Oma .. s.l. (Moraine). 
\ 

, , 

1959/60 ta 1971/72 at 

.1. (Lower Ice), 370 m 

ary da~a'for 1959/60 ta 
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Sta,tion Altitude 

'm a.8.l. 

Fjord 10 

Outwash 55' 

Valley 90 

Base Camp* 190 

Lower Ice 200 
') 

Anniversary 370 

Phantom 450 

Gordon'~ 600 ' 

Ermine 800 

, Mot:aine 870 

'Babr 
," 

1050 

* full surface weather records 

. , , 

Location 
"e 

," • 

.. 
tundra, Expediti?n Fjord 

Outw!sh Plain, White Glaciet 

tundra, Expedition River 

tundra 

Whi te Glacier 

Whi te Glacier 

tundra, Thompson Glaciet 

tundra 

rock tundra 

White Glacier 

Baby Glacier 

Table 1.1: Altitudes and Locations of Weather St~tions in ~e

dition Area, Axel Heiberg .I8lan~ummer~ 1969-72. 
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Fi.g 1.5: The lee Cap Station (I.C.S.) ~nd Sverdrup Glacier on -DevOn 
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19h1/h! ..Irt' );ivt'·n by \\\ll1.èr '(1966). and 1969/70 to 1971/72 data are giVL'1l bl , 
Hf,WII l~I<J7h): tlil' ddt.l <ln' oth~'(\Jl::;e unpublished. Data analyslb \J,lb by 1I.IVld , 

" , 
'lernllJx, .J.!k,l\l \~l'Ib'b ,1I\d Lud\Jlg Br.l,un under the supervision of Protcs!>uT Frlt,-

Hu lll'T. 
". 

Devun 1:0 l ,md: "'" ~ 
The !>CVOIl l~ldnd leL' t,II' Ü,ee Figure 1. 5) tl~,,-\een yi"Srt~. by expeditionb t rlljn_ 

the Arette IÜbtitutl; ut Nnrth Ameried sinee 1961~nd irom Polar Continental 

SlIel! Project (l'CSI') bltlCe 1971. HabS balance dal~rom various parts of tilL' 
. ~ " 

i cc cap ,He feported by Kocrner (1966 and 1970) and in tCE 0972-76). Mctco-
~ . , 

rologicdl ob~ervdt;i.0\.15 were made at the 1ce Cap Station (ICS)"o..at 132Q m a.b.l. 
-~_ .\,11 :"_ $- • '-.. 

during the 1961-63 SUIIDuerS (Hùlmgren, 1971 A-F) and in 1969 (Braithwaite, 1970). 
, ~. 

Uolmgrcn (l971 A-F) mdJ~ a comprehensive study of the summer energy exchaîtg~ on 
\ '-, 

the iee Cdp wlli lst Keeler' (1964) made mi~ro-~et..6orùlogicdl and run"':'off measure'::' 
, ~ 

ments on the Sverdrup Glacier at 3QO,TlLa. 8.,. r. fn summer 1963. 

Field ddta [rom Devon 

Daily Mean Temperdture 
\ 

days Tn total from the 
."'. 

dr,lip Gldcier in 1963. 

- -, - '. " , 
\1 

Island' u,;;ed in the prés~nt study are as follo'ws: 
"'\ ! l"t- _ ~--- ---------- ~ 

(Chdpter 4): three '~(n;~eratu~e records comprising 232 
, >, \ 

Iee Cap Station (leS) ~~,1963 and 1969 and from Sver- . 
, ... 
'~ 

The unpublished data tôr 19ft) \Jere kindly made avail- \ 
~. r <j f '" 

able \y .Dr Bjorn Holmgren and Dr C. M. Keeler. ~. 

-,-S:.::.h_o_r-,-tt--_~p_e::...: =-~.:::,' O","d"=,-,,A:.::.b_l_a:.::.,rJ:.::.t_~rt-_-,-~:.::.nc::d_E:.::.nc::e..::.r .... gy,,--B-,-a=.l_a....;n,-c::...e::...-:;D...;,a:.::.t:.....a (Chapters 7 and 8): "33 daysiÇet-

ween 9 July and 10 AugiJst 1963 from Kee1er (1964). The meaSurements \Jere made 

\ at 300 m a.s.l. on the Sverdrup Glacier. 

Di.<;tant Weather Stations: 

Regular meteorological observations have only been made in the Queen Elizabeth 

lslands sinee the 19406 CRae, 1955). The clim~t~ of the Arctic has been dis-
, ,~ 

cussed, by Dorsey' (1951' , Hare (1951), Hare ~nd O,rvig (1958) and by Diem (1967) 

amongst others. Regu1ar tabulations of meteorological and climatologi~al data . , . 
Erom Canadian A,rctic weather statiouS<tl:l'e pUhlisbedJLthe Atmos~heric Environ

ment Service (formerly Me~eorolQgical Service of Canada) ln various publicat

ions: j'7!rct.lc>summal'Y" (up to 1971). "Monthly Bulletin - Canad~an Upper Air 

Datall and "Monthly Record - Meteorologica1 Obseryat~ons ~n Canada". Monthly 
--<-

statistic~ for surface temperature, atmospheric pressure and precipit~tion for . 
some Canadian Aretie stations are presented in "Worlâ Weather Recards 1951-60, 

Vol. 1". 

1 -, 



8 

------_..---:: 1 

1 , 

Ull t,il!' 1 td 10 l\.111 ~'Ldlt!. The system .lS nearly dett'rmlnlstlc. Tht.' lll

plJU, JI,· ['[,,\'I "c.,:1fiY LIlL' l<lr':l~-sca.le atmosphere, and tilt' outl'ut~ dT<' 

2) 'l'hL' 1IIt 'III:, 11(Jm(tll,~rye-~('ale atmosphere can be reasonably dccuTdtely 

l:dL 1I1dt ,·.i l>y Ill! l'lpolatlOil of temperature and precipitatlon datd dt 

Jl:c.tJllt (l(!~ km .<'L\.dt.') wUdther stations (Chapçer 2). 

r J) AlI (,,"Ii','l'dlul" ,wJ prCC.lpltat.lOn at a site on the glacIer are the mùllol 
... 

r 
COll't follllhJ j dl tUI star spec.l f J..~' mass balanc:e: SU11lmer temperature CO/l-

tluj~ dlJlclt lun, dnd winter prec~p.ltation" controls accumulat~on, qnd ... ' 

1 su/lJi,lcr l'n.!ClfJl t<ltlu"ll Inhlbl ts ablation (Chapters 7 and 8). , 

.. \ l' • For the lIyplllhl'~eb lu hl' .l(sef .I the vdrious models should' be reasonably repeat-, " 
1 dbl,,; a lIloJel d~'vl'I Ù~l'J for lone siçuation should bc vdl id for.other situations." 

- '01(' ' 

If this l~'lrlll' _me! lf 0) t~n it should hl! possible'to compute 
----~-

glacier nl.lS!> b.llanc(' :'l'rlCS using data from distant weàther std,tlons. This' tur-

, thcr hypotlte~i~ lb eX<lll1ined ln 

~~) Methodol';"'"f th. Pee,eot 

Chapte~s 9 to Il. 

Study -----, 
The hypotIH':.eb --tt-Jt0(3f~ developed in the form of simple llnearequat-

Ions rclating input varid,bles to out~ut variables. Pardmet~rs in the equations 

are eVdlLldleU for' vdrious situations by regression analysis (ordinary least-

squares). P'ardmeterll, which are computed [or one set of situations, are used 

, tu compute OlltputS (bynthetic series) for other situations, which were llt used t 

for the coruputdtion of the parameters. Assessment of the v~lidity of the app~ 

.-----------;---.:r(JQ;Laacchh-ii.§s made by comparing these computed outputs to the corresponding observed. 
---~-----------

outputs. If the discrepa~cles-bê4tween~hese series âre large the approacK IS 
, . ~--...------------

not valid, and the models are not repeatable. -

The approach may De termed a "grey box'~r "parametric" 'approach and is a typi
.p 

cal "systems" approach (Amorocho and Hart, 1964). The approach might aiso be 

termed a "statistical tl approach because it uses s,tatistical methods. 

r 

1 

1 

! 
\. 
l, 
1 



, .. 

• 

• 

, , 

•• Q 

Il.ll~l be emphdsu;'ed. I!owever,-thl')' "rL' tl'!>leJ 101 dlcord wlt'h rL'ality d!> Idl ,Ifl 

. po~~,iblc. The lJ!:.J/~f hypotl~s Jnd tllcif' lefltlnl.; i'n the present stuuy dtt-
/ ' ' \ 'x ______ -------

eIllpt~ to' follow,thl' line~ l.ail~ ~own by .ll'vll,n~ (1877, Chdpter X:-'III) d'nJ by 

l'opper (959). /, J 

~
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CHAPTl:R 2 

INTERPOLATION OF TEMPERATURE AND PRECIPITATION DATA FROM ARCTIe WEATHI:.R: STATlÙ:-'S 

i) IntroduLtion v 

Suppose that lemper8ture and precipitation data are aVdil'able from a !:.hort

term station, QI). or near a glacier at point (x,y,z).' These data will be denote"cl 

by T(x,y,z,t) and-p(x,y,zrti. They are influenced by the" "local climate" of tl;e - . 
glaci~r: It is assumed that the local c1imate is forced by the tlgeoeral climat~" 

which: "n:!fer!> ta average conditions OVer a, large area, as indicated, for examp

le, by data from the l\etwork of standard weather stations" (Patèrsoo, î9(Y9, p. 

227). The problem i5 to establis~l sorne quantitative' and objective way of e~

pressinb the temperature and precipitation characteristic o~ the general clim

dte. This might be done by extraction of data from published wea~~er maps, 'but 

d b ' " the proce ure would be cum ersome and ~naccurate. For th,e purposes of, t}le pre-

sent study it is proposed to express the temperature a,nd precipitati>on charact

erizing th~ general climat~ as interpolatio~s of obs~tvéd data at distant (102 
• • il"" 

km scale) stations dround the glacier. Interpolations wilJ be valid' for the 
. • n '\ '" 

point (.x,y,z), and interpolated values 101111 be denoted by TIN(x,y,z,t) and 
\ 

P1N(x,y,z,t)., That sucll inte-rpol.?tions are useful and meaning'\ul is orly, dt 
\ 1 

this stage, a hypothesis (hypothesi~",2 in Chapter l(iv». The/testing of the 

hypothesis will be described in th~ following sed~ions of the~resent chapter. . / -
ii) Simple Interpolation Methods 

It is desire~ to interpolate temperature and precipitation at a point 
l " 

" (xo,y~,zo)' There are N perma~ent weather stations around the point" of interèst 

with c~ordinate5 (Xi 'Yi) with i t~kiog values of 1 ta N. The problern of inter

pol~tin,g surface rneteorological ei'ernents will be considered firs't, i.e. Zo .. O. 

-A linear interpolation scheme for'sorne meteorological el~ment F can be written: 

i..w 

FI"" (.~oly •• z.o.l:) :;: ~ I.,..}(xo,xt.,'./:,yl.) f (x.\..~I.,1.o,L) ... .. .. (2.1 ) 

where H(xo,xi ,yo,Yi) lS a weighting factor.' 

·Accordl~g t9 Gandin (1965) ~.1 interpola~ion schemes used in m~teorology 'are li

near in the sense of Equation (2.1) but differ in the way in which the weighting 
1 l 

l 
r -
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fdctors ..ln'. int~rpolat~~n of lIIeteorolùgu:al 

fic~ds i~ do ly lermed "'obje<:tive analysis"). He iJenlifu:~ thn.:e m.lln 
l ~'" \~ 0 

Illi:> (lt ,>chl'mt':\~~'ylwmi~_~ (e.g. Panofsky, 1949), statlstlc,tl-dyn..JlIIll' (l'.!;. 

Kruger, 19b,) ,md optunum interp"a"lation (e.g. Gandin, lc:t65). ln generdl"deve

lopment III the fIeld has be~n very rapid.~nd opèrational objective ,ll1,dy~l!> 

~c1H.!l1Ie~ hdVL' become very complex in order to taKe aCCLlunt of [actor<; whlch <Ire 

pr09dbl Y) not relevant tv the pre,sent pr~lem. 

ln lhe pre~l'nl study three different methods were exar.nneJ: 
\ -
\ 

\ a) ~S~,~~\yy_w..~.1l!).!_l~ - The .weighting fact~rs W(xo,xi :Yo,Yi) lHl' d~stinll'J lo h,' 

Illven,dy PI\~porti.ondl to the scalar distance (d,oOo between (xo,yo) and 

(Xi'Yl) .. lnd fO be :'normalized" such that their sum is unity. Henee: 

j.tI 

= (r/r T,) 
J., OJ 

(2.2) 

The number of weather stati'ons used (N) can be prescribed arbitra~ily or 

cIse a "nearest neighbour': approach can be used. '1 This method lS the ~~l1lp

lest. 

b) l'ofynonlla1 Trend Sur;Rdce - Spatial, variations of ,the 1net~ol"logical""t"~~1(h 

are assumed to bt; expressed by trufc~ed power series of the ~p~l COul-

, 
din~tes., The arbitrary coeffic~ents in the polynomial expression are eva-

luated by least-squares fitting of station data ta the model. . This proce, 
dut:e has ta be carried out separately for each tjme t 'and is very laborio}ls • . 
There is a1so the problem bf physical interpretation of t~e various coeffi-' 

a ' 

dents. 

C), Optimum Interpo1at ion Equation p.l) is assumed ta be approximdtc'ly true, 

and the weighting fàctors W(x6,xi 'Yo'Yi) are eva1uated by loep'st-squares 50 

as to ininimi~e the time-variance of the error involved ln the approximdtion. 

Methods (a) and (b) are formaI methods in that they lnv~lve a priori assump~-' 
ions whi1st method (c) involve~ actual.'computed' stati;~ics for the fields Ull-

,der consideration: A simplified treatment of method (c) fo11ows based upon 

Gandin (1965, Chapter 3). 

For ease of notation F(xi'Yi,zo,t) will be denoted b~ F(i,t), and the devi~t

~ 
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1 Ull 1 rqll1 l h~' llml'-,lv~·r.I)~l· .Il ("1 'YI) will Iol' Jl'IIUll'dl Il\' Ft l ,l) '. lhl' ikvldt 1011 
1 

>00 W 

o f,iO, 1:.)' =- 'L Woi. F(I.,t)' + e (o,t) ~ 
\..-s 0 

(2. J) 

wherc e(o,t) is il random ('rror and W ' are the unknowll weibhling tactur~. 
01 , 

The weighting factors .lre chObcn to minirnize the Varl.1nCl' of the r.indura error. 

The condition for this,lImler "Imple ledst-~quares aSSl~l1IPlionb~ . 

RoIIt. == 
(2.4) 

where Rik is the corrcl.ltion cOl"fflCil'nt [or devi.llions at the 1 tll dnd k lh, 

stations. The standard deviations at the different stations .ire aS~llllll'd con-

stant. The standard deviation of the ranclof:1 error, aCter leabt-squdreb l11ill1-

mization, is E. This will be termerl the Root Medn Square or IDIS InterpolJti~1I 
, , ~--

Error. It is often expressed as a percentage Q.L.t~iCld;';;~ion of the 
.~ 

devlations F(i, t) 1 and i~j.dmro-Led-~; The expreSSlon for "( 1 s: 

-~ 
.-

---------
:1. 

1 \ 1{' -::: 

2. 
of Tj 1S a measure the 

• ,t( , l,' 

f ROL WoL 1 
"proportion 'cil un~xplained 

U.5) 
t ' 

variance", aSbucialed wlth 

the interpolation mode 1. 

\ 
Equations (2.4') and (2.5) arè analogous1to expressions appearltl~ in'the multi-' 

pIe regression algorith~except that th~ correlation coefficients Kok cannot 
, . . 

he computed directly (because there are no 9-at:a at the 0 th point) .. Rok can 

however h~ estimated-from the autocorrelation function. This, ~n turn, i5 

usually estimated hy'fitting computed correlation coefficients Rik to sorne 

funct~on of the scalar distance dik between i th 'and k th stations. 

The foregoing is valica,for uoptimum interpolation of exact valueb'" according 

to Gandin (1965, p.63)". He ex tends the rnethod to take account of observation 

errors in the data (p.78) and ta the problem of iQterpola~ion o['absolute va-
e \ 

lues of F rather\ than deviatiolls F' (p. 86). 

For aécurate interpolation it is important that should be ~ma\,1. As the 

correlation coefficients Rik decay with increasing dik it would he qesirable 

) 

" , 
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Table 2.1: Intcrstation Distance Natrix for Upper Ai r Stations ln 

~ 

\ 

the Ea''StHn Aretie Region (aIl distances in ktlometres) 

~~ 

Station: Axel Heiber:2 Is. Devon Island 

Eureka 113 km 510 km 

Isaehsen 280 km 1 628 km 
", j , 

Resolute Bay 
.\ 

536 km. 353 km 

Alert 600 km 897 km 

Thule 600 km 399 km 
/ 

Mould Bay 760 km -~.--
I!1 

Hall Beach 747 km 

1186 km 7'31 km 

Bay 1908 km 1941 km 

Table 2.2: Distances of Upper Air Stations ln the Eastern 

Aretic Region trom the Axel Heiberg lsland Ex

pedition Area and from the Devon Island Iee 

Station (I.e.s.) 
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for the weJthc( ,>tJtlOl1!:> to be J~ Llû~l' lu,',l'lher ,l', Plh'>lbll'. 1.11 ,1 (lIl,lll! Il,,

tive ,éXdrnindtlon of thl!> problem It 1:' nl'ce~:';ll-y lu L'",n1l1IlL' lllL:. ,IUtl'll'lI~'I,lt"\\1 

functiÔn of the varIOUS fields. Th1S will be JUill' ill thL' lullLlwll1i', o,l'dll)[1 tl'! 

ternperaturl:' ,md preclpitatlon fielJ~ HI the ran,lù:dll .\I-LtIC. ' 

Arct! c 

Datû from \.·ibht we..lther stations were' u!:>ed ln 

_Isachscn, Rcsolute Bay, Clyde, Thule, Mould Bay dnJ 

Lhl' :.tuJy: AIL,rt, l.ureLl., 

t\l·ct~ I\.ly' (',el' m.I(1, rl)'~~-l: 
, 

1.2), Di~tdnée!:> in kilometres betwccn 'he ::.LJtioll~ ,.lre',l',IVL'[\ III '[dbl,' 2.1. 

Dat~ for monthly mean surface temperature and mOllthly preclpildllUIl loul Werl' 
, 

extracted for cach lllonth (January t951 to DeCelOOL'r lY(0) [roI' "WurlJ ivcdth,'I 

Records 1951-60,.Volume 1" (Thule data - Voluo\l' 6). 'l'Ill' ÙJtJ \oie!"e divi:ded' lntu 

four samples: j'Summer" (Juné-August) and u\hnter" (Septelllber-'ldY) !:>dmpll'" ll)r 

temperaturc and precipitation respectively., Std-ll!:>l1ês (meon dnd !JLJI1l1drd tk

viation for each stdtion and correlàl:ion coefflcienls between J.ILl dt' cl,) f IVletll 
\' 

stat~ons) wthe computed for each sample usi.n~ the rd\oi ddta. Tite comfJtJlion 

was - repeated after "cleaning" the data to remove !>ed~Ol1d l l ten'J. For tl'mper.l-
" 

ture this sinvolved ex;pressing the monthly mean [01 edch tilonlh 
" 

from the 1_~51-60 average (lO-yedr norm) for that ,l1l11nth wln lst 
.- :' 

d!> .J,d~Yidttn 
precllH tdtlon t,)-

taIs we-re ~xpressed as the ratio of the deviation from the norr.l tü the nonn ll-

self. It was found for the,rdwOdatd were unduly "forccJ" by 

seasonal effeets (particu arly màrkeo in the Cdse of winter temperaturl'), dnd 

fùrth~r-analysis was only earried out'~for cleaned data. 

Correlation coefficients are Zagain!:>t lnter-station dl"tdIlCL':-' ln Figure'~ 
, 0 , 

2.I-to 2.4 tog~r~e&t-i.matè:; of_l),.l,g .. _ilutocurrcL.1lÎon [unct-
~~--~- , _._-~-

ons (assuming exponential decay), In the case of tempcrature, the corrc1atî<:m----

coefficients are reasonably high for close station!:>-and decay witll incredsing 

inter-station distancé ~hich indieates a high ~egrce aL !Jpatiai autocorreldtion 

for t~mperature, fields in the Arctic (at monthly mean level). By contrast, the 

precipitation fields do not appear tü be strongly autocorrelated. 

a 
The conse~~enr.es of the above findings for tne problern of interpolation cao b~ 

demonstrated by ~ 'sill!e!:e e~ampl~~ __ It ~j._~ proposed to interpolüte temperature 

-----~-J 
\ 
-\ 
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Fig 2.1: Correlation Coefficients Versus ,Interstation Uistances 'f'or 

( 

Fig 2.2: 

win'ter (September-May) Temperatures at' Arette Weather Stat-

lons . Data'are Devi~tions from Monthlr Norms for 1951-60 
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Corre1ation Coefficients' Versus Interstation Distances for 

siller (June-Aug'ust) Temperatures at Arctic Weather Stat-
,i , ' 

ions. Data are Deviations from Monthly, Norms for 1951-60 
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and pre_<;ipltdtllJll dl Axel Heiberg lsldnd Bdse Lll:tp ut,ln~;,Jdt.J InH\! tIlt' tWLI 

closes.t wC.lther staùuns (SCl' T.lbl~ 2.2) wlllch drl' Lur ... la (113 hl) ,mu bd,-h~u\ 

"'tSO km). Taklng Lureka a~ Sta,tion 1. !sachsen dS Stdtion 7. .1I\d Al<.el H<:,lberl~ 

Ba!>€ Cdmp a~ St,Hlun 0, the vdlues uf RoI' R02 jilJ RI 2 t:if1l1 be LlJmpul ... d t rom the' 

distances dOL' dOL and dU by lJ~ing the Jppropnatl' dutocorre'Lltlon -iûnLliulI.':o 

(Figtrres 2.1 to 2.4). Solution of the equations (2.4) dno '(2.5) YlelJeJ tIlt' 
, f -

following rcsults: 

\ 

Summer Tt!mpera,turc 

W l n ter Te!Op c r <l t ure ' 

Summer Precipitation 

.winter prccipi tation \ 

\ Ü 

'.1
01 

0.67 

0.57 

O. 19 

0.15 

:.....,.,-
'2, • '. 

'.102 "\ q 

0.28 23 2 

0.36 24 ï; 

0: 14- .94 7.: 

0.12 96 % 

. The' relative:; errors of 23 !. and 24 7. of vartaQce (or summer and .Wlnter telllpl'Ll-
/ - 0 

tures corre,spond to abs91ut_~ferrors in the interpolated monthly mean of +0.7 C 

and +1.3
0

C respectively (standard deviations L4°C ,md 2 .. 7
0
C). The wei~htlnb 

-, 
idctors for temperat-ure, 'if normalized to a SUll! of unit y, are quitt! clOhC ta 

those for dis tance weigh ting method (a) which are 0.71 and 0.29. The 'te l.lllve 
, 

,error for interpo~ation of precipitation is hope;tess'ly, lar~e,and interpolateçl 

precipitation would be useless. 

The reas.on for the large er:ror for interpolatiob o'f precipitation is, ln the 

finIt piace, due to the low autoco't"relation of the preèipitation data on Ule 

102 km scale. This may be due ta excessive me,surernent error~ in the daç~ 
(~specially for snowfall measurement), due to different'meso-~cale effects at 

, -
the various stations~(exposure and topography) or due to the fact,that the Sl);-

~ nificant scale of autocorrelation of precipitatlon LS àctually at a smaller 
l' 

sc~le (e.g. 101 km sca~e). 
, ~, ~ 

Probably aJI three effects are operating. 

The magnitude of the 

stations used in the 

interpolation"error qocs decrease wj.th the number 

interpolation, ~~~"a- \~~' Çlf "di~ini~hing retums" 

1 
(~) of 

seems to 
l ' 

_he operative. For example, lur sununer l<:!mperature 1J. ls ~OO % for N = 0 (no 

interpolation at al1),.28 % with N = l (Eureka), 23 7. with N = 2 (Eu~eka and 

Isachsen}, 22 % wi th N .. 3 (Eurekfl, Isachsen and Resolute) and 22 % wi th N = 4 

CEureka, Isachsen, Resolute and Alert)., Details afthe computed values are 

given helow: 
,\ 

-, 

~. 
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_-ll\~~"'" .1, ~ân be rcadily seen that the, wci[,hlll1;; factors tend lü get ::.moolher, dnJ 

petr sum tends to unit y with inèrcJse ln N. Furlher incr~',u,e ln 'N wi II nul .. 
2. r 

. ' 

decrcase"1. much but fildy IItltimdtely !n('reJhl' It .11;.1111 dUl' to i ll-conJitlUl\ill~ 
, 

of the N by N system of equations that hab lô Il'; bO,lved to ,bet solutions for 
o • 

W01 .. : WON' For interpolation purposes it would be sufficient t~ use Just 

datd fro~ Eureka and Isachsen for the Axel lleiberg.(dnd Neighen >',land)' situa

tion. 
:;:/' 

It 15 di[[icult to estimate the varIance of the observation efror 

ly mean temperature, but it \would alr.lost certainly be le::'5 thdn 5 

lI) the monlh-

% of lotJl 
~ ~, / 

varIance. This value was adopted f, ,r computdtions us ing Gandi n'::, more rcf in cd 

.... method w\hich takes account of errors in the ddta (Gandin, 1965, p. 78), but the 

resulls were orily very slightly differen~,from those shown above. 

'>. 

" 

'-, 

The disl;ussion of i~terpolation of monthly m~~~mpe~3t'ure hels been ln terms 

of surf.ace data. However, most glacier si t uations, for wh-ich it'rterpo!3ted va

lues of temperature are required, are not at the surfdc with z6 = 0 50 thar 

interpolation of upper air data is required. Some exampl~~ w~ll be di,scUSbCd 

i~ the followi~g section. "~ >, 

iv) Interpolation of Daily,Upper Air Temperature ~\ \ 

For glacier-meteoroiogical purposes it is desirable ta interpolat~tempera-
- ~ ... '\ '\ 

tures at sorne given height Zo (altitude of a glacier weather station). l"'e is' ' 

also desirable to interpolate daily values, rather than monthly values, and ab

solu~e values, rather than ueviations fiùm ~he no~m. This can he done in a 
, 

similar way to the previou~ case exccr 'that it is. necessary ta introd1fDce a 'new 

condition, i.e. that the sum of the weighting factor°::, must be unit y (this was 

not req~ired in the previous sectior although weightïng factors for tamperature 

were found ta haye suros close to unit y): 

\ , 

, 
UPPli!r air ,'data for statÏIIll1s in the 

"'"'-"\.. 

~ 

'1 , 



• 

\ 

(: 

(1 

"r::. 
lb 

Canddidl1 /\lc,ll'~ drc usually p~bli!>hed with respect tu ~t..lnl!.Hd 
J 

(e.g. 100U mb. 850 mb etc) with geopotential he.ights of Zj' Zz 

pre~ent btudy bimplc l incar interpolation between SUltable level" t~) C<.1mplltl· 

tl'lJIpl!rature! at altitude Zo at each station was carricd out bcfurt' the hOrllUn"", 
tdl interpulations. 

, ) 
Dally upp~r ,ü r ù.lta for four arbitrary summer periods (actuall' ,'oi ilL id ing 

wilh surne uf the glaci'cr weath~r station records which will be dnaly~ed laler) 
\ , 

wcre' ùsed fur study. The periods were 89 days . l 1960 (29 M'ay - 25 AllgU::.L), . ., 
99 days in 1961 (~9 Hay - 25 August), 93 days in 1963 (16 Hay - Iii AU:;~J~t) ,lUJ 

58 days ll1\ 19.69 (4 June - '31 July). Data were ext rdcted (or lh, UO Clr\" dnd 

12 GMT observations every day at two levels (1000 mb & R')O mb for 196U & 1961 . w·,", ' 

dnù 950 mb & 850 mb for 1963 & 1969). Four st\aLions \Vere used, for 1960 & 1%1 

(Eureka, Tsachs~n, Resolute .md Clyde), n~ne ~tabo{ls for 1%3 (Eureka, Ibach-. 

sen, Resolute, Clyde. Alert, Hall Beach, HOUlt Bay~ Frdbisher anJ Thule) ,.IIld 

eight st.1ri,o.n·s for 1969 (excluding Thule). S urces ot data for the C,maJldl\ . \, 
stations wcre "ArctJ.c Summary" or "Monthly B~ll'etin, Ccmadlull Rddlu-SonJe 

Data". Thule data for 196j were Lclken from "Northern. HemJ.spher~ D<..lta T<lbu-

lation, Dally Bulletin" but were not available in this form for 1969 (..lctudlly 
1 

Tl~ule data ale not, genera~ly, easy to obtain). Missing data in tdbtl~at ion::. 

vere interpola-ted frOID neighbouring isobaric leve ls at the same stat ion. 

Correlation coefficients between data at the various stations were çomputed 
• 0 

for eaeh level in the same way as previously. IData werè c1eaned ~y least

squares fitting to an annuai" sine wave and expressed as deviations from 't.he 

sine wave. lt was fOUhd thaL the seasonal forcing effect was not 50 marke 

in the present case, and analysis was earried out in terms o~'the raw (un

cleaneg) data. It was once again found that the 'correlat ion coefficients' \i 'ft! 

strongly dependent upon inter-station distance. A qu~dratic functi9~3~~nter

station distance was ~seèl Qr eomputing the autocorrelation fUl1etions at eacb 

level f~r each year separatel; ~IS found tha~. the autocorrelution runct-
~ --~ ~ 

ions decreased strongly with distance and, with the square of the dist-

ance. No purpose i8 served here by reproduèing a ""the resul ts. However, it 

~lP be interestin'g to qudte' compfted value~ of the' weI. ~,ing._fac::tors for 10-

" ' terpolation at Axel Heib rg Base Camp using the ~ompu~ed autQ~orrelation fuoc-

,/ 

, \ 

" , \, 

J ' 
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i, 
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1 ;' 

• llltl, . 
l", ,t,'k.', l', ;"l,lllld" l, ,1l1d )-',llh'->L'il l', ;'1.111"1' 

.. 1 l, ,Il l, .'L 1 " \\ 
~ lI} (J.! , , l 

1 ", 111\1\1 1 d\ ,J. 1 1 ().27 '6.3 + 1. l' \ 

)II11\! ~ l, ,l, l'. l, Il. -'Ii ,9 . !. " + 1. .l'( 

,1',(" , --- ," 1.11"( 1'110 1 ,., II. i. U.Jo 3.7 
1 

l 'H, 1 (Î )1! IllJ ". ' , 
l, IJ • .'9 12.0 

.., 
+ 1.; "( l, 

Il, q )j 1 1 d) l' • 
, 

ll .. ~ tl 4.6 " + , 1 • ,l)l . . 
'Il ; .~ d ~ 1 I\~" li. /'<1 IJ • .' ~ 1) 1 % + II: Il''' 
'" . j 1 ~ 1 1 l, . Il.1,'1 (J. i! l () . \l " l'. l'), 

l'III'! \"'\ 1\1 l, Il l' • 7 l (J.n, 7.6 :~ + 1 • :,' '1 
---~ - --- ---- -- -------- - - -

• ~ t ,III ('. 1 ~ 0.28 6.8 'J: 1. J'lI, 

~'t.IJl.11 [). U J U.03 3.6 ' ;; 0. /."1, 

1 li l' 'relative l'rror 

l~ 11111< Il ',II,lll,'r tlJ.III t'lr th .. Illterpolation of summl'r IJI'Il1tiily llIl'dl! tempL~r<l
( 

2. j ,,:), but the corresponullli' .l".,t l',:dtocd Jln,olutc 

hq:l)er (about:;: 1. J0r' cOll.~JrL t u ~ (J. 7°C). Till!:> 

!:>L'L'IlI~ Il'ol!,Ulldhll .mJ l'" lllClL'cd, Jl'c,irabl~. Ir wlIulJ cIppe.11 lil.!t lio.;c,l is re-
'P 

LIllVely IL",,, \'dl"ldbll' li1Jll"Tl:< (\ollt)) d stdllùard dCVld't)U,1 ,lI' 31.'/ or the mCo111 

\,,111,1, ·)II;',gl'.,t~ thclt lhe method lénJ!-o tll ,,'Il~,~rvL' db"lllllle 

\\ . 
TItL' l'th'l'l ,d Ill< Il',I~JIl:', "t,.ILlon uÎ.st;J.nce on t\1{! rQLÜ1\'\.' l'll"r l,Ill hl" tllu-

~lrdll'(; hv titi, 1,1\ lllWllI!~ L'1<111ipll..'b.· It has alre.luy been ',ii\lv.:n IlIdl lite rL'lclt 1 VI.' 

en'ur for IIl!L'rpI,LlL1UIl- ul UJily ten,pcralurc at ~xel IiCillL'l' ;;"w Cdmp l\!-olllg 

ddte! ,lt 11I1'l'l\.1 (Il J klll) dlHl 1:-,d('h:H~1l (280 km)' lS on tItl' dVl'ld:',l' (l.B ,': .. l'hl.' 

curl"e~pUlldllli, (1,',111;1' luI' Illlt'rpulatH:m at tlte DeVll!1 I!:>lclild I,l' C.lp St.lllLlIl 

(I.e.s.) 1l:-,111:, d.IL! JI Il,co,ulull' (353 k~) <Incl Thule (399' km) \cllilld be 16.4 ;:, 

if, olle wer\.' ;l)ldl;..l! elluu~;lt LV alL~npt interpolation dt A>.L·I II~Jberg Bd!:>t:: CJr,lp 

Ui>lng Ùdl.l ln)),! RL'svluLe (536 km) ,md Clyde 0,,186 km) lhe rl'LIL1Ve error wUldd 

bl; J). 8 ~:. r" '.':> 
Ayllldlly, tlliS woulù be dil extrapolatlOil ,mù, therefore, CVl'lI more 

\ 

susp~ct . 
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',ll·"!,!.'ltlvely), 1 lJl,tlll'l!,llI'l' , Il '-,1'1'1,1.., ~lldt, ,dt!ILllll;~1 thL'r,' 1.., (111l:,idl.'rJl>le (' 
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to:'iUl!.'1 III llll.' pitt! ul Illlll',l,lll\l1l ILlrlL'Lltloll~ Ver..,ll.., 1I1l1'r"tdIIUll dl~l.JlILl' 

(1 OI,'\';";IIIlP 1 1.':" tol'l' Il,,IU~''' -".1 dlll, .l,.!.), thL' welghtllll~ l.ilLul<, loI' optihlUUI 111-

lL--rp'cTdt:\Ô;~-~;;'e (,Ull,' l'I"lhl~,tl'Jll ll>l dll!l.'i·î:mt pl.'llOd:", 1 ~ Il l'I'rur of 'i nrPfpo-
, / . ~ 

l.ltil1l,b d.l\ly tl':njh'rdlllr", Il" llll' ',lIIlUI,t'r P0rIU(}"~ ,ltld lI' be Jbout +LJ"( 

Wlll.J.~twèrr(\I·~ ILlr 1I1tt"I'PPLltin,; fIlullllJly r.lt:'dl1 tCll'Pl'l"-llUn 1':l'Stll1'dt~J tü b~· 

Jbout + O.7'?C. "', ~ 
.... , ..... ,,'" f\ ;~'~~ 

Fdl~lrIC.lll,dn ofl the iJ~'r~lt!JL'~l~ wltll rc"peel to precÎIHtdt;'t.:)Jl \o.'.j~ nut U1HèXIH.'l-

~ 
L.lck- 0 [ "Ylh'ill1 A nqmbl!r 01 

, 
<1ulL~lr~ Il.lV~):'j..l.mUl,,'nteù on the control or 

hcrence of prcl.tpltJtioll, for ex,lmple Andrews èt Cll (l970, p,3)7) d llJrry élnd 

j'erry (1lJ73, p.:U,4-5()., rctic i.., 

.ln urgellt problelll ùL'"l'rVlllg mL1rc-r<.:~e.1rch, ~ee for èXdlllpll' 1'()t' .. lrJ~i (1972) Jnu 
\ . , 

ll.lrry. (197'1), bUl i t probJbly requl'i'c" an impruved ddt.l bd"e (lmpr.üvcd in"tru-

From the plJJnt 01 view of the' [HL'"ent ;'ludy, the fdlslflC.lllLlI1 üf'hypotlIesi~ 
.~ 

(2) with r~spect to precipitatlon lS regrettable as it me.ms th,lt dccllnÎuLlllUll 

on Ahtd deibL'q', ll,land CJl1not be ,1ùequalely modelled USÎ<!lg u.tLt t'rom dlst.lnt 
• Q 

weather "l.1l10115. Accordingly, hypolheses (1) and (3) Cdnllot he directly tCb-

tcd for prel'1pitation, 

Wlth respect tu lhe interpolàtion of Lemperature the ye::.ullb reported lWle 

mibht be illiprovable using the' new Canaùian mul ti-variant optimum interpolation 
,\/-

method as it u:,es more information. However, in practice, especially over a 
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i\I;'llICd rq;lun l1kc tllC An:tlL. Il tl.ly n,Il gl\'e'betler reSllll~ ht-'l.111M,', .d-

tholl/,h 1
4l \l'loll') bulh <,:[<).,11- .1I1d .ILJtll-<l)j>rl'Lltlull~. tlwy .1re a\1l'[.J,:(',> lur lhl' 

"whul" h~m~~yh~'rl" Lnher lhdn L(>lI1p"tl·d ]<ll,ll iy (Dr t,'.L. CutLn1.lll, (~'L [llll\:,tI, 

pl' r~ulld i COLm uniC1Jt i 011). 
'-, 

lion coulJ bl' mdGl' by .lpplylllg .t I1YIll'pll( llillldlulllgy ilpproJdt, l'.l~. l'll:1\I'Ulill;.'" 

l ' 1 d' '" " Illll'r~tdtlUI1 Cllrre dtllltl" lur ,,,.lI,tP.l" dr.lwll trul;t 11.ere11l We.ll~1l'r tYPL''> 1.1-

tlll'r lh.11l Or.lloill lllll'i .llhltld!'y 1"'II,'li ... , flllI'''I'Vl'I, thl" woulll hl' Vl'Iy \,dH'Illlll', 
'1 

dllJ, dt thl~ ~tÀge, ih \lul WlJrlhwÎl1 l,' l(lr lite lllmp('r.tlufe interpol.lttoll. Ih,,' 

Illl'thod of Gandin doe!> nut tdt-." dèt'l)lII1J or d\lloLorreldtl.llll ln the telllpcrdtllr" 
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CHAi'TER J 

THERHAL ~\ODlrlc'J\TlO~ OF AIP. BY A "GLACIER 

i) IntroJuctiLlll 

BCCduse of l..Jlsific<ltioll of hypothesis (2) with respect tü precipitation it 

1S only p()st>lbl~Y tü te:,t hypüthesis (1) with respect to temper<lture. 

Il is weIl kllown ltl<lt glde,iers exer-t a'''cooling effect" un the air which 1::, dJ

veeted over the tjL1cier [rom the ~urrüundings (Müller and Roskin-Sharlin,1967). 

If the lùc<ll <lir t~ll'peralurl! 1:' ll1dl!ed d major controllin~ fùclor for ablùllül1 

lhcll lili!:> llJUliu}; dfect mqy be rebùrdedoas one of the mechani::.m::. whi~h help 
1 

the glclcl(:r tu lIldll1tdll1 it~ëlf (Bonaci~'i, 1947)a ."MI , 
1 

ln prlneiple,' the thermal modifieatio~ ü~ air over a glacier may be studicJ by 
1 • 

solutIon of the governing equdtions' of the boundary layer over the gla'cler. 

O;lnlura. (972) and HuIler et al (1973) have presented preliminary results rcla

ting to the fi.nite-difference intel. .tion (1 km scale) of d "thermodynamiç eql,ld

tian ~sing'[ield data from Fhi Axel H~lberg Expedition Area. Such an approdch 

, does, howcver, inVjolve major diUiculties if it is evet Lo be used for reLlti

vely long-term (mon'ths tü yea-;::~ glacier-climate study. Firstly the equdtions, 

if realist_~Çdl1y specified, are so c~;-mp'lex that they caml0t be solved analytl

,-..Illy. Numerical solution of sueh equations is a "'relatively weIL established , . 
technique .. discussed by Forsythe & Uasew (~960), Düuglas (1961·) "and ~nuüons 

(1970), but co~put~tions are ~xpen~ive in terms ~f"compu~tng time and,stor~Ge. 

, Secondly the method requires more detailed meteorolo!)ieal dat1fl, as inpùt da~a, 

than are norllldlly available close to glaciers. Thi'rdly when solutions are ob-= 

tained it is difiicult ta isolate the effects of the different factors upou 

the solution. 

~ more economical, "e~pirical"; approaeh.is required. ) ln the following seetion

a' paréj.metric lllodel of air temperature üver glaciers wiil be proposed. Although 

simple, it lS hop~d that the model 're'tains sorne basis of physical meaning. lt 

will be regdrded dS a hypothesis and tested . 

. ~ 
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Fig 3.1: Conceptuali~ation of Thermal Modification of Air by d 

Simple Glacier. The' Larg~-Scale Atmosphere is Assumed , , 
Barotropic in this Case and DOWnward Bending of lsotht>rms 

ImlJcates Coclint Effect of the Glacier. Vertical and 
l 

Horizontal SC31cs are Unspecified. 
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Il:1' illllill'Il(,~' ul th" ),1.1l'l"!" lIP"ll llI,' tl'fllpc'rdtllrl' tll'Id ... III lnt' Llri",--",tl, 
Ij 

,JlI,,()~p"l'rL' 1,> ~Llil'lIl.Jlj(,illy 1l1u~trdlL·J III Fq~llrl! 3.1.' II1l'rL' ,':-I"t,> d pl\luL 

tx',y',~) \,hich 11> JII~t' beylll1d thl' rL'gilll; Id Illtlul'Iltl' ul llie !~ldlll'r. '1111' 

• • J (" ) LL'IIIPl'I,ltun' Jt Lime t 1 .... Jo. ,y ,I.,l • Lnd,'r ~UI:Ulll'r (unultion:o thl,> 11'1II111'I,I~ 

"" . 
tlIrl' \0.'111 hl' grl'Jter tlhlll (lUe whij"t the ,;IJcier slIrLlel' will Ihlve tl'I:lpL'I'dLlIrl' 

OUe . As a pJrL.L'l ol dl t' 1" c,lrrll,J by the winJ l'rom (x' ,y' ,z) Lnto th,' r"t;lllll 
.' 

(lI lnl1uellce uf LIll' gldCil'fI Il !-'I1III'r~ \OUlll1;;. '11lt' lust hl'at wi 1 l he l'ldllliv 

dbsorbc.d by lhe gl aciL'r !> ur LIu.' t,llrllugh turbulent di f fu"ion. The greJLeht hl'.11 

Lo!>s Will prllb,lbly uellir when lite Jir Pdh:el i5 within the Prdnutl Idyl'r llt LIll" 

gldcicr (lhil'knef->s ut 1 (j-40m), !>ec for eXdmple Figure:> ln Nüller L't .. d (11)7 \). 
,1 , ", 

l3y the tinll' the .::lir pdrcel clrrlVl'~ dt a wC.1ther ::.tatiùn dt pOlln (x,y,l.) Il 
1 \ 

will have lel1pC'r=.ttllre T(x,y,z,l). Th;;' bd5lC hypolhe~i~ of the present'dl!>-
, " 

"CllSSlon i!> thdt T(x,y,z~t) cllHI T(x',y' ,~,l) .::lrc linearly reldted, There <Ire 

l WLl P rol~ r L'I,I", howv Vl' 1 : 

F 1 r s t 1 Y l il e r e ,} re 11 U lI1e.J sur e tIle Il t ~ f () r T ( x ' ,y' ,z , l ) . 

,this c;udl1tity can be apf'roxi;nated by lhe, quantity TIi.j(x',yl,z,t~ which b lUII,

~\,lteJ by interpoldtloll of upper air Jala from distant weatlter statioll~ ("l'l' 

Chdpter 2) , 

Secolldly il 1" nùt knuwn where the point (x' ,y' ,1.) l~. It \,till he .lS~lIll1l'd 

tltat temperature grau'lents in the lclrge-scale atmosphere are "mali compJrl'J t'u" 

grddients wlthil1 the region of influence uf the glacier 50 that TIN (x' ,y' ,I.,t) 

JUdy be :-epL1ced by TI~(x,y,z,t). This temperature is purely ficütiolls and 
-

ma)' 'be under~tüü~ tü be an estimate of th!? temperature at (x,y,z) as it would 

he lf ~he gldci('r were rel.loved. 

The hypothe:"ls can be expresseù: 

(J. 1) 

whZ'l'e A, B dlld U clrl' p,lrdllleters wllLch ..Jq'" ,]:--slmll'd cOllsLmt wi th respl'yl lI> ,l iliJl' 

aJlhough they 1I1dy bl' sp.lti..dly var'i.dule. f.~) 15 assumeù to bc a stalioll,.lrY 

stQchasti c process with zero mean and uni t variance. 

The reasoning and assumptions behind (3.1) are p~~ted ln Appendix 1. The 

1 
\ 

! 

1 
" , 

1 



! 
{ 

J, 

1 
1 
1 

\ 
l 
l 

c 

" 

. , 

pdrdlliL'tef il ~';..,)rL,,,,,,l·,, 1 .. c1lnlv th • ... 

[Il\' "qll,ltl\\\I 

1111plll:~ th .. , heltl'l thdl th ... I11din ",Hlret.' ul VJ.rILllIUIl" III T Ih due lu v.lll.ll ll'Ih 

\~ 

"Pl'l'll . III cl llllblJ!"llll' Il',,ll11l', pl,l" ,1 C,lldll'wlidl p,I""iv(' roI\.' 1 Il l r.1I 1" 1 U lïillll' 11\ 

tlltù 1'. 

glll1e wll1 be "Jumpl'd" Îlltu tIll' UE:(t) tenOl whicll reprcbcnlli thl' "l'rrur" 111 th.' 

fIIude1. 

for the purpo!->l'!-> 01 ddt.1 dlld]Yi,lS T wi 1 hl' ~eg,ll:ded dS rl'pl"esellllllE Jdlly 

\ nle..I1l tempt.·r.IlLJre ,Il !.UIII .. , 1.~Ollll (J..,y,?). 'l'hl' lorlll 01 Lql~Jlioll (LI) eJ..pr('!.},l'!. 

the beliel tltdl Lhe re~ponse 01 T to TIN' Îe, l'SSl'nt \,.d ly Inht,antal1l'DU~ Ull ,1 

sampllng sC..lle uf Olle Jdy. ThiS is re,1!'>olldble J.S Lhe wholc regioq pl 11111\1-

cnee 0[, the glacier, wlth I!Oril.ulll.Jl dimensions of at most il tew ki lOllletrL'!., 

will be com~lctely vL'nlll..lled in LI period oi only d few hours by WlnÙh ni 1.10-

, derate speed. Altern.ltively, the loe.Jl tllue derlvative of terr:perJtun' <:.111 Ill' 

rcgarded dS l1l'gligible càmpJrcd to the,advectivc derivative. 

• 

, k 
The requirements th..lt must !Je sati!>fied by the parameterli A, B ,lnd'U for 110l1-

falsification of the hypothesis are dlscu!>sed in the ,followlng ScellOl\. 

iii) Fa'lliifiability of the Hypothesls 

The first point to b.e made is' thdt model <;3.1) is mc . .tnillL;lesc, 

unless some a pr~or~ requirements ar.e placed upon the' expected values of the , 
various parameter's A, ri and Ù.' This 

\ 

/ dels shou'ld be repeatable anal part ly 

can be donc partly by requ'iring th.Jt 1ll0-

by application of conditions dnJl'ügous tü , 

boundary conditions. \ 

, 
\hth respect ta repeatability, lt l!> d,ear .that U should be dS slllall ..IS pO!>!>-

ible and that A a.nd B parameters eomputed for different records at the !>.JlIIe . 

loca~}o!l should be very similar . 
" 

The l,~er 1 iUlit up0rt the computed value of U will be set by the crrors ln the 

d3ta for T ,and TIN (mainly obs~rvational e~ror l'or the former and interp<?lation 

errors in the latter). ror daily temperatu.res the observationai e'rrors in T 

might have a standard devia~ion of about a.soc whilst the interpolation errors 

;' 

\ 
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be small LOmpJfl'd tu the V,lrlJI1Le of 1'. 

ln gCI)l.'rdl •• JJfll'rent VJluL's fur ,\ <lnd B will be computeJ Ldr Jl!h~rL'nt ll'lor,h 

dt the\~,Jm,' lOLJtlon; but lr the r.loJel 15 ta have any predictIve pu":cr till' V,j-

lues should nut be tOll dlfferent. For c}(arnple, suppose tlh1t valul's of AlI) Bi 

dnd A
2 

& [) ... h.lVL' been ubt,üned [r<JIll 311alysis of lwo records <InJ it i~ reqlllrl'J 

tu compute [ht' liieJIl tl'lIIpel".lture tlurlng some third periùJ LIsing ['I~ for tlidt Pl'

dod and JvailJble 11l1orllldt 101\ JpOlit A .md 'B. ln this c.:l~l' two differellt c::.ti-
\ 

mateb of llw lCI,lpt.·rdlurl' ",'ould be obtained and their diffl'rencc should be ~m,-1I1, 

l'.g. at 1ll0bl :;: l.Ooe. Small variations of A and B at the saIllè locdtion ln dlff

erent perlO'Jb w,i Il .Irise if it is true that "weather" plays a p~ssive roll.' 

Whtl5l LHt~,lè Jul.,'renccs will arise if it i8 not truc. 

The eXpclteJ rJn).;c of A and B values, al though not thcir dctuell value:" Cdn' De 

deduced sin:pl,Y: 

". 
For el SlJtlOI1 outbide the rei;lon of influence of the glacier, with es'sentLllly 

the ::.ame, surfdcc èonditlons as the distant weather stations whose ùatd are L.J~cd' 
\ 

to compute TU~' it rndy I.e expected that A ~ O.OoC and B = 1.0. ln this case 

denates mean-values over at least a few days~. Confir-

miltion thal titiS i~ the Celse would be a useful check on the accuraey of TIN' 

1 1 
Undey SUllll.Jer cOlldi.Liuns within the region of influence of the'glacier it is ex-

. pected thal t ::.hould i ncrea'se with TIN but a'lways rernain lower than i t, i, e. 

the gL.lLier doe~ Ilut berume a heat source clt some high value of 'l'LN' This LIll-, 
plies thJl 0,0 $. B ~ 1.0 under summer conditions. TIns inequ..tlity lS certdinly 

s.Jtisfied~)y the models III 

pendent of TIN as it rnight 

However, TI cannat be cpmpletely inde

be claimed that the cooling conditiun 

T ~ TIN "lIould a150 be satisfied \01' th extrapolation to 10w vaiues of TIN ~b 
that B ~ l.0 

From Appendi;; 1 it is c1ear that A lis related to the surface temperature of the 

glacier a\ld should satisfy the condition A ~ a'oc. There will be a tendency for 

higher values of TIN to favour more frequent cases with surface temperature 

, ~ . 
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klllli ut bOlllld.lry \'OIH.llllnn <111 '1 t\1\- LI\\' l'.hl' wh'l'l1 11:; () .Ol\ 

IV) LJ tl't t!> Df Lrrur-!-, ,nI ~luJeJ 1',lI-,IOll'ter<, 

:,qu..!rel> a:" tor l'\JllIplc, IllIplell'l'llted III IBt: :,ubr.'llJtllH' CORIŒ. 

uoc:, 10nn<111)' requi rt' ,I!>!>umpt ion" Will ch \<n tl nol' he ful1111eù llY lhe Jdt-I dll,J-

lysed. SOlllC 01- till'Sl' a!>btllUpllclnh ,Ire: "t,Il iOIldrity ot the ddLI wlth n'"pL" l tll , 

medn dnd variance, Zl'ru ,lululOrrt'l.ltlon llf the en·ur Lerm lJ.e.Lt) ,md ,IUlILllL' 

value!> of the indcpendl'nt v.J["!.lhlL', V10!.llIDIl Lll lhL'è<l' .Jè<bUmptÏ-on:, w1l1 ,llll'Ll 
. 'v~ 

the computeJ value;, ul A, li :md U. 

The datù wlll he Ilon;--;,tatiunary db T and T1:J will both conta ln s\;'a~on.tl trclld.
D 

It nnght he cldimeJ thJl ,\ high llH["elJllol) betwt:'t:'11 T ,Incl TIN 'arIses ;,o]l'Iy dn 

account o·f· the{r common depenJl'IlCl' 1IlHll1)JbtrflllomieJI tJctLlrs witlwut lllL'rl' 

bClng any cJusal link. This pObsibi,J ity can be tebted hy [i,~tenng out the 

sedsol1Jl trends and correlatill)', tlw ùevIJliuns trom lite trends., 

Au tocor re.! a tian er["or t~rill may arise on account of ~drious [dctO~b bU ch 

a~ incorrect specificd ion uf LIle lur,ll o( the r.t~Jel, e"8. ilon-lilledr IIl!->lcJJ Lle 
r 1 ~ç;} 

linear., or by omisslù "of dll influential variable (Jolmston, 1963, Chapler' 8). 
~ 

The consequences'wouid be unneccssarily ldrge &ampling varidnc~s [or li, undcr-. 
estimatiort of those sampling variances using the usual least-squares fl.lrmulJc 

, ' 

and inapplicability of the usual fa rms of 
',5 

t and F tests. John,.,t0n (1963,' CIlJp-

ter 8) discusses thi~ potentially ~erious but cOPlplex prublem dnd propu~es llbt' 

of the Generalized Least-Squar~. 
of the autocorrelation of the ~r term 

However~ t~i~ requires prescription 

which is nol easy. The içlcal, .Jnd 

phys1cally most meanillgful; solution would be to'iùentlfy t"he sources of the 

\ < 

This will be dlt-erro:rrm and incorporate them into the model explicitly. 

erapt . In the meanwhi le it can be pointed out that sOme of the adverse cU-
Q 

ects of autocoq:e1:ation decrease with sample size. Bedring in mind the [ure-

güin}; conUlIcnts, only sparing llS!= will be made of cornputed confldence Înt('rv.lls 

[or Il. 
\""" ,\ 

'The data contain errors, both random and system"-~ic. The randol11, error in TIN' 
4 

-t-he independent variable. 1S large,r than that ln T, the depehdent variable. 
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If it can be assumed that randam errara in T and TIN are unco~relateçl the nt8111 

effect af errors in TIN will be ta cause under:stimati.on of B Which.,~~rn, 
'/-

will affect values of U and A. In Chapter 2(iv) f~e random e;5P~in TIN due to 

interpolation error, ~as estimated ta be about 7 % of th ota 1 variance. and 

this would cause underestimation ~f B by 7 %. This ay be rather optimkstic ah 

it appearL that absolute error~ are conserv~ ather than relative errots 50 

that the u~~erestimation of B will 'in fi , ~ith a decrease in the variance of 

,combine ta cause underestimatioR of lho= corre-

û lalion coefficient. yy tematiè errors in 't\and TIN will compensate 

~e each o'ther depen'd'üfg upon -tlJeir"relative Î'nagnitud~s and signs ta 

or reinfor-
" affect A. 
, u 

Correction ,of computed values of A, Band U for the effects of error ~~ld be 
, 

diffi~ult and will net be attem~~ed. ' i 
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0\ , 
THE F1IRST TEST OF "THE RLLATION BETWEl:N T ~"JD TIN_ 

i) Introduction 
\ 

For the fina, test of the hypothesis,' outlined ln the pr.evl chapter, IUlle 
1 

samples of d~ily luean air t'eGlperature for su~ periods osen fo); analy-
" "-

SIS. The clai ly mean temperatures 'are in most cases oomputed as he .average of 

th'ë four six-hourly readings of mercury-in-glass thermollleters in tandard inst-

'rument shelters about 1.5 m above the su'rface. Care was taken'to choose the 

sarnples from different kinds of location:"i\acier~f:~e (2 saruples • valley 

glacier (3 samples) and lce cap (4 samplès). Details and sources of' d~ta are 

given in T'alnL. 4.1, and the locations of tl)e stations are given 11 Figures'1.2 

to l.5. Ba'Se 'Camp A.H.!. is a reL.ltively open 19cation about 3 kil from Whit~ 

91acier and should be outside the region of influence of the glacier. ~ower 

Ice is located in the snout of White Glacier but is rather exposed,compared to 

Sverdrup Glacier st,ation whieh is sheltered by high vallé)' walls. Exposu,re of 

Lower Iee ic~/so'ûtherly eompared ta Sverdrup which is northerly. D von I.C.S .• - ~ 
Uppe~/Jcê- 'l, and Upper Iee 2 are relati'vely open ice eap l,oeations. lt migbL be 

/ - ' 

/~1âimed that the order of arranging th~ st~tions in Table 4~1 - Ba'e Camp 

, '1 

_// <A.B.L, Lower I<:e, S~erdrup,"Devon,I.C.S., Upper Iee 1 and Upper'I e 2 - lS ln 

/~/ 
./ 

1 

, 
, " 

'. 

the direction of increasing "glacier;ness". 

\ 
TIN W?s eomputed for every day 'of ea~,h record at eac.h station the average 

of the 00 and 12~~IT radio-sonde obsetvations aé the surrounding u per air sta

tians. For te Devon Island si tuations, Sverdrup and Devon 1 C S the iinter

polati on was made' using a fi,tted quadrati~' 'polynoml.al (9 stat~o~~ ~ ;1~ IJ63 and 

8 stations for 1969) whilst Optimum I~terp~lation was used fo~ the ~el Heibèrg ~ 

situations Çfour stations). Surprisi?gly, the in~erpolation errorf fdFJthe D~l 

'von Island si.tuation!? usiùg the:polynomial method'-were rather lowe~ tha those 

using Optimum Intèrpol,at'ion. This is eontrary ta Gandin (965): biut a areful . 

study.would have to be made be~e d~~wing any definite conclusions abo t the 

relative accuraci~s of the diff~rent m~thods. 

Fig~res 4.1 ta "4,.4 are seatter, diagrams of~T versus TIN' A1though there app-

ears to be consider~ble scatter in aIl the plots, a linear relationship i5 

, 
~------- --------- ------- \ 

/ .' 
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Fig 4.): Daily Mean Local Temperature T Versus Interpolated Temper

'ature TIN at the Iee Cap Station (I.C:S.) Devon Island for 
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Summers 1963 & 1969 

:10 
'Q 

)Q , 
" /"' /'. '0 10 

!-' :> . , 
-: .. ;.- -.. .. 1 

.!' 0 -~t,-;;, .!' 0 : ,. \,,\1-

! :,..,.. , ;! , . , 

/~.,. J ;7.' , 
. ",";": , ... i . 

. \ - ·.~f' • 
-'0 -10 

, .- . . ' 

. . l~lC.l"'H'.1 
' ... .1 cw- k" AK~I 

~~'lY. 'iI8O 
> , . _ _ _"~~':l!:al~ 1961 _ ~ 

? ,': - ---- ---. 

'040 0 .() '10 ,10 0 10 10 
DroI, T .. 'C a.t, T .. 'C 

, 
0 

.. 
" . -. ~ 

0 
, 

Fig 4.4: Daily Mean Local Temperature "l' li ersus Interpolatèd Temp~r-
": 

ature TIN at Upper Iee 1 and, 2 0 ,Axel'Heiberg'Island for . 
Summers r'1960 -

& 1961" . , 
.~-

1 
" . .. , . 

, 

" ~ 
. -1 

, • .-• . . .. . 
1 / 

• . . , . -. , . .: r---- -~_.,-. __ .. _.,..-'" ---. - .--....... ~ ....... -....... ~" ...... ,~, . - - . 
" 

, 

... 

.' 

J 

, 

- .. .\. 



~, \ 

l , 

J 

,,\, 

\, 

c 

\ 

27 

\ 
apparent. lIowever, ~omt.' of tlll' pl()t~ shuw il hint of non-line,ar,ity. 

\ 

ii) The CornputeJ Paramètcr~ 

The datd [ur 1 ,1Il'cl 1'1;.1 lOf the rune sdmplcs were fitted to moclel (3.1\ 
C. \ 

using ordinary ledst-squares (IBII SSP subroutinc CORRL). The varioub btati!:>t-

ics are given in Table 4.2: CLlI~\puted vdlues of A, Band U together wi.th the '1 
"r 

sample means T and TIN"' st.l!1cLJr<'l 'devi'iltions ST ,1I1d Sn; and correlation coeffi-

.. ient R. The mcan and stdnd,u'o Jeviations of B, ST' SIN and R for the ni'ne, 

san:ples are L-iven. This is ta illustrate the sample-to-sample variablli."ty of 

the quantities and is not i IH ,JeJ t,.o suggest th.n they are, dtawn from conunon 

homo'geneous popLllations (they are çertainly no:), , ~ 

\" "* 
~'')''." With respect ta the hypqthesls outlined in the previous c1}apçer several cO,nun- '0'::, 

'~è{)ts can be made. ln aIL cases T and TIN are weIl correlated with an average 
". 

R 01\.0.91 which woulo correspond to 83 % explanation 'of the 'Variance of T by 
'. 

T~N' '~coHe~ponding Root Mean ~quare Error U is about:; 1. 8°C. Tills is 

sOIJlewhat 'la.rger than tl;e interpolation error in TI~ (about:; 1.3) 50, that it ~ 
/ " 

can be conc1u'ded that the 

dard deviation ~"abou~ :;: 
"-

system" ~~nking T and TIN contain~ "noise" will! stàn-, 

1.2 0 C. This is probably due to variable "we~ther" "~ 
(wind speed, surfac~',tempe'rabure etc) durin~, the 5ampl~ period. B is positive 

" , 

but less than unit y for"aU the glacier situations whilst A is nega,tive~, B is 

slightly'greater than unity>~or Base Camp A.I!.,I., although not significaqtly so'. 
~ " 

/ 

Actually. Base Camp A.H.1. doeo,seem to have a slight -heating __ e~fect of 0.1 or 

" '" 

, 

O.2oC although ... the ne.ar agr~eI1lent"-~ T and TIN is eucouraging and'~uggesfS-----~_~ 
\ "" (') , "'-.. 

: that the interpolation is quÏÎte, ëlç:cui'ate with respect to systematic error. The 
"-

glacier situatlons do shù~ cooling effe~ts'with less cooling"for the valley 

glaciers than fpr the ice caps. This was expected. and can be ~xplained by the 
~ , 

longer passage time of the air ove y the cool surface in the case ot the lce 

caps. lÎowe'ver, it-(s interesting in that it âppea'r,~ that A controls the Cl'n1-
"-
" ing effect rather than B. On the whole, agreement betwe,en the tMO Base Camp 

" 

models and bet~een the four ice cap models is good. On th~,~~er hand,' Lower 

o Ice 196~ agrees better with Sverdrup Glacier 1963 than it does, '\;rit~ l~ower Ice' 

1960. The nine models are plotted in Figure 4.5 from which it can 'bè~seen . . '-) , 
that the s~read of T values within each group (2 glacier-free, 3 valley glac- t..!'" 

--~~~~~j"uc~e~c~a~p~)~~i~s_certainly less than 1°C for positive values of TIN' 

1 
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Station . H N Pcriod of Record Data Source 

Base Camp AH1 190 89 29/5 ta 25/8 1960 Mù,llèr, unpub. 

Base Camp AHI 190 99 19j5 ta 25/8 1961 § 
,J , 

Lower lee 210 89 29/5 ta 25/8 1960 Andrews, 1964 

Lower lee 210 99 19/5 ta 25/8 ,1961 _~ . 

Sve.rdrup CL.!. _~3Go-,131 ''1.3/5 t.o 16/8 1963 . Keeler" unpub. 
, . ---------

Devotrf.ê.S. 1320 93 16/5 ta 16/8 1963 Ho1mgren. unpuh. 
~ 

Conuncnt 

G1aeier-fr~c 

G1aei~r-frce 

Valley G1dci~r. 

Vall\:!y' GlaC1~r 

Valley Cl.;lcicr 

~ Devon LC.S. 1320 58 04/6 to 31/7 1969 
i ~. 

Br ai t h\"ai te, ullpub. Iee Cap 

Iee Cap 

lce Cap 

r,' Upper lee'l, 1530 89 29/5 to 25/8 1960' H,av~ns, 1964 
" 

f . Upper Icc 2 1920' 99 19/5 to 25/8 1961 
! 

'.f 

( 

" 

" 

Altitude H in m A. s.1., N is number of days of 'record 
§ ~ Müller ancl-Roskin-Shar1in, 1967 

r 

Table 4.1 Stations ànd Periods for Data Ana1ysed 

Station N Year A B u T '" TIN 

Base Camp AHI 89 1960 -0.2 1.084 1.9 5.8 5.6 4. 1 3. 3' 0.882 

Base Camp AHI 99 1961 0.0· 1.078' 2.0 1.1 1.0 6.1 5.3 0.943 

\)ower lee A~i 89 1960 -0.2 . 0. 715 1.4 3.8 5.6 2.8 3.3 0.851 

- Lower Iee AHI 99 1961 ':"0.7 0.944-- 1.-7 -0.1 0.9 5.3 5.3 0.945 

Svecrdrup GIa. 81 '1963 -0.6 .0.844 2,0 :0.1 0.9 4.8 5~,1. 0.907 

Devon I.C.S. '93 1963 -2.8 0.889 2.0 -6.3 -3.9 5.2 5.4 0.924 

) ~evon I.C.S. 58 1969 -2,.0 0.942 2.0 -3.2 -1.2 4.6 4.3 0.893 

'-.---/ /' <Upper Iee 1 89 1960 -2.4 0.872 1. 5 -2.6 -0.3 3.2 3.3 0.886 

Upper Ic~ 2 99 1961 -2.7 0.857 2.1 -7.~ -~O 5.0 5.3 0.906 

Mean ,1,\\0.914 1.8 4.6 4.5 0.905 
;. } 

Standard Dvn 0.116 0.3 1.0 1.0 0.029 

/ 
. .' .... 

,; 

Statisties for Stead State MOdel.T = A + B.TIN for Nine~--LÎ 

Situations: Data are Un l ~: _1 -

\, 
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'S [al i ùn 

Base 

Lower Iee 

Lower Tee AMI 99 

Sverdrup GIa. 81 

A 

0.0 

o.n 
0.0 

0.0 

1963 0.0 

1. 042 

0.834 

0: 719 

0.723 

0.622 

c 

1.9 

1.9 

1.4 

T 

J.a 

0.0 

0.0 

0.0 

S 
T 

3. l 

0.0 '2. fi 

0.0 2.2 

1.9 O.if 0.0 

2.0 -<-. 0 .. 0 

2.3 

2.3 

::.3 

'\ 
\ 

0.775, 

0.711. 

0.746 

1 0.593 

,~, - De VOl) 1. C. S • 
\ 

93 

58 

1963 'ro '\.' 
0.693 

0.738 

0.:/,67 

0'.735 

1.8 

1.8 

'o. a 
0.0 

0.0 

0.0 

0.0 

0.0 

2.8 

2.9 

3.0 

3.1 

,0.529 

0.747 

0.773 

0.818 

1 

\ 

L 

Devon 'I.C.S. 1 <i"&'L._ • a 
Uppe r Iee 1 89 1960 0.0 

Upper Tee 2 ;..(2.2J 1961 0.0 
\ 

Mean 

Standard Dvn 

9·764 

0.119 

1'.~ 0.0 

1.,g 0.0 

1.8 

0.2 

2.5 '2.7 

3".7 4.4 

'2.7 

0.5 

2,.7 

0.7 

0.866 

0.729 

0.106 

Table 4.3: Statistics for Steady State liode1 T '" A + B~'TTN for Nine Situa'" 

tions., Data are. High-Pass Fi ltered. 
'{ 'J 

-4' c; 

Stati'ln N Year A B 0 U T 

Base Camp AliI 89 ,1960 0.0 J.I09 1.3 

1.4 

1.0 

1.6 

1.5 

1 . 4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Base CfDP AHI 

Lower l'2eAHI 

Lower ';ree AHI 

--------s-verdrttp GIa. 

99 1961 0.0 

89.19600.0 

99 

81 

1961 0.0 

1963 0.0 

0.900 

0.765 

0.798 

0.735 

Devon 1. C."5. '93 1963 0.0. 0.738 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

2.6 

2.3 

1.9 

2.1 

2.0 

2.0 

2.1 

2.0 

'--L 7 

1.7 

R 

0.86'1 

0,,198 

0.831 

0.657 
1 

0.62-7 

0.812 

Devon 1. C. S. 58 1969 0.0 0.778 1.4 0.0 0.0 2.4 2.6 0.823 

... 

1 . ---~ 

l 
' Upper Iee 1 89 ,1960 0;0 0.894 1.0 0.0 0.0 2.2 ~G...&9-:Y----- " 

Upper Iee 2 99· l~-----r.-z-:-roo~ 3.8 ~ 0.929 
, ,~~-' - --
\ 

- ~lean-------- 0.837 1. 3 2.4 2.3 0.803 

~----------1 . St.andarçl Dvn 0.118 0.2 0.4 0.6 0.101 

\ Table 4.4: Statistics for Steady State Madel T - A + B.T IN for Nide Situa-
-

tians. Data are Band-Pass Filtered. 
-------~-----
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it mlbht plall'Jlbly Ill' CIJÎEIL'Ù llidl :,ome of the re&ults, especially the hir,h 

eorrelatton e~l'ltllll'nt~, Il!dy.hL' JilL' tü the "forcing'etfect" of 8easonal trenù 

111 the u.Jl d dre not meaninsfully reldted. this possibllily 

W.1::' the ddta to remove the annuai perill(.licr~y 

aùJ repealllll:, ,il 1 Re,sults obtaineJ for the"high-pass ftll(,'r-
< 

cd data are gÎven in 'l'clbl.e 4.,3. It-is noteworthy that, although the standard 

de.vidliOl1& S'l ,tnd "I,',J ,llhl"tllt' l'o~r.eLltion coe!ficients R .1re reduced by fillL'r

Ing, tllL' l'-~<!:lJ,:-' \1 Il'III,111l [liL' !>.Ih,ll'. ThLs"",,,!;uPPo"rb.o t!1è notion that 'f aLtJ Tl~ <lI l' 

mednin~ful1~ reldted .mJ lh.lt rddtÎonships have not been unduly forced by sed

&ond1"trenù. The rL'uuel ion in R is sÎmply due ta the fact that filtering re-
\. 

duces ST without Ch.l~l.L.1J:>~on dvet'd&e redueeJ by filtering although the 

spread of valueo. U~ .. ulIlS dbout the s~-:---ïtisln-telesti.l1gthat filtering 

brÎl1gb H [or Lowcr Ire 1960 dud 1961 into.cood agreement a~though a discrcpdu

cy Eor il betweell lLl!ol' .c.llnp 11960 and 1961 is introduced. The apparently anoma

l()l1s il v.llul! for Lo\.'er lee 19-60, before filteri.ng, mdy be exp1a~nab1e by dn db

sence of beason.ll t n'nd ïn the 1960 record (August 1960 was the warmest month 

on record for. Lower [ce) or by the fact,'that surface- temperatures of OOC were 
, 

very frequent J~[lnb this warm SWlliller . 
. . 

• 1 
It should be noled th.lt zero values for A ln Table 4. 3.àrise simply on account 

of the fillering prOLl'bb. 

If the error term in the regressio~ equation, scaled by U, J approximately 

random the error ~oult4 be- reduced by low-pass filtering to remove perio<Ucities 

.' o~ less tl1d11 &L'vercü J.lys. The duld, already hiljh-pass filtered, were filtereù 

with <J.' slmple Hdnning Filter with centre' weight 0.5 and side weights of 0.25 

(Blackll)an & Tukey, 1959, p.l71). The resuiting data can beregarded as band

pass filtered wilh suppression of frequencies ln the range of O.SOc dy -1 (the 

Nyquist r'~equ~'ncy for daily mean' data) 'to abou't O.22c qy-l (the band-width of 

the fpter). Computations were repeated for the bahd-pas~ filter'ed data, and 

results are- given in Table 4.4. _ On average the standard deviat~ons ST and SIN 

are further reduced by a ,small amount whilst U is' reduced frpm l-.àôè- tü 1. 3°C. 

B is increased somewh~t by the filtering (from about, 0.764 to 0.837). t:& This is 
- .. 
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Stat'ion N ïe.lr A f(O) , i Cl) [(2) f(3) f(4) U 
,.1 

l)ase cam? Mil 85 19&0 0.1 1: 041 0 .. ·07,9 -0.099 -0.125 ().144 1.9 

tlase C .. llllp AllI 95 1,961 'o. l,' 0.h20 ct. 386 -0.252 ·0,.202 .0.157 1.8 
1 

0.4\' ü.5;>(; Lower Lee AH l, 85· 1960 0.258 -0;226- -0.03.8 0.084 1.-3 ... . 
Lower Iee AHI 9:S °[961 .... 0.6 0.509 0.327 -0.115 0.222 0.222 1.5 

Sverdrup GIa. n 1963 -0.5 0.54$ 0.025 0.196 '0.182 0.182 1.'9 

DcvoIJ f:\:.S. 89 1963 ' -2.8 0.568 0.258 \0.102 0.006 0.006 1.8 

Devon 1.0.S. 54. 1969 -1.6 0.710 o.on 0.238 0.098 0.098 l.4-

Upper Lce 1 85 1960 -2.2 0.607 0.,298 0.066 -0.041 -0.041 1.0 
1 

Upper Iee 2 95 1961 -1.9 0.531 0.354 0.026 0~021 0.021 1.5 

Hean· 1.6 
\ 

Standard Dvn t- 0.3 

Table 4.5: Statisties [or General Linear M6de1 for Nine Situations. 

G 

O f · \. ata are un lltcrec .. 

\- ~\ 

\ 

- ~---'- - ---

, 
1 

e 

1.040 

1.115 

'0.634 .... ----:, 

0.945 

0.873 1 . . 
\ 

0.865 

1.180 

0.844 

0.9B9~" 

0.943 

0.163 
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11I),Juubt due tu p..JrtlJI !:>uppres!>lun ut ,'rror;, 10 the ddld and l>t 11l1i"l' III Ille 

Frn,,] (OllljJ.JrJ:,on of 'Llhll's -'1.2 to tf .4 Il woulJ he unWl::'l! ln CLÜ1.l Irl'qul'I1lY-
<'l 

JVpl·lllleIlU.' llt the ::.y~tl'.ll. ï'hi".C[ll,·;,tiun cou,ld ol~ly he an!>wered by <lpplll-.ltll111 

,d spectr..ll· ll\\:'thoJs ln L1lt' J.Il.l \"!Jlllt l~ beyonJ the bLope of the prl'~elll '~ll1Jy. 

Il ll.J!J, Iwwever, be C"lll IUJl,J 1 h.u the rcldtiul1ship bl!twt'en 'T ,mo TU; JUt· ... Ilill 

Jt;lbli bütety on .lCC,)Ulll (li ;"'.lt->'lIl,l1 \;'1 tells. Furthermure, as 1 .lnJ TU ... Hl' le

l.:!teo ln the hiL;It-P.lb;",llhl !J.Wd-p.lbb fn'quency rangc~, it is ~ldubl\:de thdt tlll' . 
bl'..lsonal trenùs ll1 '1 .Ir\' put tl1l'r~' by ~\je rel..ltiol1ship with TIN rdther th.ln bl' 

..Ill l.'·xtraterrestrl:'lh\:1-\-II~L\'_ ,II-t ;11<',. ,lb.,J $l'pJrJle'l?illpl!t. A", it is in f.lel db:-.u-
---'~' 

lute value':> of T w!Jj,1! .In' ul ~~~~(;olOh;icJ.l intcrest" especially ln reldtlOn t\) 

the oOe threshold, UJrther .m.llYbi,D wIll b~ U1 tenus of raw'Clata rather tllan 

fll tered data. 

iii) A Generdl Lll1l:Jr ~ll)dlè 1 

ce'pon" uf ,th<> 'y"ero i, e"entially in"- '. :' 

lt ~ould be inlvresting to test this. If : 

It has been dS.!>l'rled th.lt the 

~hl.' respollb,e of tUe :-.y!>ll'lH were nul in:,t,lI1l.lneOll:', LIll: mode1 0.1) would bJVl' i 

.. ta !)e repLlced ln th dt! l'qUdlioll ièllnt.:llning' Ligged values 0+ TIN' i.e. T1N(t), 

'lIN(t-l), TU1~t-2) etc, wLich \wu1d te a dlgital countetpart to a convolution 

integral. The re;.,ression coefficients of the various lagged terms would be 

an.ilogous tü the Green t s Füncl ion of a cil fferii!nti al equd Lion containing a t iOle 

dcrivatlve (previou-sly ~w!'lecLed jn COlllp~·risÜll--to_th.e J.Jvective Lerm in Appen-

dlX 1). \ l ' , ~_ ' __ o. 

To tebt this possibillty tlle ddtil, dnalysed ln the previous section, were fitt

ed ta a mul'tiple rl'gres.sion .model of tll~ [arm: 

pa,.. 

L F (fi) ~N(I:-n) 
, r!!t 

+ + U é(t:) (4.1) 
"'':.oC) 

Result·s are givenjin T'able 4.5 [or ~nfiltc'[ed data. The quantity S lS the 
1 

state re,sponsc" 
1 

/ 
"steaùy of the system defined by: ( 

!, 

, ,~ . ~~.~ El '-sh~u4ati "Y 

/ " , /' . 

e (4.2) = 
n~o 

the sallie condi'tiôns as 'B. 
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o 

j' 

1 

CompJring TJhlc~ 4.-2-al1u 4.::" il Cil 1 bt, ~el'n th<ll l; i~ ~l!IlIl'Whdl lowl'r Illt tlll' 

\ 
gl'llcral hne.lr modd (4.1) llldll for the stC.luy :-.l,illtl' moul'l (J.l): "II ,IVl'r,Jt,l' 

1.6°C corupareu 1:0 1.8°e. ilowcvl'r, the dlf>pCr~lllll of G vdluL'!, l~ !.1.'"I',l'r .luI 

~he gcnerdl lincarrnodl'l, ,mu there i~ on'c value (D\-!von 1.(.S. 191:>lJ) Whllh l~ 

larger than unlty III vioLnioQ ot:" the hypothesis, ~jany of the f(l) tn t (4) :u- § 
~fficlellts are not ~tati~tledlly big~i[ieant (bt 5: levcl). 

1 

~It is concluJed that the slightly better U valu<:s (or the gen\'fJl 11Ill'.lr IlTlJ\k 1 

are probably fortultous dnd that thc'greater inconsist~ncy or di~pcrblull ut 

9 makes u~(;' of the model inddvlsdble, 

iv) Sorne Prelllninary Conclusions 

The results 'reported ln Chapter 4(ii) are encouraLing Gor the hypothesib 

'ddvanced in Chapter,J. More results, from analyses of further sJmpll'b, 1.'111 be 

given in the ncxt °chapter. It will be noticed that little mentIOn I!JS bl'l'll 

made of confidence intervals for the various computeJ ~LJtlStic~. They hclve. 

been computed (M 5 % level), but it is felt that little rell.1nl'l' bhould hl' 

placed uron them because of the effeets of dutocofIclation in the datcl (bel' 

Figure 4.6 for plots of A versus B together witl! their corresponJing confidence 

. \1) l . . d ,,' 'f lnterva s. t 15 su&.geste that lt _lS better to analyse, mJl1y bJmple~, l ..lV-

ailablé, rather than to attempt ta draw conclu,sions from pOt>s1bly dublllUS con

fidence intervals for d' few 'sa~ples. 

,', 
Some preliminary conclusions can already be dt'awn. On the basis of resul ts in 

.Table 4.2 it is ,suggested that t.emperature'at nase ,Camp A.H.I. CJll be reflresen

ted approximatelj by: 

T -0.1 + 

This is very close ta T = TIN' 

tely:, 

T -0.5 '+ 

and an lce cap situation would 

T -2.5 + 

1.08 '1' 
IN 

(4.3) 

A valley glacier situation w~ld be approximJ- , 

0.83' TIN (4.4) 

be approximately: 
, \ 

(4.5) 

\ 
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1 

il.lprove or f.d..,ity lIH"H' PI~'111.11Il.lry 
1 

CJoling effcet IS greLlter [or an iel' cap sltudtion than for LI vdill'y gLHll'J 

situation; thi~ i~ dm' tü lU"wl'r A v,dues rather thdn lower v,due" 01 IL T1H' 

breater B value [or (4.5) comparcJ to (4.4), i.,e. 0.89 ~omp3reJ tu 0.8J, ITldy 

h.1VC a physical ex~l..lndtl(]n; ILlr much of t,he time the temperatLlrl' of th(' 1 l'L' 

c,;,P surface will hc"'lwlow ·ooe and in,. good ddjustmcnt w~th thl' .lir tempec.tlllll' 

except for'cl'rea;,ot1dbly COI1;,tant Ji..,crepanc~. AccorJing to thls,pxpl.mdtÎull 

B shO\)lld illcrcd'>l' Lu \Jnity .J~ the IlH.'dll v..1'lue of TIN decrcdsl'!> ,111J the Ol'lUrl'lllL' 

ed that 8 ~ould bccome ~redter thdn onity to pre;,erve cooling effcct dl luw 

tempe ratures. F1kure 4.7 1S a scat ter diagram of monthly medn values of T ver-
1 

sus TIN tor ~làrdi'lw,Cdl.lp al 870 lB d.S.l'. on White Glacier (ddtd ,from nulll'r, 

unpub lished) and for Site l at 2128 m a. s .1. on the Greenland lee Cdp (d'dU 
'îr;. 

from Putllinh. 1970, Table XVIII). Data at Eureka and Isachsen were us~ l'u 

1 
1 

compute TIN ~or Noraine Camp whi.1st T LN values [or Site 1 were eomputed u"ing 

data from Reso1ute, A:lert and [becfesmind (Thule data wàuld have be~n b":;,l b\lt ~ 

were unobtd'illdble). From Figure' 4.8 it i s clear that eooling e~fect i s prL'hl'r-\ 

veel under win ter temp\rature conditions, i.e. TIN in the range -10 to -JOoC, 1 

and that B becomes 
" 

uni ty'. 

Sume worker~ h.1ve comp, tel observ.ltions at glacier welilher :,tdl iun:, 

with observations l' 2 ' 
(l0 to 10 km scale) weather stations. SOllle ex-

dmples are Wallén (1948, p.504), Arno1d,(1968, p.56), Tvede (1973, p.97) and 

~arcus (1964, p.60). The results of tbe first three are diffieult to eompdre 

with present results because their coefficients include effects of altitude 

differences between Shé ,glacier weather stations and distant weather stations., 

However, the .models quoted ,bY Marcus (l96~-avoid th''lS difficulty, and his co

efficients do, in fact, lie in the ranee peciJied in Chl'lpter 3(i-ii). 
',11 • 

As a final pomment it should be said that,. al~~ugh the statistical results 
• '1.-'. • 

appear to satisfy the hypothesis advanced in Chapter 3 and Appendix l, the 

hypothesis has not been, "proved". 'l'his is bec~llere mus} be many plaùsible 

mechanisms which could have generated t~âr/ious calculated statistie~: tt}e 

mechanism postulàted ln the presenj:/s:Udy'woulcl only be one of tJe.sé./ 

) 

Or 
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,CHAPTER 5 \ 
~ \ ' 

A FORTHER TEST OF THE RELAl'l'ON BETWEEN T A ... 'il? TIN 

i) Introduction 
, , 

The purpose',of the present chapter lS to desctibe further testing of the 

~odel (3.1) and df conclusions rea~hed in the previous chapter . .. 
The data analysed comprise a total of 24~1 daily mean temperatures ob,served 

during thre7' summer field s~asons (April/May t'a August) at a vdriety of stat-
, 

1 

I~ 

10ns in the Axel ~eiberg Expedit-ion, Area (see Figure 1.4 for location of stat-

ions) . ln 1969 and 1970 ten stations were opcrdléd and nlne station!! ln 1971 \ 
\ 

The data are, therefore, organized into 29 samples w'ith each sample compiis1ng 

" the full av~ilable record, of length N days, for the station and summer l~ ! 

t c-

.1 

/ 

question. Few records are completely continuous, and statistics are comp6ted\ 
1 

for the full record so that they reflect the perivu of record as we11 as 

racteristics of the station. 

cha-\ 

\ 
With t1e exception of Base Camp,. where full surface weather reco~ds are av.il-

able, Ihe temperature data aré derived from thermagraph/thermohygrograph ~e

cards. 1 Al though great~are wa's taken' in calibrating the \ecords by camparison 

wi th standard thermometers it is, probable that they are -less accurate than 
l ' ., , 

thermometer records.. Sorne of the instruments were sheltered in standard Ste-

venson' Screens (HSC 'type) whUst others wer~r instalIed in home-made "economi-~ 
cal" screens. The latter performed,quite wèll (Ohmura, personal conununicat-. . 
,ion), but radiation errors cannotbe, completely excluded from consideration. 

r' :~-. " 
~):::om.·the flndings in Chapter 2 it was concluded that T.IN could be computed by 

~-~ie distance ~eighting of temperature from Eureka and Isachsen alone (with 

_____ ~ wèights.o-i 0.71 dnd 0.29). Eq~Yé!1sl.tt_","a1î.:ft~de values of TIN .were computè9 
-~-" --------- 1 

at altitudes of T reco-rdS--by linear interpolation b~en'·the 1000 mb and 

850 rob le.v.ets.~-~---- , " 
--~"-,,, 

.--.-' 

"~----,~/~/"-~ ii) Computed. Parameters 

~~ Values of A, Band U in the model (3.1) \>lere cOIDI?uted for the 29 séUJWles. 

It had been expected' that it would be ... possib1e· ta di/ide the models into two 

1 . ' -~l . /.', (1 1 casses represen~~~&"J.ü,~,ç,1~.r..::Jt~::nd va le-y glacler sltuatl~ns C asses and . ~"" , '" . , "" ... '-. 
f 

-~---- " 

. 
/ 

r \ 

.. 
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2). 11Owcver, Il, Wd~ l,îunJ llidt ~evl',r<ll :,t'dL1Vr-lr\.'\.' ~ltUdt1.0:U. ~l)n.r, thlll.d"h 

'.i\ld Phantolll) h.ld !\ll'del~ re~c[lblln[' thu~l' fur )',ld<.:le1' ~Itllatl()hs with A FL'!lt'\

dl1y negative .lnd-il le.s~ tt(.lll Ul11ty: t'he Jpldn~ltlün IS prubab~y that l'JurJ 

statio'n is still under the influence of the cald ~ed burface of Expeditloll 
F 

Fjord whilst.l'hantom ~tati()n is both unùer lnfluL'ncl' of the cold ldk,e burt.Hl' 
~ , 

of Phantom Lake and of the'~urroundinf" gl.1cIl'ri/.L'd .1rl',1. Outwash station l~, 
, 

probàbly withÎn the region of influencc ot ll\l' \.Jhite Glacicr, paniculJrly un-, 

r der down-glacier wind condItions, 
, , . as w .. dl ab bein:: ItlfluenceJ ~y .. th~ CUl~,U~LJ

plodel" h'l'rl' fOlJnd LotH.' buffl<_lently Jllll'--f?ce of Expcqition Riyer:1 [l'mine . " 

ent [rom the other gLlei .. 

merit credtion of 

Tcibles 5.1 t<.r'S.6 

and hibh-pass flIt~reJ d 

1961 are repedted ln 'Llw 

j ecti ve. lloweve r, the c 
- ... 

This is described in the 
~ 

T versus TIN tor the 

Class 3). The lines are 
" 

eac~.class. In only one 
( . 

line °for i ts', awu 

(Class 1). 

With ,reSpect ta aetual 
1 0 

made. Fi rstly, 

tree ~Jlll.1tillll~ IB,j~(' C.l"lP." Gordon'~ Jncl V<;!lley) lu 

Cl,1Sb (Clabb la). 

statistlc~ ,or the nl'1dcls ,using both'raw O..lld 

Base Calap anJ '-rower 'lce situations f r 19-60 ..lno 

The clas!'llicdtion prôeedure is frankly hllb-
'" 

;>l.ficatic)[1, ollce made, CJ!1 bè-'te'sted objective1y. 

!>ccliull. FIgure 5.1 is a scatt.er diJI;rdlll uf 

so [al' d'lldly'po {ice cap situdtlons ..Ire 

regrcssion ~lllles for T versus Tl:~ for 

a (T. TIN) pair separated from the re!;rcs1:iïoll 
1 , ~ 

2) by the reGressian line for another c1ass 
c ~ , 

//// 

of the campi .. ed~m~teL s; sorne comments CJn be 
/ l"" 

althauçh,~ tri fie highe~ thall 

Square Error U i5 it\ aIl cases reasonably lolo' 

(T ble 4.2). U is unchJnged b~ 
\ 

'" high-pas's' filtering. sare, therefore, se[ul represent~tion~ of the 
" 

d<.1l..a in the 'samples, 

sified. Class 1 situations are 

show substantial "heating, effect' 

nerally southerly exposu~e. 

lues of A of 0.5 ta 1.7o C although 

a little'surprrsing as Ermine stat 
c' 

·oth,\r hand, the underlying surface 
" ' 

, ge 1ncome of solar radiation which 

T dnd TIN a,rerelated " nul fdl

T '" 1\}; although Gardon's statioll Cdl1 

Thrs may be related te sheltering and ge- , 
1 " 0 

shows &~bstantial heating effec-t with va-

tends ta be less tha~'unity. This seems 

is rather expu~ed te wind but, on the 

dry and rockyD and prababl'X. enjoys a lar': 

Id be the source of "heatinJ; effeet" , 

1 

• 1 
.~ 
l' 
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J-

I 

'1 ' .. 
~ Station 

,. 
(. ,1. N Year r A B U ' ST ' SIN 

Base Camp 2 " 89 1960 -q.2 1.084 5.8 5.6 4.1 3.3 ('" " 
Base Camp 2 99 196.1 0.0 1. 078 1. 1 '. 1.0 6.1 5.3 

0 

Base Camp 2 111 1969 0.3 0.950 0.3 -0;0 7.0 6.9 

\ 

Base Camp 2 122 1970 -0.1 1. 001 :3.1 -:3.0 10.2 10.0 

Base Camp 2 107 1971' -0 .. 2 0.957 2.1 2.4 6.1 6.1 
, \ 

V~Ùey 3 '0' 1969--- - 1 , > 1 1 " 
1 Valley 3 0' 1970 

1 
Q __ ........------------------1 

Valley 3 85 197,~ 0.1 0.906 2.2 4.6 4.9_ 4.8 

i J 

~ 
Gordon's ~ 71 1969 0.3 1.007 ,2.0 0.9 5.1 4.6 

Gordon ',s ' 5 10') . 1970 0.9 0.903 2.0 . -3.1 '7.2 7.7 1 
~ 1 

GQrdon's 5 89 1971 0.1 1.108 1. 7 • 1.8 1.6 5.7 4 :9 

.\ 
., 

\ t.. 7 
\ 

Mean' 0.1.0.999 2.0 i -p, "-
,0.3 à.o77' 

1 

\ 
Standard Dvn 0.2 

·1 
o \ 

Table 5.1: " Statisti cs for Stead 'fiàte Model; of Class 1 \ 
f"'\ 1 

lin Axel Heiber Island Ex edition Area. FOrn! 

T := A + B.TI .. and Data are Unfiltered. 

\ 
of Da s ,'~ 

\ \ R.M.S. Error, and ST and SIN Âre Standard Deviations dt , 

Dail'L Mean TemEerature T and of TIN 
\. l' .\ 

Res~ect 1 ve 1..' 
\~ " 

" 1 ,-

-"'\"', 
',. 

1 

/ 

,-/' 

~) " 
:" 

" .) 't S' " 
\ .. ':~ ,. 
\ .... c 

• i f 

l 
\ ' ' 

.. "> 

\ a 

~,.. ...-

\ ----- -_._--~_. ii~ ... ·~~ 
< 'l'\'''''' 

- ~- -< - - ~ - .----~-,- .. 

._ ......... x F •• _=_\ 

1 



,\ 

Slal ion N Yedr A Il t: ,T '[ lN ST S1N 
, '. 

Ba!:>c Camp 2 89 1960 0.0 1.0-'12 1.9 D.() O.U J. ~ 2. 3 

Base Camp 2 99 1% 1 0.0 0.H34 1.9 -
D.t) n.\) 2·.6 ~.J 

0 Bdse Camp 2 11 l 19b9 0.0 0.945 2.5 (J.U [) . 'l J. 7 2.9 . 
13dse Camp 2 122, 1Y70 0.0 0.883 2.0 U.O 0.0 2.9 2.'3 

Ba!:>c Camp 
-~, 

2 107 19 Il 0.0 0.926 1.8 0.0 0.0 .3. J 3.0 

" 0 f969 n 

. ~"_-T~ 

_---~ Valley 3 0 1970 

~ 

, '. '-, 

f 

( 

Vdlley 3 85 1971 0.0 0.714 2.2' 0.0 0.0 2.9 2.8 

Gordon '5 5 7l 1969 0.0 1. 022 2.0 O.Ü' 0.0 3.5 2.9 

Gordon 1 5 5 109 1970 0.0 0.942 2.0 0'.0 0.0 2.9 2.2 . 
Gordon's 5 r> 1971 0.0 0.828 1.9 0.0 (J.O 2.9 2.7 

HCdIl 0.0 0.904 2.0 

Standard Dvn 0.0 0.102 0.2 

Table 5.2: Stati.stics for Steady Stdte Models of Cl.1sS l Situations 

in Axel Heiberg Island Expedition Are.!. Hodel tS of Form 

T '" A + B.T 1N , ana Datà dre Hil.lh-Pd!:>!:o Filtered. N is . 
Number of Days in Each Sample (Durir~llJ'eriod Hay-August). 

u is R.M.S. Error, and.ST and SIN are StaIld~d Deviations 

" 
. 

<Il" 

-, 

\ 
of Daily Hean Tempèrat~re T and of TIN Respectively. __ ~--------

, --------------- ------
=--:.....------.-

--------

( 

J
I -~--

--------- ------. 

fit 

~\ -------------
~\.- --------

1 

1 . 
! 



\ 
\ 

"- -------- \. 
Stdtl un \" 'N YC.JT 'A B t: r P' :-i SI'" .> r 1· , , 

----------'. 
E nui \lé 6 <)<) 1<)6<) (J.') 0.870 2.2 -().H -1.') ).4 5.7 

~ / 
/ 

r~ nuine b Wb 1970 1. 7 O.H96 ~.O -1.Y -4.l b.Y 7.3 

Lrmine 6 76 1':171- 1.4 1. 032 2.0 2.7 1.3 5.4 , 4.9 

Nean> 1.2 0.933 2. 1 

St,llldard Dvn 1 1 6 .0.087 0.1 , 

~ . 
Table ~. J: Stdtit.ti,. for Steady Stat " Nodel::; of CIJs,,' LI Situations 

'\-:---ilfi\Xe-j--He-i'berg-IsLmd_ExpeditioI",-Are.1. ,~Iopel is of Form 
- ~-~---

\ 
\ 

~= A + B.TIN~ dlHJ D'dta are Un[lItered. N-i-s-Nulllbe!'-of-~ _______ ' -
~-------.-

Days in't:ach Sample' (Dunl1S l'eriod Hdy-AUt:u~t). Û is 

R.M.S. Error, and ST and SIN art' Stand,lrd, Dev l <1 t ions" p f . 
.J 

Ddlly Mean Tl'lllperature T and of TIN Rppect l ve l y.1 
~ 

Station i N YCdf À B' U T t .. 
ST SIN 

- -.b 

IN 

Ermine 6 99 196<J 0.0 L 155 1.9 0.0' 0.0 4.1 3.2 

Ermine 6 106 1970 0.0 0.998 '2.0 0.0 0.0 j. l 2.4 
1 

Ermine 6 76 1971 0.0 0.864 2.3 0.0 0.0 3.3 ·2.7 

.,. -n~" 

;--',Nean' 0.0 1.006 2, l 

Standard Dvn 0.0" 0.146 0.2 

Table 5.4: Statistics for Stead State Hodels of Cldss la 

_----=--c=---
-"1,-;- -=-' J~_!-x~_ H"~_i_ber . ion 'Ares. Hode 1 

1 
1 ! 

" 

~ T = ~ + B.T IN and Data are Hi h-Pass Fi1teted, 

Number of Da s Period Ma 
t 

U is R.M.S, Error and ST and SI~~~ ____________ +-__ _ 

of Daily Nean Temperature T and of TIN RBsppf'tivel 

;; , 

) 

." 

, 

.' , 

1 ' 

" l' 
,~ 

1 
1 
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'}6 

(Mùller 1 per:iQn~ cOllullunication). 

_ W i th in Cl as s 2 t he r~e~i~s~a~s~' l~' t~u:a:t~:.,:o~n~, ~w~i~l~l~1 IB~0~' ;r~t!~Jlt~e;-jr~t:n;laIil'll-un++V--l...u....J!v i 01 J t ILlfJ l' t l 
----- -~------------_______ ...... C'-Joo. ~~_L 

the hypothèsis (Moraine 1969), but 'at-the-;;-anle-tllue-;1.-'ap'p;cifs-to -be-rclth-er lu..." 1 

These anomdlies may have cl cOl:1f;lOn cause '>llch JS instrur.lent errUl ur (',lllbrJtloll 
, 

error or m.:Jy represent SOlile more subtle cffect. It WdS suggested ~n ChJptcr 

3(iii) thdt B could be gre.lter than unit y dt very low vdlues of TIN' but t!ll,o, 

can hardly apply in Lltis case as HOlaine 1970 1" much colùer with a lower B 

value. Actu4lly the B value for Moraine,. 1969 (H = 1.008) 15 not siGntfic,hltly 

greater than unrty (at 5 % level), dnd lt 15 c:lOsen to iEinore 

The moc!els for Baby GlclC:-ier deserve sume uio,èussion~ _ Thc.lmea~ 
the probtem. 

/ 

cooling et(~Lt 

for 1969 is -O.loC, for 1971 it is -l.Ooe, ,1IlJ il is actu lly positive (+O.2 L)C) 

---y ___ -'-:':~:~~.:~:: t t:: ::::;d:~_~:, a ,,:: ~_i~ ::_~: ~;n ,::y t ~: a:::: :h::::. th~ t ,u',-. ~ 
, ling effect should be weak and that the wronr,- s1(;n aD~e- on--aëëUünr:ût-"Tjl1i:'t""e <T'-'~--~ 

! 
'/ 

" small erra);; in T. This error might ar lse bec,wse Bdhy G acier was le55' frc

quently visited than other stations for callbrali on uf t e recorder. However. 

A and B values for the three years are quite consist~~t. Although weak cQo~ing 

could have been expected it i5 surprislnr; tbat B is ~o ow. \~ith re~pect to , 
this point it i6 interesting that high-pass filtering a :tually inl;reases the 

value of B in two cases (1969 and 1971)'. This i5 unusu 1. 

Clearly sorne, of the results are difficult ta explai1.1' ndoubtedly salUe of the 

curiosities in Table 5.1 to 5.6 do ari~e on accounr of ingtrument errors as 1 

weU as reflecting peculiarities of location a~d weath 

Înthe- fo11o\o1illg section the usefl .Iess of the model c assification will be 
1 

demonstrated. 

_ iiifTestôf~the-,Clas~ification of Models 
= 

------~ - -~ ~ ---------.. ~-,_: '>< 

ln the previo~s sections ït was suggested tnat~t e-variôus situations 
------..:- -- - ------------- ' 

which were analysed could'be assigned ta seve~al diff rent classes,. -fhf~-do~~ 

not imply that the situations (periods and locations) do no"t have their own id-

entities ana peculiarities but rather that there are some overall patterns. 

This is a general principle of' taxonomy. The main j stification of the classi

fication, as carr1ed ~ut, is that it should be usefu 

~., - .. -~- .) 

1 



~------

Station A B li '[ 

2.5 6.7. Fjord III 1':169 -0.0 0.8H<J 

-==-=-- _ ~~ ~_-FF~~,{ao.-rrdd--\ 102 ~970 -0.7 0.394 
------~ l' 9) 1971 -0,,8 0.882 2.1 2.8 4.1 

) - B bo--, -1--4--8 -1-9 --=V:J---O-;:"){}A6-----jl~~LL___=_1 

0.7 O.H 

2[.0 '-1. 1-0.7 7.9 

5.4 

7.0 

8.6 

5.6 

4.0 ____ ,__ il Y G d. 0 69 - .J v.J'ï.b ~O 7 -0.6 2.9, ----
l L, , ~ 1 _ 

1 
t 

\ 

\ 

\ 

.(, 

Baby Cl.l. 4 67 1970 -0.3 0.'178 1.7 -1.0 -1.2 

Baby Gld. 

Outwash 

~ , 

4 37 1971 -V.5 0.646 

7 102 19b9 -0.1 0.872 

1.0 

2.1 

O.J 

0:5 

1.3 

O. fi 

2.1 2.9 

6.3 6.8 

Outwash 7 111 1970 -1.0 0.968" 1.9 -3.2 -2.3 10.0 10.2 

Outwash 7 96 1971 -0.5 0.904 2.0 2.3 3.0 \6.1 6.4 

Lawer lee 8 89 1960 -0.2 6.715 1.4 3.8' 5.6 2.8 J.J 

Lawer Iee 8 99 1961 -0.7 0.944 l.7 O.lJ 0.9 '5.3 5.3 

Lower Iee 

Lower Iee 

8 88 1969 -0.9 0.827 

8 \091 1970 -0.8 0.~G5 

Anniversary 9 

Anni~ersary 9 103 L970 -1.8 0.895 

,Anniversary 9 62 1971 -0.4 0.880 

Moraine 

Moraine 

Morq.ine 

Phan tom 

Phantom 

10 52 1969 -1 .. 5 1.008 

10 53 1970 -0.7 0.949 

, 10 o 1971 

11 53 1969 ""'0.8 0.876 

11 

11 

32 1970 -0.7 0.701 

o 1971 

Mean 

Standard'Dvn 

fJ 0.834 

0.4 0.122 

1,6 1.1 2 . .3 

1.8 -2.9 -2.3 

1'.9 0.0 1.1 

1.8 -3.8 -2.1 , 

4.0 4.5 

8.6 9.3 

5.3 6.4 

7.0 7.5 

1.6 0.4 0.9' 5.6 6.1 

1.9 ~2.4 -0.9 . ' 

2.0 -5.3 -4.9 

1.5 1'.7 2.9 

1.9 -2.3 -2.3 

1.8 

0.3 

'5.9 5.6 

7.5 .7.6 

2.9 2.,8 

3.3 3.8 

Table 5.5: Statisdcs for Steady State Hode1s of Class 2 Situations 

in Axel Heiberg Island'Expedition Area. Madel is of Form T = A+B.T1N 
=,-=-~ -and Data are Unfi Itered. N is Number of Days' in Eaeh Samp1e (During 

--~-----==-----:--~ 

_ ~er~od May~-;-U-i-s-R-.M.-S. Error anq Sr an,d S'IN are' Standard De-

"-
1 

viations of Daily Mean Temperature T and of TIN Respectively. ) 
" 

T 
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\. 

fi 

::.l d t l'lJll 

F jorJ 

Fi brJ 
\ 

III 196-) 0.0 

lU': I97U 0.0 

~Yl l'JIl,().O 

oU I%Y 0',0 

li 

0.722 

o .bOS 

0.654 

li .117') 

FJ orJ 

B.1by (;[.1. 

li.1by (;1.-1. 
, 
" b7 [')lU q.U ~ o.'})} 

4 J7 Il1n 0'.0 

D.O 

D.D 

lU2 l 'Jh ') 

III 1'J70 

7 ')(J 197I 0.0 

0.0 Luw\,! r 1 Lt' ~"()~ 1%0 

Lower IcI.' 

Low.er l ce 

Lowe r l ct" 

8 

S 

8 

99 '>'lJ61 0.0 
"-

S8 19b1p,0.0 ", 
109 1970 0.0 

Luwer Iee. 8 90 1971 0.0 

75 1969 0'.0 

Annlvdsdi?y ') l03 1970 0.0 

AnOl versary 9 

~I01'iIine JO 

Hùraine 'lU 

Hùrdlne 

Pll<.tr1 tom 

l'hantom 

l'hdntom 

10 

11 

11 

11 

62 197i 0.0 

52 1969 0.0 

53 1970 0.0 

a 1971 

53 1969 0.0 

32 1970 0.0 

o 1971 

lJ. 75 [ 

(J.b43 

Ù.7 l' 

0.652 

(J.7l9 

0.723 

0.7,; , 

0.738 

0.682 

0.760 

6. 7% 

0.782 

0.934 

0.,597 

0.695 

0.589 

Mean 

Standard Dvn 

'0.0 0.70J 

0.0 .0.085 

37 

L 
.,----

2.4 

2.0 

2.0 

r 

a.Cl 

O.Cl 

0.0 

1,6 '0.0 

1./J O.Cl 

1.0 0.0 

:? ~ 0 .. 0 

1. Il , 0.0 

J. \J 0.0 

1.4 0.0 

J.9 

1.6 

1.8 

1 f 8 

0.0 

0.0 

0.0 

0.0 

1[:\ 

0.0 J.2 2.9 

0.0 2.4 2:2 

0.0 2.8 2.9 

o .r 2.9 J. ~ 

0.0 2.0 '~. 2 

0.0' 2.0 

0.0 2.9 

0.0 2.5 

0.0 2.7 

0.0 2.2 

0.0 

0.0' 

0.0 

2.4 

2.6 

2.2 

2.8 

2.2 

2.8 

2.3 

?O 

0.0 2.6 2.7 

r. ,) 0.0· 0.0 2.9 2.9 

\.9" 0.0 

1.7 

2.2 

1.9 

0.0 

0.0 

0.0 2.9 2.2 

0.0 2.7 

0.0' 3.9 

0.0 2.2 

2 :6 

3.5 

?O 

1.7 

1.8 

0.0 0.0 2.6 2.8 

1.6 

-t 

h8 

0.3 

0.0 0:0 '2.1 

Table 5.6: Siatistics for Steady State Models of Class 2 Situations 

, in Axel- Heiberg Island EXt=dition Ares. Hodel is of Form T = A+B.TIN 

and Data are High-Pass Filtered. N is number u1 Days in Each ::".I,aple .. 
(During Period May-August,. U is R.}!.S. Enar and ST and, SI~ 

Standard Deviations of Dai ly Mean 1't:jmperature T and of TIN Respect-
l ' , 

ively. 
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1 
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Il cal\,b~\first pointed out that the vdridlH!.'s of A'and il within l!dch cLI~~ 

are less tlt,m the variances oJ A ~111J H withuljl rl'gJIJ' to class. 

Secondly the mean values of A dnd il for;, edcl! CLH,~ "et.'~ to he "ignificdntly 

differJnt ( 5 I~ level) [roUI tho"e lor utl1t:'r dd~':il'S (l'xcept for il Lur Cld~~ Id 

whÏl:h overlaps with B for CL1SS land CLl!>!> J). 'Ille r.lednS and-estim.lleu con

fidence intervals for the di [ferent cLlh!>es ,1re: 

A- il N 

Class l 0.999 + 0.050 

Cl dSS Id : .2 + 0.7 0.93] + 0.098 1 

Class 2 -0.7 + 0.2 0.834 + 0.052 

Clas::; 3 -2.5-:;:0.4 0.890 + 0.036, 4 

The standard deviations of A and B withollt regard .. to clas!> 3\e 1.0 and\0.12.3 

respectively for sample s~zes of 37. A One-Way-An • .llysis of Variance COj'1pUl..d-
-

tian coniïrms that variations between the classes dre much larger than V.1fid-

tians within the classes. The former may be regarded as "differences in kind" 

\\ 
\ 
\ 

'\ 
\ 
\ 

and the latter a!> "differences 1n de~ree\l. \ 

If the ,value: of A and B foc each ,ltuatlon ace "placed by the ,me<, , ,"1 ue, of, " '\~, " 

A and li for the appropriate class an estimate of T, denoted by Tp ' can be com- ~, 
puted ftom TIN' The error' cTp-T'r' which will be denoCed by E bhould b~ bm •. Ill l:flj!:' 
if the classification is useful. The mean values and standard deviations of ? 

! E CE ,and SE) are as follows: 

E ,SE 
, 

Class 1 0.1 0.4 

Class la 0.1 0.7 

Class 2 0.0 0.5 

Class 3 0.1 O. J 1 

Unclassified 0.0 1.0 

A B 

0.1 0.999 

1.2 0.931. 

-0.7 0~834 

-2.5 0.890 

-0.5 0.880 

N 

9 

3 

21 

4 

3.7 
, . 

The spread of errors using the l'mean values of A and B for the unclassifie mo-
1 

dels (sample size 37) is , relatively large i:ompared to the spread within 

class. For example', the eq6r introduced in as'suming .that a~l Class 2 'itua-
1 

tians are described by the;' same model 1S on average 0.0 with 'standq;::d"ci 
/ QI, ~,-r"-

1 /"'{ ;V-r- -
1 

1 

l ' 

/1 
\ 
\ 



1 

/ 
Il 
f 

: 

1" 
-

.. 

, 

'1 
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Ir S taUon N Tp E 

1 
Fjord 102 -0.9 / -0.3 -Q.6 , 

/ 
Base Camp rOB -O,t) -1.0 +0.1 

Valley 98 '/«4 -0.5 +0.1 

Baby Ciao 96 
/ 

-2.5 -2.8 +0.3 

Gordon 1 s 86 -2.0 -1. 5 -0.5 

Ermine 106 -1. 7 -0.9 -0.8 

• Outwash 99 -0.5 -0.8 +0.3 

Lower Ice 98 -1.0 ...,1.5 +0.5 

Anniversary 94 -1.5 -1. 7 +,0.2 

Moraine '49 -5.1 -4.6 -0.5 

Table 5.7: 

ComEarison of Predicted Temperature Tp and Ob-

served'TemEerature T for N Dazs During Sunnner 

Field Season 1972 (May-August) for Stations Ln 

Axel Heiberg Expedition Area. 
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1 llIl (J.' .''r . 

Cl.I!>" ':,1, 11I1 !Ld1) (LUlo [ 1o.:!11t!1 WUtlill ll,Wl' U\l' :lhl,,[ '[ ~ -U.'::' 1 (l.hd! il:,' 

HOWl'Vel, tlil' l'lllll"", ,d Il1ttllJlll'lni~ nt'W'C].\;''>l''> ~1ll'\I1ù \llJl hl' l..lllll'd tu 1 Il' 

w i 1 Il 1 Il d l LI',', l', t 1 i l' il III C. 1 l J b l ' r .11 u t L) r Il.l V 1 [\ l ' Ull 1 y .:t 1 uni t eu. li Il t, .. ,.. , '.è 

ei>;'l'd Il) (('IIPdrlC"Jf] ,>J' llll' \'0I11dllle:, 01 the ,'ri,)!.,: Cor CIJi>b LIIll' l'I II, IL':I')' 
~ 

i5\ 84 ", " " 1 .l'.·, ,2. 75 .' 1 C LI ... ,> 3 'J 1 

The (lol','dlll.1l1., l', \'111\.lllly .),,'un.llng III IOt,)llll]1 

luc,llUlll III (1IIIl'Il'lIl 

thdl clcl~,!>lll.,lll'>:\ "Il,\\ild be deeùrding ta predllL\lI\.l\\t 'wc.lther; il .tl\,Pl'll,.d·, " 

of rL'curt! dt LIll' \'dl~')(I" "l.lliun~ wt'rt' idL'nlic.i1 Illl' d p • .HllCular )'l',I1' thl 

thL'r lI[hJIl t III 

)JOUit ,l',lII bt IlLll;,t-r,ltl'd by dssumin['. lh,ll moud" in Llbics 5.1 to 5,6 bel"lq', 

to UtIL' ,JI lll1"'l' ,I.i'-.!>,,,,: CId;';' 1969, Cldt>s 1970 ',mu C1.1SS 1971. Usin)~ tltl' H 

lllC.ltlUll!>, lur WillLlt llt.:n! ,1[\ recurds ln .. dl thrL'l' )'e.lr", the fùllll\"iI1J; 1'0'-, 
\ 

\ A 

Class 1969 -O.~;fr- 0.847 + 0.087 

Cl<lSS 1970 -0.3 + 0.8 0.880 + 0.V89 
\ 
\ 

CLl~S 1971 '\0.3 + 0.6 0.9U3 + 0.091 

\ 
Th~ nluJd" luI' the Cld~';l'" 1969', \1970 and 

o 

1971 are not si(jnific<1l\tly Jlflèrelll 
" 

Hom ulle ,lI1other (Jt 5 ï: level) \ 
,~nd such a clas::.i[ication serV(,!b 110 u:,elul 

purpù~e . 

1 

A rdther l'll!1VIllCi llt; te"L of tlte classifiéatioll wuulu be to use the IlIl'.HI' Vc!llll';' 
1 -

of A dl1U II tl) compute Illl!dJ1 l,cl,:.perd'tures Tl' at V<1rlOU::, ~~tions fro~l tile .'1'1:\ " 1. .~ 
values for ~ completely new year and comp.lre results to the observed V.lIllC~ 

of T. Ddt.! for th'c 1972· fidd sêason were'ui>cJ for <.;lIch a test. B.llil! Cllllp, 
c~ 

Gordon'" ,ll1d \talley ::.l.ltions were aS5umed to be Class,~ stations. Lrnllne W.l::' 

d Class id st<1tion. Fjord, Outwash, 'LoIVer IcI.', Anniversary and !lor.line were 

Class 2 "lJlions, Jnd BJby Glacier was ass~med to be Class 2a. Resullt, are 

~ ,,---,-,--
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Fig 5.2: Comparigon Between S~le Mean Values of Observed Local 

Temperature T and Computed Local Temp~rature Tp for 10 

Stations in Expedition Area, Axel Heiberg Island, flor 

Summe~ 19~2. Tp is Computed from TIN Using Àppropr~ate 
Parameters Evaluated for Previous Summers. Errors are 
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b Y Li e V 1 ,j t 1 lIll ;, t l ,) III ,t Il L' "t r.Ji, Il t 1 IlL' 1 l\ F q II r ! ' cl,!. 
, 

ot rec\)r<.l dt 1'.lLh ~,tdtlun, ,md 11 

It:n~th ;l .• '[hl' re~\llt~ d1\.' qUllt' g' OÙ lth!' V.l!UI'''' \,'L'II w,ltlllll tht: Lill," ,'1 

:;:l.O~C, '1 he' dver.l),e ,)1 1. OVL'i- tile 10 stdll\lll!:> le, unly -(J,loC wall ')) , \ 1'1111-

uence IlltL'ly.!l "i +U.3')e, lli~ Ill"dn'errors l,'f "illi~le IllOnll1!> .ne d littll' \\11',,; 
, ~ _ r ..,f \ 

O. J + 1.1 Oc (:-'ldY), 0.0 +) (J.!:u\ (.Jll1~'), -U.) :;: (1.!1~(, (.July) dnd -0.2 :;: U. lL\ 
... I.~ 

(A~~IJ"t e;..llu1l111~j ~;ur.lll~l, !11f\Jrl,ilr1 tllere lb 110 rl'('(1I:<.I). A '!wu-\v.Jy ,\ .. ,llv>.,l" ,'! 

VdrJ:lIlll' ,ullpUl.Jtlllll (:{I-L'y~.I.l);, 19;70, p.276) Wd', edIflL'J,out tl,~ try dm! d, t,tI 

biL~1l111'.Jnt dl: l,'ll'lllL':, III errùn, bl'lWt!L'1l mOllltt" <Il LilL' b.lllle Sl.JtlOll .wel bl'l-' 

Wl'C!1 "LJ.tl<l1\~, ll'r Il1\' "',II\\l' lfllllllll sel' Appendix :2). Noralllè Wd" l'lI.clt)(J.:d lr,lIl 

the è.il(:ul.Jt iUIl bel.Ju'>l' d,llJ!\n uC;US-l dtt!-f!j,l!:>bin~ !:>o tli-.lt .1 9 by -'1 lIut'nx 

W .. l't, èmdly!>l!d. BUl'll Ilypùthl':;'t~!>, i.e. error~ for I!lonths Jre dltll'rl'l1t, .JIld L'llll! 

for btdtiollb .Ire dlllcrcllt, wcrcjreje,cted}.t the 5 % significdllct' lL'vel, .H'ti 

the 1Uolllhly J1\L'Jll \:'rrl1r~ bholild hé COllbidercd as r.li1dOl1l \,rith re:;peLl tu IHlliJ 
1 

montt; ,mG !>l.JlllH1~ 'Jhi·, 'rinding! bUppOr.ts t,he vdlioity of the cldb;illl'dtlllil 
1 

and rcintol L'S the "ug:'\' f iUIl tl/at the influLnce of tlrle (and pù~"lbly llllJ-

erel1't jHPvdiltnt: \JL'..Ither type~) l.is' no_t si[;nificant. 

It Cdn albLl be bhl'wn th.lt the m <.Iels for the diffe,rent clasbl's ..Ir\' 1Ic,e[ul III dl'-
il 

sc_:ibin~ thl! lon~-tenl' recorùs 

N,JY to AU~LJ _ ln the period 19 

(Illontll" VIL tlt .lt h'..Ibt ~o d<lys 

..... 
Axel Heiberg sLatiDns. For t It e Ill,) III li '" u l 

there are 1') lIlonths of record dt BJtol' Cdl.lp 

f reco:t;d), 21 monthb for Lower lce .llld 14 l'lùnLh~, 

for Ho'rdint! (Lhere .Ire ..1lso seiveral winters of record from the autoUldtU: wed

ther~bLdtltlll Jl ~Jol'dille). MOlthly mean values of TIN wcre comput~d by luler"

po1ation of Lurek.1 Jt1CI l!>.Iclts n Jatd ,)r every montlt (naY-All~"t) ln ~ hL' p~rttl~1 

.. liti tudeb of 190, 210 and 870 U! a. s.l. From these,~,alue!:' u[ Tl' 

~~Wrl - (synthetic toeries w~re cOlilputed tor the three sL:ltions. Base C~lllP ~b J~bUIl1l!J 

to be Cla!:>!:> 1 and Lower Ice a 1d t-Ioraine were assumed to be CLiSS 2. T'tr.tt" l,'r l"Ll) " 

(1 ) li 1 - D 50 '" h ., d d' . . a 9°'(' \, 'p-T at dse Camp have meill va ue -. C wH; stdIludr ev~at~on . . f:<,,~[ d 

sample size of 35 l~onths. C rresponding value.s for Lower lce are -O.2°C wi~)'._ . ~ 

standard deviation D,90C forjZl months and values for Horaine ar~ +-0. 1°C wi th \, 

s'tandard dèvidtion D.90C for 14 m.onths. As stated in Chapter 2(iii) the illter- '\ 

polation error should be abo t +0. 7°C" 50 that the standard deviatiollb o[ lhe 

Ulonthly nl~é.ln errors are abou as low as cou1d be rea.sonably expected. Th~ sy-

(> 
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stCIIl.JtlL UIlJL'n.!:.tin . .JlLUIl ul 1'1' Jt HJ,>e ~c.lDlP anJ Luwer .. lcc Ih 'pll:'lly Jill' tll tilL' 
, ' " 

[,lct LhJt "tIlL' ï.J.lt.1 Îlh.l\lJL! incolllride montlu, of JJ~d (mure th,lll 20 J.lyh ui , 

record) wlth mi!.>hing ù.Jla mJlnly occurring-in carly Hay and Lale AlIJ~\lst. Ch" 
·}~l . ' "-

very blll..lll crr:ùr Ilt ~:ùr,lÎnl:' lb encouraging JS t.he ~Jla' mainly ori$inJtcù [rur.: 

a ·RJuchiubb AutiJlIl..ltic Ue3ttlCr,Statio!1 for whiLll Il was f.t;lt the L.llllH.ltlull 
1 

facten; lNere problelll.Jt'u .. The small systematic err'or at Horaine sugr.ebl:~ lh.\t 

CJI i,brJl Ion 

The results 

deviatiulls 

WJS 

a.re 

from 

in ~f Jet, càr rcc~!y done (ullles~; Vdl:iuUS errors compcdnsdll'd). 

Ùlubtra:teJ by sC.:ltter' d'idgr~s in Figures 5.3 to 5.5 where 
- "-

J:he TI' = T line, represe t the r;:onthly mean errors. 

1Il1Lht be tcrllled "lùw frequen'Cy respoose of 1'1:/' 
This h-ls lI1VorveJ ùiscubsion"of. the variations of ft] ~~r'pat'a~leters from t>itu.r 

. "" 
tian to sï'tu.Jtio!1 dllu le u~dulness of cla~siw~tion {models. 

In the 'fÛ'llm"~ter al ntlolt, wi"ll be directed ta dq,y-to-day errors 10-
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CqU • .ltlUII, 'Ihl!> enul' \0,'111 IiJVl' Illdgl\ltUJl' U*(t) LlIl thL' t l!l'J.JY: 

G. --~-
, 

?----

....... _----= ----
C1L'.JJ1 ly ,Ill)' t illle-dL'j)L'lldL'lIl pluce~~, ... iIiclt il\ll11L,t\'lè" 1 (t) but I~, IIILll' pt\lld. ,\ t \~;, 

tOI d c n lit Y Lill ", l' \' 1 l ~ 
~ 

, 
'l'IN(l) w~ll 01.' "lllmpl'J" Into U"'(l), If Il Wl'rL' 'pll~sibll' 

.1IlJ 111!.:lude them L'xpliGitly 111 tlte model ' .. 111 ~tnpruVCUll'nl ill •. H l tj 
, 

COli d bt.' UlJde, Thl' form.ll abSlllllplion lb nt.IJt' tll.ll' l'*ll) li.Jb zero ml',..!? 

but III idl t tltL' unkntlWl1 "errur prucL'!>!:>L'S" ('oulJ IldVL' '1I011-L1.'ro ml'dtl v.illlL' dlld 
"" .,. .- 10-

Pü~sible L'llun, LuulJ hav(' tlwir Ur:lgll1 111 the IJlge-bcdle atmo'>ph":r,, (l',g. 

inttlrpoldtion error), in the 10c.11 circuldtion drl,/llllJ the gldLi"r (1 1 III tUùt-
• ! 

ions of wind speeJ", oxclian[;e cOèffidèntb ctc, ebpet tally dUflIlg 1'<)L'Î\I\ ~VL\nu,). 
in radi.Jtlve pruce!>SèS (by Wdy uf the ullderlying, ~urrace) or in cJndeno,.Jtl o l1. 

Although it is allowable to try and iù~ntify these errors uHng d;tüileJ'Jll.d 

i " . information (e;)(, Base Camp :)urfdce W~ather Recurd) tlle exercihe !.vi II unly he . 
r' . 1 : 

useful i [ thel C.lll ulllIll<Ht: 1)' be expre;-,!:>eu ,in-kr:..I1!.tl of d.Jtd at dt,' !>tant Wl'JtlW.f 

l ' 
stati'ons. wC,hther map.", satelI'ite images or astrollomical factors!. 

'f ? ! 
ii) The R1iduals ùtBase Camg, 0 }'", .~). ... 

The 111atterns of re!>iduals dt the various stations in any palrtlculùr y"'ejlr 

,are rem rkably similar./ For l'xample, U*(t) al Babè Camp and Lower lee, can: be 
'f '1" • 

\ / ~, :' 
quite <rcçu:Ù\ely lma'fh~d".aIld. in general, residuals al any pa-ir of ':,laliul1~ 

are cfrelated Wllh/cl correlation coefficient w~1Î~h ,is strongly, illliuenceu by 

thi:lat'itUde difference b~tween the stations. Tris s~ggests 'that the errur 

pro eSSes dre not too s,t rongly localized and that the re".l.duals" at Bdbe èamp 

ca be tredted a' iqdic~s of residu~ls at otheE sta~ionq. 
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\ 
J'he n.">lù!u.Jb .:Il H.Jse Lamp are ~tr'lIl~~ly Ilme-dlltOl'Or,.rl'IJled (,lUI.U(I,'rlt'1.111(11'1 

1 . 

, t J" ,~.. ~- f-t 
cUl'fflCleln 01 douUt 0.5 lor J Fir~t~rdl'r l'nJl:l'hb) .md ,Jl'~' i\lhulIlll/;l\l'l .. ,,\u ... ,1,,-

l ", • 
onllng to!/\hhcls CrÎteriol1 (Conrdd, 1944, Chapter XXII): The rl':--idli':il~ J(I 

.~ ---
appear to 'be stationary at the monthly lI\ean level. Il i ;, tr i bu t ion hi st ilg r dm~ dl l' 

~ 

-----.....:~_....... t;iven ln ~'igurc 6.l. Il l'an be :,cen tb1at the distribution 0[' reoidlldl~ Î" 

! ' 0 

i 
l 

i 
l, 
1 
\ 

" 
(1 

r .----. --

1 • 

?PT? 

'1 

-.......~~~lewhdt s,kewed\with !->omc rt'Iatively large (5 t,~) lO°e) pOJ:>ltlve v.Jlut..':-- (ICtUIl,illg 

"l" --.........-:-.-~.i • 0 

Ure dl~t:-r:.JjJUtlOI1S do Ilol appcar t~) be mdrkedly hlUloddl 'unl1ke the ter.111l'L1Lurl' 

---------~ 
it~'I...lf which oft':;0ho...,.~inK)dJllty. ·c.g. Onllg (1951, Figüre Il). Orvq; (1<)54. r ------------- _______________ _ 

l-ïgure lB)., Andrews 0964, {lgurt..' H)JITd-t1uJ.ler and Roskin-Sbarllll (1967, Fl-
~-

~~~~ -------------------~ 
" -------------------

1 

1 , 
, 1 

\ 
! 

The ,pattern of residudb WJS invesdgJt~d to Jltempt t0 identiCy effcclh dUl' fô:~ ___ 
-----~ 

;2) iltdbLl:i ly of the .Jllllo~pher-~ 

3) pr-ccipi tJtion 

4). sun:::.h ne/sky cover a's measùrcs bf short-wdve radiation. 

"" 
, ' 

", 

," 

to 6!~ i llustrdte the COHrses of U*(to) and other clements throllgh-

out the h~ee ~:a~On%1969, .1970 and 1971. Expl.mation-of the vddouJ:> cle

ments wi l 'be given ,ln' the following sections.' 
~ 

iii)" Ef ec '5 of F~ehn" Wind Direction and Atmos hene Stabilit 
< " 

l Fo hn is ; precisely for-m~latcd condition (Defant,' 1951). It ï~ not di-

\ ,kec't~~ob~eF~a~_le in the Axel Heibérg I!:xpedition area b~cause of the wllll' ",l'pd

(l02 km sCdle) oL weather"~tdtions. Periods of comparatlvely higll'telll~-

10r humidity a~d hi,g~ g~?ty ;-in'd (~s)Jat,ly north ~o north-ea::,tefl~) 

the Expedition area aL"e usually attributed to "Foehn" (~1liller- c1nd 

~oskin-Shar1in, 1967, p.33). 

Foehn perio~s for'1969-7l JFigure~ 6:~ t~ ~.4)'we~e identified subJectively, 

mainly by rfipid rises of temperatute and humiùhy reflected in the dai'l):' menn , . 
"alues., It; can be seen from Figures 6.2 to 6~' that Llrge posLtive rJ!!>idlldls 

(g~eate\ th~n 42°C) do often occur a~ring Fo~hn periods but nol always. For 

example, ini1969 the Foehn per'iods n; F7, F8, FlO'~r:.lH2. Fl3 and Fl4 are aSl?

ociated'wft~ large positi-Je residua1s whils{. F3, F4,'F5, F6, F9 and Fll are 
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Fig 6.2 Seasonal Course of Residuals in th-é Regres'~ion Equat/ion for -Dail)' ~!ean Air Temperature 

at Axel Heïberg Base vamp, Sumer 1969, in COr:1parison t'c Other tlernents: -Pr..ecipitatlor. 
, 1 1 ) 

Occurence, FDehn OccureQce, /Korth-South Pressure Gradient and \'ertical Temperature ........ / 

Graqient in the Large-Scald Atmosphere 
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" 
not. IL1 the Idtter C..l!>CS, thl' r..lplJ IlSl'~ III tcmpcrJture T(',t) ~}l' l''d:'''ll,lbl\ 

welll'xpLJlneJ by ri"e~ in Tl~(l). This l11u;,lrdtl'b the [.let th.~l Ilu't .dl 1,1-

yid change!> ln local temperdturt' l'dn be a~tributeJ tü Foehn on the IlIt'"ll-", ,il,' 

and that sùme have thelr origin ln the l.Hgc-scalc ..ltmosphcre, "'';:4: ~ll'llt!l .111<1 

Roskin-Shùrlin 0967, p.60). On the other !-Ianù, thcre appear::. Id lh' ''illy ,Jill' 

case in th\", three yedrs1whcn the resiJual was grcilter than +2 oC wilhllllt d 

Foehn, tlllS occurred ;,everdl d.lY" alter Foehn F5 ln 1971, ...., 
• yaily medn r,eostrophic wind was computed for the point (BaoN, 900

\:) 'U:;,Ilq: ;,lIr-
, 

\ " 
face prc!>bure at: EUrL~k.d, lbachsl'[~, Rl'solute dnd Alert fur l'very .Id'.' <JI a'l\ll,d 

in the lllrt.!c summer~. The results are reaboftably CQllbistcnt wilh "l'JIIH'!" nJ.Jpb. 

The north-;,outh pressure gradient at (BOoN. 900 W). Jellolcd by -D.p/~y LII 

units ~f rob 100 km-l, is plotted in Figures 6.2 to 0.4.' Ncgatlv~ Vul!.ll'''' MC 

associated wit~ east geostrophic wind and po~itive values with west geubtru

phic wind. It can be seen' that Foe)m is oftcn asso'ciated wi tb edSt" wiud bul 

not atw.lys, e.g. l'uehn F5 in 1970. 

The averdge vert,ical telllperature grddient between 1000 mb and 850 nIb Wdt> Jb,() 

------computcd f?r l'very day of record and ls' plutteJ in Figure!> 6.2 1:,0 6.4 as 

ÂT '/âZoc 100 m- l . This is a mea'sure,l of the atrnosphè't\ic stability, 'Ihe htà-
, IN ',1 l'" 

bi~ity changes from +ive values cdrly ih the season to -:lve vaJ.ues for lIIobl uf 

the recQrd and doea not "appear to be rJlated to the residuaLs. It i Sb nolewor

thy that sorne of the "Foehn" events which are not accompanied by high positive 

residuals are accom~,anied by rein t j',ely ldrge negative ve~tical temper.lture 

gradients.· This would be consistent with an increasé, of TIN' Cdu!>ing ,.111 ill-

crease in T. which is due to large-scale anticyclonic subsidence ratller thd,Il 

suosi-dence--in-8- genuiIte.-.L.J>maller-scale, 'Foehn (MUller I_pers.ona Lconunun i·ca-t-i-on-) ;-----
--------. 1 

Residuals for Gach.summer were c1assified aéciording to the comput('d gl'obtrophic 

wiod directio~. The mean and st~ndard ,deviations o} residuals for the various 

geostrophic wiod directi'ons wére as fqIlo\vs: 
,1 
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1 "~ , 
at Axel Heiber mmer 1970, in-~ompa~o biher Elements: Precioitation 

" Occurence, Foehn Occurence, North-South Pressure Gradient and Vertical Temperature 

Gradient in the uirg-e-"'S.c.~le Atmosphe-re- 1 
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'l'hl' pLL'Juillllldll<V 01 l'.lhl wiud Wiï.1 [alr1y / frt:'f1llt'llt west wi~~d also l', ('Ollblblellt 

bl'~WI'I'Jl till' ;)~,jl::', ()lIt the reL.lLton betwcen wind direction anù meùn reslJudl l!, 

not cle'!l" v}"u'pt w,{th respect t l sign, itll a tenJency ta positive residu.li!> 

for l'u,>t IVl~ld ,jll~I/IlL')~Jt~~e wit~wes.~,wi d.)fne-~ay An~~ysis of' varian~l' (UI1-

[trins LIl.ll llll' r ... ~sldll.Jl·s' are b st regarl as random wlth res'pect tü wlnd Ji-
1 • , 

rection (~;~, ,,1 u'n i 1 ic.mçe leVëlfL 
/ '\ / 

lJ~ sllllUll~ry it/"L:ell1h~Llldt Foe~J l'an clau equite ..large positive va~lles o[ the re-

SlÙUd1 huch 1 li ~e' Illod\!l Ct 1) willl substantially )lnderestimate the lemperdl-;

ure unJer lj'lIl1 cOIIJlliùns:._ evcr. ~lot all .Foehns have.this eHect, pOSbi~lY 
this m.1y hé lp iJt..'l1Li;l'g nuiELe lOCJ.t1 l:'oehns. as opposed to the large-scal\..' 

" , . 
'atmospher,'{ c w,mni j1 gS. Foe does -not seern ta be predictable in' term::; of gcw-

stroPllic/wi-nJ Jir~l\:~on'n' r are the ~~siduals,significant.1Y dependet1t upon wintl 

dirceti/o,n. Ail cHon ta include geos~~_.ophic-·Wl:1d as a weighting factor of 

-__ ~~l~l~n ,a n'g;L!s!>i~n 111 :\el .gave very poor resu1ts. 

ln tl,Îis JisclIhhlon, l:'iltle"~àttèntioù has been paid to laige' n~gative values of 

residuals. 't'Ill S is bccause the mean residual 18 zero py dèfinl tion and' tlthc 
'. / 

1 

J 



~""'-,r ..... "'''''-'''''''''''''''',..---.,n>- .. __ 

• 
~ .. 
~ • '< 

J 

t 
, t 

1 

.u 
1 

t Il ... J 'j 
, 1 w 
j 

i 

t 
'> 

" 

" 
~ 

~,., \ 

',- .----~ 
1J,- ~/ 

• 

" 
1 

\ 

/'0 

• 10 '" , If' 
10' JO :.>, '0 '" """ , '" 

,. 
... 

~ ,'YY V 1~-VVV\~;VJ\1JvJr' 
1 _ "-,. ';, ,'- , 1 r Î J ...... ", r " ' 
, ? -- 'A (' ''''''''-v ,.,........-:), • ~ ~V~'~=,V·\;7~~-.' 'il -_ 'j; 

,........Pu-t~ -- """ -..;-;:;; ';;'" '14"'::;: -e. .1;1 "l T ,.." -- .... ,.. l 1 
"0 .. Pl l .Z • - .:,. ~ •••• " : •••••••••••••• - ~ 1 .~... ...... .., .. , ... ! 
~ - f\ .' . -.. . - -! • ...... : .. :, ...... : ., l.. ___ ' • 

'. \. .. .. A-' ~ ... ILe 1117'1 

" • ", . .... ... AUGUST tç 10 
MAY IUlY JUNE 

Fig 6.4: :easonal.Course of Residuals in the Regression Equation for Daily Mean Air Temperature 

at Axel Heiberg Ease,Cmfip, Summer 1971, in Comparison to Othe~ Elements: Precipitation 

OccurenceJ toehn Occurence, North-South Pressure Gradient 'and Vertic 1 1 Temperature 

Gradient in the Large-Sca1e Atfuosphere 
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for 1961-70 .l~ld 

in the pt!llud , the l'umpulL'J -,l.ll \ '.ll l', 

1 lJ b 1 f7 tl . {',,1IllP Il ~,t,' \ ' , Il SlIuil.lr val lt'S were found for lsachsen. T 1:.1 

w Il i cil 1" 1 III L' 1 p. d ,lt •• 1 1 li,: l w .\e 11 , LlIrt.:k[ ,li J ::,achsen. wi Il, therefore, C.ln y :",tltL 

lJllullll,~tI\)11 ,d"dll 11l1.:!.,\ ",,1, L:>dCh::'l~l\ ~ky cOVer. There dre indi cation!> tl:ùl ~ 

, . 
lt W.lS cho""11 l,) Jlld 1 ySl', the nv.iùuJ'!s 

'Jurdtlon J~ 1lll',I::'UJl·d dt ln):,l' CJ~. Thc""means 

n,siduJr" lùr ') ::,Ull,,!tllll.' cLi:,::'cs tO-4 hr5, 5-'1 hrs, 

20-24 11 ['~) J l'l' t~ l v~n bl~ 1 ùW: 

, \ 
BJS~ C~~l2P_~I.J~l:! 

Sun::.hi Ill' CI.h', lll)- ():j 05-09 lU 14 J ')- t9 

HCdn -0.4 -0.7 j -O. -0.6 

Stund..lrJ. i)VI\ ,2. l l.6 2.3 2.0 
I 

S-;lmp le Si'!..! ' H> .19 i7 12 

o 

~\ 

\ 
\ ') 

" 

Isachsen (R =- \80) . 

'in tenns of dai ly !:o UIl:' III Ill' 

of Lill.' 

hrs. 15-19 hr' .1 il li, 

hrs 

• 
3. S-

~3 

/ 
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20-24 hl" 1 

1;-J ~'I 
\ ' '" 2 . 1 

l') \J > l' 1 l'i' i ; 
\ 

/7': 
\ 1 

1 
(~J J 

lltl\ \ l.\t(1 , 1.\ ", 1 • 1) )-1 l') 1' )-II, 1 <)-10 2Q~24 hrs 

.\11. . ill 1,'1 Il .. 
, 1. l -0.8 

1 \ 

! D. 4 

~F'f ' ,( Il,d il \J 1 1. 1 1. Il l.J 
~ \ j 

) i 
L • '-

~AI1' l" ') 1 • j 1 1': 7 7 ! 28' 
1 

111 ItwlI ul tll" '.1',,', l!II/"J .1iId "")7\1) 
\ 

lhL'rv ,ll~' Ll'rt3tnly large ni('Jll plhltlVI ~~,-

·'ld\\.d', III tlll' ,'U-_ 1 II! ',lfl1',ltllh' (].J,>:; .1::0 m\l,,'mit;ht have :'c·xp~Lted. Hu t t li ,., 

1> Il\,t t;ll 1.1 ,l I,d i'JJ (. 1,11 the' llJ71 coIs'e the hypotht' is th.il the .'vL·rolL~I' 

,n'''I~\I.Il'; .II,' Il,'1 .I,!ll!Î, 
1 

'Iy Ji ttL>rt'lIt ('clnnol 

(111,-,-i,.,'d) '\Ildlv 1. ,>1 \' JI IdlH'L'). l! the 20-24 hr bUl1shin 

(Ull·!tJI·r:tll<l\1 ,11,,1101\ /t'::'\lI'l::' ..Ire ubtdineJ [ur 1'969 an 
1 ~ 

lI_)d~, cdtltlJll,',1i 11lI.1!11ll' utirat,ion TIldy Il,lve ,:111 influenc 

::.y:-,teIllJtil' ,mJ (lillpl i t.nivel)' IISL'fut. As dlr'l'ady 

Ill;-;ll'\,.iI \-Ji lh' lhl,)st' al g'ase cam;' 
" 

I,l! d n' .I 1 W() , l 

, the re~iJua ls dt Luwe r 

finding is, tlll'rdure, 

l'lll,blbtl'Ill Wilii ,II" 'II\dil\)!. ,,[ IldVI'\1S ct al .(1965, Fif',ure 7) thJt tbl'IL Jo, ()[lly' 
.. , 

wt'Jk rel.lll"II,lllp'h.'I\,'I'(·[\ insoLltion,and cooling effect of White Glacil'r (J,,-

fineJ d~ Lill' l "II1IH'I',ll III L' dir[I'.I~llCe lJeLween Luwer Ice and Base, Cdlnp). 

1 

l't":CipIl.ItI,'" ",.\lll,'llll'b ,)1' tllree types Crain, drizzle and snow) dn' indil'dleJ" 

11\ FigurL'::' b.2 t,) h.:,. ')liert: Jot.'s IHK aPl)(,~.lr ta be any marked }eldtilll1blllp \" 
t 11 

W~lh th,~ rL'~,\dll,ll.., v.ü'l'\Jt in sa far as precipitation dues not USUJlly OCl'ur Ju-

ring tll\.· FlWhtl'l v.'hi (il l.',lve larg~ positive rfsiduals. 

v) COllclu.>I'llh 
1 

With the l'è.'·l'ption uf Foehn occurrences there does not appenr ta be the 

1 l 'b 1 .".'esll' duais al\,1 varl' dus" ,. [ . strung re cltl\lll.,illP l'lween tle ~ u weath~r , actors winch 

might have bl!L'll \.'}.I~l't12J. Even Foehljl does not appear ta be quantitatively can-; 

" sistcnt il1 1 LI-, ,!llel'ts. ,This aIl may seem tather surprising. but it sltolllJ be 

\ 
, , .i 

i. 

.{ 
\ 

• 

1 
1 
t 

l' 
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• 

• 
1 

~ v 
1 

" , ' 

rL'llIl'lllbt.'rl'J tli,ll l'IN I~ It!;,'I! .! ""'l'.lllwr" LHtoF,tUllt'llIIL'd h\ tlll' gllll'"J! 

'Irlld .. ti"l1 .IlIJ l'XIl'I'Il.1l Illlllt,> t,l thl' ,111110~plH'~, APPd;l'lltly-ll~ ,.,lIlll, 

IIHHh tht., ~.llnt.' 11l10rI1l3tiOl'l) ..1 T do('s. Th~ origlll~ u! ll'\(t) .HL', tll"l'l'Iolt', 

Il'Il llllL'Xpl..IIIWJ. ThJs I!> ut very ~Jti~f..lLtory. 'Ihl' m,llll f..1l'l\?r l'> pr(l("ddy 

Îlltl·rpoJ.ltlllll ('rHJr III TIN ,1IId thL" uther f..lclor,> ~lIlh ..1), l'ol'llIl. wlI](1, r.ldl.ll-

1~1Il, PI'L'cil1Jl.Jti[lIi l'tl' !P~l('~dhlY do play fuie,>, but ~'hL' .1I1.1ly~i~ h.1'> t.lil(·,i lu 

1,>,,(.1-Ll· till'ill. Frolll th~' .1Il::JlY'>L'), 11\ llll' pr't.'VlllU), .lldpl\'r ,lIId ,Ill Aplll'IIlII,.l It 

t 1 1 l " -1 1 J l '("l' tl' '>l'l'lIl~ lllJt lht.' o-vt.'ra 1/ (' Iffi..1tlC Irll ,lIen,cl' ut t IL' 'l'~1 \1.1 ~ 1'> ~1lI.1, Ull Il' 

Llllv"ly JUllg (ly1 dJ)r) timè sc,!l('. 

" 

It 1'> ~\lI;gl'~ll'd lh..1l the hypotlll'sis 01 J rL'Lltloll~hlp bL'(Wl'L'1\ '1 (t) .1nu l'IN(l) , 
~ 

hd~ "L'Cil --lJequJlely leJ:;leJ .. lI1d Ilol f..1blfll'd. 
/ 

voiveJ in lhe moùels do show certain cOl1slstenc.il's. FlllJlly, thl' llIet! d Jt1e~ 
1 

.Illuw, once p<Jr:Jnleter~ have beell cuifip\lted, the."c~mput..llil)[1 \11 

r.Hl' ~ynth('t i (' S rIes uf temper.llllfl'. 

./ 

Il nu", rt'm..lln~ t demQnsl;.r..lte gldciologic..1l Jppillatlun~ ui tht' cumplltcd <Hr 

lelllpl' ra t url'. 

\ 
\ 
" ,\ 

, 
o 

A Note on the of ReS1.,duc.ils 
l' 
1. 1 1 

'As already statJd on a'Je 43, the rusidlwls Ln tlu: mude1 for 'l'Ct) veLSUS 

T I~( t) are au toJorre1~ted i111~ l.Tlhomoyuneolls. If the s tc.l tistlC:S 1. LI 'l'..lbl L!~ 5.1 

ta 5.6, were to bl used\ [or computation of conf1.dence 1.nterval:'f fur l.IJd1. vl.du...J 1 'r \ 
B values, an adJusf$!nent would have ta be l1ade for this effect: Typl.çi11 fust-

order aut;oc~rrelati.on coefficj..ents are Ln the r,ange 0.5 ta 0.6 WhH:h ,would 1.11-

crease con~idence 1.ntervàls by àbout 30-110% (Johns ton, p.247, 1963) ùboVL! the,. 

values estimated according ta the usual ord1.nary least-squares formula. Auta

corr('latl.on of th~ res1.duals should have> Little pffpct upon aver.l'Jcd vdluL's nI 
c 

1J compu tud [or tJi1ch class, SL!U ...J1.':>0 ]J<1'lc' 2,1. 
\ 

1 

1 
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IL\:' l' 

lJ,\lA IRt)~1 ARI TiC GLAClLR~ 

r''' 

dl r t J ~ 1 \1 t LI l 1 ~ 

,l,l'l~.',~) dlld 

t,'I, ,1'::1'[--( '\.,1,>1/ 113'.,', l),~tll), HùbLJ~ (1<)11, p.'d, !\"'v'!'L1 

p,'ll)-d) ,md Illh"lll\ \ l'I/)/.'-f,r,. p.~'i2 dnd p.83'J) JlII\llll~"\ \,th,'I',. 
, , ' 

'b'y tilt· • III 1 ;',y bel 1.11\,,' ".Il 1 h,' ': 1 .. , Il' 1 . '.III l ,I~,'. 

1'.11 1.' ,11111\111 "',' I, ,j, Il, 1111 I! ", l' . .' l'J). lIl'" 1 l'Ill!" 1'.210) ,.IlrJ Fure 1 .'t .il 
1 

{l')(l'!, p.l'JI .11,,11\/",\ ,,1:,'1', "1'."'111.11,-<1 tl..ll r.ldl"tl"!1 .,h<lulJ he the mdl'II Ii,'dt 

'>,'UI,,' [\lI ,lhl,llldll. ~ll-,l',lll{I1;'llt ,'1 dl,' 'Ill'Igy b .. lIdn"t! dt gldC,i('r surLI":", 

lI',u,dl\' l>Vl'l '.11,1\1 .,11\lti.1,'l' l'L·rl'''\o., \J.IVL· tL'nJe,1 tu C<'lrtinn the importdllLe nt r,,-

JI.dt1011 d', d Ill",11 ',l"II1t·. 1",'1' ".',I\npl.,. 1',IIL'r~,'n (]'H,l), 'L.!ldt.' 4.2) quutL'!>"IL'!->ult,> 

lrulll )2 l'Ill'q~,y b.I'ldllll' ~luJII'~, ,Ulc! Î'1l _~4 · •• h"" (7) .:) thL' llb't rclui,llill\1 1'> li IL' 

[IJ.JJ'll' 111}.I1 "<lU'lll" Il.~ C~lll"'.\." ..!('~~pl,'J th.it t~\t' ~(!ldtive impùrtJ\1l"'" .'1 

thC'~" 1"·.,, """ " " > Vd~"" "'.' ',<cn , '" t " ,,,Iv, .d" t "de ,,,J "wv 'Uv," c··" 

lll,j CUlllp~L'X w.Jy • .JllJ llforL'; ln ue~cribL Lhl",e Vdrl.llll\nS in detdil h.JVl' nut· 
" 

bel'l1 very ~11 u,~,:,JlIl, Illr eXcll!\plt' !->l'l' '\IIUlt'W-' (L,)75, Chdpter-:2). The uittL\.;llty 
1 

III Inlt'rpletclt Il 1 [lt ll~rgy b.Jldllle IL'~t11l<> hd'> leJ l'dter!:.un (1969, p.h2) tù 

~,t.~tl': "1I0Wl'vt:!" L'IA'II;)' bcllJI\l'c 8tu,JIL'~ ..I\dVlI ~o Lit' YIL'lJeJ ut!l1llléu i;lfoflll<.ltion 

" 
unly dbnul th .. polIt l' 1 J,ll pLleL' whert' t hey 'WeIl' ~clrrll'U oul." 

Led mdny people. tQ be Lieve 

~tl'u"gly correlated. Stuulet> 

llf\i~ï'Jcjer run--ld 1,., "ll·ldll'd l" tlll.' ,:.Jl.JLi'lll, have ollen fd~leJ. to show :,it~\li[i

CJnt. l'Orré'L)lloll l ,tWl'l'lI rUII-oLf ,1IlÙ raoidllve factor!:. s~ch as' clolldine8'~ .Jnu 

i:>unshinl.! Jllr,llJvn' •. d~hvllgh !,lgnl tlCdllt l'orrelations with air tell!perdture ur )Ill

" 
<\, 

midlly (alhl, Ihilurcllly, PH'l:ip'iLltioll) are lounu. SOllle examples are repurteù 
, \ 

by Ldl\l:? (1968), ~~trclll dnJ PY'~l..l(, (.1968). l'ytte (1969) ~ Tvede (1971), Gùoui~on 
'-, 

(1972). Jensen anJ J'ang (1974) cl\1U 0bl!::c.m (1974)0 amongst others. On th~, other 

19'76) .100 Do&dùv & Mo~~ôlQ~~ (1975) do repo~t high cO,rrel.lt-
~. 

run-of[ dllO r'àdialion for glade,rs in th~ HimalàY~s dnù 
.t:~' • 

Ilowever, tlle LJt;ter ùo also stdte that the c'orreldtion 

.. ... 

• 
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1 
, 

1'> Il,,,J'll''I·,I> ),.[ 
-~ ..> 

1 Il [1", 

5~J , , 

l' Cl J û r l' Ct! s . 

rûdla:tl,ljl 

(k>bPI~ [h, ! ot-

J I,,, . '-.." "t . 1 1.1 '1" 1,llI["'1l 1 " '. ~'1..,C' _1' • "lh\f\Ù-rt..ll1t ,Ictor ln t l(; . .lu .. H.l·Wll- ,,', \·...,_·-.-"t--

1 hdt ~';.''\i'~·1 ,[, 1 l , ,,~, 'oc" lui" LI< t ur hcc3use 1 t i" e.l~ i 1 Y ,):lL .. a':'\I~\l'll ,îllLl ho> ,\ 
a , 1 

l. ..... " 1 

llllll. I~"n "l ,'l'Ill t,h','I'" p.ll'll,lILHly r,ldldtiull. For e"3I1lpl·~: \111, IlI<II',I .. -

IU)l' l', ,III' .,[ 1'''I',lIt<l11t l'l'Il\lI,'luL',ILdL' .. .[elllL'nt in thl' stuJy ot'""lbLltl"\~ ,.'1'-

dl[Î 'II',. t,,~ Il l, ,11111' Il''11 ,d Il l ",':;:lh'j dlf'f~>'l'llt l'll'tl"llUl<l)~II',tl~'>'I~_t''1'" 
surI! d., 111,,,1.111,,11, \>,',111,: .Ill';, 11l11l'ldl tv, \,rhilil influence the ~bLll(itln"\ - '(~VI\' 

, ., \ .~ 

II l ',l,. J Ill' "A', ladll)' ut t hl''' IlleLeurl) lOf~i Cd l par,unt' tefl, dl,,' l'II t '''r:-
" 

( 1'1, l, l'. 1 1 J , 
\ 

rl' l.ltt'cl, 

t:\ l~ 1.. \ l' 1 t' , 

.Il' ) (ln L' ld them' 16 lIlore Impurt.lnt t 11.111 t hL' 

, 
I!P,'!I in,l(l!lllng Ld,'v'HILlll ) l~ clù~ely''t::o;rC',l<lted WItl! the' ,11>1..1-

t'I 'll. -,,\ (11,lf (l'I1ljll'lolllJll' \)I,SL'IVdLIUll1> S\H~llld be con!ildere'd impnrl1llt in eJJ.L"'" 

Il)' .... hllil \1111', ,1 Illbll\.d "h"L<rvollI')I1-progrdnUlIl' èdll oe carr,ied out",- ~~,ltl'm ..Inti 
o 

Sl.1Il1l':- \l'IIl'J, l" .» •• ' SlIlll l,l!' ... tdll'11lent!:> are Illdde Of implicd by lIuinkel> (l~5). 

p" 'iUl ,1l1J 11)1,;-',1, p .. '·'l41, ~tllll,'r (l9p}b. p.60),'Lliboutry (1%4-65, p.J57), 1,_.1p); 

(/ 'lhb) J,,,I ~", ".", 1 l 'm) :mon", t m,.nY '0 t he ~s, • Th. nnt i un . th. t. t ""pn" t u" ",:,,' \ 

,f'limpul't,ml" ,l~ ,ln ('xpressi~m cif r,ldi Ition appedrs la hl', impliclt in ~tall!ment!; 
l, " ' • 

/

Whll h wUlliJ l'L' l)<{,hL'[Wl~e i llogical) Sl,1cb, as:" soL.lr r(lJidtiOI1 re"ceived dt 

he gruullJ ut' Il'C. SUI t,let' P rob~b 1 y cxerts the Illosl importJn l i ni luenLl' \,Ipun db-

,jLlti'(ll. TIll,I" thl're lI> il ,clo!:>l' relationship be'twcen reglondl tempera,l'ure dlur

Idctedsticl> Q gL1C}l'l~dliunl,t -, S'Ugden and John (J(J'76, p.B))," 

T' l~ il'L'rl'hl(llggl~;::t:rèl--";I\ldt lhis pOInt of Vlew d~e1> !lot complt<t .. ,1; ~~dVl' t-hl' 

problL'm. ln tlll!, the dlilhor .Lollows Ah1mann (1922, p. JJ): "Wall rcgJl'J ~ü tlH' 

nll!ltillg. f..lct\,lI'"" v~ry gr~al iIUporlan~e has of late bt!ell 'b!:.t'rdJeJ ln illJ.UI..Jtioll. 

The rcasons ",!tIl:1I hdve oeen put
v 

forw,ud 'for tbis, h9wever~~ n.·<.;dIJl.J 
3 \ IJ , 

a!'!,lcci,sive by,lhl' prChent writer, on var'LOUS g~oùnu~ which'will Îbc l'>'[flll ' 
" t') 

ln anotl~er t reatise. Accordingly l sÙll ma'ill'tiün tha,t the factor which pl.ty", 
! ~ 

die gredteht ,roll! in melting is the telUperature of tlte air." 

In the fullowi;lg ~cct~uns ,!osol,ution to'the"proQlt1~ o( th\:! r'ule'of ,1'11' t'c1l1j~'r,l

',turc 111 the ,lb lat 10n 'p~ess. 'parr ;.,.ularly 'in comparisun to rad i al ilJll. Wl) t tHI 

, .' 

,,' 

...... ' 
l' 
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:1" .1'.111.·.1 .'11. 1 j'V bd 1 dllt t· d.JI ,l, 

1 tl \. ,) 1 \, l \" ',l.1 r ~ '1 t l 1 d l .ln.l 1 \ " l', \ '1 t 1 ~ t, ~ l l fIl 

1 .. -

.Jvl'r.I~;t' the I.lr!.:e.,1 IW.1l 

h.l~ Lt.'d1 m.lIlY pl'üpll' tu .!·''''l'rt 111.JI 

IIIt' 11<'11,"11 th.l! \.1<11.111"11 1"- "11I".,t 1I.J/"-,lI(,IJI(" 

, ( 

pLI'I"1 .lhl.ll I./JI Idl,,( Vdl\' III l ""!)('I\",' 1" ','.1-

i~ 111 t..Ict tlll' C.I~,', 

( 

hU'lrll''' Il.'~id~ III 11V ''\1(11 U'llllti'>IIlI1 ,iIId l:ldk"" 'II ll.'.11 Ih.!1 th. V,ill.Jillllt\ ,.1 

ur estim . .Hioll, ol tlle Vdfl()lJ~ fll'dl ... <HlrCl· ... dllU '01111-.,> •• 1llU t11lllputdtlllil ')~ tlll' 

he..!t req\llrL'J lu 111l'll ICt' .1 .... thL' rl'''ldUJl ln tht, l'IWf):y bdldnCL' l'qLl.!tl\\II, 'Iii .. 

'\ -
dblation dl lime COlllputl'U by thl" m.'thoJ 1~ Jl'Ilult.'d by \;(1). lly Ùl'flllilion: 

A (t) = 
c ( 7 . 1 ) 

+lve dnd slnkt> -Ive) l ,1l1d L is the l.dtent Heat 01 FlI~ion u1 ice. 
ln 1..11 l, t hl' 

/, 

various energy b,lIJl1cl' terms cannot be nll'Jsured wlthout error t>ü thdt AC(l) Lt> 

not Identic.al ta the true, but IInk!1~Wn, ablat~on A(t). 
The ~bldtion l'an c11t>ü 

be Illl'asureu by ll1rect glacllJlogicdl metlwJs tu gi~e AN(t). This cannüt bl! June 

wlthout erra!: ~a ~at AN(t) is not iJentic,l1 tü A(t! or l\(t). 'l'tiC JisCrl'p.lnLy 

between AC{t) and AM(t) reflects the combihed efrect~ of t'rrors ln the two l>V

pdrdte set~., of meJsurement::;. This comph'l\. prublem is cli~cllsseJ ilt lenglh by 

UnÙL'l- certclin ::.imple .lSt>\llllptloll" (ApPL'lldi:-.. J) J',q. (7.1.) glVl'~ ri~L' lo d l>l't 01 

N L'(jIl.:JtiüllS descdbin~ the correlations bl'tw~'en AC .JIJÙ t1w variou" tl'rO\~ 

~ ...... ------------~----
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1 

'. R(Ac,E~~ = LSJ= SJ R\EJ,fL.) 
~, ;, , 

1 ~ ,j Il,t! j{ (1 )' 1 k \ 1 ~ 
1 ft" 

\ ,Il \ ,,\ 1 1 ~ 1.1 ( 1 i J! 1 r, t' l \ .. t t.' (l 

• 
lnt\.1di..l 'li lt\: ... ~ .. 'il tll\' 

~ 

1 !.l' m.Ji'",llJlh " ,,1 ! I.l' 1 III t 1 l, 
, 

j tlll', , Il,, 1 (, l, l III ~l , 

.Ile Ihll <;[ll't III l'd h\ l' 11 t.~ t ~~ \' f ,11,llhl' If l ~ H' ~ 1 1 ... " • 

, 
l'q u,.d 

4 , 

t hl'Il l't] Il,lll~!1 

1 j 1 l J., cl :, ,,t lm, cl 

( ~ ~ f, N) , \ •• 1 \ 

• 
t Il \'1I~' r);v h,i\ ,Ill' c' t, l ' , 

III L' III gCIlt'rdl unkl\l'>\.'1l • l : Il \ 

, 
I( .Uhl I\~t cl rl' .Ip Il [PX 1/II.ll.;' 1 v 

1 

,Il l'dlll utlll'r (llrO\().,IIIld!) lhl'Il (I.n rl'd,lll't, l",,1 pdlllllll,1[ ly ~11I\pll' fl'llll 
) , 

~Appl~l\dlll. i): 1 

/ ~(A,.El: 
ln ~hJ 1> (cI'>l' lite LJr!'" 1 .lll un 

( 7. \) 

--:--------__ _ .. 1 ',' l\ 
lhl!ir ~lclnJJrd ùe\'LJllün". 1 dl',J 

• 
J 

'TfTMWH' 

\ 
that Id~ge ~::trlJl1dys i~\ AC 

uLlwr uf ,l}l' eIH'ITY b,d,lIlc, ... 

1 Jrgl' V)lridl iOIlS ln om' or 

tl' 1111',. 

\ /.'" =-
léIlL'rgy, b.lJJ1We I..:llUlpOllenL" l'. Pol""IL1,' a J'UI;I(JlI~ "11"', <.,0 thdL (7.3) l'dllllLJl hl' 

pl'rtectly ttue, the èÙllCl\l7>lllll "hUlild Ill' tlUl' ~n ,t qu,ditdlive sell~t' aL It~i."l. 

, IIi .lny ,ca~e, Lhe correlatiolli belwel'll AC ,wu JIlY part l~ltlar encrgy bal.me'l' (llm-
, " 

POllellt, Lk wllL hJve nùthing lü do ,wlth the ml'JI1 v~ll\ll' l)[ Ek winch i~ f\/ WllCll 

one f"l;"" for \.!xampll2, Lhdt rJdiatloll 18 "dlll'111Ildllt" ùll\.! IlIL.>lI:' that il ~d~ Idl

ger me1an vdlllP thdtl olher cnf'rgv b,llal\l..:l' terme;. /\lcording to Equatiq;l (7.'.'.) llr 

(7.3) th~n' i~'Jlù re3~()1J why. 101 I!xdmpll', r,l<.It,It.ÎOI1 ::;huuld nut hdve lbl' letr

ge::.t nlcan v.llue among~t t.he energy b .. danL'l' compol1l'l1ti.'whilst so'me olher l(Jll'q~y 
) , 

bdlancf c()m!Hl!l('llt correlates highest wi lh lhe ahl,dtioI1. This does nol appl'Jr 
1" , 

to h<.lVp hl'en 'staled doywhere ip the li'terature, but J'vede 097{, p'.81) L'pme'! 
1 f \\._ , 

very '~~,ose: IINoell got! korrel'a'sjon mellom I1l.tlll tilflirL stdÜing og ahlu"jon l'l 
o " 

det ikke mulik S fione hverken pi ~}fotbreen eller NigJrds~reen. Det P[ Hp~n-
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,lIt 'l'!" Illli,tr.J'I"l1,1 t l,' : ,,', 1. l,JI' P' 'Ill 

~, 1 \,'t.. Il l' 1 S\ r -:-.. \) 1 f,t' l Il 11\ \ 1 1) l t ; [ 1: l 1 l '.11 . 
",'nU!lt'fL'n".' IlUth,JI,; II lit 1.," 'i:~,;i\ l'I'~\'I(:",I"I!1 1110,11.,11 tl..llbl.Il1t'Il.1" 1,,11,,1."'; 

'II ,'J 111Cl Xl/ut! lt l',' 1)," 

, 
} 1 }",J! 111 \. d~ l,il 1,tJIJ 111 tIlt' {'lll)! 11/ 

.., UlllTT}(o'T. ") 

Ille r"gre!>,>lÙll l'qu.lll!}l! l ," 

A (t) = , (7.4) 

tJnéh:r the d~,è.llllipt lUI! (7. lî lhL' v.11uL", tIf 1\ ~hLll1lcl tH' 1/1. wlliht A ..Incl 
t,) 

v.11ues and tkvi..ltions respective}y of al'l tlle 

in cl "1 IImp"d" ! a~h i lll). The mdgni Lude uf lI k 

~I 

1) wh.lch é!1lL'ryy VU/dll. L' L,am !Jcl~, LilL' IllyJw~L sL1IH.1ard dUvlat.lOTl (is, the most 

var.ldble) ? 

J) docs tfJlS tL'r:m cOlrcld~,' lJL,,;t WltlJ l\L' doS IPIJllll'u hl) equat10n (7.]) ? 

J) what arc tllt3' IlltùldCLioiiS U1 lIlh.'lcurruldl JOIlS b ... twcen the var.lOUS eneryy 

4) W1 VI w}llc-h o[ thù clluroj!l b .. ll .. irlCt' terPlS i.':> tL'lilptJTJture rclated ? 

5) how conslstent or repeatablc an' l'he vanous regre,ssioTl coeffitieTlts for 

dlffe1'ent si tUû.tiOllS ? 

SOffie answers lü thcse /ueStionb 

following sections 
/ 

the WhiX~ Glacier, 

//' 

1 

the basis 

for [our specifie cases will~be given ln tlœ 

of statisllcal analysis of field data from 

Islan~, and the Sverdrup Glacier, Devon Island: 
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III) ·111. Il.11.! ·\1l.1!\· .. ,,·d ___ _____ --Jl.- .. __ 

hllir l~q',h qll.iI ll\: ',.'11,", \1\ ,·t\\' 1 ,~\ b.Il.I,I\t.· d.ILl Wl'H~ dll .. dybl·J. 111,· L1.!!.1 
\ 

l omprl !'l' .... ',t',1l ~ ot Y:il' j',\ll L 1.1< tlt ~ 1"1 TIL t Y.ld l.lI 1 un OK' ,l'ns 1 b le !w.Jt (~:-" l.1! l'Ill 
1 

lIl'dt ({j. IIl'd't\Lc1ndtILll.Jll inl., Ill' Ill' '11'.11 ... tl!'Plll'd.by prt'tlpltdtlOI1 li!'. thl' 

(1)\;lj1illl'd ..lhl.ltl"tl.\ , .. :,: 1lI,·~t"tll'~ .1:',1 ,il 1.'11 '\:1 l''';'·lll.·[ wlt.h 111,'.111 tl'UII)l·I.H\lrl' 

td llIt:' 1 t Illg ut 1 te'. IItt· L .lIl1p ! t. ~ 11 f ,l, 1 l1 l 1 (JWh : 

~ .. i 

'd/7 - IU/8/60, 
~ <> • 
[ldt:l .... l·IL· ,"dr.I,I,'d In)!.1 \I\dll'w,> 0<)64, T.1blcb XIII and 

" XVlll), /\11' Il'mpl 1.1[1111' d.lt,! .It 1 ;1) 1 III db,,\',~ g1JC1L'r ~urf,l, WCI, l.1kL'Il 

1 rom And r,'Wb li r)!l:I, 1 db I" 1,,(, I\ppl'nd 1,\ 1\), l'IIl'rgy b.11.JllCL' 1tI,.ltd Wl'rL' hCd-

Il tnll~lIt l'l' l'}.[>L·,'tl·d ln lhis cu::.e that AC .:md AM 

::.lwulJ helv,-, el llllill-Ill 1','rl,·I.JIILlIl WIIII UIl,' .. lI1Uthl·!'.15 AH w.Js,u"eJjto, Jl'.-!, 

ll!nll!l1L' thl' '-"LII.lll/," '·I)(IIIlII!lt,., I,rr tllL' ltllbulent Ih~Cb. \.. , 

, 
b) Whlll' GLHll·r ILJh\: -l1ll·.t,>IHl·mt·lll.-. dl LI1Wl'r lel:. S..1mp'le !:>l.:e 63 perioJh uf 

appnlXlm.Jtely ueljly dur.llloll ill the pl'rJod 1::'/6 - 18/8/61. Eh'ergy balJnce 

ddta given by ~lulll.'r .::lJlu KL'l:lL'r (l'96CJ) • .ll1d l'-'llI[lcrature Uella dt 150 cm dbùvc 

the glacie.r surLH'e t'rom Mullt.'f anu Ro!:>lun-Sh,lilin (1967, T.Jble I-A, Appen

dix A). 

c) Wlti.tc Gl,j\ il" l'I(,~: 

irregu1.Jf uuratl .. >l1 111· pl'riou 16/7 - 31/7/62. Encrgy' b~lat;ce data givel,l by/ 

MÜller dnt} Kl'L'lcrTTl}!?9) ,mu ~cmpl'r.ltyre uatel dt 150 cm abave glacier l>ur-
~:--~ 

,fdce from Hùven!:> d dl (1965, Tdblc 9, Appendi'x H). ~nergy balance data 

scaleu ta units oE Ly dy-l 

cl) Sverdrup Glacier J.2~: me.1"Url'Iill:nts .Jl·lOO m (l,s.l. on Svcrdrup Glacier, 

Devon Island. Samplc siic JJ periods or approximutely 'daily ouralion in 
,c , 

perioù 9/7 - 10/8/6-3. hlCt'gy bdldllce dala given by Müller and Ktl!eler (1969) 

and température J,lt.J .l~ 220 cm ,dbove glacier surface from Kceler (1964, Tab-

le 9),. 
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,;(:. Il t tic ..111 L 1 Y cl 1 ; 1 1.' 1 l' il ~ 1 • III 

Ir ,il 1\1 1 l(J t i. l illlptl'l XI 1) ~ 

Il. '1'1 

(J .' " 1 ,II. th l. 17 (1.1l -4 

, 1 • h / 1'.1) '} lJ • JO 

1 •• 1 ... (}: ..j.' L 35 (J,. 1 7 

\ 
( , 

Il \~ J ,,1 t l'I! \ ... l t f I~; Abbe'~ Seltl,,! 1. Il ~\lt)\lld b~ recJll','rI lhJt tlW'(llIlLII-

( 

( 

f 1 

1-{jf.çAC~1+fi wlth 67::: prob.J!lllity. 

lll"'jlll, tl/\, III l//;ll'rll'Lt dgrl'UIll~[Jt uf '\: ,md t~l [or Sverdrup CLILi.er, Wilii 

Il - \l.\;! .111, J'. Ill,,,t to regdrd l'Vt:ll thl,> d", dl'l'iJent.ll on dcco.nt ut the 

l"\[ll'llIl,' ilill< 'II 1 '1lltl' oE,the'5crie~ (II <litfereÎlccs. 
Compdri son of the t rclCI'') 

,1 ,11,1.lllilll cs.tllnates Ill, Flgur,"> 7.J tu 7.4 SUt', ct Lhi::. vi l·l.; , fur 

l""ll'lp,lL 111 liit III ut .Jverdrup l'Jil\ 1\. (l'l;"î"tl'ntly (,'v~r('"tiIlJJte!> A~l"l' te) 

,luI/ 1) dld ~Ii, l, l'Ill' ~/1Luatlon is (i' ...... \;vrc,ed. 

r / 
AlI J:1IIy, l'I,',llll" 7.1 tü 7.4 are/vl'rv Jl\,>lr\l(tive. 

l, . 

j 

ç 1,1IY'>lël Il '_1lI h' hVl:n t~at ,9R d'uv::. IIUt gellerdlly contro: abLlllon, ''''l, ur \1' 

III Flg!JI,; 7.1,7.:" dJld 7:41{~b C'lcJ.r that melXirnd in ablu\ioll du llot \Jllur I"""'·" t". , ,,"i., .. , "",' '" 'li ," 
/ "l;'Y') i\..':'.:,>.,~l.t_,,- .:'.1 .. t,I!.~., .Sldyt t iQal Ana ly..,_~ . 

/ 
.; 

~1c,1I1~;, :.Lllld.lrJ fl'eviations ~'nd cor'Ç~ldtion coe(ficients (or the tour 

• ,>ltlidtÎOl1'-. ,JI:l'\~l\i{, in Tables 7.1, to 7.fl. ]fgrcssion411<\ldels of ablatlUI~~1 
. .;' '" 

terlllh uf Vdl'll1ll't / !dctors, I.e. radiation, sen:;ible heat and tempex;aLure, ,11'\.' 

J 
, 

),;1 vell 1 [l T,Ji) IL!I. 5. ~ludels fur AC ln LCrm", of sensible heat, "ubsc~ ab Lltlllit 
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\;11 1'1 L ~LAL 1 Lt, 1 

(1 "il QI. " 
Il "-{.,,, ,\ A 'l, 'S 'J' [ l M 

T 

\ 

L, /IJ) ; y /11\ LyJiJy L'y /!l:- 1 ) Illy l rH ,m 

'ri. :-', 9'). !j. !J.U '1. 1) -', j. ') :Z'Y3 ~. 1 1 . .2 

:.i. (J J u-'!. 7 l') , 
'l~.~ 2. J "It\. 1 1 • Il 1.7 ) 1 

-\. 

, 
"' 

-O.1~4 -O. 1 7/t -O. 352 0.284- 0.105: 0:059 

0.124 0.U29 0.136 0.857 0.867 ':, O. 

1·.000 0.326 0.316 0.429 ' 0.364 :'Q.43' 

1.0nU él.126/9· 095 ' 0.231 O~ 191 

1.000 0.211: 0.162 "-.!1.~229 
~ 

1.000 0.9.07 O.80J 
(' 

,. 
Swrundr,'Statistics of Energy Ba~ance Study Carried 

Ûùt at !Lower Ice Stati, "n \~hite Gla~i'Cr, Axel Hei

herg Is\land,' Uune 12 to Âtlt;lIst '18 l';l6l::Sample SiZt> = 
1 ; 

63 Daysk Corrdstion 'Coef( icienls Greater ThsJ1 0.2'l0 
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are Significant\ st 5 % Level. 
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Intl'rcorrcldl'Ïon COt'ffielcnt ~1atnx 

(l • ') n -0.0;')6 
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\' 

1.000 -O.OSO 

l.006 

-o. In Il.l 88 J Q.185 O. 'Ill 

- 0 . J'd 0 • tlll! Ij • il 78. 0 • 8 1 0 

1.000 ~0.462 _(J,l \6 -() I,H7 

1.OUO 0.595 0.692 

1.000 0.842 

1.000 

';.t!'Q~II.'IJ:..Y. StdlÎ.5'ti..:s of F,l~ BdLml;;e Stuùy C.irried 

~!.!.!..l_.dt Lowcr Tee Std'tion on White Glac'ier, AXe"f Hei-
'", 

~ (~l.,ll1ù! JuIy 16 IO_.~l.._1~'1962. Sampl~,Size';: 

1 J ~HlI\p ling l'erioùs. Corre-L.ltion, Coe{fici p.ntS Grea

ll'r ThJIl 0 .. 521 are Slgnificdllt at 5 %:'1..'evel. 
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SVERDRUI' CLAC ILR 19t13 

')B Q~ . QL QI' .QI T 

1" l,y ! y/!)y ty/ily ! y!ll; ly/Dy 
Ü c 

1 (J ) • ; b4.2 2<J.4 ü.7 -23.2 4.0 

liL 1 5'). l :n.8 Z.O 7.5 I.e; 

[nlt'rcorre lation, Coeffi ci {'l' f 

r'---':':" 

l.UOO -0.099 

• 
1.000 

-0.162 -O.lSll -0.3'>8 0.273 -0.218 0.U3 
!. / 

0.924 -q.OOj· 0.050 0.915 0.761 0.803 

1.0000.110 0.104,.0.873 O~8()3 0.757' 

1.000 0.043 -0.011 0.365 -0.020 
\ . 

1.000 0.007 0.339 -0.122 

1.000 . 0.704 0.794 

1,.0000.492 

1.000 

Tabl~ 7.4: Summdry Statistics of Energy Balance 'Study Carried 

Out at 300 ru a.s.1. on Sverdru Devon 1s-

land Jui 10 1963. Size c 33 
~~~~~~~~~~~~~~~~t~~~~~.~ 

Carre1 .. tian Coefficients Gr.eater Than '0.292 Days. 

/ are Sl.gnificant at 5 % Leve1. 
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Will tl' CL./. ,l%U AC 

'ü:i le G 1..11
\, 

Wh'i te G 1..1. 

J ':161 

1% 2 

AC 

.' 

* Ne ( I{.llll d t ~ <lII 

I\.t. 
" ' _ ~ ___ , __ __ ----l.P __ " 

1. Il 1. ,16 1. B 

1.2 ,1.6!, 1.,) I.U 1.(1:, (l.S 

-o.~ 0.78 1.2 

0.4 O.5? 1.2 

U.if O.'1S" O.t} 

1.7 1 ) ./? 1 • 1 2 0 • R 0 • 2 n.S? 

0.5') 

1.1 

1.1 

0.9 

0.7 

-0.1 1. .>6 

(). J 2 

n.?, 1 . H . 1 . ') 2·" O. 8 0 .h 
p 

l.i 1 :J 

.1 

2 .0 1. 84 O. 9 • -o. ~ 0.79 

0.60 1.4 1 _ t.!j 4 Ù. Il ~o. 2 

l.J -O.tlO 1.7 D.l 1.92 1.1 -0.1' 0.58 1.5 

1.8 0 5&, 1.5 1.3 1.48 0.8 ... - .; 

1.1 .70 (l.l, O.') (J.~2 (J.2 
----

O:l e.63 l.1 

0.3 0.10 0.2 

Llne,ar Rf.' '[\;,,><;1011 MllJels of Ablation Ac..2!. 

of Net Radla,tiun R..L..:Sent,lhl" Heat QS anù Air 

T Respectively ('L == LocHent 1Il'.lt of Fusion). 

Senhlble Bè<ll 

Ao B. L U. 

1.5 

1.0 

1.8 

1.0 

1. b8 

1. 04 

1. 52 

1. 44 
\ 

0.5 

0.8 

0.8 

0.4 

Obt,erveJ Abl. 

0.5 

1.5 

1.2 

11 

1. 02 

0.87 

0.51 

0.45 

0.9 

0.7 

1.3 

0.8 
.' 

1.3 1.42 0.6· 0.9 0.71 0.9 

0.4 0.27 0.2 Q.5 0.28 0.3 

Temperat~re 

Ao B U 

- .J 

O\'~ o 5 

-0 2 
1 

1.2 

0.9 

1.1 

0.7 

p.1 0.63 1.0 

(L4 0.10 0.2 

1 \ 

Table 7.6:; 
, l 

Compàri~on of Linear Regres:oion Models of AC in Tetms of 

1 

, 

( .9.s' the Observed ~hl~tion AM and T Respectiv~ly. 
\ 
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, 
i , , 
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AM ,JIld "t,'U1I11'r.Jtufe ,II" !:Ivl'n III l'olbh' 7.b 
, , 

l'or lllt" ,>llu.llIOlh io.1\ltl' t.:ldlier 1960, IY61 and Svcrdrllp lY6~ llll' "Plhlhl,' 1lt'.H 
~ 1 

qs h.H, th~' l.Jrge·,l ~t.llId.lrd JL'VLltIU!\ .lncl lorrel.lte~ 'll'~t .... 11" A(. In th,"'" 

. " 
t Il rel' l .J~(,'., '\1'1 1" ,11.,,,_ we II 'L'or rt' 1 J h .. d .11 t' Il Ils' 

Vd [I,~·, 

1011 '\1".1 IIHI 1 nlll'd~ ( 

[n l'Vl'ry Ld'>L' 

dlU QI{ 1 fi pl HI twill l " t (~s 

tll< Ihl~ th,' I.lq~.,,:t, 1I1\',lIr 

J 

It,l~ cledl Ih.It thl"'ellt~gy bJP.lI\ll· lcrms .Ire noycolllpletel y lndL'pen(knl ,,1 

l'JLh,ollll'r. In lwn "d,>e\(Wh~l~ t.:ldcie'i- 19b~IJ Svefùrup 1963) lhl'l"l' 1:-' 

~trllhg lnt,l'r.Il'llllll bl>tWl'Cn'.(QS ~nJ QI,' I~l ,CJbCS QI{ is cürreLlll·J w,Llll QI 

wlth qtlllerCOIl~f~tl'nt OLllrrel..l~iClcnts in th; range. -O.JW lu -Il.l')h. 

Ln ollly <1\lL' Ld-~e (Wh~le GIJ.l}cr IlJ(2) ib QI{ weil cortel.a'ted whh QS' 1\](' Vd

riou:, p.Lttelns lot correl.ltiol\ bl'twel'n qR'~ QS . ..Iml QI: mdy be ctlJr..lcteri,>tll ul 

di tfcren't lY'j>Cb of "w'-'.Ilher". 
,\ . 

On the othcr hdnd, the relatively Cü\1~L~tel1l 

p.Ittcrn of L'o;n.!~'Jtlun belwccll QI{' .Inu QI huggcst5 th.It QI i5 morli' ll'f .! r.ld1.l-

tivl.! prucC!>h than a cO~lductive pr~.ce5s. , 

}t IS interebti.ng tb..lt, ln aIl caSef, except one, AC Jnd AM an\ rel..Ilivêly wl,11 

cor~clated wllh tcmpCrdture T. Alhu i~tercsting 15 the f~ct that in \lO CJ~l' lh 

QI{ significJlllly; corrL'IJteu wi'th T ~o that ll'lIljH'Llturl' duce. IloL ,1]1PI',1/ tu hl' d 

f'" 

With r,espect to the various regression coefficients, scrutiny of Table 7.5 IS 

'intcrestiog. Under assumption (7.3) it was said that H./... = 1. On average thi~ 

is 'not truc: B.L' IS on average le1!s thdn u~ity for, QR and grcdter than 'unily 

for QS". This is duc to the effect;;s of intel-actio,p be-tween 'the various l'lll·rgy 

balance tenns, wit~ genera'lly de'structive interdct'i"on& for QR dnJ consli:"UCtlVL', 

i~tcractions (OT QS' On average U for QR 18 higher 'than for QS .md T, c-urresp

onding to lhe l~wer correlation' coefficients already noted. From t~e point of 
1 

v~ew of 10w U values ittcan~e cORcluded that QS is a bett~r ~redictor of Jbla-

tion (AC or AM) thdn QR or T. Next best predictor is T with QR worst. 
1 

It ~s .11so interesting. to examine 'the: consistency of the regression models for 
1 1 

\ J' i t. , .' , .. \ j 

, 5111 J" , 5 '1 1 g 

, 
1 

t 

1 

t , 
" 

r 

( 
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, 1 

i 
j, 

1 

"', 

. . 

"l., .. 

, . 
, 

1 

, 

'( , 

the diffl'rt;nt Slt'uation~. .. 
• ,1 

dlVidt'J by n\dll v.Jluc) or Il 

1 ù Il o.ws;, , , 

I~de~end~nt Va~iable .. 

f' /, 
f 

The cLlL'rf'i('il'nt~ of v.1rldtio!l (~tLnddrd 
1 

.11 lhL'·v.lrioll~ 'JhlJtiùn lnodels PO"C ur 

~ 
Q!-{ , T 

( 

,COl~f1 i c.il'lIt 'D[,)f V .. lni ,Jl ioo (lj Il 22,% lb % 
1 

/''':J .. 1 

From the pbynl of VLl:W nt c()n"i~ten('y üf Il v.llues, the models uSlng T drc b~st 
i J ", " '>IJ 

1 (~driabiliy'Y- 16 %) ~ith QSollext 1,t:'~l"Jncl 121 :'~ v.':1ri~bili,ty_ of~B for IÏlodeh; 

wlth QI{' /'Jl.1e stand,Hd dl'v'~J.tion of AO tor ll'mp(>ratu~e rrtodels -i~vsmall~r than 

7' 

~\ 
~or,QS a~j QR models. " 

o 

~nTable 7.6 moJéls for AC ln tt'rm:, 01 Qs' AM dod Tare comparêd. l t c an be 
). 

the point of vù~w of"having' hig.ll€r U' 
, " 

seen l.ft'dl AM is a wors.tJ pn .. ,licLur, fr'üm 
-" \' -

h.lI1d,' it is il litt1e, better ,t:han '1: as a ,values, ,uf AC tha~\ i ~ QS') On- ~'h(: other 

predictor. Coefficients of v-clriclt lcln 

lndependent Variable 

,CoeffiiciC1lt JE Variat).ùn of11 19 % 

là summary then: Qg 'is on avcràgl' thy 

for 

A~l 

39 

il ln 

'il 

% 
... 

,_/ 

the varlOUS 

T 

16 Z 

con{i.~teÙt B values. 

-1 

models for AC alJe: 
"'-5 

1 
bes t prcdi ('. '" 0 E pb lat~on in terms of , 

having lowes ~ Ro~.-Méan ~qu::tre Err~r U. On the other hand, tenl.perature seems 

ta hil'vé more c6n&istent model parameters dithollg)~ "rdther higher U values (which 
• 

• are, !1owever, st0~er than those for Q~), For many practical moCFelling pur

poses the latter quali ty __ Îs -more dcsirable- S'o that ablat~ 'Illodels using temper

_ ~ture a're useful. , ",' " 

On the~ bdSis ?f n'sul ts.in Tabif! 7,5.i t 15 sug&csted that the a~latioli-tempera

ture model for ice should.be approxirndtely 
, ,:' 

, , 

ACt) ::: (7.5) 

Thi.s 'is based upon modl'ls for bath AC and AM" ~ut ln fact mode~ôr Ac alone 

are very sirni,lar ('table 7.6) .. Actually, it is nQt clear' t!:J.aÂhe intercept 
b / ni 

should be dif~erent from ZerO, with the value of 0.1 ~sing due to sampling 

If the .eq4ation (7.?) is used''t;. compute~ estilll~te of mè'an' ablatioh effects. 
(' , 

(Ap):for the four situations the dif(er~nce 

\ - -f! 

j 

1 

, 1 ~ 
01 

/YI 

l 
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il 

h! 

.. 
(.III Il\' Il')~,lIlkd .1'> .III l'llllr~ 

VI,ILI'"l 0,4 lll\ 11
2

0 1,)1 LI\l' "ll\ht ''',lInpll'<' 1[\ SllthlllUIl'> ,1Ild ...' .lhl.ltlllll l,,,t Il" ft l' ,)., 

v)· A Furllter CUIIUlll'lIt ,/\bUliL Lhl' RolL' ul Net RJJldt 1011 III ,\bl.Jt 1011 ------- \ , , , 
III Ch,lptl'1 7(lv) thl' Il,,t r,IJ!.ItiOI1 Qu Wd~ ,~hUWll ln 1H' gelll'r,t1lv d h,Id plt'dll-\ 

" \ , 
lor 01 ,lbLllllJll. III\'. i ... l'xpl.lin.lole III tl'rIns uf the l'lW Vdrt,lbI1llY III llI,' Iid '\ 

" \ 
rdJl.ltllill ,I\l'ordlng III thl' dl'>l\l:-. ... i()ll ln C11clptl'r 7(il),dIlJ by Lqu,I,tlllIl (il . ...') III " 

tlon lhl'> tilldill.'; Î'> 11\\t llll'Ull'>l,>ll'I1t with tl1L' [,ICl tbdt net radlatIoIl 1" "1lI0',t 

lluportJllL". 'l'hl' JbJ,llIO!l-l'nergy b,IlJnll'.~y·stelll l'Jn be l'lln~?JL'rl'd d~ J "y;,ll'Ill 

th,ll 1'-. IIldlllly l·lll'II~II.l'd by Ill:t rddl.IllUl\, bllt LIll' p.\rlltlllll 01 l'lll'!');Y wlthlll 

'tlll' '-.ySLl'lll ,1[l(lI',II-', [Il hl' lIl.llllly «()lIlIldll'd by ~"ll"'lhll' hl'.lL 11\1" wilii ',Ullll' Ill'II' 

trum J..llenl he,lL [lux. 

terdction~ llL'tween tht' V<1rlllll~ ~l1urce~ 

menl of ::'lIc11.l tl\l'ory, cOlltlIluation 

wlth llllprovL'u îl1st~~~lml'nLJliol1 Î:o rc 

~entatloll 0.1 rcc,1I1 t'h 1lI1l'> t 
~ ~ 

+ 

ln phy:-. Il dl le rl1l~ d, theury ,,\ 1 \1-

sink::, woulcJ be nl't'Jed. J:L1P d'~:vl'Iùp-

lng en";rgy bdlJllll' Lot,lI1-> [Jr 'il'vl'r.ll lLty,> lIr Wl'L'k." .1'> pl'rll'Ilt.I)~l'''' 

------ \ meJÎ1::' (9-d.1Y Illl'Jl\S for U~'. 1,J3.t pl'flOU) ot thL' varioll:-, Lerm:-, lor the Hlllll' CLI-," 
Cler 1961 record .1rc gÎvl'n lit Table 7.7 (llLlle thJL tlie flfSt. fl'w ddys -,1\ dl :-',;)1]-

tinuqus record have bcen disl'drJed). ln Tdb le 7.8 tlle co'rr~:-,plllld Illg [H'rt l'llt,lgl' 

':'!11ues are glven. 
\ ___ / f 

during period 5 (31/07-(}9~/61) WdS nearly double the dveLlge ~ur/rl1L' whule ')9-

------- ' d.uy penod. /urthermore, QR wa1;~~abovc /dverdgl' OU:"I"tlf', LhlC, 

period although it only constltutcs 33 % of the LOtdl cnergy SOlll"ll' lor Lhl" 

perlocl'\. From Table 7.7 i t is clear that ~~ was nOl "most impOrlclllt"" 11\ IlL'rt 00 

5 and thatOthe large ablation was dtiè ta large sen~ible hCclt flu;>. l~S ,->upply dll-
-'.., ~ 

ring a period dominated by Foehn. 

~'" The 10w varLlbility of. "flet radiation ln the [our situ,ltion:-, m.ly h,IVl' d phy'>lcdl 

cause,'or it 111ay be due to errors. With respect to tlle·fùrmer, Ilet r.ldLIll,O!1' i:-, 

a synthetic ~I\lce<;s cOlllpDund~d of several distinctly diHere;lt' prOCl'f>c,l'C, winch .. 

may tend tu cornp~nsate each other. FO,r examplè, th~ dependence 01 illCUll11n~ 

short- 'and long-wave radiation up'on cloud cover will be different. 'nus Îs J 

~' 
" 
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l"~ 
\ 
~, 

,. 

(' 

; . 

)---, ..-

\'t,'r i od N QR 

Il) !U6- W/()b JO lJ,.y 1590 

OI/07-!O/07 10 dy J(12 

11/07-20/07 10 uy III 

2 L!07- 30/07 10 dy 119 

j 1/0 7,-Of) /H8 10 dy 
\,,1'" 

1 j ') 

lo/oS-18/08 <J uy 81. ~ 

, . 
,~ . 

QS 

)U , 

' 18 

l)8 

,77 

256 

\Il) 

" " .' 0" 

,( 

29 

-8 

19 

..,15 

'\' 

- \4 

-42 

1." l . 
~. 1 

2.6 

l.8 

-42 4.q 

-16 I.h 

Nean VdJlIl'~ t· /.....-128.7 103.0 2.2 - 42. 'j 2.4 

1 , 
• 1 

_IIH)~~~y;) Il!!:'--''-~2J~~~~lJ--,-l!~. COllljl< llHLIl t" t ur 
, \ _1 l' 

Wh~_~L~ ~;~<,~l_1 Yf _ _ !lfll.:. _J)_I~l~ ,Ir(' 1.y Ily 10 r bll' cp 
• ~ ,i_1 

i\_,~~~~~l!IIJl-"-Il~I~. __ (~I{" '(~S"- _QI.~'~~ ~11' --,-~IJ.l~~< y~..tJ2() dy 

~l~._ 

Period N 
1 

19/06-30/06 10 dy 

01/07-[0/07 10 dy 

11/07-20/07 lU dy~, 

21/07-30/0.7 Lü uy .. , 61 10 % ,/' 
. , 

/ 

31/07-09/08 10 dy 33 % '" /.' 

10/08-18/08 ,. 9 dy , 46 % 54 % 

,/ 
/' 

// 
/ 

10-Ddy Med,n Values of Energy Balance Componentb [o~ Tdbie 7.8: 

/ l.JhÙe Glacier 1961. Data are l-:xpressed as Percelltage~ 

of Total S~urces/Sinks: tI' 

'. 
Ji' 

'. 

'. 
" 

. , 

'" 
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~. 

• 

/ 
! 

\,J 1 t li 1 l';' P'" 1 l" l'I 1" l , 
! 

, thl' I1l'l lddl,lt 1011 ld.ll.J. 111 ,.Ill "I,>l''> lh" I011g-W,lvl' l.ldl,lll"11 Ll'[Uplllkllt,> wl'I_l' 

'lumpul,'d U~llIg" "IIIIL rl,.t1 IOrl1lul.ll', OliUllJ!'d (pl'r~!lIl<lI IOtlllllLlllll'dllllll) "'II)~):" ,l', 

lU 

1 
th,H lhi~ wlluld l,('lld lu prO'~l' "~ml)'Llth" rl'~1I1l'S ~o llt..lL lh,' V.lrI!lhilll'Y ,>1 l!i" 

fft! lll't rdJ'I'~lloll 1.., Il.lldl'Il'~tll1ldll'U, i\ dd.lI,ll'J SlllUY ZJf Lldl,lll11ll ,'IIIll.Hl'.lt I\,,'l 

Hl'l'lll'rg Ild.,,, Llmp (llluullr.!, perc,llll.ll C()I1~lll1l1iLdliull) \ ... III 'prl'pd!"ltlllll. A .... 'llll' 

ddLd orlf~IIl.lll' trulli mOI',' I1ll>Ul'rll 11l~lrllml'lIt~ lh..lll were dV.lIIJ!>I" ill lhl! ,'.tri y' 
, 

lii~hl nhlY hl' thn'wll ,)II tltl' prohh'lll or Llll' rO!l'.utllll'l r.l dldt b'1I1 

t 

IJt\On,.llld Ilet r.1d\dtIOIl will hl' IrL'qlll'lll'y dl'p~IlJl'[\t Il l11l' V..lrl.1lll'l' ut Ilvl 1.1-1" 

" 

ùi..llion IS Il~L'11 Ireq1ll'ncy Ul'p')l)dent. 'l'Ill!> nnght expLùn the f..ll'l lll.!l 1..111(', ____________ 

(lYh8) IUlltid h,,:,t «)rrl'].Jli<l1l 1ll'lw"l'11 Ill'! r,lùiclt.iull/lld ÙH'Chf~l'",trulII ;0:,~~ 4 
gletscher luI' liuuI'!Y-:-'!>dlllpled dJt.1 ..Illd bl'!>t correlJt/UlIl bL'lwe,4 ..llr ll'UI!H'ldIUll' '1 

, li/" 
..Ind disch,lrge for d,JlIY-;,dlJlpled Ùdtd. 'il 1;, sllgg~bled thal;'energy b.ll.1lll'l' CUlII-

ponentr !>huuld be an,.tlYbcd with rCbP~CI l~O J sJmpling bCdle of Olle huur 111 .Jl'C-

orda~'Cr Wllh sl.lIHl,nd pr.J~·tiLl' 111 r.lf:1 Ill'try. Daily vdhH!S cuulJ l',I!>lly hl' 
1 !~ . " 

compu~ed [rum tlll' hourly values dnd ,tJtistlcaLanJ spectral analyses uf thl' 
1 

'data tould more ea::.\ly be made.' l' 

/ 
1 

I, 

i 
1 

1 
Fur p~Jrpo~l:!s of tlte pre!>l'1I1 study it IS l'hosen to ntake further ùiScu!>;lon ù( 

..lblation/in tefl11S of Ji r ll'mpl'f..ltllre wh\ch; .ll'cdrdll1:', III prl';,l'111 Ilndin:',<. l,III 

;ll' rC~ÎIUl'd milinly .lb '..1 Ii!l'<!sure. of the !>ellslble heat flux. , 
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CII,\I' Il /{ H 

hl 

1111'. IWLt, ur AII{ lINI'Il\Alt'l\1 IN ,\/11 \1101'< ,l'."AI'l'II( (.I,\( II Re, 

1) COllll'plUdl ~I"d,'1 "t AilLll,lOIl III r,'rlll'o "t _~I~:tp_l'I~.J~l!.I-,:> , ---- ---.- - - --- -- ----- -- -- ----- ---

dtlvclnl l'd: "-qll,ll 1 (\\1 (7, (1): Il< 

dt T '" ()0C. lt l~ dl t t Ilull to ll''ot lhl~ "Lltl'Illent difl'l'lly ..J~ lhL'I" drl' Il'' 

Col"e:-, Wllh T = uUe 111 thl' 10111" l'Ill''1;Y !>a!.lIlct' sel'il''> ,jlhlly:-,t'd, FUI tilt' WIILtl' 

Cl..lCit'I' rlJlJl ~l'rit'" till'Il' ,lr(\ 1ll,I\l' l,I""" wlth 1 l'l11pt' r,lt u,rt' III tlll' r.nge Otn 

lUC : l'Ill' 1IlL',1I1 Il'llI!>l"-dlLJI,' lOI th,· ... ,· '·d ... '· ... 1'> (J,hUe, ,lIld thl.' Illt'dll ,dddtlllll I"h 

1.1 cm 11
2

(). lLv:.l. Th,'rt' T" ,H tU.l\ ly 110 f<,<I"OI1 to expl'ct tkll A hould h,' ,',,-
~ ,,/ "-.. " ! lJ , 'j ~ . - . \ 

.Jl'tly ~L'r:~ .li"'']' "'~D~'.,..I)l'CdU!:>L' f'Ll'ltïllg lOldt! Ul'ClIt: Jutlng I\dll II cl d.ly ,I!th\l\ll~h 

the mL'c11~'.tL'IllPL'r.ltufl' 1~l' ~dY Illight bL' ll'!:>s tlt.J11 oUe dnJ be dU:-'l' thL' I~Lj('ll'r 
surLlce toulJ bL' dt l)'\;, !llldel" cunditlun" 01' strong In~uldtiul, whlht lllt' .Ill' , 

\ 
,,\ 

\ 
1:, l',I"Jer lll,Ù1.ï Uh~. Thl'IL' .Ire t,WD The prubll'III DI tltt' .,!0l'(' Il in Ïdhll' 0,1) 

lIklin hedt suurcl'~ which d('per:d di,rectly upon air templ'r,athre: the scn:-,ibll' hl'dl 
, 

. flux QS dnt! tlte flux or 'in~'omin~- VÙl1g-wave raùiation Q!,w 

The sen~lbll' hL'<.ll 1 lm .. Cd11 bl' l'~pi'L',,!>eq, dpp.r(lxllildtely by the TllDrnlhwaile-
" 

Ho1zmann eqll<.ltioll: 

(8. l) 

where p IS the den"ity of an:, ,k js von K,HlTItl.n'S COll::'! <Jnt, cp 15 the bpecific 

heat of air at COIlb,tdnt pr~ssllre, 1'2' u2' Tl and ~1 afre temperolture ilnd Willd. 

respectively at eaeh of t~o heights z2 an~ z1: Ail ~nits are c.g.s. units. 
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" 

= 

! ' \-1 wlwre L l.h the Idt12tlt hL!.lt uf [\11,)<'11 t,'i i l'l',' Th, UIII ts ()~ A al'e <.:m lI,O dy, , 

dnu ~\w fJl..to~r 86400 is thL LOll\elsÎulI t,lllorj .. tWl;en Ly 5- 1 ,lnJ Ly dy-l. \ 

The second' f1ght-hdllJ term dml.lllllt~ III ,liJllllt Il.1 cm 11 20YC:- 1dy-l [ùr JverJgl' 

tempc[ature conditions and.lIl a,.',llIlIeJ 'llllstaol pl tt'L'tlve emisblvlly ul 0.9). 

'J ' ~ The firf>t right-hund Lerm Will hl' dl'not\'d hy . IL l'.ln hl' l'é>t 1 Il lU Led fur the 

ddferent situdlÎ.ons l1t>inf~ the .1\\'1'.1)',0 \'Jlue~"u\ the VJflOUS quantitie'::,. 

II~ is compared ito the t:orrespondÎ.ng B v,Jlues [tom labIé (7.6) belùw: 
1 

! / . 

,'1 .- :il:~:t~::Ci~t 1960 1 ~~ ~~ J~;~;I /~9 
. W1llte Glacier 1961 150 '1:' 3\1) tl/53 

\ \ Whi te G laci ft 1962150 O. 7 2/.0 / 0'.:4 

B 

0.78 

0.58 

0.55 

\ \ ,- 'Svculr'up Gl!a. 1963 ~ 220 0.4 200 (' (fr:26 
~ / 

\\ Mean , 0.43 

0.60 

, 0.63 

~'\ l" \. \ \ * ,a va,lue 'of 0.6 cm WdS assumed [or zo" / \ :> 

\. T e agree ent between ~ and B is CerLli)h '\better thun order of magnitude. 
\ ' 1 
\The~vera e discrepancy is -32%. When acco, ~t is taken of the effect of long~ 

~,'e adi'Ùon also, the disc.repancy ils redU~ to -13%. Thi.s is very good 

~> ,~~n~id ~in the I,Shortcomings~ of the ~~esen't a alys~s. ,witd sp~ed and 'tempera-

, '"t~\e\ ar_e ao~uall? coupled. especia!ly' during F ehn évents \ so that f3 could be . 

furtHer inc~fa~ed. For the White dlacier 1969 land Sverdr~p 'Glacier 1963 cases 

"thJ seD~ible heat flux QS i~ stro~gly ~oupled w~th the lat nt heat flux QL 
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\','11 i te GldClPf 190D 

Whi tp CL;( *rf4l960 

White, C1c,\"ll'[ 1961 
1 :::?' 

' W}'! l ' 
Il Ve (, dL1P[ 1961 

".(t~i GldCler 196i 

/WJll t 1 GI..i'Clcr 1962 

C; LI. 1963 

Cid. 1963 

Mefn -
Dvn 

,\ 

A~l 

AC 

A~1 

AC 

AM 

AC 

AM 0.6 

1.4 

0.6 

-~ 

1 

u 

0.8 

1.0 

O.~ 

0.8 

'1.3 

0.4 

0.6 
'\ 

,0,. L85 ,~ 1. 3 

;,,\ '.,\\ 
'\'/",122 " 0.9 

, 
0.042 \~0.3 

\1 

\. 

\ 

/ 
/ 

Table, Linear Regression Hodeb of Abl~tiO~ 
Y:.c or AM) in T~rms of Air -Tempe\at

ure Multiplied by Wi nd Speed in lm s -1. 

,'/ ',,-

I,MO"": ' , l' 
Y(t) = Ao + ,B.:U(l).T(t»!. U.e(t) 
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whidl woulJ 1 Il rUH.'r, illLreahc f3 1\11 lhe twu \,:,ISl:'h. FrlJm thec,l' r.".,111(~ Il w,>uld 

~el'm that thl!rc i!"> Iltlle discord,,1I1ce betwpen lhe computud !">t.lll>,tÎL" ,ml! "lhl'-

ury". 

From 1',411.1 t IUI\ (8. 1) Il mq;h l he 

\ 
\ 

\ 

(' 1 d i me'Ù t ha t i t wou 1 d bl' 
\ 

~ 

more·phyc,ll',llly I1Il'..1II-

II~glul to corrl'lJle thL' 'abldtlon with the product o! the winJ ,lIld t l'mpl'rdlll n' 
, 0 ~ 

Vl'l1 1 Il Tdb le 0.1 .. Il wat> tll\Jlld t"hat the 
\ 

Wl'n' ll's'i l'on:'lstenl lhJIl tor the 1Î1oJel wilh temperallfre,llione JI1I10\lgh the 

IL~1.S. l'r[On, Wl're lowl'r: only J Little ldrger )-hdl1 for the lil'tf~:.1 W'I th llS: '1lll' 

nlL'JI1 '>JOpL' ut the modds in Table 8.1 is 0.0012 compareu'tà'" <!Ili'ëirl VJllfl'uc 

D.OOI7 JorN" •. Ol1U' Jgdin the agreement );, pc'ùcr tllilrt order 01 m.lgnllUdl'. .., 

11) Abl..ltioll ,1I1J l'usi tlve Degrct.':-DJy Totell 

by .1 1 1 11<".lr' èqucllioll uf the fonn: 

+ lÀ E (t) (8.4) 

Ao l!:l estirndteJ to b .. Jbout 0.1 cm H
2

0 dy-l, B l!:l abo t O.6'3 .... cm 1120 °C-1d},-1 i{r 

anJ U is ~b~ut ,+ 1.1 cm H20 dy-,l, (these values ;tr\actua~ly t\e d~efdgL'!-> 1 rum 

'Llble 7.5). The equdtion is probably Only,v~l;'ù)o\ days wlth'~m~erdtLlrl' db-

o f'/" '1'1 • ove 0 C Jnd ciblJtiqn il> probably zero ,or'negauve temperatures. ",~~~ (',l1l1lOl 

be direct1y confirnlPù JS lhe dalJ analysed in the prêviou;, chapter,ollly lllvol

'veJ pllt>itivl' lL'lllpl'r~ll1re;,. For prdctic,ll purp0;,c;" iL l~ ub\!ally thl' tllmu].JtlvL' 

,.-or tOldl ablation over a peri~Jd of mdny days (n) that 15 of intere;t. TIll' db-

" 

• 
, . 

Idlion dt the ,~nù of n dcly;, lb ùelloLed'by d\.:(n). 

the li d.ly peri\.ld witl~ .T(t:.)). dC'then: 

If lbere arc Iloi, Jdy", durlllV, 

",.,if' hM 

ac(n) = n I<Ao + B· L H(I:.)T(t) + lA L ~ 
;' ·t:.1 t~t 

where ,H(t) il; a logical 
r 

unit y for T(t) ,f..OoC. 

variablc;'equal to' zero for ''l'Ct) < ,. 
The se~(nd term in the equation cao 

1 

"/ 41. (8.'5) 

a / \ 
o C! and equai to 

1 . be rewnttcll ln 

terms of, DDT (n) which i s the osi t ive degree-clay totiIl for he n ddy pe'r,i od: 

1) 

1 
1 

i 
1 

1 
1 

{~ 

1 

1 
\ 

1 
! 



1-: -
• 

, 

-il 

1 
'/ 

$.\ H, 
" 

Jf t'N 

'DI) T(~~ ~= l Het;)Tct) 
'l'hl' ~h i rd Ll' rm, wil i \ h 

1:. , 

i IlVU 1 v,, . lf/'I\\I\l<.ll <i 011 L) t 
~ 

-.,... 

o / ). 

" b 

/., " ,', 
1(11.1';) 

ancl.minllnum v<.llues durlng the n clay period which will be given dpprllx1l1\dtL'ly hy, 
j 

lfun,l's LclW (Hur;,L, 1<J51): / 
1 

(8.7) 

.--... 
AccQrding lo (8.7) RA(n) will have values of 3.6,. I1.S;;; 19.1 cm 1120 n'spect

"'loi 
ive)y Eor 10', 50 dnd 100 day periods (assuming U == 1 ~'l cm H20 dy -1). 

From Llble"7.5 it can be se~n that the mean'value of Ao 15 Ilot signific3ntly 

different ( 5 Y, level) front 0.0, and this value will heoceforth be d<,;,Urnl'tf tor 
1 

COllV~'llll'nCl' • 

- ~ 
+O.lO';'~vdlue;, 

B, will bl' ds;,ljll1ed lü h<,' 0.63 witl! a stdndarJ devi<ll iOIl lIr ,1Ill1l1l 
,- 1 • 

1 

froJ1l Tdble 7.5) 50 that the cumulative abldtion versu;, po::,i lJve 

degree clay total model for ice will be: 

0.(,3 bbT(n} (8. H) 

The maln source of error will be the uncerta~nty in the ro:oefficient as th~ 

Randolll-Walk Lerm wi Il he smàll by comparison. 

It might bdve been hetter to exprpbs Equation (7.5) in term!> of lhe ùaily pü;,l

tive clegree clay total (computed 'from claily degree hour tenaIs) rather théln in , 
terms of the dai ly mean tempe rature T. Al high ternperatures the di ;'Crep.1Ilcy 

" wi li he entae ly negligihle, but for T in the r.Jnge of about -3 to +30 C d ùi;,-
, 0 

crepdocy 'can, artse. This i5 ,because temperdture can be ab.ove (below) 0 C for 
1 

part of the clay whllst ~he clai ly mean temperature ~s below (above) DoC. IL W.JS 

ch'fpeo ta express (7.5) in terms 0'[ T because, as already sho)YIl in eartier '.,. 

ch.lpters, T itse\f',c311 be calculated using temperatures at distant weJt!JL'r ~ta?-------

tions. Errors arising on this account should be 5mall ûver·a wllQle SCdSOI1. 
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I(uz'mln (1'}7:, ChJytl:r Ill) Pl"l'''l'lIt,> ,1 llulllbl'r nf ddfcrLllt L0Illput~tll)n.l! !>l"hl.'-
\ / 

mes fur .2-'~~1_~ ,111\1 .h',('rt., thdl ~qU'\ftL'" of lh~ h.1mc l'Llrm ,\', (8,8) ,Ire:. 

"slmplcl>t '.md mùq JlCI;r,ltl' 1'1,.. .111 thl' \X'lnlll1l'd, 1 LlmputJlll'n,ll I11ctllùd!>'''. 110 .... -

L'yL'r, hl' .l'o·,l'It.., ",\ ',\t"rtllll,lllll: ,d thL''ol'~()rmlll'dl' il> thl'Ir IOldl Ch,lfdcler", 

an'cl he qUl",{IUIl'o 'th,' IllIl',n;t\' witli r~!>pel(r~ ilOT. !,.. 

'\ 
,i 11) ~1~1~~~'~~ __ \.J~t..!) __ I~'_I.'JJ.~_l~1 onl ~Il rwq; i dll \G lM 1 P r<; 

":. F 

.. ~r, 
Fur ,1 IIIlIlIhl" ,>1 Yl'dl', thl' ;-.Jlllgl''o V~H~Jr.~h-Og Llt'klri!>ltl,tI>Vl'<;Cll (NVI:) 

( 

, j" '1 \ l' J" \, 1 d • hl l' 1 IldVC carnl', "ut "PL'( Ld t'oll I,n INn ~tu IC" om\g aClCrs ln "orway, 'or t ICSC 

;,ludil't. ,Il {lll(\I',I',lpll', \",'1 L' )11',t.tll\'d <1(1 LWII l·,l.~( i~s ll~r l'uch .SullUU{'r~ .1\Il! trom 

dùditioll.11 (1b~l'rVdlll)Jl1> (lj dùudllll't.S, .1If tl!mpt<rd,\lIre, surfdce dlbedo etc 
, \ 

estimJtlolll> (lf Ill'!: 1,IJldt!ùn Wl're m.1Je, Sl'C fvelle ("'l'97], p.70-7) for detai!!!. 

Data il1,<'th~' fùnll uf Llblll.1tlllll-,.-"t lo'ee~ly tot.1b of :~~ radiation togcther 
\ . , , 

Witl! Ob"L'fVl'd wt.'L'Uy olbLlliull ,lrl:' glven by Tv~'Jl:' (1971~\p,76-77) f<')f Austre 
~) " \. 

Nemuruore .111d i\ltulbrl'cl1 l197(), by 'l'vede (1'173, p.79) [ôr Austrc Meniurubre 

and Xllotorl:'el~ 1 (1971)" by T~l:'de (1974, p,82-8J) for NigarJabre'eti and ~lfot
bree" 09n), hy TveJ,- (1975, p.54) [or Nigard,~reen and En~reen (197J) and 

by 'l'veue et. <Jl (1975, p, Stl) J~or Nig.1rdsbreen ~nd Engabreén (l~74). 

An analysi" of thL'sl:' ùdl..l Wols c.1rried out [or \comp,Hison with 

obtallleù (Chapter, 7). Temperat\ure data for the la situations 

" ,,\ 

te\ults aiicélùy 
\ 

anal~sed are not 
~ 

publisheà .ind Wt>re kinJ'ly made availdole in c,9mputer pnnt-out rorm\py Dr 
l, 1 \ 

Glll/ner !/J"trem of NVI~. Weekly po"itive ,degree J3y totals were co~pute\ [rom 

the raw ddta (~r the', S<lml' periods and l\?catiolls [or wI11<.:h the rduiatiof) and 

\ 
, . 

ablation ddtd were tivdlldble. 

5ca~ter diagrams of ablatiun versus net r.1diation and degree-day total !espect-' 

ively are giyen in Flgures_8.1 and 8,2 where nI' data refer ta wt!ekly tot~~ • 
• 

Data from Austre Memurll~,e for 1970 are excluded as, in this c~"e, the ooly 

avail~ble ablati,,~l dala refei tu ablation averaged over the whole glacier. (mean , 
specifie ablation), Bulh diagram" show considerable scatter, but ~t does app

car that thé relation between abl.1tion and degree-day~total i6 be~ter' tha~be

'\".Jee~, ablation and, net ra~iat'ion'. The straight line corrt!sponding to Equ tion 

(8.8) is plotted in Figure 8,2 ta a1low comparison between 1~ Norwegian r -

sults and the results from the Aretic. j 
\ ' \ .~ 
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• 1 
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• ;1 
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'" II , • 1 II ,1 , 1 111. '! ILl "~ , II 1 l, "qd 1 .'1 Il l,li l4,.lll . , ~ t 1 L Il [l't ., 

1" f ~, ,1 ~ , , Il , , , \' , ,', i t't -,;.l \ II ,1: 1.1,'1 , ..... 1 il! 1.1111.\1 1,,1[1 ( liK) r ,li t l,,' 

li; .1[tIIJtlt 11 ~j lIt' l\t!1 1r1 ; lil!l ~ :\)"tll( \o..}tll l!I\' 1)L'I'~L~'11t(lfl' lrIll)l',tt~lt0l llr 

t l t J Tl 1 ~l ~)I t t t 1 \ '1 l 1 1 fi 1 t II Y. 1 [1} il t' t', t t.,' l' - .. 1 .. 1 vtt) t ... 1 ! 

11111\ JI llil ~ "It t-L' p\J\1dl\lt~~' 1.,~.\~11.·"" \ ... \1 

, 
t 1,,,.1 .... 11 li ,j,'1 .~.d I.lt 11'11. 

l , " 1 _ Will' CL'c Î 1 ll·lt'Ilt (lI 

1 

tilt' \ 

, .11 l,j-

,Jld,lll.'I\ ,mJ \;1\ .. i, U.)') .l!hl \')', 
0' 

"" 1,1 ,1 .... 1" ri' !Jill ,iIl.l (!l~ .Ir,' 't,Ilt'::1 ",l'", .ll"II~,I\ ll>'rtt'!.ll,'t! . ' 
llll'rt' ,JI, lit· .lil 

" 

,1'.'( r ,1>', t III 1 ,,·II,I./II,'U 1', ]"\; i,~( ~ (1 l<j). ,]1,.1111,( ,'l''lllv "("11 th.ll llHI, 

l', lltl J'l·1.1l1,<lIi',1111' hl'IWl'('ll lll<~ lllrl'l'!.t,lI"11 ,'1 .!lJ!,llll'lll "';llil n('l LIJ1.dttUll 

, ! 
1{(.\,CWl •. 111.1 th., 1'1'r<lllLlgl' 1111port,Jllll' "1 r,ld!.l! Iiiii I.lr .lhLlllllll Ql~!i\. h'l ,'À-

.1(I,pll', 111 li, j'li.! "h.'" whl'll' 11,,·,pi.>r\i.I\[,l);" IIIiP"lldllll' ut foldi.lllun l', l".,·, 

\(-(,'rd 1 1\", ll'l'A!,l" \dl' : l'h' "'II.\,lll,;"\ 111'11<"'1\ Ill't Iddl"I'Î1l .lI\(.I db! 
1 \ \ " 

.,h(l~r1l11\t' ,j-"Vl\:h'J 1,1:,' Lill' 1.lll" ,>1 t\)"I\ .•. lljlJ'lld .• ·d'~Vl.ltllln~'~\,i.~( SpJ\' l\ .. " 
'Lt\d,· 8.! uIIL' II rl.1.1l1tll1 (1l'l1;, 1 l'Il} , I,(,\,')!:) ,11(' .(]lIlp.~t,'d Ilh S/{/SA ,mJ tlle'-

q\J lnt I.,l~ xl'" IUt!I' ,r-\jli). \SUlil'!';,,\) 1-0\11/ It ,,"1'11 '.l", t lIL' llltfr.1C~ ~'0K betWl'l'll IwL 

r.1Jl.ltlon ;llId ,111' ll'tlîlh'l..ll\lrl'. Il till,'r,' \',l'IL t1l\ 11l\pr.H·lliont, /{(A,qR) sh0ul~ 
hl' ('qlhl1 d) SJ/~.\' I.t'. un :IVl:I'1,',t,fqll.l1 to 'J!iÜll't O.!ll, SI) t!l/ll SU!';,, rcinfùr<'l,'-
. " i . III . 

l,ln 

cumputl'J: 1 

1>1"'-[ of ll\,', lUr!-l·I,J[I"!1 1;IlI~t IJl' 1l'(/Jlrl,1:~. l'lit· fulluwing n.:'/!JI,re~SLO~1 mode] W.J~ 

/ 
l ,/'!I-1.: 

R:: 0!80. i- 0.1'\ + O.48.X (8.9) 
i( 

!, '1,11 ion (S.I» Jemull',1 r,ll.,,, tlidl 1{(A,(~I~) l'; pl' Im,lllly 1"1.'ll1f )rCl'tl by Lh~ illt~'r-

,II L'lllJ1 (lf IH'L r.llll,ltLlltl .lnd :1ir"'fumpel.JltH{' witl1 .!IlUuL 64 % e:r..plallutidn ur. VJ-
, 1 

rldlHC.' The LlllL'rLL'pt -0.19 çùuld repn'!:>l'I,lt 'nL'~~,livl' ri.:infj rCl'Oient ef~ects of 

Otl1l't, \l\\~PLL~[lèd, eu!:'rgy Süurcl'~ whilst Llw st1pe 0.43 coIld rt::present Lhe 

Cùl1VV r~i O[) l.ldLlr4)~~~~e-Jdy lot al Jlld ~J1lb 1 b le he,l l lux t~t.ll. 
. . ,~I 

From lhesl' rl'~\llts it would SL'em that the gl'ner.ll\lY lùw cilr l'lation hl'tween .db-

loltion,JllJ IlL't radiation IrISeb b,ecduse of the gl'ljn!:'rall y lot variabdilY'~f net 

l'Jul.HI01l L'omp.1reu to'higher vdriability of dègre~-ddy totdl and, presumab~y, 

\\2t1siLde and l.1tent heat fluxes. This has becn stJtaù aLo, by Tvede (1974, p. 8i). 
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Stanua'u D .. 1" , 

f2 
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", *abl;;ttion re~ers to whole glacier. ' 
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\ 
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\ O. 'i8 

\ 0.13 
\ 
\ 
\ 0.68 

\ 0.4'3 

o \ 0.85 

O. (JO 

0.79 

o .bl. 

0.84* 

0.06 

-.=-

0.55 
. P. 

0.30 

s- 15 R A 

0.4) 

0.32 

0.26 

0.24 

0.40 

0.50 

0.21 

o ')') . "--
1.71* 

0.37 

0.47 

D 

1., J3 

-0.02 

'1. 2') 

1. 38 

'1 '. '24 

O. 17 

0.87 

0.33 

-0.7&* 

-0.20 

0.56 

d.76 ' 

Tdble 8.3: .r\n~arison of the Correlation Between Ablation and Net 
, . ) 

,Radiation R(A,QR), Relative Variability of Net RBdidtion 
\ ' 

~R/si anJ ~nteractioh Betweeu Net Rddiation and Degree-

Day Total i fo; Four Norwegian Glaciers. 
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9:3 D.3J 0.70 0.47 

4.4 0.48 
, 

0.88 0.55 

0.9/ 0.46 Cl.B8 0.53 

0.4, -0.69 0.S5 -0.45 

2.4 0.78 0.78 , 0.62 
\ 

7.9 0.26 '0.39 0.67 
, 

-9: 2, 0.85 • O.GL 0.93 ( 
" . 
' , 0.8 0.71 0.86' 0.82 

-ï'< ~* (0.19)* -* 
1.9 0.27 0.791>' 0.34 

2 .1 0.54 0.72 0.60 

5.3 0.23 0 0.24 0.19 

--

Table' 8.4: /~tatistics of Linear, Regression '~\odel of I-Jeekly ,Ablation 

Tot,al Versus weekly Degree-Day Total t Int~rcept AoJ-, , 
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VdOOU" stdtl"lIL!> rl>Jdting tu Lhe regrec,Slùn mùdcls of dbldL1Ùl1 ln LL'nn:, ,d 

degrl'l'-ddy lotdl are tpven ,in Tdble 8.4 Whl'll' Ao dnd B are' the intl'rl:eill ,md 

!>lope re'>peLtiv>ly 01 the regrl'c,,,iùn model. Vd'lue:, tllr Au"lre HL'murullft: J'J7t) 
the 

..If.' omilled bCl:.lllc,l' the .ll.ll..1LJOIl reler" lOAwl,olt.' gL11.\er in lhal l:d::.e (llll:' \:-, 

J pit y a" the !:olLlI,ltiull 1.11..1:', .1pp.lrl'lll1y, .Ill illtere"ling olle). Compdr~sllll bl'l
'v~ 

ween Table 8.4 Jnd the corrl'::.pondinf!, Table 7.5 [or Arctic !:ollllJllOnS 1::' l.~er-
" 

c::.éing. Il :-.hould be borne in mlnJ lhJt Tablt' 8.4 rl'fers to wel'kly .lhl.ltlllil 

toulls so llIJl Ao mll"t hl.' divlded by !:.evell lu ob'tdin the equlvdh'nt :,l.ltl:-.lll' 

for d,llly dbl.llioll, For the Norwegian situ • .Jtlons the ..,lope Il \:-. un d,ver.lge 

lower th,1I1 tor the Arelie situati,;ns, -i.e. Cl.54 cllmpJred to n.nl cm H20oC-'!, 

dlthollgh its v,lridbi lit y IS grl'dtl'r, st.JI)d:Jrd deviatlOll ù f ll.2 3 l' olnpd red tu 
f, • 0,-1 

0.10 l'Ill Il)0 ,L 'l'Ill' difll'rCl1l'l' 111 lIll'dll .,lo!Jl>s of O.'J4 ('>dIllpll' '>17,' lJ) ,IIHI , 
0.63 ,Cc,Jl11ple Size 8) i!:. nut signLl iC.lllt dt the 5 Ïo level dccordillg lu the test 

gi'J.c.!1.. by Krcyszig (1970, F·210). On the other hanJ, the abldtlolr fur tlte Nur

wegi.1l1 SlLudtion:, dues Lnvolve o.now ablation olS weIL 'as ice dbl.llioll ,,0 tlIdt 

the ablation per Oc mdy dctllally be lower 

tercept A 
o 

-1 \, 
of 2.1 l:m H

2
0 Mcek or 0:3 cm 

erent from zero. 

on account of .this. The .iVerdge 1 n-

-1 
H

2
0 dy is Ilot :>ignificdntJy OlU-

ln sUlJUlldry the rl'sults [rom the ten Norwegian situations do gener1111y o.upport 

the results [rom the four Arctic situations which were discussed in Chdpter 7. 
1 

ijowever, th~~ 10. Ilot to !:.ay lhdl the problem of ablation on Norwegian gldLlers 

is completel~ solved by the' degree-clay approach any more than the prhbll'TIl Wolh 

solvcd for Arctic glacierb. This point can be illustr.Hed, by recall1.ng that, 

according to the results in Table 8.4, only about 58 % of the VdTl3nce· of dbla-, 

tion is. on average, exp~ained by variations in degre~-day totals. ln add_ilion 

there are admittedly individuai situations where the degree-clay model is 'espec-

ially had, e.g. Austre Memuruhre 1970 and Nigardsbreen 1974. In' the IJtter case 

net rndiation actually provided mof" than 100 % of ablation elH'rgy for il tllrpp-

wcek period (Tvede et al 1975, Fig 4~. • 

'i 
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i 'VY Compdn ~,)ïl 

,-~ 
wlth \{\.'~lJlt!> fyum Otlll'r CI..lclen 

,~ "-"'-
\ 

\ for tllrlltl'I 'Llllllp.lrlt>UI1 Wltlr lhl' rJ"ult~ ,1lre..luy de!>cribcu, d liter,Hure 

~,edrch ~ .. l', C..lrrll'U Ul~t. Figllre 8.3 I~ d scattcr uiagram o[ abldtion totah. Vi;!r-

sJ,~ degrce-u..lY totJI tur drl>ltrdry period~ ([cw days tu wl'ù"le ~ulmner) on [uur-
\ ' ~ 

tce~ djtterl'nt gldLil'r~. 

or arç Compull'd [rum .dW 
\ 

\{e~ult" are CILher thùse !l)Jotecl by the vanous .lUthors 
'" \"t.'jJ 

" 
1..I.~Jd- ldbulatcd by lhe various authonL The sources 

we.re: Bartll'b 1 Cl' C..lll (13affin f;,ldnd) - SumIllers 1962 & 63 fronl Sagar (1966, p.64), 
\ 

Boa" Glàcier (llalfin TsIJIlJ);- SUllllller!> 1970 & 71 l'rom Jacob" et al (1974), ci1-
, " 

man Glacl~r (Llll'bllll'rl.' I"LIIIU) - Sunnnl'rs L957 & 58 from HattersÎey-Smith et dl 
\ 
\ " (1961) dnd\Arno1ù (19,68), ls..lchsen 1 f, l'ldle.lu - Sununer periods in 1934 from Sver-

\ ,0 ' 
drup (l9J5h Kdr'>d Gl,acler (Swcden) - Sununer periods in 1942, 1943, 1946 and 

\ 

\948 from Wa\llén (1948), Laika lee Cap (Coburg Island) - Sunmler 19'75 from Mùller 

and Kappenberger (unpublt!>hed), Meighcn Island Ice Cap Sununers 1960-62 & 1968-

70 from Taylor,:-A11 (1975), Salmon, qacier (British Cvlumbia) - Summer p~riod in 

1957 from AiJkln (1958). Sveanor (Northeast Land) - Surnrn'er periods in 1931 frum 

----~__________ Ah lmann (l9JJ) , Sverdrup, Glacier (Devon b land) - Summer period 1963 from Kee'Jer 
" -~ 

1 

, , 

( 

~~ (1964), 

, '095, , 

l'hu1e Ramp (NW Greenl and Icc Cdp) - Sllnnnel,;' periods ln 1954 f rom J)chyt t" 
1 

(Axe 1 Hei bcrg 

" 

1 

,1 

r. 

Upper Ice 1 Lb ldnJ) - Sllnnner periods in 1960 from Havens 

(1964), Worthington GlaCier (Alaska) - Sllnuner'period 1967 from Streten and 

Wendler ,(1968) and Whit.e Glacier,,(Axel Heiberg Island) - Summer periods in 1960-, 

62 from. Ançrews (1964), Havcns ct al (1965) and Müller & Roskin-SharLIn (1967). 

The data represent .. widely vartcd localions and conditions. In sorne caS<es abla-

·tfon refers ta ice and in o~h~rs it rciers to snow. The model (8.8) js p10tted 

in Figure' 8.3 for comparison. The t':tt;~ the resu1ts to the model is not tao 

bad: differences between indi~idua1 r~~lts and the model have ,an average of 

1.6 cm H
2

0 with stalldard devidtion 11.9 cm H
2

0 '<ImpIe size 29). If it is aSq

erted that the resu' t s should fi t the mode,1 the error would be 3 % oJ the mean 
\ 

and 14 % of the variance., These errors are surprisingly'l 
\ 

and ie wuu1d be 

dif(icult ta daim that they falsify the model. 
\ 

The question as to whether ice and snow have different ablation model~' is 
1 

0-' 

blematic. For example, ablation on Laika Ice Cap was 39 cm H20 compared ta 

57 cm H20 predicted by the mudel (8.8), and the disctepancy might be ~u' ta 

effects of snow ablation but, on the other !tand, ablatioljl at Upper Ice 1, also 

" ~ 

1 
1 

1 

! 

l 
1 

" 

1 
, 1 
, 1 
\, 
" Il 
\' 



- ----"--- -------. 

.' 

-,' -' 

11\\ " 1 \ Illlo "1 t li t li" [.lud",l 
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'.Jhl.lt101l -nd "p,'ciii. ,11-,th,JI,'" 
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for t'll;ht s\>,i~:" l',ldl'lt.'rs ln lerms \,t t.t'lap-t.'r.Jturt' l'"lr wlateJ 11','[.1 v.dll'\ ,~=...:c---,/ l ___ ________ 

, , L / 1 ~ '1-........ tlOllb 10 th,', lIlt.'.ll1 JllltllJl' oi the ':lJClt'n. (dCtud !y rv .!tl\'l'j..:z:; v-cc,'>,, ll' tl" 

;' ---- ---------- , 
Illl'd!1 11.,\). , lII., t ('IllIH'rdtun'~ Jo !lot tJkp account 01 g-t-;îiîl' !'cll(,lIÎIL l Il "1 t" 

Lwd hl., r,fdtIOIlë.!llflë. dr't.' "eYt..'loppd for sl'lected "hopltl'rt' \OI'~ilL'l\.Il.l'" III 1\11'-. t . '[.\ l, 011 recurl., "}.tl..'lldlllg IlV,'r' llldlly yt'.I~S. f)l·~.IlltC' thl';'(' qUd 1~ll.dtll'lI" hl-, .. :".!, 1 

dl.' III 1 H' :-..III\l' "h,dl parh" ..1:' (8.:1) witl! JCe dh1.nilll\ 111 LI\,. r.lllt~l' 1),', 1,,1),/ 

() -[ -1 
llll Il 1 () (' d Y Illl)()utry (ll)()!j-/)'J, p.4'.l:!) r"view:-. J nllml~l'\1 ùt Wl>lh', 1:11\<,1\,1111, 

, , 

Ue);fL.'l'-UdY drprLJ,l.$IIL'~ tü dbtJtioll and qllLlte~ l'o('ffici~llts in~ tlll' l,lIlg.' cl. 111 t,1 

0:69 pli; Il,/) °C-Id~\ whilst llrheÎl:l,(1970) reports coeHicients oF 0.65 dtH.I (I.hl 

cm l!1~() lJc-Idy~l,[Llr,~tJ~nl1lers 1965-66 on Store Supphellhrc (I.J. Norw,lY). lllt",,~ 
ldttel" re"ult', .Ile pJrtlCULlrly lntcresting ü\ vu;>w of the larg" Jb::'l)~'<Îi;lolJnt ' ~ 

of dhlJllO\1 (over 7 [Il 11.)0 !). Il coeffIcient of 1.38 cm)!2 0 °c)~-epOrLI'J b)' 1 

Schytt (lcih4) t.hould bc.~('ntioned J.S lying outside the "normâl" rJnge. 

"""" 
bL't',n'e-ddY .lpprOddll':-' III ~lloW'I~èltillg are conunOll for prl'idll'lioll 01. :-.!Iort-pl·rlud 

:' run-off, !:>él.' Linë.ley ut <11 (1949, p.427-432), llecke'r (19\~9,~,p.~6) dm! t,<J,,:1I1111 ... \ ' !. 
1 (1972, Cl!Jpter 111). \~ldcly JiUering co",.fficiellts .Ir\' ql\otcd. C!JlJrc!J (1<)/1..', 

"~ , t> -1 -t \~ 0 -1 -} 
,p.129) quotl..'s 0.23 m H

2
() C dy for the SIerra NevadJ. and 0.49 Clil IL

2
U (' dy 

for Fir;land. Gray (1970, p. 9.1.3) guotes different coefflcielts for "open ~llt." 

1 

\ 

) 

, .,. . , ... ,,...-. , --~ 

Il '" ',. i . \ II -1 -1 
and fore~t SIte snO\,1 JbIatlon Slt\ldlLons: 0.27 an<.l o.n cm H2(;' dy rl't.p-

, 0 -1 -1 
ective~y, Zlngg (1951) quotes a Vd uc o( O.!j) cm [{'JO C dy for tilt' SW1"" 

Alps. 

il Sl'l'm" a !>rlorl H'abolhl!J10 th,iL tht.'rl' should Ill' <l dil[l'r,'l1c(> III llt' dbl.lllLlIl 

.JilL! bllOW .lIJl.!lÎoll LucLLlliclll:-.. SI10W h.l;,.. illghl'r :!Ila'du LIIHlclLlI""l" "url dl<.' 

• rouglmesb lh.an iee so lhdt there should be less snow me1 1 lhdll, ice melt 1~Î.~r 

the SJllle -degree-udY conditions. Furthermort:, the hydraul~c prjopcrLieb o[ ',,\ww 
, 

.Ire such tlldt mi.!lt-"'.Iter mdy ,bEi mQre l'asiIy retilÎued within ~(w snow p.ld dp 

fFee water which may later refree~e within or uncter the sno,i pack. 'l'hi;, Cdl! 

be bununarized by sayu1g that SHOW m~lt dnd snow, abla~fre Ilot, identic • .d: 

identity of iep melt and ic~ ab~.:r-tiol\ was certdinly ~ssuliled iIl tille dibCU:,..,ioll 

in Chdpter,7. 
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Fig 8.4: Com arisOl1 of Ahlatio!~'fêlll er..ltùre Paramcter for six Difi-
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erellt Glaciers /(13 Situations). Error lIars Denote 
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,. Ab!.ltiol\ Vl'r~u::-, de~nJe/<.lY l'U~ltlL'll'l\t~ will hl' dftl'l'ted" by the IIll'tlwd.,l l\\III

'~llIt.]tlOn z.ll1d definltiJ ot th~ dl'gH'l'-d,lY tutal." For l'x<lmple, the computJtlulI 
\, / 
~1 ,the coefficient aS t,he rdtlLl ut ,lbl<.ltton ,lIl.? degree-day totals over ~ume H'-

~JtiVdY long perio' lb relative]'y ~ensitive to errors. - The method of cornputll\l; 
/ ' 

COl'j t ldellts by fI'C" eo,:-.HlIl of. d<.llly value!> ot JbIdtlon'·Jnd t,emperdture or ,k"l:;rl'l'-

Jay tot<.ll i s pref -' abll', !>ce Chapter 8(i l). The mct'tlOd of compuldtion by rc-
~ , 

gre~sioll oi"cwllwl tlve dbl.nil)JI Uil l'umuldtivl' degree-udY totals is nul dJvl~dbll' 

'011 ~CèOUI1t'Ofhl extreml' llon-:-.t,ltilllldrity ln the cumulative datd as ~t<lll'd by 

Andrews et al 971) dml Addm (1972), As pointeJ Ollt by 'Arnold d~d Hdckdy 0%4) 

,', ~ it wou Id' be pljterable to compute '~egree-ddY totab from degre: hou~ touis rd-) 

ther than frol dJlly llll.'dn temperaturcs di> is donc ln Chapter 8'Hi) of the prl't>ellt 

\ ,work. ~ 

"\ v) Condus; 

models of d~ily ablation versus temperature, developed 

. " 

in 

/Ctla'pter 7 (~iv), show red~onab le mutua~ ~onsistency (Tab le 7.5). A degree-d..!y 

model is developed [rom these in Chdpter 3(ii) wl!ich seems to be reasondble V,l

lid for other situations as an dpproximdtion, see Flgures 8.2 ta 8.4. Howcyer, 

problems do re~ain and the approXlmate nature of the model must'be emphasi~ed: 

it is certainly not a "law". 

The madel (8.8) will be app)ied tü the problem of modelling glacier ablation 

usîng temperature data from distant wea-fher stations in the following chapters. 

A. Note on the Autocarrelatian of Re's:lduals ' 

The fl.rst-order autacorrelation coefflcients for the residuals in the re-

'greSS:lon models linking ablation ~nd temperature are, perhaps surprislngl~, 

small. in the range -0.3 to +0.3. AcCOrdingly-~ct of autocorre1atl.Oll 

of the residua1s should be ta increase the widths of th~ confidence intervals 

:ln Fig. 8:4 by"â factor of about 10%. 

. ) / 

/ 



1 \ 

, ' 

';., 

... 

( 

CHAP ER 9 , 

l'A hliLTR1C ~tLlDEL OF ABLAl'lUN' UN \ntl'n, , ('L1\C 1 1,:1{ 

Introduction 

\ 
\ 

. 
From tHe [indlngs repurted in Chaplerb 4 to 6 lt i claimed that reasonably 

accurate series of local air temp,cr .. Hure can be compu~ed al' points on \.Jhite Gla

Cler using temperature dald inlerpolated f~nm the dis~ant weather stations Eu-

reka (113 ~m) and Isachsen (280 km), From the findings of'Chapters 7 and 8 it 

is claimed that ablation can be reabonably accurately computed frClm observed 

local air tempe rature,-. The logical npXt step i5 lo attempt computation of 

sunnner ablation totals at si tes on the glacier using 'temperature data from th~ 

distant weather stations together wilh' the values already obtained for the re-, , , 

levant parameters f The usefulness/ dccuracy of the method should be assessed by 

comparisè>n" of thet'resulting compulep ablatiy~es with the\'observed~ablati~n 
, - , 

li:iJries. In ,practice this is not eaby, and is discussed in the following section. 
,. 

If the probability di::.tribu,tïon of ,daily m~,an local temperature within a' morithly 
/ , "-', 1/ , 

_ sample is known or as&umeJ, it is not necessary"t-o".c.ompute a series df. daily 
t ~". 

--', , 1 

temperatures which must then b,(;' summeJ ,to gi~e a degree-clay fotal fit' the month. 

The procedure actually adopted W3S to interpolate monthly me an, temp , rature~ and 

the corresponding standard devi,atL LIS from the distant weather sta lons. Next 

the local degree-4ay total wa& computed [or the month by numerical integrati.on 

of the normal' probabilily curve ' .rresponding to the given monthlY,mean and 
\ -

standard deviation. The ablation for each month was computed from t,he monthly 

degree-day total. l'hi" was done [or the month" of June-August, and the compu

ted summer ablation a was taken- as the sum of the ablation for each of the 
c 

three morlths. 

/b'etails of the computation' scheme ar" ~ivén ih Appendix 4. US'ing the method, 

summer ablation was calculated fùr each yedr in the periocl 1960~72 at three le-
e ~ • 

vels on White Glacier: 210 m (Lower Icè)" 370 m tAnniversary) and 870 m (Mo-. 
raine). / 

" 

ii) ,Use of Field Data for Checking the Model 1 , , , 
Direct comparis,on of compute<{ abl~tion with observed ablation on White Gla-

cier i5 not nossible for aIl y~ars of record in the period 1960-72. This ~s 
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. 
b~cause ablation j lself 15 nut observed during a routjne rnass balance programme 

1.:. 
involving visits to ttte gLlticr u 'fcw tillll'S, dt must, during the sununer !ieason. 

Accordingly the computed suriuner ablation W,lS cornpared to lll~ observed 3nnudl 
r 

net ablation (defiried here as the negatlve of the anutlal uet balance). Conse-

" quently som~ of the disc:rcpancics between the two compared quantities will re-

flect the fact that they do represent di ffe~ent 'things: one source of discre-' 
" / 

pancy wi 11 be ,accurnulat,ion, win~er and ymmer ',_ 
1 / 

:!,he -model in Appendix 4 purports ta compute.....lblatlon ln a fixed dat systfm 

(June-August) under ~he assumption Lhat the ablJtlng materia1 lS ce. 

The observed datd u~e~ in the 'prl'senl study comprise averages, a the annual 

specifie net ~blatiun.~t' d few stakes at or near each of the lree altitudes: 

210 m (Lower Ice), 3iO\m (Anniversdry) and 870 m (Moraine)., 'For logistic rea-

sons (Müller, personal connnunication) Ït was not possib,le tt visit White Gla-: 

Cler every sprirtg in the l J-year period 1960-72. Hence separate series of win-
"-

ter and summer balances dre no~ av,ü 1able, An additional problem arises if no 

spdng visit to the glacier was made because il: is not certain ~hether the last 

stake readings made ln the pr.evious auturnn correspond ta the end of the budget 

year (end of ablation ~eason~and, of supcrimposed ice formation). On account of 

this problem i t lS possible that sorne mas4Jc!11anges are actually attributed to 
J 

the, wrong balance year. It would have be'en idea1 if the series of observed ne~ 

ablation, used in the prese~t study, could have been based upon ~dentieal sta-

kes for each year. This would have gi ven homogeneous ,series. However~, this 
". 

was not possible because of 10'ss of stakes, changes of stake location etc. Va-

. '" lues for Lower Ice were generally" based upou teadings of Lower {ce D~àmond for 

1959/60-1963/64 and of stakes LIDO, L103 and L105-l07 for.'196S/66-197102 with 

the 1964/65 net ablation estimated from the L 71 cable. Values for Anniversary 

were based upon any available data from Anniversary Profile comprising stakes 

Al - A11. 'Va1ues- (or Horaine were based upon availab1e data from Moraine Pro-

5-i:le comprising stakes M2 - MS and from Moraine Diamond.. Aceordingly the ser

ies of observed net ablation are not entirely homogeneous or uniform ln quality. 

An objective est'imate of the data accuracy wou Id 'be difficult. 

White Glacier net ablation data for 1959/60 to 1961/62 arelplotted 
1 

1 

! 

~I 
/~ Il' 

in, Figure 1 
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of Hul,ler (l96Jc) whi b't 1969/70 tu 1971/72 dJ.tJ. .ne 'iummanu" ln Br,wn 0976). 

The data are otherwu,e unpublii>lleu' dnd thl-' kin<J permi:':'lon of Dr Früz Htiller 

'to make use of th~'ddta is irJtefully acknowlpuccJ. 

The general probleJll of c,l'lJ1parison uf abLJtion, computed by sorne model, w!th ob-
o ~ 

served net ablation Cd\1 ·be lllui>t rated by c,m,->lderdtLon of~ ba.! .. ance 

equation in terms 'of nl't dblJ.tion a : 
Il 

= (9.1) .. 
, \ 

>~ 
....... where a Ct), c Ct), a~(t) d () , hl 1'" l' , dn Cs t dre \,Il1lll'C cl 1,,1tLol1, w).nter accumu dtlon,. 
,~' \,1. w ... 

su~er ablation and summer accumllldtion respectivdy.f.o.r the t th balance ycar. 

win2~ab lation '\y ( t) CéH1, per~1aps, be, neglec'tt'd. The corre:,ponding ..computed 

ablatio~~c(t),' dnu the ùiscrepan.cy bct\veen !let dbldtion anù c:omputed &ununcr 

ablation can ~nQteu hy E(t): 

~''-"" 

(9.2) 

where as(t)-ac(t) is the discrep.Jncy belween observéJ dUU computed sununer ab

lation. For various "re;J.solls the rlght-hanu tenns of (9.2) ne/cu not' be indcpen

dent· of each other. 

On the lower partb of Whi te èlacier the aCCUl1lU Ln ion i 5 small and the mean and 

standard deviation of L(t), E a,nd SE will Le'only \veakly in[luenceu by accurnurcl

tion alld its variability whilst higher,on White .Gldci:r the effect will be 

stronger. 1 . k h / ,'. ", ' t lS nown l at var,lations of accullIul at Lon on drc t le, glacle.rs from 

year-to-year are relatively small, see Müller' (966). Koen '2r (1,970) 1 HaÙ.erley- \' 

Smith 0974, ~p.83) and Taylor-Al t (l975)'~" From this pOlllt of view the compari'

SOn uE. an(t) and ac(t) will still be a meaningful exercise. 

/ A further problern is t,he faet t.hat surmner "ablation ,md annual !let balance are 

known to be spatially quite var:dble (1 to 100 m scale) in addition to being 

strongly_ dependent upon altitude', see Müller (1963c, p.38) and Young (1972). 

The computation of ue does not take acc~unt of 'these small~scale, topographi

cally related, variations and it can ouly be hoped that the averaging 'of data 

from a few,stakes, to compute the an values used in the ~t;udy, will partly 

smooth o~t this,effect ln the observed data. From this p~int of view a may be , n 

./ 
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\ 
!'I,J"d \,.ll, Il~p,-.él l,l .1 "rl.'pre!:>t:'I1l..lti\it''' vJlue fur the JllitlJde CUnCl'rI1l'J. 

III) :_(,!!'1),,~Iln",'Il,(lIn ,(l!Pn\,~~rnv~~-,\.!~~J.~~~_ t\blJtioL1 and Computed Sunmll''r Abldl l(lj1 

,1 
,1 

'\.Il
n 

,\~h.I_I:'. ,l',~,!.'_l_,.:.r. _1_:')..2~~..!22.lJ...?i 1) 
uh"L'r'vl'd lll'! Jhl'lltLt .it three dltituJè!:> on \~hite Gl..Icier' [or the nb.lLJllL~\ 

, 1')')'),l>I! Il' II)il!i2~~'';~'()IIlP,Ht'd \.'Jll< the ('(]rre~rondlnt.: compul\'ù'Jl'Jdll\lil 

l ',,'l' ,\pl"'1\,11, " L,r J.'L.l! 1~ I)l the CÙ!1,putdlllln ~cheme) in Figure 9.1 lu Fi-

!~Ii 1 l 'l, \. 

Cl,,'I'! l' r b ( 1 1 ) flilb Wll'I 1101.be the on]y source of {'rror in a(. nor will .ln 

l, SE (i::"/;) (~E/Sn) 2 

-
1 [Jlv,' 1 1 Ll' 35.2 -1:, .,2 un +26.9 C1.I +5-.2 v, 

lu 10 

-f,. ') cm +24.3 cm -3.8 "7 18.5 % 1. 

, 
-'27.4 letll + 17.7 cm -75.5 % 16.1- 7. 

.m.! SI. ,Ir\: LI\(' ll-ye;:l1 l;)E'an and stdndarJ ùeviation of the discrpp,:m('y 

l ," ( c· 

,_ nn , 
LI.! ~î!J the 

n 

(S~/S)2 Ü 

mean discrepancy expressed as, a pércentage of 

the variance of the discrepancy exprcHsed as il 

( 

Flum lbi..' yig\ll;L'S 4.1 to 9.3 and the above statistics it Îs c1ear that the per-

t 1\1 IIl,ÎIll'L' ul 1I1L' llluJL' L tu compute a tS fai rly good from se1veral points of Vlew. 
,n'-' C 

Sy~l"l\l,lt Il'_di~l:rq)-tlncîês: represented by E, apRJ!ar to become increasingly nega

lIve wtl-h incrl'f!>lng altitude and accumula~ion. At Lower Iee and Anniversdry 

th" 'll,IL'Jl1 VJlul'S or E, +8.2 cm and -4.5 cm respectively, are nM '~igni[ic~l11t]y 

cli ll.'rent [rom zero (at 5 % 1evel). Average annuai accumul§ltion at Horaine i". 

of llll' "oruel' of 10 to l2 cm H20 (Weiss, personal comm~nicaÙ("\n) whereas E [or 

Nürclilll.! is -27.4 cm H20. Accoruin'g to Appendix 5, an average accumulation of 

10 ('Ill lould produce an E of -27 cm if the ablation-temperature parameter [or 
o 0 -1 -1 

meltlng snuw w.'re about 0.23 cm H20 C dy (cf, the cQrresponding value [(or 

" mdling ice of atout 0.63 cm E20 °C- 1 dy-l). Alternatively the large negative 

1 
1. 
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lIIL'!r,'d SI1UW n:fl,l'L'l-ll1g ln SItu to lur.m ICI.' which m~bt bt.: remelted. 

1\.llldUIJI JI~",r"L'pdIlCiL"', rl'pr'('::.ented by SÉ' 
(' . 

appe~ tp,decrease ~lth altitudé. 11101.::; 
< 

certainly truc that the l'rrots in-.re 
~~ ~-

1'> d IlLtll' dllJicult 10 exp-lain. . t .is 

J~ll l') 11l1(L'J'tJ,lnty ln lhl' Jblatlon-temperaturépdrarneter (represente'd'oy the 

l'rr,l[" b.l!'::' III 1'1gurL'::' <J.1 10 9.1) become ::.m'dl1er with decrea::.e of d (and ln-
, J .IJ ~, C. 1 

t'rl'd'>l' III .tl·ll/tUUC:), IJuL Il i::. doubt[u} if this effl'ct is S'ùffÎclen·t'. 1~ 1::. 

C d( l III ,dl' 

th.Jt -,thé cùmpu1ed local t~mperdtures and degrée-day totals '1 
beco.j' more 

1 
c 

WI tl1 IIH rl,.I',illt; .llll LIlll!! but Ji n'ct 
'::..! 

evidence, that thi" l5 in 1 .Jet 'lltl' 

L.J>,", lb I1llbblllg, 

Il IS cle.H i,'um FlgulL'b 9:1 to 9.3 that "anomalies" do occur. At Lowe!" lee 

tllL'n' are thrL't! out of lhi Qen cases (where: the discrepancy between a dnd cl n . c 
lb wry l,ll'ge, Le. the data pointi lie far [rom the 45-0 line in Fi~ure ':J.1. 

At Annivcrsary there dre two such cases. At Moraine there appçais ~o be a ge-
l dl' 

ncrdlly skco'wed relatiunship between a and a with"one "anomaly". 
n c 

The 1963/64 

budt;et year is notable ln rhat a is sUDstandally lower than a c at aIl threg 
TI ~ \~ ! '> 

(lltitllde~> for eXdmple at Anniversary'(a lis almost three times an' and h t-Io-
i..r- " J 

r~inl' the net abldtion an 15 substantially negatiyé. Although the 5umriler of . , 
1 

1964 is knowll ta have beèn cool, with {Iowa, vil1ue, the b~d-get yean i963/64 
• r c -~-

mu~t also h~ve in~olve~ heavier... \çc~mu, ati,.o~ than_ normal., 

'l'hl! J by 13 tdble of discrepdncie,s between a and a was analysed by two';:'way , n c 

-" 

andlybis of v.Jrlance (Krey~zig, 1~70', p.277) to test fot significant dif ferencc 
1 

.(~ ,; level) belwl!en budget years as well as the differencés known to exist .. bq-
.. ~ • (J 

tWCl'll the tlll;ee tli[ferent altitudes. The 'test failed -to" show significant diff-
" 

erences. A::. d turlher check the discrepan~ies at each altltude were expressed 

a::. "bLmdardized"c::-,data (i.e. det-iation~ from the mean divided by the standard, 
o 

deviation) dn~i the analysis O.l. vari'ance was repeated but witho'ut success (diff--. , 
ercnccs between altitudes being'suppressedby the standardization). Although 

the.re are sorne years when tl' 're appear's to be a systernatic tn7nd ln t'le discre-
, 

pancies between an 'nd a at the different altitudes, i~ is best to îegard the 
, ,c -... 

discrepancies as 'random with respect te years. Undeubtedlr·therL should be 

sign,iEi:cant diffl!rences bet~een ,years, cerresllonding te dif~,erent 
, l ' 

"weather" etc, but they" are IOb:cuJSed by other effects, ert r etc. 

prevailirig 

7C ..... ZT1Œ-· 

1 • 
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l "lIIjllJI.l1Il)l1 lit lL'.gn'''''''llll1 ('fjll.llllllh belwl"11 d ,1IHI;1 tur llll' dtll,'rlll! ,lltl-
n 

lIHi<'.., ..,Iiow!> "'ybtelll.JlÎl blolS, 1. L'. L!J~' l"l'gr"..,..,iol1 I()t'I t l<'It'1l1;, .l,l" dll f\ rl'lIl 

Irlilll o Ill' '(diltt.'rellll'S not !>lg111fiLdl1t .JL 'i? ll'vpl) , 

l t -

- - -
• 1 vl'l y. ..Ire +2J.9 , +2 \,y .JilL! +111.', 'III 1l'''P''l t-

/ 
IVl'ly, 'l'hl''''!.' dft.' uni? J iiLtlc ..,mJlll'r ... Lll,ll1 Lbl' cllrl'l'!>IH)ildlll!~('dll.'l'''' ,,1 ~I . 

/ ~ 

From the'-.è'ottt!ollsIJl'r.1lilll\!> Ill!> buggl·"lt'J t)hlt the .lpp.IlYùt bld-, <lI tlll' d.Il.1 
Y/,/ • \ 1)1.,. 

1 ~ () ./ ' , 

ihlllll!> III FIg\lrl'" !J.l tu 9.J 'rIilh rl·"lwcl·.to the 4"" 111\1', 'pl"'it",pl'lldlll~', III 
1~~ 

il =' a c ' caul,d be regardl'd as 'furlüitous. 
Il , '-- / 

. /~ 
ln the [ollowing bL'cUOn!> the bi tUJt ion!> dt Lo\Wyr II (' .mJ ~lur.llll" \111 Il hl' l"cl-

mll1ed ln a httle m~re detail. 

iv,) The 'l'erronnallC(' of the a --------------c 
There .1re SIX ~ul11Illers far 

Mou .. 1 Jt Low~ . .r __ I Ct.' i~~1..t-__ l":I~I..&.":_t. Yl:.,,:.r.::-. 

Will ch' 1~~dllY camp Il' lL' t t.'jllllJl~ rJt u l'L' t'L', 0 rd " 

'1a allab le al the Lowe'r lee s;/a'llon on WI)'lte Glacier: ,19hO, )961 & l%Y~h'. 
1 

observed degree-day totals DD'~ob for the month!> of JlIlle-Allgllbl for lhl'~l' yl',(I'!> 

arç compdred to the correspo'ndin,~ computed degrcl'-dJY lotdb [)[)'j, 1 III J, i gurL' 
• t • L.I. 

9.4." On the whole, agreement is vcr-y good. The dally.lempercllure d:Jtd luI' 

~, the yedrs 1960-61 and 1969-71 were used 111 the ùevelopment of the ,cool Ing pt f-

l'cl moJd (Chapters 4 & 5) sa, thdt the bood agreement ln Figure (~.4 (JllllOt Ill' 

t~~l'n as d furthêr sUPP,;rt of the cooling effect mode!. It ,,éJn, hÜwcvl'r, bl' 

regJrd-cd as support for the validi ty of the computation o'f :degrl'C-udy lol .. ) ~ 
/ .. 

[rulll'medll tt.'mperaturc, sel! Appendlx 4. 'l'he dVl'r,lge ùlonLll"ly DDT 1 l·~ J7'SuC dy 
.QI tr,O) , 

witl! standard deviation +4l.90C dy with sample size I8)<t\~ dverage errur be-

tween DDT l and DDT bis" +3.S
o

C cl)' W1t;l standard.'dev:~tion +13.SoC dy. Acc-, ea 0 la 
'. ordingly the error!> between DOT eal a~d DOTob amountfo +4.5 % of the med1\ of 

ODTob ' and 10.4 ï. of the variance of DDTab for the jarnple of 18 monthb. The 

:. ffiCdll errar is not actually sigllificant~dif[erent lat 5 % levc 1) frolll zero. 

~. ,otrl~('.:~t!.isCrl!Pdnt:y bt.'t\1l'en an ,md J c for t,he Il~ ye.lr!> 1" +2,Y cm Il'2() Cllln-

~,Irl'J lü +8. '2 CUl 1120 loI' th", full t hi rll'!.·ll Yt'l'''' Tilt' .lvl'r,l)jl' l'rror III ,iL-grl'l' 

~ "', day totals [o~ the six summers is actuaÜY,l'74:-ger than for tilt' 18 mO!'tll!>, I.e. 
o J 

+10.6 C dy. This error does not even have the ,correct sign to explaln the' dll;-

! 
crepancy between a and a. The main sourc!" of discrepancy between a and!1 ne, n l-1 

I 
1 , 

1 

l 
1 

, 1 
! 

o 
,r. 

/ 
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'" ~annot, lhcrdofc, be ndateJ, to errort, ln computing degree-ddY total,~ but 

~llOul.d rather be related to errors in computing ablation ,from degree-day total. 

As a test of this, d values for the !.ix year!. were regressed on the summer de-• , Il 

gree-day totals, n, ,crved and cdlculated. "Th~'" regression equations were: 

a ')2.2 + 0.45 DDTob R = 0.83 N 6 (9.3) 
n 

and a = 53:.8 + n 0.42, !WT l ca R = 0.92 N 6 (9.4) 

J 

The striki'ng agreement between the two eqll.1t lOIl!:> 15 'encouraging, partic~\arly 
-1 

in view of the small ftdIllpll' ;,iZl'. TI a.' 1>l()!ll'!-> of 0.45 and 0.42 cm H
2

0 Oc dy 
- - a ~ 1 -1 

·ha~e 95 % confidence lIltervals of +0.42 and +0.25 c~ H20 C dy respe~tive1y. 

They are, thereforc, not !.igIllficantly ,hif, fent (dt 5 % level) from each oth

er, but they are also not signiflc1ntly different fro~ the a~~umed ab1ation-

tempe rature paràrneter witl1 value 0.63 cm Il,,0 °C- l dy-l However, the close 
... ' r 

agreement of the bloP7s of equalions (9.3) and (9.4) with the parameter given 

by Zingg (1951) is noteworthy. 

The values of à e calculdted for -the 13 yCclrs at tIlt' three, alti tudes were ad

justed accordil1'g ta Equation (9.4). By this means the 13-year mean diScrq.Jan

cy hetween a anJ a at Lower Iee was reduced ta +3.9 cm H20, but resul~s at n e 
Anniver,sary and. Moraine were much worse than before so that Equation (9.4) 

'«annot he v-alid for those locations. Actually thç intercept in (9.4)should 

contain information about the 1ength of' ablation sea~on, see. Equation (8.5) 

and should, therefore, be 

bility carlnot be 'test~~ 
smaller at Anniversary and IHoraine. 

\ 
But this possi-

i 

1. 
In suromary it appears that the discrepancies between lobserved net ablation at 

Lower Iee and the Icomputed su~r ablation are more l\ik~ly tO'"~e due ta error~ 
in the ablation-temperature model 

"'".~t.al· vers,~s temperature models. 

pancies are on average ~elatively 

1 

than in the coolingl effect and degree-day 
r i _ 

It should oot be fO'irgCltten that the discre-
1 ~ J' 1 

small.,·)'" 

v) Effect of 
, \ ' 

Precipitation on Madel Performance at Moraine Camp 
. J ':) 

Pre~ipi tation and~~accumulation data are not availab e at Moraine Camp for 

the whole l'3-year rec;r'a. An attempt was' made to campa, e net ablation lit Mo- / 
( / 

raine with precipitation records interpolated from and Isachsert. 
" , 

/1 

1 

B 1 

1 
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Huw( vt:r, III VIl'W 01 tht: f IIHll 11gb of Chdpter 2 1.'1 th rebpcct tO" Lnl0rpoldt'ion 1.)1 

prUlplldtl:)1I UI1 LIll,! lOO km sl'dle, there Wd" no a pnOIl expecldllon of bllL<.:co.,t>. 

l'le, lpltdtlclI1 tutcll.., dt Lurekd dnd 1~<lChsen WCre cornputed 10r the winter sea-
~ 

;,un, Sl"ptemb,>r te) Hdy, dnd for the SUlnmcr seaSOll, June tü August, using ddtd bi-
" ~ 

VI/Il III "ArcU" :OWIlJ7).Jl'y". ALI lnterpol.1t~'d series for Axel Heiber~ Island wab 
1 / 

~OIllI\\Jll'J I1bini; wdghting factors of 0.7 .md 0.3 for Eureka and lsachscn n!bpect-

1 Vl' 1 \! • 
/ 1 J 

Winter prenplLJtiun i5 denott'd IW, and sUlluner precipltallOn 15 d.,:uotl'd 

'SI'. 11 ,; t 

\ 
) 

! 

(ÙrrL'l,lllun coe[flcients for the vdrio,lIb L'rIeS we,re: 

fi d WI' SI' 
n c 

<l 1. 00 n 0.93 0.07 -0.00 

de 1. 00 0.08 0.11 
" 

WP 1. 00 -0.28 

Si' 1.00 

\ 
\ , 

.: 

Wlth the L'XLeptlon of the corre1ation,between a and a • none of the cor lation 
, ,n c 

l'Den lCie.nts .IlL' si.gntficant (at 5 7. 1evel) or u'sefully large. As the/interpo-

----L1l1üIl errors Illvo1vèJ in computing WP and SI' are about 94 7. and i6 7. df vari-

dIHl', sel' l.hJpter 2(îii). it may be suggested that the low correlations reflect 

(,:-'lt'S~lve err,]r ... ln SP and,WP. 

The lack of qUdntit.1tive relationship between weather ~tation precipitqtion 1J 

gLll'l~.J;' accumuldtion can be illustrated by an èxample: the budget year 1-96.1/&4 

WdS, il yedr of nulably positive mass balance for White Glacier (Müller, 19b,~, 
Neighen Iee Cap (Taylor-Alt~ 1975, p.5 and Paterson, 1969a) and Devon le/cap 

(Kocrnl'r, 1970')'. The summer of 19tJ ... was a cool one, with 1aw al' for why{e Gla-
1 

c~er, but precipitdti<ln at Eureka and Isachsen was not excessive1y 'higy for ei-

Llll'r of thE.!" periüds SePt~mber 1963 to May 1964 or J'une 1964 to August/19p4. It 

~ecms c1ear that the 196'3/64 budget year must have been a year of excessive acc

umulation on glaciers without, at the~qilme time, being a "wet" year at surface 
• 

wcather stations. 

The point may be illustrated by a further examp1e. An investigatipn of accumu-
o l , 

1 

lat Ion at Upper Ice II at 1920 ma. s.1. on t'h~ McGi 11 Iee Cap. Ax11 Heiberg lb- \ 1 

Idnd; was carried out in a deep snow shaft du, ing surraner 1961 (M1ner •• 1963a),. 

\ . 
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1 
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l\t.'..J'>'J1IJbly ~L\.lt-~l ,l!,Hd lor allnu.ll accumul'ation back to the 1920s werl:' obtJ1il

cd. Accllmlll,JtIL)\~ clatJ) cIr'!,' platted tugether with Eureka ,mer' bdLhsen J!muai pre

cl\Î\il<lLILlll 1,.[1 l'Igurt.: 9.'1 lor the pe,riod of overLlpping recürd~, i.e. 19{~8(4q t(\ 
\ 

L'lhU(61. '1111.' llydrol'oglcdl year a~~umed for computation of the' allnual preLipltd-

tJUIl toLa'b W,J., cho~ell-to bl' August ta July because August temperaturc!> dt 800mb' 

drv 'aln:,ady gL'l1t:rally beluw freezing. Tlw data in"Fi.gure 9.5 ,He èxprl'~sl'd dS 

pl:rl·l'fll.lt;L' dL'viatiolls from the 10-year llorms Jor 1951/52 ta 1960(61 for the 'iL'-

p,lr.îLe rl'conb; the norms used were 68 UUll "and 98 mm for' Eureka and Isachsen dllll

li.!! pll'llpitoitlOl1 .1Ild 295 mm fur Upper IcI.' II aonual acc·umlliation. From Figure 

little relation beotJeen the ~arious sed~s, for.,example Eu-

rel prec1pildt'ion WolS 110 7. ab ove norm 'for the year 1953/54 whilst Isaehsen 

pn'llplt.1l101\ Jlld Upper Iee II aceumuLlL.LlD were very close to non. 1.' A ~llull

dlr laLk 01 rL'IJllpnblIlp is apparent between the Gilman Glacier dceumulaDion se

n\:::. (lIcllte~"h'y-Smith, 1964) and Eureka and Aler.t precipi.t?tion series. 

It I~ DoL bu~ge~tcd that there,is no relationship between net ablation at Mor

dl11e ilnd prclÎpltdtion per se. In faet, lhere must be SOOle kind of reldtion

slllp. Howevl , the tech~ique of interpolaling precipitation data from distùnt 
2 ~ .J :'-' • 

weclther st3"llOIH, (10 km scale) is valueless in attemptl'ng to estdbl1sh suell a 

relcll1on~ltip . 

vi) Summary 

The model, Appendlx 4, is quite specessful in that it computes relatiVel/ 
f . 

aCLlIrdte lung-Lerm averages of ablation at, Lower Iee and Anniversary although 
\ 

di~crepancieb are quite substantial on a year-to-year basis. Average perfor-

mdlll'e of the ,model 'dot Moraine is very poor because the model does not take 

accllunt, of dçcumu1ation, but even here the eomputed ablation is a reasongbly 

acc;lrate "index" bf the 'net ablation. The model, as describe,d in Appendix 4, 

eou1d undoubtedly be improve ith a view to improving the year-to-year per-

(onll,lllee of the model. • Ho ve;r, it is suggested that the major problem to be 

solved_Lor--Uiê- roblem of mot'ielling pre'cipitation and accumulat-

------ion proeesses. The paramet~ic approach, quite successful for modelling ablat-

ion, is probab1y invalid for sueh modelling • 

• 

, A 
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, Standard Deviation of Temper~ture 

r-le~"llIperature 1.0 2.0 3.0 4 tO-/' 5.'0 6.0 1 
1 

-9.0 " 0 0 0 0 0 2 
1 

-8.0 0 0 0 0 1 4 '11 

-7.u 0' 0 '0 1 ' '3 ' 7 
' .. /iiI 

r -b.O 0 0 0 2 5 11 , 

1 
. 

'-') .0 QI • 1 0 l 4 9 " 16 , 1 

! 
-4.0 0 0 2 7 14 23 

i - J . .0- 0 1 6 13 21 3i } 
1 

- 2.0" ) 1 0 4 Il 21 30 41 

-1.0 '1 10 21, 31 42 53 

O.Ô 11 22 ,,33 44 56 67 
/ 

l.q 32 41 51 61 72 8.3 

2.0 61 64 71 81 91 102 
1 

J.O 91 91 '96 103 112 122 
'\ 

4.0 12,1 120 122 127 135 144 

5.0 153 150 151 154 159 168 CI ..... 
6.0 11)2 181 180 182 186 193 

\ 
., 

Table 10.1 : Com2uted Honth1y Positive Desree-Da~ Total (3l-day month) 
\ as Function of !-1onth1y Mean Temper;atute and 'Monthly Stan-

1 dard Devidtion of Dai1y TemEeratures. .. 
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~ 

) 

. ,-,-

! ~ 
, 1 

75--- ' 



/ 

il l 

/ 
CIIAf'TE R 10 

MODELS OF WlinE ~LAClER NI',']' ABLMI(\"1 Vl',RSlIS SlIHI'1FR tnU'I',!{ATUIU, 

i) Introduction 

In the prcvIou~ chdptvr the (ornput.!t iU[J of SlllnlllCr abL.ltion on 'White GlacIer, 

using a parametnc moJel, is dlseu~~l'J. The dpproach is a new one and the re-

sûlts cannot, thereJore, be compjred ~lmply to results obtauled [or other gla

CIers. The simpler dpproach of eompdring gldc)er &lllIUner J5~ldn('(> or !let bd,ldncc . 
for a number of year~ to the lllrresponding ;,ummcr mean temp~r..!lure or i:>ome 

funet"ion or temper.lLllre 1~ one that hJi:> bl'vn ~,lr,'rlecl out tor a number of gl..!

cie,rs, e.g. sel' Il.ntin (1974) dnd Hoinkes & <)teilldcker (1975). Ttle 11011-ltnear" 

curves of accumulation at the equilibrium Itne or glaciation limit versus sunun-
11 , 

er mean tempe"raturegivell by Ahlmdnn 0924, p.264 and 1948, p.48)J LoewI' (1971, 

Fig 2) and LiestM (pers~nal communication, 1976) can be inteqheted él1so as 

ablation versus sUlIuner tcmperature curves. Accordingly, for purposes o~ com

paring Whi te Glacier wi th other glaciers (resul ts for twelve other ~,1 aciers dre 

given ln the following chapter) i t is int~resting ta express both a and a
c 

ln 
, 6 n 

tenus pf SUIIU11er me,an temper.J' Ire. This can~ be done for:1t both Tpan;d TIN' 
,p 

latter w1l1 be, more i~te['esting a' it allows compar;ison of e!iults from 

but the 

glaciers where -it is not possible ta take account 

othee J 
coollng effect ~ , 

------------------I.~·r .~ 
It should be first n~tecl 

\ 
that the reLltionship of lllonthly degr e-clay total, 

and hypoth~tical montlUy -ablation, with mpnthJy rnean temperatur 15 non-llnear. . ( \ / 

In Table 10.1 and Figure Id.l this relatlonship,is illustrated under the ass-

umptions of Appendix 4, i.e. that daily" temperatures within the monthly sample 

are stationary aùd norlllall'y distributed with standdrd deviatian S. This means 

that sununer degree-day tatals, calculated as a ~urn of monthly degree-da~ 

t'aIs, cannat be ,~xactlY expressed as a fUl)ction, yne~r ,or ~on-:-lin(' r, of ~he ~ 

summer~lllean te\rPeratur(Y./ Ho'Wever, it.. should be nOfed that the curves in Fi

gure 10.1 are "quasi-,linear" or "locally linear" ,o~er narrow temp!rature ranges 

Of, sevet<.11 oC; JUonithly méan, , temperatufe at any part\~ular location will not 

c~.ng, from on, y t' to anoth" by "'" th'n a COUPl\ cl' 'Co 

1 
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ii) Ohserved Net ~blatll1l1 anp CUlIIpUU:J Sur.u.Jer AblatHlll Cump.Hcd tO,Computeu 

Summer Tcrnper.llurC' 

In Figu're. 10.2 the Ulr.lputed .swnmer ablation .le for "the thrett dltitudcs on 

White Glacier ;3re compared tü the correspclllding l ,Jmputed summer (June-August) 
- ' 

inean' temperatures Tp for the U-y~ar period 1960-?2.. The non-linearity and 

_ " ,. lack of exact--~flationt>lIlP 15 r~a~/1Y' appar'ent; lhese l'f[ccts ..Ire due to the 

~~~-=~earity of relatiom.hip between the month1y quanti.lie~ SILwn ln Figure 

( 

~ , Jt /. 10.,1 and LciliTe--~that the dit ferent. months have different'). tandard Jevlat-

~ons. Separate l~near règression equatlons were Gompuled for, posi live lt'mper

atures (s.arfipl~ size 29) and for negdtive temperatures (~\ample !,{ ze 10) to i11-
- ,. /-

ustrate the linear approximation of a in terms of summer temperature. The re
c 

and 
" 

a 
c 

72 '.4 + 40.5 T 
l' 

0.81 

R ,; 0,98 

N = 10 (l0 .1) 

N 29 
o J ~ 0 C Cl 0.2) 

It is not'eworthy that lhe intercepts, 75.4 and 72.4 cm H
2

0 °C-1"respectively, 

are almost "matched". -According to Equations (10.1) and (l0.2) the assumptions 

made in Appendix 4 lead to the hypothetical ,expectati,on that the sensitivity Di 
• , r 

summer ablation" to changes i'n sununer temperature should be betw~en about 21 àlld 

This range uf values reOects the values chosen for the vanous 

parameters in- implementing the 'model desc~ibed in Appendix 4 as well as the ave-· 

rage temperature conditions. 

As a further comparison of a and a , regression models between a or a and n c n c 
Tp or TIN were computed fol each of three altHudes separate1y, I.e. for Lower 

Ice; Anniversary and Moraine. The intercept A, slope Band their 95 7. confi

dence i,nt~rv_als kA and k
B 

together with the correspo'nding correlatio~ coeffi

cient R a~e given in'Tables 10.2a and 10.2b. Comparison of Tablps 10.2a and 

lD.2b illustrates the differences between modeis 'in terms of Tp and TIN respec-
• 

ti vely: in the latter C,1se both J'lapes and intercepts a~e lower than in the' 

fOrpier case. 

Correlation coefii,dents for the relations between a e and Tp or TIN are ~n aIl 

'" 

1 
r 

1 
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Lower lcc 

Anni vers ary 

Anniver"aty 

. Moraine 

. Horaine 

Table ''10.'2.1: 

LueJ.tion 

, 
Lower tee 

Lower lee 

" 
Anni vers a ry 

Ann~:?Y\ 
Moraine 

Moraine 

Table 10.2b:, 

al T 
p 

.ln 1 
p 

,le 
il 

an T 
Il 

.lc 

\ 
\ 

) i 
1 

, 

• ;\ f 1\ i\ 1-.. 11 

~ <1.2 . h 8. 'l J:! . R 
~~ 
h5.·7 ~ ,4\.1 

h C ' ~1""/1H l'I 

4. 1 

J." 1. ~_ 4 • 

}, . 7 

h2.4 

----19".4 "- '-~. J 
'"', 

3 l. 'i 10.9 

4. S 

U.8h 

0.99 

().89 

n.9R 

""' ... U. 91l 

'1 

'O.~ 

a and T wh", re AIS 111 tl' rc e t ,md P, 
~'------p ~~~~~~~~~~~~~~~ 

k are 95 % Confldpnce Intervalh for 
. , 

,tively. R lh the Cl)\Tl',>ponding . 
ipnt with Sampll' Sl/c 13. 

, 
ï X A kA 1\ k 

H 
R 

.l TIN 69.7 10.8 27 .8 15. 1 0': 86 
Il 1 

. 
d c T 36.2 3.9 J5.7 5.4 û. le! 

lN 

an TIN J5.8 9.5 35.5 16.& 0.89 ' 

a e TIN 47.1' 3.5 32.7 6.1 0.98 

'\ 
39.l 3~6 28.0 12.8 0.90 an TIN 

a e TIN 66.0 1~ 4 23.0 5.1 0.97 

Statistics 10r Line~r Regres s \ on Hodcl Be tween a or 
, , 1 li 

il and TIN whe rc' A l~ lnterl'ept and B is-Slope and kA -c 
and kB % Confidence 

.$. 
and are 95 In tervals [or A B res-

\.- • 
,eectivel:t. R 

. \ 

lS the- CorresEonding Correlation Coeff-, 

icient Wi th SamJ21e Size 13. 

i 
; , 

0 1 
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. , 
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'ca~e," very hlgh. L1IH'.lr ,lppn lt'dtltlll cd dl 111 lerm:-. at' templ't,Iture 1,:-', thL're

fore, qlJlte dCtllLHl' tur tlil' ,n.lrrll'1 f<lll:,"" nf tl'Glperature lû be e},pel'll'd dl ,',1111 

- lJ 
altitude: tfle ~t.ll1d,1rd dev!.ltll)11 of Tl" [(il' l'xamplt', i:-. unly +1.2 (;. 'rlll' "JUpl' 

for thé reLH10ll;,hi,!) belwel'Il ..1 .lncl '[1) or T decrl'il:-'l'S wlth alllt'uùe whi l:-.t ,Lill' 
o L 1:-'; 

intercept Ill' rl'..1::.(':-.. :[ II i;, (Jn, IlL' fl'JJ 1 1 Y l''. . ltll'd by scrutiny of FigUlè Ill.!. 

Wlth rl':-.pe( t to t!lL' '''''IJl.lri:-.un of, lfindl'l" lür a(. a,nd a the "ltU.1tlon i" il litl11' 
n 

t'omplicatl'J, III Iln ,',hl' 

. 
the t> lope:-. f~Jl- lhe 3[1 moùe 15 CI' I.o\.ol\'r lel' .lppedr loo 'lL1W i'n C01npdri son tn those 
. 
at Annlver"ary. Furlhermore, the intercepts 1 n 3 anJ a mode 10, .ipp~dr (jlllle 

n 1) c 

inconsistent dnJ are in .111 cases sign.iflc<l!lLl y Jifferent from each other- (at 

5 % l,l'vel). lhe düe,I'l'Pdncies for Horalne can certalnly he explained in tenns 

of aceurnulatlùn which is inc111ded in a but not in a. l', ""ibly a sllnLlar t:'X-
11 C 

plandtiun wOllld bt."· ..Jdequ<1te tor tlll' Allnivers.lry lllodel". Howl?ver, tbere is, for 
, ?jl 

several reasons, <1 problem with the a models for Lower Lee, Tlti:-.).uggei:>ls _ 11 ---'-, . 
that'elther the hypothesis works worst for Lower Tee or tl1at there is i:>omething 

wrong ~'it·h '~Ie d d.1td. rr::s,ower lee, No [irm èOllClusl<)J1s can be dr<1W11. The 
-~ '-... 11 " > , • 

former Posslblrü .. ~ be a ittl'e_s~~~rislll .. g because !>~o e~Iee :-.ituatiul1s are 

proportionally weIl rep~ in the data,base which was u ed "té develope ,the 
~ .. ' 

parametric models (Chapters 4-S-----ânclJ-8). On the other hand, i.e- must b'e ment-
(........ ~ 

ioned that the :blatiol1 stake data fo~r'1:0~r lee are in. sorne yedrs problemdtlc 

because of loss of record due to stak melti:'ng,,~,)H be(ore, they eo~ld be re_-

dr111ed. This problem 15 less common f t),1ècothl~'r- t~o altitudes, ~niüv~rsary 

. and Mor;üne. However, there lS certainl) omelhing offe~slve........g.bout crying "b<1o 
-~-----

da~a" too easily when faced with results lbat appear unfavourabLe tÜ:-t-lle.. hypo-
.~ ---..:....:... 

,.~. 
thesis being tested. 

Final figures for the mean specifie. net baldl1ce of the whale glacier are not 
, 

yet available, (Müller, persortal communication) and wiH serve as a basis for a 

'\ 
• 

t' 
1 
! 

'.. future glac~er-climate study. Using the method outlined in Appendix 7 together ""--;IJ 
o 

with assumed average, temperature conrfi·tions over tbe whole glacier and the model 

giv~~n Table 10".1 (wi th an assumed .~tandard deviation of +3
0

C for monthly tem

pera ure samples)' it can be estimated that the sensitivity of th~~mean 6P~C~ 

ne ,balanc0)or the whole glacier ta changes in. sununer mean temperature will be 
'" . 
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cm 1120 t: . lhl~ 1~:1 pn'dictioo-\"hlCh 111\I~t .lWJlt 

rel. t i ng . "" 

. ~è::n:~~, ::.:,: :0:'":0 b: l '::~, :~:t a: ~.: :::J::
C 
,:~r:::: :::::"\1 P:~~' ::~:~~~l,l p'~h:e~ 

,~ .. / . 1 d' l' ""-d f f 2 L "l f . ,," ' ,~~rors Invo ve ln Lhe inear mw,,~~s fange rom ,,(, a vaf-lance at Lower lce 

tb 19 % uf v.,lri,mçe dt ~10falI1e, lli~ii;"b'l:;ll.silivity of lIet ablJtion tü chdngc~ of , .... _~~ 
,.1 --.... _--... ~ j _ 

temperdture III the larg" ',(',Ill' .]lmo"ph~re, rl'prcsent~_~ by TIN' dmounts tu be-

tween about 36 ,lIld 28 cm 11
2

0 0(:-:1 depending lIpon :1Ltit:d~- (.m-êl',-thereby dveLIgl' . 
temperature conditions), Howevcr, there remJÎn various problcms (especiJlly at 

Lower Ice) which might' he explainalYle in tenus of 'either errol"~"in tt.)e observeJ 
~ ~ ~ 

d4ta or in the pdramet_ri<: madel to compute a . 
c 

iii) Glacier Cooling Effect as an Inhibitor of Ablation , " 

One of the reasonh for s,tudying the cooling effcct of glaQ(;;;S, c. g. ln 

Chap~ers 4 and 5 of the present work, is to be able to take account of thib 

'effect in the co~p\1tation of abiàtion using data from di.stant weather stations. 
, ' 

The question naturally ari~es dS ta tb quantitdtive infllIence of cooling eti-.. '-

el!t on compu~ed ablation. This <).uestion 'was studied by repeating the comput'd-" , 
"ti~ of a , using the method outliI1ed in Appendix 4, bot resetting the relevdnt c , , 

~~ -
pé!.rametèt-s"'-.."so that the cooling effect i8 zero, i.a;r~Tp = TIN' Comparison be-

l ~~' 

tween the resultipg computed ablatio~ and that previo,u's ly computed, assuming 
'- ~... r 

"V.lliey Giacier" cooll'ng éffect, i8 made in Figurè 10.3 ,(NB, the curvcs are sub-

jectively smoothed through .the corresponding point clus ers). The difference 

betw~en the two curves' for "a,ny particular vulue Q~ TIN 'represent$ 

/~= the reduction or inh~bition of ablation due to cooling ef ct. 

\ 

'), " G " 

A simple physical interpretation can probab!.y be :placed on the curves in Figure . ' 

10.3: the upper curve might represent_ablation, at t~~ glacier edge wh{lst the 

lower curv~ represeuts ablation at points som~ distance from ~~1acier edge,J 

e.g. at Lower Ice', ~nniver .... ary or at Moraine. ~'rhis p'oint can.be illust-tatÎ!d by 
~ 1, , 

an example. Müller (1963c, p.42) gives 1961/62 net.., ablition figures for each "-, 

stake Otl1n<total) w th~:Anniversary profiie." ;rom the fig\,lres he gives, t~e 
'1.:-1 , , " 

average net ablation near. the: gLlf'Ïer centre (stakes A4 to k8) is calculated to 

he 2Q4.6 with 95 % confidenc~nterval +23.5 cm H20.' The corresponding average 

ablation near the glacier edge (sta~es Al, A2,-AlO and AlI) ~s 251.0 with 95 7. 
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confidence interval l +29.6 cm /H:!O.. The computed summer mean telUperatl:\re TIN 
-1 ... \._- 1 0 

_---"--- ~- at Anniversary for; 5ull1lIlér 19p2 was ,4.7 C which, using Figure 10.3, gi1{~s an 

------------------------~ ___ ablation of 200 cm H
2
0 accotding ~o the lower curve and ?84 Cfu Hia according 

j , , • r 

to the upper curve'. The fbrmer is in excellent agreemen~ wifl{-the observed 

net ablation near the g1a~ier centre whilst the latter i~:"ra,ther too high. One 
, /. 

possibility ls that ,some cooling effect already exists at th~ glacier edge (it 
" . 

" should be r'ecalled from Chapter 5 that the Outwash station shows cooling effect 

~ alth6ugh i~ is ~ot on the glacier). This cannat be directly tested be~use . ;' / ' 

__ -. there"',were 1)0 weather stations dt the glacier edge. \' ), 
!' -------,_. / /' , 

! 
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~, ' 

--":( ~/ , 
Il it if accepted tha't tbe magnitude of the coalin.g efféct inc'reases wlff1 di-
, -/ ' . --

jstance from th 'glacier. edge it may be concluded, in qualitative terms at 

Ad , 

'curves in Figur: 1p reprcsent an "exp-la?ation" of the fact 

aloog- a con tour l ine generally decreases wi th distance from the 

. However, ablation patterns can be very comp1ex in detai1, see 

27 and, 28) forr an examp1e, 

Comparison of a wi th the }lodel of Khodakov 
-----~----------~c.~--~~~~--~~--~~----

Khodakov (1975) quotes d model of summer ablation as versus summer (June~_

A gust) mean temperature at the samt! si te: 

a 
s 

~,rJ 
0.096(T + 10)2.93 

, J 

! 
(10.3') 

The non-linear equation ~as es~ab1ished by regression analysis with a samp1e 

si~e of 93. Sources of data are nat specified in the paper, but they are com

piled from pre-Hm literature ÇGolubev, pcrsùnal communication" 1977). 

-
It is not the purpose of the present discussion ta a~sess the va1idity of 

Khodakov's mode1, for which more infor11lation wou 1 d" be needed. but rather to 

~oint put ~he clos~ simirarity between his model and the a
c 

model. This 15 

i1tust~~ted in Pigure 10.4 where the Equations (10.1) and (10.2~ are plotted 
, ,J 

togethel with Equation (10.3): The point èan be further illust~ated by compari-

son of the White Glacie~ a 'values for the 13 yeprs and 3 altitudes 'with the va-
l ' C __ t 

lues ~h computed fra,m the" correspondilil~ s~tmner _ temperatures ,acEor~ing to Equa-

tion (10.3). The disctepancy (a
c 

~h) IS denoted by D whose l3-year mean and 
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s~andard dcviation are denoted by D an~ S respectively. The res~lts fur the 
; D 

three all/\ld~f; on White Clacil'r Ml' .lh foll(lws: 

1 

D Dia S~.' (SD 1S c)2 
C 

Lower Iee 5,7 7. +12.0 cm 5.5 7-

, Anniversary + 6.5 cm 5.2 7. +11. 6 cm 6.0 7-
1 

1 
Noraine - 1.8 cm -2.8 7. +10.3 cm 9.2 % 

wher S is the standard deviation' '0F a . ___ i c. (' 

a ~nd a are SI1lGÙ percl'ntages uf the means and variances o~ a. This-suggests 

Clearly, the discrepancies between 

'0 

\ 

't 

M 

c/Cl kil .. c 1 
that the assumptions made Ln APpen?,ix 4, UPO~'Whichcthe ocompu~atron of a

c 
dep~~ds, 

arel' a1so reas~nably val id for the si tuatioy< modelleèi by Khocldr..ùv (1975). 

"", 

.-' 

, p 

\ 

J 
-. . ~ 

~"'-' 

" .11 
.~ 

) -g - - • ~ ..J.. ~'f' - zr "'-. 

/ 
1 

>-.~~ 

o 

fi 

b 

1 
! 

.1,/ 

\ . 

\ 

, 

, 
J 

n,\ 
.~ 

,~._~~ 

, , 

'; 



89 

" CHA.\;' rBR 11 ;..-, 

CONP lU SON 'ri l TH OT~E!{~ GLAe I~R~ 
i) Iltroduction 

, . 

f 
\ 

\ 

III the following sections the relationshi~ bLtween ll'dSS bdlanee and aH temp

érat re will be disèussed for 12 other glaciers; 3 in the Canadian Arctic, l in 
1 

t;lort lern Swecien, 2 in the French Alps, 2 in the Austrian Alps and 4 in the Swiss 

Alps. In ~ost cases it'wDll only be possible ta discuss nship betw-

ecn ean specifie annual net balance arr& summer mean temperature 

st.Jtlull surne distullC(' frulii Lllc glacier 001 
ta 10

2 
km 

a "lumped system" approach and is discussed ln Appendix 7. 

a ~eather 

might he 
" 

In the eight 

e cases diseussed "i t is a1so possible ta take account of the effect of pre-
1 

ation on the mass balance, which was not possible for Whi te Glacier because 

the earest, weather station was tao 'distant. J 

Several points should be mentioned before proceeding to a discussion of resul tos: 

1) e parameters re1ating spec~fic ablation and mean specific ablation respect

l vely'to temperature will not, in genera1, be the ,same. They may be related 
, 1 

-----------.__________ i l the way discussed 'in Append~x 7. 

c 

( 

~T 
----

e parameters relating, me an speciÇ,c ablation and mean speciflc balance re

~ti-v ly ta temperature shbuld be the same if the a.ccumulation and temper-

3) 

4 

This is disFussed in Appendix 8. dent of each other. , t 
~~ ~-..........,' ~I,. 

ecause of the non-linear~~on between summer mea.n tempe~:;3n:: and sumn/-~':;'~\ . 
er degree-day total i t méfY be e~peçzed that :the r.ela~_iDn:--nétween me,,!n speci - ,~ 

'-...~ ...--------------fic balancë (or ablatlon) and temperature~snould be non-linear. However, as 
-----~----- "-...... 

mentioned "in Appèndix ~/' thi-s---rr6J-;:l~neari ty mày~e, very weak lf the changés 

in temperature from one summer tO,another are sma~~ of the order af 1 

to 2aC. '-. /' 
- "~, /-~-

"~/-

The amount o~ change in mass balance per !egree of summer meah t~perature 
/~ '-----'-

should, aU': things being equal, be relatr..:d to the ~gfh of the summèE-. 

/' // :~ 

" 
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(, 

b 
n 

-26 

-108 

-24 

+25 

0+ 6, 

-7 . 

1 • 

, "-.~ 
a ' ~-a,-+'b ) 
c : c n 

27 

84 

45 

18 

22 

41 

1 196~/tfl 

1971/62 

1962/63 

1963/64 

1964/65 

1965/66 

1966/67 

1967/68 

,1968/69, 

o 
+5 

+6 

/

/,15 

40 

-24 

21 

43 

28 

:,34 

15 

45 

3'5 

32 
\ 

1969/70 

1970/71 1 

-1 

-50 
I-

Mean 

Stanqard Dvn' 

I -15.8 

1 36.; 

1 1 

1 - , 

Table 11.1: corhpi.lrison of 

of Mei 

(l~h5. p.5) and 
, 1 
tion a'. , 

l 1 0-
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29 

33 

53 

37.0 
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20.9 
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Glaciological 

Meighen Iee Cap sinee 

1 

investigations have b'een carried out on 

Continental Shelf.Projeet. 
• 

"Medl1 ,specifie Ilet b<.ll~nee dala fot t'he ice cap are quoted by Taylor-AIt (1975, 
- .--. 

p.5) for the period 1960/61 to 1970/71. Hore detailed (winter aIld SUlllqler ba-
I 1\ 

lances) data for 1959/60 to lY65/66 are Eiven by Paterson \1969a). 

An attempt was m.lde ta compute sunnner ablation ae on Meighen Iee Cap using the 

SOrne rnethod as for White Glacier (Appendix 4) 

percltures were interpolated from Eureka and , ' 

weighting fdctors of 0.38 .and 0.62 respecti 

ith appropriate pararnet~rs. Tern-, ' . 
achsetl' using simple distance-

Using the ?une-August 19 0-62 

rnontltly rne.ln tcmperotures givep by Arnold (1 65) the fol1owing relationshi wab 

found: 

01.0 

~here Tp lS 'the 1II0nthly lIIean temperature at the "Main IGe" station on MJghen 
1 

Ice Cap at 240 111 a.s.1.. This relationship is, ih, qualitative agr~elllent/with 

tho~e for othe,r iee· cap situations (see Table 4.2 and 4.3). The strong! eooling, 

efiJët""may be due to the Vrel_at~velY long travel times\ of air pass~ng Q~er the 

ic~ Cdp or might be related to the prevailing fogginess'which' lS co~~~t~d on 
• 

by several author~. 

Eq~l,ltiow> (11.1) was 
1/ 

• v 
~Ot\ Cl 

us~J in the computation of ac ' The computed summer ablat-. , 
and observed net balance bn are éOlllpared 'in Figure 11.1 and Table 11.1. 

/' c 
~' It can \ ' 

be seen that ,a e tends ta overes timate -bn by an average of 21 cm H20: 

) 

the discrepdncies between -bn and a
c 

amount to -134 % and 32.Ïo of the mean and 

variance r~spectively of -b n' 

piscrepaneles will be clue ta: 

- errors in eomputing degree-day totais 
, 

- effects of accumulation 

Taylor-AIt (1975, Tables 3:6a and 6b) 
, l ' 

months June-August for the years 
. 

ainst thè'~rresponding computed monthly degree~day 

degree-clay totals for ~he 

These are-plotted,ag~ 

s in Figure Il.2. At 
• ~'i(t , 

low temperatures-'t-here is a tendency for the computed total ta overestimate 
/' ,., "-

" ~u:: 
, . "-

,~> :-.: ",,--

'-, ... ~ 

'1: -
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Fi,g Il. 2: 

v\!d Net Balance b for the Meighcn Island Ice' Cap for' 
n 

Period 1960/61 to 1970(71 
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the observed quantity but, on t'he who1e, agre'ement is ,ra1L The mcan erfor ln 

computing summer degree-day tota1s is +11.8oC'dy.(mean of six) which t>ltoulJ bc 

equivalent ta about 7.~ cm H
2

0 'ib1a~ion. 

From figures given ~~ PatersQn (1969a) the average annua1 accumu1dlion can bc ' 
" 

taken as about 17.6 cm HiO (actua11y-this figure refers t? the 1959/60 to 1965/ 

66 average). According ta Appendix 5 this could produce d discrcpancy bel~een 

a c and -~n bigger than 17.6 cm ~20. 

The correlation between bo and a 15 '-0.90, corresponding ta "explanation" of 
, c 

81 % of the variance of b . 
/ 0 

The equation for reg ress i on of b n on Tp ' the cOn'fpu ted local summer (June-Augus t) 

nlean temperature, lS dS follows: 

... 
b -76.8 - 39.0 Tp R -0.82 N 11 (11.2) 

n 

The Icorresponding equation for regre-ssion of b n on TJN is: 

b +35.2 - 27!1 TIN R -0.81 N 11 01.3) n 

Comparison of the two equations illhs~r~tes ,~~e effect of taking account of 
.1-

',,~, 

cooling effect. The s~nsitivity of the mass balance ta change in loca1~pera-
-1 ~ 

ture is -39 cm H20 Oc and ta changes o~ temperature in the large-scale atmo-

sphere -27 cm H20 Oc -}. Ii: might be noted that Equation '(11.3) can be obtained 

almost exactly by algebraic manipulation of (11.1) ~nd (11.2). 

~egression of the 7;;"'Y,ear summer balance series, compute,d from figures gi ven by 

-Paterson U96'9a) .. for 1959/60 to 1965/66, in terms of Tp gives: 

R -0.94 N 7 01.4) 
l ' 

Jhe agreement between the slopes of 01.2) and (11.4) 1.5 very clobe. The 

R.M.S. errorsoof'(1I.'2) and (11.4) are:;: 21 cm 1I
2

0 and ~ 14 èu\ H20 rpspectively. 

It seems'_ilear that variations ln su~er a~r 

~ 

t ! 1 
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, 
soure~ of variations ln the mass halance of Meighe~ Iee Cap. Taylor-AIt (1975) 

used a Synoptie-Energy Balance approach ta study the same prob,1em. She does' 

not quote eTrors-involved in her approach, but they ~ill alm~st ~ertainly be 

lower than,those quot~d in the present sectlon. On the bthe~ hand, the Syn-, 
optie Energy Balancè app~oach requin··s observdtions of local rneteorological 

elements for each bummer of study ~lir~t the ac approaeh de;eribed he~e ~nly 
needs a few summers of local data ta "calibrate" the mpdel which can then be 

app'lied to summers for which there dre no local obse'rvations. 

iii) Devon lce Cap, Canadd 

Mean specifie net balance data for the north-west sector of the Devon Is

land Ice Cap from Dr R.M. Ko~rrier of Polar Continental She1f Projeet are repro-
~ -

dueed by Kasser (1973, p.168) for 1960/61 ta 1966/67 & 1969/70. Data for 1969/ 

70 to 197j/74 are given by Koerner in "Ice" 
'\ 

(various dates). , 

Suumer mean (June-Augut:.t) temperatures at 850 mb ~ere cOmputed for the location 

" of the Devon ~~land I.C.S. by interpolation of 850 mb temperatures at Resolute ' 

and Eureka: Thule and Clyde data would have been useful for this purpose, but 

the Clyde Upper Air Stati<;:n was closed in 1970, and Thule dètt-a- are diffi,cult to 

obtain. The observed mean specific net balancé- for phe north-west sector of 

the ice cap is plotted against 850 mb SUlluuer mean temper~ture TIN ln Figure 

Il.3. The regression equation is: 

b 
n 

, 

i 
L32.0 - 10.1 TIN 

·r' 
R = -0.76 

The eorresponding 1M.S. error js + 9.0 cm H~n. 

N = 12 
\ 

The slope of the r~gression equation seéms very low, i.e. -lO~ll~m HZO °c- l 

T~is mast Jikel{ due to the f Gct that the temperature over most of the ice 

c~s low and that, at low tempe rature, the degree-day total an~, hence, the 
• 1 

ablation are relatively insensitive ta' temperature changes cO!Jlpared to t,he si-, 
, , 

- tuation at"higher temperature (~ee Figure iO.1). The lZ-year mean of the 850mb 

temperature is -Z. 70 C which would correspond to a local temperature of about 

,-4.90 C, according to Equation {4.5). ' A quantitative investi,gation of this oro

b1em using the model 'in Appendix 7 wou1d be very difficult beeau~e of various 

, 1 

1 
1 
" 
1 

i, 
1: 
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ul1(è\.rtLtÏnties, e.g. the problem as to whether air temperatures over. the who],e 

1ee Cdp dre described by Equation t4.S) or whether a transition to weaker çoo

ltllg d(l'et occlIrs at lower altitUdes. 

llil' validi ly of the model in Equation (11.2) can be checked. ror variolls red

:.uns Uw nel balanc!:! figures for 19,,7/68 and 1968/69 could not I>e separately 

Lll'e combiIl8d total for,the two years was -28.2 CID H
2
0 as ~etermined 

~// 

\Jlues Ok, TIN for the 1968 and 1969 sUlIIDlers'were -2.4 and -1. 7°C' 

lCbpectlvely. According ta Equation (11.5) the corresponding net balance ~dlues 
l 

WIl111J hL' '':'7.8 llld -14.8 cm H
2

0 respective1y with 67 % probable'error of about 

C) li ~ ... , / 
+ cm 20. The 2-year sum would be -22.6 cm,H

2
0 WhlCh lS ln faH a~reement 

w1tll the observed 2-y-ear total of -!8.2 'cm H
2
0, ~n error of -20 Jo. //J3y way of 

LOt~tr'a'st, thlt 12-ycar mean net balance is -4.9 cm H20 and the 2-y~r total pre
) 

tFll'led uS1l1g this mean would be -9.8 cm Hz6; an er~\?r of -65 %. .. 
l L !>t:ierns clear thdt sunnner temperatures play a major role in controlling the 

1ll3SS bdldllce of the Dev~n Island Ice Cap. This is consistent with the finding 

by Bradley (1975, p.270) of a strong 'c~irelation between the annuai equÜibriumj 

Line altltuJe (ELA) of Devon lce 'cap and the altitude, of July freezing levels.' / 

iv) DeCdde Glacler, CanaUd 

" H,hS 9..l1ance ddta (winter and sununer bal'ance) for Decade Glacier on Baff'n 

Ibldnd drc publlShcd by Kasser 1(1973, p:175-176) for th~period 1965/66 ~. 
..... 1. /l' 

1969/70. D<ltJ, wcrc' collected by Gladology Division, Environment qmada, and 

a ùe»criptlon of work on Decade Glacier,.is given biV ~strem et al "J1967). 

Ail dttempt was mdde tü compute SUiluner ablation on Decade Glacier using the .mo-

del derived for White Glacier: Equations (10.1) and (10.2) were used to compute 

~peci[ic dblation quantities from upp~r air data at Clyde. The cooli~g efieet 

of lhc glacier was assumed identical to White Glacier and the compl,ltation was 
J ... ~~ 

m,H.le [or e<.1ch 100 m alti tude band between 450 and 1450 m a. s .1. using 95 

900 dncl 850 mb data at Clyde. Total volumetrie ablation was obtained by arCd

wClghting 'of the, computed specificr ablation quantities for the' individu 1 alti-
1 
J ' 

Lude bands and finally the mean specifi-c ablation a c was obtained by di iding 

LOtdl ablàtiDn \y the glaci,!r area. The caiculation cou1d not be done or 
J '-

/ 

SUlIlmer 197-D because the Upper Air station at Clyde was closed during t at sununer. 
( 
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11.4: ~!:'t ILILll1ce of Stol1'glaciaren, Northern Sweden, Versus 

SUlilmer (June-August) Hean Temperature at the Taî:'fala Sta

~.!:i on N\!ar tb~Glacier Snout for Period 1946/47 ta 1965/66 
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Fig 11.5: SUlI)l11t!l- Balance of Storglaciaren, Northern"Sweden, Versus 

Surumer (June-August) Mean Temperature at the Tarfala Sta

tion Near the Glacier Snout for Period 1946/47 ta 1965/66 

l 

J 

.' . 



\ 

j 

.LumpllleJ Ill\'dll '>pl'ufie ablatioq a can be compared 'tç the observed mean !lpe'ci
c 

J'll,:,ulIllllL'r tl,ddllce b as follows: 
S ' 

... 
bs ) 

a 
. c 

1%5/hh - 97 cm H20 

1966/67 - 29 

-

/ 

1Y67/68 9 

1'% 8"(69 - Hl2 

Îf-yedr mean - 59 64 

38 

t
"""',-.... ' , 

~""---".,"--., > ' 

t ' "-"'--"''' 

l 
,--.. ..... " ! 

l JhL' Jver,\'gl! Jisne"pancy given, by (~c+bs)/bs lS only - 8'%. This lS not b'hd "con-

r ';llknng LltJl no local information from.Decade Glacier was used. Unless this 

~ ( ,.It',rel!lIlenL\JS IDt.'rt.'ly fortuito~6 il:{ can be ,conc1uded that Decade GlaciJ~ 18 very 

J" 

( 
, 
, ~ , 
,. 

~ ~ 

';imll.Jl" l~ l.JllltL' GIJ"LLer with' respect ta botb coo1ing effect and the relatron 

Ll'lweell db\tJt lOIl dnd temperature. 
\ 

l , • 1" 1 • \l'grl':,t>l(lll ,ut t le' mean speciflc net baldllce of Decade 

,\ugu~l)' 1Ill'JU tl'lllperature~ at 900 mb over Clyde gave. cl 

/' (:'J.!lIple size of only 4 !). 

v) Sl"r); laeUrL'll, Northern' Sweden 
\. 

Glacier on summer (June

o 1 
slope of -40 cm ~O C 

J'ro~r,lTllmeS of gl'aciological aud climatological observations on Storglacianin 
, 

III S\vedi~h Lap.léillù have been carried .{Jut sinee 1~46 by Stockholm University. 

Schytt (1967) showed that the 20-;,par.,1946!47 to 1965/66 summer ablation st;!ues 

'1::0 well cùrrl'lated (R 
" 

0.92) wit,h suuuuer, (June-August) mean temp~rature at the 

l'o,IrlJIJ t>tcltiol\ (1130 fi a.:'1.1.) near the glacier saout. In an earlier paper , 
Schylt (1962) stdtet>o that present tf':n~e~atures (since 1946) would have to faU 

hy 1. 2ü
C ln bri ng "tb~ glacier into equi librium wi th i ts present accumulation 

~ . ~~'" 

.. l!IJ mass dlt>Lribution. '..:' 

ln F,g~;e, 11.4 Jn:;~an ··.~ecifi, nét balanc~ aud ,~r balance ro

'>!Jl'ClIVl>1y jJr0 p10lteù agalnst"&ummer (June-August) mean temperature at the Tar-
.. '~ 

l..lla stJti( n J\or the balance years Fj46/47 to 1965/66. The data are taken from , 
::'chylt (19 7, Tdble 1). ""TQe correspondiIlg regression-equat,ions fO'r the net ba-

, "-.., ""-
1,1I1cl' bn end. summer balance bs'are: 
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with cofresponding R.M.S. arrors,of +32 cm H20 and ;24 cm H20 resp~ctivel~. 

Compa'rlson of the two equations is interesting fci"!: several reasons: the differ

enc~ in {ntercept, the cliffarence in slope and the close similarity of the 

cor,relation c-oefficients •. If T ls OoC the ne~ balan(!>e b
n 

would be +2'52 cm H~O 

f#< and the summer balance would be +74 cm H20 according to the regressiqn equati~ns. 

\ 

The discrepancy wou1d b~ +177 cm H20 compated to the known 20-year mean accumu-

~aLion of 132 cm H20. Howe'ver, the ,acculliûlation is also correlated with tempet-. ' 

ature. The effect of this can be'assessed using Equation (A8.4) from Appendix 

\ 8: 

(A8.4) 
s . a 1 

S R(a,T) 
b ' 

Substitution of the v~ious statistics relating to Storglaciaren gives: 

-0:9.0 = 0.54(-0.26) - :0.83(0.92) (11.8) 

If accumulation and templerature werp independent, e\verything else remaining 

eqùal, the c~rrelation bet~een net balance and temperature would be, reduced to 

-0.83 x 0.92, = -0.76. Accordingly, the high correlation of net balaqce with 
, , , 

temperature ref1ects not only the high correlation of ablation with. temperature 

?ut ,also the, weak ,~~pen.den('e of accumu~ tempe rature. Presumably the r" f 
latter will be related to a we?k association' of "cool" summers with "wet" sumin-

er,;,; and the inflùence of tempélrature in determining \o,jhether precipitati.on lalls 

as snow, or as rain • 

• The gradie~t of net balance with respect to temperature is -50.8 cm H20 °C- l 

, -1 
c~mpared to 742.7 c~ H20 Oc f~r summer balaqce. ,The gradient of accumulation 

1 

with respect to, tenlperaturé is, in this case, '-7.'8 cm H20 0c-l which accounts 

exactly.for the 
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\ Cooli:ng~ Effect. G, E SE ,-
Class la -0.005 3.2E> +0.75 

1 

" +0.73 Class l ,-0.005 2.31 
" 

Cla\ss 2 -0.003 0.87 +0.81 

Class 2 - -0.005 0.07 +0.8) 
1 

Class 2 -0.007 -0.71 +0.81 ! 
' , 

Class 3 -0.005 -1.71 :;o~ 79 -/ 
, 

" 

:",. 

Il.2: ' 20-l:ear Mean and Standard Deviations E'and 

~ of Error Bètween COIDEuted Total Ablation' 
"' 

~al and O~erved Tot~l Ablation AOb ComEu- " 

ted b~ 6' Different- Models for Storslaciaren, 

Units are 106 ID 
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An attempt was ~ade 'ta compute total (volumetrie) surnrner, ablation on Storgla

ciaren using a pimiLlr lUethod as for White Glacier. Details of the computing 

scheme are given in Appendix 6: tempt!rature data from Tarfala station CSchytt, 
1 

1967, Table i) were used as input ddta. Th~ calculatiun was repeated several 

times assum1ng di fferent temperature lapse r~tes ,and different cooling ef fects, 

.t in all"cases the relationship between sp~cific ablation and local tempera-

ture was assumed ta be given by either E,quation (l0 .• 1) or' 00.2). Results for' 

six runs of the computation are gl.ven in Table 1l.2'where E and SE are the 20-
~~'-...... ........ 

and standard dl'Vldtiùn;, of, till' errors- between computed ablation~î\èàl ,. 
ÀOb' A prion the basic a"ssumptions of Model No 4 are 

most reasonfble, , e, 

temperature gradient of 

is, ib fact, best"in this 

2 or Vall~y Glacier cooling effect and a vertical 
o 

100 m, and agreement between Acal and, AOb 

corresponding to Mode1·4 are plotred 

co~puted abiations' Aob and Aca1 

6 from which it can be se en 
, 

that agreement is qui te, goôd. 

l, -;, 0.07 x 106 m,) H
2
0 h' h d f .. W lC correspon s to a mean error 0 

ance of the error is 18.4 % of the vanance of A~b' 

there appears ~o b sorne bias with under- (over-) estimation of A b by A 1 
o ca 

for warm (cool) 'sununers. 

From these results it can beuconcluded that not only~mass balance of 
n 

Storglaciaren controlled by temperature, as already point~d out by Schytt (1967), 

but that th~ mechani 

of white Glacier. 

of this control is quantitatively very simila~ to that 

~i) Glac~er de Sarennes and Gldcier de Saint-Sorlin, French Alp~ 

Glacier de Sarennes and Glacier de Sain~-Sor1in are two small/glaciers (ca 

1 km
2

) in the Massif des Grandes Rou~ses, French Alps. Mass ~lance data from 

Glacier de ~a~ennes hava~een collected ~ihée ~948/49 b~e Service des Eaux . 
et Forêts (Kasser, 1967) whiJst mass balapce measurements on Gla~ier de S~int-

." . 
Sorlin have been made since 19S6/~7 by the Laboratoire de Glaciologie in Gre-

noble (Lliboutry,. 1974). , 
". 

Martin (1974) has repQ,rted results of a multiple reg:r,ession analysis of 16-

year (1956/57 ta 1971/72) mean specific net baïanc~ data frÇ)m these two gl~;-
'~ 

/ . " 

" 

'. 



J
1

,--",,_ J 

...... -----...... ,-
t ...... ,-
l , 

! 
1 
t 

l 

------
-~ 

97 

~~ :, 
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c 

'-",~en, uSlng !>ulnmer (Ma1-Augu~t) mean temperature and- annual (September-Augu&t) 

~t()t'dt"l:'rl'cipi LdLirm at nearby climatological stations, at Chazelet (178'0 m 

J.,>.'l.)~',Villdge de Saint-Sorlin (1550 ID a.s.1.) respectively, as indepcnd-
" 

'l~llt v,lrtclbll'c,. '''lt is' not necessary to give full details h'ere as Martin' (tr974) 
'''-

'" 
,pre;,l!nts d full dl~cusS~on. The regression equations he obtained were a~'[o11~ 

"" LlW,,; 

Cldcier Je Sarl'nnes ~~, 
~.94 

~ 
b t 

Il 
o.2}n:' - 56.7T' 

Gld~lcr de Sclint~Sorlin 

\' 
\ b ' = O.227P~ - 5l:4T' 

11 

N 16 (11.9) 

~, 

~~, 1 

.. ;}/86 N • '~). (11.10) //_.: 

wllcre P i~ the annual precipitation ,1,n mm H20 and tre prime "<lenotes devi~~j.ofi 

from the 16-yea,x rÙëans-:'--f-WIlLJ!ata'r:i:vèn by Martin (1974, Tables 5"& 6) the 
" ~ --~-- ~ ~ 

lL~!.S~ error~ tor the t~o ,equations were ~c~mputed :o"J:~~~ and:; 21 ~~~~: 
. ------ "-

The cl0~e simildrity of '\,the two equations ,is notewort~ j. The grairi-ent of the ~~ 
,,' - ~ 

Il< t b,;danl'\, with respect' ta temperature is -57 cm H20 'oC- 1 for Glacier de Sa- '. '-

~ _ • renne~ dnd -51 cID/11 2° oc~l for Glacier de Saint-Sorlin. ' These than /:\ 

_ ,~~ tl\l)~e found for the glaciers 'previously considered. 

/ 

/ 
/ 

/ , 

/ 

/ 

/ 

The correlation he~ween precipitationCand 

statistical information 

Il.4. 

,~ 
given by Martin (197 , 

equations were computed: 

Gldcier de Sarennes 

b l '" -62 .. 9T' 
1\ 

Gldci~r de SaInt-Sorlin 

b 1 

n 
-55.7T' 

\ 

\ 

R = -0'.62 

\ R = -0.54 

5 & 6) 

N 16 

N ;: 16 

of 
... 1,. ... 

in tere ~t l S 

1 

1 
t 

the followipg simple regressÎon 

(11.11) 

1'wo things are worthy of no;: ~irstlY the relatively ~low correlation coeffi-
1 • l 

dent!> and seeondly the iner ase in gr~dient of the ne:t balance with respect 
, 

tn temperature ln eomparison to those for the ,multipli regression models. For 

, \ 
1 
1 

·1 



1 
1 
l 

t-
t"~ 
\ 

1 , 
1 
1 
l' 

1 

f 
i'-->" l ' . 
1 

! 

1 

l t 
" ' 

"--. "':;!IP 
-..... "::......... "-

1 

o 
'" r 

E 
u 

\ 

\ 

... 
o 

-+~==~~~\~~~/ 
/ 0 ,1! :z 

.. Temperature at ChIlzelet 
devlallon ) 

/ 

FIg Il.7: Nel Bdlance of Sarennes.: French Alps, Versus 

erature at Chazelet for Per-

"-" iùJ 1956/57 are Deviations trom Means 

/ 
\ 

o 
'" r '~" 

E 
u 

~~ -

7-
------------._--------- ----~- - ---- ------

. . 

" 

.C: 
ra 
41 
~ 

'------0-1-----' ~~_ 

·2 ·1 ~ 0 1 :1 --~, 
Summer M n Temperature at ChIlze'et ," 

1 ( dev'atlO!') ~" """"~--

~ '1 

Fig IL.B: Net Bdlance of Glacier de Saint-Sorlin French Al s, Versus 

""r;T"---

erature at Chazelet for. Per-

are Deviations om Means 

d '" 

\ 

1 

) 

-, 
,J 

! 
} 

...l 

/ 

r 

1 

.\ 
) 



1 
F 
f 

1 
) 
1 
1 

1 , 

4. ' 

( 

1 

" 

, 
!. 
t 

\ 

1 

1 

1 
'/ 
1 

! 

/ 

98 

ex:~ple, !n the case of 'Glacier de Sarenn~s: temperature alone è1nly explain's 

38 %, of tfe varià\lCe pf b n whi lst t'emperature and preCiPi/:tatiO.n together ex

plain 88/7., in the Lirst ase thé' slope of b with"respect to T lS -57 cm 
o -1'- \ n 1 

H
2

0 e whi Is~ in the se 'and ~9g1e i t is -63 cm HiO °C-. Scatter, diagrams 

. ~are' given in / 

vii) Al s - 1 
1 

Mass balance measurements have ,heen made op Hint reisferner since 1952/53/ 

, and on Kesselwandferner since 1957/58 by the Institu dür Meteorologie und G~ 

physik der Uni v~rsi tlit lnnsbruck. The Hintt!reillfer er mass balance progrannne , ~ 

is discussed by Hoinkes (1970). More d~tailed ssion ~f the relationshi 

with climatic elements is given by Hoinkes and Rud lph (1962)~ Hoinkes et al l 

1 (1968) and- Hoinkes anq Steinacke'r '(1975). 

Tbe a~~~~ach take? by Hoinkes and his co-work~rs ,tl the problem of relating he 

mass balance of Hintereisferner to ~emperat~re and. precipitatio'n at a near y 
, ., ~ \ .litt 

weather-station (station Vent at 1900 m 6.S.1.) is rather complicated to d -

l ' 
"In an earlier contribution to simple glacio-meteo olagy (Hoinkes et al 1 6 ) 

it was ~hown ,that daily observations of air temper ture at Vent (1900.111) n ( of 
lin 

precipitation fal1i~g as snow on the glacier coui be useJ ·to assess net abla-
o 1 

tion,on Hintereisferner. Tak,ing as average a lap e rate of -0.6 C/lOO , mrlt-

ing 'conditions at the terminus of Hintereisfen1er (2400 m) commence w~en Jd~ilY 

li 

'mean temperatures in Ven t excee~. JOC; they preva '1 over the who1e drainag ba

sin with temperatures in excess '~f IOoe. Air te erature was reduced fro~ Vent 

to the terminus of Hintereisft!rner by subtrajti g 30 C, and cumUla'tiy-=-~os!itive 
degree-days wete calculated for the pote ,tifl a period May ta seprember •. 

Precipi tation falling at Vent wi th air emp rat te be low )oC was considere'd las 

fresh,snow on the whole glacier. 
, 

chosen, corresponding to about 5 oq the glacier'- To 

melt this amount of fresh snow iti,é d gree-days were considere nece-

ssary, which were subtracted for each 3 / of precipitation. Thus nu erically 
, • f 

degr~e-dais arë equivalent to two-th' t e be'low 3'oC precipitatio ,Cin mm) 

at venD/) In this Wd.y lof ",as obtained which is 

~urye. In two shawn that sum at'~ 
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Vent ~Oul\ dls_o be used to esétimate the mean specifie roass balance of Hin.ter-

eis[erner [ur the budget years followin~ 1962/63.' The connection was clearly 

Ill'ltC!r lh,Hl wi th the sUlR...0f positive degree-days without consider~g the retar-

UJtl on ot lce mcl t by falls of fresh ,snow (Hoinkes, 1970, 1971). " 
, ' 

, 
lIoiIlke~ anù St iilack,.er '(1975, p.145) proceed to app1y the concept to the whole 

ob~prvdtlon period .1952/53 ta 1968/69. They state that the correlation of rnean 

::,pt'clfic l1et balance with the surn cif posit,ive degree-days reduce'd to an ~levat-
, ' 

1011 ut 2400 m is -0.72. Taking account of the hea~ neeessary to me1t fresh 

.... now, i,e. u:.ing T3(..1°), improves 'the correlation to'R = -0.76. They intl;oduce 

1 • Illl-ther l'urrections for the effect of fresh snow only on the higher parts of the 
,i' 

gJdcle~ (R = -0.81), for the amount of winter snowfall' at Vent (R = -0.85) and 

tor the vuriation III length of the ablation season with altitude CR '" -0.91). 

It wùuld certainly seem that there is good eviden~e that -the mass balan~e of 

Hintereisferner can be expressed in tef.ms of precipitation and tèmperature at 

lhe Jll'arby weather station 

to that of Martin (1974). 

,Vent-. The approach is, in an interesting c,ontrast . , 
There is a problem. however: the late Professor 

HOlnkes WélS a leading exponent of the dominant raie of radiation in' controlling '. 
gldcier variations, and his great succeS8 with,the. approach descri'bed here 

wLluld \:.eem tu deny ~his role. This prob1em i8 discussed in aetail in Appendix .. 
9. 

From the ddta. gi0en by Hoinkes and Steinacker (1975, Table 1) the R.M.S. error 

corresponding ta the final correlation of'-G.9l is ca1cu1ated ta be +22 cm H20 

cl l 1 f i. " 0 51 0 ~ 1 d -1 Th . an t le s ope o' the IregresSlon equat-lon lS • cm H20 C y 1S con-

l r.J:' ts wi th the ,figUI~e of 0.63 cm H20 Oc -1 dy-l which w~s deduced for the 

\.Jhi te Glacier. It ~s noteworthy that Hoirikes assumes a fig-ure of 0.25 cm H20 
o -1 -1 '-' ' 
C ~y [or'puje snowmelt. 

For comparison of HintereiSfernel with other situations a multiple regression 

dl1Ulysis was carried out Where,?! the mean specifie net balance was ,regressed on 

t>unmler (May-September) mean teJperatures at ~tation Vent and On annual (October-
, 1 

September) precipi tation (in mm H20) at Vent. A similar regression was carried 

out for the mBss ,balance of the Kesselwaitdferner which ls immediatèly adjacent 

ta Hinterei:_~c!rner. The 2l-year (1952/5-3 to 1972/73~ Hintereisferner and 16-
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yedr (1957/58 to 1972/73) Kesseiwandferner series were tdRen ! rom Kdbbcr (1967 .. 
and 1973) and from Kuhn (1976). Climato1ogical data tram Vent up tu 1967/68 

'are reported by Hoinkes (1970, p.8i) and la,ter data were kindly made availdble 

by Dr M. Kuhn of Innsbruck\(personal communication, 1976). The r:egre~~lon 

equations w€re as fullows: 

Hin terei s femer 

b ' 
Il 

Ke s se 1 wdnJf û me r 

where the 

ively. 

O.292P' - 41.2T' R (11.13) '" 0.83 . N 21 

... " 

(11.14') 

Corresponding R.M.S. errors'are + 29 cm H20 and + 24 cm H20 respectively. 

Some further details of the statistics are given in Table 11.4, but it should be 

mentioned that there l5 a relatively strong correlation between T'and P'. The 

corresponding simple regression equations were: 

Hintereisferner 

b ' n 

Kesselwandferner 

b ' 
n 

-62.1T' 

-48.91" 

R -0.71 N 21 (lLlS) ~ 

R " -0.61:} N = 16 . (l1.16) 

These relationships are illustrated in Figures 11.9 and 11flO. Noteworthy i5 

the consistently lower gradient of Kesselwandferner mass balance with respe-ct 
1 

t~ temperature compared to that of Hintereisferner. A rough calculati'on based 

upon -the model in ,Appendix 7 indicates that this may be due to the fact tha't 
\ , 

the main ma5S of Kesselwandferner is higher lyingi and subject to lower temper-

atures. than' the main mass of Hinterei\ferner. 

viii) Aletsc,hgletscher, Silvrettagletsc,her; Lillllllernglet5cher 'and Griesgletscher, 
( 

Swiss Alps 

Long-term mass balance measurements are carried out on four glaciers lU 
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, .. 
.Ii Swi tzerll1nd by the Ve.rsuchsanstalt für \lIasserbau, Hydrologie und Gl-aziologie 

(VAW) oL the Eldgenotlsiscbe Technische Hochschu1e (ETH) Zürich. 

l~ the present study the following mass balance series were analysed: a 27-yedr 

s~rics (1938/39 ta 196A/65) from Aletschgletscher, a 14-year series (1960/61 ta 

1973/74) [rom Sialvrettag1etscher, a J 20-year series (1954/55 ta 1973/74) fr?m 

Linunerngletscher and a 13-year series (1961/62 to 1973/74) from CrieSg1etst~'er. 
, \ 
\ Sources of data'were Kasser (1967 and 1973)' and Kasser & Aellen (1973, 1974 and 
\ \ 
1975). The Silvrettagletscller, Linnnerngletscher and Griesgletscher senes are' 

baseu upon direct, i.e'. ablation s-take, medsurement whi1st the Aletschgletscher 

serie' i'!Ô bdbed upon hydro1ogical data from the Massaboden limno'graph station 

dnd ib .described (perhaps unfairîy) as be~ng of "uncertain re1iability" by 
1 

John (1976, p.103). "'c. .. 

d l d f h l ' 'f' l ,/ ma e s were compute or t e g .lCler mean speel lC ba ance,~n terms 

(Hay-September) mean temperature aùd annual (October-September) total. 

precipit tion at nearby weather statio s. The weather station record~ whicfi 

were used were Jungfraujoch (Sphinx) at 3576 ID a.s.l. for Aletschgletscher, 

\Jt'issfluhj(\C:y at ,?667 m a.s.l. for Silvr ttagletscher~ and Gütsch ob Andermatt 

dl,2284 m ,l. ~.1. for Limmerng1etscher and riesgletscher. Honthly mean temper-

Jture anJ mon tllly total precipitation for 'the station~ ~~re extracted from 

"-t~e station records published annually in. "~n\a~en der Schweizerischen Meteoro-' 

loy~schen Zentralanstalt" except ror prec1pltat10n which is not crbserved at 

Jungfraujoch. In this case the corrected annual (1 October to 3êJ September) 
, : 

total precipi tation from the Aletschwald total±zer (2040 m a. s. 1.) was used'. 

The reçords of mas,s balance analysed for Aletschglets'cher and Lirnmerngletscher 

did not comprise the full available records as the i'nitiatian of mass balance 

measurernents actual~y predated the establishment of tne relevant weather stat

ions (i.e. Jungfra~joc~ and Gütsch ob Anderrnatt). In addition, the method of 

computing the mass balance for Aletschgletscher was changed in 1965 by u&e 01 

hy.dro1ogical data from the new1y establis!:!ed Blatten bei Naters 1imnograph 

station. 
\ 

Hultiple regression equations with. summer mean témperature and annual precipi

tation as independent variables were as fo110ws: 

"'" 

, __ 1 _ 
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fig Il.14: Net Balance of Griesglet?çher, Swiss Alps, Versus ,Sùmmer 
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(Hay-Seprember) Mean Temperature at Gytsch ob Andermatt 
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b 1 = 2.264P' - 65.7T' . n R 0.89 

S"i l vre t ldg le t seher 

bn 
, 

O.257P' - 57.7T' R = 0.91 
~ 

Li l1ill\e rIl!;!·1 etscber , . 
bn 

, 
O.127P' 57.ST' R = 0.83 

Cdebglctscher 

b n 
, o .068P' ~4~6 

, 
wlw re the pri'me denotes deviati(:m from ~he .long-term 

(11.17) 

H = 14 (11.18) 

( 
N = 20 

- , 
(11,19) 

N 
, 

13 (H.20) 

means. 

C0111parisun of the differellLosituations lS interesting. In aU cases more than 
\ 1 

50 % of the vanance is explained and the gradients of:mass balance with respect c 

1 

to tempera~ure dre fairly consistent from one situation ta anather unlike the 

gradients of, roJSS balance with respect ta precipitation. 

Simple ~egression equat~ons involving temperature alone were as follows: 1 
/ 

Aletschgletscber 

• b ' 
n 

-87.3T' 

Silvrettagleticher 

~-----, 
Lintrne rug leJ-scher 

Griesg1et~cher 

C 

b ' =' - 77 . 7T' n 

b 1 

n 
-69.1T' 

'b '.= -63.4T' 
n 

R ;: -0.74 

R = -0.75 

R = -0.72 

N .. 27 

N = ·14 

N 20 ~ , 
-J 

N 13 

These re1atianships a~e i11 Jstrated LU Figures 11.11 ta 11.14. , , 

(l1,..21) 0 

(11. 22l 

(11.23), 

(11'. 2 if) 

The gradients of mass balance with respect ta temperature \u the simple re
Il? 

gressian equations (11.21) ta (11.24) are steeper than in the multiple re-

gression equations (11:17) ta (11.20). This is similar to the other situat-

, , 

- --~. 

! 

Il 
'f .! 
1 
1 
1 

, t 

.,.J. 
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discharge li\t Massaboden-basln area 202 km 
-f.·i~ . 

/ 

computed ablation Aletschgletscher-area 130 km2, 
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lons and l~, presumably] related to interactions between temperature and 
'. 

pitdtion and between temperatu[-e and accUlI1ulàtion. Further 'ta~' inior-
, 

'maÙon is given in Table 11.)4. 

\ \' ~Th' 
The slope of the e9uatiqn for:;:Aletschgletsc~er seems rather steep. Thi's might 

be 'b.ecaus€' the temperature at iJun$frauj'lçh is alreàdy influenced by the cooling 

eff.ect; of Alêtschglêtscher whilst tne other statio~s, Lê. weissfl~hj~Ch ~nd 
, 

Gütsc:b ob Andermatt, are uninfluenced by the cooling effeot 'of their glacier!>" ~. 
-;-,-.. 

If il is a~sumed tl~at the cooling effect of Aletschgletscher at Ju!,gfraujoch Js 

the same as for White Glacier, the ,gradient df -87.3 cm H
2
0·oc-1 ln (11.21) may 

be scaledowirh"d factor of 0.83 for comparison withcthe other situations. This 

would give an adju::-d'Rt;,?dient of -72.5 cm HZO °C-1 compared to the average 1 

.. "'" 1 r 0 
gradient for the other~ t:.hre~ si tuations of -70.1 CIp HZO 6~- which is wi th re-

" ",fi: ' ~'speet to temperature variations in the ~ar~e-scale atmosphere. This agreement 

18 ,so close that the explanatio~ might, perhaps. be considered as 
, .. 

Kasser (1967, Table 23) presents monthly run-off. data "ll1easured at the 

\imnogr;aph ~t:àtio~' a~ 687' m a .. 1. be~ow the Al~tschgletseher for the 

~, 

period,October 1959-Septem r 19.64." Thes~ data are plot~ed against rtbJ corre-

, sponding montbly mean t 'peratur~s at the Jungf'raujoC'h station at 3580 m a.s.l.. 

As Aletschgletscher over~ 64 I.of the drainage basin for MaSSabOden~tt~mPt· 
was'made' to con\pute monthly total ablation expr~ssed in 'uni ts oem3 H20 s -l, 

for the glacier using monthly mean temp~rature "at Jungfraujoch. For the compu-

tation ~ mperature lapse rate of -O.6oC/lOO m was a~sumed so that monthly 

n~an t mperatures c6uld be computed for each 100 m al~itud~ inverval on the gra

cie:. These/were converted into monthly degree-days using the model given in 

Table, 10. l and .~'~suming a mont~fY stand~rd deviation of )oC. Specific .ablati?n 
~:, :"1 

WJS computed for eaeh 100 m altitude~tervaf by assuming 0.63 cm H a °c-1 dy 
" " 2 , 

.lnd tùlal ablation was computed by area-weighting tbe specific ablation. Acc'" 

ording ta Kasser (1 0 67, Table 15 (parts 2 and 4) t~e glacier area is 130 km2 , 
J , , . 2 • 

.lnd the basin area is 195 km.. Total ablation w'as computed from s~ecific abla-
, 1 

don for b'oth areas as glaCiet:-freeareas will contribute melt-wate1from snow-

nwlt (or some months. The two different estiW9tes of total ablation are plotteQ 

i~l Figure 11.15: ail things being eqùa1. the correct value ~hould li between 
, 

'tlte t'Wu curves:. '. Overl)ll, the agreement of the obsérved discharge wi th the com-
p'" ..... 
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puted discharge curves lS quite fair, anoma1ous1y large discharges C9u1d be due 

to contrib~tions from prec~pitation. Figure Il.15 does i11ustrate the non-
l ' 

linearity of the relationship between total ablation and air temperature at one , 
. ,1 h h b ' SI te, vd a mont -to-mont aS1S. • 0 

'ixr- Sununary 
f' 

o 

In aIl twelve cases examined there are significant (at 5 7. 1eve1) correlat-
'$, 

ions between mean specific-n t fi lance and air temperature at weather statiçns 

si tuated ~ome dis tance from th~ Iader ClO l to 10.? km ,scale) • 

Sunun9ry statistics for the onding simple regression models are given in 

Table Il. 3 & Figure Il. 16 where\ K is the parameter linking net ba,lance to 
~ 

summer mean temperature, SK is its samp1ing standard deviation" RbT is the co-, 

efficient of correlation be~weetl net Ibalance ~nd ternperature: N is the number 

of j ,lr~ of record and M,is ,the assumed length of summer in months. In aIl 

cases "su_r temperature" refers ta temperature i~ the large-scale atmosphere, 

i.e. not adjusted for glacier cooling e6fect. 

\excepton. ~' 
Aletschg1etscher is possibly the 

~ 1 

There are severa1'anomalies in Table 1l.3 ando Figure!1l'\16 whkh have a1re\dy 

been discussed in the pr~vious sectiuns, e.g. the loJ K value for Devon Ice.Cap, 

the high K value for Aletschgletscher and the discreJà~cy between K values for 

Uintereisferner and Kesselwandferner.' ;/ 

Th ' Il f' If' . e 1ncrease 0 , K wlth the ength 0 summer M ~s not 'as marked as m1gh~ have 
1 _ °0 -1 
~e~n expected. For Storglaciaren with a 3-month summeF ~iS -51 cm H20 C • 

'~ -1 ' Olle average K value for the two French glaciers. is -60 c H20 ~C \olhi,~s~ the 
, 0 -1 

a \erage of K for t~e six situations with 5-month SUUjlIlers s -68 cm UZO a' . 

A hough these differences coula be fortuitolls and more cases wou1~ b~ needed 

t draw definitive conclusion~, it is sugiested fhat thes~ difference~'are real. 

l appears that the response of mass balan~e to temperature change~ Di arctic 

l 
j 

1 
1 

,1 
"1 

i 
\ 

smaller. 1. e. lower K, than the response of Alp ine glaciers on acc- -~ 

-shorter sllnlmer. 

's certainly" not c1aimed that temperature is the only element responsible 

for variations in mass Q~ce. In fact, in four out of the twelve casés t~m-. ~ 

ture "explains" lessothan 50 % of the variance of the mllss balance,_ Le. 

" .. 
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Gldcier -:;. , Period N M K 
... 

1'1elghen lce Cap 

[)evon l ce Cap 

Decaùe Glacier 

S torg laciaren 

1961-71 11 
';\ 
1961-:-74 12* .: 3 

1966-69 4 3 

1947-66 20 3 

-27 
4'l 

r1io 
"(-40)§ 

-51 

+ 7 

+ 3 , 
-' 

-'\-- 6 

-0.81 

;:-0.76 

(-0.98)§ 

/ 
-0.90 

Glacier de Sdrennes 

Glacier de Sdint-Sorlin 

HiÏ1 t'e reis f erne r 

1957-72 16 

1957":'72 16 

4 

4 

-63 

-56 

-62 

-
+21 
-+13 

+14 
-

-0.62 

~0.54 

1_ -0.71 ,-

Kcsselwfodferner 
, ,(, 

Ale ts'chifletscher 

1953-73 21 

195R-B 16 

1939-65 27 

1961-74 14 

1955-74 20 

1962-74 13 

5 

5 

5 

5 

5 

5 

-49 

":87 

-78 

+19 

+16 

'+24 

+13 

+21 

'\ 0-0 .68 ~,~. 

-:'0.74 
l ' 

Si l vrettag1ets chèr , 

Limmerng1etscher -69 

-0.68 

-0.75 

Griesg1etsèhet '-63 -0',72 

1 1 

* data for bafance years 1967/68 and 1968/69 mi$sing , 

§ N.B. samp1e size is very sma11 

Tdble Il.3: Summary Statistics for Linear Regression Model RelatinE 

Mean Specifie N~t ]alance for 12 Glaciers to Summer Mean 

------~ 

" Temperature. N is Number of Years of 'Record, M'isl the 

--- Assumed Length of Sutmner in' Months, K i8 the Gr-adient of 
o -i-' 

Net Balance wlth Respect to Temperature in.cm HiO C 

S is the Samp1ing Standard Deviation of K. and RbT is 
-K \ 
the Correlàtion Coefficient for Net Balance and Summer 

Temperature .; / 
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" 

~, 
[{bl: 1S less thdn -0.71. F~ -le eight Alpine situ'.,;tions it 18 pO~bible LUJbl:U.::-" 

dy' the addi,tional e~fect of pri~ip' <:.~~ion ~ari~tions on tl~e ,mass bdlanec. In ~ 
Tdble 11.4 lnformatlOll (8, C alld R ) relatlng to the multIple regresblon equ,r 
, • m \\ /' 
tio~s, involving temperature al d preciPitatio:/?re re,peated together Wl r'the 

correlation coefficients RbT' RhP and Rrp' .It iano be seen that i Ive out ur 

the eight cases the correlation\ between mass bflance and precipitation RbP ib' 

slightly be~ter than the correl tion between mass balance and temp/rature RbT 

although most of these differ~n es are not statistically significant ( 5 % le-

..Je 1) . 
,y 

In most cases there are ru derate correlations between precipitdtion dnd 

temperature !{TP sa rhdt; for exa the· temperature carries som~ information 

about precipi ~ation vpriations. his will be one reason why the B pdr;)llIetl;'r~ 

in Table 11.4 are nq-t identical t~the K parameters in Table Il.3. 

omparison of'Tables Il.) an 11.4 it is c1ear th-at the introduction of , 

ann al précipitat~on as an extra i dependent variable iead,s to better "explana-

tio " of the variances of the mass \ halances. For example, the mean-.:~~ ... ~re of 

~l ln Table 11.4 is '0.74 compared t\o a mean-,square of 0.47 for the 2~irebpulldlllg 

~~ values. On the other hand, the\cons~stency of the C parameters from one si

tuation to' another is p'~or' compared \to the consistencies of Band K. The co

efficients of variabiiity for the e~k~t situations are; 156 %, + 22 % anH 

:!: 1\8 % respectively for C, Band K. \Ttiis' means, that the repeatab.ility of 'the' ~ 
'l 1 

multiple regression models, involving \ temperature and precipitation together, 

is p~orer" tllan that of the simple reg~ssiOn models. i'i1volving temperature alone. 

This 'could be th~ ~esult of top~graPhi\ effects whe~eby the relationship between 

-'___ 1 

the precipitation'at a weathe~ statiO~"f1\n,.ld,: the accu,mulation on a glacier 1ll,um

que tO,each s~ation-glacier pair. 

~)~-,---' 
\--~.~ __ -:..-=- f) 1\---,-'----___ .. _.-/ " 

The betwe~n gla~ifJ mean -spec.ifi~·net bal~ncl;! ~nd -:~: 

" 

, " 

1 

f 

mean temperature at , stations 415 a t.ir..2~he gla~ier and, in particQlar, 

the relatively good con"l' 't ne f th K -------b'-'~ l' • , " seo _ e 'pa ameter cao e exp alnecl ln t'..'rms of 
1 • 

lhe reSu-ll'ti on prcvious .chdpters al foi rOI s: 1 

1 
•• 

'''-.... ! 
(a) variatioIls\ of summer specifie 1blati!op on~laCiers are partly con-

trolled bthe 1 l''{, • 
y acal summer de~ree-dar tat 1 w?ich i5 in turn cantralled ,by 

\"''''" ; il 
1 . ~ 

1 • 

1 

'\ 

• 1 . 
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Glacier B R ({ R N toI 
bT bP , TP 

Gla.de Sarennes -0.62 If. 7~ -0.08 16 4 \ 
\. 

Gla.de Saint-Sorlin 0.86 -0.54 0.70 -0.06 16 4 ..,; 

\ 

Hintereisferner .() . 83 -0.71'0.12 -0.48 21 5 
~/ 

Kesselwan'tl~ 0.85 -0.68 Ô.77 -0.46" 16 5 

J 
\ 

Aletschglets 1er 2.264 '. 9.89 -0.74 0.72 -0.35 27 Sr 
.,. 

Sil),reJtag etscher 0.257' 0.91 -0.68 0.77 -0.27 14 5 
rW .• 

i ' 
, 0.83 Li~rn~e~scheç 0.127 -0.75 0.57 -0.27 20 5 

. , 
0.50 Gr:iesg1etscher 0.068 0:76 -0.72 -0.38 13 5 

'; 

Table 11.4: ression Mode1s 

Balance (b 1) 

i s N the Len -Ml~ 0 f Sunune r is 
l ' 

o d RbT~bP and ~P are /Correl;a-

. tion Coefficients Between the ,si ngJ:e-v.a.r i ab les • 1 

Node1: 

/ 

1 

! ! 

b 1 
Il 

B.T' + C.P' 
l , . 
1 

/ 
/, 

/ 

l, 

j , 
, i' 1 
'.' , 

1 

j 
1 

1 
/ 

1 
1 1 

1 1 1 
1 

1 1 r i 1 f 

1 
1 

"1 
r 

1 ~ 
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(b) . f \ 1 . Var~at~ons 0 local temperature over 9 ac~ers 
, . , "\ ' 

ture varlatIoI1S in the large-scale atmosphere wluch are detected by WL'Ll thCl' 

are !,elated to the tC'lIlpCl'Ll-

statIons around the glacier, i.e. uninfluenced by the-,,glacier. 

, ~ 

(c) VariatIons of specifie ablation on glacIers control the, mean speCJlflc llet 

balance of,the glacIer ta a greater or lesser extent depending upon the 

'concurrent ,varlaÜOl}S of accumulation. 

In Table Il.5 statistics relatinl to the m~ss balanc~s of the twelve glaciers 

under "present" climate are given: th~mean and standard deviation of the net 

balance, bn and Sb' over thé N year:s of record together with the, corre:ponding 

standqrd devÎations of summer mean tempe rature ST' The variability or' ma~s ba-
, 

lance of Canadian arctic glaciers (Meighen lce Cap, Devon Ice Cap .and Decade 

Glacier) is som~what lower th an the variability for Alpine glaciers although 
"-

the varidbilhy of temperature Îs greater. This is,col1sis~er(t with the lowe~ 

K values. 

Using',l'present" b~ values together with the corresp.ünding K valu~s i t ls poss

ible to estinate the hypothetic~l1 tem~erature change from "prese'nt" temp~rature~ 
, . 

. whieh w'oul&'be nece,ssary to briIlg 'each glacïer into equi lib r,i um wi th i ts pres-
:;/L'--_ -.. 

ent rnass distrib~ TrS change is denoted by ('l'O-T l ) in Table 11.6. The 

necessary tsmp~r\ture\ch ges are very small, i.e. ,-loC or smaller (Kessel

wandf~rner a~i~ad~ has a', ive balaùce~.. This 1s interesting dS sorne duthors,,, 

e.g. Hoi,nkes (1955, p'.501~~ have suggested that se,cular changes in'tern~erdture 
v , 

of "onl)t" +loC are insuf icient to explain the alternatioIis between "advance" 

and "r,etreat", .9f Alpine . ~~at have been ob'served S1nce systematic ob

servations :~re startfd 1n the .l~~~h :~entury. 
There is, a~ a matter10f K~ct, sorne ence of a ~ew glacier adv~nce. For ex-

ample, in Switzerland the p'ercentage 0 gla, cier,s in advance has ri'sen trom 
1 1 

1 

abOut 25 % in 1964/65 /75 '(Kasser and Aellen, 1976, Fig 7) 
1 

which 'bas not been exceeded since The relatîon'ship beÏ:ween advclllce/ 

retreat and. ma5S balance is~ of course', a complex one' 50 'that ~e should not 
1 

conclude that this advance i5 necessaiil 
1 

eratures. see Pôsamentier 0,977). 
l , 

Rib, the au~hor sugeests this as a possi 

causFd by lowering of su~ner ternp

, \ 

'f. 

basis of the presel1t.~·.I1l.11y-
,~ 

1 ,. 

f 
1 

1 
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~lacie, Period ,N b ,Sb S 
n T 

Metghén Ic~ Cap 1961-71 11 -16 cm + 37 cm + 1.1 Ù c 
Q 

Devon lee Cap 1961-74 12* -5 + 14 + lot 

Dec<.1de Glacier 1966-69 4 -31 + 50 + 1.2 

Stürgl~ci.Hen 1947-66 20 -49 ... + 74 + 1.3 

Glacier de Sarennes 1957-72 16 -41 + 63 t 0.6 

" Glacier de Sai·nt-"'Sorlin 1957-72 16 - § + 64 + 0.6 

Hintcreisferner 1953-73 21 -33 + 53 + 0.6 

Kess'e lwandfenier 1958-73 16 +3 + 45 + 0.6 

A1etschg1etscher 1939-65 27 -39' + 92 1 + 0.8 

861 Si1vrettag1etscher 1961-74 14 -17 + + 0.8 

Linunerng 1etscher 1955-74 27 -30 + 69 + 0.8 
, 

Grie sgle tsche r· 1962-74 14 -22 + 67 ' + '0.8 

* data/for balance years 1967/68 and 1968/69 missing 

§ mean value not pub li shed 

! 
.. Table ,11.5: Mass Ba1anc~ and Te~erature Statisties Under "Present" 

~ 
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. Climate for 12 Glaciers. band S are Mean and Standard 

Deviation f Mean Specifie ~et Bal~nee for a pe~d of N 

) Xears.· ,ST 18 the .standard. Deviation of Sunnner' Mean )emp-
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erature Ov r the Same N Year Period. 
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S torg laciaren . 

"Glacier de Sar"ennes 

Glacier de .Saint-Sorl·n 

Hintereisferner 
- 1 

Kesselwandferner 

Aletschgletscher 

Silvrettag~etscher 

Limmerngletscher 

Griesgletscher 

K 

-27 

-10 

-40 

-49 -51 

-:"41 -63 

,- - § -56 

-J3 -62 

+3 -49 

-39 -87 

-17 -78 

-30 -69 

-22 -63 

0 
cm C -0.6 

-0.5 

-0.8 

-1.0 

-0.7 

+0.1 

:-0.4 

-0.2 

-0.4 

,-0.3 

Oc 

§ mean vdlue not publ~shed 
--------

Table 11.6: "';;"';:':"'::":::'::';;'----!(..::-jTo=II) from t1pr~ser 

~~~~~~~l to'Hypothetical Temperature TO 
to Zero Mass Balance for Il Gla-

ciers . "Present" Mass Balance in cm H2Q 

• and K is Gradi nt "of Mass Bal~nce with Res ect 
. 0 -1 

ta Temperature in cm H20 C for "Present" 

Glacier • 
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, \ 

~CONCLUDING R.'r:MARKS ---------------------- ---

"-
i) Usefulness of ~Îîè,PresenÏ: Study 

'----~~ 

----------,,-----------
Air temperature datd tram standard w~er----sH-ti~ at sorne -distance frUIIl 

------------------
the gldcier - up to several hundred kilomctres - can be used 

f' ,.r. 

tO~~11-171-o-r-m'~'l~1-O-I-l-----

about air temperatures over glaciers. In the context of the White Gldcier tlIi~ .. /, .... ~ 

means that gdpS -in thé obscrvpd records of loéal temperatur,e - of lengtlI~ 01" d 
" 

few days to whole s!-llluners - can, be ülled with reasonab).y accurate computed tem-

perature. This has obvious utili ty becau's't- the collection of temperature ddtd 

for l'ven pdrt of 

and logis tics . 

a sununer involves heavy investment ln terms of money, man-power 
\ 

\ 
It is concluded chat variations 01 air temperaÙi.r-e are generally d bett,'r llwas-

),.V' ,_ 
1 ~ 

ure of short-term ablation variations than are varl~tions of net radiation. 

This is a useful result becaus'e air ternp"erature is simply and .eheaply measured 

in comparis~ ta net radiation whose measurement require~ great care. 

'SulJ1IIler ablation and a'nnual Ill<lSS' balance of mauy glaciers can be e~Limdled , , 
~ , 

using temperature data. from -the standard c1imatological network •• ,<This is useful 
) 

because there are few meteorological records [rom glaciers whose mass balduce, 

run-off or tangue activity are reasonably weIl known. As emphasi~ has be~n pla~ 

ced upon obtaining repeatable models, othe year-to-year errors in such models 

will tend t~ compensate on the'secular time-seile. 
l '~ 

The problem of explaining or predicting glacier fluc~ti~ sh9uld, according 

to the above, reduce to the problem of explaininlC~ predicting climate as3·t ol,~, 
qefined on the scale of resolution re~resented by the existing network. Tl;:~t-"· 
formulation of the problem is useful as it allows' one ta make f".urther study by 

analysis of thefrelatively long. records from permanent stations rather than th"e 

short, and typically di"seo_ntinuous, reeo~s from temporary weather St1~iO~S on 

glacier's. \ "< 
.'-, 
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ii) Limitations of the Present Study 

Sorne remarks "shouid be made about severai inte;e~ting problems which the 

present study has either failed ~o solve or not attempted. 

a) No"attempt has been made to "~xplain" the generai climate or its fluctuat

ions: it has simp1y been taken as defined by the data at the vari'ous perm-
,\ 

anent weather stations such as Eureka, Isachsen, etc. Such exp1anation lS 

beyond the scop~'of the present study and can, in [act, be treated as a 

separate non-glaciological problem using accepted çlimatologicai technIques. 
Il • ~ • 

b) The sanrpling uni'ts for' the statistical dn~lyses are 'PEriots of record. It • 

could be .clairned that sampling should be with respect to ptevailing weather-1 
~I 
tl'Ype, i.e', that a sYI\pptic climatological ap.proach should be used. This 

,hypothesis should;be criticaH?, tested in tlH' future although it might bè 
1 

problematic becaus~, one. would ei ther have to· analyse srnaHer samples than 
• 1\ 

are ànalysed in th(.~;pre.sent study or less .homogeneous ones. In any case, a 

weather type a;proa~h'could not a~oid the 'use of statistics or the problems 
, ! 

of inference. 

c) 'Although least-squares methods have been used li1:"Pthe statistical analyses, , 
~ore importance has b~en'placed upon ,obt~inin~ repeatable models rather than " 

upon mere reduction of variance. ~rom tfue various ~uoted results it is 
"- ' 

clear that aIl the models could, in principle, be~improved with respect to 

further reduction of unexplained variance by the introduction of new inde-
\ 

pendent variables. However, this should not be done at the co~t of poorer 
1 

rep~atability of tne rnodels," 

d) The results presented in Chapters 4 & 5 are a little unsatisfactory as the 
, 

question of time and spatial variability of the pararneters, for exarnple th~ 

transition between unglacierized anl gl'acierized environments or belween 
\ 

winter and summe! situations, is not solved\ computed parameters ar~ simply 

classified with respect to several simple classes. Furthe~ore, it is still 

not entirely cleat ~ow a particular location can be assigned to a particular 

class on an a priori basis. Numerical simulation combined with carefully 

planned field e~periments would be necessary' to Shldy these problems. 
'. 
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e) From dndlyses 'of short-terni energy-baldl1ce datd Hl Chapters 7 & 8 It l~ 

suggested that ablation is poorly r~lated to net radiation becaus.e the 

latter 15, ln most cases, not sufficiently variable. This coticlusion 

should not be extended ta the question of longer-terni, e.g. annual, 'J,dria

tions of ablation because the relevant statistlcs are nat kllOwn. Furtr1er

more, the shorr-term energy-baJance data are them~elves somewhat unrelidble 
" 

(particularly with respect ta the long-wave radiation components whi,ch were 

éstimated using empirical formulae) so that t~ conclusi'ons could 'be at-fèc
~~ 1 

ted by erro~s in the data. More field measurements with modern instruments' 

are rêquired for complete resolutÎon of the pr:.ohlem. 

f) The parametric ~~proach implemented ln the pr~senl study does not appear to 

1 he suÎLlhle [or modelling pI9-ec'sses involvi~g pr~cipitat!on, particuldrly 

dècumuldtion c T1~ lS p~obably .due to the rel~tiv~'ly poor spatial autocorr

elation"of precipiuition togethe'r ;;ith
Ô 

effects,oi: topography. The prohlem 

of modelling glacier accumuldtion in terms of climate islsti 11, thereforc, 

a major problem awaiting solution. For glaci~rs in the Cana~ian A~ctic, 
o 

the first rcqlLlremcnt would be a denser precipitation station nett./0rk: 
, 

g) The statisj:ical m!Fthods used in the study are admittedly pnmitive, e,g: the 

ordinary least-squares method does not,take account of effects of possible 

--- autocar relation in the various time-series 50 that coïnp,u~1 confidence int~ 
,~1, vab 'mu~t be intcrpreted cautiously. 
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APPENDIX 1 
f ' 

PHYSICAL MODELS OF THE THERHAL MODIFICAJ Hm OF AIR BY GLACIERS" 
'-

. (~ 
i) Introduction 

:J 

In princip le the air tempe rature over a glawier (or any~here else) can be ae, 
scribed by the first law of thermoùYnami.cs in combination with other governing 

1 
equations of the atmosphere (SMIC, 1971, p.IOS).- Solution of the equ'ations 

would represent the best and must "phYbic-d1" dpproach to, the problem. In prac-
r 

tice, howev~'r, solution of tlJ(.: equation is not eas~: if the equations are at aIl 

realistic they at<e too c,ümplicated for dlldlytlcal solu'tion, and there will sel

dom be enough detailed meteorological ,delta from th~ gldcicr and Lts near surr-
q. 

oundings ta specify bounda;y conditions etc. ' / 

An empirical approach lo the problem of aH temperatures ~ver ,'1aii~rs ~s pro

'posedoin)t,he present work. The approach invo~ves 'th! postulation of sorne sim

ple equation relating the variables of interest. un!specified c~efficients in 
1 

the equation are then 'evaluated by the stdtisticallana1ysis of data. The ass-

essmen~ of ,the:. "validi tyl! of the approach can, ta Jarne extent; be made by an 

examin~tiqn of the computed st.1Hstic~, Le. on an a posteriori basis. However, 

it is, also necessary to demonstrate, as ,far as it is possible, that the po~tu;-
\ . 

lated equatlon and assumptions do bear sorne logical relationship to the pfoblem 

at hand. .This will, bé"attempted ln tl~e pre~l!lIL Apipendix wi th the help of heu-
. . \ 

nstl.c atguments. l 
. '. The models which will be discussed refer to th~ 9 ~Tm:;f~' situation: 

1 

A parcel of aIr is transpor~ed over"the gla~ier ~~ the horizontal wind field 

from the warm unglacierlzèd surroundings. The al~ parcel loses'~ Jt to t~e, 
J 

cool glacier suriace Dy turbulent heat exchange whilst gaining 'some heat from 

However, tlJ1.€ i5 a ne~ heat 10513" 'iincZ. overlying air b~ the same me'ch't, ~m. 

coo.lj"ng of the ai r ,Parcel océufS. 

ii) Simp ~e Di fi us ion Node 1 
, 

,,i, 

" ( 

1'" FO! simplicity a flat'~$mi-infinite gLi"cier is. ,considered with the ,ho:ri~on-
" tai wihd velacity perpendicular to the glaher edge. The steady state assumpt-

. , 
,. . 

" 

".~t_ 

u • 

. , 
\ 
1 

1 
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'. Lon lS made, l.e. the locai deri~f:1tive of temperature with respect to time 15 

neglected in comparison ta the advec~ive derivative. For tne~e simple, and unï 
~ 

reaiistic, a&..~umptions the heat 'equation, reduces t6: , 

~ 0K(:~)_JT 
(Al. 1) 

Jz ~~ 
, 'fi 

where u(z) and K(z) respeèti vely are the horizontal wind speed 'and tprbul~nt ex-
~ 

chan~e ë:o~fficient at height z. Even for. this simple equàtion analysical solut-

iBn is hardly possible. A further urabLlc bimplification can be made by assurn

ing that u and K,are consldlH with respect to hei~ht: 

KtI 
)'Z .. 

lA rr CA 1 : .!.) 

, . 
This is c1early unrealistic fo~ thl! l'randt1 Layer over a glaLler although it may 

not be t~ô bad for the Ekmall L~yer. However, Ohmura (1972) and Mülle.r' ét 13.1 
~ 

(1973) show that thermal moJificaÙol1 of air by a "small" glacie~ ot:c~rs, ma\n1y 

in the Prandtl Layer. 
J 

The bopndary conui tlonS chosen [or so1ùtion of (Al. 2~ are appropriate for veorti-

cally ~el1 mixed air, with i~~~l'~lapse ;'ate c, advecting from a homogeneoLLs 
( r:J 0 ~ " 

region with surface temperil~re T" over a· flat semi-infin'Îte slad'er with a fixed 

_surface temperature uf Til. 'L'he" origin of the x-axis is chose'lI bO that the gla-

Cier edge 15 at x = o. The b9undary conditions are: 
- 0 

z = O· T = TI 
, . 

x> ,0 z o 0 T := TI' 

x>$ 0 z > 0 T TI + cz 
Ji' 

The solution c{f1A1.2) witl! th~ ,given bounclaTY conditi(;>ns is:' ", 
, ,~ 

T(x, z)' (Til - TI \ erfc (Tt) ... TI + Crz ' (Al.'3) 
~~: ,$ 0 c:.' 

where "1;:: z/2.Jl<:' and erfc is the Complementary Errgr Functio~.~arsl~ and 

Jaeger, 1959, App~ndix III). 
o 

A change of variable in (Al.3~ can be made by putting Tl~tz) = TI ... cz and~ 

T** (z) T~ + cz which gi ves: e ",: ' 

, \} 
erH'l) T1N(Z)" + erfc('l) T**(z) l, T (x, z) 

" 

,1" 

,.t 

1 

---te: 

" 

(Al. 4) 

.1. 
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Clearly T1N(z) IS the initial !:.t.lte of tlll' dir at hcight z whilst T~*(z) i~ the 
'. c ~ 

final state of the air df/,er tUlIlplete "JumesLÏc.ltion" of the air' by the cool 

glacier surface. T\he solution T(x,z) at any point (x,z) i~ a linear combination 

of the initial and final states. etf('1U varies from unit y outside of the tber

ma1 in~luence of the gl~cier, I.e. x, 0 or at large z, to zero at large' x or 

small z w.hilst erfcC"\, )T**Cz) varies fn.JJll zero to Til at the glacier surface. 
\ 
r' 

Equation (Al. 4) shows, that the solution depends not only upon "locatiop" 'as re-' 

presented by (x,z) but also upon "weathet" as represented b'y u and K. For the" 

purposes of the p'resent: discussion (x,zy,can be re~arded as fixed, Le. the c07" 

ordinates of sorne w~ather station on the glacier. However, T and TIN must be 

regarded 'as functions of time t: è.g. they ~ou]d be regarded as claily mean tem

peratures for succe~si ve days. The wind speed and turbulent exchange coeffi"-. 
cient will vary from day to day also. However, their varîations_will pro\;>ably ----
be reas?nably well,r~presented bW a stationary random process. As the ratio of 

. u ,and K appear in (AI.4) oa!:. part of the aq;umenr of the error and complementary 

error tunctions, i t rs- suggested that thei r v'àriations will ~ cause too big 'an 
" 

error if' neglected. ThIS i~ bdsed tf~on the fact that u and K tend to be posi ti-
, 

vely correlated and; in any case,. the error functlon is a relatively insensitive 

fupction of its argument. The' final state 1** will also be a function of tiQle 

because the glaci~r surfAce temperature wil~ be.a function of time (never more 

than OOC, however,). 
< 

The equation (AI.4) can be repl~ced by: 

T (x. z .,t) 

- 1 
where the overbar denotes" average value over the period of record", and, 

, 
tA~ (t) is ~n~nown, stochastic process, assumed stationary, with m~an value of 

zero and variance u2 . Fluctuations of u, K and T** from tht'lr mean values "for 
" 

the period of record are" absorbed" iI!to the lA ~ Ct) teJ;"m. Equation (Al.S) i9 . ' 
use.ful if the latter terro is small. Regression. analysis of "synthetie", data, 

t ' 
where T was generated fro~ TIN according to (AI.4), supports (Al.S) as a rea-

sonable apP'~.oximation of (Al. 4) wi th time-dependent parame ters. 

,The purpose in distussing the present model is heuristic': the model lS not rea-

listie. 'In fact, Equation (Al.4) prediets stronger "dOlnestic~tion" than the 

more realistic model of oOhmura (1972)" for similar values of u and K. This is 
1 

. , 
1 

-\ 
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" ' . 

the model neglec~s the increasé of u and K with height so that supply 

sensible heat to 

Another unrea\istic 

r dt height z (rom over,lying air is underestiljlated. 
1 • 

of (Al. 4) ,ts neglect of variations of glacier sur-

'~{<:\ce- tempera~ure in the ri''''nwind direction. This may be realistic for high 

s~er conq,i,tiens with im ti'âPy v~ry 'warrn ildv,ecting air, but und~r cooler, con-. , 
ditions it, \s possible t 1 lt the glacier surface temperature can be OOC near the 

/ 

, glacier edge but cooler further down wind because of the reduced supply of sens-

ible heat flux. 
'. J), 0 

Once th~ surface temperature 18 below 0 C it is free to adjust 

itself according to the eaergy balance Equation an? c'Cm nu longer be ,considered 

,as independent of the temperalure of the' overlying air. 

. 
iii) Prandtl Layer l'Iode 1 

Equation (AI.1) can be' solved with more realistic asstirnptions concernlng 

" the height v,priati ~ns. of u and K, e. g. q logari thmic incre:'lse of u and linear 

increase of K in the Prandtl layer. 
, -.,; , .. The Equation must, however, be solved nu-

merically, see fO,r examples Ohmura (1972) and Müller et al (1973)., This iS,done 

by representing th~~ifferentials as finit~-di fferences between values of the 

various' variablés at puints in a two-dimens\lional g:id wi th origin at the edge of 
. " 

th~ glacîer. A finite-difference approximation of the left-hand side of Equa-

(Al. 1)' m~y be wri t tcn: ' 

UL+.,I< T, •. ,II- U,,~ T.,k (Al. 6) 

d 
whitst ,the 'LÎght-hand side term may be written: 

l K ~ = -& [ Kt,k+\. T., k ... - (Kt/k>~ ~ K;,~~)~,k + Ki,k"'" T,,,,-J (Al. 7) 
J% flX .' " 

where i and k denote values on i Ü (horizontal) ànd k th (vertical) grid point 
-.. ... 

and ~ & h are respectively the horizontal and vertical grid spacings. Ki,k+\ 

and K. L denote rep, resentati ve ,K values for the air layers between gr.id 
l',k- Y.I, 

points. ,It can be shown that (Al.6) and (AI.7) are represented by an Equation 

of the f'orm: r 
(Al. 8) 

( 

Ti+l,k = a(i,k Ti,k + f3 i~k Ti,k'+l + 'lfi,k Ti,k-l 

where ~ i,k' {J i,k and '( i,k are sui-tably deUned ln terms of grid 

of u and K. 

po\nt value~\ 
'" l " . , 

r. 
" ............................ --.. -------------------------------------~ 
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\ 
Equa ion (AI.S) can be solved for the temperature at grid point (i+l.k) if val

ues at rid points (i,k), (i,k+l) and (i,k-l) are already known. The solution 

can be c rried out step by step if suitable boundary Gonditions are specified: 

the temper 

ature o"f the 

space which 

atmosphere. 

ure o( the advecti~g air upwind of the glacier, the s~rface temper

lacier and the temperuture along the FOp boundary of the ,solution 

cO~d be cither the top of the/randtl layer or bott~m of the free 

In ~nciple ~he finite-difference approach can be extended to the 

three dimensional a~\\ non-s~f'ady sUtte prcrblem and can take account of spatial 

variations of the glae·ier surface temperature and any ehosen variations of u and 

K. 'If an additional equation is introduced to Jescribe the e~ergy balance of 

the glacier surface it shoulJ 'also \1e possible ta eomputè the glacier surface 

temperat.ure as part of the solution, instead of presci-ibing it. 

The,e are: however, sorne practical obje.ctions ta this approach. For :example, it 

is not possible ta choose arbitrary values for the griJ spacings d and h, they 

must be chasen aceordin& ta a Stability Criteri?n. Ohmura (1972) chose values 

of 1 m for bath d and h. A solution extending l'km downwind and 4~ m/~ 

would, in this case, require 41 000 grid points (of which 2 039 gr~ints .. 

would be u~ed for the bOUl~pary candi tians). The computation might have ta be re

peated every qay for a whole summer. If time-depend~nce was introduced into 

Equation (Al.,!) a11 grid-point valuès wO\1ld have to be stored and the time-step 

for integration would also have to be chosen according ta a stability cçiterion. 

It is suggested that the amgUnt of computation invo~ved makes the approa~h im-
\ 

practical fOL predictive purposes although it has very great valu~ as.a diagno

sti.c tool. Furthermore, the specificitioll of boundary conditions and suitable 

values of wind speed ~tc would require observational data from close (1 km scale) 

ta the glacier which lS seldom the case. 
1 

For the purposes o~ the present discussion, it can be pointed out that ,the Equa

tion (AI.8) is linear as long the choseo formulations for u and K Où nàt involve 

tempe rature or its spatial gradients. Successive elimination between equations 

for each va' ~ of i and k will ultimately lead to a linear equation relating the 

temperature at, the (i ,k) grid point to the boundary condi tions. The coefficients 

in the linear combination will depenrl upqn i and k with, presumably, proportion

aUy greater weighting on the -c1oser b~undary. In particular, the precise loc'a-

J • 
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tion of the upper boundary-wili probably, be irrelevant as tong as it lS chosen' 

suf~iciently high. As the solution pracee'ds in the downwind direction it should 

become d'ècreasingly, dependent upon the upwind boundary condition and i~c~easing-

1y dependè~t upon the surface boundary condition. From this point of view, the 

Prand~1\layer and simple diffusion models ar~ qualitativ~1y similar. 

iv) The Parametric Model 

From th.e analyses of the preVlOUS sections, it is suggested that a plausible

general model for T(x,z,t) i5 given by: 

(> 

'"'" T(x,z,t) A(x;z) + B(x,z) Tm(z,t) + U(x,z) (:(t) (Al. 9,) 

~~~ T(x,z,t) is the lemperature nt sorne point (x,z) on the glacier at time t, 
" , . 

e.g. claily mean air temperature at a glacier weather sta~ion,"TIN(z,t) is the 

'" 'equivalent-altitude temperature upwind o} the glacier edge, A(x,z), B(x,z! and 

U(x,z) are parameters which must be evàLuated empirically, 

analysis of field data, and e:(t) is an unknown st~chastic process 

mean value and unit variance. 

The 10gical connection between 1\1 .9) ~nd the results of t~e previous sections 

connection is based upon intuitiob and analogy. Accordingly, 
-1 

is a weak one: the 

lS a hypothesis Wh~ ch :ust be tested

i
l rather than a logically de-

duced statement of fact whose lestlng 18 hardly nec~s8ary. Tb~ actual testing 

Equation (1\1'.9) 

1 .. 
of the hypothesis is outlined in Chapte~s '3 to 6. 

The parame ter A expresses l''u.lnly the average effect of the glacier surface tem

perature whilst B parameterizes the average wind and turbulence conditions. 

Fiuctuations from average conditions are then lumped into 'the U 6(t) term which 1 

can be regarded as an "error". The latter shauld bel sma11 for (A1.9) to be a _1 

usefu1 p'arameterization. This lS a characteristic of the paramet~ic approach 

whereby certain quantities are known ta be variabl~. treated a~ if the y 

were constant. 

The main assumptions implicit ln (Al.9) are: 

" 
comparison to (a) Negligible heat storage in the air on the ., 

Othe advective heat source and the cooling of the .ir by turbulent heat flux 

" into the glacier .surface. 

1 
1 
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(b) The dynamics of the, system, e.g. w~nd speed,and exchange coefficient~ as 

weU as the glacier surface temperature play a rela'U vely passi ve 'role ~n 
\ 

., 

transforming the air temperat!!re. This 15 equ~valent to sa.ying that time 

variat~on ~n TIN 15 the main source of variaüon in T at some fixed location. 
, 

Finally, a methodological problem should be merrtioned. T~e hypothesis, i.e. 

Equation (Al.9), ~ight be testcJ dnd not found ta b~ falsified. It might then 

he a.ccepted as "true". anJ might be "expl~ined." if;jerms of the argu~ents advan~ed, 

in the present Appendix, i.e. in terrns of factor~uch as advection and turbu-
, 

lence. There may, however, he ather logically possible mechanisms.whose para
/ 

J • 
meterizati'On would also lead tü a hypolhesls in the farm of Equation (AI.9) 50 

'\that the "explanation" would not bd a unique one. This is an aspect of the 

"process-respons-e'" problem but i~bably not a serious problem froln the practi-· 

cal po\nt.of view. 
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APPENDIX 2 
,( 

1 

TWO':"WAY ANALYS1S OF VARIANCE OF HONT~ILY MEAN ER URS FOR 1972 TEMPERATURES 
/ • 1 

The monthly mean temperatures Olt 10 Axel Heibl l ' stations were computed from 

the corresponM monthly menns 1\~1 u,sin; the ~/'lrious Class Hodels. This g~Ve5 
-- ,. . 

the estimat~ T~) -f~~ each month ,and stati~n. Thr corresponding observed temper-, 

at\.)li.es are'T, and the Monthly lIean l'rror E is gi~en by ,'(Tp-T). The values of E 

Standard Dvn 

0:5 

1.0 

1 

* Mqr~ine data not lfseâ-rn--the coïilpvtation because of misslng AuguSt data. 

, 
The means and standard deviations of the rows ma from ea'ch other 

purpose of the ana-. 

lysis is to see if these diffe~ences are stati~tica 
--r-=-----'--...:.. 

'-Th; rite thod~----- -

folt~s szig 0970, p.277). It 'is tssumed that the 36 values in the table 

correspond t ra~dom varia.~les Est Jhich. are independent anrl normal and have 

the same (unkno n) variance although thé means.maY be ~ifferent. The hypothe

sis .. , to be testéd is that aIl the Il)ean values are in fact the same, i.e. that 

the populat~on means are aU OoC. " 

_.' 

( 



1· 
1 
1 

t 
[ 

\, 

\ 

r' 

sJurce uf VJriario"~ ,. 

Between Rows (S~ation Etfect) 

Between C81Ürnns (Time Effect) 

Deviations 

Total ., 
r 
r 

DOF • Degrees 
t 
1 

, 
of Freedom. 

,119 

DOF 

8 

3 

24 

35' 

SOS = Surn of 

SOS HCi.l11 Square 
'\ 

10.60 1. 33 

1. 53 0 • .51 

32.87 A, 0.95 

35.00 

Squares '0" 

. 
The,. ratio of mean square "station effect'~ t,o mean sq\lare deviation lS VI which , " 

The ratio ~f ,mean square "time nff~ct" to in'this case has the value 1.40, 
i 
~an square deviation is v2 which in ti;hi~ case bas the value 0.54. 
i ... 

('The 5 7. significance level is chosen so that F(c l ) has the value 0.95 for 
~ , , (8,24) degrees of free~orn at cl ~ 3.12. Now ~l ls less $han cl ~o there i~ n~ 

significant (5 % ;fference een stations. ~(c2) has .the value 0.95 

____ -----f--for\J,24) d~grees of freedorn at Cry 8.04. Now v2,is less than c2 ';0 that 

there is no significant (5 % level)ùiffer~nce 'between rnonths. In vi~w of these 

r , , 

! 

1· 

1 
/ 

; j 

( 

( ,-

" 1 
t-

'. 

two findings the hyp.bthes{s that the mean values aré the sàme can.no~ be rejec-
"'" c 

ted and th~ 36 values in' th~ tabl~. are best regarded as arisiIJ randomlY,t'rom a 

single population. :However, the most quest-ionable assutnption is probably that 
,.:; 

the v~riances are the same. 

If it were asserted, the previous cOrClUslon n~twithstanding, that the mean 

err~ Est for the s th ~tation and t th month 'could be described by a, linear 
\ . 

model of the form 
•• 1 

Est = o(,i + "-Pt + e.st 

error e t wouJd be 0.822 . , <; , 

. 
the variance of the This wOhl1d correspond to an 

error of about 67 Ïo of the variance-of Est. ----De'spite the st-~~istical:fi'ndings, the suspicLo~r~lIlains that the model perfor-
• Q 

~nëe ïs- r-trt~._po_o!, _!.or May. This need not be surprising as ~he data 
-f,,-_._ • " 

used fqr c'pmputing th~ vario~~ mOdel-pararneters--are -heavi ly' biased toward[ ~ 
....------- -----------.--------

.high::-~~ For May the co~:ted-me-aB~'t~mveratur;-Tp is, on av-

èrage.' l.7
'O

C t~o high for ~he grou~ o~ four stations represented by Valley, 
~ . 

Out~ash. Lower lce,and Anniversar~ wl}'ils~t is"2.0 to 2.7
o

C too low for 

1 ) 

J 

, Il ,., 
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Gordon's and Ermine. 
" . 

At the saffie time computed temperatures are qu'ite a,ccurl'lte 

for Fjord, Base Camp. Moraine and BaL~Y' ~his" pattern may well he fortuitous or 
~ 

due to'spatial.autocorrelation, but it could b~ speculated that it r~flec~8.a 

~e~l pattern of enhanced cooling and heating effect characteristic of the pre

melt season. ' According to this exp,lanation ,t~e first four stations might be 
t ~ . ". '" 

under the influence of a cold "poo1 Il extending dawn-glacier from Moraine in ta 

the Expedltion River vailey, possil,!y constrai'led by topography, \Whi,lst Gordon' s 

and Ermine stations lie within a "heat island" -where· the underly,ing tundra is 

already heating the atmosphere although still covered with snow. It sh~uld be 

\ 
'pointed out that this ~articular scenario could not be d~scribed by the modeL 

• J ' 

, , 

assumed for the two-way analysis of variance computation and 'would pot be de

tected by i t. 
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APPENDIX 3 
\, 

STATLSTICAL Pl\OPERTŒS OF l:,NEftGY/tIASS BALAN~E 1<: QUA! lONS, 

In princÎple eneI.&Y or mass balance eqllations can be expressed in the form: 

[ X,i,L,t) ~{( t) 
(A3. l) l::' 

where Y(t) is the value of tI'L balance dt time t ând Xl (t) to XN(t) are values 
, ,.. 

of the N sourcèS anJ sinks at time t. There is a c~nven~ion that 'sources are 

+ive and s~nks are -ive. If (A3.1) lS reg3rded ~s representing the energy ba

lance eqllation then Y(t) would be the energy used ta melt ice' whilst Xl (t). to 

XN(t) would represent net radiation,sensible' ltea't flux, latent heat flux, heat 

con~ionointo ic~ dnd heat from precipitation etc (N "" 5)., If (A3.1) is re

garded as representing the rnass ba:, n(6)equation then Y(t) would be the annual ., , 

1 
n,el:-b-a1-ance_al1_d_..!l.lt~XN(t) would represent accumulation and a 

winter and sununer balances-~;~(N : '2 '---~----.-.--~-
/ 

The meâ'n values 1 ta t ~ T), denoted by the 9verbar, would' 

be: . \,~ -
x (t) (A3.2) 

,./ i 

Deviations fr.om the mean, deno-t~d by the prime, would he: 

i. tI 

1(t)": 4-'Xi (t)'f 
.. ~ 1 .. 

(A3.3) 

For the assulilption of s tationari ty. the mCdn values wi 11 he indep'en\lent of time 
, . 

t.,whilst for non':"stat~onary processes the mean value's would have ta he speci-, 

1 fied as a fl,lnction of time t. 

, 
Multiplicati'W0f (A3.3) by the devi.ltion of the j th sink/source followed by 

averaging over the peri?? of length T gives an expression involving covariances: 

~---~ 
1 ---- -~-:_~ __ 

-~ .. _-----
COV(Y ,X,) = f COV(X. X.) 

J t", ·1 J 
(A3.4) 

1 

! • where 

, 

JI 

hT 

l 
bl 

(Y (t).' . X, (t,)') , 
(:r-d--, (A3.5) 

1 
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Recall that the pr<?duct moment correlati~n coefficient between Y and X1<, d~no-

ted by R(Y,Xj ) is.simply 

viations of Y and Xj for 

t~e ~civariance COV(Y,Xj) 

the perlU~ of length T. 
JI 

divided by the standard de-
> 

It can be shawn that: 

, 
(A3.6) 

where S is the standard dcvi ation of Y and S. is,,-1hc standard deviation of X .• 
1 J 

The index j cao take vdlues [rom 1 ta N sa that (A3.6) represents the j th 

equati9n in a system of N equations, The correlation coefficient R(Xi,Xj) re

presents the interdction or c~uplin~ between> i th and j \6 sourc~s/sinks~ In 
\' , 

the case of. mutually independent. sources -ninks (orthogonality assumption) the 
) 

correlat10n coefficients take the values: 

R(X. X.) 
l' J 

1.0 for i J 

0.0 fori-fJ 

In this particularly simp le case (A3. 6) gives: 

R(Y,X.) 
J 

S' .:.J.. 
s 

(A3.7) 

(A3, B) 

1 
Equations (A3.6) or (A3.S) illustrate the fact that the correlation between Y 

and any particular source/siok Xj does not depend upon the mean value Xj but 

depends upon the standard devi~tilons of the various tetms and the inte~ions 

be tween the tenns. In gener al., if S j \~ slÙall compared to S then Xj will cor

relate poorl)' with y, (A3.S) expresses the,common-sense notion ,that, if Xj is 

,only slightly vclllable during the period T, it calmot cause relatively larg~ 

variations in y and that these variations must be caused 'by sorne 'other more~ 

variable factor in the ener'gy/mas-s balance equa·tion. 
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APPENDIX 4 
, \ 

DETAILS" OF COHPUTATlON SCIIEME: FOR S\J~n-lliR ABLATION ON WHITE GLACIER 
l, " 

i) Symbols for Variables . 

, 
SIN (z. t) 

Tp(z,t) 

S(z,t) 

N 

, ~T(z,z) 

• f(x) 

DDT(z) 

MAB(Z,t) 

a (z) 
c 

t . " 

= ,-

"" Interpolated monthly Il,lean temperature for month t and alti tude z 

Interpolated standard deviation associated with above 
! . , 

Honthly rnean local tempùature computed from TIN (z", t) 

Standard cleviati on associat.ed wi th above computed from SUl (z',~) 

Number of ddyS in L th rnontl~' 

Heat1 of T1N(z,t) for June-August 

~ean of Tp(z,t) for Jud~-AUgUS~ 

Computed posi ti ve degree-clay toth' for month - t 

-p wbabi li ty de~s i ty '1 unc twn for dai 1 y mean tempe f'''" re ,n month t 

Computed positive declree-èay total for June-August 

1 

COJllP~ted ablation toual for month t 

, . 
romputed ablation total for June-August 

= Honth (Jl,me=6; July=7, August=8) , 

. x ' = Dutmny variable 

ii) The 'Equations 
~ ,. 

-:T (:z, t) = 0(1. + /31 T (z,e) CA4. f)' 
.IN '. \, 

0' S (z,.c) = 1 ft~ SI,.(Z,'t)'"'+ U~ b 
(A4.25 

f (:)(.) ...L 0 

[ -(~_~)Y2S" J ," =.;2.;' exp (A4.3) 

:ts '. . 
MDT(%,t} = N ( r(x)xdx JJ "-

(A4. 4) . • 
MA B (:l.t) oC.a + /3" ~(:tl\:) .. {! " (A4. 5) = 

\ 
DDT(x) ';,; (YlDT((6) + l'lDT(x.7) .f. MDTG.i) . 1 (A4.6) 

0 

Cl (:z.) = l'UIB (2,6) .... PlA'S(Z.7) + P\AS(z,B) (A4 .'7) 
c. l ' 

~ , 

, ' 

~~ 
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iil) The Paramèters 

For White Glacier the fOllowing,values were adopte'd: 

From Table 5.'5: 0( 1 = -0.7 Oc 
Pl = b.83~ and U

l 
= a , 1. 8 C. 

0 
7.5: .(2 = 0.0 

i, -1 
and ~2 0.63 dy 

-1 o -1 
From Table cm H

2
0 dy = . cm H20 C . 

iv) connnents)--

The"\>arameters 0(1' 131 , 0(2 dnd /3 2 are assumed constarft with respect to " 

. time and \ocation. Equation (~4. J) i s basl'J upon tiw assumption that clai ly mean 

temperatures within a month ,are normally distributed ab,out ,the monthly mean. 

Equation (A4.4) describes the computation of pOqitive ~egree-day total for the 

month in terms of integrat.ion ove[ the e,nsemble of prQbaMe daily mean tempera

ture~ with lower limi~ of iptegration set at OoC. The up~er limit of iotegrat

ion was actually taken as two s tandard devi~tions aboyé the mean and the inte

gral was computed as a suru using steps of 0.2
oe. Positive degree-day totals 

are normally un'derstood as time-summati~ns, and replacement of a time-summation 

by an ensemble-sunnnation is only valid fo'r a stàtionarv process; 
--

TIN(z,t) and SIN(z.t) were act'uallv calculated from 1000 mb and 850 mb data at 

Eureka and Isachsen using simple distance weir,hting with weights 0.71 (Eureka) 
f 

and Or29 (Isa~hsen). Monthly ablation value.s for Hay were actually computed 

but were found to be very small, and ablation for May is excluded. The calcu

lation'was made for every SUllEer in the period 1960-72 so that 39 a (z) values 
o c 

were obtained: values for 13 years ~t z = 210 In a.s.1., z = 370 m a.s.l. and 

z • 870 m a. s. l ~ . 

N'on,e of the various assumptions will be exact1y fulfilled. In particular, the 
J 1 

parameters 

pected that 

0(2 and ~2 
a (z) will 

c > 

describe ice met t rather' than snow mel t. It can b~~ ex-

involve error. The testing,of the hypothesis will~con-

centrate on the question as to whether these errors are, in fact, large or- not. 

--~--- ~ ----------
---~------
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APPENDIX 5 

EFFECT OF ACCUMULATiON ON THE COMPARISON OF a AND a 
c n 

The co~puted ablà'tionafor the t th s\Jmmer lS a (t). 
c 

\ ' 

\ 

It is computed from the: 

1 formula: 
1 

l' 

;IC(t) (AS.l) , 

~ " 

c • 
where DDTet) i~ the computed'd'egree-day tptal for the sunnner and P--i~s ~ para-" 

metér vali"d f"ar' melting ice. If' U' (t) is comp-ared to the observed net ablation c , 

,a (t) there 15 a discr~pancy between them given by E(t): 
n 

" Cl 
E(t) = a (t) 

il 

• It wÙl be recalled that: . 
.. a (t) = a (t') 

n s 

~ 

a (t) 
c 

c êt) 
w 

c (t) 
s-. 

(AS.2), 

(AS.3) 

where a (t) is the true summer ablation and c (t) and c (t)·are the winter and 
s w s 

i , 

summe'r ~c;cumulation respectively, assuIfted' ta be in the form of ~. 

, \: 
,The a'61:ation period is assumed ta be divided into two sUb-per;"ods: a period'ot 

q , 

) , 

snow me 1 t wi th degn'e-day" tata} 'IDT,' (t) and a pedod ,of ice melt with degree-day 1 

total DDT2 (t) where1. """ . 

DDT(t) = DDT1(t) ~DDT2(t) 

\ 

It is assumed that the paramèter valid for meltÏilg sno-w isfol sa t,Qat: 
... 

(J\?S) 

" In the ablation area where,all snow accumul~tion (c and 
Q w 

DDT
1 

(t) ~ DD~(t), the a'following will 

c ) is ablated during 
s 

th!,! s umme r; 1. e. hold: 
, . , 

\ cw(t) + cs(t) = ",elDDTlè2) "/~ • '(AS. 6) 

From (AS.' ~A5.5) the following expression for E(t) can be deduced: 

ECt) ,.. ,91DDT 1 (t) - f32DDTl Ct) - c~(.~) - cs(t) (AS.7) 

. , 
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Elim~nati:'on of 

.. ~ 
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\ ' 

1'f6 

DDTl(t) belw~en (A~.6) and (AS:7) gives: 

,E(~) = -(fJ.ft:l. ),(~. ·(t) , c.(t)') 
L ,-, w, S t' 

~ \ 

(A5.'8) 

If {JI and ~"4 ar~ identical then Equ~tion (AS.8) expresses the trivi~lity that • 
the discrepancy between a and . n' a is 'simply numerically equal to the acculnul,at

c 

ion. Howe,ve}4 if Pl < P2'0 the discrepancy will he numerically largér, than the 

accumulation. 
• 0) D 

D, 

~rom Êquations (AS.4 to AS.6) it can be shown t~: 

.. 
(cw(t) +A-csCt») + R2DDT(~) (AS .9) 

.. ' 

If {JI and {J2 are identical- ther\' the summer abl,ahon as (t) will depend only. 

\,11\011 the sununer meteorologic'al conditions, represented hère by DDT(t). If 
,)/' 'r ~" , 

J3F < '2' then the ~ummer i,hla'fion will ~also be dependent upon the a'ccumulation, 

i.e. "'ablation is not independent of accumulation". . 

.I,t 'can be simply s~own tha: the '~et ablation an' ~e' given by, 

an(t)' =. J32 (DDT(t) - DDT l (t»= ~2DDT2(t) , , (AS. 10) 

, "" 

, Because DDT
l 
(t) " DDT(t) ,in the abl~ti~n area" an (t) will be positive. 

/ V 
In-the accumulation area where aIl snow accumulation (c~and c~) is not ablated, 

i.e. DDT.l'(t) = DDT(t) 'and DDT
2

(t). = 0, the Equation (AS.&) must be replaced by 

t~e ineq uali ty: 

(AS. 11) 

The net abÎation a (t), will then be given by: 
n r , , ' 

a (t) .= "PlDDTl(t,) :.. (c;"(t) + c (t» 
n w s 

(AS .12) 

Because of the condition expressed by (M. 11) a (t) will be neg·ative. 
n 
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APPENDIX 6 ~ ___ 

COHPUTATION SCHEME: FOR TOTAL ABLATION ON STORGL.t\CIAEREN 

i) Symbols for Variables 

T ' 
Tarf 

T (z.) P 1. • 
" 

a (z.) 
c 1. 

S(z) 

A 
cal 

ii) The 

'\' 

• ,. 

= 

Summer mean (June-August) temperature at Tarfala station at 

1130 m a. s. H ne~r snout· of Storglal~i.aren 

Computed summer ~ean (June-August) tempe rature at altitude z. 
l. 

on Storglaci~ren 

'Si Computed sUlIUIler ablati'on at altitude z'. on Storglaciaren in 
r 1 

1 .. 
c~ H20 

Area in km2 of the 50 m ~ltitude bsnd c~ntred on alti~ude z. 
l. 

Computed total ablation in 106 m~ H
2
0 

Equations 

T CU30) ~l + T (A6.1) p Tarf , 
." 

T (z.) = G. (z, - 1130) (A6.2) p 1. _ l 

, J 

a (z.) = 72.4 + 40.5.T (z,) T(z,) ~ OoC (A6.3a) c 1.' P ~, P ~ ';;-" 

;a (z.) = 75.4 + 20.9.T O(z,) T (z,) < OOC (A6.3b) c r, p l P l 

, 
z. 

1. 
.1125 + SOi \A6.4). 

" .,,11 a' (z,) 
(A6.s) A = L e1 S (z,) cal ') 

l 
'\... 100 

iii) ~he Parameters 
J , 

"9 

The computafion was maçie for' several, choiceE! of Llle various parameters. 
, 

For example, th'e af. 1 and 131 .parameters in, the cooling"effect equation (A6.1) 

were chosen as follows: ' . 

.. ( 

o 

i 
t 

• 



l ' 

t 

• 

c 

.. 

• 
, 

{ , 
l', 

.~ __________ ~r ________________________________ ___ 

c -!-

, l~:, 

Run Number Class ~l ~l ~ . ' 
1 Class la 1.2 0.933 

,y 
2, -Class 1 0.1 0.999 

, 
)- , Class 2 -0.7 '0.834 

4 Class 3 -2.,5 0.890 . 
, 

These are .actu<41y the parameters for the different Axel Heiberg classes. .. 
The computatio"n WdS' made for several choices of, vertical t~mperature gradi<.>nt 

G = -0.003, -0.-005 anu -0.007 Oc 01-
1 

iv) Comments 

-
The purpose of th~ pr~sent exercise is to compute total ao~ation on Stor-

glaciaren under the assümption that it-aets like an Axel Heiberg situation. 

Fo}examPle, EqU~iO~S (A6.'3:) and (M'r) are baséd upon the Axel H~ibcr~1 
DevQ!1 Island' ablation model, sec 'Chapter ~O and Appendix 4 for details. 

A priori the choice of parameters for Run Number J sh~uld be the rnost likely, 

i.e. Storglaciaren should behave like Class 2 (Lower Ice ~tc) rathe~ than 

Class la (Ermine s'tatio,n). Class 1 (Base Camp etc) or Class 3 (Ice Cap si lua

tions). 

"'-
The vertical temperature gradient of -0.005 Oc rn-Ils rnost likely and th€ other 

values were ouly used for,completeness. 

Equations (A6.3a) and (A6.3b- would lea'd one to expect an average ablation gra-

dien~ ,pf IO-20cm H2'?ilOOm as opPQsed to 

Schytt (1967). This seems to indicate 

, 
the value of 55cm H

2
0/100m quoted by 

, 
a serious discrepancy, but th,e mode 1 does 

perform reason~bly weIl, see Fig. 11.6 and page 96. 
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,1 

1\1',1 ,,\ 1 1 (lN III 

. 
a(G,l) 

~ 

'1 

-~ 
Il,,nl'l.J'!I l'IIIU'. AT .fI. l'OINT 

~ 

[3 DDT(z, t) '(A7.l) 

where a(z.t) and DD1r(Z,l) are the summer spC'cific ablation ànd'degree-day total 

respèctivel.y Jar the t th balance year, and a,l titude' z a~d 'ft is a p1}rameter,' 
\ i \ 

The glacie~ .is di vicled into (l al ti tilde bands of tllickness 

• The tpJal' ar~the gldcler I,S S an{;the .:irea o[ the i: tb altitude band, cen-

tred on allitude lb S. \vhere 
l 

t,lkes vdhl{'s (rom 1 to. N. <:;lcarly: 

s (A7.2) 

The,total ablation A(t) [or lhe L th summer lS lhe sum of contribution from the 

N altitude bands: 

A( l) 

, 
LON 

·La(z.,l) s. 
1.' l. l 

(A7.3) 

The mean specifie ablation a(t) is given by A(t)!S (NB the averbar usually 

used ta denote mean specifie quantities is' reserved in the present study for 

time-averages.) It can be shawn that: 

"i-- '" 
~ 

,,,H 

a( L) I DDT (2. T) S. (A7.4) 
S l l '. 1'" 

'~ 
In general the relationship between the sumer degree-day total DDT (z. , t) and 

l 

the corresponding sumner mean tcmpcrature T(2. ,t) 15 nan-lincdr. However, 'if 
l 

summer temperatures at z. are not too variable f rOI,1 summer ta summer the relat
l 

Ion cau be liuearly approxi~ated: 

DDI ,z·. ,t) 
'h, l 

d. + f.' T(z .• t) 
l l l 

(A7.8) 

where d. and f. are constants for the altitude z- and are depcndent upon aver-
l l l 

age tempe rature conditions at that altitude. 

/ 
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If (A7.S) ib, substitut~d into (A7,4) then: 

. a (t) 13 
s (u. + 1. T(z"t» S. 

l l l l 
(A7.9) 

The temperature at a wcather ,station at altitude z is T(z ,t). If temperdture 
o 0 

is a linear function of altitude ~ith v~rtical gradient g: 

T(z:,t) 
l 

Substitution of (A? .10) 

d(t) 
B 
,s 

T(z ,t) + igt>z 
o 

into (A7:9) glves: 

• L'CN 

[(u
1 

+ fi Îg6z + fi T(Zo,t)} Si 
.. , 

(A7.10) 

'. 
(A7.11) 

Equation (A7.l1) 15 cleady linear with respect to T(z ,t). 
o 

This result depends 

upon the validity bf (A7. 8) which~ rests lD turn upon th.,e assumptiqp that variat

lOns of T (zi' t) from year to ~ qui t'e smaH, e. g., of the 'order 01 1 to 2 . 
o 

C at m9s t. 

# 

Equation (A7.11) may Ge ~xprebbed db follows: 

where 

and 

a (t) 

A 
o 

B 8 
s , l~ 1 

T (z ,Ii) 
o 

(d. + ,f. 
l 1. 

f. S. 
l l 

\ 

\. 

ig t,i s. 
l 

.\ 

(A7.12) 

Sevèral authon; h<.lvC rl'gn.'sbCU I1\Cdll specifie net lJal.ll1ce or summcr b,llal1ee on 
1 

sunnner medn tempe rature at some station near the glacier (l0 k,m scale). Equa-

t~on (A7.12) may be consider.ed as consti tuting an "e~lanation" to such reg re

ssion models. The ~ntercel?t Ao coutains ln[ilrmation a~ut the altitude differ-
• 

euces between the weather station d various parts of the glacier, lapse'rate, 

mass distribution of the glacier and re ationship b~tween temperature and de

.'gree:-day total whils't the slope B con tains . format~on about th~\na~s distribu

tion of the glacier, the relatiouship between t m~erature and degree-day total 

and the relat'ïoush-ip between degree-day total and ~e~ftc ablation. Tttt terras 
"-

A
o 

and B should show"secular variations because of the changes innareas Sand 

S, as the glacier· advances or retreats. From this point ofo view the system de
l 

scribed in Equation A7.12 is non-statiouary. 
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~PE~DIX B 

,1, \ ) 
ABLATION, NET BALANCE A~D' T;~[1PERATUllli 

. ". ,The~specific ,net balance bn(t) for the t th balance year 15 glven by: 

" b (t) = ,c{t) - 'a(t)' (A8.1) 

are th: a'ccumulaJ\on -'and ablatio,rf f~r the t th balance year. wherC' dt) and a(t) 
", 

Deviations from the N-yeat average which 15 denoted by t~e overbar are denoted 
<:> 

by the prime thus: 

Il (t)' 
11 

~ 
«l)' - .J(l)' (AR.2) 

The deviation of SUlTU11e{ 'mean temperalure T(t) fr~l.n its N":year average is denoted 

~y T(t)'.- HuIt ip l iCdtion ~ut (A8.2) by T.(t)' followed by averaging over 

the N years giV8S: 

b (t)'T(t)' 
n 

c( t) 'T (t) 'j' - a ( t) , T ( t) J (A8.3) 

The N-year standa-rd ueviations of bn(t); c(t~, a(t) and T(t) are denoted by Sb" 

Sc' Sa ami St' Division of (A8.3) by Sb,ST gives: 
S S 

c a 
R(b,T) R(c,T) - S R(a,T), (A8.4), 

. Sb b \ 

where R(b,T), R(e,T) and R(a,T) are coefficients of linear correlation of temp-

efature'with net balance, accumulation and ablation respectively. 

It is quite likely thàt cft) 'dnd Tet) will be moderately neg~tivel~ corr~lated 

because "wet" s'ummers are oaen "cool" summer,s and. because lower than average 

tel1lI?eratures will favour snowf,~ll rather than rainfall. 

that this will hav~ in increas1~g R(b,T) will depend,upon , 
tudes.of S , S and Sb~ c a 

Two interesting cases can be considered: 

h .J fI • However, t e ln uenee 
e 

the relative rnagni-

i) The accumulation i's nearly constant, i.e. Sc« Sb' so that: 

ii) a(t) and c(t) are 

Sb '" 12' Sa t hen : 

.,' 

R(b,T):::::: R~:T) 

0' thogonal,,~(~,T) is zero 

( 

and S 
c 

R,(b,T) -0.71 R(a l T) 

(A8.5) 

S so that 
a' 

, (AB.6) 

. . 
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In the ::,econd cas~ (ii) Tet) will "-explain': al most 50 % of the variance of 

b(t). and a' gredter percellldge 01 l'Xpldll,lliol} woulJ only be possible wilh a ne

gative.non~zero value 01 R(e,T). 

2 
Division of (AB.J) by Sr giveh: 

b (t)'J(t)' 
n 

S 2 
JI? T 

.... 

v , . 
c(t)'T(t)' 

') 
S ... 

T 

) 

J / 
d(t}'T(t}' 

(AB.7) ::- , 
S 2 

T 

where the le[t-hdnd term reprehenl~ the rat" of incrèase of net balance wit!1 

respect ta temperature whilst the right-hand terms represent the rates of in

crease of accumulation and ablation respectively with respect to temperature. 
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, 
THE'NET BALANCE OF HINTEREISFERNER IN RELATION TO METEORGLOGICAL ELEME~TS 

{ [ 
The late Professor Hoinkas' was probably one of ihe leading exponents of the 

o 
notion 'that glacier variations are control}~d by var~ations#n' the'suppJqr of 

'nergy by radiAtion. He disc~ssed re§ult; of.short-period energy balarice,meas-, ~ 
1 

urements made in the early 19508 on glacie-rs,in the e,!stern Alps (Hoinkes,1955) 

and showed that radiation was the maj or heat' source. T11~~ is il; agreement with 
", , 

results from other areas. ;.~.on~ t~lis ~e concluded (Hoin~es.':.J.955, p),OO) Lh~t: 

"The glaciers in the Alps wi"l.l, therefore, reaLt lllor~ sl;.rong1y to oscillations' 
~ . 

'in tll," duration and intensity of solar radiation or albedo than to variation of 

air temperature or to precipi tadon." 

Further, Hoinkes (1955, p.500) said: "In re~ent year~ lUany authors, 1fJ.n the ba
~ . 

sis of careful studies, have come to the conclusion that the su')et i tem:erature _ 

is to be regardecl dS the mast ifuportant fa~tor influencing the be aviour of gla-
l 

ciers. This result i5 not in contradiction to the measurements 

which are given here (according to which radiation H thé main source of :..nerg~ 

for the ablation of the Alpine glaciers) 50 long as;fi-- is not combined wi th the 
1 L\ .i 

idea that t>he greater heat' exchangt! .lrom air to i.r::.ri during a fiot SUlllmer is suff-

icient to account fo,r the grea.ter ablation. In an Alpine climate in most cases 

a higq sumn;ter temperatur~ means weather with mucI!. radiation and with infr,equent' 

incursions ·of cold air and snowfalls on the glaciers. Higher air .temperature 

naturally ~ontr{butes to sorne extent to the greater ablation, but it appears 

that it is to be regarded mainiy as an index uf higher radi~tion and to the 

, . . ,""' 
less power, of reflection of the glacier surface." 

~ , 

-..., ~ 
Hoinkes (1955, p.500) discussed the relation betw;ftn gl~cier/advance and 

, ~, , 

retreat in Switzerland wiih 5ummer (June~September) 9unshine duration and 
, 

days 

with snowfall at several high-a.tit~de climato'logical stations fL. the period 

1890 to 1954 and said: "The correlation of the curve t indicating the number of 

ad~ancing glaciers (under observation) as a percent of the total for·Switzer

land, and the curves for sunshlne dvration anu,.in particular, for new snow-, 

falls is deHnite' and quantitatively adeq .. 1te." He did not quote a correlat-

- Ji", 

.;, 
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ion coeffic'ient, how~"'''r. 

This emphasis on radidtion l1Îdy see1t1 in conLradiction ta the sudcess with Wl1l0 Hoinkes and ~teinacker (197S0eTite th'e 17-year HintereisferneI.'---llla.ss-balance 
'c 

series to a q'u,antity co~bining temperature and precipitation at Vent weather 

station. However;, Hoinkes et al (1968, diseussionf'state: "At least in sununer, . 
temperature shO\è<, a positive correlation with radiation, therefore temperature 

here is simply a substitute for radiation, ana summer snow a substitute for aI

bedo." , 

A partial assessment of the Vdli"hty of t1Ji" pO,int can be'made by alyllysing 

'data published J:?y Hoinkes at ,-:arious times. There are actually no l~g series 

of net radiation measUl;ements from Hint~reisferner a1though there .aI;;e sunshine -. 
data from ,Vent weather s ta~tion CHoinkes, 1970, p. 81). Accordiri.g ~to 'Hoinkes 'and 

. 
Rudolph' (1962, p.22-23) the sh~rt-\ Jve radiation from sun and, sky (g,lobal radia-

tion) at the tongue of Hintereisferner can,be aceurately computed from sunshine 

duration at, Vent. Furthermore, they assert that such7 computed global radiation 

is, under certain condill.!pns, "approximaA:ely proportional to the radï'ation bal-
< 

ance" (1962, p.23). Accordingly, one might reasonably expect a strong corre1a-
, ' 

tion between sunshine duration at Vent and net balance of Hintereisferner br 
, , 

Kesselwandferner. As a test,of _t~is, correlation coefffcients we're computed 

between the various.series: b
N 

the mean specifie ~et balance, ST the summer 

(May-Sep~) mean temperature, WP the winter (October-A-pril) precipitation tOtal, 

SP the sunnner (May-Sept) precipitation total and SS the' summer (May-Sept) sun-

shi ne duration. AlI the climatological observati?ns relate ta Vent. The 21-

year (1952/53 ta 1972/73) Hin'tereis.[erner and 16-year (1957/58 -to 1972/73) Kes

~elwandferner m~s~ balance feri~s- were tak,en fro~ Kasser_ (19~and 1973) and 

from Kuhn (1976) whilst the Vent cfimatologica1 data,fP to 1968, are reported by 

Jloinkes (1970, p.Sl) with"more recent data kindlY,mac1e available by Dr M. Kuhn 
c', 

of Innsbruck. The cori~elatian coefficients were as iùllows: 

f 1 
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Hintereisferner 21 1972/73) 

b
N 

. SS 

b
N 

0,23) -0.39 
\ 

1. 00 -0.71 0.61 \ 1 

ST 1 :00 (-0.01) -~5b 0.37:1-

WP' 1.00 (-0: 23) {-O.'34) 
»' , 

SP 1.00 -'0.52 . 
S5 1.00 

• 
Kesselwandf,erner 16 :z:ears (12 57 / 58 to 1,972/7 J) 

b
N 

ST WP SP SS 

-0.69 (06) _ O. ~4 (-0.32) bN* 1. 00 

ST 1.00 (-0.05\0.49 . ( 0.29) 

WP 1.00" -0.13)' (-0.32) 

SP , 1. 00 -0.47 .. 
SS ) 

(,) ::: Not.significant at 5 % leve1. 

1.00 

.. ,'/1 
/: 

1 

h
'r f :~' 1 

T e patterns 0 correlatlàn are very 

ferner., Particularly noteworthyJs the rel~tJ.vely w;ak correlation between 
l '~ i 

simi lar for Hintereisfetner, and Kesselwa~d~! 
1 

mass b~lance and sunshine duratirn compared to much stronger,correlations bet-

ween mass balance and summer tem,perature and precipitation. 'Tl~e sunshine dur- 1 

, t ' "J 
ation' is also only weakly ëorre/ated \'ith temperature. , \ 

Another interesting feature iS
j 

he weak corr~lfltion between mass balance and '-'..;." 

winter precipitation éompared 0 a stronger correlation with surmn~t precipitaf-. 
1 < 

ion. This is co'nsist·ent with the analysis of a' 21-year accumulation serïes, 

. Hom Kesselwandferner re~ortedl by Ambach and Eisner (19\ 7, p. 27). The low corr-

elation w,ith' ~inter' preèipitation may be part1y due ta "'the s difficulty 
~ , 

of accurate snow gauging as weil as depending upon topographic factors. 
~ • 1 t. .. . ~ 

' .. 
±he fact .that'< the mass balance lof Hintereisferner and Kesselwandf rner are more 

~ " 

strongly control-led by temperature than by sunshine dura~ion 

... 
can b\ a1so demon-

, , 
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-f 
strated by partitioning the se~s into separate samples for "warm" and "cool" 

summers and for, "sunny" and "dull" summers. In the formel" case differences 

b~wèen means of mass balance for the two sub-samples are significant (at'5 7. 
1 

level), and in the latter case they are not. 

The coefficient of variation of the 2l-year sunshine durati'~n serHS lS only 

/9.3 7.. This suggests that variations of global radiation from year to year are 

Il h .' ,. f r • • sma .' T e standard devlat10n a the SUlllliler mean ternperatu;8 serles lS only 
- 0 
+ 0.6. C, but from Equations (11.15) and (11.16). this is equivalent to variat-

ions of :;: 37' and + 29 du H
2

0 i 11' tile mass b,lldnc~ ~.f lIintereisferner and Kesse'l

wandferner. 

,~cc'ording to these results it lS suggested t.hat variations of mas.s balance ol 
Hintere'isferner and Kesselwandfer:ner are probably controlled by variations of 

~ ... 
ternperature rather t~an by variations of radiation. This is a re.asonab1e in

ferénce bas;ed upon the avai lable evidence. lIowever,. it should be repeated" 
'-... 

that there, W> no seri'es of net radiation data so that no 100 i.fIPe1iable con-
1 

,clusion can be drawn. 
" 
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