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Two aspects'of the glacier-climaté problem are investigated by linear
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Deux agpects du probleme climatique du glacier sont examinés a 1'aide
’ .
)
. \ ,
| d'anaﬁyses de régression,faites avec des données| du White Glacier (Axel

Heiﬁérg Island, NWT) et ses environs:
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L 1y , Comparaison des tenpératugés ambiantes mesureées au-dessus du glacier
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I8 / _et dans des stations métdorologiques éloignées. :
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r2) Relations entre 1'ablation & court terme et la température ambiante.
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Il a été constaté que les paramétres des deux modéles appliqués a des

¢ . échantillons différents sont 3 peu prés analogues. Les moyennes des para-
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o o métres des deux modéles ont &té incorporées dans un modéle vltériéur pour
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bia simuler 1'ablation estivale du White Glacier de 1960 a 1972 }n usant comme
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- 5 données de base les températures mesurées en &té par des stations météoro-
1. ' logiques éloignées. Les ré§u%}ats ont été mis 3 1'épreuve avec les bilans
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} annuels de masse.~ Les désaccords constatés résultent principalsment de
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. use in the study in)addition/to showing me many kindnesses.,’

¢ -

.The work carried out on- Axel Heiberg.Island since 1959 by expeditions from
McGill University, upder the direction of Professor Miller, would not have been
possible without !the Fsupport of manir organizations: especially financial support

. from the National Research Council of Canada and logistic’ support from the Polar

: ’ ’ ) Contmental Shelf Pro_]ect: of the Department of Energy, Mines and Resources.

Dr C.M. Keeler (CRREL, Hannover), Dr Bjérn Holmgren (University of Uppsala) and |
\?r Gunner @strem (NVE, Oslo) v\ery kindly puf: unptllblished data at my disposal,
I received valuable commenfs and personal communications from Profeséor Walter
- N Ambach and Dr Michael Kuhn (University of Innsbruck), Dr Herbert Lang (VAW, Zii-
rich),vProfessor Dieter Steiner and Dr Theo Gimsburg (ETH, Ziirich), Dr Olav.
[ : } Liestdl (Norsk Polarinstitut\t\:\:\w)-, Professor Val/t':er Séhyét»(University of
0 \ Sto‘_kholm), Professor Genadl GolubeV\%cdw University), Dr W.L. Gutzman (cMe,,
DO{V&].) sgd Mr Simon Ommanney (Glac1ology\D14us10n, Ottawa). In particular, I

i% would 11ke to acknowledge the useful cr1t1c1sms 0 &N”g._udy made by Professo

Svend Orv1g “and Professor Phil Langleben (McGill Unlverslty) a\\ﬁ)rmu
e

. <~ (AES, Toronto) on the&asmn of my Ph.D. Comprehensive Examination in Grenoble
in 1975. ’ '
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I David Day, Jbnn “lortison and Bo Curtis Lhcerﬁuily dssisted 1n the fieldwork on

kDevon Island, in W69 and Axél Heirberg Islandfln 1971 respectively. Richard
|
i

Hartley (LI, carich) hindly provided me with translations ?Eom Norwegian 1utos

e

ingllsh, and frs Ursula (Juper _(Zririch) Lyp[dlthe manuscript and attempted to

‘detect my many ¢ pstakes ol éﬁ&llxna, punctustion and syntax. -

v

!

% was a4 resident PL.D, candidate at WLGLII University for the acalemic sessions
1968/69 to 1970/71. During 1968/69 1 was supported by a grant from the Arctic
'I stizute ot North America for which I am Lspegxakf/’xndebtcd to Mr Ken de !
Barre, the Tlontreal Mmrector of the Inatx%ute. buring the 1969/70 and 1970/71

academic sessions I was in receipt of a B%rsary from the National Research

C&uncil of Canada for which 1'shall alwanb be gratetul. Since 1971 1 have been

{
e&ployed o the bLo”rdphlcdl Institute of the Swiss Federal Instxtute of TFech-

3logy (ETH) 1n Zurich das a wisstnschaftlicher Mitarbelter. Pfofessor Nuller,
t

e director ot the institute, always allowed me liberal use of institute faci-

q [N

3
thles fo

T the executiop of this study, especially access to coéputlng facxll—
| \ :
tfes and 1lbrdllu5 | : \
? } - \ \\ R
iib Publication -of Dat 1 \ -0

t . .
\ .
¢ Professor Muller has permitted me to use a 1arﬂé amount of unpuhllshed data

from Axel Heiberg Island for the purposes'of thlS §tidy. The data were coll-

ecéed as part of a long—term, and still continuing, research programme which
\ P g p

\

wiil be the basis of further studies by Professor Muller and his collaborators.
Ac%opdingly, my use of the data does not constitute "publication", and I have
reérained from quoting raw data or from making generalizations from them which
ard not directly pertinent to the problems that‘I set my.elf to study. 1I do,

of icourse, quote all statistics and results that are necessary for assessin
q 7 y g

.

the validity, accuracy and shortcomlngs of the study. b

& . /- .
iii) Symbols, Units and Terminolqu’

-

\
M !

For various reasons I have not been able to use a completely consist nt
set of symbols throughout the text nar have I followed fully the recommendat-—

ions made by the Journal of Glaciology (Anonymous,-1969 & "1969) q?ncerning

units and terminology.

™
'
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,'\_/'. .- Symbols are redefined within the text whenever necessaty. , In particular, I !

) - .
\ have consistently used the .oterbar to denote the mean value of any .quantity

5

' with respeut to time-averaging, b.ut the period of averaging is different in

v . [ == — f
)’ﬂﬁ_,A__»ij_**“ﬁTLlerent tontexts. For exwiple, the symbol T denotes “the time-average of the

I
e local air temperdture with reiESSL,LQ”L+JWurbiLra{y’periods of record or (i1i)
—

- calendar months or (1i1) spmmers of specified length. It s clear from con- o
! »

-

e ¢ text which 1s meant. I have avoided the use of the overbar to denote area-—

~ o N, !
averages so that 1 denote "medn specitic annual” balance' by bd.rdtheg than-by
T d

v . bn as recommended by Anonymous (1lisuy, p.7i.
‘ \

S )

,

The use of SI-Units in glaciology 1s recommended by Anonymous (1968). However,

I do make use of energy and mass balance data that have been previously publish-

‘. ed in c.g.s. units, and I was reluctant to give them a '"new" appearance by trans-

lating the units into SI equivalents. T have, accordingly, consistently used

-

3

the Langley (Ly) and centimetre of water equivalent (cm H20) respectively for

energy and mass balance quantiti.s:

o 1 Ly 41 868 Jm 2 . . :

]

v

’ S Lem HyO = 0.0l m H,0 or 10 kg m 2

&

1

- \

et —— o+ o = oo
-

a{ -, For convenience in compﬁring computed specific ablation with observed specific
balance. quantities in the ablation area, I have exbréssed the latter in terms of
"net ablation" ié CRapters 9 & 10. This is consistent with previous usage in
the_ Axel Heiberg literature and merely involves.a change of sign so that a ne-
gative bglancewcorreéponds to a posigive get ablation. I do differentiate be-
tween "qucific”uand "mean speéific" quantities ;: refefrring to values at a
, o point ahd to values averaged over the whole glacier respectively, but it should
™ be noted that the upper case letters A, B and\C are also used for non-glacio—
Tl logical quantities, e.g. for_ constants in regression equations. Furthermore, I

e also use the symbol A to denote short-period specific ablation quantities which

Tcan be summed over time to give a specific ablation total denoted by the lower

. - 4
~. case letter a. / .
) ' ‘My use of the term ''parameter" is consistent with the definitions given in the

¢
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a \\\*T
Glossary ot Meteorulog)\ (1959) and in the International Glossary of Hydrology
(1969). The latter detimition 1s as\&ollows: "Any variable considered copstan -
. ' to N
undbr certain circuwstanced. \ . . ’
- K : ,
iv) Contribution to Uriginal \Knowledge g / \ \
) %
\ 1 , - . o
: I consider that the thesis \cdntains deveral) elements/ that are "contributions
" to original knowléddge': : l\ /
» * ! B X
- air t¢mperature-and ablation which ang characteristics of the "local" . [
y - i . : .
clima e@f’?ﬂaczers are shown to he re§ponses to the "general” climate -
' of the suprounding large-scale atmosphere.
- a methbd of cxpressing the “general" climite is developed using simple -
A ‘
interpdlation techniques. o . ) .
— e St g new ”L’u\LclpLé}LdElOJ’l Of the felationship between ablation and air temp- :
1 -
erature 1§ proposed. 4, ‘
> '
- numerical yalues of the various model parameters) evaluated .y the use
\‘ ) L) \“ >
of statlan\s, are shown to be reasconably repeatabbe for different si-
tuations. A . : ’ - —_— ,
Y\ M )
Y . . 3 h . - .
. - wherever possible, physical interpretation of the statistical models is
- R {
at&empted. '
~ bl . ’/
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L ' CHAPTER 1 . ! -

] INTRODUCTLON .

— . Y ' ‘ r :
. 13 The Glacxer—gllmate‘ﬁ'oblem' ' .

n¥
3

—_—

Gladlers are a significant feature of the naw#ral landscape under present

~.
chmauc conditions and were even .more ektenswe in the recent geologxcal past.
w

_ ‘Even smallBariations in glac1er behaviour and their extent could have profound .
- “  effects upon human activity. The &patial distribltion and time variations of

- glaciers are controlled by climate. The mechanisms are not yet fully under-

L . stoo—d, nor is the problert clearlly defined. . % r@ N . )
The:refationship\ between cslima"te and gI'acier' advancé or retreat is often ex-
pressed in the form of a simplified flow diagram, e.g, by Meier “(1965) ,Pater-
son (1969, p.226) and Miller (\1965 1nd 19172) and in Figure 1.1 of the p;esén;

. work.,

the glacier-climate system as a whole can be treatédias a number of sepafate

A flow diagram such as Figure 1.1 expresses implicitly the notion that

——

gystems coupled together. The glacier-climate problem can then be convenient'1y~

| broken down into two parts (Paterson, 1969, p.226): o !
§ e - B
} . ' 1) How does the large-scale climate cgrtrol the glacier's mass balance:? -
This is primarily a meteorologica{:&matologiaal probl’emf -
. 2) How does, the glacier respond to a change in mass balance ? This is
:‘ . primarily a problem of glacier dynamics. Ay
B a s * *
, N ; .

_The present work only concerns itself

~ - .

N processes involved are the ™... least lnderstood and hardest to analyse of the
several processes in the'chain tﬁat( links glaciers to climate"

¥ Meier (1965, p.796). In the following

ith the first of these.questions. The Y

according to \\
~chapters hyp,gthei;es are advanced and \g .

 tested in an attempt to develop, a useful, quantitative ‘approach to the problem.

In particular, the possibility of computi} glh:i‘e; mass balance/ablation from

data at distant weather stations is investigated.

e —— ST

Thiz is useful because ob-

~.

—

served meteorological datg are seldom availableNfrom glaciers themselves in

y parallel to mass-balance -measurements.

3
=
-

The problem of "explaining" the large-

AV
/

" scale climate is not attempted.

In principle, the glac?i‘e\r\-'slimate systém could

be described by the usual' hydfodynamic/thermodynamic equations of meteorology,

L

Lo e oo

but in practice the complexity of the system and the difficulty in specifying
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i

the state of the system necessitate an 'empirical" approach. ;
N ‘

1s placed upon statistics for this approach. It is hbped that the scientitic

A heavy’relxanCu .

basis of the apﬁYoach is adehuﬁtelf‘demonstrated. ' ™

\

The data used or analysed in the present study come malnly from Axel Helberb

Island N.W.T., Canada, and nearby permanent weather stations. Glaciers in

other areas, Arctic and Alpine, are briefly discussed for comparison. ~

1 &

ii1) Brief Literature Review . : ‘ ’ -

There are no cogprehenslve textbooks or handbooks of giacxology in lnb[lah

, Hess (é?O&). Drygalakx and
Machatschek (1942), Klehﬁlsberg (1948~ 49Fnznd py/WLIhelm (1 75) which give a

good overview of the hlstorlcal development

In German there is a series df books by Heim (18853

f glac1ology. The ‘most comprehens-

"ive textbook is by Lllbputry (1964~ 65) in French. An elementany introduction
to glaciology in English is by Sharp (1960) whilst Paterson (1969) has written

an admlrable book on the physxcs of glacxers Ahlmann (1948) and Wallén (1948)

are of great historic.: 1nteresg for the study of the glacier-climate problem,
and Orvig (1954) gives an extensive bibliography of early work in the field.

Hoinkes (1964) and MeierJ(1965) present concise reviews of‘glaﬁier—meteopplogy.

— Y
. o ’

\ 13
The relationship bet&{ﬁn glacier variations and climatic fluctuations has long

been a sybject of speculation, but monitoring of glacier mass balance on a sys-

tematic basis is relatively‘recent. Some of the longer records aré from Aletsch-

starting in 1922/23), Storglaciiren (Swedem, 1945/46),
Glacier de,Sarennes (Franc;, 1948749), Storbreen (Norway, 1948/49) and Hinter-
eisferner (Austria, 1952/53). There are Several long records from the Canadian
Arctic: White Glacier and Baby Glacier (Axel Helberg Islan&pyl959/60) Meighen .
Island Ice Cap. (1959/60) ;nd the Devon Island Ice Cap (1960/61). Data from

these.and other glaciers-are published in summdty form by the Permanent Service :

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

(1967 and 1973). ' - . . | <,

t
»

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

cess. The relation between ablatién and meteorological elements has often been
studied by measurement of the various terms in the enargy balance equation for
short perlods at a 11m1ted number of sites (Paterson, 1969, .Chapter 4). Early

examples of thxs‘approach in the Canadian Arctic (Baffln Island) are by Orvig

.
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(1951 and 1424) whalsl similar studies on Axel,HeLberg Island and Devou Islawd
have been reported by Auarews (l96&), Havens’(lQﬁé), Havens et al (1965),
Mitller and Keeler (1969), kveler (1964) and Holmgren (1971 a-f). ﬁhe applicab-
ility of &he results is 5omet1mes questxongd "energy balance studies hdve so,
far yielded dgtailcd information only gbqﬁt the pérgicu}ar place where they
were carried ”“‘t (Yaterson, 1969, p.62). lhg}method also involves theoreti-
cal problems (for example, the specif}cation of the turbulent fluxes) and in-.

strumental problems (especially measurement of long-wave radiation).

A new approach to the surface eneggy exchaﬂge by solution of a %ystem of diffJ‘
erent1al equatluns dLHLlelng the boundary layer over glaciers is briefly re-
ported by Ohmura (197’) and Miller et al (1973) Such methods are discussed °
by Kraus (1974) It 1s unlikely, however, that 'such approaches can ever be
applied to the study of long_geries of mass balance data because of (a) lack of
sufficiently detailed input data and (b) computing time. * &n alternative app-

roach is to parameterize each term in the energy balance equation empirically

in terms of routine meteorological data as in the Synoptic Energy Balance me-

el

rs

i

5 )“,t.—-‘
ER
H

(=

thod of Vowinckel and Orvig (1968 and 1972). Taylor-Alt d975) applied such'an

approach on the Meighen Ice Cap to study ablation-over six, summer seasons.

Actually long-term records of even simple meteorological elements on or”’very
close “to laciers are rare.'Analysis of long (10! year) series of mass balance
data is'of&eh dohe (a) in terms of large-scale weather patterns or "Grosswet-
Eerlagen" {e\g. Hoinkes, 1968) or (b) in terms of data (usually kemperaﬁure and

precipitatioéﬁ from distant (10! km) weather stations (e.g. Hoinkes and Stein-

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

lyses. Paterson (1§69, p.228) sté%es that a statistical approach "qay have
some Practical valﬁe" but that "a correlation established for one glac%gi will
not neﬁessarily hold ‘in another érea, or even on another glacier in thgngame
area. 'Moreover, such analyses tell nothing about the physical factors which
cahtrol accumulation and.ablation". Kraus (1974, p.146-7) is also sceptical
_about such methods as is LaChape11e1(19§5)\in his ,review of Mércus Yl964)§ One
of the objectives of the present work is to\&ftempt justificagion of the "stat-—

iStical approach". ' . ,
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111) Ared ot Study and Soutces of Data ) /
1
. . . bl
!F The tield data used 1n the present study come mainly from White Glacier”

Al ’
and ifs surroundings- on Axel Heiberg, N.W.T., Canada, Some data from the'Sver-*

L \\ drup Glacier and Ice Cap on Devon Island, N.W.T., are also analysed. Mvttmru—o .
' \ logicdl data frod permancnt weather stations in the Queen Elizabeth Islands,
0 i ‘especilally Lureka and Isachsen, are used in the analysis. Locations of the ‘.
< varioys places of interest are illustrated in.Figure 1.2.

Finally, the results of the study are compared with results from other glac-

iers: |3 glaciers in the Canadian Arctic, 1 in Northern Sweden, 2 1n the French

Alps, 12 in the Austrian Alps and 4 'in the Swiss Alps.

' (r . -
Much olff the Axel Heiberg data used in the study is unpublished. Permission to
use tth data was kindly given by Professor FricZ‘Mﬁller, leader of the McGill

University AxeTl Heiberg Island Research Project. The efforts of many members

9.

of the research project must be gratefukly acknowledged, particularly those of

tsumu Ohwuia, Jakob Weiss, David Terroux and Ludwig Braun.

| -~

" Unpublished meteorological data from the Sverdrup Glacier, Devon Island, and
. frép the Devon Island Ice Cap were kindly made availgblé by Dr C.M. Keeler and
Dr Bjdrn Holmgren respectively.

. . ' &
| Axel Heiberg Island: ] o .

o
a

!; " The expedition area on Axel Heiberg Island (see maps Fn Figures 1.3 and‘l.A) ”
» has been Vvisited every summer since 1959 by expeditions from McGill University.
_The main glacier under study is White placier - a medium sized sub- ola; %alley
glacier aﬁproximatgly 14€S knﬁlong, 1 km wide and‘extending f£om 7? to %}out

vy B

: ’ 1400 m a.s.l. ‘(Adans, 1966, p{l). A continuous record of annual n%t alarice 1s
‘ available from 1959/60 to the present. However, the series are not completely
. homogeéeous“due to lbss of stakes, changesiof stake 1opation‘gnd stake density
> ) etc. The climatic equilibrium line altitude (ELA) is aéproxiﬁately 900 m a.s.
T 1. but varies wiéely from year to year (Miiller, 1966) with a low of ca 400 m

(1963/64) and a high of ca 1300 m (1961/62).

Adams (1966) studied ablation and run-off on White Glacierjwhifst Andrews
5~-< ; (1964) ,Miiller and Roskin-Sharlin (1967) and Havens et al (1865) present results -~

»
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of summer heat balance studies carried out at "Lower Ice" at 210 m a.s.1. ned
‘: " . the snout of White Glacier in the summer of 1960, 1961 and i962 respectively.

All the hedt balance studies ‘showed that net ra’iatioh was, on average, the

- L1
s . 3 -

y major heat source for ablation.

Already during the period 1960-62 an emphasis was placed upop maintenance of a
meso-scale network (1 km s¥ale) of simple weather stations, mainly thermohygro-
graphs/thermographs, to suppleﬁent the surface weather observations from Base
Camp. Several automatic weather stations have also been incorporated into the
nétwork (Miller, 1969, and Miller & Schroff, 1976) Table 1.1 and Figure 1.4
" show thgihtatlon network as it existed in theoperlod 1969-72. Despite great
- efforts the "summer" temperature record for the 13-year period 1960-72 is not
complete: considering the glaciologically 1mportant months of June~Augubt, the
4}@ Base Camp record is 727 complete, Lower Ice 46h and Mdraine Camp 447.' This is
( actually quite good compared to the situation for\‘most glaciers, but 6here are

no winter precipitation records at all,
: I

Field data from Axel Heiberg Island which 3re used in the present study are as

’

~ follows

aDally Mean Temperature (Chapter 4): six summer tempepature records comprising

364 days ‘in total from three stations for each of the two summers 1960 and
by

1961. All data are published except for the 1960 Base Camp record, seé Andrews
C (1964) ,Havens (1964) and Miiller & Roskin-Sharlin (1967).

Daily Mean Temperature (Chapter 5): thi}ty~nine summer temperature records com;
prising 3427 days in total from nine to eleven stations :Ir the éour summers o
19&9-72 None of the data-are published. The 1969-70 and 1972 data were coll-
ected by Atsumu Ohmura wﬁllst Roger Braithwaite collected the 1971 data

~ Short-Period Ablat1on and Energy Balance Data (Chapters 7/ and 8): 16 periods

(irregdlar duration) between 8 July and 19 August 1960 from Andrews (1964), 63.7
eeler (1969) and 11
periods (irregular duration) between 16 July and 31 July/ 1962 from Havens, e
(1965). 1In all three cas;s‘;he measurements were made at the Lower Ice st;:;zi\\\\\\\
- -at 210 m_ a s.1. on White Glacié;. |
* TAnnual Spec1f1c Net Balanée (Chapters 9 and 10): 13 y;~rs 1959/60'to 1971/72 at

. days between 12 June and 18 August 1961 from Miller and

’ (“iy three altitudes on White Glacier: at or near 210 m a.g.l. (Lower Ice), 370 m

a.s.l. (Anniversary) and 870 m a.s5.1. (Moraine). Summary daka for 1959/60 to
; ‘ |

~
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Table

' dition Area, Axel Heiberg .Islan

.

¢
o, - -
PN Station Altitude oo
‘ . ‘m a.s.1.
h Fjord J 10
) o Outwash 55
: \ Valley 90 .
Base Camp¥ ' i90 .
Lower Ice 200
Anniversary - 370 ’
Phantom 450
) e Gordon's 600 -
) —_— ' Ermine 800
' Moraine 8?0
- ‘Baby 1050

records

Location -

tundr;, Expeditign Fjord

.

Outwash Plain, White Glacier -~

tundra, Expedition River

tundra

White Glacier

White Glacier

tundra, Thompson Glacier

tundra

rock tundra

White Glacier

Baby Glacier .

{7 -~

1.1: Altitudes and Locations of Weather Stgtions in

e-

d,_ig\:ummers 1969-72.
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1961/62 are piven by Muller “(1966), and 1969/70 to 1971/72 data are given by
. N ' - .

i' Braun (497b): the data are OLhG(YISC unpublished. Data analysts was by David :
o . N « . i -
lerroux, Jakob Welss and Ludwig B}qpn under the supervision of Protessor Frite
© Muller A :
X AN
: AN
Devun 1sland: i N

N .

The Devon lsland Ice Gap (see Figure 1.9) haks been visrred—by expeditiens from_
the Arctic Iustitute of North America since 1961\and from Polar Continental

Shelt Praject (PCSP) since 1971, Mass bnlance dat\\i{gw various parts of the

ice cap arc reported by Koerner (1966 and 1970) and in ICE\£1972 76). Metgo—

rological ObbCrVd{LOBb wcrL made at the lce Cap Stdtan (1CS)™at 1320 m a.s.l. {

‘ during the 1961-~63 sunmers (Holmbren, 1971 A~F) and in 1969 (Braxthwa&gf, 1970) . 5
Holmgren (1971 A-F) made a comprehensive stu?y of the summer energy exchdhgg\?? ‘ ‘
’ . the ice cap whilst Keeler (1964) made micro-rdéé;eorological and run=off measure-—: T~ —
. ments on the Sverdrup CGlacier %5_390~mw3-§§?- in summer 1963. !
» N ot

Field data from Devon Island uged in the présent study are as follows:

} % [ —

Daily Mean Temgprature (Chapter 4): three\tevkerature records Lompr151ng 232"

,___,.__»‘—————*—"‘

days in total from the Ice Cap Station (ICS) 1n\1963 and 1969 and from Sver- -

dﬁup Glacier in 1963. The unpublished data for 196§ were kindly made avail-
4 v N

able\k\\zr Bjorn Ho}mgren and Dr C.M. Keeler /,S -
Short-Pé ipﬁrAbla{izﬁr and Energy Balance Data (Chapters 7 and 8): "33 days/ﬁet— :
li - ween 9~July_and 10 Augusf 1963 from Keeler (1964). The measurements were made

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

Digtant Weather Stations:

LY

Regular meteorological observations have only been made in the Queen Elizabeth

Islands since the 1940s (Rae, 1955). The climate of the Arctic has been dis- &

cussed by Dorsey (1951, Hare (1951), Hare and Opvig (1958) and by Diem (1967)

amongst others. Reguiar tabulations of meteorological and climatologifal data

n e

from Canadian ArCIIET;EEEHE?‘§fﬁtiUn57afe~published;bx_ghg_égpospheric Environ-
ment Service (formerly Me;gor&logical Service of Canéda) in various publicat-
ions: "arctic-Summary' (up to 1971), "Monthly Bulletin - Canadian Upper Air
Data" andq?Monthlg Record -~ Meteorological Obseryations in Canada”. Monthly
. statistics For surface temperature, atmospheric pressure and precipitation for
) \ some Canadién Arctic stations are presented in "World Weather Records 1951-60,

vol. 1",

\\‘ . X }

\ \ -
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iv) The Hvpotheses to he Tested ) .

o

- o Ihe nypotheses ot the preSent study are: - ) '
N ! ¢ ‘/ / ””%
o 1) The atmosphere over the glacier acts as a spatially distributed syston  °
o -
» > on the 1 to 10 am scale.  The system 1s nearly deterministic. The in-

Lo L
puts dre provieed by the large-scale atmosphere, and the outputs are

the spatial distributions of local temperature and precipitation on the

glacier (Chapters 1 to 0). ‘
2) The inputs tiom the large-scale datmosphere can be reasonably accurately
calculated by 1nterpolation of temperature and precipitation data at

distant (10< km scale) weather stations {Chapter 2).

»

3) Air temperature and precipitation at a site on the glaciler are the maiw
®
controlling facturs for specif.c mass balance: summer temperature con-

l . e «
i t1ols ablation, dand winter precipitation controls accumulation, and -

o N v g Rt o 1 B S .

Summer preciprtation inhibirts ablation (Chapters 7 and 8). |

. For the hypotheses Lo be Qﬁef 1 the various models should be reasonably repeat-

~

N
| 224 model developed for pne situation should be valid for other situations.,
!

e
If this 1s/true and 1f (1) CS‘TST*EFE‘true\£hﬂg\it should be possible-to compute
} glacier mass balance series using data from distant weather stations. This' tur-
;\\~“) ther hypothesis 1s examined in Chapters 9 to 11.
T v) Methodology of the Present Study »
i - ( ‘.’» ———

e

The hypotheses €17 To (3) are developed in the form of simple linear equat-
1ons relating input varidbles to output variables. Parameters in the equations

are evaluated for various situations by regression analysis (ordinary least-

) . squares). Paraweters, which are computed {or one set of situations, are used

T

* to compute outputs (synthetic series) for other situations, which were ot used!
for the computation of the parameters. Assessment of the validity of the app-
ig made by comparing these computed outputs to the corresponding observed,
v -N .

outputs. If the discrepanciéé"BétWeen~£hg§g series 4are large the approach is

R —~—

. not valid, and the models are not repeatable.

-

- l

N -

' The approach may be termed a "grey box"®6r "parametric" ‘apprdoach and is a typi-
. ! -

cal "systems" approach (Amorocho and Hart, 1964). The approach might also be
. termed a "statistical" approach because it uses statistical methods.

R .
{ .
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~possible. The use/of hy;‘)ot?@s and theif testing
S N — ,

ry

Ihe hypothetical nature, nitially, ot the various models which are developed

t

3

°

¢

aust be emphasised. However, they dare tested 1ot accord with reality as tatr as
’ J

"I’opper (1959).

A3

1

\

’ S .
empts to follow - the lineg laid @fluwn by Jevons (1877, Chapter XANIII) and by

Y

in the present study att-
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CHAPTER 2 ’ BN
et - v M N ‘
\ INTERPOLATION OF TEMPERATURE AND PRECIPITATION DATA FROM ARCTIC WEATHER STATIONS |
1) Introduction v

L] ' .
-

« . . .
Suppose that temperature and precipitation data are available from a short-

te;m station,on or near a glacier at point (x,y,z).’ Theée data will be denoted

by T(x,y,z,t) and.P(x,y,z,t). They are influenced by the."local climate" of tﬁe‘
glacier. It is assumed that the local climate is forced by the "general climate" !
which: “refers to average conditions over a,large area, as indicated, fbr examp=

"

(Paterson, 1969, p.

le, by data {rom the'network of standard weather statioqs
227). The problem is to establish some quantitative and objective way of ex-
pressing the temperature and prec1p1tat10n characterlstlc of the general clim-
ate. This might be done by extraction of data from published weather maps, ‘but
- the procedure would be cumbersome and Lnaghurate. For the purposes of, the pre-
sent study it is proposed to express the temperature apnd precipitation charact-—
erizing thé general climate as interpolatiogs of obséivéd data at distant (102

' - ) d

N
. . km scale) stations around the glacier. Interpolations wél@ be valid: for the
~ . R “

\\\\ point (x,y,z), and interpolated values wiIl be denoted by TiN(x,y,z,t) and
) Pyn(x,y,2,t).  That such 1ntefpoLatlons are ugeful and meanlngﬁgl is oply, at
- . this stage, a hypothesxs (hypoches;s 2 in Chapter 1(iv)). The testlng of the

- hypothesis will be described in the following sections of th%/éresent chapter.

1

(- ii) Simple Interpolation Methods P

It is desired to interpolate temperature and precipitation at a point

el . ' (X0sY¥gs20)+ There are N permanent weather stations around the point of interest
B with caordinates (x;,y;) with i tgking values of 1 to N. The problem of inter-

pol§tiqg surface meteorological elements will be considered first, i.e. z, = 0.

-A linear interpolation scheme for some meteorological element F can be written:
. L]
< )
(=N

b . FlN(xo.y.,Ze)t) = Z w(-xo;"-(..yo/:ﬁ) F(x'uytllbyl:‘) (2'1)

(11

PR

where W(x,,X{,y,,¥;) is a weighting factor.-

'Accordfﬁg to Gandin (1965) 5;1 interpolation schemes used in meteorology ‘are li-

near in the sense of Equation (2.1) but differ in the way in which the veighting

} to~

‘
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2

factors are specified meteorology the intérpolati?n of meteorovlogical
L 4

fields is u ly termed "objective analysis"). He identifies three main

d
\
‘//,/4¢rﬁag/;;/:1hcmc’ L\Jynumxdl (e.g. Pdnofsky, 1949), statistical=-dynamic {(e.y.

e

Kruger, 1965) and optimum 1nterpolat10n (e g- Candln, 1965). 1In general,.deve-

lopment 1n the fireld has been very rapld,and operational objective analysis

schemes have become very complex in order to take account of factors which are

'

robably, not relevant to the pfesent roblem.
1% W ! P

P

In the prescn% study three different methods were examined: .
\ ’ - v
a) Distance Wejghting - The weighting factors W(x,,x{,¥,,¥;) are assumed to be
inversely prioportional to the scalar distance (d,j) between (xg,y,) and
(Xi,yl) and to be "normalized" such that their sum is unity. Hence:

¢ \ ‘
’ JjeN A : S
P N \A/(x“x"y")’i) = (.f/g j:J) ‘TQ\, ' (2-2)

The number of weather stations used (N) can be prescribed arbitrafily or

k2

1

else a "nearest neighbour" approach can be used.) This wethod is the simp-

lest. *

b) Polynomlal Trend Surﬁéce ~ Spatial variations of .the meteoxuloglcal kiéidb

are assumed to be expressed by trdﬁcgted power series of the spatxdl couL-
i

.dinates.. The arbitrary coefficients in the polynomial expression are eva-

luated by least-squares fitting of station data to the model. - This proce-‘

. , '
dure has to be carried out separately for each time t -and is very laborious.

There is also the problem of physical interpretation of the various coeffi-’

’

cients. /

c) Optimum Interpolation - Equation (2.1) is assumed to be approximately true,

and the weighting factors W(xd,xi,yo,yi) are evaluated by least-squares so

' N 3 . -‘» » . * 3 » 3
as to minimize the time~variance of the error involved in the approximation.

N ' o
Methods (a) and (b) are formal methods in that they ‘involve a priori assumpt:l///////

ions whilst method (c) involves actual.computed statigéics for the fields un-
«der consideration. A simplified treatment of method (c) follaows based upon
Gandin (1965, Chapter 3). ’

©

For ease of notation F(xi,yi,zo,t) will be denoted by F(i,t), and the deviat-

+

2 -
- +oa VA

a x




o

s 12 \ _
: Se . \
1ton Lram the time-average at {(x;,y ) will be dunutvd\bv Flu,1) . the deviation
, 1 .
of Y(N(xo,yu,zo,tl from 1ts time-average can be written as: /\///
1
* v W N . .
. ’ ’
Elot) = '.Z., Wo, FCE) 4 elot), (2.3
L%

where e(o,t) is a random error and W,{ are the unknown weighting tactors.

»

The welghting factors are chosen to minimize the variance of the random error.

,The condition for this under simplce least-squares aésumptioan\T:?k\\\

*
A .

¢ '

Row = %Ruuw (&=1,n) (2.4)

where Rik is the correlation cvefficient for deviations at the 1 th and k th,

¢

stations. The standard devrations at the different stations are assumed con-

t

stant. The standard deviation of the random error, after least-squares mini-
mization, is E. This will be termed the Root Mean Square or RIS Interpolation
h 14

E is of - ; a ‘he—standard deviation of the
Error. It is ofiten expressed as a percq;Egggdgi,t andard deviation o @
deviations F(i,t)'

. .

- n

.
h ’ e
e - PRy I ’ ) . .

- a k) ~ ,
\ Tl’ = 1 - Z- Rar.uo(. /,U 2.5)

el

BB

._/‘ . . v
and is .dewnoted by N The expression for n 183

—

N 2 Y

2, - o . ~& . . " .
n is a measure of the "proportion unexplained variance' associated with

the interpolation model.

. . ) \
- \1 \

Equations (2.4) and (2.5) are analogous to expressions appearing in the multi~'

o

ple regression algorithm, except that the correlation coefficients Ry, tannot

~ be computed directly (because there are no data at the 0 th point). .Rpg can

however be estimated “from the autocorrelation function. This, in turn, is |

usually estimated by fitting computed correlation coefficients Rik to some

function of the scalar distance dj, between i th’and k th stations.

The foregoing i1s validefor "optimum interpolation of exact values'" according
to Gandin (1965, p.63y. He extends the method to take account of observation

errors in the deta (p.78) and to the problem of interpolarion of 'absolute va-

lues of F rdthef\than deviations F' (p.86).

5

¢
1Y

; . .o %
For acdcurate interpolation it is important that " should be small. As the “

correlation coefficients Rjp decay with increasing dij it would be desirable
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:;’tdtlt)l; Rt TH LU v 15 S CL H'lir’ Al HB ﬁr“ ‘
Resolute Rl 0 749 628 500 1000 BIS 1123 699 lovs ¢
Thule - 0 547 862 676 954 679 [122 142l o
fureha LU - 0 384 1172 1257 486, 871 1905
o Lsachsen 15 ‘0l 1386 1310 851 474 2083 ’
‘ Clyde (GO : 0 527 1351 1741 746 g
¢ Hall Beh  HB ‘ . : \ 0O 1613y 1517 798
- S AL - o 0 1359 2097
. * MNould By NB ) 0 2370
" T vrobisher FB - \ 0
Table 2.1: Interstation Distance Matrix for Upper Air Stations in
the Lastern Arctic Region (all distances in kilometres) ) '
\o —_ &
: o
’ Station: Axel Heiberg Is. Devon Island /
4 Eureka 113 km 510 km
AIsachsen 280 km / 628 km \ ‘
%esolute Bay \ 536 km. é 353 km
Alert 600 knm ) 897 kn
Thule ‘ s 600 km - / 399 km ‘ . '
Mould Bay 760 km w

747 km

Hall Beach ) ,
Clyd ' 1186 km 731 km
, - Frobisher Bay 1908 km . 1941 km -
' . . . . . Q
" - Table 2.2: Distances of Upper Air Stations in the Eastern

Arctic Region from the Axel Heiberg Island Ex-

~
-
AT .

pedition Area and from the Devon Island Ice Cap

LAY
-

Station (I.C.S.)

- i 6 o
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. Isachsen, Resolute Bay, Clyde, Thule, Mould Bay and Arctic BJy'(ueU map, Pryure

‘temperature and precipitation respectively. Statistics (mean and standard de-

L e ‘

o

for the weather stations to be as ¢l0se together as pussible. lTor a4 quantita-
tive examindtion of this problem 1t 1s necessary to eaamine the autacorielation
functidn of the various fields. This will be done in the tollowing section tor

temperature and precipitation fields 1n the Canadian Arctic.

.
>

iii) Interpolation of Monthly Mean Temperature and Precipitation lotals in the

B

Arctic L

Datua from vight weather stations were used in the study: Alert, bLurckd,

-~

3
1.2). Distances in kilometres between the stations are’piven tn lable 2.1,

Data for monthly mean surface temperature and monthly precipitation total were
extracted for each month (January 1951 to Decewber 1960) fror "world Weather

Records 1951-60,.volume 1" (Thule data - Volume 6). The data were divided 1nto

four samples: "Summer'" (Juné-August) and "Winter" (September-May) samples tor
- M E’ N

viation for each atation and correlation coefficients between data at’ difierent
stat%ons) were computed for each sample usipg the raw data. fhe comsatdtion
was repeated ;fter "cleaning" the data to remove seasonal trend. For tempera-
ture this anolved expre551eg the monthly mean foir each month as a dUVldLl

from the 1351 60 average (1l0-yedr norm) for that month whilst pre(lpltdtlon to-
tals were expressed as the ratio of the deviation from the norm to the norm 1t-
self. It was found that statistics for the raw data were unduly "forced" by

seasonal effects (particularly mdrked in the casc of winter temperature), and

v

further-analysis was only carriei/jggrfor cleaned data.

Correlation coefficients are ted. against inter-station distances in Figured
B , 0 .
2.1.to0 2.4 together wi = res—astimates of the autocorrelation funct-
" . ‘ e
ons (assuming exponential decay). In the case of temperature, the correlatiom ————

coefficients are reasonably high for close stations-and decay with increasing
inter-station distance which indicates a high degree of spatial autocorrelation
for temperature fields in the Arctic (at monthly mean level). By contrast, the

precipitation fields do not appear to be strongly autocorrelated.

9

. O ¢
The conse%pences of the above findings for the preoblem of interpolation can be

L}

demonstrated by a 'simple example. It’is proposed to interpolate temperature

"\

' !

-

/
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; ’ (Eureka, Isachsen, Resolute and Alert).. Details of -the computed values are

and’grqgipltdtxun at Axel Heiberg Island Base Canp using ddta trom the two

’ 1 closest weather stations (see Table 2.2) which ;ré Lurcﬁ& (113 k) and Isachsen
(-2 80 gm). Taking Lureka as Station 1, Isachsen dS'SidLiOn 7 and Axel Helberyg
Base Camp as Station 0, the values of Ry, Ry did Ryj can‘be computed trom the
diggances dgps d02 and d12 by using the appropriate autocorrelation tdnct ions

(Figtures 2.1 to 2.4). Solution of the equations (2.4) and ~(2.5) yielded the

= -
following results: W ’ W E - .
. 01 02 L
P ’
Summer Temperature 0.67 0.28 237
‘ " Winter Temperature . 0.57  0.36 24 %

g
e

‘ Summer Precipitation 0.19’ 0:14 94
’ \ Winter Precipitation . 0.15 0.12 96 Z

\ I3 »

\ 4

.The'relative}errors of 23 7 and 24 7 of variance for summer and.winter tempera-
i tures corrqépond to absplute-errors in the interpolated ménthly mean of +0.7°%
and +1.3°C respectively (standard deviations 1.4°C and 2,70C). The weilghting

»t&ccors for temperabﬁre, ‘if normalized to a sum of unity; are quite gloae'to
those for distance weighting method (a) which are 0.71 and 0.29. The telative
.error for interpolation of precipitation is hope%ﬁsély large,and interpolated

I8

0 precipitation would be useless.
— S

The reason for the large error for jnterpdlatiaﬁ of precipitation is, in the
( . first place, due to the low autocotrelation of the precipitation data on the
102 km scale. This may be due to_excessive measurement errors in the data
(éspecially for snowfall measurement), due to different ‘meso-scale effects at

the various stationéi(exposure and topography) or due to the fact.that the sig-
-

3

nificant scale of autocorrelation of precipitation is dctuall§ at a smaller

£ a /;

scale (e.g. 10! km scale). Probably all three effects are operating. //
oo

. The magnitude of the interpolaﬁfbn\qfror QOeg_decrease w}th the number (L) of
S stations used in the interpolation, b;E\B<ﬁ§K of ”diﬁinishing returus' seems to_
. . 2 \ .
-be operative. For example, for summer Lemperature M 1s 100 % for N = 0 (nmo
interpoiation at all),.28 7 with N = 1 (Eureka), 23 72 with N = 2 (Eureka and

b Isachsen), 22 7 with N = 3 (Eureka, Isachsen and Resolute) and 22 7 with N = 4

{» given below: ’ * . ) o

o . N
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NGO W W W W b -
01 02 03 s N\ ‘
* ) O N - . .- - - ) 100 jn - 5‘) A
. 1 0.85 ~ - - 28 7 » o
i ! 0.67 0.28 - - 23 % ,
. 3 0.65 0.24  0.11 - 2%
" \ 4 0.63 0.24 0.10 0.04 22 7%

" - s
L ¢

e . . - , N
It Can be readily seen that the weighting facfors tend to get smoother, and
h

M ! .
eir sum tends to unity with increase in M. Further increase 1n N will not

o

1 r
decrease M much but may wltimately increase 1t againt due to ill-conditioning

\

of the N by N system of equations that has to he solved to get solutioms for
0

wOl ... Woy+ For interpolation purposes it would be sufficient td use jusg

data froq Eureka and Isachsen for the Axel Heiberg. (and Meighen 'wland)' situa-~

’

tion.

8 e . .

It is difficult to estimate the variance of the observation e(ror 19 the month-
ly mean temperature, but it |would almost certainly be less than 5 % of total

N 2 A
variance. This value was adopted for computdtions using Gandin's more refined

[}

~ method wpich takes account of errors in the data (Gandin, 1965, p.78), but the
\ results were only very slightly different*from those shown above.
- N .. \\

»

The disqussion of interpolation of monthly mgsh\gfmperature has been in terms
g of surface data. However, most glac1er situations ,~for which 1nterpolated va-
lues of temperature are required, are not at the surfacewith z5 = 0 so that

. . . . . N . ’
interpolation of upper air data is required. Some examples will be discussed

* ' N4 . ) N A *
in the following sectionm. \\\\

“ iv) Interpolation of Daily .Upper Air Temperature X \\ \

' For glacier-metectological purposes it is des{rable to interpolgtzxﬁempera—\
N \
tures at some given height zy (altitude of a glacier weather station). e is
also desirable to interpolate daiiy valuaes, rather than monthly values, and ab~
solute values, rather than uevxatlons fiom the norm. This can be done in a
‘51m11ar way to the prev1ous case exce; 'that it is necessary to 1ntrodpce a new
condition, i.e. that the sum of the weighting factors must be unity (this was

not required in the previous section although weighting factors for temperature

were found to have sums close to unity). Upper air. data for statla\§ in the

TS
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Cahddidn Atclre are usually published with respect to standard iyobaric levils
(e.g. 1000 mb, 850 mb etc) with geopogential heights of z), z, e}b& In the
present study simple linear interpolation between suitable levels Lo compute
temperature/ at altitude 2z at each statioqﬁyas carried out before the horizon-
tal interpulacionsl . -~ ) ’ . -

|
Y

Daily upper.air data for four arbitrary summer periods (actuallr roinciding
with some of the glacler weather station records which will be analy%ed later)
were used for study. ‘The periods were 89 days "~ 1960 (29 May - 25 AﬁgﬂbL),’ '
99 days in 1961 (19 May - 25 August), 93 days in 1963 (16 May - 16 gauuht) and
58 days in\19b9 (4 June -"31 July). Data were extr§cted for the 00 GHT‘dnd

12 GMT observatioﬁs every day at two levels (1000 mb & 850 mb for 1960 & 1961
and 950 mb & 850 mb f9r 1963 & 1969), Four stlhations were used, for 1960 & 1961
(Eureka, Tsachsen, Resolute and Clyde), nine‘ tations for 1963 (Eureka, Isach-.
sen, kesolute, Clyde, Alert, Hall Beach, MOU1I Bay, Frdbisher and Thule) and
eight stations for 1969 (excluding Thule). Sources of data for the Canadian
stations were "Arctic Summary"” or “Monthly Bulletin, Canadiuan Radiuv-Sonde
Data" Thule data for 1963 were rdken from "Nortgern.Hemlsphefé Data Tabu~-
lation, Daily Bulletin' but were’not available in this form for 1969 (actually
Thule data afe not, generally, easy to obtain). Missing data in tdbulatlonb

were interpolated from neighbouring isobaric levels at the same station.

“
¢ ~

Co?relation coefficients between data at the various stations were c¢omputed
for each level in the same way as previously. &Data were cleaned by least-
squares fitting to an annual sine wave and expressed as deviations from ‘the
sine wave. It was found thalL the seasonil forcing effect was not so marke ‘
in the present case, and analysis was carried out in terms cf\the raw (un-
cleaned) data. "It was once again found that the ‘correlation coefficients were
strongly dependent upon inter-station distance. A quadratic functidn of Anter-
station distance was used or computing the autocorrelation functions at each

level for each year separately. :as found that, the autocorrelation funct-

} \\ "~ . »
ions decreased strongly with distance and. with the square of the dist-

ance. No purpose is served here by reproduting all the results. However, it

‘e

wopld be interesting to quote computed value;\of the wel

v

txng‘Lactors for in-

o

[N
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Ons averd g, o tor dards upper air data ere sinfdar to the value cows
t

1
Ul ard by !
puted vor distance wel hiting method- (a) (0.71 and 0.29).

Lhe relative error

N 1s much st ler than tor the interpolation of summer wonthly mean tempera-

'

tures (dbout 7 compared to 23 0), but the correspondiny .estinated absolute

errers (denoted by U ) ore higher (about +1.3% comparvd to  0.79). This

It would appear that U is re-
" \

seems teasondablte and s, indeed, desirable.
1 ) 1& * . .
latively less vartable than ul {(with a standard devidtion of

est

31 7 of the mean

h

comparcd to »3 ) windh suppests that the method ténds to consorve abgolute

¥
ervor rather than relative orror. This also seems reasonable,

4 1
.

* \- -
The ettect of ancreasins station distance on the r).'ldtxvv erior cdan be' t}lu~

strated by thé 16 lowing exyamples. It has already been shown that the relative
error foF ainterpolatior of daily tenperature at Axel ticibers Sase Camp tsing
data at turcha (PP km) and Tsachsen (280 km) is on the averape 6.8 2. The
curre.g,pundn‘l;) fipnure lor anterpolation at the Devon Islund loe Cap Station

(1.C.5.) using data at Resolute (353 kr:l) and Thule (399 km) wonld be 16.4 7.

il

Lf. one were joolish enough tg atterpt interpolation at Anel Herberg Base Camp

0

usinyg dala 1row Resolute (536 km) and Clyde (1186 km) the relative error woyld

~

Lol N .' = N \
be 35.8 Y. Actually, this would be an extrapolation and, thercfore, even more

suspect.
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terpoTation are Guite cpnsistent 1ol dit ferept pertods.  lhe error of interpo- i
. p .

lating ddi\l_\ tempe raturps to, tne summer periods e Loated to be about 1. 3%

\ - ~
whidstaerrdrs dor antenpolating monthly medn tempeinture 1s
:
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- - ' ’ : N, :
Falsificatuwdn ofy the hypothesis with respect to preciprtativn wds nNOL unexpec=

. i ] N .
ted.- A number ol authbrs vave commesnted on the lack of synopt iy control or co-
. .

> '

- herence of precipitation, for example Andrews et al (1970, p.3,7)

estindated to be

d Bdrrﬁ' and
8 rerry (1973, p.244=-50). The wmodelling of precipitation fields in the

- ——

an urgent problem descerving more- research, see for example loparasi (1972) and
oS

. Barry (1974), but it probably requités an improved ddta base (1mproved instru-

. mentation and denser station network). , '
) From the point of view of the present study, the falsification of hypothesis
. v
(2) with respect to precipitation 1s regrettable as it means that accumulation

on Axel delbery Island cannot be adequately modelled usiag data lrom distant
- Qo

weather stations. Accordingly, hypotheses (1) and (3) cannot be directly tes-
ted for precipitation. ' ' v :

With respect to the interpoldtion of temperature the results reported heiv .

might be improvable using the new Canadian multi-variant optimum interpolation

. method as it uses more information. However, in practice, especially over a

[

.
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s Itinted regron like the Arctic, 1t may not give better results because, al-
though it ‘m}cj, both cross= and auto=correlations, they dre averayes tor the
. .

N whole hémibphérd rather than computed locally (Dr W.L. Cutzman, (¥ Dorval,
AN g

personal communication). It 1s pbssible that an improvement to the interpola-

tion could be made by applyinyg a synoptic llmatology approach, e¢.g. compuling,

I IR

mterstation correlations tor sauples drawn frop ditferent "weather tvpes" ra-
ther than drawn trom .11!1lxt|.|ry pertods. However, this would be very Faborion.
. - ]
and, at this stage, 1s not worthwhile lor the temperatute interpolation. [he f
b '
method of Gandin does not take account of autocorrelation i1n the tc:mpcmturv
/

. . . - . » ¥
sertes which may be important for interpolation of daily temperatures.
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CHAPTER J

THERMAL HU‘DII‘I(‘,}’\”l'lO.\I OF AIR BY A GLACIER

1) Introduction

Because of tulsification of hypothesis (2) with respect to precipitation 1t

is only possible to test hypothesis (1) with respect to temperature,

v

It 1s well hnown that glaciers exert a' '"cooling effect” on the air which is ad-

vected over the gldcier {rom the Zurroundings (Miller and Roskin-Sharlin,1967).
If the local air temwperature is indeed a major controlling factor for ablation
then this cooling etfect may be regarded as one of the mechanisms which help

A i

A

the glacier to wmdintain itsélf (Bonaciﬁﬂ})l9h7).
. ) $
In principle,’ the thermal modification of air over a glacier may be studied by

’ : . . [
solution of the governing equations' of the boundary layer over the glacrer.

Ohmura (1972) and Miller et al (1973) have presented preliminary results rela-

ting to the finite-difference intey ition (1 km scale) of a’thermodynamic equa—

tion Gsing\field data from ghé Axel Heuberg Expedition Area. Such an approach
does, however, involve major difficulties if it is evet Lo be dsed for relati-
vely long-term (months to yeé;s) glacier-climate study. Firstly the equatiouns,
if realistically specified, are so Qﬁaﬁlex that they cannot be solved analyti-
«ally. Numerical solutdon of such equations is.a relatively well established
techﬁiquex discussed by Forsythe & Wasow (1960), Douglas (1961).and Emmons
(1970), but computations are expensive in‘terms of-computing time and storage.
Secondly the method requires more detailed meﬁeofological dat%, as inéht data,
than are normdlly available close to glaciers. Thirdly when solutions are ob-
tained it 1s difficult to isolate the effects of the different faktors upon

¢ v >

the solution. . . -

)

A s AN

. ? . ¢ A . . . . ~
4 more economical, "empirical', approach.is required.’ In the following section

1

a parametric model of air temperature over glaciers will be proposed. Although

simple, it 1s hoped that the model retains some basis of physical meaning. It

will be regarded as a hypothesis and tested.

- o

[
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)y A Parawettre Model - ,

-

Ihe intlueney of the placier spon the temperature trelds in tne larpe=soale
N g
atmosphere s schematically 11lustrated 1n Figure 3.1, there esists 4 point
(x',y',2) which 1s just beyond the region of antluence of the glacier, The

temperature Jdb time tois 1(x',y",4,0). LUnder summer conditions this tempera-

\

I'd . _ :
ture will be greater than 0°C whilst the glacier surface will have temperature

0YC. As a parcel ot air 1s carried by the wind from (x',y’,z) into the region |
. 3

ot antluence of the glacien 1t suliers (ooling. ‘'lThe lost heat will be nainly

s

absorbed by the glacicr surface through turbulent diffusion. The greatest heat .
Loss’wxll prnb&bly occur when the air patcel is within the Prandtl layer ot the
glac}er (thickness of 10-40m), sece {or example Fipgure 3 1n Miller ot al (1971)
B; the time the air parcel arrx&és at a weather station at point (x,y,z) 1t

.t ~ N ™ . 1
will have temperature T(x,y,z,t). The basic hypothesis of the present dis

scussion is that T(x,y,z,t) and T(x',y',2,1) are linecarly related. There are

4
two problems, howover:

Firstly there are no measurements for T(x',y',z ,t). It will be assumed that
this quantity can be épprokimated by the quantity TIN(x',y',z,tD which is cam~
puted by interpolation of upper air'data from distant weather stations (see

Chapter 2).

Secondly it is not known whe}e the point (x',y',z) is.. It will be assumed
that temperature gradients in the large-scale atmosphere are small compared fuu
gradients within the region of influence of the glacier so that Ty (x',y',2,t)
"may be replaced by TIJ(x,y,z,t). This temperature is purely fictitious and

may ‘be understood to be an estimate of the temperature at (x,y,z) as it would

£

be 1f the glacier were removed.

The hypothesls can be expressed: . . /

. T(x,\y,z,l:) = A + BT, Goyzt) +Uel) ' 3.1

1 ‘

where A, B oand U are parameters which are assumed constant with respect to Linge
although they may be spatially variable. el) is assumed to be a stationary

stochastic process with zero mean and unit variance.

. (S
The reasoning and assumptions behind (3.1) are pr?&éaped in Appendix 1. The
L4

@

# . .
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m Loapor =

parameter A exdresses darnly the avdraze eitect ot thes ;,1‘/1
- . .

dture, B parameterizes average wind and turhu]cn(wfvvﬁditxons whtlat fluctog-
ti1ons from average congitions are absorbed 1uto the Uel) term. The equat 1on
implies the belie! that the main source of variation-in T 1s due to variations

1n iJN and that the dynamics ot the air over the glacier, especially wind
. ! Yoy
speea and turbulence e, tme, play o soaewhidt passive role tn transtormine "N

mto T, If this 1s not true, eftects ot vartat tond-n wind and turbulence te-

pime will be "lumped” into the WUelt) term which represents the "error” 1o the
. ' !
nodel,

7
.

For the purposes ot data analysis T will be reparded as representing datly -
¥ I epar 3

mean temperature at some pomnt (x,y,z) . The form ot kquation (J.1) espresses

L8

the beliel that the response of T Lo'FlN'is essentially iastantancous on a

sampling scale of one day. This 1s redasonable as the whole region ot 1ntlu-

ence of the glacier, with horizontal dimensions of at most a tew kilometres,

will be completely ventilated in a period of only a tew hours by winds ot wo-

“

derate speed. Alternatively, the local time derivative of temperature can be

regarded as negligible cdmpared to the advective derivative.

- 4 - - \‘ .
The requirements that must be satisfied by the parameters A, B and'U for non-
q L y P s

falsification of the hypothesis are discussed in the following section.
iii) Falsifiability of the Hypothesis S

The first point to be made is that model (3.1) is meaningless

unless some a priori requirements are placed upon the’ expected values of the
t .

various parameters A, B and U\‘ This can be done partly by requiring that mo-

dels sholuld be repeatable andipartly by application of conditions andflogous to

boundary conditions. ! .

With respect to repeatability, i1t is clear that U should be as small as poss=—
ible and that A and B parameters computed for different records at the same

1ocap}on should be very similar.

The Lyﬁer liwmit upop the computed value of U will be set by the errors in the

data for T .and Tyy (mainly obsgrvational egror for the former and interpolation
i g "

errors in the latter). Tlor daily temperatures the observational ekfrors in T

might have a standard deviation of about 0.5°C whilst the interpolation errors

!

+




/,,//11Llj<r§ﬁll be of the order of 1.3% (Chapter 2(iv)y. For montuly Coiperatu=
’ ;,//i::jiit/( tes the errors will bedlower. [t the model is to be a usetul descriptaion of
: o i
L////fil//' . the data, rtor whidh 1t i1s computed, the variance (Uz) of the error term should
' 1

: be small compared to the variance of T,

' ~

In gegcrdlk difterent values for A and B will be computed for ditlerent records

at theysame location; but 1t the model 1s to have any predictive pover the va-

_lues should not be too different. For example, suppose that values of Ap & By

. and A2 & B, have bLeen obtained from analysis of two records and it is required
N\ B . . . i "o
. to compute the medan temperature during some third period using rIV for that pe-

s

v

riod and available 1nlormdt10n\apout A and B. In this case two different esti-
. k
. mates of the tewperature would be obtained and their difference should be small,
‘ e.g. at most + 1.0°C. Small variations of A and B at the same location in diff-

v

{ erent periods will arise if it is true that "weather" plays a passive role

)

gy —— e S m———

. whilst larpe ditlerences will arise if Lt is not true.

The expected range of A and B values, although not their actual values, can’ be

- e gy

; ‘ deQuced simply: .

, . ) 4 \

For a station outside the regilon of influence of the glacier, with essentially

the same, surface conditions as the distant weather stations whose data are uoced:®
«

to compute Ty, it may be expected that A = 0.0°C and B = 1.0. 1In this case

T = TIW (the overbar  denotes mean-values over at least a few days). Confir-
L '

mation thdt this is the case would be a useful check on the accuracy of Toy.

' .

Under sumumer conditions with{n the region ofvinfluence of tﬁe‘glacier it is ex-
. pected that T should increase with T&N but always remaip lower than it, i.e.
the glacier does not become a heat source at some high value of TLN' This 1m-
pliens that 0.0 < B £ 1.0 under summer conditions. Th;s inequality 1s c:ertainly
satisfied‘hy the models in Appendix 1. However, B cannot be completely inde-
: ¢ pendent OE.EIN as it might reason gly be claimed that the cooling condition
T ¢ ?iN should also be satisiied with extrapolation to low values of'¥1N :b .

that B » 1.0 for winter conditionsg.

From Appendii 1 it is clear that A is related to the surface temperature of the
L
glacler and should satisfy the condition A ¢ 0°C. There will be a tendency for

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

.
'

-~
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cqual to 0% which would pmply & = 0.0, Pnysically A 1s best rendrdod oy w

T . 0
kind ot boundary condition on 1 for the case when b = 0.07¢. %
N N . !

e

1v) Lttedts of Lrrors on Model Parameters , .

. ’ ‘ |

The values ot A and B 1n the model will be couputed using ordinary least~ i

squdres as, tor esample, mmplewented n BN bubnuhtlne CORRLE.  The dlgnrllhm

does tormally require assumptions which will not” be fultilled by the data ana- ,
lysed: Some of these assumptilons dre: stationarity ot the data with respect to,
mean and variance, zerov autocorrelation of the crror term lelk) and accurate

values of the independent variable. Violation of these assumptions will atiedt

the computed values oA, B and U. :

°

The data will be nonrstationary as T and Ty will both contain seasonal trend.

’

It mght be claimed that a high correlatron between T and Ty 'arises solely dn
account of- their common dependence upon”dbtrénomivdl tactors without there
being any causal link. This posdibility can be tested by filtering out the

seasonal trends and correlating the deviations trom Lhe trends.

the error term may arise on account of varicus f{actors such
)

Autocorrelation o
- . . . Y Ld . -

as incorrect specificafion of the form of the model, e.y. non-linear instcead of
5 5

‘of an influential variable (Johnston, 1963, Chapter 8).

o 1

linear, or by omiss1o
The coﬁsequences'wouig be unnecessarily large sampling variances for B, under-
estimatiod of those sampling varianceslusing the usual least-squares formulde
and inapplicabilityﬁof the usual forms of t and F tests. Johﬁ%on (1963, Chap-
ter 8) discusses this potentially }eyious but complex problem and proposes use
of the Generalized Least-Squar od. However) ch{h requiresaprescription
of the autocorrelation of the ;>r6% term which is not easy. The iduél, and '
physically most ﬁeaningful; solution would be Lo~ident1fy the sources of Lhe’
error term and }ncorporate them into the model éxplicitly. This will be att-
enpt .\ In the meanwhile it can be pointed out that some of the adverse eli-
ects of autocorrelation decrease with sample size. Bedring in mind the fore-
going comments, only sparing use will be made of computed confidence intervals
for B. . b

N

.
.

“« W , D,
‘The data contain errors, both random and systematic. The random error in Ty

.

. . 6 - ° 3 - .
‘the independent variable, is larger than that in T, the depeindent variable.

'

4
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N If it can be assumed that random errors in T and TIV are uncorrelated the main
- ¥ /

L ™~ effect of errors in Tiy will be to cause underestimation of B which, xﬁ/;urn, !

will affect values of U and A. 1In Chapter 2(iv) the random e(/pr’Xn Tiy due to {

otal variance, and . . }

interpolation error, was estimated to be about 7 Z of th

this would cause underestimation of B by 7 Z. This may be rather optimistic as

it appears that absolute errors are conserve ather than relative errors so .

that the underestimation of B will incrg¢ase with a decrease in the variance of

combine to cause underestimation of the corre- . |

¥ Try- Random errors in T*and T
Y o lation coefficient. Sy tematlc errors in T and TIN will compensate or reinfor-

ce each other depend1n5 upon - thexr“relatxve magnltudqs and signs to affect A,

1 ) Correction of computed values of A, B and U for the effects of error yogld be

. difficult and will net be attempted.: ' l ) /
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< Y . N °

THE FIRST TEST OF THE RELATION BETWEEN T AND Tyy
] . ' \ '

i) Introduction

For the first, test of the hypothesls,’outllned in the previous chapter, nine
samples of dally fean air temperature for sum§/r periods were ¢ osen fox analy-

sis. The daily mean temperatures are in most cases computed as the average of

the four six-hourly readings of mercury-in-glass thermoweters in standard inst- -
‘rument shelters about 1.5 m above the surface. Care was taken to| choose the
samples from different kinds of loedtxon' ‘glacier- free (2 samples , valley
glacier (3 sagples) and ice cap (4 samples). Details and sources of data are
given in Tau.c 4.1, and the locations of the stations are given inn Figures'1.2

to 1.5. Bake Camp A.H.I. is a relatively open location about 3 ku from White

Glacier and should be oui§1de the region of influence of the glacier. Lower ’ d

Ice is located in the snout of White Glacier but is rather exposedvcompared to
Sverdrup Glacier station which is sheltered by high valley walls. Exposure of

Lower Ice 15 SOutherly compared to Sverdrup which is northerly. Devon I1.C.S.,

Upper Lce l and Upper Ice 2 are relatively open ice cap locatlons.{'lt might be !
elélmed that the order of arranging the stations 1n Table 4,1 - Base Camp

., Lower Ice, Sverdrup, .Devon I.C.S., Upper Ice 1 and Upper Ite 2 - is in

5

the direction of increasing "glacierness".

4

- v

Tyy was computed for every day 'of each record at each station using the average

of the 00 and 12°GMT radio-sonde observations at the“surrounding upper air sta-
|

tions. For the Devon Island situations, Sverdrup and Devon I.C. S.ls theiinter~

—o.

polation was made'using a fltted quadratic polynomial (9 stations [fdr 1963 and

'8 stations for 1969) whilst Optimum Interpolation was used for the|Axel Heiberg i

e . L. . ) . ./
'von Island situations using the-polynomial method*were rather lower thap those

A |

situations (four stations). Surprisingly, the interpolation errori for the De- i

using Optimum lnterpoLafion. This is contrary to Gandin (1965), but a dareful J ~F
|

study would have to be made befpre drawing any definite conclusions aboyt the

4 . e 5
_relative accuracies of the different methods. ’

-
A

' Figures 4.1 to)Aub are scatter diagrams of¢$T versus Tyy. Although there app-
: IN

ears to be considerable scatter in all the plots, a linear relationship is

N

po
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apparent. However, some of the plots shuw a hint of non-linearity.
X . . . :
.11) The Computed Parameters ‘ o
. The data for T and Ty tor the nine samples were fitted to model (3.0}
M L] ¢ s

using ordinary least-squares (IBM SSP subroutine CORRL). The various statist-

ics are given in Table 4.2: computed values of A, B and U together with the
sample means T and TiNZ standard deviations Sp and Sy and correiation coeffi-r
cient R. The mean and standard deviations of B, 51, SiN and R for the nine/“
samples are given. This is to illustrate the sample-to-sample variability of

§ the quantities and is not int .ded ;p suggest ghat they are.drawn from common

homogeneous populations (they are certainly nof).

LIRS AN ' k)

ﬁéqts can be made. 1In all cases T and Tpy are well correlated with an average
R of 0 91 which would correspond to 83 % explanatlon ‘of the wariance of T by
TIN' Thg corresponding Root Mean Square Error U is about + 1.89C. This is

somewhat larger than the interpolation error in Ty (about + 1.3) so that it

can be conclﬁaed that the system~ llnklng T and TIN contains "noise" with stan-

La

o dard deVIatlon\;F about ¥ 1.20. Thls is probably due to variable ' weather K o

(wind speed, burface\temperaiure etc) during. the sample period. B 1s positive
but less tﬁan unity for-all the glacier situations whilst A is negative. B is
slighily-greater than unif?\for Base Camp A.H.I. alEhough not significantly $o.
(w* Actually, Base Camp A.H.I. doéé\seem to have a sllght “heating_ effect of 0. 1 or
0.2° although the near agreement Qf T and TIN is eucouraglng and suggestS‘“\
. that bhe interpolation is quifte agcurag? with resnect to systematic error. The
\ glacier situations do sho% cooling effects with less cooling "for the valley
- glaciers than fpr the icé caps. This was expected. and can be explained by the

v \

longer passage time of the air over the cool surface in the case of the ice
caps. However, it is interesting in that it ippears that A controls the cnnl-—
~
. ~
. ' ing effect rather than B. On the whole, agreement between the two Base Camp

models and between the four ice cap models is good. On the\qsher hand, Lower

T © -Ice 1961 agrees better with Sverdrup Glacier 1963 than it does. Wlth Lower Ice:

e 1960. The nine models are plotted in Figure 4.5 from which it can beﬁseenu .

-

n
b

e

N With respect to the hypothesis outlined in the previous chapter several comm-— &

Y

\\_é\;\_\“\“‘ that the spread of T values within each group (2 glacier-free, 3 valley glac— &,

-~ -

é ) . *“‘TEr~aﬂd~A~igg‘ggglMif\fifiéinly less than 1°C for positive values of'TIN.

! &
! \ v
i .
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Station H N Period of Record Data Source . Comment
Base Camp AHI 190 89 29/5 to 25/8 1960 Miller, unpub. Glacier-free
Base Camp AHI 190 99 1975 to 25/8 1961 § Clacier-free
- Lower Ice 210 89 29/5 to 25/8 1960J Andrews, 1964 Valley Glacier
" Lower Ice 210 99 19/5 to 25/8 '1961 —_§ “Valley Glacier
Sver§fup G{f;//,300/f81 23/5 to 16/8 1963 . Keeler, unpub. "Valley Glacier
’ngon/ITETS. 1320 93 16/5 to 16/8 1963 Holmgren, unpub. Ice Ca,
////////////’Devon I.C.S. 1320 58 04/6 to 31/7 1969 Braithwaite, unpub. Ice Cap
) Upper Ice' 1 1530 89 29/5 t; 25/8 1960 Havens, 1964 Ice Cap
Upper Ice 2‘ 19200 99 19/5 to 25/8 1961 § - Ice Cap
Altitude H i; & a4.s.1., N is number of days of record
§ = Miller and-Roskin-Sharlin, 1967
_ % !
Table 4.1 Stations and Periods for Data Analysed
\“Station’ N Year A B U T o Ty, Sy Spy R
Base Camp AHI 89 1960 -0.2 1.084 1.9 5.8 5.6 . ;.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 Ice AH£189 1960 -0.2 ~ Q.715 l.4 3.8 5.6 2.8 3.3 0.857
" Lower Ice AHI 99 1961 -0.7 6.944“‘ 1.7 0.1 0.9 5.3 5.3 0.945
\Sve«rdéub Gla. 81 '1963 -0.6 0.84 20 ‘0.1 0.9 4.8 5.1 £ 0.907
Deven I.C.S. 93 1963 -2.8 0.889 2.0 -6.3 -3.9 5.2 5.4 0.924
) pevon I.C.8. 58 1969 —2,0‘\ 0.942 2,0 -3.2 -1.2 4.6 4.3 0.893
-~ Wpper Ice 1 89 1960 -2.4 0.872 1.5 -2.6 =-0.3 3.2 3.3 0.886
Upper Ice 299 1961 -2.7 0.857 2.1 -7.8 -B%0 5.0 5.3  0.906
Mean, 40.914 1.8 426 4.5 0.965
Standard Dvn 0.116 0.3 1.0 1.0 0.029

\-\“\~N\‘\T““‘~‘h~‘Tab%ew4vl‘_‘§;atistics

Si

»

tuations.
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‘ Bcaci}nx\\ _YeNr A B. v K St Sin K K
v Base Camp\hil 1960\ 0.0 1.042 1.9 0.0 1 0.775, ‘;* ’
Base Camp AHI 1961 0.0 0.834 1.9 0.0 0.711 i
Lower Ice AHI 89~ 1960 0.0 0.719 - 1.4 0.0 0.746
Lower Tce AHI 99 \\19@1 0.0 0.723 1.9 0.0 0.593
Sverdriop Gla. 81 1963 0.0 0.6%2 2.0 “0.0 ,0.529
.C;¢<:-, - Devoly I.C.S. 93 - 1963 00  0.693 1.8 9.0 \ 0.747
s ’ Devon I.C.S. 58 1964awgfb 0.738 1.8 0.0 0.773
‘5 Upper Ice } 89 1960 0.0 0.767 1.4, 0.0 0.518. ) .
% Upper Ice 2 <99/ 1961 0.0 0.735 1.9 0.0 0.866
i ) Mean ' 0.764 1.8 , 2.7 z.i 0.729
{ Standard Dvn 0.119 0.2 0.5 0.7 0.106
o . . i
Table 4.3: Statistics for Steady State I{odel T = A+ BK.‘TTN for Nine Situa-
. . tion§.: Data are High-Pass Filtered. oy, '
S . .
Statign N NiYear A B U T Ty Sp Spy R
Base Camp AHI 89 .1960 0.0 1.109 1.3 0.0 0.0 2.6 2.0 ~0.861
) Base Camp AHI 99 1961 0.0 0.900 1.4 0.0 0.0 2.3 ° 2.1 oyiés .
. Lower §§Z“AHI 89, 1960 0.0 0.765 1.0 0.0 0.0 1.9 2.0  0.831
Lower'Ice AHI 99 1961 0.0 0.798 1.6 0.0 0.0 2.1 1.7 0.657 g
T ——Sverdrup Gla. 81 . 1963 0.0 0.735 1.5 0.0 0.0 2.0 1.7 0.627 "
‘ Devon I.Cs6. 93 1963 0.0. 0.738 1.4 0.0 0.0 2.5 2.7 0.812 , '
Devon I.C.S. ‘58 1969 0.0 0.778 1.4 0.0 0.0 2.4 2.6  0.823
. Upper Ice 1 89 1960 0:0 0.894 1.0 0.0 0.0 2.2 - 2.2 0.893%—— .
Upper Tce 2 99 1961 0.0 0.812——1Z 0.0 0.0 3.3 3.8° 0.929
’”//,Meaa’=/*””/#/’l;— 0.837 1.3 ) 2.4 2.3 0.803
— Standard Dvn 0.118 0.2 0.4 0.6 0.101
- Table 4.4: Statistics for Steady State Model’ T = A + B.Tyy for Nine Situa- :
| : tions. Data are Band—Pass Filtered. ’ ) ’ T
L T ‘ D
¥ o | ' T,
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However, at Jower teaperatures the spriad 1s greater: especially for the vall-

ey glacler proyp with a spread for [vot 1.6°¢ at T, = -4.0°C.

It might plausibly be Claimed that some of the results, especially the high

correlation covttictents, way be Jue to the "forcing effect’” of seasonal trend

)

i the data dand that 1 afd 1, are not meaningfully related. This possibility

was tésted by high=passw tNterig of the data to remove the annual periudicf?y

. - 3
fons., Results obtained for the high-pass filter-

%

and repeating all the compibs
ed data are given in Tuble 4.3, 1If 1ls noteworthy that, although the standard

deviations S.l and oy amd,the vorrelation coefficients R are reduced by filter-
. ) t -
“

1y, the urﬁbya U tematn the sawe. . This supports the notion that T awd Tpy are
iy ’

meaningfully related and that relationships have not been unduly forced by sea-

e

sonal”trend. The reduction in R is simply due to the fact that filtering re-
‘ v

duces 8¢ without chaiiging Ur—B8._1s on averuge reduced by filtering although the

——

spread of values reowins about the same. 1t 1s ifteresting that filtering

brings b for Lower Iee 1960 and 1961 into good agreement although a discrepan-

cy for B between Base Camp,inO and 1961 is intfoduced. The apparently anoma-

lous B value for Lower lce 1960, before filtering, may be explainable bf an ab-

sence of ?easonql trend in the 1960 record (August 1960 was the warmest month
on record for Lower [ce) or by the fact,that surface temperatures of 0°C were

+
very frequent during this warm summer. 0 .
\ L
1
ol

) ’ "> « . {
It should be noted that zero values for A in Table 4.3,arise simply on account

of the filtering process.

Y

If the error term in the regression equation, scaled by U, i approximately

random the error could be reduced by low-pass filtering to remove periodicities

of less than scveral days. The duta, already high-pass filtered, were filtered

with a' simple Hamning Filter with centre weight 0.5 gnd/side weights of 0.25

(Blackman & Tukey, 1959, p.171). The resulting data can be\regaéded as band-
pass filtered with suppressionvof freduencies ﬂn the range of 0.50c¢ dy-1 (the
Nyquist F}equency for daily mean’data) to about 0.22c dy-l (the band-width of
the filter). Computations were repeated for thé bahd—pasé filtered data, and

results are-given in Table 4.4, On average the standard deviations S; and Syy

are further reduced by a.small amount whilst U is reduced from 1.8°C to 1.3°C.

B is increased somewhat by the filtering (from about.0.764 to Q.BB?).% This is

(&Y
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Station - N Year A £(0) | L(1) £(2) £Q)  £(4) U e
s .
. base camp AHT 85 1960 0.1 1.041, 0.Q79 -0.099 -0.125 0.1l44 1.9 1.040
Base Camp AUI 95 1961 0.l- 0.620 (.386 -0.252 .0.202 0.157 1.8 1.115
Lower Ice AHL 85- 1960° 0.4 0.55¢ 0.258 =-0:226" -0.038 0.084 1.3 '0.634 s
« ‘ L .
Lower Ice AHI 95 °[961 =<0.6 0.509 0.327 -0.115 0.222 0.222 1.5 0.9/_45
Sverdrup Gla. 77 1963 -0.5 0.548 0.025 0.196 °'0.182 0.182 1.9 0.873 b
. o . v \‘
Devou [20.S. 89 1963  -2.8 0.568 0.258 '0.102 0.006 ©.006 1.8 0.865
Devon 1.C.S. 54,1969 -1.6 0.710 0.077 0.238 0.098 0,098 1.4~ 1.180
Upper Ice 1 85 1960 -2.2 0.607 0.208 0.066 =-0.041 -0.041 1.0 0.844
i »
Upper Ice 2 95 1961 -1.9 0.531 0.354 0.026 0.021 0.021 1.5 0.989™
Mean- 1.6 0.943
Standard Dvn . ' 0.3 0.163
}
Table 4.5: Statistics for General Linear Model for Nine Situations.
N - . :
Data are unfiltered. - e —
4
, / v T T T T Ty T
B o . N
- L ' l
3 T
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A noodoubt due to partial suppression ot errors in the data and of noise 1n the

system binkang T oand i[\. f

o

| -

N

From comparison of Tables 4.2 to 4.4 1t would be unwise to clalu frequency-
K3
. . !
dependence of the system.  This question could only be answered by application

, ol speetral methods to the data which 1 beyond the scope of the present study.
—

S A

It ¢ah, however, be concluded that the relationship between T and TIN does not

arise solely on account of svasonal ¢itects. Furthermore, as 1 and Tih are -

-
'

lated in the high=pass'and band-pass frequency ranges, it is plausible that the
ph-y ! quency ' p :

N *
scasonal trends i1n 1 are put there by the relationship with Ty rather than by
T an extraterrestridlTsodrce deding ds,d vepatateginput.  As it is in fact abso-

> —
- . T . . . .
- lute values of T whidh are ol g&d(luluglcal iunterest, especially in relation to

! the 0°C threshold, fturther analysis will be in terms of raw data rather than

filtered data. S
. . .
5 .

111) A Genera: Linvar Model
{ Fonode

'

. H
—_— B .
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It has been asscrted that the response of the system is essentially inst- h

antaneous on the dailyﬂtxme~sc51e. It would be interesting to test this. If

{
n

. . i
the response of thie system were not instantaneous, tue model (3.1) would have

— $ to be replaced with un cquation @ontaining lagged values of Tyy, i.e. Tpy(t),

WIN(L~1), Tl&(t_z) etc, which would bé a digital countefpart to a convolution '

\ integral. The reyression coefficients of the various lagged terms would be

{ - analogoeus to the Green's Function of a differential eduacion containing a time

derivative (previously ucylected in compdrisdir-to_the advective term in Appen-
)

dix 1), & ' ‘

T——

) LN
—_—

To test this possibility the data, analysed in the previous section, were fitr-

ed to a multiple regression model of tln form:

N -

5o

2 LT = A+ E PO T + Ue

"o

Y -

Results are given/in Table 4.5 for uwnfiltered data. The quantity ® is the

‘

\ "steady state responsc" of the system defined by:

/ ) Nz 4 ‘

/o © = 3 ) (4.2)

i . n:? . \
/satisfy the same conditidns as B,

» [ .
|
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‘ Comparing Tables 4.27and 4.5 1t can be seen that U is somewhat lower for the

v

general linear model (4.1) than for the steady state model (3.1):  on avera,
1.6°C compared to 1.8°C. lHowever, the dispersion of © valuew 1y Larper st

the general linear model, and there is one value (Devon I.(.S. 196Y) which 1s

larger than unity in violatiop ot the hypothesis. Many of the (1) to 1(4) Co-

efficients are not statistically significant (at 5 7 level).
\ -

JIt is concluded that the slightly better U values for the general linear model

are probably fortuitous dnd that thelgreater inconsistency or dispersion ot

\

© makes use ol the model inadvisable.

*

iv) Some Preliminary Conclusions -

The results reported in Chapter 4(ii) are encouraging for the hypothesis

radvanced in Chapter 3. More results, from analyses of further samples, will be

piven in the next “chapter. Tt will be noticed that little mention has been

made of confidence intervals for the various computed statistics. They have

been computed (at 5 % level), but it is felt that little reliance bhould'bu
placed upon them becaﬁse of the effects of autocorrelation in the data (sce
Figure 4.6 for plots of A versus B togethef*with their corresponding confidence
intervals). It is'suggested that it .is bétter to analyse, many samples, 1f av-
ailable, rather than to attempt to draw conclusions f{rom possibly dubious con-

.
fidence intervals for a few 'samples, .

-
'

On the basis of results in

V)
Some preliminary conclusions can already be drawn.
b 4,

.

+Table 4.2 it is suggested that t?mperatureQat Base Camp A.H.I. can be represen-

ted approximately by:

1

. {

1.08 T ) ‘ (4.3)

T = —(;1 +
) IN o

This is very close to T = TiN‘ A valley glacier situation would be approximd~\u

w

tely: ‘ L
T = -0.5'+ o.s&’fm (4.4) °
and an ice cap situation would be approximately: ‘ T,
. : o\ : ™~
T = -2.5 + 0.89 T S (3
X “ \89 IIN : .
t . M
) N ' <
i ' 5 .
1 = [N

—
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Malysis ot further data will confirm, lumprove or falsity these prelimnary

/
conclusions. ¢ ‘ -

CBoling effect is greater fo} an ice cap situation than for a val{uy plactetn
situaéion; this is due to lower A valueé rather than lowerlvalucs gl B. The
greater B value for (4.5) compared to (4.4), i.e. 0.89 éémphfed to 0.83, may
have a physical explandtxun;,/for much of the time the temperature of the 1ce
cap surface will hé'beluw-OOC and in good adjustment with thg air temperatute
ekcept for ‘a-reasonably constant discrepancy. According to this_ explanation

B should increase Lo unity as the mean value of Ty decreases and the occurence
of surface temperatures ot 09C becomes rare. In Chapter 3(1ii) it was éuthstj
ed that B could become greater than un}ty to prescrve cooling effect at low
temperatures. Filure 4.7 1s a scatter diagram of monthly mean values gf T ver=
sus fIN tor Hdrabne,Camp“aL 870 m a.s.l'. on White Glacier (data from Muller,
unpublished) and for S;ée l at 2128 m a.s.l. on the Greenland Ice Cap (datu
from Putnins, 1970, Table XVIII). Data at Eureka and Isachsen were used o
compute Tyy for Moraine Camp whilst Ty values for Site 1 were computed using
data from Resolhte, Alert and Cgedesmind (Thule data would have beén best but 4
were unobtainable). From Figure 4.8 it is clear that cooling effect is preser—

ved under winter temgxrature conditions, i.e. TIN in the range -10 to -30°C, ]

and that B becomes greateg/than unity.

I3

Some workers have comp. Werature observations at glacier weather stations

with observations at dii (lOI‘to 102 km scale) weather statiéns Some ex-—
amples are Wallen (1948, p 504), Arnold (1968 p.56), Tvede (1973 p.97) and
Marcus (1964, p. 60) The results of the first three are dlfflcult to compare
with present results because their coefficients include effects of altitude
differences between theé glacier weather stations and distant weather statioms..

However, the models quoted by Marcus (1964) avoid this difficulty, and his co-

efficients do, in fact, lie in the range pecified in Chapter 3(iii). -
R

As a final comment it should be said that, alfh}ugh the statistical results

appear to satisfy the hypothesis advanced in Cﬁabter 3 and Appendix 1, the

"proved". This is because there must be many plausible

hypothesis has not been
mechanisms which could have generated tb//vﬁrlous calculated statistics: the

mechanism postulated in the presentxéfudy would only be odne of thesé/

f | . -~
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© WCHAPTER 5 \ . Co

o o C |
A FURTHER TEST OF THE RELATIbN BETWEEN T AND Tpy

w 1) Introduction

The purpose-of the present chapter 15 to describe further testing of the

; model (3.1) and of conclusions reached in the prev1ous chapter
»

The data analysed comprise a total of 24931 daily mean temperatures observed
during three summer field seasons (April/May to August) at a variety of stat-
ions iu the Axel Heiberg Expeditdion Area (see Figure 1.4 for }ocation of stat-
ions). In 1969 and 1970 ten stations wete operdtéd‘and nine stations in 1971,
The data are, therefore, organized into 29 ;dmples with each sample compfis;ng
the full available record, of length N Jays, for the station and summer ii

{*- question. ﬁew recordc are completely continucus, and statistics are comp)teq
for the full record so that they reflect the perivu of record as well as cha—\

With the exception of Base Camp,,where full surface weather records are avail-

racteristics of the station.

‘ able, the temperuture data are derived from thermograph/thermohyérograph re-
cords.) Although greaghcare was taken in calibrating the\recordg by comparison
f with standard thermometers ét is probablc thatathey are -less accurate than
' // thermometer records.. Some of the instruments were sheltered in standard Ste-
(. / venson Screens (MSC type) whilst others were/ installed in home-made "economijz

cal" screens. The latter performed quite well (Ohmura, personal communicat-

ion), but radiation errors Cfuggtdgswcompletely excluded from consideration.

o

From-the findings in Chapter 2 it was cbncluded that TN could be computed by

I

<

//”/’/’;:;—,,z’§fﬁgie dlstance welghtlng of temperature from Eureka and Isachsen alone (w1th
" . welghts,of 0.71 dnd 0.29). Equ1vglent ”1t1tude values of TIN were computed .

at altitudes of T records by 11near 1nterpolat10n between the 1000 mb and

~

. 850 mb levels, “

e
~ el ~
— “

e i) Computed‘Parameters

v 3
o . ) 0 - ‘
/"" v -
o

Values of A, B and U in the model (3.1) were computed for the 29 éagples.
It had been expected that it would be.possibleto diyide the models into two

’ N
. . ~ . 4. .
classes representing glacier-freeand valley glacier situations (Classes 1 and

s T SV e

~

)

gy N
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F¥g 5.1: Sample’ Mean Values of Local Tevnperét“ure T Versus Interpol-
" ated Temperature Ty for 37 Different Samples Divided into
T
Four Classes, N is Total Number of Days of Record for Each
Class_and Straight Lines Depict Average Regression Equations
for Eaeh class ;
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. 2). Hhowever, 1t was tound that several :lacier-tree situdtions &;}ord, Vulwdash

-~ < t R N .
and Phantom) had models rescnbling those for placier situaticns with A gener-

¥, v B
. - >
ally negative and B legss than unity. rhe e¥planation i1s probably that Fjord
station is still under the influence of the cold sea surface of Expedition

1

Vs
Fjord whilst Phantom station is both under iunflueuce of the cold lake surt

¢

Joe

i

of Phantom Lake and of the-surrounding, pldcierized arca.  Outwash station is

probably within the region of influence ot

der down-glacier wind conditions, as well as beine influenced by the cold?surf-
N i v "

the White Glacier, particularly un-

face of Expedition Riyer., Ermine models were foungd to he sufficiently ditfef-
!
ent from the other gldCiLF“treU situations {Base Caup,, Gordon's and Valley) ‘to °

merit creation of an extra class (Class la).

i
N 5 N

Ctass 3). The lines are the averaged regression.lines for T versus Ty for
i d :

each.class.
.. .

line for its owrr class (Cldss
1}

(Class 1). .

N ¢ N

In only one cdgse is a (T’TLN) pair separated from the regression

i

2) by the regression line/gor another class

A . R /
s 5

-~
of the compuLed/ﬁgi;metcLs; some
[

Square Error U is ih all cases reasonably low

.

With respect to actual value comments cdn
/ @ .

made. Firstly, the Root Mean

although a trifle higher than

previously found (Table 4.2).

U is unchanged

N~

P

LY
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Station .i N Yearr A - B U Ty -5 S1y
Base Camp 2 -~ 89 1960 -0.2 1.084 ﬂ\9 5.8 5.6 4.1 3.3
Base Camp 2 99 196] 0.0 1.078 2Y0 1.1 1.0 6.1 5.3
" Base Caip 2 111 1969 0.3 0.950 2.5 0.3 -0.0 7.0 6.9
Base Camp 2 122 1970 0.1 1.001 2.0\ -3.1 -3.0 10.2 10.0
Base Camp 2 107 19717 -0.2 0.957 1.8\ 2.1 2.4 6.1 6.1
Valley 30 1969~ - - - - - -
valley 3 0t - - - - - -
valley 385 1971 0.1 0.906 2.2 4.6 6.9. 4.8
Gordon's 5 71 1969 0.3 1.007 2.0 0.9 5.1 4.6
Gordon's 5 104y- 1970 0.9 0.903 2.0 ‘=31 7.2 7.7
Gardon's 5 89 1971 0.1 1.108 1.7- 1.6 5.7 4.9
e -
Mean® - ’ 0.1.0.999 2.0 i
. el .
Siandard Dva 0.3 8.077 0.2 X /

o

Table 5.1: "Statistics for Steady State Models of Class 1 S\tuations

lin Axel Heiberg Island Expedition Area. Model ;gxof Form

T=A+ B, TINJ and Data are Unfiltered. N is the Number

of Days in Each Sample (During Peried May—AugustT U‘\ﬁ
n R.M.S. Error, and ST and S

are Standard Deviations of

Daily Mean Temperature T and of Try Respectlvely.

s
~ /
*

e’
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Station 1 N Year A B v T l1N 5T SIN

Base Camp 2 89 1960 0.0 1.042 1.9 0.0 0.0 3.1 2.3

Base Camp 2 99 1961 0.0 0.834 1.9 0.0 " 6.0 2.6 2.3 -

Base Camp 2 111 1969 0.0 0.945 2.5 0.0 0.0 3.7 2.9

Base Camp 2 122, 1970 0.0 0.883 2.0 0.0 0.0 2.9 2.3 |

Base Camp , 2 107 1970 0.0 ©6.926 1.8 0.0 0.0 3.3 3.0 . §
 Valley ——3 969 - - - - - o \ ,%

Valley 3 0 1970 - - - - - ‘- -

Valley 3 85 1971 0.0 0.714 2.2+ 0.0 0.0 2.9 2.8 -

Gordon's 5 71 1969 0.0 1.022 2.0 0.0 0.0 3.5 2.9

Gordon's 5 1p9 1970 0.0 0.942 2.0 0.0 0.0 2.9 2.2

Gordon's 5 89 1971 0.0 0.828 1.9 0.0 6.0 2.9 2.7

Medan 0.0 0.904 2.0 :

Standard Dvn 0.0 0.102 0.2

a

S

Table 5.2:

I3

- ’\/’ -

Statistics for Steady State ModelS of Class 1 Situations

in Axel Heiberg Island Expedition Area. Model is of Form

T=4A+ BTy, and Data are High-Pass Filtered. N is

Number of Days in Each Sample (DufinﬁrPeriod May—August).

are Stand®&d Deviations

Uis R.M.S. Error, and S, and SN

of Daily Mean Temperature T and of Tin Respective%z;ﬂﬁ'_,,,dfnﬂ
. ) P
| T
- -
- o
. e v
‘:S +
»~
- AY
&
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s AR NOY A B C T s o
Station 1ot ear ] U I ILN S Siv e .
! ~\\\\
Erming 6 99 1969 0.5 0.870 2.2 -0.8 ~-1.5 5.4 5,7 |
, .
. W
. Ermine 6 o6 1970 |.7 .896 2.0 -1.9 -4.1 6.9 7.3

Lrmine . 6 76 1971- 1.4 1.032 2.0 2.7 1.3 5.4, 4.9

[
Mean’ 1.2 0.933 2.1
Standard Dvn . Lt 6 .0.087 0.1

P

" Table 5.3: Statisti.. for Steady Stat. Models of Class™ la Situations

‘J_"_:_:._:—-——'

Table 5.4: Statistics for Steady State Models of Class la Sifuations

. 7v7' in Axel Hexbelg_l&land)Expﬁdlil n_Area. Model is\of Form,
- — T = e N
I - .
+ 1 =A+ BTy, and Data are High-Pass Filtered. N\Qs the —H
. Number of Days in Lach Sample (DurlngiPerlod May—Aqgust).

- U is R.M.S. Error and S and SI“ are Standard Dev14t10ns

—. of Daily Mean Temperature T and of TN Raspvvtively}

\Kf T Axel-Heiberg-Island Expedition Area.  Model is of Form i
T = A+ B.Tyy, and Data are Unfllt;;;atl&N'iG\Number~o£ﬁ\WhmMN:Nm*
) Days in*Lach Sample"(Duané Period May-August). U is “Nmm\“\“N\‘T
_ R.M.S. grror, and ST and SIN are Staqdard,nevxatiunégpf ’ } j
Daily Mean Tewmperature T and of Ty Respectively. -
Station - i ¥ Year A B U T T&N : ST, SIN e
Ermine 6 99 1969 0.0 1.155 1.9 0.0° 0.0 4.1 3.2
Ermine 6 106 1970 0.0 0.998  2.0 0.0 , 0.0 3.1 2.4 !
Ermine 6 76 1971 0.0 0.864 2.3 0.0 0.0 3.3.2.7 .
¢~ Mean PR 0.0 1.006 2.1 ’ “ )
Standard Dvn - 0.0 0.146 0.2
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(Mdller, personal communication). {
- - t
- . _Within Class 2 there is a situatgon with B preater URanm umity—in violdtion ot
T o - T e—

e AT L

the hypothesis (Moréine 1969), but at the same time A appedrs to be rather low,
. These anomalies may have . coumon cause such ds lnstrument erro: or calxbrdtlo$

error or huy represent sone more subtle effect. It was supgested im Chapter

3(iii) that B could be greater than unity at very low values of Tpy, but this

can hardly apply in ihis case as Motaine 1970 15 much colder with a lower B

value. Actually the B value for Moraine- 1969 (B = 1.008) 1s not significantly —

greater than unity (at 5 7 level), and 1t is chosen to ignore the problem. '
/

The models for Baby Glacier deserve sumv discussion. The mean cooling etfect

e

whe v

e T

for 1969 is -0.1°C, for 1971 it is -1.0°C, and it is actually posi&ive (+0.2°0C)

» for 1970. This might be regarded as a falsification of the hypothesis. It

e

‘T"“"Eﬁﬂid“be»cldimgQnglmfpe basis of the small .ize of Baby |[Glacier, that the coo- . 1
ling effect should be weak and that the wrong.sign arises

“ohTECcouITT o qutre
. poneg . . . . - |

. small errox in T. This error might arise because Baby Glacier was less fre- -
quently visited than other stations for calibration of the recorder. However,

A and B values for the three years are quite consistent.] Although weak cooling

could have been expected it is surprising that B is so Jow. With respect to
3

this point it is interesting that high-pass filtering ag¢tually ingreases the , ’

value of B in two cases (1969 and 1971y, This is unusupl,

Clearly some of the results are difficult to explain. ndoubtedly gome of the

curiosities in Table 5.1 to 5.6 do arise on account of [instrument errors as:

well as reflecting peculiarities of location and weather.

In the following section the usef. ..ess of the model classification will be
B /

o

dgmons;rated.

4 '

_iii) Test of the.Classification of Models

= -

- -
- - -

. T ee—— I . ' . . ) ’ 4
In the previous sectlons it was sugg§§£g§.that the various situations

which were analysed could-be assigned to several different classes, This does = == |

entities ana peculiarities but rather that there are [some overall patterms.

This is a general principle of‘taxonomy; The main jystification of the classi- |
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Station 1 ﬁ“ Year A B v T Ty S¢Sy
Fjord I 111 1969 -0.0 0.889 2.5 0.7 0.8 6.7 7.0
Fjord 1 102 970 =-0.7 0.894 2.0 "=-1.3 ~0.7 7.9 8.6
T———— " ¥jord | L 93 1971 -0.8 0.882 2.1 2.8 4.1 5.4 5.6
L 3 “Baby Gla. 4 80 1969 -0.3 0 =07 =0.6 2.9, 4.0
- —
Baby Gla. 4 67 1970 0.3 0.578 1.7 -1.0 -1.2 2.dN\\?TT‘\-~\\\‘_“\~__‘\N§;
Baby Gla. 4 37 1971 -0.5 0.646 1.0 0.3 1.3 2.1 2.9 ) ‘
Outwash 7102 1969 -0.1 0.872 2.1 05 0.7 6.3 6.8
4 ‘ Outwash 7 111 1970 -1.0 0.968, 1.9 -3.2 -2.3 10.0 10.2
Eﬁa Outwash 796 1971 -0.5 0.904 2.0 2.3 3.0 6.1 6.4
! Lower Ice 6 89 1960 =0.,2 6.715 1.4 3.8° 5.6 2.8 3.3
E ‘ Lower Ice 8 99 1961 =-0.7 0.94 1.7 0.1, 0.9 5.3 5.3 .
E Lower Ice 8 ‘ 88 1969 -0.9 o.§27 1,6 1.1 2.3 4.0 4.5 i N
Lower Tce 8 109, 1970 -0.8 0.985 1.8 -2.9 -2.3 8.6 9.3 ™ T
Lower Ice 8 90 1971 =i —0vBH - Feb-— 1.0-—2o6— 5.5 6.4
Anniversary 9 75 1969, -0.8 "0.768 1.9 0.0 1.1 5.3 6.4
o Anniversary 9 103 1970 ~-1.8 0.895 ' 1.8 -3.8 -2.1 7.0 7.5
\ ’ ‘Anniversa;y 9 62 1971 -0.4 0.880 1.6 0.4 0.9 5.6 6.1
| © Moraine 10 52 1969 -1.5 1.008 1.9 2.4 -0.9 5.9 5.6
\ Moraine 10 53 1970 0.7 0.949 2.0 -5.3 =4.9 7.5 .7.6 .
W Morgine 10 0 1971 - - - - - - = ;
Phantom 11 53 1969 ~0.8 0.876 1.5 1.7 2.9 2.9 2.8
Phantom 11 32 1970 -0.7 0.701 1.9 -2.3 -2.3 3.3 3.8 B
Phantom 11 0 1971 \ - - - - - - -
s | Mean —L.7 0.83¢ 1.8

Standard Dvn 0.4 0.122 0.3

Table 5.5: Statistics for Steady State Models of Class 2 Situations

in Axel HeibergﬁIsland'Expedition Area. Model is of Form T = A+B.Tyy |

S=====-_._ - and Data are Unfiltered. N is Number of Days in Each Sample (During

e
Baess SR e

~ TTT— ' .
.?efiod May=August). U is—R:M.S. Error and Sp_and Sy, are Standard De-

viations of Daily Mean Temperature T and of Tyy Respectively.

P
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statron 1 N Year A,, B L T _ll.\‘ 51 51N ’ R
Fjord L1119y 0.0 0722 24 0.0 0.0 3.2 2.9
Fibrd o102 1970 0.0 0.608 2.0 0.0 0.0 2.4 2.2
Fyord f | =93 19/1.-0.0 0.6 2.0 0.0 0.0 2.8 2.9 °
Baby Gla. 4 80 1969 0.0  0.679 1.6 “0.0 0.0 2.9 3.5
Baby Gla. 4 67 1970 Qo= 0.555 1.6 0.0 0.0 2.0 ‘1.2
Baby Gla. 4 37 1971 0.0 0.751 1.0 0.0 0.0° 2.0 2.2
Outwash .= 7 102 1963 0.0 0.643 2.2 0.0 0.0 2.9 2.8
~Sgutwash 711l 1970 0.0 0.7¥ 1.8 elo.oy 0.0 2.5 2.2
. J:ZS::E\\\\ 7 96 1971 0.0 0.652 1.9 0.0 0.0 2.7 2.8
Lower lee, \:;\‘“ag_ 1960 0.0 0.719 1.4 0.0 0.0 2.2 2.3
Lower Ice 8 99““Lgbl 0.0 0.723 1.9 0.0 0.0 2.4 .0 ]
Lower Ice 8 68 1§39%30.o 0.750 1.6 0.0 0.0° 2.6 2.8
Lower Tece 8 109 1970 0.0 0.738 1.8 0.0 0.0 2.4 . 2.1
Lower lee. 8 90 1971 0.0 0.682 148 0.0 0.0 2.6 2.7
Anﬁlver;dly 9 75 1989 0.0 0.760  }.9 0 0.0 0.0 2.9 2.9
AnnIVCr§a¥y 9 103 1970 0.0 0.796 1.9 0.0 0.0 2.6 2.2
Anniversary 9 62 1971 0.0 0.782 1.7 0.0 0.0 2.7 - 2:6 ];
Moraine 10 52 1969 0.0 0.93% 2.2 0.0 0.00 3.9 3.5 ,
Moraine ‘10 53 1970 0.0 0.597 1.9 0.0 0.0 2.2 2.0
Moraine 10 0 1971 - - - - - - - -
Phantom * 11 53 1969 0.0 0.695 1.7 0.0 0.0 2.6 2.8
Phantom L1 32 1970 0.0 0.5 1.8 0.0 0:0 2.1 1.6
Phantom 11 0 1971 < - - - S -y
Mean 0.0 0.703 1.8
Standard Dvn 0.0 .0.085 0.3

+

Table 5.6: Statistics for Steady State Models of Class 2 Situations

in Axel Heiberg Island Exgcdition Area. Model is of Form T = A+B.Tyy

and Data are High-Pass Filtered. N is

number ol Days in Each buawple

{(During Period May-August,. U is R.M.5. Error and 5¢ énd'SIN are

Standard Deviations of Daily Mean Temperature T and of Tyy Respect-

ively.

|
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It can be, first pointed out that thé variances of A and B within cach class

~ °

{ ) are less Ehun the variances of A and B withouyt regard to class.

Secondly the mean values of A and B for each class seem to be significantly
differént ( 5 % level) from those Lor other c¢lasses (exXcept for B for Class la
which overlaps with B for Class 1 and Class 3). ‘lhe tedns and-estimdated con-

fidence intervals for the different classes are:

¢ [
. A N
,  Class 1 0.1 %0.2¢ 0.999 + 0.050 Y
Class la ° 1.2 + 0.7 0.933 + 0.098 g!
! Rl - \ i
! Class 2 -0.7 + 0.2 0.834 + 0.052 21
o [ Clés§ 3 -2.5 + 0.4 0.890 + 0.036. 4 : ];\r
) \ ! L [
~ ( ’ The standard deviations of A and B without regard to class age 1.0 and 0.123 \
respectively for sample s;zes of 37 A One-Way- Ana1y51b of Variance LompuLa~ \\\
. \
tion confirms that variations between the classes are much larger than varia- X \
. 0

tions within the classes. The former may be regarded as "differences in kind" \

and the latter as "differences in degree". ﬁ

Ifithe\values of A and B for each situation are replaced by the mea. values of:

A and B for the appropriate class an estimate of T, denoted by ?f, can be com-

puted fiom TiN‘ The error'(?P;f)gwhich will be denoted by E should be small
if the classification is useful. The mean values and standard deviations of

)

E (ﬁ:and éE) are as follows:

E S A B | N

) © Class 1 0.1 S.i 0.1 0.999 9 ‘ o
C}ass la 0.1 0.7 1.2 0.933. 3. K
Class 2 T 0.0 0.5 -0.7 0.83% 21 H
Class 3 0.1 0.3' -2.5 0.890 & ;
, | Unclassified 0.0 1.0 -0.5 0.880 37 .

The spread of errors using the ‘mean values of A and B for the unclassifie

dels (sawmple size 37) is relatively large éompared to the spréad within

N / k3 1] . ! .
) ! class. For example, the error introduced in assuming that a}l Class 2 situa- /
/ 1
; ( tions are described by the’ same model is on average 0.0 with standard deviat-
v , / P P
¢ ) / ~
: ) '
£ . i
i, : N - C
! “ | '
] .- - ° / N
'3 -
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¥0.1

. Station ' N Tp
Fjord 102 -0.9/// -0.3 -0.6
Base Camp 108 -0.51 -1.0
Valley 98 4.4 -0.5 +0.1
Baby Gla. 9% -~ -2.5 “2.8  +0.3
Gordon's 86 -2.0 1.5 -0.5
. Ermine 106 -1.77  -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: .

Comparison of Predicted Teﬁgerature Tp and Ob-

served Temperature T for N Days During Summer

Field Season 1972 (May—August) for Stations in

Axel Heiberg Expedition Area.

N\
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ton (L5, Gltat e, Curs cowld bt raduced by antroducin, asqew o,
b
L Class g, tor Buby Checrer which would hiave the todel 7L = =004 4 Oobwy b
' Al
. . Howewver, the process of introducting new’ classos should not be carnred to tae
- extrene (ontr] ultiwately there were as fmany ¢ lasses as models), and ot

' within a ;I‘:‘1~, 15 the price to be ﬁdld tor having only a limited, but wa =

. peable, nuwbor of classeo o dhe Jllltlunvy ot the classitication can besass-

- essed by copparison ol the vartances of the errors: for Class 1.the eritraiency
L) .

. P\ 84 L, Class Lo 51 7y Clasy 20750 0 Class 3 Ul te
< The «Lanotbtcatts o 1s pritnitily aceording to focation (situations Por The s
locatton 1 dytterent Jtllﬂdn belong to the same cluass). It might be t)dlhlt N
that classitivation should be according to prcdomxndnt‘wedther; iLoall periods S

~ -~ . - .
of record at the various statlons were identical tor a particular year tiw

{ classification would then be simply according to year. The influence of wea-

A < I L o K A ey S e e et

ther upon toe wodels 15 discussed in the [o\loulu@ chapter, Meanwhi le, the

pornt can bt 1llustrated by assuming that models in Tables 5.1 to 5.6 belony,

e .

Lo ouc ol toree ¢ lisses: Class 1969, Class 1970 "and Class 1971, Using the 8

\

locations, for which there ard records in all three years, the following re-
1

sults are obtatneu. \ )

<
o2}
I~
~
+ 4

Class 1969 ' -0.TF Ort 0.087

+1

- Class 1970 \-0.3 + 0.8 0.880 + 0.089

.

. \ _ _ ‘
‘ Class 1971 V}0.3 + 0.6 0.903 + 0.097

¢ 5
~

1 \ ) © - . I3 AN
The models tor the Classes 1969 ?970 and 1971 are not significantly diftérent

y | ‘e .
\ from one another (at 5% level) and such a classification serves no uselul

s - <3 ! -

urpose. \
purp Y .
. b -
A rather convincing test ol the,classification would be to use the umvarr values .

v : ! —_ ~, -
. \~ of A and B to compute mean terperatures Tp at various ssations from the Ty,
. . N ' s
')

. ' N ’
‘ values for a completely new year and compare results to the observed values

Yo ‘ of T. Data for the 1972 ficld season were'used for such a test. Base Camp,
| . !
\ 33 .
Gordon's and Walley stations were assumed to be Class.l stations. Lrmine was
¢ a Class la station. Fjord, Outwash, Lower Ice, Anniversary and MNoraine were
v . R

Class 2 stations, and Baby Glacier was assumed to be Class 2a. Results are

\ ’ ]

g
1
3
s
i ¥
:
3
s
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Fig 5.2: Comparison Between Sample Mean Values of Observed Local

Temperature T and Computed Local Temperature ;I_‘P for 1Q

Stations in Expedition Area, Axel Heiberg Island, for

Summer 1972. _’ITP vUsing Appropriate

Parameters Evaluated for Previous Summers. Errors are

is Computed from T

Denoted by Deviations from the'45> Line
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glven 1ns lable 5.7 and Ti,me 5.0,

by deviations trom-the s€rai

1
0f record at cach station, an

‘

length N.. The results ate quite g

a

N O, o N
+1.07C.  The averape ot L oover the

40

1" 1s detined as (Tl\-l) and 15 reprosentad

ht in Flyure 5,20 N o1s the nuniber ot davs
. -

d mean \values: are computed tor the period ot

ith ' values well within the ran o o1

10 stations 15 only -0.1°¢C with 95 ' conni-

" ) <o ‘ . .
dence 1nterval or +0.3YC,  lhe meap errors tor single months are g Hittle varse:

4

. o

0.3 + 1.19C Glay), 0.0 % 0.4% (Ju‘\‘c), —0.3 % 0.497¢ (July) and -0.2 % 0.39¢

(August exclutding Norarme tor wnhich there is no record). A Two-Way Alalveirs ot

Variance conputation (Kreyssi
signtitcant diriterences 1ner
ween stations for the same mo
the calculation because data
was andalysed. Both hypothese
for stations dre ditfterent, w
the moﬁthy nean errors shoul
month and stations Thisyfind
and reinlo[ ¢ the supee tion

erenit prevailing weather type

b

ICDCdn also be shown that the
May to Aucu . i the period 1
(months with at least 20 days
for Moraine (there are also s
ther-station at Moraine). Mo
polation of Lurcka and lsachs

1960-72% altitudes of 190,

(synthetic scriesy~were compu
to be Class 1 and Lower Ice a
(EP—T) at Base Camp have mean|
sampie size of 35 wmonths. Cd
standard éeviation 0.99C for
s'tandard deviation 0.90¢C for

polation error should be abou

monthly mean errors are abouw

s Hq70, p.276) was carried out to try and detet

rors [between montns ¢t the same station and bet=

nth {see Appendix 2). Moraine was excluded pron
bur ugust are—milssing so that a 9 by 4 matrix

s, il.e. errors for months are difterent, and ciron

s
er

ere/rejccted at the 5 % significance tevel, avd
}

d b% considered as random with respect to both
ing/supports the validity of the clasSitication
tljat the influence of time (and possibly dit}-

»
s)/1ls not significant.

mpdels for the different classes dre usetul in de-

€

- . . . - \
» scribing the long-terr records from Axel Helberg stations. For the montlis ot

960-72 there are 35 months of record at Base Cawp
« M -

f record), 21 months for Lower lce and 14 vouths
¢veral winters of record from the automatic wea-
ythly mean values of TNy were computed %y mter-
n data or every month (May—AﬁggiL) in the period
210 and 870 m a.s.l. From these,%walucé of'FP
ted for the three stations. Base C%mb ds assumed
nd Moraine were assumed to be Class 2. T%Q‘Grrol“
value -0.5°C ;ith standard déviation O.QOCQPQJ a

rresponding values for Lower Ice are -0.2°C wifﬁR

21 months and values for Moraine are +0.19C with

t +0.7°C"so that the standard deviations of the

.

‘

as low as could be réasonably expected. The sy-

v

<,

A}

<

14 months. As stated in Chapter 2(iii) the inter- \\

.
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stematic underestination ol YP at Base Camp and Lowerelce isepdrtly due to the

- / "

‘ * fact that ‘the {.data include Incomplete months ol datd (more than 20 days ot

record) with miysing data mainly ocrurring’in early May and late Auygust. [he

. ; very small grror‘&i Mord;ne x; encouraging as the data mainly originatud froe »

Ve a -Rauchluss Autymatic Heather_Station for wﬁigh 1t was fglt the calibration
facters were problematic. The sma%l systematic error at Moraine suggcatl t hat

< Id
* . calibration was 1n.fact correctly done (unless varivus errors compensdted).

. ) R - . .
 The results are illustr&te/ by scatter diagrams in Figures 5.3 to 5.5 where -

In the followfng_L apter at

. . volved in the models.
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THE RLSIDUALS ]N" THy R} \Gﬁw\)ﬁ MODITS IN RLLATION 10 WEATHLR RC
\~\\c Y ' ; -
1) Introduction T o f -

s

% e - ;
The Titting of data for T(t) Gud lxN(L) to the model (3,1) 1nvv+wyk\ Lerar

.. ) R o , \\
(of standard deviation U) whiiteh will be termed the Residual of the e NI
. ’

equation. This error will have magnitude U%(t) on the t theday: -
G +

o - @
4 i -~

'
'

- J U'(t) = Yely) = Twe) -A-~-13 TN(r) , ““_l})’ T

/

I3

v’ H
Cleaa Ly any time~dependent ptocess which intluendes [(t) but 1s wndepdindsat
- ‘ &3

.

I n(t) wall be "lumped" anto UX(L). 1f 1t were ‘possible to tdentity Lhese prgs
. ! : Y

cebdses and 1nclude them explicitly 1n the model "an Juwprovement iu dacvg .oy
could be made. The formal assumption 1s made that’ U%() has zero mean value,

. “

A .
but 1n fact the unknown "error processes” could have non—zero mean value and .

.

‘teract with 'l?m(t) so that A and B would be 1ntluenged, oy

s
¢
\‘ i

. - 7
Possible errors could have their origin in the large-scale atmosphere (v.y.

interpoldation error), in the local circulation dargund the glacier {(1luctuat- .

i
PR

ions of wind speed, oxcliange coefficicnts ete, especrally during Foeln events),

J

in radiative processes (by way of the underlying surface) or in cundcnsutxun.
Although 1t is allowable to try and 1dtnt1fy thcse errors using d?tdllLd ocal

information (e;g@ Base Camp Surface Weather Record) thL exercise u1ll only/be™*
useful if Lhey/can ultimately be expressed, rn~ggnms of ddtd at d§btant weather
/

stations, wedather maps, SdlLll][O images or dbLfonUmlLal factorsl
y ) - ]

- . : - o o
ii) The Rq#xduals at_Base Camp . i
~ » N . } ,}"
The pdtterns of residuals at the various sLatlona in any pqrtxculdr yLur

L2

‘

are rem rkably SLlear// JFor cxample, U*(t) at Base Camp and lowgr lce can be
quite qLLurdicly mj}phcd .and in general, residuals at any paqr of deLIUn; oo

are cgrrelated with /a correlatlon coefficient which is strongly IHLlULnLLd by

I

the gltitude difference between the stations. This buggesgs tth the error

[
-

prodesses dare not too strongly locallzed and that the residuals at Base Camp

v

caf be treated as indices of residuals at othery stations. )
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<\\\QQTewhd[ skgwud wtth some relatively large (S tu 10Y¢) positive values uccun}ng .

— e
»

/

I'he rcsxdudls at Base Camp are sfrongly llme-au(ocnrrolatLd (autgeortelation

i
~
(lellclehl of about 0.5 tor a Ilrstdgydcr Pruccss) and are 1nhumuhdnruux dou-
l

ording tolabbe’s Criterion (Conrad, 1944, Chapter XXII ). Ihe erldUdlS do

appear to’'be stationary at the monthly mean level.

Distribution histdgrams are
i

v

given in }ngure 6.1. It can be seen that the distribution of- residudals is

R=1

th dlbtfibutlons do not appear to be markedly bimodal "unlike the temperature
ut pp y

~—

T . e , . . |
ithelf which often Shows—bimoddality, e.g. Orvig (1951, Figdare 11). Orvig (1954, ¢
[ P

Figure 18), Andrews (1964, Figure ﬁy\iﬁd\Mhngr and Roskin=Sharlin (1967, Fi-

——

y - — 2t -~ §
sure 9). TTe—
S ~ T

—

. - —
The pattern of residuals was investigated Lo attempt to identify effects due toT—
SN

T
1 v 0
- M
1) wind, particularly under Foehn conditions . .
2) stability of the atmosphere . i
. . s . : y
3) precipitation ) .

" s a

4) _ sunshine/sky cover as measures of short-wave radiation. .
f \ a, ' e '

v

Figures 6.2 to 644 illustrate the courses of U¥(t) and other elements through- i

out the three seasons: 1969, 1970 and 1971. Explanation-of the various cle- : ;
mentg\wi 1 be given {n‘ the following sections. ’

: \
“~ s .

‘ -« B {

1ii) Ef ects of Foehn, Wind Direction and Atmospheric Stability ‘

we

Foehn 1s a precisely formulated condition (Defant 1951):_‘1t‘is not di~

ration (102 km scale) of,weathernétafions. Periods of compafhthely high'tumg-

‘Roskin-Sharlin, 1967, p.33). , T Lo .

Foehn perlods for’ 1969 71 iFlgures 6 2 to '6.4)-were identified subjectively,

f L]
mainly by rapld rlses of temperatufe and humidity reflected in the daily mean

valués. It‘can be seen from Figures 6.2 to 6.4’ that large positive residuals

(gfeateg thén +2°C) do often occur during Foehn periods but not always. For
example, 1n$1969 the Foehn periods F2, F7, F8, FlO FEIZ F13 and Fl4 are ass-

ociated w&th large positiVve residuals whilst F3, F4, °F5 F6, F9 and Fll are
‘ \

' I
A

N C (o ~wan
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-y 4 ) o
~ not. In the latter cases, the rapid 11ses in temperature T(t) die reasonably
well explained by riwes in Tin(t). This {11ustrdteb the fact th#t uct all va-
pid changes 1n local zcmperature can be attributed to Foehn on the meso-scale
and that some have their origin in the large-scale atmospﬁure, sg& Meller and
Roskin=-Sharlin (1967, p.60). On the other Hand, there appears to Be only one

case in the three years>when the residual was greater than +2°9C without u

Foehu,)thls occurred several days atter Foehn F5 1n 1971.

. ) <
Paily mean geostrophic wind was computed for the paint (80°N, 90%) ‘usiny sur-

. y o
face pressure at Eureha, Isachsen, Resolute and Alert for every day ol rcecod
in the three summers. The results are reasoftably cansistent with reather maps.

: ' ’ ’ ,°

g The north~south pressure gradient at (80°N, 90°W), dJenoted by ~AP/AY i

units of mb 100 km-l, is plotted in Figures 6.2 to 0.4, Negative valtes are

{ . associated with east geostrophic wind and positive values with west geostro- .

phic wind. It can be seen that Foehn is often assotiated with cast wind hut

not always, e.g. roehn F5 in 1970,

The average vertical temperature gradient between 1000 mb and 850 ub was also

. T —computed for every day of record and is’plottedlin Figures 6.2 to 6.4 as
ATy/ A 2% 100 oL, This is a measure of the atmosphéfic stability. ‘'The sta~
bi}ity changes from +ive values~ear1y in the season to —ive values for most uf

the record and does not @ppear to be related to the residuals. It is notewor-

‘
’

. thy that some of the "Foehn" events which are not accompanied by high positive

vresiduals are accompanied by relari-ely large negative vertical temperaturc
A
gradients.- This would be consistent with an increase, of Tyys ¢dusing dan in-

crease in T, which is due to large-scale anticyclonic subsidence rather thuap

T . ‘. « " o . .
subsxdence~tn‘a,genu;nglwggpl}gg-sca}gl_gggﬁg.th4314,pexsnnalwaommunrc&bh%ﬂ:'
~ ' t ' , i
Residuals for each.summer were classified accdording to the computed geostrophic
. wind direction. The mean and standard .deviations of residuals for the various
geostrophic wind directions were as follows:
. : N ) ‘ .
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5.0 1.8 /0.3, 1.3

Mean

Standard

/
U
" Sample 10 52, 10, % 10
v // \
i&lsm; Canp 19 0
; S{l S Sw
) 5
. Mean 0.4 -/. 5 - -0.7
Standid fn 2,2 - - 1.3
) g; 13
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° 4 ' ) .
*Basie Canp l_"l_‘_ / ; -
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(

The predominance of ¢ast wind in) fairly, freauent west wind also i« consistent

)

between the years, but the relaL?on‘between wind direction and wmean restdual 1s

not clear ¢aeept with respect to sign, wWith _a tendency to positive residudls

-

for eust wind and negative with/west wind. jbne*Way Analysis of Variance con-
L a . ! '

' 4 s st | . .
firms that the rcsndudlﬁjare bgst regarl¢d as random with respect to wind di-

I
\ C//
cdan ay

he model (F.1){widlDl substantially underestimate the temperat=

; N4
/

’

rection (57 signiticance lQVLZP

In summary it/scems/that Foeh e quite large positive values of the re-
- /‘ M

sidual such (h

N

ure under Qp‘hn coudxtions.‘ ever, not all Fochns have.this effect, pObblRly

idcnt{ﬁﬁ/é nuine 10cai Foehns as opposed to the large- bLﬂlL

this may hé(p 0

does not seem to be predlctable in ‘terms of geo-

atmospheric warmig%s. Foe
. "' . . » ¢ A - . * . . i .
strophic/wind dir q&@pn ngr are the residualsssignificantly dependent upon wind

direct%@n. An effort to finclude geoé?qophid“wand as a weighting fadtor of

TIN(L)fin\a regression model gave very poor results. »

e ﬁ\
In thlb discussion, litt e‘@ttentxon has been paid to large negative values of

N

resxduals. This 1s because the mean residual is zero by defxnxtlon andlghp‘

7 |
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- Occurence, Foehn Occurence, North-South Pressure Gradient ‘and Vertic-l Temperature
- ‘ Gradient in the Large-Scale Athosphere )
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LACer e Tiloating! with large negative errors partly forced 1n conpensa-

tlon te wr o s tive errors which are 1o any case more frequent (Figure *h 1y,
3

ORI R punshine, Sky Cover and Precipitation . \
— B AL A . 1

Vi Cattor s of sunshine duration/sky cover (both related to global rtads «iom
<

EA) Al ¢
indoub o oy e lacnoc tla temperature. For Q:émple, at Eureka the tollowing,
!
votrebation s wore touca betweea montily mean temperature (Tg), monthly nean sk
Co

. N By L M b 3 ? v
Cover i tond g b monthily tatal precipitation in inches (Pp):

1* NL pl.: . .
Fompe tat ue f‘ IR Ty -0, 19 ,
Sky Gover \\’ . 1.00 0.39 ..
/ R
Preciprtatian v \\ . 1.00 )

I

- \
Lhe data werte ovxpresod as deviations from thd monthlly norms for 1961-70 and

v

onths Jund-August in the period

the computed stdatistios are valid for the
\ o

\ . .
1961§}0‘(uAmplt Sle ol Hv. Similar valfies were found for Isachsen. 11N

. 4
which 1o 1tnterpolated betwden Lurchd at
Ny \

tnformatton about tarcka wod lsachsen s

Isachsen will, therefore, cariy svme

ky cover. There are indications that =

duration as measurvd atl Bise Camp. The“means and styndard deviations of the

1

rubidudf%\ior 5 sunshine classes (0-4 hrs, 5-9 hrs, 1014 hrs, 15-19 hre aad

2024 hrs) are given below:

Buse Camp 1969 T
Sunshine Glass  00-04 05-09 14 - A5-19 20-24 hrs d
Mean ~0.4 -0.7 ! -0. -0.6 1.6
Standard. bvn 2.1 1.6 2.0 3.5
, _
Sample Sivzd 238 /19 12 23 |
. - 4] .
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SUIe flae b g Tpi=11 O5=-09 /lb{a_—"*/"f{)‘-l‘? 20-24 ha s

Standird o I. 1.4 2.5 2.0 2.1, &\
~ ' .
Saple oo vh 16 20 l!\ 17’;
‘ |
. : | N
Base U T . t / :
v oo . /
TS IR BT FA R Y IR (Y =04 Ty=14 lr)"'lo 20"'2"0 hrs
H ! \ - '
R . {
MNean Loy IS B 1.3 -0.8 0.4
/ . /
N LR TRV IREINT L .3 b 1.3 L2
\ ;

N

o) : ‘ ~ ‘
Saliple S« oy 1. 7 7 / 28 \ .

' J v

' - ’ \\
o ftwo of tne caves (0009 and 1970) there are certainly large mean positive 105«
\ )

«q‘h%ah,x1lthu 20~ b osunshine olass Jb<nuimight have /expected.  But this

t n%t the cawo tar B9/t bor the 1971 case the hypothepis that the average

. .

restduals e not s, outic tly ditfetent cannot be rejgcted at 57 level (usiug
{ e

One-Way Analy 5. of Viaanee). It the 20~-24 hr sunshink class 1s excluded trow

guu41duratxuu .lhl|dllrchukt are obtained for 1969 and 1970. It 1s condluded

5
a
tion may have an influenc

{
, Lhdﬁ, althourh  uniine dura , the influence is hardly

systemdatic and quapticatively useful. As already sai
c . . . . B
& Lee are aluo.t tdeathoal with those at Base Camp. TY

, the residuals at Lower

is finding is, therciore,
consistent with the cnding of Havens et al (1965, Finure i) that there s only’
we ak rchllﬂn»hlpKhvlwuun insolation and cooling effect of White Glacier (de-
figed ds the tumperatnre diffegence Qcheen Lower Ice and Base Camp).

1
Preciprtation ocouitences of three types (rain, drizzle and snow) are indicated®

in Figures 6.2 1o b.%. ‘lhere does net appedr to be any marked relationship
: {

k‘,
wiith the residuals vacept in so far as precipitation does not usually occur du-

ring the Foehos which give large positive rgsiduals.

. “
v) Conclusions . T -
: WORULI

»
t

With the exception of Foehn occurrences there does not appear to be the

' .

! . b . ) .
strong relationship between the residuals and varidus "weather", factors which
might have beeh expected. Even Foehp does not appear to be quantitatively con-—

sistent ip 1ls etlects. . This all may seem rather surprising, but it should be

»
« o

\ -
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remembered that ttsellt g "weather” tactor controlled by the goneral .

N e
circulation and external inputs to the .ilmo.n.phcl\u\. Appdxvntl)“lm CAT e

N

much the same 1nlormation ag T does. The origins ol U (1) are, theretore,
fett unexplained. Thys 1s pot very satistactory. The main factor ts probably

interpolation error in 1 and ther other factors such as Foehn, wind, radiat-

IN
ton, precipitation utv[prvhdbly do play roles, but the analysis has tailed to
1 .

.
tsolate them. From the analyses in the previous chapter and po Appendiy 2ot

“ o T s . '
svems that the overall; elimatic intluence ot the residuals 15 small oo the 1e-
°

latively tong (IQ1 day) time scale. ‘ . : J

It s supgested that the hypothesis ot a relationship between T(t) and TI'y(L)

E
»

has becen ddcquatcly tested and not falsifired. I rmore, the pdrameters -

/ : NP —
volved in the models do show certain consistencies. Frioally, the methd does

e LS,
allow, once parameters have been c&ﬁputcd, thee computation of reasonably av

o

<
rate synthetic sdgries of temperature. {

v

, 7
It now remains tg demgnsgrate glaciological applications ol the computed air

ctemperature.  Thils' will be done 1n- two stages'%n Lhe foLLowing four chapters.

’

v i . .
A Note on the Autocorrelation of Residuals : ‘

- : :\ N B .

'As already stated on\ﬁage 43, the residuals in the model for T(t) versus :

TIg(t) are autocorreldted and inhomoyeneous. I the stdatistics ip Tables 5.1
to 5.6. were to b used\for computation of confidence intervals for individual

B value$, an adjusfment would have to be made for this effect. Typical first-

-

. -
order autocorrelation coefficients are in the range 0.5 to 0.6 which would 1n-

crease confidence intervals by about 30-110% (Johnston, p.247, 1963) above the

n $
values estimated according to the usual ordinary least-squares formula. Auto-
correlation of thé residuals should have little effect upon averaged values of

L
B computed for uaqh class, secc also page 24.

.
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SEATT con wuadyols 0F ERERGY bATANCE DATA TROM ARCTIC GLACLLRS
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e b domg, Feen baowa that vl wassbalance and ablation are velatod to
N ~ ¢ *

ait o peratate s e o aapld Av s P13, pl2al), Hobbs (1911, puid, Aad g

<

44000, NG and paat=s Dy and Tlibotry (190465, p 452 and p.839) dmongst athers,

SN
T has adne b Yong koown that the ener v required for meltiag tee 15 goveined

o
by the vncrsy balance at the vlacier csurtage.

[

PJnlw author 5 aeh an Hom o v, pl 239y, Hess (IWHQ,'p.ZIU) amd Forel ot !
G909, paotys aoonest othcrs speculated that radiation should be the major heat

\ - .
soutce tor ablation,  Meawnr Gmont of the cnergy balance at glacier surtaces,

usuatly over short sumer periods, bhave tended to confirm the impurtance ot ru-

didtion as o hegt somce. For cadmple, Paterson (1969, Table 4.2) quotes.results
' . . . - -

from 32 euerpy balance studies, and in 24 “cases (75 .0) the net radiation 1s the

major hddl sourtce. It l%;~&{ coulse, decepted that the relative lmportances uof

the vagious hedt soutces vg}yzkith season, latitude, dltitude and "weather” ete

g comphex way, and ciforts to describe these variations in detail have not

2 )

been very subcesstul, lor example see Andrews (1975, Chapter:2).  The ditticulty
. . .
Inoanterpretating ob (fergy balance results has ted Paterson (1969, p.62) to

state: "However o ¢
.

Y,

only about the partieNar place where they were carried out,”

>

The notion that radiationy “wost important” has led many people to believe

ghat"dbldtion and radiat ime=serics  ho#ld be struagly correlated. Studies

ofc glacier run"oflh'lvlchd Lo the Gouldtion, have often failed to show sipgnifi-

)

cant correlation | fween run-offl and radiative factors such as cloudiness and

sunshine duration-although stgnficant correlations with air temperature or hu-
widity (and, naturally, pr;cipltdtiun) are tound. Some examples are rcpu{tcd L
by Lang (1968), Pstrom and QYbLQ\(I968), Pytte (1969): Tvede (1971), Guodi%on
(1972), Jensen and Lang (1974) dnJ\wsL{am (197&% amongst others. On thwoﬁhe;

hand, Ndkawo et al

1976) and Dosdov & Mggbloﬁg (1975) do report high CUFrUldL‘

ions between glacidr run-off and radiation for glaciers in the Himalay#s and
£ o

. However, the latter do also state that the correlation

Pdmigs respectivel

¢

@
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tor Glaciers an the folar Urals. Also noteworthy s the oot
e Y
that (:Um)lx e 01979 pound very poor correlation between ablation and yjotad
. Q

AN radratron p o= s, . ¢ \ S
1 9

. s

s I]L

Pras

1 “ : :

) llcbpl\ml‘m aler e rosults, agenerally accepted-poi of view might be that .-
)

: . \

drattfon 1., vow o, 0 veo o clwportant’ factor in the.ablation. Voo s om0

' W :
N \ - " .
= - that Jtosger strie o N actul” tactor because 1t i easily pessurpd dnd v a
N . ° . N,
L 2 : s > fr :
tuncfron of cthor tacters, particularly radiation. For example: \Hu Lompe 1 g

. tugef s e st pwportant teteotologrcaal element in the study ottablatiofl con-

" N 1

" ditipns, toy ot 0 0 dunction of ll{s?u.l.h\‘l «llfle‘ulll. x.wtcuwlu;;u.nl‘\L\,ntm\-,

v

, . .5
suchl ao tnsolation, wind ands humrdity, which [nfluence the ablatdon™ = ‘thyiy | e
Al
A

a

. N 3
(L99ty polsdos U agnnt "As many of thesmeteorological parameters dre ntog-
AN o N

\ . N
e relgted, one cannot postulate that ary one of them 1s more 1mportant than the
. . N
{ oth}bru. Bowevet, e porience hds shown that dair température (which 1o most ca- )
. L)
¢

M . N * Q
sey 15 depencont upon intomng rad =rtion ) 1s closely "correlated with the ablu-

tiga, o that u-mpm\xtmc obsvrvations should be considered 1mport mt in cdscs’

‘ f 3

il whionn ondy 0 Tinatod nh»erv.ztmxv»wrobranmle can be carried out" - ¥strem and

Stlanley (9B, poes) . Simlar statements are made or lmplu.d by Hoinkes (1‘))‘)‘ .

R}

pa 501 and 14t¥a, p.t%41, Maller (1963, p.()()),“Lllboutry (1964-65, p.357), Lany,

o

o

@ . i
‘. (JY6b) and dstrem (1Y74) \Aﬂ\anb( m.my ~others. The notion that temperature as

) hE ‘ ‘ muﬁmt,mt AS an expressmn of radiwtion appeaxs to be nnplxcxt in stdumcnu
!

( “ whith would be otherwise illogical) spch-as: ... soldr radiation received at 5

. he ground or 1ce. suttace probably exerts the most important intluence wpon ab-

lldtign. Thus there is a close relationship between regional temperature char- .

El

¢ \

\ ]‘dtleri‘stic.b m glaciercation” - Sugden and Johrt (1976, p.85)."

| < o

Lo R 1a\hl~rvh,( sugpdSTots hat this point of view does not c’oxnpletvl; splve the

. cproblem. In this the author .tollows Ahlmann (1922, p.lJ}): "With regard to the
- melting facters, very great importance has of late been gscribed to insvlation.

- ) The reasons which have been put forward for this, hownver,m regarded

s?dcc' 3ive by, the present writer, on vanoua g:oundp which will jbe eapo

in another treatise. Accordlngly I still maintain that the factor which plavs
B .o ! ,

.
-

the greatest role in melting is the temperature of the air."

5 . ) . . - 7, .
. (- . In the following sections a,solution to”the,problem of the role’of Jir tempra- o
P 2 S
i . : ~ture in the ablation prucess, parficularly ‘in comparison to radiation, will be
| i s - R _ I3 » )
2;, ! . - » a?
t )
+ ° ) .
I3 - d -
§ > N ) -
H ! \
g / ES ° B
' / . . v, .
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propescds The approach taken tovelves statistioal analvars o Uia e o
. K
. v ‘ " " "
. acasured encigy balance data. Thrs approach shoutd cowbroe "phyoics" ana ta-
tistics” tuoa synthesys,
1 ‘ A

Meanwhale 1t might be pornted out that the use ot the tern Mwost tmpomtant e

* N

. source” tar tadtation has led to wh contusion.  What 1y medant 1s actual Iy "on

averdge the largest heat soumce' . The notion that yadiation 1~ "most twportant”
I I

. /
. hias ledvmany people to assert that placier ablation Lust vary 1n tespinse to va-

rrations of radration (eop Hornhes, 1955, po500-H01) without tosting that this
Is 1n fact the case.  Ihe notion that radiation 1= "an avie tdape the Tarpest heat \
source"” lca;ls to nuy A.m’h condloston and makes ‘.xl llv.fr that the varrabir ity ol
the various heat soutces must also be constdered.,  Clearly, the largest heat ]

. .

source ned¢d ot be the most vartable. "

1) Statistaical Properties ot the foerpy Balance Lguation

)

o

The energy balasce approach 1o cladier-meteorology mnvolves the medasiurcment

|
or estimation, of the various heat sources and sinks, and computataon ot the

heat required to melt 1ee as the restdual n the enerpy balance equation,  The

ablation at time t computed by this method 15 denoled by Ac(t). By definition:

| J=N \
| ¥ Ae) = ng§§' E, () (7.1)

x where boq) ... i;N(t) are mdasured values ol N sources and siuks (sources are

N

+ti1ve dand sinks -1ve), and L is the Latent Heat o! Fusion ol ice. In fact, the
. ¢

various energy balance terms cannot be measured without error so that Ac(t) s
*not tdentical to the true, but unkngwn, ablation A(t). The ablation can also
" be measured by direct glaciological methods to give AM(L). This cannot be done
without error so ﬁjat AM(L) 1s not identic&l to A(L? or AC(t)' The biscrcpdncy
_ between AC(L) and AM(t) reflects the combined effects of errors in the two se-
parate setp of measﬁrements.‘ This complex problem is diacussgd at length by
Muller and Keeler (1969). ' ' -

b

'

: Under certain simple assumplions (Appendis 3) k. (7.1) gives rise to a set of
N ¢quations describing the corrclations between A¢ and the various terms )

N .
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whire, H(A( W1 ;“)"15 the correiation betuween A and the k th enerygy balance ters

' S

dllde TApPTesents

he

}L and Rl )')L} I SR TORRN

tntoetact

Clatiron

Wy

boetween

}

)
potnoand ¢ th eneryy balance ton

+
Ll tee et e Lol 5 and Sk ate the st aara

\\lL’Vlrill(l”‘v ol /\( g ]h Fesnectovy Iy,

L d
he mapaitudes of the antel 1o cons ctucct Cotms drte in general unknown., oy
« . .
Ty | S Ty " \ . v
e not o specrtred by eoargy Falance Mthean 0 \(otid Ay are approximately
‘ !

, ,

LY \ .

cquat then equatton (7.0 will hole, das an approatnation, tor dw also
i

v 1 B ‘
HEort os gesumed 0 0 the encrey balance towponents are mutualtly independent
|

ol vadh

(Appendin 1):

other (or

N

thoponal) then (7.2) reduces toa partteularly simple form
: .

I

{

S/ LS, NERUE

.

i

R( A.,E,)

In this case Ll forrelation
A

hutwaeen A[ wd Fodepends only upun the ratio ol
EAY

' " v . \ - '
therr standard deviations. This eapresses udtncadtically the common-sense idea

that large variatidps in Ac must be put there by large variations in one or
other of .he energy balance terms.  Although the seugpeion of independence oi
‘ ‘ L

i o
eiergy, bafance components 15 possiblv a dubrous one, so that (7.3) cannot be

perfectly true, the conclusion should be true vn a qualitdtive sense at leust.

v . . ’
Id any .case, the correlations between Ai and any particular energy balange com=

ponent Ly will have nothing to do with the mean value of Ep which is Fk#’ When

3
1

. ) \ . . f
one save, for esample, that radiation 1s "dominant” one mcans that it Ras lar—

ger melan value thuan other cneryy balance terms.
v * v

According to Equation (7.2) or

(7.3) thare 1s no reason why, lor example, radiation should ot have the lar-

\ M 5 ”
gest mean value amongst the energy balance componcnts*whilst some other ¢nergy

bdlanck component correlates highest with the ablation. This does not appear

i , ' N o Lo
to havp been‘stated anywhere iy the literature, but [vede (1974, p.8l) cpmes
{ ’ e

very close: "Noen god korrelasjon mellom nutto tilfort strdling og ablusjon el
o (&) b
. . O . .
det ikke mulik a finne hverken p8 Alfotbreen eller Nigardsbreen. Det er pen-
w / - S,
i - ) ,// \ P s
I ’ ¢
. . o .
& t ‘\ 1 .
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Cod s sV T e Tra s en, Blae Puig 70 oy -
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drede rhldatrasoner 0ty iyyore papporte

sebrelter at stidlingen tiliores
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Prvene 1oSor-Nor,e on o noeaitinlle o reun s dv ablasgonsencrgn trans ppenne.

.
sommeren' s REchard ftarntler

[V,

cindis provided, an Folish transtation as tollows:
“ N \
p < .
JTU s not pocaable o banafagecn e latcor bdtween net o radiatron and ad latior,
. , /
cnoerther Sltottrces or Noglan s 1 It R learly vavrnation an the ener gy :
] s

supply from conveot s nr-anl vesseatrally detormines the vanla-

)

trans 1A ablation frone o Lo, Bodrtrg 70 wand carrtespondrmg 1 llustrations "

Do b o W

Prroearlior reports contiom that radiation “arplies the glaciers 1n South Norway /

with a more or lose ~onotant ba .o oamount of ablat ron energy throughout thvﬁ

summer.'") - y o

The regression cquation tor Acn terms of by would be: y
w ’ R , ! ' ? . '
. L . i
| . A = AL+ BE + Uiego : 7.6 Xl
Under the dssuuptiaon (7.0 e values of B 5huuld‘h&-‘ 1/L whﬁilst Ao and : . ) E
Uhe&(t) will contain the e an values and deviations respectively of él‘l thé ;
energy balance terms except by in a "lumped'" fashion. The magnitude of Uy z'
would be / S2- S/ 1 ,
Several questious.arise: ‘ . ' N
o
1) yhlch energy balance term has the hiyhest standard deviation (is  the most
Vd‘l'ldb](-_‘) ? g ) . !
2) doqs this term cor r}c]a;o bu:;£ with A,oas implied by equation (7.3) ?
1) what are the‘l‘ntuzactions or intercorrelatrons between the various enerygy ’
balance terms ? , r
4) with which of th;; energy baldnce lerms [s temperature related ? l ’
5) how consistent or repeatable are the various regre\ssion coefffgienps for
different situations ? | ; ‘
Some'answers to these questions for four specific cases will*be given in the
following/sections on Ehe basis of statistical amalysis of field data from
Island, and the Sverdrup Glacier, Devon Island.




111) Ihe Data Analveed

—~ S ‘ : ;
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Four high quality sories a1 enet oy halapce data were analysed.  The data
A

compride seflis Of meisuicents for not radiation OK‘ sensible heat Uy, latent

i .
heat 0, heat, conductton tnto 1oe Qp, meat sunplied. by precipitation UQp, the

computed ablation A

(vt megcd ablation Ay topether with wedn temperature

tor the same’ perrvods of measurencnt Too In all cases the "ablation data refet

ta melting of 1ce. The camples e o tollows:

2
.

4) White Glacier 1960: medsturement s oat Fower lee station at 210 m d.s.1, on

t

-

-

White Glacier. Sample s1s0 U6 perrod. of arregular duration in the period
: | &
> .

8/7 = 10/8/60. Dath were ostracted trow \ndrews (1964, Tables XIT1 and

.

XVITD) ., Arr temporature Jdata at 170 cm oabove glacter surfac wero taken .
trom Andrews (1964, fable 1=, Appendis A). FPoergy balance Watd were sca-

lTed to=units of I‘y‘,d)‘—l. It might be expected 1o this case that Ag and Ay

S

I4
‘

should have a burlt—-11n correlation with one another ds Ay was \Uhec\]\tﬂ de-{

v

termine the exchange coctticronts tor the turbulent fluxes.

>

b) White Glacier 1961: “measurements at Lower lce.  Sample size 63 periods of

approximately daily duratron in the period 12/6 - 18/8/61. Ehergy balance
~
data given by Muller and Keeler (1969) and temperature data at 150 cm above

the glacier surface from Muller and Roskin-Shatlin (1967, Table I-A, Appen—

dix A). . ‘ '

T

¢) White Glacier 19678 measutcwients at bower Teeo  Sawple size 11 periods of

irregular duration tn.period 16/7 = 31/7/62. LEnergy balance data given by//

Miiller and Keeler (T9%9) and temperature data at 150 cm above glacier sur-

 face from Havens et al (1965, Table 9, Appendix B). Energy balance data

scaled to units of Ly)dy—l.

d) Sverdrup Glacier 1963: measurcments at 300 m a.s.1l. on Sverdrup Glacier,

e

Devon Island. Sample size 33 periods of approximately -daily duration in

period 9/7 - 10/8/63. ltnergy balance data given by Miller and Keeler (1969)
and température data at 220 cm above glacier surface from Keeler (1964, Tab-

le 9). - .

f
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Sy b by dv/by o Tedby Ly/by cm em -} %C
S 12900 /7.0 ul\o ~26.7 4.3 ' 5.9 :
(.o s4.2  57.8 w0 3.2 2.0 1,70 | 200
Lroaoorrelation Coefticient Mdtri_x_
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0u0- 0L1100 6.105 ~0.330 0.348 0.771 116
17000 0,959 -0.377 0.965 0.858 08} B
1.000 0.325 0.953 0.} 735
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[N " ' — /
4 3 ‘ / [
S 1.000 0.268 0.189 0.356
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1.000 0.868 0.7781 i
/ -
Y //
S 1.000 0.669 -
' S [ N— .
T ‘ ) ( 1.400

. e
Sy Statiati:_;,/of Fnergy Baldnce Study Carrie

Out at Iowur I// Station on Wlute Glac1er, Axel HL— .

)L\‘}_L I,lm)d ﬁﬁ“ﬂ%’fS to August 19 1960. Sample Slzlz =

1() Sudluy f;.n&, Perwds Correldtion Coefficients Gréa-
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SVERDRUP GLACILR 1963
Qg Q- Q
by Dy Ty/by cLy/Dy
10,7 64,2 29.4
15,1 55.1 31.8

Intercorrelation: Coefficier' Matrix

N

4

~ 1.000 0.110
|

! . 1.000
.

1.000 =0.099 -0.162 -0.191 -0.338

/.
1.000 0.924 -0.003° 0.050

1.000

¥

0.273/-0.218 0.133
/

0.915 0.761 0.803

0.104. ,0.873 0:803 0.757

A *

0.043 -0.011 0.365 -0.020
0.007 0.339 -0.322
1.000 - 0.704 0.794

- 1.000 0.492

1.000

Summary Statistics of Energy Balance -Study Carried

Out at 300 m a.s.l. on Sverdrup Gllacier, Devon Is-

——

land, July 9 to August 10 1963. Sample Size = 33

} o i
Correl.tion Coefficients Greater Than '0.292

Days.

i

/are Significant at 5 7 Level.
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. e Net Radiation  Sensible Heat  Air lemperature 4
Ch Lot ton v A, BLL A, B.L L Ay, B ouT
S ownity Gla, TH6U A .o 1.36 1.8 1.5 148 0.5 -0.3 0.78 1.2

Sote Gla. 190 Ay 1.9 0.88 L6 1.7 1.28 0.8 0.4 0.57 1.2

alinte Glac- 196l M\ 1.2 .66 1.5 1.0 1,048 0.8 0.4 0.58%* 0.9

d He Glae 19B1 Ay 0.7 112 0.8 0.2 0,57 1.1 ¢
Wiite Gla. 1962 S 1.8 “1.52~ 0.8 0J5 0.55 1.1 |
CWhite Gland9b A 2.0 1.84 0.9 -0.3 0.79 0.9 ‘ Yy i
sverdrup ('.\14)0 Y oLLAd4 DG4 -0.2 0,60 0.7 o z
Sverdrup 6 1963 Ay 0.7 1.92 1.1 -0.1< 0.58 1.5 :
3 o , E
5 Mean 1.3 1.48 0.8 0.1 0.63 1.1 ;
StandardgDvn 0.5 0 S:_‘ 0.2 0.3 .10 0.2 )T i A
2 e . . -
Lably 7050 Comparison (/{ Linear Regression Models of Ablatiuun A or J
. Ay 1n 'I‘erm)s/of Net Radiation QR(, S(,;l\hlb]*' Heat Q¢ and Air “ .
\1 'l emperltnu/!ze T Respecti{/ely (L. = Latent Heat of Fusion). i
1 Model: () = Ag + B.X(L) + U.c(t) | N
! [ Semsible Heat . Observed Abl. ir Temperature .
S1tvatyon < [y A, B.L U Ut oA, B u. A, B u
Winte Gla. 1960 [ac 1.5 1.68 0.5,0.5 1.02 0.9 -0.3 0.78 1.2 —
“ wuite Gral 1961/ Ac 1.0 1.04 0.8 0.5 0.87 0.7 0.4 0.58 0.9 )
Wiite Gla. 1962 A¢ 1.8 1.52 0.8 1.5 0.51 1.3 045 0.55.1.1
Sverdrup L 17/5 Ac 1.0 1.44 0.4 1.2 0.45 0.8 —012 \O.GQ) 0.7 )
i . . ;
Mean , J1.3 1.42 0.6- 0.9 0.71 0.9 0.1 0.63 1.0 -~ -7
& - $tandard L? n 0.4 0.27 0.2 0.5 0.28 0.3 0.4 0.10 0.2
% 5 4
:5, Comparison of Linear Regression Models of A, in Terms of
) - Q(;, the Observed %\M‘:ﬂtion Ay and T Respectively. ,

5
l). -
i

J
i

" e *




t

L > . 3 . .
different types of "weather”. On the other hand,’ the relatively consistent

It 1s interesting that, in all cases except one, Ay and AM arg relativély well

* ,
With respect to the various regression coefficients, scrutiny of Table 7.5 is

‘interesting. Under assumption (7.3) it was said that B.L = 1. On average this

4 - — [N — [

Ay and Jtemperature are gaven an Fable 7.6 .
by N ’ - g A K

For the situdtions White Glacier 1960, 1961 and Sverdrup 1963 the sensible heat
¢
Qg has the largest :tandard deviation and correlates best with Ac. In these e

o

c. “
three cases Ay s also well correlated with Qg.  For White Glacier 1962 1t 1w
the radiation Qg whiteh has highest standard deviation and correlates best witle

A(. However, in this case the correlation between Ay dulQR 15 pool whilst Qq

cortelates highly woth both A( and AM. [n every case Qg has the latgest, weay

¢ . ' -
value, In qualttative terms, thercetore, the expectations of the previous seot-

ron die.cont 1 rmed? /
J .

v
B ]

. 0 i
It, 15 clear that the cnx&gy balance terms are n%})cumplecely independent o

edch other. In two «aacq\(Whvru Glaciet 1960 4nd bvordrup 1963) there 1s .

eronL interaction between Qg and QI In 1 cases Qp is Lurrclatud thh Q[
with quxtc,xonsrstent°Lnrrc]a;xﬁﬁ‘?ﬁ???%c1cnts in the range, -0.3J0 to -0.396. i

In only one caye (Wh?tc Glacfer 1962) iy Qg well cortelated with Qg. lhe va-
i 4 " v

rious pattetns ‘ot correlatioh between QR: Qg and Q may be characteristic vl

¥

pattern of correflation between QRvdﬁd Ql sugpests that Qp is more of a4 radia-

. ¢ . - ’ .
tive process than a conductive process. u
’ b

correlated with temperature T. Also interesting is the fdct that in no case 1s

Qu significantly correlated with T so that temperature does not appear to be
[N

simple "1adex" ol net radiation: > N )

> . - 3 “ ! .
is ‘not true: B.l,1s on average leps than uﬁxty for,QR and greater than unity

for Qg. This is due to the effects of 1ntcxact10n between the various ecnergy 3‘ .
;o

balance terms, w1th generally destructive Lnteractlons for QR and ConerULlec

i

interactions for Qg. On average U for Qr 1s higher ‘than for QS and T, corresp- R K

oqding to the lower correlationm coefficients already noted. From the point of . :
view of low U values it can be concluded that Q¢ is a better predictor of abla-
I

tion (AC or AM) than QR or T. Next best predictor is T with QR worst. ;
|
4 ' . . ° 3 .
It ﬁs also interesting to examine the:rconsistency of the regression models for

;

N 7
£, st . i
Y
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This 1s based upon models for both Aé and Ay, but in fact moiizi/fér Ac alone

) ¢ - '

the differgnt situations, The Lucftx(Lcnts of variation (staudard devxatxon . !
o N “

» leldtd by mkdn value) 01 B an thet varxuus ‘ablation hodels (A or AM) are as

7

£ullqwsa X - . * A,

hlo a ‘ ! * ‘ ' p
Ind iable , s e

i epend%nt Variable , Qr Q§ T, -

Coefticient f variation of B 1211 229 16 % ‘ - ‘

/l'\ / L ’

From thL poyn of view of consis steacy of B values, the modgls using T are best /
#

(Vdrlablll y 16 7) with 05 next Lest and 121 9 Varldbllity of-B for fiodels . -

a

!
wlth Q. 4ﬁe standard dLVPd(lOn of AO tor tomporature todels lb small@r than \\l

for Qg and Q,, models, A , ’ Vo
3 K . . w

b

in Table 7.6 models for Ap in terms ot Qg AM and T are comparéd. It can be I

\b,
_seen Lhut Ay is a worsp predictor, frem the point” of vxew of hav1ng hlgher v
| )
values, of AL than xs QSﬁ On th other hand, it is a llttle better than 1 as a <1\
i

pred1ctor oefflcxents of varld\Lun for B in the varxous modelb for AC are:
o, . . R . < N T . .
Independent Variable . r, QS Ay I

Coefficient Gf Variation of 8 19 2 39 72 1o % ' ,[

¥

Ly e

] ‘

‘ 4 ’J/‘ : o

Once again the T models have the most condistent B values.

, . { . . .

14 summary then: QS°is on average the best predic' = of ablation in terms of

having lowest RQSE,Méan Square Error U. On the other hand, temperature seems

to have more consistent model paramgtcrs aithough rather hlgher 0) values (whlch

are, however, st{i//}vwer than those for QR) For many praLtlcal md@clllnb pur-

poses the latter quality is .more desirable. so that ablatxgm models using temper—

\ S50 ‘
On the. basis ?f results in Table 7.5.t 1s supgested that the ablation~tempera-

ture model for ice should be approximately , e )
- ° ot v o
v

. M ¥
- ' . 0

o Al 1=.' 01 + O0.63Twy -+ e (7.5)

]

¥

are very simidlar (Table 7.6). . Actually, it is not clear t the intercept Bt
should be different from zero, with the value of 0.1 arising due to sampling
effects. If the quation (7.5) is used kg compute”an estimate of méan ablation

(Ap) for the four situations the dlfference b ween._ thlS estlmate and AC or‘AM

. wl .
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can be reparded as oan cvior? This error has mean vatue 0.0 carand standand e -
- AN -

cviation 0.4 om HL,0 tor the caght ‘samples {4 srtuations and 2 ablation estiwite (

vi A Further Comment About the Role of Net Radiation ran Ablation . B |
‘ o /

1 . A

. 8 kS
In Chapter 7(1v) the net radration QR wds shown to be generally a bad predio=3y

e

tor of ablation. This Is explainable 1o terms of the low variability of the net o

radiation according to the discussion in Chapter 7(i1) and by kquatron (/.23 1 ",

- 5

. ' i i : |
partacular,  As Lquation (7.2g 1s derived directly from the cnergy balane e equa- ~

tron this tinding is not 1nconsistent with the fact that net radration 15 "most
X : : . !

tmportant™.  The ablation-energy balance system can be conspdered as o system

that as mainly encrptzed by net radiatron, but the partition of energy within
the system appedrs to be mainly controllied by gensieble heat luw, with some heldp

trom latent heat flux. «To Tully explaraN\this in physical terms & theory ot 1n-

teractions between the various sources and sinks would pe needed. For develop- 4

' W4

cucergy halance measurements on gldciers

ment of such a theory, continuation of

with improved instgramentation is regdired. However, the data sampling and pre
. ’ ,

sentation ol resulth must be wprofed.  For example, the usual method -of” express- N
. B4 “ N

— ¥

o b e

+
ing encrgy balance totals over perjods of several days or weeks as percentapes 2
I I

of the total enerpy 1s very msteading. As an allustrative example the 10-day

e \ - .
nedils (9-day means for the last period) ot the various terms for the White Gla-

crer 1961 record are given 1 Table 7.7 (note that the first few days ol discon-

tinuqus record have been discarded). In Table 7.8 the correspunding percentage

-

- . L3 n T . ¢ - -
values are given. The percentages in Table 7.8 obscure the fact that ablalion
‘ ~

) = .
during period 5 (31/07—09(9?/61) was nearly double the average tor-the whole 59-
e . T
day period. OFurthermore, QR wag—ae 1 a little above average durihy this
period although it only constitutes 33 7 of the total energy source for this .

o

perrodt. From Table 7.7 it is clear that Qk was not most important' 1n period
5 and that the large ablation was dde to large sensible heat flux QS supply du-
RV 4

ring a period dominated by Foehn.

f
2

The low variability of het radiation in the four situations may have a physical
cause, or it may be due to errors. With respect to the-former, net radiation is
a synthetic pirocess compounded of several distinctly differeﬁtrprocusscs which,
may tend to compensate cach other. For example, the dependence of incoming

short-_and long-wave radiation upon cloud cover will be different. This is a
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Period
r

19/06-30/06
0L/07-10/07
11/07-20/07
21/07-30/07
31/07-09/68
_10/08-18/08

Mean Values *

Phe r‘i od\

19/06-30/06
01/07-10/07
11/07—:0/07
21/07-30/07
31/U7~09/Q8
10/08-18/08

Table 7.8:

TTTTTT——— /‘,("
"_‘ . /(?“I' “,(; s
) ‘\\\ ,ﬁ‘d“
T . )
\ , z. s
N Q Qg A
10 &y 15970 30 1.6
10 dy 162 58 , R
10 dy 113 98 29 - 14 2.6
10 dy 119 .77 -8 -42 1.8
10 dy 135 256 ) ~42 4.4
9 dy B4 _ 99 =15 gLl 1.6
~128.7 103.0 2,27 =423 2.4
" /

. . {

10=Day Mean Values of knerpy Balance Compondnts for
- 5 - 11 » -
1

| -
White Glacier 1961, Units are Ly Dy

for knergpy

.

1&9&;1&&3&&3RWJnggmiBbﬂﬂjﬂﬁﬁ;11

lor A.._/ -

W e

10 dy ‘ ‘)6’1‘
10 dy, R 12 n-"-14 ¥ -86 7
wdy .61 % pzT Sag 22 % ~76_3%
10 dy 33 7 3 o 5% -10 %//»//<:;:2?
~9dy 462 54 % -8 zf//;zo/i -72 3
Pe . // ” \

7

10-Day Medan Values of Energy Balance Components for

White Glacier 1961. Data are Expressed as Percentages

N / QR as aL QI ' 6%/
10 dy / 84 7 \16 7 -8 % 25 % =67 7
A 1 -ZQ/%//////j76 7

. . ' r

of Total Sources/Sinks. w
3 - /‘
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very complen probllem, see tor example Ambach (197%) .0 With tespect to error .
- /

the net radratrondata, o Jall cases the long=wave rtadiation cowpotents wete

Al

i 2
computed using empirical tormulae.  Ohmura (personal communtcation) smipests

that this would L;!:nd to prodgge Uamooth” results so that the varighilivy ol

net radtltion 16 undetestimated. A detatled study of radration climate

1 - . . Y
Herberyg Base Cdmp (Ohmura, personal communication) 1s 10 preparation.

: ’
. ]
data originate from more modern 1nstruments than were avarlable in the carly

>

19605, further light oty be thrown on the problem of the role,ul\nut radrat pon

in ablation.

v

t

From the discussron Qqu_Appendia 3 1t 1s clear that the correlation between ab-

-

t
lationcand net radidation will be trequency dependent 1t the variance ol

diation 1s 1tselt frequency dependent. This might explain the fact that Lany
(1968) towid best torreldtion hetween net radiation 4nd dxsuh e Lrom Alet s h-

gletscher for hourly=sampled data and best Lorreldblun betwe h alr tempetrdture

N

and discharge for datly-sampled data. ‘It 1s sugbébtcd thay encrgy balance com=

ponents should be and]ybcd with respect to a sampling scale of oue hour in ace-

\

d - .
ordantF with qundard prdkllLU in radigfietry. Daily values could easily be

.

compu:ed from the hourly values and gtatistical.and spectral analyses of

data éould more eabxly be made.

’ o

' 1 ’

¢

For purpo#&s of the present study it 1s chosen to make further discussion ol

ablation/in terms of air temperature which; according to present findings, can

he chd%hcd mainly as u medsure, of the sensible heat flux.
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w THE ROLE O ATR TEMPERATPRE LN ABEAVTTON ON ARCTIC GLACTERS

. main heat sources which depend directly upon air tempera
- Pl n *

CHAPITR 8 ' - -

i »

1) Conceptual Madel ot Ablation o Terms ot lemperature
_..___1,_‘_ e o e o o e e s e e = - -_l_,_- e

. N
Un the basis o the statistical analysis an ablation=temperature model whs

1

ddvanced: bquation (7.9 7 1t would be anteresting to see 1b features ot Yhe

model can be derived frow physical considerations. :

The intersept A, 1e best regarded as a kind ol boundary condition: the/ablation
at T = 0%. Tt as ditfnult to test this statement directly as there/ are no
cdses with T = 09 1n the tour vnergy balance series analysed, For fthe White
Glacier 1961 serics there are nine Cases with temperature 1n the rdnge 0 to
1°C.7 The mean temperature tor these cases 1s ().6”(?,_and the mean/ablation s

1.l cm H O LLy;—l\\ There is actually jo reason to expect that A Ahould be ex-

2
't e a7g%p” = 0N bec ; tting Id oc¢gur d , A d 1t 4
actly cory at = —~Dbrcduse plc ting could odour uring \dx( O a ddy although
the mean, temperdture {or e %dy might be less than 09 and belause the glactrer
surface could be at 0VC, under conditions of strong insclatiof, whilst the air

,

temperature was actually negative.

The problem ot the slope B in Table (7.9) 1s caster todigduss.  There dare two
I 1 u}
re: the sensible heat

-flux Qg and the flux of ‘incoming- Wong-wave radiation Q- .

The sensible heat tlux can be expfessed approximately by the Thorathwaite-
] , t 4

Holzmann equation: : '

N

Q, = ’:'c;,,k,z('\;~ ;E)( u,iu,‘)/&:(’;":)/ . (8.1)

heat of air at constant pressure, T,, Uy, T] and u

.

. A . .
respectively at each of two heights z nits are c.g.s. units.

2

and z._. J
. \ P Lo
It Zy s taken as Jygual Z the surface roughness 1cfgth, then u, = 0 and

|

N

Ty =0 tor a melting glacter.
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ctlux ot 16 mng s long-wave tadiation ccan be written: ’ \
I3 e
. ; A
“ S ,
- - - TNk N
Q.= €0 (T+273) (&7
v Lw ‘ N
where ¢ 15 the Stelfan-Boltzman constant, €15 the effettive dmlbb Lvity

atmosphere and (I + 274 ts the di1 tenperature in . \
p I

v

1:§mm1ng that Qb and Qlw are the only ASmeratnrc depgndent Heat sou>&§s:
, : ‘ ] \

- , ) -y 3?
iﬁ_ — ' g(ﬁkoo ( _f_)_g| + T)Q‘\..\-l ’,I i (8 \
T T ' 3
o7 L \AT )T / )

The

where Lo the latent heat of fuspon tor ice. units of A are cm H 0 dy

v . .
and the factor 86 400 is the conversivon tactor bftween Ly s 1 and Ly dy~ I \
The second right-hand term amounts to aboul 0,17 cm H,0~°C?ldy_1 for average B
. ' ‘ - . _ |
temperature conditions  and an assumed constant! el tective emissivity ot 0,93, \

4
The first right-hand Ltrm will be denoted by . 1t can be estimated for the "

/ i . 1

/ different situdations using the averape values ol the various quantities.
,

o aa v . o—————— =

/ ;; - /‘ﬂ is compared/fo the corresponding B values ?rom Table (7.6) below: \ |
Fy . . / \ - - o /. !
\ * Situation /; ) Zy up / ﬁ ) B :
! \ White Glaciet 1960 170 - 7 00 [ 049 0.78 :
¢ ’ White Glacier 1961 | 150 & 310 / 0053  0.58
\\ : White Glaci%'r 1962 150 0.7 240 1 0.4 0055 B .
\\\\ *Sverdrup Gla. 193 3 220 0.4 200 | /0526 0.60
) : N Mean ‘)/ : {/ 0.43 . 0.63
: ' oo — ,
) * a va}ue of 0.6 cm was assumed'forhzo.v/’\\ y o

The agree ent between ﬁ and B is Lertayé \Fetter than order of magnitude.
/
When accoy ﬁt is taken of the effect of long-

adx'txon also, the dlScrepanLy ls redu d to -132 Thls is very good

the shortcomlngs of the prcsent a aly51s Wl d speed and tempera-
”tute are ac&ually coupled, espec1ally*dur1ng Fbehn évents, so that p. could be’
fuyther 1nc$eased For the White Glacier 1969 fand Sverdr&

( i

p Glacier 1963 cases

‘ thé senslble heat flux QS is strongly toupled with the latlent heat flux Qp
. e T ) '
\ | oo, T ’ T .
A ~ \/ m{:&i‘




white Glacier 1900 A .8
White Glaofr/2960 Ay .0
White((;l(,acu-‘r 1961  Ap .9
‘Whi/;'e/: Clacier 1961 Ay .8
1963 ag 3
1962 Ay iy
1963 A¢ .6
1963 Ay .3

S1tuation

*

Linear Regression Models of Abl&tion

(AC or Ay,) in Terms of Air Tempe\tat—

. 3
uré Multiplied by Wind Speed in ¢m s 1

¢

S A
|, Mo§el:

Y(t) = A0 + ﬂB.(u(L).T(t))’, 7

/ﬂie(t)




U

e m——

"
which would turther increase /3 tor the two cases. From these results 1t would
scem that there is little discordance between the computed statistics and "the-
- ) ’ e
ory™, . o ot
\
. | ) "
From bqudatson (8.1) 1t might be claimed that it wou‘ld be more physically mean-

mptul to correlate the ablation with the product of the winda and temperature

‘rather «than with the temperature alone.  This was done, and thesresults are®p-
”

ven 1n '['Jl)lc 8.1. * 1t was found that the A  and B coef fifients far this mddel

were Jess consistent than for the model with tempe_raurrL ulone although the
R.M.S.

errors were lower: only a lxttle 1dxger than for Lhc W#lel with Q.. lhe

~ 5°
medn slope ot the models in Table 8. l 18 () 0012 compared’ tu 4 ‘médn valw@ of

0.0017 tor [;?,/ul Once again the agreement is better thad order ol magnitude.
Y

11) Ablation and Positive DegreecDay Total b .

L

e .
-

It is claimed that daily ablation A(t) is relafed to daity mean LL’IH()(IJ[UIL‘

by a4 linear Z_'quation of the form:

A

Ale) = Ao + BT + Uelt)

o Is estimated to be about 0.1 cm H (J dy~

A 1, B is aboat 0. (TBacm H,0 O““ldy_l o
and U is about ; .1 em HyO dy . (these values &t actually th\e dverdg,vs trom

The equation 1is probably only val)rd/fok days with t\unperdturu ab-

ove 0 L and ablatign is probably zero for: nq,atlve temperatures. '“ltb

Table 7 5).

cannot
be directly confirmed as the data analysed in the prévious chapter only invol-
“ved positive tempergtures. For practical purposes il is usually the cumulative

« 01 total ablation over a period of many days (n) that 1s of interest. The ab-

lation at the gnd of n days 1s denoted’ by dc(n). If there are u# days duriog
7

the n day peried with T() 2 O"C.then: o N - ; ‘
» ) /__, K
o) = oA, + B Z ()T + UZ&@ om (B15)
- ;
* /

\
where H(t) is a logical varlable equal to* zero for T(t) <0 C/and equal to

umty for T(t) 2 , 0°C.  The secohd term in the equation cam b¢ rewritien 1in

terms of DDT(n) which is the positive degree-day total for the n'dliy petiod: *

*.f
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DDT(nl& = Z“ HeTe)

st
The ghivd term, which fnvolve - pummation ot the residuals of “the repression
N pl N
equation, will (},‘.‘(h“)] t 4 kind of RandomWalk with range RA(n) between maximum
] ! ]
and.minimum values during the n day period which will be given approximately by,

Hurst's fLaw (Hurst, [951): /

)
/ (8\.7)

. ! 073
—_— n
RAM) = U(%) :!
' N ~
According to (8.7) RA(n) will have values of 3.6, ll1.5 and 19.1 cm !120 regpect=

. b -
ively Eor L0, 50 and 100 day periods (assuming U = 1.1 cm H,0 dy l). -
7 Ay

From Table*7.5 it can be seen that the mean 'value of Aj 1s not significantly

differlent (5 % level) fronm 0.0 and this value will hencefurtix be assumed tor
conventence. B w111 be assumed to be 0, 63 with a standard deviation of aboul
+0, lOw(valueb fro;n l‘dble 7.5) so that the cumulative ablation versus pObl tive

-

degree day total model for ice will be: ,
e . ' 3
am = 0.63 DT o (6.8)
The main source of error will .be the uncerta‘inty in the ¢oefficient as the

Random-Walk term will be small by comparison.

N
- »

It might have been better to express Equation (7.5) in terms of the daily posi=

tive degree day total (computed from daily degree hour totals) rather than in

terms of the daily mean temperature T. At high temperatu’res the discrepancy .
will be entirely neglig)ible, but for T in the range of about‘—3 to +3°C a dib:
crepancy-can arise. This 1s .because temperature can be above (below) 0°C for
part of the day whilst the daily mean temperature is below (above) 0°%. It iwas
Lhﬁ;en to express (7.5) in terms of T becauae, as already shown 1In earlier ‘

lepters, T 1L5LL\¥ can be calculated using temperatures at distant weather stas——"

tions. Errors arising on this account should be small over ‘a whole season.
. . 3 hd

// ‘
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Kuz'mn (1972, Chapter 111) presents a number of differcat computational sohe-
\ . P

P

mes for snowmelt and asserts that &quﬁ*th, of the same form as (8.8) are:

. ) . ‘
"simplest and most accurate of atl the \xumlnvd,(umputatxunal methods™.  How=
. )

’
cver, he asserts "\ shortcoung ot Lhcsc\{ormuldc 1s their local character', -
\ ’ * N
)

- < ' N i .
and he questions the linearity with resped® to DDT. [
\ .
411) Comparison with hklultx Lrom Norwegian §ld6191s

.

For a number of years the Norges VdHadr;h@-og Elektristtetsvesen (NVE)
\ .

.t

v 3 . 3 o . <
have carried out "specidl fadiatien studies" omyglaciers in Norway. For these
X '

studics actimographs were uf tatled on two uld«f&{g tor cach summer, and {rom
7 . R .o
additional obscervdations of cloudiness, air temperdgure, surface albedo etc

estimdtrons of net radration wcrL‘dee, see Ivede (%971 p.70-73) for details.
Data inthe form of tabulations ot w«ek!y totals of glt radldtlon togtther
with obscrved weekly ablation are given by Tvede (1971,\p 76- 77) for Auqtre
Memurubre aud Rltotbreen (1970), by Tvede (1973, p.79) fbr Austrt Meniurubre
and Rllotbreen (1971), by Tvede (1974, p.82- 83) for ngard\sbreeﬂ and &1fot-
breen (1972), by Tvede (1975, p.54) for ngardsbreen and Engabreen (1973) and

" by Tvede et al (1975, p.58) lor Nxbdrdsbrecn and Engabreen (197&). 1

An analysis of these data was carried out {or comparison with !é&ults already
obtained (Chapter. 7) Temperature data for the 10 situations andesed are not
publlbhed and were kindly made avallable in computer print-out fbrm\by Dr
Gudner $strem of NVL. Weekly positive degree day totals were compute{\[rom
the raw data for the, same periods and lonatlunb for which the rddlatlon and

+ F ' 1

ablation data were available. ) : \

v

Scatter diagrams of ablation Q;rsus net rddiatiop and degree—day total respect~’
ively are given in Figures 8.1 and 8.2 where the data refer to weekly totals.
Data from Austre Memuruch for 1970 are excluded as, in this case, the only )
available ablation data vefer to ablation averaged over the whole glacier. (mean
specific ablation). Both diagrams show considerable scatter, bqt it does apb—
ear that thé relation between ablation and degree-day.total is be;ier»tha be-,
.ween ablation and net radiationt The straight line corresponding to Equ tion
(8.8;113 plotted in Figure 8.2 to allow comparison betwebn the Norwegian ré-

N

sults and the results from the Arctic. . /
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to Cases
\

i
Whoaie
0

Iy carrelated ottt on

. AV Ly thied ow iRo= 0 Wy, LIt van b clearly seen that theore
1o no orelatyenship between thd correlation o ablatiton with et radiation
G}
¢ —— ——
ROALQRY and the peraantage importance of radtation tor ablation QR/A. For ex-
M - . .
anple, an e tour cases where the percentage tmpertance o radlation ts less
‘
L}:.m 5007 the aver o, . CRIALORY 1s D.9% whilet the averaged for the other six
. }\SU‘ l o .66, . .
/
. N f
i &\ , 1 - ’
Wword g, t(n Appe rdie 3 the cotrclatien betuwoen net x‘uixnn\n and abl | ton
\ “ ‘e

shuuld he l""“ poed by the ratis o then
1 j ’ ”

'Llhlc 3.4 th cortolation covtt o 1unj SO LRy e C’omp‘irvd llh SR/SA and  the”
quintity X Xl= reov hnl).(’)hr/ﬁA) whidl ospre ses the LnLLracTiﬁx between net
g radiation }nd atr tewmperature. I Jhcru wele no ateractions, R(A,QR) should
] [N ®
be cqual Lb §H/SA’ Loe.oon averae TQHJ] Lo alrout 0.47, so ;pt sore reinforee-
we et of the correlation must be 3V\eridﬂ. i ffollowing TE;erSiOH mode] was
, v
computed: | " ; '
i o . , i /
1‘ ’ | \J/ f
, ) . R(AQR) - 5,78, = ~019 + 048X - R=0/80 (8.9)
S AT -
. Veoation (8.9) demonttrates that R(A,QR) ts pramyrily reinfpreed by Lh;;:\ inter-
) action of net radration and nir‘fumpelaturc with|about 64 %[explanatioh ol va-
riodnce.’ The intercept =0.19 could rcproaentincgttivu reinfprcement effects of

othet, \mbpkc?s\hed, energy sources whilst the slope 0.48 co

conversion Lactor beiwsen degree—day total and L.L‘Inuble hea

- . . . 1

From these results it would scem that the generally low cor

lation and net radiation irises because of the generally lo

.

1
radration compared to higher variability of degree-day tota

sensible and latent heat fluxes. This has been
- \ . — - . ’
T
. /s
e
I - I
l s - ‘ o
R S

° I ‘ .
wtandard wuvxatxuns,\l.Q

. SR/SA. i

P

11d represent the

flux total.

relation between aab-

kr variability‘of net

| and, presumaBLy,

\ M

b

v
i

stated also.by Tvede (1974,p.81).
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NoORGALDDE)  R(A,QR) RCOILQK)  (QR/A) o
' % Tt '
Lo 70 15 .70 V.58 0 .k 46 7 ‘ o
1971 0.88 0.13 -0.01 44 4 »
, . \
1972 0.88 0.68 0.68 53 4 A |
Nigardsbreen 1972 0.85 0.43 0.62 6l 7 \ -~
o W73y 0.78 Q.85 0.77. 53 7 o /\ !
1974 I 0.39 b ';0'60 0.1t 77 7 X .
Lupabreen= 1973 1 0.92 S 0079, 0.87 32 7 , )
1974 I 0.86 0.64 0.27 ¥ 3317
. i ‘
» Arc) tre Memurubre  1970%, 9 &‘l (0.19)* (0.84)« (~0.15)%* (667 1) * {
; P ‘ 1971 1207 079 -0. 06 0.07 760 '
' [
, N N — — e
, Me an 0.72° 0.55 0.3y
" / * - Standard Dvn A 0.24 0.30 0.37 “
s K \ !‘
/ N e —_—
' . .
“Fablation reters tuv whulé glacier
’ v ) : ' ’ ‘ \‘ ) "l
. o ”_ * . ‘ R «
Table 8.2: Correlations Between Weekly Ablation A, Degrec—Day Total DDT
and Weekly Net Radiation QR for Four Norwegian Glaciers With o ‘X
' S Sample Size ’N ('wcok:;)." ’ : ‘, t}'{’
; : . (\;‘,
o ~ !
"j | '
.
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Paishan
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TdQle 8.3:

) 7/’/,/ £
.
, 9
i », ’}‘
C -
Z L ]
"
Glacier Year N R(A%QR) ’\‘/R/SA X
Rlfotsbreen 11970 15\ - 0.58 0,45 1. 33
1971 14 0.13 .0.32 -0.02
e + \
K} 1\ .
1972 9 | 0.68 0.26 "1.29
Nigardsbreen 1972 11 \ 0.473 0.24 1.38
: : 1973 11 "\ 0.85 0.40 1% 24
" 1974 11 0.60 0.50 0.17 "
Engabreen 1973 1 Y 10.79 0.21 0.87
" 1974 11 10.64 . 0.22 0.33
(=] / .
Austre Memurubre 1570* 9 0.84%* 1.71% ~0.76%
1971 12 40.06 0.37 -0.20
o L L
'Mean Kb\;ir‘h‘~h"~—\\ 0.55 0.47 0.56
B A
Standard DVW . 0.30 0.45 G.76
) (""“ T T
*ablation refers to whole glacier F = R(QR, DDI) SDDI/S
/, \ . + & £l
. \‘ <
B \ ,
-3

Qn%parison of the Correlation Retween Ablation and Net
, —

. '-Radiation R(A,QR), Relative Variability of Net Radiation

S /5

and interactlon Between Net Radiation and Degree-

Day Total X for Four Norwegian Glaciers.
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Glacier Year N A, B “R{A,DDT) A/DDT
¥ 5 :
-0 e ' <
, Alfotbreen 1970 15 9.3 0.33 0.70 0.47
. s 1, ,; > 3 ~ .-
P N 11971 14 4.4 0.48 * 0.88 0.55 ,
oo ’ 1972 " 9 0.9/ 0.46 0.88 0.53 ‘
! wh - Nigardsbhreen 1972 11 0.4, ~0.69 0.85 +0.45 f
ey ~ X
1973 11 2.4 0.78  0.78 © 0.62 . .
N ) 1974 11 7.9 0.26 *0.39 0.67 |
Engabreen 1973 10 ( =9:2. 0.85, 0.92 0.93 , ’
‘ 1974 117 008 0.71 0.86 0.82
" Aus{re Memurubre  1970% 9% — |k (0.19)% %
! . . - ’ l(/
’ . 1971 12 1.9 0.27 0.79% 0. 34 o
b ; [ . L e - |
’ . — N p \
r ' . v ¢ o )
Mean . , 2.1 0.54 0.72 0.60 ;
, -
Standard Dvn " 5.3 0,23 0.24 0.19 = j |
’ N =~ £ (
- . |
*ghlation refers to whole glacief \ L,
) ~,( e ° - . - - B v
} ,,,,4‘"&#. ; .
: r : . . . . : ’ . M /
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Mu\)}ﬂﬁnddtxun between ablation .and net radratioon 1s, however, a little rein-

'
W

«

_ ,/ _ G N
\ torced by the 1nteragtion of net radiation and temperdture. :

Various statistics/relating to the regression models of ablation in

.

degree-day total Are given .in Table 8.4 where A and B are the inter
Values tor Austre Memur

slope rcschLiy*ly ot the regression model.
the

terms ot

cept and

ubre 1970

dre omitted bécanse the ablation reters Lkoho]c glacier in that case (this 15

. d pity as the siluation was, apparently, an interesting one). Comparison bet=

m . N . N .
ween Table 8.4 and the corresponding Table 7.5 for Arctic situations 1s INter-
N 4 AN

estling. [t should be borne in mind that Table 8.4 refers to weekly

f

totals so that A, must be divided by seven to obtain the equivalent

for daily ablation. For the Norwegian situations the slope B 1s on

e = e ———— /
-

ablatron

statistice

dverage
A

!

lower than tor the Arctic situations, -i.c. .56 compared to 0.63 cm HZUUC—A,
: . although its variability is greater, standard deviation of 0.23 compared to {
O.I%‘Cm H,UQC—l. The difterence 1 mean slopes of 0.54 (sa&plv stze Y) and
0.63 (sample size 8) is not signiticant at the 5 % level according Cn the test -7

given by Kreyszig (1970, £.210). On the other hand, the ablatiow for the Nor-

wegian situations does involve spnow ablation as well as ice ablation so that
/ the ablation per °C may actually be lower on account of this. The Jvcrdgc - |
. A ~
// tercept AO of 2.1 c¢m HZO‘week 1 or 0I3 cm HZO dy Uis not significantly diff-

/ . erent from zero.

In summary the results from the ten Norwegian situations do generally support
: / the resulks from the four Arctic situations which were discussed in Chapter 7.
// | However, thig is not to say that the problem of ablation on Norweglian gl;glers
is completelx solved by the  degree-day approach any more than the problem was
/ solved for Arctic glaciers. This point can be illustrated. by recalling that,
according to the results in Table 8.4, ounly about 58 % of the variance. of ;bla—\
ztioﬂ is, on averége, exp}ained by variations in degree-day totals. In add}ti;n
there are admittedly individual situations where the degree—day model is'espec-~

o ially bad, e.g. Austre Memurubre 1970 and Nigardsbreen 1974. In the latter case

net’radiation actually provided morg than 100 % of ablation energy for a three-

£

week period (Tvede et al 1975, Fig 47%. .
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i1v)y Comparison with Results from Other Glaciers
s g .
v \\ L . \
For turther compartson with the results dalready described, a literature
R §garch was carried out. Figure 8.3 1s 4 scatter diagram of ablation totals ver-

\ N
/ sug degree-day total tor arbitrary periods (few days to whole summer) on four-
\\ " ’ ’
/ teeh ditterent glaciers. Results are eirther those gpq;ed by the various authors

“ <

Y or are computed {rom raw dgta tabulated by the various authors. The sources

/’/ A
i . were: Bgrncs Ice Cap (Baffin Island) - Summers 1962 & 63 from Sagar (1966, p.64)
' Boas Glacier (Batfin Island),- Summers 1976 & 71 from Jacobs et 4l (19743, Gil~
@ AY
i

man Clacfgr (LTlesmere Istand) - Summers 1957 & 58 from Hattersicy-Smith et al
(1961) anJ\Arnold (1968), Tsachsen's Plateau - Summer periods in 1934 from Sver-
drup (19359& Karsa Clactier (Sweden) - Summer periods in 1942, 1943, 1946 and
) 1948 from w;ﬂlén (1948), Laika Ice Cap (Coburg Island) - Summer 1975 from Miller
4 ) { ‘ and Kappenbc;gur (unpublished), Meighen Island Ice Cap - Summers 1960-62 & 1968-
' 70 from TayloﬁjAli {1975), Salmon Glacier (British Culumbia) - Summer pgriod in
E» 1957 from Aidkin (1958), Sveanor (Northeast Land) - Summer periods in 1931 {rum
} — ’ Ahlmann\(1933), Sverdrup_Glacier (Devon Island) - Summer period 1963 fggm Keeler
T (1964), Thule Raﬁp (NW Greenland Ice Cap) - Summer periods in 1954 fromiSchytéx
?\\\\\\\\?195, » Upper Ice 1 (Axel Heiberg island) - Summer periods in 19?0 from Havens

(1964), Worthington Glacier (Alaska) - Summer period 1967 from Streten and

- Wendler -(1968) and White Glacier,,(Axel Heiberg Island) — Summer periods in 1960-.

( . 62 from Andrews (1964), Havens et al (1965) and Miller & Roskin—SharlIg (1967).

The data'represent.widely varted locations and conditions. In some cases abla-
*tion refers to ice and in others it refers to snow. The model (8.8) is plotted
in Figure 8.3 for comparison. The\fft\gﬁ the results to the modél is not too

bad: differences between individual reéﬁlts and the model have .an average of

. 1.6 cm H20 with staudard deviation 11.9 cm HZO

sample size 29). 1If it is as§4
T erted that the resu’ts should fit the model the errory.would be 3 % of the me;n
and 14 % of the variance., These errors are surpr%singly\} w, and it would be

difficult to claim that they falsify the model. v
The question as to whgther ice and snow have different ablation models'is
blematic. For example, ablation on Laika Ice Cap was 39 cm H,0 compared to
g 57 cm Hy0 predicted by the model (8.8), and the disctepancy might be dué to

", - effects of snow ablation but, on the other hand, ablation at Upper Ice 1, also

i ‘ ' - ’
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/

f

/
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» roughness than ice so that there should be less snow melt Lhdn’icc melt ?pdﬁr ‘

kS
AN
A
emepire T
\

N
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H
K-
RS
’ A i
/ ' (k )
nvolving snow, /is 1n goo agrtecient with the wodel -
/ |
GLutersohn (193p) dcvuiupcd relations tor dai spectite dischatye !
for eight Swibs placiers in terms ot templrature extr )ul%tud trow valley sta=>""
-~ ' k3
’ T R s . \ o
trons to the mean altitude of the tlaciers (actually velathvelyl dose to e
/ . - —
) -
medan LAY ., His temperatures do not take account of gldciv "cnql thy, crrect!,
B 7 - ;
amd his reflationshiips are develeped for selected "hertere lumnuldev” norup- {
' L b
. “ . A . .
of't recorfls extending over many years. Despite these qualitications his wotcdl, !
’ . . . ¢
. . . f
are 1o the sawe "hail park" as (8.3) with 1ce ablation 1n Lﬁu range % 1o DLy ;
y
|
o -1 -1 , . : . !
an 1,0 ¢ Tdy . Thihoutry (1964~05, p.452) reviews o numbel ot works rnvolving, )
- ! ' '

/

depree~day uppruq&hus to ablation and quotes coefficients in' tife tange 0.36 to

— \—
069 w10 ¢ Id;\i whilst Orheim.(1970) reports coelfficients of 0.65 aud 0,61

cm %Z” Ucwldy‘lgfur‘gummcrs 1965-66 on Store Supphellbre (W. Norway). Ilnww;;kﬁfﬁﬂvﬁaaéﬁ

latter resulty are particularly interesting in view of the large abav{g;y/ﬁhuunt ’

. . . -1 -
of ablation (over 7 m 1,0 1). A coefficient of 1.38 cm 11,0 OC//Q reported hy
Schytt (1964) should be mentioned as lying outside the "normal' range. . .
' T~

bugroc—ddy approdches to snow melting are common for prediction ol shert-period

e A ——— TS,

/ , \
Jrun-off, ode Linsley et al (1949, p.427-432), BecEpr (19Q9%Jp.36) and hu.'win
! \

(1972, Chapter 111). Widely differing coetfflicients are qﬁgtcd. Church (1942

p.129) quotes 0.23 m HZO Q)C-ldy_1 for the Sierra Nevada and\0.49 cu Ih,U

——

Ufnldy_l /

for Finland. Gra& (1970, p. 9.13) quotes different coefficients for 'open o1t /
and "forest site" snow ahiation sitidtions: 0.27 and 0.23 cm Hz} O(,'_ldy“l resp-
ectiveMy. Zingg (1951) quotes a va&ue'oﬁ 0.45 cm 1,0 U(Ivldy“1 for\the Swiss
Alps. o ) '

a
N ~

Lt scems a prior: reasondble that there should be a ditference in ice ablation

and snow ablation coelticicnts.  Snow has higher albedo and lower surface

the same degree~day conditions. Furthermore, the hydraulic properties ol -show
' /

are such that melt-water may be more ecasily retained within the snow pach ag

free water which may later refreeze within or under the snoy pack. This can
- 7

be summarized by saying that snow melt and snow~abli€i9p/6}e not identical:

identity of ice melt and ice ablation was certainly Lissumed in the discussion

! /

in Chapter 7. ' v ' / \ . »
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Ablation versus dcgruu/cay coefticients will be aftected- by the method ol com=

o 3

putation and dufinlt%é of the dégree-day total. For example, the computdtion

)%1‘the coefficient ag/the rativ ot ablation and degree-day totals over sume re-

latively long perig 1s relatively sensitive to errors.  The method of computing

-

coelticients by refifession of daily values ot ablation and temperature or degree-

day total is prefirable, see Chapter 8(ii). The method of computation by re-~

. , ,
gression ole cumuldtive ablation on cumulative degree-day totals is not advisable
-on account of thed extreme non-stationarity in the cumulative data as stated by

Andrews et al 971) and Adam (1922). As pointed out by 'Arnold abd Mackay (1964)

it would be prdterable to compute degree-day totals from degree hour totals ra=

a &

. S

»  The regression models of daily ablation versus temperature, developed in
fpﬁﬁpter 7(¥v), show reasonable mutual éonsistency (Table 7.5). A degree-day
model is developed from these in Chapter 8(ii) which seems to be reasonable va-

lid for other situations as an approximation, see Figures 8.2 to 8.4. However,

L)

problems do remain and the approximate nature of the model must > be emphasised:

n

it is certainly not a "law". )

The model (8.8) will be applied to the problem of modelling glacier ablation

using temperature data from distant weather stations in the following chapters.

e
//
o P
PR * !
7
o
A. Note oh the Autocorrelation of Residuals
The first-order autocorrelation coefficients for the residuals in the re-
‘gression models linking ablation and temperature are, perhaps surprisingly,
~ o ~
small_ in the range -0.3 to +0.3. Accordinglgj\the;gff?ct of autocorrelation
of the residuals should be to increase the widths of the confidence intervals
in Fig. 8.4 by“a factor of about 10%.
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Introduction

From tHe findings reported in Chaplers 4 to b 1t i% claimed that éeasoﬁably
accuraté;series of local air tempérdture can be compuéed at points on White Gla-
cler using temperature data interpolated fram the diséant weather stations Eu-
reka (113 km) and Isachsen (éSO km) . From\the findings of Chapters 7 and 8 it
is claimed that ablation can be reasonably accurately computed from observed
local air temperature. The logical nekt sgeplis to attempt computation of
summer ablation totals at sites on the glacier using ‘temperature data from the
distant weather stations together wiLh*Fhe values already obtained for the re-

levant parametersy The usefulness/accuracy of the method should be assessed b

comparison of the resulting computed ab]atggn/éz;;es with the''observed-~ablation
- s

geries. In practice this is not easy, and is discussed in the following section.

_ If the probability distribution of daily mean local temperature within a monthly

. ) . ' S o . , .
.sample is known or assumed, it is not necessary te.compute a series of, daily

. ’ . e /
temperatures which must then bg summed to gi%e a degree-day total for the month.
The procedure actually adopted was to interpolate monthly mean temp ratures and

the corresponding standard deviati.u.s [rom the distant weather stafions. Next

the local degree-day total was computed for the month by numerical integration

of th$ normal’probability curve . .rresponding to the given monthly mean an@
standard deviation. The ablation for each month was computed from the monthly
degree~day total. This was done for the months of Juqe-August, and the compu-
ted summer ablation a, was taken as the sum of the ablation for each of thel

three modths.

~"Details of the computation scheme arr civen ih Appendix 4. Using the method,

summer ablation was calculated for each year in the period 1960-72 at three le-

L4

vels on White Glacier: 210 m_(Lower Iceé),, 370 m (Anniﬁersary) and 870 m (Mo-

raine). o ///

ii) Use of Field Data for Checking the Model i

. ! ‘
Direct comparison of computed abl¥tion with observed ablatioh on White Gla-

cier is not nossible for all years of record in the period 1960-72. This s

r

¥

.t
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75 W .

a

because ablation itself is not observed during a routine mass balance programme
‘v
involving visits to the glacier a few times, at most, during the summer season.

Acéordingly the computed summer ablation was compared to tue observed annual

net ablation (defiéed herergs the negative of the annwal net balance): Conse-
quently some of the disdregancics between the two compared quantities will re-
flect the fact that they do represent diffefent"things: one source of discre-’

- R . . . /
pancy will be .accumulation, winter and/;nmmer.
/ ) B "

Ehe”ﬁbdel in Appendix 4 purports to computeewblation in a fixed dat systém

(June-August) under &he assumption that the ablating material is

The observed data use& in the 'present study comprise averages of the annual

specific net ablation Wt a few stakes at or near each of the three altitudes:

210 m (Lower Ice), 370|m (Anniversary) and 870 m (Moraine). /For logistic rea—

sons {(Miiller, personal communication) it was not possible Sﬁ visit White Gla-y
cier every spring in the l3-year period 1960-72. Hencé separate series of win-
ter and summer balances are not available. An additional problem arises if no
spring visit to the glacier was made because it is not certain‘@hether.the last
stake readings made in the previous autumn correspond to the énd of the budget
year (end of ablation éeason{and\of superimposed ice forﬁation). On accou;t of
this problem it is possible that some mas@chlanges are actually attributed to
the wrong balance year. It would have been ideal if the series of observed net
ablation, used in the preseiit study, could have been based upon édentical sta-
kes for each year. This would have given homogeneous series. However:\Fhis
was not possible because of loss of stakes, changes of stake location eté. Va-
lues ‘for Lower Ice were generally based upon readings of iower Ice Diamond for
1959/60-1963/64 and of stakes L100, L103 and L105-107 for.1965/66-1971/72 with
the 1964/65 net ablation estimated frém the L 71 cable. Values for Anniversary
Dwere based upon any available data from Anniversary Profile comprisingcstakes
Al - XLﬁ. Values for Moraine were based upon available data from Moraine Pro-
;ifé cbmprising stakes M2 - M8 and from Moraine Diamond-. Accordingly the ser—

ies of observed net ablation are not entirely homogeneous or uniform in quality.

+

An objective estimate of the data accuracy would be difficult. ,

1
v

White Glacier net ablation data for 1959/60 to 1961/62 arel|plotted in Figure 1

. ‘ by
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of Muller (1963c) whilst 1969/70 to 1971/72 data are summarize. in Braun (1§7b).

The data are otherwise unpublished and the kind permission of Dr Fritz Miller

'to make use of the-data is Qrdtefully acknowledged.

The general problem of comparison of ablation, computﬁd by some model, with ob-
sérved net ablation can-be 1llustrated by considerdtion of TThe—wass balance

equation in terms -of net ablation a“:'

*~
1 A

Q) = SC ) - Cule) - (9.1 -

11 \

where a (t), ¢ (t), a (L) and c (L) dare winter dblatxun, w;nter accumulatlon,

Q) + Q)

summer ablatlon and summer acgumuldtlon respectively. for the t th balance year.

W1nté{\3ﬁiatxon aw(t) can, perhaps, be.neglected.

ablation

The corresponding computed

, -

a.(t), uand the discrepancy between net ablation and computed summer
ablation can denated by E(t):

»
N

CEW -

where as(t)~ac(t) is the discrepancy between observed and computed summer ab-
h . .

_( a,ld - aCLt)) - (c,,(c) ;c&)) (9;2)

lation. For various ‘reasons the right-hand terms of (9.2) nced not be indepen-

dent* of each other.

+

P

On the lower parts of White Glacier the accumulation is small and the mean and
standard deviation of L{t), E and SE will belonly weakly influenced by accumula-
tion aud its vatiabilicty whilst higher on White Glacicr the effect will be

. e Do . . . .
stronger. Tt is known that variations of accumulation on arctic glaciers from
— £

year—to-year are relatively small, see Miller'(1966), Koerier (1970), Hatterley-— .

Smith (1974, p.83) and Taylor-Alt (19757}\ From this point of view the compari-

sou of a (t) and a_(t) will still be a meaningful exercise. ‘

A further problem is the fact that summer -ablation and annual net balance are
known to be spatially quite varlable.(l to 100 m scale) in addition to being
strongly. dependent upon altitude, see Miller (1963c, p.38) and Young (1972).
a dées not take account of these small+scale, Eopographi-

a

cally related, variations and it can only be hoped that the averaging 'of data

The computation of ..

from a few stakes, to compute the a values used in the study, will partly

smooth out this.effect in the observed data.

«

From this point of view a may be
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Dlaad with tespdt ta a "representative” value for the altitude concerned.
1) Lawparison ol Opserved Annual Net Ablation and Computed Summer Ablation
on White Gladier 1959/60 to 1971/72 / l
Observed act ablation at three altitudes on White Glacier for the balanc :
Yool o B9YY 00 Lo lwilﬁflzivwéﬁompdrcd with the corresponding computed abiution
doorvee dppendis botor details of the computation scheme) in Figure 9.1 to Fi-
gure o3,

e ctror bars given tor 4. refer’to the standard deviation of the

erton assouctated with uncer' gty an the ablation-temperatu

parameter, sve
. L N ! i ) s
Chapter b(1r) flins will not be the only svurce of error in a_nor will dy

ey

be pertect!ly aecurate.

&

Statt-tres tor the discrepancies between a o and a, are as tollows:

n
S 5 /3, (8787
, £ n “ESYn
Clower Tee 1i.2 o *+26.9 cu +5.2 % 35.2 % :
Aniversary - -4.5 cm +24.3 cm -3.8 % 18.5 %
Moraine ~27.4 wcm ¥17.7 cm -75.5 7% 16.1" 7% i \\

- x #

where © awld Sy are tie l3-year nean and standard deviation of the discrepancy g
. g . l

botween a

N and

et
C

f/dn’fa the mean discrepancy expressed as.a percentage of

the nean of a, and (SIV/SH)2 1s the variance of the discrepancy expressed as a
prrventage of the variance of a,. | ! h
/

/

From the Figutes 9.1 to 9.3 and the above statistics it is clear that the per-

tormance ol the wodel to compute a_, is fairly good from several points of view.

I3
U .
—

Systvmatic_discerepanciés, represented by E, apgear to become increasingly nega-

tive with incregsing altitude and accumulation. At Lower Ice and Anniversary

the wean values of L, +8.2 cm and -4.5 cm respectively, are not «ignificantly .

Jifterent from zero (at 5 7 level).

Average annual accumulation at Moraine is

of the "ordetr of 10 to 12 cm H,0 (Weiss, personal communication) whereas E for

Moraiue is —27.4 cm H,0. According to Appendix 5 an average accumulation of
2

10 em could produce an E of =27 cm if the ablation-temperature parameter for

melting snow were about 0.23 cn?HZD °C'.1 dy_l (cf the cqrresponding value for

¢ 0
melling ice of about 0.63 cm K20 OC"1 dy_l). Alternatively the large negative

'
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values or B cddld be d;;?:;\B{fUCLS of superimposed 1ce, i.e. melt-water f{rom

melfed snow refreesing an situ to torm tce which must be remelted. o !

B .

o

. , » e .
Random diservpancies, represented by br, appe&& to, decrease with altitude. Thus

A ‘ N

1 o little ditticult to explain., "t .is certainly true that the errors infab

3

duc to uncertainty an the ablatton~temperaturé parameter (represented By the

error bars 1n Pigures 9.1 to 9.3) become smaller with decreabe of a. (and in-
, 1 -
Credse 1n dbtlkudc), but 1t Ls doubtful 1f this effect 1is suffLCLEnt. [R

pnsvx)lc that - the compute ed local temperatures and degree-day totals become more
i . 4

acontate with rtncreasing altitude but direct evidence, that this 1s in fadt *the

-

3 .
& b 1
[
,
Tt
hS
%
e v it st

Cdse, Iy misslng. b . .

o ~

‘

It 15 clear trom Figuies 9:1 to 9.3 that "anomalies" do occur. At Lower Ice

.

N ¢ , ’
. there are three out of thgzben cases wheres the discrepancy between ay and a.
N 1s very large, 1.e. the data pointg lie far from the 45° line in Figure 9.1. i

At Anniversary there dre two such cases. At Moraine there appears fo be a ge-
- \

nerally skewed relationship between a  and a, with one "anomaly'". The 1963/64 ]

. budget year is notable in that a, is qustantially lower than a, at all three

Lo

{ ‘ altitudes, for example at Anniversaryva I's almost three times a,, and at Mo~
a o

raine the net ablation ay is substantially negq}iyé. Although the summer of
1964 is known to have beén cool, with af low a, value, the budget yeaﬁ}¥963/64
® ! s

F

i
must also have involved heav1eg,§ccqmu ation than normal.

The 3 by 13 tablc of dlscrepdnvlas between a and a, was analysed by two-way
analysis of variance (Kreyszig, 1570 p. 277) to test fot significant dlffere?CL
(5 . level) between budget years as well as the differences known todexistubé—
) A

tween the three different altitudes. The test failed to show significant diff-

> [ [

erences. As a turther check the discrepancies at each altitude were expressed
‘ as “"standardized'"sdata (1.e. deyiationé from the mean divided by the standard
. deviation) and the analysis o. variance was repeated but Q}thont success (diff-
. erences between altitudes being: suppressed by the standardization). Although

PR

there are some ycars when t!'“re appears to be a systematic tr?nd in tYe discre-~

pancxes between a 'nd a_ at the different altitudes, it is best to tegard the
" ~
¢ discrepancies as random with respect to years. Undoubtedly-therc should be ’
significant dlffgrences between years, correspondlng to dlfferent prevalllng -

"weather" etc, but they are obscuned by other effects, errar etc. g




-

n
. ’
.
v
o
3
'
“
!
.
{
<
v “
.
v
R LY
¢
:
[
-~
.
~
& ' 5
/
! .
- ;e
{
/

Fig 9.4

»
o
v
5
«
@ .
/’/

s
¢
? 5 \
'
. R
, .
.
1804 .
1
L
>
) ;
Y
£ wo
o
. 5,
. o ]
>
£
8 S .
i |- c .
¢ s " Lower ice - White Glacier )
R Jun-Aug 1960-61,69-72
‘. 7 B
A
5 -
v
v ox—T v v T v J
100 180 i
‘ Monthly DDT,, ‘Cdy { ®
) ‘ * °
. !
- X i I ) . (‘

rved and Calculated Monthly Degree-

x5
Comparison Belweeh Obse
5 -

Day Totdls - at Ifswer *Ice, White Glacier, for the Months June

. . g A N
to August 1960-61 & 196972 T S
/’ Te " ’ . w‘\.
T2 . v u .
\ o
l . PR
’ 1 2 ) . ‘*— i

1 +
v
* .
-~
- . /-
. /
.
-~ L
: b o /
[4 ~ - /
Y /
. .
. ’
-
. * e ’
1 . i
% - .
0{ A
. R -
o
. . v
" * L] - -
' -\ v
] ' ,
. ) L
»” J—
. i~ e T -
- ’
.o
. T e
Lo J—
e
1 2 t .
= .
¢
o xo - v - o T
v / . -

]
- s

1




L AR

e

\

\ . -

“
fomputation of regression equations between A and a  tor the ditteront alto-
~ L

«

tudes shows systematic bras, 1.e. the regression coetticrents are ditforent

trom one (ditterences not significant at 57 level). The correlation covpti-

Ry

.- crents are 0.85, 0.91 and 0.93 at Lower lie, Annivetsary and Motalne re

Jtvely.  The corresponding P M.S. errors are +23.9 . +23.9 and +16. 57w respect-

tvely. These dare only a little smaller than the correspondingvalues ob S .
Yy y i g ’ i
-~ P <

From thesdeounsiderations 1t 1y suggested that the apparent bias ol the data
« . -7 ) Ny
. N . 1 ).~ ot
' pornts 1u Frgures 9.1 to 9.3 with respects o the 45Y Tine, Ccortespondiug to
.- — . . A s -
a, = a,, could be regarded as fortuxggys. s P

v

N
X

s “
. L, C
Iln the following sections the situations at Lowetr Joe and Moraine will be exa-
R ) |

mned in a little more detail. ” -

iv) The Perflormance of the a_ Model at Lower_}cc tor Siw Budget Years

[

There are si1x sumpers for whlch‘nédgay complete témpcraturc records are av-
™ arlable at the Lower lce gyétlon>on Wh{te Glacier: 1960, 1961 & l969“?£. I'he
‘ observed degree-day totalé 6D10b for the months of June=August for these years
arg compared to the corréspdhging comQUCcd degree-day totals DDT . 1u PigurF

/ 9.4.- On the whole, agreement is very good. The daily .temperature data ltor

"

™ the/yedrs 1960-61 and 1969-71 were used 1n the development of the cooling ctf-
ect model (Chapters 4 & 5) so that the good agreement in Figure 9.4 cannot be

taken as a4 further support of the cooling effect model. It dan, however, be
© regarded as support for the validity of the computation df/ﬁegree—day totals

from mean temperature, see Appendix 4. The average sontldly DT o os 7].5“0 dy ‘
4 7 i

Xk

. . . - fe} . . A
with standard deviation +41.9°C dy with sample size 18./ The average error be-

tween DDT ., and DDT is +3.5°% dy with standard'dez{étion $13.59C dy. Acc-

al b
. + >
ordingly thé errors between DDT_.,; and DDT_ . amount /to +4.5 % of the mean of

. DDT .- and 10.4 7 of the variance of DDT,, for the gample of 18 months. The

. e e ly .. 5
mean error 1s not actually 51gn1f1cantzﬂ1fferent (at 5 7 level) from zero.

e

CThe mean discrepancy between a, and d. for Lhc/Zxx yedrs is +2.9 cm Hy0 com-
R > 1 <
. .
| pared to +8.2 cm 1,0 lor the full thircteen yeatrs. The average error an depree

day totals for the six summers is actualﬁy lifger than for the 18 months, 1.e.

q

o ' . ! .
. +10.6 C dy. This error does not even have the .correct sign to explain the dis-

.

‘ crepancy between a, and a.. The main sourj% of discrepancy between a, and a
i

‘ . \ * ,/ ‘h ) \\‘,
;o : 5.
af ' l ‘ /

’

" P .
5 s &ttt a3V 4370 -
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~, cannot, Lheretorc, be related to errors 1n computing degree-day totalg but

should rather be related to errors in computing ablation from degree-day total.

As a test of this, a, values for the six years were regressed on the summer de-

. F o . .
gree~day totals, o, .crved and calculated. «The regression equations were:

.

6 ) (9.3)

a
n

#

52.2 + 0.45 DbT,, R = 0.83 N

and .8, =53.8+0.,42DBDT_ |, R=0.92N (9.4)

A3
/ ’ :

4
~
The striking agreement between the two equations is ‘encouraging, particularly

]

[}
j=x

. . - : .o -1
in view of the small sample Size. The slopes of 0.45 and 0.42 cm HZO °¢c dy

-have 95 7 confidence intervals of +0.42 and +0.25 cm Hy0 ocﬁl dy--1 respectively.

They are, therefore, not significantly diff.rent (at 5 Z level) from each oth-

a

er, but they are also not significantly different from the assumed ablation-—

.

temperature parameter with value 0.63 cm 1,0 oc~1 dy_1 However, the close

agreement of the slopes of equations (9.3) and (9.4) with the parameter given

by Zingg (1951) is noteworthy.

N
3

The values of éc calculated for-the 13 yecars at the three altitudes were ad-

justed according to Equation (9.4). By this means the 13-year mean digcrepan-

cy between 3, and a, at Lower Ice was reduced to +3.9 cm HZO’ but results at

. Annivergary and Moraine were much worse than before so that Equation (9.4)

+ §annot be valid for those locations. Actually the intercept in (9.4) 'should

contain information about the length of ablation season, see Equation (8.5)

and should, therefore, be sTalier at Anniversary and Moraine. But this possi-

-

bility carlnot be testex;K . |

t
In summary it appears that the discrepancigs between%observed net ablation at

7 . .
Lower Ice and the(computed summer ablation are more Hlkqu to“be due to errors

in the ablation-temperature model than in the cooling

«ptal versus temperature models. It should pot be forgotten that the discre-
* ot 1 .

effect and degree-day

A

~

. . 1 D , ~
pancies are on average relatively small.” \
. .
S

v) Effect of Precipitation on Model Performance at Moraine Camp ,
T /,(/ - i}

¢

. \
Precipitation and“accumulation data are not available at Moraine Camp for

1

the whole 13-year record. An attempt was made to compare net ablation at Mo- //

7/

- 14
‘raine with precipitation records interpolated from Eureka and Isachsen.
P - / l 4 '

3 v ‘
r.’.m-//

' , ’
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Howe ver, 1n view ot the findiags of Chapter 2 with respect tosinterpoldation of

precipltation on the 100 km scalu, there was no a prioril expectdation of success.

Piecipitation totals 4t Lureka and lsachsen were computed tor the winter sea-

~
.

sun, Sceptember to May, and for the summer season, June to August, using data gi-
PEY

vwh 1n "Arctic Summary”.  Au interpolated series for Axel Heiberg Island was

i - ¢ i ‘

domputed using weighting factors of 0.7 and 0.3 for Eureka and Isachsen respect-

’

.

,§Vuly. Winter precipitation is denoted WP, and summer precipitation is denoted
‘$Pk T correlation coefficients for the various vries were:
[ - v N )
{ ‘ & ‘> 2 \
\ / : # d Wi Si \\
| n ¢
. . : : \
. 3 a_ 1.00 0.93 0.07 =0.00 1 \
' ‘ a. 1,00 0.08, 0.1} )
WP 1.060 -0.28

. SP . 1.00
N P B .,. t
With the exception of the correlation-between a, and ac, none of the corpélation
5

coefticieats are signplficant (at 5 Z level) or usefully large. As the “interpo-

»

»

' ) . . . = ‘ >
lati1on errors involvéd in computing WP and SP are about 94 7 and 96 7 of vari-

ance, see Lhapter 2(iii), it may be suggested that the low correlations reflect

exctesstive errors 1n SP and . WP.

The lack of quantitative relationship between weather station precipitation

glacier accumulation can be illustrated by an éxample: the budget year 1963/64

v

Qag a year of notably positive mass baiance for White Glacier (Miiller, 1966),
Meighen Ice Cap (Taylor-Alt, 1975, p.5 and Paterégg, 1969a) and Devon fce/Cap
(Koerner, 1970). The summer of 19u+ was a cool one, with low a, for White Gla-

]
cier, but precipitation at Eureka and Isachsen was not excessively higlf for ei-

_ther of thé periods September 1963 to May 1964 or June 1964 to August 19P4. It

seems clear that the 1963/64 budget year must have been a year of excessive acc-

umulation on glaciers without, at the same time, being a "wet" year at surface
. 3

weather stations. . /

The point may be illustrated by a further example. An investigation of accumu-
latxon\at_Upper Ice II at 1920 m a.s.l. on Ehg McGill Ice Cap, Axél Heiberg Is—
- ¢

tand, was carried out in a deep snow shaft du.ing summer 1961 (M?ﬂler, 1963a)..
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Reasonably ;Lth{atﬁkadté tor annual accumulation gack to the 1920s were obtain-
ed. A(Lumu‘thjk data}dre plotted together with Eureka and’ lsachsen dnnual pre-
clhltatlun L1 lx&ure 9.5 Yor the period of overlapping records, i.e. 1948/49 Lo,
960/61. The hydrulugludl year assumed for computation of the  annual precipita~
tion totals was‘chosen’to be August to July because August temperatures at 80(0mb
arL‘akrcady genprally below treezing. The data in’ FLgure 9.5 are bxéfleDd ds

purceehitage deviations f{rom the 10-year norms for 1951/52 to 1960/61 for the se-

pardte records; the norms used were 68 mm’and 98 mwm for Eureka and Isachsen ann-—

" udal precipitation and 295 mm for Upper Ice Il annual accumulation. From Figure
-

o

9.5 "thete 1y clear little relation betwWeen the various series, for example lu-
rel precipitation was 110 % above norm for the year 1953/54 whilst Isachsen

preaipitation and Upper Ice II accumulai.on were very close £o nort !1.” A simil-
ar lack ol relationsnip is apparent between the Gilman Glacier accumulation se-

rics (Hattersley-Smith, 1964) and Fureka and Alert precipitation series.

It 15 not buggcatcd that there is no relationship between net ablation at Mor-
dine and precipitdtion per se. Iﬁ faet, there must be some kind of relation-

ship. Howeve , the technique of interpolating precipitat%on data from distant
weather stations (102 km scale) is valueless in éttemptﬂngbto establish such a

'

relationship. - -

vi) Summary ' ‘ ’

¢

The model, Appendix 4, is quxte spccessful in that it computes relatively’
decurate 1Ung term averages of ablation at. Lower Ice and Anniversary although
d1§Lrep3nLleb are quite substantial on a year—-to-year basis. Average perfor-
mance of the model 'at Moraine is very poor because tlre model does not take

account, of accumulation, but even here the computed ablation 1s a reasongbly
\ 1

accurate "index" of the ‘net ablation. The model, as described in Appendix 4,

could undoubtedly be improve ith a view to 1mprov1ng the year—to—year per-

formance of the model. . However, it is suggested that the major problem to be

roblem of modelling precipitation and accumulat-

solved for-the future is the
/ Al

L

ion processes. The paramétfic approach, quite successful for modelling ablat-

'

ion, is probably invalid for such ﬁodelling.

*»
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Me%; Temperature 1.0
-9, ! 0

0
~8.0 0

-7.u )

-6.0 0

-5.0 .0

~4.0 0

-3.0- 0

=2.0~) 0

-1.0- 2

ﬂ 0.0 11

1.0 32

2w 61

3.0 91

4.0 121

5.0, 153

. 6.0 182

£

Standard Deviation of Temperature

2

.0
0
0
0
0
0
0
1
4

10
22
41
64
91

120

150

181

3.0
0

:96
122
151
180

490 5.0
0 0

0 1

1 73

2 s
4 9

7 14
13 21
21 . 30
3 42
44 56
61 72
81 91
103 112
127 135
154 159
182 186

2

’ 4
7
11
- 16
23
31
41
53
67
83
102

122

144

168.

193

Table 10.1: Computed Monthly Positive Degree-Day Total (31-day month)

6.0,

as Function of Monthly Mean Temperatute and Monthly Stan-

dard Devidtion

of Daily Temperatures.
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CHAPTER 10 ‘s

MODELS OF WHITE GLACIER NET ABLATTON VERSUS SUMMEIR BEMPERATURI P

.

i) Introduction

In the previous chapter the computation of summer ablation on White Clacier,
using a parametric model, is discussed. The approach is a new one and the re-
silts cannot, therefore, be compared simply to results obtained for other gla-
ciers. The simpler approach of compéring glacier summer Bulance or net balance
for a number of years to the corresponding summer mean Lempgrdture'ur some
function of temperature ts one that has bueen éapjxcd out tor a number of gla—-
ciﬁrs, e.g. see Martin (1974) and Hoinkes & Steinacker (1975). The non-linear
curves of accumulation at the equilibriu# line or g]éciation limit versus sumn-
er mean temperature given by Ablmann (1924, p.264 and 1948, p.48); ﬁoewol(197l,
Fig 2) and Liest#l (personal communication, 1976) can be interpreted also as
ablation versus summer tcmperature curves. Accordingly, for purposes of com—
paring White GlaClLf with other glaciers (resulis fur twelve other ¢laciers are
given in the following chapter) 1t is interesting to express both a  aud a_ in o

terms of summer me an temperd’ 1%e. This can be done for“both lpdqﬁ T but the
9

latter will be more interesting a+ It allows comparison of

IN’
egsults from other

glaciers where it is not possible to take account of glacie

P

" oy . [ "
i.e. 'I‘P 1s not known " -

/ o ,
It should be first nqted that the relationship of monthly degree-ddy total,
and hypothetical monthly -ablation, with monthly mean temperatur is non-linear.
In Table 10.1 and Figure 10.1 this relationship is 1L1ustrdted under the ass-

umptions of Appendix 4, i.e. that daily temperatures within the monthly sample

are stationary and normally distributed with standard deviation S. This means &

that summer degree—day totals, calculated as a sum of monéhly degree-day
tals, cannot be exactly expresseé as a fugction, Iinegr/or ponflinv r, of the
Summer _mean tey@ératuref/ However, it should be nJ(ed thét the curves in Fi-
gure 10.1 are "quasi-}inegr“ or "locally linear" oVer narrow tempgrature ranges

. : - . .
of severai oC;_monthly méan- temperature at any particular location will not

!

cﬁénge from one ydar to another by more than a couple of °C.

cooling effect{//’/,,._.4
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i1) Ohserved Net ablation and Computed Surmer Ablation Compared to Computed

e

Summer Temperature &
)

In Figure 10.2 the computed summer ablation a  for the three altitudes on
White Glacier are compared to the corresponding «omputed summer (June-August)

Inean temperatures TITP for the‘13~year period 1960-72. The non-linearity and
s . ! '

* lack of exact relationsuip is read{ly apparent; these effects are due to the .
T \
- \\non-linearity of relationship between the monthly guantities shown in Figure
e - 5
T N . . . .
//// 0.1 and (o the—fact that the different: months have differentngtandard deviat-

- ’ ions. Separate linear régression equations were computed for, positive temper-

atures (samﬁle size 29) and for negative temperatures (Qample size 10) to ill-

v -

ustrate the linear approximation of a_ in terms of summer temperature. The re-

gression—equations are:

-~ \ pu—
5

o = 75.4 +20.9 T, R=08L N=10 < 0% (10.1)

f ‘, : . |

. and - A

o
1
=

3

2.4 + 40.5 T, R

a 29 T3 o’c (10.2)
c . .

0

i -

0.98 N

ot

i

~

. . . * -1 .t
It is noteworthy that the intercepts, 75.4 and 72.4 cm HZO °c wrespectively,

are almost "matched". -According to Equations (10.1) and (10.2) the assumptions

mad% in Appendix 4 lead to the hypothetical .expectation that the sensitivity ot

)
. . summer ablation”to changes in summer temperature should be between about 21 and

41 cm HZO oC‘l'. This range of values reflects the values chosen for the various

parameters in implementing the model described in Appendix 4 as well as the ave=

rage temperature conditions. - ! "

R .
. As a further comparison of a, and a.s regression models between a  or a, and

-7 ) TP orAEIN were computed for each of three altitudes separately, i.e. for Lower

Ice, Anniversary and Moraine. The intercept A, slope B and their 95 7 confi-
o dence inteYvals kA and kB together with the correspohding correlation coeffi-

. cient R are given in'Tables 10.2a and 10.2b. Comparison of Tables 10.2a and

[

10.2b illustrates the differences between models in terms of Tf and TINtrespec—

3

N ]
tively: in the latter case both dlopes and intercepts are lower than in the

. . R R
. former case. : )

Correlation coefficients for the relations between a. and ?é or EiN are in all

2

‘ R O

¥
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Table 10.2a:

Location

1
Lower Ice

Lower Ice

~

AnnlveTSary

Annyﬁg;;ar?\\

Moraine

Moraine

Table 10.2b:.

Statistics for Ilnoar Regrcsxinn Mode T Bet

W \
SR B
. /’\ 3 !
\.\\/\ N / !
e Ty |
‘Locdtlon ! \ 1 b B Ry .
{ ' Ve -7 ; :
Lower lce ay oL L0y 8.5 33,4 12.8 0.86
) 1 . .r‘}) \\ N v,
Lower Ice a Tp 65.7 3.3 411 4.3‘_ 0.99 .
\ . ]
Anniversary a 1 65.4 7.8 14 0.89
e n p \\\‘7\\
N N Lo 1 ~
énnxvcfsary d. p 7404 2.7 39,4 ﬁﬂg 0.98
! S
. Moraine 10.9 .94
"Moraine 4.5 0.y,

> e

ween 4 or

gc‘dnd T where A s Intcr&eyt and B 15 Slope and Kk,
ku are 95 % Confidence Intervals for A and hEbPEC‘
txvcly R is the Corresponding Correlation Ckeftxc~ >

ient with

Sample Sise 13,

Y X
1n 1IN
d. F[N
ap Tin
ac Ty
an TIN
ac Tin

A

69.7
A

36.2

35.8

47.1:

39.1
66.0

kz\

10.8
3.9

9.5
3.5
3.6
1s4

28.0
23.0

16.8
6.1

12.8
5.1

R

0% 86
0.8
0.89
0.98

0.90
0.97

v

1

Statistics for Linear Regression Model Between a  or

o

ir

a d T
a. an IIN

1
wherc A 15 Intercept and B is-Slope and k,
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and k, are 95 Z Confidence Intervals for A and B res-

'Egctively.
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R 18 the Corresponding Correlation Coeff-,
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tases very high. Linear appre ardation of 4 terms of tempetrdature is, there-

fore, quite decurate tor the narroy ran es of temperature to be expected at each

. - . . - O, e
altitude: the standard deviation of YP, for example, is onty +1.2°C. The slope

&

p or TIV decreases with altitude whilst the

intercept 1ncreases. #Ihis cansbe readily ex,  ined by scrutiny of Figute 101,

for the relationship between a _ and 1
' ¢

With respect to the cowparison ol models tor a. and a, the situation is a little
complicated, In no case 1 the stope for the a, model stgnifiaamtly ditferent
(at 5 7 level) trom the slope of the a_ model. This 1s encolraging. However,

the slopes for the a, models a' Lower Ice appear too Yow In comparison to those

at Anniversary. Furthermore, the iutercepts in a, and a models appear quite
o C ~

¢{X inconsistent and are in all cases significantly different from cach other (at

5 % level). 1he discrepancies for Morailne can certainly be explained in terms

of accumulation which is included in a but not in a . [I..sibly a similar ex- h
. c

planation would be’ adequate tor tne Anniversary models. However, there is, for
‘ . 4 ’
several reasons, a problem with the a, models for Lower Ice. This suggests
: . .

Thag:either the hypothesis works worst for Lower Ice or that there is something

wrong with -ghe 4. data frdy Lower Ice. No firm conclusions can be drawn. The
Rk . A

RIS ~. )
former pOSSLbiY$t¥\XSSi? be a~Nittle.surprising because ko e{ulce situations are

proportionally well represe in the déta\hase which was uped 'td develope -the
parametric models (Chapters 4-5 and _7-8). On the other hand, it must be ment- ¢
~ ~,

¢ - =

ioned that the ablation stake data‘fog\hsgsf Ice are in some yedrs problematic

because of loss of record due to stak melting oyt before they could be re-
drilled. This problem is less common f the othet two altitudes, Anhiversary
>and Moraine. However, there is certainly omething offeAEEVQ\gbout crying “bad
—
data" too easily when faced with results that appear unfavourable to™~the_hypo-
¢ y NG PP Tthe hypo

thesis being tested. o ) ' T

- ~

-

Final figures for the mean specific net balance of the whole glacier are not .

s

¢
yet available (Miller, personal communication) and will serve as a basis for a
future glacier-climdte study. Using the method outlined in Appendix 7 together 4
with assumed average temperature conditions over the whole glacier and the model

giv in Table 10.1 (with an assumed standard deviation of ¥3°C for monthly tem~
S

peragure gamples) it can be estimated that the sensitivity of the mean spgc' i

ne .balanc;\for the whole filacier to changes in.summer mean temperature will be
[ad
« . , . . -
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-t 4 \ o _.1 hid A . T
. of the order of =24 c¢m H20 C . This 1s a prediction whieh must awairt futiire
Y . “ o . ; .
- testing. 2

\\ u \\ %

In conclusion it an be said that there are certaimdy useful relationships be-~

Irf;%én net aHletion a_  at various alritudcs and summer mean ‘eﬁpcrdtur;. Tha
jre(rors involved in the linea;\muggfg range from 26 7 of variance®at Lower lce
' to 19 7 of variance at Moraine. 1ﬂgiéﬁn§}Livity of net ablation to changes of
témperdture in the large wcale atmosphere, ;Eﬁrcsbntcd bi}¥iN’
‘. Tl

K i tween about 36 and 28 cm HZO OCfl depending upon altitudék(ﬁﬁarthereby average

amounts to be-

ty

- temperature conditions). However, there remain various problems (especially at
“ -~

Lower Ice) which might be explainable in terms of ‘either errord in the observed

& E

data or in the parametric model to compute a,- ’

’

" iii) Glacier Cooling Effect as an Inhibitor of Ablation

N
1

)

One of the reasons for studying the cooling effect of gladﬁers, e.y. in

Chapters 4 and 5 of the present work, is to be able to take account of this i

‘effect in the computaCLon of ablation u51ng data from distant weather stations.

The question naturally arises as to th quantltatlvt influence of cooling ett-
* ‘.

-

ect on computed ablation. This question 'was studied by repeating the computa-

N . . - . . .
erg of a,, using the method outlxned in Appendlx 4, bot resetting the relevant
8 \ —_— —_—

parametersi\ so that the coollnn effect is zero, 1.a% TP = TIN Comparison be-

(-Q _ tween the resultlng computed ablation and that previously computed, assumrng

‘ ~"Valley Gilacier" coollng effect, is made in Figure 10.3 (NB. the curves are sub—

jectively smoothed through the corrésponding point clustiers). The difference

- o

between the two curves' for “any particular value of tempekature T represents

. : IN
. 7%= the reduction or inhibition of ablation due to cooling effect.

R

‘ : \

! > T, -8 ~ « - \
B

\ A 51mp1e physical interpretation can probably be\placed on the curves in Figure
. ' 10.3. the upper curve might represent ablation. at the glacier edge whilst the
~ ’ lower curve represents ablation at points some distance from E\é\gjacrer edpge,-
. e.g. at Lower Ice) Anniver.ary or at Moraine. :This point can.be illustfaféd by
D an example. Miller (1963c, p-42) gives 1961/62 net_ablatlon figures for each
- stake (1ﬂ§%n total) ln the Annlversary Proflle.“ From the figures he gives, the

average net ablation near the:glacier centre (stakes A4 to A8) is calculated to

(w‘ ., be 204,6 wi?h 95 7 confidence‘%nterval ¥23.5 cm H20. The corresponding average

d

s .

T\\\\\ ; ablation near the glacier edge (stakes Al, A2,.A10 and All) is 251.0 with 95 Z

\~
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"~ confidence interval /+29.6 cm H O .

M,

~stance/from thé glacier edge it may be concluded,

i oo

~¥

«
o // /

-

The computed summer mean temperature TIN
at Annlversary for summé r 1952 was 4. 79 which, using Figure 10.3, gryes an

__ablation of 200 cm HZO accordlng to the lower curve and ’84 ch HZO according

The former ls in excellent agreement w1“H"the observed

net ablation near the glaC1er centre whilst the latter is rather too high. One

“r

to the upper curve

possxblllty ls that - some coollng effect already exists at the glacier edge (it
should be ﬁecalled from Chapter 5 that the Outwash station shows cooling effect

althéugh 1t is not on the glacier). This cannot be directly tested beckuse

o

/ , .
there~Were po weather statlons at the glac1er edge . ’ \
T A / . ’ ~ §

If it HB accepEE@ that the magnitude of the cooling effect increases with di-

/

]

in qualitative terms at

that the curves in Figure 10.3yrepresent an "explanation" of the fact

along a contour line generally decreases with distance from the
3

v

. However, ablation patterns can be very complex in detail, see

»

iv) Comparison of a with the Model of Khodakov

N
\

Khodakov (1975) quotes a model of summer ablation a, versus summer (June-. -

N B
4
o
N ~ \ i ?

/
a = 0.096(T + 10)%+93 (10.3)

k1
i
‘ . °

The non-linear equation was established by regression analysis with a sample
f “

size of 93. Sources of data are not specified in the paper, but they are com-

piled from pre-IHD literature (Golubev, persvnal communication, 1977).

It is not the purpose of the present discussion to assess the validity of

Khodakov's model, for which more information woulddbe needed, but rather to

point out the close similarity between his model and the aC model. This is

111ustr§ted in Figure 10,4 where the Equatlons (10. l) and (10.2) are plotted

togethe; with Equation (10.3): The point can be further illustrated by compari-

son of the Whlte Clac1er ac values for the 13 years and 3 altitudes'with the va-

lues akh computed from the correspondlng summer teumeratures achrdlng to Equa-

tion (10.3). The dlscrepancy (a - ) is denoted by D whose 13-year mean and
‘ %h

i
’
i ’ =
¥ B . -
B
’

e ain ek e

Py~
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standard deviation are deno

three all/[udbs on White Clacier are as
- b

/
/ |
-
!
/
/ Lower Ice
/  Anniversary
&
Moraine

wheré/s
c

3
/

ac/énd a "

that the assumptions made in Appendix 4, uponjwhichrthe computation of a, depggds,

are” also reasbnably valid for the situatio
™

L4

D

+h6.5 cm

88 . e

-

v/ ~

ted by D and SD respectively. The results for the

F 8.5 em

- 1.8 cm

£

v

D/a

C
5.7 %
5.2 7

-2.8 7

is the standard deviation of a.

follows:

a

S (5780
+12.0 cm 5.5 %
+11.6 cm 6.0 7 s
+10.3 cm 9.2 7

~

Clearly, the discrepancies between

¢ modelled by Khodanov (1975).

N

C : . .
are small percentages of the means and variances of a . This suggests

.
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COMPARISON WITH OTHER  GLACIERS b

1) Ihtroduction

Ih the following sections the relationship between mass balance and’air temp-
erature will be disc;:ussed for 12 other glaciers: 3 in the Canadifm Arctic, 1 in )
95rt1ern Sweden, 2 in the French Alps, 2 in the Austrian Alps and 4 in the Swiss
Alps. In most cases it will only be possible to discuss the relati nehip betw-

een mean specific annual net balance and summer mean temperature a v‘geather .
.

. , . 1
statiion some distance from the glacier (10”7 to 102 km scal This mlg,ht be
termpd a "lumped system" approach and is discussed in Appendix 7. In the elght
Alpihe cases discussed it is also possible to take account of the effect of pre-

cipitation on the mass balance, which was not possible for White Glacier because

. the nearest. weather station was too distant. !

]
.

Sevelral points should be mentioned before proceeding to a discussion of result®: -

l) The parameters relating specific ablation and mean specific ablation respect-
1vely to temperatdre will not, in general, be the same. ﬁ‘hey may be related
v ‘ 1

ip the way discussed 'in Appendix 7.

\he parameters relating. mean speci®ic ablation and mean specific balance ré-

spec\tfve%o temperature should be the same if the accumulation and temper-

ature are inWt of each other. This is disgcussed in Appendix 8. .
- \ f ! ~"“(‘
7 - \ N o
3) Because of the non-linear re@lon between summer mean temperature and sumn/—
/ e A

er degree~day total it may be expec\ed that the relatlon/between mean speci-
tles

fic balance (or ablation) and temperatui*e /should be non-linear. However, as

S

/
mentioned ‘in Appendlx Z,"thfsﬂﬂrl;neanty m?iy\be, very weak if the changés

in temperat;zre from one summer to another are smah\,& of the order of 1
to 2. ~_ P
. SN -

The amount of change in mass balance per degree of summer/mean temperature -

should, all{ things being equal, be related to the l/ngfh of the summer\

" - // '\
. -~ .
e . ’

kY]
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’ 196?/61
1991/62
1962/63
1963/64

// 1964/65

1965/66
1966/67

' 1967/68
1968/69.
1969/70'
1970/71
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Standard Dvn-
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leighen lce Cap, SSQQ a - :

°

B}

|
Glaciological Gnd climuiological investigations have been carried out on

Meighen Ice Cap since 1959 by scientists from Polar Continental Shelf. Project.

'Medn_specific net busunce data fot the ice cap are quoted by Taylor-Alt (19&5,

p.5) for the period 1960/61 to 1970/71. More detailed (winter and summei ba-
‘H

lances) data for 1959/60 to 1965/66 are given by Paterson (1969a).

An attempt was made to compute summer ablation a, on Meighen Ice Cap using the

same method as for White Glacier (Appendix 4) with appropriate parameters. Tem-

peratures were interpolated from Eureka and I achseft using simple distance-
weighting factors of 0.38 and 0.62 respectively. Using the June~August 1960-62
monthly mean temperatures given by Armold (1P65) the following relationship was

found:

s

TP = "2.9 + 0.71 TIN (11.

where Tp 1s'the monthly mean temperature at the "Main Ice' station on Melighen
. : f
Ice Cap at 240 m a.s.l.. This relationship is in qualitative agreement with

those for other ice-cap situations (see Table 4.2 and 4.3). The gtrong cooling,

7 {
ef{UCt may be due to the relatlvely long travel times of air p3351ng Qver the

ice cap or might be related to the prevalllng fogginess which is commeLted on

by several authors.

( I

Lqultlun/(ll 1) was used in the computation of 3. The computed summer ablat-
|- ] )
}on a, and ‘observed net balance b  are compared in Figure 11.1 and Table I1.1.
~
,/,/// It can be seen that-:aC tends to overestlmate -bn by an average of 21 cm HZO:

o

the discrepancies between -b,, and a, amount to -134 7 and 32.7 of the mean and

variance respectively of —bn

Discrepancies will be due to:

\\ - errors in computing degree-day totals

-

} - effects of accumulation

Taylor-Alt (1975, Tables 3:6a and 6b) gudtes observdd degree~day totals for the

months June-August for the years 1960-62 and 1968-70) These are plotted.ag>

alnst the cgrrespondhng computed monthly degree-day s in Figure 11.2, At
'L\
low temperatures there is a tendency for the computed total to overestimate

i

B Bae md oo

e e e
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4

i: the observed quantity but, on the whole, agreement is fair. The mean eryor 1n

computing summer degree-day totals is +11.8°C' dy (mean of six) which should be

equivalent to about 7.4 cm Hzo'éblation.

k)

From figures given By Paterson (1969a) the average annual accumulation can be
taken as about 17.6 cm H}O (actually this figure refers fg the 1§59/60 to 1965/
66 average). According to Appendix 5 this could produce a discrepancy between

3. and -b_ bigger than 17.6 cm Hy0,

£

*

The correlation between b, and a, is -0.90, corresponding to "explanation" of
}

+
/ 81 Z of the variance,of bn.

[

the computed 1bcal summer (June-August)

The equation for regression of bn on TP’
% mean temperature, is as follows: . . !
= . - 1 .
C , b =-76.8-39.0T, R=-0.82 N =11 (11.2)

The ‘corresponding equation for regression of b on T__ is: )
. LR G
. - = -9 £ = - = !
. . bn +35.2 27.1 TIN R 0281 N 1} X (11.3) ’

v Comparison of the two equations illhsir%tes,;he effect of taking account of///////,///”'

( ' cooling effect. The sensitivity of the mass balance to changg in local pera- “ '
ture 1s -39 cm H,0 OC_1 and to changes of temperature in the large-scale atmo-
spﬁere ~27 cm HZO OCT}. It might be noted ghat Equation (11.%) can be obtained

almost exactly by algebraic manipulation of (11.1) ;nd (11.2).

Regression of the 7-year summer balance series, computed from figures given by

Paterson (19693)“for 1959/60 to 1965/66, in terms of E} gives: ,

b, =.86.1 - 37.7 T,

p R=-0.94 N =7 - (11.4)
- J N

>

The agreement between the slopes of (11.2) gnd~(ll.4) is very close. The

R.M.S. errorsoofk(ll.Q) and (11.4) are + 21 cm H20 and ; 14 cm Hy0 respectively. ////

,,,,, i: , It seems' €lear that variations in summer air temperature, and of a,, are a major - g
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source of variations in the mass balance of Melgheq Ice Cap. Taylor-Alt (1975)
used a Synoptic-Energy Balance approach to study the same problem. She does
not quote errors involved in her approach, but they will almost certainly be
lower than. those qdotéd in the present section. On the other hand, the Syn-
optic Energy Balancé approach requires observaéions of’local meteoroloéical
_elements for each summer of study whilst the a, approach de;cribed he;e only

needs a few summers of local data to "calibrate" the model which can then be

applied to summers for which there are no local observations.

B
~ .

s
iii) Devon Ice Cap, Canada

Mean specific net balance data for the north-west secfof of the Devon Is-

land Ice Cap from Dr R.M. Koerner of Polar Continental Shelf Project are repro-
T~ - . L] -

duced by Kasser (1973, p.168) for 1960/61 to 1966/67 & 1969/70. Data for 1969/

70 to 1973/74 are given by Koerner in "Ice"” (various dates).
. p(\' ! i

Summer mean (June-August) temperatures at 850 mb were computed for the location

of the Devon i.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 nyde Upper Air Station was closed in 1970, and Thule data are difficult to
obtain, The observed mean specific net Salancé\fdr Lhe north-west sector of

the ice cap is plotted aéainst 850 mb summer mean temperature f&N in Figure
11,3, The regression equation is:
L N

; bn = =32.0 - 10.1 Ty R = —9.76 N =12 (11.5)

v , ' d
{

The corresponding W’M.S. error 1s + 9.0 cm H.0, .
{ ] A\
1

Tis most likely due to the fact that the temperature over most of the ice
a

cap-1s low and that, at low temperature, the degree-day total ang, hence, the

) - . ! { -
The slope of the regression equation seéms very low, i.e. -10,1 cm H,0 °c

ablation are relatively insensitive to' temperature changes compared to the si-

" tuation at- higher temperature (see Figure 10.13. The 12-year mean of the 850mb

temperature is -2,7°C which would correspond to a local temperature of about
,-4.9°Q according to Equation (4.5). A quantitative investigation of this nro-

blem using the model 'in Appendix 7 would be very difficult because of various

PR
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"unclrtainties, e.g. the problem as to whether air temperatures over.the whole

ice cap are described by Equation (4.5) or whether a transition to weaker goo-

ling etfect occurs at lower altitudes. = \ )

lhe validity of the model in Equation (11,2) can“be checked, ror various rea-
sons the net balance figures for 19..7/68 and 1968/69 could not be separately

determned: the combined total for the two years was -28 2 cn H2O as determined

. by Koerner, Vulues of TI for the 1968 and 1969 summers- were -2.4 and ~1,7°C

tespectively, According to Equation (11.5) the correspondlng net balance values

R t
would be =7.8 wd -14,8 cm H20 respectively with 67 7 probable error of about
E 7

9 cm “ZO‘ The 2-year sum would be -22,6 em.H,0 which is in fair agreement

2 =

with the observed 2-year total of —58.2 cm sz, an error of ~20.%7, By way of
contrast, the 1l2-year mean net balance is ~4.9 cm H20 and the 2—ya€r total pre-

Micted using this mean would be -9.8 cm Hﬁﬂf,én error of -65 7. : i

-

It svems clear that summer temperatures play a major role in controlling the
mass balance of the Devon Island Ice Cap. This is consistent with the finding
by Bradley (1975, p.270) of a strong cOrrelation between the annual equiiibrium}

line altitude (ELA)Y of Devon Ice bap and the altiéudq of July freezing levels. j

b

‘ i
1v) Decade Glacier, Canauda

" v

\

. AN
Mass balance data (winter and summer balance) for Decade Glacier on Baffin

[sland are published by Kasser '(1973, p.175-176) for the perlod 1965/66 ta

,

1969/70. Data_were collected by Glaciology D1V1510n Env1ronment Canada, and

e

a description of work on Decade Glacier is given by @strem et al’&1967).

An attempt was made to compute summer ablation on Decade Glacier using the mo-

del derived for White Glacier: Equations (10,1) and (10.2) were used to compute

‘specific ablation quantities from uppér air data at Clyde. The cooliﬁg effect

of the glacier was assumed identipal to White Glacier and the computation/was
made for each 100 m altitude band between 450 and 1450 m a.s.l. using 950,

900 and 850 mb data at Clyde. Total volumetric ablation was obtained by/ area-
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Lomputed mean speeific ablatiog a_ can be compared to the observed mean upéci-

Ll

f1e summer balance bs as follows: ‘ b
. N ’ ; e
k™ . bS p ‘ac |
I 1965/66 ~-97 ¢cm H,0 75 cm H,0 . : ’
9 2 2
. { 1966/67 . =29 49°
| 967/68 - 9 38 *
1968769 ~ 102 93
- )' 4-ycar mean -39 64 D B
M:\“*\.., o T . S - ‘

1
1

3 N

the averdge discrepancy given by (gic+bs)/bS is only - 8'%. This 1s not bid con-
stdering ithat no local information from Decade Glacier was used. Unless this

cdgrecmentils merely [ortultous i can be concluded that Decade GlaCLet is very

a

Similar L\lnnxtu Glacier WIth respect to both cooling effect and the relatron

butween ablation and temperature. )

' . ‘

1

R e ’ : . ‘
Regression of the mean specific net balance of Decade Glacier on summer (June-
1 N -

1
August) mean temperatures at 900 mb over Clyde gave a slope of -40 cm HQO OC
7 (sample size of only 4 ). N .
v) Storglacidren, Northern' Sweden ’ ’ 0

\S
Programmes of placiological and climatological observations on Storglacidren

in Swedish Lapland have been carfied,put since 1946 by Stockholm University.
Schytt (1967) showed that the 20-vear 1946/47 to‘1965/66 summer ablation series
“1s well correlated (R = 0.92) with summer (June~August) mean temperature at the
\Eglald station (1130 m a.s.1.) near the g]acie; snout. In an earlier paper
Schytt (1962) states that present temperatures (since 1946) would have to fall

PLE PN . . . . . . . . :
by 1.,27C to bring -the glacier into equilibrium with its present accumulation
and mass distribution. '~ -

o~

~ : >
in Figures }1.4 and 11.5the mean ".pecific nét balance and summer balance re~

1

- 4 . \

spectively Pré ploLted'against\ngmer (June—-August) mean temperature at the Tar-
fala statign for the balance yeagz\T946/47 to 1965/66. The data are taken from

Schytt (19 7, Table 1). ~The corresponding regression *equations for the net bg:
.

lance bn Jgud summer balance bs'are: . ’ .
[l < ~ !
/o
- ‘ -
Al
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cotrelation coefficients.

, The gradient of net balance with respect to temperature is -50.8 cm H,0 °c

£ :,/
<\ \ "‘
J ’
e 95
n , : R
. . ° o
b = 251.5--50.5T R=0.90 | N=20 (11.6)
° n ¢
and ~ L R >
i Ax
bs = 74,0 - 42,7 T " R=-0.92/ N =20 C(1L.7)
i . * \
with cogresponding R.M.S. errors,of ¥32 cm H,0 and +24 cm H,0 respectivel&. ¢
Comparison of the two eouations is interesting fdt several reasons: the differ-

ence in intercept, close similarity of the

the d1fference in slope and the

£

If T is 0°C, the neb batance b would be +252 cm HZO
and the summer balance would be +74 cm H20 according to the regressiagn equatlons.
The discrepancy would be +177 cm H,0 compared to the known 20-year mean accumu-

lation of 132 ¢m HZO However, the - accumulatlon is also correlated with tempet-

éture._ The effect of this can be'assessed using Equatlon (A8 4) from Appendix

8: ’ \ ) .
v /s s, o .
=-—~ R{c,T) --§~ R(a T) , (A8.4)
- b b+ ’ o

. R(byT)

Substitution of the ¢§!ious statistics relating to Storglacifren gives:

t

~0:90 = 0.54(~0.26) -°0,83(0.92) (11.8)

g

If accumulation and temperature were independent, everything else remaining
equal, the correlation between net balance and temperature would be reduced to
1

-0.83 x 6.92 = -0. 76 Accordingly, the high correlation of net balance with

temperature reflects not only the high correlation of ablation with. temperature

but also the, weak dependence of accumulatr"“qn temperature, Presumably the

latter will be related to a weak association' of "cool" summers with "wet" summ-
ers and the inflience of tempdrature in determining whether precipitation falls .
as snow or as rain.
7

-1

compared to =42.7 cm H,0 oc -1 for summer balaqce. .The gradient of accumulation
with respect to temperature is, in th1s case, ~7.8 cm Hzo o¢™l which accounts

exact1y~for the dlscrepancy._ ’
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noble (Lliboutry, 1974). : yd

%
" Martin (1974) has reported results of a multiple regression analysis of 16- - 1

/ , 9% o« ‘
An attempt was made to compute total (volumetric) summer ablation on Storgla-

cidren using a Fimilar method as for White Glacier. Details of the computing

scheme are given in Appendix 6: temperature data from Tarfala station (Schytt, .
1967, Table f)lwere used as inputydata. The calculation was repeated several
times assuming different temperature lapse rates and different cooling effects,
.t in all®cases the relationship between specific ablation and local tempera-
tu{e was asseaed to be given by either Equation (10.1) or' (10.2). Results for -

six runs of the computation are given in Table 11.2 'where E and SE arexihe 20—

\\
means and standard devidtions of the errors between computed ablation “Ehl
tl “

and obseRved ablation Aob' A priorl the basic assumptions of Model No 4 are

most reasoanle, e, Class 2 or Valley Glacier cooling effect and a vertical

¥

temperature gradient of 9C per 100 m, and agreeﬁént between A al and A ob

is, in fact, best’in this case. ed and computed ablations’ A ob and Acap
6 from which it can be seen

and A

corresponding to Model.4 are plotred in Flgu
that agreement is quitevgood. The 2Q-year average error

is 0.07 x 106 w

cal ob

H20 which eorresponds to a mean error of +1,3 Z.

ance of the error is 18.4 % of the variance of Aob' However, from Figure tljg\f\\\\\\ﬁ

there appears fo b some bias with under- (over-) estimation of AOb by Acal

for warm (cool) -summers.

From these results 1t can be concluded that not onlyw;s/fﬂekmass balance of

T

Storglac1aren controlled by temperature, as already pointed out by Schytt (1967),

but that the mechani of this control is quantitatively very similar to that

- -

of White Glacier. ) : ’ ;

vi) Glacier de Sarennes and Glacier de Saint-Sorlin, French Alps .

i
<
o

Glacier de Sarennes and Glacier de Saint-Sorlin are two small glaciers (ca
1 km ) in the Massif des Crandes Rousses, French Alps, Mass iflance data from

Glac1er de Sarennes haveubeen collected 51nce 1948/49 by\gbe Service des Eaux

°

et Foréts (Kasser, 1967) whilst mass balapnce measurements on Glacier de Sglnt—

Sorlin have been made since 1956/57 by the Laboratoire de Glaciologie in Gre-

" . %

;ear (1956/57 to 1971/72) mean specific net balance data from these two gle;
. 5 . P

ot h e vy~ e
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N hY
~Liers using summer (May-August) mean temperature and- annual (September-August)
totdtwprecipitalibn at nearby climatological stations, at Chazelet {1780 m

~ duosell) and~Village de Saint-Sorlin (1550 m a,s.l.) respectively, as independ-

“ .ent viriables. 1t is not necessary to give full details Were as Martim (1974)

_prescnts o full discussion. The regression equations he obtained were as foll-
~

N N
ows ™~

Glacier de Sarennes ’ \\\\\\\ -
4

3
t

. ) b ' = 0,213 - 56,77 ﬁ\\\o 94 N = 16
o - . ’ ) ) \\<

. AN
) ., Glacier de Saint-Sorlin

" oS -

L \ b ' = 0.227P" - 511" R =0.86 N =1 (11.10) o
. / Pt -
i‘ wherL P 1is the annual prec1p1tat10n in o HZO and the prime \denotes dev1ap;on

from thc 16- yLar means.‘~From\data pren by Martin (1974, Tables 5g 6) the

R.M.S. errors for the two equatlons were computed td be + 31 and + 21 Gﬁ\H

e * Ky

. \
The cluse similarity of\

(11.9)

~

[N

the two equations is notewort!y. The graaient of the~\\<?

0 —1 . _ \\
0 “C for Glacier de Sa ~

4 »
<

net balance with respecthto temperature is =57 cm H,

\\\\\\\\\‘\\\\\0 rones and 0 Cm/ﬂzo OCrl for Glacier de Saint-Sorlin. These\are larger than ~ %

, o
From data given by Martin (197

< equations were computed:
/ K\
’ Glacier de Sarennes L :
o ‘ & '
-~ b ' =-62.9T" ! R = ~0,62
s, ! 1 .
7 Glacier de Saint-Sorlin &
b ' = -55.7T' \R = -0.54 N = 16 DT (1
Two things are worthy of notie: firstly the relatively }ow correlation coeffi-
1 @ . [ v
" ‘ cients and secondly the incréase in gradient of the nek balance with respect S
{ . . . . . ) Lo . ¥
to temperature in comparison |to those for the multiple regression models. For
; Y B ‘\‘ \ ‘ R
! f
o » : ' ' " |
3 ¢ ‘
x d
PR e <
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vii) Hintereisferner .and Kes

and on Kesselwandferner since 1957/58 by the Institu

" with climatic elements is given by Hoinkes and Rudglph (1962), Hoinkes et al

‘mean temperatures in Vent exceed 3°C; theyjprevail over the whole drainagJ ba-

/ - 98 : / -
f / o -
\ ’ i

example, Ln the case of Glacler de Sarennes: temperature alone only explains

38 % of Sbe variapce pf b whilst temperature and precipitation together ex-
plaln 88/2, in the first dase the slope of bn with ' respect /to T is =57 cm

HZO OC-lrwhils; in the sekond qggz it is =63 cm Héo Oc-1, Scatter.diagrams

" ‘are - given in Figures 11.7\and 11,8, / /

lwandferneg,/ﬁhstrian Aljé

!
Mass balance measurements have heen made op Hintgreisferner since 1952/53
s fiir Meteorologie und Ge
physik der Universitit Innsbruck. The Hintereisferger mass\balance programme
i

is discussed by Hoinkes (1970). More detailed discpssion of the relationshi

(1968) and Hoinkes and Steinacker (1975).

- o

The aﬁpvﬁach taken by Hoinkes and his co—workgrs tT the problem of relating/ the

mass balance of Hlnterelsferner to temperature and prec1p1tat10n at a nearby

weather statlon (station Vent at 1900 m a.s.l.) is|rather comp11cated to de-

scribe, but Hoinkes and Steinacker (1975) can be quoted ‘as follows:
- N Q I

"In an earlier contribution to simple glacio-meteorclogy (Hoinkes et al 1968)

tion,on Hintereisferner. Taking as average a lapse rate of -0.6°C/100 , let-
ing conditions at the terminus of Hintereisferner/ (2400 m) commence when daily
erature was reduced from Vent
to the terminus of Hintereisferner by subtra¢ting 3°C, and cumulative positive
. e
Precipitation falling at Vent with air ehaprat re below 3°C was considered 'as
fresh snow on the whole glacier. As a thréshold for precipitation 3 mm|was

To

! .
¢ degree-days were considered nece-

melt this amount of fresh smow two po iti”

¢ Lf degree-days was obtained /which is

t was shown that the TS?EO) sum at ™

’

at Ventw/ In this way a gumulative c

\
called the TS curve. In two recent

— .,lr'

e

!
?s
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Vent could also be used to estimate the mean specific mass balance of Hinfer—

B

eisterner for the budget years following 1962/63. The connection was clearly
bettbr than with the sup of positive degree-days without considefggg the retar-

dation of 1ce melt by falls of fresh snow (Hoinkes, 1970, 1971)." .

Hoinkes and St ihéc&pg (1975; p.145) proceed to apply the concept to the whole
observation period 1952/53 to 1968/69. They state that the correlation of mean
specific net balance with the sum of positive degree-days reduced to an elev;t-
ton ot 2400 m is -0,72, Taking account og the heat neceséary to melt fresh

snow, 1,e. using TS(JO), improves the correlation to<R = ~0,76. They introduce

‘turther corrections for the effect of fresh snow only on the higher parts of the

glacrer (R = ~0,81), for the amount of winter snowfall at Vent (R = -0.85) and

*

tor the variation itu length of the ablation season with altitude (R = -0.91).

.

It Qould certainly seem that there is good evidence that the mass balanke of
Hintereisferner can be expressed in terms of precipitation and temperature at
the ncarb§ weather station ,Vent.. The appE?ach is. in an interesting contrast
to that of Martin (1974). There is a problem, however: the late Professor

Hoinkes was a leading exponent of the dominant role of radiation in controlling

glacier variations, and his great success with.the approach described here
would weem to deny this role. This problem is discussed in detail in Appendix
9, '

-

From the data given by Hoinkes and Steinacker (1975, Table 1) the R,M.S. error

corresponding to the final correlation of' ~0.91 ig calculated to be +22 cm H,0
/

. . . - -1 . '
and the slope of thleegress1on equation is 0.51 em H,0 °c 1 dy . This con-

trasts with the figufe of 0.63 cm Hy0 °C"! dy ™" which was deduced for the

u
White Glacier. It 4; noteworthy that Hoinkes assumes a figure of 0,25 cm H,0
o -1 -1 RN
C  dy for'pure snowmelt.

.

For compariéon of Hintereisferner with other situations a multiple regressiom
dnulysi§ was carried out whereby the mean specific net balance was regressed on
summer (May-September) mean tem%eratures at station Vent and on annual (October-
September) precipitation (in mm H,0) at Vent. A similar regression was carried
out for the mass,balance of the Kesselwafdferner which is immediately adjacent

to Hinterei..crner., The 2l-year (1952/53 to 1972/73) Hintereisferner and 16-

¢

vy . “

]

2
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year (1957/58 to 1972/73) Kesselwandferner series were taken from Kasser (1967

{ and 1973) and from Kuhn (1976). Climatological data from Vent up to 1967/68
" are reported by Hoinkes (1970, p.8l) and later data were kindly made available
by Dr M. Kuhn of Innsbruck)(personal communication, 1976). The regression
equations were as follows: ) ’
Hintereisferner .
\ ’ - )
b '=0.292P" - 41,2T' R= 0.83 ~N=21 (11.13)
n
Kesselwandferner - ,
: bn' = 0.281p' - 29.5T' R = 0.85 N =16 (11.14)
: where the prime ' denotes deviatidps from the 2l-year and 16-year means respect=
i ively. ‘
L | . ]
Corresponding R.M.S. errors-are + 29 cm Hy0 and ¥ 24 cm HZO respectively.
i , .
Some further details of the statistics are given in Table 11,4, but it should be
' mentioned that there is a relatively strong correlation between‘T' and P'. The
corresponding simple regression equations were: ’
. Hintereisferner . I \ ‘ /
‘ b '=-62.17" R=-0.71 N =21 ’ (11.15)
R . . '
i J - Kesselwandferner
k . b ' =-48.91" R =-0.69 N =16 - (11.16)
S B " ‘ '
|

‘ . . These relationships are illustrated in Figures 11.9 and 11/10. Noteworthy i3

j the consistently lower gradient of Kesselwandferner mass balance with respect

upon ‘the model in f'\ppendix 7 indicates that this may be due to the fact that

%
\} : to temperature compared to that of Hintereisferner. A rough calculation based
| ]
- - ‘- 3 - »
, the main mass of Kesselwandferner is higher lying; and subject to lower temper-
| . -
|

atures, than the main mass of Hintereisferner. ’

l viii) Aletschgletscher, Silvrettagletscher; Limmerngletscher ‘and Griesgletscher,
T g T

Swiss Alps

.

( i . Long—term mass balance measurements are carried out on four glaciers in

eI

.
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=~ Switzerland by the Versuchsanstalt fiir Wasserbau, Hydrologie und Glaziologie

(VAW) of the Eidgenbssische Technische Hochschule (ETH) Ziirich.

In the present study the following mass balance series were analysed: a 27-year
. -~

series (1938/39 to 1964/65) from Aletschgletscher, a l4-year series (1960/61 to
1973/74) [rom Silvrettagletscher, a’20-year series (1954/55 to 1973/74) from

\ Linmerngletscher and a 13-year series (1961/62 to 1973/74) from Grlesgletskler

\

\Sources of data were Kasser (1967 and 1973) and Kasser & Aellen (1973, 1974 and
|

\ 1975). The Silvrettagletsclier, Limmerngletscher and Griesgletscher series are

based upon direct, i.e. ablation stake, measurement whilst the Aletschgletscher

series is based upon hydrological data from the Massaboden limnograph station

and is\.described (perhaps unfairly) as being of "uncertain reliability" by

é v
Sugden \and John (1976, p.103). . . =

M

Regression moﬁels were computed for the glacier mean specific balancei/in terms
of summe
precipitation at nearby weather statious. The weather station records which
were used\were Jungfraujoch (Sphinx) at}3576 m a.s.l. for Aletschgletscher,
Wcissfluhjbpnlat 2667 m a.s.l. for Silyr ttagletscher; and Gitsch ob Andermatt

J v
at 2284 m a.s.1. for Limmerngletscher and rlesgletscher Monthly mean temper-

ature and monthly total precipitation for “the statlons were extracted from

4&?e station records published annually in “Annalen der Schweizerischen Meteoro~"
loyischen Zentralanstalt” except for precipitation which is not observed at
‘Jungfraujoch. In this case the corrected annuél (1 October to 30 Sepiember)
total prec1p1tat10n from the Aletschwald totallzer (2040 n a.s. 1 ) was used.

The records of mass balance analysed for Aletschglet&cher and lemerngletscher
did not comprise the full available records as the initiation of mass palance
measurements actually predated the establishment of the relevant weather stat-—
ions (i.e. Jungfraujoch and Glitsch ob Andermdatt). In addition, the method of

computing the mass balance for Aletschgletscher was changed in 1965 by use of’

hydrological data from the newly established Blatten bei Naters limnograph

li

station.

’ \ N -~

Multlple regression equations w1th-summer mean temperature and annual ptec1p1—

-

tation as independent variables were as follows:

(May-Septembef) mean temperature and annual (October—September) total ,
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' ) Aletsc}xgletsck;ef | ' - -
* * b = 2.264P' - 65,71 R = O.é9 . N'="27 (11.17)
§i1vrettdg}etscdcr '
¢ o . by =0.257P' - 57.7T R=0.91 N=14 (11.18)
'l Eimmerﬂg%ctscher ' ) ’
> s
b’ =0.127P' - 57.5T' R =10.83 N T (11,19)
\ Griesgletscher
b ' = 0.0680" - : N =13 (11.20)
’ where the prime ' denotes deviation from the.long-term means. =
it B Comparison oﬁ_the differenLnsituatiéns is knteresting. In all case% more than

50 % of the variance is explained and the gradients of 'mass balance with respect-

to temperature are fairly consistent from one situation to another unlike the

gradients of, mass balance with respect to precipitation.

o Simple regression equations involving temperature alone were as follows: ~
v - .

. Aletschgletscher
¢ ‘ b '=-87.31"  R=-0.74 N - 27 (11.21)+
. ,( Silvrettagletscher
b ' =-77.7T'  R.=-0.68 N =-l4 (11.22)
kuiI&mernglepscher‘ \ - “ )
b ' = -69.17" R = ‘-0.75” N = 20 - (11.23),
Griesgletgcher
o ) Q . b 't=-63.4T' R =-0.72 N-= '13: (11.24)
i / These relatiopships a}e’illgstrated in Figures 11.11 to 11.14.
} o L / The’gradients‘of mass balance with résPect to temperature in the s%gple re-
z ) \ gression equations (11.21) to (11.24) are steeper than in the multiple re-
§ (lf gression equations (11.17) to (11.20). This is similar to\the Other situat-

\
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‘ 2
+ discharge at Massaboden-basin area 202 km
s
~— computed ablatidn Aletschgletscher-area 130 km';l
: 195 km

-
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‘Fig 11.15: Observed Monthly Mean Discharge at Massaboden Versus Mon-' . -

5

¥

thly Mean Tefxerature at Jungfraujoch. The Two Curves Rep-

resent the Discharge "Computedu as a Function of the Temper-

ature at Jungfraujoch for the Area of Aletschgletscher

sand for the Area of the Basin Respectively.
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1ons and is, presumably, related to interactions between temperature and pjjjq— ,
.o ‘ : pitation and between temperature and accumulation. ‘Further statistivdl intor- ~,fv
. ‘mation is given in Table 11.h. ; ¥ C - iu

The slope of the equation foryAletschgletscher seems rather steep. ‘This might i

be ‘becausd the temperature atsJungfraujnch is alreddy influenced by the cooling

N

effect of Alétschglétscher whilst the other statioms, i.é. Welssfluhjoch and
Giitsch ob Andermatt, are uninfluenced by the cooling effeat-of thelr glaCLers_ii
1f it is assumed tﬁat the cooling effect of Aletschgletscher at Jurgfraujoch . } -

. the same as for Whlte Glacier, the gradlent Sf -87.3 cm H,0 °¢7! in (11.21) may

2
_ be scaled-with-a factor of 0. 83 for comparison with-the other situations. This

‘ ] 3

would give an adjusted gxggient of -72.5 cm H20 % -1 compared to the average
[ 5 /

N b » 13 v o
- o gradient for the other® three situations of =70.1 cp H2O o 1 which is with re-
«i’ X ##spect to temperature variations in the Yarge-scale atmosphere. This agreement
. i ..
. . is .so close that the explanation might perhaps, be considered as correct. f
- v - N L \f‘\/
’ S * _ Kasser (1967 Table 23) presents m0nth1y run-off. data ‘measured at the Massabodén v

-1
.1. below the Aletschgletscher for the 60- month

!

ilmnobnaph statlon at 687 m a.
r 1964. . These data are plotted against fhg corre- °
sponding monthly hean t beraturés at the Jungftaujoc% station at 3580 m a.s.l..

As Aletschgletscher overs 64 Z,éf the drainage basin for Massabodenf&r;ttempt

" was'made' to compute monthly total ablation expressed in units of',m3 H,0 s_l,
{ - for the glacier using monthly mean temperature at Jungfraujoch. For the compu-

tation a gémperature lapse fate of -0.6°C/100 m was assumed so that monthly

o L mean temperatures coéuld be computed for each 100 m altitude inverval on the gla-
cie¥. These’ were converted 1nto monthly degree days using the model g;ven in

Table 10.1 and ~<suming a monfh}y standard deviation of 3°C. Specific ablatxon

~ was computed for each 100 m altltudeﬁpntervaf by assuming 0.63 cm Hy0 o1 dy

v and tOLal ablation was computed by area~weighting tphe specific ablation. Acc~
}_%>”‘ . 1 ording to Kasser (1767, Table 15 ‘parts 2 and 4) the glacier area is 130 km2, , .
! aud the basin area is 195 km2 " Total ablation was computed from sgecific abla-

tion for both areas as glac1en—free ‘areas will contribute melt-wate from snow-
melt for some morths. The two d1fferent estimates of total ablation| are plotted
in figure 11.15: all things being equal, the correct value should Yié between
L, 4. the two curvesl"tbvergll, the agreement of the observed discharée with the com—

a ° {

3 . N \ ;
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puted discharge curves is quite fair, anomalously large discharges could be due
- to contributions from precipitation. Figure 11.15 does illustrate the non-

L0 ! ,

linearity of the relationship batween total ablation and air temperature at one

Sitéluu a month-to-month basis.

}xY—Summarz . ' -
; - / 4 ' ’ :

In all twelve cases examined Lhere are significant (at 5 Z level) correlat-
ions between mean specific n¢t bwulance and air temperature at weather statigns

situated ;ome distance from the glacier (101 to 102 km scale).

A

Summary statistics for the corregponding simple regression models are given in
Table 11.3 & Figure 11.16 where K is the parameter iinking net balance to

summer mean temperature, SK is its sampllng standard dev1at10n, bT is the co-
efficient of correlatlon between net’balance and temperature, N is the number

of , urs of record and M.1s the assumed length of summer in months. In all

cases summer temperature' refers to temperature 1n the large—scale atmosphere,

7

- i.e. not adjusted for glacier cooling ebfect. Aletschgletscher is possibly the _
\excep L&Oﬂ. f‘:l’% l‘
\ v

There are several anomalles in Table 11.3 and- F1gure1lf§16 which have alré%d?

been dlscussed in the prev1ous sections, e.g. the 10& K value for Devon Ice.Cap,

»

the high K value for Aletschgletscher and the dlscrepapcy between K values/for

1 s

. . : o ! . i
. Hintereisferner and Kesselwandfetrner.

fhe increa;e of K with the length of summer M is not:as marked as mighuohave
Heen expected. For Storglaciiren with a 3-month sum&er is =51 cm H,0 oC-l,
the average K value for the two French glaciers is -60 c Hzo 9C_1 whiis“ the
J erage of K for the six situations with 5-month summers. is -68 cm HZO‘OCT1

Although these differences could be fortu1tous and more cases would be needed

Y

tpldraw definitive conc1u51ons, it is suggested that thesg dlfferencesiare real.
It |appears that the response of mass balangce to temperature changes of arctic
g c1ers is smaller, i{.e. lower K, than the’ response of Alpine glaciers on acc-

( ount of the shorter summer. °

It is certainlj'not €laimed that temperature is the only element responsible

for\variations in mass hagsnce. In fact, in four out of the twelve cases term~
b . ! 4

g perdature "explains" less:than 50 % of the variance of the mdss balance, i.e.
X
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g Glacier =  Period N M K S R A t

J K bT AN
. .
. : Meighen Ice Cap }?6¥-71 11 N 737 7 -0.81
‘ bevon Ice Cap 196174 12% =3 o ¥3 ~0.76
"« .+ Decade Glacier | 1966-69 4 3 (40)8 © (+.6)§  (-0.98)§
~ Storglacidrer; 1947-66 20 3 -51 e —0.9’{)
Glacier de Saremnes 1957-72 16, 4  -63 21 ~6.62
oo Glacier de Saint-Sorlin 1957-72 16 4 . =56 +13 . 20.54
- Hintereisferner 1953-73 21 S -62 _  *14 . T o )
. Kesselugndferner 1958-73 16 5 =49 _  ¥19 ..  -0.68 .
' Alets:'c%g:le/tsgher 1939-65 27 5 87 6 o
Silvrettagletscher - 1961-74 14 5 -78 +24 ~0.68 T
% . Limperngletscher  ~ 1955-74 20 5 =69 13 -0.75
' ‘ Griesgletscher ' 1962-74 13 5 “-63 +21 =072 |
‘ o 1%\ e - I - \
E’ % data for bayance years 1967/68 and 1968/69 missing . . :
i ’ . § N.B. sample size is very small l ,
', . ' . , R
'i “ . Table 11.3: ‘Summary Statistics for L'}near Regression Model Relating
! - ‘Mean Specific Net Balance for 12 Glaciers to Summer Mean .
E : . - Temperature. N Es‘Number of Years of Record, MMs’ the ~jf; ’
i ' \\\\:Assumed Leugth of Summer in' Months, K is the Gradient o{ ~. "
} . - Net Balance with Respect to Temggraturg in .cm Hy0 OC-l,
E S S, is the Sampling Standard Deviation of K, and Ryp i
% i \ the Correlation Coefficient for Net ﬁglance and Summer
Lh Tu ; } . ’ ) \Temgerature.i .\v -~
. : ' . . |
\ LN $ . e ' \&&N___\*rmm
\ .

)
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RbT is less than -0.71. For~the eight Alpine situations it is possible Lo Qbu:
. : / AN

dy’ the add&tional effect of prTcip' ation variations on the mass balance. In N\

¥ ~

Table 11.4 information (B, C and Rm) relating to the multipie regression equa-

.

tions, involving temperature and precipitatiez;)hre repeated togféi;ilyijjrthc

3 . ‘. ..‘ - f
correlation coefficients RbT’ RbP and RTP' It éanabe seen that 1 ive out o

the eight cases the correlation\between mass bdlance and precipitation Ry, is’

e slightly beFter than)the'correl tion between mass balance and temggrature RbT

‘ . although most of these differeéndes are not statistically significant ( 5 7 le-

N ) -’J - v .
vel). In most cases there are mpderate correlations hetween precipitation and

temperature Ry, so that; for example, the- temperature carries some information
about precipitation variations. \This will be one reason why the B paramcters

" in Table 11.4 are not identical tb the K parameters in Table 11.3.

1
L From komparison of Tables 11.3 and 11.4 it is clear that the introduction of b

N\ | v
annyal precipitation as an extra ipdependent variable leads to better "explana- \\V/)

tioh'" of the variances of the massl\balances. For example, the mean-square of

ce ;

Rh in Table 11.4 is 0.74 compared tio a mean-square of 0.47 for the Eé?reapundxug

RbT>values. On the other hand, the\cons%sténcy of the C parameters from one si-
tuation to another is ﬁgor'compared\to the consisteéncies of B and K. The co~
efficients of variabiiity for the ei&ﬁt situations are + 156 %y ¥ 25 Z)and
+ 18 % respectively for g, B and K. This’meansithat the repeatability of the-
( ) multiple regression madels, involving\temperature agd precipitation togethcr,'
is poorer“than that of the simple regriession models, involving temperature alone.
¢ . This 'could be the result of topographii effects whereby the relationship between
" the precipitation at a weather scation’pndlche accumulation on a glacier is,uni-

que to each station-glacier pair.

——— | i

N T TT—————
x) Conclusions e !

R R y — _

- . “ ! ; B N ;
) m \ ——— .}

: mean “specific net balance and summer

a émfxggthe glacier and, in particular, '’

—

. ' ' o
the relatively good consistenc t ‘parameter can be explained in
‘ T

terms of
; the results of previous chapters ay follows: ’ T :
/ ° | . ; - -

- |

o N
(a) Varlatlons\of summer specific Eblatjbp on\glaciers are partly con-

‘ / trolled by the local summer debrée-dag totyl which is in turn contralled by

* v ) “
. : ' N . ) . ,
- N i" 1+
. s AN Vo
« .
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Glacieg

Hintereisferner

Kesselwandfern

Aletschglets

Silvrettagletscher
P

Limmerné&etscheg

Griesgletscher

Table 11.4:

for M
-0.62 ¢u7§
-0.54 0.70
-0.71 ~0.72
-0.68 0.77
-0.74 0.72
-0.68 0.77
-0.75 0.57
-0.72 b.;o

-4

R
TP

-0.08
-0.06

-0.48

~-0.46""

-0.35
-0.27

" =0.27

-0.38

16
16

21
16

27

14 -

20
13

w

wmown o

| .

Statyétics for Multiple Regression Models Relating Ddvia-

tiohs of Mean Specific Net Balance (b_') to Deviatioﬁs of

Sdémer Temperaturé (T") ‘and Annual Précipitation i

1k

q/mifli—

metres (P').at Nearhy Weather Stations.

f
The Samplle, Size

is N, the Lengeh of Summer is M Months,

45# is the Aultiphe

Correlation CoeffiZZZHEj\and Ryrs Ryp_and RT” are

/Correl%—

_ - tion Coefficients Between the .SingléWariables. .

Model: b ' = B.T'
n

/

v
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Nor Seenerrmion

» Glacier) is somewhat lower than the variability for Alpine glaciers although

Iwandferner alread has a-

|
v 1 J
about 25 7 En 1964/65 to over 50 7 in ¥974/75 -(Kasser and Aellen, 1976, Fig 7) . i

106 ‘ ‘ :

the luFul'summvr medn temperature:

>

. \ .
(b) variations of local temperature over glaciers are related to the tempera-
ture variations in the large—écale atmosphere which are detected by weather

stations around the glaciér, i.e. uninfluenced by the-glacier.

. . . o
{(c) Variations of specific ablation on glaciers control the mean specific net *

N

balance of the glacier to a greater or lesser extent depending upon the

‘concurrent variations of accumulation. .

In Table 11.5 statistics relating to the mass balancés of the twelve glaciers

under "present" climate are given: th&mean and standard deviation of the net

PRt

balance, Eﬁ and S, over the N years of record together with the corresponding

b’
standard deviations of summer mean temperature Sp. The variability of mass ba- i

o

1‘

lance of Canadian arctic glaciers (Meighen Ice éap, Devon Iece Cap and Decade

. < .
the variability of temperature is greater. This is.consistent with the lower

»

K values. :

[S_—

Using "present" E; values together with the corresponding K values it is poss—
ible to esdmate the hypotheticel temperature change from "present" Eemperatures ]
which would‘be necessary to brlng ‘each glacier into equ111br;um with 1tq pres-—

ent mass dlStflbgL&dﬁ n.

is change is denoted by (Ip-Ty) in Table 11.6. The
necessary temper ture ‘chahges are very small, i.e..-19C or smaller (Kessel~
ive balaﬁce% This is interesting as some authors, ,
e.g. Hoinkes (1955 P- SOIY‘ have suggested that secular changes in’temperature .
of "only" ¥1°%C are insuf 1c1ent to explaln the alternations between ‘advance"
'e?:\$hat have been observed 51nce systematic ob- ° i
servations were started in the . i:%e\lazh century. : A .

, '

and "retreat". of Alpine g

There is, as a matter‘of Hﬁct, some evi

ence of a new glacier advance. For ex- o

i -
ample, }n Syitzerlaqd the percentage ofy glaciers in advance has risen from

which ‘has not been exceeded since The relationship between advance/

919/20

retreat and mass balance is, of course, a complex ome so-'that oge should not

.

I ' .
conclude that this advance is necessaril caused by lowering of summer temp—

'
eratures, see Pbsamentier 61977) However, on the basis of the present dnd]y—

915, the dthor suygests this as a possx ility, R
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N

§ mean|value not published

Tablewll.S:

|

&

|

lacier Period ,N S
n b T
Meighén Lce Cap 1961-71 11 ' ~16 em + 37 em + 1.1 °C
Devon Lce Cap “1961-74 12% -5 14 Y1
Decade Glacier 1966-69 4. -31 + 50 + 1.2
\ - . —
Storglaciaren 1947-66 20 - -49 + 74 - + 1.3
Glacier de Sarennes 1957-72 16  -41  + 63 ¥ 0.6
.~ Glacier de Saint=Sorlin  1957-72 16 -5 + 64 + 0.6
Hintereisferner 1953-73 21 =33 ¥ 53 Y0.6
_Kesselwandferner 1958-73 . 16 +3 + 45 ; + 0.6
Aletschgletscher ’ 1939-65 27 -39 4920 +0.8
Silvrettagletscher ' 1961-74 14  -17 + 86 +0.8
Limmerngletscher | 1955-74 27 -30 +69  +0.8
) ' A - ! -
Griesgletscher. | 1962-74 14 -22 + 67" +0.8
|
| ' ' ) L
° * data for balance years 1967/68 and 19§8/69 missing

\

Mass Balangk and Temperature Statistics Under "Present"

"Climate foJ

Y

12 Glaciers.

b

Deviation Jf Mean Specific Net Balance for a Periad of N
~T 3

L84

and S, are Mean and Standard
U

) Xears. Sy

is the Standard.Deviation of Summer Mea;\}e@p-

erature Ov

r the Same N,Year Period.

y

C

hamat f
'
f
[ ' N .

o
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i - N . -— .
Glacier bu K (T0 Tl)
N . —
, ’ o o
Meighen Ice Cap -16 wm ~27 cm C -0.6 C
.Devon Ice Cap -5 =10 -0.5
Decade Glacier -31 -40 -0.8
' " Storglacidren ~49 =51 -1.0 “
ty , -Glacier de Sarennes 241 -63 -C.7
\\\ Glacier de Saint-Sorlin - § 56 -
[ARY . . .
b Hintereisferner ~33 -62 , "0
. # '
Kesselwandferner +3 -49 +0.1 .
t Aletschgletscher -39 -87 _ =0.4
- . Silvrettagletscher -17 ~-78 -0.2
Limmerngletscher -30 —69 =0.4
Griesgletscher -22 -63 -0.5
/ o .
§ mean vdlue not publjished !
. S < ¢ - T e—
. —_—
( Table 11.6: Change of Tem crature (TO:II) from "Present””
‘ Temggrature\rl to’ Hypothetical Temperature TO’ }
Corresponding to Zero Mass Balance for 11 Gla-
- ciers. b is\"Present" Mass Balance in cm H,0
‘ N * and K is Gradgknt'of Mass Balance with Respect
; " ' -1
T to Temperature in cm H,0 °C"" for "Present"
. o Clacier, '
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CHAPTER 12 ~ ,

, ‘CONCLUDING REMARKS R

N N —

1) Usefulness of tﬁb\Present Study

[ —

— N ¢

3 e T . . -
Air temperature data from standard weathér—stations at some ‘distance frum
\ - \\,

TTre——
the glacier - up to several hundred kilometres - can be used to give information

abéttqair temperatutes over glaciers. In the context of the White Glacier this -
means that gaps 4n Lhé observed records of lodal temperatute - of lengths ot «
few days to whole summers - can.be f1lled with reasonably accurate computed ten-
: ’ " perature. This has obvious utility becaus® the collection of temperature data
for even part of a suguner involves heavy investment in terms of money, man-power
i and logistics. S '

¢

L

It 1s concluded that variatlons ot air temperature are generally a, better meas-
t

ure of short term ablation variations than are variations of net radlatlon

P

Thls is a useful result because air temperature is simply and cheaply measured

in comparxsgt to net radlatlon whose measurement requires great care.
: , ‘Summer ablation and annual mass balance of many glaciers can be estimatéd
. using tem;erature data, from the standard climatological network.j‘%hig is useful
5 o because thete are few meteorological records {rom glaciers whose mass balance,

{ ru;—off or tongue activity are reasonably well known. As emphasig has been plax
ced upon obtaining repeatable models, -the year-to-year errors in such models

w%ll tend to compensate on the‘secular time-scile. -
, >
The problem of explaining or predicting glacier flugﬁgﬂt&Gﬂg should, according =

e
to the above, reduce to the problem o6f explaining or predicting climate as, it ag
! S
defined on the scale of resolution represented by the existing network. Thqz
formulation of rhe problem is useful as it allows' one to make further study by

analysis of the/relatively long records from permanent stations rather than the

¢ ¥
. . short, and typically discontinuous, reco%gs from temporary weather st%&?ons on
~ a
glaciers. N
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. ii1) Limitations of the Present Study

§

Some remarks ‘should be made about several interesting problems which the

r

present study has either failed to solve or not attempted.
N |

R ‘ a) No“-attempt has been made to "explain'" the general climate or its fluctuat-
ions: it has simply b%en taken as defined by the data at the various perm-

anent weather stations such as Eureka, Isachsen, etc. Such explanation is

.

beyond the scope’of the present study and can, in fact, be treated as a

separate“non-glécioLogical prob]eﬂ using accepted climatological techniques.

. . ) . .
b) The sampling units for the statistical anélyses are ‘periods of record. It

\ "could be .claimed that sampling should be with respect to prevailing weather?’

A ) wype, i.e? that a synoptic climatological approach should be used. This
[ ‘hypothesis shbuld}be criticab&y tested in the fhEure although it might~bé
) 1 problematic becaus? one would either have to-analyse smailer samples than
are analysed in th% present study or less homogeneous ones. In any case, a
, weather type approahh’could not dvoid the wuse of statistics or the problems

4

of inference. ’ - '

,

c)

Although least-squares methods have been used irmsthe statistical analyses,

i T s A AT s
IR 3

| upon mere reduction of variance. From the various quoted results it is

{ ‘ . clear that all the models cohld, in pr1nc1ple, be_improved wlth respect to

¥ ;
. further reduction of unexplained variance by the introduction of new inde-

“hJ pendent variables. However, this §hou1d not be done at the cost of poorer

repeatability of tHe models. ) »

d) The results presented in Chapters 4 & S are a little unsatisfactory as the
. queétibn of time and spatial variability of the parameters, for example th?
H - . * transition between unglacierized and' éfacierized env%ronments or between f
‘ ' winter and summer situations, is not solved) computed parameters are simply

' : classified with respect to several simple classes. Furthermore, it is still

not entirely clear how a particular location can be assigned to a particular
class on an a priori basis. Numerical simulation combined with carefully

planned field experiments would be necessary' to study these problems.

[
W4

.

art
e

3 -

uuuuu

~ more importance has been ‘placed upon obtalnlgg repeatable models rather than o




g)

-

.~ vals 'must be interpreted cautiously, ' )

From dnalyses of short~term energy-balance data in Chapteré 7 &3 1t a1y
suggested that ablation is poorly related to net radiation because the
latter 1s, in most cases, not sufficiently variable. This colclusion
should not be extended to the question of longer-term, e.g. annual, ydria;
tions of ablation because the relevant statistics are not known. Further-

N

more, the short-term energy-balance data are themselves somewhat unreliable

(particularly with respect to the long-wave radiation components which were

14
. |
éstimated using empirical formulae) so tﬁgt the conclusions could ‘be affec- f
H
!

ted by errors in the data. More field measurements with modern instruments

- .

are réquired fotr complete resolution of the problem.

\

The parametric gpproach implemented in the présenL study does not appear to

be suitable for modelling proecsses involving precipitation, particularly

o

elation'of precipitation together dithaeffects_o% topography. The problem
of modelling glacier accumulation in terms of climate isAstill, therefore, .,

a major problem awaiting solution.

.

For glaciers in the Canadian Arctic,

the first requirement would be a denser precipitation station network.

. .

The statistical methods used in the study are admittedly primitive, e.g. the

o

ordinary least-squares method does not.take account of e{fects of possible
autocorrelation in the various time-series so that coﬁputeq confidence intq57//<’m7>‘

a4

L4 . ¢

A

accumulation. ThTs i1s probably due to the relétivély poor spatial autocorr- ‘

i

A

\,
'1
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would represent the best and most "physical' approach to.the problem.
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APPENDIX 1 \\ )
‘:’ 1) kY Y’ rd . 1
PHYSICAL MODELS OF THE THERMAL MODIFICAILON OF AIR BY GLACIERS" Co
< . . ot .
i) Introduction - T s C .

In principle the air temperature over a glaeier (or anywhere else) can be de-

. . . . . . . . N .
scribed by the first law of tpermodynamLcs in combination with other governing '

v

equations of the atmosphere (SMIC, 1971, p.105).- Solution of the equations

In prac-
tice, however, solution of the cquation is not easy: if the equations are at all
reaiistic they are too gpmplicated for analytical solution, and there will sel~
dom be enough detailed neteorological data from the glacier and'Lts near surr-

’

oundings to specify boundary conditions etc.

\ @ 0

An empirical approach to the problem of air temperatures over vlatiers is pro-

posed_in, the present work, The approach involves th¢ postulation of some sim-

ple equation relating the variables of interest. Un@pecified cdeffiqients in

i \

the equation are then evaluated by the\statisticaljhnalysis of data. The ass-—

of the "validity" of the approach can, to Some extent, be made by an

essmen
examination of the computed statistics, i.e. on an a posteriori basis, However, .

it is.also necessary to demonstrate, as far as it is possible, that the postur
lated eq&atign and assumptions do bear some 1ogica1A;e1ationship to the problem
at ha?d. This will bé.attempted in‘the prescut Appendix with the help of heu-.
ristig arguments. ‘ o . ’ -

'

Ju———

The models which will be discussed refer to the—following situation:

2 ~ t

A barcel of air is transported over-the glacier by the horizontal wind field

from the warm unglacierized surroundings. The aix parcel loses hiat to the.

2

cool glacier surface By turbulent heat exchange whilst gaining some heat from
overlying axr by the Ssame méchat\um. However, th.ie is a net heat loss, and
coql&ng of the éir‘parcel occurs.

. WA

ii) Simple Diffusion Model . T

% . , )
\ M °

L. . - e L .. . . C : .
For simplicity a flat semi-infinite glacier is considered with the horizon-

tal wind velacity perpendicular to the glatier edge. The steady state assumpt-
)

“

(Y




£ neglected in comparison to the advective derivative. For these simple, and ung
Ay ™ !s
Ry realistic, agsumptions the heat equations reduces to:
) \ . - }_ N ~
) wz) o7 _ 4 K@ T . (AL .
: ‘ S Ix dz . 4z S ;
’ where u(z) and K(z) respectively are the horizontal wind speed-and tprbulent ex~-
. - change coefficient at height z. FEven for this simple equition analy@ical solut-
N idn is hardly possible. A further drastic simplification can be made by assum-
ing that u and K.,are constant with respect to height:
- ~ * .
2 .
) ' udT = K U (A1l2)
’ P T “
’ ; ’ 4;{1 This is clearly unrealistic for the Prandtl Layer over a glaeler although it may
. wf
1 "< ' not be too bad for the Ekman Layer. However, Ohmura (1972) and Miller et al
. (1973) show that thermal modification of air by a "small" glaciet otcurs mainl}
in the Prandtl Layer. ) )
The bolundary conditions chosen for éolution of (Al.2) are appropriate for verti-
cally ell mlxed axr, with 1ﬁ{€1§1 1apse ﬁate c, advecting from a homogeneous
’ reglon with surface temperahere T? over a. flat semi-infinite glacier with a fixed
- surface temperature of T". The origin of the x—axis is chosen so that the gla-
& f“ ° .
) ‘ cier edge is at x = 0. The boundary conditions are: ¢ , :
’ ‘ : ' e N ‘ - . 7 i ’ - ° o \.
. ! k, )_ K X\( “0 z = 0 ‘T - Tl h .\ 1
' . x>0 2z = 0°T = T"° ” L.
, ! x¢ 0 z » 0 T = T'+ cz e .
The solutxon d (a1.2) with the given boundary conditions is: -« g .
a ('\ \ 9
‘ : ) T(x, z) I G 2 erfec (1{) + T' + oz (A1.3) *».
~ T ¢
P where = I,/ZV K"‘ and erfc is the Complementary Error FunctionfCarslaw and

R To112 ,

" -

ion is made, i.e. the local derivative of temperature with respect to time is

Jaeger, 1959 Appendlx I11). ~ '

‘o
A change of variable in (Al.3) can be made by puttlng T (z) =T' + cz and
THk (z) =

I3 . h °

Ta + cz which oaves‘ . }j
T(x,z) = erqu ) T (z) + erfc(?[) T**(z)

(Al.4)

c N ,
4] \ . N vt
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MClearly TI&(Z) is the initiﬁl state of the air at height z whilit Tx*(z) is the
final state of the air after complete "domestication" of the air by the cool
glacier surface. ghe solution T(x,z) at any point (x,z) i a linear combination
of the initial and final states. etf(m) varies from unit; outside of the éber-

mal influence of the glacier, i.e. x ¢ 0 or at large z, to zero at large' x or

small z whilst erfc(m )T**(z) varies from zero to T" at the glacier surface.
)

Equation (A1.4) shows. that the solution depends not only upon "location" ‘as re-
pregented by (x,2) but also upon ?weather” as represented by u and K. For the’
purposes of the present discussion (x,z)_.can be regarded as fixeg, i.e. the co-
ordinates of some weather station on the glacier, Howéver, T and Tpy must be

regarded -as functions of time t) e.g. they could be regarded as daily mean tem—
peratures for successive days. The wind speed and tuébulent exchange coeffi-

cient will varyufrom day to aay also. However, their véfiétiens\gil} probably

be reésgnably well represented by a stationary random process. As the ratio of

.u and X appear in (Al.4) ,as part of the argument of the error and complementary

error functions, it is suggested that their variations will met cause too big ‘an
error ifrneglected. This is based 5gon the fact that u and K tend to be positi-
vely correlated and; in any case, the error function is a relatively insensitive
function of its argument. The final state T** will also be a function of time
because the glacier surfice temperature wil]l be.a function of time (never more

than OOC, however). The equation (hl.A) can be replaced by:

T(x,2z,¢) = erf(n) Try(z,t) % erfo(n) T (z) + Ue(t)  (Al.5)

where the overbar  denotes "average value over the period of record", and,

e (t) ié an ugknown stochastic process, assumed stationary, with mean value qf
zero and vériance U2. Fluctuations of u, K and T** from their mean values for
the Eerio& of record are "absorbed" into the We (t) term. Equation (Al.S) is
useful if the latter term is small. Regression, analysis of "synthetic" data,

where T was gengrated from T according to (Al.4), supports (Al.5) as a rea-

IN
sonable approximation of (Al.4) with time—-dependent parameters.

?
.The purposé in diséussing the present model is heuristic: the model is not rea-
(A -

listic. 'In fact, Equation €Al.4) predicts stronger "domestication" than the

more realistic¢ model of .Ohmura (1972)Jfor similar values of u and K. This 1s

s




cause the model neglects the incfeasé of u and K with height so that supply N
of seesible heat to thé™>dr at height z fro% oven}yiqg air is uederestimated.
Ahothervunrealistic eature of (Al.4) . is negiect of variations of glacier sur-
C : *\\f7ace tem\pﬂerat‘ure in the - mwind direction. This may be realistic for high
) ~ symmer conditiens with i?i'it;i'ally very ‘warm'ad\aecting air, but under cooler .con-
' ' ditions it is possible t‘;t the glacier surface temperature can be 0°C near the
. y
glacier edge but cooler further down wind because of the reduced supply of sens-
ible heat flux. Once the surface tempervature is"below 0% it is free to adjust
itself according to the energy balance equation ang cun no longer be considered

.as independent of the temperature of the overlying air.

iii) Prandtl Layer Model . i

v

R ' Equation (Al. l) can be' solved with more reahstlc assumptions concernlng

- the height v,ar1at1ons.of u and K, e.z. a logarithmic increase of u and linear

.
— e

\ ) o o increase of K \in/ the Prandtl layer. The equation must, however, be solved nu-

‘ merically, see for examples Ohmura (1972) and Miiller et al (1973)., This is done
by representing the\lfferentLals as flnlté differences between values of the
varmus varlables at p\nnts in a two- d1mensxona1 grld with origin at the edge of

) the glacier. A finite- difference approx1mat10n of the left-hand side of Equa-

\tiop (Al.1) may be @ritten: - , & |
. . I

( \\ u a_:r —_ ) uhnguc,K— uck-rhk ) . (A1_6) 1

¢ Wl

dx J‘

-

. . /
whilst the right-hand side term may be written:

.- . }K 3——-: = *i'i Kt,w;lz,m _(‘ngn{f' K’i.lo:a)q:_k + Ki,k-'a_‘:x-l] (A1.7)
. z o

) where i and k denote values on i tb (horizontal) and k th (vertical) grid point
P Y
and d & h are respectively the horizontal and vertical grid spacings. Kx K+ %
3
and K, fok-% denote representative K values for the air layers between grid

. . . points. It can be shown that (Al.6) and (Al.7) are represented by an equatlon
of the form: “ f . !

' ) ‘ Tivne = %iok Tijk * ﬂl k Tiserl * Fie Tikel

(A1.8)

where e(l ko ﬁ ik and xi,k are suitably defined in terms of grid point value

i i of u and K. .
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rid points (i,k), (i,k+1) and (i,k-1) are already known. The solution

€

ature of the glacier and the fémperature along the top boundary of the solution
space which coalg}be elther the top of the)PrandE1 layer or bottom of the free
atmosphere. In p {nciple the finite—differeﬁce\approach can be extended to the
three dimensional aﬁqxnon-steady stdte problem and can take account of spatial
variation51of the glaéier surface temperature and any chosen variations of u and
K. 'If an additional equation is introduced to describe the energy balance of

the glacier surface it should also he possible to computé the glacier surface

temperature as part of the solution instead of prescribing it.

3

Theﬁe are, however, some practical objections to this approach. Forexample, it
is not possible to choose arbitrary values for the grid spacings d and h, they
must be chosen according to a Stability Criterion. Ohmura (1972) chose values

of 1 m for both d and h. A solution extending 1 km downwind and 40 m verti

would, in this case, require 41 000 grid points (of which 2 039 grj
would be used for the boundary conditions). The computation might have to be re-
peated every day for a whole summer. If time-dependénce was introduced into
Equation (Al.1}all grid-point values would have to be stored and the time-step
for integration would also have to be chosen according to a stability criterion.
It is suggested tbat the amdunt of computat%on involved makes the agproach im-
practical for. predictive purposes élthough it has very great value as.a diagno-
stic tool. Furthermore, the specificdtion of boundary conditions and suitable
values of wind speed etc wWould require observational data from ciose (1 km scale)

to thegglacier which is seldom the case. : ‘

i
/

For the purposes of the present discussion, it can be pointed out that the Equa-
tion (Al.8) is linear as long the chosen formulations for u and K uu ndt involve
temperature 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 bpundary conditions. The coefficients

in the linear combination will depend upon i and k with, presumably, proportion-

ally greater weighting on thecloser boundary. In particular, the precise loca-

e et s

,
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’tion of the upper boundary-will probably be irrelevant as long as:it is chosen
sufficiently high. As the solution proceeds in the downwind direction it should
become décreasingly‘dependent upon the upwind boundary condition and ipcqeasing*
ly dependént upon the surface boundary condition. From this point‘of view, the

Prandtl, layer and simple diffusion models are qualitatively similar.

iv) The Parametric Model

From the analyses of the previous sections, it is suggested that a plausible-

general model for T(x,z,t) is given by: )
“ @ ( ’
. T(x,z,t) = A(x,z) + B(x,z) TIN(z,t) + U(x,z) €(t) (Al1.9)
\\\;ﬁé{g T(x,z,t) 1s the temperature at some point (%,%) on the gkacier at time t,
é.g. daily mean air temperature at a glacier weather stagion,;TIN(z,t) is the
\equivafent-altitude temperature upwind of the glacier edge, A(x,z), B(x,z) and
U(x,2) are parameters which must be evaluated empirically, e.g: by leas£- quares
An

analysis of field data, and e(t) is an unknown stochastic process with zero

mean value and unit variance. . | v

The logical connection between 711.9) ‘and the results of the previous sections
is a weak one: the connection is based upon intuition and analogy. Accordingly,
Equation (Al:Q) is a hypothesis which must be tested! rather than a logically de-

i . duced statement of fact whose testing is hardly necelssary. The actual testing
b

of the hypothesis is outlined in Chapters '3 to 6.

'

4

The parameter A expresses uwinly the average effect lof the glacier surface tem—
perature whilst B parameterizes the average wind and| turbulence conditions.

. T
Fluctuations from average conditions are then lumped| into the U g(t) term which |,

1

can be regarded as an "error". The latter should be; small for (Al.9) to be a .

: useful parameterization. This is a characteristic of the parametric approach

whereby certain quantities are known to be variable but are treated as if they

were constant. . ‘ |

N

The main assumptions implicit in (A1.9) are: ( \} .

' Al . nV/. s

(a) Negligible heat storage in\the air on the daily time-scale in comparison to
‘the advective heat source and the coolinglof the air by turbulent heat flux

~

~ into the glacier .surface. ,
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(b) The dynamics of the_sgstem; e.g. wind speed and exchange coefficient, as
well as the glacier surface temperature play a relatively passive role in
transforming the air temperature. This is equivalent to saying that time .

variation 1n Try is the main source of variation in T at some fixed location.

Finally, a methodoiogical problem should be mentioned. The hypothesis, i.e.
Equation (Al.9), ?ight be tested and not found to be falsified. It might then
. be accepted as'"true",and might be "explainedf &gﬁgerms of the arguments advanced
in the present Aﬁpendix, i.e. in terms o% factogﬁjguch as advection$and turbu-o
lence. There may, however, be other }oéically possible mechanisms whose para-
meterization would also leaa to a hyéothesis in the form of Eguation (Al.9) so
“Nthat the "explanation" would not bd a unique one. This is an aspect of the

"process-response" problem but i;T;?dbably not a serious problem from the practi-

X, .
cal point_of view. R
t ~
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3

TWO%WAY ANALYSIS OF VARIANCE OF MONTHLY MEAN ERRURS FOR 1972 TEMPERATURES

P

\

The monthly mean temperatures at 10 Axel HelbLL' stations were computed from

the correspondékg monthly means 11‘ Uﬁlng the vprlous Class Models. This gives

’ the estimate Tq for each month and station. The corresponding observed temper=-
. : atyres are’ T and the Monthly Hean lrror E is given by, (T -T) The values of E )
for each month and station dre as follows ’ . \
) C
Station s ) May Jund July Adé Mean Standard Dvn
Fjord -0.3 0.0 -1.1 R.7 -0.5 0.5 3
‘ Base Camp 0.3 0.4 0.1 -0.3 0.1 '
E\\ Valley 1.2 0.3  -0.7  -0.1 0.2 V '
i ¢ Baby 0.2, <0.1 0.3  r.8 0.3 o
. Gordon's °.0 -0.7 0.5 -0.4 -0.7 i
E ) Ermine ’ -2.7 -1.2 0.2 -0.3 -1.0 ] ,
: Outwash Y32 0.4 T -1.0 0.3 0.6 T
L Lower:Ice 1.3, 0.9 0.1 =-0.4 0.5
Anniversary 1.2 0.3 0.2 -0.3 0.4 06/
( Moraine* (0.2)  (=0.6) (-1.3) - / J
. - \\ﬁ/,/N
( , Meaq . d 0.3 . ’D.O 0.2 -0.2 0.0 . 1.0 .
- ~pStandard Dvn | 1.8 0.6 0.6 0.4 ~ -
X . : x : )
* Moraine data not USedjiﬁufﬁgfzaﬁﬁﬁigzidd7because of missing August datai— — —-
) The means and standard deviations of the rows ma different from each other
bn account of "station effects" and the means an:’:?:>ﬂard deviations of thg“‘:'_“‘
- " columns may pe”giffgiéH?”Bn account of :time effect". JR purpose of the ana-. ]
“ lysis is to see if these differences are statistica y significant. The method """"" -
follows szig (1970, p.277). It‘is ¥ssumed that the 36 values in the table
’ corrjspond to\36 random varlables Eg thch are independent and normal and have s
. . the same (unknown) variance although thé means.may be different. The hypothe-
4 “ sis to be tested is that all the mean yalues are in fact the séme, i.e. that (
. (;x > the population means are all 0°c. " (

9 A I SR ¢ v Se
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j - G, ’ R
g . Source of Variations . ' DOV S0S . Mean Square N
t\ " i s
. Between Rows (Station Effect) 8 " 10.60 1.33
Between C8lumns (Time Effect) 3 ! 1.53 . 0.51 ;
e Deviatiods ‘ 2% 32.67 N 0.95
7 - 3
Total . 35’ 35.00
1 ” —_— » .
/A P . o
DOF = Degrees of Freedom $0S = Sum of Squares™
N f N ’ 3
The; ratio of mean square "station effect” to mean square deviation is vy which
o -
\ i@‘this case has the value 1.40. The ratio of .mean square "time offéct'" to
!
\ Bean square deviation is v, which in ghis case has the value 0.54,
} - .
.- ;The 5 7 significance level is chosen so that F(c;) has the value 0.95 for
A

' ’ ) (8,24) degrees of freedom at ¢y = 3.12. NOW'Vl is less than ¢y so there 1s no .

significant (5 % fference een stations. E(cz) has .the value 0.95
. P :

- N ) there 1s no 51gn1f1cant (57 level)difference betweeqﬁmonths In view of these
;: two findings the hypbthesxs that the mean values aré the same cannot be rejec—
| !' ted and the 36 values in’ the table are best regarded as ar1512§ randomly from a
- single population. However, the Qost guestionable assumption 1is probably that
( the variances are the same. ‘ o .

If it were asserted, the previous conclusion notwiﬁhétanding, that the mean

- ’ errg; Egy for the s th station and t th month could be described by a.linear
s . B .
—_— model of the form
r/‘ " — - ' o . *
;/ N ) : Est . X, +”ﬁu + G '
the variance of the error e ¢ would be 0.822. This would correspond to an
) error of about 67 7 of the variance -of E,. )

———

Despite the statistical flndlngs, the suspicion remains that the model perfor-

N'mance is relatively.poor fog May. Thls need not be surprising as the data
. - used for computing the various model paraméf‘fs*are.heaVLly b1ased ‘towards
LT _hlghjsuniﬁér‘sfguaj:;g:ggg_._~ For May the compfited mean témperature TP is, on av-

erage, 1.720‘E65 high for the group of four stations represented by Valley,

[

Outwash, Lower Ice and Anniversary, w@ilsé‘it is'2.0 to 2.7°C too low for

\ - ° ’

¢
i
(3
¢
'
v

'_;___Jﬂ—’ffor“(j#'A) degrees of freedom at ¢y = 8 b4. HNow vy is less than ¢) so that .
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Gordon's and Ermine. At the same time computed temperatures are quite Skcuraie

: for Fjord, Base Camp, MoFaine and quy. Thisg, pattern may well he fortuitous or

due to'spatial autocorrelation, but it could be ;peculated that it reflects-a

real pattern of enhanced cooling and heating effect characteri;tic of the pre- .-

melt season. According to this éxplanationaphe first four stations might be

"pool" extending down-glacier from Moraine into

under the influenée‘of a cold

. the Expedition River valley, possib%y constraiged by topography,lwhilst Gordon's
E * and Ermine stations lie within a "heat island" where- the underlying tundra is

alread§ heating the atmosphere although still covered with snow. It shguld be
*pointed out that this ﬁartigulér scenario could not be described by the model
- assumed for the two—wa; analysis of variance computation and ‘would not be de-

tected by it. .
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APPENDIX 3 \ _ ‘

STATTSTICAL PROPERTIES OF LNERCY/MASS BALANGE EQUATLONS.
¥ .

) In principle energy ot mass balance equations can be expressed in the form:

=N

Y(t) = X-,gm . ‘
‘ : Z, g (A3.1)

e
- 4

where Y(t) is the value of the balance at time t and Xl(c) to Xq(t) dre values

of the N sources an¢ sinks at time t. There is a convention that ‘sources 4are

L A +ive and sinks are -ive. If (A3.1) is regarded as representlng the energy ba-

lance equation then Y(t) would be the energy used to melt ice whilst X, (t). to

XN(t) would represent net radiation,sensible’ heat flux, latent heat flux, heat
* conducgionrinto ice and heat from precipitation ete (N = 5). If (A3.1) is re-

: < - i . ‘
] ‘ garded as representing the mass bal. nceyequation then Y(t) would be the annual

{ .
net‘baiance and_ Xl(t) to Xy(t) would represent accumulatlon and a

winter and summer balances etc (N =

~

1 to t =T), denoted by the overbar, would

.t

N . st
. ' ‘ YO = 2. X (0

(A3.2)
. Deviations from the mean, denoted by the ﬁrime, would be:
" ( i’ B iaN @ ' - -
1 Y(t)'= Z°Xi(t) "¢ i ’ (A3.3)
‘ e, ’ - .

For the assumption of stationarity the mean values will be independent of time

t whilst for non-stationary processes the mean values would have to be speci-
! “ I3 - 13
,fied as a function of time t.

- i
A .

‘| .
| ‘ o : - Coe
)- ", . Multiplicatiop of (A3.3) by the deviation of the j th sink/source followed by
\ c e ‘ averaging over the period of length T gives an expression involving covariamces
»{ ) _ ! v T veN
P e—— e COV(Y,Xy) = Z Cov(X; X4) - (A3.4)
- . . T e - Y ) .
e where '
°, ' k teT ' =
(- o - O AODY ’
S Yl . = 3 1
. o COV(Y,X;) | - Gt (A3.5)
! 'l

e S e st s

v & wrevatiwl

e



&
.

.
e ‘ s - =
. &

Recall that the product moment correlation coefficient between Y and)%q dZno*
ted by R(Y,Xj)/is’simply the covariance COV(Y,Xj) divided by the standard de-

viations of Y and Xj for the periro. of length T. It can be shown that:
v

LN
ROGK) = g E:'sig(xi,xi) (A3.6)

e

[>RES

s
B

where § is the standard deviation of Y and Si is,the standard deviation of X..
The index j can take values from 1 to N so that (A3.6) represents the j th

equation in a system of\N equations. The correlation coefficient R(Xi,xj) re-
presents the interaction or cqupling betweenfi th and j &g’sourcgs/sinksu_ In
the case of mutually independent.sourcesEV%inEs (orthogonality assqpption) the

v

correlation coefficlents take the values:

R(Xi’xj) 1.0 fori=j

0.0 fori# j ’ (A3.7)

i

\
In this particularly simple case (A3.6) gives:

R(Y,Xj) =
(A3.8) .

55
S i

3
Equations (A3.6) or (A3.8) illustrate the fact that the correlation between Y

and any particular source/sink Xj does not depend upon the mean value ﬁj but
depends upon the standard deviatilons of the various terms and the inté?ha&ions
between the terms. 1In general, if §. is small compared to S then X. will cor-

J J

relate poorly with Y. (A3.8) expresses thehCOmmon—sehse notion that, if Xj is

i}

only slightly variable during the period T, it cannot cause relatively large

variations in Y and that these variations must be caused by some “other more-

variable factor in the energy/mass balance equation. ) :

v -~

hage’ " VR




APPENDIX 4

DETAILS OF COMPUTATION SCHEME FOR SPMMER ABLATION ON WHITE CLACIER

123 - < h-

‘

LA xk ’

1) Symbois for Variables

Y [

) TIN(Z’t) = Inﬁerpola'tedl montljly mean tempera’tﬁre for month t and altitude z
| SINv(z,t)' = Interpolated standard deviation associ}ated wi'tk; above '
TP(z,r,) = Monthly mean local t{empe“rature computed from :I‘IN(Z',"t) }
S(z,t) = Standard deviation associated with“above compu\ted from SIN(z‘,E) ‘
. N = Number of days in t.th month e {
) —'fIN(z) = Mean of TIN(Z’t) for June;Aug(us‘t . )
Tp(z) = Mean of TP(,z,t) for Jun’é-AugusL . . . .
’ ) ‘ MDT(z,z) = Computed positive degree-day totfl' for month t . a ;
; £(x) = .Probability der'lsity‘ unction Eor ‘daily mean tempe%ture in month t
DDT(z), = Cémputed positive dedree—day total for June—August . . QL
MAB(Z,t) = Cofpppted ablation totFal for kmonth t ‘ . : ;
] ac(z) ‘ = fompute‘d ablation tcztal for June-August
N ( t = Month (June=6;§Ju1}f=7, AUgl}Sl‘FB)
' ' - x = Dummy vériable' - ' . !
Co Py . ii) Th.e, °Equati9ns ' \ ) .
| L " Tlzt) = &, +,Bl‘l:~(z,cj' _ | ‘ ) (44.1‘)"'
- .
YOSy =VAS e s e
S F() =\/§J';\" exp [-(x-T,,)l/ZS‘] S (A4.3)
3 1 | ’ .
° mDT(z,t) = N.r F(_x)xclx” . - ‘ (44.4)
: MAB(zt) = o, + B, MY (zt) - 1 7+ (a4.5)
: : POT(=) = MDT(EL) +moT7) + MoTGe) - / (Aa.a} -
€ , o a,(x) = MAB(zb) +MB(E7) + MAB(22) e
- : /‘ " . ' S .
I R | e
bbo . -
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ii.) The Parameters

N

> ' » ' - ’
.

. For White Glacier the following values were adopted:

1}

From Table 5.5: o

~

(e} p o
p = 0.7 °C, B, =0.8% and U, = 1.8 C.

0 (.iy‘l_and 32 = 0.63 cm H "lo _1.

0 dy C

\ , From Table 7.5: &«
Y 2

k) ' ; Cy . ' v .
l iv) Comments F;A- » ' é
&
|
?

0.0 cm H

2 2

The\iarameters o(l, pl’ 0(2 and BZ are assx:med constart with respect to 5 o

.time and location. Equation (A4.3) is bascd upon the assumption that daily mean

s e ———

temperatures within a month .are normally distributed abput‘the monthly mean.
Equation (A4.4) describes the computation of pogitive degree-day total for the
month‘iq terms of integratidh over the en;emble of probable daily mean tempera-
i  ture® with lower limif of integration set at 0°Cc.  The upper limit of integrat- ‘
ion was actually taken as two standard deviations abové the mean and the inte- |
gral was computed as a sum using steps of 0.2°C. Positive degree-day totals ' (,7

are normally understood as time-summations, and replacement of a time-summation

by an ensemble-summation is only valid for a stdtionary process:

. TIN(z,t) and SIN(z;t) were actually calculated from 1000 mb and 850 mb data at
, Eureka and Isachsen using simple distance weiphting with weights 0.71 (Eureka)
. |

and 0.29 (Isachsen). Monthly ablation values for May wére actually computed

Pty
v

but were found to be very s&all, and ablation for May is excluded. The calcu-
~ lation®was made for every summer in the period 1960-72 so that 39 ac(z) values
were obtained: values for 13 years at z = 210 m a.s.l., z =370 m a.s.1. ard

/ z=80m a.s.1..

-

None of the various assumptions will be exactly fulfilled. 1In particylar, the
: 5

parameters o, and ﬂz describe ice melt rather’'than snow melt. It can bg ex-

2 -
)
g pected that ac(z) will involve error. The testing of the hypothesis wills con-
centrate on the question as to whether these errors are, in fact, large or not. ‘
” ¢
!
A
, ‘ ‘\\\\N ) q i o
» : T e— —
. ( “ T — ,_ .
‘ 13
i 1 . N
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‘ | APPENDIX 5 ' o . . ' -

EFFECT OF ACCEMULATLON ON THE COMPARISON OF a, AND a L ; v

¥ C ‘\
’ The computed abldtion-for the t th summer is ac(t). It is computed from the '
. C . ;o
/[ formula: ’
= N (A5.1) ¢
a_(t) = B,DBT(E) d A& ,
1 . . f , . Y -

) where DDT(t) is the computed-degree-day total for the summer and ﬁz_'is a para-
meter valid for melting ice. If° a;:(t) is compared to the observed net ablation |
~an(t) there 1s a discrepancy between them given by E(t): »

~ . ; N ‘ P ,
s [ - .
' ’ e o = - (AS-Z)‘
‘ . Y %(t) an(t) ac(t,) -
» ¢ ‘
" It will be recalled that: , ;
: . } .an(t) = as(t’) - cw(t) - cgft) < : (A5.3) )
. FS i
where as(t) is the true summer ablation and cw(t) and cs(t)~are the winter and
Y i . . : o N ' L

. summe’r accumulation respectively, assuted to he in the form of snow.

~ The ablation period is assumed to be divided into two sub-periods: a period of

>

snow melt with deg{‘}ee-dayﬁ tota}l D”l‘l(t) and a period of ice melt with degree-day *

total DDTZ(t) where 3 » .

DDT(t) = DDfl‘l(t) +'DDT52(t) Lo (AS.\l»)

*
. )
«
( l
- .
- \Y 1

It i$ assumed that the parameter valid for meltigg snow isﬁ1 80 rﬂat: |
. » V /

= 2t )
a_(t) -ﬁlDDTl(t) + ﬁznmz(t) o (A5.5)

°

‘& ‘

t

< In the ablation area where.all snow accumulation (4:w and cs) is ablated during
?

the summer, i.e. DDTl(t) £ DD’I;(t), the afollowing will hold:

“ . ! ¥
Ve (6) + e (t) = plnml(a g /@ . (a5.6) -

. . From (A5.1 tAS.S) the following expression for E(t) can be deduced:

E(t) = ﬁlbDTl(t) - BppT (D) - e () = e () (A5.7)

—
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Elimination of DDTl(t) between (A5.6) and (A5.7) gives:
~ e : ' A .
(D) = ~(B/B,) (e (t) Fei(r)) (A5.8)

v ’ »
© Ce , N :

If ‘31 and 132 are identical then EquatioP (A5.8) expresses the triviglity that

" the discrepancy between a and a, is simply numerically equal to the accumulat-

It can be simply shown that the net ablation an*7 11 be given by:

ion. However, if ﬁ1< ﬂZ% the discrepancy will be numerically larger than the

accumulation. P . ' LN
y 0 L a :
From Equations (A5.4 to A5.6) it can be shown tlgpt .
yooa ) = BBy (e (0 tre(6)) + BDDI(R)  (A5.9)
D B, *
'-J

1f ﬁl and ﬁz are identical thel the summer ablation as(t) will depend only
ypon the summer meteorologicél conditions,*represented here by DDT(t). If
T E © 1 N
% ! .
ﬂ1$< 32‘ then the summer g'blation will*also be dependent upon the accumulationm,

i.e. "™ablation is not independent of accumulation'.
4 v
v ] "

a_(t) =,B2(DDT(t) - DDT, (t))= ﬁzmyrz(t) : . (A5.10)
v, - s “' n . \ n
Because DDTl(t) & DDT(t) ‘in the ablation area, an(t) will be positive.

- - - - Ed

IA the accumulation area where all snow accumulation (g“’and Cé) is not ablated,

i.e. DDﬁl(t) = DDT(t)and DDTz(tl =0, the Equation (A5.6) must be replaced by

i

th inequality:

v

e, (t) + cs(::) > DT, (t) (85.11)

&

o

/’ e

The net ablation a (t) will then be given by:
1 fﬂﬂtv . Lo , ) :
- , a (t) .= «B DT (£) = (ei(t) + e (1))

1

i i
\ + N

' /
® (A5.12)

Because of the condition expressed by (A5.11) én(t) will be negative.
: . SRR ) e .

¥
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were chosen as follows: ‘e
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APPENDIX 6 \ o ' ’

COMPUTATION SCHEME FOR TOTAL ABLATION ON STORGLACIAEREN

i) Symbols for Variables lé‘?, 5 g )
~ R d‘/'-;:l“
TTarf = Summer mean (June-August) temperature at Tarfala station at
' - - i .
) 1130 m a.s.1¢ near snout of Storglaciiren s

e

Tfp(zi) . = Computed summer mean (June-August) temperature at altitude z;

%
¢

on Storélaciﬁren ' T
ac(ziﬁ) %  Computed summer ablation at altitude z, on Stbrglaci?ren in
) cm H,0 i ' , L
S(z) = Area in kmz of the 50 m altitude bend centred on altir;udle z;
A . =  Computed total ablation in 106 m:'? H,0 ‘
cal Fes T 2 .
ii) The Equations
oo Tao - o+ BT o o (6.1
T () = T (f136) + G.(z; - 1130) | (46.2)
- - _ o
ac(fi') = 72.4 + AO.S.Tp(zi? T}ﬁ(zi) P OICFI (A6.3a)n
\.‘ — - - 0 1
‘ ac(zi:) = 75.4 + 20'9'Tp(zi) Tp(zi) < 0C (A6.3b)
° 2, = .1125 + 501 © - (A6.4)
’ w Y . »' ! -
A ALy =, a2y 8(z,) , ’ (46.5)
. i A YY) 100 ! .
iii) ffhe Parameters \ :
.

7
o

The computation was made for several choices of Lue various parameters.
For exampie, the o, and Bl parameters in.the cooling effect equation (A6.1)

sy

P

[ VOTNUPRPUNI

niaatome

-
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v

" Run Number
7 . .

\
.

1

2
3
4

’

;
R
Y.

1\4 »
N anr

Cfass

Class
-Class
”Ciass

Class

la’

~o

rdl
1.2

0.1

©=0.7

.

2.5

0.933

0.999

0.834 -

0.890

‘. *

LY

«

These are.actua}ly the parameters for the different Axel Heiﬁérg classes.

” . v

The computation was made for several choices of vertical tgmperature gradient

G = -0.003, ~0.005 ana -0.007 °C m L.

iv) Comments

\

’

The purpose of the present exercise is to compute total ablation on Stor-

glagiéren under the assimption that it-acts like an Axel Heiberg situation.
> Y .
For example, Equifions (A6.3a) and (A6.9b) are baséd upon the Axel Heibergd/

Devon Island ablation model, see "Chapter 10 and Appendix 4 for details.

A priori the choice of parameters for Run Number 3 should be the most likely,

O e e e

i.e. Storglacidren should behave like Class 2 (Lower Ice etc) rather than )

Class la (Ermine station), Class 1 (Base Camp etc) or Class 3 (Ice Cap situa-

tions).

1[ The vertical temperature gradient of -0.005 °C m-1 is mosf likely and the other

values were only used for, completeness.,
[ 2 -~

Equations (A6.3a) and (A6.3b would lead ome to expect an average ablation gra-
. .
dient of 10-20cm HéQllOOm as opposed to the value of 55cm H20/100m quoted by
- Schytt (1967). This seems to indicate a serious discrepancy, but the model does

ﬁérform reasonably well,

\

see Fig, 11.6 and.page 96.
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| APPENDIX ] »
‘ : p

TOTAL ABLAVION OF A GLACILK IN KRLATION 10 VENPLRATURE AT 4 POINT
Suppose that: 5 ' .. N,
Q’ N ‘(_ A

a(z,0) = Bodt(z,r) (A7.1)

where a{z,t) and DDT(z,t) are the sunmer specific ablation and 'degree-day total

respéctively for the t th balance year, and altitude z and ]3 is a parameter.
‘ \ | : 1
The glacier.is divided into N altitude bands of thickness A%-

g
o .

The total areg of the glacier is S and,the arca of the t th altitude band, cen-

tred on altitude Z., s Si wvhere 1 takes values [rom 1 to.N. Qlearfy:

~ N

s = }__—‘si | (A7.2)

The~total ablation A(t) for the t th summer is the sum of cdntribution from the

N altitude hands: h

&
) 1)

AL) = *Za(zi,t) s . (A7.3)

wl .

The mean specific ablation a(t) is given by A(t)/é (NB the overbar “'usually
used to denote mean specific quantities is reserved in the prebent study for

time-averages.) It can be shown that:

T - N ﬁ =N .
k | a() = % ,Z:, DDI(2,1) S, (a7.4)
} :

In general the relationship between the summer degree-day total DDT(zi,t) and
the corresponding summer mean temperature T(zi,t) is non-linear. However, if
Ssummer temperatures at z, are not too variable from summer to summer the relat-

ion can be linearly approximated:

R . D?}fzi,t) = di + fi T(zi,t) (A7.8)

where di and fi are constants for the altitude z and are dependent upon aver-

“

age temperature conditions at that altitude. -

Y s owrs A anm

O ]

B




ot

I T

L

130

PGS N :
If (A7.8) is,substitut%d into (A7,4) then:

Calo - —@S— > @+ 1 TG0 s ' :

el

(A7.9)

<
@

The temperature at a weatheyfstation at altitude z is T(zo,t). If temperature

is a linear function of altitude with vertical gradient g:

Tz, £) = T(z_,t) ¥ igAz : T (A7.10)

L4 v o v

Substitution of (A7.10) into (A7.9) gives:
B ¢« LeN -
a(t) = 5 }:.[dl + fi ig Nz + fi T(Zo,t)] Si (A7.11)
w2l '

1

Equation (A7.1l) 1s clearly linear with respect to T(zo,t). This result depends

upon the validity bf (A7.8) whica;rests in turn upon the assumpti%p that variat-

ions of T(zi,t) from year to year-are quite small, e.g. of the ‘order of 1 to 2.

——

*

o
C at most.

Equation (A7,11) mﬁ& be expressed as follows: . ,
\ ~ * A‘ B ‘
a(t) = A +B T(z,t) \. (A7.12)
where \ N
I U TR LU
and - ’ ¢ K

. Lz
* -
[+]

Several authors have regressed mean specilic net balance or summer balance on

; . 1
summer medn temperature at some station near the glacier (10 km scale). Equa-
tion (A7.12) may be considered as constituting an "ekgijnation" to such regre-

contains 1nformation about the altitude differ-

ssion models. The §ntercegt\Ao

. \
ences between the weather station and various parts of the glacier, lapse rate,
A .

rature and de-

mass distribution of the glacier and rélationship between tempe
L3

’gree-day total whilst the slope B contains Yaformation about ths\mass distribu-

tion of the glacier, the relationshiﬁ between temperature and degreé—day total
and the relationship between degreé?day total and\;ﬁegific ablation. Tﬁé terms
A0 and B should show-secular variations because of the Ehaqges in~areas S and
Si as the glacier "advances or retreats. From this po;nt ofav&ew the system de-

scribed in Equation A7.12 is non-stationary.

-

1
\

e et o e




. The specific net balance bn(t) for the t th balance year is %iven by:

’
&’ J
- it
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APPENDIX 8 ) -

£

. k& S
ABLATION, NET BALANCE M TEMPERATURE -

14

.

-

b () = c&t) - a() (A8.1)

' N ‘ . b
where ¢(t) and a(t) are the accumulation and ablatiof for the t th balance year.

Deviations from the N-year average which is denoted by the overbar  are denotgg

1

by the prime ', thus:

b (0= 0 -4 (AB.2)

»

by T(t)'.~ MuTtiplication-zn?sﬁghqut (88.2) by T(t)' followed by averaging over

the N years gives:

The deviation of summey ‘mean temperature T(t) from its N-year average is denoted

: {
bn(t)'T(t)' = c(t)'T(t)’ - a(t)'T(e)! (A8.3)
The N-year standard deviations of bn(t); c(t), a(t) and T(t) are denoted by Sb,‘
FC, Sa %“d ST' Division éf (AS.3) by Sb.bTSglves: ] . : N
R(b,T) = 5= R(c,1) - T R(a,1. . (A8.4). ,
. b b |
where R(b,T), R(e,T) and R(a,T) are coefficients of linear correlation of temp-
etature with net balance, accumulation and ablation respectively.
It is quite likely that cf€t) and T(t) will be moderately negatively correlated
because "wet" summers are often '"cool" summers and. because lower than average
. : . K .
temperatures will favour snowfall rather than rainfall. Howgver, the influence
that this will have in increasing R(b,T) will depend upon the relative magni-
s . :) . .
tudes.of S , S and S, .
c a b
Two interesting cases can be considered:
1) The accumulation i's nearly éonstant, i.e. SC & Sb’ so that: '
/ R(b,T) =~ Rga,T) ' (48.5)
(G, . -
- [ N M \
ii) a(t) and c(t) are o'thogonal, R(c,T) is zero and SC = Sa‘so that .1
VD : . 2 .
Sb 2 Sa then: /
R(b,T) = -0.71 R(a,T) : © (AB.6)
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. ~ . ) | e
o , 132 | n
b, , ' -
- | M ' .
; i \ In the second case (ii) T(t) will "explain” at most 50 % of the variance of
) b(t), and & greater percenltage ol explanation would only be possible with a ne-—
/] ) p g I ) y p
. - ° + \
gative non-zerc value ot R(c¢,T). \ |
- ) : ' / s
’ Division of (A8.3) by ST pives: / '
. ‘ . >
o , 3 . /
: b_(t)'T(e)" o
nOTO T o)
, . > = — < S (A8.7)
S, ) s - .S, *
¥ r T ' r - : )
‘ : where the left-hand term represents the rate of increase of net balance with
- respect to temperature whilst the right—-hand terms represent the rates of in-
. crease of accumulation and ablatlion respectively with respect to temperature.
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PPENDIX 9 . ‘ h '
APPENDIX 9 ) \ N ) e
THE NET BALANCE OF HINTEREISFERNER IN RELATION TO METEOROLOGICAL ELEMENTS rv- |

v N k R

The late/Professor Hoinkas was probably one of the leading exponents of the
notion ‘that glaciernvariations are controlled by variatiogeﬁid the supply of
‘nergy by radiation. He discussed regults of. short- perlod energy balance meas— -
urements wmade in the early 1950s on glaciers.in the eastern Alps (Hoxnkes 1955)

and showed that radiation was the maJor heat source. 1¥§F15 in agreement wvith

results from other areas. From ths he concluded (H01nﬁes¢m3955 00) Lthat: 4
p. i

therefore, react morer strongly to oscillations

4

"The glac1ers in the Alps w111

in the duration and lnten51ty of solar radiation or albedo than to variation of )

air temperature or to precipitation."

-

Further, Hoin&es (1955, p.500) said: "In recent years wany authors, gn the ba-

sis of careful studies, have come to the conclusion that the sdmgfr“temperature

is to be regarded as the most important factor influencing the be avi?ur of gla="
. . . . . .- L
ciers, This result is not in contradiction to the reMul oL the measurements

which are given here (according to which radiation is the main source of égmrgﬁﬁ‘ L

for the ablation of the Alpine glaciers) so long as/fa\}s not combined with the
+

idea that the greater heat’ exchange irom air to icd during a hot summer is suff~

icient to account for the greater ablation. 1In an Alpine cllmate in most cases

a high summer temperature means weather with much radiation and with infrequent

incursions of cold air and snowfalls on the glaciers. Higher air temperature

naturally fontributes to some extent to the greater ablation, but it appears

that it is to be regarded mainiy as an index of higher radi%ition and to the

less powe}‘of reflection of the glécie; surface." N -~
" ™\
Hoinkes (1955, p.500) discussed the relation betydﬁn glac1er/advance and

retreat in Switzerland with summer (June~September) sunshlne duration and days

with snowfall at several hlgh ajtltyde clxmatologlcal stations f£c. the period

1890 to 1954 and said: "The correlation of the curve, indicating the number of

advancing glaciers (under observation) as a percent of the total for -Switzer- '
land, and the curves for sunshine duration and,.in particular, for new snow-

falls is definite and quantitatively adeq.ite." He did not quote a correlat-
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ion coefficient, however. ¢

~ -"\ . . . . 3 .b e . | .
This emphasis on radidation fdy secw in countradiction to the success with whic

. c Hoinkes and Steinacker (]975§h¥€TiEe the 17-year Hintereisferner-mass_balance
- . s
series to a quantity combining temperatutre and precipitation at Vent weather
. station. However, Hoinkes et al (L§68, discussion) state: "At least in summer,
‘ tempergture show+ a positive correlation with radiation, therefore tempergture

here is simply a substitute for radiation, and summer snow a substitute for al-
bedo."
|

A partial assessment of the vali}§ty of this point can be'made by analysing

"data published by Hoinkes at various times. There are actually no lghg series

of net radiation measurements frém Hintereisferner although there are sunshine

data from Vent weather station (Hoinkes, 19?0, p.81).

{ Rudolph' (1962, p.22—53) the Short—iave radiatjon from sun and.sky {global radia-
) tion) at the tongue of Hintereisferner can be accurately computed from sunshine

duration at.Vent. Furthermore, they assert that such- computed global radiation

is, under certain conditipns, "approximately proportional to the radiation bal-
£

ance' (1962, p.23). A§cordingly,ﬁone might reasonably expect a strong correla-

tion between sunshine duration at Vent and net balance of Hintereisferner or

. . J ,
Kesselwandferner. As a test of this, correlation coefficients were computed

' between the various.series: bN the mean specific net balance, ST the summer
. (_ : (May—~Sept) mean temperature, WP the winter (October-April) precipitatidn total,
SP the summer (May—-Sept) precipitation total and SS the summer (May-Sept) sun-
shine duration. ‘All.the climatological obsérvatipns relate to Vent. The 21-
year (1952/53 to 1972/73) Hintereisferner and l6-year (1957/58 "to 1972/73) Kes~
-Felwandferner mass balance peries were taken from Kasser_ (19%;Qand 1973) and

.

from Kuhn (1976) whilst the Vent climatological data SP to 1968 are reported by
Hoinkes (1970, p.81) with"more recent data kindly made available by Dr M. Kuhn

. o \ . .
: of Innsbruck. The correlation coefficients were as foullows: }

B Y
.

Accordingyto ‘Hoinkes "and .




rd

Hintereisferner 21 years (1952/53 to 1972/73)

by WP oSS ‘ i
by .00 -0.71 ¢ 0.23) T 061", 0.3} Y |
) ST 1J00 (-0.01) -0750  0.37,
- 1.00 (-0023) (-0.34) .
' - 1.00 0.5 : _
‘ ro 1.00 g3
- ) : ;""Z;:J
' ) ol
. Kesselwandfernmer 16 years (1957/58 to 1972/73) !
by ST i sp <ss, - ,
s b 1.00 -0.69 [ 0.Y6) _ 0.74  (-0.32) “ N
i ST - 1.00 (-0.05)\ -0.49 ,( 0.29) |
' WP 1,00 {-0.13) (-0.32) ;
sp ~ 1,00 -0.47 o
: ss ‘ : 1.00 \

- ) /

() = Not significant at 5 7 level. / ,

f /

. i
-

]

./

t

co : ) .. oo ., . ‘
The pdtterns of correlatidn are very similar for Hintereisfefner, and Kesselwand
. . . ' /

ferner. . Particularly noteworthy is the relat.vely weak correlation between /V
. ] Fa—
mass balance and sunshine durati?n compared to much stronger correlations bet- |

‘ ¢ [ v .
ween mass balance and summer temperature and precipitation. ‘The sunshiné dur—

\

R

ation is also only weakly Correlated with temperature.
A ’ ' s 3
Another interesting feature is the weak correlation betyeen mass balance and

N
~

T,
winter precipitation compared to a stronger correlation with summer precipitat- e
, )

ion. This is consistent with the analysis of a 2l-year accumulation series
' ffom Kesselwandferner reported)by Ambach and Eisner (1967, p.27). The low corr-
elation with Qinter‘precipitation may be partly due to the notorions difficulty

3 ‘
of accurate snow gauging as well as depending upon topographic facjtors.
A - "0 -

The fact that® the mass balance’of Hintereisferner and Kesselvandferner are more

-

strongly controlled by temperéture than by sunshiné duration can be also demon-
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. . strated by partitioning the se;¥Es into separate samples for "warm" and "cool"

LV summers and for, "sunny" and "dull" summers. In the former case differences

betwéen means of mass balance for the two sub-samples are significant (at 5 %
. N ¢

level), and in the latter case they are not. .

The coefficient of variation of the 2l-year sunshine duratiLn series is only
9.3 %. This suggests that variations of global radiation from year to year are

o
.. small.. The standard deviation of the summer mean temperature series is only

o

. ' / + 0.6 C, but from Equations (11.15) and (ll.lﬁ)nthis is equivalent to variat—

ions of + 37 and * 29 ch HZO in-the mass balance éf Hintereisferner and Kessel-

A

wandferner. .
L

{ . i Accordlng to these results it is suggested that variations of mass balance of -

\\\\ : Hintereisferner and Kesselwandferner are probably controlled by varlatlons of
L temperature rather than by yarlatlons of radiation. Thls is a reasonable in-
; ference based upon the available evidence. However it should be repeated

l that there: ng no series of net radiation data 50 that no 100 AReliable con- |

' .clusion can be drawn. 8 ‘-
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