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ABSTRACT. Th e sp a ti a l ex trapo latio n or da ta fro l11 ice co res d e pcllds 0 11 th e 
complexit y o f' th e g lacie r s\'s tc m \I,h ere th e d r illing site is located . Th e co rre la ti o n 
be t\l'ee n ne t m ass b a la nce. bn. ora spec ili c p o int a nd o l'the \I'ho le g lac ier is difTe re nt 10 1' 
each point. Anal ys is o f ne t m ass ba la nce ofTu yu ksu g lac ier in th e '['i e n Sh a n. centra l 
Asia . confirms th a t th e di stributi o n o f' m ass ba la nce \I·ith heig ht is 111 0 re-o r- less 
co nsta nt rro lll year to yea r exce pt in yea rs Il'ith ex tre m e \,;tiu es or bll , T\I'o types o f 
"sim ilarity" a re d escribed, addili q> a nd multipli ca ti \T , The " simil a rit y" changes 
g raduall \' fro m additin' a t th e pn iph era l part s o f th e Ti l' n Sh a n to Illultiplica ti\ 'e in 
th e m os t co ntine n tal ce ntra l a nd eas te rn pa rts, G lac ie r m ass-bal a nce flu ct ua ti o ns o r 
th e fi'ont a l rid ges a re conn ec ted to th e oscill a ti o ns or acc ulllul a ti o n a nd co n seque ntl ~' 
to prec ipita ti o n. " 'he re th e c limate is mo re c011linenta l th e mass-bala nce n tri a bilit y 
d epends Illu ch m o re on th e m e lting conditi o ns th a n o n acc umulat io n , For th e spat ia l 
inte rpre tati o n o r ice-co re drillin g resu lts, a specia l a na lys is o f "simil a rit y type" is 
necessa ry, It all o \l's th e fi x ing o r th e spa tial bo rders o r th e g lac ier S\'s tCIll ro r Il'hich th e 
drilling sit e is re prcse n tat in" 

INTRODUCTION tim e, :'I ass ba la nce o r this zo nc is eq ua l to th e mass 

ba la nce o f' the who le g lac ier. 
D ata f'ro lll aec umul a ti o n a reas o f g lac iers ca ll gl\T 
info rmatio n relc\ 'a nt to dilk rent field s or sc ience , 

Th e spa ti a l inte rp re ta ti o n o f ice-co re res ults d e pe nds a 

lo t o n th e complex it y or th e g lac ie r sys tem drill ed , Th e 

m os t impo rta nt fac to r is th e loca ti o n o f' th e dri ll ing sit e , 

Th e spat ia l \'ari a bility o r m ass-ba la nce compo ne nts in th e 
g lac ie r sys te m is a lso sig nifi ca nt. 

LOCA TION OF THE DRILLING SITE 

Accumula ti o n a nd prec ipit a ti o n es tim a ted fi'o m <1 mo un 
ta in g lac ier ice co re are re prcse nt<1ti\ '(' o nl y o f' a limitcd 
a rca a ro ulldth e drillin g site, ]n contras t to Anta rct ic a nd 

Gree nl a nd ice shee ts, iso lin cs o f' th e m ass ba la nce o f' th e 

m o unta in g laciers hm'e a compli ca ted c ha rac ter H ae b

e rli a nd H erre l1 , 199 1) , d ep e nding o n th e surf'ace 

top og ra ph y, proximit), to surro undin g ra nges a nd o th er 
fac tors . Th e sim ples t m ass-ba la nce iso lines a rc fc) ulld in 
c irc ul a r ice ca ps a nd d o m es , 

C o nsid er th e 35 year reco rd oi' th e Tu yuksu "'1 11e ~ ' 

g lac ier in the Ti e n Sh a n, centra l Asia. :-Iass ba la nce 

m eas ured in th e [o ur upper zo nes o f' th e g lac ie r (b lli ) and 

O\t' r th e \I,ho le g lac ier (bllg ) \I 'e l'(' co rre la ted sce Fig , I , 
Th a t in th e to p zo ne, \I 'here s tee p slo pes surro und th e 
g lacin basin , corre la tes wo rst o r a ll \I,ith th e ba la nce o r 

th e \I'hole g lacie r. T owa rd s th e m iddl e pa rt o f' th e g lac ie r 

(i. e. to wa rd s th e equilibrium-lin c a ltitud e ), blli heco m cs 

close r to bllg as indica ted by th e a ng le o r CUlyes in Fig ure 

I, Th e blli/bll )!.. co rrela ti o n coe ffi cient increases a t th e sam c 

S uc h co rre la ti o ns are no t id e nti ca l l()I' C\T ry g lac ie r. In 
cae h case it is necessa ry to co nsid er th e ra ti o be (\lTe n blli 

a t th e drillin g sil l' a nd bllg o f' th e \I'ho le g lac ier o r g lac ie r 

s~ ' s t em , '1'\1'0 impo rta nt pro ble ms a ri se : 

I, Is there a rela tion linea r in th e simplest case \I'hic h 
a ll o\l's th e transre r o f' correlat ions 11'0111 o ne fi eld to 

a nother, a nd is th e rel a ti on sta ble in tim e) Rrsea rchcrs 
a na lyz illg th e ice-co res suppose th a t such simil a rit y OCC Ll rs , 
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Mikhalenko: '! Iass-balallce variabili{l' 

2. H O\I' d o the mass-balance com ponents of se pa rate 
g lac iers change w ithin th e borders of a g lac ier sys tem? 

SIMILARITY OF MASS-BALANCE FIELDS 

Similarity of mass-ba la nce field s (position ofisolin es oC net 
mass balance at th e g lac ier) was first ment ioned by 
Ah lma nn ( 1948) . H e found that the a nnu a l mass-balance 
cunTS (bll \·s a ltitud e) of the southern Norwegia n g lac iers 

\\ere paralle l in different years. Thus th e m ass balance for 

any one yea l~ can be determined b y obsen'i ng on ly one 
site if the shape of th e mass-ba lance cun"e is kno\l·n. 
,\Ieie r ( 1962 ) considered th e para llel balance cunTS of 
Sou th Cascade Glacier to be a common pec uli arity of a ll 
glacie rs. Lliboutry ( 1974) \\"orked o ut a more ge neral 

mod el a nd postulated th a t the tempora l variations of 

mass balance \\'ere simil ar ri-om onc point to ano th e r. This 

mod el was ex trapola ted to an O\ 'era ll g lacier sys tem 
where the indi\'idual g lac ier data were ta ken as points 
(R eynaud, 1980: R ey naud and others, 1986). Th e same 
met hod \\'as app lied to compare th e tempora l \'ariabi lit y 

of g lac ier mass balance in th e Alps, Scandinavia and th e 

T ien Shan (Reynaud and others , 1984). There \\as an 
a ttempt to a na lyze statisticall y the annua l balan ce ellnTS 
and to check the hypothes is o n the para ll elism of th e 
balance cunTS. D )'u rge ro\' a nd o th e rs ( 1989 ) asce rt a ined 

that thi s paral lelism does not hold for a ll g lac iers. 

The mass-balance field is d e te rmined mainly by th e 

accumu latio n field which is determined by th e g lac ier 
s urf~lce topography. The ab lat ion field is more reg ul a r 
and d epends mainl y on a ltitud e. T here can be t\l'O 
representations ("s imil arity types" ) oC th e mass-ba lance 

fi eld according to Kun ak hovitch ( 199 1). The " add iti \'C 

sim il ar ity" is typica l of' relative ly low glac ie rs and 
maritime g lac iers. I ts characteristic is para ll eli sm of' th e 
mass-ba lance cun'Cs . Th e "multi p li ca ti\'e simil arit y" is 
typi ca l of continenta l g laciers a nd those w hi ch occupy a 

large a ltitucle range. Figure 2 shows examples of both. 

The "add iti ve similarity" from yea r to year of the 

mass-ba lance fi eld of Tu yuksu g lacier ca n be seen in 

Figure 3. H owe\-er, as melllioned by Kuhn ( 1986), in 
some extreme yea rs the cha racter of add it ivity is broken. 
The correlat ion coefficient r between th e balance (,UI'I'CS 
for different years \I'as used as a criteri on of additive 
similarity (Table I). \ 'alues or l' less than 0.900 \\'Cre 

taken as ex trem e cases . Examples are years \I'ith 

ex treme ly nega tive mass balance ( 1978, 1984) or 
ex trem ely positive mass ba la nce ( 1969, 198 1) . They 
co rrespond we ll w ith Kuhn 's conc lusion. 

VARIABILITY IN A GLACIER SYSTEM 

It is difTicu lt to find a g lac ier sys tem \l' he re the mass
ba lance fi eld is uniform over a ll glac iers . Glaciers in 
diffe rent parts of a mounta in region reac t \'a riously to 

climate cha nges . For example , wa rmin g in southern 

No rway led to positi\ 'C bala nces for coasta l g laciers from 
1961 till 1990 but to negati\ 'e balances for inlancl g lac iers 
(D yu rgew\' and iVli khalenko, 1989) . 

Four g lac iers in the Tien Shan have been obse rved for 
more than 30 years (see Fig. 4 ) . The obsel'l'ations a llow 
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both the temporal \'ar iab il it ), or accum ul at io n a nd 
ab latio n and changes in spatial characterist ics to be 
considered . 

The la rgest negative mass ba la n ces and a nnual 

\'a riabilit), arc a long th e rid ges in th e northern and 

western Tien Shan w hi ch ha\ 'e the g rea test p recipi tation 

(Table 2) . Th e relation be t\l'een accumu la ti on and 
ab la tion f(:Jr th e three g lac iers obsel'\'ed the longes t is 
shown in Figure 5. They have had a nega ti\ 'e balance for 
th e last 30 yea rs. The a bso lute mass ba lance decreases 

grad ua lly towards th e centre, reac hing the minimum 

nega ti\'e va lue at g lacie r :\10. I . This is because slimm er 

prec ipi tat ion inc reases as one goes toward s g lac ifrs wh ich 
a re mo re co ntin enta l. A lso, the "simi larit y type" cha nges 
from "add iti \'e" to " multipli ca ti\,(, " as th e g laciers 
become more continental. 
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.Ifikhalellko : ,I/ass-balallte l'ariabiLi{J' 

Fig. f . Localiolls oJ t/ie illl'f.lligaled glaciers: 1, Tl~)'l/ksl/ : 2. 
A.-a1"abalkak: 3. (;regoriel': 4. S(//~)I - T or; 5. gla(ier. \ '0. I . 

Table 2. Mass-balallce comjJonents oJ tlte Tiell 
SIz(lII glaciers : Ct alllll/al l1et a([ulI/ulalioll: at 
alll/ual lIel ablatiol/: bll al/Ill/al I/et I/1aSJ balance 
(/1111/ [c.e.) 

} '{'ar (', 11, 

1957 1070 1220 
1958 1230 920 
1959 970 ~ 1 390 

1960 1090 11 90 

1961 920 H80 
1962 870 ~ 1 5GO 

1%3 1290 850 
196+ 1320 ROO 
19G5 I I 60 ~ I 2 I 0 
1966 1120 ~ 1080 

1967 1280 ~ I 050 

1968 81 0 1590 
1969 1210 1000 
1970 1130 1020 
1971 980 1310 
19n 970 HIO 
197:1 1010 1300 
19H 790 ~ I+IO 

1975 950 ~ I ·J()O 

1976 780 1500 
1977 850 1950 
19 78 790 2270 
1979 ~130 I IjO 
I 980 8S0 I 5 I 0 
I 98 I I 100 990 
1982 890 ~ 1580 

1983 I I 70 ~ I no 
19H4 710 1960 
19H3 770 1320 
198G I 130 ~ I 650 
1987 930 1270 
198B 1090 1700 

1989 820 1280 
1990 920 ~ 1880 

1991 
1992 

i\lcan 999 1373 
S.d. 169 319 
C, 0. 17 0.25 

204 

" '(/faba/kllk Ctacirr . \ '0. I 

b" c, 

150 5+8 
330 728 

"20 737 
100 666 

560 ·174 
690 656 
1+0 G6G 
520 893 

50 711 
10 879 

230 796 

780 613 
210 665 
110 6 19 
360 722 
130 6 10 
290 ·196 
620 632 

1-50 505 

720 1·+4 
1100 371 
I ·ISO 1·06 
"i~O :; 73 
630 670 
110 577 
690 323 

550 21 1 
1250 235 
350 263 
520 663 
3·10 +32 
GIO 791 
160 691 

960 730 

37 I 762 
·[8 175 

0.13 0.23 

0, 

579 
~GGG 

1081 
~957 

1280 
H2 
706 
7·19 
752 

1035 

786 

1265 
665 
801 
571 
557 

12f9 

683 
~980 

1285 
1235 
1582 
107+ 

103+ 
I02[ 

11 07 

3 1 
62 

3+4 

29 1 
~806 

86 
+0 

I l l· 
~'II 

~ 1 56 

10 

652 

o 
182 
118 
53 

~ 7')3 

5 1 

+75 
~84 1 

~864 

1176 
.;0 1 

36·1 

--14 7 
- 78·1 

11 59 948 
1807 1572 
1555 ~ 1292 

1055 392 
I11 I 6S2 
1217 156 
1087 396 

1508 778 

c, 

.i+3 

608 

630 
62+ 
633 
589 
650 
5 11 

608 

5+5 
6 17 
.i39 
625 
(j69 
;)03 

606 
7+7 

5 17 
71 ·[ 
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[62 
390 
j36 
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Fig. 5. Relalioll between annual net accll/nutation Ct and 
allllllalllet ablalioll at of lite Tim Sltan glaciers, 1959~90. 

The characteristi c mass-bala nce curves [or some glaciers 

a re shown in Figure 6. Th e "additi ve simil a rity" is 

obse n 'ed a t a ll a ltitud es [or Tu yuksu glac ier. For the 
Gregoric\' ice cap in tbe Tien Shan inte rior, th e additi\'e 
simil arity is obsel'\'ed in th e ab la ti o n zo ne, a nd th e 
multiplicati\'e simil a rity in the acc umul a ti on zo ne. T he 
similarity type becomes closer to th e additi ve in yea rs o[ 

negati\'e mass ba la nce a nd to the mu ltiplicative in yea rs 
or pos iti\ 'e mass ba la nce . 
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Fig . 6. Challge oJ sill/ilaril)' O'/Je oJ mass-balance jield oJ 
the T iell SlwII glaciers ji-om the Jmiphel), to the illterior 
jHlrt oJ the mountain s),stem . 

In ge neral, it ca n be said th a t a ll ma ritime g lacie rs arc 
"additi ve", whil e contin C' nta l glac ie r sys tems can be a 
mixture o f "additi\'e" a nd " multipli ca ti\ 'e" g laciers . 

Th erefore, correlat ions be tween ma ritime glac iers \I·ill be 
stronger (a nd opera te O\'C r la rge r areas) than \I·ill th e 
co rrela ti ons assoc iated II'ith continenta l glac iers (Table 3). 

Th e contribution of a blat ion I'<lri a ti o n to th e a nnual 
mass balance is grea tes t for g lac ie r No. I and is typ ica l of 
the contin enta l easte rn Tien Shan. It is show n by th e 

correlation triang le of Fig ure 7. Th e leng ths or its sides are 

proport iona l to th e sta nd a rd de\'iat ion or the co rrespond
ing va lues . Th e cosin e or th e ang le between a ny two sid es 
is equ a l to the correlation coemcient r. For example, the 
cos ine o r the angle oppos ite to th e base is eq ua l to the 
co rrelation between acc umulation and ab la ti o n. The 
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Table 3, Correlalion (otj/icie!ll.l of allnlla! lIel mass 
balancc qf lite T ie/! SI/(/II glarierJ , /959- 90 

Glacier 

TU\'llksu 
K a rabatka k 

Glacier No, I 

1,000 
0,7+3 

0,075 

it "arabalkak GLacier, \ 0, I 

1,000 

0,238 1,000 

~ II ct 

at Glacier No, 1 

Karabatkak 
/ Tuyuksu 

Fig, 7, III/ml qf l'Oriabili£j' of IIcl amlll1l1lalioll Ct alld lIel 
ablalioll CLt DJ Ih e T iell S//{/II glaciers illlo l'ariabili{l' I!f 
lIlass ba/allce Jor Ihe period 1959 91, 

apex proj eC'l io n o n th e base defin es th e ra ti o o f acculll

ul a li o n a nd a bl a t ion va ri ab ili tics co n tri hu ling to the tola l 

m ass-balance \ 'ar iab iliry, 

In summa ry, a blation \ 'a ri a bility is m os t sig nifi cant fo r 
g lac ier ~o , I, is less for Tu yuksu g lacie r a nd is least If)r 
K araba tk ak g lac ier (sce Fig, 7 ) , Th e hea\'ier the annual 

precipitati o n and the less th e input o f summe r accumula

ti on , th e 10\l'er is th e co rrc la ti o n b et \l'Ce n a nnu a l 

accum ul at io n a nd ab la ti o n , :'\ e\'e rrh e less, lh e c lose 

co rre la ti o n bet,,'een acc u mu lat io n an d ab lat io n is typi ca l 
for a ll Ti en Sh a n g laciC'l's as both processes occur 
simulta ncous l)', " 'ith th e maximum ra te in thc ,,',Hm 
seaso ll (D\'llrge ro\' a nd ot he rs, 199+) , 

CONCLUSIONS 

For th e spatial int e rpre tat io n o f 1C(, co res, Cl spec ia l 

a na lys is of' the " simil arity type" of mass balance is 

necessa ry, This a ll o \\'s fi xing th e spatia l bo rd ers or th e 

g lacier sys tem for \I' hi c h th e drillin g site is representat i\'(' , 

Such a na lyses require spec ia l drilling in regio ns " ,here 
therc are lo ng records o f tcmpera ture, prec ipi ta ti on a nd 
mass balan ce , Th ese arc !C,,' , In th e form e r SO\'ie t Cn io n 

th ey arc th e K a tyn and K ara ugo m plateaus 111 th e 

Caucas us, th e Grego ri e \' and It -T~'s h ice caps III th e 

central Tien Shan a nd th e Pa mir firn p latea u In (h e 

central Pam ir at an a ltitude abO\'C' 6000 Ill , 

. \ 1 ikhalfllko : . \ !ros-balallce mriabiliU 
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