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ABSTRACT. Data on the di stribution of accumulation with eleva tion were used to 
calculate abl ation, internal accumulation, annual mass ba lance and glacier runoff for 
the Tien Shan glaciers with a total area of about 15500 km 2 The altitudina l profile of nor
malized abla tion is approximated by an exponential curve. M ass-bala nce components 
and glacier runoff a re calcula ted for the whole possible range of glacier equilibrium-line 
positions in the major river a nd lake basins of the Tien Shan. 

For steady sta te it was found that the equilibrium line ri ses from 3600 m in western 
a reas to 4400 m in the east, whil st the acc umul ation area ratio and glacier runolTincrease 
eastward from 63 % to 71 %, and from 600 to 1200 mm, respectively. Losses of meltwater 
runoff for internal accumulation average 7% (5- 11 % ). 

In abnormally warm years, mass balance may reach - 2300 mm w. e. in the west a nd 
- 855 mm in the east and in the int~rnal Tien Shan ~KhanITeng:ry r.nassi£): Glacier runoff 
volume 1I1 those years has been estImated at 4·0 km ' year , which IS 2.5 tImes as la rge as 
for the steady state. 

INTRODUCTION 

The Tien Shan is a very complicated mountain system in 
Central Asia with more than 16000 km2 glacierization and 
about 16 000 different glaciers. The high mountain areas of 
the Tien Shan feed the major rivers of Centra l Asia and 
closed drainage basins of the Ara l Sea, Lake Balkhash and 
Issyk-Kul. Glacier runoff contributes 20- 80 % (Ta rim river 
bas in ) to the tota l runoff of these a rid regions in summer 
months Ouly- Aug ust). As mass balance is regula rly mea
sured on only a few small glaciers of the study a rea, it is a 
cha ll enge to estimate it for the whole glacieriza ti on of the 
Ti en Shan or sepa rate large river and lake basins. To solve 
the problem, we used the calcul a tion method that was 
applied to the pa rt of the Tien Sha n on the territo ry of the 
former Soviet Union (D yurgerov and others, 1992). The 
completion of glacier inventori es for the whole Tien Shan 
(Centra l Asian republics and China) made thi s possible. 

METHODS 

The whole Tien Shan mountai n system is a la rge a rea wi th
out external runoff. There a re seven interior basi ns: the Aral 

Sea, Lake Balkhas h, and Issyk-Kul, the rivers Ta rim, Chu 
a nd Djungarskaya (part of the Ily river system ) and Tour
fan-Khami depressions. All these basins a re located in dif
ferent orographic and climatic environments. VVithin these 
m aj or a reas there a re 310 glaciated river basins with similar 

snow accumula tion and ablation conditions. Consider 
glacierization in each basin as a la rge hypothetic glacier 
covering the a rea in the whole a ltitudinal range where real 
glaciers a re located with all the possible aspects (Dyurgerov, 
1986). Such a glacier can be cha racterized by the vertical 
profil es of the glaciated a rea and snow acc umulation, 

because a ltitude is the mall1 pa rameter of mass-balance 
variation. 

Data from the USSR glacier inventory (Akademii Nauk 
SSSR, 1969- 78; Kuzmichenok, 1993) and China glacier in
ventory (Academia Sinica, 1986- 87) were used to build 

g lacier hypsographic curves. To estimate snow accumula
ti on we used winter mass-ba lance measurements on glaciers 
and snow acc umulation over meteorological stations all 
over the Tien Shan (Getker, 1985). Statistical analysis of all 
available da ta enabled us to divide the Tien Sha n area into 
22 basins with simila r accumulation di stribution with elev
ation within each basin. 

As the ablation depends on m any different climatic and 
orographic factors it is not possible at present to calculate it 
fo r the whole mounta in system. Khodakov (1965), and later 
Krenke and M enshutin (1987), showed that dilTerent mor-
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Fig. 1. The distribution if normalized ablation with altitude. 
Observed dataJorglaciers 1, Sary Tor; 2, Slzumskogo; 3, Davy
dova; 4, Golubina. 
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Fig. 2. The distribution f!! ablation over altitude for difftrent 
ELA positions: 1,3850 m; 2,4050 m; 3, 4250 m; 4, 4450 m; 5, 
4650m. 
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Fig. 3. The distribution f!! glacier area (1) and accumulation 
(2) with altitude ( Z), and the relations f!! mass balance (3) 
and glacier runriff (4) with the ELA for the northern slope f!! 
Zai!Jiskyi Alatau range. 
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phologic types of glaciers are characterized by similar dis
tribution of ablation with elevation. We found out that nor
malized (0- 1) ablation values for different Tien Shan 
glaciers can be closely described by the concave curve 
(Kunakhovitch, 1991) (Fig. 1): 

(1) 

where i is the number of the altitude zone, and Zi is normal
ized (0- 1) altitude: 

Zi - Zmin 
Zi = 

Zmax - Zmin 
(2) 

where Zmin and Zmax are the lower and upper levels of the 
Tien Shan glacierization, Z i is the average altitude of each 
interval, and v and k are empirical coefficients. The coeffi
cient k = 10 was calculated from data from field observa-
tions on glaciers. 

Thus, we need the value of ablation in only one elevation 
zone in order to determine the ablation distribution with 
altitude for the whole basin. The highest equilibrium-line 
altitude (ELA) at the end of summer seems to be the best 
choice of the elevation zone i. The ablation here is equal to 
the accumulation: a(ELA) = c(ELA). 

Using Equation (I), the coefficient v can be expressed as: 

v = Ct(ELA)/ekz(ELA). (3) 

The coefficient v varies during the ablation season and de
pends on the position of the equilibrium line as shown in 
Figure 2. Mass-balance values bni in each interval i were es
timated as differences between accumulation and ablation 
for each ELA: 

(4) 

We use these three curves (ablation, accumulation and hyp
sographic) for computation of snow ablation, mass balance 
and glacier runoff for different equilibrium-line positions. 

n 

Bn = L(Cti - ve- zik
) ~ 

i= 1 S 
(5) 

where S is the total glaciated area, represented by the hyp-
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Fig. 4. The distribution f!! ELA over the Tien Shan in steady-state conditions. 
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Table 1. The main characteristics if glaciated basins in steady state 

Glaciated basin Glaciated area AA R ELA 

km2 % m 

Upper Naryn 975 64 4167 
Naryn 137 64 3696 
K aradarya 113.7 63 4068 
Atbashy 179 65 3614 
Chirchik 179 65 3614 
Sum 

Chu 635 63 3829 
UpperChu 107 64· 3924 
Talas 165 65 3675 
Sum 

West Issyk-Kul 344.8 63 3961 
East Issyk-Kul 358.4 63 3919 
Sum 

Sary Djus 2465 68 4203 
Aksay 2202 65 4298 
Kokshaal 292 62 4469 
Ku malike 2873 71 3709 
Muzart 1784 68 4189 
Sum 

Keks lt 422 65 3800 
Kash 422 64 3661 
Kunes 96.7 67 4285 
Tekes 1023.9 66 3893 
I1 y 723 61 3883 
Sum 

Kaidu 444.5 63 3950 

Sairan 637 63 3741 

Average/sum 17368 65 3955 

sographic curve, Si is the area of a ltitudinal zone i, and n is 
the number of elevation intervals. Glacier ru noff Rg is sup
posed to be equal to integrated ablation, assuming negligi
bly small evaporation in summer. Thus, using the data of 
two curves Ct(Z) and s(Z) we found the relationships 
bn = f(ELA) and Rg = f(ELA) for each of the 22 basins 
(Fig. 3). Below, the results for steady-state and extremal con
ditions are presented . 

RESULTS 

(1) Steady-state condition; glacier ll1.ass balance 
equals zero and area is constant 

We calculated the EL As in each basin according to the 
above technique for these conditions. 

7r! 75' -........ 

\ 

at Rg Internal accumulation 

mm km 3 mm % 

771 0.75 43 5 
1251 0.17 86 6 
846 0.1 51 6 

1590 0.28 97 6 
1590 0.28 97 6 

2.31 

946 0.6 53 5 
721 0.08 21 3 
389 0.15 55 6 

0.83 

616 0.21 45 
1213 0.43 98 

0.65 

894 2.2 98 10 
702 1.55 65 8 
580 0. 17 47 8 
885 2.54 91 9 
1081 1.93 III 9 

8.39 

978 0.41 81 8 
1106 0.47 90 8 
926 0.09 41 4 
935 0.96 100 10 
1273 0.92 106 8 

2.85 

820 0.36 59 

779 0.5 71 8 

947 15.88 74 

The ELA spatial distribution is shown in Figure 4. Dif
ference in ELA reaches 900 m within the Ti en Shan area. It 
increases from 3600 m a.s. l. in the lowest western and north
ern parts to 4500 m in the south , where mountains are much 
higher (Table 1). Another factor responsible for ELA 
location is the precipitation amount. Thus, heavy precipita
tion over the northern and western windward ranges a lso 
accounts for low alti tudes of glacier equi librium line in thi s 
regIOn. 

In the internal Tien Shan the number of glaciers that are 
located on the windward peripheral slopes and get large 
amounts of precipitat ion is one-third of that of glaciers in 
large valleys which are usually colder and shielded from 
the main moisture-carrying air streams. 

The accumu lation area ratio (AAR) is 60% in the west 
peripheral part of the Tien Shan and reaches 70% in the 
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Fig. 5. The distribution if s/Jecijic gLacier nmqfJ (mm) over the Tien Shan in steady-state conditions. 
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Table 2. The extremal values qf the glaciated basins 

Glaciated basin AAR ELA 
nun max mlll max 

% % 111 111 

Upper Naryn 81 22 4061 4425 
Naryn 89 15 3550 3986 
Karadarya 84 27 3895 4409 
Atbashy 85 16 3926 4365 
Chirchik 86 6 3459 3903 
Chu 84 23 3703 4079 
Upper Chu 89 9 3798 4213 
Talas 82 25 3535 4073 
West Issyk-Kul 85 21 3820 4256 
East Issyk-Kul 86 15 3759 4220 
Sary Djus 85 26 4055 4503 
Aksay 87 14 4143 4610 
Kokshaa l 85 16 4324 4751 
Kumalike 85 25 4·112 4626 
Muzart 83 20 4013 4542 
Keksu 85 18 3638 4129 
Kash 81 49 3506 3970 
Ku nes 96 0 3540 4400 
Tekes 80 44 3722 4238 
Ily 82 38 3639 4376 
Kaidu 88 15 3800 4246 
Sairan 113 17 3579 4061 

Average/sum 86.4 21 3799 4290 

internal and eastern regions. T he range of variations in 
AAR is simila r in the Alps. I t is worth noting tha t g laciers 
with sm aller AAR have greater balance gradients for a 

given topography or hypsometric curve. The average m ass
balance g radient for the whole Tien Shan a t the ELA level 
makes up 2.7 mm m- I, varying from 1.6 mm m - I in the 
western and northern areas to 4.4 mm m 1 in the south . 
Our results differ from those obtained by Kuhn and others 

(1985) for Kesselwandferner and Hintereisferner, Austrian 

Alps. The difference m ay be accounted for by the local topo
graphic peculia ri ties of these two glaciers. I t can be con
cluded that to maintain steady state a glacier with a 
relatively low accumulation needs a g reater accumulation 
a rea. 

Assuming glacier runoff, Rg (km 3
), equal to integrated 

ablation, it is evident that in steady state at = Ct. So the dis
tribution of r g specific values i the same as that of precipita
tion (see Fig. 5). Specific rg increases northwestwa rd from a 
low of 580 mm in the southern part of Kokshaal river to 

at Rg internal accumulation 
mm max mill max mm max 

111111 III m kl11 3 kl11 3 
111111 111 111 

474 1873 0.462 1.826 11 61 
722 3083 0.099 0.421 11 156 
579 2657 0.56 2.571 26 183 
491 2067 0.056 0.235 8 99 
875 3890 0.157 0.696 15 234 
560 2291 0.356 1.455 22 96 
431 1709 0.046 0.182 8 56 
507 2194 0.083 0.361 5 117 
363 1523 0.057 0.241 7 72 
685 3006 0.373 1.638 25 176 
530 2245 1.306 5.532 51 122 
404 1747 0.889 3.847 28 100 
341 1435 0.099 0.419 17 71 
543 2188 1.56 6.285 71 98 
659 2678 1.175 4.777 82 125 
543 2441 0.229 1.029 9 153 
629 2755 0.265 1.161 13 156 
534 1900 0.052 0.16 101 
529 2362 0.542 2.424 32 151 
661 3176 0.478 2.296 14 245 
470 2027 0.209 0.901 108 
445 1950 0.284 1.243 17 113 

544.3 2327 9.337 39.7 22 127 

1100- 1600 mm in the C hirchik river basin and on the nonh
ern slope of the Za il yiskyi Ala tau range. The amount of 
interna l glacier accumulation m akes up 5- 8% of the total 

ablation on the north and west peripheral ranges and may 
exceed 10% in the interior of the Tien Shan. 

In steady state, Tien Shan glaciers contribute about 
15 km 3 which is 7-40 % of the tota l annua l runoffof the big
gest Central Asian rive rs. The glaciers contribute more than 
2 km3 of fresh water to the Aral Sea, about 3 km3 to Lake 

Balkhash and 0.6 km3 to Issyk-Kul each year. 

(2) Extretnal conditions 

The range of year-to-year ELA variations is about 400-
600 m . In low river basins such as Chirchik and Chu (Ily) 
where in years with heavy precipitation the ELA can des
cend as low as 3450- 3550 m, it can rise as high as 3900 m 
in dry years. In the highest pa rt of the mountain system 
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Fig. 6. The distribution qf maximum glacier runqff ( specific values, mm) over the Tien Shan in extremely warm years, or in lowest 
ELA position. 
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Fig. 7. The distribution rif minimum glacier runrifJ ( specific values, mm) over the Tien Shan in extreme!) cold years, or in highest 
ELA position. 

(Khan Tengry a rea) the ELA vari es from 4050 to 4600 m 
under different meteorological conditions (Table 2). 

In high-accumulation years when the AAR on periph

eral ranges of the Tien Shan is nearly 90%, mass balance 
can reach 700 mm and glacier runoff about 870 mm. The re
freezing of meltwater within deep snowpack is also greater 
in extremal years (positive mass balance), comprising 
200 mm, or about 20% of annual ablation. In more conti
nental areas, bn and Rg never exceed 400 and 340-
600 mm, respectively (Fig. 6). But the total a rea of glaciers 
in these a reas is very significant; only the glaciers of Khan 
Tengry can produce more than 4 km3 of water per year. 

In extremely warm years m ass balance m ay reach 
- 2300 m m on the western and northern glaciers. This results 
in Rg of nearly 4000 mm year- I (Fig. 7). Thus glaciers lose 

three times more water than in extremely cold years. The 
glacier runoff from high internal regions (Khan Tengry, 
A k-Shiyrak, K okshaal, etc.) does not exceed 860 mm even 
in extremely warm years (Fig. 6). 

The possible reaction of mass balance of the Tien Shan 
glaciers to climatic changes is shown in Table 3. An increase 
o[ I QC in summer temperature would reduce the AAR by 

10 % in the I1y river basin (we use this basin as the key a rea 
because of the ex tensive climatic pa rameters and m ass
balance data available). For example, if the mean summer 
temperature increased by I QC, the mass balance would 
change by up to - 400 mm in the Issyk Kul, Chu and Talas 
basins. 

CONCLUSION 

Our emphasis has been on calcul ations of mass balance and 
glacier runoff [or large a reas. But it is evident that these esti
mates should be tested against actua l observation data. 
H owever, standa rd hydrological data may be used to test 
the calcula ted glacier runoff only for sep a rate basins wi th a 
glacial area of more than 50%. Only a few records on 

Table 3. The mass balance rif basins under different climatic conditions 

Glaciated basin 

Upper Naryn 

Naryn 

Karadarya 
Atbashy 
Chirch ik 

Chu 
UpperChu 
Talas 

West Issyk-Kul 
East Issyk-Kul 

Sary Dj us 
Aksay 
Kokshaal 
Kumalike 
Muzart 

Keksu 
Kash 
Kunes 
Tekes 
Ily 

Kaidu 

Sairan 

10 

- 1101 

- 1832 

- 1621 
- 1222 
- 2299 

- 1344 
- 988 

- 1299 

- 906 
- 1794 

- 1350 
- 1045 
- 855 

- 1302 
- 1596 

- 1463 
- 164-9 

- 1427 
- 1903 

- 1207 

1170 

20 

- 601 

- 1022 

- 903 
- 679 
1276 

- 737 
- 543 
- 717 

- 504 
- 987 

- 742 
- 575 
-471 
- 710 
- 869 

- 814 
- 914 

- 790 
- 1066 

- 669 

- 648 

AAR in f ly basin (%) 

30 40 50 

- 385 - 234 - 114 

665 411 209 

- 583 - 355 - 174 
- 436 263 128 
- 830 - 510 - 257 

- 474 - 289 - 144 
- 352 - 215 - 107 
- 459 - 276 135 

328 - 204 - 100 
- 639 - 390 - 193 

- 476 - 290 - 143 
- 368 224 II1 
- 303 - 186 91 
- 454 - 275 - 134 
- 557 338 165 

529 - 325 - 164-
- 590 - 363 - 177 
- 483 - 285 - 1456 

512 - 313 - 155 
- 695 - 429 - 212 

- 432 - 265 - 129 

- 418 - 256 - 125 

60 70 80 90 

6 95 191 297 

- 11 173 342 529 

- 9 147 296 457 
7 110 222 355 

- 13 217 443 716 

- 8 123 244 386 
- 6 90 179 290 
- 7 115 244 388 

- 5 82 162 254 
- 10 163 329 527 

- 7 118 235 365 
- 6 91 189 298 
- 5 76 153 239 
- 7 II1 221 342 

8 137 273 423 

- 8 136 277 435 
9 152 305 477 

- 8 126 265 392 
- 8 129 260 406 

- 11 186 383 612 

- 7 11 2 222 350 

- 7 107 213 334 
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observed glaciers are avai lable to test the calculated values 
of mass balance. The values for large areas could be tested 
by data from the repeated topographic surveys, but these 
were carried out only on separate glaciers or groups of 
glaciers, not for the whole Tien Shan. 
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