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Detection of abrupt changes in glacier mass balance in
the Tien Shan Mountains

M.S. Cao
Lanzhou Institute of Glacwlogy and Geocryology, Chinese Academy of Sciences, Lanzhou 730000, China

ABSTRACT. Bascd on glacicr mass-balance records collected, compiled and pub-
lished by the World Glacier Monitoring Service (WGMS), an attempt is made here to
determine whether there were abruptdecadal-scale changes in annual balance on glaciers
in the Tien Shan Mountains. There appears to have been an abrupt change in the nmid-
1970s; two-thirds of the change was caused by an increcase in annual ablation and the other
one-third by a decreasc in the annual accumulation. Thus, the change was caused mainly
by a summer-temperature increase, supplemented by a decreasc in annual snowfall.
Climaterecords suggest that this event, in effect, isinresponse to a shiftin the background
state of the coupled ocean—atmosphere system over the Tropical Pacific during the mid-

1970s.

INTRODUCTION

Since the 1970s, abrupt changes in climate have been attract-
ing increased attention. Climate researchers are frequently
detecting new abrupt events at different

ing their characteristics, and discussing dynamic mechan-
isms (Goossens and Berger, 1987). For example, although
annual temperature departures over the Northern Hemi-
sphere have often varied from positive to negative, or con-
verscly, since 18], statistical analysis has shown that there
was, in fact, a significant shift in temperature from a colder
to a warmer regime in the carly 1920s (Yamamoto and
others, 1985).

Glaciers arc an important environmental featurcin high
mountain areas. In a given mountain area, climate change
directly influences the size, flow rate and cven the existence
of glaciers. Converscly, glacial fluctuations lead indirectly to
the preservation of records of significant changes in climate.
For example, based on the analysis of §'%O records in occan-
sediment cores, statistical studies show that there was an

abrupt change in climate about 900kaBP, in the middle of

the Pleistocene, involving worldwide cooling and an
increase in ice mass (Maasch, 1988). Mountain glaciers and
small ice caps are particularly sensitive to climate and it has
been suggested that they could be used to monitor environ-
mental or climatic changes (Meier, 1965; Barry, 1985).
Scveral recent studies have discovered an abrupt change in
climate in the tropical and North Pacific Ocean in the mid-
1970s (Trenberth, 1990; Graham, 1994). Here, an attempt is
made to determine whether this change aftected glacier
mass balance in the Tien Shan Mountains, using statistical
tests.

DATA

Because most glaciers are located in sparsely populated,

cold, high-mountain areas, field work is diflicult and data
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on glacier fluctuations are scarce. Less than about 1% of
the glaciers in the world are surveyed, and less than one-
tenth of those surveyed have been measured for mass
balance. Systematic measurements, starting in the mid-
1950s have resulted in valuable records (Wood, 1988). The
World Glacier Monitoring Service (WGMS) has collected
and compiled available datasets and published six volumes
of data on mass balance and glacier fluctuations (Kasser,
1967,1973; Muller, 1977; Hacberli, 1985, Hacherh and Miiller,
1988, Haeberli and Hoelzle, 1993).

The Tien Shan Mountains range in Central Asia is
about 2100 km long and 250-400 km wide (Iig. 1). Accord-
ing to a recent inventory, there arc 16490 glaciers in the
range, of which only three, Ts. Tuyuksu, Karabatkak and
Urumqi No. 1, or 002% of the total, have mass-balance
records more than 26 years long. All of the data used here
have been published in the previously mentioned WGNMS
publications with modifications according to the latest cor-
rected data (Byurgerov and others, 1995) and are given in
Table . The data for Urumqi glacier No. | have been recon-
structed for 1967—78 using records from a nearby meteoro-
logical station. The locations and some characteristics of the
threc glaciers discussed here are shownin Figure | and Table
2, respectively. Although mass-balance data arc available in
the WGNIS reports for eight other glaciers near Ts. Tuy uksu,
most of the data have been reconstructed and all of the
glaciers are located in the same small basin. Hence, these
arc not discussed here.

Precipitation in the Tien Shan Mountains is concen-
trated in the spring and summer and, in fact, shifts from
spring to summer as one moves from west to cast. For
example, in the Ts. Tuyuksu basin, 7% of the precipitation
occurs in the winter (Becember—February), 35% in the
spring (March—May) and 43% in the summer (June—
August), whereas in the Urumaqi glacier No. 1 basin the
corresponding percentages are 2, 18 and 66%. Thus, a sig-
nificant fraction of the accumulation occurs during the ab-
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Fig. 1. Locations of the three glaciers studied.

Table 1. The observational records (imm ) of annual accumu-
lation (C), ablation (A) and mass balance (B) on three
glaciers in the Tien Shan Meuntains

Year Is. Twyuksu harabatkak
C P B ¢ Kl B C A B

Urumgi glacier No. 1

36-57 1070 1220 =150

57-38 1250 920 330

58-59 970 1390 420 737 1081 344 3 456 87
39-60 1090 1190 =100 666 937 291 608 796 —188
60-61 920 1480 =560 474 1280 806 630 663 -33
61-62 870 1360 —690 636 742 86 62+ 791 —167
62-63 1200 850 440 666 706 40 633 399 234
63-64 1320 800 320 893 749 144 389 587 2
64-65 160 1210 30 71 72 4 630 276 374
6366 1120 1080 40 879 1035 156 51l 88> -374
66-67 1280 1050 230 796 786 10 608 678 70
67-68 810 1590 780 613 1265 652 345 1001 456
68-69 1210 1000 210 665 b6bd 0 647 1499 148

69-70 1301020 110 619 801 182 539 832 313
70-71 980 1340 -360 722 514 148 62> 523 102
7172 970 840 130 610 557 53 669 407 262
7273 10101300 =290 496 1249 753 503 1211 -708
73-74 790 1410 =620 632 683 Sl 605 730 —125
7475 950 1400 450 505 980 475 47 19 288
75-76 780 1500 720 444+ 1285 84l 57 488 29
76-77 850 1950 —1100 3711235 864 714 534 180
77-78 790 2270 1480 406 1582 1176 441 L —110
78-79 930 1450 =520 573 1074 501 462 546 84
79-80 880 1510 —630 6701034 364 390 725 335
80-8l 1HO0 990 110 577 1024 447 536 1188 —652
81-82 890 1580 630 323 1107 784 636 701 45
82-83 170 1720 550 2000 1159 948 668 568 100
83-84 7100 1960 —1250 235 1807 1572 455 538 83
84-85 770 1320 =550 263 1335 1292 478 1090 -612

x
S

86 1130 1650 -320 663 1033 392 482 151 669
86-87 930 1270 -340 432 14+ 682 474 630 176
87-88 1090 1700 -610 791 1247 456 462 1106 644
88-89 820 1280 —460 691 1087 396 378 473 103
89-90 920 1880 —960 730 1508 778 396 344 52

lation scason. This makes the inter-seasonal processes of

glacier mass balance different from those on glaciers nour-
ished primarily during the colder imes of the year.

As a consequence of this temporal distribution of accu-
mulation, frequent measurements are needed during the
summer to ensure reliable estimates of the seasonal distribu-
tion of accumulation and ablation (Xie and [iu,1993). l'or
example, mass balance is measured onIs. Tuyuksu two to
four times cach month in the summer, and only once 1n the
winter. These measurements utilize 130150 stakes and

several snow pits. The annual accumulation, ablation and
massbalance are calculated for 100 m clevation intervals. Si-
milarly, on Urumqi glacier No. 1, mass balance is measured
two or three times a month cach summer using 69 stakes
and several snow pits. Uruma glacier No. 1 has two major
branches; on each branch there are one longitudinal and
eight transverse lines of stakes. In additon to such measure-
ments, the precipitation gradient is measured in glacierized
arcas in the vicinity of glacier Karabatkak, and is used, in
conjunction with the precipitation data, to obtain a separate
estimate of the mass input. This is used, together with run-
off data, to check the mass-balance measurements.

METHODS

Most studies detect abrupt changes in climate by using
statistical tests. Generally, the mean values of climatic para-
meters are used to determine whether there has been a
Jump. This approach is used on glacier mass-balance data
in this paper. Both the moving #-test (MTT) and Mann
Kendall rank test (MKRT) are used, and the results are
compared.
In the MTT, if the difference

adjacent time intervals reaches a stipulated statistical signif-
icance level, an abrupt change is inferred to have occurred.
Whether a change is detected depends on the choice of sig-
nificance level. Thus, suppose a stochastic variable sequence
of annual balance is divided into two sub-sets, 1 and zs. Let
i, S; and n; represent the mean, variance and sample size
of the two sub-sets (2 = 1.2), respectively. The data are then
analyzed using the null hypothesis Hy @ jip = o and the
teststatistic, tg, 1s calculated as follows:

i — 2

J 1 1
S, [m + ;]

ty =

91—

where

g - (ny —1)S2 + (ny — 1)S3 :

S { ny +ny —2 }

1s the sample covariance. Because we are interested in deca-
ny =mny = 10. Tt 1s evident that
ty ~ t(n; + ny — 2). Given the signilicance level a and its
corresponding critical value ¢, the null hypothesis Hy will

dal time-scales,

be rejected for | £ | > t,. This would suggest that a jump is
present between the two neighboring sub-sets.
Figure 2 is the time series of annual balance from 1956
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Fig. 2. Time series of annual balance from 195657 through
1989-90 for glacier Ts. Tuyuksu.
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Fig. 3. Accumulative curve of annual balance for glaciers (a )

Ts. Tuyuksu; (b) harabatkak; (¢) Urumgi glacier No. 1.

57 through 1989-90 for glacierTs. Tuyuksu. Curve (a) of Fig-
ure 3 is the corresponding accumulative curve for 34 years.
Curves (b) and (¢) of Figure 3 show similar data for glaciers
Karabatkak and Urumgqi glacier No. I, respectively. It ap-
pears that there was a pronounced change in the carly to
mid-1970s. Itis, however, not always as easy as this to distin-
guish when accumulative curves are atypical (see Letré-
guilly and Reynaud, 1990, fig. 3). The statistical tests
applied here, however, can detect such changes. Iigure 4
shows results of the MTT test using n; = ny = 10 vears. It
is clear that a jump occurs in the early 1970s on glaciers Ts.
Tuyuksu and Karabatkak, and probably in the late 1970s on
Urumaqi glacier No. 1, and that their tests reach the signifi-
cance level a = 0.05 in the first two cases.

If there is little difference between the magnitude of n;
and the length of the entire sequence, jumps near or at the
cnds of the sequence cannot be detected. The non-para-
metric MKRT test partly avoids this weakness. It is gener-
ally agreed that the detection range of MKRT is broader
and the timing more precise (Goossens and Berger, 1987).
The null hypothesis of MKRT is Hy: therc is no trend
change in the sequence of mass balance z1,%9,...,zN. For
each element z; the numbers m; of elements x; preceding it
(7<) such that (z; <z;) are computed. Then, onc
assumes that the test statistic dy, its expected value E[dy],
and variance var[d;], are as {ollows:

]‘.
d; :Zm,- (2<k<N)
i=1
k(k—1)(2k+5)

var(dy] = =
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Fig. 4. Abrupt change in annual balance detected using MTT

Jorglaciers (a) Ts. Twyuksu; (b) harabatkak; (c) Urumgi
glacier No. 1. (Solid horizontal line is the critical value
corresponding le the significance level shown.)

Normalizing yields:
- d},- — E[dk]

u(dy) = \/m

where u(dy) has a normal distribution, and the probability
a; = preb(l u |> u(dy) |) can be determined using tables
or calculations. If ag 1s the significance Ievel of the test (e.g.
005), the null hypothesis is accepted or rejected depending
on whether o is greater or less than ag. When values of
u(dy) violate the null hypothesis, the existence of an in-
creasing(dy > 0) or decreasing (dy < 0) trend in the data
will be indicated.

Figure 5 presents the results of the M KR test. Curves
Cl are constructed from u(dy), except that u(dy) = 0. The
same procedure canbe used for the retrograde series, where
mi/ represents the numbers of the elements for
x>t < JSN)Ifi =N +1—1, then m; =m!and

u*(d;) = —u(d;) (i.7 =1,2,...,N).

The variation of the sequence u*(dy) is shown by €2 in Fig-
ure 5. The approximate time of an abrupt change that
occurs within the confidence interval is represented by the
interscction of the direct and backward curves, Cl and C2.

RESULTS AND DISCUSSION

The results of applying these techniques to the mass-balance
records of the three glaciers studied are listed inTable 2. All
tests detected jumps with significance levels a = 005, except
that for Urumqi glacier No. |, which yielded a significance
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Fig. 5. Abrupt change in annual balance delected using
MRRT for glaciers (a) Is. Toyuksu: (b) Rarabatkak: (¢)
Crumgiglacier No. I. (Cland (2 are the variation curves for
Jorward and backward sequences of the statistic wand u*, and
the solid horizontal line i's the critical value corresponding to
the significance level shown.)

level at 010 only. It is evident that, although the annual
balance in this region has been predominantly negative
since the 1930s, the negative-balance rate increased after
the mid-1970s. Tor example, the mean balance rates for
glacier Ts. Tuyuksu are —81 and 667 mma ' water equiva-
lent before and after the jump, respectively. The difference
between them is =386 mma ', being 1.83 times larger than
the mean of ~374mm a ' for the entire 34 years. It appears

Table 2. Detected results of abrupt change for three glaciers in
the'Tien Shan Mountains

Glacter name Ty Tuyuksu harabatkak — Crumqi glacierNo. 1

( PSEG code) ( SU03073) (SU05080) (CNOOI0)
Lat. (°”N 43.00 +2.06 43.05
Long. ("."E) 77.06 78.18 86.49
Area (km”) 311 436 1.8+
Jump vear (MKRT 197273 1974-75 1977-78
Jump year (MTT 1972-73 1974-75 1977-78
Significance level 0.05 0.05 0.10
Average mass balance 8l 208 12
Belore jump (mm a :
Average mass balance 667 766 254
After jump (mma )]
Difference (mma Y)” —586 358 212
Percent change (0/0>+ 183 110 176

. . . . L
Mean difference of annual balance before and after jump year.

+ . .
Percent difference relative to overall mean annual mass balance.

Cao: Abrupt changes in glacier mass balance inthe Tien Shan Mountains
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Lig. 6. Abrupt change in annual accumulation detected using
MTT for glaciers (a) 'Is. Tuyuksu. (b) Ravabatkak: (c)

Urumaqi glacter No. 1. ( For explanation, see Figure 4

that the climatic environment in the Tien Shan Mountains
became warmer and drier after the mid-1970s, and that this
change was superimposed on the overall warmer trend in
this century.

Results of analyses of the annual accumulation and
ablation series separately show that the jump vears are
197071 and 1972-73, respectively, for Ts. Tuyuksu; 197172
and 197475 for glacier Karabatkak; and 197576 and 1977~
78 for Urumqi glacier No. | (Figs 6-9). Note that the jump
year for annual ablation coincides with, or follows by [ year,
that of annual balance ("Table 2), but follows that for accu-
mulation by 2-3 years. Note also (Table 3) that approx-
imately two-thirds of the difference in annual balance is a
result of a change in annual ablation; the other one-third is
duc to a change in annual accumulation. The mass balance
icorporates the effects of both annual accumulation and
ablation. Thus, the abrupt decrease in annual balance for
these three glaciers was caused more by the variation in
annual ablation than by that in accumulation.

Normally, snow accumulation is concentrated in the
winter and ablation in the summer, so annual accumulation
and ablation vary with winter precipitation and summer
temperature, respectively. However, as noted, this is not the
case in this partof the Tien Shan Mountains. The record of
summer temperature and annual precipitation at the Daxi-
gou meteorological station (43706" N, 86°50" E; 3339 ma.s.1),
near Urumqi glacier No. 1, are shown in"lable 4. Analyses of
these data by MTTand MKRTare shown in Figures 10 and
IL Tt is clear that there are no abrupt changes even at the
0.10 significance level, in either case. The differences in the
means before and after 1977-78 are only 0.2°Cand =19 mm,
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respectively. Thislackof evidence forabruptchanges may he
attributed to the unusual inter-seasonal distribution of pre-
cipitation mentioned above. Under such conditions, both
accumulation and ablation may be influenced by either pre-
cipitation or tempcrature, or both. For example, if therc is
no change in precipitation in the summer, an increasc in
temperature will not only increase ablation but also
decrease accumulation due to a lower ratio of solid to liquid
precipitation. However, if an incrcase in temperature and a
decrease in precipitation occur together, there will be a
feed-back between ablation and accumulation due to the de-
pendence of snowline elevation on snow accumulation.
Thus, a lower than normal snowfall results in a higher
snowline and a greater increase in ablation because, duc to
its lower albedo, ice normally melts 4-5 times faster than
snow (personal communication from W. Tangborn, 1997).
Therefore, although no statistically significant abrupt

Table 3. Detected results of annual accumulation and ablation
for three glaciers

Glacier Jump year Mean annual accumulation ~ Mean annual ablation
Jor  Befere After  Difference  Before After  Difference
annual  jump  jump (% of  Jump jump (% of
balance total diff) total diff)
mm  mm mm mm

T Tayuksu  1972-73 1092 915 177 (30) 1168 1573 410 (10)
Karabatkak  1974-75 667 492 175 (30) 87 1258 384 (70)
Urumqi No. 1 1977-78 597 519 78(37) 639 773 134 (63)




Table 4. T he records at Daxigou meteorological station

Summer Annual
Year lemperatiure precipitation”
°C mm
58-59 3.8
59-60 +.0 472.8
60-61 3.9 423.6
61-62 +.6 4345
62-63 +.0 4442
636+ 4.1 495.5
64-65 +.2 +44.2
65-66 +.3 502.3
66-67 3.6 373.8
67-68 3.7 +428.0
68-69 3.7 3776
69-70 3.9 471.0
7071 3.8 380.5
=72 3.8 4635.5
72-73 43 4894
7374 +4 3540
7475 3.9 +18.4
7576 3.0 +46.2
76-77 +6 462.5
77-78 43 383.2
78-79 39 436.1
79-80 +4 7.7
808l +.0 360.8
81-82 3.7 +48.6
82-83 3.7 1859
83-84 +.0 H0.7
84-85 3.9 368.9
8>-86 45
86-87 +1
87-88 +3
88-89 35
89-90 44 462.6

* o
September to August.

changes occur in annual precipitation and summer temper-
ature, the feed-back amplifies the effect, resulting in a signif-
icant change in mass balance.

In the basin of Urumqi glacier No. 1, appreciable
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Fug. 10. Abrupt change in (a) summer temperature and (b)
annual precipitation detected using MTT for Crumq
glacier No. 1
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Fig. 1. Abrupt change in (a) summer temperature and (b)
annual precipitation detected using MART for Urumqi
glacter No. 1.

changes in annual precipitation and summer temperature
are detected in 1972-73 and 197677 (Figs 10 and 11). Tt 1s
noteworthy that 1976-77 is ncarer the jump year for annual
balance and ablation than that for accumulation. This again
means that an increase in temperature dominated the
abrupt change in mass balance, since most of the change is
caused by ablation. The meteorological records at both
Mynzhilki (43705 N, 77°04" E; 3017 mas.l) and Tien Shan
(H3'N, 78714 I 36l4massl) meteorological stations,
near glacier Is. Tuyuksu and Karabatkak, respectively, show
similar characteristics (Lin and Han, 1992). A jump in
summer temperature occurred in 1972-73 at Mynzhilki sta-
tion that also reached the 0.0 significance level. Therefore,
it seems that abrupt changes in mass balance for these
glaciers are caused mainly by an increase in the summer
temperature over the Tien Shan Mountains.

CONCLUSIONS

An abrupt change inthe coupled occan—atmosphere system
over the tropical Pacific during the mid-1970s was both
observed and simulated by a general circulation model
(Graham, 1994). This led to obvious changes in the large-
scale boreal winter circulation pattern over the north Pacific,
marked by a southward shift and intensification of the Aleu-
tian Low and of the prevailing westerlies over the mid-lati-
tude central and castern Pacific. A diflerence in the 700 hPa
heights between 1970-71 and 1975—76, and 197677 and 1981
82 in the Tien Shan Mountains is confirmed by a f-test at a
significance level a = 0.05. Thus, the abrupt change in
glacier mass balance in the Tien Shan Mountains, in eflect,
corresponds to that event.

Variations in the positions of glacier fronts are often used
to deduce climate change on longer time-scales, because
these data are casy to collect, although the response lags
the climate change. Mass balance, however, reflects the pre-
ceding year’s climate. Thus, it is more sensitive, as it directly
links a glacier to its climatic environment. This rescarch
further suggests that monitoring mass balance can provide,
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directly, information on abrupt changes in climatic environ-
ments on short time-scalcs.
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