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Modeling the variation trends of glacier systems
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The basic principles and methods for a functional glacier systems model are introduced and applied for glaciers
of Northwest China. When running the model we assume that a glacier system is under steady state conditions
in the initial year. The median size of a glacier system is used as representative for the system. The curve of gla-
cier area distribution against elevation is used to compute the increase in equilibrium line altitude (ELA), and the
annual glacier ablation is calculated using a global formula a = 1.33(9.66 + t,)> [4, p. 96]. The net mass balance
near the ELA under steady state conditions represents the net mass balance of the whole glacier system, and the
time required for glacier runoff to return to the initial year level is calculated according to the law of glacier runoff
variation, and used to calculate the variation of glacier area. The variation of glacier runoff is modeled accord-
ing to ablation at the ELA, and the variation of glacier volume is modeled according to the absolute value of the
mass balance. The observed changes in surveyed glaciers in China over recent decades were broadly consistent
with predictions of the glacier system model. The model therefore offers a reliable method for the prediction of

changes in glacier systems in response to changing climate.

Introduction

As a result of continued global warming, many
glaciers are retreating, with important effects on the
natural environment. Therefore, studies on glacier
variation, and the prediction of trends in glacier
variation, have been a focus of research in the field
of glaciology. Many methods have been developed to
predict trends in glacier variation in response to cli-
mate warming, including models of response to cli-
mate change, dynamical models, and hydrological
models. Models based on glacier energy balance can
be applied to single glaciers that have been surveyed
in detail [19]. However, other approaches are
required for the prediction of glacial variation across
large spatial scales without detailed field observa-
tion. The World Glacier Inventory provides data on
many glaciers globally, and the application of satel-
lite remote sensing technology enables the detection
of large-scale glacier variation. Recently, several
models simulating large-scale glacier variation have
been developed. Paul et al. [20] used data on glacier
accumulation area to predict glacier variation in sev-
eral areas of Switzerland. Glazyrin and Kodama [12]
used three phases of glacier inventory data for four
basins in the Pamir Mountains of Central Asia, and
developed a method to simulate changes in glacier

area. Kuzmichenok [8] developed a statistical
method to simulate the runoff and evolution process
for glaciers in Kyrgyzstan. According to the theory
of glacier systems, a functional model was devel-
oped [5, 31] and applied to glacier systems in
China [27, 36]. The modeled results of trends in gla-
cier variation were close to observational results of
glacier variation over recent decades [33]. In this
paper we present a general introduction to a new
functional model for glacier systems.

Principles of the glacier system functional model

Median size of the glacier system. A glacier system
is a group of glaciers in the same region, influenced
by similar climate patterns and intrinsic physical
laws. A system can be divided and subdivided based
on features including physical characteristics,
mountain ranges, and watershed boundaries [13].
The concept of glacier systems has been widely
applied in analyzing glacier distribution laws from
glacier inventory data [1, 2]. The median size (S,,,,)
of a glacier system is defined as the size when the
cumulative glacier area reaches 50% of the glacier
system as a whole. Median size was used to study the
structure of glacier systems in Southern Tibet, and
results confirmed that the median size of the glacier
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system could appropriately represent the typical gla-
cier area of the whole glacier system [17].

Glacier area distribution with elevation. Changes in
glacier equilibrium-line altitude (ELA) have been cal-
culated based on the curve of glacier area distribution
against elevation. Kuzmichenok [7] developed a for-
mula for calculating the glacier area distribution
against elevation, which has been widely applied in
China [16, 27, 32]. Recently, characteristics of Hima-
layan glacier systems were studied using ArcGIS soft-
ware to obtain information on glacier area distribu-
tion against elevation [38].

Equilibrium-line altitude. The net mass balance
close to the elevation of the ELA in steady state con-
ditions, bn(ELA,), is equal to the mean net mass bal-
ance of the glacier, bn:

bn(ELA,) = bn. (D

This relation has been explained in detail in a
previous paper [30]. When the climate fluctuates nor-
mally, changes in ELA, are relatively small and stable,
though the ELA in any one year (£LA,) is variable as
a result of annual climate fluctuations. The amplitude
of the fluctuation in ELA, is smaller than that of
ELA,. Consequently, the net mass balance at FLA,
was used to represent the mean net mass balance of
the whole glacier in the model. ELA is essentially an
abstract concept obtained through computer analysis.
For a glacier with a long time series of mass balance
observations, the formula devised by Braithwaite [10]
can be used to estimate ELA:

bn=a(ELA, — ELA,),

where a is the gradient of effective mass balance.

We can also obtain the elevation of ELA, using the
curve of net mass balance changes against alti-
tude [30]. For glacier systems, the mean of ELA,,
ELA,, can theoretically be derived from the ELA| of
each glacier in a glacier system. The concept of the
reduced snowline presented by Seversky [21], is simi-
lar to the concept of the ELA,. Analysis of ELA data
from the Chinese Glacier Inventory showed that an
empirical formula could be used to calculate the mean
snowline altitude for a basin or a mountainous region:

ELA, = aH,,+ b, (3)

where ELA, is the computed ELA; H,, is the average
of the highest and the lowest elevation of the glacier,
and a and b are empirical constants.

Statistical analysis was conducted on exterior
drainage data from the glacier inventory of Southern
Tibet, and the correlation coefficients for £LA, and

(2)

H,, (formula (3)) ranged from 0.8—0.88 for the gla-
cier systems of the Indus, Ganges and Yarlung
Zangbo Rivers [31]. For the Chinese Glacier Inven-
tory, ELA was measured using the method devised by
Hess (ELA,), determined according to changes of
contour lines in the central glacier. In fact, ELA, is
close to the dynamic ELA, ELA, which is related to
the period of the glacier cycle. A.N. Krenke [6]
reported that the average cycle time of glacier water is
approximately 100 years in mountain glaciers. There-
fore, ELA, is relatively stable, and close to the con-
cept of ELA,. However, ELA, was only recorded for
about 10—12% of glaciers in the Chinese Glacier
Inventory. Formula (3) was used to calculate the
ELA, of all glaciers in the system, and the average
value was denoted as the mean ELA, ELA, for the
glacier system. The ELA, can therefore approximate
the mean ELA, of glacier systems, namely:

ELA, = ELA,. (4)

Ablation at ELA,. Currently, many models are
available to describe and compute the process of
glacial ablation. Models based on energy balance
can be used for single glaciers if enough observa-
tional parameters exist. Degree-day models based
on temperature can also be applied to single gla-
ciers [11], and degree-day factors can be changed for
large scale regions [38]. We therefore selected the
Krenke—Khodakov model [5, p. 96; 14] based on the
mean summer temperature:

a=1.33(9.66 +1,)2%, 5

where a is the ablation (mm w. eq.) at ELA; ¢, is the
mean summer temperature (June—August) at ELA, (°C).

This model has been widely used in the former
Soviet Union [3, 5] and China [16, 37], with some
modifications to its empirical constants. Recently,
Kotlyakov and Lebedeva [5] demonstrated that
under various climatic conditions the ablation curve
could be different even if the value of 7, is the same.
However, computing ablation using mean summer
temperature had common implications, and formu-
la (5) was designated as a global formula, suitable for
application in large glaciated regions. We therefore
used Formula (5) in this paper.

Mean summer temperature at ELA,. To calculate
the mean summer temperature at ELA,, the tempera-
ture from June to August at 600 MPa was obtained
from the Meteorological Atlas for the Qinghai-Xizang
Plateau [10]. The Meteorological Atlas was compiled
on the basis of meteorological survey data recorded
between the 1960s and 1970s (Lanzhou Institute of
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Plateau Atmospheric Physics, Chinese Academy of
Sciences, unpublished data). Using the mean summer
temperature at 600 MPa, 1,4> according to the vertical
lapse rate and taking in to account jumps in tempera-
ture of the glaciers, A#, the mean summer tempera-
ture at ELA, was calculated:

1,=t,,+ Ay + At

(6)

where Ah = h,, — ELA; v is the vertical lapse rate of
temperature, ranging from 0.55—0.75 K/100 m.

The corrected temperature of the glaciers Af; was
arbitrarily assumed to be —0.5, —1.0 and —1.5 K
according to the S,,,, of the glacier systems. Most of
the original aerial photos used for the Chinese Glacier
Inventory were taken in the 1960s and 1970s, which
was coincident with the time that the mean summer
temperature at 600 MPa was surveyed. The summer
temperatures obtained as described above can therefore
be regarded as initial temperatures (7,) to predict
changes in the Qinghai—Xizang Plateau glacier sys-
tems. When the glacier system functional model was
used to predict the changing trends in the Altai Moun-
tain glacier systems, the summer temperature field
was established at 3000 m with y = 0.6 K/100 m and
At;= 0.5 K, on the basis of ground-recorded meteo-
rological data [34].

Net mass balance at the ELA,. Theoretically, the
net mass balance b, at the ELA, should be zero
under steady state conditions. When the tempera-
ture of ¢, rises, b, can be computed using the follow-
ing formula:

b, = 1.33[(9.66 + 1,)>%5 = (9.66 + t,y + AL)>$],  (7)

where b,; is the net mass balance after the changes of
t,in a given year i; y, is 7 at the steady state; Az, is
the change in the value of #,.

If the precipitation changed at the same time in
a certain year i, the accumulation amount of the
glacier (Ac;) affected by solid precipitation could be
added to formula (7) directly:

B =1.33[(9.66 +1,,)>5 — (9.66 + 1, + AL)*S5] + Ac,  (8)

where b, is the net mass balance of the glacier under
the climatic scenarios of both temperature and
precipitation changing simultaneously in a given year.
In the continental glacier systems of High Asia,
where the precipitation is predominantly in solid
form, the elevation of ELA, is relatively high. In
maritime glacier systems, such as in the south of the
Qinghai—Xizang Plateau, where liquid precipitation
occurs often, the elevation of ELA is hundreds of
meters lower than for the continental glaciers.

Therefore, some meteorological methods should be
applied to allow for the amount of solid precipita-
tion. In the glaciated regions, accumulation at the
ELA, does not equal to precipitation because of the
influence of wind and snow drift. A correction coef-
ficient for glacier accumulation of about 1.4 was
introduced, based on observational data [6]. Gener-
ally, Ac; in formula (8) can be expressed by the per-
centage of accumulation c¢;. The ¢; of glaciers under
steady state conditions can be calculated using For-
mula (7), and the depth of glacier ablation at the
ELA should be equal to the depth of accumulation.

Variation of glacier runoff. When temperature
rises, glacier melting accelerates, and a negative
mass balance occurs resulting in an increase in the
depth of glacier runoff, referred to as glacier retreat-
ing runoff [4]. As the glacier retreats, the area of the
glacier also decreases. The total glacier runoff, w,
can be expressed as:

&)

where rjand s, are the runoff depth and the area of
the glacier in the initial year, respectively, and r;and
sy are the increment of runoff depth and the decre-
ment of glacier area resulting from climate warm-
ing, respectively.

As temperature rises, glacier runoff initially
increases with acceleration of glacier melting. When
the temperature reaches a maximum, runoff falls
back secondary to a loss in glacier area, that is, the
glacier runoff is characterized by an initial increase
then subsequent decrease under the scenario of con-
tinuous warming. When the total glacier runoff
returns to the original level (w,), the decrement of
glacier area can be calculated using:

w=(ry +ry)(so— Sy,

Sy = St/ (ry + 1yp). (10)

If evaporation is disregarded, then r, = a,,
ry = |bn|, a = 1b,|/ay, = r,/ry, and the decrement in
glacier area s, can be rewritten as:

(11)

At the time when the total glacier runoff returns
to the original level w,, the glacier area s, is:

s, =5sp/(a+1). (12)

To determine the time that it takes for the glacier
to revert to the original runoff state 7, the empirical
formula for the relationship between mean glacier
thickness and glacier volume, which was widely used
in Chinese Glacier Inventories [22], was applied:

h = 5321503 — 11.32,

54 = 8p0/(a+ 1).

(13)
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Fig. 1. Relationship between the time which tneeds for a glacier
to revert to its original runoff 7, and glacier area in the year S,
A, B, C, and D indicate glaciers with negative mass balance at ex-
tremely strong, strong, weak, and extremely weak rates, respectively
Puc. 1. CooTHouieHrEe MeXIy BpeMeHeM, HEOOXOAMMBIM ISt
JIOCTMKEHUS MCXOIHBIX 3Ha4eHMI cToKa T, ¥ MJIOLIAbIO JIe]I-
HUKA B HAYaJIbHBII o S)).

A, B, C, D — COOTBETCTBEHHO JIEAHUKH C IKCTPEMAJIbHO BBICO-
KHM, BBICOKUM, HU3KUM M DKCTPEMaJbHO HU3KUM HETraTUBHBIM
0ajlaHCOM MaccChl

where /4 is the mean glacier thickness, and s is the
glacier area. Considering the absolute value for net
mass balance |bn|, formula (13) can be expressed as:

1.
53.215%3 1—( ] ]
o+1

Area variation of glacier systems. As is shown in
formula (14), 7, increases exponentially with s,
(Fig. 1) [31]. The discussion above has focused on the
relationships for variation of individual glacier runoff,
but for predicting the variation of glacier systems, the
following formula should be applied:

Smedo = 05

11320
o+l

_1.8(a+1)

< |b,|(@+2) (9

(15)

where §,,.4 is the medium size of the glacier system
in the initial year.

When the S,,,, of the glacier system reaches 7,
50% of glaciers smaller than the §,,,, for the system
as a whole will reach or pass 7,, and the total runoff
will be less than the original runoff. The other 50%
of glaciers larger than §,,,, will not have reached 7,
and total runoff for these glaciers will still be higher
than original levels. Therefore, when §,,,, for the
glacier system reaches 7,, the runoff for the entire
system is averaged to restore levels to the original
values, and S,,,, can be used to represent the total
area of the glacier system, and to predict the varia-
tion in area of the system. If the temperature contin-
ues to rise, each parameter in formula (14) varies

year by year, and the total area of the glacier system
S;in a given year i is:

S=S_ [1-—2 |
P (a+1T,

If climate warming persists 7,; will eventually
reach close to zero, and at that time the total area of
the glacier system §; will also be close to zero, and the
glaciers will disappear.

Volume variation of glacier systems. As climate
warming continues, the variation of volume for a gla-
cier V,; in a given year will be:

Vi = 16,15:/900 000, (17)

where V, is the variation of glacier volume in a given
year i; |b,;] is the constant of net mass balance; S, is
the glacier area in a given year i and 900 000 is the
conversion coefficient.

The average density of ice is 0.9 g/cm?, and the
dimensions of glacier area and volume are km? and
km?, respectively. The total accumulative change of
glacier volume in a given year i is:

V= 2lb,45,/900 000, (18)

The rate of the variation of volume for a glacier is:

ZVdi — 2|bni|si

v, 900000 ¥’

where ¥, is the total volume of a glacier system under
steady state conditions.

Runoff variation of glacier systems. 1f evaporation
is disregarded, annual glacier ablation is equal to its
runoff, and the total runoff for a glacier system W, in
a given year i is:

W; = a,5,/1 000 000. (20)

Three signal years have been identified to depict
the variation characteristics of glacier systems in
response to climate warming. The year when the
runoff of a glacier system reaches its maximum is
denoted as 7). The year when the runoff of a glacier
system reestablishes its original runoff is 7,, and the
year when the runoff of a glacier system is close to
zero (S;~0), is denoted as T5.

ELA, variation of glacier systems. When glaciers
retreat, the area of the glaciers is reduced. However,
the ELA, of a glacier will spontaneously rise to main-
tain the stability of the accumulation area ratio (AAR)
of the glacier. To determine the increase in value of
ELA, for glacier systems exposed to climate warming,
AELA,, the altitude structure of the glacier system is
used to compute the AAR. The accumulation area

(16)

(19)
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Table 1. Main parameters of the glacier system functional model

Item Description Unit Note
Sy Glacier area
V, |Glacier volume km?

Median size of glacier system

Obtained from glacier inventories
of China

Difference of elevation between mean highest altitude
and the mean lowest altitude of the glaciers distribution |

ELA,|Mean equilibrium line altitude

Calculated using section 2(3) above

1y Mean summer temperature at £ELA,

K | Calculated using formula (6)

a Depth of annual ablation at ELA,

Calculated using formula (5)

W Glacier runoff

Calculated using formula (20)

ELA |Rising value of ELA, m | Calculated using formula (21)
Af, | Changes in value of mean summer temperature at ELA, | K |Calculated using formula (23)

ratio is the indicator of climate and immediate sur-
roundings in a glaciated region, and it is minimally
affected by climatic fluctuation. When glacier retreat
begins at the terminus, ELA, will rise simultaneously.
Statistical analysis shows that polynomial relation-
ships exist between AELA, and AS/S,:

AELA = C,(AS;/S,)} + Co(AS;/S,)? + C5(AS,/Sy), (21)

where AS;/S, is the rate of retreat of the area of the
glacier system; AS, is the value of variation of glacier
area in a given year 7; §; is the glacier area in the orig-
inal year, and C,, C, and C; are empirical coefficients
dependent on the variation of the relationship
between glacier area and height.

Secondary to an increase in altitude of ELA,, the
mean summer temperature at the ELA, will inevitably
fall, and can be calculated by:

A, =vyAELA, (22)

where Af; is the decrease of summer temperature as a
result of the ELA rising, and v is the local vertical
lapse rate of summer temperature.

To compute the glacier variation for the following
year, the summer temperature at the EFLA in a given
year i, should be modified as:

— AL,

S1°

(23)
where 7;,, is the mean summer temperature in the
following year; #,; is the mean summer temperature in
a given year i.

tsi+1 = tsi

Running the glacier system models

Original year of modeling. We make the assump-
tion that glaciers remain in a steady state in the ini-
tial year of modeling. When temperature rises, the
ablation of the glaciers accelerates, a negative mass

2 JIén n Cuer, Ne4, 2013

balance occurs, and the steady state of the glacier
system no longer exists. The time when aerial photos
were taken was set as the initial year of modeling
because the aerial photography topographic maps
were also used for the Chinese Glacier Inventory.
Although individual aerial photos may have been
modified before the topographic maps were official-
ly published, the boundaries and area of the glaciers
would not have changed significantly. The aerial
survey time for glacier systems differed, and time
gaps would have caused errors in glacier area. How-
ever, most of the aerial surveys were carried out
between the 1950s and 1970s, and glaciers in China
changed little during those years [35]. Therefore,
1980 was selected as the initial year when modeling
the variations of glacier systems across China.
Parameters for modeling. Glaciers in China were
cataloged according to the size of associated water-
sheds, and we also divided and subdivided glacier
systems in terms of watersheds. For large watersheds
such as the Yangtze River, the Yarlung Zangbo
River, and the Yellow River, we further subdivided
glacier systems according to upper, middle and lower
reaches because different climates exist along these
rivers. Glacier systems in large mountain ranges,
including the Himalayas, the Tian Shan Mountains,
and the Kunlun Mountains, were subdivided on the
basis of directional aspect, because different cli-
mates exist on different sides of mountain ranges.
The main parameters of the glacier system function-
al model are summarized in Table 1. The initial
parameters are labeled with the subscript 0.
Scenarios of climate variation. The Intergovern-
mental Panel on Climate Change (IPCC) and Chi-
nese scientists have made predictions on the magni-
tude of climate change in China by 2050, but much
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Table 2. Modeled changes in features of glacier systems supplying the Yarlung Zangbo River (Y), Ganges River (G), and Indus
River (I) for the three signal years T, T,, and T,

imati T, T. T
Glacier | ap | S,.p | AH, ;L‘l‘l‘zif ! 2 T
2 5 a, a, a, 5 )
system (code) | m | km m K/a year W/W, | S/S, year W/Wy | S/S, year m °C
0.01 29 | 1.027 | 0.986 | 72 110939 | 928 1335 | —8.00
Y(502) 1.855| 5.15 | 5400 0.03 29 1.083 | 0.955 74 1 0.805 | 358 1337 —8.00
0.05 30 1.141 | 0.923 73 1 0.680 | 237 1336 —8.00
0.01 58 1.064 | 0.973 | 181 1 0.848 | 1322 1797 —11.67
G(501) 0.851| 7.15 | 5400 0.03 78 | 1.220 | 0.867 | 170 1| 0474 | 497 1797 | —11.67
0.05 80 1.414 | 0.760 | 142 1 0.404 | 324 1798 —11.66
0.01 85 1.118 | 0.938 | 227 | 0.697 | 776 858 —5.99
1(5Q) 0.479| 2.25 | 2900 0.03 93 1.408 | 0.779 | 174 1 0.392 | 328 857 —5.98
0.05 80 1.707 | 0.710 | 142 1 0.286 | 225 854 —5.95
2_ —_—
. G
T 157 .
el
= 1 .
0.5 .
c\8 C\\B A c\\B\\A
0 | I | | I I | I [ T T 1
1 \
2 054 3
%] A A
Cc\\B c A C\\B
0 T T | I l l T T
> -
> B A
C
1 I I I | 1
2000 - - -
1500 — .

AELAIm
=
8 8

o

T | T |
300 600 900 1200

| | | |
300 600 900 1200
Tla

300 600 900

Fig. 2. Changes in glacier runoff W/ W, glacier area S/, glacier volume V/V},, and equilibrium line altitude AELA for the Yarlung
Zangbo River (Y), the Ganges River (G), and the Indus River (I) glacier systems.

A, B, and C indicate climate warming rates of 0.01, 0.03 and 0.05 K/a respectively

Puc. 2. smeHeHus JeqHUKoBoro croka W/ W), muowany jenHukoB S/, o0béma 1eaHUKOB V/ V| 1 BBICOTBI IPaHUIIbI TUTAHUS
AFELA nnsg neqHUKOBBIX cucteM bacceitHoB pek SApayHr 3anroo (Y), Ianr (G), u Unn (1).
A, Bu C — tpena noteruienust cootsetctBerHHo 0,01, 0,03 1 0,05 K/ron
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uncertainty exists. Based on currently available data,
three possible climate change scenarios have been
proposed, that global temperature will rise by 0.01,
0.03, or 0.05 K/a, assuming that the rate of change
in the global annual mean temperature is consistent
with that of the summer mean temperature. The
effect of precipitation was also considered, as shown
in formula (8), with a 10% increase in precipitation
predicted for every 1 °C increase in temperature [18].
For the purpose of our model we consider the
impact of the increase in precipitation levels in solid
form supplying glacier systems.

Results of model predictions. The parameters
shown in Table 1 and Table 2 were used in the func-
tional model for the response of glacier systems to cli-
mate warming. The modeled changes in glacier
runoff, area, volume, and FLA are shown in Fig. 2.
Predicted rates of retreating glacier area, increasing
altitude of ELA, and changes in the rate of runoff for
the three signal years (7, T,, T;) are listed in
Table 2 for southern Tibet watersheds.

Functional models for glacier systems have been
widely used to predict the response of glacier sys-
tems to climate warming in China [15, 24, 26, 28,
34, 36]. The modeled trends for the response of gla-
ciers in China to the three possible climate warming
scenarios are shown in Fig. 3.

Discussion and conclusion

If the global mean surface air temperature
rises this century, and so will the temperature
in Northwest China. The prediction of climatic
warming is accompanied by many uncertainties,
and therefore we made some assumptions about
climate change scenarios. The three possible sce-
narios selected were temperature increases of 0.01,
0.03, and 0.05 K a™! in this century. We selected
1980 as the initial year and modeled the changes
of glacier systems in response to the three pos-
sible climatic scenarios. The increasing availabil-
ity of survey data on glacier variation, and alpine
meteorological data, makes it possible to verify
the functional model results as shown in Table 3.
Survey data were obtained from satellite or aerial
images. Changes predicted using the glacier system
model were in close agreement with results based
on physical monitoring. For example, the area
of 16 ice cap glaciers on the Chang Tang Pla-
teau, in the northwest of the Qinghai—Xizang
Plateau, totaled 2075 km2. The area of these gla-
ciers declined by 90 km? from 1970 to 2000, and
the average annual retreat rate was —0.0145 % a™'.

AWIW,
0.3 5

0.05 K/a

-0.4

-0.5

0.05 K/a

-0.6

I [ [ |
1980 2040 2060 2080 2100

Tla

[ I
2000 2020

Fig. 3. Modeled variation rates for glacier systems in China in
response to three possible climate warming scenarios to the end
of this century.

A — glacier runoff W/W,; B — glacier volume V/V; C — glacier
area S/,

Puc. 3. PesynbraTsl MOmeIMpoOBaHUS U3MEHEHUH JIETHUKOBBIX
cucteM Kutas k koHuy XXI B. B COOTBETCTBUU C TpeMs BO3-
MO>HBIMU CLIEHAPUSIMU MMOTEIJICHUS KJIMMaTa.

A — neqHUKoOBbI cTok W/Wj; B — 06béM negnukos V/V; C —
TUTOLIAMIb JIETHUKOB S/5)

According to the glacier system model results,
under the scenario of a 0.03 K a~! warming rate,
the average annual retreat rate was —0.0147 % a™!
over 30 years [24]. The actual average temperature
increase on Tibet Plateau between 1971 and 2000
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Table 3. Verification of model results using survey data on changes in the area of glacier systems for Western China

over recent decades

Survey data Model results
Glacier systems area B area te.m.perature a area
kmz’ peri)o d retreating rate, |reference| rising rate, peri)o d retreating rate,
% K/a %

Urumgi River Basin 48.04 | 1964—1992 —13.8 [8] 0.03 28 —13.7
Gangrigabu 3031.25|1915—1980 —47.9 [22] 0.05 65 —54.2
Pengqu-boqu Basin 1642 | 1970—2001 —9.0 [11] 0.03 31 —11.3
Altay Mountains 804.9 |1952—1998 —7.1 [24] 0.02 46 —8.2
Kashen River Basin 133.85 | 1962—1990 —3.5 [18] 0.02 27 —3.5
SiKesu River Basin 102.22 | 1962—1990 —2.6 [18] 0.02 27 —3.1
West of Qilian Mountains | 162.8 | 1956—1990 —4.8 [20] 0.03 34 —4.6
Animaqging Mountains 125.5 | 1966—2000 —17 [21] 0.05 60 —16.4
East Pamir 1067.24| 1962—1999 =7.9 [29] 0.05 37 =7.2
Geladandong 889 | 1969—2002 —4.8 [47] 0.03 33 —3.5
Naimaona 84.41 |1976—2003 —3.8 [48] 0.03 27 —3.0
Yulongkashi 1776.96| 1989—2001 —0.5 [30] 0.03 12 —0.3
Changtang Plateau 2075.24|1970—2000 —0.15 [33] 0.03 30 —0.15

was 0.024 K a! [29]. In conclusion, as shown in
Table 3, the survey results for rates of change were
largely supported by modeled results based on tem-
perature increases of 0.02—0.05 K a~!. The tem-
perature change scenarios used for the model agree
well with the observed temperature increases of
0.02—0.05 K a~' [23, 39] over the last 30—40 years
in the glaciated regions of China. The Animaqing
Mountains glacier system was an exception, with
survey results indicating that 17% of the glacial
area was lost over the last 35 years. However, the
functional model indicated that the area of the
Animaqing glacier system would have declined by
only 16% over 60 years, even with a temperature
increase of 0.05 K a~!. Despite this discrepancy
we can assume that the functional model simulates
changes in glacier systems reliably in most cases.

It should be noted that glacier systems with
diverse glacier types respond to climate change in a
complex manner. For example, glacier systems with
large debris-covered glaciers, as seen in the central
Tien Shan Mountains and the Himalayan region,
show a lag in the time of response to climate
changes. Therefore, some model parameters will
need to be modified when applying the model to
glacier systems in these regions. Furthermore, it
is possible that, with extreme changes in climate,
features of the structure of glacier systems will
change greatly. Climate does not usually change
in a linear fashion, so while glacier system models

can estimate the trends of changes in glacier
systems in general, further research is needed
to fine tune models for application to individual
glacier systems.
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MoaenuposaHue TPEHI0B H3MEHEHHIA
JIETHUKOBBIX CHCTEM

B pesynbrate coBpeMeHHBIX U3MEHEHU I KJu-
MaTa MHOTME JIENTHUKU Ha 3eMJie MPOa0JKaloT
OTCTYNaTh, YTO MPUBOIUT K CEPbEIHBIM MOCTE-
CTBUSIM JJIS1 OKpYXalolllei cpeabl. B cBSA3U ¢ 3TUM
uccliefoBaHUS KoJeOaHUU JIETHUKOB U MPOTHO3
TPEHJO0B 3TUX U3MEHEHUI, BKJI0Yas MOJIEIUPO-
BaHWE peakliuMu JeAHUKOB Ha KJIMUMaTUUYECKHUE
U3MEHEHU S, TMHAMUYECKUE U TUIPOJOTUYECKUE
MOJeU, MPEeACTaBISIOT COO0N ONHY U3 aKTyallb-
HbIX 3a/lay COBpEMEHHON rasiuogoruu. Mupo-
BOI KaTaJIOT JJIEAHUKOB CIYXUT UCTOUHUKOM TJIO-
0aJIbHBIX TAHHBIX O JIEAHUKAaX, a COBPEMEHHbIE
KOCMUYECKHNE TEXHOJOTUU MO3BOJSIIOT MPOBOAUTH
UpOKOMAacCIITaOHbIe MCCIAEeJOBAHUS MU3MEHE-
HUU JeafHUKOB. B mocyienHee BpeMs MpeaioXeHbl
MOJeJIi, ONUCHIBAION[ME U3MEHEHU S JEeIHUKOB.
Tak, Paul et al. [20] ocHOBBIBaIOT MPOTHO3 U3MEHE-
HUU JIEAHUKOB B HECKOJbKMUX obnactsax LlBeitma-
pUM Ha JaHHbBIX O MJOIIAAU 00JaCTU aKKyMYJIs-
uuu Ha aegHukax. I. Tnassipun u FO. Konama [9],
UCHOJb3Yys TPU KaTaJlora JEIHUKOB IS YETBhIPEX
bacceitHoB Ilamupa, pazpaboTaju MeTOd MOJe-
JIUPOBAaHUS M3MEHEHUU mjoliaau JeIHUKOB.
B.A. Ky3pmuueHok [13] mpenioxua cTaTUCTU-
YEeCKMU METO] MOAEJIUPOBAHUS CTOKA U OLIEHKU
nmporeccoB AJs JenHUKOB KbIproeizcrtaHa.

B HacTogmieil craThbe paccMaTpHUBAKOTCH
OCHOBHBIE€ IPUHIIUIIBI U XapaKTePUCTUKU (PYHK-
IIMOHAJIbHOU MoAenu JeAHUKOBOW CUCTEMBbI
CeBepo-3ananHoro Kurasa, pa3paboTaHHO Ha
0a3e TeOpuU O JIEAHUKOBBIX cucTemax [4, 32]. [Ipu
KUCTIONIb30BAHUM MOJEIU IpearojaraeTcs, 4To B
HavaJlbHBIM TOJ JIEMHUKOBAsI CUCTEMa HAXOIUT-
CS B CTAllMOHAPHOM COCTOSIHMM. 3a XapakKTep-
HYIO IJolaab JeAHUKA B CUCTEME MPUHSATA €ro
MenuaHHas niomanb. KpuBas pacrnpeneyieHus
MJIOMIAAU JEIHUKOB B 3aBUCHUMOCTH OT BBICOTHI
MPUMEHSETCS IJI51 PacU€TOB IMOBBIIIEHUSI BbICOTHI
rpaHUIbl NTUTAHUS, a BeJJUYMHA FOIOBOI abisi-
LMK Ha JIeJHUKE pacCUYUThIBaeTCd 1Mo GOpMYy-
ae a = 1,33(9,66 + )% [4, c. 96]. 3a ucxomHblii
OaylaHC Macchl BCE CUCTEMBI IIPUHUMAIOTCS OajlaH-
COBBIE XapaKTEePUCTUKHU JIeAHUKA HA BHICOTE I'PaHU-
LBl MATAHWUS TIPU CTallMOHAPHBIX yclioBusx. M3me-
HEHMeE JIEAHUKOBOI'O CTOKA pacCUMThIBAETCS Uyepes
BEJIUYUHY abJSIUM Ha BHICOTE I'PAHMIBI TTHUTA-
HUS, a U3BMEeHEeHUe 00bEMOB — Uyepe3 a0CONIOTHBIN
OasaHc Macchl. [IporHossl, caejlaHHbIE Ha OCHOBE
MOJEINPOBAHUS, MOATBEPAUINUCH pe3yJbTaTaMuU
MOJIEBBIX HAOIIOAeHWIT Ha OMOPHBIX JIEAHUKAX 3a
rnocijienHue aecsatuiaetus. Takum oopazomMm, MOaEIb
npeajaraeT peajJbHbI METOJ MPOrHO3a U3MEHE-
HUM JEIHUKOBOW CUCTEMBI B CBA3U C KJIMMAaTUYEC-
KUMU U3MEHEHUSIMU.
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