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ABSTRACT. Glacier runoff from the Yangtze River source region (YRSR), China, is estimated for the
period 1961-2000 using a degree-day approach. In the investigation area, glacier runoff accounts for
11.0% of the total river runoff during the period 1961-2000. In the 1990s its contribution to river
runoff rises to 17.0%. Due to the current rate of glacier decline, the impact of glacier runoff on river
runoff has recently increased in the source region. Based on two different climate-change scenarios
derived from ECHAM5/MPI-OM, future glacier runoff is assessed for the period 2001-50. In all
climate-change scenarios, annual glacier runoff shows a significant increase due to intensified ice
melting. There is an increase in glacier runoff during spring and early summer, yet a significant
decrease in late summer. This study highlights the current and future impact of glacier runoff on river

runoff in the YRSR.

INTRODUCTION

Worldwide, glaciers have generally experienced retreat and
thinning since the beginning of the 20th century (Solomon
and others, 2007). Reductions in glacier area and volume
have considerable impact on the seasonal and interannual
variability of runoff in river catchments because glaciers
temporarily store water as snow and ice on many different
timescales (e.g. Braun and others, 2000; Jansson and others,
2003). These impacts affect not only the local catchment
area but also adjacent lowlands far beyond the limits of the
glacierized mountain ranges (Jansson and others, 2003). For
this reason, it is important to assess the impact of glacier
runoff variability resulting from climate change on river
runoff for regional water supplies globally, including in arid
and semi-arid regions, and to predict future variability in
order to be prepared for new environmental situations.

The Yangtze River source region (YRSR), western China, is
the area most sensitive to global warming within the Tibetan
Plateau (Kang and others, 2007; Yang and others, 2007). The
rate of warming of the YRSR archived in the Geladandong
mountain ice core since the 1970s is almost four times
higher than the rate of global warming over the past 50 years
(0.50 vs 0.13°C(10a)™" (Kang and others, 2007; Solomon
and others, 2007). During recent decades glaciers have
shown a rapid retreat in different regions of the YRSR (Ding
and others, 1992; Fujita and Ageta, 2000; Lu and others,
2002; Ye and others, 2006). With rapid warming and glacier
retreat, a key scientific issue of concern is how variations in
glacier runoff will impact on regional water resources and
what the trend will be over the coming decades. Runoff from
glacier melt is essential to support intense human activity
and ecological environmental development in the YRSR.
The YRSR is not only an important source of river runoff, it is
also the source of fresh water for the daily life of the local
native people and alpine wildlife. However, little is known
about the variability of glacier runoff and its impact on water
resources and the ecological environment of the YRSR.
Consequently, a quantitative understanding of potential
climate-mediated glacier runoff variability in the YRSR is
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needed. The objective of this research is to use streamflow
simulation modelling to quantify the potential impacts of
glacier runoff and to assess future trends in water resources
of the YRSR.

STUDY AREA

The YRSR (32°30'-35°35’N, 90°43'-96°45'E) is located in
the central east part of the Tibetan Plateau (Fig. 1). It has five
tributary water systems, the Tuotuo, Dangqu, Qumar,
Kougianqu and Nieqiqu rivers (Fig. 1). The altitude of the
YRSR varies from 4200 to 6621 ma.s.l.

Glaciers of the YRSR are primarily distributed on the
north slope of the Tanggula mountains, the south slope of the
Kunlun mountains and Sedir mountain (Fig. 1). According to
the Chinese Glacier Inventory (Shi and others, 2005), there
are 753 glaciers in the YRSR, with a total area of 1276 km?
and a total volume of 100km?, accounting for 56.5%,
67.3% and 70.9% of the total number, area and volume,
respectively, of all glaciers in the Yangtze River basin (YRB)
(Table 1; Shi and others, 2005). The total volume of ice
within the YRSR is approximately 887.5 x 10°m’ w.e., five
times the annual discharge of the Zhimenda hydrological
station shown in Figure 1 (Shi and others, 2005). Obser-
vational data within the YRSR over our study period exist
only for the Dongkemadi glacier catchment (Fujita and
others, 1996; Zhang and others, 1997; Fujita and Ageta,
2000; Yang, 2006), located in the south of the YRSR (Fig. 1).
Its glacierization is approximately 76%, including Da and
Xiao Dongkemadi glaciers, where the equilibrium-line
altitude (ELA) is ~5600 ma.s.l. (Shi and others, 2005).

DATA

Our study is based on various datasets including daily
temperature and precipitation data from national meteoro-
logical stations, annual discharge of river runoff from a
hydrological station, projected daily temperature and pre-
cipitation by ECHAM5/MPI-OM and a digital elevation
model (DEM) with a resolution of 90 m.
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Fig. 1. Location of the Yangtze River source region (YRSR), China, national meteorological stations and hydrological station, and the

distribution of glaciers.

Daily temperature and precipitation data are available at
four national meteorological stations for the period 1961-
2004: Tuotuohe (33.95°N, 92.62°E; 4533 ma.s.l.), Wudao-
liang (35.22°N, 93.08°E; 4614ma.s.l.), Zhiduo (33.85°N,
95.6°E; 4179ma.s.l.) and Qumalai (34.13°N, 95.78°E;
4176 ma.s.l.) (Fig. 1). Annual discharge of river runoff from
the YRSR is available from the Zhimenda hydrological
station for the period 1961-2000 (Fig. 1). A DEM with a
resolution of 90 m was developed in 1981 based on a digital
topographic map with a scale of 1:100000.

Projected daily temperature and precipitation are derived
from ECHAM5/MPI-OM, developed at the Max Planck Insti-
tute for Meteorology, Hamburg, Germany (Roeckner and

others, 2003). Based on the given initial conditions of
atmospheric composition before industrialization, ECHAMS5/
MPI-OM runs with a resolution of 1.875°x 1.865° and
with three time-step lengths in the YRB in focus for the
period 1941-2050 (Zeng and others, 2007), forced by A2
and B1 emission scenarios from the Intergovernmental
Panel on Climate Change (IPCC) Special Report on
Emissions Scenarios (SRES) (Solomon and others, 2007).
Summary characteristics of A2 and B1 emission scenarios
are listed in Table 2. To reduce the uncertainties of a single
run of the model, daily data were calculated as the
arithmetic mean of the three time-step-length temperatures
and precipitations.

Table 1. Glacier population, area and volume for the YRSR and YRB; data derived from the Chinese Glacier Inventory

Site Number of glaciers Glacier area Glacier volume Average area
% of YRB km? % of YRB km? % of YRB km?

YRSR 753 56.5 1276.06 67.3 100.41 70.9 1.69

YRB 1332 1895 147.26 1.42
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METHODS
Meteorological data pre-processing

Based on the DEM, the glacierized region of the YRSR is
divided, at intervals of 100 m, into a set of elevation bands.
Each elevation band is assumed to exhibit different homo-
geneous hydrological characteristics, and the temperature
and precipitation time series are interpolated according to its
mean elevation. The interpolation is based on an altitude-
dependent regression of the observations at stations located
in or near the studied glacierized catchments. For the
temperature time series, a constant lapse rate
(0.50°C(100m)™") is applied to the temperature series
measured at the closest meteorological station (Ding and
others, 1992).

The precipitation increases linearly with altitude in the
glacierized regions of the YRSR (Ding and others, 1992; Yao,
2002). The precipitation gradient is set to 11.2% (100 m)~’
(Zhang and others, 1997; Yao, 2002). Note that the spatial
variability of precipitation is high in the glacierized regions
of high mountainous catchments, and good spatial inter-
polation of precipitation data series is therefore difficult to
obtain and the prevailing extreme conditions imply signifi-
cant measurement uncertainty. In addition, the value of the
precipitation gradient is difficult to estimate in the glacier-
ized regions of the YRSR where precipitation data are
scarce. This difficulty in spatial interpolation of precipitation
is a significant source of modelling uncertainty for glacier
runoff simulation. Nevertheless, glaciers represent the most
important water storage reservoir in the glacierized regions
of the YRSR, and for glacier runoff simulation any under- or
overestimation of the area-average precipitation can be
compensated by simulated ice melt.

Glacier accumulation and melt

For each elevation band, the aggregation state of precipi-
tation is determined according to a simple temperature
threshold:

P|iq = 0/
P]iq = Ptot/

T<Tp

Psnow = Pot,
{ T>T (M)

Psnow = O/

where Py is the total precipitation on a given day, and Psnow
and Pjq are solid and liquid precipitation. T is the mean
daily air temperature and Ty is the threshold temperature.
Correct estimation of the aggregation state of precipi-
tation is essential for the modelling of hydrological processes
in high mountain catchments. Although a modelling ap-
proach based on a simple threshold function (Equation (1))
does not reflect the observed phenomenon, the results of
previous studies have shown that the use of a simple
temperature threshold is acceptable for the modelling of
hydrological processes in the glacierized regions of high
mountain catchments (WMO, 1986; Ye and others, 2004;
Zhang and others, 2006c; Hagg and others, 2007).
Fortunately, detailed data of precipitation and simultaneous
meteorological conditions are available for the four national
meteorological stations in the YRSR for the period 1961-79
(Fig. 1). Based on these data, a relationship between the
probability of solid precipitation and temperature is ob-
tained (Fig. 2). As indicated in Figure 2, precipitation is
almost always solid when the air temperature is below
2.0°C. Above 2.0°C the probability of liquid precipitation
significantly increases. This finding is in agreement with
previous studies (e.g. Ye and others, 2004; Yang, 2006;
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Fig. 2. Relationship between the probability of solid precipitation
and temperature in the YRSR.

Zhang and others, 2006c). We therefore set the value of the
threshold parameter to 2.0°C. A mixture of snow and rain is
assumed for a transition zone ranging from 1K above to 1K
below the threshold temperature. Within this temperature
range, the snow and rain percentages of total precipitation
are obtained from linear interpolation. Redistribution of the
original snowfall by wind transport or avalanches is not
considered.

Glacier melt, M, in the jth elevation band is computed
using a degree-day approach, which rests upon a claimed
relationship between snow- or ice melt and air temperature,
usually expressed in the form of accumulated positive
temperatures. Recent work shows that the degree-day
approach has been justified more on physical grounds than
previously assumed (Ohmura, 2001). Although involving a
simplification of complex processes that are more properly
evaluated by the energy balance of the glacier surface, the
degree-day approach often matches the performance of
energy-balance models on the catchment scale (WMO,
1986). Braithwaite and Raper (2002) show that there is
excellent consistency between the results of energy-balance
models and the degree-day model. The degree-day approach

Table 2. Overview of A2 and B1 emission scenarios from IPCC
Special Report on Emissions Scenarios (SRES) (Solomon and others,
2007)

Scenario  Characteristics

A2 A world of independently operating, self-reliant nations;
Continuously increasing population;
Regionally oriented economic development;
Slower and more fragmented technological changes and
improvements to per capita income.

B1 Rapid economic growth, but with rapid changes towards a
service and information economy;
Population rising to 9 billion in 2050 and then declining;
Reductions in material intensity and the introduction of
clean and resource-efficient technologies;
An emphasis on global solutions to economic, social and
environmental stability.
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Table 3. Parameters and their values of the model for the YRSR

Parameter Value Unit
Temperature lapse rate -0.50 °C(100m)™
Precipitation gradient 11.2 % (100 m)’1
Threshold temperature 2.0 °C
Refreezing rate 0.2 -
Degree-day factor for snow 4.1 mmd™ °C”
Degree-day factor for ice 7.1 mmd'°C”
is given by
oo DDanow/ice(T_ Tm) T> Tm

M(i) = { o rT<T. (2)

where i is an index for the elevation band, DDF is the

degree-day factor, different for snow and ice surfaces, and
T is the threshold temperature for melting, which is set to
0°C.

Glacier runoff

For the entire YRSR, glacier runoff, Q, on a given day is
computed as

Q= zn:s(i) [(1 = M) + Pig(D], (3)
i=1

where s(i) is the area of the ith elevation band, derived from
the DEM, and fis the refreezing rate.

Note that since significant amounts of meltwater have
been captured as superimposed ice (Fujita and others,
1996), refreezing of meltwater must be taken into account in
simulating glacier runoff in the YRSR where cold-type
glaciers are dominant (Huang, 1990). Recent work has
suggested that approximately 20% of meltwater is preserved
at the snow-ice interface due to refreezing processes in the
mid- to northern Tibetan plateau (Fujita and others, 2007).
Therefore, herein the refreezing rate f is set to 20%.

On the other hand, evaporation is of limited importance
in the water balance of the glacierized regions in high
mountainous catchments (Braun and others, 1994; Zhang
and others, 1997). Previous work has suggested that the
estimated annual evaporation from the glacier surface
accounts for <6.0% of the total river runoff in the
Dongkemadi glacier catchment of the YRSR (Zhang and
others, 1997; Yao, 2002). In addition, because the variation
of glacier runoff primarily depends on changes of glacier
area and climatic conditions, the influence of evaporation
from the glacier surface on glacier runoff is small (Ye and
others, 1997). It is difficult to estimate evaporation from the
glacier surface because of the sparsity of meteorological
data in the glacierized regions of the YRSR, and it is not
taken into account in the present analyses.

MODEL RESULTS
Model performance assessment

The model has two parameters (DDFnon and DDFi) to be
determined in addition to the above-mentioned fixed model
parameters (Table 3). Computations of DDFice and DDFgpou
are based on the available ablation datasets on the north
slope of the Tanggula mountains over different periods
(Fujita and Ageta, 2000; Yang, 2006). The spatial variability
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of degree-day factors in western China is analyzed from
snow- and ice-melt data and meteorological data from
different glaciers (Zhang and others, 2006b). It is found that
regional patterns of degree-day factor are detectable and
that they vary very little across the Tibetan Plateau (Zhang
and others, 2006b). We therefore assume fixed values
(Table 3) in the model for these parameters.

Glacier runoff in the glacierized regions of the YRSR is
computed from meltwater and rainwater over the period
1961-2000, on the basis of the parameters shown in Table 3.
Because few observational data exist in the glacierized
regions of the YRSR, it is difficult to assess the performance
of the model. The modelling performance is therefore
assessed using the following processes.

We use the observed mass balance and ELA of Xiao
Dongkemadi glacier to assess the performance of the model.
Xiao Dongkemadi glacier is located in the Dongkemadi
glacier catchment (Fig. 1), where the mass balance has been
measured at a representative set of points in the accumu-
lation area and the ablation area by the stake method once
or twice a year since 1988 (Fujita and Ageta, 2000). The
annual mass balance at a given point on a glacier is defined
as the sum of water accumulation in the form of snow and
ice minus the corresponding ablation over the whole year
(Paterson, 1994). The above modelling approach enables the
estimation of the annual mass balance based on the
hydrological simulation outputs. For each elevation band,
the mean annual mass balance is calculated based on the
simulated snow accumulation and the simulated snow- and
ice melt, which is obtained as

1§
ba,i = /f (Psnow(t) - Msnow/ice(t)) dt/ (4)
0

where b, ; is the annual mass balance of the ith elevation
band, t, is the start date of the measurement year (here 1
October) and t; is the end of the measurement year (30
September the following year). The annual mass balance of
the entire glacier is estimated as the area-weighted sum of
the mass balance of all elevation bands, which is given as

n
Bo= - (bais(i) 5)
6 i=1
where B, is the simulated total annual mass balance of the
glacier and s, is the area of the entire glacier.

The annual mass balance and ELA of Xiao Dongkemadi
glacier were calculated for the period 1988/89-1997/98
using the above approach. As indicated in Figure 3,
simulations are in good agreement with observations.
Correlation of simulations with observations gives coeffi-
cients of 0.93 and 0.88 for the mass balance and ELA of Xiao
Dongkemadi glacier respectively, significant at the <1%
level. We submit that the processes of glacier ablation and
accumulation are sufficiently well simulated by the above
modelling approach, which considers only precipitation and
temperature as underlying driving forces, and that the
applied spatial interpolation of the driving forces can be
assumed representative of the glacierized region.

The total ice-volume change in the YRSR for the period
1968-2002 is used to assess the overall performance of the
above modelling approach. The volume is estimated using a
modified equation suggested by Liu and others (2003):

V =0.045"%, (6)

where Vis the ice volume and S is the total glacier area.
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Fig. 3. (a) Measured (squares) and modelled (circles) mean annual
mass balance, and (b) the ELA of Xiao Dongkemadi glacier.

This empirical equation is derived from ice-penetrating
radar thickness measurements in different glaciers of western
China (Liu and others, 2003), and has been widely applied to
estimate glacier volume in different regions of western China
(e.g. Liu and others, 2006a,b). The recent glacier changes of
the YRSR for the period 1968-2002 were monitored using
topographical maps based on aerial photographs acquired
during the period 1968-71 and Landsat Enhanced Thematic
Mapper Plus (ETM+) images obtained for the period 1999-
2002, which indicated that the total glacier area in the YRSR
had decreased by approximately 5.3% (Xu and others, in
press). On the basis of YRSR glacier area change, the total
decrease in YRSR ice volume is estimated from Equation (6)
to be ~454.4 x 10°m’w.e. (assuming an ice density of
900kg m™). That is, for the period 1968-2002, the water
resource in the YRSR increased by approximately
454.4 x 10®°m? because of the loss of ice mass. Note that
the loss of ice volume includes glacier melt and evaporation.
Previous studies have suggested that evaporation provides a
relatively small contribution to the glacier surface mass loss
and is of limited importance to the water balance of the YRSR
glacierized regions (Zhang and others, 1997; Yao, 2002).
Furthermore, measurements in about 20 evaporation pans
showed a gradual decrease in evaporation between 1956
and 2000 (Yang and others, 2007). The evaporation contri-
bution is not separately accounted for within the model.
Simulated glacier runoff using the model is approximately
422.0 x 10°m”’ over the entire YRSR for the study period
1968-2002. This agrees closely with the increase in water
resources due to ice loss (454.4 x 108 m?> vs 422.0 x 108 m?3),
with a relative error of 7.0%.

Our modelling approach seems to perform well with
respect to glacier runoff in the YRSR using the above model
parameters, and our results can be regarded as acceptable
for the source region where there are no observational
glacier runoff data.

Influence of glacier runoff during recent decades

Making use of precipitation and temperature, YRSR glacier
runoff is estimated for 1961-2000. For this period, glacier
runoff accounts for 11.0% of the total river runoff. As shown
in Figure 4b, glacier runoff for the YRSR displayed a
generally increasing trend during recent decades, becoming
more pronounced in the 1990s. This is associated with an
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Fig. 4. Variation in annual river runoff (a) and glacier runoff (b) of
the YRSR for the climatic normal period 1961-2000. Dashed lines
are regression lines indicating trend.

accelerated warming in the 1990s in the YRSR, where the
rate of warming estimated from the Geladandong mountain
ice core is 0.5°C(10a)”" since the 1970s, increasing to
1.1°C(10a)™" during the 1990s (Kang and others, 2007).
Various studies have suggested that the response of glacier
runoff to climate warming is immediate in the initial phase
(Braun and others, 2000; Jansson and others, 2003). With
the rapid warming in the 1990s, additional water is released
from glacier storage due to intensified melting, resulting in a
significant increase in glacier runoff.

Figure 4 shows that, while there was high interannual
variability, YRSR river runoff decreased over the period
1961-2000, especially in the 1990s. During this period,
river runoff decreased by 13.9%. Glacier runoff increased by
15.2%. As indicated by the decadal anomalies (Fig. 5), river
runoff was more plentiful for the periods 1961-70 and
1981-90, while glacier runoff indicated negative anomalies.
River runoff in the 1990s reached a minimum, whereas
glacier runoff reached a maximum (Fig. 5).

Meteorological data indicate that precipitation in the
YRSR significantly increased in winter and spring and
dramatically decreased in summer during recent decades
(Zhang and others, 2006a; Yang and others, 2007). With
rapid warming and decreasing precipitation in summer, the
alpine ecosystem, marshland and permafrost are generally
degraded and glaciers show rapid retreat (Cheng and Zhao,
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Fig. 5. Decadal river runoff and glacier runoff anomalies for the
YRSR during recent decades.
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Table 4. Parameters of the statistical relationship between the
observed and projected data; ris correlation coefficient

Scenario  Variable a a» as b r

A2 T -0.001 0.004 1.2 -1.43 0.92
P 0.002 -0.07 0.53 0.43 0.50

B1 T -0.001 -0.003 1.2 -1.01 0.92
P 0.002 -0.06 0.47 0.47 0.50

2000; Ye and others, 2006), resulting in significant decrease
in river runoff (Ding and others, 2007). Human activity has
increased since the end of the 1990s, significantly increasing
water demand while the supply decreases, and resulting in
intensive degradation of the YRSR alpine ecosystem. Such
changes affect not only the source region, but also the
middle and lower reaches of the YRB. Glacier runoff in the
YRSR, however, rapidly increased during the 1990s, to
contribute ~17% of the river runoff. The impact of glacier
runoff on river runoff has become stronger than ever before
in the YRSR, especially in the 1990s when river runoff
exhibited a significant decrease. To a large extent, a
significant increase in glacier runoff in the 1990s may have
reduced the impact on the YRSR ecological environment of
the decrease in river runoff.

FUTURE TRENDS IN GLACIER RUNOFF

YRSR climate scenario

On the basis of ECHAM5/MPI-OM projected temperature
and precipitation, possible temperature and precipitation
changes in the YRB from 2001 to 2050 were analyzed (Zeng
and others, 2007). Compared to the observed temperature
and precipitation for the period 1961-2000, the projected
temperature and precipitation of ECHAM5/MPI-OM are in
good agreement over the entire YRB using the Mann-
Kendall test, especially in the upper reaches of the river
basin where the performance of ECHAM5/MPI-OM is
slightly better than in the middle to lower reaches (Zeng
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Table 5. Changes in temperature and precipitation in the YRB and
YRSR given A2 and B1 emission scenarios for the period 2001-50,
with respect to values for the period 1961-90

Region  Variable A2 B1 Source
YRB T(°O 0.22-1.98 0.15-2.04 Zeng and
others (2007)
P (%) -12.8-6.83 -10.9-13.6 Zeng and
others (2007)
YRSR T(°0O 1.44 1.53 This study
P (%) -12.2 -10.3 This study

and others, 2007). According to the results of Zeng and
others (2007), ECHAM5/MPI-OM is capable of projecting air
temperature and precipitation in the YRB, especially for the
upper reaches. Nevertheless, meteorological outputs from
climate models are not directly applied for impact studies in
general, because climate models are unable to represent
local subgrid-scale features and dynamics (Giorgi and
others, 2001). Biases can develop in both temperature and
precipitation, especially precipitation which highly depends
on the local orographic conditions. Note that such
differences will strongly affect simulated performance since
the degree-day approach is particularly sensitive to the
seasonal distribution of temperature. Downscaling tech-
niques therefore need to be applied to the climate model
output (Wilby and others, 1998; Giorgi and others, 2001).

In this study, we apply a simple statistical downscaling
method, a non-linear regression method, which involves
establishing a non-linear relationship between a large-scale
average surface variable and the local-scale variable (e.g.
Kim and others, 1984; Wigley and others, 1990; Wilby and
others, 1998). We can build a statistical relationship
between the observed and projected climate variables
based on the observations of the four meteorological
stations in the YRSR. Consequently, future temperature
and precipitation time series in A2 and B1 emission
scenarios were calculated using

y=axX’ + ax* +ax+ b, (7)

300
200+

100+

600+

450

300

150 4

2 4 0 1 2 3
Residual values

Fig. 6. Histogram of the residuals of (a, b) temperature and (c, d) precipitation in (a, ¢) A2 and (b, d) B1 emission scenarios.
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glacier catchment (DGC) for 2001-50 relative to 1960-90.

where y is a future temperature or precipitation time series,
x is a projected temperature and precipitation time series
(using ECHAM5/MPI-OM), and a;, a,, a3 and b are
parameters given in Table 4. Correlations for precipitation
are lower (as expected) than those for temperature (Table 4).
This is because the spatial variability of precipitation in the
catchment is high, and the reliability of the projected
precipitation depends strongly on the local orographic
conditions. On the other hand, climate models tend to
underestimate large amounts of precipitation and over-
estimate small amounts (Wilby and others, 1998; Giorgi
and others, 2001). The histogram of the residuals indicates
that the data are reasonably symmetric, there do not appear
to be significant outliers in the tails, and it seems reasonable
to assume that the data are from an approximately normal
distribution (Fig. 6). It can be seen that the validity of the
above downscaling method is acceptable for the present
study. According to the above statistical relationship, future
temperature and precipitation time series derived from
downscaling from ECHAM5/MPI-OM agree closely with the
observational data. Correlation coefficients are 0.94 and
0.52, respectively.

As indicated in Table 5, there is a significant increase
in temperature in the YRSR, as well as the YRB, in A2 and
B1 emission scenarios for the period 2001-50 compared
to 1961-90. Surface temperature in the YRSR by 2050 is
likely to increase by approximately 1.44°C (A2) and 1.53°C
(B1) compared to the climatic normal period (1961-90),
especially for spring and winter (Fig. 7a). Precipitation in
the source region, however, is likely to reduce by approxi-
mately 12.2% and 10.3% (Table 5) in A2 and B1 emission
scenarios respectively, compared to the climatic normal
period.

Future trend of glacier runoff in the Dongkemadi
glacier catchment

The Dongkemadi glacier catchment, situated in the south of
the YRSR, is chosen as a representative glacierized region for
this study (Fig. 1). Based on the meteorological observations
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in this catchment, we find an exponential relationship
between daily glacier runoff, R;, and mean daily air
temperature, T, at 5600 ma.s.l. (Zhang and others, 1997):

Rg = 6.8e"?%2Ts (n =52, r =0.79). (8)

An extensive discussion of this relationship can be found in
Zhang and others (1997). As indicated in Figure 7c, future
temperature in the Dongkemadi glacier catchment is likely
to rise by approximately 1.57°C (A2) and 1.66°C (B1) during
2001-50, with respect to 1961-90, especially in spring and
winter. Glacier runoff in the catchment, estimated using
Equation (8), is very likely to significantly increase in both
A2 and B1 emission scenarios (Fig. 8). Compared to the
climatic normal period, glacier runoff by 2050 from this
catchment is enhanced by 24.4% (A2) and 25.4% (B1)
(Table 6). By 2050, a significant increase in glacier runoff
occurs during April-June, with less increase during July—
September compared to the climatic normal period (Fig. 8b).
In the A2 emission scenario, the depth of glacier runoff
varies from 0.06 to 7.8 mm, and from 0.07 to 8.1 mm in the
B1 emission scenario. Contemporary comparison shows that
the maximum glacier runoff in the B1 emission scenario
occurs earlier than in the A2 emission scenario (Fig. 8a). On
the other hand, climate warming in this catchment is

Table 6. Glacier runoff during 1961-90 and in A2 and B1 emission
scenarios in the Dongkemadi glacier catchment (DGC) and the
YRSR

DGC YRSR
Mean runoff Increase Mean runoff Increase
depth
mm % 108 m? %
1961-90 800.8 - 18.0 -
A2 995.8 24.4 23.2 29.2
B1 1004.3 25.4 23.3 29.8
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period 1961-90, in A2 and B1 emission scenarios in the
Dongkemadi glacier catchment.

expected to prolong the glacier melt season (Fig. 8a), thus
reducing seasonal runoff concentration, i.e. the ratio of
maximum monthly to mean monthly glacier runoff is
expected to decrease from 3.5 during the period 1961-90
to 2.7 during the coming half-century in A2 and B1 emission
scenarios.

Future trend of glacier runoff in the YRSR

Based on the climate-change scenarios, glacier runoff in
the YRSR was estimated for the period 2001-50 using
Equations (1-3). The evolution of annual glacier runoff
shows a uniform pattern in A2 and B1 emission scenarios for
the period 2001-50 (Fig. 9a and b). Discharge gradually
increases in the near future due to enhanced melting.
Compared to the climatic normal period 1961-90, glacier
runoff by 2050 is expected to increase by 29.2% (A2) and
29.8% (B1) (Table 6), i.e. almost twice the increase during
the period 1991-2000 when the annual runoff was 15.2%
higher than during the climatic normal period.

We have evaluated the annual glacier runoff cycle during
the period 1961-90 and in A2 and B1 emission scenarios
(Fig. 9¢). By 2050, the results of the two emission scenarios
show a significant decrease in the July-August runoff to
much lower values than during 1961-90: —23.2% (A2) and
-19.1% (B1). In contrast, there is a significant increase in the
April-June runoff during an earlier onset of the melt season:
+121.1% (A2) and +136.0% (B1). Due to enhanced
temperature, there is a significant increase in the length of
the melt season (Fig. 9c), reducing the seasonal runoff
concentration, i.e. the ratio of maximum monthly to mean
monthly glacier runoff decreases from 3.0 during the period
1961-90 to 2.2 during 2001-50.

The response of glacier runoff to climate warming is a
matter of timescale. Although glacier runoff significantly
increases through enhanced meltwater production and more
efficient water transport through glaciers in recent decades,
it will decrease due to some response variables changing
sign at a later stage when enhanced melt rates have caused
glacier volume to decrease significantly under a continuous
warming in the coming decades (Braun and others, 2000;
Jansson and others, 2003). However, glacier runoff in the
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YRSR by 2050 still shows a significant increase as indicated
in Figure 9a and b. It can be seen that the contribution of
glacier runoff to river runoff of the YRSR is important during
the first half of the 21st century.

DISCUSSION

The shear stress, 7, across the base of a column within a
glacier is balanced by the equilibrium driving stress, i.e. the
component of the weight of the column parallel to the
glacier surface (Paterson, 1994). Thus

T, = pgHsina, (9)

where p is ice density, g is acceleration due to gravity, H is
ice thickness and « is the glacier surface slope. If glacier ice
is assumed to be a perfect plastic material, Equation (9) can
be written as
H=—D1
pgsina
where 79 is the ice yield stress, with value 100 kPa (Paterson,
1994). Ice thickness may be estimated from the surface slope
of a glacier using Equation (10). Such an equation was first
applied in central Greenland, and the predicted thickness
was consistent with the measured value with a relative error
of only about 1.5% (Paterson, 1994). This equation was also
reliably applied to estimate the ice thickness (length of an
ice core to bedrock) on Malan ice cap, northern Tibetan
Plateau (Wang and others, 2006).

The surface slope, «, on glaciers of the YRSR was derived
from the DEM with resolution 90m using Geographic
Information System techniques. « varies from 9.1° to
13.2°. Consequently, assuming « to be constant during

(10)
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2001-50, variations in ice thickness at different elevation
bands of the YRSR were estimated according to Equa-
tion (10). Combined with glacier melt rates in different
elevation bands estimated from Equation (2), it is found that
glaciers of the YRSR can be expected to experience
noticeable thinning in A2 and B1 emission scenarios by
2050. For example, glacier ice may disappear from the areas
below 5500ma.s.l. in the Tuotuo river basin, where the
lowest glacier terminus elevation is about 5120ma.s.l.
Glacier shrinkage is more significant in the B1 emission
scenario than in the A2 scenario. On average, glacier
termini throughout the YRSR are likely to retreat to
~5490ma.s.l., given the B1 emission scenario, by 2050.
On the basis of the total glacier meltwater calculated from
Equation (2) for 2001-05, the area and volume of glaciers in
the YRSR were estimated by Equation (6). These are likely to
reduce by approximately 8.4% and 11.1% respectively
compared to the total area and volume in the period
1999-2002.

CONCLUSIONS

In the YRSR, glacier runoff has a dominant impact on the
seasonal and interannual variability of river runoff. For
recent decades, we have estimated glacier runoff using the
degree-day approach, accounting for 11.0% of the total river
runoff in the YRSR. In particular, glacier runoff exhibits a
significant increasing trend with a rapid increment in the
1990s, and its contribution amounts to 17.0% of the total
river runoff. Glacier runoff is an important contributor to the
water resources of the YRSR, especially considering the
decreasing trend in streamflow during recent decades.

For the period 2001-05, glacier runoff in the YRSR is
likely to significantly increase in A2 and B1 emission
scenarios projected by ECHAM5/MPI-OM. For the Dongke-
madi glacier catchment, glacier runoff is expected to
increase by 24.4% and 25.4% in A2 and B1 emission
scenarios respectively, with respect to the average value for
1961-90, i.e. 29.2% and 29.8% of the entire YRSR. We
predict a significant decrease in glacier runoff during the
summer months, yet an increase in spring. The results
indicate that substantial changes will occur in the glacier
runoff regime of the YRSR, linked with climate change.
These changes will have an impact over coming decades on
the management, on both the local and regional scale, of the
water resources of the YRSR.
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