Environ Earth Sci (2010) 61:665-674
DOI 10.1007/s12665-009-0378-9

ORIGINAL ARTICLE

Glacial runoff characteristics of the Koxkar Glacier,
Tuomuer-Khan Tengri Mountain Ranges, China

Haidong Han - Shiyin Liu - Jian Wang -
Qiang Wang - Changwei Xie

Received: 3 March 2009/ Accepted: 17 November 2009 / Published online: 3 December 2009

© Springer-Verlag 2009

Abstract This paper presents the glacial runoff charac-
teristics of the Koxkar Glacier, China using flow records
collected near the snout of the glacier in four consecutive
years (2005-2008). The mean annual discharge of the
Koxkar Glacier is 102.86 x 10°m’, in which 93.6%
occurs in ablation season (May—October). August brings
about maximum discharge of about 29.6% to the total
streamflow followed by July of some 26.0%. During the
study years, total discharge varies little from year to year,
whereas the inter-annual variability in monthly discharge is
prominent, particularly in the beginning and in the end of
the melt season. Seasonal runoff variability shows great
monthly variations in discharge with mean coefficient of
variation ranging from 0.02 in January to 0.77 in April. The
mean diurnal amplitudes are found to be 0.90, 1.86, 4.71,
4.92, 1.17 and 0.43 m® s~' for May, June, July, August,
September and October, respectively. In the melt season,
the maximum runoff is observed during 1800-0200 hours
and the minimum occurs during 0700-1000 hours. Delay-
ing effects are prominent in discharge over the ablation
period. The time-lag between meltwater generation and its
appearance in the streamflow near the snout of the glacier
varies between 4.00 and 10.00 h, and time to peak varies
between 10.00 and 17.00 h over the entire melt season.
The relationship between discharge and temperature on
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monthly scale (R* = 0.77) is better than that on daily scale
(R*> = 0.55).
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Introduction

Glacier ice presently covers about 10.7% or almost
15.9 x 10° km? of the total land area, most of which is
contained in the Antarctic (13.6 x 10° kmz) and Green-
land (1.7 x 10° km?). The remaining ice mass (ice caps
and alpine glaciers), which represent about only 3.5%
(~550,000 km?) of the total ice covered area on the
Earth’s surface, are of great importance for humankind in
terms of hydrology because of their active roles in regional
and global water circulations (Benn and Evans 1998). In
cold season, the glacier melt ceases and most of the pre-
cipitation of snow and other forms of ice at the glacier
surface was accumulated to the glacier, and in warm sea-
son, however, glacier releases a great amount of water to
local streamflow and river systems through ablation. The
hydrological role of glacier is of special relevance in arid
areas like central Asia where meltwater from glacier ice is
one of the primary sources of freshwater, and therefore is
vital to maintain the functions of the social development of
the human being. In terms of northern Tarim River Basin,
China, which is one of the most arid regions in Central
Asia with annual mean precipitation less than 42.8 mm in
the piedmont lowlands (Liu et al. 2006), up to 50-60% of
the total river runoff come from melt of snow and glacier
ice in the mountain ranges located at the Basin’s margin,
namely the Tuomuer-Khan Tengri Mountain Ranges (Xie
et al. 2004).
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The Tuomuer-Khan Tengri Mountain Ranges is the
largest glacierized area in Tien Shan Mountains in which a
total amount of 629 glaciers were nourished and covered an
area of 3,849.47 km?>—2 times greater than that in Qilian
Mountain (1,979.8 km?) and 2.4 times of that in Mount
Everest (1,600 km?) (Su et al. 1985). One of the striking
glaciological features of this region is the development of
many huge dendritic valley glaciers (also called Tuomuer-
type valley glaciers by Chinese glaciologists for their
unique characteristics). The center of the Tuomuer-Khan
Tengri Mountain Ranges is encircled by six large valley
glaciers with areas greater than 100 km?, out of which the
Inylchek is the largest glacier in the Tien Shan Mountains
extending over 60 km in length and covering an area of
544 km?* (Hagg et al. 2008). Another impressive charac-
teristic of these glaciers is their heavy supraglacial debris
cover in the ablation areas. The data compiled in Chinese
Glacier Inventory (Tien Shan Mountains Volume) show
that more than 60% of the ablation area of a Tuomuer-type
valley glacier is covered by supraglacial debris. The
extensive supraglacial debris entrainment, on the one hand,
modifies surface energy balance and prevents glacier from
rapid wastage; and on the other hand, affects glacial runoff
generation and streamflow regime (Han et al. 2006; Xie
et al. 2007).

Now the Tarim River Basin is under increasing pressure
on freshwater demand due to population growth, farmland
expansion and industrial development (Zhou et al. 2003).
Hydrological investigations of alpine glaciers at the
Basin’s margin become necessitous because of their
importance in terms of irrigation, drinking water supply,
hydroelectric power generation and regulating of water use
policies. In effect, a number of state or regional hydro-
logical gauging sites have been established on the main
rivers in this area since 1950s, to record the hydrological
variability of the rivers at multi-temporal scales (Gao and
Wang 2008). All of these gauging sites, however, have
been set up in the piedmont plain and far away from gla-
ciers in high altitudes, which implies that the glacial runoff
variability captured by these gauge sites has been greatly
interfered by streamflow originated from non-glacierized
areas, and thus presents a different hydrological regime
compared with that measured near the glacier snout due to
differences in runoff generation, water storage, drainage
characteristics and water compensation effect (Ferguson
1985; Rothlisberger and Lang 1987; Singh and Singh
2001).

In the last 30 years, a number of glaciers in Tuomuer-
Khan Tengri Mountain Ranges have been subject to
short-term investigations (usually during specific project
duration) on mass balance, glacial meteorology and glacial
hydrology (Liu et al. 2006). As the foremost requirement to
reveal the hydrological characteristics of any glacier is the
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continuous and reliable flow data for several years, our
understanding on the regime of the glacial runoff is still
limited in this region due to absence of long-term hydro
data. Recently, a four-year-long (2005-2008) flow data of
the Koxkar Glacier, Tuomuer-Khan Tengri Mountain
Ranges, has been derived through successive field inves-
tigations. These data provide a good opportunity to further
understand the runoff characteristics of the glaciers in this
region. The purpose of the present work is to understand
the glacial runoff characteristics of a Tuomuer-type glacier,
including season distribution of streamflow, runoff vari-
ability on annual and seasonal scales, diurnal runoff vari-
ations, runoff delaying characteristics, runoff-temperature
relationship and flow-duration curves.

Study site

Koxkar Glacier (41°42N-41°53N and 79°59E-80°10E)
(Fig. 1) is a typical Tuomuer-type glacier (Su et al. 1985)
originating from Mt. Koxkar (6,342 m a.s.l.), and flows
southeast to the terminus of 3,020 m a.s.l. The glacier
extends 25.1 km in length and covers an area of 83.56 km?.
The equilibrium line occurs at 4,300 m a.s.l. in the icefall
from whose foot a 15.5-km-long, debris-mantled glacier
tongue appears. The supraglacial debris covers an area of
about 19.5 kmz, which accounts for 83% of the total
ablation area, with thicknesses ranging from less than
0.01 m on the upper reach of the ablation area and on ice-
cliff faces to more than 3.0 m near the glacier snout (Han
et al. 2006). The altitudinal distribution of glacierized and
not-glacierized area of Koxkar Glacier basin is shown in
Fig. 2.

Two glacial runoff outlets exist on the Koxkar Glacier
(Fig. 1): the main outlet lies in the glacier terminus from
which most of the meltwater flows out of the glacier, and
the other outlet locates at the western side of the glacier
tongue, where a very little proportion (less than 1%) of
meltwater escapes from the ice body and flows westward to
feed the vicinal village. Due to small quantity of water flow
and its little influence upon the total glacial runoff, the melt
runoff flowing out of the western exit has not been
observed, and the discharge and meteorological observa-
tions were only conducted in the gauging sites near the
glacier terminus since 2005.

Date collection

The hydrological gauging site was established about 800 m
downstream of the snout of glacier, in which the minimal
requirements for a hydrological gauging site were meet,
such as flow of water in a single channel, straight river
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Fig. 2 The altitudinal distribution of glacierized and not-glacierized
area of Koxkar Glacier basin

course with length long enough and minimal turbulence in
flow, etc. A stilling well was constructed on the right bank
of the river, and an automatic barometric sensor (HOBO
Water Level Logger, Onset Computer Corp.) was installed
in the well to record hourly variations in bulk pressure
(water and atmospheric pressure). A graduated staff gauge
was installed near the stilling well for manual observations
of water level and to provide a reference when converts
bulk pressure into water level. A simple bridge was built
across the river channel to facilitate the measurement of
flow velocity using propeller blade current meter (Model

LS25-1, Huazheng Hydrometric Instrument Ltd). The river
channel was divided into six to nine segments (depends on
the channel width in different season) and flow velocity
was measured at each place. Coupled with mean flow
velocity and cross-section area of each segments, channel
discharge at specific water level can be obtained. After
measures of discharge at a range of water level, particularly
maximum and minimum water level in a year, a stage—
discharge relationship was developed for each measure-
ment years (2005-2008).

An automatic weather station (AWS) was established on
the grassland about 100 m southward to the hydrological
gauging site. The elevation of the AWS is 3,009 m a.s.l.
There are many sensors mounted on the AWS monitoring a
range of environmental variables, out of which three
meteorological sensors are most relevant to this study, i.e.
air temperature and relative humidity probe (HMP45C,
Campbell Scientific Inc., mounted at 2 m above ground
surface), wind sensor (05103 wind monitor, R.M. Young
Company, mounted at 2 m above ground surface), and
barometric pressure sensor (PTB210, Campbell Scientific
Inc., installed at 1 m above ground surface). The sensors
were connected to a datalogger (CR1000, Campbell Sci-
entific Inc.) which provides hourly records for each
variable.

In order to retrieve continuous water level from bulk
pressure measurement, a statistical relationship between
stage and water pressure (bulk pressure minus atmospheric
pressure) must be established, and then with the help of the
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stage—discharge relationship, time series of flow discharge
can be calculated from retrieved water level. In terms of the
Koxkar Glacier, the discharge data covering four consec-
utive years (2005-2008) has been successfully derived. A
range of factors can reduce the precision of flow data,
including high flow velocity variability from warm to cold
season, uneven river bed and errors in water level mea-
surement. Taking all these factors into account, the possi-
bility of errors in flow measurements is in the range of
+8%.

Results and discussion
Seasonal distribution of streamflow

Previous works concerning runoff division based on water
component analysis (Xie 2006) indicates that melting of ice
and snow from the Koxkar Glacier are the main sources of
proglacial streamflow. Rain-induced water flow accounts
for about 6.8% of the total glacial runoff, and thus being
neglected in the streamflow distribution analysis.

With the help of stage—discharge relationship, the con-
tinued water level measurement at the established gauging
site provides hourly flow data for all the study years. These
hourly flow data were used to calculate the daily mean flow
at the gauging site. Figure 3a presents the variations of
daily mean streamflow for 2005 through 2008, and Fig. 3b
demonstrates the monthly distribution of discharges for
corresponding years. It is observed that, in cold seasons
(November—April), the streamflow maintains at a low
level, and the streamflow in these periods is primarily

supplied by groundwater (>90%) (Xie 2006) and water of
glacial sources including ice melting under thick debris
layer, en- and sub-glacial ablation and release of glacier
storage. From May onward the discharge starts increasing,
reaching its peak in August, and then starts reducing.
Table 1 gives the mean monthly discharge and water yield
from January to December using collected flow records for
all the study years. It shows that annual mean discharge of
the proglacial stream of the Koxkar Glacier is
102.86 x 10° m’, out of which 93.6% occurs in ablation
season (May-October). Specifically, August contributes
about 29.6% to the total streamflow followed by July of
some 26.0%. In terms of streamflow in ablation season,
August and July receive about 59.3% of the total melt
runoff. This value is most close to that observed in
Gangotri Glacier (56.4%), central Himalayas (Singh et al.
2006), and is lower than that derived in Austre Brggrerb-
reen (80%), Arctic region (Hodgkins 1997) where the
ablation season is much shorter.

Glacial runoff variability
Interannual variability

The total glacial runoff is estimated to be 103.02, 102.36,
102.23 and 103.83 x 10° m® for 2005, 2006, 2007 and
2008, respectively. Results show that during the study
years, there is little variation in total runoff from year to
year. To better understand the interannual variability of the
glacial runoff, the variation in monthly discharge from year
to year is calculated using monthly flow data of all
the study years (Fig.4). The coefficient of variation
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Fig. 3 a Daily mean discharge and b monthly discharge observed during consecutive study years
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Table 1 Mean monthly discharge and water yield computed using 4 years data on Koxkar Glacier

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
Discharge (m s~ ') 0.34 0.32 0.3 0.48 2.36 6.34 9.97 11.36 4.65 1.62 0.67 0.42
Discharge (x10° m?) 0.92 0.77 0.80 1.23 6.32 16.44 26.70 30.42 12.06 4.33 1.75 1.12
Water yield (mm) 7.87 6.59 6.84 10.52 54.06 140.62 228.38 260.20 103.16 37.04 14.97 9.58
0.40 Nevertheless, discharge in May, June, September and
035 ] o October exhibit high interannual variability, which may be
] related with the large interannual variation in synoptic
0.30 ° systems in the period of seasonal transition, i.e. from the
0.25 ] cold season to the warm and vice versa. In July and August,
1 . the coefficient of variation, C,, are around 0.15, which
& 920 /. / denoting small interannual variation in these months.
0.15 p " .
- Seasonal variability
0.10 -
0'05_- '/.\ * Since solar radiation and air temperature are dominating
1 . factors controlling melting of ice and snow, the melt runoff
0.00 oo T T e T T 1 varies with these meteorological forcing, and thus displays
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Fig. 4 Interannual variability of monthly discharge reflected by
coefficient of variation (Cy)

(C,, defined as the ratio of standard deviation to the mean)
is adopted here to quantified the discharge variability.
Figure 4 shows that runoff variation in January, February,
March and December is very limited year by year, indi-
cating a stable outflow from the glacier in cold season.

Fig. 5 Changes in coefficient

distinct monthly variability. To be comparable, the
monthly variation of runoff as well as temperature was
calculated for the four study years, using daily flow data
and corresponding air temperature records of each month
(Fig. 5). The coefficient of variation, C,, is reapplied in this
analysis to describe the variability of runoff and tempera-
ture and to compare the both. Because applying C, to the
time series involving samples with negative value may
yield wrong results, i.e. negative C,, C, > 1 or overflow
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error when the mean is zero (Faber and Korn 1991), the
temperature variability in cold season is not presented, and
only results of May, June, July, August and September, in
which the daily mean temperatures are positive, are given
in Fig. 5. The absence of temperature variability in months
from November to March, however, has less influence on
the discussion of seasonal variability in streamflow since,
during that period, the temperature is very low and the
supraglacial ablation ceases, and thus the variation of
glacial runoff is practically independent of temperature. In
case of April and October, details are given below.
Results presented in Fig. 5 illustrate great monthly
variations in discharge with mean coefficient of variation
ranging from 0.02 in January to 0.77 in April. The maxi-
mum discharge variability found in April may be due to
fast increase in discharge induced by intense melting of
seasonal snow at the end of the month, as compared to low
flow in the beginning and mid of the month. From May to
September, the variability in runoff and temperature dis-
plays similar pattern: dropdown gradually from May to
August and then start increasing. The second maximum
occurs in the end of the melt season, and its position varies
among September, October and November, depending on
the temperature variations, glacier storage behavior, pre-
cipitation availability and other factors in the correspond-
ing months. During the whole winter (December to the next
March), the discharge variability usually maintains at a low
level due to stable ground water supply to the streamflow.

Diurnal variations of discharge

Figure 6 depicts mean diurnal variations in discharge
computed for different months in ablation period using
4 years data. It shows that the diurnal variability in runoff
is positively related with discharge. During the early and
the later part of the melt season, the discharge is small and
the daily hydrograph is almost flat. With advancement of
melt season, the discharge increases with well-distin-
guished diurnal variability. It is suggested that the seasonal
shift of the diurnal discharge variation results from sea-
sonal cycle of weather systems as well as variations in
physical features in glacierized basin with time. This result
is consistent with works carried out on the Gangotri Gla-
cier, Himalayas (Singh et al. 2006) with modified back-
grounds in climate conditions and glacier characteristics.
At the beginning of the melt season (May—June), the
temperature is relatively low and a large extent of winter
snow exists, particularly in the upper reaches of the abla-
tion zone. As such, runoff of melting snow and ice is less
and part of which is intercepted by snowpack, supraglacial
ponds, englacial conduits, etc. as glacier storage before it
flows out of the snout of the glacier. Therefore, the dis-
charge observed near the terminus is less with small diurnal
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Fig. 6 Mean diurnal variations in discharge computed for different
months in ablation period using 4 years data

amplitudes at this stage. The pronounced diurnal variability
in discharge in the mid of the ablation season (July—
August) is primarily related with (i) large extent of exposed
ice which makes intense melting to be possible under high
temperature background, (ii) larger temperature variations
on diurnal scale with higher mean temperature, which leads
to large difference in ablation rate between daytime and
nighttime and (iii) minimum snow extent and developed
drainage network which minimize the influences of glacier
storage on the melting runoff and make the discharge to be
more responsive to the diurnal forcing. At the end of the
ablation season (September—October), the diurnal pattern
of discharge generally duplicates that at the beginning of
the melt season except for more even hydrographs. This
result may be attributed to the release of the precedent
meltwater that stored in the glacier. During the period with
cold temperature (November—April), however, the diurnal
variations in discharge is substantially free of meteoro-
logical controls because the main component of the
streamflow comes from ground water instead of snow/ice
melting, and thus flat daily hydrographs are expected for
months at this stage.

Calculations on the diurnal runoff amplitudes from daily
hydrographs show that, during the melt season for all the
study years, the mean diurnal amplitudes are 0.90, 1.86,
471, 492, 1.17 and 0.43 m>s~' for May, June, July,
August, September and October, respectively, with runoff
amplitude ratio (defined as the diurnal runoff amplitude
expressed as a proportion of the diurnal mean flow) to be
0.37, 0.40, 0.46, 0.43, 0.25 and 0.24 for corresponding
months.

Delay characteristics of discharge

Figure 6 also reveals that the maximum runoff is observed
during 1800-0200 hours and the minimum occurs during
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0700-1000 hours. The timing of maximum and minimum
flow varies with season depending on the changes in
meteorological conditions, altitudinal distribution of snow
and ice and glacier drainage network. This fact is further
related with two variables that characterizing the delaying
effect in glacial runoff variation, i.e. time to peak (Zpeax)
and time-lag (t,,) between meltwater generation and its
appearance in the streamflow near the snout of the glacier.
As solar radiation directly influences the snow/ice melting,
the commonly adopted criteria for time-lag analyses is that
hydrograph should be of clear weather day, which brings
maximum insolation and higher temperature. In the case
study, however, the employment of traditional procedure is
problematic because the overall clear weather days are rare
in the melt season due to strong local circulation (Han et al.
2008). A typical “good weather” day in the melt season of
Koxkar Glacier is that it is clear in the morning and
evening and overcast or raining in the afternoon, which
leads to large fluctuation in occurrence of maximum of air
temperature (7i,.x) (ranging from 1,200 to 1,800), and
subsequently, influences the timing of maximum discharge
(Omax)- To compute mean monthly time-lag and time to
peak values, 5 days were selected from each month in melt
season, 2007, on the basis of (i) maximum solar radiation
and higher temperature allowing intense snow/ice melt to
happen, (ii) free of rainfall in that day as well as in its
former and next days to exclude rain-induced cases and
(iii) evenly distributed in the month to present representa-
tive mean monthly results. Since year to year variations in
mean fi,; and fpea for corresponding months are not sig-
nificant, the case study for months in 2007 is thought to be
representative to present delaying characteristics in charge
on Koxkar Glacier.

As shown in Table 2, f,,, is calculated as the time-lag
between Trax and Onax, and foeqi is the time consumption
from minimum discharge (Q i) to the maximum (Qpax)- It
is observed that both #;,, and f,cac are higher in the early
and end of the ablation season as compared to the peak
melt season. f,,; varied between 4.00 and 10.00 h, and fcax
varied between 10.00 and 17.00 h over the entire melt
season. Monthly mean time-lag are 8.00, 6.60, 5.40, 5.20,
8.00 and 8.80 h for May, June, July, August, September
and October, respectively, and mean time to peak are
15.00, 14.80, 12.40, 13.00, 13.60 and 14.80 h for corre-
sponding months. In terms of glacier physics, the magni-
tude of runoff delay depends on the distance the meltwater
has to travel through and below the glacier, and the con-
figuration of internal drainage network (Benn and Evans
1998). In the beginning of the melt season, underdeveloped
internal drainage networks, such as narrow drainage
passages and linked-cavity networks, and strong glacier
storage due to presence of large extent of seasonal snow
cover lead to significant delaying effects on melt runoff

transportation. As the melt season progresses, the seasonal
snow shrinks to higher altitudes and has less storage
implications for melt runoff, and the drainage system of the
glacier becomes more efficient when carrying large dis-
charges (Seaberg et al. 1988; Hock and Hooke 1993). Thus,
both #,, and 7pe, are reduced during this period. Toward
the end of the melt season, #j,, and fpeqi are higher, which
may be associated with melt runoff reducing and snow
cover extending. The former factor is related with ineffi-
ciency of drainage network in water transportation (Jansson
et al. 2003), and the latter is related with significant storage
effect on melt runoff.

Delaying characteristics of discharge in months of cold
season are not discussed in the proposed paper because,
during that period, melt runoff is very few and discharge
and temperature are actually not interrelated.

Glacier runoff-temperature relationship in melt season

The melting of ice and snow is primarily controlled by the
energy available for melt, which is linked to air tempera-
ture. Therefore, examining of the relationship between
glacial runoff and air temperature provides a quick and
rough tool to evaluate the quantity and variations of the
melt runoff for a glacierized basin. Figure 7a, b presents
the scatter maps of mean monthly and mean daily melt
depth versus corresponding air temperatures, considering
data in melt season of all the study years. It shows that the
variations in discharge have not been fully captured by
temperature records. The low correlation between dis-
charge and temperature may be due to significant influ-
ences of non-melting-induced events and progresses in
discharge, for example rain-caused cases, runoff delaying
and glacier storage effects. Even this, the trends in dis-
charge and temperature variations are coincident both on
monthly and daily scales. Generally, the relationship
between mean monthly depth of discharge and mean
monthly temperatures (R* = 0.77) is better than that
between mean daily runoff depth and mean daily temper-
atures (R*> = 0.55). The better relationship between dis-
charge and temperature on monthly scale may be due to the
reduction in variability of both discharge and temperature
on monthly scale (C, for discharge = 0.64, C, for tem-
perature = 0.50) when compared with daily scale (C, for
discharge = 0.72, C, for temperature = 0.60).

Flow-duration curve

The flow-duration curve provides information about the
percentage of time that a particular streamflow is equaled or
exceeded over some historical period, and it has long been
used as means of summarizing catchment hydrologic
response (Cole et al. 2003). Figure 8a, b presents the flow-
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Table 2 Timing of Tiax, Omax» Omin, time-lag and time to peak for May—October, 2007 on Koxkar Glacier

Month Time of T, (hours) Time of Q.x (hours) Time of Qp,;, (hours) Time-lag 1,5 (h) Time to
peak fpeak (h)
May 02/05 1700 03/05 0200 02/05 0900 9.00 17.00
09/05 1200 09/05 2100 09/05 0700 9.00 14.00
15/05 1700 16/05 0000 15/05 0800 7.00 16.00
22/05 1700 23/05 0000 22/05 0800 7.00 16.00
28/05 1200 28/05 2000 28/05 0800 8.00 12.00
June 02/06 1500 02/06 2300 02/06 0800 8.00 15.00
09/06 1700 09/06 2300 09/06 0800 6.00 15.00
15/06 1700 15/06 2300 15/06 0900 6.00 14.00
19/06 1700 20/06 0000 19/06 0900 7.00 15.00
29/06 1700 29/06 2300 29/06 0800 6.00 15.00
July 04/07 1500 04/07 2000 04/07 0800 5.00 12.00
11/07 1700 11/07 2100 11/07 0700 4.00 14.00
18/07 1600 18/07 2200 18/07 0700 6.00 15.00
24/07 1200 24/07 1800 24/07 0700 6.00 11.00
28/07 1200 28/07 1800 24/07 0800 6.00 10.00
August 05/08 1700 05/08 2100 05/08 0900 4.00 12.00
13/08 1800 13/08 2200 13/08 0700 4.00 15.00
17/08 1400 17/08 2000 17/08 0900 6.00 11.00
21/08 1600 21/08 2100 21/08 1000 5.00 11.00
28/08 1700 29/08 0000 28/08 0800 7.00 16.00
September 02/09 1200 02/09 1900 02/09 0700 7.00 12.00
08/09 1400 08/09 2200 08/09 0900 8.00 13.00
15/09 1500 15/09 2200 15/09 0800 7.00 14.00
19/09 1600 20/09 0200 19/09 0900 10.00 17.00
27/09 1200 27/09 2000 27/09 0800 8.00 12.00
October 03/10 1300 03/10 2200 03/10 0700 9.00 15.00
10/10 1500 10/10 2300 10/10 0800 8.00 15.00
15/10 1400 15/10 2100 15/10 0800 7.00 13.00
19/10 1300 19/10 2300 19/10 0800 10.00 15.00
25/10 1400 26/10 0000 25/10 0800 10.00 16.00

duration curves over the entire season and the melt season,
respectively, using daily flow data for the four consecutive
years (2005-2008). The discharge corresponding to 25, 50,
75 and 90 percentage of time is found to be 5.08, 0.95, 0.33
and 0.29 m® s™! for the entire season, and 8.90, 5.02, 2.28
and 1.35 for the melt season, respectively. Flat curves
observed near the upper limits on both curves exhibit the
typical characteristic of the glacierized river, whereas the
straight curve in the lower proportion on Fig. 8a indicates
the low base flow sustained throughout the year. To better
understand the characteristics of amplitude and frequency
in monthly discharge over the melt season, monthly flow-
duration curves for May through October were plotted in
Fig. 9 using daily flow records from 2005 to 2008. It shows
that, during the melt season, the flow-duration curves for
each month are much flatter and moderate flows are found

@ Springer

in the upper limits for most of the curves, which indicates
temperate variations in amplitudes of melt runoff in abla-
tion period. This fact may be attributed to continued water
supply from snow/ice melt to the streamflow and significant
glacier regulations upon the melt runoff through glacier
storage and drainage network. The only steep curve
observed in the upper proportion of the flow-duration curve
in July is supposed to be related with the flood events of
supraglacial lake outburst. Dozens of supraglacial lakes or
ponds are distributed in the debris-covered area of Koxkar
Glacier. The outburst of these lakes or ponds may be trig-
gered by the interactions of lakes to englacial drainage
passageways by ice ablation and/or water calving (Ageta
et al. 2000). Therefore, the risks of supraglacial lake out-
burst increase in July and August when ice ablation is
intense. The outburst of the large supraglacial lakes,
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Fig. 7 Relationship between a mean monthly melt depth and mean
monthly air temperatures, and b mean daily melt depth and mean
daily air temperatures considering data in melt season of all the study
years

however, is not frequent according to the field investiga-
tions, and thus has less influence on the overall pattern of
the flow-duration curves.

Conclusions

Hydrological analysis on the proglacial streamflow is one
of the major works in modern glacier investigations. The
proposed paper investigates the hydrological characteristics
of Koxkar Glacier, China using flow data observed near the
snout of the glacier for four consecutive years. The study
reveals that annual mean discharge of the proglacial stream
of the Koxkar Glacier is to be 102.86 x 10° m3, out of
which 93.6% occurs in melt season (May—October). The
maximum contribution to the total flow is from August
(29.6%) followed by July (26.0%). The interannual runoff
variability for months displays lower coefficient of varia-
tions when compared with seasonal variability, and the
maximum occurs in June and October. The diurnal
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Fig. 8 Flow-duration curves for a the entire season and b the melt

season developed using daily flow records collected near the snout of
the Koxkar Glacier
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Fig. 9 Flow-duration curves for different months in the melt season
using daily discharge observed near the snout of the Koxkar Glacier

variability in runoff is positively related with discharge.
During the early and later part of the melt season, the
discharge is small and the flow curve is almost flat. With
advancement of melt season, the discharge increases with
well distinguished diurnal variability. At the end of the
ablation season, the diurnal pattern of discharge duplicates
that at the beginning of the melt season except for more

@ Springer
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even hydrograph. The mean diurnal amplitudes are 0.90,
1.86,4.71,4.92, 1.17 and 0.43 m® s for May, June, July,
August, September and October, respectively. On the basis
of daily hydrograph, time-lag and time to peak are calcu-
lated to present delaying characteristics of the melt runoff.
The results show that monthly mean time-lag are 8.00,
6.60, 5.40, 5.20, 8.00 and 8.80 for May, June, July, August,
September and October, respectively, and mean time to
peak are 15.00, 14.80, 12.40, 13.00, 13.60 and 14.80 h for
corresponding months. The flatter curves are observed in
the upper limit of flow-duration curves, which is typical
characteristic of a glacierized basin. The steep upper pro-
portion observed in the flow-duration curve for July indi-
cates occasional runoff contribution from supraglacial lake
outburst flood to the main streamflow.

The results present in this paper are preliminary towards
fully understanding of the glacial runoff characteristics on
Koxkar Glacier because a range of important issues have
not been addressed due to absence of relevant data. These
issues include long-term variations in discharge in the
scenario of climate warming, influence of rain on the dis-
charge, characteristics of the internal drainage system,
sediment transportation in streamflow, etc. The field
observations concerning these issues are ongoing or under
preparation.
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