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Abstract The study deads with the sediment delivery pattern of a highly
glacierized basin, the Gangotri Glacier basin (total area 556 km?, glacierized
area 286 km?, elevation range 40007000 m) located in the Himalayan region.
To carry out this study, suspended sediment samples and discharge data were
collected near the snout of the glacier (4000 m a.s.l.) for four consecutive melt
seasons 2000-2003 (May—October). The monthly distribution of suspended
sediment concentration (SSC) and its variability from year to year has been
examined. Mean monthly SSC for May, June, July, August, September and
October was found to be 1942, 2063, 3658, 2551, 734 and 136 mg LY
respectively, showing maximum SSC in melt water in July followed by
August. It was found that cumulative percentage delivery of SSC precedes
discharge throughout the melt season. About 59-64% of the sediment passed
through the channel by the time 50% of the total discharge had passed.
Average seasonal values of sediment yield were estimated for the study basin.
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INTRODUCTION

Across the world it has been reported that sediment yield is higher in glacierized basins
than in non-glacierized basins (Jansson, 1988; Harbor & Warburton, 1993; Hallet et
al., 1996). The delivery of sediments aso depends on the amount of water draining
through the glacier. Proglacial streams carrying suspended sediment have practical
significance where glacially derived waters are used for irrigation (Butz, 1989) and for
the planning, designing and operating of hydropower schemes (Bezinge et al., 1989;
Singh et al., 2003).

Most of the Himalayan glaciers are debris covered and the rivers originating from
these areas transport sediment at a very high rate (Bruijnzeel & Bremmer, 1989; Singh
et al., 2003). The geologically young age of the Himalayan mountain system, which is
undergoing fast uplift and has large and active glaciers, supports the high sedimentation.
The present estimates of uplift rates for different parts of the Himalayas vary from
0.6-6 mm year (Nakata, 1989; Jackson & Bilham, 1994). Fission-track dating of
rocks and geodetic levelling have provided evidence of fast uplift accompanied by
denudation and exhumation of deep-seated rocks. The Himalaya possess fragile
ecosystems susceptible to high denudation, the erosion rate being in the range of 2—-12
mm year™ (Burbank et al., 1996). To analyse these aspects, there is a need to establish
a long-term database related to suspended sediment concentration (SSC) for the
glacierized basinsin the Himalayan region.
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During the melting season, the snow and glacier melt runoff is of vital importance
for hydroelectric power generation and irrigation. Today, installation of hydropower
projects in the Himalayan region is a priority. The peak season (July and August) for
melting along with the monsoon rainfall, generally observed in the middle and lower
part of basins, sees transport of large amounts of suspended sediments, which causes
silting of the reservoirs. In this paper, an attempt is made to assess the magnitude of
SSC and its variation over the time. For this purpose hydro-meteorologica and
suspended sediment data were collected for four melt seasons during the years 2000—
2003 (May—October) near the snout of the Gangotri Glacier. The delivery patterns of
discharge and SSC have been studied.

STUDY AREA

The Gangotri Glacier (Lat. 30°43'N-31°01'N and Long. 79°00'E-79°17'E) is the
largest glacier of the Garhwa Himalayas. The proglacial melt water stream, known as
the Bhagirathi River, originates from the snout of the Gangotri Glacier at an elevation
of 4000 m.as.l. The Gangotri Glacier system, most commonly known as the Gangotri
Glacier, is a cluster of many glaciers comprising the main Gangotri Glacier (Ilength:
30.20 km; width: 0.20-2.35 km; area: 86.32 km?) as the trunk part of the system. The
major glacier tributaries of the Gangotri Glacier system are the Raktvarn, Chaturangi,
Swachand and Maiandi glaciers, which merge with the trunk glacier from the northeast
and the Meru, Kirti and Ghanohim Glaciers, which merge with the trunk glacier from
the southwest. The atitudinal range of this glacier varies from 40007000 m. The total
catchment area of the study basin up to the gauging site is about 556 km?, of which
more than 50% is covered by ice. Figure 1 shows the area of the Gangotri Glacier and
the location of the snout and the gauging site. The average seasonal temperature near
the snout of the glacier is about 9.4°C with an average seasonal rainfall of about
260 mm. The distribution of rainfall varies from year to year. Details of climatic
conditions prevailing in the study area have been reported by Singh et al. (2004a).

OBSERVATION OF DISCHARGE AND SUSPENDED SEDIMENT

As shown in Fig. 1, a discharge gauging site was established near the snout of the
Gangotri Glacier at which discharge and suspended sediment data were collected. A
stilling well was constructed and an automatic water level recorder was installed in the
stilling well for continuous monitoring (24 hour) of variations in water level. A
graduated staff gauge was aso installed on the gauging site near the stilling well for
manual observations of water level. For measurement of discharge, the velocity-area
method was used and to compute the velocity of flow, wooden floats were used. For
the measurement of velocity of discharge, the channel was divided into four segments.
After calibrating the water levels observed from the staff gauge and the water level
recorder, the stage-discharge relationship (rating curve) was developed for each
ablation season and was used to convert water levels into discharges for that particular
season. The cross-sectional area of the channel was determined with the help of
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Fig. 1 Map showing location of the study area with the Gangotri Glacier system.

sounding rods at the beginning of the melt season and was rechecked at the end of the
season. As discussed by Singh et al. (2004b), the flow measurements may have +5%
error particularly during the peak melt period (July and August) when discharge is
high.

For determination of suspended sediment in the melt stream water, samples were
taken directly from the channel at the sampling site in a pre-cleaned polyethylene
bottle (500 ml) twice a day (08:30 and 17:30 h) during the melt season. The samples
were collected from the stream at about mid-depth, filtered at the site using Whatman-
40 ashless filter paper. The samples were dried at 200°C for 24 hin the laboratory. The
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Fig. 2 Mean daily suspended sediment concentration (SSC) and discharge observed at the gauging site of the Gangotri Glacier during the 2000, 2001, 2002
and 2003 melt seasons. Line graphs represent discharge whereas bar graphs represent SSC.
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SSC for each sample was determined by weighing the dried samples. Under the given
field conditions, the possibility of error in suspended sediment estimations is expected
to be about +5%.

RESULTS

The morning (08:30 h) suspended sediment samples reflect the trough value while
evening (17:30 h) samples reflect the peak vaue. Therefore, it was considered appropriate
to compute daily mean values of SSC using morning and evening observations. Daily
mean SSC and discharge recorded at the gauging site for the melt season in the years
2000, 2001, 2002 and 2003 are given in Fig. 2. It was observed that daily mean SSC in
the melt stream varied between 70-11093 mg L™. For the entire sampling period, the
average seasonal sediment concentration was found to be 1966 mg L™. Mean monthly
SSC during the melt season 20002003 were 1942, 2063, 3658, 2551, 734 and
136 mg L™ for May, June, July, August, September and October, respectively, while
maximum values of SSC for the corresponding months were 7700, 7450, 11093, 5720,
2020 and 320 mg L™, respectively. The results from the Gangotri Glacier were
compared with other glaciers located in the Himalayan region, such as the Dunagiri
Glacier (236 mg L™) in the Dhauliganga-Alaknanda basin (Srivastava et al., 1999)
and the Dokriani Glacier (748 mg L™) in the Dingad-Bhagirathi basin (Singh &
Ramasastri, 1999). It is found that the average seasonal sediment concentration for the
Gangotri Glacier is much higher than the other glaciers.

It can be noted from Fig. 2 that the distribution of SSC over the ablation season
broadly follows the distribution of streamflow. SSC rises rapidly with increasing
discharge from May onwards, reaches its maximum in July and then decreases. To
study the delivery pattern of SSC and discharge, the cumulative percentage distrib-
utions of both SSC and discharge were computed for each melt season (Fig. 3). The
percentage delivery of cumulative SSC in the melt water precedes that of the
corresponding value of discharge throughout the melt season. To understand the
temporal behaviour of the delivery of SSC and discharge, the dates corresponding to
10%, 50% and 90% delivery of SSC and discharge were computed. The delivery of
SSC in terms of percentage of total delivered SSC in the season was always in advance
relative to the corresponding discharge percentage. Furthermore, it was noted that the
percentage delivery distribution was earlier (~19 days) in the beginning (May and
June) and end (September and October) of the melt season in comparison to the peak-
melting season, i.e. July and August, (~12 days).

Estimates of suspended sediment yield were made for different melt seasons. For
the 2000, 2001, 2002 and 2003 melt seasons sediment yield was computed to be 4099,
5518, 5843 and 3876 tonnes km?, the average being 4834 tonnes km™. The year-to-
year variability in sediment yield might be due to severa factors such as variation in
prevailing weather conditions, glacier dynamics and thermal regime/variation in
discharge and type of subglacial drainage system (Hallet et al., 1996; Hodson, et al.,
1998; Singh et al., 2003).



26

100

75

50

25

Cummulative percentage

100

75

50

25

Cummulative percentage

Discharge

2000

Pratap Singh

100

75

50

25

Cummulative percentage

May June July Aug. Sept. Oct.

2002

100

75

50

25

Cummulative percentage

I I I I I
May June July Aug. Sept. Oct.

2001

I I I I I
May June July Aug. Sept. Oct.

2003

I I I I I
May June July Aug. Sept. Oct.

Fig. 3 Relationship between cumulative percentage of the total discharge and
suspended sediment concentration (SSC) near the snout of the Gangotri Glacier.

CONCLUSIONS

Based on the observations of four ablation seasons (2000-2003), the important

findings from the study are as follows:

1. The delivery of suspended sediment concentration broadly followed the pattern of
melt water discharge. Daily mean concentration of suspended sediment varied
between 70-11093 mg L™ . For the whole ablation season, the average value of
SSC was 1966 mg L™ and that of sediment yield was 4834 tonnes km>.

2. The SSC is relatively higher in the initia ablation period than the later part of

ablation period for near-similar values of discharge.

3. The percentage delivery of cumulative SSC was found to be higher throughout the
ablation period as compared to the discharge.
4. The months of July and August, which represent the peak melt period for
Himalayan glaciers, contribute nearly 75% of the total sediment, whereas
September and October carry only ~6%.
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