
The Cryosphere Discuss., 3, 443–476, 2009
www.the-cryosphere-discuss.net/3/443/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.

The Cryosphere
Discussions

The Cryosphere Discussions is the access reviewed discussion forum of The Cryosphere

Role of glaciers in watershed hydrology:
“Himalayan catchment” perspective
R. J. Thayyen1,2 and J. T. Gergan1

1Wadia Institute of Himalayan Geology, 33-GMS Road, 248001, Dehradun, India
2National Institute of Hydrology, Western Himalayan Regional centre, Opp. Military Hospital,
180003, Jammu, India

Received: 22 June 2009 – Accepted: 26 June 2009 – Published: 15 July 2009

Correspondence to: R. J. Thayyen (renojthayyen@gmail.com)

Published by Copernicus Publications on behalf of the European Geosciences Union.

443

Abstract

A large number of Himalayan glacier catchments are under the influence of humid
climate with snowfall in winter (November–April) and South-West monsoon in summer
(June–September) dominating the regional hydrology. Such catchments are defined as
“Himalayan catchment”, where the glacier melt water contributes to the river flow dur-5

ing the period of annual high flows produced by the monsoon. Other two major glacio-
hydrological regimes of the Himalaya are winter snow dominated Alpine catchments
of the Kashmir and Karakoram region and cold-arid regions of the Ladakh mountain
range. Factors influencing the river flow variations in a “Himalayan catchment” were
studied in a micro scale glacier catchment in the Garhwal Himalaya, covering an area10

of 77.8 km2. Discharge data generated from three hydrometric stations established at
different altitudes of the Din Gad stream during the summer ablation period of 1998,
1999, 2000, 2001, 2003 and 2004. These data has been analysed along with win-
ter/summer precipitation, temperature and mass balance data of the Dokriani glacier
to study the role of the glacier and precipitation in determining the runoff variations15

along the stream continuum from the glacier snout to 2360 m a.s.l. Study shows that
the inter-annual runoff variations in a “Himalayan glacier catchment” is directly linked
with the precipitation rather than mass balance changes of the glacier. Study suggest
that warming induced initial increase of glacier degraded runoff and subsequent decline
is a glaciers mass balance response and cannot be translated as river flow response20

in a “Himalayan catchment” as suggested by the IPCC, 2007. Study also suggest
that the glacier runoff critically influence the headwater river flows during the years of
low summer discharge and proposes that the Himalayan catchment could experience
higher river flows and positive glacier mass balance regime together in association
with strong monsoon. This paper intended to highlight the importance of creating cred-25

ible knowledge on the Himalayan cryospheric processes to develop a global outlook
on river flow response to cryospheric change and locally sustainable water resources
management strategies.
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1 Introduction

The Himalaya has more than 12 000 glaciers (Kaul, 1999; ICIMOD, 2001) covering an
area of about 33 000 km2 (Rai and Gurung, 2005). River Ganga is being replenished
by the melt water from around 4000 glaciers spread over India and Nepal and the
River Indus is being fed by more than 3300 glaciers. Snow and glacier melt together5

with monsoonal precipitation determines the headwater flow regimes of large parts
of the Himalayas, including central and eastern Himalayan tributaries of River Ganga
and Brahmaputra. Snow and glacier melt contribution is very significant in many of
these Himalayan Rivers. On an average, annual snow and glacier melt contribution
is estimated to be 60% in Satluj river at Bhakra dam (Singh and Jain, 2002), 49% in10

Chenab river at Akhnoor (Singh et al., 1997) and 35% in Beas river at Pandoh (Ku-
mar et al., 2007). The Himalayan cryospheric system, largest out side the polar region
has number of hydrological and climatic regimes, extending from cold-arid regions of
the Ladakh to humid monsoon climate of the north-eastern Himalayas (Mani, 1981).
Glaciers in these regions are in a general state of recession since 1850’s (Mayewski15

and Jeschke, 1979; Vohra, 1981; Dobhal et al., 2004; Kulkarni et al., 2007) with few
exceptions in the Karakkoram region, which are advancing (Hewitt, 2005). As these
glaciers continue to recede, its impact on major glacier fed rivers in the region is a mat-
ter of grave concern. Present understanding regarding the impact of glacier shrinkage
on the river flow variations is discussed in the IPCC (2007a) which stated that “as these20

glaciers retreat due to global warming, river flows are increased in the short term, but
the contribution of glacier melt will gradually decrease over the next few decades” and
“the enhanced melting of glaciers leads at first to increased river runoff and discharge
peaks and an increased melt season” (IPCC, 2007b). However, considering the di-
verse climatic and hydrological regime of mountain glaciers across the world, such25

a uniform river flow response to glacier melting needs further evaluation. Himalayan
region itself have three dominant climatological regimes, which include areas experi-
encing monsoon and winter precipitation, areas dominated by winter precipitation from
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western disturbances and cold-arid regions (Vohra, 1981). Therefore, glacier’s role in
influencing the flow regimes of the Mountain Rivers across the Himalayan arc would
vary considerably. In this work, an attempt has been made to highlight the fundamen-
tal difference between Alpine and Himalayan glacier hydrological systems and the role
of glaciers in influencing the runoff characteristics of monsoon dominated “Himalayan5

catchment”.

2 Methods

2.1 Study area

This study is focused on the “Himalayan catchments” of Western Himalayan region,
mainly on the Din Gad catchment in the Ganga basin. Basin scale response of river10

flow during the past years has been studied in the near by Satluj and Beas basins which
extent from 30◦ 48′ to 32◦ 26′ N and 76◦ 58′ to 78◦ 51′ E. Din Gad catchment cover an
area of 77.8 km2 and extent from 2360 to 6000 m a.s.l. and have 9.6% glacierisation.
The general aspect of this valley is NW and lies between latitude 30◦ 48′ to 30◦ 53′ N
and longitude 78◦ 39′ to 78◦ 51′ E. Din Gad is the proglacial stream of the Dokriani15

glacier which joins Bhagirathi River near Bhukki village (Fig. 1). Length of the Dokriani
glacier is 5.5 km and covers an area of 7 km2. This glacier has receded 726 m in forty
three years (1962–2005) with an average rate of 16.8 m/yr and has lost approximately
22% of its volume from the total storage of 385×106 m3 (Dobhal et al., 2004). Average
accumulation rate of this glaciers is 0.43 my−1 (Dobhal et al., 2007; Nijampurkar et al.,20

2002) with an average accumulation area ratio (AAR) of 0.66. Another small glacier
with an area of 0.46 km2 is also part of the Din Gad catchment and its pro-glacial
stream joins Din Gad at 3400 m a.s.l. just above the Gujjar Hut hydrometric station.

Satluj basin lay north-west of Ganga basin and the river flow down from China to
India. Indian part of the Satluj basin covers an area of 22 275 km2 and 12% of the25

area is covered by the glaciers and permanent snowfields and approximately 65%
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area receives winter snowfall (Singh and Jain, 2002). Beas catchment shares its west-
ern boundary with Satluj basin and has an area of 5278 km2 with 780 km2 (14.7%) of
glaciers and perennial snow cover.

2.2 Data collection

The main objective of glaciological studies in the Himalaya is to generate knowledge5

base for managing the large frozen water reserves of the glaciers and study the river
flow response to glaciers and snow cover fluctuations (Thayyen et al., 2007). Follow-
ing the Alpine format, glaciological studies were focused on the glacier mass balance,
glacier discharge and monitoring of the meteorological parameters close to the glacier.
The role of monsoon and snow cover has received little attention in the glaciologi-10

cal study frame work and over the years it is realized that the approach has failed in
achieving the desired result of understanding the river flow response to the cryospheric
changes. In order to understand the impact of monsoon and western disturbances on
glacier regimes as well as on the runoff from the catchment, three hydrometric and me-
teorological stations, covering different altitudinal zones of the Din Gad catchment were15

established in 1998 (Fig. 1). This approach enabled us to monitor the runoff variability
all along the stream continuum, from the glacier portal (3900 m a.s.l.) to 2360 m a.s.l.
First discharge station was established at 600 m down stream of the glacier snout at
3800 m a.s.l. The second station at Gujjar Hut (3400 m a.s.l.) cover the snow dominated
Alpine meadows and third station at Tela (2360 m a.s.l.) covered highly forested, mon-20

soon dominated lower part of the catchment. These stations were monitored through-
out the ablation season from 15 May to 31 October during 1998–2004 periods, with
an exception in 2002. Discharge was calculated from rating curve established by the
area-velocity method. For continuous recording of water level at these three stations,
water level recorders were installed over the stilling wells made of steel drums. Manual25

observation of staff gauges were also carried out four times a day, with three hour inter-
val to over come problems arising due to malfunction of chart recorder during high flow
period of June, July and August months. Chart recording was disturbed many times
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during the study period due to high flows and other mechanical problems. Tela station
was washed off during the high flows of July in 2001. By combining the manual records
and the data from the chart recorder, daily discharge data has been calculated for the
three stations.

Three manual standard meteorological observatories were established at Tela, Guj-5

jar Hut and glacier Base camp and monitored through out the ablation period. Monitor-
ing of winter weather was initiated at Base camp station in 1998 and observations were
carried out intermittently due to extreme weather conditions. Winter weather monitor-
ing was extended to the Tela station in the year 2000. Standing snow depth and density
were monitored four times during December–April period at different altitude along the10

valley bottom from Gujjar Hut (3400 m) to the Base camp (3760 m a.s.l.). Snow depth
and density measurements were extended up to 4700 m a.s.l. over the glacier once
or twice during April or early May to monitor the snow cover duration. Snow line was
mapped physically every year in early May, before initiating discharge measurement
at Gujjar Hut and snout stations. Summer mass balance of the Dokriani glacier was15

estimated till 2000 to assess the degraded runoff component (Dobhal et al., 2008).
Regional similarities in runoff response at different spatial scales in the same glacio-

hydrological regime were studied by using runoff data of Beas and Satluj rivers. Long-
term discharge data of river Satluj, and long-term all India summer monsoon rain-
fall anomalies were considered along with information on glacier fluctuations in the20

Himalayas during the same period to understand the relationship between monsoon
strength and glacier fluctuation and corresponding river flow response of the Himalayan
catchment.

3 Hydrology of the Himalayan glacier catchments

Himalaya experiences diverse climate and hydrology from west to east (Fig. 2), domi-25

nated by S-W Indian monsoon in summer and mid-latitude westerlies known as west-
ern disturbances in winter (Upadyaya, 1995; Mani, 1981; Benn and Owen, 1998; Lang
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and Barros, 2004).While S-W monsoon decline in strength from east to west along the
Himalayan arc, western disturbances weakens as it move from west to east (Gupta,
1983). Hydrology of the glaciers and glacier fed rivers, east of Chenab basin are highly
influenced by the summer monsoon and these glaciers are considered as summer ac-
cumulation type glaciers (Ageta and Higuchi, 1984; Vohra, 1981). These large areas of5

the Himalaya constitute the headwater regions of Ganga and few tributaries of River In-
dus and Brahmaputra. Winter snow precipitations from western disturbances dominate
large areas of Indus River systems. In India, the state of Jammu and Kashmir repre-
sents most of the winter snow dominated areas, where monsoon activity is very low.
Another unique glacio-hydrological system in Indian Himlaya is the cold-arid regions10

of the Ladakh, which extend from Tibet to India. In this area, glaciers and permafrost
melting is the major source of water sustaining the stream flow and water requirement
of the population.

Each of these major glacio-hydrological regimes of the Himalaya is characterized by
its differences in spatial and temporal distribution of precipitation and runoff. The area15

dominated by winter snowfall is analogous to the Alpine glacio-hydrological system,
where peak glacier runoff contributing to other wise low flow conditions, governed by
lower precipitation in summer (Fig. 3a). Where as the Himalayan glacier hydrologi-
cal system is characterized by the peak glacier runoff contributing to the peak river
flow from monsoon rainfall in July and August months. (Fig. 3b). In the cold-arid re-20

gions of the Ladakh, annual discharge peak occur in the month of July and August
(Fig. 3c), mainly due to higher glacier melting during the period. Precipitation in the
region is also highest during the same period, but mean annual precipitation is as low
as 115 mm (Gupta, 1983), in which 73% occur during the summer months. The distri-
bution characteristics of precipitation in these three major glacio-hydrological regimes25

of the Himalaya are shown in the Fig. 4. Here we define “the Himalayan catchment”
as glacier catchments experiencing snowfall in winter and monsoon precipitation in
summer, where peak discharge from the glacier contributes to the crest of the annual
stream hydrograph. Figure 5 is a schematic representation of these three different
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glacier hydrological systems of the Himalaya which shows relative importance of the
glacier, snow and precipitation in each of these glacio-hydrological regimes. Peak dis-
charge of headwater streams in the “Himalayan catchments” comprises of monsoon
rains, snow and glacier melts. Monsoon rains dominates the regional hydrology dur-
ing July to mid September and snowfall from western disturbances dominate winter5

months (NDJFMA). Consequently, December to March records lowest flows in these
rivers and peak runoff occur in the month of July and August. These two months ex-
periences highest monsoon rains and highest solar insolation and temperature, which
translate into highest glacier discharge. Hence headwater river hydrology of a Hi-
malayan catchment is collectively influenced by the variations in monsoon, snow and10

glacier regimes. This fundamental difference between Alpine and Himalayan glacier
hydrological systems is often over looked, while accessing the glaciers role in headwa-
ter river flows in a changing climate. This is evident in the fourth assessment report of
the Intergovernmental Panel on Climate Change (IPCC, 2007a) as it combined Hindu
Khush-Himalaya and South-American Andes together as the regions where river flow15

is sustained by the glacier melt in the summer season. In fact, major areas covering
southern slopes of the Himalaya, which include part of the Indus basin (Beas, Satluj
& Ravi) and whole of the Ganga basin and few tributaries of the River Brahmaputra in
the eastern Himalaya, experiences monsoon rains in summer and glacier melt is only
an add on component of the peak summer flow. In this paper we focus our discussion20

on the “Himalayan catchment” as defined above.
In the “Himalayan catchments” glaciers and permanent snowfields are bounded

within an altitudinal range of 3500 m to 8848 m a.s.l. Compared to this, very large
area of the mountain above 2000 m a.s.l. experiences seasonal snow cover. Monsoon
and western disturbances spread across the region with varying degree of influence.25

Hence, flow regimes of Himalayan Rivers are highly influenced by the altitudinal distri-
bution of the precipitation. Western disturbance are upper air cyclonic systems oper-
ating around 500 hPa level and shows positive precipitation gradient as altitude rises
due to orographic capture and deposit large amount of snow in the higher altitudes of
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the glacier basins (Bhutiyani, 1999; Singh and Kumar, 1997; Upadyaya, 1995). Low
pressure troughs of the westerlies start dominating the northern most part of the Hi-
malaya in November and early December and have most southerly course in February
and March resulting in heavy snowfall in the Himalaya during this period, which some-
time continue till April (Gupta, 1983). Where as the monsoon systems operates around5

850 hPa level (Goswami et al., 2003) and encounter Himalayas at lower elevations and
undergo orographic upliftment. Therefore, highest precipitation from monsoon over
the Himalayas occurs at an altitude of 1000 to 3500 m a.s.l. (Gupta, 1983; Upadhyay,
1995; Singh and Kumar, 1997; Burbank et al., 2003). Strength of the monsoon rainfall
declines above this altitude and the glaciers in these regions receive lesser monsoon10

rainfall as compared to the lower altitudes of the mountain. Monsoon winds reach the
Himalayan foot hills by later half of June and persists till mid September (Gupta, 1983)
with July and August months experiencing 80% of the monsoon precipitation.

4 Results and discussion

4.1 Variations in runoff and weather parameters15

Din Gad catchment experienced varied patterns of precipitation during the seven-year
study period. Heavy winter precipitation and summer monsoon in 1997–1998 and low
winter and summer monsoon precipitation in 1998–1999 and 2003–2004 were the ex-
tremes. This situation provided a very good opportunity to study the role of glaciers
in the head water stream flow variations of a Himalayan catchment. Summer ablation20

season (M5-10) discharge in the Din Gad stream at 2360 m a.s.l. showed gradual re-
duction during the study period. 2004 recorded the lowest discharge of 123×106 m3,
which was 58% less than the discharge observed in 1998 (290×106 m3). Discharge
observed at 3400 m a.s.l. recorded 50% decline during the same period. However,
discharge from the Dokriani glacier at 3800 m a.s.l. did not respond in the same way25

(Fig. 6). Glacier runoff fluctuated during these years, varying from 52×106 m3 in 1998
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to a highest discharge of 78×106 m3 in 2001 and lowest (42×106 m3) in 2004. Low-
est discharge in all the three stations were recorded in the same year, while highest
discharge observed at Tela station (2360 m) in 1998 was independent of glacier dis-
charge. Glacier mass balance studies showed that the melting of glacier ice contributed
4.83×106 to 5.17×106 m3 during 1994–2000 periods (Dobhal et al., 2007), which con-5

stituted 7.7 to 12.7% of the bulk glacier runoff. After considering the net accumulation
ranging from 2.23×106 to 2.66×106 m3, component of glacial degraded runoff in the
bulk glacier discharge varied between 3.5–7.5%. On an average, monsoon rainfall
component in the glacier discharge is in the range of 10–26% (Thayyen et al., 2005).

Din Gad catchment experiences good rainfall during the ablation period from May10

to October. Summer rainfall in the Din Gad catchment range between 1533 mm in
1998 and 1080 mm in 2001 (Fig. 7) with a mean rainfall of 1249 mm. Winter snowfall
experienced considerable variations during the study period. Winter snow water equiv-
alent monitored at the Base camp (3760 m a.s.l.) range from 500 and 511 mm w.e. in
1998 and 2002 to 144 and 190 mm w.e. in 1999 and 2004, respectively. Distribution15

characteristics of winter and summer precipitation in the catchment, especially in the
higher reaches are not fully understood from the present data. Therefore, assessment
of snow and rainfall components in the stream flow has not attempted in this study.
Highest snow cover duration at the Base camp was recorded in 1997–1998 (153 days)
and in 2000–2001 (128 days). On the other extreme, lowest snow cover duration dur-20

ing the study period experienced in 1998–1999 (68 days) and 2003–2004 (75 days). In
1998, snow cover in the first week of May was extended up to Gujjar Hut station cov-
ering 46% of the Din Gad catchment. Lowest snow cover area in May was recorded in
1999 and 2004, amounts to 14 and 18%, respectively.

Temperature is another important parameter influencing the runoff regimes of25

snow/glacier catchments. July and August are the hottest months with mean monthly
temperature ranging from 11.4–9.5◦C at 3760 m a.s.l., 13.4–11.2◦C at 3400 m a.s.l. and
18.5–16.0◦C at 2540 m a.s.l. Based on the temperature measurements at Base camp
(3763 m a.s.l.) summer positive degree days (PDD) (15 May–31 October) were calcu-
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lated to study the yearly temperature variations of the ablation months. Year 1998 ex-
perienced highest summer temperature (PDD, 1691) followed by the year 2003 (PDD,
1575) and 2004 (PDD, 1518) and lowest temperature was in the year 2000 (PDD,
1296). Among the different hydrological variables discussed above, winter precipita-
tion experienced largest inter-annual variation as reflected in the yearly variations in5

the snow water equivalent; snow cover duration and snow cover extent. Summer pre-
cipitation and temperature was highest in 1998 and during the rest of the observation
years both parameters fluctuated nominally.

4.2 Variations in the runoff contributions from glacierised and non-glacierised
areas10

Figure 6 explains the role of glaciers and precipitation in controlling the river flow vari-
ations in a Himalayan catchment. While discharge at Tela and Gujjar Hut stations
were reduced by 58 and 50 percentage, respectively from 1998 to 2004, discharge
from the glacier catchment showed comparatively steadied response. Analysis of spe-
cific runoff from each sub-catchment showed that the contributions from Tela catch-15

ment (41.8 km2) reduced from 25 mm/day in 1998 to 9 mm/day in 2004 (Table 1).
Similarly, runoff contributions from the Gujjar Hut sub-catchment (20.3 km2) reduced
from 18 mm/day to 4 mm/day during the same period, whereas runoff from the glacier
catchment (15.7 km2) varied between 29 to 15 mm/day. Variations observed in the
summer specific runoff from the non-glacierised part of the catchment covering 62 km2

20

are obviously driven by the variations in the precipitation. The lowest specific runoff
of the glacier catchment observed during the study period was 15 mm/day, which is
much higher than the lowest specific runoff of 9 mm/day and 4 mm/day of the non-
glacierised Tela and Gujjar hut sub-catchments, respectively. This highlights the buffer-
ing role of the glaciers during the years of low summer flow in the glacier fed rivers25

of the “Himalayan catchment”. Highest specific runoff from the Tela sub-catchment
(25 mm/day in 1998) observed during the study period was higher than the specific
runoff of from the glacier catchments in the same year and close to the highest runoff
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from the glacier catchment (29 mm/day in 2001). This shows that contributions from
the non- glacierised part of the Himalayan catchment equal or even exceeds that of
the glacier catchment during the years of good precipitation. This clearly shows the
overwhelming influence of precipitation, both winter snowfall and summer monsoon, in
determining the runoff variations in a Himalayan glacier catchment.5

Monthly discharge flux and percentage runoff contribution from the glacier catchment
to Tela and Gujjar hut stations were shown in the Fig. 8a and b. During the peak runoff
period of July and August months, contribution from the glacier catchment to Gujjar hut
station ranged from 41 to 86%. At the same time contribution from the glacier catch-
ment to Tela station ranged from 17 to 56%. During 1998 ablation period, bulk glacier10

discharge in the runoff at Gujjar hut and Tela stations were 47 and 18%, respectively.
Where as in 2004 runoff from the glacier catchment constituted 74 and 34%, respec-
tively. This shows that the discharge component of the glacier catchment in the bulk
discharge at the lower most station at Tela (2360 m a.s.l.) has nearly doubled during
the study period (Fig. 6). It is clear from the results presented above that the reason15

behind such a response is reduced runoff contribution from non-glacierised areas of
the catchment, rather than any increase in the glacier discharge. Hence it is suggested
that the discharge component from the glacier catchment is highest in the headwater
streams of “Himalayan catchment” during the years of lowest summer runoff. Extend-
ing this response further down stream, Alford (1992) suggested that the Himalayan20

component is highest in the Ganges during the years of minimum discharges. Two
important conclusions emerge from the discussion above 1. Highest runoff in a glacier
fed stream of “Himalayan catchment” is always occurs as a result of high precipitation.
This implies that the melting of glaciers is not responsible for high discharge in a glacier
fed stream in a Himalayan catchment (except that of Glacier Lake Outburst Flood) and25

2. Glacier melt component in the stream is highest during the years of low summer
runoff in a “Himalayan catchment”.
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4.3 Glacier discharge variations and role of glacier degraded component

Domination of the precipitation in determining the runoff characteristics of the Hi-
malayan catchment is inclusive of the glacier catchment as well. Four years of mass
balance and runoff studies of Dokriani glacier shows that the year 1999 experienced
one of the lowest runoff from the glacier associated with highest glacier degradation5

(Fig. 9). Similarly, 1994 and 1998 experienced higher glacier discharge in association
with comparatively lesser glacier degradation. We believe that this kind of response
is specific to “Himalayan catchment” due to its hypsometric characteristics. Himalayan
glaciers lay deep into the valley and surrounded by imposing mountain slopes result-
ing into a lower percentage of glacierisation of the catchment. In the Dokriani glacier10

catchment, percentage glacierisation is 44.6% (Thayyen et al., 2005). Gangotri glacier
catchment, the biggest glacier of the region also has only 51% of glacierisation (Singh
et al., 2008). This leaves out large non-glacierised areas of these catchments, con-
tributing snow melt and monsoon rains directly to the glacier system which eventually
emerges at the snout of the glacier. Hence, the bulk runoff measured at the glacier15

snout consist of runoff contribution from large area dominated by the snowmelt and
monsoon precipitation and play a dominant role in determining the glacier runoff vol-
ume and its variations. This explains the higher discharge from Dokriani glacier in
1994 and 1998, reflecting the higher winter/summer precipitation and lower discharge
in 1999 and 2004 reflecting the lower precipitation during these years. Under these20

precipitation and basin characteristics of the Himalayan catchment discussed above,
warming induced initial increase and subsequent decline of glacier runoff (IPCC, 2001,
2007a, b) is strictly remains as a glacier mass balance response (UNESCO, 1996).
Relationship between glacier degraded runoff and discharge variations from Din Gad
catchment suggests that the increased glacier degradation need not necessarily trans-25

late into higher glacier discharge and river flow in a Himalayan catchment as suggested
by the IPCC reports. Based on a survey in 1995, volume of fresh water locked up as
glacier ice in the Dokriani glacier is estimated to be 315×106 m3 (Dobhal et al., 2004).
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Compared to this storage, average yearly summer runoff from Dokriani glacier catch-
ment is 55×106 m3, which is about 17.5% of the total glacier storage. Where as, annual
glacier degraded component in the bulk flow, as derived by the mass balance measure-
ments was about 1% of the glacier storage. This shows the overwhelming role of the
precipitation in the runoff generation in a “Himalayan catchment”.5

4.4 Relationship between monsoon, glacier response and river flow in a Hi-
malayan catchment

Runoff variations of other near by glacier fed rivers in the recent past also espouse the
point of view presented above. Runoff in the Satluj River at Bhakra in 2004 was 43%
less than the 84 year normal and 50% less than the 1998 flow (Fig. 10). The decrease10

in the flow is much more than 10% decline predicted under 2◦C warning scenario for
the same basin (Singh and Bengtsson, 2004). In a similar response, discharge of Beas
River at Pandoh Dam also reduced during 1990–2004 period (Fig. 11). Discharge of
Beas River in 2004 was 29% less than the 14 year normal and 44% less than the
1998 flow. Discharge variations in these rivers during 1998 to 2004 period was similar15

to the runoff response observed in the Din Gad catchment during the same period,
suggesting a regional response of river flow to the prevailing climate of the region.
Study of glaciers in the selected catchment within these basins and a nearby basin
showed 21% degradation of glaciers during 1962–2001/2004 period (Kulkarni et al.,
2005, 2007), which clearly indicate that the observed flow variation in these rivers20

were precipitation dependant rather than glacier degradation, as we have observed in
the Din gad catchment.

In a Himalayan catchment, glacier fluctuation and corresponding river flow response
are considered to be intrinsically related to the strength of the monsoon. Growth of Hi-
malayan glaciers are said to be linked with strong monsoon as these glaciers are sug-25

gested to be monsoon accumulation type. (Mayewski et al., 1980; Ageta and Higuchi,
1984; Benn and Owen, 1998). At the same time, period of strong monsoon would
invariably produce higher runoff in the glacier fed streams. Study of runoff records of
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the Satluj River along with all India summer monsoon anomalies (Mall et al., 2006)
substantiate this unique river flow response to the glacier change in the Himalayan
catchment (Fig. 10). Analysis of runoff data of Satluj river from 1920–2004 show that
the highest discharge in the river observed during 1945–1965 period in association
with a period of strong monsoon. As a result, many glaciers in the Himalayan region5

probably experienced positive mass balance regime and showed signs of advancement
or reduced rate of recession or were stationery during 1950’s to early 70’s (Mayawski
et al., 1980; Vohra, 1993; Sharma and Owen, 1996). Since mid 1960’s, runoff in the
Satluj river has been reduced as compared to the discharge during mid 1940’s and 50’s.
Concurrently, this period is also marked by widespread glacier recession in the region10

(Kulkarni et al., 2007; Thayyen et al., 2007b). Advancement of glaciers reported from
the trans-Himalayan region during 1890–1910 period is also attributed to the strong
monsoon during 1885–1900 period (Mayewski and Jeschke, 1979; Mayewski et al.,
1980).

Runoff variations in different spatial and temporal scales discussed above clearly15

suggests that the flow regimes of headwater glacier fed rivers of “Himalayan catch-
ments” are determined by the properties of synoptic scale air mass crossing the
mountains (Alford, 1985), rather than glacier degradation. IPCC (2007a) reported
decreasing precipitation over land between 10◦ S and 30◦ N after the 1970’s. Duan
et al. (2006) suggested a negative correlation between Asian summer monsoon and20

Northern Hemisphere temperature leading to weak monsoon associated with warmer
periods and suggests that long term trend over the last centaury of monsoon over
northern Indian subcontinent, including Himalayas is negative. Chase et al. (2003)
also observed consistent reduction in the intensity of all four tropical monsoon sys-
tems since 1950’s with no specific trend in monsoon intensity since 1979. Joseph and25

Simon (2005) also suggested weakening of south-west monsoon since 1950’s in the
peninsular India. Snow cover variations are also equally important in determining the
runoff variations in the Himalayan catchment. However, long term data of snow cover
variations in the Himalaya is seldom available. Increase in the winter temperature and
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decrease in the winter precipitation is the major changes observed in the Himalayas
during the past decades (Pant et al., 2003). In a continental scale, Eurasian seasonal
snow cover is found to be decreasing since 1979 (Groisman et al., 1994), which is ac-
celerated during the recent past (Goes et al., 2005). These observations suggest that,
on a synoptic scale, Himalayan region is experiencing weak winter and summer precip-5

itation during the last three decades. River flow variations and widespread recession
of glaciers observed during this period may be linked with the changes observed in the
precipitation regime.

Present understanding of river flow response to cryospheric changes (IPCC, 2001,
2007a, b; Barnet et al., 2005) is dominated by the knowledge generated from the ar-10

eas, where glacier melt water is released during the periods of otherwise low flow con-
ditions. Decrease in the Northern Hemisphere snow cover (Armstrong and Brodzik,
2001; IPCC, 2007c) and world wide recession of glaciers (Oerlemans, 2005; IPCC,
2007c) illustrate the global response of glaciers and snow cover to the changing cli-
mate. However, river flow response to the cryospheric changes is determined by15

the climate forcing on the regional hydrology, especially the changes in the precipi-
tation characteristics. Therefore, there could be different stream flow responses to the
cryospheric changes in different glacio-hydrologic regimes of the Himalaya. The sug-
gested increase in the river flow (IPCC, 2007a, b) from enhanced melting of glacier
may be possible for those hydrologic regimes, where cold-arid conditions and Alpine20

characteristics prevails. However, along the large tract of the “Himalayan catchment”
east of the Chenab basin, where runoff from the precipitation is the primary flow com-
ponent, glaciers role in determining the precipitation characteristics of high mountain
regions through the feedback mechanism (Meier, 1965) needs to be explored in great
detail. Hence, better understanding of the cryospheric system processes in each of25

the three distinct glacio-hydrological regimes of the Himalaya is imperative for evolving
a better management and adaptive strategies for the region.
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5 Conclusions

“Himalayan catchment” is defined as glacier catchments experiencing snowfall in winter
and monsoon precipitation in summer with peak discharge from the glacier contributing
to the crest of the annual stream flow hydrograph. Himalayan catchment is one of the
three distinct glacio-hydrologic regimes of the Himalaya. Other two are the winter snow5

dominated Alpine catchment and cold-arid region of the Ladakh. This study suggests
that the hydrological characteristics of Alpine and Himalayan catchment are signifi-
cantly different. Hydrological characteristics of the “Himalayan catchment” ensure that
the highest runoff in a stream always occur as a result of high precipitation and glacier
component in the stream discharge is highest during the years of low summer runoff.10

Hence under normal circumstances glacier melting would not lead to high discharge or
floods in a “Himalayan catchment”. Therefore, we suggests that the warming induced
initial increase in discharge and subsequent decline is a response limited to the glacier
degraded component of runoff and not necessarily translated as river flow response
in all glacio-hydrological regimes as suggested by the IPCC (2001) and IPCC (2007a,15

b). Role of monsoon and western disturbances in the growth and decline of Himalayan
glaciers are still in the realm of speculation (Benn and Owen, 1998). However, pe-
riod of glacier growth seems to be closely linked with period of strong monsoon and
higher stream flow in a “Himalayan catchment”. Paucity of data and knowledge on
the cryospheric systems processes across various glacio-hydrological regimes of the20

Himalaya remains to be the major impediment in formulating a globally valid river flow
response to cryospheric changes and locally sustainable water resources management
strategies.
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Table 1. Observed variations in the specific mean daily discharge (mm d−1) of each sub-
catchment during the summer period (M15-O30). Runoff variations in the Tela and Gujjar Hut
sub-catchments are precipitation depended and higher than the variations of the glacier catch-
ment, illustrating the buffering role of glaciers in a Himalayan catchment.

Year Tela (41.8 km2) Gujjar Hut (20.3 km2) Glacier (15.7 km2)
(2360–3400 m a.s.l.) (3400–3800 m a.s.l.) (>3800 m a.s.l.)

1998 25 17 20
1999 17 15 16
2000 8 13 21
2001 9 10 29
2003 7 9 23
2004 9 4 15
Cv 0.6 0.4 0.2
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Fig.1. Study area showing the sub- catchments and location of hydro- meteorological 
stations in the Din Gad catchment. 
 

 

Fig. 1. Study area showing the sub-catchments and location of hydro-meteorological stations
in the Din Gad catchment.
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Fig.2.  Glacio- hydrological regimes of the Himalaya 

Chenab Basin 

Winter Snow regime 
(Alpine) 
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Fig. 2. Glacio-hydrological regimes of the Himalaya.
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Page 26 Fig.3 

Fig. 3. Temporal distribution of runoff and precipitation in glacio-hydrological systems of the
Himalaya in a mountain water year, showing characteristically different distribution pattern (A)
Snow dominant Alpine system, Lidder valley, Kashmir (B) Monsoon dominant Himalayan sys-
tem, Din Gad catchment, Ganga basin and (C) Cold-arid system, Ganglass catchment, Ladakh
range.
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Fig.4. Figure showing comparative temporal distribution of precipitation amount in the 
three glacio-hydrologic regimes of the Himalaya. 
 

Fig. 4. Figure showing comparative temporal distribution of precipitation amount in the three
glacio-hydrologic regimes of the Himalaya.
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Page 28 Fig.5 

Fig. 5. Schematic diagram showing different glacio-hydrological systems of the Himalaya and
altitudinal distribution of summer and winter precipitation. Hypothesis proposed suggests vary-
ing river flow response to the cryospheric/climatic changes. (A) River flow changes are gov-
erned by the variations in summer and winter precipitation with higher glacier component during
low summer runoff. (B) River flow changes are depended on variations in the snow cover char-
acteristics and glacier melting. (C) Rivers are entirely fed by glaciers and permafrost melting
and flow variation is governed directly by temperature variation.
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Fig.6. Stream discharge variations observed at three elevations of the Din Gad catchment 
and corresponding variations in the contribution from the glacier catchment at 2360 m 
a.s.l. during the study period. 

Fig. 6. Stream discharge variations observed at three elevations of the Din Gad catchment and
corresponding variations in the contribution from the glacier catchment at 2360 m a.s.l. during
the study period.
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Fig.7. Variations in the hydro-meteorological parameters during 1998 -2004 period. 
Rainfall, Positive degree days (PDD), winter snow precipitation, Snow cover duration at 
3763 m a.s.l. and snow cover extent in the first week of May. 

Fig. 7. Variations in the hydro-meteorological parameters during 1998–2004 period. Rainfall,
Positive degree days (PDD), winter snow precipitation, Snow cover duration at 3763 m a.s.l.
and snow cover extent in the first week of May.
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B) Gujjar Hut 
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Fig.8. Monthly variations in discharge and percentage contribution from the glacier 
catchment in the stream flow at A) Tela and B) Gujjar Hut stations. 
 

 
 

Fig. 8. Monthly variations in discharge and percentage contribution from the glacier catchment
in the stream flow at (A) Tela and (B) Gujjar Hut stations.
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Fig.9. A) Ablation season discharges of Dokriani glacier and glacier degraded runoff 
component, B) Enlarged graph of specific mass balance. Year 1994 and 1998 
experienced high glacier discharge and low glacier degradation and year 1999 
experienced one of the lowest summer runoff and highest negative glacier mass balance 
during the study period. This shows precipitation dominance of the �Himalayan 
catchment�. 

Fig. 9. (A) Ablation season discharges of Dokriani glacier and glacier degraded runoff com-
ponent. (B) Enlarged graph of specific mass balance. Year 1994 and 1998 experienced high
glacier discharge and low glacier degradation and year 1999 experienced one of the lowest
summer runoff and highest negative glacier mass balance during the study period. This shows
precipitation dominance of the “Himalayan catchment”.
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Fig. 10. (A) Discharge anomalies of River Satluj at Bhakra from 1920–2004 and (B) All-
India summer monsoon rainfall anomalies from 1871–2004. Shaded bars show sta-
tionery/advancement periods of many glaciers in the Himalaya and Trans-Himalayan region.
Period between 1945 to 1960 experienced high discharge associated with strong monsoon.
Since 70’s widespread recession of glaciers are reported from the region, but with reduced
runoff as compared to 1950’s. (Data source: Haryana Irrigation Department, 2001, Singh and
Jain, 2002, www.bbmb.gov.in).
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Fig.11. Discharge variations of Beas river at Pandoh showing reduced runoff during 
1998- 2004 period. (Data source: Kumar et al.,2007) 

 

Fig. 11. Discharge variations of Beas river at Pandoh showing reduced runoff during 1998–
2004 period. (Data source: Kumar et al., 2007).
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