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• Summer monsoon precipitation dominates runoff from central Himalayan headwater basins.
• Early 21st century summer temperatures only just exceed maxima reached in the 1950s.
• Monsoon precipitation declined 30–40% from 1960s to 2000 in north-west Ganges basin.
• Glacierised headwater sub-basin runoff lower than yield of overall Himalayan basin
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Climate records for locations across the southern slope of the Himalaya between 77°E and 91°Ewere selected to-
gether with discharge measurements from gauging stations on rivers draining partially-glacierised basins tribu-
tary to the Ganges, with a view to assessing impacts of climatic fluctuations on year-to-year variations of runoff
during a sustained period of glacier decline. The aims were to describe temporal patterns of variation of
glaciologically- and hydrologically-relevant climatic variables and of river flows from basins with differing per-
centages of ice-cover. Monthly precipitation and air temperature records, starting in themid-nineteenth century
at high elevation sites andminimising data gaps, were selected from stations in the Global Historical Climatology
Network and CRUTEM3. Discharge data availability was limited to post 1960 for stations in Nepal and at Khab in
the adjacent Sutlej basin. Strengths of climate–runoff relationships were assessed by correlation between over-
lapping portions of annual data records. Summer monsoon precipitation dominates runoff across the central
Himalaya. Flow in tributaries of the Ganges in Nepal fluctuated from year to year but the general background
level of flow was usually maintained from the 1960s to 2000s. Flow in the Sutlej, however, declined by 32% be-
tween the 1970s and 1990s, reflecting substantially reduced summer precipitation. Over the north-west Ganges–
upper Sutlej area,monsoon precipitation declined by 30–40% from the 1960s to 2000s.MeanMay–September air
temperatures along the southern slope of the central Himalayas dipped from the 1960s, after a long period of
slowwarming or sustained temperatures, before rising rapidly from themid-1970s so that in the 2000s summer
air temperatures reached those achieved in earlier warmer periods. There are few measurements of runoff from
highly-glacierised Himalayan headwater basins; runoff from one of which, Langtang Khola, was less than that of
the monsoon-dominated Narayani river, in which basin Langtang is nested.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rivers draining from central Himalayan drainage basins, in which
precipitation is enhanced orographically, deliver large quantities of run-
off to the major tributaries of the Ganges and the rivers in adjacent ba-
sins. Such mountain sources of water are essential resources for
irrigation, hydroelectric power generation and water supply both in
s), markus.stoffel@unige.ch
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uplands and surrounding lowland regions (e.g., Viviroli et al., 2011;
Bolch et al., 2012; Sorg et al., 2012). Flows in Himalayan tributary rivers
are derived from both contemporary precipitation and melting of accu-
mulated snow and ice from glaciers. Disturbances in the westerlies de-
liver winter precipitation to the Himalayan region of India (e.g., Dimri
and Dash, 2012). Under the influence of the Asian monsoon, however,
most of the annual precipitation occurs between June and September.
Monsoon precipitation generally declines from east to west and from
south to north in the central Himalaya, south-facing windward slopes
receiving greater amounts of precipitation than west–east valleys in
rain shadows (e.g., Bookhagen and Burbank, 2006). Relationships
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Fig. 1. (A) Climate-runoff linkages in the ice-free and ice-covered areas of a partially-glacierised basin. Climate directly influences discharge and mass balance on a year-to-year basis.
Changes in mass ultimately determine glacier area through ice flow dynamics. Ice melt depends on the glacier ice area as the substrate for energy exchange and hence area influences
runoff over longer timescales. (B) Thought experiment to show how temperature increases through time coupled with declining ice area might first increase and then reduce discharge
from the ice-covered area of a basin.

Table 1
Direction of relationships positive (+) or negative (−) between climatic variables and
annual total runoff (Q(1–12)) arising from ice-free and glacierisedportions ofmountain ba-
sins, and glacier mass balance.

Climatic variable Q(1–12)
ice-free

Q(1–12)
glacier

Glacier
mass

Total winter precipitation (P11–5) + − +
Total summer precipitation (P6–9) snow + − +
Total summer precipitation (P6–9) rain + + n/a
Mean air temperature May through September (T5–9) n/a + −
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between precipitation and runoff from partially-glacierised areas are
complex. In the ice-free fraction, usual hydrological relationships hold,
in that runoff is directly related to and less than precipitation. Over gla-
cier ice however, the surface energy balance is influenced by snow
cover. High winter snow accumulationmay retard the onset of ice abla-
tion in spring, and summer snowfall events reduce melting and runoff
(e.g., Oerlemans and Klok, 2004; Collins, 2007; Rohrer et al., 2013).
Runoff from rainfall in the ice-free area, however, may offset reduced
flow from snow-covered ice. In warmer, drier summers enhanced melt
adds to runoff compensating for reduced precipitation. Year-to-year var-
iation of runoff frompartly ice-covered basinswill result fromannual dif-
ferences in hydro-meteorological characteristics, which may be
superimposed on underlying periodic climatic fluctuations. Melt also de-
pends on ice surface area, respondingwith some lag to sustained impacts
of climate on glacier mass, which then affects the strength of the rela-
tionship between energy input and runoff (Fig. 1A). Although the influ-
ence of snow- and ice-melt on runoff in the overall Ganges basin above
the Farakka barrage has recently been revised downwards (Kaser et al.,
2010; Siderius et al., 2013), from earlier estimates (Barnett et al.,
2005), melting of seasonal snow and permanent ice is important in
Himalayan basins, particularly upstream of major hydropower schemes.
Many such dams are located in the foothills of the main range, where
major rivers reach the Indo-Gangetic plain, such as at Tehri on the
Bhagirathi tributary of the Ganges, and Bhakra on the Sutlej.

Contributions to runoff from melting snow and ice suggest that
climatic warming may be having a significant impact on flows in
Himalayan tributary flows. Kothyari et al. (1997) noted an upward
trend in annual maximum temperature accompanied by declining
total monsoon rainfall from the late 1960s, in an analysis of records
from three stations in the upper Gangetic plain. Annual mean maxi-
mum temperatures increased by an average of 0.058 °C a−1 between
1957 and 2006 at Mukhim in the Bhagirathi valley (Bhambri et al.,
2011). In the north-west Himalaya, across basins tributary to the
Indus, mean annual air temperatures increased from the late 1960s,
with winter temperatures warming at a faster rate (Bhutiyani et al.,
2007). In the Nepal Himalaya, annual average maximum air temper-
ature dipped through the 1960s before strong warming occurred
from the late 1970s (Shreshtha et al., 1999). Warming continued to
the early 2000s (Shreshtha and Aryal, 2011) with considerable vari-
ability in trend between stations (Kattel and Yao, 2013). Annual total
calendar year precipitation in the tributaries of the Ganges in the
state of Uttarakhand, India, declined from ~1960 to 1980 according
to trend analyses by Basistha et al. (2009). Over the longer term,
monsoon precipitation over the north-western Himalaya declined
significantly from the 1860s to the 2000s whilst winter precipitation
showed no trend (Bhutiyani et al., 2010). Precipitation in Himalayan
headwater areas of Nepal fluctuated widely between 1948 and 1994,
but with no trend, Shreshtha et al. (2000) also finding that Himalayan
monsoon precipitation in Nepal was decoupled from the all-India tem-
poral pattern of rainfall variation.

Glaciers in the central Himalaya have evidently reduced in length and
thickness from Little Ice Age maximum extension (e.g., Bhambri and
Bolch, 2009). Monitoring of Gangotri glacier snout, from which the
Bhagirathi tributary of the Ganges flows, suggests that the ice-covered
area declined by 0.58 km2 between 1935 and 1996 (Srivastava, 2012).
From a comparison of remotely-sensed images, the terminus area lost
0.38 km2 between 1968 and 2006. In that period, the overall area of
Gangotri glacier (143.58 km2 according to Srivastava, 2012) declined
by 4.4 km2 (~3.0%) (Bhambri et al., 2011). In the same study, the glacier
area of 325 km2 in the Alaknanda tributary of the Ganges above
Badrinath, was found to have decreased by 5.7%. The glacierised area in
Langtang, a tributary of the Trisuli river, declined by 26% between 1977
and 2009 in surveys again based on satellite imagery, slightly more
than the average reduction in size of all glaciers in Nepal (Bajracharya
et al., 2011).

How hydrometeorological fluctuations and changing glacier dimen-
sions have influenced runoff in headwaters across the region is far from
clear. Records of flow from Central Water Commission gauging stations
in the Ganges (and Indus) basins in India are ‘classified’ and not avail-
able for scientific analysis (Ministry of Water Resources, 2013). Data
which are in the public domain such as the long record of discharge of
the Sutlej (associated with Bhakra dam) indicate that flow declined
from the 1920s to ~1940, then increased to the 1950s with strengthen-
ing monsoon, before steadily falling through to 2000 (Thayyen and
Gergan, 2010). According to Singh and Jain (2002), about 60% of the



Fig. 2.Map of the Ganges basin, showing left bank tributaries draining from Himalayan basins in India and Nepal, and of the contiguous Sutlej basin above Bhakra dam. River gauging and
meteorological stations in India fromwhich records have been used in this study are indicated. (A) Inset mapwith locations of gauging stations and selected glacierised areas (stipple) in
the basin of the Bhagirathi tributary of the Ganges, upstream of the Tehri dam, India. (B) Locations of meteorological stations (BI Bijayapur; CH Chaurikharka; LE Lete; KH Khumjung; KT
Kathmandu) and gauging stations/rivers (AS Asara Ghat/Karnali; BA Barabise/Bhote Kosi; CHI Chisapani/Karnali; LA Langtang Khola; NA Narayanghat/Narayani; SE Setibeni/Kali Gandaki;
TU Turkeghat/Arun) in Nepal from which records have been used.
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flow in the Sutlej arises from snow and icemelt largely in the lower 40%
of the basin, which shares the watershed of the upper Yamuna, a tribu-
tary of the Ganges. Bhutiyani et al. (2008) considered that, as warming
temperatures ought to have enhanced discharge from 1991 to 2004, the
glacier component of runoff in the Sutlej must have reached its maxi-
mumaround 1990. Pal et al. (2013) foundpositive correlations between
both total winter snowfall and total summer precipitation with inflow
to the Bhakra reservoir.

The aims of this paper are to describe temporal patterns of variation
in hydrometeorological conditions and runoff in partially-glacierised
central Himalayan basins in the Ganges catchment (between ~76° and
~88°E) as glaciers declined through the twentieth century, and to assess
the strengths and directions of climate–runoff relationships in selected
basins at various elevations with differing proportions of snow- and
ice-cover, and varying exposure to monsoon precipitation.
Table 2
Monthly meteorological data records selected from locations between 77 and 91°E, along the s

Station Country Elevation
(m a.s.l.)

Longitude Lat

Shimla India 2143 77°10′47.20″E 31°

Shimla district India 77°10′47.20″E 31°
Dehradun district India 653 78°1′54.94″E 30°
Mukteshwar India 2289 79°38′50.65″E 29°

Bijayapur Nepal 1814 81°60′E 29°
Lete Nepal 2208 83°38′24.85″E 28°
Kathmandu Nepal 1302

1348
85°21′31.16″E 27°

Khumjung Nepal 3750 86°70′E 27°
Chaurikharka Nepal 2619 86°70′E 27°
Darjeeling India 2128 88°15′45.26″E 27°
Darjeeling district India 88°15′45.26″E 27°
Gauhati India 51 91°44′10.10″E 25°
Shillong India 1439 91°53′35.90″E 25°
2. Relationships between climatic variables and runoff in
partially-glacierised mountain basins

Runoff contributions from the ice-free and glacier-covered parts of a
mountain basin respond to variations in climatic conditions in different
ways. Runoff from the ice-free portion will be related to precipitation,
whether winter snowfall (precipitation between November of year n-1
toMay of year n, P11–5) or summer (June through September) monsoon
rain or, according to elevation, snow (P6–9), as all the snowmelts within
the year. Although amounts of evapotranspiration can be considerable
in the Himalaya, and vary from year-to-year (e.g., Shenbin et al.,
2006), a tendency to wetter (drier) conditions over a few years will
lead to a period of higher (lower) runoff. Runoff from the glacier ice
area in a year is determined largely by availability of net solar radiation,
for which mean summer air temperature for the months May through
outh slope of the central Himalaya.

itude Variable Length of series Source of data

05′19.21″N Air temperature
Precipitation

1876–1980
1863–1988

GHCN

05′19.21″N Precipitation 1901–2000 IMD
19′17.16″N Precipitation 1901–2000 IMD
28′26.76″N Air temperature

Precipitation
1898–2011
1897–2009

GHCN

20′N Precipitation 1971–1990 DHM
36′25.40″N Precipitation 1971–1990 DHM
41′31.16″N Air temperature

Precipitation
1951–2008
1951–2007

GHCN
DHM

80′N Precipitation 1971–1990 DHM
70′N Precipitation 1971–1990 DHM
02′08.89″N Air temperature 1843–1960 GHCN
02′08.89″N Precipitation 1901–2000 IMD
53′35.90″N Air temperature 1903–2009 GHCN
53′35.90″N Air temperature

Precipitation
1903–2000
1867–2000

GHCN

image of Fig.�2


Table 3
Characteristics of basins with discharge records available and mean runoff in the central Himalaya.

River/gauging station Country Elevation of
gauging station (m a.s.l.)

Elevation of highest
point in basin (m a.s.l.)

Basin area
(km2)

Glacierisation
(%)

Length of discharge
record

Longitude Latitude Mean runoff
m
(Period/years)

Source
(Q — discharge
G% — Glacierisation)

Sutlej
Sutlej/Bhakra India 518 ~7000 56 875 2.14 ?–1965–2010 76°26′ 31°24′ 0.272

(Q6–5)
Q Singh & Jain (2002)
G% National Water Mission (2011)

Sutlej/Khab India 2589 ~7000 44 135 n/a 1972–2002 78°38′ 31°48′ 0.156
(Q1–12)

Q Ministry of Power (2004)

Bhagirathi
Bhagirathi/Tehri India 600 7138 7208 9.54 1989–2008 78°28′ 30°22′ 1.041

(Q1–12/2001)
MOEF (2011)

Din Gad/Dokriani
Lower
Upper

India 2360
3800

6000
6000

77.8
15.7

9.6
44.6

1998–2004 78°39′ 30°49′ 2.65
(Q5–10/
1998, 2004)
3.65
(Q5–10/
1998, 2001, 2004)

Thayyen & Gergan (2010)

Bhagirathi/Gaumukh,
Gangotri glacier

India 3800 7138 549.25 51.4 1999, 2001–2008 79°00′ 30°50′ 1.040
(Q6–10/1999–2001)

Q Srivastava (2012)
G% Singh et al. (2006)

Ghaghara/Karnali
Ghaghara before confluence with Ganges India 94 400 0.738 Jain (2008)
Karnali/Chispani Nepal 191 7620 42 890 4.97 1962–1993 81°17′E 28°38′N 1.027

(Q1–12)
GRDC

Karnali/Asara Ghat Nepal 629 19 240 n/a 1962–1993 81°44 28°95 0.832
(Q1–12)

GRDC

Gandak/Kali
Gandak before confluence
with Ganges

India 46 300 1.127 Jain (2008)

Narayani/Narayanghat Nepal 150 8167 31 100 6.94 1963–2006 84°25′E 27°42′N 1.614
(Q1–12)

DHM

Kali Gandaki/Setibeni Nepal 410 8167 6630 7.83 1964–1993 83°34′E 28°01′N 1.252
(Q1–12)

GRDC

Langtang Khola/Langtang Nepal 3840
3688

7358 333
354.8

29.51 1985/86
1988–1997

85°10′E 28° 1.357
(Q7–6)/1985–1986
0.626
(Q1–12)

Fukushima et al. (1987)
DHM

Kosi
Kosi before confluence
with Ganges

India 74 500 0.917
(Q1–12)

Jain (2008)

Bhote Kosi/Barabise Nepal 840 2410 n/a 1965–1985 85°89′E 27°79′N 1.039
(Q1–12)

GRDC

Arun/Turkeghat Nepal 414 8848 28 000 n/a 1976–1986 87°19′E 27°33 ′N 0.485
(Q1–12)

GRDC

Ganges
Ganges/Farakka India 21 8848 835 000 n/a 1949–1974 87°55′E 24°47′N 0.550

(Q1–12)
Q GRDC
Q Jain (2008)
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Fig. 3. Year-to-year variations and five-year moving means of total winter precipitation (P11–5) in the months November (year (n-1)) through May (year n), for Shimla, Shimla district,
Dehradun district, Mukteshwar, Kathmandu, Darjeeling district and Shillong between the 1860s and 2000s. Note the different precipitation axis scales used in individual plots.
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September (T5–9) can be used as an indicator (e.g., Collins, 1989;
Braithwaite, 1995). From year-to-year, melt and runoff will be greater
in warmer years. Precipitation as snow in summer (P6–9) has a negative
impact on runoff from a glacier, in that in years with more summer
snowfall, the ice-melt fraction of runoff is reduced as settled snow raises
albedo so decreasing energy availability for melt. Winters with heavier
snowfall (P11–5) tend to limit ice-melt both by delaying the timing of
the rise of the transient snowline and limiting the final elevation to
which it rises in summer (see Table 1). Aswarming progresses, although
melt per unit area of ice will increase, runoff from ice-melt is unlikely to
carry on increasing once the area of ice starts to reduce (Fig. 1B). The
relationship between runoff from ice-melt and T5–9 may then be less
positive or turn negative, as the deglaciation discharge dividend
(DDD), the component of runoff derived from destocking of ice from
storage net of accumulation of contemporary precipitation, declines
(Collins, 2008). Positive correlation between precipitation and runoff
will strengthen as DDD reduces.

For a partially-glacierised basin as a whole, variations of total dis-
charge from year-to-year result from the combination of the ice-free
and glacier sub-basin runoff components. How total discharge responds
to climatic variation depends on the relative areas of the two sub-basins,
and on the relativemagnitudes of the runoff contributions— amounts of
melt per unit area of ice and of precipitation in each season.Magnitudes
of the runoff contributions are also generally elevation dependent, par-
ticularly in that precipitation tends to increase with elevation in many
mountain ranges. In basins in the central Himalaya, south-facing slopes
exposed to themonsoon receive 1–2 m of precipitation annually, but in
topographically-protected leeward areas precipitation is much reduced
and can decrease up river, for example in the upper Sutlej (e.g., Wulf
et al., 2010). Inevitably year to year fluctuations of precipitation will

image of Fig.�3


S53D.N. Collins et al. / Science of the Total Environment 468–469 (2013) S48–S59
dominate runoff variability. Precipitation variations can still dominate
in basins with more than 40% of glacier cover, as Thayyen and Gergan
(2010) suggested for the Din Gad stream, which drains from Dokriani
Bamak (glacier) (see Fig. 2A). Given that 60–90% of annual precipitation
occurs in the monsoon between June and September, runoff will corre-
late positively with P6–9, rapid runoff from ice-free areas offsetting
reduced discharge from the glacier-covered area as snow on ice at
higher elevations limits melt.

3. Measurements of climatic characteristics and runoff

3.1. Climatic records

Ideally, many long continuous records of precipitation and tempera-
ture with monthly resolution, from stations located at high elevation
Fig. 4. Year-to-year variations and five-year moving means of total monsoon precipitation (P6
Mukteshwar, Kathmandu, Darjeeling district and Shillong between the 1860s and 2000s. Note
sites, and distributed west–east along the south slope of the Himalaya,
in the tributaries of the Ganges and adjacent basins would provide an
indication of how climate has varied since glaciers started to decline
from Little Ice Age maxima. Monthly temperature records for the area
included in the Global Historical Climatology Network (GHCN;
Lawrimore et al., 2011) and/or CRUTEM3 (Brohan et al., 2006), available
from the UK Meteorological Office and/or Royal Netherlands Meteoro-
logical Institute (RNMI), were examined. Many records have gaps of
several years, and values aremissing formany individualmonths in oth-
erwise continuous portions of record. Station density at all elevations,
including the Ganges plain, is low, but decreases towards higher eleva-
tions as inmountain areas in general (e.g., Stott and Thorne, 2010). Only
five of more than 250 meteorological stations in Nepal are above
4000 m a.s.l. for example (Chalise, 1996). Length of record declines
with elevation, as indicated in the list of stations selected for study in
–9) in the months June through September for Shimla, Shimla district, Dehradun district,
the different precipitation axis scales used in individual plots.

image of Fig.�4


Table 4
Matrix of correlation coefficients (with start and end dates of overlapping periods of record) between total monsoon precipitation (P6–9) at locations along a transect on the south slope of
the central Himalaya from 77°E to 91°E.

Shimla district Dehradun district Mukteshwar Kathmandu Darjeeling district Shillong

Shimla 0.85
1901–1987

0.62
1901–1987

0.35
1897–1986

0.17
1951–1987

0.23
1901–1986

0.0
1867–1986

Shimla district – 0.73
1901–2000

0.48
1901–2000

0.20
1951–2000

0.02
1901–2000

0.09
1901–2000

Dehradun district – – 0.56
1901–2000

0.08
1951–2000

−0.03
1901–2000

−0.05
1901–2000

Mukteshwar – – – −0.17
1951–2007

0.07
1901–2000

−0.12
1897–2000

Kathmandu – – – – 0.00
1951–2000

−0.06
1951–2000

Darjeeling district – – – – – 0.11
1901–2000
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Table 2. Only five stations between 1300 and 2300 m a.s.l. were found
to be suitable to form a basic west–east transect of temperature time se-
ries from 77° through 91°E., three with records extending from the
nineteenth century. Gauhati, on the Brahmaputra river, provides a
sixth record, albeit at low elevation, and just outside the Ganges basin,
but free from gaps from the late 1970s to 2000s, whereas the majority
of records have missing data.

Monthly precipitation records from stations in the GHCN were also
examined using the above criteria. Only four stations were found to be
suitable (Table 2). However, monthly rainfall data series are available
at district levels in India from the India Meteorological Department for
the period 1901–2000. District rainfall is calculated as the arithmetic
mean of total monthly precipitation at all the stations in the district
(IMD, 2012). Several shorter time series for stations located in or close
to basins in Nepal for which river flow data are available were also
selected from the records of the Department of Hydrology and Meteo-
rology (DHM; Table 2 and Fig. 2B). Characteristics of precipitation data
quality in Nepal have been described by Shreshtha et al. (2000) and
Chalise (1996). There is limited climatic information for Nepal before
the early 1970s, Kathmandu being an exception.

Although there are gaps in the data assembled, the climate records
selected for study provide a unique and extensive base for examining
long term fluctuations across the central Himalayan region. If the
value for a particular month in a given year is missing, then the climatic
variable incorporating that month has not been calculated for the year.
Monsoon precipitation is characterised by the total precipitation in the
months June through September (P6–9). P6–9 is glaciologically-relevant
in that snow in summer at high elevation is likely to reduce ice-melt.
Winter precipitation between November and May (P11–5) accumulates
at higher elevations contributing to runoff in the following spring and
summer. October precipitation, generally not large in quantity,
Table 5
Matrix of correlation coefficients (with start and end dates of overlapping periods of record) be
the central Himalaya from 77°E to 91°E.

Shimla district Dehradun district Muk

Shimla 0.69
1902–1988

0.73
1902–1988

0.65
1898

Shimla district – 0.62
1902–2000

0.6
1902

Dehradun district – – 0.72
1902

Mukteshwar – – –

Kathmandu – – –

Darjeeling district – – –
contributes to current summer runoff but, as radiation is declining, it
has limited impact on ice melt.

3.2. Characteristics of drainage basins and discharge measurements

Measurements of natural river flows in highly-glacierised tributary
basins of the Ganges in the central Himalaya are few. Series generated
are short, usually start no earlier than the late 1980s, and are restricted
to summer months (Thayyen and Gergan, 2010; Srivastava, 2012).
Some gauging stations have been installed and operated at locations
downstream, on rivers draining larger mountain basins, often at sites
of, or immediately upstream of planned/constructed dams, such as at
Tehri, and at Khab, immediately downstream of the confluence of the
Spiti and Sutlej. Data collected by hydroelectric power or irrigation
enterprises, such as the Himachal Pradesh State Electricity Board
(Khab), are however not widely distributed. In Nepal, the Department
of Hydrology and Meteorology commenced operation of a network of
gauging stations in the 1960s, records from some of which are continu-
ous for nearly 40 years (Chalise, 1996). The main stem of the Ganges
has been gauged at points downstreamon the plain including at Farakka,
on the India–Bangladesh border, but irrigation diversions and dams in
the basin render the records unnatural. For this study of temporal varia-
tions of flow, the aimwas to identify basinswith natural flowdistributed
from west to east along the southern axis of the Himalaya. Details of
gauging records selected for study and physiographic characteristics of
basins are given in Table 3. Locations of the gauging stations are shown
in Fig. 2. Discharge is recorded in this paper for calendar not hydrological
years. Flow in Himalayan tributaries of the Ganges however tends to
reach aminimum in spring,maintained fromgroundwater contributions
(Andermann et al., 2012), before the onset of snowmelt, whereas the
bulk of runoff occurs between June and September. As some data are
tween total winter precipitation (P11–5) at locations along a transect on the south slope of

teshwar Kathmandu Darjeeling district Shillong

–1988
−0.06
1952–1988

0.02
1902–1988

−0.04
1968–1988

–2000
0.06
1952–2000

0.01
1902–2000

−0.13
1902–2000

–2000
0.15
1952–2000

−0.1
1902–2000

0.08
1902–2000

0.08
1952–2001

0.03
1902–2000

0.09
1898–2000

– 0.46
1952–2000

0.36
1952–2000

– – 0.33
1902–2000
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available only for calendar years, for consistency, Q(1–12) has been used
throughout, except where otherwise indicated, in this paper.
4. Water yields from Himalayan tributary basins

There are few available records from (and few stations at) at high
elevation sites, but three tributary streams draining from the termini of
glaciers have been gauged in the Ganges basin, all having discharge
records available for periods of 10 or fewer years. Total runoff between
May andOctober from the basin ofDokriani Bamakdeclined considerably
downstream from3.65 m to 2.65 mwithin a fewkilometres of the termi-
nus (Table 3, Fig. 2A). Total runoff in the Bhagirathi river at Gaumukharis-
ing from Gangotri glacier close to the terminus for the months June
through October averaged 1.04 m only. In the third highly glacierised
tributary basin Langtang Khola, which drains to the Kali Gandaki, mean
12-monthly runoff was between 0.626 m and 1.357 m (Table 3,
Fig 2B). Whilst the Langtang sub-basin is about 30% glacierised, the
basin is surrounded by high peaks in the shadow of which monsoon
precipitation is reduced.

Runoff generally increases downstream in central Himalayan basins
through well-watered middle elevation slopes, before decreasing with
lower levels of precipitation on the plain. Flow in the Sutlej increased
substantially between Khab and the Bhakra dam. Singh and Jain
(2002) considered that the inflow to Bhakra dam was derived largely
from the lower part of the Sutlej basin, average annual runoff being
0.561 m between 1986/87 and 1995/96, on the basis of using only the
basin area within India of 22 305 km2. Runoff reduces to 0.272 m if
the discharge is divided by the full basin area (56 875 km2 including
the portion in Tibet). Annual precipitation in the Sutlej basin decreases
with distance into the higher Himalaya and onto the Tibetan Plateau, a
Fig. 5.Year-to-year variations andfive-yearmovingmeansofmean summer air temperature in t
Shillong and Gauhati, between the 1860s and 2010. Note that whilst the temperature axis scal
characteristic not uncommon in other Himalayan basins (Singh and
Kumar, 1997; Wulf et al., 2010).

There is little change in runoff downstream in the Bhagirathi river
from Gangotri to Tehri. Both the Bhagirathi and Alaknanda tributary
basins receive relatively low levels of precipitation as a result of distance
inland from the source of monsoon moisture. They contribute a com-
bined average annual flow of 22 × 109 m3 to the Ganges (Jain, 2008),
of which one third, 7.287 × 109 m3, equivalent to 1.01 m of runoff,
arises from the tributaries of the Bhagirathi above Tehri.

Average annual total runoff values for other Himalayan tributaries of
the Ganges are also given in Table 3. Draining from the Himalaya in
Nepal, the Karnali brings 44.05 × 109 m3 (1.027 m) and Narayani
50.19 × 109 m3 (1.614 m) of water to the plain. Jain (2008) quotes
94.4, 52.2 and 68.3 × 109 m3 respectively for the Karnali (0.738 m),
Gandak (Kali) (1.127 m) and Kosi (0.917 m) confluents of the Ganges
at unidentified stations in India. The importance of middle elevation
slopes in central Nepal, particularly in the Gandak/Narayani basin, is
clear in terms of both the amount of precipitation received in the mon-
soon (see Chalise, 1996, p. 113) and the large area of mountain terrain
over which the rain falls. Both the upper reaches of the Karnali (e.g.,
Asara Ghat) and particularly the Kosi (e.g., Arun) have lower levels of
runoff (Table 3) as a result of rain shadow effects on precipitation over
headwater tributaries rising on the Tibetan plateau.

5. Temporal variation of climatic variables

Annual total monsoon precipitation (P6–9) across the region showed
considerable year-to-year variability throughout the period from the
mid-1860s to 2000s (Fig. 4). Shillong had the highest average P6–9
(1464 mm) of the stations in the transect, lying in the direct pathway
of onshore monsoon winds close to the Bay of Bengal. With large year
hemonthsMay throughSeptember (T5–9) at Shimla,Mukteshwar, Kathmandu, Darjeeling,
es are consistent, temperature ranges differ between plots.

image of Fig.�5
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to year fluctuations, P6–9 declined to the 1890s before recovering to a
period of high rainfall in the 1950s. Falling in a few years by about 30%
in the 1960s, that level was maintained to 2000 after irregularity in
the late 1980s. The short record at Kathmandu (mean P6–9 of
1137 mm), in the middle elevation wet zone of central Nepal, also
showed considerable variation, with a period above the station average
in the late 1990s. To the north-west, monsoon precipitation at Shimla
(mean P6–9 of 1170 mm) varied cyclically from the 1860s. From the
1950s, P6–9 declined to the 1980s. Monsoon precipitation in Shimla dis-
trict similarly generally reduced from the 1960s. Decline also occurred in
Dehradun district, with monsoon precipitation having fallen by 30–40%
from the 1960s to 2000. Mukteshwar shows summer precipitation
having been reduced considerably between the 1980s and 2000s. Pear-
son correlation coefficients between overlapping portions of monsoon
precipitation records are shown in Table 4. Records from locations in
the north-western area of theGangeswere generallymore highly corre-
lated with each other than with those from stations in the central and
eastern areas. Records from stations at the eastern end of the study
area were only weakly related. Relatively strong correlation between
an individual station and the district in which the station is located is in-
dicated for example by r = 0.85 between Shimla and Shimla district.

Annual totalwinter precipitation (P11–5) at all sites across the central
Himalaya varied considerably from year to year throughout the period
from the mid-nineteenth century through the twentieth century with
underlying fluctuations (Fig. 3). Winter precipitation (mean total P11–5
of 352 mm), which on average accounts for only 25% of the annual
total P11–10 received at Shimla, declined with small fluctuations from
about ~500 mm in the 1870s to ~350 mm in the 1970s, with a tempo-
rary recovery in the early 1980s. The Shimla district series showed a
slight underlying increase to the 1960s, a decline in the 1970s before in-
creasing in the early 1980s and then returning to 1960s levels in the
Fig. 6. Year-to-year variations of total precipitation in the months November (year (n-1))
through May (year n) (P11–5) for Shimla district, in June through September (P6–9) at
Mukteshwar, of mean air temperature in the months May through September (T5–9) at
Mukteshwar, and of annual total runoff (Q1–12) of the Sutlej at Khab, with five-year mov-
ing means between the 1960s and 2000s.
1990s. Dehradun district P11–5 (~15% of annual total precipitation)
mimicked the temporal variation of winter precipitation in Shimla dis-
trict. At Mukteshwar, winter precipitation (average 279 mm) forms
26% of annual total P11–10 and remained fairly stable, with a break of re-
cord when the other stations at the north-west of the Himalayan range
in the Ganges basin showed increases in the 1980s. At Kathmandu, 22%
of total annual precipitation occurs in winter months (average of
258 mm) but the record is poor. Winter precipitation fluctuated at
other stations in the Nepal Himalaya (Figs. 7–9) At the eastern end of
the transect, winter precipitation in Darjeeling district increased to the
1970s, decreased through the 1980s and then picked up again to
1960s levels into the 1990s. Correlation coefficients between overlap-
ping portions of winter precipitation records are shown in Table 5. Re-
cords from Shimla, Mukteshwar and Dehradun in the north-western
area of the Ganges were more highly correlated with each other than
with those from stations in to the east, which were slightly negatively
associated. Records from the stations to the east of theGanges basin cor-
related reasonably with each other.

The temporal pattern of variation of mean summer air temperatures
(T5–9) was again characterised by year-to-year changes based around
underlying fluctuations (Fig. 5). High summer temperatures in the
1850s/1860s at Darjeeling and the 1870s/1880s at Shimla have not
been exceeded at either of the respective stations. At Shimla tempera-
tures decreased to around 1920 before increasing to the 1950s. From
1960, temperatures again declined to the 1970s from which recovery
started, before the record becomes unavailable. Mukteshwar shows a
similar evolution with decline to the cool 1910s, warming through the
1920s, with break in the late 1930s to an early1960smaximum. Cooling
to the 1990s, in the 2000s T5–9 returned to levels experienced in the
1900s and 1960s. At Kathmandu summer temperatures declined
Fig. 7. Year-to-year variations of total precipitation in the months November (year (n-1))
through May (year n) (P11–5), in June through September (P6–9), and in November
through September (P11–9) at Bijayapur, and of annual total runoff (Q1–12) with five-
year moving means of the Karnali river at Asara Ghat and Chisapani, between 1962 and
1993. Note the difference in runoff axis scale between Asara Ghat and Chisapani.

image of Fig.�7
image of Fig.�6
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through the 1960s to the 1970s before rising steeply to exceed 1950s
temperatures and reach a station maximum by 2000. At Darjeeling,
temperatures increased to the 1920s, decreased to the 1940s before re-
covering to the 1960s, partially reflecting temporal variation at
Mukteshwar. At Shillong, T5–9 decreased from the 1960s to 1980s before
warming to 2000. The record of T5–9 at Gauhati shows temperatures re-
ducing in the 1960s before increasing steeply from the mid-1980s to
station maximum in the last year of the series 2009.

Broadly parallel temporal patterns of change in annual summer tem-
peratures are indicated for Shimla,Mukteshwar and Kathmandu by cor-
relation coefficients as shown in Table 6. At the eastern end of the
Ganges basin, Kathmandu, Shillong and Gauhati are inter-correlated.
Fig. 8. Year-to-year variations of total precipitation in the months November (year (n-1))
through May (year n) (P11–5), in June through September (P6–9), and in November
through September (P11–9) at Lete, and in June through September (P6–9) at Kathmandu,
summer air temperature (T5–9) at Kathmandu, and of annual total runoff (Q1–12) with
five-year moving means of Langtang Khola, the Kali Gandaki river at Setibeni and of the
Narayani river atNarayanghat, between the 1960s and2000s. Note the difference in runoff
axis scales between Langtang, Setibeni and Narayanghat.
Distance apart of stations and length of overlapping period of record
however both tend to reduce strength of association.
6. Patterns of temporal variation of river flow and relation to
climatic variables

By comparison with the time series of climatic variables, available
runoff records are short, at the longest 45 years, and start only from
the 1960s. Plots of temporal variations of total annual discharge, Q1–12,
are shown in Fig. 6 for the upper Sutlej at Khab, and in Figs. 7–9 for six
stations onHimalayan rivers tributary to theGanges inNepal. All the ba-
sins probably have less than 10% glacier cover (see Table 3). Flow in the
Sutlej has declined by 32% based on decadal average discharge in 1972–
1981 and 1993–2002, reflecting substantially reduced levels of mon-
soon precipitation. At Mukteshwar, P6–9 was 55% lower in 2001–2010
than in 1977–1986 (Fig. 6).Winter precipitation levels were also slight-
ly reduced. Discharge at Khab was positively correlated with bothmon-
soon and winter precipitation (Table 7). Air temperature in the Sutlej-
north-east Ganges area declined also but, after a data gap, increased
from 1998. It is unlikely therefore that glacier ice melt would have
been sufficient to offset decreasing monsoonal contribution to runoff.

In the Himalayan tributaries of the Ganges in Nepal, other than the
Kali Gandaki at Setibeni, in which flow decreased by 12% between
1964–1973 and 1983–1992 (Fig. 8), discharge fluctuated from year to
year but the general background level of flow was maintained from
the 1960s to 2000s (Figs 7–9). As the Karnali at Asara Ghat contributes
an average of 36% of the flow at Chisapani, records at the two stations
are highly correlated (r = 0.95; Fig. 7 and Table 7). Both show consid-
erable year to year variability, related more to fluctuations in P6–9 indi-
cated bymeasurements atMukteshwar, a station outside the basin than
by the short overlapping precipitation series at Bijayapur within the
catchment (Table 7).
Fig. 9.Year-to-year variations of total precipitation in themonths June through September
(P6–9) at Khumjung and Chaurikharka, and of annual total runoff (Q1–12) with five-year
moving means of the Bhote Kosi river at Barabise and of the Arun river at Turkeghat, be-
tween 1963 and 2006. Note the differences in scales between respective pairs of precipi-
tation and runoff axes.

image of Fig.�8
image of Fig.�9


Table 6
Matrix of correlation coefficients (with start and end dates of overlapping periods of
record) between mean summer air temperatures in May through September (T5–9)
from stations at elevations along a transect on the south slope of the central Himalaya
from 77°E to 91°E.

Mukteshwar Kathmandu Darjeeling Shillong Gauhati

Shimla 0.73
1898–1980

0.69
1951–1980

0.25
1882–1971

0.26
1903–1980

0.08
1903–1980

Mukteshwar – 0.61
1951–2010

0.21
1898–1971

0.39
1903–2000

0.19
1903–2008

Kathmandu – – 0.45
1951–1971

0.66
1951–2000

0.53
1951–2007

Darjeeling – – – 0.22
1903–1971

0.12
1910–1971

Shillong – – – – 0.45
1903–2000
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The Kali Gandaki contributes about 16% on average of the flow of the
Narayani at Narayanghat, but the correlation between discharge at the
two stations is not strong (r = 0.36; Fig. 8 and Table 7) as flow of the
Kali Gandaki declined whilst that of the Narayani was maintained. Cor-
relation between annual total monsoon precipitation and discharge at
Narayanghat is also weak. Runoff from the small but more highly-
glacierised (30%) Langtang basin contributes less than 1% of the flow
at Narayanghat from 1.14% of the Narayani basin area. Unlike the direct
relationship betweenmonsoon precipitation and discharge of the other
Nepal rivers in this study, flow in Langtang Khola is negatively correlat-
ed with P6–9 at Kathmandu. Monsoon precipitation at higher elevations
will occur in the form of snow, raising surface albedo and reducing ice
melt and hence discharge.

The short time series from theKosi basin (Fig. 9) suggest that declin-
ing flow in the main stem Arun river at Turkeghat was accompanied by
rising flow in the tributary Bhote Kosi. Rising on the Tibetan plateau,
discharge of the Arunwill be influenced by amount and form of the lim-
ited precipitation over tributary basins. Topography and elevation
strongly influence precipitation across the Kosi basin. Between the sta-
tions at Chaurikharka (2619 m a.s.l.) and Khumjung (3750 m), 15 km
apart in the steep, narrow and deep Dudh Kosi valley, precipitation in
the monsoon season (indicated by1971–1990 averages) declined from
1675 mm to 628 mm. Average annual runoff from the Arun basin
above Turkeghat was relatively low at 0.485 m.

7. Discussion and conclusion

There are few measurements of runoff from highly-glacierised Hi-
malayan headwater basins. The records of glacier runoff that do exist
are short in length and commence only in the mid-1980s or 1990s.
Table 7
Matrix of correlation coefficients (with start and end dates of overlapping periods of record) bet
at gauging stations in the Karnali, Narayani and Sutlej basins.

Karnali/Asara Ghat
Q1–12

Karnali/Chispani
Q1–12

Kali Gandaki/
Q1–12

Lete P6–9 – – –

Bijayapur P6–9 0.03
1971–1984

0.24
1971–1984

0.23
1971–1990

Kathmandu P6–9 – 0.33
1971–1988

0.33
1971–1992

Mukteshwar P6–9 0.39
1962–1984

0.35
1962–1984

0.19
1964–1984

Shimla district P11–5 – – –

Karnali/Asara Ghat Q1–12 – – 0.60
1964–1985

Narayani/Narayanghat
Q1–12

– 0.44
1963–1983

0.36
1964–1992

Karnali/Chispani
Q1–12

0.95
1962–1985

– 0.60
1964–1985
Available discharge data are for series too short for the detection of
underlying temporal variation. There are very fewfield glaciermass bal-
ance observation programmes in the Ganges basin, again with only a
handful of years of measurement — for example at Dokriani (Dobhal
et al., 2008). Meteorological data are also sparse at high elevation
sites, particularly problematic in the central Himalaya where precipita-
tion is influenced by elevation, aspect and topography.With such limit-
ed data, evaluation of impacts of underlying patterns of climatic
variation on glaciers and runoff is difficult to evaluate.

Longer discharge records are available for larger less intensively-
glacierised basins. Rivers draining from such basins have varying pat-
terns of temporal fluctuations underlying year-to-year variations of
discharge. Nested within the Narayani basin, flow of the Kali Gandaki
at Setibeni declined by 12% over 20 years, whilst runoff from the larger
basin remained stable. Flow in the Sutlej at Khab decreased by 32%
over 20 years, influenced by declining monsoon precipitation over the
north-westwatershed of the Ganges basin. Falling discharge in the Sutlej
downstream, above the Bhakra dam, confirmsweakeningmonsoon con-
ditions reducing summer precipitation in the late twentieth century
(Thayyen and Gergan, 2010).

The north-west Ganges and Sutlej basins are at the western margin
of Indian summermonsoon influence,where thewesterlies start to take
over (according to Bookhagen and Burbank, 2010). Methods for detect-
ing changes in ice storage by remote sensing methods indicate that the
area of the Himalaya with the greatest loss of mass in the first decade of
the twenty-first century covers the tributaries of the northwest Ganges
and the Sutlej (Kääb et al., 2012). In summer in this area precipitation
levels have been falling as air temperatures have warmed. Broadly par-
allel temporal variations in summer air temperatures were recorded at
the stations in the north-west Ganges basin, but in the central and
eastern areas fluctuations were less consistent.

Temperatures in the Himalaya are widely considered to have risen
strongly during the last quarter of the twentieth century. Records
from the 1970s–1990s from stations in Nepal support the view that
warming occurred at an average rate of 0.6 °C per decade in the central
Himalaya (Shreshtha et al., 1999; Jianchu et al., 2007).Mean summer air
temperatures between May and September (T5–9) from stations in this
study along the south slope of the central Himalaya confirm warming
after 1971, a noticeably cool year. Summer temperatures gener-
ally dipped from the 1960s, after a period of slow warming or
sustained temperatures, probably reflecting global dimming of solar ra-
diation from the 1950s to 1980s (Huss et al., 2009; Wang and
Dickenson, 2013). The long view of changes in glaciologically- and
hydrologically-relevant climatic variables provided by the station re-
cords described in this paper set the rapid rises in air temperatures in
the central Himalaya since the 1970s in the context of fluctuations
ween totalmonsoon precipitation in June through September (P6–9) and discharge (Q1–12)

Setibeni Narayani/Narayanghat
Q1–12

Langtang Khola/Langtang
Q1–12

Sutlej/Khab
Q1–12

0.17
1971–1991

– –

– – –

0.27
1971–2006

−0.36
1988–1997

–

– – 0.27
(1972–2002)

– – 0.38
(1972–2000)

– – –

– 0.36
1988–1997

–

– – –
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since the mid-nineteenth century. Only into the 2000s did summer air
temperatures reach and start to exceed those achieved in earlier
warmer periods.

Long-term climate records for the Himalayan region are few, and
those that exist are punctuated by missing data. The records have gaps
of missing months and years, but these data critically form baselines
for monitoring climate and detecting climate change. Maintaining ob-
servations and developing gauging and weather station networks at
high elevation sites into the future must be prioritised as climate and
cryosphere continue to change.
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