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Abstract

This chapter analyzes the impact of monsoonal runoff and glacial discharge on
hydrology and wetlands in the Himalaya. The runoff generated from liquid and solid
precipitation as well as from glaciers is an integral part of the mountain range’s
hydrology. Importantly, rainfall and glacial contribution to discharge varies along
the strike of the Himalaya: The western areas receive a significant amount of
snowfall during winter westerly disturbances and consequently annual discharge in
this region may be comprised of 50+% snowmelt. In contrast, the central and eastern
Himalaya receive more monsoonal rainfall and the landscape’s topography does not
allow for large glaciers or extensive snow storage. The runoff in this region is
dominated by monsoonal rainfall, and annual snowmelt contribution is less than
25%. Nevertheless, runoff in the Himalaya mountain range heavily depends on
transiently stored moisture in the form of snow, glaciers, and permafrost; runoff
generation for all Himalayan catchments is dominated by snow melt during the pre-
monsoon season (April-June). This chapter will review climatic and hydrologic
influences and provide a regional assessment of monsoonal, glacial and snow-melt
contribution to Himalayan hydrology. The water provided through these pathways
are integral for maintaining healthy wetland environments.



Climate and Hydrology in the Himalaya

River runoff or discharge in mountain rivers depends on precipitation and
transiently-stored water, such as groundwater and permafrost. Liquid precipitation
(rainfall) generates runoff with short lag times, whereas solid precipitation in the
form of snow can have lag times of up to 6 months — for example snowfall in the
winter melts during spring and summer. The significant lag time of winter
precipitation is a key process to maintain year-round runoff in mountain rivers and
surrounding environments. A change from solid to liquid precipitation will change
the timing of runoff, although the total annual runoff may remain the same. The
time lag between seasonal snowfall and snowmelt sustains runoff during the drier
summer months. A warmer climate could change the timing of melt and the volume
of the snowpack, and would have significant consequences for ecologic and
commercial water resources, particularly in year-round water provisioning. Among
the world’s snow-dominated regions, the western Himalaya and central Asia are
susceptible to changes in the timing of snowmelt, as reservoir capacity is currently
not sufficient to buffer large seasonal shifts in the hydrograph [e.g., Barnett et al.,
2005; Hijioka et al., 2014; Immerzeel et al., 2013]. The climatic zones in a mountain
range are thus an integral part of the hydrology with cascading effects on
downstream areas, including wetlands [e.g., Immerzeel et al., 2010; Urrutia and
Vuille, 2009].

During the past century, glaciers around the world have shrunk, with an
acceleration in glacial shrinking during the last decade of the 20" and the first
decade of the 21% century [e.g. Baraer et al., 2012; Bolch et al., 2012; Kaser, 1999;
Oerlemans, 2005; Price and Weingartner, 2012; Vaughan et al., 2013]. Glacial
runoff and snowmelt are an important source of clean water and provide a
significant part of the annual hydrologic budget in some regions [e.g. Archer and
Fowler, 2004; Bookhagen and Burbank, 2010; Immerzeel et al., 2010; Radic and
Hock, 2011]. However, the contribution of transiently stored moisture to runoff is
difficult to determine and varies from year to year. Our understanding of mountain
hydrology is limited due to harsh condition in high mountain regions, especially in
High Mountain Asia that has large areas above 5 km elevation. Remote-sensing
studies can help to assess general trends in snowmelt contribution, glacial area,
elevation changes, and velocities, but in-situ field work adds crucially important
measurements unavailable at the scale of most remotely sensed datasets [e.g. Boers
et al., 2014b; Bookhagen and Burbank, 2006; 2010; Draganits et al., 2014; Quincey
et al.,2007; Scherler et al., 2011a; b].

There is a clear distinction between runoff generated from snowmelt and that
from glaciers: Snowmelt-runoff generally occurs early in the season with the
increase in solar radiation during spring time, while Glacial-derived runoff occurs
during the (late) summer season when most snow is melted and glacial ice is
exposed. While glaciers are important for water resources in some tropical regions,
especially the central Andes, the seasonal snow cover in the Himalaya generally



provides a larger water-volume storage system [e.g. Bookhagen and Burbank, 2010;
Immerzeel et al., 2013; Jeelani et al., 2012; Kaser et al., 2010]. For example, river
systems in the western and northwestern Himalaya, such as the Indus, derive more
than 50% of their annual runoff from snow-melt water [e.g., Archer and Fowler,
2004; Bookhagen and Burbank, 2010; Immerzeel et al., 2013], but only a few
percent runoff is derived from glacial-melt water [Jeelani et al., 2012]. The
Himalaya have seasonal snow cover, especially in the western and northwestern
Himalaya, at elevations above 4 or 5 km (cf. Error! Reference source not found.).

It is difficult to measure the water volume stored in snow. Snow-cover
measurements based on optical or near-infrared satellite imagery only indicate areal
extent, but not snow volume (depth). For example, a thin persistent snow layer may
have the same signal as thick seasonal cover, but their water equivalents differ
significantly. Snow water equivalent (SWE) measurements give a better estimate of
the amount of water stored in high elevation areas. There are two primary methods
used to derive snow-water equivalents: (1) direct measurements of remote-sensing
derived SWE, and (2) SWE modeling using a variety of optical remote sensing and
field-based input parameters. Direct measurements are useful, but do not have high
spatial resolution and are hampered by technical difficulties [e.g. Pulliainen and
Hallikainen, 2001; Tedesco et al., 2015; Tedesco et al., 2004], while modeled
outputs are reliant on insufficient in-situ data and usually don’t provide real-time
estimation. Both approaches have difficulties that limit our understanding of SWE
in High Mountain Asia. But the few robust studies clearly show that snowmelt and
glacier melt play a key role in the hydrology and climate ofthe Himalaya.

Datasets and Methods

The analysis and synthesis presented in this paper relies on several field and
remotely-sensed datasets. Glacial extents were derived from the Randolph Glacier
Inventory (RGI), a community based dataset of global glacier outlines (Version 3.2)
[Arendt et al.,2012] (Error! Reference source not found.). These data are referred
to as RGI V3.2. Rainfall data were based on the Tropical Rainfall Measurement
Mission (TRMM) product 3B42 [Boers et al., 2014a; Bookhagen, 2010; Bookhagen
and Strecker, 2010; Huffman et al., 2007] This product has a 3-hour temporal
resolution (data were aggregated to daily time steps) and a spatial resolution of
0.25°x0.25° (about 25x25 km?) with an observational range from 1998 to 2014. In
addition, high-spatial resolution TRMM 2B31 data were used to identify orographic
rainfall. These data are based on the raw orbital observations that have been
interpolated to regularly-spaced Skm grids [Bookhagen and Burbank, 2006;
Bookhagen and Strecker, 2008; Bookhagen and Burbank, 2010; Bookhagen and
Strecker, 2012]. A comparison of station data and gridded rainfall data for the
Himalaya and South America indicate that TRMM 3B42 and TRMM 2B31 perform



reasonably well [e.g. Andermann et al., 2011; Boers et al., 2014a; Bookhagen and
Strecker, 2008; Bookhagen and Burbank, 2010; Carvalho et al., 2012].
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Figure 1: Top panel shows topography based on SRTM Data and present-day glacial distribution
following the Randolph Catalog V3.2 [Arendt et al., 2012] and glacial areas of individual, continuous
glaciers are color-coded square markers. Note the high glacial density and large glacial areas in the
western and northwestern Himalaya. Bottom panel shows mean annual rainfall based on TRMM 3B42
satellite data (1998-2014) [Bookhagen and Burbank, 2010; Huffinan et al., 2007]. Rivers are delineated
in blue with line width corresponding to catchment area (based on hydrologically-corrected SRTM data).
Catchments are outlined in black with bold catchment names and international borders are gray.



Climatic, Topographic, and Hydrologic Gradients in the
Himalaya

Despite the uniformly high topography of the Himalaya, the Himalaya are a
climatologically and hydrologically diverse system (Figure 1). This section describes
climatic and hydrologic gradients (i.e., their changes in space and time) and
summarizes hydrologic results. The hydrology and its seasonality have profound
impact on wetland formation and their spatial and temporal extent [Bunn and
Arthington, 2002; Tockner and Stanford, 2002].

Two principle climate regimes dominate the Himalaya: the Indian Summer
Monsoon (ISM) and the Winter Western Disturbances (WWD). During the summer
months the monsoon is driven by the temperature difference between ocean and
land, resulting in an atmospheric pressure gradient [Clemens et al., 1991; Webster
et al., 1998]. During the monsoon season (June to September), wind systems
transport moisture-laden air from the Bay of Bengal towards the northwest along
the southern Himalayan front. When these air masses interact with topography, they
are forced to rise and cool; they subsequently lose the ability to store moisture and
create the typical heavy monsoonal rainfall [Bookhagen and Burbank, 2006; 2010].
In the western Himalaya, monsoonal precipitation is significantly less than in the
eastern and central Himalaya, primarily because of the increasing distance from the
Bay of Bengal [e.g. Bookhagen et al., 2005; Wulf et al., 2010].

During winter, the pressure gradient that drives the Monsoon reverses, resulting
in WWD—westerly upper tropospheric synoptic-scale waves [e.g. Cannon et al.,
2015; Wulfet al.,2010]. In contrast to the ISM, western disturbances travel at higher
altitudes and are therefore susceptible to orographic capture and intensification at
high elevations [Lang and Barros, 2004; Winiger et al., 2005; Wulf et al., 2010].
The WWD are responsible for much of the winter precipitation in the western and
northwestern Himalaya. These regions receive higher snowfall than the central or
eastern Himalaya, as demonstrated by the significantly greater snow covered area
[Immerzeel et al., 2009; Wulf et al., 2010]. Consequently, snowmelt contributions
to annual river runoff in the western Himalaya are considerably greater than in the
eastern and central Himalaya where monsoonal rainfall is the dominant source of
river runoff [e.g. Bookhagen and Burbank, 2010; Immerzeel et al., 2009; Jeelani et
al., 2012] (Figure 2).
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Figure 2: The geographic distribution of snowmelt contribution to annual river discharge for main
Himalayan catchments. Model results were derived from calibrated and validated satellite products and
degree-day runoff modeling at monthly temporal and 1000-m spatial resolution (modified after
Bookhagen and Burbank [2010]). There exists high snowmelt contribution in the western Himalaya (e.g.,

the Indus and Sutlej catchments). Areas with significant annual snowmelt contribution to river runoff are
located at high elevations in difficult-to-access regions with few to no monitoring stations.

The WWD are responsible for much of the seasonal snow accumulation in the
northwestern Himalaya [Cannon et al., 2015; Dimri, 2007; Winiger et al., 2005;
Wulf et al., 2010]. Still, the Indian summer monsoon can generate high elevation
snow to the central and eastern Himalaya and the Tibetan Plateau [Bookhagen and
Burbank, 2010; Putkonen, 2004; Winiger et al., 2005; Wulf et al., 2010]. However,
seasonal snow cover is more spatially extensive and longer lasting in the western
Himalaya than in the central and eastern Himalaya; snow volume also peaks much
later in the western Himalaya [Immerzeel et al., 2009]. Furthermore, snowlines are
lower in the western Himalaya [Scherler et al., 2011b]. These findings are
consistent with the different hypsometry (more area at higher elevation) in the
western and northwestern Himalaya and the general storm tracks of the WWD.
Throughout the Himalaya, seasonal snow cover has been reduced over the past 15
years, but has increased in the Karakoram [Immerzeel et al., 2009; Tahir et al.,
2011]. This finding has been debated, but appears to be consistent with the so-called
Karakoram glacier anomaly—a region of positive glacier mass balance either as a
result of increased wintertime precipitation or decreased summer temperature [e.g.,
Bolch et al., 2012; Gardelle et al., 2013; Hewitt, 2005; Immerzeel et al., 2013;
Scherler et al., 2011b]. Positive mass balances indicate that glaciers are gaining
mass (i.e. water volume) and is often correlated with glacial area; however, it is
important to note that this relation is different for transient glacial system that adjust
to new environmental (e.g., climatic) conditions.

The combination of changes in topography and atmospheric influence along
strike of the Himalaya results in different hydrologic compartments (Figures 1 to



3). The northwestern (Karakoram) and western Himalaya are characterized by large
areas above 5 km elevation and thus have a large potential area for glacial coverage
and snow-water storage. These areas are presently heavily snow covered and
glacierized (Figure 1), but were even more so in the past [e.g., Amidon et al., 2013;
Scherler et al., 2010]. This area shows the highest glacial and snowmelt runoff in
the Himalaya with contributions to annual discharge exceeding 50% [Bookhagen
and Burbank, 2010; Immerzeel et al., 2009; Jeelani et al., 2012] (cf. Figure 2). In
order to demonstrate the large-scale climatic and topographic gradients and their
impact on glaciers and snow cover, a west-to-east profile was constructed that
averages values along the Himalayan arc in north-south direction (Figure 3). The
focus is on areas above 500 m elevations; hence low-elevation areas such as the
Ganges foreland and Indus plain were excluded. Emphasis is put on data close to
the main Himalayan arc, excluding the Tibetan plateau. This analysis reveals that
the maximum elevations along the Himalayan arc remain roughly similar and vary
between 6 and 8 km, but the area above 5 km varies widely and hence modifies
conditions for cryospheric processes (Figure 3). These data are an approximation of
the hypsometric differences between the eastern and western Himalaya. A clear
west-to-east gradient exists for snow-covered areas and snow-water equivalent with
high amounts of both in the west. There, about half of the annual precipitation falls
as snow during WWD resulting in significant snow cover and depth. In addition,
the potential area that can be glaciated, for example delineated by the area above 5
km elevation, is much larger in the western Himalaya than in the east. Rainfall in
the Himalayan foreland shows a clear east-to-west gradient with more rainfall in the
eastern regions closer to the moisture source of the Bay of Bengal [Bookhagen and
Burbank, 2010], but rainfall in the mountainous Himalaya is more evenly
distributed and doesn’t show a strong gradient, although rainfall to the west of the
Shillong Plateau at 93°E is higher than elsewhere in the Himalaya (Figure 3)
[Bookhagen and Burbank, 2010; Bookhagen et al., 2005].
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Figure 3: West-to-east profile along the Himalayan arc showing topographic and climatic data. Top

panel shows maximum and mean topographic elevation (peaks have been smoothed and show 5-km

running means) in dashed and solid black lines, respectively. Blue line indicates the area above 5 km

elevation, which serves as a rough estimator for snow cover and glacial extent. Note the large area

consecutive above 5 km to the West of 80°E, which corresponds to the Karakoram Himalaya. Bottom

panel shows climatic data for the same area with mean daily rainfall and snow water equivalent (SWE)

in blue colors. SWE is significantly larger in the Karakoram and western Himalaya than in the central or

eastern Himalaya. Similarly, the snow-covered area exhibits a steep East-to-West gradient with higher

year-around snow cover in the western areas.

Environmental changes and trends in snow cover and glacial

areas

The release of glacial melt water crests in the summer and early autumn and can
be critical for both agricultural practices and natural ecosystems [e.g., Alford and
Armstrong, 2010; Bolch et al., 2012; Ficke et al., 2007; Kapnick et al., 2014; Menon



etal.,2013; Sultana et al.,2009; Valentin et al., 2008; Wulf'et al.,2010]. As a result,
changes in the melt water regime due to climate warming will have consequences
for environment and ecosystem services, particularly for the western and
northwestern Himalaya. Melting glaciers can also increase the risk of ice/snow
avalanches and glacial lake outburst floods [Quincey et al., 2007; Richardson and
Reynolds, 2000]. However, it is unlikely that significant changes in annual runoff
will occur soon, although shrinkage outside the Karakoram will increase the
seasonality of runoff with impacts on agriculture and hydropower generation [e.g.,
Kapnick et al., 2014]. Glaciers in the western Himalaya are larger than those in the
central or eastern Himalaya, and thus will have a slower response time to climatic
shifts (Figure 1).

Most Himalayan glaciers are losing mass at rates similar to glaciers around the
globe, except for the Karakoram area [e.g., Bolch et al., 2012; Gardelle et al., 2013;
Hewitt, 2005; Kddb et al., 2012; Scherler et al., 2011b]. Despite recent efforts, the
climatic and cryospheric processes in the high-elevation Himalaya are still poorly
understood. This is partly due to the difficultly inherent in accessing this region, but
also due to the size and topographic complexity of glaciers and the multi-country
setting of this region [Hewitt, 2014]. In the western Himalaya, glaciers are, in
general, receding, but not responding uniformly to climate warming [Hewitt, 2014;
Kargel et al., 2011; Scherler et al., 2011b]. Regional patterns have been detected,
but even these have inconsistencies as a result of local variations in climate. Current
observations suggest that most glaciers were in retreat since about 1850 in the
central and eastern Himalaya and the outer Tien Shan, but slower retreat, standstill,
and advances have been observed in the Karakoram [e.g., Bolch et al., 2012,
Gardelle et al., 2012; Kddb et al., 2012; Scherler et al., 2011b; Smith et al., 2014].
The causes for the Karakoram anomaly are debated with speculations including
seasonality differences [Kapnick et al., 2014] or increased winter precipitation
and/or cooler summers that might be responsible for glacier stability or expansion
[Gardelle et al., 2012; Hewitt, 2014].

The interplay of snowmelt and glacial melt waters and runoff generated from
rainfall are the key hydrologic processes in this area and control wetland formation.
Wetland areas in the western and northwestern Himalaya heavily depends on
seasonal water storage in the form of snow and ice, and are important for the pre-
monsoon and post-monsoon season: Snowmelt generated in the pre-monsoon
season and glacial melting in the post-monsoon season. These areas are not heavily
influenced by rainfall and depend heavily on transiently stored waters and
environmental changes will have significant impacts. Predicted climate changes
suggest earlier snow melt waters, which may leave less runoff during the summer
season, when wetland environments are most active. In contrast, wetland areas in
the central and eastern Himalaya receive their runoff from rainfall during the
monsoon season and thus exhibit different seasonality and high dependence on
monsoon variability.

An additional, important impact of snow- and glacial melt waters is their
sediment-free water. Runoff generated from heavy rainfall events is often



10

associated with heavy suspended sediment concentration [ Wulf et al., 2010; 2012].
The sediment is often deposited in low-slope environments, such as wetlands, and
while they form an integral part of the biodiversity of these areas, increased
sediment flux leads to a decrease in wetland activity.
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