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Abstract

Waters sourced in the Himalaya flow through the Ganges and Indus basins, which are some of the most densely
populated regions of the world. Both communities in the mountains and those downstream are highly dependent on the
volume and consistency of runoff. A growing body of research has pointed towards changes in the timing, volume, and
spatial distribution of precipitation in the region over the past decades, but our understanding of the magnitude and
direction of these trends is limited by lack of in-situ data availability, complex terrain, and poor process understanding.

Remote sensing provides long-term and spatially-extensive climate data over the entire Himalayan region, and allow
for detailed analysis of large-scale environmental change. Here we use several complimentary datasets to explore
recent changes in both liquid and solid precipitation, and the knock-on impacts on the Himalayan cryosphere. We find
that the spatial and temporal distribution of water resources has shifted, with potentially significant consequences for
downstream water provision. In particular, we find that there has been less water stored in snowpack over the past
decades, and that the timing of the snowmelt season has shifted earlier in the year. The length of the snowmelt season
has also been compressed in much of the region. Rainfall trends can also be detected in the time series, however, multi-
annual oscillations and intra-seasonal variations make it difficult to obtain statistically significant trends. Continued
exploration of these time series and their associated trends will be essential for understanding hydro-meteorologic
processes and improving future regional water planning.



Introduction

More than a billion people rely on water sourced in the Himalayan region for hydropower, agriculture, and
household water resources (Bolch et al., 2012; Immerzeel et al., 2010). Both small and large communities are often
highly dependent on the consistency of precipitation; many lack the resources to respond to rapid changes in water
availability. Over the past decades, significant changes in the hydrological cycle of the Himalaya have been observed.
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Figure 1 — (4) Topography of the Himalaya region, showing major watershed boundaries and glacier outlines in
blue based on the Randolph Glacier Inventory (V6) (RGI Consortium, 2017). (B) Mean annual Tropical Rainfall
Measurement Mission (TRMM) 3B43 rainfall (Huffiman et al., 2007), showing distinctive precipitation gradient along
and across strike (cf- Bookhagen and Burbank, 2010).

The study region runs from 25-40 N and 65-95 E, covering several large and glaciated watersheds (0A). There exists
a distinct precipitation gradient from east to west and north to south, which generally follows the track of the Indian
Summer Monsoon (ISM) along the front of the Himalaya (0B, cf. Bookhagen and Burbank, 2010). Large regions of the

Himalaya, particularly those above 4,000 m asl, also receive significant amounts of precipitation in the form of snow
throughout the year (0).
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Figure 2 — (A) Moderate Resolution Imaging Spectroradiometer (MODIS) average annual snow covered area (Hall
et al., 2006), showing distinctly higher snow cover in the west and at high elevations. (B) Average annual Snow-Water
Equivalent (SWE) from Special Sensor Microwave/Imager (SSMI) data (1987-2009), showing similar but not identical
spatial patterns (for data processing information see Smith and Bookhagen, 2018). The largest snow-water volumes are
stored in the western regions of the Himalaya.

In the eastern regions of the Himalaya, there is significantly more rainfall than snowfall. The western reaches of the
Himalaya, however, receive a large percentage of their water budget in the form of snow, particularly in the coldest
regions of the Himalaya (0). The western parts of the Himalaya are generally colder than the eastern regions, and
maintain much larger concentrations of glaciers (cf. 0A, blue regions). However, there exists a very high elevation band
— along the highest peaks of the world — that is well below freezing for much of the year and receives significant
snowfall.
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Figure 3 — MODIS average annual land-surface temperature (LST, product MODI11A42 V006, Wan et al., 2015).
Significant regions of the Himalaya maintain average annual temperatures well below zero.

Throughout the region, and in particular in the very cold parts of the study area, snow remains on the ground through
a large portion of the year (0). These snow-covered regions are not confined to areas surrounding glaciers, but also
extend into the high Tibetan Plateau — although this snow-cover is often quite shallow.
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Figure 4 — Average annual snowmelt period based on passive microwave data (modified after Smith et al., 2017).
Cold regions, particularly around the highest peaks and through the central Tibetan Plateau, maintain at least sparse

snow cover for large portions of the year.

Recent Climate Changes in the Himalaya

There have been substantial changes in the regional climate, including increased temperatures (Vaughan et al.,
2013), increased storm intensity (Singh et al., 2014; Yao et al., 2012; Bookhagen and Burbank, 2010; Malik et al.,
2016; Fu, 2013; Palazzi et al., 2013), changes in the ISM (Gautam et al., 2009; Menon et al., 2013; Kitoh et al., 2013),



intensification of the Winter Westerly Disturbances (WWD) (Cannon et al., 2014; 2015), and substantial changes in
glaciers throughout the region (Bolch et al., 2012; Kaéb et al., 2014; 2015; Kapnick et al., 2014; Gardner et al., 2013;
Yao et al., 2012; Gardelle et al., 2012; Scherler et al., 2011; Frey et al., 2014).

The shrinking of Himalayan glaciers over the past decades is a highly visible sign of regional climate change (Bolch
et al. 2012). As water stored in these glaciers is an important part of the hydrological budget of many Himalayan
catchments, any changes in glacier water storage capacity will have significant downstream impacts (Vaughan et al.,
2013). Historically, water has been slowly released from snow and glaciers throughout the spring and summer,
providing year-round water to both high-elevation and downstream communities. However, recent climate changes
have reduced the dependability of the yearly hydrological cycle. Many regions have seen increases in early season
runoff alongside drastic decreases in late season runoff — particularly in those regions where glaciers have substantially
retreated or disappeared (Lutz et al., 2014). The Intergovernmental Panel on Climate Change (IPCC) forecasts that
runoff in major river basins of the Himalaya will increase through 2100 due to both changes in glaciers and large-scale
precipitation patterns, and then decrease after the end of the century (Vaughan et al., 2013). However, these large-scale
changes conceal regional, small-scale, and seasonal variation in climate change impacts which are already being felt in
the region.

Recent work has noted that the spatial and temporal patterns of snow-water storage have shifted over the past
decades (Smith et al., 2017; Smith and Bookhagen, 2018). In many regions, snow-water storage has peaked earlier in
the year, and melted more rapidly during the spring (Smith et al., 2017). Annual trends in snow-water storage
throughout the region are also majority negative, implying that changes in temperature and precipitation patterns have
already had strong impacts on the cryosphere (Immerzeel et al., 2010; 2012; Smith and Bookhagen, 2018). As snow
meltwaters account for a large portion of many hydrological budgets, any changes in the magnitude and timing of
snowmelt will have significant downstream impacts.

Large-scale climate patterns -- such as the ISM and WWD -- have changed in strength and timing (e.g., Cannon et
al., 2014; 2015; Gautam et al., 2009; Menon et al., 2013; Kitoh et al., 2013; Fu, 2003; Palazzi et al., 2013; Ramanathan
et al., 2005; Lau et al. 2010). For example, the ISM has increased in strength since the 1950s due to increases in
moisture availability (Menon et al., 2013; Kitoh et al., 2013) and increased regional heat-trapping potential due to air
pollution (Ramanathan et al., 2005; Lau et al. 2010). In addition to climate change, shifts in Southeast Asia's landcover
(i.e., deforestation, extensive irrigation and agriculture, urbanization) have modified regional weather and climate
patterns (Fu, 2003; Gautam et al., 2009; Bookhagen and Burbank, 2010). Large-scale changes in ENSO patterns due to
warming oceans have also impacted precipitation patterns in the Himalaya (Bookhagen et al., 2005).

Satellite datasets, such as the Tropical Rainfall Measurement Mission (TRMM) (Huffman et al., 2007) and modeling
efforts, such as High Asia Refined Analysis (Maussion et al., 2014) and Asian Precipitation - Highly-Resolved
Observational Data Integration Towards Evaluation (APHRODITE) (Yatagai et al., 2012), rarely agree on the
magnitude and direction of changes in temperature and precipitation (Malik et al., 2016), and have trouble correctly
quantifying high-elevation precipitation (Li et al., 2017; Immerzeel et al., 2015). A lack of long-term and spatially
extensive in-situ empirical observations (0) limits our process understanding (Bookhagen and Burbank, 2010; Sorg et
al., 2012), and leads to large disagreements in climate projections in global and regional models (Kapnick et al., 2014;
Vaughan et al., 2013).
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Figure 5 — APHRODITE climate station density (1961-2007) (Yatagai et al., 2012, figure modified after Smith and
Bookhagen, 2018). While parts of the Himalayan foreland are well monitored, much of the Tibetan interior lacks in-situ
climate measurements. The majority of these stations measure rainfall and temperature, and very few measure snow
depth or snow-water equivalent.

While satellite datasets each have their own strengths and weaknesses, they provide the only long-term, spatially
continuous, empirical set of observations of the remote and rugged Himalayan region. Several different satellite
platforms have been used to great effect in the Himalaya, and provide optical, active radar, passive microwave,
gravimetry, and precipitation measurements across the entire region with high temporal frequency. This chapter
explores changes in rain and snowfall in the Himalaya using a set of complimentary remote sensing datasets.



Data and Methods

Rainfall data are derived from the TRMM product 3B42 (Huffman et al., 2007), at a 3-hour temporal resolution. The
spatial resolution of this data is 0.25°x0.25° (~25x25 km?), with data available from 1998 to 2014. As short-duration
storms may be missed during satellite overpasses, we aggregate data here to daily and monthly means before
performing precipitation analyses.

The Moderate Resolution Imaging Spectroradiometer (MODIS) land-surface temperature (LST) product MOD11A2
(V006) dataset was used to explore regional temperature (Wan et al., 2015). The data has an 8-day temporal frequency
and a 1-km spatial resolution. In this study, we use data from 2000 until 2017. We also leverage MODIS maximum
mean monthly snow cover (product MOD10C1, V005) at 0.05° x 0.05° (~5 x 5 km?) spatial resolution over the same
study period (Hall et al., 2006).

We use reprocessed Satellite Pour 1’Observation de la Terre (SPOT) data from 1998-2014 (product VGT-S10,
Deronde et al., 2014) to generate long-term average normalized difference vegetation index (NDVI) values. This data
has a 10-day temporal and 1-km spatial resolution.

Several passive microwave sensors were used to examine changes in snow-water storage and snowmelt timing. The
five sensors used are the Special Sensor Microwave/Imager (SSMI, 1987-2009) (Wentz, 2013), Special Sensor
Microwave Imager/Sounder (SSMIS, 2003-2017) (Sun and Weng, 2008), Advanced Microwave Scanning Radiometer
— Earth Observing System (AMSR-E, 2002-2011) (Ashcroft and Wentz, 2013), AMSR2 (2012-2017) (Imaoka et al.
2010) and the Global Precipitation Measurement Core Observatory (GPM, 2014-2017) (GPM Science Team, 2014).
These satellites each carry slightly different microwave frequencies, but can each be used to derive snow properties.

Snow-water equivalent (SWE) is derived from the passive microwave data using the Chang equation (Chang et al.,
1987), with modifications for non-SSMI platforms as proposed by Armstrong and Brodzik (2001), and a constant snow
density of 0.24 g/cm? as proposed by Takala et al. (2011). This data is used to both derive annual and seasonal trends
(after Smith and Bookhagen, 2018) and to assess changes in the timing and length of the snowmelt season (after Smith
et al., 2017). For a more detailed discussion of passive microwave data processing methodologies, please see Smith and
Bookhagen (2018), Smith et al. (2017), and Smith and Bookhagen (2016).



Results

Along and across-strike rainfall gradients

There exists a clear rainfall gradient running from east to west along the front of the Himalaya (cf. 0). This
precipitation gradient also engenders a vegetation gradient (0). In particular, the interior of the Tibetan Plateau is
sparsely vegetated, especially at high elevations and in the west. In addition to the along-strike gradients, there exist
clear differences in the across-strike topographic and precipitation patterns throughout the Himalaya.
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Figure 6 — Annual average NDVI values (1998-2014), from the SPOT (VGT-S10) dataset (Deronde et al., 2014).
There exists a gradient running from denser vegetation in the east to sparse vegetation in the west and in the Tibetan
interior (cf. Olen et al., 2016).

In the eastern and western reaches of the Himalaya, along the syntaxes (cf. 0A), topography rises smoothly towards
5,000 m asl. Precipitation mirrors this smooth rise with a single precipitation maximum along the topographic break. In
the central portion of the Himalaya, however, there are two topographic steps, along the lesser and greater Himalaya
(cf. 0B). These correspond to two distinct rainfall peaks — one at each topographic break.
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Figure 7 — Rainfall and elevation profiles perpendicular to the strike of the Himalaya in the (4) western and eastern
ends and (B) central portion of the study area. The edges have a single topographic step and rainfall peak, whereas the
central Himalaya has two topographic breaks and rainfall peaks. Modified from Bookhagen and Burbank, 2010.

Along-strike snow and glacier distribution

The distribution of snow-water resources also follows a similar east-west pattern (cf. 0). In particular, there is more
extensive snow cover in the western regions of the Himalaya, and higher SWE storage. There is also significantly more
glaciated area in the west (cf. 0). This can be easily seen when examining the aggregated snow, glacier, and
topographic profiles of three catchments moving from west to east (0). Both the spatial and elevation distributions of
snow change along this east-west gradient. While the general topographic distribution of the three examined catchments
(Upper Indus, Central Himalaya, Tsangpo) remains similar, snow and glaciers occur at distinctly higher elevations
moving towards the east.
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Figure 8 — (A) Upper Indus, (B) Central Himalaya, and (C) Tsangpo catchment hypsometries (grey), percentage
glaciated area (blue) and normalized SWE distribution (red). All three values displayed as percentage of dataset
maximum. While all three catchments have similar elevation distributions, SWE is stored at generally higher elevations
moving from west to east. Modified after Smith and Bookhagen, 2018.

Along-strike climate analysis

In order to examine east-west climate and glacier coverage gradients, we construct a swath profile running along the
length of the Himalaya from the Indus catchment through to the Tsangpo (0). We focus on areas along the main
Himalayan arc, above 500 m asl. We find that maximal elevations along strike of the Himalaya remain roughly
equivalent, at around 6,000 to 8,000 m asl, but that the area above 5,000 m asl varies significantly. There exist clear
opposing east-west trends in frozen and liquid precipitation, where the eastern regions receive more rainfall and the
western regions maintain higher SWE and snow-covered area. This is also reflected in the atmospheric lapse rate,
which increases from (negative) 5 — 6 °C/km in the east to (negative) 3.5 — 4.5 °C/km in the west. We measure the lapse
rate here not vertically in the atmosphere but along a N-S swath from the low-elevation foreland to the high-elevation
Himalaya. The eastern Himalaya have a lower lapse rate than the western regions — particularly during the monsoon
season — due to the relatively smaller temperature difference between the foreland and high-elevation areas. Further
west, however, there exist much larger temperature gradients between the warmer foreland and extremely cold high-
elevation zones. This effect is particularly strong during the winter months.
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Figure 9 — West-to-east swaths with averaged profiles showing topography, climate, and atmospheric lapse rates
(modified from Bookhagen, 2017), with values averaged north-to-south perpendicular to the strike of the Himalaya. (4)
Maximal (black dashed) and mean (black solid) elevation, and area above 5,000 m asl. Blue crosses represent mean
glacier elevation. (B) TRMM 3B42-derived precipitation (blue), SSMI SWE (purple) and MODIS snow-covered area
(black). These profiles show strong west-east gradients, with more snow in the western reaches of the Himalaya. (C)
Atmospheric lapse rates (summer, gold; winter, black, annual, shaded). Lapse rates in the eastern Himalaya have
higher negative values during the summer due to the heating of the Tibetan Plateau and the increase of the temperature
gradient.

Discussion

Spatial and temporal patterns of rainfall changes in the Himalaya

The spatial east-west rainfall gradient has been used in previous research to explain differences in sediment fluxes
and erosion (Olen et al., 2016; Thiede et al., 2009; Dey et al., 2006; Hirschmiller et al., 2014). Similarly, the north-
south rainfall gradient and the strike-parallel bands of orographic rainfall (cf. 0) have been used to explain spatially-
focused erosion and landslide activity (e.g., Bookhagen et al., 2005). Recent research also has investigated the
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differences in rainfall dynamics between areas of high annual precipitation (orographic rainfall) and regions in the luv
and lee of the rainfall bands (e.g., Wulf et al., 2016). Time series analysis shows that rainfall magnitude-frequency
distributions differ significantly on short spatial distances.

Rainfall during the monsoon season is the main driver of hydrological processes in the central Himalaya and
contributes significantly to the annual precipitation budget. In most parts of the central Himalaya, rainfall during the
monsoon season — between June and September — contributes on average more than 80% of the annual rainfall
(Bookhagen and Burbank, 2010). The eastern and western parts of the Himalaya (syntaxes) receive about half of their
annual precipitation during the monsoon season; high-elevation regions of the Himalaya, especially in the syntaxes,
receive significant precipitation in the form of snow. While this general spatiotemporal pattern is well established
(Bookhagen, 2016; 2017), patterns of rainfall trends are less well-studied and generally less reliable due to the short
time series and large rainfall heterogeneities in mountainous terrain. Reliable and high-spatial resolution rainfall
measurements from satellites started with the TRMM mission (Kummerow et al., 1998) and continue today with the
Global Precipitation Measurement Mission (Hue et al., 2014). The ISM exhibits strong decadal and longer-timescale
oscillations; trends determined from short timescales do not provide meaningful results for multi-decadal or centennial
studies. In order to study multi-decadal trends, researchers often rely on gridded and aggregated rain-gauge data (e.g.
APHRODITE). In a recent study, Malik et al. (2016) provide a comprehensive analysis of trends in the extremes during
the ISM season. Their analysis, based on quantile regression and gridded rainfall-station data, shows that different
regions in India and the Himalaya have divergent and partially opposing rainfall trends. These trends show intensified
droughts in Northwest India, parts of Peninsular India, and Myanmar; in contrast, parts of Pakistan, Northwest
Himalaya, and Central India show increased extreme daily rain intensity leading to higher flood vulnerability.

Spatial patterns of changes in the Himalayan cryosphere

Spatially and temporally extensive passive microwave SWE estimates can be used to examine decadal trends in
snow-water storage throughout the Himalaya. As can be seen in 0, the majority of annual SWE trends are negative
throughout the Himalaya, with the exception of parts of the Pamir, the eastern edge of the Tibetan Plateau, and a region
along the edge of the Tarim Basin. This implies that over the period 1987 to 2009, less water was stored (on average) in
snowpack throughout the Himalaya. To assess the impact of these changes at a watershed scale, we aggregate both
SWE volumes and SWE trends across elevations within selected Himalayan catchments to identify regions where
changes in SWE will have the strongest downstream effects (0).

12
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Figure 10 — Annual trends in SWE volume (data derived from SSMI, 1987-2009). While the majority of SWE trends
are negative, there exist positive SWE storage trends in the Pamir, parts of the Kunlun Shan, and in parts of Eastern
Tibet. Modified from Smith and Bookhagen, 2018.

Across all catchments, there is a strong and non-linear elevation-SWE relationship. In the majority of catchments
examined here, the highest-SWE elevation slice occurs below the maximum catchment elevation. The majority of SWE
in these catchments is stored in their mid-to-high elevation regions (above 3,500 m asl). These mid-elevation, high-
SWE zones also have some of the most negative SWE trends, implying that the negative trends in SWE will likely have
a strong impact on downstream water provision. This is in line with increased temperatures in low-precipitation, high-
elevation zones of the Himalaya (Bolch et al., 2012; Pepin et al., 2015), and observed changes in Himalayan runoff
(Lau et al., 2010; Panday et al., 2011; Lutz et al., 2014).
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Figure 11 — Elevation SWE relationships. (4) Elevation distribution of SWE in each catchment, at each 5" percentile
elevation slice. (B) Average SWE trend at the same 5™ percentile elevation slices. SWE trends tend to be the most
negative where the highest SWE volumes are stored. This indicates that SWE changes are not just impacting low-
elevation, shallow-snow areas, but mostly have impacted medium-elevation zones where there is high SWE storage. See
0 for watershed boundaries. Modified from Smith and Bookhagen, 2018.

In addition to changes in the volume of water stored in snowpack, there have been measurable changes in the timing
of the snowmelt season (Smith et al., 2017; Xiong et al., 2017; Panday et al., 2011). In particular, the length of the
snowmelt season (time from the onset of the main melt phase until the clearance of snow), has been shrinking over the
period 1987 to 2016 (0). The snowmelt season has also tended to both start and end earlier in the year.

14
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Figure 12 — Trends in snowmelt period (length of time between onset and end of snowmelt), 1987-2016. The majority
of the study region has experienced compressed snowmelt seasons over the past decades. Modified from Smith et al.,
2017.

Dynamics of snow-water storage and snowmelt

Temperatures in the Himalaya are increasing faster than the global average (Vaughan et al., 2013; Lau et al., 2010).
These temperature increases are likely the driver of changes in snow-water storage and snowmelt, due to changes in the
timing of snowfall, precipitation phase, and the spatial distribution of precipitation.

There has been an overall decrease in SWE storage in the Himalaya, as well as shifts in the seasonality of SWE
buildup and melt (Lau et al., 2010; Panday et al., 2011; Smith and Bookhagen, 2018; Smith et al., 2017). The
mechanism behind these SWE changes is not well defined, but likely includes contributions from aerosol contamination
(Lau et al., 2010), changes in precipitation phase (Lutz et al., 2014), changes in the strengths of the WWD (Cannon et
al., 2014; 2015) and ISM (Singh et al., 2014; Palazzi et al., 2013), and increases in regional temperatures which lead to
both more atmospheric water storage and decreased SWE persistence (Vaughan et al., 2013; Yao et al., 2012;
Trenberth, 2011). Changes in snowmelt seasonality has been shown to modify downstream water availability (Barnett
et al., 2005; Berghuijs et al., 2014).

Glaciers in the Himalaya are generally retreating (Bolch et al., 2012; Gardner et al., 2013; Ké&db et al., 2012; 2015);
in many cases, retreat is accelerating and small glaciers are disappearing (Armstrong et al., 2010). The reasons behind
these changes are multi-faceted and poorly constrained, although debris cover, topography, and precipitation
seasonality are factors known to impact glacier stability.

While much of the Himalaya's water budget is monsoon-driven, there exists a precipitation gradient moving west
along the front of the Himalaya, where the western reaches of the Himalaya region have a much higher snowmelt and
glacier contribution to their water budgets (cf. 0) (Bookhagen and Burbank, 2010). Even in those regions where rainfall
is primary, seasonal snowmelt is an important water source for mountain communities and local ecologies.

Snow and glacier melt are primary sources of water at different times of the year; snowmelt generally peaks in the
spring before the monsoon, and glacier melt is primary in the post-monsoon season. Both of these segments of the
hydrosphere are essential for maintaining consistent and reliable water flow in both natural areas, such as wetlands, and
in developed areas, such as hydropower, irrigation, and municipal water systems. Any changes in the temporal
distribution of these water resources can increase the frequency of short-term water surpluses and droughts, particularly
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in the western and northwestern Himalaya where snow-water resources form a large part of the yearly hydrological
budget (Vaughan et al., 2013).

Limitations and caveats of remote-sensing datasets

While remote sensing datasets provide a quasi-continuous and long-term record of earth surface processes, there are
several important caveats to consider when interpreting these data records. Each satellite dataset has its own set of
strengths and weaknesses which impact the reliability of derived environmental analyses.

TRMM data is limited by its temporal resolution with respect to the often-short duration of precipitation events. In
particular, intense monsoonal rainstorms, which account for a significant portion of the regional water budget, are often
missed in the gaps between satellite overpasses. In this analysis, we average our high-temporal resolution data to
monthly averages to limit the impacts of gaps in the TRMM data record. A second caveat of the TRMM dataset is the
well-documented elevation-dependent error, where high-elevation precipitation is underestimated in the region (Bharti
and Singh, 2015; Wulf et al., 2016). Thus, precipitation estimates in some of the poorly-monitored, high-elevation
regions of the study area should be considered with caution. Furthermore, the low spatial resolution of the TRMM
3B42 datasets (and similar datasets, e.g., APHRODITE) do not capture distinctive orographic rainfall peaks, but
provide average measurements for ~25x25 km areas. Importantly, the previously identified orographic rainfall peak (cf.
0, Bookhagen and Burbank, 2006; Bookhagen and Burbank, 2010) is not well captured in low-resolution TRMM data.

Both MODIS and SPOT data are limited by both the temporal and radiometric resolution of data collection. In much
of the study area, long-duration cloud cover and storm systems can prevent optical measurement of earth-surface
characteristics for several days at a time. We thus rely on lower temporal resolution products in this study. A second
caveat of the MODIS products is the poor performance of LST estimates over snow-covered terrain (Wan, 2008). The
MODIS LST algorithm is based on radiation balances, and is adversely impacted by high reflectivity values in the
visible and near-infrared spectra over snow.

While passive microwave data provides the most globally extensive means of measuring snow buildup and melt,
there are several important sources of error in SWE estimation. The most commonly used SWE estimation algorithms
assume that the snowpack is comprised of dry, evenly sized, snow crystals at a constant density. While fresh snow in
cold regions often satisfies these conditions, in complex and mountainous terrain, snowpack undergoes progressive
metamorphism throughout a given snow season. This changes both the size and density distribution of snowpack, and
leads to errors in SWE estimation (Kelly et al., 2003).

There is a well-documented signal saturation in passive microwave data over glaciers and in deep snowpacks
(Takala et al., 2011; Tedesco and Narvekar, 2010). As the estimated SWE in a passive microwave pixel is sensitive to
the depth of snow throughout the pixel, this saturation can occur even in regions where only a small portion of the pixel
overlaps with deep snow (Vander Jagt et al., 2013). In our study area, this mostly impacts glaciated regions, and thus
SWE estimates close to glaciers (cf. 0) should be considered more error-prone. A final caveat of passive microwave
data is that SWE estimates in the presence of liquid water are highly biased, due to large differences in microwave
signal strength between liquid and frozen water. Thus, SWE cannot be estimated near large bodies of water, and SWE
estimates during the spring snowmelt season are less reliable than those earlier in the season.

Despite these caveats, passive microwave data remains the only empirical method to estimate SWE over large areas
of complex and inhospitable terrain (Chang et al., 1982; 1987; Kelly et al., 2003; Abdalati and Steffen, 1995; Drobot
and Anderson, 2001; Takala et al., 2011). The lack of an extensive in-situ sensor network in the region (cf. 0), as well
as the difficulties associated with ground-data collection, mean that passive microwave SWE estimates remain the best
option for monitoring large-scale snow patterns.

Conclusions

Remote sensing provides the only long-term and spatially-extensive climatic datasets across the diverse terrain of the
Himalaya. These data are essential for improving our understanding of environmental changes and our continued
prediction of their future magnitudes and impacts. They also provide the basis for calibrating large-scale climate
models, which are important tools in predicting the future impacts of climate change.
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While remotely sensed data provides valuable insight into large-scale environmental change, the uncertainties in the
data must be carefully considered in combination with calibration and field observations — especially when high-
resolution datasets are used.

There have already been significant changes to the precipitation regime across the Himalaya, which have impacted
not only liquid precipitation but also the buildup and melt of frozen water. Long-term trends indicate a shift towards a
shorter and earlier snowmelt season. This has already had, and will continue to have, strong impacts upon both the
natural environment and communities which rely on consistency in the volume and timing of snowmelt for year-round
water provision. Information on the magnitude and direction of changes will be essential for future water planning.
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