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Quantifying the contribution of glacier runoff to water resources is particularly important
in regions such as High Mountain Asia, where glaciers provide a large percentage of
seasonal river discharge and support large populations downstream. In remote areas,
direct field measurements of glacier melt rates are difficult to acquire and rarely observed,
so hydro-glaciological modeling and remote sensing approaches are needed. Here we
present estimates of glacier melt contribution to the Upper Indus watershed over the last
40 years using a suite of seven reanalysis climate datasets that have previously been used
in hydrological models for this region, a temperature-index melt model and >29,000 km?
of ice cover. In particular, we address the uncertainty in estimates of meltwater flux that is
introduced by the baseline climate dataset chosen, by comparing the results derived from
each. Mean annual glacier melt contribution varies from 8 to 169km?3 yr=1, or between
4 and 78% of the total annual runoff in the Indus, depending on temperature dataset
applied. Under projected scenarios of an additional 2-4°C of regional warming by 2100
AD, we find annual meltwater fluxes vary by >200% depending on the baseline climate
dataset used and, importantly, span a range of positive and negative trends. Despite
significant differences between climate datasets and the resulting spread in meltwater
fluxes, the spatial pattern of melt is highly correlated and statistically robust across all
datasets. This allows us to conclude with confidence that fewer than 10% of the >20,000
glaciers in the watershed contribute more than 80% of the total glacier runoff to the
Indus. These are primarily large, low elevation glaciers in the Karakoram and Hindu Kush.
Additional field observations to ground-truth modeled climate data will go far to reduce
the uncertainty highlighted here and we suggest that efforts be focused on those glaciers
identified to be most significant to water resources.

Keywords: Indus basin, glacier melt runoff, High Mountain Asia, reanalysis climate data, positive degree-day model

Introduction

Access to freshwater is becoming increasingly important as world populations grow. In many
regions, including High Mountain Asia, glaciers are a significant component of freshwater
resources, particularly in the dry summer months. Glaciers are very sensitive to climate
perturbations and are substantially affected by climate change, with large socio-economic and
ecological impacts (e.g., Barnett et al., 2005; Xu et al., 2009; Kaser et al., 2010). Our understanding
of the contributions of glacier runoff to specific watersheds, and of projections for glacier runoff
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in a warming climate, is critical, and especially important in
the high mountains of Asia (hereafter HMA) that constitute
the “Third Pole,” one of the largest glacierized areas outside the
polar icecaps (Dyurgerov and Meier, 2005; Bolch et al.,, 2012).
With regional warming greater than 1°C in the past 50 years
and over three billion people supplied with water from the rivers
draining these mountains, any glacier response to climate change
is likely to have a significant impact in HMA (Wagnon et al., 2007;
Immerzeel et al., 2010; Yu et al., 2013). However, the necessary
financial, political and scientific resources have only sparsely
been applied to detailed hydrologic and glaciologic assessments
in HMA in order to accurately quantify the impact of climate
change over this large and geopolitically sensitive region, and
uncertainty remains.

Glacier meltwater has been found to constitute up to 80% of
total annual river discharge in some basins in HMA (Cook et al.,
2013; Yu et al., 2013; Lutz et al., 2014; Mukhopadhyay and Khan,
2014). Regional hydrologic studies suggest decreases in snow and
ice extent over the coming century will be most detrimental in
the Indus and Brahmaputra watersheds because of the significant
role glacier runoff plays in these basins (Singh et al., 2006;
Kulkarni et al., 2007; Immerzeel et al., 2010, 2013; Thayyen and
Gergan, 2010; Rupper et al., 2012; Sharif et al., 2012; Khalid et al.,
2013; Lutz et al.,, 2013, 2014; Mukhopadhyay and Khan, 2014).
The Indus basin has one of the world’s largest integrated irrigated
networks, and more than 215 million people rely on it for
agriculture, industrial development, and hydropower generation
(Jianchu et al., 2007; Yu et al., 2013; Mukhopadhyay and Khan,
2014). Hence, there is widespread concern over the potential
effects of climate change on the glaciers, and thereby freshwater
resources, that has motivated recent glaciologic and hydrologic
research across the Himalayan region, and in particular the Indus
River basin.

In the past 5 years, a few studies have attempted to quantify
snowmelt and/or glacier melt runoff for HMA using glacio-
hydrological models and a variety of gridded climate data
products (e.g., Bookhagen and Burbank, 2010; Immerzeel et al.,
2010, 2013; Pellicciotti et al., 2012; Lutz et al.,, 2013, 2014; Bliss
et al, 2014). Immerzeel et al. (2010) and Lutz et al. (2014)
are particularly noteworthy, as they applied a snow and ice
mass balance model at the regional scale to project meltwater
runoff in the six major Himalayan river basins in the twenty-
first century. Both studies concluded that climate warming will
be most significant to water resources in the Indus River basin in
particular, where they estimate >40% of total runoff comes from
melting glaciers. However, large uncertainty in this estimate, and
in how snowmelt and glacier melt will be affected by regional
warming, remains.

A significant source of uncertainty in these and other regional
analyses is introduced by the necessary use of gridded climate
reanalysis datasets to calculate melt over large glacierized areas.
Rupper et al. (2012), for example, have highlighted some of
the uncertainties associated with gridded climate data in melt
models for a small region in the eastern Himalaya. The 5th
Assessment of the IPCC details the different methodologies and
observational data used in the state-of-the-art gridded climate
reanalysis datasets (IPCC, 2013), but there is significant difficulty

in determining which is most accurate. Furthermore, use of any
single climate datasets (as opposed to ensembles of datasets) can
introduce significant bias in meltwater projections.

Here, we aim to assess the uncertainty in glacier meltwater
projections for the Indus River watershed that is derived from the
choice of baseline climate data. We estimate the present volume
of melt from > 29,000 km? of glacierized surface area in the
Upper Indus watershed using the Randolph Glacier Inventory
(v. 4.0) (RGI4), a simple temperature-index glacier melt model,
and seven gridded reanalysis climate datasets that have been
used recently for large scale hydrologic modeling in HMA. We
compare the distribution of mean annual surface temperature
from these seven climate datasets to test the sensitivity of melt
and runoff estimates to the climate dataset used for the baseline
measurements in the region. By employing a common modeling
approach, we are able to test the sensitivity of results to the
particular climate dataset chosen, as well as to the choice of
melt parameters. We look at the distribution of glacier meltwater
runoff averaged over the period 1979-2007 for each of the
>20,000 glaciers in the Indus watershed, assess the uncertainties
in such estimates associated with uncertainties in both the climate
data and glacier parameters used.

We also investigate the potential change in meltwater flux in
the coming century from plausible regional warming scenarios of
2-4°C (Christensen et al., 2007; Cruz et al., 2007; Collins et al.,
2013). Our approach results in a range of current and future
glacier meltwater volumes from the Upper Indus watershed,
and highlights the magnitude of uncertainty therein. We also
investigate the spatial characteristics of the projected meltwater
fluxes, and highlight the key glaciers that contribute most of the
meltwater to the Indus River, in order to inform the direction of
future research.

Methods

Climate Data
There are 19 weather and gauging stations in the Upper Indus
watershed, most with less than a decade of data (Sharif et al,,
2012) (see Figure1). In the absence of direct meteorological
observations, most studies use gridded reanalysis climate data
to provide a range of possible temperatures, and hence of melt,
across the region. We chose seven climate datasets that have
been used in HMA: NCEP/NCAR, CRU TS 3.22, ERA Interim,
APHRODITE, JMA, PGMFD, and U. Delaware (Willmott and
Matsuura, 1995; Kalnay et al., 1996; Kistler et al., 2001; Fan
and Van den Dool, 2008; Dee et al, 2011; Yasutomi et al.,
2011; Harris et al., 2014; Kobayashi et al., 2015). Each of these
products uses varied combinations of observations (e.g., weather
stations, radiosondes, remote sensing data, etc.) and modeling
(e.g., statistical interpolations, weather forecast models, etc.) to
provide an informed and plausible representation of climate on a
uniform grid across large regions. Each dataset covers a different
period of time and a variety of spatial and temporal resolutions
(see Table 1).

For the purpose of comparison, we use monthly average
temperatures from each of the seven datasets for the period
of common overlap, 1979-2007, and used them to derive the
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FIGURE 1 | Location of glaciated portion of the upper Indus River watershed (in white) and key mountain ranges. Indus watershed as defined by Global
Runoff Data Center. Also noted are the locations of all publicly available meteorological stations and streamflow data in the region (blue stars), and those glaciers
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TABLE 1 | Overview of the gridded reanalysis climate datasets compared in this study.

Dataset Coverage  Spatial resolution = Temporal resolution Period of record  Variables Source

NCEP/NCAR  Global ~209 km (2.5°) 6h 1948-present Tavg, lapse rate  National Centers for Environmental Prediction
(NCEP/NCAR)

ERA interim Global ~70 km 6h 1979-present Tavg European Centre for Medium-Range Weather
forecast (ECMWEF)

APHRODITE Asia ~25 km (0.25°) Daily 1961-2007 Tavg Meteorological Institute of Japan

JMA Global 0.56° 19568-2012 Tavg Japan Meteorological Agency, JRA 55-year
reanalysis

PGMFD Global ~25 km (0.25°) 3h 1948-2008 Tavg Global Meteorological Forcing Dataset for land
surface modeling, Princeton University

CRUTS 3.2 Global ~50 km (0.5°) Monthly 1901-2009 Tavg Climate Research Unit, Univ. East Anglia

ub Global ~50 km (0.5°) Monthly 1900-2008 Tavg CCR, University of Delaware

gridded climatological monthly means that we then used to
implement our positive degree-day (PDD) melt model.

Glacier Area

Recent estimates of glacierized area in the Himalayas range
between 33,000 and 60,000 km?, with more than 23,000 glaciers
(Dyurgerov and Meier, 2005; Zemp et al., 2009; Bolch et al,
2012; Kaiab et al,, 2012; Yao et al,, 2012). To capture the fullest
extent of the glaciers in the Indus watershed, we used the most
recent version of the Randolph Glacier Inventory (RGI 4.0)
(Pfeffer et al., 2014). The RGI incorporates both current and
historical data to accurately approximate global glacier coverage.
The database has extensive coverage and compiles a number
of databases into one. While this greatly simplifies analysis,
the inventory has the explicit drawback of inconsistency in
sampling time periods, which results in significant uncertainty
in estimates of glacier extent in regions where recent glacier
change is significant. That said, the RGI inventory is widely

used in the region. Other recently developed glacier inventories
for HMA in particular, such as the ICIMOD and GAMDAM
inventories (Bajracharya and Shrestha, 2011; Nuimura et al.,
2014) have not yet been widely used or verified, hence we
use the RGI 4.0 here in order to avoid introducing further
uncertainty.

We define the Indus hydrologic watershed by the Global
Runoff Database (World Meteorological Organization, 2014).
There are 20,279 individual glaciers in the RGI 4.0 within the
watershed so defined. Each glacier is represented by a single
latitude and longitude centroid coordinate, maximum, minimum
and mean elevation, glacier surface area, orientation, and length.
The glacier area and area accuracy, and the date of the image
used to identify glacier areas, are also available for a subset of the
glaciers in the RGI inventory (see http://glims.org/RGI).

We find a total glaciated surface area of 29,413 km? in the
Indus watershed, approximately 12% of the total upper basin
area of 220,000 km? (Yu et al., 2013) (see Figure 1). The average
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elevation of the 20,279 glaciers is 5243 £ 547 m.a.s.l, with a
range of mean elevation from ~2975 to 7200 m.a.s.1. (Figure 2A).
The estimated mean elevation of the late summer snowline is
5000 m.a.s.l. Most of the glaciers below 5000 m.a.s.l. are in the
Hindu Kush and Karakoram in the northwest of Afghanistan and
Pakistan, and some are located at lower elevations and northern
aspects of the High Himalaya in India. Median glacier size is 1.4
km?. The vast majority (97%) of glaciers have surface areas of
less than 5 km?; however, 46 glaciers cover areas larger than 100
km?. Most of the glaciers larger than 5 km? are in the Karakoram
(Figure 2B).

Positive Degree-day Model for Meltwater Flux
In order to calculate the mean annual glacier meltwater flux
to the Indus watershed over the past 40 years, we found the

melt rate for each glacier with a PDD temperature-index melt
model (Ambach and Kuhn, 1985; Braithwaite, 1995; Hock, 2003;
Bliss et al, 2014; Radic and Hock, 2014). Temperature-index
models rely on the premise that surface air temperature, one
of the more accurate variables available from most climate
datasets, is proportional to the mass loss from glaciers over time
(Oerlemans, 2005; Cuffey and Paterson, 2010). In particular, the
PDD approach assumes melt is proportional to the per-day-
sum of all temperatures greater than the melting point (the
degree days). The proportionality constant relating melt to the
PDDs, i.e., the melt factor, depends on the glacier surface albedo,
which is a function of both latitude and the conditions at the
glacier surface, such as debris-cover, clean ice or fresh snow
(e.g., Braithwaite, 1995; Kayastha et al,, 2003; Collier et al.,
2015). Unlike more complex and data-intensive mass and energy
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FIGURE 2 | (A) Spatial distribution of mean glacier elevation (in meters above sea level). (B) spatial distribution of glacier size (surface area, in km2) across the Indus
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balance models, degree-day models are simple to implement:
the only components necessary to run the model are the glacier
surface area and elevation, the temperature at the glacier surface,
and a melt factor (Ambach and Kuhn, 1985; Braithwaite, 1995;
Rupper et al, 2009). The main limitation to this modeling
approach is that they do not take into account spatial and
temporal changes in factors such as precipitation, cloudiness or
debris-cover that may influence albedo.

While an energy-balance approach would be more physically
based, observational and modeled data for surface energy flux
and mass balance gradients for individual glaciers is highly
limited in the region (see Figure 1). The study area is large, with
large variations in glacier area, aspect, hypsometry, debris cover
and spatial and temporal precipitation distribution; hence, an
energy and mass balance approach would be computationally
intensive and attended by significant uncertainties. There is also
a dearth of both weather stations and climate models at high
enough resolution to provide the surface energy inputs and mass
balance gradients necessary to implement an accurate energy
balance modeling approach to quantify melt for individual
glaciers across the region. Moreover, unlike for precipitation rates
(e.g., Palazzi et al., 2013), surface temperature is one of the more
certain outputs in all of the climate datasets available for this
region. Additionally, a number of reports suggest that changes
in glacier areas in the HMA are driven primarily by temperature
(Ambach and Kuhn, 1985; Braithwaite, 1995; Kayastha et al.,

1999; Rupper et al, 2009, 2012). A PDD/temperature index
approach is therefore appropriate for this large region.

Total annual per-glacier meltwater flux is estimated from the
mean elevation of each glacier, the 2m air temperature at that
elevation, a regional temperature lapse rate, a melt factor, and the
glacier surface area (see Figure 3).

The annual average air temperature at each glacier (see
Figure 4) is determined as:

Egrid )

Tglucier = lgrid +r (Eglucier - (1)

where Tgig (in °C) is the above-ground gridded temperature

of the grid cell in which the glacier is located, I" (in °C m~!)

is the adiabatic temperature lapse rate from the NCEP/NCAR

Reanalysis dataset (Kalnay et al., 1996), Egjgcier (in m.a.s.l.) is the

mean elevation of the glacier, and Eyy (in m.a.s.l.) is the gridded
elevation of the climate data cell in which the glacier is located.

We calculate the positive degree days (PDDs) using monthly

reanalysis output by calculating daily mean air temperature (T},)

as:

t

T, = Tglacier + Tampcos 2“% (2)

where Tymp is the amplitude in the seasonal cycle in air

temperature and ¢ is the day of the year. The PDDs are then
the sum of all daily temperatures greater than zero (Equation

Data for each glacier:

Mean elevation (Eg,am.e,)
Area (A /acier)
Degree day factor (DDF)

TN

Annual average air temperature at
mean glacier elevation:

Tglucier = lgria -~ F(Eglucier - Egrid)

.

N

‘glacier

Daily average air temperature at
mean glacier elevation:

Ta = Thiacier + T, 2
a glacier amp COS ”365

!

Annual melt rate at each glacier:

Myiacier = DDFS Ty > 0

!

Annual meltwater flux at

2
/[ /

each glacier:

Qgiacier = MgiacierAgiacier

Climate reanalysis data for grid cell containing
glacier:

Annual average temperature (Tgn. o)

Amplitude in seasonal cycle of air temperature (T
Grid elevation (Egn i)

Average temperature lapse rate (")

amp)

FIGURE 3 | Schematic illustration of the data inputs and calculations used to derive the final meltwater flux at each glacier. The gray, background grids
illustrate a coarse reanalysis grid. The cartoon mountain with a blue glacier illustrates the location of the glacier relative to these reanalysis grids. The gray and blue
boxes contain a list of the data required as input into the series of equations used to calculate meltwater flux (outlined in red boxes).
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3). Monthly data are used as not all reanalysis products provide
daily data over the full period of interest.
The mean annual melt rate per glacier is:

Mglacier = DDFZ Tq >0, (3)
where Mgjyier is total annual melt (meters of water equivalent
per year), T, is daily mean air temperature at the glacier surface
(°C), and DDF is the melt factor relating snow and ice melt to
surface air temperature (mm d~! °C™!), which depends on the
conditions at the glacier surface. We set fresh snow to 4m yr—!
°C71, clean ice to 6.5m yr~! °C™!, and dirty ice to 9m yr~!
ec! following Cuffey and Paterson (2010), Shea et al. (2009),
and Zhang et al. (2006). These melt factors compare favorably
with the few empirically-derived melt factors from across HMA
(see Figure 1): the mean observed melt factor in HMA is 8 +
34mmd~! °C~!, the minimum (snow) is 3.7 mm d~! °C~! and
the maximum (dirty ice) is 13.8 mm d-1tec! (Kayastha et al.,
2000, 2003; Singh et al., 2000; Zhang et al., 2006). We note that
all empirically-derived melt factors were measured over a limited
summer season of at most 3 months (Hock, 2003). While debris
thickness is presumed to influence melt rates (Scherler et al.,
2011) by enhancing melt with thin debris cover and impeding
melt as it thickens, recent studies indicate that debris-covered
ice in the region has thinned at a rate similar to that of exposed
clean ice (Bolch et al., 2012; Kiib et al., 2012; Collier et al., 2015).
Hence, we implement a single average melt factor, derived from
measurements on clean ice as a first-order approximation of ice
melt across the region.

The meltwater flux (Qgiacier), assuming melt (and runoff) rate
(Mglacier) from each individual glacier is the product of the total
annual melt and the glacier surface area [Agjycier (in m?)] over
which melt is occurring, is:

leacier = MglacierAglacier (4)

The total annual meltwater contribution to the Indus watershed
is the sum of all individual glacier meltwater fluxes. Hence,
uncertainty will arise from uncertainty in the climate data used
(Tgria and Tgigcier), estimates of glacier area and elevation (Aglacier
and Egjacier), the melt factor (DDF) and lapse rate (7).

Model Parameterizations

Model parameterization necessarily introduces additional
uncertainty in the melt calculations. In order to bound our
modeled meltwater flux within a plausible range, we used sets
of input parameters that may reasonably be said to represent
the mean, maximum, and minimum melt scenarios in the
Upper Indus watershed, respectively: (a) mean monthly two
meter air temperature, the mean of the empirically-derived melt
factors across High Mountain Asia (6.5 mm d!'Cc™!)and a
melting surface area of 75% (after Cuffey and Paterson, 2010),
(b) adiabatic lapse rate reduced by 1°C km™!, the maximum
empirically-derived melt factor for the region that is appropriate
for dirty ice (9.0mm d~! C™!), and a melting surface area of
100%, and (c) an adiabatic lapse rate increased by 1°C km~!,
the minimum empirically-derived melt factor that would be

TABLE 2 | Summary of parameters used in the degree-day model to find
upper and lower bounds and mean meltwater flux.

Scenario Adjustment to the DDF Glacier area
NCEP reanalysis (mmd-1 (km?)
dataset lapse rates T c
(°C km™1)
Mean 0 6.5 Aglacier x 0.75
Minimum +1 4.0 Aglacier % 0.45
Maximum =1 9 Aglacier x 1.00

appropriate for snow (4.0mm d~! C~!), and a melting surface
area of 45% (the ablation area) (see Table 2).

The maximum and minimum parameterizations should be
viewed as extreme endmembers, providing wide bounds to
potential meltwater flux in the study area. This method allowed
us to highlight spatial trends and variability in glacier meltwater
runoff and assess the relative importance of the lapse rate,
temperature, melt factor, and glacier surface area to the total
uncertainty in our calculated meltwater volumes.

Analysis of Results

Spatial Distribution of Meltwater Flux and
Temperature

Glacier meltwater flux integrated over the study area for each
climate dataset is in Figure5 and the spatial distribution of
the mean annual meltwater flux by glacier (in km?® yr~!)
is in Figure 6. The results vary significantly between the
climate datasets, from an integrated meltwater flux of 8-169
km? yr~!, with NCEP/NCAR and APHRODITE temperature
data representing the endmembers (see Figure 5). The average
meltwater contribution across all climate datasets for the 1979-
2007 was 90 km? yr~!, or 41% of total mean annual runoff
(Table 3). All model inputs except temperature were held
constant (by design), hence differences in the meltwater flux
estimates are solely the result of differences in the gridded
temperature datasets.

Closer inspection of the spatial pattern in temperatures at
the glacier elevations, using the APHRODITE temperature
dataset as control, provides important insights into some
of the key differences between the reanalysis datasets.
The spatial distribution of glaciers with mean annual
surface temperatures >0°C (above freezing) were found
throughout the watershed in every country except Afghanistan
(Figure 4). Temperatures at the mean elevation of the glaciers
ranged between —20.0 and 10.5°C, with a mean of —5.9°C
(Figure 7B).

On average, the glacier surface temperatures derived using
the CRU dataset are 2°C warmer than those found using the
APHRODITE temperature data, but the spatial pattern is very
similar (spatial correlation coeflicient equal to 0.82). One distinct
exception is in the southernmost edge of the watershed on
the northern aspects of the Garwhal Himalaya of India, where
temperatures using APHRODITE are more than 4°C warmer
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than CRU, perhaps reflecting the incorporation of orographic
effects in higher spatial resolution climate reanalysis data.

The NCEP/NCAR reanalysis temperatures are also spatially
correlated with both APHRODITE and CRU (correlation
coeflicients of 0.86 and 0.74, respectively (see Table 4). However,
NCEP/NCAR temperatures are significantly cooler than
temperatures from the other datasets, ranging from —24
to +8°C, with a spatially-averaged glacier temperature
of —10.2°C (Table 3). Temperature derived from the remaining
datasets varies within the range of those from the APHRODITE
and NCEP/NCAR reanalyses.

Despite some notable spatial differences in temperatures
between reanalysis dataset, the spatial distribution is highly and
significantly correlated (p-value < 0.005) (Table 4)—that is, the
pattern of temperature variation across the study area correlates
between datasets even when absolute temperatures do not.
(The one exception is the UD dataset. The spatial correlations
between UD and the other datasets are statistically significant,
but the correlations are not very high.) Therefore, the primary
driver of the large spread in meltwater flux is the difference
in spatially-averaged, or baseline, temperatures (Table 3). This
is because temperatures can be negative while melt cannot and
the datasets with lower baseline temperatures will have a greater
number of glaciers with zero melt. This is illustrated in Figure 7
which shows that the values for temperature within the datasets
approximate a Gaussian distribution while the distribution of
meltwater flux is right-skewed. In particular, NCEP and JMA
have much lower average temperatures than the other datasets,
low enough that many glaciers produce minimal or no meltwater
thereby decreasing the spatial correlation between meltwater
fluxes (Table4) and driving their integrated meltwater fluxes
much lower than the other datasets (Table 3).

To better compare the pattern of meltwater flux variability
between temperature datasets (rather than absolute values)
we applied systematic adjustment to each to standardize the
spatially-averaged temperature. The result was an increase in
the spatial correlation of meltwater flux between temperature
datasets. Most notably, the average spatial correlation between
NCEP/NCAR meltwater flux with the other datasets increases
from 0.35 to 0.71, and the average correlation between JMA
meltwater flux with the other datasets increases from 0.57 to 0.69.
We are able to conclude that a significant proportion (~70%) of
the differences in watershed-integrated meltwater flux is driven
by the differences in spatially-averaged temperature between the
datasets. The remaining proportion of the integrated meltwater
flux differences (Table 3 and Figure 5) is the result of spatial
differences in temperatures from one dataset to the other.

Interestingly, the spatial resolution of the climate input data
is not necessarily a good predictor of the magnitude of the
integrated meltwater flux (see Table 3). While APHRODITE,
the dataset with the highest spatial resolution, produced the
greatest estimate of total meltwater flux in the Indus watershed,
and NCEP, with the lowest spatial resolution, produces the
lowest estimate, the remainder of the datasets did not follow any
particular pattern.

Spatial Distribution of Meltwater Flux and Glacier
Size

For each dataset, the spatial correlation of meltwater flux with
glacier area is significantly higher than the spatial correlation of
meltwater flux with temperature (Table 5, Figure 8). This is due
to the role glacier size plays in meltwater flux. Larger glaciers
tend to have higher meltwater fluxes, and thus the spatial pattern
in glacier size (which is the same for regardless of the climate
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TABLE 3 | Climate dataset, spatial resolution, 2m air temperature
averaged across all glaciers, integrated meltwater flux for the Indus
watershed, integrated meltwater flux for the Indus watershed when all
temperatures are adjusted to the same mean.

Spatial Spatially- Meltwater Adjusted Adjusted

resolution averaged flux spatially- meltwater

temperature averaged flux
temperature

(degrees) (°C) (km3 yr=1) °C) (km3 yr=1)
APHRODITE 0.25 -5.9 169 -55 171
CRU 0.50 -39 93 -5.5 63
ERA 0.75 -0.9 135 -5.5 a7
JMA 0.56 -8.8 32 -55 70
NCEP 2.50 -10.2 8 -55 57
PGMFD 0.25 —-4.3 94 —-5.5 74
ub 0.50 —4.6 101 -55 82

dataset used) increases the meltwater flux correlations for each
climate dataset. In other words, the size of each glacier is a
much better predictor of meltwater flux than temperature (and
hence melt rate) at the glacier surface (Table 5, Figure 8). For
the Indus watershed, the largest meltwater fluxes were found
in the Karakoram and High Himalaya of India, where the
largest glaciers are (Figure 6). This result is robust across all
climate datasets, with the possible exception of NCEP, wherein
temperature estimates tended to be well below the 0°C isotherm,
and hence many glaciers produced little to no melt (See Figure 7).
The uncertainty in glacier area and change in glacier area over
time will therefore lead to significant uncertainty in regional
meltwater flux calculations and projections.

Meltwater Flux and Parameter Uncertainties
Beyond temperature, uncertainties in glacier area over which
melt is assumed to occur, environmental lapse rate, and
complexities that influence melt factors (e.g., debris-cover,
avalanching onto glacier surfaces, deposition of black carbon)
will also give rise to uncertainty in the meltwater fluxes. The
minimum and maximum melt model scenarios provide bounds
on the meltwater contribution and highlight how the meltwater
fluxes may vary due to large uncertainties in these input
parameters (Figure 5).

Using the APHRODITE dataset as control and the three
model parameterizations, annual meltwater contributions to the
Indus River over the period 1979-2007 ranged from a minimum
of 79 km? yr~! to a maximum of 302 km? yr~! and averaged
169 km® yr~1. Given total runoff in the Indus River has averaged
218 km® yr~! during this period (Sharif et al., 2012; Yu et al.,
2013), the maximum bound on melt parameterization is clearly
unrealistic. By contrast, the CRU climate data produced a lower
estimate of meltwater flux of between 40 and 181 km? yr~! with
an average of 93 km® yr—!. At the lowest end of the range of
estimated meltwater flux, the NCEP/NCAR climate data resulted
in annual melt volumes of between 2 and 26 km? yr~!, with an
average of 8 km? yr~!. These are extreme melt model scenarios,
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FIGURE 7 | Histograms of (A) glacier melt rate and (B) temperature for
three climate datasets: APHRODITE (dark gray), CRU (intermediate
gray), and NCEP (lightest gray). Note that all three melt-rate histograms are
right-skewed while temperatures show a Gaussian distribution. As
temperatures decrease, the median melt rates shift to lower values, resulting in
an increasing number of glaciers binned into the zero melt rate (as seen with
NCEP here). This leads to a significant number of glaciers not contributing to
the total meltwater flux when using NCEP temperature data as compared to
APHRODITE and CRU.

but highlight the fact that the choice of climate dataset will give
rise to uncertainties of the same order of magnitude as the largest,
systematic uncertainties in all model parameters.

Key Regions of Meltwater Contribution

Given the high spatial correlation between glacier meltwater
fluxes between climate dataset, we considered it robust to
evaluate which glaciers contribute the most meltwater runoft and
whether they share common characteristics. Overall, variations
in the spatial patterns of glacier elevation, glacier surface area,
and surface temperatures provide an a priori control on spatial
patterns in meltwater flux across the watershed. As expected,
given that most of the largest and lowest elevation glaciers are
located in the Karakoram and Hindu Kush ranges of Pakistan,
and a large percentage of the total glaciated area in the Indus is
located in Pakistan, the glaciated mountain ranges of Pakistan
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TABLE 4 | Spatial correlations of air temperature at the glaciers (right of gray diagonal) and of meltwater flux (left of gray diagonal) between climate

datasets.

APHRO CRU ERA JMA NCEP PGMFD ub Average correlation

Temp Volume

APHRO 0.82 0.89 0.83 0.86 0.83 0.62 0.81 0.79
CRU 0.96 0.80 0.75 0.74 0.93 0.38 0.74 0.78
ERA 0.97 0.93 0.84 0.78 0.80 0.51 0.77 0.78
JMA 0.66 0.63 0.67 0.64 0.73 0.48 0.71 0.57
NCEP 0.34 0.34 0.37 0.44 0.76 0.51 0.72 0.35
PGMFD 0.98 0.96 0.98 0.70 0.35 0.44 0.75 0.79
ub 0.81 0.84 0.77 0.32 0.26 0.77 0.49 0.63

The average correlations of meltwater flux and temperature for each dataset are also provided. All correlation coefficients are statistically significant at a 95% confidence level. We note

that these statistics do not take into account autocorrelations within the datasets.

TABLE 5 | Spatial correlation of meltwater flux with glacier area and mean
2m air temperature at the glacier.

Meltwater flux correlated with:

Glacier area Temperature
Aphro 0.97 0.01
CRU 0.94 0.04
ERA 0.95 0.02
JMA 0.51 0.1
NCEP 0.23 0.19
PGMFD 0.94 0.04
ub 0.85 0.06

Note that the correlations between meltwater flux and temperature are not significant,
while all correlations with area are significant.

contribute the largest meltwater flux of all the countries in the
Indus watershed, in all cases.

Importantly, we find that despite differences in estimates of
glacier runoft between the climate datasets, most of the meltwater
comes from a small percentage of the glaciers (Figure 9). This
result is robust across all datasets and is independent of the
modeling assumptions. Less than 1% of the glaciers in the Upper
Indus basin contribute half of the total meltwater runoff to the
Indus River, and, 10% of them more than 80% of total glacier
runoft (Figure 9). Most of these glaciers are in the Hindu Kush
and Karakoram of Pakistan, but a few large glaciers are in the
High Himalaya of Himachal Pradesh and the Aksai Chin of
China (Figure 6). Given their outsized impact on water resources
in the Indus Basin, we suggest that these glaciers should be the
target of further detailed research, and fieldwork in particular.

Changes in Meltwater Flux with Regional Climate
Change

To test the sensitivity of glacier meltwater flux in the Upper Indus
watershed to current and future climate change, we calculated
the change in flux under a range of temperature projections
generated for the IPCC ARS5. The 5th phase of the IPCC Climate
Model Intercomparison Project project warming across HMA by
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FIGURE 8 | Comparison of glacier area and meltwater flux for all
glaciers using the APHRODITE climate data. Note the significant
correlation between glacier area and flux. This is similar for all datasets, but
with varying slopes.

2100 AD, from 1.8 £ 0.5°C (RCP 4.5) to 3.7 & 0.7°C (RCP 8.5)
(Collins et al., 2013). Most future warming scenarios project at
least 1°C warming across HMA in the next 50 years (Christensen
et al.,, 2007).

We ran our mean model parameterization with mean
temperature from all seven climate reanalysis datasets as the
baseline and forced it with regional warming scenarios of 2 and
4°C (Cruzetal., 2007). For each model run, warming was applied
equally across the study area. We assume that the surface area of
all glaciers in the Indus watershed continue to shrink at the same
rate of 0.1-0.4% per year that they have exhibited over the last
50 years (Bolch et al., 2012), and use the reduced glacier area and
warming scenarios to calculate the percent change in total annual
metlwater flux by 2100 AD (Figure 10).

We find a very large spread in the response of meltwater flux
from —10 to +10% with 2°C warming and 0.1% per year area
reduction, to +30 to +290% volume with 4°C warming and
0.4% per year area reduction. These results should be viewed
with caution due to the simplicity of our approach; nevertheless,
our findings highlight the dependence of future climate impact
projections on the climate dataset that is used, and the fact
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FIGURE 9 | Percentage of glaciers in the Indus watershed contributing
to the total glacial melt flux. Regardless of dataset used, less than 1% of
the glaciers contribute over 50% of the meltwater, and 10% contribute over
80% of the total meltwater to annual runoff.

that the spread in meltwater flux estimates between climate
datasets becomes larger as the imposed temperature change (RCP
scenario) increases (Figure 10).

Ours is a conservative estimate of the change in meltwater
contribution, as we have assumed an average melt rate over
the entire glacier surface, while in reality the highest melt rates
occur in the lowest reaches of the glaciers that are typically the
areas being lost during glacier shrinkage and retreat. However,
we have not considered the unlikely but plausible scenario of
glacier expansion, should precipitation rates increase sufficiently
that enhanced melt due to a temperature increase is offset. Given
that we find meltwater flux is highly sensitive to glacier surface
area, this potential glacier response to climate change will be an
important consideration in future analyses.

Conclusions

We applied a PDD melt model and a selection of gridded
reanalysis climate datasets to the glaciers in the Indus River
watershed to quantify the contribution of glacier meltwater
runoff to total annual discharge. Our results, using a reasonable
mean parameterization of melt factors for the region, range from
8 to 169 km? yr~! for the period 1979-2007, depending on the
temperature dataset chosen. This suggests glacier melt accounts
for on average between 4 and 77% of the average annual discharge
of the Indus, dependent upon the baseline climate dataset chosen.
When applying extreme minimum and maximum bounds in the
melt model parameters for each climate dataset, we find a similar
range of variability in melt estimates. Thus, the uncertainty
inherent in climate reanalysis datasets represents a significant
challenge to quantification and projection of glacier changes
across large regions such as HMA. Even when any uncertainty
derived from estimates of glacier surface area and melt factors
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FIGURE 10 | Projected percentage change in meltwater flux, relative to
the mean meltwater flux for the 1979-2007 period, assuming warming
of 2-4°C by 2100 AD (IPCC, 2013), and a constant rate of glacier area
decrease of 0.1-0.4% yr—1 (i.e., 6-26% reduction in glacier extents by
2100 AD) (Bolch et al., 2012).

are minimized, there remains significant uncertainty propagated
by the necessary use of climate reanalysis datasets to drive glacio-
hydrological models, that must be acknowledged in any use of
these data for modeling purposes. This is an issue not only when
using gridded climate data, as we have done, but also when
using sparse weather station data that is extrapolated to disparate
glaciated areas in this remote and high relief region.

We have demonstrated that estimates of modeled glacier
runoff in the Indus Basin vary by more than an order of
magnitude between reanalysis datasets, but found also that the
spatial pattern of melt across the study region is robust and
independent of both the temperature datasets and the model
parameterization. Indeed, the spatial correlation of meltwater
volumes between the climate datasets, with the exception of
NCEP and JMA, is r ~ 0.79. We are therefore able to conclude
that fewer than 10% of the glaciers in the watershed contribute
more than 80% of the total meltwater flux to the Indus River.
Meltwater runoft is greatest where glaciers occupy relatively low
elevations and large surface areas. The vast majority of these
are in the Hindu Kush-Karakoram, and fewer in the Himachal
Pradesh, India. Our results show that the largest glaciers in the
Karakoram are particularly important to runoff in the Indus
River. Focused research on these glacier are critical to more
accurately project the impact of changing glacier-hydrology
on downstream transboundary water resources in the Indus
drainage basin.

Given that glacier surface area has a significant influence
on any melt volume calculations, over time changes in glacier
size will impact meltwater production to a similar extent as
any projected regional change in temperature (or precipitation).
Continued focus is hence needed to more accurately represent
both the total number of glaciers in the Indus watershed and any
spatial variability in glacier area and length changes, as well as
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better quantification of regional temperature and precipitation
changes across the wider Himalayan region, in order to
assess the meltwater response to ongoing regional climate
change.

Our climate sensitivity analysis suggests that infrastructure
and development in the Indus watershed over the past few
decades has been predicated upon higher than normal meltwater
volumes, as temperatures have increased faster than glaciers
have responded by thinning and shrinking. Dependent upon
the baseline climate chosen, glacier meltwater contributions
will increase slightly to significantly in the coming century,
but will likely ultimately decrease as the total glacierized area
in the watershed continues to decrease. Uncertainties in our
parametrizations of melt leads to additional uncertainty in the
projections of future glacier extent, and has roughly the same
importance as the uncertainty in both the baseline climate data
and in the climate projections. Much of this glacier response
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