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Retreating glaciers and snowpack loss threaten high-altitude communities that rely upon
seasonal melt for domestic water resources. But the extent to which such communities
are vulnerable is not yet understood, largely because melt contribution to water supplies
is rarely quantified at the catchment scale. The Khumbu Valley, Nepal is a highly glaciated
catchment with elevations ranging from 2,000 to 8,848 m above sea level, where
more than 80% of annual precipitation falls during the summer monsoon from June to
September. Samples were collected from the rivers, tributaries, springs, and taps along
the major trekking route between Lukla and Everest Base Camp in the pre-monsoon
seasons of 2016-2017. Sources were chosen based upon their use by the communities
for drinking, cooking, bathing, and washing, so the sample suite is representative of the
local domestic water supply. In addition, meltwater samples were collected directly from
the base of the Khumbu Glacier, and several rain samples were collected throughout
the study site. Meltwater contribution was estimated from §'80 isotopic data using a
two-component mixing model with the Khumbu glacial melt and pre-monsoon rain as
endmembers. Results indicate between 34 and 90% of water comes from melt during
the dry, pre-monsoon season, with an average meltwater contribution of 65%. With as
much as two-thirds of the dry-season domestic water supply at risk, the communities of
the Khumbu Valley are extremely vulnerable to the effects of climate change as glaciers
retreat and snowpack declines.

Keywords: climate change, drinking water, meltwater, glaciers, isotopes, two-component mixing model,
Himalayas, high-altitude

INTRODUCTION

High-elevation communities are some of the most susceptible to the effects of climate change
(Salerno et al., 2008), and a recent report concluded that even if global warming is kept below
1.5°C, a third of the glaciers in the Hindu Kush-Himalayan region and more than half of those in
the eastern Himalaya will likely be lost by the end of this century (Bolch et al., 2019). Yet significant
questions remain regarding the contribution of melt from glaciers and snow to water resources
in mountain regions (Immerzeel et al.,, 2010; Bocchiola et al., 2011). Answering them requires
catchment-scale study in order to quantify the role of meltwater and gauge the vulnerability of
these communities to the effects of climate change (La Frenierre and Mark, 2014).
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The sensitivity and vulnerability of high-altitude regions to
the effects of a shifting climate make them ideal long-term sites
for monitoring climate change (Salerno et al., 2008). The Hindu
Kush-Himalayan Region and Tibetan Plateau are often referred
to as the Earth’s “Third Pole” (e.g., Yao et al, 2012) as they
contain the greatest number of glaciers outside of polar regions.
They are also referred to as the “Water Tower of Asia” (e.g.,
Viviroli et al., 2007), because they are the headwaters for some
of the continent’s largest rivers, including the Indus, Ganges,
Brahmaputra, Yangtze, and Yellow rivers.

Previous related studies from the Himalaya have primarily
focused on river discharge, rather than specifically sampling
water sources that are used for domestic purposes including
drinking, cooking, bathing, cleaning, laundry, and other daily
necessities by local communities (e.g., Balestrini et al., 2014;
Wilson et al, 2016); or they have estimated meltwater
contributions at large, basin scales (e.g., Immerzeel et al,
2010). Analysis of surface waters by Balestrini et al. (2014)
in the upper Khumbu Valley revealed relatively low ionic
concentrations and indicated that surface water composition
did not entirely reflect precipitation composition. This suggests
that another source, or sources, made significant contributions
to the local water resources. Despite the modest contribution
of meltwater to total Ganges River Basin discharge, high-
altitude communities may rely much more heavily on seasonal
melting, and annual recharge of glaciers, snow, and ice since
regional precipitation decreases with increasing altitude (Asahi,
2010). Similar work in the Langtang Basin, a comparable
catchment c. 100 km west of the Khumbu Valley, concluded that
meltwater dominated the hydrograph outside of the monsoon
season (Wilson et al., 2016).

Likewise, our research concludes that in the Khumbu Valley,
Nepal, up to two-thirds of water comes from glacial and snow
melt during the dry season. This indicates that communities
there are especially vulnerable to the retreat and eventual
disappearance of glaciers and permanent snow fields in response
to continued warming trends. By developing a baseline of the
hydrologic cycle for the Khumbu Valley, this study benefits
future monitoring of these critical water resources and provides
a snapshot of pre-monsoon domestic water resources in the
Khumbu Valley against which the effects of climate change can be
observed. Predicting climate-driven changes before they occur,
and quantifying how the contribution of meltwater to domestic
water resources will change will allow the high-altitude Nepali
communities to be better prepared. In addition, the approach
implemented in this project may be applied to other high-altitude
environments where snow and glaciers contribute to valuable
water resources.

MATERIALS AND METHODS

Site Background

The Khumbu Valley is located in the upper catchment of the
Dudh Kosi river basin, in the Sagarmatha National Park, and
Buffer Zone (SNPBZ) of northeastern Nepal, ~140 km northeast
of the capital city of Kathmandu (Figure1). The park was
established in 1976 (Panzeri et al., 2013), and it was designated
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FIGURE 1 | Map of Khumbu Valley; point-up triangle represents glacial melt
sample; point-down triangles represent rain samples; circles represent all other
sampling locations; inset map shows location of study area within Nepal.

a World Heritage Site in 1979 due to its unique geological,
ecological, cultural, and aesthetic value. In 2002, a 275 km?
Buffer Zone was added on the southern border of the 1,148 km?
park to further protect the region (UNESCO [United Nations
Educational Scientific and Cultural Organization], 2009). The
Dudh Kosi river drains the Mt. Everest Massif to the south, which
makes it the highest-elevation river system in the world, along
with the Yarlung Tsangpo river in Tibet, which drains the Mt.
Everest Massif to the north. The Dudh Kosi river begins near
the Gokyo lakes in the western portion of the study area, flows
southward past Namche Bazar, and then west of Lukla and out
of the study area. The Imja Khola and Lobuche rivers originate
at the glaciers of the eastern portion of the study site, including
the Khumbu and Imja glaciers. They flow southward, joining the
Dudh Kosi river below Phortse. The Dudh Kosi river is one of
the seven tributaries of the Sapta Koshi river, which is part of the
greater Ganges river system (Xiang et al., 2018). Elevations within
the study area ranges from c. 2,000 m where the Dudh Kosi River
flows southward out of the Buffer Zone just southwest of Lukla to
8,848 m above sea level (asl) at the summit of Mt. Everest on the
northern border of the park.

The climate of the Khumbu Valley is temperate, characterized
by strong seasonality with dry, cold winters and warm, wet
summers (Nicholson et al., 2016). Due to its location within
the Subtropical Asian Monsoon zone, more than 80% of annual
precipitation to the region falls between the months of June and
September (Mani, 1981; Barry and Chorley, 1982; Byers, 2005;
Salerno et al., 2008). This precipitation is delivered via the South
Asian Monsoon System, which carries warm, moist air out of the
south, or southwest from the Bay of Bengal across the Indian

Frontiers in Earth Science | www.frontiersin.org

April 2020 | Volume 8 | Article 128


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wood et al.

Melting Glaciers Threaten Nepal Water

Subcontinent and as far north as the Tibetan Plateau (Miiller,
1980; Salerno et al., 2015).

Regional vegetation varies with altitude. The majority of
samples were collected below the local tree line at c. 4,000 m
asl. The landscape here is dominated by lush rhododendron
forests punctuated by small, terraced, subsistence agricultural
fields. Above the tree line, much of the ground is bare, and juniper
and other hardy shrubs replace rhododendrons. From c. 5,500
6,000 m asl, only low-growing mats of cushion plants thrive. The
nival zone above ¢. 6,000 m asl is glaciated or snow-covered for
much of the year and vegetation is extremely limited. Local fauna
includes the snow leopard, musk deer, and red panda, all of which
are either endangered or threatened species (Van Geldern and
Barth, 2012; Balestrini et al., 2014).

Despite concerns since the 1970s regarding the tourism-
related pollution increase in the region, the first systematic
study of drinking water quality in the Khumbu Valley was
not undertaken until 2014. In that year, Nicholson et al.
(2016) sampled community water sources with a focus on fecal
contamination of drinking water. The study concluded that
there were higher counts of E. coli and other coliform bacteria
associated with fecal contamination in samples collected from
lower elevation, higher population areas, and that surface water
was more highly contaminated than groundwater-fed springs.
Accurate census data for the region are scarce; however, recent
estimates place the population of the Khumbu Valley between
3,500 and 6,000 people (e.g., Byers, 2005; UNESCO [United
Nations Educational Scientific and Cultural Organization], 2009;
Nicholson et al., 2016).

The Khumbu Valley, and the SNPBZ in general, is considered
a data-poor region. The paucity of research is largely due to the
location’s geographic remoteness and ruggedness; historically, it
has been difficult and expensive to access (Salerno et al., 2013).
Increasing tourism over the past few decades has boosted the
local economy and infrastructure, making access to the region for
scientific endeavors more feasible, and there has been a marked
increase in published research of the region since the turn of the
century, and this study represents the first to attempt to evaluate
local vulnerability to climate change with respect to domestic
water resources.

Objectives

The objectives of this study were to: (1) collect a suite of samples
representing community domestic water supplies in the Khumbu
Valley as well as the sources that contribute to them, (2) to analyze
the samples for §!80 and 8*H isotope values, and (3) to identify
source endmembers and estimate the overall contribution of melt
from glaciers, snow, and ice (hereafter “meltwater” or “melt”)
vs. precipitation using a two-component mixing equation. The
results have been used to evaluate the vulnerability of community
domestic water resources in the Khumbu Valley to the observed
and anticipated effects of climate change.

Methods

Two field campaigns were conducted: the first in spring 2016,
when samples were collected between April 21 and May 06;
and the second in spring 2017, when samples were collected

between April 21 and May 05. These campaigns took place
during the dry, pre-monsoon season. Sampling was carried
out within the Khumbu Valley along the main Everest Base
Camp Trekking Route between the town of Lukla and Everest
Base Camp. Sampling locations included large rivers, small
streams, natural springs, numerous community standpipes, and
several indoor taps Locations were selected to reflect community
drinking water sources—primarily standpipes and taps—as
well as the waterways that supply them—rivers, tributaries,
and springs. Collectively, the samples represent the water
used for drinking by local residents and tourists alike. In
addition, a glacial melt sample was taken directly from the
terminus of the Khumbu Glacier in 2016, and precipitation
samples were collected on April 22, April 28, and May 1,
2017 (Figure 1).

Samples for ion analysis were collected with a syringe, then
passed through a 0.45-pum filter into pre-washed 60 or 125-mL
high-density polyethylene bottles with screw-on polypropylene
caps. Bottles were then sealed with paraffin sealing film. Samples
for isotope analysis were collected, unfiltered, by syringe, or
directly from the water source in 2-mL glass vials with plastic
screw-on caps with no visible bubbles or headspace, then sealed
with paraffin sealing film.

Temperature, pH, conductivity, and total dissolved solids
(TDS) were measured in the field via Fisher Scientific
Accumet AP85 portable waterproof meter. When possible, the
instrument probes were inserted directly in the uncollected
water for measurements. In case of insufficient flow—at
standpipes and taps, for example—it was necessary to collect
whole water in a plastic 1-L bottle into which the probes
were inserted.

lon Analysis

Analysis for cations (Ca?t, K, Lit, Mg?*, Na*, and NH4 )
was conducted at Ball State University via ion chromatography
(IC) using a Dionex ICS-2000 with a Dionex AS40 Automated
Sampler and processed through Chromeleon Chromatography
Data System software. Analysis for anions (Cl~, NO3~,
and SO427) was conducted at Ball State University via
IC using a Dionex ICS-50004+ with a Dionex EGC for
potassium hydroxide eluent generation, a Dionex IonPac
AS15 analytical column, and an Anion Self-Regenerating
Suppressor 300. HCO3~ concentrations were calculated at
Ball State University using AquaChem groundwater software.
All measured and calculated ion concentrations are reported
in pEq/L.

Isotope Analysis
8180 and §?H isotopes were measured directly from water vapor
using infrared spectroscopy (Kerstel et al., 1999; Kerstel and
Gianfrani, 2008) at Indiana University Purdue University
Indianapolis using a Picarro L12130-i Cavity Ringdown
Spectrometer according to the methods described by Van
Geldern and Barth (2012).

Isotope values are reported in standard delta notation (8) in
per mille units (%o), comparing heavy-to-light isotope ratios in
the sample with the reference, Vienna Standard Mean Ocean
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Water (VSMOW). The following equations are used:
s180 — ( 180/ 0 )sample
('*0 /0 )vsmow

$2H — ( (ZH/IH )sample

- 1) - 1,000%o0

o f T sampe . 9

(2H / 'H )ysmow 1) 1 000%s

The VSMOW abundance ratio for 2H/'H is 1.5575 x 10™* and
2.0052 x 1073 for 80/'%0 (Clark, 2015). The global meteoric
water line (GMWL), defined by Craig (1961) is a linear equation
expressing the global average linear relationship between 830
and 8%H ratios in terrestrial waters:

8§80 = 8 - 8°H + 10%o

where 8 is the slope of the line and 10%o is the deuterium
intercept, or value of 3’H at §'0 = 0. A local meteoric
water line (LMWL) can be defined by the same equation for
a set of samples according to 880 and 8H values, slope, and
deuterium intercept. The intercept of any given sample, termed
deuterium excess by Dansgaard (1964), is calculated according to
the following equation:

d=%H-8-8"%0

For the purposes of this study, deuterium excess is calculated
using Dansgaard’s equation, and all LMWLs are compared to the
GMWL observed by Craig (1961).

Estimating Meltwater Contribution
Meltwater contribution estimates were calculated using the
following two-component mixing equation:

Cs — Cp

Xm = ——F 100
cm — ¢

where x,, is the contribution of meltwater to the sample in
percent, c; is the 3'%0 value of the sample, ¢, is the §'%0 value
of the precipitation endmember, and c,, is the 8'30 value of the
melt endmember (Mark and Seltzer, 2003).

RESULTS AND DISCUSSION
Water Chemistry

Ion analysis revealed domestic water resources in the study site
were primarily of the calcium-bicarbonate water-type. HCO3~
was the most abundant ion overall, with an average concentration
of 234.12 wEq/L. SO42~ exceeds HCOj as the dominant anion
in only six samples. The average SO42~ concentration is 84.56
iEq/L. Ca?* is the dominant cation in the majority of samples,
with an average concentration of 207.41 wEq/L. Na%t is the
second-most abundant cation, with an average concentration of
71.69 LEq/L. Overall, the following trends are observed regarding
concentrations of cations and anions, respectively: Ca?* > Na™
> Mg** > Kt > NH4t > Lit; HCO3;~ > SO42~ > CI~ >
NO;1 (Table 1).

All samples were undersaturated with respect to any mineral.
Tonic strength ranged from 0.14 to 0.91 mM/L with an average of

0.50 mM/L. Considering the abundant feldspar minerals in the
lithology of the study site, the relatively low concentrations of
Ca’", NaT, and K™ may be indicative of a short groundwater
residence time and little water-rock interaction (Ako et al.,
2011; Nganje et al., 2017). And although the dissolution-
resistant local metamorphic bedrock would not be expected
to drastically increase ionic strength even given substantial
groundwater residence time, samples collected from springs were
chemically indistinguishable from other surface water samples.
These observations collectively suggest there may be relatively
little water-rock interaction within the region.

Local Meteoric Water Lines

All collected waters plot close to the Global Meteoric Water Line
(GMWL; Figure 2), and the Local meteoric water line (LMWL)
for 2017 is defined as follows:

8180 =827 - 82H + 12.7%o

The deuterium excess of 12.7%o is slightly higher than for the
GMWTL (10%e0), and is similar to the results of Balestrini et al.
(2014) and Florea et al. (2017). This increase suggests a slightly
greater kinetic component to primary evaporation than the
global mean. This is consistent with the northward migration
of the thermal equator with the Intertropical Convergence Zone
(ITCZ) during the months of April and May (Kump et al., 2014).
This is only a slight observed deviation from the deuterium
excess of the GMWL, however, and it would be anticipated to
be stronger during the warmer monsoon months, and weaker
during the cooler winter months.

In Figure 2, the sample that is most depleted in heavy oxygen
and hydrogen isotopes compared with VSMOW has a 8180 value
of —20.27%o and a 8?H value of —152.46%o. This sample was
collected directly from the base of the Khumbu Glacier at Everest
Base Camp during the 2016 field campaign, and it serves as
the melt endmember for the purposes of this study. The three
precipitation samples collected during the 2017 campaign are
the most enriched in the heavy isotopes with 880 values of at
least —2.09%o and 3*H values of at least 2.19%o. Excluding the
precipitation samples and meltwater endmember, all samples fell
between a range of —8.25 to —18.39%o for 8'0 and —52.37 to
—135.44%o for 8*H. Within these samples, there was no clear
trend based upon source. Specifically, there was no characteristic
isotopic signature for samples sourced from springs vs. streams.
Because of this, groundwater is not included as an endmember
in this study. Considering the high topographic relief and dense
metamorphic rocks of the study site, the lack of a groundwater
signal from springs is not surprising. The water produced by
springs is likely interflow with a short residence time below the
surface. This is not to say that there is no groundwater in the
region, but rather that deep groundwater does not seem to be a
significant component in current domestic water resources.

Contribution of Meltwater

The estimated melt contribution to each sample was calculated
based on isotopic composition using a two-component mixing
equation with meltwater from the Khumbu Glacier and local
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TABLE 1 | Summary of results from ion analysis; all concentrations expressed in wEg/L; <DL indicates concentration was below instrument detection limit.

Ca?* Na* Mg?+ K+ NH,* Lit+ HCO3~ S0,2- cI- NO3~
Min. 31.54 10.46 5.32 4.07 <DL <DL 49.21 1.14 1.16 <DL
Max. 515.22 201.97 86.87 31.4 0.76 442.2 359.11 32.18 62.25
Range 483.68 191.5 81.65 27.33 0.76 392.99 357.96 31.03 62.25
Avg. 207.41 71.69 39.43 14.61 0.66 0.07 234.12 84.56 7.44 6.97
Stdev. 137.65 40.15 18.18 7.51 0.98 0.14 106.2 81.24 7.77 13.12
and melt samples to improve endmember data quality as well as
1007 verifying or disproving the assumption that only pre-monsoon
504 V. season rain contributes to the pre-monsoon season water supply.
Melt contribution estimates ranged from c. 34-90% (10-
o- 66% rain) with an average contribution of c¢. 65% (35% rain;
o Table S1). This far exceeds estimates that meltwater contributes
‘-}Q 50 c. 10% to the greater Ganges River Basin, the majority (c.
o 85%) of which area is located below 2,000m asl, and is
-100- therefore supplied primarily by monsoonal precipitation rather
than meltwater (Immerzeel et al, 2010). Figure3 shows a
-1504 strong positive relationship between altitude and meltwater
contribution regardless of source. This relationship indicates that
'200_30 505 s 5 16 vulnerability to water scarcity from climate change increases

with altitude.
3'%0%o For the purposes of this study, there is no differentiation
_ . o between melt from glaciers and that from other snow and ice.
FIGUBE 2 | Loc.al meteoric water line, representgd by solid line, calculated Because they are derived from the same vapor bodies, snowmelt

from isotopic ratios of collected samples; LMWL is §'80 = 8.27 82H + 12.7%o;

point-up triangle represents glacial melt sample; point-down triangles from a mountain peak should isotopically match glacial melt
represent rain samples; circles represent all other sampling locations; global from an adjacent valley, with any slight differences between
meteoric water line (3'°0 = 8 8?H + 10%o) is represented by dotted line. them due to fractionation during melting. Analysis of fresh snow

precipitation as endmembers (Mark and Seltzer, 2003). The
glacial melt sample was collected during the 2016 field campaign
directly from the base of the Khumbu Glacier. The precipitation
samples were collected during the 2017 field campaign from three
separate rain events at a range of latitudes and altitudes. The most
depleted of the precipitation samples is used as the precipitation
endmember since it is known to be 100% rain. Using the other
precipitation samples as endmembers or averaging them would
skew the calculations so that the most depleted precipitation
sample would appear to be <100% precipitation. If future
work yields pre-monsoon-season rain samples more depleted
than those in this study, the upper endmember would be
further constrained, facilitating more accurate melt contribution
estimates. Likewise, more enriched meltwater samples would
constrain the lower endmember and alter melt contribution
estimates. The use of rain samples from the pre-monsoon season
assumes that only recent rain contributes to the rain component
of samples. This is likely true as long as the residence time for
surface water in the catchment is short. The majority of annual
rainfall to the catchment occurs during the summer monsoon
and is much more depleted in §!80 than pre-monsoon rain. But
this water likely moves through the catchment very quickly, and
therefore doesn’t significantly contribute to pre-monsoon-season
samples. Future work should focus on collecting additional rain

from the northeast face of Mt. Everest yielded isotopic values
indistinguishable from those of Khumbu Glacier melt from this
study (Kang et al., 2002). Furthermore, a study from the Eastern
Himalaya determined glacial samples were isotopically similar
to fresh snow samples from the same glacier (Nijampurkar and
Bhandari, 1984). Likewise, a more recent study from the Bhutan
Himalaya found that 8'30 values for glacier ice, glacial outflow,
and snow were all similar (Williams et al., 2016). Because glacial
melt can only contribute to a sample if there is a glacier upslope of
the sampling site, the contribution of melt from snow vs. glaciers
can be rudimentarily evaluated by “looking uphill.” The region’s
glaciers are located primarily in valley bottoms at elevations
higher than 4,500 m. As a general rule, melt contribution from
samples collected downstream of these locations, such as river
samples, can be assumed to have a significant glacial component.
On the other hand, hillside springs and small streams do not
generally have glaciers above them, so the melt component from
those samples must be assumed to derive from snowmelt from
the nival zone.

Implications for Climate Change
Vulnerability

The SNPBZ is known for being the location of Mt. Everest.
The Himalayas, containing the world’s largest freshwater reserve
outside of polar regions and known as Earth’s “Third Pole”
and the “Water Tower of Asia,” are particularly sensitive and
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FIGURE 3 | Comparison of the relationship between percent of meltwater
contribution and elevation; for each elevation group, circle represents mean,
bars represent one standard deviation, and number represents number of
samples.

vulnerable to climate change. The first study of glaciers in the
region was conducted by Miiller in 1956, just 3 years after the
first successful ascent of Mt. Everest (Miiller, 1959). In 2007,
Bajracharya et al. (2011) mapped 3,808 glaciers across Nepal.
They concluded that glaciers at elevations below 5,800 m above
sea level are retreating, and in general, the number of individual
glaciers in Nepal is increasing as larger ones break up. According
to Salerno et al. (2008), there are c. 29 glaciers in the Sagarmatha
National Park, which are primarily summer accumulation,
debris-covered (D-type) “black glaciers.” The melting and retreat
of these glaciers, which feed the Indus, Ganges, Brahmaputra,
Yangtze, and Yellow Rivers, has the potential to impact over 1.4
billion people. Nearly half a billion live in the Ganges River Basin
alone, where snow and glacial melt are estimated to contribute
10% of the basin’s total discharge (Immerzeel et al., 2010).

Despite the significance of the Himalayan glaciers, catchment
scale studies are almost non-existent. Previous studies from
the Himalaya have primarily focused on river discharge (e.g.,
Balestrini et al., 2014; Wilson et al., 2016) and the large basin
scale (e.g., Immerzeel et al., 2010). Yet, catchment-scale studies
quantifying the role of melt are critical to assessing regional
variability and vulnerability (La Frenierre and Mark, 2014). The
results of this study, using geochemistry and $'%0 and 3*H
isotope analyses, indicate a reliance on meltwater to supply
domestic drinking water sources in the Khumbu Valley. An
average of 65% of the volume of domestic water resources in
the Khumbu Valley during the dry, pre-monsoon season, can
be attributed to meltwater contribution, with the remaining
35% coming from rain. The results are supported by work in
the Langtang Valley where Wilson et al. (2016) conclude that
meltwater dominates the hydrograph throughout most of the
year, except during the monsoon season when precipitation
dominates. The similarities between the Langtang Valley and the
Khumbu Valley suggests that meltwater plays a significant role
for the streams in the Khumbu region.

Given these results, along with the observation that
Himalayan glaciers are rapidly receding (Bolch et al., 2019),
high-altitude communities within the SNPBZ are likely to be
particularly vulnerable to climate change and receding glaciers;
extrapolating these results indicates that all high-altitude
communities in the Himalaya may also be vulnerable. In
addition, the low ionic strength of the samples in this study
suggest little water-rock interaction, an indication that there
is no long-term reservoir to buffer communities against even
short-term shortages of water from precipitation or melt.
In the long-term these results indicate that surface water
availability during the pre-monsoon season will increase
as rapid melting of alpine glaciers and snow contributes to
streamflow in the short-term future, followed by eventual
pre-monsoon water scarcity as the glaciers and permanent
snow disappear. Because the samples used in this study were
collected in 2016 and 2017, they reflect the relative contribution
of meltwater and rain at that time. As global temperatures
continue to rise (NOAA National Centers for Environmental
Information, 2020), the meltwater contributions presented here
can reasonably be considered minimum estimates, making
these results even more important for local communities
efforts in resource management in the face of continued
warming. The contribution of meltwater to community
water supply in the Khumbu Valley and other high-altitude
Himalayan catchments should continue to be monitored in
order to refine and update meltwater estimates. Although not
directly addressed in this study, future research may provide
a detailed long-term timeline of Khumbu Valley domestic
water supply through modeling of changing glacier, snow, and
monsoon dynamics.

This study highlights the importance of understanding
the high-altitude catchment basins, in order to predict the
impact of climate change at both high and low altitudes in
a river basin. Understanding climate-driven changes before
they occur and quantifying the contribution of meltwater to
domestic water resources will allow the high-altitude Nepali
communities to be better prepared. These concepts may be
applied to other high-altitude environments where snow and
glaciers contribute to valuable water resources. In addition,
the implications of this research can be used for long-
term planning and climate hazard mitigation throughout the
entire region.

SUMMARY OF CONCLUSIONS

(1) Domestic water resources in the Khumbu Valley are of
low ionic strength and are primarily of the calcium-bicarbonate
water- type, and less commonly, calcium-sulfate, sodium-
bicarbonate, and sodium-sulfate.

(2) The LMWL calculated from 2016 to 2017 isotopic data is
8180 = 8.27 8*H + 12.7%o. Long- term monitoring will yield a
more accurate LMWL.

(3) A two-component mixing equation using meltwater from
the Khumbu Glacier and local precipitation as endmembers
reveals that meltwater contributes an average of 65% of the
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volume of domestic water resources in the Khumbu Valley during
the dry, pre-monsoon season, and there is a strong positive
correlation between altitude and meltwater contribution.

(4) It is likely that meltwater contribution to pre-monsoon
domestic water resources in the Khumbu Valley will increase in
the short-term future as glaciers, snow, and ice melt, and that
water scarcity will follow when these sources have melted and are
no longer recharged annually.

(5) Water resources in the Khumbu Valley should continue
to be monitored in future years to further confirm or to
update the findings of this study with the ultimate goal
of making the communities of the Khumbu Valley and
other high-altitude communities more resilient in the face of
climate change.
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