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ABSTRACT

Contributions of Glacial Melt, Snowmelt, and Groundwater to Streamflow During Low-Flow
Periods: A Paired Catchment Approach in the Arun Watershed, Eastern Nepal

by

Katalyn A. Voss

My dissertation research investigates the spatial and temporal variability of water
sources in the Arun watershed, a river basin in the eastern Himalaya, using a combination of
geochemical and isotopic tools to assess the hydrologic and climatic processes that control
water resources in the region. Broadly, I aim to answer the questions: (1) what are the
spatiotemporal patterns of the Indian Summer Monson versus Winter Westerly Disturbance
storm systems as they contribute to water supply, and (2) how do contributions of snowmelt,
glacial melt, groundwater, and rain vary from local-to-regional scales in the eastern
Himalaya? I address these questions by exploiting the natural variability in the geochemical
and isotopic composition of meteoric water, which is controlled by distinct hydrologic and
climatic processes. I explore these data across spatial scales that include the Tibetan Plateau
headwaters of the Arun River, a high-elevation glacierized tributary, a low-elevation

tributary, and the downstream outlet of the Arun River.

In Chapter Two, I find that deuterium excess emerges as valuable tracer to partition
regional precipitation systems while high sulfate levels are correlated to glacial melt source

waters. [ use these two tracers to qualitatively describe broad patterns in regional water

xi



supply for the Arun watershed and its tributaries, and highlight differences that arise from the
varying hydroclimatic characteristics throughout the basin. In Chapter Three, I explore the
variability in ¢ O and 6D stable isotope values along a 6000-m elevation gradient and
identify non-linear § '*O and oD lapse rates in river water controlled by regional precipitation
patterns and local mixing with glacial melt. In Chapter Four, I use a combination of
dissolved ion concentrations and J 'O and dD stable isotope values in a mixing model
approach to partition streamflow during low-flow periods before and after the monsoon, and
I identify the tracers that offer the highest utility to identify water sources in these Himalayan

catchments.

The dissertation provides evidence that seasonality and elevation act as strong
controls on Himalayan water supply with low-elevation catchments dependent on monsoon
rainfall and high-elevation catchments relying more heavily on glacial melt. Contributions of
snowmelt to river discharge are seasonally discrete in the pre-monsoon season and spatially
constrained to high-altitude regions or headwaters. I elucidate the potential applications of
isotopic and geochemical tracers to differentiate snowmelt from glacial melt and to identify
seasonal precipitation cycles. This work advances an emerging body of literature focused on
Himalayan water resources and provides a practical framework to assess water budgets
across local and regional scales. Critically, the dissertation provides insights and direction
for future research to accurately quantify water resources in the Himalaya and, ideally,

inform water management decisions.
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Chapter 1. Introduction

Water resources are the crux of our global well-being: from sustaining human
populations as drinking water to nourishing agriculture and flowing through turbines to
generate electricity. Demand for water is increasing as populations grow, industry thrives,
and societies transition to a modernized, albeit water-intensive, society. This escalated
demand is juxtaposed by increased variability in water supply. With climate change, the
global water cycle is accelerating, and the result is a redistribution of water resources both
spatially and temporally: wet regions are becoming wetter while dry regions are becoming
drier, droughts and floods are increasing, and formerly predictable precipitation cycles are
now erratic (Jimenez Cisneros et al., 2014). With diverging patterns in water supply and
demand, many regions are experiencing increased vulnerability to water stress or water-
related hazards (Vorosmarty et al., 2000).

In high mountain regions, these trends are magnified because the dramatic elevation
gradients of mountain regions amplify small perturbations in climate and anthropogenic
activities. Across the globe, high mountain regions are experiencing rapid increases in
temperature that alter several components of the mountain hydrologic system: glacier retreat
is accelerating and some glaciers are disappearing entirely; snowpack is diminishing and the
timing of melt events is increasingly variable; and, high-intensity rainfall events are
becoming more frequent, resulting in increased hazards from floods and landslides (Beniston,
2003). At the same time, the populations living in high mountain regions or dependent on
mountain resources are attempting to minimize risk from natural hazards, maintain food
security, and achieve energy independence. High mountain regions and the populations that

live in them are on the frontlines of climate change. Indeed, climate-driven shifts in water



resources are happening now, and the nations, cities, and communities in these regions are
rapidly attempting to adapt, manage, and thrive in these dynamic environments.

The Himalaya, the water towers of Asia, are an archetypal mountain landscape in
flux. Critically, rivers originating in the Himalaya and Tibetan Plateau eventually drain
through the Indian subcontinent and supply water for agriculture, domestic use, and energy
generation (Immerzeel et al., 2010; National Research Council, 2012; Viviroli et al., 2007).
Yet, the Himalayan ecosystem — both its physical land and water resources as well as its
political and socioeconomic structures — remain enigmatic despite their geopolitical
significance (Wirsing, 2013; Wirsing et al., 2012). Our weak understanding of the Himalaya
is partially due to the rapid hydrologic changes occurring the region, but also because the
rugged region is remote and inaccessible. Consequently, the vast majority of rivers in the
Himalaya are ungauged and lack traditional meteorological or hydrologic monitoring
infrastructure to accurately quantify water resources. Instead, a combination of local field-
based studies and regional remote-sensing studies shape our foundational understanding of
the hydroclimatic dynamics of watersheds throughout the region.

Broadly, water supply in the Himalaya is derived from rainfall, snowmelt, glacial
melt, and groundwater, and the relative importance of these water sources varies across
spatial scales from small, localized watersheds to the expansive river basins that span the
continent. Geographically, the Himalaya act as a significant physical barrier that drives
hydroclimatic patterns across the region. The Himalaya are influenced by two moisture
regimes: the Indian Summer Monsoon (ISM) and the Winter Westerly Disturbances (WWD).
The ISM brings rainfall to the region from May to October while the WWD deposit

snowpack from November to April; however, the spatial distribution of these precipitation



sources is divergent with the influence of the ISM decreasing from east-to-west and the
WWD increasing (Bookhagen & Burbank, 2010). Additionally, the Himalaya block the two
storm systems from moving north and result in a rainshadow across the Tibetan Plateau.
Glaciers are a component of river discharge; however, their relative contributions vary
spatially and temporally. High-elevation catchments and the headwaters of glacierized rivers
have the greatest contributions of glacial melt to streamflow, and that contribution decreases
as rivers flow downstream and into low-elevation regions with greater inputs from rain,
snow, and groundwater (Armstrong et al., 2018; Bolch et al., 2012; Lutz et al., 2014). That
said, the melt dynamics of glaciers and snow are still poorly understood and dependent upon
a variety of factors including debris-cover, redistribution of snow from avalanches or
landslides, regional climate patterns, and variability in the local energy balance (Bolch et al.,
2012; Rounce et al., 2017; Smith & Bookhagen, 2018). Our knowledge of groundwater in
Himalayan catchments is also limited, but groundwater is suggested to be a significant source
of water depending on catchment elevation, season, and local soil or bedrock characteristics
(Andermann et al., 2012).

Climate change adds another layer of complexity to the already dynamic baseline of
Himalayan water resources. Rainfall from the ISM is increasingly variable: the frequency
and magnitude of high intensity storms is increasing but the gaps between these storms are
lengthening (Malik et al., 2016). Snowpack is decreasing throughout the central and eastern
Himalaya with shorter and earlier melt periods (Smith & Bookhagen, 2018). Glacier retreat
is accelerating (with the exception of the Karakoram region), and proglacial lakes now dot
the Himalayan landscape (Bolch et al., 2012). Groundwater recharge and flow patterns

evolve with land use and land cover change, and predicted to be highly variable given



patterns of deforestation, cropland conversion, and terracing. Combined with our baseline
framework of water resources in the Himalaya, we can anticipate potential tension points that
will arise in water supply. First, the fluctuations between high and low flow periods may
increase in magnitude and diverge temporally. This could result in increased water scarcity,
and simultaneously, increased frequency of floods. Second, the already convoluted mix of
sources contributing to Himalayan rivers will only become more variable and, consequently,
river discharge will likely become more unpredictable.

The intricate Himalayan hydroscape presents a challenge for water management and
the potential implications for regional security situate Himalayan rivers as a geopolitical
hotspot (National Research Council, 2012). Innovative research that utilizes alternative
methodologies to quantify Himalayan water resources is indispensable and provides critical
assessments of water budgets for the region despite the isolated terrain and the lack of
traditional water monitoring infrastructure. This dissertation seeks to contribute to an
emerging body of research to provide new insights to the spatiotemporal variability of water
supply in Himalayan watersheds. The dissertation seeks to answer the broad questions: What
are the main sources of water contributing to river discharge? How do the contributions of
source waters vary across space and time? The methodology used in the dissertation
bypasses the lack of traditional gauge and observational data to explore the potential
applications of geochemical and isotopic tracers to track distinct source waters in the eastern
Himalaya across spatial and temporal scales. Specifically, the dissertation aims to elucidate
several gaps in our current understanding of Himalayan rivers, including: (1) the relative

influence and timing of ISM versus WWD precipitation; (2) differentiation between snow



and glacial meltwaters as they contribute to discharge; and, (3) variation in source waters
across spatial scales from tributary headwaters to a larger transboundary river basin.

To investigate these questions, we target a single river basin, the Arun watershed in
eastern Nepal, as a case study. The Arun watershed is an ideal study site for several reasons.
First, it’s lower reaches receive precipitation from both WWD and the ISM moisture sources
while its headwaters are located in the Tibetan Plateau, which will allow us to disentangle
spatiotemporal variation in precipitation contributions from the two storm systems. Second,
it contains tributaries with a variety of physical features that can be compared to explore and
extrapolate the unique geochemical and isotopic signatures of glacial melt, snowmelt,
groundwater and rainfall. Third, it is physically accessible with extensive trail systems and
villages, which allowed for data collection across large portions of the watershed and
collaboration with local community members as citizen scientists to collect a spatially and
temporally dense dataset.

The first chapter of this dissertation explores broad patterns in the geochemical and
isotopic characteristics of water sources in the Himalaya. Specific dissolved ions and isotope
values are correlated to distinct source waters, such as glacial melt and snowmelt, and used to
qualitatively describe seasonal transitions of source waters in the Arun River and two of its
tributaries. Sulfate emerges as a useful tracer for glacial melt while variation in deuterium
excess values are linked to ISM versus WWD sourced precipitation (rainfall versus
snowmelt, respectively). Across the Arun River and its tributaries, we identify snowmelt as a
key contributor to streamflow in the pre- and early-monsoon season followed by a flushing of

the river systems with ISM-sourced rainfall through the summer. Glacial melt is a key



source for the Tibetan Plateau headwaters and glacierized tributaries of the Arun, particularly
in the mid- to post-monsoon season as temperatures increase.

Probing into Chapter One’s results, Chapter Two leverages a 6000-m elevation
gradient in the Arun watershed to examine the separate controls of elevation and moisture
source on hydrogen and oxygen isotope values. We find non-linear trends in §'°0 and 6D
elevation lapse rates with strengthening lapse rates in meteoric water samples collected above
4000-m compared to low-elevation samples (<3000-m). We explore the seasonal variation in
the isotopic composition of surface and groundwater that is driven by distinct transitions in
moisture regimes from the continental-sourced WWD versus oceanic-sourced ISM
precipitation. Our findings highlight the opportunity to utilize isotopic tracers to describe
regional climate patterns and identify potential complications for 5'°0 and JD values in
paleoclimate and paleoelevation interpretations.

Chapter Three integrates aspects of the first and second chapters in a spatially and
temporally explicit analysis of glacial melt, snowmelt, and groundwater contributions to river
discharge in two tributaries of the Arun watershed during low-flow periods before and after
the monsoon season. We find greater glacial melt contributions to streamflow than
previously described in small- or mid-sized catchments in the eastern Himalaya as well as a
seasonal reliance on snowmelt in the headwaters of low-elevation catchments. These results
are compared to other studies with varying influence from the ISM, WWD, and glaciers as
well as regional remote-sensing analysis to discuss role of spatial scale in our interpretation
of Himalayan river water budgets.

Collectively, the results described in this dissertation advance our understanding of

the hydrologic and climatic processes controlling water resources in the eastern Himalaya.



Notably, the analysis spans spatial and temporal scales to capture patterns in water resources
that are controlled by local physical landscape conditions as well as regional climate
dynamics. The results highlight potential tools to be used to further elucidate source water
contributions in Himalayan rivers and, combined with other studies from the region, enhance

our understanding of Himalayan water budgets.'

! The dissertation chapters are prepared as stand-alone manuscripts with the intention of
future publication; therefore, there are sections of background, methods, and data in each
chapter that may be repeated.



Chapter II. Exploring the geochemical and isotopic patterns of meteoric waters in the

Arun watershed, eastern Nepal

1 Introduction

Spatiotemporal patterns in the geochemical and isotopic composition of meteoric
waters are a useful tool to explore local-to-regional scale hydroclimatic processes. An
extensive body of research describes the physical controls on 6 '*O and JD stable isotope
values, many of which are linked to temperature and, consequently, correspond to distinct
climatic processes including orographic rainout, storm path or distance, and local evaporation
or sublimation (Dansgaard, 1964; Kendall et al., 2014). The geochemical composition of
meteoric waters reflects the physical characteristics of a landscape and the processes that
control variability in the dissolved solute concentrations of surface water, which include
chemical or physical weathering, soil-water interactions, and atmospheric pollution (Burt &
Pinay, 2005; Faure, 1998). Combined, the isotopic and geochemical composition of meteoric
waters represent the initial climatic conditions controlling water supply as well as the
subsequent flowpaths of water through a watershed. With this in mind, river water captures
the integrated geochemical and isotopic signal of a drainage area and can be used to infer the
physical landscape and climate controls acting on a watershed.

High mountain regions offer a complex setting to explore variability in the
geochemical and isotopic composition of river water that arises as a result of extreme
elevation gradients. Specifically, high mountain catchments are characterized by orographic
rainout and rapid ecological transitions. In the Himalaya, these characteristics are magnified

across high-altitude glacierized headwaters, mid-altitude forested zones with seasonal



snowpack, and low-elevation areas that are often marked with agriculture terracing (Price et
al., 2013). In this study, we exploit the elevation and ecosystem gradients of the Arun
watershed, a Himalayan catchment in eastern Nepal, to explore the hydroclimatic factors that
influence the spatiotemporal variability of the geochemical and isotopic composition of river
water throughout the basin. We examine a unique dataset that spans a hydrologic year from
April to November 2016 to capture seasonal water cycles and include three drainages with
distinct physical attributes to investigate the role of both local and regional processes in the

basin.

2 Hydroclimatic Contexts of the Arun and Anticipated Isotopic and Geochemical
Patterns

The Arun watershed is a 33,000-km” basin that contains ~15% glacierized area and is
marked by an extreme elevation gradient that spans from 200 m to 8480 m in altitude.
Notably, the majority of the basin (~85%) is located in the Tibetan Plateau before the Arun
River drains into Nepal and, eventually, combines with the Koshi River as a tributary to the
Ganges. Since the Arun River spans a south-north transect from the Himalayan foothills to
the Tibetan Plateau, it is marked by a distinct climate transition that includes a strong
influence from the Indian Summer Monsoon (ISM) from May through September along the
Himalayan front and a rainshadow on the Tibetan side of the basin (Gonga-Saholiariliva et
al., 2016). In addition to the ISM, the Arun watershed also receives precipitation inputs from
Winter Westerly Disturbances from November through March (Cannon et al., 2015).
Overall, the Arun is estimated to receive ~25% of annual streamflow from snowmelt sourced

from WWD and ~70% from ISM-sourced rainfall (Bookhagen & Burbank, 2010). Glaciers



in the Arun are retreating and their meltwaters also contribute to river discharge, particularly
in the high-altitude regions of the watershed (Bolch et al., 2012; Meese et al., 2018).
Ecologically, the Arun encompasses lowland regions along the Himalayan foothills with
extensive forest cover and agriculture terracing as well as high-elevation alpine scrubland
and tundra in the Tibetan Plateau (Carpenter & Zomer, 1996). Geologically, the Arun
watershed drains from the Tethyan Tibetan Zone (carbonates and siliclastic sedimentary
rocks) in the Tibetan Plateau region and the Greater and Lesser Himalayan Sequences
(quartzite, gneiss, schist and phyllite) in the lower portion of the watershed.

With this general framework, we identified three distinct hydroclimatic settings in the
Arun watershed that we expect will have discrete geochemical and isotopic signatures: (1)
Tibetan headwaters, (2) high-altitude glacierized tributaries, and (3) low-altitude forested and
terraced tributaries. Each of these regions is marked by seasonally variable influences from
the ISM and WWD precipitation, glacier melt, and snowmelt (Immerzeel et al., 2013; Meese
et al., 2018; Molg et al., 2014; Smith & Bookhagen, 2018; Voss et al., 2018). With this
baseline, we can broadly describe the seasonal sources of water supply throughout the Arun
watershed. The Tibetan headwaters region is likely sourced predominantly from glacier and
snowmelt throughout the year since it is located in the rainshadow of the Himalaya and
receives little ISM rainfall. High-elevation glacierized tributaries are known to have a strong
seasonal flux in water supply with ISM-sourced rainfall contributing to discharge from May
to September and snow or glacial melt contributing significantly in the shoulder periods
before and after the monsoon (Meese et al., 2016; Taylor Smith & Bookhagen, 2018). The
discharge from low-elevation tributaries of the Arun, which receive limited WWD-sourced

snowpack and do not contain glaciers, can be assumed to be predominantly sourced from
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ISM precipitation as well as shallow and deep groundwater recharged from rainfall or
snowmelt.

Each hydroclimatic setting of the Arun River should reflect a distinct geochemical
and isotopic composition in its respective meteoric waters. Previous studies confirm that
water collected from high-elevation sites in the Himalaya have depleted 6 '*O and 5D values
relative to low-elevation sites as a result of orographic rise and decreasing temperatures at
high altitudes (Hren et al., 2009). Deuterium excess is known to correspond to Himalayan
moisture sources and differences emerge as a consequence of storm path and distance.
Average deuterium excess values for WWD-sourced water higher (>15 %) because these
storms travel a longer continental path before rainout as compared to ISM-sourced water (d-
excess ~8-12 %), which travel a short distance across the Indian subcontinent (Gat & Carmi,
1970; Hren et al., 2009; van der Veen et al., 2018). Geochemically, glacier melt is marked
with elevated concentrations of dissolved ions, particularly those associated with glacial silt:
Ca’", Mg2+, K, SO~ (Tartari et al., 1998; Wilson et al., 2015). Additionally, glaciated
landscapes have high rates of sulfide oxidation and carbonate weathering, which should be
reflected in elevated values of SO,*:Na" and Ca®":Na" ion ratios, respectively (Anderson,
2007; Torres et al., 2017). Groundwater, depending on its residence time and interaction
with soil or bedrock, will have higher dissolved ion concentrations relative to precipitation
from rain or snow, which is known to have low solute concentrations in this region of the
Himalaya (Balestrini et al., 2016). By capturing the variation in the isotopic and
geochemical composition of meteoric water across the Arun River, we will attempt to track
regional climate patterns (i.e. the relative influence and timing of the ISM versus WWD) as

well as local water sources (i.e. glacial melt) in each distinct hydroclimatic setting.
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3 Study Sites and Data

We collected river water samples from each hydroclimatic zone across a hydrologic
year to investigate the predicted spatiotemporal patterns described above. The sampling
locations include: (1) an upstream Arun River site that drains from the Tibetan Plateau, (2) a
downstream Arun River site located in the Himalaya foothills, (3) the Barun Khola, a
glacierized tributary to the Arun River, and (4) the Sabha Khola, a low-elevation catchment
with no glaciers but some seasonal snowpack and extensive agriculture terracing (Figure 1).
The upstream Arun River site is located above the confluence of the Barun Khola and the
Arun River, drains the ~28,900-km2 headwaters from the Tibetan Plateau, and has a mean
catchment elevation of 4900 meters above sea level (masl). The downstream Arun River site
is located in the Himalayan foothills above the confluence of the Sabha Khola and Arun
River with a drainage area of ~31,200-km” and a mean catchment elevation of 4780 masl.
The Barun Khola tributary is a 468-km® watershed with a mean catchment elevation of 4758
masl and ~30% glaciated area. The Sabha Khola tributary is a 549-km” nonglacierized

watershed with a mean elevation of 1503 masl and extensive agriculture terracing.
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Figure 1. (A) Elevation and glacier extent of study areas in the Arun watershed. (B) Arun
watershed (outlined in red) in the eastern Himalaya. (C) Barun Khola. (D) Sabha Khola.
Glacier extent is from the Randolf Glacier Inventory derived from Global Land Ice

Measurements from Space (GLIMS) (RGI Consortium, 2017).

Local Nepali schoolteachers were trained to collect samples at the confluence of the
Barun and Sabha Kholas with the Arun River at Barun Bazaar and Tumlingtar, respectively.
Samples were collected every 4 days from late April/early May through October 2016 (N =
41 for the Sabha Khola and Lower Arun sites; N = 45 for Barun Khola and Upper Arun
sites). Two sets of water samples were collected and each sample was filtered through 0.45-
um glass filters into 30-mL polyethylene Nalgene bottles that were rinsed three times with

filtered water. Bottles were filled completely to produce a positive meniscus, sealed tightly,
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and wrapped with tape to prevent the formation of air bubbles and possible evaporation
before laboratory analysis. Bottles were stored in a dark place until the completion of the
field season and then stored in a refrigerator at 4°C at UC Santa Barbara.

Samples were analyzed for 6'°0 and D at the German Research Center for
Geosciences (GFZ) Organic Surface Geochemistry Lab with a Picarro L-2140i1 Laser
Spectrometer. Precision for 6'*0 and 6D measurements was £0.03 %/ and £0.3 %/,
respectively. Analytical uncertainties for the oxygen and hydrogen stable isotope
measurements are reported as standard deviation of triplicate measurements in the data
repository. Deuterium excess was calculated for each sample as d = JD - 8*'°0
(Dansgaard, 1964). Samples were also analyzed for Ca2+, Mg2+, Na', K", Si, CI', and S04,
Major cations (Ca2+, Mg2+, Na', K, Si) were analyzed at the University of California Santa
Barbara’s TEMPO research facilities at the Materials Research Lab with a Thermo iCAP
6300 inductively coupled plasma spectrometer. The detection limit for each solute was <0.1
mg L' with precision for Ca®", K, Mg*", Na", and Si measurements of +/- 0.03 mg L™, 0.10
mg L™, 0.0l mgL",0.09mgL", and 0.03 mg L, respectively. Major anions (CI', SO4*)
were measured at Stanford University’s Environmental Measurements Lab with a Dionex
DX-500 Ion Chromatography (IC) System. The detection limit was <0.5 mg L™ with
precision for CI', SO4* measurements of +/- 0.11 mg L™ and 0.33 mg L™, respectively. All
ion data are reported in milligrams per liter (mg L™") and 6D and 6'°O isotope data are
reported in delta notation as parts per thousand as related to their deviation from Vienna
Mean Standard Ocean Water (VSMOW). Data for individual samples are listed in Appendix
A. Daily rainfall data were averaged over the Arun River basin with precipitation data from

the U.S. Geological Survey and UC Santa Barbara Climate Hazards Group Infrared
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Precipitation with Stations (CHIRPS) dataset (Funk et al., 2015) to supplement the

interpretation of the isotope and geochemical data.

4 Results
4.1 Comparison of temporal patterns in 0D and d-excess in the Arun watershed

The 6D values of the sample sites in the Arun exhibit similar temporal trends that
correspond to the onset and intensity of monsoon rainfall (Figure 2). In all of the sites, 6D
values at the onset of the monsoon (May to mid-June) are enriched relative to the remainder
of the timeseries. Once ISM rainfall intensifies in mid-June, all sites undergo a rapid
depletion in 0D values that continues through mid-July. From mid-July to the end of the
timeseries in October, 6D values remain relatively stable in the Lower Arun, Barun Khola,
and Sabha Khola while the 6D values in the Upper Arun become enriched. The Sabha Khola
consistently has the most enriched 0D values relative to the other sites while the 6D values
from the Upper Arun sample site are the most depleted with the exception of two spikes in
mid-August and early October. D-excess values follow a similar pattern as the 0D data with
increasing values from May through mid-June followed by a rapid decline through mid-July
and relatively stable values through October (Figure 3). The Barun Khola has the highest d-

excess values throughout the timeseries while the Upper Arun has the lowest.
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Figure 2. Comparison of 6D values from the Upper Arun, Lower Arun, Barun Khola, and

Sabha Khola sample sites from May through October 2016. Daily average rainfall from

CHIRPS is included to elucidate the relationship between oD values and the ISM (Funk et

al,, 2015).

19

18

17

-- Upper Arun
- - Lower Arun

—Barun Khola
—Sabha Khola

WWD-sourced]
precipiation d-excess

14

13

12

0\8 16 values typically >15 O/O(;
2 15 /\
S \/ %
$ ISM—sourced
3

« . e
precipiation d-excess|

values typically <12 O/Oo
4 1

Jun

May

2016



Figure 3. Comparison of d-excess values from the Upper Arun, Lower Arun, Barun Khola,
and Sabha Khola sample sites from May through October 2016. A line at 15 °/py indicates

the known transition between WWD- and ISM-sourced precipitation (Gat & Carmi, 1970).

4.2 Comparison of temporal patterns of dissolved ion concentrations in the Arun watershed
At the onset of the monsoon (May to June) total dissolved cations are highest in the

Sabha Khola and lowest in the Barun Khola with the Arun River sites’ concentrations falling
between the two tributary values (Figure 4). This pattern changes during the height of the
monsoon with the highest dissolved cations found in the Arun River sites from July through
the end of the timeseries in October. The Barun Khola dissolved ion concentrations appear
to increase from June through September and have a notable spike in early September. The
Sabha Khola values decline from May through mid-June and then remain relatively stable
through October. The Lower Arun dissolved cation concentrations are consistently lower
than the Upper Arun site and exhibit similar temporal patterns in its spikes and dips though

these patterns are delayed and dampened relative to the Upper Arun.
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Figure 4. Comparison of total dissolved cation concentrations at each site for the duration of

the timeseries sampling from May through November.

Timeseries of ion ratios between SO,*:Na" and Ca*":Na" reveal distinct
spatiotemporal patterns across the basins. SO,*:Na" ratios are highest in the Barun Khola at
the onset of the monsoon (May-June) at which point the Arun River sites have the highest
ratios for the duration of the timeseries (Figure 5). Similar to the total dissolved cation
results, the Upper Arun is consistently higher than the Lower Arun, which appears to have a
dampened and lagged signal, with the exception of a spike in late August. The two Arun
River sites appear to increase from May through late August and then decline and stabilize
through October. SO4*:Na" ratios are consistently higher in the Barun Khola relative to the

Sabha Khola. The Sabha Khola SO,*:Na" values slightly decline throughout the timeseries,
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whereas the Barun Khola declines from May to mid-August and then increases through

October.
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Figure 5. Comparison of SO4 :Na" concentrations at each site for the duration of the

timeseries sampling from May through November.

The temporal pattern of Ca®":Na" in the sites is more complex and has greater
variability compared to the SO4*:Na" timeseries. In the Sabha Khola, Ca®":Na' values in
May are relatively high and decrease until August, albeit with large variability in magnitude,
followed by a stabilization through October. The Barun Khola Ca*":Na" ratios decline from
May to July then increase again in August through the duration of the timeseries. The Barun
Khola Ca®":Na" ratios exhibit the greatest variability across the timeseries. Ca*":Na' ratios in
the Upper and Lower Arun sites generally increase through the timeseries and remain

relatively similar with the exception of May, when the Lower Arun values are higher than the
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Upper Arun. The Barun Khola and two Arun River sites both have a dramatic peak in their

Ca’":Na" ratios in late August.
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Figure 6. Comparison of Ca’ :Na" concentrations at each site for the duration of the

timeseries sampling from May through November.

5 Discussion
5.1 0D and d-excess reflect climate processes and moisture source transitions

Our timeseries data of dD follow expected spatial patterns with the most depleted
values occurring in the Upper Arun site draining from the high-elevation Tibetan Plateau and
the most enriched values located in the low-elevation Sabha Khola (Hren et al., 2009). All
sites have a notable depletion in D at the onset of the monsoon followed by stabilization
from mid-July onwards. This pattern likely reflects an intensification of the ISM rainfall (the

amount effect) as the region transitions to peak monsoon season (Balestrini et al., 2016;
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Meese et al., 2018; Rozanski et al., 1993; Kumar et al., 2010). The d-excess data reflect a
distinct transition in moisture source from WWD to ISM with increasing values through May
followed by a sharp decrease and stabilization through October. This general pattern has
been described in other parts of the Himalaya and is attributed to the melting of WWD-
derived snowpack (with high d-excess values) at the onset of the monsoon before the
catchments are flushed with ISM rainfall (Meese et al., 2018; van der Veen et al., 2018; Voss
et al., 2018).
5.2 Dissolved ion concentrations elucidate temporal variability in source waters

Each sample sites’ dissolved ion concentration reflects an integrated value of its
source waters and the seasonal variation of these sources over a hydrologic year. When we
combine our results of total dissolved cations with the SO4*:Na" and Ca*":Na" ion ratios
several critical patterns emerge for each watershed. The Sabha Khola’s high total dissolved
cation and Ca*":Na" ratio at the onset of the monsoon (May and June) followed by a decline
through the monsoon is likely indicative of a groundwater-dominated basin that is mixing
with ISM rainfall that is known to have low solute concentrations. The high SO,*:Na" and
Ca’":Na" values in the Barun Khola are predicted for a glacier-dominated catchment. The
decline in these values through mid-August reflects mixing with snowmelt and rainfall
(which have low dissolved ion concentrations), and the subsequent increase from August to
the end of the timeseries implies greater contributions of glacier-melt to Barun Khola
discharge. The similarities and differences between the Upper Arun and Lower Arun sites
provides critical insights to source water changes as the Arun River crosses from the Tibetan
Plateau into the Himalayan lowlands. The timeseries of total dissolved cation for the Lower

Arun site is notably dampened and temporally delayed compared to the Upper Arun, which is
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likely driven by mixing with tributaries that have lower dissolved ion concentrations, i.e.
tributaries similar to the Barun Khola and Sabha Khola. The increase in SO, :Na" and
Ca’":Na" ion ratios throughout the timeseries in both the Upper and Lower Arun sites
suggests increased contributions from glacial melt from the Tibetan headwaters and from
glacierized tributaries mixing with the Arun River as a result of high temperatures throughout
the summer.
5.3 Cross-site comparisons imply seasonal influence of tributaries contributing to the Arun
A comparison of the geochemical and isotopic patterns across the Arun River sites
reveals the time-variable influence of Himalayan tributaries on the Arun River. From May
through August, the dampening of the dissolved ion concentrations and SO4*:Na" values in
the Lower Arun site relative to the Upper Arun site implies mixing with low-elevation, ISM-
rain dominated tributaries. Indeed, the Lower Arun and Sabha Khola SO4*:Na' values
appear to match during this time period. After August, the Lower Arun’s SO, :Na" and
Ca’":Na" values match and track with the Upper Arun as well as the Barun Khola, which
suggests a diminishing influence from the ISM and rain-fed tributaries on Arun River
discharge and an increasing influence from glacierized tributaries as the Arun flows through
the Himalayan belt. These patterns validate previous studies that assess the temporal
variability of source waters across the Himalaya (Bookhagen & Burbank, 2010; Immerzeel &

Bierkens, 2012; Racoviteanu et al., 2013; Smith & Bookhagen, 2018; Wilson et al., 2015).

6 Conclusions
This study offers new geochemical and isotopic data to assess the seasonally-variable

hydroclimatic processes controlling discharge in the Arun River. Specifically, our timeseries
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data illustrate the following processes. First, 0D and d-excess values reveal a distinct
transition from WWD- to ISM-sourced precipitation from May through mid-June followed
by a dominance of ISM rainfall through August. Second, variation in SO4*:Na" and
Ca”":Na" ion ratios indicate that ISM rainfall contributes the bulk of discharge in the Arun
basin through August at which point glacier melt begins to increasingly contribute to
streamflow. Third, the differences between the Upper and Lower Arun sites imply that both
high- and low-elevation tributaries in the Himalaya contribute significantly to streamflow
through their relative contributions vary seasonally. Our data imply that low-elevation
groundwater and rain sourced catchments (i.e. the Sabha Khola) have a greater contribution
before and during the monsoon while glacierized catchments (i.e. the Barun Khola) begin to

contribute more in the late and post-monsoon season.

7 Next Steps

This study adds to a growing body of literature focused on Himalayan water supply
and highlights the utility of geochemical and isotopic data to assess regional hydrologic and
climate process that control water resources in the eastern Himalaya. The following two
chapters will probe the variation of these geochemical and isotopic data at a finer spatial
scale and explore the utility of the tracers to provide a quantitative assessment of discrete
water resources in the Arun watershed. Specifically, this paper found strong seasonal
moisture controls on the isotopic composition of meteoric water. Chapter Three will
investigate the role of elevation and precipitation patterns on local 6D, §'°0, and d-excess
values to determine how these values vary among snow, glacier, rain, and groundwater

sources and, ultimately, are reflected in river water. This chapter also identifies specific
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dissolved ion ratios that correlate with source waters and may be used to assess seasonal

water budgets. Chapter Four will assess the utility of these geochemical and isotopic tracers
and apply them in a mixing model analysis to provide a quantitative assessment of the Barun
and Sabha Khola water budgets during low-flow periods before and after the monsoon when

the influence from ISM rainfall is minimal.
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Chapter III. Variation of deuterium excess in surface waters across a 5000-m elevation

gradient in eastern Nepal

1 Introduction

Stable isotopes of oxygen and hydrogen (6'°0 and dD) and their spatiotemporal
variation in surface water provide a unique tracer to characterize contributions of different
water sources, including seasonal precipitation, snowmelt, and glacial melt (Aggarwal et al.,
2006; Gat, 2010; Kendall & McDonnell, 2012). Differences in 6'°O and 6D values emerge
from fractionations occurring during water-vapor transport and precipitation, which are
correlated to altitude, latitude, precipitation intensity, and distance from the moisture source.
In addition, post-deposition fractionation from evaporation in soil and sublimation in snow
fields can modify the isotopic composition of surface and groundwaters (Dansgaard, 1964;
Joel R Gat, 2010). In high mountain regions, distinguishing the 6'*0 and D values of
different water sources that contribute to stream flow is complicated by the extreme effects of
topographic rise, seasonal changes in water-vapor sources, melting of snow fields and
glaciers, and difficulties in accessing high-altitude regions. The differences in 6'°0 and 6D
values among sources contributing to streamflow can be exploited to investigate the
spatiotemporal patterns of water supply in the Himalaya and to characterize regional climatic
processes.

In the Himalaya, the combination of decreasing temperatures and increasing rainout
with increasing elevation accentuates fractionation processes and results in water that is
isotopically heavy. This relationship, reported as '°O and oD lapse rates, ranges in surface

water in Himalayan rivers from -0.45 to -4.4 %o km™ for 6'°0 and -8.3 to -33.0 %o km™" for
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oD, but these estimates largely draw on surface water samples from streams in low and mid
elevations less than 5000 m (Florea et al., 2017; Hren et al., 2009; Meese et al., 2018; Poage
& Chamberlain, 2001; Racoviteanu et al., 2013; van der Veen et al., 2018; Varay et al., 2017,
Wilson et al., 2015). High-elevation samples are sparse but essential to accurately
characterize mountain-sourced surface waters, especially in regions with significant
contributions from isotopically heavy snow and glacial melt. River water is commonly used
to construct 6'°O and D lapse rates; however, river water does not represent the “true”
precipitation §'°0 and D values, but instead reflects an integrated signal of upstream
processes and source waters that vary seasonally. Critically, 0'°0 and D lapse rates derived
from mountainous regions are often used in paleoclimate and regional climate modeling
(Caves et al., 2015; Poage & Chamberlain, 2001). These analyses often depend on the 5'°0
and oD values preserved in minerals in the sedimentary record, which may be influenced by
seasonal variations in moisture source and assume a linear relationship between 5'°0 or SD
and altitude.

In addition to elevation, the distinct moisture regimes in the Himalaya — the Indian
Summer Monsoon (ISM) and Winter Westerly Disturbances (WWD) — control surface water
and precipitation isotopic signatures due to the source, path, and precipitation intensity of the
two storm systems. The ISM originates in the Bay of Bengal and Indian Ocean and moves
across the Indian subcontinent before intersecting with the Himalayan orographic barrier
(Bookhagen & Burbank, 2010). WWD moisture originates in the Mediterranean, Black, and
Caspian Seas and follows a continental path across the Middle East and Central Asia before
reaching the western edge of the Himalaya (Barry, 2008; Cannon et al., 2015; Lang &

Barros, 2004). The bulk of ISM precipitation falls as rain from June to September while
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WWD precipitation is deposited as snowpack from December to April (Barry, 2008;
Bookhagen & Burbank, 2010; Lang & Barros, 2004).

Deuterium excess (d-excess) is a tool to measure kinetic fractionation effects related
to humidity, moisture recycling, and post-deposition processes, including
sublimation(Dansgaard, 1964; Froehlich et al., 2002; Pfahl & Sodemann, 2014). Broadly,
deuterium excess relates the proportion of '*0 and *H contained in water. These proportions
are controlled by the physical conditions at the source of precipitation (i.e. humidity, air
temperature, and sea surface temperature) as well as the conditions during water vapor
transport (i.e. mixing and evaporation of different sources) (Froehlich et al., 2002). Given the
different conditions at the origin and storm pathways of the ISM versus WWD precipitation,
the two moistures regimes can be expected to have distinct deuterium excess signatures. In
the Himalaya, precipitation from the ISM is marked by low deuterium excess values while
WWD-sourced precipitation has relatively high deuterium excess values (Balestrini et al.,
2016; Bershaw et al., 2012; Hren et al., 2009; Jeelani et al., 2013; Pande et al., 2000).
Previous studies of surface water isotope signatures in the Himalaya largely sampled in the
post-monsoon season and reflect a dominant ISM moisture source, and little is known about
the temporal evolution of surface water oxygen and hydrogen stable isotope values driven by
seasonal moisture source variation, particularly the influence of seasonal snowmelt (Grujic et
al., 2018; Hren et al., 2009; Meese et al., 2018; van der Veen et al., 2018; Varay et al., 2017).

This study, based in the Arun River basin in eastern Nepal, captures the temporal and
spatial variability in §'°O and D values of river water driven by seasonal ISM and WWD
moisture sources as well as the influence of different melt waters. It targets the pre- and

post-monsoon seasons, which represent base flow conditions when Himalayan rivers are not
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flushed with runoff from the ISM, in order to assess the importance of snow melt, glacial
melt, and groundwater on river water 0'°O and 0D values. Accordingly, we analyze data
from water samples sourced from tributaries with varying amounts of snowmelt, glacial melt,
and groundwater. This study contributes to a growing understanding of the sources and
timing of water contributions at low and mid elevations and offers J'°0 and D data from
elevations above 5000 m, where few samples have been collected previously. In the past,
models of §'°0 and dD depletion at high elevation relied on linear regression models to
extrapolate isotope values from low and mid elevations. We show that there are strong
nonlinear changes in the 6'°0 and 6D values of water contributions to the Arun River
catchment driven by high-elevation surface water influenced by snow and glacial melt waters

as well as variability in seasonal moisture source.

2 Study Site

The Arun Valley receives precipitation from both the ISM and WWD and exhibits
one of the steepest elevation gradients in the eastern Himalaya (200 m to 8480 m in altitude).
The 33,000-km” Arun River contains ~15% glacierized area and is estimated to receive
~25% of annual streamflow from WWD-sourced snowmelt and ~70% from ISM-sourced
rainfall (Bookhagen & Burbank, 2010; RGI Consortium, 2017). We collected data from two
sub-basins of the Arun River: the Barun Khola and the Sabha Khola (Fig. 1). The Barun
Khola is a 468-km” watershed with a mean catchment elevation of 4758 meters above sea
level (masl) and ~30% glaciated area (Fig. 1a). The confluence of the Barun Khola with the
Arun River is at Barun Bazaar. The Sabha Khola is a 549-km” nonglacierized watershed

with a mean elevation of 1503 masl (Fig. 1b). The confluence of the Sabha Khola and Arun
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River is located near Tumlingtar. Combined, the Barun and Sabha Kholas span from 200 m
to 8480 m at the summit of Mt. Makalu. The relief of the region allows for dense sampling
over a wide range of elevations while minimizing changes in latitude and longitude. High
elevation regions in the Himalaya are known to have different moisture regimes and seasonal
changes in water source driven by ISM and WWD precipitation as well as melt-water inputs
from snow and glaciers (Immerzeel et al., 2013; Molg et al., 2014; Smith & Bookhagen,
2018). The spatiotemporal variation in oxygen and hydrogen isotope values in the Barun and
Sahba Kholas allow us to explore the elevation fingerprint on §'°0 and D values as well as
the potential applications of these isotopic tracers to parse surface water sources. Based on
previous studies from the region, we anticipate that the Barun Khola will exhibit isotopically
depleted 6'°0 and oD values as well as higher deuterium excess values relative to the Sabha
Khola due to its higher average catchment elevation, greater contributions from WWD-
derived snowmelt, and seasonal glacier melt. As such, this 6000-m elevation gradient
highlights variability in river water 6'*O and oD lapse rates that may be driven by “catchment

effects” related to mixing water sources and as well as elevation effects (Dutton et al., 2005).
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Figure 1. Map of the Barun Khola and Sabha Khola, two sub-basins of the Arun watershed
located in eastern Nepal (see map inset). Glacier extent is from the Randolf Glacier
Inventory derived from Global Land Ice Measurements from Space (GLIMS)(RGI
Consortium, 2017). Synoptic samples were collected in the Barun and Sabha Kholas (a and
b, respectively) in the pre- and post-monsoon seasons. Time-series samples were collected at
the confluence of the Barun and Sabha Khola with the Arun River at Barun Bazaar and
Tumlingtar, as labeled. The dominant water source for each drainage area is indicated by

the shading of the circles. Main stem river samples are indicated with a triangle.

3 Data and Methods

We used a synoptic sampling approach to characterize spatial variation in 6'*0O and
oD values in the Sabha and Barun Kholas during two field campaigns (Baraer et al., 2009;
Mark et al., 2005; Wilson et al., 2015). A pre-monsoon sampling was conducted during
April and May 2016 with repeat sampling at the same locations during October and
November 2016 (see data repository for list of samples). The shoulder periods of the
monsoon were targeted to characterize river isotopic composition under base-flow conditions
when glacier and snowmelt as well as groundwater are important contributors to river
discharge. During the summer season, orographic effects on ISM rainfall dominate river
discharge and its isotopic composition, but access for sampling is greatly restricted. When
possible, river samples were collected from the main stem of the Barun Khola and Sabha
Khola every 200-m of elevation gain (N = 28; 13/season). Samples were also collected from
surface water drainages that contained extensive snowpack (N = 22; 11/season), proglacial

lakes (N = 4; 2/season), debris-covered glaciers (N = 6; 3/season), as well as groundwater-
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sourced springs/wells and surface-water tributaries draining from forested and agriculture-
dominated areas (N = 56; 28/season). Snowmelt and glacial melt samples were collected as
close to the snow line or glacial terminus as possible, and therefore represent an integrated
value of melt sources upstream of the sample collection point. Groundwater-sourced
samples (labeled collectively as groundwater in Fig. 1) were collected from springs/wells as
well as surface water tributaries sourced exclusively from rainfall-fed subsurface flow.
Groundwater samples collected from springs/wells likely reflect shallow subsurface
groundwater from the vadose zone with lower residence times relative to groundwater
samples collected from surface water tributaries, which likely represent an integrated shallow
and deep groundwater source. Local Nepali schoolteachers were trained to collect time-
series samples at the confluence of the Barun and Sabha Kholas with the Arun River at Barun
Bazaar and Tumlingtar, respectively. Samples were collected every 4 days from late
April/early May through October 2016 (N = 41 for the Sabha Khola; N =45 for Barun
Khola).

Two sets of water samples were collected from each site. Each sample was filtered
through 0.45-um glass filters into 30-mL polyethylene Nalgene bottles that were rinsed three
times with filtered water. Bottles were filled completely to produce a positive meniscus,
sealed tightly, and wrapped with tape to prevent the formation of air bubbles and possible
evaporation before laboratory analysis. Bottles were stored in a dark place until the
completion of the field season and then stored in a refrigerator at 4°C at UC Santa Barbara.
During the pre- and post-monsoon synoptic sampling campaigns, additional field duplicates
were collected every 10 samples for error analysis.

Samples were analyzed for 6'°0 and D at the German Research Center for
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Geosciences (GFZ) Organic Surface Geochemistry Lab with a Picarro L-2140i1 Laser
Spectrometer. Isotope values for 6'°0, 6D, and deuterium excess are reported in delta
notation as parts per thousand as related to their deviation from Vienna Standard Mean
Ocean Water (VSMOW). Precision for 6'*0 and D measurements was +0.03 %/po and +£0.3
%00, respectively. Analytical uncertainties for the oxygen and hydrogen stable isotope
measurements are reported as standard deviation of triplicate measurements in the data
repository. Deuterium excess was calculated for each sample as d = JD - 8*'°0
(Dansgaard, 1964). Data for individual samples are listed in Table 1.

The mean catchment elevation of the drainage area contributing to each sample
location was calculated using NASA’s Shuttle Radar Topography Mission (SRTM) global 1
arc second dataset for Asia (SRTMGLI1; NASA JPL, 2013). The drainage area was defined
using the watershed toolbox with ESRI’s ArcGIS based on GPS coordinates of the samples
recorded during the field campaigns. To supplement the isotope interpretation, snow extent
was calculated for the pre- and post-monsoon seasons. Two Landsat 8 OLI images with
minimal cloud cover were selected from the beginning (March 24™, 2016) and end
(November 11", 2016) of the synoptic sampling campaigns. Regions of interest were
selected for each image to conduct a supervised classification using Maximum Likelihood
classification. The classification output was validated and adjusted manually to ensure
accurate representation of snow extent. Weekly averaged land-surface temperatures for the
Barun Khola were calculated from the MODIS/Terra Land Surface Temperature Daily
Global 1-km gridded data (MOD11A1) product for the duration of the time-series data (April
through November 2016) to provide further insight to climate processes during the study

period (Wan, 2015). Days with extensive cloud cover where less than 10% of pixels in the
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study basins were visible are excluded from the analysis. Daily rainfall data were averaged
over the Barun Khola and Sahba Khola basins with precipitation data from the U.S.
Geological Survey and UC Santa Barbara Climate Hazards Group Infrared Precipitation with

Stations (CHIRPS) dataset (Funk et al., 2015).

4 Results
4.1 Oxygen and hydrogen isotope values and lapse rates

River sample 6'°0 and 6D values in the Barun Khola and Sabha Khola show a
distinct elevation fingerprint with a clear depletion effect that strengthens at higher elevations
(Figs. 2 and 3). In both the Barun and Sabha Kholas, §'°0 and 6D values in the post-
monsoon season are isotopically heavy relative to the pre-monsoon season. On average,
water samples collected in the Sabha Khola watershed are notably lighter in isotopic values
relative to the Barun Khola (see Appendix B for data repository). In the Barun Khola, the
post-monsoon d'*0 and 6D lapse rates of the river samples (-6.0+0.4 %4 km™ and -49.8+3.2
%0 km™, respectively) are slightly weaker than the pre-monsoon signal (-6.7+1.4 %/po km™
and -54.8+12.0 %o km™). In contrast, the pre-monsoon ¢'*0 and D lapse rates in the Sabha
Khola (-1.3+0.3 %g km™ and -8.0+2.8 %4 km™) are weaker than the post-monsoon lapse
rates (-1.4+0.1 %o km™ and -9.5+1.0 %0 km™). The gap from 3000-4000 m is a consequence
of inaccessible terrain in the lower reaches of the Barun Khola. When all river samples are
combined, the lapse rates for the §'°0 and oD are -2.240.2 %/go km™ and -17.4+2.0 %/po km™ in
the pre-monsoon season and -2.4+0.2 %0 km™ and -19.0+1.4 % km™! in the post-monsoon
season.

The regressions comparing 'O and 6D to altitude are statistically significant (p <
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0.01), and the coefficients of determination (r*) of the ordinary least squares (OLS)

regressions strengthen between the pre- and post-monsoon seasons. The lapse rates of §'°O

and 0D from glacial melt and groundwater show a significant (p<0.1) relationship with

altitude whereas samples from snowmelt are inconclusive (p>0.1) (see inset Figs. 2 and 3).

The low r* and p-values in the snowmelt samples are indicative of greater variability, which

may reflect sublimation processes influencing these samples (Table 2).

Ordinary Least
Squares Regression
Sabha Khola
(<3000m)
Pre-Monsoon
Sabha Khola
(<3000m)
Post-Monsoon
Barun Khola
(>4000m)
Pre-Monsoon
Barun Khola
(>4000m)
Post-Monsoon
All Samples
Pre-Monsoon

All Samples
Post-Monsoon

Weighted Least
Squares Regression

Sabha Khola
(<3000m)
Pre-Monsoon
Sabha Khola
(<3000m)
Post-Monsoon
Barun Khola
(>4000m)
Pre-Monsoon
Barun Khola
(>4000m)
Post-Monsoon
All Samples
Pre-Monsoon

All Samples
Post-Monsoon

0180 lsotope lalpse
rate ( 1o kKm™)

y =-1.3x [km] — 4.0
=0.83; p<0.1

y=-1.4x [km] —
°=0.99; p<0.001

y = -6.6x [km] +22.2
= 0.79; p<0.01

y = -6.0x [km] - 16.7
*=0.98; p<0.0001

y =-2.2x [km] -
°=0.89; p<0.0001

y=-2.4x [km] — 3.3
°=0.95; p<0.0001

0180 1s0t0pe lalpse
rate ( 1o kKm™)

y =-1.2x [km] —4.0
=0.79; p<0.1

y=-1.4x [km] - 5.3
1°=0.99; p<0.001

y=-13.3x [km] + 60.3 y=-113.1x [km] +533.1

°=0.96; p<0.0001

y =-7.9x [km] + 27.5
°=0.99; p<0.0001

y =-1.9x [km] — 2.8
°=0.95; p<0.0001
y =-2.4x [km] - 3.4
°=0.97; p<0.0001

oD isotope lapse rate
(/oo kem™)

y =-8.0x [km] — 21.8
°=0.74; p<0.1

y =-9.5x [km] - 32.4
°=0.97; p<0.01

y =-54.8x [km] +204.9
°=0.78; p<0.01

= -49.8x [km] + 157.8
1*=0.98; p<0.0001

y=-17.4x [km] — 2.1
=0.87; p<0.0001

y =-19.0x [km] — 13.0
=0.95; p<0.0001

oD isotope lapse rate

(0/00 km_l)
y =-7.9x [km] - 21.9
=0.68; p<0.1
y =-9.5x [km] — 32.5

’=0.97; p<0.01

=0.96; p<0.0001

y =-50.0x [km] +158.7
=0.97; p<0.0001

y=-15.1x [km] - 8.0
°=0.94; p<0.0001

y =-19.0x [km] — 14.1
=0.97; p<0.0001

Deuterium excess
lapse rate (0/00 km'l)

y =2.0x [km] + 10.7
°=0.98; p<0.001

y = 1.5x [km] + 10.2
°=0.64; p=0.103

——2 3x [km] +27.2
r =0.52; p<0.1

y:—l 9x [km] + 24.0
°=0.90; p<0.001

y =-0.0x [km] + 14.7
°=0.00; p=0.825

y=0.1x [km] + 13.0
°=0.02; p=0.636

Deuterium excess
lapse rate (0/00 km'l)

y =2.0x [km] + 10.7
=0.98; p<0.01

y = 1.5x [km] +10.2
°=0.59; p=0.127

y =-6.5x [km] + 50.8
°=0.93; p<0.001

y =-1.9x [km] + 23.9
°=0.88; p<0.001

y =0.0x [km] + 14.6
°=0.02; p=0.619
y=0.1x [km] + 12.9
°=0.04; p=0.522
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Table 2. Summary of ordinary least squares and weighted regression calculations used to

derive stable isotope lapse rates.
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Figure 2. Comparison of pre- and post-monsoon 6'°O in the Barun Khola and Sabha Khola
relative to the mean catchment elevation of the drainage areas of the samples. OLS
regressions represent the 5'°0 lapse rates for each kilometer of elevation gain. Analytical
uncertainty of stable isotope measurements (y-error bars) are smaller than the data points.
95% confidence intervals of the OLS regressions are indicated with dotted lines. Grey
asterisks (top panel) represent all water samples collected, which are then partitioned by the
dominant source contributing to that sample (bottom panel) to calculate the individual lapse
rates for each water source type. Mean catchment drainage elevations are calculated for

each sample using NASA’s SRTMGLI data product.
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Figure 3. Comparison of pre- and post-monsoon oD in the Barun Khola and Sabha Khola
relative to the mean catchment elevation of the drainage areas of the samples. OLS
regressions represent the oD lapse rates for each kilometer of elevation gain. Analytical
uncertainty of stable isotope measurements (y-error bars) are smaller than the data points.
95% confidence intervals of the OLS regressions are indicated with dotted lines. Grey
asterisks (top panel) represent all water samples collected, which are then partitioned by the
dominant source contributing to that sample (bottom panels) to calculate the individual lapse
rates for each water source type. Mean catchment drainage elevations are calculated for

each sample using NASA’s SRTMGLI data product.

Deuterium excess values also exhibit a distinct elevation relationship (Fig. 4). They
are positively correlated in mean catchment elevations up to ~3000 m and then switch to a
negative correlation after ~4000 m. In the pre-monsoon season, the deuterium excess lapse
rate of the river samples is -2.3£0.9 “/gokm™" in the Barun Khola (with mean catchment
drainage elevations ranging from 4000 m to 6000 m) and 2.0+£0.2 %/go km™ in the Sabha
Khola (with mean catchment elevations between 350 m and 3000 m). In the post-monsoon
season, the elevation influence weakens to -1.9+0.3 %/po km™ in higher elevation catchments
and 1.5+0.6 °/po km™ in lower elevation catchments. Groundwater-sourced samples (both
from springs/wells and surface tributaries) exhibit a significant relationship between
deuterium excess and elevation (p-values <0.1); however, snow and glacial melt-sourced

samples have no significant relationship.
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Figure 4. Comparison of pre- and post-monsoon deuterium excess in the Barun Khola and
Sabha Khola relative to the mean catchment elevation of the drainage areas of the samples.
OLS regressions represent the deuterium excess lapse rates for each kilometer of elevation
gain. Analytical uncertainty of stable isotope measurements (y-error bars) are smaller than
the data points. 95% confidence intervals of the OLS regressions are indicated with dotted
lines. Grey asterisks (top panel) represent all water samples collected, which are then
partitioned by the dominant source contributing to that sample (bottom panels) to calculate
the individual lapse rates for each water source type. Mean catchment drainage elevations

are calculated for each sample using NASA’s SRTMGLI data product.

To further elucidate the relationship between precipitation moisture source and
deuterium excess, we compare the change in snow-covered area of the drainage basins for
samples in the pre- and post-monsoon seasons with the difference in deuterium excess across
seasons (Fig. 5). Since snow in the region is largely sourced from WWD we would expect a
large change in deuterium excess values across seasons indicative of a moisture source
transition from WWD- to ISM-sourced precipitation. Indeed, there is a clear relationship
between loss of snowpack and decreased deuterium excess values from the pre- to post-

monsoon s€asons
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Figure 5. Comparison of the change in snow covered area with deuterium excess values for
samples collected in the pre- and post-monsoon seasons. Change in snow was calculated
based on the difference in snow extent from Landsat 8 OLI imagery between 24 March and
11 November 2016 for the contributing drainage areas of each sample. Samples are
classified based on the dominant water source type for the drainage area in the pre-monsoon

season.

4.2 Temporal variation in deuterium excess

Deuterium excess exhibits a distinct temporal signal from late April to October in
both the Barun Khola and Sabha Khola (Fig. 6). From late April to early June, during the
onset of the monsoon, deuterium excess values increase until 4 June 2016 at which point they
decline until 14 July 2016 and stabilize for the duration of the time series. Deuterium excess
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values in the Sabha Khola are lower than the Barun Khola throughout the time series with the
exception of a large drop in deuterium excess values in the Barun Khola in early September.
Temperatures in the Barun Khola, which best represent high-elevation regions where
snowmelt may be occurring, are relatively high and stable until early June, then decrease
until mid July with a sudden increase in temperatures in late August. The surface
temperature declines through September and remains stable, but relatively low, until mid
October. The rainfall data indicate sparse rainfall during May and more continuous rainfall

from June to September that then diminish in October.
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Figure 6. Temporal variation of daily rainfall and 4-day deuterium excess values sampled at
the mouth of the Barun Khola and Sabha Khola from late April through October 2016.
Rainfall data from CHIRPS are averaged over the Barun and Sabha Khola basins,
respectively. deuterium excess values in the Barun and Sabha Kholas, increase through May,
peak in June and decline through September. The peaks in May and June represent an

increasing contribution of WWD-sourced snow from melting at the onset of the monsoon
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(higher deuterium excess values) followed by a transition to ISM-sourced rainfall (lower
deuterium excess values) during the summer season. The decline deuterium excess in the
Barun Khola in early September is indicative of a glacial melt pulse following peak

temperatures in August (see Figure S1). These events are marked with shaded boxes and

labeled accordingly.

S Discussion
5.1 8"%0 and 5D lapse rates are strongly controlled by elevation and water sources
Through targeted sampling in low- and high-elevation watersheds replicated across
the pre- and post-monsoon seasons, we find nonlinear trends in '*0 and JD stable isotope
lapse rates of river samples that are strongly controlled by elevation and mixing of source
waters (i.e. snowmelt, glacial melt, and groundwater). The seasonal transition in
precipitation from WWD snowmelt to ISM rainfall acts as an additional control on §'°0 and
oD lapse rates. Given the terrain of the region, samples collected in the Barun Khola
encompassed a nearly 4-km vertical range over a 33-km horizontal path while Sabha Khola
samples covered a 1.2-km elevation rise within a 25-km path. This dense sampling approach
should minimize the influence of variables other than elevation, but when we compare the
pre- and post-monsoon data there is evidence that stable isotope lapse rates are highly
variable across seasons, suggesting controls beyond elevation. River water §'°O and 5D
values represent an integrated signal of contributing sub-drainages and tributaries, which are
sourced from snowmelt, glacial melt, and groundwater. In the Barun Khola, the weakening
lapse rates in river samples from the pre- to post-monsoon season are similar to the

weakening signal and depletion of §'°0 and D values in the glacier- and snowmelt-sourced
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samples (Figs. 2 and 3). Snowmelt-sourced samples have a relatively lower 6'*O- and 5D-
elevation relationship and less variability across the pre- to post-monsoon season compared
to the glacier and river samples, which is likely because these samples are sourced from a
single moisture source each season. The transition in 6'*0 and D values as well as the
isotope-altitude relationship in the river samples reflects a shift in the relative contributions
of snowmelt and glacial melt to river discharge as well as a broader shift from WWD-
sourced precipitation in the spring to ISM-sourced water in the fall after most or all
snowpack has melted (Taylor Smith & Bookhagen, 2018).

In the lower-elevation sites in the Sabha Khola, where there is no glacial contribution
and snowmelt is minimal, the '°O and JD lapse rates increase from the pre- to post-monsoon
season, which may reflect a transition from deeper subsurface flow in the pre-monsoon
season to recent elevation-controlled ISM rainfall inputs in the post-monsoon season. This
transition is reflected in the 5'°0 and JD lapse rates of the two types of groundwater samples.
Samples collected from groundwater-fed surface water tributaries, which likely integrate
shallow and deeper groundwater, have more variation across seasons and reflect the isotopic
signature of recent ISM rainfall more than the spring/well samples, which likely drain from
the shallow vadose zone and are influenced by evaporation-driven fractionation. Notably,
the 0'*0 and oD lapse rates of the groundwater samples and the Sabha Khola river samples
are similar, which implies an overlap in source waters between the Sabha Khola and local
groundwater. The 5'°0 and JD lapse rates in both the Sabha and Barun Kholas validate the
“catchment effect” described in Dutton et al. (2005) and filled their articulated need posed by
Dutton et al. (2005) to investigate the potential non-linearity of '°O and JD lapse rates at

high elevations.
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Our isotope lapse rates most closely align with van der Veen et al. (2018), whose data
also exhibit nonlinear 6D lapse rates that strengthen around 4000-m elevation in the western
Himalaya, and Racoviteanu et al. (2013), whose study includes high-elevation snow samples
from the eastern Himalaya (Fig. 7 and details in Table 3). Varay et al. (2017) demonstrate a
strengthening of 6'°0 and 6D lapse rates from the pre- to post-monsoon season in the low-
elevation Tons and Yamuna watersheds in the western Himalaya while the §'°0 and D lapse
rate in the higher elevation Sutlej basin remains relatively stable across seasons. In general,
studies from the west and central Himalaya report 6'*O and oD lapse rates that are notably
weaker than those found in our study. We attribute the differences in 6'°0 and 6D lapse rates
to the paucity of high-elevation data, the spatial coverage of our sampling approach, the
west-to-east gradient in snow coverage and snow water equivalents (Immerzeel et al., 2009;
Smith & Bookhagen, 2018), as well increased contribution of ¢'*0- and dD-depleted glacier
and snowmelt to surface water at high-elevation sites. These factors emerge as clear controls
on 6'°0 and 6D lapse rates when we compare studies across the Himalayan front (Fig. 7).
Broadly, we know that sites in the western Himalaya have stronger WWD influence than the
east, whereas the eastern Himalaya sites have a stronger ISM influence than the west. This
relative influence of WWD versus ISM precipitation is reflected in regional patterns of '°O
and 0D lapse rates (Fig. 7) with the steepest lapse rates occurring in large basins with
relatively greater snowpack from the WWD and drainage areas that include headwaters in the
Tibetan Plateau, where the ISM influence is weaker than the WWD. Indeed, several other
studies note that 5'°0 and D lapse rates derived from surface waters in high-altitude regions
are strongly influenced by complex precipitation patterns driven by varying influence of the

ISM versus WWD, post-depositional processes in snowpack, and seasonal glacial melt (Hren
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et al., 2009; Poage & Chamberlain, 2001). Our data document strong non-linear 6'%0 and 6D

lapse rates in the eastern Himalaya, a region with reduced WWD influence compared to the

western Himalaya, where non-linear lapse rates have also been suggested (van der Veen et

al., 2018).
0180 and D stable :l{ei::lgt?o(l)lfs Type of
Reference Region Season isotope lapse rates surface water
I(; -1 sampled
(/go km™) (m) sampled
Mark and d nonglacierized
Mckenzie Andes Y -7 3600-4100 g
(2007) season springs
Rohrmann wet
etal. (2014) Andes season -0.2t0-1.7 340-4836 stream
pre- and
Va(rzag le;)al' HX;S: . post 20450 -1.9 500-4200 stream
Y monsoon
pre- and
ng(l)g;)a L Himalaya post- -2.9 300-5200 stream
monsoon
Racoviteanu  Central/East post- -0.6 to -1.1 (river) 500-6400 stream: SnOwW
et al. (2013) Himalaya  monsoon -4.4 (snow) 5300-6400 ’
. - and
Wilson et al. Central pre-an
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(2016) Himalaya MONSoon
Hoffmann East post- "
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van der West pre- and -0.7to-1.5/-8.8% 1000-4100
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Voss et al East pre-and -1.3to-1.4/-8.0to-9.5% 350-3000  stream; snow;
(this stud | Himal post-  -6.0to-6.6/-49.8 to -54.8*% 4000-6000 glacier;
is study) malaya  monsoon -2.2to-2.4/-17.4t0-19.0¢  350-6000 springs

*0D lapse rate

Table 3. Summary of stable isotope lapse rates and corresponding sampling approaches

from other high mountain isotope studies in the Andes and Himalaya.
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Figure 7. Comparison of reported 8'°0 and 5D isotope lapse rates across major watersheds
in the Himalaya and average snow water equivalent (SWE) in the pre-monsoon (March,
April, May) season from 1987 to 2009. 6D lapse rates are indicated with an asterisk. 6'°O
and oD isotope lapse rates are referenced accordingly with additional information in Table
2. The magnitude of the average 5'°0 lapse rate covering the widest range of elevations is
indicated by the watershed boundary colors as labeled in the legend. SWE averages are
derived from passive microwave data from the special sensor microwave imager as reported

in Smith & Bookhagen, (2018) and courtesy of T. Smith.

580 and 0D lapse rates are used as inputs to paleoclimate and modern climate

reconstructions; however, as indicated by our results, there are significant differences in the
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magnitude of the §'°0 and D lapse rates across seasons, which is likely driven by transitions
between the ISM and WWD precipitation regimes. Paleoclimate reconstructions often rely
on pedogenic stable oxygen (J'°0) values for the analysis and assume linear lapse rates along
an elevation gradient. Florea et al. (2017) argue that groundwater more accurately reflects the
“true” precipitation 0'°O and D lapse rate; however, our study indicates that even
groundwater 'O and D values are not fully conservative and reflect distinct seasonal
transitions in moisture source. This seasonal variability is reinforced in Bershaw et al.
(2012), who note that §'°0 and oD values reflect distinct precipitation sources and local
meteorological processes along elevation transects of the Himalayan and the Tibetan Plateau.
Our results support concerns raised by Hren et al. (2009) that the assumption of linear 6'°O
and 0D lapse rates will lead to misinterpretation of paleoclimatic or paleoenvironmental
change. We suggest that the sensitivity of 5'°O and JD lapse rates to seasonal precipitation
patterns can be used to improve the application of 0'*0 and D lapse rates in paleoclimate
and modern climate analyses.
5.2 Deuterium excess as a tracer for seasonal moisture source transitions

Deuterium excess emerges as a useful tool to investigate the variation in §'°O and 5D
values driven by precipitation patterns and seasonal moisture source transitions. Altitude
controls on deuterium excess (Fig. 4) may reflect two distinct processes: (1) increased
evaporation and moisture recycling in lower elevations and (2) post-depositional processes,
such as sublimation, in the higher elevation regions (Taylor Smith & Bookhagen, 2018).
Average deuterium excess values for WWD-sourced water are relatively high (>15 %)
whereas ISM-sourced water averages are lower (~8-12 %) (Gat & Carmi, 1970; Hren et al.,

2009). The pre-monsoon samples in the Barun Khola that drain snowmelt-dominated basins
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(mean catchment elevations between 4000-5000 m) align with average WWD deuterium
excess values whereas the post-monsoon samples more closely resemble the ISM (Fig. 4),
indicating a distinct transition and mixing of moisture sources across seasons (Jeelani et al.,
2013). Furthermore, the melting and refreezing of snow accentuates the elevated deuterium
excess values found in drainage basins dominated by snowmelt as compared to basins
dominated by glacial melt (Cooper, 1998; Taylor et al., 2002). As expected, the majority of
deuterium excess values from samples collected in the Sabha Khola in both the pre- and post-
monsoon seasons fall within the average range of ISM deuterium excess values with the
exception of river samples collected from the headwaters of the Sabha Khola, which have
snowpack from WWD precipitation and exhibit elevated deuterium excess values compared
to the rest of the basin.

There is a clear correlation between loss of snowpack from pre- to post-monsoon
season and decreased deuterium excess values (Fig. 5), which provides further evidence of a
transition in moisture sourced from continental-sourced WWD precipitation (with relatively
high deuterium excess values) in the pre-monsoon season to marine-sourced ISM
precipitation in the post-monsoon season (with relatively lower deuterium excess values).
Glacier melt samples exhibit almost no variation in deuterium excess values across seasons,
reinforcing our hypothesis that high deuterium excess is an indicator specific to WWD-
sourced precipitation in the region. River samples, which integrate snowmelt, glacial melt,
and groundwater sources, decrease from the pre- to post-monsoon season, indicating shift in
discharge sourced from WWD-sourced snowmelt to ISM-sourced rainfall. These results
complement previous studies across the Himalaya that found similar patterns in deuterium

excess linked to precipitation moisture sources in the Himalaya. In a broad survey across the
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Himalaya and Tibetan Plateau, Hren et al. (2009) notes that deuterium excess values are
strongly correlated to elevation and longitude, providing a distinct tracer for water vapor
transported from the Bay of Bengal, Indian Ocean, and westerly-derived continental sources.
Van der Veen et al. (2018) notes a transition in deuterium excess lapse rates at ~4200 m in
the Sutlej River in the western Himalaya (a shift from ~1.5 %o km™ below 4200 m to -3.0
%00 km™ above 4200 m) that correlates to increased snowpack in the high-elevation regions
of the watershed. The deuterium excess breakpoint does not exist in the Alaknanda basin,
about 350 km to the east of the Sutlej, which receives less snowpack and is a lower-elevation
catchment. Considered in tandem with the spatial variability of WWD-derived snowpack
across the Himalaya (Fig. 7), these results predict increased seasonal variation in deuterium
excess and isotope values as we move westward along the Himalayan front.

Building from the results of our synoptic sampling campaign, the time-series data
(Fig. 6) show increasing deuterium excess values at the onset of the monsoon, indicating
increased contributions from high deuterium excess, continental-sourced WWD snowpack to
river discharge, and is associated with surface temperatures greater than 0°C. Snow melt
dominates the water budget until early June at which point the contributing source to
streamflow transitions to lower deuterium excess, marine-sourced ISM rainfall, eventually
stabilizing around mid-July when ISM rainfall dominates the water supply in both
catchments. Both the Barun and Sabha Khola time-series data include peaks in deuterium
excess at the onset of the monsoon in May and June (Fig. 6). Two processes could explain
these peaks. First, the rivers may be flushed with snowmelt at the onset of the monsoon
driven by a combination of increasing temperature and rain-on-snow melting events (Smith

& Bookhagen, 2018; Wulf et al., 2012). Second, the peaks could indicate mixing with pre-
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monsoon rainfall events which, based on Balestrini et al. (2016)’s study in the Khumbu
region, may have elevated deuterium excess values. This is particularly true in the Sabha
Khola, where deuterium excess values in early monsoon rainfall events could be further
elevated due to high humidity, increased evaporation, and moisture recycling with local
water vapor. Either of these processes alone or a combination of the two could drive the
peaks in deuterium excess at the monsoon onset. The decline in deuterium excess values in
the Barun Khola in early September is most likely associated with a pulse of low deuterium

excess glacial melt water following high temperatures throughout August (see Fig. S1).

6 Conclusions

Our results indicate that 6'*0 and oD lapse rates strengthen in the high-elevation
eastern Himalaya regions. The 6'°O and 6D lapse rates derived from river water are
controlled by the relative influence of source waters (groundwater, snowmelt, and glacial
melt) as well as regional climate processes, particularly seasonal variability precipitation
sourced from the ISM and WWD, and as such are temporally variable on interannual time
scales. Our data indicate that §'°0 and D lapse rates derived from river water draining from
catchments with mean elevations greater than 4 km are 5-7 times more negative than the 'O
and 0D lapse rates calculated from river water samples with basin elevations below 3 km.
These results may influence the interpretation of paleoclimate and paleoelevation records,
and reinforce the need for additional high-elevation sampling campaigns from areas with
high relief in the Himalaya.

As evidenced in the time-series data, the unique seasonal variability of oxygen and

hydrogen isotopes can be exploited to track individual hydro-metrological events (see also
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Balestrini et al. (2016) in the Khumbu and van der Veen et al. (2018) in northwest India).
Additional studies from other regions of the Himalaya that capture the variability in the
strength of the ISM or WWD and incorporate sampling sites from rivers with varying
contributions from snowmelt, glacial melt, groundwater, and rainfall are needed to further
validate the spatiotemporal patterns described here.

By targeting low-flow periods before and after the monsoon, we derive new insights
on the utility of isotopic tracers to assess base flow from meltwaters and groundwater
contributing to Himalayan Rivers. In small- and mid-sized catchments, such as the Barun
Khola and Sabha Khola, rivers are ungauged and in-situ meteorological data are nonexistent.
Our data highlight the timing of snowmelt events and can be used to broadly assess the
potential impacts of glacial retreat, seasonal and interannual variability in snowpack, and
regional shifts in the intensity and timing of the ISM and WWD on the composition of
Himalayan rivers (Bolch et al., 2012; Cannon et al., 2015; Malik et al., 2016). These results
contribute to a growing body of work from the Himalaya and Andes (see Hill et al., (2018))
that utilize oxygen and hydrogen stable isotope tracers, particularly deuterium excess, to
define the spatiotemporal indicators of rain, snow and glacial meltwaters, and groundwater to

assess seasonal fluxes in high mountain rivers.
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Chapter 1V. Deciphering source-water contributions to streamflow during the winter-

dry season in the eastern Himalaya using geochemical and isotopic tracers

1 Introduction

Rivers sourced from the Himalaya provide a critical water supply for South Asia
(Beniston, 2003; Immerzeel et al., 2010). Different water sources — snowmelt, glacial melt,
groundwater, and rain — contribute to discharge, but the timing and relative magnitude of
these contributions varies both seasonally and geographically. Broadly, we know that
rainfall from the Indian Summer Monsoon (ISM) dominates river discharge from June to
September and that rainfall contributions to streamflow decrease along an east-to-west
transect (Bookhagen & Burbank, 2010; Malik et al., 2016). Snowpack from Winter Westerly
Disturbances (WWD) is a critical source to streamflow from December to April and its
influence increases along an east-to-west gradient (Barry, 2008; Bookhagen & Burbank,
2010; Lang & Barros, 2004; Smith et al., 2017; Smith & Bookhagen, 2018). Glacier melt is
variable and is dependent on a variety of factors, including elevation, debris-cover, and the
relative influence of WWDs (Alford & Armstrong, 2010; Bajracharya et al., 2015; Bolch et
al., 2012; Rounce et al., 2015; Scherler et al., 2011). In general, glacial melt contributions to
streamflow increase from east-to-west across Himalayan catchments and supplement
streamflow in low-flow periods before and after the monsoon (Immerzeel et al., 2010; Miller
et al., 2012; Wulf et al., 2016). Groundwater also accounts for a portion of the water budget;
however, the relative importance compared to other sources is largely unknown and
dependent on the scale of the catchment, residence time of the groundwater, and the season

(Andermann et al., 2012).

56



The contributions of these sources to Himalayan rivers changes on annual timescales
(i.e. rainfall contributions are dependent on a strong or weak monsoon) and on decadal scales
due to climate change. Glacier retreat is accelerating in most parts of High Mountain Asia
(HMA) although there is a more complex pattern in the Karakoram region (Alford &
Armstrong, 2010; Bolch et al., 2012; Brun et al., 2017; Lutz et al., 2014). Proglacial lakes are
expanding and may provide a consistent supply of glacial melt to rivers; however, our
understanding of the climatic and physical controls on glacial lake discharge is limited (Nie
et al., 2017). The timing of the ISM and WWD storm systems is increasingly variable and the
intensity of precipitation events is strengthening (Annamalai et al., 2013; Bookhagen, 2010;
Cannon et al., 2015; Malik et al., 2016; Turner & Annamalai, 2012). Snowpack is declining
(again, with the exception of the Karakoram region) with rapid melt events in the early
monsoon season that increase flood risk and decrease the reliability of snowpack to supply
water during low-flow periods (Smith et al., 2017). These combined changes affect
Himalayan rivers in two major ways: first, the timing and magnitude of low and high flow
periods is increasingly variable; and second, the occurrence of hazards — particularly floods,
landslides, and glacial lake outburst floods — is rising (Barnett et al., 2005; ICIMOD, 2011;
Petley et al., 2007). High-altitude regions dominated by glacier- and snow-fed headwaters
may contribute to river discharge more substantially in shoulder periods before and after the
monsoon while lower-elevation catchments where groundwater and rainfall are dominant
likely flush river systems during the monsoon period.

The topographic and climatic complexity of HMA precluded many studies of small-
and mid-sized watersheds in the region. This finer scale analysis is necessary for two

reasons. First, these basins are more sensitive to climate change; a small perturbation in
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snowpack extent or monsoon timing may have dramatic effects on streamflow in a small
catchment. Second, water management decisions related to hydropower development,
irrigation expansion, or natural hazard mitigation are made at this scale (Beniston, 2003).
Yet, the water budgets of small- and mid-sized basins are poorly understood because they are
often remote, ungauged, and difficult to access. Methodologies using hydrologic models are
inadequately constrained due to a lack of traditional ground-based meteorological and
hydrologic observational data. Remote-sensing methodologies are limited in their utility to
decipher source waters, particularly to separate glacier melt from snowmelt, due to the coarse
spatial resolution and complications from fine-scale processes, such as snow redistribution
from avalanches and wind or the local energy balance that drives melt and sublimation (Litt
et al., 2019; Stigter et al., 2017). To quantify the seasonal and temporal fluxes of smaller
catchments, extensive technical infrastructure would be needed, ranging from glacier
monitoring to groundwater assessments. This infrastructure does not exist and is difficult to
maintain in remote Himalayan catchments.

Several recent studies explore the water budgets of small- and mid-sized basins by
using geochemical and isotopic tracers to characterize and estimate snowmelt, glacial melt,
rainfall, and groundwater contributions to streamflow (Maurya et al., 2011; Meese et al.,
2016; Racoviteanu et al., 2013; van der Veen et al., 2018; Voss et al., 2018; Williams et al.,
2016; Wilson et al., 2015). Broadly, the approach exploits the natural variation of solute
concentrations as well as D and §'°O values in rainfall, snowmelt, glacial melt, and
groundwater to quantify the relative contribution of each component within a watershed.
Differences in ion concentrations can be attributed to weathering and ion exchange within

soil and bedrock, and indicate the residence time or flow path of a specific water source,
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whereas isotopic differences are mostly controlled by elevation and precipitation moisture
source. The geochemical fingerprints of snowmelt, glacial melt, groundwater, or rainfall are
distinct and provide a useful method to disentangle water budgets in high mountain
catchments (Frenierre & Mark, 2014).

Our study builds on the aforementioned body of literature to assess HMA water
supply. This study offers a baseline analysis of the seasonal variation of source waters in the
Barun Khola and Sabha Khola, two tributaries to the Arun River, a watershed in eastern
Nepal. Specifically, we characterize drainages fed by seasonal snowmelt, glacial melt, and
groundwater by their dissolved ion concentrations, 5D, and §'°O values. We then explore the
applicability of these tracers to estimate the relative contributions of individual sources that
contribute to streamflow using the hydrochemical basin characterization model (HBCM,;
Baraer et al., (2009)). The data presented here are unique in two ways. First, we synthesize
geochemical and isotopic tracers to partition seasonal snowmelt, debris-covered glacial melt,
proglacial lake melt, and groundwater. Second, the dense spatial and temporal coverage of
our data allows us to explore the hydrologic and climatic processes that control source water
contributions to discharge. We identify specific combinations of dissolved ions and isotopes
to separate (1) snow versus glacial melt waters and (2) water sourced from monsoon rain
versus winter snowpack. We address gaps in knowledge related to the timing and magnitude
of snowmelt and glacial melt as well as the relative input of subsurface groundwater to river

discharge.
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Figure 1. Regional map of the Arun watershed located in the eastern Himalaya with
headwaters in Tibet draining into eastern Nepal. The paired catchments analyzed in this
study — the high-elevation Barun Khola and low-elevation Sabha Khola — are highlighted
accordingly. Elevation data are derived from NASA’s Shuttle Radar Topography Mission

(SRTM) global 1 arc second dataset for Asia (NASA JPL, 2013).

2 Paired Catchment Approach: Characteristics of the Barun and Sabha Kholas

The eastern Himalaya provide a unique setting to assess the spatiotemporal variation
of rainfall, snowmelt, glacier melt, and subsurface flow contributions to streamflow. The
region is influenced by both the ISM and WWDs, contains significant glacierized areas, and

offers a mix of vegetation coverage, including terraced agriculture, dense forest, and alpine
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grasslands. The 33,000 km” Arun River contains ~15% glacierized area and is estimated to
receive ~25% of annual streamflow from snowmelt and ~70% from rainfall (Bookhagen &
Burbank, 2010; RGI Consortium, 2017). Approximately 85% of the Arun River is located in
the Tibetan Plateau, and consequently, the headwaters of the Arun are climatically distinct
from the downstream portion of the river that drains through the Himalaya in Nepal. The
Tibetan portion of the Arun lies in the rainshadow of the Himalaya and likely derives most of
its streamflow from snow and glacial melt (Gonga-Saholiariliva et al., 2016; Meese et al.,
2018). To control for a single climate regime, this study targets the Barun Khola and Sabha
Khola, two tributaries in the downstream, Nepal-side of the Arun River (Figure 1). The
Barun Khola is a ~468 km” glacierized sub-catchment with a mean catchment elevation of
4758 masl and ~30% glaciated area while the Sabha Khola is a 549 km? lower elevation
catchment (mean elevation 1503 masl) that receives some seasonal snowpack and has
undergone extensive land use change from agricultural terracing. The paired catchment
approach allows us to investigate the varying contributions from glacier melt, seasonal
snowmelt, and groundwater that are driven by the physical attributes of the two watersheds

while maintaining similar seasonal precipitation patterns.
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Figure 2. Map of the Barun Khola and Sabha Khola (a and b, respectively). Glacier extent is
from the Randolf Glacier Inventory derived from Global Land Ice Measurements from Space
(GLIMS) (RGI Consortium, 2017). Agriculture extent is estimated from Landsat imagery and
cross-validated with manual adjustments in Google Earth. Snow extent for 24 March 2016 is
derived from a Landsat OLI 8 image. Samples are classified based on the dominant type of
source water (snowmelt, glacial melt, groundwater) found within the drainage area

contributing to the respective sample.

The Barun Khola exhibits a steep elevation gradient ranging from ~1000-m asl to
over 8000-m asl at the summit of Mount Makalu. Along this transition, the land cover shifts
from dense forest in the lower elevations (~1000-m to 3500-m) to subalpine shrubs and
grasslands (~3500-m to 4800-m) and finally to barren alpine (above 4800-m)(Zomer et al.,
2001). The average hillslope angle in the Barun Khola is at 30° and the region has frequent
landslides, high erosion rates, and thin soil cover (Olen et al., 2015). The complex land cover
limits the potential for subsurface flow. Two glacial lakes, one of which is rapidly expanding
as the Lower Barun Glacier melts, dominate the headwaters of the Barun Khola and may
pose a risk for a glacial lake outburst flood (Rounce et al., 2016). These physical
characteristics render the Barun Khola an ideal sub-basin to partition the geochemical and
isotopic signatures of glacier melt and seasonal snowmelt (Figure 2a).

The Sabha Khola differs from the Barun in two major ways: first, it is not glaciated,
and second, the landscape is significantly altered from land use change to support local
agriculture. The Sabha Khola drains a similarly sized area, but the catchment has a lower

mean elevation than the Barun Khola that ranges from 200-m at Tumlingtar to 4600-m at the
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headwater ridgelines. The average hillslope angle in the Sabha is 26° with many hillsides
terraced to support local subsistence agriculture. Approximately 12% (64 km®) of the
watershed is cropland - predominantly rice, millet, and cardamom - that is clustered in the
lower regions of the watershed (see Figure 1b). While the Sabha and Barun Kholas are
controlled by the same regional precipitation patterns, the Sabha Khola receives substantially
less seasonal snowpack from WWDs and greater rainfall during the ISM than the Barun
Khola. Snowpack in the Sabha Khola is limited to the headwaters. The physical
characteristics of the Sabha Khola allow us to parse the relative influence of seasonal

snowpack versus rainfall-derived subsurface flow on discharge (Figure 2b).

8000
7000 o Khol o
- arun ola o
S —_
e £ 2
6000 PR o 3
2T (]
- Q
_ ol
£ 5000 = .
c \ T 19 November 2016 Snowline
e L
S 4000 L5 P
m e :
R 2>
3000 T , 2
L 24 March 2016 Snowline
2000
>
°Q
S =
1000 5
=l
®
: “sabha Khola
0% 1% 2% 3% 4% 5% 6% 7%

Percentage of Area
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increments and land cover transition. Elevation bins were derived from the Shuttle Radar
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Topography Mission [-arc second global void-filled data product accessed from U.S.
Geological Survey. Glacier elevations are estimated from the Randolf Glacier Inventory
derived from Global Land Ice Measurements from Space (GLIMS) (RGI Consortium, 2017).
Agriculture elevations are estimated from Landsat imagery and cross-validated with manual
adjustments in Google Earth and field-based observations. Snowlines are estimated with
Landsat 8 OLI imagery on 24 March and 11 November 2016, to provide estimates for snow

extent before and after the monsoon.

3 Data and Methods
3.1 Hydrochemical Basin Characterization Method (HBCM)

Mixing models have been used in high mountain catchments in both the Himalaya
and the Andes to determine the relative contributions of snowmelt, glacial melt, groundwater,
and rain to river discharge (Baraer et al., 2009; Mark et al., 2005; Wilson et al., 2015). We
apply the hydrochemical basin characterization method (HBCM) developed by Baraer et al.,
(2009), which uses the following mass balance equation to exploit the distinct geochemical
and isotopic signatures of river sources to determine the relative contributions of each source
to streamflow:

B i=1 (CijQi) + ¢
CtOtj B QtOt

Cioy and Cj; indicate the relative concentration or proportion of a tracer () at a mixing point
for one of the total » identified potential end members (i); Oyrand Q; represent the total
discharge at the mixing point (if discharge data are available) or the proportional contribution

of the tracer 7; and, ¢;, which is ideally near zero and corresponds to the residual error that
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results from the accumulation of inaccuracies and uncertainties associated with the data and
model. Assumptions of the HBCM model include: (1) unknown, additional sources are not
included; (2) the geochemical tracers are conservative; (3) there is significant differentiation
(>5%) among the various tracers to accurately represent individual source waters; and, (4)
tracer concentrations are spatially constant or treated as different components. Tracers were
selected using a principal component analysis (PCA) and bivariate plot interpretation, both of
which reflects the geologic and landscape controls on dissolved ion concentrations. The
HBCM model tests all possible combinations of tracers in a quasi-Monte Carlo approach and
reports the 20 results with the lowest residual errors (additional details of the model are
described in Baraer et al., (2015)). Here we assess all model results using 2- to 7-tracer
combinations that exhibited less than 2% residual error. We report the mean and standard
deviation of the mixing model results to provide an uncertainty estimate that arises from
different combinations of tracers.

Unlike the end-member mixing analysis developed in Christophersen & Hooper
(1992) and Hooper (2003), the HBCM allows spatial variation in the end-members and
tracers and uses the raw dissolved ion concentration values (in mg L) as inputs to the linear
mixing model equations. The mass-balance equation is applied at each main stem sample
taken along the Barun Khola and Sabha Khola, offering a spatial transect of source water
contributions from the headwaters to confluence with the Arun River (see Figure S1 for
mixing model schematic). The headwaters are calculated first and considered an input to the
next downstream mixing point. This “moving window” mixing continues until the final
mixing point at the confluence with the Arun River is calculated. We investigate the utility

of individual tracers to characterize source water types and their applicability at each mixing
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point of the Sabha and Barun Kholas by calculating (1) the frequency that an individual
tracer is used as an input and (2) that it produces a result with less than 2% residual error in
different mixing combinations. This assessment allows us to determine which tracers are
sufficiently different among source waters as well as which tracers produce robust mixing
model results.

3.2 Geochemical and Isotopic Sampling Approach

Water samples were collected in the pre- and post-monsoon seasons from drainages
fed by seasonal snowmelt, debris-covered glacier melt, proglacial lake meltwaters, and
groundwater (N = 114; 57/season) following a synoptic sampling approach (see Figure 1 for
geographic locations; Baraer et al., 2009; Mark et al., 2005; Wilson et al., 2015). Samples
were collected in the same hydrologic year in the dry season immediately before the
monsoon (April/May 2016) and resampled after the monsoon (October/November 2016) to
minimize the influence of recent rainfall events. These shoulder periods represent low-flow
periods when river discharge is likely sourced from snowmelt, glacial melt, and groundwater
rather than dominated by ISM rainfall.

When possible, river samples were collected from the main stem of the Barun Khola
and Sabha Khola every 200-m of elevation gain (N = 28; 13/season). Samples were also
collected from surface water drainages that contained extensive snowpack (N = 22;
11/season), proglacial lakes (N = 4; 2/season), debris-covered glaciers (N = 6; 3/season), as
well as groundwater-sourced springs/wells and surface-water tributaries draining from
forested and agriculture-dominated areas (N = 56; 28/season). Snowmelt and glacial melt
samples were collected as close to the snow line or glacial terminus as possible, and therefore

represent an integrated value of melt sources upstream of the sample collection point.
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Groundwater-sourced samples (labeled collectively as groundwater in Fig. 1) were collected
from springs/wells as well as surface water tributaries sourced exclusively from rainfall-fed
subsurface flow. Groundwater samples collected from springs/wells likely reflect shallow
subsurface groundwater from the vadose zone with lower residence times relative to
groundwater samples collected from surface water tributaries, which likely represent an
integrated shallow and deep groundwater source.

Two sets of water samples were collected from each site. Each sample was filtered
through 0.45-um glass filters into 30-mL polyethylene Nalgene bottles that were rinsed three
times with filtered water. Bottles were filled completely to produce a positive meniscus,
sealed tightly, and wrapped with tape to prevent the formation of air bubbles and possible
evaporation before laboratory analysis. Bottles were stored in a dark place until the
completion of the field season and then stored in a refrigerator at 4°C at UC Santa Barbara.
Additional field duplicates were collected every 10 samples for error analysis.

Samples were analyzed for 6'°0 and D at the German Research Center for
Geosciences (GFZ) Organic Surface Geochemistry Lab with a Picarro L-2140i1 Laser
Spectrometer. Precision for 6'*0 and 6D measurements was £0.03 %/ and £0.3 %/,
respectively. Analytical uncertainties for the oxygen and hydrogen stable isotope
measurements are reported as standard deviation of triplicate measurements in the data
repository. Deuterium excess was calculated for each sample as d = JD - 8*'°0
(Dansgaard, 1964). Samples were also analyzed for Ca2+, Mg2+, Na', K", Si, CI', and S04,
Major cations (Ca2+, Mg2+, Na', K, Si) were analyzed at the University of California Santa
Barbara’s TEMPO research facilities at the Materials Research Lab with a Thermo iCAP

6300 inductively coupled plasma spectrometer. The detection limit for each solute was <0.1
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mg L' with precision for Ca®", K, Mg”>", Na", and Si measurements of +/- 0.03 mg L™, 0.10
mg L™, 0.0l mgL",0.09mgL", and 0.03 mg L, respectively. Major anions (CI', SO4*)
were measured at Stanford University’s Environmental Measurements Lab with a Dionex
DX-500 Ton Chromatography (IC) System. The detection limit was <0.5 mg L™ with
precision for CI', SO4> measurements of +/- 0.11 mg L™ and 0.33 mg L™, respectively. All
ion data are reported in milligrams per liter (mg L™") and 6D and 6'°O isotope data are
reported in delta notation as parts per thousand as related to their deviation from Vienna

Mean Standard Ocean Water (VSMOW).

4 Results
4.1 Seasonal variation of geochemical data

Dissolved ion concentrations act as indicators of water flow paths and ion exchange
that results from interactions with soil or bedrock (see raw data in Appendix C Tables S1 and
S2). Cation solute concentrations, especially silica, and CI are highest in groundwater-
sourced drainages. Glacial melt-dominated drainages, particularly those sampled from
debris-covered glaciers, have markedly high SO4> concentrations. Seasonal snowmelt-
dominated drainages are uniformly low in their anion and cation concentrations. These
patterns hold across seasons, and solute concentrations are generally lower in the post-
monsoon season.
4.2 Seasonal variation in isotopic data

oD and 6'*0 values in the Barun Khola and Sabha Khola follow expected depletion
and enrichment patterns based on elevation and evaporation processes. In both the pre- and

post-monsoon seasons, isotope values from samples collected in the Barun Khola match
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closely with the Global Meteoric Water Line (GWML: 6D = 8*4'°0 + 10) with slopes
around 8. Samples collected in the Sabha Khola, on the other hand, have slopes of 5.6 and
6.1 in the pre- and post-monsoon seasons, respectively (Figure 3). 6D and §'°O values are
most depleted in the high-elevation glacierized drainages and relatively enriched in the
groundwater-dominated drainages. D-excess values are highest in the snowmelt-dominated
drainages during the pre-monsoon seasons and decrease in the post-monsoon season. D-

excess values in the other samples remain roughly constant across seasons.
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Figure 4. 0D and 6'°0 meteoric water line relationships in the pre- and post-monsoon
season for both the Sabha and Barun Khola. Sabha Khola samples are indicated with circles
whereas Barun Khola samples are marked with triangles. The Global Meteoric Water Line
(GMWL) is estimated as 0D = 8*5'°0 + 10. Confidence bounds reflect 95% confidence
intervals for ordinary least-squares linear regressions. Deviations from the GMWL are

indicative of local processes driving isotope values. Specifically, the weaker slopes in the

70



Sabha Khola (5.6 in the pre-monsoon and 6.1 in the post-monsoon) are indicative of

evaporation-driven fractionation.

4.3 Source water partitioning using HBCM mixing model in the Barun and Sabha Kholas
The combination of dissolved ion concentrations, dD, 6'°0, and d-excess values
render a distinct geochemical fingerprint for each water source and satisfy the assumptions
needed to apply the HBCM mixing model. We applied the HBCM mass balance equation to
the pre- and post-monsoon stream samples in the Barun Khola and to the pre-monsoon
samples in the Sabha Khola (see Appendix C Figures S1 for mixing model schematic). In the
Barun Khola, we estimated the source water contributions at six mixing points along a
longitudinal transect of the river at elevations of 4700 m, 4000 m, 3600 m, 3500 m, 3300 m,
and 1200 m at the confluence with the Arun River. In the Sabha Khola, we estimated source
contributions at five mixing points: 733 m, 520 m, 416 m, 414 m, and 312 m. We report the
mean estimated contribution of different source waters and standard error for all mixing

model results with less than 2% residual error in Table 1.

Barun Khola Spring (Pre-Monsoon)

l\l/iloxilnntg Glacier melt Glacier melt- Seasonal
Mixing Point Elevation (proglacial lake) d01.ninated snonmelt-
) (debris covered) dominated
Headwaters (K52) 4700 92% +1% 8% + 1% 0%
Upper Valley (K48) 4000 74% + 5% 26% £ 9% 0%
Mid Valley (K46) 3600 53% + 6% 31% + 10% 16% = 1%
Low Valley (K40) 3500 47% £+ 7% 29% + 11% 24% + 4%
Low Valley (K38) 3300 46% £ 7% 28% + 11% 26% + 4%
Arun Confluence (K60) 1200 36% + 9% 22% + 13% 42% + 12%

Barun Khola Fall (Post-Monsoon)

Mixing

Mixing Point Point

Glacier melt
(proglacial lake)
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Glacier melt-

dominated

Rainfall-
influenced/



Elevation
(m)
Headwaters (K85) 4700
Upper Valley (K81) 4000
Mid Valley (K77) 3600
Low Valley (K72) 3500
Low Valley (K70) 3300
Arun Confluence (K91) 1200

81% £ 6%
77% £ 8%
56% £ 8%
48% + 13%
46% + 13%
36% £ 14%

(debris covered)

19% =+ 6%
23% + 9%
39% £ 9%
33% + 13%
32% + 14%
26% + 15%

Sabha Khola Spring (Pre-Monsoon)

Mixing
. . . Point
Mixing Point elevation
(m)
Headwaters (K13) 733
Upper Valley (K23) 520
Mid Valley (K6) 416
Low Valley (K4) 414

Arun Confluence (K62) 312

Seasonal
snowmelt-
dominated

(headwaters)

50% £+ 1%
38% = 2%
22% + 4%
19% + 8%
18% + 8%

Groundwater-

dominated

50% £ 1%
62% =+ 4%
78% £ 8%
81% £ 15%
82% £ 16%

subsurface
flow
0%
0%
5% + 0%
19% + 9%
21% + 10%
38% + 13%

Table 1. Summary of results and potential contributions of different source waters to

discharge at all mixing points (main stem samples) of the Barun and Sabha Kholas. The

range of potential contributions reflects all HBCM model results for all possible

combinations of isotopic and geochemical tracers (2- to 7-tracer combinations) with less

than 2% residual error.

The mixing model results for the Barun Khola are illustrated in Figure 5. During the

pre-monsoon period, 92% +1% of streamflow at the headwaters is composed of glacial melt

from proglacial lakes with the remaining 8% + 1% sourced from drainages dominated by

debris-covered glaciers. Moving downstream, the contribution of seasonal snowmelt

increases until the final mixing point at the confluence with the Arun River where 36% + 9%

of streamflow is sourced from proglacial lake melt water, 22% + 13% from drainages with

debris-covered glaciers, and 42% =+ 12% from drainages with seasonal snowmelt. In the
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post-monsoon period, the elevation pattern remains the same with contributions from glacial
melt greatest in the headwaters of the Barun Khola and contributions from precipitation-
influenced drainages increasing downstream. In the post-monsoon season, the overall
contribution from proglacial lake melt water decreased to 36% + 14%, debris-covered glacier
melt increased to 26% =+ 15%, and drainages that contained snowpack in the pre-monsoon
season but are now rainfall-influenced remain roughly the same (38% + 13%)).

In the Sabha Khola, we apply the HBCM in the pre-monsoon season when the
headwaters of the Sabha Khola contain extensive snowpack that is geochemically and
isotopically distinct from the downstream groundwater-dominated drainages. In the post-
monsoon season, once all the headwater snowpack has melted, differentiation among source
waters in the Sabha Khola is inconclusive due to the homogenous geochemical make-up of
the samples collected. In the pre-monsoon period, water sourced from the snowmelt-
dominated headwaters contributes approximately 18% =+ 8% of discharge at the confluence
with the Arun River while groundwater-sourced drainages contribute the remaining 82% =+
16% (Figure 6). In the post-monsoon season, all seasonal snowpack in the Sabha Khola has
melted we assume that 100% of discharge is sourced from deep groundwater or shallow

subsurface flow recently recharged from ISM rainfall.
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Figure 5. HBCM water budget estimates separation results for the April-May pre-monsoon
(top) season and October-November post-monsoon (bottom) season in the Barun Khola.
Source water types are designated based on the dominant source water in the drainage area
for the respective sample. The percent contribution represents the results from the HBCM
mixing model analysis with the lowest residual error (<2%) consistent across combinations

of tracers.
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Figure 6. HBCM water budget estimates for the April-May pre-monsoon season in the Sabha
Khola. Source water types are designated based on the dominant source water in the
drainage area for the respective sample. The percent contribution represents the results
from the HBCM mixing model analysis with the lowest residual error (<2%) consistent

across combinations of tracers.
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4.4 Utility of individual tracers applied in the mixing model

In the pre-monsoon season in the Barun Khola, SO,> and 6D were used as inputs to
every mixing point and d-excess, Ca*", Mg*", Na", and K” were used in at least half of the
confluence points. That said, SO4~, Mg*", and d-excess were the most frequently used
tracers that produced reliable results (<2% residual error). In the post-monsoon season, 6D
and Ca>" are used as inputs at all mixing points, but 6D, Ca>*, Mg”’, and d-excess produce
model results within the 2% residual error limits. In the Sabha Khola, d-excess is the only
tracer used in every mixing point, and it is used in combination with 6D, SO4>, Mg”", and

Na' to produce mixing model results with less than 2% residual error.

S Discussion
5.1 Dissolved ion concentrations, 5D, and 5'°0 as unique tracers for source waters
Glacier-sourced samples have high concentrations of solutes that reflect the chemical
and mechanical weathering processes of glacier retreat, particularly ion exchange within
proglacial lakes and interaction with debris on the glacier surface. In the Barun Khola, high
concentrations of dissolved ions associated with glacial silt (Ca>", Mg*", K, SO,%) are
consistent with geochemical analyses of glaciers in other parts of the Himalaya (Tartari et al.,
1998). Sulfate emerges as a valuable tracer for glacier-derived water due to increased sulfide
oxidation during glacial retreat (Anderson, (2007); Salerno et al., (2016); see Figure S2).
Samples from seasonal snowmelt have the lowest solute concentrations in both the pre- and
post-monsoon seasons, indicating little ion exchange from interaction with bedrock or soils.
In groundwater-sourced samples, variation in the concentrations of solutes is indicative of

increased water residence time within the catchment and is influenced by the physical
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landscape and land management practices across the basin (i.e. agriculture terracing).
Samples collected at the bottom of hillslopes and draining from terraced areas have higher
dissolved ion concentrations than the samples collected closer to ridgelines, suggesting
greater ion exchange with soil and bedrock and, potentially, longer groundwater residence
times. Dissolved ion concentrations in most samples decrease from the pre- to post-monsoon
season and indicate mixing with ISM rainfall, which is known to have low solute
concentrations in this region of the Himalaya (Balestrini et al., 2016).

oD and ¢'°0 data from the Barun and Sabha Kholas are strongly controlled by
elevation and seasonal moisture source (Figure 3). Samples collected from the Sabha Khola
exhibit an enriched isotopic signature discernable by a deviation in slope from the global
meteoric water line (Figure 3 inset). A slope shallower than 8 indicates that evaporation-
driven fractionation has occurred and is consistent with known fractionation processes
associated with subsurface, groundwater resources (Gat, 2010; Hsieh et al., 1998). High d-
excess values are correlated to snowmelt-dominated drainages in the pre-monsoon season in
both the Barun Khola and Sabha Khola and match with average WWD-sourced precipitation
values, rendering d-excess a useful tracer to track WWD-derived snowpack in both
watersheds (Meese et al., (2018); van der Veen et al., (2018); see Appendix C Figure S3). In
the post-monsoon season, after all seasonal snowpack has melted, the d-excess values of the
snowmelt-sourced drainages align closely with known averages from ISM precipitation,
indicating that these drainages are now sourced predominately from rainfall (Jeelani et al.,
2013).
5.2 Water budgets in the pre- and post-monsoon seasons

Our analysis of the utility of the tracers indicates that d-excess is useful to
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differentiate WWD-derived snowpack, SO4> correlates to glacial melt, and other dissolved
ions, mainly Ca®", Mg®", Na", indicate weathering processes and ion exchange linked to
shallow subsurface or deeper groundwater. A principal component analysis of the water
samples confirms that these attributes can effectively characterize and separate these distinct
water sources (see Appendix C Figure S4).

In the Sabha Khola, we found that seasonal snow is a critical source in upstream
portions of the catchment during the pre-monsoon season (contributing 50% =+ 1%); however,
subsurface groundwater is the prime contributor to discharge moving downstream and in the
post-monsoon season. Critically, Smith & Bookhagen (2018) found that snowpack is
declining in this region of the Himalaya. While discharge data do not exist for the Sabha
Khola, our results indicate that streamflow in the headwaters of the basin is seasonally
dependent on snowmelt. A decline in snowpack may increase the variability of discharge in
the dry season and poses a potential risk that requires consideration in local water
management decisions.

In the Barun Khola, the role of glacial melt is strongest in the headwaters and
decreases moving downstream toward the Barun-Arun River confluence. This spatial pattern
is consistent with a glacierized catchment (Racoviteanu et al., 2013); however, the overall
contribution of glacial melt relative to seasonal snowmelt is greater than what we initially
hypothesized. Surprisingly, our results suggest that the overall contribution of glacial melt to
streamflow remains relatively stable across seasons, which diverges from previous studies
that found greater snowmelt contributions in the pre-monsoon and a transition to glacial melt
during the warmer post-monsoon season (Bolch et al., 2012; Bookhagen & Burbank, 2010).

We find that drainages with debris-covered glaciers contribute more in the post-monsoon
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season, which may indicate increased melting as a result of higher temperatures throughout
the summer season.

To explore the sensitivity of our mixing model to the “water type” classifications that
we assigned to each drainage area, we calculated the contribution of each sample as well as
cumulative contributions between each mixing point (see Appendix C Figure S5 and S6). In
general, the spatial patterns of the contributing areas remain constant across the seasons with
the glacierized headwaters contributing nearly half of river discharge and the lower reaches
of the basin with extensive seasonal snowpack contributing about a third. While we
acknowledge that the drainage area contributing to each sample likely contains a mixture of
sources, the differentiation in the geochemical and isotopic data is distinct and we are
confident in our assigned classifications as well as the mixing model results (see Appendix C
for PCA result in Figure S4).

5.3 Spatial scale impacts on Himalayan water budget partitioning

The preponderance of water budget analyses in HMA rely on remotely-sensed data
and hydrologic modeling to assess larger river basins (i.e. the whole of the Arun watershed or
the entire Ganges or Brahmaputra river basins). Notably, results from small- and mid-sized
basin studies, including this one, produce different estimates of snow and glacial melt
contributions than those reported in the regional, larger-scale analyses. Using a similar
methodology, Wilson et al., (2015) assessed the central Himalayan Langtang watershed and
estimated a glacier melt contribution of 36% in the pre-monsoon season and 22% in the post-
monsoon season. Racoviteanu et al., (2013) used an ice ablation model and a simple two-
component mixing model with D and ¢'*0 values and calculated glacier melt contributions

to in the post-monsoon season for the Langtang Valley (68%), Betrawti (10%), Trushili
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(5%), Hinku (21%), and Dudh Koshi (7%). Further east, Williams et al., (2016) assessed
Bhutan’s Chamkar Chhu River and estimated that glacial melt contributes 14% and 31% of
streamflow in the early- and post-monsoon seasons, respectively.

At a larger scale, assessments using remote-sensing data and hydroclimatic energy
balance models produce notably different estimates of source contributions to river
discharge. Bookhagen & Burbank (2010) found that snowmelt accounts for ~50% of
streamflow in the western Himalaya (where the ISM is weaker) and less than 20% in the
central and eastern Himalaya (where the ISM is stronger) on an annual timescale; but, in the
early-monsoon season snowmelt may contribute over 40% of streamflow in the central and
eastern Himalaya. Armstrong et al., (2018) quantified water budgets for the upper regions
(above 2000-m) of the Syr Darya, Amu Darya, Indus, Ganges, and Brahmaputra River basins
and report snow contributions between 65%-72% of annual streamflow in all of the basins
with the exception of the Ganges (43%), and glacial melt contributions of less than 3% with
the exception of the Amu Darya (8%). The study describes glacier melt peaking in the late
summer (July and August); however, even during this season, the overall contribution of
glacial melt remains relatively small (<10% of total discharge). While the seasonal and
spatial patterns described in Bookhagen & Burbank (2010) and Armstrong et al., (2018) are
similar, the estimated proportions of snowmelt and rainfall contributing to discharge are
much greater than the results from the small- and mid-sized basin studies described above.

When we compare these studies, spatial scale and temporal variation emerge as
defining controls on Himalayan source waters. Kaser et al., (2010) explains that glacier melt
is a critical water source for high-elevation watersheds in arid regions with minimal influence

from the ISM, especially compared to larger basins draining in the lowlands of the Himalaya.
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Similarly, Racoviteanu et al., (2013) posits that the influence of glacial melt on discharge is
directly proportional to the glacier coverage in a basin. Additionally, the emergence of
glacial lakes adds complexity to these hydrologic systems because seasonal variability in the
outflow from glacial lakes is poorly understood, as is the potential of these lakes to act as a
buffer to discharge from headwater regions. Our results imply that proglacial lakes may act

as a stable source to streamflow across seasons in high-elevation, glacierized catchments.

6 Conclusions

This study indicates that a combination of both isotopic and dissolved ion data are
necessary to fully distinguish between potential source waters in the Himalaya, especially to
separate glacial melt from snowmelt. We find that glacial melt is a significant component of
the water budget in both the pre- and post-monsoon seasons in high-elevation headwaters
whereas seasonal snowpack contributes nearly 40% of streamflow in the pre-monsoon
season. Recent studies indicate that snowpack in eastern HMA is declining and, combined
with retreating glaciers, we anticipate these changes may present new strains on water
supply, particularly in high-elevation catchments or in low-elevation headwaters where snow
is an essential source during the pre-monsoon season (Smith & Bookhagen, 2018).
Additional analyses of small- and mid-sized basins are needed to provide a basin-specific
context for local water management. This study contributes a critical perspective of water
resources in small tributaries in the eastern Himalaya and can be used in tandem with
regional studies to assess the baseline spatiotemporal variability of water resources along the

Himalayan front.

82



Chapter V. Conclusions

This study was motivated by the urgent need to quantify water resources in the
Himalaya and to enhance our understanding of the baseline hydroclimatic factors that control
river systems in the region. Specifically, we were interested in evaluating the main sources
of water that contribute to streamflow in the Arun watershed and to assess how these sources
vary seasonally and across spatial scales. Our study site in the eastern Himalaya provided an
ideal location to assess both the influence of the Indian Summer Monsoon and the Winter
Westerly Disturbances, which contribute rain and snow, respectively, in discrete seasonal
cycles. Additionally, the Arun watershed’s unique physical landscape — extensive glacier
coverage, headwaters in the Tibetan Plateau, agriculture terracing in low elevation regions —
allowed us to constrain glacier melt and groundwater sources. We explored the applicability
of geochemical and isotopic tracers to qualitatively and quantitatively explain hydrologic
processes and water flowpaths in the Arun River system, and identified unique attributes
associated with specific water sources that can be used across the Himalaya or, potentially,
other high mountain regions. Collectively, the conclusions from this dissertation contribute
to three overarching themes: (1) Himalayan water budgets; (2) tools for water resource
assessments in remote and ungauged basins; and, (3) opportunities for and limitations of
data-informed water management in High Mountain Asia.
5.1 Assessing Himalayan water budgets and considerations under climate change

Overall, our water budget and regional assessment of the hydroclimatic drivers in the
Arun River (Chapters 2 and 4) compliment those of other small- and mid-sized basin studies
across the Himalaya as well as regional remote-sensing analyses. We find that snowmelt

contributes substantially in the pre-monsoon season (April to mid-June) before the Arun
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Valley is flushed with rainfall from the ISM from June through September. Glacier melt
contributions to the Arun River increase through summer and peak in the post-monsoon
season (September to October) from increased melting in the Tibetan Plateau headwaters as
well as high-elevation tributaries. In the Arun’s glacierized tributaries, i.e. the Barun Khola,
glacial melt is a key source contributing ~60% of river discharge in low-flow seasons before
and after the monsoon. We also identify snowmelt as a vital source in non-glacierized
basins, particularly in the headwaters of watersheds with extensive snowpack.

These results offer a foundational assessment of water resources in an eastern
Himalaya watershed from which we can predict potential changes and tension points that will
arise due to climate change. In particular, we identify two climate-driven trends that will
impact the region’s water availability: first, eastern Himalaya snowpack is diminishing and
melt patterns are shifting (Barnett et al., 2005; Smith & Bookhagen, 2018); and second,
glacier retreat is accelerating with proglacial lakes expanding across the region (Rounce et
al., 2016). As snowpack declines and the timing of melt events becomes temporally
condensed, tributaries that rely on snowmelt in the pre-monsoon season will likely see a
decline in discharge. In the Arun watershed, many microhydropower plants are proposed in
small tributaries that drain glacierized or snowpack-laden headwaters. Future variability in
snowpack extent and the timing of melt events will inevitably alter the efficacy of the
proposed microhydropower plants.

Additionally, the accelerated retreat of glaciers in the region poses two challenges.
First, the rapid growth of large proglacial lakes poses a risk of glacial lake outbursts floods
(GLOFs). In the Arun basin, the Lower Barun Lake is identified as a high risk lake (Rounce

et al., 2016). Large hydropower plants proposed on the main stem of the Arun River,
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specifically the Arun-3, are particularly vulnerable to GLOFs as evidenced by a recent event
in 2017 that resulted in a debris flow that blocked flow of the Arun River for several days
and transported large boulders down the river (Byers, 2017; Rest, 2012). In addition to new
hazards, the second dilemma linked to glacial retreat is the potential loss of a stable water
source, particularly in low-flow seasons outside of the monsoon and in tributaries with
extensive glacier coverage. In the early stages of glacial retreat, the increased melt from will
result in increased runoff throughout the Himalaya; however, the region will eventually cross
a “peak water” threshold and glacial melt contributions to streamflow will decline (Lutz et
al., 2014). This transition is trivial for the transboundary, continental river basins draining
HMA — the Ganges, Bramaputra, and Indus — that are sourced predominantly from rainfall
and snowpack (Armstrong et al., 2018). However, glacial retreat may ultimately exacerbate
water stress in small- and mid-sized Himalayan that rely on meltwaters during low-flow, dry
seasons.
5.2 Methodological approaches to assess water resources in ungauged basins

This dissertation effectively utilized geochemical and isotopic tracers to decipher
seasonal moisture sources in the Himalaya, to separate snowmelt from glacial melt
contributions to river discharge, and to explore the hydroclimatic processes that influence the
composition of meteoric water. Our methodological approach is similar to other studies
across the Himalayan belt and reinforces the effectiveness of these tools to characterize water
resources in remote and ungauged basins, particularly in fine-scale assessments of small- and
mid-sized watersheds where remote-sensing data may be limited due to its course resolution.
In particular, we identify deuterium excess as an exceptional tracer to partition storm systems

in the Himalaya and as a marker for seasonal snowmelt. We also pinpoint sulfate as a
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reliable indicator for glacial melt. These two metrics have been used in other watersheds
across the Himalaya and have the potential to be applied more extensively in the region to
elucidate the varying contributions of snowmelt and glacial melt in river systems with
diverse hydroclimatic controls, such as varying glacier coverage or influence from ISM
versus WWD.

Our discussion of the differences between large- and small-scale water budget
assessments in Chapter 4 alludes to an opportunity to integrate remote-sensing and field-
based methodological approaches. Both approaches bypass the paucity of ground-based
meteorological and hydrologic gauge data in the Himalaya; however, they differ in their scale
of assessment. Remote-sensing data provide insights to regional processes as well as large-
scale basins whereas field-based data are more localized and often evaluate process specific
to an individual watershed. Combined, remote-sensing and field-based studies offer a more
complete and accurate assessment of water resources in the Himalaya across spatial and
temporal scales. This nuanced understanding of Himalayan water resources is critical to
acknowledge when leveraging data from remote-sensing or field-based studies to inform
water management decisions.

5.3 Implications for water management in Nepal and High Mountain Asia

The geopolitics of water management in HMA are marked by competition between
India and China as well as individual nations’ attempts to establish economic independence
through energy, agriculture, and industrial security (Wirsing, 2013; Wirsing et al., 2012).
Nepal, in particular, has ample water resources and is poised in a strategic location nestled
between India and China. The Government of Nepal’s prioritization of hydropower and road

infrastructure, particularly via transboundary agreements with India and China, is an attempt

86



to (1) achieve economic independence, (2) establish political cooperation and goodwill
between its neighboring superpowers, and (3) simultaneously reinforce state-building and
security at home (Lord, 2014; Murton et al., 2016). Yet, the proposed management of
Nepal’s water resources is built on a tenuous foundation of hydrologic data that will only
become more variable under a changing climate (Agrawala et al., 2003). For the proposed
Arun-3 hydropower plant in particular, the results from this dissertation provide a broad
assessment of water supply in the Arun River and its tributaries, which may offer a useful
framework for large- and microhydropower planning throughout the basin.

As discussed in the previous section and Chapter 4, the results from this research
highlight the importance of scale in matching hydrologic data with water management
decisions. While large-scale analyses from remote-sensing studies provide essential
information for regional or transboundary planning, field-based studies of local basins
provide essential data to inform local water management decisions, particularly irrigation and
hydropower planning. The scale of the management decision dictates which data are needed
to appropriately inform the decision at hand; however, data-informed management is a
challenge in remote and ungauged watersheds. This dissertation offers one approach to
assess water resources in such scenarios and urges new synthesis between remote-sensing
and field-based studies to characterize water availability across HMA.

5.4 Future Directions

This study explores the applicability of geochemical and isotopic tracers to describe
the hydroclimatic processes and water budgets of rivers in high mountain regions. Future
research to build on the results from this dissertation could be directed toward two priorities:

(1) new data collection across HMA and (2) data synthesis among existing field-based and
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remote-sensing studies. Specifically, Chapter Three identifies non-linear 6'*0 and 6D lapse
rates that could be cross-validated in other high-altitude transects. Ideally, an assessment of
the 0'*0 and oD lapse rates would include both rainfall and river water samples. To
complement the results from Chapter Four, additional studies that follow a similar
methodological approach but strategically target watersheds from other regions of the
Himalaya with varying influence from the ISM, WWD, glaciers, and groundwater would
further constrain our knowledge of Himalayan water budgets. A concerted effort is needed
to combine the relative water budget analyses described in this dissertation with volumetric
estimates of discrete water sources (snowmelt, glacial melt, groundwater, rainfall) to
accurately partition Himalayan river hydrographs. Since an expansive network of ground-
based gauge and observational tools does not exist given the inaccessible terrain of the
region, this is a priority that could be fulfilled with remote-sensing approaches.
5.5 Concluding remarks

The watersheds of HMA offer a unique “living laboratory” to explore water resources
in remote and ungauged river basins while providing practical data to inform pressing water
management decisions. Given the dynamic hydroclimatic and political conditions of the
region, there is an urgent need for ongoing research to quantify the variability of rain, snow,
glacier, and groundwater contributions to river discharge. Equally important, the
communication of scientific results to the appropriate stakeholders at local, national, and
regional levels is vital to steer data-informed management decisions and to build trust
between decision-makers and scientists. This dissertation was rooted in collaboration with
local community members in the Arun Valley, politicians from the Government of Nepal,

and a range of international stakeholders, including nongovernmental organizations, regional
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think tanks, and the U.S. Agency for International Development. While the scientific results
of this study contribute to our knowledge of high mountain water resources, I hope that the
overarching dissertation design, particularly the citizen science campaign, offers inspiration
for future research to be intentional, ambitious, and inclusive in linking stakeholder and
scientific priorities. As we strive for a sustainable water future, this type of active
engagement among scientists, the public, and decision-leaders will be the springboard for

innovative research and robust policy outcomes to tackle the grand challenges of our lifetime.
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Appendix A.

Std. Std. Sum of Std. Std.
Name Daic 180 Dev. 6D Dev. e‘;zfs's dissolved Na*  Dev. K Desvtdk* o S";;l Dev- car  Dev. si Ditvdéi S0z
Cow) 0180 (i oD S ions - (mgL)  Na' o (mgL?) (SRE gl oF L gL Cat (mglh) SRS (mg L) (mgl?)
o) Cry " (gL (mg L") € & (mg L") €

Upper Arun 1 Apr-16 -11.8 0.0 -81.4 0.1 13.0 30.6 7.1 0.0 1.7 0.0 2.6 0.0 16.0 0.1 32 0.0
Upper Arun2  Apr-16 -11.8 0.0 -81.6 0.2 12.8 47.5 6.4 0.1 1.4 0.0 2.6 0.0 15.9 0.1 32 0.0 2.8 15.1
Upper Arun3  May-16 -11.8 0.0 -81.8 0.1 12.6 293 6.3 0.0 1.5 0.0 2.6 0.0 15.8 0.0 32 0.0
Upper Arun4  May-16 -11.7 0.0 -804 0.3 13.4 49.3 5.8 0.0 1.5 0.0 2.5 0.0 17.1 0.1 3.2 0.0 3.8 14.8
Upper Arun 5 May-16 -12.1 0.0 -842 0.1 13.0 42.8 6.3 0.0 1.4 0.0 2.6 0.0 15.6 0.1 33 0.0 2.7 10.3
Upper Arun 6  May-16 -11.4 0.0 -774 0.1 13.9 40.1 54 0.0 1.4 0.0 2.3 0.0 14.0 0.1 3.0 0.0 24 11.1
Upper Arun7 May-16 -10.4 0.0 -68.2 0.1 14.7 27.8 4.8 0.0 1.3 0.0 2.0 0.0 12.3 0.0 2.8 0.0 0.7 32
Upper Arun 8 May-16 -8.9 0.2 -55.1 0.6 159 28.3 34 0.0 1.2 0.0 1.5 0.0 10.0 0.0 25 0.0 1.5 8.2
Upper Arun 9 May-16 -10.2 0.0 -65.6 0.1 15.6 32.0 38 0.0 1.1 0.0 1.8 0.0 11.4 0.0 2.5 0.1 1.6 9.8
Upper Arun 10 May-16 -10.8 0.0 =729 0.1 13.9 373 4.6 0.0 1.3 0.0 2.1 0.0 13.1 0.1 2.8 0.0 1.9 11.5
Upper Arun 11 Jun-16  -9.3 0.0 -584 0.1 15.8 26.8 32 0.0 1.0 0.0 1.5 0.0 9.5 0.0 2.5 0.0 12 79
Upper Arun 12 Jun-16  -10.5 0.0 -69.7 0.1 14.6 35.6 5.0 0.0 1.2 0.0 1.8 0.0 11.6 0.0 2.7 0.0 3.1 9.6
Upper Arun 13 Jun-16  -8.0 0.0 -46.5 0.1 17.4 235 2.2 0.0 0.9 0.0 1.1 0.0 9.6 0.0 1.9 0.0 1.1 6.7
Upper Arun 14 Jun-16  -10.1 0.0 -65.8 0.1 15.2 26.3 3.7 0.0 1.6 0.0 1.7 0.0 11.1 0.0 24 0.0 0.7 5.0
Upper Arun 15 Jun-16  -9.0 0.0 =559 0.1 16.1 24.5 4.6 0.0 0.7 0.0 1.3 0.0 10.7 0.0 1.9 0.0 0.7 3.7
Upper Arun 16 Jun-16  -9.5 0.0 -60.1 0.1 15.8 242 24 0.0 1.1 0.0 1.3 0.0 9.6 0.0 22 0.0 1.1 59
Upper Arun 17 Jun-16  -9.7 0.0 -61.5 0.1 15.7 222 1.9 0.0 0.8 0.0 1.1 0.0 8.5 0.0 2.1 0.0 0.7 6.3
Upper Arun 18 Jul-16 -16.4 0.0 -1194 0.2 11.9 84.9 5.5 0.0 1.1 0.0 43 0.0 24.8 0.1 2.7 0.0 4.6 419
Upper Arun 19 Jul-16 -16.4 0.0 -119.5 0.2 11.7 83.2 8.4 0.0 0.3 0.0 43 0.0 248 0.0 25 0.0 3.1 39.8
Upper Arun 20 Jul-16  -16.6 0.0 -120.9 0.1 11.8 61.8 6.5 0.0 0.4 0.0 42 0.0 24.7 0.1 2.4 0.0 1.7 21.3
Upper Arun 21 Jul-16  -16.3 0.0 -1184 0.0 11.8 59.7 6.4 0.1 0.5 0.0 4.1 0.1 24.4 0.1 2.5 0.0 1.7 19.6
Upper Arun 22 Jul-16  -16.1 0.0 -117.4 0.1 11.7 83.4 6.7 0.0 0.9 0.0 4.2 0.0 30.0 0.1 24 0.0 1.9 37.3
Upper Arun 23 Jul-16  -17.3 0.0 -126.7 0.1 11.7 100.7 14.6 0.0 5.0 0.0 4.7 0.0 28.6 0.1 24 0.0 3.7 40.4
Upper Arun 24 Jul-16  -16.9 0.0 -123.8 0.1 11.6 93.7 8.4 0.0 0.7 0.0 4.6 0.0 26.4 0.1 2.8 0.0 6.4 43.8
Upper Arun 25 Aug-16 -16.1 0.0 -117.0 0.1 11.9 73.1 5.0 0.0 0.9 0.0 4.1 0.0 24.2 0.1 24 0.0 1.2 353
Upper Arun 26 Aug-16 -16.0 0.0 -116.8 0.1 11.2 70.7 5.7 0.0 1.0 0.0 4.1 0.0 243 0.1 2.5 0.0 24 30.6
Upper Arun 27 Aug-16 -16.0 0.0 -117.2 0.1 11.1 82.8 6.5 0.1 1.0 0.0 43 0.0 25.0 0.2 24 0.0 3.6 39.3
Upper Arun 28 Aug-16 -16.3 0.0 -119.5 0.1 11.2 99.0 11.7 0.0 0.4 0.0 4.8 0.0 264 0.1 2.6 0.0 6.6 46.6
Upper Arun 29 Aug-16 -11.2 0.0 -76.6 0.1 13.0 453 3.1 0.0 24 0.0 2.6 0.0 14.3 0.0 6.4 0.0 1.3 14.3
Upper Arun 30 Aug-16 -14.7 0.0 -105.1 0.1 12.2 54.8 2.6 0.0 33 0.0 44 0.0 21.0 0.1 7.1 0.0 1.4 15.1
Upper Arun 31 Aug-16 -13.3 0.0 -94.7 0.1 11.3 41.5 34 0.0 1.0 0.0 1.9 0.0 13.0 0.0 1.6 0.0 0.9 19.8
Upper Arun 32 Aug-16 -14.9 0.0 -106.7 0.1 12.7 404 2.7 0.0 0.7 0.0 2.1 0.0 13.5 0.0 23 0.0 0.9 18.1
Upper Arun 33 Sep-16 -14.5 0.0 -103.5 0.1 12.4 454 43 0.0 22 0.0 35 0.0 16.0 0.1 6.0 0.0 0.8 12.8
Upper Arun 34 Sep-16 -14.5 0.0 -103.9 0.1 124 335 52 0.0 0.6 0.0 2.6 0.0 16.2 0.0 2.6 0.0 0.5 59
Upper Arun 35 Sep-16  -14.6 0.0 -104.6 0.1 12.1 49.8 44 0.0 0.8 0.0 2.7 0.0 16.9 0.0 29 0.0 12 21.0
Upper Arun 36 Sep-16  -14.4 0.0 -103.3 0.2 12.1 43.4 34 0.0 1.0 0.0 2.8 0.0 17.4 0.0 2.7 0.0 0.9 14.5
Upper Arun 37 Sep-16 -14.5 0.0 -103.4 0.1 12.6 50.9 4.1 0.0 0.6 0.0 2.8 0.0 17.6 0.0 2.7 0.0 1.2 213
Upper Arun 38 Sep-16 -14.5 0.0 -103.7 0.1 12.3 50.0 3.6 0.1 0.8 0.0 2.8 0.0 17.6 0.1 2.7 0.0 14 21.1
Upper Arun 39 Sep-16 -14.6 0.0 -104.0 0.1 12.8 43.0 4.4 0.0 0.7 0.0 23 0.0 14.7 0.0 24 0.0 1.1 17.3
Upper Arun 40 Oct-16  -14.3 0.0 -100.8 0.2 13.2 36.8 3.0 0.0 0.7 0.0 2.1 0.0 13.1 0.1 24 0.0 0.9 14.0
Upper Arun 41 Oct-16  -14.6 0.0 -102.9 0.1 13.7 329 22 0.0 0.8 0.0 1.8 0.0 11.6 0.1 2.0 0.0 0.8 13.0
Upper Arun 42 Oct-16  -8.0 0.0 -49.5 0.2 14.4 20.9 4.8 0.0 0.7 0.0 0.7 0.0 59 0.0 6.5 0.0 0.3 2.0
Upper Arun 43  Oct-16  -14.0 0.0 -99.8 0.2 12.2 473 4.0 0.0 0.9 0.0 2.7 0.0 16.8 0.0 2.8 0.0 1.5 18.0
Upper Arun 44 Oct-16  -14.0 0.0 -100.3 0.2 11.8 53.9 4.1 0.0 1.2 0.0 2.8 0.0 17.6 0.0 29 0.0 32 21.5
Upper Arun 45 Oct-16  -13.9 0.0 -99.3 0.1 11.7 511 4.7 0.0 1.0 0.0 29 0.0 18.0 0.1 3.0 0.0 2.0 19.6
Lower Arun1  5-May -9.8 0.0 -65.1 0.3 13.6 349 3.8 0.0 1.3 0.0 1.6 0.0 11.8 0.0 32 0.0 1.6 10.9
Lower Arun2  6-May -10.1 0.0 -66.9 0.1 13.5 37.7 4.1 0.0 1.4 0.0 19 0.0 13.5 0.0 35 0.0 1.6 11.9
Lower Arun3  7-May -9.6 0.0 -63.2 0.1 13.9 355 39 0.0 1.4 0.0 1.8 0.0 12.5 0.0 35 0.0 1.4 10.9
Lower Arun4 11-May -9.4 0.0 -61.5 0.1 14.0 353 3.8 0.0 1.3 0.0 1.7 0.0 12.9 0.0 32 0.0 1.4 10.4
Lower Arun 5 15-May -6.3 0.0 =345 0.1 16.2 243 2.1 0.0 1.1 0.0 1.1 0.0 10.2 0.0 23 0.0 0.2 6.6
Lower Arun 6 19-May -8.4 0.0 =523 0.1 15.1 314 3.1 0.0 1.3 0.0 1.6 0.0 11.4 0.0 33 0.0 1.1 9.7
Lower Arun7 23-May -89 0.0 -56.2 0.1 15.1 313 3.0 0.0 1.4 0.0 1.5 0.0 11.6 0.0 33 0.0 1.0 9.5
Lower Arun 8 27-May -8.4 0.0 -51.8 0.1 15.7 27.7 24 0.0 1.2 0.0 1.3 0.0 10.6 0.0 29 0.0 0.8 7.8
Lower Arun9 31-May -8.5 0.0 -52.6 0.1 15.6 27.0 2.7 0.0 1.1 0.0 1.3 0.0 9.7 0.0 3.0 0.0 0.9 7.8
Lower Arun 10 4-Jun -9.1 0.0 -58.6 0.1 14.5 30.6 3.1 0.0 1.3 0.0 1.5 0.0 10.9 0.0 32 0.0 1.0 9.0
Lower Arun 11 8-Jun -4.9 0.0 213 04 17.9 27.8 3.7 0.0 1.8 0.0 1.0 0.0 10.9 0.1 2.0 0.0 22 5.6
Lower Arun 12 12-Jun  -8.5 0.0 -52.1 0.1 159 28.8 23 0.0 1.5 0.0 1.3 0.0 11.8 0.1 33 0.0 0.8 7.3
Lower Arun 13 16-Jun  -6.7 0.0 =372 0.1 16.7 32.1 44 0.0 0.9 0.0 1.1 0.0 10.8 0.0 3.0 0.0 2.1 92
Lower Arun 14 20-Jun  -8.0 0.0 -483 0.1 15.8 238 1.9 0.0 1.1 0.0 1.1 0.0 9.9 0.0 3.0 0.0 0.6 57
Lower Arun 15 24-Jun  -7.5 0.0 -449 0.1 153 258 39 0.0 0.9 0.0 1.0 0.0 10.9 0.0 2.7 0.0 0.9 4.8
Lower Arun 16 28-Jun  -8.9 0.0 -55.6 0.1 15.8 26.6 4.1 0.0 1.0 0.0 12 0.0 11.0 0.0 3.1 0.0 0.9 49
Lower Arun 17 2-Jul  -10.4 0.0 -682 0.1 153 27.8 39 0.0 1.2 0.0 1.1 0.0 11.8 0.1 29 0.0 0.8 5.6
Lower Arun 18  6-Jul  -11.3 0.0 -75.7 0.1 14.4 29.7 29 0.0 0.7 0.0 1.2 0.0 12.6 0.0 2.8 0.0 1.0 7.7
Lower Arun 19 10-Jul -11.4 0.0 -76.4 0.1 14.5 30.8 3.6 0.0 0.8 0.0 1.2 0.0 124 0.0 29 0.0 2.0 7.9
Lower Arun 20 14-Jul  -11.8 0.0 -80.6 0.2 13.9 423 53 0.0 0.4 0.0 1.7 0.0 16.8 0.1 3.1 0.0 22 12.2
Lower Arun 21 18-Jul  -12.2 0.1 -83.5 03 14.0 322 43 0.0 0.5 0.0 1.2 0.0 13.1 0.0 2.8 0.0 1.9 7.8
Lower Arun22  22-Jul  -12.7 0.0 -87.6 0.1 14.0 29.0 6.1 0.0 0.5 0.0 1.2 0.0 10.6 0.1 3.1 0.0 0.9 6.1
Lower Arun 23 26-Jul  -12.1 0.0 -834 0.2 13.3 338 42 0.0 0.4 0.0 1.3 0.0 13.0 0.1 2.8 0.0 2.0 95
Lower Arun 24 30-Jul  -13.6 0.0 -95.8 0.0 129 454 4.0 0.0 0.7 0.0 2.0 0.0 153 0.0 2.7 0.0 3.2 16.9
Lower Arun 25 3-Aug -14.8 0.0 -105.7 0.1 12.7 75.2 12.0 0.1 0.4 0.0 3.1 0.0 20.5 0.0 29 0.0 6.2 29.5
Lower Arun 26  7-Aug  -13.9 0.0 -98.1 0.1 12.9 58.8 5.7 0.1 0.5 0.0 2.7 0.0 19.5 0.1 29 0.0 33 242
Lower Arun 27 11-Aug -14.3 0.0 -101.5 0.1 13.1 62.4 58 0.0 0.3 0.0 3.0 0.0 20.1 0.1 29 0.0 3.8 26.5
Lower Arun 28 15-Aug -14.4 0.0 -102.5 0.1 12.6 65.6 59 0.0 0.6 0.0 3.1 0.0 21.2 0.1 2.8 0.0 3.7 282
Lower Arun29 19-Aug -14.4 0.0 -102.3 0.1 13.0 63.5 57 0.0 0.5 0.0 3.1 0.0 21.5 0.1 3.0 0.0 2.6 27.0
Lower Arun 30 23-Aug -14.1 0.0 995 0.1 13.0 555 2.9 0.0 1.0 0.0 2.8 0.0 19.5 0.1 29 0.0 22 242
Lower Arun 31 27-Aug -14.0 0.0 -99.1 0.1 12.5 58.6 32 0.0 0.9 0.0 3.1 0.0 20.7 0.1 3.1 0.0 1.7 26.0
Lower Arun 32 31-Aug -12.6 0.0 -87.3 0.1 13.5 40.0 4.5 0.0 0.5 0.1 2.0 0.0 15.2 0.1 2.8 0.0 0.7 144
Lower Arun 33 4-Sep -13.1 0.0 -90.9 0.1 13.9 279 4.0 0.0 0.5 0.0 1.3 0.0 10.8 0.0 29 0.0 0.8 7.7
Lower Arun 34 8-Sep -12.8 0.0 -88.3 0.1 13.7 353 4.5 0.0 0.4 0.0 1.7 0.0 12.7 0.0 33 0.0 0.6 11.9
Lower Arun 35 12-Sep -12.6 0.0 -87.6 0.1 13.6 253 1.9 0.0 0.8 0.0 1.3 0.0 95 0.0 3.0 0.0 0.6 8.2
Lower Arun 36 16-Sep -12.7 0.0 -87.8 0.0 13.5 28.0 23 0.0 0.4 0.0 1.3 0.0 9.6 0.0 29 0.0 2.1 9.4
Lower Arun 37 20-Sep -12.0 0.0 -82.5 0.1 13.3 27.8 23 0.0 0.9 0.0 1.4 0.0 9.8 0.1 35 0.0 0.7 9.1
Lower Arun 38 24-Sep -12.0 0.0 -824 0.1 13.4 27.6 23 0.0 0.9 0.0 14 0.0 9.9 0.1 34 0.0 0.6 9.1
Lower Arun 39 28-Sep -12.8 0.0 -88.5 0.1 13.7 30.1 23 0.0 1.0 0.0 15 0.0 11.5 0.0 33 0.0 0.6 10.0
Lower Arun40 1-Oct  -12.5 0.0 -86.4 0.1 13.5 17.9 24 0.0 0.9 0.0 1.4 0.0 9.8 0.0 34 0.0
Lower Arun41  1-Oct  -12.5 0.0 -86.2 0.1 13.8 19.4 4.4 0.0 0.4 0.0 1.4 0.0 9.8 0.0 33 0.0
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Std. Std. Sum of Std. Std.

Name Date 0180  Dev. oD Dev. e::gs-s dissolved  Na* Dev. K* DeS:di(* Mg* St&::"’ Ca*™ Dev. Si Di:/d'si cr S0
(") 0180  (“/g) D Chw) jions (mgL') Na* (mgL') (m. .L") (mg L") (mg L") (mgL"') Ca* (mgL") (m i.f‘) (mgL™') (mgL™)
Cloo) Ca) O gL (mg L") ¢ ¢ (mg L") .
Sabha Khola1 5-May -5.8 0.0 =326 03 14.0 29.3 24 0.0 1.7 0.0 2.3 0.0 12.5 0.1 3.6 0.0 12 55
Sabha Khola2 6-May -6.0 0.0 -343 04 133 317 21 0.0 1.7 0.0 2.8 0.0 14.4 0.0 3.7 0.0 0.9 6.1
Sabha Khola3 7-May -5.5 0.0 -29.6 0.1 14.6 275 1.9 0.0 1.4 0.0 2.4 0.0 123 0.0 33 0.0 0.8 54
Sabha Khola4 11-May -5.8 0.0 -33.0 0.1 13.5 32.0 2.6 0.0 1.8 0.0 2.7 0.0 13.8 0.0 4.0 0.0 1.0 6.0
Sabha Khola 5 15-May -5.5 0.0 -289 0.1 14.8 27.8 2.0 0.0 1.6 0.0 24 0.0 12.1 0.0 3.6 0.0 0.8 53
Sabha Khola 6 19-May -4.9 0.0 =229 0.1 16.3 24.0 1.4 0.0 1.2 0.0 2.1 0.0 11.2 0.1 29 0.0 0.6 4.6
Sabha Khola7 23-May -5.4 0.0 -27.9 0.1 15.5 26.1 1.5 0.0 1.3 0.0 2.5 0.0 122 0.0 32 0.0 0.6 4.7
Sabha Khola 8 27-May -6.1 0.0 -32.7 0.1 15.7 242 1.7 0.0 1.2 0.0 2.1 0.0 11.0 0.1 34 0.0 0.6 43
Sabha Khola9 31-May -5.5 0.0 -27.5 0.1 16.3 21.4 1.5 0.0 1.1 0.0 1.8 0.0 9.8 0.0 29 0.0 0.5 32
Sabha Khola 10 4-Jun  -6.1 0.0 =332 0.1 153 26.1 1.8 0.0 1.3 0.0 2.3 0.0 11.9 0.0 34 0.0 0.6 4.7
Sabha Khola 11~ 8-Jun  -4.5 0.0 -185 0.1 17.7 17.0 13 0.0 0.8 0.0 13 0.0 7.0 0.0 24 0.0 0.5 3.1
Sabha Khola 12 12-Jun  -4.0 0.0 -163 0.1 155 229 3.0 0.0 1.2 0.0 1.7 0.0 6.6 0.0 39 0.0 19 4.6
Sabha Khola 13 16-Jun  -4.1 0.0 -16.1 0.2 16.9 159 13 0.0 0.8 0.0 12 0.0 7.0 0.0 24 0.0 0.6 2.6
Sabha Khola 14 20-Jun -5.4 0.0 -26.8 0.1 16.1 19.2 1.4 0.0 0.9 0.0 1.7 0.0 8.7 0.0 3.1 0.0 0.5 29
Sabha Khola 15 24-Jun  -5.3 0.0 =263 0.1 159 16.7 1.3 0.0 1.0 0.0 13 0.0 6.5 0.0 3.0 0.0 0.7 3.0
Sabha Khola 16 28-Jun  -6.1 0.0 =332 0.1 15.8 26.6 4.5 0.0 0.2 0.0 1.9 0.0 9.8 0.0 29 0.0 1.8 54
Sabha Khola 17~ 2-Jul  -6.4 0.0 =357 0.1 15.4 20.8 1.4 0.0 1.2 0.0 1.8 0.0 8.5 0.0 3.6 0.0 0.6 3.1
Sabha Khola 18 ~ 6-Jul ~ -7.3 0.0 -43.1 0.1 15.1 19.8 1.4 0.0 1.1 0.0 1.7 0.0 8.1 0.0 3.5 0.0 0.6 3.5
Sabha Khola 19 10-Jul ~ -7.3 0.0 -443 0.1 13.8 19.1 1.6 0.0 1.0 0.0 1.6 0.0 7.6 0.0 3.5 0.0 0.5 2.7
Sabha Khola20 14-Jul  -7.0 0.0 -42.1 0.1 13.9 183 1.5 0.0 1.2 0.0 1.7 0.0 7.8 0.0 3.7 0.0 0.4 1.4
Sabha Khola 21 18-Jul  -8.5 0.0 -543 0.1 13.9 18.6 1.5 0.0 0.9 0.0 1.5 0.0 7.4 0.0 34 0.0 0.6 2.6
Sabha Khola 22 22-Jul -10.4 0.0 -69.5 0.1 13.4 173 1.3 0.0 0.8 0.0 12 0.0 7.7 0.0 2.7 0.0 0.7 29
Sabha Khola23  26-Jul  -8.3 0.0 =534 0.1 132 17.2 1.6 0.0 0.9 0.0 1.4 0.0 6.3 0.0 33 0.0 0.7 23
Sabha Khola 24 30-Jul  -8.3 0.0 =528 0.1 13.4 18.7 1.8 0.0 1.0 0.0 1.4 0.0 6.3 0.0 3.8 0.0 13 32
Sabha Khola25 3-Aug -8.2 0.0 -51.8 0.0 135 19.6 1.8 0.0 0.9 0.0 1.7 0.0 73 0.0 4.1 0.0 0.5 27
Sabha Khola 26 7-Aug  -8.0 0.0 -50.8 0.1 13.1 21.0 1.9 0.0 1.2 0.0 1.8 0.0 79 0.0 42 0.0 0.6 2.8
Sabha Khola 27 11-Aug -8.4 0.0 -545 0.1 12.7 19.3 2.0 0.0 1.1 0.0 1.7 0.0 7.1 0.0 4.1 0.0 0.7 2.0
Sabha Khola 28 15-Aug -8.0 0.0 -51.3 0.1 13.0 21.5 20 0.0 1.0 0.0 1.8 0.0 7.8 0.0 42 0.0 0.7 32
Sabha Khola29 19-Aug -7.8 0.0 -48.8 0.1 13.7 223 2.1 0.0 1.2 0.0 2.0 0.0 8.8 0.0 4.4 0.0 0.7 32
Sabha Khola 30 23-Aug -8.1 0.0 -51.9 0.0 131 21.5 2.0 0.0 1.1 0.0 1.9 0.0 8.6 0.0 43 0.0 0.5 3.1
Sabha Khola 31 27-Aug -7.5 0.0 -47.3 0.1 13.0 24.8 22 0.0 1.2 0.0 2.0 0.0 8.9 0.0 4.7 0.0 1.7 34
Sabha Khola 32 31-Aug -8.5 0.0 -54.1 0.1 13.7 15.4 1.7 0.0 0.9 0.0 12 0.0 52 0.0 33 0.0 0.6 24
Sabha Khola 33 4-Sep  -9.5 0.0 -63.5 03 126 16.1 1.6 0.0 0.8 0.0 1.4 0.0 6.1 0.0 3.5 0.0 0.5 22
Sabha Khola 34 8-Sep  -8.5 0.0 -552 0.1 13.0 20.0 1.9 0.0 1.0 0.0 1.8 0.0 7.7 0.0 4.4 0.0 0.5 2.8
Sabha Khola 35 12-Sep -9.5 0.0 -63.3 0.1 12.9 15.4 1.7 0.0 0.8 0.0 12 0.0 5.9 0.0 33 0.0 0.5 2.0
Sabha Khola 36 16-Sep -9.4 0.0 -61.6 0.1 13.7 17.1 1.6 0.0 0.8 0.0 1.4 0.0 6.5 0.0 34 0.0 0.5 23
Sabha Khola 37 20-Sep -9.0 0.0 -589 0.1 135 18.3 1.7 0.0 1.0 0.0 14 0.0 6.2 0.0 39 0.0 0.7 25
Sabha Khola 38 24-Sep -9.3 0.0 -60.4 0.1 13.6 18.3 1.8 0.0 1.0 0.0 1.6 0.0 6.9 0.0 4.0 0.0 0.6 24
Sabha Khola 39 28-Sep -8.7 0.0 -56.8 0.1 12.8 21.1 22 0.0 1.1 0.0 1.8 0.0 72 0.0 4.7 0.0 0.7 2.8
Sabha Khola40 1-Oct  -8.8 0.0 -574 0.1 13.0 213 1.9 0.0 1.3 0.0 1.9 0.0 8.0 0.0 4.7 0.0 0.6 22
Sabha Khola41 1-Oct  -8.8 0.0 -574 0.1 13.1 23.0 2.0 0.0 1.2 0.0 1.9 0.0 8.0 0.0 4.7 0.0 13 29
Barun Khola 1 29-Apr -10.1 0.0 -63.7 0.1 16.7 20.9 1 0.0 0.8 0.0 0.8 0.0 7.7 0.0 22 0.0 0.4 6.9
Barun Khola2  30-Apr -10.0 0.0 -63.2 0.1 17.0 19.9 1 0.0 0.6 0.0 0.8 0.0 7.6 0.0 2.3 0.0 0.3 6.4
Barun Khola3 1-May -9.9 0.0 -63.2 0.1 16.4 20.4 12 0.0 0.6 0.0 0.8 0.0 7.6 0.0 23 0.0 0.4 6.9
Barun Khola4 5-May -9.5 0.0 -58.5 0.1 17.2 19.5 0.9 0.0 0.8 0.0 0.7 0.0 72 0.0 2.1 0.0 0.3 6.7
Barun Khola5 9-May -9.7 0.0 -60.2 02 172 18.6 1.1 0.0 0.6 0.0 0.7 0.0 7.3 0.0 22 0.0 0.3 6.4
Barun Khola 6 13-May -8.5 0.0 -50.5 0.1 17.8 16.6 1.1 0.0 0.5 0.0 0.7 0.0 6.1 0.0 2.0 0.0 0.4 52
Barun Khola7 17-May -8.6 0.0 -51.0 0.1 17.9 16.4 1.1 0.0 0.5 0.0 0.7 0.0 6.4 0.0 2.0 0.0 0.4 54
Barun Khola 8 21-May -7.3 0.0 -39.7 02 18.7 13.0 1.0 0.0 0.4 0.0 0.6 0.0 4.9 0.0 1.7 0.0 0.3 4.1
Barun Khola 9 26-May -8.6 0.0 -50.6 0.1 18.0 12.7 0.9 0.0 0.4 0.0 0.6 0.0 4.8 0.0 1.7 0.0 0.3 4.0
Barun Khola 10 29-May -9.5 0.0 -584 0.1 17.2 16.3 0.9 0.0 0.9 0.0 0.7 0.0 6.2 0.0 2.1 0.0 0.4 52
Barun Khola 11~ 1-Jun  -8.1 0.0 -46.5 0.1 182 13.8 1.0 0.0 0.4 0.0 0.6 0.0 5.1 0.0 2.0 0.0 0.4 3.7
Barun Khola 12 5-Jun  -9.5 0.0 -58.7 0.1 17.4 18.0 1.2 0.0 0.9 0.0 0.7 0.0 6.3 0.0 2.0 0.0 0.7 54
Barun Khola 13 9-Jun  -6.3 0.0 =309 02 191 9.1 0.7 0.0 0.7 0.0 0.4 0.0 32 0.0 1.3 0.0 0.4 2.4
Barun Khola 14 12-Jun  -9.6 0.0 -59.8 0.1 17.1 15.4 0.9 0.0 0.8 0.0 0.6 0.0 5.4 0.0 2.0 0.0 0.5 5.1
Barun Khola 15 16-Jun  -6.9 0.0 -37.2 0.1 18.0 10.7 2.4 0.0 0.2 0.0 0.4 0.0 3.6 0.0 1.3 0.0 0.3 2.5
Barun Khola 16 19-Jun  -9.8 0.0 -61.5 0.1 16.8 16.5 12 0.0 0.5 0.0 0.6 0.0 4.7 0.0 1.7 0.0 1.6 55
Barun Khola 17 22-Jun  -8.6 0.0 -51.9 0.1 16.8 12.7 1.0 0.0 0.4 0.0 0.6 0.0 4.3 0.0 22 0.0 0.3 34
Barun Khola 18~ 6-Jul  -13.3 0.0 91.7 0.1 149 20.3 1.4 0.0 0.6 0.0 0.8 0.0 5.8 0.0 3.1 0.0 1.7 6.3
Barun Khola 19 10-Jul  -13.5 0.0 -92.7 0.1 15.1 223 33 0.0 0.6 0.0 0.9 0.0 57 0.0 3.0 0.0 19 6.1
Barun Khola20 13-Jul  -14.0 0.0 978 0.1 14.5 154 1.1 0.0 0.3 0.0 0.6 0.0 4.5 0.0 2.1 0.0 1.8 5.0
Barun Khola 21 17-Jul  -13.7 0.0 944 0.1 14.8 14.4 12 0.0 0.4 0.0 0.7 0.0 52 0.0 23 0.0 0.3 43
Barun Khola22 21-Jul  -13.7 0.0 944 0.1 149 16.6 13 0.0 0.5 0.0 0.7 0.0 5.7 0.0 2.6 0.1 0.3 49
Barun Khola 23 25-Jul  -13.9 0.0 964 03 145 25.1 13 0.0 29 0.0 1.7 0.0 6.0 0.0 59 0.0 12 4.8
Barun Khola 24  29-Jul  -14.0 0.0 -97.8 0.1 14.6 173 1.4 0.0 0.5 0.0 0.8 0.0 5.6 0.0 32 0.0 0.4 4.7
Barun Khola 25 2-Aug  -14.0 0.0 974 0.1 14.7 16.6 1.3 0.0 0.5 0.0 0.8 0.0 5.6 0.0 2.7 0.0 0.4 4.8
Barun Khola 26  6-Aug -14.1 0.0 -97.8 0.1 15.2 23.7 3.0 0.0 0.7 0.0 0.8 0.0 5.6 0.0 2.6 0.0 3.5 74
Barun Khola 27 10-Aug -13.8 0.0 -95.5 0.1 153 17.7 22 0.0 0.9 0.0 0.8 0.0 5.6 0.0 2.7 0.0 0.5 5.1
Barun Khola 28 14-Aug -13.7 0.0 -94.0 0.1 15.2 153 1.5 0.0 0.6 0.0 0.8 0.0 6.1 0.0 2.7 0.0 0.4 33
Barun Khola29 18-Aug -13.6 0.0 -93.9 0.1 14.7 19.2 35 0.0 1.1 0.0 0.7 0.0 4.9 0.0 23 0.0 1.7 39
Barun Khola 30 22-Aug -13.2 0.0 -90.5 0.1 14.7 223 0.8 0.0 3.1 0.0 2.3 0.0 5.6 0.0 6.9 0.0 0.3 33
Barun Khola 31 26-Aug -13.2 0.1 -90.6 0.1 14.9 20.6 0.7 0.0 2.8 0.0 2.1 0.0 53 0.0 6.4 0.0 0.3 3.1
Barun Khola 32 31-Aug -14.6 0.0 -101.6 0.1 152 10.7 1.0 0.0 0.1 0.0 0.5 0.0 4.3 0.0 19 0.0 0.3 2.6
Barun Khola 33  4-Sep  -14.6 0.0 -103.5 0.1 132 311 6.3 0.0 1.1 0.0 2.1 0.0 13.8 0.1 24 0.0 0.4 4.4
Barun Khola 34 8-Sep  -14.5 0.0 -103.4 0.1 12.6 26.7 33 0.0 1.2 0.0 2.1 0.0 13.7 0.1 24 0.0 0.3 3.0
Barun Khola 35 12-Sep -12.9 0.0 -88.4 0.1 14.9 17.0 12 0.0 0.6 0.0 0.7 0.0 6.4 0.0 25 0.0 0.5 5.0
Barun Khola 36 16-Sep -12.7 0.0 -86.9 0.1 14.8 17.6 0.9 0.0 0.8 0.0 0.7 0.0 6.6 0.0 2.4 0.0 0.4 53
Barun Khola 37 20-Sep -12.7 0.0 -86.9 0.1 14.9 18.4 1.9 0.0 0.3 0.0 0.8 0.0 6.7 0.0 2.5 0.0 0.3 49
Barun Khola 38 24-Sep -12.9 0.0 -88.0 0.1 15.1 17.4 1.0 0.0 0.6 0.0 0.7 0.0 6.4 0.0 2.6 0.0 0.3 5.1
Barun Khola 39 28-Sep -14.0 0.0 -97.6 0.1 14.8 12.1 1.4 0.0 0.1 0.0 0.5 0.0 4.4 0.0 1.7 0.0 0.3 3.1
Barun Khola40 2-Oct  -13.6 0.0 -942 0.1 14.5 11.2 0.7 0.0 0.7 0.0 0.5 0.0 3.8 0.0 1.6 0.0 0.5 2.8
Barun Khola41  6-Oct  -14.6 0.1 -100.9 03 155 10.3 1.0 0.0 0.6 0.0 0.5 0.0 34 0.0 1.6 0.0 0.4 22
Barun Khola 42 10-Oct -14.0 0.1 972 0.1 14.8 14.4 1.5 0.0 0.8 0.0 0.6 0.0 4.4 0.0 2.3 0.0 0.5 3.7
Barun Khola 43 14-Oct  -12.5 0.0 -845 02 153 182 1.4 0.0 0.3 0.0 0.8 0.0 6.8 0.0 2.5 0.0 0.3 5.4
Barun Khola 44 18-Oct -12.4 0.1 -83.8 0.1 15.6 18.4 13 0.0 0.3 0.0 0.8 0.0 6.9 0.0 2.5 0.0 0.3 5.6
Barun Khola 45 28-Oct -12.2 0.0 -823 0.1 15.4 19.6 1.6 0.0 0.4 0.0 0.8 0.0 73 0.0 2.6 0.0 0.4 59
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Appendix B.

Cross- Mean 50 5D % Change
Sample se.ason Dominant Source Water for . . Date Time Catchment S o' d d d d d-excess  in Snow
Name Fduivalent Drainage Area Latitude  Longitude o eq  Collected  Elevation S¢*°" o) s N v (") s N N (“/0)  Covered
Sample o) (¥]
(m) Area
Name
K1 K1 Groundwater-sourced Spring ~ 27.3712559 87.2136194 2-Apr-16  8:14:56AM 1113 Spring -5.33  0.05 -35.02 0.8 7.61
K2 K2 Groundwater-sourced Spring ~ 27.3647195 87.2385796 2-Apr-16  9:41:12AM 565 Spring  -5.66  0.01 -39.44 0.13 5.83
K3 K3 Groundwater-sourced Tributary  27.3607983 87.2440909 2-Apr-16 10:20:32AM 565 Spring -5.77  0.03 -35.95 0.12 10.25
K4 K4 Stream 273691333 87.2461174 2-Apr-16 12:03:41PM 1746 Spring -6.45  0.02 -37.55 0.07 14.09
K5 K5 Groundwater-sourced Tributary  27.3797119 87.2703115 2-Apr-16  1:42:00PM 782 Spring -5.78  0.03 -37.21 0.12 9.04
K6 K6 Stream 27.3807225 87.2705378 2-Apr-16 1808 Spring  -6.50  0.05 -37.65 0.09 14.35
K7 K7 Groundwater-sourced Spring ~ 27.3833399 87.2867028 2-Apr-16 817 Spring -6.31  0.03 -40.44 0.11 10.04
K8 K8 Groundwater-sourced Tributary  27.3688844 87.3253117 3-Apr-16 1463 Spring -6.92  0.01 -4342 0.10 11.97
K9 K9 Groundwater-sourced Tributary  27.3842948 87.3375476 3-Apr-16 1859 Spring -7.13  0.02 -44.34 0.06 12.73
K10 K10 Groundwater-sourced Spring ~ 27.3989711 87.3365462 3-Apr-16 1800 Spring -7.85 0.03 -49.18 0.07 13.61
K12 K12 Groundwater-sourced Spring ~ 27.4154468 87.3312658 4-Apr-16 : 1222 Spring -7.07 0.02 -44.28 0.09 12.31
K13 K13 Stream 274292749 87.3426376 4-Apr-16 10:17:32AM 2429 Spring -7.14  0.03 -41.52 0.10 15.64
K14 K14 Groundwater-sourced Spring ~ 27.4250792 87.3711486 4-Apr-16 1:51:07PM 1414 Spring -6.66  0.03 -42.50 0.13 10.75
K15 K15 Groundwater-sourced Spring ~ 27.4238499  87.376017  4-Apr-16  3:46:21PM 1549 Spring -7.25  0.05 -45.07 0.09 12.91
K16 K16 Groundwater-sourced Tributary 27.4288748 87.3871325 5-Apr-16 8:10:00AM 2268 Spring -7.45 0.03 -45.04 0.12 14.53
K17 K17 Groundwater-sourced Tributary 27.4355067 87.4054843  5-Apr-16 10:18:42AM 2543 Spring -8.16  0.03 -50.19 0.12 15.11
K19 K19 Snowmelt (Headwater Tributary) 27.444108 87.3943643 6-Apr-16  8:49:26AM 2962 Spring -6.45  0.04 -3427 0.16 17.36 -100%
K20 K20 Groundwater-sourced Tributary 27.4280501 87.3631217 7-Apr-16  9:30:03AM 1853 Spring -7.35  0.02 -44.84 0.11 13.98
K21 K21 Groundwater-sourced Tributary 27.4281817 87.3431465 7-Apr-16 10:35:01AM 1521 Spring -6.90  0.03 -42.61 0.13 12.61
K22 K22 Groundwater-sourced Tributary ~ 27.436996 87.3246803 7-Apr-16 1794 Spring -591 0.01 -32.95 0.08 14.33
K23 K23 Stream 27426718 873089109 7-Apr-16 2204 Spring -6.62  0.04 -37.77 0.05 15.17
K24 K24 Groundwater-sourced Tributary ~ 27.4330811 87.2864718 8-Apr-16 1330 Spring -6.08 0.04 -3528 0.08 13.40
K25 K25 Groundwater-sourced Spring ~ 27.4607989 87.2752232  8-Apr-16 1261 Spring -6.12  0.03 -35.36 0.07 13.63
K26 K26 Groundwater-sourced Tributary  27.4907261 87.2692137 9-Apr-16  8:57:54AM 1874 Spring -7.01 0.02 -41.19 0.04 14.86
K27 K27 Groundwater-sourced Tributary  27.4886553 87.2620984 9-Apr-16  9:42:25AM 1822 Spring -7.26  0.03 -43.30 0.11 14.75
K28 K28 Groundwater-sourced Tributary  27.4853242 87.2596723 9-Apr-16 10:03:52AM 1598 Spring -7.12  0.02 -42.96 0.08 14.01
K29 K29 Groundwater-sourced Tributary 27.4712843 87.2473186 9-Apr-16 11:21:24AM 1721 Spring -6.77  0.02 -40.92 0.07 13.20
K30 K30 Groundwater-sourced Tributary 27.4577887 87.2372871 10-Apr-16 7: 1755 Spring -7.14  0.03 -42.34 0.07 14.80
K31 K31 Groundwater-sourced Spring ~ 27.4229195 87.2356394 10-Apr-16 1546 Spring -7.17  0.03 -4472 0.16 12.62
K32 K32 Groundwater-sourced Spring ~ 27.3995614 87.2360543 10-Apr-16 755 Spring -5.71  0.02 -36.63 0.10 9.06
K33 K33 Groundwater-sourced Tributary ~ 27.3955  87.2242834 11-Apr-16 847 Spring -5.60 0.02 -36.55 0.09 8.25
K34 K34 Snowmelt 27.7096847 87.2103379 16-Apr-16 4071 Spring  -6.00 -29.41 18.62 0.02 0.09 -100%
K35 K35 Snowmelt 27.725227 872120242 17-Apr-16 4223 Spring -9.82 -62.41 16.13  0.03 0.19 -92%
K36 K36 Stream 277272875 87.2052354 17-Apr-16 5476 Spring -12.88 -87.90 15.17 0.02 0.10 -27%
K37 K37 Snowmelt 27.7325981 87.1939349 17-Apr-16 9:47:47AM 4236 Spring -10.89 -71.05 16.05 0.02 0.13 -91%
K38 K38 Stream 27.7347216  87.1908484 17-Apr-16 10:10:32AM 5476 Spring -13.41 -92.46 14.80 0.04 0.14 -27%
K39 K39 Snowmelt 27.7372858 87.1881486 17-Apr-16 10:32:10AM 4367 Spring -8.19 -48.35 17.14 0.02 0.15 -95%
K40 K40 Stream 27.7441807 87.1800239 17-Apr-16 11:52:03AM 5530 Spring -13.44 -92.65 14.90 0.02 0.12 -25%
K41 K41 Snowmelt 27.7456888 87.1765563 17-Apr-16 12:20:04PM 4363 Spring -8.53 -50.96 17.24  0.03 0.16 -85%
K42 K42 Snowmelt 27.7546776 87.1683302 17-Apr-16 1:03:39PM 4508 Spring -5.66 -25.22 20.10 0.02 0.10 -44%
K43 K43 Stream 27.7595064 87.1655178 17-Apr-16 1:35:19PM 5614 Spring -13.73 -94.63 15.18 0.05 0.18 -22%
K46 K46 Stream 27.758372  87.1654406 18-Apr-16 5614 Spring -13.62 -9420 14.79 0.03 0.25 -22%
K47 K47 Snowmelt 27.7723069 87.1552108 18-Apr-16 E 4956 Spring -8.55 -51.73 16.65 0.02 0.16 -51%
K48 K48 Stream 27.7869082 87.1509773 18-Apr-16 10:06:26AM 5747 Spring -16.42 -117.68 13.66  0.02 0.32 -16%
K49 K49 Glacier melt (debris covered) ~ 27.7915324 87.1511358 18-Apr-16 10:48:22AM 5248 Spring -10.95 -72.89 14.71 0.03 0.17 -49%
K50 K50 Glacier melt (debris covered) ~ 27.794317  87.1349951 18-Apr-16 11:41:49AM 5170 Spring -12.26 -83.37 14.70  0.03 0.09 -41%
K51 K51 Glacier melt  (pro-glacial lake) 27.7953624 87.1180636 19-Apr-16 7:37:57AM 5728 Spring -17.94 -130.66 12.82  0.03 0.16 -17%
K52 K52 Stream 27.8046632 87.0874269 19-Apr-16 9:27:07AM 5858 Spring -18.23 -133.49 1238 0.02 0.08 -11%
K53 K53 Glacier melt (pro-glacial lake) 27.8367173 87.0773813 19-Apr-16  3:50:01PM 5941 Spring -18.52 -135.81 12.33  0.03 0.08 -10%
K55 K55 Glacier melt (debris covered) — 27.8084146 87.0817284 21-Apr-16 8:05:36AM 5414 Spring -16.43 -119.66 11.81  0.02 0.08 -19%
K56 K56 Snowmelt 277758252 87.1553974 21-Apr-16 12:24:38PM 4660 Spring -6.84 -36.02 18.68 0.03 0.38 -82%
K57 K57 Snowmelt 27.7594436 87.1651687 21-Apr-16 1:15:56PM 4629 Spring -8.37 -50.06 16.90 0.01 0.03 -75%
K58 K58 Snowmelt 277095473 87.2104096 22-Apr-16 10:26:11AM 4071 Spring -5.73 -27.34 1849 0.03 0.24 -100%
K60 K60 Stream 27.6931286 87.3635624 30-Apr-16 12:00:50PM 4757 Spring -9.99 -64.19 1570 0.03 0.11 -47%
K62 K62 Stream 27.3262402 87.2022251 6-May-16  7:06:00AM 1536 Spring -5.75  0.02 -32.04 0.16 13.92
K63 K63 Groundwater-sourced Spring ~ 27.3257658 87.2014114 6-May-16 7:22:34AM 422 Spring -6.12  0.04 -40.63 0.07 8.30
K65 K65 Groundwater-sourced Spring ~ 27.3220083 87.1913837 6-May-16 8:54:17AM 390 Spring -5.94  0.04 -3832 0.09 9.24
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K66
K67
K68
K69
K70
K71
K72
K73
K74
K76
K77
K78
K79
K80
K81
K82
K83
K84
K85
K86
K87
K88
K89
K91
K92
K93
K94
K95
K96
K97
K98
K99
K100
K101
K102
K103
K104
K105
K106
K107
K108
K109

K110

K111
K112
K113
K114
K115
K116
K117
K118
K119
K120
K121
K122
K123
K124
K125
K127

K34
K35
K36
K37
K38
K39
K40
K41
K42
K43
K46
K57
K47
K56
K48
K49
K50
K51
Ks2
K55
K53

Ks8
K60
K1
K2
K4
K3
K5
K6
K7
K8
K9
K10
K12
K13
K21
K20
K14
K15
K16
K17

K19

K22
K23
K24
K25
K26
K27
K28
K29
K30
K31
K32
K33
K62
K63
K65

Snowmelt
Snowmelt
Stream
Snowmelt
Stream
Snowmelt
Stream
Snowmelt
Snowmelt
Stream
Stream
Snowmelt
Snowmelt
Snowmelt
Stream
Glacier melt (debris covered)
Glacier melt (debris covered)
Glacier melt (pro-glacial lake)
Stream
Glacier melt (debris covered)
Glacier melt (pro-glacial lake)
Glacier melt (debris covered)
Snowmelt
Stream
Groundwater-sourced Spring
Groundwater-sourced Spring
Stream
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Stream
Groundwater-sourced Spring
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Spring
Groundwater-sourced Spring
Stream
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Spring
Groundwater-sourced Spring
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Tributary
(Headwaters)
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Stream
Groundwater-sourced Tributary
Groundwater-sourced Spring
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Tributary
Groundwater-sourced Spring
Groundwater-sourced Spring
Groundwater-sourced Tributary
Stream
Groundwater-sourced Spring
Groundwater-sourced Spring

27.70845
27.72496
27.72726
27.73261
27.73475
27.73744
27.74424
27.74566
27.75363
27.75853
27.75853
27.76135
27.77151
27.77579
27.78697
27.79162
27.79428
27.79498
27.80464
27.80841
27.83663
27.78308
27.70855
27.69314
27.37127
27.36473
27.36043
27.36052
27.38018
27.3807

27.38333
27.36902
27.38414
27.39908
27.41559
27.4293

27.42811
27.42754
27.42498
27.42388
27.42886
27.43556

27.44547

27.43899
27.4373
27.42684
27.43267
27.46071
27.49075
27.48864
27.48518
27.47125
27.45785
27.42285
27.39954
27.39579
27.32616
27.32567
27.32208

87.20991
87.21199
87.20515
87.19395
87.19104
87.18823
87.17977
87.17651
87.16845
87.16549
87.16541
87.16451
87.15578
87.15535
87.15114
87.1511
87.13501
87.11643
87.08735
87.08177
87.07732
87.15728
87.21001
87.36361
87.21371
87.23861
87.24001
87.24425
87.26996
87.27059
87.28675
87.32531
87.33758
87.33663
87.33143
87.34255
87.34345
87.36287
87.37121
87.37633
87.38715
87.40554

87.39364

87.40648
87.32476
87.30898
87.28683
87.27546
87.26914
87.26203
87.25987
87.2474
87.23749
87.23575
87.23614
87.22418
87.20225
87.20122
87.19137

20-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
21-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
22-Oct-16
23-Oct-16
23-Oct-16
23-Oct-16
24-Oct-16
25-Oct-16
31-Oct-16
5-Nov-16
5-Nov-16
5-Nov-16
5-Nov-16
5-Nov-16
5-Nov-16
5-Nov-16
6-Nov-16
6-Nov-16
6-Nov-16
7-Nov-16
7-Nov-16
7-Nov-16
7-Nov-16
7-Nov-16
7-Nov-16
8-Nov-16
8-Nov-16

9-Nov-16

9-Nov-16

10-Nov-16
10-Nov-16
11-Nov-16
11-Nov-16
12-Nov-16
12-Nov-16
12-Nov-16
12-Nov-16
13-Nov-16
13-Nov-16
13-Nov-16
14-Nov-16
14-Nov-16
14-Nov-16
14-Nov-16
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1:04:19PM
8:41:32AM
9:17:44AM
10:06:31AM
10:29:17AM
10:58:01AM
11:33:20AM
12:00:03PM
12:39:03PM
2:28:43PM
7:11:14AM
7:32:45AM
8:21:04AM
8:45:50AM
9:48:03AM
10:36:10AM
11:36:25AM
2:12:51PM
9:00:26AM
9:31:54AM
11:42:12AM
12:51:27PM
1:45:50PM
2:22:11PM
7:25:17TAM
8:37:59AM
9:10:15AM
9:38:49AM
12:14:07PM
12:26:40PM
1:43:09PM
8:29:30AM
9:49:27AM
1:42:42PM
8:28:17AM
9:40:59AM
10:01:07AM
11:47:05AM
12:54:00PM
1:41:28PM
8:00:37AM
9:27:31AM

7:12:28AM

8:13:39AM
12:10:35PM

1:12:19PM
7:58:17AM
10:12:17AM
7:58:04AM
8:26:30AM
8:50:33AM
9:48:56AM
7:33:25AM
9:10:33AM
10:44:13AM
7:34:18AM
4:09:52PM
4:38:26PM
5:52:17PM

4071
4223
5476
4236
5476
4367
5530
4363
4508
5614
5614
4629
4956
4660
5747
5248
5170
5728
5858
5414
5941
4768
4071
4757
1113
565
1746
565
782
1808
817
1463
1859
1800
1222
2429
1521
1853
1414
1549
2310
2543

2962
1700
1794
2204
1330
1261
1874
1822
1598
1721
1755
1546
755

847

1536
422

390

Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall

Fall

Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall
Fall

-13.94
-12.62
-15.77
-11.58
-15.97
-13.20
-16.21
-13.78
-11.90
-16.60
-16.78
-14.04
-13.63
-13.22
-17.79
-13.94
-14.66
-17.70
-18.98
-17.22
-19.36
-14.24
-13.52
-12.04
-6.37
-6.38
-7.66
-5.86
-6.58
-7.82
-6.29
-7.48
-7.94
-7.69
-7.13
-8.69
-7.68
-8.09
-6.81
-7.54
-8.64
-9.38

-9.51

-7.55
-7.70
-8.34
-7.38
-6.72
-8.00
-7.46
-8.01
-7.37
-7.48
-6.76
-5.55
-6.86
-7.48
-6.27
-5.96

-97.25
-86.35
-112.61
-71.70
-114.75
-91.59
-116.28
-96.92
-80.67
-119.59
-120.96
-98.45
-94.90
-91.13
-129.30
-97.69
-103.35
-128.83
-139.43
-125.77
-142.11
-100.37
-93.52
-81.55

0.04
0.03
0.04
0.03
0.04
0.02
0.02
0.01
0.02
0.03
0.04
0.02
0.03
0.04
0.02
0.02
0.02

0.03
0.02

0.02
0.02
0.03
0.02
0.03
0.03
0.04
0.02
0.02
0.02
0.01
0.03
0.03
0.03

14.30
14.64
13.57
14.91
13.01
14.05
13.38
13.30
14.56
13.24
13.26
13.90
14.14
14.63
13.03
13.84
13.92
12.81
12.38
12.02
12.80
13.57
14.61
14.76
-41.38
-42.92
-48.54
-37.81
-44.17
-50.11
-40.73
-47.73
-50.27
-48.13
-45.61
-56.05
-49.27
-51.17
-43.53
-46.66
-54.67
-60.38

-61.30

-46.36
-47.23
-52.67
-45.37
-41.08
-49.24
-44.86
-49.42
-44.85
-45.32
-41.71
-35.52
-43.44
-47.28
-41.24
-37.69

0.04
0.05
0.03

0.03
0.02
0.01
0.03
0.03
0.03
0.03
0.03
0.02
0.04
0.03
0.02
0.04
0.05
0.03
0.02
0.03
0.04
0.05
0.03

0.06
0.12
0.34
0.09
0.11
0.12
0.10
0.07
0.09
0.08
0.07
0.11
0.09
0.10
0.16
0.09
0.11

0.06
0.10

0.08
0.11
0.33
0.08
0.08
0.08
0.11
0.08
0.05
0.06
0.06
0.09
0.05
0.18

0.28
0.15
0.09
0.16
0.09
0.10
0.19
0.17
0.09
0.24
0.11
0.09
0.07
0.11
0.13
0.12
0.07
0.11
0.07
0.11
0.11
0.18
0.08
0.32
9.57
8.14
12.77
9.06
8.46
12.48
9.58
12.08
13.23
13.43
11.47
13.46
12.20
13.52
10.98
13.66
14.44
14.65

14.77

14.01
14.34
14.06
13.68
12.65
14.80
14.82
14.66
14.13
14.55
12.40
8.85

11.46
12.59
8.92

10.02



Appendix C.

8180 oD dis- Na* K" Mg* Ca® Si
8180  STD STD  excess Na* STD K" STD Mg STD Ca™ STD Si STD cr S0.*

Name _ Type  Season  (Yw) _ (fw) 8D () (lw) _ (lw) _(mgL") (mgl') (mgL”) (mgL") (mgL') (mgL") (mgL) (mgL”) (mgL’) (mgL") (mgL"') (mgL")
K1 Groundwater Spring  -5.33 0.05 -35.02 0.28 7.61 11.40 0.02 4.87 0.00 2.01 0.00 4.45 0.01 13.27 0.01 12.07 0.60
K2  Groundwater Spring -5.66 0.01 -39.44 0.13 5.83 5.82 0.01 1.40 0.01 0.84 0.00 5.68 0.01 5.37 0.01 3.35 2.35
K3  Groundwater Spring -5.77 0.03 -35.95 0.12 10.25 6.05 0.02 1.51 0.02 3.09 0.01 2.46 0.01 11.95 0.03 1.70 1.05
K4 Stream Spring  -6.45 0.02 -37.55 0.07 14.09 3.00 0.01 1.04 0.01 3.14 0.01 14.90 0.03 4.38 0.02 1.83 5.40
K5  Groundwater Spring -5.78 0.03 -37.21 0.12 9.04 8.17 0.02 2.25 0.02 4.47 0.01 12.01 0.03 9.38 0.01 2.65 5.70
K6 Stream Spring  -6.50 0.05 -37.65 0.09 14.35 2.44 0.01 1.54 0.02 3.06 0.02 14.79 0.09 4.66 0.03 0.92 5.60
K7  Groundwater Spring -6.31 0.03 -40.44 0.11 10.04 6.99 0.04 7.08 0.05 1147 0.12 39.06 0.09 15.63 0.04 6.99 9.80
K8  Groundwater Spring -6.92 0.01 -43.42 0.10 11.97 1.86 0.01 2.36 0.02 5.74 0.03 28.66 0.11 4.84 0.04 1.51 6.10
K9  Groundwater Spring -7.13 0.02 -44.34 0.06 12.73 2.62 0.01 0.99 0.01 2.85 0.00 11.89 0.02 6.08 0.02 0.76 3.20
K10 Groundwater Spring -7.85 0.03 -49.18 0.07 13.61 3.00 0.03 0.82 0.02 0.63 0.01 2.07 0.02 7.17 0.06 1.35 1.05
K12  Groundwater Spring -7.07 0.02 -44.28 0.09 12.31 1.35 0.01 1.65 0.01 1.79 0.01 2.53 0.02 4.01 0.03 1.93 1.60
K13 Stream Spring  -7.14 0.03 -41.52 0.10 15.64 1.50 0.01 0.89 0.01 2.00 0.01 12.39 0.04 3.17 0.02 1.50 4.90
K14 Groundwater Spring -6.66 0.03 -42.50 0.13 10.75 1.88 0.01 0.82 0.01 0.31 0.00 0.88 0.00 5.06 0.02 0.70 2.05
K15 Groundwater Spring -7.25 0.05 -45.07 0.09 12.91 2.94 0.01 0.41 0.01 0.29 0.00 1.30 0.00 7.31 0.02 0.40 1.05
K16 Groundwater Spring -7.45 0.03 -45.04 0.12 14.53 1.94 0.01 0.53 0.02 0.35 0.00 1.29 0.01 4.63 0.02 0.46 2.10
K17 Snowmelt  Spring -8.16 0.03 -50.19 0.12 15.11 1.77 0.00 1.03 0.01 3.07 0.01 17.85 0.08 3.28 0.02 1.33 5.60
K19 Stream Spring  -6.45 0.04 -34.27 0.16 17.36 1.32 0.01 0.80 0.01 1.09 0.01 7.30 0.03 2.03 0.01 1.16 4.50
K20 Groundwater Spring -7.35 0.02 -44.84 0.11 13.98 2.17 0.03 0.85 0.05 0.57 0.00 1.48 0.01 5.51 0.02 0.90 2.50
K21 Groundwater Spring -6.90 0.03 -42.61 0.13 12.61 2.31 0.01 1.24 0.02 1.80 0.00 7.11 0.01 5.67 0.01 1.36 5.30

K22  Groundwater Spring -5.91 0.01 -32.95 0.08 14.33 1.34 0.00 2.67 0.02 5.69 0.02 23.00 0.09 4.04 0.02 1.44 7.40
K23 Stream Spring  -6.62 0.04 -37.77 0.05 15.17 1.68 0.01 1.38 0.01 2.68 0.01 14.53 0.07 3.57 0.03 1.01 5.50
K24  Groundwater Spring -6.08 0.04 -35.28 0.08 13.40 3.09 0.01 1.69 0.01 2.99 0.01 9.62 0.04 5.95 0.03 0.69 5.80
K25 Groundwater Spring -6.12 0.03 -35.36 0.07 13.63 5.74 0.02 247 0.02 1.46 0.00 297 0.01 13.66 0.06 1.08 0.60

K26 Groundwater Spring -7.01 0.02 -41.19 0.04 14.86 4.00 0.02 1.26 0.02 0.96 0.00 2.67 0.01 4.46 0.00 2.10 2.30
K27  Groundwater Spring -7.26 0.03 -43.30 0.11 14.75 242 0.01 1.35 0.01 0.89 0.00 2.85 0.01 5.80 0.03 0.50 1.80
K28 Groundwater Spring -7.12 0.02 -42.96 0.08 14.01 1.66 0.01 0.78 0.02 0.47 0.00 1.90 0.01 4.31 0.03 1.51 1.40
K29 Groundwater Spring -6.77 0.02 -40.92 0.07 13.20 2.66 0.02 0.89 0.00 0.38 0.00 1.45 0.01 6.35 0.03 0.84 0.25
K30 Groundwater Spring -7.14  0.03 -42.34 0.07 14.80 1.80 0.02 1.08 0.01 0.44 0.00 1.47 0.00 4.65 0.01 1.29 0.60
K31  Groundwater Spring -7.17 0.03 -44.72 0.16 12.62 2.59 0.01 0.81 0.01 1.23 0.00 1.90 0.00 6.37 0.01 1.69 1.90
K32 Groundwater Spring -5.71 0.02 -36.63 0.10 9.06 9.12 0.06 1.51 0.01 0.79 0.01 2.78 0.02 17.14 0.08 1.44 0.25
K33 Groundwater Spring -5.60  0.02 -36.55 0.09 8.25 5.80 0.02 1.10 0.01 0.84 0.00 2.60 0.00 8.71 0.02 2.88 1.30
K62 Stream Spring  -5.75 0.02 -32.04 0.16 13.92 2.29 0.01 1.65 0.01 2.96 0.01 14.10 0.06 3.67 0.02 1.01 5.70

K63  Groundwater Spring -6.12 0.04 -40.63 0.07 8.30 15.25 0.08 1.68 0.01 2.53 0.02 8.91 0.06 31.44 0.15 0.67 0.00
K65 Groundwater Spring -5.94  0.04 -38.32 0.09 9.24 9.73 0.02 1.19 0.02 1.82 0.00 7.07 0.02 20.28 0.05 5.60 0.50
K92  Groundwater  Fall -6.37 0.03 -41.38 0.19 9.57 10.10 0.04 1.35 0.03 1.31 0.01 3.54 0.01 11.81 0.04 11.48 0.66
K93  Groundwater  Fall -6.38 0.04 -42.92 0.06 8.14 5.34 0.02 0.90 0.01 0.20 0.00 0.29 0.00 4.22 0.01 1.77 0.32
K94 Stream Fall -7.66 0.03 -48.54 0.12 12.77 2.30 0.01 1.22 0.01 228 0.01 9.89 0.05 5.30 0.02 1.88 4.10
K95 Groundwater  Fall -5.86 0.04 -37.81 0.34 9.06 4.16 0.01 2.69 0.01 2.84 0.01 291 0.01 11.93 0.04 0.61 0.98
K96 Groundwater  Fall -6.58 0.03 -44.17 0.09 8.46 3.61 0.02 1.70 0.02 1.91 0.01 4.65 0.03 7.50 0.01 0.93 2.76
K97 Stream Fall -7.82 0.04 -50.11 0.11 12.48 2.24 0.01 1.37 0.01 235 0.00 10.60 0.04 535 0.02 0.44 3.23
K98 Groundwater  Fall -6.29 0.02 -40.73 0.12 9.58 5.68 0.03 6.52 0.03 9.73 0.05 33.54 0.09 15.52 0.02 5.22 9.17
K99  Groundwater ~ Fall -7.48 0.02 -47.73 0.10 12.08 1.88 0.01 1.42 0.01 5.75 0.04 27.03 0.06 5.60 0.03 111 4.77
K100 Groundwater  Fall -7.94  0.01 -50.27 0.07 13.23 2.01 0.01 0.52 0.01 1.87 0.02 7.95 0.02 5.40 0.02 0.36 2.04
K101 Groundwater  Fall -7.69 0.02 -48.13 0.09 13.43 332 0.02 1.13 0.00 0.54 0.00 1.97 0.01 7.32 0.03 0.62 0.72
K102 Groundwater  Fall -7.13 0.03 -45.61 0.08 11.47 1.38 0.01 1.79 0.00 2.52 0.01 5.22 0.01 591 0.03 0.48 0.46
K103 Stream Fall -8.69 0.04 -56.05 0.07 13.46 1.47 0.01 0.90 0.01 1.85 0.01 10.94 0.01 4.07 0.00 0.36 347
K104 Groundwater  Fall -7.68 0.02 -49.27 0.11 12.20 1.51 0.01 0.98 0.01 1.14 0.01 5.20 0.01 5.27 0.01 0.36 2.69
K105 Groundwater  Fall -8.09 0.03 -51.17 0.09 13.52 1.77 0.01 0.35 0.02 0.41 0.00 1.17 0.01 4.76 0.03 0.98 1.57

K106 Groundwater  Fall -6.81 0.04 -43.53 0.10 10.98 1.64 0.01 1.14 0.01 0.28 0.00 0.86 0.00 4.75 0.02 0.74 0.53
K107 Groundwater ~ Fall -7.54  0.02 -46.66 0.16 13.66 2.94 0.02 0.41 0.03 0.27 0.00 1.55 0.01 7.98 0.03 0.34 0.66
K108 Groundwater  Fall -8.64  0.02 -54.67 0.09 14.44 1.43 0.00 0.29 0.01 0.27 0.00 111 0.00 4.11 0.01 0.33 0.76
K109  Snowmelt Fall -9.38 0.02 -60.38 0.11 14.65 1.47 0.01 0.55 0.02 2.16 0.01 12.94 0.01 3.25 0.01 0.49 3.78
K110 Stream Fall -9.51 0.03 -61.30 0.06 14.77 1.06 0.01 0.84 0.01 1.68 0.00 10.33 0.02 311 0.00 0.61 4.54
K111 Groundwater  Fall -71.55 0.02 -46.36 0.10 14.01 0.99 0.00 1.39 0.01 2.51 0.00 9.83 0.02 6.06 0.02 0.42 5.33
K112 Groundwater  Fall <770 0.02 -47.23 0.10 14.34 2.01 0.01 2.38 0.03 4.17 0.01 17.53 0.01 3.94 0.01 0.46 4.29
K113 Stream Fall -8.34  0.02 -52.67 0.08 14.06 1.51 0.01 1.17 0.01 249 0.01 12.93 0.02 4.40 0.01 0.39 3.75

K114  Groundwater  Fall -7.38 0.02 -45.37 0.11 13.68 2.22 0.01 1.20 0.01 1.92 0.01 6.45 0.01 5.47 0.01 0.40 2.50
K115 Groundwater  Fall -6.72 0.03 -41.08 0.33 12.65 4.67 0.03 2.11 0.02 1.19 0.01 2.68 0.01 12.27 0.07 0.78 1.04
K116 Groundwater  Fall -8.00  0.02 -49.24 0.08 14.80 1.61 0.00 0.73 0.01 0.62 0.00 1.86 0.00 4.00 0.01 0.58 244
K117 Groundwater ~ Fall -7.46 0.03 -44.86 0.08 14.82 2.02 0.00 1.16 0.01 0.67 0.00 2.32 0.01 5.12 0.01 0.37 1.69
K118 Groundwater  Fall -8.01 0.03 -49.42 0.08 14.66 1.73 0.01 0.79 0.01 0.40 0.00 1.94 0.00 3.89 0.01 0.40 1.27
K119  Groundwater  Fall -1.37 0.04 -44.85 0.11 14.13 1.98 0.01 0.74 0.01 0.30 0.00 1.30 0.00 4.84 0.01 0.87 0.71
K120 Groundwater  Fall -7.48 0.02 -45.32 0.08 14.55 2.17 0.01 1.09 0.02 0.45 0.00 1.62 0.00 4.78 0.01 0.68 0.94
K121 Groundwater  Fall -6.76 0.02 -41.71 0.05 12.40 2.67 0.02 1.01 0.01 1.23 0.01 2.08 0.02 6.34 0.02 1.76 1.98
K122 Groundwater  Fall -5.55 0.02 -35.52 0.06 8.85 9.27 0.03 1.74 0.03 0.80 0.00 3.48 0.01 16.89 0.08 3.07 0.57
K123  Groundwater  Fall -6.86 0.01 -43.44 0.06 11.46 4.27 0.01 0.73 0.01 0.44 0.00 1.59 0.00 7.17 0.01 1.45 1.35
K124 Stream Fall -7.48 0.03 -47.28 0.09 12.59 2.77 0.01 1.35 0.02 2.38 0.01 10.13 0.03 5.79 0.02 0.77 3.81
K125 Groundwater  Fall -6.27 0.03 -41.24 0.05 8.92 14.65 0.09 1.54 0.02 2.17 0.01 8.36 0.02 30.74 0.02 0.89 0.44
K127 Groundwater ~ Fall -5.96 0.03 -37.69 0.18 10.02 11.87 0.08 1.84 0.02 1.85 0.01 5.15 0.02 20.59 0.07 7.06 0.26

Table S1. Sample isotope and ion values for Sabha Khola in Spring (pre-monsoon) and Fall
(post-monsoon) seasons. Type is described as the dominant water source for drainage area.
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3180 D d18- Na* K Mg Ca* Si
5180 STD oD STD excess Na® STD K°  STD Mg® STD Ca* STD  Si STD  CI'  SO.*
Name Type Season (%)  Clw)  (hw)  C/w) (“/w) (mgL') (mgL') (mgL') (mgL") (mgL') (mgL") (mgL™) (mgL"') (mgL") (mgL') (mgL"') (mgL™")
K34 Snowmelt  Spring  -6.00 002 2941 009 18.62 00 026 002 028 000 065 000 002 046  0.80
K35  Snowmelt  Spring -9.82 003 -6241 019 1613 072 000 021 000 026 000 090 000 232 00l 059 160
K36 Stream Spring -12.88 002 -8790 0.0 1517 126 000 065 001 090 000 825 002 215 001 028 730
K37  Snowmelt  Spring -10.89 002 -71.05 0.3 1605 099 001 047 001 045 000 577 003 327 001 033 180
K38 Stream Spring -13.41 004 9246 0.4 1480 176 001 129 00l 096 001 887 008 219 001 033 8.0
K39  Snowmelt  Spring -8.19 002 -4835 0.5 17.14 043 000 020 002 027 000 146 001 142 001 031  LI10
K40 Stream Spring -13.44 002 9265 0.2 1490 102 001 092 002 095 000 882 003 205 000 029 830
K41  Snowmelt  Spring -8.53 003 -5096 016 1724 066 001 007 002 030 000 261 001 174 001 041  1.00
K42  Snowmelt  Spring -5.66 002 -2522 010 20.10 062 000 007 002 021 000 207 00l 064 001 040 110
K43 Stream Spring -13.73 005 9463 0.8 1518 124 001 084 00l 104 00l 935 010 201 002 059 920
K46 Stream Spring -13.62  0.03 9420 025 1479 134 001 062 001 103 001 920 004 204 001 040  9.10
K47  Snowmelt  Spring -8.55 002 -51.73 016 1665 051 000 051 002 058 000 467 001 226 00l 056  1.00
K48 Stream Spring -1642 002 -117.68 032 1366 159 001 064 000 116 001 643 003 225 003 029 1020
k4o~ Claciermelt o 1095 003 7280 017 1471 133 001 052 00l 068 000 2218 002 151 000 025 890
(debris covered)
kso Olacermelt g 1226 003 8337 009 1470 064 001 086 001 093 000 705 001 144 001 029 1190
(debris covered)
gsy | Oleiermelt o i 1704 003 -13066 016 1282 160 001 095 000 L1500l 439 002 202 001 039 1040
(pro-glacial lake)
K52 Stream Spring -1823 0.02 -133.49 008 1238 213 000 104 002 109 000 547 00l 246 001 028 1280
sy Clacdermell g 1852 003 413581 008 1233 217 001 098 001 103 000 536 002 232 005 050 1180
(pro-glacial lake)
Kss | Oleciermelt o 0 1643 002 -11966 008 1181 112 00l 098 001 135 001 915 004 161 000 028 1920
(debris covered)
K56  Snowmelt  Spring -6.84 003 -3602 038 1868 072 000 024 00l 037 000 358 00l 157 00l 059 180
K57  Snowmelt  Spring -837 001 -50.06 0.03 1690 057 000 049 003 048 000 795 007 178 001 044 250
K58  Snowmelt  Spring -573 003 -27.34 024 1849 039 000 033 001 025 000 057 000 152 002 036 080
K60 Stream Spring -9.99 003 -6419 011 1570 095 000 084 001 084 000 751 003 221 00l 032 690
K66  Snowmelt Fall -1394 004 9725 028 1430 072 000 003 001 017 000 056 000 197 001 026  1.00
K67 Snowmelt Fall -12.62 005 -8635 0.5 1464 074 001 018 002 021 000 079 000 237 000 026 124
K68 Stream Fall  -1577 003 -112.61 009 1357 114 000 074 001 088 000 748 003 251 002 028 714
K69  Snowmelt Fall -1158 003 -7770 0.6 1491 102 000 048 000 040 000 526 001 344 001 026  2.06
K70 Stream Fall -1597 003 -11475 009 1301 112 000 078 002 092 000 782 003 240 000 029 335
K71  Snowmelt Fall -1320 002 -91.59 010 1405 070 001 003 000 024 000 146 000 196 001 051 216
K72 Stream Fall  -1621 001 -11628 0.9 1338 113 001 079 002 094 00l 793 001 240 00l 025  0.56
K73 Snowmelt Fall -1378 003 9692 0.7 1330 076 001 024 002 033 000 367 001 209 000 031 266
K74  Snowmelt Fall -1190 003 -80.67 009 1456 087 000 017 000 026 000 487 002 225 00l 028 153
K76 Stream Fall -1660 003 -119.59 024 1324 112 00l 089 001 098 000 802 003 217 001 098  2.60
K77 Stream Fall -1678 003 -12096 011 1326 282 003 046 002 103 00l 803 002 234 001l 025 869
K78  Snowmelt Fall -1404 003 -9845 009 1390 074 000 005 002 031 000 110 000 199 001 024 180
K79  Snowmelt Fall  -13.63 002 9490 007 1414 093 001 018 001 034 000 501 001 166 000 024 156
K80  Snowmelt Fall -1322 004 9113 0.1 1463 091 000 031 002 046 000 552 004 234 002 025 291
K81 Stream Fall -1779 003 -12930 0.3 1303 128 001 074 001 101 000 511 001 228 001 025 848
kg Olciermell o304 002 9769 012 1384 092 000 053 000 073 00l 2250 008 156 001 027  10.54
(debris covered)
gy Olacermelt 466 004 410335 007 1392 089 000 0735 002 L1l 000 742 001 148 000 022 1160
(debris covered)
ke4 Oleiermelt p 1770 005 -12883 011 1281 107 001 088 001  LI§ 000 268 001 205 001 025  7.68
(pro-glacial lake)
K85 Stream Fall -1898 003 -13943 007 1238 215 002 032 000 069 000 38 00l 18 00l 025 758
kge Olermell g7 002 412577 041 1202 130 001 135 001 134 000 1024 002 190 000 022 1889
(debris covered)
kg7 | Oleiermelt p 1936 003 -4211 011 1280 135 001 098 002 073 001 369 001 226 001 028 690
(pro-glacial lake)
kgg  Gladermelt ©Up 1404 004 410037 018 1357 071 000 067 001 062 000 1814 007 116 000 024  10.52
(debris covered)
K89  Snowmelt Fall -1352 005 -9352 008 1461 077 000 002 001 017 000 058 001 204 00l 023 LI
K91 Stream Fall -12.04 003 -81.55 032 1476 167 002 043 001 080 001 744 002 261 001 084 628

Table S2. Sample isotope and ion values for Barun Khola in Spring (pre-monsoon) and Fall
(post-monsoon) seasons. Type is described as the dominant water source for drainage area.
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Figure S1. Schematic of Barun Khola (top) and Sabha Khola (bottom) inputs and mixing
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area of the specific sample.
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Figure S2. Sulfate concentrations are noticeably higher in glacier melt-dominated drainages
relative to groundwater and drainages with seasonal snowmelt. This pattern holds across
seasons and renders sulfate a useful tracer to separate glacier melt from other source water
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Figure S3. Deuterium-excess values are noticeably higher in the pre-monsoon in drainages
with extensive WWD-sourced snowpack. The decline in d-excess in the post-monsoon is
indicative of a transition to ISM-sourced precipitation inputs(R. G. Wirsing, 2013, R.
Wirsing et al., 2012).
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Figure S4. Results of principal component analysis in the Barun Khola (top) and Sabha
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samples broadly have high isotope-related values and low dissolved ion concentrations.
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Figure S5. Estimated contributions from individual sample drainage areas in the pre-
monsoon (top) and post-monsoon (bottom) seasons in the Barun Khola.
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