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Abstract

Stable isotopeproxy records, such as speleothems, plant‐waxbiomarker records, and ice

cores, are suitable archives for the reconstruction of regional palaeohydrologic condi-

tions. But the interpretation of these records in the tropics, especially in the Indian Sum-

mer Monsoon (ISM) domain, is difficult due to differing moisture and water sources:

precipitation fromthe ISMandWinterWesterlies, aswell as snow‐andglacialmeltwater.

In this study,weuse interannual differences in ISMstrength (2011–2012) to understand

the stable isotopic composition of surface water in the Arun River catchment in eastern

Nepal.We sampledmain stemand tributarywater (n=204) for stable hydrogenandoxy-

gen isotope analysis in the postmonsoon phase of two subsequent years with signifi-

cantly distinct ISM intensities. In addition to the 2011/2012 sampling campaigns, we

collected a 12‐month time series of main stem waters (2012/2013, n = 105) in order to

better quantify seasonal effects on the variability of surface water δ18O/δD. Further-

more, remotely sensed satellite data of rainfall, snow cover, glacial coverage, and evapo-

transpiration was evaluated. The comparison of datasets from both years revealed that

surfacewatersof themain stemArunand its tributarieswereD‐enrichedby~15‰when

ISM rainfall decreased by 20%. This strong response emphasizes the importance of the

ISM for surfacewater run‐off in the central Himalaya. However, further spatio‐temporal

analysis of remote sensingdata in combinationwith streamwater d‐excess revealed that

most high‐altitude tributaries and theTibetan part of the Arun receive high portions of

glacial melt water and likely Winter Westerly Disturbances precipitation. We make the

following two implications: First, palaeohydrologic archives found in high‐altitude tribu-

taries and on the southern Tibetan Plateau record a mixture of past precipitation δD

values and variable amounts of additional water sources. Second, surface water isotope

ratios of lower elevated tributaries strongly reflect the isotopic composition of ISM rain-

fall implying a suitable region for the analysis of potential δD value proxy records.
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1 | INTRODUCTION

The stable isotopic composition of water (expressed as δD and δ18O

values) recorded in geological archives is often used as proxy for
wileyonlinelibrary.co
palaeoclimate reconstructions (e.g., Freeman & Colarusso, 2001;

Johnsen, Dahl‐jensen, Dansgaard, & Gundestrup, 1995; Schefuß,

Ratmeyer, Stuut, Jansen, & Sinninghe Damsté, 2003; Sinha et al.,

2007; Tierney et al., 2008). As precipitation δD and δ18O values
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(δDprecip and δ18Oprecip) are influenced by factors such as the isotopic

composition of moisture sources, moisture‐transportation pathway,

condensation temperature, and precipitation amount (Dansgaard,

1964), changes in any of these are imprinted in meteoric water δD

and δ18O values. Therefore, geological archives, such as speleothems

(e.g., Hendy, 1971; Hendy & Wilson, 1968; Sinha et al., 2007), ice

cores (e.g., Dansgaard et al., 1982; Johnsen et al., 1995), or organic

matter such as plant wax biomarkers in sediments (Huang, Shuman,

Wang, & Webb, 2004; Sachse, Radke, & Gleixner, 2004; Schefuß

et al., 2003; Tierney et al., 2008), provide isotope proxy records indic-

ative of past hydrologic changes. When derived from a single moisture

source, recorded stable isotopes may be indicative for past precipita-

tion amounts and temperature (Kurita, Ichiyanagi, Matsumoto,

Yamanaka, & Ohata, 2009). But in the case of two or seasonally vari-

able moisture sources with distinct isotopic compositions, the

palaeoclimatic interpretation of stable isotope records is more com-

plex (Araguás Araguás & Froehlich, 1998). Observed changes in

respective isotope records can either be interpreted as a change of

the dominating moisture source, changes in precipitation amount or

temperature, or a combination of these factors (Lister, Kelts, Zao, Yu,

& Niessen, 1991; Liu, Henderson, & Huang, 2008).

In this study, we analyse the impact of different moisture sources

on stable isotope concentrations in the eastern Himalaya. The south-

ern Himalayan front and the southern front of the Shillong Plateau

are both impacted by strong, mostly ISM‐derived orographic rainfall

(Bookhagen & Burbank, 2006; Breitenbach et al., 2010). For the Shil-

long Plateau in eastern India, Breitenbach et al. (2010) showed that

local ISM δDprecip and δ18Oprecip values mostly reflect the variability

of Bay of Bengal surface water and the moisture transport history,

for example, convective processes over the SE Arabian Sea (Lekshmy,

Midhun, Ramesh, & Jani, 2014), with minor influence of actual rainfall

amount. The southern Himalayan front is influenced by varying quan-

tities of ISM (Bookhagen & Burbank, 2010; Hren, Bookhagen, Blisniuk,

Booth, & Chamberlain, 2009; Wulf, Bookhagen, & Scherler, 2016; Yu

et al., 2016), Winter Westerly Disturbances (WWD) snowfall (Sanwal

et al., 2013; Smith, Bookhagen, & Rheinwalt, 2017), and glacial melt

(Racoviteanu, Armstrong, & Williams, 2013; Wilson, Williams,

Kayastha, & Racoviteanu, 2016). Additionally, mesoscale weather

anomalies occurring along mountain ranges and plateau margins might

affect δDprecip and δ18Oprecip values (Blisniuk & Stern, 2005; Cannon,

Carvalho, Jones, & Bookhagen, 2015; Rohrmann et al., 2014).

Previous studies from the Himalayan region and the Indian sub-

continent have used isotope records to reconstruct past hydrologic

conditions (Berkelhammer et al., 2010; Kotlia et al., 2012; Kotlia,

Singh, Joshi, & Dhaila, 2015; Liang et al., 2015; Ponton et al., 2012;

Rowley, Pierrehumbert, & Currie, 2001; Sanwal et al., 2013; Sarkar

et al., 2015; Sinha et al., 2005, 2011; Thompson et al., 2000). Except

for Thompson et al. (2000), who analysed ice core δ18O values, and

Ponton et al. (2012) and Sarkar et al. (2015), who analysed terrestrial

biomarkers in marine and lacustrine archives, respectively, all above

cited studies used speleothem δ18O records from caves located in or

close to the ISM core zone and isotopic changes were interpreted as

a signal of palaeo‐ISM strength variability. On timescales of 103 years,

stable isotope proxy records from within the ISM region show consis-

tent trends from the Bølling‐Ållerød to the Holocene, interpreted as
insolation induced changes in ISM strength (Li, Wang, Zhou, Zhang,

& Wang, 2014). However, stable isotopic variability on different time-

scales caused by insolation is difficult to decipher from a mixed signal.

Additional complexity is added by changes of surface water δ18O/δD

values along the southern Himalayan front on short (interannual to

decadal) timescales due for the following reasons: First, the imprint

of convective events on atmospheric vapour while crossing the Indian

subcontinent is variable. Second, the southern Himalayan front is

affected by variable amounts of moisture derived from different

sources (Bookhagen & Burbank, 2010; Hren et al., 2009; Wulf et al.,

2016; Yu et al., 2016). Although the Himalayan front is particularly

sensitive to ISM intensity (Tian et al., 2003; Yu et al., 2016), moisture

source and local climate effects are poorly understood due to sparse

spatio‐temporal coverage of δDprecip and δ18Oprecip data from the

northern ISM core zone.

In our study, we aim to decipher the influence of different modern

moisture sources in the eastern Nepalese Himalaya on surface water

δD and δ18O values using a combined stable isotope and remote sens-

ing approach. We rely on satellite remote sensing data of rainfall dis-

tribution (Tropical Rainfall Measurement Mission [TRMM] data

product 3B42V7, Huffman et al., 2007), snow cover (MODIS data

product MOD10C1, Hall, Riggs, Salomonson, DiGirolamo, & Bayr,

2002), and evapotranspiration (MODIS data product MOD16A2, Mu,

Zhao, & Running, 2011), together with recent water δD and δ18O

values (2011–2012). In the Arun Valley, a strong orographic and alti-

tude effect (Dansgaard, 1964; Gonfiantini, Roche, Olivry, Fontes, &

Zuppi, 2001; Olen et al., 2015) is reflected by surface water δD and

δ18O values (Hoffmann et al., 2016), similar to the Kali Gandaki River

350 km to the west (Garzione, Quade, DeCelles, & English, 2000).

Because multiseason δDprecip and δ18Oprecip records from this region

are rare and difficult to obtain due to poor accessibility, we analysed

surface water of the eastern Nepalese Arun River and its tributaries

(Figure 1a and 1b) in two consecutive years (2011–2012) where

annual monsoonal rainfall amount differed by ~20%. Additional sam-

pling of the Arun was done every 3–4 days from October 2012 to

November 2013 in order to quantify the Arun's seasonal isotopic var-

iability. Even though the isotopic composition of stream water can be

characterized by significant excursions for hours up to a few days fol-

lowing heavy rainfall events (Buttle, 1994; DeWalle, Edwards,

Swistock, Aravena, & Drimmie, 1997; Soulsby, Malcolm, Helliwell,

Ferrier, & Jenkins, 2000), δD and δ18O values of stream base flow

are the best estimate for catchment‐wide, weighted mixture of differ-

ent water sources. As such, our data from the Arun Valley provide the

opportunity to evaluate how the ISM and other hydrological variables

affect the isotopic composition of environmental waters, being the

water source of different terrestrial organic and inorganic isotope

proxy archives.
2 | GEOGRAPHIC AND CLIMATIC SETTING

The Arun catchment covers the world's steepest altitudinal gradient

above the sea level ranging from 205 m asl at the confluence of the

Arun, Tamur, and Sun Koshi Rivers in southern Nepal to 8848 m asl at

the summit of Mount Everest. The Arun River originates on the



FIGURE 1 (a) Location of the Arun Valley in the eastern Nepalese Himalaya. Red polygon outlines Arun catchment, which is separated into an
upper and lower Arun roughly following the Nepalese–Chinese border. Arrows indicate directions of major moisture transport (ISM: Indian
Summer Monsoon; WW: precipitation from Winter Westerly disturbances), cyan denotes glaciated areas (GLIMS 2005, Global Land Ice
Measurements from Space, www.glims.org), white star—Dhaka GNIP weather station, E—Mount Everest, white dots—cited (palaeo)climate
studies: a—Breitenbach et al. (2010), b—Racoviteanu et al. (2013), c—Kotlia et al. (2012), d—Kotlia et al. (2015), e—Liang et al. (2015), f—Sanwal
et al. (2013), g—Sinha et al. (2005), h—Sinha et al. (2011), i—Thompson et al. (2000); Yao et al. (2006). (b) Surface water sample sites (n = 204),
colour indicates sampling year (blue—2011, red—2012), asterisk denotes Tumlingtar, location of time series sampling, M—Makalu
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southern Tibetan Plateau in China and flows through eastern Nepal,

transecting the Himalayan ranges from north to south. At its outlet in

the southern Himalayan front, the Arun drains an area of

33.58 × 103 km2, of which approximately 15% is located in Nepal and

the remaining 85% in China, mostly on the southern Tibetan Plateau

at an elevation above 3,000 m (Figure 1b). South of the confluence of

the Arun, Tamur, and Sun Kosi Rivers, the river is called Sapta Koshi

and joins theGanges, subsequently draining to the Bay of Bengal. In this

study, we distinguish between the lower Arun, mostly located in the

Nepalese Himalaya (catchment of Arun between 206 and 1,793 m asl

river elevation, ~5.26 × 103 km2), and the upper Arun, mostly located

on the southern Tibetan Plateau (catchment above 1,763 m asl Arun

river elevation, ~28.32 × 103 km2; Figure 1a). These two areas are

roughly separated by the Nepalese–Chinese border (Figure 1b).

Precipitation in the Arun Valley is dominated by the Indian Sum-

mer Monsoon (ISM), originating from the Arabian Sea, crossing the

Indian subcontinent and passing the Bay of Bengal (Figure 1a). The

ISM affects the valley's entire watershed and contributes ~70% of

its annual rain volume during the peak ISM season between June

and September (Bookhagen & Burbank, 2010). In addition to the

ISM, the uppermost tributaries of the lower Arun and the upper Arun

receive winter precipitation in the form of WWD originating from the

Caspian, Black, and Mediterranean Seas (Bookhagen & Burbank, 2010;

Cannon et al., 2015; Lang & Barros, 2004), although in considerably

lower amounts than from the ISM. The Arun also receives glacial melt

water from glaciers covering 4.91% of its total catchment area and

4.93% and 4.84% of the upper and lower Arun, respectively (GLIMS

2005, Global Land Ice Measurements from Space, www.glims.org).

Hence, main stem water and several high‐altitude tributaries likely
receive glacial melt in addition to summer and winter precipitation

(Figure 1a and 1b).

The substantial interannual variability of ISM intensity is evi-

denced by flooding events and droughts on the Indian subcontinent

during the past 150 years and beyond (Malik, Bookhagen, & Mucha,

2016; Mooley & Parthasarathy, 1984). Monsoonal intensity can be

described by different indices (Parthasarathy, Rupa Kumar, &

Kothawale, 1992), most commonly based on wind‐system gradients.

The Indian Summer Monsoon Index (IMI; Wang & Fan, 1999)

describes potential air‐mass mobilization from the Indian Ocean

towards the Himalayan mountain range based on NCEP/NCAR reanal-

ysis data of June–September. The dimensionless IMI is normalized to

the long‐term mean (1948–2015), where indices larger (less) than zero

indicate an intensified (attenuated) ISM. In 2011, the first year of sam-

pling, the IMI was −0.426 standard deviations below the long‐term

mean (International Pacific Research Center, University of Hawaii,

http://apdrc.soest.hawaii.edu/projects/monsoon/seasonal‐monidx.

html), indicating an ISM slightly weaker than the 68 year‐average. An

IMI of −1.677 in the second year of sampling indicated a significantly

weaker ISM season prior to the second sampling campaign in Novem-

ber 2012. In fact, only 5 years of available NCEP/NCAR reanalysis

data between 1948 and 2015 yielded a lower IMI. Data from the Ban-

gladesh GNIP (Global Network of Isotopes in Precipitation, Interna-

tional Atomic Energy Agency) climate station in Dhaka (Figure 1a)

also indicate that the 2012 ISM was less intense than in 2011.

Recorded cumulative precipitation at Dhaka limited to the ISM peak

season (June–September) was 1,241 and 762 mm in 2011 and 2012,

respectively (June–September mean 2009–2015: 1,147 mm,

σ = 373 mm).

http://apdrc.soest.hawaii.edu/projects/monsoon/seasonal-monidx.html
http://apdrc.soest.hawaii.edu/projects/monsoon/seasonal-monidx.html
http://www.glims.org
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3 | METHODS

3.1 | Surface water sampling

In order to determine the spatio‐temporal variability of surface water

δD and δ18O values, 204 stream samples were taken in the lower Arun

in September 2011 and October/November 2012. The main focus of

2011 sampling was the southern to central section of the lower Arun

Valley. 2012 sampling was focused on the central to northern part of

the lower Arun (Figure 1). We resampled the main stem at two sites

(four samples in total), four tributaries were sampled in both years

(Table 1). On average, the Arun main stem was roughly sampled in

10‐km intervals, the outlets of tributaries every 0.5 to 3 km, depend-

ing on accessibility. Five of the sampled tributaries have a glacial cov-

erage varying from 0.5% to 36% of respective total catchment area

(Table S1, online version). To create a time series of the Arun main

stem signature, 105 additional water samples were taken close to

the town of Tumlingtar (87.189°E, 27.311°N) every 3 to 4 days

between 02/11/2012 and 10/11/2013. For sampling, gas tight 2‐ml

glass vials were flushed with stream water and then filled.
3.2 | Measurement of surface water δD and δ18O

Prior to δD and δ18O measurements, all water samples were filtered

through 45‐μm polyethylene filters. The surface water isotopic com-

position was determined by laser spectroscopy on a Liquid Water Iso-

tope Analyzer (Los Gatos Research, Mountain View, California, USA),

at the Institute of Earth and Environmental Sciences, University of

Potsdam. Every sample was run in six replicates; only the last four

measurements were used to calculate sample means. For every fifth

sample, we measured three isotope standards (δD = −154.3‰,

−96.4‰, −9.5‰, respectively, Los Gatos Research water isotope

standard). In order to convert D/H ratios to the Vienna Standard Mean

Ocean Water–Standard Light Antarctic Precipitation scale, a least

square linear regression function based on measured and known stan-

dard δD and δ18O values was used. The accuracy of δD and δ18O

measurements is reported as one standard deviation between mea-

sured and known values of water standards (i.e., the root‐mean‐square

error) and was 1.02‰ and 0.06‰, respectively. The precision of δD

and δ18O measurements is reported as one standard deviation of trip-

licate measurements (Tables S1 and S2, online version).
TABLE 1 Replicate surface water samples

Lon Lat Site 2012 Site 2011 δD 2011

87.28 27.57 12009 11049 −105.7

87.28 27.57 12113 11049 −105.7

87.28 27.57 12139 11049 −105.7

87.24 27.22 12145 11080 −59.7

87.28 27.15 12146 11085 −57.6

87.25 27.12 12147 11086 −58.5

87.15 26.93 12149 11100 −91.9

87.15 26.93 12150 11102 −92.5

Note. δD and δ18O values are shown with offset ΔD and Δ18O (Equation (2)) b
The deuterium excess d of sampled stream water was calculated

(Dansgaard, 1964) by

d ¼ δD–8*δ18O: (1)

3.3 | Topographic and climatic raster data

For terrain analyses, the void‐filled Shuttle Radar Topography Mission

(SRTMV4) digital elevationmodelwith a ground resolution of 90m (Jar-

vis, Reuter, & Nelson, 2008) was used. We determined the Arun River

catchment using standard geographic information system tools. For the

evaluation of spatio‐temporal rainfall variability, we used daily TRMM

dataproductTRMM3B42‐V7with3‐hr temporal resolutionandaspatial

resolution of 0.25° (~30 km; Bookhagen, 2010; Bookhagen & Burbank,

2010;Huffmanet al., 2007). Even though theTRMM3B42dataset tends

to over‐predict rainfall at high elevation and in arid areas (Bookhagen &

Burbank, 2010; Wulf et al., 2016), relative and interannual variabilities

are well captured (Wulf et al., 2016). The TRMM data were bilinearly

resampled toaspatial resolutionof5km.AdvancedMicrowaveScanning

Radiometer (AMSR‐E) snow water equivalent estimations were only

availableuntilOctober2011,and itcouldnotbeusedfor snow‐melteval-

uation (Tedesco, Kelly, Foster, & Chang, 2004). Instead, the spatio‐tem-

poral snow analysis is based on daily MODIS MOD10C1 snow cover

data with a spatial resolution of 0.05° (~5 km) from January 2004 until

theendof2012 (Hall et al., 2002). For a detailed rationale ofwhyMODIS

snow cover data are a reasonable approach for snowmelt trends during

both sampling campaigns, we refer to a comparison of MODIS snow

cover and AMSR snowwater equivalent data in Appendix S1.

In order to evaluate the amount of evapotranspiration in the Arun

Valley, we analysed MODIS MOD16A2 evapotranspiration data (Mu

et al., 2011) from 2011 and 2012 with a spatial resolution of ~5 km.

For more details, we refer to Appendix S2 and Figure S2.
4 | RESULTS

4.1 | Stream water δD values

Surface water δD values (δDsw) of all 204 samples ranged from

−109.6‰ to −36.4‰. Tributary δDsw values (δDsw,trib) in 2011 ranged

from −92.5‰ to −42.9‰ with an average of −56.2‰ (σ = 8.5‰,

n = 72), whereas they were between −84.3‰ and −36.4‰ with an

average of −52.1‰ (σ = 7.6‰, n = 115) in 2012 (Figure 2a, Table S1,
δD 2012 ΔD δ18O 2011 δ18O 2012 Δ18O

−88.7 17 −14.8 −12.2 2.6

−91.2 14.5 −14.8 −13 1.8

−91 14.7 −14.8 −12.9 1.9

−46.2 13.5 −8.8 −7.2 1.6

−40.1 17.5 −8.7 −6.4 2.3

−45 13.5 −8.8 −6.6 2.2

−76.2 15.7 −13.2 −10.9 2.3

−77.5 15 −13.2 −11.1 2.1

etween both years. Main stem samples are indicated by bold sample id.



FIGURE 2 (a) Surface water δD and δ18O values separated by sample year (2011: blue, 2012: red) of the Arun main stem (triangles) and its

tributaries (crosses; see Table S1, online supplement, for analytical errors). Glaciated tributaries are indicated by black circles. Linear regressions
of tributary δD values (solid line) are shown together with 95% confidence intervals (dashed lines). (b) Surface water δD versus δ18O values and
Global Meteoric Water Line (GMWL, black, δD = 8.2*δ18O + 11.27, Rozanski, Araguás‐Araguás, & Gonfiantini, 1993), glacial melt and
precipitation data from Dhaka, Bangladesh. Solid and dashed lines show linear regressions with 95% confidence intervals of 2011 and 2012
tributary data (see Table 2 for more details)
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online version). The six water samples taken from five different glaci-

ated tributary catchmentswere characterized bymost negative δDsw,trib

values (Figure 2a, Table S1, online supplement). δDsw,trib values, includ-

ing those of glaciated tributaries, were inversely correlated to tributary

median catchment elevation with Pearson correlation coefficients (R) of

−0.73 and − 0.76 and p < 0.01 for years 2011 and 2012, respectively.

Isotopic lapse rates were −9.56‰ km−1 ± 1.08‰ km−1 (1σ) and

−8.24‰ km−1 ± 0.65‰ km−1 in September 2011 and November

2012 with intercepts of −45.0 ± 1.43‰ and −33.6 ± 1.54‰, respec-

tively (Figure 2a, Table 2). We performed an analysis of covariance to

test for significant differences between both δDsw,trib‐altitude relation-

ships (lapse rates). The test revealed that slopes were not significantly

different (p = 0.27) whereas y intercepts were (p < 0.01).

δ18Osw,trib. and δDsw,trib were correlated in both years (R = 0.96

and R = 0.97, p < 0.01 in 2011 and 2012, respectively) and regression

functions had smaller slopes and y intercepts compared to the global

meteoric water line (GMWL: δD = 8.2*δ18O + 11.27, Rozanski et al.,

1993; Figure 2b, Table 2). The slopes of δ18Osw,trib. /δDsw,trib. Linear

regressions in both years were similar within the range of statistical

errors, but intercepts differed (Table 2).

Arun main stem δDsw values (δDsw,Arun) in September 2011

ranged from −105.7‰ to −90.1‰ (mean = −95.8‰, σ = 5.9‰,

n = 6) and in November 2012 from −109.6‰ to −77.5‰

(mean = −92.5‰, σ = 8.3‰, n = 11; Figure 2a). An analysis of
TABLE 2 Least square linear regression results of surface water δD valu

Variables Year Regression functio

δD vs. elev. 2011 δDsw,trib = elev. *−9

δD vs. elev. 2012 δDsw,trib = elev. *−8

δD vs. δ18O 2011 δDsw,trib. = δ18Osw,t

δD vs. δ18O 2012 δDsw,trib. = δ18Osw,t

d‐excess vs. elev. both years d = x *1.52 (±0.19)

Note. Additionally, the regression function of d‐excess (both years combined) a
and intercept are provided as well as Pearson's correlation coefficients R and p
covariance test comparing lapse rates from both years was not

applied, because the precondition of linear correlation between

δDsw,Arun and catchment elevation was not fulfilled for the 2011

samples.

For interannual comparison of replicate water samples, ΔD2011/

2012 was calculated by ordinary differences:

ΔD2011=2012 ¼ δDsw;2011–δDsw;2012; (2)

where δDsw,2011 and δDsw,2012 are samples taken at the same spot dur-

ing both sampling campaigns (Table 1). For the four main stem replicate

samples taken at two different sites, the mean ΔD2011/2012 was 15.3‰

(σ = 1.2‰; Table 1). Tributary mean ΔD2011/2012 (n = 4) was 15.1‰

(σ = 1.9‰). Δ18O2011/2012 was calculated similarly to ΔD2011/2012

(Equation (2)) and amounts to mean values of 2.1‰ (σ = 0.3‰) for both

main stem and tributary samples. The total mean ΔD2011/2012

(Δ18O2011/2012) including main stem and tributary samples was 15.2‰

(2.1‰) with one standard deviation of 1.5‰ (σ = 0.3‰; n = 8).

Time series samples (δDsw,ts) of the Arun main stem ranged from

−100.4‰ to −45.2‰, taken on 29/05/2013 and 29/10/2013,

respectively (Figure 4a, seeTable S2, online supplement, for respective

δ18Osw,ts). Late autumn/early winter (mid‐November–end December

2012) was a period with a notable δDsw,ts value drop below the overall

annual mean of −81‰ reaching values between −100‰ and −90‰.
es with median catchment elevation in km asl (elev.) and δ18O

n R p

.56 (±1.08) − 45.0 (±1.43) −0.73 <0.01

.24 (±0.65) − 33.6 (±1.54) −0.76 <0.01

rib. *6.79 (±0.23) + 0.72 (±1.91) 0.96 <0.01

rib. *7.01 (±0.16) + 4.99 (±1.30) 0.97 <0.01

+ 9.49 (±0.38) 0.48 <0.01

nd median catchment elevation (elev.) is given. Standard deviation of slope
value.
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Opposed to the trough in early winter, δDsw,ts values peak between

the middle of February and middle of April with values ranging from

−78‰ to −46‰. Between 11/9/2013 and 29/10/2013, five samples

with −49‰ to −45‰ were collected. Each of these samples is isolated

and framed by several δDsw,ts values around −85‰.

4.2 | Stream water deuterium excess

Deuterium excess (d or d‐excess) of September 2011 tributary water

ranged from 4.8 ± 0.8‰ to 15.5 ± 1.6‰ (mean 10.9‰, one standard

deviation σ = 2.7‰, n = 72). In November 2012, tributary d‐excess

was in between 7.2 ± 3.0‰ and 20.3 ± 4.5‰ (mean 13.0‰,

σ = 2.0‰, n = 115; Figure 3). Average d‐excess of replicate tributary

samples from November 2012 and September 2011 were statistically

similar (Δd = −1.8‰, σ = 2.1‰, n = 4). d‐Excess was not correlated to

catchment elevation for 2011 and 2012 datasets separately, but com-

bined d‐excess from both years yielded a significant correlation to

median catchment elevation (R = 0.48, p < 0.01; Figure 3). Least

square linear regression yielded a slope of 1.52‰ km−1 and an inter-

cept of 9.49‰ (Table 2). However, above 2.5‐km median catchment

elevation deuterium excess did not increase anymore.

Arun main stem water samples covered a comparable d‐excess

range during both sampling campaigns ranging from 8.8‰ to 13.2‰

in 2011 (mean = 11.0‰, σ = 1.6‰, n = 6) and 8.4‰ to 13.0‰ in

2012 (mean = 10.9‰, σ = 1.9‰, n = 11). Replicate main stem d‐

excess did not differ significantly (Δd = 1.7‰, σ = 1.5‰, n = 4). We

did not observe a correlation between median catchment elevation

and the Arun's main stem d‐excess, neither for both years individually,

nor for the combined 2011 and 2012 data.

d‐Excess of Arun time series samples from Tumlingtar did not

show an obvious temporal distribution as δDsw,ts values (cf. Figure 4
FIGURE 3 d‐Excess of main stem (triangles) and tributary (crosses)
water samples from 2011 and 2012 colour coded in blue and red,
respectively (see Table S1, online supplement for analytical errors).
Black circles indicate glaciated tributaries. For comparison, d‐excess of
Winter Westerly precipitation (Karim & Veizer, 2002; Pande, Padia,
Ramesh, & Sharma, 2000) and local glacial melt water d‐excess (grey
circles, cf. Figure 1a and 1b; Racoviteanu et al., 2013) are shown
a and 4b). We calculated running mean d‐excess using a Gaussian

15 day‐filter in order to visualize temporal d‐excess trends. Lower-

most d‐excess was observed in December 2012 (~8.5) and June/July

2013 (~7.5). Relatively high d‐excess was found from late March to

early May 2013 (~12). For the complete δD, δ18O, and d‐excess time

series, the authors refer to Table S2 (online supplement).
4.3 | Rainfall

The temporal analysis of TRMM‐recorded rainfall in 2011 and 2012

revealed that 74% and 71% of total annual (January to December)

rainfall precipitated during ISM peak season between June and Sep-

tember, respectively. Seven‐year mean of catchment‐wide cumulative

annual rainfall (January–December) during 7 years prior to sampling

(2004 to 2010) was on average 982 mm year−1 (σ = 127 mm year−1,

Figure 5). In 2011, cumulative annual rainfall averaged over the entire

Arun catchment was 1,059 mm year−1 (35.56 km3 year−1), and in

2012, it was 881 mm year−1 (29.58 km3 year−1), both within one stan-

dard deviation of the 7‐year mean. Generally, the lower Arun received

more rain than the much larger upper Arun section (Figure 5). Due to

its proportionately larger surface area, rainfall volumes in the upper

Arun exceeded those in the lower Arun by a factor of roughly three:

In 2011, the upper Arun received a total of 944 mm rainfall, being

equivalent to a volume of 26.73 km3 year−1, whereas the lower part

received 1,679 mm (8.83 km3 year−1). In 2012, both parts of the

catchment received less rain with 769 mm year−1 in the upper Arun

(21.78 km3 year−1, 19% less) and 1,487 mm year−1 in the lower Arun

(7.82 km3 year−1, 11% less; Figure 5). We analysed TRMM rainfall in

order to account for a seasonal bias due to post‐ISM rainfall prior or

during the October/November 2012 sampling campaign. The upper

Arun received 66 mm of rain in October 2012 and 11 mm in Novem-

ber. During these 2 months, the lower Arun received 57 and 6 mm of

rain, making up 3.8% and 0.4% of 2012 cumulative rainfall

(1,487 mm), respectively.

The GNIP station in Dhaka, Bangladesh received a total of

1,787 mm of rain in 2011 and 1,316 mm in 2012 with 1,241 and

762 mm during the ISM season from June to September, respec-

tively. Every month in the ISM 2012 season (June–September)

received less rain than in 2011 (Figure S4), which is similar to what

we observe in the Arun Valley using satellite TRMM rainfall data

(Figure 5). This difference is also reflected by ISM seasonal amount

weighted mean δDprecip with −51.0‰ in 2011 and −31.8‰ in

2012, respectively. The interannual ΔD2011/2012 varied from −6.6‰

in May to −27.5‰ in June with an annual weighted ΔD2011/2012 of

−15.3‰ (June–September weighted ΔD2011/2012 = 19.3‰, Figure

S4). δDprecip in Dhaka is characterized by decreasing δDprecip values

from the ISM onset until winter with October 2012 δDprecip values

(−49‰) similar to July and September 2012 δD (−49‰ and −52‰,

respectively) and lower November δDprecip − 73‰ (Figure S4). The

decreasing trend is similar to other observations on temporal δDprecip

value distribution (Breitenbach et al., 2010, for year 2007; Jeelani,

Shah, Jacob, & Deshpande, 2017). However, data by Breitenbach

et al. (2010) for 2008 by Yu et al. (2016) indicate an increase of

post‐ISM δDprecip.



FIGURE 4 (a) Arun river δD value time series from Tumlingtar with Gauss‐filtered 15‐day running mean including/not including outliers (black
line with grey excursion/black line). (b) d‐Excess from 11/2012 to 11/2013 at Tumlingtar including Gauss‐filtered 15‐day running mean. For
the data we refer to Table S2, online supplement
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4.4 | Snow melt

MODIS snow cover data revealed that the overall snow cover extent

in the Arun Valley prior to and during the two field seasons in Septem-

ber 2011 and November 2012 was more or less stable, indicating only

little snow melt (Figure 6). The minimum snow cover extent in 2011

and 2012 was reached in the middle of July. The average snow cover

of the Arun catchment during the 2011 sampling campaign (2.5%) was

on the same order as the 7‐year mean (1.9%, 2004–2010). At the

beginning of the 2011 sampling campaign, 1.8% of the catchment

was covered with snow (lower Arun: 1.8%, upper Arun: 1.8%). During

the first 3 weeks, the total snow cover decreased to 0.5% (lower Arun:

0.4%, upper Arun: 0.6%) and increased during the last 6 days of sam-

pling to 5.9% (lower Arun: 3.9%, upper Arun: 6.3%).

During the 2012 sampling campaign, catchment mean snow cover

(3.3%) was 3.4% below the 7‐year mean of 6.7%. The lower Arun

(3.8% in 2012, 5.0% 7‐year mean) and the upper Arun (3.2% in

2012, 7.1% 7‐year mean) were characterized by similarly small snow

cover. At the beginning of the 2012 field season, 4.2% of the Arun

catchment was covered with snow (lower Arun: 3.5%, upper Arun:
FIGURE 5 TRMM V3B42 (Bookhagen, 2010) derived Jan–Dec cumulativ
campaigns in comparison with 7‐year mean cumulative rainfall (2004–201
show the average cumulative rain of the entire Arun catchment (solid lines)
(dashed lines). Shaded boxes denote sampling periods. X‐axis ticks denote
4.3). Overall snow cover decreased during sampling to 3.1% due to a

decrease in the upper Arun (2.9%); in the lower Arun, it remained on

the same level (3.5%).
5 | DISCUSSION

Our observations suggest that the isotopic composition of surface

water in both sampling years differed significantly, with surface water

being more depleted in D in 2011. In the following, we evaluate differ-

ent hypotheses to explain this observation. First, we consider the

effect of WWD derived moisture and evapotranspiration during both

years and discuss how they potentially affect surface water δD values.

Subsequently, we evaluate the effect of glacial melt contribution on

the Arun Valleys' surface water. Last, we discuss to what extent the

observed ΔD2011/2012 may have been driven by variable ISM and

assess the consequences for the reconstruction of ISM δD/δ18O

values in the eastern central Himalaya based on stable isotope

archives.
e rain during 2011 (left, blue lines) and 2012 (right, red lines) sampling
0, black lines). For better visualization of spatial rainfall variability, we
, cumulative rain in the lower Arun (dotted lines), and in the upper Arun
the beginning of each month



FIGURE 6 Daily snow‐cover extent in 2011 (left, blue lines) and 2012 (right, red lines) in comparison with the 7‐year mean (2004–2010, black
lines). Boxes indicate the timing of sampling campaigns. Mean snow cover in 2011 across the entire catchment was within the range of the 7‐year
mean. In 2012, especially the upper Arun exhibits a lower snow cover compared with the 7‐year mean. During both sampling campaigns, overall
snow cover decreased by less than 1.1%, indicating very low melt water release
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5.1 | Winter Westerlies and snow melt

In addition to the ISM, WWD result in D‐depleted precipitation serv-

ing as water source for the high altitude part of the Arun catchment

(Cannon et al., 2015; Hren et al., 2009; Karim & Veizer, 2002; Lang

& Barros, 2004). However, most streams sampled in September

2011 that were characterized by comparably D‐depleted water were

located at low elevations, which hardly receive WWD moisture and

snow, opposed to most streams sampled in 2012. Hence, stronger

D‐depletion of surface water sampled in 2011 could not have been

caused by an enhanced melt of Winter‐Westerly derived snow. This

argument is supported by remotely sensed snow cover, the timing of

Winter Westerlies, and surface water d‐excess data: MODIS snow

cover analysis revealed similar negligible snow cover decline before

and during both field seasons, suggesting only minor snow meltwater

contributions in September 2011 and November 2012 (Figure 6). This

is backed by the timing of WWD, which occur predominantly between

January and March (Lang & Barros, 2004), implying a potential effect

on stream waters months after the sampling campaign of either year.

An increased contribution of WWD snow with a d‐excess of approxi-

mately 15–20‰ (Karim & Veizer, 2002; Pande et al., 2000) would

necessarily result in lower surface water δD values and increased d‐

excess, which contradicts our observations (Figures 2a and 3). The

time series data (Figure 4) indicate the largest snow melt fraction of

Arun main stem waters in April, where δD values drop after winter

but d‐excess remains on a comparably high level. This corresponds

well to other studies reporting major snow melt impact in spring as

direct surface run‐off (Smith et al., 2017) and protracted run‐off dur-

ing the ISM onset in May to June after temporal storage in the vadose

zone (Buttle, 1994).

The observed increase d‐excess with altitude until ~3 km asl

observed in 2011 and 2012 (Figure 3) is typical for Rayleigh type rain

out at mountain fronts (Gonfiantini et al., 2001; Xu et al., 2014). Above

~3 km, tributary and main stem d‐excess did not increase anymore,

interpreted as increased fraction of reworked water in high‐altitude

precipitation (Karim & Veizer, 2002; Pande et al., 2000). On the basis

of our observations on September 2011 and October/November
2012 d‐excess and the time series data fromTumlingtar, we argue that

snowmelt had similar minor effects on sampled surface water δD

values in September 2011 and November 2012 and does not coincide

with either sampling campaign. Hence, snowmelt contribution did not

cause observed isotopic differences.
5.2 | Evaporative effects

Theoretically, deuterium‐enriched surface water in 2012 could be

related to increased surface and soil water evaporation. However,

remotely sensed evapotranspiration within the Arun catchment indi-

cate similar conditions in 2011 and 2012 (cf. section S2 and Figure

S2). The 2011 and 2012 δ18Osw/δDsw regression slopes (Table 2) are

similar and comparable with data from an Arun tributary sampled by

Balestrini, Polesello, and Sacchi (2014) in fall 2007 (Khumbu Valley,

δD = δ18O *7.48 (±0.44) + 2.71 (±7.53‰)), supporting the statement

above. Evaporative‐water loss required to cause observed D‐enrich-

ment in 2012 would necessarily lead to substantially different d‐

excess for both years (e.g., Gibson, Edwards, & Bursey, 1993). But as

discussed in the previous section, we relate the observed pattern to

Rayleigh fractionation at plateau margins below 3 km asl (e.g.,

Gonfiantini et al., 2001; Rowley et al., 2001; Xu et al., 2014) and an

increased fraction of reworked water in precipitation above (Karim &

Veizer, 2002; Pande et al., 2000). The increasing fraction of reworked

water in fall is also reflected by Arun main stem time series data, due

to the input of progressively lighter precipitation d‐excess decreased

until December 2012. We thus argue that evaporative D‐enrichment

was at a low level prior to and during either sampling campaign and

had a considerable effect on tributaries above 3 km only. Interannual

evaporation variability, however, can therefore be neglected as under-

lying cause for observed ΔD2011/2012.
5.3 | Glacial melt

As the offset between 2011 and 2012 δDsw values was observed for

main stem and tributary waters with and without glaciated catch-

ments, variable glacial melt water contributions cannot explain
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ΔD2011/2012 for all sampled streams. However, melt water contribu-

tions of ablating glaciers along the main Himalayan crest (Bolch

et al., 2012; Scherler, Bookhagen, & Strecker, 2011) significantly affect

the water balance of high altitude catchments (Racoviteanu et al.,

2013; Wilson et al., 2016), and in particular, the Arun main stem.

The Dudh Kosi and Trishuli watersheds within and west of the Arun

catchment, respectively (Figure 1a and 1b), were characterized by a

mean δD of −106.3‰ (σ = 11.6‰, n = 12) with a d‐excess of 9.0‰

(σ = 2.9‰), when limited to glacier‐mouth samples only (Racoviteanu

et al., 2013). Average δ18O values of ice accumulated between 1813

and 1997 in the Dasuopu and East Rongbuk Glaciers 125 and 50 km

west of the Arun, respectively, was −17 and −19‰ (Pang, Hou,

Kaspari, & Mayewski, 2014). These amounts are equivalent to δD

values of −122 and −138‰ when converted with the local meteoric

waterline by Yu et al. (2016; Tingri station). Arun main stem δDsw

values and those of glaciated tributaries fall in between isotopically

heavy tributary water dominated by the ISM and glacial melt water

(Pang et al., 2014; Racoviteanu et al., 2013; Figure 2a). As such, a mix-

ture of both water pools in Arun main stem water and the five glaci-

ated tributaries is conceivable. Observed d‐excess of respective

water samples also correspond well to that of glacial melt

(Racoviteanu et al., 2013) and reinforce the argument for strong glacial

melt mixing as no other water source has the potential to generate

observed low main stem and glaciated tributary d‐excess on the

southern Tibetan Plateau (Figure 3). The finding of strong glacial melt

input mixed with ISM derived rainfall in Arun main stem water and its

glaciated tributaries is in agreement with previous findings from the

eastern central Himalaya (Racoviteanu et al., 2013; Wilson et al.,

2016). However, Arun main stem δDsw values in September 2011

were lower than in November 2012 (Figure 2a), which can be

interpreted as a larger contribution of glacial melt in 2011. But similar

d‐excess in 2011 and 2012 are inconsistent with this interpretation, as

they indicate a comparable fraction of glacial melt in both years' main

stem water. Hence, variable glacial melt contribution cannot provide a

reasonable explanation for the observed main stem and tributary

ΔD2011/2012.
5.4 | ISM effects on surface water δD values

ISM‐derived precipitation is the major water source in the eastern

Nepalese Himalaya (Bookhagen & Burbank, 2010) with 71% and

74% of annual (Jan–Dec) precipitation in 2011 and 2012, respectively.

Thus, isotopic lapse rates of −9.56 ± 1.08‰ km−1 and

−8.24 ± 0.65‰ km−1 in September 2011 and November 2012 reflect

Rayleigh fractionation effects due to rain out and decreasing temper-

ature (Dansgaard, 1964) across orographic barriers. This effect, often

referred to as the altitude effect, is well known and has been observed

across major orographic ranges (Rohrmann et al., 2014; Rowley &

Garzione, 2007; Xu et al., 2014). The observed Arun Valley isotope

lapse rates are comparable with previous studies from the eastern

and central Himalaya (Garzione et al., 2000; Hren et al., 2009; Xu

et al., 2014) when considering a similar altitudinal range. The linear

correlation of both years' d‐excess with respect to catchment altitude

also reflects rainout at orographic barriers (Hren et al., 2009; Rowley &

Garzione, 2007). Whereas both years' separate datasets do not cover
an altitude range large enough for a significant correlation, the com-

bined 2011 and 2012 data indicate similar fractionation processes

below a mean catchment elevation of 3 km asl emphasizing the ISM

predominance in the Arun Valley.

Isotope data from the ISM dominated Dhaka GNIP station in Ban-

gladesh, located on the ISM path just after water vapour leaves the

Bay of Bengal and heading north to the Himalaya (Figure 1), show a

similar interannual pattern compared with the Arun catchment. 2011

cumulative ISM rainfall (JJAS) in Dhaka was larger (1,241 mm) and

the weighted mean δDprecip value (−51.0‰) lower than in 2012 (JJAS,

762 mm, −31.8‰). This is consistent with the amount effect, that is,

lower δDprecip values at higher precipitation amounts, as often

observed in the tropics (Kurita et al., 2009), although regional δDprecip

values are controlled by additional factors (Breitenbach et al., 2010).

The 2012 IMI was 1.95 standard deviations below the 1948–2013

average, whereas it was close to the 65‐year mean in 2011 (−0.56),

pointing towards a particularly weak monsoon in 2012 compared with

2011. The weaker 2012 ISM with less rainfall in the Arun Valley is also

supported by satellite‐derived TRMM cumulative rainfall rates: 2012

ISM rainfall in the lower Arun was 17% lower compared with 2011.

This observation strongly suggests that the variable ISM isotopic sig-

nature observed in Dhaka is carried onwards to the Himalaya where

it is manifested in δDprecip values along the orographic front. However,

sampling in 2011 was conducted during late ISM (September),

whereas samples in 2012 were collected in the post‐ISM season

(October and November). TRMM‐derived rainfall rates for October/

November 2012 in the Arun Valley were 57 and 6 mm, respectively.

Hence, there was a small volume of post‐ISM rainfall that might have

affected sampled surface waters in 2012. Reported data of post‐ISM

rainfall δDprecip are variable with both, increasing and decreasing

δDprecip values (Breitenbach et al., 2010; Jeelani et al., 2017; Karim

& Veizer, 2002; Yu et al., 2016). Tumlingtar time series δDsw values

decrease until the end of December, suggesting that post‐ISM δDprecip

values were below ISM δDprecip, similar to observations from Dhaka

(Figure S4). Hence, post‐ISM rainfall would have reduced 2012 surface

water δD values and therefore ΔD2011/2012. However, the amount of

October/November rain in the lower Arun in 2012 made up 4.2% of

cumulative annual precipitation in 2012. Considering this relative rain-

fall volume, the altering effect of post‐ISM rainfall on ΔD2011/2012 is

assumed to be fairly small. In spite of the potential minor effect of sea-

sonality on ΔD2011/2012, the analysis of stationary precipitation, IMI,

and remote sensing rainfall data indicates that ΔD2011/2012 in the Arun

Valley was a consequence of interannual ISM variability.
5.5 | Implications for palaeoclimate applications

Our analysis revealed that the interannual ISM strength variability in

2011 and 2012 was reflected by surface water δD values of both trib-

utary and main stem waters. Although surface water represent a com-

plex mixture of surface run‐off, ground‐water fed base flow, and other

potential water sources, such as glacial and snow melt (Andermann

et al., 2012; Oshun, Dietrich, Dawson, & Fung, 2016; Racoviteanu

et al., 2013; Smith et al., 2017; Wilson et al., 2016), our results imply

that the Arun Valley and especially its southern tributaries are very

sensitive to ISM δD values. The observation of surface water δD
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values reflecting interannual variable ISM trajectories and amount has

an important consequence for the temporal resolution of potential

stable isotope records being used for palaeohydrology: Changes of

δDprecip values in the Arun Valley due to ISM variability may theoret-

ically be recorded annually and are rather limited by temporal record-

ing capacities of the proxy.

Our data from the Arun Valley suggest that δDsw values of tribu-

taries, spatially integrating over catchments ranging from 10−1 to

102 km2, reflect ISM δDprecip values. The spatial integration capacity

of tributaries is an important aspect concerning, for example, lacus-

trine biomarker records and speleothems in this region. As such,

palaeorecords below the snowline integrate δDprecip values on similar

or smaller spatial scales as analysed tributaries. Hence, such archives

are suitable for past ISM δDprecip value reconstruction and can poten-

tially serve as quantitative ISM proxy. However, the non‐linear rela-

tionship of ISM strength and δDprecip at the Dhaka GNIP station

indicates that δDprecip only partly reflects ISM strength (Figure S4).

This is in agreement with Breitenbach et al. (2010), who found mois-

ture transport distance and Bay of Bengal surface water isotope com-

position to have major controls on δDprecip values at the southern

front of the Shillong Plateau (Figure 1a). Hence, setting up a robust

calibration function capable of converting δDsw palaeovalues into

ISM strength requires a longer time series of surface water stable iso-

topic composition and additional remote sensing climate data.

The interpretation of stable hydrogen and oxygen isotope

archives in the upper Arun Valley and its high altitude catchments is

even more complex as they yield mixed signals of WWD precipitation,

ISM rainfall, and glacial melt. The same applies to the interpretation of

fluvial archives along the Arun main stem (Hoffmann et al., 2016).

First, fluvial archives are likely affected by WWD precipitation in the

high‐elevation parts of the catchment, although it had no effect on

sampled main stem water due to the timing of sampling several

months prior to snow melt. Second and more importantly, the Arun

is affected by glacial melt; its signal is persistent all along the river,

even at the southernmost sample site at the Nepalese–Indian border

(sample 11104, Koshi Barrage Bridge). But because tributaries south

of the Himalayan crest below the snow line predominantly receive

ISM‐derived summer precipitation, we note the high potential of sta-

ble isotope archives in that region for qualitative and potentially quan-

titative palaeo‐ISM reconstruction.
6 | CONCLUSION

In order to understand the influence of the ISM on water δD and δ18O

values in the eastern central Himalaya, we followed an approach com-

bining stable isotope measurements and remote sensing data analysis:

We first determined δD and δ18O values of the eastern Nepalese Arun

River and its tributarywater sampled in fall 2011 and 2012. Additionally,

we recorded Arunmain stem surface water δD and δ18O for one annual

cycle in order to determine seasonal variability of different moisture

sources. Second, we analysed satellite remote sensing data of rainfall,

snow cover, glacial coverage, and evapotranspiration related to both

sampling campaigns. These data show important observation crucial

to the interpretation of present and past ISM changes.
Our study revealed three key findings: First, we found the 2012

ISM to be significantly weaker than the 2011 ISM with ~20% less June

to September rainfall in the Arun Valley. As a consequence, main stem

and tributary surface water δD values in 2012 were enriched by

~15‰ compared with the previous year, emphasizing the sensitivity

of the Arun Valley hydrology to ISM variability. Second, δD and d‐

excess value distributions indicate that high‐altitude tributary catch-

ments and the Tibetan Plateau received large volumes of glacial melt

in addition to the evident ISM contribution across the entire Arun Val-

ley. Third, remote sensing snow cover data indicated that high‐altitude

tributaries and the Tibetan Plateau part north of the Nepalese–Chi-

nese border receive winter precipitation, presumably derived from

WWD. In the Arun time series, the isotopic signature of snow melt

was observed between March and May. Although it could not be

quantified to which extent the Arun Valley hydrology is affected by

snow melt, we show that it did not affected September 2011 and

November 2012 surface water samples. In order to better determine

the effect of variable ISM strength and to quantify snow and glacial

melt, a long‐term time series of Arun main stem and tributary δDsw

is required.

Our data from the Arun Valley tributaries indicate that stable iso-

tope proxy records from south of the eastern central Himalayan crest

are well suited to reconstruct past ISM δD values and by extension

ISM strength—although we caution that this relationship is likely

non‐linear. First, tributaries respond quickly to water input from isoto-

pically distinct reservoirs, and second, they integrate the isotopic com-

position of precipitation on similar spatial scales as potential stable

isotope proxy records and clearly reflect ISM δD and δ18O values.
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