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Abstract. About 80 % of the precipitation at the Colorado
River’s headwaters is snow, and the resulting snowmelt-
driven hydrograph is a crucial water source for about 40
million people. Snowmelt from alpine and subalpine snow-
pack contributes substantially to groundwater recharge and
river flow. However, the dynamics of snowmelt progression
are not well understood because observations of the high-
elevation snowpack are difficult due to challenging access
in complex mountainous terrain as well as the cost and la-
bor intensity of currently available methods. We present a
novel approach to infer the processes and dynamics of high-
elevation snowmelt contributions predicated upon stable hy-
drogen and oxygen isotope ratios observed in streamflow. We
show that deuterium-excess (d-excess) values of stream wa-
ter could serve as a comparatively cost-effective proxy for a
catchment-integrated signal of high-elevation snowmelt con-
tributions to catchment runoff.

We sampled stable hydrogen and oxygen isotope ratios
of the precipitation, snowpack, and stream water in the East
River, a headwater catchment of the Colorado River, and the
stream water of larger catchments at sites on the Gunnison
River and Colorado River.

The d-excess of snowpack increased with elevation; the
upper subalpine and alpine snowpack (> 3200m) had sub-
stantially higher d-excess compared to lower elevations
(<3200 m) in the study area. The d-excess values of stream
water reflected this because d-excess values increased as the

higher-elevation snowpack contributed more to stream water
generation later in the snowmelt/runoff season. End-member
mixing analyses based on the d-excess data showed that the
share of high-elevation snowmelt contributions within the
snowmelt hydrograph was on average 44 % and generally
increased during melt period progression, up to 70 %. The
observed pattern was consistent during 6 years for the East
River, and a similar relation was found for the larger catch-
ments on the Gunnison and Colorado rivers. High-elevation
snowpack contributions were found to be higher for years
with lower snowpack and warmer spring temperatures. Thus,
we conclude that the d-excess of stream water is a viable
proxy to observe changes in high-elevation snowmelt contri-
butions in catchments at various scales. Inter-catchment com-
parisons and temporal trends of the d-excess of stream water
could therefore serve as a catchment-integrated measure to
monitor if mountain systems rely on high-elevation water in-
puts more during snow drought compared to years of average
snowpack depths.

1 Introduction

The snowpack in mountainous regions provides a crucial wa-
ter source for the ecosystems and human activities down-
stream (Immerzeel et al., 2020). In the alpine and subalpine
headwaters of semi-arid regions where the summer precipita-
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tion contribution to streamflow is usually relatively low, as in
the southwestern United States, snowmelt sustains stream-
flow during much of the growing season when water de-
mands are higher. The Colorado River plays a special role in
the hydrology of the southwestern United States because its
headwaters in the Rocky Mountains support the water supply
for about 40 million people, agriculture, industry, and power
generation (Bureau of Reclamation, 2012). The snowmelt
from high-elevation upper subalpine and alpine regions of
the mountainous headwaters of the Colorado River has been
shown to be particularly important for groundwater recharge
and sustaining river flow (Carroll et al., 2019). However, ob-
served (Faybishenko et al., 2022; Hoerling et al., 2019) and
projected (Bennett and Talsma, 2021) increases in air tem-
peratures at the headwaters of the Colorado River can lead
to a decrease in the snow-to-rain ratio during the coming
decades (Hammond et al., 2023). Therefore, the mountain-
ous catchments in the Colorado River could likely transition
towards low-to-no-snow conditions during the second half of
this century (Siirila-Woodburn et al., 2021). In fact, a general
trend towards lower snowpacks and earlier snowmelt in the
western United States has already been observed (Mussel-
man et al., 2021). However, the tools needed to observe high-
elevation snowmelt processes are either missing (e.g., point
observations), too coarse of a resolution (e.g., satellite), or
expensive to obtain (e.g., airborne lidar (light detection and
ranging) techniques and numerical models), which is why we
investigate the use of a stable isotope-based method that can
help assess upper subalpine and alpine snowmelt contribu-
tions to streamflow.

Snowpack assessments and snowmelt dynamics are usu-
ally monitored with point observations like the U.S. Natural
Resource Conservation Service (NRCS) SNOw TELemetry
(SNOTEL) network (NWCC, 2023). However, the highest
elevations in the western United States are not covered by
this network (max elevation 3543 m above sea level), despite
this area harboring the largest snow water equivalent (SWE)
and most surface water input volume per square meter (Ham-
mond et al., 2023). Therefore, although the measured snow-
pack at SNOTEL sites will indicate melt-out, substantial
snow cover remains in the alpine regions past the SNOTEL-
indicated melt-out dates (Dozier et al., 2016). To obtain a
spatial representation of the SWE from the SNOTEL point
measurements, regression analyses with physiographic vari-
ables (e.g., elevation, slope, and aspect) are commonly used
(Fassnacht et al., 2003). Heterogeneity of snowfall accumu-
lation and redistribution of snow (Freudiger et al., 2017) in
complex mountainous terrain makes such interpolation and
extrapolation efforts difficult (Dozier et al., 2016). Adding
information about the previous year’s snow cover distribu-
tion from satellite data was shown to improve the reconstruc-
tion of SWE across the complex mountainous terrain of the
upper Colorado River basin (Schneider and Molotch, 2016).
However, maps of snowpack distribution from an airborne
snow observatory (ASO) based on airborne lidar (Painter et
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al., 2016) are costly and therefore may not be applicable
across multiple mountainous catchments and/or during sev-
eral years.

In addition to the high costs and labor intensity of the cur-
rently available methods to study high-elevation snowmelt
dynamics, these approaches are generally limited to hydro-
metric data and do not include any tracer information. Be-
ria et al. (2018) outlined multiple ways that stable hydrogen
and oxygen isotopes of water (8”H and 8'0) can provide
valuable insights into snow hydrological processes. Because
the water molecule comprises hydrogen and oxygen isotopes,
8%H and 8'80 signatures are ideal tracers to track fluxes in
the water cycle (Kendall and McDonnell, 1998). Stable hy-
drogen and oxygen isotopes of water have long been used
to infer snowmelt contributions to stream water (e.g., Rodhe,
1981). However, because groundwater recharge is predom-
inantly by snowmelt in snow-dominated semi-arid environ-
ments (Sprenger et al., 2022), the isotopic difference between
snowmelt newly contributing to the stream discharge and the
groundwater-dominated streamflow during baseflow makes
mixing model applications unfeasible in such environments.
We therefore explore the applicability of the deuterium-
excess (d-excess) value as an alternative tracer. This met-
ric is based on the relation between the hydrogen and oxy-
gen isotope ratios of water systems, which was identified by
Craig (1961a) as

§8’H=8-5%0+10 (1)

and was characterized by Craig as being indicative of “wa-
ters which have not undergone excessive evapotranspiration.”
Dansgaard (1964) defined the concept of d-excess as

d-excess = §’H — 8- 5180, 2)

which can be interpreted as an index of non-equilibrium in
the simple condensation—evaporation of global precipitation.
This formulation is useful for screening isotopic results from
water samples: values of d-excess between 10 and 11 are ef-
fectively the intercept in Craig’s proposed relation and indi-
cate quasi-stable conditions at a relative humidity of ~ 85 %
(Dansgaard, 1964; Gat, 2000). Here, we test two hypothe-
ses to examine how d-excess data from stream water samples
are related to high-elevation snowmelt contributions to catch-
ment runoff during the snowmelt periods. First, we hypothe-
size that d-excess values in stream water during the snowmelt
hydrograph reflect the changing dominance of snowmelt con-
tributions from lower to higher elevations through time. Sec-
ond, we test if these patterns in d-excess of stream water
are detectable across ranges in drainage area, thus increas-
ing their broader applicability.
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2 Methods
2.1 Study sites and data

Our study is situated in the headwater region of the up-
per Colorado River (Fig. 1) with a focus on an East
River subcatchment (85km?) as defined by the gaging and
sampling station at the Pumphouse location (38.922447,
—106.950828) near Mount Crested Butte, CO. The Pump-
house subcatchment has a large elevation gradient from about
2700 to 4100 m (Fig. 1) and is predominantly underlain by
Paleozoic and Mesozoic sedimentary rocks, including Man-
cos Shale, which covers 44 % of the catchment area, and
localized intrusive igneous rocks like granodiorite (Gaskill
et al., 1991). Varying dominance of vegetation with eleva-
tion defines four ecozones in the catchment: shrubs, grasses,
and forbs dominate the montane (< 2800 m elevation; 2 %
of catchment area) zone; aspen and conifers dominate in the
lower subalpine (2800 to 3200m; 34 % of the catchment
area) region; and conifers dominate in the upper subalpine
(3200 to 3500 m; 32 % of the catchment area) region. In the
alpine region (> 3500 m; 31 % of the catchment area), shrubs
are dominant until 3800 m, above which the land is mostly
barren (Carroll et al., 2022b). Meadows are distributed across
the catchment but take up a relatively small share of the to-
tal area above the montane. The climate is dominated by
cold winters with substantial snow cover and snowpack ac-
cumulation that constitutes about 80 % of the total annual
precipitation (Carroll et al., 2022b). There is a consistent
snowpack cover in the subalpine and alpine region with no
mid-winter melt. In the montane region, melt is very limited
(<10mmd1) prior to early March (Carroll et al., 2022a).
The dominant moisture source of winter precipitation in the
study region is the northeastern Pacific, and snowfall occurs
predominantly from northwestern frontal storms (Marchetti
and Marchetti, 2019). Summers are relatively warm and dry,
with monsoonal rain that accounts for 20 % of the annual
precipitation. The snowpack depth is generally greater and
snowmelt timing is later with increasing elevation across the
catchment (Carroll et al., 2022a). The catchment hydrograph
is dominated by the snowmelt pulse with onset in April, a
pronounced peak during June, and a subsequent snowmelt re-
cession interspersed with smaller peaks driven by monsoon
rainfall events. Between September and March, the catch-
ment streamflow is generally limited to baseflow (Carroll et
al., 2020). The East River has been intensely instrumented
and studied since 2015; more details are provided in Hub-
bard et al. (2018).

In addition to the East River, we also sampled the Gunni-
son River near Gunnison, CO, about 50 km downstream from
Mount Crested Butte. This catchment is defined by the USGS
streamgage no. 09114500 (38.54193567, —106.9497661)
and has a drainage area of 2618km?. A third basin was
included, which is defined by the USGS streamgage no.
09095500 (39.2391463 —108.2661946) of the main stem of
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the Colorado River near Cameo, CO. Its drainage area is
20 683 km? (USGS, 2023). Hereafter, these two basin loca-
tions are referred to as Gunnison and Cameo, respectively,
and their catchment areas are shown in Fig. 1.

Within the Gunnison River basin, there are 15 SNOTEL
sites located at elevations ranging between 2674 and 3523 m
providing snow water equivalent (SWE) observations (Sup-
plement Table S1). Across these SNOTEL sites, elevation
was not a good predictor of the maximum snowpack depth
(Supplement Fig. S1). For the Colorado River at Cameo, we
chose the 31 SNOTEL sites in the Colorado headwaters rang-
ing between 2610 and 3452 m (NWCC, 2023; Fig. 1).

We sampled snowpack between 2016 and 2019 across a
gradient spanning 1324 m in elevation (from 2347 to 3671 m)
in the Gunnison catchment (Fig. 1a and b). The snowpack
sampling generally took place between early February and
late May, with 80 % of all samples taken £30d from 1 April,
which is often assumed to be the timing of peak SWE. A total
of 53 snow pits were dug in flat areas with samples collected
in duplicate at 10cm depth increments to tabulate snow
density, temperature, and stable isotope ratios. Bulk snow-
pack isotopic content represents the SWE-weighted com-
posite value across the entire snow column (Carroll et al.,
2022b). Precipitation was first sampled on an event basis via
a collector from 2014 to 2017 on Mount Crested Butte at
2885 m (long-term precipitation; Fig. 1), and the sampling
procedure was outlined in Carroll et al. (2022b). Since 2020,
we have sampled the precipitation on an approximate event
basis at the locations Estess (2513 m), Mount Crested Butte
(2885 m), and Irwin Barn (3181 m); see event-based precip-
itation in Fig. 1. We sampled stream water from the East
River at the Pumphouse location from 2014 to 2022 at a daily
to fortnightly frequency (Pumphouse; Fig. 1). There was a
gap in sampling in April 2018; therefore, 2018 was excluded
from the present analyses. The East River stable isotope data
are published in Williams (2023). Sampling at the Gunnison
River was done between March 2020 and December 2021 on
a weekly basis with occasional higher (3 d) or lower (15d)
frequency. At Cameo, stream water sampling occurred at a
weekly to fortnightly frequency in 2021 and 2022.

All water samples were measured for stable hydrogen and
oxygen isotopes using cavity ring-down spectroscopy (Pi-
carro L2130-i). We report isotope ratios as §'80 and §°H
values expressed relative to Vienna Standard Mean Ocean
Water (Craig, 1961b).

2.2 Data analyses

We calculated the deuterium-excess value (d-excess) for all
water samples as defined by Eq. (2).

The slope of the local meteoric water line is 7.4 (Carroll et
al., 2022b) near Mount Crested Butte and 7.2 at the lower-
elevation Gunnison site (Marchetti and Marchetti, 2019),
which does not deviate much from the slope of 8 of the global
meteoric water line that defines d-excess (see Fig. S2). For
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Figure 1. (a) Locations of streamgages and water sampling of the Colorado River near Cameo, the Gunnison River near Gunnison, and the
river’s catchment area (grey). Locations of event-based precipitation sampling (blue markers) and SNOTEL stations in the Colorado River
(light blue) and Gunnison River (light purple) areas. East River catchment area (blue outline) as defined by the Pumphouse gaging and
sampling location (red circle) located within the Gunnison river catchment (also shown). (b) Area and elevation of the East River catchment
with the streamgage and water sampling location at Pumphouse (red marker) and long-term precipitation sampling site (cyan triangle).
(c¢) Locations of the catchments defined by the streamgages near Cameo and Gunnison (grey and light grey, respectively) in the Colorado

River basin (thick black line).

significant linear Pearson correlations (p <0.05), we added
linear regression lines to the plots.

We used the SNOTEL data to compute the fraction of max-
imum SWE through time for each water year (a value of
1 equals maximum SWE and zero indicates that the snow-
pack has melted). Because SNOTEL SWE data only reflect
conditions at the stations, we used the spatially explicit en-
ergy balance snowmelt simulations published by Carroll et
al. (2022a) that were informed by the spatial variation in
SWE as observed by flights of the ASO. For each water
year with snowmelt simulations available, we calculated the
cumulative difference through time between the simulated
snowmelt for the montane and alpine elevation bands in the
East River, given as millimeter (mm) SWE. In this case, a
value of zero indicates equal snowmelt volumes from the
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montane and alpine snowpack, whereas positive values show
that alpine snowmelt exceeded montane snowmelt.

We defined the snowmelt period in the East River catch-
ment, based on the hydrograph at the Pumphouse stream-
gage, to be the time between day 200 and 300 of the water
year. This period is between mid-April and late July because
the water year starts on 1 October. For the snowmelt period,
we used the Bayesian mixing model HydroMix, developed
by Beria et al. (2020), to estimate the contribution of high-
elevation snowmelt to streamflow during the snowmelt pe-
riod. HydroMix uses tracer data of the end members and the
mixture to estimate the probability distribution function (pdf)
of the mixing ratio, defined as the fractional contribution of
end members to the mixture:

pS1+(1—p)Sh=M, 3)
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where M is the tracer concentration in the mixture, S; and
S, are tracer concentrations in the two sources, and p is the
fractional contribution of S; to mixture M.

In typical Bayesian mixing analysis, pdfs are fitted to
tracer concentrations in different end members and in the
mixture, and the pdf of the mixing ratio is estimated us-
ing standard Bayesian inference principles. This requires a
large tracer dataset to ensure a robust fit of the end members
and the mixture to tracers, which is often not available. Hy-
droMix adopts a bootstrap approach, using all possible com-
binations of end-member tracer measurements and formulat-
ing a likelihood function based on an assumed pdf of the un-
derlying error function, which is the difference between sim-
ulated and observed mixture concentrations. Using all avail-
able combinations of end-member tracer measurements, Hy-
droMix builds an empirical pdf while optimizing the likeli-
hood function. This approach has been shown to work both
theoretically and in real-case scenarios (Beria et al., 2020).

The two end members (S; and S») were defined as the d-
excess of the snowpack from the upper subalpine and alpine
snowpack (>3200m, n =31; defined as “high elevation™)
and lower subalpine and montane area (< 3200 m, n = 60),
respectively. We report the mean fraction of high-elevation
snowmelt in each water sample (M) with standard devia-
tions based on the distribution of the two end members as
described in Beria et al. (2020). We further report the sea-
sonal flow-weighted mean share of high-elevation snowpack
in the stream samples. We compared the HydroMix results
with MixSIAR (Stock et al., 2018) calculations and found
that both methods produced very similar results. A multi-
ple linear regression was used to explore the predictability
of the mean share of high-elevation snowmelt during the dif-
ferent years as a function of the average maximum SWE
(SWEnax) and the mean air temperature (7,i;) of measure-
ments at the Gunnison SNOTEL sites (NWCC, 2023) during
the snowmelt period.

3 Results

3.1 The d-excess of stream water increased with
high-elevation snowmelt contributions

Our snowpack sampling campaigns along a 1324 m ele-
vation gradient showed that the average (+SD) d-excess
value of the high-elevation (> 3200 m) snowpack was 13.8
(£1.6) %o and thus significantly higher than that of the lower-
elevation snowpack (10.7 £1.8 %o; Fig. 2c). The d-excess of
the lower-elevation snowpack was not significantly differ-
ent from groundwater (10.5 &= 1.0 %o, Fig. 2c) nor from the
d-excess of summer rainfall (Fig. S3). We further observed
a strong and temporally consistent (generally r > 0.63 and
p <0.05 for the 4 individual years) increase in d-excess of
the snowpack with elevation (Fig. 2b). The d-excess lapse
rate of the snowpack was +0.52 %o per 100 m, leading to
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Figure 2. The s8o (a) and d-excess values (b) of the snowpack
sampled in the upper Colorado River basin during four different
winters along an elevation gradient (Carroll et al., 2021). Regression
lines are plotted for correlations with p <0.05. For each year and
for the bulk isotope data over all years, Pearson correlation coeffi-
cients () and significance (p) are given. (c¢) Histogram showing the
distribution of snow pit d-excess values for the sites <3200 ma.s.l.
(“low elevation”; blue), sites above > 3200ma.s.l. (“high eleva-
tion”; orange), and groundwater sampled at five wells between 2015
and 2022 (grey; Williams, 2023). The mean d-excess values for
the low- and high-elevation snowpack (10.7 %o and 13.8 %o, respec-
tively) are significantly different (p <0.0001, = —8.1) according
to Student’s ¢ test. The mean groundwater d-excess value (10.5 %o)
is not significantly different from that of the low-elevation snow-
pack.

12.9 %0 to 14.4 %0 and 14.4 %o to 17.6 %o for the d-excess
of the snowpack in the upper subalpine and alpine regions,
respectively. Lapse rates for the snowpack were not seen
in §'80 (Fig. 2b) or 82H (data not shown). The precipita-
tion sampled via collectors across the 667 m elevation gra-
dient from the event-based sampler also showed a relation
between average d-excess and elevation in the samples col-
lected weekly to fortnightly between November and April
during water years 2021 and 2022 (Fig. S4). These sam-
ples reflect a d-excess lapse rate for winter precipitation of
+0.7 %0 per 100 m, which was slightly higher than snow-
pack, although the elevation range for the precipitation sam-
pler was lower. There was generally a large variability in
SWE dynamics across the SNOTEL sites in the Gunnison
catchment (Fig. 3a), and this variation among the sites did
not result from elevation differences (Fig. S1).

The hydrograph of the snowmelt period had peak stream-
flow during May and June, a recession towards August, and
the lowest flows between September and March (Fig. 3a).
This pattern was consistent during the 7 water years, but
years with lower SWE resulted in lower peak flows as ex-
pected (Fig. S5).

The stream water §'80 dynamics reflected the seasonal-
ity of precipitation inputs: having lower values (depleted in
180) during peak flow and trending towards higher values
(enriched in '80) during summer and early fall, due to greater
fractional contributions from baseflow and rainfall contribu-
tions that had higher §'80 values compared to the snowfall.
Due to the strong difference between 830 values in rain and
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Figure 3. (a) Median annual dynamics of East River streamflow (Q,
black; Carroll, 2023) and snow water equivalent (SWE; NWCC,
2023) at the individual SNOTEL sites within the Gunnison River
catchment (grey) and the average of all sites (cyan) from water year
2015 to 2022, with semitransparent grey and cyan areas represent-
ing the standard deviations of Q and SWE, respectively. (b) The
8180 (orange) and d-excess (red) of all stream water samples col-
lected between water year 2015 and 2022 from the East River at
the Pumphouse location (Williams et al., 2023). The orange and red
lines are a locally weighted scatterplot smoothing (LOWESS) fit to
the data points. See Fig. S5 for a time series plot of the same data.

snowfall (see discussion in Sprenger et al., 2022), the 530
of stream water decreased during the low flows in winter due
to a higher fraction of groundwater sourced from snowmelt
vs. rain in the catchment runoff (orange points and line in
Fig. 3b). The §'80 of snowmelt stream water reached a min-
imum in June during maximum snowmelt contribution, after
which the snowpack ceased to exist and §'80 of stream water
increased throughout the summer.

We found that over the study period, the timing of the peak
streamflow could be explained by the timing of the most in-
tense snowmelt (i.e., the slope of SWE in Fig. 3) and the tim-
ing of complete melt-out at the higher (> 3200 m) SNOTEL
stations (r =0.83 and r =0.79, respectively).

The d-excess values of stream water did not show a
strong seasonal dynamic, but in general, d-excess values
mainly increased during the snowmelt season and subse-
quently dropped again during the summer (red points and
line in Fig. 3b). The increase of d-excess in stream water
was not due to rainfall input because there was no seasonal
trend in d-excess of rainfall (Fig. S3). Instead, d-excess of
stream water resulted from melting snowpack at higher el-
evations due to snowmelt progression, as evidenced by the
SNOTEL SWE data, which resulted in increases in d-excess
of stream water consistently for each of the investigated years
(Fig. 4a). The hypothesis that this increase in d-excess of
stream water resulted from high-elevation snowmelt contri-
butions is supported by its relation to simulated snowmelt
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Figure 4. (a) The d-excess values of stream water during snowmelt
for 7 individual years, shown as a function of relative snow water
equivalent (rel. SWE) measured at the SNOTEL stations across the
Gunnison River catchment at the time of sampling. For each year,
the Pearson correlation () and the associated significance level (p)
are given as well as the intercept (a) and slope (b) of the regression.
(b) The d-excess of stream water as a function of the cumulative
(cum.) differences between the simulated snowmelt at alpine (high-
est elevation in the East River) and montane (lowest elevation in
the East River) regions at the time of each stream water collection.
Regression lines are shown for p < 0.05.

differences between alpine and montane snowmelt volumes
through time (Fig. 4b). When the high-elevation snowmelt
volumes became increasingly larger than the low-elevation
snowmelt, d-excess of stream water increased consistently.
Annual average snowmelt from alpine regions (1075 m3s™1)
was more than double that of snowmelt from montane re-
gions (520 m3s~ 1, despite the area of the former (111 km?)
being smaller than the latter (143 km?) in Carroll’s (2022a)
modeling domain of the East River. Notably, Fig. 4b also
shows that d-excess values of stream water were highest for
years with the largest differences between alpine and mon-
tane snowpack (2017 and 2019).

Our d-excess-based end-member mixing analyses revealed
that 41% to 57 % of the flow in the East River during
the snowmelt period stemmed from high-elevation snow-
pack (Fig. 5). Periods when there were increases in the
fraction of high-elevation snowmelt contributions tend to be
later in the snowmelt hydrograph and coincided with peri-
ods of runoff intensification (Fig. S6). During peak alpine
snowmelt contributions, about two-thirds of the East River
flow stemmed from the high-elevation snowpack. There was
a general trend that the annual mean high-elevation snow-
pack contributions were higher in water years with lower
maximum SWE observed at the SNOTEL sites across Gun-
nison County (Fig. S7a; r = —0.51, p =0.24). However, the
relatively warm snowmelt period of 2017, following a win-
ter with deep snowpack, resulted in relatively large high-
elevation snowmelt contributions and thus did not follow that
trend (Fig. S7b; r =0.25, p =0.58). Because of this observa-
tion, we included the average air temperature measured at the
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SNOTEL sites during the snowmelt period as a second vari-
able in addition to maximum SWE in the multiple regression
analysis. The regression equation,

mean high-elevation snowmelt contribution
= —37.03 - Tyir —0.73 - SWEpax + 0.089 - Tyir
- SWEax +350.74, )

explained 66 % of the interannual variation in the mean high-
elevation snowmelt contribution, and all variables had sig-
nificance levels of <0.1. Our results therefore indicate that
the snowpack at the highest elevations was most important
for runoff generation in low-snow years and relatively high
air temperature and in years with a deep snowpack and rela-
tively low air temperature (Fig. 6). We also tested streamflow
volumes during the snowmelt period as a variable but did
not include it because of its strong correlation with SWE,«
(r =0.84, p =0.018).

3.2 The d-excess dynamics of stream water beyond the
headwaters

Downstream from the East River, the Gunnison River stream
water samples showed a similar increase in d-excess as
streamflow during the snowmelt season increased. This pat-
tern was observed for both years in which stream water sam-
pling in Gunnison was done. In 2020, the snowpack was
deeper, and the runoff was higher than in 2021. Addition-
ally, the d-excess values of stream water were different for
the different years, with generally higher values in 2020 than
in 2021 (Fig. 7a, c). Despite the 30-times-larger drainage
area of the Gunnison River compared to the East River, the
effect of the high-elevation snowmelt on the d-excess mea-
surements of stream water was detectable, albeit dampened,
given the greater fraction of lower elevations contributing to
its flow.

The drainage area of the Colorado River near Cameo is
8 times larger than the drainage area of the Gunnison River,
but the difference between the d-excess of stream water at the
beginning and end of the snowmelt period was greater than
3 %01in 2021 and 2022. Thus, despite the large catchment area
of the Colorado River near Cameo and the greater mixing of
runoff in reservoirs within that catchment, the snowmelt con-
tribution from high-elevation regions was substantial during
the snowmelt peak flow (Fig. 7b, d).

4 Discussion

4.1 The d-excess of stream water reflects high-elevation
snowmelt

We find that d-excess of stream water can be used to dif-
ferentiate the effects of snowmelt from low vs. high ele-
vations using three independent approaches: first, compari-
son of d-excess dynamics of stream water with the observed
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snowpack reduction at SNOTEL sites in the region showed a
strong relation that was consistent during six of the seven in-
vestigated snowmelt periods (Fig. 4a). The SNOTEL data do
not show increased snowpack with elevation (Fig. S1), but
ASO flight data indicate that snowpack depth generally in-
creases with elevation (Carroll et al., 2022b). Thus, with de-
creasing SWE during the snowmelt period, the ratio of high-
elevation snowmelt can increase. Such a trend of relative
increase in the high-elevation snowpack during low-snow
years was observed. Second, simulated differences based on
spatially explicit hydrological modeling of snowmelt tim-
ing and volumes between the montane and alpine regions
within the East River catchment correlated significantly with
d-excess of stream water for every simulated snowmelt pe-
riod (Fig. 4b). Third, the increase in d-excess of stream wa-
ter coincided with the peak streamflow during each snowmelt
period (with the exception of 2022; Fig. 5). Thus, elevated
d-excess values cannot stem from low-elevation snowmelt
but most likely result from higher-elevation snowmelt, as the
snowmelt generally progresses from lower to higher eleva-
tions due to the temperature gradients across the catchment.

Because we observed consistent lapse rates of d-excess
values in the snowpack during several years (Fig. 2b), signif-
icant differences between the d-excess at lower- and higher-
elevation snowpack (Fig. 2c), and also a d-excess lapse rate
in winter precipitation (Fig. S4), we see great potential for
d-excess measurements to serve as a tracer for end-member
mixing analyses to derive high-elevation snowmelt contribu-
tions to the catchment’s streamflow during snowmelt periods.

Other studies have also shown that winter precipitation
(i.e., snow) at the highest elevations had the highest d-excess
values; monthly weighted precipitation data by Froehlich et
al. (2008) indicated a lapse rate in d-excess values of +0.2 %o
per 100 m across an elevation range between 469 and 2245 m
in the Alps. Data published by Tappa et al. (2016) indicated
a lapse rate of +0.63 %o per 100 m in the Rocky Mountains
in Idaho for samples taken between October and May across
five sites spanning an elevation gradient from 830 to 1850 m.
Rolle (2022) sampled snowpack at 10 sites across elevations
from 1262 to 1905 m in the Lubrecht Experimental Forest,
Greenough, Montana, in late March and found a d-excess
lapse rate of +0.26 %o per 100 m. Our lapse rate of +0.72 %o
per 100 m for precipitation and +0.52 %o per 100 m for the
snowpack was higher than in the other studies, but we cover a
larger elevation gradient and study higher elevations than the
other studies. Nevertheless, the general trend of increased d-
excess values with elevation was the same for all four studies
in mountainous systems.

However, the processes behind why we see a d-excess
lapse rate in mountain snowfall and snowpack are not yet
fully understood. The current literature suggests two poten-
tial processes.

One potential explanation for how d-excess lapse rates
in the snowpack develop is evaporation and sublimation of
snow at lower elevations combined with daytime up-valley
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Figure 6. Result of the multiple regression analyses to assess pre-
dictability of the mean contribution of high-elevation snowmelt to
stream water as a function of the maximum snow water equiva-
lent (SWEmax) and the air temperature (7,;.) during the snowmelt
period measured at the SNOTEL sites in Gunnison. Note that
the regression includes the interaction between SWEpax and
T,ir as follows: maximum high-elevation fraction = —37.03 - Ty, —
0.73- SWEpax+ 0.089 - Tyir - SWEmax+ 350.74. The data points la-
beled with years indicate the data that went into the model.

(anabatic) winds that occur in mountainous areas and the
subsequent condensation of the water vapor at colder, higher
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elevations (Beria et al., 2018; Lamban et al., 2015). Sublima-
tion and evaporation from the snowpack lead to kinetic non-
equilibrium fractionation that leaves an isotopically enriched
snowpack behind (Stichler et al., 2001). Recent in situ sta-
ble isotope measurements by Wahl et al. (2021) support this
process because they found that when radiation-driven sub-
limation outweighed deposition, the vapor was isotopically
depleted compared to the snowpack. They further showed
that the isotopic composition of the vapor determined the
isotopic composition of the humidity flux during deposition
conditions (Wahl et al., 2021). For our study region, we have
shown previously via spatially explicit snowmelt modeling,
based on the energy balance and accounting for isotopic frac-
tionation (Carroll et al., 2022a), that the snowpack at lower
elevations experiences more snow loss to the atmosphere due
to higher energy availability than at higher elevations, which
leads to an elevation gradient of the d-excess in the simula-
tions. These simulations also have shown that shade provided
by vegetation in forested areas reduces evaporation and subli-
mation from the underlying snowpack, making d-excess val-
ues of this snowpack higher than snowpack in non-forested
areas at the same elevation (Carroll et al., 2022a). Because
the snowpack in forests with higher d-excess values melts
later than the snowpack in non-forested areas, it also results
in an increase in stream water d-excess values during the later
phase of the snowmelt discharge peak.
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The second potential explanation for how d-excess lapse
rates in the snowpack develop would be sub-cloud evapora-
tion, which leads to lower d-excess values of precipitation
at lower elevations because the distance between the cloud
base and the ground and the saturation deficit are higher
than at higher elevations. Thus, precipitation at lower ele-
vations would experience more kinetic non-equilibrium iso-
topic fractionation due to evaporation, leading to lower d-
excess (Froehlich et al., 2008). However, this process is less
likely to occur during wintertime and snowfall (Froehlich
et al., 2008), and Xing et al. (2023) showed with precipita-
tion and vapor isotope measurements that sub-cloud evapo-
ration altered the d-excess values of snowfall much less than
rainfall on the Chinese Loess Plateau. While we cannot con-
clude which process leads to the d-excess lapse rate, obser-
vation of a d-excess lapse rate in several other high-elevation
snow studies (Rolle, 2022; Tappa et al., 2016; Froehlich et
al., 2008) suggests that we could expect a d-excess response
due to high-elevation snowmelt contributions in the flow of
other mountainous streams. Thus, the transferability of our
approach to other watersheds will depend on observations
of a d-excess lapse rate in the snowpack, which will likely
be influenced by the climatic conditions that lead to thick a
snowpack without mid-winter melt, a relatively steady mois-
ture source of the snowfall, and accessibility to sample the
snowpack near peak SWE.

Importantly, our long-term sampling of the precipitation in
the East River can rule out the influence of a potential precip-
itation d-excess seasonality on the d-excess of stream water
during the snowmelt period (Fig. S3). Therefore, there are
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several independent data sources that all point towards high-
elevation snowmelt contributions to the catchment stream-
flow driving the observed d-excess of stream water variation
during the snowmelt period.

Our findings, based on end-member mixing analyses via
d-excess values, highlight the importance of high-elevation
snowpack for runoff generation. Since the d-excess values
in the groundwater are more similar to those in the lower-
elevation snowpack (Fig. 2c), we infer that groundwater
recharge is dominated by early snowmelt at relatively lower
elevations infiltrating into a relatively dry subsurface. High-
elevation snowmelt occurs during later freshet when the soils
are already saturated or near saturation, which leads to fast
runoff generation and thus shorter travel times and higher
runoff efficiency (as outlined by Webb et al., 2022) of high-
elevation snowmelt compared to low-elevation snowmelt.
This temporal aspect of the high-elevation snowmelt and its
larger contribution to streamflow later in the snowmelt hy-
drograph is reflected in the end-member mixing results that
show the highest share on the recession limb of the hy-
drograph (Fig. S6). The interannual variation in d-excess
of stream water and the derived high-elevation snowmelt
contributions indicate that the snowpack of the upper sub-
alpine and alpine regions could be most important in years
of relatively low snowpack accumulation and comparably
high spring air temperatures. The observed regression stems
from the generally higher volume share of high-elevation
snowpack compared to low-elevation snowpack during low-
snow years and the faster melt-out during warmer spring
temperatures, both leading to larger contributions of high-
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elevation snowmelt to the spring hydrograph peak. Thus,
with the projection of a reduced snowpack in the western
United States (Siirila-Woodburn et al., 2021), understanding
the high-elevation snowpack dynamics could most likely be-
come more important, and d-excess observations are a tool to
investigate the timing (e.g., a trend towards earlier melt) and
fate (e.g., streamflow contribution vs. sublimation or ground-
water recharge) of the snowpack throughout the melting pe-
riod.

4.2 Limitations and opportunities of d-excess of stream
water with scale

Our results show that the d-excess patterns of stream water
observed in a headwater stream can be scaled up because
we see a similar d-excess pattern of stream water at larger
scales from stream water sampling at the USGS streamgages
of the Gunnison River near Gunnison and the Colorado River
near Cameo. The latter sampling site is an entirely differ-
ent catchment to the north of the East River and Gunnison
River in which the snowpack was not sampled for its d-
excess values. However, the d-excess signal of stream wa-
ter for Coal Creek, a smaller headwater catchment to the
west of the East River catchment, did not show a similar pat-
tern (Figs. S8, S9), likely because of a lower representation
of high-elevation bands within in the catchment (Fig. S10).
A proportion of 29 % of the Coal Creek catchment area is
the upper subalpine region, but only 6 % of the catchment
is alpine (> 3500m). Thus, high-elevation snowpack with
the highest d-excess values is essentially missing from Coal
Creek, which presumably dampened the d-excess response
of stream water. We therefore hypothesize that the applica-
bility of the d-excess of stream water as a signal for high-
elevation snowmelt is dependent on a sufficient area with
high elevation (> 3200 m) and sufficient elevation gradient
in the catchment of the sampled stream. Lastly, although we
see d-excess dynamics of stream water in response to high-
elevation snowmelt at relatively large scales, the isotope dy-
namics may likely not be detectable downstream from large
reservoirs. Initial sampling of the Colorado River near the
Colorado—Utah state line, with a drainage area of 46 230 km?
that includes several large reservoirs, indicates that stream
water d-excess changes are rather dampened and might not
hold sufficient information to infer high-elevation snowmelt
contributions (not shown).

Because snowpack volumes are getting lower, and
snowmelt is starting earlier in mountainous regions due to
climate change (Musselman et al., 2021), we could benefit
by finding ways to assess the effect of both at sub-annual
to decadal timescales. Short-term identification of a snow
drought could allow for adaptive water management mea-
sures at the sub-annual timescale, whereas long-term trends
might show the trajectory of mountain snow dynamics. With
0.2 %0 measurement uncertainty in the d-excess values due
to 0.025 %o and 0.1 %o precision (1o') in 8'80 and §%H, re-
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spectively, the observed variation in d-excess in snowpack
and stream water is at least 10 times larger. Our results and
the discussion in the previous section show that measure-
ment of d-excess of stream water is a relatively efficient way
to obtain catchment-integrated information about the high-
elevation snowpack.

Although SNOTEL sites are point measurements and
therefore do not represent integrated patterns across hetero-
geneous mountainous regions, catchment-scale hydrological
processes are integrated into the dynamics of d-excess of
stream water. The lidar-based ASO data provide spatially ex-
plicit snowpack observations at catchment scales, but such
data collection can be difficult and represents only snapshots
in time, although time series changes in snowpack during the
snowmelt period might be more informative. The difficulty of
large-scale flight-based data collection may also make mon-
itoring of interannual SWE changes difficult to conduct over
every basin where trends induced by climate change may be
useful to identify. The d-excess application introduced in this
study can be efficient, is applicable across scales that vary by
orders of magnitude, and uses limited labor and instruments
for the water sampling (e.g., autosampler) and standardized
laboratory analyses (e.g., laser spectrometer).

The d-excess of stream water could serve as a complemen-
tary information source, in addition to the currently applied
streamflow shape and flashiness at low and high flows, to
derive relations between snow persistence effects on the hy-
drograph across different climates (Le et al., 2022).

Measurements of d-excess of stream water could further
help disentangle rapid high-elevation snowmelt contributions
to the streamflow vs. groundwater inflow to the stream. This
could be highly beneficial because mountainous catchments
with lower groundwater influence were found to be more
sensitive to snowpack changes due to warming (Tague and
Grant, 2009).

5 Conclusion

Our snowpack and stream water stable hydrogen and oxygen
isotope sampling program during several years links d-excess
of stream water at the catchment outlet to high-elevation
snowmelt contributions during the snowmelt period. The re-
lation between d-excess of stream water and snowmelt dy-
namics at high elevations was consistent during several years.
End-member mixing analyses based on d-excess values
quantified the temporal dynamics of high-elevation snowmelt
contributions and its relative importance for runoff genera-
tion from mountainous catchments. As compared to other
approaches, such catchment-integrated information may be
an effective way to better quantify the role of upper sub-
alpine and alpine snowpack in streamflow contributions in
snow-dominated mountainous systems. Our findings indicate
that high-elevation snowpack contributions to the streamflow
tend to be more important for runoff generation during years
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with lower snowpack and warmer spring temperatures. Thus,
the high-elevation snowpack could likely play a bigger role
in the coming decades as snowpack reduces and air temper-
atures rise.

Because we observed an increase in d-excess in the
stream water during snowmelt for catchments of 85 to over
20000km? in size, d-excess appears to be a robust tracer
across a wide range of drainage basin scales. We suggest,
however, that transferability of this approach could depend
on the share of high-elevation regions in the catchment area
that contribute to streamflow, the presence of a d-excess lapse
rate in the snowpack, and the absence of large reservoirs up-
stream from the isotope sampling location. With increasing
availability of stable isotope data of mountainous catchments
across the globe, future synthesis work could investigate the
role of high-elevation snowmelt contributions in headwater
regions worldwide.
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