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Abstract

Isotopic information from 81 snowpits was collected over a 5-year period in a large,

Colorado watershed. Data spans gradients in elevation, aspect, vegetation, and seasonal

climate. They are combined with overlapping campaigns for water isotopes in precipita-

tion and snowmelt, and a land-surface model for detailed estimates of snowfall and cli-

mate at sample locations. Snowfall isotopic inputs, describe the majority of δ18O

snowpack variability. Aspect is a secondary control, with slightly more enriched condi-

tions on east and north facing slopes. This is attributed to preservation of seasonally

enriched snowfall and vapour loss in the early winter. Sublimation, expressed by

decreases in snowpack d-excess in comparison to snowfall contributions, increases at

low elevation and when seasonal temperature and solar radiation are high. At peak

snow accumulation, post-depositional fractionation appears to occur in the top 25

± 14% of the snowpack due to melt-freeze redistribution of lighter isotopes deeper into

the snowpack and vapour loss to the atmosphere during intermittent periods of low rel-

ative humidity and high windspeed. Relative depth of fractionation increases when win-

ter daytime temperatures are high and winter precipitation is low. Once isothermal,

snowpack isotopic homogenization and enrichment was observed with initial snowmelt

isotopically depleted in comparison to snowpack and enriching over time. The rate of

δ18O increase (d-excess decrease) in snowmelt was 0.02‰ per day per 100-m elevation

loss. Isotopic data suggests elevation dictates snowpack and snowmelt evolution by

controlling early snow persistence (or absence), isotopic lapse rates in precipitation and

the ratio of energy to snow availability. Hydrologic tracer studies using stable water iso-

topes in basins of large topographic relief will require adjustment for these elevational

controls to properly constrain stream water sourcing from snowmelt.

K E YWORD S

Colorado, d-excess, mountains, snowfall, snowmelt, snowpack, stable water isotopes

1 | INTRODUCTION

Snow-dominated headwaters provide water resources to one-sixth

the world's population (Barnett et al., 2005) and support a wide range

of ecologic and social-economic services (Immerzeel et al., 2020).

Despite their importance, there is only a moderate understanding of

how much snowfall makes it to streamflow and how these systems

may change with climate and land use alteration. Stable isotopes of
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water (18O/16O, 2H/1H) have the potential to provide insight on

sourcing and have long been used as natural tracers to assess water

partitioning (Berkelhammer et al., 2020; Carroll et al., 2018;

Jasechko, 2019; Vreča & Kern, 2020). However, mountainous water-

sheds likely experience strong spatial and temporal gradients in isoto-

pic composition in snowpack and associated snowmelt and detailed

empirical studies to assess this isotopic variability are limited. This is

primarily due to the difficulty in measuring isotopic compositions

across relatively small spatial–temporal scales important to snow pro-

cesses in seasonally dynamic and topographically complex basins

(Bales et al., 2006; Broxton et al., 2015; Clark et al., 2011; Tennant

et al., 2017). An added complication arises given most snow resides

near treeline (Carroll et al., 2019; Mott et al., 2018). Regular and safe

access for field work in these environments is often not possible and

field equipment installations struggle in the harsh climate

(Varadharajan et al., 2019). Because of data collection challenges,

mass-balance isotope mixing models in snow-dominated, mountain-

ous terrain tend to aggregate limited snow data to define oxygen and

hydrogen stable isotope relationships between bulk snowpack to

snowmelt (Bearup et al., 2014; Carroll et al., 2018; Evans et al., 2016;

Fang et al., 2019). The extrapolation of isotopic inputs from these

smaller plot-scale approaches across a larger, mountainous watershed

may introduce significant error into mass balance analyses tracking

snow water to streamflow.

Extrapolation of stable isotope ratios sampled at study plots to

catchment scales is hindered by the uncertainty in isotope ratios dur-

ing deposition, as well as spatially variable post-depositional pro-

cesses. A comprehensive review on processes affecting isotopic

characteristics in snowpack and associated snowmelt is provided by

Beria et al. (2018). In brief, precipitation isotopic inputs are largely

controlled by origin of air mass with variation dictated by cloud pro-

cesses and Rayleigh distillation effects along its trajectory (Bowen

et al., 2019; Clark & Fritz, 1997). Stable isotopes in precipitation, par-

ticularly at continental locations during the winter, have long been

understood to covary with air temperature (Bowen, 2008). Locally,

there are sub-seasonal storm variability and strong altitudinal effects;

but in general, heavy isotopes are at a maximum in summer and a min-

imum in winter (Clark & Fritz, 1997). As a result, rain will plot to the

right of snow in the dual isotope space (plot of δ2H vs. δ18O; Figure 2

in Beria et al., 2018). After deposition, the isotopic content in the

snowpack can vary due to diffusional transport of water from the soil,

temperature-gradient induced vapour diffusion within the snow col-

umn, lateral flow through the snowpack, and fractionation processes

associated with sublimation and melt-freeze cycles (Beria et al., 2018;

Cooper, 1998; Evans et al., 2016; Friedman et al., 1991; Sinclair &

Marshall, 2008; Stichler et al., 1981). Once the snowpack is isother-

mal, the snowpack homogenizes isotopically with accelerated down-

ward progress of melt-freeze cycles in combination with the upward

flux of vapour (Friedman et al., 1991; Taylor et al., 2001; Unnikrishna

et al., 2002).

Water vapour loss via sublimation is a potentially important com-

ponent of snowpack water balance (Lang, 1981; MacDonald

et al., 2010) with estimates of snow water loss highly variable in

mountain systems (Jackson & Prowse, 2009; Svoma, 2016). For high

altitude sites located in the continental interior of North America, sub-

limation estimates range from 15% (Hood et al., 1999) to 28% peak

snow accumulation and with relative amounts increasing during low

snow years (Sexstone et al., 2018). Sublimation is predominant during

the accumulation season (Earman et al., 2006) to preferentially enrich

heavier isotopes on the snowpack surface (Stichler et al., 1981). This

is due to kinetic processes associated with liquid-to-vapour phase

shifts driven by molecular mass differences between 18O and 2H

(Clark & Fritz, 1997). The effect of kinetic fractionation is commonly

represented by the second-order isotopic parameter d-excess (d-

excess = δ2H – 8 * δ18O). D-excess expresses the deviation from the

global meteoric water line (GMWL) (Dansgaard, 1964) with values less

than 10‰ often indicative of kinetic fractionation due to evaporation

or sublimation.

During snowpack ablation and periods of high solar radiation,

melt fractionation can become the dominant process of snowpack

metamorphism (Earman et al., 2006). Isotopic exchange between

water and ice at equilibrium (and 0�C) produces a �3.0‰ and

�19.5‰ for δ18O and δ2H, respectively, in water compared to ice

(O'Neil, 1977). Subsequently, snowmelt is more depleted than the

bulk snow condition from which it originates. From a mass balance

perspective, the removal of depleted snowmelt produces a more

enriched snowpack. As melt progresses, the snowpack and corre-

sponding snowmelt become progressively enriched (Taylor

et al., 2001).

To investigate first-order controls on observed snowpack and

snowmelt isotopic variability, we collected stable water isotopic infor-

mation from 81 snowpits over a 5-year period across a large moun-

tainous watershed in the Upper Colorado River Basin. Data spans

gradients in elevation, aspect, vegetation, and seasonal climate condi-

tion and will help constrain future research focused on plant water

use strategies and streamflow sourcing. We combine these data with

overlapping campaigns for stable water isotopes in precipitation and

snowmelt, and a land-surface model to estimate daily climate and iso-

topic inputs related to snowfall at each sample location. Through sta-

tistical analysis of the data, we ask: (1) what are the dominant

predictor variables of bulk isotopic content in snowpack near peak

accumulation; (2) can we identify post-depositional processes on

snowpack isotopic content as a function of landscape position and/or

climate condition; and (3) how does snowpack and snowmelt evolve

across elevation?

2 | SITE DESCRIPTION

The East River, Colorado is a headwater basin of the Colorado River

in the southwestern United States (ER, 750 km2, Figure 1). Elevations

span 2440–4300 m and contain pristine alpine, subalpine, montane,

and riparian ecosystems. Climate is defined as continental subarctic

with long, cold winters and short, cool summers. Two snow-telemetry

(SNOTEL) sites occur within the ER at elevations 3243 m (Schofield)

and 3106 m (Butte). Precipitation at Schofield (period of record,

2 of 16 CARROLL ET AL.



1986–2020) is 1220 ± 245 mm/year, with Butte precipitation half

(630 ± 143 mm/year). On average, snowfall accounts for 80% of

water inputs to the basin (Carroll et al., 2020). The snow accumulation

period is assumed to begin 1 October with peak snow water equiva-

lent (SWE) traditionally defined on 1 April. On average, peak SWE at

Schofield is 962 ± 262 mm. Temperatures at Schofield are at a mini-

mum in January (�8.9 ± 4.4�C) and a maximum in July (11.4 ± 2.1�C).

Snow seasons considered in this study are 2016–2020. Winter in

2016 represents average snow conditions, while 2018 and 2019 rep-

resent dry and wet conditions, respectively. The warmest winters

occurred in 2017 and 2018, while 2019 represents the coolest winter.

3 | DATA AND METHODS

We measured stable water isotope ratios in precipitation, snowpack, and

snowmelt. All water samples for stable isotope analysis were placed in

1.5 ml glass vials with Teflon™ coated septa lids. Hydrogen and oxygen

isotope ratios of water collected 2016–2018 were measured using an

Off-Axis Integrated Cavity Output Spectrometer coupled to an auto-

sampler interfaced with a heated injector block (Los Gatos Research, San

Jose, USA). Samples collected in 2019 and 2020 were processed with a

Picarro L2130-i isotope and gas concentration analyser. Hydrogen and

oxygen isotope ratios are reported as the ratio (R) of concentration of

heavier to lighter isotopes (e.g., 18O/16O) and standardized relative to

the Vienna Standard Mean Ocean Water (VSMOW). Results are pre-

sented in conventional δ-notation in units of per mil (‰),

δ¼1000�Rsample�RVSMOW

RVSMOW
: ð1Þ

3.1 | Precipitation

Precipitation isotope samples were collected at site RC (Figure 1) from

August 2014 to August 2016 and identified as rain (n = 70) or snow/

F IGURE 1 (a) The East River Watershed with
sampling locations, and (inset) with respect to the
Colorado River Basin in the western
United States. (b) Detail of the land-surface model
100-m grid with estimated snow water equivalent
(SWE) 7 April 2019 (refer to methods and SI for
details)

CARROLL ET AL. 3 of 16



mixed (n = 60). Samples were collected using a plastic container

rinsed three times with distilled water. The container was installed

upon the initiation of a precipitation event and removed once ample

water accrued for analysis (1–5 min). The method did not capture

storm totals but did remove potential effects of evaporation on the

sample. Data were used to construct the local meteoric water line

(LMWL). Daily isotopic values in precipitation at the site were then

estimated using observed daily meteorologic forcing. The regression

analysis was based on linear least squares and evaluated using the

Alkaike Information Criteria (AIC), coefficient of determination, and

statistical significance. The AIC approach ranks the relative ability of a

model to replicate observed behaviour by assessing if added informa-

tion is sufficient to avoid overfitting. The statistical model considered

daily observations of air temperature from the Butte SNOTEL, as well

as dew point, relative humidity, and wind speed obtained from

KCOMTRE2 (https://www.wunderground.com/dashboard/pws/

KCOMTCRE2, Figure 1b). Three snowfall sampling sites were estab-

lished October 2020 across an elevation gradient (Figure 1, IRN, RC,

Estess) and used to develop an isotopic elevational lapse rate for the

basin. Collectors were 1 m tall, 15 cm diameter PVC tubes with a

capped bottom and 10 cm wire wind/bird baffle at the top. Samples

were collected weekly to limit effects of evaporation.

3.2 | Snowpack

Snowpack stable water isotopes observations span elevations 2723–

3596 m (Figure 1). During years 2016–2019, 48 snowpits were sam-

pled at peak SWE, and five snowpits were sampled prior to or after

peak accumulation. In 2020, two locations were sampled bi-weekly

from January to full melt (Figure 1). The IRN site (3191 m) was in the

upper subalpine with low-density conifer. The GTH site (2923 m) was

in the lower subalpine in an open area containing no vegetation. A

third location was added at RC in late March 2020 representing the

lower subalpine for ease of access during the onset of COVID-19.

These data are provided in the data package but did not provide addi-

tional information beyond the GTH site and are not discussed here.

All snowpits were dug in flat areas with samples collected in duplicate

at 10-cm depth increments to tabulate snow density, temperature,

and isotopic content. Bulk snowpack isotopic content is the SWE-

weighted composite value across the entire snow column. Snowpits

collected over time in 2020 were dug along rows within a

100 m � 20 m area to alleviate disturbance from previous snowpits

but maintain similar snow conditions across samples.

Statistical analysis for observed isotopic content of snowpack

near peak SWE was performed across multiple scales. Specifically, we

address the following: (i) basin-wide, annually average, bulk snowpit;

(ii) bulk value for individual snowpits; (iii) basin-wide, annually aver-

aged values as a function of snowpit depth; (iv) depth profiles for indi-

vidual snowpits. Observed snowpack isotopic values were compared

to winter precipitation inputs estimated with a land-surface model

(Section 3.4) and isotopic content in precipitation (Sections 3.1 and

4.1) to assess the potential for post-depositional metamorphism in the

snowpack. Precipitation estimates for sampling sites located slightly

outside the land-surface model domain used simulated snowfall for

the most proximal cell in the land-surface model that matched the ele-

vation, aspect, and vegetation of the actual sample site. Multiple linear

regression models are based on ranked correlation statistics with

parameters defining geographic position (UTM), topography

(USGS, 2019), vegetation characteristics and seasonal climate vari-

ables. Regression model efficacy was evaluated using AIC and stan-

dard analysis of variance techniques.

3.3 | Snowmelt

Snowmelt was evaluated at two locations in 2017 (Figure 1). The BT

snowmelt site (3106 m) was adjacent to the Butte SNOTEL and

located in a subalpine conifer forest. The PLM1 snowmelt site

(2789 m) was in the lower montane and dominated by shrubs. The

sampling system used a modified version of Kormos (2005). Specifi-

cally, two five-gallon plastic buckets, each approximately 0.5 m in

height, were connected bottom-to-top, with small holes drilled into

the bottom of the upper-most bucket to allow melting snow to drain

into the lower, or reservoir, bucket. The bucket-system was buried in

the ground to the top of the reservoir bucket, with the upper-most

container remaining above the ground surface. The system design

limits effects of laterally moving snowmelt into the reservoir. Mineral

oil was used to avoid possible evaporative effects post snowmelt, and

a PVC tube was positioned into the reservoir with the option to

extend/shorten length based on the depth of snowpack. Tubing for a

peristaltic pump was threaded through the PVC tube to access the

reservoir. The simple system was sampled weekly beginning 1 April

until full melt was achieved.

3.4 | Land-surface model

The land-surface model was developed to track snowfall, SWE, air

temperature and incident solar radiation at each snowpit location. The

land-surface model is the semi-empirical, spatially distributed

Precipitation-Modelling Runoff System (PRMS, Markstrom et al.,

2015). Water and energy are tracked daily through the atmosphere,

canopy, surface and subsurface at a 100 m grid resolution. Vegetation

cover type, canopy density and winter transmissivity of solar radiation

were calculated using techniques presented by Gardner et al. (2018)

based on vegetation classification maps (Breckheimer, 2021;

Landfire, 2015). The distribution of air temperature used a daily eleva-

tional lapse rate of minimum and maximum temperature between the

two SNOTEL stations and adjusted for aspect. Shortwave solar radia-

tion used a modified degree-day method developed in the Rocky

Mountain region and applicable for sites with clear skies on days that

lack precipitation (Leavesley et al., 1983). Solar radiation was cali-

brated to match observations at four weather stations operated by

the Rocky Mountain Biological Laboratory (RMBL, Figure 1).

Observed precipitation at the Schofield SNOTEL was spatially
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distributed as either snowfall or rain using techniques presented in

previous work (Carroll et al., 2019, 2020) with an example provided in

Figure 1b. Additional details on model parameterization, calibration

and performance are given in the supporting information (SI).

4 | RESULTS

4.1 | Precipitation

Precipitation at RC exhibited a bi-modal distribution with winter

snowfall (δ18O = �17.6 ± 5.2‰; δ2H = �126.5 ± 43.0‰; d-

excess = 14.4 ± 5.0 ‰) and summer rains (δ18O = �8.0 ± 4.4‰;

δ2H = �57.7 ± 31.3‰; d-excess = 6.3 ± 9.5‰) describing seasonal

isotopic means. It is acknowledged the event sampling strategy did

not aggregate across storm totals and data has the potential to exhibit

scatter. This was especially apparent with monsoon rain in the sum-

mer and fall. As an example, on 9 September 2014, a single rainstorm

was sampled at 1–3-h intervals. Observed intra-storm variability

equalled 3.3‰ (δ18O), 28.4‰ (δ2H) and 12.0‰ (d-excess). These

ranges are representative of single-storm events presented by others

(Han et al., 2020). Despite the scatter in observations, the LMWL is

well described by the least squares regression, δ2H = 7.4δ18O + 2.4

(r2 = 0.98, p � 0.001). Disaggregating by precipitation phase pro-

duces a slope for snow �8.0, while the slope for summer rain is shal-

lower (�7.0).

Atmospheric variables correlated with precipitation isotopic con-

tent were assessed independently for rain and snow with the multiple

linear regression models given in Table 1. Snowfall δ18O was directly

related to air temperature. Rain δ18O also covaried directly with air

temperature, with a direct relationship to wind speed providing addi-

tional information to improve statistical performance. Relative humid-

ity was the primary predictor of d-excess in rain with low relative

humidity lowering rain d-excess. Air temperature was a secondary

variable that was indirectly related. Temporal plots of observed and

predicted precipitation isotopes are provided in Figure 2. A linear

lapse rate for δ18O was calculated from average weekly aggregated

snowfall and equalled �0.16 ± 0.12‰ per 100-m gain in elevation.

4.2 | Snowpack isotopic variability at peak snow
accumulation

The isotopic composition of individual snowpits near peak accumula-

tion collected 2016–2019 plot on the dual isotope space with annual

slopes ranging from 7.0 to 7.9, and across all years was 7.3. Averaged

annually, observed snowpit δ18O means display similarity between

years (Figure 2c) with annual differences correlated to winter temper-

ature (r2 = 0.89, p = 0.06). The average annual enrichment in snow-

pack compared to snowfall was small (0.22 ± 0.40‰), with more

enrichment in snowpack occurring in years when March was warm

(r2 = 0.80, p = 0.10). In contrast, average annual d-excess in the

snowpack was significantly lower than estimated snowfall for all years

(�2.6 ± 1.0‰) (Figure 2d) with relative declines in average annual

snowpack d-excess explained (r2 = 0.99) by years with warmer tem-

peratures in early winter (p = 0.04) and those years with higher solar

radiation (p = 0.02). Spatial variability in observed δ18O of individual

snowpits was directly related to early winter air temperature

(p < 0.01) and eastern aspect (p = 0.02). The estimated fraction of

rainfall compared to total precipitation prior to 1 April increased

snowpack δ18O (p < 0.01) but did not add additional information to

the multiple regression. Correlation statistics indicate the snowpack

was more depleted in the northern and western regions of the ER

domain and was more enriched where dense conifer forests reside.

However, these correlations were weak in comparison to temperature

and aspect. No relationship was observed between snowpit δ18O and

elevation. Observed d-excess in snowpits decreased (r2 = 0.46) where

or when March solar radiation was large (p � 0.01) and at lower

TABLE 1 Regression models for daily precipitation at the RC site and bulk snowpack across the East River for δ18O and d-excess

Type Isotope Phase Equation Parameter Description Units p-value ρ

Daily precipitation δ18O Snow 0.60T � 17.34 T Air temperaturea �C 0.000 0.57

Rain 1.09T + 0.62W � 17.34 T Air temperaturea �C 0.000 0.56

W Wind speeda kph 0.008 0.13

d-excess Snow 0.26T + 14.55 T Air temperaturea �C 0.052 0.25

Rain �0.74T + 0.27Rh � 5.06 T Air temperaturea �C 0.000 �0.33

Rh Relative humiditya % 0.008 0.43

Bulk snowpit δ18O Snow 0.15TxN + 0.41E � 20.0 TxN Max. air temp (Nov)b �C 0.002 0.39

E East = sin(aspect) radians 0.021 0.26

d-excess Snow 0.0042Elev � 0.010rM + 0.14 Elev Elevation m 0.000 0.38

rM Short wave rad. (Mar)b W/m2 0.001 0.26

Note: Precipitation values rely on observed weather station data located near the sample location. Snowpit isotopic values rely on hydrologic model output

at a given snowpit location.

Abbreviations: Mar, March; Nov, November.
aMean daily.
bMean monthly.
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elevations (p � 0.01). The final spatial regression models for snow-

pack δ18O and d-excess near peak accumulation are given in Table 1.

Snowpack isotopic observations with depth for individual sam-

pling locations are provided in Figure 3. Depths are normalized by

maximum SWE at 10% increments. In general, at the bottom of the

snowpack δ18O is relatively high compared to the annually averaged

basin-wide snowpack mean. Snowpack δ18O then decreases com-

pared to the mean value in the middle of the snowpack (zone of

depletion) and moves toward higher values at the top of the snow-

pack. Snowpack d-excess tends to decline from the bottom of the

snowpack to the top. Deviations from the annual snowpack mean

across the depth of the snowpack are best predicted by a direct rela-

tionship to maximum daily air temperature (p < 0.05 for all years) at

the time of snowfall deposition. D-excess in snowpack layers showed

no significant trend with daily air temperature, except during 2018

when winter conditions were warmer and drier (Figure 3l). Decreased

relative humidity, increased wind speed, and increased solar radiation

tend to increase δ18O and decrease d-excess in snowpack layers.

However, results were not consistently significant across all years at

the basin-scale. Number of days of continuous precipitation and its

inverse, the lack of precipitation, were also not significant predictors

of average annual isotopic variability with snowpack depth.

Observed isotopic ratios in snowpack as function of depth were

compared to estimated snowfall inputs from the land-surface model

at individual snowpit locations. This was done to explore the potential

for post-depositional changes to isotopes in the snowpack. An exam-

ple is provided in Figure 4a,b. On average, snowfall δ18O was esti-

mated lower than snowpack δ18O, and snowfall d-excess was higher

than snowpack d-excess, in the top quarter of the snowpack (25

± 14% normalized by maximum SWE). Depths of snowfall bias

increased as functions of maximum winter air temperature (r2 = 0.24,

p = � 0.01, Figure 4c) and lower total winter precipitation (r2 = 0.23,

p � 0.01, Figure 4d). Notably, snowpack δ18O estimates are consis-

tently more enriched (1.6 ± 1.2‰) and more depleted (1.7 ± 1.2‰) in

the top 40% and lower 60% than the corresponding snowfall,

respectively.

4.3 | Snowpack and snowmelt isotopic evolution
over time

SWE at IRN (3191 m) and GTH (2926 m) tracked 2020 winter condi-

tions at the Schofield and Butte SNOTEL, respectively (Figure 5). Inter-

mittent periods of no snow were coincident with higher daytime

temperatures, lower relative humidity, and higher solar radiation. Wind

speed anomalies tended to be highest during precipitation events but

were not isolated to snowstorms. The largest wind speeds began in late

March and remained above the winter average through most of the

spring. Detailed snowpit data for 2020 are given in Figure 6. Snowpack

temperatures were coldest near the surface and increased with depth

F IGURE 2 Observed versus predicted precipitation inputs at the RC site for (a) δ18O and (b) d-excess. Precipitation includes both snow and
rain. A comparison of annually averaged isotopic values for winter snowfall and snowpack at sample locations during peak snow water equivalent
for (c) δ18O and (d) d-excess. � = mean value
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to approximately 0�C at the ground surface. Over time, the snowpits

warmed and became isothermal when minimum daily air temperatures

exceeded 0�C. Isothermal conditions occurred 3 weeks earlier at the

GTH site (4 April) in comparison to the IRN site (28 April). Once isother-

mal, snow mass declined rapidly. During the accumulation phase, SWE

at 10-cm increments tended to increase with depth and over time. Both

indicating snowpack compaction and densification of deeper layers

with added snow. The exception was the base (<30 cm) of the snow-

pack at IRN where lower density depth hoar resided and persisted into

April. Higher δ18O occurred immediately above these basal layers. In

contrast, the GTH site did not exhibit a significant drop in snow density

at its base, nor did these layers contain a relatively higher δ18O content.

Both snowpits experienced similar oscillating behaviour with δ18O

ranging between �25‰ and �15‰. The variability was largely main-

tained throughout the winter season. Once melting began, the snow

layers were compressed and moved toward a relatively more enriched

signature.

With respect to d-excess, the IRN snowpit contained greater

variability than the GTH site. However, consistent trends did occur

at both locations and across sample dates. At the base of the snow-

pack (<20–30 cm), lower d-excess occurred in comparison to the

snowpack in the 40–70 cm above it. At (or near) the snowpack sur-

face there tended to be a drop in d-excess that periodically could

be overlain by snow layers of higher d-excess value. With

F IGURE 3 Snowpit observations across years as a function of normalized snow water equivalent (SWE): 2016 (a) δ18O, (b) d-excess and
deviation from annual mean from the depth-mean as a function maximum daily temperature at the Schofield SNOTEL (Tx) (c) δ18O, (d) d-excess;
2017 (e) δ18O, (f) d-excess and deviation from annual mean (g) δ18O, (h) d-excess; 2018 (i) δ18O, (j) d-excess and deviation from annual mean
(k) δ18O, (l) d-excess; 2019 (m) δ18O, (n) d-excess and deviation from annual mean (o) δ18O, (p) d-excess. Shaded areas are 90% confidence
intervals
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snowmelt, snow layers and their d-excess values compressed. A

dramatic shift toward a much lower d-excess value occurred in May

at both locations following either a substantive dry period (GTH)

and/or rain event (IRN).

Snowpit isotopic heat maps are provided in Figure 7 as an alter-

native visual to track isotopic evolution across snowpack layers at

both sites. Blue (red) indicates relative decrease (increase) in δ18O or

increase (decrease) in d-excess in comparison to the combined snow-

pit mean. Memory of inter-storm variability appears largely main-

tained until late April at IRN, and March at GTH. After which

snowpack enrichment and homogenization in δ18O began at the top

of the snowpack and rapidly extended across the snow column with

progressive snow loss. Low d-excess occurred at the top of the snow-

pack at both locations in late January. At IRN, low d-excess layers

were then buried by newer snowpack with higher d-excess. At the

GTH site, lower d-excess values appear to accumulate at the snow-

pack surface and extend to 40% snowpack depth despite the addition

of new snow. Correlation analysis indicates that d-excess declined in

the top 10-cm of the snowpack at both IRN and GTH coincident with

lower relative humidity, higher wind speed, higher solar radiation, and

higher air temperature as defined by the climate 3-days prior to sam-

ple collection.

Figure 8a indicates bulk snowpack observations at GTH were

lower in δ18O than the higher elevation snowpack at IRN but enriched

three-times more quickly over time as illustrated by a steeper slope.

With the higher rate of enrichment, the lower elevation snowpack

δ18O became similar to the higher elevation snowpack in early April.

Increase in snowpack δ18O at IRN was 1.8‰ over the sampling

period, and at GTH was 3.2‰. Enrichment during the ablation period

from early April to total snow loss indicates the IRN site enriched

1.04‰ and the GTH site 1.36‰. The difference in snowpack isotopic

values between sites equalled �0.16‰ per 100 m elevation, or the

observed precipitation lapse rate. Figure 8b shows bulk snowpack d-

excess at both locations was approximately 14‰ in the winter, with

IRN showing no significant trend in d-excess over time. In contrast,

the GTH snowpack averaged �0.02‰ per day change in d-excess

and was significantly different from the higher elevation site by mid-

March.

The rate of snowmelt δ18O enrichment at higher elevation BT site

was 0.04 ‰ per day with total enrichment equal to 0.6‰ from melt

onset to completion (Figure 8c). At the lower elevation PLM1 site,

snowmelt enrichment was three-times faster at 0.12‰ per day with

total snowmelt enrichment equal to 5.5‰. Snowmelt d-excess

decreased over time at both locations. The rate of decline at BT was

�0.07‰ per day, while PLM experienced a rate of d-excess decline at

�0.13 ‰ per day (Figure 8d). Normalized over elevation, snowmelt

δ18O increased, and d-excess decreased approximately 0.02‰ per

day per 100-m elevation lost.

5 | DISCUSSION

5.1 | Isotopic composition of precipitation

Precipitation isotopic content must be defined to establish the influ-

ence of snow and rainfall inputs on snowpack isotopic evolution.

F IGURE 4 Example of estimated
snowfall and observed snowpack (a) δ18O
and (b) d-excess for the 2016 snowpit
PH2. Data are plotted across the snowpit
height given as a normalized snow water
equivalent (SWE). Snowfall bias location
identified where snowpack observations
shift away from snowfall estimates.
Snowfall bias location for all snowpits

compared to (c) average winter maximum
daily air temperature, Tx and (d) and total
winter precipitation for plot location.
Shaded areas are 90% confidence
intervals
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Putman et al. (2019) found LMWLs are not well defined with less than

4 years of data. We base our LMWL calculation on only 2 years of

data, but the large number of observations linearly aligned with a high

degree of correlation in the dual isotope space and our LMWL is in

agreement with previous sampling campaigns in the region

(Marchetti & Marchetti, 2019). The ER LMWL contains a slightly

reduced slope in comparison to the GMWL, but when divided into

rain and snow illustrates fundamental differences between warm and

cold season precipitation. Snowfall originates from northwest frontal

storms (Marchetti & Marchetti, 2019) and contains low isotopic values

due to cold, high elevation conditions with a low vapour fraction

(Dansgaard, 1964). Snowfall resides on the GMWL with d-excess

values ≥10‰ indicating a low potential for evaporation. Similar to

Otte et al. (2017), the oxygen isotopic composition of precipitation is

correlated to ambient air temperature and the phase of precipitation.

These are common proxies for the Rayleigh distillation effect as

storms move inland, and reflect differences between the temperature

of the initial cloud condensate in the air mass and the condensation

temperature at our sampling site (Beria et al., 2018; Clark &

Fritz, 1997; Putman et al., 2017). The slope describing δ18O in snow

as a function of temperature is 0.6‰ per �C which falls in the range

presented by others (Bowen, 2008; Marchetti & Marchetti, 2019) and

deemed acceptable.

In contrast to snow, summer rains in the ER originate from mon-

soon surges of tropical atmospheric moisture with local convective

precipitation occurring in the afternoons (Marchetti &

Marchetti, 2019). Summer months experience more recycling of mois-

ture via evaporation than winter precipitation as storms move inland

from the ocean. Consequently, rainfall produces more enriched condi-

tions and a larger decrease in d-excess for a given increase in temper-

ature than snow. Temperature remains an important descriptor of

stable water isotopes in rain but isotopic content is modified by

F IGURE 5 Daily 2020 conditions at
the Schofield SNOTEL (a) precipitation,
(b) temperature (Tx = maximum,
Tn = minimum); and KCOMTRE2 station
(c) relative humidity, (d) wind speed
anomaly, (e) estimated solar radiation.
Dark lines = 3-day average. (f) A
comparison of snow water equivalent
between SNOTEL (solid lines) and

isotopic sampling locations (dashed).
Shaded areas are periods of low/no
precipitation
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kinetic effects of high wind and low relative humidity (Clark &

Fritz, 1997; Kopec et al., 2019). Despite statistical significance, there

is a large amount of scatter in the linear regressions describing

observed precipitation isotopic inputs using on-site climate data, and

regressions fail to capture the observed distribution endmembers.

Inability to estimate endmembers is likely due to a sampling strategy

F IGURE 6 2020 snowpit observation across snowpack height for IRN (a) temperature, (b) snow water equivalent, SWE, (c) δ18O, (d) d-excess;
and GTH (e) temperature, (f) SWE, (g) δ18O, (h) d-excess

F IGURE 7 Heat maps for 2020 snowpits. Higher (blue) and lower (red) δ18O as a function of snowpack height for (a) IRN, elevation 3191 m,
and (b) GTH, elevation 2926 m. Higher (blue) and lower (red) d-excess as a function of snowpack height for (c) IRN and (d) GTH. Snowpack height
rounded to the nearest 10 cm
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that failed to capture sub-storm variability associated with the frontal

passage of storms. It is also likely that local climate fails to represent

mechanisms such as sub-cloud evaporation and mixed-phase cloud

processes (Putman et al., 2019). Despite these limitations, the regres-

sion models capture the majority of isotopic behaviour in precipitation

using a simple approach and allows us to define individual storms

across the period of snowpack analysis.

5.2 | Spatial distribution of δ18O in snowpack at
peak snow accumulation

We observed that snowpack largely preserved precipitation δ18O

inputs across all scales of analysis. This is consistent with prior studies

(Clark et al., 1970; Dahlke & Lyon, 2013; Hürkamp et al., 2019;

Stichler et al., 1981; Unnikrishna et al., 2002). Given air temperature is

the defining predictor variable for snowfall δ18O, it is not unexpected

that air temperature is the most important predictor for δ18O in snow-

pack. Aspect emerged as a secondary control on snowpack isotopic

content. Dahlke and Lyon (2013) recognized the influence of aspect,

via the direct impacts of solar radiation, where sunnier aspects tend

to hold isotopically heavier snow. Our results are contradictory, with

data showing snowpack more enriched along the topographically

shaded eastern aspects and, to a lesser degree, along the northern

aspects. North and east aspects are notorious in the Rocky Mountains

for preserving early snowfall. This snowfall is subjected to loss of

crystalline structure (depth hoar) at the base of the snowpack that

enhances avalanche risk (refer to http://www.cbavalanchecenter.org;

Johnson & Jamienson, 2000). The formation of depth hoar is caused

by temperature-gradient induced vapour diffusion through the snow-

pack. The preservation of early snowfall and resulting depth hoar

enrich the snowpack in 18O relative to its initial state in the bottom

10–20 cm of the snowpack (Friedman et al., 1991; Zhang et al., 1996).

In addition, wind scoured snow preferentially deposits along north-

east aspects in the ER (Carroll et al., 2019). Wind promotes sublima-

tion through either saltation (Essery et al., 1999; Wang et al., 2019) or

pressure pumping (Colbeck, 1989) with the potential to increase δ18O

on the snowpack surface. Data suggest the net effect of isotopic

enrichment via vapour loss preserved at either at the base or surface

of the snowpack is substantial enough to affect bulk snowpack δ18O

signatures along north-east aspects when sampled at peak

accumulation.

Several parameters showed lack of correlation to snowpack

δ18O. Observed spatial variability in snowpack δ18O indicates slightly

higher values in dense canopy forests. Isotopically enriched through-

fall has been observed in other studies with enrichment increasing for

smaller snow particles, denser canopy cover, longer residence times of

storage and under clear-sky conditions (Claassen & Downey, 1995;

Koeniger et al., 2008). However, the relationship was not statistically

significant in the ER and was discarded as first-order control. Eleva-

tion was similarly found to have no descriptive ability for snowpack

δ18O at peak accumulation. To mimic the lack of observed trend in

F IGURE 8 SWE-weighted snowpack observations in 2020 for (a) δ18O and (b) d-excess. Snowmelt collected in 2017 for (c) δ18O and (d) d-
excess. Snowpit values near peak SWE provided (BT based on 2016 data). Slopes (m) for regressions provided as ‰ per day. Shaded areas are
80% confidence intervals
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snowpack across elevation, δ18O in snowfall must implicitly account

for elevation through use of the observed precipitation lapse rate of

�0.16‰ per 100-m. The observed lapse rate approximates other

studies in North America (�0.17‰–0.22‰, Friedman et al., 1992;

Tappa et al., 2016) and is considered reasonable. With no isotopic

lapse rate in precipitation, the estimated δ18O signature in snowpack

at peak SWE is estimated relatively too enriched at higher elevation

and too depleted at low elevation compared to the observed. Includ-

ing the lapse rate offsets the preservation of early winter snowfall

that is seasonally more enriched at higher elevations, and the influ-

ence of vapour loss on isotopic content of this persistent early snow-

pack. At lower elevations, early season snowfall is largely ephemeral

and does not contribute to bulk snowpack isotopic content. With the

delay in snowpack accumulation at lower elevations, the snowpack

begins with lower δ18O values in comparison to higher elevation

snowpack (e.g., Figure 8a). Inclusion of the precipitation isotopic lapse

rate allows a faster rate of enrichment over time in the lower eleva-

tion snowpack compared to higher elevations. By peak accumulation,

snowpack δ18O is effectively similar across elevation gradients. This is

discussed further in Section 5.4.

5.3 | Post-depositional change in snowpack at
peak snow accumulation

Stable water isotopes in snowpack can provide context of where and

when melt-freeze processes have begun and where water vapour loss

may be critical to the water balance of the snowpack. There is some

evidence of post-depositional change in snowpack using δ18O obser-

vations. For example, reduced interannual variability in snowpack in

comparison to estimated snowfall from the land-surface model

(Figure 2c) could be attributed to isotopic redistribution and enrich-

ment in the snowpack (Friedman et al., 1991; Taylor et al., 2001). This

hypothesis is supported by the predictive power of late winter air

temperatures to describe the enrichment in bulk snowpack compared

to total snowfall both at the aggregated annual and individual sample

location scales. Higher temperatures in late winter drive earlier onset

of snowmelt, the isotopic homogenization of snowpack and loss of

heavier isotopes.

However, the lack of statistical difference between average

annual snowfall and snowpack δ18O hints that isotopic mass loss was

not a dominant process at the time of peak SWE for the sites sampled.

Likewise, at the plot-scale, results indicate the potential for mass

movement of lighter isotopes downward and accumulating in the

lower portions of the snowpack, but that significant snow water loss

via snowmelt was not definitive based on the δ18O mass balance

across the entire snow column. On average, the depth of possible

mass movement via melt occurred in the top 25% of the snowpack

but depths ranged from 0% to 60% from snowpack surface across all

observed locations. The greatest depths of potential snowmelt perco-

lation occurred where daytime temperatures were high, and snow-

pack was shallow. These statistical results are intuitive, given

locations with warmer temperatures are known to accelerate

isothermal conditions (Burns et al., 2014) to initiate melt; and for

equal temperatures, shallower snowpack is expected to become iso-

thermal more quickly than deeper snowpack.

Decreases in d-excess between snowfall inputs and observed

snowpack can help isolate where and under what conditions or loca-

tions vapour losses from snowpack may be most important in the

ER. At the annual scale, snowpack samples sit on the dual isotope

space with slopes equal to 7.0–7.9. Slopes are below that of incoming

snowfall (�8.0) and slope reductions are best predicted by high air

temperatures, high solar radiation, and low winter precipitation. The

plot-scale analysis also found reductions in d-excess were larger in

comparison to snowfall inputs at lower elevations and where snow

accumulation was low. The influence of vapour loss on snowpack d-

excess is a balance between energy and snow availability. Large eleva-

tional gradients it the ER produce large gradients in aridity, with lower

elevations having both lower precipitation and higher potential evapo-

transpiration (Carroll et al., 2020). Higher potential evapotranspiration

can promote larger sublimation losses. If these losses occur where or

when shallow snowpack exists, then vapour losses are a larger propor-

tion of the snow budget and d-excess declines in snowpack become

more prominent. Likewise, Sexstone et al. (2018) found a larger pro-

portion of the snowpack water budget was lost to sublimation when

winter snowpack was low.

Attempts to tease out the effects of increased temperature on

raising d-excess in new snowfall (refer to Table 1) compared to

decreases in d-excess in the snowpack from vapour loss when snow-

fall did not occur, were largely inconclusive at the basin-scale. Specifi-

cally, the relationship of annually averaged d-excess with depth in the

snowpack to air temperature was statistically muted (Figure 3). The

muted response to temperature across most years could be due to

either limited sublimation in the basin (Schlaepfer et al., 2014) or the

condensation of night-time vapour that compensates for any day time

enrichment (Beria et al., 2018; Stichler et al., 2001) such that changes

in d-excess are not apparent at this aggregated scale. The exception

was 2018 (Figure 3l). The winter of 2018 was very dry and warm and

d-excess declines in snowpack layers occurred globally across the

sampled locations as a function of temperature. Refining the resolu-

tion from basin-scale assessment of snowpack layers to that of indi-

vidual snowpits, we find that the depth of d-excess declines in

snowpack was correlated to both higher daytime temperatures and

shallower snowpack that was not generally apparent at the basin-

scale. This indicates that d-excess declines in the snowpack are

primarily influenced by landscape position dictating the relationship

between atmospheric demand and depth of snowpack and secondar-

ily by annual climate conditions.

5.4 | Snowpack and snowmelt isotopic evolution
over time

The detailed depth-dependent δ18O observations at the IRN and GTH

sites help provide context and validation of the spatially extensive

data collected at peak SWE. First, individual snow events were largely

12 of 16 CARROLL ET AL.



preserved in the snowpack. Snow layers alternated between periods

of relatively high and low δ18O, as defined by storm variability, that

was consistent between sites and across time until the snowpack

became isothermal and homogenized. Despite isotopic memory in the

snowpack, the bulk isotopic values evolved differently across sites.

Specifically in January, the lower elevation GTH snowpack δ18O was

observed 1.3‰ lower than expected in comparison to the IRN site

based on elevational differences and the observed precipitation lapse

rate. This discrepancy may be related to the earlier onset of snowpack

accumulation at IRN (Figure 5f), its corresponding seasonally enriched

snowfall, as well as the observed development of low-density depth

hoar and associated δ18O increase at the base of the snowpack. As

discussed previously, this is analogous of the persistence of early

snowfall along north-east aspects that we hypothesized may have

imposed higher δ18O in bulk snowpack within the ER. In addition, the

delayed snow accumulation at the GTH site, and a lack of low density

and high δ18O observed at the base of the GTH snowpit are partly

responsible for its initially depleted bulk signature.

While initially lower in δ18O, the GTH snowpack enriched three-

times faster in comparison to the IRN site with differences in snow-

pack δ18O enrichment approximately equal to the elevational lapse

rate. The implication is that snowpack δ18O enrichment over time was

dominated by differences in mass loading from precipitation. The dif-

fering enrichment rates produce isotopically similar snowpack by peak

SWE. This agrees with the multi-year spatial analysis at/near peak

SWE that found no elevation control on snowpack δ18O. While eleva-

tion is not a good predictor of δ18O in snowpack at peak accumula-

tion, it is instrumental in defining snowpack δ18O over time by

describing snow presence or absence in the early season and the lapse

rate of 18O mass inputs.

D-excess in snowpack also appears to evolve differentially across

elevation. In January, the two locations were similar with respect to

bulk d-excess values. Over time, the higher elevation site showed

large variability but no significant trend in d-excess, while the lower

elevation site experienced a net decline. Previous research indicates

that sublimation tends to increase as a result of low atmospheric pres-

sure, low humidity, increased solar radiation and high wind speeds

(Earman et al., 2006; Stigter et al., 2018). Sublimation from spatially

distributed wind or pressure fields (Colbeck, 1989) can enhance diffu-

sion 8%–11% (Bowling & Massman, 2011) but these effects from

wind shear are often limited in the top few centimetres of the snow-

pack (Clifton et al., 2008). Limiting our analysis to the upper-most

sample (top 10-cm) we find that d-excess at both sites were corre-

lated to lower relative humidity, higher wind speed, higher daytime

temperature and higher solar radiation averaged over the 3 days prior

to sample collection. Over the winter accumulation period, the

vapour-altered surface snow becomes buried by new snow of higher

d-excess. If depth of new snow is large and time in-between snow-

storms is short, then sublimation of the new snowfall is limited, and

the snowpack exhibits alternating layers of high- and-low d-excess.

The IRN site displays this kind of high vertical variability and, as a

result, has no significant trend with d-excess over time. At the lower

elevation GTH site there are smaller incremental snow additions from

fewer storms and a greater potential to accumulate and aggregate

sublimation on each successive storm-event. The effect is to decrease

d-excess at depth. This layering-hypothesis provides an explanation

for kinetic fractionation extending deep into the snowpack despite

sublimation assumed limited to the upper few centimetres of the

snowpack. Aggregated d-excess declines at the snow surface are large

enough in the shallow GTH snowpack to affect bulk snowpack com-

position with snowpack d-excess decreasing significantly over the

winter season.

Unfortunately, snowmelt observations were not coincident with

the detailed temporal snowpack observations in 2020. However,

observed isotopic content in snowmelt followed well established

trends with initial meltwater isotopically lower in δ18O in comparison

to snowpack and becoming progressively more enriched in heavier

isotopes over time (Ala-aho et al., 2017; Beria et al., 2018; Taylor

et al., 2001, 2002). Observed snowmelt (0.6‰–5.5‰) enrichment

over time reflected observed ranges in other studies (Lee et al., 2010;

Unnikrishna et al., 2002). However, at low elevation the total increase

in δ18O exceed estimates based on snowfall inputs alone. The year

snowmelt was collected (2017) was much warmer than all other years

in the study. We hypothesize rainfall, with higher δ18O at a given tem-

perature, occurred at lower elevations and was responsible for large

isotopic enrichment observed in snowmelt. As an example, from

Table 1, rainfall δ18O at 0�C and assuming average wintertime relative

humidity and wind speeds, produces a 4.3‰ increase over snowfall.

The sharp decline in snowmelt d-excess at the PLM1 site also hints at

rainfall supplementing snowmelt. Altitudinal effects related to isotopic

mass inputs in precipitation and the phase shift from snow to rain, are

believed to drive melt water enrichment, with empirical evidence sug-

gesting δ18O snowmelt enrichment equal to 0.02‰ per day per

100 m lost in elevation. Similarly, d-excess decreased 0.02‰ per day

per 100 m lost in elevation.

6 | CONCLUSIONS

For decades, research has used stable water isotopes to explore

hydrologic processes in snowmelt-dominated catchments. Water-

sheds reliant on snow water inputs alter the timing of water inputs

through snow storage and may produce a different isotopic input sig-

nal as a function of post-depositional metamorphism in the snowpack.

Our work builds on this long history of empirical studies by exploring

snowpack isotopes over substantial gradients in topography and vege-

tation structure, and over a 5-year period in a headwater basin of the

Colorado River. Observed snowfall isotopic inputs were strongly cor-

related to air temperature and plotted along the GMWL with d-excess

values ≥10‰ indicative of a low potential for evaporation. Results

suggest precipitation isotopic inputs adjusted by the observed δ18O

elevational lapse rate (�0.16‰ per day per 100 m) are the primary

descriptors of the spatial distribution of snowpack isotopic content

across the basin at peak accumulation. Aspect was a secondary
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control, with north and east aspects having slightly more enriched

snowpack prior to freshet melt compared to other aspect. This enrich-

ment was likely due to preservation of seasonally enriched snowfall in

the early winter, the formation of isotopically light depth-hoar that

persisted at the base of the snowpack, and wind effects that pro-

moted enrichment at the top of the snowpack. Sublimation, as

expressed by decreased d-excess in comparison to snowfall contribu-

tions, was highest at lower elevations and when/where temperatures

and solar radiation were high. Evidence suggests the depth of post-

depositional metamorphism (melt and vapour loss) occurred in the top

25% (range 0%–60%) of the snowpack with depths increasing at low

elevation and where snowpack was shallow. Total depth of sublima-

tion in the snowpack was likely the result of consecutive intermittent

no-snow periods that aggregated over time, especially at lower eleva-

tions with low snowpack. Once minimum daily temperatures

exceeded 0�C, the snowpack became isothermal followed by isotopic

enrichment. Lower elevation snowpack and snowmelt experienced

more rapid rates in enrichment over time. Results suggest enrichment

rates over time were largely described by elevation. Elevation dictates

early snow persistence or absence, isotopic lapse rates in precipitation

and the phase shift of snow to rain. Hydrologic tracer studies using

stable water isotopes in basins of large topographic relief, requires an

adjustment for these elevational controls to properly constrain stream

water sourcing from snowmelt.
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