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Abstract

As the climate warms, snow-dominated regions are increasingly susceptible to pre-

cipitation phase changes and earlier snowmelt. In alpine catchments, snowmelt is the

majority of runoff, governed by heterogeneous interactions among snowfall, wind,

topography and vegetation. The role of the alpine snowpack in delaying the down-

stream release of accumulated snowfall remains understudied, despite its fundamen-

tal role in sustaining lower-elevation ecosystems and populations. We evaluated

fine-scale changes in the magnitude and duration of alpine snow water storage and

release by comparing effective precipitation seasonality to that of surface water

inputs using a Snow Storage Index (SSI). We forced the Distributed Hydrology Soil

Vegetation Model with historical climate conditions and an end-of-century warming

signal down-scaled from a 4-km regional climate model, to simulate future changes in

snow water storage and partitioning of precipitation to runoff and evapotranspira-

tion. The hydrological modelling was conducted on a 2-m spatial grid to resolve fine

scale processes over a 0.6-km2 headwater catchment within the Niwot Ridge Long-

Term Ecological Research site located in the Rocky Mountains, Colorado, USA. Pro-

portionally more rainfall, reduced snowpack size and extent, and earlier snowmelt

occurred in the future scenario with decreased catchment average SSI and thus snow

water storing capabilities, with inordinately large decreases occurring in areas of the

catchment with reconstructed snowdrifts (�57% average and �100% maximum).

Using the Budyko framework to evaluate annual hydrologic partitioning, precipitation

inputs to streamflow increased by a maximum 10% in large SSI regions with snow-

drifts under warming conditions, signifying a potential buffer for total catchment and

annual streamflow loss in a future climate. The fine-scale analysis of hydrologic sensi-

tivities to warming presented herein are important because climate conditions are

expected to further reduce alpine snow water storage, alter hydrologic partitioning,

and runoff generation for ecosystems and people living downstream.
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1 | INTRODUCTION

Seasonal snowpack is an essential component of Earth's hydrological

cycle. About one-sixth of the global population relies on seasonal

snowpack and glacier-derived runoff as a primary water resource (Bar-

nett et al., 2005; Pörtner et al., 2019). Snowmelt contributes to

regional water supply and partially dictates the timing and amount of

downstream water resources, as it is released from the snowpack days

to months after snowfall (Immerzeel et al., 2020; Mote et al., 2018;

Viviroli et al., 2007). The magnitude and duration of regional water

storage in the snowpack is thus a function of precipitation phase—

rainfall or snowfall—and the subsequent timing of water release as

snowmelt, which are primary mechanisms controlling the amount of

downstream water availability and are highly sensitive to climate

change (Berghuijs et al., 2014; Foster et al., 2016). The timing of water

release from the snowpack is, in turn, influenced by regional climatic

conditions and orographic enhancement of snowfall (e.g., sustained

winter temperatures and wind redistribution), which vary significantly

across the globe (Mott et al., 2018).

Alpine regions often represent a small percentage of headwater

catchment area yet generate a disproportionate amount of the total

catchment discharge (Knowles et al., 2015). Runoff from alpine catch-

ments during the snowmelt period can account for more than 80% of

total annual runoff (Campbell et al., 1995; Kattelmann & Elder, 1991),

serving as an important water resource for human consumption, agri-

culture and industry (Clow et al., 2003). However, spatially, the snow-

pack distribution across these regions is often extremely

heterogeneous (Blöschl et al., 1991; Blöschl & Kirnbauer, 1992; Freu-

diger et al., 2017), due to strong winds and variable interactions

among snowfall accumulation, vegetation and topography (Jenicek

et al., 2018; Winstral et al., 2013). Thus, high-resolution analyses of

snow water storage are needed in alpine systems for improved under-

standing of the environmental processes controlling water availability

and runoff generation (Clow et al., 2003; Griessinger et al., 2019;

López-Moreno et al., 2011, 2013; Winstral & Marks, 2002).

The spatial variability of the snowpack in alpine watersheds has

been thoroughly explored (e.g., Badger et al., 2021; Bilish et al., 2019;

Brandt et al., 2020; Mazzotti et al., 2019; Vionnet et al., 2019), as

have the effects of snowpack variability on intra-basin snowmelt het-

erogeneity (Marks & Winstral, 2001), basin ecology (Baron & Den-

ning, 1993; Hermes et al., 2020) and water chemistry and hillslope

erosion (Tarboton et al., 1991). Yet, how variability in the snowpack,

particularly snow water equivalent (SWE), drives spatial variability in

snow water storage and runoff generation remains understudied, par-

ticularly at the fine resolution (<100 m) required to capture extreme

heterogeneity in small, topographically complex alpine catchments.

Specifically, the spatially distributed relationship between snow water

storage, defined here as the difference in magnitude and timing

between precipitation and surface water inputs (SWI) available to the

terrestrial system (rainfall or snowmelt), and the surrounding and

downstream hydrology has yet to be evaluated in these regions.

Climate warming has caused fundamental hydrologic changes in

mountainous regions of the western United States, with variable

effects on the sensitivities of water availability (Berghuijs et al., 2014;

Foster et al., 2016; Hale, Jennings et al., 2023; Hinckley et al., 2012;

Livneh & Badger, 2020). In the last century, there has been a gradual

precipitation phase shift from snowfall to rainfall, decreases in peak

SWE accumulation, earlier onset of snowmelt and shorter snow cover

duration in mountainous regions across the United States and globally

(Hammond et al., 2018; Mote et al., 2018; Musselman et al., 2021). In

response, several previous climate warming studies have reported

catchment average net decreases in annual runoff and net increases

in annual potential evapotranspiration (PET) (Anghileri et al., 2016;

Clow, 2010; Liu et al., 2022; Mahanama et al., 2012; Tang &

Lettenmaier, 2012).

Snowfall redistribution by wind directly impacts the spatial het-

erogeneity in effective precipitation—that which remains in a given

area after wind redistribution causes drifting of snow (Badger

et al., 2021; Winstral & Marks, 2002). Simulated climate warming has

been shown to influence maximum SWE, interannual hydrologic vari-

ability and water and energy limitations disproportionally across a sin-

gle catchment, with the greatest snowpack decreases and water

limitations occurring in snowdrifted regions (Marshall et al., 2019).

Thus, the reduced annual snowfall fraction (amount of annual precipi-

tation falling as snow), altered snowfall redistribution, and earlier

snowmelt timing directly affect the amount and timing of snow water

storage and the associated variability across an area, particularly those

regions storing more water in the snowpack for longer durations. Het-

erogeneous snowpacks across alpine regions, which are highly suscep-

tible to wind redistribution of snowfall, have cascading consequences

for the amount and timing of regional water availability and delivery

to lower ecosystems and human communities (Barnhart et al., 2016;

Harpold et al., 2012; Marshall et al., 2019; Trujillo et al., 2012; Truji-

llo & Molotch, 2014).

Historically, a singular spring–summer snowmelt pulse has, with

relative efficiency, overwhelmed soil moisture deficits and soil field

capacity and increased overall hydrologic partitioning to runoff (Barn-

hart et al., 2016; Hale, Musselman, et al., 2023; Liu et al., 2022).

Future reductions in the magnitude of this seasonal snowmelt pulse

may reduce annual hydrologic partitioning to runoff since soils will be

less saturated throughout spring and early summer months (Liu

et al., 2022). However, a warming-induced shift towards earlier rainfall

and snowmelt events will also misalign the timing of catchment water

availability (i.e., rainfall or snowmelt) and evaporative demand (i.

e., PET) and increase cold-season—and potentially annual—hydrologic

partitioning to runoff (Foster et al., 2016; Hale et al., 2022; Liu

et al., 2022). It is unclear how future warming-induced changes in

snow water storage may alter partitioning of SWI (rainfall or snow-

melt) to runoff. Yet, it is expected that variability in PET and runoff

will exist across a single alpine catchment now and in the future, given

the high spatial variability of effective precipitation (Clow, 2010; Har-

pold et al., 2012; Knowles et al., 2006; Pörtner et al., 2019).

In this study, we sought to quantify the consequences of climate

warming on snow water storage and associated hydrologic partition-

ing across an alpine catchment. We ask how does the spatial distribu-

tion of snow water storage influence hydrologic partitioning in an alpine
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catchment? and how will future changes in climate influence snow water

storage and hydrologic partitioning? By modelling historical and future

climate conditions in a snow-impacted, headwater catchment, we

evaluated the hypotheses that an increase in the temporal misalign-

ment of water availability and PET, by way of earlier rainfall and

snowmelt with warming air temperatures, will either increase or

decrease relative downstream catchment runoff magnitude (Hale,

Musselman, et al., 2023; Kormos et al., 2014; Foster et al., 2016).

2 | STUDY AREA

This study was conducted in a 0.6-km2 alpine headwater catchment

within the Niwot Ridge Long Term Ecological Research (NWT LTER)

site, located in the Front Range of the Colorado Rocky Mountains,

40-km northwest of Boulder, Colorado, USA (Figure 1a) (Bjarke

et al., 2021; Bowman & Seastedt, 2001). The entire NWT LTER site

spans from the Continental Divide downward in elevation to the sub-

alpine forest. The Saddle Catchment (Figure 1a) is an alpine basin with

an average elevation of 3528-m a.s.l. and is located 5.6-km east of the

Continental Divide, receiving the large majority (�80%) of its approxi-

mately 1035 mm catchment-average annual precipitation as snowfall

(Bowman & Seastedt, 2001; Caine, 1995; Greenland, 1989; Jennings &

Molotch, 2019). Average daily temperatures of �7.6�C in autumn

months, �12.3�C in winter months, �4.1�C in spring months and

�0.5�C in summer months (Bjarke et al., 2021; Jennings & Molotch,

2019) support a persistent snowpack within the small, headwater

catchment throughout the year and a short growing season for alpine

vegetation (1–3 months) (Jones, 2001). As such, the catchment expe-

riences significant snowmelt generation and subsequent runoff in

mid-to-late spring season each year (Bjarke et al., 2021).

Five land cover types are predominant across the Saddle Catch-

ment: bare ground, alpine meadow, open shrub, closed shrub and

evergreen broadleaf forest (Figure 1b). These land cover types were

defined by the National Ecological Observatory Network (NEON) bio-

mass dataset (Neiman et al., 2011). Windswept, bare ground exists

primarily in the northwest corner and in the central region of the

catchment. Alpine dry meadow covers the largest extent of the catch-

ment (�55%) and exists along the perimeters of open and closed can-

opy shrubs, which also grow in the central regions of the catchment

(Hermes et al., 2020). The evergreen broadleaf forest exists in the

southern, lower-elevation portion of the catchment (Figure 1b). Land

cover types differ in overstory and understory density, and thus sig-

nificantly influence the amount of water that is evapotranspired ver-

sus is eventually partitioned as catchment runoff. Photographs of the

predominant Saddle Catchment land cover are available in Hermes

et al. (2020).

The study catchment experiences significant wind exposure (Jep-

sen et al., 2012), often resulting in significant redistribution of snow-

fall during autumn, winter and spring months. Prevailing winds are

from the west (Barry, 1973; Winstral et al., 2002). Wind deposition,

snowdrifted regions typically exist in the northwest and central por-

tions of the catchment, which receive most redistributed snowfall,

likely producing more SWI and runoff due to an almost year-round

persistent snowpack (Bowman, 1992). A wind-scoured area persists

on the eastern portion of the catchment; often it is water-limited

(Bowman, 1992).

3 | METHODS

To evaluate the influence of climate warming on snow water storage

and associated hydrologic partitioning across the Saddle Catchment,

we first used a previously developed index of snow water storage

(hereafter the Snow Storage Index [SSI]) (Hale, Jennings, et al., 2023).

The SSI across the Saddle Catchment was derived by quantifying the

difference in magnitude and timing of annual precipitation and

the magnitude and timing of annual SWI (rainfall and snowmelt) (Hale,

F IGURE 1 (a) Niwot Ridge Long Term Ecological Research spanning alpine to sub-alpine terrain, the Saddle Catchment labelled with a red
star (modified from Rush and Rajaram, 2022), (b) Saddle Catchment coloured by land cover types, guided by the NEON biomass data (NEON,
2020): bare ground, alpine meadow, open shrub, closed shrub and evergreen broadleaf forest.
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Jennings, et al., 2023), which were spatially represented historically

and into the future using a hydrologic model, supported by meteoro-

logical and streamflow observations. The use of the SSI affords an

explicit comparison of the amount and duration of water that is stored

in the regional snowpack, which we compared to modelled annual

partitioning of water inputs to evapotranspiration (ET) and runoff (Q)

using the Budyko framework (Budyko, 1974). To evaluate the influ-

ence of snow water storage on hydrologic partitioning, we regressed

long-term proportional runoff estimates against the SSI and a sub-

annual ratio of its components. A full description of each methodolog-

ical step in this analysis follows.

3.1 | Hydrologic modelling

We used the Distributed Hydrology Soil Vegetation Model (DHSVM)

(Wigmosta et al., 1994) to evaluate alpine snow water storage and

hydrologic partitioning for this study. Recently, DHSVM has been

developed to accurately simulate hydrology in mountainous catch-

ments (Badger et al., 2021; Currier et al., 2022; Hale et al., 2022; Sun

et al., 2019). The model uses a dynamic lateral routing scheme, which

is intended to capture runoff dynamics in these landscapes (Brooks

et al., 2004; Livneh et al., 2014, 2015; Whitaker et al., 2003).

DHSVM's snow model resolves a two-layer energy balance model for

snow accumulation and snowmelt (Raleigh et al., 2016; Wigmosta

et al., 1994). Soil moisture and surface runoff are computed via a

multi-layer unsaturated soil model and a saturated subsurface flow

model. Evapotranspiration (both ET and PET) is computed using a

Penman-Monteith approach via a two-layer canopy representation.

The model considers the influences of terrain slope and aspect on

incoming shortwave and longwave radiation within the surface

energy budget. DHSVM can additionally be provided with dynamic

observations for solar shading as well as a gridded estimate of the

mean diurnal cycle of cloud-free incoming solar radiation each

month. We ran DHSVM at a 2-meter spatial resolution on an hourly

timestep.

With respect to modelling streamflow, DHSVM simulates the

exchange of water between grid cells, resulting in a three-dimensional

redistribution of surface and subsurface water across the landscape

(Wigmosta et al., 1994). It moves water between grid cells as overland

flow, channel flow and/or shallow subsurface flow in the soil. The

subsurface water storage in the soil is a function of soil depth and

depth to the root zones in each soil layer, where increased soil depth

allows for increased storage (McNamara et al., 2005). The soil-vegeta-

tion water balance accounts for rooting zone water storage, overstory

and understory interception, evaporation and transpiration, surface

soil evaporation, snowpack water content and precipitation (Wig-

mosta et al., 1994). Impermeable bedrock underlies the defined water

table (Wigmosta et al., 1994). All non-intercepted rainfall or snowmelt

enters the soil column and becomes subsurface storage. Once the soil

becomes saturated, excess water becomes surface runoff (Wigmosta

et al., 1994).

For our study, the majority of DHSVM soil, land cover and snow

parameters were obtained from previous applications of DHSVM over

the Boulder Creek Watershed (Badger et al., 2021; Livneh et al., 2014,

2015), since our study catchment is at the headwaters of this larger

basin and these past simulations yielded realistic snowmelt and runoff

dynamics. Thus, the model configuration outlined in Livneh

et al. (2014, 2015) was used here to provide initial settings for soil

and vegetation parameters, and spatial distribution of land cover was

updated using the NEON biomass data (Figure 1b) (Neiman

et al., 2011). Additional parameter adjustments were made following a

calibration scheme intended to effectively reproduce the annual cycle

(r2) and total volume (percent bias) of observed runoff (Bjarke

et al., 2022). In order to account for uncertainty in the estimation of

soil and snow parameters, a range of values ranging between factors

of 0.25� and 4� the original values in Livneh et al. (2014, 2015) were

selected for the calibration process based on both observations made

within the Niwot LTER (Hermes et al., 2020) and previous DHSVM

simulations made within the region (Badger et al., 2021). We applied a

Latin hypercube sampling technique (Stein, 1987) to select 100 sets

of potential parameter configurations and selected the final set of

parameters that produced a simulation optimizing both r2 and percent

bias when compared to the observed runoff over the study period

(Bjarke et al., 2022). We subsequently analysed DHSVM output in a

stratified manner based on the five predominant land cover types

within the catchment.

3.2 | Historical scenario

Historical snow water storage and hydrologic partitioning were

assessed using DHSVM outputs from 1 October 2000 to 30 Septem-

ber 2019. This model simulation ran with hourly forcing data mea-

sured at one meteorological station within our study catchment,

which were spatially distributed based on model sub-routines (Bjarke

et al., 2021; Jennings et al., 2021). Precipitation falling as snow was

redistributed in DHSVM using a SWE reconstruction model to obtain

accurate spatially distributed patterns of SWE across the catchment

(Jepsen et al., 2012). The SWE reconstruction model output was used

to derive monthly spatial weights to represent effective precipitation

across the catchment and thus the vast heterogeneity of the alpine

snowpack due to wind-blown snowfall (Badger et al., 2021; Jepsen

et al., 2012). SWE reconstructions are only valid from peak SWE

through the melt season. Thus, during fall, winter and early spring

accumulation months, snowfall was distributed based on the weights

generated during the melt season, from peak SWE onward (for more

information, see Badger et al., 2021; Jepsen et al., 2012). Precipitation

falling as rain was uniformly distributed across the domain. Gauged

stream discharge observations at the outlet of the study catchment

were used for model calibration and validation (Caine et al., 2023). A

dense array of sensor nodes collects soil moisture and temperature

information and was used to validate the land cover layer; and under-

lying geology of the catchment was downscaled using a nearest
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neighbour algorithm. All mentioned datasets used in this study are

listed and further described in Table 1.

3.3 | Future scenario

To emulate representative concentration pathways (RCP) 8.5 pro-

jected 2071–2100 climate warming, the Weather Research and Fore-

casting (WRF) pseudo global warming framework was used (Table 1)

(Liu et al., 2017). This framework, based on Liu et al. (2017), includes a

13-year future climate sensitivity simulation with modified initial and

boundary conditions set to the high-end, end-of-current-century

emission scenario as averaged across 19 global climate models. The

historical and future WRF simulations were first compared to gener-

ate a monthly delta value for air temperature, relative humidity and

incoming longwave radiation; the 4-km data were downscaled to 2-m

using nearest neighbour technique. The historical DHSVM forcing file

was then perturbed by the respective WRF delta values to simulate

future snow water storage and hydrologic partitioning across the

study catchment and across the same timeframe as the historical sim-

ulation. In the future simulation, hourly air temperature values

increased by an average 5�C (±1.1�C), hourly relative humidity chan-

ged by an average �2.8% (±7%), and hourly longwave radiation

increased by an average 2.5 W/m2 (±0.5 W/m2).

3.4 | Annual average SSI

To represent the continuum of snow water storage in the study catch-

ment, we derived an annual average metric (i.e., a SSI) following the

methodology of Hale, Jennings, et al. (2023). The SSI describes

the difference in timing between when effective precipitation (rainfall

or snowfall) occurs versus when water is available and delivered to

the catchment as SWI (the hourly sum of rain and snowmelt). The SSI

thus represents annual average differences between the phase and

the amplitude of effective precipitation seasonality and SWI

seasonality, creating a dimensionless value between �1 (seasonal

effective precipitation and SWI in-phase) and 1 (seasonal effective

precipitation and SWI out-of-phase). An SSI value of 0 signifies no

seasonality in effective precipitation and SWI (i.e., uniform temporal

distribution). Annual average SSI values were calculated by building

on the methodology outlined in Woods (2009), first generating an

effective precipitation sine curve, subscript P:

P tð Þ¼P 1þδP sin
2π t� sPð Þ

365

� �� �
, ð1Þ

where P is the mean annual precipitation, t is the timestamp (days), sP

is a precipitation phase shift (days) and δP is the dimensionless sea-

sonal amplitude of precipitation. Second, a SWI sine curve was devel-

oped, subscript SWI:

SWI tð Þ¼ SWI 1þδSWI sin
2π t� sSWIð Þ

365

� �� �
, ð2Þ

where SWI is the mean annual surface water inputs, t is the time-

stamp (days), sSWI is a SWI phase shift (days) and δSWI is the dimen-

sionless seasonal amplitude of SWI. To generate the SSI, the

determined phase and amplitude from Equations 1 and 2 were mathe-

matically related using a similarity index:

SSI¼� δSWI sgn δPð Þcos 2π sSWI� sPð Þ
365

� �� �
: ð3Þ

‘Sgn’ represents the ‘sign’ function, which extracts the sign of a

real number. The final calculations were multiplied by �1 to empha-

size typical snow-water-storing behaviour as a positive value, greater

than 0. During the analysis of historical and future SSI values, includ-

ing SSI constituents (SWE, P and SWI), and hydrologic partitioning,

the study domain was evaluated as an averaged whole, as individual

2 m grid cells, and as an average of grid cells with SSI >0 and an aver-

age of grid cells with SSI ≤0, a numerical threshold guided by previous

TABLE 1 Data sources and associated record lengths and spatial and temporal resolutions used in the historical and future DHSVM
scenarios.

Variable Units

Record

length Resolution Reference

Meteorological forcings Precipitation (mm), temperature (�C), wind speed (m/s),

relative humidity (%), solar radiation (W/m2)

1990–2019 Hourly,

point

Jennings et al., 2021

Effective precipitation weights No units 1996–2007 Monthly,

30-m

Jepsen et al., 2012

Streamflow l/s 1999-present Daily, point Caine et al., 2023

Soil moisture and temperature % and�C 2018-present 10-minute,

point

Methodology outlined in

Kerkez et al., 2012

Underlying geology type No units 2017 Long-term,

30-m

Horton, 2017

End-of-current-century delta

values

Temperature (�C), relative humidity (%), and longwave

radiation (W/m2)

2000–2013 Daily, 4-km Liu et al., 2017
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SSI analyses (Hale, Jennings, et al., 2023). We particularly focused on

regions of the alpine catchment with an SSI >0, because these areas

stored the majority of water in the snowpack across the catchment

had the highest potential for SSI and hydrologic change under warm-

ing conditions.

3.5 | Budyko framework

We evaluated model-derived hydrologic partitioning metrics within

the study catchment in the context of the Budyko framework

(Budyko, 1974), with an emphasis on the annual average SSI as the

primary independent variable controlling partitioning behaviour.

The Budyko framework was selected based on its ability to normalize

water partitioning across climates and the similar use of this frame-

work across several highly related studies (e.g., Barnhart et al., 2016;

Berghuijs et al., 2014; Hale, Musselman, et al., 2023; Liu et al., 2022).

Partitioning of water, in this context, is defined as the annual fraction

of effective precipitation (P) that becomes ET or Q. Evaporative

demand is quantified as PET and not reference evaporation (Bjarke

et al., 2023). To quantify annual hydrologic partitioning, we obtained

DHSVM estimates of PET
P and ET

P for each grid cell and compared them

to the respective expected values using the Budyko hypothesis (Fig-

ure 2). Due to significant spatial variability in effective P and SWE,

from wind redistribution of snow, we expected equally large spatial

variability in PET
P , ETP and Q

P (estimated via 1� ET
P ). The expected annual

partitioning behaviour estimated from the Budyko framework was

obtained for each grid cell relating the aridity index (i.e., PET
P ) to the

evaporative index (i.e., ETP ):

ETexpected

Pexpected
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PET
P

tanh
P

PET

� �� �
1� exp �PET

P

� �� �s
: ð4Þ

The Budyko framework thus served as the expected ET
P (or 1�Q

P)

value for any PET
P value. Vertical annual average anomalies were calcu-

lated as follows:

ETanom

P
¼ETexpected

Pexpected
�ETDHSVM

ETDHSVM
: ð5Þ

Where ETanom
P was the vertical difference between the expected ET

P ,

per the Budyko hypothesis, and the ET
P fraction from the DHSVM out-

put. By comparing observed versus expected partitioning behaviour,

the amount of annual effective precipitation that is partitioned to ET

relative to an expectation was determined based on the relative

water- and energy-limitation of a given modelled grid cell (Figure 2).

Thus, anomalies from the Budyko hypothesis result from overproduc-

tion of either catchment Q or ET, and these grid cells fall below and

above the line, respectively (Barnhart et al., 2016) (Figure 2). Water

partitioning may change relative to the expectation, represented by

the Budyko curve, depending on historical and future climate and

snow water storage conditions (Hale, Musselman, et al., 2023). As

such, we evaluated statistical regressions, stratified by land cover

F IGURE 2 Hypothetical depiction of the Budyko framework (Budyko, 1974), used to predict the amount of annual effective precipitation (P),
which will become evaporated (ET) or runoff (Q), based on an index of the catchment aridity (PETP ). The black line represents the Budyko
expectation. Energy-limited catchments are classified as PET

P <1, and water-limited catchments are classified as PET
P >1. The black point represents a

catchment, which partitions annual water inputs as expected. The green point represents a catchment, which partitions more water inputs to ET
than expected, and the green bracket is the quantifiable annual average anomaly from the Budyko hypothesis. Finally, the purple point represents
a catchment, which partitions more water inputs to Q than expected, and the purple bracket is the annual average anomaly from the expectation.
To quantify anomalous behaviour, the vertical difference between the line and the point is taken (Equation 5). Thus, positive annual average
anomaly values indicate points falling below the line (purple bracket) and thus more Q generated than expected, and negative annual average
anomaly values indicate points falling above the line (green bracket) and thus less Q generated than expected.
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type, between grid cell deviations from Budyko-expected ET
P values

and the annual average SSI to infer how water storage within snow-

packs influences annual hydrologic partitioning behaviour, and to infer

the sensitivity of hydrologic behaviour given the sensitivity of snow-

pack water storage to climate change.

3.6 | Monthly ratio of SWI and effective
precipitation (SWI:P)

We used a monthly average of SWI:P as an additional independent

environmental variable to compare against anomalies from the

Budyko hypothesis. Because the annual average SSI is a function of

P and SWI, a monthly SWI:P ratio provides first-principle and com-

plementary insights into sub-annual snow water storage. Specifically,

monthly SWI:P ratios greater than one indicate a release of snow-

pack water storage associated with snowmelt. Monthly SWI:P ratios

less than one indicate an increase of water storage within the snow-

pack associated with snow accumulation. And a monthly SWI:P ratio

equal to one indicates precipitation either fell as rain or melted soon

after falling as snow. As such, we expected areas with greater

annual average SSI values to experience smaller monthly SWI:P

ratios in months corresponding with periods of storage of water in

the snowpack, and large monthly SWI:P ratios when water was

released from the snowpack during a significant snowmelt period.

Conversely, areas with low annual average SSI values would experi-

ence larger monthly SWI:P ratios earlier in the year, corresponding

to more rainfall or early season snowmelt, and smaller monthly SWI:

P ratios later in the year when all snow had already melted in these

areas.

The monthly SWI:P ratio analysis was originally conducted using

a weekly timeframe, but we found that, ultimately, evaluating these

variables by month was suitable in providing a first-principle explana-

tion for water storage and release dynamics at the sub-annual scale.

Months which showed weak or insignificant relationships (r2<0.3 and/

or p>0.05) between the annual average SSI and the annual average

Budyko anomaly throughout the water year were not further exam-

ined. Grid cells generating <10 mm of SWI per average month were

also excluded from the monthly SWI:P analysis.

4 | RESULTS

4.1 | Model testing

The selected historical simulation generated an r2 = 0.67 and percent

bias = 9.6% when comparing daily simulated runoff to the catchment

stream gage from 2000 to 2019 (Bjarke et al., 2022). The optimal

parameter values for the calibrated historical simulation are reported

in Table 2. These parameter values were held consistent in the future

simulation.

To further ensure conservation of mass, we evaluated catchment

average daily precipitation, runoff, ET and sublimation to ensure that

the model was adequately representing seasonal to annual hydrologi-

cal fluxes (Figure S1). Averaged across 18 water years, error was

<10 mm. Annual average precipitation was 1033.7 mm, with

806.1 mm (78%) falling as snow between September and mid-June,

consistent with a previous study of the catchment (Bjarke

et al., 2021). The average fraction of precipitation that became runoff

(QP) was 48%, which was similar to that of previous studies within this

catchment that reported runoff ratios between 40% and 50% (Creed

et al., 2014; Knowles et al., 2015). Thus, the results of our model test-

ing efforts were deemed sufficient to move forward with the analysis.

4.2 | Effective precipitation and SWI

In the historical simulation, October through May was dominated by

snowfall (88%–100% of monthly precipitation) and thus wind expect-

edly redistributed the solid precipitation, resulting in relatively more

effective precipitation in the northwest and central portions of the

study catchment. As a result, large snowdrifts formed in these areas,

whereas less effective precipitation remained in the eastern region of

the catchment (Figure S2a). However, in the future simulation,

increased temperatures led to shifts from snowfall to rainfall in Octo-

ber and May and thus caused significant spatial changes in effective

precipitation during these months across simulations (Figure 3;

Figure S2a and S2b). With warming, there was a 77% and 91%

decrease in snowfall in October and May, respectively. Smaller

changes in snowfall fraction (<15% decrease) and effective precipita-

tion (<5%) between simulations occurred in November and April.

December–March precipitation remained 100% snowfall in both sce-

narios, resulting in no changes in effective precipitation (Figure 3).

Associated monthly changes in sublimation and ET were <1 mm.

With warming, the decreased snowfall fraction and spatial hetero-

geneity of effective precipitation caused SWI generation to shift in

time and space between historical and future simulations across the

catchment, with snowmelt occurring an average 1 month earlier in

the future, warming simulation (Figure 4). In the historical simulation,

monthly SWI was 0 mm/month when precipitation was falling as

snow in October through March (without snowmelt) but increased to

a catchment average of 63 mm/month in April–July as the snowpack

TABLE 2 DHSVM parameters evaluated during the calibration
phase of this work and the values selected for optimal model
performance.

Model parameter Units

Selected

value

Lateral conductivity No

units

0.001

Exponential decay No

units

5

Snow water content m/m 0.03

Maximum temperature at which snow

occurs

�C 4.5
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melted (Figure S3a). The catchment sub-regions with snowdrifts gen-

erated the most monthly SWI during the snowmelt period (>300 mm/

month). In contrast, the future simulation resulted in 0 mm/month of

SWI from December through February, but SWI increased to a catch-

ment average of 58 mm/month in March–June (Figure S3b). Thus,

more catchment average SWI was generated in the future simulation

in October, November and March–May, but substantially less SWI

was generated in June and July. On average, snowmelt-generated

SWI occurred one-month earlier in the future simulation than in the

historical simulation (Figure 4). Further, in wind-scour regions,

increases in rainfall fraction with warming resulted in SWI increases in

October, November and May, when there had previously been very

little SWI generation in the historical simulation owing to wind-scour-

ing of snow (Figure 4).

4.3 | Snow storage index

Changes in timing and magnitude of effective precipitation and SWI

between historical and future simulations resulted in catchment aver-

age decreases in the SSI, with an average 57% decrease in SSI occur-

ring in significant snow water storing areas with a positive SSI value

F IGURE 3 Differences in monthly average effective precipitation across the study catchment between the historical simulation and future
simulation, during only months when effective precipitation did change between simulations. Purple shading represents increases in effective
precipitation with warming, and white and red shading represents little change or decreases in effective precipitation with warming across
simulations.

F IGURE 4 Differences in monthly average surface water inputs (SWI) across the study catchment between the historical simulation and
future simulation, during only months when effective precipitation did change between simulations. Purple shading represents increases in SWI
with warming, and white and red shading represents little change or decreases in SWI with warming across simulations.
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and snowdrifts (Figures 5, 6 and S4). More specifically, the wind redis-

tribution of snowfall created significant differences in average annual

SWE across the catchment and corresponding spatial differences in

historical snow water storage. In the historical simulation, average

annual SWE across the catchment was 53 mm, where areas with

snowdrifts accumulated a maximum average annual 208 mm of SWE

(4� the catchment mean) and wind-scoured regions accumulated a

minimum average annual SWE of less than 1 mm, suggesting near

zero snow coverage throughout the year (Figure 5a). In turn, the

catchment average SSI was �0.07 in the historical simulation, with a

grid cell SSI range of 0.84 in wind deposition areas with snowdrifts

(>10� the mean) to �1 in wind-scoured regions of the catchment

(Figure 5b). Thus, regions of the catchment with snowdrifts and posi-

tive SSI values were spatially similar to regions with significant SWE

accumulation, and experienced highly seasonal effective precipitation

and SWI, which were considerably out-of-phase with one another

(average positive SSI grid cell shown in Figure 5c). On average, these

areas experienced an annual SSI of 0.75.

Conversely, regions of the catchment with a small and negative

SSI value experienced little annual SWE accumulation and thus less

seasonal effective precipitation and SWI, which were in-phase with

one another (average negative SSI grid cell shown in Figure 5d). On

average, these areas experienced an annual SSI of �0.91. Thus, the

average catchment SSI was low because most of the catchment (84%)

exhibits significant wind-scour of snow and thus small average SWE

values (Figure 5a), which is the driver of temporal misalignment

between precipitation and SWI. However, the remaining 16% of the

catchment has historically experienced wind deposition of snow and a

relatively large magnitude of effective precipitation, average annual

SWE and SWI, which drastically misalign peak effective precipitation

and peak SWI (Figure 5c). These areas with snowdrifts serve as sub-

stantial snow water storing regions within the catchment signifying

the highest potential for change with future climate warming.

In contrast, in the future simulation, reduced wind redistribution

of snowfall created reduced heterogeneity in average annual SWE

and snow water storage across the catchment. In the future simula-

tion, average annual SWE across the catchment was 37 mm, where

areas with snowdrifts accumulated a maximum average annual SWE

of 158 mm (i.e., 4� the catchment mean) and wind-scoured regions

accumulated a minimum average annual SWE of less than 1 mm, sug-

gesting consistent near zero snow coverage throughout the year

(Figure 6a). In turn, the catchment average SSI was �0.11 in

the future simulation, with a grid cell SSI range of 0.42 in areas with

snowdrifts to �1 in wind-scour regions of the catchment (Figure 6b).

Regions of the catchment with a positive SSI value were spa-

tially similar to regions with significant SWE accumulation in the

future simulation. However, in comparison to the historical simula-

tion, both the magnitude of seasonal effective precipitation and

SWI, and the associated temporal misalignment, in positive SSI

regions were decreased in the future simulation, (average positive

SSI grid cell shown in Figure 6c). This resulted in 100% decreases in

SSI occurring in regions with snowdrifts and a positive SSI value,

suggesting a disproportionally large impact on the SSI with warming

in considerable snow water storing regions of the alpine. On aver-

age, these areas experienced an annual SSI of 0.32. Conversely,

regions of the catchment with a negative SSI value remained some-

what unchanged (<5% average difference) with little annual SWE

accumulation and low seasonality in effective precipitation and SWI,

which were in-phase with one another (average negative SSI grid cell

shown in Figure 6d). On average, these areas experienced an annual

SSI of �0.87. In total, 92% of the catchment experienced a negative

SSI in the future simulation, resulting in the negative catchment

average SSI. Spatially distributed percent change in SSI is shown in

Figure S4.

4.4 | Hydrologic partitioning

Contrasting changes in runoff with warming revealed differences in

partitioning behaviour between positive and negative SSI regions of

F IGURE 5 Historical simulation (a) average annual snow water equivalent (SWE) (mm) for each grid cell in the study catchment and
(b) corresponding Snow Storage Index (SSI) values. Panel (c) shows the average monthly effective precipitation (mm, top) and SWI (mm, bottom)
for all grid cells with a positive SSI value (purple grid cells in b). Panel (d) shows the average monthly effective precipitation (mm, top) and surface
water inputs (SWI) (mm, bottom) for all grid cells with a negative SSI value (tan grid cells); note that in c and d corresponding seasonality curves
are shown.
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the catchment, with continued disproportionally anomalous behaviour

occurring in regions of the catchment with snowdrifts. First, evaluat-

ing the catchment under the Budyko hydrologic partitioning hypothe-

sis, the catchment annual average Budyko anomaly was 0.50 in the

historical simulation and 0.44 in the future simulation, resulting in an

average 12% decrease in partitioning of effective precipitation to run-

off from the expectation under warming. However, across the catch-

ment by grid cell, the hydrologic partitioning response to a warming

climate varied in direction and magnitude (Figure 7a). On average, in

areas of the catchment with snowdrifts and where SSI was originally

positive, aridity (PETP ) and evaporative (ETP ) indices were relatively low

compared with areas with a negative SSI. Ultimately, the positive SSI

regions, signifying substantial snow water storage, generated an aver-

age Budyko anomaly of 0.53 in the historical simulation and 0.55 in

the future simulation (Figure 7b). This partitioning result with warming

indicates that, on average and in both simulations, areas with a posi-

tive SSI generated more runoff than expected from the Budyko

hypothesis (i.e., points fall below the line and generate a positive

anomaly value). And with warming, these areas experienced an aver-

age 4% increase—with a maximum grid cell 10% increase—in partition-

ing of effective precipitation to runoff (average positive SSI grid cell

shown Figure 7b).

Conversely, wind-scoured areas of the catchment where SSI was

originally negative generated an average Budyko anomaly of 0.48 in

F IGURE 7 (a) Spatially distributed % change in annual average Budyko anomaly between the control and warming simulations. Purple
shading indicates increases in partitioning of effective precipitation to runoff in the warming simulation, whereas white and tan shading indicates
decreases in partitioning to runoff in the warming simulation, (b) Average PET

P and ET
P for all grid cells with a positive Snow Storage Index (SSI) value

(purple grid cells) and 0 or negative SSI value (white and tan grid cells) in Budyko space with noted anomaly values for each simulation. The
historical simulation is represented by an open circle and dashed line, and the future simulation is represented by a solid circle and solid line. The
double-arrowheads represent the way in which anomaly values were calculated (y-value of black curve minus y-value of point).

F IGURE 6 Future, warming simulation, (a) average annual snow water equivalent (SWE) (mm) for each grid cell in the study catchment,
(b) corresponding Snow Storage Index (SSI) values. Panel (c) shows the average monthly effective precipitation (mm, top) and surface water inputs
(SWI) (mm, bottom) for all grid cells with a positive SSI value (purple grid cells). Panel (d) shows the average monthly effective precipitation (mm,
top) and SWI (mm, bottom) for all grid cells with a negative SSI value (tan grid cells); note that in c and d corresponding seasonality curves are
shown.
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the historical simulation and 0.43 in the future simulation. This parti-

tioning result also reveals that, on average and in both simulations,

areas with a negative SSI generated more runoff than expected from

the Budyko hypothesis (i.e., points fall below the line). With warming,

these areas experienced an average 10% decrease—with a maximum

grid cell 100% decrease—in partitioning of effective precipitation to

runoff (Figure 7b). Again, because the regions of the catchment with a

negative SSI make up the majority (84%–92%) in both simulations, a

catchment average decrease in hydrologic partitioning to runoff was

seen. Thus, the relatively small increases in runoff partitioning in sig-

nificant snow water storing regions of the catchment (i.e., areas with

snowdrifts and a positive SSI) represent contrasting partitioning

behaviour from the mean and likely reduced or buffered the overall

runoff loss in annual catchment runoff, particularly as these sub-

regions dramatically change with warming. A summary of all total,

maximum and/or mean landscape, hydrologic flux and snowpack

values and characteristics, across averaged positive and negative SSI

regions of the catchment and the historical and future simulations, are

listed in Table 3.

4.5 | Annual average SSI and hydrologic
partitioning

To determine the influence of snow water storage and release on

hydrologic partitioning across the catchment, we place emphasis

on grid cells with an SSI >0 in the alpine meadow land cover type,

since this vegetation type represents the majority of the catchment

(�55%, Figure 8a). In these areas, there was a strong and negative

relationship between annual average SSI and annual Budyko anomaly,

indicating that decreases in annual average SSI led to increases in the

annual average Budyko anomaly (i.e., more partitioning to runoff than

expected). These relationships were strong in both historical and

future simulations (Figure 8a); with an r2 of 0.70 and 0.45, (p < 0.05)

respectively.

Interestingly, the bare ground and closed shrub land cover types

did not show a similar relationship between SSI and Budyko anomaly

as that seen in the alpine meadowland cover type (Figure 8b,c). Fur-

ther, open shrub and evergreen broadleaf forest land cover types

showed insignificant (p > 0.05) relationships between the annual

TABLE 3 Annual average water balance, snow water storage, and hydrologic partitioning total, average, and/or maximum values for the
averaged grid cells where SSI >0 and SSI ≤0. The following variables are reported for both historical and future simulations.

Variable Historical SSI >0 Future SSI >0 Historical SSI ≤0 Future SSI ≤0

Spatial coverage (%) 16 8 84 92

Predominant land cover

types

Bare ground, Alpine

Meadow, Closed Shrub

Bare ground, Alpine

Meadow, Closed Shrub

Alpine Meadow, Open Shrub,

Evergreen Broadleaf

Alpine Meadow, Open Shrub,

Evergreen Broadleaf

Monthly Effective Precip

(mm)

72 (mean), 100 (max)

862 (annual sum)

69 (mean), 100 (max),

945 (annual sum)

44 (mean), 79 (max)

533 (annual sum)

54 (mean), 79 (max)

642 (annual sum)

Monthly SWE (mm) 143 (mean), 341 (max) 70 (mean), 149 (max) 56 (mean), 117 (max) 17 (mean), 39 (max)

Date of Max SWE May 21 March 26 May 17 March 15

Snow-covered days 313 182 295 136

Monthly SWI (mm) 64 (mean), 265 (max)

768 (annual sum)

75 (mean), 330 (max)

895 (annual sum)

39 (mean), 93 (max)

462 (annual sum)

45 (mean), 81 (max)

539 (annual sum)

Annual ET/P 0.23 0.28 0.45 0.52

Annual PET/P 1.24 1.51 2.37 2.93

SSI 0.75 0.32 �0.91 �0.87

Budyko Anomaly 0.53 0.55 0.48 0.43

F IGURE 8 Grid cell scale annual average Snow Storage Index (unitless) regressed against the annual average Budyko anomaly (unitless)
within the (a) bare ground, (b) alpine meadow and (c) closed shrub land cover types in the (black) historical simulation and (red) future simulation.
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average SSI and the annual average Budyko anomaly (Figure S6). Such

differences in the relationship shown in Figure 8 and Figure S6 shed

light on different potential hydrologic mechanisms acting on the

catchment at one time. Further, this may also be related to decreased

sample size, compared with the alpine meadow land cover type, sub-

surface characteristics, increased overstory and understory density, or

model treatment of canopy (see Section 5.3 and 5.4).

4.6 | Monthly SWI:P ratio and hydrologic
partitioning

In the historical simulation, the catchment monthly average SWI:P

ratio was <1 in October–March and >1 in May and June (Figure 9a).

However, in the future, warming simulation, the catchment monthly

average SWI:P ratio was �1 in October–November and >1 in April

and May (Figure 9b). To depict change across simulations, Figure 9c

shows the difference in catchment monthly average SWI:P ratios,

where a positive value (e.g., October through May) indicates the

catchment monthly amount of SWI relative to catchment monthly

precipitation increased in the future simulation. A negative value (e.

g., June) indicates decreased June SWI relative to June precipitation

in the future simulation. Thus, the vast majority of months showed

reductions in the storage of water as snow with warming and instead

increases in water release from the snowpack. Notably, these

increases in winter and spring catchment monthly average SWI:P

ratios were balanced by a very large decrease in monthly average

SWI:P in June.

Spatially, in both simulations, the Budyko anomaly exhibited a

statistically significant relationship with monthly SWI:P (p < 0.05 in all

months) in the alpine meadowland cover type, particularly in areas

where SSI >0 and during periods of water storage (e.g., February,

March and April), and water release (e.g., May and June) (Figure 10a).

Notably, SWI:P incrementally increases throughout these months (i.

e., magnitude of x-axis). In the historical simulation, the relationship

between monthly SWI:P and average annual Budyko anomaly was

positive in late winter and early spring months (e.g., February through

F IGURE 9 Monthly catchment average ratios of surface water
input generation (rainfall + snowmelt) to precipitation (SWI:P) during
the (a) historical simulation, and (b) future simulation, and the
(c) difference in the monthly average SWI:P ratios between
simulations. SWI, surface water inputs.

F IGURE 10 Grid cell scale monthly SWI:P ratios (unitless) regressed against the annual average Budyko anomaly (unitless), stratified by Snow
Storage Index (SSI) values (>0) within the alpine meadowland cover type in the (a) historical simulation and (b) future simulation. SWI, surface
water inputs.
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May panels). In these months, the largest SWI:P ratios, corresponding

with the smallest SSI values, and yielded the largest annual average

Budyko anomalies (e.g., Figure 10a, February panel). In June, SWI:P

reached its maximum in large SSI regions as the sign of the relation-

ship changed from positive to negative (Figure 10a). And while the

SWI:P was highest in large SSI areas experiencing significant snow-

melt, these regions yielded the smallest annual average Budyko anom-

alies (e.g., Figure 10a, June). The relationships between monthly SWI:

P and annual average Budyko anomaly persisted in the warming simu-

lation (Figure 10b). With changes in the SWI:P ratio magnitude, the

slope of the regression changed sign from positive to negative in the

month of May—one month earlier than in the historical simulation—

indicating earlier release of water from the snowpack in large SSI

areas with warming.

Additional land cover types and all grid cells/SSI values are shown

in Figures S7, S8 and S9. No statistically significant relationship

(p > 0.05 in all months) existed between the monthly average SWI:P

and the annual average Budyko anomaly in the evergreen broadleaf

forest vegetation type (not shown), and or open shrub land cover type

(Figure S10), suggesting added complexity in the SWI:P-Budyko

anomaly relationship around forest canopies.

5 | DISCUSSION

5.1 | Snow storage index

Snow water storage, represented by the annual average SSI, is

expected to decrease with climate warming due to shifts in the timing

and magnitude of its components, effective precipitation and SWI

(Hale, Jennings, et al., 2023). However, the impact that declines in

snow water storage have on downstream partitioning of water to run-

off or ET has remained relatively unknown, particularly at the alpine,

headwater catchment scale and under future climate conditions (Hale,

Musselman, et al., 2023). Our select alpine headwater catchment in

the Rocky Mountains of Colorado, USA, represents the complete

range of SSI values (�1 to 1), with extreme heterogeneity in snow-

pack accumulation and thus misalignment between seasonal precipita-

tion and SWI. The extreme spatial variability of precipitation inputs,

particularly of snowfall, is governed by the wind redistribution of

snow, and the subsequent high degree of spatial heterogeneity in the

hydrologic response to precipitation inputs makes the Saddle Catch-

ment a compelling location to evaluate these fine scale relationships.

As the climate warms, lower elevations are experiencing more

precipitation as rainfall and the snowpack is melting earlier in the year

(Mote et al., 2018; Musselman et al., 2017, 2021). Given the relatively

high elevation of the Saddle Catchment, the watershed has not yet

experienced many of the expected hydrological consequences of

warming (Jennings and Molotch, 2020). However, the end-of-century

warming simulation conducted here illustrates the potential conse-

quences of warming on snow water storage in areas prone to signifi-

cant wind redistribution of snow, a characteristic feature of alpine

environments. In turn, the effects of future precipitation phase shifts

towards more rainfall and less snowfall in the study area decreased

the modelled spatial heterogeneity of effective precipitation through-

out the year because snowfall was redistributed by wind whereas

rainfall was not (Winstral et al., 2013). These changes drove a shift

towards earlier SWI across the catchment (Figures 3, 4 and S2). Such

changes in precipitation inputs and water availability created dispro-

portionally large SSI decreases in snow water storing areas with snow-

drifts, which decreased by 57% on average (Figures 6 and S4). The

modelled changes in SSI are meaningful as they highlight the spatially

disparate climate sensitivities between areas with positive SSI versus

negative SSI.

5.2 | Hydrologic partitioning

With warming, the effect of rainfall occurring in autumn and spring

months and snowmelt occurring earlier in spring when atmospheric

demand was relatively low resulted in greater partitioning of effective

precipitation to runoff in areas with SSI >0 (average 4% increase).

Thus, decreased effective precipitation and increase in SWI earlier in

the year in the future simulation, brought on by warming and earlier

snowmelt, may influence sub-catchment hydrology and increase parti-

tioning of water inputs to runoff more than the corresponding influ-

ence from increased PET and ET that is commonly associated with

warmer air temperatures (Mahanama et al., 2012; Tang & Lettenma-

ier, 2012). These results may be somewhat unique to alpine environ-

ments given the relatively thin soils, shallow rooting depths, and

significant energy limitations relative lower elevation forested areas

(Burns, 1980; Williams et al., 1996).

Interestingly, the 10% decrease in hydrologic partitioning to run-

off with warming in historically negative SSI areas suggests that

increases in water availability from more uniformly distributed rain-

fall—which acted to increase effective precipitation in these areas—

did not exceed increases in evaporative demand associated with

warming (Figure 7 and Table 3). Thus, overall partitioning to ET in

these areas increased. In turn, increased alignment of SWI and PET in

arid areas (e.g., wind-scoured, negative SSI areas) by way of increased

fall and spring season rainfall with warming acted to decrease hydro-

logic partitioning to streamflow. This is consistent with previous work

showing that changes in the energy budget and increased evaporative

demand are more impactful on hydrologic partitioning in arid areas of

the catchment than less arid regions (e.g., snowdrifts, positive SSI

regions) (Foster et al., 2016). Catchment average and grid-cell changes

in hydrologic partitioning to runoff with warming were also consistent

with a previous study evaluating opposing mechanistic ‘perspectives’,
which impact runoff differently across wet and dry years (water-i

vs. water-ii in Liu et al., 2022). Quantifying the amount that a histori-

cal snowmelt pulse or varying temporal misalignment between water

availability and evaporative demand regulate hydrologic partitioning in

sub-regions of the study catchment was beyond the scope of this

work. Future field-based studies are needed to investigate and quan-

tify the hydrologic impact of these mechanisms (Fan et al., 2019;

Wlostowski et al., 2021).
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Because the study catchment has historically experienced �80%

of its annual precipitation in the form of snow (Bjarke et al., 2021), the

potential changes in snow water storage and hydrologic portioning

characterized herein are important to potential ecological and biologi-

cal stresses within and around the catchment and similar alpine areas

globally (Wieder et al., 2022).

5.3 | SSI controls on hydrologic partitioning

On average, a larger catchment SSI in the historical simulation led to

more partitioning of effective precipitation to runoff (Q) than in the

future simulation. Similarly, model simulations show that for all land

cover types, the average Budyko anomaly is far greater in areas with

greater SSI (Figure S6). However, within sub-regions of the catchment

storing >90% of the catchment water in the snowpack (i.e., SSI values

>0), the relationship between SSI and annual average Budyko anoma-

lies showed that larger SSI values partitioned less effective precipita-

tion to runoff (Q) from the expected Budyko hypothesis compared

with SSI values closer to 0 (Figure 8). This was particularly true in the

alpine meadow land cover type (p < 0.05, r2 = 0.70 and 0.45)—which

represents the majority of the catchment area—indicating comparable

and/or improved predictive power of the annual average SSI to water

partitioning relative to previous works relating snowmelt rate (e.

g., Barnhart et al., 2016, r2 = 0.9–0.72), and snow fraction (e.

g., Berghuijs et al., 2014, r2 = 0.30) to the annual average Budyko

anomaly.

The SSI-Budyko anomaly result is comparable to larger-scale work

relating annual average SSI values to annual average Budyko anoma-

lies across the western United States (e.g., Hale, Musselman,

et al., 2023, r2 = 0.03–0.62). However, this work additively suggests

that sub-catchment scale impacts of SSI on hydrologic partitioning

may differ depending on snowpack heterogeneity, potentially buffer-

ing catchment average losses in runoff. In the future, positive SSI

values are related to increased partitioning of annual precipitation

inputs to runoff from the Budyko expectation. This suggests that the

temporal misalignment between water availability earlier in the year (i.

e. increased winter and early spring SWI with warming) and atmo-

spheric demand in warmer, summer months (i.e. increased summer

PET with warming) is an important determinant of hydrologic sensitiv-

ity to warming (Barnhart et al., 2016; Foster et al., 2016; Hale, Mus-

selman, et al., 2023). Moreover, the different partitioning responses to

warming across land cover types and positive versus negative SSI

regions and historically versus in the future—across a single catch-

ment—represent a potential paradox in the snow water storage and

annual runoff partitioning relationship (Figures 8, S7, S8 and S9). Fur-

ther consideration is needed to disentangle the drivers of hydrologic

partitioning characteristics across spatially heterogeneous alpine

catchments like the Saddle Catchment.

Alpine headwater areas like the Saddle Catchment provide the

majority of downstream water resources in many semi-arid mountain-

ous regions of the globe (Beniston & Stoffel, 2014; Knowles

et al., 2015). The results herein carry significant implications for

understanding climate-related changes to runoff production and the

associated spatial complexity of these changes. As warming and

changes in precipitation phase continue (Ikeda et al., 2021), areas with

significant snowdrifts may produce proportionally more runoff than

they have historically but catchment-average proportional runoff may

decrease. In addition to the important considerations of these poten-

tial changes for water resources, these changes may also effect spa-

tio-temporal variability in soil moisture, groundwater recharge, plant

productivity and nutrient cycling (Kormos et al., 2014; McNamara

et al., 2005).

5.4 | Limitations

The SWE reconstruction model—which provided the basis for snow-

fall distribution—relied on satellite imagery for snow cover informa-

tion (Jepsen et al., 2012) which has less reliability below forest canopy

cover. However, because forest cover makes up only 3.6% of the

study area, we expect these limitations to be small and isolated.

We limited the warming perturbations to air temperature, relative

humidity and incoming longwave radiation. Across the historical and

future simulations, we held historical precipitation constant, only

allowing for changes in effective precipitation due to differences in

phase (snowfall vs. rainfall). Allowing precipitation amount to change

would have eliminated a means of deciphering how changes in SSI

impact ET and runoff, as changes in precipitation would have also

impacted annual partitioning (Brooks et al., 2015; Kalra &

Ahmad, 2011; Kittel et al., 2015). The annual average projected

change in precipitation in the catchment was small, with an annual

average +6.7% (October–April = +8.5%; May–September = +3.3%)

(Liu et al., 2017). Future increases in precipitation would expectedly

alter the timing and amount of water availability from the catchment,

the annual average SSI, and monthly SWI:P.

While land cover, soil and subsurface characteristics were held

constant across simulations in this work, it is likely that the long-term

distribution of land cover classification will change with warming

(Brooks et al., 2015). As such, it is expected that the extent of tree line

may expand to higher latitudes and elevations (Brooks et al., 2015), and

it is known that shrubs are increasing in this area (Bueno de Mesquita

et al., 2018). Increased shrubs and forest cover could increase snow

retention and decrease blowing snow while also increasing ET (Barn-

hart et al., 2021; Bueno de Mesquita et al., 2018). Subsequently,

decreases in wind redistribution of snow would further reduce snow-

drifting, which is currently critical in storing snow until later in the year

and producing SWI in spring and summer months. Thus, with expected

changes in land cover type across the study area to include more can-

opy cover (not currently represented in this study), seasonal and annual

ET and Q will likely also change in the future, increasing or decreasing

due to a variety of landscape processes and environmental interactions.

Lastly, the scale and accuracy of precipitation forcing data may

have dramatic impacts on runoff simulation accuracy. Even at smaller

catchment scales, spatial variability of precipitation has been shown

to translate into large variations in modelled runoff (Faurès
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et al., 1995; Goodrich et al., 1995). Limitations may be addressed in

future work with higher resolution precipitation data and/or including

a longer simulation period, which may enhance the initial model cali-

bration process.

6 | CONCLUSION

This study addresses critical knowledge gaps in alpine hydrology by

quantifying the spatial complexity of alpine snow water storage char-

acteristics, how they are changing with time, and quantifying the

mechanism by which snow water storage affects hydrologic partition-

ing. In this context, there are three important findings: First, we show

that warming causes the SSI to decrease in snowdrift areas (average

�57%) and increase in wind-scour areas (average +4%). Decreases in

snow water storage in positive SSI regions with snowdrifts were due

to increased proportional rainfall and earlier snowmelt timing, indicat-

ing reduced storage of water in the snowpack for a shorter period of

time in the future. Second, we show that the SSI explains up to 70%

of the variability in the Budyko anomaly across most of an alpine

headwater catchment (r2 = 0.70; p < 0.05), which is significantly

greater than previous studies performed at larger scales. This is an

important result as it implies that the SSI may provide an important

avenue to further explore mechanisms governing hydrologic partition-

ing. Third, we show that the partitioning response to warming is oppo-

site in snowdrifts (i.e., SSI >0) versus wind-scour areas (i.e., SSI <0)

whereby the Budyko anomaly increased by an average 4% in snow-

drift areas but decreased by an average 10% in wind-scour areas. This

result suggests that, in snowdrift areas, an increased temporal misa-

lignment between water availability (i.e., SWI) and water demand (i.

e., PET) with warming will drive increases in runoff in the areas most

sensitive to warming. Conversely, wind-scour areas may see increased

partitioning to ET with warming given that increases in SWI in these

areas are unlikely to exceed soil moisture field capacities, as required

for runoff generation. This differential response may be associated

with the distinct energy-limited versus water-limited characteristics of

snowdrift versus wind-scour regions, respectively. In this context,

areas storing more water as snow (SSI >0) partitioned proportionally

more water to runoff than areas with less snow water storage regions

(SSI ≤0). Yet as annual catchment average SSI decreases with future

warming, the partitioning of effective precipitation to runoff is

expected to exhibit spatially heterogeneous impacts on runoff parti-

tioning. The contrasting hydrologic sensitivities to warming between

areas with snowdrifts versus those that are wind-scoured are impor-

tant in the context of downstream water resources and the hydrology,

ecology and biogeochemistry of alpine systems.
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