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Summary:

Snowmelt from mountain headwater basins supplies approximately 80% of the runoff to
reservoirs in the western United States (WUS), and is therefore a key component of western
hydropower. Yet predicting runoff from hydrometeorological data in complex terrain —and its
sensitivity to disturbances and extremes—remains highly uncertain. Basic science uncertainties
include how inflows to reservoirs respond to shifts in precipitation timing, amount, phase (rain
versus snow), the impacts of evolving forest/land cover due to disturbances, and the often
overlooked role of groundwater in the mountain hydrologic cycle. Challenges to address these
questions arise in validating and downscaling climate data for use in physics-based or Al-driven
watershed models, assessing biases and process fidelity in these models, and scaling process
understanding from plot/hillslope/intensive field campaigns to watershed and hydropower-
relevant scales. Further, water management restrictions and policies drive reservoir operation
guidelines such as stationary rule curves, with the potential to inhibit energy production and
water supply.

1.Existing Challenges:

1.a The Roles of Mountain Groundwater

Reservoir inflows are declining in many regions even in years with average snowpack and
precipitation (Hogan & Lundquist, 2024; Xiao et al., 2018). The disconnect varies in time in
ways that are not understood, but may include interactions with declining mountain groundwater.
As air temperature increase and low-to-no snow conditions become more prevalent, a series of
changes to the mountain water cycle are possible, including increases in evapotranspiration,
declines in groundwater recharge, and alterations to surface water-groundwater interactions
(Meixner et al., 2015, Siirila-Woodburn et al., 2022). Studies point to the potential for declines in
runoff with less snow and more rain (Berghuijs et al., 2014), so that runoff that does occur is
increasingly reliant on groundwater (Carroll et al., 2019). Although difficult to observe in
complex mountain terrain, recent studies point to the prevalence of old water buffering
streamflow (Meyers et al., 2021, Thiros et al., 2024, Carroll et al., 2024). Reconciling runoff
observations with geochemical tracers of hillslope runoff processes, groundwater data, and
advanced subsurface modeling is required to quantify the contribution of groundwater to
reservoir inflows, and the impacts to reservoir operations as groundwater depletion occurs.

1.b Hydrometeorological Data Downscaling in Complex Terrain
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The current generation of global models and atmospheric reanalyses are too-coarse to capture
heterogeneity of snowfall and snowmelt energetics in mountain terrain (Wrzesien et al., 2019).
Water resource studies regularly use dynamical downscaling models (Liu et al., 2017; Prein et
al., 2015) and high-resolution Numerical Weather Prediction (NWP) models (Benjamin et al.,
2016; Powers et al., 2017), though such models can still have significant biases in snowpack
relevant fields (Rudisill et al., 2024) that are difficult to quantify given data sparsity in mountain
terrain (Lundquist et al., 2019). Relatedly, selecting appropriate downscaling methods, bias-
corrections, and appropriate GCM projections for water resource planning is an area of active
work (Rahimi et al., 2024).

A substantial fraction of WUS precipitation falls within several degrees of freezing
(Bales et al., 2006). Better observations of precipitation phase are needed, as traditional
empirical metrics can perform poorly (Jennings et al., 2025). NWP models, while demonstrating
skill in some snow climates (Currier et al., 2017), require further validation in hard-to-observe
terrain. Further, rain falling onto snowpacks can cause rapid melt and flooding, but the physical
mechanisms through which rain-on-snow manifests as extreme runoff is open to investigation
(Heggli et al., 2022), and could be valuable improvements for reservoir operations under
extremes and new approaches such as forecast informed reservoir operations (FIRO).

Snowpack water storage is the first-order variable for runoff prediction, but estimates of
this basic quantity merit additional efforts towards quantification using novel model and data-
informed fusion products. Low-to-no-snow conditions not only portend lower runoff volumes
(Siirila-Woodburn et al., 2021), but also will limit the efficacy of observational networks for
measuring snow (Cowherd et al., 2024). The areal extent of snowpack is well-monitored from
space (Notarnicola, 2020), but mass estimates remain elusive. Airplane based LIDAR is the
current-gold standard for mapping snow mass, but is limited in spatial and temporal extent.
Satellite radar missions (Kellogg et al., 2020) may successfully retrieve snow mass but scientific
challenges remain. Recent work suggests targeted placement of observations may provide
equivalent utility as basin-wide snowpack mass (Raleigh et al., 2025) for water-yield modeling.

1.c Landscape Disturbance and Human Management Impacts on Snowpack Processes
The impact of forest disturbance on snow processes and subsequent runoff contradicts simplistic
rules-of-thumb, as forest/snow intersections occur through a number of competing mechanisms
(Lundquist et al., 2021). There is a need for basic science research to understand how landscape
disturbances, including large-scale wildfire, impact snowmelt, accumulation, and the partitioning
of water into evapotranspiration, recharge, and runoff. The extent to which human management
of forests can optimize snow retention and runoff, with multi-objective benefits to reservoir
operations, merits further inquiry, though the solutions are likely climate and ecosystem
dependent (Dickerson-Lange et al., 2021).

Quantifying the impact of established or novel weather cloud seeding activities on
precipitation and reservoir inflows is an area of ongoing research, including quantifying the
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frequency and extent of storm systems with conditions favorable for seeding, as well as optimal
design for ground based seeding instruments.

2. Near-Term Opportunities:

Current challenges to reservoir inflows have never been greater, highlighting the need for
actionable science. Minimum flow forecasts suggest minimum power pool in the Upper
Colorado may be achieved by fall of 2026, underscoring the vital importance of improving
seasonal-to-subseasonal runoff predictions. Reservoir operations at the single storm-scale are
trending towards more active management, with the adoption of FIRO policies across the WUS?
that may increase reservoir storage into the dry season by limiting winter and spring release.

Key science areas that need to be advanced to address the challenges and respond to
opportunities are as follows:

2a. Incorporating Basic-Science Knowledge from Intensive Surface-to-Subsurface Study
Sites into Physics Based or Al models for Runoff Prediction

Long standing, field based intensive research efforts in water-resource vital mountain terrain
have yielded insights into runoff generation processes at the sub-watershed, hillslope, and plot
scales. Key insights from observations, as well as the physical processes driving the
observations, are needed for achieving a basic level of skill in models so that they can reproduce
hydrologic phenomena such as hydrographs. Multi-year observations of high-elevation water
cycles, such as those from the Watershed Function Scientific Focus Area (Hubbard et al., 2020),
provide these difficult to obtain data and subsequent scientific insights. Examples include the
temporal decline in groundwater storage (Tokunaga et al., 2019), groundwater age distributions
(Thiros et al., 2023), and the spatio-temporal rain-snow partitioning to plant water use or
streamflow (e.g. Sprenger et al., 2022). Importantly, these unique observations provide
opportunities for training data with new Al modeling approaches to be applied elsewhere.

2b. Leveraging Insights from Atmospheric Observatories

DOE investments in atmospheric observations in complex terrain, including the Surface
Atmosphere Integrated Field Laboratory (SAIL) and STORMVEX ARM field campaigns also
provide important benchmark data for AI models to capture essential atmospheric processes that
drive surface hydrology. Such laboratories can and have informed challenges such as
precipitation phase modeling, cloud-seeding-relevant microphysical processes, snowmelt energy
budgets (Rudisill et al., 2025; Sedlar et al., 2024), quantitative precipitation estimates (Heflin et
al., 2024), and NWP model competency in complex terrain (Adler et al., 2023; Rudisill et al.,
2024). Research is needed on optimal Al methods for utilizing these many, heterogeneous data
sources to advance estimates of water inputs to and output from these watersheds, to estimate
snowpack extent and water content, and to identify new observational data needs.

References


https://paperpile.com/c/UH1UCQ/ziv8
https://paperpile.com/c/UH1UCQ/eAd1+mZ5L
https://paperpile.com/c/UH1UCQ/0KiL
https://paperpile.com/c/UH1UCQ/0KiL
https://paperpile.com/c/UH1UCQ/3DwM+71kv
https://paperpile.com/c/UH1UCQ/3DwM+71kv

Adler, B., Wilczak, J., Bianco, L., Bariteau, L., Cox, C. J., de Boer, G., et al. (2023). Impact of seasonal snow-cover change on
the observed and simulated state of the atmospheric boundary layer in a high-altitude mountain valley. Journal of
Geophysical Research. https://doi.org/10.1029/2023jd038497

Bales, R. C., Molotch, N. P., Painter, T. H., Dettinger, M. D., Rice, R., & Dozier, J. (2006). Mountain hydrology of the western
United States. Water Resources Research, 42(8). https://doi.org/10.1029/2005wr004387

Benjamin, S. G., Weygandt, S. S., Brown, J. M., Hu, M., Alexander, C. R., Smirnova, T. G, et al. (2016). A North American
Hourly Assimilation and Model Forecast Cycle: The Rapid Refresh. Monthly Weather Review, 144(4), 1669—1694.
https://doi.org/10.1175/MWR-D-15-0242.1

Berghuijs, W. R., Woods, R. A., & Hrachowitz, M. (2014). A precipitation shift from snow towards rain leads to a decrease in
streamflow. Nature Climate Change, 4(7), 583-586. https://doi.org/10.1038/nclimate2246

Carroll, R. W. H., Deems, J. S., Niswonger, R., Schumer, R., & Williams, K. H. (2019). The importance of interflow to
groundwater recharge in a snowmelt-dominated headwater basin. Geophysical Research Letters, 46(11), 5899—5908.
https://doi.org/10.1029/2019g1082447

Carroll, R. W. H., Niswonger, R. G., Ulrich, C., Varadharajan, C., Siirila-Woodburn, E. R., & Williams, K. H. (2024). Declining
groundwater storage expected to amplify mountain streamflow reductions in a warmer world. Nature Water, 2(5), 419—
433, https://doi.org/10.1038/s44221-024-00239-0

Cowherd, M., Ruby Leung, L., & Girotto, M. (2023). Evolution of global snow drought characteristics from 1850 to 2100.
Environmental Research Letters: ERL [Web Site], 18(6), 064043. https://doi.org/10.1088/1748-9326/acd804

Currier, W. R., Thorson, T., & Lundquist, J. D. (2017). Independent Evaluation of Frozen Precipitation from WRF and PRISM in
the Olympic Mountains. Journal of Hydrometeorology, 18(10), 2681-2703. https://doi.org/10.1175/JHM-D-17-0026.1

Dickerson-Lange, S. E., Vano, J. A., Gersonde, R., & Lundquist, J. D. (2021). Ranking forest effects on snow storage: A decision
tool for forest management. Water Resources Research, 57(10). https://doi.org/10.1029/2020wr027926

Meyers, Z. P., Frisbee, M. D., Rademacher, L. K., & Stewart-Maddox, N. S. (2021). Old groundwater buffers the effects of a
major drought in groundwater-dependent ecosystems of the eastern Sierra Nevada (CA). Environmental Research Letters,
16(4), 044044. https://doi.org/10.1088/1748-9326/abdeSt

Heflin, S., Abel, M., Biswas, S., Morales, A., Cifelli, R., Sedlar, J., et al. (2024). X-band radar and surface-based observations of
cold-season precipitation in western Colorado’s complex terrain. Journal of Hydrometeorology, 25(10), 1501-1523.
https://doi.org/10.1175/jhm-d-23-0147.1

Heggli, A., Hatchett, B., Schwartz, A., Bardsley, T., & Hand, E. (2022). Toward snowpack runoff decision support. iScience,
25(5), 104240. https://doi.org/10.1016/j.isci.2022.104240

Hogan, D., & Lundquist, J. D. (2024). Recent Upper Colorado River streamflow declines driven by loss of spring precipitation.
Geophysical Research Letters, 51(16). https://doi.org/10.1029/2024g1109826

Hubbard, S. S., Varadharajan, C., Wu, Y., Wainwright, H., & Dwivedi, D. (2020). Emerging technologies and radical
collaboration to advance predictive understanding of watershed hydrobiogeochemistry. Hydrological Processes, 34(15),
3175-3182. https://doi.org/10.1002/hyp.13807

Jennings, K. S., Collins, M., Hatchett, B. J., Heggli, A., Hur, N., Tonino, S., et al. (2025). Machine learning shows a limit to rain-
snow partitioning accuracy when using near-surface meteorology. Nature Communications, 16(1), 2929.
https://doi.org/10.1038/s41467-025-58234-2

Kellogg, K., Hoffman, P., Standley, S., Shaffer, S., Rosen, P., Edelstein, W., et al. (2020). NASA-ISRO Synthetic Aperture
Radar (NISAR) Mission. In 2020 IEEE Aerospace Conference (pp. 1-21). Big Sky, MT, USA: IEEE.
https://doi.org/10.1109/aero47225.2020.9172638

Liu, C., Ikeda, K., Rasmussen, R., Barlage, M., Newman, A. J., Prein, A. F., et al. (2017). Continental-scale convection-
permitting modeling of the current and future climate of North America. Climate Dynamics, 49(1), 71-95.
https://doi.org/10.1007/s00382-016-3327-9

Lundquist, J., Hughes, M., Gutmann, E., & Kapnick, S. (2019). Our Skill in Modeling Mountain Rain and Snow is Bypassing the
Skill of Our Observational Networks. Bulletin of the American Meteorological Society, 100(12), 2473-2490.
https://doi.org/10.1175/BAMS-D-19-0001.1

Lundquist, J. D., Dickerson-Lange, S., Gutmann, E., Jonas, T., Lumbrazo, C., & Reynolds, D. (2021). Snow interception
modelling: Isolated observations have led to many land surface models lacking appropriate temperature sensitivities.
Hydrological Processes, 35(7). https://doi.org/10.1002/hyp.14274

Meixner, T., Manning, A. H., Stonestrom, D. A., Allen, D. M., Ajami, H., Blasch, K. W., et al. (2016). Implications of projected
climate change for groundwater recharge in the western United States. Journal of Hydrology, 534, 124-138.
https://doi.org/10.1016/.jhydrol.2015.12.027

Notarnicola, C. (2020). Hotspots of snow cover changes in global mountain regions over 2000-2018. Remote Sensing of
Environment, 243, 111781. https://doi.org/10.1016/j.rse.2020.111781

Powers, J. G., Klemp, J. B., Skamarock, W. C., Davis, C. A., Dudhia, J., Gill, D. O., et al. (2017). The Weather Research and
Forecasting Model: Overview, System Efforts, and Future Directions. Bulletin of the American Meteorological Society,
98(8), 1717-1737. https://doi.org/10.1175/BAMS-D-15-00308.1

Prein, A. F., Langhans, W., Fosser, G., Ferrone, A., Ban, N., Goergen, K., et al. (2015). A review on regional convection-
permitting climate modeling: Demonstrations, prospects, and challenges. Reviews of Geophysics , 53(2), 323-361.
https://doi.org/10.1002/2014RG000475

Rahimi, S., Huang, L., Norris, J., Hall, A., Goldenson, N., Krantz, W., et al. (2024). An overview of the western United States


http://paperpile.com/b/UH1UCQ/3DwM
http://paperpile.com/b/UH1UCQ/3DwM
http://paperpile.com/b/UH1UCQ/3DwM
http://paperpile.com/b/UH1UCQ/3DwM
http://paperpile.com/b/UH1UCQ/3DwM
http://dx.doi.org/10.1029/2023jd038497
http://paperpile.com/b/UH1UCQ/2C7G
http://paperpile.com/b/UH1UCQ/2C7G
http://paperpile.com/b/UH1UCQ/2C7G
http://paperpile.com/b/UH1UCQ/2C7G
http://paperpile.com/b/UH1UCQ/2C7G
http://paperpile.com/b/UH1UCQ/2C7G
http://dx.doi.org/10.1029/2005wr004387
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://paperpile.com/b/UH1UCQ/ac1t
http://dx.doi.org/10.1175/MWR-D-15-0242.1
http://paperpile.com/b/UH1UCQ/jZ0I
http://paperpile.com/b/UH1UCQ/jZ0I
http://paperpile.com/b/UH1UCQ/jZ0I
http://paperpile.com/b/UH1UCQ/jZ0I
http://paperpile.com/b/UH1UCQ/jZ0I
http://paperpile.com/b/UH1UCQ/jZ0I
http://dx.doi.org/10.1038/nclimate2246
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://paperpile.com/b/UH1UCQ/BNBj
http://dx.doi.org/10.1029/2019gl082447
http://paperpile.com/b/UH1UCQ/Of8X
http://paperpile.com/b/UH1UCQ/Of8X
http://paperpile.com/b/UH1UCQ/Of8X
http://paperpile.com/b/UH1UCQ/Of8X
http://paperpile.com/b/UH1UCQ/Of8X
http://paperpile.com/b/UH1UCQ/Of8X
http://dx.doi.org/10.1088/1748-9326/acd804
http://paperpile.com/b/UH1UCQ/dndP
http://paperpile.com/b/UH1UCQ/dndP
http://paperpile.com/b/UH1UCQ/dndP
http://paperpile.com/b/UH1UCQ/dndP
http://paperpile.com/b/UH1UCQ/dndP
http://paperpile.com/b/UH1UCQ/dndP
http://dx.doi.org/10.1175/JHM-D-17-0026.1
http://paperpile.com/b/UH1UCQ/ap2r
http://paperpile.com/b/UH1UCQ/ap2r
http://paperpile.com/b/UH1UCQ/ap2r
http://paperpile.com/b/UH1UCQ/ap2r
http://paperpile.com/b/UH1UCQ/ap2r
http://paperpile.com/b/UH1UCQ/ap2r
http://dx.doi.org/10.1029/2020wr027926
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://paperpile.com/b/UH1UCQ/0KiL
http://dx.doi.org/10.1175/jhm-d-23-0147.1
http://paperpile.com/b/UH1UCQ/E8NP
http://paperpile.com/b/UH1UCQ/E8NP
http://paperpile.com/b/UH1UCQ/E8NP
http://paperpile.com/b/UH1UCQ/E8NP
http://paperpile.com/b/UH1UCQ/E8NP
http://paperpile.com/b/UH1UCQ/E8NP
http://dx.doi.org/10.1016/j.isci.2022.104240
http://paperpile.com/b/UH1UCQ/XRBe
http://paperpile.com/b/UH1UCQ/XRBe
http://paperpile.com/b/UH1UCQ/XRBe
http://paperpile.com/b/UH1UCQ/XRBe
http://paperpile.com/b/UH1UCQ/XRBe
http://paperpile.com/b/UH1UCQ/XRBe
http://dx.doi.org/10.1029/2024gl109826
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://paperpile.com/b/UH1UCQ/ziv8
http://dx.doi.org/10.1002/hyp.13807
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://paperpile.com/b/UH1UCQ/0dch
http://dx.doi.org/10.1038/s41467-025-58234-2
http://paperpile.com/b/UH1UCQ/6QUD
http://paperpile.com/b/UH1UCQ/6QUD
http://paperpile.com/b/UH1UCQ/6QUD
http://paperpile.com/b/UH1UCQ/6QUD
http://paperpile.com/b/UH1UCQ/6QUD
http://dx.doi.org/10.1109/aero47225.2020.9172638
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://paperpile.com/b/UH1UCQ/o6nJ
http://dx.doi.org/10.1007/s00382-016-3327-9
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://paperpile.com/b/UH1UCQ/7dRZ
http://dx.doi.org/10.1175/BAMS-D-19-0001.1
http://paperpile.com/b/UH1UCQ/IdNQ
http://paperpile.com/b/UH1UCQ/IdNQ
http://paperpile.com/b/UH1UCQ/IdNQ
http://paperpile.com/b/UH1UCQ/IdNQ
http://paperpile.com/b/UH1UCQ/IdNQ
http://paperpile.com/b/UH1UCQ/IdNQ
http://dx.doi.org/10.1002/hyp.14274
http://paperpile.com/b/UH1UCQ/ZPTE
http://paperpile.com/b/UH1UCQ/ZPTE
http://paperpile.com/b/UH1UCQ/ZPTE
http://paperpile.com/b/UH1UCQ/ZPTE
http://paperpile.com/b/UH1UCQ/ZPTE
http://paperpile.com/b/UH1UCQ/ZPTE
http://dx.doi.org/10.1016/j.rse.2020.111781
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://paperpile.com/b/UH1UCQ/jZTj
http://dx.doi.org/10.1175/BAMS-D-15-00308.1
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://paperpile.com/b/UH1UCQ/VleL
http://dx.doi.org/10.1002/2014RG000475
http://paperpile.com/b/UH1UCQ/1qwD

Dynamically Downscaled Dataset (WUS-D3). Geoscientific Model Development, 17(6), 2265-2286.
https://doi.org/10.5194/gmd-17-2265-2024

Raleigh, M. S., Small, E. E., Bair, E. H., Wobus, C., & Rittger, K. (2025). Snow monitoring at strategic locations improves water
supply forecasting more than basin-wide mapping. Communications Earth & Environment, 6(1), 1-11.
https://doi.org/10.1038/s43247-025-02660-z

Rudisill, W., Feldman, D., Cox, C. J., Riithimaki, L., & Sedlar, J. (2025). Seasonality and Albedo Dependence of Cloud Radiative
Forcing in the Upper Colorado River Basin. Journal of Geophysical Research Atmospheres, 130(6), €2024JD042366.
https://doi.org/10.1029/2024JD042366

Rudisill, W., Rhoades, A., Xu, Z., & Feldman, D. R. (2024). Are atmospheric models too cold in the mountains? The state of
science and insights from the SAIL field campaign. Bulletin of the American Meteorological Society, 1(aop).
https://doi.org/10.1175/BAMS-D-23-0082.1

Sedlar, J., Meyers, T., Cox, C. J., & Adler, B. (2024). Low-Level Liquid-Bearing Clouds Contribute to Seasonal Lower
Atmosphere Stability and Surface Energy Forcing over a High-Mountain Watershed Environment. Journal of
Hydrometeorology, 25(6), 827-845. https://doi.org/10.1175/JHM-D-23-0144.1

Siirila-Woodburn, E. R., Rhoades, A. M., Hatchett, B. J., Huning, L. S., Szinai, J., Tague, C., et al. (2021). A low-to-no snow
future and its impacts on water resources in the western United States. Nature Reviews Earth & Environment, 2(11), 800—
819. https://doi.org/10.1038/s43017-021-00219-y

Sprenger, M., Carroll, R. W. H., Dennedy-Frank, J., Siirila-Woodburn, E. R., Newcomer, M. E., Brown, W., et al. (2022).
Variability of snow and rainfall partitioning into evapotranspiration and summer runoff across nine mountainous
catchments. Geophysical Research Letters, 49(13), €2022GL099324. https://doi.org/10.1029/2022¢1099324

Thiros, N. E., Siirila-Woodburn, E. R., Dennedy-Frank, P. J., Williams, K. H., & Gardner, W. P. (2023). Constraining bedrock
groundwater residence times in a mountain system with environmental tracer observations and Bayesian uncertainty
quantification. Water Resources Research, 59(2), e2022WR033282. https://doi.org/10.1029/2022wr033282

Thiros, N. E., Siirila-Woodburn, E. R., Sprenger, M., Williams, K. H., Dennedy-Frank, J. P., Carroll, R. W. H., & Gardner, W. P.
(2024). Old-Aged groundwater contributes to mountain hillslope hydrologic dynamics. Journal of Hydrology,
635(131193), 131193. https://doi.org/10.1016/j.jhydrol.2024.131193

Tokunaga, T. K., Wan, J., Williams, K. H., Brown, W., Henderson, A., Kim, Y., et al. (2019). Depth- and time-resolved
distributions of snowmelt-driven hillslope subsurface flow and transport and their contributions to surface waters. Water
Resources Research, 55(11), 9474-9499. https://doi.org/10.1029/2019wr025093

Wrzesien, M. L., Pavelsky, T. M., Durand, M. T., Dozier, J., & Lundquist, J. D. (2019). Characterizing biases in mountain snow
accumulation from global data sets. Water Resources Research, 55(11), 9873-9891.
https://doi.org/10.1029/2019wr025350

Xiao, M., Udall, B., & Lettenmaier, D. P. (2018). On the causes of declining Colorado river streamflows. Water Resources
Research, 54(9), 6739-6756. https://doi.org/10.1029/2018wr023153



http://paperpile.com/b/UH1UCQ/1qwD
http://paperpile.com/b/UH1UCQ/1qwD
http://paperpile.com/b/UH1UCQ/1qwD
http://paperpile.com/b/UH1UCQ/1qwD
http://paperpile.com/b/UH1UCQ/1qwD
http://paperpile.com/b/UH1UCQ/1qwD
http://dx.doi.org/10.5194/gmd-17-2265-2024
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://paperpile.com/b/UH1UCQ/VivB
http://dx.doi.org/10.1038/s43247-025-02660-z
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://paperpile.com/b/UH1UCQ/eAd1
http://dx.doi.org/10.1029/2024JD042366
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://paperpile.com/b/UH1UCQ/mZ5L
http://dx.doi.org/10.1175/JHM-D-23-0144.1
https://doi.org/10.1029/2022gl099324
https://doi.org/10.1029/2022wr033282
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://paperpile.com/b/UH1UCQ/MsW6
http://dx.doi.org/10.1029/2019wr025350
http://paperpile.com/b/UH1UCQ/a8lJ
http://paperpile.com/b/UH1UCQ/a8lJ
http://paperpile.com/b/UH1UCQ/a8lJ
http://paperpile.com/b/UH1UCQ/a8lJ
http://paperpile.com/b/UH1UCQ/a8lJ
http://paperpile.com/b/UH1UCQ/a8lJ
http://dx.doi.org/10.1029/2018wr023153

