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Introduction
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Introduction
Mountain snowpack reduction under
global warming causes streamflow
reduction in regions such as the
Western United States (WUS) where
snowmelt serves as a major source
of river discharge.

Methods

Results

Discussion

Linear trends in 1 Apr SWE
relative to the starting value
for the linear fit at 699
snow course locations in
the western United States
for the period 1955–2016,
with negative trends shown
by red circles and positive
by blue circles
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Former studies discuss multiple temperature-runoff mechanisms under global warming.
Jeton et al. (1996); Goulden & Bales (2014); Gilbert &
Maxwell (2018); Ting et al. (2018)
Huntington & Niswonger (2012); Bosson et al.
(2012); Trujillo & Molotch (2014)
Milly & Dunne (2020); Ban et al. (2020)

• Governing equation:
Energy balance:
𝑅𝑎𝑑𝑛𝑒𝑡 = 1 − 𝛼 𝑅𝑎𝑑𝑆𝑊↓ + 𝑅𝑎𝑑𝐿𝑊↓ − 𝑅𝑎𝑑𝐿𝑊↑

Mass balance (long term average):
Δ𝑅𝑢𝑛𝑜𝑓𝑓 = Δ𝑃𝑃𝑇 − Δ𝐸𝑇 + Δ𝑆

Warming
Springtime net
radiation
increases

Evapotranspiration
increases

Snow ablation
during springtime
Decrease of
surface albedo
Runoff declines
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• Previous research:
Xiao et al. Water Resources Research (2018) quantified that air temperature increases can
explain on average one third of river discharge declination in the upper Colorado River basin.

Milly and Dunne Science (2020) illustrated that springtime snowpack declination and thus net
radiation increase, primely drive the increase of evapotranspiration, ultimately causing the
significant loss of river discharge (9.3% per degree C of warming) in the upper Colorado River
basin.

• We extend the previous research to:
1) Conduct analysis across the full western U.S. at HUC-8 scale and 1/16 degree pixel scale
2) Assess the snowmelt-radiation feedback for basins with different meteorological
characteristics (elevation; runoff coefficient; peak SWE etc.)
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Motivating Questions
• What are the spatial distributions of states and energy fluxes changes in
the warming world? How do these changes collectively impact the
runoff change?

• To what degree does the snowmelt-radiation feedback control changes
in river discharge across the heterogeneous hydroclimatic regimes of the
Western U.S.?
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Data set and methods
•

Outputs from Variable Infiltration Capacity (VIC) Macroscale Hydrologic Model (Liang et al., 1994)

•

Source of Forcings: Livneh et al., 2015
Temp.

Cell size

Period

Frequency

Baseline

No warming

1/16°

1950-2013

Output Daily

Warming

2 °𝐶 warming

* Other forcings including precipitation and wind speed remain the same in
both Baseline and warming scenario

• Key studied variables:
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦𝑟𝑢𝑛𝑜𝑓𝑓 =

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦𝑁𝑒𝑡𝑅𝑎𝑑 =

(𝑅𝑢𝑛𝑜𝑓𝑓𝑤𝑎𝑟𝑚𝑖𝑛𝑔 − 𝑅𝑢𝑛𝑜𝑓𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑅𝑢𝑛𝑜𝑓𝑓𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 × 2 ℃
𝑁𝑒𝑡𝑅𝑎𝑑𝑤𝑎𝑟𝑚𝑖𝑛𝑔 − 𝑁𝑒𝑡𝑅𝑎𝑑𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
𝑁𝑒𝑡𝑅𝑎𝑑𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 × 2 ℃
where overbar stands for the 63-year average

Source: https://vic.readthedocs.io/en/master/Overview/ModelOverview/
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Study area
HUC-2 Basins: 5 basins in total
HUC-8 Basins: 571 basins in total,
the unit for basin classification
according to elevation, peak SWE,
winter precipitation

Map of the Western U.S.
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Scientific Question 1:
• What are the spatial distribution of states and energy fluxes changes in the warming
world? How do these changes collectively impact the runoff change?
The decrease in runoff is
significantly correlated with
increase in evapotranspiration
(ET) under 2 ℃ warming
scenario.

2
Runoff change and Evapotranspiration
(ET) change (in mm) across baseline and 2°𝐶 warming scenarios of VIC run
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Scientific Question 1:
What are the spatial distribution of states
and energy fluxes changes in the warming
world? How do these changes collectively
impact the runoff change?

• Figure: Net radiation change (W/m)
across baseline and 2 ℃ warming
scenarios of VIC run
• The increase in net radiation is most
significant in spring (MAM)
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Scientific Question 1:
• What are the spatial distribution of states and energy fluxes changes in the warming
world? How do these changes collectively impact the runoff change?
The change in albedo, net radiation, and ET during spring season (MAM) under
2 ℃ warming scenario.
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Scientific Question 2:
To what degree does this snowmelt-radiation feedback control changes in river
discharge across the heterogeneous hydroclimatic regimes of the Western U.S?

- Basin classification by runoff coefficient
Table. Correlation of Runoff sensitivity and springtime net radiation sensitivity.

* Number in black bold: significant at 0.05
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Scientific Question 2:
To what degree does this snowmelt-radiation feedback control changes in river
discharge across the heterogeneous hydroclimatic regimes of the Western U.S?
0.3 < Runoff coefficient < 0.6

At basin level, there is
significant relationship
between spring net
radiation sensitivity and
runoff sensitivity.
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• Runoff sensitivity is highly correlated with
springtime net radiation at HUC8 with
0.3<runoff coefficient<0.6. Snowmelt
radiation feedback is significant at these
basins.
• We compute the distribution of elevation,
baseline winter precipitation, winter air
temperature, peak SWE and melt out day
at four runoff sensitivity classes.
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• In a warmer world, the evapotranspiration-driven runoff declination is highly

related to increased springtime net radiation
The increasing springtime net radiation is associated with increasing shortwave absorption, which is
caused by snowmelt-related albedo declination.

• This snowmelt-radiation feedback is more significant to runoff sensitivity at

certain basin than others.
Especially for basins with runoff coefficient between 0.3 to 0.7 (with correlation = -0.76 (𝑅2 =0.58)

• At regions where snowmelt-radiation feedback is significant, runoff sensitivity

increases (in absolute value) more at basins with lower winter temperature,
higher peak SWEs, later melt out day.

