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ATMOSPHERIC SCIENCE

Snow-eater heat waves of the western United States

Alan M. Rhoades'*, Joshua Snowball North', William Rudisill", Benjamin J. Hatchettz,

Mark Risser', Areidy BeItran-Peﬁa3, Anne Heggli4, Scott Hotalings, Laurie S. Huning6,

Andrew Joros?, Matthew LaPlante®, Ankur Mahesh'”, Adrienne M. Marshalls, Rachel McCraryg,
Daniel McEvoy4, Stefan Rahimi"’, Mark S. Raleigh", Calen Randalln, Abhishekh Srivastavau,

Michael Wehner', Yang Zhou', Andrew D. Jones'’

Abrupt snowmelt, triggered by rain-on-snow events or “snow-eater heat waves,” can cause flooding, initiate or
accelerate snow drought, and affect water availability. However, the characteristics (e.g., area, duration, and fre-
quency), impacts, and trends of snow-eater heat waves have received little attention. To address this gap, we de-
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veloped a method to identify snow-eater heat waves and estimate their melt potential using 20th Century
Reanalysis version 3 air temperature data, the TempestExtremes algorithm, and an operational snowmelt mod-
el (SNOW-17) across 1850-2015. Melt season snow-eater heat waves typically last 3 to 5 days, with three to five
events, doubling snowmelt rates. Seven of 11 spring superfloods are shown to coincide with snow-eater heat
waves. Since the 1850s, snow-eater heat waves have increased in area and frequency, decreased in duration, and
shifted earlier in the melt season. Incorporating snow-eater heat-wave impacts into SNOW-17 enhances extreme

melt estimates, improving water management support tools.

INTRODUCTION

In the western United States (WUS), heat waves occur regularly in the
spring and early summer and have nearly doubled in frequency and
intensity since the mid-1990s (1). It is “virtually certain” that climate
change has driven the shift in heat-wave timing, intensity, and fre-
quency (2). Spring and early summer heat waves can rapidly diminish
snowpacks, a phenomenon we term here as “snow-eater heat waves.”
We qualitatively define snow-eater heat waves as seasonally anoma-
lous and consistent above-freezing temperature conditions that are
sustained (i.e., day and night) for several days, resulting in impacts
to water resources (e.g., warm-season water supply allocations) and
increases in flood hazard. By developing observational and model-
based quantitative criteria producing snow-eater heat-wave events
(see Materials and Methods), we find that these events are distinct
from warm spells and conventional heat waves (Fig. 1).

In recent decades, snow-eater heat waves have occurred several
times in the WUS, often following the buildup of a snowpack in the
month(s) before the ablation event. For example, in 1983, a spring
“superflood” struck northern Utah, where rapid snowmelt overtook
low-lying communities between the Wasatch Mountains and the
Great Salt Lake (3). Given the hydrological importance of this event,
we treat it here as a case study of snow-eater heat waves. As de-
scribed by Arnow (4), “..major snowmelt began at the end of May,
during a heat wave on the Memorial Day weekend; and record-
breaking quantities of water flowed into the lake from many tribu-
tary streams..” Nine streams on the Wasatch Front reached flood
stage, and Salt Lake City was forced to construct two emergency ca-
nals (5). That same week, extreme snowmelt, following a near-record
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snowpack season, triggered a fatal landslide in western Nevada (6).
Later, rapid snowmelt-driven rises in Lake Powell water levels from
June until July (180% of normal) necessitated emergency measures
to protect Glen Canyon Dam from overtopping and continued cavi-
tation of the spillway (7).

In 2021, a series of events occurred in the WUS and appeared to
share the characteristics of snow-eater heat waves. During early
April, mean air temperature anomalies exceeded +4 to 8 K, with as-
sociated widespread declines in snowpack: 24% of measurement
sites reported median snow water equivalent (SWE) changes of at
least —99 mm, or —14 mm/day, with particularly anomalous condi-
tions occurring in the coastal WUS (8). Between June 26 and 29, the
Pacific Northwest experienced another period of anomalous heat
and rapid snowmelt, shattering temperature records throughout the
Pacific Northwest by up to 5 K (9). The snow-covered areas of the
Pacific Northwest were 35% above normal on 1 April but fell from
31 to 12% of normal between 25 and 30 June (1).

Research on the impact of heat waves and warm spells during the
winter and spring seasons on snowpack is limited. Previous studies
have primarily focused on near-term historical records or served as
regional attribution analyses using more conventional heat-wave
event criteria, such as the exceedance of a certain percentile of daily
maximum temperature (e.g., 90th or 99th percentile) or above a
fixed temperature threshold for a given number of days (e.g., 3 days)
(1, 8, 10-18). Except for Scaft et al. (17) and Deng et al. (18), many
of the criteria do not necessarily account for snowpack energy budget—
specific requirements, such as sustained above-freezing temperatures
through the day and night that erode cold content and/or drive snow-
melt. Thus, snow-eater heat-wave events represent an important
knowledge gap in the literature.

Snow-eater heat-wave events are distinct from other drivers of
snowmelt extremes, such as rain-on-snow events and warm spells
(Fig. 1). Unlike rain-on-snow events, which are shaped by low-
pressure troughs that promote the inland penetration of warm and
moist air (3, 19-23), snow-eater heat waves result from alternative
synoptic-to-mesoscale mechanisms that we explore in this study (e.g.,
amplified, stationary high-pressure ridges). Distinct from warm spells
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Fig. 1. Snow-process differences between snow-eater heat waves, warm spells, and rain-on-snow events. A schematic that contrasts the differences between WUS
snow-eater heat-wave events, warm spells, and rain-on-snow events. These phenomena differ in their synoptic-to-mesoscale atmospheric circulation patterns and surface
energy budgets operating at synoptic to microscales (i.e., slope and plot scales) that drive snowpack mass and energy budgets (i.e., cold content). There are also important
differences in the timing and persistence of their occurrence in the water year that influence melt potential.

(11, 17), which potentially have more transient and less amplified
high-pressure ridges that yield less anomalous heating [i.e., 90th
percentile air temperature (17)], snow-eater heat-wave events could
exhibit more persistence in their air temperature anomalies (over
both day and night) that promote more snowpack ripening and en-
hanced ablation through melt and sublimation. Last, in contrast to
more traditional heat-wave metrics [e.g., 3 days of sustained 98th
percentile air temperature (24)], snow-eater heat-wave temperature
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criteria should be attuned to snow-related impacts (i.e., above-
freezing conditions that persist through the night, allowing melt to
continue or that minimize refreezing). The air temperature condi-
tions needed to identify snow-eater heat-wave events and snowpack
changes during and after them are explored in this study through
site-level to synoptic-scale analyses.

Snow-eater heat waves have been less studied than other snow-
melt extremes yet have the potential to increase in area, duration,
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frequency, and/or intensity in a rapidly changing climate. This is es-
pecially likely through the middle of the 21st century, when models
suggest that WUS snowpack volumes will increasingly shift toward
a “low-to-no snow” future under continued climate warming (25).
Even in years in which snowpacks remain within historical patterns
of variability, middle 21st century snowpacks are likely to be more
susceptible to ablation (14, 26). Abrupt spring and early summer
snowmelt events can be particularly impactful on WUS water man-
agement as these events occur during a time of year when water
rights allocations are made (27), often with fixed operating rules
(28), that can exacerbate water gaps in the warm season (29). Com-
poundingly, recent studies indicate that operational forecasts of reser-
voir inflows systematically underrepresent actual reservoir inflows
(particularly in the WUS in recent decades) owing to changes in pre-
cipitation and temperature patterns that shape snowmelt-contributed
runoff (30, 31). Longer-term predictions of WUS snowpack behavior
also show that a deleterious, widespread, and persistent decrease in
snowfall and snowpack storage is expected as the WUS continues
to warm (25, 32-34). These reductions will continue to alter his-
torically assumed snowmelt-contributed runoff and overall runoff
efficiency (26).

All of these factors may be aggravated by shifts in snow-eater
heat-wave area, frequency, duration, and/or intensity, and it is thus
important to understand how snow-eater heat-wave characteristics
may have changed from historical patterns of variability or may be
changing under anthropogenic climate change. This understanding
cannot be achieved; however, until snow-eater heat waves are quan-
titatively defined and characterized. A major question remains as to
whether these shifts in snowmelt characteristics occur gradually
and/or in a punctuated fashion, shaped by snowmelt extremes such
as snow-eater heat waves.

Here, we address the following questions, with a particular focus
on the WUS:

1) What criteria for environmental state variables could be used
to define snow-eater heat-wave events?

2) Does an operational melt potential model well represent
snow-eater heat wave contributed melt potential, or are enhance-
ments needed?

3) What fraction of late spring and early summer melt potential
do the largest snow-eater heat-wave events in the historical record
contribute?

4) Have snow-eater heat-wave characteristics (i.e., areal extent,
intensity, duration, and frequency) changed from the 19th to the
early 21st century?

RESULTS

In the following subsections, we will introduce storyline-based (35)
and climatological-based analyses of WUS snow-eater heat-wave
events, the melt potential of which are estimated through a combina-
tion of National Oceanic and Atmospheric Administration (NOAA)-
Cooperative Institute for Research in Environmental Sciences-US
Department of Energy 20th Century Reanalysis version 3 (20CRv3)
(36-38) estimates of 2-m air temperature (T2m) and the National
Weather Service’s operational snow accumulation and ablation model
(SNOW-17) (39). A 50-member ensemble of melt potential esti-
mates is generated through the use of a data-informed Bayesian sta-
tistical model that identifies optimal SNOW-17 parameter settings
across the WUS (see Materials and Methods for more details). Note
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that melt potential is not actual snowmelt. Rather, it is the maxi-
mum amount of melt that could occur if sufficient SWE existed. For
the storyline event, we use the snow-eater heat-wave event of 27 to
31 May 1983 to examine the fidelity of the 20CRv3-SNOW-17 melt
potential models across all days and snow-eater heat wave-only
days between 19 March and 1 July. This storyline event is chosen as
it was the top spring season, snowmelt-dominated superflood event
between 1950 and 2010 (3). We then climatologically contextualize
this event across both the Snow Telemetry (SNOTEL) Network
(https://nwcc-apps.sc.egov.usda.gov/imap/) period of record (1980-
2015) and the longer period of record enabled by 20CRv3 (1850-2015).
This process allows us to build a catalog of snow-eater heat-wave
events and provide estimates of how their characteristics have changed
between the 19th and 21st centuries.

The 1983 snow-eater heat-wave event
Figure 2 compares SNOTEL Network measurements of daily change
in SWE (dSWE) with 20CRv3-SNOW-17 melt potential estimates
for the May 1983 superflood event across three melt potential models,
including the “out-of-the-box” SNOW-17 model, which has no heat-
wave hour (NHH) influence, and two experimental models, heat-
wave hours (HHs) and accumulative heat-wave hours (AHH). More
details about these melt potential models are provided in Materials
and Methods. Comparisons between melt potential estimates and ob-
served dSWE measurements are only made with those SNOTEL sites
that fall within the snow-eater heat-wave area and up to the point at
which SNOTEL SWE reaches 0 mm. We first aggregate across the
50-member ensemble estimates and across SNOTEL stations (or near-
est grid cells to the SNOTEL stations) and then estimate the averages
and deciles. Between 19 March to 1 July, SNOTEL site daily mean and
90th percentile dSSWE were —10.3 and —33.0 mm/day, respectively. On
snow-eater heat wave-only days, the mean dASWE was —37.0 mm/
day, with a 90th percentile value of —66.0 mm/day. This more than
300% change in dSWE on snow-eater heat wave—only days was also
captured by each of the 20CRv3-SNOW-17 model melt potential
estimates. The NHH model had a slightly lower mean daily melt
potential of —11.4 mm/day, with HH and AHH at —11.6 mm/day.
More divergence between the 20CRv3-SNOW-17 models oc-
curred on snow-eater heat wave-only days due to the experimental
model’s newly implemented natural log additive melt term (eq. S1).
The closest mean estimates of daily melt potential were produced by
NHH (—36.6 mm/day), followed by HH (—52.3 mm/day) and AHH
(—54.3 mm/day). Although NHH had the best mean daily melt po-
tential performance compared to SNOTEL measurements overall, it
failed to capture relatively extreme melt potentials: 90th percentile
modeled (—44.8 mm/day) melt potential estimates were more tight-
ly constrained than observations (—66.0 mm/day). Contrastingly,
HH (—60.0 mm/day) nearly reached daily melt potentials compa-
rable to the 90th percentile dSSWE threshold measured at SNOTEL
sites, and AHH (—67.6 mm/day) slightly exceeded the threshold.
Across SNOTEL stations, the 1983 snow-eater heat-wave event co-
incided with a minimal amount of precipitation (fig. S2) and a per-
sistent atmospheric ridge across the WUS (fig. S3).

Snow-eater heat-wave climatology over the SNOTEL

period of record

The three 20CRv3-SNOW-17 melt potential models are now com-
pared over climatological timescales, spanning the SNOTEL period
of record (1980-2015) that overlaps with 20CRv3 (Fig. 3). WUS-wide
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Fig. 2. Year 1983 snow-eater heat-wave event comparison of observed snowmelt and modeled melt potential. Time series comparisons of 20CRv3-SNOW-17 (col-
ored) melt potential with SNOTEL (black) dSWE for 19 March to 1 July 1983. (A) The out-of-the-box version of SNOW-17, or the NHH effect, melt potential model. (B and
C) The experimental HH and AHH effect SNOW-17 melt potential models, respectively. The bold lines are 50 ensemble member mean estimates, and the thin lines are the
deciles across all sites/nearest grid cells. The gray-shaded region represents the timing and duration of the snow-eater heat-wave event. The map plots show the SNOTEL
sites (black dots) used for the comparison (those that fall within the snow-eater heat-wave region) and the heat-wave day accumulative melt potential estimates (in mil-

limeters) by the 20CRv3-SNOW-17 models between 19 March and 1 July.

SNOTEL dSWE, on average, was —9.0 mm/day with the 90th per-
centile melt at —28.0 mm/day on all days between 19 March and
1 July (Table 1). Each melt potential model overestimated mean daily
melt potential compared with SNOTEL by several millimeters per
day, with NHH most closely matching SNOTEL (—11.4 mm/day).
Climatological decile melt potential on all days was underrepresent-
ed by all 20CRv3-SNOW-17 melt potential models. However, NHH
was more constrained (—24.4 mm/day) than either HH (—25.9 mm/
day) or AHH (—25.7 mm/day). On snow-eater heat wave-only days,
SNOTEL dSWE was —16.9 mm/day with the 90th and 99th percentile

Rhoades et al., Sci. Adv. 12, eaeb3361 (2026) 5 August 2026

melt at —35.6 and —61.0 mm/day, respectively. Comparable to the
all-day results, NHH best represents mean melt potential on snow-
eater heat wave-only days (—22.0 mm/day) but was more con-
strained on 90th percentile melt (—33.6 mm/day) and, especially,
on 99th percentile melt potential (—43.3 mm/day). HH and AHH
both overestimate mean melt potentials (—37.8 and —39.6 mm/day)
and 90th percentile melt potentials (—50.2 and —56.2 mm/day)
on snow-eater heat wave-only days, respectively. Only HH and
AHH reach SNOTEL-like 99th percentile melt potentials (—64.4
and —67.2 mm/day, respectively).
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Fig. 3. Climatological (1980-2015) observed snowmelt and modeled melt potential on all days and snow-eater heat wave-only days. Time series comparisons of
the daily climatological (1980-2015) average 20CRv3-SNOW-17 (colored) melt potential with SNOTEL (black) dSWE between 19 March and 1 July. Dates are given in MM-
DD on the x axis. (A to C) All days between 19 March and 1 July, with (A) being the out-of-the-box version of SNOW-17 or the NHH effect, and (B) and (C) are the experi-
mental HH and AHH effect SNOW-17 models, respectively. (D to F) Snow-eater heat wave-only days between 19 March and 1 July. Bold lines are 50 ensemble member
mean estimates, and the thinner lines are the deciles across all sites/nearest grid cells.

Table 1. Climatological (1980-2015) observed snowmelt summary statistics on all days and snow-eater heat wave-only days. Climatological (1980-
2015) summary statistics for the dSWE (in millimeters per day) across WUS SNOTEL stations on all days between 19 March and 1 July and on snow-eater heat
wave-only days. Positive dSWE values were set to 0 mm, and missing values were excluded to avoid bias in comparison to the SNOW-17 melt potential
estimates (which can not provide positive values). A total of 1,128,750 and 55,523 dSWE measurements were recorded across all stations and years, respectively,
for all days and snow-eater heat wave-only days.

Metric (1980-2015) All days Snow-eater heatwave days

99th percentile -53

Rhoades et al., Sci. Adv. 12, eaeb3361 (2026) 5 August 2026 50f16
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Figure S4 shows the precipitation rates across WUS SNOTEL sta-
tions between 1980 and 2015 that coincide with snow-eater heat-
wave events and SWE greater than 0 mm. The number of precipitation
station days that co-occurred with snow-eater heat waves and SWE
greater than 0 mm was 3121 (~26% of snow-eater heat-wave station
days). Year 1989 accounted for ~52% of those precipitation station
days that co-occur with snow-eater heat waves and SWE greater than
0 mm. Five years (1989, 2015, 2012, 1986, and 2004, in order of per-
cent contribution) accounted for ~78% of the precipitation station
days. In addition, if you remove all station days within the top 5 years
of snow-eater heat wave and rain-on-snow co-occurrence, SNOTEL
—dSWE rates are enhanced (—2 to —3 mm/day) (table S1). Therefore,
we find it less likely that rain-on-snow and snow-eater heat-wave
events co-occur and, when they co-occur, melt rates are lower than
during snow-eater heat wave-only events. This is likely due to the
presence of amplified and persistent high-pressure ridges during
snow-eater heat waves (fig. S5). These features block atmospheric riv-
ers associated with midlatitude cyclones from making landfall, which
can bring heavy rainfall to high elevations during spring (40).

To contextualize the severity of the 1983 snow-eater heat-wave
event relative to all 5-day maximum daily melt potential events
(Mx5day), we now compare 1983 to all Mx5day events within the
SNOTEL period of record (table S2). Notably, all values presented
are melt potential, not actual snowmelt. The 1983 snow-eater heat-
wave event Mx5day ranked numbers 13 to 16 (based on the use of

NHH, HH, or AHH). The top five Mx5day events in the SNOTEL
period of record occurred in 2014 (84.1 km?), 2015 (76.7 km?), 1992
(72.9 km?), 1986 (72.2 km?), and 2013 (58.7 km’).

We now compare total snow-eater heat-wave melt potential esti-
mated for 1983 with all seasons between 1980 and 2015 using the
20CRv3-SNOW-17 NHH model over the SNOTEL period of record
that overlaps with 20CRv3 (1980-2015; table S3). The year with the
highest mean seasonal total melt potential contributed by snow-eater
heat waves during the period between 1980 and 2015 occurred in
2015 at 152 km® or 23% of the total melt potential of 652 km® between
19 March and 1 July (table S4). The rest of the top 5 years included
2013 (131 km’; 21%), 1987 (95.8 km?; 18%), 1986 (77.2 km’; 15%),
and 2014 (74.4 km>; 11%). Comparatively, 1983 had a mean seasonal
total melt potential contributed by snow-eater heat waves of 15.4 km®
(or 6% of the seasonal total melt potential between 19 March and
1 July). For the overlapping SNOTEL record with 20CRv3 (1980-
2015), the climatological mean total melt potential estimates within
WUS mountainous regions ranged between 376 + 58 km® (NHH)
and 387 + 65 km® (AHH). For context, Fang et al. (41) showed that
WUS gridded observationally constrained SWE products had a cli-
matological (1985-2021) mean peak SWE between 210 and 340 km®.
If accumulation season melt is also included, then WUS-wide clima-
tological mean peak SWE estimates are closer to 400 km”.

Figure 4 shows that all 20CRv3-SNOW-17 identified snow-eater
heat-wave event duration and mean WUS-wide mountainous region
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Fig. 4. Climatological (1950-2010) catalog of snow-eater heat-wave event frequency, duration, and modeled melt potential. A catalog of 20CRv3-SNOW-17 de-
fined snow-eater heat-wave events between 1950 and 2010. Each line represents a unique snow-eater heat-wave event identified anywhere within the WUS mountainous
regions. Each line length represents the snow-eater heat-wave event duration, and the line colors represent the area average cumulative total snow-eater heat-wave melt
potential over its duration derived from the NHH SNOW-17 model. Overlaid dots represent the 11 spring-season, snowmelt-induced superflood events identified by
Tarouilly et al. (3). If an 20CRv3-SNOW-17 identified snow-eater heat-wave event falls within 5 days of the superflood events identified by Tarouilly et al. (3), then a black
dot is provided, else a hollow circle. The decadal annual average snow-eater heat-wave event frequency and durations are provided on the right y axis.
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daily melt potential intensity between 1950 and 2010, which is the
same corresponding period used by Tarouilly et al. (3). A complete
catalog from 1850 to 2015 is provided in fig. S8. Decadal annual
average snow-eater heat-wave event frequency and duration ranged
between 3.4 and 5.2 events and 3.3 and 5.2 days per year, respec-
tively, between 1950 and 2010. The dots on the plot represent the
11 spring superflood events that were identified and predominantly
driven by snowmelt (rather than rainfall only or rain on snow). There
is high correspondence between our 20CRv3-SNOW-17-based
snow-eater heat-wave event identifications and the superfloods
identified by Tarouilly et al. (3), with 7 of the 11 superflood events
occurring within 5 days of our 20CRv3-SNOW-17-identified snow-
eater heat-wave events. Even in the years in which a spring, snowmelt-
induced superflood was identified, our snow-eater heat-wave event
methodology identified most of the events, such as in 1983 (one of
the two snowmelt superflood events were identified; Fig. 2) and
1984 (two of the three snowmelt superflood events were identified;
fig. S9). The only year in the SNOTEL period of record in which
a complete mismatch occurred between the 20CRv3-SNOW-17
snow-eater heat-wave identification and the Tarouilly et al. (3)
superflood catalog was in 1997 (fig. S10). In that year, the 20CRv3-
SNOW-17 methodology identified mid-May as the snow-eater heat
wave event occurrence, whereas Tarouilly ef al. (3) identified a su-
perflood event in mid-June.

Preindustrial to present-day trends in snow-eater

heat-wave characteristics

Given the high correspondence between our 20CRv3-SNOW-17 es-
timates of snow-eater heat waves and their melt potential compared
with SNOTEL observations of dSWE and close proximities between
snow-eater heat-wave occurrences with spring, snowmelt-dominated
superfloods identified by Tarouilly et al. (3), we next explore how
snow-eater heat-wave characteristics (e.g., area, duration, and fre-
quency) have changed across WUS mountains since the 1850s. Com-
pared to the preindustrial period of 1850-1899, T2m has a negligible
mean trend (Mann-Kendall P value of 0.408 and Theil-Sen trend of
—0.041 per century; fig. S15A). Despite a negligible mean trend in
20CRv3-derived spring T2m, the T2m freezing area in WUS moun-
tainous areas has shown a steady decline since the 1850s (fig. S15B).
Because above-freezing temperatures for 3 consecutive days (both
day and night) are a snow-eater heat-wave criterion, any decreases in
T2m freezing area should increase snow-eater heat-wave area. The area
of snow-eater heat waves has increased, on average, by 102,000 km*
per century across WUS-mountainous regions (Fig. 5A). In addition,
snow-eater heat-wave frequency has increased by close to one event
per century (Fig. 5C). The increase in snow-eater heat-wave events
could be due to the erosion of the freezing level area in WUS-
mountainous regions earlier in the late winter to early spring (e.g.,
March). This is corroborated by our 20CRv3-based results that the
month of the first snow-eater heat-wave occurrence happens a month
earlier per century between March and July (Fig. 5B). However,
snow-eater heat-wave durations have decreased by half a day since
the 1850s (Fig. 5D). As shown in fig. S8, the 50-year annual average
number of snow-eater heat-wave events and their durations vary
from 3.0 events that last 5.0 days (between 1850 and 1900) to 4.1
events that last 4.3 days (1950-2000). Duration decreases could be
due to increases in the peripheral snow-eater heat-wave event areas
(that occur for shorter durations), which then influence the area
mean duration estimates.

Rhoades et al., Sci. Adv. 12, eaeb3361 (2026) 5 August 2026

Although many snow-eater heat-wave characteristics between
19 March and 1 July have appreciably changed since the 1850s (i.e.,
area, duration, frequency, and month of first occurrence), snow-
eater heat-wave total melt potential intensity shows a weaker signal
(Fig. 6A). This is likely influenced by average T2m trends in WUS
mountainous regions showing a variable, yet nearly zero trend since
the 1850s (fig. SI5A). Regardless of the 20CRv3-SNOW-17 model
used, snow-eater heat-wave total melt potential intensity across
WUS mountainous regions increases (Theil-Sen trend that ranges
between +0.93 and +1.94 km® per century based on the 20CRv3-
SNOW-17 model used). The increase in snow-eater heat wave-only
total melt potential intensity is evenly distributed between both day-
time and nighttime (Fig. 6, C and D), likely shaped by our criterion
that snow-eater heat-wave conditions be maintained through the
daytime and nighttime. While these snow-eater heat wave-only to-
tal melt potential intensity trends are positive, they are also marked
by substantial interannual variability. Changes in snow-eater heat-
wave characteristics (e.g., area and duration) and systemic T2m bi-
ases in 20CRv3 likely shaped melt potential trends.

Across the three 20CRv3-SNOW-17 melt potential models, the
average and 90th percentile WUS mountainous region snow-eater
heat wave-only total melt potential from 1850 to 2015 was 47 and
125 km?, respectively, which represents 10 and 22% of the total sea-
sonal melt potential contribution, respectively (Fig. 6B). The anom-
alous WUS drought conditions of the 1850s and 1860s (42, 43), or
what has been termed the “Civil War drought,” had some of the larg-
est snow-eater heat wave-only total melt potential intensity esti-
mates (table S5), with the largest occurring in 1869 (44), the year in
which J. W. Powell began his exploration of the WUS and its water
resources. On the basis of which of the 20CRv3-SNOW-17 models
are used, the total snow-eater heat wave-only melt potential contri-
bution between 19 March and 1 July of 1869 was 196 to 341 km® or
35 to 45% of the total seasonal melt potential (table S6).

We now explore whether snow-eater heat-wave melt poten-
tials have changed on daily (Mx1day) and multiday perspectives
(Mx3day and Mx5day) between 19 March and 1 July across 1850
to 2015. Figure 7A shows how snow-eater heat wave-only Mx1day
trends since the 1850s have increased by 1.55 to 2.53 km® per cen-
tury (based on the use of NHH, HH, or AHH). This same positive
trend also holds for snow-eater heat wave-only Mx3day and Mx5day
(Fig. 7, B and C). Mx3day has increased more (+2.35 to +4.20 km’
per century) than Mx5day (+1.51 to 4+3.29 km® per century). The
largest snow-eater heat wave—only Mx5day season occurred in 2014
with estimates of 84.2 to 122 km?, based on which 20CRv3-SNOW-
17 model is used (table S7). Notably, Mx1day, Mx3day, and Mx5day
trends are all marked by large interannual variability between 1850
and 2015.

DISCUSSION

Snow-eater heat waves have received little research attention; how-
ever, these events play a crucial role in shaping WUS snowmelt pat-
terns, particularly in the spring and early summer. For example, in
late May of 1983, a 5-day snow-eater heat-wave event occurred, co-
inciding with the largest spring season, snowmelt-dominated super-
flood event in modern WUS history (3). Notably, this superflood
occurred in large part due to the above normal snow accumulation
before the snow-eater heat-wave event occurrence. We devised a
methodology to identify, track, and estimate the melt potential (the
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Fig. 5. Snow-eater heat-wave area, seasonality, frequency, and duration changes since the preindustrial period. Seasonal (19 March to 1 July) anomalies in 20CRv3-
derived snow-eater heat-wave (A) area, (B) month of first occurrence, (C) frequency, and (D) duration from 1850-2015 over WUS mountainous regions relative to a
1850-1899 climatology. The solid black line indicates the ensemble mean linear regression trend, with gray shading representing the 95% confidence interval of the linear
regression fit. The Mann-Kendall trend P values, Theil-Sen slope, and linear trend slope values are provided at the top of each subplot.

maximum amount of SWE that could melt if it existed) of WUS snow-
eater heat-wave events, using the 11 spring, snowmelt-dominated
superflood events (e.g., 1983) as a litmus test of our workflow. Our
methodology was developed with a use-inspired goal as it can be ap-
plied to any observational or gridded product that provides daily-to-
subdaily T2m and leverages a widely used, operational snowmelt
model (SNOW-17) to estimate snow-eater heat-wave melt potentials.
The melt potentials produced by this operational model were assessed
using an out-of-the-box version and several experimental versions
that enhance melt potential during snow-eater heat-wave events.

By using T2m estimates from the 20CRv3 product, we assessed
how certain snow-eater heat-wave characteristics have (or have not)
notably changed between 1850 and 2015. Our study highlights sev-
eral key findings about 19th to 21st century WUS snow-eater heat-
wave characteristics:

1) SNOTEL observations of dASWE on snow-eater heat wave-
only days have nearly twice as much melt (—17 mm/day) compared
to all melt days (—9.0 mm/day) across 1980-2015. This increased
melt on snow-eater heat-wave days also occurs in more extreme
moments of melt distributions (e.g., 90th percentile dSSWE days en-
hance observed melt from —28 mm/day on all days to —36 mm/day
on snow-eater heat wave-only days).

Rhoades et al., Sci. Adv. 12, eaeb3361 (2026) 5 August 2026

2) The 20CRv3-SNOW-17 methodology represents mean melt
potential well on all days (—11 mm/day) and snow-eater heat wave-
only days (=22 mm/day) compared to SNOTEL-observed —dSWE
on those days.

3) Without enhanced melt on snow-eater heat-wave days, 20CRv3-
SNOW-17 melt potentials underestimate extreme melt days in SNOTEL
observations (i.e., 90th and 99th percentile —dSWE days). We intro-
duce experimental 20CRv3-SNOW-17 models that better account for
extreme melt potential on snow-eater heat-wave days, although with
concomitant degradation in mean daily melt potential performance.

4) Since the 1950s, annual average snow-eater heat-wave event
counts were 3 to 5 events/year, lasting 3 to 5 days each. We show that
seven of the 11 spring season snowmelt-dominated superfloods
identified by Tarouilly et al. (3) can be linked in close temporal prox-
imity to snow-eater heat-wave events. This includes the largest event
(since the 1950s), which lasted 5 days in late May 1983.

5) Since the 1850s, snow-eater heat-wave event areas have in-
creased (+102,000 km? per century), durations have decreased
(—0.25 day per century), frequencies have increased (+1 event
per century), and the month of first occurrence has shifted earlier
(—1 month per century) in WUS mountains. These linear estimates
may underestimate rates of change in recent or future decades.
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Fig. 6. Snow-eater heat wave modeled melt potential intensity changes since the preindustrial period. Seasonal (19 March to 1 July) anomalies in 20CRv3-derived
snow-eater heat-wave average (A) total heat-wave intensity, (B) contribution of heat-wave melt days to total seasonal melt, (C) total daytime intensity, and (D) total night-
time intensity from 1850-2015 over WUS mountainous regions relative to a 1850-1899 climatology. Daytime and nighttime estimates of intensity are computed by con-
verting 20CRv3-SNOW-17 melt potential estimates into local time and then accounting for time zone offsets (every 15° of longitude), solar declination, and hour angle at
sunrise/sunset. Colors represent different 20CRv3-SNOW-17 models, including blue (NHHs), green (HHs), and orange (AHHs). Solid colored lines indicate the ensemble
mean linear regression trend for each model, with shaded regions of the corresponding color representing the 95% confidence interval of the linear regression fit. The
Mann-Kendall trend P values, Theil-Sen slope, and linear trend slope values for each 20CRv3-SNOW-17 model are provided at the top of each subplot.

6) Between 1850 and 2015, the top 25 snow-eater heat wave con-
tributed melt seasons ranged between 14 and 45% of the 19 March
to 1 July total seasonal melt potential.

7) Melt potential rates, whether from the perspective of total sea-
sonal melt potential, Mx1day, Mx3day, and Mx5day, show a positive
trend since the 1850s. However, these trends are also marked by
large interannual variability.

We next present the main sources of uncertainty in the study.
These include the differences between potential melt and actual
snowmelt, the limitations of temperature index models, and the
use of the 20CRv3 reanalysis T2m estimates. We also highlight
future work that could be pursued to advance snow-eater heat-
wave understanding.

Melt potential is not actual snowmelt. This difference is analo-
gous to the limitations of potential evapotranspiration compared
with actual evapotranspiration (45). Melt potential thus represents
an upper bound of the amount of possible snowmelt if sufficient
snow accumulated in the weeks to months before a given snowmelt
event. This important discrepancy was shown in our top 25 years of

Rhoades et al., Sci. Adv. 12, eaeb3361 (2026) 5 August 2026

total seasonal melt potential, with several of the top years corre-
sponding with well-documented snow droughts, such as 2013-2015
in California (46, 47). This is especially true during snow-eater heat-
wave events, as the potential for melt can only be realized if this
same amount of snow exists. For example, the antecedent snow con-
ditions combined with a snow-eater heat-wave event in late May
1983 resulted in the largest spring season, snowmelt-dominated su-
perflood event in modern WUS history (3).

Temperature index snow models, such as SNOW-17, are the
standard approach at operational forecasting centers due to their
reliance on a single variable (T2m) that is more widely accessible
across WUS mountains, their computational efficiency, and their
simplicity that helps in describing causality (48). However, tempera-
ture index snow models do not represent all snow-atmosphere cou-
plings (49, 50) or the full suite of energy balance contributions to
snowmelt. For example, downwelling solar radiation (51), snow albe-
do (52, 53), relative humidity (54), snowfall intensity (55), and rain-
on-snow events (19) affect WUS spring and summer snowmelt rates.
These snow-atmosphere interactions could enhance or diminish the
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Fig. 7. Snow-eater heat wave modeled extreme melt potential intensity changes
since the preindustrial period. (A) Mx1day, (B) Mx3day, and (C) Mx5day anomalies
in 20CRv3-SNOW-17-derived snow-eater heat-wave total intensity between 19 March
and 1 July from 1850 to 2015 over WUS mountainous regions relative to a 1850-
1899 climatology. Colors represent different 20CRv3-SNOW-17 models, including
blue (NHHs), green (HHs), and orange (AHHs). Solid colored lines indicate the en-
semble mean linear regression trend for each model, with shaded regions of the
corresponding color representing the 95% confidence interval of the linear regres-
sion fit. The Mann-Kendall trend P values, Theil-Sen slope, and linear trend slope
values for each 20CRv3-SNOW-17 model are provided at the top of each subplot.
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potential for extreme snowmelt, which, in turn, influences flood and
water supply forecasting.

Future work could contrast snow-eater heat-wave events repre-
sented in temperature index versus mass-energy balance snow
models to see how these snow-atmosphere feedbacks enhance or
diminish extreme snowmelt. Furthermore, temperature index mod-
els do not partition snow ablation into sublimation and melt, which
could have contributed to some of the mismatches we found be-
tween our snow-eater heat-wave catalog and WUS superflood event
occurrences. For example, a snow-eater heat-wave event may have
sublimated rather than melted the snowpack, leading to no stream-
flow response. Enhanced sublimation would be particularly evident
during hot and dry snow-eater heat-wave events, which warrants
further work. Alternatively, earlier season melt and/or rainfall events
may have elevated soil moisture, leading to more efficient runoff
later in the season (56). Further, rain-on-snow events that occur be-
fore, rather than coincident with (as was explored in this study), a
snow-eater heat-wave event may differentially influence snowpack
ripening and snowmelt rates (57). Future work could investigate the
effects of antecedent conditions before snow-eater heat-wave events,
and how other snow-atmosphere couplings and mass-energy bal-
ance fluxes amplify and/or diminish snow-eater heat wave-driven
ablation, such as comparing pre- and postwildfire ablation respons-
es during snow-eater heat-wave events (53, 58).

The 20CRv3 reanalysis dataset offers a valuable long-term,
ensemble-based atmospheric dataset, with global coverage, at a sub-
daily temporal frequency. However, its reliance on surface pressure-
only assimilation and lack of direct snowpack or temperature
observations introduces uncertainties, particularly for assessing high-
resolution snowmelt dynamics and snow-eater heat-wave events in
the varied geographies of the WUS. For example, between 1851-1900
and 2005-2014, 20CRv3 estimates have a cooler spring T2m warm-
ing pattern over North America (+1.19 K) compared to Berkeley
Earth, Climatic Research Unit, and the Global Historical Climatol-
ogy Network (+1.33 K), particularly in May (59, 60). These spring
T2m trend discrepancies could partly be attributed to our evalua-
tion of trends within only WUS mountainous regions , where WUS
low-lying areas have shown stronger spring warming trends due to
more frequent, warm maritime air intrusion (61). In addition, while
the 20CRv3 development team has continued to make adjustments
to the data from 1850 to 2015, the dataset is not currently being
updated forward in time, meaning that it cannot be used to assess
potential shifts in snow-eater heat-wave characteristics over the
most recent decade, which includes some of the hottest years ever
recorded (I, 62), nor in a real-time forecasting context. Continually
updating ERA5 (the fifth generation of the European Centre for
Medium Range Weather Forecasts reanalysis) and/or Integrated
Forecasting System (IFS) products could provide a path forward for
contemporary analysis (see the Supplementary Materials for ERA5-
SNOW-17-based results for 1980-2015). An additional advantage
of using ERA5’s T2m estimates is that it would allow for the use of
ERA5-Land’s skillful snowpack estimates (63) that could help to fur-
ther constrain snow-eater heat-wave event identifications based on
the presence of snow.

Given the identified size and potential impact on water resources
and natural hazards, additional work on snow-eater heat-wave events
is needed. We envision that this work could include the testing of the
newly developed SNOW-17 experimental melt potential models in a
real-time forecasting context, exploring subseasonal-to-seasonal
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predictability of snow-eater heat-wave events with large-scale modes
of climate variability and identifying how different climate scenarios
and/or warming levels could alter snow-eater heat-wave characteris-
tics in the WUS (and other global mountainous regions) through the
21st century. In addition, the use of multiple T2m anomaly thresholds
could be leveraged to develop a snow-eater heat-wave index. For ex-
ample, moderate (+4 K), extreme (+6 K), and exceptional (+8 K)
snow-eater heat-wave conditions. Our sensitivity analysis in the Sup-
plementary Materials suggests that the identification of snow-eater
heat waves and their relative melt intensity is robust to the threshold
choice of +4 to +8 K (from a 1981-2010 base period), while their
spatial extents would vary (figs. S11 and S12).

Results in this study suggest that it may be beneficial to adopt
different SNOW-17 parameterizations during snow-eater heat-wave
and non-heat wave events, analogous to what is done for rain-on-
snow events already in SNOW-17 in equation 6 of Anderson et al.
(39, 64). Our snow-eater heat-wave identification strategy and
newly developed additive melt term during snow-eater heat-wave
events help SNOW-17 to better represent extreme melt potential
estimates (i.e., 90th to 99th percentiles) compared to observed —
dSWE at SNOTEL sites. Therefore, we envision that T2m estimates
from real-time weather forecasts (e.g., IFS) could be leveraged with
our newly developed SNOW-17-based probabilistic framework
during snow-eater heat-wave events to estimate the cone of uncer-
tainty of plausible extreme melt potentials. The goal of this cone of
uncertainty would be to better bracket extreme melt potentials
and provide reservoir operators and flood planners with more in-
formation to make decisions as snow-eater heat-wave events de-
velop and persist.

The ability to predict the area, duration, frequency, and/or in-
tensity of snow-eater heat-wave events at subseasonal to seasonal
timescales could also be worth exploring in future work (65). Op-
erational modeling centers could benefit from a better understand-
ing of the predictability of various snow-eater heat-wave event
characteristics at subseasonal-to-seasonal timescales, particularly
for snowmelt prediction and flood early warning. To do this, we en-
vision that composite (66) and cluster-based analyses (67, 68) could
be used with our snow-eater heat-wave catalog to identify the large-
scale meteorological patterns that give rise to snow-eater heat-wave
events. The large-scale meteorological patterns could then be used
in combination with information about their frequency and persis-
tence under different climate modes of variability, for example, the
El Nifio Longitude Index (69), to identify the likelihood that a given
season might have an increased or decreased chance of a snow-eater
heat-wave occurence. Reservoir operators and flood planners could
combine this information with seasonal forecasts of precipitation
(70) to estimate the potential risk profile of both an accumulation of
an abundant snowpack, combined with the potential for more snow-
eater heat-wave events.

The flexibility of the reported snow-eater heat-wave identifica-
tion framework should be extensible to other global mountain re-
gions. Therefore, snow-eater heat-wave characteristic changes over
the past two centuries could be derived and intercompared across
mountains (71) and snow climates (72) to derive a flood potential
index, analogous to the water tower index (73). Similar to what oc-
curred in the Pacific Northwest in 2021 during a snow-eater heat
wave-like event (1, 74), rapid glacier and seasonal melt during heat-
wave events has also been observed in the European Alps (75) and
South American Andes (76, 77). The increasing trends in snow-eater
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heat-wave area and frequency, combined with an earlier timing in
the spring season, warrant further investigation into the middle and
latter portions of the 21st century under different, plausible warm-
ing trajectories (78). There is strong evidence that seasonal snow-
packs will diminish substantially by the end of the century, such as
those in the American Cordillera (25, 26, 79). However, between the
present decade and the middle of the 21st century, snow-eater heat
wave-induced flooding likelihoods could peak before declining into
the end of the 21st century, analogous to the concept of peak rain-
on-snow introduced by Heggli et al. (80). This highlights the rele-
vance and urgency to continue studying heat-wave impacts on snow
and their predictability at relevant timescales for resource and emer-
gency management.

MATERIALS AND METHODS

The workflow developed to identify snow-eater heat-wave character-
istics between the 19th and 21st centuries is summarized in Fig. 8.
Subsequent subsections and the Supplementary Materials provide ad-
ditional information about methodological assumptions and choices
made in this workflow.

Snow-eater heat-wave identification and tracking

Our end-to-end workflow can be applied to any gridded dataset that
provides subdaily-to-daily T2m estimates. We chose to use the
20CRv3 (36-38) as it provides a long spatiotemporally continuous
meteorological dataset. 20CRv3 is a gridded (~75-km grid spacing)
estimate of atmospheric and land surface conditions that spans 1806
to 2015. To constrain its model-based estimates of atmospheric and
land surface conditions, 20CRv3 assimilates surface observations of
surface air pressure and prescribes lower boundary conditions of
sea surface temperature and sea ice concentrations. 20CRv3 lever-
ages an ensemble-based data assimilation system to produce an
80-member ensemble that accounts for three forms of uncertainty:
internal climate variability, observational, and structural.

We leverage 3-hourly estimates of T2m to identify and estimate
the melt potential (i.e., potential melt rates if snowpack exists) of
snow-eater heat waves from 1850 to 2015 (defined and discussed in
subsequent sections). We opted to use data beginning at 1850 on-
ward since the data from 1806 to 1835 is experimental and might
lead to trend analysis inconsistencies with data post-1835. This also
coincides with the Intergovernmental Panel on Climate Change’s
preindustrial period (1850-1899) and is the earliest period at which
observations were near-global (81). The spatial bounds of the WUS
in our study span 30 to 50 N by —124 to —104 W. Within this region,
there are a total of 812 grid cells in 20CRv3.

Slivinski et al. (38) found that 20CRv3 demonstrates comparable
3- to 4-day forecast skill as operational forecasting models (circa
2019) when estimating 500-hPa geopotential height fields over the
near-term period of 1979-2015. This provides confidence that it
skillfully represents mid-tropospheric atmospheric circulation pat-
terns, particularly during the mountainous WUS observational re-
cord that overlaps with 20CRv3 (1980-2015). Nolin et al. (59) showed
that 50-year climatological March to May T2m anomaly sign and
spatial extent over North America in 20CRv3 correlated strongly with
the Berkeley Earth and a tree ring-based paleoclimate reconstruc-
tion but with a cool bias.

We use 80-member ensemble mean 3-hourly T2m estimates to
identify snow-eater heat-wave events using the following criteria:
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Fig. 8. Snow-eater heat-wave event identification, melt potential estimation, and verification workflow. The end-to-end workflow to identify snow-eater heat-wave
events, estimate their melt potentials, and assess trends in their characteristics. The blue text indicates the subsections of the manuscript where specific details about the

workflow can be found.

1) The event must occur after 19 March (spring equinox) and
before 1 July.

2) The T2m must be above freezing.

3) Analogous to Reyes and Kramer (I), a T2m anomaly of +6 K
should occur relative to a 3-hourly background climatology (1981-
2010). The climatology is derived from day of year and time of day.

4) Criteria 2 and 3 are sustained for at least 3 days.

We selected these criteria for the following physical reasons:
First, we sought to isolate events that occur when snowpacks ap-
proach their climatological peak and begin to melt out (19 March to
1 July). Second, as sudden shifts in T2m would not be expected to
result in rapid melt if daily average T2m remains below freezing, we
want to ensure that the snowpack experiences sustained above-
freezing conditions that could lead to ripening and/or ablation.
Third, the criteria further isolate anomalous T2m conditions that
are not simply part of the normative transition between spring and
summer. Last, we want to ensure that these conditions are sustained
for a prolonged period [e.g., at least 3 days; a common heat-wave
duration definition (24)] that accounts for a continuous and anoma-
lous energy transfer from the atmosphere to the snowpack that de-
pletes snowpack cold content, leading to snowmelt. Unfortunately,
consistent cold content measurements at daily frequency (partic-
ularly across the WUS) are nonexistent. Therefore, to be reason-
ably conservative, we followed standard definitions used in other
heat-wave literature as a starting point to develop our criteria. How-
ever, we suggest the refinement of the necessary and sufficient
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duration of the snow-eater heat-wave conditions mentioned above
as future work.

To isolate regions of snow-eater heat waves in time and space, we
use several CDOs (Climate Data Operators) (82), and the Tem-
pestExtremes StitchBlobs algorithm (83). CDO isolates the snow-
eater heat-wave conditions to generate binary (0 or 1) spatiotemporal
masks. StitchBlobs is then applied to these binary masks to identify
distinct snow-eater heat-wave events and assign them specific iden-
tifiers. For example, the StitchBlobs flag minsize and mintime are set
to 100 grid cells and 24 hours, respectively, to assign specific identi-
fiers to each snow-eater heat-wave binary mask based on spatial and
temporal overlap assumptions. minsize represents the minimum
number of grid points per time slice for a given areal feature to be
counted as a distinctly identified feature. mintime represents the
minimum number of time slices for a given tracked areal feature to
overlap with another areal feature at a prior time step to be counted
as a distinctly identified areal feature. This workflow allows us to
generate a historical catalog of events.

Snow-eater heat-wave melt potential

To provide a more decision-relevant assessment of how snow-eater
heat-wave characteristics have changed since the 19th century, we use
an operational snowmelt model. The operational snow accumulation
and ablation model we leverage is SNOW-17, a conceptual model
currently used by the National Weather Service (39). SNOW-17
requires T2m and precipitation as inputs, while snowmelt and SWE
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are outputs (84). SNOW-17 uses T2m as a proxy for energy ex-
change across the snow-air interface and applies empirically based
relationships to compute snowpack heat storage, snowmelt, liquid
water retention, and meltwater transmission (64, 84).

To quantify the melt potential of snow-eater heat waves and as-
sess the fidelity of SNOW-17 in estimating both mean and extreme
melt potential, we use the temperature index nonrain melt model
within the SNOW-17 model [see equation 6 in Anderson et al.
(39, 64)]. Temperature index models do not explicitly account for all
surface radiative budget terms (e.g., net solar radiation) but instead
rely on the strong relationship of snow-longwave radiation feed-
backs (85) and a few parameters that attempt to account for aspect,
slope, length of day, and land surface cover (discussed later). Tem-
perature index models are also practical (i.e., only require estimates
or observations of T2m), computationally efficient, and widely used
in operational forecasting (48).

The SNOW-17 nonrain melt potential (M) is defined as

Mnr [d’ MFmin’ MFmax’

D M;(d, MF,;,, MF
hed

T,(d), MBASE| =

) s [T,(h)—~ MBASE] W

max

where d denotes the day of the year between 19 March and 1 July,
h=10,3, ...,21] denotes the hour of d at 3-hour intervals, T,(d) =
{T,(d,h):h=0,3, ... ,21} is a length-8 vector of T2m (in kelvin)
provided by the 20CRv3 reanalysis dataset at 3-hourly resolution,
MBASE denotes the baseline melt temperature (equal to 273.15 K),
and M(d) is the seasonal variation in the nonrain melt factor (in
millimeters per hour). Melt potential is only realized if the same
amount of snow is present on the landscape. Therefore, melt poten-
tials represent upper-bound estimates of actual snowmelt, analogous
to the difference between actual evapotranspiration and potential
evapotranspiration (45).

The seasonal variation, which accounts for the influence of the
seasonal cycle of solar radiation and land surface feedbacks on melt
potential, is defined as

M(d, MF,;,, MF, . ) = S,(d) * A, (d) % (MF,,c — MFE,;. ) + MF

min

2

min> max)

where S, (d) accounts for solar variation based on the season, A, (d)
accounts for angular variation (i.e., latitude and time of year), and
MF,;, < MF_,.. MF_, and MF,_, account for local radiative and
temperature effects on snowpack (e.g., south-facing versus north-
facing slopes and forest cover types) as defined in a NOAA National
Weather Service technical manual for SNOW-17 (86). More specifi-
cally, Table 1 in the NOAA NWS technical manual for SNOW-17 (86)
states that for coniferous forests, MF , (MF,; ) should range be-
tween 0.5and 0.8 (0.2 and 0.3), whereas in open areas, MF . (MF, ;)
should range between 1.3 and 2.0 (0.5 and 0.9). Traditionally, these
parameters are chosen by the user based on local knowledge of the
region of interest (e.g., land surface cover). Across the WUS, A, (d) is
equal to 1.0 based on guidance in Anderson et al. (64). The solar vari-
ation S, (d) accounts for the length of day (which influences radiative
and temperature feedback on snowpack) and is defined as

S,(d) = Esm + = 3)

1. [2aN()| 1
366 2
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where N(d) is the number of days (d) since the spring equinox
(19 March).

To estimate melt potential across the WUS, we developed a sta-
tistical model to estimate plausible data-informed estimates of the
SNOW-17 parameters. For the 19 March to 1 July period, MFp, has
a negligible impact on melt potential. Therefore, we focus our atten-
tion solely on MF,,y and keep MF,;, fixed to its upper bound (see
the Supplementary Materials for more discussion). Our proposed
statistical model relates in situ measurements of the dSWE provided
by the SNOTEL Network with collocated gridded estimates of T2m
from 20CRv3. The model is estimated in a Bayesian paradigm and
produces WUS-wide estimates of the spatially varying MFy.x pa-
rameter. To estimate MF,,y, we first estimate MF,,x for each year
between 1980 and 2015, obtaining 3000 samples from the posterior
distribution and discarding the first 1500 as burn-in. For all models,
convergence is assessed graphically using a random subset of pa-
rameters and numerically using R, with no lack of convergence de-
tected. Within 1980-2015, we use the particular year’s estimated
MF,,,ox to estimate melt potential. Outside of 1980-2015, to account
for SNOTEL measurement network’s spatiotemporal coverage uncer-
tainty between 1980 and 2015 (and ensure that MFy is not fine-
tuned for performance in any particular year), we perform a weighted
average of the posterior draws of MFy,,, across 1980-2015 at each
grid cell to estimate melt potential. The weights are determined on
the basis of the number of SNOTEL observations across the WUS in
a given year (i.e., 8254 measurements in 1980 to 39,474 measure-
ments in 2015). This results in 1500 posterior estimates of the WUS-
wide spatially varying MF,,,,. Because of the computational cost of
the subsequent analysis, we opt to retain 50 random draws from the
posterior distribution of the MF,,, parameter to estimate melt po-
tential, which we refer to as the ensemble of melt potential estimates.
We found that a 50-member ensemble of SNOW-17 melt potential
estimates was the optimal choice between balancing the representa-
tion of the underlying distribution of melt potential estimates and
computational resources. The Supplementary Materials contains spe-
cific details of this parameter estimation.

In addition, we propose a natural log additive term to Eq. 1 that
captures enhanced melt potential on snow-eater heat-wave days. This
additive term can be scaled and varied in its melt strength based on a
fixed parameter (k) and the snow-eater heat-wave presence and dura-
tion. The out-of-the-box and experimental versions of the SNOW-17
model were intercompared and ranked to identify the top three per-
forming models over the SNOTEL period of record (1980-2015).
These three melt potential models include the out-of-the-box SNOW-
17 model, which has NHH influence, and two experimental models,
HHs and AHHs. More details about these experimental models and
their verification are provided in the Supplementary Materials.

Our hypothesis in devising an additive melt term in the SNOW-
17 melt equation is based on several factors. During snow-eater heat
waves, we anticipate that a snowpack would experience a prolonged
period (both day and night) of elevated temperatures, yielding en-
hanced downwelling longwave and sensible heat fluxes (Fig. 1). In
addition, we expect clear sky conditions, leading to an increase in
downward shortwave radiation during the day. In certain circum-
stances, during prolonged high pressure and the presence of upper-
level cirrus clouds (which can be advected into the region), enhanced
downward longwave radiation can occur at night (87-89). The com-
bination of these feedbacks could lead to sustained loss of cold con-
tent and enhanced snowmelt rates (90, 91).
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WUS-wide estimates of MF .« for the 20CRv3-SNOW-17 NHH,
HH, and AHH models can be found in fig. S1 (A to C). The 50-member
ensemble mean, median, and maximum MF,,,x values used at any
given 20CRv3 grid cell across the WUS are shown. Notably, there is a
significant amount of spatial heterogeneity in the ensemble of MFy,,«
values used across the three 20CRv3-SNOW-17 models. Therefore,
a fixed MF,,x value across the WUS would not have led to the best
possible melt potential estimates.

We performed a sensitivity analysis of how snow-eater heat-wave
identification criterion (i.e., 20CRv3-based T2m of +4 K versus +6 K
versus +8 K above a 3-hourly background climatology, 1981-2010)
and how reanalysis dataset choice [i.e., 20CRv3 versus ERAS5, the fifth
generation of the European Centre for Medium Range Weather Fore-
casts reanalysis (92), using a +6-K T2m anomaly above a 3-hourly
background climatology, 1981-2010] shaped our results. We refer
readers to the Supplementary Materials for more information.

Snow-eater heat-wave metrics

We compute several metrics to add context to the snow-eater heat-
wave catalog. These metrics are computed across 19 March to 1 July
and include the seasonal total melt potential, snow-eater heat wave
contributed melt potential, and the maximum 1-, 3-, and 5-day melt
potential (Mx1day, Mx3day, and Mx5day, respectively). The percent
contribution of snow-eater heat-wave melt potential is computed by
taking the melt on snow-eater heat wave-only days and dividing
by the total melt potential across all days between 19 March and
1 July. To identify the top years for these metrics, we take the mean
of the 50-member ensemble melt potential estimates, sum the melt
potentials over all possible periods of interest (e.g., 5 days), spatially
average those periods, find the maximum across all possible peri-
ods, and then convert those estimates from millimeters to cubic
kilometers by multiplying the depth of melt potential by the area of
the snow-eater heat-wave masks. The melt potential estimates can
be computed in regions that do not typically have ephemeral or
seasonal snowpacks (93). To limit this bias when we intercompare
the melt potentials across years throughout the WUS, we mask the
melt potential estimates with a widely used mountain mask devel-
oped by Korner et al. (71). Figure S1 provides outlines of these WUS
mountainous regions. We also compare our catalog of snow-eater
heat-wave dates and durations with the Tarouilly et al. (3) WUS top
100 superflood catalog. To assess trends in snow-eater heat-wave
characteristics between 1850 and 2015, we compute spatial average
seasonal anomalies within WUS mountainous regions, comparing
each season to a 50-year preindustrial base period (1850-1899). The
nonparametric Mann-Kendall and Theil-Sen tests are computed to
assess the sign and associated P values of the trends (94).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S15

Tables S1to S8
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