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Abstract Extreme floods and landslides in high-latitude watersheds have been associated with rain-on-
snow (ROS) events. Yet, the risks of changing precipitation phases on a declining snowpack under a warming
climate remain unclear. Normalizing the total annual duration of ROS with that of the seasonal snowpack, the
ERAS data (1941-2023) show that the frequency of high-runoff ROS events is a characteristic feature of high-
latitude coastal zones, particularly over the coasts of south-central Alaska and southern Newfoundland. Total
rainfall accumulation per seasonal snowpack duration has increased across western mountain ranges, with the
Olympic Mountains experiencing more than 40 mm of additional rainfall over the snowpack in the past eight
decades, followed by the Sierra Nevada. These trends could drive an 8% increase in rainfall extremes (e.g., more
than 10 mm for 6 hr storm with a 15-year return period), highlighting the need for resilient flood control systems
in high-latitude coastal cities.

Plain Language Summary Rain-on-snow (ROS) events have caused flooding, including the 2013
Alberta floods and the 2017 California floods in the northern Sierra Nevada. As global warming accelerates,
more precipitation falls as rain rather than snow, particularly in regions with historically persistent snowpack.
Our analysis of flood-producing ROS events across North America indicates that the risk of ROS flooding is
lower in historically snow-covered interior lowlands of the central United States than in high-altitude
mountainous watersheds and high-latitude coastal regions. We present risk maps for various rainfall return
periods and durations to support understanding the risks of coastal ROS-driven floods in a warming world.

1. Introduction

The problem of rain-on-snow (ROS) brings to bear critical questions closely tied to our era as rising global
temperatures reshape the spatiotemporal dynamics of precipitation and snowpack. With increasing global tem-
peratures, a growing proportion of precipitation is occurring as rain rather than snow (Klos et al., 2014; Ombadi
et al., 2023; Tamang et al., 2020), leading to a continued reduction in the extent and duration of snowpack across
the Northern Hemisphere (NH) (Gottlieb & Mankin, 2024; Matiu & Hanzer, 2022). These changes will affect the
intensity, duration, and space-time frequency of ROS events and consequent potential floodings (L6pez-Moreno
etal., 2021; Myers et al., 2023; Sobota et al., 2020). Catastrophic floods have already been linked to heavy rainfall
during snowmelt seasons, such as the 2013 historical Alberta floods (Pomeroy et al., 2016) and the one that
coincided with California's 2017 Oroville Dam failure (Henn et al., 2020; Michaelis et al., 2022). More recently,
springtime widespread flooding across the Midwest (Veldsquez et al., 2023), frequent coastal landslides (Smith &
Wegmann, 2018) in Western Contiguous United States (CONUS) and southeast Alaska (Bieniek et al., 2018; Pan
et al., 2018) urges the necessity of expanding our understanding of the regional trends in characteristics of ROS
events and their nonstationary impacts on spring flooding across North America.

The spatial distribution of ROS and its long-term trends are shaped by the interplay of precipitation amount, phase
transitions, and snow-cover persistence, all of which are strongly influenced by air temperature and regional
topography. On the one hand, a warming climate reduces the duration and extent of snow cover, decreasing the
likelihood of ROS events and extreme runoff in lowland areas (Bonsoms et al., 2024; Rasiya Koya et al., 2024).
On the other hand, increased rainfall (Prein & Heymsfield, 2020) heightens the probability of ROS events over
persistent high-altitude snowpack (Li et al., 2019). Significant ROS events have been documented in high-altitude
mountainous watersheds, including the Cascade Range and the Rockies in the west (McCabe et al., 2007), as well
as the Appalachians and its highland subranges in the east (Pradhanang et al., 2013; Rasiya Koya et al., 2024),
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with potential impacts on spring flooding (Graybeal & Leathers, 2006; Huang et al., 2022). Evidence also
suggests that the climate of high-latitude coastal regions is transitioning more to a temperate environment (Evan
& Eisenman, 2021; Zaqout & Andradéttir, 2024) due to a continuous rise of air temperature, giving rise to a more
significant likelihood of ROS events over persistent, deep, and wet maritime snowpack (Il Jeong &
Sushama, 2018).

Despite scientific consensus about the importance of ROS events in current and future scenarios of spring
flooding over historically snow-dominated watersheds and coastal regions (Beniston & Stoffel, 2016; Moran-
Tejeda et al., 2016; Musselman et al., 2018; Notarnicola, 2020; Stoelinga et al., 2010; Ye et al., 2008), it is not
well understood how the competing dynamics of precipitation phase change and snowpack decline contribute to
the ROS multi-decadal trends across North America. More importantly, the risks associated with ROS runoff
remain poorly understood, particularly under non-stationary conditions driven by changes in rainfall and snow
cover characteristics. This knowledge gap is especially pronounced across coastal mountain ranges in the Eastern
United States, Alaska, and Canada, where snowpack telemetry and precipitation gauge stations are either absent
or extremely sparse (Brunet & Milbrandt, 2023).

Given the declining snowpack trends in most of the continent (Mote et al., 2018; Siirila-Woodburn et al., 2021),
unlike previous works, this study normalizes the total hourly counts of ROS events by the snowpack duration
(NROS) to gain new regional insights into the multi-decadal trends in the frequency and amount of ROS events
per snowpack duration. To that end, data from the fifth generation of the European Center for Medium-Range.
Weather Forecasts atmospheric reanalysis (ERAS5, Hersbach et al., 2020) are used and cross-validated with in situ
observations. Similar to previous studies (Musselman et al., 2018), we focus on high runoff ROS events where
and when the rainfall rate and the snow water equivalent (SWE) are greater than 2 mm hr™' and 10 mm,
respectively, and the snowmelt comprises at least 10% of total rainfall excess (i.e., amount of rainfall available for
overland surface runoff) and snowmelt flux—consistent with several previous literature (Colle & Mass, 2000;
Kattelmann et al., 1991; Li et al., 2019; Musselman et al., 2018). Hereafter, this snowpack condition is denoted by
SWE),,, and the terms rainfall and rainfall excess are used interchangeably. The trends over mountain ranges and
non-stationarity of the intensity-duration-frequency (IDF) of ROS events are also studied, highlighting the need
for efforts in assessing the risk of ROS runoff for future infrastructure developments in regions of high
vulnerability. We need to mention that throughout, the concept of “risk™ is used in the context of classic rainfall
frequency analysis (Stedinger et al., 1993) and its non-stationary projections (Cheng & AghaKouchak, 2014)
without implicitly accounting for other factors that might affect individual events (e.g., antecedent soil moisture)
and streamflow flooding.

2. Data and Methods
2.1. Data

Hourly ERAS data for total near-surface precipitation (m), snowfall (m), snow depth (m), snowmelt flux (m),
and snow density (kg m™>) at 0.25° resolution from 1941 to 2023, are utilized to identify ROS events and their
normalized representation. The computed NROS annual trends are validated against gauge data from the Global
Historical Climatology Network Daily (GHCNd, Menne et al., 2012) dataset, which contains the required key
variables, including total precipitation, snowfall, and snow depth. Across North America, the GHCNd dataset
offers measurements in more than 73,000 gauge stations, with fewer than 9,000 in Canada. Only those gauges
with less than 10% missing values and at least 30 years of overlap with the reanalysis data were used. Total
precipitation values larger than 400 mm were flagged as outliers. The GHCNd dataset includes quality flags
(NCEI, 2024) indicating inconsistencies such as “temperature is too high for snow.” Data marked by any of
these inconsistency flags were excluded. Ultimately, 517 gauge stations were selected during the overlapping
period 1980-2010 after quality control. A discussion of how the NROS is validated against the GHCNd ob-
servations is presented in Supporting Information S1. In addition to the above data, we utilized Global Multi-
resolution Terrain Elevation Data 2010 by Danielson and Gesch (2011) to characterize dependencies with

topography.
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2.2. NROS Events

As is self-evident, ROS events are characterized not only by changes in the precipitation phase but also by the
presence of snow cover, which are tightly dependent on each other over sufficiently long time scales. The annual
NROS events are computed as follows:

R
NROS = % (1)

where the sets R and S are defined as R = {r | r>2mmh™!} and $ = {SWE | SWE > 10 mm} and Il is the
cardinality or size of the set, representing the total number of instances in a year when rainfall and SWE exceed
their respective thresholds. As previously noted, the NROS events and computations are also confined only to
events where and when the snowmelt comprises at least 10% of total runoff potential (Li et al., 2017) (i.e., the sum
of excess rainfall and snowmelt flux).

Since GHCNd data lacks snow density measurements, for computation of NROS, we estimate SWE based on its
relationship (Sturm et al., 2010) with snow depth for different snow classes (i.e., Tundra, Taiga, Maritime,
Ephemeral, Prairie, and Alpine) as follows:

Prpoy = (Pmax = Pmin) [1 — exp(—k; X h — ky X DOY)] + p,» @)

where for a specific snow class, p,,., and p,;,, in kg m~>, represent the maximum and minimum snow densities,
k, and k, are constant parameters, and / denotes snow depth in meters at day of the year (DOY).

2.3. ROS Runoff Trend Analysis

Analogously, for trend analyses, we normalize annual rainfall excess R, and snowmelt flux R, in millimeters, by
the SWE,, snowpack duration to identify regions vulnerable to ROS-related risks. We use the non-parametric
Theil—Sen estimator (Sen, 1968) for linear trend analysis. This approach obtains the median of the slopes,
namely Sen's slope, of all lines connecting unique pairs of annual NROS representations. Compared to classic
least squares, the method is robust to outliers, non-Gaussian, and heteroskedastic residuals (Matousek et al., 1998;
Wilcox, 2010). The Sen's slope is insensitive to outliers and provides robust estimates of linear trends. The
statistical significance of these trends is evaluated using the Mann-Kendall test (Kendall, 1948; Mann, 1945). A
trend is considered significant when the p-values are less than 0.05, assuming the null hypothesis follows a
Gaussian distribution.

2.4. ROS Extreme Values

The extreme values of 1, 3, and 6 hr total ROS for 5, 10, and 15 years return periods are computed. We need to
note that, while computing these extremes, the snowpack must persist for the required duration. To that end, the
three-parameter Generalized Extreme Value (GEV) distribution is used with location y, scale o, and shape &
parameters. To account for non-stationarity in the annual maximum time series, a linear trend pu(f,, ) = o + f1
T is considered for the location parameter (Cheng & AghaKouchak, 2014) with 7' = 83. All unknown parameters
of the distribution are obtained through the maximum likelihood approximation for the entire data set (Ruggiero
et al., 2010). The extreme values of interest Z;; for a return period of 7% are obtained as follows:

R
ZTR = ) (3)

1 u
i +6ln(—ln(1 - T—)), foré=0and Ty > 1
R

-
/HE (—ln(l—%)) —1], foré;ﬁOandTiR<1

where i(TR) = ﬁo + p, T, 6, and & are the estimated parameters. Consequently, the extreme value estimates
provide insights into future projections and risks, reflecting the increased probability of exceedance due to the
shift in the mean of the fitted distributions.
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Figure 1. (a) Percentage of mean annual normalized ROS (NROS) frequency, (b) trends in annual NROS from 1941 to 2023, and (c)—(f) zoomed-in plots, along with
annual time series of rain-on-snow and SWE, durations for pixels with significantly, (g) positive (NROS™), and (h) negative (NROS™) trends. Significant trends
(p < 0.05) are marked with black dots, and Alaskan glaciers' extent (Roberts-Pierel et al., 2022) is shown in magenta in panel c.

3. Results
3.1. NROS Climatology and Trends

The annual NROS frequency (Figure la) is notably higher along the coast than inland. In the west, the
occurrence frequencies plainly show a latitudinal gradient, increasing from about 2% in southern Alaska to
more than 10% along the coasts of Northern California and the Sierra Nevada, indicating the increased fre-
quency of rainfall events over relatively longer duration SWE,, snowpack. Southeastern Alaska has isolated
coastal areas with positive NROS frequencies (Bieniek et al., 2018) of around 5%, extending from the coasts of
the Kenai Peninsula Borough and Chugach Mountains to the southeast Alaskan panhandle and the Alexander
Archipelago. At lower latitudes, frequencies increase to more than 10% along the western slopes of the Coast
Mountains in British Columbia, Vancouver Island, the Olympic Mountains in Washington State, and the Sierra
Nevada in California.

In the Eastern part, the highest NROS frequencies of more than 5% are over a latitudinal band of ephemeral snow
(Hatchett, 2021; Rahimi et al., 2022) stretching from northern Arkansas to the coasts of North Carolina. Along
coastal areas, the relatively high NROS frequency of around 2% extends from the eastern slopes of the Green and
White Mountains, across the coasts of Connecticut to New England, with higher rates over mountainous regions.
Higher NROS frequencies over the Black Mountains in the Appalachians and Mount Mitchell in North Carolina
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further highlight the impact of topography on NROS events. In Canada, NROS with frequencies of around 2% are
found in the Appalachian uplands of Nova Scotia, Avalon Peninsula, and southern Newfoundland and Labrador
province, with higher values in the vicinity of coastlines. A detailed analysis of ROS and SWE, frequencies is
presented in Figure S1 in Supporting Information S1 to shed more light on the frequencies of the NROS's
constituting elements.

The NROS annual trends show clusters of positive and negative values over the western and eastern parts of the
continent (Figure 1b). Significant positive trends of around 2% per decade are observed over southern Alaska and
the west coast of Canada, extending from the Unimak of the Aleutian Islands to Vancouver Island (Figure 1c).
The Kenai Peninsula's coasts display a mixture of significant trends with different signs, leaning negative over the
highlands of Kenai Fjords National Park. In the lower latitudes of southeast Alaska, a ribbon-like contrasting
trend pattern emerges with positive values over the Alexander Archipelago lowlands and negative ones over the
highlands of the Coast Range. Most southeast Alaskan glaciated coastal areas have experienced a positive trend
encompassing regional glaciers such as the Margerie, Johns Hopkins, Brady, and Muir. The west coast of British
Columbia exhibits widespread positive trends, particularly around Moresby and Vancouver Islands, indicating an
increased risk of ROS events and potential coastal flooding. Past events have highlighted this risk, such as the
widespread coastal flooding and landslides triggered by an atmospheric river on 14 November 2021, which
caused loss of life and property (Gillett et al., 2022).

Significant positive trends are observed in lower latitudes in the western CONUS over the Olympic Mountains,
Cascade Range, and Sierra Nevada (Figure 1d). In contrast, negative trends persist in the Coast Range of
Washington and Oregon. The lowland Appalachian Mountains and their foothills have experienced declining
trends in most parts, while positive trends are found across Maine, Newfoundland, and Nova Scotia highlands
(Figure le). The decline of NROS in lowland Appalachians is because the snowpack exhibits a faster-declining
rate than the increasing rate of precipitation phase transition from snow to rain. However, this pattern is reversed
over Appalachian uplands, causing increased risks of high-latitude (i.e., approximately 60°N) ROS events. Trends
across southeast Canada are less pronounced but still significant below 60°N, with positive values observed in the
east over Akami-Uapishk"-KakKasuak-Mealy Mountains (AUKMM) National Park Reserve in Newfoundland
and Labrador, and negative values in the west, spanning central and southern Quebec province (Figure 1f).

The annual trends of ROS and SWE,, hourly durations are analyzed for the collection of all pixels with
significantly positive (NROS™) and negative (NROS™) trends. Surprisingly, on one hand, in the regions with
positive trends (Figure 1g), there is no significant trend in ROS duration, but a significant decline of 11.60 hr yr™"
in SWE duration is quantified. On the other hand, in the regions with negative trends (Figure 1h), both ROS and
SWE durations show declines of 0.27 and 13.30 hr yr™", respectively. There are important findings here. The
constant rate of ROS duration over a declining snowpack implies that the duration of rainfall events has increased
at almost the same pace as the snowpack duration declined for regions with positive trends. In contrast, the
snowpack has declined faster than any potential expansion of rainfall events in areas with negative trends. The
spatial representation of annual trends of ROS and SWE durations is shown in Figure S1 in Supporting Infor-

mation S1 for further insights.

As a function of elevation, the significant NROS and ROS trends are shown in Figure 2 together with the mean
climatology of SWE,, duration. The NROS trends are continually positive and non-monotonic with elevation,
capturing the competing effects of elevational changes in the precipitation phase and snowpack. On average,
NROS has increased across North America, with the highest rates in altitudes 600-1,500 m, where SWE,, also
experiences the most prolonged duration, corroborating the recent findings (Rasiya Koya et al., 2024). The NROS
trends are almost negligible over landscapes with elevation above 2100 m. In contrast, ROS trends increase
monotonically with elevation, showing negative (positive) trends below (above) 1,200-1,500 m. This contrasting
picture underscores that although the frequency of ROS events has decreased in lowland areas due to the ongoing
reduction of snowpack, the frequency of annual rainfall per snowpack duration has consistently and steadily
increased over the past eight decades.

3.2. ROS Runoff Trends

To bring to light the reasons explaining changes in ROS potential runoff, it is imperative to untangle the impacts
of its constituting elements: excess rainfall R, and snowmelt flux R,. The previously explained SWE, condition is
applied to confine our considerations to runoff potent ROS events. In the same vein, total magnitude of the annual
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Figure 2. Elevation trends of (a) normalized ROS and mean SWE, and (b) rain-on-snow across North America, with 95%
confidence bounds shown in shaded areas.

fluxes is normalized by the seasonal snowpack duration to uncover the trends independent of the declining
snowpack.

The significant spatial trends in normalized R, (Figure 3a) are consistent with those of NROS for the most part.
Analogous to NROS trends, positive trends of 2 mm season™' decade™" of rainfall excess are notably observed
over the Chugach region in southcentral Alaska. Surprisingly, this region exhibits notable positive trends in
normalized snowmelt flux (Figure 3b) rarely observed elsewhere, marking it among the most vulnerable areas
across the continent to the high risk of ROS runoff. Furthermore, unlike the NROS trend direction, the normalized
excess rainfall over the Southeast Alaska Panhandle is declining. Therefore, the shrinking seasonal snowpack and

Normalized Rainfall Excess Trend Normalized Snowmelt Trend

(b)

N e
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Figure 3. (a) Annual trend of normalized rainfall excess R,, (b) normalized snowmelt R, and (c) box plots of their variability
across major mountain ranges in North America. Significant trends (p < 0.05) are marked with black dots. In the box plot, the
central mark represents the median, edges are the 25th and 75th percentiles, and whiskers extend to the most extreme data
points. See Figure S3 in Supporting Information S1.
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its flux seem to have outpaced any potential trend in precipitation phase change in this region. This continual
reduction of annual excess rainfall extends to the Coast Range in Washington and Oregon, corroborating the
NROS trends. Significant positive trends in excess rainfall and snowmelt fluxes over the Cascade Range,
Olympic Mountains, Sierra Nevada, and northern Arizona further highlight the rising potential of ROS floods in
these mountainous regions. Over the east, the patterns closely follow the pattern of NROS, indicating the fre-
quency of ROS increases with latitude and becomes maximum in the northeast coasts of the United States and the
southern coasts of Quebec and Newfoundland in Canada.

Statistical evaluation of the trends across different mountain ranges (see Figure S3 in Supporting Information S1)
furnishes further clarity and a new regional and climatological understanding of the past changes. As shown in
Figure 3c, the median trends of both fluxes show consistent signs across all mountain ranges, except over the
Cascade Range. Our analysis indicated that (not shown here) over the Cascades, unlike other mountainous re-
gions, the ROS snowmelt flux is decreasing faster than the decline in SWE,, duration. This declining trend in
snowmelt makes sense as the increased amount of warm rain over the life cycle of the seasonal snowpack can
accelerate melting due to the transfer of sensible heat from rain to snow in exchange for the latent heat of melting.
The strongest positive trends and the widest uncertainty range are over the Olympic Mountains, followed by the
Sierra Nevada. This can be attributed to the previous findings (Guan et al., 2016; Rhoades et al., 2024) suggesting
the increased frequency of warm atmospheric rivers approaching the mountains of the west coasts. These
concentrated bands of moisture plumes efficiently transport large amounts of water vapor from the tropics to the
mid-latitudes in a relatively short period through strong low-level jets ahead of cold fronts that can dump a
significant amount of rain over snow-covered surfaces.

3.3. ROS Extreme Values

A three-parameter GEV distribution is used to derive ROS depth for return periods of 5, 10, and 15 years with
1, 3, and 6 hr duration (Figure 4). The left panels show the extreme values with a stationary assumption. As
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explained in the Methods Section, the right panels display the percentages of changes when non-stationarity in
the mean is accounted for. As the return period and ROS duration increase, extreme values become more
pronounced, with their locations shifting from inland toward coastal zones, where high SWE snowpack
persists.

The 1 hr ROS depth with a 5-year return period reaches 12 mm of total depth over a narrow band along the
west coasts of the continent stretching from Alaska to Washington and a wide range of inland landscapes over
the Midwest and East Coast. Flood-producing 6 hr ROS events with a return period of 15 years are chiefly
coastal phenomena. Extreme 6 hr rainfall with a total depth of 64 mm can be found over Katmai and Lake
Clark National Parks and Reserves in Southwest Alaska. These extremes stretch over southcentral Alaska,
Kenai Fjord, Chugach National Forests, and the western flanks of the Elias Mountains in Southeast Alaska and
Canada. As previously noted, the Olympic Mountains and the Sierra Nevada are the most vulnerable regions in
the United States. The phenomenon is coastal mainly in the east, apart from the higher elevations in the Great
Smoky Mountains and the Blue Ridge Mountains. The coastal areas of New Jersey and New York, the Nova
Scotia Peninsula, and the southern coasts of the Canadian island of Newfoundland are vulnerable to this
extreme ROS flooding.

4. Discussion and Concluding Remarks

Building on previous research (Cohen et al., 2015; Li et al., 2019; McCabe et al., 2007a; Musselman et al., 2018;
Pradhanang et al., 2013; Wachowicz et al., 2020), using the ERAS5 reanalysis hourly data in the past eight decades,
the paper furnished new insights into the frequency of NROS events, the total annual amount of rainfall depth per
snowpack seasonal duration, and its annual trends. While discrepancies were observed in comparisons with in situ
data (see Supporting Information S1), the spatiotemporal direction of the trends was aligned. In particular, two
distinct regional regimes emerged. The positive trends are where the snowfall-to-rainfall transition rates keep
pace with the rate of snowpack decline. However, the declining snowpack rate outpaces the expansion rate of
rainfall frequency in regions with negative NROS trends.

Consequently, the elevated risk of ROS flooding is diminishing over historically snow-covered interior lowlands
in the central United States and shifting toward high-altitude mountainous watersheds and high-latitude coastal
regions in Alaska, British Columbia, Quebec, Newfoundland, and Labrador. Amongst mountainous watersheds in
North America, the Olympic Mountains, the Sierra Nevada, and the Appalachian uplands are the most vulnerable
to increased frequency of ROS events. The anticipated impacts on coastal erosion (Nielsen et al., 2022), sediment
dynamics (Moragoda & Cohen, 2020), streamflow hydrograph (Tohver et al., 2014), nutrient loads (Pihlainen
et al., 2020), and phytoplankton blooms (Dai et al., 2023) underscore the need for future foundational studies that
integrate the interconnected physical, chemical, and biological processes.

The observed positive NROS trends over Alaskan glaciers could trigger a self-reinforcing retreat feedback,
highlighting the need for fundamental studies to explore the implications for regional ecohydrology and the
socioeconomic development of local communities. Lastly, the non-stationary climate can increase the total
amount of ROS by 8% (e.g., ~10 mm of more rain for a 6 hr storm with a return period of 15 years). The increased
ROS events and amounts shall be accounted for when upgrading, designing, and managing the stormwater
drainage systems in populated coastal cities in high-risk regions.
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