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Global warming has induced rain-on-snow (ROS) in cold regions leading to
significant consequences on ecosystems and socioeconomic development.
However, a global analysis of ROS under historical conditions and future
projections following different emissions scenarios, essential for management
strategies, is currently lacking. Here, we examine ROS changes and their
impacts on the water available for runoff, analyzing historical conditions since
1950 and projecting future trends under SSP245 and SSP585 until 2100. By the
end of the century, ROS will predominantly occur in high-latitude and altitude
regions such as High Mountain Asia, the Alps, Northern Eurasia, and America

with rates up to three times higher than those of the historical conditions.
Nonetheless, the increasing rainfall will reduce by more than half the con-
tribution of ROS to the water available for runoff despite its rise. Although
regions like the Western United States have historically experienced significant
ROS, warming will diminish ROS impacts as they become twice lower due to
decreasing snowpack and intensified rainfall.

In cold regions, warming causes a shift in the precipitation phase from
snow to rain, which falls over the snowpack and induces rain-on-snow
(ROS). Over the past decades, ROS has been reshaping the hydrology
of many cold regions, such as the Western United States (US), Europe,
and Asia'™*. Because ROS causes considerable and devastating hazards
such as floods™, avalanches, and acceleration of permafrost that lead
to long-term structural instability® and has serious consequences on
infrastructure (e.g., the failure of the Oroville dam') and wildlife by
forming ice barriers that prevent access to food, leading to starvation
and mass die-offs’; it has been widely studied in many regions around
the world using different methods and approaches. For instance,
Cohen et al.%, studied ROS in the northern hemisphere, in particular in
Western Eurasia, Western North America, the Northeastern US, and
Southeastern Canada. ROS has also been studied over the Asian
continent**™", Europe*?™™, Artic*>?, Canada*>*, Alaska* and the con-
tinental US****?%, These studies have shown that ROS consequences
are complex and include floods, snow avalanches, soil erosion, and
sediment transportation, which can lead to landslides and geomor-
phological changes®**. As the Earth’s temperature continues to

increase in response to anthropogenic climate change, ROS is expec-
ted to change and significantly contribute to changing the hydrologic
cycle of cold regions'. Despite its significant importance for water
management and ecosystems, ROS is still not completely understood
in hydrology, and as such, it was highlighted among the twenty-three
major unsolved hydrological problems®. Studies have demonstrated
that ROS, by introducing warm rainfall in the snowpack, intensifies
snow melting, further contributing to (1) the decline of the snowpack
and (2) altering the snow dynamics such as destabilizing the snowpack
in addition to reducing its cohesiveness, as well as altering the duration
of the snowpack and the timing of snowmelt, causing it to occur more
quickly****, The impacts of ROS extend beyond the cold season, as the
changes in the snow dynamics can (1) induce snow droughts, (2) affect
the runoff not only in winter but also in spring and late summer, and (3)
influence the availability of the groundwater and its recharge®*~°.
Future projections of ROS and its impacts on hydrology in parti-
cular runoff are difficult to quantify because of the complexity of the
factors influencing ROS****. For example, many factors that are region-
dependent control the occurrence of ROS, such as the air temperature,
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the rainfall, and the snowpack on the ground. Similarly, the impacts of
ROS may also depend on factors such as the state of the snowpack (i.e.,
wet or dry) and its thickness®. Indeed, ROS will have a greater impact on
a wet snowpack than a thick snowpack with a very low temperature
because the rainfall will easily penetrate a wet snowpack and exacerbate
its melting™. In addition, the impacts of ROS in a given region depend on
(1) its land cover, as ROS can impact vegetation growth and greenness
and change the soil temperature, and (2) its topography because of the
dependence of the longwave and shortwave components of the net
radiation critical to snow dynamics on the topography”'>***"3_ There-
fore, ROS analyses cannot be generalized across regions, and the chan-
ges in ROS within each region must be studied. Consequently, a
comprehensive global study of ROS and its impacts on runoff is essential
to fully understand their dynamics across different regions. Such a study,
despite being essential to providing a better understanding of the global
dynamics of ROS as well as their particularities depending on the region,
is currently lacking. Further, given that ROS caused by global warming is
likely to change with the intensification of human-induced climate
change, it becomes even more important to study these effects in future
climates, while considering multiple pathways of greenhouse gas emis-
sions. For example, in the Western US, Musselman et al.' and Li et al.*®
have studied the changes in ROS and their impacts on the runoff by the
end of the century. Also, Myers et al.* projected the changes in ROS and
their impacts on the runoff by mid-century over the Great lakes basins in
North America, and Beniston et al.*® projected the changes in ROS and
their impacts on the runoff in the European Alps. Nonetheless, these
studies remain region-specific (mostly focused on the US) and some only
project ROS through the mid-century (i.e., 2050) rather than to the end
of the century (i.e., 2100), when the hydrologic cycle will become more
intense, although this period is associated with greater uncertainty.

In this study, we conduct a global assessment of ROS for both
historical conditions and future projections using the Coupled Model
Intercomparison Project Phase 6 (CMIP6). CMIP6 offers a standardized
framework with coupled global climate models, providing a broad
understanding of climate dynamics and interactions between the
atmosphere, oceans, and land"*. Specifically, we investigate the ROS
evolution by the end of the century under two greenhouse gas emissions
scenarios: (1) SSP245 with an additional radiative forcing of 4.5 W/m? by
the end of the century, representing the medium pathway of future
greenhouse gas emissions; and (2) SSP585 with an additional radiative
forcing of 8.5 W/m? by the end of the century, representing the upper
boundary of the range of scenarios described in the literature. While the
SSP245 scenario assumes that climate protection measures are being
taken, the SSP585 scenario, similar to the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) scenario RCP8.5, represents the
most pessimistic scenario where the increase in greenhouse gas emis-
sions will be the highest. We perform land surface model simulations,
specifically, we use the Noah-MultiParameterization (Noah-MP**) model,
along with downscaled and bias-adjusted ensemble CMIP6 surface
meteorology, to simulate the snow dynamics and hydrodynamics. This
allows us to assess the impacts of ROS on the hydrology, particularly the
runoff. Our results suggest that even though the two main meteor-
ological drivers of ROS (i.e., precipitation and temperature) have been
increasing in the historical period, ROS depicted a bidirectional pattern
with an increasing trend in high latitude and altitude regions such as the
European Alps, High Mountain Asia (HMA), High-Latitude North Amer-
ica, and Northern Eurasia and decreasing trends in low altitude regions
such as some areas of the Western US and Eastern and Western Europe.
While the direction of the trends in ROS remains the same under future
projections (though it will intensify under global warming, especially
under SSP585), the contribution of ROS to runoff decreases in many
areas towards the end of the century, despite the fact that ROS is
increasing and has significantly contributed to runoff during the his-
torical period. As such, by the end of the century, rainfall intensity is
projected to increase and will far exceed not only the snowmelt but also

the snowmelt resulting from ROS. These results suggest that by the end
of the century, rainfall will likely cause more flood-related damages than
ROS, despite ROS being more frequent in historical conditions, due to
the disappearance of the snowpack caused by warming.

Results

Global patterns of ROS and its contributions to runoff under
historical conditions

ROS generally occurs in the mountainous regions of the northern
hemisphere (Fig. 1a, d, g) as highlighted in previous studies**. In the
southern hemisphere, only the Andes are subject to ROS (Fig. 1a) with
magnitudes ten times lower than the average northern hemisphere
ROS. 10 regions with noteworthy ROS activities can be distinguished:
the High-Latitude North America, the Western US, the Rockies, the
Eastern US, the Andes, Western Europe, the European Alps, Eastern
Europe, Northern Eurasia, and HMA (Fig. 1j). Regions with significant
amounts of ROS (more than 10% of the annual precipitation locally, as
shown by the ratio of ROS to total precipitation in areas with red to
dark-red color in Fig. 1d) during the historical period are also the ones
discussed in the literature: the Western US"*, European Alps'®*°,
HMA*", and the Western part of High-Latitude North America®. In
these regions, over 30 days in the year identified as ROS days (i.e., the
total number of days where ROS occurs, Fig. 1g). Note that these pat-
terns are consistent with the conclusions of the aforementioned stu-
dies. In the Eastern US and Western and Eastern Europe, ROS
represents less than 5% of the annual precipitation. Although Northern
Eurasia is characterized by high snow depth, ROS is very low in the
regions due to the relatively low rainfall, even in the summer.

Figure 2 illustrates the spatial distributions of the trends in ROS,
temperature, precipitation, liquid precipitation (i.e., rainfall), and snow
depth under both historical conditions and future projections. The
trends in ROS over the historical period are shown in Fig. 2a. ROS is
characterized by both increasing and decreasing trends, even if both
total precipitation and temperature have increasing trends (Fig. 2d, g).
Increasing trends in precipitation and temperature, in general, may lead
to increasing trends in ROS, as the shift in precipitation phase caused by
changes in temperature will lead to more rain falling on snow (as indi-
cated by the trends in rainfall in Fig. 2j). However, ROS decreases
because, in some areas, snow depth becomes very low or even non-
existent (as shown by the decreasing trend in snow depth in Fig. 2m), as
such, rain is no longer being deposited on snow. Such behavior is gen-
erally observed over the low-elevation regions of the Western US (note
that ROS increases in high-elevation areas of this region, see Supple-
mentary Fig. 1) as mentioned by Musselman et al.". Similar patterns are
also observed in the Eastern US, and Western and Eastern Europe
(Fig. 2a) as highlighted by Beniston et al.*’. Despite the Andes’ high
elevation (>1000 m, see Supplementary Fig. 2), ROS shows a decreasing
trend due to decreasing trends in precipitation (and, therefore, rainfall,
Fig. 2j). High latitude areas (latitude greater than 50°) are characterized
by increasing trends in ROS, also reported in previous regional
studies®>?, In these areas, the precipitation (as well as liquid precipita-
tion or rainfall) is increasing, which leads to more rain falling on snow,
and the latter remains substantial despite the increasing temperature.
Similar patterns are also observed in high-altitude regions such as the
Alps and HMA, where persistent snowpack combined with increasing
rainfall results in more ROS, as demonstrated in many studies>'®*,

In the northern hemisphere during the historical period, ROS
significantly contributes to the water available for runoff, with the ratio
of the snowmelt following ROS (QSMgos) to the water available for
runoff defined as the sum of snowmelt and rainfall (Runoffy,)
QSMRgos/Runoffy, reaching up to 0.3 over the Alps, HMA, Eastern and
Western High-Latitude North America, Western US, and sparse areas in
Northern Eurasia (Fig. 3a). In the Andes, the Eastern US, and Eastern
Europe, the contribution of ROS to the water available for runoff is low
(with the ratio QSMgos/Runoffy, inferior to 0.1), due to its low
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Fig. 1| Rain-on-snow occurs most frequently in high-altitude and high-latitude
regions, reaching up to 10% of annual precipitation. Spatial distributions of the
annual average rain-on-snow (ROS) under a historical conditions (1950-2014),

b SSP245 (2015-2095), and ¢ SSP585 (2015-2095). The ratio of ROS to precipitation
(ROS/P) is shown for d historical, e SSP245, and f SSP585 conditions, and the

number of ROS days (total days with ROS) is presented for g historical, h SSP245,
and i SSP585 conditions. The black lines represent country boundaries. j highlights
regions with significant ROS activity, with background shading indicating the his-
torical annual average of ROS. See Supplementary Fig. 3 for differences between
future and historical conditions. US is for United States.

occurrence in these regions, however, the snowmelt has a high con-
tribution (greater than 0.5) to the water available for runoff (Fig. 3d).

Although the overall contribution of snowmelt to the water
available for runoff (i.e., the sum of rainfall and snowmelt) decreases
over the historical period (Fig. 4d) due to reduced snow and increased
rainfall, the contribution of ROS to the water available for runoff
continues to rise (Fig. 4a). While ROS events have declined in some
areas, they still trigger intense snowmelt where they occur, given the
increased vulnerability of a wet and thinning snowpack. As a result,
ROS remains a significant contributor to the water available for runoff,
as discussed in previous studies>***¢,

Global patterns of ROS and its contributions to the water
available for runoff under future projections (SSP245 and
SSP585)

Under future projections (in SSP245 and SSP585), areas subject to ROS
are similar to those under historical conditions (Fig. 1b-d, h, i). How-
ever, ROS/P is generally lower under future projections than during the

historical period in low-latitude zones of the northern hemisphere and
higher in high-latitude (greater than 50°) regions (Supplementary
Fig. 3). The two future projection scenarios differ in the total amount of
ROS (as shown in Supplementary Fig. 3), SSP245 shows more ROS
magnitude and days (with the ratio of ROS to precipitation being up to
0.2 greater than that of SSP585) in low elevation areas, whereas SSP585
has more ROS amount and days (with the ratio of ROS to precipitation
being up to 0.1 greater than that of SSP245) in high latitude and alti-
tude regions. Similar to the averages, the trends in ROS under the
historical periods and the future projections have similar spatial pat-
terns (Fig. 2b, c). However, the magnitudes of the trends are higher in
future projections because of the intensification of the hydrologic
cycle under global warming as highlighted in the IPCC reports*’*%, The
trends are more pronounced in SSP585 than in SSP245, whose trends
are higher than those of the historical conditions. Changes in pre-
cipitation and temperature are significant under SSP585 (Fig. 2f, i)
compared to SSP245 (Fig. 2e, h), hence changes in ROS are consider-
able. In both scenarios, ROS is projected to increase in high latitudes
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Fig. 2 | Declining trends in rain-on-snow at mid-elevations and mid-latitudes,
while increases are observed in high-altitude and high-latitude regions. Spatial
distributions of trends in a-c rain-on-snow (ROS), d-f temperature,
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a, d, g, j, m historical conditions (1950-2014), b, e, h, k, n SSP245 (2015-2095) and
¢, f, i, 1, 0 SSP585 (2015-2095).

(i.e., greater than 50°) due to the shift in precipitation from snowfall to
rainfall, in addition to the increase of the latter (Fig. 2k, I). During the
historical period, the other regions are characterized by bidirectional
trends, where the low elevations have decreased trends and the high
elevation regions see an increase. In the Western US and the Rockies,
some areas have increasing trends in ROS in the historical period and
decreasing trends in the future projections due to the reductions of
the snowpack (Fig. 2n, o). Precipitation is generally projected to
increase on Earth in the future (Fig. 2h, i), however, most of Europe will
experience a decrease in precipitation under both SSP245 and SSP585.
This will also translate into a decrease in rainfall mostly observed over
Western Europe and localized areas of Eastern Europe (Fig. 2k, I). Note
that decreasing trends in precipitation in Europe have been high-
lighted in the latest IPCC’s Sixth Assessment Report*. Despite
experiencing decreases in precipitation, the Alps, as well as many areas
of Europe characterized by high elevation, have an increasing trend in
ROS because the rainfall increases (Fig. 2k, I) consistent with previous
studies'®*,

The spatial patterns of ROS contributions to the water available
for runoff in future projections are similar to those observed

historically, with the highest contributions occurring in high-latitude
and high-altitude regions (Fig. 3b, c). ROS significantly impacts the
water available for runoff in areas where snowmelt plays a substantial
role, particularly in High-Latitude North America, the Alps, and HMA,
where the QSMgos/Runoffy, ratio exceeds 0.35 (Fig. 3e, f). Over the
Andes, ROS contributions to the water available for runoff are negli-
gible, despite snowmelt’s notable impact on the water available for
runoff in that region and in most of Europe outside the Alps (Fig. 3e, f).

Historically, the contributions of the snowmelt triggered by ROS
to the water available runoff have increased (Fig. 4a), but they are
projected to decline (with the ratio of QSMgros/Runoffiys decreasing by
more than 0.005 in many areas) in the future (Fig. 4b, c), particularly in
areas such as the Western U.S., where decreases or even an absence of
ROS are expected, aligning with the findings of Musselman et al.". This
is due to the decreasing occurrence of ROS and the increasing rainfall
caused by warming, which falls directly on the ground rather than on
snow. Only the HMA and some high-latitude regions are expected to
see a slight increase in ROS-related runoff. Furthermore, ROS con-
tributions are higher under SSP585 than SSP245, owing to greater ROS
intensity in SSP585 (Fig. 3b, ¢, Supplementary Fig. 3).
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Fig. 4 | Although historically significant, rain-on-snow contributions to water
available for runoff are projected to decline in many regions by the end of the
century. Spatial distributions of trends in the ratio of snowmelt following rain-on-
snow (ROS) referred here as QSMgos to total water available for runoff (Runoffya:

liquid precipitation + snowmelt) under a historical conditions (1950-2014),
b SSP245 (2015-2100), and ¢ SSP585 (2015-2095); and in the ratio of total snowmelt
(QSM) to Runoffw, under d historical, e SSP245, and f SSP585 conditions.

Historically, the contribution of ROS to the water available for runoff
rose despite a decrease in snowmelt contributions, largely due to a
modest increase in rainfall. By the end of the century, however, a dra-
matic rise in rainfall is anticipated, likely exceeding snowmelt, including
that driven by ROS, in its contribution to the water available for runoff
(Fig. 4d-f). Consequently, while ROS may increase in some regions, the
more intense rise in rainfall suggests that severe floods are likely to be
driven by rainfall alone, potentially reducing the relative impact of ROS.

Regional dynamics of ROS and its contribution to the water
available for runoff

An analysis of the monthly variations of ROS over the regions high-
lighted in Fig. 1j shows that depending on the region, ROS can occur (1)
in December and January in areas with low snowpack and relatively low
latitude and elevation such as the Western US, Eastern and Western
Europe, and the Andes, (Fig. 5 and Supplementary Fig.) and (2) mostly
in March in high latitude and altitude regions such as High-Latitude
North America, the Alps, Northern Eurasia, and HMA (Fig. 6 and Sup-
plementary Fig. 5).

Regions where the highest ROS (more than 10% of the annual
precipitation) occurs in January and December are characterized by a
decreasing trend in ROS in both historical conditions and future pro-
jections (up to 0.2 mm/d/year) as shown in Fig. 5. As previously noted,
this decrease is more pronounced in SSP585 than in SSP245. In these
regions, ROS occurs in January and December because (1) of the pre-
sence of snow and (2) the shift in precipitation phase mostly occurs
during that time. In late winter, because of warming, though the pre-
cipitation is mostly in the form of rainfall than snowfall, the snow is so
scarce for the rainfall cause ROS; the latter falls on the ground. These
regions are also characterized by a decrease in the contribution of ROS
to the water available for runoff by the end of the century (as indicated
by the ratio QSMros/Runoffy, in Fig. 5). Such a decrease in the con-
tribution of ROS to the water available for runoff under future pro-
jections (by more than 65% of its historical values) is more pronounced
than the decreasing trend in ROS (which decreases by ~-50%) because of
the increase in rainfall.

The majority of ROS occurs in March in high latitude and altitude
regions because, in these regions, though the precipitation shifts from
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regions in Fig. 1j: a, b High-Latitude North America, ¢, d European Alps, e, f Northern
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snowfall to rainfall, this mostly happens towards the end of the winter
when the weather warms up (Fig. 6 and Supplementary Fig. 6). In
January and February, warming is not significant enough to cause a
remarkable shift in the precipitation phase. Under future projections,
ROS increases for all months, however, the rate of increase is different
from one month to another, and March has the highest increase
because of its relatively high temperature compared to the other
winter months. By the end of the century (notably under the SSP585
scenario), ROS will also have a significant occurrence in February,
though March has the highest quantity. However, over the Alps, while
in the historical period, the highest ROS occurs in March, toward the
end of the century, the quantity of ROS in March is similar to that
occurring in January and February in particular under the
SSP585 scenario. Changes in the contribution of ROS to the water
available for runoff are not significant compared to those of ROS. In
high latitudes (i.e., High-Latitude North America and Northern Eur-
asia), the contribution of ROS to the water available for runoff
increases since, in these regions, the shift in the precipitation phase is
not significant enough to make rainfall the dominant driver of the
water available for runoff and mostly happens in March. Besides, the
snowpack in these areas is considerable and less vulnerable to the high
snowmelt triggered by ROS. In the Alps and HMA, the high increases in
ROS do not induce a noteworthy increase in its contribution to the

water available for runoff because the increase in rainfall outweighs
that of ROS. In these regions, future floods will likely be induced by the
intensification of rainfall rather than ROS.

Discussion

This study presents a global quantification of ROS and their drivers using
simulations from a land surface model (Noah-MP) based on CMIP6
datasets. The simulations were conducted at a higher spatial resolution
than the original CMIP6 datasets, allowing for a more detailed analysis of
the impacts of ROS. However, we acknowledge that a 10-km resolution
may still be too coarse to accurately capture snow dynamics especially in
mountainous regions®", Future studies could downscale these models
to better reproduce snow dynamics. Additionally, because these models
are computationally expensive, requiring several months to complete a
single simulation, and data processing is also time-intensive, it is
impractical to run them with multiple parameterizations for a compre-
hensive sensitivity analysis and uncertainty quantification.

Overall, our results are consistent with previous studies per-
formed at regional scales, that have shown the increasing trends in
ROS in Western USA™* (during both the historical and the future
projections) and the eastern HMA?", and its decreasing trends in
Europe®. The decreasing ROS in low elevation zones and its increase in
high elevation areas have also been highlighted in previous studies®.
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Such changes in ROS are the result of the changes in precipitation
patterns and temperature as projected by the CMIP6 models**>,

ROS is most common in the Northern Hemisphere, while in the
Southern Hemisphere, only the Andes experience ROS, and even then,
at very low magnitudes. As global temperatures rise, ROS are expected
to shift toward higher latitude and altitude zones, increasing hazards
and impacts on communities and ecosystems. In mid-latitude and mid-
altitude regions, i.e., western US and Europe, ROS, which primarily
occurs in January, has historically contributed to the water available for
runoff but is projected to decrease in the future. Consequently, the
water available for runoff in these regions will be dominated by rainfall
rather than snowmelt, including that triggered by ROS. A decline in
ROS could significantly impact water availability, as ROS has tradi-
tionally contributed substantially to runoff and recharge groundwater
in the western U.S. and Europe in particular in spring"**. With more
rainfall coming to the ground, such runoff will be instantaneous.
Additionally, the reduction in ROS, coupled with diminished snow-
pack, could exacerbate summer hydrological droughts®. Most pre-
cipitation will likely fall as rain in limited periods, leaving much of the
year without sufficient snowmelt or precipitation to replenish water
systems. This change could be especially severe for regions like the
western U.S., where snow has historically been the primary source of
freshwater. In mountainous regions of the Earth’s lower temperate
zone, such as the Alps and HMA, ROS has historically occurred in
March and is expected to increase under both SSP245 and
SSP585 scenarios. By the end of the century, ROS is also projected to
occur more frequently in February. However, despite the increase in
ROS, its contribution to the water available for runoff is not expected
to rise significantly because more intense rainfall is likely to cause
greater damage than the increase in ROS. In high-latitude regions like
Northern High-Latitude North America and Eurasia, ROS will continue
to occur in March, with its contribution to the water available for
runoff expected to increase since the shift from snow to rain is not
significant enough for rainfall to overshadow the effects of ROS. The
rising incidence of ROS in these high-latitude regions could have
severe consequences for wildfires, infrastructure, and communities®.

Globally, as more precipitation falls as rain rather than snow,
rainfall-induced floods can far surpass the magnitude of typical
snowmelt-driven floods®*. Consequently, warming is likely to reduce
the impact of ROS as it becomes less frequent, with other factors like
rainfall dominating the water available for runoff. This makes adapta-
tion to rainfall-induced floods crucial. As rainfall and ROS increase, the
snowpack decreases, making it more vulnerable to ROS. In this phase,
any ROS can trigger significant snowmelt, further depleting the
snowpack until it eventually disappears, leading to a scarcity of ROS.
The hydrological impact of ROS is greatest during the intermediate
stage of snowpack decline, before it disappears completely. Therefore,
additional management strategies are needed to address the effects of
ROS in mid-latitude and high-altitude regions, which are expected to
undergo this transition. By the end of the century, regions like the Alps
and HMA are projected to experience shifts in the timing of ROS,
affecting water resource management. Early ROS in these areas will
further reduce snowpack and late-season snowmelt, which are vital for
recharging groundwater and rivers. This shift could lead to a summer
hydrological drought and impact water availability. However, regions
such as HMA (notably over the eastern Karakoram), the Alps, Northern
Eurasia, and High-Latitude North America are unlikely to reach the
critical point where the snowpack becomes so rare that ROS dimin-
ishes by the end of the century. Additionally, their snowpack will not be
as wet and thin as the snowpack of mid-latitude and altitude regions to
exacerbate the consequences of ROS on the hydrology.

Methods
Our modeling was performed using the land surface model Noah-MP
version 4.0.1**. Within the NASA Land Information System (LIS®). The

Noah-MP physically simulates key land surface processes and land-
atmosphere interactions and has been widely used in the
community****%, The model enables the simulation of cold-season
processes, including snow accumulation and melt. In addition, Noah-
MP simulates the surface and subsurface hydrodynamics, enabling the
computation of runoff and other hydrologic variables. The model
simulations were conducted on a global domain at a spatial resolution
of 0.1° and a temporal resolution of a day. Downscaled climate data
from CMIP6 was used as meteorological boundary conditions within
these model runs. Specifically, we employ the NASA Earth Exchange
Global Daily Downscaled Projections (NEX-GDDP*) dataset, which
employs the Bias-Correction Spatial Disaggregation (BCSD®°) method
using the Global Meteorological Forcing Dataset (GFMD®) as the
reference to daily, 25 km resolution data products. We further employ
a temporal disaggregation scheme to develop sub-daily estimates of
meteorological data, to enable land surface simulations with Noah-MP.
Daily and hourly climatology for each surface meteorology variable is
computed using the NASA Modern-Era Retrospective analysis for
Research and Applications (MERRA-2%) data. The NEX-GDDP meteor-
ological data is then disaggregated to hourly timescales as:

MERRA2:,

GDDP}, = GDDP!* ———-1
MERRA2!,

@

Where GDDP, and the GDDP’, are the hourly and daily GDDP values of

a given variable, respectively and MERRAZL and MERRAZQ are the
hourly and daily climatology of a given variable, for a certain day /.

Using this downscaled forcing data, we simulated the historical
conditions (i.e., from 1950 to 2014) and the future projections using two
scenarios: SSP245 representing the optimistic scenario and SSP585
representing the worst-case scenario. All model simulations (i.e., his-
torical, SSP245, and SSP585) are conducted with 25 Global Circulation
Models (GCMs indicated in Supplementary Table 1) employed in CMIP6.

The historical simulations were evaluated by comparing key
variables essential for assessing ROS changes and their contributions
to the water available for runoff, namely, precipitation, snow depth,
and air temperature, against widely used global datasets: ERAS-Land®,
the Global Precipitation Measurement (GPM) Integrated Multi-satellitE
Retrievals for GPM (IMERG®*), MERRA-2%%, and a global land reanalysis®®
called HydroGlobe (https://Idas.gsfc.nasa.gov/hydroglobe) that
employs MERRA-2 and IMERG with other land remote sensing datasets.
This reanalysis was specifically used to assess simulated snow depth, as
MERRA-2 and IMERG primarily provide surface meteorological data
and do not include snow depth. Comparisons were conducted over
different time periods based on each dataset’s availability: ERAS-Land
was assessed over the full historical period (1950-2014), MERRA-2
from 1980 to 2014, and IMERG from 2001 to 2014. Given that our study
primarily focuses on trend analysis, we evaluated whether the trends
identified in our simulations align with those in these widely used
datasets. As shown in Supplementary Fig. 7, our results are generally
consistent with these datasets. For example, our model captures 79%
of the positive precipitation trends from ERA5-Land (74% of the total
grid cells), 48% from IMERG (69% of the total grid cells), and 71% from
MERRA-2 (47% of the total grid cells). For negative precipitation trends,
the capture rates are 37%, 64%, and 25% for ERA5-Land, MERRA-2, and
IMERG, respectively. The lower capture rates for negative trends are
due to their relative scarcity. For instance, only 26% of grid cells exhibit
such trends in ERA5-Land. Snow depth and air temperature exhibit
overall decreasing and increasing trends, respectively, which are well
represented in our simulations. Specifically, 75% of the decreasing
snow depth trends in ERAS5-Land (where 75% of the cells have negative
trends) are captured by our model, while this percentage is 67% for
HydroGlobe (with fewer cells exhibiting negative trends compared to
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ERAS, as HydroGlobe only covers recent years from 2003 to 2014). For
air temperature, comparisons with ERAS-Land indicate that the
increasing trend is captured (with a percentage of 91%, note that the
percentage of the negative hit is 0% because all the snow-covered areas
show an increasing i.e., positive trends).

We performed the ROS analysis on each of these ensembles, then
averaged these quantities to compute the trends and the yearly
averages. We acknowledge that the different models have varying
levels of uncertainty and are not equivalent, whereas the simple
averaging procedure assumes equal weighting. To assess the impact of
this averaging approach, we compared the trend signs obtained from
the ensemble mean to those of each individual ensemble member.
Specifically, we evaluated trends in key variables critical to our study,
as previously mentioned. The results, shown in Supplementary Fig. 8,
indicate that the trend signs of the ensemble mean align with at least
the majority of the individual ensemble members, with agreement
reaching up to 80% in many regions. This consistency suggests that the
ensemble mean effectively captures the general trends of the indivi-
dual models and is suitable for analysis.

To be consistent with previous studies'?, we identified ROS day as
a day when at least 10 mm of rainfall (i.e., total liquid precipitation
during the day) falls on at least 10 mm of snowpack, though other
studies have used different approaches to study ROS dynamics**¢.
Indeed, there are different definitions of ROS in the literature, how-
ever, most of the studies use thresholds for both rainfall and snow-
pack, yet these thresholds depend on the study region. To understand
the contribution of ROS to the water available for runoff and better
characterize its implications for floods, we quantified the ratio of the
snowmelt following ROS (i.e., the snowmelt occurring a day after ROS)
to the total water available for runoff, defined as the sum of total
rainfall and snowmelt following these studies***’. For the historical
conditions and the future projections, we computed their trends (in
addition to other hydrologic variables such as precipitation, rainfall,
snow depth, etc.) using the Mann-Kendall test. The Mann-Kendall test
is a widely used statistical method in hydrology for detecting trends in
hydrological variables over time®* .

To analyze the changes in ROS as well as its contribution to the
water available for runoff over the historical determines whether a
time series has a monotonic upward or downward trend’°". The trend
is computed using the following:

n-1 n

=33 sign(xj—xi)

i=1j=k+1

2

where X is the time series variable. The subscript j and k are the
observation time. sign(x; — x;) is equal to +1, 0, or -1, which means
increasing, no, and decreasing trends, respectively. In this study, we
assumed that there is no significant trend in the data at 95% confidence
level (or at a significant level of 5% i.e., p-values less than 0.05).

Data availability
The dataset used in this study can be found in Maina and Kumar,
20257,

Code availability

We used the NASA Land Information System (LIS, http://lis.gsfc.nasa.
gov), which is a comprehensive land surface modeling and data
assimilation framework that supports modeling over user-specified
regional or global domains using an ensemble of land surface models.
The code is publicly available on GitHub: https://github.com/NASA-LIS
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