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Warming leads to both earlier and later
snowmelt floods over the past 70 years

Yuhan Guo 1,2, Yuting Yang 1,2 , Dawen Yang1,2 , Lu Zhang3,
Hongxing Zheng 4, Jinghua Xiong1,2, Fangzheng Ruan1,2, Juntai Han 1,2 &
Ziwei Liu 5

Climate warming reduces snow cover in cold regions, altering snowmelt flood
regimes with significant hydrological and ecological consequences. Existing
evidence indicates that as climate warms, snowmelt tends to begin earlier in
the season, leading to earlier snowmelt floods. Herewe show that the timing of
snowmelt floods can be either advanced or delayed under warming. Using
streamflow observations from 1950–2020 and an event-based analysis that
distinguishes flood-generating mechanisms across 2339 Northern Hemi-
sphere, snow-affected catchments, we show that the earlier snowmelt effect
can be substantially offset or even reversed by a decelerated snowmelt rate
under warming. This results in delayed snowmelt floods in approximately 30%
of the catchments, contributing to an overall minor shift on a hemispheric
scale (−0.87 ± 2.4 days per decade). Our findings challenge the prevailing
“warming leads to earlier snowmelt floods” paradigm, revealing a more com-
plex pattern of changes in snowmelt flood in a warming world.

Flooding is among the most devastating natural hazards, with
annual global economic losses exceeding US$100 billion1,2. In recent
decades, flood-related damage has intensified in many regions of
the globe, a trend expected to worsen due to the increasing fre-
quency of extreme weather events driven by climate change3–5. On a
global scale, the frequency and intensity of extreme rainfall events
have risen in response to warming-induced increases in atmo-
spheric moisture capacity, leading to more frequent and severe
flooding in many areas6,7. Unlike rainfall-induced floods, snowmelt
floods are more complex and exhibit greater sensitivity to rising
temperatures8–12. In snow-affected regions, warming is reducing the
proportion of precipitation falling as snow and advancing snowmelt
timing13–15. This alteration in snow dynamics is anticipated to lead to
earlier snowmelt floods, with profound implications for flood
forecasting, mitigation strategies, and the health of aquatic and
riparian ecosystems16,17.

Several studies have reported shifts toward earlier snowmeltflood
timing across snow-affected catchments (Supplementary Table 1).

However, these studies have primarily focused on local or regional
scales, with considerable variability in estimates of snowmelt flood
timing sensitivity to warming and lacking a comprehensive global
synthesis8,18–24. More critically, previous studies often utilizedmethods
such as annualmaximumpeakflowor peaks-over-threshold to identify
flood events, categorizing snowmelt floods based on catchment
location or the mean timing of flood occurrences8,21–23. These approa-
ches assume that all annual maximum floods in snow-affected catch-
ments, or those occurring during winter or spring, are driven by
snowmelt. However, this assumption is not always valid, as floods
during these periods in snow-affected regionsmayalsobe triggeredby
other mechanisms, such as storms, prolonged rainfall, or rain on
snow7,25,26. This methodological limitation introduces significant
uncertainty into our understanding of changes in snowmelt flood
regimes, which is critical for enhancing flood preparedness and man-
agement strategies in snow-affected regions and beyond. Despite the
importance of this issue, direct observational evidence on changes in
snowmelt flood timing remains limited.

Received: 28 November 2024

Accepted: 3 April 2025

Check for updates

1State Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing, China. 2Department of Hydraulic Engineering, Tsinghua University,
Beijing, China. 3StateKey Laboratory ofWater Resources andHydropower EngineeringScience,WuhanUniversity,Wuhan, China. 4CSIROEnvironment, Black
Mountain, Canberra, Australia. 5Department of Civil and Environmental Engineering, College of Design and Engineering, National University of Singapore,
Singapore, Singapore. e-mail: yuting_yang@tsinghua.edu.cn; yangdw@tsinghua.edu.cn

Nature Communications |         (2025) 16:3663 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0001-6186-8776
http://orcid.org/0000-0001-6186-8776
http://orcid.org/0000-0001-6186-8776
http://orcid.org/0000-0001-6186-8776
http://orcid.org/0000-0001-6186-8776
http://orcid.org/0000-0002-4573-1929
http://orcid.org/0000-0002-4573-1929
http://orcid.org/0000-0002-4573-1929
http://orcid.org/0000-0002-4573-1929
http://orcid.org/0000-0002-4573-1929
http://orcid.org/0000-0001-6410-8326
http://orcid.org/0000-0001-6410-8326
http://orcid.org/0000-0001-6410-8326
http://orcid.org/0000-0001-6410-8326
http://orcid.org/0000-0001-6410-8326
http://orcid.org/0009-0002-3640-5571
http://orcid.org/0009-0002-3640-5571
http://orcid.org/0009-0002-3640-5571
http://orcid.org/0009-0002-3640-5571
http://orcid.org/0009-0002-3640-5571
http://orcid.org/0000-0002-1488-093X
http://orcid.org/0000-0002-1488-093X
http://orcid.org/0000-0002-1488-093X
http://orcid.org/0000-0002-1488-093X
http://orcid.org/0000-0002-1488-093X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58832-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58832-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58832-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58832-0&domain=pdf
mailto:yuting_yang@tsinghua.edu.cn
mailto:yangdw@tsinghua.edu.cn
www.nature.com/naturecommunications


To address these limitations and provide a more direct observa-
tional assessment of shifts in snowmelt flood timing under historical
climate change, here we applied an event-based approach to
2339 snow-affected, unimpaired catchments across the Northern
Hemisphere from 1950 to 2020. A total of 243,073 flood events were
identified, and a classification algorithm was used to categorize these
events into distinct flood types7,27 (also see Methods). The annual
maximum snowmelt-induced flood events were then analyzed. Our
findings reveal a complex evolution of snowmelt flood timing over the
past 70 years. While a general trend toward earlier snowmelt floods
was observed on a hemispheric scale, partially corroborating previous

studies, we also identified numerous cases of delayed snowmelt floods
primarily associated with slower snowmelt rates.

Results
To investigate shifts in snowmelt flood timing under warming, we first
examined trends in annual mean temperature, the maximum snow
water equivalent (SWEmax) and the timing of annual maximum snow-
melt flood (tsf) across 2339 catchments from 1950 to 2020 (Fig. 1). Our
results indicate that 2278 catchments (approximately 97%) experi-
enced an increase in annual mean temperature over the past seven
decades, with an average rise of 0.22 °C per decade (Fig. 1a,b). This

Fig. 1 | Trends in temperature,maximumsnowwater equivalent, and snowmelt
flood timing across 2339 catchments over 1950–2020. a | Spatial distribution of
trends in annual mean air temperature. b | Histogram of trends in annual mean air
temperature. c | Spatial distribution of trends in annual maximum snow water

equivalent (SWEmax). d | Histogram of trends in SWEmax. e | Spatial distribution of
trends in annual snowmelt flood timing (tsf). f |Histogram of trends in annual tsf. In
(b, d, and f), the vertical dashed lines represent the mean trends. Source data are
provided as a Source Data file.
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warming trend is particularly pronounced in high-latitude and high-
elevation catchments, which typically have lower mean annual tem-
peratures, compared to those at lower latitudes and elevations (Sup-
plementary Fig. 1). In terms of SWEmax, about 68% of catchments
exhibited a decline, with an average reduction of 4.47mm per decade
(Fig. 1c,d). The most significant declines in SWEmax were observed
along the Rocky Mountains, eastern Europe, and the Alps, while slight
increases occurred in the northern Pacific Mountain Ranges, Kjolen
Mountains, and parts of Siberia. Regarding tsf, 1654 catchments
(~70.8%) experienced earlier snowmelt flood events, with the majority
showing advancements of less than 3 days per decade (Fig. 1e,f).
Notably, only 56 catchments exhibited advancements longer than
6 days per decade, scattered across both North America and Europe,
with evident hotspots in the northern Europe and theAlps. Conversely,
685 catchments demonstrated delayed snowmelt flood timing, dis-
tributed widely across the Northern Hemisphere without distinct
regional patterns. On average, tsf advanced by0.87 ± 2.4 (mean ± 1 s.d.)
days per decade over the past 70 years, shifting from mid-May in the
1950s to early May in the 2010s (Supplementary Fig. 2).

We next analyzed the sensitivity of tsf towarming (i.e., the slope of
the relationship between temperature and tsf) for each catchment
(Fig. 2). On average, a 1 °C increase in annual mean temperature is
associated with an advancement of tsf by 4.7 ± 5.0 days (mean ± 1 s.d.).

This relationship is further supported by a significant negative corre-
lation between the trend in tsf and the trend in annual mean tem-
perature across 2339 catchments (p < 0.01, t-test; Fig. 2a). Moreover,
the sensitivity of tsf to warming generally increases with mean annual
temperature, with warmer catchments generally exhibiting a greater
negative sensitivity compared to colder ones (Fig. 2b and Supple-
mentary Fig. 3). Specifically, in catchments with mean annual tem-
peratures below −5 °C, tsf advances by approximately 1.7 days for each
1 °C increase in annual mean temperature, whereas relatively warmer
catchments (mean annual temperature > 5 °C) demonstrate a sensi-
tivity of 5.8 days per 1 °C warming. Beyond the annual mean tem-
perature, we also evaluated the tsf sensitivity usingmean temperatures
during the snow accumulation and snowmelt periods (Fig. 2c,d). Our
analysis indicates that the trend in tsf is only weakly correlatedwith the
trend in temperature during the snow accumulation period (p =0.549,
t-test) but strongly correlated with temperature trends during the
snowmelt period (p < 0.01, t-test), suggesting that warming during the
snow melting period predominantly influences the timing of snow-
melt floods.

To reveal causes of shifts in snowmelt flood timing, we first per-
formed correlation analyses between tsf and a range of climate and
snow dynamics attributes to identify factors affecting tsf. This analysis
highlighted five key attributes (Fig. 3a), three of which are associated

Fig. 2 | Sensitivity of snowmelt flood timing to warming. a | Histogram illus-
trating the sensitivity of snowmelt flood timing (tsf) to warming in annual mean air
temperature across 2339 catchments. b | Spatial distribution of tsf sensitivity to
warming in annual mean air temperature across 2339 catchments. c | Histogram of
tsf sensitivity to warming during snow accumulation period across 2339 catch-
ments. d | Histogram of tsf sensitivity to warming during snowmelt period across
2339 catchments. In (a, c, and d), the vertical dashed lines represent the mean

sensitivities. Theboxplotswithin (a, c, andd) show the relationshipbetween trends
in tsf and trends in temperature across these catchments.Whiskers represent the 1st
and 99th percentile, with the top and bottom of each box indicating the 25th and
75th percentiles, respectively. The horizontal line inside each box represents the
median, while black dots indicate the mean. The dashed lines indicate the best
linear fit across all individual catchments. Source data is provided as a Source
Data file.
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with the timing of snow or temperature events. These include the
onset of seasonal warming (tow), the timing of maximum snow water
equivalent (SWEmax), and the onset of snowmelt, all of which have
advanced in most catchments over the past seven decades (Supple-
mentary Fig. 4). In principle, tsf can be directly influenced by the timing
of SWEmax or the melt onset date (MOD). Our results confirm that
earlier SWEmax or MOD typically results in earlier snowmelt floods
(Fig. 3a). However, compared to SWEmax and MOD, tow exhibits the

strongest correlation with tsf, suggesting that the timing of seasonal
temperature rise is the predominant factor controlling snowmeltflood
timing on a hemispheric scale (Fig. 3a). In addition to the three timing-
related attributes, the magnitude of SWEmax and the rate of snowmelt
are also reasonably correlated with tsf, with a lower SWEmax or a faster
snowmelt rate generally associated with an earlier tsf (Fig. 3a).

Locally, the correlation between tow and tsf is strongest in 1128
catchments, spanningmid-latitudeNorthAmerica, Europe, and central

Fig. 3 | Factors affecting snowmelt flood timing. a | Boxplot of Spearman’s cor-
relation coefficient between snowmelt flood timing (tsf) and five key variables:
onset of seasonal warming (tow), snowmelt rate, maximum snow water equivalent
(SWEmax) timing, melt onset date, and SWEmax. The number above each box indi-
cates the number of catchments where the correlation is statistically significant
(p <0.05, t-test), and the number within each box indicates the median value.

b | Spatial distribution of dominant factors controlling tsf, revealed by comparing
the correlation strengths between tsf and the five key variables. c–g | Spatial dis-
tribution of Spearman’s correlation coefficient between tsf and each of the five
variables: (c), tow, (d), snowmelt rate, (e), SWEmax timing, (f), melt onset date, and
(g), SWEmax, respectively. Source data is provided as a Source Data file.
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Siberia (Fig. 3b,c), reinforcing the pivotal role of tow in controlling tsf
across these regions. Following tow, the snowmelt rate exerts the
dominant influence on tsf in 564 catchments, which are primarily in
colder regions such as high-latitude North America, the Rocky Moun-
tains, the Alps, and Russia’s Far East (Fig. 3b,d). For the remaining
factors, MOD, SWEmax timing, and SWEmax magnitude are the primary
controls on Tsf in 242, 187, and 218 catchments, respectively
(Fig. 3b,e–g).

The above results indicate that tow generally outweighed other
factors in controlling tsf. However, among the 2339 catchments ana-
lyzed, 83.3% experienced anearlier tow (Supplementary Fig. 4), which is
notably higher than the 70.8% of catchments showing earlier tsf
(Fig. 1f). This suggests that tow alone cannot fully explain changes in tsf.
To gain deeper insights into tsf changes, here we classified the catch-
ments into four groups based on distinct trends in tow and tsf: (1)
advanced tsf and tow, (2) advanced tsf and delayed tow, (3) delayed tsf
and advanced tow, and (4) delayed tsf and tow. In addition to tow and tsf,
we also examined changes in SWEmax and snowmelt rate for each
group of catchments. The timing of SWEmax and MOD were excluded
from further analysis as they closely mirror tow (all provide timing
information) and exhibit a strong linear relationship with it (Supple-
mentary Fig. 5).

We find that in group-1 catchments where both tsf and tow
advanced over the past 70 years, SWEmax shows a clear decreasing
trend, while changes in the snowmelt rate areminimal (Fig. 4a). This
suggests that the earlier tsf in group-1 catchments is driven by either
earlier tow or declining SWEmax, with the latter effect being parti-
cularly dominant in the Rocky Mountain ranges (Fig. 4e). In group-2
catchments, where tsf advanced but tow was delayed, SWEmax

remains relatively unchanged, while the snowmelt rate increased,
indicating that the earlier tsf is primarily driven by the accelerated
snowmelt in these catchments (Fig. 4b). However, catchments in
this category are relatively scarce, predominantly scattered across
high-latitude regions of North America and central Euro-Asia
(Fig. 4e). Group-3 catchments, which exhibited delayed tsf along-
side advanced tow and decreased SWEmax, experienced a dramatic
decrease in snowmelt rate. This reduction in snowmelt rate out-
weighed the effects of tow and SWEmax, leading to the delayed tsf in
these catchments (Fig. 4c). In group-4 catchments, snowmelt rate
remained essentially unchanged, and SWEmax slightly increased.
The delay in tsf in most of these catchments was primarily driven by
the later tow, with the increased SWEmax contributing to the delay in
tsf in a limited number of catchments scattered across the central
and along east coast of North America (Fig. 4d,f).

Fig. 4 | Attribution of changes in snowmelt flood timing. a–d | Histograms of
trends in onset of seasonal warming (tow), snowmelt flood timing (tsf), the max-
imum snow water equivalent (SWEmax) and snowmelt rate in catchments with (a),
advanced tsf and tow, (b) advanced tsf and delayed tow, c, delayed Tsf and advanced
tow, and (d), delayed tsf and tow. The vertical dashed lines represent themean trends.

e | Spatial distribution of dominant factors contributing to earlier Tsf. f | Spatial
distribution of dominant factors contributing to later Tsf. The number in par-
entheses indicates the number of catchments. Source data is provided as a Source
Data file.
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Discussion
As oneof themost rapidly changing components of the Earth’s system,
declining snow under warming has profound impacts on terrestrial
hydrological processes, including streamflow volume and seasonal
patterns28–30, as well as extreme hydrological events31,32. While existing
evidence suggests that declining snow is likely to reduce the magni-
tude of snowmelt-driven floods7,15, direct assessments of how snow-
melt flood timing responds to warming remain limited. Using long-
term streamflow observations and distinguishing flood generation
mechanisms, we provide the first hemispheric-scale observational
assessment of shifts in the timing of snowmelt floods over the past
70 years.

Our results reveal a complex pattern of change in snowmelt
flood timing under warming across Northern Hemisphere catch-
ments. On a hemispheric scale, we find that the average tsf advanced
by 0.87 days per decade from 1950 to 2020, corresponding to a
sensitivity of approximately 4.7 days earlier for every 1 °C of warming
(Figs. 1e,f, 2a). While this overall advancement in tsf aligns with pre-
vious regional findings8,18–23, significant variability exists among
individual catchments, with nearly 30% of them demonstrating
delayed tsf (Fig. 1e,f). This results in a standard deviation of tsf trends
that is 2.7 times greater than the mean trend. Furthermore, when
applying a threshold of < ± 1 day per decade to indicate no change24,
the derived mean tsf trend is minimal, suggesting a lack of evidence
for an earlier tsf at the hemispheric scale. This conclusion somewhat
contradicts previous findings that reported a predominant shift
towards earlier tsf in various regions8,18–24. This discrepancy can be
partly attributed to the larger scale of the current analysis, but a
more critical issue arises from prior studies that often categorize
snowmelt floods based on catchment location or average flood
timing8,21–23, potentially introducing significant uncertainties in
identifying snowmelt floods. For instance, in historically snow-
dominated regions, reduced winter snowfall due to rising tempera-
tures or changing precipitation patterns may have shifted the flood
regime from spring snowmelt floods to more frequent rainfall-
induced floods in winter11,33. Failure to distinguish between different
flood generation mechanisms could misclassify these rainfall-
induced winter floods as snowmelt floods, leading to erroneous
conclusions regarding tsf changes under such conditions.

The onset of seasonal warming and the rate of snowmelt have
been identified as the two key drivers of shifts in tsf (Fig. 3). The former
predominantly influences catchments with advanced tsf, while the
latter is more significant in catchments experiencing delayed tsf
(Fig. 4e,f). Theoretically, the onset of seasonal warming indicates the
timing of snowmelt and the rate of snowmelt depicts how fast snow
melts, and anearlierwarmingonset and faster snowmelt should lead to
an earlier tsf. Existing evidence overwhelmingly points to earlier
snowmelt under warming conditions15,16,34–36; however, it also reveals a
general trend towarddecelerated snowmelt due to a contraction of the
melt season into periods with lower energy availability following the
advancement of snowmelt37–39. Our results confirm these previous
findings, with most catchments exhibiting an earlier tow and a slower
rate of snowmelt (Supplementary Fig. 4). These two changes in snow
dynamics, while both driven by warming, can exert opposing effects
on tsf (Fig. 3a–d). Previous studies have primarily attributed the earlier
tsf to earlier snowmelt, often overlooking the impact of changes in
snowmelt rates10,11,14. However, our findings demonstrate a significant
negative relationship between snowmelt rate and tsf, suggesting that
the reduced snowmelt rate may slowed or even reversed the pre-
viously reported trend of advancing tsf under warming. This phe-
nomenon is likely driven by two mechanisms. First, under slower
melting conditions, a longer period is required for snowmelt water to
accumulate to levels sufficient to trigger a flood event. Second, slower
snowmelt may result in smaller discharge peaks, which might not
consistently exceed the threshold necessary to qualify as a flood.

Consequently, the negative correlation observed between tsf and
snowmelt rate may, in part, reflect a reduction in the frequency of
snowmelt floods (Supplementary Figs. 6, 7).

In addition to tow and snowmelt rate, we also observe a positive
relationship between tsf and the magnitude of SWEmax. Declines in
SWEmax indicate reduced snow cover, which lowers surface albedo and
consequently increases absorbed radiative energy at the ground
surface9,28. This enhanced energy availability promotes earlier snow-
melt timing, leading to earlier tsf. This effect is particularly pronounced
along the RockyMountain ranges, where themost substantial declines
in SWEmax have been observed over the past 70 years (Figs. 1c, 3b
and 4e).

An intriguing question arises: since tow indicates the timing of
snowmelt, why does the determined MOD show a weaker correlation
with tsf compared to the correlation between tow and tsf? Indeed, tow
and the MOD are closely linked (Supplementary Fig. 5). However,
conventional approaches to determining MOD based on SWE time
series may involve substantial uncertainties in catchments or years
with multiple SWE peaks, complicating the distinction between snow
accumulation and snowmelt periods (see an example in Supplemen-
tary Fig. 8). In contrast, temperature time series are typically much
simpler, exhibiting clear cooling and warming periods, thereby facil-
itating a more straightforward determination of tow. More fundamen-
tally, changes in SWE are influenced not only by temperature but also
by precipitation, which can exhibit greater day-to-day variability than
temperature.

The contrasting effects of earlier tow, declining SWEmax, and
slower snowmelt collectively contribute to an overall minor yet locally
variable evolutionof tsf across theNorthernHemisphere. Despite these
complexities, several notable patterns emerge. Consistent with pre-
vious findings40, larger warming trends are generally found in colder
catchments (Supplementary Fig. 1). Furthermore, as mean annual
temperature rises, we find more advanced tow, greater reductions in
SWEmax, and faster declines in snowmelt rates, which together result in
insignificant changes in tsf trends along the temperature gradient
(Supplementary Fig. 9). This lack of significant change in tsf trendswith
temperature, coupled with smaller warming trends in relatively war-
mer catchments, accounts for the observed higher sensitivity of tsf to
warming in catchments with a higher mean annual temperature (Fig. 2
and Supplementary Fig. 3). Nevertheless, it is important to note that
this increasing sensitivity of tsf to warming with mean annual tem-
perature holds only for catchments with mean annual temperatures
below approximately 6 °C. For catchments with mean annual tem-
peratures exceeding ~6 °C, the warming trends are relatively weaker,
leading to smaller reductions in SWEmax and consequently less pro-
nounced changes in tsf (Supplementary Fig. 9). As a result, the sensi-
tivity of tsf to warming is also relatively smaller in these warmer
catchments (Supplementary Fig. 3).

Our findings of both advancing and delaying tsf have important
hydrological and ecological implications. From a hydrological per-
spective, the earlier tsf observed inmost northern catchments suggests
a seasonal shift in water resources toward the earlier in the year. This
shift may reduce water availability and potentially increase the fre-
quency and severity of droughts during summer and autumn in
catchments that are heavily dependent on snowmelt for
streamflow15,36. Conversely, in catchments experiencing a delay in tsf,
while the risk of spring floods may be mitigated, the postponed
snowmelt floods—when combined with heavy rainfall—could sub-
stantially elevate the risk of summer flooding41. From an ecological
standpoint, changes in tsf may disrupt the reproductive processes and
habitats of both in-river and riparian species, affecting fish migration,
waterbird breeding, and vegetation seeding42. Nevertheless, snowmelt
floods are a complex phenomenon involving multiple opposing
responses of snow dynamics to warming, leading to a more intricate
pattern of tsf changes across northern catchments than previously
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understood. Despite that, elucidating the mechanisms driving these
complex tsf changes could enhance our modeling of snowmelt floods,
thereby improving our ability to predict future changes under ongoing
warming.

Methods
Datasets
Daily streamflow (Q) observations from 1950 to 2020 were collected
for 2339 catchments across the Northern Hemisphere, sourced from 8
databases: (i) the Global Runoff Data Centre (https://portal.grdc.bafg.
de), (ii) the USGS National Water Information System (https://
waterdata.usgs.gov/nwis/dv?referred_module=sw&search_criteria=
huc2_cd&search_criteria=site_tp_cd&submitted_form=introduction),
(iii) theWater Survey of CanadaHydrometricData (https://wateroffice.
ec.gc.ca/mainmenu/historical_data_index_e.html), (iv) Eaufrance ser-
vice (https://hubeau.eaufrance.fr/page/a-propos), (v) Japanese Water
Information System (www1.river.go.jp/); (vi) Center for Studies and
Experimentation of PublicWorks (https://ceh.cedex.es/anuarioaforos/
default.asp), (vii) New Russian Daily Discharge Data from NSF-funded
UCLA/UNH project (https://www.r-arcticnet.sr.unh.edu/v4.0/AllData/
index.html), and (viii) CollaborativeUAF/UNHResearch: StudyofDam/
Reservoir-induced Hydrologic Changes in Siberian Regions: Regional
Analysis to Pan-Arctic Synthesis (https://www.r-arcticnet.sr.unh.edu/
ObservedAndNaturalizedDischarge-Website/). The selected catch-
ments each have continuous dailyQ records spanning at least 30 years,
with catchment sizes ranging from 100 to 100,000 km2. A lower size
threshold of 100 km2 ensures that the catchments encompass at least
one grid cell of meteorological forcing data (approximately 9 × 9 km2

spatial resolution), while the upper threshold of 100,000 km2 was
applied to avoid catchments with extremely long residence times. To
focus on snowmelt flood, all catchments have a mean annual snowfall
fraction—defined as the proportion of precipitation that falls as snow—
greater than 10%, and a snow cover percentage exceeding 10%. Addi-
tionally, tominimize anthropogenic influences, these catchmentswere
selected based on the following criteria: irrigation areas less than 5%
(Global Map of Irrigation Areas-GMIA43), urban area less than 5%
(MODIS Land Cover Dataset44), and reservoir capacity smaller than 5%
of the mean annual Q (Global Reservoir and Dam Database45). Conse-
quently, the 2339 catchments exhibited mean irrigation and urban
areas comprising 0.18% and 0.13% of the mean catchment area,
respectively, with mean reservoir capacity being 0.18% of the mean
annual Q. A consistent water year, defined as October 1 to September
30 of the following calendar year, was applied across all catchments,
resulting in the exclusionof those located in the SouthernHemisphere.

Hourly precipitation, near-surface air temperature, snowfall,
snowmelt, and snow water equivalent (SWE) data from 1950 to 2020
were obtained at 0.1° spatial resolution from the fifth generationof the
European Reanalysis (ERA5-Land) dataset46. These gridded data were
upscaled to daily values using averages or accumulations for each grid,
and subsequently spatially aggregated for each catchment. The ERA5-
Land dataset, characterized by its long temporal coverage and high
spatial resolution, has been rigorously evaluated against observations,
confirming its accuracy and suitability for long-term hydrological
studies46,47. To assess the potential impact of uncertainty in the ERA5-
Land SWE data on our results, additional uncertainty analyses were
conducted. These included two approaches: (1) sensitivity analysis,
and (2) comparison with alternative global SWE datasets, i.e., the ori-
ginal ERA548 and GlobSnow49. The results of these analyses indicated
that the uncertainty in the ERA5-Land SWEdata had only aminor effect
on our conclusions regarding the timing shifts of snowmelt floods
(Supplementary Figs. 10–15).

Flood type classification
The identification of snowmelt-induced flood events involves two key
steps: (i) flood event identification using a peaks-over-threshold

approach50, and (ii) flood type classification using the method out-
lined in ref. 7.

Specifically, flood identification follows a structured process:
(i) baseflow separation, (ii) identification of flood start and end
points as well as peak values, and (iii) merging multi-peak flood
events and re-identifying start and end points. Baseflow separation
was performed using the optimal baseflow method for each catch-
ment, as outlined ref. 51. (https://github.com/xiejx5/baseflow/tree/
master). The flood start and end points, along with peak values,
were initially identified by determining the magnitude of daily Q
corresponding to the 90th percentile of the daily Q series for each
catchment, which served as the threshold for flood peak identifi-
cation. Using a higher threshold (i.e., the 95th percentile of the daily
Q series) yielded similar results (Supplementary Figs. 16, 17). Any
local peak exceeding this threshold was considered a flood event.
For catchments with a low baseflow coefficient (<0.5), the start and
end of a flood were identified where total runoff equals baseflow. In
catchments with a high baseflow coefficient (>0.5), stable valley
points—defined as runoff values that remain constant (i.e., not
changing by more than 0.01mm over a week)—were used to mark
the flood’s start and end points. Multi-peak flood events with
overlapping valley points were merged based on two conditions.
First, if both the start and end valley points were duplicated, the
floods were directly merged into a single event. Second, if the end
valley of one flood overlapped or closely coincided with the start
valley of another, the peak value ratio between the two floods was
evaluated. If the ratio exceeded a threshold of 2.5, the floods were
merged52. Following the merging process, the start and end points
of these combined flood events were re-identified.

Flood events were categorized into three main types: (i)
rainfall-induced floods, (iii) rain-on-snow floods, and (iii) snowmelt
floods. In this study, we employed a process-based approach for
flood classification, which has been widely adopted in flood classi-
fications globally7,53. Specifically, the classification method relies on
several indicators, including the intensity of snowmelt and rainfall
during both the response period and the flood rising period. Flood
events characterized by significant snowmelt intensity withminimal
or no rainfall are classified as snowmelt floods. Conversely, events
with substantial rainfall and negligible snowmelt are categorized as
rainfall-induced floods. When high-intensity rainfall coincides with
minor snowmelt, the flood is classified as a rain-on-snow flood. For
this analysis, we utilized flood classification indicators provided by
ref. 7, where the threshold values are determined using decision
tree analysis, statistical clustering algorithms, and the SCE-UA glo-
bal optimization method54. Sensitivity analyses of the classification
thresholds and uncertainty analyses of the classification results
were conducted to enhance the reliability of the flood
categorization7. A total of 243,073 flood events from 2339 snow-
affected catchments were classified into the three flood types, with
109,919 events categorized as snowmelt-induced floods. The spatial
distributions of the proportions of the three flood types are pre-
sented in Supplementary Fig. 18.

Among the identified 109,919 snowmelt flood events, our analysis
focuses on the annual maximum snowmelt flood events for each
catchment. These events exhibit a high degree of overlap with the
annual first snowmelt floods, with approximately 90% of the annual
maximum snowmelt floods coinciding with the first snowmelt flood of
each year, on average, across all 2339 catchments (Supplementary
Fig. 19). Additionally, about 80% of the annual maximum snowmelt
floods correspond to the annual maximum flood events (Supplemen-
tary Fig. 20). Themean ratio of themagnitude of the annual maximum
snowmelt floods to that of the annual maximum floods is approxi-
mately 0.94 (Supplementary Fig. 21), indicating that snowmelt floods
are the predominant type of major floods in these snow-affected
catchments.
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Determination of key variables
Several key variables were utilized in our analyses, including snowmelt
flood timing, maximum snowwater equivalent (SWEmax), the timing of
SWEmax, the onset of seasonal warming, snowmelt rate, and the melt
onset date. Supplementary Fig. 22 provides an example illustrating the
definitions of these key variables.

Specifically, snowmelt flood timing (tsf) refers to the date of the
peak of the annualmaximum snowmelt flood event. SWEmax is defined
as themaximum daily SWE observed eachwater year, while the timing
of SWEmax is the date when this maximum occurs. It is important to
note that SWEmax can persist for several days without further snow
accumulation until snowmelt begins55. In such cases, the timing of
SWEmax is defined as the first day when SWEmax is recorded. The onset
of seasonal warming (tow) is determined as the date when cumulative
temperature reaches its minimum within each water year. Snowmelt
rate refers to the average rate of snowmelt during the period between
tow and tsf. The melt onset date (MOD) was determined following the
methodof Clow16, whereMOD is identified as the start of the first 5-day
period during which SWE decreases by more than 2.5 cm.

Data availability
The hourly ERA5-Land data are available from the Copernicus Climate
Change Service (C3S) Climate Date Store at https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview.
Streamflow data are available from 11 sources described in the Meth-
ods and metadata for the 2339 catchments used in the analyses are
available at https://doi.org/10.5281/zenodo.13892758. Source data for
generating Figs. 1–4 are provided with this paper. Source data are
provided with this paper.

Code availability
The code for flood identification and classification is available at
Zenodo56.
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