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Climate warming induces shifts from snow to rain in cold regions’, altering snowpack
dynamics with consequent impacts on streamflow that raise challenges to many
aspects of ecosystem services**. A straightforward conceptual model states that as
the fraction of precipitation falling as snow (snowfall fraction) declines, less solid
water is stored over the winter and both snowmelt and streamflow shift earlier in
season. Yet the responses of streamflow patterns to shifts in snowfall fraction remain
uncertain®°. Here we show that as snowfall fraction declines, the timing of the centre
of streamflow mass may be advanced or delayed. Our results, based on analysis of
1950-2020 streamflow measurements across 3,049 snow-affected catchments over
the Northern Hemisphere, show that mean snowfall fraction modulates the seasonal

response to reductions in snowfall fraction. Specifically, temporal changes in
streamflow timing with declining snowfall fraction reveal agradient from earlier
streamflow in snow-rich catchments to delayed streamflow in less snowy catchments.
Furthermore, interannual variability of streamflow timing and seasonal variation
increase as snowfall fraction decreases across both space and time. Our findings
revise the ‘less snow equals earlier streamflow” heuristic and instead point towards
acomplex evolution of seasonal streamflow regimes in a snow-dwindling world.

Snowmeltis amajor component of streamflow (Q) in cold regions and
servesasanimportant supply of freshwater resources locally and down-
stream*'°, with broad implications for ecosystem functioning", food
security* and natural hazards'>". Observations indicate a substantial
warmingtrendinglobal cold regions over the past several decades, at
arate much faster than the global average', inducing an evident shift
of winter precipitation from snowfall towards rainfall***. This phase
change in precipitation is expected to alter the amount, timing and
rate of snowpack accumulation and melt'®Y, with profound consequent
impacts on the amount and seasonal distribution of Q (refs. 9,18,19).
For example, studies in some regions have shown that the annual Q
amount may be reduced with declining snowfall fraction (f;) (ref. 3),
possibly owing to more gradual melting of the snowpack and/or higher
absorbed net radiation thatincreases evaporative water loss asaresult
of snow-albedo feedbacks'®*.

Compared with the total Q volume, the seasonality of Q is more
directly relevant to seasonal water availability>*, geomorphology pro-
cesses?, reservoir operation®'° and flood/drought risks*?, Nonethe-
less, the responses of Q seasonality to declines inf; are not yet well
understood®. Inregions where precipitation falls as snow, the discharge
of that precipitation as Q can be delayed until the accumulated snow
meltsinsubsequent warmer seasons*. It follows that a shift from snow-
fall towards rainfall is expected to lead to an earlier Qtiming, whichis
supported by earlier snowmelt widely observed across snow-affected
regions>*** and/or by numerical modelling experiments®*?. However,

directassessments of Q observations do not always support this expec-
tation® 8, Although most existing efforts are made in western North
Americawhere the observed Q generally occurs earlier under warm-
ing? relatively less emphasis has been given to other snow-affected
regions with limited observational evidence showing diverse trendsin
Qtiming®® (Extended Data Table1). Moreover, how seasonal variation of
Qmagnituderespondsto decliningf; also remainslargely unexplored.
Although afew studies have assessed changes in Q seasonal variationin
response to climate warming®, their findings vary considerably among
catchments/regions and observational evidence of the direct linkage
between f, and Q seasonal variation remains lacking.

Here we conduct observational analyses to comprehensively assess
theimpacts of changes inf,on Qseasonality by using an extensive data-
set of long-term (nominally 1950-2020) Q measurements from 3,049
unimpaired, snow-affected (mean annual snowfall fraction higher than
10%) catchments across the Northern Hemisphere (Methods; Extended
DataFig.1). A fixed water-year from October through to the following
September was used for all catchments®. Two characteristics of Q sea-
sonality are considered: (1) the timing of Q, represented by the centre
of mass of streamflow®* (CTQ), which denotes the time of year when
50% of the annual Q occurs, and (2) seasonal variationin Q magnitude,
characterized by the streamflow concentration index® (QCI), whereby
alarger QClvaluessignifies amore pronounced seasonal variation. We
also seek to understand how changes in f, would affect the interannual
variability of these two Q seasonality characteristics.
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Fig.1|Spatiotemporal patterns of snowfall fraction and streamflow
seasonality across 3,049 catchments over1950-2020. a, Spatial distribution
of mean annual snowfall fraction. b, Spatial distribution of mean annual
streamflow timing (represented by CTQ). ¢, Spatial distribution of mean annual

Spatial and temporal patterns

To investigate the impacts of changes in f, on Q seasonality, we first
examine the spatial and temporal patterns of f, and the two Q season-
ality indices (CTQ and QClI) for the 3,049 catchments over 1950-2020
(Fig.1). Asshown in Fig. 1a, higher mean annual f; (fs) are generally
found in high-mountain regions (for example, the Rocky Mountains
and the Alps) and high-latitude areas (for example, northern Europe)
(Extended Data Fig. 2). The spatial distributions of mean annual CTQ
and QCl broadly follow that of £, with higher f generally associated
with later CTQ and larger QCI, despite a more complex pattern found
for QCI (Fig. 1b,c). It is noteworthy that most catchments also exhibit
clear precipitation seasonality, with the centre of mass of precipitation
(CTP) generally occurring earlier than CTQ in most catchments and
more closely matching CTQ in catchments with alower fs (Fig.1band
Extended Data Fig. 3). Temporally, widespread declines in f; are
observed over the entire mid-to-high latitude Northern Hemisphere
during the past 70 years, with negative annual f; trends registered in
about 85% of the catchments and nearly half of them are statistically
significant (P< 0.1, t-test) (Fig. 1d). Larger declines inf, are generally
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snowfallfraction. e, Trendsinannual CTQ. f, Trendsin annual QCI. For d-f, grey
dotsindicate that the trends are not statistically significant (P> 0.1, t-test).

foundincatchmentswithahigh f except for northern Europe where
trends in f; are mostly insignificant. In comparison, trends in annual
CTQ show a more diverse pattern with advancing and delaying CTQ
trends, respectively, found in about two-thirds and one-third of the
catchments (Fig. 1e), suggesting a more intricate response of CTQ to
the diminishing f; over time. Notably, the spatial distribution of CTQ
trends does not consistently follow that of CTP either, except for cer-
tain regions such as a few catchments in the western United States
(Fig. 1e and Extended Data Fig. 3). As for QCI, about 75% of the catch-
ments experienced a decreasing QCltrend, of which about 40% exhibit
statistical significance (P < 0.1, t-test) (Fig. 1f), implying that historical
declinesinf,may have resulted insmaller seasonal Q variationin these
catchments.

Snowfall effects on Q seasonality

We subsequently examine the statistical relationships between fs and
the two Qseasonality indices across 3,049 catchments to quantify the
impact of changes inf, on Q seasonality. Itis found that both CTQ and
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Fig.2|Relationship between mean annual snowfall fractionand
streamflow seasonality. a, Relationship between mean annual snowfall
fraction (fs) and mean annual streamflow timing (represented by CTQ) across
the 3,049 catchments. b, Relationship between mean annualf,and mean
annual streamflow seasonal variation (represented by QCI) across the 3,049
catchments.Inaandb, whiskers represent the1stand 99th percentile, the top
and bottom of the box are the 25th and 75th percentile and the medianis
represented by the horizontal line internal to the coloured box. The red solid
lines show the best linear fit across the 3,049 catchments. ¢, Seasonal course of
streamflow for catchments with differentfS across the water-year. The 3,049
catchments arestratified into sixgroups according to their f, (asusedinaand
b) and the solid curves represent the mean monthly streamflow series for each
group and the vertical dotted linesindicate themean CTQin eachgroup. The
values of mean QCl for each group are also shown on the right-hand side of this
subplot. The number of catchmentsin each of the six groupsis provided at the
bottomofa.

QCl show a significant (P < 0.01, t-test) positive relationship with f
demonstrating that Qin catchments witha higher £, generally occurs
laterinthe year and exhibits alarger seasonal variation (Fig. 2a,b). For
catchments with arelatively high Z (fs >0.5),themean CTQoccursin
around late-April and the mean peak monthly Q occursinjune (Fig. 2c).
Moreover, these high-z catchments are also accompanied by a large
seasonal variation in Q (mean QCI > 15), owing to a large contrast
between high flows in warmer seasons (the peak monthly Q accounts

for more than 22% of annual Q) and low flows in colder seasons (the
minimum monthly Q accounts for less than 3% of annual Q). In com-
parison, catchments characterized by IowfS (0.1< fs <0.2) manifest
both the mean CTQ and peak monthly Q in March. The mean QCI for
these Iow-f catchments decreased to less than 11, demonstrating a
comparatively diminished amplitude of seasonal variations in Q due
tothe narrower disparity between high- and low-flow during different
periods of the year.

The aboveresultsin Fig. 2demonstrate that Qin catchments witha
]owerfsgenerallyoccur earlier and exhibitasmaller seasonal variation.
To scrutinize the temporal response of Q seasonality to shifts inf;,, we
compared the two streamflow seasonality indices betweentwo 10-year
periods with the highest and lowest £ for individual catchments. The
findings show a concordance between the temporal and spatial analy-
sesin terms of the influence of f, on seasonal Q variation; specifically,
the QClshows greater values during high-f; periods and comparatively
lower values during low-f; periods (Fig. 3a). Thisrelationship is further
illustrated by a positive correlation between trends in QCland f; across
the 3,049 catchments over 1950-2020 (Extended DataFig. 4). Notably,
the decreased QClin response tof; reduction over time is caused pri-
marily by large declines in high flows during warm seasons, whereas
thelow flows during cold seasons remain essentially unchanged (Fig. 3a
and Extended Data Fig. 4).

However, the temporal response of Q timing to changes in f, does
not consistently align with its spatial response and the trends in CTQ
do not exhibit a clear relationship with trends in f; (Extended Data
Fig.4). Nonetheless, the temporal response of Q timing to declines in

f. exhibits a distinct disparity between delayed CTQ in Iow-i_catch-

ments (f, <0.4) and advanced CTQin high- £ catchments (£, >0.5)
(Fig. 3a). This contrast is further manifested by a clear gradient in the
CTQdifference between low- and high-f; periods: the difference in CTQ
between low- and high-f; periods is mostly positive (indicating a post-
poned Q timing as f, decreases) in catchments with a fs <0.2and
becomes increasingly smaller until £ reaches approximately 0.4 to
0.5. After that, areversal occurs, with the CTQ difference between low-
and high-f, periods turning negative (indicating an earlier Q timing as
f.decreases) and becoming increasingly larger as i increases (Fig.3a
and Extended Data Fig. 5).

Theoretically, in snow-affected catchments, the timing of Q can be
jointly determined by the timing of precipitation and the timing of
snowmelt”®, To understand the contrast in the response of CTQ to
changes in f, between low- and high-i catchments, we explore the
responses of CTQto the timing of precipitation (indicated by CTP) and
the initiation of snowmelt (indicated by the melt onset date (MOD)).
Two sensitivities, estimated by the slope in the linear regression
between CTQand CTP (&crq crp) and between CTQ and MOD (€¢rq mop)
for each catchment, are used to quantify the responses of CTQ to CTP
and MOD, respectively. We find that £¢1q crp is consistently higher than
£crqmop iN low- £ catchments (£ < 0.4) (Fig. 3b and Extended Data
Fig. 6), suggesting that the timing of Qin these catchmentsis controlled
primarily by the timing of precipitation. With the increases offs,
Ecrq cre decreases whereas £cq mop increases and generally surpasses
&crqcre in high- £ catchments (for example, £ >0.5), indicating the
predominantinfluence of snowmelton the timing of Qin these high- £
catchments. With this, we further calculate the slopein the linear regres-
sion between CTP (MOD) andf; (that s, ecrp s and eyop ¢,) to €xamine
the associations of CTP (MOD) with f; for each catchment (Fig. 3¢
and Extended Data Fig. 6). As expected, most (about 96%) of catch-
ments exhibit a positive gyop ¢, aligning with previous findings that
decreasedf.is generally associated with earlier snowmelt>*. The posi-
tive MOD—f;relationship and a higher £y vopjointly led toanadvance-
mentin CTQ as f, diminished in high-f catchments. As for CTP, a
negative cyp s is found innearly all catchments (about 98%), indicating
that a decline inf; is also commonly associated with, or more likely
contributed by, adelay in seasonal precipitation (due to reduced cold
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Fig.3|Impacts of temporal changesinsnowfall fraction on streamflow
seasonality. a, Comparison of mean monthly streamflow over the water-year
between the two 10-year periods with the highest (blue) and lowest (red)
snowfall fractions for each six groups of catchments. The 3,049 catchments are
firstdivided into sixgroups accordingto their mean annual snow fraction (fs).
Then for each catchmentineach group, the two extremef, 10-year periods are
identified which are then averaged for each group. Solid curves represent the
mean of all catchments and shadow areas represent the range of individual
catchmentsineach group. The vertical lines indicate the streamflow timing

season precipitation; Extended DataFig. 7). This negative CTP—f; rela-
tionship, along with a higher £cyq c1p, collectively contributed to a
delayed CTQ following decreasesinf;in Iow-fS catchments (f lessthan
about 0.4).

Variability of Q seasonality

To demonstrate how changesinf;alter the interannual variability of Q
seasonality, we first calculate the coefficient of variation of annual CTQ
(CV¢r) and QCI(CVy() over the entire data period for each catchment.
Moreover, because theinterannual variability of Q can be considerably
influenced by that of precipitation, we also calculate the correspond-
ing indices for precipitation (CVcrp and CV,). We then classify the
3,049 catchmentsinto three groups based on CVy (or CV,¢) and exam-
inehow CV¢qand CVy vary with j_g across catchmentsin each group.
Results show that for the same £, catchments with higher CV¢rp (CVee)
generally show higher CVyq (CV,(), confirming a critical role of pre-
cipitation in governing the interannual variability of Q seasonality
(Fig. 4a,b). Meanwhile, we find that both CVqand CV, exhibit asig-
nificant (P < 0.01, t-test) negative relationship with Zfor allthree catch-
ment groups, indicating larger interannual variability of Q timing and
seasonal variation in catchments with lower E foragiven CV.pand
CVper-

To further investigate how CV;q and CV, change with f; through
time, we adopta 20-year moving window and examine the relationships
between relative changes in CVcyq (CV¢) and CVp (CVpe)) between
the two 20-year periods with the highest and lowest f, for each
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(represented by CTQ) and the seasonal variation of streamflow (represented by
QCl)isalsoshown.b, Sensitivities of CTQto precipitation timing (£cyq crp) and
melt onset date (£crq mop), Which, respectively, quantify theimpact of one-day
changein CTPand MOD on CTQ, as afunction oijS forthe 3,049 catchments.

¢, Histogram of slopesinthelinear regressions between precipitation timing
(melt onset date) and snowfall fraction (ecrp , and gy0p 1), Which, respectively,
quantify changesin CTPand MOD inrelationtoincreasesinf, by 0.01, for the
3,049 catchments.

catchment. The 20-year window was selected to ensure the sample size
was long enough to account for interannual variability. Results show
that the sensitivities of CVq (CV¢) to CVerp (CVy) evidently increase
as fs decreases (Fig. 4c,d). This means that the interannual variability
of precipitation seasonality exerted astronger control on theinteran-
nual variability of Q seasonality as f, decreases. Comparison of the
sensitivities of CVyq (CVqc) to CVerp (CVp) among catchments expe-
riencing different f, changes also shows a similar finding (Extended
DataFig.8), because changesinf,arelargely related to the magnitude
off, (Fig.1a,d). Thisresultimplies that when the interannual variability
of precipitation seasonality remains unchanged, decreases in f, would
increase the variability of Q timing and seasonal variation between
years, consistent with findings from the spatial analyses (Fig. 4a,b).

Summary and discussion

Althoughithaslongbeenrecognized that warming-induced declinesin
snowfall will exert profound impacts on Q characteristics, the underly-
ing mechanisms are complex and existing findings vary substantially
across geographiclocations®®%*, Here, by using long-term Q observa-
tionsacross many catchments over the entire Northern Hemisphere, we
presentacomprehensive observation-based assessment of the impacts
of changes inf; on Q seasonality. Three key conclusions are obtained.

First, seasonal Q variation decreases with the decline in f,. This
response is consistent across both space and time and is caused by
adecreased warm season fractional Q and an increased cold season
fractional Q, consistent with previous findings** 3. However, when
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absolute Q changes are assessed, the warm season Q shows an evi-
dent reduction whereas the cold season Q remains relatively stable
(Fig. 3a and Extended Data Fig. 7), implying that the annual total Q
must decrease asf, declines’. Consequently, theincreased cold season
fractional Qis driven primarily by decreases in annual total Q rather
thanincreases in cold season Q itself. The decreased warm season Q
canbedirectly attributed to areduced water supply from snowmelt*
and potentially amplified evaporation losses as a result of enhanced
energy availability?®. Mechanisms underlying changes in cold season
Q are more complex. Although the intuitive notion is that rainfall
directly generates runoff so that a shift from snow toward rain will
increase cold season Q (ref. 2), our results show that a decline in f; is
commonly associated with a delayed seasonal precipitation (Fig. 3¢c),
whichimplies a decreased cold season precipitation (Extended Data
Fig. 7). Additionally, enhanced evaporation and decreased snowmelt
rate are also likely to reduce cold season Q (refs. 16,18). Collectively,
these opposing effects seem to have substantially offset each other,
yielding marginal net changes in cold season Q.

Second, declines in f, do not always lead to an earlier Q timing.
Although most existing observational evidence indicates an earlier Q
timing due to earlier snowmelt associated with declines in f; under
warming, these previous findings are mostly concentrated in western
North Americawhere f is relatively high*~"*. By extending existing
analysesto the entire Northern Hemisphere, our results demonstrate
that the lower f; to earlier Q relationship generally persists spatially
but does not always hold over time. Specifically, advances in seasonal
Qare found mostly in catchments with a relatively high f consistent

c
Slope ° .
2_ . . .

Em o0
05 *
©
3
04 E
©
C
03 8§
=

0.2

T T T T T T T 0.1

-1.5 -1.0 -0.5 0 0.5 1.0 1.5
ACVrp/CVerp
d

o] ha
3 5
O c
< c
s ©
(€] c
5 g
< =

-0.5 0 0.5
ACVpg/CVp

relative change ininterannual variability of streamflow timing (ACV1o/CV¢1q)
and that of precipitation timing (ACV y,/CV¢1p) between two 20-year periods
with the highest and lowest f.. d, Relationship of relative change ininterannual
variability of streamflow seasonal variation (ACVy,/CV) and that of
precipitation seasonal variation (ACV,./CV,) between two 20-year periods
with the highest and lowest f.. Incand d, catchments are divided into six groups
onthebasis of their fs andlinesare the bestlinear fitacross catchmentsineach
group. Theslopes of the linear regression models are presentedin theinset,
denoted by asterisks * and ** to signify statistical significance at the 95% and
99% confidence levels (t-test), respectively.

with previous findings in western North America. By contrast, delays
inseasonal Qare observed in catchments with relatively lower z which
is driven primarily by delays in seasonal precipitation despite earlier
snowmelt as f; decreases.

Moreover, as fg generally increases with elevation, discernible con-
trastsin the alterations of seasonal Q timing with declining f; are simi-
larly observed along an elevation gradient, showing advanced (delayed)
seasonal Q predominantly in catchments at higher (lower) elevations
(Extended Data Fig. 5). This is expected and hints at an elevation
dependence of changes in Q timing with declining f;. Previous studies
reported that snowpack dynamics are more sensitive to temperature
changes at lower elevations and more responsive to precipitation
changes at higher elevations**"*. Here we observe that e, , becomes
more negative whereas &yop, s becomes less positive as elevation
increases (Extended DataFig. 9). Because MOD is largely controlled by
temperature (or more precisely energy availability**), this result indi-
catesthat changesinf, are more closely associated with changesin pre-
cipitation and less so with changes in temperature as elevation
increases, consistent with previous findings on snowpack dynamics.
Furthermore, by multiplying the changesin CTP and MOD (ACTP and
AMOD) withthe dependence of Q timing on CTP and MOD (&¢yq crpand
£crq et as shownin Fig. 3b), we can approximately estimate the impact
of ACTP and AMOD on ACTQ, respectively. Results show that
ACTP-induced ACTQ becomes increasingly less positive, whereas
AMOD-induced ACTQbecomesincreasingly negative with rising eleva-
tion (Extended Data Fig. 9). These trends combine toresultinthe ACTQ
gradient from advanced CTQin high-f (high-elevation) catchments
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to delayed CTQ in lowf (low-elevation) catchments (Fig. 3a and
Extended Data Fig. 5). Notably, areversal in ACTQ (from advancing to
delaying) between high- and low-f; periods generally occurs when E
approximates 0.4, corresponding to an elevation of about 1,500 m.
Thissuggestsacritical Eand elevation threshold influencing the com-
position of Q regimes, distinguishing between snowmelt-dominated
and rainfall-dominated Q regimes*. Intriguingly, this critical elevation
threshold on Q timing changes aligns reasonably well with previous
findings about the critical elevation that distinguishes temperature-
dominated from precipitation-dominated controls on snowpack
dynamics (for example, about 1,560 min the Central Rocky Mountains®
and about 1,400 min the Alps*®). With ongoing climatic warming, this
critical elevation governing climatic controls of snowpack dynamics
was projected torise in the future*. In this context, it remains of inter-
est to assess whether similar shifts would manifestin the f: andeleva-
tion thresholds for changes in Q timing and runoff-generation regime
under future warming.

Third, declines inf; increase the interannual variability of stream-
flow seasonality. We found that the interannual variability of CTQ and
QCl become larger and are increasingly controlled by CTP and PCI
as f, decreases across both space and time (Fig. 4 and Extended Data
Fig. 8). Although the interannual variability of Q is widely recognized
as being defined primarily by the interannual variability of precipita-
tion*’, we demonstrated that higher precipitation variability does not
necessarily lead to a higher Q variability due to the presence of snow.
Whenf; is high, the interannual variability of seasonal Q timing and
variation are more controlled by that of snowmelt, which is determined
primarily by the interannual variability of energy supply thatis usually
much smaller than the interannual variability of precipitation*. This
pinpoints animportant buffering role of snow in mediating the parti-
tioning of precipitation variance into Q variance*, which, however, is
weakening as f; diminishes with ongoing climate warming. Meanwhile,
climate models project that the interannual variability of global mean
land precipitation willincrease at arate of 4-5% per degreeincreasein
temperature¥, suggesting that the interannual variability of Qseasonal-
ity will be further amplified under future warming.

The above findings on the responses of streamflow seasonality to
declinesinf,have important hydrologic implications. Although previ-
ous studies concluded that earlier snowmelt would increase the risk
of spring flood*®, our resultsindicate that the frequency of spring flood
mightincrease primarilyin high-f catchments, whereas fewer spring
floods may be expected in catchments where f, is relatively lower.
Furthermore, subtle changesin cold season Q coupled with substantial
declinesinwarmseason Q imply a decreased magnitude of snowmelt
floods asf; declines—a phenomenon that has already been globally
documented in the assessments of river flood changes*. By contrast,
decreased warm season Q directly indicates a higher risk of summer
and/or autumn drought, potentially exerting adverse effects on broad
aspects of water/food security*, ecosystem health" and hydropower
generation?®. Meanwhile, the increased interannual variability of Q
seasonality implies a higher uncertainty in the seasonal Qregime, which
results in larger difficulties in predicting seasonal Q changes thereby
posing further challenges to seasonal and interannual water resources
planning and management. In this light, adaptive measures, for exam-
ple, seeking alternative water supplies (groundwater), increasingres-
ervoir capacities and/or increasing the efficiency of water use, are
imperative toenhance theresilience of the water system against dwin-
dlingf, to maintain ecosystem service functions in snow-affected and
downstream regions under future warming.
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Methods

Datasets
We use daily and/or monthly measurements of streamflow (Q) from
3,049 catchments (including their boundaries), sourced from four
global/regional Q databases, including the following: (1) the Global Run-
off Data Centre, Germany (https://www.bafg.de/GRDC/EN/01_GRDC/
grdc_node.html); (2) the USGS National Water Information System
(https://waterdata.usgs.gov/nwis/sw); (3) European Water Archive of
EURO-FRIEND-Water (https://www.bafg.de/GRDC/EN/04_spcldtbss/42_
EWA/ewa_node.html); and (4) the Water Survey of Canada Hydrometric
Data (https://wateroffice.ec.gc.ca/). The selected 3,049 catchments
all satisfy the following four criteria. First, the catchments had at least
30 years of continuous Qrecords over 1950-2020, with amaximumdata
gap of 10 days; the remaining gaps were then filled using linear inter-
polation. Second, to minimize the influence of human interventions,
all catchments had irrigation areas smaller than 3% of the catchment
area (based on the Global Map of Irrigation Areas-GMIA®), urban areas
smaller than 1% of the catchment area (based on the GlobCover v.2.3
map™) and reservoir capacities smaller than 3% of the mean annual Q
(based on the Global Reservoir and Dam database®). Third, to focus
on the snow impact, all catchments had a mean annual snowfall frac-
tion (the ratio of snowfall over precipitation) higher than10%. Fourth
and finally, catchments in the Southern Hemisphere were excluded
to ensure a consistent water-year for all analysed catchments. A fixed
water-year (1 October through 30 September of the following calen-
dar year*®®) was used for all catchments. It should be noted that the Q
database is temporally heterogeneous. Despite that, the catchments
collectively encompass about 45% of the snow-affected regions over
the entire Northern Hemisphere with the lengths of Qrecords varying
from30to 70 years (meanis about 55 years) (Extended Data Fig. 1).
Hourly precipitation, net radiation, snowfall and snow water equiva-
lent (SWE) at 0.1° spatial resolution over 1950-2020 were obtained from
thefifth generation of European ReAnalysis (ERA5-Land) dataset™. The
gridded data were further spatially lumped for each catchment and
temporally aggregated to daily and/or monthly scales. The ERA5-Land
dataset features long temporal coverage and high spatial resolution
and has undergone rigorous evaluation against observations, which
confirmsits accuracy and suitability for long-term hydrological inves-
tigations'>*,

Summary of calculations

To quantify the Q seasonality, we adopt two Qindices to, respectively,
determine the timing and seasonal variation of Q. Specifically, CTQ*
is used to indicate the seasonal Q timing, which denotes the time of
year when 50% of the annual streamflow occurs and is calculated as:

12 12

CTQ=) (ixq)/ Y () ey
i=1

i=1

where iis time in months from the beginning of the water-year and g,
is monthly Q (mm month™) for water-year monthi.

The QCI* is used to quantify the seasonal variation of Q and is
calculated as:

12 12

QCl=} ¢*/(} q)*x100 2
i=1 i=1

Thetwo Qindices have been widely used in the literature to assess Q
and/or Pseasonality characteristics under global change®*** (Extended
Data Table 1). To account for the influence of changing precipitation,
we similarly calculated the corresponding indices for precipitation
(CTP and PCI) in the same way.

The MOD is determined as the first date in the water-year when SWE
starts todrop after reaching the maximum SWE*. Adopting a different

definition of SWE yields similar results (Extended Data Fig. 6). The
period between MOD and the first date SWE startsto increase is defined
as the warm season and the rest of the year is considered as the cold
season. In the assessment of changes in seasonal precipitationand Q,
the climatological warm season and cold season were used for each
catchment, which are determined from the mean annual daily courses
of SWE.

Data availability

The hourly ERAS-Land data are available from the Copernicus Cli-
mate Change Service (C3S) Climate Date Store at https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=overview.
Streamflow data are available from four sources: (1) the Global
Runoff Data Centre (https://www.bafg.de/GRDC/EN/01_GRDC/
grdc_node.html); (2) the USGS National Water Information System
(https://waterdata.usgs.gov/nwis/sw); (3) European Water Archive of
EURO-FRIEND-Water (https://www.bafg.de/GRDC/EN/04_spcldtbss/42_
EWA/ewa_node.html); and (4) the Water Survey of Canada Hydrometric
Data (https://wateroffice.ec.gc.ca/). Metadata for the 3,049 catch-
ments used in the analysis are available at https://doi.org/10.5281/
zen0do.10692562 (ref. 55). Map figures were created using Natural
Earth Dataincludedinthe MATLAB software.Source dataare provided
with this paper.

Code availability

Analyses presented here do not depend on specific code; the approach
canbereproduced following the procedures described in the Methods.
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Extended DataFig.1|Spatial and temporal coverages of the streamflow exceeded 0.1over the NorthernHemisphere. c|Histogram of datalength for
records. a|Spatial coverage of the 3049 catchments used herein. b | Spatial the 3049 catchments. Numbersin c above each columnindicate the count of
distribution of areas where the 1950-2020 mean annual snowfall fraction catchments fallinginto each category.
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Extended DataFig.2|Distribution of mean annual snowfallfractionin the
elevation—latitude domain for the 3049 catchments.



Article

<[ [ < [T
2 3 4 5 6 7 8 10 12 14 16
Mean annual CTP (month) Mean annual PCI

-0.02 -0.01 O 0.01 0.02 -0.05 0 0.05
Trend in CTP (month yr7) Trend in PCI (yr?)

precipitation variation (represented by PCI). ¢| Spatial distribution of trends in
annual CTP.d|Spatial distribution of trends inannual PCl.Incandd, grey dots
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Extended DataFig. 3 | Spatiotemporal patterns of precipitation
seasonality across 3049 catchments over1950-2020. a| Spatial distribution
of mean annual precipitation timing (represented by the centre of mass of
precipitation or CTP). b|Spatial distribution of mean annual seasonal
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Extended DataFig. 4 |Relationship between trendsin snowfall fraction and
streamflow seasonality across the 3049 catchments over1950-2020.a|
Relationship between trends in snowfall fraction (f;) and CTQ. b| Relationship
betweentrendsinf,and QCl. Thered solid lines show the best linear fits.
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Extended DataFig. 5| Changesinstreamflow timingbetween the two
10-year periods with the highest and lowest snowfall fraction. a| Changes
instreamflow timing (ACTQ) as a function of mean annual snowfall fraction.
b|ACTQasafunction ofelevation. For each box, whiskers represent the 1st and
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and the medianisrepresented by the horizontallline internal to the coloured
box. Theredsolidline shows the best linear fit. The slopes of the linear
regression models are quantified and the level of statistical significance is
calculated usingat-test.
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Extended DataFig. 6 |Streamflow timinginresponse tochangesin
precipitation timing and snowmeltonsetdata. a|Sensitivities of CTQ to
precipitation timing (ecrq crp) and melt onset date (crq mop) asafunction ofTs
for the 3049 catchments. b|Histogram of sensitivities of precipitation timing
and melt onset date to declinesin snowfall fraction (ecrp , and gyp 1) for the
3049 catchments. The snowmelt onset date (MOD) is determined following
ref.24, where MOD is calculated as the beginning of the first 5-day period
during which snow water equivalent declined by more than2.5 cm.
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Extended DataFig.7|Changesinseasonal streamflow and precipitation
between low and high snowfall fraction periods. a-c| Number of catchments
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periods.Ind, eand f, whiskersrepresent the 1st and 99th percentile, the top
and bottom of the box are the 25th and 75th percentile and the medianis
represented by the horizontal line internal to the coloured box. The red solid
lines show the best linear fits.
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Extended DataFig. 8| Impact of changesinsnowfall fractionon
interannual variability of streamflow seasonality. a | Relationship of relative
changeininterannual variability of streamflow timing (ACVy/CV¢1o) and that
of precipitation timing (ACV¢,/CV,1p) between the two 20-year periods with
the highest and lowest snowfall fraction (f;). b| Relationship of relative change
ininterannual variability of streamflow seasonal variation (ACV,¢,/CVq) and
that of precipitation seasonal variation (ACV,/CV,) between two 20-year
periods with the highest and lowest f,. Inboth plots, catchments are divided
intoSgroupsbased on their relative changesin f,between the two 20-year
periodsandlines arethebestlinear fit across catchmentsineachgroup. The
slopes ofthelinear regression models are presented in the inset, denoted by
asterisks “*”and “**” to signify statistical significance at the 95% and 99%
confidencelevels (¢-test), respectively.
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Extended DataFig. 9 |Influence of temporal variations in snowfall fraction
onstreamflow timing along an elevation gradient for 3049 catchments.
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linear fit.



Extended Data Table 1| Overview of existing studies assessing changes in streamflow timing in snow-affected regions

Study Region (Catchment number)  Area (km?) Period Method  Key snow dynamic findings Key Q timing findings

Ref. 5 western North America (362) N/R 1948-2008 Obs N/A Variable changes (indicated by CTQ)
Ref. 7 western Canadian Arctic (1) 57 1985-2011 Obs Earlier snowmelt Later spring O

Ref. 8 contiguous U.S. (97) N/R 1957-2016 Obs N/A Earlier Q (indicated by CTQ)
Ref. 24 Colorado (1) N/R 1978-2007 Obs Earlier snowmelt Earlier Q (indicated by CTQ)
Ref. 25 western U.S. (110) N/R 1948-1994 Obs Earlier snowmelt Earlier spring O

Ref. 26 western U.S. (175) N/R 1951-2014 Model Lower f; Earlier Q (indicated by CTQ)
Ref. 28 western U.S. (12) 126908 1913-1986 Obs N/A Earlier Q (no specific indicator used)
Ref. 29 western U.S. (84) N/R 1950-2003 Obs N/A Earlier Q (indicated by CTQ)
Ref. 30 western North America (302) N/R 1948-2002 Obs Earlier snowmelt Variable changes (indicated by CTQ)
Ref. 36 western U.S. (29) 30754 1962-2007 Obs N/A Variable changes (indicated by CTQ)
Ref. 37 western U.S. (1) 238 1962-2006 Obs Lower f; Earlier Q (no specific indicator used)
Ref. 39 western U.S. (5) N/R 1948-1991 Model N/A Earlier QO (no specific indicator used)
Ref. 55 western U.S. (4) 3170 1951-1980 Model N/A Earlier peak O

Ref. 56 Colorado (3) 5228 N/R Model N/A Earlier peak Q

Ref. 57 western U.S. (2) 1600 1949-1990 Model N/A Earlier Q (no specific indicator used)
Ref. 58 Siberian Lena (1) 2.43x10¢ 1935-1999 Obs Earlier snowmelt Earlier peak O

Ref. 59 western U.S. (3) N/R 1900-2099 Model Earlier snowmelt Earlier peak Q

Ref. 60 European Alps (2) 3215 1981-2000 Model Shorter snow cover duration Earlier peak O

Ref. 61 western U.S. (89) N/R 1950-1999 Obs Lower SWE Earlier spring peak O

Ref. 62 European Alps (5) 254 1981-2100 Model N/A Earlier peak O

Ref. 63 eastern North America (179) N/R 1913-2002 Obs N/A Variable changes (indicated by CTQ)
Ref. 64 western U.S. (4) N/R 1916-2003 Model Earlier snowmelt Earlier Q (no specific indicator used)
Ref. 65 western U.S. (21) N/R 1951-2005 Obs N/A Earlier Q (indicated by CTQ)
Ref. 66 Ob, Yenisei and Lena (3) N/R 1988-2000 Obs N/A Earlier Q (no specific indicator used)
Ref. 67 northern Canada (26) 1.8x106 1915-2005 Obs N/A Variable changes (indicated by CTQ)
Ref. 68 western U.S. (7) 1x106 1950-1999 Model Earlier snowmelt Earlier Q (indicated by CTQ)
Ref. 69 western U.S. (8) 2385 N/R Model Lower SWE Earlier annual minimum Q

Ref. 70 Spain (27) N/R 1976-2008 Obs Earlier snowmelt Earlier Q (indicated by CTQ)
Ref. 71 Canada (280) N/R 1931-2010 Obs N/A Mostly earlier peak Q

Ref. 72 western U.S. (75) N/R 1920-2014 Obs N/A Earlier spring O

Ref. 73 Canada and northern U.S. (27) 46482 1916-2015 Obs N/A Variable flood timing changes
Ref. 74 North American (303) N/R 1933-2012 Model N/A Variable winter-spring O timing changes
This study Northern Hemisphere (3029) 2.13x107 1950-2020 Obs Lower f; & earlier snowmelt Variable changes (indicated by CTQ)

Q: streamflow; CTQ: centre of mass of streamflow; SWE: snow water equivalent; f;: snowfall fraction; Obs: observation. The current study is also included for comparison. “N/R” stands for ‘not

recorded’ as a citable study area or study period was not recorded in the paper, whereas “N/A” denotes ‘not applicable’ as not all previous studies report snow dynamic findings®*.
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