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Climate change affects cryosphere-fed rivers and alters seasonal sediment dynamics, affecting cyclical fluvial

material supply and year-round water-food-energy provisions to downstream communities. Here, we demon-
strate seasonal sediment-transport regime shifts from the 1960s to 2000s in four cryosphere-fed rivers charac-
terized by glacial, nival, pluvial, and mixed regimes, respectively. Spring sees a shift toward pluvial-dominated
sediment transport due to less snowmelt and more erosive rainfall. Summer is characterized by intensified
glacier meltwater pulses and pluvial events that exceptionally increase sediment fluxes. Our study highlights
that the increases in hydroclimatic extremes and cryosphere degradation lead to amplified variability in fluvial
fluxes and higher summer sediment peaks, which can threaten downstream river infrastructure safety and eco-
systems and worsen glacial/pluvial floods. We further offer a monthly-scale sediment-availability-transport
model that can reproduce such regime shifts and thus help facilitate sustainable reservoir operation and
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river management in wider cryospheric regions under future climate and hydrological change.

INTRODUCTION

Climate change and cryosphere degradation have remarkably affect-
ed riverine water and sediment fluxes from polar and high-moun-
tain regions, with varying effects seasonally and geographically (I-
3). However, the responses of seasonal dynamics and regime shifts
in sediment transport remain largely understudied, limited by the
lack of long-term (e.g., decadal) and fine-scale (e.g., monthly to
daily) hydrological records and the complexity of the underlying
hydrogeomorphic processes. Shifts in the timing and magnitude
of fluvial fluxes have crucial implications as they fundamentally
alter the seasonal allocation of sediment, organic matter, nutrients,
and pollutants, perturbing the seasonal biomass in receiving waters
(4). These changes can affect year-round provision of water, food,
and energy to populated and vulnerable mountain communities
downstream (5, 6). Thus, disentangling the interplay between
river regime shifts, climate change, and cryosphere degradation is
essential to facilitate adaptation to an amplified hydrological imbal-
ance in a warming future.

Ongoing deglaciation and increased hydrological and climatic
extremes suggest that seasonal variability in river fluxes is being am-
plified (3, 7, 8), but only a few case studies have demonstrated ex-
plicitly the control of hydrological variability and warming-induced
geomorphic changes on seasonal fluvial transport (9, 10). Changes
in glacier-snow melting and precipitation regimes can affect the
timing and magnitude of river discharges (11), with sediment
fluxes usually assumed to change proportionately with water dis-
charge (12). However, emerging thermally activated sediment
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sources and abrupt runoff surges (RSs, defined as sudden increases
or pulses in the discharge) triggered by snow/ice melt and rain-
storms imply exacerbated impacts of climatic and cryospheric
changes on sediment transport. Accelerating glacier melt and per-
mafrost thaw can elevate sediment availability nonlinearly by facil-
itating glacial/paraglacial/periglacial erosion and exposing
unconsolidated sediment (I, 13, 14). Rainstorms in cold mountain
regions, coincident with these readily available sediment sources,
can disproportionately increase seasonal material fluxes and con-
tribute to more frequent summer fluvial pulses (15, 16), with emerg-
ing trends already observed in cold regions such as the high
Canadian Arctic and southern Andes (17, 18).

The seasonal pulse of river fluxes has manifested a range of eco-
logical and social impacts in cryospheric regions by affecting the
seasonality of biogeochemical fluxes and ecosystem productivity
(19, 20), lifetime and efficiency of hydropower infrastructure (21),
and seasonal freshwater-food supply (2, 18, 22). Glacier meltwater
pulses and associated nutrient-rich sediment plumes control the
timing of phytoplankton blooms in high-latitude coastal regions
[e.g., south Greenland (20)], affecting seasonal marine productivity
(4). Increased frequency and magnitude of sediment-laden flows
from deglaciated mountains threaten hydropower systems by reser-
voir sedimentation and hydraulic turbine abrasion (21). Increased
summer turbidity extremes from proglacial rivers, flanking urban
centers, impair water quality and conflict with the demand for
safe drinking water (2, 18). Despite these multifaceted socioecolog-
ical impacts, changes in fluvial pulses in response to cryosphere deg-
radation are poorly understood and predicted hitherto and are often
underestimated because of the omission of increased sediment
availability provided by changing glacial erosion and erosion from
proglacial streams and permafrost disturbances (23).

Here, we leverage decadal monthly hydroclimatic observations
from four distinct and pristine cryospheric basins in Tien Shan
and the north Tibetan Plateau mountains, characterized as glacial,
nival, pluvial, and mixed hydrological regimes (Fig. 1), to investi-
gate regime shifts in suspended sediment transport from the
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Fig. 1. Climate, discharge, and suspended sediment concentration of the studied cryospheric basins. (A) Cryosphere coverage and decadal hydroclimatic change
rates in the glacial basin (Xiehela at Tien Shan), nival basin (Qiaqiga at Tien Shan), pluvial basin (Yingluoxia at Qilian Mountain, north Tibetan Plateau), and mixed-regime
basin (Qiemo at Kunlun Mountain, north Tibetan Plateau). Doughnut icons depict the rates of change of hydroclimatic variables, with temperature (red), rainfall (light
blue), and relative percentage change rates of snowmelt (violet), RSs (light green), discharge (Q, dark blue) and suspended sediment concentration (SSC, brown), where
clockwise denotes positive rates and counterclockwise denotes negative rates. See detailed observation records and the magnitude of trends in tables S1 and S2. (B to E)

Monthly patterns of Q and SSC. The shaded area denotes SDs. Gray vertical bars denote spring and autumn.

1960s to 2000s and decipher their linkage to climate change and
cryosphere degradation. We assess systematically the seasonal
changes in suspended sediment concentration (SSC) and identify
the drivers of shifts in the sediment-transport regime by using the
state-of-the-art snowmelt simulations (24) and basin-specific
glacier melt simulations (25), as well as analyzing relevant climatic
(temperature and rainfall) and hydrological (meltwater flow, total
runoff, and runoff variability) variables. Further, we refine a sedi-
ment-availability-transport model that operates at a monthly scale
(SAT-M model) (26) to simulate the shifted sediment-transport
regime by considering the impacts of hydroclimatic variables on
sediment availability. We demonstrate a weakened influence of
snowmelt on sediment transport but find a direct control of
glacial and pluvial processes on river sediment transport through
intensifying RSs and flushing of available sediment sources. We

Zhang et al., Sci. Adv. 9, eadi5019 (2023) 8 November 2023

highlight that a further amplified seasonal variability in river
fluxes and a higher-magnitude sediment transport peak in
summer have profound implications for river infrastructure, ecosys-
tems, and floods. Our transferable SAT-M model framework can
underpin the evaluation and prediction of river regime shifts
under future climate change scenarios in wider cryospheric regions.

RESULTS

Observed regime shifts in sediment transport

The overall warming and wetting climate since the 1960s has in-
creased discharge by 3 to 28% per decade and SSC by 4 to 10%
per decade in all studied river basins (Fig. 1A and table S2). The
rates of change in SSC vary seasonally, associated with amplified
monthly variability of SSC by 5 to 14% per decade (fig. S1). Seasonal
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Fig. 2. Regime shifts in river suspended sediment transport driven by changing hydroclimatic conditions. (A1 to D1) The percentage relative change rates of the
hydroclimatic variables across seasons. Extreme rainfall days for each season are defined as days when daily rainfall exceeds the 95th percentile threshold. Change rates in
winter are not included because the rivers are predominantly frozen (discharge and suspended sediment are near zero). The relative change rate of snowmelt is not
shown for Yingluoxia because of insufficient long-term snowmelt data (1980-1987). See table S2 for detailed seasonal change rates of each variable. (A2 to D2) Changes
in runoff variability in high-flow months. Monthly runoff variability is shown as dots with error bars (mean + SD). (A3 to D3) The monthly patterns and regime shifts of SSC.
The shaded areas denote SDs. See Materials and Methods for definitions of runoff variability (Eq. 1) and RSs (Eq. 2). Gray vertical bars denote spring and autumn.
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regime shifts in sediment transport have been identified in response
to changes in temperature-driven melting processes, rainfall
peaking time and magnitude, seasonal transport capacity, and asso-
ciated runoff variability (Fig. 2).

In spring, we observe a transition from a nival- to pluvial-dom-
inated sediment-transport regime in the nival- and mixed-regime
basins; such a regime shift is driven by progressively decreased
snowmelt, increased rainstorms, and amplified RSs (Fig. 2).
Spring snowmelt flow in the nival basin and mixed-regime basin
decreased at a rate of 3 to 5% per decade, with snowmelt peak
time shifting from April in the 1980s to March in the 2000s in the
nival basin (fig. S2B and table S2). By contrast, more frequent
extreme rainfall days together with the increased runoff and RSs
have increased spring SSCs (Fig. 2, B and D). For the nival basin
(Qiaqiga), snowmelt flow between April and June decreased signif-
icantly (8 to 31% per decade) from the 1980s to the 2000s (Fig. 2B1
and table S2). The concurrent increases of SSCs in April (31 + 5%,
mean + SE) and June (54 + 47%) were driven mainly by more than
doubled magnitudes of runoff and its variability (Fig. 2B and table
S3). For the mixed-regime basin (Qiemo), the more than doubled
rainfall and extreme rainfall days have enhanced RSs and variability
since the 1960s, significantly increasing spring SSC from 6.0 kg/m’
in the 1960s to 9.1 kg/m” in the 2000s (Fig. 2D and table S3).

Summer SSCs have increased in all studied cryospheric basins at
rates of 2 to 19% per decade, accompanied by increased runoff and
amplified RSs and variability (Fig. 2 and table S2). In the glacial
basin (Xiehela), increases in glacier meltwater and rainfall amplified
RSs and variability in July by more than 50%, with a significant in-
crease in summer SSC from 3.6 kg/m” in the 1960s to 4.6 kg/m’ in
the 1980s (Fig. 2A, fig. S3, and table S3). In the nival basin
(Qiaqiga), the doubled summer SSC (P value of 0.1; table S3)
from the 1980s to the 2000s can be attributed to the rapid increase
in extreme rainfall days and amplified runoff variability (Fig. 2B). In
the mixed-regime basin (Qiemo), glacier meltwater accounts for
~25% of the total runoff and has increased over the past decades
(27). This increased glacier meltwater leads to increased runoff
(6% per decade) and amplified RSs (6% per decade) and variability
that collectively explain the significant increases in SSC from 9.8 kg/
m” in the 1960s to the 13.0 kg/m” in the 2000s (Fig. 2D and table S3).
The pluvial basin (Yingluoxia) experienced an insignificant increase
of SSC from 0.9 kg/m? in the 1960s to 1.1 kg/m” in the 1980s, despite
intensified summer rainstorms and increased runoff and its vari-
ability (Fig. 2C and table S3).

The autumn surge in SSCs is predominantly driven by pluvial
events in the nival basin and mixed-regime basin. For instance, in
the nival basin (Qiaqiga), the frequency of rainstorms has more than
doubled, resulting in increases in RSs and triggering nearly three-
fold increases in autumn SSCs (P value of 0.1) from the 1980s to
2000s (Fig. 2B and table S3).

Theory and performance of the SAT-M model

In cryospheric basins, sediment availability can be magnified by
rising temperatures, increased rainfall and meltwater, as well as am-
plified RSs, which can disrupt the sediment-discharge relationships.
Here, we performed regression analysis and partial least-squares
structural equation modeling (PLS-SEM) to assess the responses
of SSC to hydroclimatic factors and measure their relative impor-
tance and direct/indirect effects on SSC. A detailed introduction
of PLS-SEM and its outputs can be found in the Supplementary
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Materials (Text S1 and fig. S4). Notably, SSC increases linearly
with the magnitude of RSs for all studied catchments, and the rela-
tionship between SSC and RSs is stronger than that between SSC
and other factors (R? from 0.59 to 0.90, first column in Fig. 3).
This aligns with the results in PLS-SEM analysis that RSs display
the most direct control on SSC in all studied catchments (fig. S4).
Although both RSs and runoff variability capture the magnitude of
runoff fluctuation and have a significant positive correlation, RSs
represent more effectively the changes in sediment supply than
runoff variability (first column in Fig. 3 and fig. S5), because the
RS is defined to explicitly measure the magnitude of discharge
pulses triggered by both rainstorms and intense glacier-snow
melting (Eq. 2 in Materials and Methods). In addition, SSC increas-
es exponentially with temperature, and such nonlinearity is more
pronounced for the two glacier-affected basins (Xiehela and
Qiemo). By contrast, in the pluvial basin (Yingluoxia), SSC is
more sensitive to rainfall (R* = 0.76) than to temperature. Such dif-
ferent impacts of climate factors are further corroborated by the
values of relative importance in PLS-SEM analysis (fig. S4). For
the nivally affected basins (Qiaqiga and Qiemo), spring SSCs
respond sensitively to changes in snowmelt and scales as a power
function of snowmelt flow (fig. S6).

To reproduce the dynamic sediment transport in cryosphere-fed
rivers, we built a monthly-scale sediment-availability-transport
model (SAT-M model, Eq. 5 in Materials and Methods), which in-
corporates basin temperature, rainfall, snowmelt, and RSs to capture
the time-variant sediment supply. In the SAT-M model, the basin
temperature encapsulates the processes of thermally activated sedi-
ment sources from ice-rich permafrost thaw and the retreat of gla-
ciers and thermally enhanced sediment connectivity by developing
erosional gullies in unstable hillslopes (14, 26). Rainfall represents
the pluvially activated sediment sources, including rainstorm-trig-
gered mass movements from unstable slopes and reactivated progla-
cial sediment storage (28, 29). RSs capture the enhanced stream
power and channel erosion and resuspend previously deposited
sediment during meltwater/pluvial pulses and flash floods (30,
31). Because of the integration of these sediment-transport mecha-
nisms, the SAT-M model accurately replicates the clockwise sedi-
ment-discharge hysteresis with identical seasonal patterns as
observed in studied basins (middle column in Fig. 3). More specif-
ically, warm temperatures, intense rainfall, and frequent discharge
pulses indicate active erosion, which explains more readily available
sediment in spring/summer (transport-limited phase; middle
column in Fig. 3 and fig. S7). Conversely, the cold and dry
weather condition, together with the recession of meltwater and dis-
charge, reduces thermal/pluvial erosion, leading to the exhaustion
of sediment sources toward the end of the melt season (supply-
limited phase). In addition, the SAT-M model effectively captures
the decadal-scale regime shifts in SSC (third column in Fig. 3) re-
sulting from the increasing control of pluvial processes in spring
and the enhanced RSs in summer.

The primary factors controlling sediment supply and transport
mechanisms differ among different cryospheric basins. For
example, runoff has the greatest relative importance at the glacial
and pluvial basins; RSs show the largest relative importance at the
nival basin; temperature shows the largest relative importance at the
mixed-regime basin (fig. S4). To enhance the model transferability
across the different hydrological regimes, the SAT-M model enables
the objective selection of the most effective variables for the best fit
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(see Materials and Methods and table S4), and this flexibility enables
the SAT-M model to perform satisfactorily in all studied glacial,
nival, and pluvial basins [with a Nash-Sutcliffe efficiency coefficient
(NSE) exceeding 0.9]. Compared with the conventional rating-
curve method (RC), the SAT-M model exhibits a 0.1 to 0.3 increase
in R? and NSEs and a 2 to 4% decline in relative errors (REs) (table
S4). The reliability of the SAT-M model is further demonstrated by
its robust performance during both calibration and validation
periods, as evidenced by 10-fold cross-validation across all
studied basins (tables S5 and S6). In contrast, the performance of
the conventional rating-curve method heavily depends on the cali-
bration period, resulting in poor performance during the validation
period. The simulation of SSC using the rating curve seriously dis-
torts the pattern of sediment regime shift (fig. S8), which confirms
the significant influence of temperature, rainfall, snowmelt, and RSs
on sediment transport in cryospheric basins.

DISCUSSION

Toward pluvial-dominated sediment transport in spring

In spring, the combination of advanced snowmelt peak, reduced
snowpack, and increased rainfall leads to a growing dependence
on pluvial processes for sediment transport in nivally affected catch-
ments (Qiaqiga and Qiemo). Snowmelt erosion and associated
freeze-thaw processes in early spring can loosen and destabilize
landscapes progressively and make them susceptible to subsequent
sediment flushing during rainstorms and surges in runoff (29, 32)
(Fig. 4). At Qiaqiga, the earlier onset of snow melting in March in
the 2000s primed readily available erodible sediment (fig. S2B). This
sediment was not exported immediately because the discharge
needed to mobilize them was at first limited by low temperatures
(e.g., below 0°C), but they were mainly mobilized and transported
by subsequent pluvial pulses, giving rise to a jump in SSC in April
(Fig. 2B). Reduced snow cover also enhances rainfall erosivity and
facilitates pluvial sediment transport (10), until increased vegetation
cover shields the erodible landscapes and decreases soil erodibility
in late spring (33).

Such a transient spring erosion window can be satisfactorily re-
produced by the SAT-M model simulations via incorporating tem-
perature-dependent erosion and vegetation-constrained effective
snowmelt, but it is largely underestimated by the model without
snowmelt input (Fig. 3, B and D, and fig. S6). Moreover, the ampli-
fied SSC peaks in the 2000s are captured by enhanced pluvial pulses,
despite the decreased snowmelt (Fig. 3, B and D).

Enhanced summer sediment transport by increased
discharge pulses and sediment supply

We observed markedly increased summer SSC and sediment fluxes
in the 1980s and 2000s compared to the 1960s in all studied basins.
Such a regime shift and the increased proportion of sediment trans-
port in summer are more detectable in glacial and nival catchments
that are transitioning toward the pluvial regime (Fig. 2 and fig. S9).
Summer SSCs are increased by a combination of multiple hydrogeo-
morphic drivers, including increased readily transportable sedi-
ment sources from retreating glaciers and thawing permafrost and
enhanced sediment transport efficiency by rainstorms and dis-
charge pulses (Fig. 4). The overall increased sediment supply sug-
gests sensitive landscape responses to intensified meltwater and
pluvial pulses in cryospheric regions (34).
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Warming-intensified glacier melting not only has increased the
summer discharge, but more importantly, has amplified runoff var-
iability and meltwater pulses (9, 35). Meltwater pulses, together with
rainstorm-triggered pluvial events, can enhance sediment connec-
tivity by developing gullies/channels that effectively evacuate sedi-
ment from subglacial and proglacial storage and unstable valley
slopes that fail after being debuttressed by rapid glacier retreat (I).
Glaciers in the central Tien Shan experienced their maximum rate
of mass loss during the 1980s (36) that led to a 25% increase in
August discharge at Xiehela as compared to the 1960s (fig. S2A).
The ~50% increase in SSC in August indicates the elevated sediment
supply and disproportionate sediment transport by increased dis-
charge pulses (Fig. 2A). In the 2000s, rainstorm-triggered discharge
pulses were increasingly important and responsible predominately
for increased SSC in July (Fig. 2A and fig. S2A), despite the decel-
erated glacial mass loss (36). At the nivally affected Qiaqiga, in-
creased rainstorms and pluvial pulses enhanced summer sediment
transport and, more interestingly, shifted the season of peak sedi-
ment transport from spring in the 1980s to summer in the 2000s
(Fig. 2B and fig. S2B). At the pluvial-dominated Yingluoxia, perma-
frost thaw has increased thaw slumps in the upstream reaches since
the 1960s (37), creating additional sediment sources. Increased
rainstorms and associated RSs then transport this thermally activat-
ed sediment downstream, eventually increasing the summer SSC
(Fig. 2C).

Broad social-ecological implications

The amplified hydrological variability and climate-driven shifts in
seasonal sediment-transport regimes observed herein have funda-
mental implications for river morphology, floods, and freshwater
ecosystems downstream, leading to additional stresses on the
water-food-energy system.

Amplified runoff variability and summer sediment supply can
reshape river morphology and thus aquatic habitats, particularly
during high-magnitude RSs and flood events. In cold regions,
river widening and bank collapses have become more frequent in
recent decades in response to increased stream power and sediment
supply (14, 38). The glacier-fed braided river systems in the Hima-
laya, European Alps, Alaska, and western United States have also
been found to be more dynamic and geomorphically unstable
when driven primarily by increased meltwater and rainstorm-
related sediment transport (38—41). Despite much fewer observa-
tions of bedload, intensified discharge pulses and activated glacier-
ized sediment sources also suggest a higher bedload flux (42),
further magnifying river channel instability and migration. Such
reduced river stability can severely affect human populations that
depend heavily on these rivers and fisheries such as salmonid
habitats.

Besides degrading water quality, increases in sediment-driven
river turbidity can threaten river biotic conditions by blocking sun-
light from reaching the streambed, limiting respiration and deteri-
orating feeding conditions of benthic macroinvertebrates and
fishes, thereby decreasing habitat availability (43, 44), with severe
ecological consequences (Fig. 4 and fig. S10). Elevated turbidity
can disturb habitats of macroinvertebrates and fishes by filling in-
terstitial spaces between pebble and cobbles on the riverbed, thereby
reducing the flow of oxygenated water through bed sediment that is
essential to the survival of their eggs (45). In the Tibetan Plateau,
increased suspended sediment has been observed to decrease the
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Fig. 4. Increased readily transportable sediment sources, amplified hydrological variability, and associated social-ecological impacts in a warmer and wetter
climate. Hydrogeomorphic changes in response to a warming and wetting climate are illustrated in the upper panel. Changes in hydrological variability and the impacts
of sediment transport on infrastructure (e.g., dams, reservoirs, and hydropower facilities) and freshwater ecosystems are illustrated in the lower panel.

zooplankton species richness in thermokarst lakes (46) and bury
and smother fish eggs of Schizopygopsis microcephalus (47). These
ecosystem effects of greater suspended-sediment loads can propa-
gate extensively in the aquatic food web and further, affecting ter-
restrial organisms that feed on fish and aquatic invertebrates. In the
high Arctic Canada and Alaska, increases in sediment evacuation
and sediment pulses are reducing macroinvertebrate abundance
driving macroinvertebrate drift and broadly affecting stream food
webs (41, 44, 48), causing substantial ecosystem changes. Together
with direct temperature- and hydrology-driven aquatic ecosystem
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changes as climate warms (22, 43, 49), these ecological consequenc-
es of higher sediment loads could limit human access to food
sources linked to the river, as is already occurring in some North
American communities (50).

The substantially increased proportion of sediment flux trans-
ported in summer (Fig. 2 and fig. S9) can jeopardize downstream
hydropower and irrigation infrastructure by causing rapid reservoir
sedimentation and thus reducing effective storage capacity (Fig. 4).
Across Himalaya and European mountains, many thousands of
dams and reservoirs are being planned or under construction at
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locations closer to the headwaters and glaciers (21, 5I). Our results
highlight that the design and operation of these dams and reservoirs
should be forward looking. Their operation schemes should consid-
er fully the amplified hydrological variability and shifts in sediment
regime driven by climate change, especially changes in the timing
and magnitudes of annual sediment peaks. The designed reservoir
storage capacity and sediment flushing capabilities of the reservoir
should be able to tackle future increases in seasonal sedi-
ment inputs.

Our SAT-M model can satisfactorily reproduce climate-driven
shifts in seasonal sediment transport and increased summer SSC
and amplified SSC peaks by incorporating RSs and time-varying
sediment supply (Fig. 3). Given anticipated increases in flooding
risks and increased variability in precipitation and runoff in cold
mountain regions (2, 7, 52), the SAT-M model provides a promising
simulation tool to assist in predicting sediment fluxes and peaks,
optimizing sediment management of dams and reservoirs, and mit-
igating their downstream impacts under future climate change sce-
narios. By contrast, traditional sediment rating curves fail to
reproduce altered seasonal patterns in sediment transport and
largely underestimate the summer SSC (fig. S8). For example,
summer SSC is underestimated significantly by 23% at the mixed-
regime basin (Fig. 3D2 and table S4) which could misinform sedi-
ment flushing schemes and underestimate the designed reservoir
capacity of planned reservoirs, likely shortening their life spans.

Summary

Our analysis demonstrates the markedly amplified hydrological var-
iability and regime shifts in suspended sediment transport in
glacial-, nival-, and pluvial-fed cryospheric basins driven by accel-
erated glacier melting and enhanced pluvial processes. Spring sedi-
ment fluxes are shifting from a nival- toward a pluvial-dominated
regime because of less snowmelt and more erosive rainfall. Summer
sediment fluxes have substantially increased because of dispropor-
tionately higher sediment transport yielded by greater glacier melt-
water pulses and pluvial pulses. Such amplified hydrological
variability and shifted sediment-transport regimes in cryosphere-
fed rivers add additional stresses to downstream hydropower and
irrigation infrastructure and ecosystems and exacerbate the
damage caused by floods.

Similar shifts in sediment-transport regime are also emerging in
permafrost regions of the High Arctic (3, 53) and glacierized regions
of the European Alps (10) in response to intensified summer rainfall
and amplified discharge fluctuations produced by glacier melting.
These cases, together with our findings in Asia’s cryosphere-fed
rivers, unambiguously highlight the sensitive nature of sediment
transport to RSs resulting from warming-induced glacier and per-
mafrost erosion during the early stages of deglaciation. This sensi-
tivity of sediment transport to RSs suggests that more frequent
extreme sediment events and sediment-laden floods can be expect-
ed from cryosphere degradation, particularly in the Arctic, Europe-
an Alps, and high mountains of Asia, with increasing rainstorms
anticipated in the future (54-56).

The SAT-M model presented herein effectively reproduces the
shifted sediment-transport regime by constraining climate-driven
changes in sediment supply and RSs in cryosphere-fed rivers. It pro-
vides more accurate estimates of seasonal sediment flux compared
to traditional sediment rating-curve methods. As climate change
and cryosphere degradation continue, hydrological variability will
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further increase and sediment transport will be controlled more
by pluvial processes. Our SAT-M model offers a methodology
framework to simulate sediment transport in response to rapid hy-
droclimatic changes and can be freely applied in wider cryospheric
regions by selecting basin-specific drivers. This model thus has great
potential to improve synergies between sediment connectivity, hy-
dropower generation, and irrigation efficiency (e.g., in the strategi-
cally important Southwestern Rivers of the Tibetan Plateau). This
will consequently help sustain sediment-related nutrients for down-
stream agricultural lands and facilitate the creation of hydropower
and irrigation systems that are more resilient to climate change in
the world’s vulnerable high-mountain areas.

MATERIALS AND METHODS

Hydroclimatic data

Discharge and SSC observations from the 1960s to 2000s were col-
lected at four hydrological stations, namely, Xiehela (glacial
regime), Qiagiga (nival regime), Yingluoxia (pluvial regime), and
Qiemo (mixed regime). Discharge and suspended sediment load
data are provided in the Chinese Hydrological Data Yearbook,
with detailed observation periods and gap years at each station re-
corded in table S1 and fig. S1. Daily water level (stage) is recorded
with multiple observations in a flood event. Water velocities are
measured by a propeller blade current meter or acoustic Doppler
current profiler at the cross section to calculate discharge and cali-
brate stage-discharge relationships across a wide-range of discharg-
es. Daily mean discharge (cubic meter per second) is converted
from the frequently updated site-specific stage-discharge relation-
ship constrained by historical observations. Daily SSC (kilogram
per cubic meter) is obtained by laboratory measurement of water
samples collected by a depth-integrating sampler coupled with
cross-sectional sampling. Hydrological variables are observed
once per day in the low-flow season but more frequently (e.g.,
four times a day) during flood events to capture temporal variations.
All the hydro measurements follow the national standards issued by
the Ministry of Water Resources, China, with quality control before
data release and uncertainty of sediment load observations con-
trolled within 10%. Detailed strategies for discharge and sediment
measurements can be found in (57). Although the uncertainty in
SSC measuring can disturb long-term trend analysis and is a
long-lasting challenge in field sediment observations, this can be
mitigated by collecting water samples regularly and using consistent
observation methods and instruments. To our knowledge, there are
no reported changes in locations and methods for collecting water
samples and measurement strategies for suspended sediment
throughout the investigation period at our studied sites. In addition,
we used statistical tests and presented the variability of observations
to identify significant changes and trends of SSC, ensuring the reli-
ability of our results.

Daily air temperature (degree Celsius) and daily precipitation
(millimeter) data from the 1960s to 2000s were collected from
eight meteorological stations distributed within or nearby to the
river basins (Fig. 1 and table S1) and are available from the National
Meteorological Information Center, China Meteorological
Administration.

Daily snowmelt (millimeter) data from the 1980s to 2000s were
derived from simulations driven by a state-of-the-art temperature
index snowmelt model at a spatial resolution of 0.05° and display
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a good performance (24). The normalized difference vegetation
index (NDVI) was derived from the product of the National
Oceanic and Atmospheric Administration (NOAA) Global Inven-
tory Monitoring and Modeling System (GIMMS) (58), with a 15-
day temporal resolution and spatial resolution of 0.083°, available
at  http://poles.tpdc.ac.cn/en/data/9775f2b4-7370-4e5e-a537-
3482c9a83d88/.

The periods of four seasons are generally defined as spring
between March and May, summer between June and August,
autumn between September and November, and winter between
December and February. Notably, the length of spring at Qiaqiga
is adjusted as March to June; the lengths of autumn at Qiaqiga
and Yingluoxia are adjusted as September to October because of
their distinct climatic and hydrological characteristics.

Calculations of runoff variability, RSs, and effective
snowmelt

Monthly runoff variability (RV, cubic meter per second, e.g., the
SD) is used to measure the magnitude of runoff fluctuation
within a month (Eq. 1). A greater variability represents a larger fluc-
tuation and indicates more frequent discharge pulses

n

Z(Ql - Pm)z/”

i=1

RV, = (1)
where Q; is the daily mean discharge at day i, n is the number of days
within month m, and y,,, is the average discharge in month m.

To explicitly quantify the monthly magnitude of discharge
pulses, the monthly RSs (cubic meter per second) are defined as
the sum of daily discharge increases within a month (Eq. 2)

n 0. i > 0.
RS,, = ;RS,, RS, = { Qi 0 Qi1 if Qi elSSt—l (2)
where RS,; is the runoff surge at a given day i and RS,,, is the sum of
daily runoff surges in month m.

Effective snowmelt is proposed in this study to incorporate the
effect of vegetation cover on snowmelt erosion to some extent, cal-
culated as division of snowmelt by the NDVT (Eq. 3). Specifically,
less vegetation cover and therefore more exposed erodible land-
scapes can enhance snowmelt erosion in the beginning of the
spring (10), expressed by increasing effective snowmelt

1 1
SMeffective,m - SMm x |:ND—VIm /max <NDVIm):| (3)

where SM; is the snowmelt flow in a month m; NDVI,, is the average
NDVI in month m; max(1/NDVI,,) denotes the maximum of (1/
NDVI,,) within a hydrological year.

Sediment-availability-transport model at a monthly scale

A traditional rating curve reflects the control of discharge on sus-
pended sediment transport (Eq. 4). However, suspended sediment
transport in cryosphere-fed rivers is also governed by temperature-
dependent erosion processes in glacierized and permafrost land-
scapes, snowmelt erosion, rainstorm-triggered mass movements
from unstable hillslopes (e.g., thermokarst slopes and glacially de-
buttressed slopes), and enhanced channel erosion by discharge
pulses (1, 28, 30) as we have previously demonstrated (Figs. 3 and
4). Such additional hydroclimatic controls, together with the
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sediment hysteresis effect, make rating curves ineffective in cryo-
sphere-fed rivers

(4)
where SSC,,, and Q,, are the average suspended sediment concentra-
tion (kilogram per cubic meter) and discharge (cubic meter per
second), respectively in month m, and a and b are the fitting param-
eters. Parameters are fitted by the Levenberg-Marquardt (L-M) al-
gorithm, which is a robust nonlinear least-squares fitting in most
cases (59).

To simulate seasonal sediment transport and regime shifts in
cryosphere-fed rivers affected by climate change, we developed
the SAT-M model. This model incorporates the time-variant sedi-
ment availability and transport capacity regulated by thermal,
fluvial, and pluvial processes and is expressed by modifying the
rating curve using Eq. 5. The SAT-M model is updated from a
daily-scale SAT model (26) by (i) incorporating rainfall-triggered
pluvial processes, (ii) adding snowmelt processes and their interac-
tion with vegetation cover, and (iii) simplifying model parameters
and enabling users to turn on/off processes (variables) that are rel-
evant/irrelevant for a specific study area

SSC,y = a; x Q¥

Part one Part two Part three

—— ——
SSCpy = (ay x Q% + ay x SM%) x (e TntaRu 4 g % RS,,)

(5)

where T, is the average monthly temperature (degree Celsius); R,,, is

the total monthly rainfall (millimeter); RS,, is the monthly runoff

surges (cubic meter per second); SM,,, is the monthly amount of ef-

fective snowmelt (millimeter) constrained by NDVI as Eq. 3; a,, and

b, are the fitting parameters by the L-M algorithm.

The SAT-M model framework consists of three parts: (i) fluvial
erosion processes represented by total runoff, (ii) snowmelt erosion
processes represented by effective snowmelt flow, and (iii) thermal
and pluvial processes related to sediment supply and erodibility en-
capsulated by monthly average temperature, rainfall, and RSs. While
total runoff and snowmelt flow overlap, the SAT-M model incorpo-
rates snowmelt separately as it is an ephemeral and predominant
erosion process in spring especially in nivally affected basins. Dis-
abling snowmelt processes leads to underestimated spring SSCs in
the nivally affected Qiaqiga and Qiemo sites (fig. S6). Because tem-
perature, rainfall, and RSs regulate sediment supply and erodibility,
they are added together in the third part of the SAT-M model. The
linear effect of river surges and exponential effects of temperature
and rainfall on SSC can be identified by the best-fit relationships
between SSC and these variables (Fig. 3); these relationships are
also aligned with observations in other glacierized and permafrost
basins (26, 60-62). Greater sediment supply and erodibility increase
sediment mobilization and transport at the same discharge level
(26); such effects are expressed by the third term in Eq. 5 multiplied
by the sum of the discharge-related fluvial term (first term, Eq. 5)
and snowmelt term (second term, Eq. 5).

The concept of turning on/off relevant/irrelevant processes and
enabling self-selection of the best-fit variables enhances the flexibil-
ity and portability of the SAT-M model in two aspects: (i) the model
function and input variables can be configured according to basin-
specific characteristics and sediment transport mechanisms, and (ii)
this selection can reduce the number of required input data and
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parameters by switching off irrelevant processes. For example, in the
pluvial Yingluoxia catchment, sediment transport is dominated by
rainstorm-triggered pluvial processes with ineffective and negligible
controls exerted by basin temperature and snowmelt; thus a, in the
second term and a; in the third term of Eq. 5 are calibrated as zero
(e.g., the snowmelt process and thermal process are switched off).
For a specific basin, if none of these hydroclimatic variables (tem-
perature, rainfall, and RSs) are relevant to sediment transport or not
available, all corresponding parameters would be set as zero and the
SAT-M model would revert to a conventional rating curve. Contin-
uous cryosphere degradation will alter the sediment transport be-
havior of rivers and likely drive changes in model parameters,
although the magnitude of these changes will depend on the sensi-
tivity of the watershed to those environmental changes and the rates
of landscape stabilization (I). In a predictive mode, model param-
eters may need to be adjusted according to alterations in basin’s
physical conditions and river processes. The flexibility of the
SAT-M model and the clear inclusion of physical processes in its
model framework suggest its potential to be adapted to future
climate scenarios.

The SAT-M model is a sediment transport model designed for
cryosphere-fed rivers, incorporating multiple erosion and sediment
transport processes present in glacial, nival, pluvial, and
mixed-regimes.

Model evaluation and cross-validation

The accuracy of simulations from the SAT-M model and the rating-
curve method and the magnitude of residuals are evaluated by the
NSE (—co to 1), the RE, and the coefficient of determination (R?, 0
to 1). Notably, RE is defined as the sum of the difference between
simulated and observed SSC divided by the sum of SSC observa-
tions. A model with NSE and R* over 0.5 and RE less than 25% is
typically considered to be an accurate model (26, 63).

The model robustness and uncertainty in simulations of the
SAT-M model and the rating-curve method are determined by
10-time cross-validation. Here, to ensure sufficient data to calibrate
the parameters, we split the dataset into two subsets for each time of
cross-validation due to limited observations. For each cross-valida-
tion, the calibration period is a randomly selected 10 years, while the
validation period is the remaining years. The details in calculation
can be found in (64). Notably, the model uncertainty (Eq. 6) is cal-
culated as the SE of the simulations from the 10-time cross-valida-
tion and the original simulation

1 < -
m Z(Sscsim,m,i - Sscsim,m)z/\/%

i=1

Un = (6)

where U, is the uncertainty of the estimated SSC in the month m; k
is the number of model runs and is equal to 11 in this study; model
runs herein include both the simulations from 10-time cross-vali-
dation and the original simulation where all data are used; SSCy;y, i
is the SSC simulation from the ith model run in the month m;
SSCsim.m is the mean of the SSC simulations from all model runs
in the month m.
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