
 1 / 37 

 

Warming-driven erosion and sediment transport in cold regions 1 

 2 

Ting Zhang1, Dongfeng Li1,†, Amy E. East2, Desmond E. Walling3, Stuart Lane4, Irina Overeem5, Achim A. 3 

Beylich6, Michèle Koppes7, Xixi Lu1 4 

 5 

1 Department of Geography, National University of Singapore, Singapore 6 

2 U.S. Geological Survey Pacific Coastal and Marine Science Center, Santa Cruz, USA 7 

3 Department of Geography, College of Life and Environmental Sciences, University of Exeter, Exeter, UK 8 

4 Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland 9 

5 CSDMS, Institute of Arctic and Alpine Research, University of Colorado Boulder, Boulder, USA 10 

6 Geomorphological Field Laboratory (GFL), Selbustrand, Norway 11 

7 Department of Geography, University of British Columbia, Vancouver, Canada 12 

 13 

†e-mail: dongfeng@u.nus.edu 14 

Abstract | Rapid atmospheric warming since the mid-20th century has increased temperature-dependent erosion 15 

and sediment transport processes in cold environments, impacting food, energy and water security. In this 16 

Review, we summarize landscape changes in cold environments and provide a global inventory of cryosphere 17 

degradation-driven increases in erosion and sediment yield. Anthropogenic climate change, deglaciation, and 18 

thermokarst disturbances are causing increased sediment mobilization and transport processes in glacierized 19 

and peri-glacierized basins. With continuous cryosphere degradation, sediment transport will continue to 20 

increase until reaching a maximum (peak sediment). Thereafter, transport will likely shift from a temperature-21 

dependent regime toward a rainfall-dependent regime roughly between 2100-2200. The timing of the regime 22 

shift would be regulated by changes in meltwater, erosive rainfall and landscape erodibility, and complicated 23 

by geomorphic feedbacks and connectivity. Further progress in integrating multi-source sediment observations, 24 

developing physics-based sediment transport models, and enhancing interdisciplinary and international 25 

scientific collaboration are needed to predict sediment dynamics in a warming world. 26 

Key points  27 

1. A global inventory of cryosphere degradation-driven increases in erosion and sediment yield is presented, 28 

with 76 locations from the high Arctic, European mountains, High Mountain Asia and Andes, and 18 Arctic 29 

permafrost-coastal sites. 30 

2. Sediment mobilization from glacierized basins is dominated by glacial and paraglacial erosion; transport 31 

efficiency is controlled by glacio-hydrology and modulated by sub-, pro-, supra-glacial storage and release 32 

but is interrupted by glacial lakes and moraines. 33 

3. Degraded permafrost mainly mobilizes sediment by eroding thermokarst landscapes in high-latitude terrain 34 

and unstable rocky slopes in high-altitude terrain, which is sustained by exposing and melting ground ice 35 

and sufficient water supply; transport efficiency is enhanced by hillslope-channel connectivity. 36 

4. The sediment transport regime will shift in three stages, from a thermal-controlled regime to one jointly 37 

control by thermal and pluvial processes, and finally to a regime controlled by pluvial processes. 38 

5. Peak sediment yield will be reached with or after peak meltwater.  39 
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6. Between the 1950s and 2010s, sediment fluxes have increased by 2-8 folds in many cold regions and coastal 40 

erosion rates have more than doubled along many parts of Arctic permafrost coastlines. 41 

[H1] Introduction 42 

Atmospheric warming is driving rapid cryosphere degradation, with increases in temperature-dependent 43 

erosion and sediment transport processes in the world’s high-altitude and high-latitude cold regions1,2. There 44 

have been substantial increases in fluvial sediment fluxes from the high Arctic, European mountains, High 45 

Mountain Asia (HMA) and the Andes since the 1950s. These hydrogeomorphic changes are dramatically 46 

altering terrestrial and coastal landscape evolution, including river and basin reorganization, coastal erosion, 47 

and delta progradation3-5. 48 

Changes in sediment availability and transport capacity6-8, mobilization9 and delivery mechanisms have 49 

arisen from cryosphere degradation. For instance, enhanced glacier melt increases meltwater discharge and the 50 

amplitude of diurnal discharge variations10, increasing fluvial sediment transport capacity until peak meltwater11 51 

is reached. Expanded erodible area and enhanced sediment accessibility7,12,13 with melt and thaw drive increased 52 

sediment availability. Glacier retreat facilitates sediment mobilization14, subglacial sediment export12,15, and 53 

mass wasting along deglaciated valley walls—increased climate-driven landslide occurrence is already evident 54 

is some cold regions16,17. Cryosphere degradation will likely cause a shift from a temperature-dependent 55 

sediment-transport regime8,13,18, which has existed throughout much of the Holocene into the 20th century, to a 56 

more exclusively rainfall-dependent regime, with sediment transport dominated by rainfall-triggered mass 57 

movements19,20.  58 

Sediment-transport regime shifts and flux changes will have wide-reaching consequences, with some 59 

evidence of these impacts already seen. There are concerns about the impacts on water quality21, reservoir 60 

sedimentation10,22,23, ecological stability24,25, and water-food-energy security for nearly 2 billion people living 61 

in or downstream of mountain areas21,26,27. Land-ocean biogeochemical fluxes19,28,29,30 and contaminant transport 62 

from cryospheric basins will also change. For example, increased sediment yields from Greenland glacier outlets 63 

to the ocean impact marine ecosystems by either limiting or promoting primary productivity, due to increased 64 

turbidity and micronutrient inputs, respectively31,32. Accelerated thermal erosion of Arctic ice-rich permafrost 65 

coastlines, with coastal recession destroying hundreds of square kilometers of land per year33, is impairing 66 

infrastructure and communities34. Importantly, abrupt permafrost thaw could mobilize large amounts of organic 67 

carbon through ground collapse, landslides and erosion30, some of which will be delivered to fluvial and coastal 68 

systems and possibly increase aquatic CO2 emissions and impact global carbon cycling29,35. The accelerating 69 

cryosphere degradation poses an urgent need for detailed assessments of sediment mobilization and transport 70 

processes in the world’s cold regions. 71 

In this Review, we present a global view of glacier mass loss and permafrost degradation and associated 72 

landscape changes. We detail the mechanisms of erosion and sediment transport in cryosphere-dominated 73 

regions and examine their responses to climate change and glacier-permafrost-snow melting at the basin scale. 74 

The observed changes in erosion and sediment yield in the world’s cold regions are then synthesized. Finally, 75 

we conceptualize the likely future trends of sediment yields and discuss the related challenges, uncertainties, 76 

and opportunities.  77 

[H1] Ongoing cryosphere degradation  78 

The cryosphere occupies approximately 30% of the Earth’s land area, and melting of snow and ice 79 

dominates sediment transport in cold regions11. Since the 1950s, climate-change-driven degradation of the 80 

cryosphere (for example, glacier thinning and retreat, permafrost thaw, and snowpack reduction) have changed 81 
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the magnitude and frequency of glacial floods and thermokarst dynamics, impacting sediment transport 82 

regimes36-38. The magnitude of cryosphere change varies spatially, driven by differences in glacier and 83 

permafrost characteristics, elevation- and latitude-dependent warming rates, precipitation regime shifts, and 84 

interactions with atmospheric circulation39,40. This section describes these changes, grouped by glacial and 85 

permafrost processes.  86 

[H2] Glacier mass loss and outburst floods 87 

 Although characterized by marked interannual variability and regional heterogeneity, a consistent trend of 88 

glacier recession is evident globally over the past few decades39,41,42 (Figure 1). Worldwide, glacier mass has 89 

decreased at an estimated rate of 172±142 Gt yr-1 since the 1960s41. Annual mass loss and recession rates have 90 

accelerated in the early 21st century41,42, with a mean annual mass loss rate of 267±16 Gt yr-1 or 0.39±0.12 m 91 

w.e. yr-1 (meters of water equivalent per year) over 2000-201942. By the end of the 21st century, global glacier 92 

mass is projected to be reduced by 18–25% for the Representative Concentration Pathway (RCP) 2.6 emission 93 

scenario, with the loss of 27–33% for RCP 4.5 and 36–48% for RCP 8.543-45. 94 

Since 2000, glacier mass loss has been greatest in Iceland, Alaska, the European Alps and the Southern 95 

Andes, at a rate of up to 0.88 m w.e. yr-1; equivalent rates in Greenland (0.50±0.04 m w.e. yr-1) are close to the 96 

global average. The smallest rates of mass loss have been observed in the Russian Arctic (0.20–0.24 m w.e. yr-
97 

1) and HMA (0.21–0.24 m w.e. yr-1)41,42,46. Locally, glacier mass gains and advancing termini have been observed 98 

in Alaska47 and the Karakoram39 (Figure 1), likely attributable to cooler summers, increased snowfall, and the 99 

protection afforded by thick debris cover. 100 

Rapid glacier retreat has increased the number and extent of supraglacial lakes and proglacial lakes, either 101 

ice-marginal or moraine-dammed48 (Figure 1). The expanding glacial lakes will increase the risk of glacial lake 102 

outburst floods (GLOFs), which can cause sudden hydrogeomorphic changes and have disastrous downstream 103 

consequences49,50 (Figure 1). From 1990 to 2018, globally the number of glacial lakes increased from 9,410 to 104 

14,300, with their areal extent increasing from 5.93×103 to 8.95×103 km2 ref.48. Larger glacial lakes are mainly 105 

located at mid-to-high latitudes, including northwestern North America, Greenland, Iceland, Scandinavia, and 106 

the Southern Andes48. Proglacial lakes in HMA are relatively small and clustered in northern Tien Shan and the 107 

central-to-eastern Himalaya, due to regionally faster glacier retreat there48,51. GLOFs occur more frequently in 108 

regions with a higher density of glacial lakes and rapid glacier recession: northwestern North America, the 109 

European Alps, the Himalaya and the Southern Andes49,50. 110 

 111 

[H2] Permafrost thaw and thermokarst 112 

Atmospheric warming and earlier seasonal snowmelt thaw permafrost and increase active layer thickness 113 

(ALT)52-54 (Figure 2). Globally, permafrost temperatures from borehole records have warmed by 0.29±0.12℃ 114 

between 2007 and 201652 accompanied by increasing ALT and decreasing permafrost extent. By the end of this 115 

century, even if global temperature warming was limited to 1.5℃ above pre-industrial levels, 4.8±2.2 million 116 

km2 of permafrost (~30% of the total) would likely disappear55. Over half of the existing permafrost would be 117 

degraded and the active layer volume would expand by 4,910 km3 by 2100 under the RCP 8.556. Large areas of 118 

near-surface permafrost would remain only in high-latitude North America  and the Russian Arctic55,56. 119 

Thawing of ice-rich permafrost has increased the extent of thermokarst landscapes and hillslope mass 120 

wasting57-60, posing risks to nearby infrastructure and communities61.From the 1990s, 20% of the circumpolar 121 
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permafrost area has been disturbed by thermokarst landscapes62 in response to the amplified regional permafrost 122 

warming rate (0.39±0.15 ℃ per decade)52. Increased incidence of thermokarst lakes, thermal erosion gullies, 123 

and retrogressive thaw slumps (RTSs) have been observed in Alaska and Siberia, where yedoma permafrost is 124 

widespread58,63,64. In the Canadian Arctic, RTSs now represent the dominant geomorphic change occurring over 125 

10% of the area of northwestern Canada65 and slump-impacted area increased fourfold around the western 126 

Canadian coasts between the 1960s and the 2000s59. Despite relatively slow permafrost warming (~0.2 ℃ per 127 

decade)52,66, a notable expansion of slump-impacted areas has been observed in the Beiluhe region and the Qilian 128 

Mountains on the Tibetan Plateau over the past few decades60,67.  129 

Beyond atmospheric warming, coastal permafrost is also highly susceptible to changes in ocean 130 

temperatures and sea ice extents68. Along with pronounced warming of Arctic summer sea surface temperatures 131 

(~0.5°C per decade) since the 1970s69, the sea-ice extent has declined by roughly 13% per decade69 and the 132 

duration of the open-water period has extended by 1.5-2 times70. Decline in sea-ice extent is projected to 133 

continue through to the end of this century, with the annual ice-free period extending to eight months under RCP 134 

8.569. The coasts of the warming Arctic Ocean are being destroyed as warmer seawater thaws coastal ground-135 

ice bluffs71,72. 136 

[H1] Changing dynamics of sediment transport 137 

Cryosphere degradation influences sediment mobilization, transport, deposition, and delivery by modifying 138 

the magnitude and timing of hydrological and geomorphic processes, changing the nature and distribution of 139 

sediment sources and sinks, and reshaping connectivity within and between hillslopes and fluvial systems. This 140 

section discusses the response of erosion processes, sediment sources and sinks, and basin-scale sediment 141 

delivery to climate change in glacierized and permafrost regions. 142 

[H2] Glacierized basins 143 

As powerful erosive agents, glaciers mobilize and transport large amounts of sediment, especially in 144 

temperate mountain regions, by glacier movement, subglacial and supraglacial and ice-marginal drainage 145 

systems, and proglacial streams73-75 (Figure 3). In partially glacierized basins, erosion and sediment transport 146 

are influenced by ice dynamics and the thermal status of the glacier, subglacial topography, bedrock lithology, 147 

glacio-hydrology, and access to stored sub- and proglacial sediment9,31,76. 148 

 149 

[H3] Glacial and paraglacial erosion 150 

Quarrying and abrasion are the primary processes associated with glacial erosion and both are sensitive to 151 

temperature, glacier mass balance, and subglacial hydrology15,77,78. During quarrying (Number 1 on Figure 3), 152 

blocks of rock of varying sizes are plucked from the rock outcrops at the base of a glacier, forming chatter marks. 153 

If they become incorporated into the ice, they are transported down gradient by glacier sliding79,80, creating an 154 

angular blocky coarse sediment79. If not transported, eroded material will accumulate on the glacier bed, forming 155 

subglacial till. Quarrying rates scale with the number of pre-existing bedrock cracks, the crack growth rate, 156 

water pressure at the glacier-bedrock interface, bedrock strength and heterogeneity, and the basal sliding 157 

velocity78-81. With abrasion (Number 2 on Figure 3), plucked debris embedded in the glacier sole or side erodes 158 

the underlying or adjacent bedrock as the glacier moves82, forming striations on bedrock surfaces and producing 159 

fine-grained abraded sediment82. Abrasion rate is proportional to the basal sliding velocity of the glacier, the 160 
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amount of basal debris, the debris-bed contact force, and the bedrock’s resistance to erosion82,83. Abrasion and 161 

quarrying can amplify each other: abrasion is enhanced by debris generated from quarrying, and quarrying is 162 

enhanced by the abrasion-induced increase of differential stresses74.  163 

The overall bedrock erosion rate scales empirically with the glacier sliding velocity via a linear or power-164 

law relationship, known as the glacial erosion law9,31,84, although there is debate as to how non-linear this process 165 

is77. Glacier sliding velocity is regulated by glacier thermal regime (as a function of ice temperature and 166 

pressure), the subglacial hydrology, and glacier mass balance74,85,86, and displays latitudinal variations15. 167 

Compared with cold-based polar glaciers, warm-based (also referred to as wet-based) temperate glaciers have 168 

lower ice viscosity and higher basal sliding velocities15,87. Glacial erosion rates range from 0.001 mm yr-1 for 169 

cold-based glaciers to over 100 mm yr-1 for fast-moving temperate glaciers15,74,76,88. Long-term glacier mass loss 170 

can reduce the gravitational driving force and decelerate sliding86. However, the warming-driven increased 171 

glacier meltwater can reach the ice-bedrock interface and temporarily increase subglacial water pressure and 172 

lubricate the glacier base, facilitating basal sliding and subglacial erosion78,89. While these mechanisms have 173 

been well studied90, substantial uncertainties remain regarding controls on the processes and rates of glacial 174 

erosion74, particularly in the capacity of temperate glaciers to evacuate eroded sediment. 175 

In a warming atmosphere, retreating glacial snouts and ice-surface lowering can expose ice-marginal 176 

bedrock, till, and morainal debris to subaerial conditions. Adjacent debuttressed slopes can amplify paraglacial 177 

erosion by triggering landslides and rockfalls (Number 3 on Figure 3). In response to deglaciation, the 178 

magnitude and frequency of rockfalls have increased in North America, New Zealand, Norway, and the 179 

European Alps40,91-95. Rockfalls from exposed oversteepened slopes or lateral moraines can be triggered by 180 

active freeze-thaw weathering96, ice segregation97,98, alpine permafrost thaw, and intense rainfall91,94, resulting 181 

in increases of debris and sediment accumulation on the glacier surface (Number 4 on Figure 3) and at the 182 

glacier margins99,100.  183 

[H3] Subglacial sediment transport 184 

The importance of subglacial drainage systems in glacier basal sliding, subglacial erosion, and sediment 185 

transport has been increasingly emphasized74,75,101. Subglacial channelized drainage systems are effective in 186 

evacuating subglacially eroded sediment, especially coarse sediment101-103, although they are spatially limited 187 

and will shrink as glaciers thin. 188 

 With increased melting, newly generated and expanded crevasses and moulins (Numbers 5–6 on Figure 3) 189 

on the surface of glaciers and ice sheets can boost surface-to-bed water transfer by forming near-vertical 190 

conduits connected to distributed englacial water routing networks104-106. The drainage from supraglacial lakes 191 

and streams (Number 7 on Figure 3) through preexisting englacial fractures opens new vertical hydro-192 

connections, possibly causing transient ice-bed separation, ice uplift and water pulses, and carving new bedrock 193 

channels107,108. Subglacial drainage systems promoted by surface-to-bed water transfer can increase subglacial 194 

abrasion by sediment-bearing flows and effectively remove protective sediment from bedrock surfaces, although 195 

erosion rates associated with subglacial meltwater can be up to two orders of magnitude lower than those for 196 

glacial erosion75,101. Furthermore, subglacial lake outbursts can surcharge subglacial drainage systems, flush out 197 

subglacial sediments, and impact proglacial hydrogeomorphic environments, forming outwash fans at glacier 198 

margins and aggrading existing proglacial channels109,110. 199 

Access to stored amounts of sediment and till is also important in subglacial sediment evacuation12. Glacier 200 

equilibrium line altitudes can progressively retreat upslope during deglaciation, and the accessibility of 201 

subglacially stored sediment increases by exposing large amounts of previously buried sediment (glacial tills, 202 
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Number 9 on Figure 3) to the upward extended subglacial drainage networks12. As the glacier equilibrium line 203 

moves upward, increased meltwater can access subglacial tills at higher elevations and remove stored sediment, 204 

promoting glacial bedrock erosion until the glacier is smaller than a critical size12. 205 

[H3] Sediment delivery in response to deglaciation 206 

 As glaciers retreat, they commonly leave behind abundant readily transportable sediment for a transient 207 

period (for example, decades or centuries), and then these deposits are progressively mined leaving a supply-208 

limited environment111. Most of this sediment is not rapidly transferred downstream but remains as moraines, 209 

debris cones, and alluvial fans in the proglacial zone14. During intense melting or extreme rainstorms, this 210 

sediment deposited near the glacier terminus may be remobilized and delivered downstream111-113. 211 

The transport efficacy and storage of sediment mobilized by glacier erosion are largely influenced by glacier 212 

melt volume114 and glacier-channel connectivity7,36. As glaciers recede, gullies extend upslope and enhance 213 

sediment connectivity and delivery by reducing dependence on supra/sub-glacial transport and expanding the 214 

contributing area7,14,115. However, export of glacial sediment downstream is modulated by sediment sinks 215 

(notably, proglacial lakes, Number 8 on Figure 3)116,117 and disconnections (for example, moraines or alluvial 216 

fans)14, creating transient disconnectivity7,36. Proglacial lakes have been increasing worldwide48 and can trap 217 

large proportions of the sediment mobilized by glaciers (40–80%) and act as first-order sediment sinks116. 218 

Whereas proglacial lakes generally trap sediment, GLOFs are distinctive agents of sediment delivery far 219 

outpacing other erosion processes, due to the high stream power. GLOFs enhance channel erosion by mobilizing 220 

channel-defining coarse sediment and deliver large amounts of sediment downstream118-120. Sudden drainage of 221 

glacial lakes is often associated with order of magnitude increases in discharge22,49,50. Powerful streamflow 222 

pulses in a GLOF water bore mobilize and transport channel-defining boulders that are rarely affected by more 223 

conventional floods118,119. Once armoring boulders are removed, large amounts of unconsolidated sediment can 224 

be mobilized from the underlying river channels, accompanied by bedrock erosion and lateral riverbank 225 

erosion121,122. A 2016 GLOF in Nepal118 affected a 40-km stretch of river channel by downcutting the riverbed 226 

by 1–10 m, widening the channel by 40%, causing 26 channel-connected landslides and a 30-fold increase in 227 

sediment flux. Although the substantially increased sediment flux associated with GLOFs gradually revert to 228 

near the original level, erosion and deposition during GLOFs and associated geomorphic adjustments can cause 229 

severe, long-lasting consequences downstream119,123. 230 

With ongoing deglaciation and commonly increased precipitation extremes40,124, sediment yield from 231 

glacierized basins will initially increase, driven by increased glacial erosion and sediment supply125,126, easier 232 

access to subglacial tills12, increased transport capacity, and increased incidence of extreme floods. A subsequent 233 

sediment decrease reflects declining glacier mass and meltwater, decelerated glacial erosion86,117, decreased 234 

freeze-thaw weathering at lower elevations127 and vegetation colonization (Figure 3).  235 

[H2] Permafrost basins 236 

In response to atmospheric warming and precipitation extremes3,65, permafrost thaw and the intensity of 237 

thermokarst erosion have intensified in many permafrost regions. The associated release and mobilization of 238 

stored sediment increase fluvial sediment loads37,128. Permafrost degradation impacts fluvial sediment fluxes by 239 

expanding the extent of erodible thermokarst landscapes and changing the density and spatial distribution of 240 

flow paths and therefore sediment connectivity1,57,65,129 (Figure 4). The impact of permafrost on 241 

hydrogeomorphic processes can be subdivided into physical disturbance (Numbers 1–7 on Figure 4 showing 242 
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visible landscape changes) and thermal disturbance (Number 8 on Figure 4 showing no visible geomorphic 243 

changes) 20,37,130. Among the processes involved, active-layer detachment, thermal erosion gullies, retrogressive 244 

thaw slumps, and fluvio-thermal erosion are the primary sediment sources13,131-133. 245 

 246 

[H3] Permafrost erosion 247 

Active-layer detachment (ALD) represents the occurrence of landslides on low-angled permafrost slopes 248 

with the thawed active layer sliding downslope (Number 1 on Figure 4)134. ALD can be initiated by deep active-249 

layer thaw during warm summers or excessive porewater pressure caused by heavy rainfall or snowmelt17,134,135. 250 

Once initiated, ALDs can continue downslope for hundreds of meters, with a long-distance impact on sediment 251 

mobilization and transport136. Expanded scar zones with ALDs extending downslope expose the underlying 252 

permafrost and accelerate thawing17. The exposed ground ice can trigger thaw slumps, amplifying 253 

disturbances137 or cause land subsidence, trapping sediment in the scar zone136. Newly available sediment can 254 

cause long-lasting increases in downstream sediment fluxes when transported by rainfall runoff or meltwater 255 

and sustained by hydrogeomorphic connectivity131.  256 

Thermal erosion gullies (TEGs) initiate by surface heat melt of ground ice and by surface flow incising 257 

into high-ice-content permafrost. TEGs commonly occur on permafrost slopes (Number 2 on Figure 4) or within 258 

eroded ice-wedge polygons (Number 6 on Figure 4) 132,138. Once initiated, TEGs can lengthen by hundreds of 259 

meters and widen substantially through lateral erosion and headward erosion138, because of ground ice 260 

melting63,132,138. Lateral and headward erosion of TEGs can trigger channel-connected permafrost collapses and 261 

slumps137 and link upslope sediment sources with downstream river channels138, notably increasing slope 262 

channelization and sediment supply. The shortened flow path by TEGs accelerates the response of sediment 263 

fluxes to hydrological changes and permafrost disturbance132,135. Additionally, vegetation and wetlands can 264 

degrade by TEG development, which can further increase erosion rates along TEGs through positive feedback139. 265 

Retrogressive thaw slumps (RTSs, Number 3 on Figure 4) are important sediment sources in ice-rich 266 

permafrost and are sensitive to climate change59,129. Increasing incidence of RTSs has been reported in 267 

permafrost environments worldwide, including the Arctic and the Tibetan Plateau, driven by atmospheric 268 

warming and increased summer rainfall3,59,67. RTSs show seasonal cycles and initiate in summer by melting of 269 

exposed ground ice in a headwall3. The meltwater then mobilizes debris and soil from the headwall128,129. RTSs 270 

stabilize in autumn, due to lower temperatures ceasing ice melting and accumulated sediment covering the ice3. 271 

RTSs can remain active and expand for years to decades, if the mobilized material continues to be transported 272 

downslope and exposed headwalls are still ice-rich3,140. Channel-connected RTSs have been found to increase 273 

downstream sediment loads by orders of magnitude128,129. Development of RTSs intensifies by extreme 274 

rainstorms3, lateral heat exchange along riverbanks or lakeshores141, other landscape disturbances137, and 275 

permafrost shoreline retreat142. 276 

Fluvio-thermal erosion (FTE, Number 4 on Figure 4), or thermal bank erosion, is erosion by moving water 277 

that thaws frozen substrate and melts ground ice along a riverbank143. With earlier ice breakup, warming river 278 

water temperatures, and increasing water discharge, FTE has been increasingly observed in Alaska, Arctic 279 

Canada, and Siberia63,144-146. Riverbank permafrost thawing is dominated by conductive heat exchange between 280 

warmer river water and frozen banks54,63,141. Once FTE begins, formation of thermo-erosional niches at the base 281 

of the riverbank reduces bank stability, causing collapse146-148. During high flows, this readily available sediment 282 

and abundant organic matter of the typically peaty floodplain or bar surfaces can be rapidly transported by the 283 

flowing water143 and increase sediment and carbon loads substantialy144,145. The efficacy and magnitude of FTE 284 
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are influenced by factors including the presence of river ice, river water temperature, and discharge145,148. During 285 

the early melt-season, drifting ice can remove the riverbank protective layer by abrasion, undercutting, and 286 

gouging, exposing the underlying bank to fluvial entrainment149. For rivers of warm water, ice breakup pulses 287 

can cause FTE due to substantial increases in water levels and discharges and expanded contact with the 288 

floodwater150,151. FTE can also gradually stabilize due to decreased ground ice exposure caused by sediment 289 

deposition at the base of the riverbanks and on their flattened profiles63,147. 290 

[H3] Sediment delivery in response to thermokarst processes 291 

Permafrost thaw expands thermokarst landscapes and creates active sediment sources13,34,152. The efficacy 292 

of sediment mobilization and delivery downstream from the disturbed permafrost area is governed by basin-293 

scale hydrogeomorphic connectivity129,153. New gullies and expanded flow paths during intense rainfall or high 294 

meltwater increase sediment conveyance by enhancing hillslope-channel coupling, reworking previously stored 295 

sediment and linking disconnected sediment sources (for example, hillslope RTS and ALD, Figure 4)8,129. Such 296 

increased connectivity facilitates a sediment cascade and transmits the signal of disturbance downstream8,19,140. 297 

However, the signal generated by upstream permafrost disturbance and degradation can be disconnected from 298 

downstream areas and the catchment outlet by local sediment sinks, including expanded areas of thaw 299 

subsidence136 (Number 7 on Figure 4), thermokarst lakes58 (Number 5 on Figure 4), and debris tongues 300 

accumulating within the disturbed area140. 301 

 Permafrost thaw can also dampen sediment transport by altering soil permeability, surface/subsurface flow 302 

paths, and hydrological connectivity130. Despite the likely increase of overall sediment transport capacity due 303 

to extension of the melt season, more extreme rain, and melting of ground ice, potential loss of peak meltwater 304 

capacity in the melt season due to enhanced water infiltration can decrease sediment transport capacity154,155. 305 

With permafrost thaw, talik enlargement and breakthrough can increase the connection between surface water 306 

and groundwater154,156. 307 

Permafrost disturbance will likely increase nonlinearly in a changing climate, causing disproportionate 308 

increases in fluvial fluxes and downstream impacts3,65,140,157 until thermokarst landscapes stabilize. The 309 

continued melting of ground ice should increase sediment availability through the development of more erodible 310 

and accessible thermokarst landscapes and boost slope-channel connectivity3,157 (Figure 4). Increased 311 

precipitation intensity124 could intensify permafrost erosion by triggering mass movements, remobilizing 312 

deposited sediment and further accelerating permafrost thaw via lateral heat exchange19.  313 

[H3] Erosion along permafrost coasts  314 

Sediment mobilization along permafrost coastlines is characterized by the complicated interplay of 315 

permafrost status and thermokarst development, sea ice extent, open-water periods, wave and storm activities, 316 

and sea level rise68,158, making it distinct from permafrost hillslope processes. Thermo-denudation of the bluff 317 

top and thermo-abrasion of the bluff base represent the primary sediment mobilization processes from ice-rich 318 

permafrost coasts159. Thermo-denudation driven by intensified solar radiation and heat conduction ablates the 319 

ground ice, reduces the cohesion of ice-bonded bluff slopes, and triggers coastal recession by ALDs, RTSs, and 320 

ground subsidence142,160. Ice-rich bluffs can contain up to 65% ice, so most melt results in water; the remaining 321 

thawed sediment are delivered to the bluff base by meltwater and gravity159. 322 

 In contrast, thermo-abrasion includes both thermal erosion by seawater and mechanical erosion by wave 323 

action161 and is pronounced in coasts with high ground-ice content experiencing decreased sea ice, higher wind-324 
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wave energy and storm surge setup162. The landward recession of bluff toes during thermo-abrasion commonly 325 

forms thermo-niches and related block failures72,163, substantially increasing coastal erosion rates and 326 

introducing sediment and carbon into the offshore system72,159. Erosion along ice-rich permafrost coastlines 327 

outpaces mechanical erosion along non-permafrost coasts33,68. The mass-wasting processes initiated by thermo-328 

abrasion tend to dominate the erosion and shape coastal morphology along high-latitude coasts in response to 329 

ocean warming72. Whereas coastal bluffs can contain peaty and organic-rich layers, inventories of bluff substrate 330 

characteristics and coastal erosion rates have shown that carbon fluxes to the ocean from coastal erosion are less 331 

impactful than riverine transport164.  332 

[H1] Observed increases in sediment fluxes 333 

Increased erosion and basin-scale sediment yields are observed in the world’s cold regions, driven by rapid 334 

cryosphere degradation1,4,140. A compilation of 76 locations shows upward trends in sediment fluxes (suspended 335 

load, bedload, particulate organic carbon, and riverbank/slope erosion) from over 50 studies (Figure 5a and 336 

Supplementary Table 1). The global distribution of such evidence is influenced by established sediment-337 

monitoring programs and published data and is biased towards suspended sediment (53 locations) with far fewer 338 

studies of bedload (15 locations) or erosion rates (8 locations; Supplementary Table 3). Observed locations do 339 

provide evidence from the high Arctic, European mountains, HMA and Andes (Figure 5a). Few studies 340 

documented decreased sediment fluxes (for example, the Swiss Alps and northern Alaska)147,165 (Supplementary 341 

Figure 2), which could reflect field sampling bias toward regions where negative impacts of increasing sediment 342 

flux were suspected. 343 

[H2] Observations from thermokarst basins 344 

Expanding thermokarst landscapes are thought to be responsible for increased riverbank erosion and 345 

sediment yields from the Canadian and Siberian Arctic, Alaska, and the Tibetan Plateau (Figure 5a), the released 346 

organic carbon and nutrients further impacting thermokarst ecosystems30,166. In the eastern Lena Delta, erosion 347 

rates along yedoma permafrost riverbanks increased three-fold between the 1960s and 2010s and the amount of 348 

organic carbon and nitrogen released into the rivers more than doubled167. Along an actively eroded bluff (150-349 

m) of the Itkillik River in Alaska, the yedoma riverbank retreated at an accelerated rate, reaching 20 m yr-1 350 

between 2007 and 2011, and annually released ~70,000 t of sediment (including 880 t of organic carbon) into 351 

the river63. Channel-connected thaw slumps in northern Canada have increased sediment yields by up to three 352 

orders of magnitude compared to undisturbed basins128,129,140. Active-layer detachments reported from small 353 

watersheds in the Canadian High Arctic (Melville Island) caused a 30-fold increase in sediment flux during an 354 

anomalously warm year, followed by multiyear recovery131. In the Tibetan Plateau, permafrost thawing and 355 

associated expansion of erodible landscapes have doubled the sediment yield in a headwater of the Yangtze 356 

between 1985 and 2016168; and led to an 8-fold increase in sediment yield around Qinghai Lake between the 357 

1990s and 2010s169. 358 

[H2] Observations from glacierized basins 359 

Increased erosion and sediment yields from European mountains, the Himalaya, and the Andes are mainly 360 

induced by increased subglacial sediment evacuation and unstable hillslopes (Figure 5a), threatening 361 

downstream infrastructure and communities23,170,171. In the Italian Alps, warming temperatures have been locally 362 

linked to an order-of-magnitude increase in erosion from high periglacial terrain172. A near doubling of coarse 363 
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sediment yield has been observed in two partially glacierized basins in the western Swiss Alps in response to 364 

glacier recession7,36. In Norway, the sedimentation rate of a proglacial lake has accelerated since the 1970s in 365 

response to accelerating glacier retreat173. In European mountains, increased reservoir sedimentation has 366 

reduced the lifetime of hydropower infrastructure and more frequent sediment flushing of hydropower 367 

installations has demonstrated negative impacts on instream ecosystems171. In the Chandra River, western 368 

Himalaya, the sediment yield doubled between the 1980s and 2010s, associated with a 65% reduction in low-369 

elevation glacier volumes174. The increased channel and floodplain deposition in less-steep areas downstream 370 

can elevate the riverbed and potentially trigger river avulsions and flooding170,175. Rapid glacier recession in the 371 

Southern Andes has caused a 6-fold increase in frequency of extreme turbidity events, affecting water quality 372 

in the nearby megacity of Santiago23. Although sediment yields in response to longer-term deglaciation since 373 

the Last Glacial Maximum have rarely been observed globally, state-of-the-art conceptual models75,176,177 and 374 

sediment-core analysis178,179 show nonlinear increases in erosion and sediment-related yield in the early phase 375 

of deglaciation, followed by rapid decline late in deglaciation as landscapes stabilize. 376 

[H2] Observations from polar basins 377 

Extensive erosion has occurred along Arctic coastlines due to rapid thawing of ice-rich permafrost33,68,158,161, 378 

with sediment-associated nutrient inputs sustaining 20% of the net primary production of the Arctic Ocean180. 379 

Since the early 21st century, amplified atmospheric warming has accelerated erosion rates in 18 out of 20 coastal 380 

permafrost locations in Alaska, northwestern Canada, and the East Siberian Arctic (Figure 5a,c and Table S2), 381 

enhancing land–ocean biogeochemical fluxes180 but threatening coastal infrastructure158,161,181. Specifically, a 382 

seven-fold increase in coastal erosion rate has been observed along the Barents Sea coast (Western Russian 383 

Arctic) between the 1960s and 2000s182. Erosion rates along the Beaufort Sea coast (Alaskan Arctic) and 384 

Herschel Island (Canadian Arctic) have doubled since the 1950s163,183 and accelerated erosion is amplified by 385 

the increased incidence of coast-connected thermokarst landslides (~140%)142. Erosion and irreversible land 386 

loss costing billions of dollars for relocating or protecting infrastructure34,161, and conflict with future anticipated 387 

economic development of the Arctic coastline, including the expansion of ports and shipping, and oil and gas 388 

exploitation. 389 

Mass loss from the Greenland Ice Sheet since the 1960s has caused a 56% increase in suspended-sediment 390 

delivery to adjacent proglacial rivers and coastal zones31,184. The increased sediment flux outpaces delta erosion 391 

and stagnation due to sea level rise4,185,186, thus prograding the deltas of southern Greenland by 110% between 392 

the 1940s and 2010s4 (Figure 5d). The progradation of Greenland’s deltas emphasizes the role of land–ocean 393 

sediment flux in sustaining deltas and what could be seen as a longer-term benefit of terrestrial cryosphere 394 

degradation4,187. 395 

[H1] Projections and peak sediment 396 

Ongoing climate change will likely initially increase sediment yields in pristine cold environments, in 397 

response to glacier melting and permafrost thaw. Sediment yield will eventually reach a maximum75,117,176, 398 

herein referred to as “peak sediment”, followed by declining sediment yields as the areas contributing sediment 399 

shrink. Ongoing cryosphere degradation will also cause a shift in the sediment transport regime and seasonal 400 

pattern37,188. The timing of the sediment regime shift and the tipping point of sediment yield will be jointly 401 

regulated by trends in meltwater runoff, erosive rainfall and the extent of thermally-controlled erodible 402 

landscapes and ice-free erodible landscapes6,75,88,111 (Fig. 7). This section qualitatively speculates on the likely 403 

evolution of future sediment yield in response to global warming in large cryospheric basins. 404 
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Globally, nearly half of the large-scale glacierized basins have already passed peak meltwater and entered 405 

the declining meltwater phase; the tipping points in most remaining basins are projected to be reached before 406 

210011. The completion of deglaciation could occur after the year 2200, with Arctic and Antarctic ice sheets and 407 

Arctic permafrost existing beyond 2200189-191. Compared with the hydrological impacts of deglaciation, 408 

landscape changes are understudied and more complex to project88. Theoretically, active thermally-controlled 409 

erodible landscapes, as a function of temperature and ice content (glacier or ground ice)13, will peak at the time 410 

of peak meltwater and then decline to zero at the completion of deglaciation, concurrently with ice-free erodible 411 

landscapes expanding. Once a zone becomes ice-free, landscapes stabilize at differing rates depending on the 412 

deglaciated landforms, geomorphic feedbacks, and landcover changes177,192. 413 

By reflecting changes in meltwater and erodible landscapes, sediment-transport regimes could shift through 414 

three temporal stages separated by the timing of peak meltwater and completion of deglaciation (Fig. 7), 415 

regardless of glacier re-advance, (dis-)connectivity changes, scale and/or threshold effects in sediment transport, 416 

the stabilization rate of deglaciated landscapes, and human interference. In stage Ⅰ, the sediment regime is 417 

dominated by thermal processes, including thermally activated glacier/permafrost erosion and meltwater-driven 418 

sediment transport13,18,193. Readily erodible sediment from freshly deglaciated regions and thermokarst hillslopes, 419 

combined with enhanced transport capacity by meltwater, will likely increase sediment yield in the early stage 420 

of deglaciation75,88. In stage II, reduced meltwater would render rainfall-runoff increasingly important in 421 

sediment mobilization and transport and the sediment regime would be controlled by coupled thermal and 422 

pluvial processes19. The trend of changes in sediment yield would reflect the interplay of reduced meltwater, 423 

continuously exposed proglacial and/or periglacial sediment sources, and changes in erosive rainfall11,177. In 424 

stage Ⅲ, fully exposed erodible ice-free landscapes and depleted meltwater after the completion of deglaciation 425 

would shift the sediment transport regime towards a precipitation-dependent regime with pluvially controlled 426 

sediment mobilization, followed by an eventual decline in sediment yield due to sediment supply 427 

exhaustion176,177. Evacuation of stored sediment could depend heavily on the magnitude and duration of episodic 428 

events triggered by intense rainfall and extreme floods75,188. Para-glaciation and mass wasting will dominate 429 

sediment supply and transport during stage Ⅲ120,176,192. 430 

The timing of peak sediment (scenario B in Fig. 7) could occur in stage Ⅱ under a stable precipitation 431 

scenario. The peak of sediment delivery may lag decades to hundreds of years behind peak meltwater, reflecting 432 

the increase in remobilization of paraglacial and subglacial sediment storage12,125,194; such a lag is likely to be 433 

scale dependent, being shorter (years) close to the source region and much longer (decades to centuries) farther 434 

downstream194. With decreasing erosive rainfall, peak sediment could arrive earlier than peak meltwater 435 

(scenario A in Fig. 7), because increased accessibility to sediment supply would not compensate for reduced 436 

erosivity and transport capacity195. The increasing erosive rainfall could still constrain the peak sediment within 437 

stage Ⅱ, accompanied by increased sediment yield and amplified variability through the remobilization of legacy 438 

sediment inherited from paraglacial environments19,188 (scenario C in Fig. 7). 439 

[H1] Challenges and complexity 440 

Long-term field observations of erosion, sediment yield, and the environmental drivers of sediment fluxes 441 

are lacking in cold regions21,88,196,197, particularly for bedload and erosion rates. Access to the few available 442 

records is restricted by policy and technical barriers, and therefore little synthesis has been undertaken. Research 443 

biases likely exist—decreased sediment yield or reduced erosion could occur in some cryospheric basins, but 444 

few studies report such results68. Such limitations hamper the holistic assessment of geomorphic changes, 445 

spatio-temporal variations in sediment dynamics, and the response of basin-scale sediment yield to climate 446 

change21,88. The lack of field observations also impedes the development and application of sediment-yield 447 
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models, due to the paucity of validation and calibration data and poor parameterization of key geomorphic 448 

processes198,199. 449 

Challenges and uncertainties in sediment yield modeling and future projections also arise from the inherent 450 

complexity of geomorphic processes, characterized by scale effects on sediment transport199,200, episodic 451 

events201, nonlinear responses of geomorphic processes6,202, and climate feedbacks associated with cryosphere 452 

degradation203,204. Erosion and deposition processes vary across spatial scales and the relative importance of 453 

factors controlling sediment dynamics are scale-dependent199,205. For example, climate, topography, and 454 

catchment area can dominate global-scale variation of sediment yield206, but their influences on sediment yield 455 

can be obscured by local glacier dynamics, the extent of thermokarst landscapes, and sediment 456 

connectivity153,207,208.  457 

Low-frequency and high-magnitude episodic sediment events (for example, mass wasting and GLOFs) can 458 

mobilize huge amounts of sediment during a short period, causing notable variability in both seasonal and annual 459 

sediment yields201. The frequency and duration of such extreme sediment events are difficult to predict3,88. 460 

Putting event data into a synthesis framework of “geomorphic work”, as proposed by Wolman and Miller in 461 

1960 may shed light on this aspect of complexity209. However, another complication is that cryospheric regions 462 

generally owe their high altitude and steep topography to tectonic forces, and so seismically generated landslides 463 

and sediment movement can confound detection of climatic signals—examples of earthquake-generated 464 

landslides abound in the Himalaya, Alaska, New Zealand, and the Andes16,94,210.  465 

Geomorphic responses to climate change can also be complicated by threshold effects, antecedent 466 

conditions, and response time-lags21,202,211, thus precluding simulations by linear forcing-response models or 467 

universal constants6. Thresholds in geomorphic changes (for example, landslides) and related sediment 468 

mobilization can involve nonlinear and dynamic relationships between environmental drivers and geomorphic 469 

response212,213. Simulating such nonlinear and dynamic processes represent important challenges in earth surface 470 

modeling, because of their spatio-temporal heterogeneity and sensitivity to the intrinsic properties of 471 

geomorphic systems and extrinsic drivers192,213, and the disproportionate amplification of geomorphic changes 472 

and sediment transport when thresholds are exceeded21,211.  473 

Furthermore, melting and thawing of the cryosphere can amplify the atmospheric warming and impact the 474 

monsoon precipitation through feedback linked to permafrost carbon30, snow and ice albedo204, and land-sea 475 

temperature gradients214. These positive feedbacks add important uncertainties to climate model projections40,204 476 

and likely lead to underestimation when predicting future atmosphere warming, fluvial events, and extreme 477 

sediment yields124,215. 478 

In a warmer future, basin-scale sediment source-to-sink processes and sediment routing systems can be 479 

altered by spatial reorganization of sediment sources and/or sinks and river channels5,216, changing lateral and 480 

longitudinal connectivity153, geomorphic feedbacks7, and human activities27,217 (Figure 6). With glacier melt and 481 

permafrost thaw, rockfalls and landslides will likely increase100,188. Increased slope failures could trigger GLOFs 482 

and temporarily convert glacial lakes from effective long-term sediment sinks into important sediment sources 483 

and transfer pathways, causing channel and valley erosion118.  484 

In efficient, well-connected pristine sediment-routing systems, intensified sediment transport leads to delta 485 

progradation4 and increased terrestrial fluxes to the ocean (for example, Arctic deltas)218 (Figure 6). However, 486 

in most cases, only a small fraction of the sediment mobilized from mountain headwaters impacted by 487 

cryosphere degradation will be transported downstream to basin outlets200, and the signals of climate-change-488 

driven increases in sediment flux from the mountain erosion zone are attenuated by the buffering effects of 489 

floodplains and sediment sinks73,153. The concomitant processes of fluvial sorting, coarse sediment accumulation, 490 

and formation of debris fans can cause sediment dis-connectivity7 and buffer the downstream propagation of 491 
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the sediment signal7,14. Increased human activity (for example, damming and sand mining) can also mute the 492 

signal of increased sediment loads from pristine uplands and even lead to delta subsidence217.  493 

Long-term changes in the cryosphere and sediment fluxes can lead to river reorganization, change sediment 494 

delivery pathways and dramatically alter downstream drainage networks5,219 (Figure 6). However, the timing 495 

and intensity of river reorganization are impacted by preconditions and the episodic nature of key triggers175. 496 

The upslope retreat of the Kaskawulsh Glacier in the Yukon redirected one headwater stream into another river 497 

in 2016 and this river piracy had far-reaching downstream hydrogeomorphic implications5. Increased sediment 498 

deposition at mountain outlets in Himalayan, Andean, and southwest New Zealand foreland basins has caused 499 

river avulsions and course-shifting during floods175,219, redistributing the water and sediment on floodplains219. 500 

The potential increases in river reorganization events in a warming future could further increase the uncertainty 501 

in large-scale sediment yield predictions175,220. 502 

The impacts of land-cover changes on sediment transport vary spatially221-223. Vegetation development in 503 

proglacial areas stabilizes slopes222, but this is also complicated by deglaciation-triggered slope instability and 504 

increases in erosive rainfall135,221. The overall greening in a warming Northern Hemisphere224 and vegetation 505 

restoration in particular basins222,225 contrast with local vegetation removal due to increased slope failures13,128,135. 506 

The net effect of landcover changes on sediment yield remains largely unknown. 507 

[H1] Summary and future perspectives 508 

Amplified atmospheric warming and the resulting melting and thawing of the cryosphere have markedly 509 

altered erosion and sediment delivery from the Earth’s cryospheric basins1,4,188. The associated increased 510 

sediment yields have caused severe consequences for aquatic ecosystems, hazards and livelihoods21,22,175,180, but 511 

the public is still largely unprepared to deal with them. In this Review, we compiled information for the first 512 

time on changing sediment fluxes from 76 locations (covering the high Arctic, European mountains, HMA and 513 

the Andes) with increased erosion (8) and sediment yields (68) and 18 locations along Arctic coasts (Figure 5). 514 

Increased sediment yields result from the increased glacier bedrock erosion caused by increased meltwater and 515 

changes in basal sliding, the increased permafrost erosion caused by thermokarst landscape expansion, rock 516 

disintegration during deglaciation, and increases in sediment accessibility due to the exposure of underlying 517 

sediment stores and the initiation of new flow paths. However, the signal of sediment mobilization and transport 518 

can be moderated by increased sediment storage and reduced delivery efficacy due to the presence of sediment 519 

sinks, some of those (for example, hillslope-based debris fans) developing in response to increased erosion. 520 

Increases in sediment yield in most cryospheric basins are likely to continue in the next decades, with continued 521 

glacier melt and permafrost thaw, until the maximum sediment yield is reached. We pose that the timing of peak 522 

sediment is jointly regulated by changes in meltwater runoff, erosive rainfall and landscape erodibility (Fig. 7). 523 

To better assess the impacts of changing erosion and sediment yields on the functions and services of riverine 524 

and coastal ecosystems68, biogeochemical cycles62, terrestrial-coastal landscape evolution6, and infrastructure 525 

systems22, we highlight the pressing need to integrate multiple-sourced sediment observations, to develop 526 

physics-based sediment transport models that include climatic feedbacks, and to promote interdisciplinary 527 

scientific collaboration. 528 

Current understanding and assessment of the long-term response of erosion and sediment yields to climate-529 

driven cryosphere changes remain incomplete. Sediment monitoring is lacking in most rivers (sediment loads 530 

are measured in < 10% of the world’s rivers)217 and decadal-scale sediment observations for cryospheric basins 531 

are even rarer2. Apart from expanding the traditional in-situ sediment observations (for example, manual 532 

sediment sampling, automated sampling, and turbidity monitoring)23,168, advances in remote sensing offer the 533 

opportunity to monitor sediment automatically and continuously and to reconstruct the temporal trends of 534 
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erosion rates and sediment yields120. Breakthroughs in constraining relationships between surface reflectance 535 

and suspended sediment concentration and extending retrieval algorithms worldwide beyond the calibration 536 

regions will permit sediment information to be deciphered and extracted from previously unexploited satellite 537 

image archives, helping to fill the observation gaps31,226 through making available more remote gauging 538 

stations227. The availability of satellite- and drone-observed images with a higher spatio-temporal resolution228 539 

and new techniques (for example, Structure-from-Motion photogrammetry)227 will greatly improve the accuracy 540 

and precision of river pixels and further increase monitoring capabilities relating to sediment dynamics3,5,144,226. 541 

Optimization of calculating efficiency and access to the wide-ranging remotely sensed resources within the 542 

Google Earth Engine will lead to near-real-time sediment monitoring227. 543 

Ongoing developments in geochronology provide novel approaches to obtain information from sediment. 544 

For example, lakes can record the long-term sedimentary history across decades to thousands of years120,227 and 545 

this history can be reconstructed by using radioactive chronometers including Caesium-137 (137Cs), 546 

Radiocarbon (14C), and Lead 210 (210Pb) to provide a chronology229. New technology in sediment-core 547 

collection and analysis will reveal the response of upstream water–sediment dynamics and lake sedimentation 548 

to deglaciation173,230. Although cosmogenic nuclides (for example, Beryllium-10, 10Be) cannot reveal temporal 549 

changes in sediment yield due to their long half-lives, they can provide estimates of millennial-scale denudation 550 

rates and help to diagnose the sediment sources99,178. More investigations involving cosmogenic nuclide-derived 551 

millennial-scale denudation rates could provide a benchmark, thus underpinning the evaluation of current or 552 

future changes in denudation rates99,120. Additionally, progress in environmental seismology can promote near 553 

real-time sediment-transport and geomorphic analysis during extreme events such as GLOFs118,231; advances in 554 

sediment source fingerprinting can provide information on sediment sources to unravel the relative importance 555 

of different denudational processes112. 556 

Physics-based sediment yield models can offer valuable insights into past and future sediment dynamics in 557 

response to climate change and cryosphere degradation and can integrate sediment delivery processes into Earth 558 

System models to provide a better representation of land-ocean nutrient and carbon cycling. Existing sediment 559 

yield models are mostly empirical or conceptual models (for example, SWAT, WBMsed232, HydroTrend233, 560 

BQART206, and SAT8). Physics-based models are rare (for example, Water-Erosion-Prediction-Project234) and 561 

only marginally account for the temperature-dependent erosional processes in cryospheric basins. A fully 562 

distributed physics-based sediment-yield model that explicitly incorporates the various thermally and pluvially 563 

driven sediment mobilization and transport processes is urgently needed to simulate sediment yields from 564 

cryospheric basins at a high spatio-temporal resolution. Changes in both erosion and depositional sinks and 565 

associated changes in sediment connectivity14,132,153 need to be considered in sediment-yield models, in order to 566 

evaluate the net effect of landscape changes in response to cryosphere degradation. By integrating deglaciation, 567 

thermokarst erosion, frost cracking, and shifts in sediment transport regimes, such models would advance the 568 

prediction of long-term sediment yields (including future systematic shifts in sediment mobilization and 569 

transport).  570 

State-of-the-art geoscientific machine learning approaches offer an opportunity to address the challenges of 571 

data assimilation and spatio-temporal dynamics posed by the explosive growth of input data from multiple-572 

sourced climate-cryosphere-hydrogeomorphology observations235,236. Additionally, coupling sediment-yield 573 

models with Earth System models would address constraints associated with representing sediment-related 574 

carbon and nutrient dynamics at large scales and better capture biogeochemical cycles and their feedbacks237. 575 

To advance a holistic understanding of sediment dynamics in the world’s cold environments, the innovative 576 

system approach would best come from the creation of an interdisciplinary collaborative initiative, where 577 

climatologists, ecologists, glaciologists, permafrost scientists, hydrologists, civil engineers, and 578 
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geomorphologists work together to establish an integrated cryosphere-water-sediment-environment observation 579 

platform that facilitates the development of fully distributed physics-based sediment-yield models. Furthermore, 580 

dialogues and collaboration between international scientists, stakeholders, local communities, and policymakers 581 

would help to bridge the gaps between state-of-the-art scientific findings and practicable adaptation strategies. 582 

Such collaboration and dialogues would help address climate change driven sediment issues and problems and 583 

facilitate the establishment of sustainable and climate-resilient infrastructure systems and riparian and coastal 584 

ecosystems in strategically important cold regions. 585 

 586 
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 1158 

Figure legends  1159 

Figure 1. Glacier melt. Most of cold regions have experienced rapid glacier mass loss over the past two decades, 1160 

accompanied by glacial lake expansion and glacial lake outburst floods (GLOFs). Glacier coverage based on 1161 

the Randolph Glacier Inventory (RGI) 6.0 dataset238. Circle color represents glacier elevation change rates (m 1162 

yr-1) between 2000 and 2019 aggregated for 1°×1° grids within a 90% confidence interval, and circle sizes 1163 

represent the glacier area42. Violet triangles mark locations of recorded GLOFs, with 2,560 GLOF events 1164 

identified from more than 340 glacial lakes since the 1500s and 1,977 GLOFs occurring after the 1900s50. GLOF 1165 

events triggered by earthquake and geothermal activity have been excluded. Glacial lakes mapped from 2015 1166 

to 201848 are shown as blue dots.  1167 
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Figure 2. Permafrost thaw in the Northern Hemisphere. Permafrost has been warming and the active layer 1170 

has been thickening over the past two decades. Warming trends in mean annual ground temperature (MAGT) 1171 

near the depth of zero annual amplitude from 2007 to 2016 illustrated by 104 boreholes, drilled to depths of 5-1172 

30 m52. Deepening of active layer thickness (ALT) over 1997-2019 estimated from the Northern Hemisphere 1173 

ALT data released by the European Space Agency's Climate Change Initiative Permafrost project239.The 1174 

statistical significance (p-value) of ALT change rates is shown in Supplementary Figure 1. Yedoma permafrost 1175 

is highlighted in violet240.  1176 
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 1178 

Figure 3. Impacts of glacier dynamics on sediment transport. A warming and wetting climate will lead to 1179 

glacier mass loss, increasing meltwater, erosion and sediment transport initially, followed by an eventual 1180 

meltwater decline and sediment exhaustion. Positive relationships between variables noted by a + sign, negative 1181 

relationships by a – sign. Solid blue lines represent small supraglacial channels formed by meltwater or rainfall. 1182 

Dotted blue lines represent potential englacial channels. Field photos (Numbered 1-9) depict the main glacial 1183 

erosion processes and features in the diagram.  1184 

 1185 
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 1186 

Figure 4. Impacts of permafrost degradation and thermokarst processes on sediment transport. 1187 

Thermokarst processes related to a warming and wetting climate will increase the occurrence of mass 1188 

movements until the slopes are stabilized. Positive relationships between variables noted by a + sign, negative 1189 

relationships by a – sign. Field photos (Numbers 1-8) depict key features of thermokarst landscapes and related 1190 

permafrost erosion processes are depicted in the central panel. Solid blue lines represent the small channels 1191 

formed by meltwater or rainfall. Dotted blue lines within ice-wedge polygons represent eroded gullies 1192 

associated with ground ice melting. Brown arrows on thermokarst landscapes mark potential erosion directions. 1193 

Photos 1–3 courtesy of J. Obu; Photo 4 courtesy of M. Roger/Natural Resources Canada; Photo 5 courtesy of J. 1194 

Comte/Centre d'études Nordiques; Photo 6 courtesy of B. Richmond/A. Gibbs, U.S. Geological Survey; Photo 1195 

7 courtesy of L. Huang; Photo 8 courtesy of W. Pollard.  1196 
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Figure 5. Increased sediment fluxes due to modern climate change and cryosphere degradation. a | 76 1199 

locations show increased sediment fluxes due to enhanced glacier melting permafrost disturbance, and 1200 

combined glacier-permafrost impact. Among these, increased sediment fluxes at 57 locations (75%) are 1201 

determined from decadal observations; increases at 10 locations from paired catchment comparisons 1202 

(comparison of sediment fluxes from areas disturbed by glacier/permafrost-related processes with an 1203 

undisturbed region); and 9 locations from typical year comparisons (sediment fluxes in a normal year vs. 1204 

sediment fluxes in a disturbed year). Erosion rates along Arctic permafrost coasts are sourced from ref.33, with 1205 

accelerated coastal erosion rates observed in 18 locations (details in Supplementary Tables 1 and 2). Magnitudes 1206 

of Greenland delta progradation from the 1940s to 2010s are sourced from ref.4. Sub-panels for region 5 and the 1207 

Andes have been reprojected to the Equal Earth map projection to provide more intuitive visualization. b | 1208 

Accelerated increases in annual suspended sediment flux (Qs, as percentage) and temperature anomalies in 1209 

HMA over 1960-20171. Shaded areas denote standard errors. Trends of Qs and temperature anomalies are fitted 1210 

separately for 1960–1995 and 1995–2017 (grey dashed lines). c | Intensified erosion rates along Arctic 1211 

permafrost coasts: Beaufort Sea coast, Alaska72,183, Herschel Island coast, northern Canada163, and Barents Sea 1212 

coast, northeastern Russia182. d | Expanded Greenland delta area from the 1940s to 2010s4. Grey dots represent 1213 

individual deltas; central horizontal black lines represent median values. The change in mean delta size of each 1214 

period is shown as the red line. 1215 
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 1217 

Figure 6. Changes in basin-scale sediment source-to-sink processes in response to climate change and 1218 

human activities. The overall terrestrial sediment flux can be increased by sediment mobilization from retreated 1219 

glaciers and thermokarst landscapes but decreased by the formation of natural and anthropogenic sediment sinks, 1220 

with the net effect varying spatially. a | Present-day sediment source-to-sink processes. b | Sediment source-to-1221 

sink processes in a warmer future with intensified human activities. Brown arrows shown for both scenarios 1222 

represent sediment fluxes of different magnitudes, with dash-dot, dashed, and solid lines representing low, 1223 

medium, and high-sediment fluxes, respectively. Thick solid arrows denote increased sediment flux. Vegetation 1224 

change (for example, reforestation, deforestation, and vegetation succession in proglacial areas) add 1225 

uncertainties in estimating future changes in sediment yield.  1226 



 35 / 37 

 

 1227 

Figure 7| Peak sediment and transport regime changes. 1228 

Sediment transport regimes shift under a warming climate, in three stages. Stage I: thermally-controlled; stage 1229 

II: thermally-and-precipitation-controlled; and stage III: precipitation-controlled, where pluvial processes, such 1230 

as extreme rainfall and flooding, dominate. The timing of peak meltwater is inferred from a global-scale 1231 

assessment of glacierized basins11; wherein the timing of completion of deglaciation is inferred from regional 1232 

projections of cryosphere degradation189-191. The concept of peak sediment75,176 incorporates the constraints of 1233 

thermally-controlled and ice-free erodible landscapes, meltwater flux, and various rainfall scenarios in the upper 1234 

panel. The three brown curves represent sediment fluxes and the timing of peak sediment under different erosive 1235 

rainfall scenarios: A (decreasing), B (stable), and C (increasing). The timing and potential time range of the peak 1236 

sediment flux are marked by the solid circle and dashed arrows, respectively. The basin hypsometry shown in 1237 

the bottom panel represents the evolution of erodible landscapes during deglaciation, with the ice-free area in 1238 

brown, the area with active thermally-controlled erosion in pink, and the frozen area with less effective erosion 1239 

in blue. This projection of future sediment yield ignores glacier re-advance during cooling periods, 1240 

(dis-)connectivity changes, scale and threshold effects in sediment transport, the stabilization rate of deglaciated 1241 

landscapes, and human interference; and refers to relatively large mountainous cryospheric basins (larger than 1242 

1000 km2).  1243 
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 1247 

Glossary 1248 

CRYOSPHERE 1249 

The portion of Earth's surface where water exists in solid form, including glaciers, ice sheets, permafrost, 1250 

snowpack, and river, lake and sea ice. 1251 

 1252 

COLD REGIONS 1253 

High-altitude and/or high-latitude low-temperature environments, where hydrogeomorphic processes are 1254 

influenced by glacier, permafrost, snow, or river, lake and sea ice. 1255 

 1256 

CRYOSPHERIC BASINS 1257 

Basins where hydrological and geomorphic processes are influenced or even dominated by the cryosphere. 1258 

 1259 

PEAK MELTWATER 1260 

The maximum of the meltwater in flux from the glacierized drainage basin; the meltwater flux initially increases 1261 

with atmospheric warming and glacier melting, and then peaks, followed by a decline as glaciers shrink below 1262 

a critical size. 1263 

 1264 

PERMAFROST 1265 

Ground, consisting of ground ice, frozen sediments, biomass, and decomposed biomass, that remains at or below 1266 

0°C for at least 2 consecutive years. 1267 

 1268 

YEDOMA PERMAFROST 1269 

A type of Pleistocene-age permafrost that contains a substantial amount of organic material (2% carbon by mass) 1270 

and ground ice (ice content of 50-90% by volume) 1271 

 1272 

ACTIVE LAYER 1273 

The top layer of soil or rock overlying the permafrost that experiences seasonal freeze (in winter) and thaw (in 1274 
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summer). 1275 

 1276 

THERMOKARST LANDSCAPES 1277 

Landscapes with a variety of topographic depressions or collapses of unstable ground surface arising from 1278 

ground-ice thawing, including active-layer detachment, thermal erosion gullies, retrogressive thaw slumps, and 1279 

ice-rich riverbank collapse.  1280 

 1281 

TALIK 1282 

A layer of soil or sediment in permafrost that remains unfrozen year-round, usually formed beneath surface 1283 

water bodies.  1284 

 1285 

GLACIAL LAKE OUTBURST FLOOD 1286 

A flood caused by the rapid draining of an ice-marginal or moraine-dammed glacial lake, or supraglacial lake. 1287 

 1288 

BASAL SLIDING VELOCITY 1289 

The speed of slip of a glacier over its bed, which is facilitated by lubricating meltwater and limited by frictional 1290 

resistance between the glacier sole and its bed. 1291 

 1292 

PARAGLACIAL EROSION 1293 

Erosional processes directly conditioned by (de)glaciation, characterized by fluvial erosion and mass 1294 

movements, including landslides, debris flows, and avalanches. 1295 

 1296 

GLACIER EQUILIBRIUM LINE ALTITUDE 1297 

The elevation on a glacier where the accumulation of snow is balanced by ablation over a 1-year period. 1298 

 1299 

PERIGLACIAL 1300 

Refer to cold and nonglacial landforms on the margin of past glaciers or geomorphic processes occurring in 1301 

cold environments. 1302 

 1303 

ICE-FREE ERODIBLE LANDSCAPES 1304 

Landscapes that are not covered by glaciers and contain no ground ice, where erosion is dominated by non-1305 

glacial or ice controlled–processes, including pluvial and fluvial processes. 1306 

 1307 

THERMALLY-CONTROLLED ERODIBLE LANDSCAPES 1308 

Landscapes covered by glaciers and/or containing ground ice where erosion is dominated by glacial erosion 1309 

and/or thermokarst erosion. 1310 

 1311 

 1312 


