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Abstract1

Arctic coastal erosion damages infrastructure, threatens coastal communities, and releases organic2

carbon from permafrost. However, the magnitude, timing and sensitivity of coastal erosion in-3

crease to global warming remain unknown. Here, we project the Arctic-mean erosion rate to4

roughly double by 2100 and very likely exceed its historical range of variability by mid-21st cen-5

tury. The sensitivity of erosion to warming also doubles, reaching 0.4-0.5 m year−1 ◦C−1 and6

2.3-2.8 TgC year−1 ◦C−1 by the end of the century under moderate and high-emission scenarios.7

Our first 21st-century pan-Arctic coastal erosion rate projections should inform policy makers on8

coastal conservation and socioeconomic planning. Our organic carbon flux projections also lay out9

the path for future work to investigate the impact of Arctic coastal erosion on the changing Arctic10

Ocean, on its role as a global carbon sink, and on the permafrost-carbon feedback.11

Main12

Arctic coast erosion is caused by a combination of thermal and mechanical drivers. Permafrost13

thaw and ground-ice melt lead to soil decohesion and slumping, while surface ocean waves me-14

chanically abrade the Arctic coast [1]. Sea-ice loss expands the fetch for waves [2, 3], and prolongs15

the open-water season, increasing the vulnerability of the Arctic coast to erosion [4, 5]. In the past16

decades, coastal retreat rates have increased throughout the Arctic, often by a factor of two or more17

[6–10]. The historical acceleration of erosion in the Arctic is linked with the observed decreasing18
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sea-ice cover [2, 4, 11], increasing air surface [12, 13] and permafrost temperatures [14]. As for the19

future, Arctic surface air temperature is projected to exceed its natural range of variability within20

the next decades [15]. Arctic sea ice decline has already exceeded natural variability [15], and21

summer ice-free conditions are projected by mid-21st century [16]. New regimes of surface waves22

are also projected in the Arctic Ocean and along the coast [17–19]. Consequently, Arctic coastal23

erosion rates are expected to increase in the coming decades. However, the extent of this increase24

is still unknown, as no projections of Arctic coastal erosion rates are available. To fill this gap, we25

present the first 21st-century projections of coastal erosion at the pan-Arctic scale.26

The thawing of permafrost globally releases organic carbon (OC) and increases atmospheric27

and oceanic greenhouse gas concentrations, feeding back to further warming [20–23]. Arctic28

coastal erosion alone releases about as much OC as all the Arctic rivers combined [23, 24], fu-29

eling about one-fifth of Arctic marine primary production [25]. Despite consistent improvements30

in the representation of permafrost dynamics [26, 27], the current generation of Earth system mod-31

els (ESMs) does not account for abrupt permafrost thaw, which may cause projections of OC losses32

to be largely underestimated [28, 29]. Arctic coastal erosion is one form of abrupt permafrost thaw33

[22] and a relevant component of the Arctic carbon cycle [23, 30]. Nonetheless, it has not been34

considered in climate projections so far. The scale mismatch between Arctic coastal erosion and35

modern ESMs requires the development of holistic models, that account for the key large-scale36

processes to bridge this gap [30–32].37

In this study, we present a novel approach to represent Arctic coastal erosion at the scales of38

modern ESMs. We develop a semi-empirical Arctic coastal erosion model combining observations39

from the Arctic Coastal Dynamics (ACD) database [33], climate reanalyses, ESM and ocean sur-40

face wave simulations. Our model considers the main thermal and mechanical drivers of erosion41

as dynamical variables, represented by yearly-accumulated positive temperatures and significant42

wave heights, and constant ground-ice content from observations. Our approach allows us to make43

21st-century projections of coastal erosion at the pan-Arctic scale. We quantify the magnitude,44

timing and sensitivity of Arctic coastal erosion and its associated OC loss in the context of climate45

change.46

Emergence of Arctic coastal erosion47

We project the Arctic-mean coastal erosion rate to increase from 0.9±0.4 m/year during the his-48

torical period (1850-1950) to between 2.0±0.7 and 2.6±0.8 m/year by the end of the 21st Century49

(2081-2100), in the context of anthropogenic climate change, according to the socio-economic50

pathway (SSP) scenarios SSP2-4.5 and SSP5-8.5, respectively (Fig. 1a). This translates to an51

increase of the Arctic-mean coastal erosion rate by a factor of about between 2.2 and 2.9 by the52

end of the century with respect to the historical period. The SSP2-4.5 and SSP5-8.5 scenarios53

describe medium and high radiative forcings due to greenhouse gas emissions [34], respectively,54

and include the pathway of the current cumulative CO2 emissions [35]. In both scenarios, our55

projections show that the Arctic-mean erosion exceeds its historical range of variability before the56

end of the century (Fig. 1b).57
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Figure 1: Arctic coastal erosion projections. a) Time evolution of the Arctic-mean coastal erosion rate,
expressed as the combined effect of its thermal and mechanical drivers. b) Yearly probabilities that the
Arctic-mean coastal erosion rate leaves the historical range of variability, calculated from distributions of
ensemble spread and erosion model uncertainties (see Methods). In both scenarios, it is very likely (>90%
probability) that the Arctic-mean erosion emerges from its historical range by mid 21st century, although the
exact time of emergence is sensitive to our erosion model uncertainties. The thermal (c) and mechanical
(d) drivers of erosion, expressed as yearly-accumulated daily positive degrees and significant wave heights,
respectively. The erosion time series depict long-term means and therefore show little interannual variability
in comparison to its drivers.

We find it likely (≥66% probability) that the Arctic-mean erosion exceeds its historical range58

by around 2023, and very likely (≥90% probability) by 2049 (Fig. 1b), considering the largest59

distributions of uncertainties in our projections (i.e. ensemble spread and erosion model uncertain-60

ties). The emergence of the Arctic-mean erosion rate would very likely have happened by around61

2010,if we take only the ensemble spread to define the historical range. Significant differences in62

projections between the two scenarios are only noticeable in the second half of the century, after63

a complete emergence from the historical range. Our erosion time-of-emergence estimates reflect64

those of its drivers, which take place around mid-21st Century (Fig. 1c,d), in accordance with65

previous studies [15, 16].66

Arctic coastal erosion is typically caused by a combination of thermo-denudation (TD) and67

thermo-abrasion (TA) [1], which act together to thaw permafrost, melt ground ice, abrade and68

transport coastal material off shore. We take yearly-accumulated daily positive temperatures and69

significant wave heights to represent TD and TA: hereafter, the thermal and mechanical drivers of70

erosion, respectively. As various landform types compose the Arctic coast, the relative contribution71

of the thermal and mechanical drivers differs at the local scale. Erosion is predominantly thermally72

driven at retrogressive thaw slumps, observed at the Bykovsky Peninsula, Laptev Sea [36], and in73

3



the Mackenzie Delta region – Beaufort Sea [37, 38], for example (Fig. 2a), as the sediment trans-74

port from ocean waves play a secondary role in coastal retreat in such formations. Erosion is also75

predominantly thermally driven in enclosed bays and in coastal segments protected by spits and76

barrier islands, where the fetch for ocean waves is limited [39], although barrier island themselves77

are often susceptible to wave abrasion [40]. In contrast, erosion of ice-rich cliffs, which occur78

extensively along the Beaufort and Laptev Sea coast for example [6–8], requires the mechanical79

action from ocean waves to open notches at the land-sea interface, causing the subsequent failure80

of often still frozen large blocks of permafrost. In some locations, the relative contribution of the81

thermal and mechanical drivers is more balanced than described above. At Muostakh Island in the82

Laptev Sea, for example, thermo-denudation and abrasion are estimated to contribute similarly to83

maintain erosion rates of up to 25 m/year [8]. In our erosion model, we initially assume equal con-84

tributions from the thermal and mechanical drivers at the pan-Arctic scale during the observational85

period. This assumes that deviations occur comparably in both directions. We also make extreme86

10-90% and 90-10% scenarios of relative thermal-mechanical contributions to test the sensitivity87

of our results to that assumption (see Methods and Table S1). Attributing 90% of mechanical88

contribution yields about 15-20%s larger Arctic-mean coastal erosion projections by 2100 (and89

vice-versa), because the Arctic-mean wave exposure increases more than the thawing temperature90

exposure along the coast, with respect to their historical values (Fig. S1a).91

Spatial variability of erosion92

The thermal and mechanical drivers of erosion explain about 36-47% of its observed spatial93

variability in multiple linear regression models. On one hand, wave exposure, combined with94

ground-ice content, best explains the spatial variability of erosion in most of the coastal segments95

(r = 0.69 ± 0.12, mean ±2σ, Fig. 2b), where erosion is not extremely high (∼90th percentile,96

<2.5 m/year). The local wave exposure information indeed integrates several important sources97

of erosion variability. Not only does wave exposure promote cliff abrasion and subsequent sedi-98

ment transport, but it is also proportional to open-water season (OWS) duration, which has been99

suggested to be the first-order driver of coastal erosion rate variability [2, 32]. In addition, sea-ice100

melt, and thus increasing OWS duration, responds to increasing surface air temperature, which101

also drives permafrost thaw and thus erosion by thermo-denudation. On the other hand, spatial102

differences among segments of extremely high long-term erosion rates are best characterized by103

thawing temperature exposure combined with ground-ice content (r = 0.61 ± 0.42, Fig. 2c). This104

suggests that thermo-denudation plays a more important role in driving coastal erosion rates at105

extreme-erosion segments, than at non-extreme ones. Among both extreme and non-extreme ero-106

sion segments, ground ice adds explanatory power, as it increases the susceptibility of permafrost107

to thaw and hence erosion. Our results are in accordance with previous work, which reported weak108

spatial correlations between ground-ice content and erosion rates [33]. Strong temporal correla-109

tions between erosion and thawing temperature exposure have also been reported for Muostakh110

Island – Laptev Sea [8], where erosion rates are often in the range between 10 and 20 m/year111

[8, 41]. We further combine the temporal evolution of the Arctic-mean erosion with its spatial112
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Figure 2: Observed and modelled erosion rate spatial variability. a) Observed long-term coastal erosion
mean rates from the ACD database [33] used in this study (see Methods). Modelled against observed
erosion rates in (b) non-extreme and (c) extreme erosion segments. Observed values are denoted by
colored circles on the maps and on the scatter plots. Uncertainties represent 2σ confidence intervals from
the distribution of regression coefficients. Modelled historical-mean (1850-1900) (d) and end-of-the-century
(2081-2100) erosion rates according to the SSP2-4.5 (e) and SSP5-8.5 (f) scenarios. The histograms in g
display the historical and projected erosion time-means from the maps in d, e and f. Distributions shift and
spread over time.

distribution to make projections of erosion rates at the coastal segment resolution (Fig. 2d-f).113

The geographical distribution of low and high-erosion segments does not change substantially114

from observations over time in our projections, which is partially a consequence of our model115

design, as explained by the three following reasons. First, we assume that the spatial model coef-116

ficients, empirically determined, remain unchanged throughout our simulations. Second, ground-117

ice content, an explanatory variable in our regression model, is also assumed constant over time.118

Third, our regression model accounts for only a fraction of the spatial variability in erosion, and119

may thus underestimate larger spatial changes to occur over time. Moreover, and independent from120

model design, local anomalies of the dynamical variables (i.e. local wave and thawing tempera-121

ture exposure) are smaller in magnitude than their Arctic-mean increase. Therefore, our modelled122

changes in the spatial variability of erosion are small in comparison to its Arctic-mean increase.123

Nonetheless, our modelled spatial spread of erosion increases with time (Fig. 2g). The 5th-95th
124

percentile range of erosion rate distributions increases from 3.6 (0-3.6) m/year in the historical pe-125

riod to 3.9 (0.9-4.8) and 4.2 (1.4-5.7) m/year in the SSP2-4.5 and SSP5-8.5 scenarios, respectively.126

Temporally resolved erosion rate observations are rare, often sparse in time, and only available at127

a relatively small number of locations [10]. Only with such observations, temporally resolved and128
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at the pan-Arctic scale, would empirical models be able to better constrain the temporal evolution129

of spatial variability of coastal erosion.130

Spatial variability of organic carbon losses131

The pan-Arctic OC loss from coastal erosion increases from 6.9 (1.5-12.3) TgC year−1 during the132

historical period to between 13.1 (6.4-19.7) TgC year−1 and 17.2 (9.0-25.4) TgC year−1 by the end133

of the century in the SSP2.4-5 and SSP5-8.5 scenarios, respectively (Fig. 3). For the present-day134

climate (i.e. the period for which erosion observations are available), we estimate a pan-Arctic135

OC loss from coastal erosion of 8.5 (3.3-13.7) TgC year−1 . Both our simulated present-climate136

mean and uncertainty range are comparable with previous estimates from observations [24, 33].137

Our projections suggest a pan-Arctic OC flux increase by a factor of between 1.5 and 2.0 with138

respect to the present-day climate, or by a factor of between 1.9 and 2.5 by 2100 with respect to139

the historical period.140
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Figure 3: Projected organic carbon loss. Changes in organic carbon released annually by coastal erosion
according to observations-based estimates and in our model simulations for the historical period (1850-
1950), current climate (according to observations from the ACD [33]) and at the end of the 21st century
(2081-2100) in the two future scenarios. The height of bars represent the total uncertainty of our projections,
which we disentangle between ensemble spread, spatial and temporal erosion model components. Most of
the uncertainties originate from the empirical estimates of the erosion model parameters (76-97%) and the
smallest fraction to the ensemble spread (3-24%).

The Laptev and East Siberian Seas (LESS, Fig.2a) together account for about three quarters141

of the pan-Arctic OC losses in our simulations, in accordance with observations-based estimates142

[24]. This also holds truth for future scenarios. The reason for the relatively high OC fluxes143

from the LESS coast is twofold. First, the region comprises coastal segments of extremely rapid144

erosion, often between 10 and 20 m/year [8, 41]. Second, the LESS coast is dominated by Yedoma145

ice-complex deposits, where ground-ice concentration reaches more than 80% of soil volume [8,146

42], and organic-carbon content is extremely high, reaching about 5% of weight [33]. From the147

LESS, we simulate a present-climate OC flux of 6.5 (2.4-10.6) TgC year−1 , comparable to the148

2.9-11.0 TgC year−1 range estimated by Wegner et al. (2015) [24], and comprising the ACD149
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value of 7.7 TgC year−1 . In an extensive campaign over the LESS continental shelf, Vonk et al.150

(2012)[23] determined that about 20 TgC year−1 are buried in the LESS sediment, which would151

originate from a combination of coastal and seafloor erosion. Accounting for degradation before152

burial and assuming an equal contribution from coastal and subsea erosion, about 11 (7-15) TgC153

year−1 would be released by coastal erosion alone. The LESS estimate of Vonk et al. (2012)154

[23] is 43-57% larger than other observations-based estimates [24] and about 69% larger than our155

present-climate modelled value. These differences are likely due to extensive and high-resolution156

sampling, allowing for more accurate upscaling [23]. However, the uncertainties associated with157

the contribution between coastal and subsea erosion comprehend our modelled range (their Table158

S6 [23]). Therefore, an underestimation from our side is not conclusive. From the LESS coast,159

we project an increase in OC fluxes from 5.3 (1.0-9.6) TgC year−1 in the historical period to 9.6160

(5.7-13.4) TgC year−1 in the SSP2-4.5 and 12.4 (7.8-17.1) TgC year−1 in the SSP5-8.5 scenarios161

by 2100, which translates to an increase by a factor of between 1.8 and 2.3.162

The Beaufort Sea coast accounts for about half of the remaining fraction of pan-Arctic OC flux,163

releasing 0.9 (0.4-1.4) TgC year−1 during the present climate in our simulations, in agreement with164

the 0.7 TgC year−1 estimates from the ACD [33], however larger than previous estimates of 0.2-165

0.4 TgC year−1 [24] (Fig. 3). Hotspots of extreme erosion are also observed in the Beaufort Sea166

coast. Extensive field work has been recently carried out, especially in the Yukon coast region,167

showing increasing erosion rates and suggesting that the associated OC fluxes could have been168

previously underestimated [9, 22, 43–45]. We project an OC flux increase from the Beaufort169

Sea coast from 0.7 (0.2-1.2) TgC year−1 in the historical period to between 1.6 (0.9-2.3) TgC170

year−1 and 2.3 (1.4-3.1) TgC year−1 by 2100 in the SSP2-4.5 and SSP5-8.5 scenarios, respectively,171

translating to an increase by a factor of between 2.3 and 3.3. The remaining marginal Arctic Seas172

contribute with yearly OC fluxes at absolute amounts similar to those from Beaufort Sea in our173

projections, accounting for about 12-14% of the pan-Arctic totals.174

Coastal erosion is estimated to sustain about one fifth of the total Arctic marine primary pro-175

duction at present-climate conditions [25]. Therefore, the projected additional OC loss could have176

a substantial impact on the Arctic marine biogeochemistry. However, the fate of the organic carbon177

released by Arctic coastal erosion is currently under active debate. Field work has shown that be-178

tween about 13% and 65% of the OC released into the ocean by coastal erosion could settle in the179

marine sediment [44–46], slowing down remineralization. In the sediment, organic matter degra-180

dation would then take place at millennial time scales [47]. However, in the shallow nearshore181

zone, resuspension driven by waves and storm activity increases the residence time of OC in the182

water column, and allows for more effective remineralization [48]. Moreover, partial degradation183

of the eroded material takes place before it enters the ocean, releasing greenhouse gases directly184

to the atmosphere [22, 23, 49]. The OC degradation time scale thus also depends on its transit185

time onshore [49]. It is therefore challenging to determine short-term impacts from the projected186

additional OC fluxes from coastal erosion, as large uncertainties still remain regarding pathways187

of OC degradation.188

We partition the uncertainty sources in our projections between three sources: ensemble spread,189

7



temporal, and spatial erosion model components (see Methods). Our erosion model contributes the190

most to the uncertainties in our simulations: from about 76% of the total uncertainty range in the191

historical period and up to 97% by the end of the century in SSP5-8.5. The ensemble spread is192

responsible for the remaining 24% of the total uncertainty during the historical period, and for only193

3% to 6% of the total range at the end of the future scenarios. The spatial component of the erosion194

model accounts for about half of the total range of uncertainties, on average, without significant195

changes in proportion over time. The fraction of uncertainties stemming from the temporal model196

component increases from about 33% of the total range in the historical period to about 55% by197

the end of the century in SSP5-8.5 due to the increasing magnitude of the erosion drivers. The198

distribution of sources of uncertainties in our projections is qualitatively similar between the pan-199

Arctic and the regional totals.200

Sensitivity of erosion and carbon losses to climate change201

The sensitivity of Arctic coastal erosion to climate change increases over time in our simulations,202

and is tightly related with the Arctic amplification (AA) [12] after its onset. Arctic coastal erosion203

increases more rapidly in response to increasing global mean surface air temperature (SAT) in204

the future scenarios than it does in the historical period. Before the mid 1970s, neither global205

nor Arctic-mean SAT decadal trends are consistently significantly positive yet (Fig. 4a). During206

this period, the correlation between the Arctic-mean erosion rate and the Arctic-mean SAT is207

weak (r = 0.26 ± 0.29, mean ±2σ range, Fig. 4b). However, after the 1970s, correlations208

between erosion and Arctic SAT increase substantially (SSP2-4.5: r = 0.68 ± 0.18, SSP5-8.5:209

r = 0.93±0.06, 2081-2100 means), driven by the concurrent increasing trends. This turning point210

is also marked by the AA onset, when the Arctic SAT starts increasing at a faster pace than the211

global SAT, i.e. the AA factor is consistently larger than 1 (Fig. 4c). Therefore, the sensitivity212

of erosion to global SAT reflects the sensitivity of Arctic SAT to global SAT – quantified as the213

AA factor – after the AA onset, given the strong correspondence between erosion and the Arctic214

SAT at that time (Fig. 4d). The sharp increase of erosion sensitivity and the AA factor to their215

maximum values in the early 2000s is a signature from the so-called ”hiatus” in global warming216

[50]. Global mean SAT stalls between the late 1990s and the early 2010s, while the erosion drivers217

continue to increase (Fig. S1b,c). Sensitivity values level off in the second half of the 21st Century,218

when global mean SAT trends decelerate. End-of-century sensitivities are lowest in the SSP2-4.5219

scenario, when Arctic SAT trends decrease sharply to reach the also consistently decreasing global220

SAT trends, and the AA factor approaches one. In order to avoid the effect of the warming hiatus,221

we quantify erosion sensitivity considering the historical period until before the AA onset, and222

during the last 50 years in the scenario simulations.223

The sensitivity of the Arctic-mean erosion rate to global mean SAT increases significantly from224

0.18±0.31 m year−1 ◦C−1 on average during the historical period until 1975, to at least double225

(between 0.40±0.16 and 0.48±0.21 m year−1 ◦C−1 ) during the second half of the 21st Century226

following the SSP2-4.5 and SSP5-8.5 scenarios, respectively. This translates to an increase in227

the sensitivity of OC losses to climate warming from 1.4 TgC year−1 ◦C−1 in the historical period228
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Different window lengths show qualitatively similar results (not shown). The AA onset (dashed blue line)
takes place in 1976, when the Arctic SAT increases at a faster pace than the global mean SAT, i.e. the AA
factor is larger then 1. After the the 1970s, the AA factor is consistently significantly larger than 1, except for
late 21st-century in the SSP2-4.5 scenario, when global and Arctic mean SATs deaccelerated and 20-year
trends are momentarily similar.
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before until 1975, on average, to between 2.3 and 2.8 TgC year−1 ◦C−1 following the SSP2-4.5 and229

SSP5-8.5 scenarios, respectively.230

The sensitivity parameters are useful tools to assess the state of Arctic coastal erosion increase231

and the associated OC fluxes at intermediate states or policy-based targets of global warming. It232

must be noted, however, that the sensitivity parameters usually assume linear relationships between233

the forcing and outcome variables [51]. Similarly, in our erosion model, we assume that the linear234

combination of thermal and mechanical drivers of erosion provides us with first-order large-scale235

information on the time evolution of Arctic coastal erosion, associated with a range of uncertain-236

ties and scenarios of proportionality factors. Non-linear effects could emerge, for example, from237

earlier onsets of the storm season overlapping with longer-lasting positive temperatures into fall.238

We do not consider sea-level change in our projections. Adding sea-level change as a temporal239

driver of erosion would increase future erosion and the sensitivity parameters, if it increases pro-240

portionally faster than our thermal and mechanical drivers with respect to the historical period. We241

do not directly consider episodic water level changes due to storms, which are relevant for coastal242

abrasion and sediment transport. However, by using a global dynamical wave model, and integrat-243

ing yearly wave exposure at the coastal-segment level, we do incorporate the effect of storms in244

our mechanical driver of erosion. Our erosion model, relatively simple in comparison with higher-245

resolution and process-based strategies [52–57], does not intended to represent all processes, often246

of fine spatial scale (order of meters or less), associated with the erosion of the Arctic coast. Here,247

we empirically parameterize the role of the the main, first-order drivers of Arctic coastal erosion at248

larger-scales, compatible with the resolution and mechanisms represented in ESMs (order of tens249

or hundreds of kilometers). Future work on coastal erosion modelling is necessary to constrain our250

relatively large uncertainties. Nonetheless, our semi-empirical approach allows us to make pan-251

Arctic projections of coastal erosion, its associated OC fluxes, and thus estimate the magnitude,252

timing and sensitivity of their increase to global warming.253

Conclusions254

We present a semi-empirical model for coastal erosion to make 21st-century pan-Arctic projections255

of erosion rates and associated organic carbon (OC) losses. Our model accounts for temporal and256

spatial variability of erosion, combining wave and thawing temperature exposure with ground-ice257

content as explanatory variables. With our approach, we are able to provide estimates of magni-258

tude, timing and sensitivity of Arctic coastal erosion increase to climate change. The Arctic-mean259

erosion rate increases by a factor of between 2.2 and 2.9 from the historical period (1850-1900)260

to the end of the 21st Century following the SSP2-4.5 and the SSP5-8.5 scenarios, respectively.261

The associated pan-Arctic OC flux increases by a factor of 1.9-2.5 at the same time, reaching262

up to 17.2 (9.0-25.4, two standard-deviation range) TgC year−1 in the SSP5-8.5 scenario. Our263

projections show that Arctic coastal erosion is very likely (at least 90% probability) to exceed its264

historical range of variability before end of the century, even in the intermediate-emission scenario.265

We estimate that the sensitivity of Arctic coastal erosion to climate also increases with time, fol-266

lowing the Arctic amplification after its onset in the 1970s, due to the strong relationship between267
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erosion and Arctic SAT at that time. During the second half of the century, one degree of global268

warming is associated with an increase of the Arctic-mean erosion by about 0.4-0.5 m/year and269

2.3-2.8 TgC/year of associated OC carbon loss, equivalent to about 5-8% of the present-climate270

OC yearly flux from the Arctic rivers into the Ocean. Arctic coastal erosion will increase more271

rapidly in the future in response climate change, roughly doubling in rates by 2100, and likely272

reaching values unseen before in the past century. Our projections allow future work to investigate273

the impact of Arctic coastal erosion on the permafrost-climate feedback, and the future evolution274

of the Arctic Ocean’s ecosystems and its role as a global carbon sink. Moreover, our results should275

also inform policy makers on coastal conservation and socioeconomic planning at the pan-Arctic276

level, focusing on the sustainable future of Arctic coastal communities.277
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Methods291

Data292

Arctic coastal observations.293

We use the Arctic Coastal Dynamics (ACD) database [33] as our observational reference. The294

ACD compiles several sources of data and provides a list of variables for a total of 1314 coastal295

segments along the Arctic coast, including: long-term erosion mean rates, organic carbon concen-296

tration, soil bulk density, ground-ice fraction, mean elevation and length. From the 1314 segments,297

we take those classified as erosive and non-lithified, which excludes segments from the rocky298

coasts in Greenland and in the Canadian Archipelago and other segments that present stable or299
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aggrading dynamics. We also select segments containing excess ice, which excludes all the non-300

erosive segments from Svalbard, for example. We this work with a subset of 306 coastal segments301

in our analysis.302

303

Reanalysis304

We take 2-meter air temperature and significant wave heights from ERA20C reanalysis [58] as305

empirical variables in our coastal erosion model. Data are taken in the same periods for which the306

erosion rates are provided in the ACD. The temperature and wave data have ∼ 1.12o (atmosphere)307

and 1.5o (waves) horizontal resolution. We assign the closest land grid cell in ERA20C from its308

atmospheric grid to ACD segments, and two rows of adjacent cells from the ocean grid.309

310

Climate projections311

To force our coastal erosion model, we use a 10-member ensemble of simulations from the Max312

Planck Institute Earth System Model (MPI-ESM) version 1.2 in its low-resolution configuration313

[59] performed for the Coupled Model Intercomparison Project phase 6 (CMIP6) [34]. In this314

configuration, the atmospheric component ECHAM6.3 has horizontal resolution of T63 (∼200315

km), and 47 vertical levels. The oceanic component MPIOM1.6 uses the curvilinear grid GR1.5,316

which has mean horizontal resolution of ∼150 km and 40 vertical levels. We use the historical317

simulations (1850-2014) and two future Shared Socioeconomic Pathway (SSP) scenarios for the318

21st century projections (2015-2100), namely: the SSP2-4.5 and the SSP5-8.5, which represent a319

mid-range and a high-end emission scenario, respectively. This range of scenarios is realistic it320

terms of current cumulative CO2 emissions [35].321

322

Ocean wave simulations323

We use the wave model WAM [60] to generate a 10-member ensemble of global waves for his-324

torical, SSP2-4.5 and SSP5-8.5 scenarios, forced by the MPI-ESM ensemble. In our setup, WAM325

has 1o grid resolution and is forced with daily sea-ice concentration (threshold of 15% to define326

open-water), 6-hourly 10-meter winds, and a realistic ETOPO2-based bathymetry as boundary327

conditions.328

Semi-empirical Arctic coastal erosion model329

We present a simplified model for Arctic coastal erosion, compatible with the scales of Earth330

system models. Our model considers the dominant physical thermal and mechanical drivers of331

erosion, also referred to as thermal-abrasion (TA) and thermal-denudation (TD) [1]. The model is332

constrained to only simulate erosion at the presence of ground ice and at the absence of coastal333

sea ice. We use an empirical approach to quantify the relationship between the physical drivers,334

constraints and the erosion rates, by comparing the observations from the ACD with ERA20C335

reanalysis. The empirically estimated parameters are then applied to all coastal segments, which336

provides us with erosion rates in the pan-Arctic scale. Our model has yearly time resolution, and337

the spatial resolution follows the definitions of the ACD coastal segments.338

12



The total erosion E(t,x) [m year−1 ], defined in every year t and coastal segment x(lat, lon), is339

given as a combination of a temporal and a spatial component.340

E(x, t) = E(t) + ∆E(x, t) (1)

The temporal component represents the temporal evolution of the Arctic-mean erosionE(t) [m341

year−1 ]. The spatial component ∆E(x, t) [m year−1 ] represents local departures from the Arctic342

mean at every year and coastal segment, providing spatially distributed values of erosion. Here-343

after, we use ”Arctic mean”, denoted by the overline, to refer to means along the Arctic coast. All344

data associated with ACD coastal segments are weighted by segment lengths in the computation345

of means.346

347

The temporal component348

The temporal component of our model is a linear combination of Arctic means of the thermal and349

mechanical drivers of erosion.350

E(t) = aT D T (t) + aT A H(t) (2)

The thermal driver of erosion is represented by Arctic-mean yearly-accumulated daily-mean351

positive 2-meter air temperatures T (t) [◦C day year−1 ], also commonly known as positive degree-352

days or thawing-degree days. The mechanical driver of erosion is represented by Arctic-mean353

yearly-accumulated daily significant wave heights H(t) [m day year−1 ].354

We empirically estimate the linear coefficients aT A [m m−1 day−1 year] and aT D [oC m−1 day−1 year]355

by scaling the Arctic-mean physical drivers, from ERA20C reanalysis, with the observed coastal356

erosion rates from the ACD. This is done for the reference time tobs, during which observations are357

available.358

aT A = q
Eobs

H(tobs)
(3)

aT D = (1 − q)
Eobs

T (tobs)
(4)

We assume that the thermal and mechanical drivers aT DT (t) and aT AH(t) contribute in equal359

proportions to the Arctic-mean erosion during the reference time. We do that by setting the pro-360

portionality factor q to 0.5. We test the sensitivity of our results to this assumption by making361

scenarios with q = 0.1 and q = 0.9 (see Table S1 and Fig. S1a in the supplementary material).362

363

The spatial component364

The spatial component of our erosion model calculates local erosion anomalies with respect to365

the Arctic-mean temporal evolution, and consists of two multiple linear regression (MLR) models.366
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We split the coastal segments in two groups by classifying them between extreme and non-extreme367

with respect to erosion, using 2.5 m/year as a threshold (∼90th percentile). We do not find a dis-368

tinct separation between extreme and non-extreme segments in terms of geographical location (Fig.369

2a), neither in terms of coastal morphology. Both groups show similar distributions of ground-ice370

content, mean cliff height, bathymetric profile, bulk density, as well as mean thermal and mechan-371

ical forcings derived from thawing temperature and ocean waves, for example (not shown). We372

test a comprehensive number of combinations of dynamical and geomorphological parameters as373

explanatory variables in MLR models, simultaneously maximizing goodness-of-fit and penalizing374

model complexity (Table S3). We fit MLR models using the usual Ordinary Least Square (OLS)375

method. The goodness-of-fit of models is assessed with the proportion of explained variance and376

root-mean squared error (RMSE). Since increasing the number of combined explanatory variables377

necessarily increases the model fit and may lead to overfitting, we penalize model complexity by378

assessing the changes in the Akaike Information Criterion (∆AIC) in parallel. The best performing379

combination of covariates is the one which maximizes correlation (or proportion of explained vari-380

ance) and minimizes RMSE and ∆AIC (Fig. S2). We train the spatial component of our erosion381

model only on those segments classified as ”high quality” with respect to erosion data. We include382

medium-quality segments to train the model for the high-erosion case to increase our sample size383

and thus also statistical robustness. We validate each combination of regression coefficients with384

unseen data by performing a leave-one-out cross validation test. We use a Bootstrap approach with385

10 thousand sampling iterations to obtain distributions of model coefficient estimates, and thus386

their associated uncertainties.387

Three variables compose the best performing combinations: a) daily-mean thawing temper-388

ature exposure, expressed as the yearly-accumulated daily positive temperature divided by the389

number of positive-temperature days per year Tday [◦C year−1 ], b) daily-mean wave exposure, ex-390

pressed as the yearly-accumulated daily significant wave heights divided by the number of open-391

water days per yearHday [m year−1 ], and c) ground-ice content θ [% of soil volume]. On one hand,392

combining ground-ice content with daily-mean wave exposure (θ+Hday) explains about 47% of the393

observed spatial variance among non-extreme (2.5 m/year threshold) erosion segments (r = 0.69,394

9-95th-percentile range: r = 0.60−0.78, Fig. 2b, Fig. S3a). On the other hand, combining ground-395

ice content with the daily-mean thawing temperature exposure (θ+Tday) explains about 36% of the396

variance among extreme-erosion segments (r = 0.61, 9-95th-percentile range: r = 0.31 − 0.94,397

Fig. 2c, Fig. S3a). The linear regression coefficients b obtained with the selected variable combi-398

nations are statistically significant (p < 0.01).399

∆E(x, t) =











bθ∆θ(x) + bH∆Hday(x, t) if Eobs(x) < 2.5 m year−1

b′

θ∆θ(x) + bT ∆Tday(x, t) otherwise
(5)

Swapping the combinations and groups, that is, using θ+Hday for the extreme and θ+Tday for400

the non-extreme erosion segments, yields overall poorer fits (Fig. S3a,b) and less robust estimation401

of regression coefficients (Fig. S3c-e). We also test the sensitivity of these results to the choice402
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of the threshold to define extreme erosion. Allowing for an overlap between the extreme and non-403

extreme segments by lowering the threshold to 2.0 m/year, for example, increases the robustness of404

the Tday regression coefficient estimate for the extreme group (Fig. S3d) by increasing the number405

of data points, and yields a similar fit to that of the higher threshold (θ+Tday in Fig. S3a,b) and also406

similar ground-ice coefficients (θ+Tday in Fig. 3Sc).407

Finally, the total erosion is constrained to the open-water period, and set to zero whenever and408

wherever sea-ice concentration (SIC) is above 15% at the coast. Combining the temporal (Eq. 2)409

and spatial (Eq. 5) components into our total erosion model (Eq. 1), conditioned by open-water410

and the extreme-erosion threshold, our model assumes the complete form:411

E(x, t) =























aT D T (t) + aT A H(t) +











bθ∆θ(x) + bH∆Hday(x, t) if Eobs(x) < 2.5 m/year

b′

θ∆θ(x) + bT ∆Tday(x, t) if Eobs(x) ≥ 2.5
if SIC (x) < 15%

0 if SIC (x) ≥ 15%

(6)

Bias correction412

Before forcing the erosion model with MPI-ESM data, we adjust the historical and scenario simu-413

latins for climate biases. The bias is removed between ERA20C data (used to estimate our model414

parameters) and MPI-ESM ensemble means at the coastal segments and reference periods from415

observations. The modelled distributions are shifted and scaled, so that their means and spread fit416

those of ERA20C at the reference time.417

Organic carbon fluxes418

We translate linear erosion rates into volumetric erosion rates Evol [m3 year−1 ], sediment fluxes419

S [Kg year−1 ], and carbon fluxes Cflux [Kg year−1 ], considering the mean geometry and ground420

properties of each coastal segment.421

Evol(x, t) = E(x, t) L(x) h(x)

S(x, t) = Evol(x, t) (1 − θ(x)) ρ(x)

Cflux(x, t) = S(x, t) Cconc.(x)

(7)

where L and h are the segments’ mean length and elevation [m], θ is the ground-ice content422

[% volume], ρ is the soil bulk density [Kg/m3], and Cconc. is the organic carbon concentration [%423

weight]. We integrate over the coastal segments:424

Cflux(t) =
∑

x

Cflux(x, t) (8)

to obtain the total Arctic flux.425
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Sensitivity to climate change426

We estimate the sensitivity of the organic carbon release by Arctic coastal erosion to climate change427

following the approach of Friedlingstein et al. (2006) [51]; however, with a simplified set of428

tools. In their work, Friedlingstein et al. compare pairs of ”coupled” and ”uncoupled” simulations,429

where the increasing atmospheric CO2 concentration either affects climate, or is neutral in terms430

of radiative effect. This pairwise comparison is necessary because the land-atmosphere and ocean-431

atmosphere carbon fluxes respond to changes in both climate and atmospheric CO2 concentrations.432

Therefore, the difference between their coupled and uncoupled simulations provide the isolated433

effect of the CO2-induced changes in climate on carbon fluxes from the effect of the changing434

atmospheric CO2 concentration. In our case, changes in atmospheric CO2 alone do not induce any435

Arctic coastal erosion response, if not by its radiative effect. An uncoupled simulation, where CO2436

does not induce a change in climate, would not yield any change in the organic carbon released437

by Arctic coastal erosion. Therefore, we can estimate the sensitivity of the organic carbon release438

by Arctic coastal erosion to climate γ [TgC year−1 oC−1 ] by comparing changes in global mean439

surface temperature and the resulting changes in carbon fluxes from erosion.440

Probability and onset of emergence from the historical range441

We define the yearly probability density distribution of a modelled variable ψ as the normal dis-442

tribution N(t) at year t. The mean of N(t) is the ensemble mean and its standard deviation is443

the ensemble standard deviation (plus the standard deviation of the distribution of erosion model444

uncertainties in specific situations, made clear in the text). Similarly, the historical range of a mod-445

elled variable ψ is the normal distribution fitted to its average over the period 1850-1950 Nhist.446

We calculate the area of distributions Ahist =
∫

Nhistdψ and A(t) =
∫

N(t)dψ to determine their447

overlap Ahist ∩ A(t). We define the probability of emergence from the historical range P (t), i.e.448

the probability that N(t) be different from Nhist, as the fraction of A(t) that emerges from Ahist:449

P (t) =
A(t) − Ahist ∩ A(t)

A(t)
× 100 [%] (9)

We define the onset of emergence as the year when the ensemble mean is larger than µ + 2σ450

from historical range Nhist.451

Estimation of uncertainties452

All ranges of uncertainties, except when clearly stated otherwise, are calculated with a Bootstrap453

method, which suits cases where the number of data is relatively small. From any vector X of454

arbitrary length, a large number (i.e. 10 thousand) of vectors X
i (i = 1, 2, · · · 10k) is generated455

by sampling with replacement from X. The uncertainty of any statistics of X is estimated from456

the distribution of i realizations of the statistics obtained from X
i.457
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