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Abstract This study assesses the vulnerability of Arctic coastal settlements and infrastructure to coastal
erosion, Sea-Level Rise (SLR) and permafrost warming. For the first time, we characterize coastline retreat
consistently along permafrost coastal settlements at the regional scale for the Northern Hemisphere. We
provide a new method to automatically derive long-term coastline change rates for permafrost coasts. In
addition, we identify the total number of coastal settlements and associated infrastructure that could be
threatened by marine and terrestrial changes using remote sensing techniques. We extended the Arctic
Coastal Infrastructure data set (SACHI) to include road types, airstrips, and artificial water reservoirs.
The analysis of coastline, Ground Temperature (GT) and Active Layer Thickness (ALT) changes from 2000
to 2020, in addition with SLR projection, allowed to identify exposed settlements and infrastructure for
2030, 2050, and 2100. We validated the SACHI-v2, GT and ALT data sets through comparisons with in-situ
data. 60% of the detected infrastructure is built on low-lying coast (<10 m a.s.l). The results show that in
2100, 45% of all coastal settlements will be affected by SLR and 21% by coastal erosion. On average, coastal
permafrost GT is increasing by 0.8°C per decade, and ALT is increasing by 6 cm per decade. In 2100, GT
will become positive at 77% of the built infrastructure area. Our results highlight the circumpolar and
international amplitude of the problem and emphasize the need for immediate adaptation measures to current
and future environmental changes to counteract a deterioration of living conditions and ensure infrastructure
sustainability.

Plain Language Summary We examine the exposure of Arctic coastal infrastructure and settlements
to coastal erosion, sea-level rise (SLR) and permafrost warming. Based on trend analyses from the years 2000 to
2020, we have identified areas that will be affected by 2030, 2050, and 2100. Our research finds that by 2100,
45% of permafrost coastal settlements will be affected by SLR, and 21% will face infrastructure damage due to
coastal erosion. Permafrost is warming by 0.8°C per decade, and the soil surface layer thawing every summer is
deepening, which will most likely affect the majority of existing coastal infrastructure due to reduced ground
stability. This is the first study assessing coastal settlements around the Arctic at risk from coastal erosion, SLR
and permafrost warming along permafrost coasts with a consistent observation method. We estimate that
numerous coastal settlements and their infrastructure will be affected by changing environmental conditions by
2100. These findings highlight the urgent need for adaptation strategies to mitigate infrastructure damage and
protect the living conditions in Arctic permafrost coastal areas.

1. Introduction

Due to the amplified warming of the Arctic, its oceanic and terrestrial environment are experiencing rapid
changes. Models project a significant increase of these changes by 2100 (IPCC, 2023), impacting the Arctic
biosphere. The Arctic Ocean sea-ice extent and thickness is already rapidly declining (Meredith et al., 2019;
Stroeve & Notz, 2018). Since 1979, the duration of open-water conditions along the entire Arctic coastline has
nearly doubled, with a notable expansion into fall (Barnhart et al., 2014). Further decline of the summer sea-ice
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extent is projected to decrease by 12.6% per decade and the open-water season to lengthen from 63 to 90 days by
2100, increasing the exposure time of the Arctic coasts to the erosive force of water (Crawford et al., 2021, 2022;
Overeem et al., 2011). Rising air temperature, increasing ground temperature, and higher precipitation levels are
causing the degradation of terrestrial permafrost (Smith et al., 2022; Vasiliev et al., 2020). Temperature mea-
surements from the Global Terrestrial Network for Permafrost indicate an increase in permafrost temperature of
0.39°C per decade in the Arctic continuous permafrost zone, as reported by Biskaborn et al. (2019). Based on the
combination of modeling and satellite-derived observations, permafrost GT at 2 m depth has been increasing on
average by about 1°C from 1997 to 2019, across the Northern Hemisphere (NH) (Bartsch et al., 2023). A
continued pace of this warming will very likely result in large scale near-surface permafrost loss by 2100 (Guo
et al., 2023). Permafrost warming contributes to the deepening of the active layer, enhancing thermokarst pro-
cesses where ground-ice thawing generates lake and thaw-pond formation, lake drainage, ground subsidence and
coastal erosion (Nitzbon et al., 2024; Smith et al., 2022).

At the interface between land and sea, the permafrost coastline, as well as coastal settlements, are subject to
various pressures. Arctic permafrost coasts are among the fastest eroding coasts on Earth, with local erosion rates
exceeding 40 m/yr (Malenfant et al., 2022; Obu et al., 2017). The average pan-Arctic coastal retreat rate was
estimated to 0.5 m/yr by Lantuit et al. (2012) and is expected to double before the end of the century (Nielsen
et al., 2022). Erosion is a natural process but was observed to already accelerate in various regions during the last
decades (Irrgang et al., 2018; Isaev et al., 2019; Jones et al., 2018; Tanguy, Whalen, Prates, Pina, et al., 2023;
Tanguy, Whalen, Prates, & Vieira, 2023; Whalen et al., 2022). High retreat rates are mainly occurring where
unconsolidated but ice-bound tundra cliffs are exposed to waves during the sea-ice free season and along low-
lying areas prone to recurring flooding events (Obu et al., 2017). The Beaufort Sea coast is experiencing the
highest mean retreat rates with 1.1 m/yr (Cunliffe et al., 2019; Overduin et al., 2014; Thomas et al., 2020).

The Global Mean Sea-Level (GMSL) has risen at a rate of 3.3 mm per year since 1993, with an acceleration
observed during the twentieth century, mainly due to the loss of land ice and the thermal expansion of seawater
(Cazenave et al., 2018; Frederikse et al., 2020). Due to multiple contributing factors, regional variability is
significant and regional relative sea-level change needs to be considered when assessing potential impacts on
coasts. The primary obstacle in studying Arctic sea-level variation is the lack of observational data. The majority
of tide gauges with extensive sea-level records are located along the coast of Norway and Russia, with only a
fraction of them being maintained after 1990. In the latest IPCC report on sea-level change, it is projected with
medium confidence that most coastal areas will see a regional SLR that is within +20% of the GMSL change
(IPCC, 2023). However, in polar regions, uncertainty in future sea-level projections is influenced by the gravi-
tational effects of ice-sheet melt. When large ice sheets, such as those in Greenland or Antarctica, melt, the
reduction in gravitational pull causes local sea levels to drop, even as global sea levels rise (Kurtze, 2022).
Additionally, post-glacial rebound can further decrease local sea levels like along the coasts of the Canadian
Arctic Archipelago, Hudson Bay, Greenland, Svalbard, and northern Scandinavia (Boisson & Allard, 2020).
Ocean reanalysis such as the ORASS model integrates available observational data with numerical modeling.
According to the ORASS data for the 1978-2018 period, positive sea-level trends show an amplification in almost
all basins within the Arctic Ocean. The Beaufort Sea shows the highest rates up to 9 mm/yr (1978-2018), and up
to 15.9 mm/yr for the 1995-2018 period, with these patterns mainly driven by the intensification of the Beaufort
Gyre system, and water salinity change from river and glacier freshwater inputs (Jin et al., 2023; Tajouri
et al., 2024).

In the Arctic, strong cyclones predominantly occur in the Barents, Kara, Laptev, and Chukchi Seas, with pro-
jections suggesting they will intensify during summer as the climate warms (Atkinson, 2005; Day &
Hodges, 2018). Observations over recent decades indicate that Arctic cyclones are becoming stronger and longer-
lasting, particularly in the Barents, Kara, and Laptev Sea, (Zhang et al., 2023). This increase in storm activity
leads to severe storm surges that pose significant threats to low-lying coastal settlements, such as those in northern
Alaska (Henke et al., 2024). Several coastal communities, including Shishmaref in Alaska and Tuktoyaktuk in
Canada, have been repeatedly impacted by coastal erosion, storm surges, and flooding (Marino & Lazrus, 2015;
Whalen et al., 2022). It is important to note that high Arctic coasts, such as Longyearbyen in Svalbard, are
significantly affected by coastal hazards. Additionally, glacier dynamics play a major role in driving landscape
and environmental changes in this region (Jaskodlski et al., 2018). These conditions present economic and
environmental challenges for the stability of roads, airstrips, buildings, oil tanks, and pipelines, posing significant
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engineering challenges for coastal infrastructure in the arctic (Buzard et al., 2021; Hjort et al., 2022; Streletskiy
et al., 2019; Tanguy, Whalen, Prates, Pina, et al., 2023; Tanguy, Whalen, Prates, & Vieira, 2023).

Monitoring of Arctic coastlines and erosion has mostly been facilitated in the past at selected key sites by field
studies and for selected coastal segments using high resolution aerial and satellite image analysis (Gibbs
et al., 2021; Irrgang et al., 2018; Tanguy, Whalen, Prates, Pina, et al., 2023; Tanguy, Whalen, Prates, &
Vieira, 2023). However, satellite data can potentially be used to implement a circum-Arctic monitoring scheme for
coastline changes, thereby overcoming the limitations of spatially selective monitoring. This specifically also
includes the location of settlements and infrastructure and the quantification of coastal erosion rates (Bartsch
etal.,2021; Irrgang et al., 2019). Core challenges include the size of the region to be covered and the needed spatial
detail.

The Sentinel-1/2 derived Arctic Coastal Human Impact data set (SACHI-v1; Bartsch et al., 2021) shows
increasing human presence and industrial activity linked to oil/gas exploitation and mining within the arctic
coastal zone. This data set considered three types of human impact as visible from space: linear transport
infrastructure (roads and railways), buildings and other constructions (e.g., bridges), and other impacted areas
(gravel pads, open pit mining areas, etc.) and was limited to a 100 km fringe from the Arctic and permafrost
coastline. In that classification, for example, airstrips were not distinguished individually and were included in the
“other impacted area” class, and different road construction types (gravel vs. tarmac) were not considered. Initial
analyses showed the potential of satellite data to separate road types (Bartsch, Ley, et al., 2020; Bartsch, Pointner,
et al., 2020). Artificial water bodies were also not included, although water surfaces can be easily detected with
satellite data. These features are built for water supply or sewage treatment near settlements but also by the oil and
mining industry for industrial water usage, where they potentially could also cause accumulations of contami-
nants and local pollution (Glotov et al., 2018). The classification of different types of road, airstrips and the
addition of water reservoirs substantially enhances the characterization of human impact zones and risk as-
sessments including the socio-economic values of the various infrastructure.

Permafrost coastline evolution is commonly assessed using historical aerial photography combined with high-
resolution satellite imagery, or airborne data (Irrgang et al., 2022). The variety of scales, investigated time pe-
riods and study sites make it difficult to compare observed changes between regions and to get a comprehensive
picture of pan-Arctic coastal dynamics. The Arctic Coastal Dynamic Database (ACD) from Lantuit et al. (2012)
provided a first compilation of shoreline change data, filling observational gaps with expert estimates. Landsat
satellite imagery is a valuable data source due to its free availability, and large spatio-temporal coverage. Widely
used for land-cover change studies, it can also be used to assess coastline evolution. However, the 30 m spatial
resolution limits the detection of small changes (Xu, 2018). The study of Nitze et al. (2017) provided an efficient
machine-learning based method using Landsat-trends to detect lake dynamics based on a probability measure for
land to water and water to land conversion. Bartsch, Ley, et al. (2020), Bartsch, Pointner, et al. (2020) demonstrate
the utility of an adaptation of this approach for Arctic coastline change identification.

In this study, we use satellite-derived coastal erosion rates in combination with SLR projections, permafrost
changes, and a new classification of infrastructure types to reveal the impact of environmental changes on Arctic
permafrost coastal settlements. We (a) provide a revised and updated version of the SACHI-vl pan-Arctic
infrastructure data set, incorporating new classifications including road types, airstrips, and artificial water res-
ervoirs; (b) estimate coastal dynamics and erosion rates along areas with coastal settlements, using Landsat-based
land-cover change detection based on the approach of Bartsch, Ley, et al. (2020), Bartsch, Pointner, et al. (2020);
and (c) identify coastal settlements and infrastructure potentially exposed to coastal erosion, SLR, ground tem-
perature, and active layer thickness changes over short-, mid-, and long-term time-scales (2030, 2050, 2100). All
generated data sets were thoroughly validated and assessed for accuracy.

2. Study Area

Our analysis is covering the coast bordering the Arctic Ocean. In addition, we extended our study area to the south,
to include the majority of NH permafrost-dominated coastlines. The infrastructure analysis considers a similar
extent to the SACHI-v1 data set, defined as a 100 km buffer along Arctic and permafrost-dominated coasts,
allowing to include settlements located within estuaries and deltas. The SACHI data set extends from northwest
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Figure 1. Coastal settlements are shown, distinguishing between permanently inhabited settlements and the “Other” category, which includes infrastructures related to
mining, the gas/oil industry, military stations, or abandoned sites. The SACHI 100 km coastal zone (black; Bartsch et al., 2021) and the extent of coastal dynamics
derived from Landsat (purple) are shown. Permafrost zones are based on Obu et al. (2021c). Coastline types were simplified based on data from various sources: Alaska
(deposit type; Jorgenson et al., 2008), Canada (Geological class; Robertson, 2015), Russia (FAO soil types; Stolbovoi & McCallum, 2002), and Greenland/Svalbard
(backshore form; Lantuit et al., 2012). Validation sites and detailed information are provided in the supporting file.

Alaska through the northern coast of the American continent including the Canadian Arctic Archipelago to the
Hudson Bay until Newfoundland. Greenland, Svalbard and East Scandinavia are included as well as the entire
Russian coast (Figure 1). This area represents 62,000 km? and includes a total of 447 settlements, with 318 being
directly located at the coast as identified in (Bartsch et al., 2021). These settlements are defined as areas with
concentrated infrastructure, like hamlets, towns, mining or military bases, however some of them may not be
permanently inhabited and are associated with industrial infrastructures of military station, sometimes abandoned.
According to Ramage et al. (2021), the total coastal population living in permafrost regions is reported to be 1.1
million in 2017. Out of this total, 113,000 individuals reside on continuous permafrost, which is the primary focus
of this study.

The extent of the coastline dynamics data set is more restricted due to the lack of sufficient Landsat acquisitions
for the time series analysis and due to the frequent presence of sea-ice along very-high latitude coasts (e.g.,
Canadian Archipelago), making the data set less accurate in some regions (e.g., Iceland, Scandinavia, northern
parts of the Canadian Arctic Archipelago). The Hudson Bay region was excluded from the analysis due to its
strong post-glacial uplift (Andrews, 1970), and the Newfoundland region due to its dominantly rocky coastline
(Figure 1).
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3. Data
3.1. Infrastructure Data Set: Sentinel-1/2

Similarly to the first version of the SACHI data set, this work uses a combination of Sentinel-1 (Synthetic
Aperture Radar; SAR) and Sentinel-2 (multi-spectral optical) for the detection of human infrastructure footprints
along Arctic and permafrost-dominated coasts (Bartsch et al., 2024). In total, 484 Sentinel-2 granules at 100 by
100 km extent were acquired from 2016 to 2020. More details on data and framework are described in Bartsch,
Ley, et al. (2020), Bartsch, Pointner, et al. (2020) and Bartsch et al. (2021).

3.2. Coastline Dynamics Data Set: Landsat

Coastline change areas were retrieved using satellite data from Landsat 5, 7 and 8 from the Thematic Mapper
(TM), Enhanced Thematic Mapper Plus (ETM+) and Operational Land Image sensors, also covering NH
permafrost-dominated coasts. The scenes were acquired between 2000 and 2020 in order to represent recent
coastal changes, also due to sparse data acquisition before 2000 in Siberia and Northern Alaska. Some areas were
excluded from the analysis due to tiles with sparse temporal coverage or quality issues due to frequent cloud cover
or sea-ice presence even in summer. We applied a filtering of images available between July and August with
cloud cover below 70%. The used Landsat bands have a spatial resolution of 30 m: Blue, Green, Red, Near-
Infrared (NIR), Shortwave Infrared 1 (SWIR1), and Shortwave Infrared 2 (SWIR2).

3.3. Coastal Elevation and Regional Sea-Level Change

The elevation was extracted for each infrastructure element from a new coastal digital terrain model (deltaDTM;
(Pronk, 2024)), which provides a bias corrected version of the Copernicus digital elevation model (ESA, 2023).
The product was compared to high resolution data and reveals an overall error of less than 1 m (Pronk et al., 2024).
In addition, data from the IPCC ARG regional sea-level change projection was used to estimate low-lying
infrastructure at risk from SLR by the year 2100 (Fox-Kemper et al., 2021; Garner et al., 2022; Kopp et al.,
2023; Slangen et al., 2023). The projection models are based on the 1995-2014 time-period and integrate tide-
gauge measurements for available stations. In the AR6 sea-level projections, significant improvements were
made over ARS, incorporating higher-resolution ocean and ice-sheet models, resulting in more accurate regional
predictions. However, uncertainties in regional SLR remain significant, especially in the Arctic, due to complex
factors such as ice-sheet instability, ocean circulation changes, and vertical land movement. In the Arctic, sub-
sidence caused by permafrost degradation and glacial isostatic adjustment complicates accurate regional sea-level
projections. Furthermore, the lack of local data, due to the limited distribution of tide gauges and GNSS stations,
contributes significantly to the uncertainties in future scenarios of regional sea-level change in the Arctic basin.
Under the SSP2-4.5 scenario, regional SLR projections for the Arctic are generally expected to be in the range of
0.3-0.8 m by 2100 (IPCC, 2023; Masson-Delmotte et al., 2021; Slangen et al., 2023).

3.4. Permafrost Ground Temperature and Active Layer Thickness

Permafrost, while not directly observable from space, can be indirectly modeled through satellite data, for
example, through observations of land surface temperatures essential for modeling GT and ALT. We used time
series data from 1997 to 2019, leveraging a combination of satellite-derived land-surface temperatures (MODIS)
and reanalysis data (ERAS5 near-surface air temperature) (Obu et al., 2021a, 2021b; Westermann, Langer,
et al., 2015; Westermann, @stby, et al., 2015), from the European Space Agency's Climate Change Initiative
Permafrost project (ESA Permafrost_cci). This modeling, at roughly 1 km resolution, helps to identify permafrost
change trends, particularly noted for increasing temperatures in the Northern Hemisphere, with significant
changes along coastal regions facing high erosion rates (Bartsch et al., 2023; Bartsch, Ley, et al., 2020; Bartsch,
Pointner, et al., 2020; Miner et al., 2022). Annual change trends for GT and ALT were calculated for the period
2000-2019. This data set was previously combined with the SACHI-v1 data set from Bartsch et al. (2021).
Comprehensive validation information is available within the documentation (Heim et al., 2021) but it has not
been specifically assessed along Arctic coastlines. Uncertainties for ALT were found to be higher than for GT and
therefore a dedicated evaluation of ALT was carried out.
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3.5. Validation Data

In-situ and very-high resolution (VHR) data were used to validate infrastructure coastline change rates and
permafrost properties (GT at 2 m and ALT, CALM et al., 2024; Martin et al., 2023) at various sites. The sup-
porting information file provides detailed information on validation data, location, and procedure (refer to
Table S1 in the Supporting Information S2).

4. Methods
4.1. General Approach

This work provides an update to the previously published Sentinel-1/2 derived Arctic Coastal Human Impact data
set (SACHI), incorporating new classes such as asphalt, gravel, and undefined roads, airstrips, and artificial water
reservoirs. Areas of coastal erosion and accretion were derived from Landsat change probabilities for the period
2000-2020. Coastline change rates were retrieved and combined with the infrastructure data set in order to
evaluate settlements exposure to coastal erosion for short-, mid-, and long-term scenarios (2030, 2050, and 2100,
respectively). To identify coastal infrastructure and settlements exposed to erosion, future coastline positions for
2030, 2050, and 2100 were extrapolated using historical erosion rates derived from Landsat pixel-based analysis.
Although the Bruun Rule could be used to estimate future coastline positions by integrating SLR, this method was
not applied due to its high uncertainty. Additionally, the use of deltaDTM, which provides only low to medium
spatial resolution for coastal topography, further limits its applicability. Moreover, the Bruun Rule is not well-
suited for large-scale circumpolar studies, where coastal dynamics are highly complex and variable (Cooper &
Pilkey, 2004).

Additionally, GT and ALT trends were considered in the evaluation of permafrost thaw exposure. The SACHI-v2
took into account settlements and infrastructure within the 100 km buffer zone of the coastline, as well as for the
GT and ALT analysis. The analysis extent was restrained to a 1 km fringe from the coast for exposure analysis.
Low-lying infrastructure (<10 m) was considered for estimating where settlements potentially will be affected by
future SLR until 2100. New settlements and associated information were added to the settlement database. The
fusion of coastline change rates, regional SLR, and changes in permafrost properties with the infrastructure data
set allowed for the identification of settlements impacted by 2100. The overall workflow is shown in Figure 2.
Sea-ice conditions play a critical role in reducing coastal erosion in the Arctic by protecting shorelines from wave
action, particularly during storms. However, this parameter was not considered in this work since it is a secondary
factor explaining coastal erosion. This study focus on primary factors such as long-term coastal erosion and
permafrost trends (GT and ALT) and SLR, over a period of 20 years, which have direct impact on infrastructure
durability.

4.2. Update of SACHI Infrastructure Data Set

The scheme uses Deep Learning (DL) techniques, in particular a U-Net convolutional neural network architecture
using the deep learning framework Keras, and pixel-based Machine Learning, in particular Gradient Boosting
Machines (GBM). The DL component uses Sentinel-2 and the GBM component Sentinel-1 and -2. The satellite
data and retrieval scheme used in this study is described in Bartsch, Ley, et al. (2020) and Bartsch et al. (2021). In
both cases, DL and GBM, super-resolution processing was applied to the 20 m bands of Sentinel-2 in order to
obtain a 10 m nominal resolution data set for all used bands as input. Atmospheric correction from Sen2Cor
processor was applied.

In our study, the DL component has been extended through the inclusion of additional classes consisting of three
road types (asphalt, gravel and undefined) and airstrips/airports. The calibration data set for all classes has been
revised in order to account for inaccuracies in the OpenStreetMap data set which was used initially. A k-means
post-processing on road features (using the Sentinel-1/2 bands) was applied to evaluate the possibility to
distinguish gravel from asphalt roads. The GBM component provided a water class using a pixel based approach.
Results for the water class have been separated and added to the database when in proximity to settlements. These
water bodies were manually revised and only artificial water bodies (e.g., reservoirs) within settlements were
kept. This typically includes rectangular or circle-like objects, as well as lakes enclosed by open pit mining
activities.
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Figure 2. Detailed analysis workflow. SAR: Synthetic Aperture Radar; XGBoost: eXtreme Gradient Boosting; CALM: Circumpolar Active Layer Monitoring; T-
MOSAIC: Terrestrial Multidisciplinary distributed Observatories for the Study of Arctic Connections.

4.3. Permafrost Coastline Dynamics Retrieval

Following the approach of Nitze et al. (2017), the Landsat time-series were used for pixel-level calculations of
probabilities of erosion and accretion (change from land to water and vice versa) as well as no change, for the time
period 2000 to 2020. A threshold for separation of change areas was determined in Bartsch, Ley, et al. (2020), as a
50% probability value was found applicable and has been also applied in the present study for the classification of
changes. The resulting raster information was converted to vector polygons. To facilitate circumpolar imple-
mentation, several post-processing steps have been introduced. The Landsat results were limited within a 1 km
buffer along the coast in order to limit further analyses to coastline related changes, while still considering la-
goons, deltas and estuaries. Manual quality control was performed to detect and remove misclassification errors
induced by coastal lake change, snow, sea-ice, land-fast ice, tidal changes and infrastructure removal/construction
(examples shown in Figure 3).

4.3.1. Coastline Change Rate Calculation

A common approach to determine the rate of shoreline change is to use the Digital Shoreline Analysis System
(DSAS) developed by USGS, which uses time series of vector shoreline positions to calculate rate-of-change
statistics at regular spaced perpendicular transects along a coast (Thieler et al., 2009). This method is effective
when using manually delineated coastlines, but is not suitable for large automatically extracted data sets. In our
case, the nature of the polygonal geometry of the derived change areas allows for a simplified estimation of the
average rate of coastline change derived for each polygon. These polygons are in general elongated features,
parallel to the coastline. The polygon length and area were calculated. The mean width (average coastline change)
was calculated assuming an idealized rectangular representation of the change area, from which annual rates of
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Figure 3. Examples of classification errors as seen with the polygons outside the coastal zone in the raw data set and needing manual checking and removal. These errors
can be induced by glaciers and sea-ice (a), infrastructure (b), snow, and deltas (c), or lake changes (d). The blue polygons show accretion and the red erosion.

Background map: Esri©, USGS.

change were subsequently calculated (Figure 4). To evaluate the accuracy of this method, we also applied the
DSAS workflow to the polygons in test areas by converting the polygons to lines and splitting the shape into a
seaward side and a landward side line, corresponding to the 2000 and 2020 coastline in the case of erosion, and
vice versa for accretion. This strategy requires additional manual editing of the polygons and was also applied to
validate the overall quality of the Landsat probabilities, extending the validation of the coastline position in
Bartsch, Ley, et al. (2020) to more sites.

4.3.2. Coastline Change Rate Uncertainty

Calculating the uncertainty associated to coastline position is necessary in order to evaluate the reliability of the
coastline change rates (Del Rio & Gracia, 2013). The Equation 1 provides the coastline change rate uncertainty
(U) which was calculated using the coastline position uncertainty (Up) for each coastline, divided by the number
of years of the analyzed time period (7).

U= \/(Uzcm + Ukpy)/(t2 — 1) (1

Idealized rectangular representation of erosion area

Coastyj
'ne 2029 Erosion rate (m/yr) = width / t

width = polygon area / lenght

Coastling 2000

lenght (m)

Figure 4. Implementation of the automatic method to calculate the annual change rate of a detected change area. The area is
divided by the length to obtain a mean width, which is eventually divided by the length of the observation period (t, in years).
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;:Zl:r: Count and Total Area in the Updated Infrastructure Data Set - SACHI-v2 (100 km Coastal Zone)
SACHI-v1 SACHI-v2
Class Feature count Area (km?) Feature count Area (km?)
Roads Asphalt 428,872 643 289,631 130
Gravel 533,317 300
Undefined 247,455 170
Buildings and other constructions 219,052 199 208,947 125
Other artificial areas Airstrips 264,732 371 2,149 6
Artificial water reservoirs 6,914 134
Undefined artificial areas 222,407 629
Total 912,656 1,213 1,510,820 1,495

The coastline position uncertainty is incorporating the image pixel resolution (m) and the georeferencing error,
RMSE (m). The polygons which were retrieved from the Landsat change detection analyses show changes which
occurred within a 20-year time-span (2000-2020). The landward and seaward polygon boundaries were defined
as the respective coastlines for the year 2000 and 2020. The uncertainty was also calculated for the coastline
derived from validation data (Table 2).

4.4. Ground Temperature and Active Layer Thickness Validation

Permafrost_cci products for GT and ALT were validated in Heim et al. (2021). Additional validation was done for
the ALT using new in-situ thaw-depth measurements (T-MOSAIC, Boike et al., 2021; CALM et al., 2024; Martin
et al., 2023). The data and procedure are described in the Supporting Information S1. GT and ALT for 2019 and
trends were extracted from the permafrost_cci products (Obu et al., 2021a, 2021b) at infrastructure extent as well
as for the entire study extent. Linear trend extrapolation for 2030, 2050, and 2100 was applied to understand the
distribution and magnitude of potential change in future decades.

4.5. Settlements Exposed to Sea-Level Rise

The mean elevation at infrastructure footprints was extracted from the deltaDTM (Pronk et al., 2024). To assess
potential exposure to SLR by 2100, regional SLR projections were applied to low-lying coastal infrastructure,
using median change values for the medium confidence scenario SSP2-4.5, which corresponds to intermediate
greenhouse gas emissions and a projected global temperature increase of 2.7°C by 2100 (Wang et al., 2018).
Infrastructure was considered at risk if, after subtracting the projected SLR (extrapolated inland), the elevation
fell below 0.75 m. This threshold accounts for the root-mean-square error (RMSE) of the deltaDTM. While this
approach identifies infrastructure potentially at risk from SLR, it does not accurately distinguish between per-
manent or temporary flooding risks.

5. Results
5.1. Infrastructure Mapping
5.1.1. Updated SACHI Data Set

In total, we mapped an infrastructure footprint of 1495 km? in the SACHI-v2 (considering the same extent as the
first version), resulting in an increase by 282 km?, or 19%, by adding previously unmapped infrastructure
(Table 1). Artificial water reservoirs account for 6914 supplementary features (134 km?) and roads have been sub-
classified into three different types. Gravel roads represent 50% of the total detected roads and asphalt roads 22%,
with the remaining being classified as undefined roads. In total, 448 settlements centers were identified within the
full data set extent (100 km buffer from coastline). We account for 318 settlements located directly at the coast
(<1 km). These settlements specifically represent an infrastructure area of 468 km?. The majority are traditional
living communities which maintain longstanding practices such as fishing, hunting, and herding activity (53%).
Industrial settlements for mining activity or gas/oil extraction represent 20% while the remaining settlements
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Figure 5. Examples of SACHI versions: (a) SACHI-v1 (Bartsch et al., 2021), (b) updated SACHI-v2, and (c) validation data from the 2019 UAV orthomosaic at the
Hamlet of Tuktoyaktuk (Canadian Beaufort coast). Background map: Pléiades©; CNES, 2018, Airbus DS.

represent other uses such as tourism or military facilities and research or weather stations (based on settlement
center data as in Bartsch et al. (2021)). According to (Ramage et al., 2021), the population of inhabitants in coastal
settlements within our study area is 162,000.

5.1.2. SACHI-v2 Accuracy Assessment

The data set accuracy was evaluated with validation data provided from VHR imagery and map data sets (<1 m),
including UAV, satellite and aerial imagery, and cadastral data over several settlements (Table S1 in the Sup-
porting Information S2). The agreement with the 10 m based classification result is 67% with the best detection of
80% for airstrips and other artificial areas such as bare-ground patches, gravel pads, open pit and mining areas
(Table S2 in the Supporting Information S2). Roads show an overall accuracy of 58% and the post-processing
results for road types reveal a good accuracy for the detection of asphalt roads (76%), but only around 40% on
average for gravel roads. Buildings are accurately detected in 57% and the minimum detectable building size is
100 m?, as determined by UAV surveys in the hamlets of Paulatuk and Tuktoyaktuk in NW Canada. The SACHI-
v1 overestimated the extent of buildings and other constructions. This issue is evident in the Hamlet of Tuk-
toyaktuk in Northwest Canada (Figure 5). The SACHI-v2 shows significant improvements in the mapping of
airstrips, buildings and other constructions and is better able to distinguish individual objects.

Comparison of road objects with an in situ road survey in Svalbard (2021) revealed good detection of roads below
10 m width. In fact, in SACHI-v2 we were able to detect roads with widths from 2.7 to 12 m. For the road type
survey (asphalt and gravel) in Longyearbyen, Svalbard, 75% were represented in the data set showing a mean
width of 5.7 m. However, only 34% were correctly classified. Among these, 40% asphalt roads were correctly
classified with mean width of 6.3 m, and up to 21% of the gravel roads showing a mean width of 4.9 m. 25% of the
roads found in the survey were not detected in the data set.
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Table 2

Inter-Comparison Between Rate Calculation Methods for Validation and Landsat Derived Data Using the Digital Shoreline Analysis System Workflow and the Polygon
Geometry Method for Change Rate Calculations

Barter island ~ Mackenzie delta front Newtok Point lonely air field

Validation Data Represented period 2000-2020 20002018 2005-2019 2000-2018

DSAS mean change rate (m/yr) -3.01 —4 -12.9 —15.8

Uncertainty (m/yr) +0.26 +0.14 +0.36 +0.28
Landsat derived data 2000-2020  Polygons mean change rate (m/yr) —3.36 —3.54 =9.2 =79

DSAS mean change rate (m/yr) —3.63 —4.1 -9.5 —8.02

Uncertainty (m/yr) +2 +2 +2 +2
Difference Validation - Landsat Polygon rates (m/yr) 0.35 —0.46 3.7 -7.9

Validation - Landsat DSAS rates (m/yr) 0.62 0.1 -34 —7.78

Landsat Polygon - Landsat DSAS rates (m/yr) 0.27 0.56 0.3 0.12

Note. See Table S2 in the Supporting Information S2 for characteristics and uncertainty levels associated to the data.

5.2. Coastline Changes and Exposed Settlements
5.2.1. Coastline Changes Accuracy Assessment

The uncertainty in the coastline change rate derived from Landsat data is approximately 2 m/yr, as detailed in
Table 2. The results reveal that on the four validation sites, the coastline change rates between validation and
Landsat-derived rates can differ from —7.9 to 0.35 m/yr, where positive values represent an overestimation of
erosion from the Landsat data and where negative values represent an underestimation of erosion. The com-
parison between calculated rates with the DSAS extension and the polygon approach shows a very good fit along
the coasts of Barter Island and the Mackenzie Delta front. At Point Lonely and Newtok (Alaska), the Landsat
polygon approach shows an underestimation of the erosion rate.

Point Lonely Air Field, 190 km east of Prudhoe Bay, experiences some of the highest erosion rates in the region,
up to 19 m/yr. This significant erosion primarily affects the tundra cliffs, characterized by ice-wedge polygons
and block failures along the bluffs (Figure 6). Regarding the validation rates from DSAS, the first period (2000—
2009) is characterized by a mean coastline retreat rate of 8.3 m/yr, while the second period (2009-2018) is
characterized by an acceleration of the erosion reaching 23.5 m/yr. The coastline is eroding at the average pace of
15.8 m/yr during the period 2000-2020. The Landsat results show a lower rate (—=7.9 £ 2 m/yr). The Landsat
analysis captured the bluff-top erosion clearly but indicates a gap in capturing the retreat of the lagoon's barrier
beach. The narrowness of the beach (Figure 6), possibly exacerbated during storms, might have rendered it
undetectable. Furthermore, the turbidity of the lagoon waters could have affected the accuracy of the Landsat
pixel classification, complicating the differentiation between the lagoon and the open ocean.

At Newtok, the Landsat analysis is underestimating the validation rates by 3.7 m/yr over the period 2005-2019.
The retreat has been poorly captured along the mudflat area fronting the settlement eastwards (Figure 7b).
Moreover, the validation data was acquired for a shorter time-period than the Landsat data (see Table S1 in the
Supporting Information S2).

An additional comparison was made between the Landsat rates using the simplified polygon rate retrieval and the
DSAS method. The results show that the automatic method for rate calculation for the Landsat polygons is very
accurate and shows an overall underestimation of 0.3 m/yr compared to the DSAS transect based method (last row
of Table 2). Regarding the validation rates, the Landsat polygon rates tend to underestimate the coastline change
rates, however, Figures 6 and 7 show examples of an overall good estimation of the coastlines evolution.

5.2.2. Settlements and Infrastructure Exposed to Coastal Erosion

Over the time period 2000-2020, significant coastline position changes were investigated close to 318 settlements
located directly at the coast. These changes represent a total of 476 km of coastline length, showing an average
change rate of —0.8 m/yr. Erosion is the dominant process, affecting 70% of the investigated coast. Maximum
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Figure 6. High erosion and infrastructure loss at Point Lonely Air Field. The scenes are from July 2009 and 2018. The orange
overlapping area represents erosion area retrieved from Landsat trends. We note a very good fit with the shorelines of 2000
and 2018 along the bluff, however the barrier beach migration was not well captured. The coastline positions were derived
from very-high resolution satellite imagery corresponding to Ikonos©-2000 (0.8 m spatial resolution); WorldView-1-2009
(0.5 m) and Pléiades© CNES/Airbus-2018 (0.5 m). Background map: Google Earth, ©2009, 2018, Maxar Technologies.

erosion rates of 20.4 m/yr were found near the Point Lonely Air Field. Accretion is located along highly dynamic
coastal forms such as barrier islands, beaches and spits, with maximum rates close to 13 m/yr (Table 3).

Over the entire study area, the linear extrapolation of coastline positions for 2030, 2050, and 2100, reveals that
18% of the coastal settlements will be subject to infrastructure damage or loss due to coastline retreat in 2030 and
2050 and up to 21% in 2100. Along these specific settlements, the average erosion rate is about —3.2 m/yr. The
difference is due to the fact, that some settlements are built a bit more inland and will only get affected later. Given
a linear extrapolation of rates, by 2100 the total surface area of infrastructure and artificial areas (as detected with
the 10 m resolution) potentially at risk by coastal erosion equals to 22 km?, representing nearly 8% of the total
low-lying coastal infrastructure area (see Figure A3). These settlements are mainly associated with residential
areas with traditional food-harvesting activities (45%) and 33% with gas/oil and mining industry. Other affected
settlements are already abandoned or are military or weather stations. As seen in the Figures A2 and A3, the
Alaskan coast stands out, with 25 settlements exposed to coastal erosion by 2100. We account for 34 exposed
settlements along the Russian coasts by 2100, mainly located along the Chukchi Peninsula (12), and Central North
Siberian coast (20, Laptev and Kara Sea). In Svalbard, the settlements of Longyearbyen, Barentsburg, and Svea
are predicted to be affected by coastal erosion by 2030. In Canada and within our analysis extent, only 2 set-
tlements are expected to be exposed to erosion by 2100, Tuktoyaktuk (NWT), and Kugluktuk (Nunavut). Note
that Tuktoyaktuk infrastructure is already significantly affected by coastal erosion.
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Figure 7. Example of results with merged infrastructure and coastline dynamics data sets, showing potential loss of infrastructures at Kaktovik and at Newtok. At Barter

Island (a), the front road and the radar station may be affected in the long-term. At Newtok, coastal erosion averaging 9.2 m/yr has already destroyed infrastructures. In
case erosion continues at such a great pace, the majority of the settlement is expected to disappear by 2100 (purple line). The coastline positions were derived from very-
high resolution satellite imagery corresponding to Ikonos©-2005 (0.8 m spatial resolution) and PléiadesOCNES/Airbus-2019 (0.5 m). Maps Data: (a) ESRI;

(b) GoogleEarth, CNES/Airbus, 2022.

Figure 7 shows the future coastline positions and potential infrastructure loss at Kaktovik (U.S. Beaufort Sea) and
Newtok (U.S. Bering Sea). The erosion rates have been accurately detected at these settlements although being
too conservative. The northern coast of Barter Island is exposed to erosion rates of 3.4 m/yr in front of the bluff-
top. Accretion is present along spits and along a 600 m long section of the frontal beach of the island, fronting the
settlement. This section shows an accretion rate of 4.2 m/yr. The coastline position estimated for 2100 shows a
potential loss of infrastructure due to coastal erosion, such as the front road of the island and a part of the radar
station of Kaktovik (Figure 7a).

Newtok is also an example of high erosion rates, where it would cause a loss of the majority of the infrastructure if
no relocation plan is implemented. This is evident in the projected coastline positions for the mid- and long-term
(Figure 7b). The projected coastline positions may underestimate areas at risk (from the airstrip toward the east) as
seen with the difference between the red overlapping area and the validation coastlines. Although our projections
are conservative, they do show the loss of critical infrastructure over the mid- and long term periods.

5.3. Regional Sea-Level Change and Exposed Settlements

Regarding the IPCC projections by 2100 for the SSP2-4.5 scenario, Arctic sea-level is expected to change from
—2 to +0.98 m within the Arctic region (Garner et al., 2022; [PCC, 2023). High increase is localized south of the
Barents Sea, in the Laptev Sea (Lena Delta region), and especially along the Beaufort Sea coast (+0.73—+1.26 m

Table 3
Coastline Dynamics at Settlement Vicinity for the Period 2000-2020
Erosion Accretion
No of Mean change rate Mean rate Max. Rate Length Mean rate Max. Rate Length
settlement (m/yr) (m/yr) (m/yr) (km) (m/yr) (m/yr) (km)
Total coastal settlements 318 —0.8 —2.9 —20.4 336 32 12.7 140
Settlements impacted in 68 —-1.8 —32 —20.4 150 29 4.5 20
2100
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Figure 8. Settlements potentially exposed to marine submersion in 2100. The estimation is based on IPCC ARG regional sea-level projection for 2100 at medium
confidence scenario SSP2-4.5 (Garner et al., 2022).

in 2100). Due to isostatic uplifting processes, some regions, such as northern Greenland and Canadian Arctic
Archipelago and Svalbard, are experiencing negative sea-level change (Figure 8). From the coastal infrastructure
within 1 km from the coast, 60% are located in low-lying areas (<10 m). According to our study area, SLR by
2100 could potentially submerge 6% of the low-lying infrastructure, which amounts to 18 km?. This represents
45% of the total coastal settlements (318), as detailed in Figure 8 and the Figure A3 We found that 4% of the
infrastructure exposed to erosion by 2100 will also be affected by SLR. This accounts for 51% of the settlements
vulnerable to coastal erosion, primarily located along the Alaskan and Russian coasts. In Canada, all settlements
exposed to coastal erosion are also exposed to SLR, by 2100 (Figure A3). Note that these results should be
interpreted with caution due to the uncertainty in both the elevation model (deltaDTM) and the regional SLR
projections for 2100.

5.4. Potential Permafrost Thaw and Infrastructure
5.4.1. Active Layer Thickness Accuracy Assessment

The comparison between T-MOSAiC, CALM observational network, and Permafrost_cci ALT data sets within a
10 km radius is detailed in Figure S2, spanning various study sites. In summary, the comparison emphasizes the
difficulty in accurately capturing spatial variability in ALT in the Permafrost_cci product due to site-specific
factors and limitations in model resolution, leading to discrepancies between modeled and measured values
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Figure 9. Decadal trends along permafrost-dominated coasts separated by regions for (a) Ground temperature (GT) at 2 m depth and (b) Active layer thickness (ALT).
The extent is shown in Figure 9. Trends were derived from Permafrost_cci data (Obu et al., 2021a, 2021b). Outliers have been removed.

across various locations, but in particular where landscape heterogeneity is high. The comparison between the T-
MOSAIC 2021 myThaw data set and the Permafrost_cci ALT data set is outlined in Figure S4. The agreement
between the Permafrost_cci ALT and the measured ALT data was satisfactory for certain stations: Samoylov in
Siberia, Russia; Toolik Lake in Alaska, USA; and the Zackenberg “wet” transect in Greenland. However, there
were notable differences observed for several sites: both Bayelva transects in Svalbard, Norway; Kevo Vaise-
jaeggi in Finland; Siksik Creek in Trail Valley Creek, Canada; Cambridge Bay in Canada; and the Zackenberg
“dry” transect in Greenland. These discrepancies can be attributed to the nature of the T-MOSAiC measurements,
which are conducted throughout the entire summer, as opposed to the Permafrost_cci ALT, which represents the
end-of-season values. Consequently, the seasonal evolution of the ALT is not adequately captured by the modeled
data set, leading to inconsistencies in certain locations. The comparison between T-MOSAIC and Permafrost_cci
ALT data sets highlights significant spatial variability challenges, particularly evident at T-MOSAIC sites in
Svalbard and Zackenberg. Despite their proximity (about 500 m), the two T-MOSAIC sites in Svalbard exhibited
notably different median ALT values (1.2 and 0.8 m), which were better represented within the Permafrost_cci
ALT data set within a 10 km radius. This discrepancy underscores the challenge of reproducing diverse ALT
values due to site-specific factors like soil properties, snow cover, vegetation height, and water level, which are
not adequately captured by the model's coarse spatial resolution (0.926 km). Similar results were observed at the
Zackenberg transects, where the T-MOSAiIC ALT measured at the “dry” transect extended beyond those at the
“wet” transect and the Permafrost_cci ALT data set. At the Kevo Vaisejaeggi and Siksik Creek sites, the Per-
mafrost_cci ALT values were at least twice as high as the measured values, indicating discrepancies between the
modeled and measured data. Conversely, at Cambridge Bay, the measured ALT was almost three times the
modeled ALT, highlighting further inconsistencies between the data sets. Overall, the comparisons highlight
variability in ALT measurements across different data sets and sites, underscoring the importance of considering
various local factors such as soil type, ice content, snow and vegetation cover. Absolute ALT values from
Permafrost_cci therefore need to be treated with care.

5.4.2. Coastal Permafrost Conditions

The calculated trends from the Permafrost_cci time-series shows increasing GT and ALT in the study area since
the last 20 years. The GT have increased by 0.8°C/decade on average with maximum values near 3°C/decade,
while ALT has increased by 6 cm/decade on average with maximum increase up to 2 m/decade (Figures 9 and
10). The Russian and Svalbard coasts show the highest average increase of GT (+1.1°C/decade). Highest average
ALT increase is found along the Russian coast and Alaskan coasts (almost 10 cm/decade).
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Figure 10. Trends for Ground Temperature at 2 m depth (a) and Active Layer Thickness (b) based on the 2000-2019 period, at study extent. Trends were derived from
Permafrost_cci data (Obu et al., 2021a, 2021b).

5.4.3. Infrastructure and Changing Permafrost Conditions

Of the coastal infrastructure area, 45% is built on ground experiencing warming from 1 to 2°C/decade and 85% in
areas with ALT increasing from O to 4 cm/decade (Figure 11). In 2019, the average GT was —2.3°C and ALT less
than 1 m deep in our mapped infrastructure extent for all regions. 83% of the coastal infrastructures are built above
ground with negative temperature (at 2 m depth), experiencing increasing GT. Based on trends, extrapolated GT
and ALT at infrastructure areas for 2030, 2050, and 2100 show a strong increase for all countries. By 2100, 77% of
the coastal infrastructure will experience a shift from negative to positive GT, with expected average temperature
of 4-5°C by 2100 (in the mapped coastal infrastructure extent), which could strongly trigger ground subsidence.
Svalbard, Russia, and Alaska are expected to experience shifting ground temperature toward positive values by
2050 reaching values above 6°C in 2100 (Figure 12a). The ALT in our mapped infrastructure extent is expected to
increase significantly in the next decades, especially for Russia and Alaska for which the ALT could double by
2050, reaching up to 2 m in 2100 (Figure 12b). Canada shows the lowest average ALT in 2019, due to the high
northern location of settlements. Changing permafrost conditions in the coastal area could induce thaw subsi-
dence, and further degrade the stability of buildings and infrastructure (Figure 11).

6. Discussion
6.1. Infrastructure Identification

This study focuses on analyzing settlements and infrastructure in coastal areas dominated by permafrost. The new
SACHI-v2 data set provides improved information on infrastructure occurrence in the Arctic, particularly for
roads, airstrips and other artificial areas. Due to the limitation to 10 m nominal resolution, 33% of human related
features were not captured across the validation sites. Specifically, road and building detection is challenging. The
amount of detectable buildings is controlled by the resolution and the quality of the Sentinel-1 (radar) and
Sentinel-2 data (multi-spectral), which limit the detection of small constructions, and object misclassification can
occur with the presence of snow patches, rock outcrops, landfills, construction debris and large driftwood ac-
cumulations along the shore. Asphalt roads are scarcely present in the Arctic and along permafrost coasts, since
the majority of roads are made of gravel, which is easier and cheaper to construct and maintain. In some set-
tlements, roads are made of concrete blocks, falling in the undefined category. Although the Sentinel-2 imagery
has been processed for atmospheric corrections (aerosol optical thickness and water vapor), clouds are still
influencing the data quality and can lead to misclassification in addition to calibration and training data issues.
The DL and GBM algorithms were trained on specific areas, however, the terrain heterogeneity across the Arctic

TANGUY ET AL.

16 of 26

85U801 7 SUOWWOD dAIERID 3ot dde au Aq psupAob a1 SBILE YO BSN JO S3|NJ 0§ ARIGIT3UIIUO 8|1 UO (SUOTPUOD-PUE-SWIBIW0D" A 1M ARe 1 [pUlJUO//SCh) SUOBIPUOD pue SULB | 84} 89S *[202/2T/L2] U0 ARIqITauliuO A8|IM "20gs|ad euipe N apepnded Aq £T0S0043202/620T 0T/I0pAu00 A imAreiqijpuljuo'sqndnfe//sdny Wwoly pepeoiumoa ‘2T 7202 '2L2v8zee



Asot |

Fa\C o Earth's Future

ADVANCING EARTH
AND SPACE SCIENCES

10.1029/2024EF005013

Coastal infrastructure footprint vs. Ground Temperature in 2019
le7

3.0

= g =
w o w
T T T

Cumulative Area (km?2)
=
o

0455 -125 -100 -75 -5.0 -2.5 0.0 : 5.0
Ground Temperature (°C)

Coastal infrastructure footprint vs. Active Layer Thickness in 2019
le7

Cumulative Area (km?)

e e . = =
N o N o N
o S & =) x

Cumulative Area (km?)

e
w
=)

Coastal infrastructure footprint vs. Ground Temperature change

le7

0.5 1.0 1.5 2.0
Ground Temperature (° C/decade)

Coastal infrastructure footprint vs. Active Layer Thickness change

le7

w B w
T T T

Cumulative Area (km?)

N
T

1.0 1.5 . 2.5
Active Layer Thickness (m)

Yoz

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Active Layer Thickness change (m/decade)

Figure 11. Distribution of GT and ALT for 2019 and annual change rate at the extent of coastal infrastructures. The change rates were calculated over the 2000-2019

period. Trends were derived from Permafrost_cci data (Obu et al., 2021a, 2021b).
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and along permafrost coasts influences the performance of the algorithms. It could be shown that Sentinel-1/2 data
allow capturing also roads below 10 m width in some cases. Individual building detection needs to be improved
with DL and GBM using VHR optical images. However, their processing remains challenging at regional scale.
The Sentinel-1 SAR (Synthetic Aperture Radar) images were used for the GBM processing. Polarization, inci-
dence angle effects inherent to SAR images may affect image quality and result in detection issues of spatial
features (Kumar, 2021). Moreover, air and ground temperature and wetness are critical parameters influencing
back-scatter values (Bergstedt et al., 2018). Nevertheless, the assessment shows that the 10 m spatial resolution
allows consistent identification of human impacted areas such as very small settlements with few houses, which
need to be considered in risk assessment studies across the entire Arctic. However, our results remain conser-
vative in the estimation of total building area.

6.2. Coastline Changes

The use of consistent Landsat time-series for the detection of coastline changes within a period of 20 years shows
to be efficient to provide estimations of average coastline rates on a regional to pan-Arctic scale. Although the
results agree with validation data, it is crucial to emphasize that our methodology only detects rapid coastline
changes that exceed 2 m per year. Changes falling below this threshold could not be considered in the trend
analysis. Therefore, the approach may underestimate average coastline change rates, since smaller changes were
not detected. However, for various reasons, the results can also underestimate the amount of infrastructure
potentially exposed. Some sites in Alaska known for significant erosion, such as Utgiagvik or Kivalina, were not
detected. One reason could be that more complex coastal settings with for example, highly dynamic barrier
islands or frequent ice cover also in summer are still difficult to properly detect with the automated coastline
extraction using the 20-year Landsat trends. According to the results, erosion is generally dominating along the
studied settlements located on unconsolidated permafrost coasts. Some permafrost coasts can also show large
accretion rates, localized along beaches and spits. Both erosion of the bluff-top and such processes can occur
simultaneously along the same coastline segments (Tanguy, Whalen, Prates, Pina, et al., 2023; Tanguy, Whalen,
Prates, & Vieira, 2023).

Moreover, local and regional studies based on the analysis of VHR imagery, revealed accelerating erosion in
recent years in various areas of the Arctic (Hansen et al., 2015; Tanguy, Whalen, Prates, Pina, et al., 2023;
Tanguy, Whalen, Prates, & Vieira, 2023) revealing a potentially further growing economic risks (Ogorodov
et al., 2020). This acceleration is currently not considered in the analyses of rates and future impacts due to the
need for higher spatial resolution in order to separate sub-periods and our simplified assumption of linear
continuation of erosion rates into the future.

The assessment of coastline changes at the regional scale, as well as the detection of inter-annual variability of
coastline changes, remains a challenge when using open-access satellite data. Compared to transect-based ana-
lyses (DSAS), our study estimates only average rates within changing areas, and does not consider regular
transects spacing such as in the DSAS framework. Moreover, a shoreline reference is not consistently defined
with this method. In fact, the Landsat trends detect change from water to land and land to water and do not
consistently allow distinguishing between the retreat of a bluff-top or a waterline and visual checking is necessary
to evaluate if erosion is associated to bluff-top retreat such as along the Beaufort Sea coast, or due to sediment
migration as along barrier islands and spits. Tanguy, Whalen, Prates, Pina, et al. (2023), Tanguy, Whalen, Prates,
and Vieira (2023) have shown differences in coastline change rate measurements up to 20% when considering
bluff-top/vegetation line or waterline as a shoreline reference. For the purposes of coastal risk assessment along
permafrost coasts with the projection of future coastline position, it is necessary to characterize retreat of the
bluff-top line rather than migration of dynamic deposition sedimentary features such as beaches, spits and barrier
islands.

Due to the noticeable inter-decade variability of coastline changes found at validation sites (Figure 6), which is
also confirmed by multiple previous studies (Farquharson et al., 2018; Jones et al., 2018; Tanguy, Whalen,
Prates, Pina, et al., 2023; Tanguy, Whalen, Prates, & Vieira, 2023), we can expect a rapid and strong response
of permafrost coasts to reduced sea-ice and in consequence increasing storm and wave action, but there likely
will nevertheless also be periods of slower rates locally that results in a high shoreline change variability. Sea-
ice variability during winter and the length of the open-water season significantly impact coastal erosion along
unconsolidated and exposed coasts, such as the Beaufort and Laptev Sea coasts (Giinther et al., 2020).
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Barnhart et al. (2014) highlights an increase in the open-water season, leading to greater storm exposure.
Locally, this results in increasing fetch area, as seen at Drew Point, Alaska, where larger, more energetic
waves enhance erosion. Although quantifying this relationship regionally remains challenging, it is crucial for
understanding Arctic coastline evolution. Additional factors, such as regional SLR, permafrost temperature,
ground-ice content, and thaw subsidence, also contribute to the acceleration of permafrost coastline retreat,
particularly along unconsolidated coasts. Integrating these variables and refining time-period analyses are
necessary to improve our understanding of coastal erosion drivers.

6.3. Permafrost Thaw

The GT and ALT Permafrost_cci products have been validated with various in-situ measurements. However, the
data sets reveal regional biases associated with the spatial resolution (near 1 km) of the modeled data sets, which
do not capture land-cover spatial variability at a finer scale. Ground stratigraphy and snow cover are significant
controlling factors for ALT. The currently used ground stratigraphies in the Permafrost_cci modeling are derived
from land-cover classification (Palmtag et al., 2022; Westermann, Langer, et al., 2015; Westermann, @stby,
etal., 2015) and do not consistently represent real ground conditions. Hence, significant errors are expected where
bedrock is actually represented as moisture-rich ground. Thus, the characterization of change using relative values
is more adapted than the use of absolute values. However, increasing ALT is not always inducing subsidence.
Since the study area extends over the Arctic region and considers permafrost-dominated coasts, some areas may
show deep active layer thickness where its increasing trend is less relevant for risk assessment. However,
permafrost thaw is not linear and uniform and heat transfer depends on surface water conditions. Long-term
simulations spanning from 1901 to 2100, which utilize reanalysis data and climate model outputs, reveal that
the hydrological regime can accelerate or slow down the thawing of permafrost (Westermann, Langer,
etal., 2015; Westermann, @stby, et al., 2015). Increasing ALT might be relevant in areas characterized by shallow
ALT, such as higher latitudes Arctic settlements where subsidence and infrastructure instabilities can be caused
by an abrupt increase in thaw depth (Nitzbon et al., 2020).

Permafrost temperature trends serve as a critical proxy for assessing regions at risk of thaw subsidence. Along
coastal areas, this process can lead to rapid landward coastlines, migration, accelerated flooding, and significant
land loss, particularly as this process occurs regionally at rates faster than SLR (Forbes et al., 2022). The
experimental study by Wagner et al. (2018) has shown the significant effect of increasing GT with permafrost
thaw by deepening of the permafrost table and subsidence. Based on an area of 143 m?, and 1.5 m soil depth, their
results reveal a linear relationship between GT increase and subsidence where an augmentation of 13°C results in
ALT increase of 1 m and subsidence of 10 cm. Studies have shown that summer surface subsidence is derivable
over low-land permafrost regions from, for example, Sentinel-1 SAR. In the area of Point Lonely Air Field,
ground surface displacement ranged between 2 and 6 cm in the summer 2017. However, long time series and in-
situ data are lacking to validate the recorded subsidence within the InSAR pixel scale (Strozzi et al., 2018).
Assessment of risk areas associated to increasing ALT would need to consider the actual ALT.

Permafrost degradation can intensify thermokarst processes, changing landscapes and significantly impacting
Arctic hydrology by accelerating thermo-hydrological erosion (Grosse et al., 2013; Liljedahl et al., 2016; Tanguy,
Whalen, Prates, Pina, et al., 2023; Tanguy, Whalen, Prates, & Vieira, 2023). Combined with permafrost
degradation, such erosion can further lead to the spread of contaminants in the environment. Toxic substances are
naturally present in permafrost terrain and can also be found in buried waste and landfill sites in industrial areas.
As permafrost thaws and erosion increases, these contaminants, including heavy metals and persistent organic
pollutants, can be released into surrounding ecosystems. These changes pose significant environmental and
ecological risks in Arctic regions, impacting water quality, wildlife, and human health (Langer et al., 2023).

6.4. Exposed Infrastructure and Settlements

The combined analysis of the coastline change data set and the SACHI-v2 data set allows the identification of
settlements and infrastructure exposed to coastal erosion, from short-to long-term periods (2030, 2050, and 2100)
and to SLR in 2100. Note that in this study, the definition of settlement is mainly based on the concentration of
infrastructure which are sometimes associated with industrial or military facilities along the coast and where
people are not permanently living. It is therefore important to consider this for risk assessment, since arctic
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indigenous communities, rely on seasonal hunting and fishing for subsistence. Meanwhile, industries like mining
have greater financial resources to adapt to environmental changes, such as permafrost thaw, or to relocate fa-
cilities. Indigenous knowledge and their diverse perspectives needs to be integrated in adaptation strategies to
climate risks (IPCC, 2023). Note that settlements, which are already exposed to coastal erosion are also included
in the results. Examples include Tuktoyaktuk and Newtok, where infrastructure relocalization strategies are
planned or taking place. However, in Alaska, some settlements currently under of erosion threat were not
identified in our analysis. This is the case for example, for Utqiagvik (Barrow), Kivalina, and other settlements in
northwest Alaska (Figure Al). We noticed that some quality issues in the Landsat data from 2003 may have
produced artifacts and classification errors in the detected area of change, but also that highly dynamic coastal
features such as barrier islands can pose methodical challenges for the detection. In some locations, the results are
coherent with local measurements found in the literature, such as in the study of Nicu et al. (2021), who
investigated coastline changes and potential impacts at the cultural heritage site of Hiorthhamn in Svalbard (78°
14'50” N, 15°42'30” E). Among the 56 coastal settlements in Alaska, our pan-Arctic approach was able to
identify 25 settlements being exposed to coastal erosion by 2100. These results agree for 11 settlements, also
identified by Buzard et al. (2021), with the identification of 14 additional settlements mostly located along the
Beaufort Sea coast. In Greenland, no settlements were found to be directly exposed to coastal erosion, mainly due
to the solid rock composition of the majority the coastline, and due to isostatic rebound effect. Moreover, due to
the spatial resolution of the Landsat data, our results do not consider changes below 2 m/yr. Therefore, some
infrastructure and settlements potentially exposed could have been omitted from our results and local coastline
change assessments remain necessary. Although Greenland is considered to have relatively stable and safe coasts,
it is actually exposed to extreme wave events from tsunamis triggered by submarine landslides or glacier calving.
These factors were not considered in our assessment, but are critical to understand settlement exposure in the
region (Kostrzewa et al., 2024; Strzelecki & Jaskolski, 2020; Svennevig et al., 2024).

In addition, regional SLR projection for 2100 along the studied coasts was investigated to identify settlements
potentially affected by SLR in 2100, since 60% of coastal infrastructure are located in low-lying areas (<10 m).
The Beaufort Sea was identified as a hot-spot for SLR by 2100. However, this result should be taken with caution,
as it may be influenced by a single, high subsidence rate recorded at the Prudhoe Bay tide gauge (0.37 m/century).
Spatial extrapolation of such limited subsidence data can introduce uncertainty, potentially leading to over-
estimated SLR along the Beaufort Sea coast. Although AR6 projections have improved regional accuracy,
validation remains challenging in polar regions due to sparse long-term data, making extrapolations of subsidence
and SLR more uncertain (Slangen et al., 2023). The use of the DeltaDTM model is deemed suitable for large SLR
scenarios. For finer increments (below 1 m), the model's reliability decreases to 50% (Pronk et al., 2024). Various
models and frameworks exist that integrate satellite observation, coastal elevation and SLR to determine chronic
marine submersion and coastline responses to waves (Terres de Lima et al., 2021; Vitousek et al., 2023), however,
the implementation of these models remains challenging at the regional scale, especially in the Arctic region.

Overall, using linear extrapolation to predict future coastline positions is primarily a bench-marking tool. It does
not account for numerous external factors that could affect coastline retreat, such as ground-ice content, sea
surface temperature, SLR, subsidence, and nearshore sediment dynamics. Quantifying these factors at a circum-
Arctic scale remains challenging and should be integrated into predictive models.

For the first time, our data set allows for a pan-Arctic estimation of the number of settlements exposed to current
and future coastal erosion, warming permafrost temperature, and active layer thickening. However, the very likely
intensification of drivers of coastal erosion, such as more intense storm surges and lengthening of the open-water
season, were not incorporated in our analyses. Thus, it is likely that our results present a rather conservative
estimation of the total number of coastal settlements being affected by coastal erosion in the future. Infrastructure
damage and associated costs within coastal areas needs also to be assessed to quantify economic consequences
(Buzard et al., 2021; Jaskolski, 2021; Ogorodov et al., 2023; Streletskiy et al., 2019).

7. Conclusions

Our study has demonstrated the effectiveness of remote sensing techniques in assessing the evolution of Arctic
and permafrost coastline across the Arctic over the last 20 years, with a novel workflow to derive rates of change.
Change probabilities so far used for inland lake change monitoring have been applied to coastal change and a
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geometry-based rate retrieval method was successfully demonstrated, which allows partial automatization. The
results show that erosion dominates along coastal settlement areas, with retreat rates of up to 19 m/yr. Extrap-
olation of the coastline position by the year 2030 revealed that 18% of coastal settlements will be affected by
coastal erosion, and 21% in 2100. The majority of identified settlements with exposure are localized along the
Alaskan and Siberian coasts. The results in identified exposed settlements are conservative due to the data quality,
spatial resolution, and time-span which is influencing the significant erosion detection.

Simultaneously, ground temperature has shown a significant warming trend of 0.8°C per decade and the active
layer is deepening by 6 cm per decade over the entire study area. Indeed, nearly 45% of infrastructure are built in
areas where ground temperature is rising from 1 to 2°C/decade and 85% above active layer deepening from O to
4 cm/decade. Based on these trends, 77% of the coastal infrastructure, will experience a shift to positive ground
temperatures by 2100. These results indicate a potential vulnerability of unconsolidated coastal permafrost to
ground subsidence, flooding hazards, and changes in hydrological systems.

With 60% of the coastal infrastructure located in low-lying areas, SLR is expected to affect 45% of the coastal
settlements by 2100. In combination with the effects cited above, the vulnerability of Arctic and permafrost
coastal settlements is increasing. Although minimal changes and exposure have been identified along high Arctic
coasts like Greenland, it's crucial to recognize the unique coastal hazards of this region, where populations must
cope with the risk of tsunamis. Additionally, glacier calving and the destabilization of mountain slopes present
new challenges for communities in this area. To minimize the risks and costs faced by coastal permafrost set-
tlements, rapid adoption of coastline management and adaptation measures is essential to protect infrastructure
and the livelihoods of local populations.

In the context of changing permafrost conditions, this work provides relevant information at the pan-Arctic scale
for the identification of coastal settlements at risk by several time steps until the end of the 21st century. This is an
important first step toward a remote sensing-based pan-Arctic monitoring system and developing mitigation
strategies, thus reducing the vulnerability of Arctic settlements to future coastal hazards.

Appendix A

Figure Al. Example of rapid coastal erosion threatening coastal infrastructures at Utqiagvik (Barrow, Alaska). The photo
was taken in September 2024. A road portion was destroyed after a storm during the summer 2023, we note the presence of
red tanks and remaining big-bags down the bluff. Image credit: Benjamin Jones.
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Figure A2. Settlements potentially exposed to coastal erosion from 2030 to 2100. Contains modified Copernicus Sentinel data 2016 to 2022. Background: GSHHG
(Wessel & Smith, 1996).
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