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ABSTRACT
The transition of permafrost landscapes to marine environments, driven by climate change, plays a crucial role in the global 
carbon cycle. Thermokarst lagoons, formed along permafrost coasts when thermokarst lakes get connected to the sea, are key 
features in this transition. Using remote sensing imagery, we manually mapped and classified 520 thermokarst lagoons along the 
coastline of five Arctic shelf seas (Laptev, East Siberian, Chukchi, Alaskan Beaufort and Canadian Beaufort seas) between the 
Taymyr and Tuktoyaktuk peninsulas, and most were located along the Canadian Beaufort Sea. These lagoons cover a total area 
of 3457 km2, with strong regional variations in both size and distribution. Based on their sea connectivity, we categorised the la-
goons into five classes, with 55% in early transition stages (very low to low connected). From 2000 to 2021, lagoon area increased 
in all regions, with the Alaska Beaufort Sea coast showing the most growth (+1.34%). Smaller and isolated lagoons expanded 
faster than those in lagoon systems or deltas. Our analysis links thermokarst lagoon distribution to coastal erosion, land cover, 
ground ice and organic carbon, showing that most lagoons are located in areas of thermokarst lake coverage and high coastal 
erosion. This unique pan- Arctic dataset serves as a foundation for understanding thermokarst lagoon dynamics and their role in 
the rapidly changing Arctic environment.

1   |   Introduction

The transition of permafrost landscapes to marine environ-
ments due to climate change is a critical process with significant 
implications for the global carbon cycle [1–4]. Permafrost holds 
a vast amount of organic carbon (∼1460–1600 GT; [5–7]), and 
permafrost thaw leads to the partial mobilisation and degrada-
tion of this previously sequestered organic carbon, potentially 
creating a feedback loop that exacerbates climate change [8, 9]. 

Especially vulnerable are deposits including excess ice, which 
are prone to surface subsidence and also high coastal erosion 
rates [10, 11]. Understanding the dynamics of these transitions is 
important for predicting future climate scenarios and mitigating 
their impacts. Both permafrost coastal erosion and inundation 
of low- lying areas are important processes that result in terres-
trial permafrost transitioning to a marine environment. In the 
Arctic, lagoons are providing a unique setting where these types 
of transitions and their consequences can be studied in detail.
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Arctic lagoons are critical habitats that support diverse 
and highly productive ecosystems, playing a key role in the 
structure and functioning of the Arctic coastal environment 
[12, 13]. These shallow, semi- enclosed water bodies act as eco-
logical buffers between terrestrial and marine environments, 
providing crucial habitats for a wide variety of species, includ-
ing migratory birds, fish and marine mammals [12–15]. For 
example, in Alaska, the Beaufort Lagoon LTER (Long Term 
Ecological Research) programme has emphasised the impor-
tance of these ecosystems, highlighting their sensitivity to 
changes in freshwater input, sea ice dynamics and coastal 
erosion [16, 17]. Studies show that more sheltered lagoons 
foster greater biodiversity, whereas less protected lagoons ex-
hibit lower diversity of trophic niches among fish populations 
[18]. Research from Siberia and Canada highlighted the role 
of lagoons in shaping coastal geomorphology and influencing 
sediment fluxes, nutrient cycling, carbon storage and their 
complex hydrochemistry [19–21]. Across Alaska, Canada and 
Russia, studies consistently show that lagoons may serve as 
hotspots of biological activity, supporting both local biodi-
versity and subsistence practices of Indigenous communities 
(e.g., [22]).

Unlike barrier- island lagoons, which develop when spits or 
sandbars enclose a water body, thermokarst lagoons form ex-
clusively in Arctic thermokarst coastal lowland environments 
when thermokarst lakes or basins are inundated by the sea 
(Figure  1). These lagoons have distinct geomorphological fea-
tures, including a round to oval shape and well- defined shore-
lines distinguishing them from other coastal lagoons. They 

maintain at least intermittent connections to the sea through 
inlets or visible channels formed after thermokarst lake drain-
age or regular water exchanges driven by tides or storm surges 
[23, 24]. Thermokarst lagoon formation is driven by coastal ero-
sion, sea- level rise and permafrost thaw- induced ground sub-
sidence [25]. Previous thermokarst lagoon research focused, for 
example, on coastline evolution and drowning of thermokarst- 
affected landscapes [20, 26, 27] or lagoon sediment charac-
teristics [21, 28–31]. We here develop a broader generalisation 
scheme for thermokarst lagoons and a pan- Arctic assessment of 
their distribution and classification, because they are key fea-
tures in the permafrost- to- marine transition and a generalised 
scheme will help better understanding of thermokarst lagoon 
development and the environmental settings.

Previous research has laid the groundwork for categorising 
Arctic lagoons based on their connectivity to the marine en-
vironment [22]. The classification of Arctic lagoons into ‘bar-
rier island’, ‘stable connection’, ‘intermittent connection’ and 
‘closed’ on a gradient from high to low connectivity is com-
parable to the initial thermokarst lagoon classification by 
Jenrich et al. [30], though Fraley et al. [22] focused on coastal 
lagoons without taking thermokarst processes into account. 
Specifically for thermokarst lagoons, the initial classification 
system by Jenrich et  al. [30] categorised lagoons into ‘open’, 
‘semi- closed’ and ‘nearly closed’ systems based on their con-
nectivity and coastal erosion gradients. Angelopoulos et  al. 
[23] provided a first distribution map, and the first total area 
estimation was conducted by Jenrich et  al. [30], followed by 
an extensive pan- Arctic lagoon area estimation by Yang et al. 
[32]. This research showed that thermokarst lagoons occupy 
approximately 2579 km2, an area roughly equivalent to the 
country of Luxembourg.

Despite these advances, several knowledge gaps remain. In 
particular, lagoon connectivity is an important parameter that 
determines water exchange, hydrochemistry and biogeochem-
istry, as well as ecological exchange  [33, 34]. Connectivity 
might be affected by spatial constraints such as channel length 
and depth or by temporal constraints, for example, due to sea-
sonal ice formation that restricts or seals connecting channels 
[35]. Hence, the subdivision of interconnected lagoon systems 
into individual lagoons needs more precision, also impacting 
the accurate estimation of their number and area. The exist-
ing classification system remains insufficient for the detailed 
categorisation required for complex or nested lagoon systems. 
Moreover, the biogeochemical and hydrochemical diversity 
within these systems, influenced by differences in connectiv-
ity, sediment input and salinity, needs a more refined classifi-
cation approach. Furthermore, although thermokarst lagoon 
area change has not yet been studied, it is conceivable that the 
nature of lagoons, that is, the openness or closedness of their 
connection, could impact erosion of their shorelines because 
it impacts salinity, water temperatures and wave and current 
dynamics, all of which are factors known to affect coastal 
erosion. Some of the most prominent changes in permafrost- 
affected areas are due to coastal erosion [36–38] and wide-
spread thermokarst lake changes [39, 40]. Although those 
have been widely studied using remote sensing techniques, 
research concerning area change dynamics of thermokarst 
lagoons is lacking.

FIGURE 1    |    Sentinel- 2 satellite image of northern Alaska showcas-
ing different coastal water body types along a typical Arctic lowland 
coastline. Thermokarst lagoons, formed from inundated thermokarst 
lakes and drained lake basins, are distinct from the larger, barrier is-
land–separated coastal lagoon (here, Elson Lagoon) and a wide river 
estuary. Source: ESA, false- colour Sentinel 2 image from 2024- 07- 11. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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This paper addresses these abovementioned gaps by aiming 
to provide a unique dataset that includes the count, area and 
classification of thermokarst lagoons on a pan- Arctic scale and 
further the change in lagoon area over 20 years. By employing 
manual mapping techniques and an improved classification sys-
tem, this study aims to offer a comprehensive understanding of 
thermokarst lagoon dynamics and their role in the permafrost- 
to- marine transition.

2   |   Methods

Thermokarst lagoons were differentiated from other types 
of lagoons based on their high roundness that suggest an 
origin as thermokarst lake or basin, their presence along 
a lowland coast dominated by thermokarst lake and basin 
systems and the absence of wide spits and barrier islands en-
closing a coastal water body, which is typical for other coastal 
lagoon types.

2.1   |   Improved Lagoon Mapping Approach

Building on previous mapping efforts [23, 24], we refined 
the classification of thermokarst lagoons by distinguishing 
interconnected sub- lagoons as individual entities where the 
original basin shape was still recognisable. This distinction 
acknowledges differences in geomorphological legacy, hy-
drochemistry, biogeochemistry and sedimentology among 
sub- lagoons.

A water body was classified as a thermokarst lagoon if it met the 
following criteria:

1. Located in a thermokarst environment;

2. Round to oval- shaped depression with a discernible 
shoreline;

3. Minimum of 500 m in diameter;

4. At least intermittent connection with the sea either 
through:
a. a visible channel with a maximum length of 1 km;
b. separation only by a narrow beach;
c. or a maximum elevation difference to the sea of ≤ 1.5 m, 

which ensures regular water exchange via spring tides 
or storm surges.

Differences in altitude between land and sea were determined 
using the ArcticDEM digital elevation model and hillshade 
[41] in combination with ESA Sentinel- 2 false- colour satel-
lite imagery. A median image composite from August and 
September 2018 with a spatial resolution of 10 m served as the 
base imagery.

The methodological approach of the mapping and the data-
sets used are shown in Figure  2. Mapping was conducted in 
QGIS Version 3.34 using Sentinel- 2 imagery accessed via the 
Copernicus Browser (Copernicus Sentinel data). Images were 
selected with a cloud cover of less than 30% from 2023- 07- 01 to 
2023- 08- 30, utilising true- colour (B4: red, B3: green, B2: blue) 
and false- colour composites (B8: NIR, B4: red, B3: green) to 

enhance visibility of natural boundaries. Features such as sand 
spits, sandbanks and shoals were used as visual references for 
delineation. Additional imagery basemaps, including Google 
Satellite layer and ESRI Satellite/ArcGIS World Imagery (Esri, 
Maxar, Earthstar Geographics and the GIS User Community), 
provided supplementary context but were secondary due to un-
clear acquisition dates.

Water masks for sub- lagoon delineation were derived from 
the Global Surface Water (GSW) dataset  [46], which utilises 
Landsat- 5, Landsat- 7 and Landsat- 8 data from 1984 to 2021 at 
30 m resolution. These masks were generated in Google Earth 
Engine [47] based on the occurrence dataset from GSW in 
Version 1.4 [46] using a threshold of > 75%. The resulting raster 
images were vectorised in QGIS to guide lagoon mapping. The 
basin shapes from the water masks provided crucial reference 
points for accurate boundary determination based on lagoon 
polygons (Figure 3).

Pre- existing thermokarst lagoon boundaries from Jenrich et al. 
[44] were integrated and refined where necessary. Adjustments 
were made in cases where the original mapping did not align 
with expected lagoon morphology, leading to slight variations in 
area size. For example, in Tesh 15 (ABS_010), the current study 
mapped the lagoon based solely on its distinct round shape, 
whereas Jenrich et al. [44] included an elongated, estuary- like 
outlet. This refinement led to improved accuracy in lagoon size 
estimation.

FIGURE 2    |    Flow chart depicting the datasets (parallelogram) that 
contributed to this study, the main methodological steps (boxes) of 
the lagoon mapping and the dataset that the study is based on (oval). 
Datasets: [42–46].
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Water mask datasets in Jenrich et al. [44] were based on data 
spanning from 1984 to 2018, whereas this study incorporated 
an updated range of 1984–2021. The resulting difference in total 
lagoon area was 0.33% ± 0.94% (median: 0.04%), also pointing 
at the dynamic nature of Arctic coastal water surfaces. The 
use of an updated dataset has increased the precision of area 
calculations.

By implementing these refinements and developing clear crite-
ria for manual mapping, this study ensures a more consistent 
and accurate assessment of thermokarst lagoon distribution and 
area in permafrost regions.

To define lagoon boundaries and create distinct polygons, 
the ‘split with lines’ function in QGIS was used. This step 
was particularly crucial in complex landscapes like the Lena 
Delta, where a Sentinel- 2 RGB composite (acquisition date 
2023- 06- 08) provided additional clarity. Lagoon boundaries 
were delineated based on:

1. Water masks: Boundaries were set at the narrowest 
points of lagoon openings, as derived from the GSW 
dataset.

2. Satellite imagery: Sentinel- 2 imagery allowed identifica-
tion and tracking of natural morphological features such 
as sandbanks, barriers and shoals.

To ensure consistency in area calculations, we used the 
EPSG:3413 coordinate reference system (WGS 84/NSIDC Sea 
Ice Polar Stereographic North), avoiding discrepancies from re- 
projection into UTM Zones. This approach differs from Jenrich 
[24], where UTM- based calculations were used.

2.2   |   Classification

The 520 mapped thermokarst lagoons were then classified man-
ually into five distinct classes based on their connectivity to the 
sea (Table  1) using a geomorphological approach that did not 
account for bathymetry.

This classification reflects different stages of the lake- to- sea 
transition and considers the presence of natural barriers such 
as sand banks and spits, the length of a channel or width of a la-
goon opening and the distance from the sea. Exemplary ranges 
from lagoons of each class are presented in Table 1. A table with 
additional examples can be found in Table S1.

Class 1: This class is characterised by lagoons with very low 
connectivity to the sea. Exchange is strongly limited by a long 
and/or narrow channel. These lagoons may exhibit temporary 
lake characteristics and represent the least advanced stage in 
the lake- to- sea transition. In some cases, they are subsequent 
lagoons with very limited exchange due to the restrictive nature 
of the channel and/or the high distance to the sea.

Class 2: Lagoons in this class have low connectivity, with ex-
change limited by a very small opening or narrow channel. 
These may be subsequent lagoons with less connection to the 
primary lagoon, either due to the small channel size or high dis-
tance from the sea.

Class 3: This class represents lagoons with medium connectiv-
ity. Exchange is limited either temporally or spatially by larger 
barrier islands or sand spits compared to Class 4. These lagoons 
can also be subsequent lagoons that are well connected to the 
previous lagoon.

Class 4: Lagoons classified as Class 4 exhibit high connectiv-
ity to the sea. Exchange is only slightly limited by the presence 
of barrier islands or sand spits that constrict the inlet slightly. 
This class also includes subsequent lagoons that are very well 
connected to the previous lagoon, with minimal obstruction to 
seawater exchange.

Class 5: Representing the most advanced stage in the lake- to- 
sea transition, Class 5 lagoons have very high connectivity to the 
sea. The inlet is not limited by sand banks or spits, allowing for 
unrestricted exchange with the sea.

This classification framework allows for a detailed understand-
ing of the connectivity levels of thermokarst lagoons and their 
respective stages in the transition from lake to marine environ-
ments and works for single lagoons as well as for lagoon systems.

FIGURE 3    |    Exemplary lagoon extraction for individual lagoons 
(blue circles) and connected lagoons in lagoon systems (white circles) at 
the Northern Head of the Mackenzie Delta, Richards Island, Canadian 
Beaufort Sea. CBS 213 and CBS 214 are examples of newly formed la-
goons that have been shrinking in recent years due to drainage. Water 
mask is based on the Global Surface Water dataset (Pekel et al. 2016), 
and coalesced water bodies have been split with a straight by line at the 
narrowest part between visually identifiable sub- basins. Source: True- 
colour Sentinel- 2 satellite image from 2023- 08- 26. [Colour figure can be 
viewed at wileyonlinelibrary.com]
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2.3   |   Lagoon Area Change

2.3.1   |   Water Area Extraction

In order to explore thermokarst lagoon area changes on a larger 
scale, the GSW dataset [46] and its annual data availability were 
used. Area information for individual years from 2000 through 
2021 was extracted through Google Earth Engine using the ex-
isting lagoon polygons. We extracted all four layers of the GSW 
data, including permanent and seasonal water area, as well as 
land and no data area for debugging and data filtering with val-
ues in square kilometres (km2) per lagoon for each year. We re-
frained from using data before 2000 due to highly limited data 
availability, particularly over Siberia.

2.3.2   |   Data Cleaning

The extracted annual surface water data for each lagoon re-
quired pre- processing before data analysis. Many lagoons 
contained NoData pixels in the original surface water dataset 
due to missing data, primarily resulting from lower acquisi-
tion frequencies before 2013 prior to the launch of Landsat- 8, 
limited downlink capacities of Landsat and challenging ac-
quisition conditions for optical satellite data in Arctic coastal 
regions [48–50].

To ensure complete surface water information, we flagged and 
removed data points for each year and lagoon with a NoData 

fraction exceeding 2%. After this clean- up, the fraction of la-
goons with NoData ranged from 1.0% in 2019 to 87.4% in 2003, 
with a notably higher fraction of missing data before 2013 (see 
Figure S3).

Subsequently, we merged the permanent and seasonal water 
classes into a single water class. For further time- series analy-
sis, we implemented data imputation strategies to fill the gaps. 
Assuming that lagoon areas are comparably stable with mini-
mal interannual variation and that the remaining data points 
are of good quality, we first applied linear interpolation to fill 
gaps based on local linear functions of the nearest data points 
in time. For NoData at the edges of the time series, we used for-
ward-  and backward- filling techniques, taking the nearest data 
point before or after the gap, respectively. As a result, we ob-
tained a complete annual surface water area time series for all 
lagoons from 2000 to 2021.

2.3.3   |   Data Aggregation and Change Analysis

We calculated the linear trends of area for each lagoon using 
ordinary least- squares regression over the entire period, which 
included the slope, intercept, p value and r2. Next, we aggregated 
the results by region, class and lagoon type to identify common-
alities and differences in lagoon connectivity.

For the grouped statistics, we summarised the mean area 
per year. Additionally, we computed the mean normalised 

TABLE 1    |    Thermokarst lagoon classification by connectivity to the sea, based on a geomorphological approach. The classes increase with the 
growing openness of the lagoon and the stronger connection to the sea. Characteristics of classes are CL (channel length), W (width of channel/
lagoon opening), D (distance to open sea) and B (coastal barriers like beaches or spits). Examples of the classification are provided in the satellite 
image of the eastern tip of Tuktoyaktuk Peninsula, NWT, Canada.

Class Connectivity Openness Characteristics Examples

1 Very low Nearly closed CL: 430–1000 m
W: 70–2000 m

D: 15–19,000 m
B: < 100 m in width if no channel present or none

2 Low Limited open CL: 150–1000 m
W: 40–2000 m
D: 0–12,000 m

B: Leaky or none

3 Medium Semi- open CL: No channel
W: 80–2600 m
D: 0–4500 m

B: With wide openings or none

4 High Mostly open CL: No channel
W: 420–5000 m

D: 0–7000 m
B: Almost absent or none

5 Very high Always open CL: No channel
W: 500–2700 m

D: 0–1500 m
B: None

Source: False- colour Sentinel 2 image from 2023- 08- 05.
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change, which represents the average percentage change for 
individual lagoons from 2000 to 2021, as well as the overall 
normalised change, reflecting the total change within each 
region or class.

2.3.4   |   Statistical Analyses

We assessed the statistical significance of lagoon area change 
rates (slope values) across regions and lagoon classes using 
a two- step approach. First, the Shapiro–Wilk test identified 
non- normal distributions in our samples, precluding the use of 
parametric t- tests. We therefore implemented non- parametric 
alternatives: the Kruskal–Wallis test for regional pairwise com-
parisons, which is practically the Mann–Whitney U test. Next, 
we compared single regions (adjacent seas) and lagoon classes 
against the total lagoon population using Wilcoxon signed- rank 
tests. All analyses were conducted in Python using SciPy's sta-
tistical module (scipy.stats).

2.4   |   Relationship Between Thermokarst Lagoon 
and Lake Area

We analysed the relationship between lagoon and lake area. 
Lakes were extracted from the Global Lakes and Wetlands 

Database [51]. Lakes ≥ 0.1 km2 within a 30 km coastal buffer 
(ARCADE database; [52]) were included, without filtering for 
thermokarst characteristics. All lakes fell within continuous or 
discontinuous permafrost zones and were grouped by sea [53]. 
We visualised the size distribution using histograms with fixed 
bins of 3 km2 to ensure comparability.

Lakes and lagoons for each coast were categorised by size using 
quartiles: small (0.1–< 0.8 km2), medium (0.8–< 1.2 km2), large 
(1.2–< 2.4 km2) and very large (≥ 2.4 km2). Afterwards the differ-
ence between lake and lagoon quartiles was calculated, and the 
deviation (absolute values) further grouped in quartiles: small 
(1.2–< 11.1%), medium (11.1–< 21.0%), large (21.0–< 30.9%) and 
very large (≥ 30.9%).

3   |   Results

3.1   |   Distribution and Size of Thermokarst 
Lagoons

In total, we identified 520 thermokarst lagoons along the 
Arctic coast between the Taymyr Peninsula and Tuktoyaktuk 
Peninsula (Figure  4). Table  2 provides an overview of lagoon 
distribution across various Arctic coastal regions, lagoon types 
and lagoon classes. The Canadian Beaufort Sea has the highest 

FIGURE 4    |    (a) Pan- Arctic permafrost map of the 520 thermokarst lagoons located along the Arctic coast between the Taimyr Peninsula (Siberia, 
Russia) and the Tuktoyaktuk Peninsula (Northwest Territories, Canada); number of lagoons in brackets. Detailed map of examples of thermokarst 
lagoons within lagoon systems located in the Lena Delta (b) and at the Northern Head of Richards Island, Mackenzie Delta, Canada (c). Source: A: 
service layer credits: Permafrost distribution: [53]; other layer: Natural Earth; B: Sentinel 2 image from 08.08.2023, natural colours; C: Sentinel 2 im-
age from 16.08.2023 in natural colours. [Colour figure can be viewed at wileyonlinelibrary.com]
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lagoon count with 243, including 63 in the Mackenzie Delta, 
comprising nearly half of the total. These lagoons are also the 
smallest on average, at 2.0 km2. In contrast, lagoons along the 
coast of the Chukchi Sea present the largest average size at 
23.9 km2. The coast of the East Siberian Sea shows the lowest 
density of thermokarst lagoons. Most lagoons along the Laptev 
Sea coast are located in the Lena Delta (87).

In summary, there are 152 lagoons in delta regions, account-
ing for 29% of the total lagoons, occupying 78% of the total la-
goon area. Lagoons in delta environments are larger on average 
(17.8 km2) compared to lagoons outside of delta environments 
(2.0 km2). In contrast, most lagoons (69%) are part of a lagoon 
system and account for 80% of the total lagoon area. Single la-
goons (see example in Figure  3) along straight coastlines are 
fewer and smaller on average (4.2 km2) compared to lagoons in 
lagoon systems (7.7 km2).

Additionally, the classification of lagoons into different connec-
tivity classes further highlights variations in distribution. More 
than half (55%) are very low and low connected lagoons (Classes 
1 and 2). Highly connected lagoons (Class 4) have the largest 
average area of 11.1 km2. Very highly connected Class 5 lagoons 
are the fewest and smallest (on average 4.6 km2).

We extracted the length of the coastlines from the pan- Arctic 
catchment database (ARCADE) and calculated the average la-
goon and lake density per 100 km coastline length, which was 
highest for the Canadian Beaufort Sea with 8.3 lagoons and 51.0 

lakes per 100 km, followed by the Alaskan Beaufort Sea (2.6 and 
35.8). Lagoon and lake density were similar for the Chukchi 
Sea (1.2 and 17.9) and Laptev Sea with (1.3 and 17.0). The East 
Siberian Sea has the lowest lagoon density (0.9) but a higher lake 
density (22.6) than Chukchi and Laptev seas.

3.2   |   Lagoon Area Change

Here, we present the results of the lagoon area change analysis 
from 2000 to 2021. The data were aggregated by region, class, 
and lagoon type to identify similarities and variations in lagoon 
connection. The most intense lagoon shrinking and growing 
was observed for two single Class 1 and Class 2 lagoons located 
at the Alaska Beaufort Sea (Table 3).

3.2.1   |   Regional Changes

The analysis of thermokarst lagoon area changes revealed 
growth across all five regions (Table 3) with significant differ-
ences (p < 0.05) in lagoon area trends (Figure S4). Specifically, 
the lagoon area change at the Laptev Sea differed significantly 
from the East Siberian, Chukchi and Alaska Beaufort seas, 
whereas the Canadian Beaufort Sea also showed distinct trends 
compared to these three regions.

The strong change was observed for the Alaska Beaufort Sea, 
with a growth of 1.34%, followed by the East Siberian Sea at 

TABLE 2    |    Number, size and spatial distribution of thermokarst lagoons, classified by type and connectivity, along the Arctic coast from the 
Taymyr Peninsula (Siberia) to the Tuktoyaktuk Peninsula (Canada). The deviation between Delta and non- Delta lagoons is based on data published 
by Tessler et al. [54].

Category
Lagoon 
number

Lagoons 
distribution 
per category

Lagoon 
area km2

Mean lagoon 
area per 

category km2

Share of 
lagoon area 

category

Total 520 100% 3457 6.6 100%

Region Canadian Beaufort Sea 243 47% 592 2.4 17%

Alaska Beaufort Sea 70 13% 277 4.0 8%

Chukchi Sea 57 11% 1362 23.9 39%

East Siberian Sea 46 9% 353 7.7 10%

Laptev Sea 104 20% 872 8.4 25%

Type Deltaa 152 29% 2712 17.8 78%

Non- deltaa 368 71% 744 2.0 22%

Single lagoon 159 31% 675 4.2 20%

Part of lagoon system 361 69% 2782 7.7 80%

Connectivity class 1 167 32% 792 4.7 23%

2 119 23% 658 5.5 19%

3 117 23% 989 8.5 29%

4 74 14% 819 11.1 24%

5 43 8% 199 4.6 6%
aBased on Tessler et al. [54].
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8 of 16 Permafrost and Periglacial Processes, 2025

1.08%, Laptev Sea at 1.00%, Chukchi Sea at 0.84% and Canadian 
Beaufort Sea, which experienced the lowest increase at 0.49%. 
The Wilcoxon signed- rank test revealed that the East Siberian, 
Chukchi and Alaska Beaufort seas showed significant devia-
tions (p < 0.05), whereas the Laptev and Canadian Beaufort seas 
were statistically similar to the entirety of lagoon change. The 
variance per region, represented by the standard deviation (SD), 
correlates directly with overall regional change, suggesting that 
regions with substantial increases also exhibit greater variabil-
ity among lagoons.

In the category ‘single lagoons’, the highest average increase 
of 1.91% ± 4.65% was observed for lagoons located at the East 
Siberian Sea. However, due to their smaller size, these lagoons 
have a limited impact on the overall regional budget. In contrast, 
thermokarst lagoons in other regions exhibit mean change rates 
ranging from 0.68% to 1.23% (Table 3). Notably, lagoons along 
the Alaska Beaufort Sea and East Siberian Sea coasts display the 
greatest variability in area changes (Figure 5a).

Temporal variation in lagoon area shows a general increase over 
time, with short- term fluctuations of varying degrees (Figure 6). 
However, due to the inherent noise in the input data, making 
definitive assumptions about these fluctuations is challeng-
ing. Nonetheless, the long- term trend of area increase is clearly 
evident.

3.2.2   |   Lagoon Change by Class

Among lagoon classes, Class 4 differed significantly from Classes 
1 to 3, though these results were markedly weaker (p > 0.027; 
Figure  S5) than the regional comparisons (p > 1.8 × 10−8). 
Analysis of individual lagoon classes revealed marginal signif-
icance for Class 1 (p = 0.037) and Class 3 (p = 0.049), whereas 
Class 4 was highly significant (p < 0.001). Classes 1 and 3 
demonstrate the strongest overall growth (Figure 5b), with in-
creases of 1.13% and 1.14%, respectively (Table 3). However, in-
dividual lagoons within these classes show average growth rates 
of 1.37% ± 2.73% and 0.87% ± 4.09%, indicating that smaller la-
goons are expanding more rapidly. Despite this, the expansion 
of smaller lagoons does not significantly affect the overall area 
change.

3.2.3   |   Lagoon Changes in River Deltas

Non- deltaic lagoons exhibit stronger growth compared to la-
goons within the Lena and Mackenzie Deltas (Figure 5c). Non- 
deltaic lagoons show an overall area increase of 1.09% and a 
mean increase of 1.19% ± 3.08% (Table 3). In contrast, lagoons 
in the deltas grew significantly slower, with an overall increase 
of 0.39% in the Lena Delta and 0.19% in the Mackenzie Delta. 
However, when looking at individual lagoons, those in the 

TABLE 3    |    Lagoon area change for various Arctic regions and categories including maximum negative (shrinking) and positive (growing) area 
changes. Mean change represents the average percentage change for individual lagoons, with a standard deviation (SD) indicating variability. Overall 
change reflects the total change within each region, type or class.

Category

Initial 
lagoon area 

(km2)

Absolute 
change 
(km2)

Maximum 
negative 

change (km2)

Maximum 
positive 

change (km2)

Mean 
change 

(%)

SD of 
change 

(%)

Overall 
change 

(%)

Region Canadian 
Beaufort Sea

584.4 2.9 −0.04 0.05 0.75 0.97 0.49

Alaska 
Beaufort Sea

227.0 3.0 −0.28 0.14 1.23 5.49 1.34

Chukchi Sea 563.8 4.7 −0.01 0.05 1.16 1.09 0.84

East Siberian Sea 135.7 1.5 −0.19 0.13 1.91 4.65 1.08

Laptev Sea 522.4 5.2 −0.04 0.09 0.68 2.02 1.00

Type Lena Delta 421.0 1.7 −0.04 0.04 0.15 1.39 0.39

Mackenzie Delta 205.6 0.4 −0.04 0.03 0.54 0.94 0.19

Non- delta 1406.6 15.3 −0.28 0.14 1.19 3.08 1.09

Single lagoon 510.6 7.6 −0.28 0.14 1.21 4.51 1.49

Part of lagoon 
system

1522.6 9.7 −0.04 0.07 0.82 1.25 0.64

Connectivity 
class

1 451.2 5.1 −0.18 0.14 1.38 2.73 1.13

2 428.1 2.0 −0.28 0.1 0.45 4.09 0.47

3 520.0 5.9 −0.04 0.06 0.87 1.48 1.14

4 426.9 2.4 −0.01 0.13 0.96 1.71 0.56

5 196.6 1.0 −0.01 0.03 0.65 0.66 0.50
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9 of 16

Mackenzie Delta grew slightly faster but with less variability, 
on average, at 0.54% ± 0.94%, compared to the Lena Delta at 
0.15% ± 1.39%. This suggests that non- deltaic lagoons are ex-
panding faster, but there are also differences in the growth rates 
of individual lagoons between both delta regions.

3.2.4   |   Changes in Connected Lagoon Systems

Lagoons that are part of larger connected systems exhibit 
weaker growth with less variability than non- connected lagoons 
(Figure  5d). The overall area of connected lagoons grew by 
0.63% and, on average, by 0.82% ± 1.25% per individual lagoon 

(Table 3). In contrast, the overall area of non- connected lagoons 
grew by 1.49% and, on average, by 1.21% ± 4.51% per individual 
lagoon, signifying the much stronger variation of non- connected 
lagoons.

3.2.5   |   Individual Lagoon Examples

Most lagoons exhibit a slow growth over the observed period. 
Here, we highlight the case of lagoon ABS_024 (Figure S6) on 
the Alaska Beaufort Sea coast at Cape Halkett, northeast of 
Teshekpuk Lake, which lost up to 36.1% of its area between 2012 
and 2016, though it recovered to over 85% of the maximum area. 
The drainage of this particular water body was extensively cov-
ered by Jones and Arp [55] and will be discussed in the context 
of lagoon formation.

More detailed case studies can be found in the Supporting 
Information, highlighting some thermokarst lagoons that devi-
ate from the general trends, showing especially strong increase 
or decrease in water area.

3.3   |   Comparison Between Thermokarst Lagoon 
and Lake Area

The comparison of lake and lagoon sizes across all study regions 
show revealed that both lakes and lagoons follow a strongly right- 
skewed size distribution, with the majority of features being rel-
atively small (Figure S8). Although lakes are far more numerous 
than lagoons, the overall shape of the size distributions is very 

FIGURE 5    |    Boxplots of normalised lagoon area change trends (% change 2000–2021) per (a) region, (b) class, (c) delta and (d) lagoon system. 
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6    |    Annual lagoon area per region for the years 2000–2021, 
as area anomaly in % in reference to the base year 2000. [Colour figure 
can be viewed at wileyonlinelibrary.com]
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10 of 16 Permafrost and Periglacial Processes, 2025

similar, especially in the Canadian and Alaskan Beaufort seas. In 
total, 55% of lagoons are similar in size to nearby lakes, with a 
maximum deviation of 11%, and 95% differ by less than %. Many 
of them are located along the Beaufort Sea coast (Figure  S9). 
Additionally, 40% show moderate size differences of up to 21%, 
whereas only 5% exhibit large deviations ranging from 31% to 41%. 
Most lagoons are smaller than the surrounding coastal lakes, with 
the exception of the ‘very large’ size only in the category, where 
‘very large’ lagoons tend to be mainly larger. This pattern is partic-
ularly prominent along the Beaufort Sea coast (Figure S9S8).

4   |   Discussion

Our methodological study employed for calculating the distribu-
tion, classification and area estimation of thermokarst lagoons 
along the Arctic coast provides a comprehensive overview of 
these unique water bodies across the Arctic coastal regions. 
To the best of our knowledge, no similar approach concerning 
thermokarst lagoons has been undertaken. The approach pre-
sented by Fraley et al. [22] aligns largely with our classification. 
Four out of five Arctic lagoons examined in both studies were 
classified as Class 1 or ‘intermittent connection’, which both em-
phasise the temporary nature of their limited connection.

4.1   |   Geographical Distribution of Thermokarst 
Lagoons

The geographical distribution of thermokarst lagoons shows 
strong regional variation, primarily shaped by the interplay of 
coastal erosion dynamics, the presence of thermokarst lakes 
and local geomorphological conditions. Lagoon densities are 
highest along the Beaufort Sea coast, a region characterised by 
extensive lake- rich lowlands and rapid coastal erosion—reach-
ing up to 48.8 m per year in extreme events (2007–2008; [10]) 
and averaging around 1.15–1.12 m per year for the Alaska and 
Canadian Beaufort seas [56]. These high erosion rates, com-
bined with widespread ground- ice and low- lying terrain, pro-
mote frequent inland migration of the coastline, increasing the 
likelihood of coastal lakes being breached by the sea and trans-
formed into lagoons. In contrast, the Chukchi Sea region, with 
significantly lower erosion rates—averaging just 0.20–0.49 m 
per year [10, 56]—shows much lower lagoon density, suggest-
ing that slower coastal retreat reduces the frequency of lagoon 
formation.

The distribution of lagoons also strongly correlates with areas of 
high lake thermokarst activity. Based on regional thermokarst 
coverage data  [57], 90% of lagoons are found in areas where 
lake thermokarst affects 60%–100% of the landscape, whereas 
only 5% occur in regions with low thermokarst presence (1%–
30%) (Figure S2). This highlights the critical role of pre- existing 
thermokarst lakes in enabling lagoon development. However, this 
relationship is not uniform across the Arctic. For example, the 
western East Siberian Sea coast, despite high lake thermokarst 
coverage, shows a surprisingly low density of lagoons. This could 
be caused by elevation differences between former lake basins 
and the sea, which, if larger than spring tide heights, inhibit ef-
fective flooding and thus prevent lagoon formation.

In addition to spatial patterns, size comparisons further 
support the close link between lakes and lagoons. Across 
all regions, both features exhibit strongly right- skewed size 
distributions dominated by small water bodies (Figure  S7). 
This similarity indicates that lagoon size is closely tied to the 
size of the original lakes, with most lagoons being slightly 
smaller than nearby lakes. The exception is the ‘very large’ cat-
egory, where lagoons often exceed lake sizes (Figure S8)—po-
tentially due to local geomorphic processes or post- formation 
changes such the connection of neighbouring lagoon and the 
formation of larger lagoon systems. These patterns suggest 
that lagoon formation is primarily controlled by the distribu-
tion and size of thermokarst lakes, whereas coastal erosion 
modulates the timing and frequency of their transformation 
into lagoons.

We connected the mapped thermokarst lagoons with ground 
ice and organic carbon content data from the Arctic Coastal 
Database [58]. The findings reveal that 38% of all mapped 
thermokarst lagoons are located in areas with low ground ice 
content (0%–20%). The majority—about 53%—are found in re-
gions with medium ground ice content (21%–50%). Only 9% of 
thermokarst lagoons are situated in areas with high ground ice 
content (> 50%), primarily located along the Alaska Beaufort 
Sea and the US Chukchi Sea.

Additionally, nearly 80% of the lagoons are located in areas 
where the organic carbon content is low (0%–2%) to medium 
(2%–5%). At thermokarst- affected coasts, permafrost thaw has 
already advanced significantly, and the stored organic matter 
has been decomposed over a long period. Furthermore, mix-
ing with mineral- rich, OC- poor marine sediments could lead 
to a reduction in OC content in thermokarst lagoon sediments. 
However, field data suggest high variability in OC content be-
tween lagoons [28, 30, 45] (Jenrich et  al. unpublished data). 
Young, less connected lagoons tend to retain terrestrial OC- rich 
sediment for longer periods, whereas more open lagoons expe-
rience faster sediment export due to stronger currents trans-
porting material into the open ocean. About 21% of thermokarst 
lagoons are located in regions with high OC content (> 5%). In 
these lagoons, present mostly along the coasts of the Beaufort 
and Chukchi seas, the potential for elevated greenhouse gas 
(GHG) production is particularly high.

4.1.1   |   Regional Distribution of Lagoon Classes

Our classification of lagoons based on connectivity revealed 
important trends. More than half of the lagoons (55%) were 
classified as nearly closed (Class 1) and limited open (Class 2), 
indicating very low connectivity. These lagoons are critical in 
understanding the initial stages of the lake- to- sea transition 
and their potential for organic carbon degradation. Highly con-
nected lagoons (Class 4) had the largest average area (11.1 km2), 
highlighting the advanced stages of the transition process. 
Interestingly, Class 5 lagoons, representing the most advanced 
stage, were the fewest and smallest (average 4.6 km2), suggesting 
that as lagoons become more connected to the sea, their overall 
area may decrease due to factors such as increased erosion and 
sediment redistribution.
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When normalised to account for the total number of lagoons 
in each region, the distribution of lower- connected lagoons 
(Classes 1–3) appears more consistent across different re-
gions (Figure  S1a–c). In contrast, the more open and highly 
connected lagoons (Classes 4 and 5) are primarily concentrated 
in deltas and areas with high thermokarst activity, particularly 
along the Beaufort Sea and Laptev Sea coasts (Figure S1d,e). In 
these lowland regions, which are highly shaped by thermokarst 
processes, the combination of surface subsidence, sea- level 
rise and elevated erosion rates are drivers for the rapid drown-
ing of thermokarst lakes [25]. This process results in large 
lagoon systems (Figure 3), which account for more than two- 
thirds of the mapped lagoons and take up 80% of the total la-
goon area.

These patterns highlight the interplay between geomorpho-
logical setting, lagoon connectivity and sediment composition, 
underscoring the potential for substantial spatial variability in 
carbon cycling and GHG emissions across Arctic thermokarst 
lagoons.

4.2   |   Patterns of Thermokarst Lagoon 
Area Change

As thermokarst lagoon area is likely closely linked to coastal 
erosion rates, patterns of thermokarst lagoon area change might 
correlate with those of Arctic coastal erosion rates. Along the 
Alaskan Beaufort Sea coast, coastal erosion rates are espe-
cially high [10]. The high variability and strong growth found 
in the thermokarst lagoons of this region may be especially in-
fluenced by coastal erosion. In contrast, the East Siberian Sea, 
Chukchi Sea and Laptev Sea generally exhibit slightly lower 
area growth. The stability of thermokarst lagoons along the 
Canadian Beaufort Sea stands in contrast to the erosivity along 
this coast. The overall trend of coastal erosion rather than pro-
gradation does not explain the observed stability, which may 
be coupled to other environmental factors. Importantly, many 
of these lagoons are part of larger lagoon systems, which can 
mitigate the expected impacts of coastal erosion due to reduced 
wave energy in these more sheltered environments. Overall, the 
analysis of the influence of coastal erosion would benefit greatly 
from a more in- depth quantitative assessment, which could be 
conducted with the help of the presented dataset.

At class level, the lack of a clear trend of change rates based on 
connectivity may be due to the highly variable distribution of 
lagoon classes along Arctic coasts, especially for Classes 1–3. 
Meanwhile, the location of many Class 4 and 5 lagoons in delta 
environments could point towards lower change in these delta 
environments. Nevertheless, the argument of subjectivity with 
classification based on geomorphology is one that should not be 
ignored and may have a slight influence on the lack of a clear 
trend. The inherent complexity of thermokarst lagoons indicates 
that although they can be classified based on their connectivity 
to the sea, each lagoon may still display different characteristics 
such as sediment grain size, shoreline elevation or ground ice 
content of the surrounding permafrost, which influences area 
changes. The implication here is that river delta and lagoon sys-
tem environments are more influential on lagoon area change 
than classification.

Lagoons within systems may experience less change due to 
reduced wave energy, as the interconnected lagoons act as 
natural buffers. In particular, subsequent lagoons in these sys-
tems are shielded from wave action by the preceding ones, func-
tioning like natural breakwaters. This is comparable to how 
Tuktoyaktuk Island, though actively eroding, serves as a protec-
tive barrier for the coastal Hamlet of Tuktoyaktuk located fur-
ther inland on the Tuktoyaktuk Peninsula [59]. Exemplary own 
field observations during a very stormy boat ride from Reindeer 
Island (located near the outer Mackenzie Delta) back to Inuvik 
after finishing field work revealed very low wave activity in 
this specific lagoon system. These observations from 2021 are 
supported by Hill and Solomon [60], who report low wave fre-
quency in the system, with the presence of aeolian deposits on 
lagoon shorelines indicating low erosional energy.

Overall, Arctic wave energy is projected to increase [61], driven 
by factors such as a longer open- water season [62] and higher 
storm intensity [63]. This raises the question of how thermokarst 
lagoons will be affected. Malito et  al. [61] modelled wave en-
ergy along the Alaskan Beaufort Sea, finding that shelf geom-
etry plays a crucial role—the steeper the shelf, the higher the 
wave energy reaching the coast. Generally, the shelves of the 
Beaufort, Chukchi, Laptev and East Siberian seas are character-
ised by low relief [64] and tend to be less impacted by high wave 
energy [61]. Previous studies at Reindeer Island and Bykovsky 
Peninsula (Laptev Sea) have shown that the depth of Class 3 to 
Class 5 lagoons ranges from 2 to 2.5 m [21, 28]. These shallow 
lagoons, combined with low- relief shelves, may be less vulner-
able to coastal erosion from breaking waves than steeper or 
more exposed coastlines. Although this may not represent all 
pan- Arctic lagoons, we hypothesise that, although wave energy 
is an important factor, it may play a lesser role in lagoon growth 
compared to other drivers—particularly thermal erosion, which 
occurs on a much larger scale along permafrost coasts [61, 63].

Climate change- induced sea- level rise could drive lagoon 
growth and formation. Although this rise occurs at a rate of 
only millimetres per year [61], rising sea levels in Arctic low-
lands—combined with factors such as increased storm inten-
sity [63]—could flood coastal thermokarst lakes if the elevation 
difference between the lake and the sea is small enough. Over 
time, thermokarst lagoons may progress through different con-
nectivity stages, from Class 1 to Class 5, creating a complex, 
evolving shoreline. These lagoons are gradually eroded over 
long timescales, eventually contributing to shoreline smoothing 
[27]. These lagoons are gradually eroded over long timescales, 
eventually contributing to shoreline smoothing. The potentially 
cyclical nature of thermokarst lagoons, along with the influence 
of sea- level rise, remains understudied, highlighting an import-
ant field for future research.

Individual lagoons that exhibit exceptional area changes may be 
influenced by local environmental processes and are not nec-
essarily connected to global trends. However, lagoons such as 
ABS_024 (Figure S7), which formed after a major lake drainage 
event in July 2014 [55], may represent the earliest stage in the 
lake- to- lagoon transition.

When drainage channels form due to the thermo- erosion of 
ice wedges [65, 66], thermokarst lakes can drain into the sea, 
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12 of 16 Permafrost and Periglacial Processes, 2025

causing water levels to equalise with sea level. These connecting 
channels are commonly observed in many Class 1 and Class 2 
lagoons (e.g., Polar Fox Lagoon SLS_003 and other lagoons listed 
in Table 1) and may have formed through thermo- erosion [67]. 
Further thermo- erosion could potentially widen these channels, 
though this process has not yet been studied specifically in the 
context of thermokarst lagoons.

Coastal erosion can also erode the barrier between the lakes or 
drained lake basins and the sea—particularly in lowland areas 
[68, 69]. This appears to be the case for ABS_024, where sur-
rounding elevations are less than 1 m, according to ArcticDEM 
data [41]. As erosion breaches the barrier, a connection to the sea 
is established, allowing seawater intrusion.

As reported, ABS_024 expanded its surface area to nearly match 
its pre- drainage maximum lake size, likely driven by enhanced 
seawater inflow. We propose that ABS_024 serves as a prime 
example of an early- stage thermokarst lagoon formation.

4.3   |   Implications

Even though the majority of thermokarst lagoons are located 
in areas where the organic carbon content is low, most (55%) 
of the mapped thermokarst lagoons are young, less connected 

lagoons (Classes 1 and 2), which may have higher GHG emis-
sions (Figure 7). Incubation and microbiology studies have re-
vealed that under the occurring brackish conditions, methane 
production is highest in these first stages of land- sea transition 
[2, 32, 70]. More connected thermokarst lagoons (3, 4) gradually 
receive more seawater and experience more sediment exchange 
with the sea, causing a decrease in organic matter availability 
and a shift towards marine microbial communities [2]. In this 
course, CH4 production decreases drastically. Fully connected, 
open lagoons (5) show more marine characteristics. GHG pro-
duction shifts from a CH4 ratio of 1:1 in low connected lagoons 
to pure CO2 production (Figure 7 [2, 45]).

Our comprehensive dataset provides a robust foundation for 
future research on the biogeochemical processes within Arctic 
thermokarst lagoons. The detailed classification and area calcu-
lations provide a basis for extrapolation of more detailed local 
studies and enable more precise assessments of organic carbon 
degradation and nitrogen cycling—both of which are critical for 
understanding the broader implications of permafrost thaw at 
the land- ocean frontier with climate change. Beyond openness, 
local factors—particularly freshwater [71, 72], sediment [73–75] 
and organic matter inputs [76–78] in deltaic and estuarine en-
vironments—shape the hydrochemistry and biogeochemical 
properties of these lagoons, highlighting their variability and 
complexity.

FIGURE 7    |    Schematic representation of the transformation of thermokarst lakes into lagoons and their progression towards fully marine systems 
due to permafrost thaw and coastal erosion in the Arctic. The diagram illustrates different stages of lagoon connectivity with the sea (1–5), highlight-
ing methane (CH₄) and carbon dioxide (CO₂) production (red and yellow arrows) as a result of the breakdown of permafrost organic matter. Younger, 
less connected lagoons show higher CH4 production, while more marine- influenced systems have increased CO2 production. Subsurface features 
such as thaw bulbs (talik) and the permafrost table are depicted, along with sediment, water and ion exchange processes (black- grey arrows). The 
ongoing thermal erosion and seawater intrusion contribute to the thawing of permafrost and the migration of Arctic coastlines. This process may re-
sult in increased greenhouse gas emissions from Arctic coastal systems. Figure modified after Romanovskii et al. [20], information on CO2 and CH4 
production rates is based on Jenrich et al. [2] and Jenrich et al. [45]. [Colour figure can be viewed at wileyonlinelibrary.com]

 10991530, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppp.70001 by Jens Strauss - H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

 , W
iley O

nline L
ibrary on [27/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/


13 of 16

There is also progress in other related fields covering Arctic 
land- to- sea frontier environments, such as studies assessing the 
specific ecology of Arctic lagoons [13, 33, 79], the carbon and 
nitrogen pools of Arctic delta deposits (Fuchs et al., submitted) 
[80] or modelling the morphodynamics of Arctic river deltas 
where many thermokarst lagoons were found [81, 82].

Whereas our analysis provides insight into the modern (~20- 
year) variability of lagoon area, the extent to which these 
changes fall within long- term natural variability remains un-
certain. Over longer timescales, Holocene climate fluctuations 
and postglacial transgression have likely influenced lagoon for-
mation and change rates [20, 27], potentially leading to different 
patterns of variability compared to today. Future research in-
corporating palaeoenvironmental reconstructions and sea- level 
change modelling could help determine whether the observed 
trends align with past lagoon evolution or if recent changes re-
flect a shift beyond natural variability.

Further research should focus actual rates of transition from 
thermokarst lake to lagoon and the associated environmental 
impacts. A special focus should be placed on thermokarst lagoon 
systems, as they cover large areas with likely a high portion of 
organic carbon and nitrogen included [7] but have been scarcely 
studied so far. Additionally, expanding the analysis to include 
the Kara and Barents Sea coasts can help identify broader pat-
terns and regional differences, enhancing our understanding of 
these dynamic ecosystems.

5   |   Conclusion

This study provides the first comprehensive pan- Arctic assess-
ment of thermokarst lagoons, including an updated analysis of 
their distribution and size, the introduction of a new classifica-
tion approach and the first 20- year lagoon area change analysis. 
Our refined mapping revealed a detailed dataset of lagoon dis-
tribution and size, uncovering significant regional patterns in 
lagoon density—highest along the Beaufort Sea coast and lower 
across the Laptev, Chukchi and East Siberian Sea coasts.

Categorising thermokarst lagoons by their degree of openness 
provides new insights into the evolution of these dynamic coastal 
systems. This framework supports future research on how bio-
geochemical, hydrochemical, and ecological processes change 
throughout the permafrost land- to- sea transition. Beyond 
openness, local factors—particularly freshwater, sediment and 
organic matter inputs in deltaic and estuarine environments—
shape the hydrochemistry and biogeochemical properties of 
these lagoons, highlighting their variability and complexity.

Our time- series analysis of annual surface water area reveals 
both overall lagoon area expansion and marked regional dif-
ferences. The greatest variability emerged along the Alaskan 
Beaufort Sea and East Siberian Sea coasts. Local processes 
like drainage events and thermal erosion appear to drive rapid 
changes. Coastal erosion, intensified by longer ice- free seasons, 
increasing sea water temperatures and increased storm inten-
sity, is hypothesised to be a key driver of lagoon formation, 
whereas rising sea levels may further amplify the creation of 
new lagoons in Arctic lowlands.

At a broader scale, this study highlights how Arctic climate 
change is reshaping the Arctic coastline, fostering the forma-
tion of thermokarst lagoons and therefore potentially alter-
ing local hydrology and impacting ecosystems. These lagoons 
serve as critical transition zones between terrestrial and ma-
rine environments, playing a unique role in permafrost carbon 
cycling. Notably, 55% of the mapped lagoons are young and 
low- connected lagoons, where OC- rich terrestrial sediments 
get trapped longer compared to more open, connected lagoons, 
resulting in a high potential for increased GHG production in 
the first stages of land- to- sea transition. Understanding the dis-
tribution and evolution of thermokarst lagoons is essential for 
predicting future landscape transformations and their global 
climate implications, making this research a crucial step to-
wards better understanding the Arctic's response to climate 
change.
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