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Abstract. This study evaluates the potential of Volunteered Geographic Information (VGI) for mapping and monitoring ice-
wedge polygons in Arctic permafrost regions through two case studies in Alaska and Canada. We developed and tested a
web-based mapping application that enables volunteers to identify ice-wedge polygon centroids in high-resolution aerial im-
agery, with data collected from 105 contributors as part of organized mapping events. The volunteer-contributed data achieved
completeness scores of 88.74 % and 70.81 % for the Cape Blossom (Alaska) and Blueberry Hills (Canada) study regions
respectively, with median positional accuracies of 1.29 m and 1.38 m (both validated against expert mapping data). Analy-
sis shows that contributions from approximately five volunteers per polygon are sufficient to achieve reliable results. Using
Voronoi diagrams derived from the crowd-sourced centroids, we successfully reconstructed ice-wedge polygon networks and
extracted key geomorphological and hydrological parameters including polygon area, perimeter, and network topology. The re-
sults demonstrate that VGI can effectively support permafrost monitoring by enabling efficient mapping of ice-wedge polygons

across large areas while maintaining high data quality standards.
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1 Introduction

Permafrost, the largest non-seasonal component of the cryosphere in area, plays a crucial role in Arctic ecosystems. Large-
scale monitoring of its state and changes is urgently needed to better understand the direct impacts of climate warming in the
Arctic, which vary greatly by region and are already in full swing (Nitzbon et al., 2024). As a subsurface thermal phenomenon,
permafrost cannot be directly observed using remote sensing methods (Westermann et al., 2015). Instead, geomorphological
structures of the Earth’s surface, such as polygonal tundra, are used to identify and classify permafrost areas that are highly
vulnerable to climate warming (e.g. Nitze et al., 2018; Runge et al., 2022). Due to the relatively small size of these polygonal
land surface structures, very high-resolution image data is required for detection (Rettelbach et al., 2021). The rapid techno-
logical development of satellites has given rise to a growing database of high-resolution images available for the identification
of these key indicators of permafrost and its condition.

The surface structures of ice-wedge polygons provide information about the presence of ice-rich permafrost (e.g. Bernard-
Grand’Maison and Pollard, 2018). Their size and shape also provides information about the local climate and soil conditions
that have controlled their development (Lachenbruch, 1962). In addition, the reconstruction of ice-wedge networks allows the
drainability and hydrological changes of tundra ecosystems to be better delineated (Liljedahl et al., 2024). Thus, mapping the
structure of ice-wedge polygonal networks is crucial for assessing the vulnerability of permafrost regions to climate change.
These networks play a key role in controlling shifts in geomorphological and hydrological regimes as permafrost thaws and
polygonal tundra degrades (Liljedahl et al., 2016; Nitzbon et al., 2019).

Several methods for detecting polygonal land surface structures have been developed and tested in the past, ranging from
manual (e.g. Frappier and Lacelle, 2021) to semi-automated (e.g. Alexei N. Skurikhin and Wilson, 2013) detection techniques.
More recently, the application of Al image analysis methods has substantially improved the ability to recognize and classify
these structures (e.g. Zhang et al., 2018; Witharana et al., 2020). However, as a basis for training or as baseline data for
verification, ground truth data is essential. This data is usually obtained through terrestrial surveying or visual interpretation
of very high resolution imagery by experts. The generation of such baseline data is, however, labor intensive and therefore
limited to a few regions that do not cover the full variability of land surface conditions under which polygonal structures occur.
This limitation leads to substantial uncertainties in automatic recognition methods, which cannot reveal the subtle changes in
polygonal structures that result when permafrost thaws (e.g. Witharana et al., 2021; Lousada et al., 2018). To improve and
expand ground-truth data on ice-wedge polygons, we investigate the quality of geographic data generated by volunteers using
a crowd-mapping approach that allows large areas to be mapped, utilizing human skills of structure recognition and context
interpretation.

A considerable number of studies have demonstrated the potential and fitness for purpose of Volunteered Geographic In-
formation (VGI) for a range of use cases, such as disaster response (Goodchild and Glennon, 2010), disaster management
(Eckle-Elze and De Albuquerque, 2015) and disaster risk reduction (Scholz et al., 2018), earthquake damage assessment (Bar-
rington et al., 2012; Kohns et al., 2021), deforestation detection (Arcanjo et al., 2016), archaeological prospection (Stewart

et al., 2020), and many more. There are numerous applications that facilitate and sometimes (spatially and thematically) coor-
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dinate contributions of VGI for specific use cases and goals. One example is the application MapSwipe (Herfort et al., 2017).
With MapSwipe, volunteers can collaborate with humanitarian organizations to help map regions in the world where relevant
data for preparedness, resilience and humanitarian response is missing. In the standard type of project, volunteers examine tiles
of tessellated orthorectified aerial and satellite imagery from various sources in order to detect given features of interests (e.g.
buildings) in them, thus helping to identify areas that need more detailed mapping (i.e. digitization of previously unmapped
features).

Based on an adapted version of MapSwipe, we developed a web application to enable crowd-sourced mapping of ice-wedge
polygons in aerial imagery. As part of the project, several different project designs were explored and put to test in order to
find the best solution that balances the feasibility of the task by non-expert contributors with the usefulness and relevance
of the mapping output for permafrost research. During preliminary tests, the most promising approach in terms of volun-
teer engagement and mapping efficiency proved to be a design in which volunteers were instructed to mark the approximate
centroids of recognizable ice-wedge polygons. In this study, we demonstrate to what extent the output of such projects (i.e.
the crowd-sourced centroids) can be used to derive accurate geomorphological and hydrological properties of the ice-wedge

network.

2 Study regions

Two study regions were selected to test the application of VGI for the structural analysis of ice-wedge polygons. The two
regions are very different in terms of climate, geomorphology, and soil characteristics (Fig.: Al). The first study region, Cape
Blossom (CB), is located on the Baldwin Peninsula in western Alaska. This region is located near the transition zone between
continuous and discontinuous permafrost (Jorgenson et al., 2008; Jongejans, 2017). It is characterized by ice-rich Pleistocene
permafrost featuring massive ice wedges which form high- but in parts also low-center polygons at the surface (Strauss et al.,
2017). The undulating landscape features a variety of thermoerosional valleys, lake basins and drained lake basins. Due to its
proximity to this transition zone and relatively warm permafrost conditions, the region is particularly susceptible to climate
warming (Strauss et al., 2017). The mean annual temperature in Kotzebue (approximately 20 km north of CB) is -5.05 °C, with
annual precipitation of 280 mm (Alaska Climate Research Center, 2023). The ground at this region is dominated by marine,
fluvial and glaciogenic fine-grained sediments (Hopkins et al., 1961) and is primarily vegetated by mosses and sedges.

The second study region, Blueberry Hills (BH), is located in the Northwest Territories of Canada within the Mackenzie
Delta. It is located in the zone of continuous permafrost where the permafrost depth exceeds 700 m (Ehlers, 2011). This
region is characterized by ice-rich permafrost and is undergoing major transformations due to climate warming (Van der Sluijs
et al., 2018). Furthermore, the region is accommodating the largest concentration of infrastructure in the Canadian Arctic,
which requires dedicated monitoring of permafrost changes (Van der Sluijs et al., 2018). The mean annual temperature at
BH is around -8.6 °C, and it receives approximately 254 mm of precipitation annually (Climate Atlas of Canada, 2023). The

vegetation at the region is dominated by mosses, sedges, and shrubs, including a notable presence of blueberries.






