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Abstract

Current warming trends in polar regions have increased the frequency of rain-on-snow (ROS), which impacts snow microstructure and leads to the formation of ice crusts. We draw on Inuit Knowledge (IQ), alongside passive microwave satellite imagery and local measurements, to investigate both the drivers and the consequences of ROS events on foraging conditions for Peary caribou (Rangifer tarandus pearyi) on Banks Island in the Canadian Arctic Archipelago. Our approach improved the detection of large-scale ROS events, and the remote sensing detection algorithm combined with IK revealed a significant increasing trend over time in the area affected by ROS on Banks Island during the fall from 1987 to 2023. Satellite imagery and IQ both indicated that the occurrence of ROS is higher in coastal areas of Banks Island. We demonstrated that both the presence of atmospheric rivers and the reduction of local sea ice in the fall are associated with an increase in the occurrence and intensity of ROS on Banks Island. Our article highlights how the complementarity among IQ, remote sensing, climate reanalysis models and local observations from weather stations can advance our understanding of ROS events and their impacts on wildlife. Identifying drivers of ROS is key to anticipating future effects on wildlife and the communities that depend on them. The approaches presented in this article show promising avenues for addressing these complex questions.
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Abbreviations
AO: Arctic Oscillation
AR: atmospheric river
CAA: Canadian Arctic Archipelago
DBSCAN: Density-Based Spatial Clustering of Applications with Noise
ERA5: European Centre for Medium-Range Weather Forecasts Atmospheric Reanalysis version 5 data set
FN: false negative
GRP: polarized gradient ratio
IMS: Interactive Multisensor Snow and Ice Mapping System (U.S. National Ice Center software package)
IQ: Inuit Knowledge
NAO: North Atlantic Oscillation
NARR: North American Regional Reanalysis data set
NOAA: National Oceanic and Atmospheric Administration (USA)
PMW: passive microwave
PNA: Pacific/North American Pattern
PWAT: precipitable water
ROS: rain-on-snow
SSM/I: Special Sensor Microwave Imager
SSMIS: Special Sensor Microwave Imager/Sounder
TN: true negative
TP: true positive
TB: brightness temperature

Polar Research 2026. © 2026 J.-A. Langlois et al. This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Citation: Polar Research 2026, 45, 12930, http://dx.doi.org/10.33265/polar.v45.12930

Introduction

Climate change and climate variability are affecting human health and well-being globally, with impacts that are most pronounced in the Arctic. The Arctic has warmed three to four times faster than the global average since 1979 because of Arctic amplification (Rantanen et al. 2022). This phenomenon is linked, among other factors, to reductions in sea ice and snow cover, which decrease surface albedo by exposing darker surfaces, creating positive feedback. Changes in atmospheric and oceanic circulation, as well as in cloud cover, also contribute to this positive feedback and further accelerate Arctic warming (Serreze & Barry 2011). Many studies project future increases in precipitation and rainfall in the Arctic (Walsh et al. 2020; Mooney & Li 2021; Serreze et al. 2021). Accurate spatial and temporal detection of ROS events in the Arctic remains challenging and limits our ability to detect trends in the occurrence of these events (Serreze et al. 2021).

ROS events can create ice layers within the snowpack that prevent herbivores from foraging. The formation of an ice layer in the snowpack in fall and early winter can increase energetic costs for large ungulates and, in the most severe cases, prevent them from accessing forage throughout the winter (Miller & Gunn 2003; Johnson et al. 2016). ROS events have led to massive die-offs of caribou and reindeer (Rangifer tarandus; Miller & Gunn 2003; Rennert et al. 2009; Forbes et al. 2016; Kaluskar et al. 2020). Less severe ROS events are also associated with poor body condition and low reproductive rates (Bartsch et al. 2010; Mallory & Boyce 2018). However, the ultimate impact of ROS on ungulate population persistence remains unclear. Some studies of reindeer (R. t. platyrhynchus), in the Norwegian Arctic archipelago of Svalbard, suggest that the impacts of ROS are density-dependent and may help stabilize population dynamics (Hansen et al. 2019; Loe et al. 2021). In contrast, Peary caribou (R. t. pearyi) in the CAA were listed as Endangered under Canada’s Species at Risk Act in 2011 following a decline of > 35% over three generations, attributed to a series of extreme weather events (COSEPAC 2015; Johnson et al. 2016). Having increased in abundance, Peary caribou are now listed as Threatened (COSEPAC 2015).

Understanding the drivers of ROS is crucial for predicting their future occurrence and for anticipating and mitigating their impacts on Arctic ecosystems and Indigenous Peoples, whose customs, lifestyles, health and laws are closely tied to the land and sea across the region (Taylor 2005). The factors governing the occurrence and intensity of ROS are still poorly understood, and the lack of methods for detecting ROS events in the CAA remains an overarching challenge (Serreze et al. 2021). The low density of weather stations across the CAA makes it difficult to detect ROS events, which are often spatially localized (Rennert et al. 2009; Serreze et al. 2021).

Indigenous Knowledge can help guide research on ROS and its impacts on wildlife. The Arctic Council’s definition of Indigenous Knowledge is relevant for this study: “a systematic way of thinking and knowing that is elaborated and applied to phenomena across biological, physical, cultural and linguistic systems” (Arctic Council Indigenous Peoples’ Secretariat 2018). Furthermore, “It is a body of knowledge generated through cultural practices, lived experiences including extensive and multigenerational observations, lessons and skills” (Arctic Council Indigenous Peoples’ Secretariat 2018). Studies with Sámi reindeer herders highlight the value of bridging Western science and Indigenous Knowledge to provide a more complete understanding of the effects of climate and weather on reindeer ecology (Eira et al. 2013; Markkula et al. 2019). Laptander (2023) worked with the Yamal Nenets people to understand how climate change affects their lives and reindeer herding activities. In the Canadian Arctic, the bridging of Western science and IQ has improved our understanding of wildlife health (Tomaselli et al. 2018), the consequences of changes in sea ice on caribou (Laidler et al. 2010; Paquette et al. 2023) and the impacts of climate change in the Arctic (Riedlinger 2001; Jolly et al. 2002; Pearce et al. 2009; Nancarrow & Chan 2010; Johnson et al. 2016).

The braiding of IQ with satellite remote sensing offers an avenue for detecting and analysing ROS events (Langlois et al. 2017; Serreze et al. 2021). PMW sensors and radar (active sensors) are both sensitive to the presence of liquid water in the snowpack. Radar sensors offer better spatial resolution than PMW sensors and have been successfully used to detect ROS events in Svalbard (Vickers et al. 2022). Bartsch et al. (2010, 2023) combined active and passive radar sensors to detect ROS and snowmelt events across the circumpolar Arctic. Dolant et al. (2016) developed an ROS detection algorithm on the basis of a PMW approach using 19 and 37 GHz in vertical and horizontal polarization. This method measures the signal reversal between the two frequencies caused by changes in the dielectric properties of the snow cover when liquid water accumulates on the snow surface. Sasseville et al. (2024) used this algorithm to generate ROS detection maps for the CAA at a spatial resolution of 3.125 km and detected a non-significant increase in ROS events per year across the CAA from 1987 to 2019.

Increased precipitation in the Arctic has two possible sources: an increase in local surface evaporation or an intensification of moisture transport from more distant regions (Bintanja 2018). ROS events in the Arctic are generally linked to the presence of extratropical cyclones, followed by a rapid drop in temperature that leads to ice formation within the snow cover (Hansen et al. 2014). ARs, defined as long bands of strong horizontal water vapour transport in the lower troposphere (Mo 2024), have been associated with major ROS events in the Arctic (Serreze et al. 2022). Rennert et al. (2009) identified positive air temperatures as one of the main factors contributing to an increase in ROS frequency. According to that study, local factors influencing surface evaporation appear to predominate over circulation changes, although both types of factors contribute to the frequency of ROS events in the Arctic (Rennert et al. 2009). The observed decrease in sea-ice extent in the Arctic Ocean results in changes in ocean–atmosphere interactions (Meier et al. 2022). These changes contribute to Arctic amplification by influencing surface albedo and may also affect ROS events by increasing surface evaporation (Forbes et al. 2016; Wickström et al. 2020).

In this study, we bring together IQ and remote sensing to detect and study ROS events on Banks Island in the CAA. More specifically, we (1) document the detection of large-scale ROS events in the Canadian Arctic on the basis of both IQ and PMW remote sensing techniques; (2) characterize the intensity of ROS events in terms of their spatial and temporal extent as a means of better quantifying the potential impacts of ROS on large herbivores; and (3) analyse correlations with AR and sea-ice concentration to investigate the drivers of large-scale ROS events in the CAA.

Methods

The methods used in this work are described in a methodological workflow diagrammed in Supplementary Fig. S1, along with details of all the data sets used (Supplementary Table S2).

Study area

Banks Island, in the western CAA, has an area of 70 028 km2. The island is part of the Inuvialuit Settlement Region within the Northwest Territories of Canada. Banks Island is described as a polar desert influenced by Pacific air masses (Maxwell 1981). The landscape is composed of Arctic tundra and is dominated by flatlands (Johnson et al. 2016). Sachs Harbour, or Ikaahuk (“place where one crosses”), is the only settlement on Banks Island and is inhabited by 118 people, mostly Inuit (NWT Bureau of Statistics 2024). The island is home to muskoxen (Ovibos moschatus) and Peary caribou, among other wildlife species. People from Ikaahuk hunt caribou and muskoxen and this activity contributes significantly to the well-being of the community (Laidler & Grimwood 2010; Ljubicic et al. 2016). Hunting, harvesting and other land-based activities remain important for the community, contribute to subsistence and support the renewal of IQ and values (Riedlinger 2001; Ljubicic et al. 2022; Paquette et al. 2023).

Banks Island was chosen as the study site because of its relatively small size compared to neighbouring Victoria Island makes it more difficult for caribou and muskoxen to find unaffected habitats during freezing rain events (Riedlinger 2001). There are also three active weather stations managed by Environment and Climate Change Canada on Banks Island, providing local weather observations to validate ROS events detected using PMW imagery. The stations included are Sachs Harbour (71.99°N, 125.25°W), Thomsen River (73.23°N, 119.54°W) and Nangmagvik Lake (74.17°N, 119.99°W; Fig. 1). The Thomsen River and Nangmagvik Lake stations are in Aulavik National Park.

Fig. 1Location of the weather stations on Banks Island (triangles). The green line represents the boundaries of Aulavik National Park of Canada (Natural Resources Canada 2016b). Basemap data are from Natural Resources Canada (2014, 2016a, 2024).
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Inuit Knowledge

Hunters and Trappers from Ikaahuk have reported their observations of ROS events and major wildlife die-offs through various projects. For this study, we rely on IQ that has been shared and documented by Johnson et al. (2016), Riedlinger (2001) and SARC (2012). Additional information on ROS was also shared during workshops and interviews conducted between 2020 and 2024 as part of a multiyear research initiative aimed at identifying critical terrestrial habitat for Peary caribou. This project was initiated in 2019 to address the need to identify habitats on land required for species persistence in a federal Recovery Strategy (Environment and Climate Change Canada 2022). Workshops and interviews were conducted with Inuit partners from nine different communities: Tuktoyaktuk, Ulukhaktok, Paulatuk, Kugaaruk, Taloyoak, Aujuittuq (Grise Fiord), Ikaahuk (Sachs Harbour), Qausuittuq (Resolute Bay) and Iqaluktuuttiaq (Cambridge Bay). Hunters and Trappers Associations and Committees helped to identify knowledge-holders to participate in semi-directed interviews. Workshop activities included, but were not limited to, participatory mapping, fuzzy cognitive mapping and proportional piling. A total of 19 workshops and interviews were conducted, involving 117 participants. Of these workshops, five provided IQ that was included in this work (Supplementary Table S1). One workshop specifically focused on ROS and its consequences for caribou; participants were asked about past ROS events, their intensity, their impacts on caribou, and whether the frequency or intensity of ROS has changed over time (ICBPCP 2023). Two workshops focused on the effect of snow conditions on caribou, with specific questions related to ice layers within the snowpack (AGFPCP 2024; QRBPCP 2024). Timing of ROS events and their impacts on caribou were also shared during two additional workshops (ISHPCP 2022, 2023), although ROS was not the primary focus.

With participants’ consent, workshops and interviews were audio-recorded. Audio recordings were transcribed and thematically coded using Atlas.ti software into broad topics, including wildlife observations, disturbances and environmental changes. Transcript segments referring to ROS events and their consequences were coded under the theme “ROS.” All citations coded as ROS were extracted, summarized and used to inform this study. In total, IQ from members of four communities— Ikaahuk, Taloyoak, Aujuittuq and Qausuittuq—was included in this work. Results on ROS were presented to and reviewed by the Hunters and Trappers Associations and Committees of these four communities. When possible, results were also discussed with individual participants who shared the IQ, to ensure proper interpretation and representation of IQ and to seek consent with its publication (AGFPCP 2025; ISHPCP 2025; QRBPCP 2025). Participants were also asked whether they wished to be named in the acknowledgements.

Research permits and ethical approval for the workshops and interviews were provided by the Nunavut Research Institute (no. 04 025 22N-M, no. 04 003 23R-M, no. 04 002 24R-M, no. 04 001 25R-M), the Aurora Research Institute (no. 16982, no. 17167, no. 17440, no. 17653), the University of Sherbrooke (no. 2023-3761) and McGill University (no. 21-08-021).

PMW ROS detection

We adapted the algorithm developed by Dolant et al. (2016) to detect ROS using the GRP (Eqn. 6). The algorithm detects the accumulation of liquid water at the surface of the snowpack during an ROS event. This accumulation leads to a strong dielectric contrast between the upper layers and the lower layers of the snowpack, resulting in an increase in emission at both 19 and 37 GHz frequencies (with a stronger increase at 37 GHz). This leads to higher TBs at 37 GHz than at 19 GHz in the horizontal polarization (Dolant et al. 2016; Sasseville et al. 2024). In this article, TB values were extracted from the MEaSUREs Calibrated Enhanced-Resolution Passive Microwave Daily data set (Brodzik et al. 2016) using a combination of sensors to cover the period from 1987 to 2023 (Table 1). This database consolidates 47 years of PMW measurements from various sensors into a coherent time series of TB values (Brodzik & Long 2018). The spatial resolution of the data set is 3.125 × 3.125 km for 37 GHz and 6.25 × 6.25 km for 19 GHz. We used the nearest-neighbour algorithm to resample the 19 GHz to 3.125 km. The satellite data set covers most of the Northern Hemisphere twice a day (morning and evening passes). We applied the algorithm to detect ROS events from September to March, as most ROS events in the CAA occur in early autumn (Serreze et al. 2021).




Table 1List of sensors selected from the MEaSUREs database to detect ROS events.


	Sensor
	Platform
	Start of the period
	End of the period
	Version





	SSM/I
	F08
	7 Sep. 1987
	15 Dec. 1991
	1.3



	
	F11
	16 Dec.1991
	31 Aug. 1998
	1.3



	
	F13
	1 Sep. 1998
	30 Apr. 2008
	1.3



	SSMIS
	F17
	1 Mar. 2008
	31 Dec. 2015
	1.3



	
	F18
	1 Jan. 2016
	31 Dec. 2023
	1.3, 1.4, 1.5





The PMW data need to be corrected for atmospheric contributions, which are especially significant at 37 GHz, as demonstrated by Dolant et al. (2016). Atmospheric corrections were applied to the extracted TB values using the PWAT from NARR. These data are available at a spatial resolution of approximately 32 km for the entire study period (Mesinger et al. 2006). NARR data were reprojected and resampled to match the TB data set using the nearest-neighbour algorithm. This correction is based on the wave propagation model of Liebe (1989) implemented in the snow emission model developed at the Helsinki University of Technology (Pulliainen et al. 1999). We calculated atmospheric upwelling TB contributions (TBatm↑) and atmospheric transmissivity for each frequency τf using the same parameters as those applied by Dolant et al. (2017) and Sasseville et al. (2024), derived from Roy et al. (2012), as follows:
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The corrected TBs were obtained with this equation:
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The GRP was calculated using corrected TB values. Previous studies applied a threshold of −10 on the GRP for ROS detection in the CAA (Dolant et al. 2017; Sasseville et al. 2024). In this study, we used a threshold of −2 in combination with a clustering algorithm to identify ROS events affecting a larger portion of the island and potentially having a greater negative impact on large herbivores. We tested different thresholds between 0 and −10 and −2 provided the best compromise in terms of TP and FN detections around weather stations.
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Pixels were assigned a value of 1 if GRP was below −2 and 0 otherwise for all twice-daily images. The DBSCAN algorithm was applied to the binary images to retain groups of neighbouring pixels affected by ROS and to remove noise in the detection. DBSCAN detects clusters on the basis of density using two parameters (Ester et al. 1996): (1) Epsilon (ε), set at 8 km to represent the maximum distance between two neighbouring points; and (2) MinPts, set at 7 to represent the minimum number of pixels in a cluster, corresponding to a minimum cluster size of 90 to 250 km2. On a single image, this clustering algorithm removed pixels or groups of pixels affected by ROS that were smaller than 250 km2. The daily movement range of a sedentary Arctic caribou has been estimated at approximately 4 km2 (Bergman et al. 2000). This movement rate is also consistent with the daily movement rate of collared Dolphin and Union caribou measured during staging, which was below 5 km day-1 (Leclerc & Boulanger 2018). Tews et al. (2007) used this daily range in their model for Peary caribou and estimated that an animal would die after 14 days of forage inaccessibility during winter. At an average movement rate of 2 km day-1, an animal would require approximately 5 to 8 days to move out of an area of 250 km2 if it moved in a relatively straight line. Thus, a ROS event that creates ice layers over an area of 100 to 250 km2 would likely impact herbivores by limiting forage access over several days and by increasing their energetic costs on account of having to move out of the affected area.

The identified ROS occurrences were filtered to include only days with snow on the ground to avoid false positives (i.e., detection of ROS when no snow is present). We used the snow-cover database produced by NOAA, which provides weekly maps starting in 1966 and daily maps beginning in 1997 (Robinson et al. 2012). The maps produced between 1980 and 1997 were digitized at a spatial resolution of 24 km and accessible as the Rutgers Northern Hemisphere 24 km Weekly Snow Cover Extent data set (Robinson & Estilow 2021). From 1997 onward, there were daily IMS maps (Ramsay 1998) at a spatial resolution of 24 km and—from 2004—at 4 km (U.S. National Ice Center 2008). These snow-cover maps are created using a combination of visible and PMW satellite imagery. We used the Rutgers Northern Hemisphere weekly snow-cover extent data set at 24 km resolution from 1987 to 1997, obtained from the National Snow and Ice Data Center (Robinson & Estilow 2021). We used the daily IMS snow-cover maps at 24 km resolution from 1997 to 2004 and at 4 km spatial resolution from 2004 onward. These daily snow-cover maps were obtained from the National Snow and Ice Data Center (U.S. National Ice Center 2008). All weekly and daily snow-cover maps were reprojected and resampled to match the GRP data set. When weekly snow-cover maps were used, snow cover was assumed to be present for the week preceding the date assigned to the map (Robinson & Estilow 2021). For each pixel where ROS was detected on the basis of the GRP, we retained only those for which snow-cover products indicated snow on the ground. This process was used to remove false detections of ROS and retain only events occurring when there was snow on the ground.

We used the same snow-cover data sets to calculate the number of days with snow cover on Banks Island for the months of September and October. For each year, we counted the number of days in September and October during which the snow-cover data sets indicated that at least 70% of the island was covered by snow. This information was used in the temporal trend analysis of ROS detection to account for interannual changes in the timing of snow onset in the fall.

Meteorological station observations of ROS

Of the three active weather stations on Banks Island, only the Sachs Harbour station is staffed and able to report precipitation and detailed atmospheric conditions. Meteorological data are available from 1955 onward for Sachs Harbour, from 1996 onward for the Nangmagvik Lake station and from 1997 onward for the Thomsen River station.

A ROS event was considered to have occurred at a weather station on the basis of thresholds of mean daily temperature and total daily precipitation (Wickström et al. 2020; Vickers et al. 2022). We used data from the Sachs Harbour weather station to compare daily total precipitation and mean daily temperature on days when a visual observer at the station identified rain or snow. There is a significant difference between daily mean temperatures recorded when rain was observed by station staff compared to when snow was observed, according to a Kolmogorov-Smirnov non-parametric test. This statistical test measures the distance D (ranging from 0 to 1) between two distributions. The distance between the distributions of daily mean temperatures when rain was observed (distribution 1) and when snow was observed (distribution 2) was moderately high and statistically significant (D = 0.77,p < 10–60). The optimal threshold temperature separating the two cumulative distribution functions was −1.4 °C (Fig. 2). A precipitation threshold of 0.2 mm was used to define an ROS event based on the 5th percentile of total daily precipitation measured at the Sachs Harbour weather station during fall over the full study period (1987–2023). Both a daily mean temperature greater than or equal to −1.4 °C and a total daily precipitation greater than or equal to 0.20 mm were required to identify a local ROS event at the weather stations. At Sachs Harbour, a local ROS event was also identified when the observer reported rain or drizzle. These detections were used to validate ROS events detected using PMW algorithm.

Fig. 2Empirical cumulative distribution functions of daily mean temperature measured at the Sachs Harbour weather station when the observer identified rain or snow for the months of September and October between 1987 and 2023, when snow was on the ground.
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Localized accuracy of ROS detection

Temperature and precipitation observations at the weather stations were used to validate the occurrence of ROS in the surrounding areas of the stations and to derive accuracy metrics for two local ROS detection algorithms on the basis of PMW imagery: (1) a first method using a GRP threshold of −10 for ROS detection (Sasseville et al. 2024); and (2) a second method involving the clustering of all GRP values below −2. A localized ROS event was considered to have occurred based on the PMW algorithms only when it affected more than 5% of the pixels within a 10 km radius of a station in at least one of the two PMW images produced per day (morning and evening passes) and when snow-cover extent exceeded 70%.

A TP detection was counted when both the PMW algorithm and meteorological data detected a ROS event around a specific station on a given date. A false positive (FP) was counted when the PMW algorithm detected a ROS event that was not detected using local data. A FN was counted when the PMW algorithm did not detect a ROS event that was detected using local weather observations, and a TN was counted when neither source detected a ROS event on a given date. Local overall accuracy was derived from these metrics for each of the three weather stations (Eqn. 7).
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When the data are imbalanced, as is the case in this study because there are fewer days with ROS detection than days without ROS, it is preferable to use multiple accuracy metrics (Akosa 2017). We therefore calculated commission and omission errors, as well as the F1-score using the precision rate (TP/[TP+FP]) and the recall rate (TP/[TP+FN]).
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Detection of large-scale ROS events

From the daily detection of ROS using PMW imagery, we conducted further analyses to identify large-scale ROS events by identifying consecutive days with significant areas affected by ROS. We therefore identified dates when ROS was detected over 3.7% or more of the island (2537 km2), corresponding to the 95th percentile of the daily area affected by ROS over the entire study period. Individual ROS events were then defined as consecutive days during which at least 2537 km2 of the island was affected by ROS. ROS events separated by only one day were merged into a single event. Maps were created for each detected ROS events to identify the areas affected by ROS over the duration of each event.

To place the spatial extent threshold of ROS in the context of caribou ecology, 2537 corresponds to 20% of the winter range of Peary caribou on Banks Island, estimated at about 12 000 km2 on the basis of the digitization of a map published by Larter & Nagy (1994). A ROS event was reported in October 1993, during which approximately 50% of the winter range of caribou was covered by ice (Larter & Nagy 1994). This icing event did not affect calf survival during the winter, but a reduction in the number of caribou calves was observed the following summer (Nagy et al. 2013).

Accuracy of large-scale ROS events

In contrast to the local accuracy calculated to validate the algorithm around each weather station, we used a similar, but different, approach to validate the detection of large-scale ROS events. A large-scale ROS event was considered a TP when it was identified through IQ or when at least one weather station detected a ROS event on at least one day of the event (i.e., daily mean temperature ≥ −1.4 °C and total daily precipitation ≥ 0.2 mm, or when rain or drizzle was reported at Sachs Harbour).

Intensity of large-scale ROS events

Three variables were used to characterize the intensity of each ROS event: the duration of the event (days), the total area affected by ROS (km2), and the total amount of precipitation (mm). The duration of an event was calculated on the basis of the PMW ROS detection algorithm. Consecutive days with more than 3.7% of the island affected by ROS, as detected using PMW imagery, were considered part of a single event. The number of consecutive days meeting this 3.7% threshold was used as an indicator of event duration and, therefore, of intensity. The total area affected by each ROS event was calculated as a second intensity variable using the PMW ROS detection algorithm. Daily ROS maps derived from PMW were merged into a single raster over the duration of each event (i.e., consecutive days with more than 3.7% of the island affected by ROS). The total number of pixels affected by ROS at least once during the event was then counted and multiplied by the area of each pixel (3.125 km * 3.125 km = 9.77 km2).

It was not possible to directly derive the total amount of precipitation associated with a ROS event from PMW data. We therefore used ERA5 precipitation (Mo 2024), based on the dates of ROS events detected with PMW. Total precipitation for each 6-hour time step (TP6H, mm) was averaged over Banks Island and summed over the duration of each ROS event.

The three intensity variables—total area affected by ROS, event duration and total precipitation—were normalized between 0 and 1 across all events. For each event, the three normalized indicators were averaged to calculate a composite intensity score ranging from 0 to 1, with values closer to 1 representing the most intense ROS events detected on Banks Island over the study period.
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Environmental and meteorological drivers of ROS events

ROS events in the Arctic can be influenced either by the remote transport of moisture, such as AR, or by local sources of evaporation, such as nearby open water. Correlation analyses were used to quantify relationships between AR occurrence, sea-ice anomalies and ROS events and their intensity. We used an ERA5-based data set specifically developed for AR detection (Mo 2024). This data set uses ERA5 variables to identify ARs at 6-hour intervals from 1940 to the present. Two different AR detection algorithms are implemented in this data_set: tARget-v3 and mtARget-v3. Both rely on the geometry and intensity of integrated water vapour transport to identify ARs at a given time. The tARget-v3 algorithm is stricter with respect to the poleward direction of ARs, whereas the modified version (mtARget-v3) allows for the detection of ARs that change direction in extratropical regions. We used AR detections from both algorithms in this study. An AR was considered to have occurred when at least one of the algorithms detected an AR over Banks Island (covering 25% or more of the Island’s area) for at least one time step during a ROS event. A Mann-Whitney U test was used to compare large-scale ROS event intensity scores, as well as individual intensity variables, with and without AR occurrence.

Weekly sea-ice charts from the Canadian Ice Service were used to assess the influence of sea-ice conditions on ROS events. We hypothesized that evaporation from open water surrounding Banks Island could increase the occurrence and intensity of ROS events (Forbes et al. 2016; Wickström et al. 2020). Weekly vector maps of total sea-ice concentration were rasterized at a resolution of 500 m × 500 m and averaged on a monthly basis (Government of Canada 2021). A climatological mean was calculated using the 1991–2010 reference period. Sea-ice concentration anomalies were calculated at the pixel level and subsequently averaged over all pixels within a 50 km buffer around Banks Island to obtain a single monthly anomaly index. Sea-ice anomalies were compared to the total area affected by ROS during the fall for each year using linear regression.

We also examined whether large-scale climate oscillation patterns were associated with interannual variability in the total area affected by ROS in the fall, given the influence of climate oscillations on precipitation (Putkonen & Roe 2003; Rennert et al. 2009). September and October indices for three climate patterns—the NAO, AO and PNA—were averaged and compared to the total area affected by ROS, normalized by the number of days with snow cover, the number of large-scale ROS events and the total duration of large-scale ROS events per fall, using Spearman’s rank correlation coefficient.

Results

Inuit Knowledge of ROS

IQ about ROS was shared during workshops and interviews conducted in different communities across the Canadian Arctic in the context of the Peary Caribou Project. None of the workshops focused specifically on ROS, except for the workshop held in Iqaluktuuttiaq in 2023 (ICBPCP 2023). Nevertheless, ROS was frequently mentioned by participants at the workshops and was included in the thematic coding. The citations referring to rain and ROS were extracted from the thematically coded interview transcripts and summarized (Table 2). The IQ covers a wide range of topics related to ROS, including drivers, occurrence and consequences for wildlife. On Banks Island specifically, community members have observed an increase in the frequency of rain during late fall over the past 10 years (ISHPCP 2022). Most rain and humidity on Banks Island are perceived to have a coastal source, with moisture coming from the open ocean and not reaching inland areas, which are drier (ISHPCP 2023). Most mentions of rain and ROS are associated with the fall season.




Table 2A summary of IQ of ROS shared during workshops and interviews (Peary Caribou Project).


	Summary
	Source
	Region concerned





	More rain and melting snow in late fall for the last 10 years on Banks Island. Freezing rain is covering up food for caribou.
	ISHPCP 2022
	Banks



	More rain and humidity about 10 miles closer to the ocean, and drier inland, with rain and humidity on the coast coming from the ocean.
	ISHPCP 2023
	Banks



	The summers are longer now than in the 1970s, so animals can eat for longer, but in 2022 and 2023 it rained on the snow and it must make it hard for the animals to eat.
	ISHPCP 2023
	Banks



	Moderate and heavy rain is a new phenomenon on Banks Island. Participants suggested that rain before freeze-up does more damage to wildlife by saturating the ground followed by freezing, and it also affects river debits in the spring as more water will flow to the river.
	ICBPCP 2023
	Banks



	There was a ROS in November in the early or mid-1980s. The snow froze, and a participant suggested that many Peary caribou died at this time. They observed fewer Peary caribou after this event.
	ICBPCP 2023
	Boothia Peninsula



	There was a ROS in the mid- to late 1980s in the High Arctic Islands, including Prince of Wales Island. There was enough snow to travel on, but a late rainfall completely wiped out the snow and the ground froze. A participant mentioned that biologist Anne Gunn later reported a big die-off of Peary caribou.
	ICBPCP 2023
	Boothia Peninsula, Prince of Wales Island



	There was a ROS in December 2022 in Sachs Harbour, and a participant suggested it was mainly in coastal areas. It was harder to walk because the snow stayed soft after the rain.
	ICBPCP 2023
	Banks



	When the bottom layer of snow (pukaq, ice crystal snow) is covered by harder snow or ice crust, it is harder for animals to smell the vegetation underneath the snow.
	ICBPCP 2023
	General



	There were ROS events in the early 1990s on Somerset, Prince of Wales and Bathurst islands, and lots of caribou died.
	QRBPCP 2024
	Bathurst, Somerset, Prince of Wales



	ROS for three consecutive years around or before 2000s on Bathurst Island may have resulted in low muskox and caribou numbers.
	QRBPCP 2024
	Bathurst



	Before 2000, there was rain in the fall for three years in a row on Bathurst Islands, and there was a big die-off of muskox and caribou, with carcasses found by Parks Canada.
	QRBPCP 2024
	Bathurst



	Rain or warm wind in October after the snow will harden the snow.
	AGFPCP 2024
	Aujuittuq



	Many adult muskoxen and calves died after it rained in December in the 1990s.
	AGFPCP 2024
	Aujuittuq



	In the fall of 2023, the snow melted and froze again, making the snow very hard, like pavement, and participant said it must be hard for the animals to dig through.
	AGFPCP 2024
	Aujuittuq



	Caribou are on the higher ground, where it is colder and precipitation mostly falls as snow and not rain, while muskoxen eat mainly in the valley and are more affected by ROS at the beginning of the season.
	AGFPCP 2024
	Aujuittuq



	Drizzle in the fall increases the hardness of the snow even if it does not create an ice layer.
	QRBPCP 2024
	Bathurst, Cornwallis





We created a list of ROS and die-off events reported for caribou and muskoxen on Banks Island (SARC 2012; Johnson et al. 2016; ISHPCP 2023; Table 3). Events reported by community members were used to validate the large-scale ROS events detected using PMW imagery. It should be noted that no workshop was done specifically to compile a list of ROS events that have occurred on Banks Island. We therefore cannot assume that this is a comprehensive list of ROS events. However, we hypothesize that these events may represent the most impactful ROS events in terms of consequences for caribou, as the reports and workshops used to derive this list were all focused on Peary caribou.




Table 3List of ROS events and die-off reported for Banks Island.


	Date
	Events
	Peary caribou population event
	Sources
	Region affected





	1987–88
	Freezing rain
	400 caribou deaths due to weather 1987–89
	Nagy et al. 1996
	Banks



	1988–89
	Freezing rain
	400 caribou deaths due to weather 1987–89
	Nagy et al. 1996
	Banks, Victoria, Prince of Wales



	1990–91
	Freezing rain
	60 caribou deaths due to weather
	Nagy et al. 1996
	Banks, Victoria, Prince of Wales



	Oct. 1993
	Inuvialuit hunters reported freezing rains during October 1993, covering ca. 50% of caribou winter range
	Productivity was reduced; however, overwinter survival of calves for winter 1993–94 was high
	Larter & Nagy 1994; Nagy & Gunn 2004; Nagy et al. 2013
	Banks



	Oct. 2003
	An October icing event led to ground-fast ice, with ca. 47 000 km2 covered by ice
	No caribou die-off was associated with the icing event, but high muskox mortality. Lower calf productivity in 2004
	Nagy & Gunn 2004; Gunn et al. 2006; Rennert et al. 2009; Nagy et al. 2013
	Banks, Victoria



	Fall 2022
	A participant reported ROS
	The participant mentioned it could have affected access to forage
	ISHPCP 2023
	Banks



	Fall 2023
	A participant reported ROS
	The participant mentioned it could have affected access to forage
	ISHPCP 2023
	Banks





Detection of ROS

We compared two versions of the ROS detection algorithms using PMW imagery: (1) the original version developed by Dolant et al. (2016, 2017) using a GRP threshold of −10; and (2) our proposed modification using a GRP threshold of −2 followed by a clustering algorithm. No ROS events were detected on Banks Island between December and March over the entire study period. The majority of ROS events were detected in September and October, with only two days of ROS detected in November, which were classified as false positives on the basis of local weather observations. Figure 3 shows the number of days with detected ROS affecting an area equal to or greater than 3.7% of the island for each year during the months of September and October.

Fig. 3Number of days with ROS covering more than 3.7% of the island during the fall (September–October) from 1987 to 2023, using the PMW detection algorithm (clustering with a GRP threshold at −2).
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The local accuracy metrics were calculated for the months of September and October at the three weather stations, as well as for the pooled data across all three sites (Table 4). While overall accuracy is slightly higher using the original method with a GRP threshold of -10, the F1-score is higher when using the adapted method with a GRP threshold of −2 combined with the clustering algorithm, except for the validation at the Thomsen River station, where the opposite trend is observed; however, this result is based on a limited number of ROS events. Commission errors are high but similar for both methods, indicating an overestimation of ROS events using PMW imagery for both approaches. In contrast, omission errors are reduced when using the clustering algorithm compared to the simple thresholding approach with GRP < −10.




Table 4Local accuracy metrics of PMW ROS detections at the three sites for the period September–October 1987–2023, when snow was on the ground.


	Site
	ROS detection method
	TP
	FN
	TN
	FP
	Accuracy (%)
	F1 score
	Omission error (%)
	Commission error (%)





	Nangmagvik Lake
	Clustering on GRP <-2
	16
	28
	249
	103
	66.9
	19.6
	63.6
	86.6



	GRP < −10
	7
	37
	308
	44
	79.5
	14.7
	84.1
	86.3



	Sachs Harbour
	Clustering on GRP < −2
	12
	67
	722
	313
	65.9
	5.9
	84.8
	96.3



	GRP < −10
	7
	72
	846
	189
	76.6
	5.1
	91.1
	96.4



	Thomsen River
	Clustering on GRP <-2
	2
	17
	332
	1
	94.9
	18.2
	89.5
	33.3



	GRP < −10
	3
	16
	332
	1
	95.2
	26.1
	84.2
	25.0



	Sum of the three sites
	Clustering on GRP < −2
	30
	112
	1303
	417
	71.6
	10.2
	78.9
	93.3



	GRP < −10
	17
	125
	1486
	234
	80.7
	8.7
	88.0
	93.2





Twice-daily PMW images from 1987 to 2023 for the months of September and October were used to calculate the number of times ROS was detected for each pixel on Banks Island. A higher concentration of ROS occurrences was observed in coastal areas, while ROS events in the interior of the island were less frequent (Fig. 4). This result is consistent with IQ shared by community members, who reported that rain and humidity are more frequent within approximately 16 km of the coast on Banks Island (Table 2; Riedlinger 2001; ISHPCP 2023). This pattern is also consistent with previous studies reporting that coastal ROS events in the Arctic are more frequent than inland events (Rennert et al. 2009; Wilson et al. 2013; Serreze et al. 2021).

Fig. 4Total number of days with ROS detected per pixel using PMW during September–October from 1987 to 2023.
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The daily area affected by ROS was summed for each year (September–October only) to analyse temporal trends. This metric represents the sum of daily ROS-affected areas, such that the same area may be counted multiple times within a given year if it was affected by ROS on multiple days. The summed ROS area could be influenced by the length of the snow season, with longer seasons contributing more to the annual total. We therefore standardized the summed ROS metric by dividing it by the number of days with snow cover on Banks Island for each year, based on NOAA snow-cover extent data sets. Only days with more than 70% snow cover over the whole Island were considered in the calculations. There is an increase in the area affected by ROS over time (Fig. 5), which is consistent with IQ indicating that rain in the fall has been more frequent over the past 10 years (Table 2; ISHPCP 2022).

Fig. 5Total area affected by ROS per day with snow during September–October for each year (R2 = 0.516, p < 0.001).
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Large-scale ROS events

A total of 59 large-scale ROS events were detected during September and October between 1987 and 2023 (Table 5, Supplementary Table S3). Of these, 37 events were detected by at least one weather station and were therefore classified as TPs. Missing observations were frequent at the Thomsen River and Nangmagvik Lake stations and may have limited our ability to detect some ROS events using local weather data (Table 5). Most ROS events reported by community members (Table 3) were also detected using the PMW algorithm, with the exception of the event that occurred during the winter of 1987–88. Maps were created for each detected event to illustrate the spatial extent affected by ROS as identified using the PMW algorithm (Fig. 6, Supplementary Fig. S2).

Fig. 6Maps of large-scale ROS events detected using PMW imagery and also reported by community members.
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We observe an increase in both the number and the duration of large-scale ROS events over time (Fig. 7).

Fig. 7(a) Number of large-scale ROS events and (b) total duration of large-scale ROS events on Banks Island in the fall (September–October).
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Table 5ROS events detected using PMW with GRP < −2 with clustering (25 most intense ROS events).


	Start date of event
	Duration of events (days)
	Total area affected by event (1000 km2)
	Total precip. (mm)a
	Intensity score
	Events detected in Sachs Harbour
	Events detected in Thomsen
	Events detected in Nangmagvik





	2008-10-03
	10
	47.7
	30.1
	1.00
	False
	Missing data
	Missing data



	2023-10-09
	10
	44.6
	25.2
	0.92
	True
	True
	False



	2022-10-04
	9
	16.6
	17.4
	0.59
	True
	True
	True



	1996-09-15
	5
	27.1
	23.0
	0.58
	True
	Missing data
	True



	2023-09-05
	8
	29.1
	8.8
	0.55
	True
	True
	True



	2012-10-03
	10
	18.3
	9.4
	0.55
	True
	Missing data
	Missing data



	2020-09-23
	8
	26.2
	5.5
	0.49
	True
	False
	False



	2013-09-24
	9
	22.2
	4.1
	0.49
	True
	Missing data
	Missing data



	1988-10-04
	4
	21.7
	9.1
	0.35
	True
	Missing data
	Missing data



	2003-10-02
	4
	27.4
	2.5
	0.32
	True
	Missing data
	Missing data



	2010-09-18
	5
	11.0
	2.4
	0.23
	True
	False
	False



	2021-09-26
	4
	12.7
	3.9
	0.23
	True
	True
	Missing data



	2014-09-08
	5
	11.8
	0.7
	0.22
	True
	Missing data
	Missing data



	2011-10-04
	4
	16.0
	1.3
	0.22
	True
	Missing data
	Missing data



	2015-09-29
	2
	22.5
	1.0
	0.19
	True
	Missing data
	Missing data



	2013-10-20
	3
	12.8
	4.0
	0.19
	True
	Missing data
	Missing data



	2003-10-09
	3
	7.6
	6.1
	0.18
	False
	Missing data
	Missing data



	2020-10-04
	4
	8.7
	0.7
	0.16
	True
	False
	False



	2006-10-12
	2
	7.6
	6.9
	0.15
	True
	False
	Missing data



	2010-09-27
	3
	7.2
	3.6
	0.15
	False
	False
	False



	2021-10-23
	3
	8.4
	0.4
	0.12
	False
	False
	Missing data



	1998-09-20
	2
	13.1
	0.1
	0.11
	True
	True
	True



	1990-09-21
	2
	6.9
	4.4
	0.11
	True
	Missing data
	Missing data



	2012-09-15
	2
	8.4
	1.0
	0.09
	True
	Missing data
	False



	2016-09-21
	2
	8.5
	0.7
	0.09
	True
	Missing data
	Missing data



	aERA5.





We do not observe a significant increase in the intensity score of the large-scale ROS events over time (Fig. 8). However, the most intense ROS events detected by the PMW algorithm occurred more recently (post-2000).

Fig. 8Intensity score of large-scale ROS events. Red circles indicate ROS events that were both detected by the PMW algorithm and reported by community members.
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Environmental and meteorological drivers of ROS

For 23 of the 59 large-scale ROS events detected between 1987 and 2023, an AR was present over Banks Island (39%). This proportion increases for large-scale ROS events that reached the interior of the island, compared to ROS events affecting only coastal areas. Eleven out of the 13 large-scale ROS events reaching the interior of the island were associated with the presence of an AR (85%). Results from the Mann-Whitney U test suggest that ARs are a potential driver of ROS intensity. All ROS intensity variables were significantly higher when an AR was present (Table 6).




Table 6Mann-Whitney U test of ROS intensity variables grouped by the presence of atmospheric rivers during events.


	ROS intensity variables
	Mann-Whitney U
	p





	Total area affected by event
	153
	< 0.001



	Duration of event
	174
	< 0.001



	Total precipitation (ERA5)
	165
	< 0.001



	ROS intensity score
	141
	< 0.001





The sea-ice anomaly was compared with two different ROS metrics; (a) the number of large-scale ROS events per year and (b) the total area affected by ROS, normalized by the number of snow days (September–October). The area affected by ROS is significantly higher when there is less sea ice around Banks Island (Fig. 9b, R2 = 0.678, p = 0.008). The number of large-scale ROS events is also significantly higher (R2 = 0.336, p = 0.016) when there is less sea ice around Banks Island in the fall (Fig. 9a); however, this relationship is weaker than that observed between sea-ice anomalies and the total area affected by ROS.

Fig. 9(a) Number of large-scale ROS events and (b) total area affected by ROS (1000 km2) in relation to fall sea-ice concentration anomalies on Banks Island.
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The only significant correlations between ROS metrics and climate oscillation patterns were for the PNA (Fig. 10). We observed a higher total area affected by ROS on Banks Island during positive phases of the PNA compared to negative phases, that is, lower index values (Spearman’s ρ = 0.446, p = 0.006). No significant correlations were found between ROS metrics and the NAO and AO indices.

Fig. 10Total area affected by ROS (1000 km2) on Banks Island in relation to (a) PNA index, (b) AO index and (c) NAO index.
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Discussion

As a result of our refinements in ROS detection, using both PMW algorithms and IQ, we were better able to characterize spatio-temporal trends in ROS. Our work allowed us to statistically confirm an increasing trend in ROS on Banks Island, consistent with previous findings for the CAA (Sasseville et al. 2024). These results are also consistent with IQ shared during interviews and workshops (ISHPCP 2022). We were also able to refine the spatial extent of ROS detection and identify a higher frequency of ROS in coastal areas of Banks Island.

Our ability to assess TPs in the detection of large-scale ROS events was hampered by gaps in data from weather stations; however, IQ related to ROS helped address some of these gaps. The use of a higher threshold (-2) combined with a clustering algorithm resulted in an increase in F1-scores based on local validation at two out of three weather stations. This modified algorithm increased the number of TP ROS events overall, but it also resulted in an increased in false positives. Despite generally low F1-scores based on the local validation, the algorithm for detecting large-scale ROS events across the island still shows promise. Sixty-four percent of the large-scale ROS events were confirmed by IQ and/or by at least one of the three weather stations. However, it remains unclear whether existing documentation of past ROS events from IQ is comprehensive. More targeted workshops and interviews that focused specifically on compiling inventories of past ROS events in the CAA would help address this limitation in future work.

This work allowed for the identification of specific dates of large-scale ROS events and the characterization of their intensity. This represents an important advance in linking the characteristics of large-scale ROS events to their potential consequences for large herbivore populations. We believe this work can inform recovery strategies for caribou and help local communities to better understand how ROS events affect this culturally important species and how climate change might increase their occurrence and intensity over time. However, the effects of recent ROS events on herbivore die-offs and caribou population trends remain unclear. Despite the observed increase in the frequency of large-scale ROS events on Banks Island, we also observed a recent increase in the population size of Peary caribou on the island (Davison et al. 2017; SARC 2022). Most ROS events reported by communities as having impacted Peary caribou occurred before 2003. Although an increase in the frequency of ROS has been observed by Ikaahuk community members (Riedlinger 2001; ISHPCP 2022), it was also reported by many Arctic communities that icing events have been less frequent after 2010 than before (SARC 2022). It is possible that environmental conditions during more recent ROS events were not amenable to formation of ice layers within the snowpack. Depending on precipitation amount, snow depth and temperature, a ROS event may expose pasture rather than lead to ice formation (Loe et al. 2021). Further work is needed to validate this hypothesis through future workshops and interviews, as well as through analyses of weather conditions before and after ROS events. Recent research also questions the net effects of icing events on herbivore populations. Loe et al. (2021) showed that warmer autumn can buffer the impacts of severe icy winters, and Hansen et al. (2019) demonstrated that the impacts of ROS on Svalbard reindeer populations are density-dependent. These findings suggests that populations may be more resilient and less sensitive to extreme events when population densities are low (Hansen et al. 2019). Riedlinger (2001) reported an interview with an Ikaahuk resident regarding the impacts of the increased rainfall and longer summers on herbivores who stated: “It is hard to see that—because when changes start occurring here, well … the caribou population is down, and so how can you really tell?” (Riedlinger 2001). This observation may also suggest a density-dependent effect, potentially explaining the limited impacts of recent ROS events on Peary caribou populations that currently occur at low densities on Banks Island. In contrast, muskox populations on Banks Island were high according to recent surveys but are currently experiencing a decline (Davison et al. 2017; SARC 2022). This density-dependent effect of ROS could potentially help explain the observed decline in muskox populations, as they may have been more vulnerable to recent ROS events because of higher population densities. Differences in space use between caribou and muskoxen may also contribute to their differential vulnerability to ROS events (Forchhammer et al. 2002). For example, the 2003 ROS event that resulted in muskox mortality occurred in northern Banks Island, whereas caribou typically spend the winter in the southern part of the island (Grenfell & Putkonen 2008). Clearly, more research is needed to better understand the impacts of ROS events on ungulate populations (Davison et al. 2017).

A substantial proportion of the large-scale ROS events detected on Banks Island (39%) were associated with ARs, and this proportion increased to 85% when considering only the large-scale ROS events that reached the interior of the island. ROS intensity was also significantly higher when ARs occurred over Banks during a ROS event (Table 6). This observation is consistent with past research showing linkages between large-scale ROS events in the Arctic and ARs (Bokhorst et al. 2016; Wickström et al. 2020; Voveris & Serreze 2023). There was also a relationship between sea-ice concentration and both the number of ROS events and the total area affected by ROS in the fall, with the effect being more pronounced for the latter. Our results are similar to previous studies showing the influence of sea-ice concentration on local precipitation (Bintanja & Selten 2014; Forbes et al. 2016; Wickström et al. 2020). Therefore, both local drivers, such as open water, and remote sources affecting atmospheric conditions over Banks Island appear to play a role in the occurrence and intensity of ROS events on Banks.

We found a statistically significant correlation with PNA climate oscillation patterns, but not with NAO or AO. These results are consistent with previous studies demonstrating the relationship between the positive phase of the PNA and reductions in sea-ice extent in the western Arctic through increases in air temperature (L’Heureux et al. 2008; Liu et al. 2021).

Our work focused on Banks Island. The method could be applied to other islands of the CAA, where die-off and icing events have been reported by local communities, to examine regional variation in the spatial patterns and consequences of ROS for wildlife (Taylor 2005; Johnson et al. 2016; AGFPCP 2024). The influence of Pacific and Atlantic air masses creates major differences in precipitation and temperature, and variation in topography also plays a role in local weather conditions (COSEPAC 2015). In Aujuittuq, the northernmost community in Canada, people reported that ROS events were more likely to affect muskoxen occupying lowland valleys than caribou in hilly areas because rain would transition to snow with increasing elevation (AGFPCP 2024). It would be interesting to extend the application of the approach proposed in this paper to other islands of the CAA. We expect to find differences in spatio-temporal patterns as well as in correlations with environmental and meteorological drivers.

Community members mentioned that rain falling just before the arrival of snow is also critical and can lead to ice-locked pasture (ICBPCP 2023). Similarly, shallow snow depth or melting snow may facilitate the formation of ground-fast ice crusts. Our algorithm only detects the presence of water on the surface of the snowpack (Dolant et al. 2016). However, not all ROS events lead to the creation of an ice crust, and other events can also result in ice formation, notably periods of snowmelt followed by cooling, and rain occurring just before the freezing period. The use of C-Band radar could potentially help with the detection of melting snow (Vickers et al. 2022). Bartsch et al. (2023) propose using a fusion of passive and active sensors to develop long-term ROS monitoring capacity in the Arctic. The combination of these data sets could also be useful for detecting ice layers in the snowpack, which would be of interest for characterizing potential consequences for herbivores (Montpetit et al. 2013; Langlois et al. 2017; Bartsch et al. 2023). The ability to map the spatial patterns of ice layers in the snowpack would increase our capacity to determine whether an icing event could lead to population die-off, reduced reproduction rates or changes in animal movement. It would also make it possible to better understand the environmental and meteorological factors that lead to the creation of ice layers in the snowpack following a melt or ROS event.

Conclusion

Our work highlights the value of PMW and IQ in identifying large-scale ROS events in the CAA. The GRP algorithm proposed by Dolant et al. (2016) can be leveraged to study ROS events in the CAA, where the lack of weather station data and the remoteness make such analyses challenging. Our study also highlights how IQ of the land, sea and wildlife is key to understanding ROS events. IQ describe the timing of ROS events, their spatial distribution, the conditions driving them and their consequences for wildlife (ISHPCP 2022, 2023; ICBPCP 2023). As climate change continues to transform the Arctic environment, weaving scientific approaches with IQ will be essential to understand the impacts on wildlife and people and to support meaningful adaptation measures.
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