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Abstract

:

The occurrence of extreme warm events in the Arctic has been increasing in recent years in terms of their frequency and intensity. The assessment of the impact of these episodes on the snow season requires further observation capabilities, where spatial and temporal resolutions are key constraints. This study targeted the snow season of 2022 when a winter rain-on-snow event occurred at Ny-Ålesund in mid-March. The selected methodology was based on a multi-scale and multi-platform approach, combining ground-based observations with satellite remote sensing. The ground-based observation portfolio included meteorological measurements, nivological information, and the optical description of the surface in terms of spectral reflectance and snow-cover extent. The satellite data were obtained by the Sentinel-2 platforms, which provided ten multi-spectral acquisitions from March to July. The proposed strategy supported the impact assessment of heat waves in a periglacial environment, describing the relation and the timing between rain-on-snow events and the surface water drainage system. The integration between a wide range of spectral, time, and spatial resolutions enhanced the capacity to monitor the evolution of the surface water drainage system, detecting two water discharge pulsations, different in terms of duration and effects. This preliminary study aims to improve the description of the snow dynamics during those extreme events and to assess the impact of the produced break during the snow accumulation period.
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1. Introduction


During the past decades, the Arctic region has been undergoing a significant transformation [1,2] associated with the onset of a climatic phenomenon defined as Arctic Amplification [3]. The overall increase in regional temperatures is a framework that includes extreme events, characterized by persistent warm and moist air masses occurring during the summer and, recently, also during the winter season. The broader term used for these anomalous periods is ‘warm spell’, even if the most extreme events are sometimes differentiated as heat waves (HWs) [4]. These terms share the definition based on prolonged periods of unusually elevated temperatures, where a large variety of metrics are focused on the assessment of their severity [5]. HWs are often associated with rainfall events, and they pose a multitude of environmental, ecological, and socio-economic challenges to the fragile Arctic ecosystem and its inhabitants [6,7,8]. These events were largely observed in some of the most sensitive regions in terms of climate system [9], i.e., in the northern maritime regions (such as Scandinavia, Canada, Greenland, and Spitsbergen) [1,2]. While the occurrence and frequency of winter heat waves are unpredictable, the impact is widely distributed across coastal and inland mountain regions [10]. Several studies have documented the negative effects of HWs associated with rainfall on small and large herbivores, soil invertebrates, vegetation growth, and reproduction [11,12]. The snow cover loss during a midwinter heat wave can, in fact, trigger physiological activity in organisms that should be generally dormant; this is the case of lichens, generally considered highly resistant to frost and drought, which are physiologically activated, even during the dark polar winters [13], in the case of increased heat and water transfer to the snow–ground interface. In contrast, some other ecological components like mosses, typically growing in habitats with deep snow cover, are more exposed to cold spells when a thinner and less insulating snowpack occurs [11]. The primary impact of HWs on the snow cover is the development of basal ice layers, which can also have serious socio-economic feedback for reindeer herders but also for the tourism industry and local communities in the Arctic [14].



Extreme events are related to meteo-climatic conditions [3,4,5] driving a transfer of northerly air masses which are warmer and wetter than usual [15]. These phenomena have been increasing in the last decade, also due to a simultaneous reduction in sea ice [16]. Oceans lacking sea ice are warming more rapidly, thus facilitating water evaporation as well as the alteration of the atmospheric circulation, contributing to the occurrence of HWs with both higher frequency and intensity [16,17]. The association with rain-on-snow (RoS) episodes [18] impacts the cryosphere, both on terrestrial ecosystems in snow-free areas and during the summer season and in snow-covered areas. Generally, when rain falls on an existing snow cover, it produces hard crusts on the snow surface or water percolation through the snowpack, with pools at the snow–ground interface [18]. The ultimate impact of these events involves the alteration of the snow–albedo feedback and the acceleration of the hydrological cycle associated with the snow melting [19]. Winter heat waves and, eventually, RoS events affect the snow season, producing discontinuities in the snow accumulation phase, affecting moistening and ripening processes on the first level, and then triggering a water runoff through the snowpack. The presence of water in the snowpack implies state transformations and a heat transfer process even at the level of the snow–ground interface, producing soil warming and permafrost thawing [20]. Monitoring the snow dynamics during the whole accumulation and melting periods with particular attention to the winter season and to the occurrence of HWs and RoS constitutes primary knowledge in understanding HW characteristics, also in terms of changes in their frequency and severity, as well as their different impacts [21]. Nowadays, the investigation of RoS events is based on meteorological station records, on local and indigenous knowledge holders, on satellite remote sensing, and on atmospheric reanalysis.



While the identification of RoS events is a well-developed issue [22], their impact assessment on the surface requires further efforts. A snow-cover extent (SCE) evaluation is the primary element to estimate the size of a surface covered by snow in a defined area of interest: this is an Essential Climate Variable (ECV), as listed by the Global Climate Observing System (GCOS) [23], and its estimation is generally approached using binary snow products or fractional cover maps [24,25]. Temporal and spatial resolutions are the key aspects that affect the selection of the most appropriate methodology. Optical sensors are largely used for this purpose, but resolutions are biased by observing geometries, illumination conditions (sun elevation and cloud cover) [26], and surface properties (slope orientation and inclination). Satellite, airborne, or ground-based platforms support different resolutions, varying from coarse (above 250 m), medium (from 10 m to 250 m), to high (below 10 m) spatial pixel sizes. The temporal resolution ranges from low (more than 5 days) to high (daily), depending on the platform specifics [27,28]. The selection of the most appropriate product depends, of course, on topographic and extent requirements. Generally, terrestrial photography supports observations with the following characteristics: higher spatial resolution (below 5 m), higher temporal resolution (less than 1 day), higher observation occurrence (the cloud cover has a reduced impact), and limited spatial coverage (up to 5 km2) [29]. Satellite data, like Landsat 8/9 or Sentinel2, support observations with medium spatial resolution (10–30 m), lower temporal resolutions (more than 5 days), lower observation occurrence (e.g., in Svalbard, 30% of the images are cloud-free [30]), and large spatial coverage (up to 300 km2 per scene) [24]. Finally, the MODIS instrument provides observations with coarser spatial resolution (250–500 m), higher temporal resolutions (twice per day), lower observation occurrence, and larger spatial coverage (about 10° × 10° per scene) [25]. Differently, microwave remote sensing provides a deeper analysis of the snowpack, expanding its description beyond the limit of the surface layer [31,32]. The interaction between the snowpack and microwaves depends on snow dielectric properties, supporting the description of the snow wetness [33,34] and avoiding the limitations induced by the cloud cover. Higher temporal resolution (daily), medium spatial resolution (50–10 m), and large spatial coverage (80–250 km2 per scene) are the additional features of microwave remote sensing [34].



As for the snow cover description, albedo and snow-water equivalent are ECVs aimed at describing the snow’s microphysical properties. While the snow-water equivalent (SWE) summarizes the snow density and height [35] in the whole snowpack, the snow broadband albedo (BA) or reflectance, especially when referring to the spectral behavior of snow (SR), is strictly related to the first surface layer. The SR is controlled by snow microphysics (size and grain shape) [36] as well as by the surface slope [37] and by the surface roughness [38]. Both measurements are currently supported by ground-based observations [39,40] and by airborne or satellite sensors [41].



In this work, we adopted a multi-scale strategy by combining satellite and ground-based remote sensing. This latter component is usually approached by including manned measurements [42,43]; however, the use of automated observations has recently been growing [44,45], including different optical and other indirect techniques. The discrimination between different surface types, associated with several degrees of snow-metamorphism stages [42], enhances the description of the snow microphysical properties [46,47]. While ground-based methodologies provide high time resolutions, the spatial footprint and its consequent representativeness are limited. From this perspective, satellite optical data provide a wider spatial description of the different surface cover types, supporting the assessment of snow dynamics during the melting season. On the other hand, optical spaceborne platforms are affected by the cloud cover and by the illumination conditions in terms of revisiting time and, consequently, temporal resolution [48].



This paper represents a preliminary attempt to associate the evolution of water runoff in a periglacial environment with the occurrence of several heat waves with different degrees of intensity observed during the 2022 snow season in Ny-Ålesund (Spitsbergen, Svalbard). The final objective was to assess the impact of RoS events on the modulation of water runoff in the studied drainage catchment, including the description of the snow-melting season in terms of temporal evolution and the spatial distribution of different surface cover types.




2. Materials and Methods


The study site (Figure 1) is a periglacial area located on a peninsula that extends for about 30 km in the NW–SE direction (Brøgger Peninsula, 79°N 12°E), close to the scientific research settlement of Ny-Ålesund (Spitsbergen, Svalbard). This human settlement includes the research facilities and the airport, with a total surface area of 220,000 m2. The area is surrounded by reliefs that reach a maximum elevation of 800 m a.s.l., on which several glaciers are hosted.



The study area is an outwash plain extending from the confluence between the Austre and the Vestre Brøggerbreen glaciers, enclosed by the Zeppelinfjellet (556 m a.s.l.) and by the Scheteligfjellet (694 m a.s.l) on the southeast and northwest borders, respectively. The area is characterized by landforms associated with glacial and fluvioglacial processes [49,50], where the bedrock consists of dolostones, sandstones, shales, conglomerates, and occasionally siliceous shales and limestones [50].



The considered area of interest (AOI) includes the surface covered by two time-lapse cameras located in the region (Figure 2). The AOI covers, therefore, the plain from the coastline close to Ny-Ålesund up to the glacier fronts with an extension on land of about 12 km2, with a maximum altitude of 80 m above the sea level. The surface hydrology is extremely dynamic, and its most interesting feature is the occurrence of summer coastal lakes that become gradually exposed at the end of the snow-melting season from late May to late June. The study area also includes part of the Bayelva River catchment, where a water reservoir provides supply to the neighboring village.



Since 16 March 2022, the whole study area has been affected by an extreme warming event coupled with intense rainfall, which triggered an anomalous melting season between May and July 2022. The selected observation setup included ground-based and satellite platforms with different spatial and temporal resolutions, data limitations, and spatial coverage (Table 1).



Data integration was the strategy approached for describing the surface evolution during the snow-melting season (Figure 2).



2.1. Ground-Based Observations


Ground-based observations describing the snow cover dynamics and the meteo-climatic conditions during the snow season were obtained by automated stations available in the study area and representative of the selected geographical framework. The meteorological station and the snow facility were located close to the Amundsen-Nobile Climate Change Tower (CCT, 78.92°N 11.86°E, 35 m a.s.l.) at the Kolhaugen site, and both have been operated by CNR since 2010.



2.1.1. Meteorological Data


Data obtained at the CCT were processed by the Italian Arctic Data Center (IADC). The available datasets provided meteorological parameters (e.g., air temperature and wind speed), detected by sensors located at 2 m above the ground. The sensor setup and data descriptions are available by looking at the specific metadata, accessible through the IADC web portal (https://data.iadc.cnr.it/, accessed on 29 June 2023) [51]. The daily average precipitation was estimated using data available from the Norwegian Meteorological Institute portal (http://www.seklima.met.no/, accessed on 29 June 2023), selecting the Ny-Ålesund station (id = SN99910). The detection of rain-on-snow episodes was assessed considering the air temperature higher than the equal-probability threshold of rain/snow precipitation (RST), defined by [37] as 0.4 °C.




2.1.2. Spectral Reflectance


The optical behavior of the snow cover on the ground was obtained by using the RoX instrument (JB Hyperspectral Gmbh, Düsseldorf, Germany). The device was deployed at the snow facility and installed at 3 m above the ground in late March 2022. The instrument aims to describe the surface optical properties in the visible and near-infrared wavelength domains (400–900 nm). Two optic fibers equipped with a remote cosine receptor detected the incoming and the reflected radiative fluxes, contributing to the estimate of the bi-hemispherical reflectance [47], as in Equation (1).


  B H R  (   θ i  ,  ϕ i  , 2 π ; 2 π ; λ  )  =   d  Φ r   (   θ i  ,  ϕ i  , 2 π ; 2 π  )    d  Φ i   (   θ i  ,  ϕ i  , 2 π  )    ,  



(1)







The bi-hemispherical spectral reflectance for each wavelength (BHR), produced by the sun located at different elevations (θi) and azimuths (ϕi), was estimated considering the diffuse reflected radiation (Φr) and the sum of the direct and the diffuse incoming radiations (Φi). Data were quality-checked, including an inter-calibration session at the beginning and at the end of the melting season. Measurements were obtained every 2 min and averaged every day over a 30 min temporal window, which was selected for the maximum solar elevation at 10 UTC time.




2.1.3. Snow-Cover Extent


The snow-cover extent (SCE) over the study area was estimated using the terrestrial photography approach based on ground-based cameras located at the Zeppelin Observatory (380 m a.s.l.) [52] and at the Amundsen-Nobile Climate Change Tower at 15 m above the ground [53] (Figure 3). The Zeppelin system was an Axis Q6128-E device equipped with an 8-megapixel sensor, shooting four different views of the coastal area once per day, at about 12 AM local time. The CCT system was a Sony IMX219 sensor with an 8-megapixel resolution, facing westward to the Vestre Brøggerbreen glacier front. The CCT imagery was, in this case, acquired hourly.



The available imagery was processed using the spectral similarity approach described by [54], where pixel color components (PR, PG, PB) were projected into a new vector color space described by a spectral angle (θ) and a spectral distance (Δ) from a white reference vector (RR = 1, RG = 1, RB = 1) (Equations (2a) and (2b)).


  θ =   cos   − 1      P R   R R  +  P G   R G  +  P B   R B       P R 2  +  P G 2  +  P B 2    +    R R 2  +  R G 2  +  R B 2      ,  



(2a)






  Δ =    P R 2  +  P G 2  +  P B 2    ,  



(2b)







This vector space supported the image segmentation using the Mahalanobis distance between each pixel and the identified clusters. Finally, the identification of snow surfaces was supported by higher θ angles and lower Δ values. Snow centroids were identified considering spectral thresholds with angles higher than 0.9 and distances lower than 0.1.



The orthorectification task was supported using ten ground control points (GCPs) as well as the retrieved camera parameters obtained by a chessboard calibration. The Root Mean Square Error (RMSE) obtained by the orthorectification process was, on average, about 3.5 m, using the digital elevation model with a 5 m resolution provided by the Norwegian Polar Institute as a reference. The projected pixels were aggregated using the Sentinel-2 grid with 10 m spatial resolution and the final output of the classification algorithm was the Fractional Snow-Covered Area (FSCA) per area unit. The SCE estimation for the satellite AOI (Figure 3c) was assessed by selecting an FSCA threshold of 50% for each Sentinel-2-derived pixel. The SCE estimation comparable to the sensors deployed at the CCT was assessed considering a 400 m2 plot in front of the facility (Figure 3b).




2.1.4. Snow-Water Equivalent


The snow-water equivalent (SWE) was estimated using the gamma-ray attenuation method [55] associated with the CS725 detector (Campbell Scientific, Inc., Logan, UT, USA). The instrument was installed close to the CNR snow facility at 3 m above the ground, measuring the total counts emitted by the surface (N). The gamma-ray counts associated with 40K and 208Tl soil emission (N0) were estimated during the previous dry season and manned measurements at the study site were considered for validating the obtained measurements. Observations were averaged over a 6-h time range using Equation (3), described by [55].


  S W E =  1 β  l n  (  N   1 + 1.11 S S M    N 0     )  ,  



(3)







The required parameters were also the soil moisture content during the summer period and the saturated soil moisture content (SSM). The β coefficient was a snowpack parameter produced by Campbell using their proprietary models.





2.2. Satellite Data


The detection of the surface hydrology over the study area, in the period from March to July 2022, was approached considering Sentinel-2 data. Data were obtained through the Copernicus Open Access Hub catalog, downloading L1 products and selecting ten cloud-free scenes from March to July 2022. Bands with a 20 m spatial resolution were resampled to a 10 m resolution without changing the original pixel value. The change detection analysis on the snow cover between March and June was performed using the maximum likelihood classification method. The algorithm supported the estimation of the probability of each pixel belonging to one of the identified land cover classes [56,57] (Equation (4)).


   g i   ( x )  = ln p (  ω i  ) −  1 2  ln  K i  −  1 2     (  x −  m i   )   T   K i     − 1    (  x −  m i   )  ,  



(4)







This probability (g) was calculated considering the equal probability for each pixel to be classified into different classes (p). The spectral behavior of each pixel represented a vector (x) that was compared to similar mean vectors (m) defined for each selected training region of interest (ROI). Each class was characterized by a covariance matrix (K) determined for the pixel associated with each ROI.



A supervised land cover classification of the satellite images was performed, training the algorithm with ROIs identified by the visual interpretation of the RGB composite for each satellite image. Each ROI included about 200 pixels per scene, representative of snow, snow-free, freshwater, and sediment land cover classes. Snow-free areas included, in detail, bare soil and vegetation zones, as well as a mixture of both components. While the freshwater class represented lakes and streams on land, sediments indicated the detection of water-saturated covers that were generally identified in the braided river system. Since some images were affected by shadow effects, an additional class was identified for aggregating snow under shadow conditions to the snow cover class. Finally, classification statistics were assessed for each scene using a validation dataset obtained by photointerpretation performed on terrestrial imagery. The considered metrics for assessing the performance of the classification task were the overall accuracy (OA) and the kappa coefficient ( κ ). The first metric was defined as in Equation (5):


  O A =     ∑   i = 1  n   m  i , i    N  ,  



(5)




considering the number of pixels used for the validation task (N), the number of classes (n), and the number of coherent pixels for each class (i) between the satellite and terrestrial datasets (mi,i). The second metric was defined as in Equation (6), considering the total number of pixels for each class in the satellite dataset (Si) and the total number of pixels for each class in the terrestrial dataset (Ti):


  κ =   N   ∑   i = 1  n   m  i , i   −   ∑   i = 1  n   S i   T i     N 2  −   ∑   i = 1  n   S i   T i    ,  



(6)







The derived confusion matrices (Tables S1–S9) supported the estimation of an average overall accuracy of about 98%.




2.3. Softwares


The data analysis was performed using scripts developed in the R programming environment 4.2.2 (https://cran.r-project.org/, accessed on 29 June 2023), satellite data were classified using procedures available in the ENVI software 5.7 (https://www.nv5geospatialsoftware.com/Products/ENVI, accessed on 29 June 2023), and, finally, spatial data were processed using the QGIS software 3.32 (https://qgis.org/it/site/, accessed on 29 June 2023).





3. Results


In terms of surface runoff, the evolution of the seasonal snow in Ny-Ålesund from March to July 2022 was anomalous. Ground observations supported the description of the meteo-climatic conditions and the relationships with snow dynamics and its spatial distribution. While the first part of this section is focused on presenting ground-based observations at a key site, the second part is aimed at integrating the ground truth and the satellite data.



3.1. The Meteorological Framework of the Snow Season


The evolution of the snow cover and its melting gave rise to the development of surface hydrology, both in terms of water runoff and periglacial or coastal lakes, from the glacier fronts to the coastal areas. A complete description of the surface properties in this study was approached at the Kolhaugen site where different assets are available. Spring 2022 represented a major anomaly in terms of heat wave events at the study site and, more in general, in the Svalbard area [58,59]. Several heat waves were observed (Table 2), considering a heat wave as an event with daily average temperatures significantly above the 90th percentile [5] of the decadal averages [60], which persist for at least 6 days. The event observed on 16 March as well as the one which occurred in late May were 5 °C above the 90th percentile of the decadal average. They were also associated with rain-on-snow episodes since the air temperature was higher than the equal-probability threshold of rain/snow precipitation [60].



The March RoS was, therefore, characterized by cumulative liquid precipitation during the event above 70 mm with above-zero air temperature lasting for 96 h (Figure 4).



From 21 March to 20 May, the air temperature remained below zero, reaching a minimum of below −15 °C only in April on two days. From 10 April to 20 April, a near-zero condition occurred with a snow event observed on 18 April, with 10 mm precipitation. The end of the cold period was set on 20 May, in correspondence with the May RoS, when the air temperature reached stable above-zero values continuously up to July. The triggering of the warmer season was associated with a rain event, which carried more than 20 mm of precipitation on 22 May. The period from 22 May and 1 August was characterized by air temperatures ranging between 4 and 8 °C with a maximum of 14 °C. Some additional rain events with up to 10 mm of water precipitation occurred at the end of June and during July. From 20 May, a progressive phase started, with a warming associated with an increasing reduction in the snow cover (Figure 5a). The real melting season started on 20 May, after the snow accumulation phase, reducing the SCE from 100% to 0% on 19 June. The evolution of the snow cover is summarized by the SWE dynamic, which was increasing up until 25 May (Figure 5b).



The SWE dynamic was characterized by a starting value of 200 mm in early March with three-steep increments occurring on 16 March, 15–20 April, and 10 May. While two events were associated with liquid precipitation (16 March and 20 May), the slight increment that occurred on 15–20 April was related to the specific snow event. This phase was coupled also with a progressive smooth reduction in the SWE values associated with wind transport. There was another significant SWE reduction related to wind transport at the end of the second HW (in late March), but no apparent water output was detected in concomitance with the related RoS. The beginning of the warmer period by the end of May triggered the reduction in the snowpack, which decreased from 350 mm to 0 mm from 20 May to 15 June.



Looking at the evolution of the optical behavior of the snow cover, further elements were able to be detected (Figure 4a). The visible component at 550 nm was, in fact, always higher in reflectance intensity than the near-infrared wavelength values until 7 June. This behavior was stable until 21 May, with fluctuations associated with the snow evolution switching between snow deposition, snow wind transport, and snow metamorphism. The broadband albedo, in this case, varied between 0.9 and 0.8, and it decreased to less than 0.3 at the end of the snow-melting season. The snow optical behavior between late May and the end of the melting season was strongly affected by the occurrence of surface water, which is significantly radiation-absorbent in both the visible and near-infrared domains. The transition was smoother until the snow layer was thin enough to be passed by solar light and interaction with the soil layer was possible. The threshold intercepted on 7 June represented an approximate ratio between snow and soil of 40% in terms of SCE.




3.2. The Spatial Distribution of Surface Land-Cover Types Using Satellite Observations


The spatial distribution of different surface cover types during the melting season was obtained by using ten Sentinel-2 scenes (Figure 6). In addition to the expected snow disappearance, the major observations during the snow-melting season highlighted that surface fluvioglacial deposits could be detected from June as water-saturated sediments. Those deposits outcropped aligned to the drainage network that was previously developed as water output during the March event. The freshwater system was observed at different moments of the melting season and all the identified components were developed as expected during the considered period.



The overall accuracy and Kappa coefficient estimated for each image highlighted the good performance of the utilized classification algorithm (Table 3).



While the snow-covered areas showed a stable, high number of pixels (above 85%) until mid-May, the snow-free areas conversely evidenced a gradually increasing number of pixels as of late May (Figure 7).



Only the freshwater showed an extremely fluctuating pattern, which was halved in April. This can be associated with two key events occurring during the melting season: the rain-on-snow event in mid-March and the end of the melting season. These showed a freshwater surface area of about 8–9%, which was partially refrozen in late March and then discharged into the sea starting in late May (Table 4).



The hydrologic component of the water output (freshwater and water-saturated sediments) was 14–15% of the surface in late May–early June, which was then reduced to about 12% in late June. Although the snow-cover extent estimated using satellite data was consistent with the SCE calculated using the available time-lapse camera views, a shift was observed when limiting the analysis obtained by terrestrial photography to the footprint of sensors installed at the CCT. Considering the CCT sensors’ footprint with an extent limited to 20 m distance from the observation platform, the SCE timing of the completed snow melting period was coherent on 15 June. Results obtained by satellite and terrestrial platforms, in this case looking at the whole catchment from the Zeppelin observatory, depicted the snow-off 6 days later, on 21 June (Figure 7).





4. Discussion


The snow season of 2022 in the Ny-Ålesund area showed an interesting feature associated with the combined HW–RoS event that occurred on 16 March. The developed meteorological framework caused the first significant reduction in the snow cover and the release of an important water output in late March (Figure 7). No significant SWE reduction was observed during this first warming event, highlighting that only moistening and ripening occurred in the snowpack, at least in flat areas. The capacity to store water was exceeded only close to river slopes, producing a limited volume output with a reduced capacity to percolate through the snowpack, probably due to the presence of refrozen ice layers. This picture is coherent with the one observed by [34] during a similar event in February 2017 using microwave remote sensing. The 2022 season showed a marked temperature decrease in the following days coupled with significant wind blow, refrozen surface waters, and ice crust over the snow cover. Further solid precipitation occurred until mid-May, when an additional HW–RoS combination impacted the area, triggering the start of the melting season. The Julian date of 136 for the melting onset was consistent with the earliest limit of the average melting onset (130–150) estimated for the 2004–2020 range by [34]. The SWE content fully reduced until the end of the melting season, showing a diffuse output condition in the snowpack over the whole area. The optical behavior of surface snow, even if observations started only in April, showed a stable high albedo value until early May. Secondary fluctuations of spectral components before early May were consistent with observations present in the literature [43] when fresh snow and wind transport usually occurs [45]. The visible and the near-infrared wavelength ranges showed, in fact, reflectance values above 0.8, typical of conditions where fresh snow and wind transport increase the specific surface area [43], depositing or fragmenting snow crystals with higher specific surface area (SSA) [46]. Further analyses are of course required for assessing the relationship between snow aging and optical behavior. The surface roughness and microphysical properties of surface layers (specific surface area, density, and optical equivalent radius) represent a complex issue, where snow radiative transfer modeling is a major task that must be approached. Since May, a progressive reduction was detected both in the visible and in the near-infrared wavelength domains due to the snow melting.



The SWE and the SR evolutions were coherent with the observations obtained by terrestrial photography, which highlighted the timing of snow melting at different spatial scales. Considering the CCT footprint of sensors, with an extent limited to a 20 m distance from the observation platform where automated stations were deployed, the SWE and SCE timing of the completed snow melting period were coherent on 15 June. Results obtained by satellite and terrestrial platforms, in this case looking at the whole catchment, depicted the snow-off 6 days later, on 21 June. The Julian dates for those first days without snow, 167 and 173, respectively, fell within the average range (160–180) defined by [48] for the 2004–2019 period.



Satellite data provided deeper surface descriptors than the terrestrial photography approach: in fact, spaceborne platforms are equipped with more efficient multi-spectral sensors, which are suited for discriminating different surface types, especially for the near-infrared wavelength domain. As a matter of fact, water-saturated sediments and freshwater are strongly impacted by the presence of liquid water, which absorbs the short-wave radiative component [61]. While the March event was only characterized by freshwater collected probably on slopes located close to the drainage system, the May–June discharge was more diffused and associated with the snow melting in the whole area. The intensity of water output was so intense that it involved deeper layers in the snowpack, and water discharge involved soil and sediments. The drainage system was not only limited to free water surfaces and water bodies like rivers and lakes, but it was also extended to water-saturated sediments, as observed since late May. Unfortunately, the first drainage pulse’s description was limited to the surface extent and spatial distribution, and further data are necessary to estimate the water volume that was released on the coastline. The water output released in late March 2022, after the RoS event, was spatially limited to slopes located close to the drainage system, and elevated areas such as the CCT showed a less significant decrease in SWE compared to the deposition of 70 mm of water equivalent. Debris transport to the fjord during the first HW was not identified by satellite and terrestrial imagery, preventing the detection of a brown plume close to the shoreline, as occurred in the following summer season (Figure S1). In fact, the satellite sensors’ detection of debris and substances released towards the coastline started in early June, with a peak value later in the same month, highlighting an intense and large brown plume in front of the river delta. In this case, the SWE dropped from 300 mm to 0 at the CCT site. The water discharge was extended even down to the deepest layer of the snowpack, until the ground interface. The extent of water detected at the surface, from satellite observations, increased from about 8% to about 15%, considering the water-saturated sediments involved in the snow-melting season. The water volume decreased in late June, leaving only 2% of free water on the surface, but water-saturated sediments confirmed the occurrence of water discharge into the sea.



Unlike other ground-based or satellite methodologies, which already offer reliable results in identifying RoS events, the contribution of this study was focused on the description of surface evolution. As we mentioned before, surface hydrology is key information for assessing the snow melting associated with winter heatwaves, and the detection of freshwater (streams, lakes, and ponds) in concomitance with seasonal snow represents major knowledge for cryospheric studies. Surface hydrology is a task already approached in Arctic areas using both optical [61,62] and microwave remote sensing [63], but the complexity of the selected study area was in this case contributed by the simultaneous occurrence of seasonal snow, water bodies, and outcropping bedrock during the snow melting event. A key role was played by the dynamic of braided channels in the riverine system [61], and the capacity to detect water-saturated sediments was the major feature that differentiated the water output in the summer season in comparison to the winter heatwave. Despite the need for an implementation to overcome some limitations, the study showed how the short-wave infrared sensor on board the Sentinel-2 sensors indeed can enhance the potential to discriminate different surface types in more detail.



The presented knowledge represents a key tool for assessing RoS impact in the Arctic and especially in periglacial areas. This multi-source description of the surface evolution represents an ideal background for developing a synergy between optical and microwave remote sensing. Data integration constitutes the ideal strategy for describing the snow dynamics under warm events and, nonetheless, it showed the direction of future developments. The limitations for the exact estimation of discharged water volumes constitute the grounds for future challenges, also combining water discharge’s additional information with the nutrient loading.




5. Conclusions


The impact assessment of Arctic heat waves is a critical task, made even more so by considering the increase in extreme events in winter and also in association with rain-on-snow conditions. The monitoring of snow dynamics in relation to heat waves and rain events was approached in Ny-Ålesund during a peculiar snow season in 2022. The assessment was supported by a multi-scale strategy based on single-point automated stations, terrestrial photography, and satellite observations. Winter heat waves contributed to a first pulse of water output that represented a limited and localized impact of the rain-on-snow event on the snow cover. The snowpack was generally capable of retaining the rainwater, developing a winter drainage system on a surface of about 8% of the whole catchment. The second major heat wave also associated with rain-on-snow triggered the release of a larger amount of surface water that impacted the whole area. The water output even involved the deep layers of the snowpack, up to the snow–ground interface, activating the braided river system. The surface covered by water-impacted land types was doubled in extension, and the conclusive evidence involving the depth of this process was the brown plume that was developed close to the coastline.
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	Snow-water equivalent
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Figure 1. Location map of Svalbard (a) and of the Brogger Peninsula (b). The study area with selected geographical features (c) combined with the position of automated stations (red dot), respectively the Amundsen-Nobile Climate Change Tower (CCT) and the Zeppelin Observatory. The base map features were obtained using data from [49]. 
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Figure 2. Flow chart of the selected data sources and the relationship between data processing steps and specific outputs. 






Figure 2. Flow chart of the selected data sources and the relationship between data processing steps and specific outputs.



[image: Remotesensing 15 04435 g002]







[image: Remotesensing 15 04435 g003] 





Figure 3. Camera views of the time-lapse sensors operating at the Amundsen-Nobile Climate Change Tower [49] (a) and at the Zeppelin Observatory [48] (b). Projected views obtained by the two systems in relation to the satellite AOI (c). 
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Figure 4. The meteorological framework of heat wave events occurred at Ny-Ålesund during the snow season of 2022. Heat waves were identified (as in Table 1) considering the daily air temperature average calculated for 2022 from [27] and the 90th percentile [5] of the decadal daily average calculated for the 1993–2011 period from [36] (a). Rain-on-snow events were identified (as in Table 1) considering the rain-snow equal-probability threshold (RST) [37]. Precipitations and wind speed data from [27] for the selected snow season (b). 
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Figure 5. The evolution of the snow-cover extent (SCE) observed at the Kolhaugen site close to the CCT tower. The optical properties of the surface in the visible and near-infrared wavelength ranges (a). The evolution of the snow-water equivalent (SWE) in the snowpack during the 2022 snow season (b). 
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Figure 6. The evolution of the area covered by water and snow detected using Sentinel-2 data during the melting season (a,b). Geomorphological scheme of the area of interest (c). 
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Figure 7. Snow-cover extent and land-cover evolution of the area detected using terrestrial photography and Sentinel-2 data during the melting season. 
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Table 1. Summary of the considered observations with the description of the spatial and temporal resolutions as well as the spatial coverage.
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	Variable
	Symbol
	Unit
	Spatial Resolution
	Temporal Resolution a
	Data Availability b
	Spatial Coverage c





	Land

Cover
	LC
	%
	10 m
	~5 days
	~30%
	17 km2



	Air

Temperature
	T
	°C
	n.d. *
	600 s
	100%
	1–10 km2



	Wind

Speed
	WS
	ms−1
	n.d.
	120 s
	100%
	1–10 km2



	Precipitation
	P
	mm
	n.d.
	600 s
	100%
	1–10 km2



	Snow Cover

Extent
	SCE
	%
	5 m
	1 day
	~95%
	5 km2



	Snow Water

Equivalent
	SWE
	mm
	n.d.
	6 h
	100%
	400 m2



	Spectral

Reflectance
	SR
	
	n.d.
	300 s
	100%
	100 m2







* n.d.: not defined; a highest available temporal resolution; b the percentage of data available in the case of specific limitations (cloud cover, sunlight, etc.); c the spatial extent of the observation in the area of interest.













 





Table 2. Summary of observed heat waves in 2022, with relevant meteorological features and associated RoS.
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	HW
	Duration

(Days)
	Peak Day
	Tmax

(°C)
	Threshold 1

(°C)
	RoS
	P

(mm)





	#1
	6
	3/7
	−1.92
	−3.30
	
	



	#2
	7
	3/15
	3.13
	−3.03
	3/16
	42.6



	#3
	20
	6/1
	7.21
	0.95
	5/21
	22.3



	#4
	7
	7/16
	12.13
	8.13
	
	







1 Threshold estimated as the daily average of the 90th percentile over 6 days in the reference record, 1993–2011 [5].













 





Table 3. Classification statistics for the 10 Sentinel-2 images selected during the 2022 melting season.






Table 3. Classification statistics for the 10 Sentinel-2 images selected during the 2022 melting season.





	Date
	Overall

Accuracy [%]
	Kappa

Coefficient





	3/1
	100.00
	1.00



	3/18
	99.95
	1.00



	3/26
	99.24
	0.99



	3/30
	98.29
	0.97



	4/8
	98.65
	0.98



	4/11
	99.79
	1.00



	5/11
	100.00
	1.00



	5/29
	94.23
	0.92



	6/2
	94.76
	0.98



	6/25
	95.99
	0.94










 





Table 4. The land-cover type composition in the region of interest obtained by the classification 1 of Sentinel-2 imagery during the 2022 snow-melting season.
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	Date
	Freshwater
	Snow
	Snow-Free
	Sediments





	3/1
	0.00
	100.00
	0.00
	0.00



	3/18
	8.75
	89.18
	2.07
	0.00



	3/26
	2.92
	97.08
	0.00
	0.00



	3/30
	5.78
	93.68
	0.54
	0.00



	4/8
	4.95
	94.99
	0.07
	0.00



	4/11
	4.20
	95.80
	0.00
	0.00



	5/11
	2.73
	97.27
	0.00
	0.00



	5/29
	7.28
	65.16
	20.88
	6.68



	6/2
	8.21
	55.70
	29.09
	7.00



	6/25
	2.76
	1.06
	86.97
	9.20







1 Seawater and anthropic areas were not included in the considered total area.
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