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Abstract

:

Polar areas are the most sensitive targets of climate change. From this perspective, the continuous monitoring of the cryosphere represents a critical need, which, now, we can only partially supply with specific satellite missions. The integration between remote-sensed multi-spectral images and field data is crucial to validate retrieval algorithms and climatological models. The optical behavior of snow, at different wavelengths, provides significant information about the microphysical characteristics of the surface in addition to the spatial distribution of snow/ice covers. This work presents the unmanned apparatus installed at Ny Ålesund (Svalbard) that provides continuous spectral surface albedo. A narrow band device was compared to a full-range system, to remotely sensed data during the 2015 spring/summer period at the Amundsen-Nobile Climate Change Tower. The system was integrated with a camera aimed to acquire sky and ground images. The results confirmed the possibility of making continuous observations of the snow surface and highlighted the opportunity to monitor the spectral variations of snowed surfaces during the melting period.
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1. Introduction


The seasonal evolution of the snow cover is a critical factor that influences different processes in Arctic and Alpine regions. Different methodologies can be considered but limitations in their use could occur due to requirements defined by spatial and time resolutions [1]. Optical remote sensing is the most effective tool for monitoring the snow covers at a regional scale, but adverse conditions (light illumination and cloud cover) affect data availability [2,3]. It follows that systematic studies on characteristics and areal extension of the snow cover are less efficient than required by global-change scientists [4]. From this perspective, the availability of continuous monitoring techniques that provide the ground truth is a critical issue. Several ground-based methods have been recently developed to improve the in-situ characterization of snow. Most of them are based on optical analysis and we can distinguish microphysical-oriented [5,6] approaches from radiative-oriented techniques [7,8,9,10].



The optical behavior of snow offers different contributions to the description of snow properties since the amount of radiation reflected by pure snow in the visible (Vis) range of the electromagnetic spectrum (400–700 nm) is approximately 100% of the incoming radiation, and it decreases in the short-wave infrared part (SWIR) of the solar spectrum (700–2500 nm). The spectral behavior of the snow reflectance in the Vis and in the SWIR, ranges support the discrimination of snowed surfaces from other matrices and enables the characterization of the surface layer [11,12,13]. Different reflectance quantities can be investigated depending on the sampling geometries [14]. The one considered in this study follows the experience described in [10] and it represents a compromise between automation solutions and logistic issues. The realized long-period monitoring system was based on a bi-hemispherical sampling geometry that measured the surface spectral albedo, indicated here as    ρ λ   (   θ i  ,  ϕ i  , 2 π ; 2 π  )   . This parameter can be defined, at a specific solar azimuth (   ϕ i   ) and zenith angles (   θ i   ), as the ratio between the reflected and the incoming solar spectral irradiances [14].


   ρ λ   (   θ i  ,  ϕ i  , 2 π ; 2 π  )  =   d  Φ λ r   (   θ i  ,  ϕ i  , 2 π ; 2 π  )    d  Φ λ i   (   θ i  ,  ϕ i  , 2 π  )     



(1)







The albedo of a surface is strongly affected by the illumination condition, which must be considered before discriminating the intrinsic property of the surface. Assuming an isotropic diffuse field, the equation can be described by the combination of two terms, the first pertaining to the direct sun component and the second one to the diffuse contribution.


   ρ λ   (   θ i  ,  ϕ i  , 2 π ; 2 π  )  =  d θ   ρ λ   (   θ i  ,  ϕ i  ; 2 π  )  +  (  1 −  d θ   )   ρ λ   (  2 π ; 2 π  )   



(2)




in which the ratio between the direct component and the global radiant flux (   d θ   ) defines the partition between the black-sky albedo (BSA),    ρ λ   (   θ i  ,  ϕ i  ; 2 π  )   , and the white-sky albedo (WSA),    ρ λ   (  2 π ; 2 π  )   . While BSA arises from a hemispherical integration of the bidirectional reflectance distribution function over outgoing directions, to derive WSA a further integration is made on incident directions so that its sun zenith dependence disappears [15,16].



The evolution of the optical behavior of snow during the melting season offers additional opportunities to estimate temporal variations in snow parameters. The preparation of seasonal datasets can improve the capacity to interpret spectral variations in terms of illuminating conditions [7,8], crystal shape and grain sizes [17], surface roughness [18], and presence of impurities [19,20]. These results could be integrated with observations already obtained in different areas of polar regions [19,21,22,23] as well as in mountainous regions at different latitudes [20,24,25,26].



This study represents a preliminary test of a simplified and low-cost device based on the experimental setup described in [10], where the attention was focused on analyzing the optical behavior of snow in the short-wave infrared domain (SWIR). The relation between the visible and the SWIR component is a major issue since the SWIR domain is mostly determined by the snowpack microphysical characteristics [9,27]. Considering that the reflectance decrease in the visible range is mainly influenced by the impurity content in the snow and only slightly with increasing grain size with aging [28,29,30], the differential behavior could highlight the presence of impurities. The most common way to assess such a spectral feature is based on estimating the normalized difference snow index (NDSI):


  N D S I =    ρ  V i s   c o r r   −  ρ  S W I R   c o r r      ρ  V i s   c o r r   +  ρ  S W I R   c o r r      



(3)







This index, defined by the remote sensing community, estimates the contrast in the two spectral ranges and it is used in order to discriminate snow cover pixels from clouds and other surface types [31]. The NDSI was originally proposed (to discriminate cloud from snow) and for snow mapping from Landsat multispectral images [32,33] and now it is currently implemented in the NASA EOS data chain [34,35], as well as in the ESA data chain [36]. The introduction of the fractional snow cover area (FSC) concept had, recently, supported the identification of pixels that have an FSC area higher than 50% [12,37]. The threshold value commonly used to detect snow pixels corresponds to NDSI ≥ 0.4 [38] even if some authors suggest that optimum values of this threshold could vary seasonally [39]. From this perspective, having a time-series of such parameters, it will be possible to define site-specific relationships that represent significant improvements for the remote sensing of snow cover in remote areas.



This paper presents the data obtained by a device collecting continuous spectral albedo data over a melting season. The developed systems have been devoted to monitor the evolution of the spectral features and to evaluate the possible integration with satellite imagery in the framework of global change studies.




2. Methods


The activity described in this study was performed at the observation facility of the Amundsen-Nobile Climate Change Tower (CCT), located in a flat area in the surroundings of Ny Ålesund (Figure 1). This infrastructure (78°55’ N, 11°52’° E) has been operating since autumn 2009, providing a series of meteorological and radiometric measurements describing the lower atmospheric boundary layer. The study site is about 3 km far from a glacier front and it is a flat area of about 35000 m2 where the snow cover remains usually on the ground from October to June, with an average snow duration of 265 days in the last decade (Norwegian Meteorological Institute, 2021). The vegetation is defined as patchy shrub moss tundra and it grows during the summer season. The presented results cover the 2015 melt season from 20 May to 31 July, when the cloud cover varies significantly, and the Sun is constantly above the horizon. The focus of the experiment was the continuous monitoring of the spectral albedo, the evolution of the normalized difference snow index, the relationship with the fractional snow cover, and the comparison with remotely sensed data.



2.1. Continuous Reflectance Monitoring


The continuous monitoring of the spectral albedo was carried out using a custom device, named the continuous reflectance monitor (CReM), with three different narrow bands (10 nm) centered one in the visible (at 550 nm) and two in the short-wave infrared (at 1250 and 1640 nm). The system (Figure 2) is based on commercial parts and it is composed of six different detectors: three sky facing and three oriented towards the surface. The CReM bands 1 and 3 overlap the two bands involved in the NDSI calculation used by the MODIS sensor for Band 4 (545–565 nm) and Band 6 (1628–1652 nm), and by the OLI sensor, onboard of Landsat-8 platform, for Band 3 (525–600 nm) and Band 6 (1560–1660 nm). The CReM band 2 was defined considering the spectral behavior of snow [29] and the attention on that wavelength due to the relationship with the snow microphysics [27]. Band integrations were performed averaging spectral albedo in the selected wavelength ranges. Each sensor is coupled to a teflon (PTFE) diffuser characterized by a geometry such as the Analytical Spectral Device inc. remote cosine receptor. All measurements were synchronous, and the hardware was enclosed in a thermo-stabilized box. The system shown in Figure 2 was implemented combining a data acquisition system programmed through a Python application on a Raspberry Pi microcontroller. The device was installed during the boreal spring nearly 8 m above the ground, as in the experiment described by [10]. The hourly average of the spectral albedo in the three bands was obtained and the standard deviation associated with each cycle provided information about the sky stability, hence, indicating the possibility to perform accurate determination of the spectral albedo.



2.1.1. Field of View and Uncertainties


The experimental setup realized for this application, above mentioned, can be defined as bi-hemispherical. The bi-hemispherical reflectance, generally called albedo, is the ratio of the radiant flux reflected from a unit surface area into the whole hemisphere to the incident radiant flux of hemispherical angular extent [14]. This kind of measurement is sensitive to the cosine response of the receiver that could present some deviations, especially at higher sun zenith angles ( θ ). These deviations, generally largest  θ  > 80° [40], imply not negligible uncertainties that can vary at the different wavelengths. Additional anomalies must be considered for the presence of obstacles in the field of view (FOV) [41], such as the tower structure in our case. The two instrumental biases were defined experimentally under laboratory conditions using reference lamps (Figure 3): while the calibration accuracy with the lamp in nadir position was estimated with a maximum error of 2%, the cosine deviation was influenced by solar zenith angle with larger cosine deviations (> 10%) above 70°. In detail, this deviation was lower in the visible range compared to the SWIR. While the Vis deviation was below 5% for  θ  < 30° with a maximum deviation at 60° of about 5%, the SWIR deviation was close to 10% at 60°. Considering that the sun zenith angle varied during the survey from 55° to 90°, the dataset was restricted to the sun-facing side of the tower (when the Sun was southward) to reduce the cosine deviation and the contribution of the tower as an obstacle. The spatial representativeness of our experimental setup can be estimated using the approach proposed by [42]. Considering that with an angle of view of 72° more than 90% of the upwelling irradiance is captured, we can assume that the area “seen” by the radiometer is about 3 times the distance from the ground (8 m in our experiment). Finally, we can consider our measurements representative of an area of about a 25 m radius.




2.1.2. Spectral Albedo Estimation


The estimation of the spectral albedo for the selected bands was obtained from the downwelling (   Φ  o b s , λ  i   ) and upwelling reflected (   Φ  o b s , λ  r   ) fluxes. For each detector, we considered the specific gain and offset values, controlled at the beginning and at the end of the field campaign. Among correction related to the instrument electronic and acquisition system, to calculate the albedo a simple ratio of the fluxes should be avoided, as the cosine response and the effects of the tower should be considered, also considering the different behavior of the sensor with respect to the direct and diffuse downwelling radiation components. To include such corrections, we assumed the formulation described in [41] and which define the albedo through a corrected ratio of the measured fluxes as follows.


   ρ λ  c o r r    (   θ i  ,  ϕ i  ; 2 π  )  =    C λ   C r   Φ  o b s , λ  r     C λ   C i  ( 1 −  d θ  )  Φ  o b s , λ  i  +    d θ     Φ  o b s , λ  i    1 + ϵ  (   θ i   )       



(4)




This equation includes the average correction factor associated with the cosine response of the detector (   C λ   ) for diffuse radiation (see Equation (7), [41]), the cosine correction fractional deviation   ε  (   θ i   )    associated to the direct component of the flux (Equation (2), [41]), and the correction factor due to the limitation of FOV caused by the tower for the upwelling (Cr) and downwelling fluxes (Ci). Assuming an isotropic surface, the upwelling flux can be considered contributed only by a diffuse component. On the other hand, the downwelling component is contributed by direct and diffuse fluxes that can be discriminated using the direct to global ratio (   d θ   ). As we did not measure the direct and diffuse components of the downwelling spectra irradiance, but the global component only,    d θ    was estimated through model calculations for an oceanic aerosol model with optical depth    τ  550 n m     of 0.08 and an integrated water vapor content    u  w     of 0.5 g/cm2, and the sun position of each individual albedo acquisition, using the Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) radiative transfer model [43]. While the diffuse component was corrected similarly to the diffuse component of the upwelling contribution, the direct component was corrected considering the cosine deviation at a specific zenith angle ϵ(θi). Considering the cloudiness of the study area during the survey, particular attention must be addressed to illuminating conditions where the diffuse component is dominant. When cloudiness is higher than 90%, the direct to global incident radiant flux is, in fact, close to zero (dθ ≈ 0). This illumination condition favored the estimation of the so-called white-sky albedo, where angular dependencies are negligible, and corrections are limited to FOV obstructions. Considering that the solid angle occupied by the tower in sky-facing and ground-facing views are similar (Cr ≈ Ci), to estimate the WSA, the previous equation was simplified as follows.


   ρ λ  c o r r    (  2 π ; 2 π  )  =    C r   Φ  o b s , λ  r     C i   Φ  o b s , λ  i    =  ρ λ  o b s    (  2 π ; 2 π  )   



(5)









2.2. Hyperspectral Measurements


2.2.1. Continuous Observations at the Tower


To collect hyperspectral measurements, an Analytical Spectral Device inc. (ASD) Fieldspec, with a remote cosine receiver (RCR) characterized by a hemispheric field of view, was installed on a tilting device. The collected radiant energy detected by the three spectroradiometers included in the Fieldspec with a wavelength range between 350 and 2500 nm with a maximum spectral resolution of 1 nm. The spectral albedo measurements were acquired using the standard RCR mounted on the tilting system using the procedure described in [10]. An hourly average of spectral albedo was obtained from four measurement cycles performed every 15 min. Dark and optimization operations were executed every hour to estimate gain and spectral offset for each radiometer. Each rotation cycle was composed of a sequence of six downwelling irradiance spectra performed before and after three upwelling measurements, by completing the whole sequence in less than 3 min. All the stored spectra result from the average of ten fast acquisitions. The standard deviation associated with each triplet of spectra provided information on sky stability, hence, indicating the possibility to perform accurate determination of the spectral albedo. The system described in Figure 2b was implemented combining a data acquisition system implemented in LabVIEW (National Instruments), and a tilting system controlled by a Python application on a Raspberry Pi microcontroller. The obtained data were processed considering the methodologies described in Section 2.1.




2.2.2. The Snow Spectral Library


Hyperspectral measurements include also proximal observations that an operator performs using a near-ground setup based on a reference standard for calibrating the instruments [44]. We considered the dataset started to be collected by [45], which is included in the Snow-Ice Spectral Library (SISpec). The absolute spectral reflectance curves in the wavelength range between 350 and 2500 nm were obtained with a Fieldspec portable spectroradiometer (Analytical Spectral Device Inc., Boulder, CO, USA), as a ratio between the radiation reflected from the measured surface and the radiation reflected by a white Spectralon panel. Measurement sites were selected paying particular attention to the different types of snow surface microphysic characteristics (grain type and size) and considering the local weather conditions. All the measurements were collected sun-facing with the optic fiber at about 50 cm above the target and with a nadir orientation. The target identification considered smooth surfaces that could be also recognized and sampled even at the spatial resolution of satellite images (considering a 30 × 30 pixel area of 3 × 3 pixels—approximately 100 × 100 m). Every target was also described from a nivological point of view looking at the shape and size of the grains, density, hardness, and snow temperature. The adopted standard for the description of the snow characteristics was the International classification for seasonal snow on the ground [46].





2.3. Terrestrial Photography


The instrumental setup was completed by a weather-protected fish-eye D-LINK (DCS 6010-L) commercial web-camera, mounted on the same rotating platform. This camera captured photographs of sky and ground conditions every hour (Figure 4), with an increased time resolution (every 15 min) in May and June. The quality check of the available spectra was performed through an algorithm developed with the aim to estimate different ancillary information about the sky cloudiness and the ground conditions. The procedure was based on the analysis of the captured images and the code was developed under the R-project programming environment [47]. Image processing was carried out considering fish-eye distortion and the algorithms for describing cloud and snow covers were the same presented in [10]. The estimation of the cloud-cover index was based on the identification of cloud-free pixels that have been remapped using a weighting mask, which associates the sky-included solid angle with each pixel. A specific mask was used to remove the pixel affected by surrounding mountains and the tower from the image analysis. Then, the true sky-solid angle associated with each pixel has been computed considering the lens distortion, to correctly estimate the cloud cover index. The estimation of clear-sky pixels was based on the combination of the hue and saturation values obtained converting RGB in Hue-Saturation-Value coordinates (HSV). It was assumed that a hue between 180° and 260° (over a full range of 0°–360°) and a saturation greater than 96 (over a full range of 0–255), were associated with blue-sky pixels. The fractional snow cover (FSC) was estimated using the blue-thresholding algorithm proposed by [48].




2.4. The Landsat Imagery


Until the advent of the Sentinel 2 images in 2016, Landsat images were widely used to obtain high-resolution snow cover maps from NDSI images [31,33]. Despite the multiple overpasses of polar-orbiting satellites over the Ny Ålesund area, the high occurrence of clouds affects Landsat images by more than 50% and limits the continuous monitoring of snow cover evolution [36]. The Landsat 8 catalog and the LC08_L1TP product includes the study area from May to July 2015 about 50 scenes, but for the above-mentioned reasons, only 6 are free of clouds in the area on which the CReM is located. These 6 images were radiometrically calibrated and atmospherically corrected with the ENVI software [49,50]. A buffer region of 3×3 pixels around the study site was used to extract the average reflectance values. The spatial resolution at the ground of the Landsat images is 30 m per pixel.




2.5. Additional Data


The climate change tower facility hosts different sensors (temperature, relative humidity, pressure, wind direction, and speed) at 0 (skin), 2, 5, 10, and 30 m above the snow-free ground [51]. A four-component net radiometer CNR-1 (Kipp and Zonen) collecting the broadband shortwave and longwave components of the surface radiation balance is installed on the top of the tower at a 32 m level. The shortwave components are measured by means of two CM3 pyranometers which cover the spectral range 305–2800 nm with a field of view of 180° and an uncertainty of 5% up to 80° solar zenith angle [51]. They are stored as 1-min averages of 1-Hz acquisitions.





3. Results


The analysis of the available image pairs (facing to the sky and to the ground) acquired by the tilting system during the survey covered 1730 h and included about 400 situations when the alignment of the rotating system confirmed a near-optimal orientation towards either the sky or the ground as well as a sun position that limited the tower interference. We filtered the dataset, in fact, considering only the sun azimuth from 90° E to 270° E in order to reduce the biases produced by the tower structure. The sun elevation above 15° represented additional criteria for filtering the dataset in order to limit the uncertainties associated with the cosine deviation produced by the selected diffusers.



The cloud cover index retrieved by the selected sky imagery discriminated between different illumination conditions. A threshold of 90% of cloud cover index defined of the diffuse light condition and a cloud cover index lower than 10% identified of cloud-free sky where direct irradiation is dominant. With this assumption approximately 49% of images were flagged as pertaining to diffuse conditions, hence to albedo taken in white-sky conditions (WSA), while only 9% of the images identified as clear-sky and associated to albedo measurements evaluated in clear-sky conditions (CSA). The comparison between the estimated WSA and CSA values, for the three selected bands, by the CReM device and the ASD-based system demonstrated a good agreement between the two different approaches (Figure 5). The comparison based on about 400 observations with 25% of CSA and 75% WSA situations. The resulting RMSEs were respectively 0.024, 0.023, and 0.022 for the three bands.



The results concerning both WSA and CSA situations presented in Figure 6 showed that the observing period presented typical features of the melting season with reflectance, in the different wavelength ranges, in agreement with the SISpec library from the beginning of the campaign (21 May) to 9 June. From 9 June to 15 June, it was possible to observe a rapid decrease in the visible band (from more than 0.8 to below 0.2), coupled with a significant increase in the SWIR bands, respectively from 0.3 and 0.15 to 0.4 and 0.35. While the reduction of reflectance at 550 nm and the increase of reflectance at 1640 nm were significant, the ramp from May to July detected at 1250 nm was smoother. It is important to notice that remotely sensed observations were limited to 6 acquisitions, considering the Landsat-8 platform, and that algorithms aimed at estimating the surface reflectance require additional effort on retrieving values compliant with in-situ measurements.




4. Discussion


The evolution of the snow cover during a melting season can be described through two optical features: the SWIR reflectance and relationship between the visible and the SWIR range (Figure 7). While the SWIR analysis could describe the evolution of the snow surface in terms of macro and micro physics, the second feature can discriminate the presence or not of snow cover. The first feature was approached considering the albedo at 1250 nm, which varied from above 0.25 on May to below 0.2 on 9 June.



This general trend was coupled with short-time fluctuations that could be associated with short-time variations of meteo-climatic conditions (air temperature, relative humidity, wind speed). This association could be significant especially when the air-ground temperature gradient favors the formation of surface hoars, but further technological improvements are required for differentiating such fluctuations from the measurement uncertainties. The melting conditions favor evaporation due to the water vapor gradient affecting the snow profile. If abrupt temperature decreases occur, crystallization associated with sublimation implies the formation of hoars or faceted crystals at different depths of the profile. Figure 8 evidence such behavior on a 24-h time window. The increase of 1250 nm reflectance is related to the SSA increment [27] when sublimation produced small-sized crystals [52]. Looking at wind calm conditions between 26 May and 29 May, it was possible to evidence a complex dynamic system that needs more effort for complete comprehension.



The importance of the evolution concerning the SWIR albedo can be interpreted by examining the relationship between these spectral features and the specific surface area of the snow cover, the surface roughness, and the presence of impurities in snow. Concerning SSA, we are not ready to define a quantitative SSA calibration for our method, but this association was already defined for bidirectional light conditions [27] and by models [5]. From a general point of view, the evolution of this spectral feature could highlight high and low SSA conditions of the snowed surface that were strictly related to precipitation events and high wind-speed conditions. The SSA, in fact, can be higher only when fresh snow, characterized by dendritic grains, occurs or when wind ablation produces surface-grain fragmentation. On the opposite, SSA could be lower when snow metamorphism occurs, thus grains increase in dimension and change in shape to round and compact grain-types.



The alteration of albedo associated with the surface roughness could be therefore an additional issue [40]. This contribution to the determination of the true albedo is limited in our study by the height of the sensor [53], by the restriction to diffuse light conditions (measuring WSA), and by the roughness features of the study site [18,52]. Some authors [18] presented a roughness bias in the order of 0.02–0.04 for the visible range and there are no estimations in literature for the SWIR domain. Finally, the presence of impurities in the shallow snow layer is an additional critical issue, which requires specific investigations that are not included in our objectives now. Impurities, black and brown carbon, can impact significantly spectral albedo, especially in the visible wavelength range [54]. The contribution of such components in the SWIR range is limited considering the amount of soot present in the Svalbard site. The availability of the new dataset will surely improve the modeling capacity, but it is feasible to assume a limited contribution of impurities at 1600 nm. Further investigations will be necessary in order to interpret all these phenomena and specific analysis must be addressed for estimating the different contributions to the spectral albedo.



The most common spectral feature used in remote sensing for the characterization of snowed surfaces is the NDSI, which is calculated coupling visible and shortwave infrared bands of the available sensor. The CReM system is characterized by an NDSI calculated considering the 550 nm and the 1640 nm bands. The evolution of the NDSI was strictly related to the snow aging in the first period of the melting season (up to 9 June), when the snow depth reduction was more consistent. This transition was characterized by NDSI values above 0.6 with temperatures generally below 0 °C and short fluctuations above 0 °C. From 9 June to 15 June the air temperature started to rise rapidly above 0 °C and the NDSI reached a plateau level of −0.5 °C from 15 June to the end of July. The snow depth in this second period continued to decrease and the NDSI plateau was discontinued just in occurrence of precipitation events. Considering the NDSI estimated by CReM for snowed surfaces between 20 May and 10 June, we observed values of about 0.81 that were such as those detected by Landsat, processed as bottom-of-atmosphere reflectance (NDSIBOA ~ 0.87).



The relationship between the observed FSC and NDSI outlined a highly correlated evolution characterized by r2 0.98. The relation was good when FSC values ranged between 5% to 95%. A soft reduction of those variables was triggered by the snow depth at 10 cm. After 8 days the FSC drastically decreased to 25% and NDSI was 0. This melting phase reached a snow depth almost negligible on 15 June. Considering the definition of an NDSI threshold for discriminating between snow-covered surfaces and bare soil areas [38], a site-specific threshold is defined with NDSI = 0.2, when the FSC is above 50%. This value is lower than the reference threshold of 0.4 [13], but it is well demonstrated that high-resolved observations could identify this kind of value [55].



This phase was characterized by snow melting of about 2 cm/day associated with a rapid increase of the skin temperature Tskin (from −5 to approximately 0 °C) over this time extent. The last period differed substantially from the previous two, thus the skin temperature started to rise to 5 °C at the end of the period. Summarizing the differences, the first period showed a near-melting condition (Tair ~ 0 °C) that facilitates water-ice transformation associated with temperature fluctuations. The second period presented an intermediate-melting condition (Tair > 0 °C) and the last one was characterized by the conclusion of the melting behavior (Tair >> 0 °C).




5. Conclusions


This work presented the field activity carried out in Ny Ålesund during the 2015 spring/summer period at the CNR Climate Change Tower. The continuous monitoring of snow surfaces in polar regions was approached by installing a narrow band system (CReM) in addition to a full range spectroradiometer. We explored the opportunity to have a routinely operating system instead of complex hyperspectral devices aimed at analyzing the snow spectral behavior during the melting season. The proposed system supports the quality check of the acquired data with sky and ground images useful in assessing the different illumination and surface conditions. The first results permitted us to assess the feasibility of continuously monitoring the spectral evolution of snowed surfaces without any man intervention. The developed device supported the qualitative characterization of spectral variations during the melting period. It was possible to estimate spectral indexes, such as NDSI and SWIR albedo and we have found interesting links between both features and air/ground temperatures, wind-speed, and precipitations. Different melting phases were detected, and different processes were associated with the observed spectral variations. This study represents a starting point for having a continuous ground-truth of the snow optical behavior. The extension of this kind of observation to the SWIR wavelength domain offers different opportunities for associating snow metamorphism to spectral variations and on validating remotely sensed data. Further technological developments and a less disturbed experimental setup are required in order to identify relevant correlations with meteorological parameters.
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Figure 1. Location map of the study site: Ny Ålesund (Svalbard, Norway). 
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Figure 2. A view of the Amundsen-Nobile Climate Change Tower (a) with instruments installed at different levels; our system is highlighted by the red rectangle (8 m). The deployment of the CReM and ASD-based systems (b). The components of the CReM device (c). 
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Figure 3. The cosine deviation of reflectance for the selected diffuser. 
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Figure 4. Examples of camera views facing to the sky (a) (6 July 2015 14:30UTC) and to the ground (14 June 2015 14:00UTC). The fractional snow cover of picture (b) was estimated as 35%. 
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Figure 5. Comparison between reflectance measurements at different wavelengths provided by the Fieldspec ASD system at the tower and the CReM device. The red line represents a 1:1 relationship. 
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Figure 6. CReM reflectance values (red/green) for the three selected bands versus the available data acquired by the Landsat-8 platform (blue). The grey areas represent the statistical values obtained by the SISpec library and reported in terms of 10th–90th percentiles (grey) and the median reflectance (dark grey). 
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Figure 7. Comparison between the optical behavior of snow and the meteo-climatological information about the melting season 2015. 
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Figure 8. Examples of short-term variations of reflectance at 1250 nm in May 2015. 
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