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The absorption of shortwave irradiance in snow depends on the physical properties of snow (e.g., snow grain size and shape, liquid water content, etc.) and light-absorbing particles (LAP). Originating from natural and anthropogenic sources, LAP has been reported to accelerate snowmelt significantly in different regions globally. Yet, our process-level understanding of LAP after deposition onto snow remains rather limited. Here we investigate the impacts of artificial deposition of different LAP onto snow surfaces in an outdoor environment of northern Finland. Following LAP dry deposition into a custom-made tent standing on top of the snowpack, the albedo was followed along with the properties of snow in snow pit measurements throughout the spring season. The results showed that the albedo decay at the end of the season for the different spots were linked to the initial amount and type of LAP that were deposited onto the snowpack. Measured snow temperature profiles from LAP doped snow versus natural reference snow illustrated that the LAP affected snow had higher temperatures in the subsurface snow layers. Collected snow samples analyzed for size distribution of soot particles revealed no apparent agglomeration of soot particles during thaw-freezing events taking place during the experiment. Despite the relatively large perturbation of the experimentally deposited LAP, their impact on the season length was only up to 3 days. Additional experiments are, nevertheless, needed to better constrain the effects of LAP on snow albedo, melt rate, and other associated processes.
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1 INTRODUCTION
Incomplete combustion of carbonaceous fuels emits gases and particulate matter into the atmosphere. Black carbon (BC) particles have the strongest light absorption per unit mass for any particle released by burning processes (Bond et al., 2013). Any light-absorbing particles (LAP), which BC is part of, have the potential to extensively influence the net radiative forcing, particularly once the particles have deposited onto a bright surface such as snow. Decreasing the reflectivity of snow, LAP contributes to earlier and enhanced snowmelt, affecting meltwater runoff (e.g., Hansen and Nazarenko, 2004; Flanner et al., 2007; Painter et al., 2007). Other LAP in snow includes mineral dust (MD), light-absorbing organic matter, i.e., brown carbon (BrC), and microbes (including algae and pollen). Once LAP are at or near a snow surface, they directly lower the snow albedo (Warren and Wiscombe, 1980), also known as the direct effect. The presence of LAP in the snow also triggers accelerated snow metamorphism, leading to further decreases in albedo (which is referred to as the indirect effect) (Painter et al., 2007). The indirect effect is in addition to snow’s natural propensity to metamorphism with time in ambient conditions, regardless of the presence of LAP or not. This tendency in the snow is manifested in a typical decrease in snowpack albedo throughout the snow season. In addition to LAP, another important variable affecting albedo is snow grain size (and shape) (Warren and Wiscombe, 1980). The grain size is typically quantified in terms of its optical effective radius (re), which can be written as the specific surface area (SSA) according to,
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where ρice is the density of pure ice (917 kg m-3).
Field observations coupled with numerical simulations have shown that the indirect effect can account for 20% of the total radiative LAP forcing in the snowpack of southwestern Colorado, United States (Skiles and Painter, 2019). Similarly, the seasonal snowpack at Col de Porte (1325 m altitude, French Alps), had the indirect effect responsible for 15% of the net LAP forcing for one snow season (Tuzet et al., 2017). Meanwhile, on the contrary, another site in the French Alps (located ∼60 km southeast of Col De Porte) at a higher altitude (2058 m) reported that the indirect effect was insignificant for the two seasonal snow years studied (Tuzet et al., 2020). These differences indicate a complexity that can occur in natural conditions, and Tuzet et al. (2020) suggested that the indirect impact of LAP is very dependent on the meteorological conditions during and after LAP deposition. For example, if LAP deposition occurs on snow when the grain size is already large, the potential for the indirect effect to be efficient is rather small. In terms of shortening the snow cover duration, however, it was proposed that the total LAP effect can account for about 10 days in the French Alps (Tuzet et al., 2020), while in the southwestern Colorado, United States, it may be up 51 days (Skiles and Painter, 2019).
Despite LAP recognition as an important agent in the snow energy balance, as exemplified in the modelling work of He and Flanner (2020), and numerous field measurements to date (e.g., Skiles et al., 2018 and references therein), there is still a scarcity of experimental studies investigating the different processes associated with LAP deposition in snow. Partly halted by the inherent difficulties in conducting experiments of this nature, it has, nevertheless, been shown in a controlled laboratory setting that snow grains of difference sizes doped with BC, has a greater albedo reduction for the larger snow grain sizes (Hadley and Kirchstetter, 2012). Other experiments include the work of Beres et al. (2018); Beres et al. (2020), which primarily focused on depositing BrC onto snow surfaces via smoldering combustion of peat samples. The impacts of BrC were studied on a relatively short time scale following the deposition procedure, however. Likewise, Schneider et al. (2019a), performed experiments over brief time scales, with a daily duration. Both BC and MD were spread with a salt-shaker onto snow surfaces, and while the authors did not observe a LAP effect on snow metamorphism during a day with cloudy conditions, there was, however, a decrease in SSA (note that SSA decreases when grain size increases) during sunny circumstances (Schneider et al., 2019b). Thus, while the above-mentioned studies have increased our understanding of LAP in snow, it is evident that there remains a great need to further experimentally study LAP deposition onto snow. This is particularly essential on longer temporal scales, where possible snow microstructure changes induced by the LAP deposition can be monitored, as well as observations of possible changes that the deposited particulates might undergo in the snow.
Here, in the fourth Finnish Meteorological Institute-led soot-on-snow experiment conducted in 2018 (hereafter referred to as SoS 2018), we study processes associated with artificial LAP deposition onto natural snow. The work builds upon our previous experimental work—where LAP (and most soot) was artificially dry deposited onto snow surfaces in natural outdoor conditions in different snow environments of Finland. (Meinander et al., 2014; Peltoniemi et al., 2015; Svensson et al., 2016). Note that we here refer to soot as carbonaceous particles formed during incomplete combustion and use it synonymously to BC for simplicity in this manuscript. In contrast to the earlier experiment (SoS 2013), the LAP deposition in SoS2018 took place earlier in the snow season at the same site in Sodankylä, northern Finland. This allotted a longer monitoring period with the LAP in the snow prior to the onset of snowmelt. In total, SoS2018 spanned the transition from a cold snowpack to a warming ripening snowpack until intensive melting and subsequent melt-out. In addition to depositing the LAP earlier in the snow season, the focuses in SoS2018 were to deposit both lower LAP amounts and size constrained aerosol (with a size distribution peak in the lower submicron range) onto the snow surfaces. The properties of snow following LAP deposition were thereafter observed in snow pit measurements throughout the experiment.
Our main scientific goal is to investigate how perturbed snow surfaces with various levels of LAP are affected and quantify the impact the different perturbations have on the melt-out-date (MOD) in outdoor conditions affected additionally by natural LAP deposition. Other experimental specific goals are to i) study the temporal variation of albedo at the different LAP deposition sites, ii) detect variations in snow microphysical properties (i.e., grain size, snow density, temperature), and iii) investigate temporal variations in BC particles’ size distribution in the snow.
2 METHODS
2.1 Deposition of particles onto snow
The experiment was conducted at the Sodankylä airfield (67°23′N, 26°36′E) northern Finland, previously used in SoS 2013. The airfield is not operational anymore with any commercial scheduled flights, and the experimental area was strategically placed in an off-sectioned part of the airfield. This way the local contamination was kept to a minimum, while the experiment area obviously received some natural LAP deposition. Prior to SoS2018, the ground of the experimental area was homogenized with sand and gravel to create uniform surface conditions. This is of importance for snow albedo, since at lower snow depths the ground influences the snow albedo. The different types of LAP used in the experiment were soot (the same batch acquired by the chimney cleaning company as used in SoS2013), Icelandic silt (glaciogenic origin) and volcanic sand with volcanic ash from old volcanic eruptions from Iceland, which were also used in SoS2013—all of which are further described in Peltoniemi et al. (2015) and Svensson et al. (2016). The deposition of LAP onto snow surfaces took place with a custom-built deposition system. This consisted of a blowing device connected to a large deposition chamber which was resting on top of the snowpack during deposition (see Supplementary Figures S1A, B of the measurement campaign set-up). The system was originally constructed for SoS2013, but a few amendments were made for SoS2018. The connection between the blower and the deposition chamber was fitted with a stainless-steel tubing (25 mm outer diameter) with a y-shaped bend. This generated a particle-size separation step through inertial separation, prior to leading the LAP into the deposition chamber with the tubing. The purpose of this new tubing was to remove super-micron particles prior to the deposition chamber. Initial tests appeared promising, however, post experimental laboratory tests indicated a broad transfer function allowing a fraction of large particles to enter the deposition tent despite the fitting (see airborne size distribution of soot particles in Svensson et al., 2019; Figure 2).
Each of the deposition spots were roughly 4 m in diameter (area of ∼12.6 m2). The amount of LAP inserted to the blowing system was weighed prior to deposition (Table 1), and two identical spots with the same starting weight for the LAP were created. One spot was designated purely for undisturbed pyranometer measurements only (termed with “A”), while the other was intended for the subsequent snow pit observations (denoted as “B”). For example, in cases of spots 1A and 1B, 1A was first made with the known pre-weighted soot being fed to the blowing system. The experimental chamber was thereafter moved by a mobile crane to an adjacent location and the deposition procedure with the same amount of the identical material was repeated for spot 1B (see Supplementary Figure S1C with schematic map of experimental set-up). The same dry deposition procedure was utilized for the remaining spots (nine LAP spots), with different LAP amounts or types (Table 1). In between each spot and LAP material, the blower was run without any material added to it for some time (order of minutes), to clean out the system.
TABLE 1 | LAP material used for different spots.
[image: Table 1]The deposition was characterized by taking snow samples of the surface layer (5 cm depth layer) shortly after deposition. These snow samples were filtered and analyzed using the Sunset OCEC instrument and the EUSAAR_2 thermal protocol for elemental carbon (EC; a thermal-optical proxy for BC), utilizing previous methods as in Svensson et al. (2016). The BC equivalent mixing ratios derived from the EC analysis were converted to deposition by multiplying the analyzed mass of EC with the snow sampling depth and observed snow density. These deposition amounts were compared to the pre-weighed (administrated) LAP quantities (which was based on the deposition area and weight of LAP). From this comparison, it is evident that only a few percent of the administrated material were deposited onto the snow surface, while the remaining parts were either trapped in the separation step or lost in other parts of the deposition system. The relatively small variation in the efficiency factor of material that end up at the snow surface, however, gives confidence in that the deposition procedure is reproducible, which is important since “A” spots were intended to be undisturbed for the albedo measurements, while the “B” spots were used for the snow pit measurements. The LAP material and amounts are summarized in Table 1. One area was undisturbed and used as the reference albedo spot (Spot 5), while another spot (Spot 6) was intended for the volcanic sand particles, but due to the great size and density of those particles, most of the particles did not pass through the inertial separator and hence did not deposit onto the snow.
The deposition of LAP took place on March 22 and 24 2018, when cold temperatures were prevailing in Sodankylä. The average temperatures were around −10°C (with −20°C as minimum temperature and −3°C as the daily maximum) recorded at the closest automatic weather station (AWS), located at the FMI Sodankylä-Tähtelä observatory 3.6 km south of the SoS2018 site. All ancillary AWS data reported in this study are taken from there. Additional snow albedo and snow depth data are taken from the bog site, which is an additional undistributed peatland that is also part of the observatory, for comparison with our results. Before the deposition phase of the experiment, snow was removed in corridors with a truck from the experimental area to create easy access to the different spots (Figure S1b-c). After completion of the deposition, snow was backfilled into the corridors to generate similar local surface conditions and minimize disturbance of uneven snow in the experimental area during melting. Similarly, in the snow pit observations, snow was removed by hand, after which the pits were backfilled once measurements were completed for that corresponding day.
2.2 Snow pit observations
One snow pit was excavated in the reference snow 1 day before LAP deposition to establish the pre-existing natural conditions in the snowpack. Following LAP deposition at the end of March, snow pit measurements were carried out until the end of April with varying frequency depending on the availability of expert personnel. Due to time demand of completing a full snow pit profile, complete snow pits were only sampled periodically, while the top 20 cm of the snowpack was prioritized when making snow pit observations. These top layers were prioritized as we expected the largest LAP effects to occur in those layers.
The procedure began by defining the horizontal layers of the snowpack manually with a brush and marking them with toothpicks. According to visual appearance of the layers, grain type, grain size, hardness, and wetness were determined following the international standard classification of Fierz et al. (2009). The temperature of the air above the snow (∼10 cm) was recorded, followed by a 5 cm increment temperature profile of the snowpack (with HI98501 Checktemp with accuracy of ±0.2°C). Snow density was measured every 5 cm, with a density cutter and a field scale. After recording the weight of the density snow sample, it was transferred to a sampling bag for storage until melting and filtering of the particulates. For grain size, measurements of SSA (relation to grain size defined in introduction) were conducted in 3–5 cm intervals with the IceCube instrument (Gallet et al., 2009; and further explained in Leppänen et al., 2015). In brief, the instrument utilizes the hemispheric scattered light from a sample of snow using a 1310 nm light source to estimate the SSA and re.
2.3 Measurements of broadband snow albedo
Pyranometers (manufacturers Kipp & Zonen B.V.; with spectral range 285–2800 nm) measuring the upwelling broadband shortwave irradiance were situated over each LAP spot in a metal rack (which was installed in place before the snow season began). In addition, one pyranometer was placed facing upwards to measure the downwelling irradiance (at spot 1A). The albedo of each spot was subsequently taken as the ratio of the upwelling to the downwelling irradiance. It should be noted that the pyranometers were started only on March 26, and thus, the albedo time series does not contain the first couple of days after the LAP had been deposited. For additional information on the viewing angle and influence of the surrounding snow on the albedo, see Svensson et al. (2016). To mitigate systematic differences between the sensors, the observed irradiances were harmonized to the reference signal. This adjustment is described in supplement Section 2. The original data frequency of one reading per minute was averaged over 1 h or 1 day depending on the analysis conducted.
2.4 Measurements of particles size distribution in snow
Selected snow samples’ particulates from spot 1B were analyzed with a Scanning electron microscope (SEM, SIGMA-HD|VP Carl Zeiss NTS, Cambridge, United Kingdom), equipped with two energy dispersive X-ray spectroscopy (EDS, Thermo 60 mm2 EDS SDD-detectors, ThermoFisher, Waltham, United States), used for elemental mapping. From the elemental mapping, soot aggregates were identified, and the soot particles were imaged with SEM directly from the aluminum foils on which they had been collected. The images were then analyzed with ImageJ software (Rasband, W.S., ImageJ, U S. National Institutes of Health, Bethesda, Maryland, United States). Each sample is based on between 102 and 254 counted agglomerates for the size distribution data. As the soot agglomerates were non spherical structures, the diameters were obtained by outlining the silhouette of each particle, and the enclosed area was used to calculate a diameter of an equivalent area circle (see example images of the particles in Supplementary Figures S2A–D).
3 RESULTS AND DISCUSSION
3.1 Snow albedo evolution and linkage to snow depth, weather observations, and melt-out-date
Figures 1A–C presents a temporal variability of albedo (a), snow depth (b), temperature, precipitation amount and type (c) during the campaign. In addition to the airfield measurements, the Tähtelä-Sodankylä observatory bog site albedo and snow depth are also presented. This is to illustrate another natural undisturbed snow site for albedo, and a continuous daily snow depth record, in contrast to the snow depth measurements at the airfield which were only conducted in conjunction with the snow pit observations.
[image: Figure 1]FIGURE 1 | Temporal overview of experimental spots’ albedo at solar noon (A), snow depth (B), and temperature and precipitation (C), grey dashed line indicates 0°C.
The overall pattern in albedo is closely linked with temperature variations and precipitation events. Generally, snow depth increases were observed after snowfall events, followed by a subsequent increase in albedo. The albedo increases that are especially prevalent in the earlier parts of the experiment are attributable to clean natural and smaller grained snow being added to the snowpack. At the same time, when new snow (on the order of centimeters) is added to the snowpack, it has the potential to cover the snow layer where the LAP was originally deposited. This may elevate the albedo of the LAP spots to the range of the reference snow albedo, which has also been observed in previous experiments (Svensson et al., 2016).
During about the first third of the campaign the albedos remain relatively stable and around 0.75. The maximum snow depth was observed on April 10, along with comparably high recorded albedo (Figure 1B). The period from April 10 until April 19 was characterized by no precipitation while temperatures steadily increased (e.g., see maximum temperatures reaching 10°C at different times during that time interval, Figure 1C), and subsequent decrease in snow depth. Simultaneously, a general albedo decrease for all spots was observed, since the higher temperatures accelerated snow metamorphism (i.e., snow grain growth) and snowmelt, as also previously observed (Svensson et al., 2016). The albedo thereafter oscillates significantly due to interchangeably precipitation and melt periods. As notes, during most of the campaign until the end of April the albedos at the different spots present similar values. However, at the beginning of May the evolution of the different albedos begin to deviate, and spot 1A is the first spot to reach melt-out.
In comparison to the SoS site albedo patterns, the observatory bog site’s albedo decrease trend mostly closely matched the trend of spot 1A (Figure 1A). More specifically, the bog site albedo was ahead of the LAP spots in initiating the drastic albedo decrease that occurred at the end of the snow season for all spots. On May 6, the albedo had reached 0.27 for the bog site and the MOD had not been reached at that stage yet. For this site, however, the drastic decrease in albedo is because water accumulates during snowmelt at the site and does not have significant runoff. It is therefore the formation of a meltwater pond in late spring that drives the drastic albedo decrease. The fact that the bog site’s albedo decrease matched spot 1A may seem contradictory, at first, considering that the bog site’s albedo did not contain any artificial LAP deposition, but the water accumulation explains this similar pattern.
The difference in MOD for the different spots is plotted as a function of the original deposited LAP amount in Figure 2A. The MOD for each spot is determined by using an albedo minimum at the very end of the season (typically around 0.1, and more on determining this in Section 3.4). These numerical results are outlined in Table 2. For the spots presented in Figure 2A, it is evident that there is statistically significant correlation between the MOD and the original LAP amount (red line). Note that the blue line (in Figure 2A) is only for the two oil-based data points, and thus, is only illustrated in the graph to highlight the expected difference between the LAP on the MOD. Presented in Figure 2B is also the effect on absorbed energy from the different LAP spots. Based on the integrated absorbed energy differences between the LAP spots and reference snow reflectance, the ΔE was determined to similarly be statistically significantly correlated with the original LAP deposition amount (Figure 2B; see details of these calculations in supplement section 4). Two additional data points are also presented in Figure 2B, which are based on modelling that takes into account the measured size distributions of the soot particles (section 3.3). These modelling assumptions and calculations are presented in supplement Section 4. Noteworthy is that these two modelled points are within the same order of magnitude as the observed LAP spots.
[image: Figure 2]FIGURE 2 | Difference in melt-out-date (MOD) as a function of the original areal surface deposition of the LAP spots (A), where the red line displays the correlation (forced through origo) for all LAP spots, while the blue line is the same but only for the two oil-based soot spots. (B) is the integrated absorbed energy differences as a function of the original areal surface deposition of LAP, with the red line highlighting the correlation for all spots.
TABLE 2 | MOD for the different spots.
[image: Table 2]3.2 Microphysical properties of the snowpack
The grain size of snow crystals observed during the experiment exhibited a typical seasonal pattern, with a gradual increase in size with time. More specifically, within the snowpack, the grain size was usually smaller at the top, with a gradual increase towards the bottom. However, no systematic difference in grain size between reference snow and doped spots could be detected in the snow pits. Rather, our observations of the snow grain size had similar seasonal growth pattern, independent if the snow had been perturbed or not (Figure S5a-b). This even included the LAP layer in the snow, as well as the snow layer that was placed directly above or below this layer.
Similarly, the snow density had an overall increasing pattern due to snow metamorphism and compaction during the experiment period. New snowfall events interrupted this general pattern, decreasing the density for the uppermost surface layers intermittently during the experiment. Spots that were contaminated with LAP did not show any deviations from the reference snow in our snow pit measurements with respect to the density (Figure S6a-b). In previous experiments, however, our observations led to a hypothesis that elevated LAP amounts lower the density of snow during melting conditions (Meinander et al., 2014). This counterintuitive process for snow densification, which has also been reported in natural snow environments with elevated dust deposition events (Skiles and Painter, 2016), remains to be demonstrated with new observations.
The temperature profiles of the snow, however, displayed a systematic difference between LAP spots and the reference snow. Illustrated in Figure 3A, the temperature profile of the reference snow and the silt spot 7B snow may appear rather similar (especially on April 4 measurements). Note that the silt doped spot is constrained by measurements of only the top 20 cm of the snowpack, while the reference snow had the full profile sampled. The divergence between the temperature profiles is more easily seen in Figure 3B, where ΔT denotes the temperature difference between the reference snow and silt affected snow. On April 4 (visible in black lines) the difference was 0.25°C for the subsurface samples, while in the subsequent observations on April 10 (red lines) a greater difference between the reference snow and the silt snow was observed. The greatest difference was a 1.1°C higher temperature for the silt-laden snow at a depth of 10 cm. The snow pits at the two spots were separated in time, which led to a change in air temperature in between this sampling. However, note that the temperature recording taken above the snow surface, on both displayed occasions, had higher temperatures for the reference snow than the LAP affected snow. This is shown by the negative ΔT for the first points in the top of Figure 3B.
[image: Figure 3]FIGURE 3 | Temperature profile from snow pits in the reference and silt snow measured on April 4 and 10 (A) and temperature difference between those profiles (B).
Overall, spot 7B consistently had higher temperatures in the subsurface layers during the times of these observations, and we believe this is attributable to the addition of LAP in the snowpack and the additional energy absorption taking place in the LAP-contaminated snow. Prior to these specific dates of observations (April 4 and 10), we did not observe any differences in the snow temperature profiles between the different spots. This could be due to the fact that the snow had not had enough time to ‘warm’ up from the LAP depositions, and that the solar irradiance was not strong enough yet in the end of March in Sodankylä. Also, snow pit measurements were not conducted between March 27 and April 4, and so therefore it is difficult to precisely pinpoint when there was a difference in the temperature profile between LAP affected snow and the reference snow. The snow observations conducted later in April did not display a distinguishable difference. On April 16 the snowpack of all sampled spots had essentially reached an isothermal state, and significant melting of the snowpack had been ongoing for some days (most certainly in the top layers). Based on climatology, the middle of April usually corresponds to the timing of this melt-onset date in Sodankylä (see e.g., Ström et al., 2023).
3.3 Size distributions of soot particles
The size distribution of BC particles in snow has been reported to be wider, containing larger particles than compared to atmospheric size distributions (Schwarz et al., 2013). Since the size distribution is of great importance for the light absorption occurring in the snowpack, it has been suggested that the presence of the larger sized BC particles may lead to overestimates of the BC forcing in snow of up to 40% (e.g., He et al., 2018). However, other additional measurement studies, utilizing similar detection methods, have not detected the occurrence of larger sized BC particles in their size distributions (e.g., Schnaiter et al., 2019b; Mori et al., 2019; Khan et al., 2020). Inherent difficulties of measuring particles of such vast size ranges persist, and additional research is needed. The size distributions observed with the SEM analysis during SoS2018 temporally for spot 1B samples are presented in Figure 4.
[image: Figure 4]FIGURE 4 | Particle number size distribution calculated for the SEM images for soot particles sampled from Spot 1B over the course of the experiment.
In general, there is a tendency of the presence of two modes, one below and one above 1 µm area equivalent diameter. However, there is no obvious systematic trend over the duration of the campaign and each observed distribution is more or less unique. Noteworthy, the two earliest distributions from 23 March and 11 April present clear super micron modes, which could be indicative of large particles already present from the doping of the spot. The last distribution from 25 April, also presents a super micron mode. It is tempting to see this as a possible result of agglomeration, but the distribution only 2 days earlier from 23 April shows no such trace. There are two main drawbacks with the used size distribution measurement technique. Firstly, the statistical uncertainty is very high due to the relatively few particles counted. Secondly, the field of view is limited and a few large particles that may control the mass of LAP in the snow may end up outside the counting domain used here. The latter is corroborated by images from the snow pits that clearly show visible dark specs on the snow surface (Supplementary Figure S7).
3.4 Melt-out-date considering the last precipitation event
The results presented in the sections above point to relatively small changes in snow microphysical properties, albedo and MOD given the relatively large deposition of LAP. Between the reference spot and the most perturbed spot 1A (24 mg m-2), variation in daily average albedo suggests only a few days difference in MOD. This deposition can be compared to the estimated seasonal deposition occurring naturally. If one assumes a mixing ratio in falling snow of 20 ng BC per g snow water equivalent (SWE) (Meinander et al., 2020; Ström et al., 2023), and a seasonal precipitation of 133 mm SWE (Ström et al., 2023), the wet deposition is equal to 0.26 mg m-2. Hence, the perturbation generated by LAP for spot 1A is equivalent to almost 100 seasons of deposition occurring at one time. This is assuming that during the snow season wet deposition is assumed to be significantly greater than dry deposition.
It is evident that the impact on MOD from the perturbations are mitigated by the precipitation occurring especially in early April, which covers the spots with a couple of decimeters of unperturbed snow. Moreover, there was an event during March 21–22, which was right after the LAP deposition for spot 1A (recall that the pyranometer observations started a few days after the LAP perturbation). An additional process that possibly contributed to the similar albedo across all spots is the initial sinking of LAP into the snow that has been observed to occur rather soon after deposition. As also observed in previous experiments (Peltoniemi et al., 2015), during sunshine, the particles sank into the snow within minutes of deposition. This process may effectively have buried the LAP relatively deeper into the snow in combination with the snow fall.
Towards the end of the season the perturbed snow surfaces eventually resurface and the difference in LAP loading between the spots became increasingly important for the absorption of solar energy. The question is if the observed changes in albedo, due to the different LAP perturbations, are consistent with the different MOD? In other words, it remains to be determined whether the different MOD can be explained by the differences in absorbed SW irradiance. Here we further explore this. Important to note is that in Section 3.1 we approached it by integrating the energy difference until the reference snow is melted out. In other words, a large part of the ΔE is the difference between the energy absorbed by the snow-free surface and the reference, due to the difference in MOD. Here we attempt at determining the amount of energy that would be required to end the season for all sites after the first LAP spot has reached MOD. To explore this, hourly averaged irradiance measurements are used (instead of minute values in Section 3.1) to compare the amount of SW energy that is absorbed by each spot between the start of the measurements and the end of the season. Integration of absorbed SW irradiance starts on 26 March 2018. However, to precisely determine the end of the season is not so trivial. After the snow season is clearly over, the different sites converge to a surface albedo of approximately 0.2 (which was used as threshold for the daily averages). But all sites appear to first pass through characteristic minimum, which is about 0.1, before this converging towards a post season albedo takes place (see Supplementary Figure S8 for the detailed evolution of the end of season albedo). It is likely that when the albedo is decreasing past 0.2 towards this minimum, the surface conditions are different from those when the albedo reaches 0.2 again after the minimum. On the decreasing side there is likely a mixture of remnants from the snow and moist soil, whereas on the increasing side all snow is gone, and the soil is drying up. The hour when this minimum is reached and used this time as the end of the season. It should be noted that due to the similar pattern of the albedo evolution at the different sites, a different albedo criterion for the end of the season will mainly shift all the time-stamps in one or the other direction. A shorter season results in smaller estimates in absorbed SW energy and vice versa.
The results from the energy comparison are presented in Figure 5. The first site to melt out at hour 15 on 06 May 2018 is spot 1A spot (most contaminated), which the other sites will be compared to. When the first site melts out, the integrated absorbed SW energy is equal to 173.5 MJ (integrated from the start of the measurements to the end of the season). If the different sites are sharing the same accumulated precipitation and general environment, one would anticipate that the same amount of energy would be required to end the season for all sites (assuming that absorbed SW energy is the controlling factor). By finding the hour closest to 173.5 MJ, the anticipated end time can be determined for the other spots. This ranges from about 15 h later for spot 7A and spot 2A, to about 40 h later for the four other sites (unfilled arrows in Figure 5). However, we note that this is about 1 day earlier than when the season actually ends at the different sites, where the differences between anticipated end time and actual end of season ranges between 18 and 27 h (blue arrows in Figure 5). The extra energy absorbed during these extended seasons range between 11.4 and 18.3 MJ. A possible explanation for this extra day of the season at these spots compared to the anticipated melt-out is a precipitation event that occurs after the season had already ended at spot 1A. The event result in enhanced albedos at all sites. It is even evident for spot 1A, but the enhanced albedo only lasts for an hour or two. The weather station reports a precipitation of 6 mm SWE, which is a mixture of snow and rain. This precipitation amount is compared to the estimated snow melt using the simple relation in Eq. 2 (adapted from Ström et al., 2023 their equation 5),
[image: image]
where ΔSD is the change in snow depth expressed in mm (SWE) and ΔE is the integrated absorbed SW irradiance in expressed in kJ m-2.
[image: Figure 5]FIGURE 5 | The end of the blue arrows indicates the estimated end of the snow season for the different spots based on the characteristic minimum dip in albedo. The unfilled arrows represent the anticipated end of the snow season based on the same integrated absorbed SW irradiance as for spot 1A. The vertical arrows indicate the elapsed time, Δt, from t=0 (6 May at hour 15). The notation δt, indicates the time difference between the anticipated and the estimated end of the season. The notation ΔE, indicates the additional absorbed SW irradiance over the prolonged season during the time δt.
By inserting the extra energy absorbed between the anticipated and actual end of the season for the different sites, ΔE, an equivalent snow melt is calculated from Eq. 2. For five of the sites this ranges between 5 and 5.5 mm and for spot 7A it is less, 3.4 mm SWE.
Based on the results in Table 3 the difference (δt), between the anticipated MOD (assuming same amount of energy required to remove equal amount of snow) and the actual end of the season, is consistent with the last precipitation event that occurred after spot 1A had reached the end of the season. The spots that received this extra precipitation required approximately 1 day to accumulate enough energy to remove extra precipitation equivalent to the reported 6 mm SWE.
TABLE 3 | Summary of times between anticipated and estimated end of the seasons, δt, in relation to spot 1A. The difference in absorbed SW irradiance over the time δt, is denoted ΔE. The equivalent snow melts in SWE based on ΔE are estimated using Eq. 1 (Ström et al., 2023, their Equation 5).
[image: Table 3]4 CONCLUSION
The main objective of the study was to investigate the role of perturbed snow surfaces with various levels of LAP and quantify the impact different perturbations have on the MOD. The deposition of LAP onto the snow surfaces was shown to be reproducible, with pre-weighed amounts of LAP being able to produce nearly identical spots (one used for undisturbed reflectance measurements while the other one was used for destructive snow pit measurements). The results showed that the albedo decay at the end of the season for the different spots were linked to the initial amount and type of LAP that were deposited onto the snowpack.
When considering the details in the evolution of the final stages of the season, which suggests that the differences in MOD between the spots based on daily averages are likely 1 day less than originally estimated due to a late precipitation event. Nevertheless, Figure 2 delivers a main conclusion by showing that a single perturbation event in the end of March corresponding to almost 100 seasons of natural deposition, shifts the MOD by single days only. Shortly after the deposition, the spots were covered by natural snow, which clearly caped the perturbation from interacting significantly with the snowpack. Besides a slight temperature enhancement at the most perturbed site, no systematic differences in BC size distribution, snow grain size, or snow density could be detected.
If the same perturbation had been conducted about 2 weeks later, after the peak in snow depth ca 10 April, it is likely that the impact from the same perturbation would have been greater. This is simply because the perturbed surfaces had been exposed more to the SW irradiance and therefore absorbed more energy. With the current set up it took until the beginning of May for the perturbation to resurface and start to play a role. By that time the season was close to finished in any case. Hence, we conclude that both the amount and timing of the perturbation is important for the net result on MOD and that a large perturbation occurring early in the season may have little effect on the length of the season. Nonetheless, the difference in MOD by a few days for the different LAP spot type and amount of LAP inserted to the blowing system is observed. This seemingly predictable melt-out pattern for the different LAP spots, in terms of amount and LAP type, and followed lastly by the reference snow has to our knowledge not been reported previously. This is consistent with the notion that the darkest albedo has the shortest snow season. Additional experiments are, nonetheless, needed to better constrain the effects of LAP on snow albedo, melt rate, and other associated processes.
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