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Abstract 18 

Snow darkening by deposited light-absorbing particles (LAP) has the potential to accelerate snowmelt and shift 19 

the snow melt-out date. Here we investigate the sensitivity of the seasonal snow cover duration to changes in 20 

LAP at a high altitude valley site in the Central Himalayas, India. First, the variation of the albedo of the seasonal 21 

snow was emulated using two seasons of automatic weather station (AWS) data and applying a constant, but 22 

realistic deposition of LAP to the snow. Then, the number of days with snowmelt were evaluated based on the 23 

estimated net energy budget of the seasonal snow cover and the derived surface temperature. The impact on the 24 

energy budget by LAP combined with the melt-day analysis resulted in very simple relations to determine the 25 

contribution of LAP to the number of days with snowmelt of the seasonal snow in Himalaya. Above a 26 

concentration of 1 ng g-1 (Elemental Carbon equivalent, ECeq, which in this study includes EC and the absorption 27 

equivalent EC contribution by other light absorbing particles, such as mineral dust) in new snow, the number of 28 

days with snowmelt can be estimated by; 𝑑𝑎𝑦𝑠 = 0.0109(log(𝐸𝐶𝑒𝑞) + 1)𝑃𝑃 ± 0.0033(log(𝐸𝐶𝑒𝑞) + 1)𝑃𝑃, 29 

where PP is the seasonal precipitation in mm snow water equivalent. A change in ECeq by a factor of two 30 

corresponds to about  
1

3
 of a day per 100 mm precipitation. Although the change in the number of days with melt 31 

caused by the changes in ECeq is small, the estimated total change in the snow melt-out date by LAP can be 32 

significant. For our realistic base case scenario for the Sunderdhunga Valley, Central Himalayas, India, of 33 

ECeq=100 ng g-1 and PP=400 mm, this yields in an advancement of the melt-out date of about 13 days.  34 
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1. Introduction 35 

Seasonal snow cover in the Himalaya is an integral component of the regional hydrological cycle, with the 36 

timing of the melting phase being crucial for the supply of fresh water with growing importance at increasing 37 

altitudes (e.g. Armstrong et al., 2018; Mimeau et al., 2019). Replacing a bright snow surface for a darker soil 38 

surface drastically changes the local climate. The albedo of snow has a key role in the energy balance of the 39 

snow pack, and may be the main controller of snow melt (Cuffey & Paterson, 2010). Strongly dependent on the 40 

microphysical properties of snow (e.g. snow liquid water content, grain size, and shape; Aoki et al., 2003), the 41 

albedo is also affected by the presence of light-absorbing particles (LAP) (Warren & Wiscombe, 1980). 42 

Originating mostly from anthropogenic emissions, LAP can be transported from distant source regions before 43 

being mixed with snow, making this factor particularly interesting with regards to a potential human influence 44 

on the regional climate and hydrological cycle. The two main components of LAP in the Himalaya are mineral 45 

dust (MD) and light-absorbing carbonaceous particles. Whereas MD can be regarded as having mainly natural 46 

sources, black or brown carbon (BC, BrC) are mainly attributed to human activities associated with the 47 

combustion of biomass and fossil fuels, although natural wild-fires can also be a very significant source of BC 48 

and BrC. 49 

A common technique to analyze carbonaceous particles in snow is to use a thermo-optical method that yields 50 

the mixing ratio of elemental carbon (EC) to the melted snow volume/mass, or snow water equivalent (SWE) 51 

commonly expressed as, µg L-1, ng g-1, or ppbw (e.g. Forsström et al., 2009; Ming et al., 2008). Because EC is 52 

the main light absorbing component of BC, these acronyms are sometimes used interchangeably in the literature, 53 

although BC most commonly refers to optically detected LAP (see e.g. Petzold et al., 2013). In addition, the 54 

refractory component of BC (rBC) in snow can be determined (e.g. Schwarz et al., 2012). Here we work with 55 

EC or the equivalent EC (ECeq). The latter is the sum of EC and the absorption equivalent EC contribution by 56 

MD or other light absorbing components (as measured in Svensson et al. 2018; 2021). 57 

Snow darkening by BC in the Himalayan cryosphere has been shown to significantly vary regionally (e.g. 58 

Gertler et al., 2016). The other main LAP constituent, MD, was recently identified as the dominating light 59 

absorber in the snow above 4000 m altitude for High Mountain Asia (Sarangi et al. 2020). In contrast, Schmale 60 

et al. (2017) reported BC as the main particle absorber in measurements of glacier snow samples from 61 

Kyrgyzstan, Central Asia. The authors also presented a model to estimate the fraction of snowmelt attributable 62 

to LAP. The model took into account the absorptivity of the snow and the amount of incoming shortwave 63 

radiation, as well as the number of days with a temperature above 0 °C, to estimate a summer snowmelt rate 64 

increase of up 6.3% due to LAP. This model has been applied over the Tibetan plateau with different SWE and 65 

shortwave radiation scenarios (220, 270, and 310 W m-2) for BC and MD (Zhang et al., 2018). That study present 66 

a range of 1.3 - 1.8 days of reduction in average snow cover duration (SCD) for a SWE of 40 mm due to BC 67 

and MD, whereas for a 100 mm SWE the SCD reduction was 3.1 - 4.4 days. It is further concluded that the 68 

reductions in SCD is mainly because of BC, and not MD, for that area. Similarly the model was used in Northern 69 

Xinjiang, China, with different SWE and shortwave radiation scenarios for BC and MD, shortening the SCD in 70 
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the range of 1.4 ± 0.6 to 6.1 ± 3.4 days (Zhong et al., 2019). As a comparison, a different approach to estimate 71 

the reduced snow cover was presented by Ménégoz et al. (2014). Utilizing a climate-chemistry global model to 72 

approximate the effect from BC deposition on the Himalayan snow cover, they found an annual reduction in 73 

SCD by 1 to 8 days. The authors conclude that the low precipitation rates of snow over the Tibetan Plateau 74 

contribute to the low number, while anthropogenic BC is expected to have a larger effect in the mountain ranges 75 

(Himalaya, Karakoram, Hindu-Kush). 76 

Common for the studies summarized above is that they are based on an extensive dataset and/or complex 77 

numerical models, and that the results are not generalized. Here we study the influence by LAP on the seasonal 78 

snow cover duration with a different approach, attempting to reduce the information needed and at the same 79 

time generalizing the results. We use two seasons of automatic weather station (AWS) data from the 80 

Sunderdhunga Valley at about 4700 m altitude in central Himalaya, as well as observations on LAP in the glacier 81 

snow from the same valley (Svensson et al., 2021), to investigate the sensitivity of seasonal snow cover duration 82 

to changes in ECeq. Through analysis of these two seasons and a series of assumptions and simplifications, the 83 

complex system of LAP and albedo reduction is condensed down into a dependence of only a few variables. 84 

With these simplified relations we attempt to answer the question: what is the contribution to the number of 85 

days with snowmelt from a given change of LAP in the seasonal snow for the study region? 86 

The analysis is conducted in two main sections. Section 3 presents how a parametric description of the daily 87 

variation in albedo is formulated (with taking into account LAP and ground albedo) and how that albedo 88 

compares to the observed albedo. Section 4 presents how the data is analyzed with respect to the number of days 89 

with melt associated with each season. The results are combined into simple relations to estimate the influence 90 

on the contribution of LAP to the number of days with snowmelt, based on the LAP content in the snowpack 91 

and the seasonal precipitation. 92 

2. Observations 93 

2.1 Automatic weather station 94 

The AWS observations are from the immediate vicinity (~100 m) of the glacier ablation zone of Durga Kot 95 

glacier in the Sunderdhunga valley, northern India, further described in Svensson et al. (2021). Two seasonal 96 

snow cover periods are utilized here (indicated by arrows in Figure 1), lasting between 6 February 2016 and 22 97 

May 2016 (season 1), and between 24 December 2016 and 1 June 2017 (season 2). The AWS is equipped with 98 

instrumentation for air temperature (Ta), relative humidity (RH) (HC2S3-L Temperature and relative humidity 99 

probe manufactured by Rotronic, with 41303-5A Radiation shield), broadband shortwave radiation upward and 100 

downward (SWu, SWd) and longwave radiation upward and downward (LWu, LWd) (CNR4 Four-component 101 

net radiometer manufactured by Kipp & Zonen), snow depth (SD) (Campbell Scientific SR50A-L Ultrasonic 102 

Distance Sensor), wind speed (U), and wind direction (not used in this paper) (05103-L Wind monitor 103 

manufactured by R. M. Young). Data was logged every 10 minutes and screened for inconsistencies, which may 104 

arise, for example, from snow covering the sensors. Subsequently, the data was averaged over each day, expect 105 
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for albedo and SD which are based on daily median values. The time series of albedo and SD are presented in 106 

Figure 1. 107 

Based on LWu and assuming unit emissivity of snow, the Stephan-Boltzmann’s Law (supplement equation 1) 108 

is used to calculate a representative surface temperature (Ts). Using a lower emissivity would result in higher 109 

Ts, but will not affect the interpretation of the data. Precipitation was not explicitly measured at this location, 110 

but is estimated similar to the method described in Svensson et al. (2021), yielding an estimate of the amount 111 

of precipitation in mm SWE (PP). The positive changes in snow depth (SD+) are integrated over the periods in 112 

question and the density of the new snow is assumed to be 100 kg m-3 (Helfricht, et al., 2018). The estimated 113 

total PP for season 1 and season 2 are 290 and 460 mm, respectively. The measured AWS variables recorded 114 

during the two seasons are further presented in supplement Figure S1. 115 

 116 

Figure 1. Daily median albedo and snow depth from 22 September 2015 to 31 October 2017. The period 117 

considered for the two seasonal snow covers are indicated with the black double arrow lines. 118 

2.2 Light-absorbing particles 119 

The basis for LAP in the snow for this study originates from observations reported in Svensson et al. (2021). 120 

They showed that LAP in young snow (interpreted as snow from the current winter season), sampled at Durga 121 

Kot and the neighboring Bhanolti glacier at a distance about 1-2 km due southwest from the AWS at about 5000 122 

m altitude, can be described by a characteristic constant deposition of EC of about 50 µg m-2 PP-1. In other 123 

words, each mm of precipitation contains an EC concentration of 50 ng g-1. For both winter seasons the dry 124 

deposition of EC likely contributed small amounts to the overall deposition of EC as proposed in Svensson et 125 

al. (2021). Using a dry deposition velocity of BC of 0.3 mm/s (Emerson et al., 2018) and an atmospheric 126 

concentration of 0.3 µg m-3, reported at the Nepal Pyramid station during the pre-monsoon (Bonasoni et al., 127 

2010), the dry deposition can be estimated to contribute to EC by 845 µg m-2 and 1236 µg m-2 for season 1 and 128 

2, respectively. Comparison to the EC wet deposition estimates for seasons 1 and 2: 14500 µg m-2 and 23000 129 

µg m-2 (obtained by multiplying 50 g m-2 with the PP of each season), suggests that EC dry deposition is on 130 

the order of 5-6% of the total EC deposition. The two analyzed seasons here represent the main precipitation 131 
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periods of the year for this site, further supporting the argument that dry deposition is not significant for our 132 

investigations. 133 

 134 

3. Albedo parameterization 135 

3.1 Effective grain size, pristine albedo and specific surface area of snow 136 

For snow, the effective grain size (re) can be estimated by the ratio between volume and area according to 137 

𝑟𝑒 =
3

𝜌𝑖𝑆𝑆𝐴
     (1) 138 

Where i is the density of ice (910 kg m-3), and SSA is the specific surface area of snow (m2 kg-1). The 139 

formulation proposed by Gardner and Sharp (2010) relates the albedo of pristine snow (𝑎𝑝) to variations in SSA 140 

as 141 

𝑎𝑝 = 1.48 − 𝑆𝑆𝐴−0.07   (2) 142 

where ap is the albedo of pristine snow (i.e. without LAP) and SSA is given in (cm2 g-1). Liquid water in snow 143 

influence the albedo indirectly by enhancement of re and filling voids between the snow crystals (Colbeck, 144 

1979). Changes in re, SSA and ap are often parameterized using variations of summed daily maximum 145 

temperatures since the last snow fall to capture the metamorphism of the snow over time (e.g. Winter, 1993; 146 

Brock et al., 2000). We are interested in a relation that directly connects our AWS observations to the grain size 147 

of pristine snow. Therefore, we explore to diagnose SSA for pristine snow as function of Ta or Ts based on our 148 

own data set. This is done by grouping the data in one degree temperature bins using all available data (from 22 149 

September 2015 to 31 October 2017). For each temperature bin, the maximum albedo was identified and the 150 

corresponding SSA was calculated with eq. 2. The logarithm of the SSA is presented in supplement Figures S2a 151 

and S2b as a function of temperature. The maximum albedo for each temperature bin is assumed to represent 152 

snow that is the least effected by LAP and corresponds, thus, most closely to pristine conditions. The fitting was 153 

done to log(SSA) using bins with suitable data coverage (and/or snow cover), therefore excluding low and high 154 

temperature bins from the fits (see Figure S2). Calculations were made for both Ts and Ta, but the results proved 155 

to be very similar. For simplicity, further correlations are here presented mostly as function of Ta. The 156 

dependence of log(SSA) of air temperature can be written as 157 

log(𝑆𝑆𝐴) = −5.92 ∙ 10−3𝑇𝑎 − 0.193𝑇𝑎 + 1.97    (3) 158 

where SSA is given in cm2 g-1 and Ta in oC (the relation log (SSA) and Ts is provided in the supplement). For a 159 

given daily average temperature, equation 3 provides the estimated SSA of the brightest snow surface albedo 160 

based on two seasons of data. Those events are thought to occur for relatively young snow without significant 161 

influence from LAP. However, this empirical relation will provide the same albedo for young snow at a given 162 

daily temperature as for snow that fell at an earlier instance, but with a different temperature for a particular 163 

day. After the snow fell, the temperature either increased or decreased. Because eq. 3 only depends on the 164 

average temperature of the day, this memory effect is not captured by the parameterization (see additional 165 

reasoning in supplement). 166 
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Through a combination of equations 3, 2, and 1, a projected value of the albedo of near pristine snow and 167 

effective grain size, can be derived as function of the air temperature. As Ta increases re increases, while 𝑎𝑝 168 

decreases. 169 

 170 

3.2 Albedo reduction by LAP 171 

With a value for 𝑎𝑝, the subsequent step is to introduce the albedo reduction due to LAP. The empirical relation 172 

proposed by Pedersen et al. (2015) is used for the scaling factor of pristine snow 173 

𝑦 = 𝐴 − 𝐵 𝑥𝐶   (4) 174 

Where A, B and C are wavelength dependent constants (provided in the supplement section 4). The variable x 175 

is   176 

𝑥 = √𝐸𝐶𝑒𝑞𝑟𝑒    (5) 177 

where 𝐸𝐶𝑒𝑞 is the average equivalent EC content (EC plus other LAP)  in (ng g-1) in the surface snow and re is 178 

given in (m). This parameterization is designed for ECeq concentrations between 1 and 400 ng g-1, but Svensson 179 

et al. (2016) has shown that it can be used with reasonable result at significantly higher concentrations. 180 

As stated above, in this study the ECeq content includes the albedo reduction from both EC and the equivalent 181 

content from other absorbers such as MD, BrC or other light absorbing organic carbon. The concentration or 182 

mixing ratios of these species are not know as a function of time a priori. For our measurement site at 183 

Sunderdhunga, Svensson et al. (2021) presented evidence of a rather constant mixing ratio of 50 ng g-1 of EC in 184 

fresh snow and a contribution to light absorption by MD of about 50 %. Thus, we assume that ECeq is equal to 185 

two times EC. This estimate of ECeq=100 ng g-1 is used as our base case throughout this study. An additional 186 

assumption is that while snow sublimates and melts, LAP preferentially stays near the surface, as previously 187 

observed (e.g. Doherty et al., 2013; Svensson et al., 2016; Xu et al., 2012) in some characteristic depth d (mm) 188 

expressed in terms of SWE. The representative or average 𝐸𝐶𝑒𝑞 is then related to the variation in SD according 189 

to 190 

𝐸𝐶𝑒𝑞
̅̅ ̅̅ ̅̅

𝑛
=

(𝐸𝐶𝑒𝑞𝑑 + ∑ 𝑆𝐷𝑖
−𝑛

𝑖=1
𝜌𝑛𝑠

𝜌𝑤
𝐸𝐶𝑒𝑞)

𝑑
⁄    (6) 191 

Where SD- is the absolute change in SD (mm) when it decreases, i is the number of day during the snow season 192 

and n is the number of days since the start of the snow layer, ns and w are the density of new snow (100 kg m-193 

3) (Helfricht, et al., 2018) and liquid water (1000 kg m-3), respectively. Average ECeq is thus the sum of ECeq in 194 

the layer d plus the ECeq that is in layer d from the ablated snow. Therefore, average ECeq depends strongly on 195 

the choice of d. A representative d value of 4 mm was determined as explained below in section 3.3. With a 196 

value of d, 𝐸𝐶𝑒𝑞 was estimated from the cumulative reduction in SD using eq. 6. When the change in SD is 197 

positive (i.e. SD+) then 𝐸𝐶𝑒𝑞
̅̅ ̅̅ ̅̅ = 𝐸𝐶𝑒𝑞. Days with no change in SD were very rare. When this did occur, however, 198 

the previous day EC concentration was used. Using 𝐸𝐶𝑒𝑞 from equation 6 when SD is decreasing (SD-), or the 199 

base case when SD is increasing, together with re from equation 1, gives x in equation 5. The spectrally 200 
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dependent y from equation 4, was weighted over the solar spectrum between 400 and 900 nm using Table 1 of 201 

Hulstrom et al. (1985) in order to get the broad band scaling factor yb. The albedo of the snow containing LAP 202 

was then estimated by scaling ap from eq. 2 with yb, as 203 

𝑎 = 𝑎𝑝𝑦𝑏    (7) 204 

 205 

3.3 Influence from ground albedo and adjustment of parameter d 206 

The resulting albedo will depend on the choice of the parameter d, making it imperative to assign a d value that 207 

makes the overall difference between observed and estimated albedo a minimum. The observed albedo aobs is 208 

compared to a for each day, and the sum of (aobs-a)2 was calculated over the two seasons. By testing different 209 

values for d, we aimed to find a value of d that minimizes this sum. The possible influence from the albedo of 210 

the ground (ag) below the snow surface was also considered. In Figure 2, (aobs-a)2 is plotted as a function of SD, 211 

where a is calculated with d=4 mm. Two sets of data are included using either Ta or Ts to parameterize SSA and 212 

re (equations S2 and S3). At about SD=50 cm and less, there is some deviation in increased (aobs-a)2, whereas at 213 

SD <20 cm it becomes much more apparent. For this reason, SD>55cm data was selected to be used in 214 

determining the best value for parameter d.  215 

 216 

 217 

Figure 2. Presents the squared differences (dots) between observed albedo and the estimated albedo using SD 218 

changes and the air temperature or surface temperature as variables. For these calculations a d value of 4 mm 219 

was used. The green line is the weighting factor divided by 2, see text for details. 220 

Figure 3 presents the variation in the sum of (aobs-a)2 for both seasons using both the Ta and Ts SSA fits, when 221 

SD>55 cm. The sums of errors are added for both seasons and both temperature parameterizations. As d 222 

increases, the sum decreases down to d=4 mm and then slowly increases again for larger d. Hence, a d value of 223 

4 mm was selected. This parameter can be viewed as a numerical fix to other shortcomings in the assumptions 224 

above, but a physical interpretation of d is that it represents some e-folding thickness of the surface layer where 225 
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LAP accumulates and interacts with radiation. Since this is expressed as mm SWE, the geometric thickness will 226 

depend on snow density. In its physical sense d is not a constant, but depends on the optical properties of the 227 

surface snow as well. For instance, a more transparent snow will allow the light to penetrate deeper for the same 228 

amount of SWE. This dependence is included to some extent through equation 5, where it is shown that the 229 

influence from LAP is enhanced with increasing grain size. 230 

 231 

Figure 3. Sum of errors as function of the parameter d. Errors, (aobs-a)2, are added together for both seasons 232 

and both temperature parameterizations of equation S2 and S3. Only data where SD> 55 cm are included. 233 

To accommodate the obvious influence from the ground albedo (𝑎𝑔) for small SD, a simple mixing rule was 234 

introduced. The snow free ag is taken as 0.17 (albedo of bare ground before and after snow seasons) which is 235 

weighted with a using a factor 𝑤𝑎𝑔
= 𝑓(𝑆𝐷). This function gives a weight of one at SD=0 cm and decreases 236 

towards zero as SD increases. The functional dependence of f(SD) is 1/ (1 +
𝑆𝐷2

5
) and presented in Figure 2.  237 

As will be evident below (c.f Figure 4), the influence from ag to albedo is only important at the very start and 238 

towards the end of the seasons. This weighting function helps in interpreting the results at either end of the 239 

seasons, but will not be of great importance for the remainder of the analysis. Therefore, no particular effort to 240 

adjust or motivate its shape will be performed. Nevertheless, the final estimated albedo is; 241 

𝑎𝑙𝑏𝑒𝑑𝑜 = 𝑎 (1 − 𝑤𝑎𝑔
) + 𝑎𝑔𝑤𝑎𝑔

   (8) 242 

 243 

3.4 Comparison between observed and parameterized albedo 244 

The observed albedo is compared to different parameterized albedos for the two seasons in Figure 4a-b. As 245 

expected, the pristine albedo (ap), indicated by green line, is generally higher than the observed albedo (black 246 

line). The pristine albedo does, however, capture the seasonal albedo progression with increase and decrease 247 

events fairly well. Shown in Figure 4 is the pristine albedo based on Ta, only because the one derived from Ts is 248 

essentially identical. Once the LAP are taken into account using the base case of ECeq=100 ng g-1 and d=4 mm, 249 

presented in red and blue lines (red utilizes Ta, while blue Ts in the albedo calculations), the observed albedo is 250 

closer matched. In both of these estimates the ground albedo is taken into account. For comparison, a purple 251 

https://doi.org/10.5194/acp-2021-158
Preprint. Discussion started: 26 March 2021
c© Author(s) 2021. CC BY 4.0 License.



9 

line is also displayed to illustrate where the ground albedo (wag factor) is not taken into account for the albedo 252 

calculation. Thus, during periods where the purple line deviates from the red line the ground mainly influences 253 

the snow albedo, observed in the beginning and at the end of the study periods. 254 

In summary, our results indicate that much of the observed variability in the snow albedo can be reproduced by 255 

using only two parameters, Ta and SD. The Pearson correlation coefficient between the observed albedo and 256 

a(Ta) including wag for the two seasons put together is r2=0.71, while when a(Ts) is used r2=0.77 (see Fig. S3). 257 

 258 

 259 

Figure 4. The observed albedo and emulated albedo using Ta or Ts with and without LAP and the influence 260 

from the underlying surface. Season 1 is presented in panel a), and season 2 is presented in panel b). 261 

 262 

4. Radiative forcing by LAP through the reduction of snow albedo 263 

4.1 Relative contribution to net SW radiation due to LAP 264 

In this section the cumulative net SW radiation based on the observed incoming and reflected radiation is 265 

compared to parameterized cases using different ECeq concentrations. The results are presented in Figure 5a and 266 

5b for season 1 and season 2, respectively. It is evident that some of the difference between the observed net 267 

SW fluxes and the calculated net SW fluxes estimated based on different ECeq concentrations is manifested 268 

already in the beginning of the seasons. This is a period when the sensitivity of net SW radiation to changes in 269 

LAP is small. This difference is interpreted as mainly a shortcoming in our simple diagnostic relation eq. 3 to 270 

capture the metamorphism of the snow. Because the incoming radiation is low at the start of the seasons, the 271 

cumulative effect on the available SW is less than during to the rest of the period. Nonetheless, the seasonal 272 

progression is displayed in each season, with the accumulation of LAP throughout the seasons and the 273 

subsequent increase in the calculated net SW fluxes. At the end of each season, our base case scenarios are 274 

broadly in line with the observed net SW fluxes. 275 
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 276 

Figure 5. Cumulative net short wave radiation as a function of daily averaged SWd calculated based on observed 277 

albedo (Obs albedo), and albedo from parameterizations using different values of ECeq. Season 1 and season 2 278 

are presented in panels a) and b), respectively. 279 

Based on the endpoints in Figure 5a and 5b, the relative contribution from LAP to net SW radiation at the end 280 

of the season was calculated as function of ECeq. The results are presented in Figure 6. As ECeq increases, the 281 

relative contribution increases. Our base case of ECeq concentration (100 ng g-1) corresponds to slightly below 282 

30% of extra energy accumulated over the entire season for both 1 and 2. 283 

 284 

 285 

Figure 6. Fractional contribution to net SW radiation reaching the snow as function of ECeq values. Data consists 286 

of the end points given in Figure 5. 287 

4.2 Melt days 288 

All of the extra energy accumulated over the season due to LAP is not available to melt the snow, as a large 289 

portion of the incoming energy is returned to the atmosphere as long wave radiation and latent heat. 290 

Conceptually, the snow pack increases its black body temperature to compensate for the incoming energy and 291 
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this temperature increase will to some extent also increase the latent heat flux due to a larger vapor pressure 292 

gradient, and at the same time reduce the sensible heat flux due to decreasing temperature gradient. However, 293 

this temperature compensation can only continue until some critical temperature is reached and after that the 294 

excess energy is used to melt snow. Obviously, 0 oC would constitute such melt threshold and a common method 295 

to estimate melt is through the positive degree-day (PDD) concept (e.g. Braithwaite, 1995). The PDD models 296 

are formulated in their simplest form as, 297 

𝑀 = 𝐷𝐷𝐹 𝑃𝐷𝐷    (9) 298 

where PDD is the sum of daily mean air temperatures above the melting point, and M is the melt (mm, SWE) 299 

over the period of interest, and DDF is the degree-day factor (mm d-1 oC-1). 300 

With knowledge on the seasonal M, we can compare the scaling factor, DDF, for our two seasons. This is 301 

determined by subtracting the loss of snow due to sublimation from PP, which is done by integrating the latent 302 

heat flux (LE) over the season and converting this energy into corresponding amount of SWE using the heat of 303 

sublimation (2.848 kJ kg-1). The estimation of latent heat flux is presented in the supplement. For season 1 and 304 

season 2 the integrated LE losses are equivalent to 46 and 69 mm, respectively. The uncertainties in these values 305 

are high due to the simplified estimates of turbulent fluxes. However, they compare well to another study by 306 

Stigter et al. (2018), and constitute on average 0.43 and 0.42 mm d-1 loss of water to the atmosphere over the 307 

time for the seasonal snow cover. Using these estimates of LE, the derived DDF’s are 10 (mm d-1 oC-1) for 308 

season 1, and 11 (mm d-1 oC-1) for season 2. Compared to other reported values for snow these estimates are 309 

high, but are close to those reported for ice (c.f. table 1 of Zhang et al., 2006). A summary of pertinent variables 310 

is summarized in Table 1. The number of days with snowmelt using this PDD concept is simply the number of 311 

days with an average air temperature above zero. For season 1 this is 14 days and for season 2 this is 26 days. 312 

Although the PDD concept indicates a consistency between the two seasons, it provides no direct linkage 313 

between the changes in LAP forcing and the air temperature. 314 

On the other hand, Ts can be viewed as the response to changes in the energy fluxes. For this, we will explore 315 

how the net energy flux changes as function of the black body temperature, Ts to resolve at what threshold 316 

temperature the surplus energy is no longer compensated for and is instead available to melt the snow? To 317 

investigate this threshold, we combined the observed radiation fluxes and calculated turbulent latent and sensible 318 

heat fluxes into their daily net energy fluxes. These four fluxes are presented in Figure 7 as averages over one 319 

degree Ts bins. Temperatures above zero are grouped in the 0 oC bin. Warm precipitation, cold content, and 320 

geothermic flux are not considered, since all of those are expected to be comparably insignificant at our study 321 

case. Similar to the latent heat flux, an estimate of sensible heat flux is presented in supplement section 6.  322 
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 323 

Figure 7. The major average energy fluxes for the combined data of Season 1 and Season 2. The black line is 324 

the average net flux for each temperature bin. The gray area marks the temperature range -5 to -3 oC. 325 

The average net total energy flux for each degree interval of the black body temperature is overlaid the individual 326 

fluxes in Figure 7. It is worth noting that the absolute value of this total net flux is uncertain, but our interest is 327 

in its variation as a function of Ts. At very cold temperatures below -19 oC (few data points c.f. Fig. S2) there is 328 

a large deficit in the net budget, while at less cold temperatures up to about -5 oC the energy budget is nearly 329 

balanced. In the range -5 to -3 oC there is a shift in the tendency and the net energy surplus increases more 330 

rapidly. This shift in net energy as function of Ts we interpret as the conditions when the snowpack no longer 331 

fully compensates for the additional available energy and the snow starts melting. Days when Ts is greater than 332 

this threshold is defined as days when snowmelt occurs. A temperature of -4 oC will be used as our threshold 333 

value and -5 and -3 oC as our range of uncertainty. 334 

Counting the days with Ts > -4 (-5, -3) oC, gives 27 (37,19) and 45 (56, 32) days for the respective seasons. This 335 

is about twice the number of days compared with using Ta>0 oC as criteria. The number of days with snowmelt 336 

(#SM) depend on the total amount of precipitation (PP), less the amount of water that is lost from net latent heat 337 

transport to the atmosphere (S). Noteworthy from Table 1, is that the fractions of estimated net S of PP are 0.16 338 

and 0.15 for season 1 and season 2, respectively. Based on the comparable small fractions and the similarity 339 

between seasons, we assume that number of melt days can directly be compared to PP rather than (PP-S) if S 340 

can be described as a single factor multiplied by PP. Dividing our #SM estimates in Table 1 by the PP yields a 341 

#SM per mm PP. The resulting numbers for the two seasons are 0.093 and 0.098 d mm-1 using Ts>-4 oC. 342 

 343 

Table 1 344 

 Day PP (mm) Net Sublimation 

S (mm) 

Fraction S/PP #𝑺𝑴−∆#𝑺𝑴
+∆#𝑺𝑴 

𝑻𝒔 > −𝟒(−𝟒,−𝟑)
(−𝟓,−𝟒)

°𝑪 

#SM/PP Enhanced melt rate by 

LAP (mm d-1) 
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Season 1 106 290 47 0.16 278
10 0.0930.028

0.034 2.89 

Season 2 159 460 69 0.15 4513
11 0.0980.028

0.024 2.18 

 345 

The final step is to estimate the reduction in #SM due to LAP. This was achieved by comparing the accumulated 346 

amount of SW energy over the melt days only, using a range of ECeq values. This is analogous to the presentation 347 

in Figure 6, but taking into account only those days when Ts is above threshold temperature. The respective 348 

LAP contributions are scaled by the #SM/PP factors in Table 1, yielding the estimated contribution to #SM 349 

(#SMLAP) as function of characteristic ECeq in young snow and the seasonal precipitation. These data are 350 

presented in Figure 8 as the reduction in number of days with snowmelt per mm-1 as function of ECeq. 351 

 352 

 353 

Figure 8. The reduction in number of days with snowmelt per mm seasonal precipitation as function of ECeq 354 

concentration in young snow. The straight lines represent the relations in equations 10 through 13, see text for 355 

details. 356 

The upper and lower range in #SMLAP for each season, based on Ts, are presented as ±∆#𝑆𝑀𝐿𝐴𝑃. The 357 

dependence of the contribution to #SM on (ECeq) is non-linear, but dividing the concentration above and below 358 

about 1 ng g-1, reasonable agreement can still be achieved using linear fits and log(ECeq). The four equations 359 

multiplied with PP then become:  360 

For ECeq > 1ng g-1 361 

#𝑆𝑀𝐿𝐴𝑃 = 0.0109(𝑙𝑜𝑔(𝐸𝐶𝑒𝑞) + 1)𝑃𝑃   (10) 362 

±∆#𝑆𝑀𝐿𝐴𝑃 = 0.0033(log(𝐸𝐶𝑒𝑞) + 1)𝑃𝑃   (11) 363 

For ECeq ≤ 1 ng g-1 364 

#𝑆𝑀𝐿𝐴𝑃 = (0.0032𝑙𝑜𝑔(𝐸𝐶𝑒𝑞) + 0.0115)𝑃𝑃  (12) 365 
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±∆#𝑆𝑀𝐿𝐴𝑃 = (0.001𝑙𝑜𝑔(𝐸𝐶𝑒𝑞) + 0.0035)𝑃𝑃  (13) 366 

 367 

Assuming a constant melt rate of the melting period the #SM can be expressed as melt rate. Without the 368 

influence of LAP, season 1 would have 27 plus 14 (from eq. 10) days with melting, which yields to total of 369 

(290-47)/(27+14)=6.11 mm of snowmelt per day. Taking into account the influence of LAP we obtain (290-370 

47)/27=9 mm per day. This means 2.89 mm extra melt due to LAP. Analogous to this, for season 2 we get 2.18 371 

mm per day in extra melt due to LAP. 372 

 373 

5. Discussion and conclusions 374 

Based on AWS data and an important assumption of a constant LAP deposition, a set of very simplified 375 

equations (10-13) to calculate the shift in snow melt-out date were derived. To arrive at these equations, a first 376 

step consisted of displaying that the observed daily variation in albedo could be emulated based on the 377 

assumption about constant LAP deposition and only two other variables from the AWS, namely air temperature 378 

and snow depth. The follow-up step involved the analysis of the energy balance and temperature response of 379 

the snow layer in order to define the period of days with melting snow. By combining the information from this 380 

sequence the potential contribution from LAP to the #SM be estimated based on the LAP content and amount 381 

of precipitation. With a numerical example using our base case of ECeq=100 ng g-1 and a PP of 400 mm gives 382 

an advancement of the melt-out date of 13 days ±4 days (using equations 10 and 11). Because the inversion of 383 

DDF includes the contribution from LAP implicitly, this large shift in the #SM used in the PDD concept led to 384 

an overestimation of the melting compared to pristine snow. 385 

The response in the #SM from changes in LAP is less for very clean snow compared to snow with higher ECeq, 386 

as is visible in the changed slope that occurs around ECeq=1 ng g-1 (Fig. 8). For clean snow conditions the 387 

reduction is only about 1 day for every 100 mm of precipitate near the 1 ng g-1 intercept. This result suggests 388 

that the enhanced melt of seasonal snow cover due to LAP in very clean regions is not very important. When 389 

comparing with the shape of the relation in Figure 6, which indicate a very rapid increase in the fraction of 390 

energy for small ECeq, this may seem a little contradictive. A plausible explanation is that much of the reduction 391 

in albedo during the melt period is from the metamorphism of the snow itself, masking the contribution from 392 

LAP, however. This highlights the important insight that LAP can really enhance melting only during the melt 393 

period, as previously reported (e.g. Flanner et al., 2007; Jacobi et al., 2015).Our simplistic approach does not 394 

take into account all feedback mechanisms, for instance, that LAP enhance snow grain growth. The effect of 395 

LAP may in turn be underestimated. Nevertheless, from Figure 4 and 5 it shows that albedo and energy fluxes 396 

are reasonable well emulated. 397 

The main objective of this study was to address the #SM to changes in LAP. From equation 10 this can be 398 

expressed in very general terms. For each doubling of ECeq the melt period is shortened by 0.0109𝑙𝑜𝑔(2)𝑃𝑃 or 399 

about 
1

3
 of a day per 100 mm precipitation. For our base case ECeq =100 ng g-1 and 400 mm precipitation, 400 

changing ECeq by a factor two up or down will change the #SM by about 1
1

3
 days forward or backward. Changing 401 
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the LAP content by a factor of two constitute a rather large change if we consider that about half of the LAP 402 

was of natural origin through contribution of MD (for the observation site). 403 

In the scenario set up for our study region, a large change in anthropogenic deposition is required to achieve a 404 

sizeable change in the #SM due to the large background forcing by MD. However, the contribution by EC alone 405 

to snowmelt is not small. A shift in the #SM due to half the base case ECeq (with half of the base case constituting 406 

representable EC content in the snow at this site) is still 13 days assuming a PP=400mm. Assuming a constant 407 

natural MD contribution, a threefold change in anthropogenic EC would be required to increase ECeq a factor 408 

of two. Our numerical estimates of the #SMLAP are broadly in the same range with those reported previously for 409 

the Himalaya (e.g. Ménégoz et al., 2014; Zhang et al., 2018; Zhong et al. 2019). In addition, our method allows 410 

to estimate the LAP impact on the #SM in a more general form, given that the amount of precipitation and LAP 411 

mean deposition are known.  412 

On a broader geographical scale, beyond the Himalaya, our results compare well with studies investigating the 413 

reduction in snow cover due to LAP in other areas. In the European Alps, Tuzet et al. (2020), estimated a 10±5 414 

and 11±1 day shortening of two separate snow seasons in the French Alps using a combination of extensive in-415 

situ observations and process models. Similarly, in the Italian Alps, Di Mauro et al. (2019), reported on an 416 

exceptional year with strong MD deposition with LAP advancing the seasonal snow melt by 38 days out of a 417 

total 7 months of typical snow duration. This highlights the importance in assessing the anthropogenic influence 418 

on the reduction of snow cover duration to further investigate the relative role between EC and MD. An even 419 

stronger impact by MD has been estimated for Rocky Mountain snow, Colorado, US (Skiles et al., 2012). For 420 

that site the authors suggested as much as a 51 day advancement of the MOD attributed to MD primarily.  421 
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Symbols and acronyms 553 

 554 

a Estimated broad band albedo 555 

aobs Observed broad band albedo 556 

ap Broad band albedo of pristine snow 557 

ag Broad band albedo of snow free ground 558 

AWS Automatic weather station 559 

BC Black carbon 560 

BrC Brown carbon 561 

d Characteristic depth of surface snow 562 

DDF Degree-day factor 563 

ECeq Elemental carbon equivalent 564 

𝐸𝐶𝑒𝑞
̅̅ ̅̅ ̅̅  Effective or average ECeq 565 

H Sensible heat flux 566 

LAP Light-absorbing particles 567 

LE Latent heat flux 568 

LWu Long wave radiation up 569 

LWd Long wave radiation down 570 

PDD Positive degree-day 571 

PP Precipitation 572 

RH Relative humidity 573 

rBC Refractory black carbon 574 

Re Effective radius 575 

𝜌𝑖 Density of ice 576 

𝜌𝑛𝑠 Density of new snow 577 

𝜌𝑤 Density of water 578 

S Sublimation 579 

SD Snow depth 580 

SD- Decreasing snow depth 581 

SD+ Increasing snow depth 582 

#SM Number of days with snowmelt 583 

SSA Specific surface area 584 

SWE Snow water equivalent 585 

SWd Short wave radiation down 586 

SWu Short wave radiation up 587 

Ta Air temperature 588 
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Ts Surface temperature 589 

U Wind speed 590 

𝑤𝑎𝑔
 Weighting factor between a and ag 591 

y Spectral albedo reduction due to LAP 592 

yb Broad band albedo reduction due to LAP 593 

https://doi.org/10.5194/acp-2021-158
Preprint. Discussion started: 26 March 2021
c© Author(s) 2021. CC BY 4.0 License.


