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Abstract

:

The broadband surface albedo of snow can greatly be reduced by the deposition of light-absorbing impurities, such as black carbon on or near its surface. Such a reduction increases the absorption of solar radiation and may initiate or accelerate snowmelt and snow albedo feedback. Coincident measurements of both black carbon concentration and broadband snow albedo may be difficult to obtain in field studies; however, using the relationship developed in this simple model sensitivity study, black carbon mass densities deposited can be estimated from changes in measured broadband snow albedo, and vice versa. Here, the relationship between the areal mass density of black carbon found near the snow surface to the amount of albedo reduction was investigated using the popular snow radiative transfer model Snow, Ice, and Aerosol Radiation (SNICAR). We found this relationship to be linear for realistic amounts of black carbon mass concentrations, such as those found in snow at remote locations. We applied this relationship to measurements of broadband albedo in the Chilean Andes to estimate how vehicular emissions contributed to black carbon (BC) deposition that was previously unquantified.
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1. Introduction


Uncontaminated snow surfaces are among the whitest natural surfaces encountered on Earth with one of the highest broadband albedos in the solar spectrum. However, in addition to the properties of snow and ice itself (such as ice grain size [1,2] and shape [3,4], surface roughness [5], and thickness of the snowpack [4]), contamination due to the deposition of light-absorbing impurities such as black carbon (BC) particles [6], the dominant light-absorbing aerosol in the atmosphere [7,8], can drastically reduce snow surface albedo [9,10,11] and increase the absorption of solar radiation, leading to accelerated snowmelt and snow albedo feedback [12,13,14]. The Snow, Ice, and Aerosol Radiation (SNICAR) model [12] describes scattering and absorption by snow and impurity mixtures with Mie theory [4,15] and uses a two-stream, multi-layer radiative transfer solution [16] to represent vertical inhomogeneities of the snow. Here, we use SNICAR to investigate relationships between snow surface albedo reduction and BC mass density deposited near the surface of an otherwise uncontaminated semi-infinite snowpack to show that unknown amounts of BC mass can be estimated from measurements of the broadband snow albedo, and vice versa.



This study was motivated by recent observational work at Portillo, in the Chilean Andes [17], that quantified snow albedo reductions due to the deposition of unquantified amounts of BC from vehicle emission near the top of the snowpack; our work uses these albedo reductions to assess the corresponding areal BC mass density deposited to better understand the impact of anthropogenic activities on the South American cryosphere.




2. Snow, Ice, and Aerosol Radiation (SNICAR) Model and Code


SNICAR is a radiative transfer model that couples irradiance with aerosol and snowpack optics including multiple scattering approximations to quickly and accurately estimate broadband snow albedo or spectral hemispherical snow albedo. It is parameterized through default and customizable user inputs of sky conditions (spectral direct or diffuse incident radiation, solar zenith angle, incident spectral radiance profile), snowpack properties (layer thickness, grain effective radius, mass density, underlying surface albedo), and aerosol characteristics (type and mass mixing ratio). All of the input parameters can be modified to suit the user’s needs, such as defining a non-default surface spectral irradiance, redefining the optical properties of ice (e.g., Singh and Flanner [18]), or adding optical properties for custom impurities—such as brown carbon [19] and snow algae [20]. Standalone SNICAR code is available for multi-layer simulations as MATLAB (The MathWorks, Inc., Natick, MA, USA) code or as a web-based, single-layer simulator (both available from http://snow.engin.umich.edu). A previous, well-distributed version of the model outputs spectral quantities of interest in 470 spectral bands spanning 300–5000 nm at a 10 nm resolution; a newer, more comprehensive version of the SNICAR model was recently developed to address some limitations in the original code. This study uses the former, earlier iteration of the offline version of SNICAR.



The optical properties (mass extinction coefficient (MEC, m2/kg), asymmetry parameter (g), and single scattering albedo (SSA)) of ice and impurities are computed offline using Mie theory [21] and collected as lookup tables for inputs necessary to the two-stream approximations. For ice, optical properties for effective radii from 10 to 5000 µm (increments of 1 µm between 10 and 1500 µm together with values of 2000, 3000, 4000, and 5000 µm) across the full SNICAR spectrum (i.e., 300–5000 nm) are calculated using optical constants from Warren and Brandt [22]; an overview of these properties is shown in Figure 1 as a function of ice effective grain radii. For BC, SNICAR uses an uncoated, hydrophobic black carbon model, where the refractive index spectrum is derived from Chang and Charalampopoulos [23]. Particle size and shape have been shown to be an important factor in estimating BC’s effect on snow optical properties [24,25]; in SNICAR, the optical properties of BC are calculated using a log-normal size distribution with a number-median diameter of 100 nm and a geometric standard deviation of 1.5. Following the two-stream approach of Toon et al. [16], optical depths of snow and impurities are calculated and combined before the delta-Eddington approximation [26] is applied. While the model has been shown to effectively estimate snow surface albedo, some limitations apply, including assuming sphericity for ice and impurity particles as well as the mixing state of aerosol and ice (internal versus external) in the model [27]; some of these limitations and assumptions have been addressed in new versions of SNICAR.



The effects of BC and other light-absorbing impurities on the snow albedo are most important in the near-UV, visible, and near-IR spectral range because ice itself is weakly absorbing in this range [15]. This is demonstrated if we examine the single-scattering co-albedo (co-SSA). If the SSA is the fraction of optical power that is scattered out of a beam incident on a particle, then the single scattering co-albedo (co-SSA = 1 − SSA) is the fraction of optical power removed from the incident beam due to particle absorption. For ice, this can be orders of magnitude lower than that of BC in the near-UV, visible, and near-IR wavelength regions, which is evident in Figure 2 comparing the co-SSA for ice, soot, and mineral dust calculated using default optical parameters in SNICAR. This large discrepancy illustrates that small concentrations of strongly absorbing impurities can greatly reduce snow albedo. For this study, we have addressed broadband albedo over the entire spectrum used in the model. However, we note that the spectral region above a wavelength of ~2.5 μm contributes very little to the broadband snow albedo due to near-zero solar irradiance within this region.



BC concentrations in the Sierra Nevada (Western U.S.) snowpack are generally low but are still sufficient to reduce snow albedo. Measured values of BC found in the snowpack can be on the order of hundreds ppb (ng BC/g). Sterle et al. [28] found mean amounts of BC concentration in the top 2 cm of the snowpack between ~25 ppb and ~135 ppb at the Mammoth Mountain Ski Resort, CA, during the 2009 accumulation and ablation season and found a gradual increase in BC concentration as the snowpack receded during the winter-spring seasonal transition. Similarly, in the Chilean Andes, the late season snowpack also allows insoluble light-absorbing impurities, including BC, to accumulate at the surface, as shown in Cereceda-Balic et al. [17]. These BC concentrations can have a significant impact to measured albedo, which can critically alter the Andean cryosphere [29] and its function as water reservoir for the region [30]. These previous studies motivated our investigation of the relationship between black carbon in snow and the resulting albedo reduction. For this, we focus on using SNICAR for the calculations of snow surface albedo for simple, yet representative snowpacks, as described in Section 3.




3. SNICAR Calculations of Broadband Snow Surface Albedo Sensitivity to Black Carbon (BC) Surface Deposition


Within SNICAR, we designed a semi-infinite snowpack of 10 m of depth with impurities relegated to the top-most 2 cm, representing surface deposition onto an otherwise clean snowpack, where these impurities impart the largest contribution to changes in surface snow albedo [31,32]. Note that such a semi-infinite snowpack is a good approximate for a snowpack thicker than the euphotic depth, which in winter is commonly around 10 cm but in spring can increase to about 50 cm [33]. We prescribe an effective grain radius of 250 μm and a snow mass density of 300 kg/m3 as our “standard” snowpack for both the underlying 9.98-m-thick layer and for the top 0.02-m-thick layer. These values fall within the range of those found within maritime snowpacks [34] and are appropriate and representative of a midseason snowpack found in the Sierra Nevada or parts of the Chilean Andes. The BC areal mass density (BCMD), here defined as:


  B C M D    [    m g   B C    m 2     ]  = B C    [    m g   B C  g   ]  × S n o w   m a s s   d e n s i t y    [   g   m 3     ]  × T h i c k n e s s   o f   B C   l a y e r  [ m ]  ,  



(1)




reduces the complexity of the problem by including one of the other input parameters for the model, the snow mass density. For a semi-infinite snowpack, broadband albedo is largely independent of snow mass density [4,35], and, according to Figure 3, changes in SNICAR-derived broadband snow albedo as a function of snow mass density are noticeable only for very small snow densities and/or very large ice grain effective radii, otherwise contour lines are mostly horizontal.



We used SNICAR to calculate broadband surface albedo    α  B B     as function of BCMD. The results (Figure 4) show how broadband snow surface albedo decreases as a function of BCMD deposited. The broadband snow surface albedo    α  B B    , as a function of the BCMD shown in Figure 4, can be described with less than 1.2% error by a cubic polynomial written as:


   α  B B    (  B C M D  )  = 0.777382 −   Δ  α  B B    (  B C M D  )  = 0.777382 ± 0.001625 −  [   (  0.017776    m 2    m g   ± 0.000356    m 2    m g    )    B C M D  ]  +    [   (  0.000469    m 2    m g   ± 0.000021    m 2    m g    )    B C M D  ]   2  −    [   (  0.000052    m 2    m g   ± 0.000003    m 2    m g    )    B C M D  ]   3  ,  



(2)




for BCMD ≤ 40 mg/m2. Here, Δ   α  B B    (  B C M D  )    is defined as the reduction of the broadband snow surface albedo of a pure snowpack    α  B B    (  B C M D = 0  )    due to the addition of BCMD to its top 0.02-m layer with:


  Δ  α  B B    (  B C M D  )  =  α  B B    ( 0 )  −  α  B B    (  B C M D  )  .  



(3)




However, for a smaller BCMD (i.e., BCMD ≤ 3 mg/m2), such as that encountered in most natural snowpacks [28,36], this relationship becomes near-linear and the reduction of surface albedo Δ   α  B B    (  B C M D  )    can be approximated by:


  Δ  α  B B    (  B C M D  )  = m  [     m 2    m g    ]    B C M D  [    m g    m 2     ]  ,  



(4)




where a single number, the slope  m , characterizes the change in snow surface albedo per BCMD added. Figure 5 shows the reduction of surface albedo Δ   α  B B     as function of BCMD for three grain radii (i.e., 100, 500, and 2000 μm) and the resulting linear regression slopes  m  for BCMD ≤ 3 mg/m2. Note that there is some dependence of linearity on ice effective grain radius, especially for small (i.e., 100 μm) values. Figure 6 shows calculated values for  m  as a function of grain radius for our “standard” snowpack in the range   0 ≤ B C M D ≤ 3   mg/m2 and indicates that, for grain radii between 500 and 5000 μm, the slope  m  is nearly constant (0.0161 m2/mg ≤ m ≤ 0.0167 m2/mg). In addition, the initial slope    m 0   , for very low BCMD, defined as


   m 0  =   lim   B C M D → 0     m   = 0.0173 ± 0.0003    m 2    m g      



(5)




is nearly independent of grain radius for typically encountered effective grain radii between 100 and 2000 μm. The uncertainty is further reduced when we consider the average value of    m 0    = 0.0166 ± 0.0002 m2/mg for more mature snowpacks with a grain radius between 500 and 5000 μm. In summary, the linear relationship of broadband snow surface albedo on BCMD (Equation (4)) gives us a simple way, fairly independent of grain size, to estimate BCMD from measured albedo changes or estimate (in reverse) broadband albedo changes from measured or modelled BC deposition.




4. Discussion


We can use Equations (4) and (5) to estimate BC deposition rates from measured changes in broadband snow albedo. For instance, Cereceda-Balic et al. [17] observed, for example, a one-day average reduction of broadband snow surface albedo   Δ  α  B B   = 0.08   due to the deposition of BC from ~2000 vehicles passing by their albedo measurement site in the Chilean Andes. We approximate their one-day accumulated BC loading using a value of   m   =   0.0166    m 2  / mg .   Thus, according to Equation (4), this corresponds to a BC deposition rate of 4.8 mg/(m2 day), which is the equivalent to an average BC deposition rate of 2.4 μg/m2 per vehicle passing by.



These simple results are valuable to estimate the impacts of vehicular, industrial, and urban BC pollution on snow albedo due to BC deposition [37], or to estimate the extent to which BC aerosol deposition reduces broadband albedo and promotes early melting of snow and ice [38]. The verification of these methods is left for upcoming studies, wherein other methods (such as those outlined by Cereceda-Balic et al. [39,40]) to investigate BC-albedo feedbacks can be co-investigated with modeling and sensitivity studies similar to the investigation outlined here.




5. Conclusions


Here, we analyzed the decrease in broadband snow albedo as a function of BC mass deposited and obtain a simple model-based sensitivity for this relationship. Our findings suggest that, for real-world mass concentrations of BC deposited onto the snow surface, reductions in broadband albedo are directly proportional to the BC areal mass density and a slope parameter   m   =   0.0166   ±   0.0002      m   2  / mg  , for grain radii between 500 and 5000 μm. Likewise, estimates of the reduction of broadband albedo can be performed using this same relationship when the deposited BC mass density is known. This relationship was used to estimate BC mass deposition from vehicular emissions in the Andes mountains.
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Figure 1. Optical properties of ice, as calculated from Mie theory, across the range of wavelengths (300–5000 nm) and effective grain radii (10–5000 µm) available in Snow, Ice, and Aerosol Radiation (SNICAR). (a) The single-scattering albedo is near unity across all grain radii in the visible and near-visible wavelength range. (b) The mass extinction coefficient is nearly uniform over most of the wavelength and effective grain radius range. Note that the vertical axis uses a log-scale to highlight changes in MEC for small grain radii (<100 µm). (c) The large asymmetry parameter, g (≈1), indicates mostly forward scattering across all wavelengths and effective grain radii, as expected for sizes much larger than the wavelength. 
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Figure 2. Single-scattering co-albedo (co-SSA = 1 − SSA) spectrum highlights the large discrepancy in the near-UV, visible, and near-IR wavelength regions (up to five to seven orders of magnitude) between the co-SSA of impurities, such as black carbon (BC) and mineral dust, compared to that of ice grains with a radius of 500 µm as used within the SNICAR model. Optical properties of BC were calculated using Mie theory with a number-mean diameter of 100 nm and a geometric standard deviation of 1.5. The co-SSA for dust has been averaged across all four size distributions available in SNICAR. 
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Figure 3. Broadband snow surface albedo    α  B B     as a function of both snow grain radius and snow mass density calculated with the SNICAR model.    α  B B     is largely insensitive to changes in snow density for snow densities greater than ~100 kg/m3 and grain radii smaller than ~2000 µm. 
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Figure 4. Broadband snow surface albedo    α  B B     calculated with SNICAR (open circles for our standard snowpack) as a function of BC mass density (BCMD). The deposited BC aerosol is distributed uniformly in the top 2 cm of our 300 kg/m3 “standard” snowpack. For example, using Equation (1), BCMD of 40 mg BC/m2 corresponds to a BC concentration of approximately 6700 ppb distributed in the top 2 cm. The solid line gives a cubic polynomial fit (Equation (2)) in good agreement (<1.2% error) with the SNICAR results. 
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Figure 5. Reduction of snow surface albedo   Δ  α  B B     as function of   B C M D   for three grain radii (i.e., 100, 500, and 2000 μm) and the resulting slopes  m  for   B C M D   ≤   3   mg/m2 from a linear regression, where the error of  m  is the standard error value of the regression slope. 






Figure 5. Reduction of snow surface albedo   Δ  α  B B     as function of   B C M D   for three grain radii (i.e., 100, 500, and 2000 μm) and the resulting slopes  m  for   B C M D   ≤   3   mg/m2 from a linear regression, where the error of  m  is the standard error value of the regression slope.



[image: Atmosphere 11 01077 g005]







[image: Atmosphere 11 01077 g006 550] 





Figure 6. Slope  m  as a function of grain radius for 0 mg/m2   ≤   B C M D   ≤   3   mg/m2. The grain radius resolution is 1 μm for the range 10–1500 μm and the values of m are shown as a continuous line, whereas the more discrete calculations of m for grain radii of 1500, 2000, 3000, 4000, and 5000 μm are shown as open circles interpolated with a dotted line. 






Figure 6. Slope  m  as a function of grain radius for 0 mg/m2   ≤   B C M D   ≤   3   mg/m2. The grain radius resolution is 1 μm for the range 10–1500 μm and the values of m are shown as a continuous line, whereas the more discrete calculations of m for grain radii of 1500, 2000, 3000, 4000, and 5000 μm are shown as open circles interpolated with a dotted line.



[image: Atmosphere 11 01077 g006]








© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Single Scattering Co-albedo (Co-SSA)

0.1

0.01

0.001

0.0001

0.00001

0.000001

0.0000001

------------------------------------------------------------------
.
.
e,

-
-—
-— -
_—-—
-’l
i

r -
l v
f"s“\“‘. = _J".\'
—BC
----- Ice - 500 um
- =Dust - bin avg.
0 1000 2000 3000 4000 5000

Wavelength (nm)





nav.xhtml


  atmosphere-11-01077


  
    		
      atmosphere-11-01077
    


  




  





media/file2.png
Grain size (microns)

b
o
()

5000 =y

4500

4000

3500

ize (microns)

Ins

Gra

1500

1000

Grain Size (microns)

3000

2500

2000

5000

4500

4000

3500

w
o
(=]
o

2500

2000

1500

1000

500

500 1000 1500 2000 2500 3000 3500 i : 4000 4500
Wavelength (nm)

(a)

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavelength (nm)

500 1000 1500 2000 2500 3000 3500 4000 4500
Wavelength (nm)

(c)

Single Scattering Albedo

ass Extinction Coefficient (m? kg')

Vi

Asymmetry Parameter





media/file5.jpg
Grain size (microns)

5000
4500
4000

2500

g

09

085

08

07

o7

065

06

Hoss

0 200 300 400 500 600 700
Snow mass density (kg/m®)

Broadband albedo, agg





media/file3.jpg
041

001

0001

0.0001

le Scattering Co-albedo (Co-SSA)

0.00001

@ 0000001

0.0000001

-lce - 500 pm
- -Dust - bin avg,

1000 2000 3000 4000 5000
Wavelength (nm)





media/file1.jpg





media/file7.jpg
Broadband Albedo, agg

080

075

o070

065

060

055

050

045

°o

o
%0
%o
%o
°o
23
%o
o
%o

10

w m & % %
BC Mass Density (mg BC/m?)





media/file10.png
Reduction in Broadband Albedo, Aagg

0.055
0.050
0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000

0100 um
4 Aagg =(0.0128 £ 0.0002) [m?/mg] - BCMD [mg/m?] A

R2=0.9973 e
) 0500 pym . S/
{1 Aagg = (0.01604 + 0.00008) [m?/mg] - BCMD [mg/m?] , é
- R? =0.9996 &

A 2000 pm B o
1 Aagg = (0.01667 £ 0.00005) [m2/mg] - BCMD [mg/m?] o)
I R? =0.9999 e 5 (o)

, ﬁ o
- 6 O
o)
_-,;/?':'a @)
I ‘ e O
;;’EI/;/ O
j-

il /8 O
0 0.5 1 1.5 2 2.5 3

BC Mass Density (mg/m?)





media/file12.png
Acgg/BCMD (m?/mg)

m

0.020 -

0.018 -

0.016 -

0.014 -

O
o
—
N

0.010 -

0.008

1000

20b0 | SdbO
Grain Size (um)

4000

5000





media/file9.jpg
Reduction in Broadband Albedo, Adgg

0.055
0.050
0.045
0.040
0.035
0.030
0.025
0.020
0015
0010
0.005
0.000

°

©100 pm
045 = (0.0128 £.0.0002) [miimg] BCMD [mgim) N
Re= 09973 3
0500 ym é
Aagg = (0.01604 £ 0.00008) [m?/mg] - BCMD [mg/m?] é
RP= 09506
42000 pm o
Scua = (001667 0.00009) (i) BOMD [mgi) o
Re= 09599 o
I
o
s o
57 2
8”0
a0
8
5
05 1 15 2 25 3

BC Mass Density (mg/m?)





media/file0.png





media/file8.png
Broadband Albedo, agg

0.75

0.60

0.50

0.45

0.
o-

O.
o
Qo

10

15 20 25

BC Mass Density (mg BC/m?)

30 35

40





media/file11.jpg
Bogg/BCMD (m?mg)

m=

0.020

0018

0016

0014

0012

0010

0.008 4

1000

3000

4000

5000





media/file6.png
5000[

4500 |

4000

s)

w W
o O,
o O
o o

S

e (micron

2500

Grain siz
—_ N
@)} o
o o
o o

1000

500

0.9

0.85

0.8

0.75

0.65

0.6

u0.55
700

100 200 300 400 500 600
Snow mass density (kg/m3)

Broadband albedo, agg





