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Abstract Remote sensing of light-absorbing particles (LAPs), or dark colored impurities, such as black
carbon (BC) and dust on snow, is a key remaining challenge in cryospheric surface characterization and
application to snow, ice, and climate models. We present a quantitative data set of in situ snow reflectance,
measured and modeled albedo, and BC and trace element concentrations from clean to heavily fossil fuel
emission contaminated snow near South Pole, Antarctica. Over 380 snow reflectance spectra (350–2500 nm)
and 28 surface snow samples were collected at seven distinct sites in the austral summer season of
2014–2015. Snow samples were analyzed for BC concentration via a single particle soot photometer and for
trace element concentration via an inductively coupled plasma mass spectrometer. Snow impurity
concentrations ranged from 0.14 to 7000 part per billion (ppb) BC, 9.5 to 1200 ppb sulfur, 0.19 to 660 ppb iron,
0.013 to 1.9 ppb chromium, 0.13 to 120 ppb copper, 0.63 to 6.3 ppb zinc, 0.45 to 82 parts per trillion (ppt)
arsenic, 0.0028 to 6.1 ppb cadmium, 0.062 to 22 ppb barium, and 0.0044 to 6.2 ppb lead. Broadband visible to
shortwave infrared albedo ranged from 0.85 in pristine snow to 0.62 in contaminated snow. LAP radiative
forcing, the enhanced surface absorption due to BC and trace elements, spanned from <1 W m�2 for
clean snow to ~70 W m�2 for snow with high BC and trace element content. Measured snow reflectance
differed from modeled snow albedo due to specific impurity-dependent absorption features, which we
recommend be further studied and improved in snow albedo models.

1. Introduction

Snow purity and reflectivity affects local, regional, and global radiative energy balance and is a key
component in the climate system. Snow in the clean air sector near South Pole, Antarctica, is one of the most
clean, reflective surfaces on Earth. Yet areas near the Amundsen-Scott South Pole Station (hereafter South
Pole Station) are subject to intense fossil fuel emissions where black carbon (BC), dust, metals, organic matter,
and other light-absorbing particles (LAPs) become deposited on and darken snow. Such LAPs deposited and
engrained within snow result in reduced surface snow albedo, increased absorption of solar radiation, and in
turn accelerated snowmetamorphism and melt processes, contributing to a snow albedo feedback mechan-
ism [e.g.,Warren and Wiscombe, 1980; Painter et al., 2007; Kaspari et al., 2015]. Quantification of snow compo-
sition is crucial to accurately understand radiative energy balance.

Spectroscopy, the study of light reflected, scattered, or emitted as a function of wavelength, is used to quan-
tify snow optical properties. Clean, fine-grained snow is scattering dominated and reflects the majority
(97–99%) of incident sunlight in UV to visible wavelengths (350–750 nm) and is more absorbing in near to
shortwave infrared wavelengths (NIR/SWIR, 750–2500 nm) [Warren, 1982]. LAPs can darken the snow surface
and dominate visible reflective signatures [Warren et al., 1993] with discrete or broad absorption features
indicative of component elements and/or molecules [Clark, 1999]. In general, dust yields visible absorption
features, while BC reduces snow reflectance in a broader manner from visible toward shortwave infrared
[Warren andWiscombe, 1980]. The dominating factor of snow reflectivity shifts from LAPs in the UV and visible
to snow grain size in NIR/SWIR, where longer path lengths through larger snow grains decrease snow reflec-
tivity. The difference in absorbed energy due to LAPs, or radiative forcing, can enhance the rate of snow grain
growth, and therefore, LAPs can impact the full range of snow reflectance [Hansen and Nazarenko, 2004;
Painter et al., 2012].
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In situ snow spectroscopy and coincident collection and analysis of snow samples can be used to quantify
physical properties, chemical composition, and radiative impacts of LAPs in snow. These measurements
are sparse since fieldwork to collect spectroscopy and physical samples and subsequent chemical analysis
is expensive, time consuming, and subject to harsh environmental conditions. Still, there are a number of stu-
dies that have directly measured LAPs concentrations in snow and ice, aiming at constraining LAP radiative
forcing, namely, BC and dust [Skiles et al., 2012; Kaspari et al., 2014, 2015; Jacobi et al., 2015], distribution of
LAPs in melting snow [Doherty et al., 2013; Skiles and Painter, 2016], and composition of particulates on cryo-
spheric surfaces in comparison to spectral reflectance signatures [Casey et al., 2012; Tedesco et al., 2013].
Research continues to progress regarding the optical properties of BC and dust in snow [e.g., Bond and
Bergstrom, 2006; Kuchiki et al., 2009; Skiles et al., 2016; Khan et al., 2017]. Laboratory studies have also been
conducted. Hadley and Kirchstetter [2012] measured BC albedo reduction (concentrations of 0–1,700 ppb
BC) as a function of snow grain size (55, 65, and 110 μm) in laboratory snow and compared to modeled
albedo estimates of snow containing BC and found good agreement between the laboratory measured
and modeled snow albedos (given solar zenith angle of 0°).

Within the clean air sector grid east-northeast of South Pole Station, the snow and atmosphere are protected
from air, vehicle, and recreational traffic (Figure 1). Nominal winds move from 45°E grid southwest and pre-
vent the clean air sector from receivingmost South Pole Station and science camp-related pollution. Sporadic
storm or weather events can alter nominal wind directions, though winds rarely move grid northeast, thus
rarely transport station area pollutants into the clean air sector. Measurement of atmospheric and snow prop-
erties in the clean air sector has been conducted for several decades (e.g., NOAA Earth System Research
Laboratory, South Pole Observatory), including study of snow albedo [Hoinkes, 1960; Hanson, 1960] and back-
ground atmospheric and snow constituent concentrations [Keeling et al., 1976; Kumai, 1976; Hogan et al.,
1982; Boutron, 1982; Bodhaine et al., 1986; Bergin et al., 1998]. In the clean air sector, Hansen et al. [1988] found
atmospheric background concentrations of BC to generally range from 50 pg m�3 to 5 ng m�3.Warren et al.
[2006] found background (clean air sector) dust content in modern snow at South Pole to be 15 ppb and soot
to be 0.1–0.3 ppb.

In contrast to the clean air sector, elevated levels of pollutants have been reported in snow near and down-
wind of South Pole Station operation facilities and science camps [e.g.,Warren et al., 2006]. South Pole Station
operations and science camps necessitate burning of fossil fuels in generators, vehicles, and aircraft. Aviation
grade fuels with ice inhibitors to suppress the freezing point to approximately � 100°C are the primary fuels
used in aircraft and large generators at South Pole Station [Brier et al., 1998]. From a South Pole Station
Environmental Impact Statement released in 1998, personnel and cargo LC-130 aircraft transport represented
75% of South Pole Station operation fossil fuel combustion, with nominally approximately 200 flights per year
[Brier et al., 1998]. Since roughly 2006, resupply surface traverses from coastal McMurdo to South Pole
Stations now are another main source of food, fuel, and other required materials, reducing annual aircraft
transport to South Pole Station. The specific percentage of flight to traverse delivered supplies is customized
to support cargo, fuel, and transport needs from year to year [Jung et al., 2004]. Approximately 1% of the fuel
used at South Pole Station is unleaded gasoline, used in vehicles and small engines, primarily in austral
summers [Brier et al., 1998]. In addition to combustion, fuel volatilization and occasionally spills or leaks occur
during handling and transport of fuels to storage vessels depositing pollutants on the snow near South Pole
[Brier et al., 1998].

Fuel combustion emissions vary with engine type, load, and specific fuel [Tesseraux, 2004], though are
known to include sulfur dioxide [Shirsat and Graf, 2009], nitrogen oxides [Barrie, 1996], carbon monoxide,
hydrocarbons [Nazarenko et al., 2016] and particles, including metalloid and metal elements such as Cr,
Mn, Fe, Co, Cu, Zn, As, Cd, Ba, and Pb [Miner, 1969; Schroeder, 1970; Ng and Patterson, 1982; Vouk and
Piver, 1983; Barrie, 1996]. Petroleum hydrocarbon diesel fuels (jet-propulsion fuel 8, JP-8, AN-8) are the
primary fuels used at South Pole Station for aircraft and large generators. These fuels contain proprietary
formulations of ice, static, and corrosion inhibitor agents, and exact fuel compositions vary from batch to
batch [National Research Council, 2003]. Thus, discernment of emission particles remains challenging
[McDougal and Rogers, 2004]. At the South Pole, annual baseline emissions of particles were estimated
at 820 kg/yr for aircraft and 1500 kg/yr for power generation, heating and water production, and equip-
ment operations [Brier et al., 1998].
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Surface snow particle composition near Antarctic stations has been targeted by several studies. Boutron and
Wolff [1989] found that emissions from fuel and waste burning at multiple Antarctic station settlements
enhance concentrations of S, Pb, Zn, Cd, and Cu in Antarctic snow compared to background atmospheric fall-
out. Suttie and Wolff [1993] reported Halley research station Antarctic surface snow samples to contain Cu, Cd,
Pb, and Zn heavy metal concentrations of up to 800,000 times background levels directly in the path (within
0–20 m) of emission exhaust. Warren and Clarke [1990] were among the first to measure atmospheric and
snow surface BC concentrations and map emission fallout patterns around South Pole from December
1985 to February 1986, finding that the heaviest particulate deposition occurs within ~1 km of emission
sources. The concentrations of some heavy metals have been reported to have increased at South Pole in
recent decades due to anthropogenic emissions. For example, Pb was measured at ~4–5 times background
levels since 1960s [Boutron, 1982; McConnell et al., 2014], and Ba concentration was found to be a factor of
~23 greater since 1980 [Korotkikh et al., 2014].

Although relatively low concentrations of LAPs on snow and ice have proven to be difficult to resolve with
optical satellite remote sensing data (e.g., Greenland snow BC average annual concentrations of ~3 ppb
reported in Polashenski et al. [2015]), heavy concentrations of LAPs on snow and ice are easily apparent in
optical airborne and satellite remote sensing data (e.g., Advanced Spaceborne Thermal Emission and
Reflection Radiometer satellite image 18105261, acquired 10 May 2003, of coal mining in Svalbard,
Norway; BC concentrations of 345 ppb refractory BC and 4863 ppb effective BC, reported in Khan et al.
[2017]; pollution on snow, [Simões and Zagorodnov, 2001]; and ablation zone in Greenland, [Wientjes and
Oerlemans, 2010]). Greater magnitude impurity concentrations on snow and ice can not only be detected
with remote sensing but also geochemically differentiated [Gleeson et al., 2010; Casey and Kääb, 2012]. The
Snow Grain Size and Pollution amount algorithm, used with Moderate Resolution Imaging

Figure 1. Snow spectral and surface sample sites are identified on the United States Antarctic Program logistic map.
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Spectroradiometer (MODIS), retrieves soot concentrations with 10% accuracy when BC concentrations are
greater than 1000 ppb [Zege et al., 2011]. The daily MODIS dust radiative forcing in snow product is available
in near-real time and historically for areas of the globe known for dust on snow deposition (e.g., Western U.S.
and Hindu-Kush-Himalaya), but due to the coarse spatial and spectral resolution, retrieved values are subject
to relatively high uncertainties [Painter et al., 2012]. Although remote sensing of LAPs in snow and ice remains
a complex task (many challenges detailed inWarren [2013]), we hypothesize that high concentrations of LAPs
and resulting radiative impacts can continue to be further characterized with remote sensing techniques.

To address the paucity of heavily contaminated snow spectral and chemical data, the South Pole region’s
gradient of very clean to exceptionally polluted snow over small spatial scales was targeted for study. Here
we present a comprehensive data set of snow spectroscopy, black carbon, and trace element concentrations
to quantify fossil fuel emissions on snow and consequent radiative impacts. This study improves our general
understanding of the impacts of LAPs on snow and can contribute to advancing cryospheric remote sensing
techniques. Greater understanding of snow and ice LAPs concentrations and radiative impacts is crucial to
quantifying air-to-snow chemical interactions, aerosol climate connections, radiative energy balance, and
cryospheric mass balance [Hansen and Nazarenko, 2004; Flanner et al., 2007; Koch et al., 2009;
Intergovernmental Panel on Climate Change, 2014; Goelles et al., 2015; Qian et al., 2015].

2. Study Location

Located in central Antarctica, at an elevation of 2835 meters above sea level, the South Pole is climatically
influenced by both the conditions of the high, dry, cold East Antarctic plateau and by the relatively warm,
wetter weather systems that traverse inland from the West Antarctic ice sheet and Filchner-Ronne and
Ross Ice Shelves. Synoptic heat- and moisture-bearing storm events reach the South Pole from the northwest
Atlantic Weddell Sea and southwest Pacific Ross Sea [Hogan et al., 1982; Harris, 1992; Nicolas and Bromwich,
2011]. The South Pole region typically receives dry continental, katabatic winds originating higher on the East
Antarctic plateau, prevailing from 45°E, at 2–5 m s�1 grid southwest across the region [Lazzara et al., 2012].
The South Pole mean annual air temperature is�49°C, based on a 50 year surface climatology [Lazzara et al.,
2012]. Approximately 20 cm of snow falls per year around South Pole, equaling ~7–10 cm water equivalent
per year [McConnell et al., 1997; Mosley-Thompson et al., 1999]. From the European Centre for Medium-Range
Weather Forecasts reanalysis data, roughly half of South Pole snow accumulation is delivered from storms
originating in the oceans off West Antarctica, and the remainder is from clear-sky, “diamond dust” snow
[Radok and Lille, 1977]. Due to the cold temperatures in the South Pole region, fossil fuel combustion
emissions precipitate rapidly and emission fallout remains localized [Brier et al., 1998].

The seven measurement sites where spectra and samples were collected are mapped in Figure 1 and include
(1) clean snow from the clean air sector, (2) a snow site upwind of generators, (3) snow less 0.5 km downwind
of generators, and (4) snow on the aircraft runway entry/exit point, (5 and 6) aircraft taxiway/parking areas,
and (7) aircraft fueling area. The seven sites receive relatively low annual snow accumulation, and the clean
air sector and upwind of generator sample sites receive minimal snow disturbance. The downwind of genera-
tor area received continual fossil fuel emissions during the austral 2014–2015 season. The aircraft skiway, taxi,
and fueling areas receive weekly intensive, direct fossil fuel emissions and potential thermal impacts during
the austral summer when aircraft are parked with engines running for extended periods of time (nominally
idle 45 min) [Brier et al., 1998].

3. Methods
3.1. Field Spectroscopy

During the austral summer 2014–2015 season, field spectra were collected at the seven locations surround-
ing South Pole Station. Surface reflectance was measured with an Analytical Spectral Device (ASD) FieldSpec
4 Standard-Resolution spectroradiometer (colloquially “field spectrometer”) which measures the distribution
of radiation in hyperspectral resolution from 350 to 2500 nm. The instrument was controlled by a laptop
computer with ASD RS3 software [Analytical Spectral Devices Inc., 2011]. The spectral resolution of the instru-
ment is 3 nm in the visible and near-infrared (VNIR) region (350–1000 nm) and 10 nm in the short-wave infra-
red (SWIR) region (1001–2500 nm) at full width half maximum; the spectra are resampled and splined to 1 nm
resolution. The fiber optic cable of the field spectrometer contains 57 glass fibers: nineteen 100 μm fibers for
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VNIR, nineteen 200 μm fibers for
SWIR1 (1001–1830 nm), and nineteen
200 μm fibers for SWIR2
(1831–2500 nm), which are randomly
distributed in a fiber optic bundle. For
our measurements, spectra were set
to be the average of 25 scans, where
data are collected at 0.2 s per scan.

The spectral measurement setup is
described as follows. Spectra were
collected in nadir, 25° field of view,
on clear-sky days, within 2 h of local
solar noon (10:00 A.M. to 2:00 P.M.
LT) to ensure high, near-constant
incident solar radiation flux during
measurement. Snow with flat, near-
homogenous surfaces and visually
even snow grain distributions was
targeted for measurement. A tripod
positioned approximately 120 cm
above the snow surface, with a
mounted steel rod to extend the fiber
optic cable, was used to collect spec-
tra equating to an ~ 53 cm diameter
ground field of view. A calibrated,
lossless, diffuse Spectralon reflec-
tance standard panel (25 cm2) was
positioned on a second tripod
90 cm above the snow surface.
Bubble levels were used on the
tripods and the fiber optic steel rod
to ensure nadir, horizontal surface
view angles. During all measure-
ments, the operator wore all black
outer clothing and was positioned,

along with the bulk of the tripod setup, away from the Sun to avoid shadowing or interference with the
measurement area. Figure 2 displays spectral sample collection setup in the clean air sector and aircraft
runway sites.

For the sampling strategy, on each spectral measurement day, two areas within collection sites were sampled
to measure snow diversity within the site. Spectra were collected in five snow and five calibration target
acquisitions and repeated for sets of at least 100 spectra per sample area. Data represent multiple observa-
tions from a nominal summer season. During the 2014–2015 season, there were a few minor storms that
deposited or redistributed snow slightly across the region. Our repeat spectral and sample collection
measurements of the aircraft runway were aimed at considering this freshening of the runway snow surface
and capturing the range of spectral response and impurity content found on surface snow during a typical
summer season in the domain of the largest fossil fuel emission fallout. The sample collection attributes
are detailed in Table 1.

The hemispherical-directional reflectance factor (HDRF) was calculated [Nicodemus et al., 1977; Martonchik
et al., 2000; Schaepman-Strub et al., 2006]. Due to FieldSpec instrument variability from the 57 optical fibers
in three detectors and single spectra collection variability, resulting from atmospheric, illumination, and
angular response variability, repeat target to calibrated panel reflectance factors were averaged to form
representative HDRF (here after referred to simply as spectral reflectance). Table 2 lists the number of

Figure 2. Field spectra collection (top) at spectral sample site 1, in the clean
air sector on 7 December 2014 and (bottom) at spectral sample site 7 on the
South Pole Station runway on 2 January 2015.
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spectral target to calibrated panel pairs used in creating each spectral reflectance average, as well as the
average full spectrum standard deviation. Optical fiber checks were performed before and after each set of
field measurements while at South Pole Station, to confirm all 57 VNIR, SWIR1, and SWIR2 optical fibers
maintained signal strength. The field spectrometer was checked for optical calibration prior to and after
field deployment, showing excellent repeatability (within 0.1% on average from 350 to 2500 nm). The
averaging, optical fiber checks and optical calibration provide information on spectral acquisitions stability
and precision. These spectral reflectance measurements can be compared with, and included in, standard

Table 1. List of the Field Spectroscopy and Snow Sample Collection Attributes, With Snow Classifications After Fierz et al. [2009] (Where Snow Hardness of 2 = Soft,
4 = Hard, Snow Roughness of rsm = Smooth, rrd = Sastrugi, Erosion Features)

Sample ID Location Date Data Collected Snow Hardness Snow Roughness

1a, 1b, 1c, 1d Clean air sector 12-7-14 100 Field spectra, 4 snow samples 2 rsm
2a, 2b, 2c, 2d Upwind of generator 12-18-14 200 Field spectra, 4 snow samples 2 rrd, slight sastrugi
3a, 3b, 3c, 3d Downwind of generator 12-18-14 220 Field spectra, 4 snow samples 2 rsm
4a, 4b, 4c, 4d Start of runway, aircraft landing 12-12-14 110 Field spectra, 4 snow samples 4 rrd, wind blown erosion features
5a, 5b, 5c, 5d End of runway, aircraft parking 12-11-14 100 Field spectra, 4 snow samples 4 rrd, vehicular disturbed snow
6a, 6b, 6c, 6d End of runway, aircraft parking 12-14-14 200 Field spectra, 4 snow samples 4 rrd, slight erosion
7a, 7b, 7c, 7d Runway apron, aircraft fueling 1-2-15 200 Field spectra, 4 snow samples 4 rrd, slight erosion

Table 2. Parts Per Billion Concentrations of BC and Trace Elements Measured in this Study and Compared To Other South Pole Area Snow Chemistry Studiesa

Sample BC Na Mg Al S Ca Cr Mn Fe Co Cu Zn As Cd Ba Pb

1a 0.14 27 2.8 2.1 9.5 220 0.026 0.083 0.41 0.0059 0.38 1.2 0.0024 0.012 0.14 0.014
1b 0.16 22 2.7 2.8 18 99 0.013 0.063 0.19 0.0028 0.15 0.84 0.0017 0.0050 0.062 0.026
1c 0.39 30 2.6 2.0 20 110 0.014 0.052 0.25 0.0031 0.50 0.74 0.0016 0.0051 0.072 0.017
1d 0.36 16 3.4 4.6 16 150 0.023 0.10 2.9 0.0019 0.93 0.69 0.0041 0.0028 0.99 0.058
2a 0.76 87 3.5 0.35 36 270 0.032 0.072 0.40 0.0020 0.13 1.2 0.0014 0.0089 0.11 0.0044
2b 0.27 97 2.7 0.57 17 75 0.029 0.043 0.26 0.0016 0.20 0.63 0.00045 0.0054 0.12 0.014
2c 0.32 59 3.3 0.94 24 210 0.042 0.052 0.52 0.0034 0.52 1.1 0.0017 0.0070 0.085 0.0087
2d 0.80 33 3.0 0.71 31 260 0.032 0.075 0.51 0.0037 0.13 0.84 0.0019 0.0095 0.076 0.0053
3a 6.3 44 4.4 4.4 38 270 0.057 0.24 3.1 0.0055 1.5 1.3 0.0036 0.021 0.10 0.062
3b 6.6 34 9.4 16 27 120 0.22 0.42 31 0.012 1.7 0.95 0.013 0.017 0.31 0.11
3c 2.6 22 5.8 7.8 22 170 0.098 0.24 13 0.0054 0.78 1.5 0.0061 0.0077 0.098 0.055
3d 4.2 24 5.9 12 26 170 0.15 0.39 25 0.0076 0.57 1.4 0.0088 0.048 0.17 0.090
4a 6.7 28 3.3 3.8 25 300 0.083 0.22 12 0.0059 1.6 1.0 0.0066 0.045 0.57 0.056
4b 130 19 3.0 25 21 85 0.096 0.15 9.6 0.0033 2.2 0.95 0.0080 0.070 0.49 0.052
4c 13 49 5.7 5.5 36 380 0.16 0.23 13 0.0091 3.5 2.5 0.011 0.11 0.71 0.24
4d 16 39 4.6 6.3 36 170 0.16 0.17 13 0.0053 1.8 1.3 0.0092 0.16 0.33 0.074
5a 4000 49 10 24 610 180 0.88 1.6 180 0.26 120 5.1 0.030 6.1 3.3 6.2
5b 3300 42 9.5 26 540 95 1.2 1.4 120 0.23 20 3.1 0.027 0.19 2.3 2.9
5c 960 110 18 44 350 410 0.78 1.4 99 0.11 1.8 4.4 0.028 0.11 1.8 0.25
5d 970 56 12 28 400 180 0.68 1.5 160 0.12 3.6 4.4 0.028 1.3 2.8 0.38
6a 4300 160 16 26 380 530 0.69 1.3 140 0.34 5.2 4.4 0.031 0.18 2.4 0.46
6b 3400 100 14 42 630 280 0.80 2.1 200 0.56 17 4.5 0.036 0.33 2.6 1.2
6c 1800 48 7.2 21 110 120 0.13 0.64 55 0.043 0.87 1.3 0.015 0.037 0.86 0.097
6d 490 34 8.6 14 110 170 0.15 0.50 41 0.028 0.86 1.2 0.014 0.054 4.2 0.11
7a 510 43 27 42 210 140 1.0 2.1 130 0.095 3.1 3.3 0.021 0.39 1.8 0.19
7b 2400 26 7.5 16 240 73 0.46 1.5 150 0.086 2.7 2.5 0.023 0.67 2.0 0.24
7c 6600 130 39 53 1200 570 1.9 6.2 660 0.52 14 6.3 0.082 0.49 22 1.2
7d 7000 47 13 24 840 140 1.0 2.9 280 0.34 4.5 3.0 0.047 0.66 5.3 1.5
Boutron [1982] 1.1 0.66 0.62 0.0063 0.39 0.025 0.072 0.010 0.028
Boutron
and Patterson [1987]

0.0063

Warren and Clarke [1990] <0.5
Ferris et al. [2011] ~10 <3 (SO4 50)
Dixon et al. [2013] 6.6 6.5 2.1 6.6 2.3 0.012 0.025 0.90 0.023 0.0035 0.0041 0.019 0.012
Korotkikh et al. [2014] 0.296

aBoutron [1982], Boutron and Patterson [1987],Warren and Clarke [1990], and Ferris et al. [2011] measurements were from snow collected near South Pole station.
Dixon et al. [2013] and Korotkikh et al. [2014] snow samples are from the ITASE 2002–2006 site near South Pole.
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spectral reflectance libraries [e.g., Clark, 1999] and used as references in identification of remotely sensed ele-
mental, mineralogic, and molecular compositions.

3.2. Snow Sample Collection

Immediately after spectral reflectance measurements were conducted, snow samples were gathered. A total
of 28 surface snow samples were collected at the seven field spectroscopy sites (detailed in Table 1). Surface
snow was collected at each spectral sample area, representing an approximate 30 cm × 30 cm area and the
upper 3 cm of snow. Snow samples were collected in duplicate for each targeted field spectroscopy area and
labeled by sample identification (ID). For each site, sample IDs a and b represent area 1, and sample IDs c and
d represent area 2. New polypropylene gloves were worn during each snow sample collection. Surface snow
samples were placed in clean Whirl-Pak bags, double bagged, and kept frozen in temperature-controlled,
dark environments until measured in the labs as described in sections 3.6 and 3.7.

3.3. Grain Size and Albedo

Optical grain radius (OGR) is an important factor in modeling snow albedo as it determines reflectance in the
near infrared and mainly controls clean snow broadband albedo. Snow spectral reflectance was inverted for
OGR using the ice absorption feature centered at 1030 nm by best matching the integral across the
continuum-normalized spectrum (950 to 1090 nm) to those for theoretical OGRs contained within a look-
up table [Nolin and Dozier, 2000]. The look-up table is generated through repetitive runs of the Discrete
Ordinates Radiative Transfer Program (DISORT) [Stamnes et al., 1988], an algorithm which simulates the radia-
tive transfer through a homogenous snowpack composed of spherical grains of pure ice of a given grain size
and specified illumination and reflection geometry. Uncertainty in the method is ±10–50 μm for grain sizes
between 50 and 900 μm [Nolin and Dozier, 2000]. For simplicity, we will refer to OGR hereafter as grain size.

Similar to the methodology to convert snow reflectance to albedo from remote sensing [e.g., Painter et al.,
2013], measured snow reflectance was converted to albedo via the spectral application of the anisotropy fac-
tor, which is the relationship between modeled reflectance and albedo for the same grain size and
illumination/viewing angle. We note that this requires the assumption that the scalars between albedo
and reflectance are not impacted by impurity content, an assumption that has not been tested. Clear-sky
spectral irradiance for Antarctic summer was modeled with the Santa Barbara DISORT Atmospheric
Radiative Transfer model (SBDART) [Ricchiazzi et al., 1998]. Daily variation in irradiance was accounted for
by scaling modeled irradiance such that its spectral integration matched measured broadband irradiance
measured at NOAA’s South Pole Observatory (http://www.esrl.noaa.gov/gmd/obop/spo/). From measured
albedo and SBDART irradiance spectrally weighted albedo between 350 and 750 nm (visible), 750 and
2500 nm (near/shortwave infrared), and 350 and 2500 nm (broadband) was calculated by dividing the
product of the summation of irradiance and albedo by the summation of irradiance, i.e., for broadband
albedo (equation (1)).

α ¼

P2:5 μm

λ¼0:35 μm
I�αLAPΔλ

P2:5 μm

λ¼0:35 μm
IΔλ

(1)

where I is scaled spectral irradiance at the given solar zenith angle, αLAP is the albedo at the same solar zenith
angle, and note that λ is the wavelength in micrometer.

3.4. Radiative Transfer Modeling

The Snow, Ice, and Aerosol Radiation (SNICAR) model (http://snow.engin.umich.edu/) [Flanner et al., 2007,
2009] was used to model spectral albedo of snow at South Pole collection sites given meteorological and
measured parameters. The SNICAR model, developed after the two-stream radiative transfer solution of
Toon et al. [1989], computes multiple scattering and reflectance from snow and impurity mixtures across
470 bands (300 to 5000 nm) at 10 nm resolution. In addition to solar zenith angle, input fields include effec-
tive (optical) snow grain size, snowpack density, snow and firn thickness, albedo of underlying ground, and
impurity concentrations, which can be specified for uncoated and sulfate-coated BC, dust concentrations in
four size bins, and volcanic ash. For albedo modeled in this study, the solar zenith angle input corresponded
to time of snow reflectance measurement, the optical grain size input was that retrieved from the measured
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snow reflectance, snow density was set to 350 kgm�3 [Giovinetto and Schwerdtfeger, 1965; Jouzel et al., 1983],
and snow thickness was set to 120 m [Kuivinen et al., 1982].

Albedo was modeled with SNICAR for snow measured at South Pole sample sites, where impurity concentra-
tions measured were used for model input. Measured Al was used to approximate dust content in snow, as it
is a major constituent of dust reaching Antarctica [Planchon et al., 2002; Schwanck et al., 2016] and was found
to be minimally enriched compared to dominant crustal elements measured. Antarctic plateau Al snow con-
centrations have been found to be predominantly in particulate fraction, bound to refractory phases (e.g., oxi-
des) yielding acid dissolvable fractions at ~5% [Grotti et al., 2011]. Therefore, Al measured from snow samples
in our study was estimated to represent 5% of total dust concentration and divided by two as the principal Al
component found in crustal dust is Al2O3 [Wedepohl, 1995]. Radiative forcing was then estimated by taking
the summation of the product of spectral irradiance and the difference between the spectrally weighted
dust/BC albedo and clean snow albedo, which represents the enhanced surface absorption due to impurity
content, for broadband wavelengths (equation (2)).

RF ¼
X2:5μm

λ¼0:35μm

I� Δαð ÞΔλ (2)

where Δα = αclean � αLAP, which is the difference between clean and impurity containing snow albedo at the
same solar zenith angle, grain size, and density.

3.5. Optical Microscopy

A Nikon Measuring Microscope, model MM-40, was used to take optical microscopy digital images of the
South Pole snow samples in cold laboratory conditions (�10°C) within the Snow and Ice Research Facility
at NASA Goddard Space Flight Center in Greenbelt, Maryland. Bright field illumination was used with 2.5X
and 5X magnification objectives to illuminate and image the snow grains and the larger visible LAPs
[Pluta, 1988]. The optical microscopy imaging provided a qualitative estimate of snow grain size and LAP
impact on the snow and the variability of these qualities among the seven site samples.

3.6. Black Carbon Measurement

The BC concentrations in the South Pole surface samples were measured using a Single Particle Soot
Photometer coupled with a CETAC U-5000-AT+ nebulizer at Central Washington University. The SP2 uses
laser-induced incandescence to measure the mass of refractory BC in single particles [Stephens et al., 2003;
Schwarz et al., 2006]. The SP2 measures refractory BC; however, for simplicity we use the term BC.
Monitoring of liquid sample flow rate pumped into the nebulizer, fraction of liquid sample nebulized, and
purge air flow rate allows BC mass concentrations in the liquid sample to be determined. Because BC is
not nebulized with 100% efficiency, Aquadag standards were used to correct the measured BC concentra-
tions for BC losses that occur during nebulization. However, this standard correction does not address the
size-dependent nebulization that occurs in the Cetac U-5000AT+ nor does it account for BC particles that
are outside of the SP2 detection range (80–600 nm in this study). Thus, the measured BC concentrations
reported herein represent lower limit values. Further details are provided in Wendl et al. [2014] and Kaspari
et al. [2014].

To prepare for snow sample measurement, polypropylene (PP) sample vials were soaked in 15% trace metal-
grade nitric acid for 1 week, triple rinsed with deionized water, soaked in deionized water another week, triple
rinsed, and dried in a class-100 HEPA clean room. All samples were kept frozen until just prior to SP2measure-
ment. Snow samples were transferred fromWhirl-Pak collection bags to 120 mL clean PP vials. Snow samples
were thenmelted, uponwhich some vials became dark gray or black colored. This dark coloring on some vials
likely indicated adhesion of BC onto the PP vial walls. Because of concerns that substantial BC was lost to the
vial walls, high BC concentration snow samples 5a, 5b, 6a, 6b, 6c, 7b, 7c, and 7d were remeasured with new
snow sample in nitric acid soaked, deionized water cleaned glass Pyrex vials which prevent adhesion to
container walls. These high BC concentration samples were diluted with deionized water, sonicated, and
diluted again to allow accurate measurement in the SP2. All samples were sonicated for 25 min and imme-
diately analyzed while being stirred with a magnetic stir bar for BC concentration. Procedural blanks were
used to characterize the instrument detection limit.
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3.7. Trace Element Measurement

A Thermo Element 2 Inductively Coupled Plasma Mass Spectrometer (ICPMS) was used for trace element
concentration measurement. The sample introduction system was an Elemental Scientific Apex with a
100 μL/min self-aspirating Teflon Nebulizer. Trace elements Cd, Ba, Pb, and Cs were measured in low resolu-
tion; Mg, Al, S, Ca, Cr, Mn, Fe, Co, Cu, and Zn were measured in medium resolution and As was measured in
high resolution. The ICPMS instrument was calibrated prior to sample analysis with standards intended to
bracket the snow sample range. Snow samples containing concentrations that were beyond the ICPMS
instrument calibration range were rerun with a higher concentration calibration applied. Standard reference
material SLRS-5 (Environment Canada) was run to verify the ICPMS calibration.

Snow samples were acidified with trace metal-grade nitric acid such that the samples contained 1%
nitric acid. Samples were mixed by shaking them after they were acidified and then several times while
they were leaching for approximately 4 weeks. In the heaviest particulate concentration snow samples,
some particulate material did not dissolve and very fine black material settled to the bottom of the
container. Samples were not shaken immediately prior to ICPMS measurements as this fine material
would plug parts of the instrument. The trace elements that were leached from the acid digestion into
solution are included; however, measured trace elements likely do not represent a complete digestion
of refractory particles. Deionized water blanks were measured and reflected very low trace element con-
centration contributions. Our acidification and leaching protocol was based on experiments conducted
using WAIS Divide (West Antarctica) snow samples [Koffman et al., 2014]. Cryospheric trace element
ICPMS instrument measurement methods used in this study are further described in Osterberg
et al. [2006].

4. Results
4.1. Optical Microscopy

Optical microscopy images of the span of clean to polluted runway snow samples showed significant differ-
ences. Bright field illumination at 5X magnification images revealed the clean air sector snow samples to be
clear and contain smooth snow grain edges. In contrast, the increasing amount of particles in downwind of
generator and aircraft runway samples resulted in snow grains which were progressively more opaque,
darker in color, and concentrated with more fine particulate inclusions. Figure 3 demonstrates the contrast
between clean air sector and runway snow samples, where the images have constant magnification and
illumination applied. Observable snow grain sizes were found to be approximately 0.5 mm in diameter on
average when measured in the laboratory, several months after sample collection. Thus, when measured
spectrally in the field, snow grain sizes were likely smaller, as snow grains nominally grow with age [e.g.,
LaChapelle, 1969; Pirazzini et al., 2015]. We note that observable snow grain size does not necessarily equate
to optical snow grain size, which is the radius of the sphere that returns the same hemispherical flux.

4.2. Black Carbon Concentrations

The clean air sector and upwind from generator snow samples contained the lowest BC concentrations, aver-
aging 0.26 ppb (parts per billion) and 0.54 ppb, respectively (Table 2 and Figure 4) and generally agree with
the magnitude of BC found in previous South Pole area clean snow studies [e.g., Warren and Clarke, 1990].
Downwind from the generator and aircraft runway, BC concentrations were significantly higher, with BC sam-
ple area averages of 4.9 ppb (site 3), 41 ppb (site 4), 2300 ppb (site 5), 2500 ppb (site 6), and 4100 ppb (site 7),
respectively. As expected, the heaviest BC concentrations were found in the aircraft landing, parking, and
fueling areas where fossil fuel emissions are estimated to be strongest and transport distance shortest.
Aircraft fueling sample site 7 contained the highest BC concentration of 6600 and 7000 ppb, in samples 7c
and 7d, respectively. These BC concentrations also are likely to be lower than actual BC, due to the limitations
of the SP2 detection range (80–600 nm).

BC concentrations measured are highest within 1 km of emission sources, and concentrations reduced with
greater distances from emission source, agreeing with findings from previous emission fallout studies [e.g.,
Warren and Clarke, 1990; Warren et al., 2006]. BC concentrations measured in aircraft runway snow sample
sites 5–7 are comparable and/or higher (samples 5a, 5b, 6a, 6b, 7c, and 7d) than BC concentrations reported
in other anthropogenically impacted BC on snow studies, (e.g., snow in Northern China of 1220 ppb BC,
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reported inWang et al. [2013] and snow near a coal mine in Svalbard with refractory BC 345 ppb, effective BC
4900 ppb, reported in Khan et al. [2017]).

4.3. Trace Element Concentrations

Significant increases in trace element concentrations were found for most elements from clean air sector and
upwind of generator snow to downwind of generator and aircraft runway snow. Concentrations for each
sample and element are listed in Table 2 and plotted in Figure 5. The major natural sources of particles to
South Pole region come from crustal dust, sea salts, and intermittently volcanic ash. Trace elements measured
from our clean air sector snow samples generally agree with previously reported values (Table 2); however,
aircraft runway trace element concentrations were significantly higher due to the anthropogenic fossil fuel
combustion near South Pole.

To discern the snow sample trace elemental contribution from natural or anthropogenic source, crustal and
oceanic Enrichment Factors (EF) (equations (3) and (4)) were calculated for each sample and element. EF
provide a simple, robust means to evaluate measured sample elemental concentrations as compared to

Figure 4. BC concentration (ppb) of 28 South Pole snow samples. Height of colored box corresponds with average BC con-
centration per sample site. The clean air sector displays the cleanest snow (1), followed by upwind of a science generator
(2), and then progressively more polluted snow downwind of generator (3), and on the aircraft runway (4–7).

Figure 3. Bright field, 5X magnification optical microscopy images of snow grains collected in (left) the clean air sector,
sample 1d and (right) South Pole aircraft runway, sample 7d.
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elemental abundances in standard reference materials. Enrichment factors greater than 10 indicate signifi-
cant contribution from sources other than the reference material.

Crustal enrichment factors (EFc) were calculated to assess the relative abundance of trace elements relative to
Earth’s upper continental crust. For this study, upper continental crust elemental abundances afterWedepohl
[1995] were used as the standard reference material, and Cesium (Cs), an alkali metal with relatively low
natural or anthropogenic emission sources, was used as the reference element.

EFc ¼ X=Csð Þsnow
X=Csð ÞSTD

(3)

where “EFc” corresponds to crustal enrichment factor of element “X.” (X/Cs)snow is the concentration ratio
measured in the snow sample. (X/Cs)STD is the concentration ratio of the upper continental crust.

The EFc determined deviations from crustal enrichment are listed as follows and displayed in Figure 5 (right).
No crustal enrichment was found for Al. Minimal crustal enrichment was found for Mg and Mn. High enrich-
ment relative to the crust was found for Fe and Ba in runway only snow samples. Significant enrichment
relative to Earth’s crust was found in all snow samples for S, Ca, Cr, Co, Cu, Zn, As, Cd, and Pb. Fossil fuel
combustion is the primary suspected cause for S, Cr, Mn, Fe, Co, Cu, Zn, As, Cd, Ba, and Pb enrichment near
South Pole; enrichment of these elements is indicative of anthropogenic fossil fuel emission particle deposi-
tion [Vouk and Piver, 1983; Pacyna and Pacyna, 2001].

Enrichment compared to oceanic water was also assessed, using Na as a reference element [e.g., Dixon et al.,
2013; Schwanck et al., 2016] and the abundance of ocean water after Huheey et al. [1993].

EFo ¼ X=Nað Þsnow
X=Nað ÞSTD

(4)

where “EFo” corresponds to oceanic enrichment factor of element X. (X/Na)snow is the concentration ratio
measured in the snow sample. (X/Na)STD is the concentration ratio of ocean water.

Mg showed no-to-negligible enrichment compared to oceanic water across the samples. S showed no con-
sistent enrichment in clean air sector and upwind of generator snow, however, slight and strong enrichment
in downwind of generator and aircraft runway samples, respectively. Other trace elements (Al, Ca, Cr, Mn, Fe,
Co, Cu, Zn, As, Cd, Ba, and Pb) showed very strong enrichment compared to oceanic water in all
snow samples.

Influence from crustal and marine natural processes was signaled by the concentration and enrichment pat-
terns in Na, Mg, Al, and Ca in the snow samples. Sporadic, short duration (10–20 day) events are known to
bring marine influenced, sea salt aerosol enrichment (e.g., Na, Mg, and Ca) to the South Pole region year
round [Tuncel et al., 1989]. Natural marine sourced Na, Mg, and Ca enrichment revealed near-stable values
across all sample sites, with slightly higher EF in undisturbed snow areas (sites 1 and 2). Dust transport to
South Pole has been found to be highest in the calmer meteorological conditions of austral summers
[Tuncel et al., 1989]. The relatively low concentration of Al in all samples likely represents crustal dust transport
contributions to the ice sheet and less prevalent contributions from fossil fuel combustion. Sulfur is more
volatile compared to nonreactive trace metals and can thus be more challenging to study provenance in
snow [Dibb, 1996]. However, the cold, dry climate of South Pole lessens chemical reaction speed as compared
to more temperate conditions. Sulfur was found to be heavily enriched relative to both crustal and ocean
standards, especially in the runway snow samples. We hypothesize that fossil fuel emissions contribute
significantly to the high S concentrations measured in aircraft runway snow samples, and the cold, dry
climate of South Pole aids in preserving deposited S.

Overall, influence of natural processes, such as transport of sea salts, dust, and volcanic particles to South Pole
snow, was minimal compared to the anthropogenic impacts. Annual aircraft emissions of particles at South
Pole were estimated to be 820 kg, based on nominal flights to and from the station and the required engine
idling time due to cold conditions and engine design [Brier et al., 1998]. South Pole Station operations, includ-
ing power generation, heating, water production, and equipment operation, are estimated to contribute
another 1500 kg of particles to the atmosphere per year [Brier et al., 1998]. The collective-estimated particle
emissions, high-trace element concentrations measured, and high crustal and oceanic enrichment factors of
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S, Cr, Mn, Fe, Co, Cu, Zn, As, Cd, Ba, and Pb signal significant anthropogenic contribution to the snow from
fossil fuel combustion.

4.4. Snow Spectroscopy and LAP Impact

LAPs have detectable impacts on snow spectral reflectance. South Pole area snow spectral reflectance
displayed a gradient from high visible-SWIR reflectivity in the clean air sector snow to lower visible-SWIR
reflectivity in the heavily contaminated aircraft runway snow as expected. Specifically, snow spectral reflec-
tance in the clean air sector, with an average of 0.26 ppb BC, 16 ppb S, 0.94 ppb Fe, 0.019 ppb Cr,
0.075 ppbMn, and 0.49 ppb Cu had an average of 30% higher visible-SWIR reflectance than themost polluted
runway snow, with average 4100 ppb BC, 310 ppb Fe, 1.1 ppb Cr, 3.2 ppb Mn, 5.9 ppb Cu. Figure 6 demon-
strates the spectral reflectance variability found within each sample site, at the two sampling areas, where the
maximum and minimum spectral response per sample area is shown in semitransparent color, and the sam-
ple area average spectral reflectance shown in bold, solid lines. Table 3 lists the number of spectral pairs
(snow/Spectralon) averaged for each sampling area and the average standard deviation of the spectral reflec-
tance. The standard deviations of the full visible-SWIR reflectance measurements were well under 1%, trans-
lating to stable spectral acquisitions. All high-quality snow spectra results are presented in Figure 6, equating
to a total of 380 snow spectra, 190 spectral pairs. Note that some snow spectra collected during the season
are not presented due to pronounced anisotropic effects [see Painter and Dozier, 2004] noted in some spectra
from site 1 with the fine-grained pristine snow and anisotropic effects and outside of solar noon returns for
most spectra at sites 2 and 3.

For all high-quality snow spectra, characteristic snow absorption features were noted, including the higher
visible reflectance and decrease in NIR and further in SWIR with local maxima at 1100, 1300, 1800, and
2200 nm (i.e., described in O’Brien and Munis [1975] andWiscombe andWarren [1980]). Upon close inspection,
atmospheric oxygen absorption can be seen at approximately 765 nm in many spectra. The SWIR absorption
features found in snow spectra from approximately 1500–2100 nmmay signal elevated hydrocarbons [Clark,
1999], which was not measured in this study, though a primary fossil fuel combustion by-product. Overall, the
snow reflectance shape changed from site to site and to a lesser extent within the two sample areas per site.

Figure 5. South Pole snow sample trace element concentrations (left) and crustal enrichment factors (right) show increasing abundance and enrichment of most
trace elements in snow downwind of generators and on the aircraft runway.
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The visible range of the spectrum provides a means to understand LAP composition. Spectral characteriza-
tion of LAP continues to be studied. Particles are challenging to define spectrally due to component element
charge, bond(s) and/or orientation in host matrix, all which can result in variations to absorption features.
Snow reflectance changes from UV-near infrared are altered by organics, S, Fe, Cr, Mn, Cu, and BC concentra-
tions. Specifically, organics are known to yield absorption features in UV, S at 280 and 400 nm; Fe at 440, 870,
and 950 nm; Mn at 340, 370, 410, 450, and 550 nm; Cu at 800 nm; and Mg at 1000 nm [McClure, 1959; Hunt,
1977;Wiscombe and Warren, 1980; Clark, 1999; Gupta, 2003]. BC on snow is known to result in broad absorp-
tion in visible though 880 nm is often used as an open atmospheric measurement window with minimal con-
tributions from other elements or compounds [Weingartner et al., 2003]. In our measured spectral reflectance,
visible absorption was minor to negligible at site 1, and particularly strong for site 7, relative to sites 5 and 6.
Correspondingly, site 7 snow samples displayed the highest concentrations of Fe, S, Cr, Mn, and Cu as
detailed in results in section 4.3. The broad reduction of snow reflectance from visible to near infrared seen
in the other snow reflectance curves (site 5 and 6) is attributed mainly to BC, which is near equally absorptive
across the full solar spectrum [Wiscombe andWarren, 1980]. High concentrations of Cu and Pbmay contribute
to the reduced visible reflectance measured in site 5 spectra (i.e., if bonded to sulfur, see galena spectra
Kokaly et al. [2017]). We note that specific elements are likely present on snow in mineralogic grains, salts,
or molecular compounds; hence, specific absorption features are difficult to discern with this first step.
Follow-on work will be targeted on LAP component mineralogy, laboratory spectra, and/or further computa-
tional methods. We estimate that snow grain size did not contribute significantly to the spectral reflectance
differences measured in sites 5, 6, and 7 as there was minimal variation via quantitative retrievals (~150 μm)

Figure 6. The range of spectral reflectance measured for clean air sector snow compared to the increasingly polluted run-
way snow is plotted by maximum, minimum (transparent upper and lower bounds), and average (solid line) for the two
areas within each sample site.

Table 3. List of the Spectra Quantity and Statistics for the Most Reflective Clean Air Sector Snow (Site 1) and Progressively
Less Reflective Aircraft Runway Snow (Sites 6, 7, and 5) as Plotted in Figure 6

Site Sample Area Number of Spectral Pairs Average Standard Deviation

1 1 5 0.0018
2 15 0.0081

6 1 20 0.0029
2 30 0.0027

7 1 20 0.0032
2 50 0.0042

5 1 25 0.0030
2 25 0.0037
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and qualitative imaging microscopy (site 5 measured very slightly higher snow grain size via retrievals as
detailed in the following section). Thus, other factors constant (illumination angle and setup), we find that
the strong visible-absorbing elements are likely contributing to the enhanced absorption measured from
365 to 1000 nm.

4.5. Measured and Modeled Snow Albedo

This section provides an overview of the South Pole snow measured and modeled albedo, related variations
in the retrieved snow grain size, broadband albedo, and radiative forcing. Comparison between measured
albedo (estimated from reflectance measurements) and modeled albedo (SNICAR) is shown in Figure 7.
Measured broadband (visible through shortwave infrared) albedos were highest for the clean snow site 1
at 0.85. Aircraft runway snow broadband albedos were 0.75 for site 6, 0.69 for site 7, and 0.62 for site 5
(Table 4). Retrieved snow grain sizes ranged from 67.8 μm (site 1) to 179 μm (site 5) for the clean and most
contaminated runway site, respectively. The other two runway sites had similar grain sizes of ~150 μm. We
found that snow sample sites with higher BC and trace element concentrations had lower broadband albedo,
and larger snow grain sizes, relative to the cleaner site. These findings affirm both the general understanding
of LAPs impacts on snow and previous studies and the reduction of spectral albedo or reflectance with
increasing LAPs concentration (e.g., laboratory [Hadley and Kirchstetter, 2012]; in situ [Casey et al., 2012;
Negi et al., 2015; Di Mauro et al., 2015]). We note that the larger grain sizes and lower NIR reflectance exhibited
by aircraft runway snow could be due to compaction and higher local surface temperatures from parked or
slowly moving aircraft in addition to enhanced grain growth related to LAPs radiative forcing.

There is some uncertainty in the albedo comparison analyses given that SNICAR does not model observed
albedo perfectly. The average measured to modeled snow albedo differences ranged from +0.03 to
�0.001 for sites 5 and 7, respectively, and were 0.01 on average. This can be translated to a reflected solar

Figure 7. South Pole measured snow albedo (solid lines) compared with SNICAR modeled snow albedo (dashed lines).

Table 4. Measured Visible, Near Infrared, Broadband Albedo, and Radiative Forcing for the Clean Air Sector Snow and
Aircraft Runway Snow Sample Areas in Order of Progressively Lower Albedo and Higher Radiative Forcing

Spectral Sample
Area

Broadband Albedo: Visible
(365–750 nm)

NIR-SWIR (750–
2500 nm)

Visible-SWIR (365–
2500 nm)

Radiative Forcing
(W m�2)

1-1 0.98 0.68 0.85 0.20
6-2 0.87 0.59 0.75 23
7-1 0.78 0.56 0.69 46
5-1 0.71 0.51 0.62 69
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flux error, by applying measured and modeled albedo to the corresponding modeled spectral irradiance. The
solar flux error here was quite low, ranging from +2.18 W m�2 to �2.5 W m�2 for sites 5 and 7, and was
0.02 Wm�2 on average. This shows that in general SNICAR is able to model the reflectance of relatively clean
snow and snow containing impurities well and that the uncertainty in radiative forcing due to modeling is
low (± 2.5 W m�2). In this case, the least well modeled reflectance shape was across the visible wavelengths
for site 5, which could be due to uncertainty in inputs, or optical property representation of impurities within
the model. Currently, SNICAR uses a single mass absorption cross section for BC and general “global mean”
dust optical properties (based on a mixture of quartz, limestone, montmorillonite, illite, and hematite)
[Flanner et al., 2007]. Recent work has shown that the model performance is improved when those optical
properties are updated with those of deposited impurities [Skiles et al., 2016]. Variations in spectral absorption
due to specific mineralogic, elemental, or molecular constituents yield differing albedo. Further improve-
ments to LAPs modeled albedo addressing these specific elemental and mineralogic constituent absorption
characteristics are recommended.

4.6. Radiative Forcing

Radiative forcing was calculated for the four sites plotted in Figure 7. This radiative forcing represents the
difference in absorption between impurity laden and pure snow for the same solar illumination, grain size,
and density and therefore represents the direct impact due to LAPs (decrease in albedo) and does not repre-
sent the indirect impact due to LAPs (enhanced grain growth). From low to high BC concentrations corre-
sponding instantaneous RF values were <1 W m�2 at site 1, 23 W m�2 at site 6, 46 W m�2 at site 7, and
69 W m�2 at site 5. For context, relative to clean snow and for an irradiance of 450 W m�2, the snow at site
5 is absorbing ~15% more solar radiation due to the presence of LAPs, which has implications for local snow
processes around the South Pole Station, and other snow regions exposed to fossil fuel emission deposition.

There are no other studies in Antarctica that we are aware of that have retrieved radiative forcing from spec-
tral albedo measured and modeled from retrieved grain size and sampled LAP concentrations. There are
other studies from midlatitude mountain sites, where due to proximity to LAP sources, we would expect
radiative forcing to be higher. On the Mera Glacier (south slope of the Himalaya), Kaspari et al. [2014] found
instantaneous radiative forcings from 75 W m�2, for a BC concentration 258 ppb, up to 535 W m�2, for a BC
concentration of 1290 ppb and dust concentration of 9.3 parts per trillion (ppt). On Snow Dome, Mount
Olympus, WA, Kaspari et al. [2015] found that the summer surface radiative forcing by dust and BC increased
from 37–53 W m�2 in 2011 to 112–149 W m�2 in summer 2012, which was attributed to deposition of LAPs
by a forest fire. Skiles [2014] presented a continuous time series of radiative forcing by dust and BC during
ablation in the San Juan Mountains, CO, and found that radiative forcing ranged from 0.25 W m�2 for rela-
tively clean snow to 525 W m�2 for snow heavily contaminated by dust. We note that in all of these studies
both dust and BC concentrations were used to quantify radiative forcing, and in all instances dust dominated
the radiative forcing signal, which is not the case for this study.

5. Conclusions

We found that there is a significant, localized impact on snow albedo reduction on the South Pole Station
aircraft runway due to fossil fuel emission deposition. Light-absorbing particles lowered broadband snow
albedo from 0.85 to 0.62 in the heaviest contaminated snow and resulted in radiative forcing up to
~70 W m�2. Full visible-SWIR spectrum snow reflectance was reduced 30% on average from the clean air
sector snow to most polluted runway snow. This study provides the first comprehensive observational data
set of snow reflectance, snow albedo, radiative forcing, black carbon, and trace element compositions of
heavy pollution laden snow at South Pole, Antarctica. To our knowledge, previous studies have not had
the analytical chemistry trace element and BC results coupled with spectroscopy and radiative impacts.
The analytical chemistry and spectroscopy coincident data yield more accurate, precise understanding of sur-
face composition. Surface composition is only qualitatively gleaned from remote sensing tools alone. LAPs
deposited on snow were measured at seven locations of varying degrees of pollutant magnitude at South
Pole during the 2014–2015 austral summer, and we found upper limit polluted snow concentrations to be
7000 ppb BC, 1200 ppb S, 660 ppb Fe, 1.9 ppb Cr, 6.2 ppb Mn, 120 ppb Cu, 6.3 ppb Zn, 82 ppt As, 6.1 ppb
Cd, 22 ppb Ba, and 6.2 ppb Pb.
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Our study provides a first step of spectrally resolving BC and trace element influence on snow reflectance
from 350 to 2500 nm, given the analytical chemistry results. Measured snow albedo was compared to
modeled snow albedo for clean snow and increasingly polluted snow, and the greatest disparities are
suspected to be due to specific trace metal elemental and BC abundances. Follow-on work will further
inspect LAP composition via laboratory and/or spectroscopic methods [e.g., Hadley and Kirchstetter, 2012;
Kokaly, 2011]. Further research on fossil fuel and jet-propulsion fuel combustion emissions particle composi-
tion is highly recommended. We suggest that snow albedo models further refine elemental, molecular, and
mineralogic absorption feature capabilities for accurately estimating high LAPs concentrations. Currently,
many snow albedo models use generalized impurity categories (e.g., one dust type). Dust and particle types
vary greatly depending on natural and anthropogenic LAP sources unique to the local environment. This
study may provide a data set to explore albedo model impurity parameterizations.

There are also implications for other high albedo areas impacted by heavy fossil fuel emissions, namely, other
cryospheric aircraft runways (McMurdo, Antarctica and Summit, Greenland) and cryosphere or desert mining
and oil recovery facilities (Asia, Arctic, and Middle East). If pollution sources are strong and steady, albedo on
large spatial scales can be affected. We recommend follow-on studies to further quantify fossil fuel combus-
tion emissions and surface transformation at LAP-impacted locations. The reduction of surface albedo due to
fossil fuel combustion and similar natural or anthropogenic albedo reductions can have significant regional
radiative energy balance ramifications. Over snow, increasing LAP deposition can decrease snow albedo and
enhance snow grain metamorphosis and/or melt and contribute to snow albedo feedback.

Spectral absorption features are key to improving not only in situ but also airborne and satellite snow remote
sensing studies of cryospheric areas affected by LAPs. It has been proven that higher concentrations of impu-
rities on snow and ice can be resolved and characterized via airborne and satellite remote sensing [e.g., Zege
et al., 2008; Gleeson et al., 2010; Zege et al., 2011; Casey et al., 2012; Casey and Kääb, 2012; Painter et al., 2012,
2013; Seidel et al., 2016]. This study may be used to understand spectral response over snowwith similar mag-
nitudes of impurity concentrations (i.e., <1–3000 ppb BC, 9.5–1200 ppb S, and 0.19–660 ppb Fe). Further in
situ, airborne, and satellite remote sensing spectral studies are recommended for areas of high particulate
loading to cryospheric surfaces, such as near-natural volcanic, dust, biological, carbon, or anthropogenic
emission sources, to improve LAPs on snow and ice magnitude and composition characterization capabilities
and measure radiative impacts and surface albedo changes over time. Improved understanding of particle
impacts on cryospheric surfaces is crucial to expanding our understanding of air-snow interactions and redu-
cing uncertainties in projecting ice mass balance, sea level rise, and Earth’s radiative energy balance.
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