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Abstract Black carbon (BC) is derived from the incomplete combustion of biomass and fossil fuels and can

enhance glacial recession when deposited on snow and ice surfaces. Here we explore the influence of

environmental conditions and the proximity to anthropogenic sources on the concentration and

composition of dissolved black carbon (DBC), as measured by benzenepolycaroxylic acid (BPCA) markers,

across snow, lakes, and streams from the global cryosphere. Data are presented from Antarctica, the Arctic,

and high alpine regions of the Himalayas, Rockies, Andes, and Alps. DBC concentrations spanned from

0.62 μg/L to 170 μg/L. The median and (2.5, 97.5) quantiles in the pristine samples were 1.8 μg/L (0.62, 12),

and nonpristine samples were 21 μg/L (1.6, 170). DBC is susceptible to photodegradation when exposed to

solar radiation. This process leads to a less condensed BPCA signature. In general, DBC across the data set was

composed of less polycondensed DBC. However, DBC from the Greenland Ice Sheet (GRIS) had a highly

condensed BPCA molecular signature. This could be due to recent deposition of BC from Canadian wildfires.

Variation in DBC appears to be driven by a combination of photochemical processing and the source

combustion conditions under which the DBC was formed. Overall, DBC was found to persist across the global

cryosphere in both pristine and nonpristine snow and surface waters. The high concentration of DBC

measured in supraglacial melt on the GRIS suggests that DBC can be mobilized across ice surfaces. This is

significant because these processes may jointly exacerbate surface albedo reduction in the cryosphere.

Plain Language Summary Here we present dissolved black carbon (DBC) results for snow and

glacial melt systems in Antarctica, the Arctic, and high alpine regions of the Himalayas, Rockies, Andes, and

Alps. Across the global cryosphere, DBC composition appears to be a result of photochemical processes

occurring en route in the atmosphere or in situ on the snow or ice surface, as well as the combustion

conditions under which the DBC was formed. We show that samples from the Greenland Ice Sheet (GRIS)

have a distinct molecular chemical signature, consistent with deposition of BC from Canadian wildfires

occurring the week before sampling. The concentration range observed in this global cryosphere study

indicates significant amounts of DBC persist in both pristine and human-impacted snow and glacial

meltwater. Our results are significant for understanding the controls on meltwater production from glaciers

worldwide and the feedbacks between combustion sources, wildfires, and the global cryosphere. Wildfires

are predicted to increase due to climate change, and albedo cannibalism is already influencing meltwater

generation on the GRIS. Anticipated longer summer melt seasons as a result of climate change may result in

longer durations between snowfalls, enhancing exposure of recalcitrant DBC on snow/ice surfaces, which

could further exacerbate surface albedo reduction in the cryosphere.

1. Introduction

Many inherent challenges remain in quantifying and predicting melt of polar ice sheets and glaciers. In

particular, the complex influence of light-absorbing aerosols is not well understood [Bond et al., 2013].

Biomass burning and fossil fuel combustion are both sources of black carbon (BC) to the cryosphere

[Fellman et al., 2015]. Organic matter from these sources can be stored in glaciers for millennia [Hood et al.,

2009, 2015; Stubbins et al., 2012a] and mobilized during glacial melting [Hodson, 2014]. A study on the
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Greenland Ice Sheet (GRIS) attributed two widespread melting events (1889 and 2012) to BC produced from

Northern Hemisphere wildfires [Keegan et al., 2014]. This attribution was based on higher BC and ammonia

concentrations in ice lenses in firn cores, along with air mass back trajectory analysis; however, direct chemi-

cal characterization of the BC was not obtained. Once deposited, BC aerosols can be solubilized and trans-

ported in the aqueous phase as dissolved black carbon (DBC) [Dittmar, 2008]. In Alaskan glacier rivers, DBC

was interpreted as being sourced from atmospheric deposition of anthropogenic combustion products

[Ding et al., 2014a]. In Antarctica, DBC from wildfires in preindustrial eras has accumulated over millennia

in the saline bottom waters of closed-basin lakes; the DBC in the bottom waters has a more polycondensed

chemical signature in comparison to DBC in surface waters susceptible to influence from current local anthro-

pogenic point sources of BC [Khan et al., 2016]. Therefore, atmospheric deposition of both natural and anthro-

pogenic BC aerosols represents an important source of DBC to remote areas of the cryosphere.

DBC is quantified and characterized using the benzenepolycarboxylic acid (BPCA) method, which produces

individual BPCA molecular markers upon the oxidation of condensed aromatic structures [Dittmar, 2008].

The condensed aromaticity of DBC can be inferred from the relative proportion of produced BPCAs

[Schneider et al., 2010; Abiven et al., 2011]. The degree of aromatic condensation for particulate BC is primarily

a function of pyrolysis temperature, and links between BPCA composition and pyrogenic source are not

always clear [e.g., Schneider et al., 2010; Mcbeath et al., 2013a, 2013b; Wiedenmeyer et al., 2015]. In addition,

DBC molecular signatures are altered via photodegradation, either en route or in situ, changing BPCA com-

position and obscuring potential links to its pyrogenic source [Schneider et al., 2010; Ziolkowski and Druffel,

2010; Stubbins et al., 2012b; Ward et al., 2014]. Although BPCA composition cannot be used to directly infer

the pyrogenic source of DBC, we can use them to investigate potential biogeochemical drivers of the quality

of DBC which persists in cryospheric environments. In this study, we hypothesize that a more condensed DBC

signature will be characteristic of samples for sites with freshly deposited BC and limited time for photode-

gradation, while DBC enrichment in less condensed aromatics will be characteristic for sites where the DBC

may have been exposed to solar radiation for long durations of time either in the atmosphere or on the

snow/ice surface. In terms of sites with freshly deposited BC, we investigated sites on the GRIS where collec-

tion occurred shortly after Canadian wildfires. We also investigated sites where continuous inputs of local

anthropogenic sources of BC may lead to a fresher signature. In addition to the GRIS, an area known to be

impacted by wildfire-derived pyrogenic carbon, we included other polar regions with high solar exposure,

which are exposed to continuous sunlight almost 4 months per year, as well as high-altitude mountain sites.

Sampling locations in this study are largely remote, experience extended lengths of sunlight exposure, and

receive diverse inputs of atmospheric BC from both natural and anthropogenic combustion sources. As such,

our overall hypothesis is that in the cryosphere, degradative processing during DBC transit in the environ-

ment, as well as the combustion conditions under which the DBC was formed, are important drivers of the

DBC BPCA profile across the cryosphere.

Here we assess variation in DBC content and composition in samples that represent the typical global

cryosphere, as well as sites with known local sources of DBC (Figure 1: map). Data are presented from glacial

melt systems in Antarctica, the Arctic (GRIS and Svalbard), and high alpine regions of the Himalayas, Rocky

Mountains, Andes, and Alps. Snow samples are from the Rocky and Andes Mountains, as well as the Arctic.

Samples from the Norwegian Arctic were collected on Svalbard, including around an active coalmine and

coal burning power plant, fueling the largest settlement, Longyearbyen. Sites are categorized as “pristine”

(P; >5 km from a fuel combustion source) and “nonpristine” (NP; <5 km from a fuel combustion source).

To support the interpretation of the GRIS results, we determined biomass burning smoke aerosol optical

thickness (AOT) and air mass transport from the Navy Aerosol Analysis and Prediction System (NAAPS) over

several days in the week before the samples were collected.

2. Methods

Water samples were obtained that represent the diverse aquatic environments of the cryosphere. The

lakes and streams sampled include supraglacial systems found on the surface of glaciers, systems fed

directly by glacial melt and/or snow melt, as well as proglacial lakes, which form at the tongue of glaciers.

There are also surface water ponds included from the McMurdo Dry Valleys (MDVs), including DL-Hoare

Pond (DLH Pond), latitude: �77.622901916504, longitude: 162.902999877930, which is adjacent to Lake
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Hoare: http://www.mcmlter.org/content/dirty-little-hoare-pond. Lake Hoare was named for physicist Ray

Hoare, of the eighth Victoria University Expedition (1963–1964). Additional samples were collected at Cape

Royds in Antarctica. Regionally, the samples are divided into Arctic, Antarctic, and Alpine. The Arctic data

set is mostly composed of samples from the island of Svalbard in the Norwegian Arctic, as well as two

samples from the GRIS, one fresh snow and one supraglacial melt. Antarctic samples were collected from

the MDV and Cape Royds. Alpine samples are from snow and snowmelt in the Colorado Rocky Mountains,

supraglacial melt from the Ngozumba Glacier, the longest glacier in Nepal located in the Gokyo Valley of

the Nepalese Himalayas, snow and glacier-fed streams in the central Chilean Andes, and a glacier-fed stream

from the Mer de Glace in the French Alps.

Water and snow samples were collected in acid-rinsed and precombusted amber glass bottles or acid-rinsed

high-density polyethylene (HDPE) bottles. Snow was melted at room temperature in precleaned acid-rinsed

Nalgene buckets. All samples were filtered on precombusted glass fiber filters (Whatman GF/F, pore size:

0.7 μm), acidified to pH = 2 with concentrated HCl (analytical grade), and stored at 4°C until analysis. For

all samples, a 60mL aliquot was poured into acid-rinsed and precombusted amber glass bottles and analyzed

for dissolved organic carbon on a Shimadzu TOC-V-CSN with a detection limit of 0.07 mg C/L.

DBC (<0.7 μm) was measured using the BPCA method [Dittmar, 2008; Dittmar et al., 2008] and optimization

for freshwater DBC [Ding et al., 2014b]. This method is based on the oxidation of polycondensed DBC struc-

tures to BPCAs with three to six carboxylic acid groups (B3CA to B6CA). The BPCA method was applied to the

dissolved organic matter (DOM) isolated by solid-phase extraction (SPE). First, a SPE technique [Dittmar, 2008;

Dittmar et al., 2008] was applied to all samples using Bond Elut PPL cartridges, composed of a styrene-

divinylbenzene polymer solid phase. SPE efficiency for marine samples is typically ~45% and ~60% in fresh-

water [Dittmar et al., 2008]. In this study we measured SPE efficiency on eight samples (five Antarctic surface

waters (37%, 34%, 46%, 50%, and 67%), a glacier-fed stream from the Andes (34%), and two snow samples

(47% and 73%). The average efficiency of these eight samples was 48% ± 15%, with a range from 34% to 73%.

The PPL cartridges were transported frozen to Boulder, CO, and stored in a freezer. The PPL cartridges were

transported to Miami, FL, and completely dried under ultrahigh-purity nitrogen gas. The PPL cartridges were

then eluted with 10–20 mL of MeOH until the eluent was colorless. Aliquots of MeOH were then

Figure 1. Map of global distribution of sample sites overlaid on a NASA Visible Earth image. Data are presented from glacial melt systems in Antarctica, the Arctic, and

the Himalayas. Snow samples are from the Rocky and Andes Mountains, as well as the Arctic.
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quantitatively transferred to 2 mL glass ampules and evaporated to dryness under a stream of ultrahigh-

purity nitrogen. The dried DOM extract was redissolved in concentrated nitric acid (65%) before ampules

were sealed and oxidized in sealed glass ampules in a programmable oven for 6 h at 160°C in order to

produce BPCAs [Ding et al., 2014b]. They were then dried in a sand bath under ultrahigh-purity nitrogen

gas. BPCAs were then redissolved in the mobile phase buffer, separated, and quantified on a Sunfire C18

reversed phase column (3.5 μm, 2.1 × 150 mm; Waters Corporation) by an HPLC system coupled with a photo

diode array detector [Dittmar, 2008; Ding et al., 2012]. DBC concentrations were calculated from B3CA to B6CA

concentrations based on a previously reported algorithm [Dittmar, 2008]. B6CA was excluded from BPCA

proportion analysis due to its low signal and low resolution in most samples. Analytical replicates were

measured in triplicate with <10% standard deviation. Sample duplicates were collected for 5% of the

samples and fell within this <10% standard deviation.

The degree of condensed aromaticity of DBC in each sample was estimated based upon the BPCA distribu-

tion [Glaser et al., 1998; Ding et al., 2014b] using the ratio of (B3CA + B4CA)/B5CA. Although a complete under-

standing of all biogeochemical factors that influence BPCA ratios remains elusive, the ratios can be used to

provide preliminary assessments of the environmental dynamics of DBC. For instance, photodegradation

can significantly alter BPCA composition, reducing the overall condensed aromaticity of the DBC pool once

it reaches surface waters [Stubbins et al., 2012b; Ward et al., 2014]. As such, the DBC signature of samples

exposed to solar radiation over long durations may indicate extensive photodegradation, resulting in low

signals of B6CA. BPCA ratios can also vary significantly with pyrogenic source material and environmental

conditions. For example, higher abundance of B5CA + B6CA, indicating more condensed aromatic DBC,

has been associated with DBC in wildfire-impacted watersheds [Wagner et al., 2015], whereas DBC solubilized

from urban dust has been shoen to bemore enriched in B3CA + B4CA (i.e., less polycondensed BC) [Ding et al.,

2014a, 2014b]. Although we understand that the source of pyrolized carbon (i.e., fossil fuels or biomass burn-

ing) can influence DBC quality, we expect BPCA compositions for the current sample set to be influenced by

the atmospheric residence time of the original aerosol BC source and the degree of exposure to solar radia-

tion (Table 1). Thus, we expected to observe lower (B3CA + B4CA)/B5CA ratios when atmospheric transport

time was long and/or opportunities for photodegradation were high.

The biomass burning smoke aerosol optical thickness (AOT) data used in this study were obtained from the

Navy Aerosol Analysis and Prediction System (NAAPS) reanalysis [Lynch et al., 2016]. NAAPS reanalysis is a

decade-long global 1 × 1° and 6-hourly 550 nm AOT reanalysis product, which was recently developed

and validated at the Naval Research Laboratory. This reanalysis utilizes a modified version of the NAAPS as

its core and assimilates quality-controlled retrievals of AOT from Moderate Resolution Imaging

Spectroradiometer (MODIS) on Terra and Aqua and the Multiangle Imaging Spectroradiometer (MISR) on

Terra [Zhang and Reid, 2006; Hyer et al., 2011; Shi et al., 2014]. NAAPS characterizes anthropogenic and bio-

genic fine aerosol species (including sulfate and primary and secondary organic aerosols), dust, biomass

burning smoke, and sea-salt aerosols. Smoke from biomass burning is derived from near-real-time satellite-

based thermal anomaly data used to construct smoke source functions [Reid et al., 2009], with additional

orbital corrections on MODIS-based emissions and regional tunings. The reanalyzed fine- and coarse-mode

AOT at 550 nm is shown to have good agreement with the ground-based global-scale Sun photometer

network Aerosol Robotic Network AOTs [Holben et al., 1998]. Figure 3 is a series of snapshots at 18Z showing

wildfire-related smoke AOT at 550 nm between 18 and 21 June 2014 at 550 nm.

3. Results and Discussion

As expected, pristine sites had lowermedian and (2.5, 97.5) quantiles of DBC concentrations (1.8 μg/L (0.62, 12))

than nonpristine sites (21 μg/L (1.6, 170)). In particular, pristine snow samples exhibited low DBC concentra-

tions (1.8 μg/L (1.3, 10)). The median (B3CA + B4CA)/B5CA ratio for pristine samples from snow was 3 (1, 27)

(Table 1 and Figure 2). The remote pristine snow/surface hoar sample from the GRIS had a distinct composi-

tion compared to the rest of the data set, containing high levels of B5CA and a ratio of 0.3, below the 2.5%

quantile. Similar to the glaciers of Antarctica [Khan et al., 2016], the only potential source of BC to the GRIS

is long-range atmospheric transport. The GRIS sample was collected in late June 2014, as wildfires blazed

across the Canadian Arctic. As shown by the reanalysis from the NAAPS model, continuous smoke activities

occurred over the northwest of Canada between 18 and 21 June 2014 and were transported eastward to the

Geophysical Research Letters 10.1002/2017GL073485

KHAN ET AL. DBC IN THE GLOBAL CRYOSPHERE 6229



western region of the GRIS (Figure 3). Fresh aerosols from these fires, which appear to have been trans-

ported to the western region of the GRIS, would have remained in the surface hoar with limited time for

photodegradation prior to sample collection and provide an explanation for the highly condensed aromatic

DBC signal observed for this sample. The other most remote pristine snow sample was from Svalbard, which

had a DBC concentration of 1.1 μg/L and BPCA ratio of 4. This sample was collected in Woodfjorden, which is

several hundred kilometers from the closest town, thus only impacted by atmospheric long-range transport.

Pristine snow samples from the Rocky Mountains had similar DBC concentrations, from 8.9 to 9.7 μg/L, but

the (B3CA + B4CA)/B5CA ratios ranged from 3 to 27. Two of the pristine snow samples yielded

(B3CA + B4CA)/B5CA ratios higher than the Woodfjorden sample, 4.2. The (B3CA + B4CA)/B5CA ratio was

17 at Storm Peak Lab in Northern Colorado and 27 at Niwot Ridge in central Colorado (Table 1), suggesting

that the BC in these remote Colorado samples is less condensed than the remote sample from Svalbard,

which may be indicative of more photodegradation of DBC at the Colorado sites prior to sample

Table 1. Samples Grouped by Pristine and Nonpristine in Ascending Order of (B3CA + B4CA)/B5CA Ratio
a

(B3CA + B4CA)/B5CA DBC (μg/L) DOC (mg/L) %DOC of DBC Region Medium Geography

Pristine Snow Sample

GRIS snow/surface hoar 0.82 1.76 0.67 0.003 GRIS Snow <1, hoar >5 days Arctic

Chilean Andes Snow-ET 3.0 1.80 0.83 0.002 Andes Snow <2 days Alpine

Niwot Ridge B 3.0 8.93 nd nd Rockies Snow <1 day Alpine

San Francisco Glacier Snow 3.4 1.44 0.36 0.004 Andes Snow <2 days Alpine

WoodFjorden, Svalbard 4.2 1.26 0.54 0.002 Svalbard Snow <2 days Arctic

Larsbren 6.3 1.63 0.39 0.004 Svalbard Snow >5 days Arctic

Storm Peak Lab 17 9.65 nd nd Rockies Snow >3 days Alpine

Niwot Ridge A 27 9.27 nd nd Rockies Snow >3 days Alpine

Pristine Meltwater Samples

GRIS supraglacial melt 0.32 12.4 0.14 0.088 GRIS Supraglacial melt Arctic

Mer de Glace, Chamonix 1.8 1.51 4.13 0.000 Alps Glacial stream Alpine

Bano Morales Stream 1.9 6.12 0.50 0.012 Andes Glacial stream Alpine

Lake Joyce 7 m
b

2.5 2.67 0.50 0.005 Antarctic Lake Antarctic

Alatna Pond 3.2 3.60 1.00 0.004 Antarctic Surface water Antarctic

Lake Bonney East Lobe 5 m 3.6 1.44 0.40 0.004 Antarctic Lake Antarctic

Von Guerrard Stream
b

3.6 0.89 0.63 0.001 Antarctic Glacial stream Antarctic

Ngozumba Glacier, Nepal 3.7 1.05 0.10 0.010 Himalayas Supraglacial lake Alpine

Ngozumba Glacier, Nepal 3.8 0.62 0.12 0.005 Himalayas Supraglacial lake Alpine

Alaskan Glacial Rivers
c

4.3 0.53 ± 0.09 0.010 ± 0.004 1.9 ± 0.6 Alaska Glacial river Arctic

Lake Bonney West Lobe 5 m
b

5.4 1.22 0.40 0.003 Antarctic Lake Antarctic

Green Lake 4, Colorado 5.4 4.40 nd nd Rockies Lake Alpine

Ngozumba Glacier, Nepal 6.3 1.54 0.12 0.012 Himalayas Supraglacial lake Alpine

Ngozumba Glacier, Nepal 6.7 1.94 0.40 0.005 Himalayas Supraglacial lake Alpine

Ngozumba Glacier, Nepal 6.8 1.39 0.83 0.002 Himalayas Supraglacial Lake Alpine

Nonpristine Snow

Mine 7 3.3 71.4 1.03 0.070 Svalbard Snow >5 days Arctic

Upwind of the Mine 7.7 2.36 5.43 0.000 Svalbard Snow >5 days Arctic

Next to Coal Power Plant 17 6.84 0.32 0.021 Svalbard Snow >5 days Arctic

Upper Snowmobile Track 43 44.4 4.68 0.009 Svalbard Snow >5 days Arctic

Lower Snowmobile Track 59 21.6 0.54 0.040 Svalbard Snow >5 days Arctic

Nonpristine Meltwater

High Park Fire PNF0714
d

1.3 177 2.97 0.06 Rockies Terrestrial stream Alpine

Marble Point 1.5 33.6 4.23 0.008 Antarctic Surface water Antarctic

Clear Lake 2.2 47.3 4.30 0.011 Antarctic Surface water Antarctic

Lake Fryxell 5 m 2.2 8.28 1.80 0.005 Antarctic Lake Antarctic

DLH Pond 3.1 14.0 2.30 0.006 Antarctic Surface water Antarctic

Pony Lake 3.4 170 19.0 0.009 Antarctic Surface water Antarctic

Longyear River 3.5 4.68 5.83 0.001 Svalbard Glacial stream Arctic

Longyearbyen Fjord Water 4.3 20.5 0.33 0.062 Svalbard Ocean Arctic

a
A lower ratio is more indicative of wildfire-derived DBC, and a higher ratio is more indicative of fossil fuel combustion and/or photodegradation.
b
From Khan et al. [2016].

c
From Ding et al. [2014a, 2014b].
d
From Wagner et al. [2015].
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collection, or a different pyrolized source. These two samples were aged snow samples and exposed to solar

radiation longer than the Woodfjorden sample (Table 1). In contrast, a fresh snow sample from a similar

location in the Rocky Mountains only yielded a (B3CA + B4CA)/B5CA ratio of 3. The DBC in this fresh snow

sample had limited time for photodegradation, which may result in the less condensed BPCA ratio, relative

to the aged snow samples from the Rocky Mountains. Again, these sites are >5 km away from known point

sources so the enrichment in less condensed DBC may be related to accumulated solar exposure from the

time since snow deposition to the time of sample collection and/or the long-range transport of fossil fuel-

derived soot particles, which have been found on remote glaciers [Stubbins et al., 2012a; Ding et al., 2014a].

Median DBC concentrations were higher in nonpristine snow samples (14 μg/L (1.6, 71)) than pristine snow

samples (1.8 μg/L (1.3, 10)). Furthermore, the median (B3CA + B4CA)/B5CA ratio for nonpristine samples from

snowwas much higher than pristine snow samples, 12 (3, 59) and 3 (1, 27), respectively (Table 1 and Figure 2).

The highest DBC concentrations in snow were found in samples collected from Longyearbyen, Svalbard, next

to an active coalmine (71 μg/L), a coal burning power plant (6.8 μg/L), and along the primary Longyearbren

snowmobile track (22 μg/L upper track; 44 μg/L lower track), which receives continuous inputs of fresh

anthropogenic BC. In contrast to our hypothesis that continuous inputs would result in a signature less

indicative to photodegradation, these samples also feature the highest (B3CA + B4CA)/B5CA ratios, with

the snow next to the coal burning power plant featuring a ratio of 17, and even higher ratios along the snow-

mobile track (43 upper track; 59 lower track).

Pristine meltwaters had low median DBC concentrations (1.7 μg/L (0.6, 12)), similar to the pristine snow sam-

ples (1.8 μg/L (1.3, 10)). The median (B3CA + B4CA)/B5CA ratio for pristine meltwaters, 4 (0.3, 7) (Table 1 and

Figure 2), was marginally higher than for pristine snow samples, 3 (1, 27). In contrast to the Nepal meltwaters,

the GRIS supraglacial meltwater had a high concentration of DBC (12.4 μg/L) corresponding to the 97.5%

quantile. In addition, the GRIS meltwater had a similar low ratio of (B3CA + B4CA)/B5CA to the GRIS

snow/surface hoar sample. These BPCA ratios (0.3 and 0.8, respectively) were the lowest in this data set

and are lower than the previously reported ratios from terrestrial rivers impacted by wildfires [Wagner

et al., 2015]. As noted previously, these low ratios likely reflect fresh and recent BC deposition sourced from

Canadian Arctic wildfires (Figure 3). The higher DBC concentration compared to the Nepal supraglacial waters

Figure 2. Frequency distribution of pristine and nonpristine snow and meltwater samples from unpublished values in Table 1. Meltwater samples are composed of

both snow and ice melt. Note that the maximum x axis value for DBC pristine concentration is 14 μg/L versus 150 μg/L for DBC nonpristine concentration.
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could reflect not only the substantial long-range wildfire inputs but also the large surface area of the GRIS,

which may provide a larger supraglacial catchment for accumulation and transport of DBC to the ablation

area where the sample was collected. Further, the high DBC in the GRIS meltwater provides support to the

potential positive feedback proposed by Keegan et al. [2014] whereby DBC-enriched meltwater is retained

as refrozen ice layers in the snowpack and enhances future melting.

Meltwater from supraglacial lakes on the Ngozumba Glacier in Nepal, located at ~5000m, had the lowest DBC

concentrations (average of five samples, 1.3 ± 0.49 μg/L) of all meltwater samples. The ratio of these samples

was also composed of less condensed DBC, with an average ratio of 5, than supraglacial melt from the GRIS

which was composed of highly condensed DBC and had a ratio of 0.3. Although no nearby snow samples

were obtained for direct comparison, these low values from the Ngozumba Glacier may be associated with

heavy glacial debris coverage in the majority of the ablation region. The debris cover, when thick enough,

provides insulation from glacial melt [Pratap et al., 2015] and may reduce supraglacial meltwater generation,

along with transport and accumulation of DBC. Although these lakes form an ice cover from about November

to March, in the summer they receive large solar radiation inputs, enhanced by the high altitude, which could

drive photodegradation of DBC. The less condensed DBC signature could also suggest different combustion

sources of DBC between these sampling locations.

Similar to the observations for snow and ice, nonpristine meltwaters had higher median DBC concentrations,

(27 μg/L (4.7, 170)) than pristine meltwaters (1.7 μg/L (0.6, 12)). Closed-basin nonpristine Antarctic surface

Figure 3. Smoke aerosol optical thickness (AOT) reanalysis at 18Z from the Navy Aerosol Analysis and Prediction System

(NAAPS) between 18 and 21 June 2014 shows that wildfire aerosols were transported from the Canadian Arctic to the

western region of Greenland Ice Sheet in June 2014. The color bar is atmospheric total column smoke aerosol optical

thickness (AOT) at 550 nm, which is unitless.
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waters, such as DLH Pond, Marble Point Pond, Clear Lake, and Pony Lake, contained high concentrations of

DBC ranging from 14 to 170, μg/L. These lakes are located near active point sources of fossil fuel combustion,

such as helicopter flight paths and fueling stations, and exhibited elevated DBC concentrations relative to

snow and meltwater. Because these surface water ponds have no outflowing streams, any DBC deposited

in the systems will remain and accumulate for millennia, similar to the MDV lakes [Khan et al., 2016], or

may be photodegraded. The BPCA ratio of these four nonpristine Antarctic surface waters ranged from 2

to 3. Similarly, the BPCA ratios for Longyear River and Adventfjord ocean water in the Norwegian Arctic, both

located near the town of Longyearbyen and the local coal burning power plant, were both 4. Such elevated

DBC concentrations and BPCA ratios suggest that site proximity to continuous inputs from these particular

anthropogenic sources results in high concentrations of less condensed DBC and that long-term photooxida-

tion may not be the only cause of less condensed DBC in the cryosphere.

4. Conclusions

This study reveals that within the cryosphere, DBC concentrations and composition are widely variable.

Regionally, concentration differences exist between remote-pristine sites and those near combustion point

sources. Overall, these data support our hypothesis that DBC in the cryosphere that is exposed to longer

durations of solar radiation results in less condensed DBC due to photodegradation. Additionally, sites in

the cryosphere receiving fresh BC from wildfires, such as on the GRIS where aerosols were deposited directly

from Canadian Arctic wildfires, consist of more condensed DBC. This signature of the DBC from the GRIS was

distinct from the sites which receive continuous inputs from local anthropogenic sources of BC, such as along

the heavily used snowmobile track in Svalbard, as well as sites which have prolonged sunlight exposure, thus

enhancing effects of photodegradation.

While the influence of wildfire inputs throughout the cryosphere may be important regionally, as observed in

the samples from the GRIS, the intense solar exposure in high alpine and polar regions, and the characteristics

of some anthropogenic combustion sources subject to solar exposure during long-range atmospherics trans-

port [Cooke and Wilson, 1996], may cause the similarity in DBC composition observed throughout the rest of

the global cryosphere data set. This includes photodegradation of background levels of wildfire-derived BC,

whichmay also contribute to B3 + 4CA enrichment in the cryosphere [Stubbins et al., 2012b;Ward et al., 2014].

As such, the influence of photodegradation may sometimes be “overwhelmed” by discrete wildfire sources,

which likely account for DBC composition of the GRIS samples. Although the current data set allowed for pre-

liminary assessments of contributions to and persistence of DBC in the cryosphere, the observed variability of

DBC composition is likely derived from a combination of biogeochemical processes in the environment and

different pyrogenic sources.

Previously reported accumulation of millennia old DBC in Antarctic lakes [Khan et al., 2016] suggests that

DBC is recalcitrant in the cryosphere. The ranges of concentrations observed in this diverse data set of

DBC from the global cryosphere indicate that relatively high DBC concentrations persist in both pristine

and nonpristine Arctic and Antarctic snow and surface waters. The relatively high concentration of DBC

measured in one supraglacial stream on the GRIS may suggest that DBC can be mobilized across ice

surfaces. Wildfires are predicted to increase due to climate change [Flannigan et al., 2009], and albedo

cannibalism is already influencing meltwater generation on the GRIS [Tedesco et al., 2015]. Anticipated

longer summer melt seasons as a result of climate change may result in longer durations between snowfalls,

enhancing exposure of recalcitrant DBC on snow/ice surfaces, which could further exacerbate surface

albedo reduction in the cryosphere.
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