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Abstract. Black carbon aerosol (BC) emitted from natural and anthropogenic sources (e.g., wildfires, coal burning) can
contribute to magnify climate warming at high latitudes by darkening snow- and ice-covered surfaces, thus lowering their
albedo. Modeling the atmospheric transport and deposition of BC to the Arctic is therefore important, and historical archives
of BC accumulation in polar ice can help to validate such modeling efforts. Here we present a 190-year ice-core record of
refractory BC (rBC) deposition on Devon ice cap, Canada, spanning calendar years 1810-1990, the first such record ever
developed from the Canadian Arctic. The estimated mean deposition flux of rBC on Devon ice cap for 1963-1990 is 0.2 mg
m2 a, which is low compared to most Greenland ice-core sites over the same period. The Devon ice cap rBC record also
differs from existing Greenland records in that it shows no evidence of a substantial increase in rBC deposition during the
early-mid 20th century, which, for Greenland, has been attributed to mid-latitude coal burning emissions. The deposition of
other contaminants such as sulfate and Pb increased on Devon ice cap in the 20th century but without a concomitant rise in
rBC. Part of the difference with Greenland may be due to local factors such as wind scouring of winter snow at the coring
site on Devon ice cap. Air back-trajectory analyses also suggest that Devon ice cap receives BC from more distant North
American and Eurasian sources than Greenland, and aerosol mixing and removal during long-range transport over the Arctic
Ocean likely masks some of the specific BC source-receptor relationships. Findings from this study underscore the large
variability in BC aerosol deposition across the Arctic region that may arise from different transport patterns. This variability

needs to be accounted for when estimating the large-scale albedo lowering effect of BC deposition on Arctic snowl/ice.

1 Introduction

The deposition of light-absorbing carbonaceous particles emitted by the incomplete combustion of biomass and fossil fuel
can decrease the albedo of Arctic snow- and ice-covered surfaces, thereby amplifying high-latitude warming driven by the
buildup of greenhouse gas emissions (AMAP, 2011; Bond et al., 2013). The widely used expression "black carbon" (BC)

designates the insoluble, refractory fraction of these aerosols that is largely made of graphitic elemental carbon and strongly
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absorbs light at visible to near-infrared wavelengths (Petzold et al., 2013). Along with sulfate (S04%), BC is one of the main
short-lived climate pollutants being targeted for mitigation and control under multinational legal agreements (Quinn et al.,
2008; AMAP, 2015).

In order to evaluate how past and future BC emissions have affected, and will affect, climate forcing in the Arctic,
global atmospheric/climate models can be used to simulate the transport and deposition of BC aerosols in this region (Koch
et al., 2011; Lee et al., 2013; Jiao and Flanner, 2016). At present, simulated BC dispersion suffers from large biases, either
positive or negative, compared with observational data on BC in Arctic air and snow (Jiao et al., 2014). Validating model
simulations is difficult because of the scarcity of such observations across the Arctic. Direct monitoring of atmospheric BC
is so far limited to a few decades and at a few stations (Hirdman et al., 2010; Gong et al., 2010), and geographic surveys of
BC in snow and ice are rare and difficult to conduct over the vast Arctic region (e.g., Doherty et al., 2010).

Ice cores drilled from the accumulation area of glaciers and ice caps can be used as surrogates for direct
atmospheric observations, as they contain archives of BC and other aerosol species deposited in snow over many centuries
(McConnell, 2010). At present, ice-core records of BC deposition in the Arctic region are only available from Greenland
(McConnell et al., 2007, McConnell and Edwards, 2008; Koch et al., 2011; Lee et al., 2013) and from Svalbard (Ruppel et
al., 2014). Here, for the first time, we present a historical record of BC deposition in the Canadian Arctic, developed from a
core drilled on Devon Island ice cap, and spanning the years ~1810-1990. The Devon ice cap BC record presents striking
differences from Greenland records. We discuss the possible reasons for these differences, and consider the implications

with respect to regional BC transport and deposition patterns in the Arctic region.

2 Study site

At latitude 75° N, Devon ice cap (14,400 km?) occupies a central position in the eastern Canadian Arctic Archipelago and
lies 275 km from the Greenland coast across northern Baffin Bay. The ice cap has been studied for half a century (Boon et
al., 2010) and was previously drilled to obtain records of climate and atmospheric contaminants (e.g., Goto-Azuma and
Koerner 2001; Shotik et al., 2005; Kinnard et al., 2006). However, no record of BC deposition was ever developed from this
or any other site in the Canadian Arctic. The core used in the present study (DV99.1) was obtained in April 1999 by the
Geological Survey of Canada (GSC) at a site (75.32° N, 81.64° W, 1750 m.a.s.l) located 25 km to the east of the ice cap's
true summit (1930 m.a.s.l) (Fig. 1). The coring site lies above the present-day equilibrium-line altitude (ELA) which is
>1500 m a.s.| on this part of Devon ice cap, and has an estimated mean net accumulation rate (4) of 0.14 m a® water

equivalent (see below).
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3 Materials and methods
3.1 Core sampling and analyses

Few measurements were conducted on the DV99.1 core prior to this study. At the time of coring, the solid-state DC
electrical conductivity (EC) of the ice was measured continuously at mm-scale resolution using parallel electrodes, as
described in Zheng et al. (1998). Subsequently, the core was sampled at 5- to 20-cm resolution for the determination of
stable oxygen isotope ratios (5'0) by mass spectrometry at the University of Copenhagen. The remaining half-cores were
stored frozen (-20°C) inside sealed polyethylene bags at the GSC ice-core laboratory, until archived core segments between 4
and 38 m depths were selected for this study and shipped, still frozen, to Curtin University in Australia for BC analyses.
These combined core segments were initially estimated to span ~200-250 years, as explained below. The uppermost 4 m of
the firn core were not sufficiently consolidated to be usable, and were discarded. Core segments below ~40 m were micro-
fractured during drilling, and were also unsuitable for analysis.

Sample preparation and analysis was conducted at the Advanced Ultra-clean Environment Facility at Curtin University
(class 100). The DV99.1 core sections (~1 m each in length) were cut into sticks with a ~2.5 x 2.5 cm cross-section, which
were processed in an ice-core melter coupled to a Continuous Flow Analysis (CFA) system. The meltwater was aerosolized
with a U5000AT ultrasonic nebulizer (CETAC Technologies, Omaha, NE, USA) and injected into a single-particle
intracavity laser-induced incandescence photometer (SP2, Droplet Measurement Technologies, Boulder, CO), which
measured the mass concentration of BC particles in the meltwater flow (Bisiaux et al., 2012; McConnell et al., 2007,
McConnell and Edwards, 2008). Following Petzold et al. (2013), we refer to the BC fraction measured by this method as
refractory BC, abbreviated rBC, reported here in mass concentration units of ng g In addition to rBC, insoluble
microparticles with diameters between 0.9 and 15 um were quantified in the meltwater flow using an inline Abakus laser
particle counter (Markus Klotz GmbH, Bad Liebenzell, Germany), as described elsewhere (Ruth et al., 2003). The recorded
microparticle counts per second were converted to number of particles per milliliter of meltwater (part. mL™) by taking into
account the effect of firn densification and annual layer thinning with depth in the DVV99.1 core.

To compare the DV99.1 record of rBC and microparticles with that of other aerosol species, we used
glaciochemical data obtained from two other cores drilled from the summit of Devon ice in 1998 (core DV98.3) and in 2000
(core DV2000) (Fig. 1). The DV98.3 core was sampled continuously and analyzed for eight major ionic species by ion
chromatography, as described in Kinnard et al. (2006). In this study, we used SO4%, sodium (Na*), calcium (Ca?*), potassium
(K*) and ammonium (NH4*) data obtained from the top 85 m of the core, which had been sampled at 3- to 12-cm resolution.
The non-sea salt (nss) fraction of SO42and Ca?* was estimated from Na2?* using the mean surface seawater composition of
Pilson (2012), and the biomass burning fraction (BB) of K* was estimated from Na?* and Ca?* following Legrand et al.
(2016). The DV2000 core was drilled at the same site as the DV98.3 core, and was analyzed for lead (Pb) and other trace

metals by sector field inductively coupled mass spectrometry, as reported in Shotyk et al. (2005). The remaining archived
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volume from cores DV98.3 and DV2000 was, however, insufficient to carry out rBC analyses, which is why core DV99.1
was used for this purpose.

3.2 Age models

Annual layers are not easily resolved in cores from Canadian Arctic ice caps, partly owing to relatively low 4, but also to the
effects of wind and/or summer surface melt. Therefore, age models developed for these cores are commonly based on a
variety of alternative methods. For the DV98.3 and DV99.1 cores, an ice-flow model approximation (Dansgaard and
Johnsen, 1969) was used, constrained by the total ice thickness obtained from ice-radar measurements or from borehole
depths, and by the estimated A at each coring site. For the DV98.1 core, the preliminary age model was refined by
approximate layer counting using glaciochemical data at shallow depths, and, at greater depths, from the identification of
fallout of radionuclides from surface nuclear bomb tests (1963) and of acidic aerosols (H.SO4) from dated historical volcanic
eruptions, including that of Laki, Iceland, in 1783, which is the largest and most recognizable historical volcanic signal
recorded in Canadian Arctic ice caps (Fisher and Koerner, 1994; Zheng et al., 1998; Kinnard et al., 2006).

The DV99.1 core does not have well-preserved annual glaciochemical or isotopic (8*0) signals that could be
reliably used for layer counting. Hence, the age model developed for this core is primarily based on an ice-flow model
approximation. For the uppermost ~45 m, a reference horizon was provided by a large EC (acidity) spike at a depth of 42.60
m (29.56 m ice equivalent), attributed to fallout from the 1783 Laki eruption. Using this marker, the estimated value of 4 at
the DV99.1 site is 0.14 m a*, which is lower than at the ice cap summit (0.23 m a*) or at sites elsewhere in the accumulation
zone (0.17-0.25 m a; Colgan and Sharp, 2008). The most likely explanation is partial scouring of winter snow layers by
downslope winds at the DV99.1 site, as also observed on parts of Agassiz ice cap (Fisher et al., 1983). This is supported by a
comparison of 380 variations measured in the DV99.1 core with those in core DV98.3, which shows that 3*20 variations in
the DV99.1 core are truncated of their most negative ("coldest") values relative to the DVV98.1 core (Supplement: Fig. S1).
An estimate of the amount of snow lost by wind scouring at the DV99.1 site can be made from the 5¥0 data, following
Fisher and Koerner (1988). The calculation suggests that ~40-45 % of the annual snow accumulation is removed by wind at
this site, compared to the summit of Devon ice cap. Based on this assumption, the predicted age of the Laki 1783 volcanic
signal is approximately 29 m (ice equivalent), and this agrees closely with the depth of the observed EC peak attributed to
the eruption (29.56 m).

The adopted depth-age models for the DV98.3 core (TIME4.D98) and the DV99.1 core (TIME3.D99) are presented
on Fig. 2. The DV2000 core was drilled at the DV98.3 coring site and used the same age model. Down to the Laki volcanic
marker, the age models for the DV98.3 and DV99.1 cores are both nearly linear with respect to ice-equivalent depth. Based
on the TIME3.D99 age model, the rBC and microparticle records developed from the DV99.1 core are estimated to span
calendar years 1810-1990. Analyses for rBC and microparticles were both performed at mm-scale resolution along the core.

The data were subsequently averaged over discrete depth increments approximately equivalent to 1- and 10-year intervals,
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respectively. In this paper, annually-averaged figures are used for illustrative purposes only, as discrete, accurate ages can
not be confidently ascribed to these data (see below).

3.3 Quantifying uncertainties in the ice core record

Down-core variations of atmospheric impurities (such as rBC) in firn and ice cores are the result of a combination of
processes, including temporal changes in net atmospheric deposition rates (fluxes, abbreviated F), stochastic spatial
variations of deposition of the aerosols in snow (&), and post-depositional modifications (e.g., by wind scouring), to which
are added uncertainties arising from potential errors in the age model (&). To determine if measured down-core variations in
impurities result from changes in F requires & and &, as well as the effects of post-depositional changes, to be estimated.

Uncertainties in the assigned age of firn or ice layers between horizons of assumed or known age can arise due to
interannual variations in A. In order to estimate these errors in the DV98.3 and DV99.1 records, we used a Monte Carlo
simulation implemented in Matlab™ (N = 1000 realizations). Briefly, the script uses a constrained random walk algorithm to
estimate the probabilistic distribution of the true age at any depth between reference layers of known age (Kinnard et al.,
2006). For both the DV98.3 and DV99.1 cores, these reference layers were the surface and the Laki volcanic horizon (1783).
In the Monte Carlo simulation, interannual variations in A are considered to behave as a stationary, autoregressive blue noise
process with a lag-one serial autocorrelation coefficient of -0.5 to -0.3, following Fisher et al. (1985). For each realization of
the simulation, a new age model is generated, and the cumulative probabilistic error & on firn age estimates is computed for
all depths between the reference horizons. One- and 10-year averages of the ice core glaciochemical data were also
computed separately for each age model iteration, in order to estimate the spread in results caused by &.

The spatial variability of atmospheric deposition in snow for aerosol species such as ions, rBC or microparticles has
never been directly measured on Canadian Arctic ice caps. However for Devon ice cap, it can be calculated or estimated
from major ion analyses performed on an array of shallow cores (Colgan and Sharp, 2008; Fig. 1). The coefficient of spatial
variation for annual net deposition of SO4> was estimated to be ~42 %. Here, we make the assumption that atmospheric
deposition of rBC and insoluble particles on Devon ice cap share the same spatial variability as SO4%, an aerosol species
which, like BC but unlike others such as nitrate (NOg3’), is not subject to re-emission from snow to air. These estimates of &
were used to generate white Gaussian noise, which was then added to the ice core data as part of the Monte Carlo procedure
described above, thus integrating in the simulation the effects of spatial variability in aerosol deposition over the ice cap.
Because the magnitude of & is independent from that of errors that arise from ice core dating uncertainties (&), the combined
uncertainty was calculated as the quadratic sum of these terms (+ 20). The possible effects of post-depositional processes,

such as wind scouring or meltwater percolation, are discussed below.
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4 Results and discussion
4.1 The DV99.1 record of rBC and microparticle deposition

Depth profiles of rBC and microparticles measured in the DV99.1 core are shown in Fig. 3. Both parameters have
probability distributions which are approximately log-normal (Fig. S2), and we therefore use both the arithmetic and
geometric means (L, Lg), as descriptive metrics for these data. Over the length of core analyzed, rBC concentrations average
1.5+3.2ngg? (ug = 0.9 ng gt) with a maximum of 74 ng g, and microparticle concentrations average 500 + 496 x 103
part. mL? (ug = 395 x 10% part. mLt) with a maximum of 5637 x 10% part. mLt. The mean rBC concentration remains
approximately constant between ~38 and 15 m depths, and decreases gradually at shallower depths to reach ~1.0 ng g* (ug =
0.5 ng g%) in the uppermost 1-m core section analyzed. In contrast, microparticle concentrations are higher above ~15 m
depth, averaging 606 x 10° part. mL* (ug = 376 x 10° part. mL), compared to 462 x 10° part. mL™* (geom. mean 325 x 103
part. mL™) below 15 m. Through the entire core, most microparticles (98 %) are < 5 um in size, with no significant
variations in the contribution of larger particles (5-15 um). The observed changes in rBC and microparticle concentrations
near 15 m depth do not correspond to any clear step change in the physical stratigraphy or density in core DV99.1 (Fig. 3).

Reconstructed variations in aerosol deposition from ice cores spanning calendar years 1800-1990 (Fig. 4) show that
Devon ice cap experienced an increase in atmospheric deposition of Pb and nssSO4* during the 20" century, consistent with
trends in mid-latitude anthropogenic emissions from fossil fuel combustion (Lamarque et al., 2010). Microparticle
concentrations in the DV99.1 also rose in the early 20" century and remained elevated thereafter, which suggests that the rise
was associated to that of anthropogenic pollution. Relative to Na*, concentrations of Ca?* and K* in the DV98.3 core are far
in excess of those in surface seawater, indicating these ionic species are predominantly from non-marine sources, for e.g.,
mineral dust. However, there are no large enhancements in nssCa?* and nssK* in the DV98.3 core corresponding to the
increase in microparticle deposition seen in the DV99.1 core during the 20" century (Fig. 4; only nssCa®" is shown),
indicating that the latter increase was unrelated to change in atmospheric dust inputs.

There is also no large or sustained increase in rBC deposition in the DV99.1 core during the 20 century
concomitant with that of nssSO4%, Pb or microparticles. This contrasts with ice-core records from Greenland, which show
noticeably large increases of both rBC and non-salt sulfur (nssS) in the early 20" century, although the relative timing and
magnitude of these increases differ between core sites (Fig. 5 and 6). In Greenland cores, rBC deposition peaked in the
1910s-20s, and decreased thereafter (McConnell et al., 2007; Koch et al., 2011), in step with historical changes in coal BC
emissions from the USA and Europe (Novakov et al., 2003; Bond et al., 2007; Skeie et al., 2011). At the ACT?2 site (66° N),
the early 20th century rise in rBC and nssS was also accompanied by increased deposition of Pb and other trace metals
(McConnell and Edwards, 2008). The highest rBC concentrations in the DV99.1 core also occur in the decade 1910-1920 (u
=3.6 ng g}, ug = 1.6 ng g) and decrease thereafter, but the magnitude and duration of this early 20th period of enhanced

rBC deposition are much less than in Greenland cores. These differences are somewhat surprising, given the relative
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proximity of Devon ice cap from Greenland. In order to explain our findings, both site-specific and regional-scale factors
must be considered.

4.2. Site-specific factors

Observations of atmospheric BC at Alert on Ellesmere Island (82° N, see Fig. 1 for location) show a seasonal cycle with
airborne concentrations peaking during winter and spring months (December-March) and declining to their minimum in
summer and early autumn months (June-September) (Gong et al., 2010). Most BC deposition in snow is thought to occur in
spring and summer, when increased cloudiness promotes in-cloud scavenging and wet deposition of the hydrophilic fraction
of BC (Browse et al., 2012; Shen et al., 2017). In the interior of the Greenland ice sheet, the seasonal cycle of BC deposition
is well-preserved in snow and firn layers (e.g., McConnell et al., 2007). This is not the case at the DV99.1 core site on Devon
Island. Even in the uppermost part of the core, where some seasonal 330 variations can be detected, there is no recognizable
seasonal pattern of rBC concentration peaks (Fig. S3). This is likely the result of the combined effects of wind
scouring/mixing of surface snow (as described earlier) and of summer surface melt. It is therefore legitimate to ask whether
these processes could also have obliterated or masked a 20™ century anthropogenic signal in the DV99.1 rBC record.

The seasonally-resolved ice core record from site D4 in Greenland (71°N; see Fig. 1 for location) shows that during
the historical period of enhanced anthropogenic BC pollution in the Arctic, from the late 19th to mid 20th centuries, rBC
deposition increased in both summer and winter (McConnell et al., 2007). If the Canadian High Arctic was impacted by
airborne BC pollution in a similar way, one would expect to find a marked increase in rBC concentrations in the DV99.1
core during the late 19th to mid 20th centuries, even if winter snow layers were scoured away by wind. To verify this, we
performed a simple simulation in which we generated synthetic time series of rBC deposition spanning the period 1810-
1990, with a seasonal cycle superimposed on baseline interdecadal variations similar to those observed in the Greenland D4
ice-core record. Winter rBC deposition peaks in the series were represented using a log-Gaussian function, and their
amplitude was allowed to vary from year to year to produce a range of temporal variations comparable to, or lower than, that
seen in the Greenland D4 core. Winter deposition peaks were then randomly truncated by 30-60 % to simulate the effects of
wind scouring on the record, and 5-year running means were computed from the resulting data, the smoothing being used to
simulate the possible effects of post-depositional snow layer mixing by wind. Results of these experiments showed that even
if the wintertime rBC deposition peaks between November to May were largely truncated by wind, the low-frequency
baseline variation would still persist, and should be recognizable above the remaining interannual signal variance (Fig. 7). It
therefore seems unlikely that wind scouring alone would completely obliterate this signal in the DV99.1 record, not unless
the amplitude of the seasonal cycle of atmospheric BC deposition on Devon ice cap is much lower than observed at Alert or
in Greenland (Gong et al., 2010; Massling et al., 2015).

Unlike much of central Greenland, the summit of Devon ice cap is also regularly subject to partial melting at the
surface during summer months, and meltwater can percolate and refreeze into the underlying snow and firn to form

infiltration ice features, or, more simply, "melt layers". The volumetric percentage of melt layers in core DV99.1 was

7
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measured by Fisher et al. (2012) as a proxy for past summer warmth. They found that surface melt rates increased abruptly
in the mid-19th century following the end of the Little Ice Age cold interval, and have since varied between ~40 and 60 %
(average) per 5-year period, with an interval of noticeably lower melt rates (down to 10 %) between ~1880 and 1930 (Fig.
4). One must therefore consider whether surface melt could account for the apparent limited baseline variability in the
DV99.1 rBC record during the 19th and 20th centuries.

The post-depositional mobility of BC particles in melting snow is not well known, and likely depends on the
hydrophobicity of these particles, which is largely influenced by the presence or absence of surface coatings, for e.g., with
SO.% (Liu et al., 2011, Liu et al., 2013). Doherty et al. (2013) investigated the vertical redistribution of BC and other light-
absorbing particles in snow and firn near Dye 2 (66° N; ~2100 m a.s.l.; see Fig. 1 for location) in a part of the Greenland ice
sheet's percolation zone where melt layers up to 20 cm thick are now commonly found (de la Pefia et al., 2015; Machguth et
al., 2016). Only a very limited amount of vertical redistribution of BC was observed in the snow and firn, and surface melt
and percolation did not obliterate seasonal variations of BC in the firn stratigraphy. Doherty et al. (2013) attributed this result
to the low scavenging efficiency of these particles by meltwater (~20-30 %). At the DV99.1 site on Devon Island, 4 (0.14 m
al) is only half of that in the Dye 2 area (~0.32 m a'; Buchardt et al., 2012), and surface melt there could mask some
seasonal variations of rBC in the firn. However, the findings of Doherty et al. (2013) suggest that this should not be
sufficient to mask or completely smooth out down-core variations in rBC concentrations when these are averaged over
decadal intervals.

There is, however, another consideration. Unlike in the Doherty et al. (2013) study, rBC concentrations in the
DV99.1 core were measured by SP2, and the detection efficiency of this method for BC in liquid samples depends on the
type of nebulizer used for inflow. Schwarz et al. (2012) and Wendl et al. (2014) have shown that the relative areosolization
efficiency of the USO00AT ultrasonic nebulizer used in the analysis of the DVV99.1 core drops rapidly at or below 10 % for
particles with a volume-equivalent diameter > ~600 nm. Given that coagulation and agglomeration is known to increase the
size of BC particles during thaw and refreezing of snow (Schwarz et al., 2013), this raises the possibility that the SP2 may
have underestimated the true mass concentration of BC particles in that part of the DV99.1 core corresponding to the 20th
century, since this period has been characterized by high rates of melt layer formation in firn at the coring site (Fig. 4h). The
Greenland sites from which ice-core rBC records were developed by the SP2 method (Fig. 5) are comparatively less affected
by surface melt and ice layer formation than Devon ice cap, and BC particles in firn at these sites may therefore undergo
lesser post-depositional coagulation. Whether this effect alone could explain the lack of baseline variability in the DV99.1
rBC record seems unlikely, but it could have contributed to mask some of the variations in atmospheric BC deposition in the
core, and it might account for the apparent discrepancy between trends in rBC and microparticle deposition during the 20th
century (Fig. 4c,d), if the former are more efficiently detected than the latter.
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4.3 Regional-scale factors

Other reasons for the contrast between the DV99.1 and Greenland rBC records (Fig. 5 and 6) may be found in the
atmospheric transport paths that deliver BC to the Canadian High Arctic, relative to Greenland. Shindell et al. (2008) used
multiple atmospheric transport models to investigate the sensitivity of near-surface airborne BC concentrations in the Arctic
to regional anthropogenic emissions. They found that Europe and North America likely contribute equally to BC deposition
over Greenland, whereas the central and Russian sectors of the Arctic are predominantly affected by European emissions.
Atmospheric BC in the Canadian High Arctic may be affected by both European and North American emissions, but is
expected to be much less sensitive to changes in these emissions compared to other parts of the Arctic, partly because it is
very remote from all BC source regions (Shindell et al., 2008; their Fig. 9 and 10).

Sharma et al. (2006) and Huang et al. (2010) used air back-trajectory analyses to investigate the probable source
regions of BC detected in surface air at Alert in winter and spring, and identified Russia and Europe as dominant, followed
by North America. The summit of Devon ice cap is 1000 km further south and ~1.8 km higher, and could thus be affected by
a different mix of BC source contributions than Alert. To verify this, and also to contrast the situations of Devon ice cap and
Greenland, we computed ensemble 10-day air back-trajectories from both Devon ice cap summit and from Summit,
Greenland, using the HYbrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT v.4) of the NOAA Air
Resources Laboratory (Draxler and Hess, 2014, Stein et al., 2015). As input, we used meteorological fields of the NCEP-
NCAR 50-year reanalysis product, which are available on a global 2.5 x 2.5° grid at 6-hourly temporal resolution (Kistler et
al., 2001). Back-trajectories starting daily at 12:00 PM UTC were computed over the period 1948-1999. Unlike Sharma et al.
(2006) and Huang et al. (2010), however, we did not use trajectory clustering, because results are highly sensitive to the
quality and density of meteorological data coverage used in trajectory computations, and to the arrival height of trajectories
(i.e., starting point of back-trajectories; Kassomenos et al., 2010; Su et al., 2015). Instead, we computed probability density
maps or air parcel residence time from all combined trajectories over an equal area grid with 200 x 200 km resolution,
following a methodology analog to that of Miller et al. (2002).

Results (Fig. 8) show that for 10-day transport periods, air parcels arriving at Greenland Summit are more
commonly advected from the south-southwest than from other cardinal directions, and frequently reach central Greenland
after transiting over the North Atlantic, consistent with earlier findings by McConnell et al. (2007; Their Fig. S1). In
contrast, air that reaches the summit of Devon ice cap comes more frequently from the west-northwest, and transits over the
Arctic Ocean, which agrees with findings from analyses of low-level air transport to Devon ice cap by Colgan and Sharp
(2008) for the period 1979-2003. It is therefore likely that a large part of BC transported to Devon ice cap is from regional
emission sources located in northwestern North America and/or in the central or eastern parts of Eurasia.

Smoke plumes from forest or grassland fires, natural or provoked, can reach the Arctic and contribute to BC
pollution, particularly during summer (Stohl et al., 2006; Paris et al., 2009; Warnecke et al., 2009; Quennehen et al., 2012;

Zennaro et al., 2014). Back-trajectory analyses of BB aerosols detected at Eureka on Ellesmere Island (80° N; Fig. 1)
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indicate, unsurprisingly, that boreal forest/grassland regions of Russia and Canada are the dominant source regions for these
long-range plume transport events, followed by north-central USA and Alaska, (Viatte et al., 2015). To evaluate the impact
of forest/grassland fire emissions on BC deposition to Devon ice cap, we compared the DV99.1 rBC record with
reconstructed historical variations in fire frequency and/or burned area across Canada and Russia during the 19th and/or 20th
centuries (Fig. 9). On an interdecadal time scale, no statistically meaningful correlations (p < 0.05) were found between the
DV99.1 rBC record and fire histories from Canada (Girardin, 2007; Girardin and Sauchyn, 2008; Girardin et al., 2006). If
wildfires in northern Canada contribute to rBC deposition on Devon ice cap, these contributions do not appear to covary in
any simple way with variations in fire frequency or burned area. However, the decrease in rBC deposition recorded in the
DV99.1 core after the 1910s is concomitant with a general decrease in fire frequency in the boreal forests of Russia that
continued until the 1980s, and which was due to fire suppression measures and land use changes in these regions (Mouillot
and Field, 2005).

To investigate this finding more closely, we regressed the decadally-averaged DV99.1 record of rBC deposition
against gridded (0.5 x 0.5°) maps of historical decadal mean BC emissions from BB sources (forest/grassland fires) compiled
by Lamarque et al. (2010) and covering the period 1890-1990 (Fig. 10). We did not perform this analysis for anthropogenic
BC emissions because geographical inconsistencies in the gridded emission data resulted in correlation artefacts. For most of
the 20th century, the data on BB emissions from Russia and central Asia are largely based on the historical fire inventory of
Mouillot and Field (2005). The only geographic area where strong (R > 0.5) positive correlations were found with the
DV99.1 rBC record corresponds with a broad sector between 45-55°N, and 30-90°E, at the southern fringe of the Russian
boreal forest belt and the steppe/grasslands of Kazakhstan. These regions are particularly fire-prone, and have been identified
as important sources of CO and of BC aerosols transported over Siberia and into the Arctic atmosphere (Vasileva et al.,
2011, Cheng, 2014, Rault et al., 2017). The spatial pattern of correlations on Fig. 10 suggests that forest/grassland fires
across south-central Russia and Kazakhstan contribute more to the long-range transport of BC aerosols to the Canadian High
Acrctic than wildfires in the North American boreal forest belt. However, only some parts of the area of interest have R values
that pass a test of field significance at the 10% level of confidence (Wilks, 2016; Benjamini and Yekutieli, 2001). This is
unsurprising, considering the uncertainties inherent to the DV99.1 rBC record (§ section 3.3) and to the fire inventories used
for the gridded BC emission maps (Mouillot and Field, 2005).

Aerosol species such as K* or NH4* are commonly associated with BB emissions, and as such are often used as BB
tracers in polar snow (Simoneit, 2002; Legrand et al., 2016). Cheng (2014) identified sectors of south-central Russia and
Kazakhstan as source regions for both BC and K* aerosols transported to Alert between 2000 and 2002. However, we did not
find any significant correlations (p > 0.05) between interdecadal variations of rBC in the DV99.1 core and either (K*)gg or
NH,* in the DV98.3 record (Fig. 4f,g). Whatever contributions BB emissions make to (K*)sg or NH4* deposition on Devon
ice cap, these do not covary directly with rBC deposition, possibly due to mixing from multiple emission sources. For
example, ammonia (NHs) emissions from seabird colonies near Baffin Bay may be a larger regional source of NH.* to

Devon ice cap than distant wildfires (Wentworth et al., 2016).

10



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-895 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 4 October 2017 and Physics
(© Author(s) 2017. CC BY 4.0 License.

Discussions

4.4 Atmospheric BC deposition rates

In 90 % of the analyzed DV99.1 core, rBC concentrations are < 3 ng g%, and in the uppermost section of the core (depths 3-4
m), they are mostly < 1 ng g. These numbers are low compared with estimated median BC concentrations of 8-14 ng g*
reported by Doherty et al. (2010) for seasonal snow sampled across the Canadian Arctic in 2009. Such a large difference is
surprising, given that atmospheric monitoring at Alert has shown a continuous decrease in airborne BC levels since 1989
(Hirdman et al., 2010). One would therefore expect higher, not lower, rBC concentrations in snow that accumulated in the
1980s, relative to 2009. Part of the apparent discrepancy may be due to differences in analytical methods: The estimated BC
concentrations in snow reported by Doherty et al. (2010) are based on a spectrophotometric technique which tends to yield
larger mass concentrations relative to the SP2 method (Schwarz et al., 2012). Also, as stated earlier, rBC levels measured in
the DV99.1 core may underestimate actual deposition due to wind scouring of winter snow, or to inadequate aerosolization
of some rBC by the ultrasonic nebulizer. It is also likely that atmospheric BC deposition over the summit region of Devon
ice cap is lower than near sea level, where most of Doherty et al.'s (2010) snow samples were obtained, because the ice cap's
accumulation area (> ~1500 m a.s.l.) is above the typical altitude range of low-level Arctic stratocumulus cloud decks which
promote aerosol scavenging (Browse et al., 2012).

We estimated the late 20th century mean atmospheric flux of rBC (Frsc) over the summit region of Devon ice cap
using measurements of rBC concentrations in the DV99.1 core for 1963-1990, and data on spatial and temporal variations of
A from Colgan and Sharp (2008) and from winter mass balance surveys carried out over the ice cap since the early 1960s
(Fisher et al., 2012). The period 1963-1990 was selected because the 1963 radioactive layer found in Devon ice cap firn
provides a firm reference level to constrain estimates of A (Colgan and Sharp, 2008). Our calculations yield a mean Fgc of
0.2 £ 0.1 mg m?2 a. If ug, rather than p, is used as an estimate of average rBC concentrations, the estimated Frsc is only
slightly lower (0.1 mg m2 a’*). And if the annual mean concentration of rBC is assumed to be underestimated by 20-40 %
due to selective wind scouring of winter snow layers, the adjusted figures for Frgc are only slightly higher, ranging from 0.2
t0 0.3mgm2a?l.

These estimates are at the low end of calculated Frsc in Greenland cores over the same period, which vary from
~0.1 to ~4 mg m? a® (Lee et al., 2013). They are also much lower than historical fluxes of EC in the Norwegian Arctic
inferred from a Svalbard ice core, which range from ~3 to nearly 40 mg m a** between 1960 and 2004 (Ruppel et al., 2014;
see Fig. 5 for location). Overall, rBC or EC concentrations in Arctic firn and ice cores increase with mean 4 (Fig. S4), likely
reflecting the amount of precipitation scavenging in different geographic sectors (Garrett et al., 2011; Browse et al., 2012).
The remarkably low Fysc at the DV99.1 site is probably due, at least in part, to the very low A on Devon ice cap (0.14-0.25
m a’l; Colgan and Sharp, 2008), notwithstanding the added effects of wind scouring. However, it is noteworthy that between
1960 and 1990, the estimated Frsc at the Humboldt site in northern Greenland (78 °N; Fig. 5) was ~0.8 mg m2 a* (Lee et al.,
2013), which is is 3-4 times larger than at the DV99.1 site over the same period, although the two sites are only distant by

750 km, lie at comparable altitudes (1985 and 1750 m a.s.l., respectively), and have the same mean 4 (0.14 m a’; Bales et
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al., 2009). This suggests that the differences in Frsc between these sites are related to spatial gradients in atmospheric BC
burden in this sector of the Arctic.

As noted earlier, rBC concentrations in the DV99.1 core decreased gradually in the latter half of the 20th century,
the change becoming most noticeable after the 1960s (Fig. 4). During this period, anthropogenic BC emissions decreased in
Europe and North America, and air monitoring at Alert show that BC concentrations in surface air continued to decline
following the early 1990s in response to reduced BC emissions (Gong et al., 2010). Reconstructed interannual changes in A
on Devon ice cap by Colgan and Sharp (2008) do not reveal any sustained long-term trend for the period 1963-1990, and it is
therefore unlikely that the decrease in rBC concentration registered in the DVV99.1 core in this period can be ascribed to
changing precipitation patterns on the ice cap. It is more probable that it reflects a declining burden of atmospheric BC in the
Canadian High Arctic since the 1960s. In turn, this decline can be attributed to lower BC emissions, both anthropogenic and
from BB, in dominant source regions, and, possibly, greater scavenging efficiency and wet deposition of BC during transport

under a warming Arctic climate (Ruppel et al., 2014).

5 Summary and conclusions

We developed a 190-year time series of atmospheric rBC deposition from Devon ice cap spanning calendar years 1810-
1990. The rBC ice core record (core DV99.1) is the first from the Canadian Arctic, and it supplements existing ice-core
records of BC or EC deposition from Greenland and Svalbard. The time series differs from the Greenland records in that it
shows no evidence of a substantial increase in rBC deposition during the early-mid 20th century, which, for Greenland, has
been associated with coal combustion (McConnell et al., 2007). The deposition of other contaminants such as SO4* and Pb
did increase on the Devon ice cap in the latter half of the 20th century but without a concomitant rise in rBC.

We attribute the low baseline variability in rBC deposition in the DV99.1 core to both site-specific and regional-
scale factors. The site from which the core was retrieved is subject to wind scouring and summer melt, and these combined
effects probably lessen the amplitude and resolution of historical variations in rBC deposition recorded in firn at the site.
Also, air back-trajectory analyses suggest that, compared to Greenland, rBC deposition on Devon ice cap is less sensitive to
temporal changes in BC emissions from the North Atlantic sector (eastern North America and western Greenland). We
postulate that BC aerosols reaching Devon ice cap originate more frequently from north-central/northwestern North
America, and/or from Russia and central Asia. The relatively long transport trajectories over the Arctic Ocean allow for
greater atmospheric mixing and deposition of aerosols to occur during transit, thus obscuring source-receptor relationships.
If correct, this interpretation implies that historical trends in BC deposition over the Arctic, and the resulting albedo-climate
forcing, are likely subject to large spatial variability, even over the relatively short distance that separates Devon ice cap
from Greenland. This variability, which is probably linked to differences in BC aerosol transport patterns and atmospheric
residence time (Bauer et al. 2013), must be accounted for when attempting to model the impact of past and future BC

emission trends on the Arctic climate system.
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The discussion presented above also underscores the challenges of interpreting records of aerosol deposition
developed from firn or ice cores drilled on small ice caps or glaciers, where local topographic and climatological effects can
have a large impact on the preservation of atmospheric signals, when compared with the central regions of large ice sheets. A
limitation of our study stems from the fact that the DVV99.1 record of rBC deposition comes from a different site than records
of other aerosol species (SO4%, Pb) previously obtained from Devon ice cap's summit. To verify our interpretation of the
DV99.1 rBC record, a new core should be drilled from the ice cap's summit, or from another ice cap less affected by melt-
percolation effects (e.g., on northern Ellesmere Island), and on which co-registered measurements of rBC and other aerosols
could be made. This is particularly important when one considers the large amount of spatial variability inherent in ice core
records, even in areas of optimal preservation (e.g., Gfeller et al., 2014). Our study also raises questions on the potential
effect of post-depositional coagulation of rBC particles on their detection by SP2 measurements in melted snow and ice

samples. Experimental work is needed to clarify these effects.
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Figure 1: Location map of the Canadian Arctic Archipelago (left), with enlargement of Devon ice (right). The location of the
various ice core sites mentioned in the text are shown. Sites A to E refer to the shallow core array of Colgan and Sharp (2008).
5 Elevation contours on Devon ice cap are spaced at 100 m above sea level.
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Figure 2: Age models for parts of the DV98.3 and DV99.1 cores from Devon ice cap. The error bars on the age curve relative to ice
depths (blue) bracket the 95 % confidence interval as established from Monte Carlo simulations (see text).
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(~1-m) moving average. Right: Insoluble microparticle concentrations (0.9-15 um diameter) on linear and log scales as for rBC.
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in the distribution of atmospheric impurities across Devon ice cap (see text).
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Figure 5: The record of atmospheric rBC and non-sea salt sulfur (nssS) deposition on Devon ice cap over the period 1810-2000
compared with similar records developed at various sites over Greenland by identical or nearly-identical methods. Full lines are
rBC; stippled lines are nssS. Data from Summit, D4, ACT2 and Humboldt: McConnell et al., (2007) and Koch et al. (2011); data

from NEEM: Zennaro et al. (2014) and Sigl et al. (2015). Also shown is

the location of the ice-core record of elemental carbon (EC)

deposition developed from Holtedahlfonna, Svalbard, by Ruppel et al. (2014), as well as other sites (Alert, Dye 2) mentioned in the

text.
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Figure 6: (a) The DV99.1 record of rBC deposition compared with other records developed from sites in Greenland identified in

Fig. 5. All records are presented in one-year averages. (b) As in (a) but for records of non-sea salt sulfur (nssS). Three major
5 historical volcanic eruption signals used for correlation are highlighted.
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Figure 7: Simulation of the effects of snow wind scouring on the preservation of an anthropogenic signal of rBC deposition in a
synthetic ice-core times series of rBC spanning the period 1810-1990. (a) The synthetic series, with a pseudo-seasonal cycle
superimposed on the interdecadal baseline trend observed in the Greenland D4 record (McConnell et al., 2007). (b) The synthetic
series after randomly truncating the amplitude of all winter deposition peaks (November-March) by 30-60 %. The bold red line in

both panels is a 5-year running geometric mean.
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Figure 8: Maps of residence time probability for air arriving at (a) Devon ice cap and (b) Summit, Greenland over the period
1948-1999, computed using HYSPLIT4. Air residence probability densities were normalized to a scale of 0-1, and were spatially
detrended by multiplying the original residence time grids (in hours) by the distance between each grid point and the coring site.
This effectively removes the concentric increase in probability density near the back-trajectory start point (Ashbaugh et al., 1985).
The spatial resolution of the grid is 200 x 200 km. The lower panels show the residence time density over time and as a function of
altitude (m a.s.l.) for the two sites.
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Figure 9: (a) Historical variations in rBC concentration in the DV99.1 core, 1810-1990, compared with reconstructed historical
trends in (b) fire frequency in the eastern boreal forest region of Canada (Girardin et al., 2006), and (c) burned area across
northern Canada (Girardin, 2007) and in the boreal and grassland regions of Russia and Central Asia (Mouillot and Field, 2005).
All data were log-transformed to facilitate comparisons.
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Figure 10: Correlation map of decadal rBC variations in the DVV99.1 ice core (coring location shown by star) against reconstructed
BC emissions from biomass burning (grassland and forest fires) in the Northern Hemisphere north of 30°N over the period 1900-
1990, after Lamarque et al. (2010). Only BC emissions > 0.1 t a** per 0.5 x 0.5° map grid cell were considered. Colors indicate the
value of Pearson's product-moment correlation coefficient R for each map grid cell. All data were log-transformed prior to
computing correlations, an only cells with positive correlations (R > 0) are shown. Blue stippled contours identify areas where
correlations are statistically meaningful at the 90 % level of confidence (field significance test; Wilks, 2016; Benjamini and
Yekutieli, 2001).
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