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Abstract Wildfires emit large quantities of particles that affect Earth's climate and human health. Black
carbon (BC), commonly known as soot, is directly emitted to the atmosphere by wildfires and other processes
and can be transported and deposited in remote regions including high-altitude glaciers and the polar regions.
Here, we present a continuous, high-resolution record of BC and ammonium (NH,*) from 1933 to 2001
extracted from two ice cores retrieved in 2002 from the col between Mt. Bona and Mt. Churchill in the
Wrangell-St. Elias Mountain Range, southeast Alaska. Despite the substantial increase of BC from fossil fuels
in the Arctic since the Industrial Revolution, BC at Bona-Churchill originates primarily from biomass burning
and thus provides a record reflecting a fire history for Alaska. The BC record from Bona-Churchill reveals that
high fire activity became more frequent after 1984 in agreement with Alaska fire records. Most years associated
with high BC or high NH,* before 1984 occurred during El Nifio events when precipitation in Alaska was
below “normal,” suggesting that precipitation played an important role in modulating fire activity in Alaska
prior to the 1980s. Conversely, years with high BC or NH,* after 1984 coincided with years with “normal” and
low precipitation, but elevated temperatures, strongly suggesting that temperature became a more dominant
factor influencing fire activity in Alaska after the 1980s as suggested by other studies. Recent Alaska fire
records and temperatures indicate that this trend has continued in the 21st century.

1. Introduction

Wildfires, one of the main natural disturbances in North American boreal forests, occur in Alaska every year
between May and August. However, it is the sporadic large fires, ignited by lightning in remote areas, that shape
the landscape of the Alaskan boreal forests (DeWilde and Chapin III, 2006; Kasischke et al., 2010, 2013; Macias
Fauria & Johnson, 2008). The fire regime in Alaska is naturally regulated by climate, and by the structure of its
ecosystems. However, it has been modified by human activities (human-caused fires, land management practic-
es, and fire suppression policies) and by climate change (Chapin III et al., 2008; Kasischke et al., 2010; Partain
etal., 2016; Todd & Jewkes, 2006; Young et al., 2017). In Alaska, the likelihood of large fires has increased since
the 1980s (York et al., 2020), with the two largest fire years on record in 2004 and 2015, when 2.7 and 2.1 million
hectares (ha) burned, respectively (AICC, 2020). An assessment of the 2015 fire season determined that anthro-
pogenic climate change increased the risk of experiencing a severe fire season by 34%—-60% (Partain et al., 2016).
Recently, due to climate change, fire seasons in Alaska have become longer and warmer, thus providing time
for more ignitions to occur and for small fires to grow into larger ones (Kasischke et al., 2010). Additionally,
with the higher air temperatures, duff layers dry out more rapidly becoming more readily available as a fuel (Hu
et al., 2015; York et al., 2020; Young et al., 2017).

Biomass burning, which refers to the burning of living and dead vegetation (e.g., forests, grassland, agricultural
waste, wood) emits gases and aerosols that affect climate, air quality, and human health. Black carbon (BC),
commonly known as “soot,” is a carbonaceous material emitted by the incomplete combustion of carbon-based
fuels (e.g., biomass, fossil fuels, biofuels). It is directly emitted to the atmosphere by anthropogenic and natural
combustion processes such as the burning of fossil fuels for energy use, open fires in forests and savannas, and
waste burning. Black carbon is refractory and water insoluble. It forms aggregates, and strongly absorbs radiation
in the visible range, thus creating a positive radiative forcing on climate (Bond et al., 2007, 2013). Black carbon
also affects human health and has been associated with respiratory and cardiovascular diseases and premature
death (Niranjan & Thakur, 2017; Reid et al., 2016).
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Black carbon particles, mostly emitted as hydrophobic particles, are removed from the atmosphere primarily by
wet deposition. As BC particles age in the atmosphere, they become hydrophilic through condensation of soluble
species (e.g., sulfuric and nitric acid) onto their surface, coagulation with other soluble species, and oxidation
(Bond et al., 2013; Lund & Berntsen, 2012; Lund et al., 2017). The atmospheric lifetime of BC varies regionally
and seasonally, roughly averaging 7 days (Bond et al., 2013; Cooke et al., 1999) depending on the aging process
(e.g., soluble species concentrations, atmospheric conditions; Lund & Berntsen, 2012; Lund et al., 2017; Qi &
Wang, 2019a; Zhang et al., 2019). Thus, BC particles can be transported over regional to intercontinental distanc-
es and deposited in remote regions including high-altitude glaciers and the polar regions. BC particles deposited
on snow and ice can consequently accelerate cryospheric melting by reducing its albedo and increasing surface
absorption of solar radiation (Bond et al., 2013).

Emission inventories confirm that since the onset of the Industrial Revolution ~1850, atmospheric BC emissions
have risen considerably worldwide, although with regional variability, largely due to fossil fuels combustion
and biomass burning associated with widespread deforestation (Bond et al., 2007, 2013). Unfortunately, these
emission inventories contain large and significant uncertainties as they do not account for rapid changes such as
wars or economic depressions and may vary regionally yielding incorrect spatial distributions (Bond et al., 2007).
Thus, while atmospheric measurements are needed to better quantify current BC emissions, natural archives are
also necessary to reconstruct historical emissions.

Ice cores are natural archives exclusively fed by atmospheric input and can provide more detailed information
including broader spatial and longer temporal histories of BC deposition in remote regions compared to other
natural archives (e.g., tree rings, lake sediments, and peat bogs). There are a number of ice core records of
BC from different regions including Greenland (McConnell et al., 2007) and Svalbard (Osmont et al., 2018;
Ruppel et al., 2014) in the Arctic, the Canadian high-Arctic (Zdanowicz et al., 2018) and sub-Arctic (Mt. Lo-
gan; Menking, 2013), Washington State in North America (Kaspari et al., 2020), western and eastern Europe
(Lim et al., 2017; Sigl et al., 2018), Tibet and the Himalayas (Barker et al., 2021; Kaspari et al., 2011; Wang
et al., 2015), and Antarctica in the Southern Hemisphere (Bisiaux et al., 2012). In most of these existing BC ice
core records, anthropogenic activities were the primary source of BC depositions during the 20th century.

Here, we present a record of BC between 1933 and 2001 from an ice core retrieved in 2002 from the col between
Mt. Bona and Mt. Churchill in the Wrangell-St. Elias Mountain Range, southeast Alaska (61.4°N; 141.7°W;
4,420 masl; Figure 1). Since anthropogenic BC emissions increased worldwide primarily during the 20th century,
we take advantage of the high-resolution BC ice core record from Bona-Churchill, to explore possible contribu-
tions from anthropogenic and natural sources deposited in this region. To overcome the possible impact of anthro-
pogenic sources in the BC record, a record of NH,* from an ice core extracted in close proximity to the BC ice
core is also used as concomitant increases of BC and NH,* are associated with forest fires (Keegan et al., 2014;
Legrand et al., 2016). The Bona-Churchill ice core records are then compared with the documented Alaska fire
history, and with temperature, precipitation, and El Niflo events to determine their influence on the BC and
NH,* signals recorded at Bona-Churchill. To assess regional variability, comparisons are also made with other
existing regional ice core records of different biomass burning proxies: (a) levoglucosan, and dehydroabietic and
vanillic acids from Aurora Peak at 2,825 m asl, northwest of Bona-Churchill, which recorded forest fires from
Alaska and Siberia (Pokhrel et al., 2020); (b) NH,* from Mt. Logan at 5,340 m asl, ~150 km southeast of Bo-
na-Churchill and closer to the coast, which appears to have recorded primarily more distant forest fires in Siberia
(Whitlow et al., 1994); and (c) NH,* from the Eclipse Icefield just 45 km northeast of Mt. Logan at 3,017 m asl
which recorded primarily regional forest fires from Alaska and the Yukon Territory (Yalcin et al., 2006). Given
Bona-Churchill's different elevation and coastal influence, its BC and NH,* ice core-derived records will provide
new information of forest fire activity and climate variability in Alaska. In addition, this study uses two biomass
burning proxies, BC and NH,*, which have not been reported together in other ice cores from this region.

2. Methodology
2.1. Bona-Churchill Ice Cores

In the spring of 2002, six ice cores (two deep and four shallow ice cores) were drilled from the ice field cover-
ing the Bona-Churchill col. The two deep cores used for this study were drilled ~200 m apart (Urmann, 2009).
One was drilled 460.96 m to bedrock (B-Chl) and the second (B-Ch2) was drilled to ~118 m depth (Porter
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Figure 1. Map of Alaska showing the locations of the drilling sites of the Bona-Churchill (black star) ice cores, and the
Eclipse (1), Mt. Logan (2), and Aurora Peak (3) ice cores. The cities of Anchorage, Fairbanks, and Tok that connect the most
important transportation routes are also shown. The Kenai National Wildlife Refuge (south of Anchorage) is outlined for
reference. Cluster means of 3-day back trajectories between 1948 and 2001 for May—August (see text for details) are also
displayed with the percentage of trajectories allocated to each cluster.

et al., 2019; Urmann, 2009). While some thin melt layers of ~1 mm were present throughout both cores, no indi-
cations of seasonal melt were evident (Porter et al., 2019).

The time scale was reconstructed from B-Ch1 by annual layer counting of the concentrations of insoluble dust
particles that peak during spring such that annual layers roughly approximate the thermal year (July—June). The
time scale was verified by high beta radioactivity from atmospheric thermonuclear testing detected in the 1963
dust peak at 78 m depth and by multiple volcanic markers such as the Katmai eruption in 1912 (Porter et al., 2019).
For details on the analyses of dust particles and beta radioactivity, the reader is referred to Urmann (2009). A time
scale was obtained for B-Ch2 by matching the 8'80 of B-Ch2 with that of B-Ch1. For this study, and to facilitate
comparison among data sets and inventories, the time scales were converted to calendar year.

2.2. Sample Preparation and BC Analysis

Black carbon measurements were performed on the entire B-Ch2. The ice core was sampled continuously at sub-
annual resolution over the entire record (6-30 samples year~!) producing a total of 1,172 samples with a sample
size of 10—15 cm for the top 5 m, and of 8-10 cm below 5 m. Samples that originate from the top 69 m of B-Ch2,
consisting of consolidated firn, were cut with a bandsaw as follows. An artificial ice core made of ultrapure (UP)
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water (18.2 MQ) was used to clean the bandsaw before a thin slab of 1 cm thickness was cut from the ice core
surface and used to hold an inner second slab also of about 1 cm thickness, which was never in contact with
the bandsaw surface or guide. Firn samples were handled using triple-rinsed gloves and immediately placed in
individual clean, heat-sealed polyethylene (PE) bags. Ice samples below 69 m were cut with the same bandsaw
after removing an outer 0.5 cm thick slab. Ice samples were rinsed with UP water in a class 100 clean room to
remove any possible contamination and were immediately placed in individual clean heat-sealed PE bags and
stored frozen until further analysis.

The quantification of BC was performed in a class 100 clean room using a Single Particle Soot Photometer (SP2;
Droplet Measurement Technologies, Longmont, USA). The SP2 directly measures only the refractory and strong-
ly light-absorbing BC, specifically referred to as rBC in some publications; however, here we simply use BC. The
energy emitted during incandescence is measured, and a quantitative determination of BC mass of the particle is
made independently of its morphology and coating (Schwarz et al., 2006, 2012). An external calibration curve
of five Aquadag standards (0.5-15 ng g~!) was prepared daily and analyzed before the samples to correct for
BC loss during nebulization (Wendl et al., 2014). Frozen firn and ice samples were melted at room temperature
in their individual PE bags for about 20-30 min and immediately transferred into 50 mL polypropylene conical
screw cap tubes (Sarstedt Inc.) minimizing potential BC particle loss (Barker et al., 2021; Wendl et al., 2014).
Samples were then sonicated for at least 20 min and analyzed immediately. Samples were continuously stirred
with a magnetic bar as they flowed into a CETAC Marin-5 enhanced nebulizer system (Teledyne CETAC Tech-
nologies, Omaha, USA) using a peristaltic pump. The nebulized sample was introduced to the SP2 sample inlet
at a known rate using carbon-free air carrier gas. A UP water blank was analyzed every five samples to monitor
the instrument baseline conditions. The baseline remained stable for all the B-Ch2 measurements as the core
was very “clean” with low dust concentrations for B-Ch1 averaging 21 x 10° + 9 x 103 particles (0.63-16 pm
diameter) per milliliter between 1933 and 2001. Procedural blanks (UP water frozen as an artificial ice core) were
cut, prepared, and analyzed similar to the firn and ice samples and they showed negligible BC concentrations
(<0.1 ng g~"). The limit of detection was determined as the average of 20 UP blanks plus 3SDs as 0.3 ng g~'. The
averaged analytical uncertainty is estimated to be <10%. UP water was flushed through the system after all the
daily sample measurements for at least 5 min or until stability was achieved. The SP2 output data were processed
using the PSI SP2 Toolkit 4.200f (Paul Scherrer Institut, CH) and the IGOR Pro software platform (WaveMetrics
Inc., Portland, USA).

2.3. Ammonium Analysis

The 1933-2001 ammonium (NH,*) record used here originates from the deep B-Ch1 ice core. The sample prepa-
ration and analysis of major anions and cations, including NH,*, were performed as described by Urmann (2009).
Briefly, the ice core samples were transferred to a Class 100 clean room where they were rinsed with UP water
and melted at room temperature before being analyzed for NH,* and other major ions with a Dionex ICS-2500 ion
chromatograph (for more details the reader is referred to Porter et al., 2019 and Urmann, 2009). Additionally, the
top half of the B-Ch2 core (1973-2001), from which the BC record originates, was analyzed for major ions using
a Thermo Scientific ICS-5000 ion chromatograph. The NH,* records from both cores are significantly correlated
(p =0.81, p < 0.01, Figure S1 in Supporting Information S1) indicating that glaciological noise is negligible and
thus, the 1933-2001 NH,* record from B-Ch1 can be combined with that of BC from B-Ch2.

2.4. HYSPLIT

Using the PC version of HYSPLIT, 7-day back trajectories were calculated daily from May to August, which
correspond to the fire season in Alaska, for the 1948-2001 period generating a set of 25,056 back trajectories to
geographically constrain the atmospheric influence at Bona-Churchill. It should be noted that while the back tra-
jectories were performed for the fire season in Alaska, BC and NH,* from anthropogenic sources can be deposit-
ed in other seasons, for instance during late winter and spring when the Arctic haze occurs (Winiger et al., 2019).
To better visualize flow patterns, back trajectories close to each other were merged into clusters by their mean
trajectory using the HYSPLIT cluster analysis tool. To efficiently run the cluster analysis of this large set of back
trajectories, only 72 h (3 days) and 120 h (5 days) trajectories were clustered using every hourly endpoint, and
given the very large set of trajectories, a five-trajectory skip was used (the cluster tool only includes every fifth
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trajectory of the data set). A similar cluster analysis was also performed for Eclipse, Mt. Logan, and Aurora Peak
trajectories.

2.5. Alaska Fire History

Historical fire records provided by the Alaska Interagency Coordination Center (AICC), Bureau of Land Man-
agement (BLM; AICC, 2020), comprise total area burned, number of fires, and fire perimeters since 1939 when
fire monitoring began in Alaska. This data set includes wildfires across Alaska that occurred naturally (e.g.,
lightning) or anthropogenically, either accidentally (e.g., escaped campfire) or intentionally. To reconstruct the
Alaska fire history for the 1939-1970 period, the agency personnel used archival fire records, letters, reports,
and other unpublished documents. After 1980, satellites, more remote automatic weather station data, and other
technological advancements facilitated the detection, monitoring, and suppression of fires which improved the
quality of the Alaska fire data set post-1980s. Thus, although the data set is comprehensive and up-to-date, it is
not complete, and it continues to change as new information prior to the 1980s is located (Kasischke et al., 2002;
Todd & Jewkes, 2006). Here, we use the total area burned (Table S1 in Supporting Information S1) for compari-
sons with the BC and NH,,* records from Bona-Churchill.

2.6. Energy Consumption and Black Carbon Emissions

To explore the possible emission sources of the observed black carbon, the Bona-Churchill ice core record is
compared with inventories of energy consumption and black carbon emissions.

2.6.1. Energy Consumption

The energy consumption in Alaska is obtained from the U.S. Energy Information Administration (EIA, 2019) by
energy source (e.g., fossil fuels, biomass, renewables, etc.). Since wood is an important energy source in Alaska
for residential heating and a source of black carbon, here in addition to fossil fuel consumption, we use biomass
(wood and wood waste) consumption to compare the changes in trends with the Bona-Churchill ice core record.

2.6.2. Black Carbon Emissions

Unfortunately, BC emission estimates for Alaska are unavailable for the period of study here. Thus, annual BC
emission grid maps (0.1° x 0.1°) from the Emissions Database for Global Atmospheric Research (EDGARVS5.0;
Crippa et al., 2019; EDGARVS5.0, 2020) are used to construct a time series of anthropogenic BC emissions for
Alaska. It is important to note that EDGARV5.0 does not include emissions from large-scale biomass burning
(e.g., savannah burning, forest fires). Also, BC emissions are distributed using spatial data such as population
density, land use, road network, animal density, inland waterways, and aviation and international shipping routes
(Greet et al., 2013) which can introduce large uncertainty. In addition to the BC emission estimates for Alaska,
we use BC emissions estimates for the United States and East Asia reported by Bond et al. (2007) and Fernandes
et al. (2007).

2.7. Black Carbon Deposition From MERRA-2

The Bona-Churchill BC data are compared with the Modern-Era Retrospective Analysis for Research and Appli-
cations Version 2 (MERRA-2) reanalysis data provided for this study by the Global Modeling and Assimilation
Office, NASA/Goddard Space Flight Center. MERRA-2 provides data beginning in 1980 at an approximate
resolution of 0.5° x 0.625° with 72 vertical levels up to 0.01 hPa (Gelaro et al., 2017; Randles et al., 2017). Car-
bonaceous aerosol emissions in MERRA-2 coupled with the Goddard Chemistry, Aerosol, Radiation, and Trans-
port (GOCART) model include natural and anthropogenic sources derived from several emission inventories.
It should be noted that although MERRA-2 often overestimates BC at higher altitudes, airborne measurements
from the Arctic suggest MERRA-2 underestimates BC in the northern high latitudes (Randles et al., 2016). All
aerosols are subject to dry deposition, wet removal, and convective scavenging. Wet deposition of the aerosols
depends on precipitation which is corrected using observations to reduce errors (Randles et al., 2017).
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Figure 2. Black carbon and NH,* concentrations between ~1930 and 2001. The thin lines represent the individual sample
concentrations and the thick lines reflect their respective annual averages.

2.8. Climate Data

Summer (June—August, corresponding to the peak of the fire season) precipitation and temperature for Alas-
ka were obtained from the NOAA National Centers for Environmental Information, Climate at a Glance
(NOAA, 2020a) for the period 1925-2020. El Nifio 3.4 sea surface temperature anomalies were obtained from
NOAA ESRL Physical Sciences Laboratory website (NOAA, 2020b). In the supporting information, atmospheric
circulation patterns were explored for two high fire years using NCEP/NCAR reanalysis (Kalnay et al., 1996).

Following the reporting method used in the NOAA Arctic Report Card 2020 (York et al., 2020), total area burned,
summer precipitation in Alaska, and the Bona-Churchill BC and NH,* annual fluxes are distributed in terciles.
To be consistent with the correlations among the different climate variables, the terciles are determined based
on the entire timespan contained in the Bona-Churchill ice core record (1939-2001). For a particular variable, a
year is considered to be “normal” when the variable falls within the second tercile (33rd—66th percentile of the
1939-2001 distribution), and below or above “normal” when it falls within the first tercile (<33rd percentile of
the 1939-2001 distribution), and the third tercile (>66th percentile of the 1939-2001 distribution), respectively.
For instance, years with >270,000 ha burned are considered large fire years, and summers with precipitation
<24 cm are considered low precipitation summers or dry years. It is important to note that there are spatial vari-
ations in the precipitation data that are not accounted for here.

2.9. Statistical Analysis

All statistical analyses including averages, factor analysis of the ranked data, cluster analysis, and Mann-Kendall
trend test were performed using Minitab 18, while the terciles, nonparametric Spearman-ranked correlations
(correlation coefficient p), and sequential Mann-Kendall test (Dey, 2021) were obtained with MATLAB 2020
and 2021.

3. Results and Discussion

The BC and NH,* concentration time series are shown in Figure 2. To understand the role of NH,* and identify
its possible sources in the Bona-Churchill ice core record we first applied a multivariate factor analysis to the full
ion and dust data set from B-Ch1 between 1930 and 2001. It was not possible to include BC in the factor analysis
as it comes from the B-Ch2 core with a different sampling resolution. Four factors, explaining 85% of the total
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Figure 3. Comparison of (a) annual energy consumption of biomass (dotted line), and fossil fuels (solid line) in Alaska
(EIA, 2019), (b) annual BC emissions from human activities (not including wildfires) from the EDGARVS5.0 database for
Alaska (Crippa et al., 2018, 2019; EDGARVS5.0, 2020), and for the United States and East Asia region (Bond et al., 2007;
Fernandes et al., 2007), and (c) the Bona-Churchill ice core-derived black carbon flux record for comparison. Note the left
and right axes are different in panels (a) and (b).

variance were extracted from the data, and a cluster analysis of these four factors was also performed to group
the ions and dust particles into clusters that share common characteristics or sources. Factor 1 (29% variance) is
loaded in Mg?*, Ca?*, and dust particles which are of crustal origin. Factor 2 (21% variance) is loaded in Cl~ and
Na* suggesting a marine origin. Factor 3 explains 18% of the variance and is loaded in NO,~ and SO,?~ which
are likely of anthropogenic origin. The NH,* and K* are grouped together in Factor 4 (17% variance) and likely
share common sources including biomass burning which suggests that NH,* in the Bona-Churchill ice core could
be used as a reliable proxy of biomass burning in the region.

Despite coming from different cores, annual BC and NH,* concentrations are significantly correlated (p = 0.70,
p < 0.001, Figure S2 in Supporting Information S1) demonstrating reproducibility between B-Ch1 and B-Ch2
and also suggesting common sources. Other studies in ice cores have demonstrated that the source of concomitant
increases of NH,* and BC are large forest fires (Keegan et al., 2014; Legrand et al., 2016). Legrand et al. (2016)
also found a strong correlation between BC and NH,* in Greenland ice cores tracing past boreal forest fires. BC
and NH,* have been considered reliable proxies of forest fires in ice cores from Greenland, along with other spe-
cies including organic carbon, and formic and vanillic acid (Legrand et al., 2016). However, BC emissions from
fossil fuel combustion have increased considerably since 1850 (Bond et al., 2007) and have affected BC trends
in ice core records from Greenland (McConnell et al., 2007), and other Arctic sites (Osmont et al., 2018; Ruppel
et al., 2014; Zdanowicz et al., 2018). Contrary to Greenland, in the Canadian sub-Arctic, it was estimated that be-
tween 2007 and 2013, biomass burning contributed 59%-78% of annual BC during summer and 28%-32% during
winter (Qi & Wang, 2019a). BC then must be used with caution when using it as a proxy of biomass burning after
1850. Thus, it is important to first determine the possible impact of fossil fuel and biofuel combustion sources of
BC in the Bona-Churchill ice core.

3.1. Anthropogenic Sources

Unfortunately, no direct source apportionment data are available for anthropogenic sources of BC, therefore only
available energy consumption and BC emission inventories are used here for qualitative comparisons (changes in
trends) to determine the possible contribution of anthropogenic sources to the BC deposited at Bona-Churchill.
For this, we first compare the energy consumption (fossil fuels and biomass) in Alaska since 1960 (Figure 3a),

SIERRA-HERNANDEZ ET AL.

7of 16



A7t |

M\I Journal of Geophysical Research: Atmospheres 10.1029/2021JD035668

ADVANCING EARTH
AND SPACE SCIENCE

the BC emissions from Alaska since 1970, and from the United States and East Asia since 1920 (Figure 3b) with
the BC ice core record (Figure 3c).

In Alaska, fossil fuel consumption has been continuously increasing from ~50 million BTU since 1960 to ~730
million BTU in 2001 (Figure 3a). Biomass consumption, about two orders of magnitude lower than fossil fuel
consumption, has varied over time with two periods of low consumption (~2 million BTU) in 1980-1990 and
in 2000 (Figure 3a). On the other hand, anthropogenic BC emissions in the United States increased considerably
since the Industrial Revolution in the late 1850s (not shown) until ~1925 after which they have been intermittent-
ly decreasing as a result of the Great Depression in the 1930s and the introduction of the Clean Air Act in 1970
(Bond et al., 2007; Fernandes et al., 2007). Additionally, BC emissions in Alaska (Figure 3b) reflect a decreasing
trend between 1970 when the EDGARVS5.0 record begins, and the early 1980s, in accordance with the inventory
from Bond et al. (2007). After 1982, BC emissions in Alaska likely increased as the result of a more rapid rise
in the population and the construction of infrastructure such as the trans-Alaska pipeline, however, emissions
remained below the 1970's level. These anthropogenic trends are reflected in the BC ice core records from Green-
land (McConnell et al., 2007) but not in the Bona-Churchill BC record (Figure 3c). The Mann-Kendall trend test
confirms that the trend in BC flux is not monotonic. To further corroborate that there is no increasing trend in the
BC flux, a sequential Mann-Kendall test was performed to detect change points. Five change points were detect-
ed at years 1941 (a = 0.05), 1962 (a = 0.05), 1972 (a = 0.1), 1984 (a = 0.1), and 1995 (a = 0.1) which do not
correspond to any anthropogenic changes in emissions. These results strongly suggest that human activities are
not a dominant source of BC in this region. To further determine the possible sources of BC at Bona-Churchill
we examined the Bona-Churchill ice core record relative to fire-related data in the next section.

3.2. Forest Fires

Several events of concomitant high BC and high NH,* are observed in the Bona-Churchill record: 1933-1936,
1941, 1948, 1950, 1965, 1969, 1971, 1973-1974, 1981, 1987-1988, during the 1990s, and in 2000 (Figure 2)
with large forest fires as their likely source.

The MERRA-2 data show that BC is deposited at Bona-Churchill primarily between May and August, and
deposition is dominated by wet deposition of aged BC (89.3%) and BC emissions from biomass burning (5.3%).
Comparison of the BC from the B-Ch2 ice core with modeled BC deposition (Figure S3 in Supporting Informa-
tion S1, 1980-2002) and with dust particles from B-Ch2 (Figure S4 in Supporting Information S1, showing the
bottom of the record 1933-1950) reveal that the measured BC is deposited simultaneously with the modeled BC
and with the dust particles during spring and summer, when forest fires are the primary source of BC in the Arctic
and sub-Arctic (Hegg et al., 2010; Qi & Wang, 2019a, b; Winiger et al., 2019). Cluster analysis of 3-day back
trajectories for the months of May—August shows that 28% of the air parcels reaching Bona-Churchill originate
from the interior where boreal forest fires in Alaska predominantly occur (Figure 1). Thus, BC detected in the
Bona-Churchill ice core very likely originates primarily from local and regional forest fires.

Between 1939 and 2001, the number of large fire years in Alaska varied from decade to decade with the lowest
frequency in the 1950s and 1960s and the highest frequency in the 1990s. A similar trend is observed in the
Bona-Churchill BC ice core record as shown in Figures 4 and 5. A low but significant correlation exists between
the area burned in Alaska and the BC flux record between 1939 and 2001 (p = 0.3, p = 0.02). This is expected as
atmospheric circulation in Alaska during the fire season is complex (Hayasaka et al., 2016) and thus, not all fires
will be preserved in an ice core (see case study in Text S1 in Supporting Information S1). Despite the low correla-
tion, 14 years of high BC or NH,* coincide with 67% of Alaska's large fire years, including 1947 and 1969, when
some of the largest fires occurred in the Kenai Peninsula (AICC, 2020; Anderson et al., 2006; De Volder, 1999),
near and upwind of Bona-Churchill (Figures 1 and 4), suggesting that Bona-Churchill reflects the fire activity in
Alaska which further indicates that BC originates primarily from forest fires.

3.2.1. Alaska Fire History and Climatology

Since the first fire control agency in Alaska was created in 1939, a wildfire suppression policy was implemented
to suppress all fires. Fire suppression is a particularly challenging task in Alaska due to its climate, topography,
and the vast interior area where most wildfires occur (Todd & Jewkes, 2006). However, the capabilities of fire
agencies in Alaska have evolved and improved with time.
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et al., 2003), and the Bona-Churchill annual (d) black carbon (BC), and (e) NH,* fluxes. The shaded area is the middle tercile
(33rd—66th percentile of the 1939-2001 distribution) which is considered “normal” for area burned, precipitation, and the
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Initially, during the 1940s, fire suppression was very limited due to the lack of human and technological resources

to detect and reach remote wildfires. Fire suppression improved during the 1950s and 1960s as more and better

resources (e.g., aircraft, riverboats, smokejumpers, and chemical fire retardants) became available to the BLM

Division of Forestry allowing them to reach remote wildfires (Todd & Jewkes, 2006). Coincidentally, between

the 1950s and 1970s, the number of large fires, the annual area burned in Alaska, and the number of high BC and

NH,* years in the Bona-Churchill ice core record were low, with the lowest number of these fire characteristics

occurring in the 195

0s—1960s (Figures 4 and 5).
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Table 1

Spearman Correlations Between Summer Precipitation, Summer Temperature and Black Carbon and Ammonium (NH,*) Fluxes From Bona-Churchill, and Area

Burned in Alaska

Precipitation Temperature
Period Black carbon NH,* Area Burned Black carbon NH,* Area Burned
Pre-1949* —0.7 (<0.01) —0.7 (<0.01) —0.2 (0.48) —0.1 (0.78) 0.0 (0.86) 0.6 (0.07)
1950-1977 0.0 (0.92) —0.3(0.20) —0.6 (<0.01) 0.0 (0.74) —-0.1 (0.91) 0.5 (<0.01)
1978-2001 —0.2 (0.40) 0.0 (0.90) 0.2 (0.45) 0.6 (< 0.01) 0.3 (0.23) 0.2 (0.2)
2002-2019 = = —0.7 (<0.01) = = 0.7 (<0.01)

Note. p-Values are shown in parentheses. Significant correlations (p < 0.05) are in bold.
21933-1949 for Bona Churchill, and 1939-1949 for area burned in Alaska.

In 1982, the Alaska Interagency Fire Management Council changed its wildfire suppression policy from total
fire suppression to fire management which designates four different levels of suppression. Areas where people
and settlements are at risk receive the highest suppression priority and efforts, while in remote areas limited fires
are generally allowed to burn (Todd & Jewkes, 2006). Coincidentally, since 1984 the number of large fires, the
annual area burned in Alaska, and the number of years with high BC or high NH,* in the Bona-Churchill ice core
record increased to their highest levels in the 1990s (Figures 4 and 5).

It is possible that changes and improvements in fire suppression may have played a role in modifying the
Alaskan fire regime, although this is debated. In a dendroclimatology study of a 250-year fire history in the Yu-
kon Flats National Wildlife Refuge in interior Alaska (Drury & Grissom, 2008), the authors found no evidence
that the changes in fire management policies influenced the fire regime in the Yukon Flats. Investigating the
effect of human actions on fire regime, DeWilde and Chapin III (2006) found a 50% reduction in the proportion
of burned areas designated with the highest level of suppression priority between 1992 and 2001, compared to
areas designated as limited or without suppression in interior Alaska. Other studies have shown that Alaska's fire
regime is driven primarily by climate and that large fires occur during unusually dry years (Duffy et al., 2005;
Hess et al., 2001). Hess et al. (2001) showed that most of the large fires in Alaska occurred during moderate to
strong El Niflo events. During El Nifio events, temperatures are typically near normal in western Alaska and often
much warmer in southeastern Alaska (Hess et al., 2001; Nguyen et al., 2021; Papineau, 2001). In addition, Hess
et al. (2001) argued that during El Nifio events, precipitation increases along the coastal regions of Alaska and
decreases further inland creating conditions that promote progressive drying of vegetation which favors more
intense and widespread fires.

Temperature variations in Alaska during the 20th century show three distinct periods (Figure 4b) consistent with
multidecadal variability in the Pacific: a warm period between 1920 and ~1950 with several years of high precip-
itation, followed by a cool and relatively wet period with some dry years mostly in the 1970s, and another warm
period between ~1978 and 2000 with both dry and wet years (Bieniek et al., 2014). To better understand the role
of temperature and precipitation in forest fires in Alaska and in the BC and NH,* records in the Bona-Churchill
ice core, correlations were performed between these two climate variables and the annual area burned in Alaska
and the BC and NH,* fluxes from Bona-Churchill (Table 1).

Precipitation negatively correlates with BC and NH,* fluxes between 1933 and 1949 which suggests that these
events may have resulted from low precipitation as shown in other studies (Duffy et al., 2005; Hess et al., 2001).
Also, a weak negative correlation exists between precipitation and area burned for the 1939-1949 period. How-
ever, this correlation is not significant or meaningful due to the limited period of overlap (10 years) between the
two records. For the 1950-1977 period, a significant negative correlation exists between precipitation and area
burned suggesting that low precipitation influenced large fires during these periods of time. Even though no
significant correlations exist between precipitation and BC or NH,* during 1950-1977, high BC and high NH,*
years coincided with years of low precipitation (Figures 4b, 4d and 4e) indicating that low precipitation may have
been a factor in these events. In fact, most of the pre-1978 large fire years in Alaska and most of the high BC and
high NH,* years in the Bona-Churchill ice core record occurred during years of low precipitation. Namely, the
third largest fire on record in 1957 occurred during the year of lowest precipitation during the period of study. On
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the other hand, between 1978 and 2001, 6 large fire years in Alaska and 9 years of high BC and high NH,* in the
Bona-Churchill ice core occurred during years of either “normal” or low precipitation (Figure 4). Thus, factors
other than precipitation must have influenced the increase of large fires during this period of time.

Overall, temperatures in Alaska have increased ~1°C between 1920 and 2012 (Bieniek et al., 2014) and ~1.5°C
by 2018 becoming particularly warm since the mid-1980s (Figure 4b). During this time, relatively warm condi-
tions persisted in Alaska between 1920 and ~1950 (Bieniek et al., 2014). The Alaska fire history does not cover
the period prior to 1939 (Figure 4a) and Bona-Churchill coverage begins in 1933 (Figure 4d). Thus, we cannot
fully determine the relationship between temperature and fire activity in Alaska during the entire 1920-1950
period. However, Bona-Churchill reveals 4 years of high BC and high NH,* between 1933 and 1937, which corre-
spond to years of low precipitation. And both the Alaska fire history and Bona-Churchill show 4 years of high fire
activity during the 1940s. Interestingly, some of those years also correspond to El Nifio years (1936, 1940-1941,
and 1948, Figure 4c). In the later periods, summer temperatures are positively and significantly correlated with
area burned (post-1950) and BC (post-1978). A cool period followed 1950 until ~1977, when there were only
three large fires in Alaska, and only 2 years of high BC or NH,* during each decade (Figure 5). The 2 largest fire
years of the 20th century in Alaska, 1957, 1969, occurred in El Nifio years during this cool period. In addition,
years of high BC or NH,* also occurred during EI Nifio years 1965, 1969, and 1972 within this cool period.

In summary, 14 large fires in Alaska and 13 high BC and NH,* occurred in a timespan of ~50 years between
the 1930s and 1980, several of which occurred during dry years and during El Nifio years. This changed after
1984 when 6 large fire years in Alaska and 9 years of high BC or NH,* years occurred in a much shorter time-
span (~20 years) between 1980 and 2001 during El Nifio years and when precipitation was “normal” or “below
normal,” but temperatures were “above average.” Likewise, 9 large fire years occurred in Alaska between 2001
and 2019 (Figure 4a), including the largest fire in 2004, which was the driest and warmest year on record (Fig-
ure 4b). Several of these 21st century large fire years occurred during low and normal precipitation years when
temperatures were 1-1.5°C higher than during the 1930-1970s period (Figure 4b). These observations suggest
that warmer temperatures likely played a more important role in the high fire activity after the 1980s.

Finally, lightning activity, a key ignition of wildfires, has increased in Alaska since the 1980s and it is projected
to increase in Alaska (Bieniek et al., 2020) and the Arctic due to continued warming (Holzworth et al., 2021).
Thus, the 1990s increase in large fire years in Alaska and high BC or NH,* years in the Bona-Churchill ice core
likely result from increased availability of dry organic matter coupled with enhanced lightning activity. It appears
that the effects of high temperatures outweigh those of precipitation and it has been projected that precipitation
will need to increase by 7%—10% per 1°C to offset the temperature effects on Alaskan wildfires (Flannigan
et al., 2016; Grabinski & McFarland, 2020).

3.3. Comparison With Other Regional Ice Core Records

To further understand the origin of BC and NH,* we compare the Bona-Churchill ice core records with those
from Aurora Peak, Mt. Logan, and Eclipse Icefield (Figure 1). Using three different ice cores from the Eclipse
Icefield in the Yukon Territory of Canada, recovered in 1996 (1 core) and 2002 (2 cores), an NH,* record was
developed by Yalcin et al. (2006) and provided a 1000-year regional forest fire history for Alaska and Yukon. The
Eclipse record shows high fire activity during the 1920-1940 period and 1980s, and low fire activity during the
1950s and 1960s, like Bona-Churchill which suggests common sources influenced both sites. Contrary to Eclipse
and Bona-Churchill, the Mt. Logan NH,* record showed the highest fire activity during the 1960s. Whitlow
et al. (1994) concluded that in addition to regional forest fires, the Mt. Logan ice cores recorded more distant
forest fires from Siberia due to its higher altitude (920 m higher than Bona-Churchill and 2,323 m higher than
Eclipse; Whitlow et al., 1994; Yalcin et al., 2006).

Yalcin et al. (2006) used NH,* concentration residuals in association with other proxies of biomass burning
(C,0,2 and K*) to identify fire events in Eclipse (the reader is directed to the original publications as only
the NH,* concentrations are shown here) and considered high fire years in Alaska as those when more than
530,000 ha burned (1.5 times the 1940-2002 average). Regardless of the various parameters used to identify large
fires, 9 large Alaskan fires (1940, 1941, 1947, 1950, 1969, 1977, 1988, 1990, 1991) were identified in both the
Bona-Churchill and Eclipse ice cores.
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Figure 6. Ice core records of ammonium from (a) Bona-Churchill, (b) Mt. Logan (Whitlow et al., 1994), (c) Eclipse
2002 (Yalcin et al., 2006), and (d) Eclipse 1996 (Yalcin et al., 2006). The shaded areas in the records represent the middle
percentile (33rd—66th percentile of their respective distribution) considered here as “normal”.

The Eclipse ice cores recorded 36%—67% of large fire years in Alaska between 1940 and 2001 while Bo-
na-Churchill recorded 67%. Yalcin et al. (2006) reported a 70% agreement among the three Eclipse cores except
in the 1930s, 1970s, and 1980s, probably due to considerable spatial variability among the three Eclipse drilling
sites due to drifting snow. This might explain why the records do not compare well among themselves or with the
Bona-Churchill record (Figure 6). Likewise, Porter et al. (2019) found few similarities between the 8'30 record
of Bona-Churchill and those of Mt. Logan and Eclipse likely due to the differences in altitude and topography.

Although the Aurora Peak ice core records are not continuous (Figures 7a—7c), some large fire years were identi-
fied. For example, there is a levoglucosan peak in 1947 that likely reflects the large 1947 Kenai fire season (also
identified in the Bona-Churchill and the Eclipse ice cores). Levoglucosan also peaks in 1966, 1993, and 1999, the
latter two of which correspond to years with large fires and high BC or NH,* in Bona-Churchill. The vanillic acid
concentration increased in 1973, and the BC and NH,* concentrations increased in Bona-Churchill between 1971
and 1974, a period of low precipitation in Alaska. While 1973 is not considered a large fire year in Alaska, both
the Aurora Peak and Bona-Churchill ice cores recorded a period of high fire activity in the region during the early
1970s. Contrary to the Eclipse and Mt. Logan ice core records, vanillic and dehydroabietic acids in the Aurora
Peak ice core increased during the 1990s similar to BC from Bona Churchill, suggesting high biomass burning
activity during this period when the number of large fires increased in Alaska (Figures 4 and 7). Thus, Aurora
Peak, like Bona-Churchill, seems to have recorded regional fire activity during the 20th century.

The cluster analysis of air parcel trajectories shows that all four ice core sites are dominated by southerly flow
(Figure S5 in Supporting Information S1). Moderate northwesterly flows from interior Alaska arrive at all four
sites in the 3-day back trajectories clusters and northwesterly flows persist in the 5-day back trajectories clusters
at three of the core sites, but do not reach Mt. Logan (Figure S5 in Supporting Information S1). The cluster
analyses suggest that local emissions affect all four sites, while medium-range transport from interior Alaska
affects Aurora Peak and Bona-Churchill most strongly, and Eclipse to a lesser extent. The differences among the
flow patterns likely reflect the differences in the drill sites' inland location, local geography (topography), and
altitude. Mt. Logan, the highest of the four sites, receives long-range air parcels from Siberia, which is consistent
with previous findings (Whitlow et al., 1994). Aurora Peak, located furthest inland and at the lowest altitude
(2,825 m asl), receives the strongest northwesterly flow from interior Alaska, followed by Bona-Churchill, which
is located further inland than Eclipse and Mt. Logan but at a higher altitude than Aurora Peak. This likely explains
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Figure 7. Comparison of concentrations of (a) levoglucosan, (b) dehydroabietic, and (c) vanillic acid in the Aurora peak ice
core (Pokhrel et al., 2020) with the Bona-Churchill (d) black carbon, and (e) NH,* fluxes between 1933 and 2002. The shaded
areas in the Bona-Churchill records represent the middle (33rd—66th) percentile of the distribution which is considered here
as “normal”.

why the Bona-Churchill and Aurora Peak records show more similar trends, regardless of their different biomass
burning proxies, and further confirms that BC and NH,* at Bona-Churchill very likely originate from biomass
burning and thus provide a record that reflects the fire history of Alaska.

4. Conclusions

An investigation of a continuous high-resolution ice core record of black carbon and ammonium (NH,*) from
Bona-Churchill, southeast Alaska, demonstrates that this ice core provides a record of Alaskan forest fire activity
between 1933 and 2001 that is consistent with the documented Alaskan fire history trends. Most of the high BC
or NH,* years in the Bona-Churchill ice core record occurred during El Nifio events, similar to the large fire years
in Alaska. Several of these years correspond to periods of low precipitation between 1939 and 1980s and strongly
suggest that precipitation played an important role modulating fire activity in Alaska before 1978. However, after
1984, the frequency of large fires years in Alaska increased as reflected in the Bona-Churchill core despite “nor-
mal” precipitation levels, likely due to rising air temperatures, a trend that has continued into the 21st century.

Arctic ice core records of BC from Greenland and Svalbard have been overwhelmed by anthropogenic emissions
(McConnell et al., 2007; Ruppel et al., 2014). However, this is not the case in Alaska. The Bona-Churchill ice
field, similar to those on Eclipse, Mt. Logan, and Aurora Peak, is a sink for biomass burning emission prod-
ucts. Bona-Churchill rises above the boreal forests of the Wrangell-St Elias Mountain range and is subjected to
northwesterly flow from interior Alaska where most of the wildfires occur. Additionally, the dominant southerly
airmasses that reach these sites do not originate from industrialized areas, and thus do not affect the BC concen-
trations preserved on Bona-Churchill. Extension of the BC record to the bottom of the Bona-Churchill ice core
(B-Chl) could potentially provide a longer, continuous, and high-resolution record of forest fire and climate
variability in a region where more information is required to identify the primary mechanisms driving Alaskan

forest fires on multicentury time scales.
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