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Summary

Wildfires are an important contributor to the global carbon budget. Complex relationships exist
between fires, climate and humans as they are interconnected by an ensemble of feedbacks. Fires
influence the climate by emitting greenhouse gases and aerosols and can have a significant influence
on regional landscapes and vegetation cover. On the contrary, climate is a major driver of fire activity.
Human societies have always made use of fire for their activities (cooking, heating, agriculture) but at
the same time feared it and tried to control it. In the context of the current global warming, fires are
expected to increase in duration, size and number in many regions of the world.

In order to accurately simulate future fire evolution, it is necessary to understand past mechanisms
between fires, climate and humans and put them into the current context. For this purpose,
paleoclimate archives are used to reconstruct paleofire activity. So far, most of the reconstructions
have been derived from charcoal analyses from lake sediment cores. Worldwide compilations
revealed a trend called the “broken fire hockey stick”: while fire activity was following the trends of
its main drivers, namely temperature and population density until 1870 AD, i.e. a decrease until 1750
AD and an strong increase until 1870 AD, a decoupling was observed since 1870 AD, as temperatures
and population density kept on rising whereas fire activity dropped, possibly because of increasing
anthropogenic pressure due to fire suppression and land-use changes.

However, this hypothesis remains controversial as charcoal records are characterized by a high dating
uncertainty in their most recent part and can only provide information about local fire activity,
meaning that they have to be compiled to extract a global signal. The initial charcoal compilation was
strongly biased in number towards European and North American regions and neglected many regions
with elevated current levels of biomass burning (Tropics, boreal Siberia).

Ice cores also have the potential to reconstruct paleofire activity. They present intrinsic advantages
compared to lake-sediment charcoal records, such as a better controlled chronology and a much larger
catchment area, from regional to continental scales. So far, few paleofire reconstructions have been
performed by means of ice cores, most of them originating from polar regions. In these studies, a
large variety of biomass burning proxies has been used: black carbon (BC), ammonium, light organic
acids, molecular fire tracers (levoglucosan, vanillic acid, etc...), all of them having intrinsic
advantages and limitations due to their different behaviors and sensitivities towards emission,
transport, deposition and post-deposition processes..

This PhD thesis is part of the inter-disciplinary PaleoFire project, whose aim is to reconstruct
paleofire history from high-mountain ice cores through a multi-proxy approach using refractory black
carbon (rBC) and charcoal analyses combined with atmospheric modeling and remote sensing of fires,
in order to test the “broken fire hockey stick” hypothesis.

Here, we focus on the rBC analysis in four high-mountain ice cores with well-controlled chronology:
Lomonosovfonna in Svalbard, Illimani in the Bolivian Andes, Colle Gnifetti in the Swiss Alps and
Tsambagarav in the Mongolian Altai. Those cores were processed and analyzed for rBC with a Single
Particle Soot Photometer (SP2) allowing high-resolution measurements. Some of the cores were also
analyzed for major ions and water stable isotopes.

In the Lomonosovfonna ice core, 800 years of rBC atmospheric variability could be reconstructed,
showing a predominant anthropogenic contribution due to Eurasian fossil fuel emissions starting
around 1860 AD. Two rBC maxima were reached, in the end of the 19™ century and after the Second



World War. Declining rBC concentrations since the 1970s are in agreement with atmospheric
concentrations in the Arctic, but contradict a previous study from another Svalbard ice core. Multiple
evidence of disturbance of the record by summer melting was noted for periods with unexpectedly
low rBC concentrations around 1885 AD or in the 1920-1930s. Before 1800 AD, the preindustrial
rBC record, along with those from other biomass burning proxies, was used to reconstruct paleofire
activity from boreal regions. Our multi-proxy approach showed that different trends could be found
depending on the proxies, due to their different sensitivity towards emission, transport, deposition and
post-deposition processes. rBC and ammonium displayed little variation in the preindustrial times
while formate, vanillic acid and p-hydroxybenzoic acid experienced multi-decadal variations in line
with other paleofire records from Northern Eurasia.

The Illimani ice core is the only one spanning the entire Holocene back to the last deglaciation 13000
years ago. A high correlation was observed between rBC and reconstructed temperature, suggesting
that rBC acts as an indirect temperature proxy through biomass burning variations in the Amazon
Basin, with enhanced concentrations during warm/dry periods such as the Holocene Climatic
Optimum and the Medieval Warm Period and lower concentrations during cold/wet periods such as
the last deglaciation or the Little Ice Age. Comparisons with other regional biomass burning records
showed that the Illimani rBC record was able to efficiently capture past biomass burning trends and
therefore forms the missing link between local lake-sediment charcoal records and remote Antarctic
ice-core records. The increasing trend in rBC since 1730 AD seems to be related only to higher levels
of biomass burning due to higher temperatures and more intensive deforestation and does not seem
influenced by fossil fuel emissions.

The Colle Gnifetti rBC record allowed reconstructing one millennium of rBC atmospheric variations
over Europe. Industrial emissions started to emerge from the natural background in the 1870s and
therefore cannot be held responsible for the 19"-century glacier retreat in the Alps as around 80 % of
it took place before that time. rBC emissions subsequently peaked in the first half of the 20" century
and a close agreement with the neighboring elemental carbon (EC) record from Fiescherhorn ice core
was observed, confirming the representativeness of our rBC record. In the preindustrial times, rBC
and ammonium concentrations were lowered during cold periods associated with solar minima,
suggesting reduced fire activity.

The Tsambagarav rBC record enabled to reconstruct 6000 years of fire dynamics in Central Asia. A
much larger variability was observed in the oldest 1000 years of the core compared to the following
5000 years. The latitudinal position of the Intertropical Convergence Zone (ITCZ) was suggested to
influence this variability. Greater variability was associated with a predominant Monsoon regime
during the Holocene Climatic Optimum which then shifted to a more stable climate regime dominated
by Westerlies towards the late Holocene. The rBC record also presented a clear minimum during the
cold period of the Maunder solar minimum. Lastly, a clear impact of industrial pollution from the
former Soviet Union was visible during the 20" century, particularly between 1960 and 1990.

As a result, three out of the four rBC ice-core records present a significant anthropogenic contribution
in the last century and cannot be used to confirm or invalidate the “broken fire hockey stick”
hypothesis. Nevertheless, the undisturbed Illimani record does not suggest a decline in fire activity in
the 20" century. Moreover, none of the three charcoal records from Illimani, Colle Gnifetti and
Tsambagarav produced in the framework of the PaleoFire project were able to confirm the existence
of the “broken fire hockey stick”. Such a trend may appear in global reconstructions, but does not
reflect regional variations of biomass burning activity in at least Europe, tropical South America and
Central Asia.
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In addition to the absence of a “broken fire hockey stick™ signal, three main conclusions can be drawn
from the compilation of those four ice-core records. First, maximum rBC concentrations were
observed during the Holocene Climatic Optimum (HCO), suggesting a much higher fire activity than
in the present day. Second, the variability in rBC concentrations in the last 1000 years was clearly
lower than during the HCO. Generally, slightly higher (lower) concentrations were recorded during
the Medieval Warm Period (Little Ice Age). Third, anthropogenic emissions are clearly predominant
in the most recent part of all the rBC records except Illimani. A significant anthropogenic contribution
is evident in Lomonosovfonna since the 1860s, in Colle Gnifetti since the 1870s and in Tsambagarav
for the time period 1960-1990 due to USSR industrial emissions.

Ice-core studies often focus only on paleofire trends but do not study transport and deposition
processes in detail. For this purpose, specific case studies have to be considered. In this thesis, a
snowpit study was conducted at Jungfraujoch, Swiss Alps, as part of a particular case study of rBC
and charcoal deposition in a high-alpine snowpack following a massive biomass burning event (2017
Portuguese forest fires). This work, in combination with remote sensing of fires and atmospheric
modelling, showed that biomass burning emissions could be reliably archived in the snowpack at a
continental scale if transport and deposition conditions were favorable.

Further investigations have to be carried out to more accurately determine the footprint of the ice
cores and the impact of transport and deposition processes, by including more case studies with a
comprehensive analysis of satellite data. Discrepancies between the different biomass burning proxies
also need to be extensively discussed, as well as the impact of melting on the rBC records, in order to
be able to fully understand paleofire records extracted from ice cores.
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1 Introduction

1.1 Ice cores as climate archives

1.1.1 Current climate change

In the last decades, climate change has become an issue of increasing concern. Climate, defined as the
long-term and average evolution of weather parameters such as temperature, precipitation,
atmospheric pressure, wind speed or humidity (Cubash et al., 2013), has entered an unequivocal
warming phase since the 1950s with unprecedented changes for the past millennia (IPCC, 2013). The
main reason for these changes originates from anthropogenic activities, which tend to modify the
Earth radiative balance (i.e. the balance between incoming and outgoing energy in the Earth-
atmosphere system, primarily controlled by solar radiation) due to the emission of greenhouse gases
(GHGs) such as carbon dioxide (CO,), methane (CH,4) or nitrous oxide (N,O), and aerosol particles
into the atmosphere. Evidence of fast and massive changes can be seen everywhere in our surrounding
environment. Global Earth’s surface temperature has been rising by 0.85 £ 0.2 °C over the time period
1880-2012. The frequency of extreme weather events (heat waves, droughts, heavy rain) has
increased while cold spells became less frequent. The upper ocean also experienced a warming trend
combined with an acidification induced by the growing absorption of atmospheric CO,. Polar ice caps
and mountain glaciers are retreating worldwide (Fig. 1.1) causing sea level rise (0.19 + 0.02 m
between 1901 and 2010). Sea ice and snow cover are shrinking in extent and duration (IPCC, 2013).

(a) (b)

Fig. 1.1: Two pictures of Rhone glacier, Switzerland, in a) 1853 and b) 2008 (Jouvet et al., 2009). The glacier
receded 1.2 km between 1880 (start of the monitoring campaigns) and 2007 (Jouvet et al., 2009). Glaciers are
among the most spectacular indicators of current global warming.

Although the human influence on the current climate system is clear (IPCC, 2013), many questions
and processes remain unsolved or only partially understood as the climate system is characterized by a
high level of complexity. Its different components, namely the atmosphere, cryosphere, hydrosphere,
land surface and biosphere, are tightly interconnected through complex feedbacks. One of the major
challenges concerns the ability to predict the future evolution of climate parameters in the context of
global warming. For this purpose, model simulations are run with different scenarios based on
potential future concentrations of GHGs in the atmosphere (Fig. 1.2). For instance, in the worst case
scenario, global temperatures in 2100 could be 4 °C higher than in preindustrial times, potentially
leading to a range of adverse and severe consequences on the environment as well as on our societies.
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Fig. 1.2: Simulated future global average surface temperature change relative to 1986—-2005 using the Coupled
Model Intercomparison Project Phase 5 (CMIP5) model (adapted from IPCC, 2013). Four main scenarios of
atmospheric GHG concentrations, called Representative Concentration Pathways (RCPs) are commonly used by
the IPCC to describe four potential climate futures: RCP2.6, 4.5, 6.0 and 8.5, named after the additional
radiative forcing (+2.6, +4.5, +6.0, and +8.5 W m, respectively) they imply by the year 2100 compared to
preindustrial values. In terms of GHG emissions, RCP2.6 means that the peak of GHG emissions is reached
during the decade 2010-2020 and that emissions substantially decline thereafter. This is the only scenario
enabling to stay below the +2 °C target defined by the Paris agreement. RCP4.5 (RCP6.0) corresponds to GHG
emissions peaking around 2040 (2080) and then declining, respectively. RCP8.5 assumes that GHG emissions
will keep on increasing at the same rate as present time (business-as-usual scenario).

As the input in climate models consists of real weather and climate data, there is a need for accurate
data with broad coverage and high resolution at both spatial and temporal scales. In order to make
reliable climate projections for the future, a comprehensive understanding of climate mechanisms has
to be achieved. The best way to do so is to get access to information about past (and present) climate
variability. Paleoclimatic data are then used to better constrain climate models, resulting in reduced

uncertainties and a greater ability of the model to accurately simulate past and future climate
evolution (Fig. 1.3).

Relative likelihood of temperature (no paleo) Relative likelihood of temperature (with paleo)

Temperature anomaly (K)
Temperature anomaly (K)

1000 1500 2000 2500

1000 1500 2000 2500
Year AD

Year AD

Fig 1.3: Relative likelihood of predicted temperature anomaly when the model (One-Box Energy Balance
Model) is not constrained by paleoclimate reconstructions (left) versus when paleoclimate data are used to
constrain the model (right). Red (blue) colors indicate higher (lower) likelihood, respectively. Figure adapted
from Yamazaki et al. (2009).

1.1.2 Paleoclimate archives
As reliable instrumental records of weather data did not start before 1850 AD at best, other tools have

to be used to infer paleoclimate variations prior to that time. The analysis of natural and historical
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archives can indirectly provide information related to past climate conditions. Natural paleoclimate
archives include tree rings, sediment cores from lakes and oceans, ice cores from polar ice caps and
high-altitude glaciers, corals, speleothems and boreholes, and can date back to millions of years for
some of them. The basic principle is that climate conditions or atmospheric composition have affected
their physical properties or chemical composition in such a way that this signal remained preserved in
the material until the present day. Historical sources such as administrative documents, chronicles and
paintings are also of great interest, but can only cover the last millennia, when human societies were
developed enough to record this kind of information.

Paleoclimate archives enable us to put the recent climate change in the context of the natural
variability over much longer timescales. They have shown that the Earth’s climate was not uniform
over time and experienced changes of greater magnitude than the current one. In addition, changes
were not necessarily synchronous worldwide. For instance, three distinct phases can be observed in
the Northern Hemisphere (NH) climate over the last millennium (Fig. 1.4): in addition to the 20"
century warming, a period of colder temperatures, called the Little Ice Age (LIA) occurred roughly
between 1450 and 1850 AD (Mann et al., 2009; Owens et al., 2017). Most of the Alpine glaciers were
advancing at that time (L0thi, 2014), until the last maximum extent around 1850 AD (Zumbdhl et al.,
2008), followed by a pronounced retreat which extended until present time (Oerlemans, 2005). On the
contrary, the period between 900 and 1250 AD, named Medieval Climate Anomaly (MCA) or
Medieval Warm Period (MWP), was characterized by mild climate conditions (Bradley et al., 2003;
Lamb, 1965) and reduced glacier extent (Grove and Switur, 1994). Ice-core studies have shown that
the MWP and LIA trends were also present in the Southern Hemisphere (Arienzo et al., 2017;
Kellerhals et al., 2010; Thompson et al., 1986) and were therefore a global phenomenon whose
intensity and duration varied regionally. Further back in the past, stable and warm conditions persisted
over Europe at the apogee of the Roman Empire (around 300 BC to 200 AD) during the so-called
Roman Warm Period (RWP, Bianchi and McCave, 1999; Bintgen et al., 2011; McCormick et al.,
2012). Evidence of the RWP was also found in a Central Asian ice core (Herren, 2013). Climate
variability increased from 250 to 600 AD, triggering important socioeconomic changes leading to the
collapse of the Roman Empire and the Barbarian migrations in the context of a cold sixth century, the
so-called Late Antique Little Ice Age (LALIA, Buntgen et al., 2016).
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Fig. 1.4: Reconstructed (grey) and simulated (blue/red according to solar variability simulations) Northern
Hemisphere temperatures over the last millennium, highlighting the Medieval Climate Anomaly (MCA), the
Little Ice Age (LIA) and the 20" century (20C). Data are anomalies relative to 1500—1850 AD mean
temperatures smoothed with a 30-year filter (Masson-Delmotte et al., 2013).
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For longer timescales, a much larger climate variability can be observed. The NH glaciation starting
around 3 million years ago (Haug et al., 2005; Raymo, 1994) initiated a period characterized by
temperature oscillations of 4 to 6 °C at a global scale (more at the poles) between cold glacial periods
and shorter but warm interglacials, with a periodicity of 41 kyr induced by a combination of orbital
forcing parameters (eccentricity, obliquity and precession) influencing the Earth’s radiative budget, as
postulated by Milankovitch in 1941. 0.9 million years ago, periodicity changed to 100 kyr as
evidenced by Antarctic ice-core records (Petit et al., 1999; Schilt et al., 2010; Siegenthaler et al.,
2005; Spahni et al., 2005). The reasons for the shift in oscillation periodicity and for 100 kyr-long
cycles despite 41-kyr astronomic cycles remain partly unknown. The last glaciation began around 115
kyr ago and peaked 21 kyr ago during the so-called Last Glacial Maximum (LGM), which was
followed by a progressive warming (last deglaciation) until the current interglacial period called the
Holocene, which started 11700 years ago. Even if the Holocene is commonly perceived as a period
with stable climatic conditions (Johnsen et al., 1997), higher temperatures prevailed during the
Holocene Climatic Optimum (HCO), also called Holocene Thermal Maximum (HTM), spanning
roughly 9000-5000 years BP, before a return to colder conditions called sometimes ‘“Neoglaciation”
as many glaciers, which had disappeared during the HCO, started to reform (Herren et al., 2013).

1.1.3 The ice core perspective

Glaciers are an important component of the Earth’s surface as they cover around 10 % of it (Vaughan
et al., 2013). This encompasses the Antarctic ice sheet (8.2 % of the global land surface), the
Greenland ice sheet (1.2 %) and thousands of mountain glaciers (0.5 %) which are mainly located in
the Arctic, in the Alps, in the Himalayas and Central Asia, in the Andes, in Western North America
and in Austral islands. Glaciers act as excellent indicators of climate variations as they usually expand
(retreat) during cold (warm) periods, respectively. They are formed by the progressive accumulation
and compaction of snow which does not melt in summer. As a consequence of this formation process,
the snow becomes older and older with depth. Fresh snow contains a lot of trapped air and therefore
has a low density (typically 0.1-0.2 g cm™). As the snow is progressively buried under more recent
overlying snow, pressure increases in the underlying snow layers which start to undergo
metamorphism. The interstitial air is gradually removed and the show density increases as it is
transformed into firn and finally ice (d = 0.9 g cm™®), in which the remaining air is enclosed in
bubbles.

During a snowfall event, atmospheric impurities such as aerosols and anthropogenic contaminants are
scavenged by the snowflakes and archived in the snowpack. In addition to these wet deposition
processes, dry deposition is also possible for some particles which can settle at the snow surface by
gravity (e.g. mineral dust, pollens). Reactive atmospheric gases can also be transferred to the
snowpack. Moreover, air bubbles trapped in the ice preserve samples of the past atmosphere. As a
result of these processes, glaciers behave like powerful archives of past atmospheric composition,
indirectly reflecting past climate variations. To get access to these precious archives, drilling
expeditions are organized to polar ice sheets and mountain glaciers in order to retrieve ice cores,
which are then melted and analyzed for a wide range of chemical compounds and physical properties,
including:

o \Water stable isotopes: the ratios of oxygen and hydrogen isotopes in the water molecules are
affected by temperature and precipitation (see section 3.4).

e Atmospheric trace gases: air bubbles trapped in glacier ice enable to directly access the
composition of past atmosphere for trace gases such as CO,, CH, and N,O.
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e Atmospheric aerosols: sea salt, mineral dust, biogenic and volcanic aerosols, anthropogenic
contaminants (heavy metals, soot), pollen, DNA-fragments can be deposited on the snow
surface and then archived in glacier ice.

o Melt features: these are transparent ice layers formed by the percolation and refreezing of
liquid water. They affect the quality of the core but can also be used as an indirect proxy for
temperature (Okamoto et al., 2011; Winski et al., 2018).

e Density, from 0.1-0.2 g cm™ for fresh snow to 0.9 g cm™ for pure ice.

o Crystal size, axis orientation.

Ice-core study significantly contributed to the understanding of the past hundred thousand years of
climate history. So far, ice cores from Greenland enabled to reconstruct up to 128 500 years of climate
variability, back to the previous interglacial (Eemian), in the NEEM ice core. Deep drillings in
Antarctica reached unprecedented ages of 420 000 years at Vostok, 720 000 years at Dome Fuji and
800 000 years at EPICA Dome C, the current record (Jouzel, 2013). They provided invaluable records
of past atmospheric trace gas composition over the last eight glacial/interglacial cycles (Fig. 1.5)
showing common variations between CO,, CH,, N,O and temperature and revealed that the current
CO, concentration around 400 ppmv (parts per million by volume) had never been reached over the
past 800 000 years (Lthi et al., 2008; Schilt et al., 2010). Explorations to find a site with more than
one-million-year-old ice in chronological order so as to investigate the transition from 41 kyr to 100
kyr glacial/interglacial cycles are currently carried out in Antarctica (Parrenin et al., 2017).
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Fig. 1.5: a) N,O, b) CH,, ¢) CO, and d) 8D (proxy for local temperature) records from the EPICA Dome C ice
core spanning the last 800 000 years (Schilt et al., 2010).

Compared to other paleoclimate archives, ice cores present the advantage of integrating emission
sources over a larger area, from regional to continental scales (Kehrwald et al., 2013a, Fig. 1.6), and
over relatively long timescales (see above) with often the possibility to achieve a high temporal
resolution, especially in the upper part. According to the accumulation rate at the drill site, either
long-term records with reduced resolution (low accumulation rate) or highly-resolved but shorter-term
records (high accumulation rate, e.g. Schwikowski et al., 1999) can be obtained. On the other hand, ice
cores possess intrinsic drawbacks. First, due to ice layer thinning with depth, dating is often
challenging, particularly in the case of high-alpine ice cores where ice topography is more disturbed
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due to steeper slopes, and has to be done by combining several methods (see chapter 2). Second, an
accurate source apportionment is difficult to perform as ice cores integrate atmospheric emissions
over continental areas, which often prevents from resolving individual sources. Third, the chemical
signal archived in the snowpack cannot be directly related to the intensity of the emission sources.
Many processes can have an influence on the final record and have to be taken into account: transport
pathways from the source to the ice-core site can fluctuate; the efficiency of the deposition at the ice-
core site can vary according to climatic conditions; the accumulation rate can change over time; post-
depositional processes such as melting (Eichler et al., 2001; Osmont et al., 2018), sublimation (Ginot
et al., 2001), wind erosion (Haberli et al., 1983), re-volatilization or diffusion in the snowpack in the
case of volatile compounds such as carboxylic acids (Legrand et al., 2016), can alter the chemical
profile after deposition. Therefore, transfer functions have to be considered to convert the
concentration in the ice into the original atmospheric concentration (Schwikowski et al., 1998; Wolff et
al., 1998).
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Fig. 1.6: Spatial and temporal resolution range for the main paleoclimate archives (Kehrwald et al., 2013a).

1.2 Fires, climate and humans

1.2.1 Fires: the current situation

At the Earth’s surface, wildfires are a natural phenomenon influencing vegetation cover over
geological time spans and they substantially contribute to the global carbon budget. Nowadays, CO,
emissions from fires (landscape fires and biomass burning) amount to 50 % of the CO, emissions
produced by fossil fuel burning (Bowman et al., 2009), which represents 2 to 4 Pg C yr* (e.g. 2.28 Pg
C yr* for the year 2000 (Ito and Penner, 2004) or 3.1 Pg C yr™ for the decade 2000-2010 (van der
Werf et al., 2013)). Estimates of carbon emissions and burned areas vary significantly according to the
studies due to the difficulty of obtaining accurate information, even if substantial progress has been
achieved since the early 1980s when satellite measurements became available (Keywood et al., 2011).
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Depending on the studies, the annual burned area was comprised between 176 and 330 Mha (period
1997-2004, Kloster et al., 2010), or amounted to 313.9 Mha (year 2000, Ito and Penner, 2004), 343.7
Mha (average 1997-2004, van der Werf et al., 2006), 348 Mha (average 1997-2011, Giglio et al.,
2013), or even reached 608 Mha (end of the 20" century, Mouillot and Field, 2005).

Despite this significant variability, the geographical distribution of fires is well documented (Fig. 1.7)
and studies generally agree on it. Fires are rare in polar regions (> 70 °N and S) and totally absent in
both cold and hot deserts. Their frequency increases towards the tropics, where it is maximal, and
drops around the equator due to persistent humid conditions (Mouillot and Field, 2005). In terms of
both carbon emissions and annual burned area, Africa is the continent most affected by fires,
representing 33 to 40 % of the global burned area, followed by South America (16 to 27 %, Kloster et
al., 2010). Significant fire activity is also observed in Australia, South-East Asia, Central Asia,
Central America, the USA, and in boreal forests, while burned area in Europe remains negligible
compared to the other continents (Mouillot and Field, 2005).
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Fig. 1.7: Average number of fires observed by satellite per year per 1° grid cells (Bowman et al., 2009).

Tropical savanna and grassland ecosystems are particularly prone to fires (Fig. 1.8). They represent
86 % of the global burned area, mainly in Africa (55.7 %) and South America (16 %) (Mouillot and
Field, 2005). Forest fires account only for 11 % of the global burned area but are by far the dominant
fire type in temperate and boreal regions (Mouillot and Field, 2005). Peatland fires remain more
anecdotic and are highly variable from year to year but can significantly contribute to global CO,
emissions as they release a lot of CO, and carbon monoxide (CO) per unit of mass due to the high
carbon content of peat. Peatland fires in 1997 in Indonesia were held responsible for carbon emissions
equivalent to 13-40 % of the mean global carbon emissions from fossil fuel burning that year (Page et
al., 2002). Deforestation fires are located mainly in the tropics (Amazonia, equatorial Africa and
South-East Asia) and have become an increasing concern since the second half of the 20" century.
They are particularly problematic as they result in net carbon emissions (van der Werf et al., 2010)
and tend to replace the existing vegetation by a more flammable one such as grasslands and
shrublands (Mouillot and Field, 2005). Lastly, fires are also used as an agricultural tool for slash-and-
burn practices as well as for crop waste burning, especially in Asia (van der Werf et al., 2010).
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Fig. 1.8: Predominant fire type per 0.5° grid cell, based on C emissions (van der Werf et al., 2010).

1.2.2 A complex relationship

Interactions between fires and climate are characterized by a certain level of complexity due to control
and feedback mechanisms (Keywood et al., 2011), further enhanced by the human impact on both
fires and climate (Fig. 1.9). Fires influence the climate by emitting GHGs (mainly CO, and CO) and
aerosols (Andreae and Merlet, 2001). Fire smoke contains significant amounts of carbonaceous
substances such as black carbon (BC) and volatile organic compounds (VOCSs). All these compounds
can induce either a positive or a negative forcing on the Earth’s radiative budget. On the other hand,
for longer timescales, regional climatic conditions drive fire activity as they directly impact fuel type,
guantity and quality. Even if it seems obvious that drier and warmer conditions tend to favor fire
activity, linkages might be more complex in some regions. For instance, in areas where biomass
growth is limited by moisture availability (arid regions), higher precipitation rates can enhance
vegetation growth and therefore increase fuel loads available for the upcoming fire seasons (Keywood
et al., 2011; Marlon et al., 2013), provided that precipitation rates remain low enough so that it does
not suppress fires (Kehrwald et al., 2013b). Conversely, in more humid regions, an increase in
precipitation will reduce fire activity (Marlon et al., 2013). Prolonged droughts can also generate
substantial amounts of highly flammable dead biomass which can easily cause severe fire episodes
(Eichler et al., 2011), if there is enough fuel to burn. In that respect, El Nifio-Southern Oscillation
(ENSO) processes are a key factor in controlling interannual fire variability in tropical regions
(Kloster et al., 2010) due to their hydrological impacts on regional climate. For instance, the
prominent El Nifio year 1998 was accompanied by a peak in fire activity (van der Werf et al., 2010).
Climatic conditions also determine the dominant vegetation type of a region, which also influences
fire activity as some species are more flammable than others. These differences in vegetation cover
allow explaining why boreal North American forests experience intense flaming and crown fires
while boreal Siberian forests are rather affected by ground and smoldering fires. In North America,
black spruces and jack pines are flammable species which need fires to regenerate by dispersing
seeds, whereas in Siberia, larches and Scots pines have evolved to resist fires but cannot survive if
they burn (Flannigan, 2015). Lastly, climatic conditions are directly responsible for fire ignition by
lightning.

Since prehistoric times, humans and fires have always coexisted (Bowman et al., 2011). Wildfires
were often perceived as a threat to human societies, given the material damages and the economic and

19



life losses they induced. Recent dramatic fire events such as those in Russia in 2010 (54 fatalities),
Portugal in 2017 (66 fatalities) and Greece in 2018 (96 fatalities) remind us of their dangerous
aspects. Moreover, biomass burning plumes contain a whole range of adverse chemical compounds
(ozone, CO, VOCs, soot) altering air quality and thus raising concern about health issues (Keywood et
al., 2011). On the other hand, human societies have been using fires as a tool for many purposes for
ages. Apart from cooking and heating, the main use of fire was for agricultural purposes with the
conversion of forests/shrublands into pastoral and agricultural lansdscapes, slash-and-burn techniques
to increase soil fertility, crop waste burning, and also to limit fuel load in case natural fires happen
(Bowman et al., 2009, 2011). On the contrary, developed countries have initiated since the 19"
century fire suppression policies to limit fire hazards (Bowman et al., 2009; Keywood et al., 2011).
However, an unexpected drawback of this strategy is the increase of the probability of catastrophic
fire events due to fuel accumulation since managed forests experience a fire deficit, as observed in the
Western USA in the last decades (Keywood et al., 2011; Marlon et al., 2012).
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Fig. 1.9: Schematic diagram of the interactions between fires, climate and humans.

It thus results that 90 % of fire ignitions worldwide are intentional, for agricultural purposes, by
negligence or arson (Keywood et al., 2011), and that only in remote boreal regions do fires remain
primarily driven by climate (Mouillot and Field, 2005). In the context of global warming, fire activity
is expected to increase in frequency, intensity, duration and extent in many regions of the world
(Bowman et al., 2011; Keywood et al., 2011). However, trends might differ between regions and
remain unclear due to the complex mechanisms and feedbacks listed above.

1.2.3 Motivation: the “Broken Fire Hockey Stick” hypothesis

Since vegetation appeared around 420 million years ago, wildfires have always been part of the Earth
history (Bowman et al., 2009). To reconstruct past fire history, it is necessary to make use of
paleoclimate archives as satellite monitoring of fires did not start before the 1980s and accurate
biomass burning statistics were not available prior to the 20" century. So far, most of the paleofire
reconstructions have been derived from charcoal profiles from sedimentary records. Charcoal is a
specific by-product of wood burning and has been widely used as a proxy for fire activity (e.g.
Conedera et al., 2009; Tinner and Hu, 2003). Macroscopic charcoal particles (> 100 um) provide
information about local fire history while microscopic charcoal particles recorded from pollen slides

20



(typically 10-100 um) may be transported over long distances and therefore be useful to reconstruct
regional fire trends (Conedera et al., 2009; Marlon et al., 2016; Power et al., 2008).

Paleofire studies have shown that fire activity was low during the last glacial maximum and the last
deglaciation, and increased towards the Holocene, suggesting temperature as the primary driver of fire
activity, with a modulation by local changes in vegetation and fuel load (Power et al., 2008). Large
increases in fire activity were also observed during intervals of abrupt climate change (Marlon et al.,
2009). First increases in fire activity which can be partially related to the impacts of early human
societies occurred between 3 and 2 ka (Marlon et al., 2013). The Global Charcoal Database (GCD), a
compilation of hundreds of sedimentary charcoal records worldwide (Fig. 1.10, black line), revealed
that fire activity declined from 1 to 1750 AD in line with the global decrease in temperature over this
time period (Marlon et al., 2008) and despite rising population density, suggesting that climatic
conditions were still driving fire activity during this period. Fire activity increased sharply between
1750 and 1870 AD, in a context of rising population density and global temperature following the end
of the LIA. In addition to warmer temperatures, land-use changes (deforestation, land clearance) due
to increasing human influences were mentioned as a possible cause. But after 1870 AD, fire activity
dropped, despite rising temperatures and population density. Potential reasons are the implementation
of fire suppression policies and landscape fragmentation due to intensive agriculture and grazing and
road building, which prevented fires from spreading as they did in the past. This decoupling suggests
that, in the last century, human influence on fires became more important than natural climate
variability. It also indicates that biomass burning levels are maximal at intermediate levels of
population density, as fires cannot spread in densely-populated areas (Marlon et al., 2013). By
analogy with the famous hockey-stick-shaped temperature curve and due to the recent decoupling
between fire activity and its main drivers namely temperature and population density, this curve was
thus called the “broken” fire hockey stick (BFHS).
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Fig. 1.10: Variability of biomass burning activity over the last two millennia based on a worldwide compilation
of charcoal records (Marlon et al., 2008), CO mixing ratios from fires using CO concentration measurements in
an ice core from the South Pole (Wang et al., 2010), and a similar approach but based on CH, (Ferretti et al.,
2005). The “broken” fire hockey stick is visible in the red and black curves, with a marked (though uncertain)
decline of fire activity during the last decades, but not in the blue curve. Figure from van der Werf et al., 2013.
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A similar trend was obtained for CO concentrations and isotopic ratios from Antarctic ice cores
(Wang et al., 2010). However, these trends were not supported by Antarctic CH, records (Ferretti et
al., 2005; Mischler et al., 2009). Moreover, the methods used possess intrinsic limitations and
weaknesses. The dating of the upper part of sedimentary records, generally the last 250 years, (W.
Tinner, personal communication) is highly uncertain due to the softness of the material. Similarly, CO
measurements from the South Pole ice core ended in 1897 AD but were extended with firn
measurements from other sites and modelling, resulting in greater uncertainties and unrealistic
implications challenged by van der Werf et al. (2013). Sedimentary charcoal records can only provide
a local to regional fire reconstruction, which means that many records have to be compiled in order to
draw continental-scale trends. This task carries additional uncertainties as analytical methods differ
between the studies, leading to different charcoal size ranges and non-homogeneous units. Lastly, in
the first versions of the GCD, European and North American regions were over-represented due to
easier conditions of access, implying a bias in the global charcoal record towards fire history from
these regions, where fire suppression had been intensively implemented since the end of the 19"
century and which only represent less than 1 % of global current carbon emissions due to fires (van
der Werf et al., 2013). Such a decreasing trend in the 20™ century is also inconsistent with
exponentially increasing levels of deforestation observed in the tropics since the mid-20" century but
would rather reflect trends from boreal and temperate forests where the burned area decreased
between 1900 and the 1960s (Mouillot and Field, 2005), highlighting again the methodological bias
towards these regions.

The next GCD compilations therefore aimed at correcting this bias by including more charcoal
records from other regions in order to obtain a better global representativeness. It resulted that the
BFHS trend did not capture regional heterogeneity as some regions exhibited large increases in fire
activity during the 20™ century (Australia, parts of Europe, Marlon et al., 2013). As a consequence,
the existence of the BFHS at a global scale remains uncertain. Ice cores could have the potential to
improve our general understanding of past fire trends due to their much better controlled chronology
and their much larger spatial representativeness. In this respect, ice-core records of biomass burning
proxies could help solve important questions:

e Can the BFHS hypothesis be confirmed or invalidated by means of ice cores?
e Isthis a global trend or just limited to some regions?
e What were the main drivers of fire activity through time?

1.3 Biomass burning proxies in ice cores

As explained before, wildfires can emit a wide range of chemical compounds to the atmosphere. They
are then transported by atmospheric circulation and can be deposited at the snow surface where they
will be archived and later extracted by ice-core drilling. We list below the main biomass burning
proxies used in ice-core science, with a special focus on black carbon, and describe the current state of
research in the field.

1.3.1 Black carbon

Black carbon (BC) refers to the main light-absorbing fraction of carbonaceous aerosols (Gysel et al.,
2011; Petzold et al., 2013). It is formed by the incomplete combustion of carbon-based fuels, namely
biomass and fossil fuels, when the lack of oxygen prevents a total conversion of the fuel into CO, and
water (AMAP, 2011), which generates other compounds like soot, CO and Polycyclic Aromatic
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Hydrocarbons (PAHSs). BC is composed of aggregates of carbonaceous spherules of nanometric size
(Fig. 1.11a) and is characterized by a unique set of properties (Bond et al., 2013): it has a low
chemical reactivity, resulting in insolubility in water and organic solvents, it is highly refractory, with
a vaporization temperature around 4000 K, and it strongly absorbs visible light at all visible
wavelengths (hence its black color). Per unit mass, BC is the strongest light-absorbing compound in
the atmosphere (Bond et al., 2013).

There is a lack of standardized definition for BC because it is not a single well-defined compound.
Indeed, during combustion processes, carbonaceous aerosols are emitted in the form of a continuum
of compounds (Goldberg, 1985; Hedges et al., 2000). As temperature increases, combustion generates
compounds with higher and higher carbon content and degrees of graphitization, from char, to
charcoal, and finally soot (Fig. 1.11b). Given this complexity, several analytical methods are applied
to analyze BC. As they all make use of different BC properties, discrepancies in measured
concentrations can reach up to 80 % (Bond et al., 2013). Recently, a new terminology was introduced
by Petzold et al. (2013) to clarify this situation and we will follow his recommendations here. Briefly,
when referring to a specific analytical method, BC will be called:

e equivalent black carbon (eBC) when measured by light-absorbing techniques (filter
measurements).

o refractory black carbon (rBC) when laser-induced incandescence methods are used (this
thesis).

o elemental carbon (EC) in the case of thermal-optical methods making the distinction between
organic and elemental carbon (OC/EC).
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Fig 1.11: a) Transmission Electron Microscope (TEM) image of BC aggregates from smoke (Bond et al., 2013).
b) The BC combustion continuum (Hedges et al., 2000).

BC can be emitted by a wide range of sources and therefore is not a specific proxy for biomass
burning in ice cores. Current BC sources include (Bond, 2007):

e Wildfires or “open” biomass burning (42 %).

e Residential biomass burning for heating/cooking (18 %).
e Emissions from traffic (24 %).

e Emissions from industry (10 %).

o Residential fossil fuel burning (6 %).

BC emissions, estimated by bottom-up inventories carrying substantial uncertainties, amounted to
7500 Gg yr* for the year 2000 (Bond et al., 2013). Historical BC trends (Bond et al., 2007) show that
Western countries were the main emitters until the mid-20™ century. In the USA, BC emissions
reached a peak around 1910 and started to decline as early as in the 1920s. In Western Europe, BC
emissions plateaued in the early 20™ century and decreased from the 1960s on. The main reason for
reduced emissions was the implementation of cleaner technologies and stricter environmental
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policies. Unfortunately, this decrease was largely compensated by a strong rise in emissions from
developing countries, with China and India in the lead.

In recent years, BC has become a compound of increasing interest due to its deleterious impacts on
both the climate and the human health. BC belongs to the fine particulate matter fraction. Due to its
small size (nm range), particles can enter far into the human body, cross the lung membrane and end
up in the blood circulation. Soot has been classified as carcinogenic to humans (group 1) by the
International Agency for Research on Cancer (IARC). Regarding climate impacts, BC contributes to
global warming as it strongly absorbs visible light. Total industrial-era BC climate forcing is
estimated to be +1.1 + 1 W m™ (Bond et al., 2013). According to some studies, BC could even be the
second most important forcing agent after CO, (Ramanathan and Carmichael, 2008). However, the
current consensus is that BC anthropogenic forcing comes third, after CO, and CH, (IPCC, 2013).

Black Carbon (BC) Aerosol Processes in the Climate System
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Fig. 1.12: BC impacts on the climate system (Bond et al., 2013).

Three main effects of BC on climate (Fig. 1.12) can be distinguished (AMAP et al., 2011; Bond et al.,
2013):

e A direct radiative forcing: atmospheric BC aerosols directly absorb incoming and scattered
solar radiation, leading to atmospheric warming and dimming at the surface.

e An indirect radiative forcing when BC gets deposited on snow and ice surfaces. As BC
atmospheric lifetime is about one week (Cape et al., 2012), BC particles can be transported
over continental scales and be deposited in regions with snow cover. BC will therefore reduce
the albedo of snow and can trigger or accelerate snow melting. Even if this forcing remains
small at a global scale, it can strongly impact polar and high-mountain regions (Hansen and
Nazarenko, 2004).

¢ A modification of cloud properties, such as the number and size of cloud condensation nuclei.
These mechanisms are currently poorly understood and their general impact remains unclear
as they can induce either positive or negative forcing.
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1.3.2 Other proxies

Numerous chemical compounds can be used as tracers for biomass burning emissions. Some of them
are specifically produced by biomass burning while others can originate from different sources and
are therefore non-specific tracers.

Specific biomass burning tracers include:

Charcoal: it is a lightweight and black carbonaceous residue produced by wood combustion.
There is a long tradition of charcoal analysis in sediment cores (see section 1.2.3), but its
analysis in ice cores has been initiated only recently (Eichler et al., 2011; Hicks and Isaksson,
2006).

A range of organic tracers stemming from the degradation of biopolymers (Simoneit, 2002),
recently introduced in ice-core science (Gambaro et al., 2008; Grieman et al.,, 2015;
Kehrwald et al., 2012). The most common ones are levoglucosan, produced by cellulose
burning at temperatures higher than 300 °C (Simoneit, 2002) and vanillic (VA) and p-
hydroxybenzoic (p-HBA) acids, predominantly emitted by conifer and grass burning,
respectively (Grieman et al., 2017; Grieman et al., 2018), whose structure is illustrated in
Fig. 1.13. Other species include polysaccharides (galactosan, mannosan), syringic acid or
dehydroabietic acid (Rubino et al., 2016). However, little is known about their atmospheric
lifetime and their degradation pathways since those compounds are sensitive to oxidation by
OH radicals (Hennigan et al., 2010; Hoffmann et al., 2010). They also seem affected by post-
depositional processes in ice cores, such as melting (Miller-Tautges et al., 2016).

Trace gases (CO and CH,) from Antarctic ice cores partially come from biomass burning.
Their isotopic analysis can help disentangle their sources. Of particular interest are §**C-CH,,
dD-CHy,, 6"*C-CO and §"*0-CO (Ferretti et al., 2005; Rubino et al., 2016; Wang et al., 2010).

a b c
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Fig. 1.13: Molecular structures of a) levoglucosan, b) p-hydroxybenzoic acid and c¢) vanillic acid.

In addition to BC, non-specific biomass burning proxies encompass:

EC/OC: even if, like BC, they are also part of the carbonaceous fraction, they present the
advantage of allowing source apportionment as subsequent **C analysis can be carried out on
the two compounds, thus indicating the fraction of carbon originating from fossil fuel (no **C
content) versus the fraction of biogenic carbon (Jenk et al., 2007).

Major ions: Ammonium (NH,") is the compound of choice for reconstructing biomass
burning history from polar ice cores (Fischer et al., 2015; Legrand et al., 2016). Even if
biogenic emissions drive background variations, they remain low compared to summer NH,"
peaks reflecting biomass burning events (Legrand et al., 1992). Potassium (K") and nitrate
(NO3") have also been used but are generally not suitable as substantial non-biomass burning
sources and post-depositional effects exist (Legrand et al., 2016).
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e Light carboxylic acids: within this group, formate (HCOQ") is the only appropriate tracer as
all the other ones (acetate (CH,COO"), oxalate (C,0,”) or glycolate (C,H;05)) are
significantly affected by other sources and post-depositional processes due to the volatile
character of their conjugate acid (Legrand et al., 2016).

Each tracer possesses a set of intrinsic strengths and weaknesses due to its specificity, its sensitivity to
fire emissions, post-depositional processes or contamination during chemical analysis. There is no
“perfect” biomass burning tracer per se. Therefore, in the framework of the reconstruction of
paleofires, it is suitable to combine several tracers in order to obtain a comprehensive overview of the
situation. Nevertheless, limitations exist: even specific proxies cannot disentangle biomass burning
emissions from wildfires and from energy-related sources (for cooking and heating). Similarly, a
direct distinction between human-set fires and natural fires remains impossible (Marlon et al., 2013).

1.3.3 State of the art in ice-core based fire reconstructions

Early studies in the 1990s, mainly in Greenland, aimed at identifying biomass burning proxies in
snow and ice cores and suggested carboxylic acids and major ions (particularly NH," and HCOO") as
suitable candidates (Fuhrer et al., 1996; Legrand and DeAngelis, 1996; Meeker et al., 1997; Savarino
and Legrand, 1998). Interesting case studies of biomass burning plumes transported to Greenland
were also reported (Dibb et al., 1996).

In addition to polar regions, high-mountain ice cores were also used to perform paleofire
reconstruction. These ice cores brought complementary information to polar ice cores due to their
greater proximity to source regions, making source attribution easier. They enabled to reconstruct
regional to sub-continental fire histories and their connection to regional climate variations. NH,"
trends in the Mt Logan ice core (Canada) strongly differed from those from Greenland (20D, GISP2),
suggesting different source regions, potentially Siberia (Whitlow et al., 1994). A neighboring record
from Eclipse ice field showed good agreement between NH,*, C,0,° and K* peaks and forest fire
history from Alaska and Yukon (Yalcin et al., 2006). In the Belukha ice core (Siberian Altai), the
NO; ", K" and charcoal records (Eichler et al., 2011) revealed an elevated fire activity around 1600—
1680 AD following an extremely dry period (1540-1600 AD).

First BC (or more generally, carbonaceous compounds) measurements in ice cores were initiated by
Chylek et al. (1992) in the Dye-3 ice core (Greenland) and by Lavanchy et al. (1999) in the Colle
Gnifetti ice core (Swiss Alps). Chylek et al. (1995) already attributed BC peaks in the GISP2 ice core
(Greenland) to biomass burning emissions. Those pioneering studies mainly relied on thermal-optical
methods which were characterized by high uncertainties and poor repeatability due to the lack of
standardized procedure, but were nevertheless able to document a 20"-century increase in BC due to
anthropogenic emissions. After standardized protocols were introduced for EC and OC measurements
(Szidat et al., 2004), more accurate studies were carried out. Jenk et al. (2006) analyzed EC and OC in
the Fiescherhorn ice core (Swiss Alps) and were able to do source apportionment by measuring the
¢ content of the EC and OC fractions. EC measurements were also performed on ice cores from
Holtedahlfonna, Svalbard (Ruppel et al., 2014) and Col du Déme, French Alps (Legrand et al., 2007).
However, the aforementioned studies did not really focus on biomass burning reconstruction and
suffer from low resolution (several years per sample) due to the fact that EC and OC measurements by
thermal-optical methods require hundreds of grams of ice per sample.

A Dbreakthrough in the field of BC analysis in ice cores was achieved by the introduction of laser-
induced incandescence methods using the Single Particle Soot Photometer (SP2) to quantify rBC,
allowing high resolution (a few cm per sample or even continuous flow analysis techniques now) and
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reproducible measurements, making the detection of single biomass burning events possible. The first
study was carried out on the D4 ice core, Greenland (McConnell et al., 2007). Numerous rBC records
from polar and high-mountain ice-cores were subsequently published. The majority of them did not
specifically focus on paleofire trends but provided a broad overview of past BC trends and sources,
such as those from the Elbrus, Caucasus (Lim et al., 2017), the East Rongbuk glacier, Himalayas
(Kaspari et al., 2011), Geladaindong, Tibet (Jenkins et al., 2016), WAIS Divide (WD) and Law
Dome, Antarctica (Bisiaux et al., 2012), Devon Island, Canadian Arctic (Zdanowicz et al., in review),
the NEEM 2011-S1 ice core, Greenland (Sigl et al. 2013). Most of these studies identified a clear
increase in rBC since the beginning of the Industrial Revolution due to anthropogenic emissions. The
time of this increase differed according to the location. It started earlier in Greenland (1880s) due to
early North American emissions, later in the Caucasus (1940s), reflecting USSR and Eastern Europe
emissions, and even more recently (1970s) in the Himalayas, in agreement with the recent economic
development of Asian countries.

Some rBC ice-core studies focused further on biomass burning emissions and paleofire
reconstruction. McConnell et al. (2007) used the difference between the rBC and the vanillic acid
records to disentangle the fraction of rBC stemming from fossil fuel to that coming from biomass
burning. Using the Summit 2010 ice core (Greenland), Keegan et al. (2014) estimated the impact of
rBC originating from biomass burning on the surface melting of the Greenland ice sheet. Wang et al.
(2015) analyzed rBC in the Muztagh Ata ice core (Eastern Pamirs) and used levoglucosan to
disentangle rBC sources, revealing increased open fires in the 1940s and 1950s and enhanced
anthropogenic contribution in the 1980s and 1990s. Using rBC in association with levoglucosan and
NH,", Zennaro et al. (2014) reconstructed two millennia of boreal fire activity derived from the
NEEM ice core (Greenland), showing higher levels of biomass burning between 1000 and 1300 AD
and lower levels between 700 and 900 AD, in line with NH temperature variations. By combining
rBC records from WD and B40 (Antarctica), Arienzo et al. (2017) were able to reconstruct South
American biomass burning variations through the entire Holocene. Higher concentrations were
observed during the Holocene Climatic Optimum and lower concentrations during the Little Ice Age,
in agreement with South American hydroclimate variations.

Organic tracer measurements in ice cores were more recently implemented. First publications dealt
with levoglucosan analyses in Col du Déme and Colle Gnifetti ice cores but values were below the
limit of detection (Legrand et al., 2007), and with vanillic acid in the D4 ice core (McConnell et al.,
2007). Advances in analytical techniques allowed analyses down to the pg g™ (or parts per trillion,
ppt) level. Kawamura et al. (2012) analyzed several organic tracers (levoglucosan, vanillic acid,
dehydroabietic acid and p-hydroxybenzoic acid) in the Ushkovsky ice core (Kamchatka). Comparable
peak occurrence was found between the four tracers but with different long-term trends due to their
different vegetation sources. For instance, only dehydroabietic acid, related to conifer burning,
showed an increasing trend in the 20" century. Several tracers were also compared in the
Grenzgletscher ice core (Swiss Alps), and p-hydroxybenzoic acid was found to be the best organic
fire tracer in this area as it exhibited a good correlation with regional burned area (Mdiller-Tautges et
al., 2016). As mentioned before, levoglucosan was also measured in the NEEM ice core (Zennaro et
al., 2014). Vanillic and p-hydroxybenzoic acids were also analyzed in ice cores from Akademii Nauk
ice cap (Severnaya Zemlya archipelago, Grieman et al., 2017) and Lomonosovfonna (Svalbard,
Grieman et al., 2018), to document past biomass burning variations in Northern Eurasia. Lastly, the
vanillic acid record from TUNU ice core (Greenland, Grieman et al., in review) provides insight into
past biomass burning emissions in North America and nicely reflects temperature variations, with
higher values during the RWP and MWP and lower values during the LALIA and LIA.
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Fig. 1.14: Location of the ice-core sites of interest mentioned in chapter 1. For additional details, see Rubino et
al. (2015) and Legrand et al. (2016). The Summit site in Greenland encompasses several ice-core projects
(GISP2, GRIP, GRIP 93, Eurocore).

1.4 Aim of the study: the PaleoFire project

This PhD thesis is part of the inter-disciplinary project called PaleoFire. The PaleoFire project aims
at improving the understanding of the complex linkages between fires, climate and humans, in order
to test the “broken” fire hockey stick hypothesis (Marlon et al., 2008). PaleoFire is based on the
analysis of biomass burning proxies, mainly charcoal and rBC, in four existing high-alpine ice cores
from different regions with complementary climatic and human settings (Fig. 1.15): the European
Arctic (Lomonosovfonna), the tropical Andes (lllimani), the Mongolian Altai (Tsambagarav) and the
Alps (Colle Gnifetti), presented in greater detail in chapter 2 of this thesis. Contrary to sedimentary
charcoal records, these ice cores present the advantage of having good and controlled chronologies,
especially after 1850 AD, allowing for accurately-dated high-resolution analyses, and are
representative of much larger source regions, enabling to reconstruct regional to sub-continental
paleofire trends.
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Fig. 1.15: High-alpine ice cores used in the PaleoFire project.

PaleoFire consists of a collaboration between four different research groups (Fig. 1.16) in order to
associate laboratory analyses with atmospheric modeling and remote sensing of fires. This is an
innovative approach which allows linking accurate ice core data with their atmospheric footprint and
with coinciding observations from satellites, resulting in proxy calibration. The four sub-group tasks
are detailed below:

rBC analyses in ice cores, in addition to ice-core extraction and sampling. In the framework
of the project, a shallow firn core from Illimani and an ice core from Colle Gnifetti were
extracted in 2015 to update the existing ice-core records. Two deep ice cores from Belukha
glacier, Siberian Altai, were also retrieved in 2018 but will be used for future projects.
(sub-group A this thesis, Paul Scherrer Institute, Laboratory of Environmental Chemistry)

microscopic charcoal and pollen analyses in ice cores, in order to connect paleofire history
with natural and human-induced vegetation changes.
(sub-group B, University of Bern, Institute of Plant Sciences)

atmospheric modeling of BC and charcoal, to put the ice-core data into a broad context and to
quantify the atmospheric footprint of each of the ice cores.
(sub-group C, ETH Zirich, Institute for Atmospheric and Climate Science)

remote sensing of fires, to support modeling and backward trajectories. The accuracy of the
different satellite products was assessed and 30-year time series of fires were compiled and
compared to the ice-core records to allow for proxy calibration.

(sub-group D, University of Bern, Institute of Geography)
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Fig 1.16: Schematic structure of the PaleoFire project (from SNF Sinergia proposal PaleoFire, M.
Schwikowski).
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2 Ice cores investigated in this thesis

This chapter aims at presenting the four ice cores of the project in greater detail. For each ice core, we
will start with a general description of the regional environment and climate. We will then focus on
the drill site and the drilling, and explain how the dating was performed. We will conclude by
mentioning the previous studies carried out on the ice core.

2.1 Lomonosovfonna, Svalbard

2.1.1 Regional settings

Svalbard is an archipelago located around 700 km north of Norway and administrated by this country
(Fig. 2.1). It lies in the Arctic Ocean from 74 to 81 °N and from 10 to 35 °E, at the southern edge of
the permanent sea ice zone. Its area is of approximately 61200 km?. It is composed of four main
islands, the largest one being Spitsbergen (38000 km?). Glaciers cover around 60 % of the area of the
archipelago (Hisdal, 1998). The landscape is characterized by fjords surrounded by steep mountain
slopes covered with ice caps. Large valleys enable glaciers to flow down to the sea level. The highest
peak, Newtontoppen, reaches 1717 m a.s.l.
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Fig. 2.1: Map of Svalbard with the overall situation (insert) and the location of the Lomonosovfonna drill site
(red dot). Glaciated areas are shown in white. Adapted from Isaksson et al. (2003).

Svalbard’s climate (Fig. 2.2) is relatively mild with regard to its high latitude, especially in winter
(average winter T at the sea level between —10 and —15 °C). This is due to the fact that the warm
North Atlantic Water current, an extension of the Gulf Stream, extends up to Svalbard’s south coast
where it splits in two branches (Hisdal, 1998; Isaksson et al., 2003, 2005). The climate in Svalbard is
highly variable as the result of the influence of two different weather regimes. The high pressure area
over Greenland and the Arctic Ocean brings stable cold and dry air masses from the northeast while
the low pressure area over Iceland carries mid-latitude mild and humid air masses from the southwest
(Hisdal, 1998; Isaksson et al., 2003, 2005). This results in a temperature-moisture gradient from the
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southwestern to the northeastern parts of the archipelago where the climate is more continental, with
average temperatures around 5 °C lower (Hisdal, 1998). The annual amount of precipitation also
varies according to the location, with less than 500 mm on the west coasts and more than 2000 mm on
the east coasts (Hisdal, 1998). The driest season is generally spring and early summer (Hisdal, 1998).

Svalbard Lufthavn, Norway Climate Graph (Altitude: 27 m)
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Fig 2.2: Climatic conditions at Svalbard airport, Longyearbyen (from www.svalbard-aero.climatemps.com).

2.1.2 Ice-core drilling

Due to its large glacier coverage and its interesting location within the Arctic, many ice-core studies
have been carried out in Svalbard since the 1970s by Soviet and Japanese expeditions. Most of these
ice cores were not extensively dated nor studied as only stratigraphy and some ions were analyzed
(for a complete list of references, see Wendl, 2014). The influence of meltwater percolation was also
investigated (Koerner, 1997) as this is a major concern for Svalbard ice cores due to positive summer
temperatures. The first extensive studies were performed on the Lomonosovfonna 1997 (e.g. Isaksson
et al., 2001) and Austfonna 1998 (e.g. Watanabe et al., 2001) ice cores.

Lomonosovfonna (Fig. 2.1) is one of the highest ice fields in Svalbard, reaching an elevation of 1250
m a.s.l. For this reason, it has been shown to be less influenced by melting than other drill sites such
as Austfonna or Holtedahlfonna (Beaudon et al., 2013; Pohjola et al., 2002), making it more
appropriate for ice core drilling. The ice core used in the PaleoFire project is the Lomonosovfonna
2009 ice core (LF-09), drilled in March 2009 by a Norwegian-Swiss team on the eponymous ice field
at 1202 m a.s.l. (78°49°24.4"" N, 17°2559.2"" E). Using the Fast Electromechanical Lightweight Ice
Coring System (FELICS, Ginot et al., 2002a), they could drill down to a depth of 149.5 m where the
drill got stuck, and did not reach bedrock, whose depth is estimated to be around 200 m by radar
surveys (Petterson, unpublished data). The drill site is located 4.6 km south of the Lomonosovfonna
1997 drill site, which could not be revisited due to the opening of a large crevasse. Ice-core
temperatures remained slightly negative, from —1.8 °C at 12 m to —2.2 °C at 42 m depth (Wendl,
2014). The ice core was then shipped to the Paul Scherrer Institut (PSI), Switzerland, in a frozen state.
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In addition to the deep LF-09 core, a shallow firn core (7.6 m long) was extracted in April 2011 (LF-
11 core) around 110 m north and 20 m west of the LF-09 drill site by a team of scientists from the
Norwegian Polar Institute (NPI) and the Uppsala University, Sweden, and brought to the NPI (Vega et
al., 2015).

2.1.3 Ice-core dating

The LF-09 dating (Fig. 2.3) is described in detail in Wend| (2014) and Wendl et al. (2015). Briefly,
the dating was performed by a combination of several methods to increase its accuracy. This includes:

e Annual layer counting (ALC) of Na*" and 'O variations back to 1750 AD.

e Absolute dating based on *°Pb decay by a-spectroscopy for the last century.

e Absolute dating with time markers: the 1963 tritium peak due to nuclear weapon testing and
sulfate peaks produced by volcanic eruptions (Agung 1963/1964, Bezymianny 1956, Katmai
1912, Tambora 1815, Laki 1783, Hekla 1766, Kuwae 1458/1459 and Samalas 1257/1258).

o A two-parameter glacier flow model (Thompson et al., 1998) adjusted to fit the different
reference horizons.
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Fig 2.3: Depth-age relationship of the LF-09 ice core with the different methods applied (Wendl et al., 2015).

Dating uncertainty was estimated to be:

e +1 year in the vicinity of reference horizons.

o +3 years between reference horizons down to 68 m water equivalent (weq, corrected for ice
density) depth.

o +3years between 68 and 80 m weq depth (end of the annual layer counting).

e +10 years below 80 m weq depth.

The accumulation rate in the LF-09 ice core was estimated to be 0.58 + 0.13 m weq yr™ (Wendl et al.,
2015).

The LF-11 core was dated by counting ¢'°0 variations and by assigning the minimum to the 1% of
January of each year. The obtained timescale was adjusted by matching prominent ion peaks between
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the LF-11 and LF-09 ice cores, leading to an accumulation rate of 0.49 m weq yr™. Further details are
available in Vega et al. (2015, 2016).

2.1.4 Previous studies

So far, two publications present results from the LF-09 ice core. Besides the dating methods, Wendl et
al. (2015) discussed the nitrate, ammonium and methanesulfonate (MSA: CH3SO;") records and
linked them to ocean productivity and biogenic emissions. The melt percent, based on the amount of
ice lenses per year, and the sodium records are also displayed. Grieman et al. (2018) presented the
VA and p-HBA records from the LF-09 ice core and connected them with northern Eurasian wildfires
and changes in the North Atlantic Oscillation. In total, the available dataset for the LF-09 ice core
encompasses the water stable isotope records (6'20 and 8D), the melt percent and 13 jonic records
(Na*, Mg**, Ca®*, K*, NH,", CI", SO,*", NO;, MSA, HCOO ", CH;COO ", C,0,* and F), for a total of
3997 samples cut at 3—4 cm resolution, and the VA and p-HBA records, obtained by merging 4
consecutive ionic samples into one sample, which produced a total of 997 samples.

Results from the LF-11 shallow core are included in two publications. Vega et al. (2015) discussed
nitrate stable isotopes and major ions in snow and ice samples from four Svalbard sites, showing east-
west zonal gradients suggesting the influence of different air masses. Vega et al. (2016) focused on
ion relocation due to seasonal melting, revealing that nitrate was the most mobile within the
snowpack. The available dataset for the LF-11 ice core comprises the §'°0 record and 10 ionic records
(Na*, Mg*, Ca*, K*, NH,", CI', SO,*, NOs, Br and F"), for a total of 155 samples cut a 4 cm
resolution.

2.2 Hlimani, Bolivian Andes

2.2.1 Regional settings

The Andes are the longest mountain range in the world (7000 km), and the highest one after the
Himalayas. They stretch from north of Colombia to south of Chile and Argentina, and therefore
encompass a wide range of climate and environments, from tropical to arid, temperate and cold (from
north to south). The Bolivian Andes correspond to the fraction of the Andes located in Bolivia.
Bolivia is composed of two distinct geographical regions (Fig. 2.4): the Amazon Basin lowlands in
the east of the country and the Altiplano, a high-elevation plateau (average altitude around 3500-4000
m a.s.l.) surrounded by two mountain ranges, the Western Cordillera (Sajama, 6542 m a.s.l.) which
separates it from the Pacific Ocean, and the Eastern Cordillera (lllimani, 6462 m a.s.l.), which isolates
it from the Amazon Basin. The (Bolivian) Andes host (20 %) 99 % of all tropical glaciers worldwide,
respectively, which have retreated critically since the 1970s (Rabatel et al., 2013).

The Bolivian Altiplano has a very specific climate due to the combination of tropical latitude with
high altitude (Fig. 2.5). It is characterized by a wet season during the slightly warmer austral summer
(November to March) and a dry season during the austral winter (April-October). During the wet
season, increased convection and moist air advection from the Amazon Basin and Gran Chaco region
results in increased moisture influx from the East (Garreaud et al., 2000; Vuille et al., 2000). As a
consequence, 50 to 80 % of the annual precipitation occurs during the wet season (Garreaud et al.,
2003). During the dry season, the Intertropical Convergence Zone (ITCZ) is shifted northwards (over
northern South America) generating stable and dry conditions over the Altiplano, sometimes
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interrupted by snowfalls. Westerly winds prevail, restricting the Amazonian moisture influx to the
eastern slopes of the Andes (Vuille, 1999).

Fig. 2.4: Physical map of Bolivia including the location of Illimani (source: www.freeworldmaps.net).

The eastern origin of the moisture induces a dryness gradient over the Altiplano from east (annual
precipitation > 700 mm) to west (annual precipitation between 200 and 400 mm) (Garreaud et al.,
2003). Internannual variability in precipitation is also controlled by El Nifio-Southern Oscillation
(ENSO). El Nifio years are on average drier as moisture influx from the east is inhibited, while La
Nifa years are usually wetter (Garreaud and Aceituno, 2001; Garreaud et al., 2003).

Precipitation (mm)
Average temperature (°C)
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Fig. 2.5: Climate diagram for El Alto airport (near La Paz), 4058 m a.s.l. Data are averages over the time period
1961-1990, come from the Deutscher Wetterdienst (DWD), and are available at the following address:
https://www.dwd.de/DE/Ieistungen/klimadatenwelt/samerika/ah/bolivien/bolivien_node.html
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2.2.2 Ice-core drilling

In the Andes, first ice-core studies were conducted on Quelccaya ice cap, Peru, in 1983 (Thompson et
al., 1984, 1985, 1986). Other deep ice cores were drilled in 1993 on Huascaran, Peru (Thompson et
al., 1995) and in 1997 on Sajama, Bolivia (Thompson et al., 1998). These studies enabled to
reconstruct past climate variations in South America back to the LGM and revealed that climate
variations such as the LIA or MWP did not only occur in the NH (Thompson et al., 1995, 2006).
However, Andean ice cores possess intrinsic limitations due to uncertain dating (Vimeux et al., 2009),
strong sublimation processes for some sites (Ginot et al., 2001) and the complexity of the
interpretation of stable isotopes records, not only linked with temperature but also with precipitation
on a seasonal to inter-annual time scale (Vimeux et al., 2009; Vuille et al., 2003; Vuille and Werner,
2005).

In June 1999, a joint French-Swiss team from IRD (Institut de Recherche pour le Développement) and
PSI extracted two ice cores from Nevado Illimani (Fig. 2.4), Bolivia, using the FELICS drill (Ginot et
al., 2002a). The drill site was located at 6300 m a.s.l. on a glacier saddle between the two summits of
Pico Central and Pico Sur (16°39" S, 67°47"° W). Both cores reached bedrock at 136.7 m depth
(French core) and 138.7 m depth (Swiss core, this thesis). A good preservation of the chemical signal
was suggested by the rare occurrence of melt layers and low borehole temperatures (max. —7 °C)
indicative of a cold glacier (Kellerhals et al., 2010a). As the Illlimani site is located in the Eastern
Cordillera, precipitation can also occur during the dry season, leading to a less pronounced seasonality
with only 50 to 60 % of the annual precipitation falling during the wettest months (December to
February) and a weaker impact of ENSO (Garreaud et al., 2003; Vuille et al., 2000).

To update the Illimani 1999 ice core (IL-99), a shallow firn core (25.7 m long) was retrieved in June
2015 (IL-15) by a team of scientists from the PSI at the same location (16°38°58.57" S,
67°47°03.57"" W) using a lightweight portable electromechanical drill, and was shipped frozen to PSI.

2.2.3 lce-core dating

Dating of the IL-99 ice core was performed by a multi-parameter approach (Fig. 2.6) similar to the
LF-09 ice core. The first 125 m of the core, back to 1200 + 240 AD, were dated by Knisel et al.
(2003) using ALC based on electrical conductivity measurements (ECM), the 1964 AD tritium peak,
independent #°Pb dating for the most recent 100 years, ECM peaks indicative of volcanic eruptions
(Pinatubo 1991, El Chichon 1982, Agung 1963, Krakatoa 1883, Tambora 1815 and the “unknown” (at
that time) 1258, later identified as Samalas) and a model composed of a firn-densification model
(Herron and Langway, 1980) in the upper part combined with a two-stage ice-flow model
(Dansgaard and Johnsen, 1969) forced to fit the reference points.

Dating of the uppermost 59.2 m was refined to a seasonal resolution by Knisel et al. (2005). For this
purpose, they used ALC of five seasonally-resolved compounds: ECM, Na*, Ca**, HCOO and the
dust-related principal component (PC1 in Kniisel et al., 2005) obtained by Principal Component
Analysis (PCA).

Kellerhals et al. (2010a) then revised the original dating. They performed ALC on the more regular
NH," variations and extended it for six additional meters of the core. They reassigned the sulfate peak
of the 1258 Samalas eruption from 99.9 to 90.2 m weq. They extended the dating to the bottom of the
core by including *C dating of eight samples. Lastly, they used a 2-parameter model (Thompson et
al., 1990) fitted to the time markers to obtain a continuous depth-age relationship, except between the
last five '*C dates where linear interpolation was used due to the very strong layer thinning. A
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comprehensive description of the dating can be found in Kellerhals (2008). The IL-99 ice core finally
spans 1999 AD-13000 BP (i.e. the entire Holocene back to the last deglaciation), with an average
accumulation rate of 0.58 m weq yr™'. Dating uncertainty is assessed to be +2 years in the vicinity of
volcanic horizons, £5 years for the time period 1800-1999 AD (ALC), £20 years for between 1250
and 1800 AD (model), and +110 years at the youngest **C age (1060-1280 BP, Kellerhals et al.,
2010a).

The 1L-99 French core (not used here), albeit shorter, was shown to cover the last 18000 years BP
(Ramirez et al., 2003). Different dating methods were applied. In addition to ALC by ECM and
absolute time markers (tritium and sulfate peaks), dust microparticle counting and isotopic analyses
(60 and D) were employed. Wiggle matching of the lllimani 6D record to the Huascaran 60
record (Thompson et al., 1995) was used in the bottom part of the Illimani French core due to the
strong resemblances between the two isotopic profiles.
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Fig. 2.6: Depth-age relationship in the I1L-99 ice core (adapted from Kellerhals, 2008).

Dating of the IL-15 core was performed in the framework of this thesis using well-resolved seasonal
variations of rBC and Ca®* (see Supplement of Chapter 5), attributing simultaneous minima of both
compounds to first of January of each year. Linear interpolation was made between two adjacent
minima, thus neglecting the seasonal pattern of precipitation. The timescale of the IL-15 core was
adjusted by wiggle matching to the top part of the IL-99 core thanks to a 10 cm thick ice lens present
in both records and corresponding to the warm year 1998 and to three characteristic peaks in the rBC
profile for the years 1995-1996. The IL-15 ice core thus spans the time period 1995-2015,
corresponding to a net accumulation rate of 0.72 m weq yr™.

2.2.4 Previous studies

First studies focused on the potential of the Illimani site to accurately record past climate variability.
Shallow firn core analyses revealed a clear seasonality in the stable isotope signal and in the
concentrations of chemical compounds as well as a minor impact of post-depositional sublimation at
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the lllimani site (Ginot et al., 2002b). Deposition processes were investigated in detail by Bonnaveira
(2004), who drew a similar conclusion to Ginot et al. (2002b) regarding post-depositional processes.

Dating of the IL-99 Swiss core was presented in Knisel et al. (2003). Knisel et al. (2005) discussed
the impact of ENSO on the ionic records, showing elevated dust concentrations during El Nifio
phases. Kellerhals et al. (2010b) suggested thallium as an appropriate volcanic eruption tracer.
Kellerhals et al. (2010a) reconstructed temperatures of the last 1600 years based on the NH," record,
interpreted as a proxy for biogenic emissions from the Amazon Basin. Eichler et al. (2015) focused
on historical regional silver production and 20™-century leaded gasoline pollution. Lastly, Eichler et
al. (2017) showed that extensive copper metallurgy in the Andes started 2700 years ago.

Dating of the 1L-99 French core, including isotopic records, was presented in Ramirez et al. (2003).
Correia et al. (2003) focused on 20™-century trace element records in order to disentangle the
contribution from dust and anthropogenic sources. De Angelis et al. (2003) discussed the volcanic
eruptions recorded in the ice core. Finally, Gay et al. (2014) introduced an alternative statistical dating
method based on the ion profiles.

The available dataset resulting from the previous studies on the IL-99 Swiss core is composed of 13
ionic records (Na', Mg**, Ca?*, K*, NH,*, CI", SO+, NO; , MSA, HCOO", CH,COO ", C,0,% and F)
for the entire core (4283 samples), 38 trace element records ('Li, ®Na, *Mg, Al, *Ca, *Sc, >V,
52Cf, SSMn, 56Fe, 59C0, 60Ni, GSCU, 6GZn, 85Rb, SSSI,, 9OZr, 95MO, 109Ag, lllCd, 121Sb, 13305, lSSBa, 139La'
14OCe, 141Pr, 146Nd, 147Sm’ 153EU, 172Yb, 182W, 205T|, 206Pb, 207Pb, 208Pb, ZOQBi, 232Th and 238U) fOI‘ the
entire core, except the first 4.3 m (snow), measured by Continuous Flow Analysis Inductively
Coupled Plasma-Sector Field Mass Spectrometry (CFA-ICP-SFMS) allowing high resolution (around
1 cm, total of 11258 datapoints), and the "0 record for the bottommost 3 m spanning 4000—13000
years BP and presented in Sigl et al. (2009).

2.3 Colle Gnifetti, Swiss Alps

2.3.1 Regional settings

The Alps are the main mountain range in Europe (Fig. 2.7). They stretch from the Mediterranean Sea
at the southwest to the Austrian plains at the northeast (roughly with the shape of a crescent from
Genoa to Vienna) over more than 1000 km, with a width comprised between 100 and 400 km. They
host the highest summits of Europe (Caucasus excepted), with the most elevated point, Mont Blanc,
reaching 4809 m a.s.l. A wide range of environments and climatic conditions can be found over the
Alps as they act as a climatic border between Western Europe (maritime climate), Northern Europe
(continental climate) and Southern Europe (Mediterranean climate). The Alps contain around 5150
glaciers (with sizes > 0.02 km?), covering a total area of 2910 km? (Paul et al., 2011). However, most
of them are not suitable for ice-core studies as they are temperate glaciers lying at too low elevations
(< 3500-4000 m a.s.l.) and therefore affected by summer melting. Cold glaciers above 4000 m with a
rather flat topography are required to accurately preserve paleoclimate information. Given these
requirements, only a few sites are available for ice-core drilling: Col du D6me (4250 m a.s.l.) in the
Mont Blanc massif (France), Colle Gnifetti (4450 m a.s.l.) in the Monte Rosa massif (Switzerland),
Fiescherhorn (3900 m a.s.l.) in the Bernese Oberland (Switzerland) and Mt. Ortles (3850 m a.s.l.) in
the Italian Alps, recently investigated (Gabrielli et al., 2016). The Alps are a highly valuable study
site as ice-core research can be combined with a dense network of observational data (temperature,
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precipitation, glacier lengths) sometimes spanning the last 250 years (e.g. Bohm et al., 2010), which is
unique in the world.
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Fig. 2.7: Physical map of the Alps with the major ice-core sites in red (adapted from
https://fr.wikipedia.org/wiki/Géographie_des_Alpes).

2.3.2 Ice-core drilling

The Colle Gnifetti (CG) site is located on a saddle at 4450 m a.s.l. (45°55" N, 7°52" E) on the Swiss-
Italian border between the two summits of Zumsteinspitze (4562 m) and Signalkuppe/Punta Gnifetti
(4553 m) in the Monte Rosa massif. Due to its topography, the CG site is characterized by strong
wind erosion in winter leading to a summer-biased accumulation of snow (Bohleber et al., 2013;
Haberli et al., 1983; Oeschger, 1977; Schwikowski et al., 1999). The northeastern side of the saddle is
composed of a 2000 m high steep ice cliff acting as a sink for snow but also bringing polluted air from
the Po valley by convection of air masses in summer.

The CG site has a long history of ice-core drilling involving two different research groups, from the
PSI/University of Bern and the University of Heidelberg. Ice cores were retrieved there in 1976, 1977,
1982 (4 cores), 1995 (2 cores), 2003 (2 cores, this thesis), 2005 (2 cores), 2008 (2 shallow firn cores),
2013 and 2015 (2 cores, this thesis). In our group, ice-core records of ammonium (Ddscher et al.,
1996), carbonaceous aerosols (Lavanchy et al., 1999; Thevenon et al., 2009), sulfate and nitrate
(Doscher et al., 1995; Schwikowski et al., 1999), organic pollutants (Gabrieli et al., 2010; Kirchgeorg
et al., 2013) or trace elements (Barbante et al., 2004; Gabrieli and Barbante, 2014; Gabrieli et al.,
2011; Schwikowski et al., 2004) have highlighted the strong impact of anthropogenic pollution on the
European atmospheric composition during the last centuries. The research group from the University
of Heidelberg mainly focused on mineral dust variability and temperature reconstruction based on
water stable isotopes (Bohleber et al., 2013, 2018; Wagenbach et al., 2012 and references therein).

In September 2003, a Swiss-Italian team extracted two deep cores from CG using the FELICS drill
(Ginot et al., 2002a). Both cores were drilled a few meters apart (45°55°50.4"" N, 7°52"33.5”" E) and
reached bedrock at 81.9 m (CGO3A core) and 81.1 m (CGO03B core) depth. Borehole temperatures
ranged between —12.5 and —13.5 °C, indicative of a cold glacier, and only 1 % of the ice core length
was composed of ice lenses due to the refreezing of melt water, suggesting a good preservation of the
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CG record and a minimal impact of melting on the chemical profiles (Sigl, 2009). The two cores were
shipped to PSI in frozen conditions.

In September 2015, a team from PSI came back to CG and extracted two ice cores 18 m northwest of
the CGO3 drill site (45°55°45.7"" N, 7°52°30.5"" E). The first core (CG15A) reached bedrock at 76 m
depth while the second core (CG15B), drilled two meters apart, did only reach 47 m depth when
drilling was stopped (Sigl, 2015). Both cores were brought frozen to PSI. The upper 12 m of the
CG15A ice core have been sampled in the framework of the PaleoFire project to update the CGO03
records, while the remaining parts were kept for future studies.

2.3.3 Ice-core dating

The CGO3A ice core has been dated using a multi-parameter approach (Fig. 2.8) described in detail in
Jenk et al.(2009), resulting in an accumulation rate of 0.45 m weq yr™'. Dating methods encompass:

e ALC for the most recent 240 years, mostly based on NH," seasonal variations.

e Independent ?°Pb dating (not shown).

e The 1963 tritium peak.

e Sulfate peaks indicative of volcanic eruptions: Katmai 1912, Tambora 1815 and Laki 1783.

e Outstanding Saharan dust events identified by Ca*" peaks: 1977, 1947, 1936, 1901 and 1863.

e A two-parameter model fitted to the time horizons (Thompson et al., 1990).

e C dating (9 samples) for the bottom part of the core. The age of the bottommost section of
the core remains tentative as a large uncertainty was associated with the oldest **C age (15200
years BP). The CGO3A ice core might contain remaining ice from the last glacial period (late
Pleistocene), or at least ice older than 10 ka.
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Fig. 2.8: Depth-age relationship in the CGO3A ice core (Jenk et al., 2009).

The CGO03B ice core was sampled in the framework of this thesis down to 72.1 m depth. A full multi-
parameter dating was not performed: the dating of the CGO3B core was done against the chronology
of the CGO3A ice core owing to the very short distance between the CGO3A and CG03B cores (Sigl et
al., 2018). The approach consisted in using the major ion records to align both cores. In total, 294
stratigraphic points (221 between 1741 and 2003 AD) such as Saharan dust events, the 1963 tritium
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peak, volcanic eruptions or peaks with particular features were used to link both cores (Table 2.1, Sigl
et al.,, 2018). Linear interpolation was employed to extend the dating between the tie-points.
Differences in depth for the stratigraphic markers did not exceed 13 cm between the two cores (Sigl et
al., 2018), confirming the appropriateness of the method. Dating uncertainty was estimated to be 1
year next to the reference horizons and +5 years at most in the mid-19" century. This method led to a
final time of 1039 AD at 72.1 m depth when sampling was stopped.

Table 2.1: Selected common age markers for the two CGO03 ice cores (Sigl et al., 2018).

Type of Age Marker Parameter Year (AD) CGO3A Depth (m) CGO03B Depth (m)
SDE 1977 Ca, Fe 1977 12.90 18.88
NWT *H 1963 24.45 na.
SDE 1947 Ca®, Fe 1947 29.23 29.32
SDE 1936 Ca™, Fe 1936 31.96 32.03
Katmai 1912 50,7, 504 /Ca™" 1912 37.31 37.44
SDE 1901 ca”, Fe 1901 39.20 39.28
SDE 1863 ca”, Fe 1863 4436 44.46
Tambora 1815 50,7, S0 /ca™ 1816 49.79 49.79
Laki 1783 5047, 5047 /ca” 1783 53.50 53.42
Bedrock -17000 80.18 81.14

SDE = Historic Saharan Dust Event (Wagenbach et al., 1996; Oeschger et al., 1977); NWT = Maximum of northern hemisphere nuclear weapon testing; n.a. not
analyzed

The upper section of the CG15A ice core was dated by ALC of NH," and rBC profiles, attributing
local minima to 1% of January of each year and using linear interpolation in between (Sigl et al.,
2018). Further adjustment was made by comparison with the CG08 and CG03B ice cores. The upper
12 m of the core thus span the time period 2001-2015 AD, with an average accumulation rate of 0.41
m weq yr, very close to that of the CGO03 cores.

2.3.4 Previous studies

Previous studies were only conducted on the CGO3A ice core as the CG03B core was kept in reserve
for future studies and started to be processed in the framework of the PaleoFire project. In addition to
the dating, the CGO3A ice core has been analyzed for mineral dust and BC by a thermal-optical
method for the last millennium (Thevenon et al., 2009), polycyclic aromatic hydrocarbons since 1700
AD (PAHSs, Gabrieli et al., 2010), plutonium contamination from nuclear weapon testing (Gabrieli et
al., 2011), the isotopic composition of mineral dust to infer its origin (north-central and northwest part
of the Saharan desert, Thevenon et al., 2012), and lead and uranium (Gabrieli and Barbante, 2014).

2.4 Tsambagarav, Mongolian Altai

2.4.1 Regional settings

The Altai Mountains (Fig. 2.9) are a complex mountain system composed of several ranges located in
northern Central Asia and spreading over four countries: Russia, Mongolia, China and Kazakhstan.
Their highest point is Belukha Mountain (4506 m a.s.l.) at the border between Russia and Kazakhstan.
All the ranges contain glaciated areas, in different extent, for a total of 1300 km?, with approximately
500 km? in Mongolia (Herren et al., 2013).
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Fig. 2.9: Physical map of the Altai region with the sites of interest in red (adapted from
https://en.wikipedia.org/wiki/Altai_Mountains).

The Altai region has the highest degree of continentality in the world as it is located very far from any
ocean. It thus results in a pronounced continental climate (Fig. 2.10), with very cold and dry winters
under the influence of the Siberian High and relatively warm summers dominated by Westerlies
(Herren et al., 2013). Average temperature difference can reach up to 40 °C between winter and
summer. Most of the precipitation occurs during summer months (Herren et al., 2013). Regional
differences in climate can be noted as the Altai acts as a barrier for humid air masses coming from the
west. As a consequence, a strong precipitation gradient exists from the northwest (Russia Altai) to the
southeast (Mongolian Altai), with a mean annual amount of precipitation decreasing from 800 mm to
200 mm. This directly impacts the regional vegetation and landscape. The northwestern side, in
Russian Siberia, is covered with forests (taiga) and meadows at higher elevations while the southern
side, in Mongolia, shows a semi-arid steppic landscape which progressively evolves into desertic
conditions towards the southeast (Gobi desert).
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Fig. 2.10: Climate diagram from Barnaul, Russian Altai (left, 1850-2000 AD) and Khovd, Mongolian Altai,
representative of the climatic conditions at Tsambagarav (right, 1959-2008) (Herren, 2013).

50



2.4.2 Ice-core drilling

Due to the remoteness of the region, very few ice-core studies have been conducted in the past in the
Altai. In Mongolia, a Chinese expedition retrieved a 40.2-m long ice core from the Tsambagarav
range in 2008 but no results have been published so far. In the entire Altai, only two ice cores have
been drilled at Belukha, in 2001 (Olivier et al., 2003) and 2003 (Okamoto et al., 2011). In June-July
2009, a joint Russian-Swiss team conductedd a drilling campaign at the Tsambagarav range, western
Mongolia (Herren et al., 2013). A 72-m long ice core was extracted from the Khukh Nuru Uul ice cap
(4130 m a.s.l., 48°39.338" N, 90°50.826" E), down to bedrock, using the FELICS drill (Ginot et al.,
2002a). In addition, a 52-m long parallel ice core was extracted, but bedrock was not reached due to
time constraints. The ice cores were then shipped to PSI in frozen conditions.

2.4.3 Ice-core dating

Dating is described in detail in Herren (2013) and Herren et al. (2013). A multi-parameter approach
was also used (Fig. 2.11), including:

e ALC using the 6®0, Ca** and HCOO™ profiles back to 1815 AD.

e The 1963 tritium peak.

e Sulfate peaks indicative of volcanic eruptions: Kharimkotan 1933, Katmai 1912, Shiveluch
1854 and Tambora 1815.

e Independent ?°Pb dating for the last 150 years.

o Asimple glacier flow model for the upper 36 m weq (Thompson et al., 1990).

e 'C dating (10 samples) for the bottommost part of the core, below 36 m weq. A continuous
timescale was generated by applying an exponential equation fitted to the different *C ages.

The Tsambagarav ice core spans the time period 4800 BC-2009 AD, with an estimated average
accumulation rate of 0.33 m weq yr' for the period 1815-2009 AD (Herren et al., 2013).
Accumulation rates highly varied further back in the past, from 0.04 m weq yr* (preceding 4500
years) to 0.46 m weq yr close to the bedrock (Herren et al., 2013). The reliability of the depth-age
relationship was confirmed by the independent **C dating of a fly found in the core at 65.78 m weq
depth during the sampling for charcoal in 2016. The age of the fly was estimated to be 3442 + 191 cal
years BP while the age of the surrounding ice yielded 3495 + 225 cal years BP (Uglietti et al., 2016).

Dating uncertainties are the following (Herren, 2013; Herren et al., 2013):

e +1 year in the decade of an identified reference horizon.

e +5 years for the section dated by ALC.

o +10 years between 1250 and 1800 AD.

e +75 years for the bottommost section (oldest 750 years of the core).

e +150 years between the bottommost section and 1250 AD, during the period of reduced
accumulation.
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Fig 2.11: Depth-age relationship in the Tsambagarav ice core, with magnification of the lower 36 m in the insert
and a picture of the fly (photo by S. Brigger). Figure adapted from Herren et al. (2013).

2.4.4 Previous studies

In addition to the dating methods, Herren et al. (2013) reconstructed the accumulation at
Tsambagarav for the last 6000 years and concluded that ice-free conditions prevailed during the HCO
at this site and that glaciers started to reform during the onset of the “Neoglaciation” around 6000
years ago. Inceoglu et al. (2016) presented the °Be record for the time period 1550-2009 AD in order
to infer past solar activity.

+

The existing dataset for the Tsambagarav ice core comprises 13 ionic records (Na*, Mg**, Ca*, K*,
NH,*, CI", SO, NO;~, MSA, HCOO", CH;COO ", C,0,* and F") and the ™0 record both spanning
the entire core, for a total of 2944 samples.
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2.5 Summary

Table 2.2: Summary of the main characteristics of the four ice-core sites of the PaleoFire project. Tentative values are given in italic.

. . . T Altitude | Coring | Bedrock | Length . . Accumulation
Ice-core site Main source regions Specificities Time period -1
(mas.l) year reached (m) (mweq yr)
. . 2009 No 149.5 1222 AD-2009AD 0.58
Lomonosovfonna Northern Eurasia Summer melting 1202
2011 No 7.6 2004AD-2011AD 0.49
. . . ENSO 1999 Yes 138.7 11000BC-1999AD 0.58
Hlimani Amazon Basin 6300
Wet/dry season 2015 No 25.7 1995AD-2015AD 0.72
N Western/Central/Southern . . . 2003 Yes 81.1 >8000BC-2003AD 0.45
Colle Gnifetti Winter wind erosion 4450
Europe (A, CH, D, F, 1) 2015 Yes 76.1 | >8000BC-2015AD 0.41
Eastern Europe
Tsambagarav Central Asia Summer accumulation 4130 2009 Yes 72 4800BC-2009AD 0.33
Siberia
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3 Methods

In this chapter, the analytical methods employed in the course of this project are presented. Analyses
for rBC, major ions and water stable isotopes were carried out. A particular focus will be made on
rBC analyses as they constitute the core of the project.

3.1 Ice-core processing

3.1.1 General procedure

After the drilling, the 70 cm long ice-core sections are packed in polyethylene tubes and shipped to
PSI in insulated boxes so that they remained frozen. Ice-core sections are processed in a —20 °C cold
room following standardized procedures (Eichler et al., 2000) ensuring a high level of cleanliness to
avoid contamination during the cutting. Each section is unpacked, weighed and measured (length and
diameter, normally 8 cm) to calculate its average density. Pictures are taken and the stratigraphy is
studied in detail. For this purpose, the sections are placed on a backlit bench. Features like ice lenses,
breaks, colored layers and missing parts are noted. Core sections are then put on a Teflon coated
tabletop and cut with a band saw. The snow dust is removed by brushing the table surface and both
the table and the saw blade are regularly cleaned with acetone and ethanol to prevent contamination.
Polyethylene gloves are worn during the entire process for the same reason. Outer parts of the core are
used for analyses which are not sensitive to contamination (tritium, 2°Pb, charcoal) while samples for
more sensitive analyses (ions, BC) are taken from the inner part of core, where process-induced
contamination is less probable. The remaining parts of the core sections are then repacked in the same
polyethylene tube and archived for future analyses.

The sample resolution is usually adjusted to take into account ice layer thinning with depth and is
therefore decreasing from 8-10 cm in the firn section close to the surface to 2-3 cm at the bottom of
the core. To assess the reproducibility of the entire analytical process, replicates samples are prepared
from parallel ice-core sticks and follow the same process as the original samples. To control the level
of cleanliness, procedural blanks are prepared by refreezing ultrapure water (Sartorius, >18.2 MQ cm,
with a 0.2 um filter) in a plastic box and by cutting and analyzing the resulting ultrapure ice as normal
samples, in order to eventually correct the final results for the contribution from the blanks.

3.1.2 Within the PaleoFire project

In the framework of the PaleoFire project, the ice cores mentioned in chapter 2 were sampled for rBC
and charcoal. The cutting strategy for rBC (this thesis) and charcoal (PhD thesis of Sandra Brugger,
University of Bern) varied from one ice core to the other as some of them had already been processed
in the past (mainly Illimani and Tsambagarav) and others not, resulting in a wide variety of shapes
depending on the ice-core sections, whose exhaustive description would be pointless. In some cases,
rBC samples had already been prepared in 50 mL polypropylene (PP) vials (Semadeni AG,
Switzerland) and cutting was not necessary. No charcoal samples had been prepared in the past with
these ice cores so the sampling had to be done for every core. A minimal mass of 200-300 g of ice
was required for charcoal and pollen counting, resulting in a much lower resolution for charcoal (2
samples per core section at the maximum) than for rBC. Charcoal samples were prepared in 1 L
polyethylene terephthalate-glycol modified (PETG) jars (Semadeni AG, Switzerland). Charcoal and
pollen analysis is extensively described in Brugger et al. (2018) and Brugger et al. (in review).
Below, we detail the cutting process for the different ice cores used in the project:
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The LF-09 ice core had already been sampled for rBC by PhD student Isabel Wendl. Two 1.9
x 1.9 cm sections were cut from the inner part of the core at 3—4 ¢cm resolution and combined
in one 50 mL PP vial. In total, 4046 samples were obtained for rBC analysis. Further
information can be found in Wendl (2014). Samples 907 to 1970 were analyzed by master
student Loic Schmidely. 6 series of 20 replicates were also prepared. Preliminary analyses of
charcoal and pollen revealed very low concentrations compared to the other cores of the
project (S. Brugger, personal communication). It was therefore decided that charcoal and
pollen analyses in the LF-09 ice core were not a priority. So far, the LF-09 core has not been
sampled for charcoal.

The LF-11 firn core had already been sampled for rBC at the NPI (Norway) by PhD student
Carmen Vega. 1.8 x 1.8 cm sections were cut at about 4 cm resolution, resulting in 155
samples (for details, see Vega et al., 2015).

The topmost 33.15 m of the 1L-99 ice core had already been sampled for rBC analysis at 10
cm resolution (316 samples in total, spanning 1966-1999 AD) by internship student Adam
Hasenfratz. Sampling was then extended to the entire core at 3—4 cm resolution, yielding
2754 additional samples and 243 replicates from 12 ice-core sections. Some sections with
poor ice-core quality (brittle ice) towards the bottom of the core could not be sampled at such
resolution and were placed in 1 L plastic jars, roughly resulting in a 10-20 cm resolution.
Another section with poor ice-core quality between 127.4 and 133 m depth spanning roughly
0-2000 BC was also resampled specifically at 3—7 cm resolution, resulting in 121 additional
samples. From the rBC samples, a 1 mL aliquot was taken for water stable isotope
measurements. Only 121 samples were prepared for charcoal and pollen out of the 206 ice-
core sections, reflecting the lack of available material for many sections, as 2—3 sections had
to be combined sometimes in the same 1 L jar.

The IL-15 firn core was entirely sampled (and dated) in the framework of the PaleoFire
project. This is the only core of the project with a smaller diameter (only 6 cm instead of 8
cm) because the drill used was a light and portable version of the FELICS (Ginot et al.,
2002). The IL-15 core was cut at 5-6 cm resolution following the cutting scheme in Fig. 3.1,
producing a total of 487 rBC samples and one section with 13 replicates. Those samples were
also analyzed for major ions and water stable isotopes. 21 samples were also prepared for
charcoal analysis.

Charcoal
6 cm

1.9 cm

Fig. 3.1: Cutting scheme of the IL-15 ice core. Due to the small diameter and the low density of the material
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(snowr/firn), the leftover part generally fell apart and could not be used.

The CGO03B ice core was entirely sampled (and dated) down to 72.1 m depth (year 1039 AD)
following the cutting scheme presented in Fig. 3.2. The sampling resolution was lowered



from 5 cm at the surface to 2 cm close to the bottom. A total of 2276 samples was obtained
for rBC and major ions, as well as 362 replicates from 19 ice-core sections. Similar to 1L-99,
some ice-core sections from the lower part of the core with poor ice quality were sampled at a
lower resolution (around 10 cm). The sampling for charcoal produced 172 samples.

e The uppermost 11.9 m of the CG15A ice core, spanning 2001-2015 AD, were cut at 4-5 cm
resolution following the same scheme as CGO03B, yielding a total of 276 samples and one set
of 14 replicates. 18 samples were prepared for charcoals (one per section).
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Fig. 3.2: Cutting scheme of the CG03B and CG15A ice cores, for sections with a) original samples only and b)
original and replicate (Rep.) samples. In the case of CG15A, water stable isotopes were also measured from the
same sample as rBC and ions (see section 3.5).

e The entire Tsambagarav ice core had already been sampled for rBC by PhD student Pierre-
Alain Herren, at 2.5 cm resolution until 50.68 m depth where the resolution was increased to
2 cm, resulting in 2944 samples. Details about the sampling procedure can be found in Herren
(2013). Unfortunately, the first 1076 samples experienced melting and refreezing before the
rBC analysis, which is a critical point for the quality of the analyses, leading to substantial but
unquantifiable rBC losses (see section 3.2.3). Therefore, the first 42 ice-core sections (the
topmost 28.1 m, spanning 1945-2009 AD) had to be resampled. A lower resolution was
chosen, from 7 cm at the surface until 4 cm at 28.1 m depth, resulting in 580 samples and 66
replicates from 4 different ice-core sections. In addition, 185 replicates were also prepared
from 7 different sections belonging to the deepest 13 m of the core. Lastly, 261 samples were
cut for charcoal analysis.

3.2 Black carbon analysis

3.2.1 The Single Particle Soot Photometer (SP2)

rBC samples were analyzed with a Single Particle Soot Photometer (SP2, Droplet Measurement
Technologies, Inc., Longmont, CO, USA, Schwarz et al., 2006). The SP2 is based on the laser-
induced incandescence principle (Stephens et al., 2003) and measures the mass concentration and size
distribution of single rBC-containing aerosol particles. Its principle is the following (Fig. 3.3): dry
aerosol samples are drawn by a vacuum pump and injected as an air jet into the SP2 cavity. This air
jet intersects a powerful (3 MW cm™) continuous Nd:YAG laser beam (A = 1064 nm). Single rBC
particles absorbs this radiation and are heated to their point of incandescence (around 3700-4300 K).
As they vaporize, they emit intense visible thermal radiation (A range: 350—800 nm) which is detected
by two photomultiplier tubes (PMT). Optical filters are placed upstream to the PMTs so that the latter
cover different ranges of wavelengths in order to improve their sensitivity, resulting in a broadband
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detector (400-650 nm) and a narrowband detector (610-650 nm). In addition, two different electronic
signal amplification gains (high and low) are possible for each PMT, thus generating a total of four
different channels (Broad/Narrow Band High/Low Gain i.e. BBHG, BBLG, NBHG, NBLG). The SP2
can detect rBC particles with a mass-equivalent diameter ranging between 70 and 500 nm, which is
equivalent to a mass range of 0.3—-118 fg rBC per particle, assuming a rBC density of 1.8 g cm™. As
the peak intensity of the incandescent light is proportional to the rBC mass in the particle (Schwarz et
al., 2006), direct quantification is possible after calibration with an appropriate standard.

Besides the PMTs, two avalanche photo-detectors (APD) are used to detect scattering of the incoming
laser light at 1064 nm in order to measure particle size distribution in the range 200—400 nm which
encompasses the accumulation mode of most particles (SP2 operator manual, 2013). One of the
APDs is sensitive to total particle scattering while the other one solely focuses on scattering by
incandescent particles, which enables to focus on the amount of coating or the mixing state of rBC-
containing particles. All the four detectors are placed on the same horizontal plan, separated by 90°
angles.
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Fig 3.3: Schematic of the SP2 cavity (adapted from Schlappi, 2010 and Schwarz et al., 2006).

Compared to other BC measurement techniques, the SP2 presents some interesting advantages. First,
it is specific to BC particles since they are the only ones which can incandesce at such high
temperatures due to their highly refractory properties (Schwarz et al., 2006). As the PMTSs can infer
temperature based on the color of the radiation, it can clearly separate BC particles from other ones.
Second, the SP2 is characterized by a high sensitivity as the limit of detection (LOD) is as low as 0.3
fg BC per particle or 10 ng m™ (SP2 operator manual, 2013). Third, it allows fast and direct
guantification and therefore does not require a large amount of sample. This is particularly interesting
for ice-core science, for which the available amount of material is usually low, as it only requires a
few mL of sample, contrary to other techniques (optical, thermal-optical) consuming hundreds of
grams of ice. Lastly, the SP2 detection is unaffected by particle coatings and morphology (Cross et
al., 2010; Laborde et al., 2012; Moteki and Kondo, 2007; Slowik et al., 2007). Only the presence of
high concentrations of dust (typically 50 pg g™) can cause positive artifacts (Schwarz et al., 2012) but
those concentrations were never met in our ice cores.
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However, this technique also possesses intrinsic limitations. First, the SP2 is designed to solely
analyze dry aerosols, making ice-core and snow analyses more complex (see section 3.2.2). Second,
the narrowness of the detection-size range (generally 70-500 nm, although it can be extended to 800
or even 1000 nm) hampers a correct quantification of large rBC particles, which can represent a
significant part of the total mass, as they lead to the saturation of the detectors. This can be an
important issue in snow and ice samples as they usually contain larger particles than atmospheric
samples (Schwarz et al., 2012). Third, as BC is not a well-defined compound with a fixed
composition, finding an appropriate standard for calibration remains challenging, taking into account
that different calibration curves are obtained depending on the standard (Baumgardner et al., 2012).
Ideally, standard materials should have the same physical properties (particle size distribution,
refractive index, effective density) and chemical composition (elemental carbon content) as BC in the
samples (which can also vary depending on the origin of the sample), so that they behave similarly in
the SP2. It appears from previous studies that fullerene soot and Aquadag (AQ), a commercially
available lubricant consisting of a colloidal dispersion of aggregates of irregular flakes of graphite in
water, can serve as reference materials (Gysel et al., 2011).

Here, the internal calibration of the SP2 was performed by measuring mass-selected fullerene soot
from 0.1 to 100 fg, which corresponds to the usual size range of rBC particles found in the samples.
Particle size (and hence mass) was selected by a Differential Mobility Analyzer (DMA). This
calibration enables to associate a certain incandescence peak height with an absolute rBC mass and
turned out to be very stable with time. Therefore, it was only performed once a year, after important
maintenance tasks.

3.2.2 Setup for ice-core analysis

As the SP2 can only analyze dry aerosols, a previous aerosolization step is required for liquid samples
(e.g. snow and ice-core samples once melted). A comprehensive description of the method
development and validation can be found in Wendl et al. (2014) and Lim et al. (2014). Briefly, an
APEX-Q jet nebulizer (Elemental Scientific Inc., Omaha, NE, USA) was implemented upstream to
the SP2 (Fig. 3.4). Among several types of commercially available nebulizers, the APEX-Q was
chosen because it was the only one for which the nebulization efficiency did not decrease for larger
particle sizes (Wendl et al., 2014). It consists of a self-aspiration nebulizer to aerosolize the liquid
sample, followed by a glass cyclonic spray chamber heated to 100 °C to vaporize and remove water
droplets, and by a Peltier-cooled (at 2 °C) multipass condenser, aiming to condense the remaining
water vapor which is then eliminated by drain tubes thanks to a peristaltic pump. A dry rBC aerosol is
therefore obtained at the outlet of the APEX-Q and directly injected into the SP2.

Self-aspiration of the sample in the nebulizer is caused by a flux of compressed air acting as a carrier
gas. The liquid flow rate from the sample is primarily controlled by the flow rate of the carrier gas (1
L min™), the diameter of the capillary (0.25 mm), the length of the capillary (90 cm) and the geometry
of the nebulizer (MicroFlow PFA-ST ES-2040), and used to lie between 0.25 and 0.30 mL min™,
Maintaining a constant liquid flow rate (x 10 %) is a crucial parameter for the accuracy of the
measurements as variations in the liquid flow rate will directly impact the amount of rBC detected by
the SP2 and will lead to misleading results. It is particularly important to ensure that the liquid flow
rate does not change between the calibration and the sample measurements. However, as the liquid
flow rate cannot be controlled, it has to be checked regularly (several times per day) and
measurements are stopped in case of large variations. This check is done by analyzing a sample
during a certain amount of time and by weighing it before and after the measurement, in order to
calculate the loss of mass and therefore the resulting liquid flow rate. Furthermore, after measuring
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hundreds of samples, the capillary and nebulizer usually tend to accumulate dust particles, resulting in
a progressively decreasing liquid flow rate, and can even clog up, which implies a careful
maintenance of the system.

Compressed air s |
4 S— APEX
Flow meter nebulizer Conwiie
b y )|
Nebulizer
Sample y — Nebulizer drain — | S
< \_‘ r—/ Autosampler
Carrier gas Water (MQ) tank
L——— Exhaust

Fig. 3.4: Instrumental setup used at PSI for rBC analysis, with schematic of the nebulizer in the insert.

The use of such an aerosolization step increases the complexity of the system and induces losses of
rBC particles during the process (imperfect nebulization, removal of rBC with the drain water,
adsorption of rBC at the surface of the capillaries). Therefore, only a fraction of the rBC particles
initially pumped from the sample will reach the SP2 inlet. This fraction corresponds to the
aerosolization efficiency, whose accurate determination is not straightforward as it implies to monitor
the amount of particles lost during the process. This efficiency was estimated by Lim et al. (2014) to
be 75 £ 7 %. To take this efficiency into account, an additional calibration, called external calibration
in contrast to the SP2 internal calibration, is performed. Aqueous BC standards of known
concentration are prepared and measured in order to determine the response of the whole setup. A
calibration curve (R? > 0.999) is created so that samples of unknown rBC concentration can thus be
guantified. For the external calibration, AQ was the reference material used. 8 fresh AQ standards
ranging from 0.1 to 100 ng g™ were prepared twice a week by dilution in ultrapure water from a 2500
ng g* stock solution, and measured following the same procedure as ice-core samples (see section
3.2.3).

3.2.3 Routine measurements

After cutting in the cold room, samples for rBC analysis were placed in 50 mL PP vials. These
samples were then melted at room temperature or in a tepid water bath (faster) as both processes lead
to similar results (Lim et al., 2014). Samples were then sonicated for 25 min in a ultrasonic bath in
order to break down possible agglomerates, and analyzed by the SP2 right after. At least 10000 rBC
particles had to be counted to ensure a good statistical representativeness of the size distribution and
reduce the impact of large rBC particles (Schwarz et al., 2012). Those particles are rare but contain a
significant fraction of the total rBC mass of the sample and can therefore shift the size distribution to
larger values if not enough particles are recorded. Data processing was performed with the PSI SP2
Toolkit 4.110 developed by the Laboratory of Atmospheric Chemistry at PSI on the scientific data
analysis software IGOR Pro. Further details are presented in the Appendix.

At room temperature in liquid samples, substantial decreases in rBC concentration have been
documented, already after a couple of hours, possibly due to the fact that rBC particles can aggregate
to sizes beyond the SP2 detection range or get adsorbed to the walls of the container, depending on
the material (Lim et al., 2014; Wendl et al., 2014). This implies that rBC samples have to be measured
as soon as possible after melting. In cases when this was not possible, samples were stored in the
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fridge at +2 °C. Refreezing and re-melting has to be avoided at all costs as it generates irreversible
rBC losses, up to 45 £ 11 % (Lim et al., 2014) or 60 % (Wendl et al., 2014). This number even
increases in the case of multiple thaw-freeze-thaw cycles.

Maintenance of the system mainly consisted of rinsing the system with ultrapure water between each
sample to lower the rBC background down to 01 particles cm?, cleaning the APEX-Q and the
capillaries every day with 3 % nitric acid to dissolve dust particles and prevent clogging, monitoring
the liquid flow as previously mentioned, and performing external calibrations with AQ standards
twice a week. Consumable pieces such as nebulizers, capillaries or peristaltic pump rubbers were
replaced when they were no longer able to allow stable enough liquid flow rates. The LOD of the
method was estimated by measuring ultrapure water blanks 10 times and by calculating their average
plus three times their standard deviation, which gave a value of 0.051 ng g of rBC. Procedural blanks
were also frequently measured and often returned values below the LOD (typically 0.01-0.02 ng g™),
suggesting the absence of contamination from the analytical process.

The repeatability of the rBC detection, investigated by repeating several times the measurement of the
same sample, turned out to be excellent, with a coefficient of variation (standard deviation / mean x
100) of 3.5 %, similar to the 3.9 % found by Lim et al. (2014). Overall reproducibility, including
uncertainties associated with the calibration and the nebulization efficiency, has been estimated to lie
within 20 % (Lim et al., 2014; Wendl et al., 2014). Replicate measurements of ice-core samples
performed in the framework of this thesis also illustrate the good reproducibility of the method (see
results in respective chapters). However, by considering the total SP2 uncertainty with respect to the
accuracy of the determination of rBC concentration in snow samples, uncertainties as high as 60 %
can be reached (Schwarz et al., 2012), mainly because of the limited detection size range of the SP2
towards large particles and the discrepancies between the different reference materials for calibration.

3.2.4 Optimization with autosampler

At the beginning of this project, an autosampler was installed (CETAC ASX-520, CETAC
Technologies, Omaha, NE, USA) in order to speed up the measurements and improve their
reproducibility (Schmidely, 2015). However, the use of an autosampler is somewhat is contradiction
with the fact that rBC samples have to be analyzed as soon as possible after melting. For this purpose,
rBC losses over 24 hours were studied with 24 ice-core samples from LF, CG and Fiescherhorn, each
sample being measured 5 to 14 times depending of its concentration. Similar rBC losses were
observed for all samples, largely independent of the origin of the core, the rBC concentration or the
dust content. Relative apparent losses were 41 + 9 % after 24 h and 10 + 6 % after 6 h (Schmidely,
2015), which was therefore considered as the longest acceptable time for the samples to stay in the
autosampler. As rBC losses were almost linear with time, a linear regression was performed on the
entire set of samples, and reversed in order to be able to calculate the original rBC concentration at to,
resulting in the following equation:

[TBC]measured

[TBC]corrected = 1-0.017¢t

with [rBClcomected the original rBC concentration at the initial time (o), i.e. the end of the sonication
(ng g™), [FBCmeasured the rBC concentration measured by the SP2 (ng g™), and t is the time in hours (h)
elapsed since the end of the sonication.

Total rBC particle counting was kept at 10 000 counts as recommended (Schwarz et al., 2012).
However, two thresholds were implemented to avoid a too short (long) measurement time in the case
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of samples with a very high (low) rBC concentration, respectively. A too short measurement time
might not be representative of the real rBC concentration due to the presence of large particles and
fluctuations of the system whereas a too long measurement time is critical as the entire sample can be
consumed. The autosampler probe will then start to suck room air which blocks the self-aspiration
process. Therefore, minimum (maximum) counting time was set to 1 min (30 min). Between each
sample, the probe was rinsed with ultrapure water for 45 sec, which is a sufficient time for the rBC
background to come back to 0—1 particle cm™. After rinsing, a waiting time of 1 min 45 sec was set
before starting to record rBC particles, so that the background signal becomes stable. Stirring was not
performed as its effects have been shown to be negligible (Schwarz et al., 2012).

SP2 Ultrapure water tank

APEX-Q Flowmeter Autosampler

Fig 3.5: Photograph of the SP2 setup at PSI.

3.3 Major ion analysis

Following rBC analysis, the remaining samples were analyzed for water soluble major ions in order to
reconstruct past air composition and pollution. 13 ions were measured, including 5 cations
(ammonium NH,", calcium Ca®*, magnesium Mg®*, potassium K* and sodium Na*,) and 8 anions
(acetate CHsCOO', chloride CI", fluoride F~, formate HCOO, methanesulfonate (MSA) CH3SOs,
nitrate NO;, oxalate C,0,” and sulfate SO,*). Major ion analyses were carried out by ion
chromatography (IC). In this technique, the sample is eluted through a column filled with an ion-
exchange resin in which the ions are separated based on their different affinity to the ion exchanger.
The device used in this project was the Metrohm 850 Professional IC (Metrohm AG, Herisau,
Switzerland) combined with an autosampler (858 Professional Sample Processor) and an 872
Extension Module. Different analytical methods, whose main parameters are given in Table 3.1, were
applied to cations and anions. For each batch of measurements, external calibrations were made with
standards of known concentrations prepared by dilution of in-house reference solutions of 10 pg g™.
LOD:s for each species are presented in Table 3.2.
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Table 3.1: Main parameters used for major ion analysis.

Component Cations Anions

A: 1.5 mM Na,CO3 /0.3 mM NaHCO,

Eluent 2.8 mM HNO; B: 8 MM Na,CO; / 1.7 mM NaHCO;
Flow rate 1 mL min™ 0.9 mL min™

Loop 500 pL 500 pL

Separation column Metrosep C4 Metrosep A Supp 10

Guard column - Metrosep A Supp 5
Suppression - 0.05 M H,SO,4 + 12 g oxalic acid
Detection Conductivity Conductivity

Table 3.2: Limits of detection (LOD) of the different ions for the method used at PSI.

Cations LOD (ngg™) Anions LOD (ngg™)
NH,* 0.3 CH;COO™ 0.7
ca® 0.9 cl 0.6
Mg 0.4 F 0.1

K* 0.8 HCOO~ 0.8
Na* 0.4 MSA 05
NO; 0.6
C,0. 0.8
S0, 1.0

3.4 Water stable isotope analysis

Isotopes are atoms of a particular chemical element differing in the number of neutrons. Stable
isotopes exclude the radioactive ones which can be transformed by nuclear decay. For the hydrogen
atom (1 proton), two different stable isotopes exist: with no neutron (1H) or with 1 neutron (3H or D,
deuterium). In the case of the oxygen atom (8 protons), the three stable isotopes are'§0 (the most
abundant by far), 130 and'$0. For a molecule of water (*H,'°0 in its most common form), different
combinations, called isotopologues, are possible depending on the respective O and H isotopes
contained, H,"®0 or HD'®O being the most common ones.

Interestingly, the relative proportions of the different water isotopologues (e.g. **0/*°0 or D/H) can
vary during water phase changes such as evaporation or condensation due to their different vapor
pressures. The lighter (heavier) isotopologues have a higher (lower) vapor pressure. The lighter
isotopologues therefore evaporate more rapidly. On the contrary, the heaviest ones condensate first.
This leads to a temperature-dependent isotopic fractionation during the different stages of the water
cycle (Aragués-Araguas et al., 2000). As snow precipitation is able to preserve this information,
water stable isotope measurements in ice cores can be used as proxies for past temperature variations.

In paleoclimate sciences, (**0/*°0) and (D/H) isotopic ratios are commonly expressed as a relative
deviation from the isotopic ratio of an international standard (Vienna Standard Mean Ocean Water,
VSMOW), and reported as 8'°0 and 8D (%o), respectively. They are calculated as follows:
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In the framework of the PaleoFire project, some of the ice cores were measured for water stable
isotopes. For this purpose, 1 mL aliquots of the samples used for rBC/IC analyses were taken after
melting and prior to sonication. In that case, samples were imperatively melted at room temperature
(not in a warm bath) in order to avoid partial evaporation and condensation which can affect the
isotopic ratios. Samples were then analyzed for §'°0 and 8D with a wavelength-scanned cavity ring
down spectrometer (WS-CRDS, Picarro L2130-i, Picarro Inc., Santa Clara, CA, USA). This device
relies on the Beer-Lambert law and infrared (IR) spectroscopy. The Beer-Lambert law asserts that
light intensity travelling through a medium decreases exponentially due to absorption by the medium.
IR spectroscopy is the technique of choice here because the main vibration modes of water molecules
are in the IR wavelength range, so IR light can be easily absorbed by water molecules. In brief, the
WS-CRDS principle is the following: the water sample is evaporated in a cavity surrounded by
mirrors with very high reflectivity in order to increase the mean path length of photons up to
kilometers. An infrared laser beam is sent through the cavity, reflects multiple times on the mirrors
until reaching a steady state. Once reached, the laser is switched off and the light starts to decay. This
decay is measured by a photo-detector and depends on the sample isotopic composition. Additional
details about the method can be found in Mariani (2013) and Wendl (2014).
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3.5 Summary of the analytical work

Table 3.3: Summary of the analytical work carried out in the framework of the PaleoFire project (IC: ion chromatography, WSI: water stable isotopes).

. Drilling . rBC . 1 Chemical Charcoal
Ice-core site rBC sampling . Replicates 2
year resolution analyses samples
2009 Previously done (4046 samples) 3-4cm 120 (6 sections) rBC Not done
Lomonosovfonna
2011 Previously done (155 samples) 4cm No rBC Not done
Upper 33.15 m (19661999 AD) previously done (316 samples) 10 cm No rBC + IC + WSI 121
1999 Rest of the core (2754 samples) 3-4cm 243 (12 sections) rBC + WSI (entire core)
Hlimani Resampling section 0—2000 BC (121 samples) 3-7cm No rBC +IC + WSI
2015 Entire core (487 samples) 5-6 cm 13 (1 section) rBC + IC + WSI .21
(entire core)
2003 Upper 72.1 m (1039-2002 AD) (2276 samples) 2-5¢m | 362 (19 sections) (BC +IC (uppei7722 )
Colle Gnifetti 5 '
2015 Upper 11.9 m (2001-2015 AD) (276 samples) 4-5cm 14 (1 section) rBC + IC + WSI (upper 11.9 m)
Tsambagarayv 2009 Previously done (2944 samples, but samples 1-1076 refrozen) 2-2.5cm 185 (7 sections) rBC 261
g Resampling upper 28.1 m (1945-2009 AD) (580 samples) 4-7cm 66 (4 sections) rBC +I1C (upper 69.6 m)

! Replicates for rBC analysis have not been cut in previous works and were therefore all prepared in the framework of the PaleoFire project.
2 |C measurements were performed on the same samples as rBC, following rBC analysis. For WSI measurements, a 1 mL aliquot was taken after melting of the rBC samples,
prior to rBC analysis.
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Abstract

Produced by the incomplete combustion of fossil fuel and biomass, black carbon (BC) contributes to
Arctic warming by reducing snow albedo and thus triggering a snow-albedo feedback leading to
increased snowmelt. Therefore, it is of high importance to assess past BC emissions to better
understand and constrain their role. However, only a few long-term BC records are available from the
Arctic, mainly originating from Greenland ice cores. Here, we present the first long-term and high-
resolution refractory black carbon (rBC) record from Svalbard, derived from the analysis of two ice
cores drilled at the Lomonosovfonna ice field in 2009 (LF-09) and 2011 (LF-11) and covering 800
years of atmospheric emissions. Our results show that rBC concentrations strongly increased from
1860 on due to anthropogenic emissions and reached two maxima, at the end of the 19" century and
in the middle of the 20™ century. No increase in rBC concentrations during the last decades was
observed, which is corroborated by atmospheric measurements elsewhere in the Arctic but contradicts
a previous study from another ice core from Svalbard. While melting may affect BC concentrations
during periods of high temperatures, rBC concentrations remain well preserved prior to the 20"
century due to lower temperatures inducing little melt. Therefore, the preindustrial rBC record (before
1800), along with ammonium (NH,"), formate (HCOO") and specific organic markers (vanillic acid,
VA, and p-hydroxybenzoic acid, p-HBA), was used as a proxy for biomass burning. Despite
numerous single events, no long-term trend was observed over the time period 1222-1800 for rBC
and NH,". In contrast, formate, VA, and p-HBA experience multi-decadal peaks reflecting periods of
enhanced biomass burning. Most of the background variations and single peak events are
corroborated by other ice core records from Greenland and Siberia. We suggest that the paleofire
record from the LF ice core primarily reflects biomass burning episodes from northern Eurasia,
induced by decadal-scale climatic variations.

4.1 Introduction

In the last decades, the Arctic region has experienced the strongest surface air temperature increases
globally, referred to as the Arctic amplification (Serreze and Barry, 2011), leading to a range of
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severe consequences for glaciers, sea ice, wildlife, and local human societies and partially explained
by strong snow and sea ice feedbacks implying surface albedo changes. Black carbon (BC) is one of
the substances involved in this process. BC consists of aggregates of carbonaceous spherules
produced in the form of aerosols by the incomplete combustion of fossil fuel and biomass. BC does
not refer to a single well-defined compound because carbonaceous aerosols are emitted in the form of
a continuum of compounds with different physical and chemical properties (Goldberg, 1985), leading
to a complex terminology depending on the method used for its quantification. Here we follow the
recommendations given by Petzold et al. (2013) and will use the term rBC (refractory black carbon)
when referring to our measurements carried out with the laser-induced incandescence method. BC
possesses some unique properties: it is highly refractory, strongly absorbs visible light and has a very
low chemical reactivity (AMAP, 2011a; Bond et al., 2013). Its strong absorptive ability impacts the
Earth radiative budget and contributes to global warming via three main effects: a direct radiative
forcing by sunlight absorption in the atmosphere, a modification of cloud properties whose
mechanisms remain poorly understood, and a snow and ice forcing when BC is deposited on those
surfaces, thus lowering their albedo and triggering melting (Bond et al., 2013, Hansen and Nazarenko,
2004). This latter effect is of great importance in the Arctic because most of the surface is
permanently covered with snow and ice and BC concentrations in snow normally peak in spring, due
to the Arctic haze phenomenon (Quinn et al., 2007; Shaw, 1995), when daylight hours increase
considerably and mean surface air temperatures rise (Flanner et al., 2007). BC could be the second
largest contributor to global warming after carbon dioxide (Ramanathan and Carmichael, 2008).
However, given its short atmospheric lifetime from days to weeks, BC impacts can be considerably
lowered when mitigation strategies are implemented (Bond et al., 2013).

Current global BC emissions are dominated by anthropogenic sources including industry, energy
production, diesel engines and residential biofuel uses. While Western countries were responsible for
most of the BC emissions until the mid-20th century, emerging economies in Asia are currently the
major contributors (Bond et al., 2007, 2013). Conversely, before the beginning of the Industrial
Revolution, biomass burning sources were largely predominant (Bond et al., 2013), encompassing
wildfires and wood burning for heating, cooking and agricultural purposes. These general trends have
been confirmed by recent ice core records from Greenland (Keegan et al., 2014; McConnell et al.,
2007; Sigl et al., 2013), the Himalayas (Jenkins et al., 2016; Kaspari et al., 2011), the Caucasus (Lim
et al., 2017) and the Alps (Jenk et al., 2006). However, detailed source attribution remains difficult
because every record is the synthesis of a wide range of BC emission sources, transport, deposition
and post-deposition processes. Therefore, more ice core records are needed to achieve a finer spatial
and temporal representativeness of BC in the Arctic, which can be used to better constrain climate—
aerosol model simulations (Bauer et al., 2013; Lee et al., 2013).

The Svalbard archipelago, located 700 km north of mainland Norway, is of great interest within the
Arctic because it is subject to air masses originating from different sources compared to Greenland
(Fig. 4.1). While it is commonly assumed that North America is the dominant source region of air
masses reaching Greenland (Fuhrer et al., 1996; Legrand et al., 2016; Shindell et al., 2008), an
attribution supported by ammonium (Fischer et al., 2015) and BC records (McConnell et al., 2007)
from Greenland ice cores, atmospheric and ice core data from Svalbard rather reflect emissions from
Eurasia (Eleftheriadis et al., 2009; Goto-Azuma and Koerner, 2001; Tunved et al., 2013). Hirdman et
al. (2010a) showed that northern Eurasia is the dominating source of the BC detected at Zeppelin
station in Ny-Alesund (Fig. 4.1a) over the entire year, with an influence from Siberian boreal forest
fires in summer. Therefore BC data from Svalbard are useful to better disentangle the sources of
Arctic BC. Several snow studies have already been conducted in Svalbard in order to assess the BC
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impact on surface albedo (Clarke and Noone, 1985; Doherty et al., 2010; Forsstrém et al., 2009,
2013) and the contribution from local BC sources such as coal mining (Aamaas et al., 2011) (Table
4.1). Atmospheric BC concentrations at Zeppelin station show a decreasing trend in the most recent
years (Eleftheriadis et al., 2009; Hirdman et al., 2010b), confirmed elsewhere in the Arctic
(Dutkiewicz et al., 2014; Gong et al., 2010; Sharma et al., 2004). However, only one long-term ice
core record, drilled at Holtedahlfonna (HDF) (Fig. 4.1a), is available from Svalbard, based on the
analysis of elemental carbon (EC), a proxy for BC obtained by thermal-optical measurements (Ruppel
et al.,, 2014). Like the Greenland BC records, the record from HDF shows anthropogenic BC
emissions starting in the second half of the 19™ century and peaking around 1910. A recent and
unexpected EC increase is also visible from 1970 onwards, contradicting atmospheric data and
remaining partially unexplained (Ruppel et al., 2014). Several hypotheses have been discussed, such
as increased flaring emissions from Siberia (Stohl et al., 2013) or changes in BC scavenging
efficiencies due to higher temperatures. However, in a more recent study on a shallow firn core from
the same ice field, no comparable recent increase could be detected (Ruppel et al., 2017).

Like other low elevation sites in the Arctic, Svalbard glaciers experience recurrent summer melting,
which can alter the ice core records due to water percolation through the snowpack, leading to
relocation of chemical compounds or even runoff in the warmest years. Pohjola et al. (2002) and
Vega et al. (2016) concluded that most of the atmospheric signal was preserved at an annual, or in the
worst cases, at a biannual resolution in the Lomonosovfonna 1997 (LF-97) and 2009 (LF-09) ice
cores. Moore et al. (2005) also confirmed that chemical stratigraphy remained preserved despite high
melt ratios. More recently, the impact of melting on the HDF ice core was assumed to be low
compared to the EC deposition signal (Ruppel et al., 2014, 2017). Similar findings were postulated for
the Lomonosovfonna 2009 (LF-09) ice core in which melting impact was negligible on ionic species
at a decadal resolution (Wendl et al., 2015). However, it can become an issue when dealing with high-
resolution records: Kekonen et al. (2005) found percolation lengths of up to 8 years for the warmest
periods and half of the variance of the chemical dataset at those sites can be explained by post-
depositional effects (Beaudon et al., 2013).

Other covarying proxies can also be used to help disentangle the BC origin. Non-sea salt sulfate (nss-
S0,*) and nitrate (NO5") are well-known tracers of anthropogenic pollution reaching Svalbard during
the 20" century. These ions originate from increased SO, and NO, emissions from Eurasia (Goto-
Azuma and Koerner, 2001; Matoba et al., 2002; Wendl et al., 2015). Nitrate stable isotopes (5*°N-
NO; ) measured in Svalbard ice cores have been used to apportion NO, sources associated with forest
fires and anthropogenic activity (Vega et al., 2015a). Ammonium (NH,") has been widely used in
polar ice cores to reconstruct past biomass burning activity (Fischer et al., 2015; Legrand et al.,
2016). Formate (HCOOQO) is another appropriate proxy, despite post-depositional effects (Legrand et
al., 2016). Specific organic tracers of biomass burning such as vanillic acid (VA), levoglucosan or p-
hydroxybenzoic acid (p-HBA) have also been recently introduced (Grieman et al., 2015, 2017, 2018;
Kawamura et al., 2012; Kehrwald et al., 2012; McConnell et al., 2007; Zennaro et al., 2014). In
Arctic ice cores, while VA is rather associated with conifer and deciduous boreal tree burning, p-HBA
is thought to be predominantly emitted by tundra grass and peat burning (Grieman et al., 2018).
However, little is known about their potential degradation in the atmosphere and their sensitivity to
post-depositional processes, and their stability in the atmosphere has been recently questioned
(Hennigan et al., 2010; Hoffmann et al., 2010).

Here we present the first long-term and high-resolution rBC record from Svalbard, obtained by Single
Particle Soot Photometer (SP2) analysis of two ice cores drilled on the Lomonosovfonna ice field in
2009 (LF-09) and 2011 (LF-11), further referred to as LF when both records are combined. After
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focusing on the anthropogenic imprint and its source attribution since the mid-19" century, we will
discuss the impact of snowmelt on the record during the 20™ century and finally we will reconstruct
paleofire trends by using the preindustrial rBC record along with other biomass burning proxies.

4.2 Methods

4.2.1 Drilling site and ice core characteristics

Lomonosovfonna is one of the highest ice fields in Svalbard (Fig. 4.1), reaching 1250 m a.s.l. in its
accumulation area (Isaksson et al., 2001). For this reason, it is less affected by summer melting and
meltwater percolation than other low-elevation glacier sites in Svalbard (Gordiyenko et al., 1981;
Pohjola et al., 2002), making it suitable for ice core studies. Therefore this site has already been
regularly studied in the past. Two deep ice cores were retrieved in 1976 and 1982 by pioneering
Soviet expeditions, mainly for stratigraphic purposes (Gordiyenko et al., 1981; Zagorodnov et al.,
1984). The first extensive study that retrieved both physical and chemical records from the ice was
conducted on a deep ice core drilled in 1997 by an international team (Isaksson et al., 2001).

In March 2009, using the Fast Electromechanical Lightweight Ice Coring System (FELICS) (Ginot et
al., 2002), a Norwegian—Swedish—Swiss team drilled a 149.5 m long ice core on Lomonosovfonna at
1202 ma.s.l. (78°49°24.4"" N, 17°25'59.2"" E), 4.6 km south of the 1997 drilling site, which could not
be accessed due to the opening of a large crevasse. Bedrock at about 200 m of depth was not reached
during the drilling. Further details about the drilling and the meteorological setting can be found in
Wendl et al. (2015). This ice core was then shipped frozen to the Paul Scherrer Institute (PSI) in
Switzerland. In addition to the LF-09 ice core, a 7.6 m shallow firn core was retrieved in April 2011
~110 m to the north and ~20 m to the west of the LF-09 site by a team from the Uppsala University
and processed at the Norwegian Polar Institute (NPI) in Tromsg (Vega et al., 2015b).
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Fig. 4.1: a) Map of Svalbard with the location of the sites of interest (adapted from Wendl et al., 2015). b) Map
with the other sites of interest mentioned in this study. Ice core sites are in blue and atmospheric measurement
stations in red.

4.2.2 Sampling, chemical analyses and dating

The LF-09 ice core was processed in a —20 °C cold room at PSI following well-established
procedures (Eichler et al., 2000). In total, 3997 samples were cut at 3-4 cm resolution, which
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corresponds to about monthly resolution at the top of the core to annual resolution at the bottom. The
dating was performed using a multi-parameter approach including annual layer counting of the ¢'°0
and Na* signals back to 1750, #°Pb decay, a two-parameter fit and absolute reference horizons such as
volcanic eruptions (sulfate peaks) and the well-documented 1963 tritium peak (Wendl et al., 2015).
The LF-09 ice core thus spans the time period from 1222 to 2009, with an average accumulation rate
of 0.58 + 0.13 m yr* of water equivalent (weq). The dating uncertainty was assessed to be +1 year in
the vicinity of the reference horizons and +3 years in between up to 68 m weq of depth, £3 years in
both cases between 68 and 80 m weq, and +10 years below 80 m weq (Wend| et al., 2015). Wendl et
al. (2015) also determined the annual melt percent by calculating the relative thickness of the melt
features (i.e. ice lenses) for each year. For rBC analysis, two parallel samples from the inner part of
the core were combined in a 50 mL polypropylene vial. When the two samples were too long to fit in
a single vial, the cutting resolution was increased, overall resulting in 4046 samples. As the first 110
samples had been melted and refrozen prior to analysis, leading to potential rBC losses (Wendl et al.,
2014), they were not considered in this study. Thus, the 2005-2009 time period is not covered by the
LF-09 rBC record. In addition, VA and p-HBA were analyzed in the whole LF-09 ice core by
Grieman et al. (2018).

The LF-11 ice core was cut at 4 cm resolution following clean protocols, resulting in a total of 155
samples (Vega et al., 2015b). The dating was performed by counting §**0 annual cycles using the
winter minimum as a reference and by matching prominent ion peaks with those from the LF-09 ice
core (Vega et al., 2015b, 2016). The LF-11 core thus spans the time period from 2004 to 2011, with
an average accumulation rate of 0.49 m weq yr™.

4.2.3 rBC analysis

The entire LF-09 core and the LF-11 core were analyzed for rBC at PSI in several campaigns between
2012 and 2016 and in April-May 2016, respectively, following the procedure established by Wendl et
al. (2014) for liquid samples and further evaluated by Lim et al. (2014). Discrete rBC samples were
melted at room temperature, sonicated in a ultrasonic bath for 25 min, and immediately analyzed by
using a SP2 (Droplet Measurement Technologies, USA) (Schwarz et al., 2006; Stephens et al., 2003)
coupled with a jet nebulizer (APEX-Q, Elemental Scientific Inc., USA). External calibrations from
0.1 to 50 ng g™ (R* > 0.999) were usually performed twice a week by preparing eight fresh dilutions
from a rBC standard (Aquadag®, Acheson Industries, Inc., USA) (Gysel et al., 2011; Wendl et al.,
2014). Before and after every day of measurements, the APEX-Q and the upstream capillaries were
rinsed for 10 min with a solution of 3 % nitric acid prepared with ultrapure water (Sartorius, >18.2
MQ cm, with a 0.2 pm filter). The liquid flow rate of the APEX-Q was monitored several times per
day to avoid changes in the nebulizing efficiency, which can impact the rBC detection. When the flow
rate was not steady (i.e. presented fluctuations larger than +10 %), the measurements were stopped.
The instrumental blank was checked between every sample by rinsing the setup with ultrapure water
until the rBC signal returned to the baseline value of 0—1 particle cm™. The limit of detection (LOD)
was estimated by measuring ultrapure water blanks 10 times and by calculating their average plus 3
times their standard deviation, leading to a value of 0.051 ng g™ of rBC. The procedure blank was
controlled by analyzing frozen ultrapure water treated in the same way as ice core samples. Its value
was always below the LOD (typically 0.01 ng g of rBC), which confirms the adequate cleanliness
level of the analytical procedure. In addition, six series of 20 replicate samples were cut from parallel
ice core sticks and were analyzed (Fig. 4.2a), showing a high level of reproducibility between original
and replicate samples (r = 0.73, p < 0.001, n = 120, and averaged relative error for the 120 samples:
23 %).
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Only the first 900 LF-09 samples were manually analyzed. Then a CETAC ASX-520 autosampler
(CETAC Technologies, USA) was implemented in order to speed up the measurements and improve
their reproducibility. Total rBC particle counting was kept to 10 000 as recommended (Schwarz et al.,
2012), the limiting condition being a measuring time between 1 and 30 min. The autosampler probe
was rinsed with ultrapure water for 45 sec between each sample and the waiting time in each vial
before data acquisition was set to 1 min 45 sec, which turned out to be sufficient for the background
signal to become stable. However, some difficulties arose from the fact that rBC concentrations tend
to decrease with time due to particles sticking to the walls and agglomerating beyond the SP2
detection range, which implies that rBC samples have to be measured as fast as possible after
sonication (Lim et al., 2014; Wendl et al., 2014). We therefore studied the rBC degradation with time
by using 24 ice core samples from Lomonosovfonna and the Swiss Alps (Colle Gnifetti and
Fiescherhorn ice cores). Each sample was measured between 5 and 14 times (depending on the
concentration) over 24 hours. They all showed a similar decreasing trend, largely independent of the
ice core site, the rBC or dust concentrations. On average, the relative apparent rBC loss was 41 + 9 %
after 24 hours, and 10 + 6 % after 6 hours, which was thus defined as the maximum waiting time
considered as acceptable. To take this decrease into account, a linear regression was performed and a
systematic correction as a function of time was implemented as follows:

[7BClmeasured

[TBC]corrected = 1—-0.017¢

where [rBClcomectes 1S the original rBC concentration at the initial time (to), i.e., the end of the
sonication (ng g™, [rBC]messured i the rBC concentration measured by the SP2 (ng g), and t is the
time in hours (h) elapsed since the end of the sonication.

4.2.4 BC emission inventories

Historical BC emission inventories reconstructing past emissions and atmospheric loading are used to
compare the LF rBC record with estimated trends in anthropogenic BC produced by fossil fuel and
biomass combustion in order to carry out source apportionment. Here, we use the BC emission
inventory from Bond et al. (2007) available at 5-year resolution, between 1850 and 2000, for
countries or areas identified as potential BC source regions: Canada, the USA, OECD Europe, eastern
Europe, and the former USSR. This inventory includes emissions from fossil fuel and biofuel
combustion, but does not include open burning such as wildfires, which contribute to a substantial
part of the Arctic BC burden in summer (Stohl, 2006).

4.2 .5 Paleofire detection

Our approach to detect years with increased forest fire activity in the LF-09 ice core follows the
methodology proposed by Fischer et al. (2015), which basically uses an outlier detection approach.
From the annual averages, 31-year moving medians were created. For each year, the residues between
the median and average were calculated. Median absolute deviations were obtained by averaging the
residues over the whole LF-09 time period for specific fire proxies (VA, p-HBA) or proxies showing
little anthropogenic influence (formate), and between 1222 and 1800 for proxies influenced by
anthropogenic emissions (rBC, ammonium). Then a fire threshold was defined as the median plus 3
times the median absolute deviation, in such a way that this threshold takes background variations
into account, which is of prime importance in the case of nonspecific proxies having other sources
than biomass burning, such as biogenic emissions in the case of formate (Legrand and De Angelis,
1996) and ammonium (Eichler et al., 2009; Fischer et al., 2015; Kellerhals et al., 2010). Every
annual average above this threshold can thus be considered a year with significant biomass burning
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emissions, and finally the centennial frequency of such episodes was obtained. As peaks can be
smeared out over several years because of layer thinning with depth and post-depositional processes, a
correction for neighboring outliers was implemented: a proxy signal exceeding the detection threshold
over several consecutive years was considered to be a single episode and counted only once. As VA
and p-HBA were available at lower resolution than the other species (Grieman et al., 2018), annual
resolution was sometimes not achieved in the deepest part of the ice core and therefore missing year
values were obtained by linear interpolation between the adjacent years.

4.3 Results and discussion

4.3.1 High-resolution rBC record

Here we present the long-term and high-resolution rBC record from Svalbard derived from the
combination of the LF-09 and LF-11 ice cores spanning the time periods 1222—-2004 and 2004-2011,
respectively (Fig. 4.2a). In the LF-09 ice core, rBC concentrations are generally low with a range
between the LOD (i.e., 0.051 ng g™) up to 39.0 ng g™ in 1980, an average of 1.2 + 2.3 ng g~
(uncertainties are given as + lo unless otherwise stated) and a median of 0.6 ng g*. Nominal sub-
annual resolution was achieved for the entire time period, with a monthly resolution back to about
1930. Such a high resolution enables us to disentangle seasonal variations in the rBC ice core signal.
Ice core rBC concentrations in Greenland (McConnell et al., 2007) as well as atmospheric BC
concentrations at the Zeppelin station (Eleftheriadis et al., 2009) show a clear seasonal cycle with
higher BC values in winter—early spring due to the Arctic haze phenomenon (Shaw et al., 1995).
However, despite a fine resolution and contrary to other parameters such as 620 or Na* concentration,
a clear seasonality of rBC in the LF-09 core, i.e. with winter maxima (Arctic Haze) and some summer
peaks (biomass burning) (Hirdman et al., 2010a; Stohl, 2006) was not observed on a regular basis,
probably due to summer snowmelt affecting the rBC signal (see section 4.3.3).

The rBC concentrations in the LF-11 ice core are comparable to preindustrial values (before 1800)
measured in the LF-09 ice core, with an average of 0.5 + 0.4 ng g™*, a median of 0.3 ng g and a range
from LOD to 2.4 ng g™*. This does not seem to be related to spatial variability as the two records show
similar rBC concentrations in the overlapping year 2004 (Fig. 4.2b) but is related to an overall
decreasing trend in BC emissions in the source regions. An analogous clear drop was also observed in
the HDF EC concentrations (Ruppel et al., 2017) in a recent shallow core spanning 2005-2015 (Table
4.1) compared to the original HDF ice core covering 1700-2004 (Ruppel et al., 2014). The very low
rBC concentrations in the LF-11 core compared to the EC concentrations around local sources of
contamination in Svalbard such as settlements and mining activities with values higher than 1000 ng
g for some samples (Aamaas et al., 2011) underlines that rBC contribution from local anthropogenic
sources to the LF drill site appears to be minimal, at least for the most recent years.
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Fig. 4.2: rBC raw data from the LF-09 and LF-11 cores, a) combined for the entire records, spanning 1222—
2011 and including the replicate measurements and b) showing the overlap between the two ice cores for the
year 2004.

LF rBC concentrations are very similar to those observed in Greenland and Canadian Arctic ice cores
obtained by SP2 analyses (Keegan et al., 2014; McConnell et al., 2007; Sigl et al., 2013; Zdanowicz
et al., in review) (Table 4.1). However, EC concentrations in Svalbard snow (Aamaas et al., 2011;
Doherty et al., 2010; Forsstrom et al., 2009, 2013) as well as in the HDF and Fiescherhorn ice cores
(Jenk et al., 2006; Ruppel et al., 2014, 2017) are 1 order of magnitude higher than rBC concentrations
in the topmost part of the LF core. This can be mainly explained by the different analytical methods
employed, which do not measure the same fraction of the carbonaceous compounds, as discussed by
Ruppel et al. (2014). Whereas the SP2 does not detect rBC particles larger than 500 nm, the optical
and thermal-optical methods include a filtration step in which the smallest fraction of EC particles is
generally lost. Lim et al. (2014) reported significant variations in the EC/rBC ratios in snow and ice,
ranging from 0.5 to 3.4 according to the sample origin. Furthermore, in the aforementioned studies,
most of the EC snow samples from Svalbard were collected in winter—spring, when EC concentrations
in fresh snow are higher due to the Arctic haze and have not yet experienced summer melting of the
snowpack, contrary to the LF ice core samples.
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Table 4.1: rBC or EC concentrations (italic) from different ice core and snow studies in the Arctic and in

Europe.
) Sample ) ) rBC or EQ conu—:_-n_trations _(ng gh
Site Reference Method type Time period Averfage (if speglfled, median) + 1o
and time range in ()
Svalbard
Various Clarke & Noone, 1985 Optical Snow 1983 30.9 (median: 33.5) + 16.0
Lomonosovfonna  Forsstrom et al., 2009 Thermal-optical ~ Snow Spring 2007  18.8 (median: 6.6) + 29.4
Ny-Alesund Doherty et al., 2010 Optical Snow 2007, 2009 13 (median) £ 9
Ny-Alesund Aamaas et al., 2011 Thermal-optical ~ Snow Winter 2008 6.6 +4.3
Various Forsstrom et al., 2013 Thermal-optical ~ Snow 2007-2009 11.4-13.8 (medians)
Holtedahlfonna Ruppel et al., 2014 Thermal-optical  Ice core 1700-2004 23 (<1850) — 36 (1850-1950) — 45 (>1950)
Ruppel et al., 2017 Thermal-optical  Ice core 2005-2015 10.4
Lomonosovfonna  This study SP2 Ice core 1222-2004 0.5 (<1850), 1.9 (1851-1950), 2.9 (>1951)*
SP2 Ice core 2004-2011 0.5 (median: 0.3) £ 0.4
Greenland
D4 McConnell et al., 2007  SP2 Icecore  1788-2002 1.7 (<1850) — 4 (1851-1951) — 2.3 (>1952)*
NEEM 2011-S1  Sigletal., 2013 SP2 Icecore  78-1997 2.9 (<1850) — 4.9 (1851-1951) — 3.0 (>1952)*
Summit 2010 Keegan et al., 2014 SP2 Ice core 1742-2010 1.0 (<1850) — 2.2 (1851-1951) — 1.1 (>1952)*
Canadian Arctic
Devon Island rze‘ffi‘g\‘zlw'cz etal.,in P2 lcecore  1810-1990 1.5 + 3.2 (whole record) — 3.6 (1910-1920)
Swiss Alps
Fiescherhorn Jenk etal, 2006; Gabbi ooy ontical  lcecore 16602002 15 (<1850) — 26 (1850-1950) — 20 (>1950)

etal., 2015

% calculated from annual averages

4.3.2 Anthropogenic rBC signal in the Lomonosovfonna ice cores

4.3.2.1 rBC long-term trends

In Fig. 4.3a rBC annual averages and 11-year moving averages are presented to document long-term
trends in the LF ice core record. The most striking feature is the increase in rBC concentrations and
variability from 1800 on that we attribute to rising anthropogenic BC emissions. Before 1800, annual
rBC concentrations were low, with an average of 0.4 + 0.3 ng g™ for the time period 1222-1799. Only
small decadal variations without a significant long-term trend were observed. We therefore consider
the time period before 1800 to be representative of preindustrial atmospheric conditions. A few years
displayed rBC peaks (see section 4.3.4) probably originating from atmospheric deposition from
biomass burning plumes reaching the Arctic, as McConnell et al. (2007) and Zennaro et al. (2014)
described for Northern Greenland, but annual rBC values did not exceed 4.7 ng g (maximum in
1797). A clear minimum occurred between 1520 and 1540 with annual values lower than 0.2 ng g™.
The time period 1800-1859 showed a steady slow increase in the 11-year moving average, at an
average rate of 0.009 ng g™ yr™, and a larger variability, with an average of 1.0 + 0.7 ng g™". From
1860 on rBC concentrations and variability dramatically increased, reaching two maxima around 1870
and 1895, before concentrations started declining. rBC averages were 2.3 + 1.7 ng g™ for the period
1860-1909, which represents about a 6-fold increase compared to the pre-1800 concentrations. This
period was then followed by low concentrations and reduced variability between 1910 and 1939, with
an average of 1.0 + 0.3 ng g™. Another strong increase occurred after 1940 and the highest long-term
rBC concentrations of the record were reached in the 1950s and 1960s (average for the time period
1940-1969: 3.2 + 2.4 ng g™). Concentrations started to decline in the 1970s. This downward trend
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was briefly interrupted by high concentrations registered for the years 1980-1981 and then resumed
until the present time (average for the time period 1970-2010: 2.3 +2.3ng g™).

To account for potential biases due to changes in accumulation rates, annual rBC fluxes were
calculated by multiplying annual rBC concentrations by annual snow accumulation (Fig. 4.3Db).
Trends in the rBC flux and concentration records are almost the same (except that the highest fluxes
were recorded in the 1870s), implying that accumulation has low variability and little impact on rBC
long-term trends. Consequently, fluxes will not be considered in the remaining part of the study.
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Fig. 4.3: The rBC long-term trends from the combined LF-09 and LF-11 cores, expressed as a) rBC
concentrations and b) rBC fluxes.

We attribute an anthropogenic origin to the higher rBC concentrations after 1860, supported by a
significant correlation (at the 0.05 confidence level) between rBC and other proxies for anthropogenic
emissions in the LF-09 core, namely NO5 (Fig. 4.4b), non-sea-salt SO,*~ (Fig. 4.4c), and, to a lesser
extent, NH," (Fig. 4.4d). Wendl et al. (2015) argued that the trends in NO; and NH," concentrations
in the LF-09 core with a broad maximum between 1940 and 1980, followed by a significant decrease,
indicate a strong anthropogenic influence during the 20™ century related to NO, and NH; emissions
from sources located in Eurasia. Moreover, an increase in SO,> concentrations, already starting at the
end of the 19" century and caused by anthropogenic fossil fuel emissions, was observed in all the ice
cores recently drilled in Svalbard (Beaudon et al., 2013; Goto-Azuma & Koerner, 2001; Kekonen et
al., 2005). Here we use non-sea-salt S0,> to remove the substantial contribution of sea salt (about 40
% in the LF-09 ice core) to the total sulfate budget. This is performed using the following equation
(Wendl, 2014):

[nssS0Z7] = [S027] — 0.12 x [Na™] [neq L]

As seen in Fig. 4.4, the broad peak between 1940 and 1980, the decline in concentrations after 1980,
and the low concentrations observed in the 1920s and 1930s are present for all the species. The double
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peak at the end of the 19t century is also visible, mainly for non-sea-salt SO,*, but to a much smaller
extent compared to the high rBC concentrations at that time. We argue that this difference can be
partially explained by invoking melting as those compounds exhibit different sensitivities to snowmelt
and water percolation (see section 4.3.3), NO; and SO,* being the most mobile ions, whereas NH,*

remains unaffected (Pohjola et al., 2002).
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Fig. 4.4: a) rBC, b) nitrate, ¢) non-sea-salt sulfate, and d) ammonium records from 1800 on. The rBC record is
combined for LF-09 and LF-11 spanning 18002010 while the other records only show LF-09 data spanning
1800-2009 (Wendl et al., 2015). Thin lines represent annual averages. Bold lines are 11-year moving averages
and are associated with Pearson correlation coefficients (r-values) between the respective ion records and the
rBC record.

4.3.2.2 Source apportionment of the anthropogenic rBC

In order to interpret the anthropogenic rBC trend in the LF ice core and assess the source regions of
anthropogenic rBC, we compare the LF record to other ice core rBC records and emission inventories.
All rBC ice core records from Greenland show a similar broad concentration maximum (Fig. 4.5b to
4.5d) with values strongly increasing after 1880, peaking around 1910, followed by a clear decline
close to preindustrial levels reached after the 1950s (Keegan et al., 2014; McConnell et al., 2007; Sigl
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et al., 2013). These records are widely interpreted as proxies for North American BC emissions and
they closely follow the main trends in emission inventories for this region (Fig. 4.5g, Bond et al.,
2007). Atmospheric back-trajectory studies corroborated that North America is the dominant source
of BC deposited in Greenland (Shindell et al., 2008). For Svalbard, the rBC record is notably different
with two maxima and contrasting timing. The rBC concentrations sharply increased already from
1860 onwards and peak values were also reached earlier, whereas they were low during times (1920—
1940) when rBC concentrations in Greenland were strongly enhanced. The most striking difference is
the second maximum observed after 1940 in the LF core which does not appear in any ice core from
Greenland. We argue that this discrepancy is in part related to different source areas of air masses
reaching Svalbard and Greenland. Air mass back-trajectory analysis obtained with the Lagrangian
HYSPLIT model showed that Siberia followed by northern Europe were the dominant source regions
for the LF site, while North America was only occasionally the origin of air masses reaching the site
(Grieman et al., 2018). Contributions from Siberia were higher in spring and fall, whereas European
sources dominated in summer. Contrary to the HDF EC record (Fig. 4.5e, Ruppel et al., 2014), we do
not observe any recent increase in rBC which would support their hypotheses of increased BC
scavenging efficiency due to higher air temperatures or stronger flaring emissions from Russia. On the
contrary, rBC concentrations in the LF record started declining in the 1970s and further decreased
from the end of the 1980s until rBC levels were comparable to preindustrial values. Compared to the
highest 1950-1970 rBC concentration average of 3.3 ng g*, the average decline over the time period
1970-2010 is 0.05 ng g™ yr™ (obtained by linear regression of the rBC annual averages from 1970 to
2010 without considering the exceptionally high values in 1980 and 1981), corresponding to a
decrease of 1.5 % yr. This is in agreement with the decreasing trend in atmospheric rBC burden
observed everywhere in the Arctic over the last decades. Eleftheriadis et al. (2009) noted a BC
decrease of 9.5 ng m* per decade at Zeppelin station, while Sharma et al. (2004) observed a 55 % BC
decrease in Alert (Fig. 4.1b) between 1989 and 2002, mainly attributed to a dramatic drop in BC
emissions after the USSR dissolved. A longer BC time series from Kevo, Finland, confirmed this
declining rate, with a decrease of 1.8 % yr™ for the period 1970-2010 (Dutkiewicz et al., 2014),
similar to our results. The authors mostly attributed this decrease to emission reductions and noted a
poor correlation between BC concentrations and emissions inventories. Despite their common
Svalbard origin, similarities between the HDF and LF records are not obvious. The LF and HDF
records are less dissimilar than the LF and Greenland records as they do not show a uniform decline
since the 1910s maximum but a second increase from the 1930s to 1960s in HDF and 1940s to 1970s
in LF. The differences between both records might arise from the different analytical methods
employed to quantify BC and from local differences in transport, deposition and melting effects.
Beaudon et al. (2013) showed that the HDF ice core was more affected by melting, with outstanding
melting features after 1970, than the LF ice core during the 20™ century. In addition, the LF site is
more frequently located above the thermal inversion layer in winter, in contrast to the HDF site, thus
being more exposed to long-range pollution from the free troposphere (Beaudon et al., 2013).
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Fig. 4.5: Comparison of a) Lomonosovfonna rBC concentrations to other ice core records from 1800 on, namely
rBC from b) D4, Greenland (McConnell et al., 2007), ¢) Summit 2010, Greenland (Keegan et al., 2014), and d)
NEEM 2011-S1 (Sigl et al., 2013), Greenland; e) EC from Holtedahlfonna, Svalbard (Ruppel et al., 2014), and

f) Fiescherhorn, Swiss Alps (Gabbi et al., 2015; Jenk et al., 2006); and g) BC emission inventories (5 year
averages) for Europe, North America, and the former USSR (Bond et al., 2007). Europe represents the sum of
OECD Europe and eastern Europe and North America the sum of Canada and the USA. Thin lines represent
annual averages except for Holtedahlfonna (raw data) and Fiescherhorn (5 year averages) due to lower
resolution. Bold lines are 11-year moving averages (in the case of Holtedahlfonna, they are calculated from a
two-year resolution approximately). Note the different y-axis scales.
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We therefore postulate that a clear anthropogenic signal is present in the LF record from 1860 on
(Fig. 4.5a) due to the start of the Industrial Revolution in Europe. This period of extensive coal
burning would be responsible for the double peak observed at the end of the 19" century in the rBC
record. The second peak period starting around 1940 would reflect the Eurasian economic growth
after World War Il and the extensive use of coal and oil for industry, transport and energy production.
The decline starting in the 1970s is consistent with emission inventories showing decreasing BC
emissions for Europe due to the implementation of cleaner technologies and stricter environmental
policies, and, from the 1990s on, for the former Soviet Union due to the collapse of the USSR and the
subsequent economic crisis. However, some features of the LF rBC record remain unexpected. First,
the sharp increase around 1860 is surprising since a smoother trend is observed at other Arctic sites
(e.g., Greenland, HDF), in emission inventories and also in other anthropogenic proxies such as
sulfate and nitrate from Arctic ice cores. The increase in rBC also occurs slightly earlier than in
Greenland ice cores (1880s, Fig. 4.5b to 4.5d, Keegan et al., 2014; McConnell et al., 2007; Sigl et al.,
2013) and an ice core from the Swiss Alps (1870s, Fig. 4.5f, Jenk et al., 2006). This earlier increase in
rBC concentrations observed in the LF record supports our hypothesis that European BC emissions,
probably from the early industrialized British Empire, might have dominated the LF-09 rBC record at
that time. Indeed, the Industrial Revolution began in the second half of the 18" century in England
(Deane, 1965) and spread to western Europe by 1850 (Spielvogel, 2010). In the LF core, the first
increase in rBC background concentrations appeared around 1800. In the HDF ice core, stronger
acidity from 1850 on was attributed to the Industrial Revolution (Beaudon et al., 2013). Local sources
of contamination from coal mining in Svalbard can be excluded because the first industrial mines did
not open until around 1900 (Catford, 2002; Hisdal, 1998). Second, our record displays two local
minima around 1885 and between 1910 and 1940, which cannot be explained only by lower emissions
as reflected by emission inventories (Bond et al., 2007). The economic crisis in the 1920s and 1930s
might have contributed to these lower values, as also seen in the Fiescherhorn ice core, but it is
unlikely to cause such a long and clear drop in rBC concentrations, as it started earlier and showed
low rBC values similar to early 19" century levels. In addition, to our knowledge, no anthropogenic
cause can explain the 1885 concentration drop. Interestingly, lower values are also found in the HDF
EC record in the 1880s and 1920s, but the minima are less noticeable (Ruppel et al., 2014). As
discussed in the next section, we suggest that post-depositional effects induced by summer melting are
mostly responsible for these features.

4.3.3 Influence of snow melting during the 20™ century

Hitherto, it remains unclear what happens to BC when melting occurs at the surface of the snowpack.
BC can be enriched at the surface due to its low solubility in water or it can be eluted with the
meltwater and percolate downward through the snowpack. When the water refreezes further down,
forming an ice lens, BC is trapped. If melting is considerable, runoff can occur, leading to a net loss of
BC. Doherty and al. (2013) showed that BC particles tend to be retained at the snow surface when
melting occurs, and that only 10-30 % of the BC is eluted with meltwater through the snowpack.
However, Xu et al. (2012) observed that BC concentrations were higher not only at the surface but
also in firn, at the bottom part of the snowpack, due to BC percolation and enrichment on top of
superimposed ice, hindering further penetration of meltwater, while the intermediate snowpack zone
was depleted in BC. Moreover, fresh snow displayed higher BC concentrations compared to snow
experiencing summer melting. If BC concentrations are high, percolation can even be the dominant
process (Conway et al., 1996).

In Fig. 4.6 a qualitative assessment of the melting impact on the LF-09 record is made. Quantitative
values cannot be obtained, especially as runoff might have occurred. In addition to the annual melt
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percent (Fig. 4.6b) calculated by Wendl et al. (2015), we use the melt index (Fig. 4.6c) defined as
log([Na*}/[Mg*) by lizuka et al. (2002) to quantify the impact of summer melting in Svalbard as
sodium and magnesium have different washout efficiencies (Beaudon et al., 2013; Grinsted et al.,
2006), a higher value being indicative of a stronger melting. The highest values for both the annual
melt percent and melt index are found in the 20™ century, in agreement with temperature
reconstructions from the Arctic (McKay et al., 2014) and the water stable isotope records from both
LF-09 (Wendl, 2014) and LF-97 cores (Divine et al., 2011) showing a slight downward trend until the
second half of the 19" century followed by an abrupt rise in the 20" century. Prior to 1850, colder
temperatures, a lower melt index (average 1222-1850: 0.64) and melt percent (average 1222-1850:
28 %), and simultaneous peak occurrence for species with different sensitivity to elution (e.g., NH,"
and rBC) all suggest a reduced impact of melting and a better preservation of the original
concentration.

The melt index shows two periods of enhanced melting in the LF-09 ice core, from the 1910s to 1930s
and in the 1980s-1990s. The first one is associated with the well-known early 20™ century pan-Arctic
warming (Bengtsson et al., 2004), also clearly visible in the temperature series from Svalbard Airport
in Longyearbyen (Fig. 4.6d, Nordli et al., 2014), while the second one is explained by the current
global warming trend (AMAP, 2011b; IPCC, 2013). The existence of local algae in the LF-97 core
only between 1900 and 1940 (Hicks and Isaksson, 2006) underlines the fact that wet surface snow
was present at that time at the drill site, another clear indication of summer melting. In contrast, the
annual melt percent displays the highest values around 1905 and some local maxima around 1955 and
in the 1980s. Our hypothesis is that the strong 1920s melting peak was responsible for extensive water
percolation through the snowpack, leading to the formation of ice lenses and producing the melt
percent peak around 1905. This would correspond to a percolation length of over 15 years, which
strongly exceeds the up to 8 years postulated by Kekonen et al. (2005). A nonnegligible fraction of the
rBC particles might have been eluted with the meltwater. Another substantial fraction might have
been lost by runoff, which could explain the rBC minima from the 1910s to 1930s. Regarding the melt
index peak in the 1980s and 1990s, as no clear increase can be seen in the annual melt percent record
in the previous years, percolation must have been overwhelmed by surface runoff responsible for rBC
losses. The dramatic decline of the melt percent since the 1990s also confirms the dominant
contribution from runoff over percolation due to increasingly warm temperatures. Kekonen et al.
(2005) also noted ion losses due to runoff since the 1990s in the LF-97 ice core. Nevertheless, we
suggest that the decreasing trend in rBC since the 1970s is not only an artefact due to melting issues
but is primarily driven by reductions in source emissions as confirmed by atmospheric measurements
throughout the Arctic.

The case of the 1885 rBC minimum is more puzzling as there is no evidence of strong melting either
in the melt index or in the annual melt percent record, which could indicate that losses happened only
by runoff. Melting occurrence is supported by red layers typical of algae growing only in the presence
of liquid water in LF-09 ice core sections around 1879-1881 and 1883-1885. Interestingly, Keegan et
al. (2014) described a widespread melting event in Greenland associated with a prominent ice layer
corresponding to the year 1889, which would lie within our dating uncertainties.

Furthermore, we cannot fully exclude that the apparent loss of rBC due to melting is an artefact of the
SP2 analytical method. Losses of rBC from samples which were melted and refrozen in laboratory
tests can reach 45 + 11 % (Lim et al., 2014) or even up to 60 % for a single thaw—freeze-thaw cycle
prior to analyses (Wendl et al., 2014). One possible explanation is the agglomeration of rBC particles
to larger sizes during the refreezing process, beyond the SP2 detection range (Wendl et al., 2014). It is
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unclear if such processes similarly occur during melting and refreezing of a snowpack, which would
make the use of SP2-based methods less suited for ice cores experiencing strong summer melting.
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Fig. 4.6: Influence of melting on the LF-09 rBC record since 1800. Comparison of a) LF-09 rBC concentrations
with b) LF-09 melt percent (Wendl et al., 2015), c) LF-09 melt index calculated as log([Na*]/[Mg?*]), d)
temperature anomalies from the whole Arctic (McKay et al., 2014), and the temperature record from Svalbard
Airport, Longyearbyen (Nordli et al., 2014). Thin lines are annual averages and bold lines 11-year moving
averages. The yellow bar represents the time period of the early 20" century Arctic warming responsible for
enhanced melting in the LF-09 ice core. Time periods with algae, either in the LF-97 (Hicks and Isaksson, 2006)
or LF-09 records, are represented by a red line.

4.3.4 Paleofire reconstruction

Even if the impact of summer melting and anthropogenic emissions hampered the use of rBC as a
biomass burning proxy since the beginning of the Industrial Revolution, it is still possible to
reconstruct past biomass burning trends in the preindustrial times (before 1800). This part of the
record has a limited melting effect due to low air temperatures and presumably no anthropogenic
input. In this period every rBC peak is assumed to correspond to a biomass burning episode whose
emissions were transported to and deposited at the drilling site. Natural rBC emissions (wildfires) may
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also have contributed to the rBC record since the beginning of the Industrial Revolution but their
signature is largely masked by the anthropogenic signal. For instance, the highest rBC concentrations
of the record in 1980 and 1981 could be linked with strong biomass burning seasons in Canada (4.8
and 6.1 Mha, respectively; Stocks et al., 2003) potentially related to the ammonium spikes noted in
Greenland ice cores (Legrand et al., 2016). The clear rBC peak visible in the LF record in summer
1994 could reflect the high fire activity in Canada for the year 1994, when 6.1 Mha burned (Stocks et
al., 2003). Dibb et al. (1996) documented the advection of a biomass burning plume from the Hudson
Bay lowlands, Canada, to Greenland on August 5" 1994, suggested to be responsible for an increase
in NH,", K" and light carboxylic acid concentrations in the snowpack. Although northern Eurasia is
assumed to be the main source of rBC in the LF record, those events reveal that advection of forest
fire plumes from North America could possibly reach Svalbard under favorable conditions.

To identify common variability among the chemical species in the LF ice core and isolate biomass
burning proxies, we performed a principal component analysis (PCA) (Table 4.2). We used
normalized annual averages and restricted our analysis to the preindustrial period (1222-1859) as
many compounds (e.g., sulfate, rBC, ammonium, and nitrate) are influenced by anthropogenic
activities. Four principal components (PCs) were retrieved. PC1 has high loadings of sodium,
magnesium, potassium, calcium, nitrate, sulfate, chloride, and methanesulfonate, representing 52 % of
the total variance and can be explained by mineral dust and marine sources (Wendl et al., 2015). PC2
isolates light carboxylic acids (formate, acetate, and oxalate), accounting for 19 % of the total
variance. These compounds are well-known proxies for biomass burning in Greenland ice cores,
especially formate (Legrand and De Angelis, 1996; Legrand et al., 2016). PC3 contains high loadings
of rBC and ammonium, contributing to 15 % of the total variance and forming another group of
biomass burning proxies. It is interesting to note that the preindustrial LF rBC record shows the
highest correlation coefficient with ammonium independent of the resolution (significant at the 0.01
level). Most of the rBC peaks correspond to ammonium peaks (see below), reflecting a similar
sensitivity to biomass burning emissions, transport, and deposition. We therefore suggest that
ammonium is not only a proxy for Eurasian biogenic emissions as stated by Wendl et al. (2015) but
also reflects a contribution from biomass burning, with biogenic emissions driving background
variations while sharp peak events areg associated with forest fires. Lastly, PC4 shows high loadings
of specific organic markers of biomass burning (VA and p-HBA) and explains around 13 % of the
total variance. The fact that biomass burning proxies are split into three different groups highlights
their different behaviors towards the processes driving biomass burning emissions, transport,
deposition to and conservation within the snowpack, thus advocating for a multi-proxy reconstruction.
These discrepancies can arise from the nature of the fire event (flaming or smoldering), the kind of
vegetation burnt (grass, conifers, deciduous trees), or the sensitivity towards water percolation
induced by summer melting. For instance, BC is preferentially emitted by flaming fires whereas
smoldering fires are dominant in boreal regions (Legrand et al., 2016). VA is mainly produced by
incomplete combustion of conifers while p-HBA is dominant for grass burning (Simoneit, 2002).
Contrary to the other proxies used in this study, secondary production of formate from formaldehyde
and numerous volatile organic compounds including alkenes is possible when the fire plume ages (see
Fig. 1 in the review from Legrand et al. (2016)). Formate, like other light carboxylic acids, can also
undergo post-depositional effects such as revolatilization and diffusion in the snowpack (De Angelis
and Legrand, 1995). Ammonium is almost not affected by summer melting and remains well
preserved in the snowpack (Pohjola et al., 2002) while VA and p-HBA have been shown to be fully
eluted by meltwater in an ice core from the Swiss Alps (Muller-Tautges et al., 2016).
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Table 4.2: Results of the principal component analysis (PCA) for the LF-09 preindustrial record (1222—-1859)
after VARIMAX rotation. Data are log-transformed annual averages. Values above 0.5 are in bold. MSA =
methanesulfonate (CH3SO3).

PC1 PC2 PC3 PC4
Sodium 0.94 -0.04 -0.08 -0.03
Potassium 0.92 0.08 -0.01 0.02
Magnesium 0.91 0.11 0.12 -0.12
Calcium 0.63 0.28 0.14 -0.12
Chloride 0.95 —0.06 -0.04 —0.06
Nitrate 0.63 0.36 0.48 -0.17
Sulfate 0.86 0.22 0.22 -0.13
MSA 0.71 0.28 0.30 -0.18
Acetate 0.08 0.72 —0.09 0.15
Formate 0.05 0.87 0.05 0.17
Oxalate 0.45 0.59 0.33 0.09
rBC -0.09 -0.18 0.83 0.01
Ammonium 0.32 0.30 0.66 0.01
VA —-0.09 0.14 -0.14 0.82
p-HBA -0.15 0.19 0.15 0.80
Variance explained (%) 52.2 19.3 15.1 13.3

These discrepancies are also reflected in the diverging long-term trends. rBC (Fig. 4.7a) and
ammonium (Fig. 4.7b) display a relatively flat background over the preindustrial time period,
meaning that they do not indicate any significant change in biogenic emissions and biomass burning.
Only slight increases in background concentrations are visible around 1370 and 1545 for ammonium
and around 1290-1340, 1470, 1545-1565, and after 1750 (possibly already influenced by
anthropogenic emissions) for rBC. Conversely, formate, VA, and p-HBA (Fig. 4.7c to 4.7e) show
more pronounced long-term variations. Elevated VA concentrations before 1400 (especially around
1250-1280 and 1360-1390) and three multi-decadal peaks in p-HBA around 1250-1280, 1520-1570,
and 1610-1640 were attributed by Grieman et al. (2018) to North Atlantic Oscillation (NAO)
changes, a positive mode implying a decrease in precipitation over Europe and central Asia believed
responsible for enhanced biomass burning. The LF formate record displays the closest similarities
with the p-HBA record. Three multi-decadal periods of elevated concentrations are also visible
around 1260-1280, 1480-1560, and 1620-1650, superimposed on a general decreasing trend in
background concentrations throughout the Little Ice Age, as observed for the VA and p-HBA
(Grieman et al., 2018), coinciding with a decrease in temperature deduced from the LF 60 record
until 1880 (Divine et al., 2011). The timing of elevated background concentrations is in agreement
with other ice-core-based studies of biomass burning from Siberia (Eichler et al., 2011; Grieman et
al., 2017), thus supporting the attribution of northern Eurasia as a major source region for the LF site.
Eichler et al. (2011) found prominent peaks in nitrate, potassium, and charcoal in the Belukha ice
core, Siberian Altai, between 1600 and 1680 induced by the strongest regional forest fire episodes of
the last 750 years following extremely dry conditions in central Asia around 1540-1600 responsible
for dry dead wood accumulation. In the Akademii Nauk ice core, Siberian Arctic, Grieman et al.
(2017) reported higher concentrations of VA and p-HBA for the time periods 1460-1660 and 1460—
1540, respectively. Conversely, paleofire trends from the LF core notably differ from Greenland
paleofire reconstructions that record low fire activity between 1600 and 1800 (Legrand et al., 2016).
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Fig. 4.7: Paleofire trends in the LF-09 ice core using a) rBC, b) ammonium, ¢) formate, d) vanillic acid (VA),
and e) p-hydroxybenzoic acid (p-HBA) along with 31-year moving medians and the associated fire threshold.
Thin lines are annual averages. Red numbers above the respective plots represent the number of years above the
fire threshold per century, corrected for neighboring outliers. Ammonium and formate data are from Wendl et al.
(2015) while VA and p-HBA data are from Grieman et al. (2018).

The frequency counting of forest fire episodes enables to focus on episodic biomass burning plumes
reaching Svalbard and can provide complementary information in addition to long-term variations.
For rBC and ammonium, the centennial frequency of biomass burning episodes did not show a
systematic trend throughout the Little Ice Age but showed fewer biomass burning episodes in the 13"
and 15" centuries, and more in the 18" century, despite colder temperatures, though for the latter a
contribution of early anthropogenic emissions cannot be fully excluded. The VA, p-HBA, and formate
records provide complementary information as increases in the frequency are concomitant with
increases in background concentrations, meaning that fire episodes are not just stochastic events but
are associated with longer-term regional climate variations. This is the case in the 17" century for all
of the three species and also in the 13" century for VA. Table 4.3 shows the number of peaks
matching (within £1 year due to the different sampling) among the different proxies, associated with
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the percentage it represents in relation to the total number of peaks for each proxy. The best
agreement is obtained between rBC and ammonium, with 21 peaks matching, which corresponds to
60 % (42 %) of the total number of ammonium (rBC) peaks. However, substantial dating uncertainties
(Wendl et al., 2015) have to be considered in the bottom part of the LF-09 ice core, preventing us
from assigning a specific biomass burning episode to every single peak.

Table 4.3: Number of peaks matching within 1 year among the different fire proxies (in bold) for the time
period 1222-1800. Italic numbers below give the percentage of matching peaks in relation to the total number of
peaks for each proxy.

rBC Ammonium Formate VA p-HBA
rBC
21
Ammonium 42 % rBC -
60 % ammonium
19 19
Formate 38 % rBC 54 % ammonium
31 % formate 31 % formate
17 10 21
VA 34 % rBC 29 % ammonium 34 % formate
38 % VA 22 % VA 47 % VA
16 12 17 16
p-HBA 32%rBC 34 % ammonium 27 % formate 36 % VA
37 % p-HBA 28 % p-HBA 40 % p-HBA 37 % p-HBA

Interestingly, severe droughts were reported over central Europe in 1540 (Wetter et al., 2014) and
over northern central Europe between 1437 and 1473 (Cook et al., 2015). The case of the 1797 peak
in the rBC and VA records is also remarkable as outstanding values in various biomass burning
proxies were detected in several ice cores from Greenland during the last decade of the 18" century.
In the NEEM ice core, rBC and levoglucosan were greatly enhanced between 1787 and 1791 (Sigl et
al., 2013; Zennaro et al., 2014), while a very strong peak was visible in 1794 in the D4 ice core
(McConnell et al., 2007) and in 1799 in the Summit 2010 ice core (Keegan et al., 2014). Ammonium
records from the ice cores mentioned above all showed peak values in the same decade (Legrand et
al., 2016), supporting the fact that this period of enhanced biomass burning could originate from the
same decadal-scale climatic event. Severe drought conditions prevailed in central Asia during this
decade due to South Asian monsoon failure (Cook et al., 2010). According to the dust proxy records
from the Dasuopu ice core (Tibet), this decade experienced the driest conditions of the last
millennium for this part of the globe (Thompson et al., 2000). In the Altai region, 9 out of 10 years
between 1783 and 1792 belonged to the 10 % of the coldest years of the time period 1200-1850,
while the following summers between 1793 and 1811 were clearly warmer (Blintgen et al., 2016).
Those cold and dry conditions likely promoted dry dead wood accumulation, which then facilitated
fire spread when temperatures rose later in the 1790s, a situation in agreement with the findings from
Eichler et al. (2011). In Fig. 4.8 an exhaustive comparison is made between enhanced background
concentration periods and peak years versus summer temperature anomalies and drought
reconstructions from two regions of northern Eurasia for which datasets are available, namely
northern Europe (Cook et al., 2015; Esper et al., 2014) and the Altai (Biintgen et al., 2016; Cook et
al., 2010). It appears that biomass burning episodes frequently occurred in concert with decadal-scale
summer temperature increases. Conversely, the link with moisture variations seems less consistent as
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conditions were either drier or wetter than average depending on the period, suggesting that summer
temperature is the controlling factor for biomass burning activity in these regions. While dry
conditions can lead to dead fuel accumulation (Eichler et al., 2011), wet conditions promote biomass
productivity, especially for grasslands (Pederson et al., 2014). Both of these different mechanisms can
enhance fire severity in the context of decadal-scale temperature increases.
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Fig. 4.8: Summer temperature (JJA) anomalies and drought (PDSI: Palmer drought severity index)
reconstructions along with periods of enhanced biomass burning (colored lines between the two panels) and fire
peaks (colored dots) in the LF ice core, a) for the Altai region: temperature record from Biintgen et al. (2016)
and drought record from the Monsoon Asia Drought Atlas (MADA, selected area: 45-57.5 °N and 60-135 °E,
Cook et al., 2010) and b) for Northern Europe: temperature record from Esper et al. (2014) and drought record
from the Old World Drought Atlas (OWDA, selected area: 45-71 °N and 12 °W-45 °E, Cook et al., 2015).
Yellow bars represent periods of increasing JJA temperatures associated with biomass burning peaks.

4.4 Conclusions

Refractory black carbon (rBC) was analyzed in two ice cores from the Lomonosovfonna ice field,
Svalbard, spanning 1222-2011. Long-term trends were discussed and compared to other ice core
records and climate proxies in order to assess the representativeness of the rBC signal archived in the
LF ice core in terms of anthropogenic and biomass burning inputs. Our results show that a clear
anthropogenic imprint is present since the beginning of the Industrial Revolution, thus hindering the
identification of natural biomass burning trends in the most recent 2 centuries. Concentrations of rBC
we attributed to predominantly industrial emissions show two maxima, at the end of the 19" century
and in the middle of the 20™ century. This profile differs from those observed in Greenland ice cores
and we suggest that Eurasian emissions account for most of the rBC deposition in the LF ice core in
contrast to Greenland where North American emission sources appear more important. Contrary to
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the Holtedahlfonna EC record, LF rBC concentrations decreased in the last 40 years, in agreement
with atmospheric measurements throughout the Arctic. However, during the warm climate regime
over most of the 20™ century, parts of the record experienced high levels of melting, which potentially
disturbed the preservation of the rBC signal due to percolation and runoff. We thus advocate for a
careful interpretation of the trends, especially for the time period with low concentrations between
1910 and 1940, which could be an artefact resulting from the early 20™ century Arctic warming.

Before the 19" century, as both the melting and the anthropogenic influence are shown to be low, the
LF rBC record can be used to reconstruct past biomass burning trends. No obvious long-term
variability is evident in both the rBC and ammonium records. Formate, VA, and p-HBA records,
however, exhibit a more pronounced decadal-to-centennial-scale variability with a decreasing long-
term trend throughout the Little Ice Age interrupted by several multi-decadal periods of enhanced
biomass burning activity, the most remarkable one occurring in the 17" century. Those periods, as
well as some single peak events such as the one around 1790, coincide in time with other
reconstructed periods of increased fire activity from ice cores in Siberia and Greenland. We suggest
that the paleofire record from the LF ice core primarily reflects biomass burning episodes from
northern Eurasia, induced by decadal-scale summer temperature increases. Our study highlights the
need of a multi-proxy reconstruction in order to efficiently capture past changes in biomass burning as
each proxy possesses its own behavior and sensitivity towards emission, transport, degradation in the
atmosphere, deposition, and post-depositional processes. Such reconstructions are of prime
importance to gain a better understanding of the complex linkages between fires, climate, and human
activities as future biomass burning trends under a warmer climate remain largely unknown.
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Abstract

The Amazon Basin is one of the major contributors to global biomass burning emissions. However,
regional paleofire trends remain partially unknown. Due to their proximity to the Amazon Basin,
Andean ice cores are suitable to reconstruct paleofire trends in South America and improve our
understanding of the complex linkages between fires, climate and humans. Here we present the first
refractory black carbon (rBC) ice-core record from the Andes as a proxy for biomass burning
emissions in the Amazon Basin, derived from an ice core drilled at 6300 m a.s.l. from Illimani glacier
in the Bolivian Andes and spanning the entire Holocene back to the last deglaciation 13000 years ago.
The Illimani rBC record displays a strong seasonality with low values during the wet season and high
values during the dry season due to the combination of enhanced biomass burning emissions in the
Amazon Basin and less precipitation at the Illimani site. Significant positive (negative) correlations
were found with reanalyzed temperature (precipitation) data, respectively, for regions in Eastern
Bolivia and Western Brazil characterized by a substantial fire activity. rBC long-term trends indirectly
reflect regional climatic variations through changing biomass burning emissions as they show higher
(lower) concentrations during warm/dry (cold/wet) periods, respectively, thus confirming that most of
the Holocene Northern Hemisphere climate variations, such as the Younger Dryas, the 8.2 ka event,
the Holocene Climatic Optimum, the Medieval Warm Period or the Little Ice Age, occurred as well in
tropical South America. Highest rBC concentrations of the entire record occurred during the Holocene
Climatic Optimum 7000-3000 BC, suggesting that this outstanding warm and dry period caused an
exceptional biomass burning activity, unprecedented in the context of the past 13000 years. Recent
rBC levels, rising since 1730 AD in the context of increasing temperatures and deforestation, are
similar to those of the Medieval Warm Period. No decrease was observed in the 20™ century, in
contradiction with the global picture (“broken fire hockey stick’” hypothesis).

5.1 Introduction

Fires play a major role in the global carbon cycle by emitting aerosols and greenhouse gases. Current
global CO, emissions due to biomass burning represent ~50 % of those originating from fossil fuel
combustion (Bowman et al., 2009). The mean annual burned area worldwide amounts to 348 Mha for
the time period 1997-2011 (Giglio et al., 2013). South America is, after Africa, the second most
affected region by biomass burning, accounting for 16 to 27 % of the global annual burned area
between 1997 and 2004 (Kloster et al., 2010; Schultz et al., 2008), leading to carbon emissions
ranging from ~300 to 900 TgC yr™" (Kloster et al., 2010; Schultz et al., 2008). Biomass burning
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mainly occurs in Southern Hemisphere South America, representing 13.6 % of the global annual
carbon emissions from biomass burning (van der Werf et al., 2010), with Brazil and Bolivia being the
two countries most affected, accounting for 60 % and 10 % of active fire observations, respectively
(Chen et al., 2013). Savannas (cerrados) and seasonally dry tropical forests (SDTFs) located at the
southern edge of the Amazon Basin are prone to extensive fires during the dry season between June
and October, when many fires are ignited for land clearance purposes for agriculture and grazing
(Mouillot and Field, 2005; Power et al., 2016). Savanna burned area over South America remained
fairly stable over the 20" century (Mouillot and Field, 2005; Schultz et al., 2008). However, this trend
masks regional discrepancies: while burning decreased along the Brazilian coast, it has strongly
increased in the western part due to deforestation (Mouillot and Field, 2005). On the contrary, tropical
rain forests centered further north in the Amazon Basin rarely burn naturally due to persistent moist
conditions and limited dry lightning (Bowman et al., 2011; Cochrane, 2003), but since the 1960s they
have experienced intensive deforestation fires at their southern edge, known as the “arc of
deforestation” (Cochrane et al., 1999). Southern Hemisphere South America accounted for 37 % of
all deforestation fires worldwide over the time period 2001-2009 (van der Werf et al., 2010).
However, the contribution from deforestation fires to the total number of fires observed in South
America seems to have decreased since 2005, particularly in Brazil due to stricter environmental
policies, while fire activity significantly increased in Bolivia (Chen et al., 2013). A similar
observation was made by van Marle et al. (2017a), who reported a strong increase in deforestation
fires in the 1990s followed by a general decline since the 2000s.

For the time period before the start of satellite measurements (1980s), the lack of accurate data from
the Amazon Basin hinders a detailed reconstruction of fire history. Historical reconstructions based on
fire statistics, land-use practices and vegetation type and history have shown a dramatic increase of
fires in the forested parts of South America over the last century (Mouillot and Field, 2005) as
burning was almost absent from the Amazon Basin before the 1960s. So far, charcoal records from
lake sediment cores were the only way to infer paleofire trends in this region before the 20" century.
They revealed that biomass burning trends in Tropical South America were less pronounced than in
other regions of the Americas, underlining the absence of a clear driver for biomass burning possibly
due to the large diversity of climate, vegetation and topography in this region (Power et al., 2012).
Nevertheless, the last 2000 years showed an overall slight decrease in fire activity until around 1800
AD, followed by a strong increase in the 20" century (Power et al., 2012). This is in contradiction
with the “broken fire hockey stick” hypothesis (Marlon et al., 2008) suggesting a global decoupling
since 1870 AD between the decreasing biomass burning trend and its main drivers, namely increasing
temperature and population density, due to fire management and global expansion of intensive
agriculture and grazing that fragmented the landscape. Composite charcoal records for Tropical South
America display a great variability through the entire Holocene, with higher-than-present biomass
burning levels in the mid-Holocene between 6500 and 4500 BP (Marlon et al., 2013). However,
charcoal records only reflect local to regional conditions and therefore have to be compiled while ice
cores have the potential to integrate information over continental scales (Kehrwald et al., 2013). Ice-
core records from Antarctica have also shown their ability to give an insight into past biomass burning
trends in the Southern Hemisphere, revealing elevated biomass burning activity around 8000 to 6000
BP in Southern America (Arienzo et al., 2017), or confirming an overall agreement with the “broken
fire hockey stick” hypothesis (Wang et al., 2010). Given the remoteness of the Antarctic continent,
limitations may arise from transport patterns, thus advocating for the use of ice-core records located
closer to the source regions.
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As the major moisture source in the tropical Andes is the Amazon Basin and ultimately the Atlantic
Ocean (Garreaud et al., 2003; Vuille et al., 2003), ice cores from tropical Andean glaciers could serve
as potential archives of past biomass burning trends in the Amazon Basin and thus form the missing
link between South American lake sediment charcoal records and Antarctic ice-core records, which
could be helpful to better constrain fire models and historical fire databases (van Marle et al., 2017b).
However, the preservation of a biomass burning signal in tropical Andean ice cores has never been
investigated extensively so far. Bonnaveira (2004) noted that an Amazonian biomass burning
contribution was expressed in the concentrations of organic species (e.g. oxalate) at the end of the dry
season (August—October) in aerosols collected at Plataforma Zongo, 40 km north of the lllimani site,
but no paleofire reconstructions have been made in the Andes by means of ice cores. Nearby
sedimentary charcoal records do show a biomass burning variability in the Bolivian Amazonian
lowlands through the Holocene (Brugger et al., 2016; Power et al., 2016), with enhanced burning
during warmer/drier periods such as the early to mid-Holocene (approximately from 8000 to 5500 BP,
Baker et al., 2001) and limited burning during colder/wetter periods such as the last deglaciation or
the Little Ice Age.

Ice-core studies suggested that a variety of biomass burning proxies could be used to reconstruct
paleofires. For instance, ammonium (NH,") has been widely analyzed in polar ice cores from
Greenland (Fischer et al., 2015; Legrand et al., 2016) and Antarctica (Arienzo et al., 2017). Simple
organic acids (formate, oxalate) were also considered, but they can experience post-depositional
effects (Legrand et al., 2016). However, the aforementioned compounds are not specific proxies as
they also reflect continuous biogenic emissions from vegetation and soils in their background
variations, while only peak values can be associated with biomass burning events (Fischer et al.,
2015). Black carbon (BC), produced by the incomplete combustion of biomass and fossil fuels (Bond
et al., 2013), has the advantage of being a specific proxy for biomass burning in preindustrial times,
when no significant anthropogenic sources existed. Aerosol source apportionment studies in
Amazonia have shown that recent BC emissions in this region originate only from biomass burning
(Artaxo et al., 1998). Several ice-core studies link preindustrial BC variations with biomass burning
trends (Arienzo et al., 2017; Osmont et al., 2018; Zennaro et al., 2014). However, an increasing
anthropogenic BC contribution from fossil fuel combustion has been observed in ice cores from
Greenland (Keegan et al., 2014; McConnell et al., 2007; Sigl et al., 2013) and the Alps (Jenk et al.,
2006; Lavanchy et al., 1999; Sigl et al., 2018) since the second half of the 19% century, and from
Eastern Europe (Lim et al., 2017) and Asia (Kaspari et al., 2011; Wang et al., 2015) in the last
decades.

Here, we present the first Andean BC ice-core record, derived from the analysis of the Illimani 1999
(1L-99) ice core. When referring to our measurements using the laser-induced incandescence method,
the term refractory black carbon (rBC) will be employed, following the recommendations of Petzold
et al. (2013). After discussing the seasonality of the rBC signal and the connections with regional
climate parameters and biomass burning, we will present rBC long-term trends of the last millennium
and through the Holocene, link them with climate variability and compare them to existing ice-core
and lake sediment records.

104



5.2 Methods

5.2.1 Ice core and site characteristics

In June 1999, two ice cores were drilled at 6300 m a.s.l. on Nevado Illimani, Bolivia, on a glacier
saddle between the summits of Pico Central and Pico Sur (16°39" S, 67°47" W, Fig. 5.1) by a joint
French-Swiss team from the Institut de Recherche pour le Développement (IRD, France) and the Paul
Scherrer Institut (PSI, Switzerland), using the Fast Electromechanical Lightweight Ice Coring System
(FELICS, Ginot et al., 2002a). Bedrock was reached at 136.7 m depth (French core) and 138.7 m
depth (Swiss core, this study). Low boreholes temperatures (<—7 °C) and very few ice lenses
indicative of meltwater percolation ensured a good preservation of the chemical signal recorded in the
ice core (Kellerhals et al., 2010a). Further details can be found in Knusel et al. (2003) and Knsel et
al. (2005). Bonnaveira (2004) investigated post-depositional effects such as sublimation and wind
scouring and showed that their influence on the preservation of ionic species remained limited
compared to actual seasonal variations in concentration.

Rondénia
Mato
> :
Lake Rogaguadb, 2 Grosso
<.
Laks Santa Rasa, >
El Beni

3] .
Late 2,. Brazil
Titicacae\* ¥ /,,

F1 Al

1 Aled Alllimani

:
2
>

. . Santa LagunalaGaba
Fama Bolivia Cre

%,
-
=
=
-

Fig. 5.1: Map showing the location of Nevado Illimani in Bolivia and the other sites and regions of interest in
Bolivia and Brazil mentioned in the study (adapted from openstreetmap.org).

The climate of the Bolivian Altiplano is characterized by a wet season during the Austral summer
(November—March) and a dry season during the Austral winter (April-October). Moisture mainly
originates from the Amazon Basin, and ultimately from the Atlantic Ocean (Garreaud et al., 2003;
Vuille et al., 2003). Moreover, an interannual variability in precipitation is induced by El Nifio
Southern Oscillation (ENSO) processes. El Nifio years tend to be drier on average as they inhibit
moisture influx from the East whereas La Nifia years are usually wetter (Garreaud and Aceituno,
2001; Garreaud et al., 2003). The Illimani, located on the eastern margin of the Altiplano, can receive
moisture influx also during the dry season, leading to a less pronounced seasonality with summer
months (December—January—February,) representing only 50-60 % of the annual mean precipitation
(Garreaud et al., 2003). This trend is also reflected in the Illimani ice core record, compared to other
Andean ice-core sites showing a more pronounced seasonality (Ginot et al., 2002b). Similarly, the
precipitation modulation by ENSO remains weaker at the Illimani site compared to the western side of
the Andes (Garreaud et al., 2003; Vuille et al., 2000).

Previous studies on the 1L-99 ice core include the investigation of a potential impact of ENSO on the
ionic records (Knisel et al., 2005), revealing elevated dust values during warm phases of ENSO, the
use of thallium as a possible volcanic eruption tracer (Kellerhals et al., 2010b), regional temperature
reconstruction for the last 1600 years based on the NH," record (Kellerhals et al., 2010a), the
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historical reconstruction of regional silver production and recent leaded gasoline pollution derived
from the lead record (Eichler et al., 2015), and that of copper metallurgy inferred from the copper
record (Eichler et al., 2017), showing that earliest extensive copper metallurgy started in the Andes
2700 years ago.

5.2.2 lce-core dating

Dating of the core was performed by using a multi-parameter approach combining annual layer
counting of the electrical conductivity signal, reference horizons such as the 1963 AD nuclear fallout
peak and volcanic eruptions (AD 1258, 1815, 1883, 1963, 1982, 1991), the 210pp decay (Knusel et al.,
2003), and *C dating (Kellerhals et al., 2010a). A continuous age-depth relationship was established
by fitting a two-parameter glacier flow model through the reference horizons, except between the last
five “C ages where linear interpolation was used due to the very strong layer thinning (Kellerhals et
al., 2010a), resulting in a bottom age of 13000 years BP and an overall accumulation rate of 0.58 m
yr'' weq (water equivalent). Dating uncertainty is estimated to be +2 years in the vicinity of volcanic
horizons and £5 years otherwise back to 1800 AD, +20 years for the time period 1250-1800 AD and
+110 years at the youngest **C age (1060-1280 BP, Kellerhals et al., 2010a).

5.2.3 Sampling and rBC analysis

The IL-99 ice core was cut for rBC analysis into 1.9 x 1.9 cm sections from the inner part of the core
in a —20 °C cold room at PSI following clean protocols (Eichler et al., 2000). Sampling resolution
was 10 c¢cm for the first 316 samples down to 33.15 m depth (spanning 1966-1999 AD) and 3-4 cm
for the remaining 2754 samples below 33.15 m down to the bottom. A total of 3070 samples was
obtained. 243 replicates from parallel ice-core sticks were cut from 12 different ice-core sections to
check the reproducibility of our analyses. Furthermore, the section between 127.4 and 133 m depth
(spanning roughly 0-2000 BC) was resampled at 3—7 cm resolution (121 samples) specifically due to
poor ice-core quality (chips). Samples for the rBC analyses were collected in pre-cleaned 50 mL
polypropylene tubes and stored at —20 °C.

The entire IL-99 ice core was analyzed for rBC at PSI between April and June 2017, following the
method described by Wendl et al. (2014). After melting the ice-core samples at room temperature and
25 min sonication in an ultrasonic bath, rBC was quantified using a Single Particle Soot Photometer
(SP2, Droplet Measurement Technologies, USA, Schwarz et al., 2006; Stephens et al., 2003) coupled
to an APEX-Q jet nebulizer (Elemental Scientific Inc., USA). Further analytical details regarding
calibration, reproducibility and autosampling method can be found in Osmont et al. (2018). Replicate
samples for the IL-99 ice core showed good reproducibility (r = 0.65, p < 0.001, n = 243) in particular
regarding rBC peak values and trends, while the resampled part in the period 0-2000 BC (121
samples) showed notable agreement with the original dataset, thus confirming the reliability of our
rBC analysis.

5.3 Results and discussion

5.3.1 rBC seasonal variability in the Illimani ice core

The Illimani rBC record displays a strong seasonal variability, with high concentrations corresponding
to the maximum of the dry season (June—October) and low concentrations during the wet season
(November—March). In the 1L-99 ice core, peak values typically range between 2 and 10 ng g*, with a
high year-to-year variability and a maximum of 13.3 ng g™ in 1996, while the wet season background
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remains fairly constant, below 0.5 ng g™ (Fig. 5.2a). The observed rBC seasonality is similar to
previous observations made on records of trace elements (Correia et al., 2003) and major ions
(Kniisel et al., 2005; see e.g. NH," and Ca*, Fig. 5.2b-c) reflecting the seasonality in precipitation
(Fig. 5.2d). During the wet season, abundant precipitation occurs, which dilutes the chemical signal in
the snow, whereas during the dry season, the little amount of precipitation leads to highly
concentrated wet deposition and also enables dry deposition of dust particles (Bonnaveira, 2004;
Correia et al., 2003; De Angelis et al., 2003). The seasonal signal in the Illimani ice core is therefore
mainly the result of transport to and deposition at the lllimani site combined with the fact that dust
mobilization from the Altiplano (Kellerhals et al., 2010a; Knisel et al., 2005) and biomass burning
emissions in the Amazon Basin also peak during the dry season (Mouillot and Field, 2005; Power et

al., 2016).
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Fig. 5.2: Concentrations of a) rBC, b) ammonium and c) calcium in the upper 33.15 m of the 1L-99 ice core
(raw data). d) Monthly precipitation data from EI Alto weather station, located 40 km west of Illimani, near the
city of La Paz. Data is available on the website of the US National Climatic Data Center (NCDC) at the
following address: https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD.

5.3.2 Connection with climate parameters in South America during the 20" century

During the last century, rBC concentrations did not show an evident long-term trend, but decadal
changes peaking in the 1900s, 1940s and 1960s (Fig. 5.3a). These maxima are not in agreement with
model-based BC emissions (Fig. 5.3c). We extracted the time series of BC emissions from biomass
burning for the 5x5° grid cell containing the Illimani site used in the Coupled Model Intercomparison
Project Phase 6 (CMIP6) simulations (van Marle et al., 2017b) and compared it to the IL-99 rBC
record for the time period 1900-2000 AD. Even if all the BC emissions recorded at Illimani are not
expected to come solely from this grid cell, it is striking to note that estimated BC emissions remained
perfectly constant until the start of satellite measurements in the 1980s, when the data coverage
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greatly improved. Estimated BC emissions subsequently exhibited much more variability and
increased by more than one order of magnitude until the late 1990s.

A direct relationship between the rBC record and biomass burning trends in the Amazon Basin before
1999 cannot be assessed due to the lack of accurate biomass burning statistics from Bolivia and
Brazil, where the number of active fires is retrieved from satellite data starting only in 1998. In
addition, data about the burned area remain scarce and are associated with larger uncertainties, despite
their greater significance in terms of environmental impacts and aerosol emissions (Montellano,
2012).

1900 1920 1940 1960 1980 2000
1 1 1 1 1 " |
-TCD
[=11]
XSS
@]
es
EI Nifio §
La Nifia | 2
ﬁ‘m
=
=11}
=)
=l
=
=
]
@]
[a]
—~ &)
- N
=11}
>
50 =
&
S -
=) g
H
—BC 5-pt ——— 20" century reanalysis V2c|.
0.0 - ——ERA-20C NCEP/NCAR R1 o
1.5 qe HadCRUT4 median NCDC (land) - 0.5 ";
~ Loo £
- -~
ey 1.0 - =
F-0.5
o -1,
B 0.5 [0 g
L-15 8
- k=
0.0 T T . T . T . . T 2.0 8
1900 1920 1940 1960 1980 2000 A

Year (AD)

Fig. 5.3: Comparison of the IL-99 rBC record with South American climate parameters for the time period
1900-2000 AD. a) rBC record from the 1L-99 ice core (thin lines: annual averages, thick lines: 5-year moving
averages). b) Multivariate ENSO Index (MEI, thin lines: annual averages, thick lines: 5-year moving averages,
Wolter and Timlin, 1993, 1998, 2011), a higher (lower) value standing for a stronger El Nifio (La Nifia) event,

respectively. The Extended MEI is used before 1950. c) Annual BC emissions derived from the CMIP6
simulations for the 5x5° grid cell containing the Illimani site (van Marle et al., 2017b). Comparison between the
IL-99 rBC record and four d) temperature and €) precipitation datasets for the Amazon Basin (4 °N-16 °S and
51-76 °W). Data are 5-year moving averages and were extracted from the KNMI Climate Explorer. Anomalies
are relative to the years 1971-2000. Pearson correlation coefficients between the IL-99 rBC record and the
associated climate datasets were calculated based on 5-year moving averages and coefficients in bold are
statistically significant.
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For investigating major causes for rBC changes during the 20" century, we studied spatial and
temporal correlations between the 1L-99 rBC record and two important drivers of biomass burning
activity, namely temperature and precipitation. Significant correlations (p < 0.05) between the IL-99
rBC record and re-analyzed temperature and precipitation from the NCEP/NCAR R1 dataset were
found for areas in the Amazon Basin located East of the Illimani site, which are assumed to be the
main source regions of the rBC deposited at Illimani (Fig. 5.4). 5-year moving averages were used
owing to the ice-core dating uncertainty which prevents detection of an annual connection with
temperature and precipitation data. Positive correlations with temperature are highest along the arc of
deforestation in Brazil and in regions of Eastern Bolivia (states of ElI Beni and Santa Cruz) and
Western Brazil (state of Rond6nia and Mato Grosso) where extensive fires occur during the dry
season. Similarly, negative correlations with precipitation are highest along the Bolivian-Brazilian
border, for the states of Santa Cruz and Mato Grosso. Comparisons between temperature/precipitation
time series for the Amazon Basin (defined here as the region between 4 °N-16 °S and 76 °“W-51 °W)
and the 1L-99 rBC record confirm that higher rBC concentrations are observed during warmer and
drier periods, such as the 1900s, the 1940s and the 1960s (Fig. 5.3d and 5.3e). Different
temperature/precipitation datasets were used to highlight their strong variability, but the main
conclusion remains unchanged. Depending on the used dataset, variations in temperature and
precipitation account for 18-64 % and 1-18 % of the rBC variance, respectively.
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Fig. 5.4: Spatial correlation over South America between the IL-99 rBC record and re-analyzed temperature

(left panel) and precipitation (right panel) data from the NCEP/NCAR R1 dataset for the time period 1948—

1998, available on the KNMI Climate Explorer (https://climexp.knmi.nl/start.cgi). Data are annual averages
smoothed with a 5-year running mean.

Potential connections between the IL-99 rBC record and the ENSO phenomenon were also
investigated. In general, and similarly to the Altiplano, El Nifio phases of ENSO induce drier and
warmer conditions over the Amazon Basin, while La Nifia phases are wetter and cooler (Aceituno,
1988; Foley et al., 2002; Garreaud et al., 2009). The trend is more pronounced during the wet season
(Garreaud et al., 2009). However, this relationship weakens towards the western part of the Amazon
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Basin (Garreaud et al., 2009; Ronchail et al., 2002) and becomes more complex on the Bolivian
slopes between the Amazon Basin and the Altiplano as opposite effects can be observed depending on
the altitude (Ronchail and Gallaire, 2006). To determine whether ENSO can modulate rBC
concentrations in the Illimani ice core, we compared the 20™-century 1L-99 rBC record to the
Multivariate ENSO Index (MEI, Fig. 5.3b) spanning 1950-2018 (Wolter and Timlin, 1993, 1998) and
the Extended MEI reaching back to 1871 (Wolter and Timlin, 2011). The low correlation coefficient
between the rBC record and the MEI indicates no evident impact of ENSO. Interestingly, the highest
two rBC annual values occurred during some of the most outstanding El Nifio events (1905-1906 and
1941), but rBC values can also remain low during strong El Nifio phases, for instance in 1929-1930.
Conversely, rBC annual values are not necessarily low during intense La Nifia phases, as seen in
1910, 1917 or 1954-1956. To comprehensively assess this relationship, we calculated the average
rBC concentration for all the EI Nifio and La Nifia years for the time period 1900-1998. Average rBC
concentrations of 0.85 + 0.44 ng g™ for El Nifio years (50 years in total) and 0.93 + 0.42 ng g™ for La
Nifa years (49 years in total) show that no significant difference is visible between the warm and cold
phases of ENSO in the rBC record. Several hypotheses contribute to explain this lack of relationship
despite drier conditions during El Nifio years. First, it is well-known that the eastern side of the Andes
is less influenced by ENSO modulation as the major moisture source is the Amazon Basin and not the
Pacific Ocean, contrary to the western part of the Andes (Garreaud et al., 2003; Vuille et al., 2000).
Second, there is a difference in timing as the precipitation suppression induced by ENSO is more
important during the wet season, whereas rBC emissions peak during the dry season due to biomass
burning and limited but highly concentrated precipitation. Furthermore, if no precipitation occurs
during the dry season owing to the El Nifio phase of ENSO, (almost) no rBC will be deposited on the
snow surface at the Illimani site as BC is preferentially removed from the atmosphere by wet
deposition (Cape et al., 2012; Ruppel et al., 2017). Lastly, as the moisture influx from the East tends
to be reduced during El Nifio years, the contribution from Eastern-origin rBC-enriched precipitation
due to biomass burning in the Amazon Basin to the total amount of precipitation at Illimani becomes
weaker.

5.3.3 rBC variability over the last 1000 years

In Fig. 5.5a, we present the IL-99 rBC long-term record for the last 1000 years. Higher rBC
concentrations were observed between 1000 and 1300 AD (average = 1o unless otherwise stated: 0.94
+ 0.56 ng g), in agreement with the temperature maximum corresponding to the Medieval Warm
Period (MWP) in the Northern Hemisphere (NH) and also previously described in the IL-99
ammonium record by Kellerhals et al. (2010a). Following the MWP, rBC concentrations slowly
declined until they reached a minimum in the 18" century (average: 0.37 + 0.34 ng g™) reflecting the
Little Ice Age (LIA). The lowest rBC concentrations were recorded around 1730 AD, following the
Maunder solar minimum. The LIA decline was interrupted by higher concentrations during the time
periods 1460-1550 AD and 1630-1670 AD, potentially related to the apogee of the Inca Empire at the
end of the 15" century and the Spanish colonization of Bolivia that started around 1535. Several cities
were created on the Altiplano at that time (Sucre in 1538, Potosi in 1546 and La Paz in 1548). Mining
activities rapidly took off and left an imprint on the IL-99 lead and copper records (Eichler et al.,
2015, 2017, respectively). These time periods are also corroborated by the composite charcoal record
for Tropical South America showing local maxima of fire activity (Fig. 5.5e; Power et al., 2012).
Following the 1730 AD minimum, rBC concentrations started to rise until present time (average
1900-1999: 0.91 + 1.23 ng g™). The 1L-99 cerium record (Fig. 5.5b; Eichler et al., 2015), used as a
dust deposition tracer, shows that the MWP was characterized by dustier and drier conditions which
can indirectly explain the corresponding rBC peak as dry conditions favor biomass burning and lead
to reduced but more concentrated wet deposition. Contrariwise, the LIA is generally marked by less
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dry conditions, except the dusty period ~1600-1650 AD. The similar long-term variability of rBC and
temperature (Fig. 5.5a) provides evidence that temperature is indeed a major driving force for
changing biomass burning activity, in agreement with the results for the 20" century (see section
5.3.2). Discrepancies between the two records, particularly between 1400 and 1700 AD when
temperature anomalies were constantly negative while rBC concentrations displayed higher values
during 1460-1550 AD and 1630-1670 AD, can most probably be related to an additional
anthropogenic impact as discussed above. To summarize, rBC concentrations in the Illimani record
tend to be lower during periods of colder/wetter climate and higher during periods of warmer/drier
climate, suggesting that rBC could be used as an indirect temperature/moisture proxy through biomass
burning variations.
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Fig. 5.5: Comparison for the time period 10002000 AD between a) 1L-99 rBC record (left scale) and
temperature anomalies (right scale) inferred from the ammonium IL-99 record (Kellerhals et al., 2010a), b) IL-
99 cerium record as a dust proxy (Eichler et al., 2015), ¢) I1L-99 nitrate (left scale) and lead enrichment factors

(right scale) to illustrate 20" century anthropogenic impact (Eichler et al., 2015), d) Antarctic B40 rBC (left
scale) and ammonium (right scale) records (Arienzo et al., 2017) and e) composite charcoal record (Z-scores of
transformed charcoal influx) for Tropical South America (Power et al., 2012). Thin lines are 10-year averages
and thick lines are 50-year moving averages, except for panel e where they represent 20-year averages. Timings

of MWP (1000-1300 AD) and LIA (1400-1750 AD) are defined based on the IL-99 rBC and temperature
records.
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Comparable long-term trends were found in the B40 rBC and NH," ice-core records from Antarctica
(Fig. 5.5d) with lower (higher) rBC and NH," concentrations during the LIA (MWP), respectively
(Arienzo et al., 2017). The authors of this study suggested South American biomass burning as the
main source of Antarctic rBC and NH," throughout the Holocene, with little modification induced by
long-range transport. However, some interesting differences can be noted. First, absolute rBC
concentrations are lower in the Antarctic ice cores due to the remoteness from the main source
regions. Second, while the timing of the MWP matches well between the two records, the transition
towards the LIA was more abrupt in the B40 record, and the LIA signal displayed less variability in
the Antarctic records compared to Illlimani one. Third, while the B40 NH," record did show an
increase since 1900 AD, no clear increasing trend was visible in the last 250 years in the Antarctic
rBC record, contrary to lllimani, thus highlighting the importance of considering transport processes
when discussing rBC records from the remote Antarctic regions. On the contrary, carbon monoxide
(CO) ice-core records from Antarctica representative of Southern Hemisphere biomass burning follow
a trend similar to the 1L-99 rBC record, with a decreasing trend between 1300 and 1600 AD, a
minimum in the 17" century and an increase for the time period 1700-1900 AD (Wang et al., 2010).
Divergences between rBC and CO Antarctic records might result from their different atmospheric
lifetimes implying a different spatial representativeness. rBC has a relatively short atmospheric
lifetime, from 3 to 10 days (Bond et al., 2013) while CO can remain in the atmosphere for weeks to
months or even more than a year at the winter poles (Holloway et al., 2000).

In rBC ice-core records from the Arctic and Europe, a predominant anthropogenic contribution
starting in the second half of the 19" century due to rising fossil fuel emissions was observed (Keegan
et al., 2014; McConnell et al., 2007; Osmont et al., 2018; Sigl et al., 2013, 2018). At Illimani, rBC
concentrations follow a long-term increasing trend since the 1730 AD minimum. It is therefore
important to investigate to which extent climate variations and human activities influenced this
increase. The IL-99 dust record (Fig. 5.5b) reveals that this increase was not driven by dustier and
drier conditions leading to enhanced deposition as cerium concentrations remain low. On the contrary,
temperatures likewise increase since 1720 AD, suggesting that the rBC increase is primarily driven by
increasing temperatures responsible of enhanced biomass burning. The anthropogenic pollution
pattern recorded in the IL-99 ice core by Pb and NO;™ (Eichler et al., 2015) shows a dramatic increase
only in second half of the 20™ century, mainly due to emissions from traffic (Fig. 5.5c). Since this
strong rise is not visible in the rBC record of the past 50 years, we assume that anthropogenic BC
emissions from fossil fuel combustion remain minor compared to biomass burning related BC
emissions. Charcoal composite records for Tropical South America (Fig. 5.5e) also show a strong
increase in fire activity during the 20" century, explained by enhanced of deforestation (Power et al.,
2012). Thus, we cannot exclude that, in the 20" century, a certain fraction of the biomass burning
increase reflected by the rBC record does not only originate from rising temperatures but could be the
result of the expansion of deforestation. However, a detailed assessment of the relative impact of
those two factors cannot be obtained given the lack of accurate statistics before the satellite
measurement era. The Food and Agriculture Organization (FAO) of the United Nations is monitoring
forested areas since 1947 but many inconsistencies occurred in the first reports due to high
uncertainties in estimating forested areas in remote regions and changing definitions and
methodologies between the subsequent reports, thus making extensive comparison impossible
(Steininger et al., 2001).

5.3.4 Evidence of a Holocene Climatic Optimum dry period

The relationship between rBC concentrations and regional temperature/moisture variations extends
further back in time through the entire Holocene. The bottommost part of the I1L-99 ice core, between
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11000 and 10000 BC, shows low concentrations of rBC (Fig. 6.6a) as well as low 5*°0 values (Fig.
6.6b), indicative of a cold and wet climate corresponding to the Younger Dryas (YD) cold period in
the NH. Wet and cold conditions over the Bolivian Altiplano were suggested by an overflowing Lake
Titicaca between 11000 and 9500 BC (Baker et al., 2001) and Late Glacial glacier advances in the
Cordillera Real between 11000 and 9000 BC during the “Coipasa” humid phase (Zech et al., 2007),
showing that the Younger Dryas was not dry on a global scale despite increasing dustiness in
Greenland ice-core records (Mayewski et al., 1993). The establishment of warmer and drier conditions
corresponding to the onset of the Holocene then occurred between 10000 and 9000 BC as evidenced
by a pronounced increase (+5.5 %o) in the 620 record (Sigl et al., 2009), comparable to the +5.4 %o
increase in the nearby Sajama ice core (Thompson et al., 1998), followed by a stabilization around
=16 %o between 9000 and 7000 BC.

Around 7000 BC, warm and dry conditions abruptly prevailed as indicated by a further increase in
50 (+2 %o). These conditions that lasted until 3500 BC correspond to the Holocene Climatic
Optimum (HCO). The HCO period is marked by the highest rBC concentrations of the whole 13000-
year record (rBC average 7000-3500 BC: 2.97 + 1.77 ng g%). Several other studies have already
shown evidence of a dry HCO in Bolivia although timings might slightly differ between regions. The
lowest Lake Titicaca level (Fig. 6.6¢) occurred between 6000 and 3500 BC in a context of maximal
aridity over the Bolivian Altiplano (Baker et al., 2001). The charcoal record from Lake Titicaca (Fig.
6.6d) shows a broader maximum from 10000 to 1000 BC (Paduano et al., 2003). Pollen data suggests
a dry period lasting from 7000 to 1100 BC and peaking between 4000 and 2000 BC. Fire activity in
the Bolivian lowlands, inferred from lake-sediment charcoal records, was high between 6100 and
3800 BC in the Llanos de Moxos (Fig. 6.6d, Lake Rogaguado, Brugger et al., 2016), between 6000
and 5000 BC in the Chiquitano SDTF (Fig. 6.6e, Laguna La Gaiba, Power et al., 2016) and between
8000 and 4000 BC around Lake Santa Rosa (Fig. 6.6e, Urrego, 2006). Composite charcoal records
for tropical South America (Fig. 6.6b) show elevated biomass burning levels between 6000 and 2500
BC (Marlon et al., 2013), but cover a much larger area which is not only representative of the Illimani
source region. In the West Antarctic Ice Sheet Divide (WD) ice core, the highest rBC deposition
occurred during the mid-Holocene from 6000 to 4000 BC (Fig. 6.6¢, Arienzo et al., 2017). The HCO
maximum appears broader than in the 1L-99 ice core, probably due to a larger catchment area and the
influence of long-range transport processes.

Opposite hydroclimate variations have been detected in the northern South American tropics, as
shown by the titanium and iron records from the Cariaco Basin, Venezuela (Haug et al., 2001). Dry
conditions prevailed during the YD while the HCO, dated between 8500 and 3400 BC, experienced
the wettest conditions of the last 14000 years in this region. The Late Holocene was then
characterized by a return to a drier climate. Similarly, wetter (drier) conditions were observed during
the MWP (LIA), respectively. This anti-phasing between the northern and southern South American
tropics has been best explained by latitudinal variations of the Intertropical Convergence Zone (ITCZ)
(Haug et al., 2001; Arienzo et al., 2017). During the HCO, in a context of a low Austral summer
insolation due to orbital forcing, the ICTZ was shifted north, leading to more precipitation in the
Cariaco region and to a weaker South American Summer Monsoon (SASM) responsible of drier
conditions in the southern South American tropics, as evidenced in the Illimani record. Towards the
Late Holocene, increasing (decreasing) insolation seasonality in the Southern (Northern) Hemisphere,
respectively, may have resulted in a progressive southward shift of the ITCZ and a strengthening of
the SASM, inducing wetter conditions over southern South American tropics but drier conditions in
the northern South American tropics. A similar conclusion can be drawn for the LIA (Arienzo et al.,
2017).
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Throughout the last 4000 years, rBC concentrations in the 1L-99 ice core showed a much lower level
(Fig. 6.6a). Between 2250 BC and 100 AD, rBC concentrations remained low (average: 0.60 + 0.37
ng g) except a peak value of 1.55 ng g™ around 300 BC. Brugger et al. (2016) also observed a
minimum of burning in a lake sediment charcoal record from the Bolivian Amazonian lowlands
around 2000 BP (Fig. 6.6d) in response to forest extension due to increased moisture availability.
After 100 AD, rBC concentrations started to rise and remained higher for the time period 150-650
AD (average: 0.86 = 0.32 ng g) but declined again and stayed low between 750 and 1000 AD
(average: 0.65 +0.41 ng g™).

In addition to the long-term trends described above, a particular event in the rBC 1L-99 record is of
special interest. Around 6000 BC, a dip in the §*%0 record (Fig. 6.6b) suggests an abrupt centennial-
scale return to cooler and wetter conditions, potentially related to the NH 8.2 ka cold event detected in
Greenland ice cores (Alley et al., 1997; Thomas et al., 2007), and revealing that its impacts were also
apparent in southern South American tropics and not only in the North Atlantic region. According to
the current consensus, this cooling was caused by the Laurentide ice cap collapse that generated
enormous freshwater fluxes into the North Atlantic Ocean (Matero et al., 2017). A concurrent drop in
the rBC concentration ~6000 BC (Fig. 6.6a) suggests that this climate anomaly also led to reduced
levels of biomass burning.
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Fig. 5.6: Evidence of a dry period corresponding to the Holocene Climatic Optimum (HCO, yellow bar) in the
IL-99 ice core and in other paleoclimatic reconstructions. a) IL-99 rBC record, 200-year averages (left scale)
and 50-year averages (right scale). Thick lines are 5-point moving averages. The blue bar represents the
cold/wet reversal potentially related to the 8.2 ka event. Gaps in the IL-99 rBC record are due to lack of
available ice-core material due to previous samplings. b) 1L-99 %0 record (Sigl et al., 2009, left scale) and
composite charcoal record for Tropical South America (right scale, 20-year averages with a 500-year
smoothing) (Marlon et al., 2013). c¢) rBC record from the West Antarctic Ice Sheet Divide (WD) ice core,
Antarctica (Arienzo et al., 2017, left scale) and calcium carbonate weight percent (CaCO3; W1%, right scale)
recorded in a sediment core from Lake Titicaca as a proxy for lake-level variations, a higher percentage standing
for a lower lake level induced by drier conditions (Baker et al., 2001). Data are 200-year averages. d) Charcoal
records from Lake Rogaguado (Brugger et al., 2016, left scale) and Lake Titicaca (Paduano et al., 2003, right
scale). e) Charcoal records from Lake Santa Rosa (Urrego, 2006, left scale) and Laguna La Gaiba (Power et al.,
2016, right scale). Data in panels d-e are 500-year averages.
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5.4 Conclusions

Refractory black carbon (rBC) was analyzed in an ice core from Illimani (Bolivian Andes) spanning
the entire Holocene back to the last deglaciation 13000 years ago. The high-resolution signal in the
upper part of the ice cores revealed a strong seasonal pattern for rBC, with peak values during the dry
season and low concentrations during the wet season as a result of the seasonality of emission sources
and precipitation. Significant correlations were found between the 20" century rBC record and
reanalyzed temperature/precipitation datasets from the Amazon Basin, particularly with regions
located in Eastern Bolivia and Western Brazil experiencing high levels of biomass burning. The
modulation of the seasonality by ENSO processes was shown to be weak due to the site location in
the Eastern part of the Andes. The long-term rBC record behaves like an indirect regional
temperature/moisture proxy through biomass burning variations, with low values during cold/wet
periods such as the Younger Dryas and the Little Ice Age and higher concentrations during warm/dry
periods such as the Holocene Climatic Optimum and the Medieval Warm Period. These findings are
supported by an array of regional paleoclimate reconstructions and by Antarctic rBC ice-core records
thought to represent South American biomass burning emissions, and are primarily controlled by
insolation-driven latitudinal changes of the Intertropical Convergence Zone. Evidence of a cold/wet
reversal induced by the 8.2 ka event was detected in the Illimani ice core. Our work confirms that
most of the Northern Hemisphere climate variations throughout the Holocene also left an imprint in
the tropical Andes and that opposite hydroclimate variations were observed between northern and
southern South American tropics. Lastly, the rise in rBC concentrations since 1730 AD seems only
driven by increased biomass burning levels due to higher temperatures and more intensive
deforestation in the last decades but does not relate to fossil fuel rBC emissions. Therefore, the
“broken fire hockey stick™ trend was not observed in the Illimani record. Such ice-core records are of
prime importance as the current global warming endangers the preservation of these glacial archives.
Glaciers in the tropical Andes have retreated at a critical rate in the last 50 years (Rabatel et al., 2013;
Vuille et al., 2008), affecting drinking water supply for millions of people (Bradley et al., 2006; Kaser
et al., 2010; Vergara et al., 2007) and creating new glacial lakes threatening local populations (Carey,
2005, 2012).
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Supplement

Here we present results from the Illimani 2015 shallow firn core (IL-15), with a particular focus on
rBC. They were not combined with the rBC record from the IL-99 core because of an overall
mismatch between the IL-99 and IL-15 rBC concentrations, the latter being around 1.7 times higher in
average possibly due to the spatial variability between the two ice-core sites, despite their proximity.

S5.1 The Illimani 2015 firn core

To update the IL-99 ice core, a 25.7 m shallow firn core was extracted at the same site (16°38°58.57""
S, 67°47°03.57" W) in June 2015 by a team from PSI. The IL-15 ice core was cut in a —20 °C cold
room at PSI at 5-6 cm resolution, resulting in overall 487 samples. After sample melting and prior to
rBC analysis, a 1 mL aliquot was taken for water stable isotope (5*°0 and D) analysis by
wavelength-scanned cavity ring down spectrometry (Picarro L2130-i, Picarro Inc., USA). Following
rBC analysis, 13 ions (5 cations: NH,", Ca**, Mg®*, K* and Na*; and 8 anions: CH;COO", CI", F,
HCOO", CH,SO;, NO;, C,0,7 and SO,”) were quantified by ion chromatography (850
Professional IC, Metrohm, Switzerland). Dating of the IL-15 core was performed using well-resolved
seasonal variations of rBC and Ca*" (Fig. S5.1), attributing simultaneous minima of both compounds
to 1% January of each year. Linear interpolation was made between two adjacent minima, thus
neglecting the seasonal pattern of precipitation. The timescale of the IL-15 core was adjusted by
wiggle matching to the top part of the IL-99 core using a 10 cm thick ice lens present in both records
and corresponding to the warm year 1998 and three characteristic peaks in the rBC profile for the
years 1995-1996. The IL-15 ice core thus spans the time period 1995-2015, corresponding to a net
accumulation rate of 0.72 m weq yr, higher than that of the 1L-99 ice core.

An alternative method for dating of Andean ice cores was suggested by P. Ginot based on the
variations of the ™0 record. Two tie points were defined per year: minima were attributed to 1** of
March of each year (wet season signal) while maxima were attributed to 1* of August (dry season
signal). Linear interpolation was performed between those two tie points. Similar results were
obtained with this method as the dating difference between the two methods did not exceed three
months.

Compared to the IL-99 ice core, a similar pattern is observed in IL-15 and seasonality is even more
pronounced due to the higher sampling resolution, resulting in peak values ranging from 4 to 18 ng g™
(Fig. S5.1a). To identify common variability between the different chemical compounds in the 1L-15
ice core, a principal component analysis (PCA) was performed on normalized annual values (Table
S5.1). Four principal components (PC) were obtained. PC1, which accounts for 39 % of the total
variance, has high loadings of sodium, potassium, magnesium, calcium, ammonium, chloride, nitrate
and sulfate, representative of the regional dust input in the Illimani ice core from arid zones on the
Altiplano. PC2 shows high loadings of rBC, ammonium, formate and oxalate, representing 29 % of
the total variance. Ammonium and formate were previously attributed to biogenic emissions from
Amazonian forests (Kellerhals et al., 2010) while oxalate peaks were observed in connection with
biomass burning events (Bonnaveira, 2004). However, rBC can only be emitted by combustion
processes and therefore cannot be a proxy for biogenic emissions, thus suggesting that PC2 rather
represents the biomass burning signal recorded in the Illimani ice core. Kellerhals et al. (2010)
proposed that potassium and nitrate could be used as biomass burning tracers. However, here, their
loadings in PC2 are low, particularly for potassium, suggesting that they are mainly related to the dust
input, a fact already confirmed for potassium by Bonnaveira (2004). PC3, accounting for 20 % of the
total variance, contains a more mixed signal including oxalate, potassium and calcium, which
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prevents us from assigning a clear aerosol source to it. Lastly, PC4 isolates acetate (12 % of the total
variance), which is the only compound significantly affected by post-depositional processes, as
revealed by the lack of seasonality of the signal, and whose chemical analysis is particularly prone to
contamination. Therefore PC4 would quantify the impact of post-deposition on each compound.

Table S5.1: Results of the Principal Component Analysis (PCA) performed on the IL-15 log-transformed
annual averages, after VARIMAX rotation. Values above 0.5 are in bold.

PC1 PC2 PC3 PC4
Sodium 0.66 0.46 0.48 0.10
Potassium 0.53 0.11 0.78 0.20
Magnesium 0.69 0.49 0.34 0.22
Calcium 0.64 0.40 0.57 0.16
Chloride 0.90 0.19 0.03 0.32
Nitrate 0.73 0.44 0.18 -0.34
Sulfate 0.84 —0.06 0.34 0.08
Ammonium 0.65 0.70 0.18 —0.06
rBC 0.25 0.86 0.05 0.27
Formate 0.05 0.83 0.47 0.05
Oxalate 0.13 0.58 0.70 0.12
Acetate -0.15 -0.18 -0.19 —-0.93
Variance explained (%) 385 29.0 204 121

To evaluate the relationship between the high-resolution rBC record and biomass burning trends in
the Amazon Basin, we compared our data to biomass burning statistics from Bolivia and Brazil (Fig.
S5.1f). The states of El Beni and Santa Cruz in Bolivia, and Rond6nia and Mato Grosso in Brazil are
of particular interest given their proximity to the Illimani site and their important forest and savanna
coverage. SDTFs cover a substantial part of the Bolivian state of Santa Cruz, while savannas are
found along the states of Santa Cruz and EIl Beni (Bolivia), and Mato Grosso and Ronddnia (Brazil) as
well as further east in Brazil (Chen et al., 2013). In August—September 2010, Bolivia experienced the
worst forest and savanna fires of the last two decades due to the most severe drought of the last 30
years. A total of 4°343°156 ha burned in 2010 in this country, of which 25 % were forested areas and
75 % meadows and savannas areas, mainly in the states of El Beni (63 % of the 2010 national total,
mainly meadows/savannas) and Santa Cruz (28 % of the 2010 national total, mainly forests)
(Montellano, 2012). The second year in terms of burned area was 2005, with a total of 3'693"820 ha.
2004 and 2007 were also critical years for the forest in the state of Santa Cruz (Montellano, 2012). In
Mato Grosso, the year 2004, followed by 2002, 2005 and 2007, were the years with most active fire
counts. In Rondénia, 2004 and 2005 were also years with outstanding burning. The yearly peak of
biomass burning in those regions usually occurs during the maximum of the dry season, between
August and October (Montellano, 2012) and therefore overlaps with the dry season signal recorded in
the Illimani ice core. In the IL-15 ice core, outstanding rBC peaks occurred in 2005, 2007, 2011 and
2013 (Fig. S5.1a). However, the only years when extensive biomass burning seasons coincided with
outstanding peaks in the IL-15 ice core were the years 2005 and 2007. Surprisingly, the year 2010 did
not show remarkable rBC peaks in the IL-15 ice core. One possible explanation is that rBC could not
be deposited on the snow surface due to the extremely dry conditions prevailing in August—September
2010 over the Bolivian Altiplano. Indeed, the meteorological station in EIl Alto airport, near La Paz
and about 40 km far from Illimani, did only register 5 days of significant precipitation, with a total of
29.2 mm, for these two months (Fig. S5.1d). As rBC is preferentially removed from the atmosphere
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Fig. S5.1: Concentrations of a) rBC, b) calcium and c) "0 record in the IL-15 ice core (raw data). The blue
circles represent the ice lens visible in both ice cores, corresponding to the year 1998 and used as a tie point (at a
depth of 1.93 min IL-99 and 22.48 m in IL-15). Lighter lines between 1995 and 1999 show the overlap with the

IL-99 ice core (raw data). d) Monthly precipitation data from EI Alto weather station, available on the website

of the US National Climatic Data Center (NCDC) at the following address:
https://www7.ncdc.noaa.gov/CDO/cdoselect.cmd?datasetabbv=GSOD. e) rBC annual fluxes from the IL-15 ice
core, compared to f) biomass burning statistics from the Amazon Basin. The number of active fires is available
on the website of the Brazilian Instituto Nacional de Pesquisas Espaciais (INPE) at the following address:
inpe.br/queimadas/portal. Data of the burned area in Bolivia, split between cerrados and forests, is from
Montellano (2012).
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by wet deposition (Cape et al., 2012; Ruppel et al., 2017), it does not seem surprising that these fires,
despite their massive extension, did not leave an imprint in the IL-15 ice core. As a consequence, on
an annual basis, rBC variability in the Illimani ice core cannot systematically reflect the intensity of
the biomass burning season in the Amazon Basin as it is controlled by precipitation at the drill site. A
too dry Austral winter can prevent rBC from being deposited at Illimani (as in 2010), whereas a too
wet Austral winter can dilute its signal in the snowpack, leading to low concentrations even during the
dry season (as in 2008). Conversely, dry seasons with little biomass burning such as 2011 can also
leave a strong imprint on the ice core record. Even annual rBC fluxes (Fig. S5.1e), which take into
account the precipitation pattern, do not reflect annual biomass burning statistics from the Amazon
Basin. These discrepancies might also arise from unfavorable transport patterns, given the extreme
difference in elevation between the Amazon Basin and the drill site (more than 6000 m).

S5.2 Principal Component Analysis on the Hlimani 1999 ice core

A PCA was performed on 50-year averages for rBC and major ions for the time period 1550 BC-1999
AD (Table S5.2). The results are in close agreement with those from the Illimani 2015 firn core
(Table S5.1). PC1 contains high loadings of calcium, magnesium, sodium, potassium, sulfate and
chloride representative of the dust input signal. PC2 includes rBC, ammonium, formate and to a lesser
extent, potassium, and is related to the biomass burning signal. PC3 is still representative of the post-
deposition processes, but also includes oxalate in addition to acetate. PC4 only contains nitrate and
could relate to the “nitric acid puzzle” discussed by Knisel et al. (2005) and characterized by very
high nitrate concentrations in some ice-core sections, potentially due to contamination. The diverging
temporal PC trends (Fig. S5.2) also highlight the different sources of the species. While the dust input
(PC1) remains fairly constant over the last 3500 years (except for a peak in 750 BC), the biomass
burning contribution (PC2) shows a long-term increase modulated by climate variations, with minima
(maxima) during cold/wet (warm/dry) periods, respectively, as already stated before. Conversely, PC3
shows higher (lower) values during cold/wet (warm/dry) periods. As acetate is anti-correlated with
PC3 (negative sign), it means that post-deposition increases during warm/dry periods, which is
consistent with the fact that those species will stay longer at the snow surface due to reduced
precipitation and will therefore experience further re-volatilization. PC4 displays common features
with PC3 but cannot be discussed in detail as part of it could stem from contamination processes.

Table S5.2: Results of the Principal Component Analysis (PCA) performed on the 1L-99 50-year averages for
the time period 1550 BC-1999 AD, after VARIMAX rotation. Values above 0.5 are in bold.

PC1 PC2 PC3 PC4
Sodium 0.85 -0.17 0.13 0.11
Potassium 0.53 0.51 0.35 0.02
Magnesium 0.89 -0.12 0.26 -0.07
Calcium 0.90 0.05 0.25 -0.03
Chloride 0.92 -0.11 —-0.04 0.23
Sulfate 0.66 0.42 -0.31 0.16
rBC -0.17 0.61 —-0.04 0.09
Ammonium 0.10 0.93 0.01 0.19
Formate -0.12 0.85 -0.32 -0.13
Oxalate 0.49 -0.32 0.62 -0.21
Acetate —0.08 0.06 -0.82 -0.19
Nitrate 0.14 0.13 0.11 0.94
Variance explained (%) 445 27.3 16.4 11.9
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Fig. S5.2: Temporal variations of the four Principal Components (PC) listed in Table S5.2.
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6 Main results from Colle Gnifetti and Tsambagarav ice
cores

This chapter focuses on the other two rBC ice-core records of the project, namely Colle Gnifetti and
Tsambagarav. The Colle Gnifetti industrial rBC record, spanning 1741-2015 AD, is presented in
greater detail in Sigl et al. (2018) whose major findings are summarized in section 6.1.1 of this thesis.
The Colle Gnifetti preindustrial and Tsambagarav rBC records will be the topic of upcoming papers.
Here, we just give an overview of the main results from those two ice cores for sake of completeness
with regard to the PaleoFire project.

6.1 Colle Gnifetti

6.1.1 Industrial BC not responsible of 19"-century glacier retreat in the Alps

Summary of: Sigl, M., Abram, N. J., Gabrieli, J., Jenk, T. M., Osmont, D., and Schwikowski, M.: 19%
century glacier retreat in the Alps preceded the emergence of industrial black carbon deposition on
high-alpine glaciers, The Cryosphere, 12, 3311-3331, 2018.

After reaching a maximum extent around 1850, most of the glaciers in the Alps started to rapidly
retreat from the 1860s on, thus materializing the end of the Little Ice Age in this region (Nussbaumer
and Zumbiihl, 2012; Zumbiihl et al., 2008). Lower precipitation in autumn and higher temperatures in
spring were commonly suggested to be the main drivers of this retreat (Steiner et al., 2008; Zumbiihl
et al., 2008). However, an alternative study based on model simulations combined with the EC ice-
core records from Colle Gnifetti (Thevenon et al., 2009) and Fiescherhorn (Jenk et al., 2006) claimed
that industrial BC emissions from 1850 on could have been the main responsible of Alpine glacier
retreat (Painter et al., 2013). The basis of this hypothesis was that BC, once deposited on snow and
ice surfaces, can trigger a strong snow-albedo feedback leading to increased snowmelt. However, this
study was based on low resolution ice-core records using different analytical methods and low
resolution measurements of glacier lengths, underlining the need of a high-resolution and reproducible
BC Alpine ice-core record to test this hypothesis.

Here, we make use of the combined rBC records from the Colle Gnifetti 2003B and 2015 ice cores
(respectively named CG03B and CG15) spanning 1741-2015 and of high resolution glacier length
measurements from four glaciers from the Western Alps offering a high observation density already
in the mid-19" century (Mer de Glace, Glacier des Bossons, Unterer and Oberer
Grindelwaldgletscher). Time-of-emergence (ToE) analyses were performed following the
methodology of Abram et al. (2016) to define the earliest time at which the rBC signal exceeds its
natural variability, which corresponds to a signal-to-noise ratio higher than two.

rBC long-term trends are presented in Fig. 6.1a. During the preindustrial time period (1741-1850
AD), the rBC average concentration was 2 ng g™ (with peak values above 4 ng g™* excluded) and little
variability can be observed. rBC concentrations started to increase in the last two decades of the 19"
century before reaching a first maximum between 1910 and 1920 and a second one between 1933 and
1945. Lower values between 1921 and 1932 could be linked with the economic crisis between the two
world wars when industrial production (and potentially rBC emissions) dropped. The average rBC
concentration for the time period 1901-1950 was 7.2 ng g, more than three times higher than the
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preindustrial levels. After 1950, rBC concentrations remained high (average 1951-1993: 6.6 ng g™)
and did only significantly decline in the 21® century, with concentrations around 5 ng g™.
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Fig. 6.1: a) Combined CG03B and CG15 rBC ice-core records and b) comparison between the Fiescherhorn
(FHO2) EC record and the CG rBC records averaged at the same resolution (adapted from Sigl et al., 2018).

In the preindustrial time period, the strong correlation between rBC and ammonium (R = 0.75, p <
0.0001, 11-year moving averages) indicates a common biomass burning source, although their natural
or anthropogenic origin cannot be disentangled. In the first half of the 20™ century, the anthropogenic
origin of rBC is evidenced by a common variability between rBC and industrial pollution tracers
typical of coal burning, such as sulfate, bismuth and lead. Correlations with the latter become weaker
in the second half of the 20™ century, thus pointing to a shift from coal-based to petroleum-based
combustion sources.

rBC long-term trends in the CG records are supported by the FH02 EC ice-core record (Fig. 6.1b)
derived from an ice core extracted 70 km north of the CG drill site, in the Bernese Alps (Cao et al., to
be submitted; Jenk et al., 2006). Despite large difference in absolute concentrations due to the
different analytical methods used (Lim et al., 2014; Sharma et al., 2017), relative variations are well
reproduced (R = 0.71, p < 0.005), particularly the first increase in concentrations around 1875, the
early-20" century maximum due to coal burning, the dip between the two world wars, the second
maximum after Second World War and the slight decline in the last decades. On the contrary, rBC
records from Greenland ice cores clearly differ from those from the Alps as they all show a similar
pattern reflecting North American industrial emissions, with a unique maximum around 1910 and a
strong decline in the 20" century with preindustrial values at the end of the 20" century (Keegan et
al., 2014; McConnell et al., 2007; Sigl et al., 2013).

An overall agreement is also observed between BC records from CG and FHO2 and BC emissions
inventories for both OECD Europe and the Western Alpine region (45-47 °N, 6-9 °E, Fig. 6.2, Bond
et al., 2007). However, some interesting differences can be noted. First, ice-core reconstructions show
that the linear increase visible in the inventories between 1850 and 1910 actually occurred in two
subsequent steps. Second, BC inventories do not capture the drop between the two world wars. Third,
ice-core reconstructions suggest a weaker decline in BC emissions in the second half of the 20"
century compared to the trend in the inventories. These discrepancies highlight the fact that BC
emission inventories still carry large uncertainties, especially in the earliest time period when data
were lacking for Europe and were extrapolated based on USA datasets (Bond et al., 2007). rBC ice-
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core records such as the CG one are therefore of great interest as they could be helpful to better
constrain BC emissions inventories which are then used as input parameters in coupled aerosol-
climate models (Lamarque et al., 2010; Lee et al., 2013; Shindell et al., 2013).
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Fig. 6.2: Comparison between the CG rBC (upper panel) and FH02 EC (lower panel) records and BC emission
inventories for the grid cells relative to the Western Alps (Bond et al., 2007). PI = preindustrial, PD = present
day. Figure adapted from Sigl et al. (2018).

ToE analysis performed on the rBC CGO03B record (with preindustrial biomass burning peaks
excluded, Fig. 6.3a) identifies the year 1875 AD as the time at which rBC concentrations significantly
increased above the preindustrial background, with a 5-95 % range spanning 1870-1882 AD (Fig.
6.3c). A similar result (1876 AD, with a 5-95 % range spanning 1872-1876 AD) was given by
another method, the Bayesian change point algorithm (Fig. 6.3d, Ruggieri, 2013). The year 1875 AD
was therefore defined as the start of significant industrial BC deposition at the CG site. Interestingly,
the stacked record of the four glacier length changes (Fig. 6.3b) reveals that at that time, those four
glaciers had already experienced 82 % of their total 19"-century retreat (5-95 % range: 52-92 % of
their total 19"-century retreat), which invalidates the hypothesis of Painter et al. (2013) as timing
does not match between the high-resolution rBC and glacier length records. Most of the 19"-century
glacier retreat took place between 1850 and 1875. Even if length reductions may vary for glaciers due
to their different size and topography, a consistent trend was visible in all of them, with Bossons,
Oberer Grindelwald, Mer de Glace and Unterer Grindelwald having experienced 100 %, 83 %, 79 %
and 74 % of their cumulative 19"-century retreat in 1875, respectively (Fig. 6.3e). Moreover, small
glacier advances occurred around 1910-1920 when rBC concentrations were at their maximum
(around 10 ng g*) which confirms the overall weak impact of rBC on Alpine glacier melting.

One possible explanation for the substantial post-1850 Alpine glacier retreat is that the first half of the
19™ century was characterized by much colder conditions than average over Central Europe (Brohan
et al., 2012; Buntgen et al., 2011; Luterbacher et al., 2016), especially for summer surface air
temperatures which have been shown to be important drivers of glacier mass balance (Luthi, 2014;
Solomina et al., 2016, Fig. 6.4a). This cooling could have been triggered by a series of large tropical
volcanic eruptions from 1809 to 1835 (including the historic 1815 Tambora eruption) which injected
billons of tons of aerosols in the atmosphere (Sigl et al., 2015; Toohey and Sigl, 2017, Fig 6.4b) and
occurred simultaneously with the Dalton solar minimum (Usoskin, 2013). These conditions could
have forced glaciers to advance beyond their natural variability range, leaving them in an unsteady
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state. When the negative radiative forcing conditions stopped around 1850, temperatures started to
increase and glaciers retreated back to the initial positions they had before this period of strong
negative radiative forcing.
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Fig. 6.3: a) Annual CG rBC record with biomass burning peaks excluded (BC,, g, black) and 15-year filtered
trend (blue). b) Mean glacier length change rate with an 11-year filter smooth for the combined four glacier
records used in this study and mean value of the glacier retreat in 1875 with [5-95 % range]. c) ToE analysis
and d) linear Bayesian change point algorithm showing the normalized distribution of the probabilities of the

timing of emergence of industrial BC deposition associated with the median (panel ¢) and mode (panel d) values
and [5-95 % range]. e) Completed 19"-century glacier retreat by 1875 for the four individual glaciers and the
glacier stack. Black bars show the mean value and boxes represent the 5-95 % uncertainty range. Figure from
Sigl et al. (2018).
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Fig. 6.4: a) Annual resolution and smoothed curve of the mean glacier length change rates for the four glaciers
of study along with air temperature anomalies for the summer half year (SAT summer) averaged at the same
resolution for the Alpine region HISTALP station network (Bohm et al., 2010). b) Glacier stack record (same as
panel a) with stratospheric aerosol optical depth (SAOD) at 550 nm inferred from ice cores for the time period
1800-1850 (Toohey and Sigl, 2017) and from CMIP6 simulations otherwise (Eyring et al., 2016). Figure
adapted from Sigl et al. (2018).

6.1.2 The preindustrial record

In this section we will focus on the time period 1039-1800 AD. The deepest 10 m of the core,
spanning roughly 10000 BP-1000 BP, were not sampled due to poor ice quality (chips) and lack of
available material. Moreover, the section between 1039 and 1253 AD was composed of brittle ice
which could not be cut at high resolution. Annual resolution is not achieved before 1525 AD but as
the resolution does not substantially decline until 1254 AD, missing years were linearly interpolated.

Three periods of lower concentrations are visible in the preindustrial rBC record (Fig. 6.5), spanning
roughly 1290-1330 AD, 1430-1490 AD and 1640-1730 AD. They are surrounded by periods of
higher concentrations, except in the 18" century which shows the lowest centennial average (1.8 ng g
1, in line with the coldest phase of the LIA recorded around 1700 AD (Owens et al., 2017). rBC
concentrations in the brittle ice section (average 1039-1253 AD: 2.6 ng g™*) do not substantially differ
from those observed in the following time period (average 1254-1400 AD: 2.7 ng g™).
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Fig. 6.5: rBC (upper panel), ammonium (middle panel) and nitrate (lower panel) annual concentrations in the
CGO03B ice core with 31-year moving medians (orange line), the fire threshold associated (purple line) and the
number of years above the fire threshold per century corrected for neighboring outliers (red numbers above each
chart). The section with brittle ice before 1254 AD was not considered for the outlier detection because of too
low resolution. Blue bars show the periods of solar minima.

A correlation analysis was performed over the time period 1300-1799 AD to find common variability
between major ions and rBC to highlight potential common sources (Table 6.1). Two main groups
could be distinguished: the dust-related compounds (sodium, potassium, magnesium, calcium,
chloride and sulfate) and the biomass burning tracers (rBC, ammonium and nitrate). rBC (nitrate)
displays the highest (lowest) peak-to-background ratio. Similar to the rBC record, ammonium
presents lower concentrations around 1290-1350 AD and 1430-1490 AD. Nitrate concentrations are
only reduced during 1410-1480 AD. Those three time periods are characterized by lower Northern
Hemisphere temperatures (Owens et al., 2017) potentially inducing less biomass burning activity, and
partially match minima of solar activity, namely the Wolf (1270-1340 AD), the Sporer (1450-1550
AD) and the Maunder (1640-1720 AD) solar minima (Usoskin, 2013) although direct causation
between lower solar activity and colder temperatures cannot be established (Owens et al., 2017).
Transport and deposition processes seem to remain constant as the CGO03B calcium record (not
shown) does not present any clear trend over the same time period, therefore suggesting that rBC,
ammonium and nitrate variations primarily record temperature-induced changes in biomass burning
activity over Central Europe.
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Table 6.1: Pearson correlation coefficients (r) between rBC and major ions in the CGO03B ice core for the time
period 1300-1799 AD performed on annual averages. Values above 0.5 are in bold. r is statistically significant
if >0.146 (n = 500, p = 0.001).

Na* NH," K* Mg ca”’ cl NOy S0~ rBC

Na* 1
NH," 0.44 1

K* 0.65 0.46 1
Mg 0.79 0.33 0.25 1
ca® 0.75 0.22 0.19 0.95 1

cr 0.91 0.51 0.63 0.74 0.66 1
NOy 0.42 0.76 0.38 0.30 0.24 0.44 1
SO,* 0.77 0.44 0.29 0.91 0.90 0.78 0.41 1

rBC 0.28 0.80 0.45 0.19 0.08 0.37 0.63 0.29 1

Following the method presented by Osmont et al. (2018), we performed a statistical counting of
remarkable fire peaks in the CG03B rBC, ammonium and nitrate records, which confirmed the long-
term trends showing reduced fire activity during the 18" century and enhanced fire activity in the 16"
and 17" centuries. A significant peak match between the three fire proxies is observed. For instance,
rBC and ammonium share 38 years with common peaks, representing 63 % (86 %) of the total rBC
(ammonium) peaks. rBC and nitrate exhibit 26 common peaks, accounting for 43 % (76 %) of the
total rBC (nitrate) peaks. Lastly, ammonium and nitrate have 29 peaks in common, representing 66 %
(85 %) of the total ammonium (nitrate) peaks. Outstanding fire years, excluding years with
simultaneous calcium peaks indicative of enhanced deposition due to the presence of mineral dust, are
recorded in 1362, 1485, 1503-1507, 1530, 1571, 1597 and 1631. Interestingly, the year 1530, which
shows the highest rBC concentration of the entire record (29.6 ng g™*), could be associated with the
11-month historic megadrought which affected Europe in 1540 AD (Wetter et al., 2014), as the
discrepancy lies within the dating error of the ice core. The occurrence of extensive wildfires is
supported by historical sources (chroniclers Biem in Cracow and Salat in Lucerne) mentioning that
the sky was filled with smoke and the sunlight was dimmed.

6.1.3 Summary

The Colle Gnifetti 2003 and 2015 ice-core records enabled us to reconstruct past rBC variability over
the last millennium. The rBC record presents a good correlation and peak-to-peak match with the
ammonium and nitrate records, suggesting a potential common origin from biomass burning
emissions. Those three records show lower concentrations and reduced peak occurrence during colder
time periods such as the Wolf, Spérer and Maunder solar minima. The year 1875 can be considered as
the time when rBC industrial emissions started to rise above the natural background. As most of the
19™-century Alpine glacier retreat took place between 1850 and 1875, rBC emissions at that time
cannot be held responsible for having forced this retreat, which contradicts a previous study (Painter
et al., 2013). Anthropogenic rBC deposition at CG remained elevated throughout the 20" century and
did only start to decrease in the last decades. The overall good agreement with the neighboring
Fiescherhorn ice core and, to a lesser extent, with regional BC emission inventories, illustrates the
ability of the CG ice core to accurately capture BC emission trends from Central Europe.
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6.2 Tsambagarav

6.2.1 The paleofire record: 6000 years of fire dynamics in the Altai

Figure 6.6a presents the full rBC record from the Tsambagarav ice core. No major long-term trend is
evident in the record except a period with much larger variability and higher concentrations in the
oldest 1000 years (roughly 4800-3800 BC) corresponding to the lowest 2-3 m of the core. This trend
at the bottom of the core is also present in the major ion (Fig. 6.6b-d) and isotope records (Fig. 6.6e)
and could indicate more unstable climatic conditions during the transition from a wetter and warmer
Holocene Climatic Optimum (HCO) to a drier and colder period spanning roughly the last five
millennia until around 1750 AD, as inferred by accumulation reconstruction studies (Herren et al.,
2013). It has been shown that glaciers in the Mongolian Altai completely disappeared during the HCO
and started to reform around 6000 years ago (Herren et al., 2013). This reformation process might
partially explain the greater variability in concentration towards the bottom of the ice core. Warmer,
albeit wetter, conditions during the HCO might also be responsible of higher levels of biomass
burning and therefore higher rBC emissions. It is also worth mentioning that the interpretation of the
50 remains difficult as it is influenced by both the temperature and moisture conditions (Herren et
al., 2013).

This transition from a wetter/warmer HCO to a subsequent drier/colder period can be primarily
explained by insolation-driven latitudinal changes of the Intertropical Convergence Zone (ITCZ). As
NH summer insolation decreased throughout the Holocene, the ITCZ was gradually shifted
southwards and the NH summer monsoon systems were weakened, leading to a transition from
wetter/warmer to drier/colder climatic conditions north of the Himalaya (Wanner et al., 2011). We
hypothesize that this transition was accompanied by a change from a monsoon-dominated climate
regime to a Westerlies-dominated climate regime, thus bringing more stable conditions.

Using the Tsambagarav ice core, temperatures of the past 3200 years were reconstructed by Herren
(2013) based on the concentration of biogenic species, namely ammonium and formate (Fig. 6.6f).
The underlining hypothesis is that higher emissions of ammonia and volatile organic compounds are
produced by vegetation in periods of warmer temperatures and Tsambagarav is located downwind the
huge Siberian taiga belt. The most pronounced feature corresponds to a period of elevated
temperatures between 130 BC and 310 AD which can be associated with the Roman Warm Period
(RWP). The recent temperature increase in the 20™ century is also perceptible, but the origin of the
increase in ammonium can be questioned as it could also stem from anthropogenic sources (see
section 6.2.2). Surprisingly, other characteristic periods such as the MWP and the LIA are barely
visible as the record rather suggests a continuous period of negative temperature anomalies at that
time. Similarly, climatic trends over the last 2000 years are not well pronounced in the rBC record
(Fig. 6.6a). Overall low rBC concentrations prevailed from 700 AD to 1850 AD, in line with the cold
conditions evidenced by Herren (2013). Contrary to the Colle Gnifetti ice core, no significant
correlation is observed here between rBC and ammonium (r = 0.19, p = 0.05, entire record, 50-year
averages), which suggests different sources, namely biogenic emissions for ammonium and biomass
burning emissions for rBC.
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Fig 6.6: a) rBC, b) ammonium, c) sulfate, d) calcium and e) %0 records from the entire Tsambagarav ice core

(for panels b to e, Herren et al., 2013). f) Reconstructed temperature anomalies for the last 3200 years based on

the tracers for biogenic emissions, normalized to the period 1270-1930 AD (Herren, 2013). All the data are 50-
year averages. The red bar indicates the Roman Warm Period (RWP).

Annual resolution was achieved in the record back to 1582 AD, and extended by linear interpolation
back to 1400 AD as the resolution did not significantly decrease until that time. The annual rBC
record (Fig. 6.7a) shows periods of enhanced biomass burning from 1510 to 1550 AD, 1620 to 1680
AD and 1730 to 1790 AD, while the pronounced increase in the 20" century can be mainly attributed
to industrial emissions (see section 6.2.2). The time period 1620-1680 AD is in agreement with the
charcoal record from Belukha ice core suggesting a period of very high fire activity in the Siberian
Altai from 1600 to 1680 AD (Fig. 6.7c, Eichler et al., 2011) following an extremely dry period
between 1540 and 1600 AD which triggered forest dieback and accumulation of dead biomass more
susceptible to burning. Lowest rBC concentrations are recorded around 1670-1730 AD, during the
Maunder minimum (1640-1720 AD) characterized by cold conditions in the area (Fig. 6.7d).
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Fig. 6.7: a) rBC and b) ammonium (Herren et al., 2013) annual averages for the time period 1400-2009 AD in
the Tsambagarav record. Orange lines are 31-year moving medians, purple lines correspond to the fire threshold
associated and red numbers indicate the number of years with peaks above the fire threshold, corrected for
neighboring outliers. c) Charcoal record from the Belukha ice core, raw data (Eichler et al., 2011). d) Palmer
Drought Severity Index (PDSI, left scale) for Southern Siberia (45-57.5 °N, 60-110 °E) including the Altai
region (Cook et al., 2010) and summer (JJA) temperature anomalies relative to 1961-1990 AD (left scale) for
the Altai region inferred from tree-ring reconstructions (Blintgen et al., 2016). Data are 11-year moving
averages.

Interestingly, the statistical counting of fire peaks based on the rBC record (for a description of the
method, see Osmont et al., 2018) shows an increase in fire episodes with time, in contrast to
temperature which exhibits a general decreasing trend until the coldest 19" century (Fig. 6.7d). On
the contrary, the ammonium record does not show such a trend but only a higher peak frequency in
the 16™ and 17" centuries (Fig. 6.7b). Contrary to what is observed for the Colle Gnifetti ice core,
little peak-to-peak correspondence is visible between the rBC and ammonium records, as only 18 %
(36 %) of the rBC (ammonium) peaks occur in concert with ammonium (rBC) peaks. Moreover, the
correlation coefficient between rBC and ammonium remains low (r = 0.31 for the preindustrial time
period 1400-1899 AD, annual averages, p < 0.001). Both these long-term and peak discrepancies
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underline that biogenic emissions are the major contributor to the ammonium budget at Tsambagarav
and that the ammonium record cannot be convincingly associated with biomass burning emissions.
Outstanding rBC peaks are visible in 1637 and 1760 AD in periods of regional cold and dry
conditions (Fig. 6.7d). A detailed time comparison between years with rBC peaks and major forest
fires from Kazakhstan inferred from tree rings (Mazarzhanova et al., 2017) reveals that the rBC
record from Tsambagarav is able to accurately capture biomass burning episodes from this region as
all the large fires years described by Mazarzhanova et al. (2017) (1759, 1797, 1824, 1833, 1852 and
1871) match rBC peaks in the Tsambagarav record within = 2 years owing to the dating uncertainty.
This also indicates that areas located west of Tsambagarav are potential source regions, which is in
line with the assumption that the current climate regime is dominated by Westerlies.

6.2.2 20"-century industrial BC emissions

In the 20" century, rBC (Fig. 6.8a) and ammonium background concentrations reached unprecedented
levels since the HCO. Although the rise in ammonium might be partially driven by higher
temperatures responsible of enhanced biogenic emissions (Herren, 2013), this increase, starting from
1950 AD and peaking in the 1970s and 1980s, is also observed in the sulfate and nitrate records (Fig.
6.8b-c), two well-known ice-core tracers for anthropogenic emissions. Anthropogenic sulfate
primarily comes from SO, emissions produced by the combustion of fossil fuels (Goto-Azuma and
Koerner, 2001; McConnell et al., 2007; Schwikowski et al., 1999) while nitrate mainly originates
from NOy emissions from traffic (Eichler et al., 2011, 2015; Goto-Azuma and Koerner, 2001; Wendl|
et al., 2015). Ammonium can also be influenced by anthropogenic activities as it can stem from
agriculture and livestock NH3; emissions (Wendl et al., 2015). Following this peak, rBC, sulfate, and
to a lesser extent nitrate and ammonium, strongly declined in the late 1980s and 1990s back to early
20" century levels. This overall trend is also reproduced by industrial BC emission inventories for
Eastern Europe and former USSR countries (Fig. 6.8d, Bond et al., 2007), suggesting those countries
as probable source regions, with a maximum of emissions between 1950 and 1980 AD when the
Soviet industrial production was at its maximum, followed by a dramatic decline caused by the USSR
collapse and the sudden stop of many heavy industries. Nevertheless, the 20™-century increase starts
earlier and appears smoother in the inventories than in the ice core, probably due to the linear
extrapolation used in the emission inventories in the earliest times, for which reliable data is lacking.

6.2.3 Events of particular interest

Although speculative, some particular features recorded in the Tsambagarav ice core could potentially
relate to well-documented historical or natural events. For instance, a clear calcium peak around 2100
BC could indicate severe drought conditions (Fig. 6.6d). At the same time in Mesopotamia, the
Akkadian empire collapsed in the context of a regional aridification (Cullen et al., 2000). A local
minimum in the 'O record around 1540 BC (Fig. 6.6e) suggests a sudden cooling, which could be
related to a volcanic eruption, potentially that of Santorini, Greece, whose exact time is still debated.
This cooling occurred in concert with the highest charcoal value recorded in the Tsambagarav ice core
(29 particles cm™, Brugger et al, in review), indicative of a very high fire activity. More recently, a
remarkable rBC peak (12.8 ng g™) was seen for the year 1910 AD (Fig. 6.8a, also slightly visible in
the ammonium record). Forest fires triggered by the Tunguska event, a plausible meteoritic impact
which occurred in June 1908 1500 km north of the Tsambagarav drill site, are a possible source,
within dating uncertainties. In the Belukha ice core, a peak of nitrate in 1908 AD has been discussed
as a potential evidence of the Tunguska event (Olivier et al., 2006). Ammonium peaks were also
observed in some of the Greenland ice cores for the year 1908 AD (Legrand et al., 2016).
Nevertheless, the authors concluded that those peaks were most probably related to forest fires in
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North America and that the similarity in the year was just a coincidence as the burned area induced by
the Tunguska event remained small (around 10 000 ha) compared to the average annual burned area
over Siberia, amounting to millions of ha. Another outstanding rBC peak is visible for the year 1995
AD (Fig. 6.8a). It is not accompanied by a sulfate peak, thus pointing to a biomass burning origin
although no simultaneous charcoal peak can be seen, suggesting a non-local source. In Mongolia, the
years 1996 and 1997 AD experienced historic fire seasons with a burned area around six times greater
than on an average year (Fig. 6.9). Per year, more than 10 Mha of forest and pasture burned during
those two years (IFFN, 2002), which represents around 7 % of the total country area.
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Fig. 6.8: a) rBC, b) sulfate and c) nitrate for the time period 1850-2009 AD in the Tsambagarav ice core. Thin
lines are annual averages and thick lines, 11-year moving averages. Sulfate and nitrate data are from Herren et
al. (2013). d) Industrial BC emission estimates at 5-year resolution for Eastern Europe and former USSR
countries (Bond et al., 2007).
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Figure 6.9: Map of Mongolia indicating the burned area (in red) for the years 1996 (left) and 1997 (right)
(adapted from IFFN, 2002). The black star shows the Tsambagarav drill site.

6.2.4 Summary

The rBC record from the Tsambagarav ice core provides a detailed reconstruction of regional fire
activity for the last 6000 years. A much larger variability was observed in the oldest 1000 years of the
record, suggesting greater climate instability due to a predominant monsoon regime in the context of
the Holocene Climatic Optimum, which subsequently shifted towards a Westerlies-dominated climate
regime bringing more stable conditions due to latitudinal changes of the ITCZ. No long-term trend
was obvious in the last 5000 years. The Roman Warm Period, clearly visible in the ammonium record
and in the temperature reconstruction, was not outstanding in the rBC record. Only for the Maunder
minimum could a clear rBC minimum be seen. The ammonium record seems to be solely related to
biogenic emissions, as suggested by the weak agreement with the rBC record for both long-term
trends and peak occurrence. The good agreement between the Tsambagarav rBC record and other
regional fire reconstructions from Belukha and Kazakhstan as well as with particular biomass burning
events (e.g. fire season 1996-1997) confirms that rBC can be used as a suitable proxy for regional
paleofire reconstruction, except during the 20" century which was disturbed by industrial emissions
from Eastern Europe and the USSR. In the future, connections with regional temperature,
precipitation and climatic patterns such as the Pacific Decadal Oscillation, the Arctic Oscillation or
the North Atlantic Oscillation need to be studied in greater detail to understand the driving forces of
biomass burning in Mongolian forests and steppes.
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7.1 Introduction

Fires are an important component of the terrestrial environment as they influence vegetation cover
and substantially contribute to the global carbon budget. Current global CO, emissions from fires,
including landscape fires and biomass burning, represent around 50 % of the global CO, emissions
produced by fossil fuel burning (Bowman et al., 2009). Fires exert an influence on the climate system
as they emit greenhouse gases and aerosols (Andreae and Merlet, 2001). In the last two decades, the
occurrence of devastating wildfires has increased in many regions of the world, leading to substantial
socioeconomic and environmental consequences (Moritz et al., 2014). In the context of global
warming, fire activity is expected to increase in frequency, intensity, duration and extent in many
regions of the globe (Bowman et al., 2011; Keywood et al., 2011). To better understand the complex
linkages between fires, climate and humans, and to more accurately predict the future evolution of
fires in a warming climate, paleofire reconstructions are needed.

For this purpose, ice cores from polar and high-altitude glaciers can be used (see e.g. Osmont et al.,
2018; Zennaro et al., 2014). Fires emit a wide range of chemical compounds, such as black carbon
(BC) and charcoal, which can be transported over long distances, scavenged by precipitation and be
deposited in the snowpack, where they will be archived. However, ice-core studies often focus only
on paleofire trends but do not consider transport and deposition processes in detail. These processes
can only be inferred from specific case studies implying detailed monitoring of the fire extent, the
plume transport and the biomass burning tracer deposition and preservation in the snowpack, which is
no longer possible for biomass burning events that occurred decades or centuries ago. It thus results
that the footprint of the ice-cores sites regarding fires and their ability to preserve single biomass
burning events remain largely unknown. Pioneer case studies have shown that elevated concentrations
of ammonium, potassium and formate in Greenland atmosphere and snow could be directly related to
forest fires in Canada (Dibb et al., 1996).

Here, we focus on an outstanding fire event starting on 17" June 2017 in Portugal. On those days, this
country was affected by a severe heat wave with temperatures higher than 40 °C. During a dry
thunderstorm, lightning ignited the forest near Pedrégdo Grande, in Central Portugal. The resulting
fire rapidly spread out of control, Killing 66 people and burning around 45000 ha, and was not entirely
extinguished before 24™ June. This event became the deadliest and most important forest fire Portugal
ever experienced. A huge plume of smoke was emitted and transported towards the northeast
direction. On 21*" June, the MeteoSwiss automatic lidar in Payerne (Switzerland) detected a layer of
smoke between 3000 and 5000 m a.s.l. corresponding to the arrival of the plume (Fig. 7.1, left),
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which intensified on 22™ June and whose origin was confirmed by atmospheric backward trajectory
analysis (Fig. 7.1, right). This layer of smoke became visible on 22™ June in the morning on the
Jungfraujoch (JFJ) research station webcam (Fig. 7.2), located at 3580 m a.s.l. in the Bernese Alps,
and a peak in atmospheric equivalent black carbon (eBC) was detected by the Multi-Angle
Absorption Photometer (MAAP, optical method for BC quantification, Petzold and Schonlinner,
2004) installed in the research station (Fig. 7.3). Elevated values lasted until 25" June when the first
snowfalls following the event occurred.
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Fig 7.1: Lidar profile from the MeteoSwiss station in Payerne (left panel). The red rectangle shows the ash layer
appearing on 21 June 2017 and getting more intense in the next hours. The pollution layer on the Swiss Plateau
is visible below 2000 m. Atmospheric backward trajectory from Payerne (right panel) calculated by the Global
Forecast System model (GFS) between 22™ June 00 UTC and 18" June 00 UTC, with the vertical profile shown
below. The red star shows the location of the JFJ research station. Source:
http://www.meteosuisse.admin.ch/home.subpage.html/fr/data/blogs/2017/6/incendies-du-portugal-mesures-en-
suisse.html.

Fig. 7.2: View from the webcam of the JFJ research station, 3580 m a.s.l., Bernese Alps, Switzerland, in the
morning of 22" June 2017. The dark ash layer is clearly visible (red rectangle). Source:
http://lwww.meteosuisse.admin.ch/home.subpage.html/fr/data/blogs/2017/6/incendies-du-portugal-mesures-en-
suisse.html.
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Following this interesting event, we collected a snowpit at the JFJ site in order to determine how this
plume of smoke had been archived in the snowpack and which chemical imprint was left. We decided
to wait for some precipitation to take into account wet deposition processes. Precipitation occurred on
25" 26™, 28" and 29" June, so we planned the trip for 30" June.

7.2 Methods

7.2.1 Study site and meteorological conditions

The high-altitude research station Jungfraujoch (JFJ, 46°32" N 7°59" E) was founded in 1930 on the
eponymous pass located between the summits of Jungfrau and Ménch, in the Bernese Alps, at an
altitude of 3580 m a.s.l. in a high-alpine environment surrounded by glaciers and cliffs (Fig. 7.4). The
north side, facing the Swiss Plateau, consists of a steep ice fall while the relatively flat south side
hosts a large glacier forming part of the Aletsch glacier. The JFJ site only partially lies within the free
troposphere as it is frequently influenced by uplifted air from the planetary boundary layer (see e.g.
Bukowiecki et al., 2016). Aerosol monitoring, which started there in the 1970s, provide continuous
long-term atmospheric records of many parameters such as aerosol size distribution, number and mass
concentrations, cloud condensation nuclei number concentration, light absorption coefficients and
eBC concentration. In addition, a weather station from MeteoSwiss provides meteorological data
(temperature, humidity, wind speed and direction, etc...). However, precipitation is not monitored at
JFJ due to the difficulty of obtaining accurate data as most of the precipitation occurs in form of snow
and in frequent association with strong winds. The closest precipitation data available comes from
Lauterbrunnen (815 m a.s.l.), only 8 km apart but 2700 m below in the valley, which can lead to
strong discrepancies between the two sites. Precipitation (rainfall) was recorded at Lauterbrunnen on
25", 26", 27", 28™ and 29" June, bringing 15.7, 17.1, 0.6, 18.8 and 21.8 mm of water, respectively.
We used the JFJ webcam to determine whether snowfalls occurred at the same time at JFJ, which
turned out to be true except on 27" June. We estimated the snowfall height by considering a density of
0.2 g cm™ as observed in the fresh snow layer in the upper 10 cm of the snowpit (Fig. 7.5b), thus
giving snowfall heights of 7.9, 8.6, 9.4 and 10.9 cm for the days 25", 26" 28" and 29" June,
respectively (Fig. 7.3).
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Fig. 7.3: Atmospheric equivalent black carbon (eBC) profile from the continuous MAAP measurements at JFJ
showing the peak on 22" June when the plume of smoke reached the site. Blue bars indicate days with
significant snowfall, with the respective amount in cm.
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Fig. 7.4: Topographic map of the JFJ site, with the location of the snowpit (red star). Source: Federal Office of
Topography, Swisstopo.

7.2.2 Snowpit and sampling

The snowpit was collected on 30" June 2017, around 20 m off the prepared trail between JFJ and
Monchsjochhiitte and 400 m east from the Jungfraujoch rock, at an altitude of 3460 m a.s.l. (Fig. 7.4).
Digging was stopped at 1.10 m depth when a massive ice layer was found, thus preventing us from
going deeper. Density measurements were carried out on the spot for each layer by filling a stainless
steel cylinder of known volume with snow and by weighing it. Following the stratigraphic study, 20
samples were collected at around 5 cm resolution by pushing pre-cleaned 50-mL polypropylene vials
(Semadeni AG, Switzerland) in the snow wall (Table 7.1). Ice layers were sampled specifically (if
thick enough) to check the potential impact of melting on the chemical composition of the snowpack.
20 replicates samples were retrieved at the same resolution to test the reproducibility of the
experiment. 6 pre-cleaned 1-L PETG jars (Semadeni AG, Switzerland) were also filled with snow for

microscopic charcoal (> 10 um) analysis, at 10 cm resolution between 20 and 80 cm depth.

Table 7.1: Sampling profile for rBC and major ions. Samples containing an ice layer are highlighted in blue.

Depth top (cm) | Depth bottom (cm) | Sample number | Ice layer (cm)
0 7 1
7 14 2
14 22 3
22 27 4
27 32 5
32 37 6
37 44 7
44 50 8
50 54 9 50-51
54 58 10 57-58
58 61 11
61 67 12
67 72 13
72 76 14
76 78 15 76-78
78 84 16
84 90 17
90 92 18 90-91
92 100 19
100 110 20
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7.2.3 Analytical methods

Samples were stored in frozen state until analysis. 50-mL vials were melted and analyzed at PSI for
rBC and major ions. rBC analysis followed the method described by Wendl et al. (2014). After
melting the samples at room temperature and 25 min sonication in an ultrasonic bath, rBC was
quantified using a Single Particle Soot Photometer (SP2, Droplet Measurement Technologies, USA,
Schwarz et al., 2006; Stephens et al., 2003) coupled to an APEX-Q jet nebulizer (Elemental Scientific
Inc., USA). Further analytical details regarding calibration, reproducibility and autosampling method
can be found in Osmont et al. (2018). Samples were subsequently analyzed for 13 ions (5 cations:
ammonium NH,*, calcium Ca?*, magnesium Mg?", potassium K and sodium Na'; and 8 anions:
acetate CH;COO', chloride CI, fluoride F, formate HCOO , methanesulfonate (MSA) CHsSOs ,
nitrate NO, , oxalate C,0,” and sulfate SO,”) by ion chromatography (850 Professional IC,
Metrohm, Switzerland). Charcoal samples were melted and treated according to Brugger et al. (2018)
and Brugger et al (in review). Briefly, a marker (a known number of Lycopodium spores) was added
after melting to monitor the losses during the extraction process and charcoal particles were optically
counted and corrected for the losses.

7.3 Results

7.3.1 Snowpit profile

The snowpit profile (Fig. 7.5a) clearly shows five layers with different grain size and density (Fig.
7.5b). Layer A, from 0 to 10 cm (d = 0.2 g cm™), is composed of fresh and very light powder snow
corresponding to the 10.9 cm snowfall on 29" June. Layer B, from 10 to 22 cm (d = 0.37, g cm™) is
made of light snow probably originating from the snowfall on 28" June (estimated height: 9.4 cm).
Snow in layer C, from 22 to 50 cm (d = 0.54 g cm™), had already experienced some transformation as
bigger (2-3 mm) round-shaped grains were observed and could relate to the snowfalls that occurred
on 25" and 26" June (and even on 21° June, before the arrival of the biomass burning plume, with 2.3
cm estimated height), leading to a total estimated height of 18.8 cm. At that point, the estimated
snowfall height does not match anymore with the actual height in the snowpit, thus pointing out the
limits of our approach for the estimation of the precipitation. Below 50 cm depth, exact dating
becomes impossible, but the frequent presence of ice layers and more compact snow indicates older
snow which experienced warmer temperatures, in line with the heat wave which lasted until June 24"
in Switzerland. Layer D, from 50 to 76 cm depth, is composed of denser and compact snow (d = 0.55
g cm®). Layer E, below 78 cm depth, is made of compact firn, although the density did not
significantly change (d = 0.52 g cm™®).

7.3.2 rBC and charcoal profiles

A remarkable peak with concentrations up to 9.8 ng g™ is visible in the rBC profile (Fig. 7.5¢c) from
22 to 37 cm depth (samples 4 to 6), in the layer C corresponding to the first snowfalls recorded after
the event. This suggests that atmospheric BC was scavenged by snow on 25" and 26™ June, in
agreement with a drop in atmospheric eBC concentration observed at the same time (Fig. 7.3). Wet
deposition seems to be the preferential pathway as the peak is spread over the whole accumulated
snow layer while dry deposition would rather create a thin and unique highly concentrated layer.
Several studies have already indicated that rBC was preferentially scavenged from the atmosphere via
wet deposition processes (Cape et al., 2012; Ruppel et al., 2017). As no precipitation occurred on 22"
June when atmospheric rBC concentrations were peaking, we assume that the highest concentrations
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were not archived in the snow and that only the atmospheric eBC fraction that remained in the
atmosphere until 25" June was scavenged when snowfalls subsequently occurred. The uppermost two
layers (A-B, samples 1 to 3) show very low rBC concentrations (average: 0.21 ng g), in line with the
clean atmospheric conditions which prevailed on 28" and 29" June with eBC concentrations below 10
ng m*. Below the rBC peak, from 37 to 110 cm depth, rBC concentrations, with an average of 2.02 ng
g™, show some variability but no clear trend or peak. A very good agreement is obtained between the
two series of replicate rBC samples (r = 0.90).

In general, the mode of the rBC mass size distribution (Fig. 7.5c) corresponds to particles with a
rather large diameter (average of 306 nm and 291 nm for the two series of replicates), which suggests
a predominant biomass burning origin, similarly to what Lim et al. (2017) observed in the summer
layers of the Elbrus ice core, with a mean mass mode diameter of 290.8 nm. The mass size
distribution remains fairly similar throughout the profile and does not display higher values in the
samples containing rBC peak concentrations.

The impact of melting on the rBC profile remains unclear. Samples 9, 10, 15 and 18 specifically
contain ice layers formed by refreezing of melt water. Only samples 9 and 15 show depleted rBC
concentrations for both series of replicates compared to the neighboring samples. No impact was
observed on the size distribution of the aforementioned samples, while a shift towards large particles
can be expected due to the aggregation of rBC particles after melting and refreezing. However, given
the small thickness of the ice layers (typically 1-2 cm), those samples might also contain surrounding
snow and therefore might not be fully representative of melting conditions. Furthermore, the behavior
of rBC particles during melting remains unclear as some studies indicate that rBC is preferentially
enriched at the snow surface due to its low solubility in water (Doherty et al., 2013) while others
suggest that rBC can also percolate through the snowpack (Xu et al., 2012).

The charcoal profile (Fig. 7.5d) shows a concomitant peak between 30 and 40 cm depth, with values
as high as 20 000 fragments L™. Compared to the rBC peak, the thinner charcoal peak could indicate
that wet scavenging occurred more rapidly for charcoal due to its larger particle size (> 10 um for
charcoal, < 500 nm for rBC). As charcoal is a specific proxy for biomass burning, contrary to rBC
which can also originate from fossil fuel combustion, it is evident that this common rBC-charcoal
peak is associated with a biomass burning source. However, in the case of lake sediment studies, it is
commonly admitted that charcoal particles mainly originate from regional sources (20-100 km,
Tinner and Hu, 2003). A travel distance from Portugal to JFJ (around 1500 km) thus appears
challenging. Given the extreme intensity of this fire, we hypothesize that charcoal particles could have
been lifted up high enough in the atmosphere by convection in such a way that they were able to
travel along a much longer distance than in case of a low-intensity fire. Moreover, transport patterns
might differ between lake sediment studies, usually performed at low-elevations sites, and snowpit
and ice-core studies from high altitude sites frequently lying within the free troposphere, which allows
more long-range transport.
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Fig. 7.5: a) Snowpit stratigraphy with ice lenses in dark blue. b) Density profile of the snowpit. ¢) rBC
concentration profile (top scale) with the two series of replicates (black and grey) and sample number
associated. Mode of the rBC mass size distribution (bottom scale) with the two series of replicates (dark red and
red). Blue bars are ice lenses. d) Charcoal concentration profile.

7.3.3 lonic profiles

Figure 7.6 presents the major ion profiles obtained from the JFJ snhowpit. Due to very low
concentrations constantly below 10 ng g*, the potassium, magnesium, fluoride, MSA and oxalate
profiles are not shown nor discussed. Except for a few values, a good agreement is obtained between
the two sets of replicates, particularly for ammonium and nitrate. The acetate profile appears less
reproducible, which is not surprising given its sensitivity to contamination from ambient air (Legrand
and De Angelis, 1995) and to post-depositional processes in the snowpack due to its volatile
properties (De Angelis and Legrand, 1995; Legrand et al., 2016). Due to the location of the JFJ site,
low concentrations are obtained for ions related to sea salt (sodium, chloride) while elevated
concentrations are found for ions related to biogenic emissions (ammonium, formate) and
anthropogenic sources (agriculture for ammonium, traffic and agriculture for nitrate).

Surprisingly, other potential biomass burning proxies such as ammonium, formate or even nitrate do
not display any significant enhancement of their concentrations from 22 to 37 cm depth, possibly due
to the predominance of other emission sources, to different atmospheric lifetimes compared to rBC
and to different sensitivities to wet deposition (different scavenging ratios). Only calcium shows a
concomitant peak with rBC at this depth. One possible explanation is that snowfalls on 25" and 26"
June were the first ones following the June 2017 heat wave in Switzerland. Dust concentrations might
have been elevated during this dry and warm period and those subsequent snowfalls could have
cleaned the atmosphere and led to wet deposition of dust-related ions such as calcium. Similarly to
rBC, the impact of ice layers on the ionic records remains inconclusive as both enrichment (typically
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sample 18) and depletion (typically sample 9) can be observed for each ion depending on the sample.
Nevertheless, sodium, ammonium, formate and nitrate tend to show higher concentrations in the ice
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Fig. 7.6: lonic records from the JFJ snowpit with the two sets of replicates (darker/lighter lines). The orange bar
indicates the depth at which rBC and charcoal peaks are observed. Blue bars represent ice layers. Sample
numbers are specified for sodium. Potential sources are indicated in the middle.

7.3.4 rBC scavenging ratios

rBC scavenging ratios W were calculated to determine the total scavenging of rBC from air to snow
by snowfall, based on the following formula: W = pCd/C,, with p the air density in g m>, C, the
concentration of rBC in snow in ng g™ and C, the concentration of rBC in air in ng m™ (Schwikowski
et al., 1995). Two different cases were considered, one with a high atmospheric rBC burden preceding
the snowfalls on 25" and 26" June leading to the rBC peak in snow and the other with a low
atmospheric rBC burden on 28™ and 29" June associated with the very low rBC concentrations in
snow recorded in layers A and B.
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The air density had to be calculated for the JFJ site by using the ideal gas law. A small transformation
gave the following formula: p = PM/RT, with P the atmospheric pressure at JFJ at the time of the
snowfall (66000 Pa), M the molar mass of dry air (0.0290 kg mol™), R the ideal gas constant (8.314 J
mol™® K™ and T the temperature at JFJ at the time of the snowfall (273.15 K). We used temperature
and pressure data from MeteoSwiss for the JFJ weather station. The calculated air density was
therefore 843 g m™.

Scavenging ratios are presented in Table 7.2. As black carbon concentrations were obtained with two
different methods, namely the MAAP for atmospheric BC (eBC, light absorption) and the SP2 for BC
in snow (rBC, incandescence), both concentrations could not be directly compared as a different
fraction of carbonaceous compounds was quantified. A division by a correction factor of 2.7 had to be
used to adjust eBC values to rBC values, according to the comparison study of Sharma et al. (2017),
leading to scavenging ratios of 110 in the high BC burden case and 71 in the low BC burden case.

Table 7.2: Calculation of rBC scavenging ratios.

BC burden C. (ng m-3) Ca corrected (ng m-3) Cs (ng gl) w
. 147.5 7.14

High Avg 24" June 54.6 Avg samples 4-6 110
6.8 0.21

Low Avg 28"-29" June 2.5 Avg samples 1-3 [

Few BC air-to-snow scavenging ratio values are available in the literature. Table 7.3 lists some
examples of values from previous works and shows that our scavenging ratios roughly lie within the
previous estimations. Discrepancies can arise from the different locations implying different climatic
conditions and also from the different methods used to quantify BC (light absorption, thermal-optical
or incandescence). In our case, the calculation of rBC scavenging ratios is highly dependent on the
choice of a conversion factor from eBC to rBC (2.7 here), and of a mass absorption coefficient
(MAC) for converting the light absorption intensity given by the MAAP into an eBC concentration. A
MAC of 10 m? g* was chosen here (A = 637 nm), in line with previous studies, which suggested a
median MAC of 10.2 + 3.2 m* g for JFJ (Liu et al., 2010) or 11.1 + 0.2 m* g™* in summer (Cozic et
al., 2008). Higher values (13.3 + 3.0 m* g™) have also been reported in the case of eBC from a purely
biomass burning origin (Schwarz et al., 2008).

Table 7.3: Examples of BC scavenging ratios from air to snow available in the literature.

Location w BC type Authors
Arctic 160 eBC Clarke and Noone, 1985
Abisko, Sweden 97 + 34 eBC Noone and Clarke, 1988
Antarctica 150 eBC Warren and Clarke, 1990
N-E China 140 + 100 EC Wang et al., 2014

7.3.5 Fire remote sensing and atmospheric transport

In the framework of the inter-disciplinary PaleoFire project, forest fires in Portugal were monitored by
satellite using two products: Visible Infrared Imaging Radiometer Suite (VIIRS) for the active fires
counts and fire radiative power and Moderate Resolution Imaging Spectroradiometer (MODIS) for
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the burned area (Fig. 7.7). The MODIS product showed that in total 446.5 km? of forest burned in the
region of Pedrégao Grande from 17" to 22™ June 2017, mainly on 18" and 19" June 2017.
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Fig. 7.7: a) Daily location of active fires and b) fire radiative power in the region of Pedrégéo Grande from 17"
to 22" June 2017 monitored by VIIRS. ¢c) MODIS burned area for the same region.

3-day air mass back-trajectory analyses performed from the JFJ site for 22™ and 23™ June when
atmospheric eBC concentrations were at their maximum suggest Portugal as a likely source,
especially for 23" June (Fig. 7.8), in line with our previous findings. Trajectories were computed with
the Lagranto model (Sprenger and Wernli, 2015) on ERA-Interim reanalysis data, using the
coordinates of JFJ as a starting point and 20 equidistant levels in pressure coordinates between 700
hPa and 200 hPa.

155



22.06.2017,00:00 22.06.2017, 06:00

0N N

60°W AW

45N

0N .

GOW W

23.06.2017,00:00

60w ow

23.06.2017,06:00 .,

T

45*N

0°N . L L 30'N —
.

23.06.2017,18;0Q , _ R
£

23.06.2017,12:00,

LK 2 i

45N

. {: B
. et h _io.t“:
o v on LA
P sppal

60w Tl o [ e o
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2017.

7.4 Conclusions and outlook

This case study aimed at describing how biomass burning emissions from an outstanding fire event in
Portugal in June 2017 were detected at the high-alpine site Jungfraujoch, Swiss Alps, in both the
atmosphere and the snowpack. The resulting plume of smoke travelled for 4 days before reaching
Switzerland, as shown by atmospheric back-trajectory analyses, and was responsible of a peak in
atmospheric eBC observed at JFJ on 22™ June. Atmospheric eBC concentrations remained elevated
until 25™ June, when snowfall occurred. A snowpit study carried out at the same site showed that a
peak in rBC and charcoal was observed in the corresponding snow layer. rBC seemed to be
predominantly scavenged by wet deposition. We obtained scavenging ratios of 110 (71) in case of
high (low) atmospheric eBC burden, in line with previous studies. Except for calcium, no concomitant
peak was observed in the major ion profile, even for species usually related to biomass burning
emissions (ammonium, formate). Ice layers in the snowpit were specifically sampled but the results
remained inconclusive as both enrichment and depletion in rBC and major ions were observed in
those layers.
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In the future, using ECHAM-HAM global aerosol-climate simulations, fire emissions will be
estimated and the transport to and deposition at JFJ will be quantitatively assessed to compare
modelled with actual rBC concentrations. One possible option is also to combine these results with
those from other case studies of fire emissions archived in high-alpine ice cores, such as the Ticino
1973 fires visible in the Colle Gnifetti ice core or the 1996-1997 Mongolian fires detected in the
Tsambagarav ice core. Such case studies are of prime importance for paleofire reconstruction by
means of ice cores as they help determine the footprint of an ice-core site using satellite data and
transport modelling and allow looking in detail at transport and deposition processes of biomass
burning tracers, with a main focus on rBC and charcoal in this case.
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8 Conclusion and Outlook

8.1 Conclusion

In the framework of this PhD thesis, rBC was analyzed in four ice cores from high-mountain glaciers,
namely Lomonosovfonna, Illimani, Colle Gnifetti and Tsambagarav, allowing us to reconstruct
regional to continental Holocene paleofire trends and more recent anthropogenic impacts (Fig. 8.1).

With the Lomonosovfonna ice core, 800 years of atmospheric rBC emissions could be reconstructed.
No major long-term variations were detected in the paleofire record despite numerous single fire
episodes. A multi-proxy comparison was carried out, showing that different trends were captured
depending on the proxies due to their different sensitivities towards emission, transport, deposition
and post-deposition processes. A predominant anthropogenic contribution was evidenced since 1860
in the rBC record, attributed to Eurasian emissions, with two maxima in the end of the 19" century
and after the 2™ World War and a decline over the last decades. Multiple evidence of disturbance of
the record by summer melting was also found.

In the Illimani record, Holocene biomass burning trends in the Amazon Basin could be derived from
the rBC record. A high correlation was observed between rBC and reconstructed temperature.
Paleofire variations showed elevated levels of biomass burning during warm/dry periods (HCO,
MWP) and lower levels during cold/wet periods (last deglaciation LIA), in agreement with local lake-
sediment charcoal records and remote Antarctic ice cores. rBC increasing trend since 1730 AD does
not seem to be driven by anthropogenic emissions.

From the Colle Gnifetti ice core spanning the last millennium, two main findings were extracted.
First, most of 19™-century Alpine glacier retreat took place before rBC levels started to rise around
1875 AD due to industrial emissions, thus contradicting a previous work by Painter et al. (2013).
Second, the paleofire reconstruction showed lower fire activity during colder time periods in line with
minima of solar activity.

Lastly, the Tsambagarav ice core provided a detailed reconstruction of paleofire activity in Central
Asia over the last 6000 years. Two main periods were identified, induced by latitudinal changes of the
ITCZ: the oldest 1000 years of the core, with significantly higher fire activity suggesting a
predominant Monsoon regime during the HCO, and the following 5000 years, showing lower fire
activity in the context of a climate regime dominated by Westerlies. Industrial emissions from the
former Soviet Union were also visible in the 2" half of the 20™ century.

By compiling the trends in the four ice-core records, four main conclusions can be highlighted:

e Maximum rBC concentrations were observed in the early- to mid-Holocene, during the HCO,
suggesting a much higher fire activity than in the present day.

e In the last 1000 years, little variability in rBC concentrations was observed compared to the
HCO. Generally, slightly higher (lower) concentrations were recorded during the MWP
(LI1A).

e In 3 out of the 4 cores, the recent increase in rBC concentrations is mainly attributed to
anthropogenic emissions.

e The BFHS hypothesis is not supported by our paleofire reconstructions (see section 8.1.1).
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Fig. 8.1 (previous page): rBC records from the four ice cores studied in the PaleoFire project. Black lines are
annual averages (raw data in the deepest part due to lower resolution because of ice layer thinning). Red lines
are 11-point moving averages. Note the different y-axis scales.

8.1.1 Is there any evidence of the “broken fire hockey stick” in our four ice cores?

In three out of the four ice cores of the project (Lomonosovfonna, Colle Gnifetti and Tsambagarav),
recent rBC trends were dominated by anthropogenic emissions due to fossil fuel burning (Fig. 8.2). A
significant anthropogenic contribution was evidenced in Lomonosovfonna since the 1860s, in Colle
Gnifetti since the 1870s and in Tsambagarav for the time period 1960-1990 due to USSR industrial
emissions. It thus results that rBC cannot be used as a suitable biomass burning proxy for the last 150
years as the contribution from biomass burning emissions is overwhelmed by that of fossil fuels.
Some contribution from forest fire episodes can still be identified (e.g. in 1994 in Lomonosovfonna,
in 1996-1997 in Tsambagarav) but with these three records, we are not able to discuss the BFHS
hypothesis (although it might be possible for Tsambagarav before 1950 as little anthropogenic
influence is visible).

The Illimani rBC record is the only one that is not disturbed by anthropogenic emissions. Increasing
rBC values since 1730 AD were suggested to originate from the increasing temperature trend
observed in the Tropics since the end of the LIA, responsible of enhanced levels of biomass burning.
The contribution from human-induced deforestation could have further contributed to this increase in
the 20™ century. However, with the Illimani record, no decrease in biomass burning activity could be
observed for the 20" century, in contrast to the BFHS hypothesis, at least in the Tropics. Lake-
sediment charcoal composite records from tropical South America show a similar trend with an
unprecedented increase in the 20" century (Power et al., 2012). Similarly, no decrease in rBC
concentrations during the first half of the 20" century was observed in the Tsambagarav record, in
contradiction with the BFHS hypothesis.

Charcoal records from the same ice cores, obtained in the framework of the PaleoFire project (PhD
thesis of S. Brugger, not shown here), do not support either the BFHS hypothesis. The charcoal record
from Colle Gnifetti shows a raise of fire activity after 1750 AD linked to land-use changes, but no
recent decline. The charcoal record from Tsambagarav suggests reduced fire activity since 1750 AD
compared to the previous centuries and millennia, probably due to the decline of forests caused by
more intensive grazing. Nevertheless, an increasing trend was observed in the 20" century, again in
contradiction with the BFHS. In the Illimani ice core, charcoal concentrations are minimal in the 18"
and 19" centuries before they start increasing in the 20™ century, particularly in the most recent
decades, which contradicts the BFHS hypothesis.

Our ice-core results from the PaleoFire project reveal that the BFHS trend was not observed in
Europe, Central Asia and tropical South America. The BFHS trend might only result from the global
compilation of hundreds of lake-sediment charcoal records but does not capture regional variability in
paleofire activity, as highlighted by our work.

162



1800 1850 1900 1950 2000

l i | ' A I ' l

Tilimani 1

)
o
N
2 20 Colle Gnifetti
= 19" century
10 glacier retreat

- ! 1 i I ' I ' I
1800 1850 1900 1950 2000
Year (AD)

Fig. 8.2: rBC records of the four ice cores of the PaleoFire project since 1800 AD. Black lines are annual
averages and red lines 11-year moving averages. Note the different y-axis scales and the rBC concentration
mismatch between the 1L-99 ice core and IL-15 firn core (red shading).

8.2 Outlook

Even if the main goal of the project, namely the analysis of rBC in the four ice cores, was reached,
several directions remain to be explored to further improve the interpretation of the paleofire records.
In addition to the publication of each of the four rBC records, we list in the following some ideas for
potential future work. The progression is structured as follows: technical improvements, future
analyses and unsolved scientific questions.

e Regarding technical improvements, the implementation of a flowmeter to monitor the liquid
flow between the autosampler and the APEX-Q would be a valuable help to improve the
quality of the analyses and replace the tedious flow measurements. Of course, this will not
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solve clogging problems, but will ensure a better detection of them. From discussions with
other research groups, two models could be considered (SENSIRION SLI-2000 and TruFlo
sample monitor for ICP-MS Glass Expansion).

Further analyses could also be envisaged:

The Lomonosovfonna ice core is the only one that has not been analyzed for charcoal.
Despite expected low concentrations, such a record could be helpful to disentangle the origin
of rBC and to study how charcoal compares with other biomass burning proxies and with the
LF-97 charcoal record (Hicks and Isaksson, 2006).

All the cores of the project could be extensively investigated for specific molecular tracers of
biomass burning such as levoglucosan, VA or p-HBA. In this respect, collaborations need to
be developed with other research groups as our facilities at PSI do not allow for such analyses
at the moment.

The analysis of trace elements in the Lomonosovfonna and Tsambagarav ice cores, for which
they are missing, could provide further indication of past climate variations and
anthropogenic pollution.

It would be very interesting to analyze rBC in the newly drilled ice core from Belukha
(Siberian Altai) in 2018, in order to study how it compares with the Tsambagarav rBC record
and to better understand paleofire activity in Central Asia.

Remaining scientific questions could be addressed by considering these ideas:
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An exhaustive comparison of the discrepancies between the different biomass burning
tracers: In the framework of the synergies developed within the PaleoFire project, records of
rBC, charcoal and other biomass burning tracers from the four ice cores could be combined.
Similarly, records of rBC and other tracers of anthropogenic pollution since 1750 AD (e.g.
SCPs, spheroidal carbonaceous particles, measured by S. Brugger in her PhD thesis along
with charcoal particles) could be presented as indicators of early industrial and mining
activities, especially for Colle Gnifetti and Tsambagarav ice cores. It would be particularly
interesting to compare the differences between rBC, charcoal and SCPs. A special focus could
be made on discussing the relevance of the BFHS hypothesis.

The determination of ice-core footprints and transport processes: for this purpose,
specific case studies need to be investigated in detail. A first attempt was made with the
Portuguese fires recorded at Jungfraujoch (chapter 7). Other case studies could be discussed,
such as the Mongolian 19961997 fires archived in the Tsambagarav ice core and the 1973
Ticino fires visible in the Colle Gnifetti charcoal record. In the framework of the PaleoFire
project, results from satellite data, atmospheric simulations and charcoal/rBC records could be
combined to improve our understanding of transport and deposition processes.

The representativeness of rBC ice-core records: rBC and major ion records from the I1L-15
firn core could be combined with those from a firn core drilled in 2009 at the same location
by scientists from the IRD (P. Ginot). A special focus could be made on the identification of
biomass burning events, by using accurate biomass burning statistics, aerosol optical depth
(AOD) data from satellite measurements and high-resolution continuous eBC measurements
by the MAAP based at Chacaltaya weather station (located around 45 km northwest of
Illimani) since 2011. A discussion on the representativeness of rBC measurements from
different cores could be considered, to try to explain the substantial differences in absolute
rBC concentrations between the IL-99, IL-15 (twice as high as 1L-99) and IL-09 (twice as



high as IL-15 despite comparable accumulation rates) ice cores. Performing an inter-
comparison study between the two SP2 setups (PSI and LGGE Grenoble) might already help
explain part of the discrepancy.

e The effect of melting on the rBC records: performing EC/OC measurements with the
thermal-optical method for the four ice cores would also be of great interest for several
reasons. First, inter-comparisons could be made with rBC measurements, given that such
studies are very scarce for ice cores. Second, combining them with **C analysis of the EC and
OC fractions would help apportion rBC sources (fossil vs biogenic). Third, it would be
particularly interesting to see how periods with extensive melting, such as the 1920-1930s in
the Lomonosovfonna ice core, would compare between EC and rBC. This would allow to
confirm the existence of such melting events and to know whether EC methods are sensitive
to melting or not.
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Appendix

SP2 operation instructions for ice cores with APEX-ASX520-SP2-setup

Updated by Dimitri Osmont (04/2018)

based on previous work by I. Wendl & L. Schmidely

Getting started
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Make sure SP2 valve is on filtered air and not on APEX.
Press the ON button on the SP2 to start the computer.
Login: ACRG. Pw: Ich$2413.

Turn on APEX by turning the red button down and the

blue button up (see picture).
Fix APEX drain tubes in peristaltic pump. IMPORTANT otherwise liquid will reach the
SP2.

Attach air tubing to nebulizer (already done normally) and turn on house air to 4 bar, Red-y
should read 1.0 L/min when APEX is ready.

As soon as the right temperatures are reached, all four lights on the front of the APEX will be
on (light next to the red/blue buttons, see picture).

Fill the water-supply container of the autosampler (AS) with ultrapure water (hereafter MQ).

Empty the waste-water container of the AS (below the table).

Make sure that silica gel in SP2 dryer connected to pump (sitting next to the window) is not
completely consumed (e.g. part of it should still be dark purple). It gets light purple when wet.

Otherwise, replace it.

Turn AS on (button at the rear of the instrument) and attach the AS peristaltic pump (at the
rear too). Do it BEFORE starting the software otherwise bug.

Open the software SP2 4 on the PC (icon on desktop).

Open a new logbook to keep track of the operations: click on the notepad icon in the menu of
the PC, date and hours are inserted by pressing F5 on keyboard. Write everything which is
relevant for the measurement (file number and ID, flows...).

On Config tab -> Program, check and change data file path if necessary to:
C:\Data\SP2\2018\SP2data (directory where files will be saved).



- Make sure the configuration file is “SP2 config for liquid_new” (configuration designed for
this setup).
Remark: Configuration file is stored on the SP2 driver (file: 20140724132232)
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Screenshot 1: Location file path and configuration file.

- Go to Control tab and turn on the SP2 pump by clicking on the switch.
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Screenshot 2: Switch for the pump.

- Look at Data Acquisition Program on the SP2 tab and wait till values below have settled

(requires a few minutes):
-> Sheath Flow ~ 1000 vcem.

-> Sample Flow ~ 120 vcem.
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-> Chamber Pressure between 940-1000 mbar.

Remark: All channels (sample flow, sheath flow, num in file, YAG power...) can be displayed in the SP2 tab on
the right. Sample flow fluctuations should be = 0.17 vcem (ideally), if the average flow is not centered around
120 vcem, if the flow exhibits much higher fluctuations, if the fluctuations are not stable over time (check for
irregular noise of the pump) or if the flow keeps on increasing, turn pump off and contact Alexis Attwood from

DMT for advice aattwood@dropletmeasurement.com

The window on the left displays single particle event. The height of the peak depends on the BC mass going

through the laser.
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Screenshot 3: Monitoring channels with the SP2 tab.

- Leave the instrument for at least 2min on filtered air before turning on the laser.

- Go to control tab and turn on SP2 laser (same way as the pump). Chamber Pressure will drop
slightly, if pressure drops or increases significantly turn pump off and contact Martin Gysel
(tel. 4168).

- Check that YAG Power is between 3.5 and 5.5 V (definitively >>3.0 V) on the SP2 tab. As
YAG power decreases (slightly) with time, it is necessary to increase it slightly by increasing
the intensity of the laser current (“Pump Laser Current SP” in Control tab + do it every time

the SP2 is switched on because this change can’t be saved).

Screenshot 4: Laser and pump on.
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- Perform an APEX cleaning and a liquid flow control before starting with the measurements

(see below). It is essential t0 disconnect SP2 from APEX before cleaning with acid.

APEX cleaning (every day)

Remark: It’s necessary to clean APEX regularly (once a day in case of regular measurements) when doing
measurements to avoid clogging. The cleaning step is done automatically with an AS sequence which rinses the
AS probe in MQ for 5 min., then in 3% HNO3 for 10 min. and again 5 min. in MQ. This is how to do it:

- SP2 should be on filtered air.

- Disconnect (if connected) the connection between APEX and the SP2. Close the outlet with a

cap and connect exhaust tubing (long tube going to hood). Make sure SP2 valve is still on

filtered air (absolutely prevent acid from going into the SP2).

|'#2 conta |smms] Sequences | Config | Utity .JL | Press to Start o ewpatare | 12/10/2014 11:00:02 | 1) %,

Controllers
Start Samole #
End Sample =

Digital Outputs

————
[Laser Power Switch u‘?ﬂ
Jof

Laser Temp P (C) 2 g L
[Mmincndnrie | 4

[Sonie Fonsp Geam) 15
Jsheath Fow sp (veam)

Pump Laser Current SP

equences

Primary Threshold

Alicat Flow Controller
SetPoint Auto Seconds
910 10

STt | [ Jlo-t

Set any output channel here. Mmlmﬁnu-—_ | B3

R ¥ TS

Purge Flow Read (veam) 1242
mmﬂ:‘;‘ﬂsmem(mvd‘ummhmmmsﬁdm* fie. . [Purge Flow SP (sccm) "“2:7

Screenshot 5: Sequences can be started from the control tab by clicking on the switch displayed in the

red rectangle.

- Put a vial with 3% HNO3 in 1% position of the tray (not higher concentration! Otherwise
APEX and AS will be damaged!).

- Check that “Start Sample” is at 0 and start the sequence called “APEX cleaning” on the
control tab by clicking on the corresponding switch.
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Screenshot 6: The green colour indicates that the sequence is currently running.

Wait until the sequence is over (the switch won’t be green anymore).
Reconnect the tubing SP2-APEX and turn SP2 valve to APEX (this is associated with a short

time fluctuation of the sample flow).

Liquid flow measurement (several times per day)

Remark: The liquid flow going from the AS to the nebulizer has to be measured every day before starting the

measurements as we don’t have a flowmeter so far. The flow should be more or less constant around 0.08

mL/min. It is important that this value doesn’t change that much otherwise it will affect the amount of BC going

into the machine and will lead to wrong results. In case the flow is too low, perform a second APEX cleaning. If

it is not sufficient, sonicate the nebulizer in MQ for a few minutes only. In case the capillary is blocked,

disconnect air tube from nebulizer, connect a syringe at the tip of the nebulizer and suck air from the capillary.

Below is described how the liquid flow is measured:
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Fill 2 vials with MQ.

Weigh the first one, note the mass. Put it in the first position in the AS, and then put the other
in the second position.

In the Control tab, write “0” +Enter for Start Sample and “1”” +Enter for End Sample.

Start acquisition by clicking on the sequence button “AS routine BC counting” in the Control
tab. Note the starting time.

After 10-20 min, stop the sequence by clicking on “AS Home” and on the 3 sequence buttons

which are green in order to deactivate them. Note the end time.



- Weigh again the first sample. The difference of mass for this certain amount of time will

enable to calculate the liquid flow.

Measuring with AS

Remark: When using an AS sequence (other than “APEX Cleaning”), it’s necessary to specify the number of
vials involved. In the control tab set values for “Start sample” (position of the first vial), “End sample” (position
of the last vial). “End sample” can be changed anytime during measurements. Leave “Sample left” to 0 as the

program updates this value automatically. The first position in the tray corresponds to 0 and not 1!!! (see

picture below).

The sequence to use is called “Run Auto Sampler Min BC” (“AS routine BC counting” on the control tab). This
personalized sequence increments sample based on a BC particle counting threshold assigned on the channel
“num incand in file”). To look at the steps involved in this sequence go to Config -> Sequence and select “Run
Auto Sampler Min BC”.

- Melt the ice samples at room temperature.

- Once melted, sonicate them in the ultrasonic bath for 25 min without heating.

- Let them cool for a few minutes.

- Putthem in the AS tray (!! First position is 0 I!).

- Puta MQ vial at the end (for rinsing + blank measurement).

- Specify the value for “Start Sample” (0 + Enter) and “End Sample” (+Enter). “Samples Left”
will be automatically calculated (keep it at O+Enter).

- Check that all the signals and connections are OK.

- Start sequence “AS Routine BC Counting” on Control tab.

- Have a regular look at the measurements, go to Utility tab -> utilities menu -> housekeeping
reader and load the current housekeeping file by clicking on the “Read a file” button.

- Perform an external calibration with AQ standards once a week (slope around 0.1 normally).
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Screenshot 7: Utility tab with the housekeeping reader showing the “incand concentration” and “num
incand” in file. Current housekeeping file is highlighted with the circle. In this case, not all samples have

reached 10°000 particles.
Further details:

Set A-S tray to default -> Defines dimensions of the tray. When not using the default tray, one should specify

here the number of rows and columns.

Set A-S depth -> Defines the sampling depth in the sample vial. Default value is set to 130 mm. However, with

low volume samples it can be convenient to set a higher value.

Delay before writing -> Defines the time between the penetration of the probe in the sample and the start of the
record. This is a little bit more than the time needed for the sample signal to reach the SP2. This has been
experimentally set to 90 seconds. Once this delay is over the “Write data to file” switch on the top in the

acquisition program will turn green indicating the results will be recorded from now on.
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Screenshot 8: Green colour on the top indicates that files are currently being saved. The value on the top-left

corner shows the total number of particles already recorded (this is always bigger than the number of

incandescent particles recorded!).

Force exit if time too long -> Defines the maximum time during which a sample is measured. This has to be

modified depending on the sample volume. An appropriate value is just smaller than the time needed to

consume an entire sample (probe should not pump too much air!!!)

Acquiring -> Defines a threshold in term of particle counted. This value should be set to (or close to) 10’000

particles.

Always use “>" or “<” instead of “=" when defining condition associated to the different steps.

‘events that can
control the SP2 system in a wide variety of ways. The left-
most kst, Sequences, displays the names of the Sequences.
that have been defined. Use th it to add new

Sequences or delets existing Sequences.

The second list, ﬂmmumntnaﬁndfa
whichever Sequence s highighted in =
Steps are identified by therr Labels. usememxsbdw»t
10 add new Steps or delete existing Steps.

Sequence Name parameter displays the name of the
mhtsmrmwhkk to the far
left. The Sequence Name can be edited in this contral, This
mammmmnMymzmsem «a
commands, Alarms, and other Sequences use this Name to
mmmmsem

mmmlm:mmmmnmm
mﬂ'vwlbemlhduemsmnofh

Enating s opion an make the Log Fi farly
veboe but can be usefi for debugging o for keeping
record of when certain actons were taken,

The G ch determ
whether the Sequence being edited il have an operator

Sequence. However, Sequences

‘stopped by Alarms, CCL Commands, or other Sequences.
Off Switch Label and On Switch Label are used for the:
mmmmumnaﬂnumofusnsomn
1f
“Press to Start.” smdmbdusmmmnsnnoﬂ
position. 1f On Switch Labe is blank, the

plus Running,”| Il\udhhbelhsmvhmlt.nmem
position.

Virite Data to Fie. — o
2 | Control | Status | Sequences usity | -. =batatofle [lpress o startaewDatarie | 12/10/2014 14:11:33 1] %,
Program | Acquisiton | Housekeepng | Analogln | Digtal1/O | Flow | Laser &4A.S. | Alarms &Timers | Caladatons | Communication RestartProgram) @
Sequences Sacsime Log Each Step
APEX Cleaning W s Run Auto Sampler Min BC Don'tLog Create Switch
AStime Start A-S Pump. A bR
A-SPy i A
A :R.",:Z SetAS Depth OFf Switch Label
Incond counter SetTray to Defauit ey
Rur to Sampler Min Get Smr[simnozg counting
Move to
Ri PartN
ot Au%a el a‘t e Wait 1secA On Switch Label
Check if Moved A =~ .
Delay Before Writing 1t's supposed to work 1)
Start New Fie
Start sample timer Sequence Step
Start counting incand i file
Start Writing .abel |Force exit if time too
Wait 1sec Action nackion
Force exit f tme too longl A
Acquiring.. ) Goto a>
Stop Writng Condition Channel Thresh.
Stop counting incand in file A 2
e b £ as Tmer §1s60
Rinsing...
Ingrement Samole
Copy End to #Left Target Label
Calc = Left A -
Checkif Not Done: o stop Writng
GoHome
B lowasom /|
Indude Exit Step
l.nsz;efnve De: Ivsﬂ‘:fﬂt D:: Exit Step. No Exit Step
Label |Rinse A-S
Insert After Insert After Action Condition
2 Asrese e

The Sequence Step parameters display the definition of
whichever Step s currently highiighted in the Steps list.

Th:labelsmmmd ifier, Although the Label s not.
required for each Step, gving every Step a meannful Label
qeawmummumomem

S -

Screenshot 9: Sequence subtab displays all the sequences and allows the user to create, delete or modify steps

of existing sequences.
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The progress of a running sequence can be monitored anytime on the Sequences tab.
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Screenshot 10: Sequence tab allows the user to monitor a sequence, to start or stop it.
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Turn off SP2 (end of the week)

- Switch valve to filtered air and let instrument run like this for at least 2 minutes.

- Turn off laser.

- Turn SP2 pump off.

- Run another “APEX cleaning” sequence (REMEMBER TO DISCONNECT SP2 FROM
APEX AS DESCRIBED ABOVEY!).

- Shut down acquisition program (“File” “Exit” button).

- Turn off AS, loosen its pump.

- Turn off cooling (APEX, blue button).

- 2-3 minutes later turn heating off (APEX, red button). Loosen peristaltic pump of APEX.

- Turn off house air.

- Empty waste container.

Back Up data

- Copy data from the local drive (C:\Data\SP2\2018\SP2data) to the SP2 drive:
Logbooks -> 1:\2018\Logbooks.
SP2 files -> 1:\2018\SP2 data (copy the whole folder).

- Do the PC updates from time to time as they are not automatically implemented.
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Calibration with AQ standards (once or twice a week)

- Put a Parafilm cover on the stock solution.
- Sonicate the 2500 ppb stock for 25 min (without heating). Let it cool down.
- Pour a bit of the stock into a plastic beaker.

All the following standards are prepared by MASS in 50 mL PP vials so were always filled up to
end up with an end weight of 50 g! It is crucial to work exactly (uncertainty only for the last
figure of the weight).

Prepare a 100 ppb AQ stock solution

- Calculate dilution factor for 100 ppb stock solution.

- Weigh the empty vial, press Tara.

- Rinse pipette 3 times with MQ.

- Fill the vial with some MQ water and adjust to the desired mass with pipette (48g).

- Add the desired amount (2g) of stock solution with pipette (keep droplets on vial walls).

This stock is only shaken, NOT SONICATED again, but prepared freshly every time when
preparing standards.

Prepare all the different standards

Calculate the dilution factors.
o Use 2500 ppb stock for 50, 20, 10 & 5 ppb.
o Use 100 ppb stock for 2, 1, 0.5 and 0.1 ppb.
- Weigh empty vial, press Tara.
- Rinse pipette 3 times with MQ.
- Fill the vial with some MQ water, adjust with pipette.
- Add the desired amount of stock solution (or 100 ppb dilution), think of keeping droplets on
walls.

Do not dilute from one standard to the other, but use the 2500 ppb & 100 ppb stock to create
separate standards!

Before measuring

- All standards are sonicated for 25 min (without heating) prior measurement.
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Preparation of the 2500 ppb stock solution (once a year)

It has been shown that the stock solution was stable over time (several months). Normally, preparing it once a
year is sufficient, unless some unexpected decrease of the calibration slope is noticed.

- Optional: Check dry mass of AQ: put a certain mass in the oven, weigh before and after (dry
mass is normally stable around 22.6-22.9%).

- Check weight of AQ glass bottle (with lid), if it lost mass since the last check: fill up to the
last weight with MQ, MIX WELL!! (With spoon).

- Not completely fill 1 L glass volume flask with MilliQ (ultrapure water).

- Weigh AQ (the greasy stuff) on scale.
NB! Mass depends on dry mass of AQ.

o inOct.2011: 22.611% of AQ is dry mass; 70.534% of dry AQ is EC => weighed in ~
15.7mg
o in May 2013: 22.96% of AQ is dry mass; assumed that still 70.534% of dry AQ is EC
=>weighed in ~ 15.5 mg
- Fill the volume flask completely (assuming a density of the MilliQ of 1g/cm?)
- Shake the whole mixture well.
- Write down (Excel sheet) the updates weight of the AQ bottle.

This stock is stored in this glass volume flask, but at ROOM TEMPERATURE not in the fridge!

Internal calibration

This has to be done no more than once a year or when the SP2 is moved (sent to DMT for example).
To perform this (and further tasks as laser alignment), contact people from the Laboratory of
Atmospheric Chemistry at PSI (Robin Modini).

Drying the desiccant in the 1% cartridge (every day now!)

This has to be done when the purple balls inside the cartridge start to turn lighter. It usually happened
every 3-4 months, but now has to be done every day. Don’t wait too much otherwise condensation
will appear in the cartridge and even in the pipes!!

- No need to turn the SP2 off if ONLY the 1* cartridge is replaced (before the pump). For the
2" cartridge, located after the pump, the SP2 has to be turned off. Ideally, 1% cartridge should
be replaced before 2™ cartridge gets wet.

- Cover the SP2 with kitchen paper so as to protect it.

- Open carefully the cartridge. Remove the spring, the metallic cap and the cotton piece.

- Pour the purple balls inside a crystallizer, and then transfer them to a glass plate so as to have
a thin layer. Be careful, the balls tend to jump everywhere!!

- Leave the glass plate in the oven for a whole night (T°: 100°C max, ideally 80°C).

- When the desiccant is dry, remove it from the oven and pour it into the cartridge. Add the
cotton piece on top, the metallic lid (pack down) and the spring. Close the cap.
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- Check the connections (no leak).
- Check sample flow, it has to be stable and with low fluctuations around 120 vccm, otherwise
it might be possible that there is a leak.

Data processing with lgor

- In the SP2 network drive (fsO0) -> IGOR User Procedures, make a copy of
“template_ice cores.pxp” and open it.
- In the PSI toolkit, tab “Ice Cores”, click on “prepare sample info waves”.

ST fab®- s
File Edit Data Analysis Macros Windows Panel Misc Help MG Notes SP2_MG
[E] Table: 51 5P2_Toolkit_PSI [folE ==
Unused ‘ ‘ ‘ —————— [P
Point h P8I SP2 toolkit 4.110
0 martin.gysel@psi.ch
hitp/iwww.psi.chilac/martin-gysel
LoadData | Calibration | Trace Analysis | PostProcessing | LEO-FIT | GraphsiTabl Ice Cores. nfiguration
CETAC settings batch lnading and analysis
li. sample flow [mimin] (0.7 |2 € rreacsampenfowaves 1)
R ——
lig. drain flow (mmin] | 0.2 G load SP2 data and extract resutts
<« purge air flow [/min] | 0.5 = [(extract resuts (from previously loaded data) |
calculate liquid sample conc.
select calbration -LCH_sp2_march2016 =]
template_ice_cores - Copy
ExtractConcTimeSer=1 o
Conclinterval=10
ExtractSizeDistTimeSer=0
SDinterval=0
SDnbins=30
/ICETAC default settings:
CETACsampleflow=0.7  /liquid sample flow [ml/min]
CETACdrainflow=02 #liquid drain flow [ml/min]
CETACpurgeaiflow=05  //purge air flow [I/min] ‘:
15

Ready

tTOMes e a @ 300z x.eoegm

Screenshot 11: Igor homepage.

- A small window opens (“Target Folder and Number of Samples”). Replace the date
YYYMMDD by the real date of your data and specify the number of samples you want to
process. Click on “Continue”.

- A table opens: fill it in with the date of the file, the file number and file ID (this info is
available in the logbook). Don’t change the columns related to the flows. The best idea is to
create an Excel template to fill this table more quickly by copy-paste because this table
doesn’t work like Excel (impossible to drag along a column).
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Screenshot 12: Igor table.

- Close this table. Click on save (not necessary to rename it).
- Backto th PSI Toolkit, click on “load SP2 data and extract results”.
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Screenshot 13: PSI toolkit.
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The “Igor Data Browser” window opens. In the menu, open the “IceCores” section by
clicking on the “+”. Select what is inside (YYYYMMDD_summary) and drag the red arrow
in front of this line. Click on OK.

IGOR Data Browser

Select folder containing the batch
load instructions:

Dizplay [ro ot - ]
[ Waves
[ Variables
[ Strings
Info

Plot

------ 59 Mie

Data Folder: 20160603_summary
# Waves=6

Select a wave icon to see a plot

Screenshot 14: The Igor Data Browser.

A window opens (“Select folder containing the SP2B raw data files”) in order to specify the
location of the data folder. Click on “Browse” and specify the correct data folder (called
YYYYMMDD). Click on OK.

Igor will carry out the calculations for each data file. This can take several minutes according
to the size of the file. Empty files will generate an error message and stop the process.
Once the calculation is completed, 3 windows open: one bar chart showing the values of the
different channels, one graph showing the size distribution in the samples and one table with
the raw data (the most interesting one).

In this table (“IceCoreSummary Table”), the interesting columns are “TimeDateAvg” and the
2 BHNL columns. “BHNL_LiquidSampleMassConc” shows the calculated concentration in
the size detection range and “BHNL LigSampMassConcBlwCut” estimates the concentration
which is below the size detection range.
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Screenshot 15: The results as displayed in Igor.

- Copy-paste the data in an Excel sheet. The following columns are needed: File number,
Sample ID, Date and the 2 BHNL ones.

- In addition, some columns have to be created: Time start (end of the sonication), Time
elapsed (for each sample after the end of the sonication), BHNL_sum (sum of the 2 BHNL
columns -> real value), BC concentration (by applying the calibration equation obtained for
the week) and BC corrected concentration, which is the data of interest. To get this, one
needs to apply the following formula:

[BCcorr] =[BC]/ (1 + (-0.017 * time elapsed).

- It’s not necessary to save the Igor files as they are very heavy (hundreds of MB).
- Keep track of the daily values of the YAG power and the sample flow.
- Prepare an Excel sheet gathering all the weekly calibrations.
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An 800-year high-resolution black carbon ice core record from Lomonosovfonna, Svalbard,
Atmospheric Chemistry and Physics, 18, 1277712795, 2018.

Osmont, D., Sigl, M., Eichler, A., Jenk, T. M., and Schwikowski, M.: A Holocene black carbon ice-
core record of biomass burning in the Amazon Basin from Illimani, Bolivia, Climate of the Past
Discussions, 2018, in review.

Sigl, M., Abram, N. J., Gabrieli, J., Jenk, T. M., Osmont, D., and Schwikowski, M.: 19™ century
glacier retreat in the Alps preceded the emergence of industrial black carbon deposition on high-
alpine glaciers, The Cryosphere, 12, 3311-3331, 2018.

Brugger, S. O., Gobet, E., Sigl, M., Osmont, D., Papina, T., Rudaya, N., Schwikowski, M., and Tinner,

W.: Ice records provide new insights into climatic vulnerability of Altai forest and steppe
communities, Global Change Biol., 2018, in press.

Contribution to scientific conferences and workshops

Jun. 2018 An Andean ice-core based Holocene biomass burning record of the Amazon Basin.
Polar 2018 SCAR/IASC Open Science Conference, 19-23 June 2018, Davos,
Switzerland. Oral presentation.

Nov. 2016 The Black Carbon record from the Lomonosovfonna ice core as a proxy for past
anthropogenic emissions and forest fires.
Early Human Impact Final Workshop, 24-25 November 2016, Venice, Italy. Poster
presentation.

Nov. 2016 Towards the reconstruction of forest fires through chemical analysis of Black Carbon
in ice cores from mountain glaciers.
14™ Swiss Geoscience Meeting, 18—19 November 2015, Geneva, Switzerland. Poster
presentation.

Sep. 2016 Reconstruction of forest fires through chemical analysis of black carbon in ice cores
from high-alpine glaciers.
1* Year Graduate Student Symposium of the University of Bern, 12 September 2016,
Bern, Switzerland. Oral presentation.

Aug. 2016 400 years of Black Carbon emissions recorded in the Lomonosovfonna ice core,
Svalbard (Norway).
15" OCCR Swiss Climate Summer School, 28 August-2 September 2016,
Grindelwald, Switzerland. Poster presentation.

Jan. 2016 350 years of Black Carbon emissions recorded in the Lomonosovfonna ice core,
Svalbard.
24™ European Research Course on Atmospheres, 6 January—4 February 2016,
Grenoble, France. Poster presentation.

Nov. 2015 A 250-year Black Carbon record from the Lomonosovfonna ice core, Svalbard. 13"
Swiss Geoscience Meeting, 20-21 November 2015, Basel, Switzerland. Poster

presentation. SEP award for best poster presentation.

2015-2018 Several 1- or 2-day meetings within ProClim, OCCR and PSI.
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Scientific field work

Jun. 2017 Jungfraujoch, Swiss Alps, snowpit study (1 day).
Aug. 2015 Glacier de la Plaine Morte, Swiss Alps, snow sampling (2 days).

Aug. 2015 Rhone glacier, Swiss Alps, ice sampling (1 day).
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