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Progresses in reconstructing Earth's history of biomass burning has motivated the development of a
modern charcoal dataset covering the last decades through a community-based initiative called the
Global Modern Charcoal Dataset (GMCD). As the frequency, intensity and spatial scale of fires are pre-
dicted to increase regionally and globally in conjunction with changing climate, anthropogenic activities
and land-use patterns, there is an increasing need to further understand, calibrate and interrogate recent
and past fire regimes as related to changing fire emissions and changing carbon sources and sinks.
Discussions at the PAGES Global Paleofire Working Group workshop 2015, including paleoecologists,
numerical modelers, statisticians, paleoclimatologists, archeologists, and anthropologists, identified an
urgent need for an open, standardized, quality-controlled and globally representative dataset of modern
sedimentary charcoal and other sediment-based fire proxies. This dataset fits into a gap between metrics
of biomass burning indicators, current fire regimes and land cover, and carbon emissions inventories. The
dataset will enable the calibration of paleofire data with other modern datasets including: data of sat-
ellite derived fire occurrence, vegetation patterns and species diversity, land cover change, and a range of
sources capturing biochemical cycling. Standardized protocols are presented for collecting and analyzing
sediment-based fire proxies, including charcoal, levoglucosan, black carbon, and soot. The GMCD will
provide a publically-accessible repository of modern fire sediment surface samples in all terrestrial
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ecosystems. Sample collection and contributions to the dataset will be solicited from lacustrine, peat,
marine, glacial, or other sediments, from a wide variety of ecosystems and geographic locations.

© 2017 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Fire is a terrestrial phenomenon that influences ecosystem
composition, distribution, structures, processes from local to global
scales, and operates at multiple timescales (Bowman et al., 2009a;
Conedera et al., 2009). Therefore, fire constitutes the most impor-
tant terrestrial disturbance on the earth (Bond et al., 2005) and is
responsible for shaping and modifying terrestrial ecosystems over
millions of years (Bird and Cali, 1998; Bond, 2014). The different
components of the fire regime, such as burned area, intensity, fre-
quency, severity and seasonality (Bowman et al., 2009a; Krebs et al.,
2010), are tightly related to weather and climatic conditions, fuel
type and availability, ignition probability and human modifications,
such as landscape fragmentation (Archibald et al.,, 2013). As a
consequence, ongoing global warming, changing patterns of pre-
cipitation and anthropogenic activities are expected to deeply
modify fire regimes at various spatiotemporal scales (Allen et al.,
2014; Bedia et al., 2015; Knorr et al., 2016; Moritz et al., 2012b;
Westerling et al., 2006; Yue et al., 2013).

Nevertheless, large uncertainties and biases remain in our un-
derstanding of the complex interactions between fire and other
Earth system components, and challenges exist for integrating
these interactions into Earth system models (Hantson et al., 2016b;
Lehsten et al., 2009; Pfeiffer et al., 2013). Paleo-fire reconstructions
constitute a unique opportunity to examine long-term variations in
fire-climate-vegetation-human relationships. For example,
charcoal-based fire reconstructions of the Quaternary have docu-
mented how fire regimes have changed in the past, both locally
(Blarquez and Carcaillet, 2010; Colombaroli et al., 2014; Hawthorne
and Mitchell, 2016; Maezumi et al., 2015; Vanniere et al., 2008) and
regionally (e.g. Blarquez et al., 2015; Carcaillet et al., 2002; Daniau
et al., 2012, 2013; Gavin et al., 2006; Power et al., 2008; Vanniére
et al., 2011). Many studies have examined how fire activity in
different parts of the world have responded to climate changes (Ali
et al., 2012; Colombaroli and Gavin, 2010; Daniau et al., 2012;
Marlon et al., 2006), anthropogenic activities (Leys and Carcaillet,
2016; Power et al, 2010; Vanniere et al., 2016), vegetation
changes (Blarquez and Carcaillet, 2010; Clark et al., 2001; Fletcher
et al., 2014; Higuera et al, 2009), and how paleofire-regime
changes have contributed to carbon emissions toward the atmo-
sphere (Bremond et al, 2011) and sequestration into soils
(Carcaillet and Talon, 2001; DeLuca and Aplet, 2008). Both con-
versions might represent the same flux of burned biomass (Tinker
and Knight, 2000), thus stressing the need of further re-
constructions to improve the function of paleo-fires on the global
carbon budget.

The Global Charcoal Database (GCD, www.paleofire.org) has
supported cross-disciplinary research (Marlon et al., 2016b) as both
a tool for multi-scalar analyses and as a repository for paleofire
records. The database now contains records from upwards of 1076
sites with nearly 40% from Europe and 30% of records from the
Americas, derived from six different depositional environments (i.e.
lake, mire, bog, peat, soil, and marine) and over 120 individual
approaches for classifying and reporting charred plant residues.
The records can be analyzed individually or as spatiotemporal
composites via a process of rescaling transformation and stan-
dardization (Marlon et al., 2008; Power et al., 2008, 2010) for multi-

scalar analyses (Blarquez et al., 2014; Marlon et al., 2013).

However, most currently available regional-to-global scale
paleofire reconstructions reveal only changes in biomass burning
relative to a study-specific base period, for example the past 200 or
500 years for a Holocene analysis. The wide range of incomparable
units (Iglesias et al., 2014) employed in proxy measurement from
diverse sediment archives have prevented the reconstruction of
absolute quantities of biomass and an estimation of area burned. In
addition, the myriad factors that determine quantities of charcoal
accumulated in a given lake's sediment, for example, require sys-
tematic analyses across a broad range of environments, and have
only been examined in a very few regional studies (Clark and
Royall, 1996; Marlon et al., 2006). Thus, a standardized methodol-
ogy, nomenclature and defined units are required to enable com-
parisons across records and locations, as well as methods for
bridging modern fire metrics with fire historical reconstructions
from sediment archives to make these independent data sources
directly comparable.

Comparisons of recent sedimentary charcoal with fire scars from
trees or historical fire events have helped improve quantitative
reconstructions of past fire regimes (Brossier et al., 2014; Clark,
1990; Duffin et al., 2008; Gardner and Whitlock, 2001; Higuera
et al., 2005, 2010; Marlon et al., 2012; Millspaugh et al., 2000;
Oris et al., 2014; Pitkanen et al., 1999; Whitlock, 2001; Whitlock
and Millspaugh, 1996a). Such calibration studies, however, are
predominantly located in middle to high latitudes, leaving gaps in
knowledge in many areas, especially tropical and sub-tropical sa-
vannas and forests, tundra, temperate grasslands, and Mediterra-
nean ecosystems (Aleman et al., 2013; Duffin et al., 2008; Leys et al.,
2015).

Moreover, taphonomic processes that influence charcoal re-
cords represent a challenge to quantitatively reconstruct past fire
regimes. Some studies have explored charcoal production, dispersal
and deposition (Higuera et al., 2007; Lynch et al., 2004; Ohlson and
Tryterud, 2000; Tinner and Lotter, 2006), and have developed
models of charcoal source area (Clark, 1988a; Clark et al., 1998;
Higuera et al, 2007; Lynch et al, 2004; Peters and Higuera,
2007), but additional data-model comparisons covering all flam-
mable ecosystems are needed. It has also been demonstrated that
the size of the deposition site or body of water, of the watershed
(Marlon et al., 2006) or even the vegetation burned can impact the
accumulation of charcoal (Aleman et al., 2013; Leys et al., 2015;
Marlon et al., 2006). Indeed, ignitability and flammability of vege-
tation depends on plant traits and community composition, plant
biomass as well as stand (vertical) and landscape (horizontal)
structures and fuel conditions. Understanding the link between
vegetation, fire, and the production, transportation and deposition
of charcoal particles has been a topic of interest for decades
(Blackford, 2000; Clark, 1988a; Clark et al., 1998; Hudak et al., 2013;
Lynch et al., 2004; Scott et al., 2000), but once again studies are
limited to some ecosystems.

Despite the growing body of knowledge within the fire sciences,
limited emphasis on issues of calibration at regional and global
scales have thus emerged in the paleofire literature. Improving the
ability to quantify paleofire proxies in terms of the specific fire
variables which ecologists and land managers consider in conser-
vation strategies, i.e. location, frequency, type (i.e. crown vs ground
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fire), biomass burned, emissions and burned area, are key targets
for this modern charcoal dataset. There is also a need to conduct
calibration studies using multiple independent proxy-fire mea-
surements to better understand biomass burning and fire regime
components.

To address these challenges, we propose a Global Modern
Charcoal Dataset (GMCD) — a proxy-fire dataset that includes sur-
face samples and short cores from locations across the globe using
standardized extraction protocols and proxy analyses. Modern
surface samples, from the past decades onwards and for which
quantified fire is known, will enable direct comparisons of paleofire
data to satellite-based fire products, model outputs, dendrochro-
nological records, and historical records. Such comparisons will
warrant the development of calibration protocols and models for
expressing ecologically-relevant patterns of past fire activity
derived from sedimentary records in absolute units of biomass or
area burned (Aleman et al., 2013; Brossier et al., 2014; Leys et al.,
2015; Whitlock and Millspaugh, 1996a). Analyses from such com-
parisons may also enable quantitative relationships to be deter-
mined between paleofire data and fire intensity, frequency,
severity, and seasonality. Here we present standardized methods
for collecting and analysing various fire proxies from sediments and
biomarker analyses for the research community to produce open-
access data accessible through the GMCD.

2. Proxy indicators of fire

A variety of indicators in sediments, from variations in black
carbon to charred plant material, have been developed as proxy
measurements of past fire activities and can be used to reconstruct
patterns of biomass burning (Conedera et al., 2009; Whitlock and
Larsen, 2002). Charcoal has commonly been used as an indicator
of past fire and is a valuable proxy as it can be collected from lakes,
soil and peat from around the world. However, charcoal
morphology study that may inform about the type of burned
vegetation is not yet a widely used technique in the paleo record
and high latitude ecosystems tend to have greatly limited charcoal
input over time (Hu et al., 2010). Alternate proxies — such as lev-
oglucosan and black carbon — complement the charcoal record as
they provide information from locations where charcoal is less
abundant (high elevations and latitudes) and/or may provide in-
formation regarding the types of burned vegetation (Kirchgeorg
et al., 2014).

2.1. Charcoal

Charcoal, which is a carbonaceous material produced by heating
biomass during incomplete combustion (Jones and Muthuri, 1997),
is commonly divided into two categories: macroscopic charcoal
(particles >100 um, and microscopic charcoal (particles <100 um)
(Whitlock and Larsen, 2002). However, in practice and for macro-
scopic charcoal analyses, several mesh sizes can be used during the
extraction process or different size fractions identified during the
counting. This potentially influences paleofire reconstructions, and
homogenized and standardized protocols are needed (Iglesias et al.,
2014, and section 4.2.1 this paper where we recommend a mesh
size of 150 pum).

Charcoal particle sizes and morphologies are an important
control on the transportation distances and the quantification of
each size fraction informs about the source areas (Aleman et al.,
2013; Carcaillet et al., 2001; Clark, 1988a; Clark et al., 1998; Duffin
et al., 2008; Higuera et al., 2007; Lynch et al., 2004; Ohlson et al.,
2013; Ohlson and Tryterud, 1999; Peters and Higuera, 2007;
Pisaric, 2002; Tinner and Lotter, 2006). For example, smaller par-
ticles are assumed to be transported over longer distance compared

to larger ones (Clark, 1988a; Crawford and Belcher, 2014; Whitlock,
2001). More recently, a particular focus has been on charcoal par-
ticle morphology. Indeed, charcoal morphotypes have considerable
potential to provide information about fuel source consumed dur-
ing biomass burning episodes (Jensen et al., 2007; Umbanhowar
and Mcgrath, 1998; Aleman et al., 2013; Courtney-Mustaphi and
Pisaric, 2014b). Individual particle measurements are thus valuable
and will be included in the GMCD.

2.2. Black carbon

Black carbon (BC) is a fire-derived, highly aromatic-to-graphitic
form of carbon that is produced by the incomplete combustion of
biomass and fossil fuel (Jones and Muthuri, 1997) and is a collective
term encompassing the carbonaceous products from almost the
entire fire temperature range (Goldberg, 1985; Hedges et al., 2000).
From partially charred organic material to highly graphitized soot,
BC is divided into two different formation pathways: char and soot
(Goldberg, 1985; Schmidt and Noack, 2000). In general, char is
defined as carbonaceous combustion residues obtained by heating
organic substances and formed directly from pyrolysis (Shafizadeh,
1982). The term soot is defined as only those combustion con-
densates that form at high temperature via gas-phase processes
during incomplete combustion (Glassman, 1989). Char and soot
have differing physico-chemical properties (Han et al., 2010;
Masiello, 2004), principally characterized as different particle
size. Soot is dominantly nanometer in size (Quénéa et al., 2006) and
thus can be transported thousands of kilometers, while char has a
wider particle size distribution in the environment, from micro-
meter (Odgaard, 1992) to centimeters (Bélanger et al., 2014) and the
transportation is thus limited according to the weight/surface ratio
of the particle (Clark, 1988a).

Charcoal differs from BC including char and soot, where these
products are measured by chemical, thermal/optical, or optical
methods, while charcoal specifically refers to the relatively larger
combustion residues and is identified and quantified by various
methods including but not limited to, slides of digested sediment,
petrographic thin sections, and sieved sediment samples (Clark
et al,, 1996; Han et al., 2012b). Further, their chemical properties
differ, resulting in different methods of measurement (Quénéa
et al., 2006). Charcoal quantification then relies on optical mea-
surements using stereomicroscopes or microscopes with manual
counting or with the aid of an image analysis system (Ali et al.,
2009; Beaufort et al., 2003; Clark and Hussey, 1996; Lynch et al.,
2003).

2.3. Levoglucosan

Biomass burning also produces characteristic organic bio-
markers including monosaccharide anhydrides (MAs) that persist
in the environment and can be analyzed from terrestrial and ma-
rine sediments as well as from ice cores. These biomarkers include
levoglucosan and its isomers, the mannosan and the galactosan
that are only produced by cellulose combustion at temperatures of
approximately 250 °C (Elias et al, 2001; Otto et al., 2006;
Shafizadeh et al., 1979; Simoneit and Elias, 2000; Simoneit et al.,
1999). These temperatures are similar to the low temperature of
150—350 °C for the production of char samples. In terrestrial sed-
iments, MA concentrations can be high enough to determine the
differences in types of vegetation burned due to the ratios between
levoglucosan and its isomers, and can then be compared to the
sediment charcoal fraction (Kirchgeorg et al., 2014).
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3. Data collection and calibration studies to contribute to the
GMCD

3.1. Single surface samples and short cores

Terrestrial archives (lakes, peat, bog, and soil), marine sediment
sequences and snow and ice records of fire activity can be
contributed to the GMCD. Surface samples from the first centimeter
of the archive can be taken without dating. In this case, only the
sampling date, and no geochronological dating, is required as with
other surface sampling approaches (Davis et al., 2013; Flower et al.,
1997). Sedimentation rates, in marine and terrestrial archives can
also be calculated using the established linkages between sediment
rates and coring depth that have been utilized for early diagenetic
models (Soetaert et al., 1996) or basin comparison techniques
(Chiverrell et al., 2009; Crann et al., 2015) to estimate the ‘recent’
age of the superficial layer. These samples will be used to infer
biophysical differences between the depositional environments
and fuel types, and how these characteristics influence the way the
different proxies are selectively archived, and thus observed. Pri-
marily concentration data of these proxies can be recovered from
these samples, but this information would enable developing
models to take into account taphonomic processes relating char-
coal concentrations to the depositional environment.

When possible, age-depth modeled short core stratigraphies
associated with radiometric (?1°Pb, 1°Be, 137Cs) or relative dating,
are also required to contextualize modern surface samples. This
type of record is crucial for influx computation and for direct
comparison with paleodata influxes. Recent proxy influxes can
directly be compared to fire regime variables, such as burned area,
fire intensity or fuel type recovered from remote sensing data,
observations or surveys (Lentile et al., 2006). Quantitative calibra-
tion can thus be developed, and directly applied to paleoenvir-
onmental data, such that past fire regime or carbon emissions can
be reconstructed in units that are comparable to observations and
model output, taking into account taphonomic processes.

3.2. Contributing to the dataset

New records will initially be collected through a network of
working group members, however it is expected that the dataset
will attract contributions from observers from a range of scientific
disciplines, as well as from both specialists and non-specialists,
from varying locations across the globe. If contributors have facil-
ities to collect, process and analyze samples, then the data can be
uploaded directly to the dataset at (http://www.gpwg.paleofire.
org/gmcd/). The alternative is to connect with a designated
regional laboratory and arrange metadata submission and shipping
of samples for analysis. Those laboratories will use the same stan-
dard protocols and be located in a range of geographical regions.
They will also aid in disseminating protocols and techniques to new
contributors and contact details will be listed on the GMCD web-
page as the project progress. The open access approach facilitates
an international research network coupled with the flexibility of
the web interface to rapidly develop and share data collection
through a researcher community and citizen science approach
where anyone can contribute to the dataset by collecting surface
sediment samples. Individuals can register their interest, partici-
pate in upcoming virtual workshops and contribute to the dataset
by visiting the current webpage (http://www.gpwg.paleofire.org/
gmcd/).

Data can be acquired from new or existing sediments that have
already been cored or analyzed, providing that adequate informa-
tion is available. Additional core material or surface samples can be
shipped to participating laboratories for analysis and data sharing

(http://www.gpwg.paleofire.org/gmcd/). Alternatively, people can
analyze, develop, and submit their own proxy-fire data to the
GMCD. We thus emphasize the use of common and standardized
methodologies for each of the proxy, open-data sharing, and cross-
disciplinary collaboration. Other sampling methods for surface
samples, such as sediment traps, soil, tauber traps etc ... would be
welcome in the database. However, preference would be given to
samples from in situ archives (sediments, ice) as it will be more
straightforward to study taphonomic processes, applicable to long-
term records, from them.

Metadata are crucial and should be included for each site and
record that will be added to the dataset. They provide important
information (location, climate, vegetation type, land-cover etc.
Table 1), which will be useful in the reconstruction and interpre-
tation of fire regimes. Precise GPS location is particularly important
to perform spatial analyses therefore latitude and longitude are
required at the hundredth decimal. Table 1 presents the input pa-
rameters for the GMCD. The minimum amount of data required
should clearly identify the site, sample and date, and critically
provide information that is not possible or difficult to obtain af-
terwards through examination of maps or remote sensing. The
surface sample and short core data and metadata collected from the
standardized methods outlined below will be incorporated into the
GMCD. Fig. 1 shows surface sample records (from 1950 CE to pre-
sent) currently included in the GCD.

3.3. Integration with GCD

The Global Charcoal Database (www.paleofire.org) is the
research database that currently holds records of long-term fire
history (Marlon et al., 2016a; Power et al., 2008). The new GMCD
module will integrate new data with existing modern core top
samples from studies included in the GCD. Various metadata,
highlighted in Table 1, will be introduced in a systematic way, using
common units based on international standards, and possess the
ability to integrate additional biomass burning metrics such as
charcoal morphological classification (Colombaroli et al., 2014;
Courtney-Mustaphi and Pisaric, 2014a, b; Enache and Cumming,
2006; Jensen et al., 2007; Walsh et al., 2010), charcoal size mea-
surements (Aleman et al., 2013; Umbanhowar and Mcgrath, 1998),
the quantification techniques - image analysis (Clark and Hussey,
1996) on thin sections (Clark, 1988b), pollen slide counts (Clark,
1988b), chemical digestion (Rhodes, 1998; Winkler, 1985), and the
processing method used to isolate large charcoal particles (e.g.,
sieve sizes (Carcaillet et al., 2001)).

4. Standardized protocols

Currently within the GCD, there are numerous analytical tech-
niques applied for data acquisition and a variety of proxies to
quantify and reconstruct biomass burning. These include metrics
and methods such as charcoal counts, concentration, influx,
chemical assay, image analysis, reflectance, percentage dry weight,
area and volume measurements, and point counts (Carcaillet et al.,
2002; Conedera et al., 2009; Marlon et al., 2015; Weng, 2005;
Whitlock and Larsen, 2002). As a consequence, each metric pro-
duced by a given analytical technique was determined by the
research question, the depositional environment and the back-
ground of the researchers, resulting in records with charcoal
quantities spanning over ten orders of magnitude that require
mathematical standardization (Marlon et al., 2008). Therefore,
there is an urgent need for a set of homogeneous defined meth-
odologies that would enable comparisons across records and lo-
cations, and reduce uncertainties associated with differing
laboratory techniques (Marlon et al., 2008; Power et al., 2008).
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Table 1
Metadata for inclusion in the GMCD.

Category Sub Category
Site Name; Site Type; Latitude; Longitude; Elevation; Region; Catchment Size; Flow Type; Biome; Country; Local Vegetation; Regional Vegetation;
Landscape Description; Inflow/Outflow; Human Features (Presence or absence).
Core Name; Water Depth; Coring Date; Core Type; Depositional Environment; Storage Address.
Sample Type; Volume; Depth; Sampling Interval; Previous Analyses.
Charcoal Charcoal Size; Quantification Method; Charcoal Units; Charcoal Quantity; Charcoal Morphology; Sample Size.
Additional fire Proxy Type; Quantification Method, Sampling Type.
proxies
Dating Date Type; Age Error; Material Dated; Age Units; Calibration Method; Calibration Version; Reference Number; Dating Laboratory; Age Model; Age

Model Method.
Fire Occurrence
Source

Fire regime; Fire Events; Frequency; Intensity; Fuel Burned; Fire type(s).
Publication(s); Charcoal Analyst; Author and Data Contributor; Data Source; Affiliation; Contact Details; Laboratory Analyzed; Funding.

Potential vegetation

Boreal forest, n=33

Desert vegetation, n=3

Grassland and dry shrubland, n=40
Savannas and dry woodlands

. | .
: Temperate forest, n=75

Tropical forest, n=10
Tundra, n=10

Warm temperate, n=29
Warm desert, n=1

1
2
3
4
5
- 6
7
8
9
10: Cold desert, n=0

Fig. 1. World map of major potential vegetation biome distribution (Levavasseur et al., 2012), and the location of 20th century charcoal surface sample records currently included in

the GCD (www.paleofire.org).

Fig. 2 shows the variety of analytical techniques and different
charcoal size records currently in the GCD. Here, within the
framework of the GMCD, we propose an accessible and straight-
forward set of methodologies that cover a range of depositional
environments where fire proxies are captured. A harmonization of
fire environmental variables, metrics and units from various disci-
plines will allow for increased meaningful and useful comparisons
between data products and improved model parameterization.
Fig. 3 shows a workflow diagram for the GMCD and Fig. 4 illustrates
the varying methodological techniques for each proxy.

4.1. Site selection and sampling

4.1.1. Terrestrial records

A variety of sediment deposits contain charcoal and biomass
burning products that preserve and represent a signal of recent
burning surrounding depositional environments. Primary target
sampling locations are small lakes or ponds with permanent water,
little or no inflowing and outflowing streams, and low potential
impact from physical and bioturbation (Conedera et al., 2009;
Courtney-Mustaphi et al., 2015; Whitlock and Larsen, 2002). Sam-
ples should be ideally collected from the deepest or most central
area of the lake or the calmest benthic zones where there is the
least disturbance. Additional types of sites can be targeted for
sampling, including small wetlands in forests namely “forest hol-
lows” (Bjorkman and Bradshaw, 1996; Overballe-Petersen and
Bradshaw, 2011), grasslands, and semi-arid areas (Rucina et al.,
2010). In tropical peaty and palustrine areas, the target regions
are usually in dense Cyperaceae zones, with minimal Poaceae and
Typhaceaea, but avoiding collapsed floating vegetation mats, which
may alter the preservation of high-resolution peat sediment re-
cords. Other basins, including those anthropogenically-modified

may provide useful modern deposits of biomass burning products
and can include, but are not limited to: dam reservoirs that are
dredged infrequently, abandoned quarries, swimming holes, wells
and water holes, flood protection basins, ponds, and craters, accu-
mulating soil and sediments.

When analyzing a deposit it is always important to consider the
deposition, transportation and disturbance of the sample, because
these physiographical processes control the charcoal record and
thus alter the performance of fire reconstructions (Bradbury, 1996;
Carcaillet et al., 2007; Whitlock and Millspaugh, 1996b).

Surface sediments can be collected using a variety of tech-
niques including a gravity corer (Glew et al., 2001), Eckman grab,
piston corer (Wright et al.,, 1984), or other sediment sampler
(Hakanson, 1982; Milbrink, 1971; Milbrink and Wiederholm,
1973). In peat and consolidated sediments a “Russian” corer
(Jowsey, 1966) or organic soil plug corer can be used (Wardenaar,
1987). Depending on sedimentation rates, which vary site by site,
the top 1 cm of stratigraphic depth is required, and can be isolated
using a core extruder (Glew, 1988; Verschuren, 1993) or from the
undisturbed tops or mud-water interface of other types of grab
samples. We recommend that a minimum of 5—10 cm> samples be
collected per site as these samples will be used for a variety of
purposes: to quantify and measure macroscopic and microscopic
charcoal pieces, to estimate the organic and carbonate content
with loss-on-ignition (LOI) analysis (Dean, 1974; Heiri et al., 2001),
any other complementary analyses, and as an archive sample for
future work. Many laboratories may have archived surface sample
material that could be used if the collection date is certain. If
pollen analysis is also performed on the modern surface sample,
the possibility arises to quantify microscopic charcoal within the
same sample that will be useful for fire activity and taphonomic
studies at multiple scales.
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Fig. 2. World maps showing a) the varying analytical methods included from records within the GCD i.e. Sieved (black dots), Pollen slide (red dots) and All methods (purple dots),
and b) different charcoal records included in the GCD i.e. Macroscopic (black dots), Microscopic (red dots) and All charcoal (purple dots). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

4.1.2. Marine sediments

Microscopic charcoal analyses on marine surface samples can be
done everywhere in the world (Suman et al, 1997). However,
several variables can influence or alter the original signal detected
from the regional microscopic charcoal. Variables include those
related to the source area (size of the hydrographic basin) and the
production of microscopic charcoal in situ (vegetation type, fuel
amount, fuel flammability), but also those related to transport and
sedimentation processes related to the distance from the coast,
water depth, oceanic circulation, wind direction, river load and
sediment discharge, precipitation, potential time lag between in
situ production and marine deposition (Middelburg et al., 1999;
Schmidt and Noack, 2000). To develop the calibration of fire
proxy on those samples, we recommend to select samples from
deep-sea cores with a known hydrographic basin source area,
collected along a specific transect that covers different climate and
biomes, and/or along a specific transect from the coast to the deep
ocean. Fire proxy preserved in marine sediment surface samples
should be analyzed from multicore, box or gravity, or piston corers
presenting a good recovery of the sediment interfaces.

4.1.3. Snow and glacial ice

Surface snow and firn provide ideal locations for obtaining
modern biomass burning samples. Snow pit samples can be
collected from a range of locations, while shallow ice cores are

more constrained by the glacier properties. Snow pits can be dug in
seasonal snowpack while ice core are often dependent on multi-
year ice. For either type of sample, the ideal location is the flat-
test possible surface near the top of the glacier or slope. Transects of
snow pits along evenly-spaced elevations of a glacier can help
augment the information gained from the uppermost sample to see
if slope characteristics such as aspect or vegetation cover affect the
samples. Snow pit sites should be located away from any rock walls
that may cascade fresh snow and should also be away from wind-
scoured areas to provide a more representational sample of
recent flow fall. Locations with no obvious surface melt or wind
scour are preferable to locations with disturbed upper snow layers.

Snow pit sample collection® provides a straightforward method
without specialized tools other than a clean shovel, a tape measure,
GPS, and low-density polyethylene (LDPE) sample bottles. Snow
pits should be dug from the upper surface to as deep as possible.
The time period covered by a snow pit will vary depending on
accumulation and ablation. Ideally snow pits are selected from
areas that are actively accumulating or are dug in spring. However
anything that will be collected from or near the surface will be

2 https://science.nature.nps.gov/im/units/romn/monitor/snow/docs/Ingersoll_
etal2009_ROMNSnowChemistryProtocol_FINAL_Web.pdf, https://www.nasa.gov/
pdf/186123main_SnowPitProcedures.pdf.
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Fig. 3. Outline of how the GMCD fits into the knowledge, data and repository needs of the research community and foreseen outcomes. Dotted circles show potential outputs that

have yet to be developed.

‘modern’. Once the initial pit is dug, one wall should be scraped
until it becomes smooth and perpendicular to the glacier surface.
The exact location of the snow pit should be noted with the GPS.
The tape measure should be attached to the snow surface and
extend down into the snow pit until reaching the bottom. The LDPE
sample bottles (pre-cleaned by rinsing three times in ultra-pure
water) should be pressed into the vertical snow pit wall where
the samples form a continuous sequence with no spaces between
each sample with field depths of each sample recorded. An ideal
sample size is 15 mL after melting that allows determining BC and/
or levoglucosan in addition to other climate variables, but only
2—3 mL is required for replicate levoglucosan analyses.

Drilling ice cores is a more specialized procedure than digging
snow pits, and thus, is more applicable to expeditions that already
have the goal of drilling in a certain location. If researchers are in a
position to drill a short (~10 m) ice core, then once the ice core is

extracted from the glacier, it can be cut with a hand saw into ~10 cm
sections which can be placed into pre-cleaned LPDE bottles and
ideally transported back to the laboratory in a frozen state.

4.2. Macroscopic charcoal analyses

4.2.1. Extraction

Charcoal is extracted from a 1 cm® subsample, with the
remaining 5—10 cm> sub-samples are reserved for additional ana-
lyses. The subsample is transferred to a Petri dish using commonly
employed techniques of sieving and bleaching, adapted from those
described by Mooney and Black (2003). If it is likely that charcoal
particles may be included in carbonate aggregates or if the sedi-
ment is consolidated by carbonates, it may be useful to first remove
carbonates with hydrochloric acid (HCI 0.1 M). Each subsample is
treated with 40 mL of a 15% solution of sodium hexametaphosphate
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Fig. 4. Methodological flow of techniques and metrics for data acquisition and reporting to the GMCD.

(NagPsO1g) (Bamber, 1982) or potassium hydroxide (KOH) to
disaggregate the sediment in order to facilitate the separation of
light organic matter from heavy mineral matters. Higher concen-
trations of (NagPgO1g) can be used for very compacted sediments.
The samples are allowed to disaggregate for 24 h and may be
mechanically disaggregated by stirring on a gentle flat-bed shaker,
before being washed with pure water through a sedimentological
sieve. Choices for sieve sizes vary in the charcoal analysis literature.
The GCD contains data derived from a range of sieve sizes, with
sizes between 100 and 160 pm emerging as the dominant size
range (Carcaillet et al., 2001). Although, these sieve size ranges have
been examined in ecosystems with abundant woody fuels that
burn, they have yet to be fully examined in ecosystems where
grassy or herbaceous plants are the dominant fuels. The sieving
mesh that is recommended and will be used by the regional
designated laboratories is 150 um. However a 100 um (or less) mesh
can be more suitable to track grass-dominated landscape burning
(e.g. forest-savanna transitions (Colombaroli et al., 2014, 2016) or
grassland (Duffin et al., 2008)), but more calibration studies are
needed to precisely determine the optimal mesh-size for such
analysis. The 100—150 pm mesh are composed of synthetic nylon
that is resistant to UV and chemical treatments applied to charcoal
samples, they are sold under the Nitex brand name, affordable and
available worldwide. In any case, a sieve size no greater than
100—150 um should be used as the frequency of charcoal fragments
decreases exponentially as their size increases (Clark et al., 1998).
To help distinguish dark organic matter from charred fragments,

the material remaining on the sieve should be treated with 40 mL of
undiluted domestic bleach, sodium hypochlorite (NaClO, for
5—10 min) or diluted hydrogen peroxide (H,O, for a further 24 h)
and allowed to stand (Schlachter and Horn, 2010).

After bleaching the samples can be rinsed if needed through the
sieve and transferred to pre-labeled Petri dishes ready for visual
counting or digital image analysis. Distinguishing charcoal particles
from other black organic and inorganic material can be aided by
bleaching (Schlachter and Horn, 2010) and physical manipulation.
The characteristics in Table 2 can be used to help distinguish be-
tween such materials as some properties of charcoal are shared by
sample contaminants and other naturally-occurring organic and
inorganic materials. Fragments of freshly fractured charcoal are
almost always jet-black and morphology classification should be
based on the pre-fractured object.

4.2.2. Digital processing

Image analysis can be carried out in software such as Image]
(open source) (Abramoff et al., 2004) or Winseedle (Regent In-
struments Incorporated, Quebec, Canada) which can be used to
measure charcoal lengths and widths, the individual and total area
of each particle and their number. We recommend counting and
measurement of individual charcoal particles because it provides
an opportunity to link both particle counts and particle areas to
different metrics of fires, such as burned area or fire emissions; this
will be the standard procedure within regional laboratories (see
http://www.gpwg.paleofire.org/gmcd/for details). Using this
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Table 2

Common and readily observable diagnostic properties of charcoal preserved in depositional environments.

Property Charcoal

Organic, mineral, or clastic

Chemical stability Inert, stable

May react with acids, oxidizers, bleaches

Color Black; Brown to black® Any
Lustre Bright, shiny, dull Any
Fracture Splintery, powdery, dry woody feel Various; tearing, flexible, supple, energetic

Edge color once fragmented by analyst
Cellular features

Buoyancy in H,0 when dry

Buoyancy in H,0 when saturated

Black, opaque

Pieces float
Pieces readily sink

Charred but preserved cell structures or frameworks

Any; brown, green, orange, yellow; translucent
Preserved or decaying

Density and shape dependent

Density and shape dependent

¢ Roasting of plant material without fully charring produces brown material that is harder and fragments unlike similar organic matter in the samples. Comparing
uncharred, charred, and roasted material from plant samples collected around the site can be used to contrast with subfossil material to improve identification and counts.

approach will help utilize paleorecords already in the GCD, many of
which are based solely on particle counts, optimizing the ability to
calibrate these modern samples with existing paleorecords
(Carcaillet, 2007; Carcaillet et al., 2007; Leys et al., 2013). With
image analysis, an image of the Petri dish is captured using a
camera mounted on a stereomicroscope, then loaded into the
software for analysis. Other software solutions can be used, but the
basic workflow includes sample preparation, image acquisition,
archiving, and data collection. Quality assurance is necessary,
especially for samples with abundant non-charcoal black material
that could introduce error. Users should strive for replicability and
uncertainty estimates on charcoal quantities. A program of inter-
laboratory inter-comparison and production of replicates will be
done to estimate standard deviations and measurement un-
certainties that may be necessary for data-model comparisons.

4.3. Microscopic charcoal analyses

Quantifying microscopic charcoal during pollen identification
and counting from slides for pollen analyses (Faegri and Iversen,
1989; Stockmarr, 1971) has previously been a commonly used
technique to quantify charcoal (Cwynar, 1977; Swain, 1973). How-
ever if using this technique, any fine sieving during pollen prepa-
rations should be noted as it may bias the remaining charcoal in the
sample, as well as the mechanical trituration of sediment (Clark,
1984).

Marine samples can be processed following the sediment
preparation protocol of Daniau et al. (2009) and slightly modified if
necessary depending on the composition of marine surface sam-
ples. A chemical treatment of 5 mL 37% HCl, 5 mL 68% nitric acid
(HNOs hot for 1 h at 70 °C), and 10 mL 33% H,0- is performed over
24 h on approximately 0.2 g of dried sediment (less than 1 cm?),
followed by a chemical attack of 48% hydrofluoric acid (HF), and one
HCI 25% and centrifugation to remove HF. This chemical treatment
is used to remove carbonates, pyrites, humic material, labile or less
refractory organic matter (OM), to bleach non-oxidized OM and to
remove silicates. A dilution of 0.1 is applied to the residue. The
suspension is then filtered onto a 47 mm in diameter membrane of
0.45 mm porosity. A portion of this membrane is mounted onto a
plexiglass slide with ethyl acetate before gentle polishing with
aluminium powder of 0.04 pm. The microscopic charcoal particles
are identified under oil immersion using petrographic criteria in
reflected light and quantified using image analysis in transmitted
light following criteria listed above (Table 2), which permits both
the counting of particles, morphometric measurements and
morphological analysis of particles. This protocol could be devel-
oped in future on lake sediments as it has already been successfully
tested on this type of sediment (AL Daniau, pers. com).

4.4. Levoglucosan analysis

Molecular markers help to augment the information obtained

from charcoal analyses as they have the potential to determine
what material burned in locations where charcoal is not present
(Kaspari et al.,, 2015; Kehrwald et al., 2012; Zennaro et al., 2014).
Levoglucosan has two isomers, mannosan and galactosan, and the
ratio between these isomers may help differentiate what material
burned in the past. Analyzing sediments with an ion chromato-
graph (IC) coupled to a mass spectrometer (MS) allows for the
possibility of choosing between separating the three isomers or
determining only levoglucosan based on the monosaccharide an-
hydrides (MA) concentrations. The MA concentrations correlate
with charcoal counts in lake records, demonstrating coherence
between the two proxy types (Elias et al., 2001; Kirchgeorg et al.,
2014) even though levoglucosan has been suggested to be biased
toward detecting a larger sampling area and relatively cool tem-
peratures during combustion than the wide temperate range of
combustion that produced charcoal.

Full method details for determining levoglucosan, mannosan
and galactosan in lake sediments are described by Kirchgeorg et al.
(2014). Briefly, samples are freeze-dried, milled and homogenized
before spiking with an internal standard of 100 pL 3C labeled
levoglucosan. These samples are then extracted using a pressurized
solvent extraction with MeOH, filtered on 0.2 um Polytetrafluoro-
ethylene (PTFE) filters, and dissolved into ultra-pure water and
centrifuged. Blanks are prepared using the same procedure. The
samples are injected into and IC-MS equipped with an electrospray
ionization source in negative ionization mode using a CarboPac™
PA 10 column in series with a CarboPac™ PA 1 column. The IC-MS
identifies levoglucosan, mannosan and galactosan using the mass/
charge ratios 161,101 and 113 where the mass/charge 167 identifies
the 13C labeled internal standard. Gas chromatograph mass spec-
trometer (GC-MS) techniques can also determine levoglucosan in
marine and terrestrial sediments (Kuo et al., 2008; Louchouarn
et al., 2009) and a high-performance liquid chromatography-mass
spectrometry (HPLC-MS-MS) method may allow quantifying levo-
glucosan in sediment samples without requiring derivatizing the
samples during their preparation (Hopmans et al., 2013).

Snow and ice core analyses use different methods than the
sediment analyses as ice is a clean matrix and requires minimal
sample pretreatment. Full details of HPLC-MS-MS methods for
determining levoglucosan in ice samples are available in Gambaro
et al. (2008) and modified in Zennaro et., (2015) and Zennaro et al.
(2014). Samples are prepared in a Class 100 (or cleaner) clean bench
or lab in order to avoid sample contamination. Samples consist of
675 uL of melted ice and 25 uL (35 ng) of labeled levoglucosan
internal standard combined in a 700 pL pre-cleaned LDPE vial. The
internal standard helps quantify the amount of levoglucosan in the
samples. Chromatographic separation is achieved by injecting
300 pL of the sample in a C18 Synergy Hydro column. An offline
post-column addition of an ammonium hydroxide solution helps
improve the sample detection. The MS uses an electrospray ioni-
zation source, operates in the negative mode, and uses the mass
transitions of 161/113 m/z for levoglucosan and 167/118 m/z for the
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levoglucosan standard (Zennaro et al., 2014). Levoglucosan con-
centrations in ice are often too low to allow separation between
levoglucosan and its isomers mannosan and galactosan, such as in
the case of continental sediments.

4.5. Black carbon analysis

Approximately 10—500 mg of sediment are required to work on
black carbon (BC, or termed elemental carbon, EC), char, and soot
(~10 mg dry weight) (Han et al., 2012a). The quantity of sample
required is related to sediment type e.g. 50—150 mg lake sediments
and ~500 mg loess sediments, because of the varying levels of total
organic carbon. The quantification of BC, char, and soot includes
two steps: chemical pretreatment followed by thermal/optical
analysis (Han et al., 2007, 2009a). The pretreatment requires the
sequential addition of: (i) 2 M HCl, (ii) a mixture of 48% HF and 6 M
H(I, (iii) and 2 M HCIl over 24 h to remove carbonate, minerals,
metal oxides and some semi-volatile organic matter. The residues
are then filtered onto a 47-mm Quartz filter (Waterman Inc.).

The residues from a punch of 0.526 cm? circular of the quartz
filter are then subject to different conditions of temperature and
atmosphere, producing eight carbon fractions: four organic carbon
fractions (OC1, OC2, OC3, and OC4) in pure helium (He), three
elemental carbon fractions (EC1, EC2, and EC3) in a mixture of 98%
He2% 03, and one pyrolyzed organic carbon (POC) produced in the
pure helium atmosphere. The POC is monitored by a laser to assess
its return to the initial value. We follow the quantification of BC (or
EC), char, and soot by the definitions from the IMPROVE (Inter-
agency Monitoring of Protected Visual Environments) protocol; it
defines BC as the sum of EC1, EC2 and EC3 minus POC (Chow et al.,
1993) and can be further separated where char = EC1-POC and
soot = EC2 + EC3 (Han et al.,, 2007). This differentiation between
char and soot helps investigate the transport of biomass burning
products, their relationship with paleo-climate, and their in-
dications of flaming and smoldering wildfires, etc. (i.e., (Gustafsson
etal., 2009; Han et al., 2010, 2012b, 20164, 2016b; Jeong et al., 2013;
Lim et al.,, 2012).

Recent instrumental developments also allow determining BC in
snow at high resolution (Lim et al., 2014). The sample sites and
collection procedures are the same for both levoglucosan and BC. To
determine BC in ice core and aerosol studies a single particle soot
photometer (SP2) uses laser-induced particle incandescence to
determine BC based on optical properties. The SP2 can count up to
25,000 particles per second, depending in part upon the sur-
rounding matrix, and therefore is a powerful technique for
obtaining biomass burning records from ice even at sub-seasonal
resolution (Kaspari et al., 2015).

5. Discussion

Surface sample datasets are commonly created when devel-
oping paleoenvironmental proxies. They allow the analysis of
broad-scale spatial patterns with independent modern evidence of
the same process i.e. a calibration procedure. There are multiple
indirect proxies of past fire activity preserved in sediment records;
yet, quantifying charcoal has emerged as an efficient and the most
commonly applied technique for investigating biomass burning
activity in the geologic record (Bird and Cali, 1998; Conedera et al.,
2009). However interpreting charcoal records requires a mecha-
nistic understanding of how processes occurring within any given
fire regime, such as total burned area, fire frequency or type of
biomass burned, are represented in the charcoal record. Improve-
ments in quantitative interpretations of charcoal time series may
thus emerge by examining fire-proxy relationships from a diversity
of depositional environments, land cover, land uses and fire

regimes. Spatial analyses of fire-fuel-charcoal relationships of
various pyromes (Archibald et al., 2013) and taphonomic processes
in all sedimentary contexts can improve calibration between
ecosystem processes and proxy records (Aleman et al., 2013;
Courtney-Mustaphi and Pisaric, 2014a; Duffin et al., 2008; Leys
et al., 2015; Oris et al., 2014; Whitlock and Millspaugh, 1996a).

5.1. Inclusion of non-charcoal fire-proxies: levoglucosan and black
carbon

The integrated signals of levoglucosan and black carbon provide
an excellent comparison with syntheses of local charcoal re-
constructions. For example, the major peak in levoglucosan con-
centrations in the North Greenland Eemian Ice Drilling (NEEM) ice
core ~2.5 ky also exists as a minor peak in the high northern lati-
tude charcoal compilation and is more prominent in regional North
American and European charcoal syntheses (Zennaro et al., 2015).
Combining these two proxies can help analyze the regional effects
of local fires.

BC concentrations also augment the information obtained from
charcoal records. BC including char and soot is ubiquitous in the
environment via aeolian and fluvial transport. Because char and
soot have different formation pathways, with soot generated in
flames via gas-to-particle conversion while char is created as
incomplete combustion residues in smoldering combustion, these
two materials can be utilized to reflect different combustion con-
ditions and thus may more clearly differentiate between wet and
dry paleoclimatic conditions (Han et al., 2016a). This specificity is
complementary to the local-to-regional wildfire reconstructions
from charcoal records. Although it is not currently clear how far BC
and its subtypes of char and soot can be transported in different
climatic zones, it is generally acknowledged that soot can be easily
uplifted by biomass burning convection, and can be transported
over thousands of kilometers (Clark, 1988a; Han et al., 2009b;
Masiello, 2004). Char is primarily deposited in situ (Ohlson and
Tryterud, 2000) or over local to regional scales depending on
fragment sizes and atmospheric turbulences (Clark et al., 1998;
Higuera et al,, 2007; Lynch et al.,, 2004). Thus, soot represents
local-to-continental scale areas while char represents wildfires that
are likely more stand-to-local. However, since char has a different
quantification method than charcoal and includes all refractory
combustion residues, char-based wildfires likely indicate larger
spatial scale fires than are identified by macroscopic charcoal.
These spatial and methodological mismatches are precisely the
reason for developing and expanding the GMCD. BC records, and
especially those differentiating between char and soot are still very
sparse. However, the discrepancy in wildfire emissions produced by
flaming and smoldering combustion has been extensively investi-
gated (Chen et al.,, 2010; Christian et al., 2003; Ni et al., 2015;
Yokelson et al., 1997). Smoldering and flaming fires can be distin-
guished in the paleorecord, from their production of char and soot,
and their changes in abundance over time can be related to changes
in climate (Han et al., 2016a). Taking into account this information
on flaming and smoldering combustion with reconstruction
compared to model-based global simulations can help to further
explore the relationship between climate change and wildfire gas
or particulates emissions.

5.2. Standardized protocols: improving taphonomic considerations
and quantitative biomass burning reconstructions

Studies have investigated the relationships between sedimen-
tary charcoal with fire regime variables such as fire frequency,
severity or burned area, but these studies are geographically clus-
tered to small basins in temperate and boreal ecosystems that
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experience low-frequency, high-intensity fires (Gardner and
Whitlock, 2001; Higuera et al., 2005, 2010; Lynch et al., 2004;
Ohlson and Tryterud, 2000; Oris et al., 2014; Pisaric, 2002;
Whitlock and Millspaugh, 1996a). Calibration studies are now
needed for more biomes and vegetation types because of the crit-
ical role that vegetation plays in determining fuel load, structure
and distribution, which may affect charcoal taphonomy differently.

One aspect of calibration that has received little attention is how
the size of charcoal particles analyzed compare across study sites,
and whether there is preferential particle sorting during deposition
due to, for example, basin morphology, drainage and runoff pat-
terns, or vegetation differences across sites. Such data must be
analyzed while controlling for differences in techniques used for
extracting and analyzing charcoal particles, or else examined with
standardized protocols, which data from the GMCD would provide.
Variation in the accumulation rates of sediments in different
depositional environments also contributes to uncertainties be-
tween time series from different sites (Bronk Ramsey, 2008; Parnell
et al, 2008). The processing and quantification protocols and
techniques also have a strong influence on the absolute value of
charcoal count from sediment samples. For example, microscopic
charcoal recovered from pollen-slide analysis generally are greater
in abundance than abundances of macroscopic charcoal obtained
by sieving samples when measured in the same sediment samples
(Carcaillet et al., 2001).

Moreover, one of the main goals of the GMCD initiative is to
increase the number of records in order to perform spatial analyses
of charcoal accumulation from different lakes in the same area and
compare these to measurements of biomass burning or other fire
metrics (Higuera et al., 2007; Leys et al., 2015; Duffin et al., 2008).
For example, this type of study can be used to identify spatial
patterns of charcoal accumulation regarding (i) the physical prop-
erties of the landscape around the studied lakes (Davis and Sims,
2013), (ii) the spatial distribution of recorded fires (Itter et al.,
2016), and (iii) the type of fuel burned during fires. If the spatial
density of charcoal records is high enough (e.g. Higuera et al., 2007;
Leys et al., 2015; Duffin et al., 2008), then modifications in charcoal
accumulation can be identified. These changes can be identified
using state shifts analysis by substituting time by space (e.g.
Courtney-Mustaphi and Pisaric, 2014a; Stahle et al., 2016) or using
spatial analyses (e.g. buffer distance, Leys et al., 2015). This
approach can then be used to test if patterns of charcoal accumu-
lation are similar within biome, region, or ecosystem.

An obvious limitation of this approach is the availability of sites
(i.e. lakes, ponds etc ...), with some regions being richer in such
sites (e.g. boreal areas) than others (e.g. Tropical or Mediterranean
areas). Furthermore, anthropogenic activities clearly modified the
vegetation, disturbances regimes and the climate at different
spatial scales. Fire regimes have thus been modified directly
through land-use change and fire policies (prescription or sup-
pression of fires), and indirectly through climate change, which
probably modified the climate-vegetation-fire relationship. How-
ever, modern charcoal data are still useful to better understand
charcoal accumulation and fire parameters relationships, and
charcoal accumulation and the physical environment of the depo-
sitional area.

Finally, fire is one of the main terrestrial disturbance agent,
having a large impact on the global carbon cycle as a driver of
vegetation dynamics and a key source of atmospheric CO2 emis-
sions. Therefore the proxies we described here are also used to
inform about past emissions and carbon release into the atmo-
sphere e.g. (Bremond et al., 2011; Van der Werf et al., 2013). The
GMCD dataset will provide a unique opportunity to compare
modern fire carbon emissions with the different fire proxies, and in
relationship to vegetation and fire types. This will help to provide

improved estimates of past fire emissions (Carcaillet et al., 2002).

It is also possible to link proxy-fire data with model outputs of
environmental carbon cycling and aerosols to improve carbon in-
ventories and emissions estimates (e.g. http://www.globalfiredata.
org/ar6historic.html). Linking biomass burning metrics in a large
geospatial dataset permits analyses of patterns in soil and sediment
carbon stocks, of carbon fraction deposited as charcoal under
environmental conditions, improving estimates of the carbon
released by fire to the atmosphere and thus contribute to the car-
bon cycle modeling.

5.3. Data-model comparisons

At a global scale, the surface samples and short cores in the
GMCD aspire to cover the full range of fire regimes, land cover
gradients, human land use intensities and livelihood strategies. The
GMCD will provide data about deposition of charcoal from the past
century for calibration with modern observations and model-based
simulations of fire, biomass, land cover, carbon emissions, and land
use.

Our current day knowledge on global fire occurrence is largely
based on remotely sensed burned area datasets (e.g. Giglio et al.,
2013). However, these datasets are still very uncertain, with high
commission and omission errors over large regions of the globe
(e.g. (Padilla et al., 2015). Our knowledge of present day fire
occurrence could be improved by a combined analysis of paleo-
reconstructions and other fire datasets. This is especially impor-
tant because they are the basis of our understanding on patterns,
magnitude and drivers of present day global fire occurrence
(Bowman et al., 2009b; Le Page et al., 2010; Rabin et al., 2015). The
satellite data have also raised questions about interpreting paleo-
fire records in the pre-industrial environment (Van der Werf et al.,
2013), and provided a basis for projecting fire activity into the
future (Moritz et al., 2012a). Moreover, questions remain regarding
how representative these relations are when applied to very
different climatological and social conditions. Direct comparisons
between the paleofire records and paleofire simulations motivate
deeper analysis of the uncertainties and limits of both (Briicher
et al.,, 2014). Charcoal quantities from the GMCD collected using
standardized protocols calibrated using present-day satellite data
can therefore offer critical insights into global fire activity.

Global fire models are also used to assess the spatiotemporal
variability of biomass burning as a function of fire regimes, land
cover gradients, and human land use intensities and livelihood
strategies (Hantson et al., 2016a, 2016b; Prentice et al., 2011) and a
standardized, calibrated GMCD can be used to validate, or at least
evaluate, simulated fire metrics such as fire numbers, burned areas,
fire severity (i.e. burned depth) and carbon emissions. Data from
the GMCD will also enable us to compare model outputs of fire
simulations with past fire reconstruction (Briicher et al., 2014). The
global fire modeling community is actively exploring simulations of
paleofire activity to understand the sensitivity of models to past
climate changes as a way to gauge the ability of using these models
to project future fire activity (Kloster et al., 2015; Pechony and
Shindell, 2010). Current model weaknesses include constraining
and evaluating the parameterizations — the functional represen-
tations of fire processes — and evaluating the output beyond the
present-day (Bistinas et al., 2013; Kelley et al., 2013). Calibration of
charcoal quantities using present-day satellite data would offer a
critical way to expand the development and evaluation of fire
models.

6. Conclusion

The GMCD was initiated to address key questions relating to the
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calibration of sedimentary charcoal and other biomass burning
products useful to paleofire reconstructions. The creation of the
Global Modern Charcoal Dataset (GMCD) is part of the Global
Palaeofire Working Group (GPWG) who oversees the Global Char-
coal Database (GCD, www.paleofire.org). There are four main aims
of the GMCD project: 1) to develop a GCD module for surface
sediment samples; 2) to develop standardized techniques for
collection of surface samples and processing of charcoal in common
international units; and 3) to identify new areas which currently
lack charcoal records, aiming to cover all fire regions and biomes to
provide a record of global pyrodiversity, and finally 4) to address
issues of calibration between fire parameters and records of
biomass burning. The standard approach developed within this
GMCD initiative is the best way forward to increase capacity
building and cross-discipline knowledge sharing within the fire
science community. It will ultimately highlight regional diversity in
fire regime and research practices while allowing a deeper under-
standing of the limitations and assumptions from various fire-
product signals and create a global fire perspective in a rapidly
changing world.
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