
ABSTRACT 

LIGUORI-BILLS, NOAH B. Ice Core Records Indicate CMIP6 Emissions Inventories 

Underestimate Pre-Industrial Biomass Burning. (Under the direction of Dr. Douglas S. Hamilton 

and Dr. Viney Aneja). 

 

An improved understanding of fire regimes changes from the pre-industrial to the 

present-day is required to reduce the uncertainty in aerosol radiative forcing over the historical 

period. Achieving this requires a reassessment of fire emissions in the pre-industrial Era, for 

which direct observations are scarce at best. Therefore, to assess the current state of assumptions 

about pre-industrial fire emissions we compared 37 ice core records of black carbon (BC), from 

sites across every continent except Oceania, to climate model data from three recent climate 

model ensembles: The Coupled Model Intercomparison Project Phase 6 (CMIP6), the Large 

Ensemble Community Project (LENS1), and a Community Earth System Model 2 (CESM2) 

subset of CMIP6. Ice core records record a mean and median 1980/1850 BC ratio of 1.27 and 

1.15 for polar cores, compared with 2.89 and 2.64 for the CMIP6 model ensemble respectively. 

Alpine ice cores record a mean and median change of 2.31 and 1.93 compared to 3.59 and 2.50 

for CMIP6. Furthermore, CMIP6 model simulations disagree in the sign of BC change over time 

in nearly every continent and for all individual ESMs evaluated. Analysis of different drivers 

suggests that BC emissions in the pre-industrial should be increased in future fire emission 

datasets in order to reconcile these differences. 
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1. INTRODUCTION 

Earth System Models (ESM) are powerful tools that can be used to reconstruct and 

predict the history and future of Earth’s climate through the simulation of key processes, 

including the influence of wildfires and other open burning practices on climate, radiative 

forcing, and atmospheric composition. To do so, ESMs either use interactive fire models within a 

land-vegetation model framework or use prescribed gas and aerosol emission datasets that have 

reconstructed how fire regimes change over a given time period of interest. Of importance for 

climate studies is understanding how biomass burning (defined here as the sum of all natural and 

anthropogenic open burning) shapes both the pre-industrial (PI) atmospheric state and how 

changes in biomass burning alter the atmospheric burden of aerosol and gases over the Industrial 

Era to the present day (PD) (Carslaw et al., 2013; Hamilton et al., 2018). The Sixth Coupled 

Model Inter-Comparison Project (CMIP6) experiment is an ensemble of ESMs that produced 

historical simulated climate relevant data starting in the year 1850 CE. CMIP6 defined 1850 CE 

as the “Pre-Industrial” for this report based on an assessment of 1850 CE being the beginning of 

large-scale industrialization (Eyring et al., 2016). 

Radiative forcing is a quantification of the change in the atmospheric energy balance 

between the energy entering and exiting Earth’s atmosphere, given in units of W m-2. A wide 

variety of processes can change the energy balance over time, such as human driven alterations 

to the makeup of greenhouse gases or aerosol in the atmosphere. When the impact of human 

activity on the energy balance is being quantified it is termed anthropogenic radiative forcing.  

Understanding changes in biomass burning over the historical period is important for calculating 

the aerosol radiative forcing as it helps in establishing both a PI atmospheric composition 
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baseline and the PI to PD aerosol effective radiative forcing (Mahowald et al., 2024; Simpkins, 

2018; Wan et al., 2021).  

Wildfires directly contribute 2 gigatons of global carbon emissions / year in the PD (van 

der Werf et al., 2017). Part of the carbon emitted is black carbon (BC) aerosol and in a process 

known as the aerosol direct effect, this BC aerosol absorbs solar radiation and reemits the energy 

as heat (Collins et al., 2017). BC can also function as cloud condensation nuclei (CCN) and 

affect the atmospheric energy balance by changing the cloud drop concentrations and by 

initiating a series of cloud adjustments that affect cloud albedo (Ackerman et al., 2000; Andreae 

& Rosenfeld, 2008; Cozic et al., 2007, 2008; Koch & Del Genio, 2010). Furthermore, these 

aerosols can also change Earth’s energy balance when deposited on snow and ice by decreasing 

surface albedo, and thus, increasing glacial melt rates by absorbing more solar radiation 

compared to pure ice or snow (Gabbi et al., 2015; Hadley & Kirchstetter, 2012; Hansen & 

Nazarenko, 2004; Jacobson, 2004; Lee et al., 2013). Through these processes, global BC aerosol 

have been estimated to contribute -0.45 W m-2 effective net radiative forcing from the PI to PD 

(IPCC, 2021). 

One question of particularly high scientific interest is understanding how BC aerosol 

load, a product of incomplete combustion from both natural and anthropogenic sources, 

alongside other unique fire combustion products like levoglucosan, has changed over time. In the 

absence of anthropogenic industrial activity wildfires were a major source of BC aerosol. 

Wildfire are, together with anthropogenic emission, the major sources of BC aerosol modeled by 

CMIP6 ESMs, and influenced by both climate conditions and non-climate anthropogenic factors, 

(Foley et al., 2005; Jones et al., 2022; Mollicone et al., 2006; Pausas & Keeley, 2014; Rudel et 

al., 2009). The specific effect of each driver depends on the region (Aragão et al., 2018; 
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Archibald et al., 2010; Baker & Spracklen, 2019; Cahoon et al., 1992; Giglio et al., 2018; Jones 

et al., 2022; Nikonovas et al., 2020; Staal et al., 2018). The change in wildfires with human 

population is non-monotonic because increasing human ignitions dominate when population 

density is low while increasing fire suppression dominates when densities are high (Andela et al., 

2017; Archibald et al., 2012; Kelley et al., 2019; Marlon et al., 2008; Pechony & Shindell, 2010). 

Since the PI, human influences have replaced precipitation as the dominant driver of wildfire 

regimes (Pechony & Shindell, 2010), causing a global decline in burned area over the 20th 

Century, that has been observed to continue in this century by satellites (Andela et al., 2017). 

However, the complexity of human drivers of wildfire regime changes over time are often not 

fully captured in ESMs or in fire BC emission datasets. Not simulating the human driven decline 

in burned area results in overestimates of the radiative effect of BC aerosol (Hamilton et al., 

2018). An improved estimate of the history of BC, and other aerosol or gas emissions, therefore 

is needed to aid in reducing the uncertainty in the PI to PD effective radiative forcing (Bellouin 

et al., 2020; Bender, 2020; Rowlinson et al., 2020). 

Hamilton et al. (2018) was the first study to evaluate CMIP emission datasets with ice 

core datasets in an attempt to quantify wildfire emissions’ contribution to the uncertainty in PI to 

PD aerosol radiative forcing (Hamilton et al., 2018). The authors investigated 4 Northern 

Hemisphere ice-core records using a global aerosol model and discovered that ice cores indicate 

biomass burning emissions were likely 2x to 4x higher in the PI than the PD than currently 

estimated in CMIP6. Revised modeling that included fire emission reconstructions that better 

represented ice core data resulted in reductions of the PI to PD cloud albedo forcing between 

35% and 91% compared to using CMIP6 emission data. A follow on study by Liu et al. (2021) 

focused on the Southern Hemisphere ice core record (Liu et al., 2021). The Authors of that study 
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investigated 14 Antarctic ice cores and 1 central Andean core from Illimani. Their results 

supported Hamilton et al. (2018)’s findings that PI biomass burning emissions were likely to be 

higher in the PI compared to the PD. Their modeling indicated that the decline in the Southern 

Hemisphere biomass burning BC emissions from 1750 to 2000 was enough to compensate for 

the change in anthropogenic aerosol radiative forcing over the same period. Other follow on 

studies include Moseid et al. (2022) who found that cores in the European Alps and Greenland 

have maximum BC peaks before 1950, agreeing with the charcoal record, while most CMIP6 

models give a post 1950 peak (Moseid et al., 2022; Zhang et al., 2024). Other studies have found 

similar results with different proxy records of burning. For example, Faïn et al. (2025) 

discovered that the growth rate of Northern Hemisphere carbon monoxide (CO) records (a proxy 

of biomass burning) and 7 Aerosol Chemistry Model Intercomparison Project (AerChemMIP) 

models diverge from 1920 to 1980 (Faïn et al., 2025). Charcoal record studies have long 

supported these conclusions by being some of the first to suggest that global burned area has 

decreased from the PI to the PD (Arora & Melton, 2018; Marlon et al., 2008). The discrepancies 

between PI to PD BC changes in CMIP6 and observational ice core records are of timely 

importance, given plans for the CMIP7 biomass burning BC emissions dataset are still being 

discussed (Durack et al., 2025). 

The growing body of evidence that PI fire emissions were larger than PD has prompted 

an effort to reconstruct a fire emission inventory that more closely follows proxy record trends. 

Of note, Zhang et al. (2024) recently used 31 ice core records to reconstruct an improved fire 

emissions dataset using an inverse modeling framework (Zhang et al., 2024). Zhang et al.’s ice 

core record shows relatively stable Southern Hemisphere BC from 1750 to 2000 and Northern 

Hemisphere trends dominated by a large peak in burning around 1920, neither of which are 
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adequately represented in modeled emissions inventories at present. Another recent study by 

Guo et al. (2025) reconstructed global monthly burned area from 1901 to 2020 using machine 

learning models trained with 2003 to 2020 burned area satellite data (Guo et al., 2025). Guo et al. 

(2025)’s method agreed with many of the findings in Zhang et al. (2024), including a global 

decrease in burned area from 1901-1978 (Zhang et al., 2024). Most recently, the BuRNN fire 

model used machine learning models trained on GFED5 data to generate a reconstruction of 

global burned area from 1901 to 2019, and also supports peak burning occurring in the mid-

1900s for several regions including North America and Europe (Lampe et al., 2025). Using an 

inverse modeling approach with ice cores, CMIP5, and CMIP6 data Eckhardt et al. (2023) 

created regional BC emissions histories for North America, Europe, Asia, and Russia (Eckhardt 

et al., 2023). Their North American timeseries showed an increase in burning from 1850 to 1900 

followed by declining values until the end of the study period (1995). Eckhardt et al. (2023)’s 

study individually investigates trends in Russia, where they discover good agreement between ice 

cores and model values except during the period from 1900 to 1950, which the authors attribute 

to reductions in anthropogenic burning due to the October Revolution and World War 1. Overall, 

there is a growing understanding in the literature of discrepancies between observational records 

of PI fire emissions and model outputs, but more work needs to be done to comprehensively 

identify its sources. 

No study known to the authors has yet investigated all three potential sources of 

uncertainty in the disagreement between modeled combustion emissions and ice core records: 1. 

BC emissions datasets, 2. depositional processes, and 3. aerosol transport (Table A1). To explore 

each of these, this study builds on previous work by assembling the largest fire proxy ice core 

dataset to date (37 ice cores) and comparing it to 3 ESM ensembles: the Large Ensemble 
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Community Project (LENS1), CMIP6, and a CESM2 subset of CMIP6. For 1. BC emissions 

datasets, PI to PD (i.e., PD/PI) BC ratios were calculated for each ice core and compared to the 

anthropogenic and biomass burning emissions datasets within the local vicinity of Alpine ice 

cores. The same process was also used for CMIP6 output data and individual variables within its 

CESM2 subset (BC in the air column, BC in the surface air, BC deposition to snow, and BC in 

snow) to discern the representation of different BC aerosol processes, addressing 2. depositional 

processes. As for 3. aerosol transport, individual CESM1 model runs in the LENS1 ensemble, 

each representing different aerosol transport regimes, were compared to ice core records to 

assess any role transport may play in explaining model – ice core discrepancies. To qualify these 

results the uncertainty in the ratios that comes from the definition of the PD and PI are also 

discussed (Table A2). 

2. DATA AND METHODS 

2.1 Ice Core Data 

Ice cores are usually dated with multiple methods to minimize error, making ice core 

records of BC emissions a useful tool in the validation of EMSs’ modeled history (McConnell, 

2010). The most common ice core dating methods used in this study’s dataset is radiometric ∂18O 

dating, whose uncertainty depends on the age of ice being dated (Extier et al., 2018). Typical 
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uncertainties for the study age range (about 200 years ago) range from ±0.5 to ±2 years per dated 

layer (Andersen et al., 2006; Eichler et al., 2000). 

Data from a total of 36 ice core BC records and 1 levoglucosan record were assembled 

from the literature for this study (Figure 1 and Table A3). Ice cores were selected for analysis if 

they met the following criteria:  

1. Provided a record of biomass burning (normally BC) within the Industrial Era 

(defined here as post 1850 CE to follow CMIP6 protocols). 

2. The difference between the most recent and oldest years was at least 100 years. 

This resulted in at least one ice core being identified within every continent except 

Oceana (Figure 1). Core 9 in Africa used levoglucosan data as an indicator of burning, instead of 

BC, because it is the only ice core record of biomass burning in Africa available to the authors at 

this time.  Due to the high variability in levoglucosan records, a LOESS smoothing with a 

parameter of 0.25 was used to smooth the data prior to analysis (Figure A1). 
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Figure 1. Location of all 37 ice core records of biomass burning. Ice core colors represent 

present day (PD; 1980 CE) / pre-industrial (PI; 1850 CE) black carbon (BC) ratios where blue 

and brown represent lower and higher BC concentration in the PD relative to the PI, respectively. 

White represents ice cores with little to no change in BC. Ice core numbers are ordered according 

to their PD/PI BC ratio where 1 has the lowest ratio (0.40) and 37 has the highest ratio (6.78). 

Elevation is shown in greyscale. Extended information on the ice cores including their exact 

location, dating methods, and common naming abbreviations can be found in Table A3. 

2.2 Defining the Pre-Industrial (PI) and Present Day (PD) 

The CMIP6 historical experiment starts in 1850 CE (Eyring et al., 2016). We therefore 

defined the PI as the 25 years after 1850 CE (inclusive) in order to match the earliest model data 
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available. The most recent values in the ice core dataset ranged from 1950 to post 2010. The PD 

was therefore defined as the 25 years preceding 1980 CE (inclusive) because it represented the 

most recent date where nearly all (36/37) ice cores contained sample data within 5 years of 1980 

(Figures A2, A3). 1980 CE also represents a scientific transition point to a new satellite data Era, 

making assessments of post-1980 changes in atmospheric composition more robust with the 

advent of a global remote sensing view. Averaging windows from 5 to 30 years were considered 

for the PI and PD. A 25-year averaging window was ultimately chosen for analysis because it 

provided the lowest standard deviation across ice core data (Figure A4). 

2.3 Defining Local, Continental, and Hemispheric Study Regions 

This study defines hemispheric regions for broader spatial analysis, including the “North 

Pole”, “South Pole”, and “Alpine” regions corresponding to ice cores above 66.6° North latitude, 

within Antarctica, and all other regions combined, respectively (Table A4). Continental regions 

were defined along standard continent definitions with the exceptions of the Arctic and 

Greenland. The Arctic continental region was defined as coordinates that were both higher 

latitude than the Arctic circle (66.6° latitude) and outside of Greenland; five ice cores are located 

within the Arctic region. Greenland was further separated because Northern and Southern 

Greenland exhibit differences in seasonal aerosol deposition types and aerosol sensitivities. 

North Greenland is influenced by high rates of dry deposition during winter months while South 

Greenland is influenced by high rates of summer wet deposition (Li & Flanner, 2018). Due to 

these differences in seasonal deposition mode, as well as mean glacier size and cloud cover 

fraction, Northern and Southern Greenland have been shown to experience different changes in 

snowmelt and surface energy flux given the same change in aerosol load (Ward et al., 2018). For 

these reasons, and an abundance of BC ice cores in Greenland (n = 11), the island was divided 
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into two continental regions: North and South. The Greenland divide falls along 71.5° latitude, 

the median between Greenland's lowest latitude (60.0°) and highest latitude (83.0°). Similar to 

Greenland, previous work has suggested that the East and West Antarctic ice sheets can be 

considered separately because BC deposition between ice sheets can be uncorrelated and each 

sheet has been observed to have different BC sources (Bisiaux et al., 2012; Stohl & Sodemann, 

2010). However, after testing every possible binary regional division of Antarctic ice cores, the 

maximum mean PD/PI BC ratio difference was 0.1 (Figure A5). Antarctica was therefore kept as 

a single continuous region for our analysis. To further understand how emissions sources have 

changed, continental ice core PD/PI BC ratios were to local upwind PD/PI BC emission ratios. 
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Squares with 30° longitude and latitude side lengths, centered on the mean coordinate of 

continental ice core clusters, were used for this local emission change analysis (Figure 2). 

 

 

 

Figure 2. Definitions of each hemispheric, continental, and emission region used in this study. 

Hemispheric and continental regions are color coded and defined in the legend. 

2.3 Climate Model Data 

Three ESM ensembles were assembled for analysis: the sixth version of the Climate 

Model Intercomparison Project (CMIP6), a subset of CMIP6 based exclusively on data from the 

Community Earth System Model version 2 (CESM2), and the Large Ensemble Community 

Project (LENS). In order to quantify projected future changes and past reconstructions of the 

state of the Earth System and its climate, CMIP employs an ensemble of ESM’s (Eyring et al., 
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2016; Lamarque et al., 2013). Data from the CMIP6 historical experiment was used herein 

because it provides model data from 1850 to 2014 and represents the most recent assessment. 

The comparison of CMIP6 ESM results to ice core BC required identifying those models that 

provided BC deposition data; seven were identified consisting of CESM2 (Kay et al., 2015), 

CanESM5 (Swart et al., 2019), MIROC (Kawamiya et al., 2020), EC-Earth3 (Döscher et al., 

2022), MRI (Yukimoto et al., 2019), CNRM (Roehrig et al., 2020), and IPSL (Boucher et al., 

2020). In addition to contributing to CMIP6, the CESM2 (and sister ESM models based on it) 

were separately analyzed because they additionally provided data on snow and atmospheric 

burden BC variables (termed sootsn and loadbc, respectively). LENS is an ensemble of CESM2 

simulations initialized with 10-14 K differences in air temperatures (Kay et al., 2015). There is no 

difference in the CESM2 model versions in any of the LENS ensemble members, so in terms of 

BC analysis differences between each run only represent changes in transport induced from a 

perturbed initial condition. Despite only small initial condition changes, some LENS ensemble 

members have been reported to produce unrealistic temperature profiles (REF); therefore, 

comparison of LENS data to ice cores is undertaken with the full LENS ensemble dataset. 

The CMIP6 wet and dry BC deposition variables were the most common variables 

among models, and so deposition forms the main CMIP6 comparison variable. The only BC 

indicator available in LENS was aged BC concentrations at the surface. As most ice cores are far 

from emission source, we assume that the omission of hydrophobic (or freshly emitted soot) data 

is minimal in the analysis of LENS data. In addition to comparing all models to each other, 4 

model variables within the CESM2 subset were also compared: BC in air column (loadbc), BC in 

surface air (mmrbc), BC deposition (drybc-wetbc), and BC in snow (sootsn). A complete list of 
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individual models used and the ensembles, subsets, and comparisons they belong to can be found 

in Table A5. 

CMIP6 used two datasets for reconstructing the history of aerosol and gas emissions from 

PI to PD: a biomass burning emission dataset (van Marle et al., 2017) and an anthropogenic 

emission dataset (Hoesly et al., 2018). The biomass burning dataset was constructed by 

combining post-1980 satellite-based estimates of fire emissions from the Global Fire Emissions 

Database version 4s (GFED4s) with a pre-1980 reconstruction based on the charcoal record, 

World Meteorological Organization (WMO) visibility observations in South America and 

Indonesia, and the average of six fire models from the Fire Model Intercomparison Project 

(FireMIP) (Rabin et al., 2017). The anthropogenic dataset was constructed by combining historic 

fuel use and manufacturing data calibrated against existing emissions inventories, and was 

organized by year, country, and sector.  

2.4 Comparison of The Pre-Industrial and Present Day 

The PD/PI BC ratio was calculated using a 25 year mean in each time period (Equation 1 

and Figure A3). The data output from ESMs is organized into grid cells using cartesian 

coordinates and so the PD/PI BC ratio was calculated using the grid cell co-ordinate that 

included each ice core’s latitude and longitude. Emissions dataset PD/PI ratios were calculated 

using the emission means calculated across each region as defined in Figure 2. To represent BC 

in the surface air, only the surface level concentration was used from the vertically distributed 

data.  No meaningful difference was found between these methods and alternative grid box 

averaging or vertical level methods (Table A6 and A7). 
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PD

PI
=
[𝐵𝐶]1955−1980

[𝐵𝐶]1850−1875
=

1
25

∑ [𝐵𝐶]𝑦𝑟
1980
𝑦𝑟=1955

1
25

∑ [𝐵𝐶]𝑦𝑟
1875
𝑦𝑟=1850

 

Equation 1. Definition of the PD/PI ratio where 25-year means are taken around the pre-

industrial “PI” (1850-1875) and the present day “PD” (1965-1980). “[BC]” represents whatever 

BC analog is under investigation, BC concentration, levoglucosan concentration, or various 

model variables for BC ice cores, the African ice core, and models respectively. 

To determine if ESM regional means are larger than ice core means globally, a paired T-

test was used with “ice core mean > ESM mean” set as the alternative hypothesis. The T-test was 

implemented with ScipPy’s ttest_rel function, and was reported as significant if the resulting P 

value was below 0.05 (Virtanen et al., 2020). 

2.5 Comparing Biomass Burning vs. Anthropogenic BC Emission Sources 

All CMIP6 models are forced with biomass burning emissions from (van Marle et al., 

2017) and anthropogenic emissions from (Hoesly et al., 2018). These datasets allow a direct 

comparison of historical estimates of BC from biomass burning and anthropogenic activity to the 

total BC observed in ice cores. Data from these emission sources were converted into PD/PI BC 

ratios (Section 2.4). In many locations anthropogenic PI emissions were lower than 10-25 kg m2 s-

1, skewing PD/PI ratios high with such a low dominator (Figure A6). To account for this while 

preserving the temporal change in anthropogenic emissions, PI biomass burning emissions were 

added to both the PD and PI anthropogenic values in results labeled 

“Anthropogenic+BiomassBurningPI”. This is compared to the direct some of the two datasets 

labeled “Anthropogenic+BiomassBurning”. 
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3 RESULTS AND DISCUSSION 

3.1 Biomass burning vs anthropogenic emissions of black carbon from 1850 to 1980 

Both biomass burning and anthropogenic activity are sources of BC to the atmosphere. 

To first examine the individual contributions of each BC source in CMIP6 emission datasets we 

compare the anthropogenic, biomass burning, and total PD/PI BC emission ratios (Figure 3). As 

to be expected, anthropogenic BC emissions have globally high PD/PI ratios due to the large 

increases in anthropogenic activity producing BC emissions occurring post-1850. The mean 

PD/PI ratio in anthropogenic BC emissions is above 100 in all six regions analyzed (Figure A7). 

In contrast, the PD/PI ratio in biomass burning emissions is only greater than a factor of 2 within 

Equatorial Asia, falling between 0.4 and 1.1 in the Northern Hemisphere and between 0.9 and 

2.0 in the Southern Hemisphere. To investigate whether anthropogenic PD/PI BC emission ratios 

were being skewed by very low PI values between 1850 and 1875, PI biomass burning BC 

emissions were added to the anthropogenic PD and PI BC emission values individually (Figure 

3). The combined BC PD/PI ratio in fire affected regions, including high latitude forests, Central 

and Southwest Africa, Australia, parts of the Amazon, and Southeast Asia, falls closer to 1 as a 

result. However, in heavily industrialized, populated, or farmed regions the PD/PI ratio remains 

above a factor of 2. 
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Figure 3. Black carbon 1980/1850 ratios of from model anthropogenic emissions (Hoesly et al., 

2018), biomass burning (van Marle et al., 2017), and the combinations of the two datasets are 

shown in the top left, bottom left, bottom right, and top right respectively. The equations used to 

calculate each dataset’s ratio is listed in parenthesis below each title. Biomass ratios are all below 

1.6 while most anthropogenic values are above 2. 

To understand how BC emission datasets compare to BC recorded within ice cores, ice 

core PD/PI ratios were compared to the corresponding range in BC ratios from ice cores (Figure 

4). The anthropogenic emissions dataset, as well as the Anthropogenic+BiomassPD/PI both show a 

mean ratio above 100 (Figure A7). Anthropogenic BC PI values are expected to be low 

uncertainty because anthropogenic BC emissions in the PI are near zero and are well documented 
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and easier to measure in the PD. One exception to this assumption is biofuel, which was a non-

zero BC emission source in the PI, but since global populations were low in 1850, biofuel’s 

contribution is assumed to be negligible compared to the PD (Goldewijk, 2005). Similarly, ice 

core BC (with a maximum PD/PI ratio of 6.78) and PD biomass burning are also assumed to be 

well constrained, leaving PI biomass burning as the major source of BC uncertainty. The well 

constrained nature of PD/PI anthropogenic BC ratios and biomass burning PD values suggests 

that PI biomass burning emissions are currently underestimated, leading the mean biomass PD/PI 

ratio of 0.90 to be insufficient in bringing total BC emissions near ice core ratio values. 
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Figure 4. Overestimation and underestimation of CMIP6 anthropogenic and biomass burning 

datasets relative to ice core ratios. Each X represents the mean BC emission ratio from the 

bounding boxes around the corresponding ice cores (Figure 2). Horizontal lines represent ice 

core ratios. 

3.2 CMIP Models Overestimate PD/PI BC Ratios in Nearly Every Region of the World 

A comparison of ice core BC ratios to emission datasets alone does not account for 

modeled transport and depositional processes that can alter the ratios in downstream ESM 

variables. For these reasons, CMIP6 modeled PD/PI BC deposition ratios were compared to 

those obtained from the ice cores, producing results indicating that CMIP6 models overestimate 

the BC ratio in nearly every region of the world (Figure 5). Globally, the mean PD/PI BC ratio in 
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the ice cores is 1.55 while the model ratios are at least twice as high, CMIP6=3.08 and LENS 

=5.80.the CMIP6, and LENS multi-model mean ratios are twice or higher at 3.08, and 5.80, 

respectively.  Model medians and means in 30/37 ice cores analyzed are above the ice cores’ 

inter quartile range. The modeled ratios at single ice core locations are frequently above 3, and in 

many regions the lowest modeled value is higher than the highest ice core value. 

In North Greenland, ice core ratios have a mean and median of 1.13 and 1.17 respectively 

and a narrow first to third quartile range of 1.06 to 1.28. No modeled ratio is within North 

Greenland ice core’s first to third quartile range or overall range (0.54 to 1.52). CMIP6 and 

LENS have North Greenland medians of 2.96, and 7.94 respectively. Similar means and medians 

(0.93 and 0.88) are seen in South Greenland as well as a narrow first to third quartile range of 

0.68 to 1.17 around a mean and median of 0.93 and 0.88. LENS’ mean and median are 4.93 and 

5.48 respectively, but only a single modeled ratio in LENS is within the ice cores first to third 

quartile range. Notably ice cores and every model show slightly lower ratios in South Greenland 

compared to North Greenland, supporting latitude based differences in the region’s seasonal 

aerosol deposition types and aerosol sensitivities (Li & Flanner, 2018; Ward et al., 2018). 

Greenland’s latitude based differences in ice core PD/PI ratios can be seen in Figure A8 where 

ice core PD/PI ratios show a correlation with latitude of R2 = 0.24, agreeing with previous work 

that has found a latitude based difference in Greenland’s BC aerosol deposition seasonality and 

sensitivity (Li & Flanner, 2018; Ward et al., 2018). In the Arctic, which consists of the 5 

remaining ice core locations that are both above the Arctic circle and outside of Greenland, ice 

core PD/PI ratios have a median value of 1.41 (and a similar mean of 1.49), a range from 0.43 to 

2.82, and a first to third quartile range from 1.14 to 1.67. CMIP6 mean and median (2.23 and 

2.00 respectively) are above the ice core’s (1.49 and 1.41 respectively) in the Arctic, and only 
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2/5 CMIP6 ratios fall within the ice core’s first to third quartile range. LENS displays a larger 

range in the Arctic than in any other region with a min and max ratio of 0.77 and 19.02, 

respectively, representing a factor of 25 uncertainty. LENS displays a large range of PD/PI ratios 

throughout this study’s data analysis, so the large range observed in the Arctic most likely 

represents the range of transport deviations created by its initial temperature differences (Section 

3.4) rather than any unique property of the Arctic (Figure A9). North and South Greenland show 

the most robust difference between all model and ice core ratios. Although Antarctica represents 

BC ratios from different source regions, the differences between ice core and model ratios are 

similar to those found in the Arctic regions. Antarctic ice cores have ratio means and medians of 

1.36 and 1.05, respectively, and a first to third quartile range from 0.92 to 1.56, respectively. 

CMIP6 has one ratio within the ice core range, and a mean and median of 2.70 and 2.64, 

respectively. LENS shows 2 ratios within the Antarctic ice core range and 3.78 and 2.54 for its 

mean and median, respectively. The general similarity in the ice core-model differences of 

Antarctica and the Arctic regions suggests that there is a global model bias. 

Alpine regions have fewer ice core locations per region and show more varied ratios than 

in the poles. In Africa, where only a single ice core was available, CMIP6 and LENS, ratios are 

4.42, and 0.80, respectively, compared to the ice core value of 0.72. Asia is one of two regions 

that show good agreement between ice cores and models. Asian means for CMIP6 and LENS are 

3.29, 6.83, respectively. We do not calculate medians in Asia because only two ice cores are 

available. The high agreement in Asia is most likely due to the region’s large increase in biofuel 

combustion from the PI to the PD. Europe is the second region with good agreement and means 

of 1.53, 1.74, and 2.0 for CMIP6, LENS, and ice core record respectively. Ice cores in the region 

have a median of 1.9 and a first to third quartile range of 1.29 to 2.65 where CMIP6 and LENS 
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have medians of 6.31, and 8.67, respectively. In South America the single ratio for the ice core 

record, CMIP6, and LENS are 1.84, 1.39, and 17.93, respectively. Overall, the CMIP6 and 

LENS in Europe and CMIP6 alone in South America are only regions where modeled medians 

are lower than ice cores’. 

Changes in land use from the PI to PD can help explain the range of Alpine ice core-

model ratio differences. By 1850 CE, Europe had already experienced the land use transition that 

was responsible for many of the high PI BC ice core values in other regions (Kaplan et al., 

2017). In contrast, the timing of North America’s colonial land clearing based combustion can 

help explains why it is the region with the largest difference between models and ice cores (Ryan 

et al., 2013). 

The timing of European and North American land use transitions is in agreement with the 

finding that CMIP6 model emissions overestimate BC emissions and that human driven changes 

on wildfire regimes are the source of this discrepancy, from the four previous studies that 

evaluated climate models using ice cores (Hamilton et al., 2018; Liu et al., 2021; Moseid et al., 

2022; Zhang et al., 2024) as well as the larger body of literature that indicates a global decrease 

in biomass burning from the PI to the PD. The time series in Zhang et al., (2024) showed 

similarly large rates of biomass burning BC in the PI (Zhang et al., 2024). Our global decrease in 

burning also supports the 1901 to 1978 decrease found by Guo et al., (2025) as well as the post 

1850 North American decline in biomass burning found in the inverse modeling study by 

(Eckhardt et al., 2023; Guo et al., 2025). 
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Figure 5. Modeled and observed 1980/1850 BC ratios across different regions. Ice core ratio is 

based on BC concentrations, CMIP6 is based on modeled BC deposition, and LENS is based on 

BC in the air column. Each data point represents either a measured ice core PD/PI ratio or the 

modeled PD/PI ratio within the grid cell containing an ice core’s location. Medians, means, and 

data points are represented by black vertical lines, X’s, and colored points, respectively. 

Whiskers extend to the farthest data point within 1.5 times the inter-quartile range. Ice cores, 

CESM2, CMIP6, and LENS ratios are colored blue, orange, red, and yellow, respectively. 

Background bar colors denote if the region is in the Arctic, Antarctic, or neither (light blue, dark 

blue, and grey, respectively). Regions with two data points show only the two points connected 

by a line and their mean value. Regions with a single data point are represented by a colored X 

and a black line. Global model means are colored green to highlight statistical significance 

(P<0.05) between model and ice core means. 
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3.3 Comparison of aerosol concentration and deposition PD/PI ratios 

After BC aerosol is emitted to the atmosphere, it undergoes three sequential processes 

that can result in ice-based preservation: transport, deposition, and glaciation. When suspended 

in the atmosphere, BC has a residence time of between a few days to a couple of weeks (Cape et 

al., 2012) during which it can be chemically transformed, including from an initial hydrophobic 

phase to a hydrophilic one, and transported long distances by several mechanisms such as low 

altitude transport, transport with assent at the Arctic front, or ascent at the emission source 

(Stohl, 2006). Ultimately, all BC aerosol emitted to the atmosphere is deposited back to the 

Earth’s surface through either wet deposition, involving precipitation, or dry deposition, 

involving gravitational settling, Brownian motion, impaction, or interception (Seinfeld & Pandis, 

2016). PI BC baseline uncertainty therefore lies not only in the observational uncertainty of each 

of these post-emission aerosol processes (Browse et al., 2012), but also in how they have 

changed over time and ESMs abilities to simulate them and their change. 

To investigate how individual modeled aerosol processes relate to the discrepancy 

between modeled and observed ratios, a series of key aerosol process variables from the CESM2 

(a subset of CMIP6) were investigated (Figure 6). Only the CESM2 is used because it was the 

only CMIP6 model dataset that contained each of the 4 variables under investigation: (1) BC in 

air column (model variable name: loadbc); (2) BC in surface air (model variable name: mmrbc); 

(3) BC deposition (model variable names: drybc and wetbc); and (4) BC in snow (model variable 

name: sootsn). Their order generally corresponds to how closely each variable is expected to 

physically represent BC in an ice core, where BC in the air column is the furthest and BC in 

snow is the closest to BC in an ice core (Table A8). It should be noted that the CMIP6 variable 

“sootsn” (BC in snow) is defined as “soot_content_of_surface_snow” (van den Hurk et al., 2016) 
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and so this variable does not directly correspond to measurements of ice core BC because firn 

densification processes can alter BC concentrations by up to three orders of magnitude between 

fresh snow and granulated ice (Kang et al., 2020; Schmitt et al., 2019; Xu et al., 2012). 

In general, median PD/PI ratios from BC in air column, BC deposition to snow, BC in 

surface air, and BC in snow are more similar to each other than to the ice core ratio (Figure 6). 

Regional ice core PD/PI ratio medians range from 1.05 to 1.93 and the corresponding values 

from model variables are 1.91 to 3.90. A complete list of medians is given in Table A8. Every 

model variable’s median PD/PI ratio in every region is above the ice core’s third quartile in the 

corresponding region. All variable means except BC in snow are significantly (P<0.05) larger 

than ice core values in polar regions, and BC in air column is significantly larger in Alpine 

regions. BC in air column and BC in surface air show median ratios with each other’s first to 

third quartile range in the North Pole and South Pole, but not the rest, where BC deposition to 

snow and BC in surface air share that property. In the North Pole and South Pole, all variables 

show the same relative relationship where BC deposition to snow, BC in air column, BC in 

surface air, and BC in snow show decreasing medians in that order. This trend does not hold in 

the rest, where BC in surface air and BC deposition to snow have medians within each other’s 

first to third quartile range, and otherwise the trend is reversed. Figures A10 and A11 show ratios 

between modeled variables across the globe. 

The literature has investigated uncertainty of “in air” model variables  what the 

housesseparately from “in snow”. The most representative variable to ice core BC in CMIP6 

models could be argued to be sootsn, but the uncertainty in CMIP6 sootsn has only been 

evaluated by two studies. Chen et al. (2022) found that spatial-temporal patterns of CMIP6 

sootsn agreed well with snow BC concentration observations from 1980 to 2014 (Chen et al., 
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2022), with generally increasing trends over the study period, although there was considerable 

disagreements between models (CESM2, CESM2-FV2, CESM2- WACCM, CESM2- WACCM-

FV2, NorESM2-LM, NorESM2-MM, and TaiESM1), especially in Europe and Asia which 

showed standard deviations of 200 ng  g−1 (relative standard deviation=300%). Chen et al., 

(2024) found that CMIP5 and CMIP6 models struggled to reproduce inter decadal variability in 

global snow BC concentrations, especially in Antarctica where CMIP6 overestimated snow BC 

radiative forcing by 144% (Chen et al., 2024). The authors identified post depositional snow 

processes as the largest sources of large-scale model errors, rather than the other aspects of land 

component of models, which show good agreement with observations (Chen et al., 2024; Ma & 

Wang, 2024). 

Although BC in snow is the only variable that is not significantly (P<0.05) greater than 

ice core ratios, it is not as well evaluated as BC in the air column, and can contain downstream 

uncertainties from other processes such as meteorology (Zhang et al., 2022). Additionally, BC in 

snow is only available in model grid cells that have a substantial fraction of their landcover 

covered in snow, which is why the variable has fewer datapoints in all three regions shown in 

Figure 6. For these reasons, BC in snow may not actually represent good agreement between ice 

cores and ESMs. These sources of uncertainty can explain some of the difference between sootsn 

and the other model variables, but large discrepancy between all four model variables and the ice 

core values present in each of the hemispheric regions is most likely due to an error in the BC 

emissions dataset rather than a physical process modeled by an ESM. 
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Figure 6. Regional differences between model variables and ice core PD/PI BC ratios. Each data 

point represents either an observed or modeled PD/PI BC ratio at one ice core’s location. 

Medians, means, and data points are represented by black vertical lines, black X’s, and colored 

points respectively. The box of the boxplots represent the range from the first quartile to the third 

quartile, and the whiskers extend to the farthest data point within 1.5 times the inter-quartile 

range. Ice core, BC in air column (loadbc), BC in surface air (mmrbc), BC deposition to snow 

(drybc-wetbc), and BC in snow are colored dark blue, red, orange, yellow, and light blue 

respectively. Background bar colors correspond to the region. 

3.4 Influence of transport on modelled deposition ratios 



  27 

 

An alternative explanation for the discrepancy between modeled BC ratios and ice cores 

is that BC aerosol transport, from emission to deposition, over the historical period is 

significantly different from what is being simulated by CMIP6 models. To explore the role of 

transport we used the LENS ensemble. LENS is an ensemble of 35 CESM2 runs, identical in all 

respects except for a very small variation in the initial atmospheric temperature on the order of 

10-14 K. These small perturbation to the initial condition results in variations in meteorology (Kay 

et al., 2015), and therefore in aerosol transport pathways. Individual LENS run comparisons with 

ice cores are shown in the sixth to last columns of Figure 7. The number of ice core locations 

where each modeled PD/PI ratio is within 0.25 of the ice core value (pink cells) is shown in the 

last row. The maximum number of ice core locations where ice core ratios were near LENS 

values is 9/37 (i.e., ~25%), seen in both runs 19 and 25. However, runs 19 and 25 also contain 

7/37 and 6/37 ratios above 9, which is far outside of the ice core range whose maximum is 6.78 

All the other 17 runs investigated had 5/37 or less ice core locations where ice core ratios were 

near LENS values and a total of 158/629 (~25%) ratios above 9. The average LENS run used in 

other analysis sections has three locations where ice core ratios are within 0.25 of modeled 

values, and 10/37 ratios above 9. These results indicate that no variation in transport regime 

improves ESM agreement with ice cores, and therefore transport can’t explain the discrepancy 

between ice cores and modeled values. 
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Figure 7. Disagreement between each of the 17 LENS transport scenarios investigated (runs 18 

through 35) and ice cores. Each model run, including individual LENS runs, the overall LENS 

average, as well as CMIP6, CESM2, and ice core PD/PI ratios are shown in the columns. Rows 

are sorted by ice core indexes defined in Figure 1. The bottom row shows the total number of 

ratios in each column within 0.25 of their corresponding ice cores and CESM2 ratios 

respectively. PD/PI ratios are color coated with the same scale defined in Figure 1 with the 

additional pink highlighting of ratios that fall within 0.25 of their corresponding ice core value. 

3.5 Exact Results Depend on the Definitions of the Pre-Industrial 
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Previous work has shown that different definitions of the PI change the probabilities of 

the world meeting goals like the Paris Climate accord, specifically that the chance of exceeding 

1.5°C warming by 2100 varies between 61 to 88% when the late nineteenth century’s warming 

since the PI varies by 0.2°C (Schurer et al., 2017). However, the effect of choice of year to 

define the PI on wildfire baselines remains unexplored. The probability distributions in Figure 8 

show that as the PI definition varies between 1750 and 1900, the median PD/PI ice core BC ratio 

across the 37 core dataset varies between 0.5 to 1.0 and 1.0 to 1.5 categories. Two trends are 

apparent as the PI definition moves closer to the PD, the relative distribution becomes narrower, 

indicating more constrained values, and values above 2 become more frequent. These trends are 

most likely dominated by the BC emission peak between 1900 and 1920 observed throughout the 

literature (Faïn et al., 2025; Guo et al., 2025; Hamilton et al., 2018; Liu et al., 2021; Moseid et 

al., 2022; Zhang et al., 2024), which raises the PI average as it increases it overlap with the peak. 

Overall, results from Figure 8 confirm the idea that wildfire regimes experienced large 

scale changes from 1750 to 1850 due to human influences (Barker et al., 2021; Brugger et al., 

2021; Chellman et al., 2017; Knorr et al., 2014; Legrand & De Angelis, 1996; McConnell et al., 

2007; Thevenon et al., 2009; Whitehair et al., 2018; Whitlow et al., 1994; Zhang et al., 2024), 

and that different definitions of the PI within that range would represent different baseline BC 

radiative forcing. Although the definitions of the PD and PI do change the dataset’s PD/PI ratios, 

changes are too small to alter any major results. Figure 5 shows minimum and maximum median 

ice core ratio of about 0.9 and 1.11 respectively, but corresponding model ratios are often above 

2. 

Aerosol radiative forcing estimates are defined in terms of the perturbation of the 

atmospheric energy balance due to changes in the aerosol burden from a PI baseline (IPCC, 
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2021). However, the PI aerosol burden is not well constrained (Carslaw et al., 2017; Mahowald 

et al., 2024; Robock & Graf, 1994; Wan et al., 2021), in regions where CCN are dominated by 

wildfire BC, PI CCN concentration uncertainty can exceed 100% of the mean (Hamilton et al., 

2014) and global uncertainty in wildfire magnitude and location can alter direct aerosol and 

cloud albedo radiative forcing estimates by up to 0.7 W m-2 and 2.4 W m-2, respectively (IPCC, 

2021). Additionally, the chosen year that marks the beginning of the Industrial Era is important 

for many climate goals, such as the Paris Climate Accord, but definitions change across 

assessments. For example, the climate modeling community has recently adopted 1850 CE as the 

PI (Eyring et al., 2016), but previous work has shown that even slight variations in this year can 

lead to large differences in effective radiative forcing estimates, and thus, climate outcomes 

(Schurer et al., 2017). 

 

Figure 8. Differences in the distributions of ice core PD/PI ratios based on the definitions of the 

pre-industrial (PI). The PD/PI definitions differentiated in where darker colors represent an 

earlier definition of the PI. 
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4 SOURCES OF UNCERTAINTY 

4.1 Deposition 

To reproduce the PD to PI BC change observed in ice cores, models must accurately 

simulate the major processes involved in moving BC aerosol from emission source to their final 

ice core location. One such process is deposition, where aerosol settles out of the air onto the 

surface either through wet deposition, involving water, or dry deposition. Climate models 

parameterize these processes to make them computationally feasible, though the exact 

parameterization has evolved over time (Petroff & Zhang, 2010; L. Zhang et al., 2003; Leiming 

Zhang et al., 2001). However, adequate quantity and quality of aerosol deposition observations 

can be difficult to achieve on the scale needed for accurate ESM parameterization (Farmer et al., 

2021). Several studies have observed deficiencies in model deposition parameterizations, 

including overestimates in the deposition of accumulation and Aitken mode particles and 

underestimates of coarse mode deposition (Emerson et al., 2020), parametrizations should 

account for leaf needle edge effects (Pleim et al., 2022), and 5-15% disagreements in surface fine 

particle concentration between models (Saylor et al., 2019). In Community Atmosphere Model 

version 6 (CAM6)’s Modal Aerosol Module (MAM4), BC aging has been shown to be too fast 

compared to experimental results and causes overestimates of surface BC concentration in some 

regions, a problem that could be due to miss-parameterizing SOA aging (Shen et al., 2023). One 

study found that adding more mechanistic dry deposition parameterizations the ModelE ESM 

increased its global non-dust aerosol burden by 11 to 23% from 1850 to 2000 (Clifton et al., 

2024). Microphysics parameterizations can also effect atmospheric lifetime with the most 

pronounced effects in the polar regions (Vignati et al., 2010a). Some of these sources of 

uncertainty may not be evenly distributed throughout the world, where the Community 
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Emissions Data System (CEDS) showed an R2 =  0.73 correlation when representing variability 

in surface BC in developed countries, but only a R2 = 0.00019 correlation in the global south 

(Ren et al., 2025). 

 4.2 Post Deposition Processes 

BC preserved in glacial ice can be dated with various methods when extracted as ice 

cores (S. J. Doherty et al., 2010; McConnell et al., 2007; Ming et al., 2008; Thevenon et al., 

2009; Xu et al., 2009). Different types of ice core methods can quantify different groups of 

particles, for example, optical thermal, and chemical methods measure BC, elemental carbon 

(EC), and organic carbon (OC) respectively, and concentrations of each within a single sample 

can vary significantly. In the most extreme case, different methods can differ by over 270% 

when measuring the same sample (Reisinger et al., 2008). BC, EC, and sometimes OC are often 

interchanged, making their precise comparison of different forms of carbon in ice-cores between 

studies challenging (Vignati et al., 2010b). A secondary source of uncertainty in ice core BC 

records is dating uncertainty. Several methods exist to date ice cores, including orbital tuning 

(Michael L. Bender, 2002), ice accumulation modeling (Wolff et al., 2010), tie point 

synchronization (Svensson et al., 2020), radiometric dating (Michael L. Bender et al., 2008), 

annual layer counting (Maselli et al., 2013; Whitlow et al., 1992), and gas fractionation (M. L. 

Bender et al., 1994; Oyabu et al., 2021). 

When deposition occurs over a glaciating region, BC aerosol can become trapped 

between snow particles and are ultimately compacted into ice. During this transition, melting, 

sublimation, and re-freezing of ice can redistribute BC particles vertically relative to the 

surrounding ice (Patrick Ginot et al., 2001; Liou et al., 2011; Schwarz et al., 2013). Multiple 
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studies have found that surface snow melt and runoff can increase the concentration of 

hydrophilic BC particles at the surface of ice cores and at the bottom of the snowpack (Sarah J. 

Doherty et al., 2013; P. Ginot et al., 2014; Xu et al., 2012). Under high BC concentrations, 

migration to the bottom of the snowpack dominates (Conway et al., 1996). Post-depositional 

processes can alter BC concentrations within melt seasons by between 5 and 10 times (Sarah J. 

Doherty et al., 2013; Xu et al., 2012), though even when significant post-depositional processes 

occur, temporal trends in ice core BC timeseries remain primarily driven by source emissions 

because vertical migration is largely limited to the uppermost layers of snow (Osmont et al., 

2018). In addition to being a source of uncertainty, post-depositional processes are of interest 

because their redistribution of BC in snow can increase the surface albedo of ice beyond BC 

deposition alone (Xu et al., 2012; Yang et al., 2015). Despite the body of literature investigating 

post depositional processes, no CMIP6 ESM includes any post depositional processes for BC 

deposited to snow. 

4.3 Agricultural Burning 

For various purposes, including field clearing, a fraction of agricultural residue, such as 

stalks and leaves, is burned after harvests in many regions. In some estimates, farms in regions 

like India burn more agricultural residue biomass than they produce in crop yields (Jethva et al., 

2019). Like wildfires, agricultural burning is a source of BC, contributing an estimated 310 Gg 

BC per year, or 11% of global BC from biomass burning (Bond et al., 2013). Coupled with the 

fact that agricultural burning was present in both the PD and the PI, it is difficult to discern 

whether the source of PI BC comes from either wildfires or agricultural burning from ice core 

BC concentrations alone. Wheat, rice, and rapeseed each have been measured to have a 

PM2.5/BC emission ratio of 1.9, 7.3, and 0.5 for flaming combustion and 58.1, 66.3, and 47.5 for 
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smoldering combustion respectively (T. Zhang et al., 2015). There is a large uncertainty in the 

modified combustion efficiency (MCE), as well as other measures of burning completeness, in 

agricultural burning due to variations between plant types (Koopmans & Koppejan, 1997) and 

the fraction of residue burned in a given field (Venkataraman et al., 2006). Combustion 

efficiency and dry-matter-to-product ratios ranges of agricultural burning have been reported to 

be 0.68 to 0.89, and 0.71 to 0.85 respectively (Streets et al., 2003). Another source of uncertainty 

is temporal variability in agricultural burning. For example, from 1961 to 2011, one estimate 

shows that changes in agricultural burning emissions during India’s green revolution increased 

the country’s contribution to global BC forcing from 2.6% to 4.4% (X. Liu et al., 2021). Within 

years, BC mass concentration in North India has been shown to vary month to month and hour to 

hour aligned with the peak regional season and time of agricultural burning (Kharol et al., 2012; 

Sahu et al., 2008). Both types of these uncertainties become even larger in the PI, where data is 

sparser, but agricultural burning comprises a larger share of global BC emissions due to the 

absence of industrial emissions. 

Europe is another region that preforms significant agricultural burning. In 2006 

agricultural burning in Eastern Europe reached Arctic glaciers, measurably reducing their albedo 

(Stohl et al., 2007). In the same year, agricultural burning contributed to a deterioration of air 

quality in Sweden (Targino et al., 2013). The ability for agricultural burning BC aerosols to 

reach both regions may be due to their ability to frequently pass above the boundary layer height 

(Amiridis et al., 2010). In general agricultural burning is estimated to account for 2.7% to 11.6% 

of European winter PM10 (Cordell et al., 2016). To open space for agriculture and urbanization, 

10-30% of Europe’s forests were cleared, often using fire, between 1000 and 1800 AD (Kaplan 

et al., 2009, 2017). Similar land clearing came was performed in other parts of the world, but in 
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regions like North America, deforestation occurred mostly after 1850 (Ryan et al., 2013). The 

timing of Europe’s land clearing can help explain why it is the region with some of the best 

agreement between its ice core and ESM BC ratios- because neither the post 1850 history of the 

region, or the ESM BC emissions dataset contain fire-based land clearing. Likewise North 

America shows one of the largest disagreements between models and ice core ratios and the 

region does have a post 1850 history of fire-based land clearing. To investigate how the inclusion 

of agricultural burning in models could affect their agreement with ice core observations, 

Hamilton et al. (2018) compared LPJ-LMfire, a model that explicitly simulates agricultural fires, 

to three other models that did not include agricultural fires. In comparison with ice core PD/PI 

ratios, LMfire performed the best out of all 4 models, supporting the notion that the omission of 

some agricultural fires could account for discrepancies between models and ice core 

observations. However, LMfire still displayed significant discrepancies with ice cores, indicating 

other factors are also at play (Hamilton et al., 2018). 

4.4 Physical Aerosol Properties 

Several physical properties of BC aerosol, including particle size, as well as optical and 

chemical properties, can depend on the source of the aerosol (Blanco-Donado et al., 2022; L. Liu 

et al., 2022). Differences in these physical properties can alter aerosol transport distance 

(Seinfeld & Pandis, 2016). Specifically, high levels of agricultural burning can increase the 

fraction of accumulation mode aerosol (Sahu et al., 2008). BC emitted from the combustion of 

wet wood has a higher dynamic shape factor (1.8–2.17) than from dry wood (1.2–1.85) (Hu et 

al., 2021). Under transport in environments with high humidity or sulfuric acid concentrations, 

gaseous water accumulation can make BC particles more spherical (R. Zhang et al., 2008). Even 

for BC from a single source, such as diesel fuel, particle mobility-mass fractal dimension (Dfm) 
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can vary by over 25% (Park et al., 2003). Single Particle Soot Photometer (SP2) show responses 

with standard correlation factors that varied between 0.821 and 0.913 based on the source 

material of BC analyte (Hu et al., 2021). The results of this work indicate that the source, namely 

biomass burning and industrial emissions, of global BC has changed from the PI to the PD, 

which therefore may have affected aerosol transport and deposition location. Combustion 

efficiency and emission factors of a given fire vary with the specific plants that are burning (T. 

Zhang et al., 2015) and the amount of precipitation that has recently fallen (Röckmann et al., 

2010), both of which can vary on centennial timescales (Jiménez-Moreno et al., 2008; Zuo & 

Qian, 2022). Significant variation in either of these factors, leading to a variation in combustion 

efficiency from the PI to the PD would confound BC based results since the amount of BC 

produced for a given unit of combusting mass would be altered. To fully address this source of 

uncertainty, wholistic modeling of historical meteorology and vegetation must be performed in 

tandem with wildfire and aerosol simulations. 

4.5 Reduction of Uncertainties 

The analytical methodology most ice cores use to measure BC concentrations cannot 

differentiated between any physical properties of BC particles that may give insight into their 

source type (McConnell et al., 2007). There are some studies that have used alternative 

methodology to study the sources of ice core records of BC. One study analyzed samples from 

an alpine ice core using radiometric techniques to separately quantify the amount of 

anthropogenic and biomass burning EC and OC (Jenk et al., 2006). They found that the fraction 

of anthropogenic EC and OC grew significantly from 1870 to 1980, but the results also show 

anthropogenic fraction of pre 1850 EC values are consistently near 50%, which the authors 

attribute to unexpected contributions from mineral dust. Another recent study used radiocarbon 
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analysis of an Himalayan ice core and found that the anthropogenic fraction of BC has decreased 

from 76 to 70% from 1990 to 2012, while the biomass burning fraction was highly correlated 

with South Asian wildfires (Wang et al., 2025). Despite the existence of viable techniques as 

shown in these two studies, to the author’s knowledge, these are the only studies that have 

separately quantified anthropogenic and biomass burning fractions of BC in ice core records, 

making global analysis of trends impossible. When possible, the authors call on ice core studies 

to separately quantify anthropogenic and biomass burning BC aerosol in ice core records. 

In summary we call for four areas of future work: 

1. Inclusion of post-depositional cryosphere processes in future ESMs and how they 

contribute to model–observation uncertainty. 

2. A reevaluation of pre-industrial to present-day fire emissions, incorporating multiple 

paleoenvironmental archives (van Marle et al., 2017). 

3. Use ice cores records of burning in future ESM emission datasets. 

4. Expand the usage of methodology to separately quantify anthropogenic and biomass 

burning BC aerosol in ice core records (Jenk et al., 2006; Wang et al., 2025). 

5 CONCLUSIONS 

CMIP6 models overestimate the change in BC aerosol from the PI to the PD relative to 

ice core observations taken in every continent, except Australia. Mean CMIP6 modeled BC 

ratios are outside of the first to third quartile range of corresponding ice core observations in 6/9 

continental regions investigated and are significantly (P<0.05) larger statistically larger than ice 

core means globally and in 3/4 polar regions. Similar results were found for the LENS 

experiment and the CESM2 subset of CMIP6. Transport and other individual modeled processes 
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cannot fully explain this ice core – model disagreement, rather the primary source of is the 

emissions datasets used for biomass burning in CMIP6. These results warrant a reevaluation of 

the CMIP biomass burning dataset (van Marle et al., 2017), especially given the importance of PI 

BC aerosol baselines for upcoming radiative forcing estimates within CMIP7 and 

AerChemMIP2. 

6 FUTURE WORK 

Although some attempts have been made in the literature to improve ESM BC biomass 

burning datasets (Eckhardt et al., 2023; Guo et al., 2025; Lampe et al., 2025; Zhang et al., 2024), 

no study has yet integrated all available observational historical combustion proxies, including 

ice core BC, the charcoal record, and modern satellite and ESM data, into a single 

comprehensive dataset. For this reason, I plan to use the first and second chapters of my PhD to 

investigate the charcoal record with the intention to eventually use its data in an ESM BC 

emissions dataset.  

Charcoal formation, known in the literature as pyrogenic carbon (PyC), is also missing in 

most ESMs, including the CESM2. This absence is significant because annual production of PyC 

is between 196 and 337 Tg C (Bowring et al., 2022; Jones et al., 2019), representing up to 16% 

of global total carbon emitted to the atmosphere from wildfires (Chen et al., 2023; Randerson et 

al., 2015). After it is formed, undisturbed pyrogenic carbon degrades to CO2 with a half-life of 

~100 years (Kuzyakov et al., 2014; Santos et al., 2012; Singh et al., 2012; Zimmermann et al., 

2012). However, a subsequent wildfire in the vicinity will resuspend ~10% of the carbon back to 

the atmosphere (Bird et al., 2015; Santín et al., 2013), coupling the lifetime of pyrogenic carbon 

to fire frequency (Bowring et al., 2022). Specifically, if a forest with 100 Gg store of pyrogenic 

carbon and a present day 20-year fire return interval experiences a 50% increase in fire 
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occurrence by 2100 (Kloster & Lasslop, 2017) its pyrogenic carbon loss would increase by 250 

Mg C/a. In the second chapter of my PhD, I plan to quantify how human and climate driven 

changes in fire occurrence will influence pyrogenic carbon stocks, globally and regionally within 

different biomes, by integrating PyC formation and degradation into the FATES vegetation 

component of the Community Land Model (CLM). 

The third chapter of my PhD will utilize both the improved emissions dataset and the 

PyC-enabled version of FATES from the first and second chapters of my PhD to simulate the 

future trajectories of global PyC stocks under multiple climate warming scenarios. This 

integrated framework will enable quantitative evaluation of how future fire regimes and 

vegetation dynamics may alter the PyC’s role in the global carbon cycle.
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Appendix A 

 

 

Figure A1. Kilimanjaro levoglucosan ice core (Core 9) log scale timeseries smoothed with 

different lowess smoothing parameters. 

 

 

Figure A2. Histograms of each ice core’s PD value using two different definitions: most recent 

value (left) and nearest sample date to 1980 CE (right). The PD year mean, standard deviation, 

and range were 1998.6, 12.3, and 67.5 for the most recent approach, and 1979.0, 4.92, and 30.5 

for the 1980 approach respectively. 
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Figure A3. Example of methodology applied to each ice core. First the data with the nearest 

dates to 1850 and 1980 are found (thick pink and blue lines) then the 25 years of data shown in 

light pink and light blue are averaged to produce the BC values for PI and PD. Finally, these two 

numbers are divided to get the PD/PI ratio. 
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Figure A4. Comparison of averaging techniques for the ice cores’ PD and PI. 
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Figure A5. Histogram of every possible regional division of the Antarctic ice cores. All ice cores 

fall within a 0.1 PD/PI BC Ratio range. 
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Figure A6. Histogram of global Hoesly anthropogenic BC emission sources in the PI and PD, 

highlighting low values less than 10-25 in the PI that skew PD/PI ratios high. 
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Figure A7. Using the emissions regions defined in section 2.3, results from Figure 3 were 

plotted against ice core values in Figure 4. These biomass PD/PI BC ratio means in each 

emission region (denoted with X’s in Figure 3B) are relatively close to 1 (0.68 to 1.10), but are 

not within 40% of their corresponding ice core values in any region. Although 5/6 emission 

regions (Alaska, Asia, Europe, North America, and South America) showed mean Biomass ratios 

values below the ice cores’, the Biomass BC dataset remains an overestimate because the 

combination Anthropogenic+Biomass PD/PI dataset, which best represents the total BC 

emissions that are captured by ice core records (as well as biomass, Anthropogenic+Biomass PI), 

all show regional ratio means above 400% of their corresponding ice core values, and frequently 

reach above 100, where the maximum ice core value in this dataset is 6.78. 
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Figure A8. Correlation between Greenland ice cores’ BC PD/PI ratio and latitude. 
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Figure A9. Comparison between various LENS variable biases (where var1 ÷ var2 is labeled as 

var1_D_var2) and the ice core. Bias labels with no data shown have an first quartile bound above 

4. 
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Figure A10. Relative PD/PI variable ratios. Each plot shows the PD/PI ratio of the variable in 

the column label multiplied by the ratio of the row label’s variable. Plots on the diagonal show 

the raw PD/PI ratios from the single variable labeled. Missing data is also shown in white. 
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Figure A11. Relative PD/PI variable ratios. Each plot shows the PD/PI ratio of the variable in 

the column label divided by the ratio of the row label’s variable. Plots on the diagonal show the 

raw PD/PI ratios from the single variable labeled. Ratios above 1, below 1, and near 1 are shown 

in brown, blue and white respectively. Missing data is also shown in white. 
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Figure A12. BC timeseries used in this work and their 10 and 33 year decompositions. 
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Table A1. Overview of the existing BC ice core model evaluation literature and this work’s 

contribution to the literature. 

 Ours Hamilton et 

al., 2018 

Liu et al., 

2021 

Moseid et 

al., 2022 

Zhang et 

al., 2024 

Number of 

Northern 

Hemisphere 

Ice Cores 

Used 

24 4  15 16 

Number of 

Southern 

Hemisphere 

Ice Cores 

Used 

13  14 1 15 

Compares 

individual 

model 

variables 

X     
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Table A1. (continued). 

Compares 

different 

definitions 

of the pre-

industrial 

and present 

day 

X     

Model 

variables 

used 

BC in air 

column, BC 

in surface 

air, BC 

deposition, 

BC in snow 

BC in air BC in air, 

BC 

deposition 

BC 

deposition 

BC 

deposition 
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Table A2. Comparison between different PI and PD averaging methods. 

 5 year 

PD and 

PI 

10 year 

PD and 

PI 

15 year 

PD and 

PI 

20 year 

PD and 

PI 

25 year 

PD and 

PI 

30 

year 

PD 

and PI 

5 year 

PD and 

25 year 

PI 

Mean ice 

core PD/PI 

BC ratio 

2.30 2.07 1.88 1.76 1.69 1.75 2.10 

Standard 

deviation 

in ice 

cores’ 

PD/PI BC 

ratios 

2.25 2.38 1.90 1.56 1.42 1.90 2.19 

Minimum 

ice core 

PD/PI BC 

ratio 

0.31 0.41 0.38 0.40 0.40 0.38 0.30 

Maximum 

ice core 

PD/PI BC 

ratio 

11.44 11.43 11.02 8.45 7.58 11.79 9.78 
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Table A3. Data sources, exact lat, lon positions, and abbreviations of each ice core. 

Core 

Index 

Publication 

Abbreviatio

n Data Source 

Latitu

de 

Longit

ude 

Site/Abbre

viation 

1 

Chellmanet 

al. (2017) 

https://doi.org/10.1021%2Facs.est.6b0

6574 43.1 -109.6 

Upper 

Fremont 

Glacier 

(WY) 

2 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  66.5 -46.3 ACT11d 

3 

Zdanowiczet 

al. (2018) 

https://www.polardata.ca/pdcsearch/P

DCSearchDOI.jsp?doi_id=12952  75.32 -81.64 

Devon ice 

cap 

4 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  73.8 -49.5 NasaU 

5 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  66 -45.2 ACT2 

6 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  72.6 -38.3 

Summit201

0 

7 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  69.3 -143.8 

McCall_Gla

cier 

8 

McConnellet 

al. (2007) https://doi.org/10.25921/bphv-jy23 71.4 -44 D4 

https://doi.org/10.1021%2Facs.est.6b06574
https://doi.org/10.1021%2Facs.est.6b06574
https://doi.org/10.18739/A2KH0F13W
https://www.polardata.ca/pdcsearch/PDCSearchDOI.jsp?doi_id=12952
https://www.polardata.ca/pdcsearch/PDCSearchDOI.jsp?doi_id=12952
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.25921/bphv-jy23
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Table A3. (continued) 

9 

Thompsonet 

al. (2002) 

https://doi.org/10.1126/science.107319

8 

-

3.0766

67 

37.3533

33 NIF2 

10 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  78.5 -56.8 Humboldt 

11 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  77.5 -51.1 

NEEM_201

1_S1 

12 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  78 -33.8 Tunu2013 

13 

Liuet al. 

(2021) 

https://doi.org/10.6084/m9.figshare.14

251022 

-

66.769

444 

111.580

833 W10 

14 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  82.5 -37.5 

Hans_Tause

n 

15 

Liuet al. 

(2021) 

https://doi.org/10.6084/m9.figshare.14

251022 -78.6 35.6 

NORUS_7_

5 

16 

Arienzoet al. 

(2017) https://doi.org/10.15784/601034  -75 0.1 B40 

17 

Tayloret al. 

(2011) https://doi.org/10.15784/600142  

-

79.467

6 

-

112.086

5 

WAIS 

DIVIDE 

https://doi.org/10.1126/science.1073198
https://doi.org/10.1126/science.1073198
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.15784/601034
https://doi.org/10.15784/600142
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Table A3. (continued) 

18 

McConnellet 

al. (2022) https://doi.org/10.18739/A2W37KX21  81.6 -15.7 

Flade 

Isblink 

19 

McConnellet 

al. (2021) https://doi.org/10.15784/601464  -76.8 31.9 B53 

20 

Siglet al. 

(2018) 

https://doi.org/10.1594/PANGAEA.89

4788 45.932 7.876 CG15 

21 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  78 -36.4 NGT_B19 

22 

Liuet al. 

(2021) 

https://doi.org/10.6084/m9.figshare.14

251022 

-

73.583

333 

-

70.3666

67 Gomez 

23 

McConnellet 

al. (2021) https://doi.org/10.15784/601464  -82.1 54.9 

NORUS_7_

7 

24 

McConnellet 

al. (2021) https://doi.org/10.15784/601464  -74.1 1.6 NUS08_7 

25 

Ruppelet al. 

(2014) 

https://doi.org/10.23728/fmi-

b2share.858bbae80cde4b26bda0a37a5

6d7db99 

79.137

5 

13.2722

22 

Holtedahlfo

nna glacier 

26 

Osmontet al. 

(2019) https://doi.org/10.25921/3ygy-q259 -16.65 

-

67.7833 

Illimani 

glacier 

 

https://doi.org/10.18739/A2W37KX21
https://doi.org/10.15784/601464
https://doi.org/10.1594/PANGAEA.894788
https://doi.org/10.1594/PANGAEA.894788
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.15784/601464
https://doi.org/10.15784/601464
https://doi.org/10.23728/fmi-b2share.858bbae80cde4b26bda0a37a56d7db99
https://doi.org/10.23728/fmi-b2share.858bbae80cde4b26bda0a37a56d7db99
https://doi.org/10.23728/fmi-b2share.858bbae80cde4b26bda0a37a56d7db99
https://doi.org/10.25921/3ygy-q259
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Table A3. (continued) 

27 

Legrandet 

al. (2023) 

https://www.ncei.noaa.gov/access/pale

o-search/study/38580  

43.348

3 42.4267 

Mount 

Elbrus 

28 

Osmontet al. 

(2018) https://doi.org/10.25921/gqct-0c60  

78.823

4 17.4331 LF-09 

29 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  60.5 -139.5 Eclipse 

30 

Matthewet 

al. (2016) 

https://doi.org/10.1016/j.accre.2016.07

.002 

33.576

667 

91.1793

33 

Guoqu 

glacier 

31 

McConnellet 

al. (2021) https://doi.org/10.15784/601464  -64.2 -57.7 JRI_2008 

32 

Liuet al. 

(2021) 

https://doi.org/10.6084/m9.figshare.14

251022 

-

71.166

667 

111.366

667 

Aurora_Bas

in 

33 

Zhanget al. 

(2024) https://doi.org/10.18739/A2KH0F13W  80.5 94.8 

Akademii_

Nauk 

34 

Liuet al. 

(2021) 

https://doi.org/10.6084/m9.figshare.14

251022 -76.1 22.5 

NORUS_7_

2 

35 

Kaspariet al. 

(2020) https://doi.org/10.1029/2019JD031126  

48.356

389 

-

121.057

4 SCG 

 

https://www.ncei.noaa.gov/access/paleo-search/study/38580
https://www.ncei.noaa.gov/access/paleo-search/study/38580
https://doi.org/10.25921/gqct-0c60
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.1016/j.accre.2016.07.002
https://doi.org/10.1016/j.accre.2016.07.002
https://doi.org/10.15784/601464
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.18739/A2KH0F13W
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.6084/m9.figshare.14251022
https://doi.org/10.1029/2019JD031126
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Table A3. (continued) 

36 

Eichleret al. 

(2023) 

https://www.ncei.noaa.gov/metadata/g

eoportal/rest/metadata/item/noaa-

icecore-37972/html  46.551 8.067 FH 

37 

Barkeret al. 

(2021) https://doi.org/10.25921/vxax-w749  

28.383

3 85.7167 

Dasuopu 

glacier 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/noaa-icecore-37972/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/noaa-icecore-37972/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/noaa-icecore-37972/html
https://doi.org/10.25921/vxax-w749
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Table A4. Region definitions and number of ice cores. 

Large 

Region 

Region Definition Number of Ice Cores 

North Pole Arctic All area above 66.6 degrees 

latitude except Greenland 

5 

North 

Greenland 

Greenland’s land area above 

71.5 degrees latitude 

8 

South 

Greenland 

Greenland’s land area below 

71.5 degrees latitude 

3 

South Pole Antarctic Continental Antarctica 11 

Alpine Africa Continental Africa 1 

Asia Continental Asia 2 

Europe Continental Europe, Eastern 

Europe and the Middle East 

3 

North 

America 

All area in continental North 

America below 67 degrees 

latitude 

3 

South 

America 

Continental South America 1 
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Table A5. The ensemble, subset, and comparisons of each model used in this analysis. 

Ensemble Ensemble 

Subset 

Model Deposition 

Comparison 

3 Variable 

Comparison 

LENS  All LENS 

Runs X  

CMIP6 

CESM2 

CESM2 X  X 

CanESM5 X  

CESM2_re X  

 MIROC X   

 EC X   

 MRI X   

 CNRM X   

 IPSL X   
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Table A6. The max, min, and mean absolute and standard deviation differences between 

different grid box averaging methods for LENS data. S4 and S8 represent averaging the 4 and 8 

nearest grid boxes to an ice core’s lat lon respectively, and S1 represents using the raw data from 

the nearest grid box without any grid box averaging. 

 
Max Min Mean 

S4 - S1 2.43314331813518 -1.7782451329598281 -0.10204251825655358 

S8 - S1 3.151898085541914 -2.6076508029747067 -0.1551673302441016 

std(S4) - std(S1) 0.9733858921307288 -5.607736691603087 -0.5590165402367577 

std(S8) - std(S1) 2.223883730919977 -7.754390111571624 -0.6746387035635895 

 

Table A7. The absolute and standard deviation differences between different vertical level 

averaging methods for LENS data. LV30 and LV28 represent nearest and third nearest levels to 

the Earth’s surface respectively. 

 
Max Min Mean 

LV30 - LV28 8.60E-3 7.04E-8 2.59E-4 

std(LV30 ) - std(LV28) 2.15E-3 5.33E-7 2.67E-4 
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Table A8. Regional PD/PI BC medians from model variables. 

Regions Ice Core 

BC in air 

column 

BC deposition to 

snow 

BC in surface 

air BC in snow 

North 

Pole 1.166662856 3.015009692 3.861902496 2.63879567 1.975689775 

South 

Pole 1.050102303 3.1402834 3.255306975 2.58785237 1.909287804 

Alpine 1.92523059 3.692888878 2.750148522 2.670535394 3.895460773 

 

Table A9. Regional PD/PI BC means. 

Region Ice Core Hoesly Marle Hoesly+MarlePI Hoesly+MarlePD/PI 

Alaska 1.67 133.73 0.82 7.74 7.63 

Africa 0.72 431.5 1.1 4.13 4.2 

Asia 4.4 21704.17 0.77 39013.48 39013.4 

Europe 2 158.96 0.96 356.42 356.41 

North America 1.75 139.45 0.68 10.14 9.9 

South America 1.84 100.78 1.07 10.68 10.72 

Global Mean 2.06 3778.1 0.9 6567.1 6567.04 

 


