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Abstract The radiative effect of anthropogenic aerosols is one of the largest uncertainties in Earth's
energy budget over the industrial period. This uncertainty is in part due to sparse observations of aerosol
concentrations in the pre-satellite era. To address this lack of measurements, ice cores can be used, which
contain the aerosol concentration record. To date, these observations have been under-utilized for comparison
to aerosol concentrations found in state-of-the-art Earth system models (ESMs). Here we compare long term
trends in concentrations of sulfate and black carbon (BC) between 15 ice cores and 11 ESMs over nine regions
around the world during the period 1850-2000. We find that for sulfate concentration trends model results
generally agree with ice core records, whereas for BC concentration the model trends differ from the records.
Absolute concentrations of both investigated species are overestimated by the models, probably in part due

to representation errors. However, we assume that biases in relative trends are not altered by these errors. Ice
cores in the European Alps and Greenland record a maximum BC concentration before 1950, while most ESMs
used in this study agree on a post-1950 maximum. We source this bias to an error in BC emission inventories
in Europe. Emission perturbation experiments using NorESM2-LM support the observed finding that BC
concentrations in Northern Greenland ice cores are recording European emissions. Errors in BC emission
inventories have implications for all future and past studies where Coupled Model Intercomparison Project
Phase 6 historical simulations are compared to observations relevant to aerosol forcing.

1. Introduction

Aerosols and aerosol precursors are both naturally and anthropogenically emitted into the atmosphere, and their
total effect on climate is primarily by cooling the surface and thereby counteracting global warming (Forster
et al., 2021; Lohmann & Feichter, 2005; Storelvmo et al., 2016). However, the historical aerosol forcing is highly
uncertain (Forster et al., 2016; Schulz et al., 2006), both due to sparse aerosol observations in the pre-satellite
era and our lack of understanding of aerosol microphysical processes (Lohmann, 2017). Constrained histori-
cal aerosol forcing estimates would allow ultimately for a better quantification of climate sensitivity (Bellouin
et al., 2019; Bender, 2020), which is a key parameter in climate science (Sherwood et al., 2020).

Glaciers act as archives for deposited aerosols, and ice cores allow for the evaluation of aerosol concentration
trends in the near and far past. Even though previous studies have compared ice core data to atmospheric models
(Bauer et al., 2013; Engardt et al., 2017; Fagerli et al., 2007) they are an under-utilized source for Earth system
model (ESM) evaluation.

ESMs are commonly used as a numerical tool for carrying out experiments to determine for instance aerosol forc-
ing and climate sensitivity. The reconstruction of historical climate evolution by an ESM depends among other
factors on the external forcing, and of specific interest in this work, the evolution of aerosol emissions. Within the
Coupled Model Intercomparison Project Phase 6 (CMIP6) (Eyring et al., 2016), a large number of ESMs were

MOSEID ET AL.

1 of 21


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9601-6821
https://orcid.org/0000-0003-4493-4158
https://orcid.org/0000-0003-0206-7463
https://orcid.org/0000-0002-0856-5183
https://orcid.org/0000-0001-9051-5240
https://orcid.org/0000-0002-8741-709X
https://orcid.org/0000-0003-1881-2341
https://orcid.org/0000-0001-7825-5749
https://doi.org/10.1029/2021JD036105
https://doi.org/10.1029/2021JD036105
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JD036105&domain=pdf&date_stamp=2022-09-17

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2021JD036105

used to perform several historical experiments, all using the so-called CMIP6 emission inventories as prescribed
by Hoesly et al. (2018) and van Marle et al. (2017). Within these emission inventories we find the aerosol black
carbon (BC) and the sulfate aerosol precursor sulfur dioxide which are both produced from fossil fuel burning and
biomass burning, and emitted separately from other natural and anthropogenic sources. Together, they represent
two crucial components for radiative forcing calculations, with major contributions to both the scattering and
absorbing components of aerosol forcing.

A previous study has pointed to the potential errors in the CMIP6 emission inventory for the sulfate precursor
sulfur dioxide (Moseid et al., 2020), possibly underestimating East Asian emissions. Emission inventories of
aerosol BC as contained in CMIP6 (Hoesly et al., 2018) are associated with medium confidence according to the
latest IPCC report (Szopa et al., 2021). In addition, previous studies have suggested historical BC emission can
be substantially higher than depicted in current inventories (Bauer et al., 2013; Hodnebrog et al., 2014). Emission
trends from the pre-satellite era (before the year 2000 for aerosol parameters) have an unquantified uncertainty
and are often a result of scaling of more recent inventory years (Hoesly et al., 2018).

Here, we investigate the concentration of both sulfate and BC in ice as calculated in 11 ESMs used in CMIP6, and
compare them with ice core records from 15 cores in nine regions. We analyze the historical era (1850-2014),
as we can take advantage of models using the recent best-guess CMIP6 emission inventory and results stored in
the CMIP6 database.

Our hypothesis is based on the idea that long-term trends in the concentration of an aerosol species in ice cores
are a fingerprint of the aerosol's trend in general atmospheric burden. Therefore, the trends can be used to verify
emission evolution over historical times, as compiled in the CMIP6 emission inventory. Assuming models repre-
sent the transport and deposition of an aerosol with comparable quality over the historical time span, the calcu-
lated concentrations trends should match the concentration evolution recorded in the ice cores with a relatively
constant bias over time. An incorrect emission inventory in either sulfate or BC would reveal itself as a bias
between the observed and modeled concentration trend in ice for that specific aerosol. Since both sulfate and
BC originate from similar source regions in the industrial era, at least on a large scale, the comparison between
models and ice cores should show a highly consistent and correlated bias over time for both components.

Using the ensemble of CMIP6 historical model simulations offers the chance to investigate whether such bias is
robust across different historical aerosol change reconstructions from a range of ESMs.

The following section will present the ice core and model data, and how the simulated concentrations in ice are
calculated. Section 3 will present the results of our analysis, and a subsequent investigation of the potential causes
for inter-model differences. Finally, Section 4 discusses how the results match our hypothesis, and Section 5
concludes about the study and what implications it may have.

2. Data and Methods
2.1. Ice Core Data

An overview of the location of the ice cores used in this study is shown in the map in Figure 1. We have selected
ice cores where BC and sulfate concentrations were available with at least annual temporal resolution. All are
from the Northern Hemisphere with the exception of one. Each ice core is presented individually (see Table 1)
except those retrieved from Greenland. These eight ice cores are aggregated and averaged for a Northern and
Southern Greenland region, as we found high agreement in BC and sulfate trends across ice cores in these two
regions. We note that while we found an ice core site to accurately represent its surrounding area in Greenland,
this site-to-area representation may not be extended to other ice core sites due to the large variations in topogra-
phy. To ensure there is no confusion with other atmospheric “concentration” metrics in use, we define the term
“concentration” as being the concentration of an aerosol species (here sulfate and BC) measured in ice cores,
when analyzing melted ice cores. The methods for obtaining the aerosol concentrations from the ice cores used
here are described in the publications listed in Table 1. Previously unpublished data and methods are described
in more detail below.

2.1.1. Sulfate Concentration

Most published sulfate concentration records in ice cores, including the ones we are using here (See Table 1), have
been obtained using ion chromatography (IC) detecting the soluble fraction of sulfur in ice (Avak et al., 2019).
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Figure 1. Decadal sulfate (al—il) and black carbon (a2-i2) concentrations [ng/g] in ice cores (black) and model mean of 11
models (blue), decadally averaged. The shading shows the maximum/minimum decadal average of the 11 models. The light
gray solid line shows the annual ice core concentration. The stippled dark gray line shows the respective decadal ice core
concentrations multiplied by a factor of 5.
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g?)le):iiiw of the Ice Cores Used in This Study Along With Respective References Where Black Carbon and Sulfate Data can

be Found

Site Lat Lon BC sulfate

Tllimani —16.62 —67.76 Osmont et al. (2019) Kellerhals et al. (2010)

Eclipse 60.5 —139.5 This study This study

McCall Glacier 69.3 —143.8 This study This study

Mt Oxford 82.2 -73.2 This study This study

Greenland

Northern
NGT_B19 78.0 -36.4 This study This study
Tunu2013 78.0 -33.9 http://doi:10.18739/A2ZQ1G Sigl et al. (2015)
NEEM_2011_S1 717.5 -51.1 Zennaro et al. (2014) Sigl et al. (2013)
Humboldt 78.5 —56.8 McConnell (2010) Sigl et al. (2013)
Southern
Summit2010 72.6 -38.3 http://doi.org/10.18739/A2XV7T  http://doi.org/10.18739/A2X V7T
D4 71.4 —43.9 McConnell (2007) McConnell (2007)
ACT11d 66.5 —46.3 This study http://doi.org/10.18739/A27933
ACT2 66.0 —45.2 McConnell and Edwards (2008) McConnell and Edwards (2008)
Col Du Déme 45.8 6.9 This study Preunkert et al. (2001)
Legrand et al. (2013)

Colle Gnifetti 45.9 7.85 Sigl et al. (2018) Engardt et al. (2017)
Mt Elbrus 42.4 42.4 Lim et al. (2017) Preunkert et al. (2019)

Note. Previously unpublished data is referenced as This study.

However, the sulfate concentrations in the ice cores newly reported in this study were measured with Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). This applies to the Eclipse, McCall Glacier, Mt Oxford, and
NGT_B19 ice cores. The ICP-MS method is based on mass spectrometry and has the advantage of detecting all
chemical forms of sulfur in the ice. A mix of analysis techniques can lead to discrepancies between measured
concentrations of sulfate depending on the technique implemented (IC or ICP-MS). However, in historical times
since 1850, the majority of the sulfur in ice cores is soluble sulfate, fully captured during analysis by both IC and
ICP-MS. Therefore, the sulfate concentrations are very similar regardless of the technique used to measure them
(McConnell et al., 2017). Yalcin and Wake (2001) found that the new ICP-MS-based sulfur measurements in the
Eclipse core presented here are in close agreement with earlier IC based sulfate measurements from the same
core. Sulfate measured by ICP-MS includes methanesulfonate, which has been shown to account for 3%—5% of
the sulfate found in Greenland ice (Legrand et al., 1997). Sulfate can be subject of re-location at ice core sites
influenced by meltwater percolation (see e.g., (Eichler et al., 2001)). To avoid such a post-depositional change of
the original deposited signal, we chose ice core sites with negligible influence of melting.

2.1.2. Black Carbon

Concentrations of BC in all ice cores were determined with a Single Particle Soot Photometer (SP2, Droplet
Measurement Technologies) coupled with a jet or ultrasonic nebulizer to aerosolize the molten ice core samples
(McConnell, 2007; Wendl et al., 2014).

Although a number of annually resolved ice core BC (e.g., Liu et al. (2020)) and sulfur (e.g., Sigl et al. (2014))
records spanning this period are available from Antarctica, we chose to focus on ice core record/model
comparisons in the Northern Hemisphere and included only one comparison from a tropical site in Southern
Hemisphere (Illimani).
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Table 2

Altitudes in Meters at Ice Core Sites and in Model Means With Standard

Deviation Shown in Parenthesis

2.2. Concentrations From ESMs

The Earth system is extremely complex and includes a multitude of inter-
acting processes. As such, several ESMs have been developed with different

Site Ice Core Model mean (std) — yavs 0 represent these interwoven processes. To compare these different
Illimani 6300 2303 (314) models and the representations of physical processes within them, the
Eclipse 3017 1031 (185) CMIP6 has been initiated as a collaborative effort across the ESM commu-
McCall Glacier 2400 437 (127) nity (E}{rlng et al., 2016). CMIP6 cogsmts of s.everal mochlel mterc.omparl-

son projects (MIPs) that design experiments tailored to different aims and
Mount Oxford 2210 452 (153) . . . .

focus points; however, here we use only the historical experiment. Every
Northern Greenland 2270 2318 (13) ESM has to perform a set of basic experiments to participate in any of the
Southern Greenland 3258 2189 (199) MIPs of CMIP6. The historical experiment is one of them meant to simulate
Col Du Dome 4350 719 (190) the climate from 1850 to 2014 and to allow for a comparison to observa-
Colle Gnifetti 4452 739 (174) tions and recent climate evolution. Its period was chosen to cover the times
Mt Elbrus 5115 1001 (194) where the observational record is comprehensive enough that comparisons

Note. Model mean was averaged over 3 X 3 grid matrix surrounding ice
core location and averaged together for the models used. For Northern and
Southern Greenland we have used NGT_B19 and Summit2010, respectively.

and evaluations between the real climate and simulations can be conducted.
The historical experiment is forced and driven by a best guess of greenhouse
gas concentrations and both natural and anthropogenic aerosol and aerosol

precursor emissions.

Here we use the results from 11 of the ESMs that participated in CMIP6. They were chosen based on the avail-
ability of diagnostic outputs and variables needed to calculate the simulated concentrations of sulfate and BC at
ice core sites in the historical experiment. The sum of dry and wet deposition of sulfate and BC along with total
precipitation, co-located with the ice cores, was used to compute concentrations. The ESMs, their horizontal
resolution, and corresponding references are listed in Table B2, and further details of the variables used to calcu-
late the concentration of aerosols to compare with ice core data are found in Appendix B1.

2.3. Comparing Ice Core Data to Model Data

Ice cores have been retrieved in topographically varying areas such as on high-alpine mountain glaciers in the
European Alps, or in more smooth topographic areas, like on the top of the ice cap of Greenland. In contrast,
ESMs represent Earth's surface as a matrix of surface grid cells, at differing horizontal resolutions depending
on the ESM (see Table B2). The topographic elevation within each grid cell in a model must represent both the
peaks and the valleys within the area it covers. This means that the topography in each grid cell is a flat surface at
the average altitude of the grid cell. Therefore, a point measurement such as an ice core taken at any location of
a high mountain peak, will correspond to an ESM grid cell at a lower elevation, as shown in Table 2. Especially
in mountain areas, we can expect the ESM to exhibit higher concentrations than measured at the ice core site due
to the representation error. However, this bias is probably not changing much over historical time scales, and we
assume that trends in models and in ice cores are expected to be correlated.

As we are interested in the long term trends of aerosol concentration and less so in a model's ability to represent
local meteorological conditions, and since models show variability in deposition between close-by grid cells, we
further extend the area from which model data are taken for the comparison of aerosol concentrations at the ice
core site. In particular, we use the nearest neighbor method to find the grid cell closest to the ice core location,
and then find the surrounding 3 X 3 grid cells and average them with equal weight.

ESMs do not output aerosol concentration in snow and ice directly, therefore it is calculated here based on the wet
and dry deposition of the aerosol and total precipitation in the chosen area:

Z?(wet +dry)
conc = T (1)
X precice+iiq

where conc is the concentration of the aerosol component in question, and wet and dry refers to the sum of
deposition of the aerosol in the nine grid cells, divided by the total ice and liquid precipitation prec in the same
nine grid cells. Aerosol concentrations as calculated from the models and as measured in the ice cores are then
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averaged over 10 year intervals, starting at the beginning of each decade. Altogether, this is done to compare
the long-term trends in aerosol concentration rather than the inter-annual variability in the data, which would
be primarily due to changes in meteorological conditions. As detailed in Legrand et al. (2018), the dating error
of an ice core typically ranges from 1 year in the upper layers to 5 years prior to 1930 along the 1890-2000 AD
ice-record extracted at the Col Du Dome site, so dating errors in ice cores would not impose biases to the decadal
averaged data as shown in this paper.

While the concentration is straightforward to calculate, there is no way to determine the source regions of the
aerosols at ice core sites in the CMIP6 simulations. Additional simulations are therefore conducted with one of
them, the ESM NorESM2-LM, as described in the following section.

2.4. Emission Experiments With NorESM2-LM

To investigate which emission source areas affect aerosol concentration in the ice core locations, we have designed
seven perturbation experiments and one control experiment. In a first set of experiments, the anthropogenic emis-
sions of either BC or sulfur dioxide (aerosol precursor of sulfate) each are doubled in one of three regions at a time.
The regions are defined according to the HTAP2 definitions as described in Galmarini et al. (2017) and represent
Europe, Asia, and North America. This adds up to six experiments, and in a seventh experiment, the emissions
from global wildfires were doubled (BC, sulfate, and organic matter), to investigate to what extent natural and
anthropogenic biomass burning contribute to concentrations of BC and sulfate. An overview of experiments is
found in Table A1l. To reduce inter-annual variability through forcing and feedback on the circulation and tracer
transport in these perturbation experiments, the sea surface temperatures (SSTs) and sea-ice cover (SIC) were
fixed to the SSTs and SIC fields extracted from the NorESM2-LM fully coupled historical experiment. We also
performed one control experiment with unmodified emissions as in the historical simulation, using the same
prescribed SSTs and SICs. In all of the experiments the aerosol emissions are based on the CMIP6 anthropogenic
(Hoesly et al., 2018) and biomass-burning (van Marle et al., 2017) emission inventories. The experiment names
and descriptions including the varying emission perturbations are presented in Appendix A.

The aerosol concentrations at different ice core locations from these experiments are then used to calculate and
estimate regional contributions. For this calculation we assume linearity, meaning that a doubling of emissions
is expected to double the concentration. In order to assess the contribution of aerosols from each source region
or wildfire, the aerosol concentration in the control simulation (histSST in Table A1) is simply subtracted from
each of the individual experiments. The remainder is then the aerosol concentration believed to stem from the
particular source region (or wildfire emissions) tested in the experiment.

3. Results
3.1. Sulfate and BC in Ice Cores and Models

Figure 1 compares the simulated concentration of sulfate (al—il) and BC, a2—i2 with the measured concentra-
tions from seven ice cores and two composites from ice core in northern and southern Greenland. It displays
the decadal average from the 11 models used in this study (blue solid line) and the model spread defined as the
minimum and maximum decadal model average (shaded blue). The ice core concentrations (black solid line) are
based on one ice core, except for the two areas Northern Greenland and Southern Greenland which are based on
several ice cores (see map in Figure 1 and Table 1).

The model means of the sulfate concentrations show a general increase until the mid-to late 1970s across North-
ern Hemisphere ice core areas, followed by a subsequent significant decrease in concentration. The model spread
in decadal sulfate concentration is large across regions, especially in the decades before and after the 1970s. We
find that the models in general show a sulfate concentration larger in magnitude than what is recorded by the ice
cores. The models with the lowest concentrations are very close to the measured sulfate, in particular in Green-
land and Colle Gnifetti. However, one can still identify a similar temporal evolution in ice core and models for
sites such as Mt Oxford, Northern and Southern Greenland, Col Du Déme, Colle Gnifetti, and, to some extent,
Mt Elbrus. We also added a gray stippled line in Figure 1 showing five fold the decadal ice core observation
data in areas where the ice core data is outside the range of the models, which is every area except Illimani for
sulfate. We refer to this graph as the five factor ice core data, and it helps visually to compare magnitude and
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trends between models and ice cores. For example, we see that both model means and ice core concentrations of
sulfate show similar temporal trends with two maxima in the area surrounding McCall Glacier. However, there is
a model-observation discrepancy as to when the two temporal maxima are largest in magnitude. The five factor
lines also illustrate that the model mean concentration of sulfate in Col Du Déme is approximately a factor of five
higher than the ice core data, while in Northern and Southern Greenland the model mean concentration is higher
by a factor of three to four.

The five factor ice data shows the ice core trends more clearly, and highlights that models in general are able to
reproduce the evolution of sulfate concentrations, while they are unable to reproduce their magnitude. There may
be several reasons the overestimation of the sulfate concentrations by the models. Recall from Section 2.3, all
models are unable to resolve the real surface topography, meaning that the elevation in the ice core sites are not
represented in the models (Table 2), explained as representation error above. Second, as we use a 3 X 3 grid box
area surrounding the model grid cell closest to the ice core location (as explained in Section 2.3), grid boxes that
are closer to aerosol emission sources than the actual ice core site are included in the model average, giving a
larger absolute concentration value. This is especially relevant for ice cores close to sources such as Col Du Déme
and Colle Gnifetti in the European Alps. We note that when performing the same analysis with a 1 X 1 grid box
area we see trend-wise the same results as with a 3 X 3 grid. However, even if their magnitude differs, the sulfate
comparison shows that the trends are well correlated, indicating consistency between the temporal evolution of
sulfur emissions and sulfate concentrations in ice core archives.

In general, the absolute magnitude of BC concentrations is much lower than that of sulfate (see Figure 1a2-1i2).
The temporal evolution of BC concentrations differs more prominently between ice cores and models than what
was shown above for sulfate. Only at Mt Elbrus and, to some extent, Mt Oxford, comparable temporal trends
appear between model and ice core data throughout the analyzed time period. Modeled BC concentration at
Illimani shows a sharp increase in the most recent period which is not measured in the ice core. We also find that
while the model mean concentration of BC has maximum values post-1950 in the European Alps, the ice core
data show a pre-1950 maximum of BC concentration in both sites (Col Du Déme and Colle Gnifetti).

In fact the maximum in modeled BC concentration occurs after 1950 for all sites. However, at five out of nine
areas, the maximum in the ice core data occurs before 1950. Also in both Greenland areas the comparison shows a
clear discrepancy between the model data, with present-day ice core BC concentrations lower than pre-industrial
values, and a distinct maximum in the early 1900s.

Another feature to note from the comparison is the inter-model range in BC concentrations in the European
Alps, McCall Glacier and Mt Elbrus, which stays close to constant over time (Figures 1g2, 1h2, 1c2, and 1i2),
as opposed to other areas like Illimani, Eclipse, Mt Oxford and both regions of Greenland where the inter-model
range increases with time (Figure 1a2, 1b2, 1d2, le2, and 1f2). A constant model range indicates high model
agreement in concentrations, while a diverging model range indicates that inter-model differences become more
important with time. In the following we investigate two representative ice core sites, Colle Gnifetti and Northern
Greenland, more closely, because they represent this difference in the evolution of the inter-model range of BC
concentrations.

3.2. Inter-model Differences at the European Alps and Northern Greenland

We find the largest model range at Colle Gnifetti (European Alps) for sulfate concentrations in the 1970s and
—80s (Figure 1h1). In Figure 2a we can find the ESMs that are responsible for this range. Models with maximum
sulfate concentration in the high emission era are MIROC6, MPI-ESM-1-2-HAM and MRI-ESM2-0. These
models have at the same time widely varying pre-industrial background sulfate concentrations. To further inves-
tigate inter-model trend differences we present the data as a percent change from their respective pre-industrial
values of the period 1850-1865 (Figure 2b). The ice core observations show a maximum increase of 800% from
pre-industrial values, which is in the middle of the model range of 400%—1200% change. The long-term relative
trend in sulfate concentration at Colle Gnifetti is well represented in all models of this study.

Figures 2c and 2d show BC concentration at Colle Gnifetti in absolute values and percentage change from the
pre-industrial era, respectively. Identical to Figure 1h2, in general the absolute model concentrations are higher
than ice core values.
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Figure 2. Concentrations of sulfate and black carbon in absolute values (left column) and percent change from pre-industrial (right column) for Colle Gnifetti (a—d) and
Northern Greenland (e—h). Percent change is calculated using the first 15 years of each respective timeseries as baseline.

Note also that there are evidently inter-model differences in pre-industrial concentration values. The percentage
changes from pre-industrial values (Figure 2d) clearly show a maximum BC concentration recorded in the ice
core in the early 20th century, while all models agree on a late 20th century maximum. This was also apparent in
the five factor ice core data shown in Figure 1h2.
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Figures 2e—2h show absolute and percentage change in sulfate and BC concentrations according to the 11 models
of this study together with the respective averages of four ice cores located in Northern Greenland (see Table 1).

For the sulfate concentration, some models have comparable values to that of the ice cores, while others grossly
overestimate the absolute concentrations. We note that the model with the highest concentration value is
EC-Earth3-AerChem, which is the model with the lowest sulfate concentration at Colle Gnifetti (Figure 2a).
Likewise, similar opposite findings are found for MIROC®6, which was the model with the highest sulfate concen-
trations at Colle Gnifetti, but has the lowest values in Northern Greenland. EC-Earth3-AerChem is the model of
this study with the highest global lifetime for sulfate (6.7 days in the present day, see Figure C1), and MIROC6
is the model with the lowest global sulfate lifetime (2 days in the present day, see Figure C1), as computed from
global burden and deposition. A long lifetime means that a particle is transported longer before being deposited.
For these two models, global lifetimes explain why a model depositing in large magnitudes close to emission
sources (i.e., Colle Gnifetti) does not deposit as much in a pristine remote area (i.e., Northern Greenland) and
vice versa. However, for the rest of the models global lifetimes (see Figure C1) do not explain so straightforwardly
the order in sulfate concentration differences between Europe and Northern Greenland as shown in Figures 2a
and 2e. The graph showing percent change of sulfate concentration illustrates that the recorded changes from ice
cores in Northern Greenland are in the middle of the model range. The relative sulfate concentration trends in
Northern Greenland are well represented by all of the models in this study (Figure 2f).

The absolute values of BC concentrations in Northern Greenland differ largely between models and ice core data.
According to the ice core records there is a maximum of BC concentrations in the early 20th century, followed by
a continuous negative trend after 1950 (Figure 2g). The models do not represent this evolution, which is clearly
shown in both Figures 2g and 2h. EC-Earth3-AerChem and GFDL-ESM4 have the largest BC concentrations in
the end of the 20th century of about 15 ng/g (Figure 2g), but when looking at the percentage change, multiple
models have an overall positive trend since pre-industrial times. The models disagree not only with the ice core
records, but also among each other regarding the long-term BC concentration trends in Northern Greenland. The
differences in timing of BC concentration maxima are significant, and the source region of the BC arriving at
the different ice core sites is of interest. An investigation using source region attribution within only one model
has been thus added to this study.

3.3. Emission Region Attribution Using NorESM2-LM Experiments

Concentration contributions from different source regions of both sulfate and BC at all ice core areas of this study
have been calculated as explained in Section 2.4, and the result is shown in Figures 3 and 4, respectively.

For most of our ice core areas the sum of sulfate contributions (bars in Figure 3) does not add up to that of the
reference simulation (dark green), which means that other sources than those we chose in our perturbation exper-
iments contribute to the total sulfate concentration. Other sources comprise natural emissions of DMS and SO,
from volcanic activity, as well as anthropogenic emissions from other regions of the world.

In fact, most of the sulfate concentration in Illimani can be attributed to other source areas (such as Southern
America), while for Eclipse, McCall Glacier, and Mt Elbrus other sources account for about half of the simulated
total sulfate concentration. North American sulfur dioxide emissions dominate among our selected perturbation
sources in Eclipse, McCall Glacier and both Greenland areas, and one can note increasing Asian contributions
in the end of our investigated period. Unsurprisingly, almost all sulfate found in Col Du Déme and Colle Gnifetti
can be attributed to European emissions according to NorESM2-LM. Biomass burning is not a large contributor
to sulfate concentrations in any of the ice core sites, but acts as the definite main contributor to BC concentrations
at [llimani (Figure 4a).

Biomass burning is an important contributor to BC concentrations through the investigated period for all ice
core areas except for the European Alps. The most diverse contribution sources of BC concentration is found in
Mt Oxford and both Greenland areas. For example, in Southern Greenland in 1970-1980, all four contributors
account for 20%—33% of the total BC concentration in NorESM2-LM. Almost all of the simulated BC concentra-
tion at Col Du Dome and Colle Gnifetti can be attributed to European anthropogenic emissions of BC, but more
interestingly European emissions also dominate among the contributions in Northern Greenland. Between 1900

MOSEID ET AL.

9 of 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

Concentration [ng/g]

s e 1 1 Y

o PR O R i M

A lllimani B Eclipse C McCall Glacier
B 300 4 300 1
S
E
S 200
=1 ] 200
o
e
8
£ 100 4 100 4 :
8 { ittt
L |
o Jmi s g ‘.r{] e, i oLt "?E I\ 5 ‘ ‘l 1 ‘1] L ol | ﬂ_l
1850 1875 1900 1925 1950 1975 2000 1850 1875 1900 1925 1950 1975 2000 1850 1875 1900 1925 1950 1975 2000
D Mt Oxford 3007 g Northern Greenland 300 1 F Southern Greenland
S 600 3(contribution - ref) 400 - 250 4
c
< —— Reference run 556 | 200 -
2 400 4 mm North America
d = Europe 150 A
] .
5 o 100
§ 200+ m=m Biomass burning
o s

50 4

0 = L
1850 1875 1900 1925 1950 1975 2000

2000 |
G Col Du Dome

2o

850 1875 1900 1925 1950 1975 2000

2000 | -
H Colle Gnifetti

850 1875 1900 1925 1950 1975 2000

2o

25901 | Mt Elbrus

10.1029/2021JD036105

1500 A

1000 4

500 +

0 T T T T
1850 1875 1900 1925 1950 1975 2000

2000 4

1500 A

1000 A

500 4

0
1850 1875 1900 1925 1950 1975 2000

1850 1875 1900 1925 1950 1975 2000
Year Year Year

Figure 3. Decadal contributions of sulfate from three emission source regions and biomass burning according to NorESM2-LM. The dark green line represents the
reference simulation, and the gray stippled line shows the sum of error for the contribution experiments.

and 1990 European contributions account for 20%—57% of the total BC concentration there (Figure 4e). Asian
emissions of BC become more prevalent in the last decades at many ice core sites, but especially at Eclipse.

Recall that NorESM2-LM contributions in theory are decompositions of the control simulation result, and as the
previous Section showed, this control simulation does not accurately represent the BC concentration as recorded
in ice cores in Northern Greenland and at Colle Gnifetti (Figures 2d and 2h). Therefore, the contribution bars
shown in Figures 4e and 4h are a visualization of the components that add up to a biased evolution in BC
concentration.

4. Discussion
4.1. Sulfate Concentrations

The relative trend of sulfate concentrations from ice core records over the industrial era agree with that of the
11 ESMs in this study in 7 out of 9 regions. We find inter-model agreement in sulfate concentration trends
thus almost independent of ice core location, although there is disagreement between models regarding absolute
magnitudes of concentration. This indicates that generally CMIP6 emission inventories represent historical trends
in the sulfate precursor sulfur dioxide well. Anthropogenic sulfur dioxide emissions in Europe were at their maxi-
mum during the 1970s and —80s according to CMIP6 emission inventories (Figure A1 and Hoesly et al. (2018)),
which is also when we find the largest model range.

By applying the NorESM2-LM models for source attributions, we found European SO, emissions as major
sulfate sources for the European ice core sites, whereas North American sources dominate at Greenland sites.
Fagerli et al. (2007) assessed contribution regions for sulfate deposition rates at Col Du Dome and Colle Gnifetti
using the EMEP model. They also concluded that the main contributor to sulfate found on Colle Gnifetti and Col
Du Dome were European emission sources. Engardt et al. (2017) investigated sulfur concentration in Europe in
the 20th century using two chemical transport models (EMEP MSC-W and MATCH) and ice core records from
Colle Gnifetti. They found that both models represented non sea salt (nss) sulfate concentration trends well,
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Figure 4. Decadal contributions of BC from three emission source regions and biomass burning. The dark green line represents the reference simulation, and the gray
stippled line shows the sum of error for the contribution experiments.

comparable to Fagerli et al. (2007), Bauer et al. (2013), and this study. The maximum nss-sulfate concentration
in EMEP MSC-W and MATCH at Colle Gnifetti was larger than the ice core recorded maximum nss-sulfate
concentration by a factor of three and nine, respectively. We incorporated two NASA-GISS models in this study,
and a previous generation of the atmospheric model (GISS-modelE) has been used to compare model to ice core
records in Bauer et al. (2013). Three Greenland ice core sulfate records (Humboldt, D4, and ACT2, also used in
the current study, see Table 1) from Bauer et al. (2013) agree well in trend with that using all the different setups
of the GISS modelE using CMIP5 emissions (Lamarque et al., 2010). Together with the results of this study we
suggest both CMIP5 and CMIP6 emission inventories of the aerosol precursor sulfur dioxide do capture overall
emission trends in the Northern Hemisphere with a maximum in the 1970s and a decline since then. The ice
core data available provide little constraint and verification for the East Asian sulfur emissions, since East Asian
sources contribute only a small part to the sulfate recorded in the ice core archives (Figure 3).

There exist few previous multimodel studies evaluating sulfate concentrations using ice cores; all have found
that although agreeing in trend, the models disagree in magnitude. The difference in concentration magnitude
between models and ice cores is suggested to be in part a result of the lower elevation in grid cells in the model,
and this rationale holds for all mountain sites apart from Greenland and possibly Illimani. Due to a closer proxim-
ity to emission sources, sulfate concentrations are higher at lower altitudes. Furthermore, the high-alpine glaciers
are often in the free troposphere where aerosol concentrations in air are low (especially during cold season)
(Engardt et al., 2017).

However, this representation error does not explain the bias at all ice core sites in the current study, as models
represent high altitudes for Greenland sites, while still overestimating the sulfate concentration there. Even
pre-industrial sulfate concentrations are overestimated in most models in Greenland. Note, however, that the
model with the lowest concentration traces the evolution of the Greenland data quite well. The comparison at
the Greenland sites suggests that the transport from anthropogenic sources in the Northern Hemisphere to these
remote ice cap sites in Greenland is too efficient in most models.
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The Illimani is the only site where ice core sulfate concentrations exceeds model estimates. The large variation in
the observed record, the small increase after 1950, as well as the location on the western edge of South America
suggest that other sources than fossil fuel burning are responsible for most of the sulfate found here. Diffuse
volcanic and marine sulfur sources are incorporated in some models, but the comparison suggests that other
sources, such as sulfur from for example, explosive eruptions or from mining activities may play a role.

4.2. Black Carbon Concentrations

Trends in BC concentrations agree between decadal model mean and ice core records at Mt Elbrus, and to some
extent Mt Oxford throughout the analyzed period. The two ice core records from the European Alps show a
pre-1950 maximum in BC concentration, while all models agree on a post-1950 maximum in this area. In both
Greenland areas, however, the models disagree between each other in BC concentration trends in addition to a
bias in the ice core data.

As discussed above, the sulfate concentration trends are rather well represented by the simulations, and the
models of this study perform well regarding formation, transport and deposition of sulfate. When models perform
well in transport of one aerosol component they should perform well for another aerosol component, as transport
within a model is a priori and not aerosol component dependent. However, emission amount, source regions and
timing as well as processes leading to deposition are dependent on aerosol components. Thus, the apparently
different temporal evolution of BC concentrations in ice core data and models can likely be due to discrepancies
in either the CMIP6 BC emission inventory, or specific model deposition processes, or a combination of the two.
As there is high inter-model agreement in the biased timing of the BC concentration maximum in the European
Alps, we suggest errors in BC emission inventories is the source of this bias between models and observations.
For Greenland this is slightly different. When multiple models are given the same input emission inventory,
and we assume overall transport is correct, inter-model discrepancies in trends in BC concentrations point to
inter-model deposition process differences. Inter-model deposition comparisons are outside the scope of this
paper, but a thorough investigation of deposition schemes and the effect this has on BC dry and wet deposition in
the CMIP5 ensemble can be found in Allen and Landuyt (2014), which also found a large range in modeled BC
deposition across models. Deposition process differences could reflect distinct parameterisations for a BC parti-
cle to become hydrophilic by coating of solubles. These will cause inter-model differences in BC lifetime, varying
differently over time (See Figure C2; Bond et al. (2013)). However none of the models, despite their differences
in BC lifetime, represent the ice core recorded temporal evolution of BC concentration, and we suggest that the
source of error in Northern and Southern Greenland is a combination of errors in emissions and differences in
model deposition processes.

A yet to be discussed potential cause of bias is the effect of circulation changes caused by the self-lifting of
absorbing aerosols. Previous studies have investigated this non-linear effect for biomass burning events (Boers
et al., 2010; de Laat et al., 2012; Ohneiser et al., 2021), however limited studies exist on the potential magnitude
of this bias regarding anthropogenic emissions, and we make no attempt to estimate the magnitude of such a bias
in the current study. In addition, models may differ in their approach for injecting emissions from biomass burn-
ing, where different injection heights would affect transportation. However, such an intermodel difference would
not evolve over time and can be assumed to be a constant source of bias throughout the investigated time period,
and is therefore not given attention in the current analysis of aerosol long-term trends.

We investigated which emission source region contributed to the NorESM2-LM BC concentration in Northern
Greenland and found that a large amount came from European sources. North American BC emissions have been
thought to be a main contributor to BC in Greenland (Bauer et al., 2013) but on average in NorESM2-LM North
America accounts only for 17% of the total concentration in the northern part, and 28% in the southern part of
Greenland.

Almost all of the BC at Colle Gnifetti and Col Du Déme originates in Europe; this again points to wrong Euro-
pean emission data as possible reason for the bias between NorESM2-LM and the ice core data of these two sites.
Since European emissions contribute to BC concentrations in Northern Greenland as well, at least part of the
Northern Greenland bias for NorESM2-LM can be related to erroneous CMIP6 emission inventories of European
anthropogenic BC.
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Bauer et al. (2013) assessed the reconstruction of historical BC evolution between GISS-modelE and three
Greenland ice cores, and found an early 20th century peak in the Greenland ice cores that is not present in the
model data. This is what we found in Figures 2g and 2h. Bauer et al. (2013) suggest a missing source in emission
inventories may be the cause of this bias, which supports our findings. While several ice core sites exhibit consid-
erable representation errors for sulfate, Greenland and Eclipse are an exception. The bias of the model mean and
ice core data between 1900 and 1950 is relatively small, although sulfate at the same time is underestimated by a
factor of 3. This is another argument for a possible underestimation of BC emissions in this part of the century.

The differences in model range evolution in Figure 1a2—i2 may be a result of inter-model differences in BC life-
times. At some ice core sites the inter-model range is changing over time, while at others it stays rather constant.
When investigating the sources for BC in nine ice core areas, according to NorESM2-LM (Figure 4), we find that
the areas with a close to constant model range (see McCall Glacier, Col Du Dome, Colle Gnifetti and Mt Elbrus in
Figure 1) are relatively close to their emission sources. At sites where the emission sources are far away it seems
that differences in BC life time enhance the inter-model range in periods with higher emissions.

At McCall Glacier, almost all BC concentration can be sourced to biomass burning in NorESM2-LM (e.g., boreal
wild fires in Northern Canada and Siberia) and the model range in Figure 1c2 stays near constant for this area.
For sulfate our results suggest that the models have problems simulating the low concentrations at this Arctic high
elevation site. In contrast, the nearby ice core site Eclipse has a diverging model range (Figure 1b2) while simulta-
neously as contributions from far-away sources such as Asia increase, according to NorESM2-LM. The absolute
bias between models and data is small at this site, a location with larger exposure to inflow from the Pacific.
The inter-model spread becomes larger in the area surrounding Eclipse as the far-away emission sources in Asia
become more important in the last decades (Figure 4). For the last decades the models simulate an increase in BC
concentrations, consistent with an increase in Asian emissions. This is however not found in the ice core data at
the Eclipse site, possibly because wildfire sources and their variability are dominating the ice core signal.

5. Conclusion

We have gathered sulfate and BC data from 15 ice cores in nine regions and compared their concentrations to
those calculated using 11 ESMs, which have participated in the recent CMIP6 exercise. The ice core data have
been carefully compiled to provide a benchmark to test inter-decadal concentration evolution of BC and sulfate in
a consistent manner. By investigating both components at the same time a more consistent picture of emissions
and their evolution can be obtained.

Concentration trends as recorded in the ice cores agree with each other across large regions for sulfate, and this
evolution is also captured in the modeled sulfate concentration trends. Both modeled and observed sulfate trend
largely correlate to trends in global emissions of the sulfate precursor sulfur dioxide. We can conclude that the
emission changes of sulfate precursors in the CMIP6 emission inventories are consistent with the observations
presented here. East Asian emissions cannot be tested as rigorously because the location of the ice cores is not
ideal to track them.

BC concentration trends vary across ice core sites, but observations from the European Alps and Greenland agree
on a distinctive early 20th century maximum which is not present in the modeled BC concentration. In the Euro-
pean Alps there is high inter-model agreement on a bias in timing of the maximum BC concentration. Based on
this we suggest CMIP6 emissions for BC in Europe are likely underestimated in the first half of the 20th century.

Errors in BC emission inventories have implications for all future and past studies where CMIP6 historical
simulations are compared to observations relevant to aerosol forcing. This includes studies evaluating historical
surface temperature, energy balance at the surface and top of atmosphere, ice nucleating particles, and histori-
cal cloud studies, to name a few.

European emissions contribute significantly to BC concentrations in 6 out of the 9 regions in this study according
to NorESM2-LM, and erroneous input data likely contribute to the ice core-model bias in these regions. Emission
region attribution studies with models other than NorESM2-LM would benefit the analysis of far-from-source
ice core sites to further narrow the potential source of bias, together with a further investigation of BC deposition
processes in ESMs.
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Appendix A: Contributions According to NorESM2-LM

Figure Al shows global emission rates of SO, and BC in NorESM2-LM (black solid line), together with the
contribution from anthropogenic activity in our chosen areas and from biomass burning globally. The sum of the
contributions do not add up to the global emission rate, and this sheds light on how much of the global emission
rate can be attributed to both natural and anthropogenic sources from the rest of the world, including shipping and
volcanic contributions (see Table Al).
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Figure Al. Emissions of SO, (top) and BC (bottom) as a function of time. The black line shows global emissions from the
reference simulation (histSST in Table A1), the bars show decadal mean contribution per perturbation experiment together
with the annual sum of error for the four contributions in gray.

Table A1
Emissions for CMIP6 Are Described in Hoesly et al. (2018) for Anthropogenic Emissions and in van Marle et al. (2017) for
Biomass Burning Emissions

Emission perturbation

Experiment Species Region Sector Size Ocean model

historical - - - - Full ocean

histSST - - - - SST/SIC prescribed from historical
histSST-s02x2nam SO, North-America  Anthrop. +100%  SST/SIC prescribed from historical
histSST-so2x2eur SO, Europe Anthrop. +100%  SST/SIC prescribed from historical
histSST-so2x2asi SO, Asia Anthrop. +100%  SST/SIC prescribed from historical
histSST-bcx2nam BC North-America  Anthrop. +100%  SST/SIC prescribed from historical
histSST-bcx2eur BC Europe Anthrop. +100%  SST/SIC prescribed from historical
histSST-bcx2asi BC Asia Anthrop. +100%  SST/SIC prescribed from historical
histSST-biox2 SO,, BC,OM  Global Biom. burn. +100%  SST/SIC prescribed from historical

Note. Asia refers to South Asia + Eastern Asia + Central Asia (excluding Russia, Southeast Asia and Middle East). SST/SIC
: prescribed sea surface temperature and sea-ice cover. The experiment for biomass burning includes the species for Organic
Matter (OM), as this specie indeed is emitted through biomass burning in addition to interacting with BC in NorESM2-LM.
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Appendix B: Inter-Model Differences in Ice Core Areas

:Z:')tluedle;: in Meters Averaged Over 3 x 3 Grid Matrix Surrounding Ice Core Location in the Models Used

Location A B C D E F G H I
Abbreviation ILI ECL MCC MTO NGR SGR CDD CGN MTE
Ice Core 6300 3017 2400 2210 2270 3258 4350 4452 5115
NorESM2-LM 1854 656 403 376 2087 1746 550 550 811
GISS-E2-1-H 2264 949 161 187 2178 2164 471 548 844
GISS-E2-1-G 2460 966 442 535 2170 2094 532 634 740
EC-Earth3-AerChem 2084 924 393 454 2206 1922 547 547 738
MPI-ESM-1-2-HAM 2068 939 339 218 2463 2237 674 674 1220
CESM2 2505 1238 584 562 2434 2338 922 922 1208
CESM2-WACCM 2508 1242 581 550 2426 2328 930 930 1211
GFDL-ESM4 3001 1267 589 586 2292 2316 1032 1032 1002
CNRM-ESM2-1 2282 1161 506 679 2424 2343 841 857 1021
MRI-ESM2-0 2007 933 387 439 2391 2382 658 658 1213
MIROC6 2300 1066 424 384 2428 2213 755 784 999

Note. Letters refer to locations as listed in Table 1. For Northern and Southern Greenland we have used NGT_B19 and
Summit2010, respectively. ILL: Illimani, ECL: Eclipse, MCC: McCall Glacier, MTO: Mount Oxford, NGR: Northern
Greenland, SGR: Southern Greeland, CDD: Col du Dome, CGN: Colle Gnifetti, MTE: Mt Elbrus.

B1. Model Data Downloaded From ESGF

Tables B1 and B2 shows an overview of the 11 models used in this study. For the historical simulations one
ensemble member per model was downloaded, with the variant label r1ilp1f2 for CNRM-ESM2-1, r3ilp1f1 for
MPI-ESM1-2-HAM, rlilp3fl for both GISS-models and rlilp1fl for the rest. The variables downloaded were
pr, wetbc, drybc, wetso4, dryso4, emiso2, emibc, mmrso2, mmrbc, mmrso4, airmass, and areacella per model.
The models EC-Earth3-AerChem, MPI-ESM1-2-HAM, CNRM-ESM2-1, and both GISS models did not have the
variable “airmass” available, we then calculated airmass by using the pressure at each vertical layer together with
the Python package geonum.atmosphere (Figures B1 and B2).

Table B2

Earth System Models Used in This Study

Institution Model Resolution Reference Aerosol scheme

NCAR CESM2 1.25x0.9 Danabasoglu et al. (2020) MAM4

NCAR CESM2-WACCM 1.25x 0.9 Danabasoglu et al. (2020) MAM4

CNRM-CERFACS CNRM-ESM2-1 14x1.4 Séférian et al. (2019) TACTIC_v2

HAMMOZ-Consortium ~ MPI-ESM1-2-HAM 1.876 x 1.875  Tegen et al. (2019) Based on M7
Mauritsen et al. (2019)

EC-Earth-Consortium EC-Earth3-AerChem 3.0x20 van Noije et al. (2021) Tracer Model v5

NOAA-GFDL GFDL-ESM4 1.25%x 1.0 Dunne et al. (2020) Bulk aerosols

NCC NorESM2-LM 2.5x 1.875 Seland et al. (2020) OsloAero5.3

MRI MRI-ESM2-0 1.125 x 1.125  Yukimoto et al. (2019) MASINGAR mk-2rdc

MIROC MIROC6 1.4x 1.4 Tatebe et al. (2019) SPRINTARS

NASA-GISS GISS-E2-1-G 2.5%2.0 Kelley et al. (2020) MATRIX

NASA-GISS GISS-E2-1-H 2.5%x2.0 Kelley et al. (2020) MATRIX

Note. More information about the different aerosol schemes can be found within the references listed in the table.
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Figure B1. BC concentrations for the ice core sites shown in Figure 1 per model. The legend can be seen in Figure C2.
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Figure B2. Sulfate concentrations for the ice core sites shown in Figure 1 per model. The legend can be seen in Figure C2.
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Appendix C: Lifetimes of BC and Sulfate
See Figures C1 and C2.
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Figure C1. Global load and lifetime for sulfate. The model CESM2-WACCM has been removed from this figure as it is the
only model containing volcanic emissions of sulfur dioxide, which drastically affects loads and lifetime for sulfate in this
model.
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