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S1 Charcoal properties

S1.1 Aspect ratio of charcoal

In the following, we summarise �ndings about the aspect ratio R of microscopic charcoal particles
and how we derive from those estimates for the equivalent radius req. The measurements by
Clark and Hussey (1996) show a distinct maximum for aspect ratios R = 1.5-2, and the mean
aspect ratio is 2.36 ± 1.53. While Clark and Hussey (1996) used 9 sites in temperate eastern
North America for their analysis, Tinner and Hu (2003) studied charcoal particles from di�erent
biomes, namely Lago di Origlio (Switzerland; warm-temperate chestnut forest), Grizzly Lake
(Alaska; spruce forest), and Wien Lake (Alaska; shrub birch tundra, poplar forest, and boreal
forest). For the three sites, they report aspect ratios of R = 1.9, R = 1.7, and R = 1.6,
respectively. Crawford and Belcher (2014) measured the aspect ratios of both microscopic and
macroscopic charcoal particles. For microscopic charcoal (DM up to 100 µm), they found aspect
ratios of 1.8 and 2.4 for charcoal from wood and grass, respectively. It is worth mentioning that
they used a cross-sectional area of 315 µm2 as the lower threshold, which corresponds to a DM

of about 11.5 − 13.4 µm for wood and 13.2 − 15.5 µm for grass (assuming rectangual/elliptical
cross-sections), i.e. a slightly larger DM than the threshold of 10 µm used in this study.

All of these measurements of R lie in the same range. For our study, we chose R = 2 as
an initial estimate. The third, non-visible dimension of the particle is expected to be smaller or
equal to Dm for particles detected in pollen slides since the particles may tend to lie �at on the
slides (Clark and Hussey 1996). For simplicity, we describe the shape of the charcoal particles
with a rectangual cuboid (see Clark and Hussey 1996). Assuming that the non-visible axis equals
the minor axis Dm (which is rather an upper estimate), the equivalent-volume radius req is given
by:

Vcuboid = Vsphere (1)

DM ·
DM

R
· DM

R
=

4

3
· π · r3eq (2)

→ req ≈ 0.62 · DM

R
2
3

, (3)

where V stands for volume. The typical lower threshold for microscopic charcoal particles is
DM = 10 µm, which corresponds to an equivalent-volume radius of req ≈ 3.9 µm. However, since
the aspect ratio tends to increase with charcoal size (Crawford and Belcher 2014), R of the lower
threshold (DM = 10 µm) might be smaller than the mean or median R for DM > 10 µm. In the
model, we cannot account for a size-dependent R. For this study, it is important that the lower
threshold of the counted and simulated charcoal particles match well since these small particles
have higher number concentrations than larger particles (Clark and Hussey 1996; Tinner et
al. 1998). As a lower estimate for our test simulations, we therefore use R = 1.33, which
corresponds to the often applied, observation-based threshold of 75 µm2 for microscopic charcoal
cross-sections (e.g. Tinner et al. 2006) and which results in req = 4.9 µm. Based on the before
mentioned observations from Clark and Hussey (1996) and Crawford and Belcher (2014), R = 2.4
is considered to be an upper bound, which corresponds to req = 3.5 µm.

S1.2 Radiative index of charcoal

Many studies (e.g. Habib and Vervisch 1988) report that higher H-C ratios result in a smaller
imaginary part of RI, i.e. in a smaller absorption component. However, Bond and Bergstrom
(2006) reviewed the radiative properties of di�erent carbon-containing substances with focus on
light-absorbing aerosol particles and found that the number of sp2 bonds (more precisely: the
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extent of sp2-islands) matters most. More sp2-islands result in higher absorption because sp2-
bonded carbon is arranged in planar layers, which allows the π-electrons to move freely. Although
the light absorption is closely related to the imaginary part of RI, it is important to note that
absorption also impacts the real part. It is therefore not possible to estimate the imaginary part
independently of the real part.

In general, measured RIs of light-absorbing carbonaceous substances show a high variability
caused by di�erent burning conditions (Bond and Bergstrom 2006). In our opinion, charcoal
particles should share some of the radiative properties of coal with similar H-C and O-C ratios
(i.e. very low-ranked coal). If we slightly extend the �coal rank� line in Fig. 7 from Bond and
Bergstrom (2006) to the H-C and O-C ratios of charcoal, we arrive at a refractive index of
RI ≈ 1.75 − 0.1k (for a wavelength of 550 nm). Unfortunately, this approach does not give us
any information about the wavelength dependence of RI. However, the imaginary part of RI
should not matter as much as the particle size: the charcoal particles are large compared with
the dominant wavelengths of sunlight. If the absorption is relatively high, it is expected that no
light penetrates to the interior of the particle, so that only the �skin� of the particle absorbs and
all light encountering the particle skin is attenuated (Tami Bond, personal communication). The
aerosol absorption in our model scales with the aerosol mass and does therefore not account for
this. Hence we would overestimate the absorption by charcoal when using RI ≈ 1.75−0.1k. When
we conducted 5-year test simulations with di�erent RI for charcoal (once using RI from BC, once
RI from dust), we did not detect clear di�erences in the atmospheric lifetime of charcoal between
the model simulations. The RI of charcoal is therefore likely not important for its atmospheric
transport. In the end, we decided to use the same RI as for dust (RI ≈ 1.52− 1.1× 10−3k); the
lower absorption component of dust compared to charcoal should counteract that only part of
the charcoal mass is expected to absorb radiation.

In our simulations, we found that the vertically integrated charcoal mass in the atmosphere is
approximately one order of magnitude smaller than the mass of dust (using the chosen parameter
set). Therefore, charcoal only contributes little to the total aerosol absorption optical thickness
in our simulations. However, our simpli�ed approach is very uncertain and does also not consider
the non-sphericity of charcoal particles. If the absorption of charcoal were larger than with our
simpli�ed estimate, the contribution to the aerosol absorption optical depth might be somewhat
higher, although we do not expect it to be large.

S2 Model implementation of charcoal

S2.1 In-cloud produced sulfate

Sulfate aerosols can be produced in cloud droplets when SO2 reacts with O3 or H2O2. When
cloud droplets evaporate, aerosol particles remain, the size of which depends on the mass and
chemistry of the foreign material in the cloud droplets (Mitra et al. 1992). The reaction with
H2O2 is considered to be the dominant pathway (Seinfeld and Pandis 2006). Since the H2O2

concentration is often the limiting factor for the reaction with SO2, most of sulfate is added to
those particles activated early in the cloud, i.e. the best cloud condensation nuclei (Harris et al.
2014). Therefore, we distribute the sulfate mass produced in-cloud among the larger soluble
aerosol modes (accumulation, coarse, and giant) in case these modes exist. If none of the three
modes exist, a new soluble coarse mode is created.

S2.2 Gravitational settling

To ensure numerical stability in aerosol gravitational settling, aerosol particles can only cross
one model layer within one timestep. However, only size distributions with large geometric mean
radii close to the surface, where the model layers are thin, are a�ected. We expect that this
velocity restriction might delay gravitational settling for large geometric mean radii by up to

2



  

4 km

100%7%

18%

75%

PBL height

Fire emissions

If PBL ≤ 4 km If PBL > 4 km

0 km

Altitude

Figure S1: Illustration of �re emission heights in ECHAM6-HAM2.

a few time steps near the surface. However, this should not considerably change the spatial
gravitational settling pattern since particles are not transported far horizontally within this time
(as the horizontal scale of the grid is much larger than the vertical scale and horizontal wind
velocities are rather low near the surface). Furthermore, only a very small number of charcoal
size distributions have a su�ciently large geometric mean radius to be impacted.

S2.3 Calculation of number �uxes above threshold radius

To compare the simulated charcoal �uxes with observations, it is essential that only simulated
�uxes of particles with DM > 10 µm are considered. We calculated the total number of charcoal
particles above this threshold directly before and after the calculation of the removal processes
(gravitational settling, dry deposition, wet deposition). From the di�erence, we calculate the
�uxes to the surface as illustrated in Supplementary Fig. S2.

Since the observations only consider pure charcoal particles, we should only take the charcoal
component of the soluble giant mode into account when comparing to observations. Therefore,
knowledge about the size distribution of the charcoal component is important. Our model as-
sumes an ideal internal aerosol mixture, i.e. the total number of particles for the soluble giant
mode is also representative for the number of charcoal particles in the soluble giant mode. The
charcoal mass on the other hand is only a fraction of the total soluble giant mode mass (e.g.
sulfate in addition). Hence, the number size distribution of the charcoal particles in the soluble
giant mode is shifted to smaller radii compared to the total soluble giant mode but also follows
a log-normal distribution with the same σ as the total soluble giant mode (see Supplementary
Fig. S3).

Due to a small inconsistency in the code, small negative surface �uxes can occur: the radius
used to calculate the removal processes is only updated once per timestep, while the number and
mass tracer tendencies are updated inbetween. Since we use the tracer tendencies to calculate the
radius before and after the removal process, our diagnostics do not use exactly the same radius
as the calculations for the removal processes do. However, the error is negligible compared to
the mean surface �uxes.
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Figure S2: Illustration of how the deposition of charcoal particles above a certain threshold
radius (rthr) was calculated. Before the removal process (e.g. gravitational settling), the number
geometric mean radius of a gridbox is µ1. The number concentration of particles above the
threshold radius is proportional to the area below the curve, i.e. the magenta area. After the
removal process, both the number geometric mean radius and the total number concentration
change (shift to µ2). Now the hatched area represents the particle number concentration above
the threshold radius. From the di�erence between the magenta and the hatched area we can
calculate how many charcoal particles are removed. Number �uxes are then calculated by dividing
by the time step and the area of the gridbox.
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Figure S3: Schematic number size distribution of the total soluble giant mode and its charcoal
component.
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Figure S4: An example of the simulated versus observed number �uxes of charcoal particles
above the threshold radius (in cm−2 y−1) (a) on a linear scale and (b) on a logarithmic scale. The
two black points show the sites likely in�uenced by surface runo�. The following parameters were
used in this simulation: an emission number geometric mean radius of req = 2.5 µm, a threshold
radius of req = 3.9 µm, and a charcoal density of 0.5 g cm−3. The scaling factor is SF = 34.

6



Figure S5: The same as Fig. 5 in the paper but for the free instead of the nudged model
simulation.
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Table S1: An overview of the observation sites from the calibration dataset (Adolf et al. 2018).
The data is sorted alphabetically by country.

Site Country Longitude
[°]

Latitude [°] Altitude [m
ASL]

Lake size
[ha]

�erné jezero Czech
Republic

13.18 49.18 1007 18.4

Hromnické jezírko Czech
Republic

13.44 49.85 332 2

Étang d'Entressen France 4.92 43.6 34 103.5
Lac du Crès France 3.93 43.65 39 6
Holzmaar Germany 6.88 50.12 422 20
Limni Kournas Greece 24.27 35.33 18 42.0
Biviere di Gela Italy 14.35 37.02 0 150
Gorgo Basso Italy 12.66 37.61 27 3
Lago dell'Accesa Italy 10.9 42.99 111 16
Lago dello Scanzano Italy 13.37 37.92 547 97
Lago di Baratz Italy 8.23 40.68 24 60
Lago di Pergusa Italy 14.31 37.52 677 50
Lago di Varese Italy 8.72 45.83 240 1480
Lago Piccolo d'Avigliana Italy 7.4 45.05 288 61.1
Specchio di Venere Italy 11.99 36.82 8 19.4
Jezioro Goªy« Poland 15.78 52.44 26 9.5
Jezioro Go±ci¡» Poland 19.34 52.58 76 42
Suchar II Poland 23.02 54.09 140 2.5
Lagoa Escura Portugal -7.64 40.36 1679 2
Lago Enol Spain -4.99 43.27 1077 12.2
Laguna Conceja Spain -2.81 39.93 857 29.4
Laguna de Taravilla Spain -1.97 40.65 1113 2.1
Laguna Grande de Estaña Spain -0.53 42.02 669 18.8
Laguna Zóñar Spain -4.69 37.48 301 37
Hagsjön Sweden 13.69 57.26 170 22.2
Sarsjön Sweden 19.6 64.04 274 7.78
Sisstjärnen Sweden 14.92 60.65 216 9.6
Stora Utterträsk Sweden 20.41 66.12 277 28.1
Vuolep Njakajaure Sweden 18.78 68.34 408 30
Gerzensee Switzerland 7.55 46.83 603 25.2
I�gsee Switzerland 7.41 46.39 2065 10
Lac du Mont d'Orge Switzerland 7.34 46.23 595 3
Lago d'Origlio Switzerland 8.94 46.05 423 8
Lej da San Murezzan Switzerland 9.85 46.49 1773 78
Mauensee Switzerland 8.07 47.17 500 51
Soppensee Switzerland 8.08 47.09 593 24
Blue Lake Ukraine 33.2 48.45 87 24.4
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