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Abstract. Our understanding of the global black carbon
(BC) cycle is essentially qualitative due to uncertainties in
our knowledge of its properties. This work investigates two
source of uncertainties in modelling black carbon: those due
to the use of different schemes for BC ageing and its removal
rate in the global Transport-Chemistry model TM5 and those
due to the uncertainties in the definition and quantification of
the observations, which propagate through to both the emis-
sion inventories, and the measurements used for the model
evaluation.

The schemes for the atmospheric processing of black car-
bon that have been tested with the model are (i) a simple
approach considering BC as bulk aerosol and a simple treat-
ment of the removal with fixed 70% of in-cloud black car-
bon concentrations scavenged by clouds and removed when
rain is present and (ii) a more complete description of micro-
physical ageing within an aerosol dynamics model, where
removal is coupled to the microphysical properties of the
aerosol, which results in a global average of 40% in-cloud
black carbon that is scavenged in clouds and subsequently
removed by rain, thus resulting in a longer atmospheric life-
time. This difference is reflected in comparisons between
both sets of modelled results and the measurements. Close to
the sources, both anthropogenic and vegetation fire source re-
gions, the model results do not differ significantly, indicating
that the emissions are the prevailing mechanism determin-
ing the concentrations and the choice of the aerosol scheme
does not influence the levels. In more remote areas such as
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oceanic and polar regions the differences can be orders of
magnitude, due to the differences between the two schemes.
The more complete description reproduces the seasonal trend
of the black carbon observations in those areas, although not
always the magnitude of the signal, while the more simplified
approach underestimates black carbon concentrations by or-
ders of magnitude.

The sensitivity to wet scavenging has been tested by vary-
ing in-cloud and below-cloud removal. BC lifetime increases
by 10% when large scale and convective scale precipitation
removal efficiency are reduced by 30%, while the variation
is very small when below-cloud scavenging is zero.

Since the emission inventories are representative of ele-
mental carbon-like substance, the model output should be
compared to elemental carbon measurements and if known,
the ratio of black carbon to elemental carbon mass should be
taken into account when the model is compared with black
carbon observations.

1 Introduction

Black carbon (BC) is a product of incomplete combustion
of carbonaceous matter (fossil fuel, biomass and biofuels)
that has an impact on both air quality and climate. Atmo-
spheric particles affect the climate both directly by intercept-
ing incoming solar radiation and scattering a portion back
to space and absorbing a fraction, heating the local atmo-
sphere and indirectly by changing cloud albedo and life-
times. The present best estimate of the net climate forc-
ing by anthropogenic particles is about –1.2 W/m2 (IPCC,
2007), not including aerosol lifetime effects, compared with
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the climate forcing by the anthropogenic CO2 of +1.6 W/m2,
however, the uncertainty in the estimate of the aerosol forc-
ing is much larger. Black carbon is the principal light ab-
sorbing component of atmospheric particles that heat the at-
mosphere. Locally the sign of the radiative effect of this
heating depends upon the underlying surface albedo, but
globally black carbon is estimated to cause a radiative forc-
ing of 0.20±0.15 W/m2 (IPCC, 2007); furthermore Stier et
al. (2007) has demonstrated the strong sensitivity of the top-
of-atmosphere aerosol radiative forcing to BC absorption.
When deposited on snow, black carbon containing aerosol
particles reduce the albedo, thereby enhancing heating of the
snow and causing a more rapid melting, which in turn can
lead to an even larger albedo change.

To assess the impact of black carbon at the global scale
Chemistry Transport Models and General Circulation Mod-
els are used even though the resulting studies contain large
uncertainties due to both the black carbon emissions and the
treatment of physical and chemical processes affecting black
carbon (Cooke and Wilson, 1996; Liousse et al., 1996; Ja-
cobson, 2002; Chung and Seinfeld, 2002; Stier et al., 2005;
Koch and Hansen, 2005; Reddy and Boucher, 2007; Koch
et al., 2007; Stier et al., 2007). To evaluate the effect of
future emission reductions these uncertainties in the atmo-
spheric black carbon cycle need to be better understood and
quantified.

It is not always clear what is meant by “black carbon” in
models. Primary carbonaceous particles that are the product
of the fuel combustion, often called soot, consist of a mix-
ture of elemental and organic carbon; while other elements
such as oxygen, hydrogen and nitrogen are also frequently
present in the structure (Seinfeld and Pandis, 1998; Bond
and Bergstrom, 2006). The chemical and physical proper-
ties of these primary aerosol particles evolve when trans-
ported in the atmosphere due to a number of competing pro-
cesses such as condensation, absorption and coagulation as
well as surface reactions, whereby the primary part becomes
increasingly imbedded in other organic and inorganic com-
ponents changing light absorption and refractory properties
of the particles. Diverse measurement methods have been
developed and utilized for the quantification of this aerosol
component on a routine basis making use of some charac-
teristic properties of soot particles. These methods have cre-
ated new operational definitions such as black carbon and
elemental carbon (EC) depending whether they respectively
take advantage of the light absorbing or refractory properties,
(i.e. the resistance to the exposure to high temperatures with-
out reacting). Dozens of inter-laboratory comparison stud-
ies have been conducted and BC and EC concentrations are
found to differ considerably, up to a factor 7 among different
methods, reducing to a factor of 2–3 among optical methods
and a factor of 4 among thermal methods (Chow et al., 2001;
Schmid et al., 2001; Currie et al., 2002; Jeong et al., 2004;
ten Brink et al., 2004; Watson et al., 2005; Hitzenberger et
al., 2006; Reisinger et al., 2008).

However given that the chemical composition of soot par-
ticles is not uniform, while the physical properties of the par-
ticles are neither constant nor conserved during the lifetime
of individual particles, neither of these methods can provide
consistently accurate measures of soot and both elemental
and black carbon can only be regarded as proxies for its con-
centration. Regrettably however, these discrepancies are usu-
ally disregarded in the modelling studies and the terms ele-
mental carbon and black carbon are used interchangeably as
synonyms of soot. Only in a few cases have the differences
between the parameters been considered in model evalua-
tions (Schaap et al., 2004; Tsigaridis and Kanakidou, 2003).
Of the three, the term black carbon is the one most commonly
used in the climate modeling community for soot/black car-
bon/elemental carbon, as it derives from the optical property,
which is that relevant for climate. In the following, we also
use the name black carbon for this “substance” that is emit-
ted, transported and transformed in the model studies, how-
ever when comparing with observations, we also use the ap-
propriate operational name for the observations themselves
(BC for optical and EC for thermo-optical measurements, re-
spectively).

When BC is emitted it undergoes chemical and physical
transformations, which are commonly referred to as “age-
ing”. The ageing process results in an overall shift from a
more hydrophobic to a more hydrophilic state. The processes
contibuting to the ageing are condensation of soluble mate-
rial on BC particles (Weingartner et al., 1997), coagulation
with soluble particles (Fassi-Fihri et al., 1997; Ström et al.,
1992) and oxidation (e.g. by O3, see P̈oschl et al., 2001) of
organic material that coats the particles. The ageing by O3
is a slow process compared to the ageing due to the aerosol
dynamics (Croft et al., 2005).

Apart from the fact that these processes are not yet fully
known, their explicit numerical treatment is time consum-
ing in large-scale models. The time-scale of the conversion
from the hydrophobic to the hydrophilic state affects the BC
lifetime, by enabling more efficient removal by wet and dry
deposition. The conversion depends on the initial state of the
BC, as well as on the presence of other particles and gases
in the atmosphere and it is not constant in space and time:
the conversion time scale remains uncertain. Some models
assume that this conversion can be approximated by an expo-
nential decay process with fixed half-life, called the “ageing
time” (e.g. Cooke and Wilson, 1996 proposed 1.15 days). In-
dependently of how the ageing is described assumptions are
always required, such as how much soluble material needs to
be added to a hydrophobic core “to define” a particle as hy-
drophilic and thus capable of being taken up into clouds and
wet deposited. This adds uncertainty to the model estimates
(Wilson et al., 2001; Croft et al., 2005).

Another important uncertainty is in the emission invento-
ries of BC, which show large differences in global emission
estimates due to differences in emission factors and/or ac-
tivity data both for fossil fuel (4.7–8 TgC/yr) and biomass
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burning (3.6–6 TgC/yr) (Bond et al., 2004; van der Werf,
2004; Cooke et Wilson, 1996; Liousse et al., 1996; Penner
et al., 1993; Junker and Liousse, 2008). The quality of the
inventories cannot easily be checked by models, since the re-
sulting concentrations are highly model dependent, but are
estimated conservatively to have an uncertainty of a factor of
two (Bond et al., 2004).

The first attempts to model aerosols in global models used
simple mass based models and assumed external mixtures
of components and constant size distributions (e.g. Haywood
and Shine, 1995; Tegen et al., 1997). Subsequently more
elaborate approaches were developed including size resolved
descriptions and the inclusion of aerosol dynamics, with
the consequent improved descriptions of the aerosol optical
properties, of their interactions with clouds, and of the non-
linearities of the aerosol system (Jacobson, 2001; Gong et
al., 2003; Wilson et al., 2001; Stier et al., 2005; Stier et
al., 2006; Spracklen et al., 2007; Guillaume et al., 2007).
Size resolved aerosols and a more explicit treatment of at-
mospheric processes involving BC may not be important in
certain conditions or areas, where other processes determine
the concentrations, e.g. close to the source regions. In these
regions, simplified descriptions can be sufficiently accurate
for certain applications.

Thus, models of the atmospheric black carbon cycle are
highly uncertain, consequently the results are difficult to
evaluate as they are influenced by: emission inventories
that can have an uncertainty of a factor of 2 (Bond et al.,
2004); the inclusion of black carbon ageing processes that
can change BC lifetime by an order of magnitude (Croft et
al., 2005); and finally by wet deposition that is perhaps the
most uncertain process in the models (Textor et al., 2006).

The purpose of this study is to investigate important
sources of uncertainties in the global BC estimates, by
examining firstly the effect of using two different ap-
proaches to represent BC (bulk versus size resolved, dynam-
ics versus more simplified approach to BC ageing) in the
global Transport-Chemistry model TM5 (Krol et al., 2005),
then by looking at the impact of the wet removal on BC prop-
erties and finally by analysing the consequences of the un-
clear BC definition and subsequent quantification, informa-
tion which is used in both the emission inventories, through
the emission factors and in measurements used for the model
evaluation.

2 Methodology

In this study the Transport-Chemistry Model TM5 is used
for the evaluation of uncertainties related to BC processing
parameterisations. The model is briefly described in the fol-
lowing section. The second section gives an overview of the
emission inventories used in the simulation, while the last
section introduces the dataset used in the model evaluation.

2.1 The Chemistry-Mransport Model TM5

2.1.1 Model set-up

The TM5 model is an off-line global transport chemistry
model (Krol et al., 2005) that uses the ECMWF ERA-40
meteorological data. It has a spatial global resolution of
6◦

×4◦ and a two-way zooming algorithm that allows regions
(e.g. Europe, N. America, Africa, and Asia) to be resolved
at a finer resolution of 1◦×1◦. To smooth the transition be-
tween the global 6◦×4◦ region and the regional 1◦

×1◦ do-
main, a domain with a 3◦×2◦ resolution has been added. In
the present application the zoom is over Europe, therefore
outside the European domain the resolution of the model is
6◦

×4◦. In the current version, the model has a vertical reso-
lution of 25 layers, defined in a hybrid sigma-pressure coor-
dinate system with a higher resolution in the boundary layer
and around the tropopause. The height of the first layer is
approximately 50 m.

TM5 uses the slope scheme for the advection calculations
(Russell et al., 1981; Petersen et al., 1998). The model trans-
port has been extensively validated using222Rn and SF6 (Pe-
ters et al., 2004; Krol et al., 2005) and further validation was
performed within the EVERGREEN Project (Bergamaschi et
al., 2006).

Gas phase chemistry is calculated using the CBM-IV
chemical mechanism (Gery et al., 1989a, b) modified by
Howeling et al. (1998), solved by means of the EBI method
(Hertel et al., 1993). Dry deposition is calculated using the
ECMWF surface characteristics and the resistance method
(Ganzeveld and Lelieveld, 1995).

Wet deposition is the dominant removal process for most
aerosols and therefore is a major source of uncertainty in
aerosol modelling (Textor et al., 2006). Removal occurs in
convective systems (convective precipitation) and in large-
scale stratiform systems that are associated with weather
fronts. The in-cloud removal rates, which depend on the pre-
cipitation rate are differentiated for convective and stratiform
precipitation and are calculated following Guelle et al. (1998)
and Jueken at al. (2001). Aerosol below-cloud scavenging is
parameterised according to Dana and Hales (1976). Wet re-
moval is describe in more detail in Appendix A.

2.1.2 Aerosol description and processes

TM5 has been run with two different schemes for the
aerosols.

In the first set-up, common for bulk models, (hereafter
called BULK) only the masses of the aerosol compounds are
considered. The inorganic compounds, sulphate, nitrate and
ammonium, are internally mixed, while organic carbon, sea
salt and dust are externally mixed. Black carbon is also as-
sumed to be externally mixed and resides in the accumulation
mode with a mass mean radius of 0.14 µm for wet and dry re-
moval. BC is considered hydrophobic and it does not uptake
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Table 1. Boundaries (dry radii,r), standard deviations (σ ), particle number (N ) and mass (M) tracers of the modes in M7.

Mode Soluble/Mixed Insoluble

Nucleation Nnuc, MSO4
r≤0.005 µm,σ=1.59

Aitken Naits, MSO4, MBC, MOC Naiti, MBC, MOC
0.005<r≤0.05 µm,σ=1.59

Accumulation Naccs, MSO4, MBC, MOC, MSS, MDU Nacci, MDU
0.05<r≤0.5 µm,σ=1.59

Coarse Ncoas, MSO4, MBC, MOC, MSS, MDU Ncoai, MDU
r≥0.5 µm,σ=2.0

water. With large-scale stratiform precipitation a constant
interstitial mass fraction is assumed (in the in-cloud removal
rateLin in Appendix A) and the remainder is assumed to be
encorporated in cloud droplets and scavenged with the same
efficiency as sulphate (Jeuken at al., 2001). In other words a
fixed fraction of BC mass is scavenged depending only on the
amount of rainfall and not on the BC hydrophobic properties.
For convective wet removal all BC mass is scavenged. The
fraction of the BC that is not activated and remains intersti-
tial is highly uncertain and poorly quantified by experiments
(Kasper-Giebl et al., 2000; Hitzenberger et al., 1999). In
the default TM5 set-up it is assumed that 30% of the mass
remains interstitial. With this set-up the model has been
evaluated in model inter-comparison exercises (Textor et al.,
2006), and using in-situ, satellite and sun-photometer mea-
surements (De Meji et al., 2006). In the bulk approach BC
is assumed not to experience any changes in the hygroscopic
properties due to ageing. Aerosol below-cloud scavenging is
parameterised accordingly to Dana and Hales (1976) assum-
ing that the mean mass radius is 0.14 µm.

In the second set-up (DYNA) TM5 is coupled to the micro-
physical aerosol model M7 (Vignati et al., 2004, 2010) that
allows the resolution of particle masses and numbers. The
particles are represented by seven internally mixed classes,
using a “pseudo-modal” approach. Four classes are for sol-
uble mixed particles representing nucleation, Aitken, accu-
mulation, and coarse mode, and three are for the insoluble
(Aitken, accumulation, and coarse mode). The structure,
boundaries and chemical composition of the modes are re-
ported in Table 1. Nucleation, condensation of sulphuric
acid and coagulation between the particles are included. BC
can be present in the insoluble and soluble Aitken modes,
and in the soluble accumulation and coarse modes. The age-
ing is accomplished by considering condensation of H2SO4
and coagulation with soluble particles, which form a solu-
ble shell around the hydrophobic core and the particles are
moved from the insoluble to the soluble/mixed modes. The
other components in M7 are mineral dust, primary organic
carbon (OC), sulfate, and sea salt. As for the BULK approach
we assume that all particles are removed in case of convective

wet removal. In presence of large scale precipitation only
the soluble accumulation and coarse modes are scavenged
by rain, while the remaining modes (insoluble Aitken, ac-
cumulation, coarse and soluble nucleation and Aitken) form
interstitial aerosols and they are not removed in cloud. The
interstitial aerosol fraction it is not assumed a constant as for
BULK varies in time and space. The soluble accumulation
and coarse modes are assumed to form cloud droplets where
the oxidation of SO2 by O3 and H2O2 takes place; the result-
ing sulphate is partitioned between the two modes as func-
tion of number of particles present in the modes (Stier at al.,
2005). Below cloud scavenging is parameterised by accord-
ingly to Dana and Hales (1976) and the removal is function
of the particle mode dimension.

The model simulations have been performed using
ECMWF meteorological fields for the years 2002 and 2003,
years when the EMEP EC/OC intensive measurement cam-
paign took place.

2.2 Emission inventories

The available emission inventories of BC, Particulate Or-
ganic Matter (POM) and primary sulphate are for mass only.
Some assumptions are therefore required to calculate the
emitted number of particles. Sulphuric acid is the only
gaseous compounds interacting with the particles though the
dynamics therefore details on the sulphur emissions are re-
ported in a following paragraph.

Sea salt is emitted using an on-line emission function fol-
lowing Gong (2003). Dust and the remaining gaseous emis-
sion inventories as well as emission heights are from the AE-
ROCOM model inter-comparison exercise (Dentener et al.,
2006) (http://nansen.ipsl.jussieu.fr/AEROCOM/). Global
emission fields are reported in Table 2.

2.2.1 BC and POM emissions

The BC and POM emission inventories used in the present
application are from Bond et al. (2004) for the anthro-
pogenic contributions (fossil and bio fuels) and from van der
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Werf (2004) for large scale biomass burning areas. The emis-
sion factors used in the BC anthropogenic emission inven-
tories are predominantly based on thermal-optical measure-
ments and therefore they represent a more EC-like carbona-
ceous compound rather than BC (T. Bond, personal commu-
nication, 2008). Similarly biomass burning emission inven-
tories are also based on emission factors (Andreae and Mer-
let, 2001) derived mostly from thermal-optical techniques.

In both simulations black carbon is assumed to be in-
soluble when emitted. In the DYNA case the number of
BC and POM emitted particles is calculated assuming the
freshly emitted particles ever number median radii of 0.03
and 0.075 µm, for fossil/bio fuel and biomass burning, re-
spectively, and emitted in the insoluble Aitken mode with
standard deviationσ=1.59 (Stier et al., 2005). 65% of the
emitted POM is considered soluble.

The model does not contain a module for the calculation of
Secondary Organic Aerosols (SOA) therefore monthly emis-
sion fields of SOA are used following the recommendations
of Dentener et al. (2006). A factor of 1.4 is used to convert
OC to POM.

2.2.2 Sulphur emissions

Anthropogenic emission inventories from transport, produc-
tion and industrial processes, and domestic use are from
IIASA (Dentener et al., 2005; Cofala et al., 2007). Biomass
burning sulphur emissions are from van der Werf (2004), vol-
canic emissions from Dentener et al. (2006). While 97.5 % of
sulphur of anthropogenic sources is emitted as SO2, 2.5% is
considered sulphate, to take into account the SO4 production
in plumes, as sub-grid process, and emitted in the follow-
ing modes: SO4 from industrial sources in the accumulation
soluble mode (number mean radius of emission = 0.075 µm);
sulphate from domestic, transport and biomass burning is
emitted 50% in the Aitken mode with number mean ra-
dius = 0.03 µm and 50% in the accumulation mode and num-
ber mean radius = 0.075 µm (Stier et al., 2005).

DMS fluxes are estimated following the parameterisation
proposed by Liss and Merlivat (1986), they are function
of the wind speed and temperature and are calculated from
DMS sea water concentrations from Kettle et al. (1999).

2.3 EC and BC datasets used for model evaluation

Modelled concentrations are compared with an extensive
data set of observations distinguished by measurement
method, season and region. The dataset contains network
measurements of EC: EMEP (Yttri et al., 2007) and IM-
PROVE1, as well as long-term and campaign measurements
of both EC and BC. The long-term measurements were
collected at the Arctic stations of Alert (Sharma et al.,
2004, 2006: aethalometer) and Barrow (Bodhaine, 1995:
aethalometer), in the Amazon basin (Echalar et al., 1998:

1http://vista.cira.colostate.edu/improve/

Table 2. Global annual aerosol (Tg yr−1) emissions
(sulphur in TgS yr−1).

Species Source Reference Emissions

POM Fossil + bio fuels Bond et al. (2004) 12.3
Biomass burning van der Werf et al. (2004) 34.7
SOA Dentener et al. (2006) 19.1

BC Fossil+bio fuels Bond et al. (2004) 4.67
Biomass burning van der Werf et al. (2004) 3.04

Sea Salt Wind driven Gong (2003) 6297∗

Dust Wind driven Dentener et al. (2006) 1776

SO2 Industry, traffic, Dentener et al. (2005, 2006),

68.75domestic, biomass Cofala et al. (2007)
burning, volcanos

DMS Marine Kettle et al. (1999) 18.46∗

∗ estimates for the year 2002–2003.

light reflectance technique), and at Halley, Antarctica (Wolff
and Cachier, 1998: aethalometer). The observations are cho-
sen as representative of regional background levels to be co-
herent with the model scale, even though not all the EMEP
sites participating in the 2002–2003 campaign have this char-
acteristic. The network measurements were taken in a few
samples per week and the model output has been sampled to
represent exactly those days and sampling hours. All other
measurements, other than EMEP and IMPROVE, were se-
lected only if the collection density was high enough to allow
a comparison with monthly modelled averages (this means
almost continuous measurements during the month). For the
sites where observations are not from the run years (2002–
2003) the model results are averaged over the two year sim-
ulations for the corresponding observational periods.

Measurement inter-comparison studies showed that when
the same sample is analysed with both optical techniques and
thermo-optical analysis the mass of BC varies from 1 or little
less to 3 times the mass of EC, with the higher BC/EC ratios
found in urban areas (ten Brink, 2004; Jeong et al., 2004). It
is therefore important to consider EC and BC measurements
separately. The measurement sites used are shown and iden-
tified in Fig. 1. Most of the EC measurements are made in
Europe and in USA, close to anthropogenic sources; whereas
the optical observations of BC are typically found in areas
where thermal-optical methods cannot be operated as moni-
toring techniques.

The modelled black carbon vertical profiles are also com-
pared to aircraft measurements made by Single Particle Soot
absorption Photometers (SP2s) (Schwarz et al., 2006; Slowik
et al., 2007) onboard NASA and NOAA research aircraft.
The campaigns are at tropical and middle latitudes and high
latitudes over North America. Observational data and aver-
aging methodology are as in Koch et al. (2009).
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 Fig. 1. Map of the measurement sites used for model evaluation.

3 Results

3.1 Burdens and concentrations

The comparison of surface mean BC concentrations of the
BULK and DYNA cases (Fig. 2) shows similar concentra-
tions and gradients over the source regions (Europe, North
and South America, Asia and Africa), while the gradients to-
wards the most remote regions (the Poles and Oceans) are
stronger for BULK than in the DYNA case, due to higher
scavenging rate during the transport. Inspecting the annual
zonal means (Fig. 3) reveals that in TM5-DYNA the transport
of BC to the higher levels of the atmosphere and to remote
regions is favoured, while in the BULK case BC remains
more confined to the lower atmosphere above the source re-
gions.

Over the continents where emissions are taking place there
is still a large percentage of freshly-emitted insoluble black
carbon.

The global BC burden reflects the features of the sur-
face concentrations. The burden is lower in the BULK case
(0.11 TgC) than the DYNA case (0.14 TgC), corresponding
to BC lifetimes of 4.7 and 6.2 days, respectively. Other
global models using different formulations for black carbon
processing and emission inventories have reported burdens
ranging from 0.11–0.25 TgC and lifetimes of 4–15 days (Li-
ousse et al., 1996; Cooke and Wilson, 1996; Chung and Sein-
feld, 2002; Croft et al., 2005; Koch and Hansen, 2005; Stier
et al., 2005; Textor et al., 2006, 2007).

TM5 estimates dry and wet deposition around 0.16 and
8 TgC y−1, respectively, for both approaches; as expected
wet deposition is by far the predominant mechanism of re-
moval.

 

 

 Fig. 2. Annual mean surface layer modelled BC (ng/m3, ambient
conditions).
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Fig. 3. Annual and zonal mean modelled BC (ng/m3, ambient
conditions).

3.2 Comparison with measurements

Given that BC can be 1 to 3 times the EC for the same sam-
ple and that the emissions used are more characteristic of
EC, comparisons with the observations are inevitably quali-
tative. However it would be reasonable to expect agreement
between observed EC and the modelled concentrations and
agreement or under-prediction of observed BC concentra-
tions, but by no more than a factor of 3 and less in remote
areas.

The scatter-plots of the modelled concentrations versus
the EMEP and IMPROVE EC observations are displayed in
Fig. 4. The evaluation shows that the two results differ very
little among each other, confirming that close to the sources
emissions and synoptic scale mixing are the dominant pro-
cesses influencing the modelled concentrations. Over Eu-
rope the model represents better the concentrations (spatial
correlation coefficientR2=0.78 and 0.79) while over United
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 Fig. 4. Scatter-plots of model (squared-TM5-BULK, triangle-TM5-
DYNA) BC and observed EC concentrations measured by EMEP
and IMPROVE networks (ambient conditions).

States the correlation coefficients are lower, 0.49–0.50. The
coarser horizontal resolution of the global domain used for
North America is probably a factor in the poorer model per-
formance. The emission inventories of Bond et al. (2004)
seem to give a good estimate of the anthropogenic emissions
over Europe and USA regarding the yearly average EC con-
centrations, however the correlation coefficients for the tem-
poral correlations of daily averages for the single EMEP and
IMPROVE stations are very poor (Tables 3 and 4). We note
here that seasonal or diurnal variations in the emissions are
not considered, although it has been shown to have a signifi-
cant impact on aerosol estimates (de Meij et al., 2006).

In Tables 5 and 6 the comparison between modelled BC
and measured EC and BC respectively for other rural and
marine sites is reported. In general at the marine sites the
DYNA results give better agreement with the observations.
For sites in Asia, Africa and South America (FNS in Table 5
and the last five stations of the Table 6), which are typical
biomass burning sites, the model always underestimates the
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Table 3. Daily correlation coefficients for the EMEP stations.

Station identifier

AT02 BE05 CZ03 DE02 FI17 GB46 IE31
R2 0.04 0.56 0.18 0.15 0.17 0.40 0.60

IT04 IT08 NL09 PT01 SE12 SK04
R2 0.25 0.12 0.38 0.12 0.28 0.07

Table 4. Daily correlation coefficients for the IMPROVE stations.

Station identifier

ACAD BOND BOWA BRET CEBL EVER HALE
R2 0.3 0.2 0.07 0.3 0.01 0.04 0.22

LASU LYBR MACA MORA OKEF SIME
R2 0.08 0.14 0.14 0.4 0.20 0.01

Table 5. Comparison of modelled versus observed near-surface elemental carbon (EC) measurements.

Station Period Coordinates Type Measured TM5/BULK TM5/DYNA Reference
EC BC BC

(lat; lon) (µg/m3) (µg/m3) (µg/m3)

FNS Sep–Nov 2002 10.75; 62.35 Rural 2.43 1.22 1.33 Decesari et al. (2006)
Zhenbeitai Apr 2002 38.28; 109.72 Rural 3.29 3.59 3.82 Alfaro et al. (2003a)
Kosan Jan 1997 33; 126 Rural 0.23 1.63 1.39 Lee et al. (2001)
Abastumani Jul 1979 41.4; 42.5 Rural 0.98 0.28 0.31 Dzubay et al. (1984)
Cape Grim Annual –40.7; 144.4 Rural 0.003 0.012 0.016 Heintzenberg and Bigg (1990)
Rishiri and Sado Apr–May 2001 35–45; 140 Marine 0.44 0.64 0.73 Matsumoto et al. (2003)
Hachijo and Chichi-Jima Apr–May 2001 25–35; 140 Marine 0.21 0.12 0.16 Matsumoto et al. (2003)

Table 6. Comparison of modelled versus observed near-surface black carbon (BC) measurements.

Station Period Coordinates Type Measured TM5/BULK TM5/DYNA Reference
BC BC BC

(lat; lon) (ng/m3) (ng/m3) (ng/m3)

Amsterdam Island Annual –37.5; 77.3 Marine 8 1.2 3.9 Wolff and Cachier (1998)
Bermuda Annual 32.2; 64.45 Marine 30 15 26.5 Wolff et al. (1986)
Ocean Annual 0; –160 Marine 3 1.6 2.7 Andreae et al. (1984),

Clarke (1989)
Mace Head Apr 1998–Sep 1999 53.3; –9.8 Marine 136 109 148 Kleefeld et al. (2002)
Prasses May 1999 35.2; 25.1 Marine 190 245 300 Kouvarakis et al. (2002)
Canal Zone, Panama Mar 1976–May 1979 9.3; 79.9 Rural 59 81 96 Junker et al. (2004)
Goa Mar 1999 15.4; 74.8 Rural 2180 1138 1170 Alfaro et al. (2003b)
Cuiaba Annual –16; –56 Rural 1620 580 717 Echalar et al. (1998)
Alta foresta Annual –9; –56 Rural 3190 1011 1255 Echalar et al. (1998)
Skukuza Sep–Oct 1992 –25; 31.5 Rural 1080 430 444 Maenhaut et al. (1996)
Lamto Annual 6.2; 5.1 Rural 1500 399 420 Wolff et Cachier (1998)
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Table 7. Comparison of modelled and measured BC values spitted in dry and wet seasons for biomass burning sites.

Station dry wet
Obs. TM5/BULK TM5/DYNA Obs. TM5/BULK TM5/DYNA

Cuiaba (ng/m3) 2600 1204 1273 720 134 160
Alta Foresta (ng/m3) 5630 2210 2368 760 119 142

observations. It is difficult to point to the right reason for
this underestimation, it may be because for these sites we are
comparing to BC measurements while the modelled values
are more representative of EC estimates. Indeed the compar-
ison with EC measurements in N. America and Europe does
not show this bias. Alternatively the biomass burning emis-
sion inventories may simply underestimate emissions, or the
injection height might be wrong. Furthermore, observations
of both EC and BC, which are heavily influenced by biomass
burning sources, are known to be modified by the presence
in the sample of light-absorbing organic material that is not
black, the so-called brown carbon (e.g. highly refractive or-
ganics determined as EC in thermal-optical methods and
standard specific cross section used to derive BC concen-
trations in aethalometer measurements not appropriate for
biomass burning aerosol) (Andreae and Gelencsér, 2006).
Brown carbon can introduce a significant bias in the mea-
surements and therefore also the emission factors estimated
using these measurements can be affected as well, introduc-
ing another uncertainty in the emission inventory for biomass
burning. The model underestimates observed BC concentra-
tions at the Amazonian sites Cuiaba and Alta Foresta Basin
(Echalar et al., 1998) in both the dry and wet seasons, as
shown in Table 7. This suggests that emissions are too low in
the biomass burning emission inventories used rather than the
model overestimating wet removal over the biomass burning
regions. Again the different aerosol representations do not
produce significantly different results.

The comparison to observations at North and South Poles
(Bodhaine, 1995; Wolff and Cachier, 1998; Pereira et al.,
2006; Sharma et al., 2006) underlines the major differences
between the two approaches (Figs. 5 and 6). The stations in
the Arctic regions are influenced by anthropogenic sources
located in Europe and in Russia, which impact mainly in
late winter-spring time in the Arctic Haze (Sharma et al.,
2004; Bodhaine, 1995; Eleftheriadis et al., 2009). During
the winter-spring period the Antarctic sites are influenced by
BC biomass burning emissions from the South Hemisphere
that are transported to Antarctica (Wolff and Cachier, 1998;
Pereira et al., 2006). The DYNA approach better represents
the modelled BC levels at remote sites, while the BULK ap-
proach underestimates the concentrations by up to 1–2 orders
of magnitude. In Barrow both methods fail to reproduce
the Arctic spring haze that is due to long-range transport of

anthropogenic pollution (Bodhaine, 1995). In Alert DYNA
does reproduce the seasonal cycle observed in the polar re-
gions. In Zeppelin TM5-DYNA reproduces the observed BC
concentrations very well, both the seasonal cycle and the ab-
solute values; the observations in Zeppelin are representative
of a regional background (Eleftheriadis et al., 2009), being
influenced mostly by long-range transport. Only the mea-
surements in Alert and Zeppelin were collected in the simu-
lation years 2002 and 2003. In the Antarctic regions (Fig. 6)
DYNA consistently gives better results, even though in Fer-
raz the underestimation of the measurements is still quite
substantial.

To compare with the observed aircraft measurements ver-
tical profiles of modelled BC are constructed averaging
monthly mean fields (standard model output) at the locations
correspondent to the flight tracks (see Koch et al., 2009 for
the details of flight and tracks). It should be noted that the ob-
served profiles are collected during a few days of flight and in
different years to the modelled fields. Figure 7 shows the ob-
served and modelled profiles over mid-latitude regions (a, d),
in the tropics (b, c) and at high latitudes (e–i). The two model
approaches behave in similar ways agreeing with the obser-
vations in one case (a) and underestimating the concentra-
tions in (d) at mid-latitudes and overestimating the concen-
trations in the tropics at high levels in the tropics. The BULK
model already estimates lower concentrations compared to
the DYNA case, although the differences are small compared
to the measurements. At high latitudes both the models un-
derestimate the concentrations and the differences between
the models is in some cases larger. Looking at the com-
parison of model results in the BC evaluation done in Koch
et al. (2009) the results of our work fall in the same range,
having the tendency to overestimate in the mid-latitude and
tropic cases, except for case d) where all models underesti-
mate the concentrations at lower levels. The same models
generally underestimate BC in the high latitude cases.
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Fig. 5. Comparison of model (squared-TM5-BULK and triangle-TM5-DYNA) and observed (diamond) seasonal concentrations of BC at
Arctic stations (ng/m3) (ambient conditions).
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Fig. 6. Comparison of model (squared-TM5-BULK and triangle-TM5-DYNA) and observed (diamond) seasonal concentrations of BC at
Antarctic stations (ng/m3) (ambient conditions).

4 Discussion

4.1 Uncertainties related to the aerosol and
wet removal schemes

The differences between the results from the two models de-
pend on the distance from the black carbon sources: in fact
the ratio between BULK and DYNA surface concentrations

goes from about 1 over the continents to more than 10, up to
orders of magnitude at the Antarctic area.

The crude assumption in the BULK approach of 30% of
black carbon being interstitial and 70% being in-cloud re-
moved very probably overestimates the wet removal since it
does not take into account the hygroscopic state and the ac-
tual size of the particles and considers BC particles to be al-
ways totally soluble in clouds. In the case of coupling to M7
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Fig. 7. Modelled and measured BC mass profiles in ng/kg at tropical
and middle latitudes(a–d)and in high latitudes over North America
(e–f).

the removal is more selective: although convective removal
is similar to BULK case, large scale removal depends on the
particle dimension and the presence of soluble material.

A look at the resulting fields of TM5-DYNA can give an
insight into the reasons for these differences. In the DYNA
model the interstitial black carbon is the sum of BC mass
of the Aitken insoluble and soluble modes. Figure 8 plots
the annual zonal mean of the percentage of interstitial BC
of the total BC and clearly shows that it is 30% or less only
in tropical regions. At the surface, close to the sources and

 
 
 
 Fig. 8. Annual and zonal mean modelled interstitial BC mass, TM5-

DYNA case.
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 Fig. 9. Scatter-plot of modelled BC versus observations at remote
stations.

in the rest of the model atmosphere the calculated intersti-
tial fraction is much higher reaching the highest values at
the Poles, because only the very low hygroscopicity particles
will be transported so far from the sources. To test the effect
of a more realistic interstitial fraction on the BULK model,
TM5-BULK was run again with an average of 60% BC mass
assumed to be interstitial. With the new values the model
gives better results for the remote sites (Fig. 9). However
the improvement is not marked suggesting that a global fixed
percentage of interstitial aerosols does not correctly represent
the transport, although these results depend on the parame-
terization for the wet removal used in TM5. The analysis of
the vertical profiles in the case of 60% interstitial shows that
at mid-latitudes and tropical regions the resulting BC falls
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Table 8. Sensitivity of BC wet deposition and lifetime (lsp = large scale precipitation, cp = convective precipitation) for May.

Simulation Burden lsp deposition cp deposition Lifetime
(Tg) (Tg yr−1) (Tg yr−1) (days)

Standard 0.12 0.32 0.22 6.41
lsp – 30% 0.13 0.30 0.24 7.06
cp – 30% 0.13 0.36 0.18 7.06
lsp and cp – 30% 0.14 0.35 0.19 7.85
No below cloud 0.12 0.32 0.23 6.47

between the DYNA and the BULK case. At high latitudes
the 60% interstitial profile gets closer to the BULK case pro-
file. Looking again at Fig. 8 it is clear that closer to high lat-
itudes the DYNA approach estimates an interstitial fraction
larger than 60–70% up to more than 90% therefore the 60%
hypothesis leads again in those areas to an overestimation of
the wet removal. The major difference between the DYNA
and BULK results in remote regions is due to the variable
interstitial fraction and the fixed fraction, respectively.

Wet removal is the dominant sink for black carbon and
the choice of the scheme in the model will determine BC
burden and lifetime. The wet removal parameterisations
used in TM5 have been evaluated in the AEROCOM inter-
comparison exercise (Textor et al., 2006) and found to be
one of the strongest removal schemes among the 16 partici-
pant models.

Precipitation is taken from the ECMWF ERA-40 data,
which have been evaluated using satellite and gauge mea-
surements and reported in Hagermann et al. (2005) and in
more recent works. Precipitation over the oceans is over-
estimated compared to measurements, which are uncertain.
Over land precipitation is much closer to the observations al-
though slightly overestimated. Betts et al. (2009) compared
the ERA-40 data with observations in the Amazon Basis and
found that the model underestimates precipitation during the
wet season and overestimates in the dry season. Another pre-
cipitation evaluation was done for China and ERA-40 un-
derestimates precipitations in most years (Ma et al., 2009).
Betts et al. (2009) also evaluated the cloud cover using satel-
lite measurements and showed that it has the same seasonal
cycle of the retrieved data although underestimating it in the
second part of the year.

To study the sensitivity of the BC burden and lifetime to
wet removal, some simulations were performed using the
DYNA model. In these tests, the wet removal due to large
scale and convective precipitation were decreased by 30%. In
an additional test the below cloud scavenging by large scale
precipitation was neglected. These sensitivity tests were per-
formed for one month (May) with one month spin-up, but
the results are considered representative, at least for a global
analysis performed here.

Reduction of either scale or convective precipitation by
30% resulted in the same effect on BC lifetime. The burden

and lifetime go up by approximately 10% (Table 8). Logi-
cally, the reduction of both large scale and convective re-
moval by 30% produces the largest effect, the burden in-
creases by 16% and lifetime goes up to 7.85 days (+22%).
Below cloud scavenging has a negligible effect on BC con-
centrations, since most of the BC is in the aitken and ac-
cumulation mode, for which below cloud removal is slow.
The reduction of the wet removal has consequences for the
transport of BC to the oceanic and remote areas: BC con-
centrations further away from the source regions increase by
10–20%.

4.2 Uncertainties related to the EC/BC measurement
technique

How well the model simulates real BC levels can be evalu-
ated by comparison with measurements, as long as the model
output is comparable to the measurements. As discussed
above, this is not always the case for black carbon. The
DYNA results are consistent with both the emission inven-
tories being EC rather than BC and the coincident BC mea-
surements being equal or larger than EC: the good agree-
ments with EC over Europe; the ability to capture the sea-
sonal trends in BC observations in polar regions, while not
always reproducing the magnitude of the signal. In Alert
the BC to EC ratio is equal to 1 in winter and to 1.5 in the
summer (Sharma et al., 2004) while in Zeppelin the ratio
is slightly less than 1 (Nyeki et al., 2005) therefore a slight
under-prediction of observed BC in polar regions is consis-
tent with our understanding.

The absolute uncertainty related to each measuring
method is unknown; therefore no optical and thermal method
can give the “real” amount of soot. Thermal and thermo-
optical methods estimate elemental carbon and are affected
by uncertainties due to different protocols of temperature
steps and use of the optics to monitor the charring used to
separate the organic from the elemental fraction. The pres-
ence of salts in the sample can influence the estimation as
well. Black carbon is quantified by optical methods which
can measure only a signal proportional to the absorbing
material collected on the sample. Dust and organic material
can absorb light and if they are present the concentration of
BC estimated with the assumption that the absorption is only
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due to soot can be overestimated (Andreae and Gelencsér,
2006), specially in the biomass burning and dust source re-
gions.

Not only it is not possible to put an error bar around the
black carbon/elemental carbon observations, but up to now
no method is sufficiently ubiquitous to allow consistent com-
parable data set to be built at global scale, rendering the quan-
tification of the “absolute” bias of the model compared to
the whole dataset impossible; only a “relative” bias for each
of the sub-datasets collected using a common method would
be possible. As a consequence it is difficult to improve the
model from an evaluation by comparison with such disparate
and inconsistent observations.

5 Conclusions and recommendations

The aim of this study is to investigate important sources of
uncertainties in the global BC estimates, by comparing the
results of two common BC aerosol set-ups in a global model,
by varying the strength of wet removal schemes and by their
evaluation using measurements.

The global Chemistry-Transport Model TM5 has been ap-
plied to evaluate the sensitivity of the model to the black car-
bon description and processing using a bulk and a dynam-
ical approach, respectively. The bulk scheme is very sim-
ple to include in a large scale model and very common, but
with the wet removal scheme used in TM5 underestimates
the concentrations far away from the sources compared to
measurements. The crude assumption of a constant removal
by rain is probably the main reason for this difference. Us-
ing the results of the dynamical model to calibrate the in-
terstitial fraction in the bulk scheme doubles the fraction of
aerosols assumed to be interstitial, but the transport to re-
mote stations does not improve much and equally at all sites,
pointing to the importance of the size dependent description
of BC and its removal. Similarly, the dynamical model is
relatively insensitive to feasible changes in efficiency of wet
deposition: reducing both large scale and convective precip-
itation by 30% the increase of BC concentrations at remote
regions is up to 20%.

The observations available for an evaluation of a global
model are sparse, and both measurements of EC and BC have
to be used. The evaluation and further improvements of the
modelled BC concentrations are not easy due to the quantifi-
cation of the model bias to measurements, due to different
methods used for their collections and analysis.

Increased understanding of not just the observational
dataset and the uncertainties therein, but also the terminol-
ogy surrounding black carbon is required not only to give a
more coherent phenomenology of BC at global scale but also
to underpin better model development.

Model output and observations used for comparison
should be more consistent: emission inventories are rep-
resentative of EC-like substance therefore a harmonized
dataset of EC measurements is required, for which the fac-

tor of difference among the thermal methods is accounted
for. For sites and regions where the ratio of BC to EC mass
is known, this ratio should be taken into account in the model
comparison with BC observations.

For applications of the optical properties of BC, such as
climate studies, it may be better to calculate the optical prop-
erty (light absorption coefficient) from the model output, as
this is directly comparable with the observed aerosol prop-
erty. In this case emission inventories should also take into
account the mass of absorbing organic material which con-
tributes to the total absorption but not considered yet in the
current inventories. However, the radiative properties of or-
ganics, including the imaginary part of the refractive index
important for absorption, are barely known and measure-
ments are required to include them in models.

Appendix A

Convection in chemistry transport models like TM5 is a sub-
grid process, which means that the process is parameterized.
In the model different resolutions are employed in a single
simulation, which means that special care should be taken so
that the parameterisations do not depend on the model reso-
lution and time-step. For wet removal by convective precipi-
tation it was found that the resolution dependency is small for
the following empirical relation between the scavenging effi-
ciencyS and the grid-box averaged convective precipitation
rate cp (mm hr−1):

S =

(
1−e−

cp
0.5

)
(A1)

The scavenging efficiency is applied in the routine that per-
forms the sub-grid scale convective redistribution of the trac-
ers. Specifically, it is assumed that the removal takes place
in the precipitating updraft of the convective column:

dA

dt
= −S ·

Mu

M
·A, (A2)

whereA is the tracer concentration along the updraft column,
Mu is the updraft (kg s−1) andM represents the mass of the
specific gridbox (kg).

Removal of aerosols in large scale precipitating system
may also exhibit a strong dependency on the model resolu-
tion and the removal efficiency may also depend strongly on
the time-step used. A reasonable solution is to introduce a
mixing time-scaleτnomix. For large-scale wet removal, the
model grid box is divided into three parts: (i) in cloud (ii)
below cloud (iii) cloud free, each characterised by a removal
rate (see below). The physical interpretation ofτnomix is the
time-scale for which we assume that these three regions re-
main separated. Since the ECMWF large-scale precipitation
fields are stored as three hourly accumulated values, a value
τnomix=3 h was selected. The main effect of this assumption
is that the wet removal will be slower and that resolution de-
pendency will be smaller. The implementation ofτnomix is
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particularly simple. Given the in-cloud and below cloud re-
moval ratesLin andLbelow (s−1), the following loss factors
(F ) are calculated:

Fin = e−τnomixLin (A3)

Fbelow= e−τnomixLbelow (A4)

Given the grid box fractions that reside in, below, and out
of the clouds (fin, fbelow, andfout), the concentration of a
tracer A is updated accordingly to:

At+dt = At

(
(finFin +fbelowFbelow+fout)

dt
τnomix

)
(A5)

with time stepdt (<3 h).
For both convective and stratiform removal rates of

aerosols insufficient information is currently available to de-
velop a well-funded description. Future and ongoing theoret-
ical and experimental work will hopefully reduce this large
uncertainty.
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