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Abstract

The objective of this study is to document and evaluate recent changes and updates
to the module for aerosols and aerosol-cloud-radiation interactions in the atmospheric
module CAM4-Oslo of the Norwegian Earth System Model (NorESM). Particular atten-
tion is paid to the role of natural organics, sea salt, and mineral dust in determining the5

gross aerosol properties as well as the anthropogenic contribution to these properties
and the associated direct and indirect radiative forcing.

The aerosol module is extended from earlier versions that have been published, and
includes life-cycling of sea-salt, mineral dust, particulate sulphate, black carbon, and
primary and secondary organics. The impacts of most of the numerous changes since10

previous versions are thoroughly explored by sensitivity experiments. The most impor-
tant changes are: modified prognostic sea salt emissions; updated treatment of precip-
itation scavenging and gravitational settling; inclusion of biogenic primary organics and
methane sulphonic acid (MSA) from oceans; almost doubled production of land-based
biogenic secondary organic aerosols (SOA); and increased ratio of organic matter to15

organic carbon (OM / OC) for biomass burning aerosols from 1.4 to 2.6.
Compared with in-situ measurements and remotely sensed data, the new treatments

of sea salt and dust aerosols give smaller biases in near surface mass concentrations
and aerosol optical depth than in the earlier model version. The model biases for mass
concentrations are approximately unchanged for sulphate and BC. The enhanced lev-20

els of modeled OM yield improved overall statistics, even though OM is still underesti-
mated in Europe and over-estimated in North America.

The global direct radiative forcing (DRF) at the top of the atmosphere has changed
from a small positive value to −0.08 W m−2 in CAM4-Oslo. The sensitivity tests sug-
gest that this change can be attributed to the new treatment of biomass burning25

aerosols and gravitational settling. Although it has not been a goal in this study, the
new DRF estimate is closer both to the median model estimate from the AeroCom
inter-comparison and the best estimate in IPCC AR4. Estimated DRF at the ground
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surface has increased by ca. 60 %, to −1.89 W m−2. We show that this can be ex-
plained by new emission data and omitted mixing of constituents between updrafts
and downdrafts in convective clouds.

The increased abundance of natural OM and the introduction of a cloud droplet spec-
tral dispersion formulation are the most important contributions to a considerably de-5

creased estimate of the indirect radiative forcing (IndRF). The IndRF is also found to
be sensitive to assumptions about the coating of insoluble aerosols by sulphate and
OM. The IndRF of −1.2 W m−2, which is closer to the IPCC AR4 estimates than the
previous estimate of −1.9 W m−2, has thus been obtained without imposing unrealistic
artificial lower bounds on cloud droplet number concentrations.10

1 Introduction

Aerosol particles scatter and absorb solar radiation and provide nuclei for condensa-
tion of water and formation of ice in air. Thus they potentially influence the natural
climate as well as climate change through human activity. The efficiency of this influ-
ence depends on aerosol production, transport, and removal, and on microphysical15

processes such as nucleation, condensation, and coagulation that determine the com-
position, size, and shape of the particles. Since most of these processes are either
approximately represented in global climate models or are not well known in the first
place, aerosols constitute an important source of uncertainty in climate simulations and
future projections. A recent overview of key challenges in understanding and modeling20

aerosols and their effects on climate and environment is given by Kulmala et al. (2011).
Inter-model differences, and thus climate projection uncertainty, can to a large extent
be attributed to aerosol-cloud interactions and cloud feedbacks (Penner et al., 2006;
Forster et al., 2007; Randall et al., 2007; Hegerl et al., 2007).

This paper describes and discusses the representation of aerosols and the pro-25

cesses relevant for potential climate interactions in the Norwegian Earth System Model
(NorESM). NorESM is a fully coupled global model that is used for simulations under
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the CMIP5 protocol for the upcoming fifth assessment report from IPCC (Bentsen
et al., 2012; Iversen et al., 2012). Model-representation of processes leading to an-
thropogenic aerosol radiative forcing is described here, whilst estimates of climate
response to aerosol forcing are discussed by Bentsen et al. (2012) and Iversen et
al. (2012). Sand et al. (2012) present a model study on Arctic climate response to5

remote and local forcing of black carbon, also using NorESM.
The scheme for calculating the life-cycle of aerosol particles along with their optical

and physical properties is developed from the version thoroughly described by Seland
et al. (2008) and Kirkevåg et al. (2008). NorESM further incorporates extensions for
cloud microphysics with prognostic cloud droplet number concentration (Storelvmo et10

al., 2006; Hoose et al., 2009) and for wind-driven sea-salt emissions (Struthers et al.,
2011). Changes in the NorESM aerosol module are discussed relative to these papers,
in particular Seland et al. (2008). The role of natural aerosols in the earth system in
general, and for modulating climate impacts of anthropogenic aerosols in particular, is
emphasized.15

NorESM is based on version 4 of the Community Climate System Model (CCSM4)
developed at the US National Center for Atmospheric Research (NCAR) (Gent et al.,
2011). This system’s atmospheric component, the Community Atmosphere Model ver-
sion 4 (CAM4: Neale et al., 2010) is changed to include the aerosol module developed
for NorESM and is referred to as CAM4-Oslo.20

Potential climate impacts of aerosols are partly direct effects linked to increased
scattering and absorption of solar radiation (e.g. Charlson et al., 1992), and partly
indirect effects via induced changes in cloud microphysics. The radiative forcing of
the direct effects at the top of the atmosphere can be negative or positive depending
on the relative importance of the changes in absorption and scattering. This relative25

importance depends on the anthropogenic aerosols but also on the natural aerosols
and the albedo of the underlying surface. The indirect effect of pure water clouds,
however, exerts a negative radiative forcing through increased cloud droplet number
and decreased cloud droplet size (the first indirect effect; Twomey, 1977). Much more
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uncertainty is associated with the second indirect effect (Albrecht, 1989), associated
with changes in cloud water content and cloudiness (Stevens and Feingold, 2009).

The semi-direct effect is potentially positive due to decreased low level cloudiness
when increased aerosol absorption reduces relative humidity (Hansen et al., 1997) or
reduced boundary-layer turbulent fluxes and cumulus clouds (Ackerman et al., 2000).5

We do not discuss the semi-direct effect specifically in the present paper, although it is
implicitly included in the model experiments when calculated aerosols are coupled to
the modelled atmospheric thermodynamics.

There is a range of potential indirect effects associated with ice- and mixed-phase
clouds (e.g. Denman et al., 2007). These are neither discussed in this paper nor cur-10

rently included in NorESM, although research development is ongoing for later inclu-
sion (Hoose et al., 2010; Storelvmo et al., 2011; see also Gettelman et al., 2010).
Preliminary results indicate a partial compensation of the indirect effects of pure water
clouds, but the uncertainties are still large, e.g. concerning the ice nucleating ability of
soot.15

Climate effects of anthropogenic aerosols depend on the amount, size and physi-
cal properties of natural particles that to a large extent constitute a background for the
physical properties attained by anthropogenic particulate matter. Through their number
density, size, and shape, primary particles provide surface area for condensation of par-
ticulate matter produced in the gas phase. Similarly, particles that are sufficiently small20

to be subject to Brownian diffusion may stick to larger, pre-existing particles through
coagulation. If condensation or coagulation takes place, the pre-existing particles will
strongly influence the physical properties of the thus produced secondary particulate
matter. New small particles are swiftly nucleated with initial growth by self-condensation
in air with little pre-existing particulate surface area available for immediate condensa-25

tion (Kulmala et al., 2005).
Pre-existing primary particles may also act as cloud condensation nuclei (CCN) and

thus influence the occurrence of cloud droplets in which further secondary particulate
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matter may be produced by heterogeneous reactions. When the cloud droplets evapo-
rate, a residual aerosol with new properties is left behind.

Information about the properties of aerosols that would exist without the presence
of man-made components is not directly available, and data for processes that con-
strain their physical properties are uncertain (e.g. Dentener et al., 2006). Such pro-5

cesses take place in clear air, in cloud droplets, and involve bio-geo-chemical inter-
actions with the oceans and the land surface (e.g. Barth et al., 2005). Primary natu-
ral particles include sea-salt produced from evaporating sea-spray and mineral dust
from dry land under windy conditions. The sea spray consists of a mixture of sea salt
and organic compounds, mostly water-insoluble (Facchini et al., 2008). Natural forest10

fires produce sub-micron primary particles as smoke (an internal mixture of soot and
organic carbon). Natural biogenic and biological particles constitute at present very
uncertain components of the natural background of primary particles (e.g. Jaenicke,
2005; O’Dowd et al., 2004; Leck and Bigg, 2005). Secondary particles that occur nat-
urally include sulphate oxidized from volcanic SO2 or originating from oceanic DMS or15

terrestrial sulphides. Particulate nitrate is oxidized from NOx produced in air by light-
ning or from nitrification/de-nitrification processes in soils. Secondary organic aerosols
(SOA) stem from terpenes and isoprene emitted from living forest under favourable
conditions (Dentener et al., 2006; Hoyle et al., 2007).

Primary biological aerosol particles (PBAP) include plant fragments, pollen, bacte-20

ria, plankton, fungal spores, viruses, and protein crystals (Jaenicke, 2005). Measure-
ments have shown that PBAP is potentially an important part of atmospheric aerosols,
varying from 10 % (marine) and 22 % (urban/rural) to 28 % (remote continental) of the
total aerosol volume for particles above 0.2 µm equivalent radius (Matthias-Maser and
Jaenicke, 1995). O’Dowd et al. (2004) found that the measured organic material con-25

stituted 65 % of the submicron marine aerosol mass at Mace Head (Ireland) during
periods of high biological activity in the Northern Atlantic Ocean, and as much as 83 %
of the fine mode (radii from 0.03–0.0625 µm). The organic fraction was observed to
increase dramatically as particle size decreased, from 3 to 83 %, over the size range
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investigated by Cavalli et al. (2004). Bigg et al. (2004) reported large bacterial concen-
trations in the surface micro-layer of open water in the central Arctic Ocean in summer,
with bacteria length ranging from 0.6 to 3 µm. However, the number of bacteria above
biologically active oceans is dwarfed by the large number of particles consisting of
biogenic organic aggregates and colloids (Després et al., 2012). Lohmann and Leck5

(2005) failed to explain the observed CCN population only by DMS oxidation products
and sea-salt particles. Observations suggest that bursting of air bubbles during white-
cap formation is responsible for injecting bio-particles into the atmosphere (O’Dowd et
al., 2004; Leck and Bigg, 2005; Fahlgren et al., 2010).

Inclusion of primary natural aerosols which were missing in earlier model calculations10

will affect the direct and indirect effects of anthropogenic aerosols in otherwise pristine
conditions. In climate models where cloud-droplet number concentrations (CDNC) are
calculated explicitly, the values are frequently constrained by prescribing a lower bound.
Lohmann et al. (2000) showed that a reduction of the minimum cloud droplet number
concentration (CDNC) from 40 to 10 cm−3 led to a 70 % increase in the joint first and15

second indirect effect. In the previous version of CAM-Oslo, an increase in CDNC by
15 cm−3 everywhere gave a 42 % decrease in the indirect radiative forcing (Kirkevåg
et al., 2008). As demonstrated by Hoose et al. (2009) the assumed lower bound is in
many cases unrealistically high. The new aerosol treatment in CAM4-Oslo has been
developed with special attention to natural aerosols, and applies a lower CDNC bound20

of only 1 cm−3.
Some emission scenarios for aerosols and precursor gases (Penner et al., 2001)

indicate a gradual change to a more absorbing aerosol globally as emission reduction
measures for acidifying compounds become effective. However, nitrate aerosols have
similar radiative and water-activity properties as sulphate, but are neglected in most25

climate models at present. In Europe, particulate nitrate accounts for about 10–20 %
of the dry aerosol mass (Putaud et al., 2004). Both measurements and model results
indicate that nitrate has remained at the same level since around 1990 (Fagerli et
al., 2008). Adams et al. (2001) suggest that the radiative forcing due to nitrate will
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gradually exceed that of sulphate towards the end of this century. Nitrate and its effect
on climate are not yet included in CAM4-Oslo, but are presently being studied in a
research version.

After a very brief overview of NorESM and CAM4-Oslo, Sect. 2 describes the rep-
resentation of aerosol life-cycling and the optical and physical properties of particles5

in CAM4-Oslo. Changes with respect to earlier published versions are emphasized.
Section 3 describes the specific configuration of the model and the experiments car-
ried out for this paper, and Sect. 4 presents results for the main experiments including
comparison with observational data. In Sect. 5 a range of sensitivity tests is presented
and discussed. Most of the model amendments presented in Sect. 2 are discussed in10

Sect. 5. Finally, main conclusions are drawn in Sect. 6.

2 Model description: NorESM and CAM4-Oslo

NorESM (the Norwegian Earth System Model) is an Earth System Model that to a large
extent is based on NCAR CCSM4.0 (Gent et al., 2011; Vertenstein et al., 2010) when
run without interactive carbon-cycling, and NCAR CESM1.0, although with CCSM415

model set-up, when run with online ocean carbon cycle. Both NorESM versions use
CAM4-Oslo for the atmospheric part of the model, and an updated version of the isopy-
cnic ocean model MICOM (Assmann et al., 2010; Otterå et al., 2010). CAM4-Oslo is a
version of CAM4 (Neale et al., 2010) with separate representation of aerosols, aerosol-
radiation and aerosol-cloud interactions. The model uses the finite volume dynamical20

core for transport calculations, with horizontal resolution 1.9◦ (latitude) times 2.5◦ (lon-
gitude) and 26 levels in the vertical, as in the original CAM4.

The sea-ice and land models in the two NorESM-versions are basically the same
as in CCSM4 and CESM1, respectively. However, the tuning of the snow grain size for
fresh snow on sea-ice is adjusted in the fully coupled NorESM, and the albedo-effects25

of soot and mineral dust aerosols deposited on snow and sea-ice are based on the
aerosol calculations in CAM4-Oslo.

2606

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
5, 2599–2685, 2012

Aerosol-climate
interactions in the
Norwegian Earth

System Model

A. Kirkevåg et al.
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Since this paper focuses on pure atmospheric processes associated with aerosols,
experiments are made using the data ocean and sea-ice model of NCAR’s CCSM4
coupled to CAM4-Oslo, instead of the fully coupled NorESM. For a broader description
of NorESM and associated CMIP5 experiments, the reader is referred to Bentsen et
al. (2012) and Iversen et al. (2012).5

2.1 Aerosols and their interactions with radiation and clouds in CAM4-Oslo

The modeling of aerosol processes in CAM4-Oslo is extended from CAM-Oslo ver-
sions described and studied by Seland et al. (2008), Kirkevåg et al. (2008), Storelvmo
et al. (2006), Hoose et al. (2009), and Struthers et al. (2011). Apart from a few modifica-
tions of the parameter tuning for cloud micro- and macro-physics that were necessary10

when run as a part of NorESM, the changes we have introduced in the development
of CAM4-Oslo are all related to aerosols and their interactions with radiation and warm
cloud microphysics. The description in this paper emphasizes changes relative to the
versions described in the above mentioned works, in particular Seland et al. (2008).

To estimate how aerosol particles influence solar radiation and cloud microphysics,15

their number concentrations, chemical composition, and physical shape need to be
estimated as a function of equivalent particle radius over a range from a few nanome-
ters to a few micrometers. This is partly because the interaction with radiation varies
strongly with the ratio between radius and radiative wavelength and the dielectric prop-
erties of the particles; and partly because the ability for particles to act as cloud con-20

densation and ice nuclei depends on hygroscopicity, size, and molecular structure of
the particles. In global climate models these aerosol properties will have to rely on
approximations and parameterizations.

Our approach differs from the often applied modal method such as e.g. M7 (Stier
et al., 2005) and MAM3 (Liu et al., 2012). We calculate mass-concentrations of25

aerosol species that are tagged according to production mechanisms in clear and
cloudy air and four size-classes (nucleation, aitken, accumulation, and coarse modes).
The processes are gaseous and aqueous chemistry, nucleation, condensation, and
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coagulation. The chemical components are sulphate (SO4), black carbon (BC), or-
ganic matter (OM), sea-salt (SS), and mineral dust (DU). This adds up to 20 aerosol
components in addition to two gaseous precursors (SO2 and dimethyl sulphide, DMS).
Figure 1 gives an updated schematic representation of the aerosol processes in CAM4-
Oslo.5

The basis for estimating particle numbers and sizes is assumptions made for the
emitted or produced primary particles, of which there are 10 modes with log-normal
size distributions as detailed in Table 1. These modes are changed in accordance
with the processes to which the aerosol mass concentrations are tagged, and thus
described without assuming log-normality using 44 size-bins with equal width with re-10

spect to the logarithm of the particle radius. Hygroscopic swelling is calculated with
the Köhler equation. Optical properties are finally estimated from Mie-theory whilst
CCN-activation is estimated based on super-saturation calculated from Köhler theory
(Abdul-Razzak and Ghan, 2000).

This chain of processes is, however, not calculated directly during integration of15

NorESM or CAM4-Oslo. The optical and physical properties of the aerosols are in-
stead estimated by interpolating between pre-calculated values in look-up tables. The
process-tagged aerosol mass concentrations are given as input to the tables together
with relative humidity. Output from one set of tables are dry aerosol modal radii and
standard deviations based on log-normal fits to the size distributions, and are used for20

estimating CCN-activation (Hoose et al., 2009). From a second set of look-up tables,
spectrally resolved mass specific extinction, single scattering albedo, and asymmetry
factor are used to estimate the influence of aerosols on short-wave radiation. The ta-
bles are thoroughly described in Sect. 2.8 in Seland et al. (2008), see also Kirkevåg
and Iversen (2002).25

Gaseous sulphate is not kept as a tracked variable, but is assumed to immediately
either condense on pre-existing particles or, if available particle surface area is in-
sufficient, to produce new nucleation mode particles. I.e. available H2SO4 gas which
is not depleted by condensation within a time step is simply assumed to nucleate to
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form SO4(n) mode particles, with size parameters as given in Table 1. All particles are
subject to condensation deposition of gaseous sulphate with an assumed accommoda-
tion coefficient given in Table 1. Particles that are inefficient cloud condensation nuclei
(such as pure BC and dust) may be transformed to become hydrophilic as they be-
come internally mixed or coated by sulphate. Neither MSA (methane sulphonic acid),5

biogenic OM, nor natural secondary organic aerosols (SOA) are separate variables,
but are approximated to have the same properties as other OM compounds.

Aerosol components dissolved in cloud water are not kept as separate tracked vari-
ables but are either scavenged or added to the general concentrations in air. The sul-
phate produced by oxidation in cloud water droplets is thus distributed on accumulation10

mode sulphate and on accumulation and coarse mode particles in internal mixtures re-
sulting from coagulation in clear and cloudy air. This coagulation depletes the number
of nucleation and Aitken mode particles by increasing the mass, but not the number,
of accumulation and coarse mode particles. Details concerning gaseous and aqueous
sulphur chemistry, the processes of nucleation, condensation, and coagulation, and15

calculations of wet scavenging and dry deposition are given in Sect. 2.3 and Table 1 in
Iversen and Seland (2002, 2003) with extensions in Sects. 2.3 through 2.8 in Seland et
al. (2008). Some parameter values are changed in the present paper and also fitted to
the new components not included in Seland et al. (2008). These are described in the
next sub-sections.20

2.1.1 Emissions of aerosols and aerosol precursors

Aerosol and aerosol precursor emissions have been updated. As indicated in Fig. 1,
emissions of 11 components are required (DMS, SO2, SO4, fossil fuel and biomass
burning BC and OM, biogenic OM and SOA production, sea-salt, and mineral dust).
Several of these components can stem from both natural and anthropogenic sources25

and represent preindustrial and present day stages in societal development.
Assumed preindustrial (PI) and present day (PD) emissions used in Seland et

al. (2008) were for the years 1750 and 2000 from Phase I of the AeroCom
2609
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intercomparison excercise (e.g. Schulz et al., 2006, see also the official AeroCom web
pages at http://aerocom.met.no) with emission data from Dentener et al. (2006). The
new PI and PD emission years are taken as year 1850 and 2000 for CMIP5 simulations,
and year 1850 and 2006 for use in the Phase II extension of AeroCom (Schulz et al.,
2009; Koffi et al., 2012b; Myhre et al., 2012; Samset et al., 2012). The emission years5

1850 for PI and 2006 for PD are used as the standard in this paper, but test simulations
with 1750 and 2000 emissions are also performed.

All simulations for years 1850 and 2000 employ emissions of SO2, primary OM
(POM) and BC from fossil-fuel and bio-fuel combustion and biomass burning, as well
as explicit BC emissions from aviation for year 2000, taken from the IPCC AR5 data10

sets (Lamarque et al., 2010; Smith et al., 2011; Van der Werf et al., 2006; Schultz et al.,
2008; Mieville et al., 2010; Buhaug et al., 2009; Eyring et al., 2009; Lee et al., 2009).

In the 2006 simulations the emissions for year 2000 are replaced by the Aerocom
Phase II emissions dataset. This dataset also includes emissions estimates of BC, SO2
and POM from aviation. Since the IPCC AR5 year 2000 emissions of biomass burning15

aerosols are 2D fields, we have assumed that these emissions have the same vertical
profile as in the former Phase I of AeroCom, which was used in Seland et al. (2008).

An important part of the updated aerosol treatment in CAM4-Oslo is the treatment of
natural background aerosols. These are particularly important for assessing the magni-
tude of the indirect effect of aerosols (see e.g. Kirkevåg et al., 2008; Hoose et al., 2009;20

Iversen et al., 2010), as well as for estimates of the total aerosol optical depth and ab-
sorption. Emissions of biogenic DMS, SO2 from tropospheric volcanos, and mineral
dust are unchanged from Seland et al. (2008). The following two sub-sections present
more details about new treatments of natural emissions of SOA from vegetation, bio-
genic organic particles from oceans (Spracklen et al., 2008), and the temperature and25

wind-driven production of sea-salt (Struthers et al., 2011).
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2.1.2 Production of natural biogenic OM, SOA and MSA

Production of natural SOA from biogenic processes in land vegetation is taken into
account as yield rates from terpene emissions and treated as emissions of POM. This
is the same treatment as in Seland et al. (2008), but the total global emissions have
been increased from 19.1 Tg yr−1 to 37.5 Tg yr−1. This is the production rate of natural5

SOA minus a natural isoprene contribution estimated by Hoyle et al. (2007) in a model
experiment where semi-volatile species were not allowed to partition to ammonium
sulphate aerosol. Even larger production rates were found when this partitioning was
allowed. Tsigaridis and Kanakidou (2003) suggested that the biogenic SOA production
from volatile organic compounds (VOC) may range from 2.5 to as much as 44.5 Tg yr−1.10

Due to insufficient quantitative information about the sources, biogenic oceanic OM
is usually neglected in global climate models, even though it potentially contributes sig-
nificantly to total OM (Matthias-Maser and Jaenicke, 1995; Bigg et al., 2004; Cavalli et
al., 2004; O’Dowd et al., 2004; Jaenicke, 2005; Meskhidze et al., 2011; Després et al.,
2012). Sources of this aerosol are thought to be primary emissions (POM) of organic-15

enriched sea-spray aerosol from bubble bursting, and SOA formation from gas phase
VOC emitted from the ocean surface (Facchini et al., 2008; Spracklen et al., 2008).
In CAM4-Oslo we have included such a bio-aerosol in a simplified way and treated it
as POM. Since data for the spatial and temporal distribution of the organic content in
sea-water are not available on global scale, these biogenic OM emissions have, as a20

first approximation, been given the same spatial distribution as the prescribed Aero-
Com fine mode sea-salt emissions. The global total of 8 Tg yr−1 is based on Spracklen
et al. (2008). For comparison, the fossil fuel OM emission sources for 2006 amount to
6.3 Tg yr−1.

MSA, an oxidation product from DMS, was in Seland et al. (2008) assumed to be25

swiftly deposited without influencing the calculated aerosol properties. In CAM4-Oslo,
however, MSA is treated as an additional contribution to the primary ocean-biogenic

2611

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
5, 2599–2685, 2012

Aerosol-climate
interactions in the
Norwegian Earth

System Model

A. Kirkevåg et al.
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OM with an OM to S (Sulphur) mass ratio that is assumed to be the same as that of
MSA to S (3.0).

Like the other OM emissions, both the two new contributions to oceanic OM de-
scribed above are assumed to be emitted in the hydrophilic OM / BC Aitken mode; see
Fig. 1.5

2.1.3 Sea-salt emissions

A major upgrade in the natural aerosol treatment from the model version of Seland
et al. (2008) is the replacement of the prescribed sea-salt emissions with prognostic
sea-salt emissions based on Struthers et al. (2011). These emissions depend on 10-m
wind speed (U10) and sea surface temperature (SST) (Mårtensson et al., 2003), and10

are regulated by the sea-ice cover as in Nilsson et al. (2001). The number flux (fluxn)
of each of the three log-normal sea-salt modes (Seland et al., 2008) at the point of
emission, before hygroscopic growth and aerosol processing, have been fitted to the
Mårtensson et al. (2003) parameterization by using a quadratic function of SST:

fluxn =W · (An ·SST2 +Bn ·SST+Cn). (1)15

This gives a simplified modal sea spray emission parameterization, compared to the
detailed size distribution by Mårtensson et al. (2003), that still preserves most of the
wind and temperature dependency found in the original parameterization. The wind
dependence, through the white cap fraction,

W = 0.000384 ·U3.41
10 , (2)20

is unchanged from Struthers et al. (2011). However, due to a simplified fitting of the
coarse sea-salt mode to the Mårtensson et al. (2003) parameterization, tropical sea-
salt burdens were somewhat exaggerated in Struthers et al. (2011). The SST depen-
dence in the accumulation (SS(ac)) and coarse (SS(c)) modes in Table 1 of Struthers
et al. (2011) has therefore been updated to improve the fit for particles with diameters25
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greater than 2.5 µm, where the source parameterization of Monahan et al. (1986) is
recommended. The revised coefficients are listed in Table 2.

2.1.4 Mass ratio OM / OC for biomass burning organic matter

We have increased the assumed mass ratio of particulate organic matter (OM) to or-
ganic carbon (OC) for biomass burning emissions from 1.4 to 2.6. This number is taken5

from Formenti et al. (2003) and is also used by Myhre et al. (2009). It leads to signif-
icantly improved aerosol optical depths and absorption optical depths compared to
observations and sun photometry retrievals in biomass burning dominated areas (see
Sect. 5). The OM to OC mass ratio for SOA and for emissions from fossil fuel combus-
tion is kept at 1.4, as in Seland et al. (2008).10

2.1.5 Transport and removal in convective clouds

In the original CAM4 from NCAR, the convective cloud-cover is calculated explicitly.
Hence, the volume available for convective scavenging is available directly. This is also
the same formulation as in the chemistry transport model Mozart (Barth et al., 2000).
Comparing CAM4 with CAM3, which was the host model of CAM-Oslo (used by Seland15

et al., 2008), changes have been made to the deep convection scheme by including the
effects of deep convection in the momentum equation and using a dilute approximation
in the plume calculation, which permits detrainment at all levels as opposed to only
at the cloud top. These changes gave an improved representation of deep convection
that occurs considerably less frequently but with higher intensity in CAM4 than in CAM320

(Gent et al., 2011). Based on the improved formulation of clouds with the dilute plume
approximation (DPA) in CAM4, and on the resulting sulphate vertical distributions near
the ITCZ, which are comparable to Seland et al. (2008), the special adjustment for
aerosol processes in convective clouds (described in detail in Sect. 2.7 in Seland et al.,
2008, see also Iversen and Seland, 2004), has been removed in CAM4-Oslo. We have25

also removed the somewhat ad hoc assumption of full mixing of aerosols between
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convective cloud updrafts and downdrafts. A more realistic description should reflect
the mixing generated by the horizontal shear between updrafts and downdrafts and
the vigorous turbulence inside deep convective clouds. Assuming full mixing is a rad-
ical assumption resulting in a minimum vertical transport of boundary-layer aerosols.
Combined with the increased efficiency of scavenging by convective precipitation, sys-5

tematically under-estimated aerosol burdens are likely to result. On the other hand, the
choice we have made for CAM4-Oslo is prone to contribute to over-estimates. This is
more thoroughly discussed in Sects. 4 and 5.

2.1.6 Oxidant chemistry

As in CAM-Oslo, tropospheric oxidant fields (OH, O3, H2O2) for use in the sulphate10

chemistry and the aerosol life cycle model are taken from simulations with a Chemical
Transport Model (CTM). We have replaced the oxidant fields in Seland et al. (2008) with
data from the most recent version of the oxidant chemistry in Oslo-CTM2 (Berntsen et
al., 1997). H2O2 is thus generally more abundant in lower tropospheric layers in CAM4-
Oslo than in the version of Seland et al. (2008). Zonally and annually averaged, the15

new H2O2 values are smaller in the upper troposphere (above about 500 hPa), much
smaller in the stratosphere, but larger in most of the lower troposphere, amounting to
an increase by a factor larger than 2 in parts of the tropics.

Furthermore, the H2O2 replenishment time in cloudy air has been changed from a
fixed 1 h value (Seland et al., 2008) to a 1–12 h range, depending on the cloud frac-20

tion. Within this 1–12 h range the replenishment time is assumed proportional to (1.1–
cmax)−2, where cmax is the maximum cloud fraction in the atmospheric column. This is
to account for the increase in time required for mixing larger volumes of air. The effect
of this increased replenishment time would be opposite to the increased levels of H2O2
in the lower troposphere.25
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2.1.7 Scavenging of mineral dust and gravitational settling

Modeled near surface mineral concentrations were underestimated approximately by
a factor 2 in Seland et al. (2008). This negative bias may to some extent have been
caused by missing mineral dust emissions, since the only source included in the emis-
sion data set is major desert areas. On the other hand, the in-cloud scavenging co-5

efficient for mineral dust was probably on the high side, since the assumed value of
1.0 implies that all mineral particles regardless of size or composition can be activated
to form cloud droplets. In Hoose et al. (2009) the in-cloud scavenging coefficient for
mineral dust was reduced to 0.1, leading to considerably extended residence times for
mineral dust. In CAM4-Oslo, where the same mineral dust emissions are applied as in10

the two previous studies, we use an intermediate in-cloud mineral scavenging coeffi-
cient value of 0.25, in agreement with the dominance of insoluble material. This yields
about 25 % wet deposition globally averaged (Table 3), close to the median value of
28 % for 15 AeroCom Phase I models in a study by Huneeus et al. (2011). The individ-
ual model averages in that work range from 16 % to 66 %.15

Gravitational settling, which predominantly influences the largest particles, is now
extended to all atmospheric levels in CAM4-Oslo, rather than in the lowermost level
only (Seland et al., 2008). This is calculated at all heights, starting from the top of the
model and calculating the contribution from each level to the model levels below. As a
result the simulated aerosol removal is more efficient in general, particularly for coarse20

mode aerosols.

2.2 Cloud droplet spectral dispersion

In Seland et al. (2008) a diagnostic relation between the aerosols and the liquid cloud
droplet number (CDNC) was used for stratiform clouds, while liquid water content
(LWC) was a prognostic variable (Rasch and Kristjánsson, 1998). A preliminary sen-25

sitivity test involving prognostic calculation of both CDNC and LWC, with activation of
CCN following Abdul-Razzak and Ghan (2000), indicated a reduction of the first indirect
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forcing (the radius effect) by 36 % due to compensating effects not accounted for in the
diagnostic scheme. The corresponding reduction in the joint first and second indirect
forcing was estimated to 38 % in Kirkevåg et al. (2008), using the same model version.
The prognostic double moment cloud microphysics scheme has later become standard
for stratiform clouds in the model (Storelvmo et al., 2006, 2008; Hoose et al., 2009).5

As described by Hoose et al. (2009), calculation of realized supersaturation uses the
sub-grid updraft velocity following Morrison and Gettelman (2008) and employs look-
up tables for aerosol particle modal radii and standard deviations in the calculation of
activated CCN concentrations, used in subsequent calculations of CDNC and effective
(with respect to scattering of light) cloud droplet radii (reff). For convective clouds these10

quantities are estimated by simply assuming a supersaturation of twice the value for
stratiform clouds.

A novelty compared to Hoose et al. (2009) is the introduction of a parameterization
of cloud droplet spectral dispersion, allowing the shape of the cloud droplet spectrum
to vary with changing aerosol loading.15

The new formulation for cloud droplet spectral dispersion in CAM4-Oslo is taken from
Eq. (2) in Rotstayn and Liu (2009), where the spectral shape factor β (β ≡ reff / rv; rv
being the mean volume radius) is expressed as a monotonically increasing function of
CDNC:

β =

(
1+2ε2

)
(
1+ε2

)1/3

2/3

, (3)20

where the relative dispersion ε is given by

ε = 1−0.7exp(−0.003 ·CDNC · cm3). (4)

In both CAM4 (Neale et al., 2010) and CAM-Oslo (Kirkevåg et al., 2008; Seland et al.,
2008; Hoose et al., 2009; Struthers et al., 2011), β was prescribed to values of 1.08
over oceans and 1.14 over land, independent of CDNC, following Martin et al. (1994).25
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With the new treatment of Rotstayn and Liu (2009), we obtain larger β values for higher
levels of particle pollution. The new β is always larger than about 1.085. Thus β is
now larger over the oceans, and also over land whenever CDNC exceeds about 45–
50 cm−3.

The first indirect effect is determined by the relative change in reff (Twomey, 1991),5

and since reff = rv ×β, the end result of the new β formulation is expected to be a
smaller IndRF. Using an empirical scheme for CDNC as a function of aerosol mass
concentrations, Rotstayn and Liu (2009) showed that this β formulation gave a 34 %
reduction in the magnitude of the indirect radiative forcing. In this work we find a sig-
nificantly smaller sensitivity to the β formulation; see Sect. 5. A recent survey of cloud10

microphysical data from five field experiments by Brenguier et al. (2011) casts a new
light on the issue of cloud droplet dispersion, but we have not attempted to include the
results of that study here.

2.3 Parameter tuning

CAM4-Oslo applies the standard configuration of NCAR CAM4 with respect to model15

physics, i.e. the Rasch and Kristjánsson (1998) scheme for stratiform cloud micro-
physics and the CAM-RT radiation scheme (Collins et al., 2006), which were also used
by both Seland et al. (2008) and Hoose et al. (2009). In order to obtain a realistic
NorESM model climate while maintaining a net radiative balance at top of the atmo-
sphere (TOA), some of the cloud micro- and macro-physical parameters have been20

adjusted (Bentsen et al., 2012; Iversen et al., 2012) compared to the values used in
CAM4. The minimum threshold for relative humidity in a model grid-cell for formation of
low clouds, rhminl, has been reduced from 91 to 90 %. The critical mean droplet volume
radius for onset of auto-conversion, denoted r3lc in Rasch and Kristjánsson (1998), has
been increased from 10 µm (Kristjánsson, 2002) to 14 µm. The value 15 µm was used25

in Collins et al. (2006) and Seland et al. (2008). Furthermore, following Kristjánsson
(2002), the precipitation rate threshold for suppression of auto-conversion of cloud
water to rain has been increased from 0.5 to 5.0 mm d−1. This is the same value as
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used by e.g. Seland et al. (2008) and Hoose et al. (2009). Impacts of these changes
on modelled aerosol properties, direct radiative forcing (DRF), cloud droplet number
concentrations (CDNC), effective droplet radii (reff), liquid water path (LWP), and the
indirect radiative forcing of aerosols (IndRF) are discussed in Sect. 5.

3 Model configuration and experiment set-up5

For this study, CAM4-Oslo/NorESM has been set up to use the data ocean and sea-
ice models from CCSM4, running a series of 7-yr off-line simulations with IPCC AR5
or AeroCom aerosol and precursor emissions, see Sect. 2.1.1. The Ctrl simulations
(standard model version with all processes updated) are labelled PI and PD in Tables 3
through 7, where PI corresponds to aerosol emissions for year 1850 (“preindustrial”)10

and PD corresponds to aerosol emissions for the year 2006 (“present day”). All sim-
ulations use “present day” (year 2006) concentrations of greenhouse gases (GHG).
Running the model in an off-line mode means, in this case, that the meteorology is
driven by prescribed aerosol and cloud droplet properties of the standard CAM4 (but
with CAM4-Oslo stratiform cloud tuning) in all the experiments. Hence, the meteorology15

is the same in all simulations, except for a single sensitivity experiment where some of
the tuning parameters for stratiform clouds have been changed. Calculation of the sec-
ond indirect effect as a radiative forcing is as described by Kristjánsson (2002), i.e. by
use of parallel calls to the condensation scheme as well as the scheme for radiative
transport in the model.20

The anthropogenic direct (DRF) and indirect forcing (IndRF) by aerosols since 1850
are found from the difference in net radiation energy fluxes between PD and PI. Our
results are based on the last 5 simulated years, except for the separate sensitivity
test runs defined in Sect. 5 (Tables 5–7): here we instead show results from year 7
after a restart of the model from February year 6. All results are for short wave fluxes25

only, except for the online simulations discussed in Sect. 4.4, where the CAM4-Oslo
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aerosols are allowed to affect the meteorology through their direct, semi-direct, and
indirect effects on the radiation budget.

3.1 Sensitivity experiments

Each of the sensitivity experiments discussed in Sect. 5 is constructed by reverting
each (or parts of each) of the model updates described in Sect. 2, back to the original5

treatment in Seland et al. (2008), Hoose et al. (2009), or Struthers et al. (2011). In this
way we are able to assess how much each of the updates has improved or changed
the model results, and to better understand differences in model behaviour between
CAM4-Oslo and other global models.

The additional simulations listed in Table 4 are forcing experiments originally set up10

for estimating DRF for separate aerosol species (Myhre et al., 2012; Samset et al.,
2012). However, in this paper also IndRF and relevant diagnostics for cloud droplet
properties and cloud liquid water paths are examined. The only exception is the ZERO
experiment. Here the aerosol extinction is set to 0 in the radiative transfer calculations,
with no other changes. I.e. the aerosol life cycle and the cloud droplet properties are15

as in the Ctrl (PD) experiment, so that only optics and DRF are affected.

4 Results

In order to validate the aerosol calculations in CAM4-Oslo and verify the results from
the simulations labeled Ctrl, we here discuss the aerosol concentrations, burdens, life-
times, optical properties, and effects on clouds and radiation in the model. We com-20

pare calculated results with earlier model versions and with available observations or
retrievals from remotely detected signals. Results of the sensitivity tests are discussed
in Sect. 5.

Although not formally a part of the present study, more results from CAM4-
Oslo as well as several other models, can be found at the AeroCom web-site:25
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http://aerocom.met.no/data.html, where results labeled as CAM4-Oslo-Vcmip5 are
from Ctrl, CAM4-Oslo-Vcmip5online are from runs with on-line interactions with me-
teorological fields, and CAM4-Oslo-Vcmip5emi2000 are from runs with year 2000 as
PD. The CAM-Oslo model version of Seland et al. (2008) is labeled UIO GCM V2.

4.1 Global aerosol budgets and atmospheric residence times5

Table 3 compares the budgets and atmospheric residence times of CAM4-Oslo with
the model-version presented by Seland et al. (2008). Figures 2 and 3 show maps of
annual aerosol burdens and how the respective mass mixing ratios varies with height,
zonally averaged.

For mineral dust, wet scavenging efficiency is reduced in CAM4-Oslo compared to10

Seland et al. (2008), taking into account that mineral dust is not hygroscopic. This
leads to a considerably reduced fraction of wet deposition of dust. Despite a more
effective gravitational deposition due to the updated treatment of gravitational settling
(see Table 6), we therefore find an increase in the global atmospheric burden and
residence time (12 %).15

The sea-salt burden is about 15 % lower than in Seland et al. (2008), in agreement
with the smaller emissions (19 %). In spite of the enhanced importance of gravitational
settling, the fraction deposited by precipitation scavenging is considerably higher in
this work. This is probably a consequence of the wind (and SST) driven emissions
in CAM4-Oslo. Strong winds over oceans are often co-located with precipitation. The20

prescribed emissions in Seland et al. (2008) would more often, and erroneously, not be
associated with the actual storms predicted in the atmospheric model, leaving a higher
preference for dry rather than wet deposition.

Other major changes result from differences in emission inventories when changing
from 2000 to 2006 for present day (PD) conditions and from 1750 to 1850 for preindus-25

trial conditions (PI).
Some of the changes in burdens since Seland et al. (2008) can be directly related

to changes in atmospheric residence times. The residence times given in Table 3 are
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close to values from many other models of the same type as CAM4-Oslo; see e.g. Tex-
tor et al. (2006). For sulphate there is a considerable decrease for preindustrial condi-
tions while for present day conditions there is a much smaller decrease. For OM and
BC changes are relatively minor for preindustrial conditions, while there is an increase
in residence time for the present day. The increase is particularly large for BC. For the5

difference (PD-PI) an increase in atmospheric residence times is thus evident for all
the three aerosol components, but it is considerably larger for BC than for OM and
sulphate. Since removal of these components to a large extent is determined by pre-
cipitation scavenging, and their residence times are much too short for the components
to reach a well-mixed state, changes in the geographical distribution of major emission10

sources influence the residence time. This is in addition to changes in the efficiency of
dry and wet removal processes.

If cloud volume and liquid water abundance were approximately the same as in Se-
land et al. (2008), the increased levels of lower tropospheric H2O2 would tend to re-
duce the lifetime of both SO2 and sulphate, by increasing the low-level oxidation and15

producing sulphate in layers exposed to wet scavenging. Even though slightly reduced
lifetimes are indeed calculated (Table 3), the reduction is counteracted by the slower
replenishment of H2O2 in cloudy air and the more efficient vertical transport in deep
convective clouds which brings low level air up to the middle and upper troposphere
when mixing between downdrafts and updrafts is neglected. Furthermore, low-level20

liquid water content and clouds are generally less abundant (a factor 60–80 % of the
cloud cover in Seland et al., 2008) in CAM4-Oslo (not shown). It can also be noted from
Table 3 that the changes in wet scavenging and the overall fraction of SO2 oxidized in
clouds are negligible.
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4.2 Comparison with measurements

4.2.1 Surface mass concentrations

Figure 4 compares modeled and measured near surface mass concentrations for each
aerosol constituent. As described in more detail by Seland et al. (2008), the measure-
ments span the years 1996–2002 and have been made available through the Aero-5

Com project (http://aerocom.met.no) from the AEROCE, AIRMON, EMEP, GAW, and
IMPROVE measurement networks. The EMEP data are from year 2002. Since results
from a climate model are not designed to replicate single short-term observations but
at best their overall statistics, monthly averaged data over the entire measurement pe-
riod are compared. The correlation coefficients and the fractions of modeled values10

lying within a factor 2 and 10 of the measured values are listed in the figure legends.
With the relatively small scavenging coefficient compared to Seland et al. (2008),

we now get a 7 % positive bias in the average mineral dust concentration compared
to the observed values in Fig. 4. This is a considerable improvement from the 55 %
underestimate in Seland et al. (2008). Only 15 % of the modelled values were within15

a factor of 2 of the measurements in Seland et al. (2008) whilst the corresponding
percentage in this work is 44 %. The correlation coefficient is increased from 0.34 to
0.48. Ignoring the outliers for the highest concentrations in the upper right corner of
the figure (sites close to the Sahara), there is still a negative bias in remote regions
far from deserts. This may be an indication of missing sources, e.g. from semi-deserts20

or smaller deserts which are not included in the model, agricultural regions, process
industry, and road transport.

Although the sea-salt emissions are parameterized in a more physically based man-
ner (temperature and wind dependency) than in Seland et al. (2008), where the emis-
sions were simply prescribed, modeled near surface sea-salt mass concentrations in25

CAM4-Oslo are in poorer agreement with the available observations. We estimate a
27 % positive bias, with 42 % of the data within a factor of 2 of the measurements and
a correlation coefficient of 0.58, compared to 3 %, 41 % and 0.73, correspondingly, in
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A. Kirkevåg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Seland et al. (2008). Overestimates are smaller for high concentrations than for lower
concentrations. The prescribed emissions used in that work were pre-calculated val-
ues (Dentener et al., 2006) with winds from a reanalysis of the meteorology for year
2000. Due to identical meteorology in all offline configurations of the present model set-
up, the modeled sea-salt emissions are the same whether the anthropogenic emission5

year is assumed to be 2000 or 2006. However, we do find considerable improvement
in the sea-salt concentrations compared to the earlier version of the emission parame-
terization used in Struthers et al. (2011); see Sect. 5.2.

Modeled SO4 concentrations are somewhat overestimated (23 %) and slightly more
so than in Seland et al. (2008), but with approximately the same correlation coefficient10

(0.64) and percentage of modeled values within a factor of 2 of the measurements
(77 %).

BC is underestimated with the same amount (18 %) as in Seland et al. (2008), but
with a slightly lower correlation coefficient (0.43). One might suspect that this is a result
of using 2006 instead of 2000 BC emissions in the Ctrl simulation. When we instead15

use the 2000 emissions (the EmPD2000 simulation, see Sect. 5.1), the correlation co-
efficient indeed improves (0.49), but the overall underestimate gets more severe (36 %).
Also when comparing modeled AOD with ground and satellite based remote retrievals
in Fig. 6, we get larger underestimates for most latitudes with the 2000 emissions. This
is not caused by the differences in BC emissions only.20

OM concentrations are compared with measured OC concentrations in Fig. 4. The
model does not keep track of the OM / OC ratio, resulting from the mixing of OM from
different sources. Thus OC in the present model version is not known. The comparison
with measured OC therefore requires an estimate of the (unknown) OM / OC mass ra-
tio in the model. We should also keep in mind other potential sources of disagreement,25

such as uncertain emission magnitudes, missing emission categories, and vertical mix-
ing conditions.

The modeled OM partly originates from fossil fuel combustion with an assumed
OM / OC ratio of 1.4, and biomass burning with an assumed ratio of 2.6. See
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Sect. 2.1.4. Emissions of natural biogenic OM, SOA (treated as primary OM) and MSA
are given directly as OM. Therefore the OM / OC ratios for these compounds are not
required in the model itself. OM / OC ratios are typically somewhat larger than 1.4 for
natural biogenic OM and SOA (e.g. Bergström et al., 2012), and for MSA (CH4O3S) it is
as large as 8.0. However, since MSA is not abundant over continents, its impact on sur-5

face mass concentrations to be compared with observations are assumed small, except
at coastal measurement sites. In Fig. 4 we have chosen to compare modeled OM / 1.4
with measured OC, assuming that OM / 1.4 is an upper estimate of the modeled OC
concentration. These model values are thus representative for OC which mainly origi-
nates from fossil fuel combustion sources, but are otherwise over-estimates.10

For the North-American stations the modeled OM / 1.4 is 66 % larger than the mea-
sured OC, while it was 9 % smaller in Seland et al. (2008). Here, 65 % of the data are
within a factor of 2 of the measurements, and the correlation coefficient is 0.69. Hypo-
thetically, assuming that all OM were from biomass burning, we should have compared
OM / 2.6 with the measured OC values, yielding a 10 % negative bias. Splitting the data15

in NH summer (April–September) and winter (October–March), marked in red and blue
in Fig. 4, reveals that the correlation coefficient is about the same for both seasons,
0.69 and 0.68 respectively, but that the over-estimates are mostly confined to the sum-
mer (∼100 %) and that the modeled values of OM / 1.4 are very close to the observed
OC in winter (∼1 %). This may suggest that sources with OM / OC ratios which are20

higher than 1.4 dominate in summer, or that OC concentrations are overestimated in
summer.

However, the validation results for the European stations, using the OM / OC ratio
of 1.4, suggest that modeled OM is still considerably underestimated in large regions.
The difference in model bias between European and North American stations is to25

some extent caused by different measurement statistics. While the recommendation
for the North American OC measurements (IMPROVE, rural background stations) is to
use PM2.5 aerosol fraction, the European OC data (EMEP, including also some urban
background stations) represent the PM10 fraction and may therefore contain additional
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coarse particulate OM. Only a tiny mass fraction of OM with particle diameters ex-
ceeding 2.5 µm is produced in our model, however, and coarse mode primary biogenic
OM is not included in the emissions. In the scatter plot for Europe we have roughly
estimated the PM2.5 fraction of measured OC by multiplying the measured PM10 OC
concentrations with 0.72. This number is based on three individual European stations5

which have both PM2.5 and PM10 data (Yttri et al., 2011), Birkenes in Norway, Melpitz in
Germany and Montseny in Spain, where the PM2.5 / PM10 ratios for OM are estimated
at 0.76, 0.74 and 0.67, respectively.

Taking the correction factor of 0.72 into account, modeled OM / 1.4 for all stations
and all the months is on average 46 % smaller than measured OC, compared to a 65 %10

underestimate in Seland et al. (2008). These underestimates may be partly due to un-
derestimated emissions for Europe. Seland et al. (2008) used 2000 emissions, without
some of the extreme forest fire episodes that we find in the 2006 emissions. Using
2000 emissions also in CAM4-Oslo, we also get a larger underestimate of about 53 %.
If we remove two observations of large forest fires, the August data from Braganca in15

Spain and the April data from Virolahti in Finland, our modeled OM / 1.4 average with
the 2006 emissions is 60 % lower than the measured OC concentrations.

Here it should be noted that anthropogenic SOA is not modeled in CAM4-Oslo, a
source which could contribute significantly to OM mass, especially close to polluted
urban areas. Since a larger fraction of the North American stations are located in rural20

areas than the European stations, this missing source may explain why OM is un-
derestimated in particular in Europe. Removing three European stations with urban
conditions (Bologna, Edinburgh, and Gent), modeled OM / 1.4 is still on average 56 %
smaller than measured OC. For this final selection of observations and stations used
in Fig. 4, i.e. all except for the three urban stations and two monthly observations in-25

fluenced by forest fires, 45 % and 94 % of the data are within a factor of 2 and 10 of
the measurements, respectively. We believe that the European OM model bias might
be even larger because SOA usually has a higher OM / OC ratio than fossil fuel POM.
When chemical aging of POM and SOA is taken into account, model estimates by
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Bergström et al. (2012) yield OM / OC ratios above 1.9 for most of Europe, exceeding
2.0 in parts of Southern Europe. In summary, if assuming that all OM was in the form
of SOA with an OM / OC ratio of 2.0, the bias would be 16 % instead of 66 % for North
America, and −69 % instead of −56 % for Europe.

When the OM data are split into two seasons in the figure, we find that the mod-5

eled OM / 1.4 for Europe in summer is much closer to the observed OC concentrations
than in winter. Bias and correlation coefficients for the summer are −24 % and 0.58,
compared to −80 % and 0.24 for winter. This result indicates that the missing anthro-
pogenic SOA, which would be formed mainly when levels of photo-oxidants are high in
summer, cannot explain all of the discrepancies. The winter bias for OM is more plausi-10

bly explained by underestimated emissions of biogenic OM from bio-fuels (e.g., wood-
burning). Furthermore, strong inversions in the winter will lead to very high surface
concentrations close to ground surface emission sources, while elevated emissions
from stacks will not contribute to surface concentrations. Since such inversions are
shallow and local in nature, they are poorly represented in climate models. Hence, this15

continental winter phenomenon may intermittently give rise to large underestimates of
aerosol mass concentrations near the surface. This is possibly less of a problem for the
North American stations because their location further south makes them less prone
to inversions, and because the more pristine location of the stations makes them less
exposed to anthropogenic organic aerosols than the European stations.20

4.2.2 Vertical concentration profiles

Figure 5 shows modeled vertical profiles of sulphate volume mixing ratios compared
with flight campaign measurements from the Pacific Exploratory Mission (Barth et al.,
2000). As in Seland et al. (2008), the model compares reasonably well with observa-
tions at low altitudes, while overestimating the mixing ratios in the upper troposphere,25

where the modeled preindustrial sulphate levels are closer to the observations than the
present day levels. Although the ad hoc assumption of full mixing of aerosols between
convective cloud updrafts and downdrafts in Seland et al. (2008) has been removed
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in CAM4-Oslo (see Sect. 2.1.5), the sulphate profiles are quite similar to Fig. 8 in that
work. We get slightly improved results for Guam at all heights and for Hawaii up to
about 400 hPa, where the positive biases are smaller in CAM4-Oslo. For Hong Kong
the overestimates are larger at all heights for the October data. For the February data
we find only small changes in the middle and upper troposphere and a reduction of5

the overestimate for the near ground level, while the underestimate of the lower tropo-
sphere maximum is more pronounced than in Seland et al. (2008).

4.2.3 Column integrated optical properties

Figures 6 and 7 compare modelled aerosol optical depth with a composite of ground
and satellite based remote retrievals. The results in Fig. 6 also corroborate the new OM10

treatment: both of the tests using an older version (bbPOM and natOM, see Sects. 5.3
and 5.4) give too low clear-sky aerosol optical depth (AOD) at most latitudes. The
clear-sky aerosol optical depth is estimated as all-sky optical depth weighted with the
clear-sky fraction, based on total cloud cover in the model. This clear-sky definition
gives larger weight to conditions when sun photometer observations can be made.15

Figure 8 shows biases in modelled optical properties compared with ground based
sun photometry retrievals (AERONET, years 2000–2009). As seen from Figs. 6, 7 and
8, annually averaged AOD is underestimated in most regions. In large parts of the trop-
ics and sub-tropics the model underestimates both AOD and absorption AOD (ABS),
see Fig. 8. The strongest and most persistent negative biases throughout the year20

are found in South Asia. As in the previous model version by Seland et al. (2008),
too much and too frequent precipitation over the Indian Ocean and parts of the conti-
nent of southern Asia (not shown) lead to exaggerated wet deposition estimates, which
probably can explain some of the negative biases for that region. In the densely pop-
ulated South Asia we also expect that we miss important aerosol contributions from25

secondary aerosol formation from emissions of ammonia, NOx and VOCs.
On the other hand, AOD is overestimated in some (mostly remote) regions at high

latitudes, but more so compared to AERONET than the composite product in Fig. 7.
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In some regions the respective AOD biases even have opposite sign, e.g. in parts of
North America. CAM4-Oslo probably produces excessive tropospheric aerosol con-
centrations at high latitudes, where most other models are biased on the low side. This
may in particular be the case in the Arctic and the Antarctica, where observations are
still too sparse to facilitate verification for a good range of conditions. In these regions5

CAM4-Oslo does indeed yield larger aerosol burdens, AOD, and ABS than most other
AeroCom models (Myhre et al., 2012; Samset et al., 2012).

As also seen from Fig. 7, annually averaged AOD is better represented in CAM4-
Oslo than in Seland et al. (2008). The improved results in the present work may be
due to several of the model updates. In addition to the updated PD emissions, the new10

natural OM treatment and updated assumptions about OM / OC ratio for biomass burn-
ing OM are important contributors. The modified convective transport also reduces the
bias in the areas influenced by biomass burning, although as discussed in Sect. 5.11, it
probably exaggerates the amount of aerosols in the upper troposphere. We also find an
improvement related to mineral dust when comparing modelled and retrieved seasonal15

AOD for specific dust dominated AERONET stations (not shown). This is a combined
result of several changes implemented after the version by Seland et al. (2008) as
detailed in Sect. 5. The new treatment of gravitational settling, for instance, tends to
reduce the dust concentrations, whilst the increased vertical transport in convective
clouds tends to increase the concentrations at middle and upper levels, and the re-20

duced in-cloud scavenging for mineral dust increases the general abundance of dust,
in particular far from the major source regions. In North Africa and the few AERONET
stations of the northern tropical Atlantic and the Caribbean Sea, there is a positive
AOD bias averaged over the year, see Fig. 8. The AOD bias in western North Africa is
mainly positive, but small in spring (MAM, not shown) and negative in summer (JJA).25

Here ABS remains negatively biased throughout the year (seasonality not shown). This
may be due to seasonal and possibly spatial biases in the mineral dust emissions or
in the transport of mineral dust from North Africa. The lack of coupling between model
wind fields and the (prescribed) mineral dust emissions, given from meteorological
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conditions for one year only, may also lead to systematic biases in the transport and
deposition. In addition the results may be influenced by model biases in biomass burn-
ing in the Sahel region and further south (see e.g. Ridley et al., 2012).

The scatter plots and frequency histograms in Fig. 9 are for monthly AOD, ABS and
ANG (Ångström parameter) from CAM4-Oslo vs. AERONET stations world-wide, ex-5

cluding the stations situated above 1000m altitude. Modelled clear-sky AOD and ABS
are underestimated by approximately 8 % and 32 %, respectively. The frequency his-
tograms reveal that CAM4-Oslo produces too few of the lowest and highest AOD and
ABS values, whilst intermediate values are over-represented. Since the surface con-
centrations in Fig. 4 do not show the same behaviour, the positive bias for low to inter-10

mediate values of AOD and ABS may indicate that the model produces too high aerosol
concentrations at middle and upper levels in the model atmosphere. Representation of
aerosol processes that are known to be associated with large uncertainties in GCMs
in general may contribute to these biases, such as the treatment of vertical transport
and mixing of aerosols or the assumed size of BC particles from rapid fossil fuel com-15

bustion near the point of emission. The negative bias for high values could possibly be
an indication of missing coarse mode OM or other aerosol components (e.g. nitrate,
anthropogenic SOA, non-desert dust). We cannot rule out the possibility that some of
the skewness in the frequency histograms could be result of a more general misrepre-
sentation of aerosol dispersion and aerosol particle size in the model, affecting aerosol20

microphysics and subsequent lifetimes, column burdens and optical depths.
The Ångström parameter (e.g. Seinfeld and Pandis, 1998), here defined as

ANG = − ln
(

AOD870

AOD440

)/
ln
(

870
440

)
, (5)

provides an indirect measure of the modelled particle sizes for the bulk aerosol, and
can be compared with AERONET retrievals. For the wavelengths 440 and 870 nm, un-25

fortunately only all-sky AOD data are available in the model output. This leads to over-
representation of the larger particles sizes, since the relative humidity and hygroscopic
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growth of soluble aerosols is larger in cloudy than clear-sky conditions, and it can prob-
ably explain some of the bias toward low ANG values in the frequency histogram in
Fig. 9. In the PD Ctrl simulation, globally averaged clear-sky AOD divided by all-sky
AOD at 550 nm is 0.84 (see also Fig. 6), but since we do not know the wavelength
dependency of this ratio it is difficult to tell how much of the ANG bias we can attribute5

to this effect.
Averaged over all stations and all months, ANG is underestimated by about 20 %.

The largest bias of −31 % is found in the NH winter (DJF), constituting much of the
right side branch in the ANG scatter plot, and the smallest bias, only −11 %, is during
NH summer (JJA). The lowest and highest correlation coefficients are found for the10

same two seasons, −0.02 and 0.66 respectively, compared to 0.41 averaged over the
whole year. As in Seland et al. (2008), ANG values exceeding 1.5 (fine particles) are
mainly confined to tropical and subtropical land areas, especially in the biomass burn-
ing season, and values below 0.5 (coarse particles) are found mainly over or directly
downstream of oceans or large deserts, with maxima over oceans in winter. In the cor-15

responding PD Online simulation (see Table 6), which is the most relevant simulation
for climate response studies, ANG is somewhat improved for all seasons compared to
the offline simulation (Ctrl). The global bias is here −16 %, annually averaged.

4.2.4 Vertical extinction profiles

Figure 10 shows annually averaged extinction coefficient profiles over ocean and land,20

globally and for Europe, and for winter (DJF) and summer (JJA) in Europe, all for the
Ctrl PD simulation compared with night-time CALIOP (Cloud-Aerosol Lidar with Or-
thogonal Polarization) data prepared by Brigitte Koffi for year 2007, the first full year
where the CALIOP instruments were in operative mode. CALIOP data preparation has
been described by Koffi et al. (2012a). As in several other AeroCom models studied by25

Koffi et al. (2012a) and Koffi et al. (2012b), the aerosol extinction in CAM4-Oslo seems
to be overestimated in the upper troposphere. It is probable that this is an effect of a
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too efficient vertical transport in deep convective clouds in the model (Sects. 2.1.5 and
5.11).

However, an underestimate of the aerosol extinction in the upper troposphere by the
CALIOP retrieval algorithm would also contribute to such biases. Such underestimates
in the CALIOP data are possible due to a relatively high detection limit for significant5

aerosol layers, identified by the retrieval algorithm. According to Koffi et al. (2012a)
the detection limit at night for the 5 km CALIOP Layer product is estimated to be be-
tween 0.010 and 0.015 km−1, and atmosphere layers with no detected aerosols are
assumed to have zero aerosol extinction in that work as well as in Fig. 10. Globally
and annually averaged extinction in Ctrl is smaller than the detection limit at all heights10

above roughly 2–3 km’s altitude, which clearly makes the model vs. CALIOP validation
of the aerosol profile in the upper troposphere very uncertain. Assuming a background
aerosol extinction of 0.005 km−1 (instead of zero), which is on the high end of a range
of background values from satellite retrievals (Kent et al., 1998) and actually close to
the globally averaged extinction at 10 km height in CAM4-Oslo (0.006 km−1), Koffi et15

al. (2012a) found that this was enough to reverse the conclusion about the AeroCom
model performance in the upper atmosphere, with the exception for one model which
still overestimated the extinction at high altitudes.

There are also clear biases in the profiles in the boundary layer and up to about
2 km height, where models with coarse vertical resolution are not capable of captur-20

ing the observed maximum at about 0.5 km height (Koffi et al., 2012a). Averaged over
all land grid points globally our model seems to capture both the vertical slope and
the maximum extinction reasonably well in the lower troposphere, although the maxi-
mum is overestimated by about 30 % compared to CALIOP. Over oceans the modeled
maximum is located too close to the sea-surface, and the extinction values are under-25

estimated by up to about 50 % in the lower 1.5 km a.s.l. It is overestimated by up to
about 100 % between 1.5 and 3 km height a.s.l.

For continental Europe, here defined as approximately the area spanned by the
EMEP stations in Fig. 4 (land between 35–70◦ N and 10◦ W–40◦ E), the annually
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averaged extinction profile (not shown) is very similar to the global land profile, but
with somewhat larger biases above 2 km. For continental North America, here defined
as approximately the same area as spanned by the IMPROVE stations in Fig. 4, minus
Hawaii, Bermuda and Denali (land between 25–50◦ N and 65–125◦ W), the respective
extinction values (not shown) instead have a negative bias below 4 km height, but only5

very small biases below 0.5 km. These regional features are consistent with the annu-
ally averaged AOD biases in Fig. 8. However, this should be interpreted with caution,
since the AERONET stations do not cover as wide areas as the CALIOP retrievals,
and unlike the AERONET data, CALIOP also include results for night-time and over-
cast conditions.10

The mid and bottom panels in Fig. 10 show the winter (DJF) and summer (JJA)
extinction profiles for continental Europe and North America, revealing a very distinct
seasonal behavior. In summer the biases are large and positive above about 4 km,
although still mostly within the CALIOP detection limit, and negative (up to about 60 %)
in the lower 4–6 km. This is consistent with exaggerated convective transport in the15

model, see Sect. 5.11.
In winter the positive biases in the upper troposphere are smaller for both the regions,

and over North America it is small all the way down to sea-level (for coastal sites).
Over Europe the near surface extinction bias is much larger in winter, and we have

not been able to reach a clear conclusion as to why it is so large. The major contri-20

butions to all-sky AOD over the European continent during winter are from sulphate
(42 %) and organic matter (30 %), followed by sea-salt (15 %), mineral dust (12 %), and
BC (1 %). Using the same dataset as in Fig. 4, but limited to the 37 European sta-
tions, we find a positive bias of only 2 % in the modeled near surface sulphate mass
concentrations (2.93 µg m−3) in winter. As already shown in Sect. 4.2 there is a signif-25

icant negative bias in the modeled OM in Europe in the winter season. It is difficult to
reconcile this and the relatively modest (positive and negative) biases in AOD for DJF
in Fig. 8 (AERONET) with the large positive biases in extinction (CALIOP) in both the
boundary layer and in the upper troposphere. Excessive hygroscopic swelling under
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very humid conditions, consistent with overcast conditions (included in CALIOP but
not in AERONET), could possibly lead to such overestimates in the all-sky aerosol ex-
tinction. The clear-sky AOD estimates, however, which are representative for low to
intermediate relative humidities, do not seem to support this. In Fig. 8 we find areas
with both under and overestimates for Europe in winter. Uncertainties and systematic5

biases in the different remote retrievals may also be a possible explanation, although
there is only reliable AERONET data from day-time and clear-sky conditions available
for performing such inter-comparisons (see e.g. Schuster et al., 2012). Disregarding
obvious sampling issues (e.g. day vs. night, clear-sky vs. all-sky, horizontal and tempo-
ral coverage), the AOD from AERONET and the AOD calculated as vertically integrated10

extinctions from CALIOP indeed differ significantly (not shown). For North America the
biases in AOD from AERONET and in the vertical extinction profiles from CALIOP
agree, both indicating overestimated light extinction by aerosols in winter. For compar-
ison to the European values above, the all-sky AOD contributions are here mainly from
organic matter (44 %) and sulphate (34 %), followed by mineral dust (12 %), sea-salt15

(7 %), and BC (3 %).

4.3 Aerosol effects on radiation and clouds

Table 4 lists annual globally averaged estimates of optical and cloud microphysical
properties associated with the aerosols in Ctrl, as well as the direct (DRF) and indirect
radiative forcing (IndRF) due to changes from preindustrial (PI, year 1850) to present20

day (PD, year 2006) conditions. Figure 11 shows the respective maps of DRF and In-
dRF at TOA. DRF and IndRF are diagnosed the way described by Seland et al. (2008),
i.e. as differences in all-sky radiative forcing between PD and PI conditions. Although
there are differences in forcing values, the regional distributions are quite similar to
those estimated by Seland et al. (2008). Negative DRF values due to sulphate and25

OM below −2 W m2 are estimated over parts of South America, Africa, Europe and
East Asia, with two local minima of about −3 W m2 over East Asia. Positive DRF val-
ues are found in areas with large BC and OM concentrations (PD-PI) combined with
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high surface albedos or extensive low clouds, with values exceeding 1.2 W m2 over the
Arctic sea-ice and reaching 3 W m2 near the biomass burning areas in southern parts
of the tropical African west coast. Globally averaged DRF is −0.08 W m2, compared to
+0.03 W m2 in Seland et al. (2008).

For IndRF, a combination of high concentrations of sulphate and OM and the pres-5

ence of clouds with high susceptibility produce minimum values of about −7.5 W m2

over south-eastern Asia and the stratocumulus region just off the west coast of South
America. Also a few areas with slightly positive IndRF (<0.2 W m2) are found, namely
in the Arctic and over eastern Africa. These positive values can be traced back to OM
emissions and mass concentrations in the lower troposphere that are lower under PD10

than PI conditions. Globally averaged IndRF is −1.20 W m2, compared to −1.88 W m2

in Hoose et al. (2009). The changes in DRF and IndRF from earlier model versions to
CAM4-Oslo are due to changes in emissions as well as parameterizations of aerosols
and cloud microphysics, and are discussed in more detail in Sect. 5.

Table 4 also lists component specific contributions to each of the key properties.15

The main contributors to the increment in AOD from PI to PD are sulphate (65 %) and
internally mixed BC/OM from biomass burning (bb, 30 %), while fossil fuel (ff) BC and
OM each contribute with approximately 3 %. Due to non-linear effects, mainly related
to internal mixing of aerosols, the sum of each contribution is about 1.5 % larger than
the total AOD increment for PD-PI of 0.0527. The corresponding contributions to ABS20

(absorption AOD) are 4 % for sulphate, 51 % for bb BC and OM, 46 % for ff BC, and
only 1 % for ff OM. For ABS the non-linear effect thus gives rise to a 2 % larger sum
than the total PD-PI increment of 0.00357. Note that non-absorptive components such
as sulphate may also contribute to ABS, if internally mixed with absorptive aerosols.

The TOA DRF contributions from each of these aerosol species (PD-PI) are esti-25

mated to about −0.48 W m−2 for sulphate, +0.37 W m−2 for fossil fuel BC, −0.03 W m−2

for fossil fuel POM, and +0.07 W m−2 for biomass burning BC and OM. Since there are
contributions of both signs and the total forcing is close to zero, the sum is here as
much as 10 % weaker than the total. The absolute difference between the two is very
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small, however, and much smaller than the estimate by Ghan et al. (2012). The sum of
each of the negative contributions to DRF at the ground surface is −1.85 W m−2, which
is much closer to the total of −1.83 W m−2 in relative terms (1 %). For a further discus-
sion of the direct aerosol effect aspect of these experiments, see Myhre et al. (2012)
and Samset et al. (2012).5

Similarly, the main contributors to the PD-PI increments in cloud droplet number
concentration and effective cloud droplet radius at 870 hPa (CDNC and reff respectively)
are sulphate (66 % and 80 %) and internally mixed bb OM / BC (29 % and 16 %), while ff
BC (−3 % and −6 %) and ff OM (4 % and 5 %) contribute much less. The corresponding
contributions to the liquid water path (LWP) increments are 71 % for sulphate, 21 %10

for bb OM / BC, −7 % for ff BC, and 6 % for ff OM. The sum of each contribution is
approximately 3 % smaller than the total change (PD-PI) for CDNC, 5 % smaller for reff,
and 9 % smaller for LWP. As for the aerosol optics, these non-linear effects can probably
be attributed to effects of internal mixing of aerosols, e.g. larger changes in effective
particle size when all condensate and coagulated aerosol components are added at15

once rather than one at the time, and to subsequent changes in the competition for
water vapour for activation of aerosol particles to cloud droplets.

The individual contributions to the indirect forcing (IndRF) due to the joint radius and
life-time effects are estimated to −0.76 W m−2 for sulphate, +0.07 W m−2 for fossil fuel
BC, −0.08 W m−2 for fossil fuel POM, and −0.32 W m−2 for BC and POM from biomass20

burning. Thus the sum of each of the contributions is here only −1.09 W m−2, 9 %
lower than the total indirect forcing of −1.20 W m−2. As expected from the non-additive
changes in reff and LWP discussed above, as well as the non-linear nature of cloud
susceptibility and the indirect effect of aerosols in general, radiative forcing estimated
as a sum of its individual contributions is considerably less accurate for the indirect25

effect than for the direct effect.
The DRF of all natural and anthropogenic aerosols up to year 1850 is found from

Ctrl PI-ZERO in Table 4, and is estimated at −1.6 W m−2 at TOA, globally averaged.
Regionally this DRF at TOA ranges between −13 W m−2 just off the west coast of West
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Africa, due to large mineral dust burdens, to about +0.7 W m−2 over parts of the Arctic
north of 80◦ N, where the positive contributions are mainly from BC. Global DRF at
the ground surface is about −3.0 W m−2, with regional maximum (in strength) just off
the west coast of Africa in the tropics, and as weak as −0.15 W m−2 in parts of the
Arctic and the Antarctica. Similarly, Ctrl PD-ZERO gives a DRF by all PD aerosols of5

−1.7 W m−2 at TOA and −4.8 W m−2 at the ground surface.

4.4 On-line atmospheric calculations

The last rows in Tables 4, 6 and 7 show results from online versions of the Ctrl PD and
PI simulations, PD Online and PI Online, where the aerosols are allowed to affect the
meteorology. In these simulations the net SW flux difference at TOA (not a forcing as10

such) is estimated at −1.24 W m−2, quite close to the combined SW DRF and IndRF
of −1.28 W m−2 in the offline (Ctrl) simulations. While the LW IndRF (a life-time effect)
is very small in the offline simulations, only −0.01 W m−2, the net LW flux difference
from PD-PI Online is +0.70 W m−2. Including cloud and aerosol feedbacks, the total
estimated net radiative effect (SW-LW) of aerosols is −1.95 W m−2, compared to a15

forcing of −1.29 W m−2 in the offline version of the model.
This positive feedback is probably due to the considerable increase in POM burdens

in the online vs. the offline simulations, giving as much as 61 % larger anthropogenic
POM burdens globally averaged, see Table 6. For BC the increase is 22 %. This again
can at least partly be explained by changes in the precipitation patterns from the of-20

fline to online model set-up (not shown): the online precipitation rates are smaller over
and downstream major POM and BC emissions, in particular biomass burning areas
in South America and in central Africa, where the largest increases in burdens are
found. Globally averaged the precipitation rates do not differ very much, however: in
the Online simulations they are 2.84 mm d−1 for PD and 2.88 mm d−1 for PI, compared25

to 2.83 mm d−1 in the offline simulations, Ctrl PD and PI.
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For SO4 a larger fraction of the sources for PD are located outside the tropics, aque-
ous chemistry is an additional and complicating factor, and the link between regional
changes in sulphate aerosol and precipitation is not as obvious as for POM and BC.
SO4 burdens are actually smaller both for PD and PI, giving about 7 % smaller anthro-
pogenic burdens in the Online simulations. As for BC and POM, the largest changes5

are found over areas with high burdens, i.e. large parts of East and South Asia, south-
ern Europe and North Africa, as well as eastern parts of North America.

5 Effects of model changes and sensitivity tests

One of the recurring questions during the CAM4-Oslo development period has been
“what are the reasons for the difference in modeled direct and indirect radiative forc-10

ing compared to previous CAM-Oslo versions?” In this section we study more closely
the effects of various changes in emissions and aerosol-related parameterizations in
CAM4-Oslo compared to Seland et al. (2008), Hoose et al. (2009) and Struthers et
al. (2011), which represent three versions of the predecessor to CAM4-Oslo. In one
of the sub-sections we study the effects of changes due to tuning of cloud parame-15

ters compared to CAM4 (Gent et al., 2011). The nature of the changes is described in
Sect. 2 and each of the respective sub-sections below.

All the sensitivity experiments are defined in Table 5. The globally and annually av-
eraged results for burdens and residence times are given in Table 6, and the effects on
aerosol optics and DRF and cloud properties and IndRF are listed in Table 7. Figures20

6 and 12 show zonally averaged clear-sky AOD, DRF and IndRF results from Ctrl and
each sensitivity experiment. For clarity, results from sensitivity experiments with only
very small changes have been omitted in these figures.

In each sensitivity experiment either an alternative aerosol and precursor emission
inventory has been used, or an alternative version of the treatment of aerosols or25

stratiform cloud macro- and microphysics. Since the alternative versions are almost
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exclusively older versions (except for the noBCac test in Sect. 5.12), we here discuss
the effects of the sensitivity tests as the difference Ctrl minus Test.

5.1 Changes caused by new basic emission years

Note that DMS, sea-salt and mineral dust emissions are not affected by the changes in
emission years in these offline simulations.5

Switching from year 1750 (the EmPI1750 experiment) to 1850 for PI (Ctrl) in CAM4-
Oslo increases the estimated preindustrial burdens considerably for both sulphate, BC
and OM, see Table 6. The increase is more than a factor 2 for BC. Using 2006 (Ctrl)
instead of 2000 for PD emissions (the EmPD2000 experiment) also gives increased
present day aerosol burdens of these three major components, but considerably more10

for BC and OM than for sulphate. Notice that the difference between the PD and the PI
burdens include both natural and anthropogenic contributions (except for DMS, sea-salt
and dust), and that the difference between 2000 and 2006 emissions indeed include
the effects of forest fires in 2006.

In total, the impacts on the difference PD-PI when using 1850 and 2006 rather than15

1750 and 2000 as emission base years are 22 % increased burden increments for
sulphate, 26 % for BC, and 77 % for OM. The increase for OM is considerably influenced
by the forest fires in 2006.

When comparing burdens in CAM4-Oslo with the data from Seland et al. (2008) in
Table 3, we notice that the increase in OM burdens for PI (250 %) and PD (194 %) are20

only slightly larger than expected from the increase in total sources (240 % and 179 %,
respectively), but much larger than what we would expect from the shift in base year
for the emissions, i.e. from EmPI1750 to Ctrl PI (18 %) and from EmPD2000 to Ctrl
PD (38 %). This is mainly (but not only) because biogenic ocean emissions and MSA
are now included in OM, as well as increased levels of secondary organics (SOA) from25

forests, see Sect. 2.1.2.
However, the PD-PI increment of OM burden is 139 % larger than in Seland et

al. (2008), which is also much larger than the 77 % expected from the shift in basic
2638
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emission years from Table 6. Similarly, the PD-PI increment of BC is 64 % larger than
in Seland et al. (2008), compared to the expected 26 % from the shift in basic emission
years. One important contribution to this increase is the changed treatment of con-
vective mixing between convective downdraft and updraft plumes, which is particularly
important for POM and BC since the changes in emissions are large in areas with high5

convective activity. The change in convective mixing concerns all aerosol components,
however, leading to increased mass mixing ratios at high altitudes in CAM4-Oslo, see
Fig. 3 cf. Fig. 4 in Seland et al. (2008). The new treatment of convective mixing is
discussed separately in Sect. 5.11.

The consequence of this increase in BC (in Table 3) is to enhance the absorption10

of solar radiation, which alone should lead to a more positive DRF at top of the at-
mosphere (TOA) than in Seland et al. (2008). The total difference (PD-PI) for sulphate
burden is only about 12 %, which is smaller than expected from the changes in emis-
sion years (22 %). This is probably associated with the reduced atmospheric residence
time of both SO2 and sulphate in CAM4-Oslo. From Table 3 it can be inferred that a15

larger fraction of SO2 is dry deposited, leaving a smaller fraction for sulphate produc-
tion. This further enhances the relative importance of the aerosol light absorption prop-
erties over scattering, but the large increase in the difference (PD-PI) for OM burdens
(139 %) works in the opposite direction. The net change in DRF at TOA is negative.

To separate changes in radiative forcing introduced by new emissions from the effect20

of all other changes since Seland et al. (2008), we compare our forcing estimates from
Ctrl PD-Ctrl PI with EmPD2000-EmPI1750 as well as with the respective results from
that work. DRF at TOA and at the ground surface in EmPD2000-EmPI1750 is estimated
at −0.069 W m−2 and −1.36 W m−2, compared to +0.03 W m−2 and −1.18 W m−2 in Se-
land et al. (2008). For Ctrl PD-Ctrl PI it is estimated at −0.072 W m−2 and −1.89 W m−2,25

when the simulation period is the same as for EmPD2000-EmPI1750.
I.e., the effect of just changing the emissions (in CAM4-Oslo) is a tiny shift of

−0.003 W m−2 in DRF at TOA and a −0.53 W m−2 shift in DRF at the surface, and a
slight positive shift of +0.03 W m2 for IndRF, globally averaged. The surprisingly small
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shift in DRF at TOA is a result of approximately equal increase of absorption and scat-
tering part of the AOD for PD-PI, see Table 6. But since this increase is considerable
(about 38 % for ABS), the atmospheric forcing (DRF at TOA-DRF at the surface) has
also increased considerably (41 %). The global reduction in IndRF is even smaller than
expected from the decrease in reff at 870 hPa and LWP increments for PD-PI, since5

the largest reduction in absolute value for these two parameters is confined to areas
with small cloud susceptibility (large CDNC and LWP) over eastern North America and
northern Europe.

Zonally averaged DRF and IndRF for each of the sensitivity experiments,
i.e. EmPD2000-Ctrl PI and Ctrl PD-EmPI1750, are shown separately in Fig. 12. For10

DRF at TOA the effect of swapping the emissions are largest at very high latitudes
with high surface albedo, where using the old PD emissions (year 2000) leads to much
smaller positive forcing values, and where the old PI emissions (year 1750) yield some-
what larger positive values for DRF. For IndRF (negative at all latitudes) on the other
hand, the effect of swapping emissions is largest at low to mid-latitudes. The old PD15

emissions yield a much weaker forcing in the SH, and the old PI emissions lead to a
much stronger forcing at NH mid-latitudes.

The joint effects of all other changes since Seland et al. (2008), most of which are
discussed separately in the following sub-sections, is finally a shift of −0.10 W m−2

from a weak positive to a weak negative DRF at TOA, and a −0.18 W m−2 shift in the20

surface DRF. For IndRF there is a much more substantial change from −1.88 W m2 in
Hoose et al. (2009) to about −1.23 W m−2 in this work. Estimated IndRF in the model
version used in Seland et al. (2008) was even stronger, −2.34 W m−2 (Kirkevåg et al.,
2008), but the parameterization of aerosol – cloud interaction in that version was based
on diagnostic CDNC and prescribed super-saturations, compared to prognostic CDNC25

with CCN activation based on realized super-saturations in Hoose et al. (2009) and in
this work.
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5.2 Changes in sea-salt

Compared to the scheme for prognostic sea-salt emission used in Struthers et
al. (2011), i.e. in the test labeled Struthers11 in Tables 6 and 7, the present param-
eterization for coarse mode sea-salt emissions in CAM4-Oslo gives about 3 % lower
total AOD (for PD conditions) globally averaged, and a 14 % decrease in the sea-salt5

AOD. This is due to a reduction in sea-salt residence time (5 %) and aerosol mass
concentrations, which are quite sensitive to the number of coarse mode particles. In-
tegrated over the whole atmospheric column the decrease amounts to 29 % globally,
see Table 6. Although the sea-salt burdens are actually somewhat higher over the high
latitude storm track areas, up to roughly a doubling in parts of the Southern Ocean,10

the burdens are lower at most latitudes, with roughly a 40 % decrease over the larger
ocean areas throughout the tropics. In summary, AOD over ocean is higher in parts
of the high latitude storm track areas (up to 35 % for sea-salt AOD and 20 % for total
AOD), while it is lower in the tropics (25–35 % smaller for sea-salt AOD and up to 20 %
for total AOD), compared to the Struthers11 experiment.15

Comparing with observations of near surface concentrations averaged over the same
stations as in Fig. 4 (4.57 µg m−3), the Ctrl simulation gives a much better average
(5.93 µg m−3) than Struthers11 (9.07 µg m−3) for the same time period (year 7 of the
Ctrl simulation, see Sect. 3). Ctrl also yields a slightly improved correlation coefficient
compared to Struthers11, 0.57 instead of 0.52.20

The present sea-salt treatment leads to improved latitudinal clear-sky AOD gradi-
ents over the oceans, compared with satellite and ground based remote retrieval, see
Figs. 6 and 7, although we note that the large AOD over high to mid-latitude oceans
in the MODIS product has a significant positive bias, up to 30 % averaged over a year
(Zhang and Reid, 2006). As seen from Table 6, the influence of the modified sea salt25

parameterization on other aerosol components than sea salt is small. Therefore the
modifications have a minor impact on the estimated globally-averaged anthropogenic
AOD, ABS and DRF, see Table 7. Although the change in natural sea-salt in principle
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can affect the cloud susceptibility to anthropogenic aerosol changes, the impact of the
new parameterization on natural and anthropogenic CDNC, and hence on reff and LWP,
is also small enough to just give a 0.01 W m−2 weaker IndRF.

5.3 New treatment of natural primary organic matter (POM)

With the increased SOA over land and two new oceanic OM sources (see Sect. 2.1.2),5

the increase in present day global OM burden in CAM4-Oslo (Ctrl compared to natOM)
is about 25 %, slightly more than the 20 % increase found by Spracklen et al. (2008).
The preindustrial OM burden is increased by as much as 53 %, see Table 6.

The effect of using the old treatment from Seland et al. (2008), without the additional
natural OM components described in Sect. 2.1.2, is tested in the two experiments10

natOM (old treatment everywhere) and natOMocn (old treatment only over oceans).
As already discussed in Sect. 4.2, this old treatment considerably underestimates near
surface OM mass concentrations for many atmospheric conditions. For the same sta-
tions as in Fig. 4, the European OM / 1.4 values are 27 % lower in natOM (0.84 µg m−3)
than in Ctrl, which is already 56 % lower than the measured OC values. The North15

American natOM values are 17 % larger (42 % in summer and 1 % in winter) than the
observed OC, which are 66 % larger (107 % in summer, 1 % in winter) than the Ctrl
values. Based on the assumed OM / OC ratio of 1.4 for all natural OM which does not
come from biomass burning, the old OM treatment thus actually seem to perform better
with respect to surface mass concentrations for North America. However, as discussed20

in Sect. 4.2, a higher ratio is probably more realistic both for the European and the
North American stations due to the influence of SOA. For Ctrl this implies improved
validation statistics for North America (a smaller positive bias), while the statistics for
Europe becomes worse (larger negative bias). With the old natural OM treatment, the
European statistics are underestimated even more when the higher OM / OC ratios are25

accounted for.
As discussed in Sect. 4.2, the new treatment of natural OM does lead to improved

modeled clear-sky AOD compared to observations at most latitudes, zonally averaged,
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see Fig. 6. The natOM experiment yield too small AOD at most latitudes. As also seen
from Figs. 7 and 8, clear-sky AOD and ABS (Ctrl) are both still clearly underestimated
in most regions, except for e.g. North America where we find areas with both over and
under-estimations.

Differences in globally averaged DRF at TOA and at the ground surface are very5

small between natOM and Ctrl, see Table 7 and Fig. 12. Due to the large sensitivity of
the indirect effect to the background aerosol, preindustrial CDNC and LWP, IndRF is
about 37 % smaller with the additional OM emissions in Ctrl, with the largest reductions
in the tropics and in the SH mid-latitudes. The effect of updating OM emissions over
oceans only (Ctrl vs. the natOMocn test) is to reduce the IndRF by about 28 %. Thus10

the new treatment of natural oceanic OM emissions is more important than the emis-
sions on land, as far as decrease in global anthropogenic aerosol forcing is concerned.

5.4 Updated OM / OC ratios for biomass burning organics

Our bbPOM experiment assumes that the OM / OC ratio for biomass burning POM is
1.4, as in Seland et al. (2008). This is also the same ratio as we use for fossil fuel OM.15

Scatter plots and statistics for the surface concentrations of OM in bbPOM show similar
results as the natOM test. The updated Ctrl treatment yield slightly alleviated validation
results for Europe compared to bbPOM, a 56 % instead of a 61 % underestimate in
average, while the North American results are slightly exacerbated, giving 66 % instead
of 45 % higher OM / 1.4 than the measured OC values. Taking into account somewhat20

higher OM / OC ratios for SOA modifies the results the same way as in Sect. 5.3.
This has a very small impact on IndRF globally, while the sign of the DRF at TOA

is switched from a slightly positive value to an equally large but negative number,
−0.072 W m−2 in Ctrl, see Table 7 and Fig. 12. The reason for this change is a 16 %
increase in anthropogenic AOD due to enhanced POM concentrations, while ABS only25

increases by 4 % (note that the BC emissions are unaltered). The new DRF result is
closer to the AeroCom median model estimate (Schulz et al., 2006) as well as the best
estimate by IPCC AR4 (Forster et al., 2007).
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Perhaps more importantly, as mentioned in Sect. 2.1.4 the updated OM / OC ra-
tio also leads to significantly improved aerosol optical depths and absorption opti-
cal depths compared to observations and sun photometry (AERONET) retrievals in
biomass burning dominated areas. Although the new OM / OC ratio for biomass burn-
ing is by far the only relevant update from Seland et al. (2008), the effect of this change5

can be seen in Fig. 7, where modeled clear-sky AOD in typical biomass areas in South
America, Africa and South-East Asia is much closer to the composite of ground and
satellite based retrieved AOD values. This improvement is most clearly seen in sea-
sonal plots for specific AERONET stations (see http://aerocom.met.no/data.html).

5.5 In-cloud scavenging of mineral dust10

In the dustscavin experiment, the in-cloud scavenging efficiency of mineral dust is
changed from 0.25 back to the Seland et al. (2008) value of 1, see Sect. 2.1.7. This
reduces the dust concentrations considerably. The Ctrl simulation yields a 36 % larger
global mineral dust column burden than dustscavin, see Table 6. As already discussed
in Sect. 4.2, the Ctrl simulation gives much more realistic surface mass concentrations15

compared to observations.
The change from dustscavin to Ctrl has only a modest impact on the global aerosol

radiative forcing at TOA, however. We get a +0.03 W m−2 change for both DRF and
IndRF, see Table 7 and Fig. 12.

5.6 Gravitational settling of particles20

In the gravdep2d experiment gravitational settling is calculated only in the bottom
model level, as in Seland et al. (2008), see Sect. 2.1.7. The effect of calculating grav-
itational settling at all model levels is a more efficient aerosol removal, which is seen
by comparing Ctrl and gravdep2d in Table 6. The new treatment impacts in particu-
lar aerosol components with considerable mass concentrations in the coarse mode.25

Sea-salt column burdens over continental areas downstream from oceans are reduced
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by more than 50 % over extensive areas, and more than 80 % in parts of Siberia and
Antarctica, averaged over a year. The respective reductions in mineral dust columns
are up to about 75 %, while the maximum (PD) reductions for sulphate, POM and BC
amount to about 15–18 % in the Antarctica.

Comparing Ctrl with gravdep2d for the same observation data sets as in Fig. 4, we5

find considerably improved results for sea-salt, a 30 % overestimate instead of 57 %.
For mineral dust the results are not quite as sensitive, at least not for the available
data. Ctrl gives a 7 % overestimate, compared to a smaller underestimate of 3 % in
gravdep2d.

The reduced aerosol burdens also give reduced AOD and ABS values. Anthro-10

pogenic (PD-PI) AOD decreases by about 2 % and ABS by 4 %, globally, and the DRF
becomes as much as 0.05 W m−2 stronger (more negative), see Table 7 and Fig. 12.
Since accumulation mode and finer particles are largely unaffected, impacts on cloud
droplet number concentrations are quite small, giving an IndRF which is only about
0.01 W m−2 weaker with the updated gravitational settling treatment.15

5.7 Replenishment of oxidants in cloud droplets

In the replH2O2 test we look at the effect of assuming a constant 1 h replenishment
rate for H2O2, as in Seland et al. (2008). Comparing Ctrl with replH2O2 for the same
observation data sets as in Fig. 4, we find significantly improved results for sulphate
in Ctrl. The average overestimate becomes 19 % instead of 33 %, while the correlation20

coefficient is 0.62 for both experiments.
The column burden of SO2 for PD is about 8 % higher in Ctrl than in replH2O2, and

only 2 % higher for sulphate, globally averaged. Regionally the increase in the sulphate
burden reaches a maximum of about 20 % just east of New Guinea, downwind of non-
explosive volcanic activity, and ranges between 5 and 10 % in the Arctic, as well as25

in parts of South America where absolute changes are very small. In major parts of
central Europe it is 5–10 % lower, however, and up to 5 % lower also in limited areas
around the most industrialized regions on all continents.
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Although the global column burden for anthropogenic (PD-PI) SO2 is about 9 %
higher in Ctrl than in replH2O2, it is only 1.5 % higher for sulphate, and there is very
little impact on the globally averaged radiative forcing (≤0.01 W m−2), see Table 7. Re-
gionally the change in DRF at TOA reaches a maximum of about 0.35 W m−2 over
north-eastern China, and up to about 0.15 W m−2 over Central Europe and eastern5

North America. For IndRF a maximum of 0.5 W m−2 is found just west of the Peruvian
coast, while changes elsewhere are generally less than 0.1 W m−2.

5.8 Cloud droplet spectral dispersion

In the prescrβ test the spectral shape factor β (see Sect. 2.2) is prescribed with one
value over land (1.14) and another over oceans (1.08), as in Seland et al. (2008),10

Hoose et al. (2009) and in CAM4 (Neale et al., 2010). Since we run the model in an
offline mode, this change affects effective droplet radii (reff) and the first indirect effect,
but neither the aerosol properties and the direct effect nor the cloud liquid water path
(LWP) and the second indirect effect.

Comparing the Ctrl simulation with the older effective radius treatment used in15

prescrβ, the anthropogenic (PD-PI) change in reff at 870 hPa is 16 % smaller and In-
dRF is 10 % weaker, estimated at −1.20 W m−2 instead of −1.34 W m−2, see Table 7
and Fig. 12. Regionally, IndRF is up to about 1.0 W m−2 weaker in Ctrl than in prescrβ
in north-eastern China and off the coast of Peru, and more than 0.1–0.2 W m−2 weaker
in most industrialized land areas worldwide. Apart from the large changes in East Asia,20

the regional pattern is dominated by local maxima over coastal ocean areas downwind
of polluted land areas, especially in the stratocumulus areas off the west coasts of
Africa and America, where cloud susceptibility is generally high.

5.9 Coating insoluble particles with hydrophilic matter

The present treatment of coating of insoluble particles with hydrophilic matter, which25

only influences activation of CCN to form cloud droplets, is as described in Hoose et
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al. (2009). That is, the fraction of aerosols that activates to cloud droplets is based on
the hygroscopic properties of the sulphate and POM coating whenever the thickness of
the coating layer exceeds 2 nm. This (assumed) homogeneously mixed sulphate and
POM coating affects the hygroscopicity of all particles which contain sulphate and/or
POM, except for sea-salt, giving them the hygroscopicity of the coating itself in the5

activation calculations.
In the no coating experiment we estimate the effect of assuming no coating, as in

Seland et al. (2008), since the effect of the coating treatment was not tested explicitly in
Hoose et al. (2009). In this sensitivity test the fraction of aerosols that activates to form
cloud droplets is simply calculated based on the hygroscopicity of a homogeneously10

mixed particle, as is still assumed in the aerosol optics calculations.
Since this is assumed to not affect the aerosol life cycle or the optics, the direct ef-

fect is unchanged from no coating to Ctrl. However, we find a significant impact on
cloud droplet properties and subsequent indirect effects, see Table 7. The smaller an-
thropogenic (PD-PI) contributions to reff (16 %) and LWP (13 %) in Ctrl (mostly due15

to an increased number of activated natural CCN) give 8 % weaker IndRF globally,
−1.20 W m−2 instead of −1.31 W m−2. Regionally the effect of the new coating treat-
ment on IndRF varies between about −1 to −2 W m−2 (stronger IndRF) in Indonesia,
central Africa and northern South America, to 1 to W m−2 (weaker IndRF) over eastern
North America, parts of southern and central Africa (east and west of areas of max-20

imum biomass burning activity), eastern Australia and the Tibetan mountain plateau.
The effect is much smaller in Europe, where the changes nowhere exceed 0.5 W m−2

averaged over the year. Due to cancelling effects of both negative and positive contribu-
tions at different longitudes in the central tropics, the most prominent impact of coating
assumptions on zonally averaged IndRF is found in the NH subtropics, see Fig. 12.25

5.10 Tuning of cloud parameters

In the cldtunorig test the stratiform cloud tuning parameters discussed in Sect. 2.3 are
reset to their original CAM4 values, i.e. the minimum relative humidity threshold for
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formation of low clouds is 0.91, the critical mean droplet volume radius for onset of
auto-conversion is 10 µm, and the precipitation rate threshold for suppression of auto-
conversion of cloud water to rain is 0.5 mm d−1. This affects the modeled cloud fractions
as well as precipitation patterns in space and time. Globally and annually averaged the
changes are small, however. The cloud fractions for low, medium and high level clouds5

are 0.341, 0.187 and 0.318 in Ctrl, compared to 0.347, 0.191 and 0.318 in cldtunorig.
Similarly, the stratiform and convective precipitation rates are 1.096 and 1.725 mm d−1

in Ctrl, compared to 1.108 and 1.721 mm d−1 in cldtunorig.
Comparing Ctrl with cldtunorig for the same observation data sets as in Fig. 4, we

find somewhat poorer validation results for sulphate: the average bias is 19 % instead10

of 10 %, and the correlation coefficient is 0.62 instead of 0.64. The average bias is im-
proved considerably for mineral dust, from 26 % to 7 %, but the correlation coefficient
has dropped slightly from 0.49 to 0.46. The changes are smaller for the remaining
aerosol components. Average bias for sea-salt is slightly worse in Ctrl, for BC it is
slightly improved, and for POM it is slightly improved in Europe and slightly worse in15

North America. This shows that the tuning of cloud macro- and micro-physical param-
eters has not been done to improve the aerosol verification. Nevertheless, the results
demonstrate that this tuning (in order to obtain radiative balance at TOA, see Sect. 2.2)
can indeed affect the results significantly.

The DRF at TOA changes as little as 0.01 W m−2 from cldtunorig to Ctrl, while DRF20

at the ground surface changes with −0.08 W m−2, which is consistent with the increase
in anthropogenic aerosol absorption in Table 7. A similar change, but with opposite
sign, is found for the indirect effect: due to a 30 % larger global LWP in Ctrl, the cloud
susceptibility is so much smaller that, even though anthropogenic (PD-PI) aerosol col-
umn burdens and their contribution to reff and LWP are a few percent larger than in25

cldtunorig, IndRF is decreased by about 0.08 W m−2 (6 %), see Table 7 and Fig. 12.
The changes in LWP and reff relative to PI conditions, which are more relevant mea-
sures with respect to indirect effects than the absolute changes, are roughly the same
in Ctrl and cldtunorig.
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5.11 Convective mixing of aerosols and aerosol precursors

As described in Sect. 2.1.5, the special adjustment for aerosol processes in convective
clouds in CAM-Oslo (Seland et al., 2008) was not ported to CAM4-Oslo. In the convmix
test, however, the radical assumption of full mixing of transported constituents between
convective downdraft and updraft plumes is made, just as in Seland et al. (2008).5

While Ctrl generally yield considerably larger mass concentrations than convmix
in the upper troposphere for all aerosol components, the surface concentrations are
smaller close to the ITCZ and over major parts of the continents for sulphate, BC,
POM and mineral dust. Sea-salt surface concentrations are generally smaller every-
where over the oceans. For the same observation data sets as in Fig. 4 we find small10

differences in the verification results between convmix and Ctrl, however. Correlation
coefficients between measured and calculated surface concentrations are very similar
in the two simulations. For sulphate the average bias is somewhat improved in Ctrl,
19 % instead of 24 %. There is also a slight reduction in the mean bias for sea-salt
(from 31 % to 30 %) and mineral dust (from 7.3 % to 6.6 %), while it is unchanged for15

BC (−14 %). For POM / 1.4 the mean bias is improved from 72 % to 66 % for the North
American stations in the Ctrl simulation, while it is slightly worse for the European
stations, −57 % instead of −56 %.

Vertically integrated mass concentrations annually and globally averaged are larger
for all components in Ctrl than convmix. For PD conditions the increase in column20

burden is 25 % for sulphate, 24 % for BC, 27 % for OM, 10 % for sea-salt, and 7 % for
mineral dust. The increase in anthropogenic (PD-PI) AOD and ABS is about 25 % and
28 %, giving a 31 % increase in atmospheric forcing, defined as DRF at TOA minus
DRF at the ground surface. Since the increase in AOD and ABS are almost the same,
the resulting change in DRF at TOA is only 0.02 W m−2, while the change in DRF at the25

surface is about −0.4 W m−2. Since the larger changes in aerosol concentrations are
confined to the upper troposphere, where liquid clouds are less frequent, the estimated
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change in cloud droplet properties and subsequent indirect effects are relatively mod-
est. IndRF is about 0.05 W m−2 (4 %) stronger in Ctrl than in the convmix test.

We find that the zonally averaged extinction coefficient at 550 nm is about 0–10 %
lower in Ctrl than convmix in the lower troposphere between 60◦ S and 60◦ N and up
to about 900 hPa, or 800 hPa in the tropics. Above those heights it is higher in Ctrl, up5

to about 75 % higher near the tropopause in the tropics. In light of these results, we
expect that convmix would have compared better with the CALIOP extinction profiles
than Ctrl in Fig. 10. However, the chosen treatment of convective mixing of transported
constituents is insufficient to explain the large biases that were discussed in Sect. 4.2,
especially in the upper troposphere.10

5.12 Primary emissions of accumulation mode BC

The relative amount of fossil fuel BC from rapid combustion which in the model is
directly emitted as fluffy accumulation mode particles of low mass density, BC(ac) in
Table 1 and Fig. 1, is in Ctrl assumed to be 10 %, as in Seland et al. (2008). To test
the sensitivity to this uncertain assumption, in the noBCac test we let all primary BC15

be emitted as nucleation mode particles, BC(n), i.e. with no contribution to the BC(ac)
mode.

For the same observational data set as in Fig. 4 we get better validation results for
BC with Ctrl than in the noBCac test: the average bias is −12 % instead of −21 %, and
the correlation coefficient is 0.41 instead of 0.40. The BC column burden is about 25 %20

larger in Ctrl, however, see Table 6. Regionally the relative changes are smallest in the
source regions, while in large parts of the Arctic and over the tropical Pacific Ocean the
BC burdens are more than 50 % larger in Ctrl, i.e. when 10 % of BC is assumed to be
emitted directly in the accumulation mode.

The effect of this on cloud droplet properties and the indirect effect is negligible,25

see Table 7, but the anthropogenic (PD-PI) ABS and the corresponding atmospheric
forcing is 12 % larger in Ctrl, giving a 0.09 W m−2 larger (more positive) DRF at TOA
and a 0.11 W m−2 stronger (more negative) DRF at the ground surface. The estimated
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DRF at TOA in the noBCac test, −0.16 W m−2, is closer to what other AeroCom models
yield, probably due to more similar assumptions with respect to BC and the fact that
many of these models use PD emissions valid for year 2000 instead of year 2006, see
Sect. 5.1.

6 Summary and conclusions5

As mentioned in the introduction, the purpose of this study is threefold: (1) to doc-
ument the changes in the aerosol module of CAM4-Oslo/NorESM compared to the
latest predecessor versions (Seland et al., 2008; Kirkevåg et al., 2008; Hoose et al.,
2009; Struthers et al., 2011); (2) to evaluate the new aerosol and aerosol related cloud
properties with emphasis on natural aerosols; and (3) to estimate the sensitivity of the10

aerosols and their direct and indirect radiative forcing to new model assumptions and
parameterizations.

Although the properties and effects of increased natural aerosols are emphasized,
other changes have proven important, such as the omitted mixing between updrafts
and downdrafts in deep convective clouds, and the shift in basic years for present day15

and preindustrial emissions.
We find a 7 % bias in the modeled near surface mass concentrations of mineral dust,

which is considerably improved compared to the −55 % bias in Seland et al. (2008). In
a sensitivity experiment where we use the same in-cloud scavenging coefficient as in
that work, we obtain a −13 % bias and one third as many calculated values within a20

factor two of the observed, compared to the control experiment. Even though sea-salt
concentrations are estimated to have a 30 % positive bias at the near-surface obser-
vation sites, they are also considerably improved compared to the relevant previous
model version in Struthers at al. (2011). The slightly different sea-salt emission pa-
rameterization used in that work turns out to give a three times larger positive bias in25

CAM4-Oslo.
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Modeled near surface concentrations of sulphate are found to have a positive bias
of 20 % at near-surface observation sites, which is slightly more than in Seland et
al. (2008). For BC the bias is −18 %, as in Seland et al. (2008). Comparing OM with
measurements of OC is complicated by the fact that the model does not explicitly track
OC or the OM / OC ratio after the point of emission. Taking into account the fact that5

the OM / OC ratio can vary from 2.6 for biomass burning to about 1.4 for fossil fuel, the
modeled OM is still considerably underestimated at near-surface observation sites in
Europe, despite the increase in natural and biomass burning OM levels compared to
Seland et al. (2008). For the North-American sites, however, the model now produces
a positive bias.10

Comparisons with a very few vertical profiles of sulphate indicate that the model, as
in Seland et al. (2008), give reasonable results at low altitudes, while the mass mixing
ratios are overestimated in the upper troposphere. Although the ad hoc assumption
of full mixing of aerosols between convective cloud updrafts and downdrafts in Seland
et al. (2008) has been omitted in CAM4-Oslo, the sulphate profiles are quite similar15

to that work. We also find positive biases in the aerosol extinction coefficients in the
upper troposphere compared to the CALIOP layer product (Koffi et al., 2012a). On
the other hand, since undetected values are set to zero and the CALIOP detection
limit for extinction is 2–3 times larger than a high end estimate of background aerosol
extinctions as well as the global mean extinction for CAM4-Oslo, the CALIOP values20

are probably underestimated at these altitudes. Even though we suspect that the upper
tropospheric model aerosol extinctions are overestimated for present day conditions,
the sparse observations makes it difficult to draw any confident conclusion.

The new aerosol treatment, especially that of biomass burning and natural OM, sea-
salt emissions, gravitational settling, and in-cloud scavenging of mineral dust, has also25

lead to improved aerosol optical depth when compared with satellite and ground based
sun photometry (AERONET) retrievals. The statistics for AOD worldwide is generally
improved in CAM4-Oslo compared to Seland et al. (2008). Annually averaged AOD is
still widely underestimated, although it is probably overestimated in remote regions at
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high latitudes where observations are sparse. More specifically, CAM4-Oslo simulates
larger aerosol burdens, AOD, and ABS at high latitudes than most other models (Myhre
et al., 2012) which are biased on the low side. Our results thus contribute to a wider
range of uncertainty with respect to aerosols in global climate models.

The main findings concerning the sensitivity of radiative forcing to the changes in5

parameterizations in CAM4-Oslo can be summarized as follows. The improved treat-
ment of natural OM aerosols and the introduction of a cloud droplet spectral dispersion
formulation are the most important contributions to the decrease in globally averaged
IndRF since the model version of Hoose et al. (2009). This is obtained without imposing
an unrealistically high artificial lower threshold for cloud droplet number concentrations10

(Hoose et al., 2009). In CAM4-Oslo the IndRF is about 49 % smaller than in the ver-
sion with the original diagnostic CDNC scheme (Kirkevåg et al., 2008), and about 36 %
lower when compared to the corresponding value for prognostic CDNC (Hoose et al.,
2009). The new value, −1.2 W m−2, is closer to the IPCC AR4 estimates constrained
by the observed climate response (IPCC AR4, e.g. Fig. 2.20, Sect. 2.9).15

Compared to Seland et al. (2008), the global DRF at TOA has changed from a small
positive value to −0.08 W m−2, which is closer both to the AeroCom median model
estimates (Schulz et al., 2006; Myhre et al., 2012) and the best estimate by IPCC
AR4 (Forster et al., 2007). This is explained mainly by the new treatments of biomass
burning aerosols and gravitational settling. Estimated DRF at the ground surface has20

changed by 60 %, from −1.18 to −1.89 W m−2. This can be attributed to the new emis-
sion data sets and the omitted mixing between convective updrafts and downdrafts in
CAM4-Oslo.

In the CMIP5 intercomparison project, the year 1850 has been defined as prein-
dustrial. This indicates that the bulk part of any anthropogenic influence on the global25

climate has occurred later. Earlier, 1750 was defined as preindustrial. We have demon-
strated that this shift significantly changes the background levels of aerosols against
which the anthropogenic influence is defined, and thus the magnitude of the estimated
anthropogenic aerosol forcing.

2653

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
5, 2599–2685, 2012

Aerosol-climate
interactions in the
Norwegian Earth

System Model

A. Kirkevåg et al.
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Several research areas are pursued to improve the future representation of aerosols
in NorESM, i.e. online integration with oxidant chemistry including particulate nitrate
and anthropogenic SOA, explicit treatment of aerosol mass in cloud water, explicit nu-
cleation of new particles, activation of ice-nuclei and the influence of the ice phase in
clouds on the indirect effects of aerosols (Hoose et al., 2010). More explicit specia-5

tion of OM components, which influence the modelled OM / OC ratio, is a considerable
challenge for the field. Furthermore, sub-grid scale vertical transport and aerosol pro-
cessing in the highly parameterized convective clouds will continue to be a topic for
research.
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Kristjansson, J. E., Medhaug, I., Sand, M., and Seierstad, I. A.: The Norwegian Earth System15

Model, NorESM1-M – Part 2: Climate Response and Scenario Projections, Geosci. Model
Dev., in press, 2012.

Jaenicke, R.: Abundance of cellular material and proteins in the atmosphere, Science, 308, 73,
doi:10.1126/science.1106335, 2005.

Kent, G. S., Trepte, C. R., Skeens, K. M., and Winker, D. M.: LITE and SAGE II measurements20

of aerosols in the southern hemisphere upper troposphere, J. Geophys. Res., 103, 19111–
19127, doi:10.1029/98JD00364, 1998.
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Table 1. Initial modal size parameters, mass densities and accommodation coefficients for pri-
mary emitted log-normal aerosol size modes. The aerosol compounds are explained in Fig. 1.
BC(ac) is an externally mixed fractal agglomerate with particle radius dependent density, giving
507 kg m−3 averaged over all sizes.

Mode Median radius Standard Mass density Accommodation coefficient
(µm) deviation (kg m−3) for SO4 condensation

SO4(n) 0.0118 1.8 1841 1
BC(n) 0.0118 1.8 2000 0.3
OM(a) / BC(a) 0.04 1.8 1500/2000 0.5
SO4(ac) 0.075 1.59 1841 1
BC(ac) 0.1 1.60 507 0.3
SS(a) 0.022 1.59 2200 1
SS(ac) 0.13 1.59 2200 1
DU(ac) 0.22 1.59 2600 0.3
SS(c) 0.74 2.0 2200 1
DU(c) 0.63 2.0 2600 0.3
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A. Kirkevåg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. Polynomial coefficients for the least square fitted modal sea-salt number emission
fluxes in Eq. (1).

Mode An Bn Cn

SS(a), n = 1 0.0 −3.36×106 1.05×109

SS(ac), n = 2 0.0 1.18×105 −1.14×107

SS(c), n = 3 3.06×103 −1.67×106 2.29×108
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Table 3. Calculated global annual mass budget numbers for the individual modelled species
in CAM4-Oslo (this work) and in Seland et al. (2008) (Se08). Simulation period: year 3–7. The
upper values in a table cell are for present day emissions, PD, and the lower for preindustrial
emissions, PI. Emission years are 1850 (PI) and 2006 (PD) for CAM4-Oslo, and 1750 (PI)
and 2000 (PD) for S2008. For DMS, SS, and DU, emissions are the same for PI and PD. For
gaseous precursors, the fractions of chemical loss are also included. Numbers in parenthe-
sis give the percentage of this loss, which respectively concerns gaseous oxidation of DMS
to MSA, and aqueous-phase oxidation of SO2 to sulphate. Sources and burdens of sulphur
species are given as Tg S.

Total Total
Emissions Sources Burden Life-time Wet Dep. Chemical
[Tg yr−1] [Tg yr−1] [Tg] [days] [ %] Loss [ %]

Spec. This
Se08

This
Se08

This
Se08

This
Se08

This
Se08

This
Se08work work work work work work

DMS 18.0 18.2 18.0 18.1 0.12 0.10 2.40 2.09 100 (27.1) 100 (25.3)

SO2
PD 84.4 68.6 97.6 82.2 0.28 0.29 1.05 1.27 7.0 9.0 62.2 (85.0) 71.4 (85.2)
PI 16.4 14.9 29.6 28.4 0.086 0.084 1.06 1.08 9.8 10.0 77.3 (87.3) 81.0 (86.9)

SO4
PD 2.2 1.8 64.4 60.4 0.68 0.66 3.84 3.96 91.9 92.3

n.a. n.a.PI 0.4 0.38 23.6 23.4 0.21 0.24 3.19 3.80 94.1 93.4

BC
PD 10.6 7.7 10.7 7.7 0.24 0.14 8.10 6.74 74.8 75.0

n.a. n.a.PI 3.1 1.4 3.1 1.4 0.059 0.027 7.03 7.08 72.9 80.8

OM
PD 166.7 65.6 182.9 65.6 3.82 1.30 7.63 7.22 80.3 80.2

n.a. n.a.PI 97.3 33.3 112.8 33.2 2.24 0.64 7.23 7.05 77.6 80.6
SS 6411 7925 6459 7711 4.91 5.76 0.28 0.27 45.6 26.2 n.a. n.a.
DU 1668 1678 1676 1671 11.72 10.40 2.55 2.27 25.2 35.9 n.a. n.a.
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Table 4. Aerosol optical depth (AOD) and absorptive optical depth (ABS) at 550 nm, top of
the atmosphere direct radiative forcing (DRF), cloud droplet number concentrations (CDNC)
and effective cloud droplet radii (reff) at 870 hPa, liquid water path (LWP), and indirect radia-
tive forcing (IndRF) for a range of experiments. The generic notation PDpreXX denotes an
experimental set-up as for the reference Ctrl, with present day (PD) emissions for year 2006,
except for aerosol component XX where preindustrial (PI) emissions for year 1850 are applied.
The difference PD-PDpreXX thus estimates the contribution of aerosol component XX to the
changes from year 1850 to 2006. XX is SO4 for sulphate, BCff for fossil fuel BC, OMff for fossil
fuel organic matter, and BCOMbb for internally mixed BC and OM from biomass burning. The
ZERO experiment is used to estimate the DRF of preindustrial aerosols relative to a clean at-
mosphere, by assuming AOD = 0. The data in the last row are not from the forcing experiments,
but from the Online experiment (see Table 5).

Experiment AOD ABS DRF at DRF at CDNC reff LWP IndRF
(with statistics TOA Surface (870 hPa) (870 hPa) at TOA
from year 3–7) (550 nm) (550 nm) (W m−2) (W m−2) (cm−3) (µm) (g m−2) (W m−2)

Ctrl PD (2006) 0.153 0.00618 53.3 9.40 130.9
PD-PI 0.0527 0.00357 −0.0765 −1.83 16.9 −0.358 3.94 −1.20

PDpreSO4 0.119 0.00605 42.2 9.69 128.1
PD-PDpreSO4 0.0342 0.00013 −0.481 −0.528 11.1 −0.286 2.80 −0.761
PDpreBCff 0.151 0.00452 53.8 9.38 131.2
PD-PDpreBCff 0.00173 0.00166 0.374 −0.404 −0.500 0.0218 −0.264 0.0684
PDpreOMff 0.151 0.00615 52.6 9.42 130.7
PD-PDpreOMff 0.00166 0.000027 −0.0334 −0.049 0.719 −0.0183 0.223 −0.0812
PDpreBCOMbb 0.137 0.00435 48.5 9.46 130.1
PD-PDpreBCOMbb 0.0159 0.00183 0.0710 −0.867 4.85 −0.0581 0.837 −0.315
ZERO 0 0 53.3 9.40 130.9
PRE (1850) 0.100 0.00261 36.4 9.76 127.0
PRE-ZERO 0.100 0.00261 −1.64 −2.98 0 0 0 –
PD (2006) Online 0.152 0.00731 49.2 9.50 130.3
PD-PI Online 0.0586 0.00476 – – 14.0 −0.332 4.70 –
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Table 5. Definition of sensitivity tests discussed in Sect. 5. Se08 refers to Seland et al. (2008).
Note: Due to different cloud tuning, the cldtunorig experiments do not have the same meteorol-
ogy as the other offline experiments (but PD and PI for cldtunorig have the same meteorology).

Identification Short description

Ctrl
Standard Reference. All processes updated.
Emissions years: PD = 2006; PI = 1850.

natOM As Ctrl, but with natural OM as in Se08.

natOMocn As Ctrl, but no biogenic OM from oceans and MSA, as in Se08.

bbPOM As Ctrl, but OM / OC = 1.4, as in Se08.

Struthers11 As Ctrl, but tuning of sea-salt emissions as in Struthers et al. (2011).

dustscavin As Ctrl, but in-cloud scavenging efficiency for dust = 1, as in Se08.

cldtunorig
As Ctrl, but tuning of cloud microphysics as in NCAR CAM4
(Neale et al., 2010).

gravdep2d As Ctrl, but gravitational settling only in the lowest model layer, as in Se08.

convmix As Ctrl, but convective mixing of aerosols and precursors as in Se08.

noBCac As Ctrl, but no primary emissions of BC(ac), i.e. all BC is emitted as BC(n).

replH2O2 As Ctrl, but replenishment time of H2O2 = 1 h, as in Se08.

no coating As Ctrl, but without coating of dust and BC in CCN-activation.

prescrβ
As Ctrl, but effective cloud droplet radii parameterized as in Se08,
Hoose et al. (2009), and Neale et al. (2010).

EmPD2000 As Ctrl (all processes updated). Emissions years: PD = 2000; PI = 1850.

EmPI1750 As Ctrl (all processes updated). Emissions years: PD = 2006; PI = 1750.

Online
As Ctrl, but with online interactions between aerosol forcing and
atmospheric dynamics.

2671

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-print.pdf
http://www.geosci-model-dev-discuss.net/5/2599/2012/gmdd-5-2599-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
5, 2599–2685, 2012

Aerosol-climate
interactions in the
Norwegian Earth

System Model

A. Kirkevåg et al.
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Table 6. Calculated global annual burdens and residence times (τ) for the individual modelled
species for the sensitivity tests defined in Table 5. Data from the Ctrl and the Online experi-
ments are from the simulation year 7. The sensitivity tests are restarted from the Ctrl PD and
PI experiments 11 months before the beginning of year 7, taking the first 11 months as spin-up.
Results of the sensitivity tests are shown when their changes relative to Ctrl are larger than
1 % (normal types) and 5 % (bold types). The upper values in a table cell are for present day
emissions (PD) and the lower for preindustrial emissions (PI). For the no coating and prescrβ
experiments, burdens and residence times are identical to Ctrl.

SO2 SO4 BC OM SS DU

Experiment
Burden τ Burden τ Burden τ Burden τ Burden τ Burden τ
[Tg] [days] [Tg] [days] [Tg] [days] [Tg] [days] [Tg] [days] [Tg] [days]

Ctrl
PD 0.287 1.068 0.690 3.901 0.243 8.300 3.933 7.849

4.931 0.277 11.700 2.548PI 0.0868 1.072 0.209 3.214 0.0600 7.124 2.264 7.322

natOM
PD 3.158 8.112
PI 1.484 7.513

natOM PD 3.529 8.032
ocn PI 1.859 7.511

bbPOM
PD 2.855
PI 1.838

Struthers PD
6.935 0.293-11 PI

dust- PD 7.860
8.628 1.880scavin PI

cldtun- PD 0.644 3.682 0.234 7.971 3.764 7.513
4.790 0.270 11.55 2.515orig PI 0.0857 1.058 0.199 3.088 0.0578 6.872 2.181 7.062

gravdep- PD 0.710 4.019 0.251 8.560 4.044 8.075
7.284 0.409 16.77 3.6542d PI 0.214 3.295 0.0608 7.130 2.303 7.452

convmix PD 0.266 0.990 0.554 3.154 0.196 6.682 3.104 6.217
4.50 0.25 10.95 2.39PI 0.0823 1.010 0.184 2.821 0.0511 6.072 1.825 5.939

noBCac PD 0.194 6.618
PI 0.0528 6.268

repl- PD 0.265 0.986 0.676 3.742
H2O2 PI 0.0819 1.011 0.202 3.214

Em- PD 0.241 1.106 0.592 3.800 0.172 8.115 2.859 7.576
PD2000 –

Em- –
PI1750 PI 0.0817 0.197 0.0267 6.935 1.918 7.219

Online PD 0.280 1.045 0.640 3.619 0.280 9.518 4.786 9.515 4.458 0.254 11.54 2.510
PI 0.190 2.950 0.0559 6.648 2.106 6.816 4.602 0.254 11.30 2.461
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Table 7. Aerosol optical depth (AOD) and absorptive optical depth (ABS) at 550 nm, top of the atmosphere direct
radiative forcing (DRF), cloud droplet number concentrations (CDNC) and effective cloud droplet radii (reff) at 870 hPa,
liquid water path (LWP), and indirect radiative forcing (IndRF) for Ctrl and the sensitivity experiments defined in Table 5.
See the main text or Table 6 for the definition of simulation periods. DRF and IndRF are not estimated for the Online
experiment.

AOD ABS DRF at DRF at CDNC reff LWP IndRF
Experiment TOA Surface (870 hPa) (870 hPa) at TOA

(550 nm) (550 nm) (W m−2) (W m−2) (cm−3) (µm) (g m−2) (W m−2)

Ctrl

PD 2006 0.154 0.00632 52.4 9.41 130.5
PI 1850 0.101 0.00264 36.0 9.77 126.6
PD-PI 0.0535 0.00369 −0.0724 −1.89 16.4 −0.359 3.93 −1.20

PD 2006 0.143 0.00615 46.0 9.96 124.9
natOM PI 1850 0.090 0.00245 28.3 10.48 119.0

PD-PI 0.0529 0.00370 -0.0673 −1.89 17.7 −0.528 5.94 −1.90

PD 2006 0.148 0.00623 48.5 9.85 126.1
natOMocn PI 1850 0.094 0.00254 31.4 10.33 120.8

PD-PI 0.0532 0.00369 −0.0706 −1.89 17.0 −0.479 5.25 −1.66

PD 2006 0.142 0.00608 47.8 9.50 129.5
bbPOM PI 1850 0.096 0.00254 32.0 9.87 125.6

PD-PI 0.0461 0.00354 +0.0722 −1.68 15.7 −0.370 3.96 −1.20

PD 2006 0.159 0.00632 52.1 9.43 130.5
Struthers11 PI 1850 0.106 0.00264 35.7 9.79 126.5

PD-PI 0.0535 0.00369 −0.0694 −1.88 16.4 −0.362 3.94 −1.21

PD 2006 0.143 0.00597 52.5 9.41 130.6
dustscavin PI 1850 0.089 0.00235 35.7 9.78 126.5

PD-PI 0.0536 0.00362 −0.103 −1.89 16.8 −0.372 4.06 −1.23

PD 2006 0.147 0.00603 51.1 8.92 100.0
cldtunorig PI 1850 0.096 0.00255 35.2 9.25 97.9

PD-PI 0.0500 0.00351 −0.0855 −1.81 15.9 −0.330 3.09 −1.28

PD 2006 0.168 0.00683 52.0 9.44 130.2
gravdep2d PI 1850 0.113 0.00298 35.6 9.80 126.3

PD-PI 0.0544 0.00385 −0.0263 −1.93 16.4 −0.364 3.96 −1.21

PD 2006 0.132 0.00518 53.4 9.40 129.1
convmix PI 1850 0.089 0.00229 37.0 9.74 125.4

PD-PI 0.0429 0.00289 −0.0972 −1.48 16.5 −0.340 3.67 −1.15

PD 2006 0.153 0.00585 52.4 9.41 130.4
noBCac PI 1850 0.101 0.00257 36.0 9.77 126.6

PD-PI 0.0529 0.00329 −0.164 −1.78 16.4 −0.358 3.91 −1.20

PD 2006 0.154 0.00632 52.3 9.41 130.4
replH2O2 PI 1850 0.100 0.00264 35.9 9.77 126.6

PD-PI 0.0534 0.00368 −0.0703 −1.88 16.4 −0.356 3.87 −1.19

PD 2006 0.154 0.00632 48.4 9.44 130.1
no coating PI 1850 0.101 0.00264 31.2 9.87 125.5

PD-PI 0.0535 0.00369 −0.0724 −1.89 17.3 −0.426 4.52 −1.31

PD 2006 0.154 0.00632 52.4 9.14 130.5
prescrβ PI 1850 0.101 0.00264 36.0 9.57 126.6

PD-PI 0.0535 0.00369 −0.0724 −1.89 16.4 −0.425 3.93 −1.34

Em- PD 2000 0.135 0.00460 48.3 9.47 129.7
PD2000 PI 1850 0.101 0.00264 36.0 9.77 126.6

PD-PI 0.0346 0.00197 −0.0997 −1.04 12.3 −0.296 3.10 −0.908

Em- PD 2006 0.154 0.00632 52.4 9.41 130.5
PI1750 PI 1750 0.095 0.00193 32.1 9.90 125.3

PD-PI 0.0589 0.00438 −0.0416 −2.20 20.3 −0.488 5.20 −1.53

Em PD 2000 0.135 0.00460 48.3 9.47 129.7
PD2000 & PI 1750 0.095 0.00193 32.1 9.90 125.3
EmPI1750 PD-PI 0.0399 0.00267 −0.0689 −1.36 16.1 −0.425 4.37 −1.23

PD 2006 0.151 0.00725 49.0 9.50 130.3
Online PI 1850 0.092 0.00247 34.6 9.86 124.4

PD-PI 0.0588 0.00478 – – 13.4 −0.342 5.89 –
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Fig. 1. Schematic for aerosol particle processing in CAM4-Oslo. Primary particles are emitted
(dashed-dotted arrows) as accumulation-mode sulphate (SO4(ac)), nucleation and accumu-
lation mode black carbon (BC(n), BC(ac)), Aitken mode BC (BC(a)), internally mixed Aitken
mode organic matter and BC (OM / BC(a)), Aitken, accumulation, and coarse mode sea-salt
(SS(a), SS(ac), SS(c)), accumulation and coarse mode mineral dust (DU(ac), DU(c)). Model
calculated gas-phase components are DMS and SO2. Gaseous sulphate (SO4(gas)) produced
in air is assumed transformed to nucleation-mode sulphate (SO4(n), dotted arrow) if insufficient
particle surface area is available for condensation (solid arrows). Sulphate produced by in cloud
water droplets (SO4(in water), short-dashed arrow) is partly added to SO4(ac) but mainly to a
broad internal mixture of accumulation and coarse mode particles (of which there are two types
with respect to complexity). Long-dashed arrows represent coagulation which contributes to the
latter particle types.
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Fig. 2. Annually averaged vertically integrated mass columns of SO2 and aerosol constituents
in the Ctrl simulation. Globally averaged columns are 0.554 mg S m−2 for SO2, 1.34 mg S m−2

for sulphate, 0.466 mg m−2 for BC, 7.49 mg m−2 for POM, 23.0 mg m−2 for mineral dust, and
9.62 mg m−2 for sea-salt.
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Fig. 3. Annually and zonally averaged mass mixing ratios of SO2 and aerosol constituents in
the Ctrl simulation.
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Fig. 4. Modeled versus measured monthly mean ground-level mass concentrations of selected
aerosols. The measurements, all from 1996–2002, are made available through the AeroCom
project from the AEROCE, AIRMON, EMEP, GAW and IMPROVE measurements networks.
The European (EMEP) data are from year 2002, however, and OC data are here given as PM10,
while the North American OC data are given as PM2.5. The European OC measurements have
therefore here been scaled by a factor 0.72, to account for the difference between PM2.5 and
PM10. The OM data have been split into summer (April–September, red) and winter (October–
March, blue). The straight diagonal solid and dashed lines define identical results and a factor
2 difference between the modeled and measured data, respectively. The bold solid lines are
regression lines for summer (red), winter (blue) and the full year (black).
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Fig. 5. Vertical profiles of SO4 mixing ratios compared to flight measurements from the Pacific
Exploratory Mission (PEM) over the period 1996–1999 presented in Barth et al. (2000). The
circles denote measurements, and continuous red and green lines represent the Ctrl PD and
PI simulations, respectively.
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Fig. 6. Zonally and annually averaged clear-sky aerosol optical depth (AOD) at 550 nm from
ground and satellite based retrievals (S. Kinne, personal communication, 2007), and calculated
with CAM4-Oslo for year 7 of the Ctrl experiment and a selection of sensitivity tests. For com-
parison with the clear-sky AOD, also all-sky AOD at 550 nm is shown for the Ctrl simulation
(gray solid line).
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Fig. 7. Annually averaged clear sky aerosol optical depth (AOD) at 550 nm from ground and
satellite based retrievals in the upper panel (S. Kinne, personal communication, 2007), as cal-
culated in Seland et al. (2008) in the middle panel, and calculated with CAM4-Oslo (Ctrl) in the
lower panel.
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Fig. 8. Biases compared to AERONET (in %) in estimated clear-sky aerosol optical depth (AOD
at 550 nm, upper left and lower panels) and aerosol absorption optical depth (ABS at 550 nm,
upper right panel) with CAM4-Oslo. AOD and ABS biases in the upper row are yearly averaged,
and AOD biases in the lower row are for NH winter (DJF) and summer (JJA). Here M: 9999 and
O: 9999 signify climatological means (9999) for model (M) and observations (O), respectively.
The AERONET retrievals are from the period 2000–2009, and are made available through the
AeroCom project.
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Fig. 9. Model-calculated vs. retrieved aerosol optics data from AERONET, shown as scatter-
plots (left) and frequency histograms (right). Upper row: modeled clear-sky AOD at wavelength
550 nm vs. AERONET. Middle row: modeled clear-sky ABS (absorption AOD) at wavelength
550 nm vs. AERONET ABS. Lower row: ANG (Ångström parameter) calculated from all-sky
AOD at 440 and 870 nm. The AERONET retrievals are from the period 2000–2009, and are
made available through the AeroCom project.
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Fig. 10. CAM4-Oslo and CALIOP annually or seasonally averaged extinction coefficient profiles
(km−1), continents and oceans globally, and for continental Europe (35–70◦ N and 10◦ W–40◦ E)
and North America (25–50◦ N and 65–125◦ W) for the winter (DJF) and summer (JJA) sea-
sons. The model data are all-sky estimates at 550 nm, while the CALIOP data are for 532 nm
wavelength and for year 2007.
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Fig. 11. Modeled annual direct (left, −0.07 W m−2) and indirect (right, −1.20 W m−2) top of the
atmosphere short-wave radiative forcing in the control simulations (Ctrl, years 3–7).
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Fig. 12. Modeled annual, zonally averaged direct (left) and indirect (right) top of the atmosphere
short-wave radiative forcing (W m−2) for the Ctrl experiment (year 7) and the sensitivity tests
with largest impacts on aerosol forcing.
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