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Abstract. The objective of this study is to document and eled OM vyield improved overall statistics, even though OM
evaluate recent changes and updates to the module fas still underestimated in Europe and overestimated in North
aerosols and aerosol—cloud-radiation interactions in the atAmerica.
mospheric module CAM4-Oslo of the core version of the The global anthropogenic aerosol direct radiative forc-
Norwegian Earth System Model (NorESM), NorESM1-M. ing (DRF) at the top of the atmosphere has changed from
Particular attention is paid to the role of natural organics, sea small positive value te-0.08 W nT2 in CAM4-Oslo. The
salt, and mineral dust in determining the gross aerosol propsensitivity tests suggest that this change can be attributed to
erties as well as the anthropogenic contribution to these propthe new treatment of biomass burning aerosols and gravita-
erties and the associated direct and indirect radiative forcingtional settling. Although it has not been a goal in this study,
The aerosol module is extended from earlier versions thathe new DRF estimate is closer both to the median model
have been published, and includes life-cycling of sea saltestimate from the AeroCom intercomparison and the best es-
mineral dust, particulate sulphate, black carbon, and primantimate in IPCC AR4. Estimated DRF at the ground surface
and secondary organics. The impacts of most of the numerhas increased by ca. 60 %, ta1.89 W nT2. We show that
ous changes since previous versions are thoroughly explorethis can be explained by new emission data and omitted mix-
by sensitivity experiments. The most important changes areing of constituents between updrafts and downdrafts in con-
modified prognostic sea salt emissions; updated treatmentective clouds.
of precipitation scavenging and gravitational settling; inclu- The increased abundance of natural OM and the introduc-
sion of biogenic primary organics and methane sulphoniction of a cloud droplet spectral dispersion formulation are the
acid (MSA) from oceans; almost doubled production of land- most important contributions to a considerably decreased es-
based biogenic secondary organic aerosols (SOA); and intimate of the indirect radiative forcing (IndRF). The IndRF
creased ratio of organic matter to organic carbon (OM/OC)is also found to be sensitive to assumptions about the coat-
for biomass burning aerosols from 1.4 to 2.6. ing of insoluble aerosols by sulphate and OM. The IndRF of
Compared with in situ measurements and remotely sensed-1.2 W nmi2, which is closer to the IPCC AR4 estimates than
data, the new treatments of sea salt and dust aerosolhe previous estimate ef1.9 W ni 2, has thus been obtained
give smaller biases in near-surface mass concentrations anglithout imposing unrealistic artificial lower bounds on cloud
aerosol optical depth than in the earlier model version. Thedroplet number concentrations.
model biases for mass concentrations are approximately un-
changed for sulphate and BC. The enhanced levels of mod-
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1 Introduction radiation (e.g. Charlson et al., 1992), and partly indirect ef-
fects via induced changes in cloud microphysics. The radia-
Aerosol particles scatter and absorb solar radiation and protive forcing of the direct effects at the top of the atmosphere
vide nuclei for condensation of water and formation of ice in can be negative or positive depending on the relative impor-
air. Thus they potentially influence the natural climate as welltance of the changes in absorption and scattering. This rel-
as climate change through human activity. The efficiency ofative importance depends on the anthropogenic aerosols but
this influence depends on aerosol production, transport, andlso on the natural aerosols and the albedo of the underlying
removal, and on microphysical processes such as nucleatiosurface. The indirect effect of pure water clouds, however,
condensation, and coagulation that determine the composkexerts a negative radiative forcing through increased cloud
tion, size, and shape of the particles. Since most of theséroplet number and decreased cloud droplet size (the first in-
processes are either approximately represented in global clidirect effect; Twomey, 1977). Much more uncertainty is as-
mate models or are not well known in the first place, aerosolssociated with the second indirect effect (Albrecht, 1989), as-
constitute an important source of uncertainty in climate sim-sociated with changes in cloud water content and cloudiness
ulations and future projections. A recent overview of key (Stevens and Feingold, 2009).
challenges in understanding and modeling aerosols and their The semi-direct effect is potentially positive due to de-
effects on climate and environment is given by Kulmala etcreased low level cloudiness when increased aerosol absorp-
al. (2011). Intermodel differences, and thus climate projec-tion reduces relative humidity (Hansen et al., 1997) or due to
tion uncertainty, can to a large extent be attributed to aerosol+educed boundary-layer turbulent fluxes and cumulus clouds
cloud interactions and cloud feedbacks (Penner et al., 2006Ackerman et al., 2000). We have not specifically studied the
Forster et al., 2007; Randall et al., 2007; Hegerl et al., 2007)semi-direct effect in the present paper, although it is included
This paper describes and discusses the representation of the model experiments which couple the aerosols and their
aerosols and the processes relevant for potential climateadiative forcing online with the atmospheric thermodynam-
interactions in version 1 of the Norwegian Earth Systemics (see Sect. 4.4). The potential magnitude of the semi-direct
Model (NorESM1). NorESM1 is a fully coupled global effect on the netradiative budget at the top of the atmosphere
model that is used for simulations under the CMIP5 protocolis characterized as small in the IPCC AR4, and the level of
for the upcoming fifth assessment report from IPCC (Bentserscientific understanding is furthermore characterized as very
et al., 2012; Iversen et al., 2012). Model-representation ofow (Denman et al., 2007).
processes leading to anthropogenic aerosol radiative forcing There is a range of potential indirect effects associated
is described here, whilst estimates of climate response arwith ice- and mixed-phase clouds (e.g. Denman et al., 2007).
discussed by Bentsen et al. (2012), Iversen et al. (2012), andihese are neither discussed in this paper nor currently in-
Tjiputra et al. (2012). Sand et al. (2013) present a modelcluded in NorESM, although research development is ongo-
study on Arctic climate response to remote and local forc-ing for later inclusion (Hoose et al., 2010; Storelvmo et al.,
ing of black carbon, also using NorESML1. 2011; see also Gettelman et al., 2010). Preliminary results
The scheme for calculating the life cycle of aerosol parti- indicate a partial compensation of the indirect effects of pure
cles along with their optical and physical properties is de-water clouds, but the uncertainties are still large, e.g. con-
veloped from the version thoroughly described by Selandcerning the ice-nucleating ability of soot.
et al. (2008) and Kirkefg et al. (2008). NorESM1 further Climate effects of anthropogenic aerosols depend on the
incorporates extensions for cloud microphysics with prog-amount, size and physical properties of natural particles
nostic cloud droplet number concentration (Storelvmo etthat to a large extent constitute a background for the phys-
al., 2006; Hoose et al., 2009) and for wind-driven sea saltical properties attained by anthropogenic particulate matter.
emissions (Struthers et al., 2011). Changes in the NorESMThrough their number density, size, and shape, primary parti-
aerosol module are discussed relative to these papers, in pagltes provide surface area for condensation of particulate mat-
ticular Seland et al. (2008). The role of natural aerosols in theter produced in the gas phase. Similarly, particles that are suf-
earth system in general, and for modulating climate impactdiciently small to be subject to Brownian diffusion may stick
of anthropogenic aerosols in particular, is emphasized. to larger, pre-existing particles through coagulation. If con-
The core version of NorESM, NorESM1-M, which is used densation or coagulation takes place, the pre-existing parti-
in this study, is based on version 4 of the Community Cli- cles will strongly influence the physical properties of the thus
mate System Model (CCSM4) developed at the US Na-produced secondary particulate matter. New small particles
tional Center for Atmospheric Research (NCAR) (Gent etare swiftly nucleated with initial growth by self-condensation
al., 2011). This system’s atmospheric component, the Comin air with little pre-existing particulate surface area available
munity Atmosphere Model version 4 (CAM4: Neale et al., forimmediate condensation (Kulmala et al., 2005).
2010) is changed to include the aerosol module developed Pre-existing primary particles may also act as cloud con-
for NorESM1 and is referred to as CAM4-Oslo. densation nuclei (CCN) and thus influence the occurrence of
Potential climate impacts of aerosols are partly direct ef-cloud droplets in which further secondary particulate mat-
fects linked to increased scattering and absorption of solater may be produced by heterogeneous reactions. When the
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cloud droplets evaporate, a residual aerosol with new properindirect effects of anthropogenic aerosols in otherwise pris-
ties is left behind. tine conditions. In climate models where cloud-droplet num-
Information about the properties of aerosols that would ex-ber concentrations (CDNC) are calculated explicitly, the val-
ist without the presence of man-made components is not diues are frequently constrained by prescribing a lower bound.
rectly available, and data for processes that constrain theitohmann et al. (2000) showed that a reduction of the mini-
physical properties are uncertain (e.g. Dentener et al., 2006)mum cloud droplet number concentration (CDNC) from 40
Such processes take place in clear air, in cloud droplets, antb 10 cn2 led to a 70 % increase in the joint first and sec-
involve biogeochemical interactions with the oceans and theond indirect effect. In the previous version of CAM-Oslo, an
land surface (e.g. Barth et al., 2005). Primary natural parincrease in CDNC by 15 cri? everywhere gave a 42 % de-
ticles include sea salt produced from evaporating sea spragrease in the indirect radiative forcing (Kirkayet al., 2008).
and mineral dust from dry land under windy conditions. The As demonstrated by Hoose et al. (2009) the assumed lower
sea spray consists of a mixture of sea salt and organic conmbound is in many cases unrealistically high. The new aerosol
pounds, mostly water-insoluble (Facchini et al., 2008). Natu-treatment in CAM4-Oslo has been developed with special at-
ral forest fires produce submicron primary particles as smokeention to natural aerosols, and applies a lower CDNC bound
(an internal mixture of soot and organic carbon). Naturalof only 1 cnt3,
biogenic and biological particles constitute at present very Some emission scenarios for aerosols and precursor
uncertain components of the natural background of primarygases (Penner et al., 2001) indicate a gradual change to
particles (e.g. Jaenicke, 2005; O’'Dowd et al., 2004; Lecka more absorbing aerosol globally as emission reduction
and Bigg, 2005). Secondary particles that occur naturallymeasures for acidifying compounds become effective. How-
include sulphate oxidized from volcanic $Or originating  ever, nitrate aerosols have similar radiative and water-activity
from oceanic DMS or terrestrial sulphides. Particulate nitrateproperties as sulphate, but are neglected in most climate
is oxidized from NQ produced in air by lightning or from models at present. In Europe, particulate nitrate accounts for
nitrification/denitrification processes in soils. Secondary or-about 10-20 % of the dry aerosol mass (Putaud et al., 2004).
ganic aerosols (SOA) stem from terpenes and isoprene emiBoth measurements and model results indicate that nitrate
ted from living forest under favourable conditions (Dentener has remained at the same level since around 1990 (Fagerli
et al., 2006; Hoyle et al., 2007). et al., 2008). Adams et al. (2001) suggest that the radiative
Primary biological aerosol particles (PBAP) include plant forcing due to nitrate will gradually exceed that of sulphate
fragments, pollen, bacteria, plankton, fungal spores, virusestowards the end of this century. Nitrate and its effect on cli-
and protein crystals (Jaenicke, 2005). Measurements havenate are not yet included in CAM4-Oslo, but are presently
shown that PBAP is potentially an important part of at- being studied in a research version.
mospheric aerosols, varying from 10% (marine) and 22% After a very brief overview of NorESM1 and CAM4-Oslo,
(urban/rural) to 28% (remote continental) of the total Sect. 2 describes the representation of aerosol life-cycling
aerosol volume for particles above 0.2 um equivalent ra-and the optical and physical properties of particles in CAM4-
dius (Matthias-Maser and Jaenicke, 1995). O’'Dowd etOslo. Changes with respect to earlier published versions are
al. (2004) found that the measured organic material constiemphasized. Section 3 describes the specific configuration of
tuted 65 % of the submicron marine aerosol mass at Macehe model and the experiments carried out for this paper, and
Head (Ireland) during periods of high biological activity in Sect. 4 presents results for the main experiments including
the North Atlantic Ocean, and as much as 83 % of the finecomparison with observational data. In Sect. 5 a range of sen-
mode (radii from 0.03-0.0625 um). The organic fraction wassitivity tests is presented and discussed. Most of the model
observed to increase dramatically as particle size decreasedmendments presented in Sect. 2 are discussed in Sect. 5. Fi-
from 3 to 83 %, over the size range investigated by Cavalli etnally, main conclusions are drawn in Sect. 6.
al. (2004). Bigg et al. (2004) reported large bacterial concen-
trations in the surface microlayer of open water in the central
Arctic Ocean in summer, with bacteria length ranging from 2 Model description: NorESM1 and CAM4-Oslo
0.6 to 3 um. However, the number of bacteria above biolog-
ically active oceans is dwarfed by the large number of par-NorESM1 (Version 1 of the Norwegian Earth System Model)
ticles consisting of biogenic organic aggregates and colloidgs an Earth System Model that to a large extent is based on
(Despeés et al., 2012). Lohmann and Leck (2005) failed to NCAR CCSM4.0 (Gent et al., 2011; Vertenstein et al., 2010)
explain the observed CCN population only by DMS oxida- when run without interactive carbon-cycling, and NCAR
tion products and sea salt particles. Observations suggest th&@ESM1.0, although with CCSM4 model setup, when run
bursting of air bubbles during whitecap formation is respon-with online ocean carbon cycle. The former version, used in
sible for injecting bioparticles into the atmosphere (O’Dowd this work, is the core version of NorESM (Bentsen et al.,
et al., 2004, Leck and Bigg, 2005; Fahlgren et al., 2010).  2012; lversen et al., 2012), named NorESM1-M. The latter
Inclusion of primary natural aerosols which were miss- version (Tjiputra et al., 2012) is named NorESM1-ME. Both
ing in earlier model calculations will affect the direct and NorESM1 versions use CAM4-Oslo for the atmospheric part
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Table 1. Initial modal size parameters, mass densities and accommodation coefficients for primary 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 nm3 averaged over all sizes.

Mode Median radius  Standard Mass density Accommodation coefficient
(um)  deviation (kg rim3) 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

of the model, and an updated version of the isopycnic oceamelative to the versions described in the above mentioned
model MICOM (Assmann et al., 2010; Otéeet al., 2010).  works, in particular Seland et al. (2008).
CAM4-Oslo is a version of CAM4 (Neale et al., 2010) with  To estimate how aerosol particles influence solar radiation
separate representation of aerosols, aerosol-radiation arahd cloud microphysics, their number concentrations, chem-
aerosol—cloud interactions. The model uses the finite voldcal composition, and physical shape need to be estimated as
ume dynamical core for transport calculations, with horizon-a function of equivalent particle radius over a range from a
tal resolution 1.9 (latitude) times 2.5 (longitude) and 26  few nanometers to a few micrometers. This is partly because
levels in the vertical, as in the original CAM4. the interaction with radiation varies strongly with the ratio
The seaice and land models in the two NorESM1 versionsbetween radius and radiative wavelength and the dielectric
are basically the same as in CCSM4 and CESM1, respecproperties of the particles; and partly because the ability for
tively. However, the tuning of the snow grain size for fresh particles to act as cloud condensation and ice nuclei depends
snow on sea ice is adjusted in the fully coupled NorESM1,0n hygroscopicity, size, and molecular structure of the par-
and the albedo effects of soot and mineral dust aerosols deicles. In global climate models these aerosol properties will
posited on snow and sea ice are based on the aerosol calculdave to rely on approximations and parameterizations.
tions in CAM4-Oslo. Our approach differs from the often applied modal method
Since this paper focuses on pure atmospheric processes aaich as e.g. M7 (Stier et al., 2005) and MAMS3 (Liu et al.,
sociated with aerosols, experiments are made using the da012). The details of the approach are described by Seland
ocean and sea ice model of NCAR's CCSM4 coupled toet al. (2008), although the principles probably are more eas-
CAM4-0Oslo, instead of the fully coupled NorESM1-M. For ily understood from the description of the simpler aerosol
a broader description of NorESM1-M and associated CMIP5life cycle scheme in lversen and Seland (2002, 2003) and
experiments, the reader is referred to Bentsen et al. (2012he corresponding scheme for size-resolved aerosol physics
and Iversen et al. (2012). in Kirkevag and Iversen (2002). As in Seland et al. (2008),
the aerosol life cycle scheme calculates mass concentrations
o . ) o of aerosol species. These mass concentrations are tagged
2.1 Aeroso_ls and their interactions with radiation and according to production mechanisms in clear and cloudy
clouds in CAM4-Oslo air. There are up to four size modes for each of these
tagged mass concentrations (nucleation, Aitken, accumula-

The modeling of aerosol processes in CAM4-Oslo is ex-tion, and coarse mode). The processes are gas phase and

tended from CAM-Oslo versions described and studied by2dU€ous phase chemical production, gas to particle nucle-
Seland et al. (2008), Kirk@g et al. (2008), Storelvmo et ation, condensation on pre-existing aerosol surfaces, and co-
al. (2006), Hoose et al. (2009), and Struthers et al. (2011)gﬂgulaftion of smaller particles ontp pre-existing Ai'ern, accu-
Apart from a few modifications of the parameter tuning for Mmulation and coarse mode particles. The chemical compo-
cloud micro- and macrophysics that were necessary when ruf€Nts are sulphate (3J) black carbon (BC), organic mat-

as a part of NOorESM1-M, the changes we have introduced if€" (OM), sea salt (SS), and mineral dust (DU). In addition
the development of CAM4-Oslo are all related to aerosolsCOMes water, which is mixed into the particles based on their
and their interactions with radiation and warm cloud micro- Nygroscopicity and the ambient relative humidity.

physics. The description in this paper emphasizes changes

Geosci. Model Dev., 6, 207244, 2013 www.geosci-model-dev.net/6/207/2013/



A. Kirkev ag et al.: Aerosol—climate interactions in the Norwegian Earth System Model 211

QS02) e e e _
— = 4502  Cloudy aiCs~ 7
Gases VA clearar S04(gas) :
t
Q(DMS) I | ! I
__ NuciEAmon ||| ATKEN || | . ACCUMULATION | | COARSE
Q(504) I ' R S e S <
Suifate SO4(n) T/ —|804() 1||SO4(ac) -§9.‘?.(.’.’?,“.’:’ﬂf'?.’{.i |
Ll T T == Q== _ — \ o
—— e —. e e [ \ ! ]
BC | BC(ac)| \ N 1 1
— . I I \ I
Q(BC)ff BC(n) L BC(a) Ho_ . \1_ _;__: I
il T == al ~ | SO4/0M/BC(coag) |! I
om Ll omBCELL ] | SS/SO4/OM/BC(coag) | |
Q(OM)bb + Q(OM)ff+ | 1 - i
ao’ QOM)bio + Prod(SOA) -——"7 ,JLDE@O_‘”OM’EC_@MGU _r
Q(BC)bb || OM/BC(a) - /7 b TN
I 1] / 1!
- /s
Ser oo . ss@)y |[sodss@) , 1 1|[50ssce)
— — O — O — —r ------- - —r ------ " e e— o — —I —  —
Mineral | | --DU ac |- DU(c
dust QDY) ~__  __ I 1. q ____ (.) ______ I — ©
NUCLEATION | AITKEN 1 ACCUMULATION | COARSE

Fig. 1. Schematic for aerosol particle processing in CAM4-Oslo. The source terms on the left side, labeled Q(X)y, where X is the constituent
name and y is the source type, may come from primary emission or secondary production. The source labels bb, ff and bio respectively
indicate biomass burning, fossil fuel combustion, and biogenic sources. Primary particles are emitted (dashed-dotted arrows) as accumulation
mode sulphate (SO4(ac)), nucleation and accumulation 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 DM$. &aks8aus sulphate (SO4(gas))
produced in air is assumed to be 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.

The aerosol mass concentrations calculated in the life cythe same transfer rate for SO4(cond) as for SO4(a)); SO4(in
cle scheme (and transported in the model) are 11 compowater) is the mass of sulphate oxidized from;S0 cloud
nents for externally mixed particles emitted or produced indroplets and the part of SO4(n) and SO4(a) that is collected
air. These are the 10 modes listed in Table 1, where one oby cloud droplets and ends up in accumulation and coarse
the modes, OM(a)/BC(a), contains two components. In adimode particles after evaporation; BC(cond, n) is the mass
dition there are 9 components which are tagged to producef Aitken mode BC originating from BC(n) after conden-
tion mechanisms in air or cloud droplets, so that the size-sation of SO4(cond); BC(cond, a) is the mass of accumu-
resolved transformations into internal mixtures by interac-lation mode BC originating from OM/BC(a) after conden-
tions with the above 11 compounds can be estimated a posation of SO4(cond); BC(coag) is the mass of BC originat-
teriori by use of look-up tables (see below). These 9 com-ing from BC(n), BC(a), OM/BC(a) and BC(ac) that coagu-
ponents are: SO4(cond), the part of the sulphate mass prdates in clear air or in cloud droplets that subsequently evap-
duced in gas phase by oxidation of S8y OH (SO4(gas) orate and end up as accumulation and coarse mode patrticles;
in Fig. 1), which is estimated to condense on existing par-OM(cond, a) is the mass of OM originating from OM/BC(a)
ticles (note that the remaining part is assumed to producafter condensation of SO4(cond); OM(coag) is the mass of
nucleation mode sulphate, SO4(n)); SO4(a) is the part of theOM originating from OM/BC(a) that coagulate in clear air
nucleation-mode sulphate [SO4(n)] mass which is subject tar in cloud droplets, which subsequently evaporate and end
condensation of gaseous sulphate produced in clear air angp as accumulation and coarse mode particles. This adds up
thus produces externally mixed sulphate in the Aitken modeio 20 aerosol components in addition to two gaseous precur-
SO4(coag) is the mass of sulphate originating from SO4(n)sors (SQ and dimethyl sulphide, DMS).

S0O4(a) and SO4(cond) which coagulates with Aitken, accu- Figure 1 gives an updated schematic representation of
mulation and coarse mode particles in clear air (assuminghe aerosol processes in CAM4-Oslo, which facilitates
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comparison with the corresponding schematic for CAM- to the CCN activation calculations (Hoose et al., 2009; see
Oslo in Fig. 1 of Seland et al. (2008). It should be noted also Abdul-Razzak and Ghan, 2000). From a second set of
that the externally mixed OM mode from fossil fuel com- look-up tables, spectrally resolved mass-specific extinction,
bustion, labeled OM(a) in Seland et al. (2008), is removed insingle scattering albedo, and asymmetry factor are used to es-
this work. The rationale for this is that the recommended sizetimate the influence of aerosols on shortwave radiation. The
distribution for organic matter from fossil fuel is the same maximum RH value in the look-up tables for these optical
as for biomass burning particles (Dentener et al., 2006), angharameters is 99.5%. The tables are thoroughly described
that the relative fraction of fossil fuel OM is small compared in Sect. 2.8 in Seland et al. (2008), see also Ki#gand
to OM emitted from biomass burning. This was in an early lversen (2002).
version of CAM4-Oslo shown to give very small changes in  The main advantage of this approach, described above,
concentrations and lifetime of OM, and small changes in theis that the degree of internal vs. external mixing can be es-
estimated aerosol properties in general. timated based on physicochemical processes instead of ex-
As in Seland et al. (2008), the internally mixed mass from plicit assumptions, and that the CPU costs are low compared
the processes described above is only added to and dige the full sectional approach. A disadvantage is that there
tributed onto the primary particles when calculating aerosolis no explicit information about the size and mixing state of
size distributions and optical properties for use in the cloudthe aerosol masses (after growth) in the life cycle scheme. A
droplet activation code and in the radiative transfer codefurther disadvantage of this method is its rigidity. The need
(cf. Kirkevag and Iversen, 2002). The particle numbers andfor complex and huge look-up tables makes it cumbersome
sizes are estimated here based on assumptions about the pie- introduce changes to the basic physical properties of the
mary particles that are emitted or produced in air, of whichaerosol, such as the assumed size parameters at time of emis-
there are 10 modes with log-normal size distributions as desion of primary particles.
tailed in Table 1. In the separate scheme for size-resolved Apart from some exceptions described in Sect. 2.1.6, the
aerosol physics these modes are changed in accordance wiglulphur chemistry is as described by Seland et al. (2008). Pre-
the processes to which the aerosol mass concentrations aseribed oxidant fields are still used, but now with an updated
tagged in the life cycle scheme, and are described withouteplenishment rate of #D in clouds (see Sect. 2.1.6). The
assuming log-normality. As described in detail by Kirkgy  DMS fraction converted into MSA is calculated explicitly by
and lversen (2002), the size distributions of number and masgase of reaction rates given by Seinfeld and Pandis (1998).
concentrations used in the look-up tables (see below) are estBO, is oxidized to sulphuric acid gas [SO4(gas)] in clear air
mated by solving the discrete form of the respective continu-by OH, and to particulate sulphate in aqueous-phase cloud
ity equations, using 44 size-bins with radt) ranging from  droplets [SO4(in water)] with an efficiency which is deter-
0.001 to 20 um. The size bins are equally wide (width = 0.1)mined by the availability of HO,, ozone, liquid water, and
along a logg(r) axis, so that the resolution, in terms of linear the rate of dynamic replenishment of cloudy air.
radius r, is finest for the smallest particle sizes. Hygroscopic Gaseous sulphate is not kept as a tracked variable, but
swelling is treated as described by Seland et al. (2008), i.e. bys assumed to immediately either condense on pre-existing
use of the Kohler equation on the form of Eq. 13 in Kirkeg  particles or, if available particle surface area is insufficient,
and Iversen (2002). Optical properties are finally estimatedo produce new nucleation mode particles. This means that
from Mie-theory whilst CCN activation is estimated based available HSO4 gas which is not depleted by condensation
on supersaturations calculated fronbtder theory (Abdul-  within a time step is simply assumed to nucleate to form
Razzak and Ghan, 2000). SOu(n) mode particles, with size parameters as given in Ta-
This chain of processes is, however, not calculated directlyble 1. All particles are subject to condensation deposition
during integration of NorESM1 or CAM4-Oslo. The optical of gaseous sulphate with an assumed accommodation coef-
and physical properties of the aerosols are instead estimatditient given in Table 1. Particles that are inefficient cloud
by interpolating between pre-calculated values in look-up ta-condensation nuclei (such as pure BC and dust) may be
bles. The process-tagged aerosol mass concentrations améinsformed to become hydrophilic as they become inter-
relative humidity (RH) (grid box mean values) are given as nally mixed or coated by sulphate. Neither MSA (methane
input to the tables. When apportioning condensate and cosulphonic acid), biogenic OM, nor natural secondary organic
agulated material between the primary particle modes, conaerosols (SOA) are separate variables, but are approximated
densed S@is lumped together with coagulated $&s input  to have the same properties as other OM compounds.
to the look-up tables for sea salt, mineral dust and SO4(ac) Aerosol components dissolved in cloud water are not kept
particles. As in Seland et al. (2008), this is done in orderas separate tracked variables but are either scavenged or
to keep the number of dimensions (for interpolation) of the added to the general concentrations in air. The sulphate pro-
look-up tables for each internally mixed mode down to five duced by oxidation in cloud water droplets is thus distributed
(cf. Kirkevag et al., 2005). Output from one set of tables areon accumulation mode sulphate and on accumulation and
dry aerosol modal radii and standard deviations based on logeoarse mode particles in internal mixtures resulting from co-
normal fits to the size distributions, which are used as inputagulation in clear and cloudy air. This coagulation depletes
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the number of nucleation and Aitken mode particles by in-tude of the indirect effect of aerosols (see e.g. Kidgv
creasing the mass, but not the number, of accumulation andt al., 2008; Hoose et al., 2009; Iversen et al., 2010), as
coarse mode particles. Details concerning gaseous and aqueell as for estimates of the total aerosol optical depth and
ous sulphur chemistry, the processes of nucleation, conderabsorption. Emissions of biogenic DMS, s@®om tropo-
sation, and coagulation, and calculations of wet scavengingpheric volcanos, and mineral dust are unchanged from Se-
and dry deposition are given in Sect. 2.3 and Table 1 inland et al. (2008). The following two subsections present
Iversen and Seland (2002, 2003), with extensions in Sectanore details about new treatments of natural emissions of
2.3 through 2.8 in Seland et al. (2008). Some parameter valSOA from vegetation, biogenic organic particles from oceans
ues are changed in the present paper and also fitted to the ngi8pracklen et al., 2008), and the temperature and wind-driven
components not included in Seland et al. (2008). These arproduction of sea salt (Struthers et al., 2011).

described in the next subsections.

2.1.1 Emissions of aerosols and aerosol precursors 2.1.2  Production of natural biogenic OM,
SOA and MSA
Aerosol and aerosol precursor emissions have been updated.
As indicated in Fig. 1, emissions of 11 components are re-
quired (DMS, SQ, SOy, fossil fuel and biomass burning BC Production of natural SOA from biogenic processes in land
and OM, biogenic OM and SOA production, sea salt, andvegetation is taken into account as yield rates from terpene
mineral dust). Several of these components can stem froremissions and treated as emissions of POM. This is the same
both natural and anthropogenic sources and represent preitreatment as in Seland et al. (2008), but the total global emis-
dustrial and present-day stages in societal development.  sions have been increased from 19.1 Tghyio 37.5 Tgyr L.
Assumed preindustrial (Pl) and present-day (PD) emis-This is the production rate of natural SOA minus a natu-
sions used in Seland et al. (2008) were for the years 1750al isoprene contribution estimated by Hoyle et al. (2007)
and 2000 from Phase | of the AeroCom intercomparison exin a model experiment where semi-volatile species were not
ercise (e.g. Schulz et al., 2006, see also the official AeroConallowed to partition to ammonium sulphate aerosol. Even
web pages dtttp://aerocom.met.pavith emission data from larger production rates were found when this partitioning was
Dentener et al. (2006). The new Pl and PD emission yearsllowed. Tsigaridis and Kanakidou (2003) suggested that the
are taken as year 1850 and 2000 for CMIP5 simulations, andbiogenic SOA production from volatile organic compounds
year 1850 and 2006 for use in the Phase Il extension of Ae{VOC) may range from 2.5 to as much as 44.5 Tglyr
roCom (Schulz et al., 2009; Koffi et al., 2012b; Myhre etal., Due to insufficient quantitative information about the
2012; Samset et al., 2012). The emission years 1850 for P$ources, biogenic oceanic OM is usually neglected in global
and 2006 for PD are used as the standard in this paper, budimate models, even though it potentially contributes sig-
test simulations with 1750 and 2000 emissions are also pemificantly to total OM (Matthias-Maser and Jaenicke, 1995;
formed. Bigg et al., 2004; Cavalli et al., 2004; O’Dowd et al., 2004;
All simulations for years 1850 and 2000 employ emissionsJaenicke, 2005; Meskhidze et al., 2011; Désmet al., 2012).
of SO, primary OM (POM) and BC from fossil-fuel and bio- Sources of this aerosol are thought to be primary emissions
fuel combustion and biomass burning, taken from the IPCC(POM) of organic-enriched sea spray aerosol from bubble
AR5 data sets (Lamarque et al., 2010; Smith et al., 2011pursting, and SOA formation from gas phase VOC emit-
Van der Werf et al., 2006; Schultz et al., 2008; Mieville et ted from the ocean surface (Facchini et al., 2008; Spracklen
al., 2010; Buhaug et al., 2009; Eyring et al., 2009; Lee etet al., 2008). In CAM4-Oslo we have included such a bio-
al., 2009). When finalizing this paper, it was discovered thataerosol in a simplified way and treated it as POM. Since
BC emissions from aviation had been inadvertently neglectedlata for the spatial and temporal distribution of the organic
for the IPCC ARS5 dataset. A sensitivity test revealed that thecontent in seawater are not available on global scale, these
impact on radiative forcing is negligible<(0.001 W n12). biogenic OM emissions have, as a first approximation, been
In the 2006 simulations the emissions for year 2000 aregiven the same spatial distribution as the prescribed Ae-
replaced by the Aerocom Phase Il emissions dataset. ThisoCom fine mode sea salt emissions. The global total of
dataset also includes emissions estimates of BG, &@  8Tgyr ! is based on Spracklen et al. (2008). For compar-
POM from aviation. Since the IPCC AR5 year 2000 emis- ison, the fossil fuel OM emission sources for 2006 amount to
sions of biomass burning aerosols are 2D fields, we have as5.3Tgyr L.
sumed that these emissions have the same vertical profile as MSA, an oxidation product from DMS, was in Seland et
in the former Phase | of AeroCom, which was used in Selandal. (2008) assumed to be swiftly deposited without influenc-
et al. (2008). ing the calculated aerosol properties. In CAM4-Oslo, how-
An important part of the updated aerosol treatment inever, MSA is treated as an additional contribution to the pri-
CAM4-Oslo is the treatment of natural background aerosolsmary ocean-biogenic OM with an OM to S (Sulphur) mass
These are particularly important for assessing the magnifatio that is assumed to be the same as that of MSA to S (3:1).

www.geosci-model-dev.net/6/207/2013/ Geosci. Model Dev., 6, Z074-2013


http://aerocom.met.no

214 A. Kirkevag et al.: Aerosol—climate interactions in the Norwegian Earth System Model

Table 2. Polynomial coefficients for the least square fitted modal It leads to significantly improved aerosol optical depths and

sea salt number emission fluxes in Eq. (1). absorption optical depths compared to observations and sun
photometry retrievals in biomass burning dominated areas
Mode Ap By, Cn (see Sect. 5). The OM to OC mass ratio for SOA and for
Ss@y =1 00 -336x10°  1.05x 10° emissions from fossil fuel combustion is kept at 1.4, as in
SS(ac) = 2 0.0  1.18<10° —1.14x107 Seland etal. (2008).

SS(c)n=3 3.06x103 -—1.67x10°  2.29x 108

2.1.5 Transport and removal in convective clouds

In the original CAM4 from NCAR, the convective cloud-

Like the other OM emissions, both the two new contri- . - .
. . . cover is calculated explicitly. Hence, the volume available
butions to oceanic OM described above are assumed to b . L . . .
or convective scavenging is available directly. This is also

emitted in the hydrophilic OM/BC Aitken mode; see Fig. 1. 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 Seland
A major upgrade in the natural aerosol treatment from the€t al., 2008), changes have been made to the deep convec-
model version of Seland et al. (2008) is the replacement ofion scheme by including the effects of deep convection in
the prescribed sea salt emissions with prognostic sea salfie momentum equation and using a dilute approximation in
emissions based on Struthers et al. (2011). These emissiorige plume calculation, which permits detrainment at all levels
depend on 10-m wind speeti{p) and sea surface tempera- as opposed to only at the cloud top. These changes gave an
ture (SST) (Martensson et al., 2003), and are regulated byimproved representation of deep convection that occurs con-
the sea ice cover as in Nilsson et al. (2001). The numbesiderably less frequently but with higher intensity in CAM4
flux (flux,) of each of the three log-normal sea salt modesthan in CAM3 (Gent et al., 2011). Based on the improved
(Seland et al., 2008) at the point of emission, before hy-formulation of clouds with the dilute plume approximation
groscopic growth and aerosol processing, have been fittePPA) in CAM4, and on the resulting sulphate vertical dis-
to the MArtensson et al. (2003) parameterization by using a{ributions near the ITCZ, which are Comparable to Seland

2.1.3 Sea salt emissions

quadratic function of SST: et al. (2008), the special adjustment for aerosol processes in
convective clouds (described in detail in Sect. 2.7 in Seland
flux, = W - (A, - SST + B, - SST+ C,), (1) et al., 2008, see also Iversen and Seland, 2004), has been
removed in CAM4-Oslo. We have also removed the some-
whereW is the white cap fraction what ad hoc assumption of full mixing of aerosols between
W — 0.000384 Uf’o‘”- @) convective cloud updrafts and downdrafts. A more realistic

description should reflect the mixing generated by the hor-

This gives a simplified modal sea spray emission param-'zomal shear between updrafts and downdrafts and the vig-

eterization, compared to the detailed size distribution by©rous turbulence inside deep convective clouds. Assuming
Martensson et al. (2003), that still preserves most of the windUll MiXing is a radical assumption resulting in a minimum
and temperature dependency found in the original parametef.€tical transport of boundary-layer aerosols. Combined with
ization. The wind dependence is unchanged from Struthers df¢ increased efficiency of scavenging by convective pre-
al. (2011). However, due to a simplified fitting of the coarse c_lpltat|on, systematically underestimated a_erosol burdens are
sea salt mode to the Mtensson et al. (2003) parameteriza- I€ly 0 result. On the other hand, the choice we have made
tion, tropical sea salt burdens were somewhat exaggeratel®” CAM4-Oslo is prone to contribute to overestimates. This
in Struthers et al. (2011). The SST dependence in the accd$ More thoroughly discussed in Sects. 4 and 5.

mulation (SS(ac)) and coarse (SS(c)) modes in Table 1 of . i

Struthers et al. (2011) has therefore been updated to imprové-1:6 ~ Oxidant fields

the fit for particles with diameters greater than 2.5 um, where ) ] ]

the source parameterization of Monahan et al. (1986) is recAS in CAM-Oslo, tropospheric oxidant fields (OH,s0

ommended. The revised coefficients are listed in Table 2. 1202) for use in the sulphate chemistry and the aerosol
life cycle model are taken from simulations with a Chemi-

2.1.4 Mass ratio OM/OC for biomass burning organic  cal Transport Model (CTM). We have replaced the oxidant
matter fields in Seland et al. (2008) with data from the most recent
version of the oxidant chemistry in Oslo-CTM2 (Berntsen et

We have increased the assumed mass ratio of particulate oal., 1997). HO; is thus generally more abundant in lower
ganic matter (OM) to organic carbon (OC) for biomass burn-tropospheric layers in CAM4-Oslo than in the version of Se-
ing emissions from 1.4 to 2.6. This number is taken from For-land et al. (2008). Zonally and annually averaged, the new
menti et al. (2003) and is also used by Myhre et al. (2009).H>O, values are smaller in the upper troposphere (above
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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 Pl and PD. For gaseous precursors, the fractions of chemical loss are also included. Numbers i
parenthesis give the percentage of this loss, which respectively concerns gaseous oxidation of DMS to MSA, and aqueous-phase oxidatior
of SO, to sulphate. Sources and burdens of sulphur species are given as Tg S.

Total Total
Emissions Sources Burden Lifetime Wet Dep. Chemical
[Tgyr— [Tgyr—1 [Tq] [days] [%] Loss [ %]
Spec. This This This This This This
work Se08 work Se08 work Se08 work Se08 work Se08 work Se08
DMS 18.0 18.2 18.0 18.1 0.12 0.10 2.40 2.09 100 (27.1) 100 (25.3)

S PD 844 686 976 822 028 029 105 127 7.2 90 63.6(85.0) 71.4(85.2)
®2 p| 164 149 296 284 0086 0084 106 1.08 112 100 784(87.3) 810(86.9)
PD 22 18 644 604 068 066 384 396 919 923

SO py 04 038 236 234 021 024 319 380 941 934 & n.a.
PD 106 7.7 107 7.7 024 014 810 6.74 748 750
BC  p 31 14 31 14 0059 0027 7.03 7.08 729 808 n.a. n.a.
PD 1667 656 1829 656 382 130 7.63 7.22 803 80.2
OM' b 973 333 1128 332 224 064 723 705 776 806 & n.a.
ss 6411 7925 6459 7711 491 576 028 027 456 262 n.a. n.a.
DU 1668 1678 1676 1671 11.72 1040 255 227 252 359 n.a. n.a.

about 500 hPa), much smaller in the stratosphere, but largetwo previous studies, we use an intermediate in-cloud min-
in most of the lower troposphere, amounting to an increasesral scavenging coefficient value of 0.25, in agreement with
by a factor larger than 2 in parts of the tropics. the dominance of insoluble material. This yields about 25 %
Furthermore, the pD», replenishment time in cloudy air wet deposition globally averaged (Table 3), close to the me-
has been changed from a fixed 1 h value (Seland et al., 2008}ian value of 28 % for 15 AeroCom Phase | models in a study
to a 1-12h range, depending on the cloud fraction. Withinby Huneeus et al. (2011). The individual model averages in
this 1-12 h range the replenishment time is assumed propothat work range from 16 % to 66 %.
tional to (1.1-emax 2, Wherecmay is the maximum cloud Gravitational settling, which predominantly influences the
fraction in the atmospheric column. This is to account for largest particles, is now extended to all atmospheric levels in
the increase in time required for mixing larger volumes of CAM4-Oslo, rather than in the lowermost level only (Seland
air. The effect of this increased replenishment time would beet al., 2008). This is calculated at all heights, starting from
opposite to the increased levels of®p in the lower tropo-  the top of the model and calculating the contribution from

sphere. each level to the model levels below. As a result the simulated
aerosol removal is more efficient in general, particularly for
2.1.7 Scavenging of mineral dust and gravitational coarse mode aerosols.
settling

2.2 Cloud droplet spectral dispersion
Modeled near-surface mineral concentrations were underes-
timated approximately by a factor of 2 in Seland et al. (2008).In Seland et al. (2008) a diagnostic relation between the
This negative bias may to some extent have been caused kgerosols and the liquid cloud droplet number (CDNC) was
missing mineral dust emissions, since the only source in-used for stratiform clouds, while liquid water content (LWC)
cluded in the emission data set is major desert areas. Owas a prognostic variable (Rasch and Kéegson, 1998).
the other hand, the in-cloud scavenging coefficient for min- A preliminary sensitivity test involving prognostic calcu-
eral dust was probably on the high side, since the assumeldtion of both CDNC and LWC, with activation of CCN fol-
value of 1.0 implies that all mineral particles regardless oflowing Abdul-Razzak and Ghan (2000), indicated a reduc-
size or composition can be activated to form cloud dropletstion of the first indirect forcing (the radius effect) by 36 %
In Hoose et al. (2009) the in-cloud scavenging coefficientdue to compensating effects not accounted for in the diagnos-
for mineral dust was reduced to 0.1, leading to considerablytic scheme. One such compensating effect is the competition
extended residence times for mineral dust. In CAM4-Oslo,for available water vapour, which leads to smaller realized
where the same mineral dust emissions are applied as in theupersaturations for polluted present-day conditions than the
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more pristine preindustrial conditions. Another effect is the five field experiments by Brenguier et al. (2011) casts a new
loss of cloud droplets due to collision-coalescence processesight on the issue of cloud droplet dispersion, but we have not
evaporation and freezing, which were not considered in theattempted to include the results of that study here.
diagnostic scheme of e.g. Seland et al. (2008), therefore giv-
ing larger CDNC in general in that study. The corresponding2.3 Parameter tuning
reduction in the joint first and second indirect forcing was
estimated to 38 % in Kirkedg et al. (2008), using the same CAM4-Oslo applies the standard configuration of NCAR
model version. The prognostic double moment cloud mi-CAM4 with respect to model physics, i.e. the Rasch and
crophysics scheme has later become standard for stratiforri§ristjansson (1998) scheme for stratiform cloud micro-
clouds in the model (Storelvmo et al., 2006, 2008; Hoose ethysics and the CAM-RT radiation scheme (Collins et al.,
al., 2009). 2006), which were also used by both Seland et al. (2008) and
As described by Hoose et al. (2009), calculation of real-Hoose et al. (2009). In order to obtain a realistic NorESM1-
ized supersaturation uses the subgrid updraft velocity follow-M model climate while maintaining a net radiative balance
ing Morrison and Gettelman (2008) and employs look-up ta-at top of the atmosphere (TOA), some of the cloud micro-
bles for aerosol particle modal radii and standard deviationgand macrophysical parameters have been adjusted (Bentsen
in the calculation of activated CCN concentrations, used inetal., 2012; Iversen et al., 2012) compared to the values used
subsequent calculations of CDNC and effective (with respecin CAM4. The minimum threshold for relative humidity in
to scattering of light) cloud droplet radiigy). For convective ~ a model grid cell for formation of low clouds, rhminl, has
clouds these quantities are estimated by simply assuming Been reduced from 91 to 90%. The critical mean droplet
supersaturation of twice the value for stratiform clouds. volume radius for onset of auto-conversion, denotgglin
A novelty compared to Hoose et al. (2009) is the intro- Rasch and Kris§nsson (1998), has been increased from
duction of a parameterization of cloud droplet spectral dis-10 um (Kristansson, 2002) to 14 pm. The value 15um was
persion, allowing the shape of the cloud droplet spectrum toused in Collins et al. (2006) and Seland et al. (2008). Fur-
vary with changing aerosol loading. thermore, following Kris@insson (2002), the precipitation
The new formulation for cloud droplet spectral disper- rate threshold for suppression of auto-conversion of cloud
sion in CAM4-Oslo is taken from Eq. (2) in Rotstayn and water to rain has been increased from 0.5 to 5.0mfnd
Liu 2009), where the spectral shape fagfofs = refilry; rv This is the same value as used by e.g. Seland et al. (2008)
being the mean volume radius) is expressed as a monotonind Hoose et al. (2009). Impacts of these changes on mod-

cally increasing function of CDNC: elled aerosol properties, direct radiative forcing (DRF), cloud
droplet number concentrations (CDNC), effective droplet
(14 2¢2) 23 radii (ref), liquid water path (LWP), and the indirect radiative
= m ) ) forcing of aerosols (IndRF) are discussed in Sect. 5.

where the relative dispersieris given by _ ) _
3 Model configuration and experiment setup

¢ =1—0.7exp(—0.003- CDNC- cm®). (4)
For this study, CAM4-Oslo/NorESM1-M has been set up to

In both CAM4 (Neale et al., 2010) and CAM-Oslo (Kirkey ~ use the data ocean and sea ice models from CCSM4, running
et al., 2008; Seland et al., 2008; Hoose et al., 2009; Struthera series of 7-yr offline simulations with IPCC AR5 or Ae-
et al., 2011)8 was prescribed to values of 1.08 over oceansroCom aerosol and precursor emissions, see Sect. 2.1.1. The
and 1.14 over land, independent of CDNC, following Mar- Ctrl simulations (standard model version with all processes
tin et al. (1994). With the new treatment of Rotstayn and updated) are labelled Pl and PD in Tables 3 through 7, where
Liu (2009), we obtain largep values for higher levels of Pl corresponds to aerosol emissions for year 1850 (“prein-
particle pollution. The news is always larger than about dustrial”) and PD corresponds to aerosol emissions for the
1.085. ThusB is now larger over the oceans, and also overyear 2006 (“present-day”). All simulations use “present-day”
land whenever CDNC exceeds about 45-50&m (year 2006) concentrations of greenhouse gases (GHG). Run-

The first indirect effect is determined by the relative ning the model in an offline mode means, in this case, that
change inesf (Twomey, 1991), and sinegg =ry x 8,theend  the meteorology is driven by prescribed aerosol and cloud
result of the news formulation is expected to be a smaller droplet properties of the standard CAM4 (but with CAM4-
IndRF. Using an empirical scheme for CDNC as a func- Oslo stratiform cloud tuning) in all the experiments. Hence,
tion of aerosol mass concentrations, Rotstayn and Liu (2009)he meteorology is the same in all simulations, except for a
showed that thig formulation gave a 34 % reduction in the single sensitivity experiment where some of the tuning pa-
magnitude of the indirect radiative forcing. In this work we rameters for stratiform clouds have been changed. Calcula-
find a significantly smaller sensitivity to the formulation;  tion of the second indirect effect as a radiative forcing is as
see Sect. 5. A recent survey of cloud microphysical data fromdescribed by Kris§nsson (2002), i.e. by use of parallel calls
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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 ragi) &t 870 hPa, liquid water path (LWP), and indirect
radiative forcing (INdRF) for a range of experiments. The generic notation PDpreXX denotes an experimental setup 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 SOy for sulphate, BCff for fossil fuel BC, OM(f 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 atmosphere, by assuming
AOD = 0. The data in the last row are not from the forcing experiments, but frol®tfiae experiment (see Table 5).

Experiment AOD ABS DRF at DRF at CDNC reff LWP IndRF
(with statistics TOA Surface (870hPa) (870hPa) at TOA
from year 3-7) (550nm) (550nm) (W™) (Wm23)  (cm3) (Mm) (gnT?)  (Wm3)
Ctrl PD (2006) 0.153 0.00618 53.3 9.40 130.9

PD-PI 0.0527 0.00357 —0.0765 —1.83 169 —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 —0.867 485 —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-PIOnline 0.0586 0.00476 - - 140 -0.332 4.70 -

to the condensation scheme as well as the scheme for radighe aerosol extinction is set to 0 in the radiative transfer cal-

tive transport in the model. culations, with no other changes. This means that the aerosol
The anthropogenic direct (DRF) and indirect forcing (In- life cycle and the cloud droplet properties are as inGhe

dRF) by aerosols since 1850 are found from the differencg(PD) experiment, so that only optics and DRF are affected.

in net radiation energy fluxes between PD and PI. Our re-

sults 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-4 Results

wave fluxes only, except for the online simulations discussed

in Sect. 4.4, where the CAM4-Oslo aerosols are allowed tojn order to validate the aerosol calculations in CAM4-Oslo

affect the meteorology through their direct, semi-direct, andang verify the results from the simulations labegdl, we

indirect effects on the radiation budget. here discuss the aerosol concentrations, burdens, lifetimes,
Each of the sensitivity experiments discussed in Sect. 5 igptical properties, and effects on clouds and radiation in the

constructed by reverting each (or parts of each) of the modejodel. We compare calculated results with earlier model ver-

updates described in Sect. 2, back to the original treatmengions and with available observations or retrievals from re-

in Seland et al. (2008), Hoose et al. (2009), or Struthers emotely detected signals. Results of the sensitivity tests are
al. (2011). In this way we are able to assess how much each Qfiscussed in Sect. 5.

the updates has improved or changed the model results, and Although not formally a part of the present study,
to better understand differences in model behavior betweemgre results from CAM4-Oslo as well as several

CAM4-Oslo and other global models. other models, can be found at the AeroCom web-site:
The additional simulations listed in Table 4 are forcing pttp://aerocom.met.no/data.htmlwhere results labeled
experiments originally set up for estimating DRF for sepa- 55 CAM4-Oslo-Vcmip5 are fromCtrl, CAM4-Oslo-
rate aerosol species (Myhre et al., 2012; Samset et al., 2012),cmip5online are from runs with online interactions with
However, in this paper also IndRF and relevant diagnosticsneteorological fields, and CAM4-Oslo-Vcmip5emi2000 are
for cloud droplet properties and cloud liquid water paths arefrom runs with year 2000 as PD. The CAM-Oslo model
examined. The only exception is the ZERO experiment. Herg,ersion of Seland et al. (2008) is labeled UGLM_V2.
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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 meteorology as the other offline experiments (but PD andd®urfiorig have the same
meteorology).

Identification ~ Short description

Standard Reference. All processes updated.

Curl 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.

Struthers1l  As Ctrl, but tuning of sea salt emissions as in Struthers et al. (2011).

dustscavin As Citrl, 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).

replH202 As Citrl, but replenishment time of #D, = 1 h, as in Se08.

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

prescip As Ctrl, but effective cloud droplet radii parameterized as in Se08, Hoose et al. (2009), and Neale et al. (2010).
EmPD2000 AsCtrl (all processes updated). Emissions years: PD = 2000; PI = 1850.

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

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

4.1 Global aerosol budgets and atmospheric residence  Other major changes result from differences in emission
times inventories when changing from 2000 to 2006 for present-
day (PD) conditions and from 1750 to 1850 for preindustrial
Table 3 compares the budgets and atmospheric residenesnditions (PI).
times of CAM4-Oslo with the model version presented by Some of the changes in burdens since Seland et al. (2008)
Seland et al. (2008). Total source numbers are here simplgan be directly related to changes in atmospheric residence
assumed to equal the total deposition, since production ofimes. The residence times given in Table 3 are close to val-
secondary aerosols is not standard output in the model. Duges from many other models of the same type as CAM4-
to numerical inaccuracies and finite simulation lengths, thisOslo; see e.g. Textor et al. (2006). For sulphate there is a
assumption is seen (from primary sea salt and mineral dust igonsiderable decrease for preindustrial conditions, while for
Table 3) to be accurate to within about 1 %. Figures 2 and Jpresent-day conditions there is a much smaller decrease. For
show maps of annual aerosol burdens and how the respectiveM and BC changes are relatively minor for preindustrial
mass mixing ratios varies with height, zonally averaged.  conditions, while there is an increase in residence time for
For mineral dust, wet scavenging efficiency is reduced inthe present-day. The increase is particularly large for BC. For
CAM4-Oslo compared to Seland et al. (2008), taking into the difference (PD-PI), an increase in atmospheric residence
account that mineral dust is not hygroscopic. This leads taimes is thus evident for all the three aerosol components, but
a considerably reduced fraction of wet deposition of dust.it is considerably larger for BC than for OM and sulphate.
Despite a more effective gravitational deposition due to theSince removal of these components to a large extent is deter-
updated treatment of gravitational settling (see Table 6), wemined by precipitation scavenging, and their residence times
therefore find an increase in the global atmospheric burderare much too short for the components to reach a well-mixed
and residence time (12 %). state, changes in the geographical distribution of major emis-
The sea salt burden is about 15 % lower than in Seland esion sources influence the residence time. This is in addition
al. (2008), in agreement with the smaller emissions (19 %).to changes in the efficiency of dry and wet removal processes.
In spite of the enhanced importance of gravitational settling, If cloud volume and liquid water abundance were approx-
the fraction deposited by precipitation scavenging is considimately the same as in Seland et al. (2008), the increased
erably higher in this work. This is probably a consequence ofievels of lower tropospheric #0, would tend to reduce the
the wind- and SST-driven emissions in CAM4-Oslo. Strong lifetime of both SQ and sulphate, by increasing the low-
winds over oceans are often co-located with precipitation.level oxidation and producing sulphate in layers exposed to
The prescribed emissions in Seland et al. (2008) would morevet scavenging. Even though slightly reduced lifetimes are
often, and erroneously, not be associated with the actuahdeed calculated (Table 3), the reduction is counteracted by
storms predicted in the atmospheric model, leaving a highethe slower replenishment of4@, in cloudy air and the more
preference for dry rather than wet deposition.
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Fig. 2. Annually averaged vertically integrated mass columns o 80d aerosol constituents in ti@trl simulation. Globally averaged
columns are 0.554 mg ST for SOy, 1.34 mg S m'2 for sulphate, 0.466 mg it for BC, 7.49 mg 2 for POM, 23.0 mg m2 for mineral
dust, and 9.62 mg IT? for sea salt.

efficient vertical transport in deep convective clouds which4.2 Comparison with measurements

brings low level air up to the middle and upper troposphere

when mixing between downdrafts and updrafts is neglected4.2.1 Surface mass concentrations

Furthermore, low-level liquid water content and clouds are

generally less abundant (a factor 60—-80 % of the cloud coveFigure 4 compares modeled and measured near-surface mass

in Seland et al., 2008) in CAM4-Oslo (not shown). It can also concentrations for each aerosol constituent. As described in

be noted from Table 3 that the changes in wet scavenging anthore detail by Seland et al. (2008), the measurements span

the overall fraction of S@oxidized in clouds are negligible. the years 1996-2002 and have been made available through
the AeroCom projecthttp://aerocom.met.ndrom the AE-
ROCE, AIRMON, EMEP, GAW, and IMPROVE measure-
ment networks. The EMEP data are from year 2002. Since
results from a climate model are not designed to replicate sin-
gle short-term observations but at best their overall statistics,
monthly averaged data over the entire measurement period
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Fig. 3. Annually and zonally averaged mass mixing ratios ob3@d aerosol constituents in tlarl simulation.

are compared. The correlation coefficients and the fractiongjions, process industry, and road transport. Even though the
of modeled values lying within a factor 2 and 10 of the mea-treatment of deposition has been updated since Seland et
sured values are listed in the figure legends. al. (2008) and Hoose et al. (2009), the possibility that the
With the relatively small scavenging coefficient compared deposition of mineral dust is still overestimated cannot be
to Seland et al. (2008), we now get a 7% positive bias inruled out, e.g. close to sources where many dust-compounds
the average mineral dust concentration compared to the obare hydrophobic.
served values in Fig. 4. This is a considerable improvement Although the sea salt emissions are parameterized in a
from the 55 % underestimate in Seland et al. (2008). Onlymore physically based manner (temperature and wind de-
15 % of the modelled values were within a factor of 2 of the pendency) than in Seland et al. (2008), where the emissions
measurements in Seland et al. (2008) whilst the correspondwere simply prescribed, modeled near-surface sea salt mass
ing percentage in this work is 44 %. The correlation coef- concentrations in CAM4-Oslo are in poorer agreement with
ficient is increased from 0.34 to 0.48. Ignoring the outliers the available observations. We estimate a 27 % positive bias,
for the highest concentrations in the upper right corner ofwith 42 % of the data within a factor of 2 of the measure-
the figure (sites close to the Sahara), there is still a negativenents and a correlation coefficient of 0.58, compared to
bias in remote regions far from deserts. This may be an indi-3 %, 41 % and 0.73, correspondingly, in Seland et al. (2008).
cation of missing sources, e.g. from semi-deserts or smalleDverestimates are smaller for high concentrations than for
deserts which are not included in the model, agricultural re-lower concentrations. The prescribed emissions used in that
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Table 6. Calculated global annual burdens and residence timefo( the individual modelled species for the sensitivity tests defined in

Table 5. Data from th€trl and theOnline experiments are from the simulation year 7. The sensitivity tests are restarted fr@ultP®

and PI1 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 &irl 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). FonehepatingandpresciB experiments, burdens and residence times are
identical toCitrl.

SO, s BC oM ss DU
Exoeriment Burden 1 Burden <t Burden 1 Burden 1 Burden 1 Burden 1
P [Tg] [days] [Td] [days] [Tg] [days] [Tg] [days] [Tg] [days] [Tg] [days]
PD 0287 1068 0690  3.901 0243  8.300 3933 7.849
Crrl Pl 00868 1072 0209 3214 0.0600 7.124 2264 7322 4931 0277 11.700 2543
PD 3158 8.112
natom PI 1484 7513
natOMocn PD 3.529 8.032
PI 1859  7.511
PD 2.855
bbPOM 1.838
Struthers11 E:) 6.935 0.293
dustscavin EIID 7.860 8.628 1.880
cldtunorig  PD 0644 3682 0234 7.971 3764 7513
Pl 00857 1058 0199 3.088 00578 6.872 2181 7062 4790 0270 1155 2,515
gravdep2d PD 0710 4019 0251 8560 4044  8.075
PI 0214  3.295 00608 7.130 2303 7452 (284 0409 16.77  3.654
cowvmix  PD 0266  0.990 0554  3.154 0196  6.682 3104 6217
Pl 00823 1.010 0184  2.821 00511 6.072 1825 5939 450 025 1095 2.39
noBCac PD 0.194 6.618
PI 00528 6.268

replH202  PD 0.265 0.986 0.676 3.742
Pl 0.0819 1.011 0.202 3.214

EmPD2000 PD 0.241  1.106 0.592  3.800 0.172  8.115 2.859  7.576

EmPI1750 -
Pl 0.0817 0.197 0.0267 6.935 1918 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

work were pre-calculated values (Dentener et al., 2006) withtion coefficient (0.43). One might suspect that this is a re-
winds from a reanalysis of the meteorology for year 2000.sult of using 2006 instead of 2000 BC emissions in @td
Due to identical meteorology in all offline configurations simulation. When we instead use the 2000 emissions (the
of the present model setup, the modeled sea salt emissiotSmPD2000simulation, see Sect. 5.1), the correlation co-
are the same whether the anthropogenic emission year is asfficient indeed improves (0.49), but the overall underesti-
sumed to be 2000 or 2006. However, we do find considermate gets more severe (36 %). Also when comparing mod-
able improvement in the sea salt concentrations compared teled AOD with ground and satellite based remote retrievals
the earlier version of the emission parameterization used irin Fig. 6, we get larger underestimates for most latitudes with
Struthers et al. (2011); see Sect. 5.2. the 2000 emissions. This is not caused by the differences in
Modeled SQ concentrations are somewhat overestimatedBC emissions only.
(23 %) and slightly more so than in Seland et al. (2008), but OM concentrations are compared with measured OC con-
with approximately the same correlation coefficient (0.64) centrations in Fig. 4. The model does not keep track of the
and percentage of modeled values within a factor of 2 of theOM/OC ratio, resulting from the mixing of OM from dif-
measurements (77 %). ferent sources. Thus OC in the present model version is
BC is underestimated with the same amount (18 %) asot known. The comparison with measured OC therefore
in Seland et al. (2008), but with a slightly lower correla- requires an estimate of the (unknown) OM/OC mass ratio
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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 giverpastil the North American OC data are given

as PM 5. The European OC measurements have therefore here been scaled by a factor 0.72, to account for the difference befween PM
and PM . 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 line
are regression lines for summer (red), winter (blue) and the full year (black).

in the model. We should also keep in mind other potentialrepresentative for OC which mainly originates from fossil
sources of disagreement, such as uncertain emission magrfiiel combustion sources, but are otherwise overestimates.
tudes, missing emission categories, and vertical mixing con- For the North American stations the modeled OM/1.4 is
ditions. 66 % larger than the measured OC, while it was 9 % smaller
The modeled OM partly originates from fossil fuel com- in Seland et al. (2008). Here, 65 % of the data are within a
bustion with an assumed OM/OC ratio of 1.4, and biomassfactor of 2 of the measurements, and the correlation coef-
burning with an assumed ratio of 2.6. See Sect. 2.1.4. Emisficient is 0.69. Hypothetically, assuming that all OM were
sions of natural biogenic OM, SOA (treated as primary OM) from biomass burning, we should have compared OM/2.6
and MSA are given directly as OM. Therefore the OM/OC with the measured OC values, yielding a 10 % negative bias.
ratios for these compounds are not required in the model it-Splitting the data in NH summer (April-September) and win-
self. OM/OC ratios are typically somewhat larger than 1.4ter (October—March), marked in red and blue in Fig. 4, re-
for natural biogenic OM and SOA (e.g. Bergstr et al., veals that the correlation coefficient is about the same for
2012), and for MSA (CHO3S) it is as large as 8.0. How- both seasons, 0.69 and 0.68 respectively, but that the over-
ever, since MSA is not abundant over continents, its impactestimates are mostly confined to the summef.Q0 %) and
on surface mass concentrations to be compared with observéhat the modeled values of OM/1.4 are very close to the ob-
tions are assumed small, except at coastal measurement sitegrved OC in winter+{ 1 %). This may suggest that sources
In Fig. 4 we have chosen to compare modeled OM/1.4 withwith OM/OC ratios which are higher than 1.4 dominate in
measured OC, assuming that OM/1.4 is an upper estimate afummer, or that OC concentrations are overestimated in sum-
the modeled OC concentration. These model values are thuser.
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Fig. 5. Vertical profiles of SQ 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 r&trieB&natite
PI simulations, respectively.

However, the validation results for the European stationssmaller than measured OC, compared to a 65 % underesti-
using the OM/OC ratio of 1.4, suggest that modeled OM ismate in Seland et al. (2008). These underestimates may be
still considerably underestimated in large regions. The differ-partly due to underestimated emissions for Europe. Seland et
ence in model bias between European and North Americaral. (2008) used 2000 emissions, without some of the extreme
stations is to some extent caused by different measuremetiorest fire episodes that we find in the 2006 emissions. Us-
statistics. While the recommendation for the North Amer- ing 2000 emissions also in CAM4-Oslo, we also get a larger
ican OC measurements (IMPROVE, rural background sta-underestimate of about 53 %. If we remove two observations
tions) is to use PMls aerosol fraction, the European OC data of large forest fires, the August data from Braganca in Spain
(EMEP, including also some urban background stations) repand the April data from Virolahti in Finland, our modeled
resent the Pl fraction and may therefore contain addi- OM/1.4 average with the 2006 emissions is 60 % lower than
tional coarse particulate OM. Only a tiny mass fraction of the measured OC concentrations.

OM with particle diameters exceeding 2.5 um is produced in  Here it should be noted that anthropogenic SOA is not
our model, however, and coarse mode primary biogenic OMmodeled in CAM4-Oslo, a source which could contribute
is notincluded in the emissions. In the scatter plot for Europesignificantly to OM mass, especially close to polluted urban
we have roughly estimated the BN fraction of measured areas. Since a larger fraction of the North American stations
OC by multiplying the measured P OC concentrations are located in rural areas than the European stations, this
with 0.72. This number is based on three individual Euro- missing source may explain why OM is underestimated in
pean stations which have both BMand PMg data (Yttri particular in Europe. Removing three European stations with
et al., 2011), Birkenes in Norway, Melpitz in Germany and urban conditions (Bologna, Edinburgh, and Gent), modeled
Montseny in Spain, where the RM/PMjg ratios for OMare  OM/1.4 is still on average 56 % smaller than measured OC.
estimated at 0.76, 0.74 and 0.67, respectively. For this final selection of observations and stations used in

Taking the correction factor of 0.72 into account, modeledFig. 4, i.e. all except for the three urban stations and two

OM/1.4 for all stations and all the months is on average 46 %monthly observations influenced by forest fires, 45% and
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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 ragij at 870 hPa, liquid water path (LWP), and indirect
radiative forcing (IndRF) forCtrl 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 foQhkne experiment.

AOD ABS DRF at DRF at CDNC reff LWP  IndRF
Experiment TOA Surface (870hPa) (870hPa) at TOA
(550nm) (550nm) (Wm?) (Wm23)  (ecm3) (M)  (@nt?)  (Wm?)
PD 2006 0.154 0.00632 52.4 9.41 130.5
Ctrl P1 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 P11850 0.090 0.00245 28.3 10.48 119.0
PD-PI 0.0529 0.00370 —0.0673 —1.89 17.7 —0.528 594 -1.90
PD 2006 0.148 0.00623 48.5 9.85 126.1
natOMocn P11850  0.094 0.00254 31.4 10.33 120.8
PD-PI 0.0532 0.00369 —0.0706 —1.89 17.0 —0.479 525 -1.66
PD 2006 0.142 0.00608 47.8 9.50 129.5
bbPOM P11850  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
Struthers1l PI1850 0.106 0.00264 35.7 9.79 126.5
PD-PI 0.0535 0.00369 —0.0694 —1.88 16.4 —0.362 394 -121
PD 2006 0.143 0.00597 52.5 9.41 130.6
dustscavin  P11850  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 P11850  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 PI1850 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 P11850  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 P11850 0.101 0.00257 36.0 9.77 126.6
PD-PI 0.0529 0.00329 -0.164 -1.78 16.4 —0.358 391 -1.20
PD 2006 0.154 0.00632 52.3 9.41 130.4
replH202 P11850 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 P11850  0.101 0.00264 31.2 9.87 125.5
PD-PI 0.0535 0.00369 —-0.0724 —-1.89 17.3 —0.426 452 -1.31
PD 2006 0.154 0.00632 52.4 9.14 130.5
presciB P11850 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
EmPD2000 PD 2000 0.135 0.00460 48.3 9.47 129.7
P11850 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
EmPI1750 PD 2006 0.154 0.00632 52.4 9.41 130.5
P11750 0.095 0.00193 321 9.90 125.3
PD-PI 0.0589 0.00438 —0.0416 —2.20 20.3 —0.488 520 —-1.53
EmPD2000 PD 2000 0.135 0.00460 48.3 9.47 129.7
& P11750 0.095 0.00193 321 9.90 125.3
EmPI1750 PD-PI 0.0399 0.00267 —0.0689 —1.36 16.1 —0.425 437 -1.23
PD 2006 0.151 0.00725 49.0 9.50 130.3
Online P1 1850 0.092 0.00247 34.6 9.86 124.4
PD-PI 0.0588 0.00478 - - 134 -0.342 589 -
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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 theCtrl experiment and a selection of
sensitivity tests. For comparison with the clear-sky AOD, also all-
sky AOD at 550 nm is shown for th€trl simulation (gray solid
line).

94 % of the data are within a factor of 2 and 10 of the mea- 180 120W 60W 0 60E 120E 180
surements, respectively. We believe that the European OM
model bias might be even larger because SOA usually has ¢ 005 01 015 02 025 03 04 06

higher OM/OC ratio than fossil fuel POM. When chemical
aging of POM and SOA is taken into account, model esti-
mates by Bergsifrm et al. (2012) yield OM/OC ratios above
1.9 for most of Europe, exceeding 2.0 in parts of Southern 60N
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, and69 % instead of £Q
—56 % for Europe.

When the OM data are split into two seasons in the fig- 30s
ure, we find that the modeled OM/1.4 for Europe in sum-
mer is much closer to the observed OC concentrations thar 605
in winter. Bias and correlation coefficients for the sum-

Clear sky AOD, CAM4-Oslo

mer are—24 % and 0.58, compared t680 % and 0.24 for 180 120W  60W 0 60E 120E 180
winter. This result indicates that the missing anthropogenic
SOA, which would be formed mainly when levels of photo- 005 01 015 02 025 03 04 06

OX|dantS_ are high In summer, cannot_explaln all of _the dIS'Fig. 7. Annually averaged clear-sky aerosol optical depth (AOD)
crepancies. The winter bias for OM is more plausibly x- 5550 nm from ground- and satellite-based retrievals in the upper

plained by underestimated emissions of biogenic OM frompane| (S. Kinne, personal communication, 2007), as calculated in
bio-fuels (e.g., wood-burning). Furthermore, strong inver- seland et al. (2008) in the middle panel, and calculated with CAM4-
sions in the winter will lead to very high surface concen- Oslo (Ctrl) in the lower panel.

trations close to ground surface emission sources, while el-

evated emissions from stacks will not contribute to surface

concentrations. Since such inversions are shallow and lo-
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cal in nature, they are poorly represented in climate mod-of southern Asia (not shown) lead to exaggerated wet deposi-
els. Hence, this continental winter phenomenon may intertion estimates, which probably explains some of the negative
mittently give rise to large underestimates of aerosol massiases for that region. In the densely populated South Asian
concentrations near the surface. This is possibly less of aegion we also anticipate that we missed important contri-
problem for the North American stations because their lo-butions from secondary aerosol formation of organics, and
cation further south makes them less prone to inversions, andossibly also mineral dust from dry soils.

because the more pristine location of the stations makes them On the other hand, AOD is overestimated in some (mostly
less exposed to anthropogenic organic aerosols than the Ewemote) regions at high latitudes, but more so compared to

ropean stations. AERONET than the composite product in Fig. 7. In some re-
gions the respective AOD biases even have opposite signs,
4.2.2 \Vertical concentration profiles e.g. in parts of North America. CAM4-Oslo probably pro-

duces excessive tropospheric aerosol concentrations at high
Figure 5 shows modeled vertical profiles of sulphate volumelatitudes, where most other models are biased on the low
mixing ratios compared with flight campaign measurementsside. This may in particular be the case in the Arctic and the
from the Pacific Exploratory Mission (Barth et al., 2000). As Antarctica, where observations are still too sparse to facilitate
in Seland et al. (2008), the model compares reasonably weNerification for a good range of conditions. In these regions
with observations at low altitudes, while overestimating the CAM4-Oslo does indeed yield larger aerosol burdens, AOD,
mixing ratios in the upper troposphere, where the modeledand ABS than most other AeroCom models (Myhre et al.,
preindustrial sulphate levels are closer to the observation2012; Samset et al., 2012).
than the present-day levels. Although the ad hoc assump- As also seen from Fig. 7, annually averaged AOD is better
tion of full mixing of aerosols between convective cloud up- represented in CAM4-Oslo than in Seland et al. (2008). The
drafts and downdrafts in Seland et al. (2008) has been reimproved results in the present work may be due to several
moved in CAM4-Oslo (see Sect. 2.1.5), the sulphate profilesof the model updates. In addition to the updated PD emis-
are quite similar to Fig. 8 in that work. We get slightly im- sions, the new natural OM treatment and updated assump-
proved results for Guam at all heights and for Hawaii up tions about OM/OC ratio for biomass burning OM are impor-
to about 400 hPa, where the positive biases are smaller itant contributors. The modified convective transport also re-
CAM4-Oslo. For Hong Kong the overestimates are larger atduces the bias in the areas influenced by biomass burning, al-
all heights for the October data. For the February data wehough as discussed in Sect. 5.11, it probably exaggerates the
find only small changes in the middle and upper troposphereamount of aerosols in the upper troposphere. We also find an
and a reduction of the overestimate for the near ground levelimprovement related to mineral dust when comparing mod-
while the underestimate of the lower troposphere maximumelled and retrieved seasonal AOD for specific dust dominated

is more pronounced than in Seland et al. (2008). AERONET stations (not shown). This is a combined result of
several changes implemented after the version by Seland et
4.2.3 Column-integrated optical properties al. (2008) as detailed in Sect. 5. The new treatment of gravita-

tional settling, for instance, tends to reduce the dust concen-

Figures 6 and 7 compare modelled aerosol optical depth withrations, whilst the increased vertical transport in convective
a composite of ground- and satellite-based remote retrievallouds tends to increase the concentrations at middle and up-
The results in Fig. 6 also corroborate the new OM treatmentper levels, and the reduced in-cloud scavenging for mineral
both of the tests using an older version (bbPOM and natOM dust increases the general abundance of dust, in particular far
see Sects. 5.3 and 5.4) give too low a clear-sky aerosol opfrom the major source regions. In North Africa and the few
tical depth (AOD) at most latitudes. The clear-sky aerosol AERONET stations of the northern tropical Atlantic and the
optical depth is estimated as all-sky optical depth weightedCaribbean Sea, there is a positive AOD bias averaged over
with the clear-sky fraction, based on total cloud cover in thethe year, see Fig. 8. The AOD bias in western North Africa is
model. This clear-sky definition gives larger weight to con- mainly positive, but small in spring (MAM, not shown) and
ditions when sun photometer observations can be made. negative in summer (JJA). Here ABS remains negatively bi-

Figure 8 shows biases in modelled optical propertiesased throughout the year (seasonality not shown). This may
compared with ground-based sun photometry retrievaldbe due to seasonal and possibly spatial biases in the mineral
(AERONET, years 2000-2009). As seen from Figs. 6, 7 anddust emissions or in the transport of mineral dust from North
8, annually averaged AOD is underestimated in most regionsAfrica. The lack of coupling between model wind fields and
In large parts of the tropics and subtropics the model underthe (prescribed) mineral dust emissions, given from meteo-
estimates both AOD and absorption AOD (ABS), see Fig. 8.rological conditions for one year only, may also lead to sys-
The strongest and most persistent negative biases throughotématic biases in the transport and deposition. In addition the
the year are found in South Asia. As in the previous modelresults may be influenced by model biases in biomass burn-
version by Seland et al. (2008), too much and too frequening in the Sahel region and further south (see e.g. Ridley et
precipitation over the Indian Ocean and parts of the continentl., 2012).
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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). The AERONET retrievals are from the period
2000-2009, and are made available through the AeroCom project.

The scatter plots and frequency histograms in Fig. 9 are fomisrepresentation of aerosol dispersion and aerosol particle
monthly AOD, ABS and ANG Angstidm parameter) from  size in the model, affecting aerosol microphysics and subse-
CAM4-Oslo vs. AERONET stations worldwide, excluding quent lifetimes, column burdens and optical depths.
the stations situated above 1000 m altitude. Modelled clear- The,&ngstr'c)m parameter (e.g. Seinfeld and Pandis, 1998),
sky AOD and ABS are underestimated by approximately 8 %here defined as
and 32 %, respectively. The frequency histograms reveal that
CAM4-Oslo produces too few of the lowest and highest AOD AODsg79 870

R . . ANG = —In rore ik
and ABS values, whilst intermediate values are overrepre- (AOD440)/ (44())
sented. Since the surface concentrations in Fig. 4 do not show

the same behavior, the positive bias for low to intermediaté, o iges an indirect measure of the modelled particle sizes
values of AOD and ABS may indicate that the model pro- 5 yhe 1y aerosol, and can be compared with AERONET

duces too high aerosol concentrations at middle and UpP€fatrievals. For the wavelengths 440 and 870 nm, unfortu-
levels in the model atmosphere. Repre_sentatio.n of aeros ately only all-sky AOD data are available in the model out-

processes that are known to be associated with large ury This jeads to overrepresentation of the larger particles
certainties in GCMs in general may contribute to these bi-gj, o4 gince the relative humidity and hygroscopic growth of
ases, such as the treatment of vertical transport and miXingp|e gerosols is larger in cloudy than clear-sky conditions,

of aerosols or the assumed size of BC particles from rapid,,q it can probably explain some of the bias toward low ANG
fossil fuel combustion near the point of emission. The neg-, o es in the frequency histogram in Fig. 9. In the BB

ative. bigs for high values could possibly be an indication simulation, globally averaged clear-sky AOD divided by all-
of missing coarse mode OM or other aerosol componentg,, AOD at 550 nm is 0.84 (see also Fig. 6), but since we do
(e.g. nitrate, anthropogenic SOA, non-desert dust). We cang ¢ know the wavelength dependency of this ratio, it is dif-

not rule out the possibility that some of the skewness in thege it 14 tell how much of the ANG bias we can attribute to
frequency histograms could be the result of a more genera{hiS effect

®)
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Fig. 9. Model-calculated vs. retrieved aerosol optics data from AERONET, shown as scatterplots (left) and frequency histograms (right). Up-
per row: modeled clear-sky AOD at wavelength 550 nm vs. AERONET. Middle row: modeled clear-sky ABS (absorption AOD) at wavelength
550nmvs. AERONET ABS. Lower row: ANGa(ngstrbm parameter) calculated from all-sky AOD at 440 and 870 nm. The AERONET re-
trievals are from the period 2000-2009, and are made available through the AeroCom project.

Averaged over all stations and all months, ANG is under-values exceeding 1.5 (fine particles) are mainly confined to
estimated by about 20 %. The largest bias-8fl % is found  tropical and subtropical land areas, especially in the biomass
in the NH winter (DJF), constituting much of the right side burning season, and values below 0.5 (coarse patrticles) are
branch in the ANG scatter plot, and the smallest bias, onlyfound mainly over or directly downstream of oceans or large
—11%, is during NH summer (JJA). The lowest and high- deserts, with maxima over oceans in winter. In the corre-
est correlation coefficients are found for the same two seasponding PDOnline simulation (see Table 6), which is the
sons,—0.02 and 0.66 respectively, compared to 0.41 aver-most relevant simulation for climate response studies, ANG
aged over the whole year. As in Seland et al. (2008), ANGis somewhat improved for all seasons compared to the offline

Geosci. Model Dev., 6, 207244, 2013 www.geosci-model-dev.net/6/207/2013/



A. Kirkev ag et al.: Aerosol—climate interactions in the Norwegian Earth System Model 229

simulation Ctrl). The global bias is here-16 %, annually For continental Europe, here defined as approximately the

averaged. area spanned by the EMEP stations in Fig. 4 (land between
35-70 N and 10 W-4(Q° E), the annually averaged extinc-

4.2.4 \Vertical extinction profiles tion profile (not shown) is very similar to the global land

profile, but with somewhat larger biases above 2km. For

Figure 10 shows annually averaged extinction coefficientcontinental North America, here defined as approximately
profiles over ocean and land, globally, and for winter (DJF)the same area as spanned by the IMPROVE stations in
and summer (JJA) over land in Europe and North Amer-Fig. 4, minus Hawaii, Bermuda and Denali (land between
ica, all for theCtrl PD simulation compared with night- 25-50 N and 65-125W), the respective extinction values
time CALIOP (Cloud-Aerosol Lidar with Orthogonal Polar- (not shown) instead have a negative bias below 4 km height,
ization) data for year 2007 (B. Koffi, personal communica- but only very small biases below 0.5 km. These regional fea-
tion, 2012), the first full year where the CALIOP instruments tures are consistent with the annually averaged AOD biases
were in operative mode. CALIOP data preparation has beein Fig. 8. However, this should be interpreted with caution,
described by Koffi et al. (2012a). As in several other Ae- since the AERONET stations do not cover as wide areas
roCom models studied by Koffi et al. (2012a) and Koffi et as the CALIOP retrievals, and unlike the AERONET data,
al. (2012b), the aerosol extinction in CAM4-Oslo seems to CALIOP also include results for nighttime and overcast con-
be overestimated in the upper troposphere. It is probable thalitions.
this is an effect of a too efficient vertical transport in deep The mid- and bottom panels in Fig. 10 show the winter
convective clouds in the model (Sects. 2.1.5 and 5.11). (DJF) and summer (JJA) extinction profiles for continental

However, an underestimate of the aerosol extinction in theEurope and North America, revealing a very distinct seasonal
upper troposphere by the CALIOP retrieval algorithm would behavior. In summer the biases are large and positive above
also contribute to such biases. Such underestimates in thabout 4-5 km, although still mostly within the CALIOP de-
CALIOP data are possibly due to a relatively high detectiontection limit, and negative (up to about 60 %) in the lower
limit for significant aerosol layers, identified by the retrieval 4-5km. This is consistent with exaggerated convective trans-
algorithm. According to Koffi et al. (2012a) the detection port in the model, see Sect. 5.11.
limit at night for the 5 km CALIOP layer product is esti- In winter the positive biases in the upper troposphere are
mated to be between 0.010 and 0.015Rgand atmosphere  smaller for both the regions, and over North America it is
layers with no detected aerosols are assumed to have zesmall all the way down to sea level (for coastal sites).
aerosol extinction in that work as well as in Fig. 10. Globally  Over Europe, the near-surface extinction bias is much
and annually averaged extinction @trl is smaller than the larger in winter, and we have not been able to reach a clear
detection limit at all heights above roughly 2—3 km altitude, conclusion as to why it is so large. The major contributions to
which clearly makes the model vs. CALIOP validation of the all-sky AOD over the European continent during winter are
aerosol profile in the upper troposphere very uncertain. Asfrom sulphate (42 %) and organic matter (30 %), followed by
suming a background aerosol extinction of 0.005#n(in- sea salt (15 %), mineral dust (12 %), and BC (1 %). Using the
stead of zero), which is on the high end of a range of back-same dataset as in Fig. 4, but limited to the 37 European sta-
ground values from satellite retrievals (Kent et al., 1998) andtions, we find a positive bias of only 2 % in the modeled near-
actually close to the globally averaged extinction at 10 kmsurface sulphate mass concentrations (2.93 ) im win-
height in CAM4-Oslo (0.006 km!), Koffi et al. (2012a) ter. As already shown in Sect. 4.2 there is a significant nega-
found that this was enough to reverse the conclusion aboutive bias in the modeled OM in Europe in the winter season. It
the AeroCom model performance in the upper atmosphereis difficult to reconcile this and the relatively modest (positive
with the exception for one model which still overestimated and negative) biases in AOD for DJF in Fig. 8 (AERONET)
the extinction at high altitudes. with the large positive biases in extinction (CALIOP) in both

There are also clear biases in the profiles in the boundarghe boundary layer and in the upper troposphere. Excessive
layer and up to about 2 km height, where models with coarseéhygroscopic swelling under very humid conditions, consis-
vertical resolution are not capable of capturing the observedent with overcast conditions (included in CALIOP but not
maximum at about 0.5 km height (Koffi et al., 2012a). Aver- in AERONET), could possibly lead to such overestimates in
aged over all land grid points globally, our model seems tothe all-sky aerosol extinction. The clear-sky AOD estimates,
capture both the vertical slope and the maximum extinctionhowever, which are representative for low to intermediate
reasonably well in the lower troposphere, although the max+elative humidities, do not seem to support this. In Fig. 8
imum is overestimated by about 30 % compared to CALIOP.we find areas with both under- and overestimates for Europe
Over oceans the modeled maximum is located too close tan winter. Uncertainties and systematic biases in the differ-
the sea surface, and the extinction values are underestimateght remote retrievals may also be a possible explanation, al-
by up to about 50 % in the lower 1.5 kma.s.l. The aerosol ex-though there is only reliable AERONET data from daytime
tinction is overestimated by up to about 100 % between 1.5and clear-sky conditions available for performing such inter-
and 3km height a.s.I. comparisons (see e.g. Schuster et al., 2012). The choice of
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Fig. 10. CAM4-Oslo and CALIOP annually or seasonally averaged extinction coefficient profile‘slokrmntinents and oceans globally,
and for continental Europe (35-7N and 10 W-4(Q E) and North America (25-5IN and 65-123W) for the winter (DJF) and summer
(JJA) seasons. The model data are all-sky estimates at 550 nm, while the CALIOP data are for 532 nm wavelength and for year 2007.

screening and averaging procedure for near-surface exting44 %) and sulphate (34 %), followed by mineral dust (12 %),
tion data from CALIOP is potentially also a source of large sea salt (7 %), and BC (3 %).
uncertainty (Winker et al., 2012). Disregarding obvious sam-

pling issues (e.g. day vs. night, clear-sky vs. all-sky, horizon-4. 3 Aerosol effects on radiation and clouds
tal and temporal coverage), the AOD from AERONET and

the AOD calculated as vertically integrated extinctions from +,p1a 4 lists annual globally averaged estimates of opti-

CALIOP indeed dlffer3|gn|f|_cantly.(not shown). cal and cloud microphysical properties associated with the
For North America, the biases in AOD from AERONET ¢,0501s irCtrl, as well as the direct (DRF) and indirect ra-
and in the vertical extinction profiles from CALIOP agree, giative forcing (IndRF) due to changes from preindustrial
both indicating overestimated light extinction by aerosols N (| year 1850) to present-day (PD, year 2006) conditions.
winter. For comparison to the European values above, the a”Figure 11 shows the respective maps of DRF and IndRF at
sky AOD contributions are here mainly from organic matter ron pRE and IndRFE are diagnosed in the way described
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the Ctrl experiment (year 7) and the sensitivity tests with largest impacts on aerosol forcing.

by Seland et al. (2008), i.e. as differences in all-sky radiativesoutheastern Asia and the stratocumulus region just off the
forcing between PD and PI conditions. Although there arewest coast of South America. Also a few areas with slightly
differences in forcing values, the regional distributions arepositive INdRF & 0.2 W n2) are found, namely in the Arc-
quite similar to those estimated by Seland et al. (2008). Negtic and over eastern Africa. These positive values can be
ative DRF values due to sulphate and OM bele@W m—2 traced back to OM emissions and mass concentrations in the
are estimated over parts of South America, Africa, Europelower troposphere that are lower under PD than Pl condi-
and East Asia, with two local minima of abou3 W m—2 tions. Globally averaged IndRF is1.20 W nT2, compared
over East Asia. Positive DRF values are found in areas withto —1.88 W nT2 in Hoose et al. (2009). The changes in DRF
large BC and OM concentrations (PD-Pl) combined with and IndRF from earlier model versions to CAM4-Oslo are
high surface albedos or extensive low clouds, with valuesdue to changes in emissions as well as parameterizations of
exceeding 1.2 W m? over the Arctic sea ice and reaching aerosols and cloud microphysics, and are discussed in more
3Wm 2 near the biomass burning areas in southern partsietail in Sect. 5.
of the tropical African west coast. Globally averaged DRF  Table 4 also lists component-specific contributions to each
is —0.08 W n12, compared to +0.03Wnt in Seland et of the key properties. The main contributors to the incre-
al. (2008). ment in AOD from Pl to PD are sulphate (65 %) and inter-
For IndRF, a combination of high concentrations of sul- nally mixed OM/BC from biomass burning (bb, 30 %), while
phate and OM and the presence of clouds with high suscepfossil fuel (ff) BC and OM each contribute with approxi-
tibility produce minimum values of about7.5 W n12 over mately 3%. Due to non-linear effects, probably related to
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small differences in size and mixing state of the internally The DRF of all natural and anthropogenic aerosols up to
mixed aerosol in these experiments, the sum of each contriyear 1850 is found fron€trl PI-ZERO in Table 4, and is es-
bution is (only) about 1.5 % larger than the total AOD incre- timated at—1.6 W nT2 at TOA, globally averaged. Region-
ment for PD-PI of 0.0527. The corresponding contributionsally this DRF at TOA ranges betweenl3W m2 just off
to ABS (absorption AOD) are 4 % for sulphate, 51 % for bb the west coast of West Africa, due to large mineral dust bur-
BC and OM, 46 % for ff BC, and only 1% for ff OM. For dens, to about +0.7 Wt over parts of the Arctic north of
ABS the non-linear effect thus gives rise to a 2 % larger sum80° N, where the positive contributions are mainly from BC.
than the total PD-PI increment of 0.00357. Note that non-Global DRF at the ground surface is abe®.0 W m2, with
absorptive components such as sulphate may also contributegional maximum (in strength) just off the west coast of
to ABS, if internally mixed with absorptive aerosols. Africa in the tropics, and as weak a€).15W n1 2 in parts
The TOA DRF contributions from each of these aerosol of the Arctic and the Antarctica. Similarlgtrl PD-ZERO
species (PD-PI) are estimated to abe®t48 W n1 2 for sul- gives a DRF by all PD aerosols efl.7 W n1 2 at TOA and
phate, +0.37 W m? for fossil fuel BC,—0.03W nT2forfos-  —4.8 W n1 2 at the ground surface.
sil fuel POM, and +0.07 W m? for biomass burning BC and
OM. Since there are contributions of both signs and the to4.4 Online atmospheric calculations
tal forcing is close to zero, the sum is here as much as 10 % ) )
weaker than the total. The absolute difference between thd "€ 1ast rows in Tables 4, 6 and 7 show results from online
two is very small, however, and much smaller than the esti-Versions of theCtrl PD and PI simulations, PDnlineand Pl

mate by Ghan et al. (2012). The sum of each of the negativé)””ne where the aerosols are allowed to affect the meteorol-
contributions to DRF at the ground surface-i$.85 W nm2 ogy. In these simulations the net SW flux difference at TOA

- . - 2 -
which is much closer to the total ef1.83 W nt2 in relative (N0t @ forcing as such) is estimated-at.23Wn~, quite
terms (1 %). For a further discussion of the direct aerosol ef.cl0S€ to the combined SW DRF and IndRF-ef.28 W nT

fect aspect of these experiments, see Myhre et al. (2012) aniff the offline Ctrl) simulations. While the LW IndRF (a life-
Samset et al. (2012). time effect)2|s very small in the offline simulations, only
Similarly, the main contributors to the PD-PI increments ~0-01WnT*, the net LW flux difference from PD-FDn-

. . 2 .

in cloud droplet number concentration and effective cloud!in€is +0.67 Wnm=. Including cloud and aerosol feedbacks,
droplet radius at 870 hPa (CDNC ang respectively) are the total estlmgted net radiative effect (SW-LW) of azerosols
sulphate (66 % and 80%) and internally mixed bb OM/BC IS —1.89WnT*, compared to a forcing 0f1.29 WnT < in
(29% and 16 %), while ff BC£3% and—6%) and ffom  the offline version of the model. _
(4% and 5 %) contribute much less. The corresponding con- 1 NiS positive feedback is probably due to the consider-
tributions to the liquid water path (LWP) increments are 71 % @Pl€ increase in POM burdens in the online vs. the offline
for sulphate, 21 % for bb OM/BG+7 % for ff BC, and 6 % simulations, giving as much as 61 % larger anthropogemc
for ff OM. The sum of each contribution is approximately POM burdens globally averaged, see Table 6. For BC the in-
3% smaller than the total change (PD-PI) for CDNC, 5% Créase is 22_%. This again can at least partly be explamed
smaller forresr, and 9 % smaller for LWP. As for the aerosol PY changes in the precipitation patterns from the offline to

optics, these non-linear effects can probably be attributed t&Min€ model setup (not shown): the online precipitation rates

effects of internal mixing of aerosols, e.g. larger changes ind"® Smaller over and downstream major POM and BC emis-

effective particle size when all condensate and coagulated©NS: In particular biomass burning areas in South America
aerosol components are added at once rather than one atd in central Africa, where the largest increases in burdens
time, and to subsequent changes in the competition for watef'® found. Globally averaged, the precipitation rates do not
vapour for activation of aerosol particles to cloud droplets. differ very mug‘h, however: in th®nline simulations they
The individual contributions to the indirect forcing (In- a'€ 2.84 mm?. for PD and 2.88 mmd" for PI, compared
dRF) due to the joint radius and lifetime effects are estimated© 2-83mmd~ in the offline simulationsCtrl PD and PI.
to —0.76 WnT2 for sulphate, +0.07 W m? for fossil fuel For SO, alarger fraction of the sources for PD are located
BC, —0.08 W n12 for fossil fuel POM, and—0.32 W n12 outside the tropics, aqueous chemistry is an additional and
for BC and POM from biomass burning. Thus the sum of complicating factor, and the link between regional changes
each of the contributions is here only1.09WnT2, 9% in sulphate aerosol and precipitation is not as obvious as
lower than the total indirect forcing 6f1.20 W n2. As ex- for POM and BC. S@burdens are actually smaller both for
pected from the non-additive changesri and LWP dis- _PD and P_I, giv_ing apout 7 % smaller anthropogenic burdens
cussed above, as well as the non-linear nature of cloud sud? the Online simulations. As for BC and POM, the largest
ceptibility and the indirect effect of aerosols in general, ra-changes are found over areas with high burdens, i.e. large
diative forcing estimated as a sum of its individual contribu- Parts of East and South Asia, southern Europe and North
tions is less accurate for the indirect effect than for the directTica, as well as eastern parts of North America.
effect.
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5 Effects of model changes and sensitivity tests When comparing burdens in CAM4-Oslo with the data
from Seland et al. (2008) in Table 3, we notice that the in-
One of the recurring questions during the CAM4-Oslo de-crease in OM burdens for Pl (250%) and PD (194 %) are
velopment period has been “what are the reasons for the difenly slightly larger than expected from the increase in to-
ference in modeled direct and indirect radiative forcing com-tal sources (240 % and 179 %, respectively), but much larger
pared to previous CAM-Oslo versions?” In this section we than what we would expect from the shift in base year for
study more closely the effects of various changes in emisthe emissions, i.e. fronEmPI11750to Ctrl Pl (18 %) and
sions and aerosol-related parameterizations in CAM4-Osldrom EmPD200Qo Ctrl PD (38 %). This is mainly (but not
compared to Seland et al. (2008), Hoose et al. (2009) ananly) because biogenic ocean emissions and MSA are now
Struthers et al. (2011), which represent three versions of théncluded in OM, as well as increased levels of secondary or-
predecessor to CAM4-Oslo. In one of the subsections weganics (SOA) from forests, see Sect. 2.1.2.
study the effects of changes due to tuning of cloud param- However, the PD-PI increment of OM burden is 139 %
eters compared to CAM4 (Gent et al., 2011). The nature oflarger than in Seland et al. (2008), which is also much larger
the changes is described in Sect. 2 and each of the respectitkan the 77 % expected from the shift in basic emission years
subsections below. from Table 6. Similarly, the PD-PI increment of BC is 64 %
All the sensitivity experiments are defined in Table 5. The larger than in Seland et al. (2008), compared to the expected
globally and annually averaged results for burdens and resi26 % from the shift in basic emission years. One impor-
dence times are given in Table 6, and the effects on aerosahnt contribution to this increase is the changed treatment
optics and DRF and cloud properties and IndRF are listed irof convective mixing between convective downdraft and up-
Table 7. Figures 6 and 12 show zonally averaged clear-skylraft plumes, which is particularly important for POM and
AOD, DRF and IndRF results froi@trl and each sensitivity BC since the changes in emissions are large in areas with
experiment. For clarity, results from sensitivity experiments high convective activity. The change in convective mixing
with only very small changes have been omitted in these fig-concerns all aerosol components, however, leading to in-
ures. creased mass mixing ratios at high altitudes in CAM4-Oslo,
In each sensitivity experiment either an alternative aerosokee Fig. 3 cf. Fig. 4 in Seland et al. (2008). The new treatment
and precursor emission inventory has been used, or an alteof convective mixing is discussed separately in Sect. 5.11.
native version of the treatment of aerosols or stratiform cloud The consequence of this increase in BC (in Table 3) is to
macro- and microphysics. Since the alternative versions arenhance the absorption of solar radiation, which alone should
almost exclusively older versions (except for tteBCadest  lead to a more positive DRF at top of the atmosphere (TOA)
in Sect. 5.12), here we discuss the effects of the sensitivitithan in Seland et al. (2008). The total difference (PD-PI) for

tests as the differend@trl minusTest sulphate burden is only about 12 %, which is smaller than
expected from the changes in emission years (22 %). This is
5.1 Changes caused by new basic emission years probably associated with the reduced atmospheric residence

time of both SQ and sulphate in CAM4-Oslo. From Table 3

Note that DMS, sea salt and mineral dust emissions are nat can be inferred that a larger fraction of @& dry de-
affected by the changes in emission years in these offline simposited, leaving a smaller fraction for sulphate production.
ulations. This further enhances the relative importance of the aerosol

Switching from year 1750 (thEmP11750experiment) to  light absorption properties over scattering, but the large in-
1850 for PI Ctrl) in CAMA4-Oslo increases the estimated crease in the difference (PD-PI) for OM burdens (139 %)
preindustrial burdens considerably for both sulphate, BC andvorks in the opposite direction. The net change in DRF at
OM, see Table 6. The increase is more than a factor 2 folTOA is negative.
BC. Using 2006 Ctrl) instead of 2000 for PD emissions  To separate changes in radiative forcing introduced by
(the EmPD2000experiment) also gives increased present-new emissions from the effect of all other changes since
day aerosol burdens of these three major components, bigeland et al. (2008), we compare our forcing estimates
considerably more for BC and OM than for sulphate. Notice from Ctrl PD-Ctrl Pl with EmPD2000-EmPI175@s well
that the difference between the PD and the PI burdens inas with the respective results from that work. DRF at TOA
clude both natural and anthropogenic contributions (exceptind at the ground surface EmPD2000-EmPI1756 es-
for DMS, sea salt and dust), and that the difference betweetimated at—0.069 W nT2 and —1.36 Wn12, compared to
2000 and 2006 emissions indeed include the effects of forest0.03Wn1?2 and —1.18 WnT?2 in Seland et al. (2008).
fires in 2006. For Ctrl PD-Ctrl PI it is estimated at-0.072Wn12 and

In total, the impacts on the difference PD-PI when using —1.89 W n12, when the simulation period is the same as for
1850 and 2006 rather than 1750 and 2000 as emission basemPD2000-EmPI1750.
years are 22% increased burden increments for sulphate, This means that the effect of just changing the emissions
26 % for BC, and 77 % for OM. The increase for OM is con- (in CAM4-Oslo) is a tiny shift of—0.003W n7?2 in DRF at
siderably influenced by the forest fires in 2006. TOA and a—0.53 W nt2 shift in DRF at the surface, and a
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slight positive shift of +0.03 W m? for IndRF, globally aver-  lower at most latitudes, with roughly a 40 % decrease over
aged. The surprisingly small shift in DRF at TOA is a result the larger ocean areas throughout the tropics. In summary,
of approximately equal increase of absorption and scatteringAOD over ocean is higher in parts of the high-latitude storm
part of the AOD for PD-PI, see Table 6. But since this in- track areas (up to 35 % for sea salt AOD and 20 % for total
crease is considerable (about 38 % for ABS), the atmospheri@dOD), while it is lower in the tropics (25-35 % smaller for
forcing (DRF at TOA-DRF at the surface) has also increasedsea salt AOD and up to 20 % for total AOD), compared to the
considerably (41 %). The global reduction in IndRF is even Struthers1lexperiment.
smaller than expected from the decreasecinat 870 hPa Comparing with observations of near-surface concen-
and LWP increments for PD-PI, since the largest reductiontrations averaged over the same stations as in Fig. 4
in absolute value for these two parameters is confined to ar(4.57 ugnr3), the Ctrl simulation gives a much better av-
eas with small cloud susceptibility (large CDNC and LWP) erage (5.93 ug ) than Struthers11(9.07 ug nv3) for the
over eastern North America and northern Europe. same time period (year 7 of ti@&rl simulation, see Sect. 3).
Zonally averaged DRF and IndRF for each of the sen-Ctrl also yields a slightly improved correlation coefficient
sitivity experiments, i.eEmPD2000-Ctrl Pland Ctrl PD- compared tstruthers110.57 instead of 0.52.
EmPI175Qare shown separately in Fig. 12. For DRF at TOA  The present sea salt treatment leads to improved latitudi-
the effect of swapping the emissions are largest at very highmal clear-sky AOD gradients over the oceans, compared with
latitudes with high surface albedo, where using the old PDsatellite- and ground-based remote retrieval, see Figs. 6 and
emissions (year 2000) leads to much smaller positive forc-7, although we note that the large AOD over high to mid-
ing values, and where the old Pl emissions (year 1750) yieldatitude oceans in the MODIS product has a significant posi-
somewhat larger positive values for DRF. For IndRF (neg-tive bias, up to 30 % averaged over a year (Zhang and Reid,
ative at all latitudes) on the other hand, the effect of swap-2006). As seen from Table 6, the influence of the modi-
ping emissions is largest at low to mid-latitudes. The old PDfied sea salt parameterization on other aerosol components
emissions yield a much weaker forcing in the SH, and thethan sea salt is small. Therefore the modifications have a mi-
old Pl emissions lead to a much stronger forcing at NH mid-nor impact on the estimated globally averaged anthropogenic
latitudes. AOD, ABS and DRF, see Table 7. Although the change in
The joint effects of all other changes since Seland etnatural sea salt in principle can affect the cloud susceptibil-
al. (2008), most of which are discussed separately in the folity to anthropogenic aerosol changes, the impact of the new
lowing subsections, is finally a shift 6£0.10 W nT2, from parameterization on natural and anthropogenic CDNC, and
a weak positive to a weak negative DRF at TOA, and ahence orvef and LWP, is also small enough to just give a
—0.18 W nT 2 shift in the surface DRF. For IndRF there is a 0.01 W n2 weaker IndRF.
much more substantial change frend.88 W nT2 in Hoose
et al. (2009) to about-1.23 W nT 2 in this work. Estimated 5.3 New treatment of natural primary organic matter
INdRF in the model version used in Seland et al. (2008) was (POM)
even stronger-2.34 W n1 2 (Kirkevag et al., 2008), but the
parameterization of aerosol—cloud interaction in that versionwith the increased SOA over land and two new oceanic OM
was based on diagnostic CDNC and prescribed supersaturgources (see Sect. 2.1.2), the increase in present-day global
tions, compared to prognostic CDNC with CCN activation OM burden in CAM4-Oslo Ctrl compared tonatOM) is
based on realized supersaturations in Hoose et al. (2009) arabout 25 %, slightly more than the 20 % increase found by

in this work. Spracklen et al. (2008). The preindustrial OM burden is in-
creased by as much as 53 %, see Table 6.
5.2 Changes in sea salt The effect of using the old treatment from Seland et

al. (2008), without the additional natural OM components
Compared to the scheme for prognostic sea salt emissiodescribed in Sect. 2.1.2, is tested in the two experiments
used in Struthers et al. (2011), i.e. in the test labelednatOM (old treatment everywhere) amatOMocn(old treat-
Struthers1lin Tables 6 and 7, the present parameterizationment only over oceans). As already discussed in Sect. 4.2,
for coarse mode sea salt emissions in CAM4-Oslo givesthis old treatment considerably underestimates near-surface
about 3 % lower total AOD (for PD conditions) globally av- OM mass concentrations for many atmospheric conditions.
eraged, and a 14 % decrease in the sea salt AOD. This is dueor the same stations as in Fig. 4, the European OM/1.4 val-
to a reduction in sea salt residence time (5%) and aerosales are 27 % lower imatOM (0.84 pg nt3) than in Ctrl,
mass concentrations, which are quite sensitive to the numbewhich is already 56 % lower than the measured OC values.
of coarse mode particles. Integrated over the whole atmoThe North AmericamatOM values are 17 % larger (42 % in
spheric column the decrease amounts to 29 % globally, sesummer and 1 % in winter) than the observed OC, which are
Table 6. Although the sea salt burdens are actually somewhd6 % larger (107 % in summer, 1% in winter) than ®gl
higher over the high-latitude storm track areas, up to roughlyalues. Based on the assumed OM/OC ratio of 1.4 for all
a doubling in parts of the Southern Ocean, the burdens areatural OM which does not come from biomass burning, the
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old OM treatment thus actually seems to perform better with(Schulz et al., 2006) as well as the best estimate by IPCC
respect to surface mass concentrations for North AmericaAR4 (Forster et al., 2007).

However, as discussed in Sect. 4.2, a higher ratio is probably Perhaps more importantly, as mentioned in Sect. 2.1.4, the
more realistic both for the European and the North Americanupdated OM/OC ratio also leads to significantly improved
stations due to the influence of SOA. F@trl this implies  aerosol optical depths and absorption optical depths com-
improved validation statistics for North America (a smaller pared to observations and sun photometry (AERONET) re-
positive bias), while the statistics for Europe become worserievals in biomass burning dominated areas. Although the
(larger negative bias). With the old natural OM treatment,new OM/OC ratio for biomass burning is by far the only
the European statistics are underestimated even more whaelevant update from Seland et al. (2008), the effect of this
the higher OM/OC ratios are accounted for. change can be seen in Fig. 7, where modeled clear-sky AOD

As discussed in Sect. 4.2, the new treatment of natural OMn typical biomass areas in South America, Africa and South-
does lead to improved modeled clear-sky AOD compared tceast Asia is much closer to the composite of ground and satel-
observations at most latitudes, zonally averaged, see Fig. 6ite based retrieved AOD values. This improvement is most
ThenatOM experiment yields too small an AOD at most lat- clearly seen in seasonal plots for specific AERONET stations
itudes. As also seen from Figs. 7 and 8, clear-sky AOD and(seehttp://aerocom.met.no/data.hjml
ABS (Ctrl) are both still clearly underestimated in most re-
gions, except for e.g. North America where we find areas5.5 In-cloud scavenging of mineral dust
with both over and underestimations.

Differences in globally averaged DRF at TOA and at the In the dustscavinexperiment, the in-cloud scavenging effi-
ground surface are very small betwegatOM andCtrl, see  ciency of mineral dust is changed from 0.25 back to the Se-
Table 7 and Fig. 12. Due to the large sensitivity of the in- land et al. (2008) value of 1, see Sect. 2.1.7. This reduces
direct effect to the background aerosol, preindustrial CDNCthe dust concentrations considerably. T@#&l simulation
and LWP, IndRF is about 37 % smaller with the additional yields a 36 % larger global mineral dust column burden than
OM emissions irCtrl, with the largest reductions in the trop- dustscavinsee Table 6. As already discussed in Sect. 4.2,
ics and in the SH mid-latitudes. The effect of updating OM the Ctrl simulation gives much more realistic surface mass
emissions over oceans onlgtfl vs. thenatOMocntest) is  concentrations compared to observations.
to reduce the IndRF by about 28 %. Thus the new treatment The change frondustscavirto Ctrl has only a modest im-
of naturaloceanicOM emissions is more important than the pact on the global aerosol radiative forcing at TOA, however.
emissions ofand, as far as decrease in global anthropogenicWe get a +0.03 W m? change for both DRF and IndRF, see
aerosol forcing is concerned. Table 7 and Fig. 12.

. . . 5.6 Gravitati | settli f ticl
5.4 Updated OM/OC ratios for biomass burning ravitational settling of particies

organics In the gravdep2dexperiment gravitational settling is cal-

culated only in the bottom model level, as in Seland et
Our bbPOM experiment assumes that the OM/OC ratio for al. (2008), see Sect. 2.1.7. The effect of calculating gravi-
biomass burning POM is 1.4, as in Seland et al. (2008). Thigational settling at all model levels is a more efficient aerosol
is also the same ratio as we use for fossil fuel OM. Scat-removal, which is seen by comparirigtrl and gravdep2d
ter plots and statistics for the surface concentrations of OMin Table 6. The new treatment impacts in particular aerosol
in bbPOM show similar results as theatOM test. The up- components with considerable mass concentrations in the
datedCtrl treatment yield slightly alleviated validation re- coarse mode. Sea salt column burdens over continental ar-
sults for Europe compared tftbhPOM a 56 % instead of a eas downstream from oceans are reduced by more than 50 %
61 % underestimate in average, while the North Americanover extensive areas, and more than 80 % in parts of Siberia
results are slightly exacerbated, giving 66 % instead of 45 %and Antarctica, averaged over a year. The respective reduc-
higher OM/1.4 than the measured OC values. Taking into actions in mineral dust columns are up to about 75 %, while
count somewhat higher OM/OC ratios for SOA modifies the the maximum (PD) reductions for sulphate, POM and BC
results the same way as in Sect. 5.3. amount to about 15-18 % in the Antarctica.

This has a very small impact on IndRF globally, while  ComparingCtrl with gravdep2dor the same observation
the sign of the DRF at TOA is switched from a slightly data sets as in Fig. 4, we find considerably improved results
positive value to an equally large but negative number,for sea salt, a 30 % overestimate instead of 57 %. For mineral
—0.072Wn12 in Ctrl, see Table 7 and Fig. 12. The reason dust the results are not quite as sensitive, at least not for the
for this change is a 16 % increase in anthropogenic AOD dueavailable data. Ctrl gives a 7 % overestimate, compared to a
to enhanced POM concentrations, while ABS only increasesmaller underestimate of 3 % gravdep2d
by 4% (note that the BC emissions are unaltered). The new The reduced aerosol burdens also give reduced AOD
DRF result is closer to the AeroCom median model estimateand ABS values. Anthropogenic (PD-PI) AOD decreases by
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about 2% and ABS by 4 %, globally, and the DRF becomes0.2 W ni2 weaker in most industrialized land areas world-
as much as 0.05 W nf stronger (more negative), see Table 7 wide. Apart from the large changes in East Asia, the regional
and Fig. 12. Since accumulation mode and finer particles ar@attern is dominated by local maxima over coastal ocean ar-
largely unaffected, impacts on cloud droplet number conceneas downwind of polluted land areas, especially in the stra-
trations are quite small, giving an IndRF which is only about tocumulus areas off the west coasts of Africa and America,
0.01 W nt?2 weaker with the updated gravitational settling where cloud susceptibility is generally high.
treatment.
5.9 Coating insoluble particles with hydrophilic matter
5.7 Replenishment of oxidants in cloud droplets
The present treatment of coating of insoluble particles with

In the replH202 test we look at the effect of assuming a hydrophilic matter, which only influences activation of CCN
constant 1h replenishment rate fop®p, as in Seland et to form cloud droplets, is as described in Hoose et al. (2009).
al. (2008). Comparingtrl with replH202for the same ob- That is, the fraction of aerosols that activates to cloud
servation data sets as in Fig. 4, we find significantly improveddroplets is based on the hygroscopic properties of the sul-
results for sulphate irCtrl. The average overestimate be- phate and POM coating whenever the thickness of the coat-
comes 19 % instead of 33 %, while the correlation coefficienting layer exceeds 2nm. This (assumed) homogeneously
is 0.62 for both experiments. mixed sulphate and POM coating affects the hygroscopicity

The column burden of SOfor PD is about 8% higher of all particles which contain sulphate and/or POM, except
in Ctrl than inreplH202 and only 2% higher for sulphate, for sea salt, giving them the hygroscopicity of the coating
globally averaged. Regionally the increase in the sulphatdtself in the activation calculations.
burden reaches a maximum of about 20 % just east of New In theno coatingexperiment we estimate the effect of as-
Guinea, downwind of non-explosive volcanic activity, and suming no coating, as in Seland et al. (2008), since the effect
ranges between 5 and 10 % in the Arctic, as well as in part®f the coating treatment was not tested explicitly in Hoose et
of South America, where absolute changes are very small. Iral. (2009). In this sensitivity test the fraction of aerosols that
major parts of central Europe it is 5-10 % lower, however, activates to form cloud droplets is simply calculated based
and also up to 5% lower in limited areas around the moston the hygroscopicity of a homogeneously mixed particle, as
industrialized regions on all continents. is still assumed in the aerosol optics calculations.

Although the global column burden for anthropogenic  Since this is assumed to not affect the aerosol life cycle or
(PD-PI) SG is about 9% higher irCtrl than inreplH202 the optics, the direct effect is unchanged framcoatingto
it is only 1.5% higher for sulphate, and there is very Ctrl. However, we find a significant impact on cloud droplet
little impact on the globally averaged radiative forcing properties and subsequent indirect effects, see Table 7. The
(<0.01Wn1?), see Table 7. Regionally the change in DRF smaller anthropogenic (PD-PI) contributions Agr (16 %)
at TOA reaches a maximum of about 0.35 WHwover north-  and LWP (13 %) inCtrl (mostly due to an increased num-
eastern China, and up to about 0.15 W4wover Central Eu-  ber of activated natural CCN) give 8 % weaker IndRF glob-
rope and eastern North America. For IndRF a maximum ofally, —1.20 W n2 instead of—1.31 W n 2. Regionally the
0.5Wn 2 is found just west of the Peruvian coast, while effect of the new coating treatment on IndRF varies be-

changes elsewhere are generally less than 0.1 m tween about-1 to —2 W m~2 (stronger IndRF) in Indone-
sia, central Africa and northern South America, to between
5.8 Cloud droplet spectral dispersion 1to 1.5 W n12 (weaker IndRF) over eastern North America,

parts of southern and central Africa (east and west of areas
In thepresciB test the spectral shape fac(see Sect. 2.2)  of maximum biomass burning activity), eastern Australia and
is prescribed with one value over land (1.14) and another ovethe Tibetan mountain plateau. The effect is much smaller in
oceans (1.08), as in Seland et al. (2008), Hoose et al. (2009 urope, where the changes nowhere exceed 0.5 Wawer-
and in CAM4 (Neale et al., 2010). Since we run the modelaged over the year. Due to cancelling effects of both negative
in an offline mode, this change affects effective droplet radiiand positive contributions at different longitudes in the cen-
(reff) and the first indirect effect, but neither the aerosol prop-tral tropics, the most prominent impact of coating assump-
erties and the direct effect nor the cloud liquid water pathtions on zonally averaged IndRF is found in the NH subtrop-
(LWP) and the second indirect effect. ics, see Fig. 12.

Comparing theCtrl simulation with the older effective ra-

dius treatment used ipresciB, the anthropogenic (PD-Pl) 5.10 Tuning of cloud parameters
change invef at 870 hPa is 16 % smaller and IndRF is 10 %
weaker, estimated at1.20 W nt2 instead of-1.34 W n12, In the cldtunorigtest the stratiform cloud-tuning parameters
see Table 7 and Fig. 12. Regionally, IndRF is up to aboutdiscussed in Sect. 2.3 are reset to their original CAM4 val-
1.0 W n2 weaker inCtrl than inpresci in north-eastern  ues, i.e. the minimum relative humidity threshold for forma-
China and off the coast of Peru, and more than 0.1-tion of low clouds is 0.91, the critical mean droplet volume
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radius for onset of auto-conversion is 10 um, and the precipfor the same observation data sets as in Fig. 4 we find small
itation rate threshold for suppression of auto-conversion ofdifferences in the verification results betwesmmvmixand
cloud water to rain is 0.5 mnTd. This affects the modeled Ctrl, however. Correlation coefficients between measured
cloud fractions as well as precipitation patterns in space andnd calculated surface concentrations are very similar in the
time. Globally and annually averaged the changes are smaltwo simulations. For sulphate the average bias is somewhat
however. The cloud fractions for low, medium and high level improved inCtrl, 19 % instead of 24 %. There is also a slight
clouds are 0.341, 0.187 and 0.31&trl, compared to 0.347, reduction in the mean bias for sea salt (from 31 % to 30 %)
0.191 and 0.318 irldtunorig Similarly, the stratiform and and mineral dust (from 7.3 % to 6.6 %), while it is unchanged
convective precipitation rates are 1.096 and 1.725mbid ~ for BC (—14 %). For POM/1.4 the mean bias is improved
Ctrl, compared to 1.108 and 1.721 mmtdn cldtunorig from 72 % to 66 % for the North American stations in the
ComparingCtrl with cldtunorig for the same observa- Ctrl simulation, while it is slightly worse for the European
tion data sets as in Fig. 4, we find somewhat poorer validastations,—57 % instead of-56 %.
tion results for sulphate: the average bias is 19 % instead of Vertically integrated mass concentrations annually and
10 %, and the correlation coefficient is 0.62 instead of 0.64.globally averaged are larger for all component<inl than
The average bias is improved considerably for mineral dustconvmix For PD conditions, the increase in column burden
from 26 % to 7 %, but the correlation coefficient has droppedis 25 % for sulphate, 24 % for BC, 27 % for OM, 10 % for
slightly from 0.49 to 0.46. The changes are smaller for thesea salt, and 7% for mineral dust. The increase in anthro-
remaining aerosol components. Average bias for sea salt ipogenic (PD-PI) AOD and ABS is about 25 % and 28 %, giv-
slightly worse inCtrl, for BC it is slightly improved, and for  ing a 31 % increase in atmospheric forcing, defined as DRF
POM it is slightly improved in Europe and slightly worse in at TOA minus DRF at the ground surface. Since the increase
North America. This shows that the tuning of cloud macro- in AOD and ABS are almost the same, the resulting change in
and microphysical parameters has not been done to improvBRF at TOA is only 0.02 W m?, while the change in DRF at
the aerosol verification. Nevertheless, the results demonstratiée surface is about0.4 W ni~2. Since the larger changes in
that this tuning (in order to obtain radiative balance at TOA, aerosol concentrations are confined to the upper troposphere,
see Sect. 2.2) can indeed affect the results significantly. where liquid clouds are less frequent, the estimated change in
The DRF at TOA changes as little as 0.01 W#rfrom cloud droplet properties and subsequent indirect effects are
cldtunorigto Ctrl, while DRF at the ground surface changes relatively modest. IndRF is about 0.05 W4 %) stronger
with —0.08 WnT2, which is consistent with the increase in Ctrl than in theconvmixtest.
in anthropogenic aerosol absorption in Table 7. A similar We find that the zonally averaged extinction coefficient at
change, but with opposite sign, is found for the indirect ef- 550 nm is about 0-10 % lower iGtrl than convmixin the
fect: due to a 30% larger global LWP i@trl, the cloud Ilower troposphere between®8 and 60 N, and up to about
susceptibility is so much smaller that, even though anthro-900 hPa, or 800 hPa in the tropics. Above those heights it is
pogenic (PD-PI) aerosol column burdens and their contribu-higher inCtrl, up to about 75 % higher near the tropopause
tion to reff and LWP are a few percent larger thandiad- in the tropics. In light of these results, we expect tbam-
tunorig, INdRF is decreased by about 0.08 W#r{6 %), see  vmixwould have compared better with the CALIOP extinc-
Table 7 and Fig. 12. The changes in LWP agglrelative to  tion profiles tharCtrl in Fig. 10. However, the chosen treat-
P1 conditions, which are more relevant measures with respeatnent of convective mixing of transported constituents is in-
to indirect effects than the absolute changes, are roughly theufficient to explain the large biases that were discussed in
same inCtrl andcldtunorig Sect. 4.2, especially in the upper troposphere.

5.11 Convective mixing of aerosols and aerosol . o .
precursors 5.12 Primary emissions of accumulation mode BC

As described in Sect. 2.1.5, the special adjustment for aerosdfhe BC(ac) mode in Table 1 and Fig. 1 represents fractally
processes in convective clouds in CAM-Oslo (Seland et al. shaped accumulation mode particles of low mass density
2008) was not ported to CAM4-Oslo. In tlemnvmixtest, (Strom et al., 1992), assumed to have been formed by self-
however, the radical assumption of full mixing of trans- coagulation into agglomerates of BC(n) monomer particles
ported constituents between convective downdraft and up¢see Kirkeag et al., 2002; Kirke&g et al., 2005; Seland et
draft plumes is made, just as in Seland et al. (2008). al., 2008). The relative amount of fossil fuel BC from rapid

While Ctrl generally yield considerably larger mass con- combustion which in the model is directly emitted as BC(ac)
centrations tharconvmixin the upper troposphere for all is in Ctrl assumed to be 10%, as in Seland et al. (2008).
aerosol components, the surface concentrations are smalldio test the sensitivity to this uncertain assumption, in the
close to the ITCZ and over major parts of the continents fornoBCactest we let all primary BC be emitted as nucleation
sulphate, BC, POM and mineral dust. Sea salt surface conmode particles, BC(n), i.e. with no contribution to the BC(ac)
centrations are generally smaller everywhere over the oceansode.
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For the same observational data set as in Fig. 4 we gesites, which is slightly more than in Seland et al. (2008). For
better validation results for BC wittrl than in thenoBCac  BC the bias is-18 %, as in Seland et al. (2008). Comparing
test: the average bias+4sl2 % instead 0f-21 %, and the cor-  OM with measurements of OC is complicated by the fact that
relation coefficient is 0.41 instead of 0.40. The BC columnthe model does not explicitly track OC or the OM/OC ratio
burden is about 25 % larger i@trl, however, see Table 6. after the point of emission. Taking into account the fact that
Regionally the relative changes are smallest in the source rehe OM/OC ratio can vary from 2.6 for biomass burning to
gions, while in large parts of the Arctic and over the tropical about 1.4 for fossil fuel, the modeled OM is still considerably
Pacific Ocean the BC burdens are more than 50 % larger iinderestimated at near-surface observation sites in Europe,
Ctrl, i.e. when 10 % of BC is assumed to be emitted directly despite the increase in natural and biomass burning OM lev-
in the accumulation mode. els compared to Seland et al. (2008). For the North American

The effect of this on cloud droplet properties and the in- sites, however, the model now produces a positive bias.
direct effect is negligible, see Table 7, but the anthropogenic Comparisons with a very few vertical profiles of sulphate
(PD-PI) ABS and the corresponding atmospheric forcing isindicate that the model, as in Seland et al. (2008), give rea-
12 % larger inCtrl, giving a 0.09 W n? larger (more pos-  sonable results at low altitudes, while the mass mixing ratios
itive) DRF at TOA and a 0.11 W r? stronger (more nega- are overestimated in the upper troposphere. Although the ad
tive) DRF at the ground surface. The estimated DRF at TOAhoc assumption of full mixing of aerosols between convec-
in the noBCactest, —0.16 Wn12, is closer to what other tive cloud updrafts and downdrafts in Seland et al. (2008)
AeroCom models vyield, probably due to more similar as- has been omitted in CAM4-Oslo, the sulphate profiles are
sumptions with respect to BC and the fact that many of thesejuite similar to that work. We also find positive biases in the
models use PD emissions valid for year 2000 instead of yeaaerosol extinction coefficients in the upper troposphere com-
2006, see Sect. 5.1. pared 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
6 Summary and conclusions than a high end estimate of background aerosol extinctions
as well as the global mean extinction for CAM4-Oslo, the
As mentioned in the introduction, the purpose of this study iSCALIOP values are probably underestimated at these alti-
threefold: (1) to document the changes in the aerosol moduléudes. Even though we suspect that the upper tropospheric
of CAM4-Oslo/NorESM1-M compared to the latest prede- model aerosol extinctions are overestimated for present-day
cessor versions (Seland et al., 2008; Kikg\wet al., 2008; conditions, the sparse observations makes it difficult to draw
Hoose et al., 2009; Struthers et al., 2011); (2) to evaluate theny confident conclusion.
new aerosol and aerosol-related cloud properties with em- The new aerosol treatment, especially that of biomass
phasis on natural aerosols; and (3) to estimate the sensitivithurning and natural OM, sea salt emissions, gravitational
of the aerosols and their direct and indirect radiative forcingsettling, and in-cloud scavenging of mineral dust, has also
to new model assumptions and parameterizations. lead to improved aerosol optical depth when compared with

Although the properties and effects of increased natu-satellite- and ground-based sun photometry (AERONET) re-
ral aerosols are emphasized, other changes have also be#fevals. The statistics for AOD worldwide is generally im-
shown to be important, such as the omitted mixing betweerproved in CAM4-Oslo compared to Seland et al. (2008).
updrafts and downdrafts in deep convective clouds, and thé\nnually averaged AOD is still widely underestimated, al-
shift in basic years for present-day and preindustrial emisthough it is probably overestimated in remote regions at
sions. high latitudes where observations are sparse. More specif-

We find a 7 % bias in the modeled near-surface mass conically, CAM4-Oslo simulates larger aerosol burdens, AOD,
centrations of mineral dust, which is considerably improvedand ABS at high latitudes than most other models (Myhre
compared to the-55 % bias in Seland et al. (2008). In a sen- et al., 2012), which are biased on the low side. Our results
sitivity experiment where we use the same in-cloud scavengthus contribute to a wider range of uncertainty with respect
ing coefficient as in that work, we obtain-al3 % bias and to aerosols in global climate models.
one third as many calculated values within a factor two ofthe The main findings concerning the sensitivity of radia-
observed, compared to the control experiment. Even thougtive forcing to the changes in parameterizations in CAM4-
sea salt concentrations are estimated to have a 30 % positiv@slo can be summarized as follows. The improved treat-
bias at the near-surface observation sites, they are also coment of natural OM aerosols and the introduction of a cloud
siderably improved compared to the relevant previous modetroplet spectral dispersion formulation are the most impor-
version in Struthers at al. (2011). The slightly different seatant contributions to the decrease in globally averaged In-
salt emission parameterization used in that work turns out talRF since the model version of Hoose et al. (2009). This
give a three times larger positive bias in CAM4-Oslo. is obtained without imposing an unrealistically high arti-

Modeled near-surface concentrations of sulphate are founéicial lower threshold for cloud droplet number concentra-
to have a positive bias of 20 % at near-surface observatiorions (Hoose et al., 2009). In CAM4-Oslo the IndRF is about
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