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Abstract. Aerosols and their precursors are emitted abun-1 Introduction

dantly by transport activities. Transportation constitutes one

of the fastest growing activities and its growth is predicted Although the direct radiative forcing of aerosols has been the
to increase significantly in the future. Previous studies havgfocus of numerous studies, few have tried to evaluate the con-
estimated the aerosol direct radiative forcing from one transdribution of the transportation sector to this forcing. Trans-
port sub-sector, but only one study to our knowledge esti-portation by road traffic, shipping or aviation is projected to
mated the range of radiative forcing from the main aerosolgrow significantly in the next decades. Hence, it is important
components (sulphate, black carbon (BC) and organic carto determine its contribution to the overall atmospheric bur-
bon) for the whole transportation sector. In this study, weden of black carbon, organic carbon and sulphate aerosols.
compare results from two different chemical transport mod-Here, we present estimates of the direct radiative forcing of
els and three radiation codes under different hypothesis ofhe three main aerosol components emitted by transportation.
mixing: internal and external mixing using emission inven- The main aerosol components produced from road, ship-
tories for the year 2000. The main results from this studyping and aircraft transport are: black carbon (or soot) which
consist of a positive direct radiative forcing for aerosols emit-we will refer as BC, organic carbon (OC) and sulphate. Pre-
ted by road traffic of +2811 mWn1?2 for an externally  vious studies concentrated either on one component of the
mixed aerosol, and of +3213 mW nT2 when BC is inter-  aerosol (Capaldo et al., 1999; Petzold et al., 1998hlkr
nally mixed. These direct radiative forcings are much higheret al., 2001; Hendricks et al., 2004; Kjeligin et al., 1999)
than the previously published estimate of#BL mW n12. or on the contribution of a given transportation subsector to
For transport activities from shipping, the net direct aerosolthe aerosol radiative effects (Schultz et al., 2004; Lee, 2004;
radiative forcing is negative. This forcing is dominated by Sausen et al., 2005; Lauer et al., 1997; Lee et al., 2009a). A
the contribution of the sulphate. For both an external and arrecent study from Fuglestvedt et al. (2008) gives a compre-
internal mixture, the radiative forcing from shipping is esti- hensive view of the climate forcing from transport sectors.
mated at-2644 mW m2. These estimates are in very good They contrasted the contribution of gases and of aerosols to
agreement with the range of a previously published one (fronthe radiative forcing (RF) and calculate the integrated RF
—46 to —13 mW nT2) but with a much narrower range. By from these year 2000 emissions over time horizons of 20,
contrast, the direct aerosol forcing from aviation is estimated100 and 500 years. This approach is similar to the global
to be small, and in the range0.9 to +0.3 mW m2. warming potential approach adopted by the Kyoto Protocol,
except that the integrated RF was not normalized to the ef-
fect of COp. It appears from Schultz et al. (2004), from Fu-
glestvedt et al. (2008), and from the studies mentioned above,
that radiative forcing of BC from road transport dominates

Correspondence toy. Balkanski the forcing from the two other contributions of OC and sul-
BY (yves.balkanski@lIsce.ipsl.fr) phate. Hence, the road sector as a whole exerts a positive
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aerosol forcing on climate. In contrast, the radiative forc- This paper is organized as follows: Sect. 2 gives a descrip-
ing from particles or sulphur species emitted by shipping istion of the emission inventories, the aerosol parameterisa-
dominated by sulphate and hence exerts a negative aerostibns and of the radiation codes used by each of the three
forcing on climate. models respectively developed at LSCE near Paris, at Univer-
Lauer etal. (2007) assessed the effect of international shipsity of Reading and at University of Oslo. Section 3 presents
ping on aerosols and clouds. Their simulations used thre¢he radiative forcings and contrasts them with previous esti-
different ship emission inventories and calculated the resultmates. Conclusions from this study are contained in Sect. 4.
ing aerosol loads and direct and indirect forcings. The direct
aerosol radiative forcing was estimated to be betweé&g
and—11 mW n1 2 in all-sky conditions, more than an order 2 Description of the emission inventories, aerosol
of magnitude less than their estimates of the indirect forc- models and radiation codes
ing, which ranged from-600 to —190 mW n1 2 depending
on the inventory used and are much more negative than th@.1 Aerosols and S@ emitted from the road-transport
direct forcing estimated by Fuglestvedt et al. (2008). sector
We want here to establish the direct radiative forcing from
aerosols produced by the transport sector: road, shipping anfihe present work uses an emission inventory for BC, OC
aviation. The inventories that are used for these three subse@nd SQ specific for road transport for the year 2000. The
tors represent transport volumes for the year 2000. The usemissions from road transports are prescribed annually. Ta-
of different assumptions for aerosol mixing allows the quan-ble 1 shows the global-mean emissions. This inventory was
tification of the effect of enhanced absorption from BC whenassembled within the QUANTIFY project (Borken et al.,
BC is internally mixed with other particles, such as OC and2007). It distinguishes between 5 categories of vehicles that
sulphate. These simulations allow us to estimate the part ofire two-wheelers, passenger cars, buses, light and heavy duty
the overall climate impact of human activities for which the trucks. The following types of fuels are treated separately
transport sector is responsible. within this inventory: diesel, ethanol, biodiesel and gaso-
Several studies have shown that the absorption of BC idine. Evaporative losses are not accounted for in this ap-
enhanced if it is mixed with other particles (internal mix- proach. Fuel consumption was computed for 216 countries
ture) rather than separated from other particles (external mixand for 12 differentiated world regions. Consumption was
ture) (Bond et al., 2006; Fuller et al., 1999; Haywood and estimated as the product of specific fuel consumption by the
Shine, 1995). In the atmosphere BC is observed to be in dransport volumes (vehicle-kilometres). As a check of this
combination of internal and external mixture (Cheng et al.,bottom-up approach the numbers obtained for fuel consump-
2006; Hara et al., 2003; Mallet et al., 2004; Wentzel et al.,tion were then compared with data for fuel sales by country
2003). Increasing the absorption for hydrophilic BC particlesas described in Borken et al. (2007). The data were aver-
by 50% (but with no change for the hydrophobic BC parti- aged spatially on a°k1° grid based upon population den-
cles) has been suggested as a simple method to account féities for both rural and urban areas provided by the Emis-
the internal mixture (Bond et al., 2006). This is discussedsion Database for Global Atmospheric Research (EDGAR)
in more detail in Sect. 3.1. Using this approach the radiative(Olivier et al., 2002).
forcing due to BC increases from 0.26 W-Ato 0.33 W n1?2 Figure 1 presents BC emissions from road transport.
when simulating its change over the industrial era (a 28% in-Emissions of BC from road transport are concentrated in a
crease) (Myhre et al., 2009). This hypothesis of internal mix-few regions that account for more than two thirds of the total
ing represents a coating on the BC particles and increases thmissions. Borken et al. (2007) pointed out two types of high
RF less than a homogeneous internal mixture as assumed gmitters: countries where transport volumes are important
previous radiative forcing calculations (Bond et al., 2006). such as: the United States, Japan, Germany, France, United
We compare the forcings calculated by two different Kingdom, Canada and Italy and countries where emission
Chemical Models (CTMs) with two different assumptions controls are lower than in the G7 group: the five biggest be-
for aerosol mixtures: externally mixed and internally mixed ing China, Brazil, Russia, Mexico and India. For 5§BC
aerosols. The two models have their own description of hy-and particulate organic carbon (POC), these five countries
groscopic growth and their own cloud scheme. To our knowl-dominate the emissions in their respective regions.
edge, no study has compared the direct radiative forcings of Kohler etal. (2001) estimated the contribution of road traf-
transport-produced aerosols using different radiation codedic to the total atmospheric black carbon for an emission in-
We use three radiation codes to evaluate how different asventory based on fuel consumption in 1993. This estimation
sumptions related to aerosol properties influence the radiaef the mass of black carbon per mass of fossil fuel burnt dis-
tive forcing when using the same emission inventories. Thetinguished between Organisation for Economic Co-operation
estimates of the direct radiative forcing using these two as-and Development (OECD) countries in Europe, North Amer-
sumptions for aerosol mixtures are compared to the sparsiea and the Pacific rim and the rest of the world. An emission
previously published estimates. factor of 2gC (kg fuely! was applied to OECD countries
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Table 1. Mass emitted, loads and aerosol optical depth (AOD) as computed in the LSCE model for BC, OC amahif€d by the three
sub-sectors.

Emissions Load AOD AOD Fraction of Residence
(Ktonsyr-1)  (ug nTZ) x1000 x1000 antrophogenic AOD Time
(%) (days)
ROAD subsector TOTAL anthropogenic
BC 721.6 18.9 0.184 2.1 8.8 7.3
ocC 326.7 6.9* 0.077 3.6 2.1 7.6
SO 1894.6 39.8 0.530 13.6 3.9 4.9
SHIPS subsector
BC 31.0 0.79 0.0080 2.1 0.4 7.3
ocC 105.0 2.56 0.031 3.6 0.7 7.6
S04 7975.0 113.4 1.660 13.6 12.2 4.9
AVIATION subsector
BC 5.03 0.03 0.00027 2.1 0.01 7.3
ocC i10.7 <0.1 <0.0005 3.6 <0.01 7.6
SOy 116.4 7.69 0.09 13.6 0.5 4.9

* Emissions are calculated for $Qoad, optical depth, radiative forcing and load are calculated for sulphate.
** Aratio POM:0OC=1.4:1 was used, where POM indicates particulate organic matter, and OC, organic carbon.

100

Fig. 1. Distribution of the emissions from black carbon (Tons). The upper left panel represents the emissions from road transport, and the
upper right panel from shipping, the lower left panel is the column integrated emission from aircraft. The lower right panel is the vertical
distribution of the BC emissions from aviation.

compared to 10 gC (kg fuel} for non-OECD countries. The mulation. The total emissions from all these different sources
overall amount of BC produced from fossil fuel and emit- amounts to 15.7 KtonsC y# for the year 1993. In their si-
ted by road transport was estimated to be 2.4 Ktons@.yr mulation, the sinks for BC were treated simply with a half-
The black carbon produced by emissions from fossil fuels,life of 8 days in the free troposphere (from 850 hPa to the
biomass burning and air traffic were also included in the si-tropopause) decreasing to 9 h from the top of the boundary

www.atmos-chem-phys.net/10/4477/2010/ Atmos. Chem. Phys., 10, 44892010
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layer to the surface. Bond et al. (2004) updated the estimatéo represent 0.01% of the total emissions from fossil fuel
of BC emitted from fossil fuels based upon data published bysources. The size of the BC particles produced from aircraft
Yanowitz et al. (2000) that take into account the age of the cais much smaller than that from other emitters of black car-
fleet that is diesel-powered. Globally these authors computedhon. In contrast to the small portion of the mass it represents,
that 0.792 KtonsC yr* were produced by burning diesel dur- Hendricks et al. (2004) estimated that the number of particles
ing on-road activity and 0.125 KtonsCyk through burning  of BC produced from aircraft could represent more than 30%
of gasoline based upon fuel-use data for 1996. of the total particle numbers over a large part of the North-
In the present work the load of black carbon emitted from ern Hemisphere free troposphere. Emissions from aircraft
road traffic for 2000 amounts to 0.72 KtonsCyr Hence are concentrated in a latitude band from 20 t6 BqFig. 1).
the black carbon source from roads is about one-third thdn terms of mass emitted from this sub-sector, there is a typ-
estimation of Kohler et al. (2001), more similar, though still ical double maximum as a function of altitude: half of the
20% smaller, than Bond et al. (2004). Aerosol loads overemissions occur near the surface whereas the remaining half
the regions that include G7 and emerging countries (Chinahappens above an altitude of 6 km. Black carbon emissions
Brazil, Russia, Mexico and India) are one order of magnitudeare assumed to be independent of altitude with an emission

greater than from other source regions. index of 4x 102 kg/kg fuel (Ddpelheuer, 2001). We infer a
total global emission of BC from aircrafts of 5.3 GgCyr
2.2 Aerosols and SQ emitted from ships activity for the fleet in 2000. In comparison, Hendricks et al. (2004)

established a total global emission of BC from aircrafts of
The inventories for S BC and OC emitted from shipping 4.7 GgCyr! for the fleet of 1992.
used for this study are based upon the work of Endresen et Baumgardner et al. (2004) report highly variable BC mass
al. (2007, 2005). Emissions from shipping are prescribedconcentrations ranging from 0.2 to 1000 ngtin the Arctic
annually. Global-mean values are shown in Table 1. Thestratosphere. The contribution of BC emissions from aircraft
fuel-based emission inventory of Endresen et al. (2007) cov-alone could not explain the higher values of this range, hence
ers the period 1925 to 2002 and considers an average shipopospheric mid and high-latitude sources are likely to con-
size for civil ships with tonnage greater than 100 Gtons. Thetribute significantly to these high concentrations measured
fuel consumption is then calculated as a function of the av-over the Arctic.
erage main engine power, average main engine load, bunker The emissions of organic condensate from aviation are
fuel consumed per power unit which depends on fuel typehighly uncertain, Lee et al. (2009b) report a range for the
and days at sea (see Eq. 3 in Endresen et al., 2007). Conemission factor from 0.0065 to 0.05 g/kg fuel, using assump-
pared to the estimates of Corbet and Kohler (2003) and otions of constant particle diameter and a density of 1 g&m
Eyring et al. (2005) the estimate of fuel consumption for the We take the upper limit of this range to estimate maximum
year 2000 from Endresen et al. (2007) is 25% higher. Thevalues for organic carbon produced from aircrafts (Table 1).
authors attribute a large part of this difference to different
assumptions concerning the numbers of days at sea. Th2.4 Aerosol Module INCA-AER (Referred to as LSCE)
pattern of shipping emissions follows the main routes in the and LMD radiation code
Northern Hemisphere (see Fig. 1 which shows BC as a proxy
for all emissions). Traffic is very dense in the proximity of The aerosol module INCA (Interactions between Aerosols
the North Sea region and the main transport pathways inand Chemistry) is coupled to the general circulation model,
clude the coastal waters of Western Europe, Eastern NorthMDz, developed at the Laboratoire deédorologie Dy-
America, Eastern Asia, and the main routes used to ship oihamique in Paris. The gas phase chemistry part is described

from the Middle East. by Hauglustaine et al. (2004). Aerosols and gases are treated
in the same code to ensure coherence between gas phase
2.3 Aerosols and SQ emitted from aviation chemistry and aerosol dynamics as well as possible inter-

actions between gases and aerosol particles. The simula-

Emissions from BC, particulate organic matter (POM) andtions described here were done with a horizontal resolu-
SO, are scaled to International Energy Agency fuel datation of 96x 72 and the vertical direction was discretized into
(IEA, 2007). Aircrafts emissions are 3-D fields that are pre-19layers. Each simulation lasted 14 months and the 2 first
scribed monthly to account for changes in aircraft traffic thatmonths were used as a spin-up period. INCA accounts for the
occurs throughout the year. The magnitude of the total emisfollowing four basic properties of the ambient aerosol matter:
sions of aerosols and precursors from aviation in terms ofsize, chemical composition, hygroscopicity and mixing state
mass are one to two orders of magnitude smaller than fronof the particles.
road transport or shipping. The size of the aerosol is represented in INCA through a

Hendricks et al. (2004) estimated the contribution of BC superposition of lognormal distributions. This multimodal
emitted from aircraft to be at most a few percent of the over-approach allows the representation of the coexistence of ex-
all atmospheric BC produced. Here, we estimate this sourcéernally and internally mixed particles with a limited number
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of tracers. In this work, we treat the sulphate and OC asfrom a look-up table which accounts for the ambient relative
external mixtures. Black carbon is considered either as exhumidity in the model gridbox.
ternally mixed either or as internally mixed. In the case of The solar radiation code in the LMDZ GCM consists of an
internally mixed BC, we follow the suggestion of Bond et improved version of the parameterizations of Fouquart and
al. (2006): increase the absorption for hydrophilic BC parti- Bonnel (1980). The shortwave spectrum is divided into two
cles by 50% while no change is applied to hydrophobic BCintervals: 0.25-0.68 and 0.68—4.00 um, respectively. The
particles. Submicron aerosols are transported into two dismodel accounts for the diurnal cycle of solar radiation and
tinct modes, one that is soluble (rather hygroscopic) and allows fractional cloudiness to form in a grid box. The
second one that is insoluble. reflectivity and transmissivity of a layer are computed us-
The carbonaceous aerosol fraction is composed of variing the delta Eddington approximation (Joseph, 1996) in the
ous products of incomplete combustion of fossil fuels andcase of a maximum random overlap (Morcrette and Fouquart,
biomass. Direct particle emissions contain both soot and or1986) by averaging the clear and cloudy sky fluxes weighted
ganic matter. These substances are to a certain degree intdinearly by their respective fractions in the layer. The ra-
nally mixed and often difficult to separate in chemical anal- diative fluxes are computed every two hours, at the top-of-
ysis. However, the optical properties of the aerosol dependtmosphere and at the surface, with and without the presence
largely on the amount of BC that is present. Organic car-of clouds, and with and without the presence of aerosols. The
bon was considered as a very weakly absorbing aerosol. lelear-sky and all-sky aerosol radiative forcings can then be
INCA, we keep track of both soluble and insoluble BC and estimated as the differences in radiative fluxes with and with-
POM. We assume that primary, insoluble carbonaceous partieut aerosols.
cles become soluble with time. This ageing process transfers
smaller size insoluble accumulation mode particles into the2.5 University of Reading (UREAD): radiation code

larger size soluble accumulation mode, decreasing slightly o ) o
the mode diameter of the latter. The half life of ageing for The same aerosol mixing ratios calculated within the INCA

BC and POM is taken as 1.1days based upon Cooke angerosol module as described in the previous section are used
Wilson (1996). A ratio POM:0C=1.4:1 was used. This value here, therefore the state of mixing of the aerosol is treated in

corresponds to the low range of the values reported in Turpirin® Same way as in INCA. , _
etal. (1999). The radiative forcing due to the different aerosol types is

The uptake and loss of water on aerosol particles (hygro_calculated using the offline version of the radiation scheme

scopicity) is generally fast and depends on the chemical comtat is used in the UK Met Office Unified Model (UM) by
position, size and surface properties of the aerosol particleEdwards and Slingo (1996). The code is based on the two-
Hygroscopic growth (HG) of aerosol particles is a major fac- S€a@m equations and uses the delta-Eddington approxima-
tor that determines the optical parameters of an aerosol popion in the solar region of the spectrum. The spectral resolu-
ulation. Several attempts have been made to establish growt#P" In this code is variable. Six spectral bands in the short-
factors as a function of composition and size. Swietlicki Wave part of the spectrum are used here. Rayleigh scattering

et al. (1999) report many measurements where hydrophobié”d multiple scattering between cloud layers are included.
and hydrophilic particles coexisted. Solar insolation is calculated as a function of latitude and day

In the case of an aerosol internally mixes, INCA takes of the year (one calculation per month). The diurnal varia-

into account the observation that two particles with differ- tion in the radiative forcing due to the variation of the solar
ent HG factors appear upon hydration of dry particles szenith angle was taken into a_ccount by performing Fhree cal-
a given diameter. This separation is represented througffulations per half-day for zenith angles and then using Gaus-
the two modes: a soluble one and an insoluble one. HcSian integration to produce the diurnal mean. The calcula-
changes the particle diameter, the aerosol composition anfions are performed on a 3.762.5° horizontal grid. The
particle surface characteristics. It is computed as a funcatmospheric profiles of temperature, vapour-, ozone-mixing
tion of chemical composition in each mode. The parameter-ratios' as well as the surface albedo, are taken from a clima-
ization follows initial ideas of Gerber's experimental work 0109y constructed from a 50-year control run of the Unified
(Gerber, 1988). Gerber had established an approximate fof¥odél. Cloud fraction and optical depths for high, medium
mula for aerosol growth behaviour of rural aerosol and sesAnd low clouds, were taken from the International Satellite
salt. Our first assumption is that the hygroscopic growth ofcloud Climatology Project climatology (Rossow and Schif-
the ambient aerosol lies in between that of sea salt and ofe" 1999). These clouds were inserted into the UM profiles at
rural aerosol and is a linear function of the aerosol composih€ closest vertical level, and random overlap between verti-

tion. In the case of an externally mixed aerosol, BC, OC andc@l levels was assumed. The algorithms used by this radiation

SOy are then considered separately to determine their optic0de as well as the number of spectral bands (six compared
cal properties. The wet diameter of the aerosol is chosed td° WO in the LMDZ GCM) suggest that the UREAD code

be the same as in the case of the internal mixtures, but operoduces a more precise computation compared to the LMD
tical properties of the individual components are determined@diation code described above.

www.atmos-chem-phys.net/10/4477/2010/ Atmos. Chem. Phys., 10, 448392010



4482 Y. Balkanski et al.: Direct radiative effect of aerosols emitted by transport

The model includes the scattering and absorption propdistributions, refractive indices, and densities giving small
erties of aerosols via the specific extinction coefficient, theimpact on the radiative forcing due to BC (Myhre et al.,
single scattering albedo, and the asymmetry factor. They2009). However, it should be noted that a lower density or
were calculated using refractive indexes from Toon andhigher refractive index than recommended is necessary to de-
Pollack (1976), in the case of ammonium sulphate andrive the recommended absorption coefficient.

WCP (1986) for BC, a more detailed description on these In this paper a lognormal size distribution with geomet-
calculations can be found in Haywood and Shine (1995).ric radius of 0.0118 um and standard deviation of 2.0 was
The optical properties for organic carbon are taken fromassumed for emitted BC particles. A test was done with a ge-
the HadGEM2 version of the UM and are derived from ometric radius of 0.04 um and standard deviation of 1.5, the
biomass burning aerosols (N. Bellouin, personal communi-discussion of how it improves consistency can be found on
cation, 2008). The lognormal size distribution has a radiuspage 1384 in Myhre et al. (2009).

of 0.12 um and a standard deviation of 0.13 um. The real part Scattering aerosols are important as they enhance the ab-
of the refractive index is that of aged biomass burning, andsorption due to increased diffuse solar radiation (Stier et al.,
the imaginary part is assumed to be wavelength independert006) leading to an increase in the radiative forcing of nearly
at 0.006. This leads to a single scattering albedo of about 0% in simulations of fossil fuel BC over the industrial era
0.97 at 0.55 micron. Hygroscopic growth factors are those of(Myhre et al., 2009). All the main aerosol components at

biomass-burning aerosols. their present abundances are included in the simulations of
traffic related direct aerosol effect. For the radiative forcing
2.6 Universtity of Oslo (UiO) Aerosol model and calculations of organic carbon pure scattering aerosols are
radiation code assumed and a ratio of OM/OC of 1.6 is adopted.

_ _ . The radiative forcing calculations in Oslo CTM2 are per-
Oslo CTM2 is an off-line global aerosol and chemistry trans-formed with a multi-stream model using the discrete ordinate
port model that uses European Centre for Medium-Ranggnethod (Stamnes et al., 1988). The radiative forcing is cal-

Weather Forecasting (ECMWF) meteorological input datacylated at the top of the atmosphere with radiative transfer
(Berglen et al., 2004; Isaksen et al., 2005; Myhre et al.,calculations every three hours.

2009). The model includes a detailed chemistry scheme

(Berntsen and Isaksen, 1997) and all main aerosol compoy

nents such as mineral dust, sea salt, sulphate, nitrate, arr‘?’— Radiative forcings

monium, black carbon, and primary as well as secondary orrigure 2 shows the geographical distribution of the annual-
ganic carbon (Myhre et al., 2009). The meteorological datamean forcing for all three models for all three sectors, for the
used in this Study is from year 2003 and the model is run W|thsum of all aerosol Componentsl Figure 3 shows the zonal-
a T42 horizontal resolution and 60 layers in the trosposphergnean results and shows, in addition, the results for each
and the stratosphere. A 2-months spinup period was used tgerosol component, Fig. 4 shows the corresponding global-
allow the aerosol concentrations to reach quasi-equilibriummean results in the case of an internal mixture. Figure 5
The aerosol optical properties are calculated using Mie theshows the global-mean forcing for each sector with all the
ory which involves information about aerosol size, refractive components summed together. It should be noted (see Fig. 2)
index, density, as well as aerosol hygroscopic growth; seghat the advection of the aerosol components, and their pre-
Myhre et al. (2007) for more details. The carbonaceous parcyrsors from their emission sources, means that the forcing
ticles are modelled as hydrophobic and hydrophilic particlesgyer the oceans due to road traffic emissions, and the forcing
with a conversion time of 2.5 days between these transporte@yer land due to shipping emissions can be substantial, es-

species based on Maria et al. (2004). The much longer conpecially in regions immediately downwind of areas of large
version time than the 1.1 day used in the LSCE can explairemissions.

the higher carbonaceous aerosols burdens for the UiO model

compared to the ones obtained with the LSCE model. Osla.1 Radiative forcing from the road sector

CTM2 has been compared to aerosol remote sensing results

and ground based in situ measurements and radiative forcinglack carbon is the dominant contributor to the radiative

of the direct aerosol effect over the industrial era for variousforcing of aerosols emitted by road activities (Table 2, Figs. 3

aerosol components has been simulated (Myhre et al., 2009and 4). All three models (Fig. 2) show maxima for the total
Bond and Bergstrom (2006) have made a critical assesstsum of BC, OC, and sulphate) direct aerosol effect at North-

ment of the factors that influence the optical properties ofern mid-latitudes and also over North Africa and the Arabian

BC. In the simulations for this study we use size distribu- Peninsula, regions with relatively low cloud-cover. Other re-

tions, refractive index, and density so that the absorption cogions where maxima occur are: Western and Central Europe,

efficient is close to the recommended value from Bond andEastern US, South Asia and Eastern China. Not surprisingly,

Bergstrom (2006) of 7.5 Ay~ for freshly emitted BC. Sen-  these regions are also where the highest emissions take place

sitivity tests have been performed for other choices of size(Fig. 1).

Atmos. Chem. Phys., 10, 4474489 2010 www.atmos-chem-phys.net/10/4477/2010/
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Fig. 2. All-sky radiative forcings (mW m2) of the direct aerosol effect from the three models: UiO (left column), LSCE (middle column)
and UREAD (right column). The first line represents the RF from road activities, the second line, RF from shipping and the third line
RF from aviation. Radiative forcings from LSCE and UREAD radiation codes are shown for BC externally mixed with the other aerosol
component, whereas for UiO, radiative forcings are computed for BC internally mixed with other aerosol types.
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Fig. 3. Zonal-mean all-sky radiative forcings (mV\Fr?l) of the direct aerosol effect from the three models. The panels are presented in the
same order than in Fig. 2. As in Fig. 2, the radiative forcing from UiO model is presented for BC internally mixed with the other components
of the aerosols, whereas the radiative forcings for LSCE and UREAD models are presented for an external mixture of aerosols.
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Table 2. Global-mean all-sky radiative forcing of the three aerosol components emitted from the road, ship and aviation sub-sectors.
Radiative forcings are given for both an external and an internal mixture case.

Radiative Forcing (mMWm?)  Radiative Forcing (mW m?)

Case: External Mixture Case: Internal mixture
uio LSCE UREAD UiO LSCE UREAD
ROAD subsector
BC +44.0 +26.6 +24.4 +57.6 +38.0 +34.9
oC -4.0 -1.5 -1.8
SOy —-12.2 —-7.4 -85
Total: +27.8 +17.7 +14.1 +41.4 +29.1 +24.6
SHIPS subsector
BC +1.7 +0.9 +0.9 +2.2 +1.3 +1.3
oC -1.3 -0.6 -1.0
SOy -30.1 —-23.2 -25.6
Total: —-29.7 —-22.9 —-25.7 -29.2 -225 —-25.3
AVIATION subsector
BC +0.7 +0.04 +0.04 +0.9 +0.06 +0.06
ocC Negligible
SOy -0.6 -1.1
Total (BC+SQ): +0.1 -11 +0.3 -1.0
60 50
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g 40 EPOM g 30 B UREAD
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Fig. 5. Comparison of the all-sky total direct aerosol global-mean
Fig. 4. Global-mean all-sky direct aerosol radiative forcings radiative forcings (mwW m2) for the three sub-sectors. For all three
(mWm~2) by subsectors and for each of the three aerosol com-models, the BC aerosols are considered internally mixed.
ponents: BC, OC and SO4. The results are presented for the three
models. For all models, the BC aerosols are considered internally
mixed.

due to the extended lifetime of hydrophobic particles based
3.1.1 Externally mixed aerosols upon measurements reported in Maria et al. (2004). The ab-

sorption and total extinction used in the three models agrees
The average net radiative forcings from the three aerosolvithin 10% as shown in Table 3 and the variation in the nor-
components (BC, OC and sulphate) considered as an exwnalized radiative forcing is much smaller than what is typical
ternal mixture, amount respectively to: +14.1, +17.7 andbetween various global aerosol models (Schulz et al., 2006).
+27.8mWn12 in the three radiation codes, respectively:
UREAD, LSCE (Laboratoire des Sciences du Climat et de3.1.2 Internally mixed aerosols

I'Environnement) and UiO. . . . .
The much higher value obtained in the case of theAs noted in Sect. 2.6, the UiO model includes both internal

UiO model can mainly be explained by the higher burden&€rosol mixtures and the effect of enhanced absorption due to
as shown in the normalized radiative forcing in Table 3. the extra diffuse radiation scattered from other aerosol com-

The higher burden in the UiO model is to a large degreeP°"eNts:
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Table 3. Burden, AOD and RF for BC for the 3 MODELS. Absorption and total extinction at 550 nm is given. Normalized RF is given as
the all-sky radiative forcing (external mixing for all three models) divided by the burden.

BC Col. Load Abs. Total AOD RF External RF Internal Normalized
Extinction  Extinction @550 nm External RF

(mgm?) (m?kg™h)  (m?kg™!) (MWm?) (mwm?) (Wgh)

UiOo OSLO 7320 9240

BC Road 0.0309 3.6010°4 +44.0 +57.6 1430

BC Ships 0.00122 1.4610™° +1.7 +2.2 1390

BC Aviation 0.000302 3.7610°6 +0.7 +0.9 2320

LSCE GIF/Yvette 9740

BC Road 0.0189 1.84104 +26.6 +38.0 1410

BC Ships 0.00079 80107  +0.9 +1.3 1140

BC Aviation 0.00003 1.910°7  +0.04 +0.06 1500

UREAD READING 7990 11900

BC Road 0.0203 2421074 +24.4 +34.9 1200

BC Ships 0.00083 9.8310™° +0.9 +1.3 1080

BC Aviation 0.00004 342107 +0.04 +0.06 1000

Measurements of the size of particles emitted from vehi-UiO model and the two others is to a large part due to the
cles that use either diesel or gasoline has been reviewed blyigher burden of BC assumed (longer lifetime for the hy-
Bond et al. (2006b, Table 3). For diesel, the studies citeddrophobic fraction). For this case the normalized radiative
report particle sizes with count mean diameter that range beforcing is quite similar (not shown).
tween 22 and 120nm. For gasoline powered vehicles, the Compared to OC and SOQBC dominates the radiative
size of particle emitted measured at the tailpipe is reportedorcing from the road sector. The combination of OC and
to range from 18 to 150 nm. The absorption amplification is SOy in all three models accounts ferd to —16 mW n1 2.
defined by Bond et al. (2006b) as the ratio of absorption by
a mixed particle to absorption by a pure particle when both3.1.3  Comparison with previously published results
particles contain the same amount of light-absorbing carbon . o
mass. It ranges from 1.15 to 2.5 for particles with these size&Ohler et al. (2001), with emissions of BC from roads that
in the case of small size shells. Particles in plumes away?'® 3 times the inventory from Borken et al. (2007), did a
from sources have grown to diameters larger than 110 nnfough calculation based upon a simplified description of the
through condensation and coagulation processes. For paBC cycle. Tgey estimated a direct radiative forcing for BC
ticles in these size ranges, particle amplification ranges fronPf 80 mWnT = If we scale the amount of black carbon that
1.0 to 2.5, only in the range 110-150 nm absorption ampli-iS Uséd by these authors to that used in the present study,
fication can reach 3.0. In the case of a wide size distribu-the direct forcing obtained is 27 mWTin good agreement
tion, the absorption amplification grows to a maximum of with the results presented here for the e>_<terna|_ mlxture._ In
1.9. Based upon their results, Bond et al. (2006b) suggested aPle 7 of Schultz et al. (2004), the combined direct and in-
simplified approach for models that consider hydrophilic angdirect effect of BC of 64 to 160 mW m’-.|s reported. Thezat-
hydrophobic particles separately. For hydrophilic particles, itMospheric load of BC from road traffic (52.‘90_6 gm <)
is suggested to increase of the absorption by 50% but not & t0 2.8 times greater than estimated in this work. The nor-
increase it for fresh BC particles. This approach leads to arffnalised folrcmgs_from the three models in Table 3 (1200 to
increase in the radiative forcing by 31% for the road sector in}430 W g ") are in the low range of the ones reported by
global calculations of the UiO model and 43% in the LSCE Schultz et al. (2004) (1210 to 3100Wb- The radiative
or UREAD model that have the same assumptions concernforcing for OC in this study is substantlally weaker than in
ing the partitioning between soluble and insoluble BC (seeFU9|EStV_edt et _aI. (_2008). _The mean estimate for BC (ex-
right hand columns of Table 2). ternal mixture) in this study is stronger than in Fugle_stvedt et

Table 2 and Fig. 4 present the global-mean radiative forc-2l- (2008). Fuglestvedt et al. (2008) compared the UiO model
ings for the 3models and for all components (BC, OC angresults to previous rgsults frpm the literature and es_n_mated
SOy) produced from transportation. The internally mixed & range 'of the rad|at|v§ forcing of BC from road activities.
hypothesis leads to an estimate for radiative forcing from1his estimated range is from 14 to 32 mW fn(Table 4).

BC of +57.6, 38.0 and 34.9 mWTA for the UiO, LSCE and The results reported here indicate higher values from 24.4 to

UREAD models, respectively. The difference between the ®7-6 mW_mZ when both externally and internally mixed BC
are considered. More recently, Unger et al. (2010) used the
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Table 4. Mean direct radiative forcings and standard deviation (mv#yncomputed in this study together with the values reported by
Fuglestvedt et al. (2008) associated with estimated uncertainties.

This study, This study Rangeseported in Values reported in
External mixture Internal mixture  Fuglestvedt et al. (2008) Unger et al. (Table S2, 2010)
(Mean value:Std Deviation)
ROAD subsector
BC +31.A410.7 +43.5-12.3 +23t9 +71
ocC —2.4+1.4 —8+4 -16
SOy —9.4+2.5 —12+5 -14
Total aerosols +19:P11.1 +31.%412.6 +3t11 +41
GHG** +192+26
SHIPS subsector
BC +1.14-0.5 +1.6:0.5 2.6+0.9 +3
ocC —-1.0+0.4 —0.3+0.2 -3
SOy —26.3+3.5 —47t0-16 -16
Total aerosols —26.14+3.6 —25.71+3.6 —46t0—13 -16
GHG +24+17
AVIATION subsector
BC +0.3:t0.4 +0.3t0.5 0.1-0.03 +3
ocC Negligible —0.014+0.01 +1
SOy —0.9+0.4 —11to-2 -16
Total (BC+SQ): —0.3+0.6 —0.3+0.6 —11to-2 -13
GHG +31:31

* The ranges reported here were obtained through Monte Carlo simulations that included uncertainties in emissions (see Table 3 of the
Supplementary Material in Fuglestvedt et al., 2008).

** GHG stands for the effect of the following greenhouse gasesj, @2one and CH lifetime as best estimates from Fuglestvedt et

al. (2008), Supplementary Information, Table 5.

Fast track inventory for on-road and off-road transport. Thereinforces this negative raditive forcing. Only over surfaces
BC emissions from on-road traffic in this inventory amounts with very high albedos (snow- and ice-covered regions) does
to 1235 Ktonsyr! and the corresponding radiative forcing this forcing have a positive sign. In Fig. 2, aerosols are
is estimated in this work to be 71 mWTh By comparison, treated as externally mixed for the LSCE and UREAD mod-
the present work uses the QUANTIFY based estimate of on-els, whereas BC is internally mixed with other aerosols in the
road emissions is 722 Ktonsy¥ and the radiative forcing case of the UiO model. When aerosols are treated as an in-
for BC internally mixed is 44 mW m? (Table 3). Koch et ternal mixture, most of the areas that are covered with snow
al. (2007) also report the contribution of sectors to aerosoffor more than 6 months of the year, exert a positive forcing
direct. Radiative forcings for BC for all transport sectors (Fig. 2). Areas that are particularly affected by aerosols from

combined amount to 56 mMWTA. shipping activities are: the North Sea, the western coasts
o . _ of Europe, the Mediterranean, the tropical Atlantic and the
3.2 Radiative forcing from the ship sector northern Indian Ocean. The global-mean sulphate radia-

s . .. tive forcings from the three models are:30.1, —23.2 and
The radiative forcing from sulphate produced from shipping —25.6mW T2 (see Table 2).

activities overwhelms the forcings from the two other com-

ponents: BC and OC (see Table 2 and Fig. 4). This is als®.2.1 Comparison with previously published results

true for aerosol loads and optical depth (Table 1). The over-

all effect of the three aerosol components (sulphate, BC and.auer et al. (2007) estimated the direct radiative forcing from
OCQ) is largely dominated by sulphate as the sum of BC andsulphate, nitrates, ammonium and associated liquid water at
OC contribution does not exceed 1 mWnin any of the  the Top-of-Atmosphere (ToA) from the three shipping in-
3models. The combined radiative forcing from the sum of ventories they used to range betweehl to —13 mW nr 2
sulphate, BC and OC produced by shipping emissions isunder all-sky conditions. Fuglestvedt et al. (2008) com-
dominated by the negative sulphate contribution. The gepared UiO model results to previous results from the liter-
ographical distribution of aerosol concentrations which areature came up with a range from the ship sector that span
predominant over oceanic surfaces with a low albedo, alsdrom —46 to —13mWnT2. The range we report here is
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much narrower. The total direct aerosol radiative forcingsaerosol components, RF for the sum of BC, POM and SO
from shipping activities obtained in this work are respec-ranges from +24.6 to +41.4 mWT# for the three radiation
tively: —30, —23 and—26 mW n1 2 for the three radiation codes, whereas when the aerosols are considered externally
codes. This narrower range could come from the use of anixed, RF ranges from +14.1 to +27.8 mW fa Based upon
single emission inventory. the black carbon property reported in the literature, the ra-
diative forcing from road transport is more likely to be rep-
resented by the higher net forcing reported for the case of the

The radiative forcing from the aviation sector shows the high—Intemal m|;]<ture.hTh|s higher value 1S dui to thehfollllo:cvlng
est contrast between the two cases when the aerosol compB-ererty' the ?n ancecé BC gbsorptlon ‘g ecr; as Ie 20 sc?at-
nents are treated as an internal or external mixture. The int€"Ng materia (OC and Sfpis present (Bond et al., 2006;

ternal mixture with the BC as the core and the,;8@ a shell  Fuller et al., 1999; Haywood and Shine, 1995). For inter-

is an efficient absorber and shows prominent areas with posifa/ly mixed aerosols, the net direct radiative forcing from

tive forcings not only over regions that are snow covered butthe road sector represents 13 to 21% of the (adiative_ forcing
also between the Equator and around SqFig. 2). due to greenhouse gases (£:Qs and CH, lifetime) which
In this work the contribution of the sum of BC and $t0 adds up to 192mW ¥ (see Table 5 from Supplementary

the radiative forcing from aviation is respectively +0.1 and 'nformation from Fuglestvedt et al., 2008). o
—1.1mW 72 for the case of BC externally mixed and +0.3 In the case of shipping, the net direct aerosol radiative
to —1.0mW nT2 when BC is considered internally mixed forcing is negative (Fig. 4). This forcing is dominated by the

with sulphate. For these estimates, the two radiation code§entribution of the sulphate component of the aerosol; the
from UiO and LSCE were used. small contributions of OC and BC tend to compensate each

The work of Danilin et al. (1998) presents one of the first other. For an internal or an external mixture, the radiative
estimates of radiative forcing from soot and sulphur emit- forcings from shipping range from —30 to —23 mW frand _
ted from aircraft. In that paper, eleven models were inter-nence is only slightly dependent on the mixing assumption.
compared in an aircraft fuel tracer simulation based upon a'he small differences between these results are attributable
1992 inventory. The authors derived upper limits for strato-Partly to differences in burden and extinction coefficients for
spheric BO build-up from aircraft as well as aviation in- sulfate (which can differ by the treatments of hygroscopic

duced aerosol loads. As reported in IPCC (1999) this workdrowth that differ in the models), and probably partly to the
led to an estimate of the radiative forcing of BC from aircraft details of the radiation codes. The small difference between

emissions for the year 1992 in the range of 1 to 6 m¢m interngl a}nd external mixtgres is attributaplg to the fact t'hat
For sulphate, all the sulphur produced is converted to sulfor Shipping sulphate dominates, where mixing assumptions
phate and the emission factor isc04kgS (kg fuel) L. is thqught to be of smaller |mp0rtan_ce_. All m_odels show a
Kjellstrom et al. (1999) point out that the contribution of ppsmve global and annual mean radiative forcing of the total
aircraft sulphate to the total burden is less than 1% (0.169#lirect aerosol effect for the road transport sector and a neg-
in their work and 0.30% in our simulation). The radiative &tive radiative forcing for the shipping sector (Fig. 5). This
forcing of the direct aerosol effect from the aviation sec- "€sultis independent of the mixing assumption of BC, which

tor is less negative in this study compared to Fuglestvedt el

3.3 Radiative forcing from the aviation sector

{s shown to impact the magnitude of the radiative forcing.
al. (2008). It agrees with the mean value reported from the FOr aviation, the net radiative forcing is much smaller

project TRADEOFF reported in Lee (2004). compared to the two other subsectors (Fig. 4). Sulphate and
BC have opposite contributions to the radiative forcing that
4 Conclusions can cancel each other (Figs. 3 and 4). For an external mix-

ture, we find a net RF for the LSCE and UiO models of re-
We have computed the radiative forcings of aerosol fromspectively,—1.1 to +0.1 mW n12 whereas for internal mix-
road, ship and aviation transport using two different aerosokure these RF from aviation arel.0 and +0.3 mW m?2. The
models (LSCE and UiO) and three different radiation codesemissions of aerosols and their precursors from aviation are
(LSCE, UREAD and UiO). The differences between the much smaller than from the two other transport sectors and
forcings from these models originate from their treatment ofthus the radiative forcing is weak.
the aerosol cycle, the assumptions about aerosol component These main findings are consistent with results in the only
mixing and probably from differences between the respec-multicomponent model study of the different transport sec-
tive radiation codes, e.g. such as the methods of calculatingors (Fuglestvedt et al., 2008). They add the following infor-

both single and multiple scattering and the number of specmation compared to the results that are summarized in Fu-
tral bands (see e.g. Schulz et al., 2006). glestvedt et al. (2008):

For the road subsector, the net direct radiative forcing is
dominated by the black carbon component that accounts for — the positive direct forcing of aerosols from the road
a much larger fraction of the total forcing than either OC or sector (+26:11 mW n12 for an externally mixed case,
SO, (Fig. 4). When BC is internally mixed with the other and +32:13 mW nm 2 when BC is considered internally
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mixed) is much stronger than the previous estimate sug<apaldo, K., Corbett, J. J., Kasibhatla, P., Fischbeck, P., and Pan-
gested (+311 mWnr2). dis, S. N.: Is aerosol production within the remote marine bound-
ary layer sufficient to maintain observed concentrations?, Nature,
— This study indicates that the direct effect of aerosols 400, 743-746, 1999.
produced from shipping activities is better constrainedCheng, Y. F., Eichler, H., Wiedensohler, A., et al.: Mixing state
than previously estimated. of e_IementaI (?arl)_on and_ non-hght-absorbmg aerogol components
derived from in situ particle optical properties at Xinken in Pearl
River Delta of China, J. Geophys. Res., 111(D20), D20204,
doi:10.1029/2005JD006929, 2006.
orbett, J. J. and &hler, H. W.: Updated emissions
from ocean shipping, J. Geophys. Res., 108(D20), 4650,
doi:10.1029/2003JD003751, 2003.
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