Michigan
Technological Michigan Technological University
1a8s] University Digital Commons @ Michigan Tech

Michigan Tech Publications

8-1-2013

Impact of aging mechanism on model simulated carbonaceous
aerosols

Y. Huang
Michigan Technological University

S. Wu
Michigan Technological University

M. K. Dubey
Los Alamos National Laboratory

N. H.F. French
Michigan Technological University, nhfrench@mtu.edu

Follow this and additional works at: https://digitalcommons.mtu.edu/michigantech-p

6‘ Part of the Geological Engineering Commons, and the Mining Engineering Commons

Recommended Citation

Huang, Y., Wu, S., Dubey, M., & French, N. H. (2013). Impact of aging mechanism on model simulated
carbonaceous aerosols. Atmospheric Chemistry and Physics, 13(13), 6329-6343. http://doi.org/10.5194/
acp-13-6329-2013

Retrieved from: https://digitalcommons.mtu.edu/michigantech-p/2363

Follow this and additional works at: https://digitalcommons.mtu.edu/michigantech-p

b Part of the Geological Engineering Commons, and the Mining Engineering Commons



http://www.mtu.edu/
http://www.mtu.edu/
https://digitalcommons.mtu.edu/
https://digitalcommons.mtu.edu/michigantech-p
https://digitalcommons.mtu.edu/michigantech-p?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1400?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1090?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages
http://doi.org/10.5194/acp-13-6329-2013
http://doi.org/10.5194/acp-13-6329-2013
https://digitalcommons.mtu.edu/michigantech-p?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1400?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1090?utm_source=digitalcommons.mtu.edu%2Fmichigantech-p%2F2363&utm_medium=PDF&utm_campaign=PDFCoverPages

Atmos. Chem. Phys., 13, 6326343 2013 Atmosphenc _g
www.atmos-chem-phys.net/13/6329/2013/ . g
d0i:10.5194/acp-13-6329-2013 Chemistry >
© Author(s) 2013. CC Attribution 3.0 License. and Physics @

Impact of aging mechanism on model simulated
carbonaceous aerosols

Y. Huang?!, S. W2, M. K. Dubey?, and N. H. F. FrencH}

IDepartment of Geological and Mining Engineering and Sciences, Michigan Technological University,

Houghton, M1 49931, USA

2Atmospheric Science Program, Department of Geological and Mining Engineering and Sciences, Department of Civil and
Environmental Engineering, Michigan Technological University, Houghton, MI 49931, USA

3Earth System Observations, Los Alamos National Laboratory, Los Alamos, NM 87545, USA

4Michigan Tech Research Institute, Michigan Technological University, Ann Arbor, M1 48105, USA

Correspondence td. Wu (slwu@mtu.edu)

Received: 24 October 2012 — Published in Atmos. Chem. Phys. Discuss.: 9 November 2012
Revised: 2 June 2013 — Accepted: 3 June 2013 — Published: 4 July 2013

Abstract. Carbonaceous aerosols including organic carbonModel evaluations against data from multiple datasets show
and black carbon have significant implications for both cli- that the updated aging scheme improves model simulations
mate and air quality. In the current global climate or chemicalof carbonaceous aerosols for some regions, especially for
transport models, a fixed hydrophobic-to-hydrophilic con- the remote areas in the Northern Hemisphere. The improve-
version lifetime for carbonaceous aeroso) {s generally = ment helps explain the persistent low model bias for carbona-
assumed, which is usually around one day. We have im-ceous aerosols in the Northern Hemisphere reported in liter-
plemented a new detailed aging scheme for carbonaceowsture. Further model sensitivity simulations focusing on the
aerosols in a chemical transport model (GEOS-Chem) tacontinental outflow of carbonaceous aerosols demonstrate
account for both the chemical oxidation and the physicalthat previous studies using the old aging scheme could have
condensation-coagulation effects, wheris affected by lo-  significantly underestimated the intercontinental transport of
cal atmospheric environment including atmospheric concen€arbonaceous aerosols.

trations of water vapor, ozone, hydroxyl radical and sulfuric
acid. The updated exhibits large spatial and temporal vari-
ations with the global average (up to 11 km altitude) calcu-
lated to be 2.6 days. The chemical aging effects are found to
be strongest over the tropical regions driven by the low ozonet
concentrations and high humidity there. Theesulted from
chemical aging genera"y decreases with altitude due to in_CarbonaceOUS aerOSO|S, inClUding both elemental carbon
creases in ozone concentration and decreases in humidityEC) (also called black carbon, BC) and organic carbon (OC)
The condensation-coagulation effects are found to be mostChung and Seinfeld, 2002; Park et al., 2003) play important
important for the high-latitude areas, in particular the po|arroles in affecting the climate directly and indirectly (Balka-
regions, where the values are calculated to be up to 15 days. Nski et al., 2010; Haywood and Boucher, 2000; Lohmann
When both the chemical aging and condensation-coagulatio§t al- 2000; Schulz et al., 2006). They also make signifi-
effects are considered, the total atmospheric burdens ang@nt contributions to particulate matter (PM), an important
global average lifetimes of BC, black carbon, (OC, organicair pollutant in surface air (US Environmental Protection
carbon) are calculated to increase by 9% (3%) comparedigency (EPA), 2007). Arecent assessment finds BC to be the
to the control simulation, with considerable enhancement$€cond most important contributor to anthropogenic warm-

of BC and OC concentrations in the Southern Hemisphereind after carbon dioxide with a forcing of 1.1 Wththat has
a large uncertainty of 90 % (Bond et al., 2013).

Introduction
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Major sources of carbonaceous aerosols include directincertainties at GCM scales. By contrast, Liu et al. (2011)
emissions from fossil fuel combustion, biomass and biofuelproposed a new condensation-coagulation scheme to glob-
burning as well as photochemical oxidation of volatile or- ally simulate the aging rate of BC by assuming it is pro-
ganic compounds (VOCs). Fresh emitted or newly formedportional to the gas concentration of sulfuric acid that is
carbonaceous aerosols generally have low solubility (Kondgproduced from the oxidation of SCby hydroxyl radicals
et al., 2007). However, various physical and chemical pro-(OH) in the ambient air. As a result, the lifetime of BC in
cesses in the atmosphere can convert the hydrophobic cathe model is predicted to be temporally and spatially vari-
bonaceous aerosols to hydrophilic ones (Croft et al., 2005able, which improved the model performance in terms of
Kanakidou et al., 2005; Liu et al., 2011). Globally it is es- comparisons to surface observations as well as aircraft cam-
timated that wet scavenging provides the dominant sink forpaigns. Maria et al. (2004) reported observations that the
carbonaceous aerosols in the atmosphere (Chung and Seiaverage hydrophobic-to-hydrophilic conversion rate for or-
feld, 2002; Park et al., 2003). Since hydrophobic aerosols arganic aerosols was at least three times lower than the value
more susceptible to wet scavenging, the conversion of carwidely used in climate models ¢ 1 day), which would po-
bonaceous aerosols from hydrophobic to hydrophilic onegentially increase the burden of carbonaceous aerosols by
can significantly affect the distribution and burden of car- 70 % in climate models.
bonaceous aerosols in the atmosphere. In this work, based on chamber study results from P&schl

Global models for simulations of climate or atmospheric et al. (2001), we first implement a new chemical oxidation
composition have generally assumed a simplified uniformaging mechanism for carbonaceous aerosols’ hydrophobic
lifetime () for carbonaceous aerosols to convert from hy-to hydrophilic conversion in a chemical transport model,
drophobic to hydrophilic ones, which is usually around 1 GEOS-Chem. We also follow Liu et al. (2011) to account for
day (with a range of 1-2.5 days; see literatures in Table 1)the condensation-coagulation aging effects. Finally, a com-
Previous studies on the regional budget and intercontinentabined aging scheme accounting for both the chemical oxida-
transport of carbonaceous aerosols have also used this sintion and physical processes is applied in the model. Model
plified assumption (Fu et al., 2009; Heald et al., 2006; Liao etsimulation results for atmospheric carbonaceous aerosols
al., 2007; Park et al., 2003; Wang et al., 2011). Furthermorewith the updated aging mechanism are compared with ob-
aerosol transport models underestimate the observed globakrvations of black carbon and organic carbon to evaluate the
average BC measurements and suggest that the uniform lifemprovement in model performance over the standard ver-
time treatment of BC aging may be contributing to this low sion. The implications of this updated aging mechanism for
bias (Bond et al., 2013). model simulated global distribution, budgets, and long-range

On the other hand, recent chamber studies have shown théitansport of carbonaceous aerosols are also examined with
the aging of carbonaceous aerosols would be affected by losensitivity studies.
cal atmospheric environment such as ozone oxidation and
water vapor inhibition (Pdschl et al., 2001), which implies
that the hydrophobic to hydrophilic conversion rate would 2 Approach and model descriptions
vary both spatially and temporally. In the study of Pdschl
et al. (2001), the coating of soot particles by the oxidationWe use the GEOS-Chem chemical transport model (CTM)
of benzo(a)pyrene (BaP) with ozone leads to the particles(Bey et al., 2001), which is a global three-dimensional model
conversion from hydrophobic to hydrophilic, while water va- driven by assimilated meteorological data from the God-
por serves as an inhibitor by competitive adsorption. In ad-dard Earth Observing System (GEOS) of the NASA Global
dition, physical processes, such as condensation and coadiodeling Assimilation Officelfttp://acmg.seas.harvard.edu/
ulation, also make important contributions to the aging of geos/index.html We use GEOS-Chem v8-02-02 with reso-
aerosols. The aging of soot particles by these processes attion of 4° latitude by 5 longitude, and 47 vertical layers.

a polluted region is simulated by Riemer et al. (2004), with GEOS-Chem contains a fully coupled Ozone,N@DC-
condensation of sulfuric acid onto the surface of soot par-Aerosol chemistry mechanism (Park et al., 2004). We run the
ticles dominant during daytime while coagulation being anmodel from June 2004 to December 2005, with year 2004 as
important process during nighttime. The e-folding aging life- spin-up runs and 2005 results for final analysis.

times are approximately 8h below 250 m during daytime, Anthropogenic emissions (including emissions from fossil
with 2 h between 250 m and 3000 m. During nighttime, the fuel and biofuel combustion) for both BC (4.53 Tg C¥¥
aging timescale was found to be 10-40 h on average. Thesand OC (9.33 Tg Cyr!) are based on Bond et al. (2007)
aging timescales are further employed by Croft et al. (2005)for the year 2000. In the standard version of GEOS-Chem,
in a global model to estimate the global lifetime and bur- freshly emitted BC and OC are treated as hydrophobic and
den of BC. However, the parameterization for this schemehydrophilic components, with 80% hydrophobic BC and
tends to strongly depend on the regional case that was chd0 % hydrophobic OC (Chin et al., 2002; Cooke et al., 1999;
sen by Riemer et al. (2004), which is not appropriate forPark et al., 2003; Wang et al., 2011). For biomass burn-
global model parameterization and thus could result in largeting emission inventory, we use the Global Fire Emission

Atmos. Chem. Phys., 13, 632%343 2013 www.atmos-chem-phys.net/13/6329/2013/
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Table 1. Model simulated global budgets of carbonaceous aerosols.

Reference Aging BC lifetime  BCburden  OC lifetime  OC burden
timescale (days) (TgQC) (days) (TgC)
This study, with old aging 1.15 days 5.82 0.117 4.58 0.537
scheme
This study, with OXD depends on [g], [H20] 7.61 0.153 5.35 0.626
This study, with CC depends on [OH] 7.29 0.146 5.18 0.606
This study, with OCC depends on [g), [H20], [OH] 6.31 0.127 4.70 0.551
This study, with TRIPLE 3.45 days 8.32 0.167 5.70 0.667
Mann et al. (2012) microphysics 4.76 0.100 4.59 0.87
Liu et al. (2011) depends on [OH] 9.5 0.20 NA NA
Colarco et al. (2010) 2.5 days 8.82 0.174 6.9 0.929
Jacobson (2010) microphysics 4.7 0.127 NA NA
Vignati et al. (2010) microphysics 6.2 0.14 NA NA
Koch et al. (2009) 1 day 9.2 0.18 NA NA
Liu et al. (2009) 1.6 days 5.8 0.17 5.3 0.83
Pierce et al. (2007) 1.5 days 8.48 0.19 4.80 0.80
Koch and Hansen (2005) 1 day 7.30 0.22 NA NA
Liu et al. (2005) microphysics 3.3 0.12 3.2 0.98
Croft et al. (2005) depends on [g], [H20] 9.5 0.209 NA NA
Easter et al. (2004) microphysics 5.9 0.16 55 0.99
Cooke et al. (2002) 1.15 days 4.29 0.06 3.39 0.13
Chin et al. (2002) 1.2 days 6.2 0.32 5.1 15
Chung and Seinfeld (2002)  1.15 days 6.4 0.22 5.3 1.2
Koch (2001) depends on sulfate 4.40 0.15 3.86 0.95
production
Cooke et al. (1999) 1.15 days 5729 0.073 4.54¢ 0.087
Cooke and Wilson (1996) 1.6 days 7.85 0.30 NA NA
Liousse et al. (1996) depends on sulfate 3.88 0.13 NA NA
production

* Only accounting for BC and OC from fossil fuel.

Database version 2 (GFED2) (van der Werf et al., 2006), withplemented in GEOS-Chem the experiment-based formula-
annual BC and OC emissions to be 2.80 and 21.98 Tg C, retion for the turnover rate from hydrophobic to hydrophilic,
spectively. Biogenic emissions of VOCs are calculated us-which is
ing the Model of Emissions of Gases and Aerosols from

Nature (MEGAN) scheme (Guenther et al., 2006). Follow- toxp= = :1+K03 [Oa] +K1;0[H20]
ing Chin et al. (2002) and Park et al. (2003), we assume OXD KooKo,[Os]

that there is around 10% of organic carbon aerosol yieldyhere roxp is the hydrophobic to hydrophilic conversion
(11.46 TgCyr*) from terpines. lifetime for carbonaceous aerosols; subscript OXD repre-
Dry deposition of aerosols in GEOS-Chem uses a stansents oxidation aging schemixp is the rate coefficient
dard resistance-in-series scheme from Wesely’s model (Wefy, oxidation aging scheme; g and [H0] are the con-
sely, 1989; Wang et al., 1998). Wet scavenging follows thecentrations for @ and HO in the atmosphere, respectively;
scheme used by Liu et al. (2001), including scavenging ing__ is pseudo-first-order decay rate coefficient in the limit
convective updraft, rainout (in-cloud) and washout (below- ¢ high ozone concentrations, which is set to be 0.015s
cloud) from convective anvils and large-scale precipitation. pased on experiment dat&, is the adsorption rate coef-
To investigate the sensitivity of model simulated carbona-ficient of O; and K0 is the adsorption rate coefficient of
ceous aerosols to the chemical oxidation aging scheme,, o with experimentally optimized values of&x 10~13

we firstly implement a new aging mechanism for carbona-znq 21 « 1017 ¢, respectively, which are given by
ceous aerosol's hygroscopic growth in the GEOS-Chem

model based on results from a chamber study (Poschl etal., _ Soiwi
2001) to account for the oxidation of organic compounds by '~ 4[S9s
ozone while water vapor serves as inhibitor. With the same

scheme as used by Tsigaridis and Kanakidou (2003), we imWNere So,; is tr;e sticking cogfﬁcient of @and RO, with
value 33x 107° and 04 x 10~°, respectivelyq; is the mean

: @

T, (2)

www.atmos-chem-phys.net/13/6329/2013/ Atmos. Chem. Phys., 13, 6383343 2013
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thermal velocity; [SS] is the surface concentration of ad- oo Definition of Asia region
sorption sites for the studied soot particles and measured t ' : 3 :
be 57 x 10" site cn?; 7; is the mean residence time 0O sow [=
and KO on particle surface sites, measured to be 5s anc |
3x 1073, respectively. Following Croft et al. (2005), we ap- ’
ply a physical shielding factor of 0.01 to account for the fact «
that the oxidized coating materials are not homogenously dis
tributed on the surface of the aerosol. o : :
Following Liu et al. (2011), the condensation-coagulation egws| ... %~ i
aging scheme is also investigated. The condensation of su
furic acid gas onto the surface of particles leads to the con
verS|o.n_ of Carbonacequs aerosols f_rom hydrophobic t_o h.y_Fig. 1. Definition of Asia region for intercontinental transport study
droph|I|_c. The conversion ratg of particles by cqndensa}tloq ISlongitude 63-150E and latitude 10-58N).
proportional to the sulfuric acid gas concentration, which is

kee = (DgM/pRéc) - [H25Chlg, @) where tcc is the e-folding conversion lifetime from the

where kcc is the rate coefficient for condensation- condensation-coagulation scheme.

coagulation aging scheme; subscript of CC represents To consider the combined aging effects from oxidation and

condensation-coagulation; $80] g is the gas concentration condensation-coagulation, the conversion rate is

of HoSQy in the air; Dy is the diffusivity of bSOy in the

atmosphereM andp are the molecular Weight angl particle- .. 1 = koxp + kee. ©)

phase density of }5Os; R is the mass median radius of hy- Tocc

drophobic carbonaceous aerosélds the equivalent coatin - .

thicpkness for the carbonaceous aerosolg to take the crgigtica‘ﬁv herekocc androcc are the rate coefficient and e-folding

soluble mass into account. conversion lifetime for the combined aging scheme, respec-
The reaction of S@with OH produces HSQy in the air. tively.

. . C . In addition to the control run using the a priagi fixed at
The st tat ncentration of$0, in the air i riv . .
ase steady state concentratio e airis derived 1.15 days in the standard version of GEOS-Chem, we also

carried out a sensitivity run by simply tripling the fixed con-
[H2SOylg = k1 [OH] [SOZ]’ ) version lifetime to 3.45 days (referred as TRIPLE). Results
Z4ﬂng from the TRIPLE run are compared to the control run as well
! as the new aging schemes to offer an additional quick refer-
wherek, is the reaction rate coefficient for 3@ OH; [OH]  ence point for model simulations of carbonaceous aerosols.
and [SQ] are gas concentrations of hydroxyl radicals and  The changes in carbonaceous aerosols’ lifetime could have
sulfur dioxide in the ambient aii; represents each particle significant implications for the long-range transport of car-
in the air andr; is the particle radius) r; is the sum of  bonaceous aerosols. To examine the potential impacts of
the updated aging schemes on the intercontinental transport
of carbonaceous aerosols, we set up sensitivity model runs
where emissions of carbonaceous aerosols outside of the
Asian region are turned off in the model. For the purpose
M . (5) of this study, we define the Asian region spanning longitudes
>_4m Récri 63 to 150 E and latitudes 10 to 38\, as shown in Fig. 1.
' These sensitivity simulations allow us to evaluate and com-
Taking coagulation effect into account, Eq. (5) becomes pare the continental outflow of carbonaceous aerosols from
kec= B [OH] + a. ©6) Asia with the old and updated aging schemes, respectively.

where 8 and « are assumed to be constant, with val-
ues 46x 10-2cmPmoleculels ! and 58x 10 7st 3 Results
With a globally average concentration of OH of about
10° molecules cm?, g is derived by assuming an e-folding
aging time of 2.5 daysy is estimated by assuming e-folding

lifetime for coagulation is 20 days. Figure 2a shows the hydrophobic to hydrophilic conversion
With Eq. (6), we obtain lifetime 7 for carbonaceous aerosol in surface air calcu-
1 lated with the oxidation aging mechanism. The longest life-

tce= m’ @) times are found in the tropical areas, reflecting low ozone

DEM o Vo S0

%S| s D R

’ 2 5 5 s A % o
R -1 v v o ' N L v -1 S v S B S 1

all particle radiuses in each grid box.l Combining Egs. (3)
and (4), we have

kcc= B-[OH] | where 8=

3.1 Impacts of the oxidation aging mechanism on model
simulations of carbonaceous aerosol

Atmos. Chem. Phys., 13, 632%343 2013 www.atmos-chem-phys.net/13/6329/2013/
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— DXD hydrephebic 1o hydrophilic conversion lifetime in surface air OXD conversion lifetime zonal mean [day]
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0.60 %08 .56 504 B5z  BOD  [doy] Fig. 2b. Zonal mean plot for hydrophobic to hydrophilic conversion

lifetime for carbonaceous aerosol by oxidation aging scheme.
Fig. 2a. Model calculated hydrophobic to hydrophilic conversion
lifetime for carbonaceous aerosols in surface air by oxidation aging
scheme. OXD (hereinafter) represents oxidation aging scheme. Contral BC -
57N [ SO°N [
ECI; V : k JEIOr»: V i A
vl Eeaetan - CiReh: sl B R
concentration and high humidity there, which is consis-ss| -Gt ] i e g et R
tent with the simulation output by Tsigaridis and Kanaki- * ¥ Z¥mm_o—ere oot o S0 2w ew o T27E ot
dou (2003). The global average valuewfs calculated to BRpE o e S
be around 4 days in surface air, which is significantly longer:"[;
than the simplified parameter of 1.15 days as commonly useean|-. 8-
in contemporary atmospheric models (Fu et al., 2009; Healc, .| == % ) B
et al., 2006; Liao et al., 2007; Park et al., 2003; Wang et al.ses| %G o] o
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est value found in the lower tropical troposphere. The life- Fig. 3a. Model simulated annual mean surface BC concentrations
times generally decrease with altitude, due to increases ifrom the sensitivity run versus the control run. (Upper left) BC con-
ozone concentration and decreases in specific humidity witleentrations from the control run; (upper right) BC concentrations
altitude. The global average value foris calculated to be from the sensitivity run using the oxidation aging scheme; (lower
approximately 3.1 days. Compared to the control runs, thdeft) differences between the sensitivity run and control run results;
decreased hydrophobic to hydrophilic conversion rates imp|y(lower right) ratio between sensitivity run and control run results.
suppressed wet scavenging and hence increased atmospheric
lifetimes of BC and OC with the oxidation aging mechanism.
The global average lifetimes of BC and OC calculated withcan lead to large increases in model simulated BC concen-
the oxidation aging mechanism (7.61 days for BC and 5.35rations over the tropics and southern oceans with the surface
days for OC) are significantly higher than those calculatedBC concentrations over the tropics more than doubled.
in the control simulation, by 31 and 17 %, respectively (Ta- Similar impacts are found on the model simulated OC con-
ble 1). Consequently, the global burden of BC and OC arecentrations with the oxidation aging mechanism (Fig. 3b). In
also found to be higher with the oxidation aging mechanismpatrticular, the highest concentration of surface OC concen-
(by 31 and 17 %, respectively). The oxidation aging schemetration is predicted to increase by 0.67 ug Chover Asia,
also puts our calculated lifetime and burden of BC and OCwith the maximum ratio value up to 2.8 found over the trop-
on the high end in comparison to literature studies on car-dcal oceans. The global burden of OC concentration from
bonaceous aerosols (Table 1). oxidation aging scheme increases by almost 17 % (Table 1),
We examine the impacts of the oxidation aging scheme orwhich implies more cooling effect of OC on climate forcing
model calculated surface BC concentrations in Fig. 3a. With(Haywood and Boucher, 2000).
the oxidation aging scheme, increases in surface BC concen- Global distributions of model simulated BC and OC
trations by up to 0.16 pg Cn3 are observed over South Asia, are shown in zonal means in Fig. 3c and d, respectively.
South America and African areas. These regions have higlror BC (Fig. 3c), the highest concentrations are found
emissions of BC and also strong precipitation, which makeover the northern midlatitudes near the surface due to the
the model simulated BC particularly sensitive to the agingBC sources from combustion of fossil fuel, with a sec-
mechanism used. The global burden of BC increased by alend peak happening near the tropics, indicating the impor-
most 31 % compared with the control run (Table 1). The ra-tance of biomass burning (Chung and Seinfeld, 2002; Ra-
tio plot in Fig. 3a shows that the oxidation aging mechanismmanathan and Carmichael, 2008). With the oxidation aging

Difference(0XD — Contral)

90°N
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I0ON |

o
0NE - -
60° S X - el
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Fig. 3c. Same as Fig. 3a but for zonal mean. Fig. 4a. Model calculated hydrophobic to hydrophilic con-

version lifetime for carbonaceous aerosols in surface air by
condensation-coagulation aging scheme. CC (hereinafter) repre-

mechanism, the concentrations of BC increase by more thafents condensation-coagulation aging scheme.

20 % in the middle and upper atmosphere, with the largest

perturbations found in the upper atmosphere (more than dou-

ble). The strongest perturbations to model simulated OCthropogenic emissions and more hydrophobic aerosols ex-
with the oxidation aging scheme are found over the tropicsisting in the atmosphere. Figure 4b shows the zonal mean
(Fig. 3d), reflecting the strong sources of OC from biomassplot for r values with the lowest values found in the tropi-
burning and biogenic emissions. OC concentrations in thecal upper troposphere, reflecting the high OH concentration
tropical upper troposphere are calculated to increase by a faghere. Overall, this aging scheme leads to 25 % increases in

tor of 4 with the oxidation aging scheme. the global atmospheric burden (0.146 Tg) and lifetime (7.29
days) of BC when compared with the control simulation (Ta-

3.2 Impacts of the condensation-coagulation aging ble 1). The global burden of atmospheric OC is 0.607 Tg,
mechanism on model simulations of carbonaceous  with lifetime of 5.18 days, which increases by 13 % from the

aerosol control runs. As discussed in Sect. 3.1, the oxidation aging

scheme increases the burdens and lifetimes of BC and OC,
The t values calculated using the condensation-coagulatiorompared with the condensation-coagulation aging scheme,
aging scheme strongly depend on the distributions of OHimplying lower aging efficiency.
concentrations. Due to the low concentrations of OH at high With the condensation-coagulation aging scheme, model
latitudes, the longest values are found over the polar re- simulated surface BC concentrations are shown in Fig. 5a.
gions (Fig. 4a), which is consistent with the findings by Liu Compared with the control run, increases BC concentrations
et al. (2011). Highr values are also found in the Amazon are observed over South America, South Africa, southeast-
region, South Asia and West Africa. Compared to the con-ern Asia and high latitudes of the North Hemisphere, by up
trol simulation, ther values at the northern midlatitudes are to 0.05 ug Cm3. Ratio plot shows that this aging scheme in-
generally increased by more than 4 times, implying lowercreases the BC surface concentrations at both Poles by over
aging rates for primary carbonaceous aerosols from the ana factor of 2. Similar impacts are found for model simulated
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Fig. 5a. Model simulated annual mean surface BC concentrationsgig. 5¢. Same as Fig. 5a but for zonal mean.
from the sensitivity run versus the control run. (Upper left) BC con-
centrations from the control run; (upper right) BC concentrations

from the sensitivity run using the condensation-coagulation agingOC f d he Arcti dA . . I
scheme; (lower left) differences between the sensitivity run and con- are found at the Arctic and Antarctic regions as well as

trol run results; (lower right) ratio between sensitivity run and con- UPP€T troposphere by a factor of 2—4.
trol run results.
3.3 Impact of the combined and TRIPLE aging schemes

OC concentrations in surface air, with largest increases bylhe combined aging scheme accounts for both the chemical
up to 0.25 pgCm? over South America, South Africa and oxidation and the physical condensation-coagulation aging.
South Asia (Fig. 5b). Ratio plot shows that OC surface con-With the combined aging scheme, global burdens of BC and
centrations at remote regions increase by a factor of 1.7. OC (0.127 Tg for BC and 0.551 Tg for OC) are found to be
Global zonal mean plots for BC and OC are shown in slightly higher than the control simulation by 9 and 3 %, with
Fig. 5¢c and d, respectively. They reflect that the concentraglobal average BC and OC lifetimes to be 6.31 and 4.70 days,
tions of BC and OC at the Arctic regions are significantly respectively (Table 1).
strengthened, which means that the burdens of carbonaceousCompared with the control runs, surface concentrations
aerosols in the Arctic is larger than the control runs and theof BC and OC in Chinese regions decrease by up to
magnitude of the impact of anthropogenic emissions from0.06 and 0.16 ugCn¥, while increase by up to 0.02 and
lower latitudes on the Arctic is larger, compared with the con-0.06 ug C 3 in southeastern Asia and South America, re-
trol runs. This is justified by global models, which always un- spectively (Fig. 6a and b). The ratio plots in Fig. 6a, b show
derestimate the carbonaceous aerosols against aircraft canhat the percentage changes of surface BC and OC concentra-
paigns as well as long-term surface observations (Chung antlons are within 20 and 15 %, with negative change in remote
Seinfeld, 2002; Heald et al., 2011; Wang et al., 2011; Liu areas of the Northern Hemisphere and positive change in re-
et al.,, 2011). Similar to the oxidation aging scheme, OCmote regions of the Southern Hemisphere, compared with
concentrations at the tropical regions are strengthened duehe control runs. Figure 6¢c and d show the combined aging
to strong emissions of biomass burning as well as biogenischeme leads to decreased model simulated BC and OC in
emissions there. Strongest perturbations to simulated BC anthe troposphere of the Northern Hemisphere by up to 0.005
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Fig. 6a. Model simulated annual mean surface BC concentrations,:ig_ 6¢.Same as Fig. 6a but for zonal mean.
from the sensitivity run versus the control run. (Upper left) BC con-
centrations from the control run; (upper right) BC concentrations
from the sensitivity run using the combined aging scheme; (lower

left) differences between the sensitivity run and control run results;/@nge transport. Similar results are found for model calcu-

(lower right) ratio between sensitivity run and control run results. lated global OC surface concentrations (Fig. 7b), with the
OCC (hereinafter) represents the combined aging scheme. largest increases found to be 0.85ugCnin South Asia,
which implies that model performance is highly sensitive to
thet values at source regions.

and 0.007 pg Cme. In contrast, the model simulated BCand ~ With the TRIPLE aging scheme, global distributions of

OC concentrations increase in the Southern Hemisphere. Thmodel simulated BC and OC are shown in Fig. 7c and d,

hydrophobic-to-hydrophilic conversion lifetimes calculated respectively. BC and OC concentrations, in the lower tropo-

with the combined aging scheme are generally higher in thesphere of the Northern Hemisphere, are found to increase by

Southern Hemisphere than the Northern Hemisphere. up to 0.018 and 0.058 pg CTh, respectively, with the largest
With the TRIPLE aging scheme, the global average at-perturbations found in the upper troposphere for both BC and

mospheric lifetimes of BC and OC (8.32 days for BC and OC (more than double).

5.70 days for OC), similar to the results from the combined

aging scheme, are significantly higher than those calculate@.4 Comparison with observations

in the control simulation, by 43 and 24 %, respectively (Ta-

ble 1). Meanwhile, BC and OC burdens are calculated toGround-based Interagency Monitoring of Protected Visual

be 0.167 and 0.667 Tg, which are higher than the oxidationEnvironments (IMPROVE) observational data in 2008(:

condensation-coagulation and combined aging schemes. //views.cira.colostate.edu/wegb/surface observations from
We examine the impacts of the TRIPLE aging schemeChina Atmosphere Watch Network (CAWNET) in 2006

on model simulated surface BC concentrations in Fig. 7a(Zhang et al., 2008) and the BC/OC campaign during 2002—

Increases of surface BC concentrations are found to be 82003 in Europe by the European Monitoring and Evalu-

the source regions by up to 0.19 pg CinRatio plot shows — ation Programme (EMEPh(tp://www.nilu.no/projects/ccc/

that largest perturbations are observed at remote areas (moegnepdata.htmiare employed to evaluate the global carbona-

than double), which implies the importance of the long- ceous aerosol simulation results from the control run and
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Fig. 7a. Model simulated annual mean surface BC concentrationsFid- 7¢.Same as Fig. 7a but for zonal mean.
from the sensitivity run versus the control run. (Upper left) BC con-
centrations from the control run; (upper right) BC concentrations
from the sensitivity run using the TRIPLE aging scheme; (lower underestimated by a factor of 2, which are consistent with
left) differences between the sensitivity run and control run results;qgther model findings (Park et al., 2003; Liu et al., 2011).
(lower right) ratio between sensitivity run and control run results.  \wjith the updated aging schemes, model simulated BC and
OC improve the underestimate within a factor of 1.5, except
the combined aging scheme. The comparisons of BC surface
updated aging scheme simulations. For the purpose of comeoncentrations against observations from EMEP are shown
parison to measurements, we treat BC equivalent to EC irin Fig. 9a. The model generally captures well BC concen-
this study although different measurement techniques, suckrations, except at four sites located in Italy, Belgium, Por-
as thermal technique for EC and photo-absorption for BCtugal and Great Britain. Without these four sites, our up-
could sometimes result in significant mass concentration dif-dated aging schemes, especially the TRIPLE aging scheme,
ferences (Jeong et al., 2004). Observational sites from thesalmost bring model simulated BC equal to observations. By
three observational networks are shown in Fig. 8. We use theontrast, the control simulation largely underestimates OC
annual mean data for BC and OC in 2005 to compare with(more than 6 times), even the updated aging schemes (ex-
observations by assuming that the interannual variability iscept the combined aging scheme) only slightly improve the
small. Additionally, we use aircraft campaigns, Asian Pacific model performance within a factor of 6 (Fig. 9b). This can
Regional Aerosol Characterization Experiment (ACE-Asia) be explained that open fire emissions are probably underes-
in April 2001 (Huebert et al., 2004) and the first deploy- timated by the model emission inventory because open fires
ment of Hiaper Pole-to-Pole Observations (HIPPQ1tjp( are the dominant source of OC. The scenario is even worse
//hippo.ucar.eduin January 2009 (Schwarz et al., 2010), to at the CAWNET of China. The control simulation signifi-
compare with the vertical distributions of model calculated cantly underestimates BC and OC by a factor of 7 and 16,
carbonaceous aerosols by the above aging schemes. respectively (Fig. 9a, b). This is mainly due to the underesti-
Surface concentrations of BC and OC from models andmates of anthropogenic emissions and seasonal fire activities
selected sites of IMPROVE are shown in Fig. 9a and b. An-in South Asia (Wang et al., 2011). Wang et al. (2011) doubled
nual mean BC and OC from control simulations are generallythe anthropogenic emissions in Asia but still got a low bias
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Fig. 7d. Same as Fig. 7b but for zonal mean.
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tions. This implies that the anthropogenic emission sources
in China should be more than double. Fig. 9b. Same as Fig. 9a but for OC.

Model simulated BC and OC concentrations in surface air
at three remote sites are compared with observational data
from the IMPROVE network: the Hawaii Volcanoes National First Aerosol Characterization Experiment (ACE 1) by ana-
Park (HAVO) (19.4 N, 155.3 W), the Haleakala National lyzing the composition of marine particles under various en-
Park (HALE) (20.8 N, 156.3 W) and Denali National Park vironmental conditions (Middlebrook et al., 1998). Cavalli
(DENALI) (63.7° N, 142 W). The annual mean concentra- et al. (2004) reported even higher fraction of organic com-
tions of BC and OC for 2005 are used in the comparison.pounds in marine aerosols during a phytoplankton bloom pe-
Compared to the control run, the simulation with oxidation riod in the North Atlantic, with 54 and 4 % of organic com-
aging scheme increases the annual mean concentration of B@unds in marine aerosols under submicron and supermicron
and OC at HAVO by approximately 38 and 30 %, respec-modes, respectively. Global models estimate that the marine
tively (Fig. 9a, b). The TRIPLE aging scheme increases theOC emission source is around 8-9 Tg CYr(Meskhidze
simulated BC and OC concentrations by 80 and 59 %, re-et al., 2011; Spracklen et al., 2008), which is further con-
spectively, compared to the control run, leading to the besfirmed by ship campaigns (9 Tg Cy) reported by Lapina
agreement with observations. The TRIPLE aging consideret al. (2011).
ably improves the model performance, although it still un- The model simulated vertical profiles of BC and OC
derestimates the observations by a factor of 2. Identifyingare compared against observations from the aircraft cam-
the causes for the remaining model underestimates of capaign ACE-Asia in April 2001 (Huebert et al., 2004) in
bonaceous aerosols is beyond the scope of this study, biig. 10. With the TRIPLE aging scheme, model simulated
one likely source for OC that is missing in our model is BC and OC are found to increase by64 and~ 45 % re-
sea salt. It has been reported that there are around 10 % apectively, from the control run at 4-6 km altitude. By con-
sea salt aerosols containing organic compounds during th&ast, model simulated BC and OC with the oxidation aging
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Fig. 10.Vertical profiles of BC and OC from model simulations and
aircraft campaigns(a) BC from NSF/NCAR C-130 aircraft cam-
paign in ACE-Asia (latitude 25—43N); (b) OC from NSF/NCAR
C-130 aircraft campaign in ACE-Asia (latitude 25°4%); (c) BC
from NSF/NCAR GV in HIPPOL1 (latitude 20-8G); (d) BC from

Fig. 11a.Impacts of the TRIPLE aging scheme on model calculated
continental outflow of annual mean BC from Asia (the global BC
emissions except those over Asia are turned off in the model sim-
ulations). (Upper left) Surface BC concentrations from the control
NSF/NCAR GV in HIPPOL (latitude 60-67). Model and obser- U™ (upper right) sqrface BC concentrationsfrom the sensitivity run
vational data are averaged over 1 km altitude bins. Simulation datd"ith the TRIPLE aging scheme; (lower left) differences between the
is sampled along the track of both campaigns, with the same montﬁgpgtmty run and control run; (lower right) ratio between the sen-
of campaigns but in the year 2005 in terms of monthly mean value Sitivity run and control run.

] sitivity studies where only emissions from the Asian region
scheme are found to increase-byL5 and~ 13 % atthe same (a5 defined in Fig. 1) are turned on in the model. Figure 11a
altitude range, with similar results for the condensation-compares the model calculated surface BC concentrations
coagulation aging scheme. However, even with the updategyatween the control and TRIPLE aging scheme runs. The
aging schemes, the model still signifiqantly underestimatesfargest increases, by up to 0.15 ug Cinare found over the
BC and OC throughout the 0-6 km altitude range. We alsoggyrce regions, which is consistent with the sensitivity simu-
compared the model simulated BC vertical profiles in the re-|ation results discussed in Sect. 3.1.
mote Pacific of the Southern Hemisphere against measure- \yjith the TRIPLE aging scheme, the contribution of Asian
ments from the HIPPO1 campaign (Schwarz et al., 2010)mjssion to the annual mean surface BC (the lowermost
(Fig._lO). In con_trast to th_e comparison over the Northern|ayer) in the United States is about 0.006 pg Cpwhich is
Hemisphere regions, we find that the model results tend tQpproximately a factor of 2 higher than that from the control
overestimate the BC concentrations (Fig. 10), which is con-yn_ similar results are found for OC aerosols in the surface
sistent with results of the ensemble models from the AE-5ir (Fig. 11b). The maximum difference between the control
ROCOM intercomparison study (Schwarz et al., 2010). Asgnq the TRIPLE aging scheme simulation for OC in surface
a consequence, the updated aging schemes would lead {gr js approximately 0.2 ug CT3. The ratio plots in Fig. 11a
larger model-data discrepancies since they would result igng b show that the largest perturbations to surface BC and
higher BC concentrations compared to the control run. Oneoc are found in areas far away from the source regions. This
exception is for the 2—4 km altitudes over the Hand 60S  (efiects that the impacts of the updated aging scheme on sim-
latitude bins (Fig. 10c) where the GEOS-Chem model sim- jjated BC and OC become more prominent after long-range

ulations show reasonable agreement with measured BC. Ftansport where the BC and OC aerosols experience aging
this specific region, the updated aging schemes would imynq wet scavenging.

prove the model-data comparison. The effects of the TRIPLE aging scheme on long-range
_ transport of carbonaceous aerosols can also be examined
3.5 Effect of the TRIPLE aging scheme on model through the zonal mean plots (Fig. 11c, d). Compared to the

simulated intercontinental transport of BC and OC  control run, BC concentrations in the northern middle tropo-
sphere double with the TRIPLE aging scheme. Similar re-

The large perturbations to the global distributions of BC andsuits are found for OC. This again reflects that the TRIPLE
OC and the improved model simulation results in the NOrth-aging scheme has more implications on areas further away
ern Hemisphere with the TRIPLE aging scheme imply thatfrom the source regions.
the intercontinental transport of BC and OC could be sig-
nificantly underestimated in previous modeling studies. We
examined the potential impacts of the TRIPLE aging scheme
on model simulated continental outflow from Asia with sen-
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Fig. 11b.Same as Fig. 11a but for OC. Fig. 11d.Same as Fig. 11b but for zonal mean.

oA Rallcl e o TRPLE B zend meen LR carbonaceous aerosol concentrations more than double com-
g 200F IR g w0 ol pared to the control simulation. The calculated global burden
5 %0 8858 ¢ 400 5848 of BC and OC increases by 31 and 17 %, respectively with
& :23 §§é§ & zzz §§é$ the oxidation aging scheme.
A a.060 A 0600 The condensation-coagulation aging is affected by the at-
Ditor oneat TRIPLE og oty T RIPLE oo ™ mospheric concentrations of sulfuric acid (Liu et al., 2011).
[kgcm] [ [ratio] The longest hydrophobic-to-hydrophilic conversion lifetimes
g ey §§i§ g f%@ for carbonaceous aerosols are found over the remote regions
g 4o 500w 400 105 ; ; i i
" 8 000 % o o where the atmospheric concentrations of sulfuric acid are
I i ;@;g?gg . é’gé Io_w._'l_'he cqndensatlon-coagulatlon _aglng_scheme also has
o e i N T significant impacts on the model simulations of carbona-

ceous aerosols, with increases in model simulated concentra-
Fig. 11c.Same as Fig. 11a but for zonal mean. tions of BC and OC over tropical regions as well as the Arc-
tic by up to 0.05 and 0.25 pgCm, respectively. With the
condensation-coagulation aging scheme, global average bur-
4 Conclusions and discussion dens and lifetimes for BC and OC increase by 25 and 13 %,
respectively.
We have implemented updated aging mechanisms for car- In general, the chemical oxidation aging dominates over
bonaceous aerosols in GEOS-Chem by accounting for botlthe high latitudes, in particular the polar regions, while the
the chemical oxidation and the physical condensation-condensation-coagulation aging effects are more important
coagulation effects. The chemical aging is affected byfor the tropical and midlatitude continental regions. By ac-
local atmospheric environment includings Gconcentra-  counting for both the chemical and physical aging effects,
tion and humidity, based on results from chamber studieghe global average atmospheric lifetimes of BC and OC are
(Poschl et al., 2001; Tsigaridis and Kanakidou, 2003). Thefound to be 6.31 and 4.70 days respectively, increasing by 9
hydrophobic-to-hydrophilic conversion lifetimes of carbona- and 3 % respectively from the control simulations using the
ceous aerosols due to chemical aging exhibit large spatial andld aging scheme. Consequentially, the global atmospheric
temporal variation with the global average calculated to beburdens of BC and OC increase by 9 and 3% respectively
3.1 days, which is much longer than the parameter commonlcompared to the control model runs. In the mean time, large
used in global models. The longest conversion lifetimes arancreases in BC and OC concentrations (by up to 22 and
found in the tropical areas such as the Amazon forest, reflectl5 %, respectively) are found in the Southern Hemisphere
ing the low ozone concentration and high humidity there. Thecompared to the control runs.
conversion lifetime generally decreases with altitude due to The combined aging scheme likely overestimates the over-
increases in ozone concentration and decreases in water vall aging rate since it simply linearly sums up the reac-
por concentration. tion rate coefficients from both oxidation and condensation-
The oxidation aging mechanism has significant impactscoagulation aging mechanisms but does not account for the
on the model simulations of carbonaceous aerosols, with ineompetition effects of these two aging processes (Croft et al.,
creases in model simulated concentrations of BC and OC by005). Accounting for the competition effects would reduce
up to 0.16 and 0.67 ugCm, respectively. The largest ef- the aging rate and further increase the atmospheric burdens
fects are found for the tropical upper troposphere, where thef BC and OC.
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Comparisons of the model simulated BC and OC againststand the effects of carbonaceous aerosol on climate, atmo-
ground-based observational data show that the updated agpheric composition and air quality.
ing schemes improve model performance, especially in the
tropical regions or remote areas in the Northern Hemisphere,
although significant model underestimates still exist. TheseacknowledgementsThis work was supported by US EPA (grant #
improvements could help explain the systematic and persisR83428601) and NIH (grant #1 RC1 ES018612). We thank Robert
tent low model bias for carbonaceous aerosols in the NorthPage at Michigan Tech for his help on programming. We would
ern Hemisphere that have been reported in the literature (e.glike to thank people contributing to the multiple datasets including
Heald et al., 2011; Bond et al., 2013). However, the up_ACE-Asia, HIPPO1, IMPROVE, EMEP, and CAWNET. We thanl_<
dated aging schemes do not help model-observation CompalJ_oshua Schwarz for help on the HIPP_Ol data. We thank the Editor
isons in the Southern Hemisphere since model results gen"’lnd two anonymous reviewers for their helpful comments.
erally overestlmate BC in th(_ase regions. The causes for th%dited by: D. Shindell
model overestimate on BC in the Southern Hemisphere is
beyond the scope of this study, but one likely contributing
factor is insufficient wet scavenging in the models (Schwarz
et al., 2010). On the other hand, the obviously contradicting
model performgnce (overestimates vs. und.eresnmafces) 'n,thﬁalkanski, Y., Myhre, G., Gauss, M., Radel, G., Highwood, E. J.,
Southern Hemisphere and Northern Hemisphere (in partic- and Shine, K. P.: Direct radiative effect of aerosols emitted by
ular those areas close to the source regions) indicates that yansport: from road, shipping and aviation, Atmos. Chem. Phys.,
there must be multiple factors (such as emission inventories, 10, 4477-4489, ddi0.5194/acp-10-4477-2012010.
meteorological fields, wet scavenging parameterization) consey, 1., Jacob, D. J., Yantosca, R. M., Logan, J. A., Field, B. D.,
tributing to the model-data discrepancies for carbonaceous Fiore, A. M., Li, Q., Liu, H., Mickley L. J., and M. G. Schultz:
aerosols. Global modeling of tropospheric chemistry with assimilated me-
The updated aging schemes also have significant impli- teorology: Model description and evaluation, J. Geophys. Res.-
cations for the estimates on model calculated carbonaceous Atmos., 106, 23073-23095, 2001. _
aerosols’ continental outflow. Our sensitivity model simula- Bond. T- C., Bhardwaj E., Dong, R., Jogani, R., Jung, S., Ro-
tions show that the contributions of Asian emissions to back- d_en, C., Streets, D. G., af‘d Trautmann, N. M.. Historical emis-
ground BC and OC in remote regions more than double with sions of black and organic carbon aerosol from energy-related

. . . combustion, 1850-2000, Global Biogeochem. Cy., 21, Gb2018,
the updated aging scheme. The large increases in simulated doi:10.1029/2006gb002842007.

BC and OC in remote regions with the updated aging schem@ong 1. ¢, Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen,
Imply that the intercontinental transport of BC and OC and T, DeAnge|O, B. J., Flanner, M. G., Ghan, S., Kércher, B.,
the anthropogenic influences on remote regions (such as the Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C.,
polar regions) could be significantly underestimated in pre- Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang,
vious modeling studies. There are additional factors (such as S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson,
the meteorology and wet deposition parameterization used in M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, J.
the models) that could affect the model calculated intercon- P Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C.
tinental transport but these are not explored in this study. S.: Bounding the role of black carbon in the climate system:

For easy implementation in global models, we have also A §C|ent|f|c e_lssessment, J. Geophys. Res.-Atmos., 118, 1-173,
tested a simplified aging scheme by tripling the a pri- doi:10.1002/jgrd 501712013,

- ) o ? o Cavalli, F., Facchini, M. C., Decesari, S., Mircea, M., Emblico,
ori hydrophobic-to-hydrophilic conversion lifetimes for car- | Fuzi, S. Ceburis, D., Yoon, Y. J. O'Dowd, C. D.,
bonaceous aerosols from 1.15 to 3.45 days. Compared with pytayd. J. P, and DellAcqua, A.: Advances in characteriza-
the control runs, the global average atmospheric lifetimes tion of size-resolved organic matter in marine aerosol over
(and burdens) of BC and OC increase by 43 and 24 %, re- the North Atlantic, J. Geophys. Res.-Atmos., 109, D24215,
spectively. This simple treatment produces the largest per- doi:10.1029/2004JD005132004.
turbations to the model simulated carbonaceous aerosols aréhin, M., Ginoux, P., Kinne, S., Torres, O., Holben, B. N., Dun-
shows the best agreement when compared with observations can, B. N., Martin, R. V., Logan, J. A., Higurashi, A., and Naka-
in the Northern Hemisphere. jima T.: Tropospheric aerosol optical thickness from the GO-

There are very limited experimental data available on the CART model and comparison§ with satellite and Sun photometer
aging of carbonaceous aerosols, and the chamber results Measurements, J. Atmos. Sci., 59, 461-488,10.1175/1520-
(Poschl et al., 2001) used for chemical aging in this study ar 0469(2002)05¢0461:1a0tft-2.0.c0;2 2002.

N . . eChung, S. H. and Seinfeld, J. H.: Global distribution and climate
most repres.e.n.tgtlve for BC, but not ne(?essar'ly for OC. The forcing of carbonaceous aerosols, J. Geophys. Res.-Atmos., 107,
strong sensitivities of the model simulations of carbonaceous 4407, doi10.1029/2001JD0001392002.
aerosols to the aging schemes indicate that further studies ofglarco, P., da Silva, A., Chin, M., and Diehl, T.. Online
the aging carbonaceous aerosol are needed to better under-simulations of global aerosol distributions in the NASA
GEOS-4 model and comparisons to satellite and ground-based
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