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Abstract. Many global aerosol and climate models, includ- sulphate and other aerosol species also increase but to alesser
ing the widely used Community Atmosphere Model ver- extent. An explicit treatment of BC aging with slower ag-
sion 5 (CAM5), have large biases in predicting aerosols ining assumptions produces an additional 30-fold (5-fold) in-
remote regions such as the upper troposphere and high latrease in the Arctic winter (summer) BC burden. This BC
itudes. In this study, we conduct CAMS5 sensitivity simula- aging treatment, however, has minimal effect on other under-
tions to understand the role of key processes associated withredicted species. Interestingly, our modifications to CAM5
aerosol transformation and wet removal affecting the verticalthat aim at improving prediction of high-latitude and upper-
and horizontal long-range transport of aerosols to the remotéropospheric aerosols also produce much-better aerosol op-
regions. Improvements are made to processes that are cutical depth (AOD) over various other regions globally when
rently not well represented in CAM5, which are guided by compared to multi-year AERONET retrievals. The improved
surface and aircraft measurements together with results fromaerosol distributions have impacts on other aspects of CAM5,
a multi-scale aerosol—climate model that explicitly representamproving the simulation of global mean liquid water path
convection and aerosol—cloud interactions at cloud-resolvingand cloud forcing.
scales. We pay particular attention to black carbon (BC) due
to its importance in the Earth system and the availability of
measurements.

We introduce into CAM5 a new unified scheme for con- 1 Introduction
vective transport and aerosol wet removal with explicit
aerosol activation above convective cloud base. This new imAS one of the most uncertain forcing agents in the Earth’s
plementation reduces the excessive BC aloft to better simuclimate system, aerosols and their representation in climate
late observed BC profiles that show decreasing mixing ra/nodels continue to be a challenge for climate research. The
tios in the mid- to upper-troposphere. After implementing Community Earth System Model (CESM) is widely used
this new unified convective scheme, we examine wet refor climate change research. The atmospheric component of
moval of submicron aerosols that occurs primarily throughthe CESM, the Community Atmosphere Model version 5
cloud processes. The wet removal depends strongly on th€CAMS; Neale et al., 2010), includes relatively comprehen-
subgrid-scale liquid cloud fraction and the rate of conver- Sive representations of aerosols and mechanisms for interac-
sion of liquid water to precipitation. These processes leadions with clouds and climate (Gettelman et al., 2008; Liu et
to very strong wet removal of BC and other aerosols overdl., 2012; Ghan et al., 2012). Like many other global aerosol
mid- to high latitudes during winter months. With our im- @nd climate models (Kinne et al., 2006; Koch et al., 2009b;
provements, the Arctic BC burden has a 10-fold (5-fold) in- Qian et al., 2012), CAMS5 produces a relatively poor simu-
crease in the winter (summer) months, resulting in a muchJation of aerosols and clouds in remote regions (upper tro-

better simulation of the BC seasonal cycle as well. Arctic Posphere and high latitudes) compared to those in other re-
gions. CAMS strongly underestimates Arctic aerosol surface
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766 H. Wang et al.: Improving remote aerosol distributions in CAM5

concentrations, particularly during the Arctic haze seasomand/or within the Arctic. Unfortunately, climate models have
(winter to early spring), and overpredicts upper-tropospherichistorically tended to overestimate low clouds in the Arctic
aerosols in lower latitudes (Wang et al., 2011b; Liu et al.,region, particularly wintertime low-level liquid clouds (e.g.,
2012). In this study we use sensitivity tests to explore theVavrus and Waliser, 2008; Qian et al., 2012).
reasons for these biases in the CAM5 model, but we believe The vertical distribution of aerosols in the free troposphere
the underlying issues and solutions are also likely to be rel-depends strongly on convective transport and wet removal by
evant to other global models. We describe changes designetbnvective clouds. Koch et al. (2009b) showed that the Aero-
to reduce the biases, interpret those changes in the context @om models generally overestimate BC in the mid- to upper-
the basic physics of aerosol—cloud interactions, and demontroposphere at low to mid-latitudes, and they found that in-
strate the improvements to the CAM5 simulation of aerosolscreasing wet removal by convective clouds can reduce the
in remote regions and changes to global aerosol distributionsbias. In the standard CAMS5, convective transport and wet
Aerosols are important in the Earth system. They affect theremoval of aerosols are treated separately (although weakly
Earth’'s energy budget directly by scattering and absorbingcoupled), without secondary activation of aerosols entrained
shortwave and longwave radiation, and also affect cloud andnto updrafts. This might explain why simulated BC in the
warm-rain processes that further influence the surface and aupper troposphere is too high (Liu et al., 2012).
mospheric radiation balance (e.g., Twomey, 1974; Albrecht, Regarding aerosol wet removal during the transport to re-
1989; Boucher, 1995; Rosenfeld, 2000; Wang and Feingoldmote regions, modeling studies have shown that chemical
2009; Feingold et al., 2010). Aerosols in the upper tropo-and physical transformations (i.e., aging processes that trans-
sphere and cold, remote regions (e.g., high-latitude regionsform particles from a mostly hydrophobic state upon emis-
are also likely to affect ice clouds and precipitation (e.g., sion to a more hydrophilic state) can be also very impor-
Fridlind et al., 2004; Morrison et al., 2012). The vertical dis- tant (e.g., Vignati et al., 2010; Liu et al., 2011a). Condensa-
tribution of absorbing aerosols such as black carbon (BC) idion of soluble material (e.g., sulfuric acid gas and condens-
particularly important due to their effect on the atmosphericable organics), coagulation with soluble particles and oxida-
heating profile and resultant change in thermodynamic struction of organic material can be involved in aging, but un-
ture and cloud amount (i.e., “semi-direct effect”). This effect certainties remain @schl et al., 2001; Riemer et al., 2004).
depends on the location of absorbing aerosols in relation t&Vhen BC aging is represented in global models, it is either
the cloud layer (e.g., McFarquhar and Wang, 2006; Koch andsimply parameterized by prescribing a fixed aging timescale
Del Genio, 2010). Absorbing aerosols deposited onto snowe.g., Collins et al., 2001) or represented more explicitly by
and ice surface can enhance absorption of shortwave radidreating condensation/coagulation with some simplifications
tion at the surface, resulting in a warming of the lower at- (e.g., Vignati et al., 2004; Liu et al., 2012) because it is com-
mosphere and more-rapid melting of snow and ice (Warrerputationally impractical to explicitly treat the most detailed
and Wiscombe, 1980; Flanner et al., 2007; Doherty et al.representations of the aging process (Riemer et al., 2009;
2010; Qianetal., 2011; Wang et al., 2011). Therefore, globalZaveri et al., 2010) in global models.
three-dimensional aerosol distributions, particularly over re- Koch et al. (2009b) compared global BC predictions from
mote regions away from sources (e.g., the Arctic and uppef7 AeroCom models, including an older version of CAM,
troposphere), are important in the Earth’s climate system. and evaluated model results against surface and aircraft mea-
Arctic aerosols largely originate from lower latitudes, de- surements. Their study revealed large discrepancies and di-
spite some local seasonal natural and anthropogenic sourcegrsities, with some of the largest occurring in northern Eura-
(e.g., Law and Stohl, 2007; Quinn et al., 2007). The ob-sia and the remote Arctic. CAM5 suffers from some of the
served distinct seasonal cycle with a minimum in summersame biases. Wang et al. (2011b) showed that the standard
and a maximum in late winter and early spring (Sharma et al. CAM5 underpredicted BC concentrations by up to two or-
2006) is closely related to transport from source regions outders of magnitude at several polar sites and did not cap-
side the Arctic. Aerosol dry/wet removal at lower latitudes ture the observed seasonal cycle. In contrast, they found that
can strongly influence the distribution of aerosols at high lat-the observed BC concentrations were better predicted by an-
itudes (e.g., Kinne et al., 2006; Textor et al., 2007; Shindellother CAM5 variant called the Pacific Northwest National
et al., 2008; Bourgeois and Bey, 2011; Browse et al., 2012)Laboratory Multi-scale Modeling Framework (PNNL-MMF)
Wet removal is considered to be the dominant process thahderosol-climate model, which embeds a cloud-resolving
determines the amount of aerosols being transported to remodel in each CAM5 grid column to explicitly represent
mote regions and is also one of the most uncertain processeserosol—cloud interactions in both convective and stratiform
in global aerosol-climate models (Textor et al., 2006). Wetclouds.
removal by liquid-cloud scavenging and precipitation is of The objectives of this study are to elucidate roles and im-
particular importance. Garrett et al. (2011) and Browse etprove treatments of processes associated with aerosol trans-
al. (2012) showed that the seasonal cycle of Arctic BC isformation, wet scavenging, convective transport and removal
primarily driven by temperature-dependent wet scavenginghat are key to determining the amount of aerosols reach-
processes during transport from source regions to the Arctiéng remote regions. We conduct sensitivity simulations to
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understand the role of each of the processes and to iderspecies (sulphate, SOA, sea salt) in this mode and become
tify sources of uncertainties in the model. The CAM5 sim- susceptible to wet scavenging. In contrast, BC and POM are
ulations with our modifications are evaluated using surfaceemitted into the primary carbon mode in MAM7, and then
and aircraft measurements of aerosol properties and procesare gradually and directly transferred to the accumulation
oriented model results (including aerosol and cloud propermode as they age by condensation of soluble material and co-
ties) from the PNNL-MMF model. Based on the evaluations, agulation with other soluble particles. Although the BC and
improvements are made to aerosol—-cloud processes that aROM particles have the same size distribution upon emis-
currently not well represented in CAM5, to produce a bettersion in MAM3 and MAM7, in the MAM7 primary carbon
aerosol simulation. mode they have low hygroscopicity (compared to accumu-
lation mode) and are less susceptible to activation and wet
removal. Biomass burning and anthropogenic components of

2 Model description, methods and simulations BC and POM are not separated in the modal aerosol module
o configurations used in this study, but they have been sepa-
2.1 Model descriptions rated in some other MAM studies (e.g., Ghan et al., 2012).

CAMS5 has separate parameterizations of stratiform and
convective clouds, and aerosol wet removal occurs for both
types of clouds by in-cloud and below-cloud processes. For
submicron particles (which include nearly all sulphate and

2.1.1 CAMS

We use a developmental version (5.0.40) of the CAMb5

(Neale et al., 2010), which has nearly identical physics to . .
the released version CAM5.1. Aerosol evolution in CAM5 all BC, ROM{ apd SOA in CAMS), the pre.do'mlnant removal
mechanism is in-cloud wet removal. This involves aerosol

is controlled by a combination of emission, transport (by re-""~ " :
solved winds, turbulence, convective clouds, and sedimenta2ctivation to form cloud droplets, followed by conversion of

tion), aerosol microphysics (condensation, coagulation, anchOUd d_roplets _to precipita_tion. For stratiform Cquds’ cloud-
new particle formation), cloud chemistry, and wet and dry ome (|..e., activated) pgmcles are treateq epr|C|tIy, and ac-
removal. Here we briefly summarize aspects that are imporEIVatlon is calculated with the parameterization of Abdul-
tant for remote region aerosols. The Supplement (Sect. S azzak and Ghar) (2,000)' SFrgnform m-cIouQ wet removal
provides more information and Liu et al. (2012) provides a s affected by the liquid-containing cloud fraction/frequency,

detailed description of the aerosol treatment and evaluatiorjihe_ fraction of particles that are activated, a_nd the rate at
results. which cloud droplets (and cloud-borne particles) are re-
CAMS5 uses a modal aerosol module (MAM) where the m(é/ed. . louds aff Is both b ical
aerosol size distribution is described by a set of lognormally tonvgctlve clouds ? eAcl:tthaerohsor? oth by vertical trans-
distributed modes with prescribed geometric standard devigPOrt and wet removal. ough these two processes oc-

tions (og) and predicted mode diameters. The standard verEHr together in nature, the standard CAMS has separate (al-

sion (MAM3) uses three modes: Aitkerg(=1.6; dry di- though weakly coupled) 'Freatments_ of th_em. Aerosol activa-
ameter size range: 15-53 nmjaccumulationdy = 1.8 58— tion prior to wet removal is treate.d ina S|mpler_manner than
270 nm), and a single coarse moeg & 1.8; 0.80-3.85 pum). in stratlform clouds. Also, there is no mechanism for Iate.r-
There is also a more detailed seven-mode version (MAM?)a"y entrained aerosols to be activated/scavenged, allowing

with Aitken (o = 1.8; 15-52 nm), accumulationy = 1.8; the transport of more aerosols to the upper troposphere. A
56-260 nm) %rimary,/ carbono&:y 1.6; 39-130nm) fir;e new unified treatment of these aerosol processes in convec-

sea salt ¢ = 2.0; 95-560nm), fine dusig = 1.8; 140— tive clouds, which better treats aerosol wet removal in up-

620 nm), coarse sea saly(= 2.0; 0.63-3.70 um) and coarse drafts (see Supplement Sect. S1), is applied in this study.
dust mo’desO@ — 1.8 0.59-2 75’ um). Modes are composed It has a more detailed treatment of aerosol activation in up-
of sulphate, BC, primary organic matter (POM), secondarydrafts’ both at and above cloud base.

organic aerosol (SOA), sea salt, mineral dust, and water, al-

though all the species are not present in every mode. Thg'l'2 PNNL-MMF

primary carbonaceous aerosol emissions (BC, POM) have . . :
a 0= 1.8 and number mode diameter of 80 nm. Dust and 'Ne PNNL-MMF (hereafter, MMF) is a general glrculatlon
sea salt are emitted at different size ranges for MAM3 andModel (GCM) that embeds a 2-D cloud-resolving model

MAM?7 as described in Liu et al. (2012). Within each mode, (CRM) in each of i_ts glok_JaI-scaIe grid columns to explicitly
internal mixing of species in particles is assumed. BC and€Present clouds (including aerosol effects), both convective

POM are emitted into the accumulation mode in MAMS3. and stratiform (Wang et al., 2011a). Each CRM has 32 verti-

They are assumed to immediately mix with any hygroscopiccal columns with 4 k.m horizontal resolution. The GCM com-
ponent of the MMF is adapted from CAMS5, so the MMF and

1 size ranges for particle diameters are the 10th and 90th perCAMS have much commonality, including dynamical core,
centiles of the global annual average number size distribution forradiation parameterizations, and the modal aerosol treatment.

the modes (Liu et al., 2012). Primary differences from CAM5 in the treatment of clouds
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are that the CRM treats all types of clouds with detailed  (o)Totol colvmn burden (ug m™) (b)Wet deposition flux (ug m™ doy™")
microphysics and aerosol indirect effects (without convec-eoc] P
tive parameterization), there are no empirical parameteriza-
tions of cloud fractional area (cloud macrophysics), and there '}
are prognostic rather than diagnostic treatments of precipi- | |
tation in the microphysics. Primary differences in the treat-
ment of aerosols are that cloud parameters (e.g., cloud frac- ' {2~
tion, liquid water, cloud-water removal rates, updraft and (c)Total wet removal rate (day™") (d)Cloud—borne removal rate (doy™")
downdraft mass fluxes) that influence aerosol wet removal, [~ /N~ L |
vertical transport, and cloud chemistry are taken from the

CRM calculations (averaged over a GCM time step and grid
cell) rather than from conventional cloud parameterizations.®'°;
Treatments of aerosol emissions, microphysics, and dry de-
position are identical. 001 R 1

f 100.04

10.0 4

k:
B

2
s

. ) (e)Cloud—borne fraction (f)Weighted liquid cloud fraction
2.2 Motivation for model changes to CAM5 08 I 0.30 T
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The two models (MMF and CAM5) have many common fea- 0204

tures (particularly involving aerosols), but the MMF gives a
better simulation of several aspects of aerosol fields, particu-o2
larly at the remote high latitudes in wintertime (Wang et al., o,
2011b), so comparison of results from the two models may
suggest how the CAM5 simulation can be improved. We rec-
ognize of course that this is less desirable than improving 1o+
model components through direct use of observations; how-
ever, the model intercomparison can use diagnostic quantities'
that affect aerosol wet removal processes (and thus transport , |
to remote regions) but are not generally available from ob- 0001
servations. For the moment, we focus on evaluating the rep- s eos 305 0 3N 6 soN 905 65S 35 0 3N 60N 90N
resentation of these processes that contribute to differences rotuse ottese

in winter season BC between the MMF and CAMS5, to ex- ~ MMF CAMSstd

ploit potential deficiencies in CAM5 parameterizations and
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Fig. 1.DJF zonal-mean values of the quantities related to BC burden

to inform design of model sensitivity tests. : ; .
. . . and removal, as described in Egs. (1)—(3), derived from the MMF
The standard CAMS simulation (denoted as CAMSstd in and the standard CAM5 simulations. The column burden is the ver-

Table 1, which also describes other CAMS simulations usedic integral from the surface to 650 hPa.
in this study) is conducted at® x 2.5° horizontal resolu-
tion with 30 hybrid vertical levels for 11 yr, and the last 10
are used for analysis. The computationally expensive MMF, We use the total BC (i.e., both interstitial and cloud-
which is about 200 times more costly per year of simula-borne) in these quantities, because wet removal includes both
tion, was run for 4yr (last 3 used in the analysis), using thein-cloud (activation of interstitial BC followed by wet re-
same resolution. Both CAM5std and MMF are run with pre- moval of the cloud-borne BC) and below-cloud (impaction
scribed sea surface temperature (year 2000 with seasonal bahd Brownian-diffusion scavenging of interstitial BC) pro-
no year-to-year variability), three aerosol modes (MAM3), cessesB is obtained from monthly average mixing ratios at
and aerosol and trace gas emissions for the year 2000 as deach model grid point, which are integrated vertically and
scribed in Liu et al. (2012). then further averaged over multiple simulation months (e.g.,
Figure 1 shows the DJF zonal-mean values of severaDJF) and yearsF, is obtained from monthly average wet-
quantities relevant to BC burden and wet removal from thedeposition fluxes for each vertical column, and then further
MMF and the standard CAM5 simulations. These include averaged in the same way as #r(Note, however, that wet
the BC total column burdens(, in ug nt2), the BC surface-  removal and precipitation-borne aerosol sedimentation fluxes
layer mixing ratio, the BC surface wet-deposition flu,( in are calculated at each level in the moddl,), which is de-
pg 2 day 1, which is equivalent to the column-integrated rived from the averagef andF,, values using Eq. (1), repre-
wet removal), and the BC first-order wet-removal rakg,(  sents the inverse timescale for wet removal of the column BC

in day 1), defined as burden. Note that it could be calculated at each model level
and time step, and then averaged; this would give somewhat
Ry = FW/B. (1) different numerical results.
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Table 1. Summary of sensitivity simulations and modifications made to the standard CAMS5.

Change Inconsistency  New treatment Secondary Freeze-dry Lower stratiform  MAM7 with

made involving of aerosol scheme stratiform slower

in subgrid convective activation reduces in-cloud BC

simulations liquid cloud transport and above cloud liquid wet-removal aging
fractions wet removal base in new cloud adjustment (instead
eliminated of aerosols convection scheme fraction factor of MAM3)

CAM5std

CTRL X

CONV X X

CONV_sact X X X

CONV_FD X X X

CONV_SF X X X

CONV_m7 X X X

ALL _m3 X X X X X

ALL _m7 X X X X X X

The two models have substantial differences in all quan-irst term on the right-hand side of Eq. (2§/Bc) is the
tities that are generally strongest at high latitudes but begircolumn-average first-order wet-removal rate for cloud-borne
at mid-latitudes. The ratio of total BC burdens between theBC. At individual grid points, this rate is equal to the rate
two runs is close to 0.8 from the Equator to°3§ which at which cloud water is converted to precipitation (by auto-
suggests that model differences at these latitudes do not cortonversion and collection), as calculated in the cloud micro-
tribute significantly to the much-stronger differences at highphysics. The second termB{/( fct) B), represents the ratio
latitudes. The burden difference increases gradually fromof cloud-borne to total BC within the subgrid areas occupied
35° N to about 58 N, and then rapidly to about 85. In the by liquid clouds. It is determined both by the activation effi-
35°-65 N latitude range, the BC wet-deposition fluky) is ciency for BC-containing particles and by the relative rates at
slightly higher in CAM5std, and the first-order total-aerosol which cloud-borne BC is wet-removed by precipitation ver-
wet-removal rate Ry) is almost 10 times higher. Thus the sus replenished via activation. The third terff), calcu-

BC wet removal in CAM5std is much more efficient in this lated in the way described by Eq. (3), is BC-weighted liquid
mid-latitude range. Interestingly, the near-surface BC mixingcloud fraction. Thus the three terms each represent a sub-
ratio is higher in CAM5std than MMF in mid-latitudes (30  set of the parameters that affect BC wet removal. The three
60° N), which can be attributed in part to stronger aerosolterms are calculated from time-averaged quantities, so that
resuspension from evaporating precipitation in CAM5 thanthe right-hand sides of Egs. (1) and (2) are equal at each
in the MMF (figure not shown). Between 830C N, the model grid point (or grid column). The terms could be calcu-
total-BC burden in CAM5std drops more gradually than in lated for each time step, and then averaged; this would give
the mid-latitude range, but the surface mixing ratio declinessomewhat different results numerically and would violate the

rapidly until about 8ON. equality in Eq. (2). However, since the purpose of these di-

The other quantities shown in Fig. 1 are obtained by de-agnostic quantities is to provide insight into differences be-
composing the wet-removal rate into three terms: tween models and simulations, and inform us of sources of
uncertainty, these computational nuances are of secondary

Rw = (Fw/Bc) - (Be/{fet) B) - ({ fet))- (2)  importance. BC-weighted cloud-average liquid water con-

tent (LWC) is calculated similar to Eq. (3) and is plotted in
Here B. is the column burden of cloud-borne BC, afitd) Fig. 1h.
is the vertically averaged liquid cloud fraction weighted by  Examination of these three decomposed terms reveals that
the total BC: BC-weighted liquid cloud fraction (term lIl, Fig. 1f) and

cloud-borne BC first-order removal rate (term I, Fig. 1d) are
(fe =Y fia-a-M|/[Ya-M|=[Yfia-a-M]/B. ()  poth higher in CAMSstd than in the MMF at mid- and high

latitudes. It is the much-higher liquid cloud fraction and the
where fiq is the liquid cloud fractiofi in a layer,q is the  more rapid removal of cloud-borne BC poleward of 85
total-BC mixing ratio, and is the air mass in the layer. The  that explain the much-lower Arctic BC in standard CAMS5.
CT - ) ) In comparison, the in-liquid-cloud cloud-borne aerosol frac-

Liquid cloud fraction here means the subgrid fractional cover- tion (term II, Be/(fe) B, Fig. 1e) differs less between the

age of stratlfo_rm clouds that contain some liquid water, and may %" models over the 3565 N latitude range. At high latitudes,
may not be mixed phase.

www.geosci-model-dev.net/6/765/2013/ Geosci. Model Dev., 6, 7882-2013
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term Il is much smaller in CAM5std than the MMF. Term | depth. This model change, which represents an improved
and Il tend to counteract each other at these latitudes, howformulation, exposes the sensitivity of remote aerosols (up-
ever, and the weighted liquid cloud fraction (term 1l1) differ- per troposphere and high latitudes) to convective cloud pro-
ences between the two models dominate at these latitudesesses. Note that the change does not directly impact the
The much-smaller cloud-borne fraction (term 1) north of model’'s convective cloud parameterizations involving heat,
60° N is likely due to too-rapid removal of cloud drops (and moisture and momentum.

cloud-borne aerosol) in CAM5std, and this rapid removal is

associated with its much-lower LWC (Fig. 1h). The in-cloud 2.3.3 CONV.sact

wet-removal rate for cloud-borne BC is proportional to the o

precipitation production rate (from cloud water) in a layer, This simulation includes changes for CONV, but secondary
divided by the LWC, so LWC can strongly influence wet activation of aerosols entrained into convective updrafts (in
removal. Liu et al. (2011b) also found that CAM5 under- @dditionto the primary activation at cloud base), followed by
predicts liquid water in Arctic stratiform clouds, leading to their in-cloud wet removal, is also included. This secondary

overly rapid removal of cloud drops and cloud-borne aerosol activation increases in-cloud wet removal and reduces trans-
port to the upper troposphere. This simulation investigates

2.3 Model changes and simulation design sensitivity of aerosol fields to the secondary activation, a pro-
cess in which the correct treatment is quite uncertain in our

Based on the model diagnoses shown above, and also th@odel and all other GCMs.

evaluation of upper-tropospheric BC in Liu et al. (2012), we

design a set of simulations to investigate the CAM5 model2.3.4 CONV.FD

sensitivity to some of its parameterizations and assumptions

involving aerosol wet removal (through in-cloud and below- The fractional areal extent of stratiform liquid-containing

cloud scavenging) and convective transport that influenceclouds at cold temperatures is reduced. The observation-

aerosol (BC in particular) reaching high latitudes and theally based study of Garrett et al. (2011) indicated that high-

upper troposphere. The simulations are described below an@titUde aerosols are sensitive to clouds with these charac-

summarized in Table 1. Except for the model changes notederistics, and this is also supported by the comparison be-

here, all other setting in these sensitivity simulations aretween CAMS5 and MMF. We explore this sensitivity by vary-

identical to those used in the CAM5std simulation describeding parameters associated with the stratiform cloud macro-

in Sect. 2.2. Note that the default 3-mode aerosol treatmen®hysics, using the “freeze-dry” parameterization of Vavrus

is used unless otherwise specified in the name. and Waliser (2008) that was already present in CAMS. It
reduces liquid cloud fraction by a factor gf,/g,0 when
23.1 CTRL the ambient specific humidity, is smaller than a threshold

_ _ , . . , gvo = 0.006 kgkg. (This ¢, is doubled from Vavrus and
An inconsistency involving the subgrid cloud fraction for waliser, 2008). Note that alternate approaches for achieving

liquid-containing clouds used in the droplet nucleation rou- this effect may be more desirable. Model changes in CONV
tine versus the other cloud micro- and macrophysics routinegre also included.

was eliminated. At colder temperatures, the liquid cloud frac-

tion used in aerosol activation calculations is considerably2.3.5 CONV.SF

overestimated in CAM5std, and the inconsistency fix reduces

the liquid cloud fraction. This CTRL simulation was primar- Sensitivity of aerosols to stratiform cloud wet-removal rates
ily designed to serve as a better baseline for the other sensis investigated by lowering the stratiform in-cloud wet-

tivity tests (below), all of which include this change. removal adjustment factor from 1.0 to 0.6. Conceptually, this
can be viewed as lowering one or more of the parameters
2.3.2 CONV that determine stratiform in-cloud wet removal (liquid cloud

- _ fraction, aerosol activation, and cloud-water removal rate). In
The new unified treatment of aerosol vertical transport antyarticular, the cloud-water removal rate, determined by the
in-cloud wet removal by convective clouds (but with aerosol stratiform micro- and macrophysics parameterizations, was

activation in updrafts only at cloud base) replaces the stanfoyng to be too rapid in CAM5 (Wang et al., 2012). Model
dard CAMS treatment. Cloud-borne aerosols in convectivechanges in CONV are also included.

clouds are treated explicitly, with aerosol activation at cloud

base calculated using the Abdul-Razzak and Ghan (2000) pa2.3.6 CONV.m7

rameterization. In-cloud wet scavenging and vertical trans-

port of aerosols are treated simultaneously in the new schem8ensitivity of BC (and POM) aerosol to the treatment of ag-
(see Supplement Sect. S1), which results in convective weing is investigated. Liu et al. (2012) and numerous previous
scavenging now affecting the grid-cell mean aerosols pri-studies have demonstrated how the treatment of aging affects
marily at detrainment levels rather than throughout the cloudwet removal and long-range transport. This simulation uses
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the 7-mode aerosol treatment (MAM7) of CAM5 along with (0)Total column burden (ug m?) (b)Wet deposition flux (g m™? doy™")
the slow-aging assumptions from Liu et al. (2012): the ag-ioo] ‘ ‘ ‘ ‘
ing criterion for BC and POM in the primary carbon mode
is 8 monolayers of condensed sulphate (or an equivalent'®]
amount of SOA), and the POM hygroscopicity is zero. Model
changes in CONV are also included, allowing comparison of
the impact of slow aging on aerosol fields to that of the other . . 0.1

model Changes. (c)Total wet removal rate (doy™") (d)Cloud—borne removal rate (day™")
s s 100 s \ _

£ 100.0 4%

10.0 4

1.00 4

2.3.7 ALL.m3

This simulation includes all changes specifically made in oo Rz
CTRL, CONV, CONVsact, CONVFD and CONVSF sim-
ulation to show their combined effect for the 3-mode aerosol,,,
treatment.

(e)Cloud—borne fraction (f)Weighted liquid cloud fraction
0.8 : : 0.25 ‘ :

2.3.8 ALL.m7

This includes all the changes in ALIn3, but uses the 7-
mode aerosol treatment with slow aging, which is particu- |
larly important for BC transport to remote regions.

(g)Surface mixing ratio (ng kg™') (h)Weighted LWC (g m™)

3 Results and model evaluation 1004 L
0.100 5

The following sections describe how the modifications in

formulations of wet removal and vertical transport change

aerosol distribution in remote regions. Simulations are also 14

compared and evaluated against long-term surface observa- ‘ ‘ 0.001 . .

tions (in terms of monthly mean BC and sulphate concen- ° N itoae N N0 N toae N 9N

trations) and aircraft measurements during field campaigns

(in terms of BC vertical profiles). Simulations involvingthe — ———  ———

new unified aerosol convective transport/removal scheme are  $oM-=oct  CONV-FD - COWSF — CONV-m7

particularly discussed to demonstrate the improvement Oﬁzig. 2.Same as in Fig. 1 but including six more simulations listed

aerosol vertical distribution. The impact of model changesin Table 1 and with a focus on the Northern Hemisphere.

on global aerosol, cloud and precipitation properties is also

104
0.0107

MMF CAMSstd CTRL CONV

evaluated.
3.1 Importance of wet removal formulations to Decreasing the frequency of occurrence of liquid clouds
high-latitude aerosols in the winter dry air through the freeze-dry scheme

(CONV_FD) further reduces liquid cloud fraction poleward
Figure 2 shows the same quantities as in Fig. 1 but for theof 50° N (by a factor of 2) to the MMF level. This leads to
various CAM5 sensitivity simulations listed in Table 1, de- a much-higher LWC (Fig. 2h), presumably caused by the
signed to expose cloud and aerosol sensitivities comparetVegener—Bergeron—Findeisen process, in which ice parti-
to CAMS5std and MMF. All changes to the model increase cles grow at the expense of liquid droplets, operating in a
BC burden at high latitudes, except for the unified convec-smaller fractional area and having less impact. From about
tive scheme. Removing internal inconsistencies in the CAM535°—65’ N, terms | and Il combined are nearly identical in
cloud formulations (CAM5std vs. CTRL) decreases the lig- CONV and CONVFD, so that the lower liquid cloud frac-
uid cloud fraction used for aerosol activation by factor of 3 attions (term IllI) are mainly responsible for lower total-BC
90° N (Fig. 2f). As a result, the total-BC first-order removal first-order removal rates and higher burdens in CORNY
rate (Ry) is significantly reduced, nearly tripling the BC (a factor of 2 at 65N). At higher latitudes, the cloud-borne
burden in the Arctic. Introducing the improved convection BC fraction within liquid clouds (term Il, Fig. 2e) becomes
treatment and aerosol secondary activation (in CONV andncreasingly larger in CONWD; the total-BC first-order re-
CONV._sact) affects low-latitude column burden and wet- moval rate becomes close to (or exceeds) thatin CONV. This
removal rate, but has very limited impact on mid- and high- again demonstrates that the role of the liquid cloud fraction
latitude BC. is important but complex, and is not the only factor affecting
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BC wet removal at mid- and high latitudes. The interesting (0)Barrow(157°W,71°N) (b)Alert(62°W,83°N)
behavior at high latitudes may be important to the local BC 105 1
removal and burden in the Arctic, but the results indicate that-~ o]
wet scavenging at mid-latitudes largely controls how much £
BC gets to the Arctic §
Wet removal by stratiform clouds plays a dominant role in

the long-range transport of BC to the Arctic. The in-cloud re- ™~
moval rate depends physically on the rate at which cloud wa-
ter is converted to precipitation, which is probably too high

in CAM5 with the current auto-conversion scheme (Wang et
al., 2012); however, the CAMS5 treatment of aerosol in-cloud % "'
wet removal also includes a tunable parameter, the stratiforng s
in-cloud wet-removal adjustment factor. When this parame-2 ;-]

10° 4

107" 4

1074

ter is reduced from 1.0 (in CONV) to 0.6 in CONSF, the 102
first-order removal rate for cloud-borne aerosols decreases SEMAMY S ASOND SEMAMY Y ASOND
significantly, and the cloud-borne aerosol lifetime and bur-
H : s . . 0BS MMF CAM5std CTRL
den increase significantly. However, this decrease in cloud- oo I
borne removal rate (term 1) and increase in cloud-borne frac- conv CONV_m?7 ~ ALL.m3  ALL-m7

tion (term Il) counteract each other, so that the decreases in. .
total wet-removal rate and the increases in total-BC burderf!9- 3-Observed and modeled monthly mean BC surface mixing ra-
tios (ng kg1) at the four polar sitega) Barrow, (b) Alert, (c) Zep-
are rather modest. elin. and(d) Halle
The CONV.m7 simulation has an explicit treatment of BC peiin. y
aging that significantly slows the in-cloud wet removal of
freshly emitted BC. As shown in Fig. 2e, with the slower
BC aging process, the BC cloud-borne fraction in CQNWV the remote Arctic region, like many other climate models
is significantly lower than in MMF and CONV from 3™\ (Shindell et al., 2008; Koch et al., 2009b). CAM5std under-
northwards. Although the liquid cloud fraction is still much estimates BC by~ 3 orders of magnitude in the Arctic haze
higher (and LWC is much lower) in CONYh7 than in the  season (i.e., winter and early spring), assuming the measure-
MMF, the total removal rate is close to MMF's at mid- ments are representative. The MMF is much closer to obser-
latitudes (30—65 N), allowing for the transport of more BC vations, although it also underestimates the surface BC mix-
to the Arctic. The BC burden is even higher than in the MMF ing ratio by up to one order of magnitude at some of the lo-
at all latitudes and is about 50 % higher in the Arctic. This cations in boreal winter and early spring. The seasonal cycle
suggests that the BC aging process is more influential thamm CAM5std surface BC is also wrong: observations show a
others in regulating BC wet removal in the CAM5 model.  maximum in winter and early spring and a minimum in sum-
mer and fall, while the modeled maximum is in summer.
3.2 Improvements to aerosols in high-latitude Modifications to improve model internal consistency in
remote regions CTRL reduce liquid cloud fraction for aerosol activation and
thus increase surface BC mixing ratios at all four sites, but
Figure 3 compares model-simulated (10 yr mean) and meahave a minor impact on the seasonality (i.e., summer—winter
sured seasonal variations of near-surface BC mixing ratios atontrast). The new convective processing (CONV, and also
three sites in the Arctic and one in the Antarctic. Measure-CONV_sact, not shown) has little impact on surface BC at
ments that cover different time periods at the four polar sitesthese locations. Several other modifications to liquid clouds,
are obtained from various sources: (a) Barrow and (b) Alert,wet removal, and BC aging significantly improve the predic-
1989-2003, based on Sharma et al. (2006); (c) Zeppelintion of both magnitude and seasonality. Reducing the strat-
1998-2007, from Eleftheriadis et al. (2009); and (d) Hal- iform in-cloud wet-removal adjustment factor (separately in
ley (Antarctic), 1992-1995, from Wolff and Cachier (1998). CONV_SF, not shown) increases surface BC for all months,
Note that the available measurements were derived by conbut has less impact on the seasonality. However, reduction
verting aerosol light absorption to BC mass mixing ratios. of liquid cloud fraction in cold and dry environments (in
Uncertainties in BC optical properties may contribute to an CONV_FD, not shown) helps substantially with the season-
overestimation of BC mass by a factor of 1-3 (Vignati et ality and the Arctic haze season low bias. The more com-
al., 2010), although site-specific calibrations were sometimegplete 7-mode aerosol module with slower BC aging produces
done. Other light-absorbing aerosol species such as dust arttie single biggest change to BC mixing ratios (CONW
organics can also cause an overestimation of BC mass (Shirvs. CONV), even more substantial than the combination of
dell et al., 2008). Despite measurement uncertainties, it i©ther improvements (ALLM3 vs. CONV). It also improves
clear that the CAM5std substantially underestimates BC inthe seasonality, which is likely due to slower aging in winter
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(a)Barrow(157°W,71°N) (b)Alert(62°W,83°N) often somewhat lower than the 3-mode simulations. The ex-
plicit treatment of ammonia/ammonium in the 7-mode simu-
lations leads to more efficient aqueous conversion of 80O
sulphate (Liu et al., 2012), less transport of.8@the Arctic,

and less production of sulphate from Sthere.

Sulphate mixing ratios at Alert, Barrow, and Zeppelin are
simulated more accurately than BC mixing ratios when com-
pared to the corresponding measurements, suggesting that
the discrepancy in BC prediction is partially related to un-
certainties in the BC measurements (i.e., the contamination
by other light-absorbing species and the conversion of light
absorption to mass mixing ratio) and/or BC emissions. How-
ever, there are significant differences in the sources and life-
cycles of BC (a primary pollutant) and sulphate (a secondary

Sulfate (ug kg™")

Sulfate (g kg™')

JFMAMY L ASOND SFMAMY S ASOND pollutant) moving to the remote Arctic. Discrepancies in sea-
sonality exist for both BC and sulphate (even in the MMF
0BS MMF CAM5std CTRL . . . . .
—o—o— - . simulation), which are more likely due to the representation
conv CONV_m7  ALL-m3 ALL-m?7 of associated aerosol—cloud processes in the model.

Fig. 4. Observed and modeled monthly mean non-sea-salt sul-3 3
phate mixing ratios (ug kgb) at the four Arctic sites(a) Barrow, '
(b) Alert, (c) Zeppelin, andd) Nord.

Improvements to aerosol vertical transport and
distribution

It is important to simulate the correct vertical distribution of
aerosols. Some aerosol species in the mid- and upper tropo-

than in summer. The “best” combination of modifications in sphere may affect ice cloud formation (e.g., Fan et al., 2012).
ALL _m7 gives BC mixing ratios comparable to, often times Vertical distribution of light-absorbing aerosols, like BC, in-
even higher than, the MMF’s, although still lower than ob- fluences local radiative heating and, consequently, the ther-
servations during the Arctic haze season. modynamic structure and circulation. Here we take BC as an

Some of the modifications to CAM5 also affect the trans- example (also due to the availability of observations) to eval-
port of other aerosol species to the Arctic. Figure 4 showsuate the impact of model modifications on aerosol vertical
the seasonal cycles of sulphate mixing ratio as simulated irdistribution.
the various simulations and measured at four Arctic sites: As shown in Fig. 5, the zonal average vertical distribution
(a) Barrow, 1997-2008 (Quinn et al., 2007); (b) Alert, 1995- of the BC mixing ratio from the CAM5std simulation shows
2002 (data available through the Canadian National Atmo-a very different vertical structure compared to the MMF sim-
spheric Chemistry Database and Analysis System); (c) Zeptulation, not just at high latitudes where BC mixing ratios are
pelin, 1995-2005 (data available through the European Monmuch lower in CAM5std at all levels. Additionally, the Arc-
itoring and Evaluation Programme (EMEP) database); andic BC mixing ratio is greatest in the upper troposphere in
(d) Nord, Greenland, 1992-1995 (Heidam et al., 1999).the CAM5std simulation. Improvements in the CTRL simu-
Overall, sulphate mass mixing ratios in the CAM5std are alsdlation increase BC over high-latitude regions, but the features
strongly underpredicted, especially during the haze seasorin the upper troposphere still exist. The unified treatment of
They are substantially increased by the model improvementsonvective transport and in-cloud wet removal (in CONV)
involving liquid cloud fraction and stratiform in-cloud wet- has little impact on the Arctic BC mixing ratios (compared
removal adjustment factor, but the new convective processingo CTRL), but it significantly increases tropical BC mixing
has little impact. Seasonality at Barrow and Zeppelin, whichratios below 600 hPa. This is because convective in-cloud
is poorly simulated in CAM5std, is somewhat improved in wet removal in the new treatment is applied to aerosol in up-
the ALL_m3 and ALL.m7 simulations. drafts (which would otherwise be transported out of these

Note that the 7-mode slower BC aging simulations levels) and thus mostly reduces grid-cell mean aerosol con-
(CONV_mM7 and ALL.m7), which give the greatest improve- centrations at detrainment levels, while convective wet re-
ment in simulated BC at high-latitude sites, do not improve moval in the older treatment removes aerosols at these lev-
sulphate mixing ratios relative to the 3-mode simulationsels (< 600 hPa) before the transport. When including aerosol
(CONV and ALL_m3). This is not surprising, as the 7-mode secondary activation in the new convective transport scheme
treatment of BC (and POM) and the slower aging criterion (CONV_sact), the upper-troposphere BC peak over the Arc-
have little direct impact on sulphate, which is predominantly tic and lower latitudes is eliminated.
in the accumulation mode in both cases. In fact, sulphate The 7-mode aerosol scheme plus slower BC aging al-
mixing ratios in simulations with the 7-mode aerosol are lows for more BC being transported to the mid- and upper
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Fig. 6. Vertical profiles of BC mass mixing ratios (ngk@) from
HIPPO1 observations in January 2009 (dotted lines for the mean
along flight tracks; shaded area representing one standard deviation
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8oo simulations described in Table 1). Profiles from model output (10 yr

l January mean) are sampled along flight tracks within the latitude—
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Fig. 5. Vertical and meridional distribution of DJF zonal-mean BC

mass mixing ratios (ng k@l).from the va_rious simu_lat_ion_s. White flights), while model profiles are sampled from climatolog-
areas between the black line and horizontal axis indicate zonal- . .
mean topography. |ca! (10yr) m(_)nthly means at closest proximity to flight lo-
cations and times. As argued by Koch et al. (2009b), there
are some potential problems for detailed comparison of tem-
porally/spatially resolved observations to model monthly
troposphere and to high latitudes (COMV7 vs. CONV).  means; nevertheless, some useful broad tendencies can be
The individual cross-sections of accumulation mode and pri-derived from the comparison.
mary carbon mode BC for CONYh7 (not shown) suggest The standard CAM5 simulation (CAM5std) shows vary-
that the Arctic BC in CONVm?7 is mostly transported in the ing performance in comparison to the observations. BC mix-
primary carbon mode originating from mid-latitudes {30 ing ratios are too low in the Arctic in winter (Fig. 6a) and
60C° N). The aging is slow enough to allow considerably more spring (Fig. 8a—c). They are also too high in the upper tropo-
upward and poleward transport. Further combining with thesphere and lower stratosphere (UTLS) in the tropics (Figs. 6¢
aforementioned modifications related to wet removal in-and 7b and ¢) and some mid-latitudes (Figs. 6d and 7a).
creases BC mixing ratios almost everywhere (A7 vs.  There is a consistent UTLS maximum that is more pro-
CONV_mM7). nounced than in the observations. Koch et al. (2009b) found
Figures 6, 7 and 8 compare vertical profiles of BC mix- that the AeroCom models also have high biases (exceeding
ing ratios from selected model simulations to observationsmean plus one standard deviation of observations) at higher
from the first HIAPER Pole-to-Pole Observations campaignaltitudes in the tropics and mid-latitudes.
(HIPPO1) in January 2009 (Schwarz et al., 2010) and from The new treatment of convective processing with sec-
field campaigns at other locations and times (Koch et al.,ondary activation (CON\&act) transports much less BC to
2009b). The observed profiles represent averages of higthe UTLS and noticeably reduces the high bias and maxi-
temporal/spatial resolution measurements along flight tracksnum there. Without secondary activation (CONV), the BC
in certain latitude—longitude ranges (a profile may containhigh bias in the UTLS is somewhat reduced, but the maxi-
observations from just one or two flights or from several mum is still close to the standard CAM5. Above-cloud-base
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Fig. 7. Same as Fig. 6 but for different locations (the tropics and ALL.m3 ALL_m7 Observations

mid-latitudes) and months. Black dashed line (if present) is the me-

dian profile of observed BC (ngkd). In (a) the two black dotted  Fig. 8. Same as Fig. 7 but for the high latitudes over North America.
lines are for two sampling days. Biomass burning was encounteredn (c), the higher BC mixing-ratio profile (ng ke is for flights that

in (d). Symbols over the map in the bottom panel indicate the ap-sampled episodic biomass burning plumes, and the lower mixing-
proximate geographical location of the observed profiles for eachratio profile is for aged Arctic air. The mean profiles(d) and(e)

field campaign, and simulated profiles represent averages over theseere also affected by summer smoke plumes.

locations. More information about the observations is available in

Koch et al. (2009b; Fig. 9 and Table 7).

suite of global model simulations (using different BC emis-
sions; Dentener et al., 2006) overestimated BC by a factor
of 5, on average, for the entire dataset. For the CAM5std,

entrainment accpunts for a significant fractllon of the Up_CONV,sact, ALL M3, and ALL m7 simulations, the median
draft mass flux in the CAMS5 deep convection treatment,

. L . atios of simulated to observed BC are 1.1, 0.9, 1.0, and 7.2,
and, without secondary activation, BC entrained above clou .
: . : respectively. The CONMsact and ALLm3 do moderately
base is transported upwards rather than being activate . e
well by these metrics (even though strongly underpredicting

and removed. The somewhat-higher BC in the lower and_ - : .
. : BC in the Arctic lower troposphere), while the 7-mode slow-
mid-troposphere with CONV and CON¥act (compared to . . . .
aging simulation overpredicts BC because of too-slow wet

CAMB5std) is largely due to the changes in liquid cloud frac- .
T . : .~ removal and too much vertical transport.
tionimplemented in CTRL (not shown), except in the tropics. . : S .
Despite strong discrepancies in magnitudes for some BC

Additional model changes in ALIm3 (involving reduced . . .

liquid cloud fraction and stratiform in-cloud wet-removal ad- proﬂl_es, the CAMS simulations capture the observeq lower-

. . : to-mid-troposphere BC structure reasonably well in most

justment factor) further increase lower to mid-troposphere ; . . .

BC, particularly in the Arctic winter and spring profiles cases (Fig. 6a being a notable exception). In the tropics and
' mid-latitudes, the BC mixing ratio decreases from the lower-

(Figs. 6a and 8a—c). troposphere maximum all the way to mid- and upper tropo-
In the 7-mode slow-aging simulations (COMW7 and sphere. A similar trend holds for the Arctic in boreal sum-

ALL _m7), BC increases noticeably in all the profiles com-

pared to the corresponding 3-mode simulations (CONV andc" while an opposite trend emerges in the Arctlc spring
ALL m3), and the UTLS maximum re-appears. These in_(Flg. 8a—c) and the near-Antarctic in January (Fig. 6e). Many

. . . : eroCom models, as seen in Koch et al. (2009b), were not
creases reduce the Arctic low biases for spring (Fig. 8a—c : ) .
. X : able to capture this vertical structure change between spring
and winter (Fig. 6a, lower troposphere only), but the simu-

lated BC is too high for many of the profiles (Figs. 6b—e and and summer in the Arctic.
7a and b). Compared to the HIPPO1 observations, Schwarz
etal. (2010) showed that the ensemble mean of the AeroCom
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Table 2. Global annual BC budgets in MMF and CAMS5 simula- Table 3. Global annual (non-sea-salt) sulphate aerosol budgets in

tions. MMF and CAM5 simulations.
Simulation ~ Wet deposition  Dry deposition  Burden Lifetime Simulation ~ Wet deposition  Dry deposition Burden Lifetime
(Tgcyrh  (TgCyrh (TgC)  (day) (Tgsyr™)  (Tgsyrh)  (Tgs)  (day)
MMF 6.03 1.70 0.140 6.6 MMF 50.84 8.97 1.014 6.2
CAMS5std 6.44 1.33 0.083 3.9 CAM5std 37.74 4.96 0.438 3.7
CTRL 6.40 1.36 0.091 4.3 CTRL 37.67 5.10 0.493 4.2
CONV 6.32 1.43 0.111 5.2 CONV 37.41 5.86 0.714 6.0
CONV_sact 6.37 1.37 0.090 4.2 CONV_sact 37.74 5.56 0.595 5.0
CONV_FD 6.29 1.45 0.112 5.3 CONV_FD 37.49 6.06 0.721 6.0
CONV_SF 6.22 152 0.123 5.8 CONV_SF 36.20 6.54 0.804 6.9
CONV_m7 5.98 1.77 0.168 7.9 CONV._m7 39.97 6.29 0.709 5.6
ALL _m3 6.26 1.48 0.099 4.7 ALL _m3 36.62 6.49 0.678 5.7
ALL _m7 5.90 1.84 0.158 75 ALL _m7 38.88 7.10 0.688 5.5

3.4 Impact of model changes on global aerosol budgets  partly due to longer sulphate lifetime (from slower wet re-
and distributions moval).
Slower BC aging by itself causes a substantial increase in

Tables 2 and 3 summarize the impact of model changes oglobal BC burden. Both ALLm7 and CONVm7 have BC
the global BC and non-sea-salt sulphate budget, respectiveljpurdens (0.16-0.17 Tg C) and lifetimes (7.5-7.9 days) that
All the modifications increase BC and sulphate burden di-are close to some previous studies (e.g., Textor et al., 2007;
rectly or indirectly by reducing wet-deposition rates and in- Koch et al., 2009b; Liu et al., 2011a) that used similar BC
creasing aerosol lifetimes. emission inventories. In comparison, the Alnh3 (no BC

Correcting the inconsistency involving liquid-containing aging but other improvements) has 37 % smaller burden and
cloud fraction within the model (CTRL simulation) increases lifetime. Other studies with somewhat-higher emissions pro-
global annual BC and sulphate burden by about 10 %. Theduced BC burdens of 0.2-0.3Tg C. In the first AeroCom in-
new unified convective transport and wet removal schemedercomparison (Textor et al., 2006), the median emissions,
without secondary activation (CONV) further increases theburden, and lifetime were 11.3TgCVW;, 0.21TgC, and
annual BC burden by 22% and sulphate burden by 45 %86.54 days, respectively. With BC emission of 10.9 Tg Clyr
However, the unified convective scheme with secondary acHuang et al. (2010) estimate an annual average BC burden
tivation (CONV_sact), and thus more in-cloud wet removal, of 0.28 Tg C and lifetime of 9.2 days. Actual BC burdens
introduces almost no BC burden change and a much-smalleamay be even higher, as Koch et al. (2009b) showed that for
sulphate burden change relative to CTRL. The larger burderthe AeroCom models the simulated column BC burden over
changes for sulphate vs. BC are due to different vertical prosix regions is about half of that estimated from AERONET
files (sulphate mixing ratio generally decreases more slowlyretrievals.
with height than does BC), and to the wet removal in the We also compare monthly aerosol optical depth (AOD)
mid-troposphere being relatively weak in the new convec-and aerosol absorption optical depth (AAOD) at 550 nm pre-
tive treatment compared to the older one. Reducing liquiddicted by CAM5 to AERONET retrievals for the years of
cloud fraction under cold/dry conditions using the freeze-dry1998-2005 (e.qg., Liu et al., 2012). Global and regional means
scheme (CONW-D) substantially increases atmospheric BC are summarized in Table 4. The CAM5std strongly under-
and sulphate burden in high latitudes, but it has little impactestimates AOD and AAOD in all of the regions. AOD and
on the global annual burden that is dominated by sources andAOD increase by varying degrees in other simulations, con-
sinks at lower and mid-latitudes. Reducing the stratiform in- sistent with the trends in BC and sulphate burdens (Tables 2
cloud wet-removal adjustment factor (CONSF) has lim-  and 3), suggesting that the modifications to CAM5 aimed to
ited impact on the annual burden, because the stratiform wemprove aerosols in remote regions improve the simulation
removal decrease is compensated by increases in convectiv# aerosols in near-source regions as well. The dramatic in-
wet removal and dry deposition. crease in AOD and AAOD in simulations with 7-mode slow

Note that the total source for sulphate differs among theaging (ALL_-m7 vs. ALL_m3) is primarily due to higher BC
simulations because of differences in-S¢nversion to sul- and POM burdens in some regions, although higher dust bur-
phate versus SOwet and dry removal. The SCaqueous dens simulated by MAM7 (due to differences in the fine-
conversion is much stronger in the MMF, so its total sourcemode dust treatments, Liu et al., 2012) also contribute, es-
(59.8 TgSyr') and burden for sulphate are considerably pecially in N. Africa.
higher than in the CAM5std (Wang et al., 2011b) and the In Liu et al. (2012) and Wang et al. (2011a), simulated
sensitivity simulations, although the higher MMF burden is BC concentrations were compared to observations from the
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Table 4. Global and regional mean observed and simulated AOD and AAOD (in parentheses). Observed values are from AERONET sites.

Number of sites for each region is also in parentheses.

Case E. Asia S. Asia Europe N. Africa S. Africa N. America S. America Global
(1n ®) (14) (6) ©) (23) 4) (79)

Observed 0.339(0.027) 0.391(0.041) 0.183(0.015) 0.515(0.046) 0.183(0.021) 0.133(0.007) 0.208 (0.024) 0.213(0.017)
CAMB5std 0.134 (0.017) 0.090 (0.010) 0.080 (0.009) 0.286 (0.032) 0.075(0.009) 0.066 (0.006) 0.100 (0.008) 0.111(0.012)
CTRL 0.158 (0.020) 0.093 (0.010) 0.093(0.010) 0.287 (0.032) 0.078(0.010) 0.074(0.007) 0.103(0.008) 0.122(0.013)
CONV 0.180 (0.020) 0.157 (0.012) 0.112(0.010) 0.410(0.041) 0.092(0.011) 0.095(0.008) 0.155(0.011) 0.153(0.014)
CONV._sact 0.165(0.019) 0.131(0.011) 0.100(0.010) 0.360 (0.036) 0.081(0.010) 0.086 (0.007) 0.126 (0.009) 0.136 (0.013)
CONV_FD  0.190(0.021) 0.156 (0.013) 0.113(0.010) 0.404 (0.041) 0.093(0.011) 0.096 (0.008) 0.152(0.011) 0.154 (0.014)
CONV_.SF  0.217(0.024) 0.191(0.015) 0.128(0.011) 0.455(0.047) 0.107 (0.012) 0.110(0.009) 0.182(0.013) 0.175(0.016)
CONV.m7  0.236 (0.028) 0.197 (0.018) 0.142(0.013) 0.562(0.050) 0.133(0.014) 0.137(0.011) 0.219(0.016) 0.204 (0.019)
ALL _m3 0.197 (0.022) 0.154 (0.012) 0.122(0.011) 0.408 (0.042) 0.093(0.011) 0.102(0.008) 0.147 (0.010) 0.159 (0.015)
ALL _m7 0.254 (0.029) 0.191(0.017) 0.164(0.015) 0.557 (0.050) 0.126 (0.013) 0.142(0.012) 0.202 (0.014) 0.210(0.019)

IMPROVE and EMEP networks. The surface BC concentra-  (a)Lwp (g m™)
tions in our simulations are also compared to observations ?° 2
from four networks or compilations (see Table S1in the Sup- ﬂ i

(b)WP (g m™?)

plement). The changes between the various simulations are'
considerably smaller at these surface sites than the changes tos ]
the global annual burdens (Table 2). This is not surprising for o
the IMPROVE (continental US), EMEP (Europe), and China -»
sites, which are relatively close to sources (on a global scale). \
The simulated values for the base model configurations are (9% ev fereing (¥ m7) .
lower than observed, so model changes that increase BC bur- 4 1
den and transport to the Arctic also reduce the CAMS5 low 2

(d)LW cloud forcing (W m™2)

bias for these datasets. All the simulations strongly underes- o e M
timate the China observations, suggesting that BC emissions-21 " ;
for this region may be significantly underestimated. e . -

Similar information for surface sulphate concentrations, o o e 0

Latitude

using observations from the IMPROVE, EMEP, and U. Mi-
ami (marine sites) networks, is provided in the Supplement o2
(Table S2). The changes between the various simulations are, ; ] ) .
larger than those for BC, but the changes are still smallerthan m =
the global annual burden changes. As with BC, the changes”’ "<f A w \ff
increase sulphate mixing ratios, which increase the high biaso-11 \/

for the IMPROVE and EMEP continental sites, but improve -o.2

(and even reverse) the low bias for the remote marine sites.  90s 60s 305Lmude30N 6N son

(e)Precipitation rate (mm day™")

CAMSstd

CONV CONV_sact

CONV_FD CONV_m?7

ALL_m3

Fig. 9. Meridional variation of annual mean differences (sen-
sitivity simulation minus CAMS5std) of(a) liquid water path
(LWP, gni2), (b) ice water path (IWP,gm?), (c) total precipi-
tation rate (mm day?), (d) shortwave cloud forcing, an@) long-
F|gure 9 Compal’es mer|d|0na| dIStI’IbUtIOI’lS Of annual ZOnaI‘Wave Cloud forc|ng for the Vanous S|mu|at|ons

mean cloud liquid water path (LWP), ice water path (IWP),

precipitation rate and cloud forcing from the various simu-

lations. Differences relative to the CAM5std are plotted to

illustrate the changes between simulations. Global mean valThere is no direct measurement of cloud IWP for compari-
ues are summarized in Table S3. Comparing to observationson, but Wang et al. (2011b) evaluated the total frozen water
used in Wang et al. (2011b; and references therein), globgbath in CAM5 against various satellite observations (and the
annual mean values are improved to varying degrees by th&#MF) and found that it is generally within the broad range of
modifications to the CAM5std. Model biases in LWP and observations. Mean precipitation rate is slightly reduced but
precipitation rate are reduced. Mean LWP becomes closestill higher than the Global Precipitation Climatology Project
to, if not within, the observed range of 50-84gfmIWP  (GPCP) mean of 2.61 mmday for the years 1979-2003
has much-smaller variation between the CAM5 simulations.(Adler et al., 2003). Mean values of shortwave and longwave

3.5 Impact of model changes on clouds and

precipitation
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cloud forcing are strengthened by most of the model changedias more-explicit representations of convection and the cloud
with SWCFs all in the observed46 to—53Wnmi2range, processes that drive aerosol—cloud interactions. Our focus in
and LWCFs mostly closer to the observed 27 to 31Wm the model evaluation was on BC aerosol, but the modifica-
range. tions have had a generally beneficial effect on the simulation
The CAMb5std simulates a much-smaller global meanof other aerosol species (e.g., sulphate) and of total AOD.
LWP (41.2gn7?) than the observed range, which implies  Wet removal is the dominant and most uncertain process
too-rapid conversion of cloud water to precipitation and is in determining the atmospheric residence time of submicron
consistent with the too-strong wet removal of BC and otheraerosol particles and, therefore, the distance they can travel
aerosols. The new treatment of convective transport androm sources during their lifetime. Wet removal in CAM5
wet removal (in CONV) increases LWP by up to 15g#n  consists of several mechanisms/processes that occur in and
near the Equator, 3g™ in the Arctic (which is substan- below convective and stratiform clouds. The most efficient
tial there), and 5.9 gm? globally, with about 75% of the wet-removal mechanism for submicron aerosol is nucleation
increase in stratiform clouds. With aerosol secondary activascavenging in liquid clouds. At mid- and high latitudes dur-
tion in convective clouds, the increase in LWP (CON&ct  ing winter months, this primarily involves stratiform clouds.
vs. CTRL) is somewhat less. Other changes (CORY  For this wet removal to take place, aerosol particles must be
and CONV.SF) further increase LWP. Most of the model viable CCN and encounter a precipitating liquid-containing
improvements (except for the freeze-dry scheme) involvecloud. Thus the subgrid liquid cloud fraction is important in
changes to the treatments of aerosol aging, activation, wedetermining the fraction of aerosols that are activated and
removal, and/or convective transport, rather than directly tosubsequently removed. Comparison with MMF suggests that
the cloud macro- and microphysics. The resulting LWP in-the more frequent liquid-containing cloud at mid- and high
creases are thus due to aerosol indirect effects, and probablgtitudes simulated by CAMS is a key contributor to the ex-
the reason that LWP has a high sensitivity to aerosol loadingessive removal of aerosols during their transport to the Arc-
in CAM5 (Wang et al., 2011b). This can also have feedbacktic. Improving the internal consistency of the liquid cloud
on aerosols because with higher liquid water the cloud-watefraction used for aerosol activation and associated droplet
removal rate and thus aerosol in-cloud scavenging in stratinucleation in the standard CAM5 leads to nearly 3-fold in-
form clouds are slower. Note that with slow aging, BC and creases in the Arctic BC burden in DJF months. Further re-
POM concentrations are higher, but POM hygroscopicity isducing the amount of liquid-water-containing clouds under
lower (zero), resulting in small decreases in cloud condensaedry/cold conditions in CAM5 by an ad hoc solution (called
tion nuclei (CCN) and LWP. “freeze-dry” by Vavrus and Waliser, 2008) doubles the BC
There are also changes in IWP (Fig. 9b), likely caused byburden in the high latitudes. With all improvements related
changes to liquid water in mixed-phase clouds and to globato wet removal combined, the Arctic BC burden has a 10-
distributions of aerosols that act as ice nuclei (particularly infold (5-fold) increase in the DJF (JJA) months, resulting in
the upper troposphere and the Arctic). Along with the LWP a better prediction of seasonal cycle as well. Arctic sulphate
changes, they affect both SW and LW cloud forcings, hav-and dust burdens are also increased but to a lesser extent.
ing implications for aerosol indirect forcing in the modified  Another important process affecting BC wet removal is
CAMS5 model. aerosol aging. The additional primary carbon mode in the
more complete 7-mode aerosol module allows fresh BC par-
ticles to be transported with little scavenging until they age
4 Discussion and conclusions and grow into the accumulation mode. The slow-aging as-
sumption (i.e., more hygroscopic material is needed to age
Many global aerosol and climate models, including the Com-a BC patrticle) results in slower aging in the model and ex-
munity Atmosphere Model version 5 (CAMS5), produce rel- tends BC lifetime in the atmosphere, allowing considerably
atively poor simulations of aerosols in remote regions (i.e.,more upward and poleward transport. In the cases consid-
high latitudes and upper troposphere) compared to regionsred, the global annual BC burden was increased from 0.11 to
close to major sources. In this study we have evaluated.17 Tg C, and lifetime was extended from 5.2 to 7.9 days. In
(and in some cases improved) process representations assbe simulation with slow BC aging (along with the improve-
ciated with aerosol—cloud interactions, cloud microphysicsments to wet removal), the Arctic DJF BC burden showed an
and macrophysics, aerosol transformation, convective transadditional 30-fold increase compared to the standard CAM5,
port and aerosol wet removal in CAM5 that are key to de-and the JJA burden showed a 5-fold increase. These increases
termining the amount of aerosols reaching remote regionsreduce the Arctic low biases for spring and winter; however,
Sensitivity simulations were analyzed to understand the rolehe 7-mode slow-aging assumption worsens the over pre-
of each of the processes and to identify sources of uncertaindiction of upper-tropospheric BC because of too-slow wet
ties. The evaluation and improvement were guided by surremoval and too much vertical transport. While several of
face and aircraft measurements together with results fromour modifications have had a substantial impact on sulphate,
the PNNL-MMF multi-scale aerosol—climate model, which which is also strongly underpredicted (but to a lesser extent
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than BC) in the Arctic, the 7-mode slow-aging representa-reaching remote regions such as the Arctic. In our sensitivity
tion has minimal impact on sulphate. This suggests that thesimulation with emission inventories for the year 1980 (see
remaining low bias of Arctic BC in CAM5 is more likely details in the Supplement), the global annual BC emission
contributed by processes other than the fast BC aging in theate is lower, but the DJF BC emission rate ovet-4 N is
3-mode aerosol module. 50 % higher. The 50 % higher BC emissions ovet-4@ N

In-cloud wet scavenging of BC and other aerosol speciedranslates to a 50 % higher BC burden and 70 % higher BC
in ice clouds is currently not treated in CAMS5, because surface mixing ratio north of 3N. There is also a similar
ice-nucleation scavenging affects a much-smaller number ofmpact of higher S@ emissions over 48-70° N on Arctic
particles than does droplet-nucleation scavenging. There isulphate mixing ratios. This confirms the important role of
more uncertainty in how much BC is removed in ice cloudsaerosol and precursor sources in mid- and high latitudes in
and mixed-phase clouds compare to liquid clouds. Cozicaffecting Arctic aerosol abundance, and suggests that current
et al. (2007) measured 8 %—17 % removal by mixed-phasemissions are likely underestimated, as also shown by Wang
clouds relative to 60 % removal by liquid clouds during win- et al. (2011).
ter at Jungfraujoch (4623, 8° E). Koch et al. (2009a) found Our modifications to CAM5 were targeted at improv-
that 12 % removal by frozen precipitation relative to removal ing the simulation of high-latitude and upper-tropospheric
by liquid clouds in their model gave an optimal agreementaerosols. However, comparison of model-simulated aerosol
with observations. Browse et al. (2012) found that suppresseoptical properties to AERONET retrievals and mixing ratios
ing ice-cloud scavenging in a global aerosol model results into surface site measurements shows improvements globally
alarge increase in wintertime BC and the correct seasonal cyand over various regions. Moreover, a number of the modi-
cle. On the other hand, as discussed by Koch et al. (2009b¥jcations led to improvements in the climate simulation such
ignoring aerosol removal by ice may contribute to the ex-as increases in LWP, which is too low in the standard CAMS5.
cessive BC aloft. However, they also found that enhancingThe simulation with the unified convective transport/removal
removal by convective clouds successfully reduced the BCand secondary activation has some of the largest improve-
aloft in the GISS model. In this study we also introduced aments in LWP and cloud forcing compared to the standard
new unified scheme for convective transport and wet removabnd control simulations, and these changes can be attributed
of aerosols in CAM5, with an option to treat secondary acti-to changes in aerosol distributions and resulting feedbacks.
vation of aerosols entrained into convective clouds. This newThese results warrant further exploration into aerosol indirect
scheme effectively reduces the BC aloft and better simulatesind semi-direct effects in CAM5 with our new modifications,
the observed BC profiles with decreasing mixing ratios inusing the methodology developed by Ghan et al. (2012).
the mid- to upper troposphere, especially in the tropics and _ . o
mid-latitudes. Croft et al. (2012) also found that treatments OfSup_pIementz_;\ry mz.gltene.ﬂ related to th_'s article is
scavenging of aerosols entrained above cloud base strong vailable online at: http://www.geosci-model-dev.net/6/
affect aerosol concentrations in the upper troposphere. 65/2013/gmd-6-765-2013-supplement.pdf

Despite all the model improvements, surface-level BC and
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