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Abstract. In the most advanced aerosol-climate models it Surface level concentrations of condensation nuclei (CN),
is common to represent the aerosol particle size distribucloud condensation nuclei (CCN), surface area density and
tion in terms of several log-normal modes. This approach,condensation sink also compare within 25% in most re-
motivated by computational efficiency, makes assumptionggions. However, marine CCN concentrations betwee&r\30
about the shape of the particle distribution that may not al-and 30 S are systematically 25-60 % higher in the modal
ways capture the properties of global aerosol. Here, a globaiodel, which we attribute to differences in size-resolved par-
modal aerosol microphysics module (GLOMAP-mode) is ticle growth or cloud-processing. Larger differences also ex-
evaluated and improved by comparing against a sectionaist in regions or seasons dominated by biomass burning and
version (GLOMAP-bin) and observations in the same 3-Din free-troposphere and high-latitude regions. Indeed, in the
global offline chemistry transport model. With both schemes,free-troposphere, GLOMAP-mode BC is a factor 2—4 higher
the model captures the main features of the global partithan GLOMAP-bin, likely due to differences in size-resolved
cle size distribution, with sub-micron aerosol approximately scavenging. Nevertheless, in most parts of the atmosphere,
unimodal in continental regions and bi-modal in marine re-we conclude that bin-mode differences are much less than
gions. Initial bin-mode comparisons showed that the cur-model-observation differences, although some processes are
rent values for two size distribution parameter settings inmissing in these runs which may pose a bigger challenge to
the modal scheme (mode widths and inter-modal separamodal schemes (e.g., boundary layer nucleation and ultra-
tion sizes) resulted in clear biases compared to the sectiondine sea-spray). The findings here underline the need for a
scheme. By adjusting these parameters in the modal schemspectrum of complexity in global models, with size-resolved
much better agreement is achieved against the bin schemaerosol properties predicted by modal schemes needing to be
and observations. Annual mean surface-level mass of suleontinually benchmarked and improved against freely evolv-
phate, sea-salt, black carbon (BC) and organic carbon (OCing sectional schemes and observations.

are within 25% in the two schemes in nearly all regions.
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1 Introduction growth by coagulation and condensation. For instance Gel-
bard et al. (1980) were among the first to produce a sec-
Aerosol particles affect the radiative budget of the Earth'stional aerosol model whereby the general dynamics equa-
atmosphere by scattering and absorbing solar and terregion (GDE) over the continuous size spectrum is refor-
trial radiation and by modifying the albedo and lifetime of mulated according to a discrete set of size sections or
clouds, referred to as the direct and indirect aerosol radiabins. Whitby (1981) developed the computationally cheaper
tive effects (e.g., Seinfeld and Pandis, 1998). A better under‘modal” approach, whereby the continuous GDE is given
standing of how the atmospheric aerosol has changed sinde terms of integral moments of the size distribution within
the pre-industrial era is vital to improve the robustness oflognormal modes covering different parts of the particle
model predictions of anthropogenic climate change. Successize range. A variation on these approaches is to apply the
sive climate assessment reports (Schimel et al., 1996; Pemmethod of moments (e.g., McGraw, 1997) which does not re-
ner et al., 2001; Forster et al., 2007) have continued to clasguire any assumption about distribution function within each
sify aerosol radiative forcings as having a low level of scien-bin/mode.
tific understanding and larger uncertainty than forcing from The growing realisation of the importance of aerosol
changes in long-lived greenhouse gases. However, Kulmalanicrophysical processes in determining aerosol properties
et al. (2011) show that in recent years, improved represented to the implementation of these more complex aerosol
tations of aerosol properties and sources is leading to a sulschemes into global models. For instance Adams and Se-
stantial narrowing of the aerosol forcing uncertainty range. infeld (2002) developed a dual moment sectional global
In-situ observations and process modelling have led to maaerosol microphysics model and Ghan et al. (2001) and Wil-
jor advances in the understanding of key aerosol processeson et al. (2001) implemented two-moment modal schemes
and how they determine the evolution of the particle sizeinto global models. Following these pioneering studies, a
distribution, and hence concentrations of cloud condensatiomew generation of global aerosol microphysics models have
nuclei (CCN). For instance, observations of marine aerosohow been developed with both sectional (e.g., Spracklen
size distributions (e.g., Hoppel et al., 1994) have shown aet al., 2005, 2008; Kokkola et al., 2008; Luo and Yu, 2011)
clear separation between Aitken and accumulation modes and modal schemes (Easter et al., 2004; Stier et al., 2005; Liu
around 100 nm dry diameter, most likely due to growth of etal., 2005; Lauer et al., 2005; Bauer et al., 2008; Mann et al.,
activated particles via in-cloud aqueous sulphate production2010; Pringle et al., 2010; Vignati et al., 2010). Furthermore,
Observations of high number concentrations in the upper troGhan and Schwarz (2007) explain that international climate
posphere in both marine (e.g., Clarke, 1993) and continentainodelling groups performing co-ordinated experiments for
regions (e.g., Hofmann, 1993) combined with modelling of IPCC assessment reports are developing new climate model
atmospheric transport (e.g., Raes, 1995) have led to an undeversions that include more sophisticated aerosol schemes to
standing that new particle formation in the free troposphereimprove the fidelity of simulated climate forcings.
and subsequent entrainment and mixing into the boundary Modal approaches continue to be favoured over sec-
layer represents a major source of marine CCN (e.g., Raesonal schemes in global models due to lower computational
et al., 2000; Merikanto et al., 2009). More recently, a wide costs. However, simplifications in the parametrized modal
range of observations (e.g., Kulmala et al., 2004) have showmpproach (e.g., fixing the standard deviation) can cause bi-
that, in addition to nucleation in the free troposphere, newases in simulated process rates and size distributions (e.qg.,
particle formation occurs very frequently in the boundary Seigneur et al., 1986; Zhang et al., 1999). In box model
layer in a variety of continental environments. studies, Herzog et al. (2004) found that number concentra-
The majority of general circulation models used to pro- tions and surface area density simulated by a modal scheme
vide estimates of aerosol radiative forcings in the fourthare, on average, within 20 % of a similar bin-resolved ver-
IPCC climate assessment report (Forster et al., 2007) usesion, but found differences of 50% on average for simu-
relatively simple aerosol schemes whereby the main comlated accumulation-mode number concentrations. Kokkola
ponents (sulphate, sea-salt, carbonaceous aerosol and dust)al. (2009) found larger differences between sectional and
are represented by distinct externally-mixed types with onlymodal schemes in volcanically perturbed stratospheric con-
the mass of each transported, and the particle size distribuditions, and explored ways to modify the modal scheme
tion prescribed at globally uniform values (e.g., Jones et al.fo reduce such biases. Weisenstein et al. (2007) compared
2001; Reddy et al., 2005). Fixing the size distribution meansmodal and sectional aerosol schemes at different size reso-
that any growth process included in the models (for instancdutions (20, 40 and 150 bins, 3 and 4 modes) when simu-
agueous sulphate production in clouds) will increase particldating the background and Pinatubo-enhanced stratospheric
number when it increases mass, potentially causing artefactserosol. They reduced bias in their 3-mode scheme com-
in simulated aerosol-cloud interactions. pared to the bin scheme by narrowing the prescribed width of
Since the early 1980s, detailed aerosol dynamics schemethe accumulation mode from 1.78 to 1.6. Overall they found
developed initially in box models, emerged to capture aerosobnly moderate differences between the bin and the improved
microphysical processes such as new particle formation, and
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3-mode scheme, with both performing similarly against ob- Finally, we note that the GLOMAP-mode scheme has also
servations. been implemented (Johnson et al., 2010) in the HadGEM3-
Although these studies have demonstrated differences iUKCA composition-climate model (Morgenstern et al.,
certain conditions, the extent to which the use of modal2009; Telford et al., 2009). By making aerosol properties
schemes in 3-D global models leads to systematic biasesimulated by the modal scheme compare better to the sec-
in simulated aerosol properties has not yet been estaltional scheme in the offline transport model, we aim to in-
lished. In this study we compare the two-moment sec-crease the robustness of simulated aerosol radiative forcings,
tional (Spracklen et al., 2005, 2008) and two-moment modalmaking simulations in the composition-climate model more
(Mann et al., 2010) versions of the GLObal Model of reliable.
Aerosol Processes (GLOMAP), known as GLOMAP-bin and
GLOMAP-mode, respectively. Trivitayanurak et al. (2008)
compared GLOMAP-bin against another two-moment sec-2 Model description
tional scheme (TOMAS, Adams and Seinfeld, 2002) in dif-
ferent 3-D global models, and found major inter-model dif- GLOMAP-bin and GLOMAP-mode are comprehensively
ferences and discrepancies to observations, but the schemdsscribed in Spracklen et al. (2005) and Mann et al. (2010),
had different process representations, emission inventoriesespectively. The GLOMAP-bin model used here is the
size assumptions, oxidant fields, clouds and transport. Zhanglti-component version (vla as in Merikanto et al., 2009),
et al. (2010) compared the results from three different gen-and differs from that used in the first papers (e.g., Spracklen
eral circulation models, which shared the same two-momenet al., 2005; Spracklen et al., 2006) which did not discrim-
modal aerosol dynamics scheme, finding reasonable agreénate between different aerosol components (e.g., sulphate,
ment between simulated size distributions. Largest differ-sea-salt, black carbon).
ences in particle concentrations were found in the tropics The GLOMAP-mode model here (v6), differs slightly
and free troposphere due to differences between model treafrom v5 in Mann et al. (2010), having been updated to more
ments of convective transport and wet deposition, the choicelosely follow process formulations in GLOMAP-bin. These
of sulphur chemistry scheme and differences in cloud ancchanges modify the routines for vapour condensation, nu-
precipitation. Bergman et al. (2011) implemented a two- cleation scavenging and aqueous sulphate production, and
moment sectional aerosol scheme (SALSA, Kokkola et al.,are described in Appendix A. Both GLOMAP schemes are
2008) into a general circulation model and compared againstun within the TOMCAT chemistry transport model (Chip-
the existing two-moment modal scheme (M7, Vignati et al., perfield, 2006) using the approach described in Spracklen
2004). They found the sectional model to better reproduceet al. (2005).
observed size distributions at CCN sizes, with both perform- The GLOMAP-bin and GLOMAP-mode runs are at
ing similarly over integral properties. Here, we compare the~2.8 x 2.8° horizontal resolution on 31 vertical hybrid
GLOMAP bin and mode schemes in the same 3-D global of-sigma-pressure levels from the surface to 10 hPa. Monthly-
fline chemistry transport model (Chipperfield, 2006) with the means from January to December 2000 are used following
same process representations and parameter settings, ensarspin-up of 3 months from zero initial aerosol. Gas phase
ing the intercomparison has the same meteorology, oxidantsand aqueous chemistry are indentical in the runs following
clouds and aerosol precursor chemistry. that described in Mann et al. (2010). Briefly, gas phase re-
We quantify bin-mode differences in a wide range of sim- actions of DMS, S@ and monoterpenes with OH, N@nd
ulated integral particle properties such as total and sizeOs are included with a small source of 3@om COS and
resolved particle number, speciated mass, CCN concentra=S,. Aqueous phase oxidation of dissolved S©®simulated
tions, surface area density and condensation sink. The maiwia reaction with HO,, which is treated semi-prognostically,
aim of the paper is to compare sectional and modal aerosdbeing transported, depleted via Sé&nd replenished by gas-
schemes, and improve the modal scheme to better compaghase HQ self-reaction up to a background value given by
against the bin scheme. Although a detailed evaluation othe prescribed 3-D oxidant fields. The ASAD chemical inte-
the two schemes against observations is out of the scope afration software (Carver et al., 1997) is used with identical
this paper, we do compare both models to benchmark globalate files and gas-phase deposition settings, with tendencies
datasets of observed size-resolved number concentrations for the transported gas-phase species given by the IMPACT
marine and continental regions. These reference observalgorithm (Carver and Stott, 2000).
tional datasets are not intended to indicate which scheme is The model runs were driven by identical offline fields
betterin some way, but rather to give a context for the differ- of meteorology (6-hourly ECMWF ERA40 re-analyses),
ences between the two schemes. By examining particle sizeloud fields (monthly climatological low-cloud from ISCCP,
distributions simulated with the two schemes, we also aimRossow and Schiffer, 1999) and oxidants (6-hourly monthly-
to provide constraints for the choices of parameter values irmeans from a full-chemistry TOMCAT run, Arnold et al.,
modal schemes to reduce any systematic biases in the parar005). Gaseous and primary particulate emissions for both
eterized modal approach. models are as described in Mann et al. (2010) including
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DMS, SG, COS, C3, monoterpenes, primary sulphate, car- scheme has a much stronger peak at 3 to 5nm, being forced
bonaceous aerosol (speciated to BC and organic carboro follow the prescribed width of the mode. This inconsis-
OC) and sea-salt, mostly following the AEROCOM recom- tency may be indicative of a bias in the modal treatment of
mended sources as in Dentener et al. (2006). New particl¢he growth of nucleated particles up to CCN sizes.
formation occurs mainly in the free troposphere in the model, In both seasons, the three marine locations, in all 3 model
with the Kulmala et al. (1998) binary nucleation rate ex- runs, show a “Hoppel gap” at about 25-40 nm dry radius,
pression used. The non-local closure boundary layer mixingcreated by growth of activated particles via in-cloud sul-
scheme from Holtslag and Boville (1993) and the convectionphate production (e.g., Raes, 1995). However, with the origi-
parameterization from Tiedtke (1989) is used, with identical nal modal settingsoec = 1.59 andrz 4 = 500 nm), the mini-
settings for bin and mode runs. This set-up ensures that atmanum in dV /dlogr between Aitken and accumulation modes
spheric transport, primary aerosol sources from direct emisis, compared to bin, biased high in summer in all regions
sion and secondary sources from gas phase precursor oxidé-ig. 1a, b, i). For this run, the accumulation mode radius is
tion were equivalent in all simulations. Note however, that, also biased substantially high in winter against the peak in
differences (up to 20 % in some marine regions) did arise bethe bin scheme (Fig. 1c, g, h). With these original modal set-
tween the bin and mode simulated gas phase precursors (séags, the accumulation mode, is also too wide compared to
Table 6) which we attribute to the schemes using differentbin in all 3 locations. By contrast, whenccis setto 1.4, and
versions of the host chemistry transport model. r3.4 also reduced to 250 nm, GLOMAP-mode performs much

better, with the size of the accumulation-mode peak, and its

shift from summer to winter, matching well to the sectional
3 Comparison of simulated particle size distributions scheme.

Another bias in GLOMAP-mode (with the original set-
Figure 1 compares simulated surface-level particle size distings) is that, in all three marine locations, the coarse mode
tributions at three marine and three continental locations fomumber is much less than in GLOMARP-bin (by factor 2—-3) in
GLOMAP-bin (black) and two GLOMAP-mode runs in June both seasons. With the revised settings however, GLOMAP-
(a—f) and December (g-l). The first GLOMAP-mode run mode compares well, due to the sea-spray emissions then be-
(blue line, “model”) has modal parameter settings as in Manning mapped more coherently onto the lognormal modes. In
et al. (2010) with a standard deviation)(of 2.0 for the  the sectional scheme, the simulated coarse mode begins at
coarse mode and 1.59 for all other modes, and mode-edgabout 300 nm dry radius with a peak at about 500-600 nm
radii at 5, 50 and 500 nm as separating nucleation-Aitken(Fig. 1). In GLOMAP-mode, the coarse-soluble mode only
Aitken-accumulation and accumulation-coarse modes, rereceives emitted sea-spray larger than, so with this set to
spectively. Note that these mode-edge dry radii determinés00 nm the modal approach effectively splits the sea-spray
how primary emissions are mapped onto the modes, and anmode in two where there should be a peak, leading to the
also the size at which particles are transferred to the adjalow bias in coarse mode number. In the revised modal con-
cent larger mode by mode-merging. The second run (red linefiguration (red line), the split occurs at 250 nm, matching
“modeR”) has revised modal settings, to improve compari-the size of the minimum seen in the size distribution for the
son with the bin scheme, whereby the soluble accumulatiorfreely-evolving sectional scheme. The accumulation mode is
mode is set narrower with = 1.40 and the accumulation- also compromised in GLOMAP-mode whefs = 500 nm.
coarse mode-edge dry radius 4) is reduced to 250 nm. Fig-  Since the modal approach has to construct a single lognormal
ure 2 shows the mode edge diameters for these two configudistribution for all particles in a mode, it must combine any
rations of GLOMAP-mode alongside the size interfaces forsea-spray emitted into the mode with finer sulphate particles.
20 GLOMAP-bin size sections. In therz 4 = 500 nm run, this effect pulls the mode radius to
In the three ocean locations (Fig. 1a—c and g—i), the binerroneously large sizes. whereas withh = 250 nm, the bias

and mode schemes capture the general observed featuré®m the effect is greatly reduced since sea-spray particles are
of the marine boundary layer size distribution with sub-um then mostly emitted into the soluble coarse mode.
aerosol bi-modal (Aitken and accumulation) with a third  Figure 3 further examines marine particle size distribution,
coarse mode from sea-spray (e.g., Raes et al., 2000). Dushowing the latitudinal variation of Aitken and accumula-
ing winter (Fig. 1c, g, h), marine size distributions in all tion mode dry diameter from the two GLOMAP-mode runs
three runs show an additional distinct nucleation mode belowagainst observed values derived from a 30-yr compilation of
10 nm dry radius indicating some new patrticle formation maymarine size distribution measurements (Heintzenberg et al.,
be occurring in marine regions. By contrast, during summer2000). The observed mean dry diameter values are from 3-
(Fig. 1a, b, i), there are very few particles below 10 nm dry and 4-mode lognormal fits to the ship-borne mobility and
radius in marine regions (as expected from Raes et al., 2000gerodynamic particle sizer measured dry size distributions
and the Aitken mode is generally much weaker than in win-(below 40 % relative humidity). To compare against these
ter. The winter sub-10 nm dry radius particles have a fairly observations, model marine-zonal-mean dry diameter values
flat size distribution in the bin scheme whereas the modaffor each mode were obtained via number-weighted means
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Fig. 1. Surface size distributions simulated by GLOMAP-bin (black) and the standard (v6l) GLOMAP-mode run (blue) and improved (V6R)
GLOMAP-mode run (red). Number size distribution®V(idlogr) are shown for three marine and three continental locations in(deifleand
Decembefg—I) The exact locations are as follows: Atlantic {4, 43 N), N. Pacific (163 W, 43° N), Southern Ocean (163V, 38’ S), E.

USA (84’ W, 43 N), Europe (68 E, 54 N) and China (101E, 35’ N).

over all ocean gridboxes on each latitude grid-point, and av-

o : eraging up to the 15 degree grid in the observations. There
model is no significant difference in simulated Aitken-mode size

e S s e . e or number between the two GLOMAP-mode runs, and good
! 19 ary dometer (om) 10000 agreement between model and observations, with larger par-

ticle size in the tropics compared to mid-latitudes. However,
Fig. 2. Schematic diagram showing the mode edge sizes for then the accumulation mode, the original GLOMAP-mode set-
original (model, blue lines) and revised (modeR, red lines) CoN-tings give too large size in the Southern Ocean (due to
figurations of GLOMAP-mode. The template size bin interfaces the sea-spray effects described above), whereas much bet-
In the moving-centre, fixed-edge GLOMAP-bin sectional approachy, 4 reement is seen with the revised settings. In tH&30
are also soon (bin, black fines). to 50 N marine regions, the modal scheme as originally
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Fig. 3. Simulated marine surface zonal-mean geometric meang| OMAP-mode run (dashed) and improved (V6R) GLOMAP-
particle diameters in the Aitken and accumulation mode com-mqode run (dot-dashed). The observations (asterisks) represent the
pared to observed values from a compilation of 30-yr of mea- jy1y climatological size distribution reported for clean marine air

sured size distribution data (asterisks) for the marine boundarynasses in Raes et al. (2000). Model lines are July means over the
layer (Heintzenberg et al., 2000). The black lines show simulatedrange 30-3%W, 40-45 N.

annual mean (averaged to the 15-degree grid) and the blue/red
lines show minimum/maximum monthly-mean values. Results from

two GLOMAP-mode V6 runs are shown: as configured originally ber emissions rates even though the mass emission rates and
(solid lines) and after the revisions to the modal aerosol settings 9

(dashed lines). The error-bars around the asterisks show the otﬁssumed size at emI.SSIOnS are the same.
served standard-deviation in each latitude band. Values of nor- [N the accumulation-mode, GLOMAP-mode compares

malised mean bias and correlation coefficient are shown in Table P€tter to bin than in the Aitken sizes. The size distribu-
from model annual-means (ocean grid boxes only) and by averagingion for all three runs shows a similar pronounced shoul-
up to the 15 degree grid to match the observations. der during summer but, again, the original configuration of
GLOMAP-mode has the accumulation mode too wide in the
large-end tail, whereas much better agreement is achieved
configured has a substantial low bias in the simulated size ofvith the narrower .
the accumulation mode compared to the observations which Figure 4 compares against a climatological observed size
is considerably improved with the reduced valuesgfand  distribution from Raes et al. (2000) for the marine bound-
r3.4. We attribute this improvement to the narrowing of the ary layer at Tennerife in July, which combines differential
width of the accumulation mode, with the original wider set- mobility analyzer (sub-pum) and aerodynamic particle sizer
ting giving too effective scavenging of the larger sizes, lead-(super-um) measurements. In marine locations, the model
ing to the low bias in geometric mean radius. size distribution is generally tri-modal (see Fig. 1) with dis-
In the three continental locations (all in the Northern tinct Aitken and accumulation modes separated by a mini-
Hemisphere), sub-um size distributions in winter (Fig. 1j— mum at about 50 nm dry radius, and a distinct coarse mode
[) are uni-modal in all three runs, with a peak at aboutat dry-radii larger than 300 nm. Figure 4 shows the July
25 to 35nm dry radius. A pronounced accumulation-modemonthly-mean from GLOMAP-bin (solid), GLOMAP-mode
shoulder is evident in summer (Fig. 1d—f) up to about 60—as configured originally (dashed) and with the revised modal-
90 nm dry radius. However, in both GLOMAP-mode runs, settings (dot-dashed). The figure confirms that an accumu-
the Aitken-mode number peak is substantially biased lowlation modes of 1.59 is too wide, with thes = 1.4 run
compared to bin, particularly in winter, and is also too nar- agreeing better with the shape of the observed accumulation-
row. The low dv/dlogr may indicate deficiencies in the mode. The too wide shape of the original GLOMAP-mode
modal treatment of coagulation where rates based on theonfiguration leads to an overestimation in the 50 to 90 nm
mode mean radii could be too high. Another possible cause islry radius range, although the peak value is better captured
that primary carbonaceous emissions are sized here to hafer o = 1.59 in the range 90 to 130 nm. This is just an ex-
o = 1.8 (following Dentener et al., 2006). Whereas the sizeample comparison in typical background marine boundary
sections in GLOMAP-bin can adapt freely to this prescribedlayer conditions, and a wider discussion on mode widths in
shape, in GLOMAP-mode, the Aitken mode is forced to be observed size distributions is given in Sett.Comparing
narrower, held fixed at 1.59. This mis-matclvinalues leads the minima/maxima over the 12 monthly-mean size distri-
to the bin and mode schemes having different particle numbutions at this site between bin and mode (not shown) also
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suggests that revising the modal settings improves simulatedhode edge radius4 4) improves predictions with the modal

intra-annual variability in size distribution compared to bin. scheme. The other sub-sections then compare bin and mode
simulated global surface level distributions of a range of in-
tegral aerosol properties, with the GLOMAP-mode run using

4 Comparison of model global burden and budgets the revised modal settings.

Here, we examine the global aerosol lifecycle simulated
by the bin and mode schemes, with the GLOMAP-mode

run using the revised modal_ settings. Table 2 COMPAr®Sable 1 shows the impact of the changes to the mode-edge
annual-mean global column-integrated mass burdens for

each aerosol component (sulphate, sea-salt, BC and partiégdius and standard deviation on bin-mode differences in re-
ulate organic matter, POM), along with their source massJional mean concentrations of CN, Cég\and Niso for the
regions used in Merikanto et al. (2009).

fluxes from primary emissions and secondary production. L. .
P y y P The revisions t@acc andrs 4 have only a minor effect on

Slmulated lifetimes and_ percentage .removal by wet depos"GLOMAP-mode simulated CN and CGpl although in each
tion are also shown to aid the analysis.

. 1L os R . o
Compated to GLOMAP-bin, simulated suphate and Pom g o SO (6 L A JE8 PR 0 T8 e
burdens are slightly lower in GLOMAP-mode-12 and gnty. ' y

. . low with the original modal settings, with the low bias com-
—3 %) whereas BC and sea-salt are slightly highet énd o A on .
+9%). These are reflected in the slightly shorter lifetimes pared to bin in the range 33-45% in Europe, North America,

for GLOMAP-mode simulated sulphate and POM, while BC North Asia, South East Asia and Oceania. On the gIoba}I con-
and sea-salt are longer-lived with the modal approach How-.tlnental average, the_ modal sc_:heme, as ong_mally (_:onflgu_red
X is 40 % lower than bin, reflecting the biases in particles with

ever, for each species, the global burdens compare well, wit S - : -
OLOMAB.mOde within about 10% of GLOMAP.bin. Toset D > 100 nm seen in Fig. 1d—f,-I. Wih the revisions to the
modal settings, hsp agrees better with the bin scheme, with

these differences in context, we note the findings in Textor : . . . 0
et al. (2006), who examined diversity in simulated lifetimes the low bias reduced in all regions, although still at 23% on

among the AEROCOM models, finding standard deviationsthe global continental average.

among the models of 58, 43, 18, 33 and 27 % for sea-salt
dust, sulphate, BC and POM, respectively. Thus, inter-modal
diversity is much larger than the difference introduced by the
simplified model treatment of the evolving size distribution.

The percentage removal by wet deposition illustrates tha

wet removal is the dominant removal process for SUIphateGLOMAP-bin (Fig. 5b), with a weak low bias. In the Arctic

BC and POM, which reside mainly in sub-um particle sizes .
' y In sub-im p and parts of the Southern Ocean, Central Africa and South
whereas the coarser sea-salt aerosol is influenced strongly b . o
i . . ) .22 “America, the low bias is larger, but never exceeds a fac-
sedimentation. While the bin and mode schemes predict sim:

ilar wet removal for sulphate, BC and POM, there is a sub-tor of two. The regions .W'th Iowe.r sulphate in .GLOMAP
e g mode also show a similar magnitude S®w bias com-
stantial difference for sea-salt, with 27.1 % of mass removal . .
N . pared to GLOMAP-bin (not shown), which suggests that
by wet deposition in GLOMAP-mode compared to 47.1 % in the different CTM version used (see Seztmay be caus
GLOMAP-bin. This suggests that the wet removal is acting may

. . ; ing some of this bin-mode difference. In high altitude sur-
on a larger proportion of the sea-salt particles in GLOMAP- face regions (e.g., the Himalayas, Canadian Rocky Moun-
bin than GLOMAP-mode, likely due to more highly size- 9 9. yas, y

o . .. tains) however, GLOMAP-mode sulphate is biased low com-
resolved treatment possible in the sectional scheme, glvm% . .
different removal timescales for each size bin. ared to _GLOMAP-bm Whereas_ S not. Inthe trop|cs and
sub-tropics, GLOMAP-mode simulated sulphate in the free
troposphere is lower than GLOMAP-bin (not shown). The
5 Comparison of global distributions of integral aerosol ~ low bias is largest between 3 and 6 km where rainout has
properties a dominant influence on aerosol properties, suggesting that
different size-resolved scavenging may be the cause. Rasch
In this section, we examine differences in the global distribu-et al. (2000) showed that sulphate mixing ratios in the free
tion of aerosol properties between the bin and mode schemesroposphere vary by a factor 2-5 due to differences in con-
The first sub-section assesses regional differences in sukective transport and removal processes.
face concentrations of condensation nuclei (CN, all particles Simulated surface sea-salt mass is compared in Fig. 5d.
with Dp > 10 nm), cloud condensation nuclei (Cég\Nsol- In most marine regions the two schemes compare within
uble particles withD, > 50 nm) and Nsg (all particles with 25 9%, although in the Southern Ocean and off the west coast
Dp > 150 nm), showing how the narrower soluble accumu-of South America and South Africa, GLOMAP-bin sea-salt
lation mode width §aco and reduced accumulation-coarse mass is systemically higher than in GLOMAP-mode by up to

5.1 Comparison of regional CN and CCN concentration

F.Z Speciated particle mass
Figure 5 compares surface-level mass concentrations of sul-

hate (a, b) and sea-salt (c, d). Over the vast majority of
he domain, GLOMAP-mode sulphate is within 25% of
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Fig. 5. Global surface maps showin@) sulphate (S@) and (c) sea-salt (NaCl) aerosol mass simulated by GLOMAP-mode (v6R) on

the annual-mean. The ratio of GLOMAP-mode (V6R) to GLOMAP-bin simulateg &l NaCl are shown in pangls, d), respectively.

Regions coloured yellow, orange and red in the relative bias maps indicate where GLOMAP-mode is higher than bin by 25-50, 50-100 and
100-200 %, respectively, whilst light-blue, dark-blue and black indicate where bin is higher by the same proportions. Regions where the two
schemes are within 25 % are colored white.
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Fig. 6. Global surface maps showirfg) BC and(c) OC aerosol mass simulated by GLOMAP-mode (v6R) on the annual-mean. The ratio

of GLOMAP-mode (v6R) to GLOMAP-bin simulated BC and OC are shown in paibels), respectively. Regions coloured yellow, orange

and red in the relative bias maps indicate where GLOMAP-mode is higher than bin by 25-50, 50-100 and 100-200 %, respectively, whilst
light-blue, dark-blue and black indicate where bin is higher by the same proportions. Regions where the two schemes are within 25% are
colored white.
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Table 1.Regional-mean annual-mean CN (all particles with> 10 nm), CCMNg and Njso. GLOMAP-bin values are shown first with the

ratio of mode/bin shown in parentheses (original modal settings followed by revised). Regions match those defined in Merikanto et al. (2009).

Region CN CCNg N1s50

Global 693.0(1.12,1.11)  452.1(1.20,1.18) 159.3(0.74,0.87)

Global Continental 1519.0 (1.14, 1.13) 1014.9 (1.16, 1.14) 308.2 (0.60, 0.77)
Global Marine 371.0(1.08,1.07) 233.4(1.27,1.25) 101.5(0.90, 0.99)
Europe 3209.0 (1.13,1.12) 1657.4 (1.14,1.13) 457.7 (0.67,0.84)
Africa 1289.0(1.18,1.18) 1050.7 (1.17,1.16) 387.3(0.62,0.82)

N. America 1680.0 (1.12,1.11) 1074.0(1.18,1.16) 363.2 (0.57,0.75)
S. America 1456.0 (1.09, 1.08) 1224.8(1.13,1.12) 309.9 (0.55,0.71)
N. Asia 808.0(1.10,1.08)  497.4(1.15,1.11) 163.0(0.63,0.78)

S.E. Asia 4027.0 (1.17,1.16) 2364.9(1.16,1.14) 631.1(0.58, 0.76)
Oceana 1078.0(1.08,1.07) 885.3(1.13,1.11) 272.1(0.55,0.70)

W.of N. America  396.0 (1.09, 1.08)  241.7 (1.42,1.41)  83.2(0.98, 0.97)
W.of S. America  232.0(1.09,1.09)  127.0(1.60,1.60)  60.3 (1.08, 1.09)

W. of N. Africa 390.0 (1.05,1.04)  240.0 (1.31,1.29)  116.5 (0.89, 0.99)
W. of S. Africa 392.0 (1.14,1.11)  314.1(1.30,1.27)  163.1(0.94, 1.09)
E. of N.E. Asia 1268.0 (1.10,1.08) 7985 (1.15, 1.11)  269.7 (0.77, 0.92)

Table 2. Annual mean global mass burden (Tg), emission fluxes, secondary production fluxes (botH)Tand lifetime (days) for each

simulated aerosol component. Also shown is the % removal by wet deposition for each component. The values for the mode and bin versions
of GLOMAP are shown before and after the comma, respectively. Values in parentheses are the median values simulated by AEROCOM

models as documented in Textor et al. (2006).

Species Burden Primary emission  Production Lifetime % loss by wdep

Sulphate  0.51,0.58 (0.66)  1.74,1.72(59.6) 485,463 3.71,4.44(4.1) 87.5,86.0 (88.5)
Sea-salt  3.39,3.11(6.39) 2806, 2806 (6280)  0.0,0.0  0.44,0.40(0.4) 27.1,47.1(30.3)
BC 0.100,0.096 (0.21)  7.72,7.78(11.3)  0.0,0.0  4.76,4.51(6.5) 79.5,81.5(79.5)
POM 0.87,0.90 (1.21)  47.0,47.3(69.9) 26.0,25.9 4.59,4.70 (6.1) 84.1, 85.4 (78.9)

50 %. By contrast, in the Inter-Tropical Convergence Zone, Comparing the simulated zonal-mean BC and OC against
where wet removal dominates, and also in some continentdhtitude and altitude shows that although in the lowest few km
regions, sea-salt is higher in GLOMAP-mode. the two schemes compare well, above 3—4 km, GLOMAP-
In Sect.4, we found that wet deposition accounts for a mode BC and OC both become substantially higher than
much larger fraction of sea-salt removal in GLOMAP-bin, GLOMAP-bin, by up to a factor 5 in some places. One can
which is consistent with higher sea-salt concentrations foreven see evidence of this at the surface in Fig. 6b and d with
GLOMAP-mode in regions dominated by wet deposition. GLOMAP-mode systematically higher in marine regions be-
The global sea-salt burden was slightly higher in GLOMAP- tween 30N and 30 S, where free tropospheric air is en-
mode, which is consistent with the boundary layer beingtrained into the boundary layer due to the descending parts of
deeper between 3@ and 30N (where GLOMAP-mode the Hadley and Walker circulations (e.g., Raes et al., 2000).
has higher sea-salt) than at mid-latitudes (where the modal Figure 7 compares GLOMAP-mode and GLOMAP-bin
scheme is lower). simulated remote BC profiles against a January 2009 multi-
Simulated surface BC and OC are compared in Fig. 6.flight climatology (Schwarz et al., 2010) of aircraft mea-
Both components of the carbonaceous aerosol show vergurements with the SP-2 instrument (Schwarz et al., 2008)
similar distributions in bin and mode, with concentrations be-from the HIPPO campaign. The model January-mean was
ing within +-25/—20 % in most regions, although a larger low averaged over the latitude and longitude range of the obser-
bias for GLOMAP-mode compared to GLOMAP-bin is evi- vations, which cover an altitude range of 300 m—14 km and
dent in equatorial parts of Africa and South America. Thesespan the latitudes 656—-80 N. In the tropics, in common
regions also show similar magnitude differences in@®d  with the AEROCOM models, both schemes over-estimate
sulphate (see Table 6), suggesting that the different CTM verfree troposphere BC by a factor 20—100 compared to the ob-
sion may be responsible for much of this discrepancy. servations, most likely due to poor treatment of convective

www.atmos-chem-phys.net/12/4449/2012/ Atmos. Chem. Phys., 12, 444976 2012



4458 G. W. Mann et al.: 3-D global intercomparison of bin versus mode

GLOMAP-mode ¢f Schw10 obs. BC (67S-60S) GLOMAP-mode cf Schwi10 obs. BC (60S-20S) GLOMAP-mode ¢f Schw10 obs. BC (20S-20N)
Y T T | T T T o T

a) b) c)
¥
%

z 3 T X
[
£ 2 = *
H £ H x
g ¢ £ *

0.01 0.10 1.00 1000 100.00 0.01 0.10 1.00 1000 100.00 0.01 0.10 1000 100.00

BC mmr (pptm) BC mmr (pptm) BC mme (pptm)
GLOMAP-mode cf Schw10 obs. BC (20N-60N)  GLOMAP-mode cf Schwi10 obs. BC (60N-80N)
— - T 1y T
* d) e) | — GLOMAP-bin
‘ -~~~ GLOMAP-mode

= 7 AEROCOM 25th pct
£
e . AEROCOM 75th pct
] £
& &

0.01 0.10 1.00 1000  100.00 0.01 0.10 1.00 1000 100.00

BC mmr (pptm) BC mmr (pptm)

Fig. 7. Vertical profiles of simulated BC mass mixing ratio for GLOMAP-bin (solid) and GLOMAP-mode v6R (dashed) against aircraft SP2
observations (asterisks) from Schwarz et al. (2010). The whiskers on the observations show the standard deviation over the measurements i
each 1-km bin. The blue and red lines show the 25th and 75th percentiles from models participating in AEROCOM phase 1.

scavenging. In mid- and high-latitudes however, whereasver, we note that simpler size-resolved growth in the param-
GLOMAP-bin represents the free-tropospheric BC concen-eterized modal approach could lead to different condensation
trations rather well, GLOMAP-mode is biased high by a fac- sink and cause subsequent biases when boundary layer nu-
tor 2—3in the Northern Hemisphere and by a factor 3—4 in thecleation is included.
Southern Hemisphere. The bin-mode differences are about Figure 8c, d show that surface CN concentratioRg £
half the magnitude of the differences between the AERO-10nm) compare very well between GLOMAP-mode and
COM 15th and 85th percentile profiles, so here the simpli-GLOMAP-bin, being within 25 % almost everywhere. Sim-
fication of the size distribution does seem to be a substandar agreement is also seen (not shown) for ultrafine CN
tial source of bias. These bin-mode differences likely result(Dp > 3 nm) although a high bias (up to a factor of 2) in the
mainly from size-resolved wet removal being more effective modal scheme is seen in a few very remote regions (Antarc-
in the bin scheme. tica, the Himalayas and Greenland) where the surface layer
in the model is at high altitude.

5.3 Surface sulphuric acid vapour and CN

concentrations 5.4 CCN concentrations and vertical extent of biases

Figure 8a, b show the comparison of surfac&By concen-  Comparing CCN in the bin and mode schemes gives an
trations, which is a key factor determining simulated nucle-indication of how much the deficiencies in simulated size
ation rates. In general, lower280, vapour concentrations distribution seen in Sec8B are likely to propagate into er-
are found in GLOMAP-mode, but the two schemes com-rors in simulated aerosol-cloud interactions. In Fig. 9, we
pare quite well, being mostly withis25 %. Differences are compare CCN concentrations based on dry-diameter thresh-
larger in some regions however, up to a factor of two in theolds of 50nm (panels a and b) and 70nm (panels ¢ and
most polluted regions of China. Removal 0§$0, occurs  d). These threshold sizes correspond to supersaturations of
almost exclusively by condensation onto existing aerosol0.35 and 0.22 %, respectively, representing values typical for
and the lack of a bias suggests that, although it is not in-marine stratocumulus, which have the largest spatial cover-
cluded in these runs, boundary layer nucleation rates (paage and thus dominate aerosol indirect effects globally. Note
rameterized generally as a function of sulphuric acid con-that here, model CCN are counted as particles in the sol-
centration, e.g., Spracklen et al., 2010) may not be greatlyuble modes/distribution larger than the stated dry diameter
affected by the simplifications in the modal scheme. How-threshold.
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Fig. 8. Global surface maps showilfg) gas phase $50, and(c) CN (dry-diameter- 10 nm) concentrations simulated by GLOMAP-mode

(v6R) on the annual-mean. The ratio of GLOMAP-mode (V6R) to GLOMAP-bin simulatgfiC and CN concentrations are shown in
panels(b, d), respectively. Regions coloured yellow, orange and red in the relative bias maps indicate where GLOMAP-mode is higher
than bin by 25-50, 50-100 and 100-200 %, respectively, whilst light-blue, dark-blue and black indicate where bin is higher by the same
proportions. Regions where the two schemes are within 25 % are colored white.

In all continental regions, where primary particles domi- dard deviation of each mode is held fixed. Coagulation acts
nate CCN (Merikanto et al., 2009), bin and mode CCN con-to reduce the number concentration of the finest particles in
centrations compare well (within 25 % on the annual-mean)the high-CN nucleation layer. Rates of coagulation depend
at both supersaturations. This level of agreement extendstrongly on particle diameter, and the monodisperse modal
to mid- and high-latitude marine regions, but in the 38 treament in GLOMAP-mode could introduce biases by us-
30° N marine regions, a systematic bias is apparent, withing the geometric-mean diameter as a representative size for
GLOMAP-mode CCN higher by up to 60 %. the mode in this process. Such biases would affect growth of

Figure 10 indicates the vertical extent of these differencesCN to larger sizes, which could lead to CCN biases in the
showing zonal-mean CN (all particles withy > 10nm) and  model. However, Fig. 10b shows that the CN bias is actually
CCN (soluble particles withDp > 50 nm, CCNg) against  below 25 % throughout most of the lowest 10 km (although
latitude and altitude. Figure 10a shows the expected verlarger in the upper troposphere), suggesting the bias caused
tical profile in CN concentrations with a maximum in the by this artefact may only be modest.
upper troposphere caused by the source of nucleated parti- Figure 10d shows that the surface high bias in GLOMAP-
cles being most efficient there. It is interesting to note thatmode marine CCN concentrations betweef 8@&nd 30N
the Dp > 10 nm particles have maximum concentration in extends at a similar magnitude and latitudinal extent into
the sub-tropical free troposphere at 8 to 12 km, whereaghe free troposphere, with the bias increasing slightly above
the equivalent plot for ultrafine CN (all particles wify, > 3km. The spatial pattern of the GLOMAP-mode CCN high
3 nm) has maximum concentrations in the tropics between 1bias seen in Fig. 9b and d matches where growth by cloud-
and 17 km, indicating the atmospheric transport and growthprocessing is occuring most in the model. The modal treat-
of secondary particles. The shape of the Ggplot reflects  ment of cloud processing involves particles in the large-
the lifting of primary aerosol in the tropics and transport to end of the Aitken-soluble mode being transferred over to
higher altitudes in the free troposphere, with mixing of sec-the accumulation-soluble mode, with the two modes subse-
ondary, nucleated aerosol that have grown up to CCN sizes.quently re-constructed to give a lognormal shape. It is pos-

One potential source of bias for the parameterized modaskible that the CCN high bias may be partly caused by this
aerosol dynamics identified in previous studies (e.g., Zhangimplification, although it may just be reflecting differences
et al., 1999) is in coagulation rates predicted when the stanin size-resolved growth via condensation or coagulation.
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Fig. 9. Global surface maps showing CCN concentrationg&dry diameter> 50 nm (CCN) and(c) dry diameter> 70 nm (CCNy),

as simulated by GLOMAP-mode (v6R) on the annual-mean. The ratio of GLOMAP-mode (v6R) to GLOMAP-bin simulated &€N

CCNyg are shown in paneld, d), respectively. Regions coloured yellow, orange and red in the relative bias maps indicate where GLOMAP-
mode is higher than bin by 25-50, 50—100 and 100-200 %, respectively, whilst light-blue, dark-blue and black indicate where bin is higher
by the same proportions. Regions where the two schemes are within 25 % are colored white.
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Fig. 10.Latitude-altitude plots of zonal-mean concentration&)1CN (all particles with dry diameter 10 nm) andc) CCNgg (all soluble

particles with dry diametes 50 nm), as simulated by GLOMAP-mode (v6R) on the annual-mean. The ratio of GLOMAP-mode (V6R) to
GLOMAP-bin simulated CN and CClg are shown in panel@, d), respectively. Regions coloured yellow, orange and red in the relative
bias maps indicate where GLOMAP-mode is higher than bin by 25-50, 50-100 and 100-200 %, respectively, whilst light-blue, dark-blue
and black indicate where bin is higher by the same proportions. Regions where the two schemes are within 25 % are colored white.
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Fig. 11.Global surface maps showirfg) aerosol dry surface area density (SADdry) éo)try condensation sink (G§) in the continuum

regime as simulated by GLOMAP-mode (v6R) on the annual-mean. The ratio of GLOMAP-mode (vV6R) to GLOMAP-bin simulaggd SAD
and C§yy are shown in paneléb, d), respectively. Regions coloured yellow, orange and red in the relative bias maps indicate where
GLOMAP-mode is higher than bin by 25-50, 50—100 and 100—-200 %, respectively, whilst light-blue, dark-blue and black indicate where bin
is higher by the same proportions. Regions where the two schemes are within 25 % are colored white.

In summary, for CCN at the surface, the improved modal5.6 All measures at different levels
scheme is within 25 % of the sectional scheme everywhere
exceptin 30 S and 30 N marine regions. There, where pho- We use Taylor diagrams (Taylor et al., 2001) to summarise
tochemistry is strongest, GLOMAP-mode is high biased bythe bin-mode comparison for all the quantities shown in
up to 50 %, likely resulting from differences in size-resolved Figs. 5, 6, 8, 9, 11. Taylor diagrams combine statistical mea-
growth or from the simplified treatment of cloud processing. sures of the relative-variance and skewness into a single point
Whereas bin-mode differences in mass are larger in the fregy polar co-ordinates. In Fig. 12, the distance of each point
troposphere than the boundary layer, for CN and CCN, relafrom the origin is the ratio of the standard deviations{$d
tive differences in these two parts of the atmosphere are simpetween the two schemes, and the angle to the horizontal axis

ilar. is the inverse cosine of the Pearson correlation coefficient
_ S (cos 1(R)). The figure illustrates sg and cos(R) values
5.5 Surface area density and condensation sink based on the bin and mode simulated zonal-means over all

. i latitude grid-points and on model levels between (a) 0-1 km,
Figure 11 shows surface global maps of GLOMAP mode(b) 1-4 km and (c) 4-8 km altitude.

simulated (dry) surface-area density (a) and continuum- In the lowest km (Fig. 12a), the points for all of the vari-

regime condensation sink (b). These two quantities repreébles are close to the “perfect comparison” point &0 and

sent 2nd and 1st moment integrals across the size distribu- . : .
. X . =1, illustrating the general good agreement between bin
tion, respectively, and are relevant as they influence rates g ; ;
. ; . nd mode seen in the figures. DMS, 54hd sulphate com-
heterogenous chemistry and nucleation, respectively. AlImos . T
. . are the best, with standard deviation in GLOMAP-mode
everywhere in the surface model domain, the modal schem . .
ST . . . ower by only 8, 5 and 3 %, respectively, and correlation co-
is within 25% of bin. The differences in surface-area den- .. - )
. o . . efficient very close to 1.0. Surface area and condensation
sity show a similar pattern as for CCN (Fig. 9b and d) with . ) . S
: : . . sink are also close to the “perfect-comparison-point” with
a maximum in the same 3@ to 30 N marine regions, but . . . .
with a hiah bias weaker by a factor 2 slightly higher variance in GLOMAP-mode (about 2% and
9 y ' 10 % higher standard deviation, respectively). CN and CCN
concentrations both have 20 % higher standard deviation in
GLOMAP-mode in the lowest km, whilst sea-salt, OC and
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Fig. 12.Taylor diagrams showing how well GLOMAP-mode (V6R) compares against GLOMAP-bin for a range of metrics in different altitude
ranges ofa) 0—-1 km,(b) 1-4 km,(c) 4-8 km. The distance to the perfect-model position indicating a measure of skill which combines the
Pearson correlation coefficient and the relative variance for the two models runs.

H,SOy have standard deviation about 20 %, 15 % and 22 %crophysics models, and biases with observations can some-
lower. Simulated BC concentrations have the largest discreptimes be misleading due to compensating errors or missing
ancy with standard deviation 40 % higher in GLOMAP-mode processes. Nevertheless, by comparing to the observations,
and only moderate correlation with GLOMAP-bin. we provide some context for the differences presented in the
Between 1 and 4 km (Fig. 12b), there is also good agreeprevious sections. The GLOMAP-mode simulation here is
ment between the bin and mode schemes, although biasdbe improved version with the narrower standard deviation,
are higher than in the lowest km, particularly for CCN and finer mode-edge radius for accumulation mode, with the run
BC. In the 4-8 km altitude range (Fig. 12c), the differenceswith the original settings also shown in Tables 4 and 5 to
get wider, but all points except BC and NacCl are still be- illustrate the sensitivity.
tween the 0.7 to 1.3 range for the ratio of standard devi-
ations, suggesting the modal scheme is performing well in6.1 Aerosol precursor gases

the free troposphere. The bias in BC and NaCl are much ] . ]
larger however, with the mode-to-bin standard deviation ra-1able 3 evaluates simulated DMS and 5@ the bin and

tio around 2.5 and 3.5, respectively, indicative of large high mode runs against observations through the annual cycle at

biases in GLOMAP-mode in the free-troposphere compare&hree remote Southern Hemisphere sites (Amsterdam Island,
to GLOMAP-bin (see Figs. 7 and 10d). Cape Grim and Dumont D’Urville) and against winter and

summer S@ observations across monitoring sites in Europe

(EMEP, Loevblad et al., 2004) and North America (CAST-
6 Comparison against benchmark observational NET, Holland et al., 1999). Bin-mode differences are here

datasets due to the different CTM version used, but we include them

for completeness and to provide context for the biases against
Here we provide normalised mean bidg @nd Pearson aerosol observations in the next sub-section.
correlation coefficient §) for the GLOMAP-mode and For DMS, the models have good agreement with the ob-
GLOMAP-bin runs against each of the benchmark obser-served temporal variability over the annual cycle at the three
vational datasets compiled in Mann et al. (2010). The pur-sites R = 0.62-0.72), although a low bias is seen at Am-
pose of the paper is to quantify differences in predictedsterdam Island and Dumont D’Urville. The annual varia-
aerosol properties between sectional and modal aerosol miton of SO at the remote sites is also well captured by the
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Table 3. Simulated gas phase DMS and $@gainst surface observations for bin and mode, respectively (comma-separated). Normalised
mean biasK) and Pearson correlation coefficie®®)(@are shown for each dataset. References for the observations are 1: Nguyen et al. (1992),
2: Ayers et al. (1991), 3: Jourdain and Legrand (2001) 4: Loevblad et al. (2004) 5: Holland et al. (1999).

Species Site name b R Ref.
DMS (ann. cycle) Amsterdam|1. —0.42,—-0.43 0.71,0.72 1
DMS (ann. cycle) Cape Grim 0.19,0.17 0.65, 0.65 2

DMS (ann. cycle) D.D'Urvile —0.38,-0.43 0.64, 0.62 3
SO, (ann. cycle)  Amsterdam . —0.45,—0.49 0.62,0.64 1

SO, (ann. cycle)  Cape Grim 4.26, 3.82 0.45,0.47 2
SO, (Dec) EMEP 1.34,1.12 0.66, 0.61 4
SO, (Jun) EMEP 1.32,0.84 0.59, 0.57 4
SO, (Dec) CASTNET —0.42,-0.46 0.89,0.88 5
SO, (Jun) CASTNET 0.20,-0.05 0.80, 0.79 5

Table 4. Simulated aerosol mass of sulphate, sea-salt, BC and OC against surface observations for bin and mode, respectively (comma-
separated). for each of the benchmark observational datasets, Normalised meahdndsRearson correlation coefficie®)(are shown.

The GLOMAP-mode run with the original accumulation mode standard-deviation and mode-edge radius is shown in parentheses. References
for the observations are 6: Loevblad et al. (2004) 7: Malm et al. (2002) 8: from Stier et al. (2005).

Component Sites b R Ref.
SOy (Dec) EMEP —0.66,—0.70 (-0.71) 0.60,0.63(0.62) 6
SOy (Jun) EMEP 0.59, 0.47 (0.49) 0.60,0.60 (0.60) 6
SOy (Dec) IMPROVE —0.46,-0.50 (—0.50) 0.76,0.72 (0.72) 7
SOy (Jun) IMPROVE 0.33, 0.29 (0.30) 0.93,0.94(0.94) 7
SOy (annual)  Univ. Miami 0.10, 0.08 (0.09) 0.98,0.98(0.98) 8
NaCl (annual)  Univ. Miami —0.41,—-0.45 (—0.54) 0.02,0.13 (0.13) 8
BC (Dec) IMPROVE  —0.46,—0.52 (-0.52) 0.44,0.41(0.41) 7
BC (Jun) IMPROVE  —0.44,-0.51(-0.51) 0.69, 0.69 (0.69) 7
OC (Dec) IMPROVE  —0.79,—-0.81(-0.81) 0.46,0.43(0.43) 7
OC (Jun) IMPROVE  —0.36,—0.46 (—0.45) 0.84,0.84 (0.84) 7

models R = 0.45-0.6). While the magnitude of S@om- 6.2 Speciated particle masses
pares within a factor of 2 on average at Amsterdam Island

(b =(~0.45)-0.49)), there is a strong high bias£3.82— In Table 4 we preserii and R values for the bin and mode

4.26) at Cape Grim, likely due to the observations (Ay- . .
ers et al., 1991) representing only clean air-masses and thdns, evaluating simulated surface aerosol mass of sulphate,
coarse hérizontal grid in the model run sea-salt, BC and OC. For Europe and North America, we

The spatial variability in simulated continental $6om- compare winter and summer model values against year-2000
pares well to the observations in both Europe=0.57— filter measurements in Europe (EMEP, Loevblad et al., 2004)
: _ .. and North America (IMPROVE, Malm et al., 2002). We
0.62) and North AmericaK = 0.79-0.89). However, there is X :
a high bias in S@in Europe in summeib(= 0.84-1.32) and also evaluate marine simulated sulphate and sea-salt by com-
winter (b = 1.12—1.34), whereas in North America, the mag- paring to annual-mean observations over several years from
nitude comp;ares 'bett,er in summer—£ —0.05-0 2’0) than  Monitoring stations in the University of Miami network (val-

in winter (» = —0.42— —0.46). The high bias in modeled U€S from Stier etal., 2005).

SO, over Europe is consistent with other large scale models In th_e previous section, we saw that simulated su_rfa_lce suol-
and may be due to uncertainties in vertical mixing, emissionphate in the bin an<_j mode sghemes compares within 25 %
heights (de Meij et al., 2006) or wet scavenging (Rasch et al_feverywhgre except in the Arctic and free-troposphere. Here,
2000). we examine how close they compare to the observauqns. The
bin and mode runs represent well the observed spatial vari-
ability in Europe (each hav® = 0.63 in winter and 0.60 in
summer) and particularly well in North America (bin, mode
R =0.76, 0.72 in winter and 0.93, 0.94 in summer). How-

ever, in both schemes, sulphate has a winter low bias in both
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Table 5. Simulated CN, CCN and size-resolved number concentrations for bin and mode, respectively (comma-separated) against each of
the benchmark observational datasets. Normalised meaniiasd Pearson correlation coefficiem®)(are shown. The GLOMAP-mode

run with the original accumulation mode standard-deviation and mode-edge radius is shown in parentheses. References for the observation
are 9: Heintzenberg et al. (2000), 10: Clarke and Kapustin et al. (2002), 11: from Lauer et al. (2005), 12: World Data Centre for Aerosols
webpagelfttp://wdca.jrc.ij, 13: from Spracklen et al., 2011.

Property Size-range Location b R Ref.
Surf CN (ann. mean) Dp > 10nm Global marine -0.19,-0.14 (-0.13) 0.12,0.12 (0.12) 9
Surf Najt (ann. mean) 106 Dp > 10nm Global marine -0.33,-0.41 (-0.31) -0.23,-0.26 (-0.28) 9
Surf Nace (@nn. mean) 1008 Dp >100nm  Global marine 0.05, 0.16 (0.03) 0.73,0.77 (0.77) 9
Prof CN (ann. mean) Dp > 3nm N.H. marine —0.31, -0.08 (-0.08) 0.84, 0.85 (0.85) 10
Prof CN (ann. mean) Dp>3nm Trop’l marine —0.66, —0.54 (-0.54) 0.73,0.70 (0.70) 10
Prof CN (ann. mean) Dp >3nm S.H. marine -0.42,-0.07 (-0.07) 0.84,0.87 (0.87) 10
Prof N5 (ann. mean) Dp > 5nm Germany —0.54,-0.42 (-0.41) 0.95, 0.90 (0.91) 11
Prof N;5 (ann. mean) Dp>15nm Germany —-0.36, —0.31 (-0.29) 0.95, 0.93 (0.93) 11
Prof Nyog (ann. mean) Dp>120nm Germany —-0.19, 0.26 ( 0.00) 0.99, 0.99 (0.99) 11
Surf CN (ann. cycle) Dp >10nm Jungfrau’ (FT) —-0.40, -0.40 (-0.37) 0.14,0.23 (0.30) 12
Surf CN (ann. cycle) Dp > 14nm Mauna Loa (FT) -0.16,-0.19 (-0.17) -0.25,-0.33(-0.35) 12
Surf CN (ann. cycle) Dp > 14nm South Pole (FT) 0.12,-0.28 (—0.29) 0.76,0.77 (0.77) 12
Surf CN (ann. cycle) Dp > 10nm Mace H'd (MBL)  -0.55, -0.53 (-0.53) 0.18,0.17 (0.19) 12
Surf CN (ann. cycle) Dp > 14nm Neum'’r (MBL) -0.67,-0.76 (-0.75) 0.77,0.74 (0.74) 12
Surf CN (ann. cycle) Dp > 14nm Barrow (MBL) -0.81,-0.84 (-0.84) -0.37,-0.24(-0.18) 12
Surf CN (ann. cycle) Dp > 14nm Samoa (MBL) —0.44,-0.47 (-0.48) -0.42,-0.43(-0.41) 12
Surf CN (ann. cycle) Dp > 14nm Trind H'd (MBL) —0.04, -0.02 (-0.01) 0.28, 0.37 (0.35) 12
Surf CN (ann. cycle) Dp >3nm Cape Grim (MBL) -0.64,-0.61 (-0.61) 0.34, 0.43 (0.43) 12
Surf CN (ann. cycle) Dp > 10nm SG Plains (CBL) —0.48, -0.43 (-0.43) 0.38,0.47 (0.46) 12
Surf CN (ann. cycle) Dp > 14nm Bondville (CBL) —0.44,-0.36 (-0.35) 0.08, 0.00 (0.00) 12
Surf CN (ann. cycle) Dp > 10nm Pallas (CBL) -0.39,-0.41 (-0.39) -0.51,-0.60(-0.54) 12
Surf CN (ann. cycle) Dp > 3nm Hoh’berg (CBL) —0.14, -0.06 (-0.04) 0.47,-0.02 (0.02) 12
Surf CCN (monthly) Global 0.12,0.12 (0.12) 0.72,0.67 (0.68) 13
Surf CCN (monthly) Global (marine) 0.66, 0.74 (0.75) 0.27,0.34 (0.34) 13
Surf CCNO.5 (ann. cycle) Mace Head 0.49, 0.43 (0.43) 0.34, 0.38 (0.38) 13
Surf CCNO0.23 (ann. cycle) Cape Grim 1.03, 1.47 (1.47) 0.45, 0.47 (0.47) 13
Surf CCN1.2 (ann. cycle) Cape Grim 0.61, 0.62 (0.62) 0.68, 0.59 (0.59) 13

regions (bin, modé = —0.66,—0.70 for Europe and-0.46,
—0.50 in North America) and a summer high bias{0.59,

burden. At the surface (Fig. 5), GLOMAP-mode sea-salt was
slightly lower over the Southern Ocean and higher in the

0.47 for Europe and 0.33, 0.29 for North America). Com- tropics, where wet deposition dominates removal processes.
paring annual-mean sulphate at the University of Miami re- Against the annual-mean observations, simulated sea-salt in
mote marine sites, both schemes are similar, representing tHaoth versions is only weakly spatially correlated against the
observed spatial variability very wellR(= 0.98) with only University of Miami sites £ = 0.13 for mode, 0.02 for bin)
a very weak biasy(= 0.10, 0.08 for bin, mode). The Eu- and the magnitude is rather low biaséd<{ —0.41,—-0.45 in
ropean sulphate winter low bias is likely mainly caused by bin, mode). Note that this low bias in GLOMAP-mode sea-
the SQ low bias seen in Secé.1, although the omission of salt is considerably worse-0.54) in the original run with
in-cloud sulphate production via ozone may also be a facthe coarser accumulation-coarse mode edge-radius underlin-
tor. Other sulphate production mechanisms not included heréng the benefit gained from the revision to the modal settings.
could also be important, including via heterogeneous chem- Both schemes have quite good correlation with BC at the
istry on the surface of dust particles (e.g., Bauer and KochNorth American sites witlR = 0.44, 0.41 for bin and mode
2005) or other reactions with transition metals (Alexanderin winter andR = 0.69 for both in summer. However, there
et al., 2009). is a low bias in both winter (bin, mode= —0.46, —0.52)
Sea-salt in GLOMAP-bin is slightly longer lived than in and summer-0.44,—0.51) with mode slightly more low
GLOMAP-mode (see Tabl@) leading to a slightly higher biased in each case. Against the observations of organic
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carbon, both schemes have a very strong low bias duringesolved composition in the soluble distribution. The kappa-
winter (b = —0.79, —0.81 for bin, mode) and moderate low Kohler approach (Petters and Kreidenweis, 2007) is used
bias during summenm(= —0.36, —0.46 for bin, mode). The with values of 0.61, 1.28, 0.0 and 0.27 for sulfate, sea-salt,
correlation scores are almost identical for bin and mode andBC and POM, respectively. The identical approach was also
it is notable thatrR for both schemes is higher for OC than followed in GLOMAP-mode, with the simulated number and
BC during summer but similar during winter. There is also a component mass concentrations in each mode interpolated
worse winter low bias in OC than BC for both schemes whichonto a bin-resolved dry radius grid using the standard deva-
suggests that simulation of winter organic aerosol is poorlytions and number- and mass-weighted geometric mean radii

simulated here. for each mode. The monthly-mean CCN corresponding to the
month of the observation is used. The simulated CN concen-
6.3 Size-resolved particle number concentrations trations to compare at the GAW sites are from the model level

corresponding closest to the altitude of the measurement site.

Table 5 showsh and R values for simulated size-resolved  The variation of marine CN concentrations in both
particle number concentrations against the datasets compilesthemes correlates only weakly with the Heintzenberg
in Mann et al. (2010). The climatology of aerosol proper- et al. (2000) observation®(= 0.12 for both bin and mode)
ties from 30yr of marine particle size distribution measure- although the average bias is smalkf —0.19 for bin,—0.14
ments (mainly from cruises in field campaigns) compiled for mode). For particles in the Aitken mode, both schemes
by Heintzenberg et al. (2000) is used to constrain simu-fail to correlate with the observation® & —0.23, —0.26
lated total, Aitken and accumulation mode number concenfor bin, mode), with the bin scheme having smaller low-bias
trations in the marine boundary layer. The vertical profile (b = —0.33 compared te-0.41 for mode). The negative cor-
of total particle concentrations in marine regions is testedrelation reflects substantial underestimation in the Southern
based on the Pacific aircraft observations compiled in ClarkeHemisphere and overestimation in the Northern Hemisphere
and Kapustin (2002). Continental profiles of size-resolved(see Fig. 13a), and although the difference between bin and
number concentrations are evaluated against aircraft obsemode may be significant, neither correlates with the measure-
vations over Germany from the LACE campaign (Petzold ments. However, simulated accumulation mode number con-
et al., 2002) based on the 1 km-resolution profiles compiledcentrations (Fig. 13b) correlate very well with the observa-
by Lauer et al. (2005). Several years of condensation particl¢ions in both schemesR(= 0.73 for bin, 0.77 for mode) and
counter measurements at Global Atmospheric Watch (GAW)also both have low biash(= 0.05 for bin, 0.16 for mode).
stations covering free troposphere (FT), marine boundaryNote that although the revision to the modal settings does not
layer (MBL) and continental boundary layer (CBL) environ- greatly improve the GLOMAP-mode simulated number con-
ments (see Mann et al., 2010 for the range of years coveredentration in the accumulation mode, Fig. 3 clearly showed
is used as the observational benchmark for simulated totainuch better agreement in simulated size against the observa-
particle concentrations across the annual cycle. Finally, theions with the revised settings.
CCN database compiled by Spracklen et al. (2011) is used The bin and modal schemes show good agreement to
to assess simulated CCN concentrations covering a range dlie aircraft profile observed concentrations of ultrafine con-
supersaturations and environments. densation nuclei (UCNDp > 3nm) over the Pacific from

We first describe the methods used to derive model val-Clarke and Kapustin (2002), see Fig. 14. In all three lati-
ues to compare against these datasets. For comparison tade ranges GLOMAP-mode is less low-biased—0.08,
the Aitken and accumulation mode number concentrations—0.54 and—0.07) and better correlate® = 0.85, 0.70 and
(dataset 9), model values are zonal means (for gridboxes ove.87) than GLOMAP-bin £ = —0.31, —0.66 and—0.42;
ocean) of particle concentrations in the dry-diameter rangeR = 0.84, 0.73 and 0.84) against the observations.
10-100 and 100-1000 nm, respectively. When comparing to Figure 15 shows a comparison to aircraft profiles over Ger-
dataset 11 (CN observations at the GAW sites, details irmany of particle concentrations larger than 5, 15 and 120 nm
Mann et al., 2010), model values are concentrations of partidry-diameter (N, N15 and Ni2g). The bin and mode schemes
cles larger than the instrument cut-off dry-diameter (3 nm forfollow each other very closely, with \Nin both moderately
Cape Grim and Hohenpeissenberg, 10 nm for Jungfraujochipw-biased (bin and modie= —0.54 and—0.42) albeit with
Mace Head, Southern Great Plains and Pallas, and 14 nm fagood correlation R = 0.95 and 0.90 for bin ande mode).
the other seven sites). For the CN comparisons in datasets Similarly, excellent agreement between the two schemes is
10 and 12, and the size-resolved concentrations in dataseteen for N5, with a more moderate low bia® & —0.36
9 and 11, both soluble and insoluble modes/distributions areand —0.31). Comparing to the observedy profiles, both
included. In comparing with dataset 13 (the CCN compila- schemes have excellent correlation with the observations
tion from Spracklen et al., 2011), only particles in the soluble (R = 0.99) with bin and mode slightly high-biasebl£ 0.19
modes/distribution are included. The GLOMAP-bin CCN and 0.26 for bin and mode).
concentrations are calculated following the method used in At the free troposphere GAW sites, the bin and mode
Spracklen et al. (2011), determined by the simulated sizeschemes are in very close agreement, and compare generally
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conc

also well captured K =0.76, 0.77), although the winter 4001
minimum in bin and mode are a factor 3 and 4 too Iowg wo- Pl o B + X
compared to the observations (not shown). At marine GAW? | = ‘ ‘ s
sites, bin and mode again have similar skill against the ob- -%0 O ituse %0
servations, both generally underpredicting either moderately
(b =—-0.44 to —0.47 at Samoa) or more substantially at
the coastal mid-latitudeb(= —0.64, —0.61 at Cape Grim
and —0.55, —0.53 at Mace Head) and high-latitude sites
(b = —-0.67,—0.76 at Neumayer and0.81,—0.84 at Bar-
row). At the continental GAW sites, the two schemes have a 3 *°:
similar level of agreement with the observations, with weak § o0
to moderate low biases and poor correlation over the seasonal °
cycle. This poor correlation is consistent with Spracklen
et al. (2010) who found that simulations with binary nucle- Fig. 13. Simulated marine surface zonal-mean size-resolved num-
ation and primary emissions (the processes included heré)er concentration iifa) Aitken mode andb) accumulation mode,
could not explain the continental seasonal CN cycle, wherea§ompared to those in the observed climatology (asterisks) for the
considerably improved correlation was found when bound-marine poundary layer (Heintzenberg et al., 2000). The black lines
o b it o S e
. S gri -
m:\agsaul?(asr;g]r?ts?%r:t%klsecnhs:naelé (czoorr:g;?e\rceoyepr;l/a\t/\l/c;rlll S\Iit(fi((:),:l mean values. Irfa) and (b) the solid lines are for GLOMAP-bin

. i . Yvith the dashed lines for GLOMAP-mode (v6R). The error-bars
a very weak high biash(= 0.12 for both) and good spatial around the asterisks show the observed standard-deviation in each

correlation R = 0.72 for bin, 0.67 for mode), see Fig. 16. |atitude band. Values df and R are shown in Table 5 from model
When only CCN measurements at marine boundary layeannual-means (ocean grid boxes only) and by averaging up to the
sites are included, the bias is larger (0.66, 0.74 for bin, mode}5 degree grid to match the observations.
with only weak correlation (0.27, 0.34 for bin, mode). In
Fig. 17, we compare the bin and mode CCN annual cycle
to observations at Mace Head (Reade et al., 2006) and Cafd@ndings in Sect. 3, we revisit this issue and review values
Grim (Ayers and Gras, 1991). A high CCN bias is clearly from observations in the literature.
evident at Cape Grim, and is slightly worse in GLOMAP-  Whitby (1978) presented a synthesis of observed size dis-
mode ¢ = 0.62, 1.47 forS = 1.2, 0.23 %) than GLOMAP- tributions from a range of environments, which suggested
bin (b =0.61, 1.03) and both schemes are also high-biaseds in sub-micron modes is generally between 1.6 and 2.2,
at Mace Headi{ = 0.49 for bin, 0.43 for mode). Note that although lower values were observed in marine regions.
one might expect the model CCN to be higher than observedHeintzenberg et al. (2000) compiled 30 yr of marine dry size
at Cape Grim since it covers all wind directions, whereas thedistribution observations and presented a global variation of
measurements are for marine air masses only. Aitken and accumulation mode lognormal fit parameters on a
15 degree latitude grid. Their reported observed values of the
accumulation mode standard deviatieq. are between 1.4
and 1.6 with most values at 1.4. Birmili et al. (2001) follow
7 Discussion on sub-micron mode widths a similar approach from lognormal fits to size distribution
measurements at a continental site in Germany. They find the
In Sect.3, we found that size distributions simulated by the Aitken mode is generally wider than the accumulation mode
sectional scheme, which can evolve freely in response to th&vith oajt tending to vary between 1.55 and 1.73, angc
processes (without parametric constraints) result in a largebetween 1.41 and 1.57. However, Pirjola et al. (1999) find
end tail of the accumulation mode consistent with= 1.4. the opposite from measurements at the Hyytiala boreal forest
The original GLOMAP-mode settings for the standard devi- site in Finland (Makela et al., 1997), findingj; = 1.5 and
ation were taken from the literature, matching those in theoscc= 1.7. Petzold et al. (2002) applied tri-modal lognormal
M7/HAM models (Vignati et al., 2004; Stier et al., 2005) fits to size distributions measured over Germany by aircraft-
with o = 1.59 for all three sub-um modes. The value of 1.59 borne optical particle counters and fousdor the accumu-
originates from Wilson et al. (2001), and represents a com{ation mode to vary between 1.28 and 1.6 with the majority
promise between values suggested by self-preserving theoryf values between 1.3 and 1.4. Asmi et al. (2011) present
(1.45) and from observations (1.4-2.0). In the light of the a synthesis of sub-um size distribution measurements from

well against the observations. At Mauna Loa and Jungfrau- 100 oy 5uap=pin Mimimum over odel monthly means
joch, the bin and mode schemes have only a weak to modere 4, 77 GLOMAP-mode  Moximum over model monthly meons ]
ate low bias in all monthsp(= —0.16, —0.19 and—0.40, s /\ 1
—0.40, respectively). At South Pole the seasonal cycle isf ™ N E
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Fig. 14.Simulated ultrafine CN#p > 3 nm) profiles (lines) over the Pacific and Southern Oceans compared to aircraft observations (aster-
isks) from Clarke and Kapustin (2002) in the latitude rangg20° S—20 N, (b) 20° N-7C N and(c) 20° S—70 S. Model CN concentrations
are at standard temperature and pressure and means over the longitud€éaphg®s180 E, (b) 175-270 E and(c) 200-240 E respec-
tively, following the approach in Spracklen et al. (2005). Valuesd ahd R are calculated for each region (see Table 5) from model values
interpolated to a 1 km grid to match the observations. The error-bars around the asterisks show the observed standard-deviation in each 1kr
altitude range. The black line shows simulated annual mean profile and the blue/red lines show minimum/maximum monthly-mean values
for GLOMAP-bin (solid) and GLOMAP-mode v6R (dashed).

24 sites in Europe and applied bi-modal lognormal fits toalent meteorological, oxidant and cloud fields to help iso-
the median size distributions in the 20500 nm dry-diameterate simulated differences to the sophistication of the aerosol
range. They find large spatial variationdn with values for ~ scheme.
the Aitken and accumulation modes being in the range 1.47— We have compared size distributions simulated by the two
2.49 and 1.27-2.44, respectively. schemes to constrain the choice of parameters in the modal
Overall, although the observations suggestaries sub- scheme, and have quantified biases in size-resolved particle
stantially between different sites and environments, our re-concentrations. We find that a value of 1.59 for the accumula-
vised values of 1.59 and 1.40 for the constant standard detion mode standard deviatioa4:() is too wide, and reducing
viations for Aitken and accumulation soluble modes are rea-this and the separation-dry-radius between the accumulation
sonably consistent with findings from size distributions mea-and coarse modess(s), we achieve much better agreement
sured in both marine and continental regions. We also notagainst the bin scheme. With set to 1.59, the particles
that Pirjola et al. (1999) found that the self-preserving dis-in the large-end tail of the accumulation mode were over-
tribution for modal schemes which allowto evolve in the  estimated, whereas a value of 1.40 fits much better the size
model gave values in the range 1.36-1.45, giving additionaldistribution in the sectional scheme and, in general, against
evidence in support of reducirgfor the accumulation mode observations. Withz 4 at 500 nm, coarse particle concen-
(the longest lived of the modes) from 1.59 to 1.40. trations were biased low with the bin scheme, but reducing
r3.4 to 250nm led to excellent agreement, avoiding prob-
lems in the previous configuration whereby the lower-end of
8 Conclusions the coarse mode size-resolved sea-spray emissions flux was
] S emitting in the model accumulation-soluble mode.
In this study we have, for the first time in a 3-D global model,  \ye have shown that these revisions of the size-settings
carrled'out a thorough intercomparison of.mtegral particlei, the modal scheme lead to improved agreement against
properties simulated by two-moment sectional and modakne sectional scheme in terms of simulated sea-salt, CN,

aerosol dynamics schemes. The assessment was carried %Nso and Niso. Whereas the original configuration of
using the same offline chemistry transport model with equiv-
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Fig. 15. Simulated vertical profiles of size-resolved number concentration compared to aircraft observations (Petzold et al., 2002) over NE
Germany (13.5-14%E, 51.5-52.7 N) for particles larger thata) 5 nm,(b) 15 nm andc) 120 nm dry diameter. Values bfandR are shown

in Table 5 for each size-range from model values interpolated to a 1km grid to match the observations. The error-bars around the asterisks
show the observed 25th and 75th percentiles in each 1 km altitude range. The black lines show the August mean values for GLOMAP-bin
(solid) and GLOMAP-mode v6R (dashed).
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Fig. 16.Scatter plots showing comparison of simulated CCN concentrations against observations at the range of sites compiled in Spracklen
et al. (2011) foa) GLOMAP-mode (v6R)(b) GLOMAP-bin. A scatter plot of GLOMAP-bin against GLOMAP-mode simulated CCN is

shown in pane(c). Each model CCN is calculated based on the stated supersaturation for the corresponding measurement, following the
method in Spracklen et al. (2011), using the monthly-mean for the month the observation was made.
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Fig. 17. The simulated annual cycle of CCN concentrations (solid lines) against observations (asterisks) at Mace Head and Cape Grim.
The measurements at Mace Hdaglare with 0.5 % superstaturation (Reade et al., 2006) whilst the comparison at Cape Grim is shown for
measured CCN concentrations at supersaturatioifs)d.2 % and(c) 0.23 %, see Ayers and Gras (1991). Vertical bars around the Cape
Grim observations show the observed range from 1981-1989. Solid line shows GLOMAP-bin, dashed line is GLOMAP-mode (V6R).

GLOMAP-mode showed low-biased B up to a factor two 25 % in almost all regions at the surface. Differences in sim-
compared to GLOMAP-bin in some regions, the revised con-ulated surface CCN are everywhere less than 25 %, except in
figuration approximately halved this bias in almost all re- 30° S to 30 N marine regions, where the modal scheme is
gions (see Table 1). high biased by= 50 %, likely caused by too effective growth
With the improved configuration, globally and vertically and the simplified cloud processing approach.
integrated burdens (and hence lifetimes) of sulphate, sea- Although there are substantial bin-mode differences in
salt, BC and POM in the two schemes compare well, withmass in the free troposphere and remote locations, differ-
GLOMAP-mode within about 10 % of GLOMAP-bin. ences are generally less for aerosol microphysical integral
At the surface, speciated sub-pum aerosol mass (sulphat@roperties such as CN, CCN, surface area and condensa-
BC and OC) in the bin and mode schemes compared veryion sink. This suggests that the simplification from bins
well in general (within 25 %) in both marine and continental to modes affects processes which influence the accumula-
regions. GLOMAP-mode sulphate mass has a moderate lotion and coarse parts of the size distribution (where most
bias compared to GLOMAP-bin in the Arctic however, and of the mass resides) more than those at sub-100 nm sizes
in regions with strong biomass burning emissions moderatéwhich contain most of the number). We infer from this,
biases were also seen. Generally, biases were slightly largehat although growth by coagulation or condensation is bet-
between bin and mode for mass in the coarse mode (sea-saltgr treated by the sectional scheme, the biases arising from
although good general agreement was still found. the simplification to the modal scheme are larger on pro-
In the free troposphere, bin-mode differences in simulatedcesses such as cloud processing, sedimentation and scaveng-
mass are larger than at the surface, with the modal schemiag, which more strongly affect the accumulation and coarse
higher there, which we attribute to the coarser size resolusize range.
tion in the treatment of wet removal. In the sectional scheme, In previous studies, we have assembled benchmark ob-
highly size-resolved nucleation scavenging rates are possiservational datasets against which to evaluate global aerosol
ble, whereas the modal scheme cannot differentiate betweemicrophysics models and to better understand the processes
particles within one size class. controlling the evolution of the particle size distribution in
With the improved settings, the modal scheme performsthe atmosphere. Here, we have used these datasets to give
well against the bin scheme with differences in simulatedcontext for the differences between the parametrized modal
CN, surface area density, and condensation sink less than
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and more sophisticated sectional versions of the 3-D offlinepression across the lognormally distributed particles, being
global aerosol microphysics model. essentially the 1st moment mean radius in the continuum
In this paper, we have refined the chosen values for theegime (small Knudsen number, large radius) and the 2nd
parameters inherent in a modal aerosol microphysics schemmoment mean radius in the molecular regime (large Knudsen
to better compare with a sophisticated sectional scheme. Bpumber, small radius). For a lognormal mode with geometric
benchmarking the modal aerosol dynamics scheme againstandard deviatiow, the condensation sink radius is given
the bin scheme, we therefore reduce biases in simulated sizdsy:
resolved number concentrations and CCN. In so doing, we

aim to better constrain modal parameter settings and help imr; cond = 7; (O.SA2 log? ag) (A1)
prove predictions of aerosol properties and radiative forcings
with two-moment modal schemes. where A is the “growth exponent” defined in Lehtinen

The bin and mode schemes perform similarly against ob-et al. (2003). The condensation sink radius is evaluated with
served CN and size-resolved particle concentration datasets set to be 2.0, 1.9, 1.5 and 1.1 for nucleation, Aitken, ac-
in free troposphere, marine and continental regions. The simeumulation and coarse modes, respectively. The new expres-
plification from bins to modes is found to be only a minor sion for Ds matches that implemented in GLOMAP-bin at
factor in determining the skill of the model against obser-vla (e.g., Merikanto et al., 2009) following the approach of
vations. We conclude therefore that the limitations in size-Fuller et al. (1966), using atomic diffusion volumes and a
resolved growth and removal in the modal approach causelependence on pressure and temperature (e.g., Poling et al.,
only small biases in the model simulations, with the updated2001). A further difference is that a minor bug was found
modal scheme general able to reproduce the global distriwhich caused simulated nucleation rates to be slightly too
bution of size-resolved particle concentrations only slightly high since gas phase,BO; was not being depleted for the
worse than the sectional scheme. (small) sink due to new patrticle formation.

In summary, the comparisons have shown that, in most
parts of the atmosphere, bin-mode differences are less thafp2 Nucleation scavenging
model-observation differences, although some processes

missing in these runs (e.g., boundary layer nucleation, ultra!n theé GLOMAP-mode approach in Mann et al. (2010), nu-

fine sea-spray) may well decrease the biases against obsér€ation scavenging is applied only to soluble accumulation
vations stated here. However, the biases seen in the sizahd soluble coarse modes. In the revised code here, we follow
distributions underline the need for a spectrum of com-GLOMAP-bin in applying nucleation scavenging to soluble
plexity in global models, with size-resolved aerosol proper-Particles larger than a size thresholday the “scavenging
ties predicted by modal schemes needing to be continuall)?ad'usn' Also, in these runs, insoluble modes are scavenged

benchmarked and improved against freely evolving sectional" Precipitating gridboxes where the temperature is below the
schemes and observations. ice frost point (taken to be 258 K) to simulate removal as ice

nuclei. This approach matches GLOMAP-bin, and leads to
slightly reduced black carbon (BC) in the free troposphere
compared to the simulations in Mann et al. (2010), where

Appendix A ) .
PP insoluble modes were not nucleation scavenged.

Modifications to GLOMAP-mode compared to

A3 Aqueous sulphate production
Mann et al. (2010)

_ In Mann et al. (2010), the rate of aqueous phase sulphate
Al Vapour condensation production was calculated via an effective Henry’s law ap-

. _ proach. Here, we use a diffusion-limited approach, again
The vapour condensation routine has been updated to use 89 match GLOMAP-bin whereby the sulphate production

improved representative size for the mode and to have rey |imited by the rate of diffusion of SPto the cloud
vised calculation for the vapour diffusion coefficiem®s).  yroplets. The gas-to-cloud-droplet transfer is calculated for

The “condensation sink radiusy cond (see Lehtinen et al.,  o5ch aerosol size class assuming cloud droplet radius is pro-
2003) is used when cglculatlng the condensatlor_1 coefﬁmenbortional to that of the aerosol particles (e.g., Spracklen et al.,
whereas the geometric mean radigg was used in Mann 2005).

et al. (2010). Lehtinen et al. (2003) explain that usifg

in monodisperse modal models (|Ike GLOMAP-mode) will A4 Other differences in process Settings

introduce biases which can become substantial in regions

with high vapour condensation. They recommend instead usSeveral process settings in the benchmark GLOMAP-bin
ing ri cona, defined as the size giving the same condensatiorrun (B1) were different to those in the GLOMAP-mode
sink as the polydisperse distribution with correspondifng version 5 run in Mann et al. (2010) (M20). To make

To evaluater; cong, ONe integrates the condensation sink ex-the bin and mode simulations consistent, we have changed
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Table Al. Summary of annual-mean concentrations o5 SEB»,S0Oy, and mass of sulphate, EC, POM and sea-salt simulated by GLOMAP-
mode (improved configuration) with the ratio to that simulated by GLOMAP-bin shown in parentheses. Units for the GLOMAP-mode
simulated values are pg ST for H,SOy, ug S nt3 for SO, and SQ, pg C T3 for EC and POM and pg m? for NaCl. Regions match

those defined in Merikanto et al. (2009).

Region SG H,SOy SOy EC POM NaCl

Global 0.17 (0.90) 0.025(0.82) 0.30(0.93) 0.07 (0.88) 0.42(0.85) 6.48 (0.92)
GloCnt  0.40(0.89) 0.032(0.79) 0.47 (0.91) 0.18(0.86) 1.07(0.82) 0.45 (1.17)
GloMrn  0.08(0.92) 0.027 (0.84) 0.23(0.94) 0.03(0.94) 0.17(0.93) 8.82(0.91)
Europe  1.43(0.90) 0.053(0.78) 0.93(0.93) 0.27(0.87) 0.65(0.84) 0.91 (1.06)
Africa 0.18 (0.92) 0.024 (0.79) 0.61(0.92) 0.23(0.85) 1.77(0.83) 0.52 (1.09)
N.Amer 0.69(0.88) 0.069(0.74) 0.61(0.96) 0.14(0.87) 0.84(0.84) 0.38(1.30)
S.Amer  0.07(0.82) 0.021(0.77) 0.19(0.79) 0.17(0.79) 1.95(0.77) 0.83(1.73)
N.Asia  0.36(0.91) 0.034(0.96) 0.27(0.83) 0.06(0.87) 0.35(0.84) 0.08(1.18)
SE.Asa  1.17(0.88) 0.039(0.69) 1.07(0.95) 0.51(0.89) 1.43(0.87) 0.32(1.40)
Oceana  0.10(0.78) 0.036(0.78) 0.26(0.91) 0.13(0.82) 1.11(0.82) 1.23(0.90)
WofNAm  0.03(0.93) 0.010(0.78) 0.23(0.93) 0.02(1.15) 0.10(1.09) 8.04 (0.85)
WofSAm  0.02(0.92) 0.013(0.74) 0.19(0.96) 0.01(1.01) 0.06(0.93) 8.41(0.79)
WofNAf  0.13(0.96) 0.056 (0.88) 0.36(0.94) 0.02(1.00) 0.09(0.99) 9.14 (0.89)
WofSAf  0.03(0.96) 0.014(0.84) 0.25(0.89) 0.08(0.88) 0.63(0.87) 8.44(0.81)
EoNEAs 0.37(0.91) 0.034(0.82) 0.73(0.98) 0.11(0.92) 0.24(0.97) 6.77 (1.07)

Table A2. Summary of annual-mean CN (10 nm dry diameter), CCN (50 nm dry diameter), CCN (70 nm dry diameter), surface area density
(dry) and condensation sink in the continuum region (dry) simulated by GLOMAP-mode (improved configuration) with the ratio to that
simulated by GLOMAP-bin shown in parentheses. Units arsfor CN and CCN, uricm™3 for surface area concentration and pnfcn

for condensation sink. Regions match those defined in Merikanto et al. (2009).

Region CN CCNp CCNyg sareary csinkentmdry
Global 766 (1.11)  534.1(1.18) 450.2 (1.17) 494.2(0.99) 5852 (1.08)
GloCnt 1717 (1.13) 1148.3(1.14) 914.2(1.10) 810.7(0.97) 12141 (1.07)
GloMrn 396 (1.07) 295.4(1.25) 269.9(1.27) 371.3(1.00) 3408 (1.10)
Europe 3579 (1.12) 1830.9(1.13) 1345.9(1.11) 1136.5(0.99) 20279 (1.09)
Africa 1516 (1.18) 1229.0 (1.16) 1072.4(1.13) 1079.6(0.98) 13645 (1.09)
N.Amer 1861 (1.11) 1247.8(1.16) 934.0(1.10) 803.2(0.96) 12445 (1.05)
S.Amer 1572 (1.08) 1338.5(1.12) 1141.4(1.09) 951.9(0.90) 13165 (1.00)
N.Asia 870(1.08) 565.5(1.11) 468.5(1.10) 366.9(0.92) 5830 (1.02)
SE.Asa 4666 (1.16) 2650.2(1.14) 1921.3(1.08) 1630.7 (1.02) 28308 (1.12)
Oceana 1158 (1.07) 968.2(1.11) 816.3(1.12) 685.8 (0.95) 9532 (1.04)
WofNAm 427 (1.08)  345.4(1.41) 327.8(1.42) 360.2(1.00) 3651 (1.15)
WofSAm 253 (1.09) 205.5(1.60) 195.8(1.61) 292.7(0.97) 2378(1.22)
WofNAf 404 (1.04) 317.0(1.29) 301.0(1.31) 426.6(0.99) 3829 (1.10)
WofSAf  436(1.11)  399.0 (1.27) 390.6(1.27) 525.5(0.98) 4810 (1.13)
EoNEAs  1365(1.08) 899.4(1.11) 775.7(1.13) 754.5(1.01) 9819 (1.05)

several parameter settings in the GLOMAP-mode v6 runs — Condensation-ageing rat@5y10 used a 10 monolayer
here (v 12)compared to vi1g, and these are listed here for ageing rate where B1 and y6, use 1 monolayer, lead-
completeness. ing to a shorter BC lifetime in @12 than vy1o.

— Sea-salt emission dry radius rangebyio emitted in
therange 17.5nm up to 14.4 um, whereas B1 anfi ¥6
emit in the range 17.5nm-7.0 um. This explains why
the sea-spray emission mass flux iny6 is a factor of
three lower than at i 0.

— Activation dry diameterat v5y10 this minimum dry di-
ameter for cloud processing was set to 75nm whereas
B1 and v@y12 use 50 nm.
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