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Abstract. Aerosol indirect effects in climate models strongly dependhe representation of the
aerosol activation process. In this study, we assess tlegsdevel differences across activation
parameterizations that contribute to droplet number uao#y by using the adjoints of the Abdul-
Razzak and Ghan (2000) and Fountoukis and Nenes (2005)tlanivation parameterizations in
the framework of the Community Atmospheric Model versioh 8AM5.1). The adjoint sensitiv-
ities of Nq to relevant input parameters are used to: (i) unravel theéadlyaresolved contribution

of aerosol number, mass, and chemical composition to clsangé,; between present day and pre-
industrial simulations; (ii) identify the key variablessponsible for the differences iN; fields and
aerosol indirect effect estimates when different actirachemes are used within the same mod-
eling framework. The sensitivities are computed online etimmal computational cost. Changes in
aerosol number and aerosol mass concentrations were fowahtribute toNy differences much
more strongly than chemical composition effects. The maimees of discrepancy between the acti-
vation parameterization considered were the treatmeihieofvater uptake by coarse mode particles,
and the sensitivity of the parameterizafy accumulation mode aerosol geometric mean diameter.
These two factors explain the different predictions\of over land and over oceans when these pa-
rameterizations are employed. Discrepancies in the satystb aerosol size are responsible for an
exaggerated response to aerosol volume changes overyhpallilted regions. Because these re-
gions are collocated with areas of deep clouds their impashort wave cloud forcing is amplified
through liquid water path changes. The same framework dsidized to efficiently explore droplet
number uncertainty attributable to hygroscopicity paremef organic aerosol (primary and sec-
ondary). Comparisons between the parameterizationatbsensitivities of droplet number against
predictions with detailed numerical simulations of thexaatton process were performed to validate
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the physical consistency of the adjoint sensitivities.

1 Introduction

The impact of atmospheric aerosols on the energy budgeedt#nth and on cloud microphysical
properties is a major contributor to climate prediction emainty and estimates of anthropogenic
climate change (Intergovernmental Panel on Climate Cha2@@/7). Due in part to the computa-
tional complexity of the models used for climate projectipguantification of uncertainty has often
been reported in terms of model diversity (e.g., Kinne ¢t28106; Quaas et al., 2009; Myhre et al.,
2013), rather than by analyzing the uncertainty associattftdspecific parameters and processes.
This approach, although useful, does not always allowsawtity the process level differences caus-
ing these discrepancies. As a result, the identificatiomefspecific parameters and processes that
contribute the most to the uncertainty in simulated aerokmid interactions remains elusive.

Atmospheric aerosols can influence the planetary radiétitence by scattering and absorbing
light or by modifying the optical properties of clouds bydeg as nuclei for cloud droplets and
ice crystals. The latter is known agrosol indirect effect (AIE). In order to make quantitative
estimates of AIE in global circulation models it is there&forecessary to realistically represent both,
the availability of atmospheric aerosol that can act ascclmndensation nuclei (CCN), as well as
the activation process by which a subset of CCN activatedtuiod droplets.

Because the ability of an aerosol particle to act as a CCNrakpstrongly on its size and chem-
ical composition (e.g., McFiggans et al., 2006), accuyas@hulating the availability of CCN re-
quires knowledge of the aerosol size distribution and theingistate of the different species in
the aerosol phase. For this reason, state-of-the-art teimadels include either modal or sectional
representations of aerosol size distributions, and hawsawation equations for the number and
mass concentration for the main aerosol species, incluglifgte, sea salt, dust, and carbonaceous
aerosols (e.g., Stier et al., 2005; Dentener et al., 201letal., 2012). Inclusion of detailed aerosol
modules, which allows a more physically consistent detionpof atmospheric aerosols, has in-
creased the computational burden of climate models anddated more, sometimes uncertain,
parameters to describe the extra processes. For instarosphspecies that are emitted directly,
such as black carbon (BC), primary organic matter (POM) tfatuaerosol, for which emission
inventories provide their mass fluxes to the atmospherejnemformation on the size distribution
of the emitted particles. The assumed distribution, whilften uncertain or unknown, largely
controls the number concentration of emitted particlesyiplg an important role on the simulated
CCN concentrations (e.g., Adams and Seinfeld, 2003; PamdeAdams, 2009).

The incorporation of carbonaceous aerosols and their sicotuin AIE estimates has been an
important part of GCM development. Owing to the plethora @hpounds involved in the make

up of organic aerosols, the parameters describing theiolsggpicity are less well constrained than
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those of inorganic aerosol species (Petters and Kreidaen2@07). Uncertainty in these parameters
can affect AIE estimates, since organic species are knowaotribute an important fraction of
atmospheric aerosols and can affect the number concemtratid hygroscopicity of accumulation
mode aerosol (e.g., Novakov and Penner, 1993; Jimenez €08B). Overall, the apportionment
of uncertainty is sometimes obscured by the increased exitylof climate models with detailed
aerosol-cloud interactions.

A variety of methods to assess the problem of uncertaintyGiN@umber have been employed.
Evaluation of the impact of parametric uncertainty in climenodel simulations has been typically
done by performing model integrations with one parametlo® perturbed to then do a finite differ-
ence computation. Such approach has been used, for exaogmntify the sensitivity of CCN and
cloud droplet number (CDNC) to the assumed hygroscopidisgoondary organic aerosol (Liu and
Wang, 2010). Many studies have used similar approachessés dlse importance of the assumed
split between primary and secondary organic emissions (Erigitayanurak and Adams, 2013).

Another approach used to assess the problem of uncertaiagrosol-cloud interactions consists
of running an ensemble of simulations with perturbed patarsgo construct a Bayesian process
emulator (e.g., Lee et al., 2011). This approach has beelorexpin variance-based sensitivity
analyses to establish a hierarchy of parameters based iorcdné¢ribution to CCN number uncer-
tainty using a chemical transport model with detailed a@roscrophysics (e.g., Lee et al., 2012,
2013a). These studies have shown that parameters relate@missions carry a large proportion
of the uncertainty in CCN concentrations (Lee et al., 2018@mce these parameters have a direct
impact on the CCN population. The statistical approach tsmstaeen used in a GCM framework to
evaluate the impact of aerosol parameter in the radiatidgdtat the top of the atmosphere (Zhao
et al.,, 2013). These works have pointed out to the importafiGeccurate emission inventories,
but also to the parameters describing emission size disiiis and the hygroscopicity of organic
species. Nevertheless, this approach requires a largearuhimodel integrations to build an ac-
curate emulator within a given parameter space, with thebaurof runs growing together with the
dimensionality of the parameter space.

However, the availability of CCN alone is not enough to dibscthe link between aerosol prop-
erties and cloud microphysics, and is therefore insuffidiertompute AIE estimates. Aerosol ac-
tivation is a dynamical process that involves the compmetibetween the sink of water vapor (rep-
resented by the CCN availability) as well as the dynamicalifig provided by cloud-scale vertical
motions. Both these factors are necessary to compute thd di@plet number concentration. Sev-
eral physically-based activation schemes are used in wimadels (e.g., Abdul-Razzak and Ghan,
2000; Fountoukis and Nenes, 2005; Ming et al., 2006; Shipavay Abel, 2010). These schemes
require the knowledge of the CCN availability at a given watepersaturatios, which can be
determined from the aerosol size distribution and chentdoatposition. Different activation pa-
rameterizations implemented in the same modeling framewam produce important differences in
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the radiative forcing even when the physics they representery similar (Ghan et al., 2011). The
uncertainty associated with the activation scheme useddlatso be evaluated and quantified.

The adjoint sensitivity approach is an efficient method testigate process sensitivity to in-
put parameters in complex models. The method involves thetagction of numerical routines
that compute, with analytical precision, the first-orderidgive of a process parameterization with
respect to a set of input variables. The computation of Hettigs is achieved without the need
of invoking the subroutine several times to perform finitéedence computations. The adjoint-
sensitivity approach has been recently used in differeptiegtions involving aerosol activation
schemes. Karydis et al. (2012a) used the adjoint approachnipute the impact of aerosol precur-
sor emissions on cloud droplet number (CDNC) over North Acaeusing the GEOS-Chem chemi-
cal transport model. Saide et al. (2012) used the adjoinh @fcéivation scheme in the WRF model,
coupled with satellite derived retrievals of CDNC to inferasol concentrations below clouds, in-
accessible to satellite sensors. To our knowledge, thisha® yet to be implemented in a GCM
framework.

Here we report the implementation of the adjoint sensigigibf commonly used, physically based
activation parameterizations in the Community Atmospihdoeel, version 5.1 (CAM5.1). We com-
pare the sensitivity of droplet number to aerosol charaties to determine the variables responsible
for the discrepancies in CDNC among the parameterizationsidered here. The information pro-
vided by first-order derivatives is also used to elucidagegpatially-resolved impact of parametric
uncertainty, illustrated here with the hygroscopicity eéendary and primary organic aerosol.

The paper is organized as follows. In the first section, weriles the implementation of the
adjoint sensitivities in the CAM-5.1 AGCM. The second sectstudies the different responses of
the FN-adjoint and ARG-adjoint under identical model cdiodis, and identifies the underlaying
cause for their divergent response. The final two sectiand@vroted to the application of the adjoint
in the quantification or organic aerosol parametric unaestaby exploring the adjoint sensitivity to
the assumed hygroscopicity of SOA and POM.

2 Model framework description
2.1 AGCM simulations with CAM5.1

Simulations were performed with the Community Atmosphe® version 5.1 (CAM5.1) atmo-
spheric general circulation model (AGCM). CAM is the atmlospc component of the Commu-
nity Earth System Model (CESM1.0), and is described in feliadl in (http://www.cesm.ucar.edu/
models/cesm1.0/cam/). Here we focus on the descriptioheophysical processes most directly
involved in the aerosol-cloud linkage.

The aerosol module of CAMS5.1, which provides the aerosolattaristics necessary for the
calculation of droplet activation, is the 3-mode versioritef modal aerosol module (MAM3) (Liu
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et al.,, 2012). This aerosol module considers eight aerqgemtiss (sulfate, ammonium, nitrate,
primary organic matter (POM), secondary organic aerosOS black carbon, sea salt, and dust)
partitioned into three log-normally distributed modesc{amulation, Aitken, and coarse modes).
The species in each mode are assumed to be internally mixeel.gdometric standard deviation
o, Of each mode is prescribed, but aerosol number concemir@tjg) and mode diametewrlf,)
for each mode are allowed to vary to accommodate the comespgp mass. Characteristics of
the MAM3 aerosol are summarized in Table 1. The cloud-scef&oal velocity used to drive the
activation process is computed from the turbulent kinetiergy, TKE, asw = %TKE. Lower
and upper bounds df.2ms~! and 10ms~! respectively are imposed an. The aerosol direct
and indirect effects using the default configuration of MAKve been studied in detail by Ghan
et al. (2012). The aerosol in CAM interacts with stratifortoutls using the double moment cloud
microphysics scheme of Morrison and Gettelman (2008). Ehesal activation process is the source
term for the gridbox CDNC equation balance. The fractioneybaols activated into cloud droplets
can be removed by wet scavenging or regenerated to thetititdr@erosol population after cloud
evaporation.

The simulation results reported here were obtained by riatig the model for a period of&,
using climatological sea surface temperature (SST) cooreding to year 2000. Greenhouse gases
concentrations where also set to values correspondingaio2@0. Annual and seasonal averages
correspond to the lastya of integration, with the first year discarded as spin-up. \Bations were
performed with present day (year 2000) and pre-indust&d(1850) emissions of aerosols, aerosol
precursors, and atmospheric oxidants from the Lamarqule @C4.0) inventory. Injection heights
and emission sizes follow Dentener et al. (2006). To isdllateimpact of aerosol load changes
between present day and pre-industrial times, the coratértrof greenhouse gases was maintained

at present day levels.
2.2 Adjoint sensitivities of N4 to aerosol properties

We consider the sensitivity df; to a set of ten variables: the cloud-scale vertical velpaityaerosol
number concentration per mode,,, the mode diameted,, and the hygroscopicity parameter of
each lognormal modes,,. The hygroscopicity parameter accounts for the effect efdhemical
composition in the water uptake ability of aerosol parscl8ecause each mode is assumed inter-
nally mixed, x,, is given by the volume-weighted average of the hygrosctpjmrameter of each
constituent species (Petters and Kreidenweis, 2007)€Tgbl.e.,

Ra; = Zva,iﬁa (1)
acl

wherev, ; is the volume fraction of specias in the ith-mode. Greek subindices will be used

throughout the manuscript to indicate aerosol constigjemhile latin subindices are reserved for
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aerosol modes. The adjoint sensitivity of these paranzetttons was implemented such that each
call to the activation routine produc@g;, together with the set of derivativésVy /0y, to each of
the ten parameterg;. Sinced,, is not an independent variable, but is computed from therwelu
(va,) and number concentration of each modg, J, the adjoint sensitivities are expressed in terms
of the independent variables, andn,, alone.

The parameterizations considered in this study include within the ARG parameterization
framework (Abdul-Razzak and Ghan, 2000; Ghan et al., 2Grig two from within the FN param-
eterization framework (Fountoukis and Nenes, 2005; Baratet al., 2010). We used the default
activation scheme used in CAM5.1, which is the ARG paranmgdon (Abdul-Razzak and Ghan,
2000), and a revised version, ARGthat includes the effects of the mass accommodation cieeffic
in the condensation process (Ghan et al., 2011). When theawassmamodation coefficienty,., is
unity the ARGy parameterization reduces to the the default ARG pararzatern. Similarly, we
used the FN activation scheme (Fountoukis and Nenes, 2808)an updated version, FN-IL, that
includes terms to better account for the water uptake bytialigr limited CCN (Barahona et al.,
2010). These parameterizations are based on a similar gdtysifcal principles and assumptions
(Ghan et al., 2011).

There are methodological differences in the calculatiothefsensitivities for each parameteriza-
tion framework. In the case of ARG and ARGsensitivities can be computed analytically, as shown
by Rissman et al. (2004), and is the approach used in this (8eekAppendix A). The FN and FN-IL
parameterizations use instead a set of numerical routinesmputeNy, which prevents the use of
explicit equations. Therefore, efficient computation & fensitivities in the FN framework required
the development of a corresponding adjoint code. For thésjmplemented the newly developed
adjoint sensitivity of the FN and FN-IL (Karydis et al., 2af)2which uses automatic differentiation

software to build the necessary subroutines.

3 Results
3.1 Overview of the simulations

Among the activation parameterizations included in thislgt ARGa, FN, and FN-IL, include the
effect of non-continuum effects in the condensation pret¢esough an explicit dependence on the
accommodation coefficienty. (Pruppacher and Klett, 1997). For the simulations perfarmvéh
those parameterizations the valuengfwas set equal t6.1, which is within the observed range of
a in various locations (Raatikainen et al., 2013). Furtheemd has been shown thaf; is not
sensitive tar, in the range of 0.1 to 1. Simulations with the ARG paramedtdian (equivalent to
ARG with o, = 1) are included for reference, since this is the activatidresee used in the release
version of CAM5.1. A summary of the model integrations perfed is included in Table 2.

Annual mean values for radiation and cloud parameters anwgrsin Table 3. The strongest short
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wave cloud forcing difference between PD and Pl simulat{dxSWCF) is observed for simulations
with ARGa. The largerASWCF associated with AR&sis likely due to the large difference in the
global mean liquid water path.

The annual mean in-cloud droplet number concentratigp,for the 5th model layer (930Pa)
are shown in Fig. 1 for the present day simulation. This preskevel was chosen because it has the
largest liquid cloud cover, and is representative of thaltegor the pressure levels in the column
with liquid clouds. Figure 1 also shows the changeVijn between present day and pre-industrial
simulations. These maps exhibit the expected patterncoddised CDNC over continental regions,
with a particularly large increase iNy over Southeast Asia. The marked decrease in CDNC over
Southeast US, central South America, and North Austrabcolegn observed in other studies, point-
ing to changes in biomass burning emissions as the causeg(¥¥aal., 2011). This feature arises
from the emissions inventory used, in particular, the agslisize of the aerosol emitted, and has an
important impact in both direct (e.g., Lee et al., 2013b) mtifect effects (e.g., Wang et al., 2011;
Bauer and Menon, 2012).

The Ny fields in Fig. 1 show also some noticeable differences adiffesent parameterizations.
Global meanV, produced with ARG is slightly larger than those for FN and FN-IL, but droplet
number concentration over oceans show the opposite treimdy lower for FN and FN-IL compared
to ARGa. For present-day aerosol emissions, simulations with AR@ve more numerous and
smaller cloud droplets over land than simulations with FNFBIFIL. This difference is especially
noticeable over the heavily polluted region of Southeasa A8s a consequence, the annual mean
cloud droplet effective radius,, in ARGa-PD is 3.5 % smaller over continents when compared to
FN-PD, while theNy is 10 % larger over continents. This trend is reversed oveawnic regions,
where the relative difference ir, is 1% larger for ARG and N, is 15 % smaller. The reason for

this differences across parameterizations will be furthigcussed in Sect. 3.3.
3.2 Sensitivity of ARG/ARGa and FN/FN-IL schemes in CAM

The sensitivities)Nq/0x; were computed at each time step during model integraticsh aanual
mean in-cloud sensitivities summarized in Table 4. Theiapdistribution of the annual mean in-
cloud sensitivity of Ny to aerosol number and hygroscopicity parameter are showigé 2 and 3,
respectively.

Sensitivity of Ny for the Aitken mode to both,, andx,, is negligible, indicating thatV, is
only weakly dependent on these parameters. This is expegiteth that their size generally limits
their contribution to the CCN concentration. Their sizeodimits the amount of water vapor they
deplete during cloud formation, therefore only weakly irchreg the maximum supersaturation. All

the parameterizations considered consistently reflest Tfiie spatial distribution and magnitude of

ONg ONg
Ong, OKa,;

(Fig. 2b, e, h and k). As expected, sensitivity/df to this population is strong and always positive,

and

for accumulation mode aerosol are also in good agreemenssaparameterizations
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since they fall in the size range most appropriate for CCtiraparticles.

Discrepancies between ARGFN, and FN-IL in the sensitivity ofV4 to coarse mode aerosol
number and hygroscopicity are evident (Figs. 2 and 3), nigtsitowing different magnitudes but in
some cases, opposite signs. These large discrepanciegndtie treatment adopted in each scheme
to describe the depletion of water vapor by the largestgastin the aerosol population.

From Table 4 it is clear that AR&has the strongest negative sensitivity to coarse modedaeros
characteristics. The large negative response in the ARplies that the overall impact aNy from
the strong depletion of supersaturation by coarse modelear{which depressesnay) largely off-
sets any contribution from coarse particles to the CCN padjmri. On the other extreme, FN appears
to strongly underestimate the water vapor depletion froars® mode particles, therefore changes
to coarse mode aerosol do not impagi« in a measurable way, while their large size and kven-
sures their contribution to the droplet population. Thieefiected in the sensitivity of FN to coarse
mode aerosol humber, which is positive, and slightly largenagnitude than for the accumulation
mode. An intermediate response is found when the FN-IL isl isgtead. This parameterization,
which differs from FN in the treatment of the inertially litad CCN population, exhibits an often
negative response to coarse mode aerosol, indicating aphgsically consistent treatment of the
water vapor depletion by this aerosol population. Caredlidation of this sensitivities was per-
formed by comparing them to detailed numerical simulatiohthe activation process (Appendix
B). It was found that of all formulations considered, thesitvity to coarse mode aerosol is, on
average, better captured by the FN-IL parameterization.

The same arguments can be extended to the sensitivity,afo ., andd,, of coarse mode
particles. The weak water vapor depletion of coarse pasiiti FN leads to a negligible impact of
the coarse mode,, andd,, on N4 (Table 4). Both ARG and FN-IL, with a stronger depletion
by coarse mode particles, are more sensitive to increadas iwater uptake ability of this aerosol
population. In both cases, a marked negative response @@k in particular in areas where
the coarse mode is dominated by dust, which has a very lowokggpicity. The supersaturation
depletion effect of coarse mode particles and their impacig has been observed and discussed
previously (e.g., Ghan et al., 1998) in the framework of pancodel simulations, but the impact on
global distributions ofV4 had not been addressed before.

Table 4 also indicates a marked discrepancy in the semgitifiV4 to geometric mean diameter,
ONq/0dg,, between ARG and FN or FN-IL. In particular, for Aitken and accumulatiomde this
sensitivity is higher for ARG by a factor of 2. Sincé,, is derived from the volume and the number
concentration for each mode, the derivativesvgfwith respect ta,, are given by

ONg _ dg, ONg

avaj B 31};% 37& (2)

therefore, differences in the sensitivity to aerosol sigeally impacts the sensitivity to aerosol
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The overall sensitivity to aerosol numbelVy /dn,, often used measure of the strength of the
AIE, (e.g., Quaas et al., 2009), is also strongly affectedhe@yabove enhanced response to coarse
mode particles. We define this quantity as the sensitivitfVgfto an overall increase in aerosol
number that preserves the shape of the aerosol size dtiribise.,

Z 8Nd nal (3)

O, |l

where,|n,|* = ;,n2 . The values ofl N4 /dn, from the simulations indicate that aerosol activation
over the vast majority of oceanic regions occurs under tleedsol limited” regime identified by
Reutter et al. (2009), mainly due to relatively low aerosalds.

The sensitivity from Eq. (3) is larger in the FN-PD experirpewith a global mean 0.28, than
for simulations performed with the AR&Gparameterization, which have a global meb¥, /dn,
of 0.19, indicating a higher sensitivity to aerosol perturbatiofitiis difference across parameter-
izations is largely explained by the negative sensitivit ARG« to coarse mode particles, which
strongly dampens the value dfV,/dn, over marine environments (Table 4). This highlights the
diverse contribution of each aerosol modeNg, namely, the crucial importance of accumulation
and coarse mode in determining the magnitudégf /drn..

The higher sensitivity to aerosol number as expressed byFguggest that AIE should be
stronger for simulations with FN and FN-IL compared to ARGHowever, a number of fields in
Table 3, including droplet number concentration and shesteacloud forcing are larger for ARG
than for FN or FN-IL. This apparent inconsistency is resdi®y realizing thatd Nq/dn, does
not capture the total sensitivity of CDNC to aerosol chandesactuality, there are processes that
cause an increase iNy without involving a direct change in aerosol number conegitn. For
instance, condensation of sulfate or SOA on an aerosol ptipalwill cause the hygroscopicity and
the volume of the aerosol to increase, without significaaligngingn,,. This suggests that the use
of Eq. (3) as a metric for the strength of aerosol cloud irtiioas does not capture the concurrent
changes in CCN activity that are associated with increaggdoscopicity and size. In this regard,
the different value of these sensitivities are importantnderstanding the simulatéd, fields with

different parameterizations.
3.3 Unraveling mass, number, and chemical composition coributions to Ng4

The increase in aerosol emissions between PD and PI timesdhamly changed the total mass
and number of atmospheric aerosol, but has also modifieché@mizal composition. Due to the

heterogeneity of aerosol precursor sources changes is@doad and chemical composition have
a marked regional imprint. For instance, the marked ineré@asnthropogenic sulfate aerosol over

most continental areas of the Northern Hemisphere prochatesnly a much larger number concen-
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tration of aerosols, but also promotes the hygroscopiditpatinental aerosol after mixing with the
background aerosol (composed mostly of POM, SOA, BC, ant).dlise opposite trend is observed
in the hygroscopicity of polluted marine aerosol as it is @ixvith the sulfate aerosol outflow from
continents.

The information provided by the adjoint sensitivities alfothe apportionment of changes/iy
due to specific changes in eithey,, ., Or v,,, and to do so in a spatially-resolved manner. The
approach we propose to achieve this apportionment corsistsmbining the change in aerosol
numberAn,,, aerosol volume\v,, (proportional to the aerosol mass concentration changesl),
mode hygroscopicityA«,, between PD and PI simulations, with the adjoint sensitifiéids using

a first order approximation, i.e.,
_ 0Ny

ANg)y, =

Ax; (4)

In this expression it is assumed that the first order devig@tiV, /0x ; does not change considerably
for PD and PI conditions. Even though small differencestérithe sensitivity computed at PD and
PI conditions, the magnitude & N4 from Eq. (4) is largely controlled by the variation in the @l
propertyAy;. Figure 4 shows the estimated changéVinbetween Pl and PD simulations that can
be attributed to changes in the numiP&rN),,., volume(ANy),,, and hygroscopicity AN )., ,

of accumulation mode aerosol using Eq. (4). For this catmrathe sensitivity was computed at
present-day. This analysis shows a negligible contriloutiom fine and coarse modesAaV, and

is therefore not shown.

From Fig. 4 it is clear that the dominant contributor4aV, is the accumulation mode aerosol
number, with a strong signal over continental regions. Taial patterns and intensity of this field
are very similar across parameterizations. Large arededaflobe exhibit a negativé\ Ny )., , par-
ticularly over North America, and over the British Islands,is also seen in Fig. 1. Sind&/y/0n.,,
for accumulation mode aerosol is always positive, this cddn must be associated with a decrease
in n,, from pre-industrial times over those areas. This trend kceuen though aerosol mass con-
centration has not decreased over those areas, suppdrtindea that this is due to a decrease in
primary emitted particles (Wang et al., 2011).

After An,, the next largest contributor tA N4 is Aw,, i.e., the change in total aerosol volume
(Fig. 4b, e, h and k). This field is also heavily concentratedreas dominated by biomass burning
(e.g., Central Africa) and sulfate aerosol (e.g., Europeitiseast Asia and North America).

Unraveling the contributions of aerosol parametera\tyy from different variables casts light
on the diverging parameterization response over speciioms. Figure 4e, h, b and k, show that
(ANg),, has a markedly different response for ARG/AR@&nd FN/FN-IL parameterizations. Over
continental areas, when ARG or ARGire used(ANy),, is much higher as compared with sim-
ulations with either FN or FN-IL. This is in fact a consequerd the two-fold stronger sensitivity
of Ng to dg, exhibited by ARG and ARG. This markedly stronger sensitivity tg,;, iS magni-
fied in regions were aerosol changes are dominated by coibtiespecies, and largely explain the

10
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higher Nq andA N4 over Southeast Asia observed in Fig. 1. This region is padity important in
controlling the strength of the AIE, particularly throudtetimpact it has on liquid water path.

Figure 4c, f, i and | showWANy),, for the different parameterizations, indicating that cleah
composition effects represent a weak contributiot\t§, from pre-industrial times.

3.4 Sensitivity of CDNC to hygroscopicity parameter of orgaic aerosol

The adjoint of the activation scheme can be used to estirhatertvelope of uncertainty iNg asso-
ciated with parametric uncertainty. We focus here on thedgappicity parameter of organic aerosol
species, and estimate the geographic imprint of its uriogytan N4. The first-order derivative of
Ny with respect toz,, of any species can be calculated from Eq. (1) as

aNd o 8Nd 8/131. o 8Nd .
OKq 72 <6/§a1> Ok 72 <8Hai)va’l ®)

i g

Then, the uncertainty iiV4 associated ta,, can be estimated, to first order, as

__ONg

(0Nq)y,, =~ o 0Kaq (6)

wheredk,, is the uncertainty inc,. The assumed hygroscopicity of SOA and POMkgf,= 0.14
and xpom = 0.1 respectively (Table 1), however, there is a wide range aiesreported for these
parameters in the literature (e.g., Lathem et al., 2013). application of Eq. (6) we investigated
the impact on CDNC of &50 % uncertainty range ir,. This uncertainty range has been utilized
in previous modeling studies (e.g., Liu and Wang, 2010). rEselting fields (Fig. 5) indicate the
regions were the uncertainty of the assumed hygroscogmitgrganic matter impacts the CDNC
the most.

For SOA, the annual-average percent CDNC uncertainty wia%%ver continents for PD, and
7.8 % for Pl simulations. The percentages are negligible ogeanic regions averaging less than
0.5% in all cases. For the PD simulations, the uncertaintybeaas large as 15 % over continents,
while for Pl it can be up to 30 % over the boreal forests ownmthe large contribution of organics
to aerosol volume in pre-industrial conditions. The ureiety associated with the hygroscopicity of
POM is smaller compared to that of SOA, with annual-averaD&C uncertainty over continents
of 2.5% (3.5%) for the PD (PI) simulation, while reaching aximaum of 16 % (22 %) for the
corresponding PD (PI) simulations. These results agreltagiigely with previous work focused on
CCN uncertainty associated with perturbed parametricag{uiu and Wang, 2010).

Equation (6) only includes the effects of uncertainty dgrthe step of aerosol activation. It
does not account for other changes in CDNC associated withmibdified hygroscopicity. For
instance, an increase (decrease) in hygroscopicity migbtiacrease (decrease) the rate of wet
removal, reducing (augmenting) the total aerosol burdeh leving a corresponding impact on
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CDNC. Therefore the uncertainties presented here are a lippt for 9Ny / 0k

4 Summary and conclusions

The sensitivity of cloud droplet number concentration twael properties was evaluated in a state-
of-the-art GCM by using an adjoint sensitivity approach. oTeommonly used parameterization
frameworks, the ARG (Abdul-Razzak and Ghan, 2000) and FNirffeakis and Nenes, 2005),
were tested and compared within the CAM5.1 GCM. All the patarzations considered here
showed a consistent sensitivity to accumulation mode akrasnber for both, marine and conti-
nental aerosol. Furthermore, these sensitivities ageadthin +10% when compared to detailed
numerical simulations of the activation process. Ovethl, parameterizations also showed con-
sistent responses to the updraft velocity. Both this végtbeing central in the determination of
Ng.

Inconsistent responses to the coarse mode aerosol pespedre found across parameterizations,
ranging from an overrepresentation of the water depletfocoarse mode particles in ARG to
a lack of sensitivity to large particles in FN. The FN-IL, whiincludes the water uptake by inertially
limited CCN, captures the sensitivity to coarse mode aérosce accurately than the other schemes
considered in this study. Although not a significant conttdly to Ny, the large amount of water
vapor depleted by the coarse mode particles can modulatedgeitude ol Ny /dn,. In fact, the
consistently lowerNy over oceans predicted by ARCGcompared to FN and FN-IL is due to the
large sensitivity to coarse mode particles. The diversparse observed across parameterizations
implies that a physically consistent representation ofsmanode aerosol remains a challenge for
activation parameterizations. A recently developed medlifdn of FN addresses this issue by using
an approximation specifically designed to correctly deteenthe rate of water uptake by the largest
particles in the aerosol population (Morales and Nenesngtdx).

Although great emphasis in the literature has been placeshsuring that activation parameter-
izations capturel N4 /dn, consistently, our study suggests that sensitivity to a¢nesmber alone
does not capture the full extent of aerosol indirect effeantsl does not explain the differences\p
fields produced with these parameterizations. We foundtkteasensitivity of/Ny to the geometric
mean diametet],,, was on average twofold higher for ARG compared to FN and ENFhis sen-
sitivity difference accounts for the much larg€ concentration predicted with AR&over heavily
polluted environments. This is particularly noticeableo8outheast Asia, region that also has very
deep clouds. Therefore, large increased’inover that region have a profound impact on LWP, and
therefore over shortwave cloud forcing. These two factiogs, the large change iNy that induces
a large change in LWP over Southeast Asia, the Maritime centiand the North Pacific have been
shown to control the strenght of the indirect effects on CAlMtlarge extent (Wang et al., 2011).

The sensitivity analysis reaffirms the well-known impodamf accumulation mode aerosol num-
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ber concentration in controlling cloud droplet number @nteations. It was found that the vari-
ables controlling the size distribution of aerosol conttébthe most to changes in CDNC between
present day and pre-industrial simulations. For the carditcommonly found in stratiform clouds
simulated by CAM, aerosol number and size plays a much mopertant role than the chemical
composition of the aerosol. However, the disproportidydtege impact of coarse mode particles
in modulating the overall sensitivity to aerosol changasparticular over the oceans, has been in
general overlooked and was brought forward in this study.

The adjoint sensitivities were further used in this studyricavel the regional footprint of specific
aerosol species t/4. The large impact of primary organic matter (POM) in coningl accumu-
lation mode number concentration was shown to also cortimohtagnitude of the changes Wy
over large areas of the planet. This indicates that givein tdoamsiderable impact on both, aerosol
and CDNC, efforts should be made to constrain the unceyt&inémission sizes for this primary
particles.

Computation of the regional distribution &f; sensitivities to aerosol size distribution, chemical
composition, and dynamic parameters is an important stapderstanding the relative contribution
of aerosol parameters to CDNC variability. We demonstrai® using the adjoint-sensitivities to
attribute the contribution from different aerosol propestto the change iiV4 between present day
and pre-industrial simulations. Not surprisingly, changreaerosol number, to a large extent control
the changes ivy, followed by change in mass, and to a lesser extent, chandles hygroscopicity
of aerosol. Overall, the computationally inexpensive infation from adjoint analysis was shown
to improve our understanding of what causes differencesddeahresponses from each activation
scheme.

Appendix A Adjoint development

The method to compute the number of activated cloud drgpMtsin both parameterizations con-
sidered here involves two conceptual steps. The first stépeisomputation of the CCN spectrum,
i.e., the cumulative number of particles with critical stgzguration less than a given valsieThe
second step consists of determining the maximum supeas@toysmax, that develops in an ascend-
ing air parcel that rises with updraft velocity;,, and includes the water vapor condensation sink
provided by the CCN computed in the previous step. The fiegt & achieved by mapping the
aerosol size distribution and chemical composition onfgessaturation space (e.g., Fountoukis and
Nenes, 2005; Karydis et al., 2012b), i.e.,

m

Neen(s) = 2 [1—erf(ui(s)) (A1)

q
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where
2In(sm,/s)
U= —F7—
Sﬂlnagl

and s, is the critical supersaturation for a particle with a sizei@do d,, and hygroscopicity

(A2)

3/2
parameters;, Sm, = \/% (33,‘:9) . Equations (A1) and (A2) consider onlyoKler theory for
computation of CCN. The impact of water adsorption onto lmsle particles such as dust, can also
be treated with a similar formalism (Kumar et al., 2009). Beeond step is achieved by finding

an approximate solution to the equation describing thersapgration tendency in the ascending air

dq aw
(dt> Smax a 7 (A3)

Equation (A3) expresses the moment wheygy is attained in the parcel where the production and

parcel, which can be written as,

depletion of water vapor attained in the ascending air pagde balance. Production is due to the
adiabatic expansion cooling provided by the cloud updraft/~, and the depletion of supersatura-
tion by condensation on the growing dropldidg/dt). Oncesmax is determined from Eg. (A3), the
number of activated droplets is given by the CCN spectrauetat ats = smax,

Ng = NCCN(Smax) (A4)

The two parameterizations differ in the approximations enadthe solution of Eqg. (A3). An
in-depth analysis of these assumptions can be found in Gialn(2011). The ARG is constructed
by performing a statistical fit to a large set of detailed nrioa solutions to this equation, while
the FN use the “population spliting” approach, which brifiggs (A3) to a form where an iterative

numerical solution can be found fekax.
Al FN and FN-IL parameterizations

The development of the adjoint of the Fountoukis and Nen@85pparameterization (FN), as well
as that for the adsorption activation parameterizationwhir et al. (2009) is described in full detail
in Karydis et al. (2012b). Briefly, because the computatibivgin FN is achieved by iterative solu-
tion of Eqg. (A3), the computation of the sensitivities hab#oachieved by performing a line-by-line
differentiation of the numerical routines. Karydis et &0{2b) used the automatic differentiation
software TAPENADE to construct the routines necessary fiscient computation of derivatives.
The FN-adjoint built with this procedure, yields the set ehsitivities of Vg with analytical pre-
cision, and the computational cost of the computation isrsstamt multiple, independent of the
number of input parameters, of the cost of compuiig

14



415 A2 ARG and ARGa parameterizations

The ARG droplet activation parameterization (Abdul-R&zegal., 1998; Abdul-Razzak and Ghan,
2000) computes the maximum supersaturatigry, and droplet number concentratiak, explic-
itly as a function of the updraft velocity,, the aerosol size distribution parameters,andd,, , n.,,
and chemical composition of the aerosol, represented,hyin this parameterizationmax is given

by,
y | : 2 3747y —1/2
Smax_{zsrznﬁ [flz( i) +f27i<77i‘?§€i) ]} (A5)

wheref; ; andfs ; are functions o&,, only. The explicit functionality off; ; and f> ;, together with
the definitions of; andn; can be found in Abdul-Razzak and Ghan (2000). Because Eq.i¢/Ah
explicit function of the input variables, it is amenable tbe calculation of analytical expressions

for its derivatives. In this section we follow the approa¢iRessman et al. (2004), and expand these

expressions to include other parameters. The derivative§ do a parametey; reads

ONg ONcen ou; <Th _ >
— % ’U. A6
X 0x; Z 5% (A6)

The termdNcen/0x; is zero for all variables except fof; = n.,, for which case it is equal to
[1—erf(u;)] /2. The partial derivatives af; read:

ou; \/§ _1 OSmax
=——2 (Ino,,)"" A7
ow 3smax( nog,) ow (A7a)
ouy; V2 0s
~=———(lngy,) ' = A7
anaj 3smax( nagw) anaj ( b)
Ou; V2 . (s 0s
T = " ge (moe) ! (2;“*6” 3;‘“) (ATc)
a; X a; a;
ou; \/5 —1 { 3Smax 05max
=——IA Il et A7d
Iy, Bema 78 ( 2dy, 9 Dy, (ATd)
ou; \/§ _ 3Smaxtl; 05max
=——" (Ino,. )" ! 8ii+ A7e
8Ugj 33maX( n7%.) ( ﬂagi ! 80ga‘ ( )
whered;; =0 for i # j, andd;; = 1 for i = j. Defining the following functions
- | Ci 3/2
k= fl,z (A8a)
i
52 v 3/4
Gi= Fo (n, . C,) (ABh)
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the gradient oknax can be written as,

=i () (ho)

e A -
3 .

o= () 0

%s;:x - USg Sﬁqaxigiffgi) e % ) (A%€)

A2.1 Extension of ARG and its derivatives to account for noneontinuum effects

Ghan et al. (2011) extended the ARG parameterization taustdor non-continuum effects through
the inclusion of a size dependent mass transfer coefficierthat has explicit dependence on the

mass accommodation coefficient. In such way, the transfer coefficieii,, is defined as

G(Dpciaac)

G(Dpci , 1) (A10)

G; =Gy
whereGy is the mass transfer coefficient for the continuum regimegkwvis used in the default ARG
parameterization, an@(x,«.) is the size dependent mass transfer coefficient (e.g., Boyep and
Klett, 1997). Dy, is the critical wet diameter correspondingdg. From Eq. (A10) it can be seen
that fora. =1, G; = G, and therefore ARG is identical to ARG for that case. The derivatives
with respect tal,, andx,, are affected by the redefinition 6f according to Eq. (A10). Sinc&/y
now depends on, the corresponding sensitivities can also be computed.d€higatives 0fsyax

are as follows:

OSmax L Shax gi 3¥; 39: M+

__ kit 9 kit 29 Alla
OFa, 2R3, 8121” ( + 4 ) + 16 + 4 n; 43¢ ( )
OSmax 3 s3ax gi 37, 3g; i+

_ fot 9 K, + 290 Al1b
ads, | 2dg, 52, (it )+ 16\ 4 s (AL1D)

This extension also allows for the calculation of the sé@ngés of s,ax and N4 to the mass accom-

modation coefficienty.. The corresponding sensitivities are given by

39; M +Gi >
k; Al2
( * 4 ;43¢ (A12)

3
O5max - _i Smaxz
7

T;
da. 16 o, 52,
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and,

ou; \/§ _1 0Smax
= Ino,. )"t Al3
80éc SSmax( nO—gZ) 8(IC ( )
The coefficientsl'; and¥; are defined as:
Go
\I'i:KiGi(Dpcivac) 1_0405 (A14)
and
Ti = Ksz(Dpcl ,Oéc) (A15)
where the functior(; is a temperature dependent coefficient given by
2pwRT [ 27My\ ">
L (A16)
es My, ac Dy, RT

In the previous expressidh is the temperaturey,, is the density of water)/,, is the molecular
weight of water,R the universal gas constant, aadis the saturation vapor pressure of water at
temperaturd’.

Appendix B Validation of parameterization derivatives

The accuracy of the first order derivatives of FN and ARG ithiced in Appendix A have been
extensively tested by comparing them against centralrdifiee computations (e.g., Karydis et al.,
2012b). In this section however, we perform an evaluatiothefadjoint sensitivities against de-
tailed numerical simulations of the activation process¢aithis provides a method for validating
the physical consistency of the parameterization-derdaatitivities.

Annual average fields of,,, xa,, dg, andw, corresponding to the 93(Pa pressure level from
a 6yr simulation with CAM5.1 were used to drive off-line computats with a Lagrangian parcel
model. The Lagrangian parcel model used here explicitly putes the size-resolved growth of
cloud droplets in a non-entraining parcel ascending witlostant updraft velocity (Pruppacher
and Klett, 1997). The temporal evolution of supersatureialso computed. The sensitivities were
performed by central difference computation for each oftdrevariables (requiring of 20 model
integrations per grid cell). Identical input was used tovethe adjoint sensitivities of ARG FN,
and FN-IL. All the calculations were performed assuming eeoanmodation coefficient., = 0.1
(Raatikainen et al., 2013).

The relative error between the parcel model and paramatenederived sensitivities are sum-

marized in Table 5. The relative errey for a quantityy is defined here as

ey =1— XPM (B1)

Xparam
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wherexpm and xparamare the parcel model and parameterization derived valug fespectively.
This analysis reveals that the accuracy of the derivativesuates widely across the different vari-
ables considered. Among those sensitivities that arertatured by all the parameterizations are
those of N, to updraft,0 Ny /0w, accumulation mode number concentration, and total abnoso-
berdNy/dn., which are all within=30% error. Similarly, all parameterizations captu¥g within
a+20% margin, with ARGy and FN-IL slightly underestimating/y while FN shows the opposite
trend, biasingVq ~ 10% high. Table 5 reflects that the largest errors are encouhferecoarse
mode particles, with sensitivity d¥ to Aitken and accumulation mode have overall smaller biases
than those of coarse mode characteristics.

It is apparent from this analysis that the largest discrejgsnamongst parameterizations occur
precisely for coarse mode characteristics. For instaresitvity of Ny to coarse mode aerosol
characteristics is overpredicted 830 — —500 % for ARGc, while FN-IL reduces this overprediction
to ~ 100%. On the other hand, the lack of responsivenes¥ poEomputed with FN to perturbations
in coarse mode aerosol is made clear from the relative efrd03% +0% observed for coarse mode
ka, anddg,. For both this cases, the absolute value of the adjoint théties is negligibly small.
The variability associated with coarse mode charactesigiillustrated in Fig. 6 with the derivative
of Ny to the hygroscopicity.,, .

Sensitivity to accumulation mode,, andd,, shows a large variability as measured by the stan-
dard deviation of the errors for all parameterizations,thetbias for the case of ARGis a factor
of 2 larger than it is for either FN or FN-IL. However, the larbias and considerable scatter for
ONq/0k,, andON4/0d,, suggests that the parameterizations are not accuratefyrizapthe de-
pendency ofV4 on those variables.
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Table 2. Summary of simulations.

Experiment ID  Activation Parameterization Aerosol  Accoauation
Emissions Coefficient

ARG-PD Abdul-Razzak and Ghan (2000) Year 2000 N/A
ARG-PI Abdul-Razzak and Ghan (2000) Year 1850 N/A
ARGa-PD Ghan et al. (2011) Year 2000 a.=0.1
ARGa-PI Ghan et al. (2011) Year 1850 a.=0.1
FN-PD Fountoukis and Nenes (2005) Year 2000 «.=0.1
FN-PI Fountoukis and Nenes (2005) Year 1850 «.=0.1
FN-IL-PD Barahona et al. (2010) Year 2000 «.=0.1
FN-IL-PI Barahona et al. (2010) Year 1850 «.=0.1

Table 3. Annual global mean for selected radiation parameters and cloudriesp@amely: shortwave cloud
forcing (SWCF), longwave cloud forcing (LWCF), liquid and ice watethpLWP and IWP respectively),
total precipitation (PRECT), and column droplet number concentrati@N(@MC). The difference of these
variables between PD and PI simulations, as well as for the total clouthdofcCF= A(SWCF+ LWCF),

and the cloud top effective radidsre.

ARG ARGa FN FN-IL

PD PI PD PI PD PI PD PI
SWCF Wm~2) ~51.85 —49.86 -53.38 -51.13 —54.05 -52.00 —53.71 —51.70
LWCF (Wm~2) 2415 2380 2413 2379 2418 2382 2418 23.76
LWP (gm~2) 4438 4073  47.26  42.82  47.77 4357  47.37 4345
IWP (gm~2) 17.81 17.76 1768 1765 17.74 1755 17.74 1755
PRECT (amday ) 296 298 297 299 297 299 297 299
CDNUMC (10°m~2) 1.33  0.96 185 130 183 128 167 1.20
ASWCF Wm™2) —2.00 —2.24 —2.05 —2.01
ACF (Wm~?) ~1.65 ~1.90 ~1.70 ~1.60
ACDNUMC (%) 38.6 426 427 39.0
ALWP (%) 8.97 10.38 9.63 9.00
Ar, (%) —2.2 -37 —41 -39

Table 4. Annual mean sensitivities computed for the PD simulations. Fields aretegpfor the 93Gnb

pressure level.

Sensitivity Aerosol Mode ARG-PD FN-PD FN-IL-PD
Land Ocean Global Land Ocean Global Land Ocean Global
Aitken —0.009 —0.002 —0.004 0.019 0.037 0.031 0.015 0.020 0.018
ON4/0na, () Accumulation  0.26 0.43 0.38 0.27 0.49 0.43 0.24 0.46 0.40
Coarse -26.7  —10.6 —15.3  0.40 0.54 050 —0.31 -0.15 —0.20
dNg/dn, (=) - 0.19 0.18 0.18 0.22 0.31 0.28 0.19 0.25 0.24
Aitken 9.06 8.19 7.92 8.41  10.62 9.96 7.29 9.23 8.66
ONy/OKa, (cm™?) Accumulation  67.6 6.68 21.0 81.4 9.49 30.8 78.6 8.55  29.15
Coarse —9.0 —24 —4.2 0.05 0.001 0.016 —-2.03 -0.74 -1.11
Aitken 433.7 545.7 512.7 284.8 561.2 479.2249.8 507.7 431.9
ONq/ddg, (cm~2pm~')  Accumulation 1125 167.3 4495 4828 78.0 198.1466.8 65.86  183.7
Coarse 0.0006 0.00008 0.0002 0.008 0.0005 0.0030.75 —1.43 —1.23
ONg/0w (cm3m~1ls) - 194.5 63.7 102.3 185.8 65.90 101.2 175.2 69.07 100.3
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Table 5. Relative error forNg, smax, and the adjoint-sensitivitie2N4 /9x;, computed with the adjoint of the
activation parameterizations, as compared against numerical paodel values. Reported values correspond

to the mean and the standard deviation of the percent error.

Sensitivity  Aerosol Mode ARG FN FN-IL
Ny —18.1+£9.7% 81+£77% —-105+6.2%
Smax —42.34+13%  314£22.2% —244+6.7%
Aitken —-934+38% 564+81% —57+16.6%
ONg4/0n,, Accumulation 10.64+24% 3.5+18%  —8.14+20.4%
Coarse —509+838% 2104+225% —93+131%
dNg/dn, —15.6+8.8% +9.3+£19% —-19.44+15%
Aitken —74+18% 27+53% —484+20%
ONq/0k,, Accumulation 190+345%  101+£223%  101+223%
Coarse —-3004+223%  100+0% —59+51%
Aitken —74+18% 27+53% —42+20%
ON4/ddg, Accumulation 191+348%  96+216% 96+216%
Coarse —2974+214%  100£0% —644+52%
ONg /0w —27.7+£37% 5.8+23% 8.5+81%
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Fig. 1. Annual mean in-cloud droplet number concentratidi, (in cm®cm~2), at the 93Gnb pressure level
predicted for(a) ARGa-PD, (b) FN-PD, and(c) FN-IL-PD. The lower panels show the difference(is Nq)
between present day (PD) and pre-industrial emissions (PI).
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Fig. 2. Annual mean sensitivity to aerosol number concentrafidfy /On.,. (a—c)Aitken, Accumulation,

and Coarse modes in the ARG-PD simulati@if) ARGa-PD simulation(g—i) FN-PD simulation, andgj—I)
FN-IL-PD simulation.
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Fig. 3. Same as Fig. 2 but for aerosol hygroscopiéiiyy /9ka, (in cm™?).
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Fig. 4. Change in number of activated cloud dropletsdin=2) attributable to changes in accumulation mode
aerosol properties(a—c) § Nq due to change in aerosol numk@), aerosol voluméb), and aerosol hygro-
scopicity(c) for simulation with the ARG parameterizatiofd—f) Same as above, but for the simulation using
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ARGa. (g—i) corresponds to simulations with FN, ajel) are simulations with FN- IL.
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Fig. 5. Estimated percent uncertainty dvy due to a+50 % uncertainty in the hygroscopicity parameter of
SOA for: (a) ARGa-PD, (b) ARGa-PI, (c) FN-PD, (d) FN-PI, (€) FN-IL-PD, (f) FN-IL-PI.
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Fig. 6. Comparison between the sensitivity to hygroscopicity for coarse maws@ed Ny /Ok., (cm™?),
computed with detailed parcel model simulations @) ARGq, (b) FN, (c) FN-IL.
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