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Abstract. Aerosol indirect effects in climate models strongly dependhe representation of the
aerosol activation process. In this study, we assess thmgsdevel differences across activation
parameterizations that contribute to droplet number uagy by using the adjoints of the Abdul-
Razzak and Ghan (2000) and Fountoukis and Nenes (2005 etlamivation 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 théalyaresolved 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 N fields and
aerosol indirect effect estimates when different actbrachemes are used within the same mod-
eling framework. The sensitivities are computed online gtimmal computational cost. Changes in
aerosol number and aerosol mass concentrations were fowrmhtribute toNV4 differences much
more strongly than chemical composition effects. The maimees of discrepancy between the acti-
vation parameterization considered were the treatmehiofvater uptake by coarse mode particles,
and the sensitivity of the parameterizdg accumulation mode aerosol geometric mean diameter.
These two factors explain the different predictionsM\of over land and over oceans when these
parameterizations are employed. Discrepancies in thetiséggo aerosol size are responsible for
an exaggerated response to aerosol volume changes ovdly lpedluted regions. Because these
regions are collocated with areas of deep clouds their ilnpashort wave cloud forcing is am-

plified through liquid water path change#spplication-ef-the-adjeint-sensitivitieghustratedthe
importanceof primarny-organicmatieremissions i etnumberconcentration

changesn-severalareas-The same framework is also utilized to efficiently explorepet num-
ber uncertainty attributable to hygroscopicity paramefarganic aerosol (primary and secondary).
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Comparisons between the parameterization-derived satsit of droplet number against predic-
tions with detailed numerical simulations of the activatisrocess were performed to validate 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 entainty 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 associattdspecific parameters and processes.
This approach, although useful, does not always allowsditify 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 radid@lance by scattering and absorbing
light or by modifying the optical properties of clouds byeg as nuclei for cloud droplets and
ice crystals. The latter is known a&rosol indirect effect (AIE). In order to make quantitative
estimates of AIE in global circulation models it is thereforecessary to realistically represent both,
the availability of atmospheric aerosol that can act asctlmndensation nuclei (CCN), as well as
the activation process by which a subset of CCN activatedioed droplets.

Because the ability of an aerosol particle to act as a CCNra&pstrongly on its size and chem-
ical composition (e.g., McFiggans et al., 2006), accuyasghulating 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-arttdimadels include either modal or sectional
representations of aerosol size distributions, and hamearwation equations for the number and
mass concentration for the main aerosol species, incluslitigte, sea salt, dust, and carbonaceous
aerosols (e.g., Stier et al., 2005; Dentener et al., 201det al., 2012). Inclusion of detailed aerosol
modules, which allows a more physically consistent detioripof 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) tfataiaerosol, for which emission
inventories provide their mass fluxes to the atmospherejmreqformation on the size distribution
of the emitted particles. The assumed distribution, whlbften uncertain or unknown, largely
controls the number concentration of emitted particleayiplg an important role on the simulated
CCN concentrations (e.g., Adams and Seinfeld, 2003; PemdeAdams, 2009).

The incorporation of carbonaceous aerosols and their siaiuin AIE estimates has been an
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important part of GCM development. Owing to the plethora @hpounds involved in the make
up of organic aerosols, the parameters describing thendsggpicity are less well constrained than
those of inorganic aerosol species (Petters and Kreiden@@07). Uncertainty in these parameters
can affect AIE estimates, since organic species are knovaoritribute 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 @xitplof climate models with detailed
aerosol-cloud interactions.

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

useerAnother approachusedto assesghe problemof uncertaintyin aerosol-cloudnteractions
procesemulator(e.g., Lee etal., 2011Thisapproacthasbeenexploredn variance-basesensitivity
analysedo establish a hierarchy of parameters based on #ingiactercontributionto CCN num-
ber uncertainty-usinga—Gaussiarmultivariateappreachusing a chemicaltransportmodel with
detailedaerosomicrophysicqe.g., Lee et al., 2012, 2013a). These studies have showpatam-
eters related with emissions carry a large proportion ofitieertainty in CCN concentrations (Lee
et al., 2013a), since these parameters have a direct impabecCCN population. The statistical
approach has also been used in a GCM framework to evaluaiteplaet of aerosol parameter in the
radiative budget at the top of the atmosphere (Zhao et al3R0rhese works have pointed out to
the importance of accurate emission inventories, but al$lod parameters describing emission size
distributions and the hygroscopicity of organic speciesvéitheless, this approach requires a large
number of model integrations to build an accurate emulaitbvimva given parameter space, with the
number of runs growing together with the dimensionalitytaf parameter space.

However, the availability of CCN alone is not enough to digsethe link between aerosol prop-
erties and cloud microphysics, and is therefore insuffidercompute AIE estimates. Aerosol ac-
tivation is a dynamical process that involves the compmeatibetween 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 dimplet number concentration. Sev-
eral physically-based activation schemes are used in dimadels (e.g., Abdul-Razzak and Ghan,
2000; Fountoukis and Nenes, 2005; Ming et al., 2006; Shipavay Abel, 2010). These schemes
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require the knowledge of the CCN availability at a given watepersaturatios, which can be
determined from the aerosol size distribution and chendoatposition. Different activation pa-
rameterizations implemented in the same modeling framieaam produce important differences in
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 teestigate process sensitivity to input
parameters in complex models. The method involves the rgoigin of numerical routines that
compute, with analytical precision, the first-order defix@of aprecesseprocesgparameterization
with respect to a set of input variables. The computatioreoggivities is achieved without the need
of invoking the subroutine several times to perform finitdedence computations. The adjoint-
sensitivity approach has been recently used in differepti@gions involving aerosol activation
schemes. Karydis et al. (2012a) used the adjoint approaabnpute the impact of aerosol precur-
sor emissions on cloud droplet number (CDNC) over North Acgeusing the GEOS-Chem chemi-
cal transport model. Saide et al. (2012) used the adjoint @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 sensiggibf commonly used, physically based
activation parameterizations in the Community Atmospioédel, version 5.1 (CAM5.1). We com-
pare the sensitivity of droplet number to aerosol charisties 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 elucidategpatially-resolved impact of parametric
uncertainty, illustrated here with the hygroscopicity e€sndary 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 caiodis, and identifies the underlaying
cause for their divergentresponse. The final two sectiomdevoted to the application of the adjoint
in the quantification or organic aerosol parametric unaastaby exploring the adjoint sensitivity to
the assumed hygroscopicity of SOGROM-ardBEandPOM.

2 Model framework description
2.1 AGCM simulations with CAM5.1

Simulations were performed with the Community Atmosphe®l version 5.1 (CAM5.1) atmo-
spheric general circulation model (AGCM). CAM is the atmiospc component of the Commu-
nity Earth System Model (CESM1.0), and is described in feliad in (http://www.cesm.ucar.edu/

models/cesm1.0/cam/). Here we focus on the descriptioheophysical processes most directly
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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 versiorit@ modal aerosol module (MAM3) (Liu
et al.,, 2012). This aerosol module considers eight aergemtiss (sulfate, ammonium, nitrate,
primary organic matter (POM), secondary organic aeros0O(S 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 concentr@tjg) and mode diameterl(,)
for each mode are allowed to vary to accommodate the comelépg mass. Characteristics of
the MAM3 aerosol are summarized in Table 1. The cloud-scetgoal 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 MAK®ve been studied in detail by Ghan
et al. (2012). The aerosol in CAM interacts with stratiforlouzls using the double moment cloud
microphysics scheme of Morrison and Gettelman (2008). Enesl 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 thetitigdrgerosol population after cloud
evaporation.

The simulation results reported here were obtained by iateg the model for a period of\G,
using climatological sea surface temperature (SST) cporading 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-industréesdi( 1850) emissions of aerosols, aerosol
precursors, and atmospheric oxidants from the Lamarquie @04.0) 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 corat@nirof greenhouse gases was maintained

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

We consider the sensitivity @Y, to a set of ten variables: the cloud-scale vertical velpeaifyaerosol
number concentration per mode,,, the mode diametet,, and the hygroscopicity parameter of
each lognormal modes,,. The hygroscopicity parameter accounts for the effect efdiemical
composition in the water uptake ability of aerosol parclBecause each mode is assumed internally
mixed, k5, is given by the volume-weighted average of thesumedhygroscopicity parameter of
each constituent species (Petters and Kreidenweis, 2086 1), i.e.,

Ra; = Zva,i’ia (1)

act
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wherew, ; is the volume fraction of species in the ith-mode. Greek subindices will be used
throughout the manuscript to indicate aerosol constigjemhile latin subindices are reserved for
aerosol modes. The adjoint sensitivity of these paranzetiéons was implemented such that each
call to the activation routine produc@g;, together with the set of derivativésVy /0, to each of
the ten parameterg;. Sinced,, is not an independent variable, but is computed from theraelu
(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., 2@ two from within the FN param-
eterization framework (Fountoukis and Nenes, 2005; Baralsi al., 2010). We used the default
activation scheme used in CAM5.1, which is the ARG paran&tton (Abdul-Razzak and Ghan,

2000), and a revised version, ARGthat includes the effects of the mass accommodation ciftic

in the condensation process (Ghan et al., 20Whenthe massaccommodatiogoefficient,a., is

unity the ARGa parameterizationeducedo the the default ARG parameterizationSimilarly, 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 bytiailgrlimited CCN (Barahona et al.,
2010). These parameterizations are based on a similar gétysfcal principles and assumptions
(Ghan et al., 2011).

There are methodological differences in the calculatiothefsensitivities for each parameteri-
zation framework. In the case of AR@NdARGq, sensitivities can be computed analytically, as
shown by Rissman et al. (2004), and is the approach usedsnutiik (see Appendix A). The
FN parameterizatiomsesand FN-IL parameterizationgseinstead a set of numerical routines to
computeNy, which prevents the use of explicit equations. Therefdifegient computation of the
sensitivities in the FN framework required the developnurd corresponding adjoint code. For
this, we implemented the newly developed adjoint sengjtivf the FN and FN-IL (Karydis et al.,
2012b), which uses automatic differentiation softwareibdthe necessary subroutines.

3 Results
3.1 Overview of the simulations

Among the activation parameterizations included in thislgt ARGy, FN, and FN-IL, include the
effect of non-continuum effects in the condensation pretesough an explicit dependence on the
accommodation coefficienty. (Pruppacher and Klett, 1997). For the simulations perfarmith
those parameterizations the valuengfwas set equal t6.1, which is within the observed range of
a. in various locations (Raatikainen et al., 2018urthermorejt hasbeenshownthat V4 is not
sensitiveto o in therangeof 0.1to 1. Simulations with the ARG parameterizatiareinretudedas

a(equivalento ARGa with a. = 1) areincludedfor reference, since this is the activation scheme
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used in the release version of CAM5.1. A summary of the madebirations performed is included
in Table 2.

Annual mean values for radiation and cloud parameters angrsin Table 3. The strongest short
wave cloud forcing difference between PD and Pl simulat{dxS8WCF) is observed for simulations
with ARGa. The largerASWCF associated with AR&is likely due to the large difference in the
global mean liquid water path.

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

The N, fields in Fig. 1 show also some noticeable differences aaifiesent 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 treimj 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 oveanic regions,
where the relative difference in is 1% larger for ARGr and N4 is 15 % smaller. The reason for

this differences across parameterizations will be furthgcussed in Sect. 3.3.
3.2 Sensitivity of ARGARGa and FN/EN-IL_schemes in CAM

The sensitivitie$) N4 /9x,; were computed at each time step during model integratioth aanual
mean in-cloud sensitivities summarized in Table 4. Theiapdistribution of the annual mean in-
cloud sensitivity of N4 to aerosol number and hygroscopicity parameter are showig 2 and 3,
respectively.

Sensitivity of Ny for the Aitken mode to botm,, andx,, is negligible, indicating thatV, is
only weakly dependent on these parameters. This is expegitexh 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 ircijreg the maximum supersaturation. All
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the parameterizations considered consistently reflest Tfiie spatial distribution and magnitude of

ONg ONg
Ona, Ok,

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

and for accumulation mode aerosol are also in good agreemens@parameterizations
since they fall in the size range most appropriate for CCtilraparticles.

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

From Table 4 it is clear that AR&has the strongest negative sensitivity to coarse modeaeros
characteristics. The large negative response in the AR@plies that the overall impact aN from
the strong depletion of supersaturation by coarse modeleasr{which depressesnay) largely off-
sets any contribution from coarse particles to the CCN patfmri. On the other extreme, FN appears
to strongly underestimate the water vapor depletion froars® mode particles, therefore changes
to coarse mode aerosol do not impagix in @ measurable way, while their large size and kven-
sures their contribution to the droplet population. Thigeiected in the sensitivity of FN to coarse
mode aerosol number, which is positive, and slightly laigenagnitude 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 lited CCN population, exhibits an often
negative response to coarse mode aerosol, indicating aphgsically consistent treatment of the
water vapor depletion by this aerosol population. Careélidation 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, thestvity to coarse mode aerosol is, on
average, better captured by the FN-IL parameterization.

The same arguments can be extended to the sensitivity oo ., andd,, of coarse mode
particles. The weak water vapor depletion of coarse pasiil 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 increashs iwater uptake ability of this aerosol
population. In both cases, a marked negative response @\@us in particular in areas where
the coarse mode is dominated by dust, which has a very lowolsggpicity. 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 phncodel simulations, but the impact on
global distributions ofV4 had not been addressed before.

Table 4 also indicates a marked discrepancy in the semgit¥iVy to geometric mean diameter,
ONq4/0dg,, between ARG and FN or FN-IL. In particular, for Aitken and accumulatiomde this

sensitivity is higher for AR@ by a factor of 2. Sincé,, is derived from the volume and the number
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concentration for each mode, the derivativevgfwith respect ta,, are given by

ONa _ dg, ONg
OV, 30a, Odg,

(2)

therefore, differences in the sensitivity to aerosol sizeally impacts the sensitivity to aerosol
volume.

The overall sensitivity to aerosol numbéiy, /dn,, often used measure of the strength of the
AlE, (e.g., Quaas et al., 2009), is also strongly affectedh@yabove enhanced response to coarse
mode particles. We define this quantity as the sensitivityvgfto an overall increase in aerosol
number that preserves the shape of the aerosol size dtairibiue.,

de _ Z 8Nd Na; (3)
dna = 0Ona, [nal
Where,|na|2 = lni The values ofl V4 /dn, from the simulations indicate that aerosol activation

over the vast majority of oceanic regions occurs under tleed'sol 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 experimemith a global mean 06.28, than
for simulations performed with the ARGparameterization, which have a global me&¥; /dn.,
of 0.19, indicating a higher sensitivity to aerosol perturbatiofsis difference across parameter-
izations is largely explained by the negative sensitivitARGq_to coarse mode particles, which
strongly dampens the value dfVy/dn, over marine environments (Table 4). This highlights the
diverse contribution of each aerosol modefp, namely, the crucial importance of accumulation
and coarse mode in determining the magnitudégf /dn.,.

The higher sensitivity to aerosol number as expressed by Fcuggest 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 shaxtercloud forcing are larger for ARG
than for FN or FN-IL. This apparent inconsistency is resdlg realizing thatd Ny /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 coneditn. For
instance, condensation of sulfate or SOA on an aerosol ptpaolwill cause the hygroscopicity and
the volume of the aerosol to increase, without significadlisgngingn,. This suggests that the use
of Eq. (3) as a metric for the strength of aerosol cloud irtéoas does not capture the concurrent
changes in CCN activity that are associated with increaggdascopicity and size. In this regard,
the different value of these sensitivities are importantnderstanding the simulatéd, fields with

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

The increase in aerosol emissions between PD and Pl timesdtamly changed the total mass
and number of atmospheric aerosol, but has also modifieché@mical composition. Due to the
heterogeneity of aerosol precursor sources changes is@doad and chemical composition have
a marked regional imprint. For instance, the marked ine@asnthropogenic sulfate aerosol over
most continental areas of the Northern Hemisphere prochatemnly a much larger number concen-
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 @tixvith the sulfate aerosol outflow from
continents.

The information provided by the adjoint sensitivities alfothe apportionment of changesiiy
due to specific changes in either,, <., Or v,,, and to do so in a spatially-resolved manriiris
appertionments-achievedsy-The approachwe proposeto achievethis apportionmentonsistsof
combining the change in aerosol numken,,, aerosol volumeAw,, (proportional to the aerosol
mass concentration changes), and mode hygroscoploiy, between PD and Pl simulations, with

the adjoint sensitivity fields using a first order approxiimati.e.,

ANq)y, = 5—AX; (4)
( X 8XJ J

In this expressiorit is assumedhatthefirst orderderivativeO N4 /0y ; doesnotchangeconsiderabl
for PD andPI conditions.Eventhoughsmalldifferencesxistin the sensitivitycomputedat PD and

Pl conditionsthemagnitudeof AN4 from Eq.(4)is largelycontrolledby thevariationin theaerosol
propertyAy;. Figure 4 shows the estimated changéVinbetween Pl and PD simulations that can

be attributed to changes in the numP&rN,),,., volume(ANy),,, and hygroscopicCity(ANqg)., ,
of accumulation mode aerosol using Eq. (#pr this calculation,the sensitivity was computedat
present-dayThis analysis shows a negligible contribution from fine andree modes ta N4 and
is therefore not shown.

From Fig. 4 it is clear that the dominant contributorAdVy is the accumulation mode aerosol
number, with a strong signal over continental regions. Tagial patterns and intensity of this field
are very similar across parameterizations. Large ared®eajlobe exhibit a negatiié\ Ny )., , par-
ticularly over North America, and over the British Islands,is also seen in Fig. 1. Sind&4/0n.,
for accumulation mode aerosol is always positive, this cdn must be associated with a decrease
in n,, from pre-industrial times over those areas. This trend even though aerosol mass con-
centration has not decreased over those areas, suppdrindea that this is due to a decrease in
primary emitted particles (Wang et al., 201Thisisfurtherdiscussednr-Seet??—

After An,, the next largest contributor tA Ny is Awv,, i.e., the change in total aerosol volume

(Fig. 4b, e, h and k). This field is also heavily concentratedreas dominated by biomass burning

10
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(e.g., Central Africa) and sulfate aerosol (e.g., EuropeitiSeast Asia and North America).
Unraveling the contributions of aerosol parametera\t¥y from different variables casts light
on the diverging parameterization response over specgioms. Figure 4e, h, b and k, show that
(ANg),, has amarkedlydifferent response for AR@dFN-/ARGo andFN/EN-IL parameteriza-
tions. Over continental areas, when ARG or AR@re used(ANy),, is much higher as compared
with simulations with either FN or FN-IL. This is in fact a ceggquence of the two-fold stronger
sensitivity of Vg to d, exhibited by ARGandARGa. This markedly stronger sensitivity tQ,, is
magnified in regions were aerosol changes are dominatediolecsible species, and largely explain
the higherVg andA N4 over Southeast Asia observed in Fig. 1. This region is paeity important
in controlling the strength of the AIE, particularly thrduthe impact it has on liquid water path.
Figure 4c, f, i and | showWANy),., for the different parameterizations, indicating that cleah

composition effects represent a weak contributiont; from pre-industrial times.

3.3.1 SensitvityefCBNCtePOMburder

3.4 Sensitivity of CDNC to hygroscopicity parameter of organic aerosol

AN, P Ona, ONg Oka, ONg Ova, ONg

- adj adj adj
deOM - 8mp0M 3nai ) 8mp0M 8Iﬁtai ) 8mp0M 61)ai —]
(2

11
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1 T 33 2 -1
~ppomEdgeexp (4.5In" oge) 1
Ompom 69
OFa, _ (rpom—Ka,)
amPOM Vaq PPOM
OVa, _
amPOM PPOM

FheadjointeftheactivationThe adjointof the activationscheme can be used to estimate the enve-

lope of uncertainty inVy associated with parametric uncertainty. We focus here emyigroscop-

icity parameter of organic aerosol species, and estimatgebgraphic imprint of its uncertainty on

Ngq. The first-order derivative a4 with respect tos,, of any species can be calculated from Eq. (1)

12
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Then, the uncertainty iV4 associated te,, can be estimated, to first order, as

AN

(6Nd),{a ~ %

OKa (6)

wheredx,, is the uncertainty in,. The assumed hygroscopicity of SOA and POMxgf,=0.14
and kpom= 0.1 respectively (Table 1), however, there is a wide range afegkeported for these
parameters in the literature (e.g., Lathem et al., 2013}. application of Eq. (6) we investigated
the impact on CDNC of a&50 % uncertaintyrangein «.. This uncertaintyrangehasbeenutilized
in previousmodelingstudies(e.g., Liu and Wang, 2010)The resulting fields (Fig. 5) indicate the
regions were the uncertainty of the assumed hygroscogaitgrganic matter impacts the CDNC
the most.

For SOA, the annual-average percent CDNC uncertainty wis®%ver continents for PD, and
7.8 % forPta-Pl simulations. The percentages are negligible over oceagioms averaging less
than 0.5% in all cases. For the PD simulations, the unceytaam be as large as 15 % over conti-
nents, while foitaPl it can be up to 30 % over the boreal forests owning to the laogeribution
of organics to aerosol volume in pre-industrial conditiombe uncertainty associated with the hy-
groscopicity of POM is smaller compared to that of SOA, witinaal-average CDNC uncertainty
over continents of 2.5 % (3.5 %) for the PBH&PI) simulation, while reaching a maximum of 16 %
(22 %) for the corresponding PBePI) simulations. These results agree qualitatively with prev
ous work focused on CCN uncertainty associated with pesthgarametric values (Liu 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 withmthdified hygroscopicity. For
instance, an increase (decrease) in hygroscopicity migbtiacrease (decrease) the rate of wet
removal, reducing (augmenting) the total aerosol burdehteving a corresponding impact on
CDNC. Therefore the uncertainties presented here are & lippt for ON4/kq.

4 Summary and conclusions

The sensitivity of cloud droplet number concentration taael properties was evaluated in a state-
of-the-art GCM by using an adjoint sensitivity approach. oTleommonly used parameterization
frameworks, the ARG (Abdul-Razzak and Ghan, 2000) and FNirfkeukis and Nenes, 2005),
were tested and compared within the CAM5.1 GCM. All the patamzations considered here
showed a consistent sensitivity to accumulation mode aérmsnber for both, marine and conti-

nental aerosol. Furthermore, these sensitivities agedthin +10% when compared to detailed
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numerical simulations of the activation process. Oveth®, parameterizations also showed con-
sistent responses to the updraft velocity. Both this véggmbeing central in the determination of
Na.

Inconsistent responses

modeaerosolpropertieswere found acrossparameterizationganging from areverepresentation
overrepresentatioof the water depletion of coarse mode particles in AR® a lack of sensitivity

to large particles in FN. The FN-IL, which includes the watgtake by inertially limited CCN,
captures the sensitivity to coarse mode aerosol more getyithan the other schemes considered
in this study. Although not a significant contributorig,, the large amount of water vapor depleted
by the coarse mode particles can modulate the magnitudeéVefdn,. In fact, the consistently
lower N4 over oceans predicted by ARGcompared to FN and FN-IL is due to the large sensitivity
to coarse mode particlesdeweverthe-The diverse response observed across parameterizations
implies that a physically consistent representation ofsmanode aerosol remains a challenge for
activation parameterizatiopstthougha-. A recently developed modification of FN addresses this

issuealtegetheby usingan approximatiorspecificallydesignedo correctly determinethe rate of
wateruptakeby thelargestparticlesin theaerosobopulation(Morales and Nenes, submitted).

Although great emphasis in the literature has been placezhsuring that activation parameter-
izations capturel N4 /dn, consistently, our study suggests that sensitivity to a#nmsmber alone
does not capture the full extent of aerosol indirect effeatal does not explain the differences in
N4 fields produced with thesparameterizaitermarameterizationsWe found that the sensitivity
of Nq to the geometric mean diametel, , was on average twofold higher for ARG compared to
FN and FN-IL. This sensitivity difference accounts for thaah largerNg concentration predicted
with ARG over heavily polluted environments. This is particularbtineable over Southeast Asia,
region that also has very deep clouds. Therefore, largeases inVy over that region have a pro-
found impact on LWP, and therefore over shortwave cloudifigrcThese two factors, i.e., the large
change inVq4 that induces a large change in LWP over Southeast Asia, thigiia continent and
the North Pacific have been shown to control the strenghteirttiirect effects on CAM to a large
extent (Wang et al., 2011).

The sensitivity analysis reaffirms the well-known impodeamf accumulation mode aerosol num-
ber concentration in controlling cloud droplet number aamtcations. It was found that the vari-
ables controlling the size distribution of aerosol conttéothe most to changes in CDNC between
present day and pre-industrial simulations. For the caritcommonly found in stratiform clouds
simulated by CAM, aerosol number and size plays a much maopeitant role than the chemical
composition of the aerosol. However, the disproportiolydsgge impact of coarse mode particles
in modulating the overall sensitivity to aerosol changagyarticular 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
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aerosol species t&/4. The large impact of primary organic matter (POM) in corlingl accumu-
lation mode number concentration was shown to also corfteohtagnitude of the changes Wy
over large areas of the planet. This indicates that givein tomsiderable impact on both, aerosol
and CDNC, efforts should be made to constrain the unceytanemission sizes for this primary
particles.

Computation of the regional distribution &fy sensitivities to aerosol size distribution, chemical
composition, and dynamic parameters is an important stepderstanding the relative contribution
of aerosol parameters to CDNC variability. We demonstraite ising the adjoint-sensitivities to
attribute the contribution from differerectersaerosolpropertiesto the change inVy between
present day and pre-industrial simulations. Not surpgigirchanges in aerosol number, to a large
extent control the changes ¥y, followed by change in mass, and to a lesser extent, chandks i
hygroscopicity of aerosofFhepewerfutandOverall, the computationally inexpensive information

from adjoint analysiseadste-anunprecedentedas shownto improveour understanding of what
causes differences in model responses from each activatimme.

Appendix A  Adjoint development

The method to compute the number of activated cloud drgphétsin both parameterizations con-
sidered here involves two conceptual steps. The first stédpeisomputation of the CCN spectrum,
i.e., the cumulative number of particles with critical stgaguration less than a given valsieThe
second step consists of determining the maximum supeasiatoysmax, 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 fiegh & achieved by mapping the
aerosol size distribution and chemical composition onfeessaturation space (e.g., Fountoukis and
Nenes, 2005; Karydis et al., 2012b), i.e.,

Noon(s) = 3" [1 - erf(u(s) (A1)
where (/)
2In(sm,/s

wi= 3\/§1nagi (A2)

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

parameters;, sy, = %7 (3%{%)3/2. Equations (A1) and (A2) consider only Kdhler theory for
computation of CCN. The impact of water adsorption onto lmsie 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 thersaperation tendency in the ascending air
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parcel, which can be written as,
dq aw
— - A3
(dt ) smae Y (A9

Equation (A3) expresses the moment whefg, is attained in the parcel where the production and
depletion of water vapor attained in the ascending air pagée balance. Production is due to the
adiabatic expansion cooling provided by the cloud updeaft/~, and the depletion of supersatura-
tion by condensation on the growing dropléisg/dt). Oncesmax is determined from Eq. (A3), the
number of activated droplets is given by the CCN spectrauenatl ats = smax,

N4 = Ncen(Smax) (A4)

The two parameterizations differ in the approximations enadthe solution of Eq. (A3). An
in-depth analysis of these assumptions can be found in Gten(€011). 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 brifgs (A3) to a form where an iterative

numerical solution can be found fefax.
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 parameterizationwohidr 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 Eq. (A3), the computation of the sensitivities habéoachieved by performing a line-by-line
differentiation of the numerical routines. Karydis et &012b) used the automatic differentiation
software TAPENADE to construct the routines necessary fiicient computation of derivatives.
The FN-adjoint built with this procedure, yields the set efsitivities of Vg with analytical pre-
cision, and the computational cost of the computation is resstamt multiple, independent of the

number of input parameters, of the cost of compufi\ag
A2 ARG and ARG« parameterizations

The ARG droplet activation parameterization (Abdul-Rézetal., 1998; Abdul-Razzak and Ghan,
2000) computes the maximum supersaturatigiy, and droplet number concentratia¥y, explic-
ity as a function of the updraft velocity, the aerosol size distribution parameters,andd,, , n.,,

and chemical composition of the aerosol, represented,hyin this parameterizationsmax is given

by,
—1/2
Nom 1 <1 3/2 512111 3/4
Smax_{ZSTm lflz(a) +f27i<77i+3<i> (A5)

K2
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wheref; ; andf, ; 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¢/h
explicit function of the input variables, it is amenable the calculation of analytical expressions
for its derivatives. In this section we follow the approaé¢iRessman et al. (2004), and expand these

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

8Nd 8NCCN 8u1 < Na. >
—d= Ll A6
Ix;  Oxy Z ox; (A%

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
ow 3smax(lnagi) ow (A7a)
ou; \/§ 1 OSmax
Dt =— 3Smax(lnagi’) e, (A7b)
Ju; . \/5 —1( Smax OSmax
aﬂaj o Smax(lnagi) (2"% Oij 8’%]' (A7c)
ou; \/5 _1{ 35max O5max
=— Ino,. )~ * i A7d
Iy, o M5 ( 2dy, "7 ad,, (A7d)
ou; \/§ _ 3Smaxtli 0Smax
=7 —(lnog,)™"! 8ij+ A7e
Bagj 35max( nog,) < \/§Ugi ity Oe, ( )
whered;; =0 for i # j, andd;; = 1 for i = j. Defining the following functions,
¢ 3/2
: _f“(;_) (e
2 3/4
i A8b
— s () (Ab)
the gradient okmax can be written as,
asmax 3 Smax 1 39 M+
ow 4 w Xl: s2,. i+ 4 n;+3¢ (A93)
OSmax _ 3 S?nax i
ona., _4nai 52, Fi + 5771—1-3(1 (A9D)
aSmax o 1 S%ax gl
Oka, 2K, 52 (kﬁ_ Z) (A9c)
= Jmax(g 4 2 A9d
9dy, 24, 2, (k) (ASd)
OSmax o Sﬁwaxln(agi) 9i
Doy, 204, 52, (kz—’— 4) (A%€)
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A2.1 Extension of ARG and its derivatives to account for noneontinuum effects

Ghan et al. (2011) extended the ARG parameterization toextdor 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)

Gy = Go—ePorTe)
*"G(Dpe, 1)

(A10)
whereG) is the mass transfer coefficient for the continuum regintechis usedn thedefaultARG
parameterizatiorandG(z,a.) is the size dependent mass transfer coefficient (e.g., Rolygp and
Klett, 1997). Dy, is the critical wet diameter correspondingdg. FromEg. (A10) it canbeseen
thatfor a. =1, G; = Gy, andthereforeARGa is identicalto ARG for thatcase. 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€hgatives 0ofsmax
are as follows:

OSmax 1 83 gi 3V, 3gi mi+Gi
OFa, 2ka, 52, ( + 4)+ 16 * 4 n; 43¢ ( 3)
OSmax 3 Sﬁwax 9i 3V, 39 M+

_ ki 4+ 2 k4 =2 Allb
0dy,  2dy 52, (it )+ (et 713G (AL1b)

This extension also allows for the calculation of the séngés of syax and N4 to the mass accom-

modation coefficienty.. The corresponding sensitivities are given by

8Smax 3 5r3nax TZ 391 771+<z
=—— = ki+— Al2
Do 16 a. zl: 52, + 4 n;+3¢ (A12)
and,
ou; \/5 1 O5max
Joe —3S—max(1n0gi) D (A13)
The coefficients; and¥; are defined as:
Go
\I/i = KZGZ(DPC,L ,OLC) 1-— Oéca (A14)
and
Ti = KlGl (Dpci ,Oéc) (A15)
where the functiork; is a temperature dependent coefficient given by
2w RT (21 My \ /?
= 2Pl T (A16)
esMy e Dy, RT
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In the previous expressidhi 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 idticed in Appendix A have been
extensively tested by comparing them against centralréiffiee 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¢sithis provides a method for validating
the physical consistency of the parameterization-desesgitivities.

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

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

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

1 Xem

)
Xparam

(B1)

wherexpm and xparam are the parcel model and parameterization derived valug fesspectively.
This analysis reveals that the accuracy of the derivativesutbtes widely across the different vari-
ables considered. Among those sensitivities that areraetfgured 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 within30% error. Similarly, all parameterizations captu¥g within
a+20% margin, with ARGy and FN-IL slightly underestimatingyy while FN shows the opposite
trend, biasingVq ~ 10% high. Table 5 reflects that the largest errors are encouhferecoarse
mode particles, with sensitivity a¥y to Aitken and accumulation mode have overall smaller biases
than those of coarse mode characteristics.

It is apparent from this analysis that the largest discrefggnamongst parameterizations occur
precisely for coarse mode characteristics. For instaramsitivity of Ny to coarse mode aerosol
characteristics is overpredicted 8§0 — —500% for ARGc, while FN-IL reduces this overprediction
to ~ 100%. On the other hand, the lack of responsiveness p€omputed with FN to perturbations
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in coarse mode aerosol is made clear from the relative efridid% + 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 charactesisdiillustrated 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,thatbias 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
ON4/0k,, andON4/0d,, suggests that the parameterizations are not accuratelyroapthe de-

pendency ofVy on those variables.
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Table 1. Aerosol species and size distribution parameters in MAM&uss input for the cloud droplet num-

ber activation parameterizationd,,, is the geometric mean diametem{)) ando,, the geometric standard
deviation for each mode™ Liu et al. (2012).

Aerosol Mode Aerosol Species  Hygroscopicity — Densityr,, ds,-range

Ka (gem™?) (Hm)

Accumulation  Sulfate 0.507 1.77 1.8 0.053-0.44

POM 0.10 1.00

SOA 0.14 1.00

Black Carbon k10710 1.70

Sea Salt 1.160 1.90

Dust 0.068 2.60
Aitken Sulfate 0.507 1.77 1.6 0.0087-0.052

SOA 0.14 1.00

Sea Salt 1.160 1.90
Coarse Sulfate 0.507 1.77 1.8 1.0-4.0

Sea Salt 1.160 1.90

Dust 0.068 2.60

Table 2. Summary of simulations.
Experiment ID Activation Parameterization Aerosol  Accoouation
Emissions Coefficient

ARG-PD Abdul-Razzak and Ghan (2000) Year 2000 N/A
ARG-PBARG-PI Abdul-Razzak and Ghan (2000) Year 1850 N/A
ARGa-PD Ghan et al. (2011) Year 2000 «a.=0.1
ARGo-Pta-Pl Ghan et al. (2011) Year 1850 a.=0.1
FN-PD Fountoukis and Nenes (2005) Year 2000 a.=0.1
FN-PlaFEN-PI Fountoukis and Nenes (2005) Year 1850 a.=0.1
FN-IL-PD Barahona et al. (2010) Year 2000 «.=0.1
FN-H=—PlaEN-IL-PI  Barahona et al. (2010) Year 1850 a.=0.1
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Fig. 1. Annual mean in-cloud droplet number concentratidi, (in cm®cm™?), at the 93@nb pressure level
predicted for(a) ARGa-PD, (b) FN-PD, and(c) FN-IL-PD. The lower panels show the difference(is N4)
between present day (PD) and pre-industrial emissions (PI)
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Fig. 2. Annual mean sensitivity to aerosol number concentratldfy /On.,. (a—c) Aitken, Accumulation,
and Coarse modes in the ARG-PD simulati@if) ARGa-PD simulation(g—i) FN-PD simulation, andj—I)
FN-IL-PD simulation.
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Table 3. Annual global mean for selected radiation parameters andigbroperties, namely: shortwave cloud
forcing (SWCF), longwave cloud forcing (LWCF), liquid andei water path (LWP and IWP respectively),
total precipitation (PRECT), and column droplet numberasoration (CDNUMC). The difference of these
variables between PD and PI simulations, as well as for tta ¢toud forcing ACF= A(SWCF+ LWCF),
and the cloud top effective radidsre.

ARG ARG« FN FN-IL
PD PI PD Pl PD PI PD Pl
SWCF Wm™2) —-51.85 —-49.86 -53.38 -51.13 -54.05 -52.00 -53.71 -51.70
LWCF (Wm™2) 24.15 23.80 24.13 23.79 24.18 23.82 24.18 23.76
LWP (gm~2) 44.38 40.73 47.26 42.82 47.77 43.57 47.37 43.45
IWP (gm~2) 17.81 17.76 17.68 17.65 17.74 17.55 17.74 17.55

PRECT (nmday 1) 2.96 2.98 2.97 2.99 2.97 2.99 2.97 2.99
CDNUMC (10'°m~2) 1.33 0.96 1.85 1.30 1.83 1.28 1.67 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 42.6 42.7 39.0
ALWP (%) 8.97 10.38 9.63 9.00
Are (%) —2.2 -3.7 —41 -3.9

Table 4. Annual mean sensitivities computed for the PD simulatioRgelds are reported for the 93@b
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
ONa/0n,, (=) Accumulation  0.26 0.43 0.38 0.27  0.49 043 024 046 040
Coarse —26.7 —10.6 —15.3 0.40 0.54 0.50 —-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 7.92 841  10.62 9.96 7.29 9.23 8.66
ONy/0k,, (cm™3) Accumulation  67.6 6.68 21.0 814 949 308 786 855  29.15
Coarse —-9.0 —2.4 —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 4319
ONq/ddg, (cm~?um~"') Accumulation 1125 167.3 449.5 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/Ow (cm3m~1's) - 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 forNa, smax, and the adjoint-sensitivitie3N4 /0x;, computed with the adjoint of the
activation parameterizations, as compared against noatgrarcel model values. Reported values correspond

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

Sensitivity  Aerosol Mode ARG FN FN-IL

Ny —18.14+9.7% 81x7.7% —-10.54+6.2%

Smax —42.3+13%  314+22.2% —24+6.7%
Aitken —93+38%  56+81%  —57++6:6-—57+16.6%

ONq/0n,, Accumulation  10.6+24% 3.5+18%  —84+204—8.1420.4%
Coarse —5094+838% 210+225% -93+131%

dNy/dn, —15.6+88% +9.3+19% —19.44+15%
Aitken —T744+18% 27+£53% —48+20%

ONq/0k,, Accumulation 190+345%  1014+223% 101£223%
Coarse —-3004£223%  100+£0% —59+51%
Aitken —74+18% 27+53% —424+20%

ONq/0ds, Accumulation 191+348%  96+£216% 96+216%
Coarse —2974214% 100£0% —64+£52%

ONg /0w —27.7+£37% 5.8423% 8.5+81%

ARG - Aitken

ARG - Accumulation

-15(-10C -5¢C O 50 100 150

Fig. 3. Same as Fig. 2 but for aerosol hygroscopiéty, /Oka, (in cm™?).
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Fig. 4. Change in number of activated cloud dropletsdin—3) attributable to changes in accumulation mode
aerosol properties(a—c) § Nq due to change in aerosol numk@j), 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, afjél) are simulations with FN- IL.
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Fig. 5. Estimated percent uncertainty &fy due to at-50 % uncertainty in the hygroscopicity parameter of SOA
for: (2) ARGa-PD, (b) ARGa-PHaPl, () FN-PD, (d) FN-PHEN-PI, (€) FN-IL-PD, (f) FN-H—PtaFN-IL-PI.
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Fig. 6. Comparison between the sensitivity to hygroscopicity foarse mode aerosahNg /Oka, (cm™?),
computed with detailed parcel model simulations g@: ARG, (b) FN, (¢) FN-IL.
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