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Abstract. Aerosol indirect effects in climate models strongly ing is amplified through liquid water path changes. The same
depend on the representation of the aerosol activation proframework is also utilized to efficiently explore droplet num-
cess. In this study, we assess the process-level differencd®er uncertainty attributable to hygroscopicity parameter of
across activation parameterizations that contribute to droplebrganic aerosol (primary and secondary). Comparisons be-
number uncertainty by using the adjoints of tAddul- tween the parameterization-derived sensitivities of droplet
Razzak and Gha(2000 andFountoukis and Neng2009 number against predictions with detailed numerical simula-
droplet activation parameterizations in the framework of thetions of the activation process were performed to validate the
Community Atmospheric Model version 5.1 (CAM5.1). The physical consistency of the adjoint sensitivities.
adjoint sensitivities ofNg to relevant input parameters are
used to (i) unravel the spatially resolved contribution of
aerosol number, mass, and chemical composition to changes
in Ng between present-day and pre-industrial simulations and.  Introduction
(ii) identify the key variables responsible for the differences
in Ny fields and aerosol indirect effect estimates when dif- The impact of atmospheric aerosols on the energy budget of
ferent activation schemes are used within the same modthe earth and on cloud microphysical properties is a major
eling framework. The sensitivities are computed online atcontributor to climate prediction uncertainty and estimates of
minimal computational cost. Changes in aerosol number an@nthropogenic climate changktergovernmental Panel on
aerosol mass concentrations were found to contributésto  Climate Change2007). Due in part to the computational
differences much more strongly than chemical compositioncomplexity of the models used for climate projections, quan-
effects. The main sources of discrepancy between the actitification of uncertainty has often been reported in terms of
vation parameterizations considered were the treatment ofodel diversity (e.g.Kinne et al, 2006 Quaas et a).2009
the water uptake by coarse mode particles, and the sensMyhre et al, 2013, rather than by analyzing the uncertainty
tivity of the parameterizedvq accumulation mode aerosol associated with specific parameters and processes. This ap-
geometric mean diameter. These two factors explain the difproach, although useful, does not always allow the identifica-
ferent predictions ofVy over land and over oceans when tion of the process-level differences causing these discrepan-
these parameterizations are employed. Discrepancies in thegies. As a result, the identification of the specific parameters
sensitivity to aerosol size are responsible for an exaggerand processes that contribute the most to the uncertainty in
ated response to aerosol volume changes over heavily pobimulated aerosol—cloud interactions remains elusive.
luted regions. Because these regions are collocated with ar- Atmospheric aerosols can influence the planetary radiative
eas of deep clouds, their impact on shortwave cloud forc-balance by scattering and absorbing light or by modifying the
optical properties of clouds by serving as nuclei for cloud
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droplets and ice crystals. The latter is knownaasosol in-  used similar approaches to asses the importance of the as-
direct effect(AIE). In order to make quantitative estimates sumed split between primary and secondary organic emis-
of AIE in global circulation models, it is necessary to realis- sions (e.g.Trivitayanurak and Adam2014.

tically represent both the availability of atmospheric aerosol Another approach used to assess the problem of uncer-
that can act as cloud condensation nuclei (CCN) as well asainty in aerosol-cloud interactions consists of running an
the activation process by which a subset of CCN activate inteensemble of simulations with perturbed parameters to con-
cloud droplets. struct a Bayesian process emulator (eLge et al, 2011).

Because the ability of an aerosol particle to act as a CCNThis approach has been explored in variance-based sensitiv-
depends strongly on its size and chemical composition (e.g.ity analyses to establish a hierarchy of parameters based on
McFiggans et al.2006, accurately simulating the avail- their contribution to CCN number uncertainty using a chem-
ability of CCN requires knowledge of the aerosol size dis- ical transport model with detailed aerosol microphysics (e.g.,
tribution and the mixing state of the different species in Lee et al, 2012 20133. These studies have shown that pa-
the aerosol phase. For this reason, state-of-the-art climateameters related to emissions carry a large proportion of the
models include either modal or sectional representations ofincertainty in CCN concentrationkee et al, 20133, since
aerosol size distributions, and have conservation equationese parameters have a direct impact on the CCN popula-
for the number and mass concentration for the main aerosdion. The statistical approach has also been used in a GCM
species, including sulfate, sea salt, dust, and carbonaceodisamework to evaluate the impact of aerosol parameter in the
aerosols (e.g.Stier et al, 2005 Dentener et a).2011 Liu radiative budget at the top of the atmosphefbgo et al.
etal, 2012. Inclusion of detailed aerosol modules, which al- 2013. These studies have pointed out the importance of ac-
lows a more physically consistent description of atmosphericcurate emission inventories as well as the parameters describ-
aerosols, has increased the computational burden of climatimg emission size distributions and the hygroscopicity of or-
models and introduced more, sometimes uncertain, paranganic species. Nevertheless, this approach requires a large
eters to describe the extra processes. For instance, aerosuimber of model integrations to build an accurate emula-
species that are emitted directly, such as black carbon (BC)or within a given parameter space, with the number of runs
primary organic matter (POM) or sulfate aerosol, for which growing together with the dimensionality of the parameter
emission inventories provide their mass fluxes to the atmo-space.
sphere, require information on the size distribution of the However, the availability of CCN alone is not enough to
emitted particles. The assumed distribution, which is oftendescribe the link between aerosol properties and cloud mi-
uncertain or unknown, largely controls the number concen-crophysics, and is therefore insufficient to compute AIE es-
tration of emitted particles, playing an important role on the timates. Aerosol activation is a dynamical process that in-
simulated CCN concentrations (e.d\dams and Seinfeld volves the competition between the sink of water vapor (rep-
2003 Pierce and Adam<2009. resented by the CCN availability) as well as the dynamical

The incorporation of carbonaceous aerosols and their inforcing provided by cloud-scale vertical motions. Both these
clusion in AIE estimates has been an important part of Globafactors are necessary to compute the cloud droplet number
Climate Model (GCM) development. Owing to the plethora concentration. Several physically based activation schemes
of compounds involved in the makeup of organic aerosols,are used in climate models (e.@\bdul-Razzak and Ghan
the parameters describing their hygroscopicity are less welP00Q Fountoukis and Neng2005 Ming et al, 2006 Ship-
constrained than those of inorganic aerosol spedlett€rs  way and Abel2010. These schemes require the knowledge
and Kreidenweis2007). Uncertainty in these parameters can of the CCN availability at a given water supersaturation
affect AIE estimates, since organic species are known to conwhich can be determined from the aerosol size distribution
tribute an important fraction of atmospheric aerosols and carand chemical composition. Different activation parameteri-
affect the number concentration and hygroscopicity of ac-zations implemented in the same modeling framework can
cumulation mode aerosol (e.dNpvakov and Pennefi993 produce important differences in the radiative forcing even
Jimenez et al.2009. Overall, the apportionment of uncer- when the physics they represent are very simiign et al.
tainty is sometimes obscured by the increased complexity oR011). The uncertainty associated with the activation scheme
climate models with detailed aerosol—cloud interactions.  used should also be evaluated and quantified.

A variety of methods to assess the problem of uncertainty The adjoint sensitivity approach is an efficient method to
in CCN number have been employed. Evaluation of the im-investigate process sensitivity to input parameters in com-
pact of parametric uncertainty in climate model simulationsplex models. The method involves the construction of nu-
has been typically done by performing model integrationsmerical routines that compute, with analytical precision, the
with one parametric value perturbed to then do a finite dif-first-order derivative of a process parameterization with re-
ference computation. Such an approach has been used, fgpect to a set of input variables. The computation of sensi-
example, to quantify the sensitivity of CCN and cloud droplet tivities is achieved without the need of invoking the subrou-
number (CDNC) to the assumed hygroscopicity of secondarytine several times to perform finite difference computations.
organic aerosoll(u and Wang 2010. Many studies have The adjoint-sensitivity approach has been recently used in
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different applications involving aerosol activation schemes.concentrations) and mode diamete/§;) for each mode
Karydis et al.(20123 used the adjoint approach to compute are allowed to vary to accommodate the corresponding mass.
the impact of aerosol precursor emissions on cloud dropleCharacteristics of the MAM3 aerosol are summarized in Ta-
number (CDNC) over North America using the GEOS-Chemble 1. The cloud-scale vertical velocity used to drive the acti-
chemical transport modebaide et al(2012 used the adjoint  vation process is computed from the turbulent kinetic energy,
of an activa_tion sch_eme in the WRF _model, coupled With T a5y = %TKE. Lower and upper bounds ofDms
satellite-derived retrievals of CDNC to infer aerosol concen- 1 _ . .
trations below clouds, inaccessible to satellite sensors. To od?nd 10ms* respectively are imposed an The aerosol di-

knowledge, this tool has yet to be implemented in a Gemrect and indirect effects using the default configuration of
framewogrk y P MAM3 have been studied in detail bghan et al.(2012.

Here we report the implementation of the adjoint sensitiv- 1 "€ aerosol in CAM interacts with stratiform clouds using

ities of commonly used, physically based activation parame—the double moment cloud microphysics schem#ofrison

terizations in the Community Atmosphere Model version 5.1 and Gettelmarf2008. The aerosol activation process is the

(CAMS5.1). We compare the sensitivity of droplet number to source term for the grid-box CDNC equation balance. The

aerosol characteristics to determine the variables res;pons]c-raCtlon of aerosols activated into cloud droplets can be re-

ble for the discrepancies in CDNC among the parameteri-moved by wet ;cavenging or regenera}ted to the interstitial
zations considered here. The information provided by first-""e_T_?]SOI _poplulgtlon aftelzr cloud evgaoratlon. btained by i
order derivatives is also used to elucidate the spatially re- 1 1€ Simulation results reported here were obtained by in-

solved impact of parametric uncertainty, illustrated here withtegrating the model for a period of 6yr, using climatolog-

the hygroscopicity of secondary and primary organic aerosol.'zcg(lj Oseé surfﬁce temperature (SST). correr? pondlmg to yearl
The paper is organized as follows. In the first section, we - Greenhouse gases concentrations where also setto val-

describe the implementation of the adjoint sensitivities in theU€S corresponding to year 2000. Annual and seasonal aver-

CAM-5.1 AGCM. The second section studies the different 29€S correspond to the last 5yr of integration, with the first
responses of the FN-adjoint and ARG-adjoint under identi-year discarded as spin-up. Simulgtions were performed Wi_th
cal model conditions, and identifies the underlying cause foPr€Sent-day (year 2000) and pre-industrial (year 1850) emis-

their divergent response. The final two sections are devoted tglons ?f aerc;sols, aerosol pr?cz%rior;, and atmlogph(_erlc oxI-
the application of the adjoint in the quantification of organic ants from the.amarque et al(2019 inventory. Injection

aerosol parametric uncertainty, by exploring the adjoint sen-_helghts and emission sizes folldwentener et ak200§. To

sitivity to the assumed hygroscopicity of secondary organic'SOI"ﬁe the '”_’pa"t O.f a_erosol load changes_between present-
aerosol (SOA) and POM. day and pre-industrial times, the concentration of greenhouse

gases was maintained at present-day levels.

o 2.2 Adjoint sensitivities of Ny to aerosol properties
2 Model framework description

We consider the sensitivity aVy to a set of 10 variables

2.1 AGCM simulations with CAMS5.1 which include the cloud-scale vertical velocity; aerosol

_ _ _ . number concentration per modg, ; the mode diameted, ;
Simulations were performed with the Community Atmo- gnd the hygroscopicity paramete,, for each of the three
sphere Model version 5.1 (CAMS5.1) atmospheric generaljognormal modes. The hygroscopicity parameter accounts
circulation model (AGCM). CAM is the atmospheric com- for the effect of the chemical composition in the water up-
ponent of the Community Earth System Model (CESM1.0), take ability of aerosol particles. Because each mode is as-
and is described in full detail ohttp://www.cesm.ucar.edu/ symed internally mixed, is given by the volume-weighted
models/cesm1.0/camiere we focus on the description of zyerage of the hygroscopicity parameter of each constituent

the physical processes most directly involved in the aerosol—species Petters and Kreidenweig007) (Tablel), i.e.,
cloud linkage.

The aerosol module of CAM5.1, which provides the Xa =Zva,i’<m 1)
aerosol characteristics necessary for the calculation of aci
droplet activation, is the three-mode version of the modalwhereu, ; is the volume fraction of speciesin theith mode.
aerosol module (MAM3) l(iu et al, 2012. This aerosol Greek subindices will be used throughout the manuscript to
module considers eight aerosol species (sulfate, ammoniunindicate aerosol constituents, while latin subindices are re-
nitrate, primary organic matter (POM), secondary organicserved for aerosol modes. The adjoint sensitivity of these
aerosol (SOA), black carbon, sea salt, and dust) partitionegharameterizations was implemented such that each call to
into three log-normally distributed modes (accumulation, the activation routine produce¥y, together with the set of
Aitken, and coarse modes). The species in each mode amderivativesd Ng/dx ;, to each of the 10 parameteys. Since
assumed to be internally mixed. The geometric standard dedy, is not an independent variable, but is computed from the
viation og, of each mode is prescribed, but aerosol numbervolume {5) and number concentration of each modg )X,
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Table 1. Aerosol species and size distribution parameters in MAM3 used as input for the cloud droplet number activation parameterizations.
dg; is the geometric mean diameter (um), agdthe geometric standard deviation for each modeu et al,, 2012).

Aerosol mode  Aerosol species  Hygroscopicity — Densityog, dg; range
Ka (gem3) (um)
Accumulation  Sulfate 0.507 1.77 1.8 0.053-0.44
POM 0.10 1.00
SOA 0.14 1.00
Black carbon x10°10 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

the adjoint sensitivities are expressed in terms of the inde3 Results
pendent variables,; andng alone.

The parameterizations considered in this study include twa3.1  Overview of the simulations
within the ARG parameterization frameworki{dul-Razzak
and Ghan200Q Ghan et al. 2011}, and two from within . Among the activation parameterizations included in this
the FN parameterization frameworkduntoukis and Nenes  syydy, ARGy, FN, and FN-IL include the effect of non-
2005 Barahona et 812010. We used the default activation  continuum effects in the condensation process through an
scheme used in CAMS.1, which is the ARG parameteriza-explicit dependence on the accommodation coefficiest,
tion (Abdul-Razzak and Gha000), and a revised version,  (pryppacher and Klet1997). For the simulations performed
ARG, that includes the effects of the mass accommodationyith those parameterizations, the valueagfwas set equal
coefficient in the condensation proce&han et al.2011). {5 0.1, which is within the observed range ef in various
When the mass accommodation coefficiend (s unity, the |ocations Raatikainen et al2013. Furthermore, it has been
ARGua parameterization reduces to the the default ARG pa-shown thatvy is not sensitive taxc in the range of 0.1 to

rameterization. Similarly, we used the FN activation scheme;  simulations with the ARG parameterization (equivalent to
(Fountoukis and Nene&003, and an updated version, FN- ARGy with o = 1) are included for reference, since this is
IL, that includes terms to better account for the water uptakehe activation scheme used in the release version of CAMS. 1.
by inertially limited CCN Barahona et al2010. These pa- A summary of the model integrations performed is included
rameterizations are based on a similar set of physical princij, Taple2.
ples and assumption&fan et al.2011). Annual mean values for radiation and cloud parameters
There are methodological differences in the calculation of5re shown in Tablé. The strongest shortwave cloud forc-
the sensitivities for each parameterization framework. In thejng gifference between PD and Pl simulatiotsSWCF) is
case of ARG and ARG, sensitivities can be computed an- gpserved for simulations with ARG The largerASWCF
alytically, as shown byRissman et al(2004, and this is  associated with AR s likely due to the large difference in
the approach used in this work (see Appendix The FN  the global mean liquid water path.
and FN-IL parameterizations use instead a set of numerical The annual mean in-cloud droplet number concentrations,
routines to computeéVy, which prevents the use of explicit , for the fifth model layer (930 hPa) are shown in Fig.
equations. Therefore, efficient computation of the sensitivi-for the present-day simulation. This pressure level was cho-
ties in the FN framework required the development of & cor-sen pecause it has the largest liquid cloud cover, and is repre-
responding adjoint code. For this, we implemented the newlysentative of the results for the pressure levels in the column

developed adjoint sensitivity of the FN and FN-IKarydis it liquid clouds. Figurel also shows the change iNg

et al, 2012, which uses automatic differentiation software petween present-day and pre-industrial simulations. These

to build the necessary subroutines. maps exhibit the expected patterns of increased CDNC over
continental regions, with a particularly large increasevin
over Southeast Asia. The marked decrease in CDNC over
Southeast US, central South America, and northern Australia
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Fig. 1. Annual mean in-cloud droplet number concentrativg,(in cm3cm_3), at the 930 mb pressure level predicted @y ARG«-PD,
(b) FN-PD, andc) FN-IL-PD. The lower panels show the difference(iaNg) between present-day (PD) and pre-industrial emissions (P1).

Table 2. Summary of simulations.

Experiment ID  Activation parameterization Aerosol  Accommodation
emissions coefficient

ARG-PD Abdul-Razzak and Ghaf2000 Year 2000 N/A

ARG-PI Abdul-Razzak and Ghaf2000 Year 1850 N/A
ARGe-PD Ghan et al(201]) Year 2000 ac=0.1
ARGa-PI Ghan et al(201]) Year 1850 ac=0.1

FN-PD Fountoukis and Neng2009 Year 2000 ac=0.1

FN-PI Fountoukis and Neng2009 Year 1850 ac=0.1
FN-IL-PD Barahona et a(2010 Year 2000 ac=0.1
FN-IL-PI Barahona et a(2010 Year 1850 ac=0.1

has been observed in other studies, pointing to changes ithese differences across parameterizations will be further dis-
biomass burning emissions as the caar(g et al.2011). cussed in SecB.3

This feature arises from the emissions inventory used, in par-

ticular, the assumed size of the aerosol emitted, and has aB.2 Sensitivity of ARG/ARGa and FN/FN-IL schemes
important impact in both direct (e.d.ee et al, 20138 and in CAM

indirect effects (e.g.Wang et al. 2011, Bauer and Menan

2012. The sensitivitied Ng/d x; were computed at each time step

The Ny fields in Fig.1 show also some noticeable dif-
ferences across different parameterizations. Global mgan
produced with ARG is slightly larger than those for FN and

during model integration, and annual mean in-cloud sensi-
tivities summarized in Tablé. The spatial distribution of the
annual mean in-cloud sensitivity 8fj to aerosol number and

FN-IL, but droplet number concentrations over oceans showhygroscopicity parameter are shown in Figand3, respec-

the opposite trend, being lower for FN and FN-IL comparedtively.

to ARGa. For present-day aerosol emissions, simulations Sensitivity of Ny for the Aitken mode to bothz, and
with ARG« have more numerous and smaller cloud dropletsks, is negligible, indicating thatvy is only weakly depen-
over land than simulations with FN or FN-IL. This differ- dent on these parameters. This is expected, given that their
ence is especially noticeable over the heavily polluted regiorsize generally limits their contribution to the CCN concen-
of Southeast Asia. As a consequence, the annual mean clouthtion. Their size also limits the amount of water vapor they
droplet effective radiusge, in ARGa-PD is 3.5% smaller deplete during cloud formation, therefore only weakly im-
over continents when compared to FN-PD, while tkig pacting the maximum supersaturation. All the parameteriza-
is 10% larger over continents. This trend is reversed ovettions considered consistently reflect this. The spatial distribu-
oceanic regions, where the relative difference-dris 1%  tion and magnitude ogﬂ andj aNd for accumulation mode

larger for ARGy and Ny is 15% smaller. The reason for aerosol are also in good agreement across parameterizations
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Table 3. Annual global mean for selected radiation parameters and cloud properties: shortwave cloud forcing (SWCF), longwave cloud
forcing (LWCF), liquid and ice water path (LWP and IWP respectively), total precipitation (PRECT), and column droplet number con-
centration (CDNUMC). The difference of these variables between PD and Pl simulations, as well as for the total cloud\GFeiag

A(SWCF+ LWCF), and the cloud top effective radidsre.
ARG ARGw FN FN-IL
PD PI PD ] PD PI PD PI
SWCF (WnT2) —51.85 —49.86 -53.38 -51.13 —54.05 -52.00 -53.71 —51.70
LWCF (Wm~2) 2415 23.80 2413 2379 2418 2382 2418 23.76
LWP (gm2) 4438 4073 4726 4282 4777 4357  47.37 4345
IWP (gm~—2) 17.81 17.76  17.68 1765 17.74 1755 17.74 1755
PRECT (mmday?) 2.96 2.98 2.97 2.99 2.97 2.99 2.97 2.99
CDNUMC (1019m—2)  1.33 0.96 1.85 1.30 1.83 1.28 1.67 1.20
ASWCF (WnT2) —2.00 —2.24 —2.05 —2.01
ACF (Wm2) —1.65 —1.90 —-1.70 —1.60
ACDNUMC (%) 38.6 426 427 39.0
ALWP (%) 8.97 10.38 9.63 9.00
Are (%) -2.2 -37 -4.1 -39

Table 4. Annual mean sensitivities computed for the PD simulations. Fields are reported for the 930 mb 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 Q019 Q037 Q031 Q015 Q020 Q018
dNg/dng () Accumulation 026 043 038 027 049 043 024 046 040
Coarse —26.7 —10.6 —-153 0.40 054 050 -031 -015 -0.20
dNg/dna (-) - Q19 018 018 022 031 028 Q19 025 024
Aitken 9.06 819 792 841 1062 996 729 923 866
dNg/dka, (cm™3) Accumulation 676 6.68 210 814 949 308 786 855 2915
Coarse -9.0 —-24 —4.2 0.05 0001 Q016 —-2.03 -074 -111
Aitken 433.7 545.7 512.7 284.8 561.2 479.2 349 5077 4319
8Ng/ddg, (cm~3um~1)  Accumulation 1125 167.3 4495 4828 780  198.1 .866 6586 1837
Coarse 0.0006 0.00008 0.0002 0.008 0.0005 0.0030.75 -1.43 -1.23
dNg/ow (cm3m~1s) - 1945 637 1023 1858 6590 1012 1752 6907 1003

(Fig. 2b, e, h and k). As expected, sensitivity &f to this  than for the accumulation mode. An intermediate response
population is strong and always positive, since they fall inis found when the FN-IL is used instead. This parameteriza-
the size range most appropriate for CCN-active particles. tion, which differs from FN in the treatment of the inertially
Discrepancies between ARGFN, and FN-IL in the sen-  limited CCN population, exhibits an often negative response
sitivity of Ny to coarse mode aerosol number and hygroscopto coarse mode aerosol, indicating a more physically consis-
icity are evident (Figs2 and 3), showing not only differ-  tent treatment of the water vapor depletion by this aerosol
ent magnitudes but in some cases also opposite signs. Thepepulation. Careful validation of these sensitivities was per-
large discrepancies arise in the treatment adopted in eactormed by comparing them to detailed numerical simulations
scheme to describe the depletion of water vapor by the largesif the activation process (Appends). It was found that, of
particles in the aerosol population. all formulations considered, the sensitivity to coarse mode
From Table4 it is clear that ARG has the strongest neg- aerosol is, on average, better captured by the FN-IL parame-
ative sensitivity to coarse mode aerosol characteristics. Théerization.
large negative response in the AR@nplies that the overall The same arguments can be extended to the sensitivity of
impact onVg from the strong depletion of supersaturation by Ng to k5 anddg, of coarse mode particles. The weak water
coarse mode particles (which depressgs) largely offsets  vapor depletion of coarse particles in FN leads to a negligi-
any contribution from coarse particles to the CCN popula-ble impact of the coarse modg, anddy, on Ng (Table4).
tion. On the other extreme, FN appears to strongly underBoth ARGx and FN-IL, with a stronger depletion by coarse
estimate the water vapor depletion from coarse mode partimode particles, are more sensitive to increases in the wa-
cles; therefore, changes to coarse mode aerosol do not imer uptake ability of this aerosol population. In both cases,
pactsmax in @ measurable way, while their large size and low a marked negative response is observed, in particular in ar-
sc ensures their contribution to the droplet population. Thiseas where the coarse mode is dominated by dust, which has
is reflected in the sensitivity of FN to coarse mode aerosola very low hygroscopicity. The supersaturation depletion ef-
number, which is positive, and slightly larger in magnitude fect of coarse mode particles and their impacigrhas been
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Fig. 2. Annual mean sensitivity to aerosol number concentradivg/dng, . (a—c)Aitken, accumulation, and coarse modes in the ARG-PD
simulation,(d—f) ARGa-PD simulation{g—i) FN-PD simulation, an@i—|) FN-IL-PD simulation.

observed and discussed previously (€zdan et al.1998 in wherelng|? = > n2 The values of &y/dn, from the simu-
the framework of parcel model simulations, but the impact onlations indicate that aerosol activation over the vast majority
global distributions 0fVy had not been addressed before.  of oceanic regions occurs under the “aerosol-limited” regime
Table4 also indicates a marked discrepancy in the sensididentified byReutter et al(2009, mainly due to relatively
tivity of Ny to geometric mean diametérVy/ddg, , between  low aerosol loads.
ARGw and FN or FN-IL. In particular, for Aitken and accu-  The sensitivity from Eq.J) is larger in the FN-PD ex-
mulation mode this sensitivity is higher for ARGy a fac-  periment, with a global mean ofZB, than for simulations
tor of 2. Sincedy, is derived from the volume and the number performed with the ARG parameterization, which have
concentration for each mode, the derivativesvgfwith re- a global mean Ny/dny of 0.19, indicating a higher sensi-

spect tovg, are given by tivity to aerosol perturbations. This difference across param-
eterizations is largely explained by the negative sensitivity

dNg _ dg ONg 5 of ARGu to coarse mode particles, which strongly dampens

Wai 3vg, 3dgl 2) the value of &vg/dnay over marine environments (Tabfg.

This highlights the diverse contribution of each aerosol mode
Therefore, differences in the sensitivity to aerosol size di-to Ny, namely, the crucial importance of accumulation and
rectly impact the sensitivity to aerosol volume. coarse mode in determining the magnitude & ¢dn .

The overall sensitivity to aerosol numberyg/dn,, often The higher sensitivity to aerosol number as expressed by
used measure of the strength of the AIE (eQuaas et al.  EQq. (3) suggests that AIE should be stronger for simulations
2009, is also strongly affected by the above enhanced rewith FN and FN-IL compared to AR& However, a num-
sponse to coarse mode particles. We define this quantity alser of fields in Table3, including droplet number concentra-
the sensitivity ofNg to an overall increase in aerosol number tion and shortwave cloud forcing, are larger for A&R@an
that preserves the shape of the aerosol size distribution, i.e.for FN or FN-IL. This apparent inconsistency is resolved by

realizing that &/yq/dngy does not capture the total sensitiv-
% . % Ny 3) ity of CDNC to aerosol changes. In actuality, there are pro-
dng — dng |nal ’ cesses that cause an increasddrwithout involving a direct
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Fig. 3. Same as Fig2 but for aerosol hygroscopicityNg/d«a,; (in cm3).

change in aerosol number concentration. For instance, corBC, and dust). The opposite trend is observed in the hygro-
densation of sulfate or SOA on an aerosol population will scopicity of polluted marine aerosol as it is mixed with the
cause the hygroscopicity and the volume of the aerosol to insulfate aerosol outflow from continents.

crease, without significantly changing. This suggests that The information provided by the adjoint sensitivities al-
the use of Eq.3) as a metric for the strength of aerosol—cloud lows the apportionment of changes My due to specific
interactions does not capture the concurrent changes in CChanges in eithet,,, k5 0or vy, and doing so in a spatially
activity that are associated with increased hygroscopicity andesolved manner. The approach we propose to achieve this
size. In this regard, the different values of these sensitivitiesapportionment consists of combining the change in aerosol
are important in understanding the simulatégfields with number Ang, aerosol volumeAv, (proportional to the

different parameterizations. aerosol mass concentration changes), and mode hygroscop-
_ _ icity, Ak, between PD and PI simulations, with the adjoint
3.3 Unravel_mg mass,_number, and chemical sensitivity fields using a first-order approximation, i.e.,
composition contributions to Ng
JdNyg
The increase in aerosol emissions between PD and PI time§* Nd)x = 3y, AXj- )

has not only changed the total mass and number of atmo-

spheric aerosol but has also modified its chemical compositn this expression it is assumed that the first-order deriva-
tion. Due to the heterogeneity of aerosol precursor sourcegjve dNg/dx; does not change considerably for PD and Pl
changes in aerosol load and chemical composition haveonditions. Even though small differences exist in the sen-
a marked regional imprint. For instance, the marked increassitivity computed at PD and PI conditions, the magnitude
in anthropogenic sulfate aerosol over most continental arof ANy from Eq. @) is largely controlled by the variation
eas of the Northern Hemisphere not only produces a muclin the aerosol properth x ;. Figure4 shows the estimated
larger number concentration of aerosols but also promoteshange inNg between Pl and PD simulations that can be at-
the hygroscopicity of continental aerosol after mixing with tributed to changes in the numbexNg),,,, volume(A Ng),,,

the background aerosol (composed mostly of POM, SOA,and hygroscopicity{A Ng),,, of accumulation mode aerosol

Atmos. Chem. Phys., 14, 4809826 2014 www.atmos-chem-phys.net/14/4809/2014/
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Fig. 4. Change in number of activated cloud droplets (in*c%attributable to changes in accumulation mode aerosol propd@ies).s Ng
due to change in aerosol numb@y), aerosol volumé&b), and aerosol hygroscopicifg) for simulation with the ARG parameterization.
(d—f) Same as above, but for the simulation using AR@—i) Simulations with FN andj—I) simulations with FN-IL.

using Eq. 4). For this calculation, the sensitivity was com- tinental areas, when ARG or ARGis used,(ANg),, is
puted at present day. This analysis shows a negligible contrimuch higher as compared with simulations with either FN
bution from fine and coarse modesAaVy and is therefore  or FN-IL. This is in fact a consequence of the two-fold
not shown. stronger sensitivity ofNg to dy exhibited by ARG and
From Fig.4 it is clear that the dominant contributor to ARGew. This markedly stronger sensitivity tg, is magnified
A Ny is the accumulation mode aerosol number, with a strongn regions where aerosol changes are dominated by condensi-
signal over continental regions. The spatial patterns and inble species, and largely explains the highgrand A Ng4 over
tensity of this field are very similar across parameterizations Southeast Asia observed in Fij.This region is particularly

Large areas of the globe exhibit a negatieNy),,, par- important in controlling the strength of the AIE, particularly
ticularly over North America, and over the British Islands, through the impact it has on liquid water path.
as is also seen in Fid. SincedNy/dn, for accumulation Figure4c, f, i and | show(A Ng),., for the different parame-

mode aerosol is always positive, this reduction must be assaerizations, indicating that chemical composition effects rep-
ciated with a decrease iy, from pre-industrial times over resent a weak contribution 8Ny from pre-industrial times.
those areas. This trend occurs even though aerosol mass con-

centration has not decreased over those areas, supporting t8e1  Sensitivity of CDNC to hygroscopicity parameter of
idea that this is due to a decrease in primary emitted particles  grganic aerosol

(Wang et al.2017).

After Ang, the next largest contributor tANg i Ava,  Thg adjoint of the activation scheme can be used to estimate

e., the _change in total _aerosol vqume_(F-ﬁjn, e nh and the envelope of uncertainty iNg associated with parametric
k). T.hIS field is al_so heavily concentrgted in areas dom'”ateq.mcertainty. We focus here on the hygroscopicity parameter
by biomass burning (e.g., central Africa) and sulfate aerosoly¢ o qanic aerosol species, and estimate the geographic im-
(e.., Europe, Southeast Asia, and North America). print of its uncertainty onVy. The first-order derivative of

Unraveling the contributions of aerosol parameteis®y . ith respect toc, of any species can be calculated from
from different variables casts light on the diverging param- Eq. (1) as

eterization response over specific regions. Figteeh, b

and k show thatA Ng),, has a markedly different response

for ARG/ARGw and FN/FN-IL parameterizations. Over con- 9Nd _ 3 <%) oKy 3 <%)
0Ky - ; Okgy ) 0Ky -

Va,i - (5)
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Fig. 5. Estimated percent uncertainty a¥y due to a+50% uncertainty in the hygroscopicity parameter of SOA @y ARG«-PD,
(b) ARGa-P!, (c) FN-PD, (d) FN-PI, (€) FN-IL-PD, and(f) FN-IL-P!.

Then, the uncertainty itVg associated with, can be esti- of SOA, with annual-average CDNC uncertainty over con-

mated, to first order, as tinents of 2.5% (3.5%) for the PD (PI) simulation, while
reaching a maximum of 16 % (22 %) for the corresponding
(BNg)e, ~ Ng kg, (6) PD (PI) simulations. These results agree qualitatively with
Ko previous work focused on CCN uncertainty associated with

perturbed parametric valuesig and Wang 2010.

Equation 6) only includes the effects of uncertainty dur-
ing the step of aerosol activation. It does not account for other
changes in CDNC associated with the modified hygroscop-
itity. For instance, an increase (decrease) in hygroscopicity
might also increase (decrease) the rate of wet removal, reduc-
ing (augmenting) the total aerosol burden and having a corre-
sponding impact on CDNC. Therefore, the uncertainties pre-
sented here are an upper limit f@Nq/dx, .

where 8k, is the uncertainty inc,. The assumed hygro-
scopicity of SOA and POM 0kspa= 0.14 andkpom = 0.1
respectively (Tablel); however, there is a wide range of
values reported for these parameters in the literature (e.g
Lathem et al.2013. For application of Eq.g), we investi-
gated the impact on CDNC of-850 % uncertainty range in
k- This uncertainty range has been utilized in previous mod-
eling studies (e.gLiu and Wang2010. The resulting fields
(Fig. 5) indicate the regions where the uncertainty of the as-
sumed hygroscopicity for organic matter impacts the CDNC
the most. 4 Summary and conclusions

For SOA, the annual-average percent CDNC uncertainty
was 5.1 % over continents for PD, and 7.8 % for Pl simu- The sensitivity of cloud droplet number concentration to
lations. The percentages are negligible over oceanic regionaerosol properties was evaluated in a state-of-the-art GCM by
averaging less than 0.5% in all cases. For the PD simulausing an adjoint sensitivity approach. Two commonly used
tions, the uncertainty can be as large as 15% over contiparameterization frameworks — the AR®@bdul-Razzak
nents, while for Pl it can be up to 30 % over the boreal forestsand Ghan2000 and FN fountoukis and Nene2005 —
owning to the large contribution of organics to aerosol vol- were tested and compared within the CAM5.1 GCM. All
ume in pre-industrial conditions. The uncertainty associatedhe parameterizations considered here showed a consistent
with the hygroscopicity of POM is smaller compared to that sensitivity to accumulation mode aerosol number for both

Atmos. Chem. Phys., 14, 4809826 2014 www.atmos-chem-phys.net/14/4809/2014/
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marine and continental aerosol. Furthermore, these sensitiv- The sensitivity analysis reaffirms the well-known impor-
ities agreed to withint10% when compared to detailed nu- tance of accumulation mode aerosol number concentration
merical simulations of the activation process. Overall, the pa-in controlling cloud droplet number concentrations. It was
rameterizations also showed consistent responses to the ufsund that the variables controlling the size distribution of
draft velocity. Both these variables are central in the determi-aerosol contribute the most to changes in CDNC between
nation of Ng. present-day and pre-industrial simulations. For the condi-
Inconsistent responses to the coarse mode aerosol propions commonly found in stratiform clouds simulated by
erties were found across parameterizations, ranging from a€AM, aerosol number and size plays a much more important
overrepresentation of the water depletion of coarse mode parole than the chemical composition of the aerosol. However,
ticles in ARGy, to a lack of sensitivity to large particles in the disproportionately large impact of coarse mode particles
FN. The FN-IL, which includes the water uptake by inertially in modulating the overall sensitivity to aerosol changes, in
limited CCN, captures the sensitivity to coarse mode aerosoparticular over the oceans, has been in general overlooked
more accurately than the other schemes considered in thiand was brought forward in this study.
study. Although not a significant contributor Ay, the large The adjoint sensitivities were further used in this study
amount of water vapor depleted by the coarse mode particlet unravel the regional footprint of specific aerosol species
can modulate the magnitude aiVg/dr,. In fact, the consis- to Ng. The large impact of primary organic matter (POM)
tently lowerNy over oceans predicted by ARGomparedto  in controlling accumulation mode number concentration was
FN and FN-IL is due to the large sensitivity to coarse modeshown to also control the magnitude of the change&/gn
particles. The diverse response observed across parameteaver large areas of the planet. This indicates that, given
izations implies that a physically consistent representatiortheir considerable impact on both aerosol and CDNC, efforts
of coarse mode aerosol remains a challenge for activatiorshould be made to constrain the uncertainty in emission sizes
parameterizations. A recently developed modification of FNfor these primary particles.
addresses this issue by using an approximation specifically Computation of the regional distribution @fy sensitiv-
designed to correctly determine the rate of water uptake byties to aerosol size distribution, chemical composition, and
the largest particles in the aerosol populatitfofales and  dynamic parameters is an important step in understanding the
Nenes2019. relative contribution of aerosol parameters to CDNC vari-
Although great emphasis in the literature has beenability. We demonstrate this using the adjoint sensitivities
placed on ensuring that activation parameterizations capto attribute the contribution from different aerosol properties
ture dVy/dny consistently, our study suggests that sensitiv-to the change invyg between present-day and pre-industrial
ity to aerosol number alone does not capture the full extensimulations. Not surprisingly, changes in aerosol number, to
of aerosol indirect effects, and does not explain the differ-a large extent, control the changes\g, followed by change
ences inVy fields produced with these parameterizations. Wein mass and, to a lesser extent, changes in the hygroscopic-
found that the sensitivity olg to the geometric mean diam- ity of aerosol. Overall, the computationally inexpensive in-
eter,dg,, was on average twofold higher for ARG compared formation from adjoint analysis was shown to improve our
to FN and FN-IL. This sensitivity difference accounts for understanding of what causes differences in model responses
the much largeNg concentration predicted with ARGover  from each activation scheme.
heavily polluted environments. This is particularly noticeable
over Southeast Asia, a region that also has very deep clouds.
Therefore, large increases My over that region have a pro- AcknowledgementsiVe thank the DOE EaSM program for
found impact on LWP, and therefore over shortwave cIoud;L\mt‘:]'gi thgtl ;‘:Fl’(iotr;e?h;:i )r(?sgﬁgzg E‘f"”'fi‘: porzt ,g,‘n;h':c :é‘;gy'
: : . u wou | | u VIaI
forcing. These two factors (i.e., the large changevinthat to the computational resources. All the simulations for this work

induces a large change in LWP over Southeast Asia, the I\/lar\7vere performed with resources from the National Energy Research

itime continent and the NF””_‘ Pacific) have been shown Wscientific Computing Center (NERSC) of the US Department of
control the strength of the indirect effects on CAM to a large gpergy,

extent Wang et al, 2011).
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Appendix A Al FN and FN-IL parameterizations

Adjoint development The development of the adjoint of ti@untoukis and Nenes
The method to compute the number of activated Cloud(2005 parameterization (FN), as well as that for the adsorp-
tion activation parameterization &umar et al.(2009, is

droplets, Ny, in both parameterizations considered here in- : i full i ) | iof
volves two conceptual steps. The first step is the computatior‘fIescrlbeol intu deta_u "Kade'S et_a '(20_125' Bne_y, be_-
cause the computation @fy in FN is achieved by iterative

of the CCN spectrum, i.e., the cumulative number of particles _ . e
with critical supersaturation less than a given vatudhe solution of Eqg. A3), the computation of the sensitivities has

second step consists of determining the maximum supersafp be aCh‘e_Ved by performing a line-by-line differentiation of
uration, smax that develops in an ascending air parcel that N pumerlcal rogtme$(aryd|s et al.(2012Y used the auto-
rises with updraft velocityw, and includes the water vapor matic differentiation software TAPENADE to construct the

condensation sink provided by the CCN computed in the pre- routines necessary for efficient computation of derivatives.
vious step. The first step is achieved by mapping the aerosoThe FN- adjon;t built r:N'th tlh's plrocedure y|eld3 tEe set of
size distribution and chemical composition onto supersaturaSeNSitivities of Ny with analytical precision, and the com-

tion space (e.gFountoukis and Nene005 Karydis et al, putational cost of the computation is a constant multiple, in-

20128, i.e dependent of the number of input parameters, of the cost of
computingNg.
m n .
Neen(s) = D - [1—erf(ui ()], (A1)
i A2 ARG and ARGa parameterizations
where
= 2In(sm, /) (A2) The ARG droplet activation parameterizatidxbdul-Razzak
T 3ﬁ|nggi et al, 1998 Abdul-Razzak and Ghar2000 computes the

maximum supersaturatiosyax, and droplet number concen-
tration, Ng, explicitly as a function of the updraft velocity,
32 the aerosol size distribution parametexg,anddy, , n5,, and
\ZF (35?, ) . Equations A1) and (\2) consider only K6h- ~ chemical composition of the aerosol, representedyin
ler theory for computation of CCN. The impact of water ad- this parameterizationmaxis given by

sorption onto insoluble particles such as dust can also be

treated with a similar formalismKumar et al, 2009. The

and sm, is the critical supersaturation for a particle with
a size equal telg, and hygroscopicity parametef, sm, =

second step is achieved by finding an approximate solutiommax= (AS)
to the equation describing the supersaturation tendency in th -1/2
X ) : . Hm 3/2 2 3/4
ascending air parcel, which can be written as 1 gi Sm;
Yoo | Al f2,i :
dg aw T Smy Ni ni + 3¢
(&) - -
dr y
ax

Equation A3) expresses the moment whergy is attained
in the parcel where the production and depletion of water va- functionality of f1; and /., together with the definitions of
por attained in the ascending air parcel is in balance. Produc

; andn;, can be found iMbdul-Razzak and Ghaf2000.
tion is due to the adiabatic expansion cooling provided by theBecause Eq.A5) is an explicit function of the input vari-
cloud updraftew/y, and the depletion of supersaturation by ables, it is zgrﬁenable for thpe calculation of anal iE):aI expres-
condensation on the growing dropletdyg /d¢). Oncesmax IS ' vt P

determined from Eq.A3), the number of activated droplets sions for its_ derivatives. In this section we follow the ap-
is given by the CCN spectra evaluated at smax proach ofRissman et al(2004), and expand these expres-

sions to include other parameters. The derivatived/@to
Nd = NceN(smax)- (A4) a parametey ; read

where f1; and f>,; are functions ofrg, only. The explicit

The two parameterizations differ in the approximations made

in the solution of Eg.A3). An in-depth analysis of these as-

sumptions can be found iBhan et al(2017). The ARG is ~ 9Nd _ 9Ncen Z oui ( ) (AB)
constructed by performing a statistical fit to a large set of de-9X; dXj axj

tailed numerical solutions to this equation, while the FN uses

the “population splitting” approach, which brings E4\3)

to a form where an iterative numerical solution can be foundThe termdNccn/d; is zero for all variables except for
for smax- Xj = na;, for which case it is equal tfil — erf(x;)] /2. The
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partial derivatives ofi; read

du; \/E 108

a_wl = _3Smax(|nog,.) 1T (A7a)
ou; 2 d

a:l __ 2 (Incg) 1 2max (A7b)

a; Smax Na;
ou; \/§ _1 [ Smax 0smax
=— Inog. 8ij A7c

8Kaj 3Smax( Ggl) (ZKaI H + 8Kaj ( )
ou; V2 _1 [ 3smax dSmax

—_— = Inog, —8ii +— A7d
adgj 3Smax( Ugl) ( 2dgl Y + gdg/ ( )
ou; 2 3 i d
l = _L(Inog,—)_l Smaxtt 5[/ + Smax i (A7e)
aUgj 3Smax \/zo'g[ aO'gj

whereé;; =0 fori # j, andé;; =1 fori = j. Defining the

following functions as

e 3/2
ki = f1.i <—l) (A8a)
ni
2 3/4
S L (A8b)
8i 2,i i+ 34 s
the gradient ofmax can be written as
asmax 3Sma)( 3gl Th +§l
— A9a
Tow Zsz ki + 4 n,+3§, (A9a)
0Smax 3 sr?’]ax 8i ni
—_— = ki + = A9b
ong, 4ngy, s%, it 2 1 +3¢ ( )
Ismax 1 Sr?ﬁax gi
— = ki + = A9c
a/(al- 2Kal Sm ( ! 4) ( )
0Smax 3 S%ax 8i
__ 2 ki 4 2L A9d
ddy, 2dy, Sr%i ( l 4) ( )
HSmax 5 Sr?]axln(a'g) 8i
=" (ki +=). A9e
3691. 2091 Sr%l_ ( ! + 4) ( )

A2.1 Extension of ARG and its derivatives to account

for non-continuum effects

4821

(e.g.,Pruppacher and Klgttl997). Dy is the critical wet
diameter corresponding tfy, . From Eq. A10) it can be seen
that, forac = 1, G; = G, and therefore AR@ is identical to
ARG for that case. The derivatives with respeatgoandxs,
are affected by the redefinition 6f according to Eq.A10).
SinceNy now depends ong, the corresponding sensitivities
can also be computed. The derivativesgfx are as follows:

d
asmax - (Alla)
kay
1 sanax 8i 3Y; 3gi M+
— AT =L I i =Ll
2ic, Sr%l, <[+4>+ 16 it 4 9+ 3¢
d
Smax _ (A11b)
adgi

3 sr:'snax 3V 3gi ni+¢&
- — ki — |+ —=——].
2dg, s,%,[ ( +4>+ 16 + 4 n;+3¢
This extension also allows for the calculation of the sensitiv-

ities of smax and Ng to the mass accommodation coefficient,
ac. The corresponding sensitivities are given by

8Smax

3 Y; 3gi ni+¢&
Smaxz_l ki+ﬁ ni +&i (A12)
aac 16 O¢c F Srznl_ 4 ni +3§l
and
ou; 2 0
ui __ 2 (Ingg, )~ tomax. (A13)
aac 3Sma)( (079}
The coefficientsy; and¥; are defined as
G
W; = K; Gi(Dpg , ac) (1 e G°) (A14)
1
and
Yi = K;G;(Dpg, ac), (A15)

where the functiork; is a temperature-dependent coefficient
given by
>l/2

In the previous expressidh is the temperatureg,, the den-

(A16)

T RT

esMWachci

Ghan et al.(2011) extended the ARG parameterization to sity of water,M,, the molecular weight of wateR the uni-
account for non-continuum effects through the inclusion ofversal gas constant, ard the saturation vapor pressure of

a size-dependent mass transfer coeffic@ntvhich has ex-
plicit dependence on the mass accommodation coeffieient

In such a way, the transfer coefficiedt;, is defined as

G(Dpc,-,ac)

Gi=G ,
"7 6Dy, D

(A10)

water at temperaturg.

Appendix B

Validation of parameterization derivatives

whereGy is the mass transfer coefficient for the continuum The accuracy of the first-order derivatives of FN and ARG in-
regime, which is used in the default ARG parameterization,troduced in Appendiy has been extensively tested by com-
and G (x, ac) is the size-dependent mass transfer coefficientparing them against central difference computations (e.g.,
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Table B1.Relative error forVy, smax, and the adjoint sensitivitie&Vy/9 x ;, computed with the adjoint of the activation parameterizations,

as compared against numerical parcel model values. Reported values correspond to the mean and the standard deviation of the percent err

Sensitivity  Aerosol mode ARG FN FN-IL
Ny —-181+97% 81+7.7% —-105+6.2%
Smax —423+13%  31+222% —24+6.7%
Aitken —93+38% 564+ 81% —57+16.6%
dNg/dng  Accumulation 106+24% 35+18% —81+204%
Coarse —509+838% 210+225% —93+131%
dNg/dng —156+88% +9.3+19% —194+15%
Aitken —74+18% 27+53% —48+20%
dNg/0ka,  Accumulation 190t 345% 101£223%  1014+223%
Coarse —300+223% 100+ 0% —59+51%
Aitken —74+18% 27+53% —42+20%
dNg/0dg;  Accumulation  19H-348% = 96+216% 96+216%
Coarse —297+214% 100t 0% —64+52%
INg/ow —277+37%  58+23% 85+81%

0
FN-IL
=20

-40

—60 "

Adjoint Sensitivity [ em™]

-80

-100 4 a2 100 = .
—-100 -80 -60 —40 -20 0 —100 -80 -60 -40 -20 0 ~100 -80 —60 -40 -20 0

Parcel Model Sensitivity [ em™] Parcel Model Sensitivity [ em—] Parcel Model Sensitivity [ cm™]

Fig. B1. Comparison between the sensitivity to hygroscopicity for coarse mode aeid&gl« s, (cm—3), computed with detailed parcel
model simulations anth) ARG«, (b) FN, and(c) FN-IL.

Karydis et al, 2012h. In this section however, we perform  The relative errors between the parcel model and
an evaluation of the adjoint sensitivities against detailed nuparameterization-derived sensitivities are summarized in Ta-
merical simulations of the activation process, since this pro-ble B1. The relative erroe, for a quantityy is defined here
vides a method for validating the physical consistency of theas
parameterization-derived sensitivities. XPM

Annual average fields ofy,, k4, dg andw, correspond-  €x =1— ; (B1)
ing to the 930 hPa pressure level from a 6 yr simulation with
CAM5.1, were used to drive off-line computations with aLa- where xpm and xparam are the parcel model and
grangian parcel model. The Lagrangian parcel model usegharameterization-derived value fgrrespectively. This anal-
here explicitly computes the size-resolved growth of cloudysis reveals that the accuracy of the derivatives fluctuates
droplets in a non-entraining parcel ascending with a constanwidely across the different variables considered. Among
updraft velocity Pruppacher and Klettl997. The tempo- those sensitivities that are better captured by all the param-
ral evolution of supersaturation is also computed. The seneterizations are those dfy to updraft,d Ng/dw, accumu-
sitivities were performed by central difference computationlation mode number concentration, and total aerosol num-
for each of the 10 variables (requiring of 20 model integra- ber dVq/dna, which are all within+=30% error. Similarly,
tions per grid cell). Identical input was used to drive the ad-all parameterizations captum®y within a £20% margin,
joint sensitivities of ARG, FN, and FN-IL. All the calcu- with ARGa and FN-IL slightly underestimatingvg while
lations were performed assuming an accommodation coeffiFN shows the opposite trend, biasing ~ 10% high. Ta-
cientac = 0.1 (Raatikainen et al2013. ble B1 reflects that the largest errors are encountered for

coarse mode patrticles, with sensitivity 8f to Aitken and

Atmos. Chem. Phys., 14, 4809826 2014 www.atmos-chem-phys.net/14/4809/2014/
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accumulation mode having overall smaller biases than those Sensitivity to accumulation modeg, anddg, shows a large

of coarse mode characteristics. variability as measured by the standard deviation of the errors
It is apparent from this analysis that the largest discrep-for all parameterizations, but the bias for the case of ARG

ancies amongst parameterizations occur precisely for coarsie a factor of 2 larger than it is for either FN or FN-IL. How-

mode characteristics. For instance, sensitivitiVgto coarse  ever, the large bias and considerable scatted #qy/ 9«5 and

mode aerosol characteristics is overpredicted by-3800 % dNg/ddg suggests that the parameterizations are not accu-

for ARG, while FN-IL reduces this overprediction te rately capturing the dependency@§ on those variables.

100%. On the other hand, the lack of responsiveneggjof

computed with FN to perturbations in coarse mode aerosol is

made clear from the relative error of 10028 % observed

for coarse mode, anddg,. For both these cases, the ab-

solute value of the adjoint sensitivities is negligibly small.

The variability associated with coarse mode characteristics

is illustrated in Fig.B1 with the derivative ofNy to the hy-

groscopicityks .
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