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Abstract. Aerosol-cloud interaction effects are a major sition and aerosol sulfate formation during cloud-processing.
source of uncertainty in climate models so it is important The results lead to several recommendations for research that
to quantify the sources of uncertainty and thereby direct rewould result in improved modelling of cloud—active aerosol
search efforts. However, the computational expense of globabn a global scale.

aerosol models has prevented a full statistical analysis of
their outputs. Here we perform a variance-based analysis

of a global 3-D aerosol microphysics model to quantify the

magnitude and leading causes of parametric uncertainty id Introduction

model-estimated present-day concentrations of cloud con-

densation nuclei (CCN). Twenty-eight model parametersSUCCGSSive Intergovernmental Panel on Climate Change
covering essentially all important aerosol processes, emis(IPCC) reports have identified aerosol direct and indirect ef-
sions and representation of aerosol size distributions werd€cts on climate as the largest uncertainty in the assessment
defined based on expert elicitation. An uncertainty analy-Of anthropogenic forcing3chimel et al. 1996 Penner et a/.

sis was then performed based on a Monte Carlo-type sam@001 Forster et al.2007). Global aerosols can impact the
pling of an emulator built for each model grid cell. The climate in two distinct ways: the direct radiative effectis are-
standard deviation around the mean CCN varies g|ob<—ﬂ||ysult of atmospheric aerosols reflecting or absorbing solar ra-
between about=30 % over some marine regions #40— diation and thereby cooling or warming the climate system.
100 % over most land areas and high latitudes, implying that! he indirect effect refers to the many ways in which aerosols
aerosol processes and emissions are likely to be a signifinteract with clouds, leading to changes in droplet concentra-
cant source of uncertainty in model simulations of aerosol-tions, cloud albedo and precipitatidnohmann and Feichter
cloud effects on climate. Among the most important con- 200

tributors to CCN uncertainty are the sizes of emitted pri- In response to the persistent uncertainty in aerosol forc-
mary particles, including carbonaceous combustion particledd assessments, global aerosol microphysics models have
from wildfires, biomass burning and fossil fuel use, as well been developed to describe more realistically the evolution of
as sulfate particles formed on sub-grid scales. Emissions o$iZe-resolved aerosol properties, which determine the com-
carbonaceous combustion particles affect CCN uncertainti"ex interactions between aerosols, clouds and the climate
more than sulfur emissions. Aerosol emission-related param(Binkowski and Shankafl995 Jacobson1997 Whitby and

eters dominate the uncertainty close to sources, while uncecMurry, 1997 Ackermann et a).1998 Ghan et al.2001,

tainty in aerosol microphysical processes becomes increadddams and Seinfeld2002 Lauer et al. 2005 Liu et al,

ingly important in remote regions, being dominated by depo-20035 Stier et al, 2005 Spracklen et al2005a 2008 Debry
et al, 2007 Mann et al, 2012 Zhang et al.2012. These
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8880 L. A. Lee et al.: Global CCN uncertainty

models are more complex than have been used in Coupledather than one driven by the desire to reduce the persistent
Model Intercomparison Project (CMIP) assessments (whos&ncertainty in aerosol forcing.
results feed into IPCC assessments) because they attemptVery few studies have attempted to quantify the parametric
to simulate the microphysical processes that determine thencertainty of a single global aerosol model because of the
aerosol particle size distribution and composition on a globalcomputational expense. The first uncertainty analysis of the
scale. In principle, this development in model sophistica-aerosol indirect effect was carried out Ban et al(1997)
tion should improve model fidelity, but the increased com- using the probabilistic collocation method to produce an ap-
plexity has led to an increase in the number of uncertainproximation to their computer model in order to make uncer-
model parameters, many of which have very weak observatainty analysis feasibléckerley et al (2009 studied the cli-
tional constraints and an incomplete scientific understandingnate responses to changes in several sulfate aerosol parame-
(Ghan and Schwart2007). Computational constraints have ters as part of the Climateprediction.net projéatfne et al.
also restricted the grid resolutions used for tracer transpor2009 with a simpler aerosol scheme than we use here. More
in the models, and forced modellers to introduce simplifica-recently,Haerter et al(2009 studied the parametric uncer-
tions, such as parameterisation of the size distribution intatainty in aerosol indirect radiative forcing based on 7 cloud-
log-normal modes or the use of a small number of bins inrelated parameters with the ECHAM5 modebhmann and
sectional approaches. Ferrachat2010 examined the parametric uncertainty effects
Assessment of multi-model diversity is the main way on the climate in a global aerosol model by systematically
in which information about model uncertainty is obtained. varying 4 cloud parameters at specified values following
Model intercomparison projects compare simulations of ana factorial design with 168 model runisohmann and Fer-
ensemble of independent and often structurally differentrachat(2010 showed a parametric uncertainty in aerosol—
models over a small range of scenari@afes et a).1998 climate effect of 11 % when considering the uncertainty in
Joussaume and Tayldt999 Meehl et al, 200Q Friedling-  the four cloud parameters. Another approach to understand-
stein et al. 2006 Haywood et al. 201Q Kravitz et al, ing uncertainty is to use the adjoint of the model, which has
2011). Many aspects of global aerosol models have beerbeen applied to cloud drop numberKarydis et al.(2012.
compared in this way as part of the AEROCOM project Sensitivity analysis of cloud—aerosol interactions has been
(Kinne et al, 2006 Schulz et al.2006 Textor et al, 2006 carried out by Markov chain Monte Carlo simulations us-
2007 Meehl et al, 2007 Shindell et al. 2008 Koch et al, ing an inverse modelling approachhartridge et al(2012).
2009. These comparisons have provided valuable informa-The approaches require either a very large number of model
tion about model diversity that underpin the assessment ofimulations in a Monte Carlo-type approaétctkerley et al,
aerosol impacts on climate. However, aerosol microphysic2009 or a specific experimental design such as the factorial
models have only recently been included in these assesspproachl(ohmann and Ferrach&010, both of which are
ments Mann et al, 2013. Moreover, the multi-model en- feasible only for a small number of parameters. However, the
semble approach provides limited information about how thelatest generation of global aerosol microphysics models have
different treatment of processes in the models drives theimany tens of uncertain parameters. In order to make a real-
simulations, making it difficult to attribute the sources of istic assessment of the spread in model simulations, a more
model diversity. Thus, approaches based on perturbation oéfficient statistical approach is required. We present a more
the parameters in a single model (often called perturbecefficient statistical approach here.
physics ensembles, or PPES) are a valuable approach to ex-In our previous work we have demonstrated that Gaus-
plore uncertainties systematically in processes in a controlledgian process emulators and variance-based sensitivity anal-
way (Collins et al, 2017). ysis can be used to study the sensitivity of global cloud con-
Our lack of understanding of how complex models be- densation nuclei across the full uncertainty space of 8 micro-
have across the full parameter space has several implicatiorghysics parameters and emissiohed et al, 2011, 2012).
for the development, evaluation and use of global aerosol-Here we extend these studies to a much more comprehensive
climate models. First, it means that we cannot have confi-assessment of model uncertainty covering more parameters,
dence in the robustness of the models; our simulations mightvith the selection and range of values based on expert elici-
change if a different but plausible parameter setting was usedation. We quantify the uncertainty in cloud condensation nu-
Second, it limits what we can conclude when the model isclei (CCN) due to 28 parameters, with 10 related to aerosol
compared against observations. Do biases represent a fundaricrophysical processes, 14 related to emissions of aerosol
mental weakness in the design of our model (such as missingrecursor gases and primary particles, and 4 related to the
processes) or do they simply mean that we have not evaluatepresentation of the size distributions in the microphysics
or observationally calibrated our model over the full range of model. The host model physics was not perturbed.
the parameters already in it? Third, we cannot confidently In this paper, we focus on CCN because it is the funda-
identify the model factors that most affect the uncertainty, mental quantity that drives the aerosol indirect effect on cli-
which risks making model development an ad hoc processnate through changes in cloud drop concentrations, cloud
albedo and precipitation processes. However, the approach
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could be applied to assess and attribute uncertainties in othdields read in from analyses, here from the European Centre
key predicted quantities such as aerosol optical depth, abfor Medium-Range Weather Forecasts ERA-40 reanalyses
sorption or direct and indirect forcings. Our comprehensive(Uppala et al.2005. The CTM runs here are at®x 2.8 de-
coverage of aerosol model parameters provides the first eggrees with 31 vertical levels between the surface and 10 hPa.
sentially complete assessment of the parametric uncertaintperosol transport is calculated on the 3-D grid every 30 min
of this key aerosol quantity. The results provide a detailedby temporally interpolating between the analyses, which are
picture of the causes of model uncertainty mapped spatialljupdated every 6 h. Uncoupling the aerosol from the model
and temporally across the globe for a full year. The rankedtransport and meteorology, as we do here in the CTM, pro-
list of important parameters provides a strong steer on priorvides a useful environment for our analysis, as we can ex-
ities for future model development and simplification. amine the changes in aerosol properties without the compli-
We use the term uncertainty in this study to imply the sim- cating effects of dynamical responses. If meteorology devel-
ulated range of CCN about the mean caused by an uncewrped dynamically independently in the model, we would not
tainty range of input parameters determined by expert eliche able to decompose the variance into the original sources
itation. The range of uncertainty about the mean is basedlue to the extra source of variability. The dynamically evolv-
on a complete sampling of the aerosol parameter uncertainting features could be added to the statistical analyses, but that
space, and is presented here in terms of the standard devi& beyond the scope of this study.
tion of a CCN probability distribution for every grid cell of The GLOMAP-mode simulations here use the full 7-mode
one altitude level of the model. The variance-based sensitiveonfiguration (as ifMann et al, 2010 with one nucleation
ity analysis enables the contributions to this uncertainty tomode and soluble and insoluble modes covering the Aitken,
be quantified. We often refer to the parameter sensitivity asaccumulation and coarse size ranges. The modes are de-
the “contribution to the uncertainty”, which is justified given scribed by log-normal size distribution functions that are
that we are able to calculate the absolute reduction in CCNcharacteristic of observed particle distributions. The scheme
standard deviation if a parameter were known precisely. resolves the main microphysical processes that shape the par-
In Sect.2 we introduce the global aerosol model, although ticle size distribution on a global scale: emissions of primary
this has been described in detail elsewhere. In Skete particles and precursor gases, new particle formation, coagu-
describe the elicitation exercise, statistical approach and exation, gas-to-particle transfer, cloud processing and dry and
perimental design in general terms. In Settve describe  wet deposition. It includes the aerosol chemical components
the uncertain parameters and their physical meaning in theulfate, sea salt, black carbon (BC), organic carbon (OC) and
model. In Sect5 we show the validation of the emulators. secondary organic aerosol (SOA). The SOA is lumped with
The results are presented in Sdxin terms of the uncertain  the OC component after condensation. Aerosols and precur-
parameters and different global regions. sor gases in GLOMAP are emitted over a few model levels:
SO, emissions from industry/power plants are emitted be-
tween 100 and 300 m; volcanic $@nd biomass burning
2 Model description and set-up SO, BC and OC are emitted over a range of altitudes de-
pending on the location. The model includes dust, but we
The GLObal Model of Aerosol Processes (GLOMAP-mode) have not included it among the uncertain parameters since
(Mann et al, 2010 is an aerosol microphysics module that our focus is on CCN, which we have previously shown are
simulates evolution of the size distribution and compositionnot strongly affected by dust particleM#énktelow et al.
of aerosol particles on a global 3-D domain. The model has2010. The important parameters and their effects in the
been used in several studies of global aeraSoh(midt et al. model are described in detail in Se4t.The implementation
201Q 2011, 2012 Woodhouse et §1201Q 2012 Spracklen  of GLOMAP-mode in the CTM has been shown to compare
et al, 2011h Lee et al, 2012 Mann et al, 20129 and is  well with ground-based and aircraft observations of aerosol
a faster version of the GLOMAP-bin module that has beenmass and nhumbeMann et al, 2010 Schmidt et al.2012
very widely used (e.gsSpracklen et a]2005agb, 2010 2011a Spracklen et aj2011h.

Korhonen et al.2008 Reddington et a).2011). Both mod- Wet deposition of particles occurs by two processes: (i)
els have been compared and evaluated against observatioirscloud nucleation scavenging in which activated parti-
in Mann et al(2012. cles form cloud drops and are removed in precipitation and

Here, the aerosol model is run within the TOMCAT global (ii) below-cloud impaction scavenging by falling raindrops.
3-D offline chemistry transport model (CTMEhipperfield ECMWF meteorological fields are used to diagnose large-
2006. The same GLOMAP-mode module is also imple- scale frontal precipitation, and the schemd&@dtke (1989
mented within a general circulation mod@&g]louin et al, is used to parameterise sub-grid convection, with precipi-
2013, being the aerosol component of the UK Chemistry tation assumed to occur in 30% of the affected grid box
and Aerosol (UKCA) sub-model of the Hadley Centre Global area. These fields are updated every 6 h, but used to calculate
Environmental Model. In a CTM the aerosol and chemical aerosol removal every 30 min time step. Low-level stratified
species are transported and mixed by 3-D meteorologicatlouds which are not diagnosed as either large-scale frontal
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or convective are read in separately from International Satel-
lite Cloud Climatology Project (ISCCP) D2 datRdssow (choose parameters
and Schiffer 1999. In these clouds we assume that aerosol and their ranges)
particles are activated and subsequently undergo “cloud pro- = - m o€
cessing” in which sulfate mass is added to activated aerosol

Expert elicitation

Experimental

. . k Build emulator Test emulator
due to aqueous phase oxidation of.S®ee Sect for more design for each grid against
details). The global pattern of January and July monthly | (selectpointsin box simulator

mean precipitation rate is shown in Fig. This version of parameter space)

(additional

. .. Couple of Couple of e

the model does not include aerosol wet deposition due to months days validation runs)
low-level drizzling stratiform clouds. This has been shown to (168 years: 6
be important for Arctic aerosol in our modérowse et al. paramete X Eillversies
2012 but to have a small effect on global aerosol abundance. 28 parameters) based sensitivity

The model was run with a set-up very similar to that analysis

. . ; . Coupleof | (\onte Carlo using

described in detail byvann et al.(2010. Additional fea- weeks I

tures for these runs include anthropogenic secondary organic

aerosol and replacement of an earlier binary homogeneougig_ 1. The step-by-step approach to sensitivity analysis via emula-

nuclea)tion scheme with that ®ehkan@ki et al.(2002 (see  tjon. The blue text indicates the approximate computation time.
Sect.4).

We present results for the year 2008. The model was spun

up for three months before any parameter perturbation wagjicitation is used to choose the uncertain model parameters
applied. After this common spin-up period, the parameterang represent the uncertainty in these parameters as a proba-
perturbations were applied and a further 3-month spin-upyjjity distribution. Second, statistical design is used to choose
was performed. The analysis was done on monthly meamyn appropriate number of model runs to explore the param-
CCN based on the following 12 months of data. At the res-eter uncertainty space. Third, Gaussian process emulation is
olution used here, GLOMAP-mode takes about 1.5h to runyse to estimate model output throughout the entire parame-
per month on 32 cores. ter uncertainty space. A Bayesian framework is used to com-
CCN concentrations and sensitivities are calculated at amjne expert prior beliefs on parameter uncertainty and model
altitude of 915hPa (approximately 850ma.s.l.), which is penaviour with model runs to produce a posterior distribu-
within the planetary boundary layer and at the approximateijon of model simulations to make global sensitivity analysis
altitude of cloud base (where CCN concentrations are moshossible. Finally, a full variance-based sensitivity analysis is
relevant). We define CCN to be the number concentrationcarried out using the emulator to quantify the sensitivity of
of soluble particles larger than 50 nm dry diameter. CCN ismodel| simulations to the parameters and their interactions
a measured quantity that is usually reported at several susonditional on the emulator and the elicited parameter proba-
persaturations of water vapour (i.e. it equates to the numbejjity distributions. In essence, we are using emulators condi-
of aerosol particles activated to cloud drops when a particutioned on the GLOMAP output to generate continuous model
lar maximum supersaturation is reached in a cloud). Superptput across the parameter uncertainty space. The emulator
saturation ratios in real clouds vary between less than 0.1 %gan then be used for a Monte Carlo-type sampling of the out-

in very slow updraughts to several per cent in storm cloudsyt to generate sufficient data to enable a full variance-based
Thus, no single CCN metric can provide a complete picturesensitivity analysis.

of the importance for cloud drop formation in all clouds. Our

choice of CCN= N5g is equivalent to a supersaturation of 3.1 Elicitation

about 0.3 % and is typical of values reached in stratocumu-

lus updraught cells. If we assumed a higher supersaturatio.1.1 General principles of elicitation

(smaller diameter of activation), then CCN would become

more sensitive to processes that determine the concentratidglicitation provides a framework to represent the uncertainty

of smaller particles, and vice versa for lower supersaturaformally in model parameters from several experts in the rel-

tions. evant field into a probability distributionQlHagan et al.
2006. We follow the procedures of the Sheffield Elicitation
Framework (SHELF)Qakley and O’'Hagarn2010 to visu-

3 Statistical methods alise the probability distributions. The first step is to choose
the experts to participate in the elicitation process. The aimis

To quantify the effect of parametric uncertainty on model to ensure that the experts do not bias the choice of parameters

simulations, we apply well-established statistical methods tato be studied and can provide enough knowledge to produce

the global 3-D aerosol model. The overall approach is showrmeaningful representations of their uncertainty in the form of

in Fig. 1, and consists of several distinct steps: first, experta probability distribution. The experts are asked in advance
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to think individually about the uncertain model parameters3.1.2 Conduct of the elicitation exercise
and to research the literature and gain as much evidence for
conviction of their prior beliefs of the parameter uncertainty. In this study the elicitation involved six aerosol modelling
Different experts should have different expertise so that theexperts and a statistician. The quartile method of elicitation
evidence is wide ranging across the different model paramwas chosen from those i@akley and O’Hagari2010 fol-
eters, though all experts will have some feel for the wholelowing a trial with known true answers, such as the distance
model involved. The experts are then brought together, eifrom Leeds to London. The experts were given a few weeks
ther face to face or through some online tool, and asked tdo decide on the uncertain parameters to study and to gather
discuss the model parameters to be studied and their unceevidence. The experts then discussed the uncertain parame-
tainty. At this stage a facilitator, most likely a statistician, is ters with some in a single office and others by teleconference.
present to guide the discussion, prevent issues such as afhe range of each of the uncertain parameters was decided
choring to one person’s opinion, and produce the probabilityfirst and then the shape determined by cutting the range into
distributions that result from the experts’ beliefs. Once theregions of 50 % probability and then the two halves further
parameters have been chosen, the facilitator will ask the exinto 50 % probability. The result of the cutting process was 4
perts to suggest the uncertainty range for each, such that it iszgions all believed to contain 25 % of the probability of each
highly unlikely the true value of that parameter is outside theparameter. Throughout the elicitation the experts were shown
range. The range is the most crucial part of this process sinchow the shape of the probability distributions was impacted
the experimental design and the emulator will be based orby the decisions they made regarding the regions of proba-
the ranges, whilst the shape of the uncertainty distribution ofbility. Visualising the probability distributions proved a valu-
the parameters can be changed later. The shapes of the unceble way of assessing the choices made by the experts. The
tainty distributions for the parameters are also elicited at thisdiscussions showed that some parameters were quite uncer-
stage with all experts in discussion. This probability distribu- tain to all experts so the uncertainty ranges were quite wide
tion is not restricted to the uniform or Gaussian distribution. whilst others could be constrained by expert knowledge and
The shape of the uncertainty distribution is obtained by ask-evidence. The experts chose initially 37 parameters. An ini-
ing the experts to split the uncertainty range into portions oftial study of 5 months of the data following the same method
different probability regions. There are various methods forpresented here was used to eliminate 9 parameters, resulting
obtaining the probability ranges as discusse@akley and  in 28 parameters to include in the final study. The probability
O’Hagan(2010, and the experts are asked to trial them anddistributions for the 28 final parameters were agreed on by all
their preferred method is used to prevent the method fromexperts after feedback. The experts were very confident in the
impacting the results. The SHELF software is used to drawranges of the parameters even when the shape of the distri-
the distributions based on the experts discussions, and thedmition was less certain. The details of the chosen parameters
are shared with experts so that feedback can be given on thend their uncertainty distributions are given in Table
resulting distribution and changes made when necessatry.
One aim of expert elicitation is to remove an element of the3.1.3  Statistical design of the model runs

subjectivity in such studies. As a rule, a sensitivity study fol-
lows the path of an expert choosing a process to study and b order to build emulators of GLOMAP gridded output, 168
few values of the associated parameter with which to run themodel runs were carried out using parameter settings sam-
model. In this study, we look at many more processes, so th@led from a maximin Latin hypercube covering the uncer-
subjectivity in choosing the processes is removed. We alsdainty ranges of the 28 parameters in Tabld_atin hyper-
ask experts to choose ranges that are beyond the normal vadtube sampling splits the range in every dimension imto
ues that are used to run the model, and in fact choose rangesjual intervals where is the number of model runs and then
outside of which the parameter value is highly unlikely to makes sure that each interval is sampled exactly once. Pa-
fall. This approach results in a range that is wider than wouldrameters that are used to scale existing emissions are sam-
normally be considered in model sensitivity studies. Further-pled uniformly over the log scale rather than the absolute
more, the parameter ranges are elicited independently, so therale to ensure a balance of points across the parameter un-
uncertainty space is much larger than would normally be con-<ertainty range. The scaled parameters are shown in Table
sidered because we do not let the knowledge of a particulalhe maximin algorithm maximises the minimum distance
parameter influence the others (i.e. the experts are not askdzbtween pairs of points in the 28-dimensional space to make
to make any judgement on the joint space of all parameters)it a space-filling design. Maximin Latin hypercube sampling
Comparison of the results with observations will enable ex-has previously been shown to be an effective sampling de-
perts to review their beliefs about model processes and pasign for building a Gaussian process emuladcKay et al,
rameters, which is an important follow-up study. 1979. We decided 6 model runs per parameter was suffi-

cient, following tests during the building of the GLOMAP

emulator in our previous studiekde et al, 2012. We also

ran 84 model validation runs with 28 runs close to runs in the
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initial experimental design used to build the emulator andconjugate prior distributions so that they are in effect esti-
the remaining 56 chosen using a separate Latin hypercubmated by the training data. The training data are provided
with the uncertainty ranges in TaklgBastos and O'Hagan by runs of the computer model = {y1 = n(x1),...,y, =
2009. n(x,)}. The choice of parameter sets used to produce the
A separate emulator was built for each month over the yeatraining data is determined by some space-filling design
and for every grid box with the scalar output of CCN. At this given the ranges placed oXi by the expert elicitation to
stage no account is taken of spatial or temporal correlationgain as much information about the simulator respori(se

The set-up of the model runs is described in S2ct. as possible over the region of interest. With the training data
. y, the parameterg, o2 and$ are estimated. Sincg and
3.2 Model emulation o2 are given weak prior distributions, they are calculated by

] ) maximum likelihood estimation of the training data.
3.2.1 Gaussian process emulation

_ o B=HTATH)THTA Yy, €)
Gaussian process emulatig@urin et al, 1991 Haylock and
O’Hagan 1996 O’Hagan 2006 is used to estimate model \yhere
simulations at untried points throughout the space of the un-

certainty of the model parameters when the computer modeH " = (h(x1),...,h(xy)), 4)
under investigation is too computationally expensive to be 1 c(X1,X2) - (X1, %)

run enough times for a full Monte Carlo variance-based sen- )

sitivity analysis. Multivariate probability theory is used to , _ | c(x2,x1) 1 : )

produce a posterior probability distribution for the model

simulations conditioned on model runs (training data) spread '
c(xp,x1) - 1

throughout the same space of uncertainty and a prior proba-

bility distribution to represent prior beliefs about the model gng

behaviour. It is important to note that the emulators are based

on output of the model generated from model runs covering; 2 _ yT A ATIHHTATIH)IHTA )y ©)
the parameter space; they are not an alternative version of the n—q-—2 ’

model physics, such as the approach usedidng and Dob- ) . _

bie (201). First we explain the emulation method in its most Wherer is the number of training runs angdis the number
general terms and then more specifically how we applied it°f €l€ments ind, which depends on the prior choice fofn
in this study. Eq. @). . . .

With the computer model (simulator) represented by the 1€ choice of Gaussian process prior means that the pos-
function », the scalar model output is defined Bs= 7(X) terior probability conditioned on the training data runs will
whereXx ié the vector of parameter valugy, ..., X2s) in: also be a Gaussian process distribution, which can be speci-
vestigated in this study. Capital letters here represent the fad{ed Py @ mean function and a covariance function. The pos-
that the parameters, and therefore the model output, are urlerior Gaussian process is a result of standard conditional
certain. The prior probability distribution used here is the Multivariate Gaussian theory. Therefore, the mean function
Gaussian process. This means that the prior probability dis'S 9IVen by
tribution can be specified completely by a mean functionand .. . TS Ta-l/y w2
a covariance function. The mean function is m*(x) =h() p+1() AT —HE), )

P 1 which ensures that the function passes through each of the
Eln(x)|B]=h(x)B. (1) training data points, and the posterior covariance function is

whereh(x) is some function ofc with coefficientsf. This 62c* (x,x) =6%(cx,x)—t(x)TA % &)+ (h(x)T  (8)
represents the prior belief that the expected model output 1,1 Ta—14y-1 NT o NTA=1p T
is some function of the input parametersThe covariance X)) ATHYHATH)Y (R — 1) AT,
function is where

covin(x), n(x")o?,8) = o%c(x,x'), 2 @) =(cx,x1),...,c(x,x,)) 9)

wherec is a function representing the correlation betweenensuring that the variance is zero at the training data points.
pairs of parameter sets and depends on the distance betweenThis mean of the posterior distribution is used as an ap-
the pairs and the assumed smoothness of the model respongeoximation for the computer model, and sampling from it

to the parameters (representedspwhilst obeying the rules  provides the data we need for sensitivity analysis. If, after
thatc(x,x) =1 and is positive semi-definite (and therefore performing the model simulations, it is decided that the range
invertible). The hyperparametefs o andé are given weak  or distribution of a parameter is narrower than the maximum
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Table 1. The uncertain parameters and emissions factors

Parameter Parameter name Description of parameter Uncertainty range Effect
Key
P1 BLNUC Boundary layer nucleation rate coeff (A) 32e2e4s71 Absolute
P2 FTNUC Free troposphere nucleation rate 0.01-10 Scaled
P3 AGEING Ageing “rate” from insoluble to soluble 0.3-5monolayer Absolute
P4 ACT.DIAM Cloud drop activation dry diameter 50-100nm Absolute
PS5 SO203CLEAN pH of cloud drops (controls SO O3) pH4-6.5 Absolute
P6 SO203POLL pH of cloud drops (S@+ O3) pH3.5-5 Absolute
P7 NUCSCAV_DIAM Nucleation scavenging diameter offset dry diameter 0-50nm Absolute
P8 NUCSCAV._ICE Nucleation scavenging fraction (accumulation mode) 0-1 Scaled

in mixed and ice cloudsI{ < —15°C)
P9 DRYDERAER_AIT  Dry deposition velocity of Aitken mode aerosol 0.5-2 Scaled
P10 DRYDERAER_ACC Dry deposition velocity of accumulation mode aerosol 0.1-10 Scaled
P11 ACCWIDTH Modal width (accumulation soluble/insoluble) 1.2-1.8 Absolute
P12 AITWIDTH Modal width (Aitken soluble/insoluble) 1.2-1.8 Absolute
P13 NUCAIT.WIDTH Mode separation diameter (nucleation/Aitken) 9-18 nm Absolute
P14 AITACCWIDTH Mode separation diameter (Aitken/accumulation) 0.9-2CT_DIAM Scaled
P15 FEEMS BC/OC mass emission rate (fossil fuel) 0.5-2 Scaled
P16 BBEMS BC/OC mass emission rate (biomass burning) 0.25-4 Scaled
P17 BEEMS BC/OC mass emission rate (biofuel) 0.25-4 Scaled
P18 FEDIAM BC/OC emitted mode diameter (fossil fuel) 30-80nm Absolute
P19 BBDIAM BC/OC emitted mode diameter (biomass burning) 50-200nm Absolute
P20 BEDIAM BC/OC emitted mode diameter (biofuel) 50-200 nm Absolute
P21 PRIMSO4FRAC Mass fraction of S@converted to new Sﬁj particles 0-1% Absolute

in sub-grid power plant plumes
p22 PRIMS04DIAM Mode diameter of new sub-grid S%p particles 20-100nm Absolute
P23 SSACC Sea spray mass flux (coarse/accumulation) 0.2-5 Scaled
P24 ANTH.S02 SQ emission flux (anthropogenic) 0.6-15 Scaled
P25 VOLCSO2 SQ emission flux (volcanic) 0.5-2 Scaled
P26 DMSFLUX DMS emission flux 0.5-2 Scaled
P27 BIO.SOA Biogenic monoterpene production of SOA 5-360 Tba Absolute
P28 ANTH.SOA Anthropogenic VOC production of SOA 2-112Tdla Absolute

elicited range, then the emulator can be sampled again witha(x) = (1, x1, ..., x28)"T andg = 29 (p + 1). The covariance
out the need for more model runs. The covariance of the posstructure is assumed to depend on the distance between each
terior distribution tells us how much uncertainty is due to us- pair of parameter sets with a Gaussian function, and there-
ing emulation rather than direct simulation of the computerfore ¢(x, x') = Ef_=128()ws;{f£)z_ The emulation depends on
model. Sampling many possible functions from the posteriorsmoothness in the modelled monthly mean CCN response to
dlstrl_butlon a_nd comparing them to the mean function will a5ch of the 28 parametetisfor i = 1, ..., 28, which is calcu-
provide us with information on how robust our results are |ated by maximum likelihood estimation. Model smoothness
and will form part of the emulator validation in Sebt. means that we have information on all model simulations in
a neighbourhood close to those where the CCN concentra-
3.2.2 Emulation of GLOMAP CCN tions have been calculated by running GLOMAP. If there are
discontinuities in the model, the emulator will not deal with
The emulation is carried out using the R package DiceK-these so alternative approaches wpuld hqve to be found. Itis
riging (Roustant et a).2012. The model outputy is the reasonqblfa to assume no suddgn jumps in the monthly mean
monthly mean CCN for each model grid cell and the model CCN within a single grid cell within the parameter uncer-
parameters: and their ranges are given in Talleand de-  f@inty space (and finding such jumps if they exist is crucial if
scribed in detail in Sect4. An emulator is built for ev- reliable estimates of CCN concentration are to be predicted
ery month and every model grid cell. In every emulator our PY the model). The hyperparameters of the mean funcgjn (
prior beliefs assume the modelled CCN can be estimated bnd the covariance functions @nds) are calculated by max-
a simple linear regression of the parameters, and thereforénum likelihood of the training data as shown previously, but
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if there is reason to believe their values are known they can bd Description of uncertain parameters and model
used directly. In most cases there is no strong prior informa-  experiments

tion on the hyperparameters so it is often necessary to use the

weak priors as we do here. The assumptions of linear mead-1 Parameters and their meaning

and Gaussian correlation can be changed if more information ) ) ) o
is available or when an emulator is not well validated. As described in SecB, following expert elicitation, a to-
tal of 28 uncertain model parameters were identified for the

3.3 Variance-based sensitivity analysis perturbed parameter ensemble. The parameters relate to mi-
crophysical processes, emissions of precursor gases and pri-
Variance-based sensitivity analysis is used to decompose thmary particles, and the structure of the aerosol model (as-
uncertainty in the model simulations to the uncertainty in sumptions made about the representation of the size distribu-
each of the model parameteSa(telli et al, 2000. The ap-  tion). The parameters are summarised in Tdbl@lthough
proach is able to quantify the sensitivity to each of the modelsome parameters (e.g. wildfire emissions) are likely to be bet-
parameters and their interactions (in the case of independenér constrained in some regions than others, we have varied
parameters), which cannot be done using the often appliegach parameter uniformly over the whole global 3-D domain,
one-at-a-time (OAT) studies. In a complex system such asith the chosen uncertainty reflecting an upper limit for the
the global aerosol cycle, interactions between uncertain parange of their variation or uncertainty. Regional variations
rameters are thought to be likely and the effect of these in-in the uncertainties could be studied by introducing separate
teractions can be studied with the variance-based sensitivparameters for each region, but we have not done this. The
ity analysis. The total variance of the CCN in each grid box effect of a smaller range can be studied by adjusting the as-
is calculated by sampling from the emulator mean functionsumed distribution of a parameter after emulation.
shown in Eq. 7) given the uncertainty distributions in each
of the 28 parameters obtained by the elicitation exercise. ~4.1.1 Definition of microphysical process parameters

With Y andX defined as in Sec8.2.1, the emulator is used .
to estimate the variance (or uncertainty) around the mean 'Nucleation rates (P1 and P2Jhroughout the atmosphere

due to the uncertainty iX, V = Var{E(Y|X)}. With inde- W€ use the binary homogeneousS@;-H,0 nucleation
pendent parametedé, as we have here, the variance can be (BHN) rate model oiehkanaki et al.(2009) scaled by a fac-
decomposed into its individual componenis= V; + V; + tor that varies between 0.01 and ]Zhang et al.(2010 .
A VA Vi 4+ Vi, whereV, = Var{E(Y|X,)) have compared a large number of nucleation rate expressions
andVv,, = \/ejlr{E(Y|X,, ’q])v}“répresentsp the variance I()juza to under prescribed conditions. However, our previous studies
the interaction effect of parametepsandg, and so on. With ~ (SPracklen etal2005ab; Mann et al, 2010 show thatin our

an accurate emulator these estimates will be close to theiodel the BHN mechanism predicts total particle concentra-
true values. tions in reasonable agreement with observations through the

In this study we use the extended-FAST methsdlelli free troposphere (FT) and is therefore likely to predict a fairly
et al, 1999 in R package sensitivityRujol et al, 2008 realistic median rate. We assume that the rate could be a fac-

to sample from the emulator mean function and decompos&" ©f 100 lower but only a factor of 10 higher based on ev-
the total variance in CCN into its parametric sources. Thelder_lce thatour model tends to overestimate particle concen-
extended-FAST method provides a more efficient samplingfations in the upper troposphere (UR)gtzger et al.2010.
from the parameter uncertainty space than Monte Carlo sam- " the boundary layer we use a rate expression
pling designed specifically for sensitivity analysis. Two mea-J/ = ’%[H%isoﬂ’ where j is the particle nucleation rate
sures of sensitivity are calculated in the first instance. Thes&c™ ~S 7). [H2SQu] the gas phase sulfuric acid concentra-
are the main effect index and total effect index. The maintion and A a rate coefficient. This expression is based on
effect index measures the percentage of the total variancg€asurements in the global boundary layultnala et al,

that will be reduced if parameter can be learnt precisely, 2006 Sihto et al, 2006 Riipinen et al, 2007 Kuang et al,
V,/V. The total effect index measures both the individual 2008, which has been shown to capture nucleation events
effect and the interaction effect of each parameter with ali@nd partlcl_e concentrations successfully in a range of envi-
others as a percentage of the total variariég,/ V where ~ fOnMments in our modelSpracklen et a].2006 2010. The

Vr, represents all variance components including parametef219€ of the rate coefficiemt is based approximately on

p. The two sensitivity measures are compared to assess tH9€S€ measurements for continental conditions. The large
sensitivity of the model output to interactions. If there are no Variation in observed rate is probably because this simple ex-

interactions with parameter, v, = Vr . pression hides a more complex mechanism that is influenced

i by organic compounds. A single range was applied globally.
Although there is no evidence for rapid particle formation
in marine regions, it is not clear whether this is due to low
H>SOy or low rate coefficient.
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Ageing rate (P3).Here, ageing refers to the process by 1998. One pH parameter is used for clean (lower acidity)
which freshly emitted water-insoluble carbonaceous parti-environments (S@< 0.5ppb) and one for polluted envi-
cles (e.g. from biomass burning) become soluble followingronments (S@> 0.5 ppb) based on measuremenBofett
condensation of sulfuric acid and condensable organicet al, 1994. The pH is complicated to calculate in cloud
matter. Emitted BC/OC particles enter the insoluble modesdrops because it depends on kinetic and thermodynamic
The controlling parameter is the number of monolayers ofprocesses in an evolving cloud droplet distribution that are
soluble material (assumed to be SOA angSA)y) required  not explicitly simulated. Therefore, most models assume
to convert the particles into cloud condensation nuclei,a fixed pH of the cloud water to control this reaction rate.
which is achieved by moving the particles from the insoluble Bulk models of cloud water (no droplet size resolution)
to the soluble mode. The lower limit (0.3 monolayers) underestimate the reaction rate versus droplet size-resolving
makes insoluble particles soluble within a few hours in models by typically a factor of 3, but sometimes much
polluted conditions, and with the upper limit (5 monolayers) more Hegg and Larson1990. This error could be larger
this occurs on the order of days. This parameter thereforén marine regions with large salt particles. Our parameter
controls the particle size distribution, since particles inrepresents the “effective” pH of the bulk droplets, and the
the soluble distribution can be wet-scavenged or underggange takes into account the uncertainty introduced by
cloud processing, which adds sulfate mass to the particlesimplifying the process.
(see parameter 8). Only particles in the soluble modes
(larger than 50 nm equivalent dry diameter) are counted asn-cloud scavenging diameter offset (P1h GLOMAP
CCN. This approach (developed Milson et al, 2007 we assume that particles larger than DSCAV = Activa-
is a simplification of a complex process in which multiple tion diameter + diameter offset (P4+P7) are removed
factors can affect the water solubility of the particles andin precipitation (at a rate determined by the loss rate of
their activation into cloud drops, but is widely used in global cloud water). The distribution of precipitation is shown in
models (e.gStier et al, 2005 Spracklen et al2006). Fig. 2b. The lower limit of P7 (zero nanometres) assumes
all activated particles are subject to removal during pre-
Activation diameter (P4).The GLOMAP-mode version cipitation. A non-zero value assumes that some activated
used here follows the approach for activation used byaerosol particles escape removal based on the assumption
Spracklen et al.(20053, whereby particles larger than that precipitation-sized drops are initiated by the largest
a prescribed dry diameter are able to activate to cloud dropscloud droplets (hence largest aerosol particles) in warm
A single value of activation diameter is used globally in clouds. These processes can only be accurately resolved in
a given run. In reality, the activation diameter depends ona model that treats size-resolved cloud microphysics at very
updraught speed (usually not diagnosed in models), particléigh cloud-resolving resolutions, which no global models
composition, and the size distributioNgnes and Seinfeld do, so they must be parameterised in global models. We
2003 Pringle et al. 2009, and is therefore likely to vary do not include the scavenging rate in warm clouds as an
spatially. However, this is a computationally expensive uncertain parameter. Previous one-at-a-time tests showed
process to simulate, with large uncertainties in the drivingthat the scavenging diameter was a much more important
variables (such as unresolved cloud-scale updraughts appligfdctor in shaping the size distribution, primarily because
over large global grid boxes). In GLOMAP, the activation the scavenging lifetime in most clouds is shorter than the
diameter controls the formation of cloud drops in all low- residence time of the aerosol in cloudy grid boxes such that
level clouds, which we assume are non-precipitating (sedhe time-averaged removal becomes independent of the rate.
Fig. 2a). Thus it mainly controls which particles undergo Other models include a scavenging efficiency (fraction of
cloud processing (sulfate production on the particles dueparticles that are accessible to scavenging in one time step).
to oxidation of SQ during the existence of cloud), and However, this is entirely equivalent to scavenging rate after
therefore how the size distribution is affected by clouds. multiple time steps.

Droplet pH controlling in-cloud S@ production from  Scavenging efficiency in ice-containing clouds (P8).
SO+ 03 (P5 and P6). The rate of the reaction This parameter controls the fraction of particles accessible to
SO+ 03— SO is controlled by the pH of cloud wa- nucleation scavenging when air is belevil0°C (i.e. scav-

ter (Gurciullo and Pandis1997 Kreidenweis et aJ.2003 enging affects only a fraction of the aerosol in a given time
and has been identified as an important uncertainty instep). Our previous work has shown this parameter to be
the global sulfur cycle Kaloona 2009. We assume this important in the Arctic Korhonen et al.2008 Browse et al.
reaction occurs in low-level clouds (Figa) but not in  2012. We treat this parameter as separate from warm cloud
deep precipitating or frontal clouds in which the formed effects because ice cloud scavenging can affect the seasonal
sulfate is rapidly removed. The pH is assumed to be thecycle of Arctic aerosolBrowse et al.2012).

controlling parameter, which leads to a change in rate by

a factor of 18 for pH between 3 and &ginfeld and Pandis
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Fig. 2. Global low-level cloud volume fraction based on ISCCP global D2 all-cloud data (left column) and total (large-scale and convective-
scale) modelled precipitation rate-ai879 hPa (right column) for January (top row) and July (bottom row).

Dry deposition of Aitken and accumulation mode particles 2000 2004 Birmili et al., 2001). However, allowing for
(P9 and P10)GLOMAP calculates the wind speed and size- dynamically evolving mode widths adds to the complexity
dependent deposition velocity due to Brownian diffusion, of the model and is therefore not widely adopted in global
impaction and interception according $inn (1982 using models. The chosen uncertainty ranges of the Aitken and
resistances frorzhang et al(200]) and three land-surface accumulation mode widths were based mainlyH@intzen-
types: ocean, forest and other. In the perturbed runs, the caberg et al(2004 andBirmili et al. (2001). The same widths
culated dry deposition velocity in each time step over eachwere applied for soluble and insoluble particles. Changing
surface type is scaled for each particle size by a given factorthe mode width modifies the size distribution for particles in
Taking into account the difficulty of applying dry deposition that mode, which in turn affects dry and wet deposition rates,
mechanisms to large global grid boxes containing unresolve@nd what fraction of particles are subject to cloud-processing
inhomogeneity, we assume large uncertainties in the deposisee P8).
tion velocity of a factor of 10 for the accumulation mode
particles Giorgi, 1989. Mode separation diameters (P13 and P14h modal
aerosol microphysics schemes, separation diameters define
the ranges over which the geometric mean radius can vary
while staying in that mode. It is an inherent limitation of the
parameterised size distribution approach used in these mod-
els. The separation size alters the mean size simulated for the
affected modes and hence also changes model process rates
(such as coagulation and growth) and removal timescales.
he gap between the Aitken and accumulation modes is
controlled partly by cloud processing of aerosol in which

4.1.2 Definition of size distribution structural
parameters

Accumulation and Aitken mode widths (P11 and P12).
GLOMAP-mode uses fixed geometric widths of the log-
normal size distribution modes (defined by the standar
deviation of the distribution). Observations show that the
width can vary in time and spaced¢intzenberg et al.
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in-cloud sulfate production leads to larger accumulationenters the model grid square as new sulfate particles, and
mode particles upon cloud evaporation. Because of this linkP22 defines the size of these particles (and hence their
with cloud processing, we scale this size to lie between 0.9humber concentration for fixed mass). The particles are most
and 2 times the activation diameter (P4). likely formed by nucleation and growth. Previous studies
have shown this to be an important source of global CCN
4.1.3 Definition of primary aerosol and precursor gas (Spracklen et al.2005h Pierce and Adam<006 Luo and
emission parameters Yu, 2011, but other studies suggest a more limited effect
(Stier et al, 2006. We base our ranges on the plume-scale
Fossil fuel, biofuel and biomass burning particle emission study ofStevens et a(2012).
fluxes (P15, P16 and P17Jhe mass emission fluxes and
spatial distribution of these primary particle emissions areSea spray particle mass flux (P23)e account for un-
as recommended for the harmonised emissions experieertainties in the wind-driven mass flux of sea spray
ment in the first phase of AEROCONMDéntener et al.  particles in the size range 35nm to 20 um dry diameter by
2006 using the inventories oBond et al. (2009 and  adjusting the baseline flux by given factors. Below 1 pum
Van der Werf et al.(2003. The recommended emissions the emissions enter the accumulation mode, and at larger
are 3.2 TgOA)a ! from fossil fuel, 9.1 TgOA)a ! from sizes they enter the coarse mode. This parameter conflates
biofuel and 34.7 TgOA) a_ from wildfire/biomass burning. multiple sources of uncertainty: the function describing
BC and OA fluxes are scaled by the same amounts as thethe wind-speed dependence of the flux, processes that are
are assumed to be within the same particles. The expemnaccounted for in the existing parameterisations (such as
elicitation determined the uncertainty ranges to be a factofetch, sea state, etc), the wind speed itself, and the effect
of 2 larger/smaller for fossil fuel combustion sources andof spatial resolution of the wind fields used by the model.
a factor of 4 for biofuel and wildfire emissions since they The range is comparable to previous model studirisr¢e
are less certainBond et al, 2004 2007). The uncertainty and Adams2006 and reflects uncertainties in the parame-
in wildfire emissions in some parts of the world (e.g. North terisation of measured fluxe® Dowd and de Leeuyn2007).
America) may be less than a factor of 4, but this can be
adjusted after the emulator is built (although we have notAnthropogenic S@emissions (P24)The baseline emissions
done that here). are those from the year 2000 fro@ofala et al.(2007), as
used for the AEROCOM harmonised emissions experiment
Fossil fuel, biofuel and biomass burning particle emis- (Dentener et al2006.
sion sizes (P18, P19 and P20)hese parameters directly
control the number of emitted particles for a given massTime-averaged volcanic S@missions (P25)The baseline
flux, and therefore directly influence the CCN population. emissions are as recommended by AEROCOM and are based
The size of the emitted particles is not reported in emissionn Andres and Kasgno¢1998. Emissions include con-
inventories, but is needed for size-resolving models, and iginuously degassing volcanoes and time-averaged sporadic
a major uncertainty in previous model studies of CCN (e.g.eruptions. We use the same uncertainty range as applied
Merikanto et al. 2009 Reddington et al.2011 Spracklen  to continuously degassing emissionSichmidt et al(2012).
et al, 20113. For the AEROCOM prescribed emissions
experimentDentener et al(2006 made recommendations Dimethyl sulfide (DMS) emissions (P26DMS emis-
for the size distribution of primary emissions based onsions are controlled by the sea-water concentration of DMS
available information in the literature. They recommendedand the wind-driven transfer velocity parameterisation
finer sizes be used for fossil fuel combustion sources thar{Nightingale et al. 2000. We conflate uncertainties in
for biofuel combustion and wildfire emissions. Although these two factors by varying the calculated sea—air transfer
more recent measurements provide some information aboutux by a given factor. This approach takes into account
emitted particle number concentratiodsuitall et al, 2010, that the absolute uncertainty in flux is likely to be higher
the particle size remains very uncertain. The size of fossilat higher wind speeds due to the uncertainty in the flux
fuel combustion particles depends on the source. Biomasparameterisation. Combining these two uncertainties is
burning and wildfire particle size depends on burning a reasonable approach given the lack of separate information
efficiency Jantall et al, 2010 amongst other parameters, on the global DMS sea-water concentration. The range is
but these processes are not treated in global models. comparable to that predicted by different parameterisations
and models\\Voodhouse et 312010.
Sub-grid-scale sulfate particle production (P21 and
P22). Two parameters describe the formation of particles inBiogenic SOA production (P27)The range of this pa-
sub-grid-scale plumes, such as power plants and degassimgmeter conflates the uncertainty in the emissions of the
volcanoes Kather et al. 2003 Luo and Yy 2011, Stevens  precursor gases (biogenic volatile organic compounds,
et al, 2012. P21 defines the fraction of the $@ass that BVOCSs) and the uncertainty in the yield of SOA following
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multi-step oxidation reactions into a single parameter that If the emulator is to be useful, then the uncertainty needs to
scales the VOC emissions and fixes the yield and chemicabe less than the parametric uncertainty that we are aiming to
processes. In GLOMAP, SOA is produced through oxidationquantify. The emulator uncertainty is compared to the para-
of transported monoterpenes (assumed taxk@nene) by  metric uncertainty in Figdb and d. The emulator uncertainty
OH, NO3 and @. The SOA vyield from these reactions was calculated as the standard deviation around the mean of
was assumed to be 13 % in our previous stud@&wdcklen 10000 Gaussian process functions sampled from the emula-
et al, 2006 2008 Mann et al, 2010 and condenses with tor (Egs.7 and9). Figure4b and d show that the emulator
zero equilibrium vapour pressure (i.e. partitioned to theuncertainty is less than 10 % of the parametric uncertainty.
aerosol according to gas diffusion-limited uptake). Recent The validity of the emulator can also be assessed subjec-
comparisons between global models and observations haviéely by examining the maps of parametric uncertainty (next
suggested a global SOA source as large as 500 T¢Hdeald  section). The CCN and sensitivity maps are produced from
et al, 2011). Spracklen et al(2011h used a comparison an analysis of 8192 independent emulators (one for each grid
between the model and organic aerosol observed by theell), and yet we find that the spatial patterns can be readily
aerosol mass spectrometer to suggest a global SOA souraederstood in terms of the driving processes, implying that
of 50-360 Tgal. There may be spatial variations in the the emulator mean is not dominated by its uncertainty in the
uncertainty in yield that are different to the spatial uncer- different grid boxes. There may be grid boxes that are less
tainty in emissions, but there is not enough understandingvell emulated, but for the purpose of our global analysis the
to constrain these two uncertainties separately. There aremulators here are considered valid.
also uncertainties in the volatility of different compounds
(Spracklen et al20118 that we do not account for here.
6 Results
Anthropogenic SOA production (P28)Jncertainty in
anthropogenic SOA is treated in a similar way to biogenic6.1 Metrics of uncertainty
SOA, by conflating the uncertainty in emissions and yield
into a single emission uncertainty. For emissions of anthro-We describe the results in terms of three measures of uncer-
pogenic VOCs (VOCA), we used the same approach as in tainty.
Spracklen et al(2011h by scaling gridded CO emissions  The standard deviatiorof the CCN probability distribu-
from the IPCC. InSpracklen et al.(2011) SRES CO tion in each grid cell provides a direct measure of the abso-
emissions from anthropogenic activity (470.5(C)a 1) lute uncertainty in CCN caused by the uncertain parameters.
were scaled using VOC/CO mass ratios of 0.29g/g so ast is calculated as the square root of the total variance due to
to reproduce the global sum of VOC emissions from thethe uncertainty in the 28 parameters (see S8}. Figureb
Emissions Database for Atmospheric Research (EDGARkhows January and July maps of emulator-estimated CCN
for anthropogenic sources (127 0C)a1). Here we and the standard deviation, while Fi§ gives some exam-
vary these emissions to produce total anthropogenic SO#ples of the probability distribution of CCN for selected loca-
that lies between 2 and 112 Tg'a We included the reaction tions, from which the standard deviation was calculated. We
of VOC_A with OH. also carry out a variance-based sensitivity analysis to quan-
tify the contribution of each parameteto the variance in the

o modelled CCN. These parameter effect variances can also

5 Validation of the emulator be mappedl(ee et al, 2012. Here we show maps of the

occn uncertainty in CCNdccen,i = +/Veen,i for parameter

Figures3 and4 show the validation of the emulator. Scatter i whereV is the variance). Theccn, value is the square

plots of the emulator estimates versus the GLOMAP vali- root of the main effect index times the total variance for pa-

dz_:\tlon runs at various grlq box locations are shown in 8jg. rameteri (see Sect3.3). The UCZZCN .'s cannot be added to
with the 95 % confidence intervals around the emulator mean , | - . “CCNi . .
: . obtain the total uncertainty in Fi®. unless there is zero in-
calculated using Eq9j. Figureda and ¢ show maps of the .
S teraction between the parameters.
January and July global emulator validation in terms of the The coefficient of variation. orelative uncertainty is
percentage of GLOMAP validation runs that lie within the X y

. . . the standard deviation divided by the emulator mean CCN
95 % confidence interval of the emulator estimate. In most . — .
(ocen,i/mcen)- This is shown also in Figl. Relative uncer-

grid cells over 90 % of the GLOMAP validation simulations ;.- ~™ : N
tainty is a more appropriate measure of uncertainty in CCN

lie within the 95 % confidence interval of the emulator. Note : . .

. . than absolute uncertainty because the uncertainty in cloud
that the mean emulator estimate is used for the Monte Carlofeflectivit depends approximately on the ratio of chanae in
type sampling (SecB.3), and Fig.3 shows that the emulator y dep bp y 9

. . . cloud drop number (CDN) concentration to absolute concen-
[r)nye;]récliF?lN”fevery close to the GLOMAP simulation, shown tration (ACDN/CDN), termed the susceptibilityTivomey,

1991). Although CCN and CDN concentrations are not lin-
early related, the relative uncertainty is more relevant for
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Fig. 3. Grid box validation of emulator-predicted CCN. CCN concentrations predicted by the emulator are compared against CCN from 84
additional GLOMAP model simulations in 13 model grid boxes on the 915 hPa model level. The emulator uncertainty is shown as the 95 %
confidence interval around the emulator estimate calculated from Bemnd Q).

climate than the absolute uncertainty. For other quantitiesf.2 Magnitude of uncertainty in global CCN
like black carbon mass concentrations, the direct aerosol ef-
fect depends approximately linearly on column mass, so thq:i

absalu;e ur)certe;lnty'ln BC Wolu!d be more relevant. he With mean CCN concentrations, but this is not the case for
The fraction of varianceexplained by a parameter is the 4 ra|ative uncertainty. In general, the relative uncertainty is

reduction in variance that would be obtained if a particular,, o1 ot jow latitudes than at high latitudes, although there
parameter were known precisely. A parameter with a large; o oy ceptions in the biomass burning regions. It varies be-

contribution to variance may have its effect in a region with tween a minimum of about30 % in many clean marine re-

overall Iovy v'ar’i’arjce. It is therefore a measure of local “re- gions and about-40—100 % over land areas and at high lati-
search priority” (improved knowledge of highly ranked pa- y,jes The peakccy reaches 100 % over the January Arctic

rameters Would_ lead to a greater redl_Jction in uncertainty inand July Antarctic. There is a clear seasonal cycle in rela-
CCN) but not directly relevant to the impact on clouds and e ncertainty in parts of the Northern Hemisphere (NH).

climate. Thus, information on CCN relative uncertainty and g, example, wintertime NH marine regions reach about 30—
fraction of variance can be used together to estimate the efe o, 1t ger11erally less than 30 % in summer. Peaks in un-

fect of an uncertain parameter on climate and to identify thege tainty at summer high latitude continental locations are
most important parameter in terms of reducing the uncer

oo “associated with large uncertainties in wildfires, as we show
tainty in the model. below.

Although we do not attempt to compare the model uncer-
tainties with observed CCN, it is worth noting that in general
the spread of the model simulations is less than shown in the
only compilation of global CCN measuremengp(acklen

gure 5 shows that the standard deviation correlates well

www.atmos-chem-phys.net/13/8879/2013/ Atmos. Chem. Phys., 13, 8@8834 2013
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Fig. 4. Global validation of emulator-predicted CCN. CCN concentrations predicted by the emulator are compared against CCN from 84
additional GLOMAP model simulations for every model grid box on the 915 hPa model level. The fraction of GLOMAP simulations lying
within the emulator 95 % confidence interval for every grid box is showifdpdanuary andc) July. In(b) and(d) the emulator uncertainty

is shown as the standard deviation around the mean due to the emulator uncertaiatyi4) divided by the standard deviation due to the
uncertain parameters¢cn, shown in Fig5). Thus, everywhere, the emulator uncertainty is less than 10 % of the parametric uncertainty.

et al, 20113. In that study thesccn range in modelled mi-  fer, 1999 (Fig. 8d). The cloud fraction is shown in Figa.
nus observed CCN was at least 100 %. Some of this modeHigure 8a and b also distinguish parameters according to
observation scatter may be due to poor collocation of thewhether they describe processes, emissions, model struc-
modelled and observed concentrations. tures, or a combination of processes and emissions (the two
SOA-related parameters). These global mean bar charts sum-
marise the global importance of parameters.

There are several things to keep in mind when comparing

The variance-based sensitivity analysis was carried out ofhese uncertainty maps. First, the importance of a parame-
each model grid box separately. Figifeshows the global ter does not necessarily imply that the associated process or
distribution of the absolute and relative CCN uncertainty, andemission is acting locally. For example, the activation diam-
Fig. 8 shows a global summary of the ranked relative uncer-€ter in clouds accounts for a large fraction of the uncertainty
tainties. The ranked bar charts were calculated by globallyover Antarctica, although there are no clouds there. This im-
averagingocen/iwcen over all grid boxes at 915 hPa, in- Plies that the process is the dominant factor that affects the
cluding a weighting for grid box area. We also stratify the amount of aerosol transported_to the region. _Second, the im-
global data into clean/polluted according to the black carborPortance of a parameter describes the effect it has on the un-
concentration (clean< 50 ngnt3, polluted > 100 ngnt3) certainty in aerosol, not necessarily how important it is for
(Fig. 8c) and by weightingocen/icen by cloud frac-  determining the absolute aerosol amount. For example, a low
tion based on the International Satellite Cloud Climatology Sensitivity to the FT nucleation rate does not imply that FT
Project (ISCCP) global D2 all-cloud dat@gssow and Schif- hucleation could be removed from the model; but only that,

6.3 Factors controlling uncertainty in CCN

Atmos. Chem. Phys., 13, 8878914 2013 www.atmos-chem-phys.net/13/8879/2013/
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Fig. 5.Global fields of CCN concentration and associated uncertainty on the 915 hPa model level. Left @oduntiel)( mean CCN fccn)
predicted by the emulators for January and July. Middle columan@e), uncertainty in CCN (defined as the emulator standard deviation
occn due to the uncertain parameters). Right columar(df), coefficient of variationdccn/icen in each grid box).

when it is included in the model, the aerosol is insensitive tothe UT. Over polluted regions with higher vapour supply,

the choice of rate within the range we have tested: the prothere is more condensational growth of the particles, and

cess could possibly be simplified but not eliminated. Third, a larger fraction survive to CCN, making the CCN in the BL

the contribution of a parameter to aerosol variance does nomore sensitive.

imply a positive association. For example, increases in bio-

genic SOA could lead to decreases in CCN due to increase8geing (P3). Ageing makes a localised contribution to

in aerosol surface area and suppression of nucleation. variance over biomass burning and other BC source regions,
Below we describe the factors controlling uncertainty in of up to 2000 cm?® occn uncertainty in regions with very

CCN first by parameter and then by region and season. high CCN of 5000 cm?®. However, the relative uncertainty

is typically less than 10 % in these regions, and the fractional

contribution to variance is everywhere less than 5%. This

low sensitivity is partly because of the much larger effect of

uncertainty in the mass flux and size of the emitted particles

O(see below) and partly because ageing timescales are only

important up to the point at which most particles have

aged. Ageing is therefore a relatively unimportant source of

uncertainty in these regions.

6.3.1 Uncertainty due to microphysical processes

Nucleation rates (P1 and PZJhe peak effect of uncertainty
in the rate of boundary layer nucleation on the CCN standar
deviation is about 200-500cm, or a maximum CCN
relative uncertainty of 20% in any region, although we
show in Sectior6.3.6that the peak contribution can locally
reach 40 % in some months. The fraction of variance is also, .. . . - .

generally less than 40 %, highly localised over remote partéA‘Ct'Vatlon dla_meter (P4).This is an important parame-
of summertime Canada, the European boreal forest, thée" over perS|st§nt low-cloud regions off the west coa_sts
Arctic, South Africa and parts of Asia. The FT nucleation of contmentg (Fig2a) and at high latitudes of .bOth hemi-
rate is a process of high importance to CCMefikanto spheres. It is ranked fourth gIoba]Iy, but third in clean
et al, 2009 but relatively insensitive to the rate. The greatest regions. It a_ccounts for@ch uncertainty of at_’ out 50 ¥ .
contribution to the standard deviation is mostly over land"" sub-tropical CIOL_’dy regions and a relative uncerfcamty
areas, reaching@ccy of 100—200 cm® and a peak relative of up _to 20%. AF high Iautugles the effect pegks n wmtgr,
uncertainty of about 25 % at high latitudes, but generally Iessreachlng a relative uncertainty of 30-40% in the Arctic

than 10 %. The regions where the FT nucleation rate is mos?‘nd 60% over An_tarctica. Sulfate addition in.quui.d cloqu
important do not coincide with regions where it makes thetherefore has an important effect on uncertainty in regions

greatest contribution to nucleated CCN — over subtropicaldom'nateOI _by transported_ aerosol, ‘de By shows tha’? it .
marine regions. Over clean regions the production of CCNhaS a coq5|derably more important impact on uncertainty in
is mainly through slow coagulation through the dry FT, clean regions.

making the CCN insensitive to the initial nucleation rate in

www.atmos-chem-phys.net/13/8879/2013/ Atmos. Chem. Phys., 13, 88834 2013
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Fig. 6. The frequency distribution of CCN concentrations across the 28-dimensional parameter uncertainty space simulated from the emu-
lators. Distributions are shown for July for 13 model grid boxes corresponding to the locations i6.3&zand Fig.9. The map of mean

CCN is the same as in Fi§. In some cases the CCN concentration is negative when in reality it will be truncated at zero meaning that the
uncertainty in some places will be slightly overestimated. Since the negative CCN is confined to a small region of the parameter uncertainty
space, the sensitivity analysis results will be robust to the negative values. Emulator calibration is not part of this study, but the first regions
of parameter space to be removed will be those that give negative values.

Droplet pH controlling in-cloud S@® production (P5 3.5 and 5, controlled by P6) the uncertainty is relatively
and P6).The droplet pH controlling the rate of reaction unimportant compared to cleaner conditions in which the pH
SOy + 03=SQy is an important parameter controlling much lies between 4 and 6.5 (P5).

of mid-northern latitude CCN uncertainty in air affected by

long-range transport of pollution in all seasons except sumNucleation scavenging diameter offset (P7)he size

mer. Figure8a shows that the droplet pH is the third-most at which aerosol particles are scavenged in frontal and con-
important parameter controlling CCN uncertainty in winter. vective precipitation has a surprisingly small effect on CCN
It accounts for up to 70-80 % of variance over large areasuncertainty at the 915 hPa level. As described in Skdhe

of Alaska and Asia, and generally 20-30 % of Arctic CCN equivalent dry diameter at which activated aerosol particles
in winter. The absolute impact on CCN peaks over pollutedare scavenged in precipitation is equal to the activation diam-
regions, reaching accn uncertainty over E. US and Europe eter (P4) plus the scavenging diameter offset. These results
and China of 500 cim®, but the relative uncertainty peaks therefore show that CCN are more sensitive to the activation
at about 30—40 % in the Arctic winter, making it one of the diameter (relative uncertainties exceeding 20% in many
most important parameters there. This pattern is consisterdreas) than they are to the scavenging diameter offset. The
with the seasonal importance of the chemical reactioneffect on standard deviation is concentrated over land areas,
SO, + O3, while in summer S@oxidation in cloud water is  although the fractional contribution to uncertainty in CCN is
controlled by BO». Under polluted conditions (pH between never more than a few per cent. The relative uncertainty is

Atmos. Chem. Phys., 13, 8878914 2013 www.atmos-chem-phys.net/13/8879/2013/
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Fig. 7. The global distribution of CCN standard deviatianc¢n;, right two columns) and relative uncertainydcn,; /#ccen. left two
columns) for each of the 28 parametérs Table 1 for January and July. Results are shown for the 915 hPa model level. Each map is
generated from the results of 8192 independent emulators (the total number of grid boxes on one level of the model).
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Fig. 7. Continued.

greatest over marine regions and the wintertime Arctic, but

is everywhere less than about 20 %. Thus, it appears that, 8lucleation scavenging in ice clouds (P8Jhis param-

the altitude of cloud base, CCN concentrations are relativelyeter contributes only a few per cent to the total variance in
insensitive to in-cloud nucleation scavenging assumptionsa few isolated locations with no clear pattern. It was expected
other than assuming all activated particles are scavengedhat it would strongly influence Arctic CCN uncertainty
However, as we showed iree et al.(2012 the scavenging (Browse et al.2012), but the effect is much smaller than for
diameter becomes a dominant parameter throughout most aferosol mass concentrations highlighted in that study. There
the FT. is a more consistent wintertime effect on BC, accounting for
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Fig. 8. Global summary of the ranked parameter uncertainties for G&0NGlobal mearvccy ; /inccn Wherei is the parameter, calculated

by globally averagingccn,i /nccn over all grid boxes, weighting by grid-box area. The ranked uncertainties are shown in colour for July

and in grey for January. The colours show the classification of the parameters according to model processes (red), emissions (blue), processe
and emissions (orange) and the model structure (gréenislobal maximumoccn i /iwcen calculated over a coarser grid (2216 grid

boxes) than the GLOMAP grid (12864 grid boxes) in order to suppress noise in the d@aStratified into polluted and clean mean
occen,i/ivcen for July. Polluted is defined as B£100 ng n 3 and clean as B& 50 ng n13. The black bars are July global means fr@ap

(d) Global rankings in July weighted by ISCCP global low level cloud volume fraction.
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10-30 % of BC variance in winter. The Aitken—accumulation mode separation diameter has an
absolute effect mainly over polluted regions. The fractional

Dry deposition of Aitken and accumulation mode par- effect is restricted to a few small hotspots, reaching 8 % of

ticles (P9 and P10)The effect of dry deposition on the variance.

standard deviation follows the changes in aerosol abundance,

consistent with it being a first-order loss process. The dry6.3.3 Uncertainty due primary aerosol and precursor

deposition of accumulation mode particles is more important gas emissions

for CCN than Aitken mode, even though the rate is lower ] ) ]

(primarily because CCN reside mostly in the accumulation0ssil fuel particle mass flux and diameter (P15 and P18).

mode). It is largest over land and on continental outflow FOSSil fuel particle emissions have a highly localised

regions. The map of relative uncertainty is quite different, 9€nerally less than 10% effect arcon/ucen over the

with a 10-30% effect over almost all marine regions andMain source regions, especially China. The size of the
a negligible contribution over almost all land areas. The&Mmitted particles is much more important for uncertainty
fractional contribution to variance reache80 % in regions N CCN than the mass emission flux. The size parameter
where few other factors are important, such as in the tropics!@S @ maximum effect on relative uncertainty of 30 % over
Although dry deposition of accumulation mode particles Pelluted regions and aaccounts for 50-60% of the variance
is quite slow (particle lifetimes of up to several days), it is (occn of 5001000 cm®), but typically less than 10 % over
the dominant (or even sole) loss process of accumulatio’® US. where sulfate parameters are more important. The
mode particles close to the surface in many regions. Unlikd©Ssil fuel diameter is the fourth-most important for CCN

other processes and emissions, it is a first-order loss proced¥certainty in poliuted regions.
that occurs continuously and everywhere. Thus, globally

averaged, it is an important factor in the relative uncertainty3iomass burning particle mass flux and diameter (P16
in CCN in the boundary layer. We also note the lack of and P19).The importance of the biomass burning mass
precipitation. flux follows the seasonality of the emissions and reaches

40% of variance over large regions mostly immediately
over the sources (Amazon, Africa, northern and western US
and boreal regions), which equates t@@cn uncertainty

Accumulation and Aitken mode widths (P11 and PT2e greater than 1000 crd and relative uncertainty of 40-50 %.

accumulation mode width has an effect over polluted NH The size of the emitted particles is more important than the
regions, reaching a maximum relative uncertainty of 109% Mass flux and causes:acn/ 1cen uncertainty of over 60 %

in the wintertime Arctic. The width of the Aitken mode has In Source regions and 50% over the summertime Arctic.

a much more widespread absolute effect over NH poIIuted-OC"""y it is by far thg dominant parameter and accounts for

regions and hotspots in biomass burning areas. The relativilP {0 80 % of the variance over source regions and up to 40—
uncertainty in CCN reaches 30 % in the wintertime Arctic 20 % Over large regions of the remote Arctic in summer. The

and 40 % over the Antarctic and parts of the Southern OcearfPortance of the emission parameters is strongly located
As a fraction of total variance, it accounts for 10-30 % over OVer the emission regions, with very little extension over the

large regions of the ocean including the Arctic. Thus the d0Wnwind ocean regions. In these regions dry deposition
Aitken mode width is a structural parameter of high impor- becomes important (see below). The reliability of this result

tance for reducing uncertainty in predicted CCN of 50 nm will depend on the realism of vertical mixing of plumes in
dry diameter. Figure&c and d show that the Aitken mode the model, and could be tested against observations. The
width is the second-most important uncertain parameter foRiomass diameter is globally ranked number three in July,
CCN in clean and cloudy regions. The Aitken mode width is Put number one in polluted regions.

more important for CCN uncertainty than the accumulation _ ) .

mode width because almost all accumulation mode particle$i0fuel particle mass flux and diameter (P17 and P20).
are counted as CCN, while the fraction of Aitken mode that | '€ uncertainty due to biofuel mass flux is important only
is counted depends on how the distribution extends beyondMmediately over the main emission regions of India,
the assumed CCN size of 50nm dry diameter. This is theSoutheast Asia and West Africa, with no strong seasonal

only parameter that has a significantly different impact onVvariation. In the NH winter the impact over India extends
CCN uncertainty in cloudy versus non-cloudy regions. over the Indian Ocean as the air pollution is advected out.
The mass emission accounts for locally 30 % of the variance

and the size of the particles up to 70%. Thus in the main
goiofuel burning regions these primary emissions dominate
the CCN uncertainty, but the effect is quite localised.

6.3.2 Uncertainty due to size distribution parameters

Mode separation diameters (P13 and Pl4jhe effect

of the nucleation—Aitken separation diameter is restricte
almost entirely to high southern latitudes of the Southern
Ocean and Antarctica, accounting for a maximum of about
5% of variance and a relative uncertainty of less than 10 %.

www.atmos-chem-phys.net/13/8879/2013/ Atmos. Chem. Phys., 13, 8@8834 2013
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Sub-grid S@‘ particle formation (P21 and P22)Uncer- DMS emissions (P26DMS has a strong seasonally varying

tainties related to sub-grid $O particle production are as effect on CCN uncertainty, restricted largely to the SH in
important as uncertainties in $Cemissions themselves. terms of its relative effect. This is consistent witiood-
Parameters P21 and P22 have a large influence on CCRouse et al2012), who showed a diminished NH effect due
uncertainty over the eastern US, the North Atlantic, Europeto & higher background CCN concentration. This NH/SH
and Asia, with the European emissions influencing thedifference means that, globally averaged, DMS emissions
uncertainty right across Russia and into Asia. Relativeare ranked 14th in NH summer but 4th in SH summer. Over
uncertainty reaches 50 %. As with the other primary particleSH marine regions the relative uncertainty is about 10-30 %,
emissions, the size of the particles assumed to be forme#ising to 50% near the Antarctic coast from January to
at sub-grid scales is more important than the fraction ofApril, or a occn uncertainty of up to 100 cr?. On either
emitted sulfur assumed to be in them. Both parameterside of this period (May and November and December)
(mass flux and size) have significant interactions with otherthe impact is almost entirely over Antarctica. This short
parameters, with up to 20 % of the total variance being duepéeriod of influence on CCN is consistent with our previous
to interactions. Our analysis therefore shows that sub-gricsimulations of CCN over the Southern Oceafoihonen
production of a few per cent by mass of $Oparticles in etal, 2008. The impact is much weaker in the NH, reaching
plumes is much more important for CCN uncertainty than @ maximum of about 10 % relative uncertainty over much of
the SGQ emissions themselves. the Arctic Ocean.

Sea spray emissions (P23Jhe uncertainty in sea spray Biogenic SOA emission and production (P27his pa-
emission has a small effect on CCN uncertainty over therameter accounts for uncertainty in BVOC emissions and
world’s oceans except in the Southern Ocean. Here, thé&OA production chemistry in one parameter. The impact of
fractional contribution to variance varies seasonally betweerf large uncertainty in SOA on CCN is surprisingly small. It
10-30% in Southern Hemisphere (SH) summer and ups ranked 16th globally and in clean regions. The effect on
to 60% in SH winter, and the relative uncertainty reachesCCN standard deviation of about 200-500chis mainly
30-40 %. It is the seventh-most important parameter globallya@ssociated with vegetated land areas, but this is typically
in July and the fourth-most important in clean regions. Else-less than 10 % of mean CCN. The fractional contribution to
where the fractional contribution to variance is typically less variance reaches about 50 % only in a few very small spots
than a few per cent in the mid-Pacific and Atlantic oceansin N. America, N. Europe, S. America and Australia, but
throughout the year, making it a relatively unimportant has a negligible effect elsewhere. One reason for this weak
parameter there. This is a surprisingly low sensitivity over effect on uncertainty is that increases in SOA in our model
windy oceans to a plus/minus factor of 5 change in flux. Theact to grow particles to CCN sizes (a positive effect), but the
reason may be related to the impact of the sea spray on CCharger condensation sink acts to suppress nucleation, which
formed from nucleation, which is apparent in decreases ifve assume is not itself enhanced by organic compounds.
CN over many ocean regions. Absolute changes in CCN alsd he effect on CCN uncertainty could be much larger if
occur over land regions, again suggesting an impact of sefucleation were driven by organic compounddefzger

spray on aerosol formation processes, impacting downwincet al, 2010. If this is not the case, then uncertainties in
regions. biogenic SOA could have a relatively minor effect on CCN

because of compensating effects.
Anthropogenic S® emissions (P24)The effect of SQ _ o .
emission uncertainty on CCN standard deviation is clearlyAnthropogenic SOA emission and production (P28).
associated with emission regions. The pesky uncertainty ~ The spatial distribution of the standard deviation resembles
is about 500 cm® over Europe, but the relative uncertainty that of fossil fuel primary particles but spread out over the
reaches 10-15 % over large parts of the NH. downwind marine regions. The impact is also larger and
more widespread in the winter hemispheres. According to
Volcanic SQ emissions (P25)The contribution of vol-  Fig. 8c anthropogenic SOA is considerably more important
canic SQ to the total uncertainty is important mainly for CCN variance in clean regions, rather than in regions
in a zonal band between the Equator and 80causing Where it is emitted. These effects contrast starkly with
a 10-15% uncertainty in CCN. The widespread effect ofbiogenic SOA. Biogenic emissions peak in the summer,
volcanic SQ emissions on CCN and cloud albedo has beenand therefore have their maximum effect on aerosol during
studied bySchmidt et al(2012. As in their study, we find ~periods with highest nucleation, leading to a compensation
that the volcanic emissions have a widespread effect on CCMffect on CCN. However, anthropogenic SOA precursors
due to formation of particles in the FT. are emitted all year and, although photochemistry is slower
in winter, it can form SOA and grow existing particles to
CCN sizes with little impact on nucleation in the lower
troposphere, thus leading to a significant wintertime impact
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on CCN. As we noted in Sectl, there is considerable feedbacks. Interestingly, anthropogenic SOA has a larger ef-
uncertainty not just in the amount of anthropogenic SOAfect onocen/icen in clean regions than polluted regions
produced, but also whether observations can be explaine(by a factor of 3) because of its long-range transport.

by genuine anthropogenic SOA or by anthropogenic en- Finally, we note that the rank order is essentially un-
hancement of biogenic SOA. Such a structural change in thehanged when the griddedtcn/wcen values are weighted
model would lead to different results to those shown here.by low-cloud fraction (Fig8d). This implies that the global
Nevertheless, anthropogenic SOA could have a potentiallyank importance of a parameter is also a good indicator of its
large impact on global CCN. importance for cloud drop formation and indirect forcing.

6.3.4 Ranking of global uncertainties 6.3.5 Relative importance of emissions, size distribution
and processes

As described above, the relative importance of parameters ) o ) )
for CCN uncertainty varies spatially and temporally. Never- Figure 10 splits the contribution to uncertainty according to

theless, some general observations can be made on the nggicrophysical processes, size distribution representation and
mean importance of different parameters (fg. emissions, as coloured in Figa. The two SOA-related pa-

For emissions (blue bars in Fig), the rank order in terms ~ f@meters (green in Figa) were included in both the pro-

of global mearscen/ cen in July is as follows: (1) and (2)  CE€SS€S and emissions group because they represent uncer-

biomass burning (mass flux followed by particle size), (3) segtainty in both the emissions of BVOCs and the chemistry of

spray flux, (4) and (5) anthropogenic $@nd sub-grid sul-  SOA formation. _

fate particle size (approximately equal), () fossil fuel parti- 11€S€ maps show a strong contrast between the impor-
cle size and (7) DMS (which becomes parameter number fance of emissions over land areas and processes over ma-
in January due to Southern Hemisphere emissions). If goAine areas. Thus, in terms of aerosol indirect radiative forc-
formation is included as an emission uncertainty (rather tharld: Uncertain aerosol processes are an important factor. In
a process), then anthropogenic SOA would rank 4th amon umme_r, the hotspots ofem|SS|_ons uncertalnty are mostly due
the other emissions, roughly equal to sea spray, and biogeni© Wildfires and biomass burning. As noted in Set8.6

SOA would rank 9th. Taken together, anthropogenic and biolhere is a sharp transition immediately downwind between

genic SOA would rank among the most important emissions (1€ importance of emissions parameters and process parame-

Biofuel emissions have a localised effect @en/ucen Of ters (mainly d_ry deposition_at low latitudes), which ought to
about 20 % (due to their uncertain size), but are globally lesd€ t€sted against observations. o
important than the top 7. Volcanic S@missions are gener- In general, the representation of the size distribution is less
ally relatively unimportant. A clear feature of the results is IMmPortant than either emissions or processes, although the

that the sizes of the emitted primary particles is more impor-Mdal aerosol parameters are not negligible and are an im-
tant than their mass flux (by up to a factor of 2). portant factor at high latitudes. Almost all of the uncertainty

For processes (red bars in FR), the rank order in terms in CC_N due to the_ size distribution parameters comes from
of global mearscen/ icen in July is as follows{(1) dry de- the. W|dth_ of the Altkgn mode, which accounts for 40 % of
position of accumulation mode particles, (2) the activation Variance in large regions of the remote ocean. But, as noted
diameter, (3) the rate of sulfate production in cloud drops, (4)Previously, the accumulation mode will be more important
boundary layer nucleation, (5) dry deposition of the Aitken fOF larger CCN sizes than assumed here.
mode, and (6) the size of particles scavenged in precipitatin
clouds.

[For size distribution representation, the Aitken mode e now present results for a few specific locations that are
width is clearly the number 1 parameter, with the other size,qresentative of larger regions or of specific interest because
distribution parameters being fairly unimportant. of long-term measurements. Figi@shows the seasonal cy-

The rank order of parfimeters is strongly dependent on the|e of emulator mean CCN (withecn bars) and variance
level of pollution, as defined by black carbon concentrations,ntrinutions for locations representing polluted marine (N.

(Fig. 8c). There is an obvious reordering of the importanceAﬂantiC)’ clean marine (S. Ocean), marginal Arctic (Bar-

o_f the em_issions of B_C-conf[aining particles (biomass3 fos'row, Alaska, and Zeppelin, Svalbard), high Arctic, remote
sil fuel, biofuel emissions) in clean and polluted regions. i continental (Tomsk, central Siberia), polluted continental
But we also find that.the sensmwty.to natural emissions ,'S(Melpitz, central Europe, and Bondville, E. United States),
strongly suppressed in polluted regions because of the higl-gnean boreal forest (Hyytiala, Finland), persistent stra-
concentrations of anthropogenic aerosol. For example, begycymylus (coastal Chile), biomass buring (Botsalano, S.
tween clean and polluted regiongcn/i.cen decreases by agrica), and two long-term sites at Cape Grim (Tasmania)

a factor of 4.5 for sea spray, a factor of 4 for DMS and a fac- g \Mace Head (Ireland). These data refer to the single grid
tor of 2 for volcanic SQ. This implies that pollution will 5 i which the station sits.

have suppressed the importance of natural aerosol—-climate

%.3.6 Uncertainties by region
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Fig. 9. Time series of the mean emulator-predicted CCN concentration wih g error bars (upper figure) and the main effect sensitivities

(the percentage of CCN variance due to each parameter) (lower figure) across the year 2008 for the 13 locatiorgs3r68erdtFig.9.
Parameters with a main effeet5 % are shown in colour, and parameters with a main ef#e€&6 are shown in grey. The white space below
100 % shows the fraction of variance due to interactions between the parameters since with no interactions the main effects sum to 100 %.
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Fig. 9. Continued.

Polluted marine.In the North Atlantic the important pa- role in Southern Hemisphere summer. In both zones the
rameters represent a mix of pollution (S@missions, activation diameter and the width of the Aitken mode are
Soﬁ_ particles and anthropogenic SOA production) andimportant through the year.
long-range transport processes ﬁSCproduction in clouds
and the Aitken diameter, as at the Arctic sites, and dry
deposition). There is a clear seasonal cycle, with sulfurArctic. The marginal Arctic sites BarronBpdhaine 1989
pollution and dry deposition dominating in summer and and Zeppelin$trom et al, 2003 look very similar except in
anthropogenic SOA and in-cloud 50 production being the summerwhen CCN at Barrow are dominated by biomass
more important in winter. burning. Outside the summer, the most important process
parameters are the activation diameter andSp}oduction
Remote marineThe Southern Ocean has two obvious in cloud drops (pH controlling the rate ofs@- SG,), both
zones: one between 40 and°& where sea spray is im- of which control the evolution of the size distribution during
portant (particularly in Southern Hemisphere winter) andcloud processing. The width of the Aitken mode is also
one south of 60S where DMS emissions play an important Very important at both sites, and dominates at Zeppelin in
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a) JAN Processes b) JAN Emissions ¢) JAN Structural

Fig. 10. The contribution to the relative uncertainty according to microphysical processes (left column), emissions (middle column) and
model structures (right column) for January (top row) and July (bottom row). The relative uncertaiaigs; ( wccn) for each of the 28
parameters shown in Fig.7 are summed according to the classification of the parameters shown B Flie two SOA-related parameters

are included in both the processes and emissions groups.

the summer. Again, the width of the Aitken mode affects and sources of aerosol are the same in both locations; only
the fraction of particles that can be activated in clouds.that the factors controlling uncertainty are similar. The main
Dry deposition is also important year-round. Thus thesedifference is the appearance of biogenic SOA and boundary
Arctic sites are dominated by processes that occur durindayer nucleation as important parameters in summer in
long-range transport. The important parameters in the higlHyytiala.
Arctic (85° N, 0°W) are similar to those at Barrow and Cloudy region.The impact of CCN changes on climate
Zeppelin. usually focuses on low-level stratiform clouds because of
their importance to the radiative budget of the planet. In the
Remote NH continentallhe important parameters at Tomsk, stratocumulus region off the coast of Chile, the dominant
Central Siberia, are very similar to central Europe in winter factor in CCN uncertainty is aerosol dry deposition in the
and spring, but in the mid-summer the CCN variance issummer and anthropogenic SOA in winter, with the activa-
dominated by uncertainty in biomass burning emissionstion diameter and width of the Aitken mode being important
primarily the size of the emitted particles. In early summer, all year. Because we neglect wet deposition in such regions,
boundary layer nucleation accounts for up to 20 % of thedry deposition is the dominant removal processes. It is likely
uncertainty. that drizzle scavenging would be an important uncertainty
if that process were included. Figugd also shows that the
Polluted NH continentalUncertainty in CCN at Bondville  Aitken mode width is the second-most important parameter
and Melpitz Engler et al. 2007 is dominated by anthro- when weighted by cloud cover. Thus, this structural parame-
pogenic S@, particulate S(i)‘ and fossil fuel BC/OC teris an important consideration in model development.
emissions. The most important parameter in these locations
is the diameter of sub-grid §O particles, which accounts Biomass burning regionCCN uncertainty at Botsalano
for about 30-40 % of variance through the year. Both sitesis dominated by uncertainty in the size and rate of the
have low seasonal variation in the importance of parametersiomass burning emitted particles through much of the year.
At the beginning of the year before the start of the biomass
European boreal forest.The important parameters at burning period, the uncertainty in CCN is controlled by
Hyytiala outside of summeiKUulmala et al, 2003 are very  boundary layer nucleation and the size and rate of anthro-
similar to the central European site at Melpitz, with a large pogenic emissions through fossil fuels and particulatéSO
fraction of the total variance being due to pollution-related
parameters, particularly%Oproduction in clouds, anthro- Cape Grim. Cape Grim on the southern tip of Tasma-

pogenic S@ and sub-grid SQT properties. However, as Nia is an important site for the long-term monitoring of
we stated previously, this does not imply that the propertiesi€rosols and trace gaséyérs et al. 1986 Ayers and Gras
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1991 and has been used extensively for studies of marine This analysis of uncertainties in a global aerosol micro-
aerosol processes. The key parameters controlling CCNphysics model points to several priorities for reducing para-
variance at Cape Grim are very heterogeneous, but appeanetric uncertainty in modelled CCN. The following state-
to be controlled mostly by continental emissions. The mostments refer to the relative uncertainty in CCN concentrations
obvious feature is the importance of biomass burning from(> 50 nm dry diameter) in the boundary layer at 915 hPa,
March to May. But outside this period a mix of natural which we defined as the global mean of the standard devi-
and anthropogenic aerosol parameters is important, withation divided by the mean CCN in each grid box (Séct).
marine aerosols and precursors (sea spray and DMS) ndtigurellshows a schematic of the relative importance of the
being prominent among them. So although DMS emissiongarameters we have studied, with the size of the font propor-
control the seasonal cycle of CCN at Cape Grikorhonen  tional to the relative uncertainty.

et al, 2008, CCN concentrations are much more sensitive

to a range of other emissions (i.e. the seasonal cycle will — The most important process for global mean CCN un-
still occur within the range of DMS emissions that we have certainty is dry deposition of the accumulation mode.
used here). This result will have implications for interpreting Dry deposition is a globally important process that oc-

any long-term trends. However, care needs to be taken when ~ curs continuously and everywhere at a first-order rate
comparing with observations because of the strong land-sea  that scales with aerosol concentration. In contrast, many

gradient in aerosol properties at this site. other processes are only regionally important, so are

less prominent as a global mean uncertainty. The dry
Mace Head. CCN uncertainty at this coastal site is deposition velocity is also the parameter with the great-
similar to Cape Grim in being controlled by a wide range of est uncertainty (factor of 0.1 to 10). A more refined
parameters. The Mace Head sitkerinings et al.1997) is study could take account of differences in uncertainty
assumed to be representative of the marine aerosol environ- ~ over different land surface types, rather than the glob-
ment. However, the factors controlling CCN uncertainty in ally uniform uncertainty applied here.

the global model are actually mainly pollution sources. One
reason for the low importance of marine aerosol properties is
that the site is in a model grid box that overlaps with the UK,
although the agreement of our GLOMAP-bin model at this
site does not suggest any particular issue with model skill
(Reddington et aJ.2011). An improved understanding of
aerosol model uncertainty at this and other coastal sites may
require filtering of the data to identify marine air masses, or
analysis of model grid boxes over open ocean rather than on
the coast.

— Processes related to the interaction of aerosols with low-
level clouds are among the most important processes for
CCN uncertainty. The two leading parameters are the
activation diameter of aerosol in clouds and the oxida-
tion of SG by ozone in clouds (we did not study the
uncertainty due to the D, reaction). Improved mod-
els of aerosol activation depend primarily on improved
simulations of updraught speeds, while better constraint
of SO, oxidation would require more advanced mod-
els of cloud drop chemistry and compilation of a global
dataset of cloud drop pH measurements. Improvements

7 Discussion and conclusions in these processes and evaluation against data related to

the sulfur budgetAlexander et al.2002 2005 would

We have used an ensemble of global aerosol microphysics  help to reduce uncertainty in global CCN.

simulations together with emulators and variance-based sen-

sitivity analysis to quantify the magnitude and causes of un- — Among the primary particle and precursor gas emis-
Certainty in month'y_mean CCN for every 2§r|d box of sions, the uncertainties in carbonaceous combustion
a global aerosol model at the altitude of 915hPa (approxi-  Particles (from biomass burning, wildfires and fossil-

mately cloud base). Twenty-eight uncertain parameters and  /biofuel) are more important for CCN uncertainty than
their likely uncertainty ranges were defined based on ex-  anthropogenic SPemissions. The ranges we used for
pert elicitation. A validated Gaussian process emulator of the ~ the associated emission parameters were very large: up
model behaviour across the 28-dimensional parameter space {0 a factor of 4 for mass emission flux with a range of
in each grid box enables a full probability density distribu- particle sizes. More information on how these parame-
tion of CCN to be generated by Monte Carlo-type sampling ters vary with location and other conditions would have
for each grid box based on only 168 model runs. The proba- & substantial effect on model simulations of CCN and
bility distributions then allow the standard deviation of mod- ~ Would help to reduce the uncertainty in their effects on
elled CCN to be computed on a global scale. A full variance- ~ cloud radiative forcing, which counteracts the positive
based sensitivity analysis was also conducted, which gener-  directforcing due to the presence of black carbior(d
ates globally gridded information about the most important ~ €tal, 2013.

sources of uncertainty in modelled CCN. — The size of emitted primary particles is more important

for CCN uncertainty than the mass flux. These particles
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Fig. 11. Schematic showing the relative importance of the uncertain parameters for CCN. The size of the font is in direct proportion to the

global and annual mean relative uncertainty.

derive from biomass burning, wildfires, fossil fuel and
biofuel combustion, and sub-grid sulfate particle for-
mation in plumes. In general, for the parameter ranges
we used, the relative uncertainty in CCN due to un-
certain particle size is about a factor of 2 larger than
that due to mass flux. The importance of particle size
makes intuitive sense because the number concentration
scales with the reciprocal of the emitted size cubed, but
the number concentration scales only linearly with the
emitted mass. However, as shownmigrce and Adams
(2007 the relative effect of uncertainty can depend on
several factors. In general, the dependence is much less
than this scaling would suggest, because smaller more
numerous primary particles need to grow to CCN sizes.

Sub-grid formation of sulfate particles in plumes is ap-
proximately as important for CCN uncertainty as the un-
certainty in SQ itself, despite the fact that less than 1 %
of the SQ is converted into particles in the plume. More
research is needed to understand the formation and dis-
persion of particles in plume$tevens et al2012. So

far, studies have focused only on sulfate particles. How-
ever, given the large uncertainty, it would be worth iden-
tifying whether sub-grid production of particles occurs
in other environments.

Biogenic secondary organic aerosol has a surprisingly
small effect on CCN uncertainty, despite a very large
range applied in the model (5 to 360 TgfaSOA pro-
duction). This low sensitivity of a secondary aerosol
component contrasts with the much higher sensitivity
of CCN to SQ emissions (35-87 Tgd). The likely
reason for the different sensitivities is thas$0, from

Atmos. Chem. Phys., 13, 8878914 2013
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SO, oxidation produces new particles as well as grow-
ing existing ones, while SOA only grows existing par-
ticles in our model. An important area of research is
therefore to understand how and to what extent bio-
genic SOA influences the nucleation of new particles. If
it does, the large uncertainties associated with biogenic
SOA might make it one of the most important parame-
ters in global CCN production.

— Anthropogenic SOA has a larger effect on CCN uncer-

tainty than biogenic SOA despite having a smaller over-
all parameter uncertainty (3—160 Tgla. With the ap-
proach we have taken, this parameter has an effect on
CCN uncertainty approximately as great as sea spray
and anthropogenic Smissions. Anthropogenic SOA
uncertainty influences CCN mainly in winter and has
a widespread hemispheric effect on CCN uncertainty,
while biogenic SOA has a patchy continental effect.
One reason for the greater impact on CCN may be that
anthropogenic SOA forms in polluted regions where
a large number of small particles can grow to CCN
sizes. There are many open questions concerning an-
thropogenic SOA, even whether observed SOA is truly
anthropogenic or whether air pollution enhances forma-
tion of biogenic SOA $pracklen et al.20118. An im-
proved understanding of anthropogenic SOA formation,
and how it compares to biogenic SOA, could lead to
a significant reduction on model uncertainty.

Nucleation accounts for about 45% of CCN globally
(e.g.-Merikanto et al. 2009, or up to 70 % if sub-grid
sulfate particle formation in plumes is includedu(
and Lug 2009 (although this effect is assessed here
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as part of the sub-grid particle production uncertainty).
Merikanto et al.(2009 estimate that more than 75 %
of the nucleated CCN at cloud base level come from
particles formed in the free troposphere. Here, we find
that free tropospheric nucleation accounts for a negli-
gible fraction of total CCN uncertainty at cloud base.
Boundary layer nucleation is a more important uncer-
tainty, accounting for a global mean CCN standard de-
viation of about 6 % of the mean. The relatively small
uncertainty from nucleation is in agreement with ear-
lier studies Pierce and Adam2009. However, itis an
essential process in models because of the large net con-
tribution it makes to CCN. It is likely that global CCN
will be more sensitive to nucleation rates in the pre-
industrial era lakkonen et a].2012 Merikanto et al.
2010 when other particle sources were lower and the
rate of formation may have been reduced over Northern
Hemisphere land areas because of much lower emis-
sions of sulfur species. The importance of nucleation
might also change if a different mechanism were used,
such as one driven by organic compounds. Thus an im-
proved understanding of particle formation and the ef-
fects of biogenic and anthropogenic SOA is important.

The ageing rate of insoluble primary particles (from
combustion processes) into water-soluble particles has
a negligible effect on CCN uncertainty globally. This
result suggests that structural simplification of aerosol
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at high latitudes in winter. In terms of global mean rela-
tive uncertainty in CCNdccn/mcen), it is ranked sec-
ond out of the 28 parameters we studied. It is impor-
tant because it determines the fraction of Aitken parti-
cles that are counted as CCN at 50 nm dry diameter. It is
important to note that the importance of this parameter
would decrease if we considered larger CCN, although
the width of the accumulation mode would then rank
more highly. Mixing of different air masses with differ-
ent mode widths cannot be handled in a modal model
with constant width. Possible approaches to improve-
ment include replacing the Aitken mode with bins (e.g.
as in the SALSA model)}{okkola et al, 2008 Bergman

et al, 2012 or developing a modal model with a prog-
nostic treatment of the width of the modes, as previously
suggested (e.§Veisenstein et §l2007). More climato-
logical information on Aitken mode aerosol properties
(Heintzenberg et gl200Q 2004 Birmili et al., 200])
would be valuable for model evaluation.

— Interactions between parameters controlling CCN gen-

erally account for less than 20 % of the uncertainty. This
is smaller than we found in a previous study of 8 param-
eters [ee et al, 2012. Although the same interactions
must still be occurring in the present much larger study,
their relative contribution to the overall uncertainty is
less.

We reiterate that these conclusions refer to the model fac-

models in terms of chemical mixing state would have tors that are important for the uncertainty in model simu-
an acceptable impact on the reliability of CCN simula- |ations of CCN. They are the properties of the model that

tions.

The wintertime high latitudes are regions of high CCN
parametric uncertainty, which can be attributed almost
entirely to uncertain microphysical processes.

should be given most attention in efforts to reduce uncer-
tainty. The important uncertain factors may not be the same
as those that account for the absolute abundance of aerosol.
For example, SOA is a major component of the aerosol mass,
but our model results have shown that CCN are not very sen-

— Emissions and processes are more important than théitive to its formation, most likely because of how it affects
representation of the size distribution in the aerosol mi-Other aerosol processes. Likewise, nucleation is known to
crophysics model. We previously showed that a bin andP€ an important source of CCN (e gpracklen et a/.2008
a modal model agree quite well in the simulations of Makkonen et a].2009 Merikanto et al, 2009 Yu and Lug
many aerosol quantities. Some important structures carf009, but CCN are not strongly sensitive to the nucleation
be improved, as noted below, but in general the de-fate.
velopment of more complicated and computationally ~Care needs to be taken to verify these model sensitivity re-
demanding aerosol models to calculate varying modeSults using observations. As we have pointed out in several
widths should have lower priority than the improvement Cases, an uncertain model parameter can impact aerosol far
in model processes and emissions. The effects of struc@Way from where the emission or process occurred. The most
tural changes in the host global transport model have@bvious example of this effect is the importance of cloud pro-
not been assessed here, but AEROCOM intercomparcessing for Antarctic CCN when there are no clouds over the
isons suggest the variance could be lafgeugn et al, ~ Antarctic, whichis caused by the integrated effect of in-cloud
2013. sulfate formation along air mass trajectories.

Nevertheless, the uncertainty information generated in this

— The most important parameter representing the size disstudy provides the basis for a much more rigorous evaluation
tribution in a modal model in terms of simulation of of the model against observations, leading to a more struc-
CCN is the width of the Aitken mode. This parameter tured approach to model improvement. The normal approach
was varied between 1.2 and 1.8 and accounts for up tan model evaluation and improvement is to reduce the bias
40 % of variance in CCN in remote regions, particularly between modelled and observed aerosol by tuning a small
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