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Abstract. We use the Global Modelling Initiative (GMI)
chemical transport model with a cloud droplet parameterisa-
tion adjoint to quantify the sensitivity of cloud droplet num-
ber concentration to uncertainties in predicting CCN concen-
trations. Published CCN closure uncertainties for six differ-
ent sets of simplifying compositional and mixing state as-
sumptions are used as proxies for modelled CCN uncertainty
arising from application of those scenarios. It is found that
cloud droplet number concentrations (Ny) are fairly insensi-
tive to the number concentration (N,) of aerosol which act
as CCN over the continents (9 In Ng/d In N, ~ 10-30 %), but
the sensitivities exceed 70 % in pristine regions such as the
Alaskan Arctic and remote oceans. This means that CCN
concentration uncertainties of 4—71 % translate into only 1—
23 % uncertainty in cloud droplet number, on average. Since
most of the anthropogenic indirect forcing is concentrated
over the continents, this work shows that the application
of Kohler theory and attendant simplifying assumptions in
models is not a major source of uncertainty in predicting
cloud droplet number or anthropogenic aerosol indirect forc-
ing for the liquid, stratiform clouds simulated in these mod-
els. However, it does highlight the sensitivity of some re-
mote areas to pollution brought into the region via long-range
transport (e.g., biomass burning) or from seasonal biogenic
sources (e.g., phytoplankton as a source of dimethylsulfide
in the southern oceans). Since these transient processes are
not captured well by the climatological emissions invento-
ries employed by current large-scale models, the uncertain-
ties in aerosol-cloud interactions during these events could
be much larger than those uncovered here. This finding mo-
tivates additional measurements in these pristine regions, for

which few observations exist, to quantify the impact (and as-
sociated uncertainty) of transient aerosol processes on cloud
properties.

1 Introduction

The ability of atmospheric aerosols to act as cloud con-
densation nuclei (CCN) remains one of the largest sources
of uncertainty in current global climate modelling ef-
forts (Solomon et al., 2007). This is because aerosols are
chemically-complex and are derived from a variety of pri-
mary emissions sources as well as secondary gas-to-particle
conversion in the atmosphere. Given this complexity, there
is a need for an extensive global observational dataset that
can be used to improve the representation of aerosol-cloud
interactions in models.

Measurements of CCN spectra (i.e., CCN concentration
over a range of water vapour supersaturation) have been
made for decades (e.g., Twomey, 1977; Hudson, 1993,
and references therein) and have yielded CCN datasets at
a number of locations worldwide. While providing infor-
mation on the spatiotemporal variation of CCN concen-
trations and the total particle size distributions, many of
these pioneering studies lacked the detailed aerosol com-
position information needed to fully explain the observed
CCN variability. Recent improvements in instrument ca-
pabilities have greatly improved the state of the art for
measuring the chemical composition and CCN activity of
aerosols. This includes the development of the Particle-Into-
Liquid Sampler (PILS, Weber et al., 2001) for measuring
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water-soluble aerosol composition, the Aerodyne Aerosol
Mass Spectrometer (AMS, Jayne et al., 2000; Jimenez et al.,
2003) for measuring non-refractory aerosol composition,
and the Droplet Measurement Technologies Continuous-
Flow, Streamwise, Thermal-Gradient CCN Counter (CCNC,
Roberts and Nenes, 2005; Lance et al., 2006) for mea-
suring CCN activation and droplet growth rates. Together
with traditional and newer techniques for measuring the
aerosol size distribution (e.g., Wang and Flagan, 1989; Fla-
gan, 2004; Cai et al., 2008; Olfert et al., 2008), these ro-
bust and commercially-available instruments have enabled a
multitude of field studies that have comprehensively char-
acterised the compositional and size dependence of ambient
CCN. With this information, it is now possible to empirically
evaluate our theoretical understanding of aerosol-cloud inter-
actions using in situ field data.

CCN concentrations are almost exclusively predicted in
models with Kohler theory (Kohler, 1936), which has been
shown to adequately capture the CCN activity of single- and
multi-component aerosol by a large number of laboratory
studies (e.g., Cruz and Pandis, 1997; Raymond and Pandis,
2002, 2003; Giebl et al., 2002; Padré et al., 2007). How-
ever, atmospheric aerosols are often much more complex
than those created in the laboratory, so application of Kohler
theory-based models and parameterisations must necessarily
make simplifying assumptions regarding the aerosol mixing
state and composition in order to reduce their computational
burden. To evaluate the uncertainty associated with these
simplifying assumptions, a number of “CCN closure” stud-
ies have been performed, where the aerosol size distributions
and chemical compositions measured in the field are used
with the simplifying assumption scenarios to predict CCN
number concentrations (NccN), which are then compared to
concurrent CCN measurements with a CCNC. The deviation
between the measured and predicted concentrations is inter-
preted as the uncertainty introduced by that set of simplifying
assumptions.

While quantifying the uncertainty in our predictive under-
standing of CCN concentrations is important, it represents
only one link in our understanding of the aerosol-cloud in-
direct effects on climate. The second link is the combination
of CCN concentrations with cloud dynamics (e.g., ambient
liquid water content, updraft velocity, and droplet conden-
sational growth rates) to determine the overall cloud droplet
concentration (Ng), which, in turn, affects the cloud albedo
(Aclg) and radiative properties. Studies have combined am-
bient measurements of Ng with cloud parcel model simu-
lations using measured Nccn and dynamical parameters to
perform “cloud droplet closure” (e.g., Hallberg et al., 1997,
Chuang et al., 2000; Snider and Brenguier, 2000; Snider
et al., 2003; Conant et al., 2004; Meskhidze et al., 2005;
Fountoukis et al., 2007). The agreement between predictions
and measurements has generally been quite good despite
large observed aerosol variability in some studies, with aver-
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age Ny predicted-to-measured ratios on the order of 0.71-1.2
and some larger ratios reported by Hallberg et al. (1997).

In addition to these field studies, model simulations are an
important tool for examining the sensitivity of Ny to changes
in CCN and other parameters by selectively turning on and
off certain effects. For example, Lance et al. (2004) used a
large number of 1-D parcel model simulations to look at the
competing influences of aerosol chemistry and cloud updraft
velocity in determining Ng under a wide variety of condi-
tions. They found that chemical effects can account for 28—
100 % of the variability in Ng4 for both marine and continen-
tal environments. Rissman et al. (2004) extended the droplet
parameterisation of Abdul-Razzak et al. (1998) to include
the effects of surfactants and derived the analytical sensi-
tivities of Ny with respect to the parameterisation inputs,
and reached a similar conclusion that Ng can be up to 1.5-
times as sensitive to aerosol composition and surface tension
effects as it is to cloud dynamical effects under certain at-
mospherically relevant conditions. Sotiropoulou et al. (2006)
used a droplet parameterisation to propagate the CCN closure
uncertainties observed by Medina et al. (2007) during the
ICARTT campaign to uncertainties in Ng. Using a campaign-
average, prescribed CCN spectrum and size distribution in
the parameterisation, they found the uncertainty of Ny to be
50 % of that for Nccn over a range of conditions. Ervens
et al. (2010) also modelled the sensitivity of Ny uncertainty
to Ncen uncertainty and found that a 100 % overprediction
of Ncen leads to only a 15 % overprediction in Ng.

The above studies (and others) highlight the influence of
aerosols versus cloud dynamics on cloud properties, and mo-
tivates future work with larger scale models to better under-
stand where clouds are most sensitive to aerosol composi-
tion effects. Toward this, Sotiropoulou et al. (2007) parame-
terised the CCN uncertainty from the ICARTT study in terms
of supersaturation and used this relationship with the global
Ngq and Nccen outputs from the NASA Goddard Institute
for Space Studies Version II’ (GISS II') general circulation
model (GCM) to quantify the resulting errors in Ny, aerosol
indirect forcing, and autoconversion rate. This is achieved
by running two present-day simulations: a base case simu-
lation with normal present day emissions and a perturbed
case simulation where the size distribution is varied to al-
ter the CCN concentration according to the ICARTT uncer-
tainty. Their results suggest that a global average CCN pre-
diction error of 10-20 % translates into a 7-14 % uncertainty
in Ng and a 10-20 % uncertainty in aerosol indirect forc-
ing (Sotiropoulou et al., 2007). While this study gives im-
portant first-order constraints on how CCN uncertainty may
affect global indirect forcing estimates, the approach does not
account for regional differences in the uncertainty of Ncen
or how the model perturbation may induce other, nonlinear
effects in the simulation. A thorough discussion of some of
these challenges is presented by Lee et al. (2011), who have
developed a new statistical method for estimating model sen-
sitivities to input uncertainties and, more recently, used it
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to rank parametric uncertainties in cloud droplet formation
model parameters (Lee et al., 2013).

There is also a large body of literature related to quan-
tifying aerosol-cloud interactions through correlations of
ground-based, airborne and satellite remote sensing measure-
ments. In these studies, the logarithmic sensitivity of Ny to
N, is found through linear regression of in sifu data or of
proxies for N, such as aerosol optical depth or aerosol index.
Reported regression slopes vary widely from 0.1-1.0 (Naka-
jima and Schulz, 2009; McComiskey and Feingold, 2012,
and references therein). Within this wide range, sensitivi-
ties over ocean tend to fall within 0.4-0.5 (Nakajima and
Schulz, 2009). McComiskey and Feingold (2012) examined
how inferred d Ng/d N, varied across ground-based, airborne,
and satellite platforms, with mean values of 0.48 +0.15,
0.58 £0.20, and 0.27 £ 0.13 across the different categories
of studies, respectively. Low values from satellite-derived
measurements were attributed to the effect of aggregating
measurement data across scales and not constraining lig-
uid water path in the analysis, which tend to dampen the
observed response (McComiskey and Feingold, 2012). The
authors note that while this biases inferences of the cloud
albedo effect low, it may be more representative of the full
aerosol-cloud interactions system, including feedbacks. The
sensitivities derived in this work from a physically-based,
cloud model parameterisation complement these previous
studies by providing a global picture of aerosol-cloud inter-
actions without having to make assumptions with regard to
liquid water path constraints; however, given the coarse reso-
lution of the model, this approach does not completely avoid
the scale problem discussed by McComiskey and Feingold
(2012).

In summary, while there have been several studies to date
examining the sensitivity of cloud droplet number concen-
tration uncertainty to uncertainties in CCN number concen-
tration, there is still no clear estimate of the global magni-
tude of this uncertainty or how it varies regionally. In this
study, we address these questions by combining data ob-
tained from over thirty-five published CCN closure studies
with simulations conducted with the adjoint of the Kumar
et al. (2009) cloud droplet parameterisation, recently devel-
oped by Karydis et al. (2012). The adjoint tracks the sensitiv-
ity of model output (i.e., Ng) to inputs concurrently with the
forward model execution and without perturbing the simu-
lation parameters. Thus, it is able to calculate the sensitiv-
ity of Ny to aerosol number concentration, N,, or a large
number of other parameters with analytical precision and re-
quires only a single model run. In the following sections, we
briefly discuss the published datasets and the adjoint model
before comparing and contrasting the simulation results with
observations. The goal of this work is to improve the under-
standing of the global and regional sensitivities of modelled
cloud droplet number to the CCN concentration uncertainty
introduced through simplified model assumptions regarding
aerosol mixing state and chemical composition. This will in-
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form both future planning of field measurement studies fo-
cused on CCN, as well as efforts to quantify model uncer-
tainty and variability.

2 Methods

2.1 CCN uncertainties from aerosol composition and
mixing state

In this work, we use CCN prediction uncertainties measured
at multiple locations worldwide as a proxy for CCN predic-
tion uncertainty in models employing Kohler theory. Table 1
lists the thirty-six closure study regions considered, which
were selected because they involve ambient measurements
of CCN concentration, aerosol size distribution, and aerosol
chemical composition. Additionally, each reports CCN clo-
sure uncertainties for at least one of six common closure sce-
narios as follows:

1. Ammonium Sulfate: all particles are composed of am-
monium sulfate with a prescribed Petters and Kreiden-
weis (2007) hygroscopicity parameter, «, of 0.6 em-
ployed in the Kohler theory calculations.

2. Internal Mixture, Soluble Organics: all particles have
the same composition as determined by the size-
averaged, aerosol composition measurements. Organics
are treated as soluble in Kohler theory with a prescribed
k of 0.11, which corresponds to fully-soluble organic
material with an average molar mass of 0.2 kg mol~!
and density of 1400kgm™3.

3. Internal Mixture, Insoluble Organics: all particles have
the same composition as determined by the size-
averaged, aerosol composition measurements. Organics
are treated as insoluble with ¥ = 0.

4. External Mixture, Soluble Organics: particles are com-
posed of pure components (e.g., organic particles, am-
monium sulfate particles, etc.), and the number of each
type is determined by the size-averaged, aerosol com-
position measurements. Organics are treated as soluble
with k =0.11.

5. External Mixture, Insoluble Organics: particles are
composed of pure components (e.g., organic particles,
ammonium sulfate particles, etc.), and the number of
each type is determined by the size-averaged, aerosol
composition measurements. Organics are treated as in-
soluble with x = 0.

6. Internal Mixture, Size-Dependent Composition, Insol-
uble Organics: particles in each size distribution bin
have the same composition as determined by the size-
resolved, aerosol composition measurements, but the
particle compositions in different size bins may vary.
Organics are treated as insoluble with x = 0.
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Table 1. Summary of past CCN closure studies using measured aerosol compositions and size distributions for predictions.

GPS Coordinates Observed Observed

Study Location Dates Latitude Longitude Neew (em™3) s (%) Reference
1 Arctic (Alaskan), Spring Background (ARCPAC) 04/2008 65-76° N 130-163° W 100-500 0.1-0.3 Moore et al. (2011)
2 Arctic (N. Atlantic), Summer (ASCOS) 08/2008-09/2008  78-88° N 12° W-16°E  0-200 0.10-0.73 Martin et al. (2011); Paatero et al. (2009)
3 Amazon Rainforest, Brazil (AMAZE-08) 02/2008-03/2008 —3-10°N  50-60° W 40-200 0.10-0.82 Gunthe et al. (2009)
4 Atlanta, GA (AMIGAS) 07/2008-08/2008  33-34°N  84-85°W 500-10000 0.2-1.0 Padr6 et al. (2012)
5 Chebogue Point, Canada (ICARTT) 07/2004-08/2004 43-44° N 62-63° W 0-4000 0.65 Ervens et al. (2007, 2010)
6 Canadian Arctic, Summer Background (ARCTAS) 06/2008-07/2008  66-85° N 40-130° W 100-500 0.2-0.57 Lathem et al. (2013)
7 Canadian Arctic, Fresh Biomass Burning (ARCTAS)  06/2008-07/2008  50-57° N 85-120° W 2000-25 000 0.2-0.57 Lathem et al. (2013)
8 Duke Forest, NC (Celtic) 07/2003 34-36°N  75-80° W 0-3000 0.20-0.33 Stroud et al. (2007)
9  Ebert, Ontario, Canada (CARE) 11/2005 43-45° N 79-81° W 400-5000 0.32 Chang et al. (2007)
10 Ebert, Ontario, Canada (CARE) 05/2007-06/2007  43-45° N 79-81° W 0-10000 0.42 Chang et al. (2010)
11 Finokalia, Greece (FAME-07) 06/2007-10/2007  33-38° N 15-25°E 500-4000 0.21-0.73 Bougiatioti et al. (2009, 2011)
12 Florida Coast (CRYSTAL-FACE) 07/2002 24-27° N 80-84° W 30-6000 0.20-0.85 VanReken et al. (2003)
13 Guangzhou, China (PRIDE-PRD2006) 07/2006 21-24°N  111-115°E 1000-10 000 0.068-0.47 Roseetal. (2011)
14 Gulf Coast, Houston, TX (GoMAACS) 08/2006-09/2006  27-29° N 93-95° W 3000-30 000 0.44 Quinn et al. (2008); Ervens et al. (2010)
15 Gulf of Mexico Background Air (CalNex) 06/2010 27-31° N 84-86° W 100-2500 0.33 Moore et al. (2012b), Unpublished Data
16 Holme Moss, UK 11/2006-12/2006  53-54° N 4-5° W 400-1200 0.30 Ervens et al. (2010)
17 Houston, TX (GoMACCS) 08/2006-09/2006  29-32° N 93-97° W 200-15 000 0.35-1.0 Lance et al. (2009)
18  Houston, TX (TexAQS) 09/2006-10/2006  29-34° N 92-100° W 200-2000 0.30-0.71 Asa-Awuku et al. (2011)
19 Jeju Island, Korea (ABC-EAREX) 03/2005-04/2005 32-36° N 124-128°E 1500-3500 0.6 Yum et al. (2007)
20 Jeju Island, Korea (ABC-EAREX) 03/2005-04/2005 32-36° N 124-128°E 400-4600 0.09-0.97 Kuwata et al. (2008)
21 Jungfraujoch, Switzerland 05/2008 46-47°N  7-9°E 0-1500 0.12-1.18 Juréanyi et al. (2010)
22 Los Angeles, CA (CalNex) 05/2010-06/2010  33-35° N 116-118°W  0-7000 0.25-0.65 Moore et al. (2012a)
23 Mexico City, Mexico (MILAGRO) 03/2006 19-20° N  98-100° W 3000-6800 0.29 Wang et al. (2010); Ervens et al. (2010)
24 Monterey, CA (MASE) 07/2005 36-39°N  121-125° W 300-1300 0.1 Ervens et al. (2010)
25 Monterey, CA, Above Cloud (MASE) 07/2005 36-39°N  121-125°W  0-1700 0.2 Wang et al. (2008)
26  Monterey, CA, Marine Boundary Layer (MASE) 07/2005 36-39° N 121-125° W  0-1700 0.2 ‘Wang et al. (2008)
27  Pacific (Eastern), N. California Coast (CIFEX) 04/2004 37-44°N  123-130°W  200-1000 0.2-0.8 Roberts et al. (2006)
28  Pacific (Eastern), Los Angeles, CA (CalNex) 05/2010-06/2010  33-34° N 118-120° W 50-6000 0.25-0.65 Moore et al. (2012a)
29 Riverside, CA (SOAR-I) 07/2005-08/2005 33-34°N  116-119°W  1100-1900 0.27 Cubison et al. (2008); Ervens et al. (2010)
30  SanJoaquin Valley, CA (CalNex) 05/2010-06/2010  35-38°N  118-121° W  100-8000 0.25-0.65 Moore et al. (2012a)
31  Sacramento Valley, CA (CalNex) 05/2010-06/2010  38-40° N 121-123° W 50-7000 0.25-0.65 Moore et al. (2012a)
32 Ship Channel, Houston, TX (GoMACCS) 08/2006-09/2006  28-30° N 94-95° W 1400-14 600 0.44 Quinn et al. (2008); Ervens et al. (2010)
33 Ship Exhaust Plume, Monterey, CA (MASE-II) 07/2007 35-36° N 123-124°W  200-30000 0.10-0.35 Murphy et al. (2009)
34 Southern Great Plains ARM Site, OK 05/2003 35-37° N 96-98° W 100-11 000 2.1-2.8 Rissman et al. (2006)
35 Thompson Farms, NH (ICARTT) 08/2004 42-44° N 70-74° W 100-4000 0.2-0.6 Medina et al. (2007)
36  Toronto, Canada 09/2003 43-44° N 79-80° W 0-3500 0.58 Broekhuizen et al. (2006)

These simplified mixing state and composition assumptions
are characteristic of those used in large-scale models to com-
pute CCN concentration and Ng. In another form of CCN
closure, some other studies in the literature use the aerosol
hygroscopicity obtained from humidified aerosol growth fac-
tor measurements to predict CCN concentrations with typi-
cally good agreement (e.g., Kim et al., 2011; Kammermann
et al., 2010; Vestin et al., 2007; Good et al., 2010; Gasparini
et al., 2006; Dusek et al., 2003; Covert et al., 1998, and oth-
ers). While important for assessing the uncertainties associ-
ated with using the same hygroscopicity to predict both sub-
saturated and supersaturated water uptake, this type of clo-
sure study is not included here as it is less relevant for com-
paring against mass composition-based models.

The studies shown in Table 1 reflect a diverse mixture
of urban, rural, and marine sampling on both airborne and
ground-based platforms. The majority of published studies
focus on locations in North America, and CCN concentra-
tions range from zero to a few thousand particles percm?
with the highest concentrations observed in the vicinity of
local urban emissions sources (e.g., Houston, TX; Riverside,
CA; Mexico City, Mexico) and within targeted biomass burn-
ing and ship plumes. Most studies report CCN concentration
and closure data at a single or a few discrete supersatura-
tions, and the tabulated values reflect the average across all
supersaturations. Since closure results reported in the litera-
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ture are not described in the same way, we use our judgement
in interpreting the closure results described in each study. In
many cases the values tabulated in Table 1 reflect an average
and standard deviation, while in some studies, the numbers
represent the reported mean or median and the total range
of observed variability. Given the different uncertainty met-
rics reported, we do not incorporate these in our analysis in
Sect. 3.4. A detailed description of each closure study loca-
tion, measurements, and data analysis is given by the refer-
ences in Table 1.

The CCN prediction uncertainties reported by the stud-
ies considered are shown in Table 2. Most closure analy-
ses overpredict CCN concentrations. Typically, the external
mixing scenarios produce lower predicted CCN concentra-
tions than the ammonium sulfate or internal mixing scenar-
ios. As discussed by Ervens et al. (2010), some studies report
large CCN overpredictions on the order of 2—5-fold, which
likely reflects the contribution of local emissions sources
near the sampling locations that may produce a size-varying,
externally-mixed aerosol that cannot be captured well from
bulk chemical composition measurements. In some locations
(e.g., Houston, TX, and Los Angeles, CA), airborne studies
covering a wide horizontal and vertical sampling area report
a smaller closure uncertainty than that from ground-based
sites in the same area. These conflicting values probably
stem from the more local nature of the ground measurements
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Table 2. CCN number concentration percent overprediction (A Ncen/Ncoen) % 100 % for different closure scenarios reported by the studies

in Table 1.

Internal Mixture External Mixture

Study Location (NH4)2SO4 Sol. Org. Insol. Org. Size-Dep. Sol. Org.  Insol. Org.
1 Arctic (Alaskan), Spring Background (ARCPAC) 69+65 57+50 49447 - 11£30 —23+36
2 Arctic (N. Atlantic), Summer (ASCOS) - —6-43+21 - - - -
3 Amazon Rainforest, Brazil (AMAZE-08) - 14.1 - - - -
4 Atlanta, GA (AMIGAS) 194 157 146 - 169 40
5 Chebogue Point, Canada (ICARTT) - 40+40 —10+40 - 20+30 —30+30
6 Canadian Arctic, Summer Background (ARCTAS) — 12+21 —27+£16 - —1420 -
7 Canadian Arctic, Fresh Biomass Burning (ARCTAS) - 2424 —44+16 - —9+£23 -
8 Duke Forest, NC (Celtic) - 71 20 - - -
9 Ebert, Ontario, Canada (CARE) — -29 - -14 - -
10  Ebert, Ontario, Canada (CARE) - - -3 - - -
11 Finokalia, Greece (FAME-07) - 1.8+12 —2.8+14 —7+11 - -
12 Florida Coast (CRYSTAL-FACE) 6 - - - - -
13 Guangzhou, China (PRIDE-PRD2006) 20.7 - - - -
14 Gulf Coast, Houston, TX (GoMAACS) - 130£190 70£100 - 140+£190 90+£110
15  Gulf of Mexico Background Air (CalNex) 41426 19£16 13+£14 - 5418 —39+£20
16  Holme Moss, UK - —10+50 —20+50 - 20+60 0+50
17 Houston, TX (GoMACCS) 36.5 - 2.6 - - -
18  Houston, TX (TexAQS) 11.64+9.3 —-3.64+7.7 —16.1£10.0 —13.1+84 -  —60.9+64
19 Jeju Island, Korea (ABC-EAREX) 27429 - - - - -
20  Jeju Island, Korea (ABC-EAREX) 1618 - - - - -
21 Jungfraujoch, Switzerland - 4+3 - - - -
22 Los Angeles, CA (CalNex) 84197 54+57 41451 18485 38+49 —16+42
23 Mexico City, Mexico (MILAGRO) - 10£20 —50+20 10 10£10 —50+20
24 Monterey, CA (MASE) - 10£60 10£60 - 30+60 30+60
25 Monterey, CA, Above Cloud (MASE) —54 17 -29 - —11 —78
26  Monterey, CA, Marine Boundary Layer (MASE) —8 - -5 - - -
27  Pacific (Eastern), N. California Coast (CIFEX) 79 - - - - -
28  Pacific (Eastern), Los Angeles, CA (CalNex) 58+90 32439 23434 —5431 20+36 —23433
29  Riverside, CA (SOAR-I) - 500£210 3604170 - 390£170 340+180
30  San Joaquin Valley, CA (CalNex) 1414187 T1+154 454126 28+75 56132 2467
31  Sacramento Valley, CA (CalNex) 1504190 25429 —3426 —14+77 16£25 —59+22
32 Ship Channel, Houston, TX (GoMACCS) - 3204320 300300 - 3004300 140190
33 Ship Exhaust Plume, Monterey, CA (MASE-II) - - 23+6 16+6 - -
34  Southern Great Plains ARM Site, OK 924192 - - - - -
35  Thompson Farms, NH (ICARTT) - - 35.7£28.5 17.4427.1 - -
36  Toronto, Canada - - - 12 - -

Number of Studies 16 25 25 11 17 16

versus the regional nature of airborne measurements. To cap-
ture the observed range of variability, we evaluate the uncer-
tainties from both sets of measurements, recognising that the
former are probably more relevant for finer-scale air qual-
ity modelling while the latter are probably more appropriate
for comparison with coarser-resolution GCM climate predic-
tions.

2.2 Model description

Simulations were conducted with the NASA Global Mod-
elling Initiative (GMI; http://gmi.gsfc.nasa.gov) chemical
transport model (CTM) using offline wind fields and an on-
line aerosol simulation module coupled with the Kumar et al.
(2009) droplet activation parameterisation (Karydis et al.,
2011). The GMI model is a modular CTM capable of multi-
year, global simulations of aerosol concentrations and com-
positions (Rotman et al., 2001; Considine et al., 2005). The

www.atmos-chem-phys.net/13/4235/2013/

aerosol module used for this study is that of Liu et al.
(2005), which uses emissions inputs for SO, dimethyl sul-
fide, HO;, elemental carbon (EC), organic carbon (OC),
mineral dust, and sea salt from Liu et al. (2005). The on-
line aerosol module outputs the global distribution of aerosol
mass concentrations, which is used to drive the cloud droplet
parameterisation and its adjoint.

Before running the offline droplet activation parameter-
isation, the aerosol mass is first classified as one of four,
externally-mixed aerosol modes: fossil fuels (SOﬁ_, OC, and
EC), biomass burning (OC and EC), marine (SO?[ and sea
salt), and mineral dust. The aerosol within each mode are as-
sumed to be internally mixed and follow a prescribed size
distribution as given by Chuang et al. (1997) and Radke et al.
(1988) for fossil fuel aerosols, Anderson et al. (1996) for
biomass burning aerosols, Lance et al. (2004) for marine
aerosols, and d’Almeida (1987) for mineral dust aerosols.

Atmos. Chem. Phys., 13, 4235-4251, 2013
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The aerosol number concentration for each type is then com-
puted using these size distributions and a mass fraction-
weighted average of the component densities (e.g., SO2,
OC, EC) as described in more detail by Karydis et al. (2011).
The aerosol number distributions are then used to drive,
offline, a cloud droplet parameterisation (Kumar et al., 2009;
Barahona and Nenes, 2007; Fountoukis and Nenes, 2005;
Nenes and Seinfeld, 2003) that employs a physically-based
method for calculating the aerosol CCN spectrum (i.e., the
number of particles that act as CCN as a function of super-
saturation) and the maximum supersaturation, Smax, for as-
cending cloud parcels in the global model. The total cloud
droplet number, Ny, is then the value of the CCN spectrum
at smax in each model grid cell. Recently, the adjoint of the
cloud droplet parameterisation has been developed (Karydis
et al., 2012), which calculates the sensitivity of Ny to the
parameterisation input parameters (i.e, aerosol concentration
and composition) during the forward model run. This allows
the simultaneous computation of both the mean parameter
values and their sensitivities with analytical precision.

2.3 Model application

The model simulation represents a single, climatological
year (in this case from March 1997 to February 1998), in-
cluding a one-month spin up time that is not included in the
analysis. This simulated time period was selected to comple-
ment the modelling study of Karydis et al. (2011). Meteo-
rological fields were obtained from the GISS II” global cli-
mate model (Koch and Rind, 1998; Rind and Lerner, 1996),
with a horizontal resolution of 4° latitude by 5° longitude
and with 23 vertical layers from surface pressure to 0.01 hPa.
The meteorological information in the simulation was up-
dated every three hours. For the droplet parameterisation and
its adjoint, a constant effective water uptake coefficient of
0.06 was assumed (Fountoukis et al., 2007), and realistic up-
draft velocities were prescribed based on observed values for
stratocumulus clouds over land (w = 0.3 ms™!) and ocean
(w=0.15 IIlS_l) (Chuang et al., 2000; Guibert et al., 2003;
Meskhidze et al., 2005). Employing prescribed aerosol prop-
erties and cloud updraft velocities for land and ocean intro-
duces additional uncertainty in the model simulations that
is not explored in this study, and which may influence the
derived sensitivities. The model simulations have been pre-
viously evaluated against worldwide observations of cloud
droplet number concentrations by Karydis et al. (2011) with
reasonably good agreement. Nonetheless, in the next section,
we use the observed CCN concentrations reported by the
studies in Table 1 to evaluate the ability of the GMI model
and emissions inputs to capture this regional variability.

2.4 Model validation

The observed CCN concentrations shown in Table 1 were
measured using CCNCs set to prescribed supersaturations
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ranging from 0.068 % to 2.8 %. In many cases these pre-
scribed supersaturations are higher than predicted in-cloud
values, owing to instrument statistical or detection limita-
tions or a desire to probe the CCN activity of Aitken mode
particles. This makes it difficult to compare the observed
CCN concentrations directly with the modelled droplet con-
centrations, which correspond to the CCN concentration at
~0.1-0.2 % supersaturation. To enable comparison and val-
idate the model against the available CCN dataset, we used
the GMI model output with the cloud droplet parameterisa-
tion and prescribed supersaturations over the range of exper-
imental values. From the results shown in Table 3, it can be
seen that the model is able to predict droplet number con-
centrations (which in this case is the same as CCN) over
the same range as the observed CCN concentrations in 27
of the 36 studies. In nine others, however, the simulated and
observed concentration ranges do not overlap and differ by
roughly a factor of two (range of —50 % to 69 %). The dis-
crepancies in these locations could be caused by variability
in either the aerosol size distribution or number concentration
(since smax is known and set equal to the experimental val-
ues). Quantifying the uncertainty associated with the model-
prescribed size distributions in a meaningful way is not eas-
ily accomplished, while the uncertainty due to aerosol load-
ing (derived from emissions uncertainty) is more straightfor-
ward. As discussed in the supplementary material, additional
simulations were conducted with twice and one-half of the
modelled climatological mean aerosol concentration in or-
der to determine how transient aerosol concentrations affect
the sensitivities derived in Sect. 3.2. The results suggest that
variability in the model aerosol loading introduces a small
(~ 5 %) uncertainty into the following N4 uncertainty analy-
sis.

Our analysis shows that increases in cloud supersatura-
tion tends to increase the derived cloud droplet concentra-
tion sensitivity by roughly (14 £19) % per 0.1 % supersat-
uration units. Thus, while the derived sensitivities here are
representative of climatologically-relevant stratifrom clouds,
they constitute only a lower limit for more strongly-forced,
convective clouds.

3 Results and discussion
3.1 Global aerosol concentration (N,) distributions

The simulated global annual mean aerosol concentration,
N, is shown in Fig. la and is found to be mostly anti-
correlated with sy,x over the continents (not shown), consis-
tent with a pronounced competition for water vapour associ-
ated with increases in CCN concentration. The highest con-
centrations (and lowest syax ) are seen over the eastern United
States, Europe and east Asia from anthropogenic emissions.
Higher concentrations are also predicted for the Southern
Hemisphere near and downwind of biomass burning sources.
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Table 3. Summary of regional observed CCN number concentration, Nccn; simulated aerosol number concentration, N,; simulated cloud

dlnNg

droplet concentration, Ng; the logarithmic cloud droplet concentration sensitivity, (a TnN, ); and the discrepancy between prediction and

observations. Simulations were carried out using a prescribed smax equal to the instrument supersaturation range in each study.

Observed  Simulated Simulated 3lnNg (Ng-Ncen)/max(Ng,Ncen)
Study Location s(%) Ncen (em™3) Ny (em™3) Nq (cm™3) (31”Na) Discrepancy (%)
1 Arctic (Alaskan), Spring Background (ARCPAC) 0.1-0.3 100-500 289 90-211  0.650-0.668
2 Arctic (N. Atlantic), Summer (ASCOS) 0.10-0.73 0-200 - - -
3 Amazon Rainforest, Brazil (AMAZE-08) 0.10-0.82 40-200 1022 184-963  0.340-0.834
4 Atlanta, GA (AMIGAS) 0.2-1.0 500-10000 8292 4998-8076  0.612-0.917
5 Chebogue Point, Canada (ICARTT) 0.65 0-4000 2475 2322 0.858
6 Canadian Arctic, Summer Background (ARCTAS) 0.2-0.57 100-500 378 219-344  0.662-0.823
7 Canadian Arctic, Fresh Biomass Burning (ARCTAS) 0.2-0.57 2000-25 000 1086 637-993  0.619-0.830 -50
8 Duke Forest, NC (Celtic) 0.20-0.33 0-3000 7443 4460-5580  0.610-0.697 33
9 Ebert, Ontario, Canada (CARE) 0.32 400-5000 3103 2275 0.690
10 Ebert, Ontario, Canada (CARE) 0.42 0-10000 3103 2551 0.749
11  Finokalia, Greece (FAME-07) 0.21-0.73 500-4000 8167 4179-7423  0.597-0.831 43
12 Florida Coast (CRYSTAL-FACE) 0.20-0.85 30-6000 3377 2100-3274  0.612-0.907
13 Guangzhou, China (PRIDE-PRD2006) 0.068-0.47 1000-10 000 10503 2556-8833  0.209-0.769
14 Gulf Coast, Houston, TX (GoMAACS) 0.44 3000-30000 5960 5037 0.758
15  Gulf of Mexico Background Air (CalNex) 0.33 100-2500 6741 5,109 0.700 51
16  Holme Moss, UK 0.30 400-1200 6364 3847 0.646 69
17 Houston, TX (GoMACCS) 0.35-1.0 20015000 6668 5598-6497  0.757-0.917
18  Houston, TX (TexAQS) 0.30-0.71 200-2000 5919 4445-5572  0.696-0.862 55
19  Jeju Island, Korea (ABC-EAREX) 0.6 1500-3500 10649 9481 0.813 63
20  Jeju Island, Korea (ABC-EAREX) 0.09-0.97 400-4600 10649  2798-10232  0.203-0.896
21  Jungfraujoch, Switzerland 0.12-1.18 0-1500 11408 2263-10916 0.210-0.893 34
22 Los Angeles, CA (CalNex) 0.25-0.65 0-7000 1786 1222-1635  0.661-0.829
23 Mexico City, Mexico (MILAGRO) 0.29 3000-6800 4178 3037 0.681
24 Monterey, CA (MASE) 0.1 300-1300 1435 381 0.327
25 Monterey, CA, Above Cloud (MASE) 0.2 0-1700 1435 761 0.570
26  Monterey, CA, Marine Boundary Layer (MASE) 0.2 0-1700 1435 761 0.570
27  Pacific (Eastern), N. California Coast (CIFEX) 0.2-0.8 200-1000 866 501-821  0.537-0.861
28  Pacific (Eastern), Los Angeles, CA (CalNex) 0.25-0.65 50-6000 1558 1090-1435  0.657-0.832
29  Riverside, CA (SOAR-I) 0.27 1100-1900 1670 1184 0.661
30  SanJoaquin Valley, CA (CalNex) 0.25-0.65 100-8000 1710 1142-1554  0.663-0.825
31  Sacramento Valley, CA (CalNex) 0.25-0.65 50-7000 1435 991-1316  0.651-0.827
32 Ship Channel, Houston, TX (GoMACCS) 0.44 1400-14 600 5960 5037 0.758
33 Ship Exhaust Plume, Monterey, CA (MASE-II) 0.10-0.35 200-30 000 1441 411-1153  0.303-0.703
34 Southern Great Plains ARM Site, OK 2.1-2.8 100-11 000 6313 6290-6304  0.979-0.990
35 Thompson Farms, NH (ICARTT) 0.2-0.6 1004000 3723 2099-3371  0.603-0.823
36  Toronto, Canada 0.58 0-3500 4515 4099 0.826 15

Meanwhile, the lowest concentrations (and highest sp,x oc-
cur in the pristine southern and subtropical oceans and the
Alaskan-Canadian Arctic. The simulated global geometric
mean aerosol concentration is 50215.52 for a mean spax of
(0.07 £0.03) %.

Simulated N, and Ny at spyux for each of the study loca-
tions are given in Table 4. While the sy,x in these locations
is similar to the global average, the simulated N, and Ny are
much higher than the global average due to the past focus on
conducting closure studies over the continents. In addition,
in some regions, the simulated N, in Table 4 is considerably
less than the maximum observed Nccn given in Tables 1 and
3 (e.g., during Canadian biomass burning, near Houston, TX,
and in ship plumes near Monterey, CA). Since Nccn must
be less than N,, these transients show the impact of local
emissions sources that are not captured well by the simu-
lated annual mean aerosol concentration. However, as shown
in Sect. 2.4, the uncertainty associated with incorrectly mod-
elling these transients is small (~ 5 %).
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3.2 Global cloud droplet concentration (Ng)
distribution and relative sensitivity of Ng to N,

Simulated droplet concentrations, Ny, are also shown in Ta-
ble 4 and in Fig.1b. The global distribution of Ny is simi-
lar to that of N,, but with substantially lower concentrations
(approximately five-fold on average). This is shown quanti-
tatively in Fig. 2, as 50-100 % of aerosol form droplets at
low concentrations, but the impact on Ny of increasing N,
gradually decreases above ~100 cm™3. This implies that the
sensitivity of Ng to aerosol depends on the activation frac-
tion, which, in turn, is governed by N, and smax through the
CCN spectrum. Low values of N, correlate with the highest
smax and greatest cloud droplet sensitivity, while the high-
est N, correlate with the lowest spax and smallest cloud
droplet sensitivity. The sensitivity decreases from 80-90 %
at 10cm ™3 to nearly zero at 10*-10° cm—3; however, there
is no clear trend in spmax Within this transition region (Fig. 2).
This transition arises as aerosol concentration effects become
more important than cloud dynamics in determining Ny, and

Atmos. Chem. Phys., 13, 4235-4251, 2013



4242 R. H. Moore et al.: Droplet number prediction uncertainties from CCN

Table 4. Comparison of regional simulated aerosol number concentration, N,; simulated cloud droplet concentration, Ny, at smax; the loga-

rithmic cloud droplet concentration sensitivity, (3%2 %d ); the satellite-derived cloud fraction, f;|q; cloud albedo, A.jq; and semi-logarithmic
a

5;9 1’33{‘,‘ . Satellite data were obtained from the NASA Giovanni database for CERES and MODIS satellites, as discussed
a

in the text. All reported results are annual arithmetic means (£ one standard deviation), except for N, and N4, which are geometric means
(: one geometric standard deviation).

albedo sensitivity (

Simulated Simulated Simulated dlnNg Satellite Satellite 9Aqd

Study Location smax (%) Na(ecm™3) Ny (cm™3) (d In Na) feld Acd (t’ In Na)
1 Arctic (Alaskan), Spring Background (ARCPAC) 0.17 289 147 0.686 0.670 0.497 0.057
2 Arctic (N. Atlantic), Summer (ASCOS) - - - - - - -
3 Amazon Rainforest, Brazil (AMAZE-08) 0.12 1022 226 0.459 0.660 0.204 0.028
4 Atlanta, GA (AMIGAS) 0.04 8292 612 0.121 0.555 0.400 0.010
5 Chebogue Point, Canada (ICARTT) 0.06 2475 430 0.293 0.723 0.405 0.024
6 Canadian Arctic, Summer Background (ARCTAS) 0.18 378 196 0.669 0.726 0.565 0.055
7 Canadian Arctic, Fresh Biomass Burning (ARCTAS) 0.12 1086 397 0.423 0.662 0.458 0.035
8 Duke Forest, NC (Celtic) 0.04 7443 567 0.156 0.629 0.393 0.012
9 Ebert, Ontario, Canada (CARE) 0.07 3103 520 0.205 0.700 0.449 0.017
10  Ebert, Ontario, Canada (CARE) 0.07 3103 520 0.205 0.700 0.449 0.017
11  Finokalia, Greece (FAME-07) 0.04 8167 392 0.207 0.496 0.352 0.016
12 Florida Coast (CRYSTAL-FACE) 0.04 3377 348 0.295 0.614 0.296 0.020
13 Guangzhou, China (PRIDE-PRD2006) 0.04 10503 555 0.158 0.713 0.358 0.012
14 Gulf Coast, Houston, TX (GoMAACS) 0.04 5960 434 0.269 0.576 0.356 0.021
15  Gulf of Mexico Background Air (CalNex) 0.04 6741 548 0.172 0.581 0.364 0.013
16  Holme Moss, UK 0.05 6364 378 0.309 0.739 0.419 0.025
17 Houston, TX (GoMACCS) 0.04 6668 496 0.212 0.578 0.374 0.016
18  Houston, TX (TexAQS) 0.04 5919 522 0.192 0.584 0.367 0.015
19  Jeju Island, Korea (ABC-EAREX) 0.04 10649 472 0.154 0.726 0.380 0.016
20  Jeju Island, Korea (ABC-EAREX) 0.04 10 649 472 0.154 0.726 0.380 0.016
21 Jungfraujoch, Switzerland 0.05 11408 611 0.116 0.589 0.427 0.009
22 Los Angeles, CA (CalNex) 0.08 1786 346 0.377 0.390 0.359 0.029
23 Mexico City, Mexico (MILAGRO) 0.06 4178 518 0.197 0.649 0.284 0.013
24 Monterey, CA (MASE) 0.08 1435 286 0416 0.469 0.390 0.033
25 Monterey, CA, Above Cloud (MASE) 0.08 1435 286 0416 0.469 0.390 0.033
26  Monterey, CA, Marine Boundary Layer (MASE) 0.08 1435 286 0.416 0.469 0.390 0.033
27  Pacific (Eastern), N. California Coast (CIFEX) 0.05 866 126 0.447 0.636 0.361 0.034
28  Pacific (Eastern), Los Angeles, CA (CalNex) 0.07 1558 229 0.418 0.461 0.342 0.031
29 Riverside, CA (SOAR-I) 0.07 1670 288 0.440 0.395 0.326 0.032
30 SanJoaquin Valley, CA (CalNex) 0.10 1710 409 0.326 0.442 0.398 0.026
31  Sacramento Valley, CA (CalNex) 0.08 1435 286 0.416 0.470 0.390 0.033
32 Ship Channel, Houston, TX (GoMACCS) 0.04 5960 434 0.269 0.576 0.356 0.021
33 Ship Exhaust Plume, Monterey, CA (MASE-II) 0.06 1441 213 0.491 0.473 0.362 0.038
34 Southern Great Plains ARM Site, OK 0.05 6313 603 0.128 0.574 0.397 0.010
35 Thompson Farms, NH (ICARTT) 0.06 3723 543 0.180 0.443 0.443 0.015
36  Toronto, Canada 0.06 4515 578 0.148 0.440 0.441 0.012

Mean of All Studies (weighted equally) 0.07+0.04 303422.57 379i1.51 0.304+0.15 0.595+0.106 0.3864+0.062  0.023+0.012

Mean of All Studies (weighted by area) 0.09+0.05 1798i3.57 305i1.86 0.384+0.21  0.585+0.101  0.3724+0.097  0.027+0.017

Marine Mean Values 0.06+0.03 20723.72 58i1.81 0.56+0.18  0.722+0.141  0.2914+0.085 0.038+0.016

Continental Mean Values 0.09+0.04 2,44422.90 403i1.67 0.294+0.19  0.521£0.176  0.3554+0.081  0.021+0.014

Global Mean Values 0.07+0.03 50225.52 116i2.97 0.464+0.22  0.650+0.173  0.3144+0.092  0.032+0.017

occurs around the inflection point of the sigmoidal fit func-
tion (N, ~400cm™3).

As discussed by Karydis et al. (2012), the coarse mode of
sea salt aerosol in the model can act as giant CCN (GCCN)
in some regions (e.g., the North Atlantic Ocean). GCCN are
large enough to activate at very low supersaturations and
remove enough water vapour through their condensational
growth that the local cloud smax is decreased. This means that
fewer droplets can from in the presence of GCCN, resulting
in an inverse-Twomey effect and potentially a reduction in
shortwave cloud forcing (i.e., 9 Ng/9d N, < 0). It is difficult to
constrain the variability of GCCN, but they likely comprise a
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negligible fraction of overall measured in situ CCN concen-
trations. Consequently, for this study, we fix the sea salt par-
tial Vg sensitivity to values greater than or equal to zero (i.e.,
0NJ4/0 Ny seasalt > 0), noting that the sensitivity may actually
become negative in areas with close-to-zero sensitivities in
Fig. 1.

The Ny sensitivities shown in Table 4 indicate that most of
the closure studies carried out in the past decade have taken
place in moderately to heavily-polluted areas, where Ny is
weakly sensitive to changes in N, (~ 10-30 %). Two studies
in the Alaskan and Canadian Arctic show lower simulated
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Table 5. Percent overprediction of CCN concentration (%) and simulated cloud droplet concentration (%) averaged over the

domain of each field study, with equal weighting given to each study location regardless of area. Reported are the mean + one standard
deviation across the 36 different datasets. Since individual field studies do not apply all scenarios, the overprediction values cannot be

directly compared; however, the domain-averaged sensitivity ratios ( A%/]ggN ) (NZ(\:,—SI\’) are directly comparable, analogous to the sensitivities
in Table 4.
Measured Mean Simulated Mean ( ANg ) ( NCCN)

Closure Scenario N Ncen Overprediction (%) Ng Overprediction (%) ANcen N
(NHy),SO4 16 59464 18+22 0.3140.16
Internal Mixture, Soluble Organics (korg = 0.11) 25 641118 21446 0.324+0.16
Internal Mixture, Insoluble Organics (korg = 0) 25 37197 12+36 0.3340.15
Size-Resolved, Internal Mixture, Insoluble Organics (korg =0) 11 4+15 14£5 0.2940.12
External Mixture, Soluble Organics (korg = 0.11) 17 T1£115 23+43 0.3740.15
External Mixture, Insoluble Organics (korg = 0) 16 16104 7+42 0.334+0.14

N, and higher simulated syax and sensitivity of Ng to N,
(~70 %). The global mean sensitivity is 0.46 £ 0.22.

Sotiropoulou et al. (2007) simulated global cloud droplet
number concentrations and anthropogenic aerosol indirect
forcing using the GISS II' GCM and uncovered a similar
global mean droplet concentration and geographical distri-
bution as modelled here, but with nearly two-fold lower
droplet concentrations in some continental regions. As ex-
pected, the spatial pattern of regional aerosol indirect forcing
corresponded to the spatial pattern of Ngq. Thus, we expect
the results of this study to be directly relevant for aerosol in-
direct forcing estimates even though the direct calculation of
aerosol indirect forcing with a radiative transfer model is not
performed here.

3.3 Global cloud albedo (Aq) distribution and relative
sensitivity of Acq to N,

The cloud droplet sensitivity discussed in the previous sec-
tion provides important information regarding the potential
sensitivity of clouds in a given region to changes in aerosol
concentrations, but it says nothing about whether or not the
clouds would form in the first place. This is because global
and regional cloudiness is driven by dynamics (e.g., verti-
cal updrafts) and moisture fluxes (e.g., water vapour mix-
ing ratio) in addition to the presence of CCN. Quantifying
these individual processes on a global scale is challenging;
however, satellite measurements over the past decades have
been able to discern global cloudiness with good accuracy. In
this study, we use the global annually-averaged cloud albedo
(Aclq) to capture all of these effects, which is computed as

A = Atsky —(1- fcld)Acsky )
f cld

where Agky and Acgy are the total sky and clear sky albe-

dos obtained from the NASA CERES mission satellite, re-

spectively, and f.q is the daytime cloud fraction obtained

from the MODIS mission satellite. Data were downloaded

as annual averages for 2003 from the Giovanni online data
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system (Acker and Leptoukh, 2007). The global mean cloud
albedo is 0.31. Aqq directly captures the indirect effect of
aerosols on clouds, while fq indicates the extent to which
clouds are present in a given area. The global distributions
of Acq and fq are shown in Fig. 3a and b. Synoptic scale
dynamics play a large role in the observed distribution of
fec1a, with higher cloud fractions seen along the equatorial in-
tertropical convergence zone (ITCZ) and in the mid-latitudes.
Meanwhile, the observed cloud fraction is lowest in the sub-
tropical subsidence zones.

In a landmark paper, Twomey (1991) defined the cloud
albedo susceptibility to cloud droplet number as (Quaas
et al., 2008)

0Acd _ Actd (1 — Acia)
dNg 3Ng

2

for a constant amount of liquid water and by making a num-
ber of simplifying assumptions regarding the radiative prop-
erties of liquid water droplets. Equation (2) indicates that
Acig 1s at peak sensitivity to Ny when Agg = 0.5, where
0Acd/0Ng = 1/(12Ny).

Combining the satellite-derived 90Acg/0Ng with the
model-derived dNg/0N, yields the overall sensitivity of
cloud albedo to aerosol concentration, dA¢lg/dN,, which is
shown scaled by cloud fraction in Fig. 3d. Overall, the spa-
tial distribution of the scaled albedo sensitivity is similar
to the cloud droplet number sensitivity, except that the for-
mer exhibits decreased sensitivity in the subtropical subsi-
dence zones, where both Ng and cloudiness are low. The
most sensitive regions are in the southern oceans and Arc-
tic regions where a doubling of aerosol concentrations can
be seen to induce the largest absolute change in albedo. Ore-
opoulos and Platnick (2008) also uncovered a similar spa-
tial pattern of relative albedo sensitivity using MODIS satel-
lite retrievals coupled with a detailed radiative transfer algo-
rithm. They found distinct seasonal variation with the highest
sensitivities found in coastal ocean upwelling zones through-
out April-October and in the southern oceans during austral
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Fig. 1. Simulated global spatial distribution of the annual mean N,
(A), Nq (B) and logarithmic sensitivity of Ng to N, (C).

summer (Oreopoulos and Platnick, 2008). However, it is im-
portant to note that the sensitivities presented here do not
include the mitigating effects of dynamical feedbacks (e.g.,
Koren and Feingold, 2011; Stevens and Feingold, 2009).
Consequently, while the magnitude of this sensitivity may re-
flect an upper limit, the spatial distribution shown in Fig. 3d
shows the key regions of the world where the sensitivity of
cloud properties to aerosol is large.
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3.4 Cloud droplet number uncertainties and
implications for the indirect effect

In this section, the CCN closure uncertainties from Sect. 2.1
(Table 2) and the modelled cloud droplet sensitivities from
Sect. 3.2 (Table 4) are combined to estimate the overall Ngq
uncertainty arising from simplifying assumptions in Kohler
theory that are typically applied in global modelling studies
of aerosol-cloud interactions. Figure 4 gives the field mea-
surement uncertainties for five of the six closure scenarios.
The left panels show the approximate spatial extent of those
study areas located in North America and Europe and are

coloured by the Ncen overprediction (ANIZCC(;IN> from Ta-
ble 2. The right panels show the estimated Ny overpredic-

ANg ANg _ (9Ng N, ANcen
tion ( Ny ) calculated as << (aNa) (ﬁ) (W) The
colour scale for AA],V EN in Fig. 4 is twice that for AA],V , with
CCN

light blue denoting zero overprediction (i.e. perfect agree-
ment between Kohler theory predictions and measurements).
For most regions in the continental United States and Eu-
rope, % is quite small (~0-20 %), despite large A]\é‘éCN,
which reflects the relative insensitivity of Ny to aerosol con-
centration uncovered by the model for continental regions
(Fig. 1c). Larger % values are observed in California, in
the Alaskan and Canadian Arctic, and in the Amazon rain-
forest, although only one closure scenario is considered in
the Amazon study. In Los Angeles, the large d reflects the
large (nearly five-fold) CCN overprediction reported by Cu-
bison et al. (2008) and Ervens et al. (2010) for all closure
scenarios. In the Los Angeles basin and California Central
Valley, Moore et al. (2012a) report smaller values of AN SN

CN
ANd

that vary from —59 to 79 %, and which translate into
~ —10-20 %. Reported Arctic CCN uncertainties are con-
siderably lower (Moore et al., 2011), but still have a large
effect on AN =74 because of the relatively low modelled droplet
concentratlons and relatively high modelled Nq4 sensitivities
in pristine regions.

Table 5 shows average uncertainty statistics for the six
closure scenarios in this study. These mean values reflect
the bias of past closure studies toward locations within the
North American continent, which limits their generalisation
over the globe. Additionally, the number of studies and the
locations of those studies employing each closure scenario
are different, which prevents direct cross-scenario compari-

son. However, the ratio of ( A?VI(\;]SN> (N CEN) should be rep-

resentative of the domain-averaged sensitivities, which can
be directly compared despite different sample sizes. We find
this ratio to be fairly invariant at 0.29-0.37 for % ~1-
23 %. The Ny uncertainty is consistent with the estrmates
of Ny sensitivity made by Ervens et al. (2010) (~ 15 %) us-
ing a parcel model and with average Ny uncertainties of 7—
14 % reported by Sotiropoulou et al. (2007) for the United
States and Europe. Interestingly, the average Nccn uncer-
tainties reported in the GCM study were also ~ 10-20 %,
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suggesting a much larger Ny sensitivity than we find here

(i.e., (A%IZSN) (N]%—EN> ~ 0.7 versus the 0.29-0.37 found in

this study).

Sotiropoulou et al. (2007) also used the radiative trans-
fer model embedded in the GISS II’ GCM to express CCN
prediction uncertainty in terms of cloud forcing. They find
that a 10-20 % uncertainty in global Nccen results in a 0.1—
0.2 W m~2 shortwave cloud forcing uncertainty, which is 10—
20% of the anthropogenic indirect effect predicted in the
model to be —1.00 W m~2. While this uncertainty is rela-
tively small on a global scale, regional effects are likely to
be more substantial. This is especially true when considering
larger CCN prediction uncertainties than the range of 10—
20 % assumed by Sotiropoulou et al. (2007), and which are
suggested by some regional CCN closure studies in Table 2.

4 Summary and conclusions

Modelling simulations conducted with the GMI chemical
transport model and cloud parameterisation adjoint are used
to interpret and extend the results of thirty-six published
CCN closure studies in the literature to estimate the over-
all uncertainty in cloud droplet number concentration from
applying Kohler theory-based parameterisations with sim-
plifying assumptions. We find that the prediction of cloud
droplet number is most susceptible to CCN uncertainty at
low aerosol concentrations (N, < 100cm~3) and becomes
insensitive to Nccn uncertainty for concentrations above
10*cm™3. Thus, pristine areas such as the Arctic and re-
mote oceans are found to be most sensitive (> 70 %), while
the sensitivity over continental regions is on the order of
10-30 %, which is consistent with some previous estimates.
While the simplifying assumptions employed by past CCN
closure studies produce significant overprediction of Ncen
when compared to observations, the impact of these uncer-
tainties on the prediction of Ny is on the order of £10%
over most of the continental United States, but as high as 30—
50 % in the Alaskan Arctic, Houston, TX and Los Angeles,
CA, where the highest Nccn prediction uncertainties were
observed.

This work shows that the regional sensitivity of Ny to
Ncen is important when assessing the uncertainty in cloud
droplet number and albedo and, hence, indirect forcing, as-
sociated with simplified assumptions regarding CCN. Most
CCN closure studies to date have been located in continen-
tal regions, and future measurements of CCN and aerosol
properties should focus on more remote regions to improve
the coverage of the global dataset. Much of the past global
anthropogenic indirect forcing has been over the continents,
and the results of this study indicate that uncertainties in es-
timating the global aerosol indirect effect arising from the
simplified composition assumptions in models are relatively
small. Two questions remain, however, that motivate future
research. First, climate models may employ prescribed size
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distributions for aerosol composition modes, which are likely
to be a large source of uncertainty; however, the closure stud-
ies employed in this study use measured size distribution
information. Consequently, size distribution effects are not
reflected in the ANccn proxy. Second, the impact of tran-
sient events such as long-range pollution transport or sea-
sonal biogenic emissions sources on changing CCN concen-
trations remains unclear; the regional sensitivities uncovered
in this study indicate that these events may have an impor-
tant climatic impact. This motivates future field measure-
ments directed at measuring CCN in the southern oceans
and Arctic, where observations are limited and seasonal vari-
ations have been shown to be significant. These datasets
would provide important information to quantify the impact
of, and uncertainty associated with, how transient pollution
events might influence predictions of CCN concentrations
and, hence, clouds and climate.

Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
4235/2013/acp-13-4235-2013-supplement.pdf.
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