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7 [1] This study quantitatively assesses the sensitivity of
8 cloud droplet number (CDNC) to errors in cloud
9 condensation nuclei (CCN) predictions that arise from
10 application of Köhler theory. The CDNC uncertainty is
11 assessed by forcing a droplet activation parameterization
12 with a comprehensive dataset of CCN activity and aerosol
13 size and chemical composition obtained during the ICARTT
14 field campaign in August 2004. Our analysis suggests that,
15 for a diverse range of updraft velocity, droplet growth
16 kinetics and airmass origin, the error in predicted CDNC
17 is (at most) half of the CCN prediction error. This means
18 that the typical 20–50% error in ambient CCN closure
19 studies would result in a 10–25% error in CDNC. For the
20 first time, a quantitative link between aerosol and CDNC
21 prediction errors is available, and can be the basis of a robust
22 uncertainty analysis of the first aerosol indirect effect.
23 Citation: Sotiropoulou, R.-E. P., J. Medina, and A. Nenes
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28 1. Introduction

29 [2] Köhler theory, which predicts when aerosols
30 can activate into cloud droplets, lies at the heart of all
31 physically-based approaches used for assessments of the
32 aerosol indirect effect. Cloud condensation nuclei (CCN)
33 ‘‘closure’’, or, the ability to theoretically reproduce
34 observed CCN concentrations from aerosol size distribution
35 and chemical composition, is the ultimate test of Köhler
36 theory. Closure for ambient aerosol has not always been
37 successful [e.g., Liu et al., 1996; Covert et al., 1998;
38 Chuang et al., 2000; Wood et al., 2000; Cantrell et al.,
39 2001; Zhou et al., 2001; Roberts et al., 2002; VanReken et
40 al., 2003; Rissman et al., 2006] and has been attributed to
41 measurement uncertainties, assumptions on aerosol mixing
42 state and chemical composition, as well as the inability of
43 theory to fully describe the activation of carbonaceous
44 CCN.
45 [3] CDNC closure studies, in addition to estimation of
46 CCN properties from aerosol size and composition, require
47 observations of updraft velocity, w, hence are subject to
48 larger uncertainty than CCN calculations. Nevertheless,
49 CDNC closure has often been successful, even when
50 CCN closure is not achieved [Snider and Brenguier,

512000; Chuang et al., 2000; Snider et al., 2003; Conant et
52al., 2004; Meskhidze et al., 2005; C. Fountoukis et al.,
53Aerosol-cloud droplet concentration closure for clouds
54sampled during ICARTT 2004, manuscript in preparation,
552006, hereinafter referred to as Fountoukis et al., manuscript
56in preparation, 2006]. Although based upon a limited set of
57conditions, this finding suggests that large error in predicted
58CCN concentration may not necessarily yield large CDNC
59error. A comprehensive CCN-to-CDNC error analysis is
60required to assess whether this is a consistent feature of
61ambient clouds.
62[4] This study quantitatively assesses the sensitivity of
63CDNC to errors in CCN concentrations, with a focus on the
64error arising from application of ‘‘simple’’ Köhler theory.
65The CDNC uncertainty is assessed for diverse cloud for-
66mation conditions by forcing a droplet activation parame-
67terization with a comprehensive in-situ dataset of CCN and
68aerosol observations.

692. Methodology

70[5] Our analysis employs ground-based measurements of
71aerosol size, composition and CCN concentrations over a
72climatically important range of water vapor supersaturation,
73s. Köhler theory, combined with in-situ observations of
74aerosol size distribution and chemical composition yields
75‘‘predicted’’ CCN spectra (i.e., the aerosol number that will
76activate into droplets as a function of water vapor s). These
77‘‘observed’’ and ‘‘predicted’’ CCN spectra are introduced
78into a droplet activation parameterization; CDNC is com-
79puted over a wide range of updraft velocities, w and water
80vapor accommodation coefficients, a. The parameterization
81is used instead of a cloud parcel model because CCN
82spectra in the former are explicitly introduced; thus errors
83in CCN concentration can then be explicitly related to errors
84in cloud droplet number. Using a cloud parcel model would
85be cumbersome; the minor improvements in accuracy were
86not sufficient to justify its usage.

872.1. CCN and Aerosol Measurements

88[6] The observations dataset used in this study were
89obtained at the Thompson Farm (TF) site during the
90International Consortium for Atmospheric Research on
91Transport and Transformation (ICARTT) campaign (July–
92August 2004). TF is one of the four Atmospheric Investi-
93gation, Regional Modeling, Analysis and Prediction (AIR-
94MAP) monitoring stations maintained by the University of
95New Hampshire. TF is primarily characterized by regional
96aerosol mixed with some local biogenic sources [e.g.,
97DeBell et al. 2004]. A detailed description and analysis of
98the dataset is given by J. Medina et al. (Cloud Condensation
99Nuclei (CCN) closure on New England ambient aerosol
100during ICARTT 2004 field campaign: a) effects of size-
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101 dependent composition, manuscript in preparation, 2006,
102 hereinafter referred to as Medina et al., manuscript in
103 preparation, 2006). Measurements of the aerosol size dis-
104 tribution were obtained every two minutes with a TSI
105 Scanning Mobility Particle Sizer (SMPS, model 3080) that
106 included a Condensation Particle Counter (CPC, model
107 3010) and a long Differential Mobility Analyzer (DMA,
108 model 3081L) [www.tsi.com]. Aerosol mobility diameter
109 ranged between 7 and 289 nm, while the DMA operated
110 with a sheath to aerosol flow ratio of 10:1. Simultaneously,
111 size-resolved chemical composition was measured every
112 10 minutes with an Aerodyne Aerosol Mass Spectrometer
113 (AMS) [Jayne et al., 2000]. Köhler theory was then
114 applied to obtain the ‘‘predicted’’ CCN spectra.
115 [7] CCN concentrations were measured at 0.20, 0.30,
116 0.37, 0.50, and 0.60% s with a Droplet Measurement
117 Technologies, Inc. (DMT) streamwise thermal-gradient
118 cloud condensation nuclei counter [Roberts and Nenes,
119 2005; Lance et al., 2006]. CCN concentrations were mea-
120 sured for 6 minutes at each s, allowing a spectrum to be
121 obtained every 30 minutes. CCN and aerosol concentrations
122 are then hourly averaged. A total of 100 CCN spectra and
123 aerosol size distributions, measured between August 5 and
124 9, are used in our analysis. The aerosol number concentra-
125 tion ranged between 1366–8419 cm�3 with an average of
126 3786 ± 1360 cm�3 and the sulfate mass fraction ranged
127 between 0.06 and 0.54 with an average of 0.24 ± 0.09.

128 2.2. Cloud Droplet Formation Parameterization

129 [8] The Nenes and Seinfeld [2003] activation parameter-
130 ization, together with its recent extensions by Fountoukis
131 and Nenes [2005] is one of the most comprehensive, robust
132 and flexible formulations available for global models. Its
133 accuracy has been evaluated with detailed numerical
134 cloud parcel model simulations [Nenes and Seinfeld,
135 2003; Fountoukis and Nenes, 2005] and in-situ data for
136 cumuliform and stratiform clouds of marine and continental

137origin [Meskhidze et al., 2005; Fountoukis et al., manuscript
138in preparation, 2006]. The parameterization is based on the
139framework of an ascending cloud parcel and utilizes the
140concept of ‘‘population splitting’’, in which droplets are
141classified by the proximity to their critical diameter. The
142latter allows the computation of parcel maximum s and
143CDNC from the solution of an algebraic equation. Popula-
144tion splitting allows for the computationally efficient and
145rigorous treatment of almost any aerosol size distribution
146function; formulations are currently available for sectional
147[Nenes and Seinfeld, 2003] and lognormal aerosol distribu-
148tions [Fountoukis and Nenes, 2005]. The parameterization
149can accurately treat externally mixed aerosol with size-
150varying composition and complex ‘‘chemical effects’’
151[e.g., Nenes et al., 2002], such as the presence of slightly
152soluble species and surfactants that depress surface tension
153and droplet growth kinetics.

1542.3. Analysis

155[9] CCN observations are by nature discrete and cannot
156be directly used in cloud models for accurate calculation
157of droplet number. This issue is resolved by fitting the
158observations to a prescribed functional relationship; we
159employ the ‘‘modified power law’’ CCN spectrum [Cohard
160et al., 1998, 2000],

F sð Þ ¼ kCsk�1

1þ hs2ð Þl
ð1Þ

161where F(s) is the CCN concentration as a function of s (i.e.,
163‘‘CCN spectrum’’), C is the total aerosol concentration
164(cm�3), and k, h and l are unitless coefficients determined
165from the fitting. The numerator in equation (1) is the
166‘‘power law’’ expression of Twomey [1959]; Cohard et al.
167[1998, 2000] introduced the denominator so that F(s)
168asymptotes to C at high s (�10% for ambient aerosol).
169[10] The ‘‘observed’’ CCN spectra, Fo(s), are obtained by
170fitting equation (1) to two sets of constraints: i) the CCN
171measurements, and, ii) Fo(s) � C when s � 8% (i.e., all
172CCN activate when s � 8%). The ‘‘predicted’’ CCN spectra,
173Fp(s), are obtained by fitting equation (1) to CCN concen-
174trations calculated from the size distribution, chemical
175composition and Köhler theory. Fo(s) and Fp(s) are deter-
176mined for each hourly average in the dataset, and, the values
177for k, h and l are obtained from least squares minimization.
178Figure 1 presents an example of the fitting procedure. The
179CCN observations (open triangles) are fitted to the ‘‘ob-
180served’’ CCN spectrum (dashed line), while the computed
181CCN concentrations are fitted to the ‘‘predicted’’ CCN
182spectrum (solid line). The fitting does an excellent job of
183reproducing the measurements, with a residual error usually
184within experimental uncertainty.
185[11] Figure 2 presents the intercomparison between Fo(s)
186and Fp(s) for all 100 spectra and for s between 0.1% and
1871.0%. Fo(s) and Fp(s) on average agree to within 12% and
188mostly to within 50%. The error statistics and tendency for
189CCN overprediction is consistent with published closure
190studies [e.g., Covert et al., 1998; Guibert et al., 2003], and
191can arise from measurement uncertainty, simplifying
192assumptions regarding aerosol mixing state and composi-
193tion [Wood et al., 2000; Snider and Brenguier, 2000;
194Medina et al., manuscript in preparation, 2006].

Figure 1. An example of CCN spectra obtained between
12:30 and 13:30 (LST) on August 5, 2004. The CCN
observations are shown in open triangles, the dashed line
represents the ‘‘observed’’ spectrum fit, and the solid line
corresponds to ‘‘predicted’’ spectrum fit obtained from the
observed aerosol size distribution and chemical composition.
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195 [12] CDNC is computed using the sectional version of the
196 Nenes and Seinfeld [2003] parameterization with the mass
197 transfer corrections introduced by Fountoukis and Nenes
198 [2005]. Fo(s) and Fp(s) are discretized over 100 equally-
199 spaced bins in s space ranging from 0.01 to 10 % s. Nd is
200 calculated for w between 0.01 and 10 m s�1, and for a
201 between 5 	 10�3 and 1.0 [Lance et al., 2004].

203 3. Results and Discussion

204 [13] Using observations as a reference, we express our
205 simulations (for each value of w and a) in terms of a
206 fractional CCN error, eCCN, and the fractional CDNC error
207 eCDNC,

eCCN ¼ Fo soð Þ � Fp soð Þ
Fo soð Þ ; eCDNC ¼ Nd;o � Nd;p

Nd;o
ð2Þ

208 where so is the maximum s predicted for the ‘‘observed’’
210 CCN spectrum; Nd,p and Nd,o are the simulated CDNC for
211 the ‘‘predicted’’ and ‘‘observed’’ spectra, respectively.
212 Dividing the fractional errors yields the relative sensitivity
213 of CDNC to CCN, F,

F ¼ eCCN
eCDNC

¼ Nd;o

Fo soð Þ

� �
Fo soð Þ � Fp soð Þ
Nd;o � Nd;p

� �
ð3Þ

214 F is ideally suited for quantifying the CDNC error from
216 application of Köhler theory. As F increases, CDNC
217 becomes less sensitive to CCN concentration errors (and
218 CCN changes as well).
219 [14] Figure 3 illustrates the average F and average parcel
220 maximum supersaturation, smax, (for all 100 spectra consid-
221 ered in this study), as a function of w. Calculations are
222 shown for three values of a, reflecting currently accepted
223 lower, average, and upper values for the parameter [Lance et
224 al., 2004]. The variability is represented by one standard
225 deviation about the mean. F (as well as its variability) tends
226 to increase at lower updrafts and higher a (Figure 3); under

227such conditions smax is low, competition for water vapor is
228strong so dynamical adjustments in smax partially compen-
229sate for CCN perturbations [Ghan et al., 1998; Nenes et al.,
2302001; Rissman et al., 2004]. In fact, under polluted con-
231ditions and low w, the s response to increases in CCN
232concentrations can be strong enough to reduce CDNC,
233[Ghan et al., 1998; Rissman et al., 2004]. At higher w, F
234decreases and becomes insensitive to a because smax is high
235hence less influenced by CCN perturbations. Perhaps the
236most striking feature in Figure 3 is that F � 2 for almost all
237values of w and a considered. For updrafts above 0.2 m s�1,
238F averages around 2; this means that CDNC calculations
239are subject to roughly half the error in CCN concentrations
240for a diverse set of cloud formation conditions.
241[15] The preceding analysis used observations character-
242istic of the ‘‘polluted’’ Northeastern United States. It is also
243important to examine F for more pristine and ‘‘marine’’
244environments. Lacking such observations, we reduced the
245concentration (i.e., the C coefficient in equation (1)) of the
246‘‘observed’’ and ‘‘predicted’’ CCN spectra by a factor of 10,
247and then repeat the sensitivity analysis. F in this case is very
248similar to Figure 3 (not shown), only that a has a smaller
249impact at low w (however, still F � 2). Therefore, the error
250in the CCN concentrations is about twice the error in the
251estimated CDNC, regardless of airmass origin, w and drop-
252let growth kinetics.

2534. Summary

254[16] Regardless of w, droplet growth kinetics and airmass
255origin, we find that CDNC prediction errors are inherently
256less, about half (or less) of CCN prediction errors. Some
257profound implications arise from this finding. First, given
258that CCN closure is typically achieved to within 20–50%,
259our analysis suggests that the CDNC error resulting from
260application of Köhler theory currently used in global
261climate models is likely to be within 10–25%. This error
262range is corroborated with the most recent CDNC closure
263studies. Second, our analysis provides for the first time a
264quantitative link between aerosol and CDNC prediction
265errors. Although there is still significant uncertainty associ-

Figure 2. Observed versus predicted CCN concentrations
for supersaturations ranging between 0.1 and 1%. The
whole dataset used in this study is shown.

Figure 3. Average F and maximum supersaturation as a
function of w. The variability is represented by one standard
deviation about the mean. F is shown for three values of a.
Maximum supersaturation (grey dashed line) is shown for
a = 0.042.
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266 ated with updrafts and aerosol-cloud interactions, global
267 aerosol models are continuously being evaluated for their
268 predicted size distribution and chemical composition; pro-
269 vided that Figure 3 is applicable to a wide range of
270 environments, one can apply our analysis to directly link
271 uncertainty in predicted CCN to uncertainty in cloud droplet
272 number and provides the basis for a robust uncertainty
273 analysis of the ‘‘first’’ indirect effect. A first order estima-
274 tion [Seinfeld and Pandis, 1998] suggests that a 10–25%
275 uncertainty in global droplet concentration yields a 0.5 W
276 m�2 uncertainty in indirect forcing. A comprehensive
277 assessment would need the use of a Global Climate Model
278 and will be the focus of a future study.
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