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Abstract

Size-resolved and bulk activation properties of aerosols were measured at a re-
gional/suburban site in the North China Plain (NCP), which is occasionally heavily
polluted by anthropogenic aerosol particles and gases. A CCN (Cloud Condensa-
tion Nuclei) closure study is conducted with bulk CCN number concentration (Ngcy)
and calculated Nggy based on the aerosol number size distribution and size-resolved
activation properties.

The observed Ny are higher than those observed in other locations than China,
with average Ng¢gy of roughly 2000, 3000, 6000, 10000 and 13 000 cm™ at supersat-
urations of 0.056, 0.083, 0.17, 0.35 and 0.70%, respectively. An inferred critical dry
diameter (D,,) is calculated based on the measured Ny and aerosol number size
distribution assuming homogeneous chemical composition. This inferred cut off diam-
eter varies in a wide range, indicating that it is impossible to predict Nogy with a fixed
critical diameter.

Size-resolved activation measurements show that most of the 300 nm particles are
activated at the investigated supersaturations, while almost no particles of 30 nm are
activated even at the highest supersaturation of 0.72%. The activation ratio increases
with increasing supersaturation and particle size. The slopes of the activation curves
for ambient aerosols are not as steep as those observed in calibrations with ammo-
nium sulfate suggesting that the observed aerosols is an external mixture of more
hygroscopic and hydrophobic particles. This conclusion is confirmed by hygroscopicity
measurements performed during two intensive field studies in 2009.

The calculated N\ based on the size-resolved activation ratio and aerosol number
size distribution correlate well with the measured Ng¢y, and show an average overes-
timation of 19%. Sensitivity studies of the CCN closure show that the Ny for each
supersaturation is well predicted with the campaign average of size-resolved activation
curves. These results indicate that the aerosol number size distribution is critical in the
prediction of possible CCN. The Ngcy can be estimated with average activation curve,
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along with a well described aerosol number size distribution.

1 Introduction

The aerosol impact on cloud and the cloud feedbacks are currently considered as the
largest uncertainty in climate system (IPCC, 2007). Great efforts have been made
to predict the number concentration of cloud condensation nuclei (CCN) for modeling
applications (Boucher and Lohmann, 1995; Khvorostyanov and Curry, 2006). Com-
parisons of the measured and predicted Nggy can evaluate the measurements and
the methods, and present possible parameterization schemes. Closure between the
measured and the predicted Ny is achieved, when the difference between them falls
within the uncertainty of the measurements and predictions.

It is well documented that the Raoult and Kelvin effects control the ability of an
aerosol particle to be a possible CCN (Rogers and Yau, 1989). The aerosol size dis-
tribution and chemical composition are the two most important aerosol properties that
could be measured by current technologies. They are often utilized to predict the CCN
number concentration (Ngcy). Bulk chemical composition of PM,g or PM, from filter
sampling is often used in such closure studies (Bougiatioti et al., 2009), while the knowl-
edge of a size-resolved composition possibly improves the prediction of Nocn (Medina
et al., 2007). Stroud et al. (2007) measured chemical composition of aerosols with
an aerosol mass spectrometer (AMS). The Ngcy Was predicted with a kinetic model.
CCN were substantially over predicted (by 35.8+28.5%) using size-averaged chemical
composition, and by introducing size-dependent chemical composition the closure was
improved considerably (average error 17.4+£27%).

Measurements of chemical information are time- and resource-consuming, direct
and detailed measurement techniques of activation properties are thus urgently re-
quired. Size-resolved activation ratios (the fraction of the activated particles in the total
aerosol number) are frequently determined in laboratory and field studies. Such meth-
ods, described in detail by Frank et al. (2006), are used in instrument calibrations in
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laboratory and applied in measurements of aerosol activation properties. Size-resolved
activation properties of known compounds, such as water-soluble organic and inor-
ganic substances (Hori et al., 2003; Cruz and Pandis, 1997), mixtures of known com-
pounds (Giebl et al., 2002), and natural mixtures are intensively investigated in labora-
tory studies.

The relative importance of the variation of the aerosol number size distribution and
the chemical composition has been discussed in several studies, validating which of
them is more essential in the observation and modeling of CCN. Aerosol chemical com-
position is more important at lower supersaturations than at higher supersaturations,
because the relative change in Ngcy induced by the change of aerosol composition is
larger for circumstances with low Ny at lower supersaturations (Kuwata et al., 2005).
Particles’ ability to act as CCN is largely controlled by aerosol size rather than compo-
sition (Dusek et al., 2006). Mixing state also needs to be accounted for (Anttila, 2010;
Medina et al., 2007).

Concentrations of pollutants are rapidly increasing in China, especially in the North
China Plain (NCP) due to great economic development. As observed from the satel-
lites, the aerosol loading and trace gas concentrations (CO, SO,, NO,, etc.) are much
higher than those in other places of the world (Xu, et al., 2011). The high aerosol (mass
and number) and trace gas concentrations might change the physical and chemical
properties of the atmosphere, and cloud physical processes, e.g., the precipitation in
North China is decreased significantly during the last 40 yr and the reduction of precip-
itation is strongly correlated to increasing aerosol concentrations (Zhao et al., 2006).

In an aerosol polluted region, a large number of aerosol particles can be activated at
the typical cloud supersaturations in the atmosphere, e.g. 0.05%—1%. These particles
have different size and compositions, resulting in different growth times in the activation
process. They compete for water vapor to be activated. The larger particles, which
may activate first deplete the water vapor, decreases supersaturation and may thus
suppress the activation of other smaller particles (Zhao et al., 2005). Soluble trace
gases could be absorbed by particles and may lower the equilibrium vapor pressure
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In this work, the aerosol activation properties in the NCP are investigated, using the
aerosol number size distribution, the size-resolved activation ratio, and the bulk Ncy.
This work presents a method to better understand the relationship between aerosol
number size distribution and Ngcy. Finally, a closure study is performed between the
measured and calculated Ngcy using aerosol size distribution and size-resolved acti-
vation ratio.

2 Relationship between aerosol size distribution and CCN number
concentration

This section presents the relationship between the aerosol number size distribution and
CCN number concentration to help understanding the current work.

The supersaturation required to activate a single aerosol particle (Critical Super-
saturation, SS,) is determined by its size and composition using the Kohler equation.
However, it is difficult to obtain the chemical composition for any individual atmospheric
aerosol particles.

A bulk CCN number concentration can be measured employing a CCN counter
set at a given supersaturation. The CCN is a subset of the total aerosol population.
A schematic plot shows the relationship between aerosol number size distribution and
CCNin Fig. 2.

Assuming uniform chemical composition throughout the size range, a critical dry
particle diameter D, (pink line in Fig. 2) can be calculated from the measured Ngcy
and aerosol size distribution. The number concentration of aerosol particles with sizes
larger than D, equals to Ngcy.

oo

Neen = /n(logDp)dIogDp (1)
Dy,
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where D, is the diameter of aerosol particle, and n(logD,) is the function of the aerosol
number size distribution.

Atmospheric aerosol particles have complicated size-dependent chemical compo-
sitions due to various physical and chemical processes involved. Even at a certain
particle size, their chemical composition may be quite different if the aerosol is hetero-
geneous mixed. For atmospheric aerosol particles with various chemical composition,
the CCN concentration (Nccn car) Can be calculated using the following equation,

oo

Ncen cal = /nCCN logD, dIogDpz/A(IogDp)n(IogDp)dlogDp @)
0 0

where ngc(logDp) is the CCN number size distribution function, and A(logD,) is the
size-resolved activation ratio.

The size-resolved activation ratio A(logD,) is determined by aerosol particle size
and chemical composition. In order to understand the role of size and composition on
the size-resolved activation ratio, two extreme conditions for aerosol composition are
introduced and discussed here. First, we consider highly soluble particle substance
such as a NaCl aerosol. A critical dry diameter Dy,c, can be calculated using Kohler
equation (blue line in Fig. 2). Particles with sizes smaller than Dy, cannot be activated
at the corresponding supersaturation.

For another extreme case, we consider an insoluble but wettable particle (IBW).
Here, a Kelvin diameter (Dygin) is determined using the Kelvin equation (green line in
Fig. 2). The particles larger than Dyg,, are all activated.

The critical dry diameters of NaCl, (NH,),SO, and IBW aerosol particles at various
supersaturations are shown in Table 1. Typical supersaturation for stratiform clouds,
cumulus clouds, and fog are 0.05%, 0.25%—0.8%, and 0.1%, respectively (Seinfeld
and Pandis, 2006). Ammonium sulfate particles larger than 34 nm, respectively sodium
chloride particles for sizes larger than 26 nm may activate at supersaturation of 0.8%.
The size of an IBW particle needs to be above several micrometers to be activated at
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very low supersaturations in stratiform clouds. The activation ratio of aerosols is 0 at
Dyaci @and 1 at Dygin- The activation ability of ambient aerosols in the real atmosphere
varies between these two extreme cases of highly soluble substance and IBW. In this
paper, ambient aerosol activation properties are investigated in field measurements
using CCN counter and mobility size spectrometer.

3 Measurements and data processing
3.1 The field site

The NCP underwent a rapid development during the last three decades. Heavy indus-
tries and dense population caused severe particulate and gaseous pollutions. Wugqing
is a town located in the NCP between the two Megacities of Beijing and Tianjin (Fig. 1).
Investigations of the physical and chemical properties of the atmosphere were con-
ducted at that regional/suburban site in Wuqing.

The field study, concerning aerosol activation properties and optical properties of
aerosols, were carried out in January 2010. The aerosol number size distribution and
the bulk CCN number concentration were measured from 31 December 2009 to 20
January 2010. The size-resolved activation ratios were measured only at daytime.

3.2 Instrumentations

The data used in this work include the aerosol number size distribution, the Ny
and the size-resolved CCN activation ratio. The set-up of instruments is shown in
Fig. 3. The ambient aerosol sample passes through a silica gel diffusion drier, main-
taining a relative humidity (RH) below 30%. The aerosol sample is then led into the
air-conditioned measurement container with a temperature around 20 °C.

Aerosol number size distributions (13.8—750 nm) were obtained by a Scanning Mo-
bility Particle Sizer (SMPS, Model 3936, TSI, USA) with a time resolution of five min-
utes. The SMPS consist mainly of Differential Mobility Analyzer (DMA, Model 3081)
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and Condensation Particle Counter (CPC, Model 3772). The DMA sheath and sample
flows were 31pm and 0.3 Ipm, respectively.

A continuous-flow dual CCN counter (CCN-200) (Roberts and Nenes, 2005; Lance
et al.,, 2006) manufactured by Droplet Measurement Technologies (DMT, USA) was
utilized to measure the CCN activation properties. The CCN-200 has two columns to
measure different samples at different supersaturations at the same time. One col-
umn directly measures the dry polydisperse aerosol sample to obtain the bulk CCN
concentration, while the other measures the size-resolved activation properties.

Quasi-monodisperse aerosol particles with diameters of 30, 40, 50, 75, 100, 150,
200 and 300 nm were selected by another DMA. The sheath and sample flow rates
were 8lpm and 0.8 lpm, respectively. The sample flow was then split into two parts,
0.5Ipm for CCN counter and 0.3 Ipm for CPC (Model 3776). CCN counter reports the
Nccns and CPC reports the condensation nuclei number concentration (Ngy). The
activation ratio is defined as the ratio between Ngcy and Ngy.

Both columns operated at the same supersaturations at the same time. Five su-
persaturations (nominally 0.07, 0.10, 0.20, 0.40, and 0.80%) made up a cycle of half
an hour, taking 10 min for 0.07% and 5min for other supersaturations. The Nggy for
five supersaturations were available every half an hour. The selected size of aerosol
particles after the DMA was also changed every 30 min, during which the activation
properties at five supersaturations were measured. Particle sizes with number con-
centrations with less than 10cm™> were skipped. Activation ratios of all the diameters
at five supersaturations were available every 3—4 h depending on the number of se-
lected particle sizes.

The CCN counter was calibrated with ammonium sulfate particles (Rose et al., 2008)
before and after the campaign. The critical dry diameters determined from the acti-
vation curves of ammonium sulfate, are converted to effective supersaturation (SS,)
utilizing the Kdhler equation. The Kohler equation employs the temperature dependent
surface tension of water (Cooper and Dooley, 1994), temperature dependent solubil-
ity of ammonium sulfate in water (Seinfeld and Pandis, 2006), and molality dependent
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van’t Hoff factor (Young and Warren, 1992; Low, 1969).

The temperature gradients (TG) and SS, were linearly fitted. The SS, of the at-
mospheric measurement is calculate from the TG with this TG~SS, relationship. The
calibration shows that the effective supersaturations were 0.058, 0.085, 0.18, 0.36 and
0.72% for size-resolved measurements, and 0.056, 0.083, 0.17, 0.35 and 0.70% for
bulk measurements.

3.3 Data processing

For each supersaturation, Nggy is recorded every second. To ensure the instrument
and data stability, these records are filtered with different criterions of temperature and
flow, e.g., the temperatures and flow rates need to be close to the set values. The
average Ngcy at each supersaturation is computed using the processed records.

The CCN activation ratio is calculated based on both the Nycy and aerosol number
concentration (Ngy) of quasi-monodisperse aerosol particles. Each aerosol sample
consists of aerosol particles with a small range of electrical mobility, due to the DMA
transfer function. The particles may however carry different number of electric charges.
This means that even for the same mobility, these particles can have different particle
sizes. The DMA transfer function width and the multiple charges skew the activation
curves.

A multiple charge correction is then applied for the CCN activation ratio without con-
sidering the width of DMA transfer function (as the Appendix A). The presence of multi-
ply charged particles, which usually have higher activation ratio than the singly charged
particle, induces a falsely higher measured activation ratio for singly charged diame-
ters. The correction will reduce the activation ratio especially for the smaller particle
sizes.
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4 Results
4.1 Summary of bulk CCN measurements

The statistical results for the particle number concentration (N,;) and Ny are summa-
rized in Table 2. The particle number concentration ranged from 1000 to 100 000 cm™3.
Most of the time, the particle number concentration was however between 10000 and
40000cm™2,

High Ngcy were observed during periods of heavy aerosol pollution. The Nggy
depended strongly in the different weather systems during the measurement period.
The N¢cn Was found to be as high as 28 000 cm™2 at 0.70% supersaturation. Normally,
the Ngcon was however about 2000, 3000 and 6000 cm™2 at supersaturation of 0.056,
0.083 and 0.17%, and more than 10000 cm™2 for supersaturations above 0.35%. On
other hand, under meteorological situation especially with strong winds, the Ngcy can
be as low as around 100cm ™2 at supersaturations of 0.056 and 0.083%, and less than
2000cm ™2 at 0.7% supersaturation, because the aerosol number concentration in the
accumulation mode range becomes relatively low.

The inferred critical diameters D,,, as defined in Eq. (1) in Sect. 2.1, are calculated
based on the Ny and the corresponding aerosol number size distribution. The D, for
each supersaturation varies dramatically (Fig. 4). Variations of D,, for supersaturations
above 0.17% are larger than that for 0.056% and 0.083% supersaturations. The D,, are
in the ranges of 190-280, 160—260, 95—-180, 65—120 and 50-100 for supersaturations
of 0.056, 0.083, 0.17, 0.35 and 0.7%, respectively. The average aerosol number con-
centration within these size ranges are 2000, 2900, 5800, 6900 and 8100 cm™3. These
values are comparable to the campaign average Nggy. The predicted Ny With a fixed
critical dry diameter inferred from the measurement might result in relative deviation of
nearly 100%. This indicates that it is impossible to predict CCN number concentration
from the aerosol number size distribution using a fixed critical dry diameter.
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4.2 Size-resolved activation ratio

Figure 5 is the time series of the activation ratio for 75, 100, and 200 nm particles at
different supersaturations. As the aerosol is size-selected, the activation ability for one
particle size depends on the chemical effects on aerosol activation, including amount
of the soluble inorganic matters, slightly soluble organics (Bilde and Svenningsson,
2004), and the surface active compounds (Facchini et al., 1999; Henning et al., 2005).
The activation ratio divides the size-selected aerosol particles into more CCN-active
and less CCN-active group. The population of these two groups depends on their
mixing state and their chemical compositions.

For lower supersaturations and smaller particles, e.g. 75nm at 0.058 and 0.085%
supersaturations, the activation ratios are close to 0, because the particles are too
small to be activated. Particles of 75, 100, and 200 nm are mostly activated at super-
saturations of 0.36 and 0.72%. It can be seen in Fig. 5 that the activation ratios for
200 nm particles at 0.056 and 0.085%, for 100 nm particles at 0.18%, and for 75nm
particles at 0.36% mainly ranged between 0.2 and 0.8.

Figure 6 is the size-resolved activation curve for each supersaturation averaged for
the campaign. The activation curves for ambient aerosols are shown in colored lines.
The activation curves at different supersaturations are distinct. Particles smaller than
150 nm are rarely activated at supersaturation 0.058%, while 40 nm particles have ac-
tivation ratios of 0.4 at 0.72% supersaturation.

Most 300 nm particles are activated at all of the measured supersaturations. Al-
though 300nm is much smaller than the Kelvin diameter for most of the measured
supersaturations (Table 1), small soluble fraction enables the particle to be activated.
For example, ammonium sulfate fractions of 18, 8, 2, 0.3 and 0.03% (and the rest is
insoluble) are sufficient to activate a 300 nm particle at supersaturations of 0.07, 0.1,
0.2, 0.4 and 0.6%. Almost no particles of 30 nm are activated at the measured super-
saturations, because even pure ammonium sulfate particles of 30 nm are unable to be
activated at 0.8% supersaturation. The activation ratios are strongly dependent on the
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particle size. The activation ratio increases with increasing diameter.

The slope of the activation curves of ammonium sulfate represents internally mixed
aerosol (Gray curves in Fig. 6). The slopes for ambient aerosols are not as steep as that
of ammonium sulfate, suggesting that the aerosol is chemically and/or morphologically
externally mixed (Frank et al., 2006). For each size, hygroscopic growth and activation
of particles depend on their chemical components and mixing state. The external
mixing is also observed in the hygroscopicity measurements in Wuging (Liu et al.,
2011). And the GF-PDF (Probability Distribution Function of Growth Factor) of a size
selected aerosol, in turn, can provide the activation ratio for various supersaturations
(Su et al., 2010).

4.3 Calculation of CCN number concentration based on aerosol number size
distribution and size-resolved activation ratio

The Ngcn can be calculated from the aerosol number size distribution and the size-
resolved activation ratios (Eq. 2). The calculation of Nggy using this method is eval-
uated in this study with parallel measurements of Nocy and size-resolved activation
properties (Fig. 7).

The two columns of the CCN counter are independent and they are used for bulk and
size-resolved measurement. Both columns are set to the same five supersaturations,
nominally 0.07, 0.10, 0.20, 0.40 and 0.80%, during the measurement. However, the
calibration shows that the effective supersaturations are different (Sect. 3.2).

The measured Ny is compared with the calculated Ngcy at the same supersatura-
tion in CCN closure study. The measured Ny and effective supersaturation are fitted
with an empirical function

Neen = No (1 - e_k(s_s°)) : (3)

where S is supersaturation, N, kK and S, are fitted parameters.
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This function describes the Ngcn~S relationship in this study better than NCCN=CSk
suggested by Twomey (1959). If an activation curve is measured at effective supersat-
uration SS),, a Ny at SSy, is achieved by fitting the CCN spectra measured closest in
time with the activation curve with Eq. (3). This is referred to as the “measured” Ny,
and then used to be compared with the calculated Ngcy.

Nccn can be calculated from the above corrected data with Eq. (2). The calculated
Nccn based on the measured aerosol number size distribution and the size-resolved
activation ratio, along with the bulk measurement, is shown in Fig. 8a. The calculated
Nccn is highly correlated with the measurement (R?=0.9501). However, the calculation
generally overestimates the Nggy. The linear fitted lines have slopes larger than 1 for
each supersaturations and 1.169 for all the data.

The difference between measured and calculated Ny might result from the mea-
surement uncertainties. The uncertainty for aerosol number size distribution is under
controlled conditions within 10% (Wiedensohler et al., 2011). The uncertainty for CCN
measurements comes from the uncertainty of supersaturation, the water depletion in-
side the CCNC, and the particle counting and flow rate. The uncertainty of calibrated
supersaturation, by comparing the calibration before and after the campaign, is small
in this study. The water depletion may occur in the CCN counter in the bulk CCN mea-
surement. The high particle number concentration also may reduce the counting rate
of the CCN counter (manual of CCN counter). Taking these sources into account, the
uncertainty of bulk and size-selected CCN number concentration might exceed that
of aerosol size distribution measurement. Moore et al. (2010) reported uncertainties
of 0.17 for Ngcn, 0.067 for Ngy and thus 18% for activation ratio when the Ngy is
100cm™. Other uncertainties arise from the coarse size resolution of the activation
ratio, the absence of DMA transfer function correction for the activation ratio and the
linear interpolation of the activation ratio on the scale of logD,. The uncertainties are
estimated to be >10% for bulk Nggn, and >21% for calculated Nggy. The calculated
CCN number concentrations agree well with the measured one within the estimated
uncertainties of the measurements and the data processing.
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The calculation of Ny employs the activation ratio curves and the aerosol number
size distribution. The activation ratio curves (AR) represent the chemical composition
and mixing state of aerosol. The aerosol size distribution can be described with two
factors, i.e. the population of aerosol (particle number concentration, Na) and the nor-
malized aerosol size distribution (NASD). To explore the relative importance of these
three factors (AR, Na and NASD), sensitivity tests are performed. The Ny are calcu-
lated when one of the above factors is replaced by the average conditions.

The average AR based on 20-day measurements in January 2010 are given in Fig. 6.
Figure 8b shows the calculated Ngcy utilizing these averaged activation curves and
the real-time measurement of aerosol size distribution. There are more scattered data
than the base case. The relative bias is larger than the base case and the correlation
coefficient (RZ) is lower. Nevertheless, both relative bias and /2 are close to those of
the result using all real-time data. The replacement of the average activation ratio does
not cause significant changes to the results. These average size-resolved activation
ratio curves provide a good estimation of activation properties.

Figure 8c shows the result when particle number concentrations are fixed to the
average one. The aerosol number size distributions are replaced with the product of the
NASD and the average particle number concentration. The calculated Ng¢y for each
supersaturation, compared to the base case, converge to narrower range. The Ngcy
is linearly related to particle number concentration. The calculated Ng¢y is limited by
the prescribed aerosol number concentration. The average relative deviation is larger
than the base case and the correlation coefficient is lower. The linear fitted lines have
slopes and intercepts highly biased from 1 and 0.

The average NASD is obtained from the average of all normalized aerosol number
size distributions. The aerosol number size distribution in the calculation is replaced
with the product of the average NASD and the original particle number concentration.
Compared to the previous cases, the average NASD case has much more scattered
data; both the average relative bias and the average relative deviation are also larger
(Fig. 8d).
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From the results discussed for Fig. 8c and d, it can be seen that the aerosol number
size distribution plays a critical role in calculation of Nggy. The evolution of aerosol
number size distribution depends on the sources, coagulation, growth, aging and de-
position processes. It is improper to calculate the Ngcy with prescribed aerosol size
distribution due to its significant variation.

5 Summary

The aerosol-cloud interaction is an essential issue in climate change research. The
relationship between aerosol and CCN is complicated, because the aerosols origin
from various emissions, and undergo atmospheric physical and chemical processes.
Measurements of size-resolved activation gain insight of the ability of aerosol acting
as CCN. The bulk and size-resolved activation properties of submicron aerosols were
investigated in January 2010 at a regional/suburban site in the NCP.

High aerosol mass and number concentrations are connected with high Ny in the
NCP. The Ny occasionally exceeds 20 000 cm™2 at supersaturations above 0.35%
during pollution episodes, while it can be low as several hundred under clean condi-
tions. The average N gy are roughly 2000, 3000, 6000, 10000 and 13000 cm™2 at
supersaturations 0.056, 0.083, 0.17, 0.35 and 0.70%, respectively. Such high Ny
are also observed in the vicinity of Guangzhou (Rose et al., 2010) and south of Beijing
(Wiedensohler et al., 2009).

However, the relationship between this abundant CCN at the surface and the cloud
properties is not clear yet. The cloud property is determined by the thermodynamic
processes, the available CCN for activation and microphysical processes. Deng et
al. (2009) presented the aircraft measurement of cloud droplet number concentration
(CDNC) around Beijing. The CDNC are 376+290, 257+226, 147+112, 60+35 and
60+84 cm_s, for cumulus, stratocumulus, altocumulus, altostratus, and nimbostratus
clouds, respectively. This observed CDNC around Beijing area are far lower than the
surface measured CCN number concentration. Most of the aerosols are trapped inside
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the boundary layer. The aircraft measurements show that the aerosol number con-
centration decreases with height (Liu et al., 2009). Aerosol particles in the boundary
layer do not always have opportunity to be activated into the cloud droplets above
the boundary layer. There are also some mechanisms to transfer the surface aerosol
into the free troposphere, such as convection. Local circulations like mountain valley
breeze and sea land breeze may also alter the vertical profiles of aerosol. Chen et
al. (2009) shows that the pollutants in the boundary layer can be injected from the
planetary boundary layer and form an elevated pollution layer in the free troposphere
due to the Mountain Chimney Effect.

The size-resolved activation measurement and CCN closure study provide insight of
the detailed activation ability. More than 50% of the particles larger than 200, 170, 90,
70, and 45 nm are activated at supersaturations of 0.058, 0.085, 0.18, 0.36 and 0.72%,
respectively. These diameters are a little larger than but close to the critical diameters
of ammonium sulfate particles (Table 1). This implies that the aerosols in the North
China Plain consist of highly soluble material. Soluble fractions of more than 83% are
needed to activate these particles, assuming aerosol composition of ammonium sulfate
and an insoluble core. The water soluble organics and the influence of surface tension
are also expected to contribute to the activation.

The widths of the activation curves are larger than those in calibration. This indi-
cates that the particles are externally mixed in the perspective of CCN activation. The
direct measurements of hygroscopic growth of aerosol using HH-TDMA also show high
hygroscopicity and external mixture (Liu et al., 2011).

The size-resolved activation curves, based on the measured aerosol size distribu-
tions, provide a method to calculate CCN size distribution and Nggy. Sensitivity studies
of this method were performed to explore the relative importance of the size-resolved
activation ratio, the aerosol number concentration and normalized aerosol size distribu-
tion. The calculated Ngcy are highly biased when the aerosol number concentration or
normalized aerosol size distribution are fixed to the average level. This shows that both
the aerosol number concentration and normalized aerosol size distribution are of great
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importance in the prediction of CCN number concentration. An average size-resolved
activation ratio is sufficient to describe the activation properties of the aerosols in the
NCP. The activation ability of aerosol depends on the solubility, the surface tension and
the van’t Hoff factor, as well as the size. The variation of aerosol chemical composition
affects the solubility, the surface tension and the non-ideality of the solution. But these
variations do not necessarily influence the overall activation ratio. The variation of size-
resolved activation ratio caused by aerosol chemical composition has weak impacts on
bulk aerosol activation. This average activation property and well predicted aerosol size
distribution can predict Nggy successfully. These results would help us to understand
the role of size and chemical compositions in their activation processes, and enables
us to develop an aerosol-CCN scheme based on such size-resolved measurements.

Appendix A

The procedure of multiple charge correction

The aerosol sample selected by DMA is a quasi-mono-disperse aerosol with a width
of mobility range and several charges for each particle. A simple multiple charge cor-
rection is applied for the CCN activation ratio without consideration of the DMA transfer
function. Thus only the central mobility is considered in the aerosol sample.

Assuming the activation ratio for the particle with j charges passing through channel

iis Aj;, i=1,2,...,/,the measured activation ratio can be expressed as

J J J
2 -1Neenij  2-1AijNcpci;  25-1AiMCF;; J
M, = = = => AjF;
J=1

;=

> Ncecij > Ncpcij > MCF;;

where J is the maximum number of charges on one particle, here we use 10. Ngpg;; is

the number of particles passing through channel / with j charges. It can be calculated

from the parallel aerosol size distribution and the charge probability (Wiedensohler,
1988), considering the DMA transfer function.
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The relative multiple charge fraction is

MCF;; = Ncpcij/Nepcin» (A2)
and
Fij MCF,//Z MCF. (A3)

A;; can be expressed as the linear interpolation of the activation ratios at the measured
dlameters,

logD;; —logD;;,

Aij = Ay + (Aigyr1 = Aig) 109Dy 11 ~10gD;(;

4 logD; ;)41 —logD;; A logD;; —logD;;,
"DlogD;jy41—10gD;y '*logD;).1 - logDy;
log (D;(+1/Di;) log (D;;/Dy(j))
i) oa(D ) + N Sa(D b
9(Dijy41/Diy) 0g(Dj(jy+1/Djj)
_A’(/)P +Al(j)+1OIj (A4)

where D;; is the diameter of the particles passing through channel / with j charges,
i(f) is the index of the largest one among the measured diameters which are smaller
than or equals to D;;, A; indicates the activation ratio of the singly charged particles in
the corresponding channels.

When /(j) equals to the number of the measured sizes, D),y and A, can be
replaced with the corresponding theoretical critical dry diameter of water ball (Kelvin
equation) D, and the activation ratio of 1. When no measured diameter is smaller than
orequals to D;;, D;;y and A; ;) are replaced with Dy,c) and 0, D; ;)4 and A;; .1 are D,
and A,.

With Eq. (A4), Eq. (A1) can be written as

D

MZA,/

ije

/
WP+ A Qi) Fij= 2 SiA+T;, (A5)
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where S;; and T; are both expressed as the results of 7,

the terms where D; ;)1 is replaced with Kelvin diameter.

Q;; and F;;. T; comes from

Sij= Z;'/=1 (8 (k). )Py +6(i (k) +1,1) Qi) Fiye. (A6)

T = z;'j=16(/(k)+1:/)0ik/:ik' (A7)

A new response is written as A;=M,—T,. This equation set is then expressed as
R=S8A, (A8)

where R and A are /x1 vectors and S is an / x/ matrix. Solving the equation set
with non-negative least square method will get the activation ratio of singly changed
particles.
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Table 1.
substance.

Critical dry diameter of NaCl, (NH,),SO, and an insoluble but wettable (IBW)

SS (%)  Critical Dry Diameter (nm)

NaCl (NH,),SO, IBW
0.05 162 204 4206
0.07 129 164 3004
0.10 102 130 2103
0.20 65 83 1052
0.30 49 64 702
0.40 41 53 527
0.50 35 46 422
0.60 31 41 351
0.70 28 37 301
0.80 26 34 264
0.90 24 31 235
1.00 22 29 211
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Table 2. Statistics of the aerosol number concentration and CCN number concentration. %. Z.Z.Deng et al.
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Fig. 1. The map for the measurement site. The color represents the elevation with data from

Jarvis et al. (2008). The main cities in this area are marked in the map.
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dN/dlogDp

Wettable but
insoluble and
non-hygroscopic

Dyaci D, Dyenin Diameter

Fig. 2. Schematic of the relationship between aerosol and CCN. The black curve represents
the aerosol size distribution, while only the particles under the red curve act as CCN. D,, is
regarded as an inferred critical dry diameter at the given SS. The number concentration of the
aerosols larger than D, equals to the Nggy. Dyac is the critical dry diameter of NaCl particle
at the given SS. Dy, is the critical diameter for an insoluble but wettable particle (IBW) at the
given SS. All the aerosol particles with diameter larger than Dy, (area A) can be activated,
while the atmospheric aerosol particles smaller than Dy,¢, (area E) cannot be activated. The
area C and D equals to each other.
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Fig. 3. Instrumentation set-up.
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Fig. 5. Time series of the activation ratio during January 2010.
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Fig. 7. The flowchart for CCN closure between bulk and size-resolved measurement.
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Fig. 8. Closure between measured CCN number concentration and the CCN number con-
centration calculated from aerosol number size distribution (SD) and size-resolved activa-
tion ratio (SRAR) for different supersaturations. (a) Real-time SD and SRAR; (b) Real-
time SD and Averaged SRAR; (c) Average Na (keep NASD) and Real-time SRAR; d:
Average NASD (keep Na) and Real-time SRAR. There are 1527 pairs of data in each
panel. The title of each panel shows the fitted function, correlation coefficient, aver-
age relative bias (Bias=(Ngcnca—Noenm)/Neenm) and average relative deviation (Dev=

|NCCN,caI_NCCN,ml/NCCN,m)-
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