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Abstract

Atmospheric aerosol particles serving as cloud condensation nuclei (CCN) are key el-
ements of the hydrological cycle and climate. We have measured and characterized
CCN at water vapor supersaturations in the range of S=0.10-0.82% in pristine tropical
rainforest air during the AMAZE-08 campaign in central Amazonia. The effective hy-
groscopicity parameters describing the influence of chemical composition on the CCN
activity of aerosol particles varied in the range of k=0.05-0.45. The overall median
value of k~0.15 was only half of the value typically observed for continental aerosols
in other regions of the world. Aitken mode particles were less hygroscopic than accu-
mulation mode particles (k~0.1 at D~50 nm; k~0.2 at D~200 nm).

The CCN measurement results were fully consistent with aerosol mass spectrom-
etry (AMS) data, which showed that the organic mass fraction (X}, ,.q) was on aver-
age as high as ~90% in the Aitken mode (D<100nm) and decreased with increas-
ing particle diameter in the accumulation mode (~80% at D~200nm). The « val-
ues exhibited a close linear correlation with X, .. and extrapolation yielded the fol-
lowing effective hygroscopicity parameters for organic and inorganic particle compo-
nents: kqy~0.1 which is consistent with laboratory measurements of secondary or-
ganic aerosols and kj,,4~0.6 which is characteristic for ammonium sulfate and re-
lated salts. Both the size-dependence and the temporal variability of effective parti-
cle hygroscopicity could be parameterized as a function of AMS-based organic and
inorganic mass fractions (k,=0.1 X, 4,4+0.6 X5, inorg), @nd the CCN number concentra-
tions predicted with «,, were in fair agreement with the measurement results. The me-

dian CCN number concentrations at $=0.1-0.82% ranged from Ny 0.10~30 cm™2 to
Ncen 0.82~150 cm™, the median concentration of aerosol particles larger than 30 nm

was Ny 307180 cm™, and the corresponding integral CCN efficiencies were in the
range of Ncon,0.10/Nen 3070-1 10 Neen 0.82/Non,30~0.-8.

Although the number concentrations and hygroscopicity parameters were much
lower, the integral CCN efficiencies observed in pristine rainforest air were similar to
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those in highly polluted mega-city air. Moreover, model calculations of Nggy g With a
global average value of k=0.3 led to systematic overpredictions, but the relative devia-
tions exceeded ~50% only at low water vapor supersaturation (0.1%) and low particle
number concentrations (<100 cm's). These findings confirm earlier studies suggesting
that aerosol particle number and size are the major predictors for the variability of the
CCN concentration in continental boundary layer air, followed by particle composition
and hygroscopicity as relatively minor modulators.

Depending on the required and applicable level of detail, the information and pa-
rameterizations presented in this paper should enable efficient description of the CCN
properties of pristine tropical rainforest aerosols in detailed process models as well as
in large-scale atmospheric and climate models.

1 Introduction

Cloud condensation nuclei (CCN) are the subset of atmospheric aerosol particles that
enable the condensation of water vapor and formation of cloud droplets at a given level
of water vapor supersaturation. They are key elements of the hydrological cycle and
climate on regional as well as global scales. Elevated concentrations of CCN tend
to increase the concentration and decrease the size of droplets in cloud. Apart from
the indirect effect on radiative forcing, this may lead to the suppression of precipitation
in shallow and short-lived clouds but also to greater convective overturning and more
precipitation in deep convective clouds (Rosenfeld et al., 2008). The response of cloud
characteristics and precipitation processes to increasing anthropogenic aerosol con-
centrations represents one of the largest uncertainties in the current understanding of
climate change. One of the crucial challenges is to characterize the hygroscopicity and
CCN activity of aerosol particles, i.e., their ability to absorb water vapor and form cloud
droplets under relevant atmospheric conditions (e.g. McFiggans et al., 2006; IAPSAG,
2007; IPCC, 2007; Andreae and Rosenfeld, 2008).

During the dry season, the properties and effects of atmospheric aerosols over Ama-
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zonia are often strongly influenced by anthropogenic biomass burning emissions (Ar-
taxo et al., 1998, 2002; Andreae et al., 2004; Martin et al., 2009a, and references
therein). During the wet season, however, Amazonia is one of the few continental
regions on Earth, where the aerosol composition is not dominated by anthropogenic
sources and particle properties, interactions and effects can be studied under natural
background conditions (Artaxo et al., 1990; Talbot et al., 1990; Andreae, 2007; Martin
et al., 2009a, and references therein).

Several studies have investigated the hygroscopicity of Amazonian aerosols by hy-
groscopicity tandem differential mobility analyzer (HTDMA) experiments, i.e. by the
determination of particle growth factors at relative humidities below 100% which can
be extrapolated to predict the CCN activity under supersaturated conditions (Zhou et
al., 2002; Rissler et al., 2004, 2006; Vestin et al., 2007). Some studies have also ap-
plied CCN counters (CCNC) to directly measure CCN concentrations at various levels
of water vapor supersaturation (Roberts et al., 2001, 2002, 2003; Andreae et al., 2004;
Rissler et al., 2004; Vestin et al., 2007; Freud et al., 2008). Zhou et al. (2002), Rissler
et al. (2006), and Vestin et al. (2007) have reported HTDMA and CCNC measurement
results from the Amazonian wet season which will be discussed below. So far, however,
no size-resolved CCN measurements have been reported from Amazonia.

In the “Amazonian Aerosol Characterization Experiment-2008” (AMAZE-08) cam-
paign during the wet season in February—March 2008 (Martin et al., 2009a), we have
used a continuous-flow CCN counter (DMT-CCNC) in combination with an aerosol
mass spectrometer (AMS) to characterize the CCN efficiency and chemical compo-
sition of pristine tropical rainforest aerosols as a function of dry particle diameter and
water vapor supersaturation. To our knowledge such information has not been re-
ported before. In this manuscript we present the measurement data as well as model
formalisms and parameters that enable efficient description of the observed CCN prop-
erties. Moreover, we compare the results to earlier investigations of the CCN activity
of atmospheric aerosol particles in Amazonia and other continental regions.
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2 Methods
2.1 Measurement site and meteorological conditions

The measurements were carried out over the period of 14 February to 12 March 2008,
i.e. during the Amazonian wet season, at a remote site in the rainforest 60 km of NNW
of the city of Manaus in Brazil (2.594541 S, 60.209289 W, 110 m above sea level). The
observational tower, (TT34) was located in the Reserva Biologica do Cuieiras and man-
aged by the Instituto Nacional de Pesquisas da Amazonia (INPA) and the Large-Scale
Biosphere-Atmosphere Experiment in Amazonia (LBA). As illustrated in Fig. 1, the air
masses came mainly from the NE across 1600 km of untouched forest, allowing the
study of pristine tropical rainforest conditions. The average meteorological parameters
(arithmetic mean + standard deviation) recorded during the CCN measurement period
at the aerosol inlet on top of TT34 were: (297+2) K ambient temperature, (92+10)%
ambient relative humidity (RH), (995+5) hPa ambient pressure, (1.2+0.7) ms™" local
wind speed, (132+107)° local wind direction. For more information about the measure-
ment location and meteorological conditions see Martin et al. (2009a).

Aerosols from above the forest canopy were sampled through an inlet at the top of
TT34 (38.75m above ground, Rupprecht & Patashnick PM10, ~20Lmin~" flow rate)
via a stainless steel line (19.05mm o.d.) to the measurement container at the base
of the tower. Before entering the container, the sample flow passed through a diffu-
sion dryer with silica gel/molecular sieve cartridges (alternating regeneration with dry
pressurized air, regeneration cycles 15-50 min, average RH=(33+7)%). After drying,
the sample flow was split by a manifold and fed into a wide range of aerosol and trace
gas measurement instruments. One of the lines led to the CCN measurement setup
described below (stainless steel, 6.35mm o.d., 3m length, 1.5Lmin~" flow rate. For
more information about the sampling system and instrumentation of AMAZE-08 see
Martin et al. (2009a).
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2.2 CCN measurement and data analysis

Size resolved CCN efficiency spectra (CCN activation curves) were measured with
a Droplet Measurement Technologies continuous flow CCN counter (DMT-CCNC,
Roberts and Nenes, 2005; Lance et al., 2006} coupled to a Differential Mobility An-
alyzer (DMA; TSI 3071; sheath flow 10Lmin™ ') and a condensation particle counter
(CPC; TSI 3762; sample flow 1.0Lmin~" Frank et al., 2006; Rose et al., 2008a). The
CCNC was operated at a total flow rate of 0.5Lmin~" with a sheath-to-aerosol flow
ratio of 10.

The temperature, pressure and relative humidity in the DMA and at the CPC and
CCNC inlets were (299+3) K, (995+3) hPa, and (7+6)%, respectively (arithmetic mean
+ standard deviation). The CN and CCN concentrations and size distributions reported
below refer to these conditions. By multiplication with a factor of 1.10 the concentra-
tion values can be normalized to standard temperature and pressure in dry air (273K,
1000 hPa, 0% RH). The estimated relative uncertainties of the reported CCN measure-
ment results are <20% for individual data points and <10% for the reported average
values (Rose et al., 2008a, b).

The effective water vapor supersaturation (S) was regulated by the temperature dif-
ference between the upper and lower end of the CCNC flow column (AT) and calibrated
with ammonium sulfate as described by Rose et al. (2008a, b; Kdhler model AP3; cal-
ibration line S=kg AT +S, with k,=0.0789%K™', S,=-0.0909%, R*=0.9985; relative
uncertainty AS/S<10%).

For each CCN measurement cycle, AT was set to 5 different levels corresponding
to S values in the range of 0.10-0.82%. For each AT and S, respectively, the di-
ameter of the dry aerosol particles selected by the DMA (D) was set to 9 different
values in the range of 20—290 nm depending up on the supersaturation selected. At
each D, the number concentration of total aerosol particles (condensation nuclei, CN),
Ncn, was measured with the CPC, and the number concentration of CCN, Nggy, was
measured with the CCNC. The integration time for each measurement data point was
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160 s, the recording of a CCN efficiency spectrum (Ngen/Ney vs. D) took ~35 min, and
the completion of a full measurement cycle comprising CCN efficiency spectra at 5
different supersaturation levels took ~180 min (including 5min of settling time for the
changeover from highest to lowest S). 169 measurement cycles were performed dur-
ing the AMAZE-08 campaign from 14 February until 12 March 2008, with occasional
short term interruptions for instrument calibration and maintenance and with a four day
break due to a power outage and subsequent repair work (2—6 March). Note that for
the lowest supersaturation level applied in the atmospheric measurements, the exact
mean value $=0.095% was used for the calculations outlined below, but for simplicity
a rounded value of 0.10% is listed in figures and tables.

The measurement data points of the CCN efficiency spectra were corrected for the
effects of multiply charged particles, differences in the CCNC and CPC counting ef-
ficiencies with a constant correction factor f.,,=1.05, and the DMA transfer function
as described by Rose et al. (2008a, b). For the multiple charge correction we used
the total aerosol particle number size distributions that were derived from the CPC
measurement data and averaged over each full CCN measurement cycle as described
below.

By fitting with cumulative Gaussian distribution functions (CDF), the following param-
eters were derived from each measured CCN efficiency spectrum (Rose et al., 2008b):
the maximum activated fraction MAF;, the midpoint activation diameter D,, and the
standard deviation o, of 3-parameter CDF fits as well as the midpoint activation di-
ameter D; and the standard deviation o; of 2-parameter CDF fits with MAF; set to
1. Note that the CCN efficiency measured at the largest diameter of each spectrum
(MAF ,,=Ncon/Nen at Dpay) Was generally in good agreement with MAF; as derived
from the 3-parameter CDF fit.

As detailed by Rose et al. (2008b) the activation diameters and standard devia-
tions derived from the 3-parameter and 2-parameter CDF fits are not the same for
CCN efficiency spectra with MAF;<1: the 3-parameter fit results represent the aver-
age properties of the CCN active aerosol particle fraction, whereas the 2-parameter
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fit results approximate the overall properties of the external mixture of CCN-active and
CCN-inactive particles.

The deviation of MAF; from unity represents the fraction of externally mixed CCN-
inactive particles in the diameter range of D, to D,,,,. The CDF standard deviations
are general indicators for the extent of external mixing and heterogeneity of particle
composition in the investigated aerosol: o, characterizes the CCN-active particles in
the size range around D,, and o; is a measure for the overall heterogeneity of CCN-
active and -inactive particles in the size range around D;. Under ideal conditions, the
CDF standard deviations should be zero for an internally mixed, fully monodisperse
aerosol with particles of homogenous chemical composition. Even after correcting
for the DMA transfer function, however, calibration aerosols composed of high-purity
ammonium sulfate exhibit small non-zero o, values that correspond to ~3% of D, and
can be attributed to heterogeneities of the water vapor supersaturation profile in the
CCNC or other non-idealities such as particle shape effects. Thus, normalized CDF
standard deviation or “heterogeneity parameter” values of 6/D~3% indicate internally
mixed CCN whereas higher values indicate external mixtures of particles with different
chemical composition and hygroscopicity, respectively (Rose et al., 2008b).

For all data pairs of supersaturation and activation diameter derived from the CCN
efficiency spectra measured in this study, effective hygroscopicity parameters « (Petters
and Kreidenweis, 2007; Pdschl et al., 2009a) were calculated using the k-Kohler model
equations and parameters specified in Rose et al. (2008b). «, calculated from the data
pairs of S and D, characterizes the average hygroscopicity of CCN-active particles in
the size range around D,. «; calculated from D; is an approximate measure (proxy) for
the effective hygroscopicity of mixtures of CCN-active and -inactive particles in the size
range around D; (Rose et al., 2008b)

2.3 Determination of CN and CCN size distributions and number concentrations

For each CCN measurement cycle, an average aerosol particle size distribution
(dNcn/dlogD) was determined from the size-resolved particle number concentrations
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measured with the CPC (Ngy). Multi-modal lognormal distribution functions were fitted
to the measurement data (45 data points of Ngy vs. D for 16—27 discrete mobility diam-
eter channels in the range of 20—290 nm selected with the DMA) using the algorithm
DO-FIT of Hussein et al. (2005; version 4.20, limited to a maximum of 5 modes). The
lognormal fit functions were used to map the measurement data onto a grid of 26 dis-
crete mobility diameter channels with midpoints in the range of D=21.6-819 nm and
widths in the range of dlogD=0.053-0.079 that were found most suitable for robust
data inversion according to Rissler et al. (2006). Upon data inversion, the counting
efficiency for the CPC was assumed to be unity for all particles and losses in the sam-
pling lines were neglected. Note that the size distributions displayed in this manuscript
extend beyond the upper limit of the measurement range and have to be regarded as
extrapolations for D>290. Due to the low concentration of larger particles, however, this
has relatively little influence on the reported CN and CCN concentrations and integral
CCN efficiencies, respectively.

Aerosol particle (CN) number concentrations were calculated by linear interpolation
and stepwise integration of the CN size distributions with a resolution of dlogD=0.0083
(Rose et al., 2008b). Besides the integral number concentration for the whole measure-
ment size range starting at 20 nm (Ngy o), we have also calculated the concentration
of aerosol particles with D>30nm (Ngy 30)- Nenso is less influenced by nucleation
mode particles (highly variable and generally not CCN-active at S<1%) and by diffu-
sion losses limiting the reliability of the measurement data at D~20 nm.

The aerosol particle number size distributions obtained by inversion of the CPC mea-
surement data from the DMA-CPC-CCNC system (DMPS) were compared to the re-
sults obtained with an SMPS system operated in parallel by Lund University (Roldin et
al., 2008), for the period during which both systems were fully operational (~40% of
the CCN measurement period), the results were in fair agreement. The SMPS median
values were ~20% lower for Ngy o9, ~5% lower for Ny 39, and ~5% lower for the ge-
ometric mean diameters of the Aitken and accumulation mode. These differences are
likely due to larger diffusion losses or lower counting efficiencies of the SMPS for small

3820

ACPD
9, 3811-3870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

particles.

Averaged over the CCN measurement period, the DMPS values of Ngy 5o as re-
ported in this paper were ~25% lower than the aerosol particle number concentrations
determined with a separate CPC (TSI 3010). To some extent this can be explained by
the lower cut-off diameter (~10 nm vs. ~20 nm) and higher time-resolution (1s vs. 3h)
of the CPC standalone measurements, which are thus more sensitive to nucleation
mode particles and short-term events of elevated aerosol concentration. Some devia-
tions may also be due to the DMPS data inversion, diffusive and evaporative losses of
small particles in the DMA (lower RH), and potential differences in the CPC flow rates
and counting efficiencies. The CPC of the CCN measurement setup (TSI 3762) was
calibrated by the manufacturer directly before the campaign, and the deviations from a
reference counter were <3%.

CCN size distributions (dNgcn/dlogD) were calculated by multiplying the CCN ef-
ficiency spectra (3-parameter CDF fits of Ngon/Ncon) with the total aerosol particle
number size distributions derived from the CPC measurement data (d Ngy/dlogD) and
CCN number concentrations (Ngcy g) were calculated by stepwise integration of the
CCN size distributions (for further details see Rose et al., 2008b).

2.4 Aerosol mass spectrometry (AMS)

An Aerodyne high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,
referred as “AMS” for brevity) was used to measure size-resolved chemical composition
of non-refractory submicron aerosol particles (DeCarlo et al., 2006; Canagaratna et
al., 2007; Chen et al., 2009). The AMS data used in this study comprise a time series
of integral mass concentrations (~5min time resolution) and a time series of mass
size distributions (dM/dlogd, ,, dlogd,,=0.05, ~6h time resolution limited by signal-
to-noise) where d,, is the vacuum aerodynamic diameter (DeCarlo et al., 2004).

To make the size-resolved AMS data directly comparable with the size-resolved CCN
data, the AMS d,, values were divided by a density scaling factor of 1.4 to obtain ap-
proximate mobility equivalent diameters (D) as used throughout this manuscript. The
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scaling factor is based on the campaign-average effective particle density of 1.4 g cm™

determined by Chen et al. (2009) from AMS and SMPS measurements according to
DeCarlo et al. (2004); it is in good agreement with earlier laboratory and field measure-
ments of organic-rich aerosol particles (Cross et al., 2007; Kostenidou et al., 2007).

For scatter plots and correlations, the non-size-resolved AMS data were averaged
over the time intervals of the CCN measurements (~35 min per CCN efficiency spec-
trum; 1-6 AMS data points per CCN data point). With regard to the size resolved
AMS data, the CCN measurement data were averaged over the AMS averaging inter-
vals (~6h per AMS size distribution; 1-5 CCN data points per AMS data point), and
the AMS size distributions were integrated around the midpoint diameters of the CCN
efficiency spectra (D,+0,).

3 Results and discussion
3.1 CCN efficiency spectra and related parameters
3.1.1  Campaign averages

From the 30 day campaign period of AMAZE-2008, we have obtained 751 size-
resolved CCN efficiency spectra (activation curves) for atmospheric aerosols at five
water vapor supersaturations in the range of $=0.10-0.82%. Figure 2 shows cam-
paign averages of the atmospheric CCN efficiency spectra at the different supersatu-
ration levels. The average parameters derived from the CCN efficiency spectra are
summarized in Table 1, and their statistical distributions are illustrated in the on-
line supplementary material (http://www.atmos-chem-phys-discuss.net/9/3811/2009/
acpd-9-3811-2009-supplement.pdf, Figs. S1-S2). Note that in this paper the terms
“entire campaign”, “campaign average” and similar expressions generally refer to the
period during which the presented size-resolved CCN measurements were performed
(14 February—12 March 2008, excluding 2-5 March and some short-term interruptions)
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but not to the full duration of the AMAZE-08 campaign (7 February—14 March 2008).

As expected, the midpoint activation diameters D, increased with S and were larger
than the critical diameters for CCN activation of pure ammonium sulfate particles at
the given supersaturation levels. In general, the CCN efficiency spectra reached up
to one (MAF;~1) and the normalized standard deviations of the 3-parameter CDF fits
were small (o,/D,~10%), which implies that nearly all aerosol particles larger than the
midpoint activation diameter (D>D,) were CCN-active.

At the lowest supersaturation level (S=0.10%), however, the maximum activated
fraction remained on average below one, which indicates the presence of a small
fraction of externally mixed CCN-inactive particles with much lower hygroscopicity at
D~200-250 nm. The average MAF; was only ~0.9 with minimum values around ~0.7,
implying that on average ~10% and up to ~30% of the aerosol particles >200 nm were
not CCN-active at S=0.10%. According to the «-Kohler model, particles as large as
~250 nm must have an effective hygroscopicity parameter k<0.1 to be not activated
at that supersaturation level (Petters and Kreidenweis, 2007; Rose et al., 2008b), indi-
cating substantial proportions of water-insoluble components (e.g. biological materials,
black carbon or mineral dust; Petters and Kreidenweis, 2007; Pdschl et al., 2009a).

Figure 3 gives an overview of the effective hygroscopicity parameters (k,, «;) that
have been derived from the midpoint activation diameters (D, D;) of the 3-parameter
and 2-parameter CDF fits to the measured CCN efficiency spectra (Sect. 2.2). As de-
tailed by Rose et al. (2009), k, characterizes the average hygroscopicity of CCN-active
particles in the size range around D,, whereas k; is an approximate measure (proxy)
for the effective average hygroscopicity of the total ensemble of aerosol particles in the
size range around D;. On average, «; was nearly the same as k,. Nevertheless, the
small differences observed for large particles (~5% at D~200nm) have a noticeable
influence on the calculation of CCN number concentrations at low supersaturation as
will be discussed below (Sect. 3.2).

For particles in the Aitken size range (~50-80nm), the « values were close to ~0.1,
which is characteristic for (secondary) organic aerosol components (King et al., 2007,
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2009; Petters and Kreidenweis, 2007; Andreae and Rosenfeld, 2008; Dusek et al.,
2009a, b). In the accumulation size range (~100-200nm), k increased to ~0.2. Av-
eraged over the full range of aerosol particle sizes and water vapor supersaturations,
the median value of the effective hygroscopicity parameter for the Amazonian aerosols
investigated during AMAZE-08 was k~0.15 (Table 1a). This value is consistent with
earlier studies of aerosol particle hygroscopicity during the wet season in Amazonia
(Sect. 3.1.3) but only half of the value typically observed for continental aerosols in
other regions of the world (Andreae and Rosenfeld, 2008; Rose et al., 2008b).

3.1.2 Time series and focus period

Figure 4 shows time series of characteristic parameters derived from the 3-parameter
fits to the CCN efficiency spectra measured throughout the campaign (D,, «,, 0, /D,,
MAF;). For clarity, the parameters in Fig. 4b—d are shown only for the lowest
and highest investigated supersaturation levels. The values and temporal evolu-
tion of the parameters determined at intermediate supersaturation levels were gen-
erally in between those observed at S=0.10% and 0.82%. As for the campaign
average values (Table 1), also the time series of the 2-parameter fit results were
not much different from the 3-parameter fit results (for time series of D;, k; and
o, /D, see online supplement http://www.atmos-chem-phys-discuss.net/9/3811/2009/
acpd-9-3811-2009-supplement.pdf, Fig. S3).

Most parameters exhibited considerable short-time variability and some spikes that
can be attributed to pollution events and diel cycles related to boundary layer meteo-
rology. In addition to the diel and day-to-day fluctuations, the hygroscopicity parame-
ters observed at S=0.10%, i.e. for accumulation mode particles with diameters around
~200 nm, exhibited a pronounced increase from ~0.15 on 18 February to ~0.3 on 1
March. After a power outage and subsequent repair work on 2—6 March, the « values
were again around ~0.15.

According to AMS data, the variations in k observed at S=0.1% can be explained by
variations in the organic mass fraction of the accumulation mode particles (Sect. 3.3).
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The factors regulating the variation in organic mass fraction are not yet fully under-
stood (Chen et al., 2008) but may include local emissions as well as long-range trans-
port of sea salt, mineral dust or biomass burning particles (Martin et al., 2009b). To
specifically characterize the CCN properties of aerosol particles in pristine rainfor-
est air, we have chosen a focus period of 6-12 March (start/end 22:00 UTC). Dur-
ing AMAZE-08 this was the longest continuous period with very low aerosol concen-
trations and high organic mass fractions, which is indicative of minimal influence by
long-range transport or local pollution and may thus be most representative of inher-
ent properties of the Amazonian ecosystem (Chen et al., 2008; Martin et al., 2009b).
The average CCN parameters for the focus period and for the rest of the campaign
are summarized in Table 1, and the statistical distributions are illustrated in the on-
line supplement (Figs. S4-S5, http://www.atmos-chem-phys-discuss.net/9/3811/2009/
acpd-9-3811-2009-supplement.pdf).

As shown in Fig. 5, the effective hygroscopicity of accumulation mode particles was
substantially lower during the focus period than during the rest of the campaign (~30%
at D~200 nm), whereas little difference was observed for Aitken mode particles (D~50—
90nm). At §=0.10% not only « but also MAF was lower during the focus period
(Table 1), indicating a higher proportion of externally mixed CCN-inactive particles at
D>200nm. These and other aspects of aerosol composition and mixing state will be
discussed below (Sects. 3.3 and 4) and in follow-up studies (Pdschl et al., 2009b).

3.1.3 Comparison with other studies

Earlier studies investigating the CCN activity of aerosol particles in Amazonia during
the wet season (Zhou et al., 2002; Rissler et al., 2006; Vestin et al., 2007) did not use
the effective hygroscopicity parameter « but various other parameters to characterize
the hygroscopicity of aerosol particles determined by HTDMA measurements: soluble
volume fractions referring to an equivalent of ammonium sulfate, €55, or ammonium
hydrogen sulfate (ammonium bisulfate), eang, Or equivalent molar densities of soluble
molecules or ions, p;,, (Mol m™3), respectively. For efficient comparison, we have con-
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verted these parameters into effective hygroscopicity parameters using the following
equation (Petters and Kreidenweis, 2007; Rose et al., 2008a):

K = Kas - €as ~ Kans - €ars ~ Pion/ (0w /M) (1)

Kag and kpng are the effective hygroscopicity parameters of ammonium sulfate and
ammonium hydrogen sulfate, respectively (k pg~kapg~0.6); (,oW/MW)~55><1O3 molm™2
is the molar density of liquid water (ratio of water density and molar mass). Note that
Rissler et al. (2006) and Vestin et al. (2007) had introduced the symbol « instead of the
symbol p;,,, which was introduced by Wex et al. (2007). In view of the widespread use
of the symbol « for the effective hygroscopicity coefficient as introduced by Petters and
Kreidenweis (2007) we took the symbol p,,,, for the equivalent molar density of soluble
ions or molecules in the dry particle. The term and subscript “ion” appears not best-
suited for the description of water-soluble organic compounds, but we did not want to
introduce yet another different symbol at this point.

The exact values of k, Kag, Kaps, €as: Eans @nd P, depend on the underlying Kohler
model assumptions about the Kelvin and Raoult terms describing the influence of the
particle material on the surface tension and water activity of the aqueous droplet formed
upon CCN activation (composition- and concentration-dependence of surface tension,
osmotic coefficients, van’t Hoff factors, etc.; Rose et al., 2008a). Earlier studies have
not always unambiguously specified the exact input parameters and formalisms used to
determine the reported equivalent soluble volume fractions. In view of other uncertain-
ties related to the experimental calibration and model calculation of water vapor super-
saturations, however, the approximation x~0.6-£,5~0.6-€ang~Pion/(55% 10° molm™2)
should be suitable for comparing HTDMA and CCNC field measurement data from dif-
ferent studies (Rose et al., 2008a; Anderson et al., 2009; Kreidenweis et al., 2008,
2009; Poschl et al., 2009a).

Table 2 gives an overview of parameters characterizing the externally mixed groups
of atmospheric aerosol particles with different hygroscopic properties as observed in
the HTDMA measurements of Zhou et al. (2002), Rissler et al. (2006) and Vestin et
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al. (2007) during the wet season in Amazonia. These and other HTDMA field measure-
ment studies have used various different designations for the externally mixed groups of
particles, including the attributes “hydrophobic” or “nearly hydrophobic”, which appear
not very well suited to characterize particles that are able to absorb water vapor (albeit
not very efficiently). For consistency, we propose and use the following designations:
particles with very low hygroscopicity (VLH, k<0.1), low hygroscopicity (LH, x~0.1—
0.2), medium hygroscopicity (MH, x~0.2-0.5), or high hygroscopicity (HH, x>0.5; not
relevant in this study).

Zhou et al. (2002), Rissler et al. (2006) and Vestin et al. (2007) reported also CCN
concentrations determined with a CCNC, but the CCNC data were not used to derive
effective hygroscopicity parameters for the ensemble of aerosol particles that are CCN-
active at a given supersaturation (« ) or for the overall population of CCN-active and
CCNe-inactive particles (k;). To obtain a proxy for the effective hygroscopicity of the
overall population of aerosol particles, we have averaged the « values of the different
groups of particles observed in the HTDMA experiments (VLH, LH, MH; weighted by
their number fraction and relative frequency of occurrence), and we have designated
this parameter as k; 5yg-

As illustrated in Fig. 6, the ; 5,4 values derived from the results of Vestin et al. (2007)
are very similar to the campaign average «; values determined in the present study.
They range from ~0.12 for Aitken mode particles to ~0.20 for accumulation mode par-
ticles with an overall mean value of ~0.15 (Table 2). The «; 5,4 values derived from
Zhou et al. (2002) and Rissler et al. (2006) are somewhat lower and similar to the «;
values determined in the focus period of the present study, ranging from 0.10-0.12 in
the Aitken size range to 0.17 in the accumulation size range (overall mean value ~0.13,
Table 2).

At the bottom of Table 2 we have summarized the CCNC measurement results of the
present study in a format analogous to the presentation of the HTDMA measurement
results of earlier studies. The size resolved CCNC measurements do not enable the
distinction of externally mixed groups of aerosol particles with different hygroscopicity
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(VLH, LH, MH), but they do enable the detection of externally mixed groups of particles
that are CCN-active or CCN-inactive at a given supersaturation and size (MAF<1).

Assuming that the CCN-inactive particles observed at $=0.10-0.19% and
D>130nm had the same effective hygroscopicity as the VLH particles observed by
Vestin et al. (2007; k~0.074 at D=165-265nm), we have calculated «; ,,4 values for
the mixture of CCN-active and -inactive particles observed by CCNC measurements
in the same way as for the mixture of VLH, LH and MH patrticles observed in HTDMA
measurements. For the entire campaign as well as for the focus period (and for the
rest of the campaign, not listed), the calculated «; 5,4 values are in good agreement
with the «; values derived from 2-parameter CDF fits to the measured CCN efficiency
spectra.

As demonstrated by Rose et al. (2008b) for highly polluted mega-city air and below
for pristine rainforest air (Sect. 3.2.2), k; is well suited for predicting number concentra-
tions of CCN from atmospheric aerosol size distributions. Thus, the good agreement
of k; avg @nd k; shown in Table 2 and Fig. 6 indicates that the simple averaging ap-
proach taken for the comparison of hygroscopicity parameters derived from HTDMA
and CCNC measurements is suitable for (approximately) describing the CCN activity
of atmospheric aerosols — at least in Amazonia during the wet season. We suggest
that the applicability of «; and k; 5,4 for efficient comparison and description of the
CCN activity of atmospheric aerosol particles should be tested by further investiga-
tions combining size-resolved CCNC, HTDMA and particle composition measurements
at different locations and conditions (Rose et al., 2009).

Note, however, that the simple averaging approach and effective hygroscopicity pa-
rameters/proxies presented above are not meant to replace other more detailed ap-
proaches that attempt to resolve externally mixed groups of particles with different
hygroscopic properties by more elaborate measurements and models. In fact, more
detailed investigations should help to corroborate and/or improve the presented ap-
proximations.
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Nevertheless, these or similar approximations appear to be not only suitable but
also necessary for efficient description of the CCN activity of atmospheric aerosols in
studies where only a limited amount of information is available or applicable. Not all
measurement instruments, data sets and atmospheric or climate models can provide
or process detailed information about aerosol composition and mixing state. Thus,
parameters like k; and «; 5,4 are likely to be useful not only for efficient comparison
of different field measurement data sets as in the present study. They may also be
useful for studies where only (approximate) aerosol particle concentrations and size
distributions are available and applicable, e.g., from satellite remote sensing and long-
term monitoring data sets and for long-term climate model calculations.

3.2 CCN size distributions and number concentrations
3.2.1 Measurement results

Figure 7 shows average size distributions of total aerosol particles (CN) and of
CCN at different supersaturation levels for the entire campaign, for the focus pe-
riod, and for the rest of the campaign, respectively. The corresponding median
and mean values of integral CN number concentration for the whole measure-
ment range (Ngy2o) and for particles larger than 30nm (Ngy 30), CCN number
concentrations (Ngcns) and CCN efficiencies (Ngen s/Non2o0s Neoon,s/Nen.zo) are
summarized in Table 1, and their statistical distributions are illustrated in the on-
line supplementary material (http://www.atmos-chem-phys-discuss.net/9/3811/2009/
acpd-9-3811-2009-supplement.pdf, Figs. S6-S7). In the following discussion we fo-
cus on Ngy 30 and Ngen s/Non 30 rather than Ngy o9 and Ny s/Nen 20, because the
latter are more strongly influenced by nucleation mode particles (highly variable and
generally not CCN-active at S<1%) and measurement imprecisions (diffusion losses).

Throughout the campaign, the observed CN number size distributions exhibited pro-
nounced Aitken and accumulation modes around ~70nm and ~180 nm, respectively.
Best-fit parameters of bimodal lognormal size distribution functions fitted to the me-
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dian CN size distributions as displayed in Fig. 7 are given in Table 3. The median
CN concentrations were similar for the focus period and for the rest of the campaign
(Nen 30~180 cm™2), but the relative standard deviations were much higher during the
rest of the campaign (~30% vs. ~100%, Table 1), reflecting short-term events with
strongly elevated CN concentrations (up to ~2x10°cm3, Fig. 8a).

At low supersaturation (S=0.10%), the median CCN number concentration and inte-
gral CCN efficiency (Ngen s/Nen 30) Were about three times lower for the focus period

(130m'3, 0.06) than for the rest of the campaign (39 cm™3, 0.18), which is due to a
decrease in size and hygroscopicity of the accumulation mode particles (Fig. 7b vs.
7c). In contrast, the median value of Ngon s and Ngon s/Nen o at high supersatu-

ration (§=0.82%) were higher during the focus period (186 cm™3, 0.78) than during
the rest of the campaign (138 cm3, 0.75), which is mostly due to an increase in the
concentration of Aitken mode particles (Fig. 7b vs. 7c).

Figure 8 illustrates the temporal variability of CN and CCN number concentrations
with characteristic ranges of ~10°—10%cm™ for Nen 30, ~50-300 cm™ for Neen o g2

and ~5-100 cm™2 for Ncen o.10- corresponding to integral CCN efficiencies in the range
of ~0.5-0.9 for N 0.82/Nen 30 @and ~0.05-0.4 for Necy o.10/Nen 30, respectively.

Averaged over the campaign, the CN and CCN number concentrations observed
during AMAZE-08 were up to ~80% lower than those observed in earlier measure-
ments of pristine Amazonian rainforest air, but the integral CCN efficiencies generally
agreed to within ~20% (Roberts et al., 2001, 2002; Andreae et al., 2004; Rissler et al.,
2004; Vestin et al., 2007). Note that the actual water vapor supersaturation levels in the
CCN measurements reported by Roberts et al. (2001, 2002) and Andreae et al. (2004)
were ~50% lower than the reported nominal values (Frank et al., 2007)

Compared to highly polluted mega-city regions (Rose et al., 2008b; Wiedensohler
et al.,, 2009), the CN and CCN number concentrations observed during AMAZE-
08 were two orders of magnitude lower, but the integral CCN efficiencies were still
similar and consistent with the global average values reported by Andreae (2009,
Ncen,0.4/Non,10%0-4).
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3.2.2 Approximations and model predictions

In analogy to Rose et al. (2008b) we compare different approaches for the approxima-
tion/prediction of CCN concentration as a function of water vapor supersaturation, par-
ticle number concentration, size distribution and hygroscopicity: (1) a classical power
law approach relating Ngcy s to a constant average value of N¢y 4, i.€. to the average
CCN concentration at S=1%; (2) a modified power law approach relating Ny s to the
concentration of aerosol particles with D>30nm (Ngy 30); and (3) a k-Kohler model
approach relating Ngcy s to the aerosol particle size distribution (dNgy/dlogD) and
effective hygroscopicity. For all data points obtained during the campaign, the model
predictions were compared with the measurement results, and the mean values of the
relative deviations are summarized in Table 4.

Classical power law with constant average Ngcy 1

Figure 9 shows the median values of Nggy g plotted against S with power law fits

of the form Ngcn s=Neen 1(S/1 %)k (Pruppacher and Klett, 1997; OriginPro 8 software,
Levenberg-Marquardt algorithm). The best fit values obtained for the CCN number con-
centration at S=1% (median Nggy 1=183cm ™2, mean Ny 1=216cm™) are among
the lowest values reported from CCN measurements in pristine environments, and the
best fit values for the exponent (median k=0.63, mean k=0.70) are in the midst of the
range reported for other continental locations (0.4—0.9; Pruppacher and Klett, 1997;
Andreae, 2009). The mean relative deviations of the individual measurement data
points from the average power laws were in the range of 40—-60% for S=0.19-0.82%
and as high as ~200% for S=0.10% (Table 5), which is similar to the results obtained
by Rose et al. (2008b) for highly polluted air.
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Modified power law with variable Ngy 39

Figure 10 shows the measurement values of Ny s plotted against Ny 3o and power

law fits of the form Ngcn s=Nen 30- (s)™* with s=1+5/(100%) (OriginPro 8 software,
Levenberg-Marquardt algorithm; Pruppacher and Klett, 1997). The best fit values ob-
tained for the exponent g and the corresponding correlation coefficients are listed in
Table 5, and the results are similar to those obtained by Rose et al. (2008b). At high su-
persaturations (5>0.46%), Nocn s Was fairly well correlated to Ny 39 (R#=0.65-0.90)
and the mean relative deviations between the MPL fits and the individual measurement
values of Ngcy s were <40%. At low supersaturations (5<0.28%) the correlation coef-

ficients were small (R250.5), but the mean relative deviations were still less than in the
CPL approach based on a constant average values of Nggy 5.

Kk -Kohler model with variable CN size distributions

In Fig. 11 predicted CCN number concentrations (Ngcy s ) that were obtained with the
k-Kohler model and different hygroscopicity parameters are plotted against measure-
ment values of Ngcy s. For each data point, Ngcy s , was calculated by integrating the
measured CN size distribution above the critical dry particle diameter for CCN activa-
tion that corresponds to the given values of k and S as detailed in Rose et al. (2008b).

As illustrated in Fig. 11a, the measured and predicted values of Ny s are generally
in good agreement, when for each data point «; is taken from the individual CCN effi-
ciency spectrum measured in parallel to the CN size distribution. With this approach,
the mean relative deviation averaged over all supersaturations was only 6%, and the
overall mean bias of the model values was +5% (Table 4). The agreement confirms
that «; is a suitable proxy for the effective hygroscopicity and CCN activity of the inves-
tigated ensemble of aerosol particles, including CCN-active and -inactive particles as
proposed and demonstrated by Rose et al. (2008b). At $=0.10 (MAF;~0.9), the mean
bias and deviation were highest (+10%, 14%), indicating that the effect of external
mixing between CCN-active and -inactive particles is not fully captured by «;. Never-
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theless, the results obtained with «; were clearly better than with «,, which represents
the effective hygroscopicity of the CCN-active particles only and thus leads to higher
mean bias and deviation (+17%, 18%; Table 4). At $=0.19-0.82% where MAF;~1
and k ,~K;, the results obtained with individual «, values were nearly the same as with
individual «;, and thus the overall mean bias and deviation were only slightly higher
(+6%, 7%; Table 4).

Fair agreement between measured and predicted CCN number concentrations was
also achieved when the campaign mean values of «;~x ,~0.16 and the corresponding
constant activation diameters for the prescribed supersaturation levels (D;~D,~200,
130, 105, 80, and 55 nm) were used for the calculation of NCCN,S,p- With these param-
eters, the mean relative deviations were about twice as high but the bias was only a
little higher than when using individual «; or k, values (Table 4; Fig. 11b).

Figure 11c illustrates the results obtained with composition-based effective hygro-
scopicity parameters «,, derived from online aerosol mass spectrometry (AMS) data as
detailed below (Sect. 3.3). With these parameters, the mean relative deviations were
similar to the ones obtained with the campaign average values of «; or k,, while the
positive bias was somewhat higher (Table 4).

The average effective hygroscopicity parameter observed at other continental lo-
cations around the globe, k=0.3 (Andreae and Rosenfeld, 2008; Rose et al.,
2008b; Poschl et al., 2009a) led to substantial overestimations of Ngcys. The
overall mean deviation was ~45%, ranging between ~24% at high S and ~110%
at low S (Table 4, Fig. 11d). Note, however, that the bias and deviations of
this approach were on average still smaller than with the power law approach
based on the campaign average fit values of Ngcy 1. Time series and statisti-
cal distributions of Ngcy s p/Ncen s corresponding to the data points of Fig. 11 are
shown in the online supplement (http://www.atmos-chem-phys-discuss.net/9/3811/
2009/acpd-9-3811-2009-supplement.pdf, Figs. S10-S11).

Clearly, the calculation of CCN number concentrations with k=0.3 cannot capture
the short-term variability and leads to a systematic overprediction in the investigated
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tropical rainforest environment with very high proportion of organic particulate matter
(Sect. 3.3) and correspondingly low effective hygroscopicity of the aerosol particles.
Nevertheless, we consider it remarkable that a constant global average effective hy-
groscopicity parameter of k=0.3 (Andreae and Rosenfeld, 2008; Poschl et al., 2009a)
enables the prediction of CCN number concentrations from aerosol particle number
size distributions over a range of four orders of magnitude (Nggn s~10-1 04) going from
pristine tropical rainforest air to highly polluted mega-city regions (Rose et al., 2008b)
with relative deviations exceeding ~50% only at very low water vapor supersaturations
(£0.1%) and particle number concentrations (<100 cm's).

3.3 Aerosol chemical composition and effective hygroscopicity

A detailed presentation and discussion of the AMS measurement results will be given
by Chen et al. (2009). Here we only address the relations between AMS and CCN
measurement results.

Figure 12 shows the average aerosol mass size distribution of organic compounds
and sulfate and the corresponding mass fractions (X, orq, X s04) @s determined by
AMS measurements performed in parallel to the CCN measurements. The concen-
trations and mass fractions of other aerosol constituents measured by the AMS were
much smaller (ammonium, nitrate, chloride: X, nya~3%, X, Noa®1%, X c1<1%).

In order to make the size-resolved AMS and CCN measurement results directly com-
parable, Fig. 12 is based on approximate mobility equivalent diameters that have been
calculated by division of the AMS vacuum aerodynamic diameter through a density
scaling factor of 1.4 (Sect. 2.4; Chen et al., 2009). On the mobility diameter scale, the
organic mass size distribution peaks slightly above ~200 nm with a maximum value
of ~1.1 ug m~3 per logarithmic decade of particle diameter, while the sulfate size dis-
tribution peaks slightly below ~300nm with a maximum value of only ~0.3 ug m~3.
Accordingly, the mass fraction of sulfate increases from ~0.1 at D<100nm to ~0.3 at
D>200 nm.

This average size dependence of chemical composition is in agreement with the
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average size dependence of effective hygroscopicity reported above. As illustrated in
Fig. 3, the observed increase of x with D can be approximately described with the
parameterization derived and used below for predicting the temporal variability of k as
a function of X, oy @and X, 504 (kp=0.1 X, 515 +0.6 X, 504)-

Figure 13 shows the time series of organic and sulfate mass fractions derived from
integral AMS measurements, with the organic mass fraction varying mostly in the range
of 0.65—-0.95. Comparison with Fig. 4b reveals that the highest organic mass fractions,
coincided with the lowest k values observed at S=0.10%, i.e. for accumulation mode
particles with D~200 nm. Especially during the focus period the organic mass fraction
was much higher and less variable than during the rest of the campaign (0.91+0.03
vs. 0.76+0.28). On the other hand, elevated sulfate mass fractions, in particular during
late February coincided with the highest « values observed for accumulation mode
particles.

In Fig. 14 the effective hygroscopicity parameters derived from the CCN efficiency
spectra measured at S=0.10% («,) are plotted against the organic mass fractions
(X org) determined by integral and size-resolved AMS measurements, respectively.
The close correlation between the integral composition data and the size-dependent
hygroscopicity parameter (/-?2=0.81, Fig. 14a) can be explained by the coincidence of
the CCN activation diameter at S=0.10% with the maximum of the aerosol mass size
distribution (~200nm, Fig. 12a). The lower correlation coefficient obtained with the
size-resolved AMS data (R2=0.66, Fig. 14b) is a result of the lower signal-to-noise of
these data under the very low concentration conditions of this campaign.

At higher supersaturations corresponding to smaller CCN activation diameters
(5=0.19-0.82%, 50-130nm), neither the integral nor the size-resolved AMS data
yielded close correlations between k, and X, o4 (R?<0.5). With regard to the inte-
gral AMS data this is due to the size dependence of both «, and X, .., (Figs. 3 and
12b), and with regard to the size-resolved AMS data it can be attributed to low signal-
to-noise.

Extrapolation of the fit line in Fig. 14a to X, ,,=1 yields an effective hygroscopicity
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parameter k,4~0.1 for the organic fraction of the investigated aerosol particles, which
is consistent with laboratory investigations of secondary organic aerosols (Petters and
Kreidenweis, 2007; King et al., 2007; Prenni et al., 2007; Engelhart et al., 2008).
Under the assumption that the surface tension of the aqueous droplet formed upon
CCN activation equals the surface tension of pure water, the effective hygroscopicity
parameter k4 can be interpreted as an “effective Raoult parameter”, i.e. as an effective
molar density of soluble molecules or ions in the dry organic material normalized by
the molar density of water molecules in liquid water (p,,/M,,~55 mol L'1, Pdschl et al.,
2009a):

Korg iorg(porg/Morg)/(pw/Mw) ~ Vorgcborg(porg/Morg)/(pw/MW) (2)

To calculate an effective average molecular mass of the organic compounds, M4, we
assume that the van’t Hoff factor and the product of dissociation number and osmotic
coefficient of the organic material, respectively, are close to unity (/oq~(V®P)y~1) and

that the density of the organic material is 1.3—1 .4gcm_3 (Cross et al., 2007; King et
al., 2007). By inserting these values and «,,4~0.10 into Eq. (2) we obtain an estimate

of Myq=230-2509 mol™". This is of similar magnitude but somewhat higher than the

value of ~180¢g mol~' determined for laboratory generated secondary organic aerosol
by King et al. (2007) and the value of ~200g mol~! assumed by Ervens et al. (2007).
On the other hand, our estimate of M, for Amazonian aerosols is at the lower end
of the range reported for the average molecular mass of water-soluble humic-like sub-
stances (HULIS) isolated from atmospheric aerosol samples, which is 215-345¢ mol ™"
according to Kiss et al. (2003) and 250—31Ogmol'1 according to Salma and Lang
(2008), respectively.

Extrapolation of the fit line in Fig. 14a to X, ;=0 yields kj,,q~0.6 for the inorganic
fraction, which is characteristic for ammonium sulfate and related compounds (Petters
and Kreidenweis, 2007; Rose et al., 2008a). In fact, the « values of most compounds
typically contributing to the soluble inorganic fraction of continental aerosols are in the
range of 0.6 to 0.9 (ammonium bisulfate, ammonium nitrate, sulfuric acid, etc.; Petters
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and Kreidenweis, 2007).

By definition, the mixing rule for the k values of different particle components refers
to volume fractions, but mass fractions can be used for first-order approximations (Krei-
denweis et al., 2009) assuming that the densities of individual components are similar
to the overall particle density, which is reasonable for particles consisting mostly of
organics (~1.3-1 .4gcm'3) and sulfate (~1.890m'3; Cross et al., 2007; King et al.,
2007; Chen et al., 2009). Thus we have used kq~0.1 and Kijnoq~Ks504~0.6 t0 pre-
dict effective hygroscopicity parameters from the organic and inorganic mass fractions
of determined by AMS (X, 5rgs X1 inorg=Xm 504+ Xm NHa+Xm No3~Xm so4) @ccording to
the following equation:

Ko = 0.1 % Xp org + 0.6 x X inorg- (3)

Note that this is consistent with the approach that King et al. (2009) have developed
and successfully applied to describe the CCN properties of mixed SOA-sulfate particles
in laboratory experiments. Moreover, Dusek et al. (2009a) recently found a similar
correlation between AMS measurement-based organic and inorganic mass fractions
and the effective hygroscopicity of aerosol particles in central Europe.

In Fig. 15 the « values predicted from the AMS measurement data («,,) are plotted
against the « values derived from the 3-parameter fits to the measured CCN efficiency
spectra («,). As expected from the above findings, «,, exhibits a close correlation to
K, at §=0.10% (R?=0.77), no close correlation at $=0.19-0.28% (R*=0.2-0.3), and
a pronounced positive bias at S=0.46-0.82% (average offset +0.1, R2:0.2—0.3). The
positive bias of «,, at high S is due to the enhanced organic mass fraction in small
particles and could be corrected on the basis of the average AMS size distribution data
(Figs. 3 and 12b), but further processing of the AMS data would go beyond the scope
of this study.

In spite of the positive bias and low correlation of predicted vs. measured «, the
mean relative deviations between CCN number concentrations predicted on the basis
of k, and the measurement values of Ny g were mostly less than 20% at S=0.19—
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0.82% (Table 4). Although the correlation between «, and k, was much closer at
5=0.10%, the mean relative deviation between Nccnsp @and Ngoy s Was somewhat
higher (~27%), which is consistent with the results obtained with the measured « val-
ues. This re-confirms that the prediction of Ny s is less robust at low S (Rose et al.,
2008b), which is due to the enhanced error-sensitivity caused by the steep slope of
the aerosol size distribution typically observed at the large activation diameters corre-
sponding to low supersaturations (Ervens et al., 2007) and also to the stronger influ-
ence of externally mixed CCN-inactive particles at large D and low S (Figs. 2-3, Rose
et al., 2008b, 2009).

Nevertheless, the AMS-based prediction of Ny s atlow S worked much better here
than in the study of Ervens et al. (2007), who predicted CCN number concentrations
based on a combination of particle growth factors measured at subsaturated conditions
and AMS data. At low S (~0.07%) they obtained CCN concentrations that were ~2.4
times higher than the measurement values. Note, however, that most likely this was
primarily due to problems with the CCN measurement data related to the calibration
of the applied CCNC, as hypothesized by Ervens et al. (2007) and confirmed by the
results of Rose et al. (2008a). At high supersaturation, Ervens et al. (2007) achieved
good agreement between measured and predicted CCN number concentrations.

Overall, the results of the present study confirm that integral AMS measurement data
are useful for the prediction of CCN number concentrations from CN size distributions.
Highly precise predictions, however, would require size-resolved AMS measurement
data of high precision, which are difficult to obtain at the low aerosol concentration
levels of pristine tropical rainforest air.
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4 Summary and conclusions
4.1 Intensive aerosol and CCN properties

In this paper we presented the first size-resolved CCN measurements in Amazonia.
The dry CCN activation diameters measured during AMAZE-08 at S=0.10-0.82% were
in the range of 40—-240 nm, corresponding to effective hygroscopicity parameters «
in the range of 0.05-0.45. The overall median value of k~0.15 is only half of the
value typically observed for continental aerosols in other regions of the world, and
Aitken mode particles (D~50-90 nm, x~0.1) were on average less hygroscopic than
accumulation mode particles (D~100-200 nm, k=~0.2), which is in good agreement
with the results of HTDMA measurements in earlier studies.

The hygroscopicity parameters derived from the CCN measurements are fully con-
sistent with AMS measurement data showing that the organic mass fraction was on
average as high as ~90% in the Aitken mode (D<100nm) and a little lower in the ac-
cumulation mode (~80% at D~200nm). The « values that were determined at low
supersaturation, and are most characteristic for the accumulation mode, exhibited a
close linear correlation with X, ,.,. Extrapolation yielded effective average hygroscop-
icity parameters for the organic and inorganic particle components: k,4~0.1 is con-
sistent with laboratory studies of secondary organic aerosol and indicates an effective
average molecular mass of ~230-250g mol™" for the organic compounds; Kij,eq~0.6
is characteristic for ammonium sulfate and related compounds.

From these results we derived a simple parameterization that approximately
describes both the size-dependence and the temporal variability of particle hy-
groscopicity as a function of AMS-based organic and inorganic mass fractions:
Kp=0.1x X, g +0.6% X inorg-  Predicted and measured « values were in fair agree-
ment, and the mean relative deviation between CCN number concentrations predicted
with a x-Kohler model using k , and measured CCN number concentrations was mostly
less than 20%.

3839

ACPD
9, 3811-3870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

4.2 Extensive aerosol and CCN properties

The median CCN number concentrations were in the range of Nggy o.10~30 cm™ to
Nceno.g2~~150 cm™2, and the median concentration of aerosol particles with D>30 nm

was Ngy 30~180 cm™2. The corresponding integral CCN efficiencies were in the range
of Neen o.10/Nen 3070.1 10 Noen o 10/Nen 30~0.8, which is in good agreement with ear-
lier studies (Roberts et al., 2001, 2002; Andreae et al., 2004; Rissler et al., 2004; Vestin
et al., 2007). Although the number concentrations and hygroscopicity parameters were
much lower, the average integral CCN efficiencies observed in pristine rainforest air
were similar to those reported by Rose et al. (2008) for highly polluted mega-city air
and to the global average values reported by Andreae (2009).

Test calculations with different model approaches also confirmed the suitability of «-
Kohler models for the approximation/prediction of CCN number concentrations (Rose
et al., 2008). With hygroscopicity parameters derived from CCN or AMS measurement
data, the deviation between model and measurement values of Ngcy s Was generally
less than 10-20%. As expected, the calculation of Ngcy g with a constant global aver-
age value of k=0.3 led to overpredictions, but the relative deviations exceeded ~50%
only at low water vapor supersaturation (0.1%) and particle humber concentrations
(<100cm™3).

4.3 General aspects

The similar integral CCN efficiencies observed in pristine tropical rainforest and in
highly polluted mega-cities and the relatively small errors in predicting Ngcy s With
constant k=0.3 confirm earlier studies suggesting that aerosol particle number and
size are the major predictors for the variability of the CCN concentration in continental
boundary layer air, followed by particle composition and hygroscopicity as relatively mi-
nor modulators (Dusek et al., 2006; Ervens et al., 2007; Andreae and Rosenfeld, 2008;
Rose et al., 2008b; Andreae, 2009; Kreidenweis et al., 2009; Poschl et al., 2009a). At
low S, however, Ny s remains difficult to predict with high accuracy. All tested model
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approaches yielded mean relative deviations larger than 10% at S=0.1%.

Thus we suggest that future CCN measurements should be focused on low water
vapor supersaturation, whereby great care should be taken with regard to instrument
calibration (Rose et al., 2008a). In the meantime, the information and parameteriza-
tions presented in this and related papers (Table 2) should enable efficient description
of the CCN properties of pristine tropical rainforest aerosols in detailed cloud process
models as well as in large-scale atmospheric and climate models. Systematic cloud
model sensitivity studies should clarify which properties of atmospheric aerosols and
CCN activation (number and size, hygroscopicity, mixing state, water uptake kinetics,
etc.) are most crucial and should be investigated with priority in order to progress in
unraveling aerosol-cloud-climate interactions over Amazonia and around the world.
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Table 1a. Characteristic CCN parameters (median values) averaged over the entire campaign
(14 February—12 March 2008), over the pristine focus period (6—12 March, 22:00 UTC), and
over the rest of the campaign (14 February—6 March): midpoint activation diameters (D,,D;),
maximum activated fractions (MAF;, MAF ), CDF standard deviations (c,, 0;), heterogene-
ity parameters (o0,/D,, 0,/D;), hygroscopicity parameters (k,, «;), number concentrations of
aerosol particles with D>20nm (Ngy 50) and with D>30 nm (Ngy 30), humber concentrations of
cloud condensation nuclei (Ngcy s), integral CCN efficiencies (Moo s/Nen 20: Noon.s/Nen zo)s
number of data points (7). Subscripts a and t stand for parameters derived from 3-parameter
and 2-parameter CDF fits to the measured CCN efficiency spectra, respectively.

S D, D,  MAF, MAF, o, o, 0D, /Dy kK, Ky NCN%O NCN%O NCCN,as Neens!  Neons! 1
[%]  [nm]  [nm] [nm]  [nm] [em™] [em™] [em™] Nengo  Nenzo

Entire campaign

0.10 1979 200.7 092 093 887 13.02 0.04 007 0.196 0.187 187 205 33 0.13 0.11 132
0.19 129.1 130.7 098 098 926 1095 0.07 008 0.184 0.177 182 193 74 0.36 0.30 158
028 1055 1058 1.00 100 742 729 0.07 0.07 0.154 0.153 176 184 94 0.43 0.37 155
046 826 832 1.01 1.01 6.93 728 0.09 0.09 0.114 o0.112 181 193 110 0.52 0.46 151
0.82 544 550 1.00 100 355 398 007 0.07 0.120 0.119 174 186 148 0.77 0.69 155

All 0.07 0.08 0.149 0.147 185 198 751
Focus period

0.10 220.7 2241 088 090 788 892 0.04 004 0143 0.137 197 216 13 0.06 0.06 38
0.19 1349 1354 099 099 653 633 0.05 005 0.164 0.161 195 207 61 0.32 0.30 44
028 106.4 1066 099 099 597 6.21 0.06 0.06 0.150 0.148 197 196 93 0.39 0.37 4
046 852 86.6 1.01 1.01 553 6.38 0.06 0.07 0.105 0.100 196 208 114 0.50 0.46 42
082 554 558 1.01 1.03 220 210 0.04 0.04 0.118 0.115 184 196 186 0.78 0.73 43

All 0.06 0.06 0.136 0.134 196 202 208
Rest of campaign

0.10 1909 1924 092 093 9.88 1439 0.05 007 0215 0.208 187 206 39 0.18 0.15 94
0.19 126.3 1281 098 098 1122 1182 0.09 009 0.193 0.187 178 194 77 0.37 0.31 114
028 1042 104.1 1.00 1.00 8.31 786 0.08 0.08 0.161 0.160 175 189 94 0.45 0.38 114
046 815 821 1.00 1.01 7.7 757 0.09 0.10 0.117 0.117 177 192 108 0.54 0.46 109
082 547 549 099 1.00 459 497 0.08 0.09 0.122 0.122 168 186 138 0.75 0.67 112

All 0.09 0.09 0.158 0.154 177 192 543
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Table 1b. Characteristic CCN parameters (arithmetic mean values + standard deviations) av-
eraged over the entire campaign (14 February—12 March 2008), over the pristine background
(PB) period (6—12 March, 22:00 UTC), and over the rest of the campaign (14 February—6
March): midpoint activation diameters (D,,D;), maximum activated fractions (MAF;, MAF ),
CDF standard deviations (o, 0;), heterogeneity parameters (c,/D,, 6,/D;), hygroscopicity pa-
rameters (k,, k;), number concentrations of aerosol particles with D>20nm (Ngy ) and with
D>30nm (N¢y 30), number concentrations of cloud condensation nuclei (Ngcy s), integral CCN
efficiencies (Ngon s/Nen 20, Neen,s/Nen a0), number of data points (7). Subscripts a and t stand
for parameters derived from 3-parameter and 2-parameter CDF fits to the measured CCN effi-
ciency spectra, respectively.
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S D, Dy MAF; MAF,, LA o /D, /Dy Ka Kt Nongo Nongo  Neons — Noons/ Noens/ 1
[%] [nm] [nm] [nm] [nm] [em™]  [em™]  [em™] Nonzo Nenzo

Entire campaign

0.10 199.0+18.3 201.4+19.6 0.91+0.12 0.93+0.13 11.2+8.8 18.3+18.1 0.06+0.05 0.09+0.09 0.202+0.06  0.195+0.06 237+214 3004276 37+36 0.16+0.12 0.14+0.11 132
019 127.9+124 129.2+12.6 0.99+0.08 0.99+0.08 10.9+7.7 12.0+9.4 0.09+0.07 0.09+0.07 0.202+0.06 ~ 0.196+0.06 221+181 293+289 82+78 0.36+0.13 0.31+0.14 158
0.28 105.3+10.9 105.0+¢11.3 1.00+0.12 1.00+£0.09 9.1+7.1 9.1+6.8 0.09+0.07 0.09+0.06 0.166+0.05  0.164+0.06 221+172 2854277 104+114 0.43+0.13 0.38+0.14 155
0.46 82.8+8.8 83.9+9.2  1.00+0.08 1.01+0.08 8.3+5.9 8.9+6.7 0.10+0.07 0.11+0.08 0.122+0.04  0.118+0.04 2244171 297+291 128+134 0.53+0.13 0.46+0.16 151
0.82 54.6+3.8 54.9+3.9  1.00+0.06 1.00+0.06 4.0+2.7 4.5+3.5 0.07+0.05 0.08+0.07 0.127+0.03  0.124+0.03 2154180 2794275 176+177 0.74+0.11 0.65+0.16 155

All 0.081+0.066 0.092+0.073 0.162+0.061 0.160+0.061 233+203 2864280 751

Pristine focus period

0.10 217.8£10.0 222.4+120 0.91£0.15 0.92+0.16 9.2+8.1 16.3+17.3  0.04+0.04 0.07£0.07  0.149£0.02  0.141£0.02 229472 2556492  16£10  0.07+£0.04 0.06+0.04 38
019 132.8+8.1 133.7+£7.6  0.99+0.07 0.99+0.07 8.6+5.7 9.4+7.3 0.07+0.05 0.07+0.05 0.175+0.04  0.171+0.08 219+76  243+96 69+29  0.32+0.11 0.30+£0.11 44
028 108.1+8.1 108.0£8.8 0.98+0.07 0.98+0.07 6.5+3.8 6.7+3.8 0.06+0.03 0.06+0.04 0.147+0.03  0.148+0.04  223+74 23891 89+31 0.40+0.09 0.38+0.10 41
0.46  86.2+6.6 86.6+6.2  1.00+0.07 1.00+0.07 6.5+4.6 6.5+4.0 0.07+0.05 0.07+0.03 0.103+0.02  0.105+0.02  222+73  249+94 11640 0.52+0.09 0.47+£0.11 42
0.82 55.0+2.2 56.0+2.4  1.00+0.06 1.01+0.06 2.4+1.6 2.7+3.1 0.04+0.03 0.05+0.06 0.121+0.01 0.115+0.02 220473  245+94 17664 0.78+0.05 0.72+0.11 43

All 0.06+0.04 0.06£0.05  0.138+0.04  0.137+0.04 221480 245486 208

Rest of campaign

010 191.4£150 193.3+15.9 0.91£0.11 0.93+0.11 12.0+89 19.0+185 0.06+0.05 0.10£0.09  0.224+0.06  0.216+0.06 2554261 311+312 45£38 0.20£0.12 0.17+0.11 94
019 126.0£13.3 127.5+13.8 0.98+£0.08 0.99+0.09 11.8+8.9 13.1£10.0  0.10£0.07 0.10£0.08  0.213+0.07  0.206+0.07 236+221 306+327 88+90  0.37£0.14 0.32+0.15 114
0.28 104.2+11.6 103.9+11.9 1.00+0.14 1.01+0.10 10.0+7.8 10.0+7.4 0.10+0.07 0.10+0.07 0.172+0.06 ~ 0.170+0.06 231+207 294+310 110+132 0.44+0.14 0.38+0.16 114
0.46  81.5+9.2 82.8+£10.0 1.00+£0.08 1.01+0.08 9.0+£6.3 9.8+7.3 0.11+0.07 0.12+0.08 0.128+0.04  0.125+0.05 238+208 308+329 133+156 0.53+0.15 0.46+0.17 109
0.82 54.4+4.2 55.5+4.3  0.99+0.06 1.00+0.07 4.7+2.8 5.3+3.4 0.09+0.05 0.10+0.06 0.129+0.03  0.128+0.03 2274220 285+312 176+206 0.73+0.13 0.63+0.17 112

All 0.09+0.07 0.10£0.08  0.171£0.07  0.169+0.07 233+234 301+330 543
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Table 2. Parameters characterizing the size-resolved hygroscopicity of aerosol particles in
Amazonia during the wet season as observed in earlier studies (HTDMA measurements, cam-
paign average values) and in the present study (CCNC measurements, campaign average
and focus period): soluble volume fractions referring to an equivalent of ammonium sulfate
(eas) or ammonium hydrogen sulfate (e,y5); equivalent molar densities of soluble molecules
or ions (p;,n); effective hygroscopicity parameters for specific groups and/or size ranges of
aerosol particles (k, k,); effective hygroscopicity parameters characterizing the overall aerosol
particle population as obtained by averaging over different externally mixed particle groups
(Kt avg=2;(K T, T, ;) or by fitting of measured CCN efficiency spectra (k;, 2-parameter CDF
fit); number fraction (f,) and relative frequency of occurrence (f,) of specific particle groups.
The externally mixed particle groups that were detected and differently named in different
HTDMA studies are consistently classified according to their hygroscopicity: very low hygro-
scopicity (VLH, k<0.1), low hygroscopicity (LH, x~0.1-0.2), and medium hygroscopicity (MH,
K~0.2—-0.5).

Particle Parameters Aitken  Accumulation  Aitken and accumulation  Comments, references
group mode mode mode
D (nm) 35 50 75 110 165 265 30-100 100-300 30-300 HTDMA, Sep—Nov 2002,
VLH Pion (Mol m—s) 4369 4580 4518 4160 3954 4270 4489 4128 4308.5 LBA-SMOCC, Rondbnia, Brazil;
K 0.079 0.083 0.082 0.075 0.071 0.077 0.081 0.075 0.078 VLH = “nearly hydrophobic particles”,
fo 0.41 048 056 0.33 0.19 0.2 0.483 0.24 0.362 LH = “moderately hygroscopic particles”;
LH Pion (Mol m—a) 8396 8378 9401 11039 10853 12463 8725 11452 10088 Vestin et al. (2007)
K 0.152 0.151 0.170 0.199 0.196 0.225 0.158 0.207 0.182
f, 059 052 044 0.67 0.81 0.8 0.517 0.76 0.638
All Kt avg 0.122 0.118 0.120 0.158 0.172 0.196  0.120 0.175 0.148
D (nm) 35 50 75 110 165 265 30-100 100-300 30-300 HTDMA, Sep-Nov 2002, LBA-SMOCC, Brazil;
VLH Eas 0.088 0.09 0.086 0.08 0.091 0.104  0.088 0.092 0.090 VLH = “nearly hydrophobic particles”,
K 0.053 0.054 0.052 0.048 0.055 0.062 0.053 0.055 0.054 LH = “mc y hygroscopic particles”;
£, 0.917 0.906 0.769 0.541 0.397 0.343 0.864 0.427 0.6455 Rissler et al. (2006)
f, 085 086 095 0.96 0.89 0.92
LH Eps 0.253 0.232 0.254 0.272 0.28 0.32 0.246 0.291 0.2685
K 0.152 0.139 0.152 0.163 0.168 0.192  0.148 0.174 0.161
f, 056 054 045 053 0.66 069 0517 0.627 0.572
fy 0.4 0.4 0.6 0.9 0.99 1 0.715 0.963 0.715
Al Kt avg 0.075 0.072 0.079 0.103 0.129 0.152  0.075 0.128 0.102
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Table 2. Continued.

ACPD
9, 38113870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

Particle Parameters Aitken  Accumulation  Aitken and accumulation Comments, references
group mode mode mode
D (nm) 35 50 73 109 166 264  30-100 100-300 30-300 HTDMA, Mar-Apr 1998, CLAIRE-98, Balbina, Brazil;
VLH Eans 005 004 003 0.2 001 002 0.04 0.017 0.028 VLH = “hydrophobic particles”,
K 0.03 0.024 0.018 0.012 0.006 0.012 0.024 0.01 0.017 LH = “less hygroscopic particles”,
f, 032 038 045 046 0.31 024  0.383 0.337 0.360 MH = “more hygroscopic particles”;
f, 0.06 005 009 013 014 0.11 0.067 0.127 0.097 Zhou et al. (2002)
LH Eps 0.17 015 0.14 0.8 0.21 0.27 0.153 0.22 0.187
K 0.102 0.09 0.084 0.108 0.126 0.162 0.092 0.132 0.112
f, 0.96 097 096 093 094 097 0.963 0.947 0.955
fy 1 095 094 096 095 097 0.963 0.960 0.962
MH Epps 0.6 041 0.37 0.4 042 052 0.46 0.447 0.453
K 0.36 0246 0222 024 0.252 0.312 0.276 0.268 0.272
f, 037 068 085 083 082 096 0.633 0.870 0.752
f, 0.07 0.09 0.06 006 007 0.03 0.073 0.053 0.063
All Kt avg 0.108 0.098 0.088 0.109 0.127 0.162 0.098 0.133 0.115
D, (nm) 54 83 105 129 198  30-100 100-300 30-300 CCNC, AMAZE-08, this study, entire campaign
D; (nm) 55 83 105 131 201 30-100 100-300 30-300
CCN-active K, 0.12 0.114 0.154 0.184 0.196 0.117 0.178 0.1536
f, 1 1 1 0.98 092 1 0.97 0.98
CCN-inactive  « 0.074 0.074 0.074 0.074
f, 0.02 0.08 0.05 0.05
All Kt avg 0.120 0.114 0.154 0.182 0.186 0.117 0.174 0.151
K 0.119 0.112 0.1583 0.177 0.187 0.116 0.172 0.150
D, (nm) 55 85 106 135 221 30-100 100-300 30-300 CCNC, AMAZE-08, this study, focus period
Dy (nm) 56 87 107 135 224  30-100 100-300 30-300
CCN-active K, 0.118 0.105 0.15 0.164 0.143 0.112 0.152 0.136
o 1 1 1 099 088 1 0.96 0.97
CCN-inactive  « 0.074 0.074 0.074 0.074
f, 0.01  0.12 0.06 0.06
All Kt avg 0.118 0.105 0.150 0.163 0.135 0.112 0.149 0.134
Ky 0.115 0.100 0.148 0.161 0.137 0.108 0.150 0.132
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Table 3. Best-fit parameters of bimodal lognormal size distribution functions fitted to the ob-
served median size distributions of aerosol particles (CN) as displayed in Fig. 7 for the entire
campaign, for the focus period, and for the rest of the campaign: integral number concentration
(Ncn), count median or geometric mean diameter (D,), and geometric standard deviation (o)

for each mode (Aitken and accumulation).

ACPD
9, 38113870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

Period Mode Nen[em™] D, [nm] o,
Entire campaign  Aitken 88 57.3 1.49
Accumulation 86 168 1.43
Focus period Aitken 82 66.6 1.32
Accumulation 101 150 1.43
Rest of campaign  Aitken 78 57.7 1.43
Accumulation 87 173 1.43
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Table 4. Characteristic deviations between measured CCN number concentrations (Ngcy s)
and CCN number concentrations predicted by different model approaches (Ngcnsp): arith-
metic mean values of the relative bias (A,Ncen s=(Neen s p—Neen s)/Neens) and of the total
relative deviation (AyNcon s=INcen.sp—Noensl/Noen ss including systematic and statistical er-
rors). CPL and MPL are the classical and modified power law approaches. With regard to the
k-Kdhler model approach, “k, variable”, “k; variable” and “k,, variable” stand for the effective
hygroscopicity parameters derived from individual CCN efficiency spectra (3- and 2-parameter
CDF fits) and from concurrent AMS measurements, respectively; the constant « values are the
campaign medians of «x; and «, and the approximate global average for continental aerosols,
respectively. n is the number of data points.

ACPD
9, 3811-3870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

S [%] CPL MPL K, variable K, variable K, variable K=0.147 k=0.149 k=0.3 n
bias [%] dev[%)] bias[%] dev[%] bias[%] dev[%] bias[%] dev[%] bias[%] dev[%] bias[%] dev.[%] bias[%] dev[%] bias[%] dev[%]

0.10 201.3 220.9 99.5 132.3 10.5 14.3 16.7 18.0 21.2 26.8 -6.4 26.6 -4.3 271 110.2 1113 132
0.19 12.6 51.1 15.0 38.9 3.2 41 4.2 4.6 5.0 10.7 -4.4 9.6 -3.8 9.4 247 249 158
0.28 18.3 52.8 20.6 39.3 45 4.9 4.4 5.0 10.7 1.8 3.4 8.8 3.7 8.9 26.5 26.6 155
0.46 24.0 46.8 19.2 35.9 21 45 3.3 4.2 226 226 14.0 14.7 14.4 15.1 404 40.4 151
0.82 255 45.7 15.6 30.6 3.9 41 3.4 35 14.7 14.8 8.3 8.6 8.7 9.0 24.0 24.0 155
All 56.0 83.3 33.6 55.3 4.63 6.23 6.21 6.89 141 16.8 2.8 129 3.6 13.7 44.9 454 751
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Table 5. Best fit parameters for the modified power law (MPL): Ngons=Nenso S - R is the

correlation coefficient and n is the number of data points.

ACPD
9, 38113870, 2009

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.

S [%] s q R? n

0.10 1.001 2031 0.05 132
0.19 1.0019 586 0.32 158
0.28 1.0028 303 0.53 155
0.46 1.0046 135 0.65 151
0.82 1.0082 33 0.90 155
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Appendix A

Table A1. Notation (frequently used symbols).

ACPD
9, 38113870, 2009

Symbol Unit  Quantity

D nm mobility equivalent dry particle diameter

D, nm midpoint activation diameter determined by 3-
parameter CDF fit

D, nm midpoint activation diameter determined by 2-
parameter CDF fit

MAF; maximum activated fraction determined by 3-
parameter CDF fit

Ncens cm™  CCN number concentration at supersaturation S

Neensp cm™  predicted CCN number concentration at supersat-
uration S

Neens/Nen,20- Neons/New so, cm™ integral CCN efficiency relative to N.CN30 and
NCN20, respectively

Nen 200 Nenizo cm™  CN number concentration of aerosol particles with

S
Xm,org

Kt,avg

D>20nm and with D>30 nm respectively

water vapor supersaturation

organic mass fraction determined by aerosol mass
spectrometry

effective hygroscopicity parameter

effective hygroscopicity parameter determined by
3-parameter CDF fit

(characteristic for CCN-active particles)

predicted effective hygroscopicity parameter
effective hygroscopicity parameter determined by
2-parameter CDF fit

(proxy for overall population of aerosol particles)
effective hygroscopicity parameter determined by
averaging over externally mixed particle groups

CCN activity in
pristine tropical
rainforest air

S. S. Gunthe et al.
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Fig. 1. Location of the AMAZE-08 measurement site in central Amazonia (2.594541 S,
60.209289 W), 60 km NNW of Manaus, Brazil, with 9 day back trajectories (HYSPLIT, NOAA-
ARL, GDAS1 model, start height 50 m, start time 23:00 UTC) illustrating the large scale airflow
during the CCN measurement period (14 February—12 March 2008). For more information see

Martin et al. (2009b).
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Fig. 2. Size-resolved CCN efficiency spectra at $=0.10-0.82% averaged over the entire cam-
paign: activated particle fraction NCCN/NCN plotted against mobility equivalent diameter D.
The data points are median values, the error bars extend from the lower to the upper quartiles,
and the lines are 3-parameter cumulative Gaussian distribution function (CDF) fits.
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Fig. 3. Effective hygroscopicity parameters («,, «;) plotted against the midpoint activation diam-
eters (D,, D;) derived from the CCN efficiency spectra (3- and 2-parameter CDF fits) averaged
over the entire campaign. The data points are median values corresponding to a given level
of supersaturation (S=0.10-0.82%), and the error bars extend to from the lower to the upper
quartiles. The gray symbols and line indicate the effective hygroscopicity parameters predicted
from the median organic and inorganic mass fractions determined by size-resolved AMS mea-
surements (k).
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Fig. 4. Time series of characteristic parameters derived from the CCN efficiency spectra
(3-parameter CDF fits) observed at different supersaturation levels (S=0.10-0.82%) plotted
against the date in February—March 2008 (UTC): midpoint activation diameter (D,), effective
hygroscopicity parameter (k,), heterogeneity parameter (c,/D,), and maximum activated frac-

tion (MAF;).
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Fig. 5. Effective hygroscopicity parameter of CCN-active particles («,) averaged over the fo-
cus period with low aerosol concentrations (6—12 March) and over the rest of the campaign.
The data points are median values corresponding to a given level of supersaturation, and the
error bars extend to upper and lower quartiles (for equivalent plot with x; see online supple-
ment http://www.atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-supplement.
pdf, Fig. S9).
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Fig. 6. Effective hygroscopicity parameters for the overall population of aerosol particles ob-
served in pristine Amazonian rainforest air during AMAZE-08 and earlier campaigns during the
wet season (CLAIRE 1998, Zhou et al., 2002; LBA-SMOCC 2002, Rissler et al., 2006; Vestin
et al., 2007). «; was determined by 2-parameter CDF fits to the size-resolved CCN efficiency
spectra measured in this study (median values for the entire campaign and for the focus pe-
riod with error bars extending to upper and lower quartiles). «; ,,, was calculated from the
HTDMA measurement results reported by Zhou et al. (2002); Rissler et al. (2006); and Vestin
et al. (2007) (campaign average values with connecting lines).
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Fig. 7. Number size distributions of total aerosol particles (CN) and of cloud condensation
nuclei (CCN) at different supersaturations (S§=0.10-0.82%) averaged over the entire campaign
(a), over the focus period (b), and over the rest of the campaign (c). The CCN size distributions
were calculated by multiplying the median CN size distributions (grey lines) with median CCN
efficiency spectra (3-parameter CDF fits).
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Fig. 8. Time series of the number concentrations of aerosol particles with D>30nm (Ngy 30)
and cloud condensation nuclei (Ngcy s), and of the integral CCN efficiencies (Ngon s/Non 30) at
different supersaturation levels (5=0.10% and 0.82%) plotted against the date in February—
March 2008 (UTC). For equivalent plots with Ngy ., see online supplement (http://www.
atmos-chem-phys-discuss.net/9/3811/2009/acpd-9-3811-2009-supplement.pdf), Fig. S8.
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Fig. 9. CCN number concentrations (Ngcy s) plotted against water vapor supersaturation (S).
The data points are median values, and the error bars extend to lower and upper quartiles for
the entire campaign. The blue line is a power law fit of the form Ny s=Neen 1-(S/(1%))k with

the best fit parameters Ny 1=183 cm™ and k=0.63 (F?2=0.91, n=5).
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Fig. 10. CCN number concentrations (N¢cy s) observed at different supersaturations (S=0.10—
0.82%) plotted against the number concentration of aerosol particles with D>30nm (Ngy 30)-
The lines are power law fits of the form Nggy s=Ney 30-S™7; best fit parameters are given in

Table 5.
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Fig. 11. Predicted vs. measured CCN number concentrations (Ngcy s p VS- Neen s)- Predictions
are based on the «-Kohler model approach using different types of effective hygroscopicity
parameters: (a) with variable values of «; as derived from the individual CCN efficiency spectra;
(b) with a constant average value of k;,=0.147; (c) with variable values of k,, predicted from the
organic and sulfate mass fractions determined by AMS; and (d) with a constant global average
value of x,=0.3.
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Fig. 12. Mass size distribution (a) and corresponding mass fractions (b) of organics and sulfate
determined by aerosol mass spectrometry (AMS) averaged over the CCN measurement period.
The diameter values (D) are approximate mobility equivalent diameters calculated by division
of the AMS vacuum aerodynamic diameter through 1.4 (dimensionless density scaling factor).
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Fig. 13. Time series of organic and sulfate mass fractions determined by integral AMS mea-
surements, averaged over the CCN measurement intervals, and plotted against the date in
February—March 2008 (UTC).
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Fig. 14. Correlations between the effective hygroscopicity of CCN («,) observed at S=0.1%
and the organic mass fraction (X, ,.;) determined by (a) integral and (b) size-resolved AMS
measurements. Linear fit equations, correlation coefficients, and numbers of data points:
(a) y=0.634-0.543x, R?=0.81, n=97; (b) y=0.656—-0.548x, R?=0.66, n=36 (for equivalent
plots with «; see online supplement (http://www.atmos-chem-phys-discuss.net/9/3811/2009/
acpd-9-3811-2009-supplement.pdf, Fig. S12).
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Fig. 15. Effective hygroscopicity parameters predicted from the sulfate and organic mass frac-
tions determined by integral AMS measurements («,,) plotted against the values obtained from
CCN measurements (k) for all investigated supersaturations (a) and for individual supersatu-
rations (b—f, S=0.10-0.82%). The colored lines are standard linear least-squares fits, and the
grey lines indicate 1:1.
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