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Abstract. Sub-micrometer atmospheric aerosol particlestypically within 25%. A sensitivity study showed relatively
were studied in the Amazon region, 125 km northeast ofsmall dependence on the assumption of which model salt
Manaus, Brazil £1°55.2S, 5928.7W). The measure- thatwas used to predict CCN concentrations from H-TDMA
ments were performed during the wet-to-dry transition pe-data. One strength of using H-TDMA data to predict CCN
riod, 4-28 July 2001 as part of the LBA (Large-Scale concentrations is that the model can also take into account
Biosphere Atmosphere Experiment in Amazonia) CLAIRE- soluble organic compounds, insofar as they go into solution
2001 (Cooperative LBA Airborne Regional Experiment) ex- at 90% RH. Another advantage is the higher time resolution
periment. The number size distribution was measured withcompared to using size-resolved chemical composition data.
two parallel differential mobility analyzers, the hygroscopic
growth at 90% RH with a Hygroscopic Tandem Mobility An-
alyzer (H-TDMA) and the concentrations of cloud condensa-
tion nuclei (CCN) with a cloud condensation nuclei counter.
A model was developed that uses the H-TDMA data to pre- . . :
dict the number of soluble molecules or ions in the individual The climate forcing by atmospheric aerosols results from

particles and the corresponding minimum particle diameterSCatering and absorption of solar radiation (direct effect),

for activation into a cloud droplet at a certain supersaturation.and from particles acting as cloud condensation nuclei

Integrating the number size distribution above this diameter(CCN). thereby indirectly affecting the radiative balance as a

CCN concentrations were predicted with a time resolution Ofresult of changes in cloud propgrUes. According to the IPCC
10 min and compared to the measured concentrations. Du'(lntergovernmental Panel on C_"m"’?‘e Chang(_a) repprt (IPCC,
ing the study period, three different air masses were identi-2001)’ the largest uncertainty in climate forcing arises from

fied and compared: clean background, air influenced by age8 lack of understanding of the indirect effect of aerosols on

biomass burning, and moderately polluted air from recentclimate. This uncertainty is so large, that it even includes the

local biomass burning. For the clean period 2001, simiIar.theoretic"’II possibility of a present—day Z€ro net climatg forc-
number size distributions and hygroscopic behavior were ob!NY (Anderson et al., 2003). Itis therefore important to inves-

served as during the wet season at the same site in 1998, wi igate further how aerosols of human origin influence cloud
mostly internally mixed particles of low diameter grOV\;th properties in order to derive a more accurate estimate of their
factor (~1.3 taken from dry to 90% RH). During the peri- net radiative effect. A better understanding of natural aerosol

ods influenced by biomass burning the hygroscopic growthforcing is also critical to_quantitatively assess.the environ-
changed slightly, but the largest difference was seen in thénental changes that regions such as Amazonia are exposed
number size distribution. The CCN model was found to be -

successful in predicting the measured CCN concentrations, N the pristine continental tropics, background aerosol
concentrations are usually very low (Artaxo et al., 2002;

Correspondence tal. Rissler Zhou et al., 2002; Roberts et al., 2001). This makes the re-
(jenny.rissler@pixe.lth.se) gion sensitive to aerosol indirect effects resulting from even

1 Introduction
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2120 J. Rissler et al.: Physical properties of the sub-micrometer aerosol over the Amazon rain forest

modest increases in aerosol loadings. Such effects include their variability during the wet-to-dry transition period
the modification of the vertical energy balance of the tro- in Amazonia, and compare with those of the wet season,
posphere and the hydrological cycle due to changes in the ] .

precipitation patterns (Williams et al., 2002), with potential 2- t0 predict CCN concentrations from measurements of
implications for both regional and global climate (Andreae et dry aerosol particle size distributions and hygroscopic
al., 2004; Nober et al., 2003). However, our ability to assess ~ Properties using an extension of the classicahléer

the changes in precipitation patterns due to human-induced ~ theory, and validate the predictions against actual CCN

modifications of the tropical aerosol is limited (IPCC, 2001, measurements (our hypothesis is that the number of sol-
summary chapter 5). The Amazon basin plays an important uble |ons/molecules can explain the cloud nucleating
role in global carbon cycling and, as part of the tropical re- properties),

gion also in the budget of OH-radicals, which cleanse the air 3. to carry out a model sensitivity study; and finally
from anthropogenic trace gases such as hydrocarbons, CO ™ ' '
and NQ.. It is therefore of great importance to understand 4. to provide a parameterization of the predicted CCN
this system (Crutzen and Andreae, 1990). spectra.

Until recently, only the inorganic components were taken
into account when modeling the CCN properties of aerosol Recently, Nenes and Seinfeld (2003) suggested a new pa-
particles. Lately, several studies have pointed to the porameterization of cloud droplet formation in global climate
tentially important role of water-soluble organic compounds models, taking into account also some of the important ki-
(WSOC) in cloud droplet formation through their ability to netic limitations to droplet growth. The Nenes and Seinfeld
contribute soluble material and lower the surface tension(2003) model requires a description of the CCN properties
thereby decreasing the critical supersaturation needed fopf the aerosol entering the cloud in the formadi¥ccy /ds,
droplet activation (Cruz et al., 1997; Facchini et al., 2000;that is the number of particles that activate as a function of
Novakov et al., 1993; and Laaksonen et al., 1998). Inthe supersaturatianin the cloud. The cumulative represen-
an earlier study, it was shown that about 80% of the sub-ation ofd Nccy /ds is simply the CCN spectruniVec (s),
micrometer particle mass in Amazonia consisted of organicdescribing the number of aerosol particles that has activated
material, 15% of ammonium sulfate and 5% of other inor- and formed cloud droplets at or below a given supersatura-
ganic material (Roberts et al., 2002). It is therefore of inter-tion.
est to investigate further the cloud nucleating properties of We propose that the CCN spectrum (and therefore also
the aerosol particles in the region, in order to develop sim-dNccy/ds) can be estimated from the fundamental aerosol
ple models for predictions of CCN concentrations, as wellphysical properties; the number size distribution and the sol-
as to get a better understanding of the influence of organid¢ible volume fraction. The latter quantity can be estimated
compounds. from H-TDMA measurements, and refers to a model com-

Although the Amazon region is of great climatic impor- pound, for instance a certain salt. Numerous other H-TDMA
tance, little information is available on the particle hygro- and size distribution data sets exist for a large variety of other
scopic properties and CCN concentrations, especially in gnvironments world-wide, and they could be used for the
fairly unpolluted area like our study region. To our knowl- same purpose (Swietlicki et al., 2000; Massling et al., 2003;
edge only one previous study of the kind presented hereZhou et al., 2001a; &imeri et al., 2001; Zhang et al., 1993;
has been made for the Amazon region (Zhou et al, 2002Berg et al., 1998; Svenningsson et al., 1992; Svenningsson
Roberts et al., 2001; Roberts et al., 2002). That studyet al., 1994; Swietlicki et al., 1999). Even though global cli-
LBA/CLAIRE-98 (Large-Scale Biosphere Atmosphere Ex- mate models at present are not able to fully incorporate this
periment in Amazonia/Cooperative LBA Airborne Regional information and the parameterization of cloud droplet forma-
Experiment), was carried out during the wet season in earlytion suggested by Nenes and Seinfeld (2003), they must at
1998. During the SCAR-B (Smoke, Clouds and Radiation —Some point address this issue. If not, the large uncertainty in
Brazil) experiment, the CCN concentrations were compareddur ability to predict future climate change due to the aerosol
to particle number concentrations, but no H-TDMA (Hygro- indirect forcing will remain.
scopic Tandem Mobility Analyzer, see Sect. 2.2.1) was used The measurements were performed at a ground station in
and no CCN closure was made (Kaufman et al., 1998). Balbina, situated in the northern part of the Brazilian rainfor-

The present study focused on the hygroscopic properties ofst with several hundred kilometers of untouched rainforest
the aerosol particles and their role as CCN observed durind the upwind direction. These conditions made it a suitable

the second LBA/CLAIRE-campaign (LBA/CLAIRE-2001), Place for studying the naturally emitted aerosols from a rela-
which was carried out in July 2001. tively unperturbed ecosystem, as well as the effects of human

The aims of the study were: activities on this pristine environment. The measurements
took place during the wet-to-dry transition period.

1. to provide a characterization of the submicrometer In Sect. 2, the physical properties of the particles are pre-

aerosol physical and cloud-nucleating properties andsented and compared to the results from the wet period in
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1998. A theoretical prediction of CCN concentrations is
made from the DMPS (Differential Mobility Particle Sizer)
and H-TDMA measurements. The predicted concentra- :
tions are discussed and compared to measured CCN con EQj*
centrations in Sect. 3. The particle physical properties for ﬁ
three selected different periods — clean background, agec ssl.
biomass burning and recent biomass burning — are compare :
in Sects. 4 and 5. In order to characterize the clean back-
ground aerosol further, the model is also applied to the data
set from LBA/CLAIRE-98. A sensitivity study of the model :
is carried out varying the size distribution as well as using 15{:
different model compounds for the prediction of the criti- :
cal supersaturation. In Sect. 6, a parameterization of the 20s/::
predicted CCN concentrations is made and an even simplel :
model presented that enables direct calculation of CCN con-
centrations even when a full chemical characterization of the
aerosol is not available. : : : : : : ,

The work discussed here has been continued with a study 308 A A% Y - S S

108{-:

2581

. . . . H : from NOAA 12
of the aerosol during the dry period in a heavily polluted area : : : : : _
with particles from biomass burning in Rodwia, Brazil, 75W  70W  65W 60W 55W 50W 45W  40W  35W
September—November 2002 (Swietlicki et al., 2003). Number of Fires
2 The Experiment Fig. 1. Map showing fire spots in Brazil during July 2001 detected
by the NOAA-12 satellite, and compiled by CPTEC/INPE. Wind
2.1 Experimental conditions sectora shows the area swept by the air mass back trajectories dur-

ing the clean and recent biomass burning period (green borders),
Data were acquired at a ground site at Balbinzb§12 S, and wind sectob during the aged biomass burning period (red bor-
59°28.17 W), situated about 125km northeast of Manaus ders).
(Fig. 1). With hundreds of kilometers of pristine rainforest
in the predominant up-wind direction, Balbina is an excel-
lent location for studying the natural conditions of Amazo- The thermal-gradient CCN-counter was designed, built and
nian rainforests, as well as long-range transported pollutiorPperated by the Max Planck Institute for Chemistry, Mainz,
and occasional events of fresh pollution. Measurements wer&ermany.
performed during the transition period between the wet and
dry seasons, 4-28 July 2001. During a part of this period,2-2-1 The H-TDMA
clean conditions similar to those measured in CLAIRE-98

(Zhou et al., 2002) could be seen, as well as periods with d//€asurements of the hygroscopic properties of sub-
clear influence of biomass burning. micrometer aeroso_l particles were per_formed _v_wth an H-
Trace gas and meteorological measurements were carriefPMA (Hygroscopic Tandem Differential Mobility Ana-
out at the site in addition to the aerosol measurements. Flighltyzer) for particle ‘?‘W sizes between 20__265 nm. T.he In-
measurements were made over the site and nearby, as Wesnrument was running more or less continuously during the
as measurements from a boat on the Amazon River aroun§@mPaign, with the exception of a break from 17 to 23 July
Manaus. Additional ground station measurements, mostly of£001- The H-TDMA measures the hygroscopic diameter
trace gases, were done at a station 22 km southeast of BafifoWth of particles taken from a dry state (relative humid-

bina. ity RH<10%) to a state of controlled humidity, nominally
90%. The instrument consists of three main parts: (1) a Dif-
2.2 Instrumentation ferential Mobility Analyzer (DMAL) that selects out a nar-
row, quasi-monodisperse size range of dry particles from the
The aerosol was sampled through an inlet with an® cut- atmospheric aerosol, (2) humidifiers bringing the aerosol to a
off placed about 6 m above ground. The DMPS (Differential controlled humidified state, and (3) a second DMA (DMA2)
Mobility Particle Sizer, see Sect. 2.2.2), an additional particlethat measures the change in size caused by the imposed
counter, the H-TDMA, and a thermal-gradient CCN-counter humidification. The aerosol and the sheath flows entering
were all sampling from this same inlet. The DMPS and the DMA2 are humidified separately.
H-TDMA were designed, built, calibrated and operated by The humidity was set to 90% RH most of the time, but a
the Division of Nuclear Physics, Lund University, Sweden. different RH (60%) was selected at regular intervals to study

www.atmos-chem-phys.org/acp/4/2119/ Atmos. Chem. Phys., 4, 21232004
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how the hygroscopic growth varied with RH. A more detailed would be a slightly higher supersaturation of about 0.05%
technical description of the H-TDMA can be found in Sven- when assuming a perfect cubic shape (a dynamic shape fac-

ningsson (1997) and Zhou (2001b). tor of 1.08) instead of spherical particles. The estimated un-
certainty @&1s.d.) in the calibrated critical supersaturations
2.2.2 The DMPS and number concentrations are shown in Fig. 6. This was the

first calibration of supersaturation for this CCN counter, and
A DMPS (Differential Mobility Particle Sizer) was used to was made~1 year after the experiment.
measure the dry aerosol particle size distribution in the di-
ameter range 3 to 850 nm. Two DMAs of the “Vienna” type 2.2.4 Further measurements
(Winkimayr et al., 1991) were used to scan in parallel from
22 to 850 nm up, and from 22 to 3nm down in size, respec-Further measurements referred to in this article are NO,
tively. Simultaneous measurements were thus carried out allO, and G concentrations as well as basic meteorological
22 nm, which enabled a check of the data quality. The twodata including precipitation. Back trajectories were calcu-
DMAs were operated in stepwise scanning mode, scannindated with the HYbrid Single-Particle Lagrangian Integrated
in equal logarithmic diameter steps, for a total of 38 mobil- Trajectory Model (HYSPLIT-model) (Draxler et al., 1998).
ity channels. Two condensation particle counters (CPC TSImages from the NOAA12 and 14 satellites, processed by
7610 and TSI 3025) were used for particle detection afteiNPE-CPTEC (Instituto Nacional de Pesquisas Espaciais,
each DMA. Both CPCs were calibrated for counting effi- Centro de Previso de Tempo e Estudos Claticos), were
ciency as a function of particle size. One scan over the wholaised to map out the location of large-scale biomass burning.
size range took 10 min.

2.3 Data evaluation
2.2.3 The thermal-gradient CCN counter

The raw data obtained by the H-TDMA were evaluated and
CCN (Cloud Condensation Nuclei) concentrations wereassured for quality off-line. The spectra were fitted with a
measured with a thermal-gradient CCN counter (Robertsfitting program developed in Lund (Zhou, 2001b, Chapter
2001). This instrument measures CCN concentrations by di2.5.2), based on the principles of Stolzenberg and McMurry
rect activation of the droplets in a chamber with a controlled(1988). The inversion used in this program estimates the
super-saturation profile. A video camera connected to a perarithmetic mean diameter growth factor (defined as the ra-
sonal computer via a video capture card produces images dfo between the dry and conditioned particle diameter), the
the illuminated activated droplets. The pictures are examinedliameter growth dispersion factor, and the number fractions
with image processing software that determines the numbeof particles in each hygroscopic particle group. Through-
of activated droplets in the illuminated volume. The dropletsout the campaign, parameters showing the status of the H-
are removed from the illuminated chamber by gravitational TDMA were logged and later used to ensure the quality of
settling, and the maximum droplet concentration is calibratedhe data. Requirements for acceptance of data were in ac-
to represent a measure of the ambient CCN concentration atordance with those defined by Swietlicki et al. (2000). The
the given supersaturation. The CCN counter was used in Baleriteria applied are presented in Table 1. To check the func-
bina during the last days of the campaign, 23-28 July 2001tioning of the equipment and to secure the correctness of the
having first served in the aircraft measurements. relative humidity measurements, the hygroscopic growth of

In order to reduce the experimental biases, the CCNa standard aerosol of pure ammonium sulfate was measured

counter was calibrated, not only with respect to total num-at least once every other day. The growth of the calibration
ber, but also supersaturation. In some CCN counter studiesalt particles was then compared to the expected value, cal-
the supersaturation is calculated directly from the temperaculated using water activity data from Tang and Munkelwitz
ture of the CCN counter plates. Our calibration in supersatu{1994).
ration showed that a correction by —0.3% in supersatura- Despite considerable efforts to stabilize the RH in DMA2,
tion had to be applied to the supersaturation calculated fronslight deviations from the nominal RH are difficult to avoid
the thermal gradient. The reason for the deviation from theduring field operation. The growth factors were therefore
nominal values is probably due to the surface temperature oforrected from the actual DMA2 RH to the nominal RH, in
the plates not being equal to the temperature measured immost cases 90%. This was done in order to study the tem-
side the plates (Nenes et al., 2001a). The calibration of thegoral variations more clearly, as well as to facilitate compar-
CCN counter was made for supersaturations between 1 anidons with previous measurements. The salt used for this RH
0.3% (after correction), using NaCl particles. In some stud-correction was ammonium hydrogen sulfate, which accord-
ies (Gysel et al., 2002), this salt has been noticed to havéng to previous measurement (Roberts et al., 2002) was the
a cubic or a cubic-like shape. The particle shape can, howdominating inorganic salt of the particles. The corrections
ever, depend on the way the particles are generated and is netere made as described by Swietlicki et al. (2000). Since the
taken into account in the calibration used here. The effecwvariation in DMA2 RH was relatively small (see Table 1),

Atmos. Chem. Phys., 4, 2119143 2004 www.atmos-chem-phys.org/acp/4/2119/
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Table 1. Quality assurance criteria used for acceptance of the CLAIRE 2001 H-TDMA data.

Parameter Criterion Purpose

DMA2 RH average during scan 87-93% limit range for comparability and to allow correction to 90%
DMA2 RH variability during scan +1% RH minimize RH fluctuation during particle classification
Temperature difference sheath — excess flow +0.4°C minimize RH gradients in DMA2

Relative standard deviation in CPC1 concentratior:0.4 particle concentrations stable during scan

Standard deviation of sheath flow RH <1% RH DMAZ2 humidity control working properly

Stability of DMA flows during scan +1% sheath  accurate size classification

+3% aerosol accurate concentration measurement

the dependence on the type of salt applied in this corrections actually the case for the originaldkler theory. Organic
is negligible. substances have until recently often been considered insol-
The algorithm for inversion of the DMPS data was devel- uble (hydrophobic) and were thus neglected in the theory of
oped in Lund (Zhou, 2001b, Chapter 2.3) and written in thedroplet formation. Under certain circumstances this is a valid
LabVIEW graphical programming language (National In- approximation (Martinsson et al, 1999), but recent studies
struments). It calculates the theoretical DMPS kernel transfehave shown that organic compounds, under certain condi-
matrix and inverts the mobility concentrations to an aerosoltions, can have a significant influence on the water uptake of
size distribution. The variables taken into account for cal-aerosol particles and their ability to act as cloud condensa-
culating the kernel transfer matrix are: sampling line lossestion nuclei (Charlson et al., 2001; Cruz et al., 1997; Facchini
bipolar charging probabilities, calibrated DMA transfer func- et al., 2000; Novakov et al., 1993; Laaksonen et al., 1998;
tions, DMA diffusion broadening and losses, and CPC count-Roberts et al., 2002). This is due to their ability to dissolve
ing efficiencies. in water (Raoult effect) and their influence on the droplet sur-
Removal of DMPS data was limited to occasions when theface tension (Kelvin effect). They might also inhibit droplet
particle concentrations showed clear signs of sudden fluctugrowth if the particles are coated with an organic compound
ations during the 10-min scan, resulting in unrealistic sizeof low solubility (Hansson et al., 1998). In all but the lat-
distributions. The remaining DMPS data were fitted to a bi- ter case, the combined effect of the organic compounds is to

or tri-modal lognormal distribution. lower the critical water vapor supersaturation required to ac-
tivate the aerosol particles, and thus facilitate cloud droplet
2.4 Internal consistency tests formation.

] ] The approach used here to predict the CCN concentration
A CPC (TSI 3010) particle counter measured particles fromyas pased on &hler theory, extrapolating the hygroscopic
the same aerosol inlet as the DMPS. The DMPS size distribupenavior at 90% RH (measured with the H-TDMA) to super-
tions were integrated for particle sizes larger than 7 nm (thesayyrations. One strength of the model is that the possible
CPC Iowercgt—off size) and compareq with the goncentratloneﬁect on water uptake of organic compounds is taken into
measured with the CPC. The correlation was high0.84),  account if in solution at 90% RH. Since the particle number
with the DMPS showing slightly lower particle cgncentrq— size distribution in the submicrometer region is the most im-
tions compared to the CPC (slope DMPS vs. CPC: 0.93, withyortant aerosol property determining the CCN concentration,
zero intercept). One circumstance decreasing the correlatiojiher direct measurements or indirect estimates of the size-
was the different “time resolution” of the two instruments — regolved particle number concentrations are also essential.

the DMPS was stepping, measuring a particular size only for In Sect. 5, the CCN concentrations predicted by the model

a short period Qf the measurement cycle — while t_he CI:)Care compared to those measured. A sensitivity study is also
counted all particles continuously (logged every 5 min).

made on the effect of using different model compounds, tak-
ing into account the mixing state, the effect of changes in

3 CCN Calculation model surface tension, and shifting the size distribution.

In classical Kohler theory (Kohler, 1936) each particle is as- 3.1 Model approach

sumed to consist of a number of molecules that are soluble in

a solvent, normally water. In some cases, an insoluble corén brief, the following approach was taken to predict the
is also taken into account. In atmospheric applications, theCCN concentration. From the measured hygroscopic diam-
water-soluble material is often taken to be various commonreter growth at 90% RH, the number of soluble molecules or
inorganic salts dissociating into ions when in solution, whichions, r;, in the individual particles was calculated for each

www.atmos-chem-phys.org/acp/4/2119/ Atmos. Chem. Phys., 4, 21232004
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dry size measured. Fromy, the critical water vapor su- Eg. (1) is valid, under most circumstances, and the corre-
persaturation was calculated for each dry size, and also theponding critical water vapor saturation rat#p, is given by
smallest dry diameter of a particle that activates at a certain
. L ) 3\ /2 3 \ 12
supersaturation (here denoted the activation diameter). All <4A ) ( 4A )
= = I Se

(4)

particles above this (dry) activation diameter are assumed td" >¢ 27B 27C - n;

activate and act as CCN. The effect of kinetic limitations on

the cloud droplet number concentrations are not consideretiere,s. is the critical water vapor supersaturatid<1+s,,

here (Nenes et al., 2001b). recalling that In(1+x=x as x>0). Again,n; is the only so-
This approach is similar to that taken by Brechtel et lute property affecting the water vapor supersaturagjore-

al. (2000a,b), Covert et al. (1988), Dusek et al. (2003) andquired to activate a certain aerosol particle (apart from sur-

Zhou et al. (2001a). When the H-TDMA showed a bimodal face tension).

distribution, the calculation was done separately for each hy- When interpreting H-TDMA data on hygroscopic growth,

groscopic group. the soluble material is often represented by a soluble particle
According to classical hler theory, the water vapor equi- volume fraction.e, of a specific salt. The remaining parti-

librium between a dilute (and ideal) solution droplet and its ¢le volume is considered inactive from a hygroscopic point

environment can be described as: of view. The salt used is often chosen to be the dominating
salt of the particles, obtained for instance from an ion chro-

e aAM 0 6vms M, matography analysis. The resulting soluble volume fraction
es(T) == exp[RprD " Mpum D3] ’ (1) may be different from the actual volume fraction of all water-

soluble ionic or molecular compounds in the particle, espe-
wheree is the equilibrium partial pressure over the droplet, cially when water-soluble compounds with low hygroscopic
es(T) is the water vapor saturation pressure at temperaturgrowth are present. When examining the calculated values of
T, S, is the water vapor saturation ratif, the droplet di-  the soluble volume fractions, care should therefore be taken
ameter, whileM,,, p,, ando,, are the molecular weight, den- when using these values for purposes other than those in-
sity and surface tension of pure water, respectively. Furtherfended here.
my is the solute massy/; the solute molecular weight, and The soluble volume fractior, is defined as the particle
v the number of ions resulting from the dissociation of one water-soluble volume divided by total particle volume. It
solute molecule. The first term in thedkler equation takes can be estimated from the H-TDMA data (Pitchford and Mc-
into account the increase in equilibrium water vapor pressuréurry, 1994) as

caused by the droplet curvature, often called the Kelvin cur- 3_q
8¢ —

vature effect, and the second term describes the solution wa; — ] (5)
ter vapor depression, the Raoult solution effect. This equa-  &sol(da)® — 1
tion can also be written as Here, g is the diameter growth factor of a particle consist-

ing of an insoluble part and a volume fractionf the model

A B A B . .
InSy=—=-— or Sy~1l+_-—— (2) solute. g, is the growth factor of a fully solubles€1) parti-
b D D D cle composed entirely of the same solute material, calculated
where according to
4AM 0y — 31 Ps 6
_ . gsol = J1+ : (6)
A= Rl TN pun(aw) M
B— 6vms My C.n- ps is the density of the salt ang(a,,) the molality (moles
 aMgp, " of solute per kg of water). In order to take the Kelvin ef-
6M,, fect properly into account when calculatingg;,; should be
C= o 3) calculated at the same humidified sizg)(as the observed

particle (Swietlicki et al, 1999). If this effect is not taken into

In this simplified version, the &hler curve can therefore account,s is underestimated, especially for particles with
be expressed as a function of the properties of pure wateg=0.5 and diameters below 100 nm. Frenthe number of
the ambient temperature and finally, the number of solutesoluble molecules/ions can then be calculated as
molecules or ions.

The maximum in the Bhler curve represents the point n; = ¢ -
at which the droplets pass from the equilibrium side of
the curve into a state of rapid condensational growth, of-Here,d; is the particle dry size.
ten denoted the activation of the aerosol particle into a cloud Making a salt assumption in the calculations sofand
droplet. At this activation point, the approximation made in n; does not imply that compounds other than the assumed

7Td53 Ps
LY —,
6 M

@)
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salt, for example organic compounds, do not influencelong sampling times are required to get above detection lim-
the particle-water interaction, but simply that all soluble its for the subsequent chemical analysis. It is also difficult

molecules/ions are represented by the behavior of the modeb achieve an adequate chemical analysis of all water-soluble
salt. Furthermore, the exact values of dry solute dengity species, particularly the soluble organic species.

and mole weight/; are irrelevant for CCN predictions using

Eq. (4) sincep; andM, are also implicitly included in Eq. (5) 3-2 Modal distribution and time resolution

and explicitly in Eq. (7), and the effect ory of changing ) .
o, and M, cancels out for ideal as well as non-ideal solu- The CCN calculations were repeated for each DMPS size

tions. The same salt assumption used to calculatas to distribution, taken every 10 min. Each H-TDMA dry size

be used when calculating. The sensitivity of the predicted V@S measured approximately once every hour, and showed

CCN concentration to the assumption of chemical composi-a rather stable hygroscopic growth behavior (Fig. 2b). The

tion will be discussed in the sensitivity study. DMPS size distribu_tior).variability thu; accounted for most
Using the relation in Eq. (7), with rearrangements, equa—c,’f the temporgl v§r|ab|lllty in the predicted CCN concentra-
; . tions. The activation diameter, calculated for each complete
tion 4 becomes: X . o
1 H-TDMA scan, was linearly interpolated in time to match
o3 / the DMPS time resolution.
InSe=\E-F-—5] ~s 8 For the cases when the H-TDMA measurements showed
s more than one single group of hygroscopic behavior, the
with CCN calculation was carried out for each hygroscopic group
3 2 separately and summed. The aerosol fraction of the differ-
E—=4. ( 4 ) ) <MW> . F= My ) 9) ent modes was taken from the H-TDMA measurements, and
3RT Pw EVOs linearly interpolated in time and particle dry size. For par-

Equation (8) relates the particle diameter of the dry solutellClé diameters outside the range of the H-TDMA observa-

particle to its critical water vapor supersaturation, so 8at 1ONS @s<20nm ord;>265nm),e and the aerosol fraction
is proportional to 1/a(ds3), and also torj. in each mode was set to thg values measured for the smallest

The Kohler curve in the form of equation 1 is valid for or largest diameter, respectively.

dilute ideal solutions for which Raoult’s law is applicable.

The non-ideal behavior of the solute can be considered (iry  sybmicron physical properties

the sensitivity study), by substituting the dissociation factor,

v with the van't Hoff factor,i, in Eq. (3). When using the The field data used for the CCN prediction and closure
surface tension of pure water,,, the possible influence of study will be presented first. The analysis was carried out
surface-active compounds is not taken into accouptcan on the basis of the DMPS and H-TDMA data, together with
however include all water-soluble compounds, also organic.meteorological information, air mass back trajectories and

From Egs. (4) and (8) it can be seen that the critical supersatellite images. To further establish the baseline conditions,
saturation only depends an, or alternativelys. Both these  the measured physical properties (size distribution and
quantities can be obtained from the H-TDMA data. This way, hygroscopic properties) were compared to those observed
e or n;, and accordingly the critical supersaturation, are pre-during the wet season in 1998 (Zhou et al., 2002). A
dicted for each dry size measured with the H-TDMA. Ac- comparison of particle physical properties between a clean
cording to Eq. (8), the relationship between the critical su-period and periods under the influence of recent and aged
persaturation. and the dry activation diametéy is log-log  biomass burning was made in order to identify changes in
linear for a constant. In our measurementschanged only  properties of the atmospheric aerosol due to biomass smoke.
slightly with size, and consequently the estimated relation-This provides the basis for further discussions of how the
ship betweers. — d, is approximately log-log linear. To critical parameters used in the CCN predictions vary with
obtain the dry activation diameter as a continuous functiondifferent air masses, and how human activities affect the
of supersaturatios, a linear interpolation is made after tak- CCN properties.
ing the logarithm of botll; ands.. Particles with dry sizes
above this diameter are expected to act as CCN. The CCN
concentration is obtained by integrating the size distribution4.1  Air mass classification
above the activation diameter.

The number of soluble molecules/ions contained in eachlThe purpose of the classification of the acquired data was to
dry particle as function of particle dry size;(d;), can also  define the aerosol physical properties that are typical of cer-
be estimated from a chemical analysis, without using H-tain types of air masses. Three time periods were selected for
TDMA data. The advantage of using the H-TDMA data further scrutiny; they were chosen to represent the following
for this purpose is the superior resolution in time and size.air masses encountered during the wet-to-dry transition pe-
This is particularly important in clean environments where riod:
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Fig. 2. Plots showing the time variation of particle and gas concentrations, hygroscopic properties and rain events. The figure also shows the
periods selected for closer analysis. The time scales are given in UTC (=local time+4h).

1. Clean background conditions over the rain forest, the burning season, when smoke from the burning regions
2. Recent yet moderate influence from biomass burninga!ong the perimeter ef '_the rainforest is transported over long
' superimposed on background air distances into the prlstme parts of the basin (e.g. Andreae et

' al., 1988). The observations made on recent biomass burn-

3. Aged biomass burning smoke. ing injected into a clean background air mass should be used

. . with more care since the source was local and rather small.
The air masses representing clean background and aged

biomass burning smoke are well defined and can be gener- The selection of time periods and air mass type was based
alized to be valid for larger regions of the Amazon. The on supporting data concerning gases (NO,xNO3), me-
aged plume could be studied after it had crossed an otherwiseeorology (air mass back trajectories), remote sensing (fires
clean area of the Amazon, with only few sources of recentlyin Brazil), and aerosol properties (Aethalometer Equivalent
emitted particles. Such conditions are encountered quite freBlack Carbon). In addition, PM0.85 aerosol mass and total
quently in the atmosphere over the remote Amazon duringhumber concentrations for particles larger than 30 nm were
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used. Both these quantities were derived from DMPS sizdrajectories at 500 and 1500 m levels (arrival height at the
distribution data, with PM0.85 calculated assuming spheri-site) shifted from the biomass burning regions in the states
cal particles with a density of 1 gcm. The aerosol chem- of Marantio, Goas, Piaiy Ceaa and P&, to the Atlantic

ical data unfortunately had too poor a time resolution to beOcean. The trajectories at the 3000 m arrival height stayed
used for classification purposes. The sources of data otheabove 2500 m, which is above the typical boundary layer
than from the DMPS, H-TDMA and CCN are listed in the height.

acknowledgements. During CLAIRE-2001, only a short time period with such

Equivalent Black Carbon (BG concentrations were mea- clean conditions could be identified. The main reason was
sured with an Aethalometer (Magee Scientific, Berkeley,that this experiment was specifically designed to study the
California), which monitors the light absorption by aerosol transition between the wet (clean) and dry (biomass burning)
deposited on a quartz filter through which sample air isseasons, which is a gradual process.
pumped at a flow rate of 20 L mit}, with a time resolution
of 15min. A cross-section of 10fg~! was used to convert 4.1.2 Recent biomass burning period
from light absorption to BEin units of ng BC n13.

When comparing the data presented here with other meaWhile the measurement site was still influenced by the clean
surements in air masses influenced by biomass burning, packground air mass (25 July15:00 UTC), burning of dry
should be kept in mind that the CLAIRE-2001 experiment grass took place nearby (close to a small communijkm
was performed during the wet-to-dry season transition, infrom the Balbina site). This made it possible to study a recent
an area with pristine rainforest. The Balbina site was there{up to some hours old) biomass burning plume superimposed
fore not influenced by heavy plumes from intense biomassn a clean air mass with no, or at least only minor, influence
burning such as those encountered regularly during the drjfom more aged pollution aerosol. The characteristic smell
season (Reid et al., 1998 (SCAR-B) and Vestin et al., 20040f biomass burning was noted and N@oncentrations in-
(SMOCC)). Furthermore, the measurement site was situate@reased significantly.
in a forested area, while most biomass burning characteriza- At the onset of biomass burning-{1:00 local time), @
tion experiments have been carried out in regions with on-concentrations decreased, indicating that it was being con-
going rapid deforestation or already deforested regions sucsumed by freshly emitted pyrogenic NO. NO levels remained
as the central part of Roddia state. The particle concen- fairly low until sunset when @ concentrations fell below
trations observed during CLAIRE-2001 were therefore low 2 ppb, and NO concentrations suddenly rose to about 1.3 ppb,
compared to studies in regions with intense biomass burningclearly indicating a very fresh smoke plume (Fig. 2).

BC, and particle number concentrations also showed an

4.1.1 Clean period increase (from~30ngnT3 and ~500cnT 2 respectively)

to 158455 ng nT3 and 123@499 cn1 2 respectively (aver-
During the clean period (23 Juty15:00 to 25 July~08:00,  age taken over the recent biomass burning period; 25 July
UTC), very low concentrations were observed for BC 15:00 to 28 July 04:00 UTC), indicating a moderately pol-
(42£20ngn73), particle number concentrations for parti- Juted air mass. A change in hygroscopic properties was also
cles larger than 30 nm (383116 cn3), and PMO0.85 particle  seen on this occasion (Fig. 2). PM0.85 particle mass was
mass (0.68:0.28,.g m™3). 1.94+0.61g m 3.

No indications of pyrogenic NO were seen during this pe-
riod. Daytime NO concentrations were near or below the4.1.3 Aged biomass burning period
detection limit (0.025 ppb) as biogenic MNGs mixed up-
wards into a clean boundary layer, while nighttime NO con- An airmass with considerably more aged biomass smoke (9
centrations often showed a steady increase from sunset untiluly ~16:00 to 13 July~24:00, UTC) could be studied dur-
dawn (maximum 0.8 ppb) typical of NO emissions from the ing a contiguous time period with stable meteorological con-
biota into a shallow nocturnal stable layer with weak sinksditions and elevated particle mass concentrations. For sev-
(Ganzeveld et al., 2002). After sunrise, the nocturnal inver-eral reasons, this period was interpreted to be representative
sion dissipated, and ozone entrained from the residual layeof aged biomass smoke.
aloft efficiently converted the biogenic NO to NQFig. 2). At the onset of the aged biomass smoke period (9 July,

According to back trajectories, the air mass originated~16:00 UTC), the origins of the 500 m level (arrival height
from ENE, moving in from the Atlantic over the Amazon at the site) trajectories shifted from the Atlantic Ocean to the
delta and passing over 1000 km of pristine and virtually un-biomass burning region in the states of Mar@nhGoas,
populated rain forest before reaching the measurement sitBiau, Ceaéd and eastern parts of Rar Fires were fre-
(Fig. 1). These trajectories did not pass over any of the arquently detected within these states by satellite remote sens-
eas with strong biomass burning that was observed by sateing (NOAA12 and NOAA14) (Fig. 1). The transport time
lite remote sensing (satellites NOAA12 and 14, processedrom the biomass burning source region to the Balbina site
by INPE, Brazil). In fact, the clean period started when thewas 2.5-5 days. No fires were seen by satellite remote
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Table 2. Statistics of the particle number size distribution. Each DMPS spectra was fitted with two or three log normal distributions.
“Nucleation fit av.” represents the result when fitting the average spectra. “Frequency of occurrence” is in that case referring to the frequency
when number concentration for particle80 nm exceeded 60 cii. Resulting average for CLAIRE-98 is presented in Table 5 and Zhou et

al. (2002).

Mode Frequency of  Number concentration (‘c?m when present  Geom. Mean diameter, Geom. Standard deviation,
occurrence (%) when present (nm) when present
Meants.d. Geom. mean Median

Clean period (n=226)

Accumulation 100% 17691 149 153 14518 1.410.07
Aitken 100% 16276 151 153 789 1.34:0.17
Nucleation 79% 194270 107 105 1E5 1.32£0.25
Nucleation, fit av. 80% 160 135 1.8

Recent biomass burning (n=320)

Accumulation 100% 528216 478 512 14811 1.43:0.06
Aitken 100% 28@181 255 251 6%9 1.35£0.19
Nucleation 59% 302340 201 194 145 1.310.20
Nucleation, fit av. 82% 315 11 1.75

Aged biomass burning (n=562)

Accumulation 100% 736159 641 760 1387 1.45+0.04
Aitken 100% 304:184 244 250 689 1.32£0.14
Nucleation 55% 276290 163 185 159 1.29-0.22
Nucleation, fit av. 68% 310 12.7 1.7

sensing along the track of the lowest level trajectories with4.2 Submicron physical properties

transport times shorter than 2.5 days.
4.2.1 Submicron size distribution (3—-850 nm)

The end of the period (13 July24:00 UTC) was set to
the time when the lowest trajectory again moved out overThe submicrometer particle number concentrations observed
the Atlantic Ocean. Trajectories at higher arrival heights fol- during CLAIRE-2001 generally exceeded those measured at
lowed the same general pattern, but were in general moréhe same site in 1998. The number concentrations typically
shifted towards the biomass burning region. Even thougHluctuated around 1000 cm (Fig. 2), with median and av-
the elevated particle concentrations persisted until 16 July agrage particle concentrations during the entire campaign of
~14:00 UTC, the concentrations were somewhat higher dur984 and 1080 crm? respectively, compared te400 cnt3 in
ing the selected period, and the size distributions were quitd 998. This result was expected, since the 1998 campaign was
stable over time (Fig. 3). This stability, in both the shape of performed entirely within the wet season, with no biomass
the size distributions and the concentrations, implies that théurning taking place, and more efficient rain- and wash-out
aerosol was well mixed up to the altitude of the maximum due to intense precipitation.
daytime boundary layer height-(L500 m), since consistent The average number size distributions for the three time

diurnal variations would otherwise have been observed. ~ periods selected can be seen in Fig. 3 together with the tem-
poral variability @1 s.d.) at each measured particle diameter.

BC, and particle number concentrations averaged ovelEach individual DMPS number size distribution was fitted
the aged biomass burning period were 268 ngnt3 and  with 2 or 3 lognormal distributions, resulting in three param-
1353+435cnt 3, respectively. PM0.85 particle mass was eters for each mode: integral number, geometric mean diam-
2.34+0.35ugm 3. NOy concentrations were only slightly eter and geometric standard deviation. Table 2 presents the
higher than during the clean period, most likely a resultfitted parameters for the three different air mass categories
of the short atmospheric residence time of NO-1day).  separately. The particle size distribution was always bimodal
Again, this is consistent with aged smoke (Andreae and Mer4n the size interval 30—850 nm with an Aitken (0.03—Qrh)
let, 2001). For both polluted time periods, the filter sample and accumulation mode (0.1xI) present.
analysis showed the presence of potassium, a compound usedWhen comparing the average size distribution only for
typically as tracer for biomass burning (Andreae, 1983, Ya-the 2001 clean period with that of the wet season in 1998,
masoe et al., 2000 Artaxo et al. 1998). similar distributions and concentrations were found (Fig. 3
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Fig. 3. The average size distributions for the selected time periods together with has a function of critical supersaturation. The error
bars depict the temporal variability-(L s.d.) for each size measured.

and Table 5), the major differences being that in 2001, theing the nearest 500 km or so, even during the dry period.
number concentrations in the Aitken mode size range werélhe recent plume observed during CLAIRE-2001 originated
slightly lower, and nucleation<(30 nm) mode particles oc- from residential burning of branches and grass. Compar-
curred more frequently. ing the measured size distribution with that measured with
The recent biomass burning plume was estimated to be PCASP (Passive Cavity Aerosol Spectrometer Probe) dur-
only some hours old, and despite the relatively short distanceng flight measurements over the savannah in the southern
between the fires and the measurement site, the average numfrica (SAFARI, Haywood et al., 2003), the distributions
ber concentration was quite low at 128899cnt3. The  were similar. The plume measured in CLAIRE 2001 had a
size distributions were narrow and bimodal, but when sub-slightly wider peak and slightly shifted towards lower sizes.
tracting the size distribution of the background aerosol, theFor the SAFARI flight measurements biomass fires dominate
Aitken mode diminished in importance relative to the accu-the source. Studies of emissions from combustion of biomass
mulation mode. The size distribution of the superimposed resshow large variability in the emitted particle size distribu-
cent biomass burning aerosol became nearly unimodal, certions (e.g. Christensen et al., 1998; Hedberg et al., 2002;
tered around 135 nm. Pagels et al., 2003), showing quite narrow as well as some-
The measured concentrations were lower and shifted towhat broader and even bimodal size distributions, depending
wards lower sizes than the concentrations observed duringn type of fuel, fuel moisture and burning conditions.
the SCAR-B (Reid et al., 1998) and SMOCC (Vestin, 2003) During the aged biomass burning period, the number con-
field experiments in Ror@hia located in the SW Amazon centrations were elevated compared to the clean background
region. However, those field experiments were carried outir mass by nearly a factor of 2 in the Aitken mode size range,
during periods with intense biomass burning activities cover-and 4-5 times in the accumulation mode size range. The
ing large areas. It should be stressed that CLAIRE-2001 wasnedian total number concentration was 1230 értaverage
performed at a site with pristine rainforest and that biomassl350 cnt3), dominated by the accumulation mode particles.
burning activities were very limited in the region encompass-
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The size distribution in this air mass was also narrow com-diameter varies considerably within the interval 3—30 nm in-
pared to dry season regional haze (Swietlicki et al., 2003)terval, which smears out the average distribution.
This is most likely the result of atmospheric processing and Even though particles could be detected down to 3nm in
wet deposition. Even though the regional haze particles areliameter, particles appeared only sporadically in the lowest
only moderately hygroscopic (Swietlicki et al., 2003), par- size range of the nucleation mode at ground level. Since
ticles with diameters>-~100nm are easily activated in cu- new particle formation from homogeneous nucleation of gas
muliform clouds. These particles are therefore also effi-phase precursors produces particles with critical cluster di-
ciently removed by wet deposition, thus reducing numberameters on the order of 1 nm (Kulmala et al., 2000), which
concentrations in the entire accumulation mode size rangethen grow rapidly into the detectable size rang& am) it
They are replaced by particles from the Aitken mode thatcan be concluded that in general, no nucleation events were
may grow either outside clouds by coagulation or condensataking place in the immediate vicinity of the site itself. The
tion, which are rather slow processes, or more efficiently dur-absence of nucleation events is consistent with the observa-
ing the cycling through non-precipitating clouds. This pro- tions made during the wet season CLAIRE-1998 experiment,
cess is believed to be responsible for forming the so-callecand the hypothesis proposed by Zhou et al. (2002) that the
Hoppel minimum, denoting the frequently observed dip in nucleation mode particles were mostly formed at somewhat
the number size distribution separating the Aitken and ac-higher altitudes and brought down to ground level by vertical
cumulation modes (Hoppel et al., 1994). The resulting sizemixing, or that the particles were being formed as a result of
distribution after ageing would be expected to show such ahe mixing process itself.
Hoppel minimum, and rather narrow Aitken and accumula-  The nucleation mode most often had a daily variation, ap-
tion modes (Raes et al., 2000). The narrow and bimodal dispearing strongly around 16-18 local time (LT), remaining
tribution of the aged aerosol is therefore most likely the resultpresent for some hours, then decreasing or disappearing to
of atmospheric processing of regional haze particles duringncrease again in the early morning around 6—7 LT. At around

several days. 9-10LT the mode disappeared and stayed absent until the
_ evening. The time when the particles appeared in the morn-
4.2.2 The nucleation mode ing was more consistent than in the evening. The nucleation

mode thus seemed to be present around the inversion breakup
The nucleation mode (here defined as particles of diameterg the morning (correlated with sudden decrease of)\C&p-
<30nm) was highly variable and often without any clear peared again when the inversion started to build up in the
modal structure. It was therefore difficult to fit this mode evening, and was frequently present during the night. An-
with a Iog-normal distribution. The fitting was nevertheless other connection that was seen was partic|es appearing con-

carried out whenever possible to provide additional statistickemporaneously with heavy rain at the site or close by, which
on the presence of these particles (Table 2). When applyingften occurred in the early evenings.

instead a criterion of number concentrations above 60%cm
for particle diameters:30 nm, the nucleation mode particles 4.2.3 Hygroscopic properties of submicron particles
were present in 71% of all cases, compared to 44% of the
cases observed during the wet season in 1998. When thEhe CLAIRE-2001 H-TDMA data were classified into
same limit (60 cm®) is applied to the selected time periods, groups of particles with different hygroscopic behavior, in
then nucleation mode particles were present in 80% of theaccordance with previous observations of hygroscopic prop-
cases during the clean period, in 68% of the cases during therties in various environments. The groups were denoted
aged biomass burning period, and in 82% of the cases duringydrophobic, less-hygroscopic, and more-hygroscopic. This
the recent biomass burning period. The frequencies of ocelassification also defines the degree of external mixture from
currence for the fitted nucleation mode are somewhat lower hygroscopicity point of view, and is based on the observed
(Table 2). growth factors, which can be recalculated as soluble volume
Due to both the difficulties in fitting, and the high variabil- fractions €) of the individual particles. The soluble volume
ity of the size and concentration of the nucleation mode par4raction ) is calculated according to the description made
ticles, two parameterizations of the nucleation mode statisin Sect. 3, using ammonium hydrogen sulfate to represent
tics are presented in Table 2. The first is based on separatée soluble fraction.
log-normal fits to each measured distribution, while the other The hydrophobic particle group contains very little sol-
describes the properties of a log-normal distribution fitted touble material, &¢<0.12 for 165 nm patrticles and smaller,
the average size distribution for each selected time period, awith £=0.18 taken as an upper limit for the hydrophobic 265
presented in Fig. 3. The fit to the average size distributionnm particles. This corresponds to diameter growth factors
was much wider than the nucleation mode parameterizatiorffrom dry to RH=90%) between 1 and 1.13-1.17. Particles
for the individual distributions, and shifted towards smaller classified to the less-hygroscopic group had growth factors
sizes. The reason for this is, that, even though the individ-between this value and1.5 (0.12¢<0.5), while the more-
ual nucleation mode fits are quite narrow, the count mediarhygroscopic particles had growth factors~1.5 (>0.5).
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Exceptions from the classification rules were made in alim-5 CCN prediction
ited number of cases when the rules could not be strictly
obeyed. In these cases, the particles with the smallest growtRredictions of CCN concentrations can be made using var-
factor were classified as hydrophobic. ious model approaches, but all rely on descriptions of the
Raoult and Kelvin terms of the #&hler equation (Brechtel
Using this classification, more-hygroscopic particles wereand Kreidenweis, 2000a, b; Covert et al., 1988; VanReken
only observed in 1% of the measurements made, compareet al., 2003; Cantrell et al., 2001; Snider et al., 2003). Here,
to 3—-9% during CLAIRE-98. The less-hygroscopic particle the CCN number concentrations were predicted from direct
group was ubiquitous in the Aitken and accumulation modeobservations of the key aerosol physical properties; the 3—
size ranges. This group also completely dominated the num850 nm number size distributions measured with a DMPS,
ber concentration for all measured dry sizes (with the excepand the amount of soluble material present in individual par-
tion of 30 nm particles). Hydrophobic particles were presentticles derived from the H-TDMA measurements. An approx-
in 51% of all scans, and were more prominent at the smallesimation of the Kohler equation, focusing on the number of
and largest particle sizes (30—35 nm and 265 nm) relative t@oluble molecules/ions available for condensation of water
the less-hygroscopic mode. The H-TDMA observations arevapor, was applied to estimate the minimum particle diame-
summarized in Table 3, and an example of the temporal variter that activatesi,,, ata given supersaturation (see Sect. 3).
ation in hygroscopic growth factors (for 165 nm particle dry All soluble material available at the point of activation is as-
size) is shown in Fig. 2. sumed to already be in solution at RH=90%.
In the first sensitivity study, three different salts were ap-
As for the number size distributions, good agreement wasplied, one at a time, to investigate the sensitivity of the CCN
found between the hygroscopic properties observed duringredictions to the selection of the inorganic model com-
the CLAIRE-2001 clean period and the 1998 wet season expound. The inorganic salts used were ammonium hydrogen
periment. The major difference was that hydrophobic parti-sulfate (NHHSQy), ammonium sulfate ((Ni2SQs) and
cles were more frequent in 2001 (25-49% of all cases, depotassium chloride (KCI). The first two salts are known to
pending on particle dry size) compared to 1998 (5-14%).be main soluble components of the background atmospheric
The growth factors were very similar during both experi- aerosols in the Amazon region (Roberts et al., 2002; Gerab et
ments. al., 1998), while potassium salts are components of the fine
fraction aerosol particles emitted from biomass burning (An-
An increase in hygroscopicity was observed for the perioddreae, 1983; Yamasoe et al., 2000; Reid et al., 1998; Hedberg
influenced by recent biomass burning (Fig. 2). A possibleet al., 2002).
explanation for the increased hygroscopicity is that the burn-  |n addition, a more complicated model compound was
ing of branches and grass can reach high temperatures anged: the particle soluble volume fraction was assumed to
be burnt with high efficiency. This would produce particles consist of a mixture of ammonium sulfate (30% by mass),
with smaller mass fractions of organic material and soot, andeyoglucosan (18%), succinic acid (25%) and fulvic acid
more of the hygroscopic potassium salts. The chemical com¢2794), representative of an aerosol from biomass burning
position of particles formed in biomass burning is very much (denoted MIXBIO; Svenningsson et al., 2694 Levoglu-
dependent on the material being burnt and the conditions ogosan is a pyrolysis product of cellulose, and has been found
combustion. Hygroscopic growth factors as high as 1.8 (dryin high concentrations (several percent by mass) in biomass
to RH=90%) have been reported for sub-micrometer parti-hyrning aerosols (Simoneit et al., 1999). Succinic acid is a
cles emitted from~1 MW biomass combustion units in Swe- moderately soluble dicarboxylic acid, while fulvic acid is not
den (Pagels et al., 2003). During the recent biomass burning \yell-defined chemical compound, but rather a mixture of
period, hydrophobic particles were also observed in an exseveral organic compounds with a large variability in molec-
ternal mixture. These particles were probably formed duringy|ar weight (Decesari et al., 2000). The hygroscopic behavior
the smoldering phase. The hydrophobic particles were moreyf a1l model compounds and the mixture was determined in
frequent during the occasions with recent biomass burninghe |aboratory using an H-TDMA instrument identical to that
than otherwise. used during the CLAIRE-2001 field experiment (Svennings-
_ _ ~ sonetal., 2004.
During some days, RH was scanned for a fixed particle \yhen estimating the soluble volume fraction from the hy-

size, in order to see if the estimateavas dependent on RH. groscopic growth observed at RH=90%, a model compound
This may be the case when poorly soluble compounds were

present at RH=90%. Alternatively, the non-ideal behavior 1svenningsson, B., Rissler, J., Swietlicki, E., Mircea, M., Bilde
of the model compound may differ from that of the solute y Facchini, C., Zhou, J., Monster, J., and Rosenorn, T.: Hygro-
assumed, manifesting itself in arthat varies slightly with  scopic Growth and Critical Supersaturations for Mixed Aerosol Par-
RH. The RH scans indicated thatlid not increase with RH  ticles of Inorganic Compounds of Atmospheric Relevance, to be
above~80% RH. No deliquescence behavior was observed.submitted to Atmos. Chem. Phys. Discuss., 2004.
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Table 3. Summary of the H-TDMA observations of hygroscopic growth at 90% RH during CLAIRE 2001 for the selected clean period,
period with recent biomass burning and an aged biomass burning plume.

Clean period Dry particle diameter
Growth factor at 90% RH 35nm 50nm 75nm 110nm 165nm 265nm
Total number of observations 72 79 79 77 76 74

Less-hygroscopic particles

frequency of occurrence 100% 100% 100% 100% 100% 100%
growth factor (averages.d.) 1.140.06 1.1A0.05 1.2@:0.04 1.25%0.04 1.280.03 1.330.06
number fraction (when present) 0:80.21 0.8&0.20 0.95-0.12 0.930.13 0.96:0.08 0.86:0.17

Soluble volume fraction (NjHSO,)  0.14+:0.07 0.15:0.05 0.16:0.04 0.2@&:0.04 0.23:0.03 0.20.06

“Hydrophobic” particles

frequency of occurrence 25% 35% 16% 23% 26% 49%
growth factor (averages.d.) 1.020.04 1.0#0.04 1.0#40.04 1.080.05 1.050.06 1.150.07
number fraction (when present) 0#40.21 0.34:0.21 0.280.14 0.28:0.12 0.14-0.06 0.28:0.11

Soluble volume fraction (NgHSO4) 0.03+0.03 0.06£0.03 0.050.03 0.06:0.04 0.04-0.05 0.11#0.05

Recent Biomass burning,

moderate pollution Dry particle diameter
Growth factor at 90% RH 35nm 50nm 75nm 110nm 165nm 265nm
Total number of observations 100 112 117 122 121 119

Less-hygroscopic particles

frequency of occurrence 97% 100% 99% 99% 100% 100%
growth factor (averages.d.) 118 0.04 1.2%#0.03 1.250.02 1.3@0.03 1.330.03 1.36:0.05
number fraction (when present) 0#6.23 0.75:0.24 0.820.17 0.86:0.13 0.880.12 0.83:0.14

Soluble volume fraction (NjHSO,) 0.18+0.05 0.1%0.03 0.22:0.03 0.26:0.03 0.28:0.03 0.3@0.05

“Hydrophobic” particles

frequency of occurrence 74% 69% 68% 65% 58% 76%
growth factor (averages.d.) 1.0%0.04 1.04:0.04 1.0&0.05 1.09:0.05 1.12:0.05 1.12-0.07
number fraction (when present) 080.22 0.340.20 0.280.17 0.230.13 0.19%0.08 0.23:0.12

Soluble volume fraction (NjHSO;) 0.03:0.03  0.04:0.03 0.05:0.04 0.0Z40.04 0.09:0.04 0.08:0.06

Aged Biomass burning,

moderate pollution Dry particle diameter
Growth factor at 90% RH 30nm 50nm 75nm 110nm 165nm 265nm
Total number of observations 56 92 92 95 97 91

Less-hygroscopic particles

frequency of occurrence 57% 99% 100% 100% 100% 100%
growth factor (averages.d.) 1.2%#0.06 1.2#0.02 1.24:0.02 1.290.02 1.3%#0.02 1.35%0.04
number fraction (when present) 0#46.32 0.82:0.20 0.94:0.11 0.9Z0.07 0.96:0.08 0.73:0.21

Soluble volume fraction (NjHSO4) 0.23+0.08  0.2@:0.03  0.2#0.02 0.25:-0.02 0.26:0.02 0.22£0.05

“Hydrophobic” particles

frequency of occurrence 89% 59% 33% 16% 21% 79%
growth factor (averages.d.) 1.020.03 1.03:0.03 1.04:0.04 1.080.06 1.13£0.05 1.1%0.06
number fraction (when present) 080.25 0.320.20 0.190.13 0.16:0.07 0.18:0.07 0.34:0.17

Soluble volume fraction (NjHSO4) 0.02£0.03  0.03:0.02 0.03:0.03 0.06:0.05 0.1@:0.04 0.1H0.05
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Fig. 4. A comparison between the predicted CCN concentration andFig. 5. The average CCN spectra for the three selected periods, as a

the CCN concentration measured with a CCN counter for 0.66%function of supersaturation. Error bars represehts.d. (temporal

supersaturation. variability). The differences in shape of the CCN spectra for the
periods are mainly due to the size distributions (Fig. 3).

(or as in the latter case a mixture of model compounds) was
assumed to be responsible for the condensation of water va:

por. This does nqt mean that the specific model compoun -TDMA data was available. The CCN counter was oper-
is solely responsible for the water uptake from the vapor

phase, while all others are inactive. Instead, the single mode?tlng n p_arallel with the DMP.S and H'TDMA dur_mg the
clean period and the recent biomass burning period. Dur-

compound IS used .to represer_lt all soluble mgleculesllons o|rng this period the CCN counter had a failure between 23
molecules, inorganic or organic, that are available at the su- ) i .
; . A July 21:00-24 July 23:00. In the CCN closure, only the time

persaturation at which activation takes place. 4 : : . C

. eriods during which all three instruments were running in

Organic surfactants have been shown to reduce the surfacy
. s . . .~ . parallel were used.

tension. The sensitivity study also included an investigation” .
of the possible impact on the CCN concentrations of reduc- Figure 4 shows the measured and predicted CCN concen-
ing the surface tension by 15% at the point of activation. Thistrations at 0.66% supersaturation during 23-28 July 2001.
reduction was estimated by Roberts et al. (2002) to be a likelyt is obvious that the actual measurements obtained with

limit for the surface tension change in activating aerosol parthe CCN counter showed larger variability over shorter time
ticles in the Amazon region. periods (~1h) than did the predicted CCN concentrations.

The temporal resolutions of both instruments were similar
(DMPS: 10 min; CCN counter: 6 min). This somewhat dete-
riorates the covariation (Table 4) between predicted and mea-
The calculations of CCN concentration®{cy) derived sured CCN concentrations. One reason for this might be the
from DMPS and H-TDMA data were performed with 10 CCN instrument error due to lack of precision, estimated to
min time resolution, and for up to 19 different supersatura-20% (Nenes et al., 2001a). Another feature seen in Fig. 4
tions in the range.=0.12—1.5%. Both the temporal variation is that CCN concentrations were slightly overpredicted dur-
(Nccen (2)) at a given supersaturation, as well as the continu-ing some periods (e.g. 25 July 15:00-26 July 12:00 UTC),
ous spectra for a specific time period as a function of superwhile underpredicted during others (e.g. 26 July 12:00-28
saturation Nccn (sc)), was derived. July 04:00 UTC), even though the predictions track the over-
Since the aerosol appeared to be externally mixed, thall measured concentrations well within each time period.
CCN calculations were made for each hygroscopic modeThe same behavior is seen for supersaturations of 0.33%
separately. When determining the activation diameigy, and 1.2%. To properly reproduce the CCN measurements at
at a given supersaturation, NHSO4 was used as model salt 0.33%, 0.66% and 1.2% supersaturation for the time period
representing the soluble molecules/ions. The non-ideality oshowing over predictions, the predicted activation diameters
the salt was taken into account at subsaturations, but at sureed to be increased from about 88 to 125nm, from 60 to
persaturation the salt was assumed to behave ideally (this i85 nm, and from 42 to 60 nm respectively. This is outside
discussed and investigated closer in the sensitivity study). Inhe range of uncertainty for the DMPS and H-TDMA mea-
order to minimize a possible loss of information, the original surements alone. The reason for this discrepancy could not
DMPS size distribution data was used directly in the calcu-be determined. At 0.12% supersaturation, the correlation be-
lations instead of the fitted log-normal modal distributions. tween the predicted and measured result is lower than for the

he predictions were made for the time periods for which

5.1 Modeled and measured CCN concentrations
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Table 4. The correlation coefficients and slopes between predicted and measured number of CCN during the selected time periods (CCN
predictions as a function of CCN measured). The comparison during the recent biomass burning period showed two clear trends for the
beginning and the end of the period.

Supersaturation 0.33% 0.66% 1.2%
Correlation Slope Correlation Slope Correlation Slope
coefficient, ? coefficient, ¢ coefficient, ¢
Entire period (23/7-28/7, with some interruptions) 0.69 1.06 0.87 1.05 0.90 0.95
Recent biomass burning (25/7 15:00-28/7 04:00) 0.41 1.09 0.78 1.06 0.84 0.96
Recent biomass burning | (25/7 15:00-26/7 12:00)  0.77 1.45 0.93 1.30 0.95 1.14
Recent biomass burning Il (26/7 12:00-28/7 04:00) 0.63 0.91 0.89 0.93 0.91 0.85
Clean period 0.92 0.99 0.94 0.98 0.97 0.85

higher supersaturations. At this low supersaturation there areounter was 6 min, and 10 min for the model prediction, a
extremely few activated droplets. Due to the small detec-moving average of 12 min was used for the CCN counter in
tion volume in the CCN counter, the number concentrationsthe comparison.

vary in a stepwise fashion. Calculated correlations for this

supersaturation provide no relevant information and are nob.2 Model sensitivity study

included in Table 4. Also, the CCN counter is very sensi-

tive to perturbations at this low supersaturation, and 0.12%?-2.1 External/internal mixture

supersaturation is out of the calibration range. i ) ) i L
The first parameter investigated in the sensitivity study was

For the selected periods the predicted and measured CCle effect of treating the aerosol as internally or externally

concentrations were averaged and plotted as a function ofyixed. This comparison was motivated by the fact that
supersaturation (Fig. 5). The error bars represent the temy, many atmospheric aerosol studies, H-TDMA data is not
poral variation given as one standard deviation. The differ-5\ 5ilaple andy; therefore has to be evaluated from mea-
ent shapes of the CCN spectra for the various periods (cleag,rement techniques that provide no information about the
period shows a flatter curve) were mainly due to the differ- geros50] mixing status. Size-resolved chemical data from

ences in number size distributions. The size distribution foranalysis of cascade impactor samples is typically used for
the clean period was dominated by the accumulation modgy,;g purpose.

while the distributions during the biomass burning periods o the external mixture, the aerosol was divided into the
were dominated by the Aitken mode. Ir.1 Fig. 3, the key pa-yyq hygroscopic groups found with the H-TDMA. The CCN
rameters determining the CCN spectra; the average ”Umb‘?frediction was made separately for each hygroscopic group

size distributions and activation diametg, as a function 504 symmed. When treating the aerosol as internally mixed,
of supersaturation are plotted for the three selected periodspe soluble volume fractions for each hygroscopic group at

as well as for the wet season in 1998. The average critical SUsach dry size were averaged. The resulting difference be-

persaturation of 1998 (in 1998 the aerosol was totally dom~een the two ways of treating the aerosol was investigated
inated by the less-hygroscopic mode, which means that the,, two model salts; NBHSO; and KCI. When applied to

aerosol could be assumed to be internally mixed) coincidedyne time period (for the sensitivity study the recent biomass
with that of the dominating less-hygroscopic mode for the ) ;rming period is used), the predicted CCN concentrations

clean period in 2001. The prediction of the CCN concentra-yyere quite similar whether treating the aerosol as internally
tion for 1998 was made using the same model and compareg, externally mixed, with the external mixture resulting in

to the results of the moderately clean period in 2001. Theslightly (~5%) lower CCN concentrations (Fig. 6).
two background periods were seen to be in good agreement. 1o resulting difference is due to the non-linear re-

Table 4 presents a summary of the time-resolved CCN prelationship between the critical supersaturatignand n;
dictions, providing correlation coefficients and slopes (with (sCZO(l/ni). The greater the difference in soluble volume
zero intercept) between the predicted and measured CCIHffaction between the hygroscopic groups, the larger is the
concentrations for the entire time period, as well as split intodifference between CCN concentrations calculated as inter-
periods with similar air mass and other trends (the recennally or externally mixed aerosol particles. During CLAIRE-
biomass burning period being split into two periods due t02001, the difference in hygroscopic growth, and therepy
different trends in the CCN closure). In general, the esti-between the two hygroscopic groups was small. In addi-
mated CCN concentrations agree very well with the actualtion, the particles were most often dominated by the less-
measured values. Because the time resolution of the CCNygroscopic group, which makes the approximation of an
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internal mixture quite accurate. This is not the case in severa' oo
other types of air masses, such as a fresh urban (hydrophobir
aerosol superimposed on an aged (more-hygroscopic) bacl
ground aerosol (Swietlicki et al., 1999; Cocker et al., 2001).

700

600

5.2.2 Model compound, non-ideality at activation and sur- g w0
face tension g a0 7 7

—— (NH4)HSO4, internal mixture
—=—(NH4)HSO4, external mixture

Figure 6 also shows the sensitivity of the CCN predictions / KGLintermal mixure

200 KCI, external mixture

to the assumption of model compound. Using KCI instead o (2504, ntemal mixure
——15% Surface tension reduction

of NH4HSO, for an external or internal mixture resulted " i CeN counter
in 2-12% lower CCN concentrations for supersaturations e o om  oox  os e e
5.=1.2-0.25%, and about 30% lower fe=0.12%. Using Supersaturation (%)
(NH4)2SOy (made only assuming internally mixed aerosol)
revealed a very similar result as for NHSQ,. Also an Fig. 6. The results of the model predictions for the period with
inorganic-organic mixture MIXBIO was used as a model influence of recent biomass burning using different assumptions of
compound representing the soluble fraction of the particles.the aerosol mixing stz.:ltus and soluble compounds. The predictions
The predicted CCN concentrations were then found to beVere made both treating the two hygroscopic groups separately and
. . . as one using the average soluble volume fraction.

somewhat higher than for the pure inorganic salts. When
performing these sensitivity calculations, water activity data
for each compound was taken from Tang (1997), Tang and
Munkelwitz (1994), and Svenningsson et al. (200#8scrib- ~ (—25%) at the point of activation for 60 nm particles. This
ing the deviation from Raoult’s law for concentrated solu- depression in surface tension for MIXBIO is mostly caused
tions. by the presence of fulvic acid. Again using WSO, as

So far in our investigation, the non-ideality of the solution model compound, this gave an increase in CCN concen-
is taken into account for subsaturations (concentrated solutrations of about 3-14% fos.=1.2-0.25%, and 42% for
tions), but are assumed to act like ideal solutions at activasc=0.12% (see Fig. 6). When doing these calculations, the
tion. This is the approach for most of the CCN studies of Soluble volume fractions were also estimated with the as-
this kind. One exception is Brechtel et al. (2000a), where thesumption of a 15% decrease in surface tension at RH=90%.
effect of the non-ideality of the salt solution at activation was In reality, the surface tension might actually be substan-
investigated_ One way of expressing the non-ideal beha\/iofia”y lower for concentrated solutions such as those found in
of a solution is to introduce the van't Hoff factar,and letit ~ @erosol particles at equilibrium at RH=90% (Facchini et al.,
substitute for the number of soluble ions,in Egs. (3) and  2000), but no measurements have been made for such high
(4). The van't Hoff factor for dilute solutions of both KCI concentrations. On the other hand, the hygroscopic growth at
and (NHy)2SO4 have been published in Low (1969). For di- Subsaturation is not as sensitive to the Kelvin curvature cor-
lute solutions of KCli is approximately 241.9), while for rection term as the critical supersaturation at activation. The
(NH4)>S0O4 (v=3) i is more dependent on solute concentra- € estimated at sub-saturated conditions is therefore also quite
tion. For example, a particle with a dry diameter of 100 nm insensitive to changes in surface tension.
and a soluble volume fraction of 0.2, hasiaof 2.34 at acti- A trend was seen in the CCN predictions based on the
vation. Again making the CCN calculations with an internal various model compounds, showing higher CCN concen-
mixture of (NHy)2SO4 as a model salt, but now using a static trations as the hygroscopicity of the model compound de-
van't Hoff factor of 2.34 at activation, the resulting CCN con- creased. However, the effect of applying different model
centration was practically identical to that using an internalcompounds was not large. Even though the calculated value
mixture of KCI (Fig. 6). In reality the van't Hoff factor varies of the soluble volume fraction is sensitive to the selection of
slightly with concentration. We can see that the prediction inmodel compound, the number of soluble ions/molecules is
this case shows an even smaller dependence on which saibt. As mentioned in Sect. 3, the difference in CCN pre-
assumption the prediction is based on. dictions is only due to the non-ideality of the model com-

In order to simulate the sensitivity to surface-active com-pounds. It is worth noting that, if the soluble volume frac-
pounds, the surface tension at activation was decreased kjons are calculated assuming that Raoult’s law is applicable
15% from that of pure water. This was a limit estimated by for the entire range of solute concentrations, i.e. if the solu-
Roberts et al. (2002) for the surface tension change in activattions are ideal, then all model compounds will predict exactly
ing aerosol particles in the Amazon region. For comparisonthe same CCN concentration. The reason for this is that the
according to the data given in Svenningsson et al. (2004) estimated number of soluble molecules/ions (determining the
the surface tension of MIXBIO is 60NN (—17%) at  growth at 90% RH) would be the same, irrespective of which
the point of activation for a 100 nm particle, and 54 nN'm  model compound is used. The deviations in CCN predictions

300
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1200 with NH4HSO, as model salt. A sizing error larger than

——Predicted

v i +5% is not very likely in calibrated DMPS instruments. It is
1000 1 —4=CON counter —] therefore comforting to see that possible errors induced via
this sizing error are not very large.

When applying the DMA technique to measure particle
volume equivalent diameters (used in CCN predictions), a
shape factor has to be applied. Most often a spherical shape
is assumed (unity shape factor), introducing a possible error
= 1 in both the size distribution as well as in the H-TDMA-data.

A non-spherical shape of the particles would then result in
an overestimation of the measured dry diameters of the par-
0% oz M e o 1o% 2% ticles. The size distribution would be shifted towards larger
diameters, resulting in an overestimation of CCN concentra-
Fig. 7. A CCN model sensitivity study of number size distribution tion, while the measured hygroscopic gr_owth factor would
and measured hygroscopic growth factor. The basis of the sensit-)e undere;tlmated and lead to un_derestlm_atlon of the CCN
tivity study is the calculation using ammonium hydrogen sulfate concgntratlon. The effects are of different S|gn§ and the total
(internally mixed aerosol) as model salt (black curve). The blue "€sulting effect would therefore be small. To give an exam-
curve shows the result of shifting size distribution 5% up or down Ple, & shape factor of 1.09 for 100 nm particles would result
in size. The black error bars represent a shifting number concenin a 5% overestimation of size (compare with Fig. 7), while
tration £10%, and the red curve indicates the resulting error of thea shape factor of 1.07 would result in an underestimation of
uncertainty in measured hygroscopic growth at 90% B48.05 in the growth factor of 0.05 (assuming a growth factor of 1.3 for
diameter growth factor). For the measured CCN concentrations, they 100 nm particle). The shape factor for a cube is 1.08. The

grey error bars indicate the uncertainty in supersaturatidns(d.)  result of these shape factors can be seen in Fig. 7.
as well as in number concentratioh s.d.).
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5.2.4 Hygroscopic growth factor

seenin Fig. 6 is therefore a measure of the non-ideality of thethe uncertainty in the diameter growth factor measured
model compounds at RH=90%, with KCI behaving almost with the H-TDMA also induces errors in the CCN predic-

ideally. tions. The error in the measured diameter growth factor at
RH=90% was estimated from repeated field calibrations with
5.2.3 Particle sizing (NH4)2S0;, salt particles to be a maximum af0.05 dur-

ing field operation. The sensitivity of the predicted CCN

The particle volumes were determined from the DMPS mea-concentrations to this possible error in the estimation of the
surements, while the soluble volume fractions were derivechumber of soluble ions in each particle is also rather small
from H-TDMA data. Accurate particle sizing is there- (Fig. 7), and only slightly larger than th&5% in particle
fore crucial when predicting CCN concentrations using thissizing. For the sensitivity test an internally mixed aerosol us-
model. While any inaccuracy in particle concentrations ining NHsHSO, as a model salt for the recent biomass burning
the DMPS (vertical axis in Fig. 3) is almost directly reflected period was used.
in the number of predicted CCN, the effect of inaccuracies The calculation of the number of solute molecules or ions
in the sizing of the particles (horizontal axis in Fig. 3) is less available at the point of activation hinges on the estimate of
obvious. Errors in DMPS particle concentrations are mostthe soluble volume fraction derived from H-TDMA data at
likely caused by malfunctioning particle counters or an erro-RH=90%. Poorly soluble compounds might not be entirely
neous aerosol flow entering the DMA, while particle-sizing in solution at this RH, even though an aqueous phase is pro-
errors may have several causes. During field operation withjided — in all but a few extreme cases — by the ubiquitous
well-calibrated DMPS instruments, the most likely source of inorganic salts (lmeri et al., 2002). Even though some
particle sizing error is deviations from the nominal calibra- inorganic salts present in the atmospheric aerosol have low
tion values in the sheath air volume flow rate through thesolubility, the problem is more pertinent for the organic frac-
DMA. tion. Compounds that are insoluble in water up to the point

The sensitivity of the CCN predictions to particle sizing of droplet activation cause no problem, since they are in-
errors was examined by shifting the particle diameters of thecorporated in the insoluble component. CCN concentrations
entire size distribution by-5%. Separately, the number con- might however be underpredicted when a significant volume
centrations (dN/dlogp) were varied by+10%. The effects  fraction of the aerosol particles consist of compounds that
of both these errors on the predicted CCN concentration arare not in solution at RH=90%, but dissolve as the solution
shown in Fig. 7. The calculations were made for each of thebecomes more dilute up to the supersaturation at the point
three selected time periods using an internally mixed aerosobf activation. The sensitivity test for H-TDMA diameter
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growth factor measurement errors was also used to simulaté Parameterization of CCN spectra

the effect of compounds that are not completely dissolved at

RH=90%. Assume the case when, if all soluble material isHere, a single, simple formula is presented that enables direct
in solution, the diameter growth would be 1.3 at 90% RH. If calculation ofNccn (sc) even when the chemical characteri-
however 20% of the soluble particle volume is not yet in solu- zation of the aerosol is poor. The only input data required are
tion at this RH, but would go into solution before the point of & description of the average modal number size distribution,
activation, the growth factor is underestimated by 0.05. Theand an estimate of the size-averaged soluble volume fraction
resulting increase in predicted CCN concentrations resultingn €ach of the modes. Finally, a parameterization of the CCN
from this increase in growth factor of 0.05 is the same as thagoncentrations for the various air masses, predicted using the
shown in F|g 7. Succinic acid is an examp|e ofa moderate|ydetai|ed time resolved model described in Sect. 3, is given.
soluble dicarboxylic acid of atmospheric relevance. ParticlesThis parameterization is based on the simple formulas pre-
of the pure compound deliquesce only at arF89% (Peng sented below and fitted to the predicted CCN spectra.

et al., 2001). Nevertheless, succinic acid goes partly into so- The integral of a standardized normal distributié(o, 1),
lution already at much lower RH when mixed with inorganic With zero mean and unit variance, can be described with a cu-
salts that provide the aqueous phase, as seen in the MiXBl@nulative distributiong(x), and approximated by @le and
mixture (Svenningsson et al., 2004 Westergren, 1995):

o) ~ L+ ex(1.59145%0.01095:+0.06651x2))71. (10)

To further test how salt assumptions as well as solubil-The number of CCNNccy, is derived by integration of the
ity might affect the CCN predictions, MIXBIO was assumed number size distribution from particle diametgesoo down
to simulate the water-soluble fraction of a biomass-burningto d=d,:, the smallest dry diameter of a particle that acti-
aerosol. The hygroscopic growth factors were first calcu-vates. Assuming that the particle number size distribution is
lated for MIXBIO based on the water activity data given in adequately described by a lognormal distribution, with total
Svenningsson et al. (2004)Then, these growth factors were particle number concentratiaM,,, in the mode, count me-
treated as any other H-TDMA field data, that is the exactdian diameter (geometric mean diamet@KD, and geomet-
chemical composition of the aerosol particles was considerediic standard deviation,, this integral can be written as
unknow_n. The critical_supersaturation for a 100 nm particIeNCCN = (1= ¢®) - Neors (11)
was estimated from simulated H-TDMA measurements be- o
tween RH=90-95%, using (NHSQy, (NH4)2SOy and KCI wherex is given by
respectively to represent the soluble molecules/ions. Aslight  log(d,.;) — log(C M D)
decrease is seen in the supersaturation needed for activation™ log(cy)
when going from RH=90% to 95%. The critical supersat- . _ L
uration decreased from 0.200 to 0.194% usingsNBOy Assuming that the pa_rt|cle_so_luble volume fractiois inde-
as model compound, from 0.215 to 0.209% for (NSO, pendent of particle size within the particle mode, thgpn
and from 0.243 to 0.234% for KCI. Using NaCl instead as can be gxpressed as (cpmpare Eq. (4), and Eq. 15.34, Page
a model salt, an increase in critical supersaturation was ob?89: Seinfeld and Pandis, 1998)
served. This shows that while the salt assumption and limited ( 4A3M; p, >1/3 ( K )(1/3)

(12)

solubility of the organic compound present in MIXBIO had dgucr = (13)

an effect in this RH range, it was not a large one and the slight

change in supersaturation is certainly within the precision ofFgr ammonium hydrogen sulfate at’?5 kK =1.61:10-27 m3.

most existing CCN counters. This means that the number of particles activating to form
cloud droplets as a function of the water vapor supersatura-
tion, Nccn (s¢), can be predicted using Eq. (11), widh,,

For CCN prediction purposes alone, it would be advanta-taken from Eq. (13). It is important to point out that the same
geous to obtain the hygroscopic properties at an RH as closghemical composition used when estimating the particle sol-
to 100% as possible. In the laboratory, it is quite possibleyple volume fractiore, should be used when calculatitig
to reach stable operating conditions for the H-TDMA even (here ammonium hydrogen sulfate).
as high as RH=98.5% (Svenningsson et al., 220Buring When the observed ambient particle number size distri-
field experiments, however, it is often difficult to obtain good pytion is bi- or multimodal, the total CCN concentration,
quality data at a RH much higher than 90%, at least with theNCCN,mt (se), is simply the sum of the cumulative distribu-
H-TDMA instrument used during CLAIRE-2001. The most tjons for each of thé=1,n modes, each with different modal
crucial factor is temperature control in the second humidifiedparametersgMD;, 0g.is Niotir €)
DMA. Improvements to the existing H-TDMA instruments )

]Enight allow stable field measurements at R#6% in the Nee 1o (se) = ZNCCN i (s0). (14)
uture. ' '

2

2TvM,, pses? £ - 52

i=1
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Table 5. Parameters from fitting the average size distribution spectra of the selected time periods, fitted for sizes down to 29 nm. Also

presented is the root mean square deviation (RMSD) between the CCN spectra resulting from inserting the parameters into Eq. (13) and the
CCN prediction described in the article.

Clean 1998 Clean 2001 Recent biomass burning (2001) Aged biomass burning (2001)

CMD (hm) 67 73 66 67
og 1.4 1.4 131 1.27
g 0.14 0.155 0.19 0.19
N (cm™3) 234 194 266 274
CMD (nm) 149 154 144 138
og 1.4 1.4 1.44 1.42
& 0.2 0.23 0.26 0.25
N (cm_3) 164 151 554 747
RMSD 4.4 11.6 22.3 16.6
1200 (Eq. 14) and the more detailed model described in Sect. 3 (ex-
e ssoson U ternal mixture, NHHSQy). In the detailed model (Sect. 3)
00 the CCN spectra were calculated with a time resolution of
Recert bonass buring 10 min using a size dependentwhile for the simpler model
> the average size distribution anavas taken, as well as a size
5 averaged value of for each mode of the size distribution. It
g should be noted that both the models assume static conditions
400 of s¢, in the sense that they ignore any dynamic interaction
o between growing droplets and their mutual competition for
o the available water vapor.
o — — — — — — - . The simplified bimodal model nevertheless predicts the

Supersaturation (%) CCN concentrations well, and has the advantage of being
easy to implement. The parameters used in equations 10
Fig. 8. A comparison using the detailed time resolved model 10 13 are all derived from first principles, and have physical
(aerosol external mixture, ammonium hydrogen sulfate) and ameaning. However, average number size distributionssand
model using only a fitting of the average size distribution and anmight be difficult to estimate and use in air masses with high
averages estimated from the H-TDMA measurements. temporal variability.

In order to describe the time-average of the detailed model

in a succinct form (described in Sect. 3), the predicted
The modal parameters used in equation 14 are presented iNCCN, ro1(s¢) spectrum was fitted to the unimodal form of
Table 5, and are derived from bimodal fits of the size dis- Eq. (11). The unimodal parameteBNID, oy, N/, £) Were
tributions @>29 nm only) when averaged over each of the gjlowed to vary freely in order to minimize the residual sum-
defined time periods (shown in Fig. 3). They therefore dif- of.squares between the time-average of the detailed model
fer slightly from the modal parameters given in Table 2, and the unimodal description. The modeled and fitted curves
which are averages of the parameters of the log-normal fitgre shown in Fig. 9 and the fitted parameters are given in Ta-
of each measured (10-min) size distribution. The nucleatiomje 6. This parameterization can be used to estimate CCN
mode was excluded from the bimodal description in Table 5,concentrations for air masses similar to those classified in
as it is not important for determining CCN concentrations. this work. When no other data on particle size distribution
The modal soluble volume fractions given in Table 5 are and chemical composition are available apart from the num-
concentration-weighted time averages of the H-TDMA es-per concentration (30—1000 nm), the latter should be used to
timates ofe for the dry sizes in the Aitken (35, 50 and rep|aceNt0[, whilst keeping the other paramete@\dD, Og,
75nm) and the accumulation modes respectively (110, 163) as given in Table 6. Alternatively, it might also be possible
and 265nm), again averaged over each of the defined timgy derive n,,, from modeled concentration fields of, for ex-

periods. ample, PM1 (aerosol particle mass for particles smaller than
Figure 8 shows a comparison betwe®acy ;0: (sc) cal- 1um in diameter), assuming the same size distribution as for
culated using the non-time resolved bimodal descriptionthe air masses given here.
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Table 6. The resulting parameters from fitting one cumulative distribui§gR), to the predicted CCN spectra.

Clean 1998 Clean 2001 Recent biomass burning Aged biomass burning

CMD (nm) 85 95 102 117
g 2.3 2.0 2.0 1.8

€ 0.11 0.17 0.29 0.22

N (cm3) 488 352 843 1024
RMSD (cni3) 7.0 2.2 6.1 9.3

In conclusion, in this section a simpler time-average model ..

is presented that is able to predict the CCN spectra. The et pged bomass buring

model only requires as input a modal description of the dry

particle number size distribution, and an estimate of the aver-

age water-soluble volume fractios) (of the particles in each

of the modes. When an H-TDMA instrument is not available

for estimatinge, then size-resolved chemical information on

soluble species has to be used, in combination with the to-

tal, often gravimetric, size-resolved particle mass, or alterna-

tively published values of typical of certain air masses and ~ *°

geographical regions.

A parameterization of the CCN spectru¥zcy (s.), pre- G om  om o o 10% 12% 4% 6%

dicted using time resolved model is also given (Table 6). Supersaturation (1)

The resulting parameterization could be used for example in_, o _ _

global climate models (Nenes and Seinfeld, 2003), in adi_Flg. 9. A par.ametenz.atlon of the predlcte.d C(;N concentrations

abatic cloud parcel models (Khain et al., 2001) or simply calculated using the time regolved mod_el, in this case based on an
) _externally mixed aerosol, with ammonium hydrogen sulfate as a

when comparing data from other measurements. Also, for diy,,,qel salt.

rect estimates of CCN concentrations in the Amazon region

(or other similar regions) during influence of the air mass

types described here, the simplified unimodal parameterizaaround 1.29 for 100 nm particles. The nearly hydrophobic

tions might be used, inserting the actual or assuiigd group had an average of 1.06. Both groups showed a slight

increase in hygroscopic growth as a function of dry size.

Particle number size distribution and the size-resolved
hygroscopic properties are the two most important aerosol

Submicrometer particle physical properties (i.e. the numbeiPhysical parameters determinimgccy. In essence, the
size distribution and hygroscopic properties) were measure§ombination of these two properties yields the number of
in the Amazon basin during the wet-to-dry transition pe- ions (or molecules dissolved in water) available for water
riod. From these measurements, CCN concentrations werdPtake as a function of dry particle size. Here we used
predicted and compared to those measured directly. Threfe measured physical properties to predict CCN concentra-
time periods were selected for analysis, representative ofions and compare to those measured by a thermal-gradient
clean background conditions, recent and aged biomass burfzCN-counter. Predicted and measured CCN concentrations
ing, impacting an area with only few other particle sources.Showed good agreement. The non-ideal behavior of the so-
The number size distribution in the diameter interval 30-Iute is partly considered, applying the non-ideal behavior of
850 nm exhibited average number concentrations of 360 model salt.

860 and 1070cm for the different time periods, respec-  The advantages of using the hygroscopic growth at subsat-
tively. Taking the smallest and shortest-lived particles (3—uration to estimate the critical supersaturation in CCN mod-
30nm) also into account, average concentrations were inels are: (i) it provides high time resolution (less than 1 h); (ii)
stead 640, 1230 and 1350¢ch) respectively. The hygro- it reveals the mixing status of the particles; (iii) all molecules
scopic diameter growth factor was measured with an H-in solution at 90% RH are taken into account, even the or-
TDMA. The hygroscopic growth often showed a bimodal ganic fraction. Also, the effect of the particles having a non-
structure, with one hygroscopic group clearly dominating spherical shape is diminished by the fact that both the DMPS
the spectrum. The dominating group had a relatively stableand H-TDMA use DMA techniques to measure particle di-
growth over time, with an average diameter growth factorameter.

Recent biomass burning
800

CCN (cm™)
3
g

Clean 1998

Clean 2001

7 Discussion and Conclusions
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