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Abstract. Classical nucleation theory is unable to explain and absorption (Schwartz, 1996) and can indirectly affect
the ubiquity of nucleation events observed in the atmosphereclimate by acting as cloud condensation nuclei and, there-
This shows a need for an empirical determination of the nu-fore, altering cloud radiative properties and cloud lifetime
cleation rate. Here we present a novel inverse modelingLohmann and Feichter, 2005).

procedure to determine particle nucleation and growth rates Nucleation can occur in almost any environment, subject
based on consecutive measurements of the aerosol size digy a favourable set of conditions. These conditions include
tribution. The particle growth rate is determined by regres-a strong source of condensable vapour, high UV radiation
sion analysis of the measured change in the aerosol size disntensity, low aerosol surface area, high relative humidity,
tribution over time, taking into account the effects of pro- |ow temperature, and atmospheric mixing processes. It is
cesses such as coagulation, deposition and/or dilution. Thigoteworthy that of these locations, only nucleation in the free
allows the growth rate to be determined with a higher time-troposphere and in the vicinity of clouds seems to agree with
resolution than can be deduced from inspecting contour plotgredictions based on classical nucleation theory (Clarke et
("banana-plots”). Knowing the growth rate as a function of al., 1999).

time enables the evaluation of the time of nucleation of mea- |t has been suggested that the diameter of the critical clus-

sured particles of a certain size. The nucleation rate is thefer, the smallest particle size for which the rate of condensa-
obtained by integrating the particle losses from time of meaxjon is larger than the rate of evaporation, is thought to be
surement to time of nucleation. The regression analysis cagn the order of 1nm (Weber et al., 1997; Kulmala et al.,
also be used to determine or verify the optimum value of2000). This cluster of a few molecules can hardly be de-
other parameters of interest, such as the wall loss or coagscribed as being in the liquid phase, nor is it a gas. Even the
ulation rate constants. As an example, the method is appliegise of the term “diameter” for this agglomerate of molecules
to smog chamber measurements. This program offers a pows questionable (Preining, 1998). The classical nucleation
erful interpretive tool to study empirical aerosol population theory, however, uses bulk liquid properties to describe the
dynamics in general, and nucleation and growth in particu-critical cluster and calculate the nucleation rate. Not surpris-
lar. ingly, there are large discrepancies between measurements
(both laboratory and atmospheric) and classical nucleation
theory; the discrepancy often amounts to several orders of
1 Introduction magnitude (Wyslouzil et al., 1991; Weber etal., 1995, 1997,
1998; Andronache et al., 1997). Different parameterizations

From the many observations of new particle formation at dif- Of nucleation rates give orders of magnitude different results
ferent locations over the globe, it is now recognized that par{Kulmala and Laaksonen, 1990). Good agreement of theo-
ticle nucleation occurs widely in the troposphere (Kulmala et"€tical nucleation rates with laboratory experiments has been
al., 2004). Small particles have adverse health effects (Obefresented (Viisanen et al., 1997), but the sulfuric acid con-
dorster, 2001). When these particles grow to larger sizes the§entrations used were much higher than is typical for the at-

can directly affect climate by contributing to light scattering M0Sphere. Since the nucleation rate is extremely sensitive to
the sulfuric acid concentration (Easter and Peters, 1994), ex-

Correspondence tavl. Mozurkewich trapolation to atmospheric values is highly uncertain. These
(mozurkew@yorku.ca) discrepancies illustrate a need to empirically determine the
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nucleation rate from measurements, independent of theory. tions. Knowing the growth rate as a function of time enables
In a spatially and temporally homogeneous situation thean estimate of the time of formation of measured particles.
average growth rate can be deduced from the time delay integrating the losses that have occurred between time of
between the increase in precursor concentration and ultraformation and time of measurement, the number density of
fine particle number (Weber et al., 1997). If the location of nucleated particles can be determined. Knowing the concen-
the precursor source is known and constant in time, the intration of nucleated particles and the time interval in which
ferred transport time to the measurement site can be usethey formed gives the nucleation rate. This is different from
to infer the growth rate (Weber et al., 1998; O’'Dowd et other methods that are based on fitting the nucleation rate us-
al., 1999), although dilution and coagulation would have in-ing an aerosol dynamics model (Lehtinen et al., 2004; Sandu
fluenced the size distribution during the time between nu-et al., 2005) or on correcting the appearance rate for coagu-
cleation and measurement. These ways of determining thétion (O’Dowd et al., 1999; Kulmala et al., 2001; Kerminen
growth rate are limited by the special conditions they require,and Kulmala, 2002).
and they provide an estimate of the growth rate averaged over The program, called PARGAN (particle growth and nu-
relatively long time scales. cleation), is written using IGOR Pro software (Wavemeterics
Usually the growth rate is estimated from the evolution of Inc.) and will be described in detail below. Its application
the maximum particle number in the size distributions underto measurements made in the Calspan environmental cham-
homogeneous conditions by fitting the trajectory of highestber will be discussed. This method can serve as a powerful
particle concentration in a contour-plot of diameter versustool to improve our understanding of nucleation by provid-
time (Makek et al., 1997; Kulmala et al., 1998b, 2001). By ing data on nucleation in the atmosphere that do not depend
doing this, only the maximum in the particle size distribu- on classical nucleation theory. These data could in turn be
tion is used, and, as is the case for the methods discussagsed to develop empirically based parameterizations to the
above, the estimated growth rate is averaged over relativelywucleation rate, for use in simulation modeling.
long time scales, thereby masking variations in the growth
rate.
McMurry and Wilson (1982) determined the growth rate 2 Theory
by solving the growth term in the cumulative form of the
General Dynamic Equation (see Sect. 2.1). This same prin
ciple was used by Verheggen and Mozurkewich (2002), whao

first corrected the measured size distributions for coagulatiorﬂ_J TiinGsfn;rgla2¥2:$'§iziqgg?ﬁgugggfg gri?ecn?%se t:]aetee\(;?-

and dilution before determining the growth rate by linear in- hanae in cumulativ icl ncentration. defined as th
terpolation in a plot of consecutive cumulative size distripy- €"aN9€ In cumuiative particie concentration, detined as the
concentration of particles larger than a certain size, is used

tions. . N . T

Since the current commercially available measuremenf*> the qua_ntlty being fit. This greatly S|mpI|f|§s t_he growth
techniques can only detect particles larger than 3nm diam!e'M: and it tends to dampen the effect of noise in the data.
eter, the nucleation rate is not directly measurable. Instea '!'he cumulative form of the GDE is given by
many studies have reported the appearance rate of particles roo

above a certain threshold diameter, dictated by the mini-0Ne(e) _ / (a”(r))dr — —/(kL(r)n(r))dr—I—g(rc)n(rc)—l—

2.1 General Dynamic Equation

mum detectable size of the instrumentation used (Weber et 9¢ ot
al., 1995; O’'Dowd et al., 1998). Often, the appearance rate .

is deduced from the increase in total particle concentration i r\2
larger than 3 nm diameter (O’Dowd et al., 1998). Attempts / / ke (r1, ra)n(r)n(rz) <E> dry |dr—

have been made to relate this appearance rate to the actual r. \r

re

nucleation rate by estimating the amount of particle losses roo roo
since the time of nucleation due to coagulation and deposi- 2/ n(r) / (ke (r, rOn(r1)) dry | dr (1)
tion (O'Dowd et al., 1999; Kulmala et al., 2001). J e

In this paper a novel method is described to accurately de-
termine the empirical particle nucleation and growth rates.whererg andr, are the minimum and maximum detectable
The particle growth rate is determined via a non-linear re-radii, respectively. The size distribution function is given
gression analysis of the General Dynamic Equation (GDE)by n(r)=dN (r)/dr, whereN (r) is the number of particles
(Friedlander, 2000) to fit the measured change of the aerosalf radiusr per unit volume; N.(r.) denotes the cumula-
size distribution in time. This way, the growth rate is de- tive number concentration of particles larger than Equa-
termined using a range of size intervals rather than a totion (1) is obtained by integrating the regular form of the
tal number or only the maximum of the distribution, as is GDE. For clarity of presentation, the time indexes have been
implicitly done when fitting the evolution of the maximum omitted here, though it should be kept in mind that the size
number density in a contour-plot of consecutive size distribu-distribution function, and the particle radius growth rate,
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g, are a function of both radius, and time,z. The first  whereMy is the molecular weight of the condensing vapour,
term on the right hand side of Eq. (1) describes the effect off X] and [X]satare its actual and saturation concentration, re-
first order losses (e.g. deposition and dilution), whigré-) spectively,o is the particle densityy 4 is Avogadro’s number
is the size dependent first order rate constant. The secona@ndw is the mass fraction in the particle of the condensing
term describes the effect of growth by condensation of lowspecies.
vapour pressure species. The third and fourth terms describe As illustrated by Eq. (5), the net rate of condensation is
the effect of particles being produced by coagulation of twoproportional to the excess concentration of the condensing
smaller particles (of radit; andro, where ¢1)3+(r2)3=r3)  species above saturation. During periods of vigorous growth,
and particles being lost by coagulation with another particlethe saturation concentration can be assumed negligible com-
(of radiusry), respectively. The second order rate constantpared to the actual concentration. The time dependence of
for coagulation of particles of radiug with those of radius  the growth rate is due to the change in vapour concentra-
r2 is given bykc(r1, r2). These processes will be discussed tion, while the size dependence is due to the size dependence
in more detail below. of the uptake coefficienty (r). This size dependence dis-
Direct emissions also influence the ambient size distribu-appears for particles with radii much smaller than the mean
tion, which could be represented by a zero order source ternfree path,iyap, Which is typically about 130 nm at one bar.
in the GDE, as it is usually independentmf). This has  When [X]>>[X]sas then the Kelvin effect does not exert a
been omitted from Eq. (1). Nucleation is not explicitly in- significant size dependence on the net growth rate.
cluded in Eq. (1), since with the currently available instru-  condensation is a growth process for the particle and a loss
mentation, the minimum detectable size will be Iarger thanprocess for the gas_phase Condensing Species_ The pseudo_

the size of a critical cluster. However, its effectio®) isim-  first order loss rate of the vapour due to condensation (also
plicitly included in the condensational growth term and the cajled “condensation sink”) is given by

boundary condition aktp, which describe how the recently
nucleated particles grow into the measured size range. Foo
keond(?) = / V(V)TU’ZU”(V, tdr (6)

ro

2.2 Condensation

The condensational growth ratgy, r), can be written as .
2.3 First order loss processes

g(r, 1) = go()y (r) 2)

Any first order loss process that reduces the particle concen-
wherego(?) is the radius growth rate in the gas kinetic limit, tration (e.g. deposition, dilution) can be included in the defi-
assuming a mass accommodation coefficient of unity. Itsnition of k; (r); thus, its definition depends on the processes
time dependence is due to the change in concentration of thghat it describes. For smog chamber measurements, wall loss
condensing speciesy (r) is an effective uptake coefficient s the main first order loss process; this depends only on par-
(i.e. the inverse resistance; Molina et al., 1996) given by aicle size, if the mixing is assumed constant in time. Two
rearrangement of the equation of Fuchs and Sutugin (1970)irst order processes relevant for smog chamber studies are

1 1 3 0.47 discussed here: wall loss by diffusional deposition and wall
s .alr . . . .

=4 —— 3) loss by gravitational settling. For small particles, wall loss by

v o Ahvap 7+ Avap diffusion is most important, while for larger particles, loss by

whereq is the mass accommodation coefficient for the con-9ravitational settling is larger.

densing species aridqp is the gas phase mean free path of A number of chamber studie_s (Crump and Seinfeld, 1981,
the condensing vapoukyap is only weakly dependent on the McMurry and Rader, 1985; Bienenstock, 2000; Hoppel et
nature of the condensing species, and, for use in Eq. (3), i§l-, 2001) have reported a first order rate constedit(r),

by definition for diffusional wall loss that is proportional to the square root
of the Brownian diffusion coefficientD g (r). Thus,kgif ()
AZ 3Dvap () isgivenby
P Uvap
where Dy,p is the gas phase diffusion coefficient angp is kditt () = Caift v/ Dp (r) @)

the mean molecular speed of the condensing vapour. hereCr | tionalit tant (in cm s~/ and
The radius growth rate can be related to the concentratio "¢'€Cdiff 1S & proportionality constan _(|n cm s ) an
Dp(r) is the Brownian diffusion coefficient of a particle of

of the condensing species in terms of the uptake coefficient,” > ) . .
gsp P radiusr. The value of the proportionality constadlys;, is

y (), via dependent on the dimensions of and the amount of turbu-
dr y(r)vvapMw ((X] — [X]sad lence in the chamber, and its value can only be determined
g(r, 1) = i 4pwN () empirically.
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The first order rate constant for wall loss by gravitational To apply the GDE to discrete size distribution data, the

settling,kgrav(r), is given by differentials of Eq. (1) are approximated by finite differences,
¢ both in terms of the time interval between two measurements,

kgrav(r) = Mparr) B(r)G = F, (8) and t'he size difference between twq nelghbour|qg size bins.
14 The integrals are evaluated as straight summations. In the

following, r andr. stand for the radius at the logarithmic

ticle of radiusr, G is the acceleration by gravity/V is centre of a size bin, andr is the size bin width. All contri-
the surface to volume ratio of the chamber, @nds the di-  PUtions toAN.(r.)/Ar and ton(r) are evaluated at the bin

mensionless ratio of projected horizontal surface area to totafentre, and are assumgd tobe constapt over the size bin. Each
surface area in the chamber. SMPS scan takes a finite amount of time. The measurement
For atmospheric measurements.V is the inverse of the time for a scan is taken to be the time at which the SMPS

height of the planetary boundary layer, afidis unity. The detehcted the maxlim_um in ther?umber d]fn,Sity' i
effect of dilution can be included by using a suitable tracer '€ tWo coagulation terms have one fitting parameter; this
(Verheggen and Mozurkewich, 2002) multiplies the production and loss terms by a single value,

and thus always conserves volume. Though the size depen-
dence of coagulation rate constants is considered, it is not
varied by the regression analysis. Both coagulation loss and

The second order coagulation rate constaisry, ), are  Production are includgd in .the regression analysis. These
calculated according to Sceats (1989). Enhancement factoffocesses are often either ignored or treated only as a loss
due to van der Waals forces are included, using a HamakeProcess for particle number. However, their effect is often
constant of 6.41072° J, as determined from coagulation Significant, even when the size distributions are narrow and
rates measured for$0, (72% by mass) particles between Mono-modal. Coagulation with particles smaller than the
49 and 127 nm diameter by Chan and Mozurkewich (2001)Minimum detectable radius is not included in the determi-
Since these rate constants are defined so as to be consistdt@tion of the growth rate, because their concentration is not
with chemical kinetics conventions for reactions betweenknown. This may lead to an overestimation of the condensa-

identical particles, there is a factor of two in the coagulation tional growth rate if coagulation with those undetected par-
loss rather than a factor (%fin the production term. ticles contributes to the overall growth of the measured par-

When only scavenging by larger particles is considered,tides- For thg application to smog champer data, the fir_st
coagulation acts as a loss term and can be treated as pseuffler losses include wall losses by diffusion and by gravi-

first order. Then the pseudo-first order coagulation rate confational settling; each is proportional to a single parameter
stantkc ;(r1, 1), is given by (Cdit and density). For the condensation terga(r) (see

Eq. 2) is the default fitting parameter. Other parameters, such
oo asa or Dyap, could also be fit, but this is only useful if the
ke (r1,t) = / kc(r1, r2)n(ra, t)dry 9) particle size range is wide enough for there to be a significant
A diffusion limitation to the uptake coefficient. We can assume
thatg (ro0)n(r0)=0, provided that the concentrationrgt is
very small compared to the concentration at the distribution
3 Obtaining growth rates maximum.
In Eg. (1), the change in particle nhumber over an in-
Normally, the GDE would be used to calculate the evolutionfinitesimal time interval 9 N.(r.)/dt, is expressed in terms
of particle size distributions using input parameters such a®f n(r, t), the size distribution at time However, in the fi-
growth rate and coagulation rate constants. Here we used thaite difference approximation, the left hand side of Eq. (1)
measured change in the cumulative size distribution over éecomes the rate of change in particle number from time
finite time interval, AN.(r.)/At, as an input variable, and to timez,. Thenn(r, t) is no longer precisely defined; it has
use non-linear regression analysis to determine one or mort be approximated as an average 6f 1) andn(r, t2). The
parameters, such as the growth rate. Thus, this is a form ofnost common way of averaging amounts to taking the av-
inverse modeling. erage value ofi(r, t1) andn(r, t2) at constant radius, (e.g.
Specifically, in this work we focus on determining the gas McMurry and Wilson, 1982):
kinetic growth ratego(¢), by fitting AN (r.)/ At as a func-
tion of particle size. By applying this procedure to a seriesn(r, 1) ~ n(r, f) + nr, 12)
of consecutive time intervals, the growth rate as a function 2
of time is obtained. Effects of other processes, such as deSince the number density is a function of both time and ra-
position or wall loss, dilution, and coagulation can also bedius, Eqg. (10) represents an approximation to, and not the
investigated by modifying their assumed values or by fitting definition of,n(r, ). For example, consider a narrow distri-
some of them as part of the regression analysis. bution that grows so rapidly that the change in size between

wherempar(r) is the mass an@(r) is the mobility of a par-

2.4 Coagulation

(10)
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3_.3
two successive measurements is greater than the width of th " —Tow

) ) X =" if Fow < Fe < rhi 12b
distribution. Then Eq. (10) gives a bimodal distribution with ”¢ Fogh = Tow low = Te = Thigh (12b)
peaks near the initial and final modal sizes. But the correct )
average, which satisfies the GDE, is a mono-modal distribu-fe =1 if re > rnigh (12c)

tion with a peak between the initial and final modal sizes and  p_icles are not allowed to be formed outside the mea-

spread over the full range of initial and final sizes. sured size range; this requires that the size distribution ex-

From sensitivity studies with synthetic data, we concludee s el beyond the size range for which concentrations
that when the radius growth over a single time interval is less, ¢ gignificant. This contributes to internal consistency and
than (3<o) nm (equivalent to a growth rate of 54nmh  xo 3 seful quality control check, in that the total coagula-
for a relative geometric standard deviationcot1.5 and @ ion joss should equal twice the total coagulation production.

5 min scan time), the error in the growth rat_e is less than 5%_'A full description of the numerical details is provided by Ver-
Therefore the approximate average as defined by Eqg. (10) 'ﬁeggen (2004).

used in the regression analysis.

S L ) 3.2 Weighted fitting of the GDE to the measured data
3.1 Finite difference approximation of the coagulation term

o ) ) To decrease the effects of noise in the data, more accurate
The contribution of coagulation loss WNc/At is deter-  aaqrements carry more weight in the regression analysis
mined by numerically evaluating the integrals in Eq. (1). The o, jess accurate measurements. Via an iterative procedure,
coagulation production term is less straightforward, because,. sum of the weighted squared differencg)(between
of the Jacobian factor (r2) (Williams and Loyalka, 1991).  fittaq and measured value afN, /At is minimized for all
This factor accounts for the fact that the radius of the pro-meagred size bins simultaneously, so the resulting value of
duced particle is not the sum of the radii of the two coagulat-y, o growth rate (and/or other fitting parameters) is the opti-

ing particles. It is difficult to evaluate numerically because ,,m value taking into account all size bins (or a specified
the discreteness of the size bins makes it impossible for algub-range of bins)x 2 is defined as:

the initial and final radii to correspond to bin centres. This

difficulty can be avoided by recognizing the physical basis _, <3 [ ¥fit(re) — ymeadre) 2
of the Jacobian factor: It describes the way that the particles ~ rZ < Omeadre) )
produced by coagulation are spread out over the distribution. ° ) ) )
In a numerical calculation it is more natural to simply con- Where yi(rc) is the fitted value,ymeadr.) is the mea-
sider all possible pairs of bins and to distribute, for each pairSured value, antmeadr.) is the standard deviation of
the coagulation products between bins in a manner that con® Ne(rc)/At. PARGAN uses the non-linear least-squares
serves both number and mass. This distribution between binBrocedure in Igor Pro to search for the parameter values
is equivalent, for a discrete distribution, to applying the Ja-that minimizex?. Igor Pro uses an implementation of the

(13)

cobian factor. Levenberg-Marquardt algorithm, as described by Press et
In our procedure, we choose the sizegndr; of the two al. (2002). If the values of the standard deviations are good
coagulating particles to be at bin centres, nameandr;, estimates of the actual errors, thef is of the same order

respectively, to distinguish them from usage in the continu-Of magnitude as the number of degrees of freedom; larger
ous version of the GDE (Eq. 1). The produced particles ofvalues ofx2 indicate that additional sources of error were
radiusr=((r;)3+(r;)3)/® are divided over two neighbouring Present.

size bins using a procedure that is similar to those used in We estimater (r.) by:

forward modeling exercises (Toon et al., 1988; Jacobson e, ) _

al., 1994). A fraction,f;, of these particles is assigned to f

i=biny 2
the size bin with centre radiugigh>r, and a fraction (% f) 2 {an (anmmm)+<none(n>n(n.n>>+<none<r,->n<r,-,rz>>+(Qn(r,.r1>>2+<Qn<n.rz>>2)}}
is assigned to the bin with centre radiyg,<r. The centre 21
radius of the smallest size bin to be included in the cumu- (14)

lative number concentration is denoted Ry Then, in the
discrete form of Eq. (1), the rate of change of the cumulative
distribution due to the coagulation production term become

wherenmin(r;) is the concentration]N (r;) /dr;, at size bin
corresponding to the minimum incremental number of parti-
Scle countsnone(r;) is the concentration corresponding to one
ANu(ro)  i=binss (j—binoo ) measured count in size binand Q is an empirical, size in-

Z (felres iy pke(risrpn(rn(rj) Ari Arj) dependent, dimensionless constant, discussed in the follow-
J=bino ing. Herer; andr, are the times at the beginning and end of
(11) the time intervalAz. The summation in Eq. (14) is required
since this is the standard deviation of a cumulative concen-
tration for all size bins larger than the one centred around
fe=0 if re<row (12a) Te.

At i=bing

where
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The first term in Eq. (14) describes the variance due tofrom the chamber through a diffusion dryer. A complete scan
measuring only the minimum increment of counts. Depend-was measured every 288s. The measured size distributions
ing on how the counts are measured, this increment may b&vere corrected for particle losses in the sample lines and for
greater than unity; for the Calspan measurements, this minreduced CPC counting efficiency at small particle sizes prior
imum increment was 14 counts. This term only contributesto data analysis.
significantly too (r.) when the number of counts in the size
bin is small. It accounts for the fact that a measurement of4.2 Determination of the wall loss and coagulation rates
zero counts is not infinitely accurate and prevents the weight
from becoming infinity when zero counts are recorded. TheThe growth and nucleation rates determined by PARGAN de-
factor of 2 accounts for the fact that this term, as the otherspend on the values used for the wall loss and coagulation
is included for the measurements at both ends of the timgate constants. Those constants can be determined by apply-
interval. ing PARGAN to experimental data obtained under conditions

The next two terms describe the usual varianceUnderwhich no particle growth was occurring.
due to counting statistics, for each measurement time, Although coagulation rate constants may be calculated
o (r;)=n(r;)/+/counts. The last two terms in Eq. (14) de- theoretically, there is considerable uncertainty in the results.
scribe the variance due to uncertainty in flow rates or otherTo account for this, we introduce a dimensionless parame-
sources of error that are directly proportional to the concen-er, the coagulation multiplieCcoag by which the theoreti-
tration. The value of the constar@, was determined empir- ~ cal coagulation rate constants are multiplied in order to agree
ically. At high concentrations, variations in concentration areWith the measurements. PARGAN enables the determination
typically 1% to 2%; this is much larger than expected from Of both Ccoagand the proportionality factor for the wall loss
counting statistics. For the Calspan experime@tsyas cho-  (Cdift in Eqg. 7) by means of regression analysis. The rate of
sen to be 0.01, based on obtaining the correct order of magchange of total particle volume and number can also be used
nitude for the value of 2. The error bars that we report for t0 determine these values; the two methods give consistent
fitting parameters are based on the scatter around the fit. ~ results.

Both Ccoag and Cyirf are determined from an experiment
conducted on 16 November 1998. The oxidation of gas phase
4 Application to smog chamber measurements: wall SO induced particle nucleation and growth in the absence
loss, coagulation, and growth rate of pre-existing aerosol. The size distribution was allowed
to evolve in the dark, during which time coagulation was the
The measurements were conducted in Calspan’s S9&m  dominant process occurring. The air in the chamber was then
vironmental chamber during October and November 1998girculated through a filter to produce a substantial reduction
Details of the chamber and its instrumentation, along within number concentration to around %.80% cm~3; after this,
results from selected case studies on the ozonolysig-of both wall loss and coagulation were expected to be impor-
pinene are given by Hoppel et al. (2001). To illustrate thetant. This last segment of the experiment was used in the
use of PARGAN, we apply it to an experiment in which SO analysis described in the following.
oxidation resulted in particle nucleation and growth. First, the rate of change in particle volume and number
are used to provide an estimate of the wall loss and coag-
4.1 Chamber characteristics and experimental methods ulation rates. In the absence of condensation, the decrease
of particle volume is caused solely by wall losses, since co-
The Calspan chamber has a total volume of 580with a  agulation does not alter the total volume. To filter out the
diameter and height of both 9.1 m. This provides a surfaceeffect of random counts in the larger size bins, only contribu-
to volume ratioS/V of 0.67nT! and a relative projected tions from particles below 50 nm are included in determining
horizontal surface are&; of 0.167. It has a large mixing the measured particle volume. This includes the entire dis-
fan and the interior is teflon coated. A filtration system low- tribution, which had number and volume maxima at 14 and
ers measured gas phase and aerosol concentrations to beld¥ nm radius, respectively. Since these are ultrafine particles,
detectable levels by overnight filtration. Prior to each exper-gravitational settling can safely be ignored. Figure 1 shows
iment, the chamber was filtered overnight, then sealed whilehe measured particle volume and number as a function of
background particle and gas phase concentrations were motime. Fitting Eq. (7), integrated over the distribution, to the
itored for one hour. Air removed from the chamber for sam- observed decrease in particle volume over the time interval
pling was replaced through activated charcoal and absolutérom 14:30 to 15:15 yield€qix=3.6x10 3 cm1s1/2,
particle filters. The decrease in particle number is caused by both wall

The aerosol size distribution from 4.4 to 404 nm radius loss and coagulation. By assuming that there is no conden-
was measured using a NRL DMA and MetOne 1100 CNCsation growth, that the wall loss is given by Eq. (7) with
in scanning mode. The filtered and re-circulated sheath aiCgi#=3.6x103cm~1s71/2, and that the coagulation rate
of the DMA was dried and the aerosol sample was removeconstants are as calculated except for a common unknown
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multiplier (Ccoag), the GDE can be numerically integrated 0.130 — — 14x10
with respect to size. This yields an equation that depends
on Ccoag and provides the change in number concentration
over any given time interval. Fitting this to the observed de- «—
crease in particle concentration from 14:30 to 15:15 yields .& ¢.125 |- * & v
Ccoag-1.6. =3 3 v

v Volume
o VY ® Number

13

. . . 12
Using these estimates ofgir and Ccoag as inputs

in PARGAN gives a best fit average growth rate of
—0.02+0.32nmh!, as expected since no condensation
should have occurred during this segment of the experiment.
Regression analysis using PARGAN can also be used to de-
termine these parameters; however, it proved to be impos- 115 P I T ST T 10
sible to simultaneously fit both of these parameters and the 14:30 14:45 15:00 15:15
growth rate. When the condensational growth rate was set
to zero, the best fit yieldedqir=3.7x103cm 1s /2 and
Ccoag=1.5. These values are in excellent agreement with therig. 1. Observed change in total particle volume and number during
results from inspecting the rate of change in particle volumedark part of experiment, after filtering of the chamber. Due to the
and number, discussed above. absence of condensation, the time dependence of the volume allows
) ] ) ) the determination of the wall loss proportionality constaryis,

To examine the effect of ignoring coagulation, we set after which the time dependence of the number concentration allows
Ccoag=0. This yieldedCyir=8.5x10-3cm~1s7/2, signifi-  the determination of the coagulation correction faotbag
cantly larger than when coagulation was included. The same
value was found when the decrease in particle number wag 3 petermination of the growth rate
fit by an exponential decay while ignoring coagulation. This
shows that the wall loss rate can be significantly overesti-n the experiment chosen for this example, 20 ppb 06CH
mated when coagulation is neglected, as is often done imnd 1.2 ppb of NO were injected to generate OH radicals.
chamber experiments. Note that the number concentratiomt 10:55, 75 ppb of S@was injected. Half of the chamber
decay plotted in Fig. 1 appears to be first order in spite of thelights were turned on at 11:09; this started the photochem-
significant effect of coagulation. ical production of OH and subsequent oxidation of;36

In the subsequent data analysis the wall loss by diffusionHZSO“'_ At 11:59, more S@was injected, raising _the con-
is given bykair=(3.6x10-3cmts-Y/2)x DY2. The theo- centration from 36 to 89 ppb, and all chgmbgr lights were
retical coagulation rate constants are mulI;tipIied by a factorturned on. This was followed by another |qject|on 9f_20 Ppb
of 1.5 pf SO and 2 ppb of NO at 12:50. The relative hum|d'|ty dur-

- ing the experiment ranged between 75 and 82%. Binary nu-

The use of a single coagulation multiplier is somewhat un-cleation of SO, with water vapour produced new particles
realistic in that deviations from calculated coagulation ratethat subsequently grew by condensation and coagulation.
constants may vary with particle size. Sensitivity studiesFigure 2 shows the evolution of the particle number size
indicate that the fit is improved at small particle sizes by distribution. This nucleation and growth experiment ended
using even larger values @coag However, the data are when the lights were turned off at 13:37 to determine wall
insufficient to draw any firm conclusion about its size de- losses.
pendence. Organic particles are expected to have somewhat The mass accommodation coefficientand the diffusion
smaller Hamaker constants, but the dependence of coagulgoefficient of the condensing specigByap, both of which
tion rate constants on the Hamaker constant is not strong fo@re included in the apparent uptake coefficignt;), were
Hamaker constants larger than 1e-20J. We have no expldield constant at 1 and 0.1 811 respectively (Jefferson et

nation for the surprisingly large coagulation rate constantsal., 1997; Bschl et al., 1998). The saturation concentration
found in this analysis. of the condensing species was assumed to be zero. For the
) ) experiments investigated, the magnitudexpDy4p, and sat-
Since the wall loss and coagulation rates can only be acyation vapour pressure can not be realistically verified by
curately determined when the condensational growth rate igeqression analysis since the fits were insensitive to these pa-
zero (or accurately known), not all experiments are equallyyameters. Although the regression analysis is not sensitive
suitable to determin€ir and Ceoag HOWever, similar val- 14 4 the inferred concentration of condensing vapour is (see

ues of these parameters were found from regression anaIysEsq_ 5). A size dependence of the growth rate due to Kelvin
of another experiment, suggesting that the wall loss and cog¢ect was not discernible.

agulation rates were relatively constant from experiment to
experiment.

(_ wo) Jequinu [ej01
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Fig. 2. Evolution of measured size distributions. Colour indicates . ) )
particle number density. Half the lights were turned on at 11:09, theFid. 3. The particle growth rate determined using PARGAN. The

second half was added at 11:59. S@jections took place at 10:55, 9rowth rate is proportional to the3$0, concentration (see Eg. 5),
11:59 and 12:50. the corresponding values of which can be read off the right axis.

Lights were turned on at 11:09; additional &i@jections took place
at 11:59 and 12:50 (indicated by arrows).
Results for the growth rate, obtained from regression anal-

ysis using PARGAN, are shown in Fig. 3. No growth rates o
could be determined prior to 11:45 since the freshly nucle-that PARGAN allows the determination of the growth rate

ated particles had not yet grown into the DMA size range.With much better time resolution than the common method
The growth rate can be related to the concentration&®4 of fitting a curve through the banana-shaped contour plot of
vapour by using Eq. (5). The values forandw were deter- ~ consecutive size distributions.

mined by interpolating in the tables of Gmitro and Vermeulen ~Although the growth rate found by regression analysis de-
(1964). Assuming fast equilibration at the low relative hu- Pends on to the values chosen for the coagulation and wall
midity (7.5%) inside the DMAw was found to be 67% and loss rate constants, the sensitivity is not great for the case in-
p was 1.57 gcmd. Under these conditions the growth rate vestigated here. The growth rate changes by less than 10% if

in the kinetic limit (assuming=1) is given by: the coagulation multiplier is changed from 1.5 to 1.0 or if the
wall loss rate is doubled.
go(r) = 0.86 x [H2SOy(1)] (15) Investigating other case studies from the Calspan measure-

ments has shown that the concentration of the condensing
. . species, as deduced from the growth rate via Eq. (5), agrees
both the growth rate and the equivalery34Q, concentration well with calculations using a simple chemical box model.

according to Eq. (15). :
- . . This sh that tely k wth rate, -
As can be seen in Fig. 3, the growth rate increased imme; IS Shows fhal an accurately xnown gro rate, as de

diately after the S@injections. The maxima in the growth termined using PARGAN, can provide valuable information
. L . s s bout th h d het hemistry of th -
rate lag behind the SQnjections by 5 to 10 min; this is due about the gas pnase anc NElerogeneous chemistry ot the sys

to the time required for the $$0, concentration to reach tem under investigation (Verheggen, 2004).

steady state. The time to reach steady state can be approxi-

mated by the lifetime of LSOy, defined as the inverse of the 5 Obtaining nucleation rates

pseudo-first order loss rate for condensation and wall loss. At

the start of the experiment, the lifetime was around 15 min;As a group of newly nucleated particles grow in size, their

it decreased to approximately 4 min at 12:50 due to the in-concentration changes as a result of coagulation and wall

crease in particle surface area. These lifetimes agree reasolvss. We use the term "cohort” to refer to such a group of

ably well with the observed time delay between,S@jec- particles that are formed at approximately the same time.

tion and the maximum in the growth rate. The determination of the nucleation rate is based on follow-
The contour plot of consecutive size distributions (Fig. 2) ing this process backwards in time to sizes that are smaller

allows an average growth rate of &1)nmh! to be de- than the minimum measured size. Starting from the measure-

termined for the time interval from 12:00 to 13:30, with a ment time, the change in cohort radius during each previous

slight decrease in magnitude from beginning to end. Thetime step is determined from the growth rate. The evolution

maxima in the growth rate that are found via regression analof cohort radius and number density backwards in time is

ysis (Fig. 3) are not discernible from this contour plot. We evaluated for each measured size bin at each measurement

found similar results for other case studies. This suggestsime. The time when the backwards calculated radius equals

with [H2SO4(1)] in pptv andgo(r) in nm b1, Figure 3 gives
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the assumed radiusy, of the critical cluster (0.5 nm radius, 4 g1¢® : : —
following Weber et al. (1997) and Kulmala et al. (2000)) is 1sb o N -t
taken to be the time of particle formatio;. L 4  (mn
The number density of the cohort is determined for each ar ] 70
previous time step by integrating the losses that occurred in“‘g ter- *oe 7 60
the time interval. The nucleation ratg, is defined as the rate o 10F - 50
at which particles grow past the radius of the critical cluster. € 4L PO . _ 0
The number of newly nucleated particlesyy, ty), is re- % 06 *% q.':. ]
lated to the nucleation rate and the growth rate via (Weber et IS %% . %0
al., 1995; Verheggen and Mozurkewich, 2002). 04r "\ ] 20
02~ ] 10
J=n(ry,ty)gry, tn) (16) 0.0- L L e i
In order to evaluate the time of formation and the nu- 1 radius (nm) "

cleation rate, the growth rate has to be known for all time

intervals between measurement time and formation timefgig. 4. Measured (solid line) and reconstructed (symbols) size dis-
The growth rate can only be determined from measurementsibutions for 16 Nov 12:22. Reconstruction is based on size dis-
when at least part of the size distribution is measured. Fotributions, measured at later times. Colour of symbol indicates the
atmospheric measurements, these growth rates can only deagnitude of extrapolatiomy, —.

used to determine the formation time and nucleation rate

when the measured size distributions reflect the same air

mass as that where nucleation actually took place. If thosen time. A different procedure is followed to obtain an addi-
conditions are not met, but the concentration of condensingional correction factor for within-mode coagulation; this is
species (e.g. b5Qy) is known or can be estimated fromtime described in Sect. 5.4.

:thfc;rmatéon or(;v;/ar(;jst, the'ore:;::alfgrowtfr} ratest.can bz calclu- These correction factors are equivalent to evaluating the
ated, and used lo determine tne time of formation and nuc e'GDE, without the growth term, as a total derivative with re-

ation rate (Verheggen and Mozurkewich, 2002). spect to time; the effect of growth is implicitly included via

the change in cohort radius. The detailed evaluation of the
correction factors will be described in subsequent sections.
The loss terms of the GDE are applied to a cohort of par-1N€ correction factors can be thought of as the fractional de-
ticles, as they grow in size. The concentration of particlesCr€ase in the number density from time of nucleation to time
at the critical cluster size is determined by numerically in- ©f measurement. Note that Egs. (17) through (19) are ap-
tegrating the pseudo-first order losses that occurred betweepfied to a cohort of particles as they grow in size; thus both
the time of nucleationsf; with radiusry) and the time of ~ @ndz are changing. The final correction factos; andCF,

measurement ; with radiusry,). To this end, the measured &re the product of the individual correction factdps;; and
particle number density is multiplied by a correction factor CFi, which are evaluated over the cohort radii between con-

for wall losses by diffusionPF, and a correction factor for ~Seécutive measurement times. This has the advantages that the

5.1 Evaluation of number density backwards in time

coagulation scavenginGF: growth rate can be considered constant over each time inter-
val so that it can be taken out of the integral. Also, it enables
n(ry,ty) =n(ry, ty) x DF x CF a7 the evaluation of correction factors for any time and/or size,

an example of which is described next.
The extrapolated number concentration at a timenay
iy "Mkd_ﬁ(r 0 be obtained by replacingy with ¢ in Egs. (17) through
DF = exp /kdiﬁ(r, tdr | = exp / C Cdr | (18) (19). This allows the characterization of the size distribu-

where

" " glr. 1) tions as they are predicted to have existed at previous time
steps. The resulting “reconstructed” size distributions can

and be compared to the measured size distribution for the same
ty ™ time interval. They should all closely resemble each other if

CF =exp /kc [ dt | = exp / ke.r(r, t)dr (19) the extrapolations are accurate and internally consistent and
’ g(r. 1) if the measurement variability is small compared to the dy-

N N namic changes in the size distribution over time. An exam-

wherekyiti (r, t) is the first order rate constant for wall losses ple of such a collection of reconstructed size distributions
by diffusion (Eq. 7) andkc (r, t) is the pseudo first order is given in Fig. 4. The measured distribution is matched
rate constant for coagulation scavenging (Eq. 9). The timeeasonably well, especially in light of the extrapolations on
dependence ;i (1, ) is due to the cohort radius changing which this calculation is based. The approximate treatment
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of within-mode coagulation is not included in these recon-
structed size distributions.

B. Verheggen and M. Mozurkewich: Determination of particle growth and nucleation rates

The correction factor for coagulation scavengir@f;;,
over the time interval fronm (with cohort radius1(z1)) to

Figure 4 also illustrates the concept of how the number of(with cohort radius-1(#1)) is written as

nucleated particles is determined: Similar figures depicting

the reconstructed size distributions for earlier times would

extend down to 0.5nm radius, thus providing the number®
density at the time of nucleation used in Eq. (16). The recon-

structed size distributions shown in Fig. 4 are valid for 12:22
and are derived from measurements made at later time

r1(f2) [ oo

(kc(r1, r2)n(r2)) dra | dry

/
"o

Fi =exp

- (21)

r1(t1)

wherekc (r1, r2) is the second order rate constant for coagu-

?ation and where

None of those measurements provided reliable data on the

size distribution below 1.4 nm. This time was chosen to pro-
vide enough overlap with the measured distribution to allow
them to be compared.

5.2 Correction for wall losses

In the kinetic limit, the diffusion coefficient varies ag/%;

thus, Eq. (7) becomekyiss (r)=C/r. Using the result of
Sect. 4.2 give€'=4.1x10~*nms-L. For one time step, the
correction factor for depositio@F;, can be solved by direct

integration
c
()

(20)
wherer; <rp. Since the growth ratey(r, ¢), is assumed con-
stant for the time interval fromy to 7, and independent of
size for the small change in cohort radius fretn ) to r(z2),
it can be taken out of the integral and is writterngaisstead.
The total correction factor for wall losses is obtained by mul-
tiplying the individual correction factors for each interval be-
tweenry, andry. The first equality in Eq. (20) is generally

r(t2)

k .
DF; = exp / kait () = exp
8
(r1)

r(2)

r(r)

r(t2)

2
C/l

¢ ) r
r(t1)

ré =r1(t2) if (22a)

if

rp > rg

ro=ro r2 <1 (22b)

Equation (21) is directly analogous to Eqg. (19) where the in-
ner integral is the pseudo-first order rate constant for scav-
enging of cohort particles of radiug by all larger particles

of radiusrz, provided that they are within the measured size
range. Performing numerous evaluations of the double in-
tegral in Eq. (21) is cumbersome. The following procedure
can be used to obtain an approximate expression that involves
only a single integral. Since the inner integral is independent
of the cohort radius the order of integration can be exchanged
to obtain

Foo r1(t2)

CF; = exp 1/ n(Vz)/
8

’
"o

In order to evaluate this integral analytically, the second
order rate constant is fit to a power law of the form
ke (r1r2)=h(r2)+c(ra) xrl 2 " There is a separate set of
parametersi,c, and p) for each discrete value of the larger
radius,r, (corresponding to the bin centres). This power law
can be analytically integrated, after which the outer integral

(kc(ri,r2))dry | dra | (23)

r1(f1)

applicable to any first order process, whereas the second arid numerically integrated. This yields

third equality are specific to wall losses of small particles in
smog chamber studies.

5.3 Correction for coagulation scavenging

As particles grow from the critical cluster size to the mea-

sured size they undergo coagulation. We divide the Coagmabetweentl andr,. The tot
e

tion events that might occur into two subsets. First, we hav
the coagulation of the growing cohort of particles with parti-

CF;, =
1
expy =
[8

The distribution functiom

j=bins

>

Jj=bing

Cj
pj+

[(h.f (r1(t2) — r1(t1)) + 1 (rl(tz)(”’H) - r1(11)(”’+1))) ”(’/)A’.f] }

(24)

(r;) is evaluated as the average
al correction factor for losses by
coagulation scavenging is obtained by multiplying the indi-
vidual correction factors for each interval betwegn and

cles that are larger than both the cohort size and the minimurr’)
measured size. We call this “coagulation scavenging” since

itis a first order loss process for the growing particles. Sinces 4  Correction for within-mode coagulation

we know the size distribution of the larger particles, we can

explicitly calculate a pseudo-first order rate constant for theThe correction described in the previous section only ac-
loss of particles from the growing cohort. The second sub-counts for coagulation with particles larger than the growing
set consists of coagulation of cohort particles with particlescohort. Coagulation between particles of comparable sizes

of comparable or smaller sizes. This “within-mode coagula-
tion” is more difficult to treat. We describe our treatment of

both reduces the number and increases the size. We treat this
“within-mode” coagulation approximately using a first or-

coagulation scavenging in this section and treat within-modeder perturbation method. Since these corrections for within-

coagulation in the next section.

Atmos. Chem. Phys., 6, 2927942 2006

mode coagulation are approximations, they bear a relatively
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large uncertainty. It is clear that if these correction factorsby(ry) is the correction factor for pseudo-first order losses,

are large (e.g. exceeding a factor of 5), the resulting valueDFxCF (Egs. 22 and 23). The factor within brackets in

of the nucleation rate become highly uncertain, since sucheq. (25) is the correction factor for within-mode coagulation,

rapid within-mode coagulation could have erased a clear reassuming steady state nucleation.

lationship between the number of nucleated and the number All integrals, except the one in Eq. (26), are determined

of measured particles. numerically. Naturally, there is a trade-off between the ac-
Two different special cases, representing opposite ex<uracy of the solution and computing time. A size spacing

tremes, are considered. The first limiting case assumes thdbr numerical integration of 0.5 nm gives satisfactory results;

growth and nucleation are in steady state, and thus constanteducing the step size to 0.01 nm changes the results by less

between the time of nucleation and the time of measurementhan 10%.

Consequently the size distribution function in the nucleation To save computing time in the repeated calculation of

mode has a maximum at the critical cluster size, decreasek; (r), an approximate, analytic integration is used. The wall

with increasing size, and does not change with time. Nucledoss rate constant is given by Eq. (20) and the pseudo-first

ation may approach steady state when it is prolonged in timeorder rate constant for coagulation is fit to the power law

due to a reasonably constant super saturation of vapour. k¢ ;(r, t)=h(t)+c(t) xr?®, where the fitting parameters are
The second limiting case assumes that there is a sharp function of measurement time,andr is the cohort radius.

maximum in the nucleation rate (a nucleation pulse) followedSubstituting these functions into Eq. (26) yields

by growth of the nucleated particles. Consequently the size c

distribution function in the nucleation mode has a maximum,, (. — (rﬂ)E

at a size larger than that of the critical cluster. The pulse

model assumes that the distribution consists of a cohort of c (p+1) +1

identically sized particles, with a total number density\of exp{ <h e (rM - )>>} (28)

A nucleation pulse may occur due to a transient increase i -

vapour concentration to a value above some threshold. Thir%he.grOWth _rate_ and the_flttmg parame_ters are averaged over

is especially likely in a smog chamber, where the temperat e integration interval, i.e. from the time when the cohort

ture and relative humidity are relatively constant, and moreradlus was to the time of measurement, when the cohort

precursor gas is periodically injected. radius was ;. A logarithmic average was used, since this
The mathematical derivation of the limiting case of steadyWas found to give good agreement betweg(r) and the

state nucleation is given in appendix A; the correction factorf'rSt order corre_ct|'o.n factorQFxDF. ) i
The second limiting case is that of a nucleation pulse; this

's given by is treated in detail in Appendix B. The correction factor is
M given by
N, bt [ 1 nG) / 4w g, (25)
n(ra) ba(r) Nw)
% = i) | 14+ N o) / p(rdr (29)

where N(rm) k.

™

1 whereb1(r) is given by Eq. (26) and
h(r) = exp| = f (kait () + k.1 () dr” (26) 1(r) Is given by Eq. (26)
k b

’ p(r) = M(yk z(r)—g> (30)

and 8

m The quantity within brackets in Eq. (30) is the correction fac-
q(r) = 2b1(r) ka(r’ r)b1(r)dr tor for within-mode coagulation, assuming a pulse of nucle-
ation. HereN (ry) is the total number of particles in the
narrow nucleation mode. As in the steady state chge)
r\2 is calculated according to Eqg. (28) and all other integrals are
kc(r1, r2)b1(r1)b(r2) <E> dry (27)  evaluated numerically.

Thalf

N

where ¢1)3+(r2)3=r3 andy is the growth rate, which is as- 6 Determination of the nucleation rate in the smog
sumed to be constant and independent of size for the nucle- chamber

ation mode particles. The second integral is symmetrical

with respect to exchange of andry; therefore, instead of We now illustrate this procedure by estimating the nucleation
evaluating it up to, it is evaluated as twice the integral up to rates corresponding to the data in Figs. 2 and 3. Nucleation
rhai=(r3/2)Y/3. This avoids numerical instability by prevent- rates can only be determined when the growth rate is known,
ing the Jacobian factor from approaching infinity. Note thatthat is, for the period after 11:40. Two distinct particle modes
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250 T T T T T T 14 treatment of within-mode coagulation increases the scatter,

° 10 ermf]'; suggesting that the pulse model is more appropriate. The
product of the regular correction facto€&-x DF, ranges be-

10 tween 1.5 and 8, where the larger values are derived from the

% larger measured size bins, since they required a longer ex-
— 80 trapolation time¢,;—ty, to obtain the nucleation rate. If the
o 70 coagulation multiplier is set to 1 instead of to 1.5, the nu-
o o8 0 ® . 60 cleation rates are reduced by factors of 1.05 to 1.55. The
o time evolution of the nucleation rate is not significantly af-
-2 0 fected, because of the relative insensitivity of the growth rate

to changes in the coagulation (or wall loss) rate constant.
40 1145 1150 1155 12:00 12:05 12:10 1215 The uncertainty in the nucleation rates depends to a large
degree on the amount of extrapolation necessary to obtain
the correction factor€F andDF, i.e. onty;—ty (cf. EQs. 18
and 19). This extrapolation time is used as a colour code in
(min) Figs. 5a and b to provide a sense of the uncertainty of the

100 resulting nucleation rates relative to each other. The extrapo-

% lation has the effect of magnifying any uncertainty in the loss
processes, i.e. in the wall loss and coagulation rate constants,
as well as in the measured size distribution. The fact that all
values for the nucleation rate follow approximately the same
60 trend suggests that the input parameters have been reason-
50 ably well characterized. The uncertainty in the magnitude of
40 the nucleation rates is estimated to be a factor of two to three,
L L L L L L 0 while the time dependence is estimated to be accurate within
11:40 11:45 11:50 11:55 12:00 12:05 12:10 12:15 5min. Itis likely that the procedure results in some smearing

time of the time dependence of the nucleation rate.

Appearance rates for the smallest detectable size can be
obtained by settingy in Egs. (18) and (19) equal to the min-
imum radius (4.4 nm in this case). Naturally, these appear-
indicates the magnitude of extrapolation;—ty. (a) Excluding ~ &"C€ rates are smaller than the nucleation rates. Howev_er,
within-mode coagulation(b) Including within-mode coagulation, the time dependence of the appearance rate lags well behind
assuming a nucleation pulse. that of the nucleation rate; this obscures the correlation with

H>SOy. The ratio between the nucleation and the appearance
rate (varying between 2 and 6) is larger than the ratio of their

respective uncertainties, and therefore we regard the nucle-

can be seen in Fig. 2. The first mode seems to Consist of Palzon rate determined via this procedure to be a physically
ticles formed following both the first and second S@jec-

. . ) ore meaningful parameter, and more representative of the
tions; the CPC readings show that nucleation bursts foIIoweJn gni p P

L . ; ~“real” nucleation rate.
both injections. However, the particles formed in the first

; . . For the conditions at 12:00'6294 K andR H=82%), the
burst did not reach sizes detectable by the DMA until shortly - .
before the second SAnjection. parameterization of Kulmala et al. (1998a) gives 92 pptv as

the critical SOy mixing ratio for nucleation. This is much
Calculated nucleation rates (only including the measurechigher than the maximum mixing ratio of 10 pptv deduced

size bins which form the first mode) are shown in Figs. 5ahere. The parameterization of Kerminen and Wexler (1996)

and b. The former excludes the effects of within mode co-gives a critical HSOs mixing ratio of 12 pptv for these con-

agulation, whereas the latter includes these effects, assumingitions. This is only a little higher than the mixing ratios

a pulse of nucleation. The nucleation rate can be seen tinferred from the particle growth rates and plotted in Fig. 5.

reach a modest maximum at approximately the same time as

the HLbSOy mixing ratio (determined from the growth rate),

suggesting that p50Qy is responsible for both nucleationand 7 Conclusions

growth. It can be seen that including within-mode coagula-

tion almost doubles the estimated nucleation rates becauseA& comprehensive method to determine nucleation and

accounts for more patrticle losses between time of formatiorgrowth rates from measured particle size distributions has

and time of measurement, while at the same time it reducebeen developed, named PARGAN. The growth rate is de-

the scatter in the results. In contrast, using the steady-stateermined by non-linear regression of the GDE, taking into
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Fig. 5. Nucleation rates (coloured circles) ang$0, mixing ra-
tios, proportional to the growth rate (black double triangles with
solid line), both determined using PARGAN. Colour of symbol
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account the effect of coagulation and deposition. Usinglimit, the GDE becomes:

regression analysis to determine the growth rate provides bet-

ter time resolution than the commonly used method of fitting g — ki (rn(r) + g—— dn(r) +2n(r) / ke (r, rn(r)dr

the banana shaped contour plot of consecutive size distribu- dr

tions. Nucleation rates are determined by applying the GDE

backwards in time for the measured number density in each r\2

size bin; this includes an approximate method to correct the — | kc(r1. r2)n(ron(r2) (E) dry (A1)

evolution of number density for within-mode coagulation. N

Since PARGAN includes a full description of aerosol pop- whereg is the growth rate, which is assumed to be constant

ulation dynamics, it can also be used to determine empiricahnd independent of size for growth through the nucleation

rates of processes such as deposition and coagulation. size range fromy to t);. Coagulation scavenging by parti-
The large discrepancies between classical nucleation thecles with radii greater than the cohort radiusjs included

ory and aerosol measurements clearly show a need for aim k; ;(r) as a pseudo-first order process; the coagulation

empirically based determination of nucleation rates. Theterms in Eq. (A1) refer to coagulation with particles smaller

method described here has the potential to be applied to a vahan the cohort radius.

riety of situations, thereby offering the possibility of acquir-  The cohort particle number density at a previous time,

ing an observationally derived data set for nucleation rates:(r), can be estimated from its measured value at a later time,

in controlled laboratory environments as well as in the at-n(ry,), based on a perturbation solution of the form

N

mosphere. This could provide more insight in the quantita- i=c0
tive relation between the nucleation rate and environmenta), () = Z bi(Hn(ry)’ = bi(r)n(ry) + bo(r)n(ry)? + ...
factors such as precursor concentration, UV radiation inten- i=1
sity, particle surface area, temperature, relative humidity, and (A2)

mixing. The results should be useful in developing an empir- Using only the first two terms, it can be seen that
ically based parameterization of the nucleation rate for use in

atmospheric modeling. n(ry)
The empirical nucleation rates determined via this proce-”(’”M)
dure carry a large uncertainty (at least a factor of 2 to 3),The right hand side of Eq. (A3) is the correction factor, by
which is partly due to the extrapolations used and partly duevhich the measured concentration of particle@y,), must
to the fact that the dynamics of cluster growth (e.g. the sizebe multiplied in order to obtain the concentration of nucle-
of the critical cluster) are not well known. It should be noted ated particlesu(ry). Thus,b1(ry) is the correction factor
that this is a huge improvement over theoretical estimates ofor (pseudo-) first order processes, i.e. wall loss and coagula-
the nucleation rate. tion scavenging, anbh(ry)n(ry) is the correction factor for
Application of this method to atmospheric measurementsS€cond order processes, i.e. within-mode coagulation.
would require a careful analysis of the air mass history to Now we substitute Eq. (A2) into Eq. (A1) and collect like
evaluate the homogeneity of the air mass and the spatial scaROWers ofu(ry). Each term in the resulting summation over
of the nucleation event. The accuracy of the resulting nucled must individually equal zero, because the summation must
ation and growth rates are to a large extent a reflection offqual zero for all possible values @fry/). The resultis an
the accuracy in the input data (i.e. the measured size distrilnfinite number of equations. The first of these equations is
butions). This program offers a powerful interpretive tool to obtained by keeping only the terms proportionaki@y).
study empirical aerosol population dynamics in general, and®fter dividing byn(rM) this “first-order” equation is

nucleation and growth in particular. ba(r)
g P 0= k. (Mb1(r) + g2

~ b1(ry) + ba(ry)n(ruy) (A3)

(A4)

dr
Note that the coagulation terms do not contribute to this be-
Appendix A cause those terms are second order and therefore involve at
leastn(ry)2. The solution to Eq. (A4) providds; (r).
Correction for within-mode coagulation assuming The next equation is obtained by keeping only the terms
steady state nucleation proportional ton (ry)2. After dividing by n(ry)?, this sec-

. . ) ~ond order equation is
Here we derive a simple, analytic model for the change in

concentration as particles grow from the critical cluster size dba(r)

to the minimum detectable size under steady state conditiond = .1 ()b2(r) + ¢

+ 2be(r) / ke (r, rOb1(r)dr

A true steady state is not needed for this to be applicable; it N

is only necessary that the nucleation rate remain reasonably F\2

constant over atime longer than that required for the particles —/kc(rl,rz)bl(rl)bl(rz) <—> dri (A5)
2

to grow through this size range. At steady state, in the kinetic
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The solution to this equation providés(r); this can be
thought of as being the correction factor for within-mode co-

B. Verheggen and M. Mozurkewich: Determination of particle growth and nucleation rates

Appendix B

agulation. The key point is that to evaluate the coagulatiorCorrection for within-mode coagulation assuming
terms in Eq. (A5) requires only the first order solution ob- pulse of nucleation

tained from Eq. (A4).

The boundary conditions for Egs. (A4) and (A5) are ob- Here we derive a simple, analytic model for the change in

tained by evaluating Eq. (A2) for=r,; this yields

bi(ry) =1 (A6)
and
bo(ry) = 0 (A7)

Equation (A4) can be rearranged and integrated to give

m
1
b1(r) = exp (— / kLJ(r/)dr/) (A8)
g
Equation (A5) can be rewritten as
k db
0=ty 4 dzfr) +4q(r) (A9)
where
rm
2b1(r)
4(r) = / ke(r, roba(ry)dry
Thalf 2
2 r
e / ke (r1, r2)b1(r1)b1(r2) <E) dry (A10)

N

Note thaiy (r) depends upon but not onb,(r). The solution
to Eq. (A9) is

bz(r)exp(gka,l(r’)dr’) =

r 1 r
—/q(r) exp(—/kL,I(r/)dr/)dr (A11)
8

If the integration in Eq. (A11) is taken from, tory, we can

concentration as particles grow from the critical cluster size
to the minimum detectable size following a brief pulse of nu-
cleation. To do this, we assume that all the newly formed par-
ticles have about the same size. This should be applicable if
most nucleation takes place during a time that is much shorter
than that required for the particles to grow to detectable size.
The rate of change of the total number concentratié,),

of newly nucleated particles is given by

dN(r)
dt

wherer is the time dependent cohort radius. The particle ra-
dius changes due to both condensation and coagulation. Let
g indicate the constant condensational growth rate. To obtain
the coagulational growth ratedr{dt)coag We note that coag-
ulation conserves volume, so tHdt® is constant if there is

no condensation taking place. Differentiating this constant
with respect to time yields the growth rate when only coagu-
lation is occurring:

— ke (r, r)N(r)2

= —kLJ(r)N(r) (Bl)

<d_r> . (dN(r)) _ke(r,r)rN(r)
dt Jeoag 3N\ di )coag 3

The total rate of change of particle radius is given by the sum
of the condensational and coagulational growth rates, thus

(B2)

dr) 1

- =g+ skc(r,r)rN(r) (B3)
(dt total 3

Dividing Eq. (B1) by Eq. (B3) and rearranging yields

dN(r)

Ir (+ =kc(r, r)rN(r)> (kL,1(r) +kc(r, )N () N(r) =

(B4)

substitute Egs. (A7) and (A8) into the result and then changevhich gives the rate of change of particle number with cohort

the order of integration to obtain

r

ba(ry) /M a_,
= r
bi(rn) ba(r)

N

(A12)

radius and thus with time.

Now we proceed with a perturbation theory solution as in
Appendix A, so that the correction factor will be given by
Eqg. (A3). Substituting Eq. (A2) into Eq. (B4) and collect-
ing like powers ofN (ry) provides the first-order equation,

We now substitute Eq. (A12) into Eq. (A3) to obtain the ex- identical to Eq. (A4), and the second order equation

pression for the correction factor including within-mode co-

agulation, assuming steady state nucleation:

n(ry) _ q(r )
- =b1(rn) (1+n(f”M)/ b1 )

where ¢ (r) is given by Eq. (A10) and1(r) is given by
Eq. (A8).

(A13)
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dba(r)  dbi(r)
§ dr dr

( ke (r, r)rbl(n) + k. 1(P)b2(r) + ke (r, P)ba(r)? =0
(B5)

After using Eq. (A4) to eliminateby () /dr and rearranging,
Eq. (B5) becomes

db
;(’) +kp 1 (F)ba(r) =

M( kLI('”) ) (56)
g 3
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with boundary conditions given by Eqgs. (A6) and (A7). The Easter, R. C. and Peters, L. K.: Binary homogeneous nucleation:

solution to Eq. (B6) is Temperature and relative humidity fluctuations, non-linearity,
and aspects of new particle production in the atmosphere, J.

d <b2(r))  ke(r,rbi(r) (}rk ) — ) ) (BY) Appl. Meteor., 33, 775-784, 1994.

dr \b1(r)) g2 3 ! §)=r Friedlander, S. K.: Smoke, dust, and haze, Oxford Unversity Press,

_ _ . Oxford, 2000.
If rkp,; (r)=3g, then p(r)=0 and the within-mode coagula- Fuchs, N. A. and Sutugin, A. G.: Highly dispersed aerosols, Ann

tion correction is zero; in this case the effect of within-mode " 5., Sci., Ann Arbor, Michigan, p. 49-60, 1970.

coagulation on the rate of change of particle number (secon@itro, J. 1. and Vermeulen, T.: Vapor-liquid equilibria for aqueous
term of Eq. B1) is exactly balanced by its effect on the rate  syifuric acid, Amer. Inst. Chem. Eng. J., 10, 740-746, 1964.

of change of particle size (second term of Eq. B3). Hoppel, W., Fitzgerald, J., Frick, G., Caffrey, P., Pasternack, L.,
Integrating Eq. (B7) frony, to ry and using the boundary Hegg, D., Gao, S., Leaitch, R., Shantz, N., Cantrell, C., Al-
condition of Eq. (A7) yields brechcinski, T., Ambrusko, J., and Sullivan, W.: Particle forma-
tion and growth from ozonolysis of alpha-pinene, J. Geophys.
ba(ry) rN Res., 106, 27 603-27 618, 2001.
—_ = /p(r)dr (B8) Jacobson, M. Z., Turco, R. P., Jensen, E. J., and Toon, O. B.: Mod-
b1(rn) Y eling coagulation among particles of different composition and

size, Atmos. Environ., 28, 1327-1338, 1994.
The expression for the correction factor including within- Jefferson, A., Eisele, F. L., Ziemann, P. J., Weber, R. J., Marti, J.
mode coagulation, assuming a pulse of nucleation, is then J., and McMurry, P. H.: Measurements of theS0, mass ac-
given by commodation coefficient onto polydisperse aerosol, J. Geophys.
Res., 102, 19021-19 028, 1997.
N Kerminen, V. M. and Wexler, A. S.: The occurrence of sulfuric
=b1ry) | 1+ NGy / p(rHdr’ (B9) acid-water nucleation in plumes: Urban environment, Tellus B,
48, 65-82, 1996.
Kerminen, V. M. and Kulmala, M.: Analytical formulae connecting
with p(r) given by Eq. (B7) and1(r) given by Eq. (A8). the “real” and the “apparent” nucleation rate and the nuclei num-
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