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[1] The creation of new atmospheric particles from in situ nucleation influences climate
through cloud-aerosol interactions and may negatively impact human health. Although
recent observations show that nucleation is widespread in the eastern United States, the
corresponding pathways remain uncertain. Combining extensive field measurements in
Pittsburgh, Pennsylvania, with an aerosol dynamics and chemistry model assuming
ternary NH3-H2SO4-H2O nuclei formation, we show excellent model-measurement
agreement and predictive capability. The ternary NH3-H2SO4-H2O nucleation model is
successful in predicting the presence or lack of nucleation on 19 out of 19 days with
complete data sets in July 2001 and on 25 out of 29 days in January 2002. Reductions of
ammonia emissions are predicted to decrease the frequency of nucleation events during
both summer and winter, with a more dramatic effect during the summer. The response to
changes in emissions of sulfur dioxide during the summer is counterintuitive. Reductions
of sulfur dioxide and the resulting sulfate by up to 40% actually increase the frequency of
the summer nucleation events. Modeling predicts the opposite effect in winter, with
reductions of sulfur dioxide leading to fewer nucleation events.
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1. Introduction

[2] The two major processes introducing new particles
into the atmosphere are in situ nucleation and direct
emission from sources such as combustion, sea spray,
dust, etc. A variety of field measurements show that in
situ nucleation occurs in many places around the globe
[Weber et al., 1999; Kulmala et al., 2001a; O’Dowd et
al., 2002], including urban areas [Woo et al., 2001] where
it was previously thought particularly unlikely due to high
concentrations of aerosol surface area, which suppress
nucleation. These events alter the number and chemical
composition of ultrafine particles and cloud condensation
nuclei, with implications for human health [Oberdorster
et al., 1992; Ibald-Mulli et al., 2002; Li et al., 1999;
Nemmar et al., 2002; Peters et al., 1997; Oberdorster et
al., 2002] and climate [Adams and Seinfeld, 2003]. For
example, recent studies comparing the health effects of
differently sized particles show that ultrafine (<100 nm)
atmospheric particles can have negative health effects,
possibly due to their high surface area. Climate can be
affected as these particles grow to larger than 100 nm in
size.

[3] Several mechanisms have been proposed for the
production of new atmospheric particles including sulfuric
acid-water binary nucleation [Nilsson and Kulmala, 1998],
sulfuric acid-ammonia-water ternary nucleation [Coffman
and Hegg, 1995; Weber et al., 1998; Kulmala et al., 2002],
nucleation of organic vapors [Hoffman et al., 1997], ion-
induced nucleation [Laakso et al., 2002], and halogen-oxide
nucleation [Hoffman et al., 2001]. Another important issue
is what species are involved in the growth of these nuclei.
Field measurements [Eisele and McMurray, 1997; Weber et
al., 1999; Janson et al., 2001] and model simulations
[Kerminen et al., 2001; Kulmala et al., 2001b; Pirjola
and Kulmala, 2001; Anttila and Kerminen, 2003] have
indicated that the condensation of sulfuric acid alone is
often not sufficient to grow these nuclei to detectable sizes,
since these particles have a very short lifetime before being
lost through coagulation with larger existing particles. To
aid in the growth of these particles, the condensation of
organic species [Kerminen et al., 2000], heterogeneous
reactions [Zhang and Wexler, 2002], and ion-enhanced
condensation have been suggested.
[4] During the Pittsburgh Air Quality Study (PAQS)

[Wittig et al., 2004], a recent field campaign focused on
elucidating aerosol sources, chemistry, and processes, ultra-
fine particle concentrations were monitored for 15 months.
During this period, over 130 days with regional in situ new
particle formation were observed. An example is shown in
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Figure 1, with the smooth progression from small particle
sizes at the beginning of events to larger sizes strongly
suggesting a regional process.
[5] In this paper, data taken during July 2001 and January

2002 during PAQS is used to evaluate a model for the
simulation of these regional nucleation events. Ternary
NH3-H2SO4-H2O has been cited as an explanatory mecha-
nism for new particle formation in several field studies, and
the mechanism is used here as the core of an aerosol
dynamics model to quantitatively test model-measurement
agreement for new particle formation timing, strength, and
evolution of size distributions. Sensitivity analysis is per-
formed on uncertain parameters and to determine how
future changes in emissions might affect nucleation, and
the differences in nucleation between the summer and
winter months are also explored.

2. Model Description

[6] A photochemical box model based on the framework
of Capaldo et al. [1999] is used to model regional nucle-
ation events occurring in July 2001 and January 2002.
Atmospheric processes included in the model are gas-phase
chemistry, condensation, aerosol coagulation, and nucle-
ation. The model is a fixed sectional model with 221 size
sections: 186 size sections between 3 nm and 10 mm
corresponding to the measured size distribution of particles
and 35 additional size sections evenly distributed in loga-
rithmic space by diameter for particles below the detection
limit of the field instruments. The concentration of SO2 was
measured directly and is an input to the model and the
input concentrations of NH3 and OH were calculated from
measurement data and are discussed in section 3. The
governing equations for the model, giving the change
over time of the concentration of gaseous sulfuric acid,
CH2SO4

, and the number concentration of particles in
section i, Ni, are:

@CH2SO4

@t
¼ Rgas SO2;OH ;T ;Pð Þ þ n*Rnuc CH2SO4

;NH3; T ;RHð Þ

þ RH2SO4

cond CH2SO4
;RHð Þ � Rdep CH2SO4

ð Þ ð1Þ

@Ni

@t
¼ Rnuc CH2SO4

;NH3;T ;RHð Þ þ Rcoag Nj;RH
� �

þ RNi

cond CH2SO4
;RHð Þ � Rdep Nið Þ; ð2Þ

where Rgas is the rate of change due to gas-phase chemistry,
Rnuc is the rate of nucleation, n* is the number of sulfuric
acid molecules in the critical nucleus, Rcoag is the
coagulation rate, Rcond is the condensation rate, and Rdep

is the rate of dry deposition, with dependence on the relative
humidity RH, temperature T, pressure P, dry particle size
distribution, Nj, and gas-phase concentrations shown. The
rate terms are discussed in detail below.

2.1. Gas-Phase Chemistry

[7] Sulfuric acid is produced from the reaction of OH and
SO2:

Rgas ¼ kSO2
SO2½ � OH½ �; ð3Þ

where kSO2
is the reaction constant for the reaction of SO2

with OH from DeMore et al. [1994].

2.2. Nucleation

[8] The rate of nucleation, Rnuc, is calculated using the
ternary NH3-H2SO4-H2O parameterization of Napari et al.
[2002]. The parameterization uses the NH3 gas-phase
concentration, H2SO4 gas-phase concentration, tempera-
ture, and relative humidity as inputs, and provides a
nucleation rate as output. The upper limit of the nucleation
rate for which the parameterization is valid is 106 particles
cm�3 s�1, so rates higher than this are capped at this
value. Napari et al. [2002] also give an approximation for
the radius of the initial nuclei as a function of the
nucleation rate and temperature. The initial nuclei diameter
was calculated to be 0.8 nm for the winter and 1.0 nm
during the summer, assuming average temperatures of
275 K and 298 K, respectively. The nuclei diameter was
assumed to be constant for each period. The number of
sulfuric acid molecules in the critical nucleus, n*, is also
calculated using the approximation given in the work of
Napari et al. [2002]. There were roughly two sulfuric
acid molecules in the critical cluster during the winter
and four during the summer.
[9] Figure 2a shows the nucleation rates given by the

ternary NH3-H2SO4-H2O parameterization for typical July
daytime conditions: 298 K, 60% RH, and H2SO4 from 107

to 3 � 108 molecules/cm3 (0.4 to 4.0 ppt). Ammonia is
allowed to vary over the entire range of the parameteriza-
tion, 0.1 to 100 ppt. The nucleation rates are not high
enough for nucleation to occur unless some gas-phase
ammonia is present, although ammonia concentrations
above 10 ppt and sulfuric concentrations above 2.4 ppt
result in nucleation rates of at least 10 particles cm�3 s�1, so
even this small amount of gas-phase ammonia can be
enough for nucleation to occur on summer days in
Pittsburgh.
[10] In contrast to July, where the presence of gas-phase

ammonia gives the best indication of when nucleation will
occur, both the H2SO4 concentrations and gas-phase
ammonia can influence whether or not nucleation will
occur during the winter. Figure 2b shows the nucleation
rates for typical January conditions: 275 K, 0.7 RH, 105–

Figure 1. Evolution of the particle size distribution on
11 August 2001, a day with new particle formation and
growth. Particle number concentration (z axis) is plotted
against time of day (x axis) and particle diameter (y axis). A
traffic signal can be seen between 0700 and 0800 EST,
followed by new particle formation occurring at just after
0900 EST, and finally growth to around 100 nm in size.

D07S12 GAYDOS ET AL.: MODELING IN SITU PARTICLE FORMATION

2 of 12

D07S12



108 molecules/cm3 H2SO4 (0.00375 to 3.75 ppt), and 0.1–
100 ppt NH3. At higher sulfuric acid concentrations, nucle-
ation rates can still reach about 1000 particles cm�3 s�1

even with very low gas-phase ammonia concentrations. At
lower sulfuric concentrations, nucleation rates can be less
than 100 cm�3 s�1 even with high gas-phase ammonia
concentrations. Consequently, the amount of H2SO4, which
varies more than in the summer months, plays a more
important role during the winter.

2.3. Condensation

[11] The condensation rate, Rcnd, is described using the
modified form of the Fuchs-Sutugin equation [Fuchs and
Sutugin, 1971; Hegg, 1990; Kreidenweis et al., 1991]. The
condensation rate J to a particle of diameter Dp is given by:

J ¼ 2pDDpF Knð ÞA p� p0ð Þ; ð4Þ

where D is the diffusivity of sulfuric acid in air (set to
0.1 cm2 s�1), Kn is the Knudsen number, and F(Kn) is
a coefficient correcting for free molecular effects:

F Knð Þ ¼ 1þ Kn

1þ 1:71Knþ 1:33Kn2
: ð5Þ

A is a coefficient correcting for the interfacial mass transport
limitations described by the accommodation coefficient ae:

A ¼ 1þ 1:33KnF Knð Þ 1

ae
� 1

� �� ��1

: ð6Þ

Here p is the bulk partial pressure of sulfuric acid and p0 is its
partial pressure at the particle surface. The value of the
accommodation coefficient depends on the composition of
the particle, with the presence of organic species in the
aerosol likely to result in a lower accommodation coeffi-
cient. Jefferson et al. [1997] report values of 0.31 and 0.19
for the accommodation coefficient onto a NaCl aerosol
coated with stearic acid with high and low coverage,
respectively, compared to values 0.73 ± 0.21 for ammonium
sulfate particles and 0.79 ± 0.23 for NaCl. Since the
preexisting aerosol mass is likely to be a mixture of
inorganic and organic species, the accommodation coeffi-
cient is set at 0.2 in this work. Sensitivity analysis is
performed to see how changes in this parameter affect the
model results.
[12] H2SO4 is assumed to be the major condensing

species. Although it is likely that other species, such as
nitrate, ammonium, and organic compounds, also are in-
volved in the growth of the nuclei, their respective roles
remain unclear. Measurements taken during PAQS in Sep-
tember 2002 indicate that sulfuric acid is the primary initial
species involved in the growth of the nuclei, followed by
ammonium and then organics, whose presence lags behind
sulfuric acid by .5 hours to up to 2.5 hours in the smallest
measured particles (AMS measurements of particles 22–
40 nm, estimated physical diameter) [Zhang et al., 2004].
Although contributions of other species cannot be ruled
out, condensation of sulfuric acid alone produces growth
that is similar to the observations, as will be discussed in
more detail below.
[13] The vapor pressure of sulfuric acid at the surface of

the aerosol can be estimated from the data of Bolsaitis and
Elliott [1990]. For example, at a temperature of 293 K and a
relative humidity of 90%, the value of p0 is approximately
10�5 ppt. Since the calculated values of p0 are much smaller
than ambient sulfuric acid concentrations, p0 is assumed to
be zero.
[14] For the ith aerosol size section from xi = log10(Di) to

xi+1 = log10(Di+1), the sulfuric acid condensation rate is
given by

Ji ¼ Ki
mtNiCH2SO4

; ð7Þ

where the sectional mass transfer coefficients Kmt
i are

calculated by

Ki
mt ¼

2pD
xiþ1 � xi

Zxiþ1

x

10xF xð ÞA xð Þdx: ð8Þ

The total change in the gas-phase concentration of sulfuric
acid due to condensation is equal to the sum of Ji over all
size sections i.
[15] The diameter of the aerosol particle is adjusted to be

in equilibrium with the ambient RH before the calculation.

Figure 2. Nucleation rates (in particles cm�3 s�1) for
typical conditions in (a) July and (b) January. The
conditions for July are: temperature 298 K, relative
humidity 0.6, sulfuric acid 0.4–4 ppt, and gas-phase
ammonia 0.1–100 ppt. The conditions for January are:
temperature 275 K, relative humidity 0.7, sulfuric acid
0.00375–3.75 ppt, and gas-phase ammonia 0.1–100 ppt.
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The dry aerosol diameter, Dp,dry, is increased due to the
addition of water vapor according to the following param-
eterization for ammonium bisulfate based on data presented
by Seinfeld and Pandis [1998]:

Dp;wet

Dp;dry
¼ 17:8 RH � 50%ð Þ3:5þ 1:28: ð9Þ

The parameterization is valid for RH between 50% and
98%. When RH is below 50%, the particles are assumed to
have negligible amounts of water. This parameterization
neglects the effect of curvature, which can be significant for
particles less than 10 nm in size.
[16] Finally, the change in the number concentration in

section i, Ni, is calculated from the relation:

RNi

cond ¼ Fi�1NiCH2SO4
� FiNiCH2SO4

; ð10Þ

where Fi is the flux from section i into section i + 1:

Fi ¼
6MH2SO4

Ki
mtDp;wet

RTrp Diþ1
p;dry

� 	3

� Di
p;dry

� 	3
� � : ð11Þ

MH2SO4
is the molecular weight of sulfuric acid, r is the

density of the particles, and R is the ideal gas constant.

2.4. Coagulation

[17] The coagulation rate of aerosol particles, Rcoag, is
modeled according to Seinfeld and Pandis [1998], using
linear interpolation to preserve both mass and particle
number concentrations:

Rcoag ¼
1

2

Xk
j¼1

fkKj;k�jNjNk�j � Nk

X1
j¼1

Kk;jNj; k 
 2 ð12Þ

where Kk,j is the coagulation coefficient of particles in
section k and j, and fk is a correction factor to preserve mass,
giving the fraction of the newly formed particle that will go
into section k. The generalized coagulation coefficient for
the collision of two particles is defined as:

K12 ¼ 2p Dp1 þ Dp2

� �
D1 þ D2ð Þb; ð13Þ

where b is the Fuchs correction factor [Fuchs, 1964]. Linear
interpolation is then used to determine the value of fk. For
example, if Vp is in between sections k and k + 1, with
volumes Vk and Vk+1 respectively, then fk is defined as:

fk ¼
Vkþ1 � Vp

Vkþ1 � Vk

; ð14Þ

fkþ1 ¼
Vp � Vk

Vkþ1 � Vk

: ð15Þ

2.5. Dry Deposition

[18] Dry deposition is modeled using a species and
aerosol size-dependent deposition velocity, vdep, such that

Rdep ¼
vdepci

H
; ð16Þ

where ci is the concentration of gas species or aerosol size
section i, and H is the mixing height. Aerosol dry deposition
rates range from 0.1 to 0.015 cm s�1 dependent on particle
size according to Hummelshoj et al. [1992] while the
deposition velocity of H2SO4 is assumed to be 1.0 cm s�1

[Brook et al., 1999].

3. Simulation Inputs

[19] Meteorological data, gas-phase concentrations, and
aerosol number concentrations were available as inputs for
these time periods from ground-level observations during
the Pittsburgh Air Quality Study (PAQS) [Wittig et al.,
2004]. Temperature, relative humidity, and UV radiation are
updated from 15-min averages during July, and 10-min
averages during January. SO2 concentrations are averaged
over 10-min intervals for both months. Initial aerosol
number distributions are available from dry size distribu-
tions measured every 15 min [Stanier et al., 2004a]. Each
simulation starts sometime between 0000 and 0900
(depending on meteorology), and ends at midnight.

3.1. Gas-Phase Ammonia Concentrations

[20] Gas-phase NH3 was not measured directly during
this period and was estimated from related quantities
using two independent methods. First, total NH3 (PM2.5

ammonium + NH3(g), sampled hourly during July and every
2 hours during January using a steam sampler [Khylstov et al.,
1995] and quantified by ion chromatography) was compared
to the particulate sulfate and nitrate. Hourly particulate
sulfate and nitrate concentrations are composites of mea-
surements made using several methods, including filter-
based and semicontinuous methods [Wittig et al., 2004]. If
enough NH3 was present to fully neutralize the particulate
sulfate and nitrate, then the excess NH3 was assumed to be
in the gas phase. Second, total NH3, total nitrate and sulfate
(all from steam sampler/ion chromatography) were assumed
to be in thermodynamic equilibrium, with gas and partic-
ulate phase concentrations determined by the model
GFEMN [Ansari and Pandis, 1999]. The two methods
showed excellent agreement for the time periods studied.

3.2. OH Concentration

[21] To estimate the OH concentration, a maximum value
is assumed for both July and January, and then this value
is scaled linearly based on the 15-min average measured
UV radiation. The summer maximum was chosen as 5 �
106 molecules/cm3. Observations in New York City during
July 2001 had an average maximum OH concentration of
7 � 106 molecules/cm3 [Ren et al., 2003a, 2003b] and other
measurements during the summer months have given max-
imum OH concentrations in a similar range [Tan et al.,
2001; Creasey et al., 2002; Mauldin et al., 2001; George et
al., 1999]. Fewer studies have been done in the winter,
although Heard et al. [2001] have compared measurements
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taken in Birmingham, England during June 1999 and
January 2000. They reported that winter OH noontime
maximum concentrations in Birmingham ranged from
0.6–5 � 106 molecules/cm3. Although the ozone photolysis
was around 20 times lower compared to July, these winter
OH concentrations were on average only 2–3 times lower
than in the summer, where the noontime maxima ranged
from 3–8 � 106 molecules/cm3. In this paper, a base case
value of 1 � 106 molecules/cm3 is used for the January
simulations, a factor of 5 different from July. Sensitivity
analysis is performed on both the summer and winter
maxima to assess how these assumptions affect the results.

3.3. Local Emissions of Ultrafine Particles

[22] From the measurements, it is clear that there are a
number of local sources of ultrafine particles which affect
the observed number concentrations. The most prominent
local source is automobile traffic, which is strongest during
morning rush hour between 0600 and 0900 EST. On the
basis of the observations, these local emissions appear to
have little effect on the regional nucleation events, which
usually begin after the morning traffic has returned to
normal levels. Even when there are relatively high numbers
of ultrafine particles present when nucleation occurs, the
number of particles produced by nucleation is much greater
than from local sources, and the smooth growth of these
nucleated particles is the dominant behavior observed. The
fresh particles from these local sources have a relatively low
surface area, and they do not appear to have much effect on
the nucleation either through depletion of gaseous sulfuric
acid concentrations or through coagulation with the nucle-

ated particles. Because of this, these local sources of
ultrafine particles can be ignored as a first approximation.

4. Observations

[23] Overall, significant new particle formation was
observed on seventeen days during July 2001. Twelve days
of July 2001 were not modeled due to missing measurement
data (8 days), local primary source influences (3 days), and
meteorology that severely violated the box model assump-
tions (1 day). Of the 19 days modeled, nucleation occurred
on 13 of them, while there was no evidence of new particle
formation on the other 6. Most of the nucleation events in
July started at about 0900 EST, just a few hours after
sunrise. Nucleation also tends to occur on days with below
average PM2.5 concentrations and clear skies [Stanier et al.,
2004b]. Many of these events are regional in nature, taking
place over several hours with smooth growth, indicating
that nucleation is taking place over a large geographic area.
The events are observed to sometimes coincide with mixing
of the stable nighttime ground-level atmosphere. This is
similar to observations of nucleation coincident with atmo-
spheric mixing seen in Germany [Birmili et al., 2003] and
Finland [Nilsson et al., 2001] and suggests that vertical
mixing can be important to nucleation. However, a signif-
icant fraction of nucleation events observed in Pittsburgh
did not coincide with atmospheric mixing, and occurred
either earlier or later than the rise in boundary layer height
[Stanier et al., 2004b]. The degree to which vertical
transport is important to nucleation in the eastern United
States is currently unknown and vertical transport is not
included in the box model developed here.
[24] In January, 19 days had no observed nucleation.

The first 2 days of the month cannot be modeled because
of missing data, leaving 17 days with no nucleation and
12 days where nucleation was observed in our data set.
Nucleation typically began around noon, presumably once
sufficient sulfuric acid was produced for nucleation and
growth to occur. The nucleation events tended to be
weaker and shorter-lived than during the summer months,
and particles did not grow as much. This is consistent
with lower levels of sulfuric acid (predicted by the
model) and lower secondary organic aerosol during the
winter [Cabada et al., 2002].

5. Results

5.1. Base Case

[25] An example simulation is shown for 27 July 2001,
when new particle formation occurred over a 9-hour span
(Figure 3), beginning shortly after 0600 and continuing to
nearly 1500 EST. The model prediction compares well with
the observed behavior, with the timing of the event and the
size and shape of the growth curve similar to the observa-
tions. The model does predict higher number concentra-
tions, however, producing a peak hourly average of
93,000 cm�3 for particles greater than 10 nm in diameter,
compared to a maximum of 47,000 cm�3 from the
measurements, and the model-predicted nucleation is also
stronger between noon and 1500 EST.
[26] As shown in Table 1, the model successfully pre-

dicted the presence or lack of new particle formation on all

Figure 3. Comparison of modeled (a) and measured
(b) size distributions as a function of time for one day with
nucleation activity (27 July 2001). Particle number (z axis)
is plotted against time of day (x axis) and particle size
( y axis). The increased number concentrations observed
between 0600 and 0700 EST and after 2100 EST are due
to local emissions of ultrafine particles. The observed onset
of nucleation at �0700 EST is captured in the model, and
the qualitative features of particle growth are also captured
by the model.
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19 modeled days in July. The timing of the events also
compared well with the observations, with the model
predicting the start of new particle formation within 1 hour
for all 13 events. The size and shape of the growth curve
were consistent with measurements, with the predicted
average final size of the nucleated particles within 10 nm
of the actual size in 9 out of the 13 nucleation days. Three of
the days with poor agreement are days where observed
growth is significantly less than the majority of days. Two
of these days (the 1st and 3rd) are characterized by fronts
moving through the region, which could effect the perfor-
mance of the model, and on the other day nucleation is
delayed until late afternoon because of cloud cover (26th).
[27] A strong correlation between the presence of free

NH3 in the gas phase and new particle formation contrib-
uted to the success of the model in July. During the 13 days
where particle production was observed, gas-phase NH3

concentrations exceeded 100 ppt while nucleation was
occurring. Although Pittsburgh has a high average sulfate
concentration, on the 13 days in question there was suffi-
cient NH3 to neutralize the aerosol sulfate. In contrast,
during the 6 days without new particle formation, the
aerosol sulfate levels were higher, leaving less NH3 in the
gas-phase (typically a few ppt). Other parameters, such as
SO2, temperature, relative humidity, and UV radiation, all
varied widely over the nineteen days. The preexisting
surface area tended to be less on the days with particle
formation than those without, although there was some
overlap.
[28] The ternary NH3-H2SO4-H2O parameterization is

also successful in predicting the presence of nucleation in
January (Table 2). Peak and average number concentrations
are not shown for the month of January because the local
sources of ultrafine particles occasionally produce similar

number of particles as the nucleation events, which produce
fewer particles than in July. The difference between par-
ticles produced by these local sources and the nucleation
events is clear, however, and there appears to be no
interaction between the particles produced by these different
phenomena. The model is successful in predicting 11 of the
12 observed events, with the exception being the 14th. This
day has a sudden drop in surface area shortly after the
observed nucleation begins, which is difficult to capture in
the model. The model also suffers from three ‘‘false
positive’’ cases in January, predicting nucleation events on
3 days where it was not observed in the field. Two of these
predicted events are very weak and do not exhibit growth
above 10 nm (the 24th and 29th), while the particles from
the third additional event grow only to 15 nm in size.
[29] A comparison of the model prediction and observa-

tions for 28 January 2002 is shown in Figure 4. The
predicted onset of nucleation compares well with the
observations, beginning shortly after noon. The predicted
nucleation event lasts about 1.5 hours longer, and produces
more particles than observed. This overprediction of num-
ber concentrations is typical in January, as it was in July. In
addition, the overall timing of the events does not agree as
well as in July, with one event predicted to occur 3 hours
earlier than the observed event (on the 9th) and two other
events occurring at least 2 hours before nucleation is
observed. Most of the predicted nucleation events show
growth that is similar or less than the observed growth,
although two events show considerably more growth than
observed (the 18th and 22nd).
[30] The good agreement with the growth of the particles

is somewhat surprising, with sulfuric acid as the only
condensing species included in the model. However, due
the cubic relation between diameter and volume seemingly

Table 1. Predicted and Observed New Particle Formation During July 2001

Day of
July
2001

Observed
Strength of
Nucleationa

Time of Nucleation, EST
Final Mode Diameter of
Nucleation Mode, nm

Daily Average Number
Concentration > 10 nm,

103 cm�3

Peak Hourly Number
Concentration > 10 nm,

103 cm�3

Observed Predicted Observed Predicted Observed Predicted Observed Predicted

1 moderate 0900 0800 20 60 10 53 19 158
2 weak 0800 0800 80 60 21 50 32 150
3 weak 0900 0900 10 65b 17 50b 22 184b

4 none none none – – 9 6 12 8
6 weak 0900 0900 60 65 24 54 42 159
7 none none none – – 12 13 26 20
8 none none none – – 11 10 18 11
9 strong 1000 0900 90 100 24 73 54 259
11 moderate 0900 0900 40 50 24 35 47 105
12 moderate 0900 0900 70 60 21 59 37 164
13 weak 0900 0900 50 40 19 37 27 86
14 strong 0800 0900 60 60 19 46 36 127
15 moderate 0800 0900 50 60 25 48 44 145
18 none none none – – 16 10 24 18
19 none none none – – 11 7 17 17
23 none none none – – 8 9 16 17
24 moderate 0800 0800 70 80 19 47 44 170
26 moderate 1600 1700 40 20 17 31 35 108
27 strong 0600 0600 70 70 28 45 47 140
aEvents were classified as no new particle formation, weak, moderate, or strong according to the observed rate of change of particle number between 3

and 10 nm. Strong events have dN10/dt > 15,000 cm�3 hr�1, moderate events from 4000 to 15,000, and weak events between 2000 and 4000 cm�3 hr�1.
No new particle formation refers to a dN10/dt that was not distinguishable from the natural variability in nuclei mode particle concentrations due to local
primary sources. Usually the noise threshold was about 2000 cm�3 hr�1.

bMultiple air masses moved through the region on this day, probably violating the box model assumptions. This day was modeled to see if the observed
0900 burst in number concentration was replicated by the model, rather than to compare the observed and modeled growth.
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large differences in mass will not greatly affect the diameter.
For example, AMS measurements indicate that the final
mode of the particles (around 100 nm) for three measured
events in September 2002 are approximately 25%, 25%,
and 40% organic by mass [Zhang et al., 2004]. Leaving out
this organic mass would result in a reduction of only 9% to
16% in the final diameter of the particles. Thus it is possible
that organic and other inorganic species are also involved in
the growth, although sulfuric acid alone appears to be
sufficient to grow the particles to significant sizes in
Pittsburgh during the periods studied.

5.2. Sensitivity to Changes in the Maximum OH

[31] One of the major uncertainties in the model is OH
concentration. The July simulations were repeated with
maximum OH concentrations of 107 molecules/cm3 (200%
of the base case value) and 2.5� 106 molecules/cm3 (50% of
the base case value). No change was seen in the number of
nucleation events for either of these additional cases, with
the model still predicting nucleation to occur on the same
13 days (68% of the modeled days). The growth of the
particles changed significantly, however. A maximum OH
concentration of 107 molecules/cm3 resulted in signifi-
cantly more growth than in the base case simulations. For
12 of the 13 events, the nucleated particles grew to at
least 80 nm, with the final mode of nine of these events
at least 100 nm in size. With a maximum OH concen-
tration of 2.5 � 106 molecules/cm3, the final mode size of
the nucleated particles is 20% less than for the base case
on average.

[32] In January, both the number of nucleation events and
the growth of the nucleated particles are sensitive to changes
in the maximum OH concentration (Table 3). Again, the
simulations are performed with OH levels 200% of the base

Table 2. Predicted and Observed New Particle Formation During January 2002

Day of January 2002
Observed Strength
of Nucleation

Time of Nucleation, EST
Final Mode Diameter of
Nucleation Mode, nm

Observed Predicteda Observed Predicteda

3 none - - - -
4 none - - - -
5 weak 1200 1100 20 20
6 none - - - -
7 none - - - -
8 none - - - -
9 weak 1200 1200 30 20
10 none - - - -
11 none - - - -
12 weak 1300 1000 30 20
13 moderate 1200 1330 25 15–20
14 weak 1100 - 20 -
15 none - - - -
16 none - - - -
17 none - - - -
18 weak 1300 1330 8 10–15
19 none - 1100 - 10–15
20 none - - - -
21 none - - - -
22 moderate 1200 0930 25 40
23 none - - - -
24 none - 1330 - 10
25 strong 1130 1000 30 25
26 strong 0915 1000 25 25
27 strong 1100 1030 30 20
28 moderate 1200 1230 25 20
29 none - 1300 - 8
30 none - - - -
31 weak 1200 1000 10–15 15

aTo classify as an event, the predicted nucleation had to last for at least an hour and produce particles that grew to at least 8 nm in size (the smallest size
for an observed event). Events that do not meet these criteria would probably not be observed.

Figure 4. Comparison of modeled (a) and measured
(b) size distributions as a function of time for a day in
January with nucleation activity (28 July 2001). Particle
number (z axis) is plotted against time of day (x axis)
and particle size (y axis).
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case value (a maximum of 2 � 106 moleclues/cm3) and 50%
of the base case value (5� 105 molecules/cm3). The number
of events predicted ranges from 8 with OH levels 50% of
the base case (28% of the modeled days) to 21 with OH
levels 200% of the base case (72% of the days). The growth
of the nucleated particles is significantly greater with a
maximum OH concentration of 2 � 106 moleclues/cm3,
with 16 events having particles grow to at least 20 nm in
size, compared to 8 for the base case. With a maximum OH
concentration of 5 � 105 molecules/cm3, particles from
only 2 of the 8 events grow above 10 nm in size, and
only 1 event exhibits growth to 20 nm. The difficulties
of the model in the simulation of a few winter days
could be due to this sensitivity to the uncertain OH
concentration. Because of the sensitivity of nucleation
in January to the maximum OH concentrations, additional
field measurements of OH would help to improve our
understanding of nucleation during the winter months.

5.3. Sensitivity to Accommodation Coefficient

[33] Another source of uncertainty is the value of the
accommodation coefficient. In addition to the base case
value of 0.2, simulations were run with the accommodation
coefficient set to values of 0.5 and 1.0. Higher values of the
accommodation coefficient will tend to increase the uptake
of sulfuric acid onto the preexisting aerosol mass, lowering
the gaseous sulfuric acid concentrations (and, consequently,
the nucleation rates). The higher accommodation coefficient
also has the potential to increase the growth of the nucleated
particles, despite the lower sulfuric acid concentrations.
[34] In July, the average predicted sulfuric acid concen-

trations are reduced by a factor of 2 for an accommodation

coefficient of 0.5, and 3 for an accommodation coefficient
of 1.0. The corresponding reductions in the nucleation rate
are 22%, and 31%, respectively. However, with the presence
of ammonia as the major factor in determining when
nucleation occurs in July, the number of days which exhibit
nucleation does not change. The final mode of the nucleated
particles increases by about 5 nanometers for 2 of the
13 events with an accommodation coefficient of 0.5, and
for 5 of the 13 events with an accommodation coefficient
of 1.0.
[35] In January, changes in the accommodation coeffi-

cient had mixed effects, although the number of events was
not affected. The average sulfuric acid concentrations
between 1000 and 1400 are reduced by a similar amount,
a factor of 2 for an accommodation of coefficient of 0.5,
and a factor of 3 using a value of 1.0. The nucleation rates
are reduced by 8% and 15%, respectively. The reduction
does not affect the number of events. With an accommo-
dation coefficient of 0.5, four events are either shorter,
weaker, or exhibit less growth than for the base case, while
three events produced particles that grew larger than in the
base case. Using an accommodation coefficient of 1.0 in the
model, five events exhibit more growth than the base case,
while four events are either weaker, shorter, or exhibit less
growth. The final mode of the nucleated particles was
within 5 to 10 nm of the base case in all cases.

5.4. Binary Nucleation

[36] Several binary (H2SO4-H2O) parameterizations were
also used in the model for comparison. The parameteriza-
tion of Vehkamäki et al. [2002] predicted no nucleation
events in either the summer or winter. Comparisons with

Table 3. OH Sensitivity Analysis for January 2002

Day of
January 2002

OH, 0.5 � 106 molecules/cm3
OH, 1 � 106 molecules/cm3

(Base Case) OH, 2 � 106 molecules/cm3

Time, EST Final Mode Time, EST Final Mode Time, EST Final Mode

3 - - - - - -
4 - - - - 1100 25
5 - - 1100 20 0930 45
6 - - - - - -
7 - - - - - -
8 - - - - 1200 15
9 1200 10 1200 20 1100 30
10 - - - - - -
11 - - - - - -
12 1000 10 1000 20 0900 35
13 1300 10 1330 15–20 1330 25
14 - - - - 1100 9
15 - - - - 1300 10
16 - - - - 1100 15
17 - - - - 1030 20
18 - - 1330 10–15 1300 25
19 - - 1100 10–15 1030 25
20 - - - - 1030 15
21 - - - - 1000 15
22 1000 20 1000 40 0900 55
23 - - - - - -
24 - - 1330 10 1300 20
25 1100 10 1000 25 0930 45
26 1200 15 1000 25 0930 45
27 1130 10 1030 20 1030 40
28 1230 9 1230 20 1200 30
29 - - 1300 8 0900 20
30 - - - - 1000 10
31 - - 1030 15 1000 30
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nucleation thresholds given by Wexler et al. [1994] and
Pirjola et al. [1999] also revealed that estimated sulfuric
acid concentrations were below the threshold needed for
H2SO4-H2O nucleation to occur in both months at the
relative humidity and temperature corresponding to the
ground level, as well as the top of the mixed layer [Stanier
et al., 2004b]. Finally, the parameterization of Jaecker-
Voirol and Mirabel [1989] was applied, both with and
without a nucleation tuner. Without the tuner, no nucleation
events were predicted. Although there is a lot of uncertainty
as to what value to use for the tuner, Raes et al. [1992] have
suggested a value of between 104 to 107 to bring the results
into better agreement with measurements. Even with a value
of 107, however, only four nucleation events were predicted
in January, and no events were predicted in July.
[37] The poor performance of the binary models is

consistent with results by other researchers who have found
that sulfuric acid concentrations are generally not high
enough to induce binary nucleation in the lower troposphere
[Korhonen et al., 2003; Kulmala et al., 2002; Weber et al.,
1996, 1999]. In fact, the predicted sulfuric acid concen-
trations are similar on days with and without nucleation
for both the summer and winter simulations. In July, the
average sulfuric acid concentration on days with nucle-
ation is 6.5 � 107 molecules/cm3 between 0900 and
1500 EST, about 10% less than the corresponding value
of 7.2 � 107 molecules/cm3 on days without nucleation.

The daily maximum concentrations predicted for July are
2.8 � 108 and 2.9 � 108 molecules/cm3 on days with
and without nucleation, respectively, while the concen-
trations are generally at least 107 molecules/cm3. In
January, the average sulfuric acid concentration on days
with nucleation (1.8 � 107 molecules/cm3) is about
30% higher than on days without nucleation (1.3 �
107 molecules/cm3). The maximum sulfuric acid con-
centrations are again similar, 1.3 � 108 and 1.4 �
108 molecules/cm3, respectively, while the predicted con-
centrations are generally above 105 molecules/cm3.

6. Effect of Changes in SO2 and NH3 Emissions

[38] Sensitivity analysis was also performed to determine
how changes in emissions of SO2 and NH3 would influence
nucleation during summer and winter conditions. Scenarios
were modeled changing the emissions of one gas while
leaving the other at the base case level, as well as with both
ammonia and SO2 being simultaneously controlled. The
following changes were made to the model inputs with
changes in SO2 emissions: (a) a proportional change was
made in the gas-phase SO2 and aerosol sulfate concentra-
tions; (b) the gas-phase ammonia concentrations were
recalculated using the adjusted aerosol sulfate concentra-
tions and conserving the total ammonia; (c) the initial
surface area was reduced proportional to the change in total
aerosol mass. Changes in aerosol mass are calculated
accounting for the change in sulfate concentrations, the
mass fraction of sulfate in the aerosol phase, and adjusting
for replacement of sulfate by nitrate and ammonium when
sufficient NH3 and HNO3 are available [Seinfeld and
Pandis, 1998]. The adjustment to the surface area implicitly
assumes that there is no change in the shape of the aerosol
distribution. In reality, there would be a shift in the
distribution with changes in total mass. However, sensitivity
analysis on the preexisting surface area showed that the
results were insensitive to changes of up to 20% (the
number of events remains the same while the growth of
nucleated particles is affected only slightly), so the error
introduced by this simplifying assumption can be ignored.
Changes in NH3 emissions are handled in a similar manner:
(a) the total ammonia is changed proportionally to the
change in NH3 emissions; (b) the gas-phase ammonia
concentrations are recalculated with the new values for total
ammonia; (c) the initial surface area is adjusted proportion-
ately to the change in aerosol mass resulting from the
increase of total ammonia.
[39] Figure 5 shows the effects of changes in SO2

emissions for both the January and July simulations.
For the July simulations, increasing the SO2 emissions
decreases the number of nucleation events, as the additional
aerosol sulfate lowers the amount of gas-phase ammonia
and reduces the nucleation rates. The fresh particles that are
created grow to larger sizes, however, as there is more
sulfuric acid being produced to contribute to the growth of
the particles. Lowering SO2 emissions initially increases the
number of nucleation events, as gas-phase ammonia con-
centrations increase and raise the nucleation rates. A
maximum of 18 events out of the 19 modeled days occurs
with a 40% reduction in SO2. Additional reductions in SO2

decrease the number of nucleation events and substantially

Figure 5. Sensitivity to changes in SO2 concentrations for
(a) July and (b) January. The shaded bars represent the base
case scenario.
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reduce the amount of growth seen. Even with an 80%
reduction in SO2 emissions, however, fourteen nucleation
events occur (74% of the modeled days), although eight of
these events are very weak with the nucleated particles not
growing above 20 nm in size.
[40] In January, changes in SO2 emissions have the

opposite effect, with increases in SO2 emissions tending
to cause additional events, and vice versa. This is indicative
of the fact that sulfuric acid, in conjunction with ammonia,
plays an important role in determining the nucleation rate in
January, as opposed to in the summer when ammonia
controls the system. The model predicts a maximum of
18 events (62% of the modeled days) with an 80%
increase in SO2 emissions, 5 more than for the base case.
The nucleation events also exhibit increased growth as the
SO2 emissions are increased. With a 40% reduction in
SO2, nucleation is still seen on 38% of the days, although
the particles from only 2 of the 11 events grow to 20 nm
in size. An 80% reduction in SO2 leaves only 3 events
(10% of the modeled days), with the mode of the particles
only reaching 10 nm in size for all three events.
[41] In July, a strong positive correlation is seen between

changes in total ammonia and the number of nucleation
events (Figure 6). In July, the model predicts 17 events
when the total ammonia is increased by more than 60%
(89% of the modeled days). A 40% reduction in ammonia
eliminates 5 nucleation events seen in the base case (leaving

42% of the days showing nucleation), while a 100%
reduction eliminates all the events. The length of the
nucleation events is also affected as ammonia decreases,
with several of the events becoming significantly shorter.
[42] Although a similar trend is seen in January, ammonia

does not have as great an effect as in July. Even with a
100% reduction in total ammonia, seven events still occur
(24% of the modeled days), with the particles from 5 of
these events growing to at least 20 nm in size. For these
cases, the lower limit of ammonia for the parameterization
was used, 0.1 ppt, so these cases do not reduce to the binary
H2SO4-H2O case. A doubling of ammonia results in nine-
teen predicted nucleation events (66% of the days),
although 8 of these events are weak and do not exhibit
growth above 20 nm in size.
[43] Although SO2 emissions have been reduced substan-

tially since the 1980s by the Clean Air Act, further reduc-
tions are planned [e.g., U.S. Congress, 2003] to help reduce
fine particulate matter mass concentrations in the eastern
United States, which have been linked to adverse health
effects [Samet et al., 2000; U.S. Environmental Protection
Agency, 1996]. With these further reductions in SO2 already
planned, additional scenarios were simulated for July in
which NH3 was controlled in addition to SO2. As shown
previously, a 40% reduction in sulfate results in five
additional events during this month. When coupled with a
10% reduction in NH3, however, three of these additional
events are eliminated. A reduction of NH3 by 30% elimi-
nates the other two additional events, leaving just the
original thirteen.

7. Conclusions

[44] A strong correlation between the presence of gas-
phase ammonia in July and observed nucleation indicates
that ternary NH3-H2SO4-H2O nucleation is the likely mech-
anism for nucleation in Pittsburgh. The ternary NH3-H2SO4-
H2O nucleation parameterization of Napari et al. [2002] is
shown to accurately predict the presence or lack of nucle-
ation during both the summer and winter: 19 out of 19 days
in July, and 25 out of 29 days in January. The success of the
model using H2SO4 as the sole condensing species and
without simulating the effect of organics suggests that the
role of organics in the formation and growth of these
nucleated particles is probably secondary.
[45] The predicted size and shape of the growth curve,

as well as the timing of the onset of nucleation, is in
good agreement with observations, particularly in July.
The predicted timing of the events is within 1 hour of
the observations for all 13 events in July, and 6 of the
12 events in January. Nine of the thirteen predicted events
show very similar growth compared to the observations in
July, while the model generally predicts less growth than
observed in January. The model tends to predict higher
number concentrations of particles on days with nucleation
for both the summer and winter months. In July, for
example, the predicted daily average and peak hourly
number concentrations of particles larger than 10 nm are
2.5 and 4.3 times higher, respectively, than the observed
number concentrations on these days. Although this dis-
crepancy in number concentrations might be partially
explained by the model not accounting for coagulational

Figure 6. Sensitivity to changes in ammonia emissions for
(a) July and (b) January. The shaded bars represent the base
case scenario.
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scavenging of particles smaller than the critical cluster as
well as dilution as the mixing layer rises during the day,
this issue needs to be further explored.
[46] Sensitivity analysis on the OH concentrations reveals

that the number of nucleation in July events is insensitive to
the OH concentration, while the number of events in
January ranges from 8 (28% of the modeled days) with
OH concentrations 50% of the base case value to 21 (72%
of the days) with OH concentrations twice the base case
value. The growth of the nucleated particles due to sulfuric
acid condensation changes significantly for both months as
a function of the assumed maximum OH. Field measure-
ments of OH concentrations during the winter months
would greatly enhance our understanding of nucleation
during the winter.
[47] Additional sensitivity analysis shows what effect

future changes in ammonia and SO2 emissions would have
on the number and strength of nucleation events. In both July
and January, the number of events shows a strong correlation
with ammonia emissions. In July, reducing the ammonia
emissions by 100% eliminates all the nucleation events,
while doubling ammonia emissions results in 17 events
(89% of the modeled days). In January, the relationship is
not quite as strong, with the percentage of days exhibiting
nucleation rising from 24% with no ammonia to 66% with
double ammonia. The effect of changes in SO2 emissions is
different depending on the season. In January, there is again
a positive correlation with the number of events. An 80%
reduction in SO2 emissions leaves only 3 events, while
doubling the SO2 results in 19 events (66% of the days). In
July, the simulated effect of SO2 emissions is nonlinear. For
the July simulations, SO2 reductions can either increase or
decrease the frequency of nucleation. Reductions up to about
40% will increase the number of days with nucleation, while
larger reductions will ultimately decrease the frequency.
Doubling the SO2 in summer decreases the nucleation
frequency substantially. Like the changes in OH concentra-
tions, the amount of SO2 also affects the growth of the
nucleated particles significantly in both months, as the
amount of sulfuric acid available for condensation is affected.
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Napari, I., M. Noppel, H. Vehkamäki, and M. Kulmala (2002), Parametri-
zation of ternary nucleation rates for H2SO4-NH3-H2O vapors, J. Geo-
phys. Res., 107(D19), 4381, doi:10.1029/2002JD002132.

Nemmar, A., et al. (2002), Passage of inhaled particles into the blood
circulation in humans, Circulation, 105(4), 411–414.

Nilsson, E. D., and M. Kulmala (1998), The potential for atmospheric
mixing processes to enhance the binary nucleation rate, J. Geophys.
Res., 103(D1), 1381–1389.

Nilsson, E. D., U. Rannik, M. Kulmala, G. Buzorius, and C. D. O’Dowd
(2001), Effects of continental boundary layer evolution, convection, tur-
bulence and entrainment, on aerosol formation, Tellus, Ser. B, 53(4),
441–461.

Oberdorster, G., J. Ferin, R. Gelein, S. C. Soderholm, and J. Finkelstein
(1992), Role of the alveolar macrophage in lung injury—Studies with
ultrafine particles, Environ. Health Perspect., 97, 193–199.

Oberdorster, G., et al. (2002), Extrapulmonary translocation of ultrafine
carbon particles following whole-body inhalation exposure of rats,
J. Toxicol. Environ. Health A, 65(20), 1531–1543.

O’Dowd, C. D., et al. (2002), A dedicated study of New Particle Formation
and Fate in the Coastal Environment (PARFORCE): Overview of objec-
tives and achievements, J. Geophys. Res., 107(D19), 8108, doi:10.1029/
2001JD000555.

Peters, A., H. E. Wichmann, T. Tuch, J. Heinrich, and J. Heyder (1997),
Respiratory effects are associated with the number of ultrafine particles,
Am. J. Respir. Critical Care Med., 155(4), 1376–1383.

Pirjola, L., and M. Kulmala (2001), Development of particle size and
composition distributions with a novel aerosol dynamics model, Tellus,
Ser. B, 53(4), 491–509.

Pirjola, L., et al. (1999), Formation of sulphuric acid aerosols and cloud
condensation nuclei: An expression for significant nucleation and model
comparison, J. Aerosol Sci., 30, 1079–1094.

Raes, F., A. Saltelli, and R. V. Dingenen (1992), Modelling formation and
growth of H2SO4–H2O aerosols: Uncertainty analysis and experimental
evaluation, J. Aerosol Sci., 23, 759–771.

Ren, X. R., et al. (2003a), HOx concentrations and OH reactivity observa-
tions in New York City during PMTACS-NY2001, Atmos. Environ., 37,
3627–3637.

Ren, X. R., et al. (2003b), OH and HO2 Chemistry in the urban atmosphere
of New York City, Atmos. Environ., 37, 3639–3651.

Samet, J. M., F. Dominici, F. C. Curriero, I. Coursac, and S. L. Zeger
(2000), Fine particulate air pollution and mortality in 20 U.S. cities,
1987–1994, N. Engl. J. Med., 343, 1742–1749.

Seinfeld, J. H., and S. N. Pandis (1998), Atmospheric Chemistry and
Physics From Air Pollution to Climate Change, John Wiley, Hoboken,
N. J.

Stanier, C. O., A. Khylstov, and S. N. Pandis (2004a), Ambient aerosol
size distributions and number concentrations measured during the
Pittsburgh Air Quality Study (PAQS), Atmos. Environ., 38, 3275–
3284.

Stanier, C., A. Khlystov, and S. N. Pandis (2004b), Nucleation events
during the Pittsburgh Air Quality Study: Description and relation to
key meteorological, gas phase, and aerosol parameters, Aerosol Sci. Tech-
nol., 38, suppl. 1, 253–264.

Tan, D., et al. (2001), HOx budgets in a deciduous forest: Results from the
PROPHET summer 1998 campaign, J. Geophys. Res., 106(D20),
24,407–24,427.

U.S. Congress (2003), Clear Skies Act, S. 485, 108th Congress, 27 Feb.
U.S. Environmental Protection Agency (1996), Air quality criteria for par-
ticulate matter, Rep. EPA/600/P-95/-1aF-cF.v3, Natl. Cent. for Environ.
Assess., Research Triangle Park, N. C.
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