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Abstract: This study examines the characteristics of new particle formation at a forest site 
in southeastern US. Particle size distributions above a Loblolly pine plantation were 
measured between November 2005 and September 2007 and analyzed by event type and 
frequency, as well as in relation to meteorological and atmospheric chemical conditions. 
Nucleation events occurred on 69% of classifiable observation days. Nucleation frequency 
was highest in spring. The highest daily nucleation (class A and B events) frequency  
(81%) was observed in April. The average total particle number concentration on 
nucleation days was 8,684 cm−3 (10 < Dp < 250 nm) and 3,991 cm−3 (10 < Dp < 25 nm) 
with a mode diameter of 28 nm with corresponding values on non-nucleation days of  
2,143 cm−3, 655 cm−3, and 44.5 nm, respectively. The annual average growth rate during 
nucleation events was 2.7 ± 0.3 nm·h−1. Higher growth rates were observed during summer 
months with highest rates observed in May (5.0 ± 3.6 nm·h−1). Winter months were 
associated with lower growth rates, the lowest occurring in February (1.2 ± 2.2 nm·h−1). 
Consistent with other studies, nucleation events were more likely to occur on days with 
higher radiative flux and lower relative humidity compared to non-nucleation days. The 
daily minimum in the condensation sink, which typically occurred 2 to 3 h after sunrise, 
was a good indicator of the timing of nucleation onset. The intensity of the event, indicated 
by the total particle number concentration, was well correlated with photo-synthetically 
active radiation, used here as a surrogate for total global radiation, and relative humidity. 
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Even though the role of biogenic VOC in the initial nuclei formation is not understood 
from this study, the relationships with chemical precursors and secondary aerosol products 
associated with nucleation, coupled with diurnal boundary layer dynamics and seasonal 
meteorological patterns, suggest that H2SO4 and biogenic VOC play a role in nucleated 
particle growth at this site.  

Keywords: nucleation; particle size distribution; SMPS; DMA; CPC; nucleation 
frequency; biogenic VOC; condensation sink; PAR; growth rate 

 

1. Introduction 

Atmospheric aerosols contribute to acid rain, impair visibility, and alter the earth’s radiation budget. 
Radiative effects can be direct by scattering incoming solar radiation and absorbing outgoing  
long-wave radiation, or they can be indirect by acting as cloud condensation nuclei to modify cloud 
micro-physical properties [1]. However, large uncertainties in the understanding of aerosol formation 
mechanisms and the estimation of their effects on global climate persist [2]. Aerosols can either be 
directly emitted (primary) from natural and anthropogenic sources, or formed from gas phase 
precursors (secondary). Aerosol production mechanisms, number concentrations, and chemical 
composition are highly dependent on geographical location, air mass origin, source type, meteorology, 
and atmospheric chemistry. 

Nucleation is the process of forming dispersed nuclei from the homogeneous phase under super 
saturation of vapor. It may produce very high concentrations of particles with diameters < 10 nm [3]. 
Nucleation involves the formation of initial nuclei and their growth through condensation and/or 
coagulation. A number of different nucleation mechanisms have been proposed [4,5], including binary 
water-sulfuric acid nucleation, ternary water-sulfuric acid-ammonia nucleation, ion-induced nucleation [6], 
and nucleation enhanced by organic acids [7]. Depending on the prevailing chemical and 
meteorological conditions, newly formed particles may grow to larger sizes by condensation. Primary 
emission, nucleation, and subsequent growth of pre-existing particles by condensation and coagulation 
are responsible for maintaining atmospheric aerosol concentrations and size distributions [8]. 

Spatio-temporally resolved measurements of aerosol size distributions are essential for understanding 
the chemical and meteorological conditions leading to nucleation. Kulmala et al. [9,10] summarized 
nucleation studies spanning a broad range of geographical locations and ambient conditions. 
Nucleation events have been observed both in rural and urban environments [8,11–13]. Boy et al. [14], 
Gerrit et al. [15], and O’Dowd et al. [16] observed that new particle formation in coastal environments 
was positively correlated with heat flux and negatively correlated with RH or water vapor flux. In a 
recent study by Place et al. [17], nucleation events were associated with strong solar irradiance and 
boundary layer growth rate; and were driven either by anthropogenic activities or by a chemical 
species whose emission rates are similar to that of terpenes. Though the condensation of sulfuric acid 
(H2SO4) could explain only a small fraction of the aerosol growth rate, sulfur dioxide (SO2) is 
considered an important nucleation precursor [18]. Relatively few studies have investigated particle 
nucleation in southeastern US [18–21], particularly over extended periods of time sufficient to 
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examine seasonal variability. New particle formation was frequently observed in dryer air with low 
background aerosols [19]. Kulmala et al. [9] observed nucleation events even in polluted environments 
if the ratio between precursor gases and pre-existing aerosols are higher. The vertical variation of 
aerosol particle size distributions shows nucleation primarily occurred above the canopy at a rural 
forested site in southern Indiana [22]. This study also shows a significant association between 
nucleation mode particles and local meteorological conditions at the Indiana Forest site. 

To better understand the frequency and characteristics of particle formation events in southeastern 
US, particle size distributions were measured above a Loblolly Pine canopy at Duke Forest, near 
Chapel Hill, NC, USA, between November 2005 and September 2007. This study identifies the 
nucleation events and investigates the corresponding physical properties (total number concentration, 
condensation sink, and particle growth rates), chemical properties, and the meteorological conditions 
favorable for nucleation. 

2. Experimental 

2.1. Site Description 

Particle size distribution, total particle number concentration, chemical, and meteorological 
measurements were conducted at Duke Forest, Chapel Hill, North Carolina. Duke Forest (35.98°N, 
79.09°W), considered a suburban forest site, is surrounded by the cities of Chapel Hill (7 km to the 
south–southeast), Durham (17 km to the east–northeast), Raleigh (40 km to the southeast), and 
Burlington (33 km to the west–northwest). Interstate 40 passes approximately 2.4 km northeast of the 
site. A detailed description of the site is provided by Geron [23]. Measurements were conducted over a 
Loblolly pine plantation with an approximate tree height of 18 m. 

2.2. Measurements 

The particle size distribution measurements were conducted using a Scanning Mobility Particle 
Sizer (SMPS, TSI, Shoreview, MN, USA) consisting of a TSI series 3080 Electrostatic Classifier with 
a 3081 Differential Mobility Analyzer (DMA), and a 3010 Condensation Particle Counter (CPC). A 
TSI Model 3025 CPC was used for a brief period early in the study. The instrument was operated at 
sheath and aerosol air flow rates of 10 and 1 Lpm, respectively, with a 0.0457 cm impactor inlet, 
establishing an effective particle size range of 7 to 305 nm (Dp). The quantitative analysis of this study 
included the size range 10 nm–250 nm. Multiple charge and diffusion loss corrections were applied 
using the TSI AIM software [24]. The scanning routine was configured to yield 30-min average 
concentrations and size distributions. After accounting for periods of instrument malfunction and 
maintenance activities, a total of 364 observation days were available for analysis during the period 
November 2005–September 2007. 

Prior to December 2006, particles were sampled from above the canopy (25 m above ground) by 
drawing air through 3/8" O.D. copper tubing at a flow rate of 30 Lpm into the climate controlled 
shelter in which the instruments were housed. Tubing was thermally insulated inside the shelter to 
avoid condensation. The potential for particle loss during transport through the copper tubing was 
tested by examining transmission of NaCl particles through a 10-m section of tubing oriented in the 
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same configuration as the field system. Test results indicated negligible particle loss at the flow rates 
and tubing lengths employed in the field for particle sizes on the order of 30–50 nm Dp. Because 
sufficient concentrations of smaller particles could not be generated during loss tests, potential 
diffusional loss of 10-nm particles was estimated as described by von der Weiden et al. [25] for 
turbulent flow. For the 3/8" O.D. tubing as configured in the field, losses of 10 nm particles may have 
been on the order of 25%–30%. Data were not corrected for this potential artifact. To accommodate 
additional measurements at the site, the above-canopy sampling system was changed to a 6" O.D. PVC 
pipe through which air was drawn to the shelter at a flow rate of 500 Lpm. Particle losses for this 
sampling configuration, also estimated using the approach of von der Weiden et al. [25], are negligible 
for the range of particle sizes investigated (i.e., 10–250 nm). Particle residence times in the low- and 
high-flow sampling configurations were ~3 and 40 s, respectively, with corresponding Reynold’s 
numbers of 5,300 and 5,000.  

Duke Forest meteorological data compiled from Brookhaven National Laboratory (BNL) and Free-Air 
Carbon Enrichment (FACE) datasets include 30-min average above-canopy air temperature (°C, 
Model HMP45C, Campbell Scientific, Logan, UT, USA), relative humidity (RH, Model HMP45C), 
wind speed (m·s−1, Model 100075, Climatronics, Bohemia, NY, USA) wind direction (deg, Model 
100076, Climatronics, Bohemia, NY, USA), precipitation (mm, Model TE525, Campbell Scientific, 
Logan, UT, USA), and Photosynthetically Active Radiation (PAR, millimol m−2·s−1, Model LI-190SA, 
LI-COR Environmental, Lincoln, NE, USA). Trace gas concentrations measured from July 2006 to 
September 2007 include nitric oxide (NO), nitrogen oxides (NOx = NO + NO2) (TEI Model 42S, 
Thermo Environmental Instruments, Inc., Franklin, MA, USA), ozone (O3) (TEI Model 49C), and SO2 
(TEI Model 43C). Instruments were housed in a climate-controlled enclosure and sampled from above 
the pine canopy through a 1" O.D. Teflon tubing at a flow rate of 30 L·min−1. Data were recorded as  
30-min averages. Mass concentrations (µg/m3) of optically corrected Organic Carbon (OC) and 
Elemental Carbon (EC) [23] measured at the site from November 2005 to September 2007 were also 
included in our analysis. 

2.3. Detection and Classification of Nucleation Events 

The observation days are categorized into nucleation event classes based on 2D size distribution 
plots. For this study, we adopted the nucleation event classification scheme by Dal Maso et al. [26], 
Boy et al. [27], and Pryor et al. [22,28]. The particle number concentration for each size bins (Ni) and 
for each observation days were plotted as a function of particle diameter and time. The periods of 
increasing Ni were assessed to identify potential nucleation event classes A, B, C, or to categorize the 
day as non-nucleation (non-event) day. The event classes that are interrupted or that do not fit into the 
aforementioned categories are identified as unclassified events and are excluded from further analysis. 
The typical size distribution behavior for each of these event classes are shown in Figure 1. 
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Non-Nucleation: Observation days with particle size distributions devoid of increased NM 
concentration and their subsequent growth to larger particles. 

Unclassified: Days that do not fit into the described event classes or that had an interrupted size 
distribution data due to inclement weather or instrument outage or for which the growth rates are 
extremely fluctuating. 

2.4. Condensation Sink (CS) and Growth Rate 

The condensation sink (CS) quantifies the loss rate of molecules in the entire size spectrum due to 
condensation of condensable vapors on pre-existing aerosols [29,30]. It is calculated as the integration 
of condensational loss of condensable vapors onto existing aerosols and is dependent on the molecular 
properties such as vapor phase diffusion and mean free path. The CS (cm−2) is calculated as follows: 

ܵܥ ൌ න ܦ ൯ܦ൫ߚ ݊൫ܦ൯ ൯ଶହܦ൫݈݃݀ ୬୫
ଵ ୬୫  (1)

where ߚ is the transitional correction factor [31,32], ܦ is the mid-point diameter, and ݊൫ܦ൯ is the 
number distribution of particles corresponding to different size classes with mid-point diameter ሺܦሻ 
between the size range 10 nm and 250 nm. The accommodation coefficient of unity was used to 
calculate ߚ. 

Since we use 10 nm to 250 nm diameter range for quantitative analysis, the calculated value is an 
underestimation of the actual ܵܥ, though the contribution of particles with sizes outside the measured 
range is expected to be relatively small. 

Growth rate indicates size changes of nucleated particles over time. A log-normal fit is applied to 
the data to identify the peaks in each size distribution. GR in nm·h−1 was calculated from the difference 
between midpoint diameters corresponding to the peaks in particle number concentration for each 
instant of time (∆ܦ) by dividing it with the corresponding difference in time (∆ݐሻ.  

GR ൌ ݐ∆ܦ∆  (2)

Particle growth rate is a function of the condensable vapor concentration and the CS. GR increases 
significantly when the condensable vapor concentration is large and the CS is low [9]. 

3. Results and Discussions 

3.1. Summary Statistics 

Nucleation events were observed on approximately 69% (273 days) of days for days with complete 
measurements. The observed nucleation frequency at Duke Forest was significantly higher compared 
to that observed at forested areas elsewhere. From the total valid observations, 46% of the days at a 
mixed deciduous forest in southern Indiana [22], 35% of the days at a deciduous forest in central 
Virginia [19], 45% of the days [26] at a boreal forest in Hyytyala in Finland, and 53% of the days [11] 
at a forested site near Pittsburg, PA exhibited new particle formation characteristics. Month-to-month 
comparisons of event statistics are difficult as the total number of valid observation days in each month 
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Table 1. Total number concentrations of fine mode (N) and nucleation mode (N25) 
particles, peak diameter (Dpeak), condensation sink (CS), and particle growth rate (GR) 
during the 4 March 2006 nucleation event. 

Time 
N (cm−3) 

(10 ≤ Dp ≤ 250 nm) 
N25 (cm−3) 

(10 ≤ Dp ≤ 25 nm) 
CS 

(cm−2) 
Dpeak 

(nm) 
GR 

(nm·h−1) 
9:00 am 2,530 1,559 0.0034 8.82 - 

11:00 am 10,522 9,462 0.0041 9.14 1.60 
13:00 pm 19,964 19,128 0.0058 15.70 3.28 
15:00 pm 20,307 18,975 0.0078 18.80 3.10 

The hourly average growth rate (GR) (Figure 4(b)) illustrates diurnal patterns in the rate of change 
of nucleation mode particle size and is dependent on the condensable vapor concentration and the 
number concentration of pre-existing particles that act as CS. Growth rate begins to increase with the 
onset of nucleation and generally reaches its peak 4 to 5 h later due to increasing photochemistry. 
However, there is about an hour delay (Figure 4(a,b)) between the nucleation onset and increase in GR. 
The similar time lag (Figure 4(c)) observed between NM particle concentration and concentration of 
SO2 indicates condensational growth. This temporal lag may be due to the two stages in  
nucleation—the formation of new particles, and their growth through condensation to detectable larger 
sizes. Sihto et al. [33] observed a 1.4-h time lag between the number concentration of 3–6 nm particles 
and sulfuric acid concentration. Not all nucleation events lead to new particle formation. If the 
nucleated species can survive against condensation and coagulation loss to pre-existing particles, and if 
condensable vapors are available for condensation onto nucleated species, new particle formation  
may occur [34]. 

The typical growth rates observed at continental sites are between 1 and 20 nm/h [9]. The grand 
average growth rate during nucleation events was 2.7 ± 0.3 nm/h. The observed average growth rates are 
consistent with the range of the growth rates reported by Pryor et al. [22] (2.5 nm/h), and Place et al. [17] 
(2.7 nm/h).The particle growth rate at the Duke Forest site exhibits seasonal variability. The monthly 
average growth rate (Figure 6) was at its maximum during late spring and the early summer months, with 
the highest growth rate being in May (5.0 ± 3.6 nm/h) followed by June (4.1 ± 3.9 nm/h), and the minimum 
growth rate occurring during the winter months, with the lowest being in February (1.2 ± 2.2 nm/h). This 
observed seasonality is consistent with Qian et al. [35] (6.7 ± 4.8 nm/h for summer and 1.8 ± 1.9 nm/h for 
winter). Higher growth rates in summer months may be due to the higher oxidizing capacity of the 
atmosphere and subsequent oxidation rates of precursors, such as SO2, and other compounds, such as 
biogenic volatile organic compounds (VOC), that exhibit temperature or physiologically dependent 
(e.g., bud break or needle expansion) emission rates. 

The particle growth rate depends on the availability of condensable vapor concentration and the 
new particle formation is observed when freshly nucleated particles can grow fast enough to be 
detected without being scavenged onto pre-existing aerosols. The condensable vapor species are 
produced from their precursor gases through oxidation by ozone, and hydroxyl (OH), and/or nitrate 
(NO3) radicals [9]. The concentration of these condensable vapor species depends on the concentration 
ratio between precursor gases and pre-existing aerosols [9]. 



A
 

 

3

c
li
p
o
n
m
h
o
p
in
r
n

d
(
lo
q
p
te
(
o
p
 

Atmosphere 

Figure
the cor

3.2. Relation

Previous 
cover [17,36
ink to solar

production o
onset of nuc
nocturnal bo
more vigoro
humidity an
oxidation an
pattern of lo
nverse relat

radiation at 
nucleation p

At Duke 
days compa
Figure 7). 
ower relativ

quantified a
particle num
emporally c
Figure 8(a)

of pre-existi
particle form

2013, 4 

e 6. Monthl
rresponding

n to Meteor

studies hav
6] and lowe
r radiation m
of low vapo
cleation is o
oundary lay
ous on days 
nd nucleatio
nd subseque
ower relativ
tionship be
high relativ

precursors. 
Forest, ove

ared to (66
Consistent 
ve humidity
s the total p

mber concen
coincident d
), while no 
ing particle

mation. 

ly mean par
g month alo

rology 

ve shown th
er humidity
may reflect 
or pressure 
often observ
yer and dow

with high r
on may refl
ent producti
ve humidity 
etween nucl
ve humidity

erall lower 
6%) non-ev
with other 

y. The role o
particle num
ntration was
data points,
correlation
s by conde

 

rticle growt
ong with the

hat nucleati
y [33,37], re

a dependen
gas phase [
ved in the m

wnward mix
radiative flu
lect the role
ion of low v
on cloudle

leation and 
y, which lim

average rel
vent days, a

studies, nu
of humidity

mber concen
s found to b
, for the da

n was observ
nsation may

th rate (nm/
e standard er

on is more 
elative to da
nce of nucl
[38] and ion
mid to late 

xing of nucl
ux (i.e., clou
e of water v
vapor press

ess days [22
relative hu

mits the pho

lative humi
a pattern th

ucleation ev
y with respec
ntration duri
be inversely

aily mean v
ved on non-
y further in

/h) averaged
rror is show

likely to oc
ays on whic
eation on O
nic [6] prec
morning, c

leation prec
udless days)
vapor in th
sure nucleat
2]. Hamed e
umidity is p
otochemical

dity (43%) 
hat was al

vents were m
ct to the int
ing nucleati
y correlated

values, and 
-event days
ncrease the 

d for all nuc
wn. 

ccur on day
ch nucleatio

OH concent
ursors requ

coincident w
cursors from
). The relati

he character
tion precurs
et al. [41] r
primarily d
l production

was observ
so observe
more likely
tensity of nu
ion events, 
d with relat
for the day
. At high re
CS and thu

cleation eve

 

ys with low
on is not ob
ration, whic

uired for nuc
with the bre
m aloft [11,2
ionship betw
ristics of bi
sors [39,40]
recently sho
due to less 
n of H2SO4

ved on nucl
ed in month
y to occur o
ucleation, w
is also of in

tive humidit
ytime daily 
elative hum
us tends to 

8

ents for 

w or no clou
bserved. Th
ch drives th
cleation. Th
eak-up of th
22], which 
ween relativ
ogenic VO
] or simply 
owed that th
intense sola

4 and organ

leation even
hly average
on days wit

which may b
nterest. Tot
ty for all th
mean value
idity, growt
prevent new

83 

ud 
he 
he 
he 
he 
is 

ve 
C 
a 

he 
ar 
ic 

nt 
es  
th 
be 
al 
he 
es 
th 
w 



A
 

 

 

Atmosphere 

Figure
nuclea

Figure
temper
(appro
(e) diu
temper
The er

 

2013, 4 

e 7. The gra
ation days an

e 8. Correl
rature, (c) P

oximately 1 
urnal profile
rature and c
rror bars are

and average
nd non-nuc

lation of n
PAR, (d) SO

hour prior
es of PAR,
condensatio
e standard de

 

e monthly m
cleation day

nucleation m
O2. Data poin
r to nucleati
, nucleation

on sink. Data
eviation of t

mean daytim
s. 

mode partic
nts represen
ion onset u
n mode par
a represent 
that particul

 

 
 

me temperat

cles with (a
nt averages b
until the pea
rticle numb
hourly aver

lar hour data

ture and rel

a) relative 
between 7:0
ak in numb

ber concentr
rages of all 
a during all 

lative humid

humidity, 
00 am and 1
ber concentr
ration, and 
nucleation 
nucleation e

8

dity for 

 

(b) air 
:00 pm 
ration), 
(f) air 

events. 
events. 

 

  

84 



A
 

 

d
a
o
T
c
b
f
d

n
P
b
s
th
to
H
la
th
s
p
W
la
w

3

e
F
v

Atmosphere 

Total par
days (Figure
and tempera
of biogenic 
This potent
concentratio
between nuc
formation of
downward m

The nucle
nucleation f
PAR is plot
between the
sink and air 
han a coupl
o the time r

H2SO4 after
ayer. Conde
hough the 

sink and re
precipitation
When precip
asted only 

wind speed a

3.3. Relation

The relat
examined in
Figure 9 sho
versus O3, S

2013, 4 

rticle numb
e 8(b)). Thi
ature and the
VOC, whic
tial linkage
on is positiv
cleation inte
f nucleation

mixing durin
eation day c

followed by
ted along w

e diurnal tem
temperatur

le of hours 
required for
r sunrise or 
ensation sin
strength of 
elative hum
n of 0.197 
pitation occ
for a short 
and directio

n to Chemis

tionships b
n an effort to
ows the diu
SO2, NOx, a

ber concentr
is pattern is
erefore doe

ch may play
e is discus
vely correla
ensity and ra
n precursors
ng the morn
condensatio
 an increase

with nucleat
mperature p
re occur wit
between th
r sufficient 

r downward
nk was posi
f the correla
midity was 

mm, where
curred on n
period. Nu

on.  

stry 

between nu
o characteri
urnal variati
and NO bo

Fi

ration was 
s expected,
s not necess

y a role in nu
ssed in mo
ated with P
adiative flu
s or may sim
ning bounda
on sink typi
e over the c
tion mode p
profile and 
thin 30 min

he continuou
production

d mixing of
tively corre
ations was 

observed. 
eas the ave
nucleation 

ucleation an

ucleation ev
ize the chem
ion of total 
th for nucle

igure 8. Co

 

positively c
given the i
sarily indica
ucleation, a
ore detail 

PAR (Figur
ux may indic
mply be ind
ary layer tra
ically reach
course of th
particle con
condensati

n of each ot
us increase 
n of OH and
f existing pr
elated with P
weak. No s
Non-nucle

erage precip
days, it wa

nd non-nucl

vents and c
mical condit

nucleation 
eation and 

ont. 

correlated w
nverse relat
ate a mecha
are also posi

in the fol
e 8(c)). As
cate the imp
dicative of d
ansition and
ed its daily 

he event. In 
ncentration a
on sink. Th
ther. Howev
of these tw
d subsequen
recursors fr
PAR (R2 =
significant 
eation days
pitation on 
as typically 
leation days

concentratio
tions that fa
mode and 
non-nuclea

with air tem
tionship bet

anistic linka
itively corre
llowing se
s mentioned
portance of 
days charac

d lower relat
minimum a
Figure 8(e,
and shows t
he daily mi
ver, there ex

wo paramete
nt nucleatio
rom above 
0.14) and t
relationship

s are assoc
nucleation 
after the o

s show no s

ons of trac
avor particle
fine particl

ation days. T

mperature o
tween relat

age. Howeve
elated with 
ction. Part

d above, th
OH concen

cterized by 
tive humidit
at or before
f), the diurn
the time lag
inimum in c
xists a time

ers. This lag
on of precur
the nocturn

temperature
p between c
ciated with 

days was 
onset of nu
significant 

ce gases an
e nucleation
le number c
The bi-mod

8

on nucleatio
tive humidit
er, emission
temperatur

ticle numbe
e correlatio

ntration in th
more intens
ty. 
e the onset o
nal profile o
gged relatio
condensatio
e lag of mor
g may be du
rsors such a
nal boundar
e (R2 = 0.13
condensatio

an averag
0.0016 mm

ucleation an
difference i

nd PM wer
n and growth
concentratio
dal profile o

85 

  

on 
ty 
ns 
re. 
er 
on 
he 
se 

of 
of 
on 
on 
re 
ue 
as 
ry 

3), 
on 
ge 
m. 
nd 
in 

re 
h. 

on 
of 



A
 

 

N
d
b
m
A
e
s
s
d
s
p
V
d
U
s
v
d
e
c
d
p

h
a
b
c
o
s

Atmosphere 

NOx is ind
differences b
be responsib
morning ru
A coinciden
emissions fr
sources may
site. Emissio
decrease exp
study along 
particles (10
Very good c
distance of 2
Using this ra
small increa
variability d
diesel traffic
elemental c
concentratio
days (Figure
particle num

Figure
averag

SO2 conc
higher conc
after sunrise
breaks down
condensation
of H2SO4-m
study. Howe

2013, 4 

dicative of 
between nu
ble for the d
sh hour w
nt bimodal

from mobile
y not be exp
ons of ultra
ponentially 
a major roa

0–70 nm) w
correlation b
20 m, with r
atio, the mo

ases in parti
displayed by
c from maj
carbon duri
on is not di
e 9). We con

mber concen

e 9. The d
ged for all th

centrations 
entrations r
e is consiste
n. This peri
n sink and 

mediated nuc
ever, OH co

mobile em
cleation day
differences 

while O3 co
l pattern in
e sources, i
pected to si
afine particl

with distan
adway in ne
were measur
between NO
regression sl
orning and e
icle number
y the particl
or roads no
ing spring 
iscernible in
nclude that 

ntrations (<2

diurnal vari
he nucleatio

display a d
relative to n
ent with do
od of increa
onset of nu
cleation. Hy
oncentration

missions du
ys (lower te
in the diurn

oncentration
n particle 
is not evid
gnificantly 
les from lig
nce away fro
earby Raleig
red 20 m fr

O and ultrafin
lopes indica
evening pea
r concentrat
le number c
ortheast of 

and summ
n the avera
it is not po

250 nm) at t

ation of nu
on event day

distinct pea
non-nucleat

ownward m
asing SO2 c

ucleation, pa
ydroxyl rad
ns would b

uring morni
emperature, 
nal structur
ns are still 
number co

dent. Howev
affect parti

ght-duty veh
om the poin
gh, NC in w
from the roa
ne particle n
ating a UFP 
aks in NO a
tion and wo
concentratio
the site is 

mer weekda
age diurnal 
ssible to cle
this site.  

umber conc
ys with coin

 

ak between
tion days. T
ixing of SO

concentratio
articularly d
dical (OH) 
be expected 

ing and ev
higher RH,

re of NOx o
insufficien

oncentration
ver, ultrafin
icle number
hicles are m
nt of emissi

which concen
adway and 
number conc
(#/cm−3)/N

and NOx sh
ould be diffi
ons. A study
partly respo
ays. A coi
profiles of

early identif

centration a
ncident chem

8:00 and 
This pattern
O2 from alo
ons often co
during warm
concentrati
to increase

vening rush
, etc.) and n

on these day
nt for sign
n, indicativ
ne particle 
r concentrat

much lower 
ions. Hagler
ntrations of
at increasin
centrations 

NO(ppb) con
hown in Fig
icult to reso
y by Geron 
onsible for 
incident pe
f nucleation
fy an effect

and atmosp
mistry data.

10:00 am o
n of increas
oft as the no
oincides wit
m months, w
ons were n

e rapidly af

h hour. Me
non-nucleati
ys. NO peak
nificant NO
ve of ultra
emissions 
tions at the 
than NO em
r et al. [42]
f NO, NO2, 
ng distance
(UFP) was 

ncentration r
gure 9 would
olve within 
2009 [23] o
a late morn

eak in part
n versus no
t of mobile 

pheric gas s
. 

on nucleati
sing SO2 co
octurnal bo
th the daily 
which may b
not measure
fter sunrise 

8

eteorologic
ion days ma
ks during th

O2 formation
afine partic
from mobi
Duke Fore

missions an
 conducted 
and ultrafin
s downwind
observed at
ratio of ≈230
d translate t
the tempor

observed th
ning peak i
ticle numbe
on-nucleatio
emissions o

species 

ion days an
oncentration
oundary laye

minimum i
be indicativ

ed during th
on cloudles

86 

al 
ay 
he 
n.  
le 
le 

est 
nd 

a 
ne 
d. 
t a 
0. 
to 
al 
at 
in 
er 
on 
on 

  

nd 
ns 
er 
in 
ve 
he 
ss 



A
 

 

d
w
a
u
n
n
d
c

c
th
s
P
p
w
s
a
r
c
m
w
P
r
r
w
v

r
c
m

Atmosphere 

days when 
would be ex
all the nucle
until the pea
nucleation m
number con
days no su
concentratio

For parti
condensable
he formatio

site, we exam
PM2.5, as w
positively c
whereas no 
species in se
also enhance
rate at whic
carbon conc
monoterpene
which may p
PM2.5 on nu
reflects a ph
relative to lo
were observ
vegetation a

Figure
days a

If biogen
relationship 
characteristi
measuremen

2013, 4 

nucleation 
xpected to l
eation event
ak in numb

mode particl
ncentration i
uch relation
ons on nucle
icle growth
e gases are r
on [44] and 
mined corre

well as O3, 
orrelated w
correlation

econdary ae
ed sulfuric 
ch vapor m
centrations. 
es, sesquite
partially exp

ucleation day
hotochemica
ow PAR da
ved during 
at this site ar

e 10. The c
and non-nuc

nic VOC pl
between co

ics and at
nts collected

events wer
ag slightly 
ts (Figure 8
ber concentr
les and SO2 
increases, th
n exists be
eation days.
h to proceed
required. In
growth [45

elations betw
a gas pha

with organic
n is observe
erosol form
acid nuclea

molecules co
Geron [46

erpenes) co
plain the m
ys. While th
al control, s
ays at simil

warm mon
re highest [4

correlation 
cleation day

lays a role 
ondensation
tmospheric 
d during th

re most fre
behind the 
(d)), from a
ration (1:00
in the initia

he concentr
etween the 
 
d following

n less pollut
5] of new p
ween nucle
ase precurs
c carbon co
ed on non-n

mation, Zhan
ation. On da
ondense ont
] showed th

ontribute sig
moderate cor

he predomi
such days w
lar tempera
nths when 
48]. 

between or
ys. 

in particle 
n sink and o

oxidative 
he Chemica

quently obs
increase in

approximate
0 pm), there
al couple of
ration of SO

two supp

g nucleation
ted areas, bi
articles. To
ation charac
or to secon

oncentration
nucleation d
ng et al. [7]
ays in whic
to existing 
hat oxidatio
gnificantly 
rrelation obs
nance of nu

would also e
ature [47]. F

VOC (mo

rganic carbo

 

formation 
organic carb
capacity m

l Emission,

served. The
OH [43] an

ely 1 h prior
e exists a s
f hours at th
O2 decrease
ports our s

n, sufficien
iogenic orga

o examine th
cteristics an
ndary organ
n (Figure 10
days. In add
] identified 

ch nucleatio
particles, w

on products
to organic 

served betw
ucleation ev
exhibit high
Furthermore
ono- and se

on and con

and growth
bon in PM,
may also 
, Loss, Tran

e formation
nd SO2. Wh
r to the nuc

strong posit
he start of nu
es. The fact
uggestion 

nt concentra
anic compo
he potential
nd organic c
nic aerosol
0) on nucle
dition to th
that the pr

on occurred
were associ
s of biogen

carbon in 
ween CS and
vents on day
her emission
e, the highe
esquiterpene

ndensation s

h at this si
, a relations
be expecte
nsformation

n and grow
hen hourly 

cleation ons
tive correlat
ucleation; a
t that on no
of increase

ations of lo
ounds may p
l role of org
carbon conc
l. Condensa
eation days
he direct rol
resence of o
, high value
iated with h

nic VOC (e.
PM at thi

d total organ
ys with high
n rates of bi
est particle 
e) emission

sink on nuc

ite, as sugg
ship betwee
ed. Based 
n, and Inter

8

wth of H2SO
averaged fo
et (7:00 am
tion betwee

as the partic
on-nucleatio
ed precurso

ow volatilit
play a role i
ganics at th
centrations i
ation sink 
 (R2 = 0.24
le of organ
organic acid
es of CS, th
high organ
.g., isopren
s forest sit
nic carbon i
h PAR likel
iogenic VO
growth rate

n rates from

cleation 

 

gested by th
en nucleatio

on in sit
ractions wit

87 

O4 
or 

m), 
en 
le 

on 
or 

ty 
in 

his 
in 
is 
4) 
ic 
ds 
he 
ic 
e, 
e, 
in 
ly 
C 
es 
m 

he 
on 
tu 
th 



A
 

 

C
c
c
c
c
o
p
c
n
th
r

4

n
r
o
c
o
h
d

1
d
c
o
a
p

Atmosphere 

Canopies (C
carbon, the 
contribute 9
carbon in PM
concluded th
over monote
positive corr
correlation 
nucleation o
hat favor t

relationship 

Figure
concen

4. Summary

Particle s
near Chapel
region, occu
of valid day
cloud cover,
occurred mo
highest parti
during winte

On nucle
10:00 am, co
down. This 
condensation
of H2SO4-m
associated w
participation

2013, 4 

CELTIC) ca
modeling r

90%, 6%, an
M2.5 during
hat local iso
erpene oxid
relation bet
on non-nu

occurred, rap
the oxidatio
between CS

e 11. The
ntration and

y and Conc

size distribu
l Hill, North
urring on 69
ys. Consisten
, strong radi
ost frequent
icle growth
er. We obse
eation days
onsistent w

period of 
n sink and 

mediated nu
with relative
n of biogen

ampaign an
results from
nd 4% of se
g warm mon
oprene oxid
dation, and 
tween the c

ucleation da
pid and sus
on of gas 
S and the co

e correlatio
d O3 on nucl

clusions  

utions were 
h Carolina. 
9% of valid
nt with othe
iative flux, 
ly in the spr

h rates were
erved no sig
, SO2 conc

with downwa
increasing

onset of nu
ucleation. O
ely higher c
nic volatile

nd subseque
m Geron [46

econdary or
nths [23]. A

dation is dom
sesquiterpe

condensation
ays (Figure
stained parti

phase orga
oncentration

on between
leation days

measured f
Observatio

d measurem
er studies, n
lower relati
ring, a findi

e also obser
gnificant imp
centrations 
ard mixing 

g SO2 conc
ucleation, pa
On days in
concentratio

e organic c

ent longer t
6] show tha
rganic aero

Also based 
minated by 
ene oxidati
n sink and 
e 11). Thi
icle growth 
anic compo
n of organic

n condensa
s. 

from Novem
ns indicate 

ment days, w
nucleation d
ive humidity
ing that is a
rved in the s
pact of loca
typically sh
of SO2 from

centrations 
articularly d
n which nu
ons of orga

carbon as p

term measu
at isoprene, 
sol at this s
on CELTIC
OH, where

ion is domi
O3 concent
s relationsh
was associ

ounds, a p
c carbon in 

ation sink 

mber 2005 
that new p

with classes
days are gen
y, and little

also consiste
spring whil

al traffic on 
howed a di
m aloft as th
often coinc

during warm
ucleation oc
anic carbon
precursors i

urements of
monoterpe

site, which 
C measurem
eas O3 and O
inated by O
trations on 
hip sugges
iated with c
attern that 
PM.  

with total 

 

to Septemb
article form
A and B ev

nerally asso
e or no preci
ent with oth
le the lowes
nucleation 
istinct peak
he nocturna
cides with 
m months, w
ccurred, hig

n in PM2.5, w
in the grow

f organic an
nes, and se
dominates 

ments, Strou
OH exert sim
O3. We fou

nucleation 
sts that on 
conditions (

is consiste

particle n

ber 2007 at 
mation is fre
vents occur

ociated with
ipitation. Cl

her studies in
st growth ra
event days.

k between 8
al boundary 

the daily 
which may b
gh values 
which may

wth process

8

nd element
esquiterpene
total organ

ud et al. [49
milar contro

und moderat
days and n
days whe

i.e., high O
ent with th

number 

Duke Fore
equent in th
rring on 36%
 sparse or n
lass A even
n the US Th
ates occurre
 
8:00 am an
layer break

minimum i
be indicativ
of CS wer

y indicate th
s. While th

88 

al 
es 
ic 
9] 
ol 
te 

no 
en 
3) 

he 

st 
his 
% 
no 
nts 
he 
ed 

nd 
ks 
in 
ve 
re 
he 
he 



Atmosphere 2013, 4 89 
 

 

predominance of nucleation events on days with high PAR likely reflects a photochemical control, 
such days would also exhibit higher emission rates of biogenic VOC relative to low PAR days at a 
similar temperature. The highest particle growth rates were observed during warm months when VOC 
(mono- and sesquiterpene) emission rates from vegetation at this site are highest [48]. It is noteworthy 
that Geron and Arnts [48] observed high monoterpene emission rates in the spring, which corresponds 
to period of most frequent Class A nucleation events. We found moderate positive correlation between 
the condensation sink and O3 concentrations on nucleation days, suggesting that on days when 
nucleation occurred, rapid and sustained particle growth was associated with conditions (i.e., high O3) 
that favor the oxidation of gas phase organic compounds. This pattern is consistent with the observed 
relationship between CS and the concentration of organic carbon in PM. 

The frequency, seasonal distribution, and relationships between nucleation events and meteorology 
at short time scales are consistent with other studies in the US Relationships with chemical precursors 
and secondary aerosol products associated with nucleation, coupled with diurnal boundary layer 
dynamics and seasonal temperature trends, suggest that H2SO4 and biogenic VOC play a role in 
nucleation at this site. However, without additional detailed measurements, isolation of the nucleation 
mechanism is not possible, thus inviting further study. Data from this study provide a dataset for 
testing of particle formation and dynamics in regional modeling tools such as the Community  
Multi-scale Air Quality Model (CMAQ) and add to a growing understanding of the frequency, 
intensity, and chemical and meteorological drivers of particle formation in southeastern US. Our 
results may also be used to guide further studies aimed at characterizing the chemical characteristics of 
nucleation, with a focus on H2SO4 and organic precursors. 
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