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Atmospheric aerosols from natural and anthropogenic pro-
cesses have both primary and secondary origins, and can influ-
ence human health, visibility, and climate. One key process af-
fecting atmospheric concentrations of aerosols is the formation
of new particles and their subsequent growth to larger parti-
cle sizes. A field study was conducted at the Blodgett Forest Re-
search Station in the Sierra Nevada Mountains of California from
May through September of 2002 to examine the effect of bio-
genic volatile organic compounds on aerosol formation and pro-
cessing. The study included in-situ measurements of concentra-
tion and biosphere-atmosphere flux of VOCs, ozone, aerosol size
distribution, aerosol physical and optical properties, and mete-
orological variables. Fine particle growth events were observed
on approximately 30 percent of the 107 days with complete size
distribution data. Average particle growth rates measured dur-
ing these events were 3.8 ± 1.9 nm hr−1. Correlations between
aerosol properties, trace gas concentrations, and meteorological
measurements were analyzed to determine conditions conducive
to fine particle growth events. Growth events were typically ob-
served on days with a lesser degree of anthropogenic influence, as
indicated by lower concentrations of black carbon, carbon monox-
ide, and total aerosol volume. Days with growth events also had
lower temperatures, increased wind speeds, and larger momen-
tum flux. Measurements of ozone concentrations and ozone flux
indicate that gas phase oxidation of biogenic volatile organic com-
pounds occur in the canopy, strongly suggesting that a significant
portion of the material responsible for the observed particle growth
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are oxidation products of naturally emitted very reactive organic
compounds.

INTRODUCTION
Aerosols can be found throughout the Earth’s atmosphere,

and result from a number of processes, both natural and an-
thropogenic. These processes involve both direct emission from
the source and secondary formation in the atmosphere by gas-
to-particle conversion mechanisms. Atmospheric aerosols have
received considerable attention lately due to increased recogni-
tion of their influence on human health, visibility, and global
climate. Understanding these effects requires knowledge con-
cerning the formation of particles in the atmosphere, their trans-
port and transformation in the atmosphere, and their removal
mechanisms.

It is important to understand the formation and processing of
atmospheric aerosols in regions where anthropogenic emissions
interact with those from rural or remote regions. The biosphere
can be a significant source of aerosols. In their 2001 report,
Intergovernmental Panel on Climate Change (IPCC) estimates
global biogenically derived secondary organic aerosols (SOA)
are in the range of 8 to 40 Tg yr−1, while those from anthro-
pogenic precursors range from 0.3 to 1.8 Tg yr−1 (IPCC 2001).
As urban areas continue to grow, the interaction between their
emissions and those from the rural biosphere is of increased
importance. Terrestrial vegetation releases a number of reactive
organic compounds, such as isoprene, mono- and sesquiterpenes
into the atmosphere. The total annual global biogenic organic
emissions are estimated to be 1150 Tg yr−1, while the estimate
for total anthropogenic emissions is 142 Tg yr−1 (Seinfeld and
Pandis 1998). When anthropogenic emissions are advected into
these rural regions, they alter the biosphere-atmosphere interac-
tion between organic gases and trace gas species such as ozone
(Dreyfus et al. 2002). There is limited information about how
the presence of anthropogenic emissions affects the efficiency
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of SOA production involving biogenic precursors. Kanakidou
et al. (2000) report that increased emissions of NOx may result
in a possible 3 to 4 fold increase in biogenic organic aerosol
production since pre-industrial times.

A key process affecting atmospheric concentrations of
aerosols is the formation of new particles and their subsequent
growth to larger sizes. Since atmospheric aerosols are constantly
lost due to scavenging by larger particles, dry deposition, and
removal by precipitation, new sources are required to maintain
observed particle concentrations in the troposphere. Several in-
vestigators have observed particle formation events in the conti-
nental boundary layer, which are characterized by the observa-
tion of ultra-fine particles detected at a few nanometers in size,
accompanied by growth to the 100 nm size range within 1 to 2
days (Kulmala et al. 2004). These observations span a number of
different environments from the remote boreal forest (Makela et
al. 1997; Kulmala et al. 1998), coastal environments in Europe
(O’Dowd et al. 1999), forested ecosystems in mountainous re-
gions (Weber et al. 1997), and in urban regions of the United
States (Woo et al. 2001; Stainer et al. 2004.) Particle forma-
tion events have also been observed to occur over large spatial
scales, implying that the processes driving these events are re-
gional, rather than local, in nature (Vana et al. 2004; Stainer et al.
2004).

Two steps are necessary for the production of new particles
in the atmosphere. The first is the formation of stable nuclei
in the atmosphere, and the second is the growth of those nu-
clei to larger particle sizes. The chemical species responsible
for nuclei formation and subsequent growth are not necessar-
ily the same. Current aerosol instrumentation does not allow
for direct measurement of particles below 3 nm, therefore in-
ferences concerning the mechanisms behind the formation of
these nuclei are made by concomitant observations of gas phase
precursors and ultra-fine particles (Weber et al. 1997; Stainer
et al. 2004). A number of mechanisms have been proposed for
the formation of nuclei including homogeneous binary nucle-
ation of water and sulfuric acid (Weber et al. 1999), homoge-
neous ternary nucleation of ammonia, water, and sulfuric acid
(Kulmala et al. 2002), homogeneous nucleation of low vapor
pressure organic compounds (O’Dowd et al. 2002), and ion in-
duced nucleation (Yu and Turco 2000). With rare exception,
most observed growth events occur during the daytime, suggest-
ing that photochemistry is central to the process. Much of the re-
cent work has indicated the involvement of sulfuric acid (H2SO4)
in nucleation. Measurements of clusters during nucleation events
(Weber et al. 1997) showed strong evidence of an association
between sulfuric acid and nucleation and many recent observa-
tions have shown correlations between growth events and ele-
vated SO2 concentrations (Woo et al. 2001; Steiner et al. 2004;
Dunn et al. 2004).

The growth of the fine mode aerosol from these incipient
nuclei will occur when atmospheric precursor concentrations
and meteorological conditions are favorable. Most observations
support the idea that nucleation and subsequent particle growth

are uncoupled (Kulmala et al. 2004). For instance, measured
concentrations of gaseous sulfuric acid concentrations do not,
in general, account for the observed particle growth (Weber
et al. 1997; Stainer et al. 2004). While it is generally thought
that organic vapors do not, in general, participate in nucleation,
the condensation of low vapor pressure oxidation products of
organic gases are likely to contribute to the growth of nucle-
ated particles (Kulmala 2004). There is some evidence of the
role of biogenic emissions in aerosol formation (Kavouras et al.
1998; Becker et al. 1999; O’Dowd et al. 2002; Zhang et al.
2004). Recent measurements performed in Pittsburgh (Zhang
et al. 2004) that combined gas and aerosol instrumentation
with particle mass spectrometers provided evidence that oxi-
dation products of organic species contribute significantly to
particle growth after new particle formation, particularly as
the day proceeds and photochemistry becomes more intense.
Moreover, there is recent experimental evidence that acidic pre-
cursors can enhance the amount of organic material that par-
titions into the particle phase (Jang et al. 2002; Zhang and
Wexler 2002).

Our objective is to understand the conditions leading to ob-
served growth of fine particles in a forested environment, to
investigate the influence of anthropogenic emissions on these
growth events, and to examine evidence for oxidation products
of biogenic volatile organic compounds (VOCs) contributing
to this aerosol growth. We conducted aerosol characterization
measurements in concert with measurements of the gas phase
concentrations of biogenic and anthropogenic VOCs and me-
teorological variables for several months at the University of
California Blodgett Forest Research Station. Growth of ultra-
fine particles was often, but not always, observed. In this paper,
we report on the relationships between particle growth events
and the observed aerosol properties, trace gas concentrations,
and meteorology. Average diurnal behavior of these variables
is examined to understand the influence of anthropogenic pol-
lutants at the site, and the correlations between anthropogenic
emissions and particle growth events. Observed growth rates for
this site, a Western United States boreal forest, is compared with
those measured elsewhere. A more mechanistic investigation of
the detailed processes connecting the observed particle growth
with biogenic VOC concentrations and anthropogenic pollutants
will be discussed in a subsequent manuscript.

EXPERIMENTAL METHODS

Site Description
The field site is near the Blodgett Forest Research Station

(38◦53′42.9′′N, 120◦37′57.9′′W, 1315 m) on the western slope
of the Sierra Nevada Mountains in California, approximately
75 km northeast of Sacramento. Measurements at the site were
established in 1997 (Lamanna and Goldstein 1999; Goldstein
et al. 2000). The site is characterized by a Mediterranean cli-
mate, with warm dry summers and rainfall between Septem-
ber through May. The site is an evenly aged Ponderosa Pine
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FIG. 1. Picture of the tower at the Blodgett Forest Field Site. The boxes mounted on the tower contain the aerosol equipment. The schematic shows the locations
of the aerosol instrumentation on the tower. The instruments are as indicated: (1) 2.5 mm cyclone inlet, (2) aethalometer, (3) condensation particle counter,
(4) scanning mobility particle scanner, (5) optical particle sizer, (6) nephelometer, and (7) filter samplers.

plantation planted in 1990 and owned by Sierra Pacific In-
dustries. Measurements were conducted using a 12-m walk-up
tower, shown in Figure 1.

The topography and typical wind trajectories are shown
schematically in Figure 2. The meteorology at the site is quite
consistent during the summer. The predominant daytime airmass
trajectory is the northeast direction, carrying anthropogenic pol-
lutants downwind from Sacramento and the agricultural Central
Valley of California. During the evening, a drainage flow moves
cleaner air downslope from the Sierra Nevada Mountains.

The site is powered by a diesel generator located ∼130 m
to the northwest of the tower. During the day, the flow from

FIG. 2. Schematic showing the location of the Blodgett Forest Research Sta-
tion in relation to Sacramento and regional vegetation. The predominant wind
directions are also indicated on the figure.

the west is strong enough that plumes from the generator are
rarely observed. At night the winds are weaker, and an occasional
plume of short duration is observed. These data points can be
identified by brief increases in black carbon and total particle
concentrations.

Aerosol Measurements
The physical properties of the aerosols at the site were mea-

sured using a variety of instruments. The optical properties of
the aerosol were measured using an aethelometer (Model. AE2,
McGee Scientific, Berkeley, CA) and an integrating nephelome-
ter (NGN-2, OPTEC, Inc., MI). An integrated measure of the
aerosol number concentration was provided by a condensation
particle counter (CPC, Model 3022A, TSI Inc., Shoreview, MN).
Particle size distributions at the site were measured using an opti-
cal particle counter (OPC, Lasair Model 1003, Particle Measure-
ment Systems, Boulder, CO) providing size distributions from
0.1 to 10 µm, and a scanning mobility particle sizer (SMPS)
providing size distributions between 10 and 400 nm. The SMPS
system utilized a differential mobility analyzer (Model 3071A,
TSI Inc.) coupled with a CPC (Model 3760, TSI Inc.) as a detec-
tor. All instruments except the OPC were mounted on the tower.
The OPC was located in an adjacent instrument container. A
schematic of the instrument placement on the tower is shown in
Figure 1. The air was sampled at 16.7 L min−1 through a PM10
inlet followed by a PM2.5 sharp cut cyclone (Models 57-000596
and 57-005896, respectively, Rupprecht & Patashnick Co. Inc.,
East Greenbush, NY). The inlet was mounted above the top of
the tower at a height of approximately 13 m. Sample flows for the
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aethalometer, CPC, SMPS, and OPC were isokinetically sam-
pled from this main flow. Measurements were recorded from 9
May to 14 November in 2002, with the exception of the SMPS,
which was started on 29 May. Measurements from the CPC,
SMPS, OPC, and nephelometer were recorded every 2 minutes,
while those from the aethalometer were recorded every 5 min-
utes.

The aethelometer measures light absorption of the aerosol,
babs, using a filter-based light transmission technique. (Hansen
1984) The instrument measures decreases in transmitted light
through an increasingly particle-laden filter. Black carbon (BC)
is the insoluble, most resistant to heating, graphitic, and strongly
light absorbing component of the aerosol mass. The aethalome-
ter used for this study measured light absorption at two wave-
lengths, 880 nm (near IR) and 350 nm (near UV). BC is be-
lieved to be the only aerosol component that absorbs in the near
infrared spectral region, so measured transmission of 880 nm
wavelength light is used to determine BC concentration. An
empirically derived calibration equation is used to estimate the
mass concentration of BC in air (in µg m−3) from the measured
decrease in light transmission (Gundel et al. 1984). Blue and near
ultraviolet light transmission measurements are used to indicate
the presence of aerosol materials that absorb in these spectral
regions, such as mineral dust (d’Almeida 1987) and some types
of organic compounds. (Kirchstetter 2004; Bond 2001) The flow
rate through the instrument was 4 L min−1.

The nephelometer measures the light scattering coefficient,
bscat, at an effective wavelength of 550 nm. The instrument, de-
scribed in more detail by Molenar et al. (1989), has an open air
design, allowing the air to pass through a large opening in the
side of the instrument. This design minimizes the changes in rel-
ative humidity and temperature that has lead to underestimated
scattering measurements in other nephelometers. Because the
instrument is open, it allows a wide range of particle sizes to
pass through it, including particles >2.5 µm. The cutpoint of
the instrument has not been characterized.

The SMPS system measures aerosol size distributions by
classifying particles based upon their electrical mobility. Par-
ticles entering the DMA are passed through a Kr-85 source that
is used to generate bipolar gas ions that attach to the particles.
The charged particles are classified by their drift velocity in an
electrical field—only particles with a specific charge to mass ra-
tio are extracted from the instrument and counted with a CNC.
The size distribution is obtained by exponentially ramping the
voltage applied to the DMA (Wang and Flagan 1990). The SMPS
system at the Blodgett field location sampled aerosol at a flow
rate of 0.7 L min−1. Utilizing a sheath flow rate in the mobility
classifier of 7 L min−1, a full voltage scan of the instrument
resulted in size distributions from 10 nm to 400 nm. The SMPS
system was controlled using Labview software and National In-
struments control boards. One complete size distribution was
obtained in a little over 1 minute using software developed by
Donald Collins of Texas A&M University and Patrick Chuang
of the Univeristy of California at Santa Cruz. The inversion pro-

gram used to process the raw data was based on that presented
by Collins et al. (2002).

Meteorological and Other Measurements
Meteorological parameters such as air temperature, humidity,

wind speed and direction, and net and photosynthetically active
radiation (PAR) were measured continuously and stored as 30
minute averages. Meteorological data and trace gas mixing ratios
and fluxes (CO2, H2O, O3, and hydrocarbons) were measured
approximately 5–6 m above the average tree height (Goldstein
et al. 2000).

Total ozone flux was measured using the eddy covariance
method (Kurpius et al. 2002). Wind speed was measured with
a three-axis sonic anemometer (ATI Electronics, Inc.) at 10 Hz.
Ozone was measured with a closed-path, fast-response chemi-
luminescent instrument (NOAA-ATDD) at 10 Hz and a slower-
response UV photometric O3 analyzer (Dasabi 1008-RS) was
used as a stable residence. Total ozone flux was apportioned into
deposition flux due to stomatal and non-stomatal surface uptake
and gas-phase chemistry within the forest canopy as reported in
Kurpius and Goldstein (2003).

Data Reduction
It was necessary to remove data associated with periods when

the measurements were dominated by emissions from the gen-
erator. As noted previously, during the night when the winds are
weak, plumes of particulate emissions from the generator can be
observed in the aerosol data. Diesel generators emit large con-
centrations of small (<100 nm) carbonaceous particles. These
emissions are reflected in the data by brief increases in black
and total particle concentrations, as well as the appearance of
a smaller mode in the size distribution data. Previous measure-
ments of VOCs at the site indicate that the emissions from the
generator influence the sampling platform approximately 5% of
the time, and occurred almost exclusively at night (Goldstein
et al. 2000).

In order to systematically remove the influence of the diesel
generator emissions from the data set, a series of data rejection
routines was developed that test for quick, short, large-scale de-
partures from the general data stream. The data rejection routines
were applied to data from the CPC, aethalometer, and SMPS.
For the SMPS data set, the filter was first applied to a total
number concentration data set calculated by integration of the
size distribution data, and resulted in the identification of time
intervals where the data should be removed. A mask of these
filtered times was then applied to the matrix of time-resolved
size distribution data.

RESULTS AND DISCUSSION

Diurnal Profiles
Mean diurnal profiles were calculated from the aerosol, mete-

orological, and trace gas data. The calculations were performed
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FIG. 3. Diurnal patterns of wind speed and wind direction at the Blodgett
measurement site calculated for days between 29 May and 30 September. The
error bars denote the standard error of the mean.

on a subset of the data during which the SMPS system was oper-
ational, between 29 May and 30 September. This time period is
essentially the dry summer period in California, with rare rainfall
and limited cloud cover. The diurnal averages calculated from
the data set did not vary significantly from those calculated for
the summer months of July through September.

The averaged diurnal profiles for wind speed and wind di-
rection are shown in Figure 3, clearly indicating the diurnal
upslope/downslope flow pattern that are prevalent throughout
most of the western Sierra Nevada Mountains. As the day pro-
ceeds, heating of the air in the Central Valley results in day-
time winds that push the air upslope along the mountains. Be-
tween 1600 and 1800 PST, the flow is reversed as cooling air
descends back into the valley. This consistent meteorology aids
in interpreting results from the site because, with rare excep-
tion, the trajectory of the air mass arriving at the site as the
day proceeds comes from a narrow range of directions. In ad-
dition, cloud cover is very infrequent during the summer, en-
suring that most days experience similar levels of radiation
intensity that gradually vary seasonally with sun angle. Thus,
day-to-day differences in the levels of radiation available to
drive reactions will not have as great an affect on differences
in observed growth events as those due to other meteorological
factors.

The diurnal pattern in ozone concentration shows a morn-
ing dip in concentration after sunrise followed by an increase
to an afternoon maximum (Figure 4b). This pattern is the typ-
ical pattern observed at this location (Kurpius et al. 2002). In
their work, the morning decrease in ozone concentration was at-
tributed to increased stomatal activity at sunrise, taking up ozone
when the air is relatively stable with little vertical or horizon-
tal mixing. However, recent ozone flux measurements indicate
significant ozone loss within the canopy due to gas-phase chem-
ical reaction (Kurpius and Goldstein 2003). This conclusion was

FIG. 4. Diurnal patterns of (a) integrated particle number and volume concen-
tration calculated for the size range 10 to 410 nm from the measured mobility
distributions and (b) ozone and black carbon concentration calculated for days
between 29 May and 30 September. The error bars denote the standard error of
the mean.

recently strengthened by VOC measurements that showed a cor-
relation between highly reactive, light dependent terpene com-
pounds that are emitted upon sunrise and the observed decrease
in ozone concentration, suggesting that some of the morning de-
crease in ozone is likely due to chemical reactions with terpenes
in the canopy (Lee et al. 2005). As vertical mixing increases,
the ozone concentration rebounds (Figure 4b). The late after-
noon increase is due to the transport of ozone and its precur-
sors from the Sacramento urban area to the Blodgett field site
(Dillon et al. 2002).

Figure 4b also shows the mean diurnal pattern for black
carbon (BC) concentrations. BC serves as an excellent tracer
for anthropogenic aerosol emissions since it is emitted from
combustion sources as an aerosol and undergoes limited chemi-
cal transformation in the atmosphere (Hansen and Rosen 1985;
Goldberg 1985). The BC concentration shows a spike in con-
centration that begins approximately a half hour after the ozone
begins to decrease, and peaks at approximately 0700 PST. The
Blodgett field site is located 25 to 35 kilometers from the clos-
est interstates (I-50 and I-80, respectively), and approximately
15 km from the nearest town (Georgetown, CA, population
∼1000). Emissions from these sources would take some time
to arrive at the site, particularly in the early morning when
wind speeds are low and the wind direction has not yet shifted
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to the daytime upslope direction. Therefore, it is unlikely that
the increase in concentration is due to emissions from morn-
ing traffic. While the diesel generator providing energy for the
site might seem a likely contributor this spike in measured BC
concentrations, we believe that this is not the case. As dis-
cussed previously, direct emissions from the generator are easy
to detect, and we feel that their contribution to measured BC
concentrations were successfully removed from the data set. It
may be possible, however, that emissions from the generator
linger near the site during the evening when mixing heights and
wind speeds are low and affect the site in the morning as the
atmosphere becomes more active and the boundary layer be-
gins to grow. Therefore, while this morning spike is intrigu-
ing, it is not apparent at present where this black carbon is
coming from.

The increase in BC concentration just after noon is a result
of emissions from the Central Valley reaching the site. The me-
dian daytime local winds at the Blodgett field site indicate that
it takes approximately 7 hours for an air parcel to travel be-
tween downtown Sacramento and Blodgett (Dillon et al. 2002).
BC concentrations continue to rise throughout the afternoon as
emissions are advected to the site from the valley. Local emis-
sions are likely to add to the later afternoon and evening concen-
trations, particularly from wood burning that is a major source
of residential heat in the area.

The diurnal profiles of particle number and particle volume,
calculated from the mobility distributions, are shown in Figure
4a. Note that there is not a strong increase in either the number or
volume concentration that corresponds to the increase in the BC
concentration in Figure 4b, although a slight increase in number
concentration can be seen occurring at approximately the same
time. The number concentration increases fairly rapidly after
noon as pollutants from the Sacramento region begin to arrive at
the site. The increase in number concentration during the after-
noon also reflects the growth of nuclei-mode particles near the
measurement site. The particle volume concentration increases
much more moderately as the day proceeds. The increase in the
morning is likely due to the formation of secondary inorganic
aerosols such as ammonium sulfate and ammonium nitrate, both
important species in Calfornia. Ammonium nitrate formation in
particular has been shown to peak in during the morning to
midday timeframe at other locations in the San Joaquin Valley,
and this peak has been observed to correspond with peak gas
phase ammonia concentrations. (Stolzenburg and Hering 2000;
Hering et al. 2001; Lunden et al. 2003). The volume concentra-
tion increases dramatically after 1700 PST, which corresponds
to sharp increases in the BC concentrations. Indeed the correla-
tion between particle volume and black carbon is relatively high
at 0.8. The volume increase is partially due to advection of pol-
lution from the Sacramento urban area and local emissions, and
may also be due to modest hygroscopic growth of the aerosol
attributed to the relative humidity increase observed in the late
afternoon as air temperature declines.

Particle Growth Events
Fine particle growth events were observed on approximately

1/3 of days at the Blodgett location. During these growth events,
newly formed particles of size 10 to 20 nm appear around noon
and grow at the rate of a few nanometers per hour, reaching
sizes between 60 to 80 nm in the evening. A typical event is
shown in Figure 5. These growth events are similar to those
observed by a number of other investigations (Kulmala et al.
2004). Figure 5a shows the size distribution as measured by the
SMPS; the ordinate displays particle diameter, the abscissa the
time of day, and the color scale indicates the value of the particle
size distribution in a particular size range. Figures 5b through
5d show the size distribution at the onset, during, and after the
appearance of the growth event. The size distribution at onset of
the growth event has a mean diameter of 100 nm (Figure 5b). A
small mode is just visible as a hump on the distribution, with a
fitted mean diameter of 21 nm. As the growth event proceeds,
the size distribution becomes bimodal as the nuclei mode grows
larger. In Figure 5c, the smaller mode has grown to a mean
diameter of 24 nm. As the nuclei mode grows into the Aitken
mode, it becomes the dominant mode in the distribution (Figure
5d) and eventually leads to a size distribution that is largely
unimodal.

Before proceeding with any analysis of the observed growth
events, it is important to understand the limitations of a single
sampling location when analyzing size distribution data. Ob-
servations at fixed position in space observe different aerosols
at different times and not the same aerosol evolving in time,
which would require following the same air parcel in a La-
grangian frame. Therefore, most analyses of growth events use
a Eularian approach to investigate processes as if the aerosol
was growing at the measurement location, assuming that mea-
surements performed at a single location will reveal important
insights into the aerosol growth mechanisms (Kulmala et al.
1998; Clement et al. 2001; Weber et al. 1997). The import as-
sumption in using this approach is that the air mass in which
the aerosol is being sampled is relatively homogeneous over
large spatial scales (McMurry and Wilson 1982; Juotzaitis et al.
1996). Most particle formation and growth events observed at
a stationary location show sustained growth over several hours,
which implies that the nucleation of new particles occurs over
large spatial scales and the growth of these particle by conden-
sation and/or coagulation also occurs throughout the air mass,
otherwise there would be no pattern to the observations. Particle
formation events have often been observed to occur over large
spatial scales, as much as several hundred kilometers, which im-
plies some degree of homogeneity in the air mass that affect the
nucleation and/or growth processes (Kulmala 2001; Vana et al.
2004; Stainer et al. 2004). Vana et al. (2004) showed that corre-
lations between air mass trajectories, meteorology, and growth
events observed at three stations located in Finland and Estonia
imply that the fine particle formation events are a synoptic-scale
phenomenon.
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FIG. 5. (a) A typical growth event observed at the Blodgett field site as measured by the SMPS system. The lower plots show individual size distributions, denoted
by the line with circles, (b) at the onset of the growth event, (c) during the event, and (d) after significant growth. The results of the fitted bi-modal distribution are
superimposed onto the size distributions as a thicker solid line.

At the Blodgett field location, the prevailing winds bring air
parcels that have been progressively more affected by anthro-
pogenic emissions and subsequent photochemical processing as
the day proceeds. Under these conditions, it is difficult to state
that air mass is homogeneous. However, we do think that the
biogenic emissions from the forest, and the subsequent pho-
tochemical processing of those emissions, do influence the ob-
served growth events. As previously discussed, the wind patterns
at the site are extremely consistent during the summer. Following
daytime airmass trajectories, the site is located approximately
30 km into the pine forest, preceded by about 10 km of oak for-
est and savannah. At average wind speeds observed during the
day, an air parcel will spend between 4 and 6 hours over forested
land before arriving at the Blodgett tower. Furthermore, because
the wind does not complete its shift to the northeast until ap-
proximately 10 am PST, the site does not experience significant
anthropogenic influence for a few more hours. This minimal

anthropogenic influence on air parcels in the morning is sup-
ported by the diurnal pattern in black carbon, which does not
show a significant increase until after 1 pm PST. Since the parti-
cle growth events are observed around noon, the photochemistry
that influences their growth must occur primarily over the forest.
Moreover, the meteorological conditions that appear conducive
for nucleation and subsequent growth events occur over large
spatial scales.

The following analysis characterizes the daily conditions
under which growth events do and do not occur, with an
eye towards understanding the meteorological, photochemi-
cal, and aerosol conditions that are conducive to the forma-
tion and growth of new particles. Some basic characteriza-
tion of the size distribution behavior during the growth events
will be performed; however, attempts to elucidate the probable
species responsible for growth will be presented in a separate
manuscript.
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Growth Event Characterization
Figure 6 shows image plots of two size distributions measured

by the SMPS system representing the extremes of the observa-
tions at the Blodgett site. Figure 6a shows size distribution data
for a day exhibiting a typical aerosol growth event at the site
while Figure 6b shows data for a day where no growth occurred.
The growth events are distinguished by having slightly different
particle sizes at which the nuclei mode particles are detected
and the size to which they ultimately grow. To characterize the
growth events, the SMPS data were fitted assuming a lognormal
size distribution, resulting in a geometric mean diameter (Dpg)
and geometric standard deviation (σg) as a function of time. Both
unimodal and bimodal fits were performed, and a goodness of
fit parameter was used to assess which provided the better fit.
Curves representing the results of the bimodal fits are shown
overlaid over the size distribution data in Figure 6. During peri-
ods when the growth event occurs, a clear bimodal distribution
is seen in the data. This result can be seen in Figure 6a where a

FIG. 6. Size distribution measured as a function of time for (a) a typical day when a growth event occurred and (b) a day when no event occurred. The curves
that overlay the images are the results of the bimodal fitting procedures with the larger and smaller modes indicated by the dotted and solid line, respectively.

sudden sharp drop in the smaller of the two calculated modes oc-
curs, with the fitted Dpg decreasing from approximately 100 nm
to below 20 nm. This sudden decrease is not seen in Figure 6b.
Figure 6b shows a common characteristic of the curve fitting—
that the distributions with a single number mode peak could
often be better fitted using a bimodal distribution.

The size distribution timelines shown in Figure 6 are fairly
easy to characterize, however many days were more ambiguous
and the distinction between event and non-event days are often
more difficult to detect. Instrument limitations did not allow ob-
servation of particles below approximately 10 nm, which means
that the particles have already grown a substantial amount from
the initial cluster (typically assumed to be around 1 nm) by the
time they are observed by the SMPS system. In addition, parti-
cle growth was not always observed at the smallest detectable
sizes but was often observed to begin between 15 and 20 nm (as
determined by the fitted size distribution), with strong growth
occuring from that size onward. (Sensitivity to particles less than
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approximately 15 nm in size was less than desirable.) On a few
days, a sustained particle growth is observed for particles that are
first detected at around 40 nm. On some days, particles smaller
than 40 nm are observed in the afternoon in the size distribution
data that do not grow to larger sizes and that only persist for a
short period of time before they are presumably advected away.
On these days, it appears that the optimum conditions allowing
for growth by gas-to-particle condensation are no longer present.

The present experimental system does not allow for the detec-
tion of particles at the smallest sizes, hence we cannot unequiv-
ocally state that the particle nucleation and growth occur in over
the forest. However, we can comment on the degree to which
particle growth is affected by atmospheric processing of for-
est emissions by considering the time scales for particle growth
due to different processes. The rate at which particles will grow
depends upon the amount of vapor available for condensation,
and intramodal coagulation between particles of similar size. In
addition, the nuclei mode particles will be lost by coagulation
with the larger Aitken mode particles. While condensation is
generally considered to be the primary mechanisms responsible
for the growth of the nuclei mode particles (Zhang et al. 2004;
Kulmala et al. 2004), the time for growth due to coagulation
alone provides an upper estimate for particle lifetimes. Based
on conditions present at the site, the characteristic lifetime for
a 3 nm sized particle to be lost due to coagulation with the ex-
isting particle surface area is approximately 0.5 hrs, and that
for a 10 nm sized particle increases to approximately 2 hours.
Previous investigators have found that it can take from 2.5 to 7
hours from the time when 3 nm sized particles are first detected
to grow to a size distribution with a 20 nm number mode peak
(Weber et al. 1997; Kulmala et al. 1998, 2004). Other obser-
vations in an urban area found faster times of approximately 1
hour for growth from the 3–10 nm range to the 18–33 nm range
(Zhang et al. 2004). We previously estimated that the air parcels
would spend between 4 and 6 hours over forested land before
arriving at the Blodgett experimental site. Given the extent and
emissions of the forest upwind of the measurement site, and the
large amount of photochemical activity in the region, it is likely
that oxidation products of the biogenic emissions will signifi-
cantly contribute to the growth of the particles observed at the
site (Lamanna and Goldstein 1999; Holzinger et al. 2005).

In order to investigate the relationship between the occur-
rence of growth events and other variables measured at the site,
it was necessary to characterize the growth events. A classifica-
tion system was established similar to that described by Makela
et al. (2000), with different days classified with a number ranging
from 0 to 3. Classification relied on the results of the uni- and
bimodal curve fits to provide data detailing the presence and
growth characteristics of the nuclei mode aerosol. Days with
no discernable growth event were designated as type 0 while
days with a strong appearance of a nuclei-mode aerosol and
subsequent growth were designated as type 3. Days where the
bimodal curve fit showed a second small mode, often 50 nm
or smaller, that did not grow appreciably were characterized as

type 1. Finally, days that showed the appearance of a small mode
in the size distribution that did not undergo sustained growth or
days when the nuclei-mode signal was weak with smaller num-
ber concentrations than typically observed, were classified as
type 2. The distinction between days was somewhat subjective,
particularly between those of type 1 and 2. Classification of days
into event types was only performed for days that had enough
hours of SMPS data to make a distinction possible. A total of
107 days were classified resulting in 21 days of event type 0,
32 days of event type 1, 21 days of event type 2, and 33 days
of event type 3. The days classified as event types 0 and 3, no
growth and strong growth, are the focus for the subsequent anal-
ysis described below.

Aerosol Patterns and Event Type
With individual days characterized by their event type, the

behavior of different variables at the field site can be investi-
gated separately for different event types. Analyses of data that
are sorted in this manner help identify conditions that are con-
ducive for the growth of nuclei-mode particles. Figure 7 shows
the diurnal profile of total particle number, condensation sink,
and volume, as calculated from the SMPS size distributions for
days with no growth events (type 0) and with strong growth
events (type 3). The condensation sink can be defined as follows
(Kulmala et al. 2001)

CS =
∫ 412nm

8nm
Dp β (Dp) and n(Dp) dDp [1]

where Dp is the diameter of the particle, n(Dp) is the aerosol
size distribution. β is a correction factor that accounts for the
decrease in the rate of mass transfer predicted by continuum
transport (Fuchs and Sutugin 1970). It is necessary to apply the
correction when the particle size approaches that of the mean
free path of the gas. The condensing gas was assumed to be
pinonic acid, and its binary diffusivity in air was calculated us-
ing the empirical formulation of Fuller, Schettler, and Giddings
presented in Polling et al. (2000). The values presented in Figure
7 were integrated from 8 nm to 412 nm, the size range measured
during the experiment, and is a low estimate for these variables,
particularly for the condensational sink and the total aerosol
volume.

The diurnal profiles for particle number are similar in shape
for days with and without growth events—a minimum in the
early morning followed by an increase in the afternoon as an-
thropogenic pollutants are advected to the site. Days with no
growth events show smaller number concentrations than days
with growth events. The strong increase in number concen-
tration after noon on growth event days is a reflection of the
large increases in particle number concentration that result from
nuclei-mode growth events.

The diurnal profiles for the condensation sink show little
difference between days with and without growth events. This
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FIG. 7. Mean diurnal pattern of (a) aerosol number, (b) condensational surface
area, and (c) volume concentration calculated for the size range 10 to 410 nm
from the measured mobility distributions for days with strong growth events
(square markers), and days with no observed growth event (triangular markers).

differs from results obtained at other locations that show that par-
ticle formation and growth tend to occur on days with decreases
in the condensational sink (Stanier et al. 2004; Clement et al.
2001) or total surface area concentration (Weber et al. 1997).
Other groups have observed lower values of the condensational
sink rate (the condensational surface area multiplied by the bi-
nary gas diffusivity) on event days (Buzorius et al. 2003; Vana
et al. 2004; Komppula et al. 2003). The formation and subse-
quent growth of particles in the nuclei mode depend upon the
concentration of precursor gases in the atmosphere. These gases
are produced photochemically and can be removed by conden-
sation onto pre-existing aerosol surfaces. If the condensational
surface area of the aerosol is large enough, it will serve as a
significant sink for the condensing gases, suppressing nucle-
ation and growth. Clearly, the magnitude of the condensational

sink is important, but vapor production rates are also impor-
tant. If the latter are high enough, particle growth events can
still occur. In the Pittsburgh area, events were observed to oc-
cur on days with higher condensational sinks if the production
of condensable gases (as indicated by the product of UV in-
tensity and SO2 concentration) was high enough. It is possible
that, at the Blodgett location, the production of precursors is
driven by photochemical and other meteorological processes,
and therefore the magnitude of the condensational sink is of less
importance.

Figure 7c shows that total particle volume tends to be lower on
days with growth events when compared to days with no event.
There is also a difference in the diurnal profiles between event
and non-event days. Days with growth events show a decrease
in particle volume in the early morning hours. Particle volume
subsequently increases until approximately 1200 PST, and then
remains relatively flat until transport from the Sacramento valley
results in a large increase in particle volume in the late afternoon.
In contrast, particle volume is relatively flat in the morning on
days with no growth events, rising just after noon and again in the
later afternoon. While there is no readily apparent explanation
for the early morning decrease in particle volume, it appears
that there are enhanced loss processes in the morning on event
days that result in an atmosphere with a lesser aerosol burden
on event days.

Table 1 presents three different averages calculated for dif-
ferent time windows; an average calculated during the daytime,
when PAR values are greater than 0, an average calculated from
sunrise to 1200 PST, and an average calculated from 1200 PST
to 1600 PST. Standard deviations are also reported in the ta-
ble to provide a measure of the range of values observed for
each quantity. Averages for the morning period were exam-
ined because the observed growth events are initiated in the
morning, and thus may be more sensitive to the atmospheric
conditions in the morning. The averages calculated during the
early afternoon hour, when the majority of the observed particle
growth is occurring, may reveal insights into variables affect-
ing the growth process. Table 1 shows that measures of anthro-
pogenic pollution, represented by black carbon and CO, tend to
be smaller on days with growth events independent of the av-
eraging time. The average values for total aerosol volume con-
centration and the measured scattering coefficient, bscat, show
that there is more aerosol mass at the site on non-event days,
as also shown in Figure 7. The values calculated for both total
particle area and condensation sink show no significant differ-
ence between event and non-event days during any time period
investigated.

The average diurnal behavior of important meteorologi-
cal variables, as well as black carbon, calculated for days
with strong growth events and days with no growth events
is shown in Figure 8. These figures augment the data shown
in Table 1. Figure 8f illustrates the result that black car-
bon concentration is greater on non-event days. Note that the
morning increase in black carbon on non-event days is larger
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FIG. 8. Mean diurnal pattern of (a) temperature, (b) relative humidity, (c) wind speed, (d) momentum flux, (e) wind direction, and (f) black carbon concentrations
for days with no growth event (circular markers) and with growth events (triangular markers).

and persists for a longer period of time than on event days.
This increase in anthropogenic influence on non-event days
is also reflected in the values of average volume concentra-
tion and particle scattering, which are larger on days with no
growth event, signifying an atmosphere with more aerosol,
which will serve to suppress particle nucleation and growth.

Figure 8a shows that on days when growth events occur,
the temperature was lower on average than days that had no
growth events. This correlation has been observed in a number
of previous studies (Nilsson et al. 2001a; Buzorius et al. 2003;
Stainer et al. 2004), and was associated with the passage of a
cold front through the area or days with cold air advection. These
days in these studies often correspond to clear-sky conditions,
and thus larger amounts of radiation available to drive chem-
istry. As previously discussed, very few days at the Blodgett

site had any appreciable cloudiness; thus colder days did not
necessarily have increased PAR to drive atmospheric photo-
chemistry. This observation is supported by the results reported
Table 1, which show no significant difference in the average
value of PAR for event and non-event days for all averaging
times. Moreover, average diurnal profiles constructed for event
and non-event days (not shown) are identical. If the growth of the
nuclei mode particles were due to the condensation of organic
oxidation products, temperature would be an important param-
eter controlling the amount of condensation. The partitioning
coefficient for SOA formation is inversely proportional to vapor
pressure of the absorbing compound. When the temperature
is reduced, more of the oxidation products will partition into
the aerosol phase. It is also possible that lower temperatures
may result in slower rates for the reactions that produce the
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condensable oxidation products, although we expect this effect is
minor.

The connection between relative humidity, nucleation, and
growth is complex. Relative humidity was larger on days with
growth events, as shown in Figure 8b. This is partially at-
tributable to temperatures being lower on event days as well.
This result contrasts with previous investigations at forested
continental locations that have observed negative correlations
between relative humidity and aerosol nucleation (Weber 1997)
and lower absolute water vapor concentration (Buzorius 2003).
Weber (1997) argues that total particle surface area is corre-
lated with relative humidity, which results in a negative cor-
relation with growth events. However, Buzorius (2003) found
only a very slight correlation between relative humidity and
condensational surface area. In both cases, the relative hu-
midity was lower than the value at which hygroscopicity sig-
nificantly affects particle size. Photochemical pathways may
also be affected by water vapor concentration, both in terms
of reactions producing the incipient nuclei and those control-
ling the oxidation of molecules responsible for particle growth.

Figures 8c and 8d show that both wind speed and momentum
flux are larger on days with strong growth events. The wind
direction on event days comes from a more southeasterly
direction, illustrated in Figure 8e, changing from an average
afternoon direction (calculated between 1200 and 1600 PST)
of 245 to 230 degrees. In addition, wind speed and momentum
flux increase earlier in the day, and the wind shifts direction
about an hour earlier. This correlates with other investigations
indicating that nucleation corresponds to days with higher
turbulent intensities, strong vertical mixing, and increased heat
flux (Buzorius et al. 2003; Nilsson et al. 2001a). The work on
Nilsson et al. (2001a) showed a strong correlation between
the onset of nucleation and the onset of turbulence. These
correlations suggest a connection between the boundary layer
dynamics and the onset of nucleation. Nilsson et al. (2001a)
suggested several hypotheses for this correlation that involve the
production of clusters capable of becoming nuclei upon which
observed growth occurs: (1) the mixing could either move
clusters from the residual layer into the mixed layer, where
they undergo additional growth; (2) the changes in temperature
and/or precursor vapor concentration between the entrainment
zone and the surface may enhance particle formation; or (3)
increased mixing may simply lower the mixed layer aerosol
concentration by dilution, enhancing the probability of nucle-
ation. The measurements at the Blodgett location do not allow
for further conclusions to be drawn about mechanisms (1) or
(2) as both seem possible. The diurnal profiles shown in Figure
7 as well as the data presented in Table 1 show that aerosol
concentrations imply that mechanism (3) may be less important,
as the total area concentration shown no significant difference
between event and non-event days, and total particle volume
is only slightly smaller, particularly in the morning when
atmospheric conditions that effect the likelihood of an event are
established.

FIG. 9. Mean diurnal pattern of (a) ozone concentration, (b) total ozone flux
into the canopy (c) the ozone flux due to surface losses, and (d) the ozone flux
due to chemical reactions within the canopy for event days (triangular markers)
and non-event days (circular markers).

The diurnal profile for ozone concentration is shown in
Figure 9a. Although concentrations are higher in the morning
on growth event days, the ozone concentration are generally
lower on days with strong formation events. Figure 9 also
presents the ozone flux into the canopy for days with and
without strong growth events. The negative values for the flux
indicate net deposition into the canopy. In addition, the total
flux of ozone into the canopy is divided into two components;
ozone flux to stomata plus non-stomatal surfaces, and ozone
loss due to gas phase chemistry, shown in Figure 9c and 9d
(Kurpius and Goldstein 2003). The magnitude of the flux of
ozone into the canopy is similar on both event and non-event
days (Figure 9b). However, event days have greater ozone
flux into the canopy in the morning while non-event days
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show a decrease after an early morning peak in total flux. This
decreased flux corresponds roughly in time to the rebound in
ozone concentration after the morning minimum. There is not
a significant difference between the degree of ozone flux due
to chemical reactions in the canopy on event and non-event
days. The differences between the two total ozone flux curves
are due to differences in the stomata plus non-stomatal surface
uptake (Figure 9c.) The amount of ozone flux to surfaces,
stomatal and non-stomatal, depends upon the water status of the
ecosystem (reflected in the values of the soil moisture and the
atmospheric vapor pressure deficit), the phenology of the pine
trees, and the atmospheric ozone concentration. The stomatal
uptake dominates this term, and it is strongly influenced by the
atmospheric vapor pressure deficit. As event days tend to have
higher values for the relative humidity (Figure 8b), this would
lead to higher values for stomatal uptake of ozone during the
morning hours. In addition, the ozone concentration is higher
in the morning on events days, leading to larger values for surface
uptake.

The results presented in Figure 9 show that about half of
ozone flux into the forest is due to gas-phase chemical reactions
within the canopy (Kurpius and Goldstein 2003; Goldstein
et al. 2004). The peak in the flux due to chemical loss in the
early morning (approximately 700 PST) is correlated with
increased concentrations of highly reactive, light dependent
terpene compounds emitted upon sunrise (Lee et al. 2005).
Recent gas phase measurements at the site also show additional
classes of very reactive biogenic VOCs that are consumed
within the canopy, and whose oxidation products are likely
to be important in the formation of SOA (Holzinger et al.
2005). These results indicate that ozone is a likely oxidant for
the biogenic VOCs emitted by forest, and that the oxidation
products of these reactions may be important in the ob-
served growth events. If conditions are favorable and nuclei are
present, these products should contribute to the observed growth
events.

Growth Rates
Growth rates were calculated for days with a strong growth

events (type 3) using the results of the bimodal curve fits as
shown on individual size distributions in Figure 5 and for an en-
tire day in Figure 6. As previously discussed, the growth events
vary in time of initiation, growth rate, and duration. In order
to compare one event to another, average growth rates were
calculated for the first 4 hours. The growth rates were calcu-
lated using 20-minute averages of SMPS data. Rolling aver-
ages of both 1 and 2 hour windows were determined from these
20-minute growth rates, and these rolling averages were aver-
aged to provide an average 4-hour growth rate. A histogram of
the resulting growth rates is shown in Figure 10. The result-
ing rates ranged from 0.76 to 7.36 nm hr−1, with an average
of 3.8 nm hr−1. These growth rates are in the range of those
observed by other investigators. A recent review of formation

FIG. 10. Histogram of the growth rates calculated for days that exhibit a strong
growth event.

and growth of ultrafine atmospheric particles (Kulmala et al.
2004) reported that typical particle growth rates range from
1 to 20 nm hr−1 in the midlatitudes, and depend upon the
temperature and concentration of available condensable vapor.
Growth rates during the summer months at a forested, rural,
and urban location were in the range from 4 to 10 nm hr−1.

CONCLUSIONS
Fine particle growth events have been observed at a field site

located on the western slope of the Sierra Nevada Mountains
of California. This site provides an opportunity to investigate
growth events in a rural area that is consistently influenced by
anthropogenic emissions advecting to the site from upwind
urban areas. During the measurement season, strong particle
growth events were observed on 30 percent of the measurement
days. Some type of nuclei-mode aerosol was observed on
approximately 80 percent of the days, while on many of these
days the ultrafine mode did not exhibit the growth behav-
ior that has been seen in many different locations around the
globe.

The results show that both meteorology and pollutant con-
centrations are important for determining days on which growth
events are observed. Growth events were observed on days with
a lesser degree of anthropogenic influence, as indicated by lower
concentrations of BC, CO, and total aerosol volume. An increase
in the amount of anthropogenic aerosol at the site serves as a sink
for any gaseous oxidation products to condense upon, thereby
suppressing nucleation and growth. In addition, growth events
tend to occur on days with lower temperatures. These lower
temperatures may lead to a larger degree of partitioning of ox-
idation products to the particle phase, particularly organic oxi-
dation products, as well as lower the barrier for stable nuclei to
form in the atmosphere. One of the more interesting findings is a
correlation between event days with increased wind speeds and
momentum flux measurements. This correlation has been ob-
served by others, and suggests a hypothesis that more vigorous
mixing in the atmosphere is an important mechanism behind the
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formation of the stable nuclei at the site, upon which additional
vapor will condense to produce the observable growth events.

Ozone flux measurements suggest that a large percentage
of ozone loss within the canopy is due to gas-phase chemi-
cal reactions. Recent gas phase measurements at the site show
that very reactive biogenic VOCs are consumed within the
canopy, and their oxidation products are likely to be impor-
tant in the growth of secondary organic aerosols. These ob-
servations support the conclusion that condensational growth
observed at Blodgett forest is significantly enhanced by the ox-
idation products of very reactive biogenic VOCs and ozone.
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Comparative Study of Nucleation Mode Aerosol Particles and Intermedi-
ate Ions Formation Events at Three Sites, J. Geophys. Res. 109:D17201,
doi:10.1029/2003JD004413.

Wang, S. C., and Flagan, R. C. (1990). Scanning Electrical Mobility Spectometer,
Aerosol Sci. Technol. 13:230–240.

Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D. J., and
Jefferson, A. (1997). Measurements of New Particle Formation and Ultra-
fine Particle Growth Rates at a Clean Continental Site, J. Geophys. Res.
102(D4):4375–4385.

Weber, R. J., McMurry, P. H., Mauldin,L., Tanner, D., Eisele, F., Clarke, A. D.,
and Kapustin, V. N. (1999). New Particle Formation in the Remote Tropo-
sphere: A Comparison of Observations at Various Sites, Geophy. Res. Lett.
26:307–310.

Woo, K. S., Chen, D. R., Pui, D. Y. H., and McMurry, P. H. (2001). Mea-
surements of Atlanta Aerosol Size Distributions: Observations of Ultrafine
Particle Events, Aerosol Sci. Tech. 34:75–87.

Yu, F., and Turco, R. P. (2000). Ultrafine Aerosol Formation Via Ion-Mediated
Nucleation. Geophys. Res. Let. 27:883–886.

Zhang, K. M., and Wexler, A. S. (2002). A Hyphothesis for Growth of Fresh At-
mospheric Nuclei, J. Geophys. Res. 107:4577, doi:10.1029/2002JD002180.

Zhang, Q., Stainer, C. O., Canagaratha, M. R., Jayne, J. T., Worsnop,
D. R., Pandis, S. N., and Jimenez, J. L. (2004). Insights Into the
Chemistsry of New Particle Formation and Growth Events in Pittsburgh
Based on Aerosol Mass Spectrometry, Environ. Sci. Technol. 38:4797–
4809.


