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[1] In this study, physical and chemical properties of ultrafine aerosol particles are
investigated at an urban site in Bakersfield, California, during the CalNex 2010 (California
Research at the Nexus of Air Quality and Climate Change) campaign in May and
June. Ultrafine particle measurements include particle number size distributions by a
scanning Differential Mobility Analyzer (DMA) and size resolved aerosol chemical
composition determined with a High-Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS). Growth events of ultrafine particles were observed on most
days and had a very regular pattern. A nucleation mode centered at �20 nm appeared in
the morning and grew to 40–100 nm throughout the day. Microphysical modeling and
size-resolved HR-ToF-AMS concentrations showed that organic components provided
most of the particle growth in the ultrafine mode, and sulfate provided on most days only a
minor contribution to the mass of this mode. The ultrafine particle mass was largely
dominated by organics (77%), and was at maximum during the afternoon. Elemental
carbon (EC) and the AMS tracer C4H9

+ for hydrocarbon-like organic aerosol (HOA) peaked
in the early morning during rush hour, indicative of primary emissions. The fact that the
particle number concentration peaked in the afternoon, when EC was at minimum,
indicates that the midday increase in number concentration was likely due to new particle
formation. The potential importance of solar radiation, the condensation sink of vapor
on existing particles, concentrations of OH, O3, SO2, NH3, and VOCs for both
condensational growth and new particle formation is evaluated based on the covariation of
these parameters with ultrafine mass. The results suggest that the ultrafine particles are
from secondary sources that are co-emitted or co-produced with glyoxal and formaldehyde.

Citation: Ahlm, L., et al. (2012), Formation and growth of ultrafine particles from secondary sources in Bakersfield, California,
J. Geophys. Res., 117, D00V08, doi:10.1029/2011JD017144.

1. Introduction

[2] There is extensive evidence that aerosol particle pol-
lution has adverse effects on human health [e.g., Pope and
Dockery, 2006; Harrison et al., 2010]. Aerosols in many
locations are regulated by particle mass, for instance PM2.5

(mass concentration of particles with diameter Dp lower than
2.5 mm). However, urban particle number size distributions
are in general observed to have their peak number concen-
tration at a diameter of 20–40 nm [Shi et al., 1999; Woo

et al., 2001; Ketzel et al., 2004; Stanier et al., 2004a]. Par-
ticles in this size range often make a relatively low contri-
bution to the PM2.5 aerosol mass. Nevertheless, results from
several studies indicate that ultrafine particles (Dp < 100 nm)
may cause particularly adverse health effects [e.g.,
Oberdörster et al., 1995; Peters et al., 1997]. Aerosol par-
ticles also influence the Earth’s climate, and the radiative
forcing from anthropogenic particles being activated as
cloud condensation nuclei (CCN) in clouds represents one of
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the largest uncertainties in the climate system [e.g.,
Rosenfeld, 2006].
[3] In urban areas, motor vehicles are a major aerosol

source, in particular in the ultrafine size range. Vehicle
exhaust can be broadly divided into a nanoparticle mode
(Dp < 30 nm), which dominates the exhaust particle number,
and an accumulation mode (30 nm < Dp < 500 nm). While
nanoparticles from vehicle emissions are composed primar-
ily of semi-volatile organics and sulfur compounds, and are
formed by nucleation in the tailpipe or �0.1 s after exiting
the tailpipe, the accumulation mode is composed primarily
of soot cores coated with sulfate and organic species
[Kittelson et al., 2006].
[4] Apart from emissions at the surface, particles may also

form in the atmosphere during events of new particle for-
mation [e.g., Kulmala et al., 2004]. In general, new particle
formation is favored by low concentrations of pre-existing
aerosol particles because there is competition between vapor
condensation on preexisting particles and new particle for-
mation. Despite this, new particle formation events and
subsequent growth have been regularly observed at several
polluted urban sites including Leipzig [Birmili and
Wiedensohler, 2000], Atlanta [Woo et al., 2001], Pitts-
burgh [Stanier et al., 2004b], Birmingham, UK [Alam et al.,
2003], Mexico City [Dunn et al., 2004] and Beijing [Wu
et al., 2007]. Newly formed particles can grow in the
atmosphere by condensation of low volatility vapors.
[5] In almost all studies, sulfuric acid concentrations were

observed to be too low to explain the observed particle
growth rates [e.g., Alam et al., 2003, Smith et al., 2008;
Riipinen et al., 2011]. In those studies, the largest contribu-
tion to condensational growth came from condensation of
organic compounds. Volatile organic compounds (VOCs)
can have anthropogenic or biogenic sources and are oxidized
in the atmosphere primarily by OH, O3 and NO3. This
atmospheric oxidation can lead to a high number of different
oxidation products that may have lower volatility than their
parent VOCs. Organic vapors with low enough volatility
can partition into the particle phase and thereby contribute to
condensational growth. However, partly because the number
of oxidation products is extremely high, large uncertainties
remain in regards to what specific compounds contribute to
condensational growth [Hallquist et al., 2009].
[6] In this study we present results from size-resolved

measurements of ultrafine aerosol particles at a polluted
urban site in Bakersfield, California, where growth events of
ultrafine particles were observed on 39 of 45 days. The
source of the seed particles, the chemical properties of the
ultrafine aerosol, and parameters relevant for the growth
are investigated. This study was carried out as part of the
CalNex (California Research at the Nexus of Air Quality
and Climate Change) campaign at the Bakersfield Supersite
in May and June 2010.

2. Site and Methods

2.1. Field Site and Meteorology

[7] The measurements in this study were performed at the
CalNex supersite in Bakersfield, California (35.35�N,
118.97�W). The site is located about 4 km to the southeast
of the city center (Figure 1). The freeway State Route (SR)
58 passes about 800 m to the north, and the SR 99 passes

7 km to the west. The highway SR 184 is located about 4 km
to the east of the site. The average wind direction included in
the map over Bakersfield in Figure 1 indicates that the air
most of the time was not advected from the city center to the
sampling site.
[8] Bakersfield was chosen as the site for this project

because of its high PM concentrations. The city is located in
the southern end of the Central Valley, which stretches
720 km from the Cascade Mountains in the northwest to the
Tehachapi Mountains in the southeast. The Central Valley is
bordered to the west by the Coastal Ranges and to the east
by the Sierra Nevada Mountains. The San Joaquin Valley
comprises the southern part of Central Valley and is one of
the largest PM2.5 and PM10 non-attainment areas in the
United States. The geographical boundaries with the sur-
rounding mountains and the meteorology play important
roles in accumulating pollutants in the valley, in particular
during times of day when the atmospheric boundary layer
is shallow and ventilation is limited [Chow et al., 2006].
[9] Previous studies have shown that the prevailing sum-

mertime wind pattern is dominated by marine air that
penetrates through the Carquinez Strait and splits into two
currents when entering the Central Valley, one flowing
northeastward toward Sacramento and one flowing south-
eastward toward San Joaquin Valley [Moore et al., 1987;
Zaremba and Carroll, 1999; Zhong et al., 2004]. Figure 1
shows an analysis of back trajectories during the measure-
ments in this study obtained using NOAA’s Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
with meteorological data sets from Eta Data Assimilation
System (EDAS40). The color indicates the number of tra-
jectories that have passed through a certain grid cell. There is
a very strong preponderance of trajectories entering
Bakersfield from the northwest, consistent with the discus-
sion above, even though most of the trajectories enter the
continent at Monterey Bay, south of San Francisco and south
of the Carquinez Strait. There are also a relatively large
number of trajectories entering Bakersfield from a westerly
direction without any northerly component. However, the
influence of pollution from Los Angeles in the south should
be negligible.
[10] The local wind directions were predominantly north-

westerly in daytime. However, during some nights the wind
direction shifted to the east or south, associated with
downslope flows from the surrounding mountains as dis-
cussed by Zhong et al. [2004]. The median maximum diur-
nal wind speed was �4 m s�1 peaking around 17:00 and the
corresponding median minimum value was 1.5 m s�1,
occurring around 06:00. The median maximum diurnal
temperature during this campaign was 29.5�C peaking
around 16:00, the same time as the relative humidity reached
its minimum value of �22%. The median of the diurnal
minimum temperature was 16�C, occurring at 05:00, coin-
ciding with a peaking relative humidity of �60%. The
campaign was dominated by cloud free conditions or very
low cloudiness, except during a few days in the beginning
of the campaign when some rainfall occurred. Apart from
the nights on May 18 and May 19, when the relative
humidity peaked at 96% and 88%, respectively, the relative
humidity never exceeded 82%, indicating mostly dry con-
ditions during the campaign.
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[11] Zhong et al. [2004] investigated the atmospheric
boundary layer in the Central Valley during summertime and
found that the afternoon mixed layer was in general deeper
than 1000 m, and that the mixed layer depth increased with
distance away from the ocean and southwards in the Central
Valley. At night, they observed a temperature inversion
develop in the lowest few hundred meters.
[12] In this study we have used the HYSPLIT model to get

rough estimates of diurnal variations in boundary layer depth
during the campaign in Bakersfield. The model indicates that
the mixed layer started growing soon after sunrise around
06:00 and often reached its full depth of �2 km around
17:00. According to the model, the nocturnal boundary layer
was about 100 m deep. Although the depth of the nocturnal
inversion from the HYSPLIT model is likely to be associ-
ated with large uncertainties, there is a very sharp contrast in
boundary layer depth between day and night. The shallow-
ness of the nocturnal boundary layer enhances the impact
from surface emissions on local concentrations, which may
allow pollutant concentrations to build up at night and in the
early morning during rush hour.

2.2. Experimental Setup

[13] Particle number size distributions were measured
using a scanning Differential Mobility Analyzer (DMA).
The DMA is a TSI column with a TSI 3010 CPC running
Labview-based software from Collins et al. [2004], modified
for negative charging efficiency. Size-resolved number
concentrations in 60 size bins from a particle diameter of

10 nm up to 1 mm were collected, and duplicate (upward and
downward) mobility scans were completed every 11 min.
[14] Aerosol chemical composition, including all species

that are vaporized at a temperature of 600�C, was measured
using an Aerodyne High-Resolution Time-of-Flight Aerosol
Mass Spectrometer (HR-ToF-AMS). This instrument pro-
vides size-resolved mass concentrations in an approximate
vacuum aerodynamic particle diameter range of 0.03 to
1.0 mm. Prior to the start of the campaign, the flow rate of
the HR-ToF-AMS was calibrated, and the lens of the AMS
was aligned to a position where �100% of the 350 nm
particles reach the vaporizer of the AMS. Under this con-
figuration particles from �50–600 nm are expected to be
transmitted with �100% efficiency. A size/velocity calibra-
tion, which relates particle time of flight (ToF) velocity to
aerodynamic particle size, was also performed before the
campaign started. The ionization efficiency (IE) calibration
was performed about twice a week during the campaign.
During this calibration, dry ammonium nitrate particles
generated by an atomizer with Dp = 300–350 nm were used
to ensure close to 100% transmission efficiency. The col-
lection efficiency (CE) of the AMS was estimated to be 0.8
based on scaling the AMS mass to the scanning DMA mass
(minus the elemental carbon (EC) mass and estimated dust).
The vacuum aerodynamic diameter of the AMS has been
recalculated to mobility diameter to make it possible to
compare with the scanning DMA data in this study. The
relation between mobility diameter (Dm) measured by the
scanning DMA and vacuum aerodynamic diameter (Dva)

Figure 1. (left) HYSPLIT back trajectory (72 h) analysis for trajectories initiated at Bakersfield. The
color scale indicates log10 of the number of trajectories that have passed (through a certain grid cell.
The grid cells are 0.2 degrees wide in both latitudinal and longitudinal direction. For every day 12 back
trajectories have been calculated with an interval of two hours between each trajectory. (right) Map (from
Google) showing the location of the CalNex Supersite in Bakersfield. The red arrow indicates the most
frequent wind direction at the site.
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measured by the AMS is for spherical particles [e.g.,
Kostenidou et al., 2007]:

Dm ¼ Dva

r
r0 ð1Þ

where r is the effective density and r0 is unity. In this study
we found the best agreement in average mass distributions
from the scanning DMA and AMS for an average r of 1.4 g
cm�3.
[15] Gas-phase measurements of SO2, ammonia, formic

acid and oxalic acid were made by Ambient Ion Monitor Ion
Chromatograph (AIM-IC). The instrument consists of an
AIM 9000D air sampler (URG Corp., Chapel Hill, NC), a
constantly generated wet parallel-plate denuder with 5 mM
H2O2 eluent for the collection of gases, and two ICS-2000
ion chromatographs (Dionex Corp., Sunnyvale, CA). The
sample collection components of the instrument were
located in a separate housing unit, which was specifically
built for this study. In this novel instrument configuration
gases were stripped into solution in a tower-mounted
assembly to minimize sampling inlet losses for soluble gases
such as NH3 and HNO3.
[16] UV radiation was measured by a semiconductor

photodiode with a spectral response range from 280 to
360 nm. The sensor was calibrated again a Yankee Environ-
mental Systems’ Ultraviolet Pyranometer (Model UVB-1) in
natural sunlight.
[17] OH concentration was determined using a Ground-

based Tropospheric Hydrogen Oxides Sensor (GTHOS)
based on laser induced fluorescence, and ozone was mea-
sured with a Dasibi 1008 PC monitor. The gas-phase con-
centration of formaldehyde was determined using Fiber
Laser-Induced Fluorescence [DiGangi et al., 2011] and the
gas-phase glyoxal concentration was obtained with Laser-
Induced Phosphorescence [Huisman et al., 2008]. A broad
suite of primary and secondary VOCs were measured with
hourly time resolution using a gas chromatograph equipped

with both a mass spectrometer and a flame ionization
detector.
[18] EC was measured with a thermal-optical carbon

aerosol analyzer from Sunset Laboratory (Oregon, USA)
using a modified IMPROVE-A protocol, operated by the
California Air Resource Board.

3. Results and Discussion

[19] The measurements in this study were performed
between 15 May and 29 June, 2010. The average number
concentration in the total scanning DMA size range (Dp =
0.01–1 mm) was 10300 cm�3. The average number concen-
tration of ultrafine particles (Dp < 100 nm) was 8600 cm�3.
Hence, the aerosol number population was strongly domi-
nated by ultrafine particles during this campaign.

3.1. Ultrafine Particle Growth Events

[20] Figure 2 illustrates how the size-resolved number
concentration varied throughout the measurement period. In
this figure it can be seen that growth of small 15–20 nm
particles up to 40–100 nm occurred on almost all days. What
is striking is the regularity and the large number of particle
growth events for an urban site. Specifically, ultrafine par-
ticle growth for at least three hours and at least up to 40 nm
could be clearly observed on 39 out of 45 days. It can also be
seen in Figure 2 that the growth events on many days have
a large impact on the aerosol mass, which means that it is
possible to investigate the chemical composition of the
growing particles. Mass size distributions from the AMS
during ultrafine growth events are presented in section 3.2.
[21] Since the growth events varied in mass change, size

change, and duration, it is not meaningful to present an
average particle number size distribution for the whole
campaign. Rather, it is more interesting to investigate the
evolution of the size distributions during different time per-
iods of typical days. Figure 3a shows the average particle
number size distribution in different two hour intervals

Figure 2. Time series of the particle number size distribution for the whole campaign. The color scale
represents dN/dlogDp (cm

�3) and the vertical black grid lines indicate midnight. The red curve represents
mass of particles with a diameter lower than 150 nm derived from the SMPS size distributions with an
assumed particle density of 1.4 g cm�3 (section 2.2).
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throughout the 24 h of 20 May 2010. This figure illustrates
the regular pattern of these growth events. On average, a
mode of nanoparticles centered at �15–20 nm appeared
around 09:00 in the morning. In addition to this nanoparticle
mode, a pre-existing Aitken mode centered at �60 nm can
be seen. Throughout the morning and most of the afternoon,
the number concentration of the nanoparticle mode increases
considerably. Meanwhile, the mode shifts to larger dia-
meters when the particles grow, producing an increasingly
unimodal size distribution below �150 nm. Between 13:00
and 15:00, the mode is on average centered at 60 nm.
Throughout the evening and night, the growth did often
continue, but the number concentration decreased. Since
these growth events could be observed clearly for several
hours on most days during the campaign, the events must be
fairly regionally homogeneous with limited horizontal vari-
ability in vapor and particle concentrations. Growth events
could be followed from morning until at least 18:00 in the
evening for 31 of the 39 observed growth events. For some
of the other eight events, growth may have continued until
18:00 but could not be followed all the way because the
growing nanoparticle mode and the preexisting Aitken mode
could not be separated. A growth event that lasts for about
ten hours under an assumed wind speed of 3 m s�1 gives a
horizontal scale of more than 100 km, making these events
important regionally for ultrafine particle concentrations.
[22] An interesting question is, from where do the �15–

20 nm particles that appear in the morning (and afternoon)
originate? Are they associated with emissions of small

particles or do they originate from new particle formation?
As mentioned in the introduction, vehicles emit nano-
particles in this size range. However, the fact that the
nanoparticle mode was often centered around 15–20 nm
when it appeared does not necessarily imply that the parti-
cles originate from primary emissions. Brownian diffusion is
efficient for 10–20 nm particles, which means that con-
centrations of the smallest particles are underestimated due
to losses in the sampling line. However, the loss by Brow-
nian diffusion in the sampling line was estimated to be less
than 10% for 10 nm particles, which is too low to explain the
lower concentrations of 10 nm particles relative to the con-
centrations of �20 nm particles. Another possibility is that
new particle formation occurs before reaching the Bakers-
field sampling site but is suppressed in the city where
background aerosol concentrations are higher, or that the
formation occurs in the residual layer above the growing
mixed layer. Then the particles would have some time to
grow before being measured by the scanning DMA. Due to
the fact that no particle measurements below 10 nm were
performed in this field study, there is no direct proof of
whether new particle formation or vehicle emission is the
mechanism responsible for the production of the observed
nanoparticles. However, comparing the diurnal cycle of
particle number concentration with that of tracers, it is pos-
sible to indirectly show that new particle formation is likely
the most important source for these nanoparticles. This
investigation will be presented and discussed in section 3.3.

Figure 3. Temporal evolution of aerosol size distributions between 07:00 and 21:00, averaged over two-
hour intervals, on three different days. (a, e and i) Scanning DMA particle number size distributions
on 20 May (Figure 3a), 22 May (Figure 3e) and 4 June (Figure 3i). (b, f and j) Calculated mass size dis-
tributions (using the number size distributions) for the same days with an assumed particle density of
1.4 g cm�3. (c, g and k) AMS organic mass size distributions and (d, h and l) AMS sulfate mass size
distributions for the same days.
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[23] The growth during the events was in general linear
with time until around 13:00, but often decreased in rate
throughout the afternoon and evening. Growth rates have
been determined by calculating linear fits of the growth of
the center of the mode while the growth was linear. The rates
varied between 2.9 and 14.9 nm hr�1 during the campaign.
The average growth rate was 7.3 nm hr�1 with a standard
deviation of 2.6 nm hr�1. This is within the range of what
has been observed at several other urban sites, for instance
Atlanta [Stolzenburg et al., 2005], Mexico City [Dunn et al.,
2004], Leipzig [Birmili and Wiedensohler, 2000], Budapest
[Salma et al., 2011] and Beijing [Wu et al., 2007].

3.2. Classification of Growth Events and Chemical
Composition of Growing Particles

[24] The growth events were divided into three classes:
High growth (HG) days, low growth (LG) days and non-
event (NE) days. HG days were defined as days when the
growing mode reached 70 nm before 18:00. LG days were
defined as days with growth for at least three hours and up to
40 nm (but less than 70 nm) before 18:00. Remaining days
were defined as non-event (NE) days. Eleven days fell into
the HG class, 28 days fell into the LG class, and 6 days were
NE days. Figure 3 shows two examples of HG days (20 May
and 4 June) and one example of an LG day (22 May) with
two-hour averages of scanning DMA and AMS size
distributions.
[25] On 20 May a nucleation mode appears in the number

size distribution representing 09:00–11:00 (Figure 3a), and
is followed by growth throughout the day. By 13:00–15:00
the center of the mode has grown to a diameter of 60 nm and
at this point the mode starts to make a clear impact also in
the mass size distribution (Figure 3b). The AMS organic
(Figure 3c) and sulfate (Figure 3d) mass size distributions
show that almost all mass in this growing size range consists
of organic components. The growth continues until 17:00–
19:00 and the center of the mode reaches a final diameter of
80 nm. The mass is still dominated by organics.
[26] Also on 22 May, a nucleation mode appears at 09:00–

11:00 followed by growth (Figure 3e). However, the growth
slows down after 13:00–15:00 and the mode does not reach
further than 50 nm. Due to the limited growth on 22 May,
the aerosol mass increase caused by the growth is consid-
erably lower than the corresponding mass increase on 20
May (Figure 3f). However, also on 22 May almost all the
growth seems to have been associated with condensation of
organic vapors (Figure 3g), and the contribution from sulfate
is low (Figure 3h).
[27] On 4 June, a nucleation mode appears already at

07:00–09:00 (Figure 3i). The growth continues until 17:00–
19:00 and the center of the mode reaches a diameter of
nearly 100 nm with a large increase in mass as result
(Figure 3j). From the organic and sulfate mass size dis-
tributions (Figures 3k and 3l), it is clear that organics are
responsible for almost all growth until 15:00–17:00. At this
point the mode has reached a diameter of 80 nm. However,
during the next growth phase from 80 to 100 nm sulfate
actually makes the largest contribution. The growth event on
4 June was the event with the largest contribution from
sulfate of all events during the campaign.
[28] Some of the most distinct growth events with two-

hour averaged chemical composition of the aerosol mass

below 150 nm can be seen in Figure 4. The growth events
affected the mass size distributions well above 100 nm on
days with the highest growths. Therefore the size distribu-
tions have been cut at 150 nm here to include most of the
mass increase during the growth events. The growth events
in Figure 4 are on most days accompanied by an increase in
aerosol mass. The exception to this trend is the relatively
high aerosol mass at 06:00–08:00 on some days associated
with aerosol mass of the preexisting mode. Organics
strongly dominate the addition of mass during most of the
growth events in Figure 4. Particularly from morning until
12:00–14:00 the growth and mass are nearly exclusively
associated with organic components. However, especially on
4 June the contribution from sulfate somewhat increases
during late afternoon or early evening (as seen also in
Figure 3l). There was also a tendency of slightly increasing
ammonium when sulfate increased, indicating that most of
the sulfate was in the form of ammonium sulfate and
ammonium bisulfate.

3.3. Diurnal Cycles of Tracers for Primary
and Secondary Aerosols

[29] The composition of the growing particles during the
frequent ultrafine growth events in Figure 2 indicate that
most of the total ultrafine particle mass is organic, and the
midday timing of these events (as well as the lack of an
afternoon peak in EC) indicates that they are secondary
(formed in the atmosphere). This section will focus on the
chemical compounds that dominate the ultrafine particle
mass, the contribution from primary emissions and second-
ary aerosol formation to the ultrafine particle mass, and the
production mechanism responsible for the frequently
observed 15–20 nm particles that provide seeds for the
subsequent growth.
[30] The growth events observed in this study are highly

regular. They occur almost every day and start in the
morning (Figures 2 and 3). During this campaign, organic
components represented 77% of the ultrafine aerosol mass
(Dp < 100 nm), thereby strongly dominating the ultrafine
mass. Sulfate represented the second largest non-refractory
mass contribution with 16%. Ammonium provided a minor
contribution (5%) and nitrate was only 2%. In Pittsburgh
[Zhang et al., 2004], nitrate was also observed to be a minor
component in the ultrafine size range. However, the organic
fraction in the ultrafine range is much higher in Bakersfield
than what was observed in Pittsburgh where the summertime
fraction was 45% [Stanier et al., 2004a]. Accordingly, the
sulfate fraction is significantly lower in Bakersfield than
what was observed in Pittsburgh, where 40% of the ultrafine
mass was salts of ammonium and sulfate.
[31] The AMS mass spectral peak at the mass-to-charge

ratio (m/z) 57 is often used as a tracer for hydrocarbon-like
organic aerosols (HOA), whereas m/z 44 works as a tracer
for oxygenated organic aerosols (OOA) [Zhang et al., 2005;
Russell et al., 2009]. The m/z 57 include the ion peaks of
C4H9

+ and C3H5O
+, and m/z 44 include the ion peaks of CO2

+

and C2H4O
+. Here we present the non-oxygenated fragment

C4H9
+ as a tracer for HOA and the oxygenated fragment CO2

+

as a tracer for OOA.
[32] Figure 5 shows median diurnal cycles of EC, C4H9

+,
CO2

+, organic mass, total particle number concentration and
vapor condensation sink (CS) for HG (Figures 5a–5c) and
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LG (Figures 5d–5f) days. Only particles with diameters
lower than 150 nm have been included in the diurnal cycles
of C4H9

+, CO2
+ and organic mass. The reason for selecting

150 nm as the cutoff for ultrafine particles was to include
most of the mass increase associated with the growth events,
as discussed in section 3.2. The CS determines the rate of
condensation of molecules onto pre-existing particles [e.g.,
Kulmala et al., 2001]; it is defined as:

CS ¼ 2pD
Xn

i

b Dp;i

� �
Dp;iNi ð2Þ

where D is the diffusion coefficient of the condensing vapor
(here as assumed to be 0.1 cm2 s�1), Dp,i is the particle
diameter of bin i, b is the transition regime correction factor
[Fuchs and Sutugin, 1971], Ni is the number concentration
within size bin i, and n is the number of size bins. We have
assumed the accommodation coefficient to be unity.
[33] In general, the diurnal cycles of EC and C4H9

+ are
rather similar both on HG (Figure 5a) and LG (Figure 5d)
days. Concentrations are high at nighttime and peak early
in the morning around 07:00 during rush hour. A peak in
aerosol number concentrations due to primary emissions
early in the morning have been observed in several other

urban studies [e.g., Woo et al., 2001; Harrison and Jones,
2005; Kalafut-Pettibone et al., 2011]. High traffic in the
morning results in high aerosol emissions. Furthermore, the
fact that the boundary layer is shallow at this point means
that particle emissions will have a large impact on the
observed concentration. After �08:00 both EC and C4H9

+

start decreasing to reach a minimum later in the day. This is
likely to a large extent caused by dilution through entrain-
ment when the mixed layer grows. Around 16:00, C4H9

+

experiences a second smaller peak concentration, while EC
stays low. The rush hour peaks in the morning are somewhat
larger in the HG diurnal cycles than in the LG cycles. Higher
primary emissions of EC and organic particles on HG days
are likely accompanied by higher primary emissions of
anthropogenic VOCs that may contribute to more efficient
condensational growth on these days.
[34] The median diurnal cycles of CO2

+ (Figures 5b and
5e), the tracer for OOA, shows a different pattern and shows
a second and larger peak concentration in afternoon, which
indicates that photochemistry plays an important role in the
production of SOA. The relative increase in C4H9

+ during
afternoon is much lower than the corresponding increase in
CO2

+, and the ratio between CO2
+ and C4H9

+ is on HG days at
maximum around 16:00. Interestingly, the diurnal cycles of

Figure 4. Aerosol chemical composition of the growing mode during ten different days. The AMS mass
size distributions have been cut at 150 nm. The black curves represent the diameter associated with the
center of the growing mode.
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organic mass (Figures 5b and 5e) look very similar to the
CO2

+ diurnal cycles, and have their maximum values during
the afternoon at the same time as CO2

+. The afternoon max-
ima in CO2

+ and organic mass concentration are higher on
HG days than on LG days, consistent with more SOA for-
mation on HG days. The early morning peak observed in EC
and C4H9

+ on LG days (Figure 5d) is not present in the
diurnal cycle of organic mass (Figure 5e), indicating that the
mass contribution from primary emissions to the organic
mass below 150 nm is low on LG days. Also on HG days,
the morning peak in organic mass (Figure 5b) is small
compared to the afternoon peak, indicating that primary
emissions make a low relative contribution to the organic
mass below 150 nm also on HG days. Instead the organic
mass is dominated by photochemically produced SOA.
[35] The median diurnal cycles of total (0.01–1.0 mm)

particle number concentration (Figures 5c and 5f) also peak
in the afternoon, a little earlier than CO2

+ and the organic
mass. This afternoon peak in number concentration occurs
when EC reaches its lowest concentrations on both HG and
LG days. Also, there is no peak in the multiday-average
number concentration during the early morning rush hour on
HG or LG days suggesting that primary aerosol emissions
do not provide the source of aerosol particles on most days.
In fact, a peak in number concentration during rush hour,
around 07:00 in the morning, could only be observed on
seven days in total. However, on all of those seven days
there was an even larger maximum in number concentration
during early afternoon. The fact that the peak of the median
diurnal cycle for number concentration occurs during after-
noon, when EC is at minimum and when the mixed layer is

close to fully developed, indicates that new particle forma-
tion was likely the most important midday particle number
source in Bakersfield during this study and that photo-
chemistry played an important role in the formation.
[36] The number concentration on average increased by

over 100% from 10000 cm�3 to �20000 cm�3 between
08:00 and 14:00 on HG days, and from 7000 cm�3 to
�15000 cm�3 between 09:00 and 14:00 on LG days.
Figures 5c and 5f also include the condensation sink, which
could be expected to be lower on HG days than on LG days
at the start time of particle formation and growth. There is a
small dip in the median condensation sink between 08:00
and 11:00 on HG days. However, the 25th-percentile of the
CS in Figure 5f shows that there were low CS values in the
morning also on several LG days, and as will be discussed in
section 3.5, no correlation between low condensation sink in
the morning and high particle mass (or number) concentra-
tion in the afternoon was found.
[37] New particle formation appears to dominate over

primary aerosol emission in producing seed particles for the
frequently observed ultrafine growth events in this study.
The nucleation mode appeared on most days between 08:00
and 10:00 whereas EC peaked already between 06:00 and
08:00 in the morning. While the EC concentration on most
days decreased between 08:00 and 10:00, the particle num-
ber concentration rapidly increased in the same time interval.
Even on those six days without any clear growth events, the
particle number concentration peaked around noon or in
early afternoon. These peaks indicate that nucleation events
may have occurred also on those days, but that these events

Figure 5. Median diurnal cycles of EC (black), C4H9
+ (red), CO2

+ (blue), organic mass (green), particle
number concentration (brown) and condensation sink (gray). (a, b and c) Only high growth (HG) days
have been included. (d, e and f) Only low growth (LG) days have been included. In the diurnal cycles
of C4H9

+, CO2
+ and organic mass, only particles with a diameter lower than 150 nm have been included.
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must have been local rather than occurring over regional
scales.

3.4. Sulfuric Acid Versus Organics in Contributing
to Condensational Growth

[38] Organics represented 77% and sulfate only 16% of
the ultrafine particle mass. To estimate what role sulfate may
have played in the observed growth events, H2SO4 con-
densational growth was investigated by using ambient SO2

and OH concentrations.
[39] Interestingly, SO2 did not peak during rush hour

(around 07:00 in the morning) when EC and C4H9
+ were at

maximum, indicating that traffic in Bakersfield was not a
major source of SO2. Actually SO2 was often at minimum at
this time in the morning. This seems to have been a result of
the often changing wind direction at night or in early
morning (section 2.1), particularly clear on 25 May, 1 June
and 11 June (Figure 6). When the wind was blowing from
the east or south at night or in early morning, the SO2 con-
centration dropped significantly but increased as the wind
direction returned to the northwest in daytime. The early
morning peaks in EC, however, seemed to be independent of
wind direction since these occurred during most mornings of
the campaign regardless of wind direction.

[40] To investigate what role H2SO4 played in the observed
condensational growth (after new particle formation) a
microphysical model was used. The model includes only
growth caused by condensation and uses the standard con-
densation equation [e.g., Seinfeld and Pandis, 1998] with the
transition regime correction according to Fuchs and Sutugin
[1971]. The condensational flux of vapor to particles is
driven by the difference between the vapor concentration and
its saturation concentration over the particle surface. This
saturation concentration was set to zero, thereby assuming
sulfuric acid to be perfectly non-volatile. The diffusion
coefficient for sulfuric acid was assumed to be 0.1 cm2 s�1

and the mass accommodation coefficient was assumed to be
unity. The model was initiated with a lognormal fit to the
08:00–10:00 average particle number size distribution from
Figure 3a, based on three modes. A new nucleation mode was
added every hour in order to describe the average increase in
particle number concentration observed (as in Figure 3a)
between 08:00–10:00 and 12:00–14:00. The sulfuric acid
concentration was first held constant at a value that could
reproduce the growth in Figure 3a. This was obtained with a
H2SO4 concentration of 1.1�108 molec cm�3. To investigate
whether that concentration was realistic at the site, the model

Figure 6. SO2, EC and wind directions on (a) 25 May, (b) 1 June and (c) 11 June.
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was run with actual SO2 and OH concentrations from a
median diurnal cycle of these parameters. H2SO4 was in the
model produced according to the proxy [Petäjä et al., 2009]:

H2SO4 ¼ k � SO2j j�jOH j
CS

ð3Þ

where CS represents the condensation sink and k is defined
according to

k ¼ 8:6 � 10�10 � OHj j�0:48 ð4Þ

where concentrations have units of molec cm�3, k has the
unit cm3 molec�1 s�1 and CS has the unit s�1.
[41] Running the model with actual SO2 and OH con-

centrations resulted in H2SO4 concentrations around 2 � 106
molec cm�3, which is nearly two orders of magnitude lower
than what was needed to reproduce the growth. The resulting
concentrations of H2SO4 from SO2 and OH in the model
could not grow the nucleation mode significantly. Even
when the day with highest SO2 concentrations was used to
initialize the SO2 concentration (with peak at �5 ppb) the
resulting growth during six hours was lower than 5 nm in the
model, which is smaller than the �40 nm observed growth
between the 08:00–10:00 and 14:00–16:00 average size
distributions in Figure 3a. Thus, SO2 concentrations were
much too low in Bakersfield to explain the observed growth
rates in the absence of organics. However, even though
organics dominated the ultrafine mass, sulfate still seems to

have made a significant contribution on some days, partic-
ularly on 4 June (Figure 4).

3.5. Parameters Affecting Condensational Growth
and Particle Number Concentration

[42] Condensational growth of ultrafine particles can be
expected to be more efficient when background aerosol
concentrations of Aitken and accumulation mode particles
are low, since these particles represent a surface for vapors
to condense on, thereby reducing the amount of vapor that
condenses on the growing ultrafine particles. However, in
this study no clear dependence on low submicron conden-
sation sink in the morning, and high mass of particles
smaller than 150 nm in the afternoon was observed, indi-
cating that condensation sink was less important than other
parameters to be discussed. To analyze what parameters and
compounds were important for the growth events, correla-
tions between aerosol mass of particles smaller than 150 nm
and several other parameters were investigated. One hour
averages of the aerosol mass were calculated for the time
period 09:00 to 14:00 for all growth events. During this time
period the aerosol mass was generally increasing. After
14:00 on several days, the aerosol mass was observed to start
decreasing as a result of decreasing number concentration
despite continued growth.
[43] The fact that the peak in the AMS ion CO2

+ and
organic mass below 150 nm often reached maximum in the
afternoon (Figure 5) indicates that photo-oxidation played an

Figure 7. Correlations between aerosol mass of particles smaller than 150 nm and some gas-phase com-
pounds for the time period 09:00 to 14:00.

AHLM ET AL.: ULTRAFINE PARTICLES IN BAKERSFIELD D00V08D00V08

10 of 13



important role in the secondary aerosol formation associated
with the growth events. The correlation coefficient (R)
between aerosol mass and OH concentration was 0.51 and
the corresponding coefficient between aerosol mass and
ozone was 0.33 suggesting that OH played a more important
role than ozone in oxidation of VOCs to organic vapors with
low enough volatility to contribute to formation of second-
ary aerosol. The R coefficient between aerosol mass and UV
radiation was 0.49. Because OH production depends directly
on solar radiation it is logical that the correlation coefficients
for OH and UV radiation with aerosol mass have similar
values.
[44] No correlation was observed for SO2 (R = 0.16),

consistent with the expectations from the modeling of sulfate
condensation (section 3.4). Acetone, which has a variety of
primary (biogenic and anthropogenic) and secondary sour-
ces around Bakersfield shows some correlation (R = 0.52)
with particle mass during growth events suggesting coinci-
dent photochemical production of acetone and condensable
vapors. The correlation of particle mass during growth
events with gas-phase ammonia was similar (R = 0.58).
However, the strongest correlations were between aerosol
mass and gas-phase formaldehyde (R = 0.84), glyoxal (R =
0.75), formic acid (R = 0.67), and oxalic acid (R = 0.63),
indicating that these vapors may have contributed signifi-
cantly to condensational growth or at least been co-produced
by the chemical reactions that produced condensable vapors.
Figure 7 shows the dependence of aerosol mass on these
vapors with linear fits and associated slopes and intercepts.
Formaldehyde was measured between 20 May and 9 June. It
is the most abundant aldehyde in the troposphere and can be
directly emitted from biomass burning and fossil fuel com-
bustion, or it can be produced by oxidation of both biogenic
and anthropogenic hydrocarbons [Liu et al., 2007]. How-
ever, there was no indication of any influence from biomass
burning during this campaign. Because of its relatively short
atmospheric lifetime, typically 2–4 h during the day [Fried
et al., 1997; Wert et al., 2003], formaldehyde is a key indi-
cator of recent atmospheric photochemical activity
[Dasgupta et al., 2005]. Therefore, the correlation between
aerosol mass and formaldehyde during the growth events
does not indicate that formaldehyde has been an important
contributor to the growth, but probably instead indicates that
photochemical oxidation of VOCs was high during the
events. Direct emissions of formaldehyde might have played
a role, but these emissions could not have been associated
with primary particles (such as EC), since EC did not cor-
relate with particle mass in this study.
[45] Glyoxal forms as a first generation oxidation product

from numerous VOCs, including aromatic hydrocarbons in
polluted air [Volkamer et al., 2006]. Despite its high vola-
tility, there is growing evidence that glyoxal may also con-
tribute to SOA formation [Liggio et al., 2005; Volkamer
et al., 2007].
[46] Oxalic acid is the most abundant dicarboxylic acid in

the atmosphere and can be emitted from fossil fuel com-
bustion [Carlton et al., 2007] and formed through gas-phase
photo-oxidation of VOCs [Kerminen et al., 2000]. Aqueous-
phase photo-oxidation of glyoxal is also a potentially
important product of oxalic acid [Carlton et al., 2007], but
since relative humidity and cloudiness were low during this

campaign in Bakersfield, the latter source was probably not
important in this study. Due to the presence of two carboxyl
groups, dicarboxylic acids have low volatility and are often
found in the particle phase [Chebbi and Carlier, 1996].
Oxalic acid has been observed to have the highest particle
phase concentration of all dicarboxylic acids in several
urban studies [e.g., Kawamura and Ikushima, 1993;
Sempére and Kawamura, 1994], and may well have con-
tributed to condensational growth in this study.
[47] In addition to the already mentioned gas-phase com-

pounds, potential correlations between particle mass and 16
alkanes, 6 aromatics, 4 halocarbons, 3 CFCs, alpha-pinene,
isoprene, limonene, propene, and carbon disulfide were
investigated, but all resulted in correlation coefficients lower
than 0.45.
[48] Additional parameters that could be important for

new particle formation were also investigated. No clear
correlation could be found between ultrafine particle number
and relevant parameters such as condensation sink and O3

concentration between 09:00 and 14:00. However, ultrafine
particle number was mildly correlated with UV radiation and
OH with R coefficients of 0.51 and 0.43, respectively. SO2

concentrations in this study were in general relatively low,
on most days below 1 ppbv. This can be compared with SO2

concentrations in other urban studies with nucleation and
growth events, for instance Pittsburgh where concentrations
were often 40–120 ppbv [Zhang et al., 2004], Leipzig with
daytime peaks around 8ppbv [Birmili and Wiedensohler,
2000] and Birmingham with concentrations of 1–21 ppbv.
No correlation was observed between particle number and
SO2 concentration (R = 0.14), suggesting that the daytime
particle number source did not depend critically on SO2.
This is the third piece of evidence (combined with the sulfate
condensation calculations and the composition of the ultra-
fine particles) that sulfate from SO2 did not provide most of
the particle mass in the high number of particle formation
and growth events in this study.
[49] Ammonia concentrations were very high during the

campaign, often above 10 ppbv. A correlation between
ultrafine particle number and ammonia was observed with
an R-coefficient of 0.45, indicating that ammonia might
have played a role in new particle formation in this study.
Kirkby et al. [2011] found that the dependence of nucleation
rates on ammonia saturates at ammonia mixing ratios around
100 pptv. The fact that Bakersfield had ammonia con-
centrations in the ppb-range in this study might explain the
relatively low correlation with ammonia.
[50] A higher correlation was observed between ultrafine

particle number and formaldehyde (R = 0.62). Relatively
high correlations were also observed between ultrafine
particle number and oxalic acid (R = 0.59) and formic acid
(R = 0.57), whereas the rest of the gas-phase compounds
had correlation coefficients lower than 0.4. A high con-
centration of formaldehyde indicates high VOC oxidation,
thereby likely higher concentrations of condensable organic
vapors and more efficient condensational growth. More
efficient initial growth will reduce particle number sinks
like coagulation and Brownian diffusion. Therefore, the
correlation between ultrafine particle number and formal-
dehyde might indicate that the particle number concentra-
tion depended more critically on the efficiency of initial
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growth than on amounts of nucleating vapors in this study
in Bakersfield.

4. Summary and Conclusion

[51] Physical and chemical properties of ultrafine aerosol
particles during the CalNex campaign in Bakersfield from
15 May to 29 June were measured. The focus of this study
was on the frequently observed growth events at the site.
Condensational growth of small �20 nm particles up to
40–100 nm occurred on 39 of 45 days. A nucleation mode
typically appeared around 09:00 in the morning together
with a pre-existing Aitken mode centered around 70–
80 nm. Throughout the day the nucleation mode was
observed to grow at an average growth rate of 7.3 nm hr�1,
resulting in a unimodal size distribution in the evening and
at night.
[52] Concentrations of EC and a tracer for hydrocarbon-

like organic aerosol (C4H9
+) were in general higher at

nighttime and peaked during rush hour in early morning.
Throughout the morning and afternoon concentrations
decreased as a result of dilution when the mixed layer grew.
This is an indication that the impact of primary aerosol
emission on local concentrations was at maximum in early
morning during rush hour. However, particle number con-
centration showed a different pattern and peaked in the
afternoon when EC was at minimum. Therefore, new parti-
cle formation likely provided the largest contribution to the
midday increase in particle number concentration in this
study.
[53] Microphysical modeling and size-resolved AMS

concentrations showed that organic components dominated
the particle growth in the ultrafine mode, and that sulfate on
most days only provided a minor contribution to nano-
particle growth. Organic components largely dominated the
ultrafine aerosol mass with 77%. The organic mass below
150 nm peaked in the afternoon at the same time as the AMS
tracer for oxygenated organic aerosol CO2

+, indicating that
most of this organic mass was photochemically produced
SOA. Given the complex mixture of anthropogenic and
biogenic VOC sources in the Central Valley, there was
insufficient information to accurately apportion the sources
of the pre-cursor VOCs, but there are likely contributions
from both anthropogenic and biogenic sources.
[54] The aerosol mass of particles smaller than 150 nm

showed a stronger correlation to OH concentration and UV
radiation than to ozone concentration during the growth
events. However, the strongest correlations were found
between aerosol mass and gas-phase formaldehyde, glyoxal,
formic acid and oxalic acid. This is an indication that these
compounds may have either contributed to condensational
growth or been produced by the same chemical reactions
that produced condensable vapors.
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