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Abstract

Formation and growth of ultrafine particles is crudely represented in chemistry-climate
models, which contributes to uncertainties in aerosol composition, size distribution, and
aerosol effects on cloud condensation nuclei (CCN) concentrations. Measurements
of ultrafine particles, their precursor gases, and meteorological parameters were per-
formed in a ponderosa pine forest in the Colorado Front Range in July—August 2011,
and were analyzed to study processes leading to Aitken-mode Particle burst Events
(APEs). These measurements suggest that APEs were associated with the arrival
at the site of anthropogenic pollution plumes around noon or in the early afternoon.
Number concentrations of ultrafine (4 to 30 nm diameter) particles typically exceeded
10000cm 3 during APEs, and these elevated concentrations coincided with increased
SO, and monoterpene concentrations, and led to a factor of two increase in CCN
concentrations at 0.5 % supersaturation. The APEs were simulated using the regional
WRF-Chem model, which was extended to account for ultrafine particle sizes start-
ing at 1 nm in diameter, to include an empirical activation nucleation scheme in the
planetary boundary layer, and to explicitly simulate the subsequent growth of Aitken
particles by condensation of organic and inorganic vapors. Comparisons with aerosol
size distribution measurements showed that simulations using the activation nucle-
ation parameterization reasonably captured aerosol number concentrations and size
distribution during APEs, as well as ground level CCN concentrations. Results suggest
that sulfuric acid from anthropogenic SO, triggers APEs, and that the condensation of
monoterpene oxidation products onto freshly nucleated particles drives their growth.
The simulated growth rate of 3.4 nm h~" for small particles (4—-30 nm in diameter) was
comparable to the measured average value of 2.3nm h~'. Model results also suggest
that the presence of APEs tends to modify the composition of sub-100 nm diameter
particles, leading to generally higher absolute mass concentrations of sulfate as well
as organic aerosols with a higher sulfate content. Sensitivity simulations suggest that
the representation of nucleation processes in the model largely influences the pre-
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dicted number concentrations and thus CCN concentrations. We estimate that nucle-
ation contributes to 65 % of surface CCN at 0.5 % supersaturation in this pine forest
environment.

1 Introduction

Submicron particles reduce atmospheric visibility, impact human health, and influence
climate by radiative forcing and by modifying the number of cloud condensation nu-
clei (CCN) (Somers et al., 2004; Laaksonen et al., 2005). To accurately predict these
effects, precise estimates of the aerosol size distribution are required (Adams and Sein-
feld, 2002; Dusek et al., 2010) in addition to the typically-reported mass concentrations.
Modeling aerosol size distributions is challenging due to uncertainties involved in the
formation and growth of new particles (Pierce et al., 2011). A new particle formation
event is the result of a complex process where molecular clusters (1-2 nm) are cre-
ated by nucleation of gases that may subsequently grow into detectable-sized particles
depending on the outcome of two competing processes: condensation of semi-volatile
organic and inorganic gases and coagulation to preexisting particles (Kulmala, 2003;
Kerminen and Kulmala, 2002; McMurry et al., 2005). Although mechanistic details of
formation are still poorly understood, studies show that nucleated clusters originate
from sulfuric acid, water, ammonia, and organic compounds (Zhang et al., 2004; Sipila
et al., 2010; Kulmala et al., 2013; Kirkby et al., 2011). Ultrafine aerosols can become
active CCN with appropriate changes in their size distribution and chemical properties
and thus can have an impact on cloud properties and precipitation (McFiggans et al.,
2006). Pierce and Adams (2009) compared several nucleation schemes that spanned
six orders of magnitude in globally averaged nucleation rates, and reported that the
average tropospheric CCN concentrations varied by 17 % in the troposphere, and by
12 % within the boundary layer at low (0.2 %) supersaturations (SS). Kerminen et al.
(2005) estimated that new particle formation over the boreal forests in Finland is asso-
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ciated with a radiative cooling of 0.2-0.9Wm™2 due to the effect of these particles on
clouds.

The extent of the predicted nucleation event and its effect on CCN concentrations
is largely dependent on the selected nucleation scheme and the environmental condi-
tions. Previous studies have reported that binary and ternary homogeneous nucleation
that is commonly used in 3-D models tends to underestimate nucleation rates and par-
ticle number concentrations by orders of magnitude, especially within the planetary
boundary layer (PBL) (Kulmala et al., 2006; Young et al., 2008). Merikanto et al. (2009)
used activation nucleation (AN) parameterization (Kulmala et al., 2006) in the bound-
ary layer and binary homogeneous nucleation in the free troposphere, and estimated
that nucleation contributes to 45 % of global mean CCN (0.2 % SS), of which 35 % can
be attributed to the flux of nucleated particles from the free troposphere and 10 % from
the boundary layer. Matsui et al. (2011) used a similar approach within the regional
WRF-Chem model in the polluted urban environment of Beijing, and showed that new
particle formation increased CCN concentrations at higher supersaturations (> 0.2 %
SS), and decreased CCN at lower supersaturation (< 0.1 % SS). Luo and Yu (2011)
used WRF-Chem and their Advanced Particle Microphysics model that includes the
ion-mediated nucleation scheme and showed that new particle formation accounts for
80 % of CCN (0.4 % SS) in most parts of the Eastern United States.

In this paper, APEs at a semi-arid forest in the Colorado Front Range will be in-
vestigated from the 2011 BEACHON-RoMBAS field study. We use data from 25 July to
25 August 2011, to investigate the origin of aerosol formation and growth events, and to
model their characteristics within the 3-D regional WRF-Chem model. The specific ob-
jectives of the study are: (1) to characterize APEs during the BEACHON-RoMBAS field
campaign under the impact of anthropogenic pollution; and (2) to apply the activation
nucleation parameterization in WRF-Chem to study APEs that occurred at the mea-
surement site, and quantify their influences on ultrafine particles and CCN (0.5 % SS).
As biogenic organic emissions dominate volatile organic compound concentrations at
this site (Kaser et al., 2013; Ortega et al., 2014), we have also included their effects on
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the growth of newly nucleated particles in WRF-Chem. In this paper, we describe the
circulation patterns at the MEFO site in Sect. 2, present our methods in Sect. 3, and
discuss the results and conclusions of the two specific objectives in Sects. 4 and 5.

2 Measurement site and circulation patterns during the campaign

The Manitou Experimental Forest Observatory (MEFO; 39.1006° N, 105.0942° W) is
located in the Front Range of the Colorado Rockies at 2300 m elevation in a subalpine
forest dominated by ponderosa pine (Fig. 1). It is located 40 km northwest of Colorado
Springs and 72 km southwest of Denver. The site is frequently influenced by polluted
air from the Front Range urban areas. Previous studies at MEFO have indicated that
monoterpenes and 2-methyl-3-butene-2-ol (MBO) are the dominant component of VOC
emissions during the daytime (Kim et al., 2010; Kaser et al., 2013; Ortega et al., 2014).
The levels of anthropogenic pollutants (e.g NO,, SO,, benzene) observed at the site
are variable and driven by synoptic and local meteorological conditions. Observations
of wind from the meteorological tower at MEFO have been used to analyze the diurnal
variations of wind speeds and wind directions during the BEACHON-RoMBAS cam-
paign (Ortega et al., 2014). During daytime in the summer, easterly upslope flows are
often observed at MEFO with wind speeds around 2-3ms™', whereas during night-
time strong southwesterly drainage flows dominate with typical wind speeds around
3-5ms™'. An active Northern American Monsoon circulation influenced the measure-
ment site from 25 July to 5 August, while the rest of the campaign period experienced
weak monsoon conditions with little precipitation.
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3 Measurements and modeling framework
3.1 Datasets

Measurements from several instruments are used in this study to characterize APEs
during BEACHON-RoMBAS 2011. Particle size distributions from 4 nm to 3 um were
measured on a 5 min cycle. The method consists of two Scanning Mobility Particle Siz-
ers (SMPS) that measure particles from 4 nm to 30 nm and from 30 nm to 300 nm, and
an optical particle counter that measures particles from 200 nm to 3 um. The final data
set is composed of the superposition of the 3 different measurements. The chemical
composition of 20 nm diameter aerosol performed during BEACHON-RoMBAS is ob-
tained by the Thermal Desorption Chemical lonization Mass Spectrometer (TDCIMS,
Voisin et al., 2003; Smith et al., 2004). During non-APE periods and during weak
events (such as 8-11 August), the TDCIMS measured the composition of bulk aerosol
(< 1pm), whereas during APEs (such as 10 August) the instrument measured the com-
position of 20 nm diameter particles. The TDCIMS acquired data in “negative ion mode”
using the reagent ion O,-(H,0)n, where n is in the range of 1-3, which allows for the
detection of inorganic and organic acids. Proton Transfer Reaction Quadrupole Mass
Spectrometers (PTR-MS) with GC-MS analysis were used to measure monoterpenes.
We also use gas-phase measurements of SO, and H,SO,, meteorological measure-
ments of wind speeds and direction, which were performed at 30 m above the surface,
and measurements of CCN concentrations (most of the available data are at high su-
persaturation, equal or more than 0.5% SS with critical activation diameter less than
65 nm, during this field campaign) and the corresponding derived hygroscopicity pa-
rameter, kappa, for sub-100 nm particles (Petters and Kreidenweis, 2007). In this pa-
per, the time is presented in Mountain Standard Time (MST).

The formation rate (J) and the growth rate are estimated from available measure-
ments, starting at 4.4 nm diameter, and are used to constrain the model. To determine
the formation rate of ~ 5 nm particles (J5,,,), we linearly fit the measured number con-
centrations of particles over the range of 4.4-6.25 nm diameter between the onset and
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the end of APEs. The slope of the fitted line provides the measured formation rate
(J5nm) that is used to evaluate the model calculated formation rate for the model bin
3.98-6.31 nm. A similar method is applied to derive the formation rates for particles
between 39-65nm (J59,y,) @and 101-162 nm (J439,m) in the measurements, and their
model equivalent values based on model bin 40-63 nm and bin 100-158 nm, respec-
tively. It should be noted that the formation rate calculated here is the net formation
rate which includes loss rates. We use the number mean diameter (NMD) to calcu-
late the growth rate of particles in both measurements and simulations. Number mean
diameter was defined by Matsui et al. (2011) using the diameter (nm) and number con-
centration (cm'3) in each size bin. We use a linear fit to the values of NMD for particles
smaller than 30 nm during APEs, and the slope of the fitted line is defined as the sub-
30 nm growth rate. Additionally, we calculate the hygroscopicity parameter, Kappa, by
including all aerosol species present in the model for particles smaller than 100 nm
(see Sect. 4.4).

3.2 WRF-Chem simulations

Version 3.4.1 of the Weather Research and Forecasting model with chemistry (WRF-
Chem) (Grell et al., 2005; Fast et al., 2006) was used with two nested domains over
the continental United States. The grid resolution was 36 km for domain 1 and 4 km for
domain 2 (Fig. 1). Two-way nesting was used between the domains. The WRF physics
options chosen for our runs include the Monin—Obukhov scheme for the surface layer,
the Yonsei University (YSU) scheme (Hong et al., 2006) for the planetary boundary
layer, the Grell 3-D scheme (Grell and Devenyi, 2002) for the cumulus parameterization
in the 36 km domain, the Lin et al. (1983) scheme for microphysics, the Rapid Radiative
Transfer Model (Mlawer et al., 1997) for longwave radiation, and the Goddard scheme
(Chou et al., 1998) for shortwave radiation. The nighttime minimum planetary boundary
layer (PBL) height was set to 100 m in the YSU scheme to eliminate overestimating
nocturnal concentrations of primary species. The land cover treatment was updated
with MODIS land use data. North American Regional Reanalysis (NARR) data was
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used for the initial and boundary conditions at a 3h temporal resolution and 32 km
spatial resolution. Two representative periods were selected for our study: 25-30 July
and 9-15 August. The first 24 h of each run were used to initialize the model, but
were not used for comparisons. The meteorological outputs (such as wind field, PBL
height, etc.) from WRF-Chem were used to drive a Lagrangian particle dispersion off-
line model (see Sect. 3.3) to estimate the arrival of anthropogenic plumes at the MEFO
site.

The chemistry is simulated using the CBMz gas-phase mechanism (Zaveri and Pe-
ters, 1999) and MOSAIC aerosol package (Zaveri et al., 2008). Similar to Matsui et al.
(2011), we have modified the MOSAIC aerosol package in WRF-Chem v3.4.1 to explic-
itly account for a wider range of aerosol sizes, i.e., 20 bins over the aerosol diameter
range from 1 nm to 10 um. The default 8 bins over the range from 40 nm to 10 um. The
default binary homogenous nucleation scheme (Wexler et al., 1994) is used above the
PBL, and it has been replaced by the empirical AN scheme within the PBL. The num-
ber concentration of nucleated clusters based on the empirical AN scheme is given by
(Kulmala et al., 2006):

J*=AXH2804 (1)

where J* is the formation rate of activated clusters at 1 nm (cm'3 3'1), A (3‘1) is the
rate coefficient, and [H,SO,] is the number concentration of gas-phase sulfuric acid
(cm'3). Previous studies indicate a large uncertainty associated with calculations of A4,
which was found to range between 107° s and 10785’ (Kuang et al., 2008). The
H,SO, measurements are available from 9 to 26 August at MEFO and indicate that
the average H,SO, concentration is ~ 2 x 10° moleculescm™ during the late morning
and noon. 28 July is the representative APE day during which particle sizes initiated at
the smallest diameter during the ROMBAS observation period. We calculate the 5nm
aerosol formation rate (J5,y; ~ 1 cm~3s™ as shown in Table 1) on that day, which re-
sults in a coefficient A = 2 x 107° s™"that we used for the AN parameterizations in our
simulations. It should be noted that here we only use values derived from measure-
5619
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ments at MEFO to represent the AN parameterization of the model, and we simply use
the observations in minimum particle size (~ 5nm) to derive the formation of sub-5nm
diameter particles in AN parameterization. To simulate more accurately the growth of
ultrafine particles, we included the condensation of semi-volatile oxidation products of
isoprene, a-pinene and limonene onto pre-existing particles. The default model con-
figuration only includes primary organic aerosols (Matsui et al., 2011), and accounting
for the formation of secondary organic aerosols from biogenic emissions is key at this
location as biogenic VOC emissions are significant. Simple molar yield calculations are
used to form secondary organic aerosols, assuming 15 % contribution for a-pinene and
limonene and 4 % for isoprene (Liu et al., 2012). To reduce the computational costs,
the condensed mass is simply distributed in proportion to the aerosol surface area
in each size bin. This simplification is consistent with other studies (Spracklen et al.,
2006; Reddington et al., 2011) and assumes that the first generation oxidation products
condense onto pre-existing particles with zero equilibrium vapor pressure.

Initial and boundary conditions for chemical species are provided by the MOZART-4
global chemistry-transport model (Emmons et al., 2010). For emissions, the EPA Na-
tional Emission Inventory 2005 is used for the anthropogenic sources. The number
size distribution of primary aerosol emissions was assumed to be a lognormal distri-
bution with a median (peak) diameter of 50 nm and a standard deviation of 2.0. The
MEGAN on-line model is applied for biogenic emissions (Guenther et al., 2006). Wet
scavenging and dry deposition of gases and aerosols are also considered. The aerosol
direct and indirect effects on radiation and cloud microphysics are included according
to Gustafson et al. (2007) and Chapman et al. (2009).

Table 2 summarizes the WRF-Chem simulations and their characteristics. The base
run (Ref-8bins) is the original WRF-Chem model with eight diameter bins starting at
40 nm. It includes the binary homogeneous nucleation parameterization in all vertical
layers and does not account for the formation of secondary organic compounds (simi-
lar to Fast et al., 2009). The first test run (Nucleation-on) uses 20 bins and simulates
the number concentration with the AN parameterization in the PBL and binary homo-
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bsoa) is similar to Nucleation-on run but in addition it includes the condensation of bio-
genic oxygenated semi-volatile organic compounds and their contribution to the growth
of ultrafine particles. A final sensitivity run (Nucleation-off) uses 20 bins and includes
the condensation of biogenic oxygenated semi-volatile organic compounds, but does
not include a nucleation parameterization (neither AN nor binary).

3.3 The trajectory model

To investigate the transport of anthropogenic air masses to the MEFO site during the
field study period, the Lagrangian particle dispersion model FLEXPART is used with
WRF (WRF-FLEXPART) (Stohl et al., 2005; Fast et al., 2006; Brioude et al., 2013).
The wind field used to drive FLEXPART is a time-averaged wind predicted by the
WRF-Chem 4 km simulations. We used the time-averaged wind to systematically de-
crease the uncertainty and bias in the trajectory calculations (Brioude et al., 2012).
In WRF-FLEXPART, the vertical diffusion coefficients were calculated based on the
mixing heights and surface friction velocity from WRF-Chem. At the MEFO site, 10 000
inert tracer particles are released every hour at a random height between 50 and 100 m
above the ground. For each release, the backward trajectories are simulated for 48 h.
The total calculation time is 30 days from 27 July to 25 August 2013, and the number
of releases is 720. The hourly particle positions from the back trajectories are grid-
ded onto the 4km x 4 km WRF-Chem domain to perform the Residence Time Analysis.
These gridded trajectories indicate the time that the air mass spent in each grid cell be-
fore arriving at MEFO (de Foy et al., 2007, 2008), which illustrates the preferred wind
directions and wind transport paths influencing the measurement site.
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4 Results and discussion
4.1 Characterization of APE and Non-APE days

The temporal evolution of aerosol number size distributions observed during the entire
campaign is shown in Fig. 2a. To distinguish between APE and Non-APE days, we
calculate the ratio of the number concentrations of 4-30 nm particles (N4_39nm) t0 the
concentrations of 4-100 nm particles (N4_1p0nm)- If the ratio is larger than 0.5 (Jung
et al., 2013) and the diurnal evolution of the aerosol number size distribution charac-
terized by a banana-shaped plot (Dal Maso et al., 2005), then we consider that day to
be an APE day. Using these criteria, we have selected four representative APEs (28,
29 July and 10, 13 August, see Fig. 2b), and three representative Non-APEs days (14,
23, and 24 August).

Figure 2b shows the observed temporal evolution of SO, mixing ratios and N,_zonm
at MEFO during the campaign. N,_so,m appears to be highly correlated with SO, (Pear-
son correlation coefficient is 0.8), with Ny_s9,m, Peak values that systematically coincide
with high SO, observed at the site. These results suggest that the inflow of anthro-
pogenic pollutants impacts APEs at the MEFO site, and that the APEs are likely initi-
ated by the products of SO, oxidation. The time evolution of monoterpenes (Fig. 2b)
exhibits a more consistent day-to-day cycle with higher values at night, and lower val-
ues at the midday.

Observations of averaged diurnal profiles of SO,, monoterpenes, N, 39,m, CCN
(0.5% SS), and number size distribution during four APE days and three Non-APE
days also confirm these results (Fig. 3a—e). Significantly higher mean values are ob-
served during APE days for both monoterpenes and SO,, and it is clear that Ny_zqm iS
strongly increased starting midday during APE days (Fig. 3c). Measured CCN (0.5 %
SS) number concentrations at the surface are also up to a factor of two higher during
afternoon hours on APE days compared to Non-APE days (Fig. 3d). A sharp increase
in CCN is observed in the afternoon, typically three hours after the start of APEs. There
is also a large difference in size distributions between APE and Non-APE days for par-
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ticles smaller than 150 nm (Fig. 3e), which is typically the size range that encompasses
the critical activation diameters for CCN (50—-100 nm) (Petters and Kreidenweis, 2007).
The peak of the number size distribution is shifted from ~ 110 nm on Non-APE days to
smaller diameters ~ 30 nm on APE days.

To investigate the relationship between APEs and the transport of anthropogenic pol-
lutants to the site, we have analyzed the origin of the air masses arriving at the mea-
surement site prior to APEs. The wind roses measured at MEFO at a 30 m height show
the variation of wind direction by time of day for APE and Non-APE days (Fig. 4a and b).
During APE days, wind directions clearly show a shift from southwesterly in the early
morning (06:00-09:00 MST to easterly and then to south-easterly or north-easterly
winds during the day (10:00-17:00 MST). The dominant easterly wind component indi-
cates influence from the Front Range urban areas. On Non-APE days, there is no clear
shift of the winds away from southwesterly in the afternoon. Because the measured
near-surface winds at the site can be greatly influenced by local topography, we have
performed the Residence Time Analysis based on the FLEXPART back-trajectories to
confirm the origin of the air masses for the APE and Non-APE days. Figure 4c and d
shows that on APE days air masses at MEFO came from the Colorado Springs area,
whereas on Non-APE days the air masses are principally from the west. The results
suggest that measured SO, at the MEFO site likely originated from industrial sources
located in the Colorado Springs area. Consistent with measurements (Fig. 3), back-
trajectory results emphasize the key role of anthropogenic pollutants in the occurrence
of ultrafine particle events at the MEFO site.

Table 1 shows the observed and predicted growth rates, particle formation rates for
~5nm, ~50nm, and ~ 130 nm diameter particles, and number concentrations of par-
ticles in the 4-40nm (N,_49nm) @and 40—100 nm (Nyg_100nm) diameter ranges for APEs
that occurred at MEFO on 28 and 29 July, and 10 August. The APEs at the MEFO site
typically started around noon and early afternoon (10:20-15:00 MST), and occurred
following easterly shifts in wind direction (Fig. 4a). Jung et al. (2013) compared APE
burst time and particle number size distribution at an urban site and a forest site, and

5623

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

uI
| II I

Jaded uoissnosiq

ACPD
14, 5611-5651, 2014

Modeling ultrafine
particle growth

Y. Y. Cui et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/5611/2014/acpd-14-5611-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/5611/2014/acpd-14-5611-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

found that late APE burst time and broader particle number size distributions were
observed at the forest site than at the urban site. Figure S1 shows similar results for
this study. These characteristics imply that several hours are needed for urban plumes
to reach the site and that new particle formation is happening most likely hours away
from the site. The dominance of non-local contributions to observed APEs at the site is
further reinforced by the absence of particles smaller than 5nm in the observed num-
ber size distributions. Especially in August (Fig. 7a), particles smaller than 10 nm were
almost never observed, suggesting that nucleation likely occurred in upwind areas or
in the free troposphere, and that nucleated particles had a few hours to grow before
arriving at the measurement site (e.g., 10 August, Fig. 7a). On 13 August, an inverse
banana-shaped growth is observed (Fig. 7). FLEXPART shows that this “shrinkage” in
the observed number size distribution could be related to the change in the air mass
that is being sampled over the site during this event. The arrival of a polluted air mass
from the Colorado Springs area (which is closer than the Denver area) during the af-
ternoon (see Fig. S2) is a likely reason for the appearance of smaller particles, which
could have been nucleated slightly upwind of the measurement site.

Ny_40nm and Nyg_100nm reported in Table 1 are calculated as average values over
a two-hour time period following the peak of each APE. Here, we report particles from
4 to 40 nm instead of 4 to 30 nm in order to have a closer match with the corresponding
bins in the simulations. The observed N,_,7,n, averaged during the event, varies from
~ 16000 to ~ 28000 cm'3, and N4 _100nm from ~ 4000 to ~ 12000 cm™3. Ny_40nm i8S
three to four times higher compared to N,y_199nm- IN addition, for all APEs, the average
growth rate is 2.3nm h‘1, and the average net rates of formation for ~ 5nm, ~ 50 nm,
and ~ 130 nm particles are 0.74 cm'3s'1, 0.18cm'3s‘1, and 0.0130m‘3s'1, respec-
tively. The values derived from these observations are consistent with previous results
reported for other forested regions (Kuang et al., 2008; Westervelt et al., 2013). The
comparisons between observations and simulations are discussed in the next section.
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4.2 Evaluation of modeled APEs

The regional WRF-Chem model is used to simulate APEs and analyze interactions
between anthropogenic and biogenic air masses, as well as the potential influence
of APEs on CCN concentrations at the MEFO ground site. As mentioned in Sect. 3.2,
the model includes both the AN parameterization that connects the anthropogenic SO,
emissions to nucleation, and the contributions of biogenic VOC emissions to the growth
of ultrafine particles. Comparisons with tower measurements suggest that WRF-Chem
generally captures the temporal variability and the overall magnitudes of O3, CO and
NO, (Fig. S3) during APEs. Due to the complex mountain terrain, predicting the arrival
of narrow pollution plumes at the site is challenging especially with the current model
resolution of 4 km. For instance on 29 July, WRF-Chem did not capture the observed
SO, plume at the site because of a west shift bias in the simulated wind direction. On
10 August, model-simulated SO, was lower than observations because of an exces-
sively large westerly component in simulated winds. These biases in simulated SO,
influence the predicted levels of H,SO, and lead to model underestimation of APEs
(e.g9., Nsy_sonm in Figs. 6 and 7) on these days.

Given the challenges related to the modeling of the local meteorology, we first ex-
amine how the model is reproducing the average features observed during APE and
Non-APE days. Figure 5a—f compares average diurnal profiles of observed and pre-
dicted parameters associated with number size distributions of Aitken mode patrticles.
The comparison of the number concentrations shows a noticeable improvement in the
model’s ability to simulate the number size distributions when the Nucleation-bsoa run
is used. The default WRF-Chem configuration (Ref-8bins) is not able to explicitly simu-
late Ny_s0nm» @nd greatly underestimates (up to a factor of 4) the Nyg_190nm CONCeNtra-
tions during both APE and Non-APE days. It also fails to reproduce the diurnal varia-
tions reported in measurements. On the other hand, the Nucleation-bsoa run captures
well the increase in Ny_49,,, during APE days, although it has a tendency to nucleate
some particles during Non-APE days as suggested by slightly overpredicted N4_40m
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concentrations. Simulation results (Fig. 5e) are clearly improved in terms of number
mean diameters (NMD). During APEs, the increase in number concentrations of ultra-
fine particles (N4_49,m) l€ads to a drop in NMD at midday (12:00-18:00 MST) to values
as low as ~ 30 nm, followed by an increase in NMD in the late afternoon due to the con-
densational growth of nucleated particles. As expected during APE days, the default
Ref-8bins run did not capture the decrease in NMD during the early afternoon caused
by the appearance of freshly nucleated particles. Observations (Fig. 3e) show that the
peak of the number size distribution is shifted from ~110nm on Non-APE days to
smaller diameters ~ 30 nm on APE days. This shift in NMDs was well predicted by the
Nucleation-bsoa run (Fig. S6). The comparison of modeled (Nucleation-bsoa) number
size distributions between APE and Non-APE days shows the same shift in the peak
diameter from ~ 100 nm on Non-APE days to ~ 40 nm on APE days (Fig. S6). During
Non-APE days, the Nucleation-bsoa run predicts slightly better the observed evolution
of NMD than Ref-8bins (Fig. 5f).

A more detailed day-to-day evaluation of predicted number concentrations and size
distributions for Aitken mode particles is performed for 26—-30 July (Fig. 6), and 10-14
August (Fig. 7). For this comparison, it is important to keep in mind that Ny_49m iS
controlled by regional scale nucleation and early particle growth, whereas N4y _100nm
is also influenced by regional transport and anthropogenic emissions. As mentioned
in Sect. 4.1, during July APEs had a more typical banana-shaped size distribution
and particles smaller than 5 nm were observed, suggesting that new-particle formation
likely occurred close to the measurement site. During this period, modified WRF-Chem
(Nucleation-bsoa run) is able to reproduce the banana shape of the number size distri-
butions of these local APEs (Figs. 6a and b). The time series comparisons show that
the “Nucleation-bsoa” simulation roughly captures the number concentrations varia-
tions for particle smaller than 40 nm (Fig. 6¢) and the diurnal evolution of the number
mean diameter (NMD) (Fig. 6e). The model however has a tendency to overpredict the
number concentrations of larger Nyg_100nm Particles and does not capture the sharp
increase in those on 29 August.
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During August, APEs were characterized by larger starting diameters (> 5nm) sug-
gesting that new-particles formation occurred upwind of the site or above the PBL and
that already somewhat grown particles were transported to the site. During this pe-
riod, WRF-Chem (Nucleation-bsoa run) initiated some local nucleation but did not grow
these particles beyond 4nm on 10, 11 and 14 August, and not beyond 8 nm on 12 Au-
gust (Fig. 7a and b). The model results confirm that the sub-100 nm particles that are
present at the site in both observations and predictions on these days were not locally
generated through nucleation. A sensitivity simulation was performed for 10 August
to investigate the contribution of local nucleation to modeled number concentrations
(Fig. S4). In this simulation the binary nucleation parameterization was used above the
PBL and no nucleation parameterization was used within the PBL. Model results from
combined Nucleation-bsoa and sensitivity runs suggest that locally formed new parti-
cles were not able to grow enough to be observed, and that free-troposphere nucleated
particles could have been mixed downward into the boundary layer and brought those
newly formed larger particles (> 10 nm) to the surface. Also, the number size distribu-
tion is shifted towards larger diameters, suggesting that this could be a possible source
of larger ultrafine particles found at the site during August. Furthermore, in order to
quantify the importance of ultrafine particles advection to the site on 10 August, we run
a case with nucleation turned off both in the PBL and above it. Under these conditions,
no particles appear at the site, suggesting that the above-PBL nucleation contributes
ultrafine particles (90 %) predicted at the surface, on this particular day.

On 13 August, the model starts nucleating particles locally but does not grow them
until later in the afternoon (after 5p.m. MST), when a small fraction of particles seems
to grow to larger sizes. Local wind roses and back-trajectories (Fig. S2) both sug-
gest a shift in wind direction from southwest to southeast during that afternoon, which
advected polluted air from Colorado Springs to the measurement site as already dis-
cussed in Sect. 4.1. This change in air masses could have brought already nucleated
ultrafine particles to the site, however the model shows that their sizes are larger than
suggested by observations (Fig. 7b). As discussed below, this is consistent with the
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model tendency to grow freshly nucleated particles faster than what was observed at
the site.

Modeled 4-40 nm diameter growth rates, J5,m, Ysonm:» J130nm are shown in Table 1.
In comparison with observations, we find that Nucleation-bsoa simulates comparable
results but slightly overestimates the growth rates of particles up to 40 nm. For for-
mation rates, Nucleation-bsoa underestimates small particles at 50 nm according to
values of Js5,,, and overestimates particles larger than 100 nm as suggested by the
comparison of Jy39,m. Model calculations of Ny_s0nm and Nyg_100nm are comparable
with observations, especially for N4g_100nm: however, Ny_sonm 0N 29 July and 10 August
are underestimated even in the Nucleation-bsoa run, especially on 10 August. Again,
this indicates that the model configuration and spatial resolutions are not sufficiently
accurate to capture all of the nucleation sources, and perhaps that the physical and
chemical conditions that exist during nucleation events are not adequately represented
by measurements performed at MEFO.

4.3 Sensitivity to the treatment of nucleation

There are large differences in simulation results in time series due to changes in the
nucleation parameterizations (Figs. 6¢c—e and 7c—e). As already shown, the base case
WRF-Chem simulation (Ref-8bins) does not explicitly simulate particles smaller than
40 nm, and shows large biases in both N,,_100nm CONcentrations (Figs. 6¢ and 7c) and
NMD (Figs. 6e and 7e) for both July and August. The number size distributions are
not captured during the APE days suggesting that this base-case model version is not
suitable for studying aerosol effect on CCN and clouds in forested environments. As ex-
pected, large differences from observations are found for the simulation that does not
account for nucleation (nucleation-off run). This run under-predicts both N,_49,n and
N4o-100nm NUMber concentrations by a factor of 5. Furthermore, it does not capture
the low NMD periods and it overestimates the magnitude of NMDs by 2. Results from
runs that include nucleation (nucleation-on run) generally overestimate N,_4,, except
for 10 August, where the model tends to underestimate N,q_100nm- During July and Au-
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gust, the model under-predicts the observed NMD by a factor of 2 suggesting that ultra-
fine particle growth is not sufficiently captured by the model. The comparison between
Nucleation-on and Nucleation-bsoa runs allows quantifying the potential contribution
of biogenic VOC to the growth of Aitken mode particles. Indeed, the Nucleation-bsoa
run captures variations and magnitudes better compared to Nucleation-on that does
not account for the formation of biogenic secondary organic aerosols (Sect. 3.2). The
presence of biogenic secondary organic aerosol formation in the Nucleation-bsoa run
results in a decrease of N,_49,m, by almost an order of magnitude, and an increase in
N4o_100nm bY @ factor of two compared with Nucleation-on. Nucleation-bsoa better sim-
ulates No_100nm during APE days but overestimates N,q_1oonm during Non-APE days.
Overall, our results suggest that the condensational growth from semi-volatile organic
compounds plays an important role in APEs over the Colorado Front Range, and that
including the AN representation in the model considerably improves the simulation of
APEs.

4.4 Composition of ultrafine particles during APEs and effects on CCN

TDCIMS measurements (see Sect. 3.1) show that freshly nucleated aerosols at MEFO
are enriched in sulfate (Fig. 8a). A plot of the molar ratio, defined as the abundance
of a specific ion divided by the sum of all ion abundances, of major species detected
in 20 nm diameter particles during the APE on 10 August is shown in Fig. 8a. This
is compared to measurements of bulk (< 1um) aerosol composition averaged for 8, 9
and 11 August during Non-APE days (excludes the 10 August APE event). The plot
shows a clear difference in the relative abundance of sulfate during the APE (63 %) vs.
non-APE bulk aerosol (43 %). The Nucleation-bsoa run predicts the surface compo-
sition of small particles for various constituents, including sulfate, ammonium, nitrate,
black carbon (BC), organic compounds, other inorganics (OIN), sodium, and chloride
(here we show 4—20 nm particles, Fig. S5). On all days organic aerosols explain the
majority, i.e., between 55 and 75 %, of the predicted mass. In addition, Fig. 8b show
simulated results for the fractions of particles 4-20 nm during APEs days (28, 29 July
5629
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and 10 August) and non-APEs days (11 and 14 August). Results for APEs show a fac-
tor of two increase in the relative contribution of sulfate to aerosol mass concentrations
relative to Non-APE days. In addition, for 4—20 nm particles, the Nucleation-bsoa run
predicts much higher sulfate, ammonium, and organics than the Nucleation-off simu-
lation, which illustrates the importance of nucleation processes in predictions of the
ultrafine aerosol composition (see Fig. S5).

Changes in submicron particle composition during APEs can affect their hygroscop-
icity, and therefore modify their ability to form CCN. Here we compare the measured
and predicted volume-averaged hygroscopicity parameter (kappa) (Fig. 9). For calcu-
lations of kappa in WRF-Chem, we consider typical hygroscopicity values (Chapman
et al., 2009) shown in parentheses for individual compounds including sulfate (0.5), am-
monium (0.5), nitrate (0.5), black carbon (10-6), organic compounds (0.14), other in-
organics (OIN, 0.14), sodium (1.16), chloride (1.16). The calculated kappa value is the
average of the hygroscopicity of individual species weighted by their respective volumn
concentrations for aerosol sizes below 100 nm. For the Nucleation-bsoa run, the model
reasonably simulates the measured values of kappa. The Nucleation-bsoa simulation
generally captures kappa variability in the time series (Fig. 9a) except for the lowest
observed values during the nighttime that are overestimated by the model. We should
note that 29 July has very high values of kappa (> 0.3) indicative of an increased con-
tribution of sulfate aerosols during the APE event. The model does not reproduce those
high values, at least in part because the simulations do not capture the SO, transport
adequately on this day (see Sect. 4.2). The comparison of average diurnal profiles of
observed and predicted kappa values during APE and Non-APE days (Fig. 5g and h)
shows that the Nucleation-bsoa run improves simulations of hygroscopicity compared
to the model default simulation Ref-8bins. In both the Nucleation-bsoa run and mea-
surements, Kappa values vary from ~ 0.05 to 0.2 during APE and Non-APE days, and
these values are typically a factor of two lower than the default model simulation (Ref-
8bins run) which does not account for the formation of secondary organic aerosols.
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Although Nucleation-bsoa simulates an increase in the afternoon values of Kappa that
increase is not as pronounced as in the observations.

The time series of measured and simulated CCN (0.5 % SS) number concentrations
are shown in Fig. 9c and d. In this study, CCN concentrations are treated explicitly, and
small interstitial particles can be activated into CCN in the model. As CCN measure-
ments were mainly performed at high supersaturation (Sect. 3.1), here we compare
model results with CCN observations at 0.5 % SS. The Nucleation-bsoa run reasonably
simulates the CCN (0.5% SS) concentrations in both time series and diurnal profiles
(Fig. 5) except on 29 July as expected. Figure 5i shows that the Nucleation-bsoa run
captures the magnitudes of CCN (0.5 % SS) during the daytime, with however a slight
underestimation of the afternoon values during APE days. The comparison of average
diurnal profiles of CCN (0.5 % SS) shown in Fig. 5i also shows that the Nucleation-bsoa
run simulates more accurately CCN (0.5 % SS) concentrations than the Ref-8bins run,
especially during APE days. The Nucleation-off simulation underestimates by a factor
of 3 the CCN (0.5 % SS) number concentration compared to Nucleation-bsoa (Fig. 9c
and d). This indicates that the ability of the modified WRF-Chem to predict APEs
is dependent on including both AN nucleation parameterization and SOA formation.
Comparing the results of Nucleation-bsoa with Nucleation-off during the two simulat-
ing periods, we find that the nucleation explains 67 % of near-surface CCN (0.5 % SS)
concentrations at the MEFO site. This is an extreme case, however it illustrates that the
accurate treatment of nucleation in 3-D models is important to predicting CCN (0.5 %
SS) concentrations and aerosol number concentration in general.

5 Conclusions

Aitken-mode particle events (APEs), indicative of new particle formations and subse-
quent growth, were observed at the MEFO site during the 2011 BEACHON-RoMBAS
field campaign. Four representative APEs were studied that showed a rapid increase in
the number of 4-30 nm diameter particles from midday to early afternoon in this region.
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Number concentrations of 4 to 40 nm particles ranged from ~ 16 000 to 28 000 cm™>,

and 40 to 100 nm particles ranged from ~ 4000 to 12000 cm™. The average growth
rate of 30 nm particles was 2.3nm h‘1, and the average formation rates of ~5nm,
~50nm, and ~ 130nm diameter particles were 0.74cm'3s'1, 0.180m‘35'1, and
0.013cm™3s™", respectively. The size distributions of ultrafine particles imply that non-
local nucleation sources, including air masses originating above the PBL and upwind
sources, impact MEFO. The diurnal profiles of SO, and monoterpene concentrations
were investigated during APE and Non-APE days. Considerable differences between
APEs and Non-APEs indicate that SO, plumes advected from the Colorado Front
Range combined with biogenic monoterpenes significantly affect particle number con-
centrations and CCN during APEs.

A modified version of the WRF-Chem model was applied to study APEs during this
campaign. The model was extended to include a parameterization of Activation Nucle-
ation (AN) and the formation of SOA from biogenic and anthropogenic precursors. It
also was used to simulate the corresponding volume-averaged hygroscopicity param-
eter (kappa) and CCN concentrations. Comparisons with the un-modified WRF-Chem
model (containing 8 particle diameter bins and binary homogeneous nucleation pa-
rameterization) indicate that AN parameterization more accurately simulates APEs in
the 4-100 nm size range, including onset times, number concentrations and number
mean diameters. The sensitivity simulations using the modified model without nucle-
ation parameterization suggest that APEs influence the composition of small particles.
Furthermore, the modified WRF-Chem simulations were able to represent variations
and magnitudes of kappa and number concentration of CCN (0.5 % SS), suggesting
that the model can be used to study the connection between new particle formation
and cloud formation. Our results from the enhanced WRF-Chem model highlighted the
important role of the mixing of urban and forest air masses in the formation of APEs,
and the value of the MEFO site in studying these events due to its location at the
intersection of different air masses.
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Supplementary material related to this article is available online at
http://www.atmos-chem-phys-discuss.net/14/5611/2014/
acpd-14-5611-2014-supplement.pdf.
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Table 1. Characteristics of four representative APEs at the MEFO site during the BEACHON-
RoMBAS-2011 field campaign. Metrics are reported for observations and the WRF-Chem

) . i . ' . &) Y. Y. Cui et al.
model simulations (Nucleation-bsoa). It is noted that: (1) Growth rate of ultrafine particles from 2
4 10 40 nm, in nm h'. (2) J: formation rate of small particles ~5nm, ~50nm and ~ 130 nm, in =
- - . . . - ()]
em3s7". (3) Number concentration of particles at 4—40nm and 40—-100 nm, in numbercm 8, o :
. . . S Title Page ‘
The mean values are averaged over a two-hour time period following the peak of each APE. In o
the model, values from bins #4 tg #8 (from 3.98 to 39.8 nm), and from bins #9 and #10 (from =
39.8 to 100 nm) are evaluated using observed N,_s5,m and Nyo_100nm- 2
APEs (< 30nm) Growthrate  Jsnm  Jsonm  J1zonm  Naonm Nao-100nm
burst time (MST) max mean max mean ) Tables Figures
07-28 10:20 Obs 25 074 0.21 0.01 20540 16155 4160 3795 2
Model 3.0 1.09 0.20 0.02 34440 31515 5389 5357 @
07-29 12:25 Obs 20 NaN 0.24 0.02 31710 27865 13410 11622 %- — “
Model 3.7 NaN 0.11 0.03 10650 9551 5342 5282 _30 _ —
08-10 10:20 Obs 25 NaN 0.08 0.01 22000 21470 6562 5336 %
Model NaN NaN 0.02 0.004 3055 2968 5321 5178 @
Average Obs 23 074 0.18 0.013
Model 34 109 011 0018 —
O
:
(2]}
:
N
e
8
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Table 2. Description of model simulations. AN is activation nucleation parameterization, and
BHN is binary homogeneous nucleation parameterization, which is the default option in the
WRF-Chem model (see Sects. 1 and 3.2).

Simulations Number of aerosol bins  Nucleation parameterizations Accounting for condensation
Within PBL  Above PBL of biogenic VOCs

Ref_8bins 8 bins (40 nm—10 um) BHN BHN No

Nucleation-on 20 bins (1 nm—10 um) AN BHN No

Nucleation-bsoa 20 bins (1 nm—10 pm) AN BHN Yes

Nucleation-off 20 bins (1 nm—10 pm) None None Yes
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Fig. 3. Hourly averaged diurnal profiles of (a) monoterpenes, (b) SO, and (¢) number con-
centrations of 4-30 nm diameter particles during APEs and non-APEs, respectively. (d) Hourly
averaged CCN concentrations at 0.5 % supersaturation for APEs and non-APEs. (e) Number
size distribution (from 4.4—150 nm) during APEs and non-APEs. Error bars indicate 1 variabil-

ity.
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Fig. 4. Wind roses of local wind variations at 30 m height plotted by hours of day at MEFO from
06:00 to 18:00 MST during (a) APEs and (b) non-APE days. (c, d) Regional wind preferred
directions corresponding to (a) and (b), respectively, based on WRF-FLEXPART analysis.
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Fig. 5. Comparison between measurements and simulations in diurnal profiles during APE
days (left column) and Non-APE days (right column). Black dots are observations, red dots are
simulations from Nucleation-bsoa run, and blue dots are simulations from Ref-8bins run. Error
bars show 1¢ variability. Plots show diurnal variations in (a, b) number concentrations of 4 to
40 nm particles (N,_49nm) @nd (c, d) of 40 to 100 nm particles (N,g_100nm), diurnal profiles of (e,
f) the number mean diameters (NMD), (g, h) Kappa values, and (i, j) number concentrations of
CCN at 0.5 % supersaturation.

5647

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

(®)
S

Jaded uoissnosiq

ACPD
14, 5611-5651, 2014

Modeling ultrafine
particle growth

Y. Y. Cui et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/5611/2014/acpd-14-5611-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/5611/2014/acpd-14-5611-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

(a) Observations . (b) Simulations (Nucleation-bsoa)
m U T 10000

9000
8000
7000
6000
5000
4000

8000

16000

4000
3000
2000

2000

1000
7fes 3 dN/dlogDp p dNidiogDp
10, o (em-3) (cm-3)

00 06 12 18 00 06 12 18 00 06 12 18 Q0 06 12 18 00 06 12 18 00

00 06 12 18 Q0 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00

x 10

25 14000
© —Obs
< — Nucleation-on
_ 12000 (d) —Os
. Nucleation-bsoa — Ref-8bins
Nucleation-off ~ —Nugleation-on
- s 10000~ —Nucleation-bsoa
5 g Nucleation-off
2175 E 8000F
& 5]
g by
3, S 6000~
5 b=
2 3
5 g 4000+
05 =
20001
oS M"i” M':\\.A_. ]~ ‘EE"” 1 07/28 07/29 07138 o7s1
%0 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00

—Oobs
8- (¢) —Ref-8bins
—Nucleation-on
160 — Nucleation-bsoa ||
1401 Nucleation-oft | |

o7/26 o727 07428 07/29 07/30 o7fs1
00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00 06 12 18 00

Fig. 6. Temporal evolution of the (a) observed and (b) simulated (Nucleation-bsoa) number size
distributions, during 26—30 July 2011.Time series of number concentrations of particles in size
ranges of (¢) 4—40 nm and (d) 40-100 nm, and (e) number mean diameter (NMD, see Eq. 1) as
observed and predicted at the MEFO site. Measurements are indicated by the black line (OBS),
base case is green, Nucleation-on run is blue, “Nucleation-bsoa” is red, and Nucleation-off run
is orange, respectively (see Table 2 for the model run descriptions).
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Fig. 8. (a) Comparison between bulk aerosol composition during 8—11 August excluding 10 Au-
gust, and observed negative ion molar ratios of 20 nm particles on 10 August, using TDCIMS.
(b) is composition fractions during predicted APE days and Non-APE days, here focused on
July period.
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Fig. 9. Observed and predicted (Nucleation-bsoa) (a, b) volume-averaged hygroscopicity
(kappa) and (¢, d) CCN concentrations at high supersaturation condition (0.5 %) from 26-31
July and 10-15 August 2011. The blue line shows the results without nucleation within PBL
from “Nucleation-off” model run.
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