Atmos. Chem. Phys., 14, 1101111029 2014 Atmospheric
www.atmos-chem-phys.net/14/11011/2014/ .

doi:10.5194/acp-14-11011-2014 Chemistry
© Author(s) 2014. CC Attribution 3.0 License. and Physics

Modeling ultrafine particle growth at a pine forest site influenced by
anthropogenic pollution during BEACHON-RoMBAS 2011

Y. Y. Cuil, A. Hodzic?, J. N. Smith?3, J. Ortega?, J. Brioude*®, H. Matsui®, E. J. T. Levin’, A. Turnipseed?,
P. Winkler28, and B. de Foy

1Department of Earth and Atmospheric Sciences, Saint Louis University, MO, USA

2National Center for Atmospheric Research, Atmospheric Chemistry Division, P.O. Box 3000, Boulder, CO 80307, USA
3Department of Applied Physics, University of Eastern Finland, Kuopio, Finland

4Chemical Sciences Division, Earth System Research Laboratory, NOAA, Boulder, CO 80305, USA

SCooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, CO 80309, USA
6Japan Agency for Marine-Earth Science and Technology, Kanagawa, Japan

"Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA

8Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

Correspondence tA. Hodzic (alma@ucar.edu)

Received: 6 February 2014 — Published in Atmos. Chem. Phys. Discuss.: 4 March 2014
Revised: 11 August 2014 — Accepted: 9 September 2014 — Published: 20 October 2014

Abstract. Formation and growth of ultrafine particles is concentrations and size distribution during PBEs, as well as
crudely represented in chemistry-climate models, contribut-ground-level CCN concentrations. Model results suggest that
ing to uncertainties in aerosol composition, size distribution,sulfuric acid originating from anthropogenic ®@iggered

and aerosol effects on cloud condensation nuclei (CCN) conPBEs, and that the condensation of monoterpene oxidation
centrations. Measurements of ultrafine particles, their precurproducts onto freshly nucleated particles contributes to their
sor gases, and meteorological parameters were performed growth. The simulated growth rate ef3.4nmh? for 4—

a ponderosa pine forest in the Colorado Front Range in July-40 nm diameter particles was comparable to the measured
August 2011, and were analyzed to study processes leadinaverage value of 2.3nnTh. Results also suggest that the
to small particle burst events (PBEs) which were characterpresence of PBEs tends to modify the composition of sub-
ized by an increase in the number concentrations of ultrafin0 nm diameter particles, leading to a higher mass fraction of
4-30 nm diameter size particles. These measurements sugulfate aerosols. Sensitivity simulations suggest that the rep-
gest that PBEs were associated with the arrival at the site ofesentation of nucleation processes in the model largely in-
anthropogenic pollution plumes midday to early afternoon.fluences the predicted number concentrations and thus CCN
During PBEs, number concentrations of 4-30 nm diameterconcentrations. We estimate that nucleation contributes 67 %
particles typically exceeded 46m=2, and these elevated of surface CCN at 0.5% supersaturation in this pine forest
concentrations coincided with increased,Sahd monoter-  environment.

pene concentrations, and led to a factor-of-2 increase in CCN
concentrations at 0.5 % supersaturation. The PBEs were sim-

ulated using the regional WRF-Chem model, which was ex-

tended to account for ultrafine particle sizes starting at 1 nmt  Introduction

in diameter, to include an empirical activation nucleation

scheme in the planetary boundary layer, and to explicitly sim-Submicron particles reduce atmospheric visibility, impact
ulate the subsequent growth of Aitken particles (10-100 nmpuman health, and influence climate by radiative forcing
by condensation of organic and inorganic vapors. The upand by modifying the number of cloud condensation nu-

dated model reasonably captured measured aerosol numbgiei (CCN) (Somers et al., 2004; Laaksonen et al., 2005).
To accurately predict these effects, precise estimates of the
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aerosol size distribution are required (Adams and Seinfeldformation accounted for 80 % of CCN (0.4% SS) in most
2002; Dusek et al., 2010) in addition to the typically re- parts of the eastern United States.
ported mass concentrations. Modeling aerosol size distribu- Aerosol nucleation and subsequent growth have been ob-
tions is challenging due to uncertainties involved in the for- served in various environments including urban areas (Mat-
mation and growth of new patrticles (Pierce et al., 2011). Asui et al., 2011), coastal regions (O’'Dowd et al., 2002), and
new particle formation event is the result of complex pro- rural and forest environments (Kulmala et al., 2001; Levin et
cesses where molecular clusters (1-2 nm) are created by nad., 2012; Pierce et al., 2012). In the current study, we define
cleation of gases that can subsequently grow into detectabldhe term “small particle burst event” (PBE) to describe the
sized particles depending on the outcome of two competappearance and growth of particles that are larger than 3nm
ing processes: condensation of semi-volatile organic and inin diameter in contrast with typical nucleation events that in-
organic gases and coagulation to preexisting particles (Kulclude particles between 1 and 3 nm. Here PBEs refer to both
mala, 2003; Kerminen and Kulmala, 2002; McMurry et al., nucleation-mode particles (< 10 nm) and Aitken-mode parti-
2005). Studies have shown that nucleated clusters originateles (10-100 nm). Particle formation events, whether arising
from sulfuric acid, water, ammonia, and organic compoundsfrom local nucleation of new particles or PBE-type events,
(zZhang et al., 2004; Sipila et al., 2010; Kulmala et al., 2013; have frequently been observed in clean forest air masses, for
Kirkby et al., 2011); however the mechanisms of formation example in Finland (Kulmala et al., 2001). However it is un-
are still being developed. Ultrafine aerosols can become acelear if the same types of processes are occurring in forests
tive CCN with changes in their size distribution and chemical influenced by anthropogenic pollution because urban plumes
properties and thus can have an impact on cloud propertieg;ontain gases that both contribute to the onset of nucleation
precipitation and regional climate (McFiggans et al., 2006 and also contain sufficient concentrations of preexisting par-
Rosenfeld et al., 2008). Kerminen et al. (2005) estimated thaticles onto which condensable gases can partition instead of
cloud droplets originated from new particle formation over nucleating. Understanding how forest environments respond
the boreal forests in Finland are associated with a radiativao the inflow of pollutants from the nearby cities is of great
cooling of 0.2-0.9 Wm?2, scientific interest as populations at the forest—urban inter-
Predicting nucleation events and their effect on CCN con-faces are increasing. Jung et al. (2013) showed that the in-
centrations is challenging, and the results largely depend oflow of urban air masses could favor the initiation of the
the selected nucleation scheme and the environmental condburst of nucleation-mode particles in an isoprene-rich decid-
tions. Previous studies have reported that binary and ternaryous forest in northern Japan. However, studies in other types
homogeneous nucleation schemes (nucleation £804) of forests, such as terpene-rich forests, are less conclusive.
that are commonly used in 3-D climate models tend to under-As part of the Bio-hydro-atmosphere interactions of Energy,
estimate nucleation rates and particle number concentration&erosols, Carbon, yD, Organics & Nitrogen (BEACHON,
by orders of magnitude, especially within the boundary layerOrtega et al., 2014) project, there are long-term measure-
(e.g., Kulmala et al., 2006; Young et al., 2008). Merikanto etments of trace gases, aerosols and meteorological parameters
al. (2009) used activation nucleation (AN) parameterizationat the Manitou Experimental Forest Observatory (MEFO).
(Kulmala et al., 2006) in the boundary layer and binary ho- This site is located within a semi-arid ponderosa pine for-
mogeneous nucleation in the free troposphere, and estimategkt in the Colorado Front Range. It is representative of an
that nucleation contributes 45 % of global mean CCN (0.2 %urban—rural interface and provides a unique opportunity to
super saturation (SS)), of which 35% can be attributed tostudy aerosol formation in a monoterpene-rich environment
the flux of nucleated particles from the free troposphere andhat is periodically influenced by the inflow of anthropogenic
10% from the boundary layer. Matsui et al. (2011) used apollution from Denver and Colorado Springs (DiGangi et al.,
similar approach within a regional model in the polluted ur- 2012; Fry et al., 2013; Ortega et al., 2014). The PBEs ob-
ban environment of Beijing, and predicted that new particleserved at the site during the summer months were found to
formation increased CCN concentrations at high (>0.2 %)coincide with an increase in CCN concentrations at high su-
supersaturations, and decreased CCN at low (< 0.1 %) supepersaturations (Levin et al., 2012), but the origin of the ultra-
saturation. Given the uncertainties in available parameterizafine particle formation events was not investigated.
tions, Pierce and Adams (2009) compared several nucleation In this paper, we use data from the BEACHON Rocky
schemes that spanned 6 orders of magnitude in globally avMountain Biogenic Aerosol Study (RoMBAS) intensive
eraged nucleation rates, and estimated that the average traaeasurement period (25 July to 25 August 2011) to inves-
pospheric CCN concentrations varied by less than 17 % irtigate the origin of ultrafine aerosol formation and growth
the troposphere, and by 12 % within the boundary layer atevents, and to model their characteristics using the regional
low (0.2 %) supersaturations. Although the global CCN pre-Weather Research and Forecasting model with chemistry
dictions were only moderately sensitive to the choice of nu-(WRF-Chem, Grell et al., 2005; Fast et al., 2006). More
cleation scheme, the presence of nucleation was found to bspecifically, we will use measurements and model simu-
crucial for predicting CCN. Luo and Yu (2011) used the ion- lations to (1) characterize the connection between anthro-
mediated nucleation scheme and predicted that new particlpogenic pollution and the occurrence of PBEs, (2) test the
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ability of the WRF-Chem model to predict the levels of ultra- lonization Mass Spectrometer (TDCIMS; Voisin et al., 2003;
fine particles during PBE episodes at the site, and (3) quanSmith et al., 2004). During non-PBE periods and during
tify their influences on CCN concentrations. As biogenic weak events, the TDCIMS measured the composition of bulk
emissions dominate the volatile organic compound concenaerosol (<1 um), whereas during PBEs (such as 10 August)
trations at this site (Kaser et al., 2013; Ortega et al., 2014)the instrument measured the composition of 20 nm diameter
their effects on the growth of newly nucleated particles will particles. The TDCIMS acquired data in “negative ion mode”
also be investigated. The WRF-Chem model is particularlyusing the reagent ion 2(H>O)n, wheren is in the range of
well suited for this study as it simultaneously treats biogenic1-3, which allows for the detection of inorganic and organic
emissions, chemistry and CCN. acids. Proton Transfer Reaction Quadrupole Mass Spectrom-
eters (PTR-MS) measured ambient monoterpenes and MBO
— the dominant emissions from ponderosa pine. We also
2 Measurement site and circulation patterns during the use gas-phase measurements of COxN&D, and HSOy
campaign meteorological measurements of wind speeds and direction
(at 30 m height), and measurements of CCN concentrations.
. . ' The latter measurements were mostly performed at 0.5% SS
39.1006 N, 105'0942\./\/) is located in the.Fro.nt Range with critical activation diameters less than 65nm, and in-
of t.he Colorado Rockles at 2300 m eIev:_;mon Ina SUb'. cluded the corresponding derived hygroscopicity parameter,
alpine forest dominated by ponderosa pine (Fig. 1). It ISkappa, for sub-100 nm particles (Petters and Kreidenweis,
located 40km northwest of_Co_Iorado Sprmgs and 72 km2007). Size-resolved CCN measurements were made with
southwest_of Denver. The site is frequently mfluenced_ bya differential mobility analyzer (DMA; TSI 3071) followed
polluted air from the Front Range urban areas. Prewousby a Droplet Measurement Technologies cloud condensa-
studies at MEFO have indicated that monoterpenes and 2tlon nuclei counter (DMT-CCNC) and a condensation par-
methyl-3-butene-2-ol (MBO) are the dominant componenttlcle counter (CPC; TSI 3010) (Levin et al., 2012, 2014). In

of volatile organic compound (VOC) emissions during the ., . L ; . i
- - th , the t ted in M tain Standard Ti
daytime (Kim et al., 2010; Kaser et al., 2013; Ortega et aI.,(Nllss.ﬁ).?per € ime 1s presented in Vountain Standard fime

2014). Concentrations of anthropogenic pqllutants (e.g,NO We also calculate the condensation sink (CS, s
SOy, benzene) observed at the site are variable and driven bﬁq. 1), which is the rate that condensable inorganic and or-

;ynoptlc and. local meteorological conqnlons. Meteorolog- ganic vapors condense onto preexisting aerosols.
ical observations from the meteorological tower at MEFO

have been used to analyze the diurnal variations of windCS= 2z D; Zd B (Knj, )N, Q)
speeds and wind directions during both the BEACHON-
ROCS (2010) and BEACHON-ROMBAS (2011) campaigns
(Ortega et al., 2014). During daytime in the summer, east-
erly upslope flows are often observed at MEFO with wind
speeds of 2-3 nTg, whereas during nighttime strong south-

westerly drainage flows dominate with typical wind speedsOf the Knudsen numbek,,; (= 21 /d;) and the mass accom-
1 nj{=

around 3-5ms". PBEs at MEFO almost always occur dur- modation coefficientr given by Fuchs and Sutugin (1971),

ing midday, and it is suspected that these events are relatqg th » = 6.8 x 10-8m anda =0.1 in this study. The for-

to transport from the urban areas to the east. mation rate {; see Eq. 2 below) and the growth rate are
estimated from available measurements, starting at 4.4nm
diameter, and are used to constrain the WRF-Chem model.
To determine the formation rate ef5nm particles {snm),
3.1 Data sets we linearly fit the measured number concentrations of par-
ticles over the range of 4.4-6.25 nm diameter between the
Measurements from several instruments are used ironset and the end of PBEs. The slope of the fitted line pro-
this study to characterize PBEs during BEACHON- vides the measured formation ratés{n) that is used to
ROMBAS 2011. Particle size distributions from 4 nm to 3 um evaluate the model calculated formation rate for the model
were measured on a 5-minute cycle. The method consists dfin 3.98—6.31 nm. A similar method is applied to derive the
two scanning mobility particle sizers (SMPSs) that measureformation rates for particles between 39—-65 nkpfm and
particles from 4 to 30 nm and from 30 to 300 nm, and an op-101-162 nm {130nm in the measurements, and their model
tical particle counter that measures particles from 200 nm teequivalent values based on model bin 40-63 nm and bin 100—
3um. The final data set is composed of the superposition 058 nm, respectively. It should be noted that the formation
the three different measurements. The chemical compositionate calculated here is the net formation rate which includes
of 20nm diameter aerosol performed during BEACHON- loss rates. We use the number mean diameter (NMD) to cal-
RoMBAS was obtained by the Thermal Desorption Chemicalculate the growth rate of particles in both measurements and

The Manitou Experimental Forest Observatory (MEFO;

where D; is the gas-phase diffusion coefficient of condens-
‘able gas (m?s™1), N; is the number concentrations (%)

of particle j with diameterdj (m), B, is the transitional cor-
rection for the condensational mass flux, and is a function

3 Measurements and modeling framework
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Figure 1. WRF-Chem domainga) Coarse domain covers the western US with<386 km? horizontal resolution(b) nested domain covers

Colorado with 4x 4 km? resolution. Maps also show the topography, and the locations of the MEFO site, Denver, Colorado Springs, and

Pueblo.

simulations. NMD was defined by Matsui et al. (2011) using to estimate the arrival of anthropogenic plumes at the MEFO
the diameter (nm) and number concentration(éyin each  site.

size bin. We use a linear fit to the values of NMD for particles The chemistry is simulated using the CBMz gas-phase
smaller than 30 nm during PBESs, and the slope of the fittedmechanism (Zaveri and Peters, 1999) and MOSAIC aerosol
line is defined as the sub-30 nm growth rate. Additionally, package (Zaveri et al., 2008). Similar to Matsui et al. (2011),
we calculate the hygroscopicity parameter,by including  we have modified the MOSAIC aerosol package in WRF-
all aerosol species present in the model for particles smalleChem v3.4.1 to explicitly account for a wider range of

than 100 nm (see Sect. 4.4). aerosol sizes, i.e., 20 bins over the aerosol diameter range
from 1 nm to 10 um. The default eight bins over the range
3.2 WRF-Chem simulations are from 40nm to 10 um. The default binary homogenous

nucleation scheme (Wexler et al., 1994) is used above the
BL, and it has been replaced by the empirical AN scheme

Version 3.4.1 of the Weather Research and Forecastin ithin the PBL. Th b trati f leated cl
model with chemistry (WRF-Chem, Grell et al., 2005; Fast ithinthe - |he humber concentration ot nucieated clus-
ters based on the empirical AN scheme is given by Kulmala

et al., 2006) was used with two nested domains over the con- ]
tinental United States. The grid resolution was 36 km for do—et al. (2006):

main 1 and 4 km for domaln 2 (Fig. 1). Two—yvay ne_stmg Was j, — A x [HpSOy], ©)
used between the domains. The WRF physics options chosen

for our runs include the Monin—Obukhov scheme for the sur-where Jx is the formation rate of activated clusters at 1 nm
face layer, the Yonsei University (YSU) scheme (Hong etal.,(cm=3s71), A (s71) is the rate coefficient, and F$Os]
2006) for the planetary boundary layer, the Grell 3-D schemds the number concentration of gas-phase sulfuric acid
(Grell and Devenyi, 2002) for the cumulus parameterization(cm~2). Previous studies indicate a large uncertainty asso-
in the 36 km domain, the Lin et al. scheme for microphysicsciated with calculations ofA, which was found to range
(Lin et al., 1983), a rapid radiative transfer model (Mlawer et between 10°s~1 and 108s~1 (Kuang et al., 2008). Here
al., 1997) for longwave radiation, and the Goddard schemeve estimate a representative value Afat our site based
(Chou et al., 1998) for shortwave radiation. The nighttime on measured 50, and number concentrations of ultra-
minimum planetary boundary layer (PBL) height was set tofine particles. The bSO, measurements are available from
100 min the YSU scheme based on previous studies (Choi €@ to 26 August at MEFO and indicate that the average
al., 2011) to eliminate overestimating nocturnal concentra-H,SOs concentration is~ 2 x 106 molecules cm?® during
tions of primary species. The land cover treatment was upthe late morning and early afternoon. During the campaign,
dated with MODIS land use data. North American Regionalthe smallest particles with diameters of5 nm were de-
Reanalysis (NARR) data were used for the initial and bound-tected at the site on 28 July, and their number concentra-
ary conditions at a 3 h temporal resolution and 32 km spatiations were used to determine the 5 nm aerosol formation rate
resolution. Two representative periods were selected for outJsnm=~ 1cm3s~1 as shown in Table 1). The rate coef-
study: 25-30 July and 9-15 August. The first 24 h of eachficient A of 2 x 10-®s~1 was derived from those measure-
run were used to initialize the model, but they were not usednents, and is used within WRF-Chem for the AN param-
for comparisons. The meteorological outputs (such as winceterization to introduce particles into the first model size
field, PBL height, etc.) from WRF-Chem were used to drive bin (1-4 nm). We assume here th&i,n is a representa-

a Lagrangian particle dispersion offline model (see Sect. 3.3}ive value (the lower bound) of formation rate in the model
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Table 1. Characteristics of four representative PBE days at the MEFO site during the BEACHON-RoMBAS-2011 field campaign. Metrics
are reported for observations and the WRF-Chem model simulations (Nucleation-bsoa).

PBE (<30 nm) N 40nm N40-100nm

burst time (MST) Growth rafe Jgnm Jsonm  J130nm max  mean max  mean

28 JUlv 10:20 Observation 2.5 074 021 0.01 20540 16155 4160 3.795
uly 9. Model 3.0 1.09  0.20 0.02 34440 31515 5.389  5.357

20 July 12:25 Observation 2.0 N/A 024 0.02 31710 27865 13410 11622
uly Le: Model 3.7 NA 011 0.03 10650 9.551 5.342 5282

10 Auaust 10-20  OPServation 2.5 N/A  0.08 0.01 22000 21470 6.562  5.336
ugust 120 Model N/A N/A 002 0.004 3.055 2.968 5321 5.178

A Observation 2.3 0.74 0.18 0.013

verage Model 3.4 1.09 011  0.018

2 Growth rate of ultrafine particles from 4 to 40 nm, in nmth

b J: formation rate of small particles 5, ~ 50 and~ 130 nm, in cnT3s1,

¢ Number concentration of particles at 4-40 and 40—100 nm, in NG /The mean values are

averaged over a 2-hour time period following the peak of each PBE. In the model, values from
particles in 3.98 to 39.8 nm, and from particles in 39.8 to 100 nm are evaluated using ob¥grv@dm and
Nao—100nm 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.

first bin, which is a reasonable assumption at higis&4 tional Emission Inventory 2005 was used for the anthro-
concentrations typically observed during PBE days (Kul- pogenic sources. The number size distribution of primary
mala et al., 2006). The derived value &fis consistent with  aerosol emissions was assumed to be a lognormal distribu-
previous studies. For example, Sihto et al. (2006) reportedion with a median diameter of 50 nm and a standard devi-
A=1.7x10"%s"1 whereas Matsui et al. (2011) used the ation (a sigma) of 2. The MEGAN online model was ap-
value of 2x 10~ s~ which was a factor of 10 lower in order plied for biogenic emissions (Guenther et al., 2006). Wet
to compensate for a 10-fold overprediction 0f$0, con- scavenging and dry deposition of gases and aerosols were
centrations in WRF-Chem. also considered. The aerosol direct and indirect effects on ra-

In addition, sulfuric acid concentrations could not be es-diation and cloud microphysics were included according to
timated for this study (Mikkonen et al., 2011; Pet&ja et al., Gustafson et al. (2007) and Chapman et al. (2009).
2009) as OH measurements were not available during the Table 2 summarizes the WRF-Chem simulations and
considered time period. We attempted to more accuratelyheir characteristics. The base run (Ref-8bins) is the origi-
simulate ultrafine particle growth by including the conden- nal WRF-Chem model with eight diameter bins starting at
sation of semi-volatile oxidation products of isoprene, 40nm. It includes the binary homogeneous nucleation pa-
pinene and limonene onto preexisting particles. The defaultameterization in all vertical layers and does not account for
WRF-Chem model configuration only includes primary or- the formation of secondary organic compounds (similar to
ganic aerosols (Matsui et al., 2011), and accounting for therast et al., 2009). The first test run (Nucleation-on) uses 20
formation of secondary organic aerosols from biogenic pre-bins and simulates the number concentration with the AN
cursors is important due to their abundance at this locationparameterization in the PBL and binary homogeneous nu-
Simple molar yield calculations were used to estimate seccleation parameterization above the PBL. The second test
ondary organic aerosol formation, assuming 15 % contribu+tun (Nucleation-bsoa) is similar to Nucleation-on run, but
tion for «-pinene and limonene, and 4 % for both isoprenein addition it includes the condensation of biogenic oxy-
(Liu et al., 2012) and MBO (Zhang et al., 2014). To reduce genated semi-volatile organic compounds and their contri-
the computational costs, the condensed mass was distributdalition to the growth of ultrafine particles. A final sensitiv-
in proportion to the aerosol surface area in each size bin. Thigty run (Nucleation-off) uses 20 bins and includes the con-
simplification is consistent with other studies (e.g., Spracklendensation of biogenic oxygenated semi-volatile organic com-
et al., 2006; Reddington et al., 2011) and assumes that thpounds, but it does not include a nucleation parameterization
first-generation oxidation products condense onto preexist{neither AN nor binary).
ing particles with zero equilibrium vapor pressure.

Initial and boundary conditions for chemical species 3.3 The trajectory model
were provided by the MOZART-4 global chemistry-transport

model (Emmons et al., 2010). For emissions, the EPA Na-TO investigate the transport of anthropogenic air masses to
the MEFO site during the field study period, the Lagrangian

www.atmos-chem-phys.net/14/11011/2014/ Atmos. Chem. Phys., 14, 1101029 2014
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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 pm) BHN No

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

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

Nucleation-off 20 bins (1 nm-10 pm) None Yes

particle dispersion model FLEXPART is used with WRF of anthropogenic pollutants impacts PBEs at the MEFO site,
(WRF-FLEXPART, Stohl et al., 2005; Fast et al., 2006; and that the PBEs are likely initiated by $6xidation prod-
Brioude et al., 2013). The wind field used to drive FLEX- ucts. The daily cycle of monoterpenes (Fig. 2b) exhibits a
PART was a time-averaged wind predicted by the WRF-more consistent day-to-day cycle with higher values at night
Chem 4km simulations. We used the time-averaged windand lower values at the midday. Isoprene concentrations were
to systematically decrease the uncertainty and bias in théow at the site (Ortega et al., 2014) and are not shown here. A
trajectory calculations (Brioude et al., 2012). In WRF- closer look at the diurnal evolution of the number size distri-
FLEXPART, the vertical diffusion coefficients were calcu- bution during the PBE of 28 July (Fig. 3a, b) shows the typ-
lated based on the mixing heights and surface friction veloc4cal banana-shaped growth of the number size distributions.
ity from WRF-Chem. At the MEFO site, 10000 inert tracer The sharp increase in bot¥y_30nmandN3o_100nmparticles
particles are released every hour at a random height betweetoincides with the shift in wind directions from westerly to
50 and 100 m above the ground. For each release, the backortheasterly (from the Denver metropolitan area).

ward trajectories are simulated for 48 h. The total calculation Observations of averaged diurnal profiles of ;5@O,

time is 30 days from 27 July to 25 August 2013, and the monoterpenesys—_3onm CCN (0.5% SS), and number size
number of releases is 720. The hourly particle positions fromdistribution confirm the existence of large differences be-
the back-trajectories are gridded onto the 4km? WRF- tween PBE and non-PBE days (Fig. 4). Significantly higher
Chem domain to perform the residence time analysis. Thesenean values are observed during PBE days for both monoter-
gridded trajectories indicate the time that air masses spernpenes and S§& and it is clear thatV4_3onm is dramati-

in each grid cell before arriving at MEFO (de Foy et al., cally starting midday during PBE days (Fig. 4c). CO lev-
2007, 2008), which illustrates the preferred wind directionsels are also higher during PBE days, which confirm that the
and wind transport paths influencing the measurement site. MEFO site is influenced by the inflow of anthropogenic pol-
lutants. Primary particles transported from the Front Range
are not expected to significantly contributeN@_3onm con-
centrations because anthropogenic emissions typically gen-
erate larger particles (e.g., 30-40 nm; Brines et al., 2014).
To appreciate how rapidly molecules condense onto preex-

The temporal evolution of aerosol number size distributions/Sting aerosols, we also compare the condensation sink (CS)
observed during the entire campaign is shown in Fig. Za.betwefg‘ PBE a”93”9?'PBE days. CS values range from
To distinguish between PBE and non-PBE days, we calcus * 107~ t0 7> 107s™* (Fig. 4e), and are typical of for-
late the ratio of the number concentrations of 4-30 nm parESt areas (Dal Maso et al., 2002). Somewnhat highet.b
ticles (Va_sonm) to the concentrations of 4-100 nm particles imes) CS values are found on PBE days just before the onset
(Na_100nm). When the ratio was larger than 0.5 (Jung et al., of PBEs (Figs. 4e gnd S2in the.SgppIeme'nt), which indicates
2013) and the diurnal evolution of the aerosol number sizeligher concentrations of preexisting particles on those days
distribution was characterized by a banana-shaped plot (Ddpefore the start of PBEs. During PBE days, the CS values de-
Maso et al., 2005), we classified that event as a PBE day. Uscréase to their minimum around midday, which is generally
ing these criteria, we selected four representative PBEs (2¢N€ PBE onset time, and then progressively increase due to
29 July and 10, 13 August; see Fig. 2b), and three representébe growth of the ultrafine particles to larger sizes. There is
tive non-PBE days (14, 23, and 24 August). Figure 2b showIso a large difference in size distributions between PBE and
the observed temporal evolution of S@ixing ratios and ~ NON-PBE days for particles smaller than 150nm (Fig. 4f),
Na_30nm at MEFO during the campaigiNa_sonm Was cor- which is typically the size range that encompasses the crit-
related with S@ (Pearson correlation coefficient is 0.8), with Ic@! activation diameters for CCN (50-100 nm) (Petters and
Na_30nmpeak values that systematically coincided with high Kre@enw_els, 2007). The peak of the number size distribu-
SO, observed at the site. These results suggest that the inflofion i shifted from~110nm on non-PBE days to smaller

4 Results and discussion

4.1 Characterization of PBE and non-PBE days
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Figure 2. (a) Time series of number size distribution of submicron particles during BEACHON-RoMBASemporal variations in number
concentrations of 4-30 nm diameter particldg (30nm (blue), SGQ (red), and monoterpene (green) mixing ratios during the campaign.

The four PBEs are selected (28 and 29 July and 10 and 13 August) for comparisons with the model. The orange lines indicate the periods
simulated with WRF-Chem.

diameters~ 30 nm on PBE days. Measured CCN (0.5 % SS) size distribution during these PBE days (Fig. S4 in the Sup-
number concentrations at the surface are also up to a factgrglement) shows a relatively broad distribution similar to pre-
of 2 higher during afternoon hours on PBE days comparedvious studies performed in an anthropogenically influenced
to non-PBE days (Fig. 3f). A sharp increase in CCN is ob-forest (Jung et al., 2013). Figure S4 in the Supplement also
served in the afternoon, typically 3 h after the start of PBEs.shows the absence of particles smaller than 5nm. Especially
It should be noted that only particles larger thaB0nm are  in August (Fig. 8a), particles smaller than 10 nm were almost
likely to activate at 0.5% SS (Dusek et al., 2006). Given thenever observed suggesting that nucleation likely occurred in
observed growth rates of 2.3 nmh(Table 1), it would take  upwind areas or in the free troposphere, and that freshly nu-
>20h for freshly nucleated particles to reach a diameter ofcleated particles grew for several hours before reaching the
60 nm. Therefore, the higher CCN concentrations on PBEmeasurement site. It should be noted that the PBE episode
days are likely the result of the enhanced growth of preex-of 13 August was very atypical showing an inverse banana-
isting particles. Finally, the comparison of measured ambi-shaped growth (Fig. 8a). The FLEXPART back-trajectories
ent 2 m temperatures (Fig. S1 in the Supplement, first panels¥how that this “shrinkage” in the observed number size dis-
shows 1-2C cooler temperatures during PBE days. tribution could be related to the change in the air mass that
Table 1 shows the observed and predicted formation ands being sampled over the site during this event. The arrival
growth rates for~5, ~50, and~ 130 nm diameter parti- of a polluted air mass from the Colorado Springs area during
cles, and number concentrations of 4-40 iMa_(40nm) and  the afternoon (see Fig. S5 in the Supplement) is a likely rea-
40-100 nm Nao-100nm particles for PBEs that occurred at son for the appearance of smaller particles, which could have
MEFO on 28 and 29 July, and 10 August. The PBEs at thebeen nucleated slightly upwind of the measurement site.
MEFO site typically started around noon and early afternoon For all PBEs, the average growth rate was estimated
(10:20-15:00 MST, Table 1) following a shift in wind direc- to be 2.3nmh?, and the average net rates of formation
tions generally to the east (Fig. 5a). This late onset time wagor ~5nm, ~5 and~ 130 nm particles to 0.74cnis 1,
reported for other forest sites (Jung et al., 2028)-40nm 0.18cnm3s71, and 0.013 cm3 s, respectively. The values
and N4o-100nmreported in Table 1 are calculated as averagederived from these observations are consistent with previ-
values over a 2-hour time period following the peak of eachous results reported for other forested regions (Kuang et al.,
PBE. Here, we report particles from 4 to 40 nm instead of 42008; Westervelt et al., 2013). The comparisons between ob-
to 30 nm in order to have a closer match with the correspondservations and simulations are discussed in Sect. 4.3.
ing bins in the simulations. The observ&d_40nm averaged
during the event varies from 16 000 to~ 28 000 cnv3, and
Nao-100nm from ~ 4000 to 12 000 cm®. N4_4onmis 3 to 4
times higher compared t¥40_100nm The observed number
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(a) 28 July cates influence from the Front Range urban areas, whereas
100000 on non-PBE days they are more consistently from the south-
west. Because the measured near-surface winds at the site
10000 can be greatly influenced by local topography, we have per-
formed the residence time analysis based on the FLEXPART
back-trajectories to confirm the origin of the air masses for
1000 the PBE and non-PBE days. The right panels of Fig. 5aand b
show that on PBE days air masses at MEFO came from the
100 Colorado Springs area, whereas on non-PBE days the air
masses are principally from the west. The results suggest
that elevated S®likely originated from industrial sources
10000 5 05 0 1 15 18 21 o 10 located in the Colorado Springs area. Consistent with mea-
Time(MsT) dN/alogDp surements (Fig. 3), back-trajectory results emphasize the key
x 10" role of anthropogenic pollutants in the occurrence of ultrafine
- [=N4-30mm particle events at the MEFO site.
(b) —N30-100nm The average time for the air mass to be transported to
1 MEFO during PBE days was estimated to04 h for air
masses originating in Colorado Springs, and~@ h for
air masses from the Denver metropolitan area. Given the
estimated transport time, and the estimated growth rates
of ~3nmirL, particles arriving from Denver would have
grown by~ 20-30 nm during transportation time to the site,
whereas particles arriving from Colorado Springs would
% 03 06 09 12 15 18 21 00 have grown by~ 15 nm. It should be noted that primary emit-
Time (MST) ted particles in the model have sizes of 50 nm, and would
appear at the MEFO site as 70-80 nm patrticles if they orig-
inated from Denver, and as 65 nm particles if they orig-
W inated from Colorado Springs. Therefore their contribution
] to sub-40 nm patrticles predicted at the site during PBE days
is unlikely. Only particles that nucleated over urban areas
and smaller than 10 nm could contribute to the sub-40nm
at MEFO if they were transported to the site. However, the
nucleation events over urban areas are infrequent as the con-
densable gases preferably partition onto existing patrticles,
which are typically abundant in urban areas.
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Time (MST) 4.3 Evaluation of modeled PBEs

Figure 3. 28 July: (a) shows the diurnal cycle of the number size . . .
distributions.(b) shows the diurnal cycle of number concentrations 1h€ regional WRF-Chem model is used to simulate PBEs
for particles from 4 to 30 nm and 30 to 100 nft) shows the diural ~ @nd analyze interactions between anthropogenic and bio-
cycle of wind directions at 2m. genic air masses, as well as the potential influence of PBEs

on CCN concentrations at the MEFO ground site. As men-

tioned in Sect. 3.2, the model includes both the AN param-
4.2 Inflow of anthropogenic pollutants at MEFO eterization that connects the anthropogenic; ®missions

to nucleation, and the contributions of biogenic VOC emis-
To investigate the relationship between PBEs and the transsions to the growth of ultrafine particles. Comparisons with
port of anthropogenic pollutants to the site, we have analyzedneasurements of £ CO and NQ (Fig. S6 in the Supple-
the origin of the air masses arriving at the measurement sitenent) suggest that WRF-Chem generally captures their over-
prior to PBEs. The wind roses measured at MEFO at a 30 nall magnitudes and temporal variability during PBEs. Due to
height show the variation of wind direction by time of day the complex mountain terrain, predicting the arrival of nar-
for PBE and non-PBE days (Fig. 5a, b). During PBE days,row pollution plumes at the site is challenging especially with
wind directions clearly show a shift from southwesterly in the current model resolution of 4 km. For instance on 29 July,
the early morning (06:00-09:00 MST) to easterly and then toWRF-Chem did not capture the observed,Sflume at the
southeasterly or northeasterly winds during the day (10:00-site because of a west shift bias in the simulated wind di-
17:00 MST). The dominant easterly wind component indi- rection. On 10 August, simulated $@/as much lower than
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Figure 4. Comparison of measured parameters at the MEFO site during PBE and non-PBE days including hourly averaged diurnal profiles
of (a) monoterpenegb) CO, (c) SOy, (d) number concentrations of 4-30 nm diameter partige}s;ondensation sinks (CS;$), (f) CCN
concentrations at 0.5 % supersaturation, @)chumber size distribution (from 4.4 to 150 nm). Error bars indicate/driability.

observations because of an excessively large westerly contzhem configuration (Ref-8bins). The default configuration
ponent in simulated winds. These biases in simulategi&O  does not explicitly simulat&v,_40nm and greatly underes-
fluence the predicted levels 0bBO, and lead to model un- timates (up to a factor of 4) th&40_100nm CONcentrations
derestimation of PBEs on those days (eMs.,40nm Figs. 7 during both PBE and non-PBE days. The Nucleation-bsoa
and 8). run captures well the increase My_40nm during PBE days,
Given the difficulty in predicting local meteorology, we although it has a tendency to nucleate some particles dur-
examine (Fig. 6) the model's ability to reproduce the aver-ing non-PBE days as suggested by somewhat overpredicted
age features observed during PBE and non-PBE days. FaV4_40nm concentrations. This could be an artifact of the
that purpose, average diurnal profiles of observed and preimplementation of the AN parameterization in WRF-Chem
dicted parameters associated with number size distributiongvhich used measured formation rates of 5 nm particles to in-
of sub-100 nm patrticles are examined. It is important to keeptroduce nucleated particles into the model first bin, and could
in mind thatN4_40nm is controlled by regional-scale nucle- lead to an overprediction of freshly nucleated particles at low
ation and early particle growth, whered%o_100nm iS also H>SO, concentrations as discussed in Sect. 3.2. Simulation
influenced by regional transport and anthropogenic emistesults (Fig. 6e) are clearly improved in terms of NMDs. Dur-
sions. The comparison of the number concentrations showsg PBESs, the increase in number concentrations of ultrafine
a noticeable improvement in model predictions when theparticles (V4_40nm leads to an NMD reduction at midday
Nucleation-bsoa run is used compared to the default WRF{12:00-18:00 MST) to values as low &s30 nm, followed
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Figure 5. Wind fields for PBE dayga) and non-PBE dayfb): left panels are wind roses of local wind variations at 30 m height plotted
by hours of day at MEFO from 06:00 to 18:00 MS. Right panels are regional wind preferred directions corresponding to local wind roses
respectively, based on WRF-FLEXPART analysis.

by an increase in NMD in the late afternoon due to the con-tures the variations in number concentrations of sub-40 nm
densational growth. As expected the default Ref-8bins rurparticles (Fig. 7c¢) and the diurnal evolution of the NMD
did not capture the decrease in NMD during the early after-(Fig. 7e). The model however has a tendency to overpredict
noon, caused by the appearance of freshly nucleated particldbe number concentrations of larg€so_100nm particles and
on PBE days. Observations (Fig. 3g) show that the peak ofloes not capture the sharp increase in those on 29 July. Dur-
the number size distribution is shifted fror110 nmon non-  ing August, PBEs were characterized by larger starting di-
PBE days to smaller diameters30 nm on PBE days. This ameters (>10nm) suggesting that new particle formation oc-
shift in NMDs was well predicted by the Nucleation-bsoa curred upwind of the site or above the PBL, and that already
run (Fig. S7 in the Supplement). The comparison of modeledsomewhat grown particles were transported to the site. Dur-
(Nucleation-bsoa) number size distributions between PBENg this period, the WRF-Chem, Nucleation-bsoa run, initi-
and non-PBE days shows the same shift in the peak diamated some local nucleation but did not grow these particles
eter from~ 100 nm on non-PBE days te 40nm on PBE  beyond 4nm on 10, 11 and 14 August and not beyond 8 nm
days. During non-PBE days, the Nucleation-bsoa run pre-on 12 August (Fig. 8b). Model results suggest that the sub-
dicts slightly better the observed evolution of NMD than Ref- 100 nm particles that were both predicted and observed at the
8bins (Fig. 6f). site on these days were not locally generated through nucle-
A more detailed day-to-day evaluation of predicted num-ation. Sensitivity simulations were performed for the PBE
ber concentrations and size distributions for sub-100 nm pareday of 10 August to investigate the contribution of the trans-
ticles is shown for 26—-30 July (Fig. 7) and 10-14 August port of preexisting particles and of the above-PBL nucleation
(Fig. 8). As mentioned in Sect. 4.1, during July PBEs hadto predicted sub-100nm particles (Fig. S8 in the Supple-
a more typical banana-shaped size distribution and particlement). In the first sensitivity simulation, the nucleation pa-
down to 5nm were observed, suggesting that new-particleameterization was turned off in the model, and the resulting
formation likely occurred close to the measurement site. Dur-simulation showed very low number concentrations of sub-
ing this period, the updated WRF-Chem (Nucleation-bsoal00 nm particles (< 500 cn¥, Fig. 8d). In the second simula-
run) was able to reproduce the banana shape of the numbéion, the binary nucleation parameterization was used above
size distributions (Fig. 7a and b). The time series comparthe PBL and no nucleation was used within the PBL. The re-
isons show that the Nucleation-bsoa simulation roughly cap-sults suggest that the above-PBL nucleation explained 90 %
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Figure 6. Comparison between measurements and simulations in diurnal profiles during PBE days (left column) and non-PBE 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 & variability. Plots show diurnal variations {f@, b) number concentrations of 4 to 40 nm particl® (40nm) and(c, d)

of 40 to 100 nm particlesNso_100nm . diurnal profiles of(e, f) the number mean diameters (NMOY, h) kappa values, and, j) number
concentrations of CCN at 0.5 % SS.

of the ultrafine particles predicted at the surface on this parto the measurement site as already discussed in Sect. 4.1.
ticular day (Fig. S8b in the Supplement). The results fromThis change in the air mass could have brought already nu-
combined Nucleation-bsoa and sensitivity runs suggest thatleated ultrafine particles to the site. As illustrated in Fig. 8c
locally formed new particles were not able to grow to de- (no-nucleation run), the contribution of primary emitted par-
tectable sizes, and that free-troposphere nucleated particleégles to simulated sub-40 nm is expected to be negligible as
could have been mixed downward into the boundary layerthese particles are emitted into the larger size bins (centered
and contributed to observed >10nm particles. On 13 Au-at 50 nm diameter).

gust, the model starts nucleating particles locally but does not Modeled 4-40 nm diameter growth rates, and formation
grow them to larger sizes. Larger particles are however prefates (snm, Jsonm J130nm) are shown in Table 1. In compar-
dicted later in the afternoon (after 17:00 MST) and are likely ison with observations, we find that Nucleation-bsoa slightly
due to changes in the air mass. Local wind roses and backeverestimates the growth rates of sub-40 nm. In addition,
trajectories (Fig. S5 in the Supplement) both suggest a shifthe formation rates are underestimated for 50 nm particles
in wind direction from southwest to southeast during that af-(Jsonm) and overestimated for 100 nm particle$ 4pnm)
ternoon, which advected polluted air from Colorado Springsby the model. Predicte@s4_40nm and N4o-100 Values are
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Figure 7. Temporal evolution of th¢a) observed andb) simulated (Nucleation-bsoa) number size distributions, during 26—30 July 2011.
Time series of number concentrations of particles in size range$4+40 nm andd) 40—100 nm, ane) 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
is blue, “Nucleation-bsoa” is red, and “Nucleation-off” is orange, respectively (see Table 2 for the model run descriptions).

comparable to observations, with the exceptionvaf 40nm found for the simulation that does not account for nucleation
on 29 July and 10 August, which is underestimated everprocesses (Nucleation-off) with a factor of 5 underpredic-
in the Nucleation-bsoa run. These results indicate that the&ion of both N4_40nm and N4o—100nm levels. Results from

model configuration and spatial resolutions are not suffi-runs that include nucleation without condensational growth
ciently accurate to capture all of the nucleation sources, andby organic vapors (Nucleation-on) generally overestimate
perhaps that the physical and chemical conditions encounAN4_40nm and underpredict the observed NMD by a factor
tered during nucleation events are not adequately representexd 2 suggesting that ultrafine particle growth is not captured

by measurements performed at MEFO. by the model. The comparison between Nucleation-on and
Nucleation-bsoa runs emphasizes the key role of biogenic
4.4 Sensitivity to the treatment of nucleation VOC to the growth of freshly nucleated particles. The pres-

ence of biogenic secondary organic aerosol formation in the
There are large differences in simulation results in time se-Nucleation-bsoa run results in a decreas&/gf40nm, by al-
ries due to changes in the nucleation representation in WRFmost an order of magnitude, and an increas€4g. 100nmby
Chem (Figs. 7c—e and 8c-e). As already shown, the dea factor of 2 compared with Nucleation-on. Nucleation-bsoa
fault WRF-Chem simulation (Ref-8bins) does not explic- better simulatesV4o_100nm during PBE days but overesti-
ity simulate sub-40 nm particles, and shows large biasesnatesN4o_100nmduring non-PBE days. Overall, our results
in Nao-100nm cONcentrations (Figs. 7c, d, 8c, d) and NMD suggest that the condensational growth from semi-volatile or-
(Figs. 7e, 8e) during the campaign. The number size disganic compounds plays an important role in PBEs over the
tributions are not captured during the PBE days suggestColorado Front Range, and that including the AN represen-
ing that this default model version is not suitable for study- tation in the model considerably improves the simulation of
ing aerosol effect on CCN and clouds in forested environ-PBEs.
ments. As expected, large differences with observations are
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Figure 8. Similar to Fig. 7 but for the 10-14 August 2011 time period.

4.5 Composition of ultrafine particles during PBEs and  surements than in model predictions. This difference could
effects on CCN result from the limitations in the detection of organic species
by the TDCIMS instrument leading to an underprediction
o of the relative fraction of organics compared to sulfate. The
TDCIMS measurements shown in Fig. 9a suggest that ultraga et that we are considering different days could also ex-
fine aerosols observed at MEFO during PBE days are enpain this discrepancy (i.e., measurements report values for
riched in sulfate. The molar ratio of water-soluble species,;q August, whereas the model results are averaged over sev-
which is defined as the abundance of a specific ion divided,,5| pgE days). Model predictions for 10 August (Fig. S8 in
by the sum pf all ion abundances, suggests that sub-20 nijj,o Supplement) show a higher fraction of sulfated0 %).
particles during the PBE of 10 August are made~81% | addition, model results for the Nucleation-bsoa simulation
sulfate,~ 37 % organics and <1 % nitrate. These values are, Fig. S9 in the Supplement) indicate that organic aerosols
similar to aerosol mass spectrometer measurements of bulk..nt for 40 to 75% of the ultrafine (4-20 nm) particu-
submicron (<1 pm) aerosol composition averaged for 8, 94te mass. The comparison with the Nucleation-off sensitiv-
and 11 August during non-PBE days. The plot shows a cleafy, gimylation that has a factor of 3 lower amounts of sulfate,
difference in the relative abundance of sulfate during the PBEammonium, and organics in the 4—20 nm range illustrates the
(~61%) vs. non-PBEs< 41 %). However, this increase in - jhqortance of nucleation processes in predicting the ultrafine
sulfate cannot be attributed to the presence of PBEs, due tgg qqq composition (see Fig. S9 in the Supplement).
the difference in size distributions considered here (20 nm vs. Changes in submicron particle composition during PBEs
sub!’nlcron). . ) can affect their hygroscopicity and, therefore, modify their
Figure 9b shows simulated mass fractions of sulfate and,jity to form CCN. Here we compare the measured and pre-
organics in~ 20 nm particles during PBE days (28, 29 July gicted volume-averaged hygroscopicity parameter (kappa)
and 10 August) and non-PBE days (11 and 14 August). Retrig 10). For calculations of kappa in WRF-Chem, we con-
sults _for _PBEs show a factor of 2 increases in thg relativegjqyer typical hygroscopicity values shown in parentheses
contribution of sulfate to aerosol mass concentrations rela'(Chapman et al., 2009) for individual compounds including

tive to non-PBE days. However, the relative fraction of sul- g ,jtate (0.5), ammonium (0.5), nitrate (0.5), black carbon
fate in ~ 20 nm particles during PBEs is larger in the mea- ’ ' '
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1.0 1 —m—— Nucleation-bsoa simulates an increase in the afternoon val-
(a) TDCIMS measurements m sulfate ues of kappa, that increase is not as pronounced as in the
B organics observations (Fig. 69).

The time series of measured and simulated CCN
(0.5% SS) number concentrations are shown in Fig. 10c—d.
In this study, CCN concentrations are calculated at 0.5% SS
in the WRF-Chem model. As CCN measurements were
mainly performed at high supersaturation (Sect. 3.1), here
we compare model results with CCN observations at 0.5 %
SS. As previously mentioned (Sec. 4.1), only particles with
diameters larger than 60 nm are likely to activate at 0.5 % SS.
The Nucleation-bsoa run reasonably simulates the CCN
Wsulfate (0.5% SS) concentrations in both time series (Fig. 10c, d)
o0sl  (b) WRF-Chem simulations M Organics and diurnal profiles (Fig. 6i, j) except on 29 July as expected.
Figure 6i 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 dur-
ing PBE days. The Nucleation-bsoa simulation reproduces
more accurately CCN (0.5% SS) concentrations than the
Ref-8bins run, especially during PBE days. This difference
suggests that sub-40 nm particles and their growth to larger

Non-PBE days PBE days sizes (>60nm) that can activate at 0.5% SS significantly

_ o ~contribute to CCN. The Nucleation-off simulation underes-
Flgure 9. (a)TDCIMS measure.ments of negative ion molar ratios timates by a factor of 3 the CCN (0.5 % SS) number concen-
in bulk submicron aerosols during non-PBE days (8, 9, 11 AuglJSt)tration compared to Nucleation-bsoa (Fig. 10). This indicates

and in 20 nm_ﬁ: 0.5 nm) particles dun_ng a PBE day (10 Augu_st). . that the ability of the modified WRF-Chem to predict PBEs is
(b) Changes in simulated mass fractions of sulfate and organics in

~20nm particles between PBE days (28, 29 July and 10 August)dependenton includiqg both AN nucleation pqrameterizati.on
and non-PBE days (11 and 14 August). and secondary organic aerosol (SOA) formation. Comparing
the results of Nucleation-bsoa with Nucleation-off during the
two simulating periods, we find that the nucleation explains
67 % of near-surface CCN (0.5% SS) concentrations at the
(10°%), organic compounds (0.14), other inorganics (OIN, MEFO site. This is an extreme case; however, it illustrates
0.14), sodium (1.16), and chloride (1.16). The calculatedthat the accurate treatment of nucleation in 3-D models is
kappa value is the average of the hygroscopicity of individ-important for predicting CCN (0.5 % SS) concentrations and
ual species weighted by their respective volume concentraaerosol number concentration in general.
tions for aerosol sizes below 100 nm. For the Nucleation-
bsoa run, the model reasonably simulates the measured val-
ues of kappa. The Nucleation-bsoa simulation generally cap5 Summary and conclusions
tures kappa variability in the time series (Fig. 10a, b) except
for the lowest observed values during the nighttime that areSmall particle burst events (PBESs), indicative of nucleation-
overestimated by the model. We should note that 29 July hasnode and Aitken-mode particles, were observed at the
very high values of kappa (> 0.3) indicative of an increasedMEFO site during the 2011 BEACHON-RoMBAS field
contribution of sulfate aerosols during the PBE. The modelcampaign. Four representative PBEs were studied that
does not reproduce those high values, at least in part beshowed a rapid increase in the number of 4-30 nm diame-
cause the simulations do not capture the; 3@nsport ad-  ter particles from midday to early afternoon in this region.
equately on this day (see Sect. 4.3). The comparison of aveMNumber concentrations of 4 to 40 nm particles ranged from
age diurnal profiles of observed and predicted kappa values- 16 000 to 28 000 cim?®, and 40 to 100 nm particles ranged
during PBE and non-PBE days (Fig. 6g—h) shows that thefrom 4000 to 12 000 cre. The average growth rate during
Nucleation-bsoa run improves simulations of hygroscopic-PBEs of sub-40 nm particles was 2.3 nmthand the aver-
ity compared to the model default simulation Ref-8bins. In age formation rates of 5, ~50, and~ 130 nm diameter
both the Nucleation-bsoa run and measurements, kappa vaparticles during PBEs were 0.74cis 1, 0.18cnt3s71,
ues vary from~ 0.05 to 0.2 during PBE and non-PBE days, and 0.013cm3s™! respectively. The size distributions of
and these values are typically a factor of 2 lower than the deultrafine particles imply that non-local nucleation sources,
fault model simulation (Ref-8bins) which does not accountincluding air masses originating above the PBL and up-
for the formation of secondary organic aerosols. Althoughwind sources, impact MEFO. The diurnal profiles of ;SO
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Figure 10.Observed and predicted (Nucleation-bs@a)) volume-averaged hygroscopicity (kappa) #odd) CCN concentrations at high
supersaturation condition (0.5% SS) from 26—-30 July and 10-14 August 2011. The blue line shows the results without nucleation within
PBL from “Nucleation-off” model run.

and monoterpene concentrations were investigated durind@he Supplement related to this article is available online
PBE and non-PBE days. Considerable differences betweeat doi:10.5194/acp-14-11011-2014-supplement

PBEs and non-PBEs indicate that pollution plumes rich in

SO, combined with primary particles that were advected
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