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Abstract. New particle formation (NPF) has been investi-

gated intensively during the last 2 decades because of its

influence on aerosol population and the possible contribu-

tion to cloud condensation nuclei. However, intensive mea-

surements and modelling activities on this topic in urban

metropolitan areas in China with frequent high-pollution

episodes are still very limited. This study provides results

from a comprehensive modelling study on the occurrence

of NPF events in the western part of the Yangtze River

Delta (YRD) region, China. The comprehensive modelling

system, which combines the WRF-Chem (the Weather Re-

search and Forecasting model coupled with Chemistry) re-

gional chemical transport model and the MALTE-BOX sec-

tional box model (the model to predict new aerosol formation

in the lower troposphere), was shown to be capable of sim-

ulating atmospheric nucleation and subsequent growth. Here

we present a detailed discussion of three typical NPF days,

during which the measured air masses were notably influ-

enced by either anthropogenic activities, biogenic emissions,

or mixed ocean and continental sources. Overall, simulated

NPF events were generally in good agreement with the cor-

responding measurements, enabling us to get further insights

into NPF processes in the YRD region. Based on the simula-

tions, we conclude that biogenic organic compounds, partic-

ularly monoterpenes, play an essential role in the initial con-

densational growth of newly formed clusters through their

low-volatility oxidation products. Although some uncertain-

ties remain in this modelling system, this method provides a

possibility to better understand particle formation and growth

processes.

1 Introduction

Ambient aerosols affect human health adversely, degrade

visibility, and play an important role in climate change

through directly scattering/absorbing solar radiation or indi-

rectly modifying microphysical properties of clouds (Eidels-

Dubovoi, 2002; Davidson et al., 2005; Lohmann and Fe-

ichter, 2005; Myhre et al., 2013). Atmospheric new particle

formation (NPF), characterized by a sharp increase in num-

ber concentration of nucleation-mode aerosol, has been ob-

served under a wide variety of circumstances and has been

shown as a significant source of atmospheric fine particles

(O’Dowd et al., 2002; Kulmala and Kerminen, 2008; Gao et

al., 2011; Guo et al., 2012; Guo et al., 2014; Wang et al.,

2014). As the newly formed particles and their following

growth may lead several-fold increases in aerosol number

concentrations, atmospheric NPF could substantially con-

tribute to the global CCN (cloud condensation nuclei) bud-

get and its subsequent cooling effect (Lihavainen et al., 2003;

Merikanto et al., 2009; Yu and Luo, 2009; Wang and Penner,

2009; Kerminen et al., 2012; Makkonen et al., 2012; Scott et

al., 2014).
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NPF has been extensively and intensively studied glob-

ally during the last 2 decades. It is well known that par-

ticle formation in the atmosphere is strongly dependent on

the abundance of sulfuric acid (Weber et al., 1999; Kulmala

et al., 2004b; Sipila et al., 2010). Meanwhile, other com-

pounds in the atmosphere may be responsible for NPF occur-

rence in different environments. Iodine-containing vapours

were identified as the precursors for marine NPF (O’Dowd

et al., 2002). Observations in Pittsburgh imply that ammo-

nia could considerably enhance the atmospheric particle for-

mation (Q. Zhang et al., 2004). In the boreal forest, oxida-

tion products of monoterpenes together with sulfuric acid

were very likely to lead to NPF (Schobesberger et al., 2013)

and new findings indicate that organic amines (e.g. dimethy-

lamine) can enhance water–sulfuric acid particle formation

rates more than 1000-fold compared to ammonia (Almeida

et al., 2013). In addition to direct in situ observations of NPF

events, model simulation has been serving as a useful tool

for analysing NPF dynamics since the 1990s (Kulmala et al.,

1995; Kerminen and Wexler, 1996; Korhonen et al., 1999).

In recent years, the MALTE model has been successfully uti-

lized in NPF analysis – for instance, reproducing OH radical

and gaseous sulfuric acid levels (Petäjä et al., 2009), vali-

dating various plausible nucleation mechanisms and particle

growth (Boy et al., 2007; Wang et al., 2013b), and identify-

ing important factors influencing NPF occurrence (Boy et al.,

2006, 2008a; Ortega et al., 2012).

As one of the most economically invigorating and

densely populated countries, China features simultaneous

high aerosol loadings and NPF rates (S. Liu et al., 2008; Gao

et al., 2011; Guo et al., 2012; Qi et al., 2015). Moreover, the

condensational growth of nucleation-mode particles has been

indicated as a plausible cause of regional haze events (Guo et

al., 2014). Since the 2000s, several field campaigns as well

as long-term measurements have been conducted in several

regions such as Beijing, the Pearl River Delta as well as the

Yangtze River Delta, showing high occurrence frequencies

and formation rates across China (S. Liu et al., 2008; Gao

et al., 2009; Yue et al., 2010; Herrmann et al., 2014; Qi et

al., 2015; Xiao et al., 2015). However, modelling studies that

provide a further insight into the processes of atmospheric

aerosol formation, are still very limited in China. Numerical

simulations of formation and growth processes usually re-

quire detailed and high time-resolving measurements of the

relevant compounds – however, hardly any field campaign

or in situ measurement station in China meets this require-

ment. The novel combination of a regional chemical trans-

port model and a zero-dimensional box model with detailed

aerosol dynamics makes it possible to accomplish NPF mod-

elling studies without direct measurements of all specific

chemical species. Here, we present a comprehensive mod-

elling study targeted at reproducing observed NPF events un-

der distinct conditions at the Station for Observing Regional

Processes of the Earth System (SORPES) at Nanjing Univer-

sity in Nanjing, China (Ding et al., 2013a). This is the first

Figure 1. WRF-Chem model domain and topographic field (in me-

tres). The yellow dot marks the location of the SORPES station.

attempt to integrate the regional model, box model and in situ

measurements to investigate NPF events in China, enabling

us to gain more insights into NPF mechanism in the YRD

region.

2 Data and methodology

2.1 In situ measurements

The SORPES site is located in the Xianlin campus of Nanjing

University in the suburban area northeast of Nanjing, which

is about 20 km east from the downtown area (118◦57′10′′ E,

32◦7′14′′ N, 40 m a.s.l. as shown in Fig. 1 in Ding et al.,

2013a). This site, with few local emission sources around it,

is generally upwind of downtown Nanjing and also down-

wind of the city clusters of the YRD region. Hence it can

be regarded as a regional background station (Ding et al.,

2013a).

On-line and high time-resolving measurements of trace

gases, aerosol characteristics, and relevant meteorological

parameters have been conducted since the summer of 2011.

Ozone (O3), sulfur dioxide (SO2), nitrogen monoxide (NO),

nitrogen dioxide (NO2), total reactive nitrogen (NOy), car-

bon monoxide (CO) and PM2.5 (fine particulates less than

2.5 microns in aerodynamic diameter) are routinely mea-

sured by Thermo Instruments (TEI 49i, 43i, 42i, 42iY and

48i) and MARGA (Monitor for Aerosols and Gases in Am-

bient Air) (Ding et al., 2013a, b). The Differential Mobility

Particle Sizer (DMPS) coupling a differential mobility anal-

yser with two different flow rates and a condensation particle
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Table 1. Chemical species from WRF-Chem input to MALTE-

BOX.

WRF-Chem MALTE-BOX

Acetaldehyde (CCHO) CH3CHO

Acetone (ACET) CH3COCH3

Methanol (MEOH) CH3OH

Methyl Vinyl Ketone (MVK) MVK

Isoprene (ISOPRENE) C5H8

Terpenes (TERP) alpha-pinene

beta-pinene

camphene

myrcene

carene

limonene

counter are used to measure number distributions of atmo-

spheric particles from 6 to 800 nm (Herrmann et al., 2014;

Qi et al., 2015). More thorough information on the instru-

ments at the SORPES site is elaborated in detail in Ding et

al. (2013a, b).

2.2 Model description

2.2.1 MALTE-BOX model

MALTE is a one-dimensional model comprised of bound-

ary layer meteorology, biogenic emission of volatile organic

compounds, gas-phase chemistry and aerosol dynamics in or-

der to predict particle formation and growth processes un-

der atmospheric conditions (Boy et al., 2006). Here, we ap-

ply the zero-dimensional version, namely the MALTE-BOX

model, to simulate NPF events at the SORPES station. In the

MALTE-BOX model, boundary layer meteorology and bio-

genic emission modules are switched off; instead, the bio-

genic and anthropogenic VOC emissions and their follow-

ing transport and dispersion are calculated by the regional

chemical transport model WRF-Chem. Concentration of var-

ious organic compounds at the SORPES station predicted by

WRF-Chem model are input into MALTE-BOX model ev-

ery 10 min (Table 1 provides the compounds calculated by

WRF-Chem as input to MALTE-BOX). Likewise, measured

concentrations of trace gases including CO, SO2, NO, NO2

and O3, with the same temporal resolution, are also included

as input fields. In addition to gas phase precursors, the in-

puts also include an initial particle number size distribution

at 00:00 LT on each day, ambient temperature, relative hu-

midity and the condensation sink of sulfuric acid (as defined

in Sect. 2.3).

In the MALTE-BOX model, particles are assumed to be

spherical. A fixed sectional approach with 40 size bins rang-

ing from 1.4 to 2000 nm in diameter is used in the present

study. The aerosol dynamics has all basic aerosol processes,

including nucleation, condensation, coagulation and deposi-

tion. The new particle formation rates of newly formed clus-

ters are estimated by the kinetic nucleation theory of sulfuric

acid (Sihto et al., 2006), which is related to the sulfuric acid

concentration as follows:

J = k1×[H2SO4]
2, (1)

where k1 is the kinetic coefficient that includes both the colli-

sion frequency and the probability of forming a stable cluster

after the collision. Kinetic nucleation theory has been shown

to have good performance in simulating cluster formation in

various environments including both clean continental area

and polluted urban site (Wang et al., 2013b; Zhou et al.,

2014). The nucleated particles were added to the first size

bin in the model.

We conducted a set of sensitivity simulations to estab-

lish a suitable value for the nucleation coefficient k1. Af-

ter comparing the simulations and DMPS measurements, k1

was set to 6.0× 10−13 cm3/# for 10 July and 22 August, and

2.2× 10−10 cm3/# for 22 June. These values were similar to

those we commonly used in the simulations for NPF at other

stations (Boy et al., 2008a; Paasonen et al., 2010; Zhou et

al., 2015). The high value on 22 June might imply that other

low-volatility vapours – most probably from anthropogenic

origin – are involved and play a crucial role in the particle

formation process at this site. Moreover, being limited by the

detectable size of the DMPS (we can monitor particles larger

than 6 nm in diameter), means that the observed formation

process could be steered by the condensational growth of the

smallest clusters to the detection limit.

We included relevant chemical reactions of the MCM

(Master Chemical Mechanism) in this model, as de-

scribed in Boy et al. (2013). The chemistry scheme in-

cluded the full MCM chemical paths for the following

parent molecules: methane, methanol, formaldehyde, ace-

tone, acetaldehyde, 2-methyl-3-buten-2-ol (MBO), isoprene,

alpha-pinene, beta-pinene, limonene and beta-caryophyllene.

The Kinetic PreProcessor (KPP) was applied to numeri-

cal solving for the concentrations of each individual com-

pound (Damian et al., 2002), except for those species

whose concentrations were manually input from direct

measurements and the WRF-Chem model. Apart from

sulfuric acid, about 20 low-volatility organic compounds

(ELVOCs) and seven selected semi-volatile organic com-

pounds (SVOCs) are regarded as condensing vapours, fol-

lowing the simplified chemical mechanism presented by

Ehn et al. (2014). Specifically, seven representative SVOCs

(MCM-nomenclature: C719OOH, LIMALOOH, C924OOH,

NORLIMOOH, C811OOH, C818OOH and C819OOH)

with vapour pressures estimated to range from 104 to

106 molecules cm−3 (using the group contribution method

described by Nannoolal et al., 2008) and recently detected

ELVOCs (C10O5−12Hx , C10NO5−13Hx and C20O8−16Hx)

with vapour pressures between 10 and 103 molecules cm−3

are included as condensing vapours in the model.

www.atmos-chem-phys.net/16/2477/2016/ Atmos. Chem. Phys., 16, 2477–2492, 2016
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2.2.2 WRF-Chem

The WRF-Chem version 3.6 was used here to estimate con-

centrations of various organic vapours from anthropogenic

and biogenic emissions as there was no VOC measurement

at the SORPES site during the study period. WRF-Chem

is an online three-dimensional, Eulerian chemical transport

model that considers the complex physical and chemical pro-

cesses, such as emission and deposition of pollutants, advec-

tion and diffusion, gaseous and aqueous chemical transfor-

mation, aerosol chemistry and dynamics (Grell et al., 2005).

It is capable of simulating atmospheric chemistry on a re-

gional scale and has been successfully applied in several of

our previous studies (Huang et al., 2014, 2015). In this study,

the model domain covered East China and its surrounding

area, centred at 32.0◦ N, 119.0◦ E with a 20× 20 km grid

resolution, as demonstrated in Fig. 1. There are 24 vertical

layers from the ground level to the top pressure of 50 hPa,

in which 10 layers are placed under 1 km to better resolve

the boundary layer processes. The 6-hourly final operational

global analysis (FNL) data with a 1◦× 1◦ spatial resolution

produced by the National Centres for Environmental Predic-

tion (NCEP) was used as initial and boundary conditions of

meteorological fields. The simulations were conducted for

June to August 2013 when NPF events were frequently de-

tected (Qi et al., 2015). During the simulation period, each

run covered 60 h, in which the first 12 h were just for model

spin-up and the last 48 h results were adopted for following

analysis and box modelling. The outputs of compound con-

centrations from the preceding run were treated as the ini-

tial conditions for the next run. Key physical parameteriza-

tion options for the WRF-Chem modelling are the Noah land

surface scheme to describe the land–atmosphere interactions

(Ek et al., 2003), the Lin microphysics scheme (Lin et al.,

1983) with the Grell cumulus parametrization to reproduce

the cloud and precipitation processes (Grell and Devenyi,

2002), the YSU boundary layer scheme (Hong, 2010), and

the RRTMG short- and long-wave radiation scheme (Mlawer

et al., 1997).

Anthropogenic emissions from power plants, residential

combustion, industrial processes, on-road mobile sources

and agricultural activities were derived from the MEIC

database (Multi-resolution Emission Inventory for China, see

www.meicmodel.org). Emissions of major pollutants, such

as carbon monoxide, sulfur dioxide, nitrogen oxides, ammo-

nia and speciated VOCs are all included in this emission

inventory database. The MEGAN (Model of Emissions of

Gases and Aerosols from Nature, version 2) module embed-

ded in WRF-Chem is used to calculate biogenic emissions

online (Guenther et al., 2006). It estimates the net emission

rates of isoprene, monoterpene and other biogenic VOCs

from terrestrial ecosystems into the above-canopy atmo-

sphere. Gas-phase chemistry is explicitly represented by the

model through the SAPRC photochemistry scheme (Carter,

1999), which includes 225 gas-phase reactions among 81

chemical species in the model. We mapped some predicted

organic species in WRF-Chem to the MALTE-BOX fol-

lowing the correspondence denoted in Table 1. Regard-

ing the monoterpenes (alpha-pinene, beta-pinene, camphene,

myrcene, carene and limonene) used in MALTE-BOX chem-

istry (details in Boy et al., 2013), the distribution was per-

formed equally because no VOC-measurement were avail-

able at the SORPES station during the study period.

2.3 Data analysis

The calculations of particle growth and formation rates are

conducted following the procedures outlined by Kulmala et

al. (2012). The formation rate is obtained from the following

equation:

Jdp =
dNdp

dt
+CoagSdp×Ndp+

GR

1dp
×Ndp+ Slosses, (2)

where Jdp refers to the particle formation rate of diameter dp

and the first term on the right-hand side is the time evolution

of the particle number concentration with size ranging from

dp to dp+1dp. The second term derives the coagulation loss

by the product of coagulation sink (CoagSdp) and the number

concentration in the size range [dp, dp+1dp]. The third term

is the growth out of the considered size range, in which GR

means measured growth rate. The last term Slosses represents

additional losses, which were not considered in this study.

The growth rate of particles during the NPF events can be

expressed as

GRdp =
dp1− dp2

t1− t2
, (3)

where dp1 and dp2 are the representative of the diameter of

nucleated particles at the times t1 and t2, respectively. For

calculation, dp1 and dp2 is then defined as the central size of

each bin and t1 and t2 are the moments when the concentra-

tion of this size bin peaks.

The condensation sink determines how rapidly condens-

able vapour molecules will condense onto pre-existing

aerosols. It can be derived by DMPS-measured particle num-

ber size distribution according to the following method (Kul-

mala et al., 2001):

CS= 4πD
∑
dp′

βm,dp′dp′Ndp′ , (4)

where D is the diffusion coefficient of the condensing

vapour, βm is a transition-regime correction, dp′ is the dis-

crete diameter and Ndp′ is the particle number concentration

in respective size bin.

3 Results and discussions

This section is divided into two parts. The first part provides

discussion of measured particle size distributions on three

Atmos. Chem. Phys., 16, 2477–2492, 2016 www.atmos-chem-phys.net/16/2477/2016/
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typical NPF days. Air mass transport pathways and param-

eters that favour the formation of new particles at the SOR-

PES site will be investigated. The second part focuses on

the numerical simulation of observed NPF events. A further

detailed analysis of particle formation and following growth

will be presented.

3.1 Observations and data analysis

Summer marks the season with frequent NPF events at the

SORPES site, especially in the year of 2013 (Qi et al., 2015).

From June to August 2013, 50 NPF events were detected dur-

ing the 76-day measurement period when DMPS functioned

normally, resulting in particle formation probability of 66 %.

Among the observed NPF events, three representative cases

were identified according to the retroplumes calculated based

on the Lagrangian dispersion model HYSPLIT (Hybrid Sin-

gle Particle Lagrangian Integrated Trajectory Model) follow-

ing the method developed by Ding et al. (2013c). These se-

lected NPF days are 22 June, 10 July and 22 August 2013,

when the site was dominantly influenced by air masses from

the YRD region, South China, and mixed ocean and conti-

nental areas, respectively (Fig. 2).

On 22 June 2013, a clear banana-shaped particle size dis-

tribution was captured by the DMPS in the morning (09:00–

11:00 LT, Fig. 3). According to the DMPS observations,

the number concentration of particles with diameter ranging

from 6 to 30 nm reached up to 10 000 cm−3 around 10:00 LT.

The formation rate of 6 nm particles, namely J6 calculated

following Eq. (2), was 7.6 cm−3 s−1. It was generally compa-

rable to those typically observed elsewhere in China, for in-

stance, 0.97–10.2 cm−3 s−1 in Hong Kong (J5.5) (Guo et al.,

2012). The diurnal variations of measured number size dis-

tribution and relevant trace gases are demonstrated in Fig. 3.

This NPF event featured a large background particle loading

with PM2.5 mass concentration exceeding 50 µg m−3 because

the air mass was lingering over city clusters in the YRD re-

gion before approaching the SORPES station, as shown in

Fig. 2a. Dense particle emissions from the rapidly urban-

ized and industrialized YRD region (Fig. 2e) corresponded

to a high condensation sink of 4.2× 10−2 s−1, close to those

typically observed in other urban areas in China (Gao et al.,

2012; Xiao et al., 2015). For the same reason, influenced by

the emissions in the YRD region (Fig. 2d), SO2 concentration

was observed to be 20–30 ppb, considerably higher than the

normally observed level at the site, which is less than 10 ppb

during summertime (Ding et al., 2013a). High concentration

of O3 and increasing radiation intensity were indicative of ac-

tive ozone photolysis, and production of OH radicals, rapid

gas-phase oxidation of SO2 by OH radical and accumulation

of gaseous sulfuric acid are expected, leading to the onset of

NPF despite the high level of condensation sink. The subse-

quent growth was fast, with a GR6−30 (growth rate from 6

to 30 nm) of 12.6 nm h−1. Accumulating sulfuric acid with

increasing ozone concentration might be one contributor. In

Table 2. Formation rate of 6 nm particles (J6), and particle growth

rates from 6 to 30 nm (GR6−30) and condensation sink (CS) of

three NPF events based on DMPS measurements and numeric

modelling∗.

Date J6 GR6−30 CS

(cm−3 s−1) (nm h−1) (10−2 s−1)

Case1 22 June 2013 7.6 (9.3) 12.6 (6.9) 4.2

Case2 10 July 2013 1.2 (1.6) 13.5 (10.7) 3.2

Case3 22 August 2013 3.4 (10.0) 15.7 (2.3) 1.9

∗ Values out of parentheses are observations and those in parentheses represent the

corresponding model results.

addition, the presence of aromatic-related oxidation products

from residential and industrial combustion in the YRD re-

gion could also substantially enhance particle formation and

subsequent growth by absorption or heterogeneous reactions

(R. Y. Zhang et al., 2004; Y. Liu et al., 2008).

On 10 July when the air masses mostly came from the

densely wooded area in South China, NPF had a much lower

rate than on 22 June, yet a slightly faster particle growth rate

(Table 2). Previous investigations have revealed that over-

all GR is correlated with the rate of terpenes reactions with

atmospheric photochemical oxidants, highlighting the im-

portance of biogenic VOCs in the particle growth process

(e.g. Boy et al., 2003; Kulmala et al., 2004a). During the

QUEST (Quantification of Aerosol Nucleation in the Eu-

ropean Boundary Layer) field campaign in Hyytiälä, Fin-

land, recorded particle growth rates during NPF events cor-

related notably with gas-phase monoterpene concentrations,

indicating that the oxidation products from biogenic VOCs

may dominate particle growth (Laaksonen et al., 2008; Yli-

Juuti et al., 2011). The positive correlation between freshly

formed particle growth rates and monoterpenes and their

oxidation rates by ozone was also verified in Hong Kong,

China (Guo et al., 2012). Figure 2f presents the spatial

distribution of monoterpene emission rates during summer-

time across China calculated by the MEGAN model (Li et

al., 2012). It is obvious that monoterpene emission is over-

whelmingly intensive in South China, which is covered by

large areas of broadleaf forests and shrubs. It is plausible

that air masses passed over biogenic VOC-rich regions were

saturated with sufficiently low-volatility oxidation products,

which enhanced the observed particle growth. The simula-

tion results from the WRF-Chem model supported this view.

Modelled isoprene and terpene concentrations were 1.2 and

0.15 ppb at the SORPES site during NPF on 10 July, 150 and

50 % higher than the corresponding values on 22 June. Be-

sides, lower pre-existing particle loading is another cause of

faster growth due to less particle surface area for vapour con-

densation.

Another NPF event, characterized by mixed marine and

continental air masses, occurred on 22 August. Because of

relatively clean air from the ocean and high wind speed

of around 8 m s−1, PM2.5 and SO2 concentrations were un-

www.atmos-chem-phys.net/16/2477/2016/ Atmos. Chem. Phys., 16, 2477–2492, 2016
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Figure 2. Retroplume (footprint residence time) showing transport pathways of air masses measured at the SORPES site for 22 June (a),

10 July (b) and 22 August (c). Spatial distributions of anthropogenic SO2 (d), primary PM2.5 (e) and biogenic monoterpene (f) emission

rates.

Figure 3. Measured diurnal variations of particle size distributions (upper panel), concentrations of SO2, O3 and PM2.5 (middle panel), and

meteorological conditions and condensation sink (bottom panel) during the three NPF days. Grey boxes show the time span of NPF events.

usually low, only 11.0 µg m−3 and 2.8 ppb when the NPF

event took place. Accordingly, the condensation sink fell

to 1.9× 10−2 s−1. Existing measurements and analysis con-

cluded that the main obstacle for the initial onset of NPF at

the SORPES site is condensation sink, since SO2 concentra-

tion is always high and there tends to be enough solar radi-

Atmos. Chem. Phys., 16, 2477–2492, 2016 www.atmos-chem-phys.net/16/2477/2016/
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Table 3. Statistical analysis of the simulated hourly 2 m temperature

and 10 m wind speed versus the ground observations at the SORPES

station.

Date Index∗ 2 m temperature 10 m wind speed

(◦C) (m s−1)

22 June MB −0.33 0.80

RMSE 1.29 1.63

10 July MB −1.07 −0.77

RMSE 1.34 1.18

22 August MB 0.19 0.17

RMSE 1.38 1.27

∗ MB and RMSE refer to mean bias and root mean square error respectively.

ation as well (Herrmann et al., 2014). So, even though the

SO2 concentration was fairly low during that day, a fairly

small condensation sink could trigger the onset of this NPF

event. The nuclei growth rate, GR6−30, was estimated to be

15.7 nm h−1. On the one hand, humid air mass transported

from the ocean might have favoured the particle growth due

to that high humidity could enhance the uptake and oxidation

of SO2 and also facilitate the transformation of gaseous ni-

tric acid to particulate ammonium nitrate (Hildemann et al.,

1984; Rattigan et al., 2000). As displayed in Fig. 3, the mea-

sured relative humidity (RH) was over 80 % when the NPF

began. On the other hand, the sampling site was also partly

influenced by the air masses from the YRD region (Fig. 2c),

which means that anthropogenic VOCs and oxidation prod-

ucts with low volatility might also exert a notable impact on

particle growth.

3.2 Simulations of NPF events

To shed further light on NPF processes at the SORPES sta-

tion, comprehensive simulations were performed by com-

bining the WRF-Chem regional atmospheric transport model

and the MALTE-BOX model. Measurements of meteorolog-

ical fields, trace gases and aerosol characteristics from the

SORPES station are input to the box model. In the mean-

time, input also includes the concentrations of gaseous or-

ganic compounds from the WRF-Chem regional model (see

Table 1). The simulations were conducted for the aforemen-

tioned three NPF days.

3.2.1 Evaluation of simulations by WRF-Chem model

Meteorological conditions play an important role in trans-

port, diffusion and chemical reactions in the atmosphere.

Simulated hourly 2 m temperature and 10 m wind speed were

evaluated using hourly temperature and relative humidity

observations at the SORPES station. Statistical analysis of

model performance for the three NPF days are listed in Ta-

ble 3, including mean bias (MB) and root mean square er-

ror (RMSE). Generally, the model reproduced the observed

2 m temperature and 10 m wind. As mentioned, modelled

VOC concentrations, which are vital for NPF simulation, are

included as an input field in the MALTE-BOX model. Al-

though there was no VOC measurement during the summer

of 2013, the SORPES site and the Environmental Monitor-

ing Centre of Jiangsu Province (118◦47′ E, 32◦4′ N) were

equipped with GC/MS (gas chromatography/mass spectrom-

etry) in the summer of 2014. In order to evaluate the model’s

performance in simulating VOC concentrations, we con-

ducted another WRF-Chem run for the August of 2014 and

then compared the model results with corresponding obser-

vations. The comparison of alkene, aromatic and isoprene

concentrations in Fig. 4a–c illustrates that WRF-Chem is ca-

pable of reproducing the magnitude and temporal variations

of VOC concentration originating from both anthropogenic

and biogenic sources. Specifically, modelled results tend to

underestimate alkene concentration but overpredict aromatic

level with normalized mean bias of −11 and 20 %, simi-

lar to previous simulations for Shanghai (Tie et al., 2013).

There still exist substantial uncertainties in China’s anthro-

pogenic VOC emission inventory, particularly speciated es-

timations, which was ascribed to uncertainties in the activ-

ity data, limited direct experiments on emission factors and

source profiles (Wei et al., 2008; Zheng et al., 2009). Large

biases in model-predicted aromatic level are expectable since

it is mainly emitted from petrochemical plants, gasoline ve-

hicle and biomass burning with greater uncertainties in ac-

tivity level estimation (Liu et al., 2008). In terms of biogenic

VOCs, simplification in vegetation classification and numeri-

cal descriptions, limited understanding of controlling factors

could introduce biases in modelled levels of BVOCs (Guen-

ther, 2013). Given these uncertainties, the gaps between sim-

ulation and observations in Fig. 4a–c are acceptable. As for

simulated biogenic terpenes, whose oxidation products have

low vapour pressures similar to sulfuric acid and condense

onto aerosol surfaces, the spatial patterns in the morning of

the aforementioned three NPF days showed great differences

(Fig. 4d–f). During the first and third NPF cases, prevailing

easterly winds did not bring much biogenic VOCs since bio-

genic emissions are most intensive in the southern part of

China. By contrast, on 10 July when the air temperature was

getting higher and southwesterly winds dominated, enhanced

biogenic emissions and the shift in wind direction led to the

fact that the modelled terpene concentrations at the SORPES

station were almost two times those in the other two NPF

days.

3.2.2 MALTE-BOX simulations

Figure 5 shows the variations of modelled particle number

size distributions during the three NPF days. The model

system does reproduce the occurrence of these three NPF

events although they were under distinct meteorological con-

ditions and affected by entirely different potential source
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Figure 4. Scatter plots of observed and simulated alkene (a) aromatic (b) and isoprene (c) concentrations (NMB represents the normalized

mean bias) in August 2014. The solid 1 : 1 lines and dashed 1 : 2 and 2 : 1 lines are shown for reference. Spatial distributions of terpene

concentrations at 09:00 LT on 22 June (d), 10 July (e) and 22 August (f), 2013. The 2 m temperature is marked by red lines. The black dot

marks the location of the SORPES station.

regions. On 22 June when measured air masses originated

from the urbanized YRD region, the calculated onset of ac-

tivation of freshly formed cluster to grow above the 6 nm

line appeared around 08:30 LT. According to the diurnal pat-

tern of simulated concentrations of gaseous compounds il-

lustrated in Fig. 6, the OH radical level increased rapidly

from 1× 105 to 3× 106 cm−3 just after sunrise, promoting

the gaseous oxidation of SO2 in the atmosphere and sub-

sequent accumulation of sulfuric acid from nearly zero to

around 5× 106 cm−3. Simultaneously, the pre-existing par-

ticle concentration dropped due to the boundary layer evolu-

tion (Fig. 3). The continuously growing sulfuric acid con-

centration and decreasing condensation sink jointly led to

this fast NPF event. Simulated J6 was 9.3 cm−3 s−1, slightly

higher than the observed value of 7.6 cm−3 s−1. Among dif-

ferent kinds of condensing vapours, sulfuric acid contributed

most to the growth of newly formed particles. As demon-

strated in Fig. 7, while considering the growth of particles

less than 10 nm in diameter, sulfuric acid’s contribution ac-

counted for more than 50 %. The reason is that, influenced by

air mass from the emission-intensive YRD region, SO2 was

reaching up to 20 ppb and the contribution of sulfuric acid on

this day was much higher compared with the other 2 days and

those published in earlier studies (Boy et al., 2003, 2008b).

GR6−30 was simulated to be 6.9 nm h−1, about half of that

derived from measurements. Overestimated newly formed

clusters might be one reason for smaller simulated GR6−30.

Another, as described before, is that condensing vapours in

the box model only included biogenic low-volatility com-

pounds. However, aromatic-related oxidation products have

been suspected of contributing to particle growth, especially

in polluted area like China (Zhang et al., 2004; Yue et al.,

2010). Failing to characterize condensing vapour originat-

ing from anthropogenic organic compounds might be another

cause of the underpredicted growth rate.

During the second NPF case, the OH radical concentra-

tion was mostly less than 1× 106 cm−3. The production of

sulfuric acid was expected to be relatively slow due to the

simultaneous lower concentrations of both SO2 and OH rad-

ical. As demonstrated in Fig. 6, the concentration of sulfu-

ric acid was approximately 3× 105 cm−3 just when the NPF

started, about one-tenth and one-seventh of the correspond-

ing values on 22 June and 22 August, respectively. Nonethe-

less, prevailing southwesterly winds brought along terpene-

rich air masses. Some of the terpenes, such as alpha-pinene

and limonene, feature significantly high yields of ELVOCs

as well as SVOCs while reacting with ozone or OH radi-

cals (Ehn et al., 2014; Jokinen et al., 2015). Such dense low-
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Figure 5. Modelled pattern of particle size distributions (left panel) and number concentrations of particles ranging from 6 to 10 nm during

these three NPF days (right panel).

volatility oxidation products substantially enhanced the con-

densational growth of newly formed particles. The individ-

ual contributions from sulfuric acid, SVOCs and ELVOCs

to growth of newly formed particles were quantified in

Fig. 7, which indicated that biogenic low-volatility com-

pounds overwhelmingly dominated in the very initial stage

of cluster growth with contribution as high as 95 %, demon-

strating a vital role of ELVOCs and SVOCs in this NPF event

(Ehn et al., 2014). During this event, SVOC-induced con-

densational growth of small clusters was especially higher,

which might be attributed to the fact that modelled SVOC

concentrations increased dramatically shortly after the nu-

cleation started and was almost ten times higher than those

during the other two events.

Unlike during the first two NPF cases, the level of pre-

existing particles was unusually low during the third event

because a strong wind from the ocean swept over East China.

The clean air mass reduced the condensation sink (see Ta-

ble 2), much lower than the values typically observed at the

SORPES site before (Herrmann et al., 2014). Even though

SO2 concentrations were pretty low, sulfuric acid accumu-

lated remarkably and probably initiated this NPF event. As

listed in Table 2, during Case 3 when the air mass originated

partly over the Shanghai and surrounding city clusters, the

model underpredicted the growth rate by nearly a factor of 7

and overestimated the particle formation rate by a factor of 3.

This means that most probably anthropogenic low-volatility

compounds not included in the model were contributing to

the growth and decreased the surviving probability of the

newly formed clusters in the model. It is completely opposite

for Case 2 when the air mass did not originate from strongly

anthropogenic-influenced areas and the model outcome was

in good agreement with the measurements.

3.2.3 Discussions and uncertainties

Though the model succeeded in the prediction of DMPS-

measured NPF occurrence, the simulated activation of NPF

was about 1 hour later than the observations. Considering the

number concentration in the size range 6–10 nm (N6−10) as

the newly formed particles, the model shows a distinct un-

derestimation at the beginning of the NPF events (Fig. 5). As

mentioned in Sect. 2, we assumed the kinetic mechanism in

the MALTE-BOX. Nonetheless, chamber and in situ experi-

ments suggested that monoterpene oxidation products could

cluster directly with a single sulfuric acid molecule under

ambient conditions and that the interaction between organic

and sulfuric acids likely leads to a reduced nucleation bar-

rier (R. Y. Zhang et al., 2004; Schobesberger et al., 2013).

Furthermore, according to the simulation, the production of

ELVOCs and SVOCs was mainly initialized by the reactions

between monoterpene and ozone. It has been recognized that

NPF events tend to be strongly associated with the monoter-
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Figure 6. Time series of several gas concentrations (cm−3) during the three selected NPF days. Sulfuric acid, OH radical, SVOCs and

ELVOCs are marked in grey area, red, green and blue lines, respectively. Dashed lines show the onset time of NPF according to DMPS

measurements for reference.
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Figure 7. Contributions from three kinds of condensing vapours to

growth of particle less than 10 nm during NPF events on 22 June

(Case 1), 10 July (Case 2) and 22 August (Case 3). Sulfuric acid,

SVOCs and ELVOCs are marked in red, green and blue bars, re-

spectively.

pene oxidation products by ozone in both remote and ur-

ban environments (Laaksonen et al., 2008; Guo et al., 2012).

Thus, there was a good chance that the ELVOCs played an

important part in the NPF processes considered here. As pre-

sented in Fig. 6, a considerable amount of ELVOCs accu-

mulated before the modelled NPF occurred and during the

observed NPF events. The time shifts of the starting times

is consistent with the hypothesis that organic vapours may

play a key role in the particle formation process (Paasonen

et al., 2009; Metzger et al., 2010). Figure 8a shows the de-

pendence of measurement-derived J6 on modelled gaseous

sulfuric acid and ELVOC concentrations; 6 nm NPF rates,

even under the same sulfuric acid concentration, were sub-

stantially enhanced by the presence of ELVOCs. It is note-

worthy that formation rates of 6 nm particles, not nucleation

rates, are available here due to the limitation of instruments.

It is hard to identify which process is most promoted by

ELVOCs, the particle formation or the early condensational

growth. Metzger et al. (2010) attempted to disentangle the

influence of organic oxidation products in particle formation

and suggested an overall dependency on the formation rate

of H2SO4 and organic oxidation products with the lowest

volatility (NucOrg) as follows:

J1.5 = k×[H2SO4]
1.0
[NucORG]0.8, (5)

where J1.5 is new particle formation rate of 1.5 nm clus-

ter; k represents a pre-factor which is recommended to be

7.2± 1.4× 10−13 cm3 s−1 in Metzger et al. (2010); [H2SO4]

and [NucOrg] refer to the concentration of sulfuric acid and

low-volatility organic oxidation products that can participate

in the particle formation process, respectively. By assuming

that NucOrg is part of the ELVOCs in the present work, we

examined the relationships between measured particle for-

mation rate with [H2SO4]1.0[ELVOCs]0.8 and compared it

with [H2SO4]2 in Fig. 8b–c. The better representation and

correlation of the latter provides further evidence for an in-

volvement of ELVOCs in the formation and condensational

growth of particles up to 6 nm.

In terms of the condensational growth of freshly formed

particles, ambient low-volatility compounds are predominant

contributors – in particular, with semi-volatile and possibly
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Figure 8. Correlations of estimated new particle formation rates (J6) from DMPS measurements with modelled gaseous sulfuric acid and

ELVOC concentrations for event days between 06:00 and 16:00 (a). Scatter plots of new particle formation rate J6 estimated from measure-

ments with modelled sulfuric acid and ELVOC concentrations (b–c), in which red, blue and green markers refer to 22 June, 10 July and

22 August, respectively. The square of correlation coefficients (R2) are labelled in (b) and (c). Black solid lines denote y = 10−13x. Dashed

lines show y = 2.2× 10−10x (left) and y = 6.0× 10−13x (right) for reference in (b).

non-volatile organic matters generating from a complex se-

ries of photochemical reactions (Kroll and Seinfeld, 2008). In

the present work, the model notably underestimates the nu-

clei condensational growth (GR6−30) for Case 1 and Case 3

compared with the corresponding observations, whereas the

observation and simulation were comparable for Case 2 (Ta-

ble 2). These differences could partly be due to the fact that

here we only took oxidation products for certain selected

organic compounds into account as sources of condensable

vapours. When the experimental site was substantially influ-

enced by intensive industrial activities and vehicle emissions

from the YRD region in Case 1 and Case 3, reactive uptake

and condensable secondary organic products from anthro-

pogenic VOCs, which can accelerate particle growth (R. Y.

Zhang et al., 2004b; Kroll et al., 2005; Volkamer et al., 2006),

were partly missing in the present model. Regarding the im-

pacts of biogenic VOCs, we found that ELVOCs and SVOCs

remarkably contributed to particle condensational growth.

Modelled contributions from ELVOCs, SVOCs and sulfuric

acid demonstrated that, during these three NPF days, con-

densation of ELVOCs and SVOCs played an important role

in the initial growth of particles less than 10 nm. In particu-

lar, the contribution increased to over 90 % on 10 July when

the terpenes-rich air mass influenced the SORPES site.

The comprehensive modelling study on the observed NPF

makes it possible to better understand NPF processes at the

SORPES station. However, there remain many uncertainties

in this modelling system, which need to be addressed in

future work. Given the expensive computational cost, reac-

tions of VOCs are represented by the lumped mechanism in

the regional-scale WRF-Chem model. Relevant parameters

cannot be precisely determined for one lumped class, while

the MALTE-BOX model provides accurate information for

each specific organic compound. The gaps between the two

models concerning VOC classification would introduce un-

certainties. Moreover, in the MALTE-BOX model, sulfuric

acid tends to be underpredicted, which was demonstrated in

both polluted urban environment and clean rural environment

(Wang et al., 2013a; Zhou et al., 2014; Zhou et al., 2015).

There are multiple reasons behind the systematic underesti-

mation. It has been shown by field measurements, laboratory

experiments and numeric simulation that Crigee Intermedi-

ates (CIs) or other derivatives are capable of accelerating the

oxidation of SO2 into SO3 (Hatakeyama and Akimoto, 1994;

Kurten et al., 2011; Boy et al., 2013). These reactions have

been incorporated in the MALTE-BOX model but would

need further investigations concerning the reactions rates and

other important reaction parameters (e.g. thermal lifetimes of

CIs, pressure dependency). In addition, owing to the signifi-

cantly incomplete knowledge of HONO sources, in particular

during daytime, it has not yet been possible to simulate real-

istic HONO levels using current models (Elshorbany et al.,

2014; Czader et al., 2015). The lack of HONO measurement

input to the model might also result in an underestimation of

sulfuric acid, especially with dramatically increasing traffic

emissions during the rush hours (Wang et al., 2013b). For in-

stance, in the first case, the air masses were carrying on more

anthropogenic pollutants from the emissions-intensive YRD

region, and the sulfuric acid concentrations and particle for-

mation rates are more likely to be underpredicted. Last but

not least, we adopted a mandatory value for the kinetic coef-

ficient, which includes the probability that a collision of two

molecules results in the formation of a stable critical cluster,

as well as all other important details concerning the particle

formation process such as temperature and humidity. This

condition-dependent coefficient needs to be resolved in fur-

ther modelling work on the basis of more in situ and labora-

tory experiments.
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4 Conclusions

This study combines the regional chemical transport model

and box model to investigate atmospheric NPF and the sub-

sequent nuclei condensational growth at the SORPES site

in Nanjing, China. This combination makes it possible to

simulate chemical and aerosol dynamical processes. Three

NPF cases, during which entirely different potential source

regions influenced the experimental site, were successfully

reproduced by the modelling system. When the site was pre-

dominately influenced by air masses from city clusters in the

YRD region on 22 June 2013, despite a high condensation

sink, the NPF event featured a fast NPF rate due to the contin-

uously accumulating sulfuric acid. Under the circumstance

that biogenic VOC-rich air masses dominated, rapid growth

of freshly formed particles was detected on 10 July 2013,

which was predominately attributed to the low-volatility ox-

idation products of terpenes. Air masses from marine origin

could lead to the relatively low condensation sink on 22 Au-

gust 2013, thereby facilitating the occurrence of NPF event.

On the basis of measurements and the corresponding mod-

elling, we infer the controlling factors of the selected three

NPF events, and these were mostly associated with sulfu-

ric acid accumulation and low condensation sink. The com-

parison with the observations suggested that low-volatility

organic compounds, including both SVOCs and ELVOCs,

played a substantial role in the initial condensational growth

of newly formed particles, particularly when the station was

influenced by air masses originating from South China. In

addition, anthropogenic VOCs and the following photochem-

ical oxidation produce a considerable amount of condensable

compounds, exerting a significant impact on particle growth

in the emission-intensive YRD region. Although some inad-

equacies still remain, such as the inclusion of anthropogenic

non-volatile organic compounds as condensable vapours, the

comprehensive modelling work provides a better insight of

NPF processes.
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