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• Inorganic aerosols' seasonality and contribution for PM2.5 are examined over YRD.
• Nighttime hydrolysis of N2O5 was demonstrated to be responsible for nitrate enhancement over YRD for all seasons.
• Nitrate mass concentration might be increased under NOx emission reduction in winter over YRD.
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a b s t r a c t
The new Chinese National Ambient Air Quality standards (CH-NAAQS) published on Feb. 29th, 2012 listed PM2.5
as criteria pollutant for the very ﬁrst time. In order to probe into PM2.5 pollution over Yangtze River Delta, the
integrated MM5/CMAQ modeling system is applied for a full year simulation to examine the PM2.5 concentration
and seasonality, and also the inorganic aerosols responses to precursor emission changes. Total PM2.5 concentration over YRD was found to have strong seasonal variation with higher values in winter months (up to 89.9 μg/m3
in January) and lower values in summer months (down to 28.8 μg/m3 in July). Inorganic aerosols were found to
have substantial contribution to PM2.5 over YRD, ranging from 37.1% in November to 52.8% in May. Nocturnal
production of nitrate (NO−
3 ) through heterogeneous hydrolysis of N2O5 was found signiﬁcantly contribute to
−
high NO−
3 concentration throughout the year. In winter, NO3 was found to increase under nitrogen oxides
(NOx) emission reduction due to higher production of N2O5 from the excessive ozone (O3) introduced by
2−
attenuated titration, which further lead to increase of ammonium (NH+
4 ) and sulfate (SO4 ), while other seasons
−
showed decrease response of NO−
3 . Sensitivity responses of NO3 under anthropogenic VOC emission reduction
was examined and demonstrated that in urban areas over YRD, NO−
3 formation was actually more sensitive to
VOC than NOx due to the O3-involved nighttime chemistry of N2O5, while a reduction of NOx emission may
have counter-intuitive effect by increasing concentrations of inorganic aerosols.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Fine aerosols (PM2.5) has been listed as one of the criteria air pollutants in National Ambient Air Quality Standard (NAAQS) and thoroughly
investigated in United States due to its adverse effects on public health,
reduction of visibility, and also climate forcing in the past decade.
Although the knowledge about PM2.5 in China is limited due to relative
less emphasis (Chan and Yao, 2008), the necessity of understanding
PM2.5 is well recognized recently. On Feb. 29, 2012, The Chinese
Ministry of Environmental Protection (MEP) published the new China
National Ambient Air Quality Standard (CH-NAAQS) in which PM2.5
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was announced as criteria pollutant for the very ﬁrst time. Although
both the annual (35 μg/m3) and daily (75 μg/m3) standards conﬁgured
within CH-NAAQS are less strict compared with the US-NAAQS (15 μg/
m3 and 35 μg/m3 for annual and daily standard, respectively), the
signiﬁcantly increased news reports about PM2.5 thereafter implied
the strong public interest in this issue. Especially, the national wide
haze engulfed a large portion of Eastern China during the past winter
promoted the important urgency for more efforts dedicated to
understand PM2.5 pollution. China National Environmental Monitoring
Centre (CNEMC) reported monitored monthly average PM2.5 for 74
major cities was 130 μg/m3 and 85 μg/m3 for January and February
2013, respectively (CNEMC, 2013), while the observed maximum
daily average values were 766 μg/m3 and 232 μg/m3 for the two months,
which substantially exceeded the CH-NAAQS.
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Several pilot studies have already been performed with observational or modeling method to probe into PM2.5 pollution over China from
different perspectives. Streets et al. (2007) assessed local anthropogenic
emission contribution to particles formation and reported observed
daily average PM2.5 ranged from 75 to 145 μg/m3 in Beijing; Fu et al.
(2010) examined pollution event driven by dust storm in Shanghai
based on observations and reported 383 μg/m3 PM2.5 in April 2007; Fu
et al. (2012b) investigated biomass burning impacts from southeast
Asia with modeling method and reported long-range transport could
contribute to 64 μg/m3 over Eastern Asia. A couple of pioneering studies
conducted recently also provide more detailed information about PM2.5
speciation over China. Huang et al. (2012) examined the composition
measurements of PM2.5 in Shanghai, and reported inorganic aerosols
2−
+
(nitrate (NO−
3 ), sulfate (SO4 ), ammonium (NH4 )) could contribute
up to 77% (48.86 ± 5.01 μg/m3) of total PM2.5 in typical pollution episodes, of which nitrate/sulfate ratio was also found to increase from
0.43 in 2000 to 0.75 in 2009. Pathak et al. (2011) reported observed exceptionally high concentrations of nitrate up to 42 μg/m3 in Beijing and
Shanghai, and concluded the high level summer time nitrate was due to
hydrolysis of N2O5 based on box model simulation. Zhao et al. (2013a,b)
reviewed the impacts of anthropogenic emission changes in China and
reported up to 4.22 μg/m3 of PM2.5 deduction due to NOx and SO2 emission reduction.
The above studies mainly focused on special air pollution episodes,
while few of them have been performed to provide comprehensive examination of PM2.5 pollution regarding its formation schemes, seasonality, and spatial distribution over China. Although studies applying box
model described the essential inorganic aerosol chemistry mechanism,
it can only represent some domain-averaged chemistry instead of
distinguishing different chemical regimes. Fundamental uncertainties
still exist due to the essential assumptions employed by box model
such as stagnant conditions and aloft carry-over of air pollutants.
Pathak et al. (2011) assumed a ﬁxed ratio for NO2/NOy and a linear relationship between nitric acid (HNO3) and nitrogen dioxide (NO2) to
predict nitrate formation, while a steady-state might hardly be reached
with intensive emission and rapid convection. More importantly, only a
few studies have been documented to examine PM2.5 responses to precursor emission changes over China. So in this paper, we applied MM5/
CMAQ modeling system for a full year simulation to examine the seasonal variations of PM2.5 over Yangtze River Delta (YRD). Anthropogenic
emission control scenarios were also employed to investigate the sensitivity responses of inorganic aerosols to precursor emission changes.
YRD was selected as the research area because it is one of the most
important commercial and industrial center within China, and also a

523

highly populated region with more than 80 million residences, of
which 50 million are urban. Model description and evaluation was provided in Section 2. Section 3 discussed the seasonality of PM2.5, and the
inorganic aerosol responses in different seasons under predeﬁned NOx
and VOC emission control scenarios. Section 4 draws conclusions and
summarizes major challenges and future prospects.
2. Materials and methods
2.1. Model description and simulation design
Community Multiscale Air Quality (CMAQ) modeling system developed by the US EPA (Byun and Schere, 2006) was selected to conduct
simulations in this study. CMAQ has been widely applied to predict air
pollutions over China in different studies and demonstrated its reliability (Fu et al., 2012b, 2013; Streets et al., 2007; Wang et al., 2014). In this
study, CMAQ v4.6 was conﬁgured with 19 vertical layers extending
from ground surface to 100mb with denser layers in lower atmosphere
to better represent the mixing layer. There were three one-way nested
modeling domains D1, D2, and D3 which mainly covered East Asia, eastern China, and YRD respectively, as shown in Fig. 1 (detailed model conﬁguration is summarized in Table S1). We mainly focused on domain D3
which covered Shanghai, southern Jiangsu province and northern
Zhejiang province with a 3 × 3 km grid resolution. Initial and boundary
conditions for domain D1 was generated from GEOS-Chem global
modeling results following the algorithm described in Lam and Fu
(2009). Shanghai was selected as a representative city in this study to
assess PM2.5 pollution in typical urban areas within YRD. The meteorology ﬁled was generated by the ﬁfth-generation the National Center for
Atmospheric Research (NCAR)/Penn State Mesoscale Model (MM5 version 3.3). Anthropogenic emission inputs for CMAQ modeling system
was provided by the Intercontinental Chemical Transport ExperimentPhase B (INTEX-B) 2006 emission inventory (Zhang et al., 2009).
Species include sulfur dioxide (SO2), nitrogen oxides (NOx), carbon
monoxide (CO), non-methane volatile organic compounds (NMVOC),
PM10, PM2.5, black carbon aerosol (BC), organic carbon aerosol (OC),
ammonia (NH3), and methane (CH4). NMVOC was categorized into 16
subspecies to match the CB05 chemical mechanism utilized in CMAQ
(Yarwood et al., 2005). The 2D grid-cell emissions were obtained
using top-down method (Du, 2008). Biogenic emissions were generated
by the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
(Guenther et al., 2012).
Besides the baseline simulation, emission control simulations were
also conducted in order to understand the sensitivity responses of

Fig. 1. Three one-way nested modeling domains at 27-km (East Asia: D1), 9-km (East China: D2), and 3-km (Yangtze River Delta: D3) resolutions. Blue cycle represents the observation site
Fudan University.
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PM2.5 to precursor emission changes. Anthropogenic emissions in YRD
region mainly comes from 4 sectors including industrial process (denoted as industry here and after), residential combustion (denoted as residential here and after), power plants, and transportation, which
contribute 29%, 4%, 42%, and 25% of NOx emission respectively, and
39%, 29%, 5%, and 27% for VOC emission respectively. So ﬁve different
sensitivity scenarios were deﬁned based on emission species and sectors: 1) 20% NOx emission reduction from industry (I-N20) and 2)
transportation (T-N20), 3). 20% VOC emission reduction from industry
(I-V20) and 4) transportation (T-V20), and also 5) 85% NOx emission
reduction from power plant (P-N85). These sensitivity scenarios are deﬁned to investigate the different responses of PM2.5 to emission changes
from different sectors under different control percentages. All simulations were conducted following the monthly sequence with a 1-week
spin-up period to minimize the inﬂuence of initial conditions.

from 1° × 1° (latitude × longitude) to 27 km × 27 km in order to calculate model evaluation statistics, which was also summarized in Table 1
(spatial distribution plots comparing AOD from MODIS and CMAQ are
summarized in Fig. S2). As shown in Table 1, CMAQ output demonstrated a very close spatial distribution pattern as MODIS observations, but
underestimated AOD for all seasons, with NMB ranges from −61.14%
in March, April, and May (MAM) to − 30.95% in December, January,
and February (DJF), indicating the satellite evaluation result was consistent with ground surface evaluation results. CMAQ underestimation of
AOD may be attributed to reasons including: uncertainties of prediction
of Secondary Organic Aerosol (SOA), exclusion of dust aerosol emission
over northwestern China, and also the uncertainties of MODIS derived
AOD.
In summary, the model could generally well reproduce the ambient
concentrations and spatial distribution of ﬁne particles over the
research domain.

2.2. Model evaluation
3. Results and discussion
Validation of output meteorology ﬁled from MM5 and output
gaseous pollutants from CMAQ was reported in Dong et al. (2013).
MM5 was demonstrated as capable of reproducing meteorology ﬁled
which agree well with surface observations.
Model evaluation for PM2.5 and inorganic aerosols against surface
measurements were conducted following the evaluation protocol
proposed by the US EPA (EPA, 2007) by using key indicators including
Normalized Mean Bias (NMB), Normalized Mean Error (NME), Mean
Fractional Bias (MFB), Mean Fractional Error (MFE), and correlation
coefﬁcient as shown in Table 1. Modeling results from base simulation
were compared with observations to conduct the evaluation. Observation site is described in the Supplementary material. For PM2.5
evaluation, NMB, NME, MFB, and MFE values were − 17.23%, 44.53%,
−17.28%, and 50.25% respectively. While the benchmark suggested by
the US EPA (EPA, 2007) were ±30% and 50% for MFB and MFE respectively, evaluation results for PM2.5 indicated that model generally reproduce the ambient concentrations of ﬁne particles well. Statistics
summarized in Table 1 showed that model had moderate underestima−
2−
with the largest distions for NH+
4 and NO3 and underestimated SO4
crepancy. As shown in Fig. 2, the Factor 2 (F2) analysis (Fu et al., 2012b)
−
demonstrated that model simulated PM2.5, NH+
4 and NO3 has over 68%,
60%, and 76% fractions lie between 0.5 and 2.0 fold of the measurement
data respectively, while the fraction for SO2−
4 was only 43% (time-series
plots of model evaluation are summarized in Fig. S1 in the Supplementary material). CMAQ underestimation of SO2−
4 was probably due to the
remained uncertainty of anthropogenic SO2 emission of China.
Satellite retrieved Aerosol Optical Depth (AOD) product from MODerate Resolution Imaging Spectrometer (MODIS) instrument aboard the
Terra satellite (Krotkov et al., 2008) was also used to evaluated CMAQ
model performance. Terra achieved nadir view swath is usually around
10:30 local time, so AOD was calculated from CMAQ modeling results at
11:00 local time (CMAQ model time 03:00 UTC) following the approach
described in Fu et al. (2012b). MODIS retrieved AOD was interpolated

3.1. Overview of PM2.5 pollution over YRD
In this section, spatial distribution and seasonality of PM2.5 in YRD
were examined and evaluated according to the new published CHNAAQS. Spatial distribution of annual average PM2.5 concentration is
shown in Fig. 3(a), which demonstrates that a large part of the research
domain (58.2% of the grids within domain D3) is found to exceed the
35 μg/m3 annual standard. The highest value is found in Nanjing as
132 μg/m3. Almost all urban areas are found to have much higher
PM2.5 concentration than suburban and rural areas, indicating the particulate pollution might be more dependent on anthropogenic emission.
PM2.5 mass concentration also demonstrates a large seasonal variation.
Fig. 3(b) describes the monthly averaged PM2.5 concentrations in
Shanghai (a 5 × 5 grid subsection from CMAQ modeling result is selected to represent the urban area of Shanghai here and after). Highest
monthly PM2.5 was occurred in January as 89.5 μg/m3, and lowest
value was occurred in July as 28.7 μg/m3. Summer (June, July, and
August (JJA)) generally has lower PM2.5 than winter (DJF), which is
probably due to higher planetary boundary layer (PBL) height and
stronger advection and clean ocean air parcel introduced by Southeast
Asia monsoon (SEAM). Winter time has more primary PM and precursors (SO2, NOx) anthropogenic emissions due to intensiﬁed coal utilization for heating (Zhao et al., 2008). Model results also showed that there
were 123 days in year 2006 that ambient PM2.5 exceed the daily 75 μg/
m3 standard in Shanghai, indicating the serious pollution status within
this region.
In order to understand the compositions of PM2.5 over YRD, Fig. 3(b)
also demonstrates the mass concentrations contributed by inorganic
−
+
aerosols including SO2−
4 , NO3 , NH4 (seasonal average nitrate, sulfate,
and ammonium distributions was provided in Fig. S3), and other species
(include BC, OC, sea-salt aerosol, and unspeciﬁed species) in Shanghai.
Percentage contributions suggested that inorganic aerosols play an

Table 1
+
−
Model evaluation statistics for PM2.5, SO2−
4 , NH4 , NO3 , and AOD.
Variables

Surface obs. evaluation
PM2.5

Mean bias
Correlation
NMB (%)
NME (%)
MFB (%)
MFE (%)
F2
1

MODIS AOD evaluation
SO2−
4

3

−6.13 μg/m
0.43
−17.23
44.52
−17.28
50.25
0.68

NO−
3

NH+
4
3

−3.19 μg/m
0.58
−51.12
55.92
−71.31
78.66
0.43

3

−0.85 μg/m
0.55
−28.58
49.88
−35.61
60.96
0.60

3

−0.15 μg/m
0.53
−8.66
74.91
21.74
88.54
0.76

DJF1

MAM

JJA

SON

−0.07
0.69
−30.95
43.78
−52.64
63.69
–

−0.21
0.83
−61.14
61.14
−97.76
97.96
–

−0.16
0.69
−58.76
60.41
−90.31
93.73
–

−0.08
0.83
−37.82
42.35
−57.11
65.98
–

DJF: December, January, and February; MAM: March, April, and May; JJA: June, July, and August; SON: September, October, and November.
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Fig. 2. F2 analysis for (a) total PM2.5 and (b) SO2−
(red), NH+
4
4 (blue), and NO3 (black).

important role. Total contributions of inorganic aerosols ranges from
37.1% (16.5 μg/m3) in November to 52.8% (36 μg/m3) in May. Inorganic
aerosols also demonstrated strong seasonality as shown in Fig. 3(b).
was found to reach highest mass concentration as 17.3 μg/m3 in
SO2−
4
January and lowest concentration as 6.6 μg/m3 in July, NH+
4 has largest
value as 10.5 μg/m3 in January and 2.8 μg/m3 in July; maximum and
3
3
minimum values for NO−
3 were 14.7 μg/m and 1.3 μg/m in March
and July, respectively. Although NH3 emission over YRD has strong
seasonal variations and is most intensive from June to August (Wang
et al., 2011), inorganic aerosols were found to have relatively lower
mass concentrations in summer months than winter and spring.
Two indicators, Gas Ratio (GR; Ansari and Pandis, 1998) and Degree
of Sulfate Neutralization (DSN; Pinder et al., 2008) are used to reveal the
NH3-rich or -poor status over YRD, with deﬁnitions shown as follows:
h
i


2−
½NH3  þ NHþ
−2  SO4
4
 −
GR ¼
NO3 þ ½HNO3 


ð1Þ

 þ
−
NH4 −½NO3 
 2− 
DSN ¼
:
SO4

ð2Þ

GR b 0 indicates NH3-poor condition, 0 b GR b 1 indicates NH3neutral, and GR N 1 indicates NH3-rich condition. DSN b 2 indicates sulfate is insufﬁciently neutralized (NH3-poor), and DSN N 2 indicates NH3rich condition. GR analysis is performed with CMAQ simulation results
as shown in Fig. 4. All land area is found to have GR value greater than

b
Mass Concentration (ug/m3)

a

1 in all seasons, indicating YRD area is NH3-rich. DSN was calculated
with surface observation data in Shanghai for March, April, August, November, and December, where the values were 8.7, 3.1, 22.8, 3.4, and 3.7
respectively. Both GR indicator based on modeling result and DSN indicator based on surface observations demonstrated that, majority part of
YRD were identiﬁed as NH3-rich throughout the entire year, which was
also consistent with the ﬁnding from other study (Wang et al., 2011). So
the relatively higher NH3 emission and lower inorganic aerosols concentrations in summer indicated that seasonal variations of SO24 −,
+
NO−
3 , and NH4 might be more sensitive to emissions of SO2 and NOx
rather than NH3, and the local meteorology condition may also play an
important role by affecting both chemical and dispersion processes.
In addition, NO−
3 contribution to YRD was found much higher than
values reported for other typical metropolitans. Babich et al. (2000) reported observed nitrate concentrations for 6 cities in the US, include:
3.1 μg/m3 in Chicago, 2.1 μg/m3 in Dallas, 3.6 μg/m3 in Phoenix, 4.5 μg/
m3 in Riverside, 0.6 μg/m3 in Philadelphia, and 0.2 μg/m3 in Boston. Nitrate concentrations for rural sites were even lower over other regions.
Malm et al. (2004) reported annual average nitrate concentration for
the US based on 147 Interagency Monitoring of Protected Visual Environments (IMPROVE) observation sites, of which highest nitrate was
found in southern California about 2.0 μg/m3. While annual average
3
NO−
3 was 7.06 μg/m in our study, other studies also reported high
−
NO3 concentration over YRD. Huang et al. (2012) reported NO−
3 in
Shanghai was 6.3 ± 5.7 μg/m3 in March based on ground surface observational data, Zhang et al. (2012) reported observed annual average
NO−
3 in Jinsha (a suburban area within YRD region, about 130 km northward of Shanghai) was 7.2 μg/m3 from 2006 to 2007. The high
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Fig. 3. (a) Spatial distribution of annual average PM2.5 over YRD (b) inorganic aerosols contributions for each month in Shanghai.
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a) MAM

b) JJA

c) SON

d) DJF

Fig. 4. Gas ratio (GR) analysis for (a) MAM, (b) JJA, (c) SON, and (d) DJF. GR values greater than 1.0 indicate NH3-rich condition, within 0–1 indicate NH3-neutral condition, and GR values
less than 0 indicate NH3-poor condition.

proportion of NO−
3 in YRD not only indicated its signiﬁcant impact on
ambient PM2.5 concentration, but also implied an adverse effect on air
quality by increasing the air and wet deposition acidity in the local
area since the abundant nitrate probably implied a higher HNO3
production rate (Zhao et al., 2008).
3.2. Nighttime enhancement of NO−
3 over YRD
In order to understand the high contribution of nitrate aerosol to
total PM2.5 over YRD, it is necessary to brieﬂy summarize the chain reactions involved although the chemistry has been well documented. As an
important precursor for both O3 and NO−
3 , NOx may lead to formation of
O3, nitric acid (HNO3), and NO−
3 through reactions (Yarwood et al.,
2005):
O2

NO2 þ hv → O3 þ NO

R1

NO2 þ OH→HNO3 :

R2

Reaction (NO2 þ hv → O3 þ NOR1) is one of the most important
pathway for O3 formation. Reaction (R2) is the major pathway for
HNO3 formation during daytime because of photochemical production
with hydroxyl radicals. HNO3 will further react with gas phase NH3
though homogeneous reaction and form nitrate particles when water
vapor is available.
Nocturnal production of nitrate consists of the following reactions:
O2

NO þ O3 →NO2 þ O2

R3

NO2 þ O3 →NO3

R4

NO2 þ NO3 →N2 O5

R5

N2 O5 þ H2 O→2HNO3 :

R6

The reactions (R3)–(R5) pathway dominates nitrate formation
through nighttime instead of reaction (R2) mainly because OH is
depleted and also the rapid photolysis of NO3 ceases without after
sunset, which favors the formation of N 2 O5 . Production of N2 O 5
though reaction (R5) is especially favored under low temperature
condition, and hydrolysis formation of HNO3 through reaction (R6)
is favored by high relative humidity.
It is important to notice that O 3 plays a key role to facilitate
formation of NO−
3 through both reactions (R2) and (R3)–(R6) pathways. While NOx can produce O3 in daytime and titrate O3 in nighttime, formation of O3 can also be initiated by the reactions of VOC
with OH radical:
O2

R7
VOC þ OH → RO2 þ H2 O:
And further completed by NO and VOC through chain productions:
O2

RO2 þ NO → secondary VOC þ HO2 þ NO2

R8
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a) MAM

b) JJA

c) SON

d) DJF

Fig. 5. Monthly average diurnal proﬁles of NO2 (skyblue solid lines), NH3 (brown solid lines), O3 (red solid lines), NO−
3 (black dash lines), and HNO3 (blue dash lines) for (a) MAM, (b) JJA,
(c) SON, and (d) DJF.

HO2 þ NO→OH þ NO2 :

R9

In highly polluted areas with large NOx and NH3 emissions, both
daytime and nighttime formations of HNO3 will lead to rapid production
−
of NO−
3 . But nighttime enhancement of NO3 is likely to be more significant since photolysis reaction (NO2 þ hv →O2 O3 þ NOR1) serves as an

important sink for NO2 during daytime, while on the other hand,
titration reaction (R3) provides a source for NO2 during nighttime.
While most anthropogenic emissions are usually released during daytime, the importance of nighttime enhancement of nitrate pollution
has been revealed only in very few studies. Pun and Seigneur (2001) reported nighttime enhancement of NO−
3 in San Joaquin Valley based on
box model simulations, and Pathak et al. (2011) reported summer
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nocturnal accumulation of NO−
3 in Beijing and Shanghai also with box
model. In our study however, the importance of nocturnal production
of NO−
3 was demonstrated with 3D model simulation for the very ﬁrst
time. Moreover, rather than previous studies drawing conclusion
based on a few days box model simulations, our simulation found that
the nitrate enhancement could happen in all seasons.
Fig. 5 demonstrates average diurnal proﬁles of O3, NO−
3 , NH3, HNO3,
and NO2 for each season at Shanghai from CMAQ base simulation. In
spring (MAM) as shown in Fig. 5(a), O3 concentration started to
increase from about 6:00 which is the local sunrise time, and started
to decrease around 14:00. During this time period, NO−
3 was increasing
slowly and both NO2 and NH3 were found decreased correspondingly.
The negative correlation between NO2 and NO−
3 within this episode
indicated that, although HNO3 daytime production was fast due to
higher O3 concentration, the formation of NO−
3 was not promoted
signiﬁcantly, which was probably caused by higher temperature that
favors partition of particle phase NH4NO3. While O3 and HNO3 concentrations fall to bottom values around 22:00, NO−
3 kept increasing gradually. Meanwhile NO2 also increased rapidly with a rising rate even
−
larger than increasing of NO−
3 , indicating that formation of NO3 was
mainly driven by the daytime accumulated HNO3 before 22:00, since
concentration of HNO3 decreased rapidly and stayed low until the
next morning. Enhancement of nitrate became increasingly fast after
0:00 with a sharp decrease of both NO2 and NH3, which apparently
indicated that hydrolysis of N2O5 took over the primary role as NO−
3
producer from 0:00 to 6:00. Similar nighttime enhancement of NO−
3
was also found for other seasons as shown in Fig. 5(b)–(d). The diurnal
variations of other species may change slightly between different seasons, but accumulation of NO−
3 was identiﬁed throughout the year. In
addition, although nighttime lower PBL may also contribute to the
−
higher concentration of NO−
3 , the simultaneously increase of NO3 and
decrease of NH3 between 0:00 and 4:00 suggested that the nocturnal
production process plays the key role in determining the accumulation
of NO−
3 .
It is also important to notice that nocturnal production of NO−
3 is
greatly dependent on concentration of O3 which is involved in reactions
(R3) and (R4). Since O3 could only be produced through photolysis reactions, the daytime accumulation of O3 had substantial impact on the
nighttime formation of NO−
3 as the major oxidant. While O3 concentration is also closely determined by NOx, NO−
3 response under NOx emission change become more complicated, as discussed in next section.
3.3. Inorganic aerosols responses to NOx and VOC emission reductions
As the major precursor for both NO−
3 and O3, a few studies already
demonstrated that NOx emission change over YRD would lead to increase of O3 especially in winter due to the local VOC-sensitive condition
(Fu et al., 2012a; Dong et al., 2013). However, impact of NOx emission
change on NO−
3 may retain many uncertainties due to the complicacy
within the chemical processes discussed in last section. Under NOx
emission reduction, although the daytime formation of HNO3 might be
directly slow down, less titration effect on the other hand will probably
lead to higher accumulated O3 and thus indirectly speed up the forma+
tion of NO−
3 through the nocturnal production pathway. Change of NH4
is also unclear without modeling because it is dependent on changes of
2−
is relatively more
NO−
3 since YRD was NH3-rich. Response of SO4
predictable since oxidization of SO2 is mainly driven by hydroxyl radical,
so SO24 − production may remain mostly unaffected. But the thermo2−
+
dynamic equilibrium of NO−
3 –SO4 –NH4 system will also be affected
−
once NO3 concentration changes. Consequently, we examined
2−
+
the NO−
3 , SO4 , and NH4 responses to anthropogenic NOx and VOC
emission changes in this section based on modeling results from control
scenarios to reveal the inorganic aerosols sensitivity over YRD.
Fig. 6 described the seasonal average responses of inorganic aerosols
under emission control scenarios P-N85 and I-V20. Usually with NOx
2−
was
emission reduction, NO−
3 was expected to decrease and SO4

expected to increase. However, under P-N85 scenario, we ﬁnd increase
of NO−
3 was found over east and north part of YRD in winter (DJF) with
largest increment as 0.4 μg/m3 in Shanghai, and decrease of NO−
3 was
found over most part of YRD with up to 2.5 μg/m3 in fall (SON). Simulated NH+
4 in P-N85 showed weak response to NOx emission change, its
concentration decreased slightly in spring (MAM), yet increased during
summer (JJA), fall, and winter mainly over east part of YRD, with the
largest increase as 0.2 μg/m3 in winter over Shanghai. Changes of
were found to be positive for all seasons over the domain, with
SO2−
4
the largest increase up to 0.6 μg/m3 in fall over Suzhou (~100 km northwestward of Shanghai). VOC emission change scenario I-V20 was found
to have very weak impacts on inorganic aerosols as shown in Fig. 6,
since it only directly affect O3 chemistry. As majority of YRD is VOCsensitive for O3, concentration of NO−
3 was also found decrease slightly
due to less oxidants available for both daytime and nighttime pathways
under VOC reduction.
Fig. 7 describes seasonal average responses of NO−
3 under T-N20, IN20 and T-V20 scenarios. The impacts of emission controls are similar
between T-N20, I-N20 and P-N85, except that nitrate changes in smaller
scale. This is consistent with expectation since less NOx emission is reduced in T-N20 and I-N20 as compared with P-N85 as mentioned in
Section 2, while it also indicated that the nitrate responses (both increasing and decreasing) might be linear due to emission change.
While 20% of VOC emission from industry seems not signiﬁcantly affect
the aerosols responses as shown in Fig. 6 for I-V20, same reduction ratio
3
for T-V20 is demonstrated to reduce NO−
3 up to 0.18 μg/m over YRD in
winter. The difference between I-V20 and T-V20 indicated that reduction in transportation sector can effectively reduce the daytime production of O3 and thus prohibit the formation of NO−
3 through daytime
production.
The seasonal and spatial variations of aerosols response to NOx
emission control indicated that both meteorology condition and emission intensity may lead to different sensitivity of NO−
3 over YRD,
2−
which will further affect the changes of NH+
4 and SO4 . In addition, O3
sensitivity may have a signiﬁcant impact on NO−
3 sensitivity in YRD. In
order to better understand the temporal and spatial variations of NO−
3
sensitivity, monthly average diurnal proﬁles of O3 and N2O5 were investigated. July and December were selected as the representative months
to reveal the impact caused by different meteorology. Two 5 × 5 grid
subsections were selected as one in Shanghai urban area and the other
in Hangzhou rural area, to examine the different impacts caused by
emission intensity.
Fig. 8 described O3 and N2 O5 responses under P-N85 and I-V20
scenarios over urban and rural sites in July and January. In July at
urban site, daytime production of O3 under I-V20 was found almost
overlay with base case, indicating the rapid summer time photolysis
production of O3 was hardly affected by 20% VOC reduction from industry source over YRD. Although urban area in YRD was reported as
VOC-sensitive condition (Li et al., 2011; Xing et al., 2011), industry
VOC emission sources such as oil and chemical productions were
mainly located in suburban area where NOx emission is low. Thus
20% control was insufﬁcient to effectively reduce O3 (T-V20 scenario
with 20% VOC emission reduction from transportation does show a
slight reducing impact on NO −
3 in winter due to decreased O 3 ,
which is shown in Fig. 7). Under P-85 case, O3 was higher than base
case between 6:00 and 11:00, lower between 11:00 and 15:00, and
almost same as base case between 15:00 and 23:00, suggesting
that summer urban area in YRD was VOC-sensitive in daytime. Although both O3 and N2O5 concentrations were slightly higher in PN85 scenario between 0:00 and 05:00 due to less titration by lower
NOx emission, N 2O 5 concentration between 10:00 and 23:00 was
lower than base case, which resulted in the overall lower production
of NO−
3 in summer over YRD as shown in Fig. 6.
While NOx reduction resulted in NO−
3 decrease in summer time, PN85 was found having different impact in December. As shown in
Fig. 8(b), in December, O3 concentration increased by up to 11.8 ppbv
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Fig. 6. NO−
responses under P-N85 (upper panel) and I-V20 (lower panel) scenarios in four seasons, blues indicate concentrations decrease and reds indicate increase.
3 , NH4 , and SO4

(49% higher than base case) at 15:00 and up to 11.7 ppbv (78%) at 3:00
under the P-N85 scenario over the urban site, indicating that titration
effect was strongly restrained under NOx emission reduction. Correspondingly, increase of O3 lead to enhancement of N2O5 which mainly
happened after 18:00 and before 5:00, with largest rise up to 0.22
ppbv (58%) at 2:00. While the difference of N2O5 between base and PN85 was obviously much smaller during daytime, the large discrepancy
during nighttime suggesting that NOx emission reduction over the
urban site lead to rapid nocturnal formation of N2O5 due to excessive
O3 accumulated during daytime. So hydrolysis of N2O5 will then result
in higher production of HNO3 and NO−
3 under the NH3-rich condition
and NH+
over YRD, and further lead to more formation of SO2−
4
4 . This

process explained the increase of inorganic aerosols over Shanghai
during winter as shown in Fig. 6. VOC emission reduction also
showed larger impact in December, as in I-V20 scenario O3 concentration was decreased by up to 1.3 ppbv (10%) at 2:00, along with
N2 O 5 concentration decreased by up to 0.017 ppbv (12%) at the
same time. This negative response of O3 and N2O5 implied the VOCsensitive condition for both O 3 and NO−
3 during winter time over
urban areas of YRD.
Fig. 8(c)–(d) described chemical responses over the rural site in two
different seasons. Apparently, emission changes of VOC or NOx were
found hardly to affect O3 in July. N2O5 concentration was reduced slightly during nighttime under P-N85 scenario due to less NO2 available.
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JJA
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DJF

T-V20

T-N20

I-N20

MAM

Fig. 7. Seasonal average of NO−
3 responses to I-N20 (upper panel), T-N20 (middle panel), and T-V20 (lower panel) scenarios.

Emission changes in December showed larger responses as O3 increased
slightly during daytime, and N2O5 was reduced greatly during nighttime
under P-N85 scenario, while I-V20 showed adverse effect but within
much smaller scale. This result indicated that rural area over YRD
might be slightly VOC-limited for O3, but reduction of NOx emission
may still lead to decreasing of NO−
3 .
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In-situ observations of ﬁne particles, satellite observations and
the MM5/CMAQ modeling system were used to examine the PM2.5
pollution over Yangtze River Delta area in China. PM 2.5 pollution
was found in severe status by evaluating its ambient concentration
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(lower row) area. Cases shown here include base case (solid lines), I-V20 (alternating long and short dashed line), and P-N85 (dash lines).
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against the new published China National Ambient Air Quality
Standard, with 58% of the research domain exceeding the annual
standard. PM2.5 was also found to have a strong seasonality which
was affected by signiﬁcant contributions from inorganic aerosols.
2−
+
Total NO−
3 , SO4 , and NH 4 contributed to 36%–49% for PM 2.5 mass
over YRD, generally with higher concentrations in winter and
lower values in summer.
In order to understand the contributions from inorganic aerosols, especially the high NO−
3 over YRD, diurnal variation analysis
was performed to examine the chemical production process of
NO −
3 . The results suggested that nocturnal production may be
responsible for the high NO−
3 concentration in NH 3 -rich condition
over YRD. While other studies suggested this process may be only
obvious in certain episodes, our results demonstrated that nighttime enhancement of NO−
3 may have important impact on inorganic
aerosol formation throughout the year, although the effect was
especially signiﬁcant in winter due to favored condition for hydrolysis of N2O5.
Sensitivity responses of inorganic aerosols were also analyzed in
order to provide fundamental information for potential emission
control activity aiming at reducing PM pollution over YRD. We
ﬁnd that simply reducing NOx emission will lead to increase of
−
NO −
3 in winter over the urban areas, although NO 3 will be de−
creased for other seasons and areas. Changes of NO3 is also found
to affect the responses of other inorganic aerosols, where NH +
4
might be slightly increase or decrease depending on time and location, and SO 24 − was found mostly increase moderately under NOx
emission control. On the other hand, VOC emission control was
found reduce NO −
3 concentration especially in winter, although it
is not directly related to formation. It turns out NO−
3 formation is restrained through the nocturnal production process because YRD is
VOC-limited for O 3 production, and reducing VOC would lead to
less O 3 and thus slow down the production of N 2 O5 during nighttime. Since NOx emission reduction has been included in the national 12th-ﬁve-year-plan (12th FYP), our ﬁndings in this study
suggested that a multi-pollutant reduction strategy that integrates
control measures to reduce both NOx and VOC should be indeed
more effective.
Moreover, while different reduction ratios were applied in this
study, it should be noticed that nitrate response to NOx emission change
is possibly nonlinear although we do see the consistency between IN20/T-N20 and P-N85 scenario. Future work should extend this sensitivity modeling analysis by applying more reduction/increase ratios
such as response surface modeling (Xing et al., 2011) to explicitly examine the inorganic aerosols responses.
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