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� Diurnal changes of carbonaceous and ionic components were studied in northern Beijing.
� d13C and d15N of total carbon and nitrogen in aerosols were determined.
� We found diurnal changes of chemical constitutes with day/night air mass transport.
� In daytime pollutants are transported from Beijing to northern vicinity.
� During rainfall events, all chemical components declined with the depletion of nitrate.
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a b s t r a c t

We report diurnal variations of organic carbon (OC), elemental carbon (EC), water-soluble organic carbon
(WSOC) and major ions as well as stable carbon and nitrogen isotope ratios (d13C and d15N) in ambient
aerosols at a suburban site (Mangshan), 40 km north of Beijing, China. We found that aerosol chemical
compositions were largely controlled by the air mass transport from Beijing in daytime with southerly
winds and by relatively fresh air mass in nighttime from the northern forest areas with northerly winds.
Higher concentrations of aerosol mass and total carbon were obtained in daytime. Further, higher OC/EC
ratios were recorded in daytime (4.0 ± 1.7) than nighttime (3.2 ± 0.7), suggesting that OC is formed by
photochemical oxidation of gaseous precursors in daytime. Contributions of WSOC to OC were slightly
higher in daytime (38%) than nighttime (34%), possibly due to secondary formation of WSOC in daytime.
We also found higher concentrations of Ca2þ in daytime, which was originated from the construction
dust in Beijing area and transported to the sampling site. d13C ranged from �25.3 to �21.2‰
(ave. �23.5 ± 0.9‰) in daytime and �29.0 to �21.4‰ (�24.0 ± 1.5‰) in nighttime, suggesting that
Mangshan aerosols were more influenced by fossil fuel combustion products in daytime and by
terrestrial C3 plants in nighttime. This study suggests that daytime air mass delivery from megacity
Beijing largely influence the air quality at the receptor site in the north together with photochemical
processing of organic aerosols during the atmospheric transport, whereas the Mangshan site is covered
with relatively clean air masses at night.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Carbonaceous aerosols are enriched with organic carbon (OC)
(K. Kawamura).
rather than elemental carbon (EC). Almost 50% of global EC are
emitted from fossil fuel combustion. OC has primary (anthropo-
genic or biogenic) and secondary sources via atmospheric oxidation
of volatile organics (Galbally and Goldstein, 2007). The formation of
secondary organic aerosol (SOA) increases atmospheric levels of OC
and hence OC/EC ratios are enhanced (Cabada et al., 2004). OC/EC
ratio has been used as a tool for the source apportionment of
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Fig. 1. Location of the sampling site and Beijing city.

N. He et al. / Atmospheric Environment 123 (2015) 18e24 19
carbonaceous aerosol (Gnauk et al., 2008; Plaza et al., 2011).
Significant fraction (20e70%) of organic carbon (OC) or total

carbon (TC) is water-soluble (Duarte et al., 2007; Semp�er�e and
Kawamura, 1994). Water-soluble organic carbon (WSOC) plays an
important role in the wet scavenging of atmospheric particles,
formation of haze, and the impact on human health (Dreher, 2000;
Turpin, 1999), and also acts as cloud condensation nuclei (CCN)
influencing the global climate (Kanakidou et al., 2005). The emis-
sion sources of primary WSOC include biomass burning (Fine et al.,
2002; Nolte et al., 2001; Rogge et al., 1998; Schauer et al., 2001),
cooking (He et al., 2004; Rogge et al., 1991; Schauer et al., 1999),
paved road dust (Nolte et al., 2002) and automobiles (He et al.,
2006; Rogge et al., 1993). However, major fraction of WSOC is
derived from atmospheric oxidation of volatile organic compounds
(VOCs) emitted from the primary sources (Kondo et al., 2007) via
chemical aging during atmospheric transport (Rudich et al., 2007).

Stable carbon (d13C) and nitrogen (d15N) isotope ratios have
been successfully used to better understand the contributions of
various sources to organic aerosols (Cachier et al., 1986; Kawamura
et al., 2004; Narukawa et al., 1999; Turekian et al., 1998). The
contribution of nitrate (NO3

�) and ammonium (NH4
þ) ions to total

aerosol nitrogen could provide additional information on the
source types of aerosols (Kundu et al., 2010; Pavuluri et al., 2010).
Water-soluble inorganic ions (e.g., Kþ, SO4

2�, NH4
þ, Ca2þ and

NO3
�) are often considered as indicators of different origins (e.g.,

biomass burning, coal combustion, agricultural emission, NOx, and
soil/dust) (Wang et al., 2005a,b). Secondary formation of inorganic
aerosols and their contribution to fog and haze formation have
been discussed. For example, Guo et al. (2010) reported that 55% of
summertime fine aerosol mass (<1.8 mm) in Beijing was derived
from secondary inorganic aerosols (sum of NH4

þ, NO3
� and SO4

2�),
which were responsible to the regional-scale pollution.

Beijing city is generally considered more polluted than its sub-
urban areas due to geographically closer situation to emission
sources, e.g., vehicle exhaust and industrial areas. With continuous
economic growth, air quality in Beijing has been deteriorating
seriously (Cao et al., 2014; Yu et al., 2013). However, our recent
study on dicarboxylic acids in the ambient aerosols from back-
ground vicinity site (Mangshan) of Beijing demonstrated that their
concentrations were much higher than those previously reported
in Beijing (He et al., 2014). Here, we present comprehensive data
sets on OC, EC, WSOC, major ions, and stable carbon and nitrogen
isotopes in the ambient aerosols from Mangshan site. We discuss
aerosol chemical properties to elucidate the source difference
following the wind patterns during day and night. The photo-
chemical aging of atmospheric aerosols will also be discussed
during the transport from Beijing to the receptor site.

2. Aerosol collection and analytical methods

2.1. Site description and aerosol sampling

Aerosol (TSP) sampling was carried out in a suburban site near
the entrance of the Mangshan national forest park (40�160N,
116�170E; elevation of 187 m above sea level). The sampling site is
40 km north of the center of Beijing. Forest-surrounded areas
expand to the north of Mangshan, while populous, urbanized and
industrialized areas including Beijing, Tianjin and Hebei Provinces
expand in the south of the sampling site (Fig. 1).

We collected 3-h daytime samples (n ¼ 26), 9-h daytime sam-
ples (n ¼ 12), and 15-h nighttime samples (n ¼ 20) together with 4
field blanks from 15th September to 5th October 2007 using a high-
volume air sampler and pre-combusted quartz fiber filters
(20 � 25 cm). Before and after the sampling, filters were stored in a
clean glass jar (150 ml) with a Teflon-lined screw cap. The filter
samples were stored at �20 �C in a dark freezer room prior to
analysis. Meteorological parameters including precipitation,
ambient temperature, relative humidity, and wind direction were
recorded at the sampling site during the campaign period. The
average temperature and relative humidity at Mangshan were
25 �C and 57% in daytime and 17 �C and 78% in nighttime. The
dominant wind pattern was characterized by southwesterly wind
(205�, on average) during daytime and northeasterly wind (30�, on
average) during nighttime, being consistent mostly with air mass
back trajectories (He et al., 2014). Rainfall was observed at night of
September 17, evening of September 26, and daytime of Oct 1. Light
rain lasted from October 4 to the end of the field campaign.
2.2. Chemical analyses

We conducted the measurements of total carbon (TC), total ni-
trogen (TN), organic carbon (OC), elemental carbon (EC), water-
soluble organic carbon (WSOC), stable carbon and nitrogen iso-
topes of TC and TN, and inorganic ions in the ambient aerosol
samples. For TC and TN and their stable isotopes, a filter cut (area
3.14 cm2) was placed into a pre-cleaned tin cup and shaped into a
rounded ball, which was introduced to an elemental analyzer (EA;
model: NA 1500 NCS, Carlo Erba Instruments) using an auto-
sampler. The sample was oxidized in a combustion column to
promote the intensive oxidation of sample materials in an atmo-
sphere of pure oxygen. Excess oxygen is removed and nitrogen
oxides coming from the combustion column are reduced to mo-
lecular nitrogen (N2) in the reduction column. The N2 and CO2
derived from the samples were isolated on-line using a gas chro-
matograph and then measured with a thermal conductivity
detector.

Aliquots of the N2 and CO2 gases were then introduced into an
isotope ratio mass spectrometer (Thermo Quest, Delta Plus)
through an interface (Thermo Quest, ConFlo II). The isotopic com-
positions of carbon (d13C) and nitrogen (d15N) were determined
using acetonitrile as a standard and the following isotope conver-
sion equations:

d13Cð‰Þ ¼
� ð13C=12CÞsample

ð13C=12CÞstandard
� 1

�
� 1000 (1)



N. He et al. / Atmospheric Environment 123 (2015) 18e2420
d15Nð‰Þ ¼
� ð15N=14NÞsample

ð15N=14NÞstandard
� 1

�
� 1000 (2)

OC and EC were measured using a semi-continuous OC/EC
analyzer (Sunset Laboratory Inc., Portland, USA). A punch of the
filter (F14 mm) was placed in a quartz boat inside the thermal
desorption chamber of the analyzer, and then stepwise heating
(IMPROVE) was applied. The generated CO2 was determined using a
NDIR detector (Wang et al., 2005a).

For the measurements of WSOC, aliquots of filter samples
(3.14 cm2) were extracted with 10 mL Milli-Q water, and filtrated
through a disc filter (0.45 mm, GL Science) to remove the particles
and quartz filter debris. The solution was then injected into a car-
bon analyzer (Shimadzu, TOC-5000). For the determination of
inorganic ions (SO4

2�, NO3
�, Cl�, NH4

þ, Naþ, Ca2þ, Kþ and Mg2þ),
we used a Metrohm 761 ion chromatograph (IC) system (Herisau,
Switzerland). The details of the methodologies are presented in
Kundu et al. (2010) and Agarwal et al. (2010).

Procedural blanks were carried out in parallel with real samples
to account for any contamination. The data presented here are
corrected for the blanks. The analytical uncertainties of ion ana-
lyses, and WSOC and TC and TN analyses were roughly 10e15%.
Uncertainties in the measurements of stable carbon and nitrogen
isotope ratios werewithin 0.2‰ and 0.3‰, respectively (Kawamura
et al., 2004).
3. Results and discussion

3.1. Total aerosol mass, TC, TN, d13C, d15N and TC/TN ratio

Concentrations of major constitutes in both daytime and
nighttime samples are summarized in Table 1. Throughout the 3-
week observation at Mangshan site, we found distinct diurnal
variations in the concentrations of total aerosol mass (AM), TC, TN,
fractions of TC/AM and TN/AM as shown in Fig. 2. The concentra-
tions of TC ranged from 6 to 51 mg m�3 (ave. 25 ± 13 mg m�3) in
daytime samples and ranged from 4 to 35 mg m�3 (17 ± 10 mg m�3)
in nighttime samples. Higher concentrations of TC were observed
in daytime, which are associated with strong emission from Beijing,
followed by atmospheric transport to the north. Pollutants emitted
from the industrial areas of Beijing are important sources as well as
Table 1
Concentrations of major constitutes in daytime and nighttime aerosol samples from Ma

Constitutes Daytime (n ¼ 38)

Min. Max.

Bulk analyses
Aerosol mass (mg m�3) 47.8 603
Total carbon (TC) (mg m�3) 5.8 51.3
Total nitrogen (TN) (mg m�3) 0.8 33.5
Isotope ratio of TC (‰) �25.3 �21.2
Isotope ratio of TN (‰) 9.0 20.8
Organic carbon (OC) (mg m�3) 5.8 38.5
Elemental carbon (EC) (mg m�3) 1.9 10.3
Water-soluble organic carbon (WSOC) (mg m�3) 2.2 12.9

Inorganic ions (mg m�3)
Naþ N.D. 2.2
NH4

þ 0.5 26.6
Kþ 0.1 5.4
Ca2þ 0.5 14.2
Mg2þ 0.1 1.7
Cl� 0.0 7.0
NO3

� 1.0 58.9
SO4

2� 1.3 78.4

N.D. ¼ Not Detected.
Note: All the numerical data in this table, except integers, show one demical place.
automobile exhausts from the heavy traffic (Hao and Wang, 2005;
Schipani, 2014).

TC accounted for 9 ± 2% (range 3e14%) of AM in daytime, and
11 ± 3% (4e17%) in nighttime. Concentrations of TC and its pro-
portions to AM are higher in the source region and lower in the
outflow region far from the sources. TC and its proportion to AM in
Mangshan are lower than those observed in Beijing (49 mg m�3,
17%) (Sekine et al., 1992) and Tokyo (24 mg m�3, 21%) (Kawamura
and Yasui, 2005), but significantly higher than those from marine
aerosols in the Pacific (0.38 mg m�3, 0.75%) (Kawamura and
Sakaguchi, 1999), suggesting that the proportion of TC to AM in
the Mangshan aerosols decreased along with the increase of inor-
ganic components during the transport. The concentrations of TN
ranged from 1 to 33 mg m�3 (ave. 13 ± 10 mg m�3) in daytime, ac-
counting for 4 ± 2% (range 1e10%) of AM. In contrast, they ranged
from 0 to 26 mg m�3 (10 ± 9 mg m�3) in nighttime, accounting for
6 ± 3% (1e10%) of AM. TC/TN ratios ranged from 1.0 to 14.6 (ave.
3.2 ± 2.5) in daytime, and ranged from 0.7 to 9.5 (2.8 ± 2.2) in
nighttime, but they did not indicate distinct diurnal changes in the
Mangshan aerosols. The higher ratios in daytime suggest more
contributions of organic aerosols from Beijing area by southwest-
erly wind.

d13C of TC and d15N of TN showed diurnal variations in most of
the sampling days as shown in Fig. 3. d13C shows minimum
in nighttime, whose values ranged from �25.3 to �21.2‰
(ave. �23.5 ± 0.9‰) in daytime, and from �29.0 to �21.4‰
(�24.0 ± 1.5‰) in nighttime (Fig. 3a). The d13C values in Mangshan
aerosols indicate mixed sources of marine phytoplankton (�15
to �28‰), natural gas (�21 to �90‰), fossil fuel combustion (coal
and petroleum) (�25 to �31‰), and terrestrial C3 plants (�23
to �30‰) (Deines, 1980; Mook et al., 1983; Rau et al., 1982).
However, the sampling site is far from the ocean and located in the
national forest park, hence, fossil fuel combustion and terrestrial C3
plants are considered as two major sources. Further, northeast
winds in nighttime probably bring organic matter of terrestrial C3
plant origin from the forest areas to the receptor site. Diurnal var-
iations of d15N will be discussed in Section 3.4.
3.2. OC and EC

Concentrations of OC and EC and OC/EC ratios in Mangshan
ngshan.

Nighttime (n ¼ 20)

Ave. S.D Min. Max. Ave. S.D

267 129 29.4 270 146 78.6
24.9 13.4 3.5 34.5 16.9 9.5
12.6 9.7 0.4 25.8 10.5 8.6

�23.5 0.9 �29.0 �21.4 �24.0 1.5
15.0 2.4 13.1 21.3 16.8 2.5
22.2 7.9 3.5 29.0 14.7 7.2
6.0 2.6 0.7 9.9 4.8 2.4
6.8 3.5 0.8 10.2 4.2 2.4

0.1 0.4 N.D. 1.9 0.2 0.4
9.8 8.0 0.3 21.4 8.1 7.1
1.8 1.2 0.3 4.6 1.5 1.1
6.9 3.7 0.2 7.6 2.9 1.8
0.7 0.4 0.0 1.2 0.4 0.3
0.9 1.2 0.1 6.1 0.9 1.3

23.5 19.4 0.7 47.2 18.2 14.7
22.0 19.8 1.2 66.1 20.1 19.5



Fig. 2. Concentrations of (a) aerosol mass (AM), (b) total carbon (TC), (c) total nitrogen
(TN), (d) ratios of TC/AM, and (e) ratios of TN/AM in Mangshan aerosol samples. Hollow
plots represent daytime samples and solid plots represent nighttime samples.

Fig. 3. Stable (a) carbon isotope ratios (d13C) of TC and (b) nitrogen isotope ratios
(d15N) of TN in Mangshan aerosols. Hollow plots represent daytime and solid plots
represent nighttime samples.
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samples show distinct diurnal variations. OC concentrations ranged
from 6 to 39 mg m�3 (ave. 22 ± 8 mg m�3) in daytime and
4e29 mgm�3 (15± 7 mgm�3) in nighttime (Table 1). Higher levels of
OC in daytime may be caused by the atmospheric transport of
polluted air masses from Beijing and the photochemical production
of OC via the oxidation of anthropogenic hydrocarbons during the
transport in daytime. Average concentrations of EC were
6 ± 3 mg m�3 (range: 2e10 mg m�3) in daytime, and 5 ± 2 mg m�3

(1e10 mgm�3) in nighttime. OC and EC concentrations of Mangshan
aerosols are comparable to those reported in Hong Kong (12.4 and
2.5 mg m�3, respectively), but lower than other Chinese cities (23.9
and 4.2 mg m�3 in Guangzhou, and 23.7 and 4.6 mg m�3 in Xi'an,
respectively) (Duan et al., 2007; Shen et al., 2009).

OC/EC ratios of Mangshan aerosols ranged from 2.1 to 9.3 with a
mean of 4.0 ± 1.7 in daytime, and 2.0 to 5.0 with a mean of 3.2 ± 0.7
in nighttime. Generally, OC/EC ratios depend on emission sources
and formation of secondary organic aerosols (SOA). The higher OC/
EC ratios in daytimemay be attributed to different emission sources
that are rich in OC and are transported by the southerly wind in
daytime. Another possibility may be a large production of SOA by
photochemical processing during the transport from the industrial
area of Beijing to Mangshan site in daytime. Interestingly, He et al.
(2014) reported increased concentrations of dicarboxylic acids,
which may serve as markers of photochemical production, and
related compounds in daytime during the same campaign. The
production of dicarboxylic acids and related compounds in photo-
chemical process should contribute to the increase of OC/EC ratios
in daytime.
3.3. Water-soluble organic carbon (WSOC)

In the present study, WSOC in daytime samples ranged from 2 to
13 mg m�3 (ave. 7 ± 4 mg m�3), accounting for 21e54% (38 ± 7%) of
OC. In contrast, WSOC in nighttime samples ranged from 1 to
10 mg m�3 (4 ± 2 mg m�3), accounting for 20e45% (34 ± 6%) of OC.
Concentrations of WSOC in Mangshan aerosols generally showed
daytime maxima and nighttime minima as illustrated in Fig. 4a.
WSOC/OC ratios also show similar diurnal trend (Fig. 4b). Based on
the enhanced WSOC/OC values in daytime, we emphasize that
secondary chemical processes are more important in controlling
the aerosol composition in the northern vicinity of Beijing than



Fig. 4. Temporal variations in (a) the concentrations of WSOC, and (b) WSOC/OC ratios
in Mangshan aerosol samples. Open circles represent daytime and solid circles
represent nighttime samples.

Fig. 5. (a) Concentrations of total inorganic ions, and (b) proportions of each ion in
total ions measured in the Mangshan aerosol samples.
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primary sources in daytime. This can be further supported by
relatively high OC/EC ratios in daytime. Interestingly, Jaffrezo et al.
(2005) reported that aged aerosols have higher fractions (>40%) of
WSOC in OC.
3.4. Water-soluble inorganic ions

Fig. 5a shows temporal variation of the concentrations of total
ions during the campaign. Although total ions peaked in daytime in
most days, they dropped markedly when precipitation took place
especially in September 17 and 26 (Fig. 5a). Fig. 5b presents the
fractions of SO4

2�, NO3
� and NH4

þ in total ions, which are also
significantly influenced by rainfall. SO4

2� and NO3
� are the most

abundant ions in both day- and nighttime. The concentrations of
SO4

2� ranged from 1 to 78 mg m�3 (ave. 22 ± 20 mg m�3), ac-
counting for 32 ± 9% of total ions in daytime, while its concentra-
tions ranged from 1 to 66 mg m�3 (ave. 20 ± 20 mg m�3) in
nighttime, accounting for 36 ± 10%. Compared to SO4

2�, the relative
higher concentrations of NO3

� in daytime and the relative lower
concentrations of it in nighttime are possibly due to: (1) different
concentrations of their precursors in daytime. The southerly wind
carried more precursors of NO3

�, which are emitted from vehicle
and industry activities, rather than those of SO4

2�, which are
derived from fossil fuel combustion; (2) in nighttime, there were
less sources of NO3

� than SO4
2�; besides, NO3 can serve as a main

oxidant in nighttime in the reaction with biogenic VOCs (such as
isoprene and monoterpenes emitted in the forest area) to produce
methyglyoxal and glyoxal (Warneke et al., 2004), which lead to the
consumption of NO3

�. It is of interest to note that SO4
2� and NO3

�

preferentially declined during the rainfall events (Fig. 5b), sug-
gesting that the decrease of these two ions may have been due to
combined effects of wet removal (both in-cloud and below-cloud)
and/or air mass changes. However, the data of wind direction did
not indicate any changes in air mass origins.
Because SO4

2� is produced by photochemical oxidation of SO2
(fossil fuel derived pollutant), its higher concentrations demon-
strate that air quality of Mangshan is heavily polluted. Levels of
NO3

� show the similarity to those of SO4
2�. Concentrations of

NO3
� ranged from 1 to 59 mg m�3 (ave. 24 ± 19 mg m�3) in daytime,

accounting for 31 ± 10% of total ions. In contrast, its nighttime
concentrations ranged from 1 to 47 mg m�3 (av. 18 ± 15 mg m�3),
accounting for 32 ± 10% of total ions. The third most abundant ion
was NH4

þ, whose daytime concentrations were 1e27 mg m�3 (ave.
10 ± 8 mg m�3), accounting for 14 ± 3% of total ions. Their nighttime
concentrations were 0e21 mg m�3 (ave. 8 ± 7 mg m�3), accounting
for 14 ± 4% of total ions. We obtained a good ion balance between
anions and cations (R2 ¼ 0.97) for all samples during the campaign
(the result is not shown as a figure). However, the R2 is 0.92 for
daytime samples and 0.98 for nighttime. During the sampling
period, all nighttime samples were collected for 15 h (from 6pm to
9am), while daytimes were partially collected from every 3 h (from
9am to 12am, from 12am to 3pm, from 3pm to 6pm) and partially
collected for 9 h (from 9am to 6pm). The difference of ion balances
between daytime and nighttime samples might be attributed to
that the numbers of daytime samples, which subjected to the sta-
tistics of wet removal during rain event, are more than those of
nighttime samples. And the decrease in the concentrations of sul-
fate and nitrate due to wet removal may cause the plots of daytime
samples in the figure of ion balance deviating from the trend line
and lead to the relatively lower value of R2 in daytime.

Most ions did not show clear diurnal variations. However, Ca2þ

showed a distinct diurnal variation with twice higher concentra-
tions in daytime (range of 1e14 mg m�3, mean of 7 ± 4 mg m�3,
relative abundance of 16 ± 11%) than nighttime (0e8 mg m�3,
3 ± 2 mg m�3, 10 ± 9%). Zhang and Iwasaka (1999) reported that
Ca2þ in Beijing aerosols is mostly derived from construction dust.
From the year of 2005, widespread construction activities have
boomed in China, especially in Beijing and its vicinity. The
construction-emitted dusts may have enhanced the atmospheric
levels of Ca2þ in Beijing in daytime (Hu et al., 2005). As the wind
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speed of daytime and nighttime samples in a same sampling day
was comparable during the sampling period, therefore, the relative
more abundant Ca2þ in daytime samples might have been deliv-
ered from Beijing due to construction activities.

Strong correlations were found between WSOC and NO3
� in

both daytime (R2 ¼ 0.68) and nighttime (R2 ¼ 0.67), while fairly
good correlations were obtained between WSOC and SO4

2�

(R2 ¼ 0.41 in daytime and R2 ¼ 0.40 in nighttime). The strong
correlation between WSOC and NO3

� indicates that WSOC may be
largely produced by photochemical oxidation of organic precursors
emitted with exhausts from industry activities and automobiles.
We also found good correlations between NO3

� and TN (R2 ¼ 0.89
in daytime, R2 ¼ 0.67 in nighttime) and NH4

þ and TN (R2 ¼ 0.93 in
daytime, R2 ¼ 0.92 in nighttime) in Mangshan aerosols, demon-
strating that aerosol nitrogen is largely associated with NO3

� and
NH4

þ. Interestingly, at Mangshan site, NH4
þeN is more abundant

than NO3
�eN by 10e20% in the Mangshan aerosols. This result

suggests higher emissions of NH3 and lower emissions of NOx in
the northern vicinity of Beijing due to agricultural activities, which
is consistent with previous studies on NH4

þ and NO3
� (Shen et al.,

2011; Zhang et al., 2008).
It is also noteworthy that positive correlation between TN and

(NO3
� þ NH4

þ)eN is very strong (R2 ¼ 0.96 in daytime and
R2¼ 0.88 in nighttime) as shown in Fig. 6. Although some points are
scattered somehow in the figure, the slope of regression line is close
to unity, indicating that combination of nitrate and ammonium
accounts for most of aerosol nitrogen. This result means that
organic nitrogen is negligible in the Manshan aerosols, being in
contrast to the marine aerosols reported from Cape Hedo, Okinawa
Island in the western North Pacific Rim, an outflow region of Asian
dusts and pollutants, in which organic nitrogen accounted for one
third of TN (Kunwar et al., 2015). In a deciduous broadleaf forest
from Sapporo, Japan, high abundances of water-soluble organic
nitrogen were reported especially in summer (Miyazaki et al.,
2014).

As shown in Fig. 3b, diurnal variations in d15N of TN are char-
acterized by smaller values in daytime samples and greater values
in nighttime samples in most sampling dates. Higher d15N values in
nighttime samples may be associated with ammonium nitrogen
(NH4

þeN) originated from the forest areas in the north of Man-
gshan. During the transport, isotopic exchange between gaseous
NH3 and aerosol NH4

þ may occur in the atmosphere, causing an
isotopic enrichment of heavier nitrogen (15N) in aerosol phase
Fig. 6. Correlation plots between (NO3
� þ NH4

þ)eN and total nitrogen (TN) in the
Mangshan aerosols. Open circles represent daytime and solid circles represent night-
time samples.
NH4
þ (Pavuluri et al., 2010).

4. Conclusions

This study reveals diurnal and temporal variations of major ions
in the aerosols collected in the vicinity of Beijing. Higher concen-
trations of Ca2þ were found in daytime, suggesting that
construction-derived aerosols were delivered from Beijing to the
northern vicinity. Based on the good correlation between nitric acid
(NO3

�) and sulfuric acid (SO4
2�), we suggest that inorganic acids

are largely titrated by gaseous NH3 and particulate Ca2þ in the at-
mosphere during the transport. Higher OC/EC ratios and WSOC/OC
ratios were observed in daytime, demonstrating that secondary
organic aerosols are significantly produced in daytime during the
atmospheric transport.

During the field campaign, several rainfall events happened over
the sampling site. We observed significant decreases in the con-
centrations of aerosol mass, TC, TN, WSOC and major ions during
the rain events.We also found the depletion of nitrate and sulfate in
the ambient aerosols during the rain events, suggesting that fine
particles enriched with these water-soluble ions may act as cloud
condensation nuclei. Within a few days after the rain events, the
atmospheric levels of TC, TN,WSOC andmajor ions recovered in the
site both by the transports and secondary formation in the
atmosphere.

Greater d15N values of TN in nighttime suggest that TN is largely
associated with ammonium originated from the forest areas in the
north, which is subjected to isotopic exchange between gaseous
NH3 and aerosol NH4

þ during the transport, causing an enrichment
of 15N in aerosols. d13C (�23.5‰ on average) of TC suggests that
fossil fuel combustion and terrestrial C3 plants are two major
sources of aerosol carbon.

At Mangshan site, the aerosols coming from the southwest in
daytime deliver more pollutants from the industrial regions in
Beijing with photochemical processing during the transport to the
sampling site.When thewind direction changed to northeasterly in
nighttime, organics emitted from the forest areas are mixed with
urban aerosols.

This study on diurnal variations of ambient aerosols demon-
strates that atmospheric transport of air pollutants from Beijing to
the northern receptor site is significant with photochemical
transformation of both organic and inorganic components during
the transport.
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