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Abstract

Aerosol samples of PM2.5 and PM10 were collected in both summer and winter seasons from 2002 to 2003

synchronously at a traffic site, an industrial site, and a residential site in Beijing, which could basically be the

representatives over Beijing. Twenty-three elements and 15 ions together with organic carbon and elemental carbon

were analyzed systematically for characterization of Beijing aerosol. PM2.5 was the major part of the inhalable particles

(PM10), as the ratios of PM2.5/PM10 were 0.45–0.48 in summer and 0.52–0.73 in winter. SO4
2�, NO3

�, NH4
+, organic

matter, crustal matter, and element carbon were the six dominant species, which totally accounted for 85.8–97.7% of

PM2.5. Secondary aerosol (SO4
2�, NO3

�, and NH4
+), road dust or/and long-range transported dust from outside Beijing,

industry and motor vehicles emission, coal burning were the major contributors to the air-borne particulate pollution in

Beijing. Overall, coal burning and the traffic exhausts, plus the dust from the long-range transport, could be the major

sources of the aerosol pollution at Beijing. A relatively even spatial distribution of chemical species in PM2.5 was found

while in PM10 a significant variation with the highest concentrations at the industrial site in summer and at the

residential site in winter was observed. The concentrations of PM10, PM2.5 as well as various chemical species were

higher in winter than in summer. The contributions of mineral aerosol from outside Beijing were first estimated with a

newly developed element tracer technique, which accounted for 79% and 37% of the total mineral in PM10 and PM2.5

in winter, and 19% and 20% in summer, respectively. During the dust storm period from 20 to 22 March, it reached up

to 97% in TSP, 79% in PM10 and 76% in PM2.5. This is the technique, firstly, developed for estimating the relative

contributions of sources from inside and outside Beijing to the total mineral aerosol and it could provide the basic

information in controlling the air-borne particulate pollution at Beijing.
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1. Introduction

Aerosol particles, especially fine particles with dia-

meter smaller than 2.5 mm, have close relations with
d.
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increased respiratory morbidity and mortality (Dockery

and Pope, 1994; Schwartz et al., 1996; Wilson and Suh,

1997; Ostro et al., 1999). Aerosols also affect climate

directly by scattering and absorbing radiation or

indirectly by changing the depth and albedo of the

clouds (Twomey, 1974; Charlson et al., 1992). The direct

effect of the regional haze from the anthropogenic

aerosols resulted in a 5–30% reduction of the yields of

rice and wheat in China (Chameides et al., 1999). The

emission of anthropogenic aerosols is increasing sharply

with the modern industrialization and motorization over

the world, which brings not only regional but also global

effects through the long-range transport (Wolf and

Hidy, 1997). Aerosol is now receiving worldwide

attention, as it would have the potential impacts on

the global climate change and the effect on the health to

human beings all over the world.

The studies on the characterization of the aerosol in

Beijing have been carried out in the last two decades

(Winchester and Bi, 1984; Yang et al., 2000; Dong and

Yang, 1998; Wang, 1999; Cao et al., 2002). Dust-soil,

industry emission, coal burning, vehicle exhaust

emission and waste incineration were thought to be the

major sources of particulate pollution at Beijing.

However, the studies reported were mostly concentrated

in TSP/PM10, rarely on PM2.5. The composition,

sources, spatial and temporal variations of PM2.5 are

poorly understood. Chen et al. (1994) initiated the

investigation of PM2.5 and observed that OC, EC, and

sulfate, the three major components of PM2.5, con-

tributed 66% of the total fine particles, which had the

yearly average of 89.7mg m�3 in Beijing. They inferred

with CMB model that diesel exhaust, coal combustion,

and re-suspension dust were the major sources of the

fine particles in Beijing. He et al. (2001) monitored

PM2.5 at a residential site and a downtown site in Beijing

from July 1999 through September 2000 and observed

PM2.5 concentrations of 37–357 mg m�3 with significant

seasonal variation. They concluded that organic carbon

was the most abundant species in PM2.5 while sulfate,

nitrate, and ammonium also were the major compo-

nents. Yao et al. (2002) reported that sulfate, nitrate

and ammonium were the main ionic species in

PM2.5, which constituted 44%, 25% and 16%,

respectively, of the total mass of water-soluble

part. Yao et al. (2003) discussed the various character-

istics of particles in different size and the formation

mechanism of ions. They speculated that cloud

process and non-cloud heterogeneous process were

responsible for the formation of sulfate in summer and

in spring, respectively. However, the studies mentioned

above were based on limited number of samples

collected and the concentration, composition, and

sources as well as the spatial and temporal variations

of Beijing aerosols have been far from the clear

characterization.
While several measures in controlling the air pollution

in Beijing have been executed since 1990s, such as the

use of low-sulfur coal, the partial replacement of coal

with natural gas or liquefied petroleum gas, the phase

out of leaded gasoline, and the move-out of those highly

polluted industry from the city, the air-borne particulate

stays at a much higher level than the national air quality

standard, as the automobile exhaust has sharply

increased since the past decade (Elliott et al., 1997)

and coal burning has still been the major energy source.

Moreover, Beijing is located in the downwind of Asian

dust, which carries those mineral aerosols mixed with

pollutants on the pathway and invades Beijing all the

time. The long-range transported dust aerosols would

further mix with Beijing local aerosols and make Beijing

aerosols more complicated. To better understand the

characteristics of Beijing aerosols, we continually

monitored aerosol samples of PM10 and PM2.5 synchro-

nously at a traffic site, an industrial site, and a

residential site of Beijing for 2 years; analyzed system-

atically 23 elements and 15 ions together with organic

carbon and elemental carbon; and investigated the

seasonal and spatial variations. We also developed a

new element tracer technique to first distinguish the

contributions of mineral aerosol from outside Beijing

to the local aerosol in different seasons. This paper

reported a comprehensive characterization of Beijing

aerosol and provided the scientific background for the

further control of air pollution at Beijing.
2. Experimental

2.1. Sampling

Aerosol samples of PM2.5 and PM10 were collected in

both summer and winter seasons from 2002 to 2003

synchronously at three sampling sites, i.e. (1) a traffic

site, located in the campus of the Beijing Normal

University (BNU) between the 2nd and 3rd ring roads,

(2) an industrial site near the Capital Steel Company

(CS), and (3) a residential site, Yihai Garden (YH),

located near the South 4th ring road. The traffic site is

located on the roof (�40 m high) of the 12th floor in the

Building of Science and Technology of BNU. The

residential site is located on the roof of a residential

building roof (�40 m high). The industrial site is located

on the roof (�4 m) of a building, which is close to the

CS. The three sampling sites could basically be the

representatives over Beijing. The location of sampling

sites was shown in Fig. 1. PM10 and PM2.5 aerosol

samples were collected with medium-volume samplers

manufactured by Beijing Geological Instrument-Dickel

Co., Ltd. (model: TSP/PM10/PM2.5-2; flow rate:

77.59 Lmin�1). Both PM10 and PM2.5 were daily

collected on Whatmans 41 filters (Whatman Inc.,
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Fig. 1. Map of sampling sites (a: BNU, b: CS, c: YH).
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Maidstone, UK) for element and ion analysis; in

addition, PM2.5 sample was also collected synchronously

on quartz filter (Whatman Inc., Maidstone, UK) every

three days for organic carbon (OC) and element carbon

(EC) analysis. All those filters were weighed before and

after sampling with an analytical balance (Sartorius

2004MP, reading precision 10mg) after stabilizing in

constant temperature(2075 1C) and humidity(4072%).

All the procedures were strictly quality-controlled to

avoid any possible contamination of the samples.

For study on the sources of aerosols, soil samples

were also collected at 7 typical sites in both geographical

distribution and various sources: downtown areas of

second ring road, of third ring road, of fourth ring road,

a place near a gas station, a residential area, an industry

area, and a construction area. For comparison, the soil

samples were also collected at Dingling in suburb of

Beijing, Duolun in Inner Mongolia, and Fengning in

Hebei province.
2.2. Chemical analysis

2.2.1. Element analysis

The sample filters were digested at 1701C for 4 h in

high-pressure Teflon digestion vessel with 3 ml concen-

trated HNO3, 1 ml concentrated HCl, and 1 ml concen-

trated HF. After cooling, the solutions were dried, and

then diluted to 10 ml with distilled-deionized water.

Total 23 elements (Al, Fe, Mn, Mg, Ti, Sc, Na, Eu, Ce,

Sr, Ca, Co, Cr, Ni, Cu, Pb, Zn, Cd, V, S, As, Se, and Sb)

were determined by inductively coupled plasma atomic

emission spectroscopy (ICP-AES, Model: ULTIMA,

JOBIN-YVON Company, France). The detailed analy-

tical procedures were given elsewhere (Zhuang et al.,
2001, 2003). The soil samples were sieved (500 screen

meshes, particles of o30 mm pass through), and then

analyzed using the same procedures as mentioned above.

2.2.2. Ion analysis

Eleven inorganic ions (SO4
2�, NO3

�, F�, Cl�, NO2
�,

PO4
3�, NH4

+, Na+, K+, Ca2+, Mg2+) and 4 organic

acids (acetic, formic, oxalic, and methylsulfonic acid

(MSA)) were analyzed by Ion Chromatography (IC,

Dionex 600) that consists of a separation column

(Dionex Ionpac AS 11), a guard column (Dionex Ionpac

AG 11), a self-regenerating suppressed conductivity

detector (Dionex Ionpac ED50) and a gradient pump

(Dionex Ionpac GP50). The details were given elsewhere

(Yuan et al., 2003).

2.2.3. Carbon analysis

Organic carbon (OC) and element carbon (EC) were

analyzed with C/H/N elemental analyzer (Germany

Vario EL, C/H/N model) by using a modified method

(Chi et al., 1999). The quartz filters were oxidized at 450

and 9501C, for measurement of OC and total carbon

(TC), respectively. EC was calculated from the differ-

ence between TC and OC. The detailed procedures were

given elsewhere (Dan et al., 2004).
3. Results and discussion

3.1. PM10 and PM2.5 concentrations

PM10 and PM2.5 mass concentrations in both summer

and winter seasons at Beijing were shown in Table 1.

The average concentrations of PM10 in summer at the
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Fig. 2. Average composition in PM2.5 at BNU, CS, and YH

sites.

Table 1

Average mass concentrations (mg m�3) of PM10 and PM2.5 ratio of PM2.5/PM10 at different site

Site Species Summer Winter

Mean(SD) Min Max N Mean(SD) Min Max N

BNU PM10 172.2(101.9) 23.9 461.5 22 184.4(130.5) 29.4 446.1 20

PM2.5 77.3(55.7) 15.8 216.2 20 135.7(96.6) 24.0 349.2 20

PM2.5/PM10 0.45(0.22) 0.08 0.96 20 0. 73(0.16) 0.30 0.99 18

CS PM10 170.0(66.7) 51.1 310.8 22 287.7(155.7) 40.5 573.2 18

PM2.5 82.2(49.5) 12.2 169.5 22 140.8(73.9) 21.3 301.3 20

PM2.5/PM10 0.48(0.21) 0.06 0.87 22 0.52(0.15) 0.26 0.84 18

YH PM10 150.1(56.9) 63.7 275.7 21 292.7(172.7) 81.6 631.9 18

PM2.5 75.4(45.6) 14.6 179.7 21 182.2(120.8) 43.5 460.9 20

PM2.5/PM10 0.47(0.17) 0.19 0.69 21 0.61(0.09) 0.45 0.84 17
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three sites (BNU, CS, and YH) were 172.2, 170.0 and

150.1mg m�3 which were lower than those of 184.4,

287.7 and 292.7 mg m�3, respectively, in winter. The

average concentrations of PM2.5 in summer at three sites

were 77.3, 82.2 and 75.4mg m�3, respectively, which were

much lower than those of 135.7, 140.8 and 182.2 mg m�3,

respectively, in winter. The concentrations of PM10

exceed the National Ambient Air Quality Standard of

China (limit of 150mg m�3 as ‘‘light pollution’’) at any

site in each season. The concentrations of PM2.5 were �5

times as high as the limit (annual average of 15 mg m�3,

US Environmental Protection Agency (US EPA), 1997,

no standard in China yet) in summer and 8–11 times in

winter, greatly exceed the USA Ambient Air Quality

Standard regulated by USA Environmental Protection

Agency. These results indicated clearly that the air-

borne particulate pollution has been very serious at

Beijing and it is much worse in winter than in summer. It

can be seen from the discussion below that the coal

burning and the traffic exhausts, plus the dust from the

long-range transport, could be the major sources of the

aerosol pollution at Beijing.

The ratio of PM2.5/PM10 was also shown in Table 1.

The average ratio of PM2.5/PM10 in winter was 0.73,

0.52 and 0.61 at BNU, CS and YH sites, and in summer

was 0.45, 0.48, and 0.47, respectively. Evidently, fine

particles, PM2.5 accounted for about a half of the

inhalable particles in summer and much more in winter

at Beijing. Such high proportion of fine particles implied

that the particulate pollution at Beijing would have a

great effect on the health of human being and possibly

to the global environmental change, as Beijing is the

pathway for the long-range transport of Asia dust that

could reach north Pacific and further to west America

each year, especially during the spring dust storm period

(Zhuang et al., 2001, Sun et al., 2004).
3.2. Chemical composition

As aerosols are mixtures of various compounds, the

chemical composition of aerosol refers to those major

species of those compounds that mixed in such particles.

The chemical composition of the aerosols at Beijing has

been speculated and the composition scheme (Fig. 2)

was illustrated based on the principle of mass balance

with these data generated from element, soluble ion, OC,

and EC measurements. Three assumptions were made

for this composition analysis as below: (1) Organic

material was obtained by multiplying OC concentrations

by a factor of 1.2, accounting for hydrogen and oxygen

in the organic compounds. As the real chemical

composition of organic compounds in aerosols has been

poorly identified, the factor used in this calculation is

controversial, although the conversion factors of 1.2 or

1.4 are used in the literature (Ho et al., 2003; Ye et al.,

2003). In our case if a factor of 1.4 is used, it will lead to

the total mass balance to be over 100%. (2) The crustal



ARTICLE IN PRESS
Y. Sun et al. / Atmospheric Environment 38 (2004) 5991–6004 5995
matter was calculated as the sum of those common

oxides of aluminum, silicon, calcium, iron, titanium,

magnesium, potassium and sodium. The concentration

of Si was estimated on the basis of Si/Al concentration

ratio (4.0) obtained from (Zhang et al., 2003; Taylor and

McLennan, 1985), as the concentration of Si is not

available in this study due to the limitation of the

instruments. (3) Trace species were estimated by

summing up all elements measured except those men-

tioned above in crustal matter, i.e. Al, Si, Ca, Fe, Ti,

Mg, K, and Na. The results showed that SO4
2�, NO3

�,

NH4
+, organic material, crustal matter, and element

carbon were the six dominant species in fine particle,

PM2.5, at three sites in both summer and winter seasons,

which contributed 85.8–97.7% of the total mass

concentration of PM2.5. Specifically, SO4
2� accounted

for 16.4-26.1%, NO3
� 9.6–17.5%, NH4

+ 9.4–14.3%,

organic material 13.3–30.9%, crustal matter

12.5–15.5%, and element carbon 6.7–12.0%. If assum-

ing all of those SO4
2� were present as ammonium sulfate,

then sulfate would account for 32.6 and 25.3% of the

total PM2.5 mass concentration in summer and in

winter, respectively. The sum of SO4
2�, NO3

�, and
Table 2

Concentrations (standard deviations in parentheses) of elements and i

mg m�3)

Species BNU CS

PM10 PM2.5 PM10

NH4
+ 11.9(9.39) 10.4(7.74) 12.1(8.53)

K+ 1.74(2.18) 1.20(1.32) 1.77(1.56

F� 0.38(0.30) 0.11(0.11) 0.37(0.16

Cl� 2.69(2.32) 1.93(1.50) 2.91(2.04

NO3
� 21.1(17.3) 12.2(12.6) 18.6(13.1)

SO4
2� 24.8(22.3) 16.0(17.3) 24.9(19.8)

As 0.02(0.02) 0.01(0.01) 0.04(0.06

Cr 0.04(0.02) 0.02(0.01) 0.04(0.02

Zn 0.33(0.26) 0.32(0.21) 0.69(0.33

Sr 0.02(0.02) 0.02(0.004) 0.05(0.02

Pb 0.11(0.09) 0.11(0.05) 0.22(0.11

Ni 0.04(0.03) 0.06(0.03) 0.05(0.05

Co ND 3.85(0.60) 2.91(1.67

Cd 2.43(2.81) 3.69(1.99) 4.36(3.62

Fe 3.73(2.36) 0.65(0.32) 6.16(2.29

Mn 0.11(0.06) 0.03(0.02) 0.18(0.09

Mg 2.04(1.09) 0.22(0.08) 1.62(0.52

V ND 19.0(5.45) 97.5(11.7)

Ca 9.05(5.21) 0.75(0.35) 8.79(3.27

Cu 0.05(0.04) 0.04(0.03) 0.05(0.04

Ti 0.33(0.21) 0.03(0.01) 0.27(0.08

Al 5.33(3.55) 0.53(0.24) 4.77(2.02

Na 1.60(1.10) 0.39(0.23) 1.07(0.65

S 7.83(7.18) 5.89(4.84) 8.32(6.73

OC ND 11.5(3.7) ND

EC ND 5.2(2.4) ND

ND means not determined.
NH4
+ contributed, in average, 53.9% and 39.3% of the

total PM2.5 mass concentration in summer and in

winter, respectively. It is evident from such a composi-

tion in the aerosols in Beijing that the coal burning and

the traffic exhausts were two major sources of the

aerosols in Beijing.

The percentages of mass concentrations of OC and

EC in the total PM2.5 mass concentration were higher in

winter than in summer, while sulfate and nitrate were

higher in summer than in winter at all sites. For

example, at YH site, OC and EC accounted for 17.8

and 7.9% of the total PM2.5 mass concentration in

summer, respectively, which were much lower than

24.7% and 12.0% in winter. The higher percentage of

organic matter in winter could be closely related to the

higher coal consumption for heating in this season. On

the contrary, SO4
2�, NO3�, and NH4

+ contributed 26.1,

17.5 and 12.9% of the total PM2.5 mass concentration in

summer, respectively, which were higher than 16.4, 10.6,

and 11.1% in winter. The higher light intensity and the

high temperature in summer favor the photochemical

reaction in the atmosphere and lead to such a result that

the secondary pollutants were the major source of the
ons in summer at three sites (Co, Cd and V as ng m�3, others as

YH

PM2.5 PM10 PM2.5

11.0(6.59) 10.8(7.75) 9.75(6.78)

) 1.53(1.24) 1.68(1.77) 1.21(1.64)

) 0.06(0.04) 0.36(0.20) 0.10(0.06)

) 1.98(1.12) 2.29(1.45) 1.69(1.30)

13.3(9.26) 18.2(12.6) 13.2(10.3)

19.2(14.0) 25.4(20.4) 19.7(16.2)

) 0.04(0.06) 0.03(0.03) 0.02(0.04)

) 0.03(0.04) 0.02(0.01) 0.03(0.07)

) 0.63(0.29) 0.42(0.26) 0.27(0.12)

) 0.02(0.01) 0.05(0.04) 0.01(0.01)

) 0.20(0.10) 0.11(0.08) 0.10(0.05)

) 0.06(0.06) 0.05(0.03) 0.07(0.07)

) 1.56(1.00) 1.64(0.96) 0.54(0.48)

) 3.47(2.28) 2.69(2.21) 1.70(1.01)

) 1.91(0.99) 3.26(1.56) 1.00(0.50)

) 0.08(0.04) 0.09(0.03) 0.05(0.02)

) 0.19(0.18) 1.46(0.07) 0.29(0.12)

59.0(27.6) 57.2(31.0) 57.1(26.5)

) 1.02(0.34) 5.78(3.00) 0.96(0.61)

) 0.04(0.05) 0.06(0.04) 0.07(0.08)

) 0.04(0.01) 0.22(0.10) 0.05(0.03)

) 0.49(0.15) 3.36(1.77) 0.68(0.35)

) 0.25(0.31) 0.92(0.84) 0.27(0.18)

) 6.53(4.80) 8.18(6.82) 6.68(4.91)

9.3(3.2) ND 11.2(3.8)

6.6(3.2) ND 5.9(2.6)
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Table 3

Concentrations (standard deviations in parentheses) of elements and ions in winter at three sites (Co, Cd and V as ng m�3, others as

mg m�3)

Species BNU CS YH

PM10 PM2.5 PM10 PM2.5 PM10 PM2.5

NH4
+ 13.7(12.0) 12.9(10.7) 19.1(13.4) 13.3(7.18) 18.9(12.1) 20.3(10.4)

K+ 1.88(1.75) 1.94(1.80) 3.25(2.76) 1.88(1.33) 3.21(2.62) 4.23(2.10)

F� 0.98(0.66) 0.58(0.30) 1.47(0.78) 0.58(0.33) 1.30(0.94) 0.59(0.43)

Cl� 7.17(4.02) 6.38(3.45) 9.80(3.78) 6.57(2.07) 9.66(6.12) 7.36(4.69)

NO3
� 18.7(18.4) 17.0(15.4) 23.2(19.2) 13.5(9.17) 27.3(19.9) 19.3(13.7)

SO4
2� 34.5(32.8) 30.4(25.4) 40.5(35.4) 23.1(17.1) 46.0(39.1) 29.9(23.4)

As 0.06(0.07) 0.05(0.05) 0.09(0.06) 0.05(0.03) 0.08(0.06) 0.06(0.04)

Cr 0.04(0.06) 0.02(0.01) 0.008(0.007) 0.03(0.01) 0.03(0.02) 0.03(0.02)

Zn 0.68(0.65) 0.58(0.56) 0.87(0.73) 0.49(0.29) 1.14(0.85) 0.73(0.50)

Sr 0.06(0.03) 0.02(0.01) 0.09(0.04) 0.01(0.01) 0.11(0.06) 0.03(0.02)

Pb 0.37(0.37) 0.31(0.33) 0.46(0.40) 0.27(0.17) 0.49(0.42) 0.32(0.23)

Ni 0.11(0.11) 0.08(0.06) 0.09(0.07) 0.06(0.05) 0.13(0.08) 0.08(0.05)

Co 5.56(1.99) 3.58(1.46) 4.41(1.81) 1.14(0.83) 5.13(2.95) 2.85(1.47)

Cd 15.2(20.6) 11.2(15.9) 15.0(1.84) 7.63(7.38) 21.9(25.6) 10.6(11.8)

Fe 2.62(1.35) 1.04(0.59) 4.97(2.41) 1.06(0.38) 4.17(2.57) 1.18(0.89)

Mn 0.11(0.06) 0.08(0.05) 0.21(0.12) 0.10(0.04) 0.19(0.11) 0.10(0.06)

Mg 0.95(0.58) 0.32(0.16) 1.38(0.79) 0.28(0.09) 1.31(0.90) 0.33(0.18)

V 7.36(5.00) 2.49(2.08) 29.2(9.04) 23.2(19.3) 18.0(9.86) 12.6(10.3)

Ca 4.57(1.92) 1.67(0.68) 14.9(8.48) 2.04(0.58) 13.6(9.57) 2.44(1.81)

Cu 0.11(0.11) 0.08(0.06) 0.09(0.07) 0.05(0.03) 0.12(0.07) 0.07(0.05)

Ti 0.24(0.11) 0.07(0.03) 0.36(0.17) 0.06(0.02) 0.34(0.18) 0.080.07)

Al 4.05(2.13) 1.11(0.55) 6.08(2.87) 0.85(0.44) 5.54(3.18) 0.99(0.63)

Na 1.86(1.16) 1.15(0.79) 2.56(1.46) 1.14(0.93) 2.52(1.82) 1.28(1.10)

S 10.0(10.7) 8.71(8.57) 14.0(13.0) 7.77(6.32) 14.6(12.6) 9.44(7.55)

OC ND 33.2(26.4) ND 36.3(22.8) ND 37.5(11.2)

EC ND 11.0(9.4) ND 9.8(6.8) ND 21.9(12.1)

ND means not determined.
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aerosols, as SO4
2�, NO3

�, and NH4
+ accounted for much

higher percentage of the total mass concentration in the

summer. It must be noted that the crust matter in

average accounted for 13.0–15.5% of the total PM2.5

mass concentration in summer and 12.5–14.5% in

winter with a relatively even spatial distribution at three

sites over Beijing. This result indicated that the dust,

including those from local re-suspended soil and those

transported from out of the city, was also one of the

major sources of the fine particles in Beijing, where the

long-ranged transported dust from Asia desert and from

the dry and semi-dry areas often invaded and passed

through.

3.3. Spatial variations

PM10 showed clear spatial variations in winter. The

concentrations of PM10 at YH site were the highest of

the three sites of different types. Much more coal in

winter at the dense population residential area, such as

YH site, was used for heating, which would produce

more pollution aerosols. Also, the northwest wind in

winter would bring the industrial pollutants from CS
downwind to the YH site, making it the most polluted

site of the three sites in the winter. At the industrial site

CS, the increased coal consumption in winter plus the

industry emission both led to its pollution level being

higher than the traffic site, BNU. In summer YH site

showed the least concentration of PM10 compared with

the other two sites, indicating that this residential site

has less particulate pollution sources in this season. At

the traffic site, BNU, the higher PM2.5/PM10 ratio than

that at the other two sites might be likely due to the

greater traffic flow at this site that emitted more exhausts

and, in turn, to transform to more fine particles.

However, the concentrations of PM2.5 at different

sites had no big difference both in summer and in winter.

PM2.5, normally to be defined as fine particles, could be

transported to a much longer range for its longer

residence time in the atmosphere. Thus, PM2.5 fine

particles could likely inter-mix or intra-mix well with

each other in the atmosphere and lead the spatial

distribution to be even.

The concentrations of various chemical species at a

specific location are mainly determined by the distance

from their sources, which would reflect the emissions
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from those point-sources. However, for those elements

with multi-sources, their spatial variations were signifi-

cantly different in different seasons. Tables 2 and 3

showed the concentrations of various chemical species in

PM10 and PM2.5. The average concentrations of Al in

PM10 were 5.33, 4.77 and 3.36 mg m�3 in summer, and

4.05, 6.08, and 5.54 mg m�3 in winter at BNU, CS and

YH sites, respectively. The highest concentration of Al

at BNU site in summer was likely due to the re-

suspension of road dust by wind and motor vehicles

as well as the construction dust from construction

sites nearby. While in winter the highest concentration

of Al at CS site could be related to the coal fly ash

from this industry company plus the re-suspended

road dust. CS site showed the highest concentration

and YH site appeared to be the lowest for elements

Fe, Zn and Pb both in PM10 and PM2.5 in summer.

The average concentration of Zn in PM10 and PM2.5 at

CS in summer was 0.69 and 0.63 mg m�3, respectively,

both higher than those at the other two sites. For Pb,

the concentration at CS site was nearly twice higher

than that at the other two sites. As the CS site is located

at a place close to the CS, the largest industrial

emission of pollution elements, such as Zn and Pb

with elements such as Fe and Mn, it is no wonder that

CS site showed the highest concentration for these

elements compared to other sites. YH site is a residential

area that is relatively clean in summer, thus it

showed the lowest concentration of these pollution

elements among the three sites. In winter, CS site still

showed the highest concentration of Fe, this no

doubt was related to the industrial emission. However,

YH site showed the highest concentrations of Zn

and Pb in winter. This might be due to the coal

consumption plus the industrial pollutants brought by

northwest wind from upwind area, e.g. CS. Although

the leaded gasoline has been phased out since 1997 at

Beijing, the concentration of Pb in aerosol at Beijing

is still considerably high compared with that in the cities

of USA. The highest concentration of Pb at the

industrial site, CS, indicated that the industrial emission

might be an important source of Pb in Beijing, although

the exact sources of this high Pb in the aerosol was

unclear at this stage. PM2.5, as mentioned above, had

relatively even spatial distribution, so did for the various

chemical species. For example, in winter the average

concentrations of Fe were 1.04, 1.06, and 1.18 mg m�3 at

BNU, CS, and YH sites, respectively, which showed no

big difference over Beijing. Sulfate and nitrate also

showed relatively even distribution at the three sites over

Beijing in both summer and winter seasons, as both

sulfate and nitrate were mainly transformed by the

heterogeneous or homogeneous reactions of their pre-

cursors such as SO2 and NOx, which would not strongly

affected by those point-source emissions. This could

reveal that the long-range transported aerosol might be
one of the important sources of sulfate and nitrate in

Beijing aerosol.

3.4. Temporal and seasonal variations

Fig. 3 shows the concentrations of six elements (Fe,

Ca, Al, Zn, Pb and Cu) and three ions (NH4
+, NO3

� and

SO4
2�) in PM10 and PM2.5 collected at YH site as a

function of the time when samples were collected. The

concentrations of these elements and ions showed

significant variations from day to day. The concentra-

tions in PM10 were in the range 0.47–10.60 mg m�3 for

Fe, 0.71–35.76mg m�3 for Ca, 0.35–12.82 mg m�3 for Al,

0.038–3.45mg m�3 for Zn, 0.0041–1.74 mg m�3 for Pb,

0.016–0.27mg m�3 for Cu, 1.26–40.60 mg m�3 for NH4
+,

3.57–65.60mg m�3 for NO3
�, and 3.30–121.11mg m�3 for

SO4
2�. Similarly, these elements and ions in PM2.5 varied

greatly, for example, the concentrations varied in the

range 0.29–2.36 mg m�3 for Al, 0.067–1.96mg m�3 for

Zn, and 3.49–77.09 mg m�3 for SO4
2�. The temporal

variations are mainly due to the meteorological factors,

such as temperature, relative humidity, and wind speed,

which favor or adversely affect the dispersion of

pollutants. In addition, changes in source emission

strength with time also affects these variations.

Seasonal variations of chemical species were also

illustrated in Fig. 3. Overall, the concentrations of those

elements and ions measured in winter were �1–3 times

higher than those in summer. Table 4 showed the

concentrations of SO2, NO2, CO, and O3 in the period

studied. The average concentrations of SO2, NO2, and

CO in winter were 156, 98.2, and 8.4 mg m�3, which were

10, 1.5, and 2.9 times higher than those in summer,

respectively. It is believed that the industrial emissions

would remain reasonably constant throughout the year.

Thus, the much higher concentration of SO2 in winter,

which would, in turn, lead to the higher sulfate aerosol

in winter, must be from the much higher consumption of

the domestic coal for heating in this season. Yao et al.

(2002) also found strong correlations between sulfate

and SO2 in winter. The higher concentrations of NO2

and CO in winter were likely to be from the higher

consumption of coal, which would emit more NO2 and

CO, plus the higher emission from the automobiles,

which would produce higher exhausts due to cold start

in the winter. The higher concentration of nitrate in

winter could associate with the lower temperature,

which favors the shift from the gas phase of nitric acid

to the particle phase of ammonium nitrate (Stelson and

Seinfeld, 1982). However, the meteorological variations

could also be the factors affecting the degree of the air

pollution. Fig. 4 presented those meteorological factors

during the period studied. The low wind speed and

temperature in winter favor the accumulation of

pollutants, while the high temperature in summer favors

the air convection and the dispersion of pollutants. In
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Fig. 3. Variations of selected elements and ions in PM10 and PM2.5 with time at YH site.

Table 4

Concentrations of SO2, NO2, CO and O3 during sampling period (CO as mg m�3, others as mg m�3)

Species Summer Winter

Mean SD Min Max N Mean SD Min Max N

SO2 15 6 7 33 33 156 55 56 261 31

NO2 64.4 11.9 38.4 88.8 33 98.2 34.9 38.4 180.8 31

CO 2.9 0.9 1.5 5 33 8.4 6.7 1.9 31.5 29

O3 93.0 46.3 14.4 177.6 33 20.6 14.3 7.2 50.4 29

Y. Sun et al. / Atmospheric Environment 38 (2004) 5991–60045998
addition, the barer surface in winter would re-suspend

more dust while more precipitation in summer would

wash out more particles. It must be noted that in

summer the higher O3 concentration of 93.0mg m�3, 4.5
times higher than that of 20.6mg m�3 in winter, would

favor the photochemical reactions and form more

secondary particulates, as mentioned above that SO4
2�,

NO3
�, and NH4

+ accounted for much higher percentage
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(26.1, 17.5 and 12.9%) of the total mass concentration in

the summer than that (16.4, 10.6, and 11.1%) in winter.

The meteorological factors plus the higher concentra-

tions of O3 in summer determine that the aerosol

particles in summer at Beijing could be characterized

specifically by the secondary pollutants.
3.5. Sources of Beijing aerosol—factor analysis

Factor analysis (FA) was performed with the ele-

mental and ionic data set of PM10 and PM2.5 at three

sites to identify the sources of Beijing aerosols. To

maximize the source-identification power, 19 species

(As, Zn, Pb, Ni, Cd, Fe, Mn, Mg, Ca, Cu, Ti, Al, Na,
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Fig. 4. Meteorological factors during sampling period.

Table 5

Varimax rotated factor loading matrix for chemical species of PM10

Species Factor 1 Factor 2 F

Industry and

motor vehicles

Road dust S

NH4
+ 0.55 0.16 0

NO3
� 0.39 0.25 0

SO4
2� 0.61 0.13 0

K+ 0.34 0.36 0

F� 0.33 0.32 0

Cl� 0.43 0.25 0

As 0.79 0.11 0

Zn 0.84 0.24 0

Pb 0.88 0.19 0

Ni 0.80 0.14 0

Cd 0.90 0.02 0

Fe 0.15 0.87 0

Mn 0.53 0.68 0

Mg �0.09 0.92 0

Ca 0.11 0.82 0

Cu 0.76 0.16 0

Ti 0.17 0.88 0

Al 0.18 0.90 0

Na 0.35 0.62 0

% variance 60.5 17.8 5
NH4
+, K+, Cl�, F�, NO3

�, SO4
2�) were selected after

excluding those species without enough reliable data for

the statistical work due to part of which could be below

the detection limit. The results of FA for PM10 and

PM2.5 were shown in Tables 5 and 6, respectively. Four

factors were identified for PM10, and they explained

88.3% of total variance of the data set. The commun-

alities for all species were higher than 0.82, indicating

that the four factors identified were satisfactory. The

first factor that explained the most of the variance

(60.5%) was heavily loaded with As, Zn, Pb, Ni, Cd, and

Cu, representing the combined sources of industry and

motor vehicle emission. The metallurgical processes

could produce the largest emissions of Cu, Ni, and Zn

(Pacyna, 1998), while exhaust emissions from road

vehicles could also contain various amounts of Cu, Zn,

and Ni (Pacyna, 1986, Lee et al., 1999). As leaded

gasoline has been banned since 1997 in Beijing, the

emission of those vehicles should not be the dominant

source of Pb in Beijing aerosols. The industrial emission,

transport from those areas outside of Beijing, and those

re-suspended dust could be the possible sources of Pb,

and this needs to be further studied. The second factor

showed high loadings for Fe, Mn, Mg, Ca, Ti, Al, and

Na, which explained 17.8% of the total variance. This

factor was clearly associated with the mineral aerosols

that would be likely from the re-suspended road dust

and from the long-range transported dust from outside

Beijing. The third factor was highly loaded with NO3
�,
combined from three sites

actor 3 Factor 4 Communality

econdary Incineration/coal

burning

.76 0.23 0.96

.85 0.16 0.90

.73 0.15 0.90

.70 0.36 0.95

.24 0.81 0.94

.35 0.77 0.95

.25 0.24 0.82

.35 0.17 0.92

.30 0.22 0.96

.28 0.30 0.99

.14 0.05 0.85

.16 0.00 0.88

.19 0.18 0.90

.18 �0.03 0.91

.03 0.43 0.87

.31 0.27 0.99

.14 0.28 0.96

.14 0.26 0.96

.22 0.59 0.91

.1 5.0 88.3
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Table 6

Varimax rotated factor loading matrix for chemical species of PM2.5 combined from three sites

Species Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Communality

Secondary Road dust Metallurgical

emission

Motor

vehicles

Nonferrous

metal smelter

Incineration/

coal burning

NH4
+ 0.82 0.12 0.07 0.32 0.30 0.20 0.93

NO3
� 0.90 0.18 0.08 0.24 0.16 0.17 0.64

SO4
2� 0.83 0.16 0.07 0.29 0.33 0.17 0.84

K+ 0.58 0.12 0.16 �0.04 0.25 0.48 0.89

F� 0.18 0.35 0.04 0.07 0.25 0.81 0.92

Cl� 0.31 0.38 0.09 0.21 0.22 0.75 0.94

As 0.20 0.25 0.12 0.11 0.79 0.15 0.72

Zn 0.47 0.09 0.32 0.38 0.56 0.23 0.86

Pb 0.43 0.21 0.23 0.29 0.68 0.33 0.95

Ni 0.27 0.12 0.03 0.89 0.24 0.13 0.92

Cd 0.27 0.03 0.00 0.25 0.80 0.20 0.80

Fe 0.09 0.22 0.95 0.00 0.10 0.05 0.71

Mn 0.30 0.29 0.58 0.21 0.40 0.45 0.89

Mg 0.07 0.86 0.08 0.14 0.28 0.07 0.76

Ca �0.02 0.74 0.25 0.04 0.06 0.51 0.82

Cu 0.27 0.11 0.04 0.90 0.22 0.11 0.92

Ti 0.28 0.77 0.18 0.03 �0.02 0.29 0.73

Al 0.17 0.84 0.09 0.10 0.14 0.30 0.84

Na 0.29 0.37 0.07 0.21 0.21 0.69 0.76

% variance 53.7 13.3 6.1 5.7 4.9 3.6 87.4
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SO4
2�, NH4

+, and it clearly indicated that this factor was

mainly from the coal burning and, in turn, the chemical

transformation that formed the secondary aerosols, as it

is shown mainly to be ammonium sulfate and ammo-

nium nitrate. The fourth factor had significant loadings

for Cl� and F�, and this could likely represent the waste

incineration and possibly part of the coal burning. Many

refuse dumps in Beijing (see Fig. 1) could emit large

amounts of pollutants such as HCl and HF and other

elements such as Cr, Cu, Pb, and Mn when being

smashed or incinerated. These pollutants from waste

incineration could be transported to the whole urban

area and became one of the important sources of Beijing

aerosol. Chueinta et al. (2000) found that Cl� was

possibly from the polyvinylchloride plastic in the trash-

burning, while the high concentration of Cl� in winter

was also likely to be associated with coal burning (Yao

et al., 2002).

Six factors were retained when applying FA to PM2.5,

which could explain 87.4% of the total variance.

Communalities ranged from 0.64 (for NO3
�) to over

0.90 for the remaining species. The first factor repre-

sented the secondary aerosols with high loadings for

NO3
�, SO4

2�, and NH4
+, and it explained 53.7% of the

total variance. The second factor was associated with

Mg, Ca, Ti, and Al, and it could represent the mineral

aerosols that would likely be to be from the re-

suspended road dust and from the long-range trans-

ported dust from outside Beijing as mentioned above.
The third factor had high loading for Fe and moderate

loading for Mn, and this could indicate the metallurgical

emission, which was most likely from the CS at Beijing.

As Mn was normally associated with ferrous metal

processing (Kumar et al., 2001) and Fe was also

enriched in fly ash from coal combustion or natural

origin (Gao and Anderson, 2001), these sources could

also possibly contribute to this factor. The fourth factor

had high loadings for Ni and Cu, and it could represent

the source from motor vehicles emission. Residual oil

combustion was well known to be the source of Ni and

V in aerosols (Swietlicki and Krejci, 1996). As the data

for V in this study was not enough to be considered in

this statistical work, it was not very clear to interpreter

the fourth factor. The fifth factor was loaded with As,

Zn, Pb, and Cd, and this could represent clearly the

industrial emissions, mostly from those non-ferrous

smelters. Lee et al. (1999) resolved a similar factor to

the fifth factor discussed here when studying the source

of particulate pollutants in Hong Kong. The sixth factor

was associated with Cl� and F�, and it could represent

the sources from the waste incineration and part of the

coal burning, as mentioned above.

3.6. Sources of mineral aerosol from outside Beijing

We developed a new element tracer technique to

estimate, mainly, the relative contributions of mineral

aerosol from outside Beijing to the total mineral aerosol.
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To be an ideal tracer used in distinguishing the local

sources of mineral aerosols from outside the city, it

should be derived and emitted stably from both inside

city and outside city. To be a source signature it also

should be stable and distinct during the transport of the

aerosol (Zhang et al., 1996). Although there is neither an

ideal tracer nor a specific element that is unique to a

specific source region, it is possible to find a pair of

elements, whose ratio could distinguish the sources both

inside and outside the city. After collecting and

analyzing a great number of surface soil samples

collected from many typical places over entire Beijing,

from many dust source areas, we found that the ratio of

Mg/Al in the aerosols collected at Beijing could be the

best tracer that met the two basic requirements (the

distinct signature and the stability during transport).

The detailed principle and the procedures of this

technique were given elsewhere (Han et al., 2004).

It has been believed that the dust from the north and

northwest of Beijing are the two main sources of the

Beijing mineral aerosols (Ren et al., 2003). The strong

north or northwest wind, especially in spring and winter,

would carry a lot of dusts and invade Beijing, and those

dusts transported from outside Beijing become part of

Beijing mineral aerosol. It has been reported that 91.4%

particles in the loss of Inner Mongolia can form mineral

aerosols, while only 15.6% particles in dust soil from

desert areas of Gansu and 7.2% in coal ash of Huhehot,

a city located in north of Beijing, can form mineral

aerosols (Liu et al., 2002). It is clear that the loess in

Inner Mongolia would be the major no-local source of

the mineral aerosols in Beijing. Duolun is located in the

desert area in Inner Mongolia, an outside source area of

the mineral aerosol at Beijing. Fengning in Hebei

province, which is located between Beijing and Duolun,

is the necessary pathway through which mineral aerosols

in Duolun were transported to Beijing. The ratios of

Mg/Al in the dust soil of Duolun and Fengning were

0.12 and 0.15, respectively. The average ratio of Mg/Al

(0.14) of soil at Duolun and Fengning could be used as

the representative of the non-local source from north of

Beijing. Dingling, located in northwest of Beijing, is on

the pathway of the non-local sources from northwest of

Beijing. Huhehot of Inner Mongolia is located in the

west-northwest of Beijing. The ratio of Mg/Al in the

surface soil collected from Dingling (0.23) is similar to

that in the loess collected from Huhehot (0.21), and it is

also similar to that in the Loess Plateau at Luochuan of

Shanxi province (0.19). Thus, the average ratio of Mg/Al

of these loess samples (0.21) could be used as the

representative of non-local sources from west/northwest

of Beijing. As a tracer to be used to estimate the

contribution of the non-local sources, it is acceptable to

use the average ratio of Mg/Al (0.175) of soil samples

(from the two source areas in west/northwest of Beijing

(0.21) and in north of Beijing (0.14) ) as the representa-
tive of non-local sources of mineral aerosols in Beijing.

The ratio of Mg/Al in surface soil collected from those

typical places all over Beijing ranged from 0.28 to 0.61,

varying by a factor of only 1�2. In addition, the ratios

are all higher than that (Mg/Al=0.175) in non-local

sources of mineral aerosols in Beijing, which satisfied the

basic requirement to distinguish the non-local source

from the local source. Thus, it is reasonable to use the

average ratio (0.45) of Mg/Al of those surface soil

samples at Beijing to represent the local sources.

We are now able to estimate the relative contributions

of sources of mineral aerosols to total mineral aerosols

from both inside and outside Beijing. Suppose the

contributions of mineral aerosol from inside and outside

Beijing to the total mineral aerosol are m and n, if the

compositions of mineral aerosol from the source regions

are constant during the transport, the following

equations are given:

ðMg=AlÞaerosol ¼ m � ðMg=AlÞlocal þ n � ðMg=AlÞnon-local;

(1)

m þ n ¼ 1; (2)

where (Mg/Al) aerosol is the average ratio of Mg/Al in

aerosols at Beijing, (Mg/Al) local is the average ratio of

Mg/Al of the soil samples collected from all over Beijing,

(Mg/Al) non�local is the average ratio of Mg/Al of the soil

samples from sources outside Beijing.

The results of the average relative contributions of

mineral aerosol from inside and outside Beijing to the

total mineral aerosol were listed in Table 7, which were

calculated according to the equations above. In summer,

the sources from outside Beijing contributed 19% and

20% of the total mineral aerosol in PM10 and in PM2.5,

respectively. In winter the sources from outside Beijing

contributed 79% and 37% of the total mineral aerosol

in PM10 and in PM2.5, respectively. It could also be seen

that in the spring of 2002, the sources from outside

Beijing accounted for 69% and 76% of the total mineral

aerosol in PM10 and in PM2.5, respectively. Moreover,

during the dust storm period from 20 to 22 March, it

reached up to 97% in TSP, 79% in PM10 and 76% in

PM2.5, respectively. These results clearly demonstrated

that the sources from outside Beijing contributed

significantly to the mineral aerosol in Beijing, and much

more in spring/winter than in summer. As in spring/

winter much more frequent and stronger north or

northwest wind bring much more dust from outside

Beijing and result in the much greater contributions of

non-local sources to the total mineral aerosols at Beijing.

Especially, dust storm in spring could carry large

amounts of dusts and became the main sources of

mineral aerosols in Beijing. It is evident that the results

are quite coincident with the actual facts, as shown in

the case of dust storm. The results calculated using this

technique quantitatively indicated that the air-borne
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Table 7

Ratios of Mg/Al in aerosol and soil samples, and contribution

of mineral aerosol from outside Beijing to the total mineral

aerosol of Beijing

Types Mean Min Max Contribution

(%)

TSP-spring 0.27 0.20 0.34 62

TSP-dust storm 0.24 0.17 0.30 72

PM10-spring 0.25 0.19 0.30 69

PM10-dust storm 0.24 0.22 0.25 72

PM10-summer 0.40 0.25 0.70 19

PM10-winter 0.22 0.12 0.32 79

PM2.5-spring 0.23 0.18 0.28 76

PM2.5-dust storm 0.24 0.23 0.26 72

PM2.5-summer 0.40 0.21 0.72 20

PM2.5-winter 0.35 0.12 0.73 37

Beijing soils 0.46

Dingling soils 0.23

Duolun soils 0.12

Fengning soils 0.15

Luochuan soilsa 0.19

Loess in Inner Mongoliab 0.21

aNishikawa et al. (1991).
bLiu et al. (2002).
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particulate pollution at Beijing were not only from the

local sources but also from outside Beijing. This is the

technique firstly developed for estimating the relative

contributions of sources from inside and outside Beijing

to the total mineral aerosol at Beijing and it could

provide the basic information in controlling the air-

borne particulate pollution at Beijing.
4. Conclusions

The air-borne particulate pollution has been very

serious at Beijing and it is even worse in winter than in

summer. Fine particles (PM2.5) were the major part of

inhalable particles (PM10), as the ratios of PM2.5/PM10

were 0.45–0.48 in summer and 0.52–0.73 in winter.

SO4
2�, NO3

�, NH4
+, organic matter, crustal matter, and

element carbon were the six dominant species. Sulfate

could account for 32.6 and 25.3% of the total PM2.5

mass concentration in summer and in winter, respec-

tively. Secondary aerosol (SO4
2�, NO3

�, and NH4
+), road

dust or/and long-range transported dust from outside

Beijing, industry and motor vehicle emission and coal

burning were the major contributors to the air-borne

particulate pollution in Beijing. Overall, coal burning

and the traffic exhausts, plus the dust from the long-

range transport, could be the major sources of the

aerosol pollution at Beijing. A relatively even spatial

distribution of chemical species in PM2.5 was found
while in PM10 a significant variation with the highest

concentrations at the industrial site in summer and at

the residential site in winter was observed. The

concentrations of PM10, PM2.5 as well as various

chemical species were higher in winter than in summer

when aerosol could be characterized by the secondary

pollutants. The contributions of mineral aerosol from

outside Beijing were first estimated with a newly

developed element tracer. The aerosol from outside

Beijing accounted for 79% and 37% to the total mineral

aerosol in PM10 and PM2.5 in winter, and 19% and 20%

in summer, respectively. This is the technique firstly

developed for estimating the relative contributions of

sources from inside and outside Beijing to the total

mineral aerosol and it could provide the basic informa-

tion in controlling the air-borne particulate pollution at

Beijing.
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