


18

(PM)

(NOx) (SOx)

 73/78

NOx

SOx

(PM)

17 (IMO International

Maritime Organization) 53 (MEPC53 Marine 

Environment Protection Committee)

NOx SOx PM

PM

PM

(PM)

PM

19

( )



(PM)



1. ................................................................................................................................................ 1

1.1 PM ......................................................................................................... 1

1.2 PM ........................................................................................................ 2

1.3 PM ............................................................................................. 3

1.4 PM ............................................................................................. 3

2. .................................................................................................................................... 4

2.1 .......................................................................................................................................... 4

2.2 .................................................................................................................................. 5

3. ............................................................................................................................................................ 7

3.1 (PM) ...................................................................................................................... 7

3.2 PM ............................................................................................................................................. 7

3.2.1 ....................................................................................................................... 7

3.2.2 ........................................................................................................................... 8

3.3 ...................................................................................................................................... 9

3.4 SPM .................................................................................... 10

3.5 PM .......................................................................................................... 12

3.6 PM ....................................................................................................................... 13

3.7 PM ....................................................................................................... 14

4. PM ................................................................................................. 17

4.1 ........................................................................................................................................ 17

4.1.1 ..................................................................................................................................... 17

4.1.2 ..................................................................................................................................... 18

4.1.3 ..................................................................................................................................... 18

4.2 ............................................................................................................................................ 19

4.2.1 ............................................................................................................................. 19

4.2.2 ................................................................................................................................. 20

4.3 ............................................................................................................................................ 21

4.3.1 ............................................................................................................................. 21

4.3.2 ................................................................................................................................. 23

4.4 ........................................................................................................................ 27

4.5 .................................................................................................................................................... 28

4.5.1 ..................................................................................................................................... 28

4.5.2 ..................................................................................................................................... 28

4.5.3 ................................................................................................................. 28

4.6 ................................................................................................................................ 30

5. PM ................................................................................................ 31

5.1 PM .................................................................................................................................. 31

5.1.1 ..................................................................................................................................... 31

5.1.2 ......................................................................................................................... 33

5.2 ........................................................................................................................ 39

5.3 PM .............................................................................................................................. 42

5.3.1 ..................................................................................................................................... 42

5.3.2 ..................................................................................................................................... 43

5.4 ........................................................................................................ 44



5.4.1 ......................................................................................................... 44

5.4.2 ..................................................................................... 45

5.5 ................................................................................................................................ 52

6. PM ................................................................................................. 53

6.1 PM ........................................................................................................................... 53

6.1.1 PM ................................................................................................................................ 53

6.1.2 PM .................................................................................................................... 55

6.1.3 PM ................................................................................................ 57

6.2 PM ....................................................................................................................................... 58

6.2.1 ..................................................................................................................... 58

6.2.2 ..................................................................................................................................... 59

6.2.3 ................................................................................................................................. 59

6.2.4 PM ............................................................................................ 65

7. PM ................................................................................................. 66

7.1 PM .......................................................................................... 66

7.1.1 ................................................................. 66

7.1.2 ................................. 66

7.1.3 ................................................................................................. 67

7.2 (IMO) .................................................. 68

7.3 IMO .................................................................................... 72

7.4 ................................................................................................................ 74

.................................................................................................................................................... 000 

.................................................................................................................................................... 000 

.................................................................................................................................................... 000 



1.

PM PM

PM

1.1 PM

PM

NOx SOx

0-100 km

60 % 40 %

SOx

100 km

SO4 PM

SO2

NOx NO2 HNO3

SOx

NOx SOx

SO2 SO2

SO4
2-

HNO3

NO NO3
-

HNO3

0.3 m 380 cSt

2000

SOx NOx

3

3

3

1



1.2 PM

PM

PM

PM PM

2 PM

PM

PM 20 % 25 28 %

10 %

30 36 %

3

17 16
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PM

PM

PM SO4
2-

4 OC 24 % EC 16 %

Ca
2+

Ca 10
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2 PM PM
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PM

PM
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2.

2.1

(Particulate Matter; PM) 17 5

73/78 VI(

(NOx) (SOx) )

(International Maritime Organization; IMO)

18 4 PM

PM

PM

PM ( )

NOx SOx (
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PM NOx SOx
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18 2 18
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PM (
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)
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(3) PM
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PM PM
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PM

PM
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PM
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PM

PM
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3.

3.1 (PM)

SOx( ) NOx( )

PM PM(Particulate Matter )

PM ( )

3.2 PM

3.2.1

PM  3.2-1

PM

( )

SOx NOx VOC(volatile organic 

compounds )

PM

SOx

SOx

PM

 3.2-1 PM

SO4
2- NO3

- SOx NOx

VOC (

) VOC

SO4
2- SOx

DMS

NO3
- NOx

NH4
+ NH3
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3.2.2

PM PM (

2 10 m) ( 0.1 2 m) ( 0.1 m

) (  3.2-1 )

(

)

( )

PM

PM

PM  3.2-2

PM

PM PM2.5( 2.5 m ) PM2.5

) John G. Watson Visibility: Science and Regulation , Air & Waste Manage. Assoc , 52 , pp.628-713(2002). 

 3.2-1 PM
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 3.2-2

TSP PM(Total Suspended Particulates)

SPM PM10 PM 10 m

SPM (Suspended Particulate Matter )

PM2.5 PM 2.5 m

WHO

PM

PM

3.3

PM PM 10 m

10 m

10 m

(SPM)

10 m

( ( 47 27 ))

(1) 10 m

(2) 10 m

PM PM

(DEP)

PM

( 12 11 1 )

9



(0.1 m  3.2-1)

PM0.1

3.4 SPM

SPM 1972 ( 47 ) 1 1

0.10 mg/m
3

1 0.20 mg/m
3

(

4 70 )( NOx PM ) SPM

 3.4-1 15

14 10 NOx PM

( 3.6 PM )

15 SPM

SO2( ) 100 % NO2(

) SPM

) 17 (2006 10 )

 3.4-1 NOx PM SPM

28 ( 20 8  3.4-2 )

16

1 0.20 mg/m
3

2

(  3.4-1  3.4-2) 16
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) 16 ( )

 3.4-2

 3.4-1 SPM

( / )

8 9 10 11 12 13 14 15 16
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0/8 0/8 0/8 4/8 3/8 4/8 3/8 3/8 8/8 

) 16 ( )
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 3.4-2 SPM ( 16 )

1

2 %

1

0.20 mg/m3 0.10 mg/m3 2

0.10 mg/m3

mg/m3 mg/m3

0.032 0.071 0 1 0

0.032 0.070 0 0 0

0.029 0.061 0 0 0

0.031 0.069 3 1 0

0.030 0.074 7 2 2

0.027 0.065 0 0 0

0.027 0.063 0 1 0

0.020 0.045 0 0 0

0.030 0.068 0 0 0

0.029 0.059 0 0 0

0.030 0.066 0 0 0

0.033 0.070 0 0 0

0.029 0.060 0 0 0

0.034 0.067 0 0 0

0.029 0.068 0 0 0

0.027 0.063 0 0 0

0.029 0.062 0 0 0

0.029 0.062 0 0 0

0.027 0.060 0 0 0

0.029 0.066 0 1 0

SPM

1 1 0.10 mg/m3 1 0.20 mg/m3

1 1 2 %

(1 2 % )

2

) 16 ( )

3.5 PM

PM PM PM

 3.5-1 17 5,800 14,440

3 7

9 2,960 (12.4 %) 17 980

(4.8 %) NOx PM

12



17

9 15,480 (65.1 %) 17 14,440

(71.3 %) 7 % 30 %

 3.5-1 PM

9 17

( / ) (%) ( / ) (%)

2,960 12.4 980 4.8

(

)
5,340 22.5 4,820 23.8

8,300 34.9 5,800 28.7

15,480 65.1 14,440 71.3

23,780 100.0 20,240 100.0

) (2003 7 )

3.6 PM

PM

5

NOx PM 13

NOx PM

NOx PM

 (  3.6-1 )

 3.6-1 NOx PM

NOx PM

8 (

)

( )

NOx PM PM

14 10 15 10

) NOx PM (2005 9 )
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500 ppm 50 ppm 2007 10 ppm
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A B A B

A B
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A 40 %

20 %

50 %

R

PM 100 g/m3

70
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) (2001 11 )

 3.7-2 CMB ( )

PM

PM

(

) (

)

(  3.7-3 PM )

PM

PM

PM

A 10 g/m3

B 20 g/m3

g/m3
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4.1.1
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PM
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4.1.2

PM

2000 8 16 31

2000 1 16 31
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PM (EC)
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) (NO3
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NO NO2 HNO3 O3

VOC
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1

2
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) 2006 (2006 1 )
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4.2.2

 4.2-3
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0 100 km

6 4

0.1 0.2 cm/s

0 1,000 km 8 7

3

0 1,000 km 6

3

( 4.6-2 ) 3

 4.2-3

Aug. Jan.

emission Amount in air Dry deposition
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4.3

4.3.1

CMAQ
3

CMAQ RAMS
4

( )

RAMS/CMAQ (  4.3-1 )

CMAQ

RAMS/CMAQ

(

)

2000

( )

(
5

)

( )

(

)
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3 RAMS RAMS(Regional Atmospheric Modeling System)

3

4 CMAQ CMAQ(Community Multiscale Air Quality model) (EPA)

1998

CMAQ SOx NOx

 4.3-1  RAMS/CMAQ

5

RAMS

CMAQ
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8 SO4

OH
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PM SO2

Aug. Jan.
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6 OH
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NH3
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(b)

 4.3-3

SO4
2-

SO4
2-

700-1,000 km

 4.3-4

100 km

Aug. Jan.

 4.3-3

 4.3-4 ( )

Aug. Jan.
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(2)

(a)

 4.3-5 NO NO2 HNO3
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-

NO NO2 HNO3
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NOx NO2 HNO3
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SO4
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SO2 SO2
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(  4.5-1 ) HNO3

NO NO3
-
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3 NOx
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 4.5-1 ( )

 4.5-2 ( )

) 2  3.7-3 PM
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4.6

(1)

0.3 m 380 cSt

(2)

2000

SOx NOx

(3) 3

3

3
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5. PM

5.1 PM

5.1.1

PM

PM

PM

(1)

18 7 30 ( ) 8 6 ( ) 7

1 PM

(2)

PM

2  5.1-1

 5.1-1

PM

PM

3.4 

SPM

16 SPM ( )

 5.1-1

 5.1-1 ( )

20

1-1
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(3) PM

PM ( )

PM

3 PM2.5( 2.5 m

) PM

PM

PM

PM ( 1 m
3

PM

)

PM

(Federal Reference Method)

(FRM-2000)

(PM2.5) (2000 9

)

PM

(4)

PM

PM

EC(Elemental Carbon; ) OC(Organic Carbon; )

SO4
2-

( ) NO3
-
( ) Cl

-
( ) Na

+
(

) Ca
2+

( ) K
+
( ) NH4

+
(

)

Na( ) Al( ) K( ) Ca( )

V( ) Mn( ) Fe( ) Zn( ) Se( ) Ni(

) As( ) W( )
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5.1.2

(1)

(a)

1 3 23 4 7 26 28 

67 73 % 76 89 %

1 2 3

3

PM SO2

( )  5.1-2

18 7 8

1,000 2,000 / SO2

) ( )

(http://www.seisvol.kishou.go.jp/tokyo/320_Miyakejima/320_So2emission.htm) 

 5.1-2 ( )

33



(b)

PM

PM  5.1-3

34 g/m
3

18 52 g/m
3

32 g/m
3

15 47 g/m
3

2 3 6 7

PM 3 6 7 3 6 7

7

3 6

 5.1-3 PM

34



 5.1-4

SPM 3 6 7

SO2 5 0.05 ppm

NOx

O3 3 4 7 SPM

NMHC
7

6 7 0.6 ppmC

NMHC

 5.1-4

7 NMHC(Non-Methane hydrocarbons )

PM

35



(2)

PM  5.1-2  5.1-5

3  5.1-6 PM

20 % 30 % 12 13 %

29 35 %

8

 5.1-2 PM

( g/m
3
)

3 6 3 6

39.3 42.4 38.3 37.9

  OC 5.65 6.02 5.20 5.21

EC 2.18 3.07 2.92 2.94

TC 7.84 9.09 8.11 8.15

SO4
2- 12.9 12.2 12.1 11.2

NO3
- 0.43 0.26 0.31 0.26

Cl- <0.012 <0.011 <0.012 <0.010

NH4
+ 5.0      4.9      5.0       4.5      

Na+ 0.18 0.16 0.22 <0.084

Ca2+ 0.39 <0.34 0.57 0.45

K+ <0.06     <0.06     <0.06      <0.05     

Na 0.15 0.25 0.24 0.17

Al 0.18 0.47 0.37 0.27

K 0.09 0.15 0.15 0.15

Ca 0.19 0.70 0.57 0.27

V 0.021 0.049 0.014 0.029

Mn 0.0063 0.0073 0.0099 0.0079

Fe 0.11 0.090 0.14 0.13

Ni 0.0084 0.0163 0.0043 0.0105

Zn 0.026 0.042 0.031 0.043

As 0.00057 0.0012 0.00079 0.00101

Se 0.0017 0.0008 0.0017 0.0007

W <0.00011 <0.00011 <0.00011 0.00038

8 ( )

( )

36



3 6

 5.1-5(1) ( )

3 6

 5.1-5(2) ( )

37



) 15 (2004 3 ( ) )

) 15 7 26 8 6 5

 5.1-6 ( )
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5.2

PM

9
PM( ) ( 9

PM ) 9 %

17

9 17

13 %  (  5.2-1 )

10

6 PM 13.9 %

24.5 %  (  5.2-1 )

PM(

)  %

6 SOx 5 SOx

 5.2-1 25 %

PM 15 %

PM SOx NOx

 5.2-1 PM

%

9 17 16

9.3 13.3
1

13.9

24.5

1) 17 9

2) 6

) 17 (2006 3 )

(2003 7 )

(2005 3 )

39



9 PM ( )

(2003 7

)

PM

9 17

(%) (%)

( / ) ( ) ( / ) ( )

2,960 35.7 (12.4) 980 16.9 (4.8) 

770 9.3 (3.2) 

3,430 41.3 (14.4) 

610 7.3 (2.6) 

530 6.4 (2.2) 

4,820 83.1 (23.8) 

8,300 100 (34.9) 5,800 100 (28.7) 

15,480 (65.1) 14,440 (71.3) 

23,780 (100) 20,240 (100) 

) (2003 7

)

) 17

PM 9

) 17 (2006 3 )

(2003 7 )

179

  770       13.3 (3.8)   
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10 6 ( )

PM ( )

15 (

) 15 16

PM

) 6 ( )

) (2006 3 )

41



5.3 PM

5.3.1

PM

PM

(1)

18 8 22 ( )

(2) PM

11

PM ( )

2

PM

10

20 %

50

PM

CMB

11

2,200 kW  4 ( 3 )

C (180 cSt )

(3)

PM

PM 2.5 m

( )

PM

2.5 m

( )

PM

PM

2.5 m

PM

42



5.3.2

PM  5.3-1 SO4
2-

4

OC 24 % EC 16 %

Ca
2+

Ca 10

Ca
2+

Ca

Ca Ca

PM

 5.3-1 PM

( %)

  OC 23.59         

EC 15.83         

SO4
2-

38.3          

NO3
-

0.00         

Cl-
0.00         

NH4+
0.37         

Na+
0.00         

Ca2+
2.3          

K+
0.00         

Na 0.093

Al 0.058

K 0.014

Ca 0.18         

V 0.95         

Mn 0.0028

Fe 0.19         

Ni 0.42         

Zn 0.017

As 0.00086

Se 0.0017

W 0.000068

43



5.4

5.4.1

 5.4-1

OC EC Na Al Ca K V

Ni Fe Mn Zn

As W

20

A B C A

 5.4-1

%

No

1 OC 0. 9.07     9.31    0. 0. 0. 23.6      

2 EC 0.00000 1.39 49.4 0.5 50. 5. 15.8      

3 Na 30.4 1.16 0.0076 1.4 1. 12. 0.093

4 Al 0.00003 5.9 0.16 1.00 0.21 0.42 0.058

5 K 1.1 1.05 0.020 1.3 0.085 20. 0.014

6 Ca 1.17 5. 0.15 4.5 0.085 1.1 0.18

7 V 0.00001 0.015 0.00073 0.013 0.46 0.0027 0.95

8 Mn 0.00001 0.11     0.0019 2.2 0.012 0.033 0.0028

9 Fe 0.00003 5.1 0.099 15.7 0.46 0.61 0.19

10 Ni 0.00000 0.00000 0.00099 0.29 0.2500 0.000 0.42

11 Zn 0.00000 0.12 0.062 5.2 0.04 2.6 0.017

12 As 0.00000 0.00072 0.00037 0.010 0.0023 0.015 0.00086

13 W 0.00000 0.00069 0.00007 0.0047 0.002 0.01 0.00007

) Vol.2 pp.249-251(1960). 

12 (2001)

( )

(2001 11 )

15

pp.69-76(1980). 

14 pp.296-303(1979). 

14 pp.190-196(1979). 

( )

44



5.4.2

(1)

 5.4-1

12

 5.4-1

3

( )
13

 5.4-1

12

( )

13

7

6

5

4

3

2

2

2
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(2)

13 1 7 3 (

)

 (

 5.4-2  5.4-3 )

13 21

( 9 )

 5.4-2

%

No

EC 1.08 0.00000 0.5 50. 5. 49.4 15.31

Na 1.02 30.4 1.36 1. 12. 0.00764 0.7602

Al 5.7 0.00003 0.999 0.21 0.42 0.157 1.943

K 1.1196    1.1 1.32 0.085 20. 0.0197 0.354

Ca 5.20 1.17 4.51 0.085 1.1 0.146 3.185

6 Sc 0.00126 0.00000 0.00013 0.00001  0.00005 0.00001 0.0004

7 Ti 0.447 0.00000 0.1 0.074 0.09 0.0146 0.901

V 0.01402 0.00001 0.0125 0.46 0.0027 0.00073 0.00598

9 Cr 0.03124 0.00000 0.316 0.021 0.085 0.00116    0.0421

Mn 0.10438 0.00001 2.2 0.012 0.033 0.00193 0.072010

Fe 5.084 0.00003 15.7 0.46 0.61 0.0989 9.1211 

12 Co 0.00000 0.0044 0.0031 0.0021 0.00015 0.0016

13 Cu 0.0242 0.00000 0.37 0.0001 0.36 0.0113     1.3

Zn 0.09868 0.00000 5.15 0.04 2.6 0.0624 0.3314

15 Rb 0.004110  0.00035 0.00768 0.0002 0.026 0.00005 0.00207

16 Sb 0.002140 0.00000 0.009 0.00069 0.0952 0.00196 0.213

17 Ba 0.0374 0.00009 0.05 0.1      0.039 0.00989 1.19

18 La 0.002380 0.00000 0.00098 0.004 0.00077 0.00003 0.0007

19 Ce 0.00423 0.00000 0.00687 0.007 0.017 0.00011    0.0024

20 Sm 0.00036 0.00000 0.00002 0.00076 0.00005 0.00000 0.0001

21 Th 0.00000 0.00004 0.00004 0.00005 0.00000 0.0002

) 15 (2004 3 ( ) )
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 5.4-3

%

No 

1 EC  55.7  30.28   0.291   0   4.0   0 

2 Na   0.008   0.664   5.26  30.42   1.1   1.4 

3 Al   0.020   0.539   0.646   0.00003   6.5   1.0 

4 K   0.234   0.434   4.77   1.1   0.97   1.3 

5 Ca   0.045   0.212   2.6   1.2   6.0   4.5 

6 V   0.005   0.212   0.00286   0.000005   0.021   0.013 

7 Mn   0.012   0.019   0.0247   0.000005   0.15   2.2 

) 16 (2006 3

)

(  5.4-2) (  5.4-3)

 5.4-2(1)  5.4-3(1)

 5.4-2(2)

5.4-3(2)

 5.4-1 (13 ) 21

(  5.4-2(1))

(  5.4-3(1)) 7

PM

(  5.4-2(2))

(  5.4-3(2))
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 5.4-2(1)

 5.4-2(2) ( )
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 5.4-3(1)

 5.4-3(2) ( )
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(3) PM

5.4.1 

PM

7 % (  5.4-4 )

PM

 5.4-5

 5.4-4 ( )  5.4-5

 5.4-4 PM

(t/ )
(t/ )

(%)

603 8,300 7.3 H14.3

422 5,800 7.3 H14.4 H22.6

) 1 2 (1995 10 )

) 9 17

22 6 2 PM

 5.4-5

%

) (1989 3 )

50



 5.4-4 ( )(  5.4-1 )
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 7.2-2 TOR(Term Of Reference)

.1  examine available and developing techniques for reduction of emission of air 

pollutants;

.2  review the relevant technologies and potential for reduction of NOx, and recommend 

future limits of NOx emission; 

.3  review technology and the need for reduction of SOx, justify and recommend future 

limits of SOx emission; 

.4  review the technology and potential for reduction of VOC; 

.5 with a view to controlling emissions of particulate matter (PM), study current 

emission levels of PM from marine engines, including their size distribution, 

quantity, and recommend actions to be taken for the reduction of PM from ships. 

Since reduction of NOx and SOx emission is expected to also reducEPM emission, 

estimate the level of PM emission reduction through this route; 

.6  consider reducing NOx and PM limits for existing engines; 

.7  consider whether Annex VI emission reductions or limitations should be expanded to 

include diesel engines that use alternative fuels and engine systems/power plants other 

than diesel engines; 

.8  review the texts of Annex VI, NOx Technical Code and related guidelines and 

recommend necessary amendments. 
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7.4  初年度調査のとりまとめ 

本年度の結果から、PM規制の将来の枠組みに関する考察は下記のように取りまとめられる。 

� 港湾付近における PM の大気環境は、国内、海外を見ても劣悪な状況にある。本年度の港湾

大気調査においても劣悪な状況は確認された。 

しかし、移動発生源および固定発生源に対する規制に比較すると、船舶 PM に対する規制は

一次粒子に対しても二次粒子に対しても充分に検討されてこなかった。 

� 舶用機関から排出される PM は、いわゆるディーゼル粒子を主成分とする一次粒子と、SOx

および NOx といったガス状物質が、大気中において光化学反応を経て粒子(微小な硫酸塩や

硝酸塩)に転換した二次粒子に大別される。 

� 重質油を用いる舶用ディーゼル機関においては、燃料中の硫黄分が粒子化した一次粒子が、

PM 排出重量の 8 割以上を占めていると考えられる。これとは別に大気中においても、残り

の SOx、NOxの大部分が、比較的速やかに二次粒子(硫酸塩)まで酸化され、100 km以上の長

距離を移流することが、シミュレーション結果により明らかになった。 

このような、粒子も含めた環境中の挙動の解析は、国内外において先進的な解析結果である。 

� 二次粒子の影響が大きい現状では、ディーゼル粒子(一次粒子)の低減を目的とした機関の燃焼

技術の改善では、十分に実効性のある大気環境改善効果は期待できない。このため、二次粒

子除去を目的として、燃料転換や後処理装置といった複合的な対策を行う必要がある。特に

硫酸塩の生成・排出量は、燃料中の硫黄分にほぼ比例するため、燃料転換 特に低硫黄化につ

いて、その将来的な可能性を真剣に検討することが必要となる。 

� 東アジア域の外洋において排出される船舶 PM は、陸域に到着するまでに一部海面へ沈着す

る。これらの効果やバックグラウンド濃度との比較を考慮すると、港湾域に対する外洋域に

おける影響濃度は無視できるレベルにある。このため、港湾域の大気環境に改善効果にプラ

イオリティを置いた対策を選択することが望ましい。 

ただし、PM の大気中での挙動、特に二次粒子の挙動は、地域・海域によって大きく変動す

ることも考えられ、効果的な対策を実施するためには、二次粒子も含めた粒子の生成量、粒

度分布や構成成分ごとの大気中での挙動、人の健康や環境への影響程度を更に解明すること

が重要である。 

� 今後更に検討を要する削減対策は下記のようにまとめられる。 

① 使用燃料の低硫黄化を含めた燃料転換 

二次粒子を含めて大幅な削減が期待できる。燃料代の高騰を招くことから、削減シナリ

オによる大気環境改善効果、コストおよび実施上の問題点を抽出することが必要。 

② 後処理装置(脱硝、脱流装置および排ガススクラバーの設置) 

NOxの将来規制に対応する SCR装置や乾式の DPFは、粒子の除去率が必ずしも高くな

い。排ガス温度を下げるなど、硫酸塩を含めた二次粒子を除去可能な技術の抽出および除

去に伴い生じる副生成物の処理方法の検討。 

③ 港湾域の陸電化 

①の燃料転換は、コストが高くかつ供給体制に問題がある場合も考えられる。港湾域に

おける、環境改善には停泊時の陸電使用もオプションとして検討するべきである。 

� 本調査は 2 年計画の初年度であり、港湾域における環境影響などに中間的な暫定値を含んで

いる。このため、ここまで述べた提言についてもさらに解析を進め、必要に応じて修正を施

すこととしたい。 
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SUMMARY

Executive summary: This document provides background information regarding the fate in 
the atmosphere of particulate matter from marine diesel engines at the 
sea lane in the West Pacific Ocean.  The information includes the 
production, transport, dispersion and deposition rate of both diesel 
particulate and secondary particulate matter, which are caused from 
SOx and NOx through photochemical process. 

Action to be taken: Paragraph 6 

Related documents: MEPC 53/24/Add.1, annex 14, BLG 10/14/1, BLG 10/14/11, BLG 10/14/15 
and BLG 10/WP.3, Paragraph 14 

1 Background

1.1 Particulate matter, also known as PM, is one of the air pollutants from ships.  
In July 2005, the Marine Environment Protection Committee (MEPC), at its 53rd session, 
decided to start a comprehensive review on MARPOL Annex VI, including not only NOx/SOx 
but also other pollutants such as particulate matter.  The Committee agreed to include this item in 
the terms of reference of the BLG Sub-Committee (MEPC 53/24/Add.1, annex 14). 

1.2 The terms of reference for the revision of MARPOL Annex VI required for PM emission 
control not only for reduction of diesel particulate matter but also reduction of NOx and SOx, 
which indirectly contribute to PM (as secondary particulate matter) concentration reduction. 

1.3 At the tenth session of the BLG Sub-Committee, a Working Group on Air Pollution was 
established. At this session, the Working Group noted the importance of basic information about 
fate and transport in the atmosphere as follows in BLG 10/WP.3, paragraph 14.  “The Group 
agreed that the Sub-Committee should strongly encourage submissions to the forthcoming 
intersessional meeting concerning relevant research and modelling studies concerning particulate 
matter generated by ships as well as the fate and transport of ship-generated PM”. 
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1.4 Japan is willing to respond to the request by the Working Group and so illustrate the fate 
in the atmosphere of particulate matter from marine diesel engine at the sea lane in the West 
Pacific Ocean.  The information includes the production, transport, dispersion and deposition rate 
of both diesel particulate and secondary particulate matter caused from SOx and NOx by 
photochemical process.  For the analysis of diesel particulate, we use Gaussian plume model, 
which is extended for the gravity effect and deposition rate, and for the analysis of secondary 
particulate matter, we use the 3D dynamic model (RAMS/CMAQ model) to estimate 
geographical range, which effected by secondary particulate matter under the real climate 
conditions and photochemical process.  These results will provide as fundamental information for 
the future control scheme of the whole PM. 

2 Basic Information for the fate of diesel particulate 

2.1 The ambient residence time of particles varies with their size.  In general, coarse particles 
tend to settle rapidly from the atmosphere.  The travel distance of coarse particle could be about 
one to tens of kilometres.  By contrast, fine particles remain suspended longer in the atmosphere, 
and tend to be transported hundreds to thousands of kilometres.  Combustion with low quality 
residual fuel and/or with bad maintained control will produce coarse particle, such as soot.  But 
this paragraph is about the diesel particulate, which is emitted in exhaust gas under good 
combustion condition. 

Outline of model used for primary particle evaluation 

2.2 We decided to examine the fate of diesel particulate using each typical weather condition 
in August and January at the West Pacific Ocean near the coast of Japan.  For the estimation, we 
set the analysis area showed in Fig .1, which include the main sea lane near the south Japanese 
coast.  The details of the model are shown in the annex to this document. 

Fig.1  Estimation Area for the PM analysis 

Deep hatching shows the emission area of the sea lane for the international 
sea trade between Japan, China and USA. A rectangle shows a calculation 
area in this analysis. 

Ogasawara

Hedo 

Oki

Hachijojima
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2.3 The analysis periods for extraction of weather conditions are shown below.  The main 
wind direction is continuously southeast in the summer, northwest in winter for at least 48 hours 
in the period, respectively.  For the estimation, it was assumed that there were uniform wind 
velocity and wind direction in the analysis periods. 

 Summer 16-31 August 2000 
 Winter  16-31 January 2000 

2.4 Since most of the diesel particle is produced during the good combustion condition, 
domain size of diesel particulate from marine engine will be estimated as 0.3 micrometers in 
this calculation.  In addition, the combustion experiment in Japan shows average size 
of 0.3 micrometers used distilled fuel, and in the CMAQ model, we also set the particle size 
at 0.3 micrometers. 

2.5 Since the DP emitted from the vessel goes and descends in the direction of the lee by 
gravity, we use Gaussian plume model in the centre of plume falling with gravity effects and 
deposition rate which is introduced from the chemical/physical effects of sea surface and fine 
particulate size. 

2.6 Although deposition rate are varied with the surface, roughness, the chemistry kind of a 
particle, etc., in this calculation, we assumed uniform rate of 0.5 cm/s, because of its flat surface. 

Results and analysis 

2.7 The deposition rate/quantity of DP according to distance from sea lane are shown 
in Fig. 2.  The left end bar shows the total amount of the diesel particle emission during the 
calculation period, and the height of the other bar shows change of deposition quantity and the 
amount of existence in the atmosphere as the distance from the sea lane becomes large, 
respectively.

2.8 We should emphasize that the particulate matters, which are remained in the atmosphere 
after deposition, diffuse widely into the direction of lee distance and a horizontal direction. 
Therefore, the concentration of PM is very small as distance becomes far; order of under micro 
gram per cubic meter. 

2.9 In the zone of zero to 100 km from the centre of the sea lane, about 60% in the summer 
and 40% in winter of total DP emission will deposit to the sea surface, respectively. 

2.10 Since particle size of DP is larger than the secondary particle produced from the SOx 
and NOx, we can expect much larger decrease rate with wet deposition.  For DP from marine 
engine, we should take a priority to reduce the influence of short-distance, such as at port and 
near the port. 
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Fig.2  Comparison between diesel particulate emission and dry deposition amount, 
 classified by distance from sea lane

3 Basic Information for the fate of secondary particle from SOx and NOx emission 

 Outline of model used for primary particle evaluation 

3.1 This estimation for the environmental effects by SOx/NOx emission from the typical sea 
lane is a summary of the calculation result of the long range simulation system of the air 
pollution substance by the RAMS/CMAQ system developed in our country (Application 
Dynamics Research Institute, Kyushu University). 

3.2 RAMS (Regional Atmospheric Modelling System domain weather model system) is 
the 3D weather analysis model developed in Japan at National Institute for Environmental 
Studies and the Meteorological Agency. 

3.3 CMAQ (Community Multiscale Air Quality model) is the air simulation model which the 
United States Environmental Protection Agency (EPA) released in 1998, and is the model created 
for the purpose of chemistry process also including the gas-solid reaction and the dry/wet 
deposition.

3.4 Comparison between the observation and RAMS/CMAQ model is checked both at a point 
on land and on an island near the sea lane (Oki, Hatijoujima, Ogasawara, etc.), and the 
calculation result is very near from actual value (see annex to this document). 

3.5 The area for calculation and the time period are the same as diesel particulate 
(see Chapter 2). 

Aug.

Jan.
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Results and analysis 

Secondary particulate matter from SOx 

Concentration of SOx gas and sulphate particulate emitted from sea lane

3.6 The concentration of SOx in the atmosphere at each range, classified by distance from the 
sea lane is shown in Fig. 3. SO2 is a gaseous substance and the SO4

2- is the secondary particulate 
matter which is produced from the SO2 gaseous. 

3.7 For SO2 gaseous, the concentration is very low in the area by 100km or more from the sea 
lane, because SO2 gaseous will be changed into a sulphate particulate matter (secondary particle) 
rapidly.

Fig.3 Concentration distribution of sulphur dioxide gas (SO2)
and sulphate particulate matter (SO4

2-)
classified by distance from the sea lane

Background concentration of SOx gas and sulphate particulate emitted from sea lane

3.8 The background concentration in model without SOx emission from ships in the same 
area described in paragraph 3.7 is shown in Fig.4. Since the land source emission from the whole 
East Asia is huge, the concentration in more than 700km from sea lane, which is a belt near the 
coastline, is high in both gas and sulphate. 

Fig.4 Background concentration of sulphur dioxide gas (SO2)
and sulphate particulate matter (SO4

2-)
 classified by distance from the sea lane 
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3.9 The SOx contribution of the concentration to the background is shown in Fig.5. In the 
area which exceeds 300km from the sea lane, the contribution is very low, and it is thought that 
the influence can be negligible in both SOx gaseous and sulphate, and in both seasons, 
respectively. 

Fig.5 Background concentration of sulphur dioxide gas (SO2)
and sulphate particulate matter(SO4

2-)
classified by distance from the sea lane

Secondary particulate matter from NOx 

Concentration of NOx gas and nitrate particulate emitted from sea lane

3.10 In Fig. 6, the concentration of NOx in the atmosphere at each range, classified by distance 
from the sea lane is shown. NO, NO2 and HNO3 are a gaseous substances and only NO3- is the 
secondary particulate matter which is produced from the NOx gaseous. 

3.11 Unlike SOx, it can grasp that there are more amounts of total gaseous substances than 
amounts of particulate matter. Moreover, in the summer, with higher temperature and more UV 
radiation the photochemical reaction is more aggressive than in winter, HNO3 gas, a more 
oxidative substance, is highly produced than NO2 gas. 

.      .

Fig.6 Concentration of gas (NO, NO2 and HNO3)
and nitrate particulate matter (NO3

-)
classified by distance from the sea lane
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3.12 The background concentration in model without NOx emission from ships in the same 
area described in paragraph 3.11 is shown in Fig. 7.  Since the land source emission from the 
whole East Asia is huge, the concentration in the 700km belt near the coastline is high in both 
gas and nitrate. 

Fig.7 Background concentration of nitrate gas (NO, NO2 and HNO3)
and nitrate particulate matter (NO3

-)
classified by distance from the sea lane

Background concentration of NOx gas and nitrate particulate emitted from sea lane

3.13 The NOx contribution of the concentration to background is shown in Fig.8. 

3.14 Although the gaseous substance in the atmosphere (NO, NO2, HNO3) is an almost 
equivalent value in the area of 0-100km range, containing the sea lane in the coastal area, 
background concentration has increased overwhelmingly. Moreover, in the area more 
than 300km away from the sea lane, the concentration as total gaseous nitrate substances (NO, 
NO2, HNO3) can be negligible compared to the background in the area which is more 
than 300km away from the sea lane. 

3.15 In the area which exceeds 300km from the sea lane, the contribution by NOx from ships 
is very low, in both NOx gaseous and nitrate, and in both seasons, respectively. 

Fig.8 Concentration distribution of nitrate gas (NO, NO2 and HNO3)
and nitrate particulate matter (NO3

-)
classified by distance from the sea lane 
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4 Effects on ozone concentration by vessel exhaust gas 

4.1 Fig. 9 is a figure about those with a vessel generation source, ozone concentration when 
nothing, and its concentration difference.  The contribution of a vessel exhaust gas (NOx) is large 
in the summer, and forms about 30% of background concentration (without NOx from ships in 
Fig. 9) with 0-100km area containing a sea lane. 

4.2 The absolute concentration is not so high; the O3 increases near the coast can be 
negligible as compared with background concentration.  The lack of VOCs emission, which is 
one of the precursors for O3, is the reason for the lower contribution to O3 concentration in 
the ocean. 

Fig.9 O3 Concentration at the sea lane w/wo NOx emission from ships 
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5 Conclusion 

5.1 Unlike the secondary particulate matter produced from SOx/NOx, the diesel particulate 
emitted from marine engines has large enough physical size to be influenced more by gravity. 
For this reason, in the range of zero to 100 km, it is presumed that about 40% in the summer 
and 60% in winter of the total emission will deposit to sea surface even without rain fall effects. 
Therefore, the DP can be expected to affect narrow areas (such as less than 100 km from emitted 
position) compared with the secondary particle. 

5.2 The RAMS/CMAQ integrated model was applied to the West Pacific Ocean including 
typical sea lane between Japan, USA and China, and evaluation of effects by SOx/NOx to 
secondary particulate matter was carried out.  According to the calculation, reaction of secondary 
particulate matter from SOx/NOx has a large variation between seasons.  This would be 
influenced greatly by weather conditions, average wind speed and average precipitation and also 
chemical reaction rate.  For the long-distance evaluation, the results or recommended actions for 
the reduction of PM from ships may change greatly by climate zones of the earth. 

5.3 The SOx emitted from the typical sea lane at the calculation area will change to sulphate 
or SO4 aerosol comparatively in short-term or short-range, and the SO2 gaseous concentration at 
the area which is more than 100km away from the sea lane can be negligible compared to the 
background concentration of SO2.

5.4 Sulphate or SO4 aerosol reaches to longer distances compared to SO2 gaseous.  When we 
consider the total PM reduction including secondary particulate matter from SOx, it is effective 
to reduce SOx emission directly from emission, such as using low sulphur fuel and the 
post-treatment for exhaust gas.  The SO4 aerosol concentration at the area which is more 
than 300km away from the sea lane can be negligible compared to the background concentration 
of sulphate. 

5.5 The NOx emitted from the typical sea lane at the calculation area will be oxidized to NO2
and HNO3 gas comparatively by photochemical reaction.  However, the production rate of nitrate 
particulate matter is slower than SOx to sulphate.  Although sulphuric acid itself goes to aerosol 
in the process of SOx to sulphate, nitric acid can change into the nitrate only when with enough 
alkali ion, such as ammonia, which less exist in the marine clean atmosphere . 

5.6 The concentration as total gaseous nitrate substances (NO, NO2, HNO3) can be negligible 
compared to the background at the area which is more than 300km away from the sea lane. 

5.7 Also the influence range of gas/particulate matter by NOx can be expected narrow 
compared with those by SOx.  We might put priority to reduction of NOx emitted near coastline 
than that which is emitted far from the land. 

5.8 Near the sea lane, O3 production by NOx from ships contributes about 30 per cent 
compared to the background concentration.  The absolute concentration is not so high.  
The O3 increases near the coast can be negligible as compared with background concentration.  
The lack of VOCs emission, which is one of the precursors for O3, is the reason for the lower 
contribution to O3 concentration in the ocean. 

6 Action requested of the Intersessional Meeting of the Working Group 

6.1 The Intersessional Meeting is invited to consider the above comments and take action as 
appropriate.

***



BLG-WGAP 1/2/7 

I:\BLG\WGAP\1\2-7.doc 

ANNEX

VERIFICATION OF RAMS/CMAQ MODELING 

1.1 These figures show the hourly concentration between estimation and real measured value 
on small islands near the estimated area in Fig.1. 

1.2 Upper left figure shows comparison of observed and model simulated 
surface O3 concentration. Symbols are EANET observation at Oki, Ogasawara and Hedo island 
site, thick line is CMAQ O3 corrected on the O3 initial condition from high layer by observation 
at Happo site (more than 3,000m high), and thin line is the CMAQ O3 on the default setting with 
ship emission. 

1.3 Upper right figure shows comparison of observed and model simulated 
surface SO2 concentration. Symbols are EANET observation at Oki, Ogasawara and Hedo island 
site, thick line is CMAQ SO2 including the effect of eruption of Mt. Miyakejima-Oyama, and 
thin line is the CMAQ SO2 without the effect of eruption of Mt. Miyakejima-Oyama. 

1.4 Lower figure shows comparison of observed and model simulated surface SO4 particulate 
concentration at Hachijo island.  The black circle mark shows concentration for Hachijo island. 
Thick dashed line is CMAQ SO4 including the effect of eruption of Mt. Miyakejima-Oyama, and 
straight line is the CMAQ SO4 without the effect of eruption of Mt. Miyakejima-Oyama. 
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4 8/2( )16 8/3( )16

5 8/3( )16 8/4( )16

6 8/4( )16 8/5( )16

7 8/5( )16 8/6( )16



(2)

PM

2  3.1-1

 3.1-1

PM

PM

16

( (2006

) SPM (

)

 3.1-1 ( )

 3.1-1

20

1-1



 3.1-1(2)



(3) PM

PM ( )

PM2.5 SPM

PM2.5 SPM PM2.5 SPM

24

PM2.5

PM

PM ( 1 m
3

PM

)

1
3
/

24

24
3
/

PM2.5

(Federal Reference Method)

(FRM-2000)

(PM2.5)

(2000 9 )

PM

PM

( ) PM(11 m ) 3

( 2.1 m 2.1 7.0 m 7.0 11 m)

24

 3.1-2

2



 3.1-2

PM-2.5 FRM-2000

16.7 L/min 

47 mm

2.5 m(50 % )

SPM LV40B

C-30

30 L/min 

55 mm

10.0 m(100 % )

( )

28.3 L/min 

AC100 V 

8

(4)

PM

PM

PM2.5 SPM

EC(Elemental Carbon; ) OC(Organic Carbon; )

SO4
2-

( ) NO3
-
( ) Cl

-
( ) Na

+
(

) Ca
2+

( ) K
+
( ) NH4

+
(

)

Na( ) Al( ) K( ) Ca( )

V( ) Mn( ) Fe( ) Zn( ) Se( ) Ni(

) As( ) W( )

 3.1-3

PM SPM

PM 2



 3.1-3(1) PM

  2.1 m
24

7 2
14 14

2.1 7.0 m 14 14

7.0 11 m 14 14

PM2.5 14 14 4 4

SPM 14 14 4 4

PM2.5 14 14 4

SPM 14 14 4

98 98 8 8 8

( ) PM2.5 ( ) SPM ( ) PM2.5 ( ) SPM ( )

 3.1-3 (2) (PM2.5 SPM)

PM2.5 47 14

47 14

SPM 55 14

55 14

PM2.5 47

8mm 4

1 1

OC EC TC

SPM 55

8mm 4

1 1

PM2.5 47 1/2

4SO4
2-

NO3
-

Cl
-

NH4
+

Na
+

Ca
2+

K
+

SPM 55 1/2

4

PM2.5 47 4

Na Al K Ca V

Mn Fe Zn Se

Ni As W
SPM 55 4

ICP-MS

1.

2.



3.2

(1)

( )

(  3.1-1(2) )

(  3.1-1(2)

)

SPM SO2 NOx (Ox) (NMHC)

 3.2-1

(

)(http://w-soramame.nies.go.jp/) )



1 3 23 

4 7 26 28 67 73 %

76 89 %

1 2 3

3

PM SO2

 3-2

18 7 8

1,000 2,000 / SO2

 3.2-2

1
7/30 16

7/31 16
90 % 

23.4

26.8

21.5

67 % 

76 % 

57 % 

4 m/s

3 m/s

2
7/31 16

8/1 16
90 100 % 

22.5

25.6

20.4

69 % 

76 % 

59 % 

3 m/s

2 m/s

3
8/1 16

8/2 16
90 100 % 

23.4

27.5

21.5

73 % 

80 % 

60 % 

2 m/s

1 m/s

4
8/2 16

8/3 16

( )

70 90 % 

( )

10 % 

25.5

31.3

22.5

69 % 

82 % 

51 % 

3 m/s

5
8/3 16

8/4 16

26.8

32.6

23.0

68 % 

82 % 

49 % 

4 m/s

2 m/s

6
8/4 16

8/5 16

27.8

35.0

24.0

68 % 

84 % 

39 % 

2 m/s

2 m/s

7
8/5 16

8/6 16

27.8

32.9

23.6

71 % 

89 % 

43 % 

4 m/s



(http://www.seisvol.kishou.go.jp/tokyo/320_Miyakejima/320_So2emission.htm

 3-2

PM2.5 SPM

PM2.5 SPM  3.2-3  3.2-3

PM2.5 34 g/m
3

18 52 g/m
3

SPM

39 g/m
3

22 57 g/m
3

PM2.5/SPM 76 94 %( 86 %)

PM2.5 32 g/m
3

15 47 g/m
3

SPM

37 g/m3 23 54 g/m
3

PM2.5/SPM 65 94 % 86 %

PM 3 6 7 3 6 7

7

3 6



 3.2-3 PM2.5 SPM

PM2.5

(10
-6

g/m
3
)

SPM

(10
-6

g/m
3
)

PM2.5/SPM

(%)

PM2.5

(10
-6

g/m
3
)

SPM

(10
-6

g/m
3
)

PM2.5/SPM

(%)

1 18 22 81.8 15 23 65.2

2 25 33 75.8 25 34 73.5

3 39 45 86.7 38 43 88.4

4 31 33 93.9 32 35 91.4

5 28 36 77.8 30 32 93.8

6 42 46 91.3 38 41 92.7

7 52 57 91.2 47 54 87.0

34 39 86.4 32 37 85.9

18 22 75.8 15 23 65.2

52 57 93.9 47 54 93.8

 3.2-3 PM2.5 SPM



 3.2-4  3.2-4

7 2.1 m 72 % 2.1

7.0 m 14 % 7.0 11 m 14 % 2.1 m 79 % 2.1 7.0

m 12 % 7.0 11 m 9 %

2.1 m

3

 3.2-4

(10
-6

g/m
3
) (%)

2.1 m 2.1 7.0 m 7.0 11 m 2.1 m 2.1 7.0 m 7.0 11 m

1 39.0 21.7 9.2 8.1 55.6 23.6 20.8

2 50.3 29.8 8.0 12.5 59.2 15.9 24.9

3 69.7 43.9 13.3 12.5 63.0 19.1 17.9

4 42.0 36.9 1.5 3.6 87.9 3.6 8.6

5 39.6 33.8 3.8 2.0 85.4 9.6 5.1

6 60.4 44.9 9.0 6.5 74.3 14.9 10.8

7 60.7 46.6 7.7 6.4 76.8 12.7 10.5

51.7 36.8 7.5 7.4 71.7 14.2 14.1

39.0 21.7 1.5 2.0 55.6 3.6 5.1

69.7 46.6 13.3 12.5 87.9 23.6 24.9

(10
-6

g/m
3
) (%)

2.1 m 2.1 7.0 m 7.0 11 m 2.1 m 2.1 7.0 m 7.0 11 m

1 31.0 21.0 5.4 4.6 67.7 17.4 14.8

2 51.9 31.6 10.5 9.8 60.9 20.2 18.9

3 42.9 36.3 4.3 2.3 84.6 10.0 5.4

4 40.0 33.5 4.0 2.5 83.8 10.0 6.3

5 32.7 29.6 1.8 1.3 90.5 5.5 4.0

6 51.7 43.1 3.8 4.8 83.4 7.4 9.3

7 50.2 41.4 5.5 3.3 82.5 11.0    6.6

42.9 33.8 5.0 4.1 79.0 11.6    9.3

31.0 21.0 1.8 1.3 60.9 5.5 4.0

51.9 43.1 10.5 9.8 90.5 20.2 18.9



 3.2-4



 3.2-5

SPM 3 6 7

SO2 5 0.05 ppm

NOx

O3 3 4 7 SPM

NMHC
1

6 7 0.6 ppmC

NMHC

 3.2-5

1 NMHC(Non-Methane hydrocarbons )

PM



(2)

SPM

PM 3 6

3

SPM

24

6

6 7 SPM

6 7 7

6

( ) PM

(  3.2-6  3.2-7

3 2.0 m/s 1.7 m/s

ESE SSE SW WSW

SSE SW

6 2.8 m/s 2.6 m/s 3

SSW SW

SSW



%% 10 1020 2030 3040 400.0% EW

S

N

   <=0.4m/s
 0.5-0.9m/s

 1.0-1.9m/s

 2.0-3.9m/s

   >=4.0m/s

%% 10 1020 2030 3040 408.0% EW

S

N

   <=0.4m/s
 0.5-0.9m/s

 1.0-1.9m/s

 2.0-3.9m/s

   >=4.0m/s

 3.2-6

%% 1 0 1020 2030 3040 400.0% EW

S

N

   <=0.4m/s
 0.5-0.9m/s

 1.0-1.9m/s

 2.0-3.9m/s

   >=4.0m/s

%% 10 1020 2030 3040 408.0% EW

S

N

   <=0.4m/s

 0.5-0.9m/s

 1.0-1.9m/s

 2.0-3.9m/s

   >=4.0m/s

 3.2-7



3 6  3.2-8  3.2-9

3 23.4 27.5 21.5 

80 % 60 %

6 27.8 35.0 24.0 

80 % 39 %

 3.2-8 3 ( )

 3.2-9 6 ( )



(3)

PM2.5 SPM  3.2-5  3.2-10

3 15

(2004 3 ( ) ))  3.2-11  3.2-12

PM2.5 20 % 30 %

12 13 % SPM 20 %

24 27 % 10 %

PM2.5 29 35 % SPM 35 39 %

2

 3.2-5(1) PM2.5

3 6 3 6

39.3 42.4 38.3 37.9

  OC 5.65 6.02 5.20 5.21

EC 2.18 3.07 2.92 2.94

TC 7.84 9.09 8.11 8.15

SO4
2- 12.9 12.2 12.1 11.2

NO3
- 0.43 0.26 0.31 0.26

Cl- <0.012 <0.011 <0.012 <0.010

NH4
+ 5.0 4.9 5.0 4.5

Na+ 0.18 0.16 0.22 <0.084

Ca2+ 0.39 <0.34 0.57 0.45

K+ <0.06 <0.06 <0.06 <0.05

Na 0.15 0.25 0.24 0.17

Al 0.18 0.47 0.37 0.27

K 0.09 0.15 0.15 0.15

Ca 0.19 0.70 0.57 0.27

V 0.021 0.049 0.014 0.029

Mn 0.0063 0.0073 0.0099 0.0079

Fe 0.11 0.090 0.14 0.13

Ni 0.0084 0.0163 0.0043 0.0105

Zn 0.026 0.042 0.031 0.043

As 0.00057 0.0012 0.00079 0.00101

Se 0.0017 0.0008 0.0017 0.0007

W <0.00011 <0.00011 <0.00011  0.00038



 3.2-5(2) SPM

3 6 3 6

45.0 45.6 43.4 41.2

  OC 5.91 6.73 5.32 5.96

EC 2.07 3.2 2.41 2.61

TC 7.99 9.93 7.72 8.58

SO4
2- 12.2 11.2      10.7 10.9

NO3
- 1.60 1.61 1.68 0.81

Cl- 0.25 0.39 0.16 <0.01

NH4
+ 3.9 3.8 4.2 4.1

Na+ 1.23 1.33 0.84 0.62

Ca2+ 0.52 0.64 0.38 0.45

K+ <0.06 <0.06 <0.06 <0.05

Na 1.62 2.15 1.93 1.86

Al 0.33 0.66 0.23 0.55

K 0.16 0.11     0.16 0.12

Ca 0.53 0.89 0.35 1.00

V 0.025 0.029 0.011    0.019

Mn 0.0126 0.0053 0.0135 0.0067

Fe 0.35 0.10 0.40 0.17

Ni 0.0081 0.0279 0.0052 0.0123

Zn 0.033 0.037 0.033 0.038

As 0.00062 0.00066  0.00076 0.00069

Se 0.0020 0.0009 0.0016 0.0011  

W 0.00019 0.000098 0.00017  0.00036

2



63

63

 3.2-10(1) PM2.5)



63

3

 3.2-10(2) SPM)



15 (2004 3 ( ) )

15 7 26 8 6 5 )

P.52  5.4-1 P.53  5.4-4

 3.2-11 PM2.5 ( )



15 (2004 3 ( ) )

15 7 26 8 6 5 )

P.52  5.4-1 P.53  5.4-4



(4)

3

Na
+

Cl
-

Cl
-

Na
+

 3.2-6

Cl
-

NaNO3

Na
+

Cl
-

Cl
-

 3.2-12

1 1

NH4
+

SO4
2-

NH4
+

SO
2-

NH4
+

(NH4)2SO4 NH4NO3

Na
+

Ca
2+

PM2.5 Na
+

Ca
2+

% NO
3-

NaNO3 PM2.5

3

( ) ( (cation)

) ( ) ( (anion) )

( eq/m
3
) ( g/m

3
) (g/mol) (eq/mol)



 3.2-6 (1) (PM2.5)

10
-6

eq/m
3

3 6 3 6

SO4
2- 0.269 0.254 0.253 0.233

NO3
- 0.007 0.004 0.005 0.004

Cl- 0.008 0.007 0.009 0.004

0.284 0.266 0.267 0.241

NH4
+ 0.278 0.271 0.277 0.248

Na+ 0.008 0.007 0.009 0.004

Ca2+ 0.019 0.000 0.028 0.022

0.305 0.278 0.314 0.274

1.07 1.05 1.17 1.14

Cl Na

 3.2-6(2) (SPM)

10
-6

eq/m
3

3 6 3 6

SO4
2- 0.254 0.232 0.222 0.227

NO3
- 0.026 0.026 0.027 0.013

Cl- 0.054 0.058 0.036 0.027

0.334 0.316 0.285 0.267

NH4
+ 0.216 0.208 0.234 0.227

Na+ 0.054 0.058 0.036 0.027

Ca2+ 0.026 0.032 0.019 0.022

0.296 0.298 0.289 0.276

0.89 0.94 1.01 1.04

Cl Na



 3.2-13(1) (PM2.5)

 3.2-12(2) (SPM)



3.3

PM

(1)

4
PM( ) (

9 PM ) 9 %

17 9 17

13 % (

3.3-1 )

5

6 PM 13.9 %

24.5 % (  3.3-1 )

PM( )  %

6 SOx 5

SOx  3.3-1 25 %

PM

15 %

PM SOx NOx

 3.3-1 PM

%

9 17 16

9.3 13.3
1

13.9

24.5

1) 17 9

2) 6

) 17 (2006 3 )

(2003 7 ) (2005

3 )



4 PM ( )

(2003 7

)

9 17

(%) (%)

( / ) ( ) ( / ) ( )

2,960 35.7 (12.4) 980 16.9 (4.8) 

770 9.3 (3.2) 

3,430 41.3 (14.4) 

610 7.3 (2.6) 

530 6.4 (2.2) 

4,820 83.1 (23.8) 

8,300 100 (34.9) 5,800 100 (28.7) 

15,480 (65.1) 14,440 (71.3) 

23,780 (100) 20,240 (100) 

) (2003 7

)

) 17

PM 9

) 17 (2006 3 )

(2003 7 )

179

  770       13.3 (3.8)   



5 6 ( ) PM

( )

15 (

) 15 16

) 6 ( )

) (2005 3 )



(2)

SPM 30 % 50 %
6

1 9 4
7

12 43 % 13 25 %

14 32 % 15 22 % 16 17 %

6 (2005 12 )

7 16 (2006 3

)

(3) PM

13 (<2.1 m) CMB

2001 11  3.3-1

50 %

22 50 % 8.9 %

2.8 % 2.2 %

1 %



(2001 11

13 8 20 29 7 (<2.1 m)

 3.2-11  3.2-12

 3.3-1 CMB ( )



4. PM

4.1

PM

PM

PM

(1)

18 8 22 ( )

(2) PM

8
PM

( )

2

PM

10

20 %

50

PM

CMB

8

2,200 kW 4 ( 3 )

C (180 cSt )

(3)

PM

PM 2.5 m

( )

PM 2.5 m

( )

PM

PM 2.5 m



4.2

PM  4.2-1 SO4
2-

4

OC 24 % EC 16 %

Ca
2+

Ca 10

Ca
2+

Ca

Ca

Ca

PM

 4.2-1 PM

( %)

  OC 23.59           

EC 15.83           

SO4
2-

38.3            

NO3
-

0.00           

Cl-
0.00           

NH4+
0.37           

Na+
0.00           

Ca2+
2.3            

K+
0.00           

Na 0.093

Al 0.058

K 0.014

Ca 0.18           

V 0.95           

Mn 0.0028

Fe 0.19           

0.42           Ni

Zn 0.017

As 0.00086

Se 0.0017

W 0.000068



5.

5.1

 5.1-1

OC EC Na Al Ca K V

Ni Fe Mn Zn

As W

20

A B C A

 5.1-1

%

No

1 OC 0. 9.07     9.31    0. 0. 0. 23.6      

2 EC 0.00000 1.39 49.4 0.5 50. 5. 15.8      

3 Na 30.4 1.16 0.0076 1.4 1. 12. 0.093

4 Al 0.00003 5.9 0.16 1.00 0.21 0.42 0.058

5 K 1.1 1.05 0.020 1.3 0.085 20. 0.014

6 Ca 1.17 5. 0.15 4.5 0.085 1.1 0.18

7 V 0.00001 0.015 0.00073 0.013 0.46 0.0027 0.95

8 Mn 0.00001 0.11     0.0019 2.2 0.012 0.033 0.0028

9 Fe 0.00003 5.1 0.099 15.7 0.46 0.61 0.19

10 Ni 0.00000 0.00000 0.00099 0.29 0.2500 0.000 0.42

11 Zn 0.00000 0.12 0.062 5.2 0.04 2.6 0.017

12 As 0.00000 0.00072 0.00037 0.010 0.0023 0.015 0.00086

13 W 0.00000 0.00069 0.00007 0.0047 0.002 0.01 0.00007

) Vol.2 pp.249-251(1960).
12 (2001)

( )
(2001 11 )

15
pp.69-76(1980).

14 pp.296-303(1979).

14 pp.190-196(1979).
( )



(1)

 5.1-1

9

 5.1-1

3

 5.1-1

9

( )

10

2

2



(2)

13 1 7 3 (

)

(

 5.1-2  5.1-3 )

13 21

( 9 )

 5.1-2

%

No

1 EC  1.08 0.00000 0.5 50. 5. 49.4 15.3

2 Na 1.02 30.4 1.36 1. 12. 0.00764 0.760

3 Al 5.7 0.00003 0.999 0.21 0.42 0.157 1.94

4 K 1.1196    1.1 1.32 0.085 20. 0.0197 0.35

5 Ca 5.20 1.17 4.51 0.085 1.1 0.146 3.18

6 Sc 0.00126 0.00000 0.00013 0.00001  0.00005 0.00001 0.0004

7 Ti 0.447 0.00000 0.1 0.074 0.09 0.0146 0.901

8 V 0.01402 0.00001 0.0125 0.46 0.0027 0.00073 0.0059

9 Cr 0.03124 0.00000 0.316 0.021 0.085 0.00116    0.0421

10 Mn 0.10438 0.00001 2.2 0.012 0.033 0.00193 0.0720

11 Fe 5.084 0.00003 15.7 0.46 0.61 0.0989 9.12

12 Co 0.00000 0.0044 0.0031 0.0021 0.00015 0.0016

13 Cu 0.0242 0.00000 0.37 0.0001 0.36 0.0113     1.3

14 Zn 0.09868 0.00000 5.15 0.04 2.6 0.0624 0.33

15 Rb 0.004110  0.00035 0.00768 0.0002 0.026 0.00005 0.00207

16 Sb 0.002140 0.00000 0.009 0.00069 0.0952 0.00196 0.213

17 Ba 0.0374 0.00009 0.05 0.1      0.039 0.00989 1.19

18 La 0.002380 0.00000 0.00098 0.004 0.00077 0.00003 0.0007

19 Ce 0.00423 0.00000 0.00687 0.007 0.017 0.00011    0.0024

20 Sm 0.00036 0.00000 0.00002 0.00076 0.00005 0.00000 0.0001

21 Th 0.00000 0.00004 0.00004 0.00005 0.00000 0.0002

) 15 (2004 3  ( ) )



 5.1-3

%

No 

1 EC  55.7  30.28   0.291   0   4.0   0 

2 Na   0.008   0.664   5.26  30.42   1.1   1.4 

3 Al   0.020   0.539   0.646   0.00003   6.5   1.0 

4 K   0.234   0.434   4.77   1.1   0.97   1.3 

5 Ca   0.045   0.212   2.6   1.2   6.0   4.5 

6 V   0.005   0.212   0.00286   0.000005   0.021   0.013 

7 Mn   0.012   0.019   0.0247   0.000005   0.15   2.2 

) 16 (2006 3

)

(  5.1-2) (  5.1-3)

 5.1-2(1)  5.1-3(1)

 5.1-2(2)

5.1-3(2)

 5.1-1 (13 ) 21

(  5.1-2(1))

(  5.1-3(1)) 7

PM

(  5.1-2(2))

(  5.1-3(2))



 5.1-2(1)

 5.1-2(2) ( )



 5.1-3(1)

 5.1-3(2) ( )



(3) PM

5.1

PM

7 % (  5.1-4 )

PM

 5.1-5

 5.1-4 ( )  5.1-5

 5.1-4 PM

(t/ )
(t/ )

(%)

603 8,300 7.3 H14.3

422 5,800 7.3 H14.4 H22.6

1 240 5,800 4.1 H22.7

) 1 2 (1995 10 )

) 9 17

%

OC 0 0.0907     0.0931    0 0 0 0.236      0.0036    

EC 0 0.0139     0.494     0.005     0.5      0.05     0.158      0.0151    

TC 0 0.1046     0.587     0.005     0.500    0.05     0.394      0.0187    

Na 0.304      0.012      0.0000764 0.0136    0.01     0.12     0.00093    0.0085    

Al 0.0000003  0.059      0.00157   0.00999   0.0021   0.0042   0.00058    0.098     

K 0.011      0.0105     0.000197  0.0132    0.00085  0.2      0.00014    0.011     

Ca 0.0117     0.05       0.00146   0.0451    0.00085  0.011    0.0018     0.029     

V 0.0000001  0.00015    0.0000073 0.000125  0.0046   0.000027 0.0095     0.00028   

Fe 0.0000003  0.051      0.000989  0.1570    0.0046   0.0061   0.0019     0.026     

Mn 0.0000001   0.0011     0.0000193 0.0220    0.00012  0.00033  0.000028   0.00003   

Ni 0 0 0.0000099 0.0029    0.0025   0 0.0042     0.00006   

Zn 0 0.0012     0.000624  0.0515    0.0004   0.026    0.00017    0.000007  

As 0 0.0000072  0.0000037 0.000103  0.000023 0.00015  0.0000086  0.00004   

W 0 0.0000069  0.0000007 0.0000474 0.00002  0.0001   0.0000007  0.0000004 

(1989 3





5.2 CMB

CMB

CMB

(1)

CMB

PM i Ci i

j i j i Fij

j Sj

(i = 1 M 1

N

j
jiji SFC

1

M

N

Ci PM i ( g/m
3
)

Fij j i

Sj j ( g/m
3
)

(2) CMB

M N Sj
( 1)

CMB

CMB

Ci 2
( 2)

Sj

2

M

i

N

j
jiji SFC

1

2

1

2 )(
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3 6 3 6

(10-6g/m3) (%) (%) (10-6g/m3) (%) (10-6g/m3)(10-6g/m3) (%)

TC 7.83 20 9.09 20 8.12 20 8.15 20

Na 0.15 10 0.25 10 0.24 10 0.17 10
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Fe 0.11 13 0.09 16 0.14 10 0.13 11 
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