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lon Scavenging in Gentle Precipitation
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Abstract

Acid rain is the phenomenon in which oxidized
atmospheric pollutants are scavenged by raindrops.
By short time observations of ion concentration
changes in rainwater, various information about ionsin
the atmosphere is obtained. In this study, short time
and continuous observations of acid rain were
performed with an automatic rain analyzer which was
originaly remodeled. A change inion concentration
in the rainwater aswell as achangein the air pollution
gas concentration and weather, were observed at a
sametime in order to understand the ion scavenging
mechanism. During the early stage of precipitation,
highly concentrated ions in rainwater were observed
dueto acidic air contaminants formed in the
atmosphere, and ion concentrations fell as aresult of
the ion scavenging by the rain with time. A decreasing
ratio of ion concentration was found to be different
based on ionic species, and the deposition velocity of

Keywords

sulfate, which was suspended as a small particlein the
air, was quantitatively obtained and was clearly small
when compared with nitrate. The deposition velocity
of nitrate was considered to be difficult to measure
because of itslocal distribution. However, it could be
estimated from the nitrate concentration changein
rainwater under calm weather conditions when no of
change in the wind direction or the transportation of
pollution occurred. The deposition velocity constant
could be expressed as alinear function of the rainfall
intensity in this study, and evaluation of theion
deposition flux during gentle precipitation or acidic
mist, which were not able to be previously expressed
by a power function, became possible. A changein
ion concentration and pH of the sequel could be
predicted by knowing the initial concentration and
rainfall intensity changes, and these results werein
good agreement with the observations.

Acid rain, Nitrate, Sulfate ion, lon deposition, Scavenging velocity, Aerosol, Pollutant, Precipitation weather
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Fig. 1
from April 1984 to March 1986 (Hara, 1994).
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changes during individual precipitation
observed on August 18, 1993. Thisrain event
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meteorological data especially wind directions.
Due to the supplement of ions to the
precipitation area by the transportation of
polluted air mass, ion concentrations contained
in rainwater were increased during the

precipitation such as"d".
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The relationships between ion concentrations
(teq I™) and precipitation amounts (mm) are
described asfollows::

[NO;]=315% exp(-0.0733P)
[SO,”]=589x exp(-0.0248P)

where P is the precipitation amount.



0.10 3.0x 10%sec’'0 00000000 OODODO
O000000000000000Seinfeld’ 20
0000000000000 0Dop " "0000
0000000000000 D0DDO Carmichael
0P 0000000000 6.5% 10%ec'D 00
0000000000000000000000
00000000000000000000O00
00000000000000000000OO
0o 0000000000000000000
Oo000O0O00o0oono7000000000
0000000000000000000000
O000Fg. 5000000000000000
0000000000000000000O0O0
0000000000000000000000
0000000000000000000000
00000000000000000000O0
0000000000000000000000
00000000000000000000O00

251

F'g » NOg -
5

5

S

§

8

=

£

L

Rainfall Intensity  (mm hr-1)
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shows the linear correlation of NO; and the
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rel ationships between the coefficients and
rainfall intensities are follows :

A(NO;) =1.8x 10*RI +0.77 x 10
A(SO,%) =0.70x 10*RI+0.39x 10*
where A isthe empirical scavenging
coefficient (sec’) and Rl isthe rainfall
intensity (mm hr'™).

41

goboooooobooobbooobboon
uoooooobobuooobbooobbobooo
oooooo®r™™

Fig.6eUOOOOODOODOOOOOODOD
uoboooooobooobbuooobbood
ogobooboooobboopHOOODDODOO
uooooooobooobbooobboon
gboboooboboboooobbuooobbood
goboobooobooobooonbuoonboobo
uoboooooobooobbooobboobogoo
O00O000ob0DbO0Org.600000000ODOO
gobooooobooobbuooobboon
uoboooooobooobbuooobbood
oobobobpHOOOODDOOOOODOODODO
gooooooobooobboooobobobgoo
ugbobobooobobuooobbooobboboo
goooooooobbooboooooooooon
goboooboooboooobooooboobboobn
HRN

gngooogoog

goobobooooobbooooooboo
obooobooboboobobUouolbFrg. 7000
ooooobOoooboooobooooogees
gooooooobooobbuooobboon
ggddooooooooooooooooon
uoboooooboboooobbuooobbood
gobooooobobooobbooobboon
oooooooboooobbuogobboon
gooobooobobooobobboooboboboo
gobooboooobobooobbooobboboo
gbbooobooobooobuoobobuoonboo
goooboooboboooboboooboboboo
O0O0OFg. 800000DODOOONOODOOO
OoooobO0oOoooboooboDboOoP"moon
ooobobobo(ocobooo)ybooooo
NOUOooouooobooboboooooood
O(obooboo)yoooNo,OODOOOOooDO
goobooobobooobbooobbboo
ggooobooooooobooo-obonboo
goooboooobobooobobooobboon
gbhooooNGUOUOOoDbooobooboon

0000000 R&DODODDOOVol. 35 No.1 (2000.3)




42

451 450 0000000000000000
12 0000000000000000
0000000000000000
00000000000 00000
000000000000 (000
1ommO0 ) 00000000000
, . 0000000000000 Fig. 90
PEERECaRSsSs 00 O0Fig. 9000000019930 4
s a5 s 5 6 es 4 0001994030000000000

(x104cc) 00000000000 00000

0000000000000000

5 1 500 - 25 0000000000000000
L 00000000000 00000
S 0000000000000000
300 [ _ Nisy ‘ "'fa"“fa“ '(;e:nﬂgf_l) {15 ooo0o0ooOoOooooooooo
I }ﬂ&Y | ) 00000000000 00000

4 r 400 [

300 4 15

200

100 4 05

pH and Rainfal Intensity

N
lon Concentrations (u eqlt)
-
(NOg7/S04%) Ratio

400 [

e =S, 00000000000 00000
SO 1 os 0000000 000000000
. - . gootdoooooouooooon
0 ‘0,5 1 15 2 25 0dodooooOobooooooo
(x10%sec) 0dodoooooboooooon
0oo0ooooOoooooooaon
Fig. 6  Simulation of ion concentration changes and pH changes oooboobooooooooooa
during adrizzling rain. (a) Observationdata. (b) Simulation oo oOo0O0O000000O0000
results. Theinitial concentration of NO3 and S0,7, theinitial 0000000000000 000"

value of pH, and the distripution of rai nf.aI.I intensity a.re e
matched with the observation. The empirical scavenging
coefficient of ex[H'] is calculated asfollows: A(exiH) =13 HUHBOOOOOOUOUOUOOD
x 10*RI +3.0x 10* whereA istheempiricl scavenging 000000000000 0O00O0
coefficient (sec'l) and Rl istherainfall intensity (mm hr'l). Qo000 ooooooooooog
goodooooooooooon
0dodooooOoboooooooao
0dodooooobooooooon
0oo0ooDooOooooooooon
0dodooDoooobooooooo
oo0oooooooooooboon
0doodooooOooooooooo
0dodooooobooooooo
oo0oooooooooooboon
dodooooooooooooo
ooooOoooooofmoooo
gotdoooouoouoooon

Fig. 7 Wind streams toward the Nagakute observation site. gboodooodgoooodooo

pH and Rainfall Intensity
(NO57/S04%) Ratio

lon Concentrations (ueqlt)

100 [

Rainfall Duration

0000000 R&DODODDOOVol. 35 No.1 (2000.3)



gooooboobboboobooboobo
gogbooboooboboooobobobooobboo
gooboooobboooobboooboboo
gooog
gobobobooooboboboooobobogo
goobooooboooobboooboboo
goboobooobobooooboboooboboo
gobooboooboooboo
goooboooobobboooobobbogoo
gobobooobobooobobbooooboboon
O00b0bO0bO0b00OFRg. 100000000ODO

o)
Q.
£
c
S
s
5
2
Q
o}
@
0}
0 1 L “’T""’"déf' 'f)/"’;",!.(l)- . 1 L
0 90 180 270 360
Wind Direction (deg)
40 LRI UL B B UL S N N B B |
- Nighttime E
g o)
g 30 g
5 L
® § 3 3
% & KNGz
s 28 S
R N L R
© /A Vi
oF N
180 270 360
Wind Direction (deg)
Fig. 8 Variation of minutely averaged concentrations

of O3, NO, and NO, gases during therain
observation period as a function of wind
directions.

a) the daytime average for each wind direction
b) the nighttime average for each wind
direction

43

gobooooobobooobbooobboon
uoboooooobooobbuooobbood
goooooobobooobbooobboon
obooooooboooobbuooobboon
uoboooooobooobbuooobbood
goooboooobobooobbuooobboon
uoboobooooobooobbuooobbood
oooooooooergpoooobooon
goooooobobooobbooobboon
gosou0nooobooooooooooooo
gooobooooobooobobooobboon
obobobuobobUobbrFg I00DKOODOODOO
uobooooobobooobbuooobbood
godoligoooobobobbboboboooooooo

g

2

c

S

8

@

g

Q

S

c

S

0 L L L | | ) )
0 90 180 270 360

Wind Direction (deg)

E 30 ;

< NH4+

S ]

g 2 o

g ;_[ | N
7 ™ SN J

Lg) I hﬂ%

T 10 e W/Nr\r’\f e

NS Ca
0 1 1 I L ) | !
0 90 180 270 360
Wind Direction (deg)
Fig. 9  Changesinion concentrations in the rainwater

as afunction of the averaged wind directions
during thefirst 0.5 mm precipitation sampling.

0000000 R&DODODDOOVol. 35 No.1 (2000.3)




44

200

o= —N(js_
- — NHg*
g 1501\
=
c
o
® 100 1
P i
- A a2 Y
O ALY v
E o 4
0 K P T1 T2
4 6 8 10 12 2 4
Fig. 10(@ No, and NH,"
200 : :
. — nss-SO,%
= — nss-Cay* ]
150 [+
g V]
c ]
% 100 'W N
& ‘ /x/ f
8 ]
TN VS
- [ K1 P T1 T2 $  K?
4 6 8 10 12 2 4
Fig. 10(b) nss-SO,? and nss-Ca’*
200 ; :
= —cr
= — Nat I
g 150 J
: I
S
&8 100 Vi
I (N O W Y
O SORuy Yy
M
K1 T1 T2 M & K2
4 6 8 10 12 2 4
Month (1993-1994)

Fig. 10(c) Cl andNa'

Fig. 10 The seasona change inion concentrations
obtained first 1 mm precipitation amount. In
thisfigure, "K" means the observed periods of
Kosaevents, "P" means highly activated
periods of the photochemical reaction and the
biogenic production, "T" means typhoons, "M*"
means the observed period of strong
monsoons, and "'S* means the observed
periods of the snowfall.

0000000 R&DODODDOOVol. 35 No.1 (2000.3)

000000000000 0000000000
0000000000000000000 (Fig.
1000P0 )0O00D00D0O0COOOOOOOO
000000000000 0000000000
0000000000000000000000
000000000000 000000O0000O
000000000000 0000000000
00 (Fig. 1000TO )00O00000O0000O
000000000000 0000000000
0000000000000000000000
00000000000 00000000000
0000000000000000000 (Fig.
100 0MO )O

00000000000 000O000 (000
0000 )00000000000000000
000000000000 (000000 )00
0°9Q

40000

0000000000 0ooooooooOoo
00000000000000000000O0O
0000000000000000000O0OO0
0000000000000000000000
00000000000 00000000DooD
0000000000000000000O0O0
0000000000000000000000
0000000000000000000OoOon
oooo00oD0Do00O0oOg

(1) 000000000000 0000000
00000000000000000000O00
0000000000000000000000
00000000000000000000OoO
00000000000000000000OO
00000000000 0000o0onoD (00)
00000000000000000000O00
oooooo

(2 0000000000000000000
00000000000000000000OoO
0000000000000000000OOO
0000000000000 D00000Oo0DO
22x 10%ec’' 00000000 5.2x 10%ec™0 O
00000000000000000000OO



gobobooobboooobobbooooboboo
gogbobooooboboooobbbooobobon
gooboooobboooobboooboboo
gogboboooboboooobobooooboboo
ggboboooobbooobbobooooboboo
gogoboooobboooobboooboboo
gooog

@ UbooboobooboobOoobOoon
gooboooboboooobobboooboboo
goboobooobbooooobobooooboboo
gooooobbbobobooooooogooooo
gogboboooboboooobbooobboo
gooog

goog

1) Lindberg, S. E., Page, A. L. and Norton, S. A. : Acid
precipitation, Ed. by Lindberg, S. E., Page, A. L. and
Norton, S. A., Vol.3 (1990), 322, Springer-Verlag

2) Hara, H.: "The Condition of Acid Rrain", Kishyo Kenkyu
Note, Meteorol. Soc. Jpn, 182(1994), 30 13(in Japanese)

3) Hara H.:"Acid Deposition Chemistry in Japan”, Bull. Inst.
Public Health, 42-3(1993), 42601 437

4) Calvert, J. G. and Stockwell, W. R. : "SO,, NO and NO,
Oxidation Mechanisms: Atmospheric Considerations’,
Acid precipitation Ed. by Calvert, J. G., Ser. 3(1994), 10
62, Butterworth Publishers, London

5) Hara H,, Ito, E,, Katou, T., Kitamura, Y., Komeiji, T.,
Oohara, M., Okita, T., Sekiguchi, K., Taguchi, K., Tamaki,
M., Yamanaka, Y. and Yoshimura, K. : "Analysis of Two-
Year Results of Acid Precipitation Survey within Japan”,
Bull. Chem. Soc. Jpn., 63(1990), 2691 2697

6) Tanner, R. L. : "Sourcesof Acids, Bases, and their
Precursorsin the Atmosphere", Acid precipitation, Ed. by
Lindberg, S. E., Page, A. L. and Norton, S. A., Vol.3(1990),
10 19, Springer-Verlag

7)  Minoura, H. : "lon Scavenging in Urban Precipitation",
(1998), Ph.D. Thesis Nagoya Univ.

8) Umeda, M., Onoguchi, A., Tanaka, S., Inomata, T. and
Hanaoka, Y. : "Development of Automatic Measurement
System of Chemical Constituentsin Rain Water and Its
Application for Rain Chemistry”, Proc. of the 35th Annual
Meet. of the Jpn. Soc. of Air Pollut., Morioka City,
E310(1994) (in Japanese)

9) Caollett, J. L., Prévét, A. S. H., Staehelin, J. and Waldvogel,
A. : "Physical Factors Influencing Winter Precipitation
Chemistry", Environ. Sci. Technol., 24-4(1991), 78200 788

10) Collett, J. L. Jr., Oberholzer, B., Mosimann, L., Staehelin, J.
and Waldvogel, A. : "Contributions of Cloud Processes to

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

45

Precipitation Chemistry in Mixed Phase Clouds', Water,
Air, and Soil Pollut., 68(1993), 430 57

Dore, A. J.,, Choularton, T. W., Fowler, D. and Crossley, A.
: "Orographic enhancement of snowfall", Environ. Pollut.,
75(1992), 1750 179

Tsuruta, H. : "Medium-range Transport, Transformation and
Deposition of Gases and Aerosols from the Tokyo
Metropolitan Areato Mountainous Ared’, Aerosols,
2(1990), 108201 1085

Schwartz, S. E. : "Gas-Aqueous Reactions of Sulfur and
Nitrogen Oxidesin Liquid-Water Cloud, In: SO,, NO and
NO, Oxidation Mechanisms : Atmospheric Considerations’,
Acid Precipitation, Ed. by Calvert, J. G., Ser. 3(1984), 173
0J 208, Butterworth Publishers, London

Barrie, L. A. : "Scavenging Ratios, Wet Deposition, and In-
Cloud Oxidation : An Application to the Oxides of Sulfur
and Nitrogen", J. Geophys. Res., 90-D3(1985), 57890
5799

Venkatram, A., Kuntasal, G. and Karamchandani, P. :
"Regiona Acid Deposition Modeling”, Atmospheric
Chemistry-Models and Predictions for Climate and Air
Quiality, Ed. by Sloane, C. S. and Tesche, T. W., (1991), 93
[0 115, Lewis Publishers, Inc.

Okita, T. : "Wet Deposition: Matter Entrainment in
Mechanism to Precipitation and Cloud Physics', Kisho
Kenkyu Note, 158(1987), 1070 118 (in Japanese)

Jacob, D. J. and Hoffmann, M. R. : "A Dynamic Model for
the Production of H*, NO;, and SO42" in urban Fog", J.
Geophys. Res., 88-C11(1983), 661101 6621

Eliassen, A. : "A Review of Long-range Transport
Modeling”, J. Appl. Met., 19(1989), 23101 240

Seinfeld, J. H. : Atmospheric Chemistry and Physics of Air
Pollution, (1986), 738, Wiley Interscience

Dop, H. van : "Models for Deposition Processes' Regional
and Long-range Transport of Air Pollution, (1986), 41300
435, Elisevier Sci. Pub. B. V., Amsterdam

Carmichagl, G. R, Peters, L. K. and Kitada, T. : "A Second
Generation Model for Regional-scale Transport/Chemistry/
Deposition”, Atmos. Environ., 20(1986), 1730 188
Minoura, H. and Iwasaka, Y. : "lon Concentration Changes
Observed in Drizzling Rains', Atmos. Res., 45(1986), 165
0182

Owada, M. : Atmospheric Environment of the Ise-Bay and
its Surrounding Area, (1994), 219, The Univ. of Nagoya
Press (in Japanese)

Minoura, H. : "Observationa Study of Surface Ozone
Concentration”, Int. Symp. on Atmos. Chem. and Future
Global Environ., (1994), 28101 284

Minoura, H., Mizawa, S. and Iwasaka, Y. : "Seasonal
Concentration Changesin Mgjor Cations and Anionsin
Precipitations in Urban Nagoya, Japan: Local Emission and

0000000 R&DODODDOOVol. 35 No.1 (2000.3)



46

26)

27)

28)

Long-Range Transport by Asian Dust Storms (KOSA) and
Typhoons", J. Meteorol. Soc. Jpn., 76(1998), 1301 27
Minoura, H. and Iwasaka, Y. : "Rapid Change in Nitrate and
Sulfate Concentrations Observed in Early Stage of
Precipitation and Their Deposition Processes"’, J. Atmos.
Chemist., 24(1996), 3901 55
Iwasaka, Y., Minoura, H. and Nagaya, K. : "The Transport
and Spatia Scale of Asian Dust-Storm Clouds: A Case
Study of the Dust-Storm Event of April 1979", Tellus,
35B(1983), 18901 196
Minoura, H. and Arao, K. : Kosa, (1991), 370 55, Water
Res. Inst. Nagoya Univ., Kokonsyoin Tokyo (in Japanese)
(199901 100 200 0D 0 O)

goog

000000 Hiroaki Minoura
000195600
ooooooooooon
dodboooooooooooooooo
0000000o0oooooooooog
dooooooooood
ooooo

0000000 R&DODODDOOVol. 35 No.1 (2000.3)



