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Abstract

Precipitation samples were collected at Anmyeon (1997~ 2004), Uljin, and Gosan (1998 ~2004), the back-
ground area of the Korean Peninsula. These samples were analyzed for the concentration of 9 major ionic
components (F~, CI™, NO;™, SO,2~, Na*, NH,*, K*, Mg?*, Ca*") with including a pH and an electric conductivity.
Data quality for these samples was verified by ion balance and conductivity balance which are based on GAW
manual for precipitation chemistry and the number of valid data at Anmyeon, Uljin, and Gosan is 249, 173, and
188, respectively.

During the study period, the precipitation-weighted average pH at Anmyeon, Uljin, and Gosan was found to be
4.81, 4.87 and 4.89, respectively and each annual average pH was showed below pH 5.6 for every site. From the
frequency survey on the precipitation acidity, the occurrence rate of acid rain below pH 5.6 is greater than 80% for
every site. Particularly, the highest occurrence rate for strong acid rain below pH 4.5 was found at Anmyeon,
32.1%, compared with other sites (10.4% at Uljin, 15.4% at Gosan). That’s because acidifying species (nss-SO,>,
NO;") are remarkably high concentration at Anmyeon.
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FotAlol A AA QAT-2] 30% ool WA
o & AFejHA HTo) F4% 73 A kst
tEe AMdule} olel FAF dir|A A3t #F
A1ztez BAel AFHT Uk Aotk AA o
A el Aol HriedEd “Hé%*% 19803 0 K-
FAT F7Fe BolwA HAle A APiEe 3
Fo] | 3 £HEgon, 1L —7} FA= AAA
FAlell ulate) 4F3] whe Sx= APHT o

gobalol Aol @lzk SO, METFE 1990 o] F %
v} fAge] £EE olv] el NO, 2 7+
T olE F7he} v&d P =EIT Y AL
2 oA 9lo} (Higashino er al., 1997).

oje} o] Foprlol Ao wirld ozl AT
FAFEA 7} FHEA 199030 o] x| H2) ARS-
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Wang et al., 1996; Dawei et al., 1994; Yamaguchi et
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Fig. 1. Locations of sampling sites for this study.

Table 1. Sampling sites and period.

Anmyeon Uljin Gosan
Sampling period 1997~2004 1998~2004 1998 ~2004
Latitude (°N) 36°32’ 36°59’ 33°17
Longitude (°E) 126° 19 129°25" 126° 10’
Sea level
altitude (m) 45.7 494 712

WAl F4e] s B4l A3} -4 ARe
Az 4= A& Felvth 53], AHE AR AF
AHQ ATFH7 A RS L HE Tl ¥ F
Foz R Yr|edEd AA £ GFE
Aoz Y= Aaelte] $iAstm QlomA, A4
B #& Bk ohieh Wikee] 247k Wk SO,
NO,, & & %9 W] wis 9 fsfixke)Ad (UV-B)
Hsg Aoz wUEF s F k= v
7] BAE d7sle 5oz X g ol4Fx
2ok (£H 8 = 2005; Cha et al., 2003).

e R ARAE 7S ANANAHRE 2R AR
A AFHE dH ez 3 Art 24X ol
A &5 A9 Fd 092 RE] Y 0947 & 2
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FEARE 3o

ALY Al8e] pHY A7A=EE Al7te] A3
o mbe} Wsly] 42z A8 ¥ FA pH HE
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Model 150)8 AMg3td &A31aL, o] 248 A&
Aty AdHEL] AN FHE2EQ AFH ) A RS
427 $RE AFQ 7 RS20 e 23, 2
Abe] A &g 78 F FA] 7 A&} FYs pH
HEls} ArA s AHE AMgEle pHe} A7 |A=
=5 2A3, o] e vugez A AR % A
AT 5 e AR WA 15 dhdlth Alm
2] HAo] #olE A o2 FEARE U= T4
Az} 7 4°C Yshaol B3k F 7133 wE A
7+ del] o] &=z =zwl¥ 73 = (DionexAl, DX-500)&
AHgste] E 97 FRo| AR (%Fe]2: Na*, NH,Y,
K*, Mg?*, Ca?*; g0]-2: F, CI", NO;~, SO, )l o
Bhe] A3

2.2 EMAIRS HS

AR A ® HSHAHLS ARl A
Helsfof & L4 Alglo|nt. 3kF, B-Mztg el Afan]
e} ARFTHE T3 LI S Y A FEd
TE SdME Ay =53E xlse A
Z E (QA/QC: quality assurance/quality control) 2}
ol @ 7Het s AW BAMAtR Y AF = oL
w2 A (ion balance)®} A7|H =% =3 A (conduc-
tivity balance)& 3}el3le] 7 E3 = Ao] UutA o)
o ol Weas A Hese AT A%
5 71Ee] g o] Aoz AAR b} (7}
FA 5, 1996). &H, A A 7|47 F (WMO) AFs1e]
AFH 7| ZA(GAW) =2 o] dgton lmy
N s QEaste G Edeld A
Aze] #FE3et ARFTHE BH o=, WDCPC
(World Data Centre Precipitation Chemistry)el|A] 7}
F2hekA 2 QA/QC A A& A) A3 wH(WMO/GAW,
2004).

2 AT A E WMO/GAWS| 7F4=3lat 23 of A
AAE o] My AV|Aex WA s
5 7EAE Al 2] A2 AAEY
oo ¥AMAAY AFHAE Hrrskgvh o] WA
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Table 2. The required criteria for the ion balance.

Table 3. The required criteria for the conductivity balance.

Acceptable ion

-l
CE+AE (ueq - L) difference (AID, %)

Measured conductivity Acceptable conductivity

(CE+AE)<50 ID< £60
S0<(CE+AE)<100 ID< £30
100<(CE+AE)< 500 ID< 15
500< (CE+AE) ID<£10

(based on by WMO GAW Guideline No. 160, 2004)

alents)9} % g-o|29] wEka % (AE: anion equiva-
lents)¥= AE Zolof Fl= o) uw)AE ulelo
2 gk A (DI A (2)F ARgsle] ofel 27} Sol-2
o] e wg 2t 78 &, A (G)e2RE] o3}

(ID: ion difference)& +3}¢]ch. & 20} AA1F & o
SE% (CE+AE)S] Hele] me olexbe] #1449
(AID: acceptable ion difference)E FA}F & o2 Wi
2] Bl S Frhesie
CE=2Cg+[H"] (N
AE =YC,+[HCO,7] 2)
, (CE-AE)
lon Difference (%)=—————x 100 3)
(CE+AE)

71M, ZC;9t ICu 27t B E oFo] & (Na*,
NH,*, K*, Mg”, Ca”)s'qL <] (F, CI", NO; ",
SO,/ 7)9l 295 (Leq - LHE 9uls}a, [ )&
ol 9] weksr=zhe Yelich HY o9 e
F= [H1:= 24" pHge= RE AEHglor
(=107P% peq - L), HCO; o] 9] wHakexw
{HCO;T+= A" pHY 3het Wl wtet 4] (4)ol
ols A1&E e (WMO/GAW, 2004).

0 pH<5.0
HCO; ], ueq - L7'= 5.1 4
[ 371, Heq ! PH>5.0 4)
106 pH)
A7 A= dy e 2AE A7HE % (BEC,.) 9

7} o] 29 BFxglo 2 NE A (5l o AtEE A
A== (ECE ¥Washs whfelw. 344 317
Azze} AEd AAEzzHE A7 d==z)
(CD: conductivity difference)E 3+ (4] (6)), A7]
A=xale] 589} (ACD: acceptable conductivity
difference)E & 39| AA|7jFo= Hrist & i}

27| 8A G A2 A1z

(uS - cm™) difference (ACD, %)
Measured conductivity <5 CDh=<+50
5 < Measured conductivity <30 CD< 30
30 < Measured conductivity CD<+20

(based on by WMO GAW Guideline No. 160, 2004)

1.8
*Valid Data Number* -
Anmyeon: 249 : Sijmyeon
Uljin 173 A jin
1.4 Gosan - 188 « Gosan
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ECcal /Ecmea

Fig. 2. lon balance (AE/CE} and conductivity balance
(EC.a/ ECpea) Of the measured data.
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Table 4. Summary of the measured data for precipitation at three sampling sites.

F~ cr NO;” SO Na* NH,* K+ Mg?*  Ca?*
Site Year N pH
(peq - L7

1997 20 476 5.2 51.0 16.8 41.0 62.7 28.0 3.4 74 119
1998 39 5.00 2.5 60.1 18.0 495 52.7 29.8 35 135 151
1999 47 5.04 0.9 61.3 16.6 30.6 60.1 17.4 2.8 13.1 16.4
2000 21 4.56 0.5 54.8 338 66.2 54.4 34.0 3.8 161 311
Anmyeon 2001 22 472 1.0 322 217 49.3 35.4 35.8 22 76 160
2002 19 476 0.5 24.4 21.9 343 31.5 29.6 1.7 60 114
2003 29 4.43 4.6 29.9 324 58.2 294 39.7 2.1 9.1 19.0
2004 52 474 0.9 27.1 25 41.1 272 23.9 1.8 74 128
AVG 481 1.9 46.4 204 423 46.6 26.5 2.7 104 152
STD 0.15 1.3 14.6 3.6 75 134 53 0.6 3.1 2.4
1998 21 5.08 0.4 73.3 78 243 68.6 8.2 40 159 8.1
1999 27 4.86 0.2 58.3 12.1 31.5 54.3 5.2 1.7 125 140
2000 7 4.96 0.0 41.4 20.7 40.6 46.2 26.0 4.0 87 234
2001 19 4.98 1.0 38.0 9.3 26.9 38.3 9.1 1.3 106 114
Uljin 2002 24 4.96 00 1384 180 39.8 1365 169 5.4 317 241
2003 36 438 1.0 55.9 157 36.6 51.5 16.2 2.9 12.1 19.6
2004 39 471 0.6 61.0 19.1 420 52.8 16.7 25 13.8 163
AVG 4.87 0.5 70.2 15.0 35.4 66.0 13.6 3.0 158 166
STD 0.10 0.3 21.9 3.7 55 22.5 4.5 1.0 49 4.0
1998 6 5.46 0.3 66.9 15.3 34.0 535 18.4 2.9 147 149
1999 40 5.35 0.6 1528 15.1 379 1704 12.4 5.7 294 205
2000 20 470 0.3 55.6 239 458 55.5 16.2 3.4 189 186
2001 21 4.89 0.1 36.7 11.1 27.6 35.1 16.3 19 6.5 5.2
Gosan 2002 26 477 0.0 78.6 215 43.6 92.3 17.6 3.2 210 158
2003 34 4.61 2.6 94.3 24.7 58.8 91.2 31.0 3.7 248 173
2004 41 481 0.6 95.0 15.1 34.5 84.2 10.6 4.0 206 119
AVG 4.89 0.7 98.6 17.1 394 100.7 15.9 4.0 216 152
STD 0.24 0.5 29.5 3.7 6.6 37.9 47 0.9 5.0 3.9

4 BR8] $& dolelg 242 249, 173, 188 (A3 =, 1999).

7N et

3. d= o nH

3.1 45 MME

* 4% BAREY A Axdd de s
(1997~2004), €315} 1A (1998~2004) 7<) pH,
ANARE D 584 oAl B3t P
5 vepR Zeltt. odf, Zt MR HAAE 7}
23 7123 A4 72| (volume-weighted arith-
metic mean; VWM)o| I, pHS] H#X]+= pHIFS 4
/\o]—?—l-—E,g_ Wiltsle] Jlpek 71 AAeEFe A
Al F ohA] pHE $98) whrlos Abzslld

Z+ A" M9 }3F pHE =, 23], 314ke] pH
4.81,4.87, 489% A7 7)15s}ed, AAHE T8 2}
olgle] b= wiEAHe] HF pHE 482 Yebd
o}. o83t A= 19963 KE] 19983 7}A] 3Helx o)
=AR s ARG 23T o M- B A=
2HE = HF pHIL 4.6~4.89] Mol A4
che A7 A7 (Lee ef al., 2000)8} -AHt Ag B
Aok g9, pHe) \iWistE AR (07 3), JuE,
$A, TAFS] 734 pHE 20008 o] Z wislgle]
pH48 A=z AAT $F& FA5L U Heoz
vepget gube el 4B, S AR %
2249} Hlmste] B (EANET Report, 2002, 2003,
2004), 2= W EA el $1X)8F Alj(Xian)®} 72
pH 622 shtewc} pH7} ¥ vepgton}, o] X
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Fig. 3. Annual variation of pH for precipitation at back-
ground sites in Korea (Anmyeon, Uljin, Gosan),
China (Xian, Xiamen) and Japan (Hedo, Yusuhara,
Oki).
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TA 154%)2 7V 1A Jebgeh oledt el
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Table 5. Frequency of pH for precipitation at three sam-

pling sites.
Anmyeon Uljin Gosan
PH range Freq. N Freq. N Frea
(%) (%) (%)
pH<35 0 0.0 0 0.0 0 00
3.5<pH<4.0 12 4.8 0 0.0 1 0.5

40=<pH<45 68 273 18 104 28 149
45<pH<5.0 94 378 85 49.1 79 420

50<pH<S55 53 213 59 341 50 266
5.5<pH<6.0 22 8.8 8 4.6 21 112
6.0<pH<6.5 0 0.0 3 1.7 9 4.8
6.5<pH 0 0.0 0 0.0 0 0.0

AZH(E 4), 7|AA A RS 4xH L 7T 3
o}7lel)] )5} BAZ ) (seasalt : ss)7] Y o]
AE4l Nat, Clrolo] 7} 2 =2 A3
ATt o] & o] & A|FhE oFel FelMy AAE
2 zle]= glx|ut AubHo=g NH,*, Ca’t, Mg*te]
20 WExe ZA3T I, o] FAME
SO,2 8} NOy o)) mpxz EA)slal Ue AE
g 4~ 9l

= slget 4 A 7P F Natel el of
g 29 0] 24 B (CIT, SO27, K*, Mg?+, Ca?h)o] bk
=u)E Jeglch b 59 Nato|&o] BF 3
FellM 7195 Hoz s, et TRl A
Nato]ol gt Foo] A1 PYafpwn|E vl
gozm 7t o9 611‘”‘71"31 v Eg Wdd ¢
ek wA, tH =, 271, A 7F4ellA Nat o]
gt Clmo]2-2 %a:}!giu]% Z47F 1.21, 1.12, 0.94
2 slgore] DFaFemn] 118 (BN EE,
1996)37} o}F ZARE kg vehle] 74 & Clol
29 g REL el 7YE Ao AR 7}
4 % Nato]&e] W3t K*, Mg’ 0|22 a5 =n|
= ZtzF 0037 0.21~0.249] HYe) e He )
Z=el|A)9) o] B o]29] Hakeww]el 0.02,0.235) B
T3P o] & o] = HREFo] FdeA 7]UH Ao
2 99et 4 9} o]ad Aabe ol w, &1, mAk
o] % afigkel] <1z ol A= A=A EA
o] uteixl Atz Atmdr} 3, SO, Ca’t o] o
Rl M slgoM e Pakswn) (soﬁ 0.12, Ca’*:
0.04)ell wlal 7 29| el A o 2 W) (SO
0.18~0.29, Ca’*: 0.07~0.14) % —,x_—z]]zs}_i D7)



ke AN (A, 22, TAD ] A=t 5 21

Table 6. Concentration ratio of major ions (CI™, $0,%, K,
Mg?*, Ca?*) to Na* for seawater and precipita-
tion at three sampling sites.

CI'/Na* SO2/Na* K*/Na* Mg /Na* Ca?*/Na*

Seawater 1.18 0.12 0.02 0.23 0.04
Anmyeon 1.21 0.25 0.03 0.24 0.14
Uljin 1.12 0.18 0.03 0.23 0.07
Gosan 0.94 0.29 0.03 0.21 0.14
30
(a) . EE Anmyeon
_ y
254 s | Uljln
9 — Gosan
1
L 201
=
g
g 154
=
L
S 104
2
=
o HH ”H
O L T - T I T T
F~ CI© NO3™ 55-80,%" nss-SO,%”
Anion
35
EE Anmyeon
(b) y
30 1 Uljin
§ —3 Gosan
g >
=
2 201
8
_5 154
St
©
g 104
]
o
5-
O T

Na* NH,® K Mg>" ss-Ca?* nss-Ca®*

Cation

Fig. 4. Concentration of ion components for precipitation
at three sampling sites.
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Fig. 5. Monthly average concentration of (a) nss-S0,>
and (b) NH,* (b) for precipitation at Anmyeon.
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Fig. 6. Seasonal variation of NO,™ for precipitation at An-
myeon.
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Table 7. Concentraion of major ions (NO,~, nss-S0,2", NH,*, nss-Ca?*) classified with pH at three sampling sites.

(unit; %)
Anmyeon Uljin Gosan
o NOU U NHS O GEL @ NOy NHS @GR gon NOS O NHS o
pH<3.5 - - - - - - - - - - - -
3.5< pH<40 23.5 13.6 13.8 59 - - - - 109 5.1 33 3.0
40< pH<45 18.1 10.1 12.4 6.9 16.3 10.2 8.2 34 11.5 8.6 7.3 31
45< pH<5.0 18.3 9.5 11.9 5.4 9.5 6.6 5.7 5.4 8.4 6.4 6.3 34
5.0< pH<S5.5 15.0 85 13.3 7.1 3.7 35 4.0 4.9 2.8 3.7 32 2.7
5.5< pH<6.0 7.4 5.1 6.6 59 6.4 8.6 7.7 16.2 2.6 3.7 3.6 6.0
6.0< pH<6.5 - - - - 22.6 10.6 7.0 17.4 3.0 4.8 42 5.1
6.5< pH - - - - - - - - - - - -
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