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An Analysis of Long~term Trends in Precipitation Acidity
of Seoul, Korea
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Abstract

Precipitation samples were collected by the wet-only event sampling method from Seoul during September
1991 to April 1995. These samples were analyzed for the concentrations of the major ionic components (NO;™,
NO;", 8027, Cl-, F-,Na*, K+, Ca?+, Mg?*, and NH,*), pH, and electric conductivity. During the study period,
a total of 182 samples were collected, but only 163 samples were used for the data analysis via quality assurance
of precipitation chemistry data. The volume-weighted pH was found to be 4.7. The major acidifying species
from our precipitation studies were identified to be non-seasalt sulfate (844 9 peq/L) and nitrate (24+2 peqg/L)
except for chloride. Because the Cl/Na ratio in the precipitation was close to the ratio in seawater. If all of the
non-seasalt sulfate and nitrate were in the form of sulfuric and nitric acids, the mean pH in the precipitation
could have been as low as 3.7 lower than the computed value. Consequently, the difference between two pH
values indicate that the acidity of precipitation was neutralized by alkaline species. The equivalent concentration
ratio of sulfate to nitrate was 3.5, indicating that sulfuric and nitric acids can comprise 78% and 22% of the
precipitation acidity, respectively. Analysis of temporal trend in the measured acidity and ionic components
were also performed using the linear regression method. The precipitation acidity generally showed a
significantly decreasing trend, which was compatible with the pattern of the ratio (NH,* 4 Ca?*)/ (nss-SOs2" +
NOs7).
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Centre, 1977), ZVMHE 19784 A&, 2AAY
o 7% pH EAE 7122 198058 3730 A
Age] 2070 AF 283 19834148 AZ 4970 Ao
AMS- A7 S AAs B AEE 2AF T 9]
o (FPBA DT, 1983). =3 ARAw] f1elEAll)
FHE A% A7 d3ezy ulEY pH o]9d] o]
AHES EX4 gt 47z s APHD Y (AT
oA 5, 1996; A} 5, 1996; 7EFA F, 1995; Al
ANE E, 1994; FAE E, 1993; 753 5 1993;
7HEQ 5, 1992, AW 5 1989; £FY 5 1985).

A3 73 B dig AAg 93 9 AP S YA
t Folrdr fAAY wEe] edxd W3 A
ggjalotal A7) -] AgEEMo] Fasld), ol ¢l
E AAdule) T4 Sl HE A&H |47l "He
ot gt &, ulEY 4k wist Age
gietbs AaiMe AR Y AeE AT EAst o
o) BAARE Rl A7z 5 Ay AuA
o S vEld $ e HE3) (central tend-
ency value)$& AbEste], o8 I 9 F9 ZHxF
Mo EMAg s} v wee ¢A So] Yasy] ¢Fo]
o}, gebd A QEG AEL Fagd, $
gvzte] Ag difEe] 4Rz 4 EAE A
Aol At e 1 AMEdhge] Aoz qld WEY 2
o H3 Ay dagletd A3 FA7L Qe A
22 =z gidh

HAA G A egxel] g dgziote 9le] g
AV Ee A7|A A w3t o F83H], xFAAY
ATFELS F2 EAAYAA B7]zE 5l W 59
AMEg o SRS A, PAE A& gle
FE02 A7AH A T A7 A AT
Tk =99 A FTe oM A4 A= o
siatAd el A7 A ekl gt dFARE ) Pis) B
153 9)J=d, NAPAP (National Acid Precipita-
tion Assessment Program) B.IA %S¢ w29 7}
5% sulfater BAHSE Zasis AL 2x AL
2 et o} (p<0.05), °Fol& AE(cations)®
287 R e ANEE A7|HA S B
o ZrAsA] 43 gldke A8 mdslgdci(Lynch of
al., 1995). =3t 19943 Hedin ef al.(1994)9] ¢
s 2xd A5 w2d, 249, LU= P nlF|
M EAE FaF dBEYAY ool T2 AFEE 3
A3 Aoz w1 9icl. EMEP (European Moni-
toring and Evaluation Programme)djAM:= f3 &

% oheh B AdAA Zgsa ol S92

FFY 7| B AR A13A A1 E

F ZAe7t AR AAHEHT e ALz BRadgdd
(Schaug, 1990)

E ATelME ALAGdA 1991 994€ 19954
49742 F 44709 Tt R A4 43l o pH
9 Foo| 2 EY $=E &4 2 EAd ¥ 724 3
g et HEZRE AEsHC =3 AT F
o] AY A4 AT o o] AR FE ANA

Ae BAHRCH, ol W YAEAL A ey
5.
2. MEWY

AsAHE MEEHA PATF 245 $jHskn 9]
= AFdSE FafEe] A (A o 17m)dA 8l
Aot AEE AAAEEY 93 A 4= g &
5 74t A% 549994 (wet-only sampl
ing method)& AHE3le AFslgoni, ZEA] vizt
Hele ALFH 7l e #2374 A A3 s
aR-& shiel EMAEE e S d3ez &g
(BB EFRAEIEN R |, 1993).

AR FpAae AYAR puksle ui2 pHe A
NAEEE FAHsT F7¢ 0.45 umgl Y ZTolgH
(HAWP 04700) E. oJ3}3}e] BAA 74 4°Co YA
ofA Ratstaleh. 5] LML 9isle] pHet
AAEE o] Yo £o]2¢) SO, NO;-, CI°, F,
NO, 9] ¥Es} o249 NH,*, Na*, K*, Ca’*,
Mg?*9] ¥EE o714 7|71 (IC, UV, AAS)E A}
43l BAG ol & o] AR ¥ E TFAHY B
AMzAL AF7} 5 (1996)9) AF¢ 2o,

8. da o ¥

3.1 45 EMxEe MElMH HE

MBEAFHZT el 2T AESE £ 182749
q, FAAES A5 F3.E 4% QA (quality assu-
rance) % QC (quality control)¥lde] oj&] ARE
BES F AR & AN AT o]F F 5% P=r}
2 A FA7L e ALeq wdEH (3Fd 5,
1996). ZAlRY AFAFge] AzgololA pHe A7|AH
EE &4 Erlsd A EMAE 434 HES}
T Ez A4 AEAZA TEAIA g4t o
A7 163719 AE7L AFAe] e Aoz FAFe,
2 AdFME o5 AR EMAERHS AlEElo 4
gl et



3.2 4+ BEMXIES 9% AME

¥ 12 #HAEY A AEAR 42 349 pH,
A7NATE 9 FR0]2AE Fxd i F4ARE o
HEFANZE 29sted Vel Aolt, o]w] Z BAeHEY]
WEHLEZE Ao 15T AEHTA (volume-
weighted arithmetic mean; VWM) %} 735es o
elalA] 4  PeAlEdETA (simple-arithmetic
mean; MEAN)Z 77 Al&dle Jelfged, o)A
L HA 7 FAHE] AGFAE AT L P |
HiE o P2 AFsg e, I AARE (1)
A 9 (OAH A A AMEES JepE pHY
A% ARSI E ()47 o] AEFHLH,

AMgAY 75y AHES ArAd AgEH 11
pHY whe=Al&gFAql 4.74% (5)Al5 o] Al&dl
7ol

=3 RAARR Y AZLE AHE Tty Y3ty
7} $AMES dgFA e h3 EFHAX (standard
deviation; STD)$}t W3k (maximum; MAX) %
#2:3k (minimum; MIN)$& 747 AHEsle] Jehldde
g A5 stgd Rl uld 9giatabyel ot 47
a1 BARE Faldeh 3A7| g dEEAC o
% BRUANA AFPHEAL ATE AT 20
Ab28g o} (Donald and Luther, 1995; Uri ef al.,
1985).

7114l ne ARl Y Ao FHHE 229

Table 1. Analytical results of chemical composition in the precipitation samples (n=163).

pH ECobs NH,* K+t Ca?* nss-Ca?* Mgt Na* F~ NO;~ NO;” SOg2 nss-S0¢  Cl”
nS/cm neq/L .
I. Volume-Weighted Arithmetic Mean
VWM 4,71 24,4 55.2 7.2 30.3 29.4 6.2 22,7 1.5 24,1 0.4 86.6 83.9 19.4
STD 0.14 2.6 4.6 0.8 4.8 4,7 0.8 2.6 0.5 2.0 0.1 9.2 9.0 2.2
MAX 5.85 29.6 76.4 10.5 83.5 82,2 13,2 32.4 5.1 33.2 1.1 121.8 117.9 40.3
MIN 4.48 16.5 41.5 4,8 24,0 23,4 4,9 15.3 0.2 17.9 0.0 58.4 56.6 16.0
II. Simple-Arithmetic Mean
MEAN 4,74 50.1 113.6 16,6 94,6 92,4 19,9 55,5 5.9 55,0 0.8 190,2 183.6 57.3
STD 0.54 10.1 12,4 4.0 31.0 30.8 5.5 15,8 4.6 15,7 0.5 38.8 38.1 15.4
MAX 6.29 58.4 125.7 21.9 151.4 149.0 28.4 79.7 13.7 81,1 1.4 232.3 224.9 82.9
MIN 4,71 30.6 90.2 11.6 57.4 559 12,0 37.3 0.2 35.6 0.0 120.6 116.2 39.4
I. Volume-Weighted Arithmetic Mean
S(XixP)
VWM of analytical parameter except pH ={‘=’ — } .................................................. )
2P
i=1
S(H*xP)
VWM of pH:—log[:ln—__] ............................................................................ (2)
)N
i=1
S PAXY~(E PIXDY v,
srpz["‘ . = ] ............................................................................. (3)
(XP)*(n-1)
i=1
II. Simple-Arithmetic Mean
(X))
Mean of analytical parameter:[%—«] .................................................................... (4)
Z(H*i)
MEAN of sz—log[”’ ] ................................................................................ 5)
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AESE Yujsta, Hi: 74 Al39 pHEYH A&
H*9 E53F5=(mole/L)E, Piv 24 A& 253
(mm)$ 23 X 74 A&F oA FFsE
(ueq/L)E 9ugte}. z8ja 78] fzAe] dd
B3 M4 CaZt e SO AS I Ao A
2 A Felshe Ao dA glef vy
719¢] Ca?*(nss-Ca®t) 9t SO2 % (nss-S027)& A
23t Je Qe (Stumm and Morgan, 1990).

3.3 Z AME 9 O Yo &y

27717t Bt HEXY A5 AKE o 1 o] A4
Bol| Hg EAAYE= F 13} o] AHEHPH ubet A
it 2pol & Zhe A2z eyl o) o] 8949
37b 2 4 Agdbge] Faste AL Yvidd
E3), OB A B W RAAY A5l 3}
s T B I P B g i P B R e Y - o B
< Z8393 sd (AT, 1996). o7]e]M 74
A=) A7} HE pHY AY, AFFIEIEAE
4,712 Jepden 7+ AR pHEHEH H*Y &5
FEE T F, oL geAEHTEle] oA pHE
el S A 4,745 ASupdd ol Gz A
°o]& Yehigitt.

pHE A3 o 84 AR =9 F¢x &
ST 27} e G A vlE S o 2w
ooz yepgd, ey B dFdMe AR
NEZ A W 7o JtAAbe Aolrl B4
Hog {ogx|Y oF-E dolrs] $3ld FHAZ F
otel W7 BMAEE A4z AFE AXAY o
AR £ a1geR $RE ¥, FAA AAWEE
254 BAYAQ t-HA S AABIGE(R 2). o7
M o438 0,052 3 o), o AY H4F ngoes
A 22 #34 F 9 NO, & /93 & =
= o) 2A¥e F Rl BAAHCE §93 Ao]F Heln
AL ¢ F A skl wE of Ay A 3
g BXo] 93w, 5] AL 5 B2 AME

i

9 TEE o2 A4V} WART ol el 4%
o B 4% FS AME U AT 029 W] o
St ez wedl w e (T, 199 33,

1992). AAA oz WA Y A5 G4 2 1 7
g A s deMe AR A 2 2
A, EM89 QA 9 QC B4 o7 dE3Z A
9 a2 My =8 F33d 2 ok wepd 2 4
FlME of AY 7o Bty EXE Bo & e
7] 18} ST E A HH Ak d3t
WEZGLE BT NS Amsid.

a3 12 37717 5 A5¢ pH SAEE B4
A (polynominal fit statistics)3t ¥ 1 X FAL
2 Jehd Flojoh. o7]elA] pH 5.6 °|3}e] AEE
el e o] AN EE o 65%3 ASE et e
=, pH 5.0 °|3}9] A% of 42%°|%et. o] A 73
49 pH #HAWE: FHAE $4H22 A9 A
E 72+ Aog Jelgoy) pH 7~9 #He AS 214
243 e Holx A2 veht, 377 59l o
Aol 1 MEE 34 gAT AL vl Eo
el QS & 2 e o2 F2 uid A
WA e AR g Aoz de|Ae) sablA
7} Fppell E1HS] A4 A RS FIA 7] HEd
Aoz #wAEG (913, 1994; ojul3d] 5, 1989).
A&7y 7o) pH =S 93¢ 24449
o] AR HE Fake] JFAHY A9 v
ws B As MExde pH 5,19 gk FAe=s
& PNIEE Vel s oA YRg 1 gk B
oft WAAWIEs} woko), wAuIEREFe F2 o
£ ez vepdo. 53], AgA9Y 3¢ A pH #
A =7} kA Gl vlE wA velgted, AL F
Ay 7o) AT S njX= L9EA WAl
SR B4l MZE 927 wfe AL: FAdd
&, AEA99 AL FEAGe vjE Ape A=
AS Fe LAY okslr 1 i Fe] A
23 77 W&o pHY Hulghe] ¥ 2 HAulTEE

Table 2. Results of t-test on annual precipitation data according to the computation of central tendency value

in the chemical components of precipitation.

NH,* K* Ca?*+ Mg?+ Na* F~ NO;y” NO.,” SO CI-
peq/L
VWM (N=5) 59.5 7.5 40,5 7.7 23.4 1.9 25.8 0.4 93.3 23.3
MEAN (N=5) 113.6 16.6 94,6 19.9 55.5 5.9 55.0 0.8 190. 2 57.3
Prob> ITI 0.000 0,004 0.021 0. 005 0.005 0.143 0.008 0.283 0.002 0.005
* Prob<0.05
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Fig. 1. Frequency distribution curve of pH by the
polynominal fit statistics treatment.

BeFe] o2 EE Anud, Fojd A% NH,*
7b Fool& w9 °F 39%E AFIIEEMN ool A
5 M w2 ARES vehlen, Catts Nate
22%% 16% H=E 27 ARSHEs Mo K
% Fold 27 ok 5%E Afdhe ALE el
Fol&e] BF SOF7h Fgol e w5 o 6% 71
¥ AFEE vebllon, NOs st CI79 A% $50l
29 18%s} 15%F 47 Af3tdd. F 9 NO & &
A FFol& FxE o 1%E AR nFAEdS
Had 4 A%l

s 4 |24 vEY BEY HEE FHt)
gt AZE A4 A=AAEE, A7)dAE 2 o
2A¥e = g $AEE A3 I e
W o] A 4= (coefficient of variance)® AbEste] |4
st 2 AF ol AEF F 9 NO ¢ WolA4
7b o 28%st 27%2 MY w2 PAE 7158,
%ol &% NH.* ot K*ARe] 11%8} 13%2 a3 &
o] &% NO;~ 8} SO 7} 11%%} 13%2 247t 744 v
vebidoh, o AL2RE ol FoME NH, 7} 123

T FelFME SO 47 3R B o] AY
BEF EAZE )28 F AFAR 0 vE
37t b AemM A g HEE A oA
F4E F 5 dden, diel F 9k NO & o A9
74 Sl ¥ F M A% EXshd A2

2 TEHNML w2 oA A= ey,

AEAY B4 ARES 1A AFRA 13

7o HelA4rt 2 ol eHPY 4% 2 WdYUo]
AEAS Al AQAd 942 (IS B9, F
% 4 59 214dA, AW} AABE, B5F
59 A9 24 223 AZAN 24 5o dPE
Ao A BT 37) AEQ A2 A7

3.4 5o MM i HIH HEEM

2% 2¥ 33717 3¢ MeAY A5 A xR 3]
A g gy 5 RS BePtFAZ A o
4 97 pHe £EE el Aojd. of7]eA 74 A
HEe] A3 AFEME fste] 9y FH7 S AH
#4231 pHE FAEH4Z 3l 3HEA (regres-
sion analysis)& AAlslgde. €98 &7 &
7+4 pHeH #AE AL A 1 3)HAL pH
=0.029 X sampling period(month)+4,3902.2. 1}
eptow], o] A3} 3 A4 (regression coefficient)
o W&t F48E FAAS tAA o8 74 AEd 4
3} BEF 1x2 {sAl vehe (p<0.001). =3
o] 372419 AuAS$ R2E 0.3352 Jehged, oA
27914 995E 954 497 F 440Y Bk U
Aspsle 2477k A4 AME AE7F HIT Qe
pHY HAHE oF 34% B3 Aoz §Y e 7bsst
A foh wetd, SA7z F AR A9 pHE
47 0.034 F7isles A2 Ao} M5 Ha
oJAL o] AY g ANEI} ANNA FHM B 9
EAANoE Souid 74 AL Reos AL 9u)
Lis s

FF AR g A4 A4 9 ALY S
AN E A A=) Ar)H AN B ohe
2 Q995 =3 F85n2 2 AFdME o]d] g
AL AzsEeh of AY B4 AKE 9 A4
of hat #AAY dFAAE (AT, 1996; RIY,
1995)e] w2l Zpefo] 23 JL AT 9E
Aoz WAl v oot wEd B dFdME B4 A
NEe 714 A A7t FFAAZA A A5l
B3t A4S A=sTA A7 wE 7 oj AR
497 7A5EgE a9 24 Jedd. Aex99] A

2 u)2A o Foll B AL Ho] AAH2E FY
3 AL BT uhde], EA7)7e] Ar|A e
A E de 27RAY gaske 59 FAdeR 9
3 ojd AFE BolA sttt (r=0.09, p>0.01).
afelA e o] Ay Jle AR A AFgS
Agsrloe B3eiA g A2 FAEHYS. 2=
@713 oA AgEd 735e pHE 243 W
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sigo] wE AdjAQl =)ol dAEHA] ARt RHH
23 gl @AY ¢ 283 Pgege] AL Y
T & A3 A AgE 2 AE RFd o
o2 o] Y B AEr} HEHOE TFpE
ok S T UL g S =

75 MR e HpF o) 2AEY A Jyguks
of 9J3le] ZAAH7] wEel (Al-Momani ef al.,
1995; Stumm and Morgan, 1990; Hara et al.,
1986), 74 Foll EAse o) eAEF 1 & =%
Fo37 Zslof & gt . &, e
A e 7 Fol AR BE 5 A Hel A
AREFHe A (positive) ) RS 72 dhde], <&
Ae| AEo] BE 55 AR Fse] 2 A
Ex oA Huz el AEse ¥ (negative)
o ARRE 7] dEels. 2¥ 3L o] AY A A
Axo] A71H Al g ggdAEHA g 7} o
2489 497 $=F JEd Aeld. A7 F¢
o] AR FEE BT HZH ALH ¥ 5H
W He 5 5w AhlEe] AdAHLz FaF A
g2 Bl A FA7|Z Sl HaME 718
U Fasle 59 AR AR B3] o
Ao Jepgrh gdebd, 3377kl g o]E o] 24
2o 359 ArHQ) Ado] FAHLR fo438x]9 o
5 otalr] Hsted 9 SA70E SHUALE 8o
AREAN S AN F 2 A4S F 3 e o
71el A, 5o o] 2AFe] §-o AL epfAITE

F BAALE fAsA gt AR deiH. o)A
A7 B oF ol2AEY TEI FUMAY
23k 59 FRE Aol vehiA dokES onst
o, AHHLz o5 of2A¥ EF o A A4 AN
29 A7H A%E AHsplede A g AeE
FRAY. =3 A5 AR AN A Al AT 9
AAEH THE o)F o 2AEY FES AE AR7L
3 3t pHS ARFAHS AAFAEIN (R 3), =
F FAMLE 8 deE HAY S A
w2t o] A9 74 AR A7IA AgS AN
7) M A2ZE AEart 9esl Hed, £ &
ol E A5 AET} piel e FeE((HY]) 9
9 Ao AoHr] g AT el
TEE MR £ dx A F FYLERY 5
Eoe a2 AFWAZL A Aoz FAHY oo g
#4 & A= 2 AeA Y A4 AELAE
AZ CI 9 7#A% 29 40Ms} o] Natel =22
o8 A3 (r=0.88; p<0.001)& Yepisich oS
o] E7lel AF G M2 sl w2 A
L2 qASHE o] 1mm o3l AEE AT
A 2 ABAFE 0.9622 6% AR |70 A4
Aol vlA e G FAE e Ao FAH
Ak @epA o] Ay Fpe) FR AL ELL nss
-SO#7 8k NOs™dl A22 FAHAT o 58 TE7t+
H*9] =9 foguat A AR S 2 de A2
2 #3zH(& 3). 239 HYY $xo ¢y o

rlo a

7

2
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Fig. 2. Temporal trend of monthly pH and the amount of rainfall.
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Fig. 3. Temporal trend of monthly each ionic conc. in the precipitation.

Table 3. The rusults of comelation analysis between the sampling period and the conc. of ionic components,
and between pH and the conc. of ionic component.

NH,* K+ Cazt Mgt Nat NOs™ SO& CI-
(neq/L)
Sampling Period —0.104  ~0.056 0.004 -0.028  —0.015 —0.041 —0.234 0.091
pH 0.149 0.155 0.342 0.234 0.217 0.130 0.007 0.273

* p<0.01, ** p<o0.001

489 NH 9 Ca?*9 5=&5 ¢ 183 A3
:L"ﬂ 5°“}“]2]' @’°] nss-S0:% E‘! NOs_q‘ AR -rorﬂ
% 42 4BHL 2= ALE Vb,

a8 62 A4E ARYIEA A7 A B
o} 3Eu] =, (NH,*+Ca?*)/(nss-SO2 +NOs) =

574713 W2 e AoE 1 HEES YYsh)
A5d AALHE AR 7N of HlE 13
2914 2wk} 2ol A4 AES AXA B3 9
+ pH 27} A%} YRS Ao vehdd, =g
NHAs 429 AANF AANAS 2F BAHe
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2 fodat Aoz Jehl 749 pHrb 23717 F<¢
Fohsks ARE B L2 Ao /e 4. o
B, MeAY 249 pHZ 3714 SadlA Fvbeke
AFE Uehlles AL of 72 Skl A4F AL
Ao g gy BAY sy}t AdHLE $)
aq7] qEoz Adgdo, F o Ay HlEY pHE:
Ex o)A H A s APL] Rebe FL
AR 9 ergelAd o)A ie) Al o o8] AA
& 4 A =3 G7)GA A4 F A EE o
H7b E& 75 ¥ pHE vehd whde] o w7} @
< A% 32 pHE Jephuay o A 3o 944
A 2o} DA BA 7} QS AT 5 A oA
£ o A9 A4Y AHE7} Gl B 28 2
31 gl&S dnjsie, AAA oz dgy AT

700 - -
(n =163, '91. 995, 4)
600 | °
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7 =0.903x +4.6969
o o r=0.88
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Fig. 4. The linear regression between [Na‘*] and [CI]
in the precipitation.
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Fig. 5. Relationship between H*+NH;*+Ca®* and nss-

SO +NO;~ in the monthly analytical data of
precipitation.

IR 7| 8AGIHA A 13U A1

NH 9} Ca?te] dite] F3l: A A AlAksix
ok webd, FF B4 AT i o] F oA
5.9 Z3]%= (neutralization capa<city) ¥ 2 A4
7o) g3 dFe F8F AFHAZ dFeA} &
AL Z Asdd.

gheF 7}Fe] A E nss-SOL ¢ NO;7F B
HS0:8 HNOs® ¥ej2 ZAjgchd 49 pHe
T 3.7°] 8 Zoldh. #A5F o154 AdA 719
FatAgt 2R SO 7F AR 70% AEE 2]
e 2] 30%7} HNOsol| 93 2.2 defd gl (Ama-
guchi ef al., 1991; NRC, 1983). ME&x|de} A%
nss-S0.£7/NOs™ 9} vl 3. 5454 o7l 74e] A
5o Wik H.SO:8F HNOs9| 3o 7)o &o] 22t 78%
o 22%0] 23 4 U Aud. ABAHIHAHE
H:S0:9 AdA 7l &S 959 ZA$-¢ wims] v
MEgAGe] AS dBEEoE %7 EA Y (Tamaki ef
al, 1991), %89 Albanyiohs ¥4 ¥ Aoz
velygten (Khwaja and Husain, 1990), ubdd] 7}
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