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1. =4717]

D 25 2AF71
4= 21# 71(Shinil, Model SL-4-001, Korea)= <7 W7do] 253 mm?el A&
Alz=dlolth, A FH 7= FREAAANAZE F2E O] QoA A Aol A owE Y

b del=E AAE] duh EI ATt o Fols 3H7E AAH AedE A

e 84 o)A RELS MetrohmAte] Modula Ion ChromatographyS AF-&
alo] EAskdTh Fo %ol (Na', NH,, K', Ca®, Mg*) Aol Metrosep
Cation C6 &la, &°1&(Cl, NOy, NOs, PO/, SO) #Aoli= Metrosep
A-SUPP-16 #2]#S& A&t 28l F7]2HHCOO , CH,COO )3} wj & o] &
(F, CH3S03)& Metrosep A-SUPP-16 #d#S Algsiglon, #HE7= BYF

Conductivity detector® o] & E =S A=3¢c}.

3) pH Meter ¥ Conductivity Meter

2] pHE= pH meter (ORION, Model 720A, USA)2} Combination pH Ross
Electrode (ORION, Model 81-02, USA)E A&3to] SAsIG T £ A7 A=
+ Conductivity Meter (Thermo Electron, Model ORION 3 Star, USA)S} =
(Orion, Model 013005MD, USA)S Ahg3te] =43l
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(Kang et al, 2003).
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Figure 1. Sampling site of precipitation at Jeju Island.
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© " Conductivity Meter: 1.0x10° M KCl -&4(146.8 1
S/em)¥ 5.0x10% M KCl £9(73.8 pS/cm)& AH&3te] ®AZ 5 ALE3IA
KCl #3892 Aldrich AFY 13 2582(99.99%) 3 2&(18MQ)E AHE-31¢]

L

AEA B %ol 2(Na', K, Ca”, Mg¥, NH,) AES Ys B Ags 24
Aol 4T YA sls3 & FA7] ZEH(Whatman, PVDF syringe filter,

045 um, 13 mm)= 284 922 Feldl F olof e Algatel BT Fol &

2 Jon Chromatography 2 Ao EAsd o AT 4L 0.1, 05, 1.0,
50 ng/mL FF=E&HE ARGkl AT o] w FFEE42 AldrichAhe] 14

Y543 2552 AP A st AFESEAT Yol E4 o= Metrosep

Cation C6 &2 #S Algd oy, B82S 5% 09 mL/min, A EFA9H3 25
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¥ A} (standard deviation) S = V' =3

Cv = Sx100 (%)
W % A 4= (coefficient of variation) : e

IDL = 3.14 x S (98% confidence level, n = 7)

(4) ole 4

o

A9 Fol(S0s”, NOs, Cl, PO, , NOz )& ¥el2 A3 Fdgt o

Ion Chromatography® .2 Aol #4359t 244442 0.1, 05, 1.0, 5.0 p
g/mL ¥+8NS ALEste] Ao, #5892 13 2552 ((NHY.S0, =



99.999%, KNO3 = 99.99%, NaCl = 99.99%, K3PO, = 98%, NaNO, = 97%)3} =
TR FASe ARSI S0l ®A9E  Metrosep A-SUPP-16 #8]#& Al
L3kt 222 F% 08 mL/min, AEFY5FI 100 pL, €8d 75 mM
NaxCOs, 200 mM sulfuric acid suppressor £ <o|t},

ol w49 IC 7I71HEFAIDL)SF MEAF(CV)E= ol A3 sdF
2 3l e, Table 13 2t}

2
i)
o

F714F o] 2(HCOO ", CH3COO ) % wl&Fo]&(F, CH3S03) A& -20Te WY&
B A5 4T Yol A =9 % Jon Chromatography® o2 #4313
o oA TA A A megde w2 10, 50, 100, 500 pg/LolH, T8
| o] AP ZASHA H(Andreae et
al., 1987). 714k &4]d= Metrosep A-SUPP-16 ##]#S AFE3lo], 200 mM

s = o = P~ O~
2 o5 YEFY EE S 2o

2

sulfuric acid suppressor £, 55T column temperature®] ZHOZ 4% o] %
FA A5G S8 x2de #5508 mL/min, AlEFYEI 100 ul, 7.5 mM
714 9o ngFol & B9 IC 7|71 A& SAIIDL) ¢} W s Al

Table 29} 2t}



Table 1. Instrumental detection limit (IDL) and coefficient of variation (CV)

for IC analysis (n=7).

Species Na' NH, K’ Ca* Mg?**
IDL 29-187 15~96  44~179  24~177  26~148
(ng/L)

CV (%)  08~49  04~21  08~55 02~77  08~44
Species SO& NOs3 Cl PO NO,
IDL 15~253 12~113  12~80  218~251 11.6~120
(ng/L)

CV (%)  01~73  01~32  02~20 65~83  31-43
Species F HCOO™ CH3;COO™ CH3S05

DL

L) 14~19  07~19  09~20 17~18

CV (%)  09~12  04~12  06~13 11~12

Table 2. Instrumental conditions for IC analysis.

Instrument Cation Anion & Organic Acid

IC Metrohm Modula IC Metrohm Modula IC

Column Metrosep Cation C6 Metrosep A-SUPP-16

Eluent 3.0 mM nitric acid 7.5 mM NayCOs

Suppressor - Metrohm 753 (200 mM, H>SO,)
Flow rate 0.9 mL/min 0.8 mL/min

Injection volume 25 uL 100 pL
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Fol FTEFEE FH(Teaion) ™ w012 TFEEY FHTanon)= ol (1), (2) A
o7 AAakste] o] &4 A (jon balance)E Hl st th(Miles et al, 1982; A4t %,
1994; o] ®.7, 1999; Tiwari et al, 2012; Hu et al, 2003).

X g

TCation EICL-’-J. TL] .................... (1)
n

TAnion l=§_1|:i.5-i. -I;TJ .................... (2)

A AeA Ce ol 19 FX(ug/l), Zis ol 18 F&r, Wis ol i9 A%
oln, me Yol F, ne Fol&3 Fol=9 Folnh. oFA 7 ol T
T W Teaion ? =012 BEFEE H(Tanon) e FBAAE Figure 20| HERY
At

wHAl 4ol EEE o] 9l A¥ol HY, Na', K, Ca’, NH,, Mg? %ol3} CI
F', SO#, NOs, PO/, NOy, HCOs, HCOO, CHy,COO', CH3SO5 &) &4 o] e}

JEHOZE Foleit Sole FFFE Fol 3 A s, F Fo A

2 Ao 24 dlolH & Figure 29 A¥eo o] AT (n)7F 0.967= A4
o] & Aow FAAHIUY T ZAAN HE Hlolues HES A &3E e
ol AEs WA el EFAIIA X witol wAstE WSt EA A
A dbAlEE @ zpoll 7)21% HAE AokE th(Ayers et al, 1991).

E3k A (3)& ol&3 Fole FHFFE HTcuio @ =0l FEFEE F(Tanion)

Zke]l Et3 (% imbalance)E Al4Fetal, A& Table 39 453}t

. ':-TG‘— o _Iairzﬂrx
%% imbalance = 5 = 100
: gt Faman] | e (3)

H]O] Ei!l] ‘E—}L]_Xé g O ]'7] ‘AOH 7]'§Z = ‘<T(,at10n+TAmon), H]i%% ‘%
%=(% imbalance)' = 3}o] 1 ZAIE Figure 3o Z=AIsISTH dwbd o g i

AN dHolE e EdPETF 25% olstelH A dlolH7t gEsitta Hrksta 9l
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2371 AFoNA 10%= Agd As AgeFA o o] F AFolA= 25%=2 AA
al W 54 Ao AFS dofsted FEvE gloed o= Ax st
A tHGalloway et al, 1982; Liken et al, 1987; 715 5, 2013).
= ArelME E 135700 diolH FelA S A B dlelHEo] 25%
HE wEAA, BEAA07F F53t Aog eyt Figure 39 232 ®BE o]

7b A, el 2 Alsd 4§

1200

y=0.821 x+ 18.729 .
R#=0.936

900 -

T [Anion]

0 300 600 200 1200

Y[Cation]

Figure 2. Correlation between the sums of equivalence concentrations of anions

(Z[Anion]) and cations (Z[Cation]) in precipitation samples.
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Table 3. Data quality control parameters and % imbalance.

Regression result % imbalance
Number of point 135 < 5% imbalance 54
Slope 0.921 5%-15% imbalance 63
Intercept 18.72 1596-25% imbalance 16
Correlation coefficient(r) 0.967 > 25% imbalance 2
100

B0 -
40 -

20 - . . .

20 -

-40 -

-60 |

(zlCation]-Z[Anion])/Z[Cation]+ Z[Anion]) » 100
[=]
i o 1 1L
.
T
ol -
g e
i
il
g
O.
[ _J
&
.
Me
=t
[
)

F[Cation]+>[Anion])(meg/L)

Figure 3. Scattergram of the percent (%) imbalance versus

the sums of cations and anions.
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Figure 4. Correlation between the measured electric conductivity (omea) and

the calculated electric conductivity (oca) for precipitation samples.
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Figure 5. Scattergram of (0ca—Omea)/OMeax100 versus % imbalance for the

precipitation components.
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Table 4. Equations for the calculation of conductivity and acid fraction.

Equation Unit Meanig
0=[HTAeqr +2onleqiMAeqi uS/cm  Electric conductivity
R s T E"-‘r’eq-lﬂ uS/cm Concentration-weighted
5 _ 1 average equivalent
ema Ek]""ea{ eq) uS/cm  conductivity
F= [H™] 4 eqar | A s,
B [An] [ @ 1 o —  Acid fraction
"TH = B .
0.4
y=1.105 x - 0.008 .
RE=0.817 “
03 - .
.
E‘ . -
b ]
2 02 - 'y
z Wl
= .
% 2w d .
0.1 .
- L]
; 3 I
vt .
o~
0.0 ; ;
0.0 0.1 0.2 0.2 0.4
AF ppal

Figure 6. Correlation between the acid fractions calculated by pH & electric

conductivity (AF ngconductivity) and analytical ionic concentrations(AF ana).
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1
o
il

ALkst  Aypolth(Avila, 19960 H7 &, 1994, Stumm et al, 1981).
nss-SO4% 7 nss—Ca®’ & H]3]d 3k non-sea salt sulfate)? H]3]E Z45(non-sea

salt calcium) &2 2] (1), (2)o] oaf ALkgt Aol vk (Seto et al, 2000).

[nss-SO2 1 = [SOLT - 0.121 % [Na] e, (1)
[ns-Ca®*7 = [Ca*] - 0.044 x [Na']l oo, (2)

2ol A [SO2T, [Ca®, [nss—SO4 ], [nss-Ca”], [Na'le 7} o] &9 d&Esr(y
eq/L)olH, A4 0.121, 0.044%= 5ol A SO /Na® ¢ Ca*/Na'e] ¥ & <n| g},

A7 b Fo AR EY BVt E TS H T E(peq/L)S 2AMSE A}
A7|M&  Na > Cl >nss-SO4 > NH, > NOy > Mg > H' > nss-Ca’" > PO, >
K" > CH3COO > HCOO >NO; >HCO3 >F >CHsSO3 w22 Yeut. A4
BE F ¥L7F =& o]&2& Na', Cl, nss-SO,, NHy, NO; =22 7}7} 87.3
78.10. 38.12, 27.55, 20.60, 20.16 peq/Lel%lTh. ol AwE + Na, Cl 2 3¢74d
JEE01H, nss-SO~, NHy', NO;~ A2 <lzte] 5o 23] HAsE= 193
7199l AEEolt) wbHe CHyCOO ¢ HCOO FX+ 164, 152 peq/LE S
FXE Hola, 31%7] Y49 MSA(methane sulfonic acid) &4 0.01 peg/LE m]H]

R :B

ox,

T ArAAEEY dHEE =AY E vluste] Figure 7o AlAlSHA ). dlg]
¢ Na’, CI', Mg®'9] 9% 244 = 644% = 7Hd =2 v &S At §lon
2% Na'o]l 31.0%, CI' 27.7%, Mg 56%°2 UEyt. o1 gSoz Fa 2
A 9 EAY nss-SOF, NOy, NH 9 33 A& 243%0|H, B 7199
A FAAES nss-Ca’e @ FAHE 28%E Btk Ad94 719 nss-SO4,

NO3 Tl nss-SO/4 & 9.8%, NHy & 7.3%, NO3y & 7.2% wo 2 ZAMH At}
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nss-SO7 & T3t AagAol A wiEE SO #3teht-gol 9] H,SO.= W
#xo] SO AR AR I (RS T, 2002), A9 eRE & Ff A
2o day 7% gty TolA vlEHe Aem deA dvt(ilaob 5, 2003).

NO; 94 12 L 9E4Q NOH Atatad s A AdE 23 Ld=24d=
SOf ¢k mpR7MA| 2 i Q19 2l o& @wAET NOs o 4% Bgoly
& (biomass burning) SOl o3 AAH oz wWAE o {YH = dh 2L}
NO; o AL diF Ao AME3 #A-doe] A3 W, Asak, A4Y &5 59
Fgoz HAEE dAd A4 29 =4 ol (Anardenne et al, 1999).

NHy' & &9 wide, EXAA Adad ol & si=xsm AdAstEe
3l T8t 7d®=rt F -4 5, 2004).

AafHow AFAS FFAES o] TS 7HE gol B e Aer F
de, ole g A}
5, 2006; Z73 5, 1999).

e AFAY Ay Fo AR B4 A9E gy wiAAg o2 34K Network

ol

rir
liea
(L
X
r o
=
A
o,
oy
4
BN
oX,
X
rr
ul
B~
aul
il
it
&
o,
=
oY
oZ
=

Center., 2005), orA=(HAW S 2005, =2 ®iAAIe=z UdX Okinawa
(Sakihama et al, 2008), <= Shenzhen (Huang et al, 2010), Shanghai (Huang
et al, 2008), Elolt FHA Y (Tsai et al, 2011)¢] =4 ZAxte} A3 Hudto]
Table 59} Figure 8ol #| A&t

T A9A 719 23 A=A SO°, NHY' |, NOs = AlFA oA
Z+7y 38.12, 20.60, 20.16 peq/LZ YEFGTE =] w7 A Sl 314k QFH =S} vl
d 2 A 374A] AR BT 06~10W 22 FEE B 9

e 24 oA gFol Yo A YA 5 9

)
it
o
:(u)L_',
2
N
>

shAIRE, =9 v Al Ao FAFA Q] Okinawa®t Hlwa] HWH NOs &
2991, NH,' 2 22v] o =3, SO 079 w2 Adrh vehgeh S3re] Abgix
9] Shenzhen, Shanghai, 183 Elol¢t FHA A3 vlws] BH SO L 02~
099, NOs 2 04~1.3", NHy &= 03~069=2 vEiston, golgh Wdixd e
NOs FE=WS A9t AFAHe SO, NHy' , NOs s=7F WA Uehds 2

A
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gA7] ¥ Na', Cl B5x= 2 dAFox zhz} 87.34, 7810 peg/Lol™, ZF9
Shenzhen@}¢] Hl WA= Na' FEE 78u, CI %+ 388 =4 vewth
Shanghai ¢} E}o]¢t YHE-AAHTIE Na'2 06~1.74], Cl'< 1.2~1.34) o =9t}

i o] o] Okinawas AlFA Gl vlall Na* , CI X7} Z+7} 354, 450 =

rlo

S et = e g 2 Mg?' S Shenzhen®.th= 4.9u) =4 gt
A7k, Shanghai®} Efo] ¢t WA AR b= oF 058 Sttt o|-d AT &
1

’ Ae B ATE FAF AFAGe] vk Qe 9] WE Ao

R4

H
e
flo

f

o2

dt

XY

Figure 7. Composition ratio of ionic species in precipitation.
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Table 5. The volume-weighted mean pH and ionic concentrations (neq/L) of

precipitation at Jeju area and other sites.

Sie gy Gosn 00 e e he® SR
pH 491 4.74 4.81 4,93 4.56 4.49 -
NH,' 20.60 36.0 26.5 95 335 30.68 50.2
Na' 87.34 57.8 46.6 308.0 11.2 50.11 97.1
K’ 2.81 3.1 2.7 94 1.75 14.89 109
Ca* 11.76 154 15.2 25.2 354 203.98 534
nss—-Ca*’ 7.92 - - - - - -
Mg* 15.90 14.6 104 63.9 3.26 29.64 32.6
SO 38.12 476 42.3 53.9 64.7 199.59 40.5
nss-SO,% 27.55 - - - - - -
NOs~ 20.16 24.8 20.4 7.0 21.9 49.80 15.7
Cl 78.10 79.1 46.4 351.0 20.6 58.34 63.1
PO 4.14 - - - - 0.33 -
NOy 0.86 - - - - 0.23 -
F 0.35 - 1.9 - 1.72 11.01 -
HCO5 041 - - - - -
HCOO 1.52 - - - 0.10 0.06 -
CH5COO 1.64 - - - 0.03 0.36 -
CH350;3 0.01 - - - - 0.005 -

“Precipitation in Jeju Island during the period from January 2009 to December 2010.
"Precipitation in Gosan during the period from entire year of 2004. (Network Center., 2005).
‘Precipitation in Anmyeon during the period from 1997 to 2004. (A4 5 2005).
“Precipitation in Tokyo during the period from June 1990 to May 2002. (Okuda et al, 2005).
‘Precipitation in Shenzhen during the period from March 2005 to November 2009

(Huang et al, 2010).
Precipitation in Shanghai during the entire year of 2005. (Huang et al, 2008).

¢Precipitation in Southern Taiwan during the period from May 2005 to December 2008
(Tsai et al, 2011).
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FE7b =AU e R Helth SO 9 AgelE digF 3~10% HE7E 8]
&84 Ql(biogenic) 71¥olgt= X 7F At (Arimoto et al, 1996). 3| F7]1< 2]
DMS7F mAdE ZF oz SO~ o2 AfHAr B Ao SOf FEeE oE A
ol wls] 238 BHI AgHo 9 FUlstATh olv YA 3 s FEo
SO/ & W] x| Fol 18] A &S 9wtk

AFAG e SO, lEHS 38 drddo] 559%, ik 22.9%, Al F 13.2%, &

rlr
of
0 U

F Hof 80% AER FAH I Jrh(o]s, 1995). 2Lt AgA| Mol WA &u
AFAErF vl vk Holr] wiito] SO0l 23 9 dgdFo] T Ao u]s|
AdE oz A weld F4e S04 Fhe AA L9EvE R ERYH f99
oo d3ko] o ZA YJEhtE Aow FAHAT(RFL, 2013; o] FS, 2014).

NOs & 5383 AE&Ho F%7F 208, 49.8 peq/Le] #< Holil, 7}, of F3EH o
= 219, 99 peq/LZ YESTE nss-SO° 9 w72 BH3 ALHA FE7}
=2 AoR vFo & ou, 54 ALY 53 ALY T o3 Aew FAHd
O NO; 2 4 ds Abg&y o]l Av 53] Asatel o7 71o7F 7 2

NH, 9 ZA$% nss-SO7, NOs 9+ FASHA (273 peq/L)3 ASH (442 1
eq/L)oll =& 2 et o, 718(20.7 peq/L)¥ 952 (109 peq/L)=o 2

AL
stk NHS2 dwbd oz f7=o @714 wSafdd o) Afddez d4dwm,

nss-S0, NOs, NH,/ & ZAFAHEE FoA 243%S AAsta gon, Addz
= E B IS ALEH £0% nss-SOL L 169, 5.9, 88, 11.8%, NO; & 95,
5.2, 6.6, 86%, NH, & 125, 5.8, 6.

doll 7HE w3, 5o w2 24e dEWa les #leidn. = T

Fo A Bolot Aol o <Agd e oPAREY Y} L A
o FRH.
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sl Na', CI, Mg” s%% ALH1675, 150.1, 32.7 peq/L)o] 7+ =7
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oy
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=
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fuita)
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o
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o
o

=
Ho =& 725 YHEHE Aoz Hol 73k ulghe] o3k sPA R Fdo
o Ao g AddAct(ME S 5, 1994; Carmichael et al, 1997).
AT7)7F Eeke] Sl AES Na', Cl, Mg>'9] ZAH|(%)E 64.4%= e

115/

AD dz2 B oE 7S AL £07 Na'e 202, 36.2, 32.1, 29.0%°]9 , Cl &
0

dadsE e g wE 2dME RefFal Al
Bk A7 AES nss-Ca®’e B3 ALH Z+7F 103, 229 peq/LE &4
of B3} °F 3.0 ~ 684, 7F&Hoel Hlaf °F 1.8 ~ 408} O =& ks HERHAC
olA# Ed7]¥9 nss-Ca’ol BHAHY ALH =/ B S AFA I

=
TEFN Bdo] e Aem By FHd= 54 A, ALos HFol FF

=
T
S ofFa 3laL, o] A7lell nss-Ca” T&=7F 12 AL HAM oled EddA
Sol W7l FoeE fFHHl A FFEe v Aem FAIHOINE T,

2013; ©]%=2 2014). nss—Ca® ¢
2 47%, 4.0% = AE5ZRY 18%E T =4 e
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Table 6. Seasonal concentrations (neq/L) of ionic precipitation species.

Spring Summer Fall Winter Overall

(n=32) (n=46) (n=26) (n=31) (n=135)
H' 15.48 5.37 14.58 21.62 12.26
NH,' 27.30 10.91 20.72 44.22 20.60
Na' 43.99 68.37 106.14 167.47 87.34
K’ 2.39 1.66 3.63 5.78 2.81
Mg?* 9.65 10.27 21.48 32.68 15.90
nss—Ca®’ 10.30 3.36 5.78 22.92 7.92
nss—S0,~ 36.80 11.05 29.06 68.28 27.55
PO,* 2.81 4.45 4.88 3.55 4.14
NO2 0.85 0.88 0.85 0.82 0.86
NOs 20.79 9.89 21.92 49.79 20.16
Cl 42.31 5847 98.48 150.07 78.10
HCO3 0.32 0.93 0.34 0.18 0.41
F 0.57 0.26 0.23 0.60 0.35
HCOO 2.99 0.96 1.15 2.71 1.52
CHsCOO™ 1.77 1.89 1.03 1.56 1.64
CH3503 0.05 0.01 0.00 0.00 0.01
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Figure 9. Seasonal variations of pH, electric conductivity (uS/cm), and ionic

concentrations (ueq/L) in precipitation.
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Figure 10. Seasonal comparison of the composition ratios of precipitation

components.
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fol o] o]9] o] 4 7](jonic strength)S Z=A3tH ZFF9 24 AEE 7HH

Moz Hrisk 4 ok a2y 1 Ak 100 M olete] #e B AS A5e

A =53 AHE fFA e Aoz B $ dutH(Sequeira and Lung, 1995). &

Aol A 3dzkell AA AFAT G o|2AMVIE Fste] 1 WIEE Figure 11¢]

LAEITE o] Al7]lE Hit 0.246 £0.248 mM FES UERA AL, AA e
Q

oF 385% AE7F 101 M o]ate] o] &A7|S HolFo 2 AFXA
=

Aee vw

G0

- Gl

Frequency [%]

40

Accurmalated P ercent [

20

IIIII‘II L]

lanic stren gth [rofd)

Figure 11. Frequency distribution of ionic strength during the study period.

AF7ZEe] AFHS st B9 7FEEH T (Volume-weighted arithmetic mean;
VWM) pHE= 4918 AFA Gl i ofbd o b7 Eles & + A
W, A7 EEs Ht 344 pS/em®= yEbwo ARE R Ao pHe A= EH(pH
456)°l 7bd v, o FH(pH 527 7 =tk 7L A3E Table 7] A3

o]
ok olE gk Atol= Ao HAF FFoE A3 THolM Y AAE LAdE
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AW 5(2006)> pH TR AGH] BANIE S AR A3 it i
A A A= pH 56 o3t 2HdH] @A) bl w7 ~ 80%, pH 45 ©lste] 7 Abdn]
W MR 10 ~ 30%% Hasd o), B ol ol

i)

= pH 5.6 ©]a}e] AbAdu] =AY
E7F 904%= HlwA E=A e e, pH 45 olste] ZFHAHdH] Al HlE=
14.8% 5 Bt}

r]I

T3 pH 77 F8 Ao w8 Hlasty] skl pH 45°]8f, pH 4.5 ~

50, pH 50 ~ 55, pH 55 o] o] Ul o= F&aint. 2elal 2Hdu] 2y

Ja
ki
g
[

Astel F3le] F2 43S v XE nss-SO,S, NOy, NHy, nss-Ca 7}
o] IAE FAeF oW, 21 A3E Table 8o #| A5k T}
WA pH F+7HE AAH] 2 e E Aurd pH 45~ 50 WXE7F 39.3% %

|

7bE =o n&S AR Ytk gEoe2ZE pH 50 ~557F 31.9%E  A}A 514
o] pH 7t 747t 712%E ARt Aoz ZALE ST pH 7708 44 8ot

ZF3lo] F2 43S 1M XE nss-SO,, NOs;, NHY, nss—Ca® AEE9 % ¥}

Table 7. The volume-weighted mean pH and electric conductivity (i

S/cm) of precipitation.

Spring Summer Fall Winter Overall
(n=32) (n=46) (n=26) (n=31) (n=135)
Precipitation 716.1 2155.2 947 .4 675.4 4,494.1
(mm)
pPH(VWM) 481 5.27 4.84 4.56 491
Conductivity 229 15.2 30.1 54.4 255
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Table 8. Concentrations (peq/L) of major ionic species in accordance with

different pH ranges.

Species <pH 45 45<pH<50 50<pH<55 pH 55< Overall

No. of 20 53 43 19 135
Samples
Frequency
14.8 39.3 31.9 14.1 100
of pH (%)
pH(VWM) 4.33 475 5.23 5.74 491
nss-SO4 124.19 51.81 22.28 23.85 27.55
NOs 73.20 36.53 19.66 23.28 20.16
NH," 85.28 36.44 17.34 24.94 20.60
nss-Ca® 36.26 14.95 10.07 10.96 7.92
1580 50
s NH. mm NO-
= nss-Cal EFE nss-50,*
Q 120 —a— Frequency (%)
g 3
g g
é 90 §
= g
g 60
O
30
0]

pH=<45 45<pH<50  50<pH<55 5.5<pH

Figure 12. Concentrations of major ionic species in relation to pH ranges.
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2t} (Zhang et al, 2006).

ol
- —— — %1
Free acidity(%) = E acidic anions.,, L (3)

ALE R A 5ol 2(NOs, nss=SO7 )3 Faol2(H) =g AREste] AHiAl
JE(free acidity)E Al4Fste] Table 9o A AR A
= 255%0]aL, A&He 27%E 7 e F£XE Ho
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Table 9. Seasonal free acidity.

Season Free acidity (%)
Spring 26.0
Summer 26.4
Fall 26.6
Winter 22.7
Overall 25.5

EE, el sl GBS Fr AWYE HE JRY Jlelmg Hss] 9

slol A (4)o] 98] A4 3 7] o] & (Acidity Contribution, AC)S T3} t}.

lnss—S0:7]1 + No; ] + [HCcoo] + [cu,cool

2 (4ol [nss-SO4 T+ [NO; T+ [HCOO 1+ [CH3COO 1= nss-SO4, NOj,
HCOO, CHsCOO Aite] B&s® 3felm, [X1e o5 o= & A& DFs
ot}

o] Ao o3& F7]4HSO,”, NOy)¥} f714HHCOO , CH;CO0)| 4Hd 3l 7]
&5 Aistg o, 1 A3E Table 109 AAISFATE AF7]13kel] F7]4ke] <]t
A st Tl gl 929% = AFAY g adsE ol FUIAF Al od A

AS Flstauh AR Fr)akel 9%k A 7ol &2 90.7 ~ 96.0%
o] ME HF Yr}t. F7)AF FAAE nss-SO04L Y 7188 528% = Ank
1}

A3t 71 &L 71%E T4k HlE] mlg e
AE VEgE A fo1e] @ st Z1el&e 40 ~93%% £ Y]
th 53] A= AFo] & doju= #H(9.3%), AEHB8%) A= f714kel 9%
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Table 10. Seasonal acidity contributions (%) by major anions in precipitation.

Season nss-SO2 NO;  HCOO  CH:COO Inorganic ~ Organic

acid acid
Spring 54.1 36.6 5.7 3.7 90.7 9.3
Summer 49.1 42.2 4.4 4.4 91.2 8.8
Fall 53.0 41.8 2.4 2.7 94.8 5.2
Winter 56.6 39.4 2.4 15 96.0 4.0
Overall 52.8 40.1 3.9 3.2 92.9 71

WA o g Ao Fa8 AMFEAES HSO, HNOs, HCL 714 Folth 1¥

()
=2
1o
o
o

3 oolefg 2 EFELS F2 NH3 MgCOs CaCOs 59 94714 &
st m o] A7 el NHY, nss-Ca’, Mg” s&& FA3W F3=E
3 & AN 5, 2006). o] FAAME NHzet CaCOs0]l =2 3t 719
stal = Aoz dHA Uk ol F EHd g% I g o AEe I
o1 A (neutralization factor, NF)&2 7138 4= it} F3} A} ko] 4= a9
ol & T3t 7lo=rt Ava & = vk A 5), 6)S FIHIAAE Tot= A
A olw | [nss-SO. ], INOs ], [NH,'], [nss-Ca®']& ZF A& dF s el
tHGalloway et al, 1989; Zhang et al, 2012).

NF,. .. = NES
SRy rss—SD_,f_ + N0 | et (5)
mss—Ca**
NF.z+ = 3 _
E* nss =501 + N0 T, (6)

9 Aol ols] AAre NH ol 93 F3FA A= 0450903, nss-Ca®oll <3 53}
A= 0192 vepwtom, AdE Sl Table 110 533t

AFdEZE B nss-Ca®ol 23 F3Ax7t 02322 vehy o2 Add
l =2 5ol ekt ol FEd SAbe] dFom EFAATE KA EHHA

Azt go] Bzl Tt 7oyl Wil Aow ddtE (o]l F2, 2014).

H

)
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T3 NHyol 93 $3027 ool 05302, g2 A ve 714 =
A vdEbs e e Edl e SsklAE 242 038, 01302 T g v Al =
At ow, A= Zh7F 047, 0209 FA 2 AR A

Ax AFA G A= nss-Ca” ol W] NH, ol 9% F37F @ol dojya glo
™, NH4 9} nss-Ca” ol 93 F3}&9) gto] 51 ~ 71%29 +=X= velta 919

2
N

2% b ARl od FaEw Qe Ao® 2AHAL,

Table 11. Seasonal neutralization factors by NH, and nss-Ca®"

NF(NH;") NF(nss-Ca™")
Spring 0.45 Spring 0.23
Summer 0.53 Summer 0.18
Fall 0.38 Fall 0.13
Winter 0.47 Winter 0.20
Overall 0.45 Overall 0.19

Fre g A=
A vERR T A Sole FEEiRe] 92 Aedd M =2 #AE Hela 3l

ovf, B Y gtk AY ol F Y we 2AS AXdm dE

nss-SO~ 9 NO; o Jdders A&l 683, 498 ped/LZE 7HF 2 #S Hth

ghob t)7] Fol A A 7] Fs}ukSo] Table 120] E3¥ ARSo] oA nt

Uojurhd Ay ol & FFBE W} 714 Yol FYFE FE gojol @

o} AR AARE o]lE F gk AlololE 2ktte] AolE BAtH(Treier ef al,
2004; Legrand et al, 1998). o]+ & ZAollA At @ zfo] AL o5 £]9] T}
E A5 Ygt FEHkg 7o b S on|dith AlFA 9L 9y FEol

7P 27 Wil 9 el AV AEEC o7 FEF dojd Thede] & A



o2 AIHAH(FFL, 2013).

AFAS Aol AAste] JdErt =& F2 A £0l2(NO;, nss-SO.,
HCOO", CH;CO0)¢] At #ol&2 H', NH), nss-Ca’ o]t} o5 44 &ol
FF5E F(nss-SO, 1+ [NO3 1+ [HCOO 1+ [CH3COO N3} Fao]e 2
% F([HT+[NHy 1+ [nss-Ca®™]) 7+e] #ACA dagdel F45 7
o A3t 2 FelE FE oy AiEEdd 9d dodran & 4 itk wig=

E Ao st B2 F3ke ols o vuE AREEY 7d=
=5S 9guldti(Kaya et al, 1997).

Figure 133 o] AFA 9] Ao AAdst =43 F3F 249 FadS A}
 E Ay A7 Fore] AT E 09582 W 2 #S HSt)h Figure 14
o Zo] AgH FHATFTE 09142 thE AH v 7P e AHAAEE A
o A&, 7tSHdo= ZH2F 0953, 096602 FALE ST HhHe EHe = 0.9809]

- =2 RS dERe B = ols AEEe] s # FEel o B2
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Table 12. Volume-weighted mean concentrations (peg/L) of protons, possible

proton donors, and neutralizing substances in precipitation.

Cations Anions

H' 12.26 nss-S0,> 2755
nss—Ca”' 792 NO; 20.16
NH,' 20.60

Total 40.78 Total 4771
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Table 13. Seasonal volume-weighted mean concentrations (neg/L) of protons,

possible proton donors, and neutralizing substances in precipitation.

Spring Summer
Cations Anions Cations Anions
H 1548 nss-SO4  36.80 H 537 nss-SO4  11.05
nss—-Ca®" 10.30 NO; 2079 nss-Ca®  3.36 NO; 9.89
NH," 27.30 NH," 10.91
Total 53.08 57.59 Total 19.64 20.94
Fall Winter
Cations Anions Cations Anions
H' 1458 nss-SO,/%  29.06 H 2762 nss-SO,5 6828
nss-Ca>"  5.78 NO; 2192  nss—Ca® 2292 NO;  49.79
NH,"  20.72 NH,  44.22
Total 41.08 50.98 Total 94.76 118.07
500
400 -+
@ 300
_‘_I’:
% 200 -
T
=
100 -
y=0.7707x + 3.859
R==0.8172
o ; T T T
0 100 200 300 400 500

Z(NOz+[nss-SO47])

Figure 13. Correlation of Z([H']+ [NH,]+ [nss—-Ca®'])
vs Z(INO3 1+ [nss-SO, D).
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Figure 14. Seasonal correlations of Z([H']+ [NH,'] + [nss-Ca®']) vs

S(INO3 1+ nss-[SO2).
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Table 14. Correlation coefficients of ionic species in precipitation.
H ONH Na'© K o Mg® ) Noy O HCOy  F HCOO  CH;C00  CHySOs
Ca SOy

H 1.00

NH,* 0.78 1.00

Na' 0.47 0.48 1.00

K 0.58 0.48 0.65 1.00

nss—Ca® 0.37 0.55 0.62 0.54 1.00

Mg? 0.56 0.56 0.94 0.71 0.73 1.00

nss—S0,2 0.84 0.92 0.64 0.65 0.73 0.76 1.00

NOs 0.71 0.67 0.67 0.62 0.67 0.79 0.81 1.00

Cl 0.49 0.52 0.95 0.66 0.63 0.97 0.69 0.73 1.00

HCO5~ -0.65 -0.51 -0.34 -0.39 -0.23 -0.34 -0.53 -0.50 -0.28 1.00

F 0.35 0.53 0.39 0.31 0.78 0.45 0.63 0.51 0.39 -0.31 1.00

HCOO™ 0.36 0.54 0.30 0.24 0.51 0.33 0.53 0.38 0.27 -0.27 0.48 1.00

CH;COO™ 0.14 0.20 0.20 0.07 0.10 0.21 0.20 0.12 0.19 -0.15 0.15 0.40 1.00

CH3505" -0.11 -0.12 -0.10 -0.10 -0.08 -0.11 -0.12 -0.14 -0.09 0.17 0.02 -0.08 -0.04 1.00
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oA Aol M= 246%C] AWES HAa, A9A 71Ul NH,(0.76),
nss-S02 (0.71)0] =& AR z+S YRSl

A HA QAE 11.8%9 AWES ®lal, F(0.74)9 nss-Ca* (0.61)0] =&
AA AAGE dErien, W WA 2L 108%° HWHe B

HCOO (0.66), CH;COO (0.88)°] =& AAZS HIAUT o5 F&2 A &E7]Yd

Table 15. Results of rotated Varimax factor matrix for the ionic precipitation

species.

Species Factor 1 Factor 2 Factor 3 Factor 4
H' 0.34 0.86 0.03 0.03
NH, 0.32 0.76 0.29 0.22
Na’ 0.93 0.17 0.05 0.14
K' 0.70 0.40 0.03 -0.06
nss-Ca*’ 0.61 0.24 0.61 0.18
Mg*' 0.94 0.26 0.13 0.13
nss-S0,* 0.54 0.71 0.34 0.18
NO; 0.65 0.57 0.20 0.06
Cl 0.95 0.18 0.07 0.12
HCO3 -0.13 -0.81 0.10 -0.08
F 0.28 0.32 0.74 0.22
HCOO 0.10 0.35 0.42 0.66
CH;COO" 0.11 0.01 -0.09 0.88
CH3SOs3 -0.11 -0.25 0.52 -0.26
Eigenvalues 4.6 34 1.6 15
Variance (%) 32.5 24.6 11.8 10.8
Cumulated (%) 32.5 57.1 68.9 79.7
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Sl

d7led =22 Fa dool W AAY olse] rbeetr] wEel = A
Qo] A= FWH Z7bell FFS wH (ol s, 2014). Lol F-Fol= 1990

g zunE Ae) 2L e FHoR WrledRde gAY o% Adel nE

a3

AT7F X &Aoo 3% 9t (Hatakeyama et al, 2001, 1997).
H NASA?® PEM (Pacific Exploratory Mission) - West A<}
Bel SAA¥e m=d HEHEY¢ AEo] drie sokrol=FH A olFdt
= SO0 oal FFS W= AR ZAE AT (Thronton et al, 1999, 1997).
kA fEupete] FEgFS HAE dred=de] AAY olFel i A&
A QoA fFdE oY 4= 9

=
T
F3 gol Wi Y ACE EAHD o), FHIN F EARE T4

l

B olggk e HEAY FYAEE o F AP 5, 2015). w7l F
SAEAe A olFdds Hsty]l f8 gAA BAS VIExE st AA
T3 A (trajectory cluster analysis)S 2 A8k th

B Aol M= 135708 AdAl s AF At FAA B AAlske] A
TAEY LAEHEY FUYAERE FASAGY JAA EAS vmH Sl =
(NOAA, National Oceanic and Atmospheric Administration)] HYSPLIT4
(HYbrid Single-Particle Lagrangian Integrated Trajectory) 2 @S o] &3}
71325 2% GDAS(Global Data Assimilation System)Z& AF-g3tgich =3 o
A A A AFg3E 23 FLE& EE NOAAY EuWkE FNL (FiNalL run at
S, 2004). o] Wl FNL #Atze] #HAz= 9

+
32
£
<
o

NCEP) A5E& ©| &3t
wel A% 747} 1905 kmelH, AAFxE AXFEH 20 hPaZtd 14502 74
ol gtk FFelA WAT 71 odBA) A9 ek 40 ~ 5 olule] Bk
of E@ati AL ;elstel 4A8 BAS BAALE 5UANMME Aot

i 1%+ 1500 m, 54 A HY FHxe AFHEN(33°26" N, 126°33" E)A|H
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Hoz EFHJE, 3Me H FHL> TS (Cluster Dol 37% (504),
"% (Cluster ID7F 54%(724), & e 9 (Cluster 1) 9%(12¥)= 7 HATH(aL
314 &, 2015). ol wNtEolA FdE 7T WU P Bdd Ao® XA}
AAT+H EAS A3 43 Figure 150 YERH AT
71 ERF IR AR wE AFAEY] vEE S vlugr] ¢
3 7t Cluster@ 2 o|2Ad® 9 AT sEE o193, 1 A3E Table 16, Figure
16°] YERRACE 4ol AbAdEtel Fdel 9FE v AE nss-SO4, NOs,
nss-Ca”, NHy” AE 59 %2 7} Clusterd & ¥ w3 23 nss-SO2 2 NOy
& FIZQPFANA 7F7F Y HE Cluster 1914 ZH2F 76.0, 51.6 peq/LE 7HE
TEZE BoFuh gla kx| FAE yldol A o] 53 Cluster 1T
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AA] Cluster 114 27+ 28.0, 51.2 peq/LE 714 =& == Yehfd o,
Cluster Il A= 7.6, 25.6 neq/L, Cluster oAM= F+ A& F%7F 140, 35.8
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7Zte] oA E S WE Clusters 7He] HE A4S 23 nss-SO45 &
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Figure 15. Clustered 5-day back trajectories of air masses corresponding to

sampling date at Jeju Island.
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Table 16. Ionic concentrations of precipitation and their ratios in accordance

with inflow pathways of air masses by clustered back trajectory.

Concentration (peg/L) Ratio

Species Cluster T Cluster T Cluster T Cluster I/ Cluster I /

(n=50) (n=72) (n=12) Cluster I Cluster II
H' 24.6 11.9 103 2.1 2.4
NH,' 51.2 25.6 35.8 2.0 1.4
Na* 153.4 62.2 139 25 11.0
K' 6.1 25 1.5 2.4 4.1
nss-Ca®’ 28.0 7.6 14.0 3.7 2.0
Mg? 32.4 11.8 5.5 2.7 5.9
nss-S0,* 76.0 32.9 335 2.3 2.3
PO, 4.0 34 45 1.2 0.9
NOy~ 09 0.9 1.1 1.0 0.8
NO;- 51.6 23.4 315 2.2 1.6
Cl 145.1 56.5 13.8 2.6 10.5
HCO3 0.6 1.0 0.9 0.6 0.7
F 0.7 0.4 0.6 1.8 1.2
HCOO 4.0 1.8 1.0 2.2 4.0
CH5COO 2.6 15 0.8 1.7 33
CHsSOs3 0 0 0 0 0
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Figure 16. Comparison of ionic concentrations corresponding to the inflow

pathways of air masses.
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o= gelgt A3 FAAF()= 0967, 0949, 09045 S5 AFE=E B

2. AFA G ZF4ee]l Hul7kSH pHE 49, AEE 2= pH 46 ~53 HIAR oF
AP S YERYAY AV A EEE 344 uS/em,(A1EE 195 ~ 63.1 pS/cm), ©]
2A 7]+ 0.24620.248 mMZ 385%7F = 59 £S5 FA5HA

3. AR Ry E s E(ueq/L)E Na' > Cl- > nss-SOs > NHy > NO3~
> Mg?* > H' > nss-Ca” > PO > K" > CH;COO >HCOO > NO, > HCO; >
F >CHsSOs w2 & NO3y ¢ SO ARLE Agol Ea oJFHo] vgtow,
Na’, CI', Mg®, nss-Ca” AEE ALH & FEZ BT A0 24
W%+ pH 45 ~ 507F 39.3% % 7Hd =2 Hl &S AA 8% i, pHF HeT5
nss-SO.%, NOs, NHy', nss-Ca> 5 %% Z7lsle 43S By

4. §-71%Hnss-SOs, NOs)9 243 71982 929%0°1om, A& 96.0%
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Abstract

The collection of precipitation samples was made at Jeju area during
2012-2014, and their major ionic components have been analyzed by ion
chromatography. In the comparison of ion balance, electric conductivity, and
acid fraction for the validation of analytical data, the correlation coefficients
showed a good linear relationship within the range of 0.904~0.967.

During the study period, the volume-weighted mean pH and electric
conductivity were 4.9 and 34.4 uS/cm respectively. The precipitation was
weak acidic, showing high frequency of 39.3% in the range of pH 4.5-5.0.
The ionic strength of precipitation was 0.246 = 0.248 mM, indicating 38.5% of
total precipitation within a pure precipitation criteria.

The volume-weighted mean concentrations (neq/L) of the ionic species in
precipitation were in order of CI” > Na™ > nss-SO,> > NH," > NO; > Mg* > H"
>nss-Ca” > HCOO™ > K > PO, > CH;COO > NO, >F >HCO; > CH3SO; .
The marine(Na’, Mg, Cl') and anthropogenic(NH,", nss-SO.>, NOs ) species
have contributed to the total ionic components of precipitation samples by
64.4% and 24.3%, respectively.

NO; and nss-SO,% concentrations showed a distinct seasonality with
higher concentration in winter compared to summer. The concentrations of
Na', Cl, Mg®, nss-Ca® increased in winter. The acidity contributions by
sulfuric and nitric acids were 52.8% and 40.1 26, respectively. The neutralization
factors by NH; and nss-Ca® were 045 and 0.19, respectively. The
correlation coefficients between Mg? and Cl, Na' and Cl, NH, and
nss—-SO,%, NH," and NOs, were 0.97, 0.95, 0.92, and 0.67, respectively.

Based on the factor analysis, the precipitation components were influenced by

the order of marine > anthropogenic > soil sources at Jeju area.
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The back trajectory cluster analysis of the samples showed the precipitation
components displayed the high concentration of the components when air
masses flowed from the Chinese continent. On the other hand, their

concentrations were lower when from the North Pacific Ocean.
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