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Abstract

The collection of rainwater samples was made at Jeju area during 2009~ 2010, and the major ionic species were
analyzed. In the comparison of ion balance, conductivity, and acid fraction for the validation of analytical data, the
correlation coefficients showed a good linear relationship within the range of 0.966~ 0.990. The volume-weighted
mean pH and electric conductivity were 4.9 and 17.8 uS/cm, respectively, at the Jeju area. The volume-weighted
mean concentrations of ionic species in rainwater were in the order of ClI” > Na' > nss-SO,2” > NH,*>NO;” > Mg**
>H*>nss-Ca?* >HCOO >K*>PO,* >CH,;COO >NO, >F >HCO; >CH;SO;". The ionic strength of
rainwater was 0.26+0.21 mM during the study period. The composition ratios of ionic species were such as 50.1%
for the marine sources (Na*, Mg?*, Cl°), 30.9% for the anthropogenic sources (NH,", nss-SO,2", NO5"), and 4.7%
for the soil source (nss-Caf*), and 3.1% for organic acids (HCOO™, CH,COO"). From the seasonal comparison, the
concentrations of NO,~, nss-Ca?*, and nss-SO,? increased in winter and spring seasons, indicating a reasonable
possibility of long range transport from Asia continent. Especially, the acidifying contributions by major inorganic
acids (nss-SO,?” and NO;”) and organic acids (HCOO™ and CH,COO") were 87.6% and 12.4%, respectively. In
comparison by sectional inflow pathway of air mass during the rainy sampling days, the concentrations of nss-SO,>
and NO;~ were relatively high when the air mass was moved from the China continent into Jeju area.
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A F7HE 7ol wiIzks BAA = = w3}
g A5 ¢kx gloh 53] shteE =

A2 F&3 Abzke] ofsfoz tEke] 2 PEA o]
WA= 31 9l ar, U7 (transboundary)A] @3 EA o] =+
7t 7 3AFA R B24E 4 glek(Chunetal., 1994).
FotrlobA 4 2 *WHI WA= Teprlelr] o] A4
vlol| 3 A FE AT (Rains-Asia) A7} BrE
WA *‘7—1“201 575 9dek (Kim et al., 2006). 1.2
31 PR AFe]] wa2w ofAlel A SO, WEH
19906l 2,900+ Eo]glA|ut 2020 ¢] = = w) =g

o] 8,000~11,0005F £7}4] 71 = & Aoz
of| Z3}3 9lc} (Streets et al., 2000; Carmichael et al.,
1997; Foell et al., 1995).

FEHAGeNME Fe] 7Y B2 dr| o9 EA
< &S 9, e R R, I 5 5o ¢
o7 wjZee] @ Aoz etz glg(Camich-
ael et al., 1997). NASA INTEX-B missione] ZAz}=
B ofxlelx|d SO, ¥ wiEeF-S 2006W 7|FoR
47108 Eo|H o] F F=o] wiE=Fe] 31007 &
AR sk 9l Ao dex|x gleh 2| a 20014
F-E] 2006\37}A] i EFo] 36% s Ao By
H 3 gloh ALARELE i ESF A whE SxE ZU)
3lar gleh AAASE-E ofAlo} F wjE 3671RME
% 20809HE A w7} FoA] wiEH T 9T, vl E

B

dl

2 20014d3E 2006\d71A] 55% Z7}8}) ol (Zhang,
et al., 2009).
Hbel] ghe) oAbzl ubgake Aehlge] At

oFshel AfAte] &AM, AR HA7kA A
4 37t2 238 i 2% A FF4skar gleiA] st
2] AMdn] Fsfoll th3t F=ro] sk Algte] A
55 ] A 7oz 4S5k shimand Park (2004)
o] 1990~19961 ¢ SO, NO,, NH, u|

71Eo = SrIgt As v, 32 A+t 40%, A4
= 49%7) 2oz XE AAT o]%d i #al=
oz FAs Qlek = & - F - Y LTP 35+
o] waw Iz HAFHE 3RALsEo] oF 20%
(46754 E)7F FEolM " Aoz Yeha
et el2fgh Q1S F=po] euix|o] HjRE-S Aut
o o|&stx 9l Aeke] 3 gheFo] 1990\del 1.27%,
200041 1.08% 502 H|w* %7] wjFo]c}t(Ohara
et al., 2007). o] uksl $2jybel= A7k SO, vi&F
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o] oF 507t Eo 7 Folxlol 22| 87%F 2A|3taL
UE Tl sl of 5% A= FFS veh R Q)
oA F=re] oJgFe] A} FejE 4= glok(Kangetal,
1999).

AHIZE A4 BARAE SAEGR S}

el 79 1980 e AAH ez S
2lal) @37 glt}. ] =Fel| A= Nationa Acid Precipitation
Assessment Program (NADP)-g2- Z3l 2007] o]Ake]
A ZA Lol A AN E 277 ZUE e ¢t
3 <A] European Monitoring and Evaluation Pro-
gram (EMEP)©.2 300 Z7}ellA] 807) o|Ate] =4
204 1980 T} HE] APR]E mujElRs) o glek
23 A%AQ Be9) SO, A iz o] Ae]
SO ¥Ex Ztashs 342 Meolw gl}(Okuda
et al, 2005). Z2v} FoprleA| o] AR EAl=
1900dd S H% AstH 1 itk 53] T8 F
Aoz HbAEke] FUI8kAL L, = ‘a‘—“rﬁ} o
Al el A 2004 7]Eo 2 30% o] AFE v
o} (Huang et al., 2008).

FotAlobA el A= 1993 AMAdH] HET}Ee]
FAg FA 327 dR2AAM FE A 2=l 3
F A& FAHAS B3l FobrloA Y Ad¢-
EUE el g A FEdTe] BaAe] A7H
At ol g d7ie] x¥ oz 2001l s,
A& 5 F 12N o] I Folrlol AMdH] 2]
B8 | E=9= (EANET, Acid Deposition Monitoring
Network in East Asid)7} 27 7159 2e8la A
Ar) S Felr) 91T FAPY ke 24
31, 0] A9 S mUElY A3t 4 Basw
ggc}(EANET 2013; Fujitaet al., 2000).

d8o] A 19809 H e AL FF3te] Al
Aoz f°§ ZFolw, A 507) ool A F5Aw
<+ F53te] ] Fell Qlok Tokyos] 97 #14 &4
4ol A 1990~ 20023 2] 123 7F A7) =A 3 A=
B, pHE: 4.23~4.62, SO 3 NOy 3=+ 74zt
435~76.2, 235~ 736pegL S el 1 )} (Okuda
etal., 2005). =3t FoelA = 2T Fdre] Ak
A9} EA|Z FAl o7 ALY 23] AFEo] &
W= ¢lo) Huang et al. (2008a, 2008b) o] F-H-o}

Fo BAAGeNN B4 setade vmg Az
2 ¥4, =39 Beijing, Nanjing, Shenzhen A& 734~
9] pHE 747} 6.01, 5.15,5.022 Y23} 352] 452,
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47085 = o oFg AE w3 gl 2 o)E
A A 9] SO i 747t 24.89, 241.8, 74.3ueq/L
2 =7 (50.2ueq/L), A2 (70.9neg/L), 3 (48.6 ueq
ML)el sl BA B & 5= veha Qe N0,
e o] A x| el|A] 7H7k 84.1, 30.6, 22.1peg/L =
=3 (30.5peg/L), A2 (29.9peg/L), T2 (18.9ueg/L)
Behe o} e RS wolw ge

AFAG e Aol A2 g3 AFAET d
oF AA 20 WAo] e A o]} A
dHoz Wube, 23, 2o Fool 73] o5
QA Adezye §Y5t eguAe) AL o
% Qg Bl oFF AY A9 el (Hong
etal, 2011). 2 AFE A|FA G

<
Ao Fo P EE BAT 2

2.1 22 M= HFH

7S AlmE AFesta Apedstate) s A (33.26°
N,126.33°E)ol| 7+ A F 7S A=x)3}e] 20099 14
FE 20109 129747 v 7 AF e F
NEE S 93folch Aol AMga B3R
(Shinil, SL-4-001, Korea):= HlE AA7} R2zd 25
NzEloz s A% Azt Asoz v =
= A==k FeA271e) AeTE WAl 253
mmel el Qle) 27 A ow, i Hlzgos
S5o} Qe ASTE Alm AF Ao ol Lgz
AHee] 2988 YAk AAD Az AFA

2=
e
2 7 F A¥E FHs] pHY AAEES &

iz

AL, #A L A=

a%e BAse] F2eEE BT UL
~20°C ol AT Aol §714E £ o]
#stelet

2
7}%-2] pHE pH ©|E] (ORION, 720A/81-02 Elec-
trode, USA)E AHg51ed S stelct. 29 Als 4%
g #3sle] £x8 5CHER 24T F 345
932, pH e OrionAle] pH 4.105} 6.97 gk
(low ionic strength buffer)S- A}-&-3}e] wA sl A
71M == A== B (Thermo Electron, ORION 3
STAR, 013005MD Electrode, USA)E 2143l =4
et ol Alme] Lx= o 25°CrF HES 234
3193, A= =rEl= NaCl 234 (141.3uS/cm)<
AHgate] A sheet

734 o] EXel|= |C(Metrohm, ModulalC, Swit-
zerland) S A}8-319] 31, ko] (Nat, NH,*, K+, Ca?t,
Mg?")2 Metrosep Cation C4-150 column, &-¢]-&
(SO, NO;", CI7, PO, NO, )-> Metrosep A-SUPP-
5 columng o] 4-3te] EA3I . w3t 7|k o
R mjgk AR (HCOO™, CH;COO™, F7, CH;S0; )24
ol]= Metrohm, Modula IC (Metrosep A-SUPP-16 colu-
mn) £} Dionex, DX-500 IC (lonPac AG1l/IonPac AS11
column)E o]-§-3k3ict. IC A A AR 2+ A
2] 5 Wslel weh £ o]-£4%-2 010~10mg
IL, 7142} wlgk AEE-S 10~500ug/l o] EFE-
g Abgstel sk 2E G 14 w28
(Aldrich Chemical, ~99.999%)-8 A}-4-3}o{ 1000 mg/
L ge 2A% ¥ o8 etz 443 34se]
Abgshelet. old) RIS AU FRAS 07
0.999 o]Ate] H == 77| 27AS 4G =3 IC

Table 1. Instrumental conditions for ion chromatography analysis.

Cation analysis

Anion analysis

Organic acid analysis

IC Metrohm ModulalC Metrohm ModulalC Metrohm ModulalC Dionex DX-500
Column Metrosep Cation C4-150 Metrosep A-SUPP-5 Metrosep A-SUPP-16 lonPac AG11/
lonPac AS11

Eluent 4.0mM nitric acid 1.0mM NaHCO4/ 25.0mM NaOH/ 0.5mM NaOH/
3.2mM Na,CO, 3.0mM Na,CO,4 5.0mM NaOH

Suppressor non-suppressed 100mM H,SO, 100 mM H,SO, ASRS

Flow Rate 1.0mL min™t 0.7mL min? 1.5mL min™t 1.2mL min™t

Injection Volume 50pL 50puL 50 uL 200 L

= 7187432 A1 294 265
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Table 2. Instrumental detection limit (IDL) and coefficient of variation (CV) for IC analysis (n=7).

Species Na' NH,* Kt cat Mg?t SO, NO;~
IDL (ug/L) 22~9.1 1.5~6.0 44~139 26~15.1 26~148 1.7~253 35~113
CV (%) 11~31 04~18 15~42 08~77 0.8~4.4 06~73 1.0~32
Species cl- PO,* NO,” F HCOO" CH,CO0" CH,S0;
IDL (ug/L) 2.2~80 21.8~251 11.6~12.0 14~19 0.7~19 0.9~20 1.7~18
CV (%) 0.6~2.0 6.5~8.3 31~43 09~1.2 04~12 0.6~1.3 11~12

o

7171723 (IDL)E sz 25898 73]

2. BASle] RS I5ty o37)o] Student-t

3

7k (98% A2 Fol A 314)e Faled T34
73$- o] & BA A9 IC 243} 7)71H & (IDL)

= 1~29) ok

2.3 AN 24

A A6l == @l oF 714 (National Oceanic
and Atmospheric Administration, NOAA)2] HYSPLIT
(HYbrid Single-Particle Lagrangian Integrated Trajec-
tory) 298 o] 831931, 7|AAE = GDAS(Global
Data Assimilation System)E o] -£-5}3} (Draxler and
Rolph, 2013; Kim et al., 2004). 18] 31 Fol|A] A
3 o7l g 8o Ae U 4~59 ool Fhikx
of EERths g mejstel A w49 =AM
& 59 (120417, 34 AHe) Hxe AFesa
(33.26°N,126.33°E)E 71" o=z AAslgct 44
5= 850mb ¢l 1500m= A A st az, 24A 7
< FF = wj 00UTCE A3}t

3. Zdx o nF

3.1 &M dlo|e{e| QA/QC
74 AR galE v AR BA)oF 517) w)

wol A A2 D w3 A8 A, B Wy 5
o whet Ak =A Debd & gleh 2 Aol
4 Ase] Ho%w e 8 ol ean, 4 A

59 o] Axx, AHEE (Acid fraction) B o
2 HolElY A= B3 W #2] (QA/QC)E A3
o dub oz 7 24 delE9] QAIQCE F=
Fol 3t SolE FiFr=el e vlwshs o] 24A
vy, &4 Axxsl A A=xE vwsie 7]
A== vlayge] ge] o] 853 gl

Table 3. Comparison of ion balance, electris conductivity
and acid fraction by linear regression analysis

(n=93).
Correlation
Parameter coefficient (1) Slope Intercept
lon Balance 0.971 1.039 8.372
Conductivity 0.990 0.909 1.425
Acid Fraction 0.966 1.306 0.004

a8} kR ARRE Rlay S A4 Ag ol
Erl B2 pH AEEE £335e] £gH o2 do)
o Ha=g i = gloh £ AF7oMe o
2] (1), (2) Alell sl AREES AAFSI L, F Al
of& AAtEl ARELE (AF)S w]w3le] H o|E]2] Al
=2 F7pskech (Kramer et al., 1996). 2ol A A, =
oFol& (H* A9 s=rls HFddIFdeze],
> 2oL FTEtE HuRHAEE, A

€] an -
H* o] Fd=elt)

> |

eyt

rlr
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)
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€S9 Al 7w
1 A —5— = 3o 53}3le}. 29
Folx FFexe] T Fol BT
= AR (N7 09718

ol& EHFERNE oMoz At
AT A=E Tt A3AS7}
AHAAE el 22§19
ez Akt ARRE Zhelle
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e BT, 2 AP $A doEEL WA o
% Uehl Ao F4Hg,
o3} ol wEd 7o) BAE s
7] $1ske] % ko] #73 = (% imbalance) & )5}
A} o1% 18] o] £33 (3 [Cation] +[Anion])
o o3t B3 = ((Z[Cation] — X [Anion])/(XZ
[Cation]+>_[Anion]) x 100)9] EAl=Z &gl
2 A3 39 1o =AEH gk es 7Ry
AellA] do]Ele] Bk} 25% olslolm A o]
Bl st Ashe ehie des Bt
3 gl o] A1FS A7 AFEAe] veb ha
o] 2 Balth. Galoway et al. (1982)2 27] 7o
A 1%z ARG g Aot ol F ol o
FEoA 25%z2 AAska lek oA A7el A%
& setsled] 27k gle A4S on Aw 9w
7]1 S A48 4 9lch(Likenet al., 1987). 2 o
ME o) ¥x7} &S %imbalancert I,
$5% e A% vehlde 223 5 9349
delel FellA 3ME A3 UmA] Ho]EEo]
25% m]wke] W9lE Mo ofol 23} Fole] HlmA
4z wHE fABkE Aoz HriE

3.2 42 olg 5= % AW 54

321 A2 0|2 =&
A% A 2
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Table 4. The volume-weighted mean pH, conductivity
(uS/cm) and ionic concentrations (ueq/L) of rain-

water.

Spring Summer Fall  Winter Overal
Components —_ o6y (n=34) (n=20) (n=13) (n=93)
Precipit. (mm) 579 1382 496 324 2781
pH 49 49 49 46 49
Conductivity 194 129 229 280 17.8
H* 12.1 126 141 229 13.9
NH,* 234 136 171 358 18.9
Na* 480 273 780 559 44.0
K* 24 26 5.8 29 32
Mg** 133 113 221 152 14.1
nss-Ca?* 175 6.1 72 171 10.0
nss-SO,2 345 210 288 533 28.9
PO, 0.8 0.7 35 144 2.8
NO,” 0.2 22 46 1.4 2.1
NO;” 205 122 183 304 17.1
cl- 500 314 812 588 47.3
HCO; 0.4 0.4 0.4 0.2 0.4
F 1.4 1.2 1.3 11 1.2
HCOO™ 6.3 35 25 4.1 4.0
CH,COO™ 39 1.9 2.3 3.0 25
CH,S0; 0.0 00, 00, 00, 0.0,

o Hg pH, A7 A =5, o] A% % 5 & 4o 5
S3einh 24 HCO; 05 ]=100-229
o] FAA e 25 ﬁ]*&s}ﬁu}(Avila, 1996). = nss-
SO,Z 7 nss-Ca*2 w]3)] 9] (non-sea salt) 3kAlks} Z+
# =2 “[nss-S0O,21=[S0,2]-0.121 x [Na*]” <}
“[nss-Ca?*]=[Ca2*] —0.044 x [Na*]” 2l 2]s] Ak
8t A z}bo]T} (Seto et al., 2000). Aol A [SO,2 ], [Ca],
[nss-SO/], [nss-Ce&'], [Na'] st 2F Fase
(ueg/L)o] .

AFA S 732 F37tEvd pHE 492 &4
717k gt vlwA efabAd el w7E F2 R, AT
7VeBaA7IAEEE 17.8uSemz 2AE S =

-1
O—J—\_

AT 717k pH ul=e} Fo AEE ExE A}
8] 2 Az, 23 204 B nle} 7ro] pH 5.0 )3}

7} A2 54.9%¢]¢) 3, o] F pH 45~5.07F #A)
9] 40.9%=z M @ uES xAEeld. 183
pHol| wh2 o] A %2 =+ pH 45 ]3ledlA nss-
SO,” ¢+ NOy 7} NH,*#} nss-Cat*ell wls) o ¥
=2 Yepfgleh wbdel pH 55 o)Al A& nss-
80,2, NO; ¢l Bl&) AFdA o2 NH,*, nssCat =
7} v =o AsFS B

= Q7717 ol $AE FEE 97199 Nat,
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o). 283 EoF X ®AEQ nss-Cate AA 2 4.7%
o) 24¢ waeh

g 2 Q7o) AFAY A A
BA93L 24} b, 22l 939 e Okina
wa, 3= Shenzhenz} Shanghai, Elo]t F3x] <3}
vlws] 2 A3}, & 59 7o), Na*, ClI° lr—iﬂ Shen-
zheng A3 Ymx] A Hgur} 1.1~7.64 Hic).
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Fig. 2. Major ionic concentrations corresponding to the
pH ranges of rainwater.
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Table 5. The volume-weighted mean pH and ionic concentrations (ueq/L) of rainwater in Jeju Island and other sites.

Site This study Gosan? Anmyeun® Okinawe® Shenzhen? Shanghai® ?_o;\t:;r]?
pH 4.9 4.74 4.81 4.93 4.56 4.49 -
NH,* 189 36.0 26.5 9.5 335 80.68 50.2
Nat 44.0 57.8 46.6 308.0 11.2 50.11 97.1
K* 32 8.1 2.7 9.4 1.75 14.89 10.9
Ca 11.9 15.4 15.2 25.2 354 203.98 53.4
Mg?* 141 14.6 104 63.9 3.26 29.64 32.6
SO, 34.3 47.6 42.3 53.9 64.7 199.59 40.5
NO;~ 17.1 24.8 20.4 7.0 219 49.80 15.7
Cl~ 47.3 79.1 46.4 351.0 20.6 58.34 63.1
PO 28 - - - - 0.33 -
NO,” 21 - - - - 0.23 -
F 12 - 19 - 1.72 11.01 -
HCO,™ 04 - - - - -
HCOO™ 4.0 - - - 0.10 0.06 -
CH;COO™ 25 - - - 0.03 0.36 -
CH,SO5~ 0.1 - - - - 0.005 -

*EANET (2013), °Kim et al. (2005), “Sakihama et al. (2008), ®Huang et al. (2010), “Huang et al. (2008, 2008b), 'Tasi et al. (2011)
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74 ARE 5 Na, O sjgAdE2 73t A
<A 747+ 78.0, 81.2 ueg/L ¢} 55.9, 58.8ueg/L = o
4o vlal] of 25~3.00 > FEE BT oA
H 7k AL B vEE Ui A2 B
7&5-3F3t 7hat ulgtel ot S oJgFoz ®eldh

7rs-2] A3 zke} 74 o] 2 nss-SO,” 2k NO;
FrEe AEE F Atelg Bk nssSO = A
Aol 53.3ueg/LZ 71 =01} oJE23-e] 21.0ueg/L
2 250 2o]= Btk NOy = 9A] ALl 30.4
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SO ¢} 37 7357 o), BAMF A L] AT A
718 AAE olF % & FPH oz sl &
Aoz Helth NHY 3% 94 nss-SO,%, NO; 9}
frAkeAl A& (35.8ueg/L)ell #31, o532 (136 peq
/LYol kol nss-SO,*, NOy 9} 53t A4 whay7)
A B Ve e ez FAEE.

nbol nssCaft-& B3} AgAo] 7b7 175,171
peg/L 2 o 54 (6.1peg/l) B} of 3uf o] ¥ v
E Jehlisic) o] A3 B3 AL 2199 nss
Cat7l sxrt B8 7 AFA G F F3k3 #

FEIL FE AL BN o5 EFYAE
7 Fo §9slo] 24 G 1A How 4
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Table 6. Acidity contributions (%) of acidic anions in rain-

water.
Season nss-SO,2~ NO;” HCOO™  CH,COO™
Spring 529 314 9.7 6.0
Summer 54.4 316 9.1 4.9
Fall 55.5 35.3 4.8 4.4
Winter 58.7 335 45 33
Overal 55.0 32.6 7.6 4.8
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Table 7. Neutralization factors (NF) by ammonia and cal-
cium carbonate.

Season NF (NH,*) NF (nss-Ca*)
Spring 0.39 0.39
Summer 0.35 0.25
Fall 0.34 0.18
Winter 0.39 0.25
Overall 0.37 0.27
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