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Summery

The purpose of this study was to estimate the dry deposition fluxes of the
various paticle-bound chemical species at the clean coastal area. For this purpose,
the particulate matters were sampled using the 8 stage cascade impactor from
April to September, 2002 at Hamduk, Jeju Island. The chemical analyses were
also carried out to determine the chemical composition of particulate matter in
order to understand the characteristics of size distribution and to calculate the
size-segregated dry deposition fluxes, for various components.

In this study, dry deposition velocity was calculated using the two-layer
deposition model proposed by Pryor(1999). The model employed in this study
included the effects of the enhancement of the transfer due to the bubble burst,
the diffusional transfer and the particle growth due to high relative humidity in
the laminar surface layer near the water surface.

Dry deposition fluxes for various components were estimated as the product of
the atmospheric concentration and the dry deposition velocity calculated the model
previously mentioned. The deposition flux was calculated using two
approximations; (i) by identifying the MMD(namely 1-step), and (i) by
considering the size distributions given by cut off size of impactor(namely
8-step).

From this study, several conclusions can be obtained.

The soluble species originated from the sea spray were bimodally distributed
with two peaks at about 525 pgm and 2.7 wm. Sulfate and ammonium were
concentrated in the fine mode with a peak at about 0.54 um. Nitrate and K' were
evenly distributed in the overall size range.

The elemental species originated from sea spray and/or crust were dominated in

the coarse particles beyond the size of 3.3 um, showing similar distribution pattern



with that of soluble ions originated from sea salts.

However, the elements originated from the anthropogenic sources were
concentrated in the submicronic particles.

Comparing the dry deposition fluxes estimated by two approximations, that is,
1-step and 8-step approximations, the difference between the values of two fluxes
were very large in the case of the species having the small MMD.

Finally, over coastal area in Jeju Island, vearly dry deposition fluxes of NHj'
and NOs3, which were related to the eutrophication, were 123.0 kg/kn'/yr and 36.4

kg/kn/yr, respectively.
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Fig. 1. Schematic diagram of two-layer model for particle dry deposition to
water, including the effects of wave breaking and particle growth at
high relative humidity(Slinn and Williams, 1982).
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Table 1. The stability correction is determined based on the Monin—-Obukhov
stability parameter

Monin-Obukhov stability parameter Stability correction
z/L>0.05 v,=—5z/L
2/L<—0.05 ¥,=2In[(1+x%/2]
x=(1—15z/ L) '"*
|z/L1<0.05 r,=0
Aol AYPASES A/E nebe A, AEECddy)FN FHAFY @

ng[ 18/«4 (pp_pair)dz]c (12)
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e vl Aol Aol f o4 FaaA @A Hx AWMAL A% WAYEE

2bel] F-Ela] = 7]A A2 A o] th(Parker, 1995).
Stokes B A= YAA7d= HAASTAZ Jde=d dAe] # Aol wjg- Zholr
uj Aol Hi AF 3 Z(mean free path)oll <HE w, mjdo] A ALA| 7} oy

7] wol x7h Wi A& ol Stokes WA oa dlZ® Amr A Aol u

4 Qow, wd AR Aol Wit AH Azl wZaA HU QAL o oy
AzAZA §AZ BAGA Eatn BargzaA gAG gy dae A8

Ayol2 mmel A E7e 4 9a, o] wnnH A= X7} Stokes WA O] G Fol
dzrel AAl FEe A

Cunningham R AGA 7+ olefgh J3eo] sl Stokesd FHAFTE HAS= 3ol
o Azt Aol Imiu 2o Ao hEldE a4 g ojof 3l Cunningham
HAATE 7 2ol Aits o]l (Wark and Warner, 1991, Reist, 1995).

C=1+-412.514 +0.8exp(=0.55-L)] 13

o714 A= 71AIe Het A HR2A 0Tl oF 0.064me] 2715 2o ths

(14)

o7 A ‘o' RHE HlIAY VIS F, 2x, AEE u

Table 2. The mean free path of air at 1.01325%10°Pa by Jennings(1988)

Relative Humidity (%)

Temp.(K) 0 50 100
288.15 0.06391 0.06389 0.06386
293.15 0.06543 0.06544 0.06548
296.15 0.06635 0.06538 0.06647
298.15 0.06691 0.06701 0.06714

unit ; gm
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2) 5= (Deposition layer)ol ¢ Ad £%( V)

°F 0.1ym olste] wl¢- 22 AAE] A HALEEE Aol AT wetA
7 oAl H=dl, ol Hek kel 71Q1d Aeoly, o]yet B k2 oS3
Zo]l 4 = 4 Adth(Dulac 5, 1989; Arimoto and Duce, 1986; Williams, 1982).

D p=(2.38x10 ~"/d ,)(1+0.163/d ,+0.0548 exp(_d6‘66d o) (15)

d,= 71 15 AAEe %3 md Foold 929 #3894 (equilibrium
size) &, 59 974(d,)S WERATH

e dgsEs

Oll

3}4-Z(deposition layer)S %3}

Va=(1— a,,u,,)(cu ST05Re ~05 44,10 VS

+a bub< ~+ EfA21r%,,,) (22 dmp)im) (16)

2 (16)elA e AA Fe G4 Ade] #dd FEolH, =4 2 bubble
burst &5l o3 &t PA FEFel Skl vEdE Aotk AA FAX Fg e

A4 3 F0 FA, #A9H AL Dol ALY] ske BIHI wEe o

Sk ¥ &9 424 Hummelshoj 5(1992)2 1/3, Pryor(1999)2] Ao+ 1/9 52
2 AT EA LA E AFdAE S VAR wdd Ha ® BA A
& ol&3ste] TG H AR Hol, ARV 849 =ZAQ 1x B@ FAEA F

of FAE THeEA ¢ #eol "Hits Este] A& B4 G S(A8)9] A7)

+ Kudryavtsev 5 (2001)° 9JaiA Foix A3 npaErele] AAE o] &)
A5=10v/u . 17

Fa5e AAAF WRIAE Fael Fuls AAMeln, 1 e SdAE U

A FdE dEhdis ez deA gl wnsleM AAY] axe 24 ik

H=0.16TUZA 53 4 At (Andreas 5, 2001). wetA c=1/(46V H/z )=
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Al Tl F7F ook

@ pps bubble?] ILdo| wWE wHEHHo|Y}. S = Schmidt Number®zZH
S .=v/D e}t #o] FoA 1, Rex Reynold NumberZA] Re= u .z ,/ve} o] F
o]t} 714 Dy = Brownian diffusivity24 W 7}7tol o] ZF =0 thsle] A
A7 wEel FdA R FRUt mobAE s SA A FFYAE ALt
ofek gttt 1o tigh PP YA 2 (18)3 o] Folxrt
d,=o.d% (18)

o714 o0 pgE FUlFES dozE Ao F4EM Fitzgerald(1975)0] <] 3
A ok #Zol Foixlth

f=exp(1000s)  for  0.81=5<0.99 (19)

A4 pEe A T8 FEAEAY) AF &3 st Adoe A dFS W
A geth A (18)& 7HARe ofsiA fre® HAeas 3% olstE d# A vt
(Fitzgeral, 1975).

5 (NH ) 2SO (Aol thato] Adigme tdk 0.9 oE4L vg3t o)
FAH AT

0 [(NH ;) 550 1= 1.2exp (L0665 (20)
AN o=,
~(1.058 ,5<0.97

1,058 — -2 0.97 <.5<0.995

0= Aol 4 Trgkel s Aol Al A (ell: NaCl, (NHy)2SOs &)

_13_



of tale] Fitzgerald(1975)° <JslA Al&H FHES AMEsle] B, A8 B4
A5E Aoz FAE B84 Edd e BAIT Fitzgerald(1975)°0
aiA AAIE S o] 7HA ARl teke] Table 20 vhAl YEWdH &84 &
ol g HAL2 Fitzgerald(1975)el 93| A th3} 22 @A 2l ofsfA
3 4 sloh,

o

o

0.
0

S=1—k,(1—e)—ky(l—e?

k,=10.2—23.7S+14.55°

ky=—6.7+15.55—9.2S? (21)

Table 3. The ratio of the value of ¢ for various electrolytes to that for a

ammonium sulfate(Fitzgerald, 1975)

(NH ) ,SO, NH /NO, NaNO, NH,Cl CaCly NgBr NaCI MgCl, LiCl

__ol electrolyte]
oL (NH ;) 550 ,] 1.00 1.06 117 123 129 132 135 141 154

Az owg =7 sl kel Al Ao HrhEa tk(Pilinis &, 1989). L] ar
Fitzgerald®] #AA S A3l dolA F9F 2 0.05~5me YA kel haiA 7H
W asitte Aol

Eff= YAEo] spray dropsol 98iA EFEHE E-&olth. Hummelshoj %5(1992)2
259 AGolA spray drops? =Y AH (zaop)E 0.1m=E A A3FATE. g whitecap
of o HEAZ WAS onet=t o= Wu(1988)9 dd2As Ab&ste] A
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A A3t 714 bubbleo] A EWHo| =E5HA HFEZ bubbled] cap¥ I 7
Al Atolol A FAAHE filme wWEA SeurbA Ha A ZA A ol
A ke film FHES “film droplets”ol gt UeEbdTH F HAlE 2
%l bubble cavity7b F¥ &= Zolth o] wf gWv= s R w2 £
2 liquid jet& TAAZIH, o FA A== jete] A4
2hal 3t (Georgescu 5, 2002). Jet dropa F3EW FEH 3 Eo osA FAlE oA
Ha 2 Z7] wjito] F3Hoz w7 "dojzt} Film dropletd 1RU A 217
wFo 7] Tl 71 AFAFE ZE=dH(Pryor 5, 2000). Jet drop?] i 3 W
e 105 2#stA] @Fom AAe] F7HEFE 1 Vg Fo €t A WE
H jet dropE L] bubblez17]9] ¢F 1/10 A Xo]thGeorgescu %, 2002). 3 719
bubbledll A 1070¢] jet drop®] WA%tial 7}A3HE  spray dropd Z¥H e

Eh
i

M
&
2
2
i
i)

H
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EN)

g=10(1000)EA AT 4 Stk Sea spray o YA AF HWA oz B o
oF 50 BE=Rl Ao g2 dHA Atk (Fairall 5, 1999).

Whitecap coverage:™ ¢t AT &k Aty nig S8y #AHEY] BsE Q3]
g T2 53 AEAn 2y Wul9sl)= Aale]l Aol A whitecap coverage®

npae) vk weh HAA AN ARAs] gt ol AN s

e

=0.2x10 5% (22)

odel AMPAL ta A4E wat Ao ABFRYAMMD)e 3o}
AASEWS Agetel ANRL Ak AW FHFL2E AW Astel B3
dagel A AFYALLMSDs)E HLelstt o] AHEAA Aow ANHRL 9
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% S, AUFE, 7S A SA48900 22 AT fdxoA AFAl et

chol sl A AFE ARE FAAA ol BANTE A NZL WsRe) AR
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oL.
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Table 4. Aerodynamic particle size for a cascade impactor used in this

study
Stage 1 2 3 4 5 6 7 backup
Size >58 47-583.3-472.1-3.31.1-2.1 0.65-1.1 0.43-0.65 <0.43
range,/m
Bp,ﬂm 10 5.25 4.0 2.7 1.6 0.88 0.54 0.25
Az TS St AFEE oA v FAdARS o]2ARS BAT W oA AA
9 blank FE7F ¥& AAS JFA 1 9= membrane filter (Whatman AFY o=
80mm, pore size=1.0 m)E Z} ©EE AF&3F
IHE AgE @FAAY 29s HAs 6] flste] dHdFow Wt 34
stith 3 E AR Filtere SA AFARE keto] dAAlolHol A d&Fsto] 7
£ SAsAeH, ARAFH A -5 FAACIEA ZF R FHE BIFS A6
A Th.
AlmE A4S st dAe sty A7A wED Hae] Yol gadEow 48
Sk T 4T E J& RAs
YA7F 23 E AR = dA P 7] Hel Am o] Wolx urtA] FEE F9
A filters oF AWto® 22 F Awre 84 AR B4, ymx dukd vgd
A AR A ARESE T
AzE AAe gl oA AbgEE A, 7FS T =T ARgstr] del
AEZS A4 A=(gauge)® Foto] ol=dS AAAZH E4d AE¥E= &
7l AHE BEAE PO 22 AL F oF 24A7 AR ol 97k F 'Al 3
2} FF9(18MQ DI water)2 Al 23t 34 S 23] oA} wHE3E & AL-&3F3 )
3) AAg B EA
(1) =84 4+
2 T 7848 AEs 48] s dd®E AAE Test tubeol ¥ 3x =
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Table 5. Specified parameters introduced in model

Parameter

Specified parameter

Size of particle

Wind speed(U)

Relative humidity

Sea surface temperature(C)

8 classes

use the hourly measured data
use the hourly measured data
use the daily measured data

Frictional velocity (us) VCpU

Surface roughness length(zg) use Charnock eq.

( au’lg+0.11v/ u.)
Particle density(g/cm®)

dry state 2.1

wet state 1.1

Eff

—-capture efficiency of particles 0.5
by spray drops

Tdrop(Cm)

—-average radius of the spray drop 0.005

dep(Cm)

—average height the spray drops reach 10

Jdrop

—flux of spray drop from surface 10(100@)

a

—-sea surface area covered

6,3 .
by whitecaps 0.2x10  "u% 5 u «(cm/s)

&

—-the fraction of non-water
) use the measured data
absorbing mass
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dutAow df7] T FHEIY Al wA= dFS FIsrel dolA o2&
X = 25mo] 3o m A Y AHfine particles)9t L o]Ate] ¥V o 7
7}AE 2 YA Coarse particles)® UFolx BEHFeta gt 18 A" F
B, "atdoly dRFEA S 22 23 dFgEEe] xdH gloeng
HZell= 2molste] A4S Brh AEstete] dgf 02me] MMDE AdE 7HE %
modeZ %% mode(condensation mode), 0.7moll A H1 FEE JUes= B o
& mode?Q! droplet mode®A] T13til, &4 3~5mel 4 peakE A Y= Yol o3

+ coarse modegtil i3t/ % Sk (Zhaung &, 1999).

>

o

Fig.3 & AF= 39 sfict7telA AAE 7] 5 JAHTSP)e] 974 dFs=i
X5 YERA Aotk adlelA A i wEREE BHW, vAIYAD 9 (fine
mode) ¥ Z YA 9 (coarse mode)ol A 217t peakE YEFE= A& # 2l bimodal
distributione Wt A& & F Advk 2l & AL o] Rzl AlFE gy
slet7tel A% AFH AW FH eddel AL A A = wink
dolm g WA YA A sfde] 71As YA vaA ol AgdHE Zo
olm o]& ¢1&to] coarse modeoll A 9] %7} fine modedl] H]E|A Bl Z =7

g Ao g
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Fig. 3. Size distributions of TSP measured at Hamduk, Jeju Island.
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Table 6. Average elemental concentrations for the particle size fractions

in Hamduk, Jeju Island

dp>3.3/m 1.1m<dp<3.3um dp<1.1pgm
AVE. SD AVE. SD AVE. SD
Al 119.76 74.02 66.15 34.49 34.69 9.84

Ca 361.56 405.82 114.20 73.98 58.36 38.83
Fe 111.61 43.85 70.85 34.60 42.34 30.46
K 124.45 50.30 99.62 67.09 172.49 120.49
Mg 140.33 80.80 80.29 35.48 53.80 40.48
Na 1072.84  439.37 677.67 323.40 357.91 11775

S 141.67 80.39 99.29 44.11 1241.27  544.75
Ba 2.53 1.85 0.96 0.51 0.56 0.28
Cd 0.31 0.47 0.05 0.10 0.13 0.21
Co 0.42 0.80 0.08 0.10 0.10 0.12
Cr 1.10 0.66 1.25 1.60 1.85 1.12
Cu 1.15 0.87 0.48 0.39 1.34 0.79
Mn 2.87 2.26 1.62 0.90 3.02 1.29
Mo 0.50 0.71 0.05 0.10 0.15 0.21
Ni 1.19 1.52 0.85 0.81 1.27 0.63
Pb 2.43 1.09 248 1.75 25.73 10.51
Sr 1.30 0.60 0.94 0.40 0.50 0.22
Ti 14.14 11.53 5.31 3.71 1.96 1.10
A4 1.39 0.81 0.97 0.42 1.52 1.04
Zn 13.08 11.07 3.90 3.15 18.77 13.09

unit ; ng/m’

3) AFT<U4(MMD)

Table 79+ ¥ AFtolA i At 3o 9&f 42bE3 MMDe ddf A= 7

o] B el #1237 Enewetak AtollelA A€ 2tz 2 AFafolA FAHHE A7
S 459 72 Awol disiA waste] btk aela B ATelM 4" F
Zof Ha, HAd 19 ® F 530 ZAHA o] Folxl FAolA e Hat MMDS F+H
A5 Zzke] Aol disiA dERUSITE el A B olefgh A Feol Na, Mg, Ca
of g MMDE ®W & A2 K= Enewetak AtollZ A gafoll A7l 5% =&
TAE e, P Al A9 25 Hl2d @S EAd o)A sidd ddd



QR MMDIA Aolg molt olf AR AH AZe A4, F F&e o]}
A7 WECE YA Fol F5F srol AReIAY] Wl AP YA}
Asol d7] Fom gol 9 Aow BuHATh webd 4 27t 2 &g

Yol 23 Na, Mg, Ca®l MMD7F #1s] F7kstAl 2 Zlolnh, AAAoZE
Enewetak Atollo]l A 9] 473t &<2te] Hit 52 9~10m/s ollen & <
M= 3m/soldrh. A Fafdl el 54 AR vlus] BHtS wi= olek T FHAdol
Uepd o 24 Table 76 Yetd F2 AEE9 MMDO @dA3 o]+ Enewetak
Atolldh 2 A9 FRA Aol A o] FE

_39_



Table 7. Comparison of concentration in TSP and MMDs with results of

the other researchers

Ttem This study Mediterranean® Enewetak”
Conc. MMD(zm) MMD(gm) MMD(ym)

Na' 1.21~3.07 wg/m 2.78+0.38

NH, 1.20~2.81 wg/m 0.37+0.23

K’ 0.11~0.32 pe/m’ 1.36£1.37

Mg” 012~037  pg/m  269+0.74

Ca” 015~050  pg/m  2.93+0.65

Cl 1.16~5.54 wg/m 3.77+0.56

NOs; 1.60~2.79 ug/m 1.73£0.38

SO~ 3.64~4.49 wg/m 0.29+0.11

Al 130~410 ng/m'  2.77+0.44 2.8 1.0+£24
Ba 1.47~5.73 ng/m  2.85%1.58

Ca 120~1410 ng/m’  3.26+0.99 45+3.2
Cr 2.22~895 ng/m’  1.43+0.84

Cu 1.85~4.03 ng/m  1.14+0.80 0.3+0.4
Fe 140~ 330 ng/m’ ' 2.75+0.88 1.1+2.3
K 200~620 ng/m  1.44+0.43 49+4.3
Mg 0.18~0.54 pg/m' 2.66+0.67 3.9+2.8
Mn 3.21~13.62 ng/m  1.43+0.58 1.3+25
Na 1.35~3.49 wg/m' 2.73+0.35 6.5 4.3+3.4
Ni 0.88~17.75 ng/m  1.12+#0.54

Pb 1657~42.75 ng/m  0.46+0.14 0.66 0.3+0.6
S 0.94~2.29 wg/m' 0.32%0.25

Sr 1.83~3.75 ng/m  2.48+0.80

Ti 10.64~4886 ng/m  3.66%0.70

\Y 2.03~6.23 ng/m  1.88+1.88 0.97+2.7
Zn 9.05~59.71 ng/m’  1.09+0.74 0.5+1

? The Western Mediterranean sea ; Dulac et al.(1988)
> Tropical North Pacific Ocean ; Arimoto et al.(1985)
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Table 8. Flux-mean deposition velocities, together with other results

2)

y  Southern North
, Lake Chesapeake 2
This study . Lake 3) sea
Chicago o Bay
Michigan (summer)
MMD(m) Vd(cm/s) Vd(cm/s) Vd(cm/s) Vd(cm/s) Vd(cm/s)
Na' 28+0.38 0.50+0.27
NH;, 04+0.25 7.00+5.81
Cl 3.8+0.56 1.02+0.53
NOs  1.7+0.38 0.61+0.53
SO/ 0.3+0.11  8.72+9.08
Al 2.8+0.45 0.39+0.24 2.5 2.0 1.9~4.0
Ba 29+1.60 0.74+0.64 05 1.1
Ca 3.3£1.00 0.74%0.53 4.0 0.5
Cu 1.1£0.77  0.41%0.46 2.0 1.1 0.28~0.78 0.32
Fe 2.8+0.89 0.39+0.31 0.85~2.43 0.44
K 1.4+0.42 0.77+0.95 1.0 0.43
Mg 2.7+0.68  0.40+0.23 12.0 2.2
Mn 14057 3.23+5.15 2.5 0.76~2.15 0.42
Na 2.7+0.34 0.27+0.12
Ni 11054  0.36£0.51 0.28~0.80 0.19
Pb 05+0.15 0.22+0.29 1.3 0.27~0.74 0.07
S 0.3+0.23  4.01£4.56 0.26~0.72 0.33
Sr 25+0.80 0.21+0.13 0.62
Ti 3.7+0.70  0.52£0.42 2.2 0.42
v 1.9£1.90 1.36+1.34 0.5 15 0.31~0.87 0.24
Zn 1.1£0.74  0.57+0.70 2.0 0.27~0.75 0.32

1) Yi et al, 2001,

Mass-weighted dry deposition velocities

2) approximation (Zufall et al.,1998)
3) Zhong et al., 1994
4) Injunk et al., 1993
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Fig. 10. Variations of wind speed, relative humidity and dry deposition
velocities for various particles during the first sampling period( April
2002 ~ May 2002).
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Fig. 11. Variations of wind speed, relative humidity and dry deposition
velocities for various particles during the third sampling period( July
2002 ~ August 2002).
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Table 10. Yearly dry deposition fluxes of the each elements with results of

the other researchers at other coastal sites (unit ; kg/kn’/yr)

. D North West 5
) Izmir 2 Enewetak Lake Chesapeake
This study sea 3 weden . 6
Turkey Atoll Chicago Bay
(summer) (coast)
NOs 473.1 611
SO/ 109490 1630
NH, 2925.0 237
Al 28.8 5991.84 379.6 877180
Ca 76.6 25.00 409.97
Cu 33.1 0.49 3.4 23.0 0.2970.81
Fe 26.2 24.00 5045.76 3.0 34797
K 94.4 16.00 286.98
Mn 124 0.78 63.07 25 21.2 0.772.0
Ni 0.4 042 0.3 0.3370.91
Pb 1.6 0.44 28 1337 0.3771.0
S 1475.0 28.00 800.0 2307640
Sr 0.2 0.53
Ti 4.0 0.74
A% 2.0 0.17 6307.20 1.2 0.3971.10
/n 85 1.99 9.6 43.8 1.072.9

1) Polyethylene bucket ; a rural area near an industrial area (Al-Momani et

al., 1995)

2) Injuk et al., 1998

3) measured flux to a plastic plate (Arimoto et al., 1985)

4) two surrogate surfaces four seasons (Foltescu et al., 1996)
5) Yi et al.,, 2001

6) Wu et al., 1994
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