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AB STRACT

This pa per de scribes a sim ple semi-em pir i cal pho to chem i cal sim u la tion method to gen er ate hor i zon tal ozone (O3)

con cen tra tion fields over coastal ar eas. Based on a sim ple semi-em pir i cal pho to chem i cal re ac tion model (SEGRS), con sist ing

of a sim ple pho to chem i cal re ac tion set and a di ag nos tic wind model, ag gre gated VOC emis sion strength is em pir i cally scaled

from mea sured pho to chem i cal gas phase con cen tra tions of (O3-2NO-NO2) against cu mu la tive ac tinic light flux for the case of

rel a tively weak off-shore geostrophic wind at 850 hPa in sum mer. This scaled emis sion rate for volatile or ganic com pounds

(VOCs) is equally ap plied to hor i zon tal O3 con cen tra tion sim u la tion un der on-shore syn op tic con di tions, and re sults are

com pared with ob ser va tions. The re sults in di cate that spa tial dis tri bu tion pat terns and tem po ral vari a tions of spa tially av er aged

ground level ozone con cen tra tions are rea son ably well sim u lated. In ad di tion, from the more than 100 box-form SEGRS

sim u la tions, close agree ment be tween sim u lated and ob served daily max i mum O3 con cen tra tions sug gests that the semi

em pir i cal SEGRS model has great po ten tial in getting hor i zon tal ozone dis tri bu tion pat terns. This in di cates that this sim ple

semi-em pir i cal ap proach to the sim u la tion of O3 con cen tra tion pat terns us ing SEGRS makes for an easy al ter na tive method in

multi-year sim u la tion for im pact stud ies of O3 con cen tra tions by lowering heavy computational cost.
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1. IN TRO DUC TION

Ground-level ozone (O3) ad versely af fects hu man

health and veg e ta tion, and du ra tion of ex po sure and peak O3

con cen tra tions have been rec og nized as im por tant fac tors in

im pact as sess ment stud ies (Lefohn et al. 1988; Pedersen

and Lefohn 1994; McDonnell et al. 1999). To ward pre cise

long-term im pact as sess ment stud ies of high O3 concen -

trations, multi-year pho to chem i cal model sim u la tion has

been rec og nized as the most prom is ing method in as sess ing

cu mu la tive O3 ex po sure. Con se quently, many de ter min is tic

com plex chem is try trans port mod els have been de vel oped to 

pro vide the best con sis tency be tween the multi-year pho to -

chem i cal model’s in put and out put fields (Sirois et al. 1999;

Vautard et al. 2001), and the model has been eval u ated over

many big cit ies.

How ever, long-term sim u la tion of the hor i zon tal dis -

tribution of ozone con cen tra tions with a de tailed three di -

mensional pho to chem i cal model in a com plex ter rain area re -

quires nu mer ous ac cu rate in put data such as a va ri ety of com -

pli cated wind fields and spe cific in for ma tion on spa tial and

tem po ral vari a tions of emis sions of ozone pre cur sors such as

disaggregated vol a tile or ganic com pounds (VOCs) and NOx

(NOx = NO + NO2). Among them, the dom i nant source of

uncer tainty for the sim u la tion of pho to chem i cal ox i dants

including O3 is a lack of knowl edge of dis ag gregated VOC

emis sions, con se quently many meth ods have been sug gested

for as sess ing VOC emis sion strength (Goldan et al. 1995;

Kleinman et al. 1998; Trainer et al. 2000). In most cases, it

was found that the un cer tainty could not be quan ti fied in an

ob jec tive man ner. Fur ther more fine-tun ing of the so phis ti -

cated model pa ram e ters and their val i da tion are long pro -

cesses, re quir ing a lot of com puter time. In ad di tion, re -

searches have stated that un cer tain ties in in di vid ual sources,
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such as VOCs, were mostly ex pressed as con sist ing of in -

tegration er rors (Hannah et al. 1998; Kuhl wein and Friedrich

2000). There fore, de spite con tin u ous ad vances in sophi -

sticated chem is try-trans port mod els for air qual ity, sim u la -

tion of ozone con cen tra tions in as so ci a tion with day-to-day

weather events re mains a very chal leng ing prob lem.

As sess ment of emis sion data for O3 pre cur sors has been

tried in many stud ies. Some stud ies em ployed very de tailed

three-di men sional pho to chem i cal re ac tion mod els to es ti mate

and ad dress un cer tainty of emis sion in ven tory (Hannah et al.

1998; Vautard et al. 2003). Some re search ers sug gested va l i -

da tion pro cesses for emis sions of ozone pre cur sors by com -

par ing mod eled re sults, ob tained by scal ing meth ods, against

mea sure ments (Pierson et al. 1990; Uno et al. 1997; Car mi -

chael et al. 1998). In light of this, sev eral meth ods such as ela -

b o rat ing on data as sim i la tion meth ods for pro vid ing rou tine

air pol lu tion con cen tra tion have re cently been at tempted to

pro vide three-di men sional ozone con cen tra tion fields (Elbern 

and Schmidt 2001; Vautard et al. 2001; Blond et al. 2003).

Re cently, Kim et al. (2005) pro posed a very sim ple

photochemistry Eulerian trans port model called the semi-

 em pir i cal pho to chem i cal re ac tion model (here af ter Semi

Em pir i cal GRS; SEGRS). This model is com posed of a sim -

ple GRS pho to chem i cal re ac tion set com bined with a di ag -

nos tic wind model for pho to chem i cal sim u la tion and was

tested over the Se oul met ro pol i tan area in Ko rea. The sim -

plic ity of the SEGRS model is one of its most im por tant

features in that it can be used in very sim ple way to im prove 

the so phis ti cated three-di men sional pho to chem i cal grid

mod el ing, which is largely un fea si ble given the un cer tain ties 

aris ing from space and time dis tri bu tions of pre cise emis sion 

strengths. Kim et al. (2005) em ployed the SEGRS model to

em pir i cally scale ag gre gated VOC emis sion strength un der

ap pro pri ate me te o ro log i cal con di tions by com par ing the

sim u lated slope of (O3-2NO-NO2) con cen tra tion as a func -

tion of cu mu la tive ac tinic light flux against that of mea sure -

ments on high sur face ozone con cen tra tion days, and then

mod i fied the strength of the VOC emis sion rate. This scal ing 

of VOC emis sion was per formed un der rel a tively weak off -

shore geostrophic winds at 850 hPa in sum mer when the

effect of hor i zon tal advection was fairly small. This is due

to a fea ture of the Se oul met ro pol i tan area (Fig. 1) whereby

the sea breeze (west erly flow) gen er ated from the Yel low

Sea moves against the syn op tic east erly flow, mak ing con -

ver gence within the west ern area of the tar get do main.

In this study, we in tro duce a sim ple semi-em pir i cal

method of scal ing the ag gre gated to tal VOC emis sion rate

us ing the SEGRS model by em ploy ing ob served val ues of

O3, NOx and sun light fluxes. Next, we ap ply the scaled emis -

sion strength of VOCs con ducted by Kim et al. (2005) to the

on-shore syn op tic con di tion to test the vi a bil ity of this

semi-em pir i cal scal ing method. Lastly, the re sults of an

application of the box form of SEGRS to more than 100

summer cases is dis cussed in com par i son with ob ser va tions,

and the ca pa bil ity of the sim ple SEGRS model is eval u ated

here.

2. PHO TO CHEM I CAL AND ME TE O RO LOG I CAL
MODEL DESCRIPTION

A pho to chem i cal chem i cal mod ule called GRS (Ge neric 

Re ac tion Set) de vel oped by Azzi et al. (1992) is em ployed. It 

con sists of the fol low ing reactions:

ROC + hv   O 2¾ ®¾    RP + ROC (1)

RP + NO   ¾ ®¾    NO2 (2)

NO2 + hv   O 2¾ ®¾    NO + O3 (3)

NO + O3   ¾ ®¾    NO2 (4)

RP + RP   ¾ ®¾    RP (5)
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Fig. 1. The lo ca tion of the study area, to pog ra phy, lo ca tions of me te o -

ro log i cal ob ser va tion sites (l), and ozone mon i tor ing sites (H) in the

Se oul met ro pol i tan area.



RP + NO2   ¾ ®¾    SGN (6)

RP + NO2   ¾ ®¾    SNGN (7)

where ROC rep re sents re ac tive or ganic com pounds, RP the 

rad i cal pool, SGN the sta ble gas eous ni tro gen prod ucts,

and SNGN the sta ble non-gas eous ni tro gen prod ucts.

Equa tion (1) rep re sents all pro cesses that lead to rad i cal

pro duc tion from VOCs through photo-ox i da tion. There fore, 

re gen er ated ROC has to be con sid ered as a sur ro gate for all

prod ucts of the ox i da tion of emit ted VOCs. The rate con -

stant k1 for ROC in Eq. (1) is ex pressed as a func tion of the

NO2 photolysis rate con stant, the weighted mean ac tiv ity co -

ef fi cient of the ROC, and the tem per a ture such that: k1 =

aROC × k3 × f(T), where k3 is the photolysis rate con stant of

NO2 in Eq. (3) and f (T) = exp[-4700 (1/T - 1/316)], where T

is the tem per a ture (Azzi and John son 1991).

The weighted ac tiv ity co ef fi cient aROC is de ter mined for

the mix ture of ROC com po nents from aROC = 
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where n is the num ber of ROC com po nents in the mix ture, Ci

the con cen tra tion of com po nent i, and ai the re ac tiv ity co -

efficient for com po nent i. To de ter mine the ag gre gated

ROC ac tiv ity co ef fi cient, we have to know the in di vid ual

con cen tra tions and re ac tiv i ties of VOCs, the weighted av er -

aged re ac tiv ity (EROC = E ai i
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) with the emis sion rate of

VOCs (Ei), and the re ac tiv ity scal ing fac tor (ai). In this sim -

ple method, ag gre gated re ac tiv ity, aROC, was em pir i cally

scaled due to a lack of de tail per tain ing to the emis sion rate

and scal ing fac tor of each of the disaggregated VOC com -

ponents (Kim et al. 2005).

A three di men sional di ag nos tic wind gen er a tion model

is used to con struct di ur nal vary ing wind and tur bu lence

fields us ing hourly av er aged sur face ob ser va tion data ob -

tained from the me te o ro log i cal sites in di cated in Fig. 1. The

ob jec tive anal y sis meth od ol ogy used in this study is a fast,

ob jec tive, three-di men sional wind anal y ses in com plex ter -

rain by in cor po rat ing two im por tant phys i cal con straints of

mass con ser va tion and lim i ta tion of at mo spheric sta bil ity on

ver ti cal dis place ment (Park and Kim 1999). A grid struc ture

of 3 ́  3 km hor i zon tal spac ing with 15 ver ti cal lev els is used

in the ter rain fol low ing ver ti cal co or di nate, and hor i zon tal

advection is solved us ing the Galerkin tech nique with cha -

peau functions as finite elements (Toon et al. 1988; Park and

Kim 1999; Kim et al. 2005).

3. A SIM PLE METHOD OF AS SESS ING
AG GRE GATED VOC EMIS SION

Given suf fi cient con trast be tween land and sea tem per a -

ture, the for ma tion of a sea-breeze de pends on the bal ance

be tween con verg ing winds, which act to form a sea breeze

front, and ver ti cal mix ing over land, caused by ther mal con -

vec tion, which acts to pre vent its form ing (Simpson 1994). It 

is, how ever, pos si ble for a sea breeze front to form on a day

of light on shore wind, pro vided that the land and sea tem -

perature dif fer ence is large enough. On such days, the

convergence of the winds will be small and a sea breeze

front might not form un til late in the day.

In calm weather or with only a light op pos ing (off-

 shore) wind, a sea breeze is able to ex tend its in flu ence

gradually on the trans port of ur ban air pol lut ants mov ing

them to outer re gions of ur ban ar eas. How ever, when the

off-shore wind is strong enough, a sea-breeze can de velop

over the coastal area and start to form a con ver gence zone

near the coast. While the sea breeze it self con tin ues to blow

be hind the front and air as cends along the line where the

con verg ing winds meet, high mesoscale con ver gence may

be mov ing slowly in land or re main ing sta tion ary. This is

imply ing that emit ted ozone pre cur sors all take part in the

photochemical re ac tion within the tar get do main, and thus

there is lit tle pos si bil ity of trans port out side of the bound ary,

mak ing for high ozone lev els within the tar get do main.

In the Se oul met ro pol i tan area, the case of off shore

synop tic con di tion is scarcely ob served. Kim et al. (2005)

chose off shore geostrophic wind (east erly) at the 850 hPa to

scale the emis sion in ven tory of VOCs over Se oul’s met ro -

pol i tan area. In or der to de ter mine the scal ing fac tor of VOC

emis sion strength for the given op pos ing wind, the re la tion

be tween ob ser va tions of (O3-2NO-NO2) ver sus light flux was 

de rived by in vok ing the steady state of RP [d(RP) / dt  »  0]

and small con cen tra tions of RP [(RP)2 » 0] in Eq. (2) above

(Venkatram et al. 1994). This yields the re la tion: k1(ROC) =

d(O3-2NO-NO2) / d f T k dt( ) 3ò , im ply ing that the slope of

(O3-2NO-NO2) con cen tra tion ver sus the cumulative ac tinic

flux [ f T k( ) 3ò ] ob tained from mon i tor ing and me te o ro log i -

cal ob ser va tion sites, pro vides the em pir i cal ap proach for as -

sess ing to tal VOC emis sion. In Se oul metropolitan area a

weak east erly (off-shore) geo strophic wind in ter acts with a

west erly de vel oped sea breeze start ing from the Yel low Sea

dur ing the day time, and as a re sult max i mum O3 con cen tra -

tion oc curs in the west ern part of Se oul.

Un der the above me te o ro log i cal con di tions, SEGRS

model in a box form was run sev eral times by dou bling the

strength of VOC emis sions. The sim u lated (O3-2NO-NO2)

con cen tra tions vs. cu mu la tive ac tinic fluxes per formed by the

sim ple model, and the op ti mal slopes [= d(O3-2NO-NO2) / 

d f T k dt( ) 3ò ] of the curves are fit ted against ob ser va tions re -

peat edly in or der to get a rea son able emis sion strength of ag -

gre gated VOC (Fig. 2). The dif fer ences in slopes of both

simulated and mea sured curves re veal quan ti ta tively whe ther

VOC emis sion strength is un der es ti mated or not. Fig ure 2

shows that the emis sion strength of VOC should be in creased

ap prox i mately by a fac tor of 4, in di cat ing the orig i nal emis sion

strength of VOC was un der es ti mated by the same fac tor.

There fore we in creased VOC emis sion rates by the same fac tor
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in each of the grid points over the tar get do main. Fig ure 3

shows the hor i zon tal dis tri bu tions of emis sion strength of both

NOx, and em pir i cally scaled to tal VOC (i.e., VOC in creased by 

a fac tor of 4). More de tails are found in Kim et al. (2005).

4. CASE SE LEC TION, INI TIAL AND BOUND ARY
CON DI TIONS

In or der to eval u ate the fea si bil ity of scaled VOC emis -

sion, on shore (west erly) syn op tic cases in sum mer pro vide

the se lected fields for the study to sim u late hor i zon tal O3

con cen tra tion. High pol lu tion po ten tial days in sum mer with 

rel a tively weak west erly geostrophic wind (i.e., less < 5 m×s-1) 

at 850 hPa are cho sen. High pol lu tion po ten tial days have

been iden ti fied by the com plex po ten tial in dex (Jung et al.

1996). The cho sen syn op tic cases for this study con sist of 10

days in to tal in sum mer (14 June, 12 Au gust in 1991; 1 June

in 1992; 3, 5 July in 1993; 21 Au gust in 1998; 26 June in

1999; 26 July in 2000; 5 June, 5 July in 2003). The com mon

syn op tic fea ture of the cho sen cases is a broad area of high

pres sure at 850 hPa off the south coast of the Ko rean Pen in -

sula with higher in so la tion, weak wind speed, and mod er ate 

rel a tive hu mid ity.

The ini tial con di tions used are the same as for the pre -

vious study, and O3 and ROC con cen tra tions re main at zero 

at the bound aries. The en tire model sim u la tion is per formed

over 48 h com menc ing at 0100 LST with a di ur nally vary ing

di ag nosed me te o ro log i cal field. The first day is used as

spin-up time for all spe cies, and the re sults of 24 h simu -

lation are used as ini tial con di tions for the next 24 h sim u la -

tion of ground-level O3 con cen tra tion. In ad di tion, we sim u -

lated max i mum O3 con cen tra tion for 116 days in sum mer

using a box form of the SEGRS in or der to dis cuss the

capability of SEGRS for the var i ous syn op tic cases. The

sim u lated max i mum O3 con cen tra tions are com pared with

ob ser va tions, and the model’s ca pa bil i ties are sta tis ti cally

dis cussed.

5. RE SULTS

5.1 Wind Fields

Fig ure 4 shows sim u lated wind vec tors at 10 m above

the ground at 1200, 1800, and 2400 LST for the se lected

high pol lu tion po ten tial days for the case of weak on-shore

geostrophic wind (2.9 m×s-1 from 278.2° di rec tion) at 850 hPa. 

South west erly flows pre vail over the land area while west -

erly flows pre vail over both the en tire coast and Yel low Sea
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Fig. 3. Spa tial dis tri bu tions of: (a) NOx emis sion (t×km-2 yr-1); and (b) scaled an nual to tal amount of VOC emis sion (t×km-2 yr-1) in the Se oul

metropolitan area.

(a) (b)

Fig. 2. Vari a tions of ob served and sim u lated (O3-NO2-2NO) con cen tra -

tions with cu mu la tive ac tinic flux in Se oul met ro pol i tan area. The si -

mulated curves are ob tained with the orig i nal VOC emis sion and in -

creased emis sion by a fac tor of 2, 4, and 8, re spec tively. The filled cir -

cles rep re sent ob ser va tions with plus and mi nus one stan dard de vi a tion.



at 1200 LST. This is as so ci ated with a de vel op ing sea

breeze. At 1200 LST the west erly flows over the west coast

keep mov ing in land, and the west erly winds along the west -

ern coast line are in ten si fied due to the in flu ence of the in ten -

si fied sea breeze front mov ing from the Yel low Sea, and pen -

e trate in land un til 18 LST (Fig. 4). At 2400 LST the sea

breezes are sharply weak ened while very weak down val ley

winds be gin to de velop over the moun tain area.

5.2 Pho to chem i cal O3 Con cen tra tions and Dis cus sion

Fig ure 5 shows the spa tial dis tri bu tions of the sim u lated

and ob served O3 con cen tra tions. The model sim u la tion in -

dicates that pre cur sors emit ted in Se oul and coastal ar eas

are trans ported east ward by wes ter lies dur ing the day. At

1100 LST, pre cur sors are trans ported east ward more rap idly

from the coastal area due to an in ten si fied west erly mov ing

sea breeze front (Fig. 5b). Al though the sim u lated max i mum 

O3 con cen tra tion (98 ppb) is slightly lower than that of the

ob ser va tions (110 ppb) in the anal y sis do main, these sim u -

lated hor i zon tal ozone con cen tra tion dis tri bu tion pat terns

are sim i lar to ob served fea tures in Figs. 5e and f. How ever,

in com par i son with mea sure ments, rel a tively lower sim u -

lated O3 con cen tra tions are found in the west ern part of the

coastal re gion where high NO2 and VOC emis sion sources

are lo cated along the west ern coast lines as in di cated in

Fig. 3, while rel a tively higher ob served con cen tra tions are

found over the east ern part of Se oul. This is pre sum ably due

to the rapid trans por ta tion of ozone pre cur sors by the strong

west erly sea breeze cou pled with syn op tic wes ter lies. In the

af ter noon, higher O3 con cen tra tions are found over the east -

ern part of Se oul, also show ing some out flow of high O3

con cen tra tions across the east ern bound ary. Al though the

fig ure is not shown here, the mod eled di ur nal trends of spa -

tially av er aged ozone con cen tra tions are in rea son ably good

agree ment with the ob ser va tions. There is no sig nif i cant bias 

ex cept in the coastal area where rel a tively lower concen -

trations are sim u lated. This dis crep ancy might be as so ci -

ated with the as sumed no flux west ern bound ary con di tion

in the lat eral. It is ev i dent from these re sults that the pres ent

sim ple SEGRS model can be used ef fec tively as a three di -

men sional Eulerian pho to chem i cal model pro vided more

realistic bound ary con di tions are as sumed.

Sta tis ti cal com par i sons be tween the sim u lated and the

ob served O3 con cen tra tions are per formed us ing the method

dis cussed by Fox (1981). The ob jec tively an a lyzed hourly

ob served O3 con cen tra tions and the sim u lated O3 concen -

trations in the 3 ´ 3 km gridded do main are used for

statistical anal y sis. The paired com par i sons for hourly O3

con cen tra tions in di cate low Root Mean Square Er ror (RMSE)

of 16.2 ppb, and high cor re la tion co ef fi cients more than

0.84, sug gest ing that SEGRS has great po ten tial to be used

as a prac ti cal pho to chem i cal re ac tion model for the simu -

lation of hor i zon tal O3 con cen tra tion fields in the Se oul

metropolitan area.

In eval u at ing an air pol lu tion model, an other im por tant

cri te rion is its abil ity to sim u late max i mum con cen tra tions.
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Fig. 4. The sim u lated wind vec tors at 10 m above the ground at 1200,

1800, and 2400 LST for the se lected 10 days.

(a)

(b)

(c)



We first se lected multi-cases of clear days (cloud cover £ 5/10)

in sum mer with geostrophic wind speed of less than 5 m ×

s-1 at 850 hPa, re gard less of syn op tic wind di rec tion. The se -

lected days con tain a to tal of 116 cases for the pe riod from

1998 to 2003 in the Se oul met ro pol i tan area. The av er aged

cloud cover and geostrophic wind speed at 850 hPa was

found to be (2.9/10) and 3.1 m×s-1 for the cho sen cases, re -

spec tively. Next, di ur nal vari a tion of O3 con cen tra tion for

ev ery se lected case is sim u lated based on the box form of

SEGRS. Fi nally, we per formed sta tis ti cal anal y sis of the

paired max i mum O3 con cen tra tions be tween ob served and

sim u lated val ues. Al though sta tis ti cal com par i son of ob -

served and sim u lated con cen tra tions may not re veal the

causes of dis crep an cies, it can tell much about the na ture of

the mis match.

Fig ure 6 shows a scatterplot com par ing the max i mum

O3 con cen tra tions be tween ob ser va tions and sim u la tions. As 

can be seen in the Fig. 6, the cor re la tion and mean of re -

siduals be tween the ob served and sim u lated O3 con cen tra -

tions are found to be 0.7 and 12.4 ppb, re spec tively. This not
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Fig. 5. Spa tial dis tri bu tions of sim u lated (left panel) and ob served (right panel) ozone con cen tra tions at 1100, 1400, and 1700 LST for the se lected 10

days.

Fig. 6. Com par i son be tween ob served and sim u lated max i mum O3

concentrations for the var i ous syn op tic cases.

(a) (b) (c)

(d) (e) (f)



only im plies that the SEGRS model is mea sur ing an ac cept -

able de gree to which the mag ni tude of the sim u la tions in -

creases lin early with the mag ni tude of the ob ser va tions, but

also show ing that the model does not pre dom i nantly over-

 pre dict ob served con cen tra tions. How ever, on both higher

and lower con cen tra tion days, the level of agree ment is

found to be gen er ally not as good. For ex am ple, the model

tends to un der es ti mate O3 con cen tra tions on days of low O3

con cen tra tions, and vice versa (Fig. 6). In ad di tion, sim u -

lated tim ing of oc cur rence of max i mum O3 con cen tra tions

shows on av er age 1 ~ 2 hr time de lay (not shown). This is

because the phas ing of sim u lated O3 con cen tra tions de -

pends on all the phys i cal and pho to chem i cal pro cesses in -

volved. Nev er the less the close agree ment be tween ob served

and sim u lated be hav ior sug gests that the pres ent SEGRS

model over all por trays max i mum lev els of O3 con cen tra -

tions. Aside from the agree ment, how ever, it should be ar -

gued that the in clu sion of a bound ary con di tion and its ef -

fects on O3 con cen tra tions in the west ern coastal area may

im prove the re sults.

Fig ure 7 shows the fre quency dis tri bu tion of the re -

siduals, i.e., sim u lated mi nus ob served max i mum O3 con -

centrations. Ap prox i mately 77% of the max i mum O3 con -

cen tra tions are within ±17.5 ppb of each other. How ever, the

dis tri bu tion in Fig. 7 is skewed to the right with the skew ness 

of +1.95, in di cat ing that the model tends to over es ti mate

high O3 con cen tra tions as il lus trated in Fig. 6. Over all the

dis tri bu tion of re sid ual ten dency is seen as a func tion of

observed O3 con cen tra tions as il lus trated in both Figs. 6

and 7. This might be as so ci ated with ex ist ing in her ent lim i -

ta tions of the sim pli fied pho to chem i cal re ac tion set [i.e.,

VOCs is all fixed through the pho to chem i cal pro cess as in di -

cated in Eq. (1)]. Aside from this ten dency of SEGRS, the

sim u lated spa tial and max i mum O3 con cen tra tions agree

closely with ob ser va tions with out sig nif i cant bias.

This study sug gests that the sim ple semi-em pir i cal re -

action model, SEGRS, can be used ef fec tively to pro vide

horizontal pat terns of ozone con cen tra tions in a very sim ple

and cheap way. This is based on the fact that the com pli cated

phys i cal-chem i cal model gen er ally re quires nu mer ous ac cu -

rate in put data such as disaggregated sources of VOC emis -

sions, wind fields, and ini tial fields for var i ous chem i cal

com po nents. In par tic u lar, un cer tainty is dif fi cult to treat

quan ti ta tively in most phys i cal-chem i cal mod els. In light of

this, the SEGRS model pre sented in this study of fers an

alternative way of pro duc ing hor i zon tal O3 con cen tra tion

fields for con duct ing multi-year sim u la tion or long-term O3

im pact as sess ment that does not re quire heavy com pu ta -

tional cost.

6. SUM MARY AND CON CLU SION

In this study, a sim ple semi-em pir i cal pho to chem i cal

sim u la tion model and its ca pa bil ity to sim u late hor i zon tal

ozone con cen tra tion pat terns over the Se oul met ro pol i tan

area was de scribed. A sim ple semi-em pir i cal re ac tion

(SEGRS) model con sist ing of di ag nos tic wind field and

simple GRS pho to chem i cal re ac tions was em ployed. Based 

on this model ag gre gate VOC emis sion strength is em pir i -

cally scaled from mea sured pho to chem i cal gas phase con -

cen tra tions of (O3-2NO-NO2) against cu mu la tive ac tinic

light flux for the case of rel a tively weak off-shore geo -

strophic wind at 850 hPa in sum mer. Also some case stud ies

are an a lyzed to eval u ate the ca pa bil ity of SEGRS for sim u -

lat ing hor i zon tal pat terns and max i mum lev els of O3 con cen -

tra tions over the Se oul met ro pol i tan area.

The re sults showed that us ing ag gre gated VOC emis -

sion strength scaled by SEGRS, the semi em pir i cal model

sim u lates well ground-level O3 con cen tra tions for the case

of off shore geostrophic wind (west erly) at 850 hPa, ex cept

in the west ern coastal re gion where ozone con cen tra tion was 

un der es ti mated pre sum ably due to bound ary in flux from the

outer do main. Ap pli ca tion of the box form of SEGRS to the

var i ous syn op tic cases shows over all a rea son able level of

max i mum O3 con cen tra tion sim u la tions in com par i son with

ob ser va tions with a cor re la tion co ef fi cient of more than
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Fig. 7. Fre quency dis tri bu tion of re sid u als be tween sim u lated and ob served max i mum O3 con cen tra tions for the var i ous syn op tic cases.



0.7, de spite the model hav ing a ten dency to over pre dict

higher ob ser va tions. These re sults de scribed above to -

gether with other tests in di cate that the SEGRS model is

able to re pro duce the im por tant hor i zon tal fea tures of O3

con cen tra tions over the Se oul met ro pol i tan area. It was

thus found that the semi-em pir i cal ozone sim u la tion model

based on GRS chem i cal re ac tions could be ef fec tively used

to ge n er ate ozone con cen tra tion pat terns given an ap pro -

pri ate emis sion rate of ozone pre cur sors over the coastal

area. It is also go ing to be ar gued that a more re al is tic west -

ern bound ary con di tion may im prove the sim u la tion re -

sults. There fore fur ther sen si tiv ity test ing in clud ing bound -

ary flux over the Se oul met ro pol i tan area is go ing to be

tested to get more pre cise hor i zon tal ozone dis tri bu tions

us ing the semi- em pir i cal pho to chem i cal SEGRS model. In

ad di tion, SEGRS is go ing to be ap plied to sim u late O3 con -

cen tra tions in other ur ban ar eas to get more trust wor thy

per for mance and model val i da tion.
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