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Abstract 49 
 50 
 South Korea has recently achieved the developed country status with the second largest 51 

megacity in the world, the Seoul Metropolitan Area (SMA).  This study provides insights into 52 

future changes in air quality for rapidly emerging megacities in the East Asian region. We 53 

present total OH reactivity observations in the SMA conducted at an urban Seoul site (May – 54 

June, 2015) and a suburban forest site (Sep, 2015). The total OH reactivity in an urban site 55 

during the daytime was observed in the similar levels ( ~ 15 s-1) previously reported from other 56 

East Asian megacity studies. Trace gas observations indicate that OH reactivity is largely 57 

accounted by NOX (~ 50 %) followed by volatile organic compounds (VOCs) (~ 35 %). Isoprene 58 

accounts for a substantial fraction of OH reactivity among the comprehensive VOC 59 

observational dataset (25 % - 47 %).  In general, observed total OH reactivity can be accounted 60 

by the observed trace gas dataset. However, observed total OH reactivity in a suburban forest 61 

area cannot be largely accounted (~ 70 %) by the trace gas measurements. The importance of 62 

biogenic VOC (BVOCs) emissions and oxidations used to evaluate the impacts of East Asian 63 

megacity outflows for the regional air quality and climate contexts are highlighted in this study.  64 

 65 
 66 
 67 
 68 
  69 
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1.   Introduction 70 
 One of the many consequences of the industrial revolution was urbanization. It was 71 

initiated in Europe and has spread out to the U.S. and other part of the world such as Asia and 72 

South America1. Accelerating technological breakthroughs since the industrial revolution have 73 

brought the different natures of environmental problems in the different part of the world2. For 74 

example, coal powered urban areas with limited emission control technologies in the late 1800 and 75 

early 1900 suffered public health issues caused by sulfur and soot pollution. A strong boundary 76 

layer inversion event often happened in winter could trigger a massive smog event. In the 77 

December of 1952, the Great Smog event in London accounted ~100,000 casualties including 4000 78 

premature deaths only in four days3, 4.  79 

 A different type of air pollution was reported in Southern California in early to mid-1900s. 80 

A successful implementation of the factory smoke emission control between 1905 and 1912 could 81 

not improve the air quality in the Los Angeles area as the number of the automobile fleet had been 82 

exponentially increasing4. In 1940, the research community realized that nitrogen oxides (NOX = 83 

NO + NO2) and volatile organic compounds (VOCs) emitted from the tail pipes became precursors 84 

for photochemical reactions triggered by intense solar radiation in Southern California to produce 85 

ozone and particles in the atmosphere5,6. Unique local meteorological and topographical 86 

characteristics such as a land-sea breeze pattern and a basin structure worsen the photochemical 87 

ozone and particle pollution issues in the Los Angeles basin4,7. This well known photochemical 88 

smog also known as Los Angeles type smog has became an issue of most of cities in the developing 89 

and developed countries as automobile uses have increased in the mid to late 20th century4.  90 

 East Asian countries such as China, Japan, South Korea and Taiwan have emerged as 91 

important players in the global economy in the mid to late-20th Century. Major economic indices 92 

show that the development is in the most mature stage in Japan and the rapidly growing stage in 93 
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China. The recent establishment of South Korea as a developed country has lead to the 94 

implementation of aggressive air pollutant emission abatement policies in the past decade8. 95 

Geographically, South Korea is adjacent to China across the Yellow Sea. Strong continental 96 

outflow events often heavily impact the air quality on the Korea Peninsula9. The Seoul 97 

Metropolitan Area (SMA), the main urban region in South Korea, is home to 23 million 98 

inhabitants, approximately half of the total South Korean population. The majority of the land area 99 

(65%) in South Korea is covered by forests10. The roles of biogenic volatile organic compounds 100 

(BVOCs) from the surrounding forest in the SMA have been extensively discussed in the context 101 

of ozone and aerosol formation in both models and measurements. Observational results from 102 

Taehwa Research Forest (TRF), 30 km southeast from the Seoul city center indicate that isoprene 103 

is the dominant hydroxyl radical sink among the observed reactive gas species11-13. A regional 104 

model evaluation determined that 30-40% of ozone formation can be accounted by isoprene 105 

photochemistry in the suburban region of the SMA. This suggests that anthropogenic and biogenic 106 

interactions need to be addressed when discussing regional air quality issues13. Ultra high-107 

resolution regional modeling studies consistently show that the circulation pattern in the SMA 108 

brings isoprene and its oxidation products to the city center, leading to ozone enhancements 14, 15. 109 

Multiple reports have highlighted the critical roles of BVOCs in East Asian regional 110 

photochemistry.  Bao and colleagues16 presented CMAQ model simulation results indicating the 111 

ozone enhancements of 20 to 26 ppb due to isoprene photochemistry in the Kinki region, Japan. 112 

In China, Consistent reports emphasizing importance of BVOCs over the strong anthropogenic 113 

influences have been published from the Beijing-Tianjin area17, the Shanghai region 18, and the 114 

Pearl River Delta Region19.  115 
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 Recently, at least two different analytical techniques have become available to directly 116 

constrain total OH reactivity (s-1, reciprocal of OH lifetime) in the atmosphere20-22. It has long been 117 

suspected our ability to constrain all the reactive trace gases in the atmosphere especially VOCs 118 

as many different compositions and structural variability with various functional groups are 119 

emitted to the atmosphere. There is an estimated 104 – 105 VOCs in the atmosphere, but this is 120 

speculated to be a very conservative assessment, especially in the boundary layer23. Direct total 121 

OH reactivity observations provide quantitative constraints to this missing fraction, which is called 122 

missing OH reactivity. The majority of OH reactivity observations in environments with high 123 

BVOC concentrations have reported substantial missing OH reactivity (30 – 90%)19, 22, 24-28. There 124 

have been two studies regarding total OH reactivity in the East Asian megacity regions – Tokyo, 125 

Japan29, 30 and the Pearl River Delta, China19. Both observations commonly reported missing OH 126 

reactivity and speculated the main sources as unaccounted oxygenated VOCs (OVOCs).  127 

 We present the total OH reactivity observations collected in the Seoul city center during 128 

late spring (May 20th to June 15th) and in the Taehwa Research Forest (TRF) in early fall 129 

(September 1st to September 15th) of 2015. Therefore, the observational dataset from the city center 130 

provides a good snapshot of photochemical environments with a heavy pollution influence. In 131 

contrast, the early fall observations were conducted at the TRF where BVOC photochemistry plays 132 

important role in regional air quality in the aged pollution background. These measurements were 133 

conducted as part of the multi-year research initiative Megacity Air Pollution Study (MAPS)-Seoul 134 

which is designed to improve the level of understanding of emissions, atmospheric transformation, 135 

transport and removal processes over the Korean Peninsula. In 2016, an international collaboration 136 

aboard the NASA DC-8 airborne laboratory will take place as part of the KORUS-AQ (Korea-US 137 

Air Quality Study) field campaign (https://espo.nasa.gov/home/korus-aq/content/KORUS-AQ). 138 
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This discussion provides an opportunity to critically review the current status of atmospheric 139 

reactive gas distributions in the urban and the suburban regions in SMA. Moreover, as most of 140 

East Asian megacities are characterized by dense population centers surrounded by rural forests, 141 

this case study of the SMA serves as a basis to predict future changes in air quality during the rapid 142 

development of East Asia. that directly affect anthropogenic emission profiles. 143 

 144 

2.  Experimental  145 

2.1   Total   OH   reactivity   and   Auxiliary   Trace   Gas   and   Meteorological   Parameter  146 

Observations  147 

   Total OH reactivity was measured using a comparative reactivity method (CRM) - 148 

chemical ionization mass spectrometry (CIMS) which has been previously used to study urban22, 149 

clean25, 31, and pristine22 field environments. A glass flow reactor reactor ( ~ 95 ml) is used 150 

consisting of two inlets introducing a mixture of ambient air and pyrrole (5 sccm in 5 ppm ± 5 % 151 

, Air Liquid LLC) and humidified UHP N2 (200 sccm) for OH generation via photolysis from a 152 

UV lamp (UVP LLC, Model 11SC-1). The flow rate in the reactor is maintained at 280 sccm by a 153 

MKS mass flow controller (M100B). A volume of 50 sccm is introduced into a custom built H3O+-154 

CIMS system32. Total OH reactivity of ambient air is then experimentally determined by tracing 155 

the pyrrole signal in the reactor. The difference in the pyrrole signal with ambient air and scrubbed 156 

ambient air by a catalytic converter (Pt-wool kept at 350 oC) are caused by the competition between 157 

pyrrole and reactive gases in the ambient air for the reactions with OH. Since OH and pyrrole 158 

concentrations are controlled by the experimental set up, the changes in reactive gas contents in 159 

the ambient air is the single variable driving the pyrrole signal change. The calibration was 160 

conducted in the field and laboratory using a synthetic air sample using a zero-air flow (1 slpm) 161 
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with an addition of the NIST traceable standard gases (Airgas) in the multiple flow rates to generate 162 

multi-point calibration curves. We tested with propane (C3H8), propene (C3H6), and isoprene 163 

(C5H8) standards for multi-point calibrations. The results indicate a good linearity (R2 = 0.998) 164 

over a wide OH reactivity range from 5 s-1 to 100 s-1. We estimate the observational uncertainty as 165 

35 % (3 sigma) and the lower limit of detection as 5 s-1 (3 sigma). We are currently preparing a 166 

separate manuscript with detailed characterizations of the CRM-CIMS instrumentation deployed. 167 

Whole air sample33 were collected during the campaign for speciated VOC observations 168 

during the spring field campaign in Seoul. It was conducted for 12 days twice a day- in the morning 169 

(9:00 to 10:00 local time) and the afternoon (14:00 to 15:00 local time), total of 24 samples. 170 

Continuous VOC observations were also conducted using a proton transfer reaction - time of flight 171 

- mass spectrometer (PTR-ToF-MS, IONICON GmbH) system. The time series data for benzene, 172 

toluene, xylene, isoprene and acetone from PTR-ToF-MS indicate that canister sampling time 173 

periods are representative in the morning and afternoon as there is no significant spike from local 174 

sources of these compounds are observed (a separate manuscript is under preparation). The 175 

analytical characteristics of other observational parameters including trace gases and 176 

meteorological parameters for both a city center and TRF are summarized in Table 1. 177 

 178 

2.2.  Emission  and  Regional  Chemistry  Modeling  179 

For emission analysis the National Institute of Environmental Research/Konkuk 180 

University-Comprehensive Regional Emissions inventory for Atmospheric Transport Experiments 181 

(NIER/KU-CREATE; CREATE)34 was used. CREATE is a bottom-up emission inventory 182 

framework for Asia jointly developed by the National Institute of Environmental Research of 183 

South Korea and Konkuk University. This inventory includes an anthropogenic, biogenic, biomass 184 
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burning emission inventories 2010, and an emission processing system to generate air quality 185 

model-ready gridded, temporally allocated, and chemically speciated emissions. The CREATE 186 

anthropogenic emissions were originally developed using GAINS framework 187 

(http://gains.iiasa.ac.at/gains), allowing us to project base year (2010) emissions into the future 188 

using changing energy/control scenarios. We have used base year anthropogenic emissions for 189 

China, Korea, and Japan, from the CREATE inventory. The VOCs were chemically speciated 190 

using the SAPRC chemical mechanism (http://www.engr.ucr.edu/~carter/SAPRC/) and then 191 

categorized into alkane, alkene, aromatics and isoprene species. Total emissions were separated 192 

by country emissions of CO, NOX, SO2, alkane, alkene, aromatics, and isoprene.  193 

Model simulations for the observation periods were conducted using the GEOS-Chem 194 

model version v9-02, which was driven by Goddard Earth Observing System – Forward 195 

Processing (GEOS-FP) assimilated meteorological data from the NASA Global Modeling and 196 

Assimilation Office (GMAO). The GEOS-FP meteorological data have a native horizontal 197 

resolution of 0.25°ⅹ0.3125° (~25ⅹ25 km2) with 72 vertical pressure levels and 3h temporal 198 

frequency (1h for surface variables and mixed layer depths). In order to minimize the amount of 199 

memory required, we reduced the number of vertical levels to 47 by merging layers in the 200 

stratosphere. We use a nested version of GEOS-Chem with the native spatial resolution (0.25°ⅹ201 

0.3125°) over Asia (70°E-140°E, 15°N-55°N). The lateral boundary conditions of the nested 202 

model are updated every 3-hr from a global simulation at 2°ⅹ2.5° horizontal resolution. Detailed 203 

descriptions of gas and aerosol simulations can be found in the literature35-39   204 

Biogenic VOC emissions are from the Model of Emissions of Gases and Aerosols from 205 

Nature (MEGAN) v2.1 inventory40. The emissions of these compounds are calculated on the basis 206 

of emission activity factors, canopy environment, leaf age, and soil moisture. Biogenic emissions 207 
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of isoprene and monoterpenes over nested domains are 1.37 TgC month-1 and 0.56 TgC month-1, 208 

respectively. Anthropogenic emissions in Asia are obtained from the Intercontinental Chemical 209 

Transport Experiment Phase B (INTEX-B) inventory41, which was compiled on the basis of fuel 210 

use statistics for 2006 but scaled to 2015. INTEX-B includes four source sectors: power, industry, 211 

residential, and transportation. NOx and anthropogenic VOC emissions were determined to be 212 

0.62 TgN month-1 and 1.23 TgC month-1, respectively. For biomass burning emissions, we use the 213 

Global Fire Emission Database version 3 (GFED v3) inventory for 201142. GFED inventory is a 214 

calculated biogeochemical model and satellite-derived estimate of area burned, fire activity, and 215 

plant productivity. Biomass burning emissions of NOx and VOCs are 1.7 GgN month-1 and 5.3 216 

GgC month-1, respectively.  217 

  218 

2.3  Observational  Sites  219 

 The spring observation was conducted in Korea Institute of Science and Technology 220 

(KIST, latitude 37o 36’ 10.4544” and longitude 127o 2’ 46.0284”). The site is located 5 km northeast 221 

of the Seoul city center. The fall observation is conducted in TRF, 30 km southeast of the Seoul 222 

city center, bordering the SMA, and is operated and maintained by the College of Agriculture and 223 

Life Sciences at Seoul National University. A trace gas flux tower facility is located in a conifer 224 

plantation (pinus koraiensis) surrounded by a natural oak forest where several studies regarding 225 

atmospheric composition of the TRF have been conducted.11-13 The site is under consistent 226 

influence from aged Seoul polluted air mass with episodic regional pollution outbreaks from trans-227 

boundary continental pollution outflows. These elevated pollution plumes expedite the 228 

photochemical processes of freshly emitted BVOCs. Isoprene has been consistently assessed as 229 

the dominant OH sink at the site during the day11-13. At night, monoterpens account for a 230 
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considerable fraction of OH sinks11-13. Unaccounted HONO sources are also highlighted at the 231 

site, which may substantially enhance oxidation capacity.11 232 

 233 

3.  Results  and  Discussion  234 

3.1.  Trace  Gas  Emission  Profiles  235 

 Table 2 summarizes major air pollutant emissions in China, Japan, and South Korea from 236 

the CREATE emission inventory. We argued that South Korea exhibits anthropogenic pollutant 237 

emissions as an emerging developed country. The ratios of NOX and SO2 (Figure 2) clearly show 238 

the anthropogenic trace gas emission profiles in the East Asian countries in different stages of 239 

economical development. China indicates the lowest ratio and Japan and Korea are assessed as the 240 

similar ratios. Stricter regulations in coal uses become more effective in countries in the more 241 

developed stage of economy such as South Korea and Japan. NOX emissions from internal 242 

combustion engines tend to keep increasing until the mature stage of the economy from increased 243 

vehicle usage as has been shown in China, Japan, and Korea43. In the U.S., several studies 244 

integrating satellite NOX datasets, ground observational networks, and regional photochemical 245 

models to assess NOX emission changes in early 2000 concluded that NOX emissions have been 246 

substantially decreased44, 45. We can speculate this similar trend may be observable in Japan and 247 

Korea in the foreseeable future. In Figure 2, the NOX/CO emission ratios are also shown. The 248 

highest emission ratio was assessed from Korea emissions. Japan also shows a substantially higher 249 

value then that from China. The differences in VOC emission profiles from China, Japan, and 250 

Korea can be also highlighted by the ratio of emissions in different chemical classes. Figure 3 251 

shows the emission ratios of alkane, aromatics and isoprene with alkene. The emission estimates 252 
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in the CREATE system of alkane, aromatics and isoprene from Korea all show much higher than 253 

the alkene emissions.  254 

 255 

3.2.  Trace  Gas  Distributions  and  Total  OH  Reactivity  in  Seoul  256 

 The temporal trace gas variation during the MAPS-Seoul campaign in Spring 2015 is 257 

shown in Figure 4. This site reflects the urban characteristics with heavy influences of fresh 258 

emissions from traffic. NOX and CO were at typical levels reported from other air quality 259 

monitoring sites in Seoul8, which are substantially lower than other megacities such as Beijing46,47, 260 

Shanghai48, and Mexico City49 ( in the 1 -2 ppm range) but similar with levels observed in Tokyo30. 261 

Ambient SO2 in Seoul is affected by regional transport as the SMA does not have large SO2 sources 262 

and sulfur contents in diesel are heavily regulated50, 51. Indeed, a coal-based Giga power plant 263 

cluster is located in the west coast of South Korea ~ 100 km from Seoul. The back trajectory 264 

analysis using the HYSPLIT model frame indicates that the Giga power plat source regions are 265 

associated the enhanced SO2 levels observed during the field observational period (a manuscript 266 

is in preparation). In general, SO2 is also observed much lower level than the levels, reported from 267 

megacities in China52 (tens ppb).  268 

 In Table 3, the speciated VOCs and their mixing ratio statistics over 12 days are 269 

summarized. As the emission inventory suggests, C2 to C4 alkane species were the greatest 270 

fraction among the VOCs followed by aromatic compounds. Toluene (~ 3 ppb)  was observed to 271 

be 10 times higher than benzene (~ 0.3 ppb), which is consistent with previous reports from South 272 

Korea11, 13, 53.  Howver, in the Beijing-Tianjin area, VOC observations in the summer of 2009 273 

indicate that the ratio of ambient toluene and benzene were observed close unity17. A series of 274 

VOC observations in the Tokyo Metropolitan Area showed a substantially higher toluene level 275 

Page 12 of 38Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
1 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 S
eo

ul
 N

at
io

na
l U

ni
ve

rs
ity

 o
n 

29
/0

2/
20

16
 0

7:
59

:1
9.

 

View Article Online

DOI: 10.1039/C5FD00230C

http://dx.doi.org/10.1039/c5fd00230c


  12 of 24 

respect to benzene (5 to 10 times)29, 30, which is consistent with the observational results from 276 

Seoul. As benzene and toluene ratios are often used to characterize photochemical age by taking 277 

advantage of substantial differences in their reaction constants with OH54, the observed near field 278 

toluene and benzene ratios would serve an important constraint to evaluate photochemical aging 279 

of the  pollution outflows.   Acetone and methanol have been observed at high levels in the Beijing-280 

Tianjin Metropolitan Area17 and the Tokyo Metropolitan Area29, 30. This is also a consistent 281 

observation in Seoul. The total sum VOC mixing ratios chemical class is summarized in Figure 282 

5a. Large differences can be observed among the different chemical classes in the summed mixing 283 

ratios. Oxygenated VOCs (OVOCs) and alkane species are composed most of the VOC pool.  284 

Once we factor in different reactivity (rate constants55) toward OH for each chemical 285 

species in Table 3, the relative contributions from different chemical classes are appeared very 286 

different from the concentrations (Figure 5b). Morning contributions to OH reactivity from 287 

aromatics, OVOCs and BVOCs primarily from isoprene and evaluated as comparable. BVOCs, 288 

again mostly isoprene, is assessed as the dominant OH reactivity contributor in the afternoon. The 289 

relative distribution of observed VOCs in the morning and the afternoon are presented in Figure 6 290 

in both the mixing ratio (Figure 6a and Figure 6b) and the OH reactivity scales (Figure 6c and 291 

Figure 6d). Such a high isoprene contribution (26% in the morning and 36 % in the afternoon) to 292 

calculated OH reactivity from VOCs in the urban environment has not been commonly reported 293 

in the East Asian megacity region. In the suburban regions of the Pearl River Delta19, Beijing-294 

Tianjin17, and Shanghai18, isoprene is an important contributor to OH reactivity. However, in urban 295 

environments such as Tianjin and Shanghai, China56, isoprene contributes less than ~ 5 % of 296 

calculated OH reactivity from isoprene and 15 % in the Urban Tokyo, Japan29, 30. It should be 297 

noted that OH reactivity quantitatively represent the roles of chemical species in regional ozone 298 
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and OVOC productions that the concentration scale can often mislead57.  The dominant 299 

contribution to calculated OH reactivity from the ambient observational dataset during the urban 300 

observations are from NOX as shown in Figure 7. The relative contributions from NOX are 301 

significantly higher than those assessed from other East Asian megacities. For example, an 302 

observation in Tokyo indicates that NOX consists ~ 35 % of calculated OH reactivity.  303 

The averaged diurnal variations of observed and calculated total OH reactivity is shown in 304 

Figure 8a.  The average over the 16 days of observations are shown in Figure 8b. As explained by 305 

Sinha and colleagues22, the CRM-OH reactivity method systematically underestimates total OH 306 

reactivity when NO is higher than 5 ppb due to fast OH recycling from HO2. Therefore, total OH 307 

reactivity in the morning could not be reported when NO was greater than 5 ppb. Figure 8c shows 308 

the averaged diurnal variations of trace gas observations while the OH reactivity observation were 309 

conducted. Despite missing morning data, it is clear that the diurnal variations show higher OH 310 

reactivity during the night than observed OH reactivity in the day. Similar results have been reported 311 

in both the Pearl River Delta region and is most likely attributed to boundary layer evolution, while daytime 312 

averages in Seoul are similar to that of Tokyo29, 30 and the Pearl River Delta19 are comparable. In contrast, 313 

the nighttime observed OH reactivity in the Pearl River Delta19 region was reported to be much 314 

higher (~ 40 s-1) 19 than the observations in the SMA (~ 20 s-1) . Calculated OH reactivity from 315 

trace gases are shown as a dashed blue line in Figure 8a. Once we add assessed OH reactivity from 316 

VOCs observed from the canister samples in the afternoon, the calculated OH reactivity generally 317 

accounts the observed OH reactivity as shown as the blue solid line. This is consistent with the 318 

previous OH reactivity observations from the urban and megacity environments that have 319 

indicated missing OH reactivity smaller than observational uncertainty.  320 

 321 

3.3.  Trace  Gas  Distributions  and  Total  OH  Reactivity  in  TRF     322 
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The September 3 – 9 trace gas analysis at TRF are presented in Figure 9. It was consistently 323 

sunny during this time period over the observational period.  This rural site located 30 km from 324 

the Seoul city center shows a sharp decrease in trace gas concentrations, which is consistent with 325 

previous studies,11-13 and implies fast photochemical processing of megacity pollution plumes. 326 

Ultra high-resolution regional model outcomes suggest that the city air pollution plume spreads 327 

out to TRF in a time scale of a few hours14, 15.  It should be noted that the sampling was conducted 328 

in the late summer/early fall time frame when regional pollution level is usually much lower than 329 

that observed in the spring when the urban observation was conducted. The observed OH reactivity 330 

during this time frame is presented in Figure 10a. Considering substantially lower pollution levels 331 

in this suburban site, significant BVOC influences can be speculated for the reason. Another 332 

noticeable difference from the urban observation is that no strong diurnal pattern could be 333 

identified. An identical diurnal trend in OH reactivity was reported from a boreal forest. Sinha and 334 

colleagues25 justified that the observed diurnal variation is most likely caused by the combination 335 

of the diurnal boundary layer depth evolution and strong reactive BVOC emission during the 336 

daytime. As previously mentioned, air sampling at TRF was conducted in a conifer forest which 337 

may provide a plausible explanation of the observed diurnal variation seen in this study. Calculated 338 

OH reactivity is assessed based on the trace gas datasets and VOC dataset from PTR-339 

Q(qudrupole)-MS. One of the limitation of PTR-Q-MS for atmospheric VOC quantification is that 340 

it cannot quantify most of alkane and small alkene (< C4) species. However, previous whole air 341 

sample observational results including a comprehensive suite of alkane and alkene species at the 342 

TRF have indicated that VOC species that can be quantified by PTR-QMS such as isoprene, 343 

toluene, and butanone (methyl ethyl ketone, MEK) account for the majority of VOC contribution 344 

towards OH reactivity among atmospheric VOCs11, 13. Figure 10b presents the averaged diurnal 345 
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variation of calculated OH reactivity from the observed trace gas dataset when OH reactivity 346 

observation was conducted. The calculated OH reactivity accounts for 30 - 40 % of observed total 347 

OH reactivity. Previous studies have reported 30 - 90 % of missing OH reactivity in forested 348 

regions with higher missing OH reactivity (50 - 89%)25, 31 from boreal forests. The most probable 349 

source for missing OH reactivity in forest environments is from either unaccounted BVOC 350 

emissions especially reactive terpenoid species25, 27, 31 or unaccounted oxidation products of known 351 

BVOCs, specifically isoprene19, 24, 58. In addition, as the roles of extremely low VOCs (ELVOCs) 352 

has been recently highlighted in the forest canopy with high terpenoid emissions59, 60, it is a 353 

reasonable speculation that ELVOC, which has not been quantified by the conventional analytical 354 

techniques may contribute towards missing OH reactivity although the magnitude of their 355 

contributions is difficult to assess.  Previous observations have indicated that TRF is influenced 356 

by both isoprene from deciduous trees from surrounding ecosystems such as oak and mono- and 357 

sesquiterpenoids from conifer tree plantation (200 m by 200 m) near the sampling tower11. 358 

Therefore, a reasonable assumption can be made that the combination of the different potential 359 

sources contributes to missing OH reactivity. Kim and colleagues11 reported substantial emissions 360 

of reactive monoterpenes (α-myrcene) and sesquiterpenes (α and β-caryophyllene) at TRF that 361 

have not been quantified in previous studies of branch enclosure measurements. Additionally, the 362 

same study highlights potential contributions of unmeasured isoprene oxidation products to the 363 

missing OH reactivity (up to 50 % - 70 %). More advanced analytical techniques may need to be 364 

deployed at this site to qualitatively characterize the sources of missing OH reactivity.  365 

 366 

3.4.  Comparisons  with  Predicted  OH  Reactivity  by  a  Regional  Modeling  System.    367 
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Figure 11 shows the diurnal variation of simulated total OH reactivity in the SMA 368 

averaged for the MAPS campaign period. Values are much lower than observed or calculated OH 369 

reactivity based on observed species concentrations shown in Figure 8. Observed high OH 370 

reactivity in night-time and low OH reactivity in day-time are captured by the model, reflecting 371 

the diurnal variation of PBL. However, the pronounced increase of the observed OH reactivity 372 

during the night is not captured by the model. The model spatial resolution of about 25 km may 373 

not still be fine enough to resolve concentrated pollution plumes from traffics in surrounding 374 

highways.  375 

Figure 11b shows the relative contributions of individual species to the simulated total OH 376 

reactivity. The simulated OH reactivity from NOX is 2.76 s-1, much lower than the observed OH 377 

reactivity from NOX (7.2 s-1), indicating that the model likely underestimates high NOX 378 

concentrations from the traffic in the SMA. We find, however, that the simulated OH reactivity 379 

from VOCs is 4.41 s-1, similar to the observed value, 5.3 s-1. As a result, the simulated contribution 380 

of NOX to the OH reactivity in the model is lower (34%) than that of the observation (43-55%), 381 

whereas the simulated contribution of VOCs to OH reactivity is high. Among the VOCs in the 382 

model, alkanes show the highest contribution to the total OH reactivity, which is different from 383 

the observed contribution that isoprene is the most dominant contributor to OH reactivity. 384 

Currently, we are working on a separate manuscript to assess the model performances in simulating 385 

air quality in the SMA, specifically, detailed comparisons between the model outcomes and the 386 

observations. We realized that even with a regional photochemical model frame with an enhanced 387 

spatial resolution cannot properly capture the photochemical characteristics of TRF, which is 388 

located on the border between urban and forest areas. However, the impacts of unconstrained OH 389 

reactivity in the suburban forest should be carefully examined in the perspective of their roles in 390 
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regional ozone and aerosol formations, which may not be properly represented in the regional 391 

modeling system.  392 

  393 

4.  Summary  394 

 Air quality in the megacity has been highlighted for its implications towards public health 395 

and short lived radiative forcers such as ozone and secondary aerosols.61 We comprehensively 396 

discussed the observed trace gas and total OH reactivity datasets from the SMA. The SMA is the 397 

second largest metropolitan area in the world and presents developed pollutant emission profiles 398 

among the Megacities in East Asia. This case study in the SMA provides an opportunity to test 399 

our current understanding of photochemistry in East Asian megacities. Particularly, how 400 

atmospheric composition will change in megacities and rapidly evolving energy usage and 401 

pollutant emission profiles through an ambitious government driven policy. The city center 402 

observation dataset indicates that NOX accounts for 50% of OH reactivity among the 403 

observationally constrained reactive gas species. The NOX contributions become much higher in 404 

the morning (55 %) than those of in the afternoon (43 %). VOC contributions to OH reactivity is 405 

followed by NOX with a greater contribution in the afternoon (39 %) than in the morning (33 %). 406 

In the concentration scales, alkane and OVOCs are the dominant VOC species. However, the 407 

importance of BVOCs, particularly isoprene, in urban photochemistry is highlighted by assessing 408 

relative contributions to OH reactivity. BVOCs accounts for 25% of calculated OH reactivity 409 

among the observed VOCs in the morning and 47% in the afternoon. In contrast, the BVOC 410 

contributions are assessed to be 1% and 2% within the concentration scale, respectively. The 411 

observed OH reactivity in the late May and early June of 2015 in the SMA city center indicate a 412 

similar range with other reported OH reactivity values (10 - 20 s-1) from Tokyo, Japan29, 30 and 413 
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Pearl River Delta, China19. However, nighttime OH reactivity was observed to be at a much higher 414 

level in Pearl River Delta, China. The overall calculated OH reactivity from observed trace gases 415 

and VOC species in this campaign account for the greatest fraction of observed OH reactivity level 416 

in the afternoon. However, the observational results from TRF indicate a large missing OH 417 

reactivity, which calculated OH reactivity from observed trace gases and VOCs can only account 418 

24 - 32 % of the total observed OH reactivity. The observed range of missing OH reactivity has 419 

been reported in other forest ecosystems where anthropogenic influences are minimal such as a 420 

boreal forest in Finland22, 31. The pollution level in TRF is assessed substantially lower than the 421 

Center of Seoul but still the level of air pollutants such as CO and NOX is much higher in the TRF 422 

than those from the boreal forest. Therefore, how interactions between pollution and BVOC in 423 

photochemistry would affect the formation of oxidation products not quantified by conventional 424 

analytical techniques (in our case PTR-Q-MS) should be carefully examined. In addition, potential 425 

uncharacterized BVOC emissions in the ecosystem should be carefully characterized. Overall, our 426 

presented observational results highlight a significant role of BVOCs in the local photochemical 427 

processes in the SMA.  As similar land use characteristics-a densely populated urban area 428 

surrounded by a forested area- can be found in most megacities in East Asia, our analysis should 429 

be able to be applied to characterizing regional photochemical characteristics. Furthermore, several 430 

studies have interpreted the significant implications of East Asian air pollution into the global 431 

tropospheric composition influencing the global radiative budget62, 63. Therefore, enhancing 432 

process level understanding of local photochemistry in the East Asian region will be essential in 433 

diagnosing and predicting global radiative forcing from short lived climate forcers64. 434 

 435 
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Figure Captions 580 

Figure 1.  MODIS (moderate resolution imaging spectroradiometer) Land Cover Types, showing 581 

sharp distinction between urban and forested regions. A SMA map indicating an urban and 582 

a suburban forest site (Taehwa Research Forest) is also presented as a subset (photo credit 583 

Google Earth). 584 

Figure 2.  Emission ratios of NOX and SO2 (in blue) and NOX and CO (in red) assessed for three 585 

East Asian countries. 586 

Figure 3.  Emission ratios of VOCs by chemical classes assessed for three East Asian countries. 587 

Figure 4.  Time series of observed trace gas variations during the Spring campaign in the urban 588 

Seoul observational site 589 

Figure 5. Averaged a) concentrations and b) OH reactivity from different VOC classes during the 590 

Seoul Urban observations. Morning and afternoon averages shown in red and blue, 591 

respectively.  592 

Figure 6. Relative contributions to mixing ratios from different chemical classes a) in the 593 

morning and b) in the afternoon and relative contributions to calculated OH reactivity from 594 

different chemical classes c) in the morning and d) in the afternoon 595 

Figure 7. Relative contributions to OH reactivity from NOX, other trace gases, and VOCs a) in 596 

the morning and b) in the afternoon 597 

Figure 8. a) averaged diurnal variations observed OH reactivity, calculated OH reactivity from 598 

trace gases without VOCs and total calculated OH reactivity, b) Observed total OH 599 

reactivity, and c) observed trace gas diurnal variation while OH reactivity observation was 600 

conducted during the urban observational campaign.   601 

Figure 9. Observed trace gas diurnal variation while OH reactivity observation was conducted at 602 

TRF 603 
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Figure 10. a) Observed total OH reactivity and b) averaged diurnal variations observed OH 604 

reactivity and calculated OH reactivity with a cumulative plot indicating contributions from 605 

different observed gas species 606 

Figure 11. a) Simulated diurnal variation of total OH reactivity and b) relative contributions to 607 

simulated OH reactivity from NOX, other trace gases, and VOCs in Seoul, Korea.  608 

 609 

 610 

Table Captions 611 

Table1. Analytical characteristics for the trace gas and meteorological observations for the 612 

preMAPS campaign 613 

Table 2. A summary of yearly emission of anthropogenic trace gas emissions from three East Asian 614 

countries in the unit of kmole year -1 615 

Table 3. A summary of observed VOCs with a UCI GC-MS system from canister samples for the 616 

12 day period (24 samples overall) observed at an urban site during the Spring campaign 617 

 618 

 619 
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Figure	  1
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Observables Manufacturer  and  Model  
Number Uncertainty Lower  Limit  of  Detection

CO Thermo  Scientific  48i  TLE 10  % 40  ppb

NOX
Thermo  Scientific  42i-TL
with  a  photolysis converter 15  % 50  ppt

SO2 Thermo  Scientific  43i-TLE 10  % 50  ppt

Ozone Thermo  Scientific  49i 5  % <  1  ppb

VOCs
1Whole  air sample  with  GC-
MS  Analysis  (at  UCI)   1-5  % 1-5  ppt

2PTR-ToF-MS 12  % 20 ppt
Meteorological
parameters

LSI  LASTEMMeteorological  
Sensors

1. More  details  are  described  in  Colman  and  colleagues51
2.  More  details  are  described  in  Kim  and  colleagues12

Table	   1
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Countries NOX CO SO2 Aromatics Alkane Alkene isoprene
South  Korea 22,948,194.00 90,721,176.00 6,486,774.00 2,415,569.00 4,647,753.00 676,203.00 73,271.00
China 494,421,791.00 5,836,973,662.00 456,185,500.00 66,812,108.00 120,741,973.00 39,753,924.00 919,275.00
Japan 33,984,896.00 159,110,660.00 9,033,697.00 3,629,429.00 6,562,329.00 2,047,176.00 34,990.00

Table	   2
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Alkane Min Max Median Average   (STD) Alkene   and  Alkyne Min Max Median Average   (STD)
Ethane 1814 9620 3325 4143   (2486) Ethene 245 2694 830 1176   (838)
Propane 532 155573 2594 4317   (3770) Ethyne 314 2441 888 1052   (599)
i-Butane 178 5959 1059 1710   (1518) Propene 44 505 116 190   (150)
n-Butane 316 12987 1804 3158   (3190) 1-Butene 9 101 23 29  (30)
i-Pentane 181 3431 688 1168   (989) i-Butene 45 536 95 118   (103)
n-Pentane 126 2315 455 825   (704) trans-2-Butene   7 53 16 20  (13)
n-Hexane 79 1293 329 478   (404) cis-2-Butene 3 34 8 12  (9)
n-Heptane 22 317 98 132   (92) 1,3-Butadiene 5 55 19 23  (15)
n-Octane 12 186 53 68  (52) 1-Pentene 5 67 13 21  (18)
n-Nonane 22 265 72 94  (64)
n-Decane 21 413 72 104   (89)

2-Methylpentane 48 711 122 234   (210)
3-Methylpentane 39 511 99 192   (169)

2,2,4-Trimethylpentane 22 269 69 98  (75)
Cyclopentane 17 230 48 85  (71)
Cyclohexane 21 265 74 101   (76)
Aromatics Min Max Median Average   (STD) OVOCs Min Max Median Average   (STD)
Benzene   81 1444 277 324   (282) Acetaldehyde 960 8927 1823 2351   (1643)
Toluene   798 8926 2035 3093   (2329) Acetone 6466 21760 12041 12379   (4108)

Ethylbenzene 190 1776 518 698   (474) Butanal 70 1932 207 303   (127)
p-Xylene 69 834 231 317   (219) Butanone   329 3096 871 1137   (767)
m-Xylene 87 1405 344 471   (352) Methanol   3061 31815 11140 12292   (7861)
o-Xylene   63 778 230 321   (211) Ethanol 783 22277 3863 6649   (6529)

1,3,5-Trimethylbenzene 3 66 11 18  (18)
1,2,4-Trimethylbenzene 14 301 41 77  (86)
1,2,3-Trimethylbenzene 5 105 14 26  (28)

BVOCs Min Max Median Average   (STD)
Isoprene 113 1863 625 690   (408)

alpha-Pinene 7 175 56 76  (53)
beta-Pinene 7 111 24 37  (29)

Table	   3
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