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Abstract Nitrogen dioxide (NO,) columns observed from space have been useful in detecting the increase
of nitrogen oxides (NO,) emissions in East Asia, particularly China, coinciding with rapid economic growth
during the past several decades. NO, columns retrieved above a particular location reflect a combination of
local NO, emissions and transported NO, from upwind sources. In this study, we demonstrate the transport of
NO, emitted in East Asia using satellite and surface in situ measurements and Lagrangian particle dispersion
model simulations. Enhanced satellite NO, columns in the Yellow Sea (between China and South Korea) and
the East Sea (between South Korea and Japan), and different seasonal variations of NO, in China, North and
South Korea, and Japan, suggest the importance of NO, transport in understanding the local NO, budget.
Lagrangian transport model simulations with tracers of different chemical lifetimes identify source-receptor
relationships that explain high NO, over the oceans and springtime peaks in Korea and Japan, with China
being the most likely source region. Our results have important implications for studies using satellite NO,
retrievals to derive NO, emissions at local scales in regions adjacent to large sources, such as in East Asia,
Europe, and the Eastern U.S.

1. Introduction

Nitrogen oxides (NO,), defined as the sum of nitric oxide (NO) and nitrogen dioxide (NO,), are released to the
troposphere as a result of anthropogenic activity, such as fossil fuel combustion, fertilizer application, and
prescribed burning, and natural phenomena like lightning, wildfires, and soil microbial activity. NO, play an
important role in tropospheric chemistry as a major precursor of ozone and aerosols, which in turn affect air
quality and climate [Lawrence and Crutzen, 1999; Wild et al., 2001; Lamarque et al., 2005].

Satellite instruments have monitored NO, levels in the troposphere for nearly 20 years [Bovensmann et al.,
1999; Burrows et al., 1999; Levelt et al., 2006; Valks et al.,, 2011], and these observations have played a critical
role in detecting the rapid changes in emissions and atmospheric concentrations of NO, in China resulting
from economic development [Richter et al., 2005; van der A et al., 2006; Zhang et al., 2007; Stavrakou et al.,
2008; van der A et al., 2008; Lin, 2012]. Similarly, satellite measurements indicate a large decrease in U.S. NO,
emissions due to pollution controls during the past few decades [Kim et al., 2006; Stavrakou et al., 2008; Kim
et al.,, 2009; Duncan et al., 2010; Russell et al., 2012]. Long-term observations of satellite NO, columns can
constrain NO, emission inventories and therefore greatly reduce uncertainties in model simulations [Martin
et al.,, 2003a; Kim et al., 2006, 2011; Lamsal et al., 2011; Wang et al., 2012].

The chemical lifetime of NO, is primarily determined by its conversion to nitric acid (HNO3) and organic
nitrates. OH levels in the atmosphere mainly control the lifetime of NO, in daytime and summertime, while
nitrate (NOs3) chemistry involving heterogeneous processes is important during nighttime and winter
[Calvert et al., 1985]. The chemical lifetime of NO, is generally recognized to be 5-10 days in the upper
troposphere [Jaeglé et al., 1998], while it is about 1 day in the atmospheric boundary layer [Leue et al.,
2001; Granier and Brasseur, 2003; Jaeglé et al., 2004]. Because of the rapid interconversion between NO
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and NO; in the sunlit atmosphere (on the order of minutes), we refer to the transported species of
interest as NO,, even though measurements used in this work are exclusively of NO,. In the boundary
layer, the lifetime of NO, is ~6 h in summer, ~6-12 h in spring and fall, and ~12-20 h in winter due to
changes in photolysis rate and water vapor content in the atmosphere [Martin et al., 2003a; Lamsal et al.,
2010]. Therefore, a satellite NO, column observed over a source with a steady NO, emission rate (e.g., ur-
ban region) is expected to have its maximum in winter, a decrease from winter to summer, its minimum in
summer, and an increase from summer to winter, following changes in NO, lifetime in the boundary layer.

NO, lifetime strongly affects the distances over which it can be transported. For example, Stohl et al. [2002]
found that NO, can be transported on intercontinental scales assuming a lifetime of 5-10 days, while Wenig
et al. [2003], using both satellite data and NO, tracers simulated by a Lagrangian particle dispersion model,
found that NO, from large power plants in South Africa can be transported to Australia. Focusing on East Asia,
the impact of long-range transport of air pollutants such as carbon monoxide, sulfur dioxide, anthropogenic
aerosols, and natural dust from China on neighboring countries has been examined [Carmichael et al., 2002;
Park et al., 2005; Lin et al., 2005; Uno et al., 2009]. Other studies have shown that ozone and ozone precursors
emitted from China are transported across the North Pacific Ocean, which affects surface ozone in the U.S.

through chemical transformations that occur during transport [Liu et al., 2003; Liang et al., 2004; Zhang et al.,
2008; Lin et al., 2012]. Given the rapid and continuing increase in ozone precursor emissions in East Asia

[Richter et al., 2005; Hilboll et al., 2013], an up-to-date assessment of the distribution and transport of NO,
across the region is necessary to assess the current impact of local and upwind sources of NO, on regional
air quality.

The goal of this study is to identify current sources and transport pathways of NO, within East Asia,
focusing on China, South Korea, and Japan, using satellite tropospheric NO, column retrievals and
surface in situ data. We use the FLEXPART Lagrangian particle dispersion model [Stohl et al., 2005] to
quantify the impact of China on NO, columns above neighboring countries. A new result from this
analysis is the conclusion that NO, emissions from China increase tropospheric column NO, above
North and South Korea, which indicates that satellite observations of tropospheric column NO, above
North and South Korea cannot be used to quantify their NO, emissions unless the impact of Chinese
emissions is taken into account.

2. Methods

2.1. Satellite Measurements

We employed the Ozone Monitoring Instrument (OMI) tropospheric NO, data retrieved by KNMI (DOMINO
product version 2.0), NASA Goddard Space Flight Center (GSFC; NASA standard product), and the University
of Bremen. The OMI aboard the Aura satellite provides measurements of solar backscatter in the ultraviolet-
visible range from 270 to 500 nm. Aura was launched on 14 July 2004 into a Sun-synchronous polar orbit at
approximately 705 km altitude with a local equator crossing time of 13:45 in the ascending node [Levelt et al.,
2006; Lamsal et al., 2010]. These three retrievals use the same modified DOAS (Differential Optical Absorption
Spectroscopy) spectral analysis method to derive NO; slant column densities but have the differences in
calculation of stratospheric column and air mass factor (AMF). The slant columns of NO, are obtained
from the OMI reflectance spectra in the 405-465 nm window using the DOAS technique [Platt and Stutz,
2008] in three retrieval algorithms: the slant column represents the integrated abundance of NO, along
the average photon path from the sun through the atmosphere to the satellite. The tropospheric slant
column is obtained by subtracting stratospheric column from total slant column. Then, the tropospheric
slant column is converted to a vertical column with the tropospheric AMF, defined as the ratio of slant
column density of the absorber along the slant optical path to the vertical column density [Eskes and
Boersma, 2003; Dirksen et al., 2011].

In DOMINO algorithm [Boersma et al., 2007, 2011], the stratospheric and tropospheric contributions to the
OMI NO, slant columns are derived by assimilating the slant columns of a global chemistry and transport
model, TM4 [Dentener et al., 2003; Boersma et al., 2007, 2011]. The altitude-dependent AMFs are calculated
with the Doubling Adding KNMI radiative transfer model [Stammes, 2001] version 3.0, using the cloud
parameters based on the cloud model of Acarreta et al. [2004] and surface reflectivity from the OMI surface
albedo climatology [Kleipool et al., 2008].
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For NASA standard product (see http://disc.sci.gsfc.nasa.gov/Aura/data-holdings/OMI/documents/v003/
OMNO2_readme_v003.pdf for more detail), estimating for stratosphere-troposphere separation requires a
monthly tropospheric climatology, but this is applied only to areas with relatively little tropospheric NO, such as
clean regions or areas cloudy enough to effectively block the satellite’s view of tropospheric NO,. In sub-
stantially polluted conditions, the stratosphere is estimated by spatial interpolation from the surrounding
clean regions [Bucsela et al., 2013]. The monthly mean NO, profile shapes derived from GSFC Global
Modeling Initiative chemical transport model multiannual (2005-2007) simulations are used in the AMF
calculations. NASA OMI product uses the same cloud fraction and surface albedo as the DOMINO product.

The University of Bremen OMI data use the reference sector method to separate stratospheric and tropo-
spheric columns. Model for OZone And Related chemical Tracers (MOZART) model NO, profile and Low
Resolution Atmospheric Radiance and Transmittance Model (LOWTRAN) aerosol assumptions are used to
determine AMFs [Kim et al., 2009].

KNMI tropospheric NO, retrieval (http://www.temis.nl/airpollution/no2.html) from SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) [Bovensmann et al., 1999] and the
Second Global Ozone Monitoring Experiment (GOME?2) [Valks et al., 2011] were also utilized to derive the
trends over East Asia.

2.2. Surface In Situ Measurement Data

Rural and urban surface NO, mixing ratios in South Korea are assessed for 2005-2009 using in situ NO, ob-
servations collected hourly by the surface monitoring system operated by the Korea Ministry of Environment,
which presently includes over 300 stations. Chemiluminescence with a molybdenum catalytic converter was
used to measure NO, at all sites. Previous studies [e.g., Fehsenfeld et al., 1987; Dunlea et al., 2007; Lamsal et al.,
2010] indicate that this method measures not only NO, but also other reactive nitrogen species. To minimize
the interference of other reactive nitrogen species, we use the NO, data measured in the early
morning at 07:00-09:00 Local Standard Time (LST) instead of the data measured at the OMI overpass
time. The results using the NO, data observed between 12:00 and 15:00 LST (close to the OMI overpass
time, 13:45 LST) are shown in the supporting information Figure S1; they are qualitatively similar to the
results using the observations in the early morning. Since the satellite retrieval algorithm rejects the data
when the cloud fraction is more than 30%, we also filtered out the surface NO, measurements when the
cloud cover was more than 30%, according to cloudiness data measured every 3 h at the Korea
Meteorological Administration meteorological observation station nearest to the NO, measurement site.
Monthly averages of NO, mixing ratios for five urban areas and three rural or remote sites were calculated
and are used to evaluate the signals in the monthly averaged satellite data. The urban areas examined
(number of stations used) are Seoul (27), Busan (13), Daegu (7), Gwangju (4), and Gwangyang (2), and the
rural/remote areas examined (number of stations used) are Taean (1), Ulleungdo (1), and Gosan (1). O3
mixing ratios measured at the surface sites were also used for trend analysis.

2.3. Lagrangian Particle Dispersion Model

The Lagrangian particle dispersion model, FLEXPART version 8.0 [Stohl et al., 2005], is used to identify
the source and receptor regions of NO, in East Asia. This model was designed to simulate the long-
range and regional-scale dispersion of air pollutants and has been used to understand transport of
anthropogenic, biomass burning, and volcanic emissions [Stohl et al., 2007; Brioude et al., 2009; Warneke
et al.,, 2009; Stohl et al.,, 2011]. FLEXPART was driven by National Centers for Environmental Prediction
Global Forecast System wind fields with a temporal resolution of 3 h (analyses at 00, 06, 12, 18UTC and
3 h forecasts at 03, 09, 15, 21UTC), horizontal resolution of 0.5°x 0.5°, and 27 vertical levels. The hori-
zontal resolution of the FLEXPART output domain was 0.25°x 0.25°, with 25 vertical levels between

0 and 30km (the first layer from 0 to 0.1 km, 23 layers with vertical resolution of 500 m from 0.5 km to
12 km, and the top layer from 12 km to 30 km).

FLEXPART was run for 2010 with a passive anthropogenic NO, tracer with lifetimes ranging from 6 h
to 48 h. About 276 area sources of NO, at 2°x 2° resolution over East Asia (China, Korea, and Japan
(Figure 1)) were designated to investigate the NO, source-receptor relationships in detail. Simulations
were carried out including emissions from either all sources or just the sources in a specific area
(China, Korea, or Japan).
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2.4. Emissions Inventories

The anthropogenic NO, emissions used by FLEXPART were derived from two inventories: (1) the 2006
Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) Asia emission data set [Zhang et al.,
2009] with spatial resolution of 0.5°x0.5° and (2) the Emission Database for Global Atmospheric
Research (EDGAR) v4.2 for base year 2005, spatially allocated on a 0.1°x0.1° grid.

In addition to INTEX-B and EDGAR, the CAPSS09 (Clean Air Policy Support System; http://airemiss.nier.go.kr)

inventory was used in the satellite analysis. CAPSSQ9 is the product of the Korean national emission inventory
system for the year 2009, which estimates seven criteria air pollutants used in national air quality modeling (i.e.
SO,, NO,, NMVOC, CO, PM10, PM2.5, and NHa). In CAPSS, 982 emissions sources categories and 145 fuel types
are classified into four different sector levels. The native spatial resolution of the inventory is the 251 second-
level administrative units (i.e. counties). All activity data in CAPSS are submitted from 150 domestic organi-
zations in Korea, while it incorporates emission factors from domestic and international research reports.

3. Results
3.1. Spatial Distribution of NO, Columns

Figure 1 shows the spatial distributions of OMI tropospheric NO, column in East Asia and in North and
South Korea, in particular, during 2005-2011. Enhanced tropospheric NO, columns occurred over megacities
and industrial regions, such as central eastern China, Hong Kong, much of South Korea, and central and western
Japan. The regions of high NO, spread across eastern and central China, ranging from south of the Yangtze
Delta region near Shanghai (121°28'E, 31°13'N) to north of Beijing (116°24'E, 39°54°E). A few isolated enhance-
ments are seen over Urumgi, a medium-sized city in the western part of China where there are some large NO,
point sources (Figure 1) [see van der A et al,, 2006]. It is noteworthy that NO, columns reach up to 6x 10"
molecules cm ™2 over the Yellow Sea between China and Korea, and similar levels are seen over the East Sea
between Korea and Japan. These NO, columns are comparable to those observed above two of the largest
power plants in the US. (e.g., Four Corners and San Juan power plants; see Kim et al. [2009] for details). In Japan
high tropospheric NO, columns occurred above Tokyo and the southwestern urban and industrial regions
(Kyoto, Nagoya, Kobe, and Hiroshima).

Detailed images of OMI NO, columns and the bottom-up NOx emissions from EDGARv4.2, INTEX-B, and CAPSS09
over Korea are also shown in Figure 1, along with average NO, mixing ratios measured at surface monitors in
South Korea. In South Korea, relatively high OMI NO, columns are seen over two large cities, Seoul and Busan,
and a large industrial region, Gwangyang. In situ measurements also exhibit high annual average mixing ratios of
NO, in Seoul (36.40 ppbv), Busan (25.59 ppbv), Gwangju (29.12 ppbv), Gwangyang (21.10 ppbv), and Daegu
(25.98 ppbv). The urban areas in South Korea identified by the bottom-up emissions inventory correspond to
regions with higher NO, levels detected by the satellite and in situ surface measurements. The annual average
NO, surface mixing ratios at Gwangju (29.12 ppbv) are probably high relative to the satellite retrievals (3-6 x 10
molecules cm™) due to the close proximity of the urban surface NO, monitors to automobile and tire factories.

OMI also indicates two Korean source regions that are absent in the EDGAR inventory. A strong isolated
source in the OMI data is located in the Donghae-Samchock area in northeastern South Korea near the East
Sea (Figure 1, diamond symbol). This area is well known for large cement industrial facilities and also has
medium-sized coal-burning power plants. Two isolated and relatively weak sources are seen in North
Korea: Pyongyang (capital city of North Korea, triangle symbol) and Sunchdn (site of several large power
plants and industrial facilities, rectangular symbol). The emission inventory (EDGARv4.2) does not include

Figure 1. Spatial distribution of (a) OMI tropospheric NO, columns averaged over 2005-2011 for East Asia, (b) OMI tropospheric
NO, columns averaged over 2005-2011 for North and South Korea, (c) EDGARv4.2 NO, emissions, (d) INTEX-B NO, emissions, and
(e) CAPSS09 NO, emissions over South Korea. Boundaries marked by purple, orange, and green solid lines in Figure 1a encompass
the regions of China, Korea, and Japan, respectively, that are used for calculating statistics. The dotted purple line in Figure 1a
denotes Eastern China (also used in Richter et al. [2005]). Rectangular boxes, triangles, and diamonds in Figures 1b—1e represent
industrial and capital areas (Pyongyang) in North Korea and industrial and power plant regions in Donghae, South Korea,
respectively. Annual averages of in situ NO, mixing ratios (ppbv) at various locations in South Korea are included in Figure 1b.
The white star in Figure 1b indicates the surface monitoring site at Deokjeokdo (S1) analyzed in Figure 5. The white squares in
Figure 1b show the locations of Wonju (S2), Daejeon (S3), Ulsan (54), and Wonju (S5) used in Figures 13 and 14.
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Figure 2. Monthly variations in NO, columns from the OMI satellite instrument over China, Eastern China, Yellow Sea,
Korea, East Sea, and Japan for each year in the period 2005-2011. Dashed black lines denote averages of the data from
2005 to 2011. Blue and red dashed lines represent averages over South and North Korea, respectively.

any large industrial sources and power plants in the Donghae-Samchock area and the Sunchodn area, where
the satellite data show enhanced NO, columns. The INTEX-B and CAPSS09 inventories have large emissions
over the Donghae-Samchock area in northeastern South Korea, with locations of sources in the INTEX-B
slightly shifted due to its coarse resolution (0.5°x0.5°). CAPSS09 is consistent with the OMI NO, columns over the
Donghae-Samchock area in terms of spatial co-location of the emissions and the satellite-observed plumes.
These comparisons illustrate that bottom-up emission inventories do not necessarily have consistent repre-
sentations for North or South Korea and that the satellite observations may provide valuable information about
missing sources in these inventories.

High levels of NO, are seen over the Yellow Sea and the East Sea, where according to EDGAR v4.2, ship NO,
emissions over the Yellow Sea and the East Sea are 0.66% and 0.37% of the emissions from all of China, re-
spectively. The NO, detected here may be mainly due to transport of NO, emitted from land-based sources,
rather than direct emissions from marine areas.

3.2. Seasonal Variations of Satellite NO, Columns and Surface Observations

To investigate the regional seasonal variations of NO, columns, we subdivided East Asia into four regions:
China, Eastern China, Korea, and Japan (see Figure 1 for the definitions). In addition, two marine regions
between the countries are also defined: the Yellow Sea (123°E <longitude < 126°E, 32°N < latitude < 38°N)
and the East Sea (130°E < longitude < 133°E, 36°N < latitude < 40°N). Figure 2 presents the monthly variations
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Figure 3. Monthly variations in average surface NO, mixing ratio observations at 0700-0900 LST in the South Korean urban
and remote sites in Seoul, Busan, Gwangyang, Daegu, Gwangju, Taean, Ulleungdo, and Gosan during 2005-2009. The
number of data points used to construct each curve is enclosed in parentheses next to the name of each site in the
figure legend. The locations of these sites are shown in Figure 1.

of tropospheric NO, columns observed from the OMI satellite instrument in these designated regions. The
monthly change in China and Eastern China is characterized by a winter maximum and a summer minimum,
consistent with expected seasonal variations in NO, lifetimes. The seasonal cycle in China as a whole is less
pronounced (flat from April to September) than that in Eastern China, because the larger Chinese region
includes remote areas in which soil microbial activity increases NO, during summertime [van der A et al.,
2006]. Anthropogenic NO, emissions from China do not vary significantly with season [Zhang et al., 2007].

The seasonal behavior of the OMI NO, columns over other parts of East Asia is different from that over China.
In addition to the expected seasonal variations due to NO, lifetime, secondary peaks in NO, columns are seen
consistently from 2005 to 2011 in the spring and early summer (March-June) over the Yellow Sea, Korea, the
East Sea, and Japan. The spring peaks are clearly seen in both South Korea and relatively clean North Korea
(Figure 2). The NO, column average over North Korea in May is comparable to that measured in the win-
tertime. Enhancement of NO, columns over North Korea during much of the summer may be caused by
transport and/or soil microbial activity. Tropospheric NO, columns retrieved by other satellite instruments
(SCIAMACHY and GOME?2) also exhibit these secondary peaks (not shown).

The surface observations of NO, mixing ratios in South Korea show spring peaks similar to the satellite measure-
ments. Figure 3 illustrates that in situ NO, mixing ratios have a major peak in wintertime and a secondary peak in
springtime over large cities in South Korea as well as at remote and rural Korean sites (Figure 3). This springtime
NO, enhancement is in agreement with the maximum in carbon monoxide (CO) seen at remote Pacific sites
during this season according to previous studies [Liu et al,, 2003; Liang et al., 2004; Lin et al., 2010]. The lifetime of
CO ranges from 30 days (in summer) to 60 days (in winter) at 30°~40°N [Liang et al., 2004], allowing CO to be
transported long distances from Asian source regions. The springtime peaks of both species suggest that NO, can
be transported similarly to CO to some extent, although the lifetime of NO, is much shorter than that of CO.

3.3. NO, Transport Episodes in Springtime

Figure 4 demonstrates some major episodes of NO, transport during March-April 2010 using OMI tropospheric
NO, columns and the FLEXPART simulation results incorporating Chinese emissions sources only. The OMI retrieval
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Figure 4. Major NO, transport events in March-April 2010 as seen from tropospheric NO, columns retrieved from (left) GOME2 and (middle) OMI. Also shown are
(right) the NO, columns simulated by the FLEXPART model with only Chinese emissions in INTEX-B assuming 12 h of NO lifetime.
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Figure 5. (a) The day-to-day variations in the spatial patterns of the FLEXPART simulated NO, columns during 17-21 March
2010. (b) Time series of observed hourly NO, mixing ratios at Taean (dark blue dashed line), Deokjeokdo (blue solid line),
and several urban sites in the western part of South Korea (see Figure 1 for locations). Here Gyeonggi represents metro-
politan areas of 36°N-38°N and 126°E-127°E, but it excludes Seoul. Also shown are the hourly FLEXPART NO, columns
based on emissions from all sources in East Asia (pink) and with only Chinese emissions (red).

has many missing pixels affected by a row anomaly. In addition, clouds hinder the satellite from providing good
spatial coverage over the region. Nonetheless, the FLEXPART results agree well with the spatial distributions of the
GOME2 and OM I retrievals, although there are spatial shifts in the locations of the observed and simulated plumes
due to the coarse definitions of the source regions (2°x 2°). Transport of Chinese emissions over the Yellow Sea,
Korea, and the East Sea is evident in each of these data sets on 11 March, 13 March, 17 March, and 30 April.

The episode beginning on 17 March is examined in more detail using the FLEXPART results and surface
monitor observations. Figure 5 shows spatial distributions of the FLEXPART NO, columns from 17 to 21 March.
Large-scale transport of Chinese emissions to South Korea is simulated on 17 and 20 March, resulting from two
midlatitude cyclones that traversed the Yellow Sea and Korea. The second storm also transported dust to Korea
on 20 March. After the passage of each cyclone, the NO, plumes were pushed back toward China due to the
presence of surface anticyclones located above Korea, Japan, and the North Pacific Ocean. The time series of
NO, measured at surface monitors in several areas of western South Korea (including coastal areas such as
Deokjeok-do and Taean) during the 17-21 March episode are also shown in Figure 5. High mixing ratios at
Deokjeok-do and Taean (up to 40 ppbv) were observed on 17 and 20 March. Strong plumes with high mixing
ratios (> 60 ppbv) in the Seoul and Gyeonggi regions in the early morning (00-06 LST) were detected in the
observations and were co-located concurrently with the FLEXPART Chinese plumes.

These results demonstrate that large-scale pollution monitoring from space and FLEXPART simulations are
useful for detecting Chinese plume events impacting downwind regions. Surface monitors along the west
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Figure 6. Spatial distributions of NO, columns simulated by FLEXPART for May 2010. The assumed lifetime of NO in the simulations changes from (top) 24 h to (bottom) 9 h.
The NO, columns calculated using only sources in (left) China, (middle) Korea, or (right) Japan are also shown.

coast of South Korea are helpful for demonstrating the strong influence of Chinese pollution sources, espe-
cially under cloudy conditions. In the next section, we move beyond episode analysis and calculate a seasonal
NO, budget with a statistical approach using source-receptor relationships.

3.4. NO, Budget Calculation

3.4.1. Springtime Budget Assuming Various NO, Lifetimes

We begin with an anthropogenic NO, budget estimate for springtime when pronounced peaks of NO, appear in
the satellite and in situ surface observations. Figure 6 presents the FLEXPART results showing the contributions of
Chinese, Korean, and Japanese sources to the spatial distribution of NO, columns in East Asia during May 2010
with assumptions of various NO, lifetimes (9 h to 24 h). FLEXPART indicates that the influence of NO, emissions
from China can reach the Yellow Sea, Korea, the East Sea, and Japan in springtime, while emissions from Korea can
affect the East Sea and Japan. Vertical profiles of simulated NO, (not shown) demonstrate that transport is
primarily in the lower level (< 1.5 km) and that upper level transport is less frequent or episodic. FLEXPART
confirms that the relatively short lifetime of NO, within the boundary layer (~1 day) still allows NO,
emissions to influence a large spatial domain. The FLEXPART results with NO, lifetimes ranging from 9 to
24 h show that NO, emissions from China can contribute 50%-70% of the total NO, columns above Korea
in May 2010 (Table 1).
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Table 1. FLEXPART Calculated Contributions (%) to NO, Columns From Three Source Regions: China, Korea, and Japana

Lifetime: 24 h (Averaged Column Amount)

Receptor (Averaged Column Amount) China (4.27) Korea (9.15) Japan (6.82)

Source

China 98.30 67.09 38.22

Korea 1.33 30.65 13.52

Japan 0.37 2.26 48.26
Lifetime: 12 h

Receptor (Averaged Column Amount) China (2.66) Korea (5.58) Japan (3.82)

Source

China 98.86 56.77 21.79

Korea 0.99 41.58 13.25

Japan 0.15 1.65 64.96
Lifetime: 9 h

Receptor (Averaged Column Amount) China (2.14) Korea (4.39) Japan (2.95)

Source

China 99.07 50.94 14.83

Korea 0.84 47.71 12.34

Japan 0.09 1.35 72.83

INOx Iifetimze of 9, 12, and 24 h were applized to the May 2010 situdy period. Averaged cozlumn amount unit: 10'°
molecules cm ™. Areas of China (9,659,653 km®), Korea (391,148 km®), and Japan (784,219 km®) were used to calculate
averaged column amount, as shown in Figure 1.

This analysis suggests the possibility that NO, transport leads to springtime peaks in Korea and Japan. However,
East Asia is known for high aerosol loading with both natural and anthropogenic origins. The role aerosols play in
photochemistry in this region may also be important, according to GEOS-Chem and box model simulations [Martin
et al,, 2003b; Jeong and Sokolik, 2007]. GEOS-Chem [Park et al,, 2004] simulations with and without the impact of
aerosols on photolysis frequencies for May 2010 indicate that this impact is relatively large in China, but it is
negligible in the Yellow Sea and Korea, where the difference between the cases with and without the impact of
aerosols on photolysis frequency is less than 5% (see supporting information Figure S2). Studies focusing on
episodes with particularly large aerosol loadings (including springtime dust storms) are needed to understand the
roles of NO, transport and chemistry-aerosol interactions under these conditions.

3.4.2. Seasonal NO, Budgets Assuming Constant NO, Lifetime

Figure 7 shows that the FLEXPART NO, columns with constant NO, lifetimes (24 h) are dependent on the
seasonal variation of transport pattern. The NO, columns over China, Korea, and Japan, due to each country’s
domestic emissions, are greatest in summer and smallest in winter, while Chinese outflow over the Yellow
Sea and Korea is weakest in autumn.

The transport characteristics of synoptic systems in East Asia vary substantially from season to season [Kim et al.,
1997] (also see supporting information Figure S3). During winter, a continental anticyclone located over China is
common, and accompanying strong northerly or northwesterly winds cause transport over longer distances with
greater dilution compared to other seasons. In spring, fast eastward moving synoptic disturbances (e.g.,, warm
conveyor belts of midlatitude cyclones or migratory anticyclones) frequently develop due to strong baroclinic
instability, efficiently transporting the emissions from China to Korea and Japan. In contrast, southerly winds as-
sociated with the East Asian summer monsoon can lead to the accumulation of domestic emissions within China.
When transport does occur the accumulated pollution can affect regions downwind with very strong plumes. In
summer, there is also strong northeastward transport from China to regions north of North Korea. Transport of
Chinese emissions over Korea is at a minimum in autumn, when a continental high-pressure system begins to
develop over China with a weakened North Pacific high-pressure system east of Korea and Japan.

Source-receptor relationships assuming a constant NO, lifetime of 24 h are summarized by season in Table 2.
The Chinese contributions to NO, columns over Korea are greatest in winter and spring (75% and 66%,
respectively) and smallest in autumn (57%). The influence of Chinese sources on Japan is greatest during
winter and spring (51% and 41%, respectively) and much less in the other seasons (24%-26%). The contribution
of Korean sources to Japan is about 10% in all seasons. Japanese domestic emissions explain 37%, 47%, 66%,
and 64% of total Japanese NO, columns in winter, spring, summer, and autumn, respectively.
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Figure 7. The FLEXPART NO, columns calculated using only (left) Chinese, (middle) Korean, or (right) Japanese emissions assuming a NOy lifetime of 24 h are shown
for each season (top to bottom: winter, spring, summer, and fall).

Figure 8 illustrates that Chinese emissions dominate the NO, columns in the Yellow Sea and North Korea
throughout the year when assuming a NO, lifetime of 24 h. The impact of Chinese emissions on North Korea
is at a maximum during the summer. The influence of Chinese sources on the Yellow Sea, South Korea, and
Japan is at its maximum in January/February and at its minimum in August/September/October, during
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Table 2. The Seasonal Variations of FLEXPART Calculated Contributions (%) to NO, Columns From Three Source Regions:
China, Korea, and Japana

Winter (DJF)
Receptor (Average Column) China (3.45) Korea (9.10) Japan (6.21)
Source
China 97.81 75.22 50.68
Korea 1.71 23.76 12.72
Japan 048 1.02 36.60
Spring (MAM)
Receptor (Average Column) China (4.29) Korea (9.68) Japan (6.26)
Source
China 97.69 65.51 41.05
Korea 1.73 31.04 12.32
Japan 0.58 345 46.63
Summer (JJA)
Receptor (Average Column) China (4.61) Korea (10.86) Japan (6.13)
Source
China 98.81 61.98 24.27
Korea 1.04 34.92 948
Japan 0.15 3.10 66.25
Autumn (SON)
Receptor (Average Column) China (4.44) Korea (9.44) Japan (5.43)
Source
China 97.86 56.71 26.03
Korea 1.57 39.15 10.47
Japan 0.57 4.14 63.50

@A NOX lifetime of 24 h was applied to all seasons. Unijt of average column: 10"> molecules cm™. Areas to calculate
averages in parentheses are 9,659,653 kmz, 391,148 kmz, and 784,219 km? for China, Korea, and Japan, respectively.
See Figure 1 for definitions of the areas.

which domestic emissions dominate the budget. In May, the contribution of Chinese sources to the total
budget increases compared to that in March and April over the Yellow Sea, South Korea, and Japan.

The assumption of a constant NO, lifetime of 24 h may not be reasonable, especially for summer when
photochemical reaction rates are at their peak and the lifetime of NO, is reduced relative to other seasons. In
the next section we consider the impact of seasonally varying the NO, lifetime.

3.4.3. Seasonal NO, Budgets Assuming Seasonally Varying NO, Lifetimes

In addition to seasonal transport patterns, seasonal changes in NO, chemical lifetime need to be considered
to calculate a realistic NO, budget in each season. Figure 9 shows monthly mean NO, columns from the three
OMI retrievals and the monthly FLEXPART NO, columns calculated with various NO, lifetimes and two
emission inventories (INTEX-B and EDGARv4.2), to provide guidance for an appropriate NO, lifetime in each
season. The FLEXPART results in summertime with 6 h lifetime and INTEX-B emissions (Figure 9, orange cir-
cles) are in good agreement with the OMI columns over all regions.

It is difficult to determine a single NO, lifetime for winter, spring, and autumn because of large deviations
among the satellite retrievals. The FLEXPART columns with a NO, lifetime of 48 h agree best with wintertime
satellite NO, columns over China and Eastern China. But a 48 h NO, lifetime leads to FLEXPART NO, columns
that are too high relative to the satellite retrievals over the Yellow Sea, North Korea, South Korea, and Japan
(not shown; refer to the FLEXPART results with lifetime of 24 h over these same regions). These wintertime
discrepancies may be due to errors in the emission inventory, uncertainties in the satellite retrievals, and model
limitations when imposing a constant NO, lifetime. The satellite retrievals diverge substantially above North
Korea in winter, spring, and autumn, yielding a wide range of possible NO, lifetimes, depending on the retrieval
method. The model results using two different emission inventories also vary over the Yellow Sea and North
Korea. Our study demonstrates the challenges in developing a quantitative NO, budget and building an
accurate source-receptor relationship for East Asia. Calibration of the satellite retrievals over East Asia is
critical for the quantitative assessment of the NO, budget and the emission inventories across this region.
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Figure 8. The monthly NO, budget over the Yellow Sea, North Korea, South Korea, and Japan with regional source attributions
calculated by FLEXPART assuming a NOy lifetime of 24 h in winter (DJF), spring (MAM), summer (JJA), and autumn (SON).

In Table 3, the seasonal NO, budget is estimated for NO, lifetimes of 12, 9, 6, and 9 h in winter, spring,
summer, and autumn, respectively. These particular lifetimes were chosen because the FLEXPART results
agree reasonably well with the satellite retrievals over the Yellow Sea, North Korea, South Korea, and Japan.
These lifetime choices are also similar to the estimates derived from previous global atmospheric chemistry
model simulations [Martin et al., 2003a; Lamsal et al., 2010]. The FLEXPART results with a NO, lifetime of
12 h in winter results in large quantities of NO, transported from China to Korea (~70% of total NO,
columns above Korea in Table 3). Wintertime transport may be less discernible in the satellite obser-
vations due to the fact that both the photochemical lifetime and transport lead to NO, maxima in this
season. According to FLEXPART with a NO, lifetime of 9 h, Chinese emissions can contribute ~50% of
NO, columns over Korea in spring 2010, which is consistent with the springtime peaks in Korea’s sat-
ellite and surface NO, data (see Table 3 and Figure 10). The contribution of Chinese emissions to the
NO, columns over Korea is smaller in summer (30%) and autumn (~40%) than in winter and spring
because of a significantly reduced chemical lifetime in summer and weak transport in autumn. The
FLEXPART results with a NO, lifetime of 6 h in summer indicates a relatively small, but still significant
(30%), impact of transport on NO, columns over Korea. The contributions of Chinese and Korean
emissions to the total NO, columns in Japan are 48%, 28%, 6%, and 15% in winter, spring, summer, and
autumn, respectively (the contributions of just Korean sources are 14%, 11%, 4%, and 7%, respectively).
Transported Chinese and Korean NO, may therefore contribute to the springtime peaks of NO, seen in
Japan. Finally, FLEXPART indicates that the contributions of NO, transported from Korea and Japan to
total NO, columns in China is negligible throughout all seasons (Table 3).

Figure 10 is the same as Figure 8, except that the FLEXPART simulations in Figure 10 use seasonally
varying NO, lifetimes adjusted to match the satellite observations, as described above and shown in
Table 3. Figure 10 illustrates that Chinese emissions dominate the NO, columns over the Yellow Sea
throughout the year and over North Korea in winter, spring, and autumn, which is largely consistent
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Table 3. The Same as Table 2 Except for NOx Lifetimes of 12, 9, 6, and 9 h for DJF, MAM, JJA, and SON, Respectivelya

Winter (DJF) - Lifetime: 12 h

Receptor (Averaged Column Amount) China (2.30) Korea (5.83) Japan (3.59)

Source

China 98.43 67.19 34.55

Korea 1.33 32.07 13.81

Japan 0.24 0.74 51.64
Spring (MAM) - Lifetime: 9 h

Receptor (Averaged Column Amount) China (2.15) Korea (4.45) Japan (2.69)

Source

China 98.81 48.84 16.39

Korea 1.02 49.17 11.41

Japan 0.17 1.99 72.20
Summer (JJA) - Lifetime: 6 h

Receptor (Averaged Column Amount) China (1.63) Korea (3.08) Japan (1.96)

Source

China 99.40 30.32 1.75

Korea 0.60 68.36 4.24

Japan 0.00 1.32 94.01
Autumn (SON) - Lifetime: 9 h

Receptor (Averaged Column Amount) China (2.24) Korea (4.38) Japan (2.52)

Source

China 98.86 3830 7.49

Korea 1.00 58.89 7.39

Japan 0.14 2.81 85.12

aAveragedzcolumn amount unit: 10'> molecules cm™. Areas of China (9,659,653 km?), Korea (391,148 km?), and Japan
(784,219 km®) were used to calculate averaged column amount, as shown in Figure 1.

10 10
e Yellow Seq === China R North Korea
G : 1 North Korea G
$ 8 South Korea $ 8
§ mm— Japan §
g 6 g 6
E E
% 4 % 4
- c
£ E
8 2 8 2
o} o
Z pd

0 0

1234567 8 9101112 12345678 9101112
Month Month
10 __10
€ South Korea e Japan
88 8 8
=2 =
3 3
g 6 = £ 6
E ©
Y % 4
= &
= =
3 8 2
o o
s bd 0
12345678 9101112 1234567 8 9101112
Month Month

Figure 10. The same as Figure 8, except that the NO, lifetimes in FLEXPART were set to 12, 9, 6 and 9h in winter (DJF),
spring (MAM), summer (JJA), and autumn (SON), respectively.
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Figure 11. Interannual trends in satellite NO, columns and bottom-up NO, emissions, normalized to the year 2005. Red-filled
square, orange open square, purple open circle, blue-filled circle, and green triangle with solid lines denote trends in China,
Eastern China, the Yellow Sea, Korea, and Japan, respectively. The blue dashed line with circles in the top left panel is the OMI
NO, column trend in Korea after the impact of Chinese sources on Korea is removed. OMI, SCIAMACHY, GOME2, EDGARv4.2,
and CAPSS09 data cover the periods 2005-2011, 2003-2011, 2007-2011, 2003-2008, and 2003-2010, respectively. 2007
values of NO, columns and NO, emissions (kilograms of NO,) used for normalization are listed in each panel.

with the constant NO, lifetime simulations shown in Figure 8. The contribution of Chinese emissions to
the total budget over all regions using a seasonally varying NO, lifetime is smallest during summer,
which is different from the results using a constant NO, lifetime (Figure 8), in which the minimum in-
fluence of China occurs in autumn. The influence of Chinese sources on the Yellow Sea, South Korea,
and Japan is the largest in the winter and the second largest in the spring, which may be linked to the
secondary peaks of NO, seen in the satellite and surface observations in these regions. The impact of
Chinese emissions on North Korea in autumn is equivalent to that in spring.

3.5. Implications of Trends in NO, and Os in South Korea

While we used INTEX-B NO, emissions for the year 2006 and EDGARvA4.2 for the year 2005 in the 2010
FLEXPART model simulations, trend analysis of multisatellite data suggests NO, emissions in China potentially
increased by 40% between 2005 and 2010 (Figure 11). We infer that present-day contributions of NO,
emissions from China to other neighboring countries in East Asia are potentially greater than those
demonstrated for 2010. Figure 11 shows that NO, columns from OMI [Levelt et al., 2006], SCIAMACHY
[Bovensmann et al., 1999], and GOME2 [Valks et al., 2011] consistently increased over China, Eastern China,
and Korea but decreased over Japan in recent years. The NO, products of SCIAMACHY and GOME2 are
derived with the same basic algorithm as OMI in section 2 (see Boersma et al. [2004] and Boersma et al. [2011]
for details). NO, emissions in EDGARVA4.2 also indicate an increasing trend over China and a decreasing trend
over Japan (Figure 11). However, the increasing satellite NO, column trend over Korea is not consistent with
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Figure 12. Trend in annual and seasonal average of hourly surface ozone in South Korea from 1990 to 2010, based on the mon-
itoring data from the Korea Ministry of Environment. Red, orange, green, and blue circles denote ozone values in spring, summer,
autumn, and winter, respectively. Trend lines from linear regression are also plotted. Black (solid) and gray (dashed) lines indicate
annual average and 95% confidence limits, respectively. The rates of ozone increase (ppbv yrq) are shown above the plot with
associated R (coefficient of determination) values.

the slightly decreasing NO, emissions trend in EDGARv4.2 and CAPSS09. The OMI data also show an
increasing trend in NO, columns over the Yellow Sea, both in normalized and absolute values. When the
impact of Chinese sources on Korea (ANO,) is removed from the OMI trend (Figure 11, dashed blue line),
assuming that ANO, in 2010 is ~46% of total NO, columns over Korea (Table 3) and in the other years ANO, is
scaled from ANO, in 2010 by multiplying normalized NO, column trend over China to 2010 value, NO,
columns over Korea show a negative trend, suggesting the importance of transport of NO, in deriving
the satellite-based trend in these areas. Because of interannual variability of satellite NO, columns
above the Yellow Sea and Korea during this period, a longer satellite data record will be required to
obtain reliable trends over these regions that can be used to understand the roles of emissions changes
and transport.

Finally, the impact of springtime transport of NO, on ozone in Korea is investigated. Figure 12 shows trends in
surface ozone in South Korea in each season using all hourly measurements at 56 urban sites from 1990 to
2010. Ozone increased from 1990 to 2010 in all seasons, at a statistically significant rate >0.26 ppbv yr~' and
R?>0.66. The springtime increase in ozone is the largest, with a rate of 0.77 ppbv yr ' and R? = 0.93, similar to
the springtime rate of increase at the baseline site of Mt. Happo in western Japan [Parrish et al., 2012]. Ozone
mixing ratios in spring and summer were quite similar in the 1990s, but springtime ozone levels have been
larger than those in summer since the late 1990s, which is consistent with the large increase in Chinese
emissions during this period [e.g., Richter et al., 2005]. Cooper et al. [2010] reported a statistically significant
increase in free tropospheric springtime ozone above western of North America and found that the trend was
strongest when the sampled air masses were directly transported from South and East Asia.

Figures 13 and 14 show daytime and nighttime ozone trends, respectively, using data from multiple urban
monitors in several regions scattered across South Korea. All the sites in Figure 13 have at least 20 years of
data and demonstrate positive trends in daytime ozone during all seasons, with the rate of increase in spring
greater than or equal to the rate in summer. At night, most of the sites show increasing ozone trends during
all seasons (Figure 14). Note that the increase in nighttime ozone in spring is also larger than in summer,
which may indicate the importance of the transport of ozone and precursors in springtime.
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Figure 13. Year-to-year variations of hourly surface ozone averaged for each season from monitors in several urban areas

in South Korea using only daytime measurements (1100-1700 LST).
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Nighttime ozone in Wonju differs from that at the other Korean sites shown in Figures 14, with decreasing
trends in autumn and winter. Wonju is located in mountainous terrain at an intersection of two major highways
spanning South Korea. The east-west highway (Yeongdong Expressway) has been substantially augmented
during 1990-2010. Causes for the decreasing nighttime ozone seen in Wonju need to be examined in context of
local emissions changes, local circulation and the location of the monitor within complex terrain.

4. Conclusions

We investigated the spatial distributions of satellite tropospheric NO, columns and their seasonality in East
Asia. NO, columns observed from space show high levels of NO, over low-emission areas, the Yellow Sea, and
the East Sea. This finding indicates that NO, originating from Korea and China can significantly impact the
marine regions adjacent to these countries.

Unexpected seasonal variations of NO, columns were found downwind of China, including higher NO,
columns in the spring over Korea, Japan, and the marine regions in between. These springtime peaks are also
observed in NO, mixing ratios at surface sites in Korea and are further demonstrated in simulations of a
Lagrangian particle dispersion model, but only if the NO, lifetime is allowed to vary seasonally within the
ranges indicated by atmospheric chemistry models. The springtime peaks in NO, abundance over these
downwind regions of East Asia are consistent with transport from China via fast, eastward moving synoptic
disturbances that occur frequently during the spring.

This study illustrates that NO, transport and emissions are both important for understanding the local
budgets of NO, across East Asia. For example, satellite tropospheric NO, columns show increasing trends
over Korea since 2005, while Korean NO, emissions from both global and national inventories show a slightly
decreasing trend for the same period. The transport of NO, emitted from Chinese sources to Korea can
explain the discrepancies between the trends in the satellite observations and the emission inventories in
Korea. This study suggests that NO, transport should be considered in studies using satellite NO, retrievals to
derive NO, emissions at local scales particularly in regions adjacent to large emission sources, such as in East
Asia, Europe, and the Eastern U.S.

Our study also found large uncertainties in satellite retrievals from different institutions, which consequently
impact the estimation of NO, lifetimes and the evaluation of bottom-up inventories using satellite data. The
use of suborbital measurements of columns or vertical profiles of NO, and aerosols to calibrate the satellite
retrievals could lead to a better understanding of uncertainties in space-based measurements and emission
inventories for East Asia.

To examine the quantitative impact of each source on each receptor throughout the year, the monthly changes in
the chemical lifetime of NO, and its emissions should be examined using three-dimensional regional chemical-
transport model simulations. Furthermore, relationship between atmospheric NO, columns and surface NOx
emissions may not be linear and can be influenced by chemistry depending on atmospheric abundance of NO,
and volatile organic compounds. Using a three-dimensional chemical transport model will help to incorporate
non-linear relationship between the NO, columns and the NO, emissions. Examining the impact of springtime
NO, transport on ozone levels and trends in East Asia will be especially important, because South Korea's surface
ozone has experienced its strongest growth in spring. Future studies should also consider the transport and
chemistry of NO, beyond East Asia across the North Pacific Ocean, using satellite observations, Lagrangian particle
dispersion modeling, and three-dimensional chemical transport modeling.
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