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Identifying local anthropogenic CO2 emissions with satellite
retrievals: a case study in South Korea
Changsub Shim a, Jihyun Hana, Daven K. Henzeb and Taeyeon Yoonc

aKorea Environment Institute, Sejong, South Korea; bUniversity of Colorado, Boulder, CO, USA; cSunmoon
University, Chungcheonnam-do, South Korea

ABSTRACT
We used multiyear Greenhouse Gases Observing Satellite (GOSAT)
dry air, column-integrated CO2 (XCO2) retrievals (2010–2013) to eval-
uate urban and local-scale CO2 emissions over East Asia and exam-
ined whether GOSAT XCO2 captures the impact of strong local CO2

emissions over South Korea, an East Asian downwind region with
high atmospheric aerosol loading and strong summermonsoons. We
chose a region in western Mongolia (upwind region) as the XCO2

background, and estimated XCO2 enhancements in South Korea to
gauge local and regional emissions. We found that the cold season
(November–February) was better suited for estimating XCO2

enhancements of local emissions due to the summer monsoon and
stronger transboundary impacts in other seasons. In particular, we
focused on three local GOSAT XCO2 footprints (about 10.5 km in
diameter) in South Korea: the Seoul Metropolitan Area (SMA), the
Gwangyang Steelworks and Hadong power plants (GYG), and the
Samcheonpo power plants (SCH). The range of XCO2 enhancement
was 7.3–10.7 ppm (14.1–21.3 mg m−3 in standard temperature and
pressure (STP)). By estimating other important contributions to XCO2

enhancements such as the XCO2 latitudinal gradients and Chinese
fossil fuel combustions, we estimated the net enhancements caused
mainly by local CO2 emissions in the range of 4.2–7.6 ppm (8.1–
14.7 mg m−3 in STP) These high enhancements imply that large
point source contributions are an important factor in determining
these enhancements, even if contributions are alsomade by broader-
scale emissions. Additionally, differences in net XCO2 enhancements
and trends between GYG (+ 4.2 ppm (+ 8.2 mgm−3 in STP), – 0.2 ppm
year−1 (–0.4 mg m−3 year−1 in STP)) and SCH (+ 7.6 ppm (+ 14.9 mg
m−3 in STP), + 1.3 ppm year−1 (+ 2.6 mg· m−3 year−1 in STP)) indicate
that these closely located footprints (approximately 26 km apart) are
separable. These results will be useful in evaluating and reducing
uncertainties in regional and local anthropogenic greenhouse gas
(GHG) emissions over East Asia.
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1. Introduction

Carbon dioxide (CO2) is the most important greenhouse gas (GHG), and a large increase
in anthropogenic CO2 emissions has been considered a main driver of global climate
change (IPCC 2014). Currently, the world’s largest CO2 emissions are from East Asia
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(Boden et al. 2010); the top-ranked CO2-emitting nations are China (1st), Japan (4th), and
South Korea (7th). However, there are large uncertainties in CO2 emission inventories,
mainly because of imperfections in bottom-up energy statistics and a lack of observa-
tions for validating CO2 fluxes, particularly over China (Guan et al. 2012; Liu et al. 2015b).
These shortcomings lead to critical uncertainty in understanding the link between the
global carbon budget and climate change (Guan et al. 2012).

Satellite observations of atmospheric CO2 have been widely used to monitor atmo-
spheric CO2 concentrations in the 21st century (Burrows et al. 1995; Bovensmann et al.
1999; Crisp et al. 2004; Engelen and Stephens 2004, 2004; Chevallier et al. 2005;
Crevoisier et al. 2009; Kuze et al. 2009; Kulawik et al. 2010), and have contributed to
top-down flux estimates of GHGs (Ciais et al. 2010; Chevallier et al. 2014; Deng et al.
2014; Liu et al. 2014; Reuter et al. 2014; Deng et al. 2015). However, CO2 detection from
space has limitations, partly due to the interference of atmospheric clouds and aerosols
(Kuze et al. 2009; Crisp et al. 2012; Kort et al. 2012; O’Dell et al. 2012; Zhang, Jiang, and
Zhang 2015), resulting in the collection of less data during the wet season and when
aerosol loadings in the atmosphere are high.

The Greenhouse Gases Observing Satellite (GOSAT) is a satellite instrument that
provides XCO2-containing information of surface CO2 fluxes (Yokota et al. 2009). There
have been efforts to estimate surface CO2 fluxes with XCO2 at a subcontinental scale (Liu
et al. 2014; Deng et al. 2015), but low signal sensitivity and sparse sampling of GOSAT
XCO2 are limitations for inferring smaller-scale (urban/local) CO2 flux information
(National Research Council (NRC) 2010; Keppel-Aleks, Wennberg, and Schneider 2011;
Ciais et al. 2015).

Despite spatial limitations on inferring CO2 fluxes with XCO2, strong CO2 emissions
from megacities create localized CO2 domes, overwhelming the influence of the urban
biosphere (Pataki et al. 2007; Rigby et al. 2008; Newman et al. 2013). Kort et al. (2012)
demonstrated XCO2 enhancement over the Los Angeles Basin, USA, using GOSAT data in
the context of urban-scale emissions.

We attempted to assess local CO2 emissions in South Korea, a downwind region in
East Asia, using GOSAT XCO2. The uncertainty of the South Korea CO2 emissions
inventory is relatively high (Asefi-Najafabady et al. 2014). The most challenging part of
this study is the paucity of XCO2 data due to persistent and high atmospheric aerosol
concentrations and extensive cloud cover during the Asian summer monsoon.
Additionally, the strong influence of CO2 outflow from China makes it difficult to
evaluate local emissions over downwind regions using XCO2 retrievals. Despite these
limitations, long-term GOSAT XCO2 observations since 2009 have provided recurrent
data over the emission area. Strong XCO2 enhancements above the background XCO2

level could help gauge the relationship between XCO2 concentrations and local CO2

emissions.
The main objective of this study was to examine whether the impact of strong CO2

emissions can be captured by satellite XCO2 retrieval in an East Asian downwind region. As a
case study, we used retrievals over South Korea, a highly and extensively polluted region
under strong climatological variation. Defining the most appropriate season for evaluating
anthropogenic XCO2 signals and determining the background region to evaluate XCO2

enhancements over East Asia were also important objectives of this study.
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2. Data and study region

2.1. GOSAT XCO2 data

GOSAT is the first satellite instrument designed specifically to measure atmospheric CO2

and methane concentrations with good sensitivity near the Earth’s surface. GOSAT has a
666 km sun-synchronous orbit and completes one orbit in approximately 100 min,
providing global sampling in approximately 3 days (Kadygrov et al. 2009). The GOSAT
Thermal And Near-infrared Sensor for carbon Observation (TANSO) comprises the
Fourier Transform Spectrometer (FTS) and the Cloud Aerosol Imager (CAI) (Kuze et al.
2009). The TANSO-FTS has three bands in the shortwave infrared (SWIR) region (0.8, 1.6,
and 2.0 µm) and a wide thermal infrared (TIR) band (5.5–14.3 µm) with a circular
instantaneous footprint of approximately 10.5 km at the nadir (Yokota et al. 2009). The
retrieval of greenhouse gases from FTS spectra excludes cloudy pixels by screening the
images from CAI, resulting in significant data reduction (Kadygrov et al. 2009).

We used XCO2 (v3.3, level 2) retrieved by Atmospheric CO2 Observations from Space
retrievals from GOSAT (ACOS-GOSAT) via the National Aeronautics and Space
Administration (NASA 2018) Goddard Earth Science Data and Information Services
Center for April 2009 to April 2013. We removed low-quality data using a master quality
flag that defines retrieval success by cloud screening and retrieval algorithm diagnostics.
The retrieval method and data products have been described in previous studies
(Wunch et al. 2011; Crisp et al. 2012; O’Dell et al. 2012).

2.2. Study regions

The ACOS GOSAT XCO2 retrieval algorithm excluded data with high aerosol optical
depth and cloud optical thickness (Crisp et al. 2012; O’Dell et al. 2012), resulting in
less XCO2 data over East Asia during the Asian summer monsoon (Kort et al. 2012) and
high pollution events, which typically occur in the spring (not shown).

Figure 1 shows the East Asian regions with GOSAT monthly mean XCO2 concentra-
tions in February 2010; a GOSAT overpass over the Korean peninsula is shown in
Figure 2. We focused on the three GOSAT footprints with the highest frequency for
the 4 years of data (>30 retrievals between April 2009 and April 2013): the Seoul
Metropolitan Area (SMA), the Gwangyang Steelworks and Hadong coal power plants
(GYG), and the Samcheonpo coal power plants (SCH) (Figure 3).

GOSAT XCO2 over SMA is located near central SMA, where the CO2 emission intensity
was 140 kg m−2 year−1 based on a fossil fuel data assimilation system (FFDAS v2.0, Asefi-
Najafabady et al. 2014) with a 0.1° × 0.1° spatial resolution in 2010. However, XCO2 over
the SMA footprint (127.011°E, 37.603°N) can be influenced by the entire SMA region
(Figure 3) from diverse emission sources (e.g., transportation and household; National
Research Council (NRC) 2010).

The emissions over GYG and SCH indicate more specific local sources (Figure 3).
The GOSAT footprint over GYG (127.854°E, 35.012°N) included the Hadong coal power
plants and Gwangyang Steelworks, which are located within 10 km of the centre of
the GYG footprint (Figure 3). The SCH footprint (128.14°E, 34.99°N) is adjacent to the
Samcheonpo coal power plants (within approximately 7 km of the centre of SCH). The

INTERNATIONAL JOURNAL OF REMOTE SENSING 1013



emission intensities of GYG and SCH were 308 kg m−2 year−1 and 270 kg m−2 year−1,
respectively; these were not significantly affected by other nearby major emission
sources.

Gwangyang Steelworks is the largest steelworks in South Korea, producing more than
2 × 1010 kg year−1 of steel products (Kim 2016). The Hadong and Samcheonpo coal
power plants are in the largest class of coal power plants in South Korea, each emitting
more than 2.5 × 1010kg of CO2 per year (KOEN 2016; KOSPO 2016). Thus, the GYG and
SCH footprints overpass large local CO2 point sources in the southern coastal region of
South Korea, enabling us to assess the local emission impact on the GOSAT XCO2.

We did not apply OCO-2 data in this study because the swath does not cover the
same locations, and sparse sampling of ‘good’ retrievals and a shorter observation
period yields less data for analysis.

3. Results

3.1. Background regions

To estimate XCO2 enhancements due to large urban/local anthropogenic emissions, a
reliable XCO2 background must be defined. The criteria for the XCO2 background were
as follows:

Figure 1. The spatial coverage of GOSAT XCO2 data (version 3.3, Nadir mode only) in February 2012.
The colour denotes XCO2 concentration (ppm).
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● The background region does not include large emissions.
● The background region should be minimally influenced by the transport of CO2

emissions/sinks.
● The XCO2 over the background must have higher precision with a large amount of

data, and represent typical seasonal trends.

Large and extensive CO2 emissions over East Asia make it difficult to find ‘clean’ back-
ground regions near the emissions targets (Figure 4) in the manner that Kort et al. (2012)
used to define the desert area near The Los Angeles Basin as the background. Thus, we
chose two regions for XCO2 background outside extensive emission regions in East Asia:
western Mongolia (95–105°E, 44–49°N) and far eastern Russia (135–145°E, 45–53°N),
where there are no noticeable anthropogenic emission sources (Figure 4). Western
Mongolia is mainly characterized by grassland and shrubs (steppe) and does not include
pollution from the nation’s capital (Ulaanbaatar). Far eastern Russia comprises mainly
mountainous forests.

Figure 5 shows the monthly variation in XCO2 over western Mongolia and far eastern
Russia with the number of XCO2 retrievals. These regions displayed an annual trend of
+ 2.2 ppm year−1 and + 1.7 ppm year−1, respectively. Far eastern Russia exhibited larger
seasonal variability, with higher XCO2 in spring and lower XCO2 in summer, indicating
the higher influence of emissions from northern China in the spring and strong

Figure 2. Same as Figure 1, but zoomed in to show the observation overpass over the Korean
Peninsula.
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vegetation uptake in summer. Additionally, the monthly sampling mean over far eastern
Russia (19) was less than that over western Mongolia (44), leading to poorer precision of
monthly mean XCO2 (± 4.9 ppm vs. ± 3.2 ppm). The stable seasonal trend with higher
precision over western Mongolia enabled us to select it as the background for East Asian
XCO2 enhancements.

Therefore, western Mongolia can be used as a background to estimate XCO2

enhancement over East Asia, including the Korean peninsula.
We did not use XCO2 values over the ocean (i.e., the Yellow Sea) as a background

because GOSAT XCO2 over ocean is collected using a different observation mode (glint
mode), which provides relatively large uncertainty and much lower data density than
the nadir mode over land (Liu et al. 2014; Zhou et al. 2016).

Determining the season for which to quantify the background and enhanced XCO2 is
another important process. Higher cloud cover and strong influences of biogenic CO2

uptake in summer are critical restrictions in this study. In particular, there are large latitudinal
XCO2 gradients over East Asia (30°N–45°N) in summer due to strong CO2 uptake from
northern Asia and Russia, which strongly dilutes the impact of anthropogenic emissions
(Shim, Lee, and Wang 2013). Additionally, the stronger impact of long-range transport of
CO2 emissions on measured XCO2 over far eastern Russia in the spring and fall is associated
with less data and higher uncertainty (Figure 5) due to high aerosol concentrations in that
season (not shown). Thus, performing analysis in the cold season (November–February) has
the advantage of minimizing the influence of biospheric fluxes.

When we consider western Mongolia (upwind) as the XCO2 background, the
influence of latitudinal difference should be taken into account. Although Keppel-

Figure 3. The CO2 emissions based on FFDAS 2010 inventory (left panel (a) with unit of kgC
m−2 year−1) and geographical identification of the three-selected GOSAT XCO2 footprints (blue-
coloured circles denotes the actual size of GOSAT diameter; right panel). Sungbuk-ku in Seoul
Metropolitan Area (SMA) (panel b), Gwangyang Steelwork & Hadong power plants (GYG), and
Samcheonpo power plants (SCH) (panel c).
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Aleks et al. (2013) designated the upwind region of the Asian continent as a back-
ground with northern and southern boundaries (35–48°N) based on potential tem-
perature, GOSAT XCO2 has helped to quantify latitudinal gradients of XCO2 in East
Asia; the difference in XCO2 between 45° N and 35° is approximately 1.3 ppm. This
latitudinal difference of XCO2 is also supported by Shim, Lee, and Wang (2013) and
Eldering et al. (2017).

3.2. XCO2 enhancements over large emission sources

We used the monthly mean GOSAT XCO2 data because the total number of XCO2

retrievals within a month is mostly one or two. For higher sample sizes, Kort et al.
(2012) demonstrated that there was no statistical difference in XCO2 among 10 day, 20
day, and 30 day averages for the Los Angeles Basin.

The monthly XCO2 over the three footprints in South Korea from April 2009 to
April 2013 is shown in Figure 6, which compares the enhanced XCO2 from SMA, GYG,
and SCH to that of the background region (western Mongolia). As previously
described, some monthly data are missing every summer due to the extensive
cloud cover (Figure 6).

Figure 4. The CO2 emission strength and distribution over East Asia estimated by FFDAS global
anthropogenic CO2 emission inventory of 2010. The grey region over the Yellow Sea is defined to
estimate the contribution to XCO2 by Chinese fossil fuel combustions with GEOS-Chem model.
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The overall GOSAT XCO2 values at SMA, GYG, SCH were +6.9, +5.6, and +9.9 ppm,
respectively, compared to the background region (values in the parenthesis in Table 1).
Considering the overall monthly mean variability of the background region (± 3.2 ppm),
these enhancements are significant. If we include only the cold season data, the XCO2

enhancement is larger (SMA: +7.9 ppm, GYG: +7.2 ppm, and SCH: +10.6 ppm), reflecting
higher energy consumption for heating by urban households (SMA) and power plants
(GYG, SCH) during the cold season (Mo 2012).

Another reason for larger XCO2 enhancements over Korean footprints than over the
Los Angeles Basin (about 3.2 ppm by Kort et al. (2012)) is the large-scale and persistent
impact of transboundary CO2 plumes from China, which likely contribute to the absolute
value of the XCO2 enhancements.

Figure 7 shows the back trajectories of continental outflow from China toward GYG
and SCH during the cold season from 2010 to 2013. Backward trajectories arriving at
1500 m a.s.l. every 00:00, 06:00, 12:00, and 18:00 UTC (03:00, 09:00, 18:00, and 21:00 local
time) were calculated using the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (ARL) Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model (version 4) (Rolph 2017; Stein et al. 2015). The 48 h back
trajectories indicate that CO2 is transported mainly from northeastern China, in the

Figure 5. The monthly mean XCO2 over western Mongolia (black solid line) and far eastern Russia
(black dashed line) from April 2009 to April 2013 (top panel) and the total number of monthly ‘good’
retrievals over the regions (bottom panel).
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region between Shandong and Liaoning (Figure 7). The influence of continental outflow
is also supported by the average wind directions (0.5° × 0.5° at 850 hPa) over East Asia
during the cold season (November–February) between 2009 and 2013 (Figure 8), which
were analysed by the Global Forecast System (GFS) from historical Unidata internet data
distribution (IDD) (Unidata/NCAR/NWS/NOAA/USDC/ECMWF 2003). These wind direc-
tions suggest that CO2 emissions over northeastern China largely affected XCO2 over
South Korea.

We calculated the impact of Chinese emissions on XCO2 over South Korea using
GEOS-Chem, a chemical transport model (v9-01–03). The CO2 simulation model was
developed by Nassar et al. (2010) using a fossil fuel emission inventory produced by
the Carbon Dioxide Information and Analysis Centre (CDIAC) (Andres et al. 2011). We
tagged CO2 concentration produced only by fossil fuel combustion (CO2ff) and
calculated its aggregated contribution to XCO2 (XCO2ff) from 2009 to 2010, using
the model settings described by Shim, Lee, and Wang (2013) with a 2.0 × 2.5°
horizontal resolution. We assumed that the discrepancy between the monthly
XCO2ff enhancement (in comparison with western Mongolia) over South Korea and
that over the adjacent Yellow Sea (grey region in Figure 4) (ΔXCO2ff(S. Korea) –
ΔXCO2ff(Yellow Sea)) during the cold season could roughly represent the background

Figure 6. The monthly XCO2 of the three GOSAT footprints of South Korea (SMA, GYG, SCH) above
that of western Mongolia (black solid line).

Table 1. XCO2 enhancements and emission intensities over the three-GOSAT footprints (SMA, GYG,
SCH). Net enhancement indicates that the XCO2 enhancement excluded the contribution by
latitudinal gradient, Chinese CO2 emissions, and differences in biogenic fluxes (described in section
3–2). The values in the parenthesis indicate the estimates from all cases (all seasons).
ACOS GOSAT SMA GYG SCH

Retrieval numbers 14(20) 11(24) 12(22)
Enhancements(ppm) 7.9 ± 2.3(6.9) 7.3 ± 2.5(5.6) 10.7 ± 3.6(9.9)
Net enhancement(ppm) 4.8 ± 3.1 4.2 ± 3.2 7.6 ± 4.1
Trend (ppm year−1) + 0.4(0.4) −0.2(−0.9) + 1.3(1.4)
FFDAS (kg m−2 year−1) 140 308 270
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XCO2 enhancement from Chinese fossil fuel combustion, which is about 1.5 ± 0.2
ppm. The GEOS-Chem adjoint sensitivity test for the source-receptor relation of XCO2

by Liu et al. (2015a) showed that XCO2 signals in the winter are more associated with
the local (or regional) contributions over East Asia. The possibility of additional
contribution to XCO2 by vegetation uptake between South Korea and western
Mongolia is small: 0.26 ± 0.7 ppm.

As stated in Section 3–1, the contribution to XCO2 due to the latitudinal difference
between the western Mongolia and Korean GOSAT footprints is about 1.3 ppm. When
we consider the additional contribution by Chinese fossil fuel combustion (about 1.5
ppm) and biogenic influence (about 0.3 ppm), the net XCO2 enhancements by local
emissions at SMA, GYG, and SCH would be 4.8 ± 3.1 ppm, 4.2 ± 3.2 ppm, and
7.6 ± 4.1 ppm, respectively.

Interestingly, although the distance between the GYG and SCH footprints is only
26.2 km, the XCO2 enhancement over SCH (7.6 ± 4.1 ppm) was significantly higher than
that over GYG (4.2 ± 3.2 ppm (t-test: p = 0.002)) with lower residual standard error of linear
regressions (3.6 (SCH) and 3.1 (GYG)) than standard deviation (4.1 (SCH) and 3.2 (GYG)).
That indicates the data from these two GOSAT XCO2 footprints are separable, which is also
supported by a different 4-year trend in these XCO2 enhancements (GYG: –0.2 ppm year−1

(p = 0.142) and SCH: +1.3 ppm year−1 (p = 0.020), respectively) (Table 1 and Figure 9).

Figure 7.. 48 hours backtrajectory analysis for GYG & SCH (brown dot in the southern coast of the
Korean Peninsula) during 2009–2013. The colour denotes per cent (%) of the total counts of the
trajectories passed over each hexagonal grid. The trajectories represented only for the cold season
(November–February).
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The 4.2–7.6 ppm net enhancement over South Korean footprints was higher than that of
the Los Angeles Basin (+3.2 ppm, Kort et al. 2012; 2–8 ppm, Wunch et al. 2011) and that of
East Asian cities (0.6–3.3 ppm, Janardanan et al. 2016). One reason for the higher enhance-
ment observed over Korea is that XCO2 enhancements over Korea are based on a single
XCO2 footprint over large local sources, not an average over a larger urban area such as the
Los Angeles Basin, suggesting that the XCO2 over Korean footprints likely reflects specific
local emission intensity (i.e., kg m−2) rather than total CO2 emissions over the specific area.
The average CO2 emission intensity over the SMA footprint based on the Fossil Fuel Data
Assimilation System (FFDAS v2.0) (0.1 × 0.1° in scale) was 140 kg m−2 year−1, whereas the
mean emission intensity over the entire Los Angeles Basin was 49 kg m−2 year−1 (Brioude
et al. 2013). However, the larger net XCO2 enhancement over SCH (7.6 ppm) compared
with that over GYG (4.2 ppm) cannot be explained by FFDAS emission intensity (270 kg
m−2 year−1 for SCH and 308 kg m−2 year−1 for GYG), possibly reflecting uncertainties in the
emission estimates, since there are no other large emission sources nearby.

To investigate the impact of local emissions on GOSAT XCO2, we analysed data from
the national bottom-up greenhouse gas emissions inventory (GHG-CAPSS 2016), which
was recently constructed by the Korean Ministry of Environment (KMOE). The GHG-
CAPSS inventory was estimated based on IPCC guidelines for national greenhouse gas

Figure 8. Average wind directions (0.5°ⅹ0.5° at 850 hPa) over East Asia during the cold season
(November–February, 2009–2013). The analysis data are from the Global Forecast System (GFS)
analysis field (http://rda.ucar.edu/datasets/ds335.0/).
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inventories (2018), and provides annual total GHG emissions for individual local admin-
istrative districts (about 250) from 2010 to 2013.

The annual emission intensity over the SMA footprint (Sungbuk-ku, located in north-
central Seoul (Figure 3)), based on GHG-CAPSS, is about 36 kg m−2 year−1, which is
comparable to that of the entire Seoul area (30–40 kg m−2 year−1). The estimate of annual
total CO2 emissions over Seoul (2 × 1010–2.5 × 1010 kg year−1) is similar to that of the Hadong
coal power plants (about 2.5 × 1010 kg year−1). Considering the similar net XCO2 enhance-
ment produced by SMA and GYG (4.8 vs. 4.2 ppm, respectively), emissions from the adjacent
Gwangyang Steelworks (about 4 × 1010 kg year−1) may not be a critical contribution to GYG
XCO2 enhancement. The large difference in emission intensity in the SMA footprint (under
Sungbuk-ku, in Seoul) between GHG-CAPSS (about 36 kg m−2 year−1) and FFDAS (about
140 kg m−2 year−1) reflects large uncertainties in the emissions estimates. The direct
comparison between FFDAS and GHG-CAPSS is difficult because FFDAS has gridded data
and GHG-CAPSS has total emissions for the individual administrative district. Moreover,
FFDAS data were estimated based on the nighttime lights and population, which could lead
to biases in emissions in some cases such as dark emissions or lower population on a finer

Figure 9. Same as Figure 6, but for XCO2 enhancements of SMA, GYG, and SCH above western
Mongolia.
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spatial scale (Oda and Maksyutov 2011; Asefi-Najafabady et al. 2014). Discussion of the GYG
and SCH emissions intensity is not possible using GHG-CAPSS because the annual emissions
represent the total emissions over the entire area of the local administrative district (500–
700 km2) even though the targeted point sources (Gwangyang Steelwork, Hadong and
Samcheonpo power plants) are responsible for most of the total emissions from the local
administrative districts (>80% of CO2 emissions, National Institute of Environmental
Research (NIER) of Korea 2016).

To evaluate the consistency between observed enhancements and the reported
bottom-up emissions, we simply estimated enhanced XCO2 for each GOSAT footprint
created by the local emissions (GHG-CAPSS) from GYG (Hadong power plants only) and
SCH (Samcheonpo power plants). The assumption is that the emitted CO2 travels and
mixes vertically within the total GOSAT column (diameter of about 10.5 km) at the
average local wind speed (2.5 ms−1, mean residence time of about 1.2 h in the GOSAT
footprint). This estimation procedure has been described by NRC (2010), and the con-
tributions to the GOSAT XCO2 enhancements by emissions from GYG and SCH are
approximately 3.0 and 2.6 ppm, respectively. We did not estimate ΔXCO2 for the SMA
footprint because SMA is not a unique point source; rather, it is widely affected by all of
Seoul as well as adjacent emissions. A general order-of-magnitude comparison of these
estimates of observed GOSAT XCO2 enhancements lends confidence to our procedure
for identifying anthropogenically influenced XCO2 enhancement. However, the smaller
magnitude of these bottom-up estimates compared to observed GOSAT XCO2 enhance-
ments (2.6–3.0 ppm vs. 4.2–7.6 ppm) implies that there are large uncertainties (e.g.,
double) in some parts of the bottom-up emissions inventory (GHG-CAPSS). This possi-
bility is supported by the fact that two of the six coal power plants at SCH had no
emission abatement facilities; yet, the same emission coefficients have been applied to
estimate the GHG-CAPSS inventory, which only considered the general emission coeffi-
cient and energy use instead of accurate measurements of emissions fluxes (Koo 2016).
The results of coal burning at SCH without emission abatement facilities made SCH the
top-ranked pollutant-emitting plants in South Korea (Kim 2017), strongly suggesting that
CO2 emissions from the Samcheonpo coal-power plants (SCH) have been underesti-
mated (T. Yoon, personal communication, 2017).

Other possible contributions to the observed ΔXCO2 include the impact of a broader
set of regional emissions, i.e., other domestic emissions.

As described above, the separate XCO2 trends for GYG (–0.2 ppm year−1) and SCH
(+1.3 ppm year−1) were compared with the GHG-CAPSS inventory from 2010 to 2013.
There were slightly different annual emission trends between Hadong (–470 kg year−1;
GYG) and Samcheonpo (+ 250 kg year−1); however, they were likely too small to explain
the XCO2 differences estimated for the Los Angeles Basin (Kort et al. 2012). These
comparisons suggest that more accurate emission estimates using emissions intensity
information (i.e., gridded data) based on local validation of GOSAT XCO2 with ground
and aircraft measurements near/over the emission sources are required.

4. Conclusions and discussions

We used 4-year GOSAT XCO2 data (2010–2013) to identify the impacts of large urban/
local anthropogenic CO2 emissions over South Korea. Satellite XCO2 observations over
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East Asia are limited by high, persistent, and extensive aerosol pollution and intensive
cloud cover, particularly during the wet season, which often reduces the amount of
reliable retrievals for analysis. Due to the significant reduction in GOSAT retrievals during
the monsoon season and dominant downwind effects with high aerosol loading in the
spring and fall, we found that the cold season (November–February) was the most
appropriate period in which to analyse XCO2 enhancements over East Asia.

Determining a relatively ‘clean’ background region for estimating XCO2 enhance-
ments over large emission sources is an important step in using remote sensing data
to detect local enhancements of XCO2 over Korean large point sources. Because no
major emission sources had stable seasonal variation, we selected XCO2 over western
Mongolia (upwind region over 95°E – 105°E, 44°N – 49°N) as a background for East Asia.

We focused on three local GOSAT XCO2 footprints with the highest retrieval frequency in
South Korea: the Seoul Metropolitan Area (SMA), the Gwangyang Steelworks and Hadong
power plants (GYG), and the Samcheonpo power plants (SCH). The range of consistent XCO2

enhancements was 7.3–10.7 ppm; we estimated the net XCO2 enhancement by subtracting
the latitudinal gradient (1.3 ppm), Chinese emission contribution (1.5 ppm), and differences
in biogenic fluxes (0.3 ppm) calculated by GEOS-Chem CO2 simulations, resulting in net
ΔXCO2 values of 4.8 ppm (SMA), 4.2 (GYG), and 7.6 (SCH). The net XCO2 enhancements were
higher than previous estimates for the Los Angeles Basin (Kort et al. 2012). Such higher
enhancements may represent higher emission intensities from large point sources over the
individual GOSAT footprint, rather than larger urban-scale emissions. In particular, differ-
ences in net XCO2 enhancements and trends between GYG (+4.2 ppm, –0.2 ppmyear−1) and
SCH (+7.6 ppm, +1.3 ppm year−1) indicate that these closely located XCO2 footprints (about
26 km apart) are separable, suggesting that GOSAT XCO2 can capture the impact of large
individual point sources. These findings are important for inferring local CO2 emissions with
remote sensing data because the separable and consistent enhancements of GOSAT XCO2

can provide additional constraints on local-scale emissions under the restricted conditions
for satellite data sampling over the polluted, downwind regions of East Asia. Such enhanced
XCO2 signals can constrain current uncertain estimates of local anthropogenic sources
made using fine-scale inverse modelling techniques. Mismatches between XCO2 enhance-
ments of the Korean footprints and the corresponding bottom-up emissions inventory
imply great uncertainty in some parts of urban/local scale emissions estimates Table 2.

Despite these findings for satellite footprints, limitations remain in verifying and esti-
mating local CO2 emissions, necessitating further research efforts to reduce these

Table 2. The national CO2 emission estimates over the three GOSAT footprints. The value of SMA in
2010 indicate the emission estimate above the GOSAT footprint (near Sungbuk-ku). The values in the
parentheses of SMA in 2010 indicate the emission estimates above entire Seoul.
National emissions (GHG-CAPSS, kg CO2 year

−1) SMA GYG (Gwangyang & Hadong) SCH

2010 880,129,000
(23,029,962,000)

30,530,895,000(Hadong)
36,575,675,000
(Gywanyang)

25,646,083,000

2011 905,225,000
(26,118,383,000)

31,199,196,000
46,353,778,000

26,285,155,000

2012 893,142,000
(24,978,725,000)

31,003,896,000
45,290,259,000

30,207,382,000

2013 915,357,000
(25,119,693,000)

30,476,961,000
42,484,896,000

26,483,652,000
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uncertainties. First, the impact of long-range CO2 transport (i.e., plumes from China) and
the influence of the latitudinal gradient in XCO2 has been estimated; however, coarse
model resolution, uncertain emission inventories, and highly variable latitudinal gradients
increase estimation uncertainties. Second, consistent and intensive measurements are
necessary to validate local XCO2 concentrations and verify urban-scale emission estimates.
The intensive measurement campaign over the Los Angeles Basin and Central Valley
(CalNex campaign, Ryerson et al. 2013) serves as a good example. Lastly, Korean GHG
emissions are not estimated based only on nationwide monitoring systems and emission
fluxes, but also on regulatory documentation for the national environmental impact
assessment, which is required for major emitting facilities before they are permitted to
operate in Korea. However, no legally binding verification of large emissions is conducted
after operation, which may also contribute to uncertainties in emissions estimates in South
Korea. The possible underestimation of emissions from plants without emission abatement
facilities at the Samcheonpo coal power plants is a good example. Reinforcing environ-
mental impact assessments with consistent measurements and verifications for large
emission sources in Korea is critical to managing the national carbon reduction target
and reducing the large uncertainties in emission estimates.
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