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Abstract: This study aims to present the atmospheric CO2 and CH4 levels and analyze their source
characteristics at an observation station in a northeastern highland area of Korea for the 2012–2014 period.
We summarized the measured CO2 and CH4 concentrations for the 2012–2014 period. In addition,
we characterized the major source of the rise of CO2 and CH4 in Ganseong (GS) by employing bivariate
polar plots (BPP) and the concentration weighted trajectory (CWT) method together with currently
available information on emission sources. For the three years, CO2 was generally high in the order of
winter, spring, autumn and summer and CH4 high in the order of winter, autumn, spring and summer.
The observed positive correlations between the hourly CO2 and CH4 in every season suggested the
possibility of shared common emission sources, but there is a necessity for elucidation on this in the
future. The BPP analysis indicated the local sources that are likely to be associated with the rise of
greenhouse gases (GHGs) observed at GS (combustion in the village, plant respirations nearby GS,
and mobile emissions on the nearby road for CO2 and leakages from the gas stations along the road
and agricultural activities for CH4). Synthesizing the CWT results together with emission source
information from national and global emission inventories, we identified likely major source areas
and characterized major emission sources. For example, the identified major sources for the winter
CO2 are coal combustion, coal washing and industrial activities in Inner Mongolia, northern and
the northeastern China, fuel burning for the energy for the infrastructure of a northwestern city in
South Korea, and the manufacturing industry and fuel combustion in the northern parts of North
Korea. Hopefully, these kinds of results will aid environmental researchers and decision-makers in
performing more in-depth studies for GHG sources in order to derive effective mitigation strategies.

Keywords: greenhouse gas measurements; Ganseong Observatory; bivariate polar plot; emission
inventory; concentration weighted trajectory; source characterization

1. Introduction

Emissions from the widespread anthropogenic sources affect atmospheric concentrations of
greenhouse gases (GHGs) in the globe. CO2 and CH4 are the top two long-lived GHGs (LLGHGs)
contributing ~83% to the total radiative forcing by LLGHGs (total 3.1 W/m2) [1]. As of 2018 (2014),
the global average of CO2 and CH4 reached new highs with 407.8 ± 0.1 (397.7 ± 0.1) ppm and 1869 ± 2
(1833 ± 1) ppb, respectively [1,2]. An increasing consumption of energy (especially from fossil fuel
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burning) and food (especially from dietary and meat production) coupled with rapid growth of the
economy is responsible for such increases [3,4]. In light of this, East Asia has recently become one of
the largest GHG source regions, including the highest CO2 and CH4 emissions reported for China [5].
This, in turn, highlights the importance of mitigating these gases in East Asia.

Along with the mitigation, monitoring the time changes of atmospheric abundances of GHGs is
important to check for the correct implementation of mitigation strategies at the national, regional,
or global scale within the climate decision process, thereby supporting the establishment of effective
mitigation policy. Based on this need, the National Institute of Environmental Research (NIER) of Korea
installed an observatory in Ganseong (GS), a northeastern highland area of South Korea in July 2011,
to continuously measure the atmospheric levels of GHGs such as CO2, CH4 and N2O. The long-term
observations of GHG levels in GS will provide basic data for the analysis of regional air pollution
patterns within East Asia. In addition, these base data, which are continually being accumulated,
will allow us to recognize the effects of transnational mitigation efforts responding to the macroscale
environmental issues (e.g., climate change) in terms of changes in GHG levels.

In addition to tracking the change in atmospheric GHG levels at the site of interest (i.e., receptor),
identifying the local, regional, or trans-boundary sources affecting the GHG levels in the receptor can
be an important procedure for establishing GHG management strategies, consequently contributing to
the reduction of global GHG levels [6]. At any time period, however, the source and receptor areas of
GHGs vary, due to changes in the direction of incoming air flows. In this regard, the hybrid-receptor
modeling (HRM) approaches, which apply a Lagrangian particle dispersion concept driven by
wind and turbulence statistics from the mesoscale model, can be useful tools to track the possible
origins of pollution variables. Until recent years, many types of HRMs, such as potential source
contribution functions (PSCF), gridded frequency distributions (GFD), concentration field analysis
(CFA), residence time weighted concentration (RTWC), and concentration weighted trajectory (CWT),
have been used to identify potential source areas. Detailed explanation of each method can be found
at Cheng et al. [7]. Among the HRMs, PSCF and CWT have been frequently used for the source
identification of GHGs. For example, Li et al. [8] used the PSCF to identify the source areas of
halogenated compounds observed at Gosan on Jeju Island, Korea. Giemsa et al. [9] utilized CWT
to identify the sources of the CO2 and CH4 concentrations at the four high-alpine observatories in
the central European region for the period 2011–2015. In addition, Jeong et al. [10], using the CWT
method, identified high pollution areas in East and Northeast China and the Beijing-Tianjin region as
the major source of carbonaceous materials and particulate matter in Seoul, Korea from April 2007
to March 2008. More number of the source identification studies utilizing the HRM approach can be
found elsewhere [11–13].

CWT computes the weighted concentration to identify the source area that has higher strengths
of emissions arriving at the receptor site [7,14]. PSCF estimates the probability that a source area
contributes to elevated pollutant concentrations, as defined by a concentration threshold, at the
receptor site [7,15]. The biggest difference of the CWT approach compared with PSCF is that the
air mass residence time in the source areas is weighted by the observed GHG concentrations at the
receptor site (refer to the CWT equation in Section 2.2.4) [7,9]. Thus, the CWT approach is even
able to distinguish between strong sources and moderate ones [9,16]. A common limitation of the
PSCF and CWT approaches is that they are not ideal for investigating influences of potential local
sources [7]. As an alternative to this, bivariate polar plots—a graphical method for showing the joint
wind speed and wind direction dependence of air pollutant concentrations—has been frequently
applied to detect the influence of potential local sources (e.g., [17,18]). Meanwhile, besides the methods
previously mentioned, other methods employing an isotopic signature as the source signature also
have been implemented for the emission source analysis of GHGs. For example, a source of CO2 at a
local background site in China was characterized through the analysis of the correlation between the
measured 13C/12C-ratios in CO2 concentrations (δ13C-CO2) and the CO2 concentrations at the receptor
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along with air mass trajectories [19]. In addition, the reconstructed δ13C-CH4 data for emission sources
types were utilized to revise the recent global scale CH4 emissions inventories [20].

This study presents, for the first time, the atmospheric measurements of CO2 and CH4

concentrations in the GS station. Primarily, we summarize the measured atmospheric CO2 and
CH4 levels in GS for the 2012–2014 period. Then, we identify the major paths of air inflows to GS
through air mass trajectory cluster analysis. Finally, we characterize the potential sources affecting
the rise of CO2 and CH4 at GS using the bivariate polar plots and the CWT method together with the
current available information on emission sources.

2. Data and Methods

2.1. CO2 and CH4 Measurements

In July 2011, NIER established the GS observatory (38.29◦ N, 128.39◦ E, 670 m above sea level,
asl) at Heul-li village (~150 inhabitants) in Ganseong-eup, which is ∼100 km northeast of the Seoul
Metropolitan Area (SMA) (population of ∼21 million) (Figure 1). The monitoring shelter is situated on
an open area over a hill, about 3 km away from the center area of Heul-li village. The national route
No. 46 runs from the southwest to northeast, about 2 km away from the station. A ski resort is located
at about 2 km south of the station. There are some agricultural land areas growing highland vegetables
at about 0.4 km to the northwest, east and south.

Figure 1. Location of the study site, the Ganseong (GS) represented by the red star. The colored
(yellow to red) lines show the seasonal mean trajectory clusters and indicate the main directions
of air flows seasonally reaching the GS station. RUFEE: Eastern part (E) of the Russia Far East
(RUFE), RUFEN: Northern part (N) of the Russia Far East, RUFEW: Western part (W) of the Russia
Far East, RUSBE: Eastern (E) Siberia of Russia (RUSB), RUSBN: Northern (N) Siberia of Russia,
RUSBS: Southern (S) Siberia of Russia, MNE: Eastern Mongolia (MN), MNN: Northern Mongolia,
MNS: Southern Mongolia, MNW: Western Mongolia, CNC: Central (C) China (CN), CNE: Eastern China,
CNIM: Inner Mongolia (IM) of China, CNN: Northern China, CNNE: Northeastern (NE) China,
CNS: Southern China, KP: North Korea, KR: South Korea, JPM: Mid (M) Japan (JP), JPN: Northern Japan,
JPS: Southern Japan. The numbers in bold with seasonally different colors denotes the individual
clusters in each season.
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CO2 concentrations have been continuously measured using an Ultramat-6 analyzer
(Siemens, Germany) based on the non-dispersive infrared technique (NDIR) and CH4 using a GC-450
(Bruker, USA) with a flame ionization detector (FID). Air is drawn through the inlet 10 m above
the ground at about 8 L/min of flow rate by a diaphragm pump and filters through the two serially
connected particulate removal traps equipped SUS filter (10 µm and 50 meshes) and glass fiber
thimbles to remove particle phases. The particle-free air is dried by passing it through the serially
connected two-stage glass traps containing −10 ◦C and −70 ◦C ethanol as refrigerant to remove
H2O. Then, the particle- and water-free air is delivered separately to the Ultramat-6 analyzer at
about 1 L/min of flow rate and the GC-450 at about 30 mL/min of flow rate. The data with lower
quality are flagged out based on criteria of the quality control and assurance (QA/QC) for several
factors. The factors subject to QA/QC include the environmental condition (e.g., temperature, humidity,
maintenance of instrument/sampling tube), status of base devices (pressure of carrying/sampling
gases, detector contamination, condition of water and oxygen removal traps) and performance of the
instrument (linearity, detection limit, accuracy, stability against ambient temperature change). Details of
the instrumental analyses and QA/QC can be found in MoE [21]. Atmospheric CO2 concentrations are
measured continuously at 30 s, and CH4 concentrations are measured at 1-hour intervals. In order
to ensure the accuracy of the measurement data, instrumental calibrations are performed five times
per week for CO2 and once a week for CH4 using zero air and gases with known CO2 and CH4

concentrations. The calibration standards were acquired from the Korea Research Institute of Standards
and Science (KRISS), where the calibration have been conducted on the WMO scales (X2007 for CO2

and X2004A for CH4). The CO2 analyzer is calibrated when the stability of the instrumental signal
value is ensured after injecting the working gas into the sample and reference cells concurrently
for a certain amount of time. CO2 concentrations are determined based on a high-level standard
(HLS: 428.00 ppm) and a low-level standard (LLS: 368.00 ppm) gases. The working gas is continuously
injected into the reference cell and concurrently the LLS and HLS gases are injected into the sample cell
as the reference to adjust the zero point and the span point of the instrument, respectively. The LLS and
HLS gases are the standard gases in dry air and traceable to WMO standard and the national standard
gas. After calibration, ambient air samples are injected via the sample-switching-valve continuously
and measured every 30-second. The peak areas corresponding to the retention time of analytes are
measured, and the atmospheric CO2 concentrations are calculated from the previously prepared
calibration curve. The CH4 analyzer is also calibrated using two different levels of standard gases
(i.e., LLS: 1880 ppb and HLS: 2250 ppb). If the instrumental responses to the injected two standard gases
are continuously and consistently produced at least four times, a calibration curve is prepared with
the concentrations and areas of the standard gases. Using the linear calibration curve fits (r2

≥ 0.995),
ambient CH4 concentrations are determined every 1-hour. The ±0.1% for CO2 and ±2.0% for CH4 are
recommended by MoE as the measurement accuracy for standard gas concentrations. It determined
as follows:

Accuracy (%) = ([B] − [A])/[A] × 100

where [A] and [B] represent the concentration of the standard gas and the measured concentration
by instrument

The determined CO2 concentrations in 30-second and CH4 in 1-hour intervals are validated
through the inspection of any artifacts in sampling or instrumentation. The validated CO2 data are
averaged into hourly intervals while, it is discarded when the data count is less than 60.

2.2. Identification of Transport Pathways and Potential Source Areas

2.2.1. Data Selection

We used a statistical method in MoE [21] as the primary tool of data selection and partially
referenced the methods described in Jin et al. [13] and O’Doherty et al. [22]. The basic idea of the data
selection is that the GHG measurement data consist in the polluted- and clean (or background) cases.
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Like previous studies [13,22], we assumed a Gaussian distribution of the measurements of clean air and
chose the 121-day as a time window (i.e., 60 days before the time of the measurement to 60 days after it)
for the statistical analysis of the GHG concentrations. The initial step is the determination of a median
and a standard deviation of the GHG measurements every hour along a time window of 121 days
(i.e., moving median within a 121-day bandwidth (MMd121d) and moving standard deviation within a
121-day bandwidth (Mσ121d)). It should be noted that the moving statistics for the first 2 months and
the last 2 months in the measured data (i.e., January–February 2012 and November–December 2014)
were computed within the truncated time windows. According to a previous regional CO2 data
selection study applying different size of time windows (e.g., 60, 90, 120 and 180 days), the size of time
window does not considerably influence the retrieved averages and trends of the background CO2

concentrations [23]. Thus, we assumed that the statistics computed within the truncated time windows
were not flawed. After the determination of moving statistics, the hourly GHG measurements are
classified into the polluted and clean air events based on the comparison with the hourly criteria
derived by using those moving statistics (i.e., MMd121d + nMσ121d, where n = 2–3σ). Namely, the GHG
concentrations higher than the criteria are labelled into the pollution events while the residual data
are into the intermediate clean events (CLNINTD). MoE suggested the 2–3σ plus median values as
the criteria, similarly to the other studies. These procedures are iteratively performed until none of
the residual data (i.e., CLNINTD) is labelled into the pollution events. Through this repetitive data
selection process, we obtained the polluted cases (i.e., CO2_pol and CH4_pol) and the background cases
(i.e., CO2_bg and CH4_bg) for GHGs. The concentration increments above the background values
(i.e., dC = C_pol − C_bg) are used in the following analyses to investigate the pollution transport
routes and source areas.

2.2.2. Bivariate Polar Plot Analysis

Bivariate polar plots were derived to identify local sources of the measured GHGs at the GS
station. Bivariate polar plot analysis is a graphical method to show how a species’ concentration
varies in relation to wind speed and direction in polar coordinates (e.g., [17,18,24]). This method has
proved to be useful to distinguish the local emission sources by providing information on direction and
dispersion. For example, Carslaw et al. [17] applied this method to characterize airport sources and
dispersion characteristics of range canyons. To derive the bivariate polar plots for the investigation
of local sources, the measured CO2 and CH4 concentration data were also filtered by wind speed.
We defined the measurements as local events when wind speeds were less than 3 m/sec. We used the
dC values for CO2 and CH4 (i.e., dCO2 = CO2_pol - CO2_bg and dCH4 = CH4_pol − CH4_bg) as the
input to the concentration field when derive the bivariate polar plots.

2.2.3. Trajectory and Cluster Analyses

We examined the transport pathway of the GHGs (i.e., CO2 and CH4) by back trajectory and
cluster analyses. The study domain covers a geographical area from 90◦ W to 150◦ E and from
20◦ N to 60◦ N. Given the study domain, the 72 h backward air trajectories reaching the GS station at
500 m above ground level (AGL) were created using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model version 4 of the National Oceanic and Atmospheric Administration
(NOAA) [25]. The reason for setting 500 m as the arrival heights of the backward trajectories was
that it is known to facilitate the identification of the effects of long-range transport at this height of
the air mass arriving site [8,12,26]. Each back trajectory consists of a number of segment endpoints
(endpoints hereafter) that are separated by specific time increments and characterized by their respective
positions (latitude, longitude and height) and time. Namely, each 72-h trajectory normally contains
72 endpoints. For every 3-h a day (i.e., 00:00, 03:00, 06:00 . . . 21:00 local KST (Korean Standard Time)),
one back trajectory was created, for a total of 8765 back trajectories from 2012 to 2014. The wind fields
were derived from the National Centers for Environmental Prediction reanalysis data with a grid
resolution of 1◦ by 1◦. All created trajectories were then clustered to distinct the air mass transport
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patterns by applying k-means cluster analysis base on the Euclidean distance. Since seasonal cycles
in the measured CO2 and CH4 concentrations have been observed at the GS, trajectory clustering
was performed for each season based on spatial dissimilarity of Euclidean distance between different
trajectories. Based on the results of back-trajectory cluster analysis, we determined the likely transport
pathways of seasonal CO2 and CH4 in GS (refer to Figure 1 and the description in Section 3.2).

2.2.4. Concentration-Weighted Trajectory Method

We conducted the concentration weighted trajectory (CWT) analysis to identify the regional
sources of the measured GHGs at the GS station. The study domain covering a geographical area from
90◦ W to 150◦ E and from 20◦ N to 60◦ N includes 9600 grid cells with a spatial resolution of 0.5◦ × 0.5◦.
The CWT value on a resolution grid (Cij) was derived by weighting the probability of air mass landings
in every grid cell with the measured greenhouse gas concentration for each hour in the GS station
as follows [14]

Ci j =
1∑N

k=1 τi jk

N∑
k=1

Ckτi jk

where i and j are the indices of grid, k the index of trajectory, N denotes the total number of trajectories
used in analysis, Ck the GHG concentration measured at the receptor (here, GS) upon arrival of
trajectory k, and τijk is the time spent in the ijth grid cell by back trajectory k (i.e., the number of
endpoints in the ijth grid cell (nij) for back trajectory k divided by the total number of endpoints (ntot)
for back trajectory k). We used the dCO2 and dCH4 as input to the Ck field for the computation of Cij.
A high value of Cij for a particular grid cell (i,j) implies that air masses passing over this cell would,
on average, correlate with high concentrations at the receptor site.

As previously mentioned, 8765 back trajectories were created in our study, so that there are
63,1080 endpoints in the CWT domain (approximately 66 endpoints per grid cell). The number of
endpoints used in our study is comparable to or larger than those used in other studies. The trajectory
endpoints produced by the model can have uncertainties stemming from the interpolation of
sparse meteorological data, assumptions for vertical transport, sub-grid-scale phenomenon, etc. [15].
For instance, estimated position errors in the trajectory model errors are 20% [27]. The CWT used
in our study cannot distinguish the source areas that are influenced by emission sources at surface
level and those at high altitude [11]. However, even though it is possible to examine the trajectory
endpoints in the grid cells at different altitudes, vertical mixing and turbulence in the boundary layer
can cause uncertainties when designating the pollution signals [11]. Meanwhile, it might be true that
trajectories with a larger altitude of position above the model surface may have less possibility of being
affected by surface emission sources in the boundary layer. A previous regional source allocation
study at the high Alpine site of Jungfraujoch in Europe with CWT regarded air masses as being
influenced by emissions at ground level if a pressure height above the model surface did not exceed
120 hPa (200 hPa) in winter (summer) [28]. Another previous study at Seoul in East Asia used an
approach that removes the endpoints exceeding 2 km above the model surface in the CWT analysis [10].
In our analysis, we verified that over 82% of the seasonal trajectory endpoints are positioned within
2 km altitude (winter 81.5%, spring 86.7%, summer 99.7% and autumn 85.8%), indicating that most
trajectory endpoints were distributed within an acceptable altitude for the pollution source detection.
Despite these uncertainties, the trajectories represent the large-scale circulation and, as such, may be
used to suggest potential source regions [15]. Grid cells with a very small number of trajectory
endpoints (i.e., very small nij) can lead to highly uncertain extreme Cij values [15,29]. To reduce this
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uncertainty by rejecting grid cells with a very small nij, an arbitrary weight function W(nij) shown
below is multiplied into the Cij values [10,15,29]

W
(
ni j

)
=


1.00 2nave < ni j,
0.75 nave < ni j ≤ 2nave,
0.50 0.5nave < ni j ≤ nave,
0.20 ni j ≤ 0.5nave.

in which nave is the average number of trajectory segments of all grid cells containing at least one
trajectory segment and nij is the number of the included trajectory segments in the (i,j) grid cell.
The CWT calculation with the arbitrary weight function was done by using the TrajStat software [30].
Based on the results of CWT analysis, we characterize the potential source areas of seasonal CO2 and
CH4 in GS.

2.3. GHG Emission Inventory and Satellite Observations

To check the identified source areas, we used a set of the GHG emissions data from the Emission
Database for Global Atmospheric Research version 4.3.2 (EDGAR4.3.2) [5]. EDGAR4.3.2 is a global
anthropogenic emission inventory (EI) of air pollutants and GHGs by country and on a 0.1◦ × 0.1◦ grid
for 1970–2012 developed by the Joint Research Centre and the PBL Netherlands Assessment Agency.
CO2 and CH4 emission datasets of EDGARv4.3.2 were compiled in the study domain to indicate the
high emission areas (Figure A3a,b).

In addition, CO2 and CH4 retrieval data from the Greenhouse Gases Observing Satellite (GOSAT)
were used to examine the overall CO2 and CH4 trends in the study domain. The used GOSAT
monitoring data are the Level 3 (2.5◦ × 2.5◦ grid) of the Short-Wavelength Infrared (SWIR) observations
of the Thermal and Near-infrared Sensor for Carbon Observation and Fourier Transform Spectrometer
(TANSO-FTS SWIR Level 3) in version 2.xx from January 2012 to December 2014, including the
dry air mixing ratio for CO2 (XCO2) and CH4 (XCH4). TANSO-FTS SWIR L3 are produced from
TANSO-FTS SWIR L2 in a month with the spatial statistical method to estimate the column averaged
mixing ratio of CO2 and CH4 for the rectangular area with a 2.5 degree of latitude and longitude
in a month [31]. These FTS SWIR data can be requested on the GOSAT Data Archive Service
(GDAS, http://data2.gosat.nies.go.jp/index_en.html) with a user registration [31].

3. Results and Discussion

3.1. Summary of the Measured GHG Concentrations

The three-year continuously measured concentrations for CO2 (CH4) ranged from 346.4 ppm
(1788 ppb) to 438.8 ppm (2161 ppb), and the minimum and maximum concentrations for both CO2

and CH4 were all observed in summer (Figure 2a). According to the mean diurnal cycles (Figure 2b),
the minimum values of CO2 were observed in the afternoon (15:00 (summer)–17:00 p.m. (spring)
local time) and the maximum in the morning (05:00 (spring and summer)–09:00 a.m. (winter)), with a
peak-to-peak amplitude of about 16.3 ppm in summer, 8.3 ppm in spring, 6.8 ppm in autumn and
4.4 ppm in winter. For CH4, the daily minima in winter, spring and autumn were observed commonly
in the afternoon (13:00 (spring)–17:00 p.m. (winter)) while the daily minimum in summer was in the
morning (08:00 a.m.). The daily CH4 maxima in winter and summer occurred in the morning (08:00 a.m.)
and the evening (19:00 p.m.), while those in spring and autumn were in the night (22:00 p.m. (autumn)
and 23:00 p.m. (spring)). The highest peak-to-peak change was observed in spring (12 ppb, followed by
winter (11 ppb), autumn (7 ppb), and summer (5 ppb). We observed a strong positive correlation
between the hourly CO2 and CH4 during winter (r = 0.66), spring (r = 0.70) and autumn (r = 0.62)
and a moderate positive correlation during summer (r = 0.46), implying the possibility of shared
common emission sources. Several previous studies found positive correlations and insisted that the
anthropogenic emissions dominate the carbon cycle at the measurement sites (e.g., [23]). However, it is

http://data2.gosat.nies.go.jp/index_en.html
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not clear whether such positive correlations in GS were mainly due to the effect of anthropogenic
emissions on the carbon cycle or more affected by other factors. Future research should elucidate this
by applying other practical tools such as the measured isotopic signatures (e.g., the 13C/12C-ratios
in atmospheric CO2 and CH4). In addition, analyzing the ratios of CO2 versus CH4 measurements
above the background levels (i.e., dCO2/dCH4) in the measurements and comparing these to the
corresponding emission ratios derived from the bottom-up inventory in the identified potential source
areas could be an interesting topic in future research.

Figure 2. (a) Time series of hourly CO2 and CH4 concentrations and (b) diurnal variations of hourly
average CO2 and CH4 at the GS station from 2012 to 2014.

According to the seasonal average of the measured concentrations for the 2012–2014 period,
CO2 was typically high in the order of winter, spring, autumn and summer while CH4 was high in the
order of winter, autumn, spring and summer (Figure 3). For the three consecutive years, the seasonal
arithmetic mean for CO2 in GS was 404.5 ppm (median mean (MM): 403.8) in winter, 403.0 ppm
(MM: 403.2) in spring, 397.3 ppm (MM: 397.8) in autumn, and 394.4 ppm (MM: 394.6) in summer.
The seasonal arithmetic mean for CH4 in GS was 1945 ppb (MM: 1940) in winter, 1932 ppb (MM: 1929)
in autumn, 1926 ppb (MM: 1924) in spring, and 1921 ppb (MM: 1919) in summer.

One noticeable feature shown in the seasonal cycle of CO2 was the lowest summer CO2

concentration in 2014. This can be associated with the more frequent influence of the cold air
intrusion (CAI) from the eastern part of the Russia Far East (RUFEE) (cluster 3 (C3) in Figure A1c) on the
summer air and water cycle in GS in 2014 due to the Okhotsk High (OKH) (e.g., [32]) compared to 2013
(C4 in Figure A1b). Namely, frequent CAI during summer 2014 might have induced more precipitation
events via more frequent collision with warm air masses originating from the Northwestern Pacific
Ocean (NWPO) (C6 in Figure A1c). In reality, the precipitation period in summer 2014 (380 hours) was
about 1.24 times longer than that in 2013 (305 hours) in GS. In this case, the photosynthetic drawdown
of CO2 in the atmosphere by local vegetation could be greater [33]. Furthermore, more wet removal of
CO2 molecules could occur, whereas less CO2 production in the photochemical cycle in the atmosphere
could also occur (i.e., CO + OH→ CO2 + H). Consequently, there was a larger decrease in CO2 levels
in summer 2014, about a 9-ppm decrease of CO2 on average, compared to that of summer 2013.
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Figure 3. Seasonal variations of the measured (a) CO2 and (b) CH4 concentration in the GS station.
The boxes represent the range between the 25th and 75th percentile of the measured values at GS. The line
and circle components in boxes indicate the median and mean values, respectively. The whiskers
indicate the highest (1.5× IQR (the interquartile range) of the upper quartile) and lowest (1.5× IQR of
the lower quartile) values.

The annual average concentrations of CO2 and CH4 at GS for the 2012–2014 period were
399.8 ppm and 1930.9 ppb, 4.3 ppm and 105.9 ppb above the global average values for CO2 and CH4,
respectively (Table 1). In accordance with the increasing global average of CO2 and CH4 levels in the
past three years, the increased regional average of CO2 and CH4 levels were remotely sensed by GOSAT
in East Asia (Figure 4). For example, the surface-observed global average concentrations of CO2 (CH4)
raised by 0.7% (0.3%) in 2013 against 2012 and 0.5% (0.5%) in 2014 against 2013. The GOSAT-observed
regional average concentrations of CO2 (CH4) grew by 0.3% (0.7%) in 2013 and 0.4% (0.3%) in 2014.
Generally, the increasing trends of CO2 (CH4) can be attributed to the emission growths from the
energy-related activities such as fossil fuel burning and coal mining (agricultural activities such as
livestock management and rice cultivation) [34–37].

Table 1. Annual average CO2 and CH4 concentrations for the 2012–2014 period at the Ganseong (GS)
site and global wide.

Year
GS (This Study) Global Average *

CO2 (ppm) CH4 (ppb) CO2 (ppm) CH4 (ppb)

2012 399.6 1920.7 393.1 1818
2013 401.5 1933.4 395.8 1824
2014 398.4 1938.7 397.7 1833

Mean 399.8 1930.9 395.5 1825

* adopted from the WMO Greenhouse Gas Bulletins [2,38,39].

Similarly, the annual average of the observed CO2 and CH4 concentrations in GS have gradually
increased since 2012 (CO2 concentration: 0.5% increase in 2013; CH4: 0.7% increase in 2013 and 0.3%
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increase in 2014) except for the case of CO2 in 2014 showing about 0.8% decrease (~3.1 ppm) (Table 1 and
Figure 3). The possible causes of the observed CO2 decrease in GS in 2014 can be associated with the
combined effects of the three factors: (i) declined domestic fuel burning emissions, (ii) reduced source
impacts due to the altered air mass inflowing pattern, and (iii) drastically dropped summer CO2 levels.
Firstly, in 2014, the coal-fired power generation in South Korea (KR) decreased by 6.9% while the
nuclear power and other alternative energy generation increased by 13% and 38%, respectively [40,41].
Especially, the nuclear power generation capacity, which had been reduced due to facility inspections
since 2012, recovered in 2014, thereby fallen fuel burning emissions during this period compared
to the previous years. About 1.2% (~6.7 million tons) reductions from 2013 (635.5 million tons) to
2014 (628.8 million tons) for the total CO2 emissions by the energy generation sector were found to be
associated with the reduced emissions from fuel burning during this period [40]. Secondly, the CO2

mole fractions in GS in 2014 were more frequently affected by relatively clean air masses from the remote
areas compared to the case in 2013 but less by air masses from the major CO2 emission source areas.
For example, the CO2 mole fractions in GS may have been affected by the newly introduced 316 warm
clean air trajectories by NWPO (11.0% of the annual total inflows in 2014, see C6 in Figure A1c) and by
216 more cold clean air trajectories from RUFEE (7.4% of the annual total trajectories in 2014, see C3 in
Figure A1c and clusters in Figure A1b). Furthermore, the number of air trajectories originating from
the strong CO2 source areas in China such as the Northern China (CNN) and the Northeastern China
(CNNE) (see Figure A3a) in 2014 (i.e., C1+C2+C5 in Figure A1c) were 380 and 336 less than these
in 2012 (C1+C3 in Figure A1a) and 2013 (C1+C3 in Figure A1b), respectively. Thirdly, as previously
explained, the CO2 levels in GS were lower in summer 2014 compared to these in 2013 due to the
influence of more frequent CAI from the high-altitude region. Interestingly, the GOSAT satellite data
also show a drop in CO2 over the GS site during summer 2014 compared to this during summer 2013
(Figure 5e). It could partly support the third factor. Another noticeable feature of the GOSAT derived
CO2 changes (Figure 5e) consists of large decreases of CO2 over the areas crossing the CNE-CNN and
CNNE (1–6 ppm decrease), where large sources of CO2 emissions are located. This may be associated
with the effects of pollution control actions in China that had been continuously implemented since
2010. However, the investigation of specific reasons for this pattern is beyond the scope of this study
due to the limited data.

Figure 4. Time series of CO2 and CH4 derived from the GOSAT satellite in the study domain. Circle and
diamond symbols denote the averaged concentrations of over the complete domain in Figure 1 and
error bars show the standard deviation.
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Figure 5. Spatial distributions of the mean summer XCO2 (a–c) every year and increments of mean
XCO2 this summer from previous summer (d,e). Spatial distributions of the mean summer XCH4 (f–h)
every year and increments of mean XCH4 this summer from previous summer (i,j).

Meanwhile, a gradual increasing trend of CH4 can simply be explained by the yearly increased CH4

source impacts. Namely, there was year-by-year increase of westerly air inflows coming from the high
CH4 emission areas in the CNN in China, and also in SMA in KR (Figures A1 and A3b). The westerly air
mass clusters were identified as the most CH4 contaminated air mass groups in 2013 (C2 in Figure A1b)
and 2014 (C4 in Figure A1c). These CH4-rich air mass inflows are possibly linked with the large CH4

sources over the SMA in KR such as rice cultivation and waste treatment [42] and these over CNN such
as energy activities (e.g., coal mining in Hebei) and agricultural activities (e.g., enteric fermentation in
Shandong) [36]. Unlike CO2, CH4 in GS 2014 was probably not dominantly affected by the vegetation
draw down and not significantly scavenged by precipitation due to water insolubility. Besides that,
frequent cloud and precipitation events in GS during summer 2014 may have reduced atmospheric
hydroxyl sinks (i.e., CH4 + OH→ CH3 + H2O), thereby prolonging the atmospheric residence time of
the CH4 molecules (e.g., [43]). Similarly, the GOSAT satellite data also show an increase in CH4 over
the GS site during summer 2014 compared to this during summer 2013 (Figure 5j).

Through the data selection procedure in Section 2.2.1, we distinguished the measured CO2 and
CH4 data into the polluted and background cases for the 2012–2014 period. We selected about 33%
(56%) of CO2 (CH4) data as the polluted cases (i.e., C_pol) and the leftover data were designated as the
background cases (i.e., C_bg). Continuously fluctuated pollution events (‘Polluted’ in Figure A2) imply
the significant influence of the massively distributed emission sources in the northeast Asian domain
(refer to Figure A3). The continuously measured concentrations of CO2 (CH4) for the polluted case
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ranged from 392.9 ppm in August 2014 (1887 ppb in January 2012) to 438 ppm in July 2013 (2161 ppb
in July 2013) and these for the background case ranged from 346.4 ppm in August 2014 (1788 ppb
in July 2012) to 408 ppm in November 2014 (1957 ppb in October 2012). For CO2_pol, the highest
seasonal average concentrations occurred in spring (CO2_pol = 410.6 ppm), followed by winter
(409.6 ppm), autumn (407.6 ppm) and summer (407 ppm). For CH4_pol, the highest seasonal average
concentration appeared in summer (1970 ppb), followed by autumn (1956 ppb), winter (1951 ppb) and
spring (1939 ppb). Meanwhile, the dCO2 and dCH4 values (CO2 and CH4 enhancements above their
background levels) showed different seasonal distribution compared to the CO2_pol and CH4_pol
values. Namely, the average dCO2 was high in the order of summer (15.7 ppm), autumn (12.9 ppm),
spring (dCO2 = 12 ppm) and winter (10.2 ppm), whereas the average dCH4 was high in the order
of summer (75 ppb), winter (49 ppb), spring (44 ppb) and autumn (43 ppb). Overall, the three-year
averaged concentrations of CO2 and CH4 in the polluted case (CO2: 408.8 ppm and CH4: 1952 ppb)
were approximately 3.4% and 2.6% higher than these in the background case (CO2: 395.4 ppm and
CH4: 1904 ppb), respectively (Table A1).

3.2. Seasonal Transport Pathways and Contributions

Through the back trajectory cluster analyses, representative paths of air masses arriving at GS
were seasonally identified (see the seasonal mean trajectories in Figure 1). In addition, the relative
contributions of the seasonal air mass pathways to the observed GHG concentrations were also
summarized by locating the delta GHG concentrations at GS on seasonal trajectory clusters reaching
the GS station (Table 2).

Table 2. Seasonal mean trajectory clusters and associated mean delta concentrations for CO2 and CH4

(i.e., dCO2 and dCH4). The delta concentrations are equal to the polluted concentration minus the
background concentrations (e.g., dCO2 = CO2pol − CO2bg). The percentage of air masses from each
cluster is in parenthesis.

Season Cluster Fraction (%) CO2bg (ppm) CH4bg (ppb) dCO2 (ppm) dCH4 (ppb)

Winter

1 21.4 399.4 ± 3.8 1914 ± 10 11.3 ± 5.9 55 ± 30
2 22.1 400.1 ± 3.5 1913 ± 11 10.7 ± 4.9 52 ± 26
3 22.6 400.1 ± 3.7 1911 ± 14 9.5 ± 4.4 42 ± 22
4 24.3 400.7 ± 3.3 1913 ± 13 8.5 ± 3.6 40 ± 21
5 9.6 400.1 ± 4.0 1918 ± 8 12.0 ± 6.1 63 ± 33

Spring

1 38.3 398.3 ± 6.5 1900 ± 20 13.4 ± 5.1 47 ± 31
2 17.4 398.0 ± 6.7 1906 ± 20 10.9 ± 5.5 50 ± 30
3 18.1 400.5 ± 4.3 1909 ± 18 10.4 ± 4.1 43 ± 19
4 18.9 400.4 ± 4.7 1909 ± 22 12.1 ± 5.7 34 ± 15
5 7.4 399.5 ± 3.7 1889 ± 24 12.0 ± 3.7 32 ± 22

Summer

1 28.8 391.7 ± 8.2 1891 ± 30 16.5 ± 6.4 83 ± 40
2 35.3 389.5 ± 8.8 1909 ± 25 16.0 ± 6.3 71 ± 31
3 21 388.0 ± 8.8 1904 ± 24 11.9 ± 4.1 59 ± 27
4 14.9 391.9 ± 7.4 1859 ± 34 15.4 ± 5.2 77 ± 61

Autumn

1 23.9 394.5 ± 6.4 1917 ± 13 13.1 ± 3.7 38 ± 19
2 19.7 396.9 ± 5.3 1915 ± 12 11.7 ± 4.0 33 ± 19
3 31.9 391.1 ± 7.6 1912 ± 19 13.5 ± 5.3 48 ± 21
4 24.5 394.5 ± 6.8 1923 ± 15 13.2 ± 4.6 48 ± 26

The winter air mass inflows were dominated by the northwesterly long-range (L-R) and
medium-range (M-R) clusters, representing 68% (combined fraction of tree clusters: C1 from the
border area of the Northern Mongolia (MNN) and the Eastern Mongolia (MNE), C3 from the Northern
Siberia of Russia (RUSBN), and C4 from the east of the Eastern Siberia of Russia (RUSBE)) and 22%
(fraction of C2 which is from the Inner Mongolia of China (CNIM)) of total winter inflows, respectively.
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The remaining 10% trajectories were northerly flows represented by the L-R cluster (C5) that is greatly
curved air trajectory cluster from CNNE to the southern receptor (i.e., GS). These northwesterly and
northerly flow patterns can be explained by massive cold advection driven by the wide expansion of
Siberian High (SH). The SH generally develops at the end of summer, peaks in the winter, and sustains
until the middle of spring. The anticyclonic circulations of the surface level SH have a prevailing role on
air mass moving and temperature and precipitation variations over China (CN), North Korea (KP), KR,
Japan (JP), and the surrounding regions during the winter season [44,45]. The highest CO2 and CH4

enhancements commonly belonged to C5 (about 12 ppm and 63 ppb of CO2 and CH4 enhancements
respectively above their background levels, i.e., dCO2 = 12 ppm and dCH4 = 63 ppb for the 2012–2014
period), followed by C1, C2, C3 and C4. Across the clusters, the mean increments of CO2 and CH4

concentrations above their background levels (i.e., dCO2 and dCH4) ranged from 8.5 to 11.3 ppm
(C4-C1) and from 40 to 55 ppb (C4-C1), respectively.

In spring, the transition period between the cold dry winter and the hot summer, the distinctive
feature is the dominance of the west-orient cluster (C1: 38%) with air mass coming from the Shandong
in CNN and crossing the West Sea of KR (or Yellow Sea) at a medium speed with large curvature.
The winter northeasterly cluster was transited to the northerly cluster (C4: 19%) although the fast
moving northwesterly (C2 + C3: 36%) air inflowing patterns remain similar to the winter. The cold
anticyclones, like SH, occur over the continent in warm season and over oceans on any occasion,
and become warm anticyclones or breakdown [46]. Thus, the prevailing westerly cluster (i.e., C1)
can occur due to the migratory highs (MH) over CNN and Yellow Sea, resulting from the collapsing
SH by spring warm air. There were newly observed southeasterly clusters from the northern Kantor
region in the Mid Japan (JPM) (C5: 7%) with air mass passing over the East Sea at a medium speed
before reaching GS. The highest CO2 and CH4 increments were observed at the cluster originating
from the Shandong in CNN (C1: dCO2 = 13.4 ppm) and the MNE (C2: dCH4 = 50 ppb), respectively.
The mean dCO2 and dCH4 across the clusters ranged from 10.4 to 13.4 ppm (C3–C1) and from 32 to
50 ppb (C5–C2), respectively.

In summer, most northwesterly clusters with origin of continental areas were replaced by
southwesterly or southerly clusters with the origin of coastal or sea areas, except for the northwesterly
short-range (S-R) cluster (C2: 35%) originating from Liaoning of CNNE and the easterly M-R cluster
(C3: 21%) coming from the East Sea of KR (or West Sea of JP). The newly pronounced clusters include
the southwesterly M-R cluster originating from the Yangtze River Delta (YRD) in the Eastern China
(CNE) (C1: 29%) and the southeasterly L-R from NWPO (C4: 14.9%). These new inflowing patterns
can be characterized by the Western North Pacific Subtropical High (WNPSH) and the Bonin High
(BH), high pressure over the Bonin Islands to the south of JP (25–30◦ N, 140–145◦ E) relating to the East
Asian summer monsoon (EASM) variability. Ha et al. [47] showed that both WNPSH and BH cause
the low-level flow of the merged southwest–southeast flow from lower latitudes around the Korean
Peninsula. The highest increments in CO2 and CH4 concentrations were commonly observed at the
YRD cluster (C1: dCO2 = 16.5 ppm and dCH4 = 83 ppb). The mean dCO2 and dCH4 values across the
clusters ranged from 11.9 to 16.5 ppm (C3–C1) and from 59 to 83 ppb (C3–C1), respectively.

Entering autumn, air trajectory occurrence tended to restore the winter pattern except for the
northeasterly M-R cluster (C3: 32%) coming from the south sea of RUFEE. Due to the influence of the
developing SH and weakening EASM system [44], clusters with northwesterly flows were predominant
during autumn but had less strength than these during winter. The northwesterly flows were grouped
into the L-R cluster coming from RUSBE (C2: 19.7%) and the M-R clusters from the east part of CNIM
and the northern Hebei in CNN (combined fraction of C1 and C4: 48.4%). The highest CO2 and CH4

enhancements belonged to C3 (dCO2 = 13.5 ppm) and C4 (dCH4 = 48 ppb), respectively. The mean
dCO2 and dCH4 values across the clusters ranged from 11.7 to 13.5 ppm (C2–C3) and from 33 to 48 ppb
(C2–C4), respectively.
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3.3. Direction of Local Sources

We investigated the directions of local emission sources associated with the rise in CO2 and CH4

concentrations at GS for each season by using the bivariate polar plots for each pollutant at the GS site
(Figure 6).

Figure 6. Bivariate polar plots for (a) dCO2 and (b) dCH4 together with (c) map showing the locations
of the GS site and surrounded emission sources.

Moderate CO2 increments were observed in winter and spring during the prevalence of
southeasterly and southwesterly (SE-SW) winds, indicating the potential impact of combustion
sources such as cooking, heating and open burning. In summer, very strong enhancements of CO2

concentrations were detected in GS under the influence of the northwesterly and northerly (NW-N)
winds. This is likely to be the influence of automobile emissions from the national route No. 46 that
runs from the southwest to the northeast. Furthermore, strong CO2 source signals were observed
near the receptor (i.e., GS) under lower winds (<1 m/sec) and during the prevalence of SE-W winds.
This could be associated with the combined effect of multiple sources, such as the respiration of nearby
plants and fuel combustion for human activities in the village (e.g., cooking). In autumn, the CO2 rise
during the prevalence of N-E and S-W winds may also be attributed to the mixed influence of the
respiration of nearby plants and combustion for human activities.

The strong winter increments of CH4 to the NW and SW directions can be associated with
the influence of fugitive emissions from the gas and oil system (e.g., gas station) near the national
route No. 46 and the livestock breeding (e.g., enteric fermentation, manure management) in the
village, respectively. In spring and autumn, the moderate CH4 enhancements observed during the
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prevalence of SE-SW winds might be associated with the potential impact of the fugitive emissions from
agricultural activities (e.g., rice cultivation, livestock breeding). The strong summer CH4 enhancements
spread in the SE-W wind sectors can occur due to the influence of fugitive emissions from very active
agricultural and livestock breeding activities.

3.4. Distribution of Regional Sources

We performed the CWT analysis for each season and investigated major source areas, the areas
significantly influencing the seasonal increments in CO2 and CH4 concentrations in GS (Figures 7 and 8).
We listed the identified source areas for CO2 and CH4 with major emission sectors in Tables 3 and 4,
respectively. It should be noted that we defined the major source area as the grid area holding CWT
values for CO2 and CH4 more than the 75th percentile of the seasonally determined dC values for CO2

and CH4 at GS (e.g., 12.5, 14.7, 18.4 and 15.1 ppm of dCO2 in winter, spring, summer and autumn,
respectively). While it is possible that a grid area for CO2 (CH4) with a CWT value of less than
the 75th percentile value can contribute to the CO2 (CH4) concentration at GS, in order to reduce
the complexity of data interpretation, such values were used as the cut-off criteria for the selection.
Thus, the red-colored grid cells in the figures refer to the major source areas that significantly elevate
the GHG concentrations at GS. Tables 3 and 4 contain the detailed list of provinces or cities that were
identified as the major sources of the increased CO2 and CH4 levels in GS, respectively.

In winter, the major source areas for CO2 in GS are indicated by the red grids in the three orange
grid-strips that respectively stretch from the CNIM and CNNE continental regions and the coastal areas
of CNN to the surrounding area of the receptor (i.e., GS), reflecting the strong effect of synoptic air flows
(i.e., northwesterly) (Figure 7a). In the case of CH4, the major sources were identified by the red grids
in or nearby the two orange grid-strips, one that stretches from the border areas of the western part (W)
of the Russia Far East (RUFEW)–eastern part (E) of the Russia Far East (RUFEE) to the lower CNNE
and another that runs from MNS to Korea (KR and KP) (Figure 8a). In springtime, distribution patterns
for CO2 and CH4 sources seemed to be affected by the recurrent northwest-orient airflows and the
newly intervened west- and southwest-orient airflows (Figures 7b and 8b). Consequently, the major
source areas for CO2 were identified by a small number of red-grids in CNIM, CNNE, KP and KR,
together with a few scattered red-grids along the coastal regions of CNN-CNNE and over some littoral
sea areas of KP, KR and JP. The identified major source areas for CH4 were scattered in CNN, CNE, KP,
KR, western JPS and some sea areas (i.e., Bohai Sea, Yellow Sea near YRD, West Sea of KP and KR,
South Sea of KR).

In summertime, the major source signals are not observed in continental regions remote to the
northwest direction, such as RUFE and CNIM, due to the combined effects of the prevailed air flows
from sea areas in the southwest or in the south and the weakened air flows from the northwest
continental regions (Figures 7c and 8c). Major CO2 source locations were identified in the southern
CNNE, the mid KP, the western edges of KR and some areas in the Yellow Sea. Meanwhile, the major
source areas of CH4 were identified in the eastern part of CNN and the southeastern part of KR.
Furthermore, major CH4 source areas were also distributed over many off- and on-shore areas of the
eastern CNN as well as western JPS and some sea areas (i.e., Bohai Sea, Yellow Sea, South Sea of KR).

In autumn, distributions of the source signals for CO2 and CH4 looked more extended toward the
west and northwest compared to the summer case (Figures 7d and 8d), illustrating the effect of the
northwesterly air flows associated with the reestablished SH. The major CO2 sources were located
in Jilin in CNNE, some coastal areas of Shandong in CNN and the northern part of Gyeongsang in
KR, along with some sea areas between China and Korea and some eastern sea areas of KP. For CH4,
many red grids were detected in the eastern Shandong in CNN and the nearby sea areas (e.g., Bohai Sea
and Yellow Sea) along with the southern Gangwon and northern Gyongsang in KR. There were also
some scattered CH4 source areas in the South Sea and the East Sea of KR.
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Figure 7. CO2 source distribution map derived by CWT analysis for (a) winter, (b) spring, (c) summer,
and (d) autumn. Each gridded map value denotes the trajectory residence time weighted average of
the dCO2 values.

Figure 8. CH4 source distribution map derived by CWT analysis for (a) winter, (b) spring, (c) summer,
and (d) autumn. Each gridded map value denotes the trajectory residence time weighted average of
the dCH4 values.
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Table 3, as previously mentioned, comprises lists of identified source areas for CO2 with major
emission sectors. As an example, for wintertime we know from Table 3 that the detected CO2 source
signals (i.e., red grid cells) over CNIM, CNNE (i.e., Heilongjiang, Jilin and Liaoning) and CNN
(i.e., Shandong) are likely to be affected predominantly by the emissions from power generation sectors
and additionally from industrial sectors [34]. Shandong and Liaoning have ranked as the top two
contributors for the China national total CO2 emissions in the last 13 years [34]. We also know from
Table 3 that the winter CO2 source signals northwest of KR are likely to be attributed to fuel combustion
for energy/electricity/heat, transportation and industry (accounting for more than 96% of the total
CO2 emissions in these areas) according to the Korea national GHG emission inventory for 2013
(so-called GHG-CAPSS 2013) [42]. According to the national estimates in a global emission inventory,
EDGARv4.3.2 [5], the CO2 source signals over KP are likely to occur mainly due to the manufacturing
industries, accounting for 46% of the KP national total CO2 emissions, followed by the fuel combustion
for power generation (24%), and the residential and other sectors (20%). Like the winter CO2 case,
the potential source areas and major emission sectors for other seasons can also be found in Table 3.

Table 3. Summary of the major source areas for CO2 identified by the CWT analysis.

Season
CO2

Reference
Major Source Area Major Sector

Winter

CNIM: the mid and east of CNIM raw coal combustion for energy generation [34]
CNNE: the west of Heilongjiang,
the mideast of Liaoning and the

midnorth-to-south of Jilin

coal washing, crude oils and petroleum
refineries, heavy industries [34]

CNN: the central and on-/off-shore areas of
eastern Shandong

coal combustion, oil refining, coal washing
and industrial activities [34]

KP: Yanggang and Pyeongan
manufacturing industries, fuel combustion
for power generation, and residential and

other sectors
[5]

KR: northwest, west, central areas
of Incheon

fuel combustion for public electricity/heat,
transportation and industries [42]

Spring

CNIM: the east of CNIM raw coal combustion for energy generation [34]
CNNE: the southwest of Jilin, and the

midnorth-to-south and the east of Liaoning heavy industry and petroleum refineries [34]

CNN: the on-/off-shore areas of the
northern Shandong

coal washing, heavy industries,
and petroleum refineries [34]

KR: border area of Gangwon, Gyeonggi and
Chungcheong

fuel combustion for nonmetal industries
and transportation [42]

Summer

CNNE: the south of Liaoning petroleum refineries [34]

KP: north area of Pyeongan and south areas
of Hamgyong

manufacturing industries, fuel combustion
for power generation, and residential and

other sectors
[5]

Autumn

CNNE: mid-north of Jilin heavy industry [34]
CNN: the north and north coasts of

Shandong and the east coasts of Shandong
coal washing, heavy industries,

and petroleum refineries [34]

KR: west area of the northern Gyeongsang fuel combustion for nonmetal/metal
industries, transportation [42]

As mentioned above, Table 4 include lists of identified source areas for CH4 with major emission
sectors. For example, we know from Table 4 that the wintertime CH4 source signals in CNNE
(i.e., the mid-north of Heilongjiang) and CNN (i.e., Tianjin, Hebei and Shandong) are likely to have
an association with the energy generation activities. Namely, the dominant CH4 emission source at
Heilongjiang, Tianjin and Hebei in CNNE and CNN was coal mining [36]. Meanwhile, the wintertime
red grid cells over the mid and east of Shandong in CNN can be characterized by both the enteric
fermentation and the waste management sectors (i.e., the MSW land fill and wastewater treatment) [36].
The observed winter CH4 signal in Jiangsu in CNE is likely to be associated with the fugitive emissions
from the farmland cultivation and waste management activities [36]. According to EDGARv4.3.2 [5],
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CH4 emissions from RUFEW and RUFEE can be mostly attributed to coal mining and the oil and gas
system leakages. Like the winter CH4 case, the potential source areas and major emission sectors for
other seasons can also be found in Table 4.

Table 4. Summary of the major source areas for CH4 identified by the CWT analysis.

Season
CH4

Reference
Major Source Area Major Sector

Winter

RUFEW and RUFEE: the southeast of
Amurskaya and the south of Khabarovsk

coal mining, fugitive emissions from oil
and gas [5]

CNNE: the midnorth of Heilongjiang coal mining and enteric fermentation [36]
CNN: some areas in northern and mid

Hebei, the south of Tianjin, the mid and
east parts and the east coasts of Shandong

coal mining, enteric fermentation,
and MSW landfill, fugitive emissions from

shipping and aviation activities
[36]

CNE: the mid Jiangsu rice cultivation and MSW landfill [36]

Spring

CNN: the north of Shandong
enteric fermentation and waste

management sectors (MSW land fill and the
wastewater treatment)

[36]

CNE: the west of Jiangsu, Shanghai and the
border area of the southern Jiangsu

and Shanghai
rice cultivation and MSW landfill [36]

KP: Pyeongan, Pyongyang, and Hwanghae coal mining, rice cultivation, wastewater
treatment, solid waste disposal [5]

KR: some city areas of Gyeonggi,
northwest and central areas of Incheon,

northwest and southwest areas of
Gangwon, west areas of Chungcheong,
central and west areas of the northern

Jeolla, west areas of the southern Jeolla,
some south and north areas of Gyeongsang,

some areas in Jeju

rice cultivation, enteric fermentation,
fugitive emissions from energy sector,

solid waste disposal
[42]

JP: Nagasaki in western JPS rice cultivation, the enteric fermentation,
and the wastewater treatment [5]

Summer

CNN: the mid and eastern Shandong and
the north and southeast coasts of Shandong

enteric fermentation, MSW land fill and
industrial wastewater treatment [36]

KR: southeast areas in Gyeongsang enteric fermentation, rice cultivation,
energy sectors, manure management [42]

JP: Nagasaki in western JPS rice cultivation, the enteric fermentation,
and the wastewater treatment [5]

Autumn

CNN: border area of mid Hebei and Tianjin,
the north and east parts and the north and

east coasts of Shandong

enteric fermentation, MSW land fill and
industrial wastewater treatment [36]

KR: east areas of the southern Gangwon,
west, central and eastern areas of the

northern Geyongsang

solid waste disposal, enteric fermentation
and rice cultivation [42]

Meanwhile, the distributed red grids for CO2 and CH4 in many coastal cities and over many sea
areas in all seasons may indicate the influence of ship emission sources (i.e., direct CO2 emissions from
the ship engine combustions and CH4 leakages during fueling for ship activities) in the Chinese and
Korean coastal areas, and the Bohai Sea and the Yellow Sea areas [5,42,48,49].

Ship emissions have been increasing with the increasing size and frequency of international trade
and shipping. Consequently, emissions from shipping and port activities are important pollution
sources in several sea areas of Northeast Asia such as Bohai Sea, the near sea areas of Yangtze River
Delta and Pearl River Delta (e.g., [48] and [50,51]), and the Yellow Sea [49]. However, it seemed that
the global emission inventory, EDGARv4.3.2, provides spatially weaker emissions signals for CO2 and
CH4 in the sea areas of our domain. Namely, the strong CWT signals appear with comparable strengths
to those occurring in inland areas of China or Korea in many sea areas (Figures 7 and 8), whereas the
GHG emissions of EDGARv4.3.2 in the sea areas are substantially lower than those in inland areas
(Figure 3A). It also seems that there is no similarity between the distribution pattern of the red CWT
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grids and those of the ship emissions in this study. However, the distribution pattern of the red CWT
grid derived in this study seemed to have more similarity when compared to the distribution pattern of
the ship emissions estimated at a regional scale study (e.g., Figure 1 in [49]). Overall, such differences
in emissions distribution are likely to be ascribed by the outdated data and information used for the
ship emission estimation, including ship movement data (e.g., shipping routes, departure/arrival time,
etc.), technical information on the ships (e.g., engine type/power, speed, fuels, etc.) and emission
factor. Specifically, the ship traffic proxies used for the ship emission estimation (e.g., the ship
position, ship lanes between ports, etc.) in EDGARv4.3.2 were based on old database [52] and were
not updated for the East Asian region [5]. Since such proxy data are used for the disaggregation
of the total amount GHG emissions along the shipping routes, spatial dissimilarity between the
estimated and the real-world distribution of GHG emissions in the sea areas is likely to occur. In a
recent regional investigation of ship tracks using a satellite-based Automatic Identification System
(S-AIS) [53], we can see a number of ship tracks from the near sea areas of Shandong to a western edge
(i.e., entrance areas of the Daedong River) area of North Korea (Figure 6 in [53]). Interestingly, the high
CWT values were detected in similar sea areas (Figures 7 and 8) where many ship tracks were reported.
However, we cannot find similar patterns of emissions in the sea areas from EDGARv4.3.2. It is very
likely that such detailed ship track information was not considered in the recent global and regional
emission inventorying studies. Recent studies have also mentioned these problems (e.g., [49,51]).
Therefore, this result suggests that future research utilizing updated regional scale ship emissions
data would be beneficial to elucidate the red signal of CWT, which frequently occurs in sea areas in
all seasons.

Meanwhile, there might be curiosity about whether these red signals (i.e., the high CWT values in
the sea areas) can indicate the influence of emissions or just artefacts (like the products of the trailing
effect). The trailing effect denotes the effect or the cases where upwind and downwind areas of sources
are likely to also be detected as sources along the trajectories, due to an evenly distributed trajectory
pattern [10,16,54]. It also occurs when the sample numbers (trajectory numbers) are limited in the
standard PSCF approach [10,16]. Usually, such trailing effect is regarded as a common limitation in
most HRM analysis that is critically dependent on trajectory patterns, and applying multi-receptors is
suggested as a typical approach to reduce uncertainty subject to this problem [16,54]. In this study,
we have examined whether the high CWT values in the sea areas are associated with such a trailing
effect, focusing on the Yellow Sea area (Figure A4). Consequently, we confirmed that the trailing effect
does not significantly affect the CWT calculation results in the sea areas. For example, in the grid cells
over the areas of interest (AOI, i.e., some Yellow Sea areas in Figure A4a), we can see that there are not
only one-way patterns of trajectories, but trajectories that come from the transverse and longitudinal
directions with various patterns such as straight, curved, spiral types (Figure A4b). Moreover, seasonal
distribution of the CWT values calculated by weighting GHG concentrations at the endpoints of these
trajectories distributed in each grid cells does not show abnormal distribution patterns (Figure A4c,d).

4. Conclusions

We reported the summary of the atmospheric CO2 and CH4 levels in GS for the 2012–2014 period.
We also examined the potential source areas influencing the rise in the CO2 and CH4 concentrations
in GS by employing BPP and CWT methods together with currently available information on
emission sources.

The highest peak-to-peak amplitude for CO2 was observed in summer, followed by spring,
autumn and winter, whereas, for CH4, this was identified in spring, followed by winter, autumn and
summer. The observed positive correlations between the hourly CO2 and CH4 in every season
suggested the possibility of shared common emission sources, but there is a necessity for clarification
of this in the future. Seasonally, the highest mean concentration of CO2 was observed in winter,
followed by spring, autumn and summer, while the highest mean concentration of CH4 was in winter,
followed by autumn, spring and summer. The BPP analysis indicated that the combustion activities and
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plant respirations in the locality, along with vehicle emissions on the national route No. 46, are likely
be associated with the rise in CO2 observed at GS. For CH4, fugitive emissions from the gas and oil
stations along the national route No. 46 and agricultural activities, including plant cultivation and
livestock breeding, were considered as the likely source of the rise in CH4 observed at GS. The CWT
results indicated that the major source areas are scattered at different regions in each season because
pollution inflows occurred through seasonally different routes, except for the northwest-orient air
inflows that were sustained throughout all seasons. For example, the air inflows that passed over
the northwest and the north continental regions during winter were the two dominant routes in the
increase of overall CO2 and CH4 in GS. Meanwhile, the southwest-/south-/southeast-orient airflows
became the prevalent routes during summer, although slow air inflows from the northwest still remain
as a path. Integrating these kinds of results with emission source information from national and global
emission inventories, we identified potential source areas and characterized major emission sources.
For example, we identified that major sources for the winter CO2 are coal combustion, coal washing and
industrial activities in CNIM, CNN and CNNE and fuel combustion for energy for the infrastructure
of Incheon of KR. The manufacturing industry and fuel combustion in Yanggang and Pyeongan of
KP also are likely to be the potential sources of CO2 in GS. For the winter CH4 in GS, the identified
major sources are coal mining and oil and gas leakages in RUFEW and RUFEE, coal mining and enteric
fermentation in CNNE and CNN, and rice cultivation and waste landfill in CNE. The CWT results often
implied ship emissions over coastal and sea areas as the potential sources that significantly influence
the GHG levels in GS. However, it seemed that this result had less confidence due to large uncertainties
in the ship emission inventory data that were used for the purpose of verifying the model results.

This is the first paper summarizing the recent atmospheric CO2 and CH4 measurements in the GS
station in Korea and characterizing their potential emission sources. We expect that the results of this
paper will be useful for further studies to investigate the connections between the atmospheric GHG
trends, emissions, and the regional or national mitigation efforts. Moreover, further research in GS
could be conducted by applying other practical tools, such as isotopic signatures (e.g., the 13C/12C-ratios
in atmospheric CO2 and CH4). This kind of further research is likely to be useful in the verification of
the representativeness of the results of this paper, deriving even more thorough results.
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Appendix A

Figure A1. Annual mean trajectory clusters reaching the GS station (the left figures) and associated
annual mean CO2 and CH4 concentrations (the right figures) for the year of (a) 2012, (b) 2013, and (c) 2014.
In the map, each trajectory cluster is denoted by bold-face number and the percentage of air masses
from each cluster is shown in parenthesis.
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Figure A2. Time series of the measured (a) CO2 and (b) CH4 concentrations at the GS station from
2012 to 2014. The background and the polluted concentrations are illustrated in circled and squared
symbols, respectively.

Table A1. Summary of the filtered CO2 and CH4 concentrations observed for in GS for the
2012–2014 period.

Year
Polluted Case Background Case

CO2 (ppm) CH4 (ppb) CO2 (ppm) CH4 (ppb)

2012 408.3 1939 395.4 1895
2013 410.2 1956 396.2 1900
2014 408.0 1963 394.5 1916

Mean 408.8 1952 395.4 1904
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Figure A3. Spatial distribution maps of the annual total emissions for (a) CO2 and (b) CH4. The CO2

and CH4 emissions are expressed in Gg CO2 per 0.25◦ × 0.25◦.
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Figure A4. (a) A map indicating areas of interest (AOI) (here, some Yellow Sea areas) in which the
patterns of air mass trajectories are curious, (b) seasonal air mass trajectories in the grid cells over
the selected Yellow Sea areas (i.e., AOI), (c) Air mass trajectories superimposed over the CO2 source
distribution derived by CWT analysis in some Yellow Sea areas in each season and (d) Air mass
trajectories superimposed over the CH4 source distribution derived by CWT analysis in some Yellow
Sea areas in each season.
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