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anthropogenic radiative forcing (Seto et al. 2014). In partic-
ular, CH4 accounts for approximately one-third of the radia-
tive forcing of CO2 (Miller et al. 2013) and over a 100-year 
horizon its Global Warming Potential (GWP) is about 27.2 
to 29.8 times that of CO2 (Masson-Delmotte et al. 2021).

Both long-lived GHGs are particularly critical for 
stabilizing the climate, because a substantial fraction of 
anthropogenic CO2 emissions remain in the atmosphere 
for centuries to millennia (Parry 2007; Stocker et al. 
2013). The emissions of CO2 and CH4 from anthropogenic 
sources are jointly responsible for the dominant share of 
current and projected future climate warming (Allan et 
al. 2023). To achieve the long-term temperature goals 
of the Paris Agreement, Parties communicate Nationally 
Determined Contributions (NDCs) every five years and 

1  Introduction

Carbon dioxide (CO2) and methane (CH4) are the green-
house gases (GHGs) that significantly influence global 
warming, and their atmospheric concentrations have 
substantially increased since the 1870s Industrial Revo-
lution (Forster et al. 2007; Rigby et al. 2008). Both CO2 
and CH4 have contributed approximately 81% of direct 
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Abstract
To investigate urban enhancements of greenhouse gases (GHGs), CO2 and CH4 were measured in Seoul from January 
to March 2024 including the Airborne and Satellite Investigation of Asian Air Quality (ASIA-AQ) campaign. Mean 
concentrations of both CO2 and CH4 exceeded those reported for other major urban cities during winter. Identified four 
high-concentration episodes occurred under elevated CO and low wind speeds, consistent with suppressed ventilation after 
long-range transport. The footprint analysis indicated that the contribution of South Korea was dominant in most episodes 
indicating mainly influenced by local emission sources; however, episode 4 showed a relatively larger upwind (other) 
contribution suggesting the long-range transport. The contribution of emission sectors indicated that buildings/heating 
and power generation dominated ΔCO2 (subtracted by background concentration) variability, whereas waste management 
led ΔCH4, with secondary contributions from agriculture, buildings, and fuel exploitation. Despite different major emis-
sion sectors, ΔCO2 and ΔCH4 converged with a narrow range with high correlation coefficient (R), reflecting co-located 
anthropogenic sources during wintertime. A diurnal variation of both ΔCO2 and ΔCH4 peaked in the morning, then reached 
local minimum in mid-afternoon with increasing PBL height. However, the diurnal variation of the simulated ΔCO2 and 
ΔCH4 from the Stochastic Time-Inverted Lagrangian Transport (STILT) model showed late-afternoon minimum compared 
to measured values because the STILT overestimates the afternoon vertical gradient of CO2, likely owing to biases in 
diagnosed PBL height. This approach might provide scientific evidence to policy makers to attain the carbon neutral by 
suitable regulation for major emission sources when more dense spatial resolution of bottom-up inventory and meteoro-
logical fields are available.
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evaluate collective progress through the Global Stocktake 
(GST) (UNFCCC 2015). Under the Paris Agreement’s 
Enhanced Transparency Framework, Measurement, 
Reporting, and Verification (MRV) is fundamental to this 
process by ensuring the availability and scientific robust-
ness of GHGs information. Measurement provides the 
empirical basis for evaluating NDC implementation and 
strengthening the credibility of the GST. Accordingly, 
accurate in-situ observations and sustained monitoring 
are essential for supporting effective climate mitigation 
assessment. Therefore, understanding the detailed behav-
iors of GHGs from in-situ measurements is required to 
establish the mitigation policies to achieve the carbon 
neutral by mid-century.

Global background monitoring by the National Oceanic 
and Atmospheric Administration Global Monitoring Labo-
ratory (NOAA/GML) indicates that atmospheric concen-
trations of CO2 and CH4 have already risen to 422.8 ppm 
and 1,929.9 ppb, respectively, in 2024 (Lan et al. 2025a; 
b). Among the contributors to increasing CO2 on a global 
scale, East Asia makes a particularly critical contribution, 
accounting for 35% (18.6 Gt CO2-eq) of global emissions 
(Crippa et al. 2024). For instance, annual mean concentra-
tions in Shanghai from June 2017 to May 2018 were 428.36 
ppm for CO2 and 2,154 ppb for CH4 (Wei et al. 2020). Cor-
respondingly, elevated levels have been observed in Seoul, 
where the mean CO2 concentration from July to December 
2019 reached 451.76 ppm (Park et al. 2021).

Several studies have examined the sources and origins of 
GHGs in Korea, primarily employing measurements from 
background monitoring sites such as Anmyeon-do (AMY), 
a World Meteorological Organization (WMO) Global 
Atmosphere Watch (GAW) station (Kim et al. 2023; Lee 
et al. 2020; Li et al. 2024; Sim et al. 2022). Background 
sites such as AMY provide valuable insights into regional 
and long-range transport (Lee et al. 2019), whereas they are 
less suited to capturing the complex emission characteristics 
of densely populated metropolitan areas. In contrast, urban 
areas account for nearly 70% of global CO2 emissions from 
energy use (Seto et al. 2014), indicating the importance 
of central cities in global anthropogenic GHGs emissions. 
Urban areas are major hotspots of anthropogenic emissions, 
where fossil fuel combustion, traffic, industrial activities, 
and residential heating interact in ways that differ substan-
tially from background conditions. Despite these reasons, a 
research explicitly targeting Seoul remains scarce, particu-
larly in terms of source attribution and quantitative assess-
ments of sectoral contributions. This deficiency emphasizes 
the urgent need for studies that integrate high-resolution 
modeling with in-situ measurements to better constrain 
GHG emissions in Korea’s most densely populated metro-
politan region.

The Airborne and Satellite Investigation of Asian Air 
Quality (ASIA-AQ) campaign was conducted from Febru-
ary to March 2024 as a large-scale international collabo-
ration by NASA, many universities, and environmental 
agencies from South Korea, the Philippines, Thailand, 
and Taiwan (Crawford et al. 2022). The objective of the 
campaign was to improve understanding of atmospheric 
composition and GHG distributions across Asia by com-
bining airborne, satellite, and ground-based measurements. 
Accordingly, this study investigates the temporal variability 
and source characteristics of atmospheric CO2 and CH4 in 
Seoul from January to March 2024 including the ASIA-AQ 
campaign. In-situ measurements were integrated with model 
simulations using the Stochastic Time-Inverted Lagrangian 
Transport (STILT) model driven by Global Forecast System 
(GFS) meteorological data provided by the National Cen-
ters for Environmental Prediction (NCEP, NOAA) and sec-
toral emission rates from the Emissions Database for Global 
Atmospheric Research (EDGAR) inventory. Measured and 
simulated CO2 and CH4 concentrations were analyzed to 
examine their temporal variation, the enhancement ratios 
between CH4 and CO2 (ΔCH4/ΔCO2), and diurnal varia-
tions to identify their behaviors and contributions of region 
and emission sectors.

2  Methods

2.1  Measurement Site and Period

This study was conducted on the 7th floor of the Mediheal 
Environmental Science Building (37.59°N, 127.03°E, 72 m 
a.s.l.) at Korea University in Seongbuk-gu, Seoul, Korea 
from 28 January to 28 March including ASIA-AQ campaign 
(Fig. 1). The emissions of Seoul are significantly influenced 
by anthropogenic activities such as transportation, industrial 
operations, and commercial activities. It should be noted 
that the impact of biospheric CO2 uptake is minimal due to 
low photosynthetic activity, while anthropogenic emissions 
are dominant (Bezyk et al. 2023) because the measurements 
were conducted during wintertime. In contrast, CH4 uptake 
exhibited a general decrease, attributable to variations in 
soil moisture and temperature (Bezyk et al. 2022). Further-
more, given the considerable atmospheric lifetimes of CO2 
and CH4, the site is influenced by not only the local emis-
sion but also long-range transport from mainland including 
China, North Korea.

2.2  Instrument

We utilized a GHG analyzer (model GLA331-GGA; ABB-
LGR Inc.), equipped with a high-precision measurement 
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system based on Off-Axis Integrated Cavity Output Spec-
troscopy (OA-ICOS), a highly sensitive and widely used 
technology for trace gas monitoring (Paul et al. 2001). This 
technique operates on the principle of directing a laser beam 
into an optical cavity at an off-axis angle, resulting in mul-
tiple reflections between highly reflective mirrors. Such a 
configuration eliminates the stringent alignment stability 
and laser wavelength locking requirements of conventional 
resonance-based optical techniques, while maintaining an 
extremely long effective optical path length (on the order of 
several kilometers), thereby enabling ultra-sensitive detec-
tion and high-precision measurements (Baer et al. 2002). 
Measurements were conducted at a sampling frequency of 
1 Hz. The analyzer provides high precision, with accuracies 
of ± 0.15 ppm for CO2 and ± 0.6 ppb for CH4. The measure-
ment ranges spanned from 0 to 200,000 ppm for CO2 and 0 
to 100 ppm for CH4, allowing effective detection of a wide 
range of concentration variability commonly observed in 
urban environments.

CO2 and CH4 concentrations were calibrated to the 
WMO X2019 (Hall et al. 2021) and X2004A (Dlugokencky 
et al. 2005) mole fraction standard scales, respectively, pro-
vided by NOAA/GML, which serves as the WMO Central 

Calibration Laboratory (CCL) for WMO/GAW. Ambient air 
was continuously drawn into the analyzer, enabling real-
time detection of short-term fluctuations in atmospheric 
GHG concentrations.

To quantitatively assess the local contributions of urban 
GHG emissions, ΔCO2 and ΔCH4 (i.e., enhancements 
above the background level) were calculated by subtracting 
the baseline level from the observed CO2 and CH4 mixing 
ratios. The baseline, representing atmospheric conditions 
minimally influenced by local urban emissions, was esti-
mated using a 14-day moving 5th percentile (Ammoura et 
al. 2016; Choi et al. 2020).

2.3  STILT Model Configuration

We utilized the STILT model version 2 (Fasoli et al. 2018), 
which is a widely used Lagrangian atmospheric transport 
model. This model simulates backward trajectories of air 
parcels arriving at the receptor site, deriving footprints 
that represent the sensitivity of an observation to surface 
fluxes from upwind regions (Lin et al. 2003), enabling the 
identification of potential source regions and the separation 
of local emissions from long-range transport influences 

Fig. 1  Locations of the measurement site (37.59°N, 127.03°E, 72 m a.s.l.; Mediheal Environmental Science Building in Korea University, Seoul, 
Korea). The left panel shows map of East Asia including, China, Korea, and Japan
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Emissions Dataset for Global Atmospheric Research GHG 
(EDGAR_2024_GHG; ​h​t​t​p​​s​:​/​​/​e​d​g​​a​r​​.​j​r​​c​.​e​c​​.​e​u​​r​o​p​​a​.​e​​u​/​d​​a​t​a​
s​​e​t​​_​g​h​g​2​0​2​4) for CO2 and CH4 based on 2024, a bottom-
up global anthropogenic GHGs emission inventory. In 
addition to anthropogenic sources, biomass burning emis-
sions were considered using the Global Fire Assimilation 
System (GFAS) v1.2 (​h​t​t​p​​s​:​/​​/​w​w​w​​.​e​​c​m​w​​f​.​i​n​​t​/​e​​n​/​f​​o​r​e​​c​a​s​​t​s​
/​d​​a​t​​a​s​e​​t​/​g​l​​o​b​a​​l​-​f​​i​r​e​​-​a​s​​s​i​m​i​​l​a​​t​i​o​n​-​s​y​s​t​e​m), which provides 
wildfire fluxes of CO2 and CH4. These datasets provide 
a spatial resolution of 0.1° by 0.1°, while the temporal 
resolutions are 1 month for EDGAR and 1 day for GFAS, 
respectively. Simulated CO2 and CH4 concentration con-
tributions from individual emission sectors can be calcu-
lated using Eq. (1),

GHGsimulated =
∑n

i=1
(footprint × ERi)� (1)

where GHGsimulated denotes the simulated CO2 or CH4 
concentration; footprint is the STILT simulated influence-
weighted functions (units: ppm·m2 ·s·mol−1), ER is the 
sector-specific emission rate of CO2 and CH4 in each grid 
cell (units: mol m−2 ·s−1), n is the number of all sectors in 
bottom-up emission inventories (Fig. 2). The simulated 
concentrations were compared with in-situ measurements 
to evaluate regional and sectoral contributions.

such as those from northeastern and eastern China. Prior 
to running the STILT model, it is essential to select appro-
priate meteorological fields. While most previous studies 
adopt the Weather Research and Forecasting (WRF) model 
coupled with the STILT (WRF-STILT), providing high-
resolution meteorological fields (Kort et al. 2013; Maier et 
al. 2021; Nehrkorn et al. 2010; Park et al. 2022), we used 
GFS with a 0.25° resolution. In this study, we configured 
the model to release 1,000 virtual particles at the receptor 
(measurement) site. The backward trajectories of these par-
ticles were simulated at 1-h intervals, extending up to 5 d 
prior to the arrival time, allowing us to identify the origin of 
emissions and assess transport mechanisms influencing the 
SMA. Our footprints were generated at a spatial resolution 
of 0.1° by 0.1°.

Figure 3 shows the footprint distribution from the STILT 
model during the measurement period. Since footprints 
indicate the sensitivity of the receptor to surface fluxes, high 
sensitivity is observed over the Korean peninsula near the 
measurement site. Furthermore, transport pathways from 
northeastern and eastern China are also clearly identified.

2.4  CO2 and CH4 Emission Inventory

CO2 and CH4 enhancements were estimated by con-
volving footprints with gridded surface fluxes from the 

Fig. 2  The averaged footprints calculated from the Stochastic Time-
Inverted Lagrangian Transport (STILT) model (left), total emission 
rates of CO2 and CH4 from Emissions Dataset for Global Atmospheric 

Research (EDGAR) emission inventories and Global Fire Assimila-
tion System (GFAS) v1.2, and simulated concentratoin of CO2 and 
CH4 by multiplying the footprint by emssion rates
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vegetation carbon uptake (Cheng et al. 2018). CH4 also 
shows a similar seasonal pattern to CO2, with a maximum 
in October and a minimum in March and April with a rela-
tively large seasonal amplitude due to complex mechanism 
including strong reaction with hydroxyl radicals (OH) in 
summer and seasonal variation in diverse emission sources 
(Kenea et al. 2021).

Because daily variation in CO2 and CH4 are largely 
controlled by the regional distribution of emission sources 
and atmospheric transport at the synoptic scale (Sreenivas 
et al. 2022), we selected high concentration episodes for 
which daily average CO2 concentrations exceeded 460 ppm 
(~ median). Although the daily average might be lower than 
the threshold, if concentrations above the threshold per-
sisted for a short period, it was deemed reasonable to treat 
the period as a single event. Therefore, high concentration 
episodes were defined as periods with an average concentra-
tion exceeding 480 ppm (~ 75% percentile). The start and 
end dates of each episode were chosen based on whether 
the CO2 concentration was above or below 460 ppm. This 
ensured that days with lower concentrations following a 
high-concentration peak could still be included in the epi-
sode, and captured the rise in concentrations from the time 

3  Results

3.1  Time Series of CO2 and CH4

Figure 3 depicts observed hourly CO2 and CH4 concentra-
tions, along with the major contributing countries indicated 
by vertical bars. The observed mean concentrations were 
465 ± 20.5 ppm for CO2 and 2,203 ± 86.8 ppb for CH4 dur-
ing the measurement period. These concentrations are nota-
bly higher than Wroclaw in Poland (433 ppm for CO2 and 
2,010 ppb for CH4; Bezyk et al. 2023), Shadnagar in India 
(395.94 ± 1.02 ppm for CO2 and 1,950 ± 10 ppb for CH4; 
Sreenivas et al. 2022), and Shanghai in China (435.49 ppm 
for CO2 and 2,140 ppb for CH4; Wei et al. 2020) during 
winter. In addition, the SMA mean concentrations were con-
sistently higher than those observed at background sites in 
South Korea (Anmyeon-do, Ulleung-do and Gosan), where 
wintertime CO2 and CH4 levels ranged from 430–434 ppm 
and 2,033–2,050 ppb, respectively, indicating substantial 
urban enhancements within the SMA (KMA 2025). This is 
consistent with the maximum concentration of CO2 occur-
ring during winter due to domestic heating and the stable 
surface layer, reduced convective mixing, and limited 

Fig. 3  Temporal variations in regional contribution and concentration 
of CO2 and CH4. Top panel: fractional of regional contribution calcu-
lated from the STILT model over selected area (red –China; orange 
–North Korea; green – South Korea; blue – Japan; grey –other regions 

such as the ocean). Bottom panel: measured concentrations of CO2 and 
CH4. The periods denoted as Ep1–4, and ASIA-AQ campaign periods 
(see the text for details) are enclosed by shaded box with blue and pink, 
respectively
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elevated CO and PM2.5 along with a relatively higher CO/
NO2, supporting a greater contribution from transported pol-
lution (Shim et al. 2019). Ep4 showed comparatively lower 
CO and PM2.5, indicating weaker pollution accumulation 
than Ep1–Ep3. Additionally, it also exhibited a higher O3/
NO2 ratio (1.2), along with higher wind speeds. The ground 
meteorological variables did not show a significant differ-
ence between episodes and non-event days except for wind 
speed; the wind speeds on non-event days were higher than 
those during episodes, indicating that ventilation is one of 
the key factors driving lower concentrations of CO2, CH4, 
and air pollutants (R = − 0.93 for CO2 and − 0.82 for CH4). 
Kim et al. (2015) demonstrated using satellite observations 
that a high concentration of CO2 plume could be long-range 
transported with 1–2 day duration.

To investigate the regional contribution, we calculated 
the fractions of residence time based on the footprints simu-
lated from the STILT model (Fig. 3a). Except for Ep4, the 
averaged contribution of South Korea accounted for more 
than 50%, followed by others (~ 28%), China (~ 9.3%), 
and/or North Korea (8.0%), and Japan (0.2%) during the 
episodes (Table 1). This implied that local emissions from 
South Korea (mainly from the Seoul Metropolitan Area) 
might be lead the elevated CO2 and CH4 concentrations 
compared to long-range transport from North Korea, China, 
and other regions. However, Ep4 exhibited a different pat-
tern with South Korea contributing 36.7%, followed by 
others (51.2%), China (8.2%), North Korea (4.0%). This 
pattern indicated transported CO2 and CH4 might be more 
pronounced under relatively higher wind speeds observed in 
Ep4, similar to non-event conditions.

they first exceeded 480 ppm at the beginning of the episode. 
According to the criteria, we selected four high concentra-
tion cases of CO2 and CH4 during the measurement period 
(30–31 January, 12–14 February, 16–20 February, and 28 
March 2024). It should be noted that high CH4 concentra-
tions were assigned to the same CO2 episodes because the 
hourly variation showed good consistency between CO2 and 
CH4.

3.2  High CO2 and CH4 Concentration Episodes

Table 1 summarizes the mean values of measured CO2 and 
CH4 concentrations along with meteorological variables 
and air pollutants from the Air Quality Monitoring Station 
(AQMS), which is located 1.1 km from the measurement 
site. CO2 and CH4 concentrations during the episodes were 
elevated by approximately 11–36 ppm and 42–147 ppb, 
respectively, compared to non-event days. During the high 
concentration episodes, atmospheric pollutant concentra-
tions also increased, particularly CO, a tracer of long-range 
transport, which showed an increase of up to 76% during 
episode (Ep) 2. In urban environments, however, CO can 
also be influenced by local emissions (e.g., traffic emissions). 
Accordingly, we examined diagnostic ratios among air pol-
lutants (CO/NO2 and O3/NO2) to evaluate the relative influ-
ence of local emissions and long-range transport. Ep1 and 
Ep3 exhibited relatively lower CO/NO2 and O3/NO2 than all 
periods and non-event periods, suggesting a higher fraction 
of short-lived NO2 and limited photochemical processing. 
This pattern is more consistent with a stronger influence 
of local emissions. In contrast, Ep2 was characterized by 

Table 1  Summaries of selected periods for CO2 and CH4, atmospheric pollutants, meteorological paramaters, and regional contributions measured 
in Seoul, Korea

All Ep1 Ep2 Ep3 Ep4 Non-event
CO2 (ppm) 465 ± 29.8 491 ± 41.5 486 ± 38.3 482 ± 30.4 466 ± 21.6 455 ± 21.0
CH4 (ppb) 2,204 ± 135.4 2,287 ± 177.0 2,312 ± 179.9 2,266 ± 142.5 2,207 ± 108.6 2,165 ± 101.0
PM2.5 22.1 ± 16.2 35.3 ± 18.5 39.5 ± 14.8 20.6 ± 12.7 24.4 ± 9.0 17.0 ± 14.0
SO2 2.55 ± 0.62 3.43 ± 0.56 2.90 ± 0.48 2.63 ± 0.44 2.63 ± 0.58 2.32 ± 0.50
CO 523 ± 216.2 746 ± 259.5 775 ± 276.9 623 ± 183.1 504 ± 106.8 440 ± 144.0
O3 28 ± 14.1 19 ± 14.3 26 ± 17.5 14 ± 10.6 33 ± 15.8 30 ± 11.8
NO2 25.5 ± 15.3 39.9 ± 17.1 34.2 ± 20.8 33.9 ± 12.5 27.2 ± 13.7 20.6 ± 11.6
Temp 5.42 ± 4.6 3.11 ± 3.3 3.34 ± 3.9 6.04 ± 3.7 6.70 ± 3.6 5.82 ± 4.9
WS 1.72 ± 1.0 1.25 ± 0.7 1.47 ± 1.0 1.34 ± 0.6 1.65 ± 1.0 1.89 ± 1.1
RH 58.0 ± 18.9 55.0 ± 13.5 59.6 ± 12.5 75.5 ± 17.5 53.3 ± 16.7 57.2 ± 19.9
CO/NO2 20.5 18.7 22.7 18.4 18.5 21.4
O3/NO2 1.1 0.5 0.8 0.4 1.2 1.5
Regional contribution
South Korea 43.1 ± 21.2 57.9 ± 25.7 50.9 ± 16.5 54.9 ± 21.2 36.7 ± 19.1 38.2 ± 18.7
China 13.2 ± 9.11 8.28 ± 4.18 10.1 ± 6.12 9.44 ± 7.99 8.20 ± 4.89 16.6 ± 9.82
North Korea 7.88 ± 9.35 10.6 ± 14.0 7.59 ± 8.00 5.78 ± 6.58 3.96 ± 5.17 8.62 ± 9.19
Japan 0.06 ± 0.25 0.00 ± 0.00 0.02 ± 0.03 0.45 ± 0.70 0.00 ± 0.00 0.05 ± 0.11
Others 35.8 ± 20.2 23.3 ± 18.3 31.4 ± 19.9 29.4 ± 14.3 51.2 ± 24.1 36.6 ± 17.8
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framework (Yang et al. 2025). Although the emission from 
biomass burning were included in Fig. 4, it should be noted 
that this study mainly focused on anthropogenic emissions 
by considering the EDGAR inventories and subtracting back-
ground concentration from the measured values. In other 
words, natural sources (e.g., CO2 from ecosystem respiration 
and CH4 from wetlands) were not explicitly accounted for, 
even though winter photosynthesis is reduced for CO2.

The daily variation of emission sectors for ΔCO2 was 
mainly derived by the buildings (21.1 ppm) and power 
generation (12.2 ppm), followed by transportation (3.8 
ppm) and industry (2.11 ppm). The remaining sectors (fuel 
exploitation, waste, agriculture) were negligible due to their 
low concentration (less than 0.39 ppm). Therefore, the R 
between dominant sectors and measured ΔCO2 exceeded 
0.55. In EDGAR, the buildings sector includes small-scale 
combustion emissions from residential and commercial 
heating, with spatial allocation informed by population 

3.3  Source Contribution of ΔCO2 and ΔCH4 
Concentrations

Figure 4 shows the time-series of simulated ΔCO2 and 
ΔCH4 concentrations depending on the emission sectors 
from EDGAR inventories with GFAS data. During the 
measurement period, the sum of simulated sectoral con-
centrations showed good correlation with measured ΔCO2 
(CO2, observed − CO2, background) with high correlation coef-
ficients (R > 0.63) and slope of best-fit lines close to unity 
(> 0.83). The statistics were comparable to previous studies 
(Kenea et al. 2023; Sreenivas et al. 2016, 2022; Tohjima et 
al. 2014; Xia et al. 2020). The discrepancy between simu-
lated and measured concentrations might be caused by the 
uncertainty in input parameters such as emission factors in 
sectoral emission rates (Solazzo et al. 2021), meteorologi-
cal fields, imprecise assumed background CO2 and/or CH4 
concentrations, uncertainties in the STILT transport modeling 

Fig. 4  Daily variations in simulated concentration of emission sectors 
and measured concentrations of (a) ΔCO2 and (c) ΔCH4. The periods 
denoted as Ep1–4, and ASIA-AQ campaign periods (see the text for 
details) are enclosed by shaded box with blue and pink, respectively. 

(b) and (d) show the scatter plots between the sum of simulated and 
measured concentrations. The solid blue and dashed-black indicate 
best-fit and 1:1 lines, respectively
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ΔCO2 concentrations were roughly twice those on non-
event days, with the exception of agriculture and wildfire. 
Despite this increase, sectoral shares remained broadly 
similar between episodes and non-event days. Ep4, which 
showed a notable contribution from the “other” region, also 
exhibited a higher fraction from power generation than other 
episodes, suggesting influence from long-range transport of 
power-plant emissions. ΔCH4 shows a similar pattern; the 
simulated concentrations for most sectors were about twice 
those of non-event days, except for wildfire. During Ep4, 
the power generation, industrial processes, and waste sec-
tors made comparatively larger contributions, suggesting 
influence from upwind industrial and waste CH4 sources 
(e.g., industrial wastewater) (Chen et al. 2025).

3.4  The Relationship Between ΔCO2 and ΔCH4

ΔCO2 and ΔCH4 exhibited remarkably similar variation pat-
terns, indicating that both GHGs are primarily influenced 
by similar controlling factors, such as anthropogenic emis-
sion sources, boundary layer dynamics, and/or regional 

density and heating degree-days to represent regional vari-
ability in heating demand (Crippa et al. 2024).

For ΔCH4, the major emission sector was identified as 
waste (106 ppb) with an overwhelming contribution com-
pared to others, resulting in high R (0.55) with ΔCH4. This 
is consistent with previous evidence that waste is a major 
methane emission source in Korea (Moon et al. 2024). The 
remaining moderately contributing sectors, such as agricul-
ture (19.8 ppb), buildings (16.4 ppb), and fuel exploitation 
(13.9 ppb) also showed similar R levels (0.34–0.51) with 
ΔCH4. These moderate contributions might be reflected in 
the limited agricultural activity and temperature-dependent 
emissions during winter. Although ΔCO2 and ΔCH4 showed 
similar temporal trends, their leading emission sources dif-
fered, indicating that distinct sectoral processes can yield 
convergent daily patterns under specific urban and seasonal 
settings.

Figure 5 presents sectoral concentrations and contribu-
tions during episodes and non-event days. Aforementioned, 
the buildings and power sectors dominated ΔCO2 both in 
concentration and contribution. For most sectors, simulated 

Fig. 5  The simulated sectoral concentrations and fractional contributions to the total simulated concentrations of ΔCO2 (top) and ΔCH4 (bottom) 
during the episodes and on non-event days
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was slightly lower than our results. Because the change in 
slope of ΔCH4/ΔCO2 is sensitive to the variability of atmo-
spheric CO2 (Sreenivas et al. 2022; Tohjima et al. 2014), 
the relatively high slope indicates a significant influence of 
ΔCO2 over the SMA during wintertime. Park et al. (2022) 
reported the highest slopes in the western (10.33 ± 4.55 ppb 
ppm−1) and eastern (14.50 ± 1.91 ppb ppm−1) Seoul by dis-
covering unveil unexpected urban CH4 hotspots such as 
emission/leakage from supply of LNG and large commer-
cial multicomplex buildings around Seoul.

During the nighttime window, a strong and positive cor-
relation was observed with maximum R value of about 0.9 
resulted from fugitive emissions from natural gas infrastruc-
ture (Nara et al. 2014). By contrast, the afternoon time win-
dow showed a weak correlation, suggesting specific source/
sink activities of CO2 and CH4, such as CH4 loss by OH 
and CO2 uptake by photosynthesis (Sreenivas et al. 2022). 
Several major CH4 sources active during the daytime (such 
as traffic) become less prominent at night; however, fugi-
tive CH4 emissions occur continuously throughout the day, 
and their detection is enhanced at night under lower wind 
speeds, which reduce the atmospheric dispersion of locally 
emitted gases (Chandra et al. 2019).

3.5  Diurnal Variation of Anthropogenic ΔCO2 and 
ΔCH4

The diurnal variation of ΔCO2 and ΔCH4 exhibited 
remarkably similar variation patterns, indicating that 
both GHGs are primarily influenced by anthropogenic 
emission sources as mentioned in Section 3.2 (Fig. 7). 
The two GHG concentrations peaked at 8:00 local time 
(LT) for ΔCO2 (46.0 ppm) and 10:00 LT for ΔCH4 (217.6 
ppb). These elevated concentrations are likely associated 
with increased anthropogenic activities such as rush hour 
traffic and heating for CO2 and waste treatment for CH4 
during working hours. In contrast, the concentrations of 
both GHGs decreased steadily throughout the day, reach-
ing their lowest levels in the afternoon, at 15:00 LT (11.0 
ppm for ΔCO2 and 44.2 ppb for ΔCH4). This reduction is 
primarily attributed to enhanced vertical mixing in the 
atmosphere during the daytime, as the planetary boundary 
layer (PBL) typically becomes higher under strong solar 
irradiation (Choi et al. 2021; Soleimanpour et al. 2023), 
thereby promoting greater vertical dispersion and dilution 
of near-surface emissions. The nighttime enhancement of 
ΔCO2 and ΔCH4 concentrations is also likely driven by 
PBL processes and regional-scale transport (Callewaert 
et al. 2022). Although the diurnal variation of ΔCO2 and 
ΔCH4 shows a similar pattern with a local minimum and a 
second peak at nighttime, there is a time lag in the morn-
ing peak times for ΔCO2 and ΔCH4. The lag likely reflects 

transport patterns by sharing similar spatiotemporal drivers 
in this study region. ΔCH4/ΔCO2 ratio serves as an effective 
indicator for monitoring regional emission variations and 
estimating the relative contribution from different emission 
sources (Chandra et al. 2019; Kenea et al. 2023; Sreenivas 
et al. 2022; Tohjima et al. 2014). During the measurement 
period, the slope of best-fit line between ΔCH4 and ΔCO2 
ratio was 4.56 ppb ppm−1 with a convergence within a nar-
row range (R = 0.96) (Fig. 6). The positive slope could be 
explained by a minimal CO2 and CH4 sinks due to oxida-
tion by OH in winter (Chandra et al. 2022; Sreenivas et al. 
2022). It should be noted that R values between ΔCH4 and 
ΔCO2 from previous studies were much lower compared to 
our results (0.77 for Shadnagar, 0.78 for Hateruma Island, 
and 0.73 for Anmyeon-do). Whereas the strong correlation 
(R > 0.8) between ΔCO2 and ΔCH4 suggests similar control-
ling emission processes at the site. Therefore, CH4 and CO2 
emissions in this study region are highly related to anthro-
pogenic emission sources such as natural gas combustion 
near the measurement site.

The ΔCH4/ΔCO2 ratio from this study was ranked lower 
range compared to those from Anmyeon-do (5.6 ppb ppm−1 
during 2010–2020), background area in Korea (Kenea et al. 
2023), Hateruma Island (~ 10 ppb ppm−1 in 2010), back-
ground area in Japan (Tohjima et al. 2014), Shadnagar (7.1 
ppb ppm−1 in 2014 and 9.40 ppb ppm−1 during 2014–2017) 
at a suburban site in India (Sreenivas et al. 2016, 2022) dur-
ing wintertime. However, the ratio from Jingdezhen (3.92 
ppb ppm−1), semi-urban region in China (Xia et al. 2020) 

Fig. 6  Scatter plot of between ΔCH4 and ΔCO2 in ppb ppm − 1 for dif-
ferent time windows: morning (0600–1000 h), afternoon (1100–1700 
h), evening (1800–2200 h), night (0000–0500 h). The robust linear 
regression fit is used to obtain the ratios. Correlation coefficients (R) 
are also reported alongside the ratios
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higher values in buildings (0.57), followed by transportation 
(0.50), and power generation (0.45) indicating these sectors 
are the main drivers of the ΔCO2 diurnal variation. In the 
case of simulated ΔCH4, the emission sectors of agriculture 
(0.63), buildings (0.51), and waste treatment (0.48) were 
identified for high diurnal variation. It should be noted that 
the peak and local minimum for simulated concentrations 
showed slightly different patterns with measured values. 
The simulated concentrations peaked at 08:00 LT for ΔCO2 
(75.5 ppm) and 07:00 LT for ΔCH4 (282.5 ppb) along with 
local minimum at 18:00 LT for both ΔCO2 (18.2 ppm) and 
ΔCH4 (80.3 ppb).

differing activity schedules of dominant sources such as 
heating/traffic for ΔCO2 and waste treatment for ΔCH4. 
Given that EDGAR provides monthly emission rates, the 
simulated CO2 and CH4 are limited in representing day-
to-day and diurnal variability due to roughly calculated 
hourly emission rates from monthly-based. Moreover, the 
simulated diurnal sectoral contributions should be inter-
preted primarily as changes in footprint sensitivity driven 
by meteorology and transport rather than the diurnal varia-
tion of emission rate.

The coefficient of variation (CV; standard deviation 
divided by mean) of simulated ΔCO2 concentration shows 

Fig. 7  Diurnal variation of simu-
lated sectoral concentrations and 
measured (a) ΔCO2 and (b) ΔCH4
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CH4 peaked in the morning (08:00 LT for ΔCO2; 10:00 LT 
for ΔCH4), reached local minima in mid-afternoon with 
increasing PBL height, and increased again in the late after-
noon. The lag time in the morning peak between ΔCO2 
and ΔCH4 might be caused by differing activity schedules 
of dominant sources such as heating/traffic for ΔCO2 and 
waste treatment for ΔCH4. However, the diurnal variation 
of the simulated ΔCO2 and ΔCH4 from the STILT model 
showed a different timing of second peak compared to mea-
sured values because the STILT model overestimates the 
afternoon vertical gradient of CO2, likely linked to estima-
tion of imprecise PBL height.

Although we used a relatively coarse spatial resolution 
compared to other studies, we identified the contributions of 
emission sectors over hourly and daily timeframes by com-
bining the model simulation with measured CO2 and CH4. 
Therefore, this approach might provide scientific evidence 
to support progress toward carbon neutrality, with further 
improvements expected as higher-resolution of bottom-up 
inventory and meteorological fields become available.
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