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A B S T R A C T

It is widely acknowledged that government policies significantly influence the emission and distribution of urban 
greenhouse gases (GHGs). However, accurately assessing the impact of urban pollution control measures on 
GHGs in megacities remains challenging and relies on integrating model simulations with multi-source obser
vational data. Since 2003, Beijing, the capital of China, has gradually expanded a heating transformation policy 
from the city center. This policy shift offers a unique opportunity to quantify the reduction in urban GHG 
emissions resulting from government interventions. Based on urban GHG observations in Beijing from 2015 to 
2020 (conducted without a drying system), this study applies an atmospheric method to analyze interannual 
variations in GHG emissions during winter heating seasons, which coincided with the energy structure transition, 
and identifies the main drivers of the observed trends in CH4/CO2 and N2O/CO2 ratios. Our findings showed that: 
(1) the shift in energy structure has directly reduced greenhouse gas emissions, thereby significantly impacting 
Beijing’s seasonal GHG concentration trends, with an average annual winter reduction of 5.30 × 105 t of CO2- 
equivalent between 2015 and 2018.; (2) the CH4/CO2 and N2O/CO2 ratios exhibited distinct winter trends during 
2015–2020, ranging between 6.02 × 10− 3 – 8.39 × 10− 3 ppm ppm− 1 and 5.60 × 10− 5 – 8.88 × 10− 5 ppm ppm− 1, 
respectively; (3) source diagnostics derived from the inter-gas correlations show that the interannual variations 
were driven by both the coal-to-gas transition and other anthropogenic sources like coal mining, wastewater 
treatment, and landfill management. This study focuses on Beijing, a city that has undergone significant energy 
structure changes, and serves as a case study for other cities undergoing similar transformations. While this 
practice can reduce GHG emission intensity, the increased use of natural gas may introduce other emission 
challenges that require further investigation.

1. Introduction

Cities are major contributors to greenhouse gas (GHG) emissions, 
with more than 70 % of CO2 emissions arising from fossil fuel com
bustion. The concentrated use of fossil fuels, combined with 
urbanization-driven land-use changes, makes cities hotspots for CO2 and 

CH4 emissions (Hutyra et al., 2014; Mitchell et al., 2018). While CO2 
persists in the atmosphere for 50–200 years (Lelieveld et al., 1998), CH4, 
with its 100-year global warming potential (GWP-100) 28 times that of 
CO2 and a relatively short atmospheric lifetime of 9–10 years 
(Dlugokencky et al., 2011; IPCC, 2021), presents a critical near-term 
mitigation opportunity (Archer and Brovkin, 2008; Nisbet et al., 
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2020). Global CH4 emissions from fossil fuel production and use account 
for 17 % (bottom-up) or 19 % (top-down) between 2008 and 2017, a 
share which increases to 45 % (bottom-up) or 57 % (top-down) when 
including emissions from wastewater treatment, landfilling, and agri
culture (Saunois et al., 2020). N2O is a long-lived gas with a GWP-100 
273 times that of CO2 and an atmospheric lifetime of 116 ± 9 years 
(Prather et al., 2015). Its anthropogenic emissions, primarily from 
agricultural practices like fertilizer use and animal waste management 
(Galloway et al., 2008), are notoriously difficult to quantify and control 
(Prather et al., 2009; Ciais et al., 2014). Long-term, high-precision, 
multi-species GHG observations in urban areas provide the essential 
data required not only for developing process-based models but also for 
formulating evidence-based mitigation strategies that account for the 
contributions of individual gases (Allen et al., 2022; Meurer et al., 2016; 
Turner et al., 2019). This approach is vital for reducing uncertainties in 
temperature projections and for quantifying non-climate co-benefits, 
particularly in the case of CH4 (Shindell et al., 2017).

Understanding the impact of policy implementation in urban settings 
provides valuable insights for predicting China’s future development 
paths. In Beijing, a city undergoing significant energy transitions, traffic 
emissions are the primary source of CO2 (75.5 % in summer and 38.9 % 
in winter), whereas in winter, heating contributes a nearly equal pro
portion of 38.3 % (Song et al., 2013). Between 2007 and 2015, Beijing’s 
energy transformation entered its fourth phase (Zhang et al., 2018). 
During the Thirteenth Five-Year Plan (2016–2020), Beijing’s energy 
structure was adjusted, with coal use in the heating sector decreasing 
from 31.1 % in 2010–2011 to 0 % in 2018–2019. At the same time, gas 
and electricity use increased from 44.1 % to 69.2 % and from 1.7 % to 
6.4 %, respectively (Zhou, 2020). However, there are unresolved issues 
in the quantified emission assessments of Beijing’s energy transition. 
Remarkably, the outbreak of the Coronavirus Disease 2019 (COVID-19) 
in late December 2019 provided an unintended yet valuable opportunity 
to assess the impacts of shifts in energy structure and reduced con
sumption on GHG and pollutant emissions, as well as on extreme 
weather events (Liu et al., 2021; Yang et al., 2022; Zhang et al., 2021).

The impact of urbanization on GHG emissions, particularly CH4 and 
N2O, has not been comprehensively quantified, especially at the city 
scale. Top-down approaches have demonstrated useful as independent 
assessments of GHG emission inventories at national and regional levels 
(Chen and Prinn, 2006; Dai et al., 2016; Hu et al., 2019). However, 
studies that encompass all three major anthropogenic GHGs—CO2, CH4, 
and N2O—are rare. In 2007, CH4 and N2O in China’s 26 industrial 
sectors accounted for 14.3 % of total GHG emissions, when converted to 
CO2 equivalents, and this proportion has steadily increased (Chen and 
Zhang, 2010; EPA, 2012). Climate change mitigation policies can 
effectively reduce costs in three dimensions: spatial, temporal, and by 
gas species (Kurosawa, 2006). China’s 2020 carbon peak and neutrality 
targets emphasize the need for accurate quantification of multiple gases 
at the urban scale, crucial for assessing and optimizing policy options 
tailored to specific conditions.

Quantifying urban emissions is challenging due to the considerable 
temporal and spatial variability of emission sources. Traffic patterns, 
along with weather-induced heating and cooling, are key factors influ
encing these emissions. Current direct observations and modeling efforts 
in urban areas primarily focus on CO2 emissions (Baldocchi et al., 2001; 
Mallia et al., 2020; Wang et al., 2020). In contrast, CH4 and N2O emis
sions in urban settings are typically estimated using bottom-up methods, 
which are limited by the availability of data at such sites. Zazzeri et al. 
(2017) leverages mobile sampling and δ13C-CH4 isotopic measurements, 
demonstrating that urban CH4 emissions are dominated by fossil fuel 
sources (e.g., gas leaks), contrary to inventories which often over
estimate waste-related emissions. Notably, the correlation between CH4 
and CO2 emissions differs between Miyun and Dashiwo, suggesting that 
the two gases share a common emission source within the same area of 
influence and under similar atmospheric transport conditions. A closer 
correlation between these two gases indicates more consistent source 

contributions. Through combined analysis of gas correlations and back 
trajectory analysis, the emissions regimes at Miyun and Dashiwo are 
distinguished as a single dominant combustion/respiration source 
versus multiple non-combustion methane sources, respectively (Munger 
et al., 2020). A tower-based study in Edinburgh, UK, employed the 
eddy-covariance method to measure N2O emissions, which correlated 
well with emissions of the anthropogenic tracers CO and CO2, demon
strating good agreement with the urban source and vehicle traffic 
emission ratios derived from the National Atmospheric Emissions In
ventory (Famulari et al., 2010).

Achieving the 2060 carbon neutrality target requires a systematic 
nationwide transition towards "de-coalization". In Beijing, China’s cap
ital, a coal-free heating energy structure has been largely established, 
significantly improving air quality (Li et al., 2020). Given the alignment 
between carbon neutrality and air quality objectives, further quantifi
cation and source apportionment of GHG emissions in urban areas like 
Beijing are crucial, especially during this transitional period. This study 
conducted atmospheric concentration observations in Beijing from 2015 
to 2020 with two objectives: (1) to estimate the interannual variation of 
GHG emissions associated with winter heating, and (2) to assess whether 
the energy structure transformation has effectively reduced emissions.

2. Methodology

2.1. Site and observations

Atmospheric concentrations of CO2, CH4, and N2O were measured at 
the Institute of Geographic Sciences and Natural Resources Research, 
Chinese Academy of Sciences (IGSNRR-CAS). IGSNRR-CAS, located in 
northern Beijing (40◦00′N, 116◦23′E, 45 m above sea level; Fig. 1), offers 
a strategic location for environmental assessments. Beijing’s land use is 
diverse, comprising forests (47.6 %), croplands (24.6 %), impervious 
surfaces (15.5 %), grasslands (7.8 %), shrublands (2.6 %), water bodies 
(1.5 %), barelands (0.3 %), and wetlands (0.1 %) (Gong et al., 2019; 
source: http://data.ess.tsinghua.edu.cn/). Major agricultural crops in 
Beijing include corn, vegetables, and winter wheat (Beijing Statistical 
Yearbook, 2020). Additionally, Beijing contributes 3.6 % of China’s GDP 
while occupying only 0.2 % land area (China Statistical Yearbook, 
2020). The heating season in Beijing, defined from December to 
February, is based on historical heating durations and is commonly 
referred to as the cold season. The other three seasons are classified as 
spring (March to May), summer (June to August), and autumn 
(September to November).

The atmospheric observations were conducted from March 21, 2015, 
to December 31, 2020. The air intake was located outdoors, approxi
mately 10 m above ground level, next to the laboratory. Air was drawn 
through Teflon tubing into the analyzer (model G2508, Picarro Inc., 
Santa Clara, California, USA), passing sequentially through filters with 
pore sizes of 2 μm (Swagelok JP5627001) and 30 μm (Xiongchuan SS- 
224F). The 2 μm filter was positioned at the air intake, and the 30 μm 
filter was placed at the analyzer’s entrance. An external rotary valve, 
installed between the filters, directed the gas flow through one of four 
pathways: the external atmosphere or one of three standard gas line
s—each containing different concentrations of CO2, CH4, and N2O. Re
ported CH4, CO2 and N2O concentrations in this study are dry mole 
fractions, corrected in real-time for water vapor dilution by the analyzer 
(Text S1). The instrument measurement rate was approximately 0.2 Hz. 
The raw data were processed in half-hour blocks, with outliers identified 
as values exceeding 1.5 times the standard deviation from a five-point 
moving average and subsequently removed.

The analyzer performed a calibration cycle every 5 h, measuring 
three concentration levels (high, low, and median) over 15 min, with 5 
min allocated to each level. Details of the standard gases are provided in 
Table S1. Transition periods between gases lasted approximately 16 s 
before signal stabilization, compared to the instrument’s typical 10–90 
% gas response time of ~8 s. These transition intervals were 
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systematically excluded during data processing. For the remaining sta
ble data, a 3-min moving window was applied, and the window with the 
smallest standard deviation was selected to determine the mean value as 
the final instrument reading. A two-point calibration was applied for 
each gas using reference standards at varying concentration levels. 
Stable measurement intervals during standard injections were averaged 
and linearly regressed against reference values to derive calibration 
functions. Data between consecutive calibrations were corrected using 
the equation from the subsequent calibration event, and the final cor
rected value was determined as the average of the corrections applied 
from both adjacent calibration periods. Subsequently, validated data 
were aggregated into half-hourly mean concentrations for analysis.

Additionally, this study compared the concentration profiles of the 
urban site in Beijing with those from several representative non-heating 
winter sites. For a detailed description of the sites, see Table S2. The 
Meiliangwan (MLW) and Quanjiao (QJ) sites are located in Wuxi, 
Jiangsu Province, and Chuzhou, Anhui Province, respectively, where 
winter heating is absent. The Waliguan (WLG) site is a GAW Global 
station, part of the World Meteorological Organization’s Global Atmo
sphere Watch Programme, located in China. The Shangdianzi GAW 
Regional Station (SDZ) is located 150 km northeast of urban Beijing.

2.2. Atmospheric method

Jaffe et al. (2005) used the slopes of A vs B correlations to determine 
emission ratios based on the following assumptions: (1) no loss of sub
stances during transport; (2) constant sources with fixed emission ratios; 
and (3) constant background concentrations throughout the event. 
Assumption (2) can be extended to multiple sources along an event’s 
trajectory, as long as their relative contributions remain constant 
throughout the event (Brunke et al., 2012). 

B metric tons=(A metric tons)(Batm /Aatm)(MB /MA) (1) 

The atmospheric method uses a well-understood and quantifiable gas 
(A) to trace another gas (B). This method combines the observed at
mospheric concentration ratio (Batm/Aatm) with emissions of A to esti
mate emissions of B. In this study, CO2 was selected as the tracer gas to 
quantify CH4 and N2O emissions in Beijing, with CO2 emissions obtained 
from inventory data. Given the uncertainties in the observed 

concentrations of CO2, CH4 and N2O, geometric mean regression was 
chosen as the fitting method, which will be detailed in the following 
section.

Considering the assumptions inherent in the method, winter daytime 
(11:00–16:00; Fig. S1) was selected to constrain anthropogenic CH4 and 
N2O emissions in Beijing. The planetary boundary layer height, simu
lated by WRF, exceeds 300 m during this period, indicating that the 
atmosphere is well mixed and there is no significant disturbance from 
nearby direct emissions. However, winter heating in Beijing introduces 
additional anthropogenic emissions compared to other seasons. There
fore, distinguishing heating emissions from other anthropogenic sources 
is a challenge this study seeks to address.

2.2.1. Footprint analysis
In this study, January 2016 was selected as a representative month of 

the cold season to analyze the source contribution area for the winter 
observation point concentration. The WRF-STILT model was employed 
to quantify the source area contributing to the observed concentration at 
the site. The spatial distribution of the source contribution footprint was 
determined using the Weather Research and Forecasting (WRF) model 
(version 3.8.1) in conjunction with the Stochastic Time-Inverted 
Lagrangian Transport (STILT) model. This combined approach used 
three nested domains with spatial resolutions of 9, 3, and 1 km (Fig. 2; 
Lin et al., 2003; Skamarock and Klemp, 2008). Beijing was located in 
Domain 3 (d03), which had the highest spatial resolution, while Domain 
2 (d02) covered the Beijing-Tianjin-Hebei region. This configuration 
helped understand the influence of external areas on the observation 
point. The WRF model provided hourly gridded meteorological data for 
the region of interest, based on reanalysis data. The STILT model then 
used these meteorological data to backtrack air particles in time, 
assessing their sensitivity to surface fluxes of specific gases. Further 
details can be found in Lin et al. (2003); Gerbig et al., 2003. These 
particles were employed to calculate a footprint with a spatial resolution 
of 0.1◦ × 0.1◦ [unit: ppm (μmol m− 2 s− 1)− 1], delineating the upstream 
area that influences the air arriving at a specific location (Gerbig et al., 
2003a, 2003b).

2.2.2. Inventory products
Inventory products can be divided into two categories: (1) those 

Fig. 1. Site location and instrumentation. (a) Geographical distribution of the observation site (highlighted) and four other reference sites. (b) Land cover map of 
Beijing at a 30-m spatial resolution (adapted from Gong et al., 2019). (c) Photograph showing the instrument air inlet at 10 m above ground level. (d) Photograph of 
the instrument.
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based on provincial or national-level statistical data, such as the Open- 
source Data Inventory for Anthropogenic CO2, version 2019 (ODIAC, 
2019), the Emissions Database for Global Atmospheric Research, version 
60 (EDGAR v6.0), and the Fossil Fuel Data Assimilation System, version 
2.2 (FFDAS v2.2) (Table 1); and (2) those based on city-level statistical 
data, including the Multi-resolution Emission Inventory for China (MEIC 
v1.3), China Emission Accounts and Datasets (CEADs), and the Global 
infrastructure Emission Database (GID). These datasets can be spatially 
allocated using proxies, such as nighttime light intensity or population 
density. To achieve a realistic spatial distribution of emissions from 
specific industrial sources, such as cement and power plants, emissions 
are modeled using point source data, while traffic emissions are based 
on line source data. The spatial resolution of these inventory products 
ranges from 1 km (ODIAC and FFDAS) to 0.25◦ (approximately 27.5 
km). For more details on these inventory products, refer to Han et al. 
(2020a, 2020b).

Given the limitations in directly comparing current emission statis
tics with top-down results at the city scale, it is crucial to filter and 
eliminate redundant emission sources across various emission in
ventories (Chen et al., 2020). Within city boundaries, only direct emis
sions from fossil fuel combustion, industrial production and processes, 
transportation, land use, and waste (scope 1) should be considered for 
comparison with observational inversion results. Emissions from total 
electricity consumption generated both within and outside city bound
aries, as well as emissions from aviation and marine sources, and up
stream power plant emissions, should be excluded from this analysis.

Fig. 2. Three domains configuration used in WRF. The spatial resolutions for 
d01, d02, and d03 are 9 km, 3 km, and 1 km, respectively. The red line de
lineates the boundary of Beijing municipality. The triangles indicate the loca
tions of the observation sites.
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3. Results

3.1. Temporal variations of CO2, CH4 and N2O concentration

The multi-year atmospheric concentrations of CO2, CH4, and N2O at 
various sites are presented in Fig. 3. Due to the limited availability of 
high-precision, long-term concentration measurements, the compara
tive data from other referenced sites are available only for partial pe
riods. Each data point in the figure represents the monthly average 
concentration, with detailed half-hourly observational data provided in 
Fig. S2. Significant data gaps from December 2019 to March 2020 were 
caused by the suspension of instrument maintenance during the COVID- 
19 lockdown. Notably, six-year continuous concentration observations 
show that 2017 marked a turning point, after which the sharp increase in 
CO2 and CH4 concentrations during the cold season subsided. During the 
annual cold season, the CO2 concentration at our site continues to rise, in 
contrast to regions like the Yangtze River Delta, which lack central 
heating. The CO2 concentration at the SDZ site is between those 
observed in Beijing (BJ) and WLG. Although SDZ is located in the rural 
outskirts of Beijing, the wintertime monthly average CO2 concentration 
difference between SDZ and BJ is 42.97 ppm, significantly higher than in 
summer (8.58 ppm). In contrast, in non-heating areas like QJ and MLW, 
the CH4 concentration peaks in summer, while in Beijing, it peaks in 
November or December. Although all observation sites experience 
temperature and precipitation peaks in July and August, no distinct 
seasonal pattern for N2O is observed in our data. However, similar to 

WLG, a clear year-on-year increase in N2O concentration is observed.

Fig. 3. Seasonal variation of (a) N2O, (b) CO2, (c) CH4 concentration and (d) temperature and precipitation in Beijing and other comparison sites, including MLW, 
QJ, WLG and SDZ. The shaded areas represent the standard deviation intervals around the average.

Fig. 4. Diurnal variation of CO2 concentration in Beijing (BJ, Jan, Feb and Dec 
in 2016), Nanjing (NJ, Jan, Feb and Dec in 2014; Xu et al., 2017), and 
Shangdianzi (SDZ, Jan, Feb and Dec in 2016) and planetary boundary layer 
height (PBLH, Jan 2016) simulated by WRF. Figure axes display time in local 
time (Beijing Time, BJT=UTC+08:00). All subsequent time references in this 
study are based on Beijing Time unless otherwise specified.
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Fig. 4 shows the diurnal variation in concentrations during the cold 
season, revealing distinct patterns for CO2 in Beijing (with heating) and 
Nanjing (without heating), which differ from those at the regional 
background station SDZ. In Beijing, the daily maximum CO2 concen
tration occurred at night (23:30), with a secondary peak before or after 
sunrise (8:00). The nadir, or lowest point, in concentration closely 
coincided with the peak in boundary layer height (13:00). In contrast, in 
Nanjing, the maximum CO2 value was observed before or after sunrise 
(9:00), with a secondary peak at night (22:00), and the nadir occurred at 
16:00.

3.2. Source contribution area

Further analysis is required to quantify the source regions contrib
uting to our observations and assess their representativeness in reflect
ing changes in source and sink contributions in Beijing. Fig. 5 illustrates 
the footprint, or influence-weighting functions, of the area surrounding 
the observation site. The darker the color in Fig. 5, the greater the po
tential contribution to the observation site. Sensitive source areas were 
predominantly located in Beijing and the northwestern part of Hebei 
Province (Fig. 5b). Observations influenced by emissions from Hebei 
Province can be excluded from further analysis by considering wind 
direction (northwest winds), ensuring that the selected data primarily 
represent emissions within Beijing.

In this study, we employed a threshold of log10(footprint) greater 
than − 3 to identify the most sensitive contributing area, distinct from 
the approaches of Chen et al. (2016) and Hu et al. (2018b), who utilized 
a threshold of 10− 4 ppm (μmol m− 2 s− 1)− 1. Hu et al. (2018a) found that 
areas defined by a threshold of 10− 3 ppm (μmol m− 2 s− 1)− 1 accounted 
for 80 % of CO2 enhancement, compared to 90 % with a threshold of 
10− 4 ppm (μmol m− 2 s− 1)− 1. It is important to note that the footprint 
indicates only the potential contribution to the observation site; the 
enhancement also depends on emissions at grid points. Based on the 
spatial distribution of CO2 emissions from the MEIC inventory and CH4 
and N2O emissions from the EDGAR inventories, grid sites in Beijing 
exhibit higher CO2 and N2O emissions than those in surrounding areas. 
For CH4, Beijing and its southern regions are emission hotspots. 
Focusing on CO2 for quantitative analysis, we hypothesize that the 
emission grid within the simulated domain contributes fully to the 
observed concentration enhancement. Emissions between provinces are 
adjusted based on weight coefficients, with emissions within provinces 
assumed to be evenly distributed. These coefficients are derived from 

the emission ratio per unit area of contributing provinces in January 
2016, with Beijing as the reference point. Consequently, it is estimated 
that the strong source area contributes 88 % to the concentration 
enhancement, with Beijing contributing 69 %. Although this scenario is 
based on an idealized hypothesis, it helps validate that grids with a 
footprint greater than 10− 3 ppm (μmol m− 2 s− 1)− 1 are representative, 
and that observations made at a height of 10 m are significantly influ
enced by sources and sinks within the Beijing area.

3.3. The CH4 and the N2O versus CO2 regression slopes

Figs. 6 and 7 show the regression results based on winter daytime 
observations from 2015 to 2018. Due to the lack of data from December 
2019 to February 2020, the analysis was limited to winter data from 
2015 to 2018. The data analyzed were the average daytime concentra
tions, after selecting for wind direction (0–270◦). The slopes of the CH4 
versus CO2 regression lines ranged from 5.60 × 10− 5 to 8.88 × 10− 5 

ppm ppm− 1, with the highest slope in winter 2018 and the lowest in 
winter 2015.

The temporal trends in CH4 and CO2 concentrations were strongly 
correlated. The correlation coefficients (R) for the average daily con
centrations from winters 2015 to 2018 exceeded 0.90. The slope of the 
linear fit between the two gases peaked at 0.0084 in winter 2016 and 
reached its lowest point at 0.0060 in winter 2017.

Additionally, we analyzed the regression slopes for CH4 and N2O 
versus CO2 on a half-hourly basis, considering wind direction and speed 
(2 m s− 1) (Figs. S3 and S4). Data from northwest wind directions were 
excluded, as these conditions were associated with higher wind speeds 
and lower CO2, CH4, and N2O concentrations. The slope values for these 
concentrations, especially the N2O/CO2 ratio, differed significantly from 
those observed under other wind directions, highlighting the impor
tance of wind direction filtering. Table 2 summarizes the slope values 
across various conditions. The analysis revealed that the linear corre
lation between CH4 and CO2, as well as between N2O and CO2, is 
stronger on a daily scale than on a half-hourly scale, with the latter 
exhibiting larger slope values. This trend of increasing slope values was 
also observed after applying wind filtering, for both daily and half- 
hourly scales.

3.4. CO2, CH4 and N2O emissions in Beijing

When comparing emission inventories for Beijing from various 

Fig. 5. (a) Average source footprints and (b) strong source area in Jan 2016 (units: log10(ppm (μmol m− 2 s− 1)− 1)). The observation site in the figure is represented by 
a five-pointed star and the area surrounded by the red line is Beijing.
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sources, FFDAs provided the highest CO2 emissions estimate at 1.63 ×
108 t per year, followed by ODIAC at 1.60 × 108 t per year and EDGAR at 
1.50 × 108 t per year, based on a 2015 case study. These inventories are 
based on provincial or national statistical data. In contrast, the GID 
model provided the lowest estimate for Beijing’s CO2 emissions, at 7.17 
× 107 t per year in 2019, consistent with the inter-annual variation 
inferred from CEADs products. Regarding inter-annual trends, only the 
Beijing CO2 emission estimates from NJU and CEADs indicated a decline 
between 2015 and 2019, while those from ODIAC, EDGAR, and MEIC 
indicated an increasing trend (Fig. 8).

Since the CEADs product incorporates locally optimized emission 
factors for China (Han et al., 2020c) and shows lower uncertainty at the 
national scale compared to other datasets (Table 1), this study used 
CEADs’ CO2 emissions for Beijing as the reference. Additionally, the 
agreement between CEADs’ results and the latest GID data partially 
validates the estimated values.

Utilizing the previously derived slope values and the CO2 emissions 
estimated by CEADs, CH4 and N2O emissions were calculated using 
Equation (1). The corresponding CO2 equivalent values were deter
mined by converting using the 20-year global warming potentials (GWP- 
20, 273 for N2O and 81 for CH4) and the 100-year global warming po
tentials (GWP-100, 273 for N2O and 28 for CH4) as specified in the IPCC 
Sixth Assessment Report (Table 3). The proportion factors for winter 
CO2 emissions relative to total emissions, presented in the table, were 
derived from monthly CO2 emissions estimated by the MEIC product, 
which includes a temporal module for allocating annual emissions to 
monthly values and has received user endorsement (Sha et al., 2019). 
Since this product only covers data through the end of 2017, winter 
proportions for 2017 and 2018 were linearly extrapolated from the 
previous two years’ data. Between 2015 and 2018, Beijing reduced 
anthropogenic CO2 emissions by 4.35 × 106 t. The decline in winter 
CO2-equivalent emissions, which totaled 1.47 × 106 t over the period, 

shows a linear trend corresponding to an average reduction of approx
imately 5.30 × 105 t per season.

4. Discussion

4.1. Seasonal changes in concentration

CO2 and CH4 concentrations in Beijing showed significant peaks 
during the winters of 2015 (December 2015 to February 2016) and 2016 
(December 2016 to February 2017), reaching levels 42.97 ppm higher 
than those at SDZ, a suburban monitoring site. The occurrence of these 
unusually high winter concentrations decreased significantly between 
2017 and 2020. Similarly, Li et al. (2020) reported an abnormal increase 
in PM2.5, PM10, SO2, CO, and NO2 concentrations during the winters 
preceding 2016 (2013–2016). From 2016 to 2019, this seasonal trend 
was significantly reduced. This finding aligns closely with previous 
studies, which demonstrated that replacing coal with natural gas or 
coal-based synthetic natural gas for heating in Beijing could reduce haze 
pollutants emissions and PM2.5 concentration by 52 % (Li et al., 2016). 
Beyond the synergistic effects between PM2.5 and CO2, PM2.5—a key 
haze-causing pollutant—can create a turbulence barrier effect. While 
PM2.5 is also known to suppress photosynthesis, this impact is negligible 
during the winter in Beijing because most local plants are deciduous (He 
et al., 2023; Wang et al., 2002). During haze episodes, Beijing’s CO2 
concentration becomes more susceptible to influences from neighboring 
cities such as Hebei and Tianjin, while the reduction in PM2.5 levels 
diminishes the contribution of regional transport to CO2 levels (Feng 
et al., 2019). Given the distinct mechanisms of haze in summer and 
winter, severe haze in summer still permits good vertical diffusion 
conditions (Li et al., 2022).

The COVID-19 pandemic also exerted a notable influence on the 
variations of CO2 and CH4 concentrations in Beijing, while its impact on 

Fig. 6. Scatter plots of N2O and CO2 concentrations in (a) December 2015–February 2016; (b) December 2016–February 2017; (c) December 2017–February 2018; 
and (d) December 2018–February 2019 in Beijing from 2015 to 2018. Each data point represents one daytime mean value after wind direction selection (0–270◦). 
Regression statistics (regression equation, linear correlation R and number of samples) are also shown.
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N2O was not significant. Satellite-based column CO2 data indicated that 
XCO2 levels in Beijing from March to May 2020 were significantly 
affected by the pandemic, with the most pronounced reduction observed 
in March (Zhang et al., 2021). In light of these data gaps in this study, the 
annual average CO2 and CH4 concentration for 2019–2020 was thus 
based on the available data from April to November. Analysis of this 
truncated dataset revealed a pronounced slowdown in the growth of 
both CH4 and CO2. While the concentration trend for CO2 aligns with the 
emission changes reported by Laughner et al. (2021), the finding for CH4 
contrasts with the emission trend reported for China by McNorton et al. 
(2022)—a discrepancy potentially explained by Beijing’s status as a 
non-coal-mining city and its documented decrease in traffic emissions 
during COVID-19 restrictions (Liu et al., 2016; Taking 2018 as the 
reference year, CH4 concentrations in Beijing decreased by 1.7 % in 
2019 and by 4.9 % in 2020. In contrast, an anomalous increase in CH4 
levels was recorded at the WLG during the same period. Previous studies 
have suggested that the rise in background CH4 may be attributed pri
marily to increased natural emissions from sources such as wetlands and 
a reduction in the hydroxyl radical (OH) sink (Lan et al., 2021; Peng 

et al., 2022). In contrast, the decrease in Beijing’s CH4 concentration is 
primarily attributable to anthropogenic factors, particularly the reduc
tion in transportation emissions during the pandemic. A similar pattern 
was reported in Hangzhou, another major Chinese city, further sup
porting the link between reduced human activity and declining CH4 
levels during this period (Qing et al., 2022).

Due to data gaps during COVID-19 period, our study could not es
timate GHG emissions for this heating season. However, statistical data 
for 2020 reveal an approximately 8 % decrease in Beijing’s total energy 
consumption compared to 2019 (Fig. S5), with petroleum accounting for 
94 % of this reduction. Supporting this trend, satellite-based emission 
estimates for China show that CO2 emissions from January to April 2020 
fell by 11.5 % relative to the same period in 2019, though emissions later 
rebounded to pre-pandemic levels (Zheng et al., 2020). These findings 
underscore the substantial yet transient impact of lockdown measures 
on regional emissions, while also highlighting the limitation posed by 
the absence of continuous observational data during the initial 
pandemic phase for a complete seasonal assessment.

In addition, the accuracy of GHG measurements using Cavity Ring- 

Fig. 7. Scatter plots of winter (December–February) daytime CH4 and CO2 concentrations in Beijing from 2015 to 2018. Other settings are the same as Fig. 7.

Table 2 
Summary of CH4/CO2 and N2O/CO2 at different time scales and wind directions (WD).

Time scale Period SlopeCH4/CO2 ( × 10− 3 ppm ppm− 1) SlopeN2O/CO2 ( × 10− 5 ppm ppm− 1)

WD (0–360◦) WD (0–270◦) WD (0–360◦) WD (0–270◦)

half-hourly (11:00–16:00) Dec 2015–Feb 2016 7.8 ± 0.2 (R = 0.91) 8.2 ± 0.3 (R = 0.89) 6.1 ± 0.3 (R = 0.67) 6.1 ± 0.4 (R = 0.67)
Dec 2016–Feb 2017 8.6 ± 0.3 (R = 0.89) 9.0 ± 0.3 (R = 0.86) 5.9 ± 0.2 (R = 0.88) 6.0 ± 0.2 (R = 0.87)
Dec 2017–Feb 2018 7.4 ± 0.3 (R = 0.81) 7.7 ± 0.4 (R = 0.77) 5.5 ± 0.2 (R = 0.88) 5.6 ± 0.3 (R = 0.85)
Dec 2018–Feb 2019 7.7 ± 0.2 (R = 0.86) 8.2 ± 0.4 (R = 0.84) 7.7 ± 0.4 (R = 0.59) 8.3 ± 0.5 (R = 0.68)

daily (11:00–16:00) Dec 2015–Feb 2016 7.1 ± 0.5 (R = 0.96) 7.4 ± 0.7 (R = 0.95) 5.6 ± 0.9 (R = 0.69) 5.6 ± 1.2 (R = 0.66)
Dec 2016–Feb 2017 8.0 ± 0.7 (R = 0.92) 8.4 ± 0.9 (R = 0.90) 5.7 ± 0.6 (R = 0.89) 5.8 ± 0.7 (R = 0.88)
Dec 2017–Feb 2018 5.8 ± 0.5 (R = 0.92) 6.0 ± 0.8 (R = 0.91) 5.5 ± 0.5 (R = 0.90) 5.8 ± 0.8 (R = 0.88)
Dec 2018–Feb 2019 6.9 ± 0.5 (R = 0.93) 7.4 ± 0.7 (R = 0.93) 8.1 ± 1.4 (R = 0.60) 8.9 ± 1.7 (R = 0.70)
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Down Spectroscopy is subject to water vapor influence due to the 
absence of a drying system, an effect that has been noted and discussed 
here. First, under the low-H2O conditions prevalent in winter (<5000 
ppm)—the focus of our analysis, residual biases after applying the 
standard correction have been shown to exceed WMO compatibility 
thresholds in some cases, but are substantially smaller than the 
anthropogenic-emission-driven concentration variations that dominate 
the urban signals (Fig. S6, Rella et al., 2013; Reum et al., 2019; Stavert 
et al., 2019). Second, regarding the influence of prolonged dry calibra
tion gas measurements, the shorter calibration sequence adopted in this 
study helps mitigate the short-term measurement bias associated with 
residual cavity moisture (Yver-Kwok et al., 2021). Therefore, the influ
ence of water vapor on the reported data and subsequent analysis is 
considered negligible.

4.2. N2O/CO2, CH4/CO2 from different regions and energy types

The uncertainties of the CH4/CO2 and N2O/CO2 ratios ranged from 
9.5 % to 13.3 % and 12.1 %–20.7 %, respectively. These results further 
support for the conclusion that the influence of residual water-vapor 
error on concentration measurements is negligible in comparison. The 
summary of slope values between concentrations is presented in Table 4. 
The CH4/CO2 ratios in this study, ranging from 6.0 to 8.4 ppb/ppm, are 
higher than that of the Nanjing suburb (4.3 ± 0.7 ppb/ppm) but lower 
than the ratios observed in Alaska and Canada. This discrepancy is likely 
due to the presence of extensive wetlands in Alaska and Canada, which 
contribute to elevated CH4/CO2 values. These high-latitude areas 

possess extensive wetlands, enhancing CH4 emissions (Conway and 
Steele, 1989; Worthy et al., 1994). In contrast, the Nanjing suburb’s 
location near an industrial park results in a dominance of CO2-emitting 
activities (Shen et al., 2014).

Our study’s observed N2O/CO2 ratios are lower than those reported 
in other studies. The elevated ratio in Pasadena, Los Angeles is largely 
due to agricultural land and forests, which account for over 60 % of the 
total N2O emissions (Wunch et al., 2009). The high N2O/CO2 ratio in 
Edinburgh, Scotland, and the UK is primarily due to traffic emissions, 
which are a major source of N2O in these regions. The N2O/CO2 ratio 
from cars with catalytic converters is ten times higher than that from 
cars without such devices. Haszpra et al. (2019) noted that the EDGAR 
products, when combined with trajectory analysis, fail to fully explain 
this discrepancy, highlighting the need for more detailed activity data 
and refined footprint analysis.

Fig. 9 summarizes the emission ratios of N2O/CO2 and CH4/CO2 
from various energy sources. The emission coefficients were derived 
using emission factors from Ren et al. (2012) and Ge et al. (2016). In 
Beijing, reducing or eliminating coal use, along with increasing the 
share of natural gas in domestic energy consumption, was expected to 
modestly decrease the N2O/CO2 ratio and enhance the inter-annual 
trend of the CH4/CO2 ratio. However, this expectation contrasts 
sharply with the observed results for N2O/CO2 and does not explain the 
fluctuations in the CH4/CO2 ratio (Fig. S5). Consequently, changes in the 
coal and natural gas consumption structure cannot fully explain these 
phenomena. This suggests that additional emission sources contribute to 
the interannual variations in the N2O/CO2 and CH4/CO2 ratios in 

Fig. 8. Beijing CO2 emissions based on inventory product estimates and previous research results.

Table 3 
Estimation of CO2, CH4, N2O emissions during a typical heating period (winter).

Description 2015 (ton) 2016 (ton) 2017 (ton) 2018 (ton) 2019

Estimated total anthropogenic CO2 emission 9.28 × 107 9.00 × 107 8.56 × 107 8.84 × 107 8.82 × 107

Proportion of fuel use in winter (Dec, Jan, 
Feb)

0.109(2015), 0.228 
(2016)

0.108(2016), 0.227 
(2017)

0.108(2017), 0.224 
(2018a1)

0.107(2018a1), 0.222 
(2019a1)

​

CO2 emissions in winter 3.06 × 107 2.91 × 107 2.90 × 107 2.91 × 107 ​
N2O emissions in winter 1.71 × 103 1.69 × 103 1.68 × 103 2.58 × 103 ​
CH4 emissions in winter 8.28 × 104 8.89 × 104 6.36 × 104 7.82 × 104 ​
CO2,eq-100 emissions in winter 3.34 × 107 3.21 × 107 3.13 × 107 3.20 × 107 ​
CO2,eq-20 emissions in winter 3.78 × 107 3.68 × 107 3.47 × 107 3.62 × 107 ​

a 1Indicates that the data is not directly obtained, but extrapolated.
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Beijing. These processes include, but are not limited to, the chemical 
consumption of CH4 by OH (Zhao et al., 2020), emissions from natural 
gas pipeline leakage (Wang et al., 2022), advancements in wastewater 
treatment processes (Zhou et al., 2022), and variations in the gas 
permeability and methane oxidation capacity of landfill cover layers, 
which are influenced by temperature, moisture, precipitation, and other 
factors (Li et al., 2020).

4.3. Inter-annual variations in winter greenhouse gas emission ratios post- 
heating reform

During the transition between heating energy types, it is important to 
investigate the correlation between the annual increase in natural gas 
consumption in Beijing and fluctuations in the CH4/CO2 ratio (Fig. S5). 
Additionally, identifying the primary factors contributing to the annual 
increase in the N2O/CO2 ratio during winter is crucial. Compared to the 
interannual emission ratios from the existing greenhouse gas inventory 
product (EDGAR V60), the observed CH4/CO2 values were lower than 
those estimated by EDGAR V60 (Table 5). The observed N2O/CO2 ratios 
closely matched the inventory estimations for 2016 and 2017. However, 
the N2O/CO2 emission ratios estimated by EDGAR V60 showed a 
decreasing trend over the years, in contrast to the observed values. 
Similarly, the CH4/CO2 emission ratios estimated by EDGAR V60 
decreased annually, whereas the observed results did not show a clear 
interannual trend. Further analysis will examine the impact of fuel type 
usage, emission source contributions, oil quality, and traffic exhaust 
control measures to explain these discrepancies.

Analysis of the emission sources in Beijing using the EDGAR v60 
database revealed that significant contributors to CH4 emissions, with 
CH4/CO2 emission ratios exceeding the observed values, include fuel 
exploitation (PRO), solid waste landfill (SWD_LDF), energy use in 
buildings (RCO), enteric fermentation (ENF), and wastewater treatment 
(WWT). Other sources, deemed negligible, showed CH4/CO2 emission 
ratios one to three orders of magnitude lower than those observed, or 
their individual emissions were one to six orders smaller. In a related 
study conducted at a municipal solid waste landfill site in Beijing, Li 
et al. (2020) employed the static chamber method to monitor two 
landfill cells with different coverage times. Their results showed that the 
average CH4/CO2 emission ratios for these two cells during winter were 
1.39 ppm ppm− 1 and 1.41 ppm ppm− 1, respectively. Their study further 
indicated that winter CH4 emissions accounted for 60.4 %–84.4 % of the 
annual total from low-emission zones, and the proportion was 17.4 %– 
68.7 % from high-emission zones. The CH4/CO2 emission ratio for WWT 
was found to be 1.25 × 10− 2 ppm ppm− 1, based on the CO2 and CH4 
emission inventory for China’s WWT facilities, which was developed 
using the emission factor approach for pollutant reduction (Yan et al., 
2018).

In Beijing, natural gas consumption has increased, while coal mining, 
livestock rearing, and landfill volumes have decreased, with significant 
interannual variability. The increased use of natural gas, including 
emissions from fuel combustion in residential, commercial, and insti
tutional settings (RCO), has contributed to a higher atmospheric CH4/ 
CO2 emission ratio. Data from the EDGAR v60 database reveal that, 
using 2015 as a baseline, natural gas consumption increased by 11 % in 
2016, while landfill volume surged by 45 %. Conversely, coal produc
tion (PRO) and livestock populations experienced significant reductions. 
Specifically, coal production decreased by 29 %, while cattle, sheep, and 
poultry declined by 8 %–14 %, with pig numbers remaining relatively 
stable. These combined factors resulted in a peak in CH4/CO2 values 
during winter 2016. The decrease in the CH4/CO2 ratio observed in 
winter 2017 is particularly noteworthy. In 2017, SWD_LDF increased by 
34 % compared to 2015, a notable decrease from the 45 % rise in 2016. 
Moreover, PRO dropped by 43 %, and livestock numbers decreased by 
27 %–49 % across cattle, sheep, pigs, and poultry. Furthermore, the 
growth in natural gas consumption in 2017 was modest, with a 14 % 
increase compared to 2015, and only a 3 % rise from the 11 % increase in 
2016. It is hypothesized that the substantial reduction in livestock 
production, the continued decline in coal mining, and the stable trend in 
natural gas use are the primary factors behind the observed decrease in 
the CH4/CO2 slope during winter 2017. In 2018, natural gas consump
tion continued to rise, with a 25 % increase compared to 2015, in line 
with the annual growth trend observed in 2016. Consequently, the CH4/ 
CO2 emission ratio in 2018 rebounded.

Similarly, sources with N2O/CO2 emission ratios exceeding the 

Table 4 
Summary of the slopes of CH4/CO2 and N2O/CO2.

Site Period CH4/CO2 

(ppb/ 
ppm)

N2O/CO2 

( × 10− 2 

ppb/ppm)

References

Boulder, 
Colorado

Dec 1985 7.6 ± 0.7 ​ Conway and 
Steele (1989)

Barrow, Alaska Mar 1986 21.2 ±
0.4

Barrow, Alaska Apr 1986 13.5 ±
0.9

Alert, North- 
West 
Territories, 
Canada

Apr 1986 20 ​ Trivett et al. 
(1989)

Ocean Station 
“M”

1983–1989, 
winter

9.3 ± 1.7

Barrow, Alaska 1989.03 11.0 ​ Conway et al. 
(1993)

NOAA 1989–1990 9.14 ±
3.27

​ Jaffe et al. 
(1995)

Alert, NWT, 
Canada

Jan 1992–Apr 
1992, black 
carbon >100 ng/ 
m3

13.0 ±
2.2

​ Worthy et al. 
(1994)

Black Forest, 
Germany

1991–1995, 
winter

4.8–9.9 ​ Schmidt et al. 
(1996)

Ireland, 
western 
European 
pollution 
plume

1996 7.2 28 Biraud et al. 
(2000)

Barrow, Alaska 1986–1997, 
winter, 
nighttime

12.8 ±
0.3

​ Harris et al. 
(2000)

High Tatras, 
European 
mountain site

Jan, Feb, Dec 
1997

9.5–11.7 ​ Necki et al. 
(2003)

Pasadena, Los 
Angeles

Aug 2007–Jun 
2008

7.8 ± 0.8 50 ± 30 Wunch et al. 
(2009)

Edinburgh, 
Scotland, UK

8 Nov – 19 Dec 
2005

​ 25.3 Famulari et al. 
(2010)

Los Angeles Jun 2008 6.74 ±
0.58

​ Wennberg 
et al. (2012)

Los Angeles May 2010–Jun 
2010

6.55–6.7 ​ Peischl et al. 
(2013)

Pasadena, Los 
Angeles

Sep 2011–Oct 
2013

5.30–7.3 ​ Wong et al. 
(2015)

NUIST, 
Nanjing, 
China

2010, winter, 
daytime

4.3 ± 0.7 ​ Shen et al. 
(2014)

Alps, Germany, 
high 
mountain site

Oct 2012–Mar 
2013

4.7–7.4 ​ Ghasemifard 
et al. (2019)

MLW, Jiangsu, 
China

2012–2015, 
winter, daytime

5.5–7.5 ​ Huang et al. 
(2019)

QJ, Anhui, 
China

2017, winter, 
daytime

6.1 ± 0.7 ​ Huang et al. 
(2021)

Rural site, 
Pannonian 
Basin, Europe

Jan & Feb 2017, 
three cold-air 
pool episodes

6.7–13.8 15–31 Haszpra et al. 
(2019)

Beijing, China Dec 2015–Feb 
2019, winter, 
daytime

6.0–8.4 5.6–8.9 This study
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observed values and significantly contributing to N2O emissions include 
AGS, WWT, SWD_INC, manure management, indirect N2O emissions 
from agriculture, and emissions from railways, pipelines, and off-road 
transport (TNR_Other). Given the negligible greenhouse gas emission 
potential of agricultural activities in winter, which is attributed to the 
limited proportion of agricultural land and the low N2O emission factors 
of major crops such as wheat, corn, and vegetables (Bhandari et al., 
2020; Yan et al., 2014), agricultural soils, indirect N2O from agriculture, 
and manure management were excluded from this analysis.

Among the potential contributing sources mentioned—WWT, 
SWD_INC, and TNR_Other, WWT was identified as the largest emitter of 
N2O. Given the increasing volume of wastewater in Beijing year by year, 
it is reasonable to predict that WWT is the primary driver of the observed 
annual increase in N2O/CO2 ratios. Research on greenhouse gas emis
sions from wastewater treatment in China has found that the N2O/CO2 
emission ratio, excluding energy consumption in the WWT process, is 
3.27 × 10− 4 ppm ppm− 1. Additionally, N2O emission levels are posi
tively correlated with the local economic development (Yan et al., 
2018). The N2O/CO2 emission ratio is one to two orders of magnitude 
higher than those of coal and natural gas. As a result, the impact of 
energy transition on the N2O/CO2 emission ratio can be mitigated, 
allowing the observed values to maintain an upward trend annually.

Estimating the impact of TNR_Other on the observed N2O/CO2 ratios 
over the years is challenging. On one hand, the emission ratio associated 
with the increased diesel and gasoline use aligns with the observed N2O/ 
CO2 emission ratios from 2015 to 2019, although it is slightly lower than 
the actual observed values (Razif and Santoso, 2016). On the other hand, 
recent policy initiatives have led to improvements in fuel quality and 
vehicle exhaust treatment. In April 2016, all diesel and gasoline vehicles 
in Beijing were required to comply with the National Fifth standard, and 
the use of three-way catalysts became more widespread for treating 
motor vehicle emissions, including nitrogen oxides and hydrocarbons. 

Initially, the deployment of three-way catalysts increased N2O emis
sions, which were found to rise with the catalysts’ service life. However, 
the development of newer catalysts has facilitated more effective 
removal of volatile organic compounds, resulting in a decrease in N2O 
emissions (Graham et al., 2008; Wallington and Wiesen, 2014). Never
theless, compared to Euro 5 and pre-Euro IV standards for L-category 
vehicles in the European Union, higher-standard diesel vehicles exhibit 
higher N2O emissions, likely due to the implementation of 
after-treatment systems to meet more stringent NOx emission standards 
(Clairotte et al., 2020). Furthermore, as of January 2017, gasoline and 
diesel meeting the fifth national standard were supplied nationwide, and 
by the end of September 2017, Beijing had fully transitioned to gasoline 
and diesel meeting the national VI standards.

In summary, the findings above are benchmarked against a com
parison of inventory outputs and observed mole fraction ratios of 
different gases. Future research could incorporate isotopic methods to 
constrain emission source apportionment from an additional observa
tional dimension. For instance, a study in Nanjing analyzing atmo
spheric CO2 mole fractions and δ13C isotopic composition successfully 
distinguished and quantified anthropogenic versus natural carbon 
emissions in the Yangtze River Delta region (Xu et al., 2017). In another 
example, stable isotopic approaches were applied to quantify N2O 
emissions and source attribution under different irrigation management 
practices (Ding et al., 2019). Furthermore, airborne observations 
downwind of the North Sea gas fields utilized three distinct methods—a 
mass balance method, atmospheric dispersion model, and isotopic 
analysis, highlighting that supplementing mole fraction measurements 
with isotopic data can significantly reduce misattribution of emission 
sources (Cain et al., 2017).

5. Conclusions

This study focused on Beijing, a city undergoing significant energy 
structure transformation, particularly with notable success in phasing 
out coal. CO2, CH4, and N2O concentrations were monitored from 2015 
to 2020. Employing a top-down approach, CO2 used as a tracer to esti
mate emissions of CH4 and N2O from anthropogenic activities during the 
winter heating season. Consequently, the anthropogenic greenhouse gas 
emissions and their interannual trends in Beijing were determined. The 
main findings are summarized below:

First, the transformation of Beijing’s energy structure has not only 
reduced PM2.5 concentrations and haze episodes but also indirectly 
influenced the seasonal trends of greenhouse gas concentrations. Sec
ond, while the CH4/CO2 emission ratio in Beijing is consistent with that 
observed in other regions, the N2O/CO2 emission ratio is notably lower 
than values reported in previous studies. In terms of emission 

Fig. 9. N2O/CO2, CH4/CO2 emission ratios of different energy types.

Table 5 
Emission ratios of CH4 and N2O to CO2 during heating seasons in Beijing based 
on EDGAR v60 (units: ppm ppm− 1).

Year EDGAR v60 This study (Observations)

N2O/CO2 CH4/CO2 N2O/CO2 CH4/CO2

2015 7.30 ×
10− 5

1.15 ×
10− 2

(5.60 ± 1.16) ×
10− 5

(7.44 ± 0.67) ×
10− 3

2016 5.36 ×
10− 5

1.13 ×
10− 2

(5.78 ± 0.70) ×
10− 5

(8.39 ± 0.93) ×
10− 3

2017 5.29 ×
10− 5

1.09 ×
10− 2

(5.79 ± 0.84) ×
10− 5

(6.02 ± 0.79) ×
10− 3

2018 – – (8.88 ± 1.69) ×
10− 5

(7.39 ± 0.72) ×
10− 3
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reductions, the shift in energy structure has led to a direct decrease in 
greenhouse gas emissions, with an average annual reduction of 5.30 ×
105 t of CO2-equivalent emissions during winter between 2015 and 
2018. Finally, analysis of emission ratio dynamics revealed that the 
observed CH4/CO2 ratio underwent three distinct phases: an initial in
crease, followed by a decline, and a subsequent rebound. The decrease in 
2017 was mainly driven by a sharp reduction in livestock production, a 
continued decline in coal mining, and stabilized natural gas consump
tion. In addition, interannual variations in the N2O/CO2 emission ratio 
during the heating season were primarily influenced by wastewater 
handling, which had a more significant impact than changes in energy 
infrastructure—a finding not yet reflected in current emission inventory 
products. Future integration of concentration data with isotopic mea
surements will enhance our ability to constrain source apportionment.

Our measurements, conducted without a drying system, do not 
comply with the strict standard operating procedures of high-precision 
networks such as ICOS, and therefore the data should be interpreted 
accordingly in concentration-based evaluations. Future improvements 
to meet such standards would require the implementation of a drying 
system or more advanced water-vapor correction models. Also, we 
acknowledge that the absence of data during the initial COVID-19 
lockdown period (December 2019–March 2020) limits our ability to 
evaluate short-term emission responses during a historically significant 
disruption. Finally, this study estimated only direct emissions within the 
city (Scope 1 in inventory compilation), facilitating comparison with 
model inversion studies. However, Beijing’s energy structure trans
formation, in addition to increased natural gas usage, also involves 
importing electricity generated from other regions, thus ignoring emis
sions in Scope 2 and 3. At the national scale, it cannot serve as a guiding 
case for structural transformation of sources.
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