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Abstract
Severe spatiotemporal heterogeneity of emissions sources and limited measurement networks have been hampering the 
monitoring and understanding of  CO2 fluxes in large cities, a great concern in climate research as big cities are among 
the major sources of anthropogenic  CO2 in the climate system. To understand the  CO2 fluxes in Seoul, Korea,  CO2 fluxes 
at eight surface energy balance sites, six urban (vegetation-area fraction < 15%) and two suburban (vegetation-area frac-
tion > 60%), for 2017–2018 are analyzed and attributed to the local land-use and business types. The analyses show that 
the  CO2 flux variations at the suburban sites are mainly driven by vegetation and that the  CO2 flux differences between the 
urban and suburban sites originate from the differences in the vegetation-area fraction and anthropogenic  CO2 emissions. 
For the  CO2 fluxes at the urban sites; (1) vehicle traffic (traffic) and heating-fuel consumption (heating) contribute > 80% 
to the total, (2) vegetation effects are minimal, (3) the seasonal cycle is driven mainly by heating, (4) the contribution of 
heating is positively related to the building-area fraction, (5) the annual total is positively (negatively) correlated with the 
commercial-area (residential-area) fraction, and (6) the traffic at the commercial sites depend further on the main business 
types to induce distinct  CO2 flux weekly cycles. This study shows that understanding and estimation of CO2 fluxes in large 
urban areas require careful site selections and analyses based on detailed consideration of the land-use and business types 
refined beyond the single representative land-use type widely-used in contemporary studies.

Keywords Urban  CO2 fluxes · Eddy correlation method · Landuse-business types · Heating-fuel consumption · Vehicle 
traffic · Carbon cycle
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1 Introduction

Monitoring of carbon dioxide  (CO2) emissions in urban 
areas is a critical concern in climate research because cit-
ies are among the key contributors to the global climate 
change induced by the emissions of anthropogenic green-
house gases (GHGs). Generation of the energy to support 
the massive populations, industries, human activities, and 
infrastructure in large cities relies heavily on fossil fuel 
combustions to emit massive amounts of  CO2 into the cli-
mate system. Currently, the fossil- and biofuel combus-
tions in urban areas contribute about 70% of the global 
 CO2 emissions (Canadell and Raupach 2009; Satterthwaite 
et al. 2008). As urban populations are expected to grow in 
the future, from 55% of the world population in 2018 to 
68% in 2050 (UN 2019), the contribution of urban areas to 
the global  CO2 emissions will continue to increase. Thus, 
monitoring and understanding of urban  CO2 fluxes are 
important not only for projecting future climate change 
(Kennedy et al. 2010; Soegaard and Møller-Jensen 2003) 
but also for evaluating indirect  CO2 emissions estimates 
based on various methods, for example, inverse modeling, 
inventory (or bottom-up) method, and satellite-based 
analyses, that are widely used for tracking how well each 
nation or region conforms to the emissions limits man-
dated by international treaties like the Paris Agreement 
(UNFCCC 2015).

CO2 fluxes in an urban area vary following the regional 
climate, seasons, land-use types, and businesses types, as 
these factors affect key sources and sinks of  CO2. Human 
activities such as transportation, heating, power genera-
tion, manufacturing, maritime ports and airports as well 
as metabolic respiration are the main  CO2 sources while 
vegetation in parks, urban forests, and croplands are the 
major  CO2 sinks during the growing season (Christen 
2014; Coutts et al. 2007; Crawford and Christen 2015; 
Grimmond and Christen 2012; Helfter et al. 2011, 2016; 
Hong et al. 2020; Kennedy et al. 2009; Kurppa et al. 2015; 
Lee et al. 2021; Stagakis et al. 2019; Velasco and Roth 
2010; Vogt et al. 2006; Ward et al. 2015; Weissert et al. 
2014). Velasco and Roth (2010) compared  CO2 emissions 
for over 30 midlatitude urban sites to show that most of 
the  CO2 emissions variations among cities are attributable 
to the vehicle traffic (traffic, hereafter) and heating-fuel 
consumption (heating, hereafter). Seasonal variations in 
heating and  CO2 uptakes by vegetation also result in dis-
tinct seasonal variations in urban  CO2 fluxes, especially in 
the midlatitudes where the seasonal temperature contrast 
is large (Lee et al. 2021; Moriwaki and Kanda 2004; Ward 
et al. 2015). Differences in the land-use and business types 
also draw different traffic and heating patterns to result in 
large  CO2 flux variations over a heterogeneous landscape 

(Gokhale 2011; Hong et  al. 2020; Lee et  al. 2014a). 
For example, previous studies (e.g., Nemitz et al. 2002; 
Soegaard and Møller-Jensen 2003; Velasco et al. 2005) 
found that the traffic and floating population patterns vary 
following the main business types (e.g., company head-
quarters, government offices, retail shops, entertainments) 
to result in heterogeneous  CO2 flux diurnal cycles.

Large spatial and temporal variations in  CO2 fluxes fol-
lowing the land-use and business types pose a great chal-
lenge in monitoring and quantifying  CO2 fluxes over large 
urban areas. Various methodologies have been attempted to 
obtain  CO2 fluxes over and/or within various source areas. 
Inventory methods that calculate the monthly or annual 
 CO2 fluxes from various sources within a region of inter-
ests using the records of energy use, especially the combus-
tion of fossil fuels (Kennedy et al. 2010) have been widely 
used, but suffer from the lack of temporal and spatial resolu-
tions for identifying local  CO2 emissions sources and their 
intensities as well as the inaccurate emissions reporting by 
local emitters (Asefi-Najafabady et al. 2014; Sargent et al. 
2018). In addition, the inventory method is only applica-
ble to monitor the emissions from anthropogenic sources. 
Inverse modeling methods (e.g., Manning et al. 2011; Henne 
et al. 2016) have also been used to estimate the net emis-
sions of trace gases from both natural and anthropogenic 
sources and sinks at various spatiotemporal scales within 
a region of interests on the basis of the observed trace-gas 
concentrations and atmospheric data in conjunction with an 
inverse model. Peters et al. (2007) used an inverse model, 
the CarbonTracker, to estimate the surface  CO2 fluxes over 
the North America. Lauvaux et al. (2016) established a 
fine-scale  CO2 emissions monitoring system for the City 
of Indianapolis, United States of America, using an inverse 
modeling method. Despite successful applications of inverse 
modeling to the estimation of regional emissions of  CO2 
and other trace gases, the method is susceptible to model 
errors as well as the uncertainty in input data related to their 
accuracies and the spatiotemporal coverages, especially for 
urban areas which require fine-scale input data (Lauvaux 
et al. 2016) due to rapidly varying, both temporally and spa-
tially, meteorology and emissions sources. Satellite data also 
have been used to estimate  CO2 emissions from large urban 
areas (e.g., Labzovskii et al. 2019; Shim et al. 2019), but 
they lack the spatial resolutions for identifying intra-urban 
variations. In addition, all indirect  CO2 flux estimates need 
to be verified against directly measured in-situ data. Thus, 
direct measurements of surface  CO2 fluxes at multiple urban 
sites are sorely needed not only for understanding urban  CO2 
fluxes but also for evaluating  CO2 flux estimates based on 
indirect methods.

The eddy covariance (EC) method that calculates trace-
gas fluxes as the covariance of trace-gas concentrations and 
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atmospheric variables obtained using high-frequency sen-
sors has been the fundamental tool for direct measurements 
of the energy and  CO2 exchanges at the surface-atmosphere 
interface (Baldocchi et al. 2001; Moriwaki and Kanda 2004; 
Soegaard and Møller-Jensen 2003; Velasco et al. 2005). The 
EC method allows continuous monitoring of surface  CO2 
fluxes at fine temporal resolutions, typically from 30 min 
to 1 h. Because fluxes observed at the same site vary fol-
lowing wind directions and speeds if the sources and sinks 
of the trace-gas around the site are spatially and/or tempo-
rally heterogeneous, the high-rate sampling capability of the 
EC method is advantageous for monitoring  CO2 fluxes and 
understanding the carbon cycle related to urban ecosystems 
(Feigenwinter et al. 2012). A number of studies success-
fully quantified  CO2 fluxes and their variabilities, as well 
as the key elements that affect  CO2 fluxes at various urban 
areas, using the EC method (e.g., Coutts et al. 2007; Lietzke 
et al. 2015; Velasco and Roth 2010; Ward et al. 2015; Hong 
et al. 2019, 2020; Park et al. 2022). Previous urban  CO2 
flux studies typically analyzed the differences between cit-
ies, or, for the same city, between different periods using 
data from a single site (e.g.,Coutts et al. 2007; Velasco and 
Roth 2010). Because  CO2 fluxes vary widely according to 
the land-use and main business types, the  CO2 flux charac-
teristics in large urban areas that include diverse landscapes 
and human activities cannot be represented by single-site 
measurements (Grimmond et al. 2002; Kleingeld et al. 2018; 
Park et al. 2022).

In order to understand the variations of  CO2 fluxes in 
a large urban area, this study analyzes the  CO2 flux data 
obtained using the EC method at eight surface energy bal-
ance (SEB) sites of the Korea Meteorological Administration 
(KMA) within the Seoul metropolitan area (Seoul, hereafter) 
(Choi et al. 2013; Park et al. 2017) over the two-year period 
from January 2017 to December 2018. Seoul shows one of the 
largest  CO2 concentration anomalies in the world with large 
seasonal variations. A number of studies have investigated the 
 CO2 budget for Seoul on the basis of  CO2 concentration data 
from various sources such as satellites (Labzovskii et al. 2019; 
Shim et al. 2019; Park et al. 2020) and ground-based meas-
urements (Park et al. 2021). These past studies provide useful 
insights into the  CO2 budget over Seoul, but lack the spatial 
resolution for understanding the intra-urban scale variations of 
 CO2 fluxes within Seoul. Recently, Park et al. (2022) analyzed 
EC data measured at multiple sites in Seoul to show that  CO2 
fluxes are strongly affected by local sources and sinks that can 
be described by local land-use types.

This study analyzes the  CO2 fluxes measured at eight 
EC sites in the Seoul metropolitan area and attempts to relate 
the fluxes to a variety of local factors such as the types of 
land-use and main businesses within the flux footprint of 
each site. Unlike past studies which assign a single dominant 
land-use type to each site (e.g., Hong et al. 2019; Park et al. 

2022), this study considers in addition to the contemporary 
site type assignment, more refined local land-use factors 
such as the area fraction of multiple land-use types and, for 
the commercial area, the main business type, to understand 
the variations of the observed fluxes. This paper is organ-
ized as follows. The EC sites and data processing methods 
employed in this study are presented in Sect. 2. Section 3 
presents the analyzed  CO2 flux variations and their relation-
ship to local factors including the types of land-use and main 
businesses (or commerce) as well as human activities related 
to the characteristics of each site. Conclusions and discus-
sions are presented in Sect. 4.

2  Data and Methods

2.1  Observation Sites

This study analyzes the  CO2 flux data measured at eight 
SEB sites (Fig. 1) in the KMA Urban Meteorological Obser-
vation System (Park et al. 2017) for the two-year period 
from January 2017 to December 2018. Table 1 presents the 
specific information on these sites such as the geographical 
location, local climate zone (LCZ), sensor installation, and 
the parameters related to land-use types. All of the eight 
SEB sites are located on flat terrain with minimal terrain 
slopes. Seven of the eight SEB sites are located at build-
ing roof tops of various heights, from 4 to 71 m above the 
ground level (AGL); the remaining one site (BC) is located 
at the ground level with EC sensors installed at 10 m AGL. 
The roughness length (z0) and displacement height (zd) are 
computed following Kanda et al. (2013) using the build-
ing data within 250 m of each site from the Digital Map 
2.0 Building (An et al. 2020). For all sites, the true sensor 
height defined as the sum of the building height (BH) and 
sensor height (SH), exceeds twice of the mean BH (MBH) 
within 250 m. Thus, the SEB sensors at all of the eight 
sites are located in the inertial sublayer, also known as the 
constant flux layer, that typically exists above twice of the 
MBH (Barlow 2014; Raupach et al. 1991).

AY, an LCZ 4E site with a large commercial-area frac-
tion, is mainly composed of retail shops, restaurants, and 
pubs that attract a large floating population and traffic in 
both daytimes and evenings. GHM, also of LCZ 4E with a 
large commercial-area fraction, includes mainly government 
offices, company headquarters, and the businesses related 
to them which are open mostly during the work hours on 
weekdays. NW, an LCZ 5E site, includes a railway depot 
and a driver's license driving test facility in 500 m to the 
north and a residential building complex to the south. The 
driving test facility next to the NW site operates only during 
the weekday work hours. Note that the driving test vehicles 
are not included in the local traffic count as the facility is 
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not covered by any traffic monitoring cameras. GN, an LCZ 
2E site, includes mid-rise residential and commercial build-
ings in its immediate vicinity with high-rise commercial and 
residential buildings to the southwest and northwest, respec-
tively. Despite the residential-area fraction around GN is 
large (40.8%), the site is strongly affected by heavy concen-
trations of retail shops in strip malls and shopping districts, 

restaurants, pubs, entertainment businesses, and traffic hubs, 
that draw large traffic and floating populations during work 
hours as well as evenings in both weekdays and weekends. 
JR (LCZ 3E) and GJ (LCZ 2E) is composed mainly of low-
rise and compact mid-rise residential buildings, respec-
tively, and the retail shops that serve mainly local residents. 
The two suburban sites BC and IL belong to LCZ 9D. BC 

Fig. 1  (a) A satellite image of the Seoul metropolitan area and the 
locations of the eight SEB sites (red dots) used in this study. Also 
shown are the satellite images of the individual SEB sites in Table 1: 
(b) AY (Anyang), (c) GHM (Gwanghwamun), (d) GN (Gangnam), 
(e) NW (Nowon), (f) JR (Jungnang), (g) GJ (Gajwa), (h) IL (Ilsan), 
and (i) BC (Bucheon). The white squares A and B in (e) indicate the 

railway depot and the driver’s license driving test facility, respec-
tively. The white triangles in (c), (d), (e), and (g) indicate the loca-
tions of traffic monitoring cameras that provide the traffic volume 
analyzed in this study. The black contour lines specify the flux foot-
print climatology from 10 to 80% over two-years (2017–2018)
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includes mostly agricultural lands with minimal building-
area fraction (1.2%) and traffic-area fraction (1.9%). IL also 
includes mainly agricultural lands with small building-area 
fraction (6.9%); however, unlike BC, it includes a major road 
(traffic-area fraction of 28.4%) to the southwest.

2.2  Data and Quality Control

The SEB sites monitor at 10 Hz sampling rates the three 
wind components (u, v, w) and sonic temperatures (Ts) 
using a 3-dimensional sonic anemometer (CSAT3, Camp-
bell Scientific, USA) as well as the trace-gas  (CO2,  H2O) 
concentrations, ambient temperatures, and ambient pres-
sures using open-path infrared  CO2/H2O gas analyzers 
(EC150, Campbell Scientific, USA). A collocated auto-
mated weather station (AWS) measures conventional 
meteorological data such as pressure, winds, tempera-
tures, relative humidity, short- and longwave radiation, 
the net radiation and precipitation, at 1-min intervals. 
The observed data are archived using a data logger 
(CR3000, Campbell Scientific, USA). Sensor details for 
each SEB site are referred to Park et al. (2017).

Quality control (QC) of the high-frequency data (u, v, 
w, Ts,  CO2,  H2O) employs the double-rotation and spike-
removal method of Vickers and Mahrt (1997). The  CO2 
fluxes are computed based on the EC method by determin-
ing the covariance of the vertical wind velocity (w) and 

 CO2 concentration measured by the high-frequency sen-
sors using the EddyPro software version 7.0.6 (Li-COR, 
USA) at 30-min intervals. The EddyPro software is also 
used to QC the flux data by incorporating key options such 
as; the spectral corrections with the analytic options of the 
low-pass filtering and high-pass filtering effects (Moncri-
eff et al. 1997, 2004), the Webb-Pearman-Leuning (WPL) 
method for the air volume and density fluctuation cor-
rections (Webb et al. 1980), and the Foken and Wichura 
(1996) steady-state and integral turbulence characteris-
tic (ITC) tests. The Foken and Wichura test (Foken and 
Wichura 1996) assigns quality flags (QF) to each 30-min 
flux value based on the steady-state and ITC tests such 
that: QF 1–3 can be used in fundamental research such 
as the development of parameterizations while QF 4–6 
are applicable to general uses including constructions of 
 CO2 budgets at longer timescales. The analyses in this 
study utilizes the flux data of QF 1–6. Missing data filling, 
an essential step in calculating the  CO2 flux budget over 
various extended time scales (Dragomir et al. 2012; Falge 
et al. 2001), is performed using the mean diurnal variation 
(MDV) method of Falge et al. (2001) which fills a missing 
data using the mean diurnal cycle of the fluxes within the 
14-day window centered on the day of missing data. After 
applying the QC and gap filling, the resulting 30-min flux 
data covers 72.1%—91.0% of the entire analysis period 
for all sites.

Table 1  Site characteristics and surface type of the study sites

1)  Stewart and Oke (2012) local climate zones (LCZ): Classified using MBH and �
p
 . 2, compact mid-rise; 4, open high-rise; 5, Open mid-rise, 9, 

sparsely built; D, low plant; E, bare rock or paved
2) BH: Building Height (above ground level)
3) SH: Sensor Height above rooftop or ground
4) MBH: Mean Building Height in 250 m radius of station
5 )�p : The building plan area fraction in 250 m radius of station

Category Site 1)LCZ Lat/
Long

Alt. (m) 2)BH (m) 3)SH (m) z0 (m) zd (m) 4)MBH (m) 5)�
p

Urban
sites

Anyang (AY) 4E 37.394N/
126.962E

37.0 64.0 6.0 5.6 37.4 30.7 0.3

Gwang-hwamun (GHM) 4E 37.572N/
126.978E

43.0 71.0 7.0 4.9 37.5 33.0 0.3

Nowon (NW) 5E 37.654N/
127.057E

38.0 37.5 10.0 2.3 15.3 15.0 0.2

Gangnam (GN) 2E 37.520N/
127.022E

26.0 21.2 4.0 1.4 17.2 13.0 0.4

Jungnang (JR) 3E 37.591N/
127.079E

22.0 23.0 18.5 1.0 12.3 9.4 0.4

Gajwa
(GJ)

2E 37.58N/
126.91E

21.0 23.0 6.0 1.4 15.1 11.5 0.4

Suburban
sites

Ilsan
(IL)

9D 37.685N/
126.731E

9.0 4.0 10.0 - - - -

Bucheon (BC) 9D 37.543N/
126.778E

10.0 0.0 10.0 0.1 1.7 3.1 0.1
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2.3  Source‑Area Modelling and Land‑Use Weighting

Two-year (2017–18) ensemble flux source-area footprint 
of each SEB site is constructed at 10 m resolutions over a 
400 × 400 (4 km × 4 km) grid nest using the Flux Footprint 
Prediction (FFP) model of Kljun et al. (2015). The input 
data for the FFP model include the aerodynamic variables 
such as the standard deviation of the lateral velocity with 
respect to the double-rotation axis (see the data QC section), 
wind direction, friction velocity (u*), the Monin–Obukhov 
length (L), the planetary boundary layer height (PBLH), 
and the geomorphological variables including the rough-
ness length (z0) and displacement height (zd). The geomor-
phological data of each site are described in Sect. 2.1 and 
Table 1. The aerodynamic input data are obtained from the 
EC data in 30-min intervals. The resulting ensemble flux 
footprint climatology at each SEB site (Fig. 1) shows that the 
footprint-area size depends strongly on the sensor heights as 
the smallest footprint areas occur at the sites of the lowest 
sensor heights (GN, GJ, IL, and BC).

The weighted land-use fraction for classifying the land-
use types of each site is calculated using the Stagakis et al. 
(2019) method in conjunction with the ensemble source-area 
footprint data and the 3 m-resolution land-use type data of 
the Environmental Geographic Information Service (EGIS), 
the Ministry of Environment, Korea (available at https:// egis. 
me. go. kr). The Stagakis et al. (2019) method calculates the 
weighted land-use fraction ( wi ) of each land-use type ( i ), the 
relative contribution of the land-use type i within the ensem-
ble flux source-area footprint to the measured  CO2 flux, by 
first multiplying the flux source-area footprint value ( �(x, y) ) 
by the land-use type fraction (�i(x, y)) at the 10 m-resolution 

grid box (x,y), then summing the grid-point values over the 
entire area of interests:

The weighted land-use fraction in (1) is called ‘land-use 
type fraction’ hereafter.

CO2 fluxes vary according to the land-use and business 
types as they shape the local traffic, floating population, 
heating (the primary  CO2 sources), and other energy con-
sumption types, as well as the amount of vegetation (the 
primary  CO2 sinks). In order to understand the  CO2 flux 
variations in Seoul, the eight SEB sites are grouped into 
six urban and two suburban sites (Table 1) on the basis 
of the vegetation-area fraction (Fig. 2; Table 2). The two 
suburban sites are characterized by large vegetation-area 
fractions (61.9% at IL and 94.4% at BC) while the vege-
tation-area fractions at the six urban sites are small, from 
1.6% at GN to 14.7% at NW. The traffic-, commercial-, and 
residential-area fraction at the six urban sites vary in the 
ranges 28.7–62.4%, 17.1–30.8%, and 2.4–40.8%, respec-
tively (Table 2). The combined fraction of the commercial, 
residential, paved non-road, and paved road areas is 79% or 
more for the six urban sites.

3  Results

3.1  Annual and Seasonal  CO2 Fluxes

The annual  CO2 fluxes at the eight SEB sites range from 
0.026 mg  CO2  m−2  s−1 (0.83  kgCO2  m−2 yr −1) at BC to 1.14 

(1)wi =
∑400

x=1

∑400

y=1
�(x, y)�i(x, y)

Fig. 2  The land-use fraction at each site based on the 2-year climatological footprint

https://egis.me.go.kr
https://egis.me.go.kr
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 mgCO2  m−2  s−1 (35.8  kgCO2  m−2 yr −1) at AY (Fig. 3a). 
These numbers are well within the range reported for vari-
ous urban areas around the world (e.g., 10.8  kgCO2  m−2 yr 
−1 for Łódź, Poland (Pawlak et al. 2011); 36.7  kgCO2  m−2 yr 
−1 for Edinburgh, UK (Nemitz et al. 2002); 1.3  kgCO2 
 m−2 yr −1 for a heavily vegetated suburban area in Mary-
land, US (Crawford and Christen 2015); 10.1  kgCO2  m−2 yr 
−1 for Seoul, Korea (Hong et al. 2019); 1.09–16.28 kgC 
(4.0–59.75  kgCO2)  m−2 yr −1 for Seoul (Park et al. 2022)). 
The large variations within Seoul (Park et al. 2022) show 
that  CO2 fluxes vary widely due to highly heterogeneous 
land-use types and business types as explored in later sec-
tions. The seasonal-mean  CO2 fluxes are much larger in 
winter (red) than in summer (Fig. 3a), suggesting that heat-
ing is among the main  CO2 emissions sources in winter 
for all urban sites where the vegetation- area fractions are 
minimal (Park et al. 2014, 2022). The two suburban sites 
characterized by large vegetation-area fractions and mini-
mal anthropogenic  CO2 sources, yield the smallest annual 
and seasonal  CO2 fluxes. The small  CO2 fluxes at the sub-
urban sites in summer, near-zero at IL and negative at BC 
(Fig. 3a), indicate that vegetation plays a critical role in the 
 CO2 budget at the vegetation-rich suburban sites in sum-
mer (Ward et al. 2015). Despite the large  CO2 removal by 
vegetation during summer, the seasonal contrasts (i.e., the 
difference between summer and winter) in the  CO2 fluxes 
at the two suburban sites (0.19 and 0.37  mgCO2  m−2  s−1 at 
IL and BC, respectively) are much smaller than those at the 
urban sites (0.46–0.96  mgCO2  m−2  s−1), especially at BC.

Strong contrasts exist in the annual and seasonal  CO2 
fluxes between the urban and suburban sites (Fig. 3b-d). The 
annual flux averaged over the urban- and suburban sites is 
0.89 and 0.14  mgCO2  m−2  s−1 respectively, i.e., on average, 
the urban sites emit six times larger  CO2 per unit area than 
the suburban sites. Seasonally, the differences between the 

urban- and suburban sites (Fig. 3c,d) are related well to the 
differences in the vegetation-area fraction like the annual 
value. For the mean flux over the entire corresponding sites, 
the difference between the urban- and suburban group is 
much larger in winter (1.34 vs. 0.27  mgCO2  m−2  s−1) than in 
summer (0.67 vs. -0.01  mgCO2  m−2  s−1). This indicates that 
the difference in the observed  CO2 fluxes between the urban 
and suburban sites comes from the differences primarily in 
the anthropogenic  CO2 emissions and secondarily in the  CO2 
removal by vegetation. Note that a larger vegetation-area 
fraction implies a smaller fraction of urban-type (combined 
the commercial, residential, and traffic area) area that emits 
much larger  CO2 than the vegetation area (Park et al. 2022). 
Thus, the  CO2 flux differences between summer and win-
ter come primarily from different seasonal  CO2 uptakes by 
vegetation (the seasonal anthropogenic  CO2 emissions) for 
the two suburban (six urban) sites. It must be noted that the 
 CO2 fluxes at the six urban sites are poorly related to the 
vegetation-area fraction for the entire year as well as for 
both seasons (Fig. 3b-d). Considering that even the larg-
est correlation coefficient between the  CO2 fluxes and the 
vegetation-area flux at the urban sites for summer (0.43) is 
below the 60% statistical significance level, the  CO2 fluxes at 
the urban sites are almost entirely determined by the anthro-
pogenic  CO2 emissions with negligible contributions from 
vegetation. This result contrasts one of the key findings in 
Park et al. (2022) who argue that the role of vegetation is 
critical in the  CO2 budget at all urban sites.

The large downward fluxes in the sunlit hours of summer 
(Fig. 4) at the two suburban sites clearly demonstrate the 
critical role of vegetation in shaping the seasonal  CO2 flux 
budget in the regions of large vegetation cover (Ward et al. 
2015; Velasco and Roth 2010; Velasco et al. 2013). The 
daytime minima in the annual-mean and summer  CO2 flux 
diurnal cycle appear clearly in summer (red lines in Fig. 4) 

Table 2  The values of the fractional areas of key urban components (urban area, vegetation area, traffic area, commercial area, and residential 
area)

* The urban-area fraction is the sum of the fractions of traffic area, commercial area, and residential area
** A large portion of the traffic area at NW are the driver’s license driving test facility and a railway depot. The traffic in these areas are not moni-
tored by traffic camera

Site *Urban Area 
(%)

Vegetation 
Area (%)

Traffic Area (%) Commercial 
Area (%)

Residential 
Area (%)

Building (Residen-
tial + Commercial) Area 
(%)

Urban site AY 87.8 9.1 54.6 30.8 2.4 33.2
GHM 89.3 5.4 56.6 28.8 3.9 32.7
**NW 79.2 14.7 62.4 13.6 3.2 16.8
JR 94.1 3.4 40.5 28.1 25.5 53.6
GN 97.6 1.6 28.7 28.1 40.8 68.9
GJ 94.7 2.6 47.3 17.1 30.3 47.4

Suburban site IL 35.3 61.9 28.4 6.6 0.3 6.9
BC 3.1 94.4 1.9 0.3 0.9 1.2
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but are absent in winter (blue lines in Fig. 4) at the two 
suburban sites. Note that the  CO2 flux diurnal cycle at both 
suburban sites is much weaker, nearly nonexistent, in winter 
than in summer. The daytime minima in the annual-mean 
diurnal cycle (black lines in Fig. 4) at the two suburban sites 
show that photosynthesis plays a crucial role in determin-
ing the CO2 budget for summer and for the entire year. The 

differences in the  CO2 fluxes between the two suburban 
sites may be attributed to the differences in the vegetation-
area fraction (61.9% for IL and 94.4% for BC) and the road 
fraction (28.4% for IL and 1.9% for BC) (Table 2), i.e., the 
effects of traffic at IL is much larger than those at BC.

CO2 fluxes exhibit clear seasonal cycles at all sites with 
winter maxima and summer minima (Fig. 5a). From late 

Fig. 3  (a) The summer (blue), winter (red) and annual (orange)  CO2 
fluxes in the 2017–2018 period. The error bars in (a) indicate the 
95% confidence interval based on Student’s-t tests. Figures  3(b)-(d) 
show the relationship between the vegetation-area fraction and the 

(b) annual, (c) summer, and (d) winter  CO2 fluxes at the eight SEB 
sites. Red and green dots in Figs. 3b-d indicate the urban and subur-
ban sites, respectively
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spring to summer,  CO2 fluxes at the two suburban sites are 
near zero (IL) and -0.2 mg  m−2  s−1 (BC), demonstrating 
the critical effects of photosynthesis on the  CO2 flux in the 
regions of large vegetation cover. The seasonal cycle varies 
across the sites with the most notable contrast between the 
urban and suburban sites; the seasonal cycle shows much 
larger amplitudes at the urban sites (0.7–1.2  mgCO2  m−2  s−1) 
than at the suburban sites (0.2–0.5  mgCO2  m−2  s−1) where 
anthropogenic emissions sources are small. The positive cor-
relation (R > 0.887) between the monthly  CO2 flux in Fig. 5a 
and the liquefied natural gas (LNG) consumption (http:// 
data. seoul. go. kr) for the six urban sites supports that winter 
heating is the main driver of the  CO2 flux seasonal variations 

at the urban sites (Park et al. 2014, 2022). The seasonal cycle 
amplitudes at all urban sites are well correlated (R = 0.82) 
with the commercial-area fraction (Fig. 5b), but are poorly 
correlated with the traffic- (R = -0.22) and residential-area 
fraction (R = -0.12) (Figs. 5c,d).

The  CO2 flux at the six urban sites shows distinct relation-
ship with the fractional coverage of land-use types (Table 3). 
The annual and seasonal  CO2 fluxes are positively correlated 
with the commercial-area fraction, while they are negatively 
correlated with the residential-area fraction. The relationship 
between the  CO2 fluxes and the commercial-area fraction is 
largest for winter (R = 0.72) followed by for the entire year 
(R = 0.65) and for summer (0.52). Thus, the  CO2 fluxes at 

Fig. 4  The annual (black), summer (red) and winter (blue)  CO2 flux diurnal cycle at the two suburban sites, (a) IL and (b) BC. The error bars 
indicate the 95% confidence interval based on Student’s-t tests

Fig. 5  (a) The seasonal variations of the  CO2 fluxes at the eight SEB 
sites. The error bars in (a) indicate the 95% confidence interval based 
on Student’s-t tests. Figure 5(b)-(d) present the relationship between 

the amplitude of the  CO2 flux annual cycle and the fraction of the (b) 
commercial area, (c) residential area, and (d) traffic area at the six 
urban site

http://data.seoul.go.kr
http://data.seoul.go.kr
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the urban sites increase (decrease) with increasing commer-
cial (residential) area fraction, implying that the commercial 
areas emit more  CO2 per area than the residential areas.

3.2  The Relative Contribution of Traffic and Heating 
to the Seasonal Cycle

Relative contributions of traffic and heating, the two lead-
ing  CO2 emissions sources in urban areas, to the total  CO2 
fluxes are estimated using the bivariate regression analysis 
of Kleingeld et al. (2018) where the hourly  CO2 fluxes, traf-
fic volume and ambient temperature are incorporated as in 
Eqs. (2) and (3). Note that traffic and heating are the primary 
sources of the observed  CO2 fluxes at these sites because 
none of them are affected by power plants and/or major 
manufacturing facilities (e.g., Velasco et al. 2007).

FC (mg  m−2  s−1) is the total  CO2 fluxes, veh (the number 
of vehicles  hr−1) is the traffic volume, and Tair (K) is the 
ambient temperature. b in Eqs. (2) and (3), the threshold 
temperature (K) for the start of heating, is also obtained 
in the regression in the original formulation; however, 
a threshold temperature of 18℃ (291.15 K), the stand-
ard temperature for calculating the heating degree days 
(Lee et al. 2014b), is used in this study for simplicity. A 
sensitivity test in which b is varied from 16℃ to 19℃, a 
reasonable range for the start of heating in Seoul, yields 
the same conclusions as reported in this study except that 
the relative contribution of heating decreases monotoni-
cally with increasing b. Previous studies (Lee et al. 2014b; 
Park et al. 2014) showed that ambient temperatures can 
be a good indicator for the  CO2 emissions from heating 
in Seoul since large seasonal variations in the ambient 
temperatures govern the heating demand.

Statistically significant results (the p-values are below 
 10–47) are obtained for three of the four sites at which traf-
fic data are available. Using the regression parameters in 
Table 4, the fractional contribution of traffic (c ∗ veh) and 
heating (a ∗ (b − Tair)) to the monthly  CO2 flux at the three 

(2)FC = a ∗
(

b − Tair
)

+ c ∗ veh if
(

b − Tair
)

≤ 0

(3)FC = c ∗ veh if
(

b − Tair
)

≥ 0

sites are calculated. The resulting fractional contribution of 
traffic and heating to the total  CO2 fluxes (Fig. 6) exhibits 
clear seasonal cycles to show that heating (traffic) is the 
primary contributor to the observed  CO2 fluxes in the cold 
(warm) season. As the traffic remains nearly the same over 
the entire year (Fig. 6d-f), the  CO2 flux seasonal cycle at 
these sites is related to the seasonal variations in heating. 
The results also show that the relative contribution from 
traffic and heating varies following the area fraction of the 
land-use type in such a way that the contribution of heating 
increases as the combined fraction of the residential and 
commercial areas (i.e., the building-area fraction) increases 
(Table 2), most notably in the cold season. The seasonal 
variations in the observed  CO2 fluxes (Fig. 5) and the rela-
tive contribution of heating to the total  CO2 fluxes (Fig. 6) 
coincide well with the monthly LNG consumption, the pri-
mary heating fuel in Seoul (Lee et al. 2014a). The correla-
tion coefficients between the monthly contribution of heating 
to the  CO2 fluxes and the monthly LNG consumption at the 
three sites range from 0.958 to 0.969; the high correlations 
further support that heating is the main driver of the  CO2 
flux seasonal cycle at the urban sites as inferred from the 
relationship between the amplitude of the  CO2 flux annual 
cycle and the LNG consumption in the preceding section.

An estimation on the basis of the population density of 
the Seoul Metropolitan area and the average per-human  CO2 
emission (Christen et al. 2011) shows that human respira-
tion may contribute 10–20% to the total  CO2 flux at these 
sites which is similar to the amounts estimated in previous 
studies (Christen et al. 2011; Kleingeld et al. 2018; Velasco 
and Roth 2010). It is not negligible for the total  CO2 budget, 
however, is not included in the analysis because (1) local 
population density remains nearly the same for each month 
and (2) the  CO2 fluxes from human respiration is small com-
pared to those from traffic and heating.

3.3  Urban  CO2 Flux Weekly Cycle Related 
to the Land‑Use and Business Types

In order to understand the intra-urban  CO2 flux vari-
ations following the land-use and main business types, 

Table 3  The correlation between the annual and seasonal  CO2 fluxes 
at the six urban sites and the fractional area of the major urban land-
use types of each site

Land-use fraction Annual Summer Winter

Traffic 0.25 0.43 0.02
Commercial 0.65 0.52 0.72
Residential -0.60 -0.73 -0.39

Table 4  Parameters for Eqs. (2) and (3) obtained with the least square 
method

Site R2 Parameter Estimate p-value t-stat

GHM 0.218 a 0.02325 3.76 ×  10–47 14.605
c 0.00061 0 47.824

GN 0.348 a 0.04777 0 62.455
c 0.00029 0 51.976

GJ 0.307 a 0.02654 0 46.555
c 0.00017 2.89 ×  10–183 30.378
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the weekly cycle of  CO2 fluxes (Fig.  7a-c) and traffic 
(Fig. 7d-f) are analyzed for the four urban sites (GHM, 
GN, GJ, NW) where hourly traffic data are available. 
Because the sub-daily to weekly variations of urban  CO2 

fluxes are closely related to local traffic (Dragomir et al. 
2012; Hong et al. 2020; Kleingeld et al. 2018; Velasco 
et al. 2010), the  CO2 flux variations at these urban sites 
may reflect specific effects of land-use and business types 

Fig. 6  The relative contribution of heating (blue) and traffic (red) to the monthly  CO2 fluxes at the three urban sites obtained from the regression 
analysis in Sect. 3.2: (a) GHM, (b) GJ, and (c) GN. Figures 6d-f present the monthly traffic volume at the three sites

Fig. 7  The annual-mean  CO2 flux diurnal cycles for the entire week 
(black), weekdays (blue), and weekends (red with error bars) at the 
four urban sites; (a) GHM, (b) GN, (c) GJ, and (d) NW. Figures (e)-

(h) are the diurnal cycles of the corresponding traffic volume. The 
error bars indicate the 95% confidence intervals
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(Sect. 2.1) in shaping local traffic. The two sites GHM 
and GN include similar commercial-area fraction (28.8% 
at GHM and 28.1% at GN), but show highly contrasting 
weekly cycles in the  CO2 fluxes and traffic. GHM shows 
substantially larger  CO2 fluxes and traffic during weekdays 
than weekends (Figs. 7a,e) while the  CO2 flux and traffic 
remain similar throughout a week at GN (Figs. 7b,f). The 
mainly residential GJ shows similar traffic and  CO2 emis-
sions for both weekdays and weekends (Fig. 7c,g). The 
 CO2 flux-traffic relationship at NW is peculiar; while the 
traffic is similar for both weekdays and weekends (Fig. 7h), 
weekdays show much larger  CO2 fluxes than weekends, 
especially in the daytime hours (Fig. 7d).

The land-use and main business types at each site may 
explain the weekly cycle of the  CO2 fluxes at the four sites 
in terms of the  CO2 flux-traffic relationship. GHM and GN 
include similar commercial-area fractions (28.8% vs. 28.1%) 
but show highly contrasting business types; government 
offices, the headquarters of large companies as well as the 
businesses related to them for GHM and major shopping and 
entertainment districts for GN. Because the main businesses 
at GHM are open only in the business hours in weekdays, the 
traffic and floating populations around GHM are concentrated 
in the daytime hours of weekdays to result in large differences 
in  CO2 fluxes (Fig. 7a) and traffic (Fig. 7e) between weekdays 
and weekends. GN is located in one of the major shopping and 
entertainment districts in Seoul which draw large traffic and 
floating population not only in daytimes but also in evenings 
and early nights throughout a week. Because of these main 
business types, the traffic (Fig. 7f) and  CO2 fluxes (Fig. 7b) at 
GN remain similar for the entire week. The large  CO2 fluxes 
and traffic in the evening and early night hours are mainly due 
to various entertainment businesses around GN with partial 
contributions from the commuting traffic. GJ includes much 
larger residential area than the commercial area (30.3% vs. 
17.1%, Table 2). In addition, the businesses around GJ serve 
mainly local residents. Thus the traffic around GJ is generated 
mainly from local activities to result in similar traffic (Fig. 7g) 
and  CO2 fluxes (Fig. 7c) throughout a week except the absence 
of commuter-related morning peaks in weekends. The pecu-
liar traffic-CO2 flux relationship at NW (Figs. 7d and h) can 
be explained by the major business types within its footprint. 
Although NW includes a large traffic-area fraction (62.4%), 
much of the traffic area includes a railway depot and a driver’s 
license driving test facility (Fig. 1e and Fig. 2). As the driving 
test facility opens only for business hours (the work hours on 
weekdays), the large daytime  CO2 fluxes in weekdays (Fig. 7d) 
can be attributed to the emissions from driving test vehicles. 
Despite the large emissions from the driving test vehicles, they 
are not captured by the local traffic monitoring system to result 
in similar traffic volumes for both weekdays and weekends. 
This causes the large mismatch between the  CO2 fluxes and 
traffic for the work hours of weekdays.

4  Conclusions and Discussions

To understand the  CO2 flux variations within a large urban 
area, the two-year (2017–2018)  CO2 flux data measured 
at eight EC-based SEB sites, six urban and two suburban, 
in Seoul are analyzed. The  CO2 fluxes and their variations 
obtained in the analyses are interpreted in terms of the local 
factors related to the  CO2 budget such as vegetation cover-
age, heating, traffic, and land-use types. For the urban sites, 
the analyses also consider more detailed land-use type such 
as the area-fractions of commercial, residential, and the traf-
fic areas as well as the primary businesses types in com-
mercial areas.

The annual  CO2 fluxes vary widely across these sites fol-
lowing the vegetation-area fraction and land-use type, from 
0.83  kgCO2  m−2  yr−1 at BC to 35.8  kgCO2  m−2  yr−1 at AY. 
At the two suburban sites of large vegetation-area fraction 
and small anthropogenic  CO2 emissions sources, vegeta-
tion plays a critical role in shaping the annual and seasonal 
 CO2 fluxes to result in highly contrasting  CO2 flux diurnal 
cycles between summer and winter highlighted by the pres-
ence (summer) and absence (winter) of large downward  CO2 
fluxes in the sunlit hours.

For all urban sites, the effects of vegetation on  CO2 fluxes 
are negligible as indicated by a weak (R < 0.43; statistical 
significant of < 60%) relationship between the  CO2 fluxes 
and the vegetation-area fraction for all seasons as well as 
the entire year. The minimal vegetation effects on the  CO2 
budget at the urban sites is not only due to small vegetation-
area fractions (< 14.7%) but also (and more likely) due to 
the fact that, per unit area, anthropogenic  CO2 emissions 
dominate the effects of vegetation (absorption and emission 
of  CO2). This finding in this study contrasts a key conclu-
sion of Park et al. (2022) which argues that vegetation effects 
are critical in determining the  CO2 budget at the entire urban 
sites. This study suggests that the large correlation between 
the monthly NDVI and  CO2 fluxes at the urban areas of 
small vegetation cover found in Park et al. (2022) is only 
superficial and has little quantitative implications on the  CO2 
budget at highly urbanize areas with small vegetation-area 
fraction.

The positive (negative) correlations between the annual 
 CO2 fluxes at the urban sites and the commercial (residen-
tial) area fraction indicate that the commercial areas emit 
more  CO2 per unit area than the residential areas. The winter 
maxima and summer minima in the  CO2 flux annual cycle 
at both the urban and suburban sites arise from totally dif-
ferent causes; by the seasonal variations in heating (photo-
synthesis) at the urban (suburban) sites. The importance of 
heating in driving the seasonal cycle of urban  CO2 fluxes is 
supported by strong correlations between the monthly LNG 
consumption and (1) the  CO2 flux cycle at the urban sites 
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(R > 0.887; Fig. 5a) and (2) the contribution of heating to the 
monthly  CO2 flux from a regression-based source attribu-
tion analysis (R > 0.958; Fig. 6). The regression-based  CO2 
flux source attribution analysis also shows that the fraction 
of  CO2 fluxes emitted by heating increases with increasing 
residential-area fraction.

The traffic and  CO2 flux at the commercial sites are found 
to exhibit distinct weekly cycles related to the main business 
type. This dependence of the  CO2 flux-traffic relationship on 
the main business type is not explainable in terms of LCZ 
and/or the single dominant land-use type that have been used 
in previous studies to classify site characteristics in urban 
climate research. This, and the variation of  CO2 fluxes fol-
lowing the area fraction of the commercial and residential 
areas found in this study, show that proper interpretation 
and understanding of the  CO2 flux variations in large urban 
areas require considerations of more refined urban land-use 
type classifications (e.g., the main business types, the area 
fraction of each land-use type) beyond the contemporary 
site-type classification based on a single dominant land-use 
type and/or LCZ.

Accurate estimates of  CO2 fluxes from large urban areas 
where a multitude of land-use types, human activities, and 
natural environment coexist, are important for accounting 
the global  CO2 emissions. In-situ  CO2 flux measurements 
are important to estimate  CO2 fluxes as they provide the 
ground-truth data for understanding the relationship between 
 CO2 emissions and urban characteristics as well as for evalu-
ating the regional  CO2 emissions estimates based on indi-
rect methods. The large  CO2 flux variations following the 
land-use and business types found in this study for Seoul 
show that a dense  CO2 flux network is needed to reliably 
estimate  CO2 emissions in large urban areas as they include 
heterogeneous landscapes and a variety of land-use and busi-
ness types. Establishing a dense EC-based flux observation 
network for monitoring fine-scale  CO2 fluxes is cost prohibi-
tive. Thus, additional studies on urban  CO2 fluxes in terms 
of refined relationship between  CO2 fluxes and the types of 
land-use and business are warranted as a preliminary for 
establishing cost-effective urban  CO2 flux observation net-
works in large urban regions.
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