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Abstract. Cities represent a key space for oura sustainable trajectorysociety in a changing environment, and our 7 

society is steadily embracing urban green space for its role in mitigating heatwaves and anthropogenic CO2 8 

emissions. This study reports two-year years of surface fluxes of energy and CO2 measured via the eddy 9 

covariance method in an artificially constructed urban forest measured by the eddy covariance method to examine 10 

the impact of urban forests on air temperature and net CO2 exchange. The urban forest site shows typical seasonal 11 

patterns of forest canopies with the seasonal march of the East Asian summer monsoon. Our analysis indicatesThis 12 

study shows that the urban forest reduces both the warming trend and urban heat island intensity compared to the 13 

adjacent high-rise urban areas and that photosynthetic carbon uptake is large despite relatively small tree density 14 

and leaf area index. During the significant drought period in the second year, gross primary production and 15 

evapotranspiration decreased, but their reduction was not as significant as those in natural forest canopies. We 16 

speculate that forest management practices, such as artificial irrigation and fertilization, enhance vegetation 17 

activity. We also stipulateFurther analysis reveals that ecosystem respiration in urban forests is more pronounced 18 

than for typical natural forests in a similar climate zone. This can be attributed to the substantial amount of soil 19 

organic carbon available due to intensive historical soil use and soil transplantation during forest construction, as 20 

well as relatively warmer temperatures in urban heat domes. Our observational study also indicatesfindings 21 

suggest the need for caution in soil management for lesswhen aiming to reduce CO2 emissions in urban areas. 22 

 23 

1 Introduction 24 

Cities inhabitmake up only 2% of the Earth’s land surface but hold more than 55% of the world’s population. It 25 

is expected that the urban population will reach 68% by 2050 (UN, 2019). With the unprecedented rapid 26 

urbanization in the last century, our life trajectoryhuman civilization heavily depends on urban structures and 27 

functions, and it is expected that the urban population will increase by up to 68% by 2050 (UN, 2019). Our current. 28 

Current concern is regarding the disastrous impacts of climatic events (e.g., heatwaves, flooding, and drought) 29 

and environmental changes (e.g., air pollution and land degradation) on our socioeconomic system in a changing 30 

climate (McCarthy et al., 2010; Rahmstorf and Coumou, 2011). Accordingly, it remains an urgent issue to 31 

implement integrated policies for climate change mitigation and adaption toward sustainable cities against global 32 

warming and related natural disasters. In particular, urban 33 
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Urban green infrastructures, such as urban forestforests, have been recognized as a key solution toward alleviating 34 

climatic and environmental disasters (e.g., Oke et al., 2017; Chiesura, 2004; Haaland and van den Bosch, 2015; 35 

Oke et al., 2017; Kroeger et al., 2019). Green spaces in cities, as opposed to gray spaces, are exposed to wide 36 

ranges of environmental and climatic conditions across geographical locations. Especially when green spaces 37 

replace gray infrastructures during the urban redevelopment, it remains unclear whether their benefits emerge in 38 

real conditions and thereby outperformingovercome their maintenance cost and other harmful effects. (e.g., 39 

allergy and ozone increase). To leverage their full potential benefits, it is necessary to assess the biophysical 40 

effects of urban forests based on direct long-term monitoring in urban areas. 41 

Urban forests are a key part of green infrastructures in a city, and two of their benefits, which have been mainly 42 

addressed in previous studies, are thermal mitigation and carbon uptake (Roy et al., 2012; Oke et al., 2017). Firstly, 43 

urban forests mitigate direct sunlight and diminish the incoming radiant energy on the land surface, thereby 44 

reducing surface temperature. Additionally, urban forests supply water to the atmosphere through transpiration 45 

and retain water for longer times than the impervious surfaces of urban structures. These processes contribute 46 

towardto reducing air temperature by partitioning more available energy to latent heat flux (QE) than sensible heat 47 

flux (QH), thus creating favorable conditions for mitigating heatwaves and related health problems (e.g., Oke, 48 

1982; Hong et al., 2019a). Eventually, this cooling effect reduces the electrical energy load of buildings,by air 49 

conditioning as well as greenhouse gas emissions. Previous studies have reported cooling effects of urban forests 50 

from street trees to parks scales (Oke et al., 1989; Bowler et al., 2010; Norton et al., 2015; Shashua-Bar and 51 

Hoffman, 2000). Such cooling effects depend not only on tree species and structures (Feyisa et al., 2014) but also 52 

on the size and vegetation density of urban green areas (Yu and Hien, 2006; Chang et al., 2007; Hamada and Ohta, 53 

2010; Feyisa et al., 2014). However, despite the strong temperature-controlling factors of evapotranspiration (ET) 54 

and directsensible heat fluxes over urban forest canopies, only a few studies have reported on surface energy 55 

balance (SEB) in urban forests in relation to thermal mitigation based on direct measurements (e.g., Oke et al., 56 

1989; Spronken‐Smith et al., 2000; Coutts et al., 2007a; Ballinas and Barradas, 2015; Hong and Hong, 2016;). 57 

Moreover, it is noticeable that forest cooling intensity depends on geography and even forests can even produce 58 

a warming trend with the decreasedas a result of their low albedo (Bonan, 2008; Wang et al., 2018). The lack of 59 

direct urban forest measurements hinders proper assessment of their influences on the climate and environment.  60 

Furthermore, urban forests mitigate anthropogenic carbon emissions by photosynthetic CO2 uptake. Traditionally, 61 

carbon uptake by urban forests has been estimated by empirical relationships (e.g., biomass allometric equation) 62 

or short-term inventory of biomass data and vegetation growth rates, which have limitations of spatiotemporal 63 

coverage (Rowntree and Nowak, 1991; Nowak, 1993; Nowak et al., 2008; Weissert et al., 2014). Currently, the 64 

eddy covariance (EC) method is being applied in various ecosystems from grasslands and natural forests to urban 65 

areas because it provides continuous net CO2 flux measurements at the neighborhood scale every half hour 66 

(Christen 2014). From this perspective, the EC method is useful for studying the net CO2 exchange (FC) from 67 

diurnal to interannual variations, with its simultaneous measurement of surface energy fluxes. Recently, direct FC 68 

measurements have been performed using the EC method in urban green spaces to examine SEBturbulent 69 

exchanges of energy and carbon exchange (Coutts et al., 2007a, 2007b; Awal et al., 2010; Kordowski and Kuttler, 70 
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2010; Bergeron and Strachan, 2011; Crawford et al., 2011; Kordowski and Kuttler, 2010; Peters and McFadden, 71 

2012; Velasco et al., 2013; Ward et al., 2013; Ueyama and Ando, 2016; Hong et al., 2019b; Hong et al., 2020).). 72 

However, the EC method provides only the net effects of CO2 exchange from various carbon sources and sinks, 73 

which limits the physical interpretation and assessment of the benefits and costs of urban forests.  74 

Flux partitioning into photosynthesis and ecosystem respiration from the EC measured FC requires additional 75 

information and data processing (It isStoy et al., 2006). It is more challenging to partition FC into individual 76 

sources and sinks, particularly in urban areas because of the complex contributions from biogenic (e.g., vegetation 77 

photosynthesis, respiration of vegetation, soil, and humans) and extra anthropogenic (e.g., fossil fuel combustion 78 

by transportation or in households and commercial buildings) processes (Pataki et al., 2003). Stochastic FC 79 

partitioning methods were recently applied by reprocessing EC observation data with auxiliary data and provided 80 

useful knowledge on urban  81 

carbon cycle (Hiller et al., 2011; Crawford and Christen, 2015; Menzer and McFadden, 2017; Stagakis et al., 82 

2019). 83 

With this background, the objectives of this study include: 1) reporting temporal changes in air temperature after 84 

the artificial construction of an urban forest park in the Seoul metropolitan area wherewith a hot and humid 85 

summer season affects and shows steep global warming trends (Hongcold and Hong, 2016)dry winter seasons and 86 

2) quantifying the carbon uptake of urban forests based on the FC partitioning through theof FC  data 87 

observedmeasured by the ECeddy covariance method and meteorological data (Lee et al., 2021). Here, we 88 

highlight the biotic and abiotic factors controlling the carbon cycle in urban forests and the impact of urban forests 89 

on the thermal environment after forest park construction. 90 

2 Materials and Methods 91 

2.1 Urban surface energy and CO2 balances 92 

The SEB is expressed as: 93 

Q* + QF = QH + QE + ΔQS + ΔQA (1) 94 

where Q* is the net all-wave radiation of the sum of outgoing and incoming short- and long-wave radiative fluxes, 95 

QF is the anthropogenic heat flux, QH is the turbulent sensible heat flux, QE is the latent heat flux, ΔQS is the net 96 

storage heat flux, and ΔQA is the net heat advection (Definitions of variables in Appendix A).  97 

The surface CO2 budget in an urban forest is formulated as follows: 98 

FC = ER + EB + RE – GPP º ER + EB + NBE (2) 99 

where FC is the net CO2 exchange at the city-atmosphere interface, ER and EB are the anthropogenic CO2 emissions 100 

from fossil fuel combustion by vehicles and heating in a building, respectively. GPP and RE are biotic 101 

contributions to FC; GPP is the gross primary production as a result ofby photosynthetic CO2 uptake, and RE is 102 
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the ecosystem respiration from soil and vegetation. Urban ecosystem respiration considers not only the autotrophic 103 

and heterotrophic respirations of vegetation and soil but also human respiration (Moriwaki and Kanda, 2004; 104 

Velasco and Roth, 2010; Ward et al., 2013, 2015; Hong et al., 2020). Human respiration is negligible in this study 105 

because there is no residential population in the park. Vegetation in urban areas includes trees and lawns in urban 106 

forests, as well as gardens and roadsides, and it offsets CO2 emissions through CO2 assimilation by photosynthesis 107 

as the only carbon sink.Human respiration by park visitor is negligible with 0.4 µmol m2 s-1 at most .  108 

Additionally, NBE is the net biome CO2 exchange and is typically defined as the net ecosystem exchange by RE 109 

– GPP for natural vegetation. Put differently, NBE refers to carbon losses in heterotrophic respiration minus the 110 

net primary production on natural vegetative surfaces; thus, negative NBE indicates the net carbon uptake by the 111 

natural ecosystem (Kirschbaum et al., 2001; Randerson et al., 2002). Unlike natural ecosystems, the FC between 112 

an urban forest and atmosphere is a complex mixture of biogenic (i.e., GPP and RE) and anthropogenic (i.e., ER 113 

and EB) processes across various spatial and temporal scales. In urban environments, anthropogenic emissions 114 

depend on the local characteristics (e.g., transport options, fuel types, heating demand, climate, population density, 115 

levels of industrial activity, and existing carbon intensity of electricity supply) of the city and locations of the 116 

eddy covariance system (Feigenwinter et al., 2012; Kennedy et al., 2014; Lietzke et al., 2015; Stagakis et al., 117 

2019). 118 

 119 

2.2 Site description 120 

2.2.1 Seoul Forest Park 121 

Micrometeorological measurements were taken at the Seoul Forest Park (SFP) in the Seoul metropolitan area, 122 

Korea (37.5446°N, 127.0379°E). SFP is the third largest park in Seoul with an area of 1.16 km2 (Fig. 1a). This 123 

area had been used as a horse racetrack and a golf course inside the track since 1950 and was surrounded by 124 

cement factories to the west (Fig. 1b). The local government initially planned this area as a commercial district 125 

with a high-rise multi-purpose building complex but changed its plan to redevelop the area as a green space in 126 

late 1990s. The construction of the SFP began in December 2003, and it was opened to the public in June 2005 127 

(Fig. 1c).  128 

The dominant land cover within a 300-m radius of the measurement system is a deciduous forest with irrigated 129 

grass lawns (Zoysia), oak (Quercus acutissima), ginkgo (Ginkgo biloba), and ash trees (Fraxinus rhynchophylla), 130 

which correspond to the Local Climate Zone (LCZ) ‘A’, dense trees (Stewart and Oke, 2012). The maximum leaf 131 

area index (LAI) of 300 ´ 300 m2 around the SFP tower is approximately 1.6 (Copernicus Service information, 132 

2020). On the east side (0‒120°), there are trees (approximately 230 stems ha-1) with a small artificial lake and 133 

grasslands beyond it. Trees mainly occupy the southern and western directions of a tower (120‒330°) within a 134 

100-m radius area (approximately 540 stems ha-1) and traffic roads lie outside of the dense vegetation. The mean 135 

tree height (hc) is approximately 7.5 m and ranges between 5.8–9.5 m. The mean roughness length (z0) and zero-136 

plane displacement height (zd) are estimated by the tree height-based approach within 100 m radius and they range 137 

between 0.3–0.6 and 4.1–8.2 m, respectively (Raupach et al., 1991). z0 and zd have seasonal and directional 138 
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variations depending on the variability of the leaves on the vegetation (Lee, 2015; Kent et al., 2018). z0 and zd 139 

change from approximately 0.6 and 5.0 m during leaf-on period (June–August) to 1.2 and 3.0 m during the leaf-140 

off periods (December–February) by the Macdonald method (Macdonald et al., 1998). Approximately 80% of the 141 

footprint area of the SFP tower is within 250 m (Fig. 1e). 142 

The traffic roads consist of eight and ten lanes carrying heavy traffic throughout the day (~100,000 vehicles day-143 
1) to the south and west of the tower (Fig. 1c). Hourly traffic volume, which is used for surface flux partitioning, 144 

is evaluated on the road adjacent to the SFP tower every year by the Seoul Metropolitan Government 145 

(https://topis.seoul.go.kr). Across the road on the western side of the tower, a cement factory still exists, although 146 

its size is smaller than it used to be in the past (Fig. 1b and 1c). 147 

2.2.2 Climate conditions 148 

Climatic condition shows a distinct seasonal variation with the seasonal march of the East Asian summer monsoon. 149 

(Fig. 1). The mean climatological values (1981-2010) of the screen-level air temperature (Tair) and precipitation 150 

were 12.5°C and 1450 mm year-1, respectively. During the study period (June 2013–May 2015), the observed Tair 151 

was higher than the climatological mean. Higher temperatures lasted longer in the summer of 2013 with the 152 

stagnation of the migratory anticyclones (June) and North Pacific anticyclone (July–August). There were strong 153 

heatwaves in the spring seasons of 2014 and 2015 (Hong et al., 2019a). Wind direction also shows seasonal 154 

variation with the monsoon system. Main wind comes from vegetative surface in the park, but other land cover 155 

types are included differently with seasons. Prevailing wind is southwesterly in spring and summer and changes 156 

to northeasterly in autumn and northwesterly in winter (Fig. 2). Accordingly, road fraction in flux footprint is 157 

larger in spring and summer and building emission is included only winter season with northeasterly wind (Fig. 158 

3f and 2).   159 

Notably, seasonal precipitation shows a contrasting pattern between two consecutive years (Fig. 2d1d). In the first 160 

year (June 2013–May 2014), annual precipitation was 1256 mm, which corresponded to approximately 90% of 161 

the climatological mean. In addition, approximately 50% of the annual rainfall was concentrated in the summer 162 

with an estimated 650 mm occurring only in July 2013; however, in the second year the annual rainfall was 932 163 

mm (i.e., 67% of the climatological mean).) (i.e., the smallest annual precipitation in the past 20 years). The 164 

monthly precipitation values in the July and August of 2014 were 198 and 169 mm, respectively, which 165 

represented only approximately 35% of the climate mean. Accordingly, the vapor pressure deficit (VPD) and 166 

downward shortwave radiation (K↓) in July 2013 were relatively smaller than those in July 2014 (Fig. 2b and 2c). 167 

2.2.2 Seoul Forest Park 168 

Micrometeorological measurements were taken at the Seoul Forest Park (SFP) in the Seoul metropolitan area, 169 

Korea (37.5446°N, 127.0379°E). SFP is the third largest park in Seoul with an area of 1.16 km2 (Fig. 3a). This 170 

area had been used as a horse racetrack and a golf course inside the track since 1950 and was surrounded by 171 

cement factories to the west (Fig. 3b). The local government initially planned this area as a commercial district 172 

with a high-rise multi-purpose building complex but changed its plan to redevelop the area as a green space in 173 
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late 1990s. The construction of the SFP began in December 2003, and it was opened to the public in June 2005 174 

(Fig. 3c).  175 

The mean tree height (hc) is approximately 7.5 m and ranges between 5.8–9.5 m. Analysis and estimation of 176 

roughness elements and integral turbulence characteristics are reported in Kent et al. (2018) and here we explain 177 

the key information. 1-m horizontal resolution digital terrain and digital surface model data are analyzed for 178 

roughness parameters and tree heights. The mean roughness length (z0) and zero-plane displacement height (zd) 179 

range between 0.3–0.6 and 4.1–8.2 m with wind directions, respectively. z0 and zd have seasonal and directional 180 

variations depending on the variability of the leaves on the vegetation (Lee, 2015; Kent et al., 2018). z0 and zd 181 

change from approximately 0.6 and 5.0 m during leaf-on period (June–August) to 1.2 and 3.0 m during the leaf-182 

off periods (December–February).  183 

Approximately 80% of the footprint area of the SFP tower is within 250 m (Fig. 3e) and the dominant land 184 
cover within this range is a deciduous forest with irrigated grass lawns (Zoysia), oak (Quercus acutissima), 185 
ginkgo (Ginkgo biloba), and ash trees (Fraxinus rhynchophylla), which correspond to the Local Climate 186 
Zone (LCZ) ‘A’, dense trees (Stewart and Oke, 2012). The maximum leaf area index (LAI) of 300 ´ 300 m2 187 
around the SFP tower is approximately 1.6 (Copernicus Service information, 2020). On the east side (0‒188 
120°), there are trees (approximately 230 stems ha-1) with a small artificial lake and grasslands beyond it. 189 
2.2.3 Observations in the Seoul Metropolitan Area 190 

In this study, meteorological data from six stations (one eddy covariance station, one aerodrome meteorological 191 

observation station, and four automatic weather stations) in the Seoul Metropolitan Area are additionally analyzed 192 

to examine the heat mitigation and CO2 reduction effects of urban vegetation in the SFP (Table 1 and Fig. 1a). 193 

The Eunpyeong eddy covariance site (EP, 37.6350°N, 126.9287°E) is for surface flux observations in the 194 

northwest of Seoul, where there was a recent urban redevelopment to high-rise and high-population residential 195 

areas from low-rise areas (Hong and Hong, 2016; Hong et al., 2019b). Flux observations at the site have been 196 

conducted since 2012, and they show the SEB and turbulence characteristics of a typical urban residential area. 197 

Because the area around the SFP was originally planned to be redeveloped to high-rise high-population residential 198 

buildings, EP is selected for comparative analysis as a hypothetical place for the SFP region because they are 199 

close to each other and so have the similar synoptic conditions.  200 

The Gimpo Airport Observatory (GP, 37.5722°N, 126.7751°E) is located on the western boundary of Seoul, and 201 

it is surrounded by grasslands and croplands, which corresponds to LCZ ‘D’. As the dominant wind comes from 202 

the west, the GP site is generally affected by the same synoptic weather conditions as Seoul. The GP station 203 

represents the rural environment of the Seoul Metropolitan Area because urban development is restricted around 204 

the airport (Hong et al., 2019a). In this study, we select the GP site as a reference point and calculate the urban 205 

heat island intensity (UHIi) as the synchronous difference in Tair between the urban and rural areas accordingly 206 

(Stewart, 2011). 207 

The Seongdong Observatory (SD, 37.5472°N, 127.0389°E), the closest station to the SFP, is located 208 

approximately 300 m north of the SFP tower (Fig. 1c). Since the station began observations in August 2000, the 209 

meteorological data at SD are useful for analyzing temperature changes before and after the construction of the 210 
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SFP. Accordingly, it is used to analyze local climatic changes caused by the SFP. Moreover, SD provides auxiliary 211 

weather variables (e.g., precipitation) that are not observed in SFP station and reference data for surface flux gap 212 

filling. The Gangnam, Seocho, and Songpa observatories (hereafter denoted as AVG) are located in Seoul’s 213 

central business district, which corresponds to LCZ 1 or 2. These sites are also close to the SFP (~ 5 km); thus, 214 

temperatures in these regions can be assumed to be exposed to the same synoptic condition. These regions show 215 

greater UHIi than other parts of Seoul because of dense skyscrapers, according to the analysis of the spatial 216 

distribution of UHIi in Seoul (Hong et al., 2013). The average temperature of these three automatic weather 217 

stations is used to evaluate the temperature and UHIi reduction effects of the SFP construction. All meteorological 218 

data from the automatic weather station and aerodrome meteorological observation station are observed every 219 

minute, and they are averaged for 1 h for UHIi analysis. All the meteorological data are processed for quality 220 

control on the National Climate Data Portal of the Korea Meteorological Administration (http://data.kma.go.kr). 221 

2.3 Instrumentation and data processing 222 

Trees mainly occupy the south and west sectors of a tower (120‒330°) within a 100-m radius area (approximately 223 

540 stems ha-1) and traffic roads lie outside of the park (Fig. 3f).  224 

The measurement system was installed on the rooftop of the SFP facility building (Fig. 1d3d). A three-dimensional 225 

sonic anemometer (CSAT3A, Campbell Scientific, USA) and enclosed infrared gas analyzer (EC155, Campbell 226 

Scientific, USA) were mounted 12.2 m above the ground level (2.8 m above the roof of an 8.4 m high building) 227 

in June 2013 for 2 years (Fig. 1d3d). The eddy covariance data were recorded using the data logger (CR3000, 228 

Campbell Scientific, USA) with a 10-Hz sampling rate and a 30-min averaging time. The gas analyzer was 229 

calibrated with standard CO2 gas every three months. The main footprint covered the forest canopies, and theThe 230 

measurement height (zm) satisfied the tower height requirement over forested or more structurally complex 231 

ecosystems in most of wind directions (i.e., zm ≅ zd + 4(hc – zd)) (and turbulent flow is in the skimming flow 232 

region (Grimmond and Oke, 1999; Munger et al., 2012; Kent et al., 2018). Two radiometers (NR Lite2 and CMP3, 233 

Kipp&Zonen, Netherlands) were used to measure the radiative fluxes. An auxiliary measurement included a 234 

humidity and temperature probe (HMP155A, Vaisala, Finland).) and EVI (Enhanced Vegetation Index) by in situ 235 

LED sensors.  236 

The 30-min flux isThe roads consist of eight and ten lanes carrying heavy traffic throughout the day (~100,000 237 

vehicles day-1) to the south and west of the tower (Fig. 3c). Hourly traffic volume, which is used for surface flux 238 

partitioning, is evaluated on the road adjacent to the SFP tower every year by the Seoul Metropolitan Government 239 

(https://topis.seoul.go.kr). Across the road on the western side of the tower, a cement factory still exists, although 240 

its size is smaller than it used to be in the past (Fig. 3b and 3c). 241 

2.2.3 Observations in the Seoul Metropolitan Area 242 

Meteorological data from six stations (one eddy covariance station, one aerodrome meteorological observation 243 

station, and four automatic weather stations) in the Seoul Metropolitan Area are analyzed to examine the heat 244 

mitigation and CO2 reduction effects of urban vegetation in the SFP (Table 1 and Fig. 3a). The Eunpyeong eddy 245 
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covariance site (EP, 37.6350°N, 126.9287°E) is for surface flux observations in the northwest of Seoul, where 246 

there was a recent urban redevelopment to high-rise and high-population residential areas from low-rise areas 247 

(Hong and Hong, 2016; Hong et al., 2019b). Flux observations at the site have been conducted since 2012, and 248 

they show the surface energy fluxes and turbulence characteristics of a typical urban residential area. Because the 249 

area around the SFP was originally planned to be redeveloped to high-rise high-population residential buildings, 250 

EP is selected for comparative analysis as an antipodal place for the SFP region because the sites are close to each 251 

other and so have the similar synoptic conditions.  252 

The Gimpo Airport weather station (GP, 37.5722°N, 126.7751°E) is located on the western boundary of Seoul, 253 

and it is surrounded by grasslands and croplands, which corresponds to LCZ ‘D’. As the dominant wind comes 254 

from the west, the GP site is generally affected by the same synoptic weather conditions as Seoul. The GP station 255 

represents the rural environment of the Seoul Metropolitan Area because urban development is restricted around 256 

the airport. In this study, we select the GP site as a reference point and calculate the urban heat island intensity 257 

(UHIi) as the synchronous difference in Tair between the urban and rural areas accordingly (Stewart, 2011). 258 

The Seongdong weather station (SD, 37.5472°N, 127.0389°E), the closest station to the SFP, is located 259 

approximately 300 m north of the SFP tower (Fig. 3c). Since the station began observations in August 2000, the 260 

meteorological data at SD are useful for analyzing temperature changes before and after the construction of the 261 

SFP. Accordingly, it is used to analyze local climatic changes caused by the SFP. Moreover, SD provides auxiliary 262 

weather variables (e.g., precipitation) that are not observed in SFP station and reference data for the gap filling.  263 

The Gangnam, Seocho, and Songpa weather stations (hereafter denoted as CBD) are located in Seoul’s central 264 

business district, which corresponds to LCZ 1 or 2. These sites are also close to the SFP (~ 5 km); thus, 265 

temperatures in these regions can be assumed to be exposed to the same synoptic condition. The annual mean 266 

maximum UHIi of CBD ranges from 3.7 to 5 °C and is similar to that of the SD. These regions show greater UHIi 267 

than other parts of Seoul because of dense skyscrapers (Hong et al., 2013; Hong et al., 2019a). The average 268 

temperature of these three automatic weather stations is used to evaluate the temperature and UHIi reduction 269 

effects of the SFP construction. All meteorological data from the automatic weather station and aerodrome 270 

meteorological observation station are observed every minute, and they are averaged for 1 h for UHIi analysis. 271 

All the meteorological data are processed for quality control on the National Climate Data Portal of the Korea 272 

Meteorological Administration (http://data.kma.go.kr). 273 

2.3 Data processing procedures 274 

Turbulent fluxes are computed using EddyPro (6.2.0 version, LI-COR), with the applications of the double 275 

rotation, time lag compensation using covariance maximization, spike removal and quality test (Vickers, and 276 

Mahrt, 1997), spectral corrections for low-frequency (Moncrieff(Hong et al., 2004) and high-frequency (Fratini 277 

et al., 2012), as well as vertical sensor separation correction (Horst and Lenschow, 20092020 and references 278 

therein). We apply the following post processes for quality control: 1) plausible value check, 2) spike removal, 279 

and 3) discarding the negative FC flux during the nighttime (i.e., no photosynthesis at night) (Hong et al., 2020). 280 
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The total study period from installation (31 May, 2013) to termination (03 June, 2015) is approximately 2 years 281 

(35,174 potential 30-min data), and thein December 2013, there was a gap for approximately 4 weeks due to the 282 

power system failure. The total available data are approximately 90.1%, 88.3%, and 85.4% (n = 31709, 31064, 283 

30028) for QH, QE, and FC after the processes, respectively.  284 

The flux partitioning and gap filling methods are well documented in previous studies of Lee et al. (2021) and 285 

Hong et al. (2019b) and here we describe the core of the methods. Missing values in turbulent exchange of energy 286 

and CO2 are filled with an artificial neural network (ANN) of a backpropagation algorithm. The ANN uses the 287 

cosine transformed time-of-the-day and day-of-the-year, air temperature, relative humidity, wind speed and 288 

direction, atmospheric pressure, precipitation, downward shortwave radiation, cloud cover, soil temperature, and 289 

EVI.  290 

Flux partitioning into photosynthesis and ecosystem respiration from the EC measured FC requires additional 291 

information and data processing (e.g., Stoy et al., 2006). It is important to partition theStochastic FC partitioning 292 

methods were recently applied by reprocessing EC observation data with auxiliary data and provided useful 293 

knowledge on carbon cycle (Hiller et al., 2011; Crawford and Christen, 2015; Menzer and McFadden, 2017; 294 

Stagakis et al., 2019). Here we partition the measured FC into four contributing components (i.e., RE, GPP, ER, 295 

and EB in Eq. 2) to investigate their biotic and abiotic controlling factors in an artificially constructed park. This 296 

study applies for a statistical partitioning method described in Lee et al. (2021).Menzer and McFadden (2017) 297 

estimates anthropogenic emissions with traffic volume and air temperature in winter with wind directions when 298 

anthropogenic emission is dominant in net CO2 fluxes. This study extends the statistical partitioning method by 299 

Menzer and McFadden (2017). Similar to Menzer and McFadden (2017), our partitioning method chooses 300 

temporal subsets so that some components in Eqn. (2) are insignificant with footprint weighted road fraction so 301 

that the statistical partitioning is applicable even when ER is not negligible. In this way, RE is estimated as a 302 

function of temperature first and GPP is finally estimated after modelling ER and EB based on the traffic volume 303 

and high-resolution footprint weighted road fraction (see Fig. 1a and Table 1 in Lee et al. (2021)). Our estimations 304 

on anthropogenic emission from vehicle and building show good correlation with inventory data such as visitor 305 

counts, traffic volume, and natural gas consumption in the park. More information and relevant figures on the flux 306 

partitioning are available in Lee et al. (2021). 307 

3 Results and discussion 308 

3.1 Surface energy balancefluxes  309 

The SEBSurface energy fluxes at the SFP shows typical seasonal variations over natural forest canopies with the 310 

seasonal march of the East Asian monsoon (Fig. 4) (Hong and Kim, 2011; Hong et al., 2019b; Hong et al., 2020). 311 

In summer, thereThere are lengthy rainy spells and large temporal variabilities of meteorological conditions with 312 

the impacts ofduring the East Asian summer monsoon period (Fig. 2d1d). This heavy rainfall causes substantial 313 

decreases in K↓, and thus Q*, with large temporal variations, thereby leading to the mid-summer depression of 314 

surface fluxes (Fig. 2c1c and 4). Q* also reaches its maximum in spring rather than in summer and decreases 315 
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gradually from spring to winter (Fig. 4). MoreThe annual ration of QE to Q* at the SFP is smaller than its global 316 

average of 0.55 and values over forest canopies at similar latitudes in the East Asia (Falge et al., 2001; Suyker 317 

and Verma, 2008; Khatun et al., 2011). halfIn summer, about 50% of Q* is partitioned to QE, and QH is minimum 318 

in summer owing tobecause of the ample water supply from the summer rainfall. However, QH is maximum in 319 

spring and even larger in winter, despite the relatively smaller Q*, because of the cold and dry climatic conditions 320 

induced by the winter monsoon. Accordingly, the seasonal mean Bowen ratio (β = ∑QH/∑QE) ranges from near 321 

zero (summer) to approximately 4 (winter) with its daily maximum around 9 in early January 2015 (Fig. 5). 322 

Notably, β in the SFP is consistently lower than the high-rise, high-density residential area (i.e., the EP site) 323 

because of the ET from the vegetative canopies and the unpaved surfaces in the urban forest. This difference 324 

between the two distinct sites confirms that urban forests are responsible for substantial changes in the thermal 325 

environment in terms of QH and QE, as well as their related air and surface temperatures because of more 326 

evaporative cooling in green spaces compared to impervious surfaces such as roads and buildings in urban areas 327 

(Oke et al., 2017Daytime Bowen ratio in summer is about 0.6, which is smaller in other urban sites but is similar 328 

to suburban sites of the similar vegetation cover mainly because of the small fraction of impervious spaces around 329 

the SFP station (Table 2).  330 

The SEBSurface energy fluxes also shows interannualannual variabilities over forest canopies influenced by the 331 

timing of the onset and duration of the summer monsoon, similarly to natural forest in East Asia, (Hong and Kim, 332 

2011) (Fig. 61, 4, and 5). As discussed in Section 2.2.1.2, annual precipitation is much larger in the first year than 333 

in the second year because of the interannual variations in the East Asian summer monsoon activity, thereby 334 

making substantial differences in surface radiative fluxes. Furthermore, QE shows the difference between the first 335 

and second years of the observation, particularly by responding to such interannual variability of radiation. In the 336 

first year of the observation, QE is more than 300 W m-2 and has a relatively larger temporal variability because 337 

of the frequent rainfall events in summer, compared to the second year. However, it is notable that interannual 338 

variability of surface fluxes are relatively weaker than natural forest in this region which will be better manifested 339 

in ET and its ratio to precipitation.   340 

Evapotranspiration rate, which is equivalent to QE, ranges from 5 mm month-1 in January 2015 to 74 mm month-341 
1 in August 2013, and the annual ET values are 367 and 320 mm year-1 in the first and second years, respectively 342 

(Fig. 1 and 5 and Table. 2 3). The ET values correspond to 29.3% and 34.3% of the annual precipitations and 49 % 343 

and 42% of net radiation, respectively. The annual ET in the second year is smaller than that in the first year with 344 

extensive drought in the second year.(Fig. 2d). The difference in ET between the two consecutive years (i.e., 48 345 

mm) mainly occurred in summer (42 mm), especially in August (30 mm). It has been reported that approximately 346 

55% of the net radiation is partitioned to latent heat flux in forest canopies globally (Falge et al., 2001; Suyker 347 

and Verma, 2008). The annual ET to net radiation from the urban forest is smaller than this global average and it 348 

is also smaller than that of forests at similar latitudes in the East Asia () (Fig. 5).Khatun et al., 2011). The annual 349 

ET in the second year is smaller than that in the first year with extensive drought in the second year. However, it 350 

is notable that the ET in the second year shows only an approximately 12% decrease compared to the first year, 351 

despite a substantial decrease in precipitation (26% decrease) and the similar net radiation in the second year, 352 
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compared to the first year (Table 23). Although the summer monsoon provides ample water to the ecosystem, its 353 

delay and weakness result in severe drought and stress to the ecosystem in this region (Hong and Kim, 2011); 354 

however, such ecosystem stress, such as the shrinking of ET and carbon uptake, is inexplicithas not been 355 

extensively investigated for the urban forest. We speculate that artificial irrigation by a sprinkler mitigated 356 

ecosystem stress to a certain degree in the urban forest. 357 

3.2 Air temperature 358 

Figure 6 shows the mean diurnal pattern of the air temperature difference between the AVG and SD near the SFP 359 

(DTair ºTair_AVG – Tair_SD hereafter) before and after the park construction in summer. Notably, DTair is always 360 

positive during the entire summer season (i.e., AVG is warmer than SD) and shows distinct impacts in terms of 361 

magnitude and diurnal variations after the park construction. The warming trend is evident at the AVG (p<0.015), 362 

wherein there were no changes in the urban structure and function around them. The warming rate at the AVG is 363 

3.0 °C century-1, which corresponds to the warming rate reported in the high-rise urban area in Seoul (Hong et al., 364 

2019a). However, the warming rate around the SFP is approximately 1.6 °C century-1, which is smaller than that 365 

of the AVG and other urban areas in Seoul and is comparable to the global mean warming rate of 0.9 °C century-366 
1 (Hansen et al., 2010; Hong et al., 2019a).  367 

Notably, such a lower warming trend around the SFP mainly occurs in the afternoon when ET is dominant. This 368 

difference will be larger if we consider that the measurement height at the AVG is higher than that at the SD 369 

(Table. 1). The maximum DTair is approximately 0.3 °C around 10:00 before the park construction (Fig. 6a) and 370 

increases up to approximately 0.5 °C with its peak occurrence shifting from the morning to the afternoon (i.e., 371 

around 14:00) after the construction (Fig. 6b). This peak time in the afternoon is coincident with the time when 372 

photosynthesis is the highest in the vegetation; thus, QE increases in summer. Our results indicate that the thermal 373 

mitigation of the urban forest is important as a result of increases in ET, especially if we consider that the SFP 374 

area was originally planned to be developed as a high-population multipurpose building complex. 375 

3.3 Urban heat island intensity 376 

The influence of urban forests on summer temperature produces alsois evident traces in UHIi. Figure 7 shows the 377 

mean diurnal variation of UHIi at the SFP and AVG during summer. Apparently, the UHIi of the SFP (UHIiS 378 

hereafter) and AVG (UHIiACBD (UHIiC hereafter) gradually increases after mid-afternoon and is the largest at 379 

night. (Fig. 6). This diurnal pattern is consistent with previous reports in cities exposed to different geographical 380 

and climatic conditions because rural areas cool faster than urban areas (Oke et al., 2017). Additionally, 381 

UHIiAUHIiC is positive throughout all days ranging from 0.2–2.2 °C (i.e., warmer than rural area, GP) and is 382 

greater than UHIiS by 0–1.5 °C. A possibleThe reason for this stronger UHIiAUHIiC is that the AVGCBD stations 383 

are located in the central business district; thus, the densities of buildings surrounding these stations are much 384 

higher than those surrounding the SFP station. At night (19:00–06:00), UHIiAUHIiC and UHIS are approximately 385 

1.8 °C and 1.4 °C, respectively. The maximum UHIi difference between the AVGCBD and SFP was 0.7 °C in 386 

2013 and 0.5 °C in 2014.  387 
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Around sunrise, sharp declines in the UHIi are observed because the air temperature near the urban area increases 388 

relatively slowly as urban fabrics, such as asphalt, brick, and concrete, have larger heat capacities and less sky 389 

view factors than the rural areas (Oke et al., 2017). Eventually, this slow increase in the air temperature reduces 390 

the differences in Tair among the stations, thereby reducing the UHIi. The minimum UHIiAUHIiC values were 391 

0.3 °C (2013) at 09:30 and 0.2 °C (2014) at 08:30, while the minimum UHIiS occurs at 10:30 with values of –392 

0.1 °C (2013) and 0.0 °C (2014). This implies that the timing of the minimum UHIi is delayed in the SFP compared 393 

to the AVG. Our findings indicate that the urban forest has a similar air temperature in the daytime as compared 394 

to the rural area (i.e., GP) where has a lower thermal admittance because of its location within the airport. 395 

Especially when there is strong ETCBD.  Notably, when there is strong ET (i.e., the first year) and more time is 396 

required to warm the SFP surface, the urban-rural difference in thermal admittance becomes relatively small. This 397 

can be attributed to the higher thermal capacity of the wetter soil of the SFP as a resultbecause of artificial 398 

irrigation and the absence of impervious surfaces (Oke et al., 1991).  399 

The diurnal variations in UHIiS also show the interannual variability in both amplitude and steepness over the two 400 

consecutive years. Despite the similar summertime UHIiAUHIiC for both years, the daytime UHIiS in 2013 was 401 

approximately 0.2 °C lower than that in 2014. Notably, the summer QE was greater in 2013 than in 2014, and this 402 

observed summertime asymmetric difference between the SFP and AVGCBD stations was not found in the winter 403 

when ET was negligible (not shown here).   404 

DTair is always positive during the entire summer season (i.e., CBD is warmer than SD) and shows distinct impacts 405 

on magnitude and diurnal variability after the park construction (Fig. 7). This difference will be larger if we 406 

consider that the measurement height at the CBD is higher than that at the SD (Table. 1). Notably, this temperature 407 

contrast mainly occurs in the afternoon when ET is dominant. The maximum DTair is approximately 0.3 °C around 408 

10:00 before the park construction (Fig. Our results suggest that urban forests can play a significant role in 409 

mitigating the thermal environment7a) and increases up to approximately 0.5 °C with its peak occurrence shifting 410 

from the morning to the afternoon (i.e., around 14:00) after the construction (Fig. 7b). This peak time in the 411 

afternoon is coincident with the time when photosynthesis and QE are highest. The annual mean of the maximum 412 

UHIi in the SD is about 4 °C and does not change significantly after the park construction compared to the CBD 413 

regions (Hong et al., 2019a). On the contrary, the daytime maximum UHIi of the SD in summer decreases after 414 

the park construction (not shown here). Our results indicate that the thermal mitigation of the urban forest is 415 

important because of the wetter soil surface of the park and subsequent increases in QE, compared to the 416 

impervious surfaces in urban areas. In particular, our findings indicateThis is especially true if we consider that 417 

the SFP area was originally planned to be developed as a high-population multi-purpose building complex. Our 418 

findings emphasize that the heat mitigation of the urban forest depends on the ratio of QE to net radiation. Indeed, 419 

there is an evident negative relationship between daytime QE and air temperature differences between the SFP and 420 

AVGCBD stations (Fig. 8). As K↓ is more partitioned to QE, Tair of the SFP decreases more than that of the 421 

AVGCBD, and the maximum temperature difference is observed in the summer season. The SFP is cooler than 422 

the AVGCBD by up to 0.6 °C, but the SFP is warmer than the AVGCBD during the winter-dormant season when 423 

ET is small. Our findings confirm that urban forests are responsible for substantial changes in the thermal 424 
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environment in terms of QH and QE, as well as their related air and surface temperatures because of more 425 

evaporative cooling in green spaces compared to impervious surfaces such as roads and buildings in urban areas 426 

(Oke et al., 2017). 427 

 428 

3.43 Temporal dynamics of net CO2 exchange 429 

Figure 9 shows the diurnal evolution of FC and footprint-weighted road fraction (𝜆). Overall, the mean daytime 430 

FC is negative (i.e., carbon uptake) in the summer (June–August), indicating that photosynthesis, the only carbon 431 

sink, is dominant. in the growing season (Fig. 9). This carbon uptake period is coincident with the active vegetation 432 

manifested by increases in EVI (not shown here). Summertime photosynthetic carbon uptake (GPP) has a daily 433 

average of 7.6 μmol m-2 s-1 with a maximum of 18.9 μmol m-2 s-1 around 12:30 (Fig. 8a in Lee et al., 2021).9 and 434 

10). A daily minimum FC also occurs around 12:30 with the maximum photosynthetic carbon uptake during this 435 

time accordingly. The vegetation around the SFP absorbs more CO2 than carbon sources and FC becomes negative 436 

only during the summer daytime. However, because.  of substantial amounts of anthropogenic emissions and 437 

ecosystem respiration, FC changes from negative (i.e., carbon sink) to positive values (i.e., carbon source) even 438 

around 16:30 in summer unlike in natural ecosystems, despite the substantial downward shortwave.  439 

CO2 uptake is highest in June, with a maximum of approximately 13 μmol m-2 s-1 (Fig. 9a). In the middle of 440 

summer (4th and 31st two-week data in Fig. 9a), CO2 uptake decreases significantly because photosynthesis is 441 

limited because of the reduced K↓ by cloud and rainfall with the onset of the summer monsoon (Fig. 2c1c). This 442 

mid-summer depression of carbon uptake has been reported in the Asian natural vegetations (e.g., Kwon et al., 443 

2009; Hong and Kim, 2011; Hong et al., 2014). HigherGreater reduction in CO2 uptake observed in 2013 than in 444 

2014 was attributed to a longer monsoon period in 2013. Indeed, from 8 to 21 July 2013 (4th two-week data in 445 

Fig. 9a), the accumulated precipitation was approximately 400 mm for two weeks, and the daily averaged K↓ was 446 

only 70 W m-2.  447 

The vegetation around the SFP absorbs more CO2 than is emitted by local carbon sources and FC is negative only 448 

during the summer daytime. Because of substantial amounts of anthropogenic emissions and ecosystem 449 

respiration, FC changes from negative (i.e., carbon sink) to positive values (i.e., carbon source) even around 16:30 450 

in summer unlike in natural ecosystems, despite the substantial downward shortwaveAs photosynthesis decreases, 451 

FC changed (e.g., Desai et al., 2008; Hong et al., 2009; Alekseychik et al., 2017; Chatterjee et al., 2020). As 452 

photosynthesis decreases, FC changes to positive values from November. During the non-growing season (i.e., 453 

late autumn, winter, and early spring), anthropogenic emissions were also dominant because photosynthesis and 454 

ecosystem respiration decrease with smaller K↓ and lower temperatures. During these periods, FC had minimum 455 

values at 04:00–05:00 and increases until 15:00–16:00. Therefore, theThe diurnal variations in FC mainly followed 456 

the traffic volume (Fig. 4a in Lee et al., 2021), and there. There also is a clear positive relationship between FC 457 

and 𝜆 (23rd, 45th, and 47th two-week data in Fig. 9Fig. 4 in Lee et al., 2021). It is also noteworthy that the peak 458 
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time of FC (16:00) is earlier than the peak time of λ (18:00) from December to early March because EB is the 459 

largest at around 15:00–16:00, indicating that ER and EB are the controlling factor of FC in this period. 460 

With such apparentThe seasonal FC variation, it is notable that its variability also depends on the spatio-temporal 461 

distribution of CO2 sources and flux source areafootprint because the latter covers various land use with changes 462 

in wind direction and atmospheric stability (Fig. 10). In autumn, the main wind direction changedchanges to the 463 

north as the synoptic conditions change particularlyas discussed in section 2 (Fig. 32); therefore, λ is smaller in 464 

autumn compared to other seasons (Fig. 9b). For example, the road fraction wasis smallest at < 1% from midnight 465 

to midday and < 3% during the afternoon in October and November (11th, 12th, 36th, and 37th two-week data in 466 

Fig. 9b). In these periods, the nighttime FC showedshows the lowest value of approximately 2.9 μmol m-2 s-1, 467 

which wasis attributable to the smallest road fraction, lower respiration, and minimal heating usage.  468 

In early spring, 𝜆 wasis generally larger; thus, ER playedplays a significant role in FC, and EB also remainedremains 469 

non-zero until early April because of anthropogenic emission by hot water and space heating in the building within 470 

the footprint, thereby resulting in the largest FC in this period. With a shutdown of the heating system (i.e., zero 471 

EB) and the sprouting of leaves in April, there wasis a sharp decrease in FC (Fig. 10b and 10c). From December 472 

to March, CO2 emissions increasedincrease up to 30 μmol m-2 s-1 with larger variability in the south–west direction 473 

because of intermittent anthropogenic emissions from the park facility building in the south-west directions (due 474 

to space heating and boiling water), as well as the relatively increased contribution of vehicles on the road in the 475 

western part of the site. (Fig. 10b). 476 

Although the positive FC in the winter decreaseddecreases in spring, its magnitude showedshows directional 477 

differences (Fig. 10c). On the eastern side, the mean FC showedshows a negative value in May, whereas it 478 

remainedremains positive on the western side (210–270°) until May. Therefore, theseThese findings further 479 

indicatingindicate the different contributions of various carbon sources and sinks among the different wind 480 

directions. For the wind directions from the north to the east (0–120°), FC showedshows a relatively weaker carbon 481 

sink than other directions because of the relatively low tree fraction in this direction (Fig. 10a and 10c). On the 482 

southern side (150–180°) having the highest tree cover fraction, a maximum carbon uptake is about 15 μmol m-2 483 

s-1 on average was found in June. However, despite the dense vegetation on the south and west side (120–330°), 484 

the FC magnitude was much smaller than that of other natural forests. This is related to the anthropogenic 485 

emissions from vehicles on the roads which is discussed in section 3.65. 486 

3.54 Light use efficiency of biogenic CO2 components 487 

FC at the SFP shows a typical light response to the photosynthetically active radiation (PAR) in a way similar to 488 

natural ecosystems in spite of anthropogenic CO2 sources from vehicles (Fig. 11a and 11b11). However, this light 489 

response in the urban forest is a distinct contrast with the non-dependentto FC in high-rise high-population 490 

residential areas in Seoul under the same climatic conditions (that does not respond to PAR (i.e., EP station). 491 

Importantly, GPP, NBE, and FC show different trends on PAR depending on the direction. As stated in Section 492 

2.1.12.2 and 3.43, the western side has a higher density of trees as against more grass on the eastern side, and 493 



 

15 
 
 

 

biotic CO2 uptake from the western side is substantially larger than that on the eastern side. Accordingly, the slope 494 

of the light response curve for PAR on the western side is steeper than on the eastern side. FC at zero PAR (FC_0) 495 

is larger on the western side (9.7 μmol m-2 s-1) than on the eastern side (5.1 μmol m-2 s-1) because of a contribution 496 

of ER from roads on the western side of the tower.  497 

NBE shows a comparable light response to natural vegetation (e.g., Schmid et al., 2003). A rectangular hyperbolic 498 

equation has been used to examine the light response of NBE and elucidate the directional differences in carbon 499 

uptake: 500 

NBE = – GPP + RE = – !	∙$%%!"#	∙%&'
$%%!"#(!	∙%&'

 + RE (3) 501 

where a is the quantum yield efficiency (the initial slope of the light-response curve), GPPsat is the potential rate 502 

of the ecosystem CO2 uptake. a is approximately 0.0651 and 0.0558 μmol CO2 (μmol photon)-1 on the western 503 

and eastern sides, respectively. Notably, a on the western side is comparable to the high initial quantum yield in 504 

crops and subtropical forests in East Asia (Hong et al., 2019b; Emmel et al., 2020). Additionally, GPPsat is 30.9 505 

and 12.7 μmol m-2 s-1 on the western and eastern sides, respectively. In addition, the light saturation points are at 506 

a PAR of 1500 μmol m-2 s-1 on the eastern side, which occur at a relatively lower PAR than on the western side. 507 

Daytime respiration estimatedestimates from equation (3) is 6.7 and 6.3 μmol m-2 s-1 on the western and eastern 508 

sides, respectively. Because GPP is related to PAR, the difference in monthly cumulative GPP between the two 509 

years shows a close relationship with the difference in the monthly sunshine duration (r2 = 0.75, not shown here), 510 

thereby suggesting a possible impact of change in the onset of the summer monsoon on urban forests. 511 

The magnitude of NBE from the western side is larger than that from thea suburban area havingwith about 50% 512 

vegetative fraction in Montreal, Canada (Fig. 7b in Bergeron and Strachan, 2011) and FC from a highly vegetated 513 

environment of about 67% vegetative fraction in Baltimore, USA (Crawford et al., 2011). Also, GPP from the 514 

western side is comparable to the dense forest canopies in subtropical forests in Korea (Hong et al., 2019b), 515 

deciduous forest ecosystems (Goulden et al., 1996), and a mixed hardwood forest ecosystem (Schmid et al., 2000). 516 

However, NBE from the eastern side is similar to FC from the suburban areas of about 44%, 50%, and 64% 517 

vegetative fraction in Swindon, UK (Ward et al., 2013) and Montreal, Canada (Bergeron and Strachan, 2011), and 518 

Ochang, Korea in the same climate zone (Hong et al., 2019b), respectively. 519 

3.65 Annual budget of CO2 sources and sink 520 

The annual budget of the FC and its components is summarized in Table 3. The annual sums of the GPP and RE 521 

in the SFP are 4.6 kg CO2 m-2 year-1 (1244 gC m-2 year-1) and 5.1 kg CO2 m-2 year-1 (1378 gC m-2 year-1), 522 

respectively. (Table 4). This photosynthetic carbon uptake is smaller than its global mean GPP in natural 523 

deciduous broadleaf forests with similar annual precipitation and annual mean air temperature (total 8 years of 524 

data from 4 sites of FLUXNET2015 dataset reported in Pastorello et al., 2020) and similar to that of deciduous 525 

broadleaf forests in East Asia (Awal et al., 2010; Kwon et al., 2010) (Table 4). Our speculation is, however,5). 526 

However, we note that this GPP is relatively larger if we consider the low vegetation fraction and leaf area index 527 
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(LAI) at our urban park. Indeed, GPP is comparable to values reported in other urban sites if it is scaled with the 528 

vegetation cover fraction. Previous studies have shown that the GPP of urban vegetation is scaled with vegetation 529 

cover fraction with an increase of about 0.7 kg CO2 m-2 year-1 per 10% increase in vegetation cover fraction (Awal 530 

et al., 2010; Crawford and Christen, 2015; Velasco et al., 2016; Menzer and McFadden, 2017). Indeed, GPP at 531 

the SFP with a 46.6% vegetation cover fraction is approximately 1.5 kg CO2 m-2 year-1 which is larger than this 532 

scalevalues reported in other urban sites if it is scaled with the vegetation cover fraction (Fig. 12a).  533 

Eventually,Despite this largelarger GPP results in aresulting smaller FC eventually, there is no substantial decrease 534 

in FC when they are scaled by vegetation fraction, suggesting large contribution of RE (Fig. 12b).. Hong et al. 535 

(2019b) reported There was a linear decrease in Fc of approximately 3.0 kg CO2 m-2 year-1 per 10% increase in 536 

vegetation cover fraction based on the observed FC across an urbanization gradient in Korea (Fig. (Hong et al., 537 

2019b and references therein).12b). The annual FC in the SFP of 7.1 kg CO2 m-2 is 1.2 kg CO2 m-2 year-1 smaller 538 

than not so much different from other similar cities and this scaled relationship (i.e., more carbon uptake). In 539 

particular, FC in the SFP is approximately 3.0 kg CO2 m-2 year-1 less than that in recently developed high-rise high-540 

population urban areas in Seoul. Our results suggest that efficient management of urban forests, such as regular 541 

irrigation and fertilization, can be an efficient way to adapt and mitigate climate change by increasing CO2 uptake 542 

in artificial forest constructions in East Asia.  543 

. Meanwhile, RE at our site is much larger than that in natural temperate deciduous forests in East Asiathe similar 544 

climate zone (Takanashi et al., 2005; Kwon et al., 2010) and similar to that in the urban forest in East Asia (Awal 545 

et al., 2010), as well as to the global mean RE over forests with similar annual precipitation and annual mean air 546 

temperatures (Pastorello et al., 2020). Put differently, the urban forest considered in our study is an outlier 547 

compared to other natural forest canopies and urban forests because RE/GPP > 1 (Table 45). Autotrophic 548 

respiration is considered to be approximately half of GPP as a rule of thumb (Piao et al., 2010), which corresponds 549 

to approximately 45% of the RE at our site, thereby indicating a large contribution of heterotrophic respiration to 550 

RE. Indeed, it was reported that soil respiration at the same site was approximately 4 kg CO2 m-2 year-1 (Bae and 551 

Ryu, 2017). The reason for the large soil organic carbon was mainly because rice cultivation was carried out in 552 

this region before the 1950s, and organic carbon-rich soil was transplanted during the SFP construction, and 553 

fertilizers were applied regularly. It has also been reported that RE is enhanced in urban areas because of the 554 

relatively warmer temperature in urban regions (i.e., UHI) (Awal et al., 2010). Notably, Q10 (the rate by which 555 

respiration is multiplied when temperature increases by 10 °C) is about 1.9 at the site and matches the Q10 value 556 

for ecosystem respiration (2.2 ± 0.7) calculated for natural forests across 42 FLUXNET sites (Mahecha et al., 557 

2010). Further analysis based on the observed Q10 and the UHIi at the SFP indicates that UHI leads to an 558 

approximately 5% increase in RE. 559 

Figure 13 shows the monthly cumulative sum of the FC and its partitioned components. Seasonal variations in the 560 

strength of carbon sources and sink as well as FC are mainly regulated by the biogenic component in summer and 561 

the anthropogenic component in winter. (Fig. 13). Furthermore, FC is minimum in June, despite the similar GPP 562 

from June to August because of the relatively smaller RE during the summer season. Even in summer, 563 

photosynthetic carbon uptake is balanced with ecosystem respiration and does not offset all biotic and 564 
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anthropogenic emissions, thus resulting in positive FC values throughout the year. In winter, EB is dominant with 565 

negligible GPP and RE due to cold temperatures, and ER also becomes larger than RE from November. ER shows 566 

apparent seasonal variation in wind direction and atmospheric stability. Its magnitude is about 0.0666 μmol m−2 567 

veh−1 h s−1 in neutral condition and consistent with the value in the inventory data (Lee et al., 2021). The average 568 

monthly traffic speed for the road in front of the SFP is 50–60 km h-1 (based on the January 2014 data from the 569 

Seoul Metropolitan Government Traffic Speed Report), and the CO2 emission rate is approximately 150 g CO2 570 

km−1 veh−1 based on the emission data at this speed (Kim et al., 2011). With the width of the ten-lane road (25–571 

30 m), the inventory-based slope (i.e., CO2 emission rate per vehicle per area per half-hour) is approximately in 572 

the range of 0.0631–0.0757 μmol m−2 veh−1 half-hour s−1 (≅ 150 gCO2 km−1 veh−1 × 1/30 or 1/25 m−1 × 1/44 mol 573 

gCO2−1× 10−3 km m−1 × 106 μmol mol−1 × 1/1800 half-hour s−1).  574 

There is an evident yearly difference in individual carbon sources and sink in two consecutive years. EB is mainly 575 

caused by heating buildings and hot water in park facilities using natural gas. Notably, EB is highly correlated with 576 

gas consumption in SFP during winter on monthly basis (R2 = 0.94; Fig. 6 in Lee et al., 2021). Notably, EB is 577 

alsoEB is smaller in the first year because of the relatively smaller number of park visitors and consequently 578 

smaller gas consumption, compared to the second year. Indeed, EB is highly correlated with gas consumption in 579 

SFP during winter on a monthly basis (R2 = 0.94; Fig. 6 in Lee et al., 2021). Eventually, these annual differences 580 

lead to a smaller annual mean total FC in the first year than in the second year (Table 3). However,4). RE is 581 

maximum in the August of the first year, while it is highest in July ofin the second year because the monthly mean 582 

air temperature is highest in August of the first and July of the interannualsecond year with annual variations in 583 

air temperature with changes in the timing and duration of the East Asian summer monsoon, of which impacts 584 

have also been reported in natural vegetation in the same region (Hong and Kim, 2011; Hong et al., 2019b). In 585 

other words, the monthly mean air temperature is highest in August of the first and July of the second year because 586 

of the short East Asian monsoon period and drought in July of the second year. However, the2019b). GPP in 587 

summer is relatively smaller in the first year by the mid-summer depression of solar radiation because of the 588 

elongated monsoon period (but annual sums of GPP are similar in two years (Table 4 and Fig. 2). However,13). 589 

GPP does not shrink in the second year of significant drought because there isof ample water supply by a sprinkler. 590 

Eventually, FC in the SFP is approximately 3.0 kg CO2 m-2 year-1 less than that in recently developed high-rise 591 

high-population urban areas in Seoul. Our results emphasize the important role of forest suggest that efficient 592 

management in enhancing carbonof urban forests, such as regular irrigation and fertilization, can be an efficient 593 

way to adapt and mitigate climate change by increasing CO2 uptake and evaporative cooling despite the low 594 

vegetation fractionin artificial forest constructions in East Asia. 595 

4 Summary and conclusions 596 

This study reported two-year surface fluxes of energy and CO2 measured by the eddy covariance method while 597 

also examiningin order to examine the role of artificially generated urban forests in mitigating air temperature and 598 

anthropogenic CO2 emissions. The study area is located in the East Asian monsoon region, characterized by a 599 

lengthy summer rainy season. During the measurement period, the second year was contrasted with the first year 600 
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because of the drought compared to the normal climate condition in the first year. The study region is aan urban 601 

park with an artificially planted forest in the Seoul Metropolitan Area. The urban forest had a heavy traffic volume 602 

around it and was redeveloped from a racetrack and factory in the mid-2000s. where is influenced by a lengthy 603 

summer rainy season during the East Asian summer monsoon. To examine the mitigation of air temperature, this 604 

study comparedcompares meteorological conditions in the urban forest with the surrounding high-rise high-605 

population urban areas. This study also proposedapplies for the ANN-based gap filling and a statistical CO2 flux 606 

partitioning method based on temporal subsets of flux data and high-resolution footprint-weighted land use data 607 

to understand the abiotic and biotic contributions to FC.  608 

Surface energy balancefluxes in the SFP is influenced by the summer monsoon, and more energy is distributed to 609 

QE than QH in the summer when vegetation is active, similarin the growing season, similarly to natural forests in 610 

this climate zone. Therefore, theThe Bowen ratio in this urban forest ranges from near 0 (summer) to about 4 611 

(winter), which is lower throughout the year than that of high-rise and high-density residential areas in Seoul. This 612 

suggests that the vegetation and unpaved surfaces of urban forests facilitate more evaporative cooling compared 613 

to the impervious surfaces in urban areas. Furthermore, ET decreased inDuring the measurement period, the 614 

second year when there was a is contrasted with the first year because of the drought compared to the normal 615 

climate condition in the first year. Notably, ET decreases in the second year, but this drop wasis not as much as 616 

the reduced precipitation if we consider the substantialand its related changes in precipitation and radiative forcing 617 

in two consecutive yearsduring the drought because of the artificial irrigation by a sprinkler mitigated ecosystem.  618 

It is also evident that the urban forest reduced the warming trend and UHIi around the study area. Air temperature 619 

in the SFP wasis lower than the surrounding area, but this coolness wasis reinforced after the park was created. 620 

The warming trend diminisheddiminishes after the construction of the park and wasis smaller than that in other 621 

urban regions in the Seoul Metropolitan Area. In addition, the construction of the park delayeddelays the timing 622 

of the maximum temperature difference between the urban forest and high-rise commercial from the morning to 623 

the afternoon, coinciding with the timing of the maximum QE. The SFP shows a generaltypical diurnal UHIi 624 

variation pattern, which has a higher temperature at night than in rural areas. However, the UHIi in SFP is lower 625 

by 0.6 °C in summer compared to the surrounding urban area, and the time of the minimum peak time is delayed, 626 

possibly because vegetation and permeable soils in SFP have a larger thermal capacity. Notably, UHIi 627 

decreaseddecreases more in the partitioning of incoming energy into latent heat fluxes. As a rule of thumb, and 628 

there was cooling by 0.2 °C compared to the surrounding urban area if QE/K↓ increased by 10%.% in this study.  629 

Net CO2 exchange at the urban forest showedshows typical temporal variations in natural forest canopies 630 

influenced by the East Asian summer monsoon (Hong and Kim, 2011; Hong et al., 2019b).. A mid-summer 631 

depression of carbon uptake wasis observed with the onset of the summer monsoon, like vegetation in the East 632 

Asian monsoon region. The GPP wasis estimated by the statistical partitioning method, and the non-zero GPP 633 

period wasis coincident with the active vegetation of the significant vegetation index. Summertime photosynthetic 634 

carbon uptake hadhas a daily average of 7.6 μmol m-2 s-1 with a maximum of 18.9 μmol m-2 s-1 around 12:30. 635 

However, even during the growing season, vegetative carbon uptake wasis insufficient to offset anthropogenic 636 

CO2 emissions and ecosystem respiration on a time scale of > 1 day. Our estimations of anthropogenic CO2 637 
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emissions from vehicles and buildings agreedagree with the estimations based on inventory data such as CO2 638 

emission rate of vehicles and monthly gas consumption, and their annual budgets each hadhave a comparable 639 

magnitude to GPP.  640 

Annual GPP of the urban forest wasis relatively smaller than that of the forest in East Asia exposed to similar 641 

climatic conditions because of the relatively smaller vegetation cover fraction and LAI. However, it wasis larger 642 

than the GPP expected from the relationship from previous urban studies if it wasis normalized by the vegetation 643 

cover fraction. RE is, however, much larger than that in the temperate East Asian forests and is similar to the 644 

urban forest in East Asia. We speculate that soil respiration enhancedenhances such large ecosystem respirationRE 645 

by relatively warmer temperatures in a city and rich soil organic carbon in the SFP. Eventually, theThe annual 646 

mean total FC is 7.1 kg CO2 m-2 year-1, which is smaller than the estimate from the scaling between annual total 647 

FC and vegetation fraction (Hong et al., 2019b). Because of the spatial heterogeneity, FC and its components 648 

showed directional changes. NBE from the eastern side is similar to FC ofthat in suburban areas with 649 

approximately 44%, 50%, and 64% vegetative fraction in Swindon, UK (Ward et al., 2013) and Montreal, Canada 650 

(Bergeron and Strachan, 2011), and Ochang, Korea in the same climate zone (Hong et al., 2019b), respectively. 651 

However, the NBE and GPP from the western side are comparable to dense forest canopies in subtropical forests 652 

in Korea (Hong et al., 2019b), deciduous forest ecosystems (Goulden et al., 1996), and a mixed hardwood forest 653 

ecosystem (Schmid et al., 2000). 654 

Our study reveals that urban forests make significant tracesresults emphasize the important role of air 655 

temperatureforest management in enhancing carbon uptake and CO2 fluxesevaporative cooling despite their 656 

relatively small areathe low vegetation fraction. Our key findings are that urban forests in East Asia are highly 657 

influenced by the East Asian monsoon like natural forests in this region, but such influence is mitigated by 658 

artificial irrigation and fertilization in urban forests. In particular, ourOur results emphasize the importance of 659 

forest management for efficient carbon uptake and evaporative cooling despite the low vegetation fraction. 660 

Furthermore, our observation study also indicates that caution in soil management is necessary to reduce CO2 661 

emissions in urban forests, mainly resulting from large soil organic carbon. We also highlight that our 662 

statistical CO2 flux partitioning is a promising method to improve our understanding of the 663 

carbon cycle in urban and suburban areas, and a more extensive study is required for validation 664 

in another geographical zone. and warm environment.  665 
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Appendix A. List of Abbreviation 673 

Abbreviation Definitions Abbreviation Definitions 

CBD the Gangnam, Seocho, and Songpa 
observatories at central business 
district 

RE ecosystem respiration 

EB CO2 emission from buildings SD the Seongdong weather station 

EC eddy covariance SEB surface energy balance 

EP the Eunpyeong site SFP the Seoul Forest Park 

ER CO2 emission from vehicles on roads Tair the screen-level air temperature 

ET evapotranspiration Tair_CBD air temperature at the CBD regions 

EVI enhanced vegetation index Tair_SD air temperature at the SD 

FC net CO2 exchange UHI urban heat island 

FC_0 FC at zero PAR UHIi urban heat island intensity 

GP the Gimpo weather station UHIiC UHIi at CBD 

GPP gross primary production UHIiS UHIi at SFP 

GPPsat potential rate of ecosystem CO2 
uptake 

VPD vapor pressure deficit 

K↓ downward shortwave radiation DTair Tair_CBD – Tair_SD 

LCZ local climate zone ΔQS the net storage heat flux 

MAP mean annual precipitation ΔQA the net heat advection  

MAT mean annual temperature hc mean canopy height 

NBE net biome exchange of CO2 (RE – 
GPP) 

z0 mean roughness length 

P precipitation zd zero-plane displacement height 

PAR photosynthetic active radiation zm measurement height 

QE  latent heat flux a quantum yield efficiency  

QF anthropogenic heat flux β Bowen ratio (= ∑QH/∑QE) 
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QH sensible heat flux λ source area weighted road ratio 

Q* net radiation lv Vegetation cover fraction 

Q10 the rate by which respiration is 
multiplied when temperature 
increases by 10℃ 
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Table 1. Details of the stations used in this study.  949 

Sites Location LCZLocal climate zone 

Height 

[m]Measurement 

height (m) 

Eddy covariance station 

SFP (Seoul Forest Park) 37.5446°N, 127.0379°E Dense tree (LCZA) 12.2 

EP (Eunpyeong) 37.6350°N, 126.9287°E Compact highrise (LCZ1) 30 

Automatic 

weatherWeather station 

SD (Seongdong) 37.5472°N, 127.0389°E 
Open midrise and scatted trees 

(LCZ5B) 
25 

AVG 

CBD 

(Gangnam) 

(Seocho) 

(Songpa) 

 

37.5134°N, 127.0467°E 

37.4889°N, 127.0156°E 

37.5115°N, 127.0967°E 

 

Compact midrise and highrise 

(LCZ21) 

LCZ21 

LCZ15Compact highrise and 

open midrise (LCZ15) 

 

59 

35.5 

58.220 

13 

43 

Aerodrome meteorological observation station 

GP (Gimpo) 37.5722°N, 126.7751°E Low plants (LCZD) 11.41.5 

 950 

  951 
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Table 2. Gap-filled annual budgets for surface energy fluxesDaytime Bowen ratio (β =QH/QE) in summer at the 952 

SFP and precipitation (Pother urban sites of the similar vegetation cover fraction (lv). 953 

Site name β  lv References 

SFP 0.56 0.57 this study 

SitesBasel-Sperrstrasse QH  

(MJ m-2).5 

QE 

(MJ m-2)0.16 

Q* 

(MJ m-2)Christen and Vogt (2004) 

Basel-Spalenring 2.3 0.32 Christen and Vogt (2004) 

Tucson 1.8 0.42 Grimmond and Oke (1995) 

Sacramento 1.4 0.42 Grimmond and Oke (1995) 

Chicago 0.8 0.44 Grimmond and Oke (1995) 

Los Angeles 1.4 0.41 Grimmond and Oke (1995) 

Kansas City 0.48 0.58 Balogun et al. (2009) 

Oberhausen-suburban 0.36 0.69 Goldbach and Kuttler (2013) 

 954 
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Table 3. Gap-filled annual budgets for surface energy fluxes and precipitation (P). 956 

 
ET  

(mm) 

QH  

(MJ m-2) 

QE 

(MJ m-2) 

Q* 

(MJ m-2) 

P 

(mm) 

1st year 

(2013.06 – 2014.05) 
367 726 896 1797 1256 

2nd year 

(2014.06 – 2015.05) 
320 867 781 1848 932 

Mean annual sum of two-year 344 797 839 1823 1094 

 957 
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Table 34. Gap-filled annual budgets for FC (observed by EC measurement) and its components, indicating 959 

ecosystem respiration (RE), photosynthetic uptake by vegetation (GPP), vehicle emissions (ER), and building 960 

emissions (EB). All fluxes are in kg CO2 m−2 year−1. 961 

Sites FC RE GPP ER EB 

1st year 

(2013.06 – 2014.05) 
6.6 

5.1 

(77%) 

4.7 

(70%) 

5.4 

(81%) 

1.0 

(15%) 

2nd year 

(2014.06 – 2015.05) 
7.6 

5.0 

(65%) 

4.5 

(59%) 

5.4 

(71%) 

1.9 

(25%) 

Mean annual sum of two-year 7.1 
5.1 

(71%) 

4.6 

(64%) 

5.4 

(76%) 

1.5 

(20%) 

 962 

  963 
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Table 45. Annual budgets of biogenic FC components and ratios in deciduous broadleaf forests in similar climatic 964 

conditions reported in previous studies. All fluxes are in kg CO2 m−2 year−1. 965 

SitesSite name Reference 
MAT 

(℃) 

MAP 

(mm) 

maximum 

LAI 
RE  GPP NBE RE/GPP 

Seoul Forest Park This study 13.9 1094 1.6 5.1 4.6 +0.5 1.11 

Nagoya urban 

forest Awal et al. 

(2010) 

15.9 1680 5.5 4.9 6.2 –1.3 0.74 

Toyota rural forest 14.5 1518 4.5 2.6 4.6 –2.0 0.56 

Gwangneung 

deciduous forest  

Kwon et al. 

(2010) 
12.8 1487 5 3.8 4.1 –0.3 0.93 

Kiryu 

Experimental 

Watershed 

Takanashi et al. 

(2005) 
14.1 1309 5.5 3.9 5.6 –1.7 0.70 

FLUXNET2015 

dataset* 

Pastorello et al. 

(2020) 
14.5 1113  4.1 6.0 –1.9 0.68 

*Average value of 8-year data from 4 sites having mean annual temperature (MAT) of 12-16℃, mean annual 966 

precipitation (MAP) of 900-2000 mm. 967 
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Figure 1.  970 

Figure 1. Site descriptions. (a) Location of the stations in Seoul (modified from map data © Google Earth 2019), 971 

(b) aerial photographs around Seoul Forest Park (SFP) in 2002 before the creation of the park and (c) in 2014 972 

during the observation period (SFP; green triangle, SD; yellow triangle), (d) photograph of the SFP station, and 973 

(e) footprint climatology (Hsieh et al., 2000) with the height of surrounding obstacles around the SFP station. 974 
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 975 

Figure 2. Climatic conditions of the SFP for two years from June 2013 to May 2015: 30-min (gray dots) and daily 976 

mean (black dots) (a) air temperature with 30-year normal values of Seoul (daily mean; solid line, min and max; 977 

dashed lines), (b) vapor pressure deficit (VPD) and missing data existing on December 2013, (c) downward 978 

shortwave radiation (K↓) and monthly averaged sunshine duration per day (black line), (d) monthly precipitation 979 

(gray bars) and yearly accumulated precipitation (solid line). 980 
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Figure 3. Seasonal mean diurnal courses of wind direction for 30° intervals. Each column represents the hourly 983 

ratio of the wind direction of the season984 

 985 

 986 

Figure 2. Wind roses with seasons: (a) spring (b) summer (c) autumn (d) winter. The white triangle indicates the 987 

dominant wind direction during that hour.  988 
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 990 

 991 

Figure 3. Site descriptions. (a) Location of the stations in Seoul (modified from map data © 992 

Google Earth 2019), (b) aerial photographs around Seoul Forest Park (SFP) in 2002 before the 993 

creation of the park and (c) in 2014 during the observation period (SFP; green triangle, SD; 994 

yellow triangle), (d) photograph of the SFP station, 995 
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996 
(e) footprint climatology (Hsieh et al., 2000) with the height of surrounding obstacles around the SFP station, and 997 

(f) land cover fraction within a 150 m radius around a flux tower. 998 
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999 

Figure 4. Diurnal variations of surface energy fluxes. Seasonal median diurnal variations (points) and interquartile 1000 

ranges (shaded) of 30-min downward shortwave radiation (K↓), net radiation (Q*), sensible heat flux (QH), and 1001 

latent heat flux (QE), and net radiation (Q*)) for two years. Since the net radiation system was installed in 1002 

September 2013, there was no Q* value in the first summer. 1003 
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 1005 

Figure 5. Daily Bowen ratio (β=∑QH/∑QE; dots), monthly Bowen ratio (lines), and gap-filled monthly 1006 

evapotranspiration (ET; bars) for two years (SFP; green, EP; brown). 1007 
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 1009 

 1010 

Figure 6. Hourly mean diurnal variation of the urban heat island intensity (UHIi) of the SFP and CBD in the 1011 

summer of 2013 and 2014. The error bars represent standard errors. 1012 
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 1014 

Figure 7. Mean diurnal pattern of air temperature difference (DTair) between AVGCBD and SD in summer (a) 1015 

before and (b) after the construction of the park in summer. AVG. CBD indicates an average of three automatic 1016 

weather stations (Gangnam, Seocho, Songpa) in Seoul. The red dash line indicates the mean DTair before and after 1017 

the construction of the park.1018 
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 1019 
Figure 7. Hourly mean diurnal variation of the urban heat island intensity (UHIi) of the SFP and AVG1020 
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 1021 
 1022 

 1023 

 in the summer of 2013 and 2014. The error bars represent standard errors. 1024 
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 1026 

 1027 
Figure 8. Relationship between the ratio of monthly QE to K↓ and mean air temperature difference between SFP 1028 

and AVGCBD during the daytime (K↓ > 120 W m-2) for two years. The quotation and double-quotation marks on 1029 

the scatter indicate the first and second year of the observation period, respectively. The error bars represent 1030 

standard errors. based on daily values, and the grey dotted line is calculated using linear regression model 1031 

considering errors in both axes (York et al., 2004). 1032 
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 1034 

 1035 

Figure 9. (a) Temporal variation of hourly averaged FC and (b) source area footprint-weighted road fraction (𝜆) 1036 

foras every two-week. The horizontal  average (x-axis indicates: the order of every two-week for two years, and 1037 

the vertical date, y-axis is the: time of day.). In December 2013, there was a gap for approximately 4 weeks due 1038 

to the power system failure. The yellow numbers in x-axis indicate the two-week (12th, 22nd–24th, 38th, and 48th –1039 

50th) having the transition period when the observed FC is primarily attributable to traffic emissions (ER).) 1040 

contributes to the observed FC significantly.  1041 
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 1043 

Figure 10. Monthly boxplots of daytime (K↓ > 120 W m-2) FC by wind direction. Boxes have a minimum of 20 1044 

samples. Box limits are upper and lower quartiles, and whiskers are distances of 1.5 times the interquartile range 1045 

from each quartile. Median and mean values are indicated by the black and pink horizontal lines. The average 1046 

source area weighted road fractions (𝜆) are shown below the graph, and wind sectors with 𝜆 greater than 1% are 1047 

shaded in gray. 1048 
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 1049 

Figure 11. During the growing season (June–August 2013, 2014),) when EB is negligible, light-response curves 1050 

as a function of photosynthetically active radiation (PAR, in bins of 100 𝜇mol m−2 s−1): (a) for the western sectors 1051 

(150° < Φ < 300°) and (b) for the eastern sectors (30° < Φ < 90°). Black line is a rectangular hyperbolic equation 1052 

fitting net biome exchange (NBE = RE – GPP = FC – ER) to PAR, and EP (brown line) is a light-response curve 1053 

for the high-rise high-population residential area in Seoul. The shaded areas indicate interquartile range.  1054 
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 1056 
Figure 12. Relationship between vegetation fraction (a) annual GPP and (b) annual FC in urban sites (Fig. 12a in 1057 

Hong et al., 2019b).. Dashed line in (a) and (b) indicates a linear regression of GPP in urban sites from Awal et 1058 

al. (2010), Crawford and Christen (2015), Velasco et al. (2016), and Menzer and McFadden (2017) and NEE from 1059 

Hong et al. (2019b) and references therein scaled with vegetation fraction, respectively.  See main texts for more 1060 

information. 1061 

  1062 



 

55 
 
 

 

 1063 
 1064 

 1065 
 1066 

  1067 



 

56 
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 1069 
 1070 

Figure 13. Monthly sums for gap-filled FC (yellow bar) with RE (red bar), ER (blue bar), EB (gray bar), and –1071 
GPP (green bar) 1072 
  1073 
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