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Abstract

East Asia (China, Japan, Koreas and Mongolia) has been the world’s economic engine over at least the past two decades,

exhibiting a rapid increase in fossil fuel emissions of greenhouse gases (GHGs) and has expressed the recent ambition to achieve

climate neutrality by mid-century. However, the GHG balance of its terrestrial ecosystems remains poorly constrained. Here,

we present a synthesis of the three most important long-lived greenhouse gases (CO2, CH4 and N2O) budgets over East Asia

during the decades of 2000s and 2010s, following a dual constraint bottom-up and top-down approach. We estimate that

terrestrial ecosystems in East Asia is close to neutrality of GHGs, with a magnitude of between 196.9 ± 527.0 Tg CO2eq

yr-1 (the top-down approach) and -20.8 ± 205.5 Tg CO2eq yr-1 (the bottom-up approach) during 2000-2019. This net GHG

emission includes a large land CO2 sink (-1251.3 ± 456.9 Tg CO2 yr-1 based on the top-down approach and -1356.1 ± 155.6 Tg

CO2 yr-1 based on the bottom-up approach), which is being fully offset by biogenic CH4 and N2O emissions, predominantly

coming from the agricultural sector. Emerging data sources and modelling capacities have helped achieve agreement between

the top-down and bottom-up approaches to within 20% for all three GHGs, but sizeable uncertainties remain in several flux

terms. For example, the reported CO2 flux from land use and land cover change varies from a net source of more than 300 Tg

CO2 yr-1 to a net sink of ˜-700 Tg CO2 yr-1.
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 52 

Key Points: 53 

• A comprehensive greenhouse gas (CO2, CH4 and N2O) accounting including about 40 54 
flux terms over East Asia is reported. 55 

• Terrestrial ecosystems in East Asia are close to greenhouse gas  neutral. 56 

• Natural ecosystems is a net greenhouse gas sink, compensated by a net source from 57 
agricultural ecosystems.  58 

  59 



manuscript submitted to Global Biogeochemical Cycles 

 

Abstract 60 

East Asia (China, Japan, Koreas and Mongolia) has been the world’s economic engine over at 61 
least the past two decades, exhibiting a rapid increase in fossil fuel emissions of greenhouse 62 
gases (GHGs) and has expressed the recent ambition to achieve climate neutrality by mid-63 
century. However, the GHG balance of its terrestrial ecosystems remains poorly constrained. 64 
Here, we present a synthesis of the three most important long-lived greenhouse gases (CO2, CH4 65 
and N2O) budgets over East Asia during the decades of 2000s and 2010s, following a dual 66 
constraint bottom-up and top-down approach. We estimate that terrestrial ecosystems in East 67 
Asia is close to neutrality of GHGs, with a magnitude of between 196.9 ± 527.0 Tg CO2eq yr-1 68 
(the top-down approach) and -20.8 ± 205.5 Tg CO2eq yr-1 (the bottom-up approach) during 69 
2000-2019. This net GHG emission includes a large land CO2 sink (-1251.3 ± 456.9 Tg CO2 yr-1 70 
based on the top-down approach and -1356.1 ± 155.6 Tg CO2 yr-1 based on the bottom-up 71 
approach), which is being fully offset by biogenic CH4 and N2O emissions, predominantly 72 
coming from the agricultural sector. Emerging data sources and modelling capacities have 73 
helped achieve agreement between the top-down and bottom-up approaches to within 20% for all 74 
three GHGs, but sizeable uncertainties remain in several flux terms. For example, the reported 75 
CO2 flux from land use and land cover change varies from a net source of more than 300 Tg CO2 76 
yr-1 to a net sink of ~-700 Tg CO2 yr-1.  77 

 78 

1 Introduction 79 

Over the past two decades, about 30% of anthropogenic CO2 emissions have been 80 
absorbed by terrestrial ecosystems globally (Pierre Friedlingstein et al., 2022). Both atmospheric 81 
inversions and Dynamic Global Vegetation Models (DGVMs) show that the northern 82 
hemisphere contributes the most to the global land CO2 sink (Stephens et al., 2007; Tagesson et 83 
al., 2020), but inconsistencies between the two approaches become larger since the turn of the 84 
century (P. Ciais et al., 2019). However, the northern hemisphere regions and carbon cycle 85 
components responsible for the discrepancies remain unclear. One hypothesis attributes part of 86 
the discrepancy to the world’s largest ever afforestation in China (e.g., Chen et al., 2019, whose 87 
impacts on the carbon sink have not yet been well captured by current DGVMs used in global 88 
carbon budget assessments (S. Piao et al., 2018; Pugh et al., 2019; Yu et al., 2022; Yue et al., 89 
2020). This also fuels recent debates on whether there is a stronger land CO2 sink over East Asia 90 
than over the rest of northern hemisphere regions (S. Piao et al., 2022; J. Wang et al., 2020; 91 
Wang et al., 2022). The REgional Carbon Cycle Assessment and Processes, phase 2 (RECCAP-92 
2) helps to fill the gap by providing consistent methodologies across all northern hemisphere 93 
regions and the rest of the world, with a GHG budget accounting effort focused on East Asia. 94 
This effort will help major countries in this region (China, Japan and Koreas) to assess and track 95 
the land CO2 sink in the pathways of achieving carbon neutrality. 96 

Although CO2 is the primary GHG responsible for global warming since the preindustrial 97 
era, the contribution of CH4 and N2O are appreciable, together they highly affect the climate 98 
system with global warming potentials that are 27 and 273 times greater than CO2 at a 100 year 99 
time horizon (IPCC, 2021). The GHG budget, including CO2, CH4 and N2O, is thus more 100 
relevant to assess the role of the terrestrial ecosystems in mitigating climate change. There is 101 
emerging evidence that terrestrial ecosystems could be a net source of GHGs due to emissions of 102 
CH4 and N2O from both natural and anthropogenic sources (H. Tian et al., 2016). This is 103 
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particularly the case for East Asia, given the high intensity of anthropogenic activities which 104 
may lead to emission of CH4 and N2O from ecosystems (e.g., high nitrogen fertilizer application 105 
rate (Xiaoqing Cui et al., 2021; H. Tian et al., 2020), high nitrogen deposition rate (G. Yu et al., 106 
2019), large area of rice paddy fields (Zhang et al. 2016; Figure 1)). However, a knowledge gap 107 
remains to be filled in the net GHG budget of East Asia, undermining the region’s ambition to 108 
manage the ecosystems for mitigating climate change.  109 

 110 

Figure 1. Geographical location and land cover type of East Asia. 111 

In this study, we present a new assessment of the GHG budget of East Asia, with an 112 
accounting scheme following the guidelines of RECCAP-2 (Bastos et al., 2022; Philippe Ciais et 113 
al., 2022) and adapted to the regional characteristics and data availability in East Asia. The GHG 114 
budget is constrained both by observation-based assessments from inversions of atmospheric 115 
measurements of GHG mixing ratios (“top-down” approach hereafter) and by land-based 116 
assessments based on inventories and model simulations of carbon storage change and model 117 
estimates of GHG fluxes (“bottom-up” approach hereafter).  118 

2 Methods 119 

2.1 Study Area 120 

Our study area focused on East Asia according to the RECCAP-2 regional division 121 
(Philippe Ciais et al., 2022), defined as the landmass including China, Japan, the Republic of 122 
Korea, the Democratic People's Republic of Korea, and Mongolia. The land area of East Asia is 123 
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~1.2×107 km2, occupying ~8% of global land area. Ecosystems in this study include ecosystems 124 
such as forests, grasslands, shrublands, croplands, as well as wetlands and inland waters such as 125 
rivers, lakes and reservoirs. 126 

2.2 Accounting framework of the GHG budget 127 

The framework to assess the ecosystems GHG budget is adapted from the RECCAP-2 128 
proposal (Philippe Ciais et al., 2022), which contains a set of shared and agreed definitions that 129 
are as precise as possible for each CO2 flux to be reported. Compared to RECCAP-1, we aim to 130 
provide a synthesis of GHG budget for East Asia since 2000, including three major GHGs (CO2, 131 
CH4 and N2O). We updated our accounting framework to GHG budget on the basis of carbon 132 
budget from Philippe Ciais et al. (2022), which is depicted in Figure 2. 133 

 134 

Figure 2. Accounting framework of the greenhouse gas balance with dual constraints. Flux 135 
terms included in the top-down approach indicated by the blue brace. Bottom-up estimates of the 136 
three greenhouse gas fluxes is shown in color arrows (CO2 (red), CH4 (purple), and N2O 137 

Flux Name 

1.  Human activities 2.F Urban Construction 3.C Fossil Fuel RCC 5.B Natural Soil 

1.A Fossil Fuel 2.G Burial 3.D Biogenic RCC 5.C Fires  

1.B Waste and Landfill 2.H Wood Products 4. Agriculture 5.D Inland Waters 

2. Carbon Stock Change NBP perspective  4.A Enteric Fermentation 5.E Termites 

2.A Forests NBP 4.B Manure Management 5.F Geological Seepage 

2.B Shrublands Land Cover and Land Use Change 4.C Agricultural Soil TD inversions 

2.C Grasslands 3. Lateral 4.D Aqualculture Terrestrial Budget 

2.D Croplands 3.A Net Trade 5. Other Sectors BU sink 

2.E Wetlands 3.B Lateral Transport to Ocean 5.A Wetlands TD sink 
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(yellow)). The horizontal arrow indicates lateral flux, and the vertical arrow indicates source/sink 138 
(upward/downward) of greenhouse gas to the atmosphere. 139 

We recommend that our GHG budget is strictly speaking from ecosystems, the effect of 140 
fossil fuel combustion, cement production, industry, geological processes (e.g., volcanic 141 
eruption), waste and landfills (hereafter called “non-biosphere emissions” for simplicity) should 142 
be removed from the total budget. It can be captured by the top-down estimates of CO2, CH4, and 143 
N2O flux excluding non-biosphere GHG emissions. The regional CO2 budget includes CO2 144 
fluxes resulting from land cover and land use change, climate change and variability, rising 145 
atmospheric CO2, biomass burning, and nitrogen deposition. Bottom-up approaches encompass 146 
various methods to quantify regional CO2 budgets and their component fluxes. The CO2 budget 147 
can be captured by the net carbon stock change of land ecosystems in a region (∆C in Figure 2), 148 
which can be obtained by repeated measurements of live biomass, dead organic matter, soil 149 
carbon and by carbon stock change in wood and crop products. The CH4 budget includes 150 
agricultural emissions produced by enteric fermentation, manure management, rice cultivation 151 
(included in ‘agricultural soil’ in our framework), aquaculture, and burning of crop residues. 152 
Other fluxes include emissions from fire, inland waters, natural wetlands, termites, as well as 153 
methane oxidation from natural soil. The N2O budget includes those released from agricultural 154 
ecosystems, that is, fertilized soil emission, manure management, indirect N2O emission from 155 
manure and synthetic nitrogen fertilizer use, and aquaculture. Sectors from natural ecosystems 156 
include emissions from natural soil, inland waters, as well from fire. 157 

In assessing regional budgets, whether the budget components are well representative and 158 
accurate on the regional scale plays a more important role. Through the integration of data 159 
separately from bottom-up and top-down efforts with rigorous quantification of the uncertainties, 160 
we try to give a comprehensive synthesis of the terrestrial biogenic GHG budget for East Asia 161 
since 2000. The GHG fluxes and estimation methods are described in the following sections in 162 
detail. 163 

In particular, we aim to perform a comprehensive review of available information 164 
together with newly produced data from in situ, space-based and data assimilation systems. 165 
Current gaps and weaknesses in knowledge and in monitoring systems are also considered in 166 
order to inform future requirements. 167 

2.3 CO2 168 

2.3.1 Top-down approach 169 

The top-down approach combines measurements of CO2 mole fractions with atmospheric 170 
transport models in statistical optimization method (inversions) to constrain the magnitude and 171 
location of the combined total surface CO2 fluxes from all sources, including fossil, land and 172 
ocean CO2 fluxes (Pierre Friedlingstein et al., 2022). Inversions are rooted in Bayesian statistics 173 
with prior information on fluxes and their uncertainties. As the non-biosphere emissions (mainly 174 
fossil fuel emissions) of prior data are assumed to be well constrained, the atmospheric inversion 175 
is an effective method for quantifying the residual land-atmosphere CO2 fluxes, although the 176 
fossil fuel emissions from East Asia may contain large errors which will contribute to errors in 177 
the biosphere fluxes from inversions (Jones et al., 2021; Saeki & Patra, 2017). 178 

In this study, seven atmospheric inversions were used to infer the top-down estimates of 179 
the land–atmosphere CO2 flux in East Asia. Five global state-of-the-art inversion systems from 180 
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the Global Carbon Budget (GCB) till 2019 (P. Friedlingstein et al., 2022) were used, including 181 
Copernicus Atmosphere Monitoring Service (CAMS) (Chevallier et al., 2005), Carbon-Tracker 182 
Europe (CTE) (Van Der Laan-Luijkx et al., 2017), Jena CarboScope (sEXTocNEET) 183 
(Rödenbeck et al., 2018), UoE (Feng et al., 2016) and CMS-Flux (Liu et al., 2021). They used 184 
very similar sets of surface measurements of CO2 time series (or subsets thereof) from various 185 
flask and in situ networks. CAMS also used satellite xCO2 retrievals from GOSAT and OCO-2 186 
(Pierre Friedlingstein et al., 2022). As the primary goal of GCB was to provide a global scale 187 
estimate, some inversions may provide an unreasonable estimate regionally; therefore, we 188 
excluded the NISMON inversion (Niwa et al., 2017) because it estimated the northern 189 
hemisphere as land carbon source. In addition to the GCB inversions, the latest update of Japan 190 
Meteorology Agency CO2 inversion system JMA (Maki et al., 2010) and the ensemble-based 191 
inversion system MIROC4-ACTM (N. Chandra et al., 2022) also provided data for this 192 
assessment.  193 

For China, three inversions from Jiang et al. (2016), B. Chen et al. (2021), and Wang et 194 
al. (2022) using additional regional observations were also included. Jiang et al. (2016) and Chen 195 
et al. (2021) used two well-established inversion systems, respectively the nested Bayesian 196 
inversion (BI) system and the CarbonTracker-China (CTC) system, to estimate CO2 fluxes in 197 
China. Weekly flask CO2 measurements at regional background stations operated by China 198 
Meteorological Administration (CMA) are used in both systems. Jiang et al. (2016) estimated the 199 
CO2 fluxes in China during 2006-2009 from three CMA sites (LFS, SDZ, and LAN) located in 200 
northeast China, north China, and east China, respectively. Chen et al. (2021) designed five 201 
inversions including different CMA sites (from 3 sites, including LFS, SDZ, and LAN to 7 sites, 202 
including LFS, SDX, LAN, WLG, SL, JS, and AKDL) to investigate the impacts of additional 203 
atmospheric CO2 observations on estimate of the carbon sink in China during 2010-2013. The 204 
regional atmospheric inversions should be viewed with caution as the improper selection of sites 205 
may generally lead to serious representativeness error, Wang et al. (2022) carefully handled the 206 
representativeness error by performing a factorial analysis using the inversion system from 207 
CAMSv19 during 2010-2016, they quantified the biases of representing SL site observations in a 208 
coarse-resolution transport model and concluded that it could lead to extremely large inverse 209 
estimates. Their estimate eliminating the controversial site was used in this study. The final 210 
adjusted terrestrial CO2 budget should subtract the net CO2 flux from atmospheric oxidation of 211 
reduced carbon compounds (RCC). We estimated the net emissions from fossil fuel RCC (Ffrcc) 212 
and biogenic RCC (Fbrcc) based on Jiang et al. (2016) and the Global Fire Emission Database 213 
for biomass burning emission (GFED4s).  214 

The fossil fuel induced CO2 emissions estimated in this study followed the definition 215 
boundary described in the latest GCB (Pierre Friedlingstein et al., 2022), CO2 emissions from the 216 
combustion of fossil fuels, industrial processes, chemical activities, and cement carbonation 217 
induced CO2 uptake were estimated. We aimed to include all sources of fossil CO2 emissions. 218 
The global inventory dataset CDIAC-FF (Gilfillan & Marland, 2021), which excludes emissions 219 
from lime production, the Emissions Database for Global Atmospheric Research (EDGARv7.0) 220 
from the European Commission Joint Research Centre (Crippa et al., 2022), and the PRIMAP-221 
hist version 2.3.1 (Gütschow et al., 2021; Gütschow et al., 2016) were used in this study. We also 222 
used historical emissions from the CEDS (v2021_04_21) inventory (Hoesly et al., 2017; 223 
McDuffie et al., 2020), which was widely used in climate modelling. Regional specific datasets 224 
such as the Caron Emission Accounts and Datasets (CEADs) (Long et al., 2020; Shan et al., 225 
2018; Shan et al., 2020) provided fundamental emission information for 30 emerging economies 226 
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including China and Japan, the national GHG inventories for China (NCCC, 2014, 2018) and 227 
Japan (NIES, 2022) were also taken into our estimation. 228 

2.3.2 Bottom-up approach 229 

2.3.2.1 Carbon stock change 230 

The magnitude of the terrestrial CO2 balance is driven by multiple processes, which can 231 
be quantified by the annual carbon stock changes (△C) (Luo et al., 2015). The △C in East Asia 232 
since 2000 were estimated as the sum of inventory-satellite-model based estimates from above-233 
ground and below-ground carbon storage changes in different ecosystems pools. All the main 234 
types of ecosystems (forests, grasslands, croplands, others) and other natural carbon stocks 235 
(carbon burials in sediments and crop and wood products) are included. IPCC has published 236 
useful inventory methods for estimating GHG emissions, here, regionally distributed activity 237 
information and statistics are combined with technology-specific emission factors (EF). The 238 
methods are categorized into Tier 1, 2 or 3 approaches. Tier 1 represents the simplest approach 239 
that relies on default emission factors drawn from previous studies. Tier 2 and Tier 3 methods 240 
are based on more nuanced, nationally derived information, while Tier 3 could incorporate more 241 
sophisticated approaches, including models and temporally and spatially resolved activity data 242 
(IPCC, 2019). 243 

Forests (△Cfor) 244 

Forests cover ~14% of East Asia, contribute the main part of the carbon sink in terrestrial 245 
ecosystems. Our annual estimate of carbon stock change of forests (△Cfor) in East Asia is 246 
provided as the total amount from each East Asian countries. There were four regional datasets 247 
with detailed country-level information about △Cfor we included: three inventory-based 248 
estimates, FAO (Food and Agriculture Organization) Statistical reviews (FAO, 2021), the 249 
regional estimate published by Pan et al. (2011), an remote sensing estimate of aboveground live 250 
biomass (AGB) from L. Xu et al. (2021) and a model-based estimate from the OSCAR (Gasser 251 
et al., 2020). (1) FAO offered the country-level forests biomass carbon flux based on the activity 252 
data from FAO Forest Resources Assessments (FRA) in five-year cycles. (2) Pan et al. (2011) 253 
used the biomass expansion factors applied to convert volume estimates from inventory data of 254 
China (Fang et al., 2001), Japan (Fang et al., 2005), and Korea (Choi & Chang, 2004) to estimate 255 △Cfor in East Asia during 2000-2007. (3) L. Xu et al. (2021) gave a new estimate for global 256 
AGB by synthesizing a large number of ground inventory plots (> 100,000) distributed mostly in 257 
boreal and temperate regions, airborne laser scanning (ALS) data across global tropical forests 258 
(>1 million ha), and satellite lidar inventory of global vegetation height structure (>8 million 259 
sample footprints) as a consistent set of measurements sensitive to forest structure and vegetation 260 
aboveground live biomass (AGB), and applied models relating the lidar-derived metrics and 261 
radar backscatter to AGB estimates. Considering the lack of below-ground biomass (BGB) 262 
estimate in L. Xu et al. (2021), we completed the BGB for this estimate by referring to the 263 
isometric growth rate of forests in China based on the observation-based result from Fang et al. 264 

(1996; ୢ ୪୭୥ ஺ீ஻ୢ ୪୭୥ ஻ீ஻ = 0.96). (4) OSCAR is a reduced-complexity model embedding a bookkeeping 265 

module as well as simplified biogeochemical process representation calibrated on dynamic 266 



manuscript submitted to Global Biogeochemical Cycles 

 

global vegetation models (DGVMs). It is not spatially resolved, but it is subdivided into country-267 
level regions and 5 biomes.  268 

Besides four regional datasets mentioned above, literature data that used national forest 269 
inventories or satellite-based method to calculate △Cfor for the subset region in East Asia were 270 
also taken into our consideration. For China, four extra estimates were also included. (1) The 271 
National Communication on Climate Change of The People’s Republic of China (NCCC, 2010, 272 
2018) provided △Cfor in China for 2005, 2010, 2012, and 2014 using the IPCC Tier 2 method. 273 
The △Cfor was estimated from different land types: high forest, bamboo, economic forest, 274 
sparse forest, and undeveloped afforested land. (2) Fang et al. (2018) presented an estimate for 275 
the mainland China since 2000 derived from the national climate-change research program, a 5-276 
year Strategic Priority Project of Carbon Budget organized by the Chinese Academy of Sciences. 277 
Approximately 7,800 plots were sampled in forests across the country, using consistent research 278 
designs and protocols to investigate vegetation and soil carbon stock. (3) Jiang et al. (2016) 279 
reconstructed carbon stock changes of vegetation and soil in China during 2000s, the vegetation 280 
part was based on the 6th (1999–2003) and 7th (2004–2008) national forest inventories, three 281 
literature estimates were used as supplementary information. The soil part was calculated as the 282 
midpoint of the Integrated Terrestrial Ecosystem C-budget (InTEC) model and the inventory-283 
based result from Pan et al. (2011). (4) Chang et al. (2023) used L-band Vegetation optical 284 
depth(L-VOD) product, retrieved from passive microwave satellite observations, to derive 285 
spatially explicit representations of changes in AGB during 2013–2019 across China. The result 286 
was extended to the total △Cfor (AGB+BGB) using the isometric growth rate method. The 287 
average and standard deviation from eight estimates were calculated to represent the regional 288 △Cfor for China. For Japan, all forests are managed forests, and they consist of intensively 289 
managed forests, semi-natural forests, bamboo, and forests with less standing trees. The National 290 
Institute for Environmental Studies, Tsukuba (NIES, 2022) offered detailed △Cfor estimates 291 
from two land categories: “Forest land remaining Forest land” and “Land converted to Forest 292 
land” , according to the Forestry Status Survey [-FY2004] and the National Forest Resources 293 
Database (NFRDB) [FY2005-] (Forestry Agency). Another important estimate for Japan is based 294 
on the Survey on Forest Ecosystem Biodiversity by Japan Forest Agency. The estimate for 295 
biomass was aggregated by stand age and dominant species. For the dead wood, litter, and soil, 296 
the estimate was based on area-based expansion. A total of 6 estimates for Japan were available 297 
since 2000, the mean result was calculated in sector 3. For the Republic of Korea, an estimate 298 
using the national inventory data for different land types was added. For Mongolia, the extra 299 
estimate from L-VOD was also available. For the Democratic People's Republic of Korea, the 300 
mean result from the regional datasets was used.  301 

Grasslands and Shrublands (△Cgra & △Cshr) 302 

For China, similar to forests, the IPCC Tier 2 method adopted by NCCC and the model-303 
based result from the OSCAR model were included to estimate the △C in grasslands and 304 
shrublands. Only the changes of soil organic carbon stock in grasslands were calculated in 305 
NCCC. Apart from these, S. Piao et al. (2009) developed a statistical function between the 306 
Global Inventory Monitoring and Modeling Studies (GIMMS) NDVI and aboveground biomass 307 
of grasslands and shrublands. The data material derived from the first national grassland resource 308 
survey across more than 2000 counties was conducted from 1981 to 1988 and 34 ecological 309 
research sites for shrubs. Fang et al. (2018) updated the newest estimate by combining field 310 
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measurements obtained from 5-y Strategic Priority Project of Carbon Budget with remote-311 
sensing data, about 4,030 plots from grasslands and 1,200 plots from shrublands were sampled in 312 
ecosystem C sector: that is, vegetation biomass, dead organic matter, and soil organic carbon. 313 
The BGB and total biomass were calculated using the ratios of belowground to aboveground 314 
biomass for each grassland type and shrubland type obtained from expert judgments and 315 
literature-review (Fang et al., 1996; Fang et al., 2018). For △Cgra and △Cshr of China, we used 316 
the average of the above studies. For Japan, grasslands are generally covered with perennial 317 
pasture and are mainly used for harvesting fodder or grazing. The NIES estimated the △Cgra 318 
during the past 20 years. Carbon stock changes in five carbon pools: living biomass, dead wood, 319 
litter, mineral soil and organic soil from three subcategories: pasture land, grazed meadow and 320 
wild land are reported annually. It should be noted that the grasslands area is quite small in Japan 321 
and △Cgra may be within the uncertainty range of △Cfor. An average of results from NIES and 322 
OSCAR since 2000 was calculated for Japan. For the Republic of Korea, two estimates from the 323 
national inventory data and OSCAR were used. For Mongolia and the Democratic People's 324 
Republic of Korea, only the OSCAR estimate was available for grasslands and shrublands. 325 

Croplands (△Ccro) 326 

For croplands, biomass is subsequently harvested and used, releasing CO2 back to the 327 
atmosphere within less than a year (S. Piao et al., 2009), thus the biomass change in standing 328 
crop are not taken into account in the carbon budgets. In this sector, the same method as the 329 △Cgra sector was used in each East Asian countries. For China, NCCC adopted the IPCC Tier 3 330 
model method (Agro-C model) to calculate the change of soil carbon pool by simulating the 331 
process of straw, roots and organic fertilizers entering the soil and leaving the soil through 332 
decomposition. Piao et al. (2009) developed a statistical relationship between climate data 333 
(temperature and precipitation), GIMMS NDVI data, and ground-based soil inventory data from 334 
agricultural census during 1980s and 1990s. The estimate was updated when 4,060 soil sites 335 
from croplands were sampled in the latest Strategic Priority Project of Carbon Budget (Fang et 336 
al., 2018). For Japan, The NIES estimated △Ccro for the past 20 years. For the Republic of 337 
Korea, Mongolia and the Democratic People's Republic of Korea, only the OSCAR estimates 338 
were available. 339 

Other ecosystems (△Coth) 340 

Carbon fluxes in other ecosystems include carbon sink in wetlands and carbon emission 341 
in urban areas. These sectors have been complied in the national inventory reports of China 342 
(NCCC, 2010, 2018) and Japan (NIES, 2022) using the IPCC Tier 1-2 methods. OSCAR offered 343 
the emission from urban areas for each country in East Asia. 344 

Carbon burial in aquatic sediments (△Cburial) 345 

Since there are widely distributed inland water bodies in East Asia, the amounts of 346 
carbon that are transported to aquatic ecosystems and buried in the sediments of lakes and 347 
reservoirs is considerable when compared to the carbon stock of land ecosystems. Three 348 
estimates have been included to give a latest assessment for △Cburial in East Asia. (1) Jiang et 349 
al. (2016) assumed that the carbon burial rate in Chinese lakes and reservoirs were about two 350 
times of the global mean rate based on the previous studies of organic carbon burial rates in six 351 
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lakes in the middle and lower reaches of the Yangtze River Basin during 2000s (Gui et al. 2013, 352 
Dong et al. 2012). (2) Mendonça et al. (2017) compiled modern (last ~150 years) whole-basin 353 
OC burial data from the literature, and generated the OC burial in lakes and reservoirs in East 354 
Asia. (3) Wang et al. (2022) updated the △Cburial in China during 2010-2016 from Mendonca et 355 
al. (2017). 356 

Harvest wood products (△Cpro) 357 

Carbon accumulated in harvested wood products should be considered in the estimation 358 
of regional carbon budgets as it takes a long time before the wood products such as wooden 359 
furniture, building materials, etc., oxidize, emitting to CO2 into the atmosphere. For China, we 360 
calculated the average △Cpro based on an inventory-based dataset and two literature estimates. 361 
(1) The NCCC offered an estimate for △Cpro in 2010 using the IPCC Tier 2 method. They 362 
applied the △Cpro in Europe (Janssens et al., 2003) and the ratio of wood products output 363 
between China and Europe based on FAO statistical databases. (2) Jiang et al. (2016) calculated 364 
the carbon pool changes of wood products due to local production in 2006–2009 using the 365 
production data of wood products from FAO statistical databases. For Japan, the annual carbon 366 
stock change in the harvested wood products pool has been evaluated in NIES since 1990 using 367 
IPCC Tier 2~3 methods. 368 

2.3.2.2 Ecosystem modelling estimates  369 

Net biome productivity (NBP) 370 

NBP considers the carbon balance from the point of view of ecosystems and usually been 371 
quantified in process-based ecosystem models (Ciais et al. 2020). Spatially gridded NBP were 372 
obtained with simulation 2 (S2) from DGVMs up to 2019 from the TRENDY v9 dataset. 18 373 
estimates have been provided in S2 from different DGVMs (CABLE-POP, CLASSIC, CLMS, 374 
DLEM, IBIS, ISAM, ISBA_CTRIP, JSBACH, JULES, LPJ-GUESS, LPJwsl, LPX-Bern, OCN, 375 
ORCHIDEE, ORCHIDEEv3, SDGVM, VISIT, YIBS). All the models are forced with observed 376 
climatology, atmospheric CO2, time-invariant pre-industrial land-cover distribution and pre-377 
industrial wood harvest rates, to model the contemporary global carbon cycle. It should be noted 378 
that the NBP we estimated from TRENDY models did not consider the changes in land use and 379 
land management explicitly. 380 

Land cover and land use change flux (Fluc) 381 

The net CO2 flux from land cover, land use change, and forestry (Fluc) includes CO2 382 
fluxes from deforestation, afforestation, logging and forest degradation (including harvest 383 
activity), shifting cultivation (cycle of cutting forest for agriculture, then abandoning), and 384 
regrowth of forests (following wood harvest or agriculture abandonment) (Pierre Friedlingstein 385 
et al., 2022). It is extremely challenging to accurately estimate the carbon balance change 386 
associated with land-use change because of current lack of information on the spatial pattern of 387 
deforestation and associated changes in biomass and soil carbon stocks (Houghton, 2007; 388 
Shilong Piao et al., 2009). Six estimates, including three bookkeeping approaches, the updated 389 
estimates from BLUE (Hansis et al., 2015), OSCAR (Gasser et al., 2020), and H&N2017 390 
(Houghton & Nassikas, 2017); three data-based or model-based approaches, an average estimate 391 
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derived from 18 dynamic global vegetation models (TRENDY), an estimate based on the latest 392 
Chinese forests land cover dataset by Yu et al. (2022) and a process-based model estimate driven 393 
by high resolution satellite land cover maps (Leng et al., under review) were used to estimate the 394 
net flux of Fluc in East Asia. Considering the TRENDY models and Hansis et al. (2015) were 395 
driven by a common land use forcing LUH2 (Chini et al., 2021), which contradicted ground-396 
based and satellite evidence of land cover change in China (e.g. Yu et al. 2022) by showing 397 
increasing cropland area and decreasing forest area, we took the average from H&N2017, 398 
OSCAR, Yu et al. (2022) and Leng et al. (under review). For Japan, the Republic of Korea, 399 
Mongolia and the Democratic People's Republic of Korea, all six datasets estimates have been 400 
used. 401 

2.3.2.3 Lateral fluxes 402 

Wood and food trade (Ftrade) 403 

Ftrade is the net lateral flux of crop and wood products related to trade across the 404 
boundaries of each region, calculated as the sum of the export and import fluxes of crop and 405 
wood products. For East Asia, we referred to the estimate from Ciais et al. (2021). They 406 
estimated the lateral flux of crop products based on the FAO database and Peters et al. (2012) for 407 
different forestry products for 2000s. For China, in a similar manner, Wang et al. (2022) updated 408 
the value during 2010-2016. Jiang et al. (2016) estimated the Ftrade based on the import and 409 
export data of crop and wood products from the FAO statistical databases. We calculated the 410 
average of the two estimates mentioned above to represent Ftrade flux in China. 411 

Carbon export by rivers (Fexport) 412 

The river export of carbon delivered to the ocean and across the boundaries of the region 413 
includes dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) and particulate 414 
organic carbon (POC). For East Asia, RECCAP-1 estimated the lateral export of carbon involved 415 
in terrestrial biological carbon cycling (i.e. excluding the inputs from mineral dissolution given 416 
by the difference DIC-DICuptake by chemical rock weathering). The DOC and POC were 417 
derived from GlobalNEWS2 (Mayorga et al., 2010), DIC and DICatm (it represents the CO2 418 
uptake by chemical rock weathering) were derived from Hartmann et al. (2009). 419 

For China, we calculated the mean result from three different methods. (1) We used the 420 
RECCAP-1 estimate mentioned above. (2) We used the estimate from Jiang et al. (2016) that 421 
based on the observations and empirical formula from previous studies, they estimated Fexport 422 
of nine Chinese exorheic rivers during 2006-2009. (3) We used a recent data-driven model 423 
estimate (Yan et al. under review) of DOC export from land to oceans, which applied machine 424 
learning methods and a comprehensive set of natural and anthropogenic drivers. Based on Yan et 425 
al.’s estimate and the mean DIC/DOC and POC/DOC ratios observed in the nine rivers from 426 
Jiang et al. (2016), we calculated the total carbon exported through the southeast boundaries of 427 
East Asia. 428 
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2.3.2.4 Other Natural Sectors 429 

Inland waters outgassing (Fwater) 430 

The flooding of large stocks of terrestrial organic matter into inland waters may fuel 431 
microbial decomposition, converting the organic matter stored in above and below ground 432 
biomass to CO2. The CO2 outgassing from inland waters in East Asia is calculated in four types 433 
of waters: rivers, natural lakes (lake type 1), reservoirs (lake type 2) and lakes regulated by dam 434 
(lake type 3). For East Asia, 11 global literature estimates (detailed information in Table S1) 435 
have been synthesized in RECCAP-2, all fluxes are rescaled to consistent estimates of surface 436 
area of lakes and reservoirs (after HydroLAKES, Messager et al. (2016)) and rivers (Allen & 437 
Pavelsky, 2018). They were further corrected for effects of seasonal ice-cover and ice out 438 
(Lauerwald et al. submitted). 439 

Fire CO2 emissions (Ffire) 440 

Two datasets of carbon emissions from fire were collected in our study, the fourth 441 
version of the Global Fire Emissions Database (GFED4.1s, van der Werf et al. (2017)) and the 442 
Live Vegetation Biomass Carbon for the 21st Century (LVBC, Xu et al., 2021)  . GFED4.1s 443 
combined satellite information on fire activity and vegetation productivity to estimate gridded 444 
monthly burned area and fire emissions of different fire types: boreal forest fires, temperature 445 
forest fires, tropical forest fires, peat fires and agricultural waste burning. LVBC made a 446 
conservative estimate of fire emissions separately for forest and non-forest areas by combining 447 
Landsat-based forest cover change product and the Moderate Resolution Imaging 448 
Spectroradiometer (MODIS) burned area product to avoid the overestimation in confusing the 449 
partial clearing from fire with the total clearing in Landsat forest cover change algorithm. We 450 
calculated the average of these two estimates for East Asia during 2000-2019. 451 

2.4 CH4 and N2O 452 

2.4.1 Top-down inversions 453 

For CH4, we included seven global inversions as described in GCP (Saunois et al., 2020). 454 
These inversions were performed for periods during 2000-2017 using surface and/or satellite 455 
observations. Satellite GOSAT retrievals were available only after 2009. Our study also included 456 
the updated MIROC4-ACTM (Naveen Chandra et al., 2021) and CAMS v20r2_surface inversion 457 
results (Arjo et al., 2020). In addition to satellite and surface data that have been assimilated in 458 
the above global inversions, we also included results from a regional inversion by Y. Zhang et al. 459 
(2022) who additionally assimilated surface methane measurements from 7 CMA sites across 460 
China. They quantified methane emissions during 2010-2017 in East Asia and found that these 461 
new data improved the constraints on methane emissions at the sub-regional level. The non-462 
biosphere emissions (induced from fossil fuel, geology, waste and landfills) were subtracted in 463 
our final top-down estimate (see equation (2)). 464 

For N2O, as described in Tian et al. (2020) a total of four estimates from four independent 465 
atmospheric inversion frameworks were used in GCP, including GEOSCHEM, INVICAT, 466 
MIROC4-ACTM, PyVAR_CAMS. The latest versions which go extend until to 2019 were used 467 
in this study. The signal from fossil fuel emissions was removed at the post-processing stage 468 



manuscript submitted to Global Biogeochemical Cycles 

 

from the inversions mentioned above. We additionally removed the emissions from waste and 469 
landfills. The average result (including emissions from natural ecosystems and agricultural 470 
ecosystems) from the above five estimates since 2000 has been calculated for East Asia.  471 

For the CH4 and N2O emissions from fossil fuel and industry, the latest versions of three 472 
global datasets: EDGAR, CEDS and PRIMAP-HIST were used to estimate emissions related to 473 
fossil fuel and industry. National inventories the NCCC for China and the NIES for Japan were 474 
also included. Non-CO2 emissions from waste and landfills includes emissions from managed 475 
and non-managed landfills (solid waste disposal on land), and wastewater handling, where all 476 
kinds of waste are deposited (Saunois et al. 2020). Data from four global inventories were taken 477 
into consideration for East Asia (CEDS, GAINS, EDGAR, PRIMAP-HISP), country-level 478 
estimates from NCCC and NIES were also included. 479 

2.4.2 Bottom-up methods 480 

2.4.2.1 Agriculture 481 

While agriculture sectors include a large variety of activities, in practice these sectors 482 
were categorized into emissions from enteric fermentation (only CH4 emissions), manure 483 
management, agricultural soils (CH4 emissions mainly from rice paddies and N2O emissions 484 
mainly from upland soils) and aquaculture. 485 

Enteric fermentation (Fenteric) 486 

CH4 emissions from enteric fermentation accounts for the majority (~90%) of global CH4 487 
emissions from livestock (Caro et al., 2014; Kumari et al., 2020; Tubiello, 2019). Ruminants 488 
represent the main source of the emissions in most countries, especially for China and Mongolia, 489 
this flux would be substantial. Three global emission inventories, one regional inventory, and 490 
available national inventory reports have been used in this study. The global estimates included 491 
FAOSTAT (2021), the EDGARv7.0 (Crippa et al. 2022), and CEDS (v2021_04_21) (Hoesly et 492 
al., 2017; McDuffie et al., 2020). The above three inventories are derived using a bottom-up 493 
approach where emissions are estimated using reported activity data and source- and region-494 
specific (where available) emission factors. (1) FAOSTAT jointly disseminates the emissions 495 
reported by countries to the United Nations Framework Convention on Climate Change 496 
(UNFCCC). Estimates are computed at Tier 1 following the IPCC Guidelines for National GHG 497 
Inventories from activities located within FAO. (2) EDGAR follows the IPCC (2006) 498 
methodology, with FAO (2021) crop and livestock data, specified as livestock numbers for 499 
buffalo, camels, dairy and non-dairy cattle, goats, horses, swine, sheep, mules, asses and poultry 500 
(turkeys, geese, chickens and ducks). The livestock populations and cultivated areas rely on FAO 501 
(2021) activity data are further disaggregated according to different technologies and processes. 502 
Where available, nationally, regionally or tailored technology based on Tier 2 emission factors 503 
are implemented in EDGAR, and in their absence, default Tier 1 emission factors from IPCC 504 
guidelines (IPCC, 2006, 2019) are used. (3) CEDS aims to improve upon existing inventories 505 
with a more consistent and reproducible methodology applied to all emissions species, updated 506 
emission factors, and recent estimates from 1960 through 2019 (Hoesly et al., 2017; McDuffie et 507 
al., 2020). It implements a process whereby default emissions were taken directly from national 508 
inventories, gap-filled over time using EDGAR estimates with population data from United 509 
Nations (UN). CH4 emissions from enteric fermentation are estimated in nine livestock species: 510 
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cattle, buffalo, sheep, goats, camels, horses, asses, and swine. For East Asia, L. Zhang et al. 511 
(2021) estimated CH4 emissions from ten categories of livestock in East Asia during 1961 ~ 512 
2019 following the Tier 2 approaches suggested by the 2019 Refinement to the IPCC 2006 513 
Guidelines. For China and Japan, the national GHG reports NCCC and NIES were also 514 
collected, respectively. 515 

Manure management (Fmanure) 516 

In the case of nonruminant CH4 emissions, there are about 970 million domestic swine in 517 
the world, and nearly half of them are in China (FAO, 2021). The large swine population 518 
produces considerable amounts of CH4 emissions through manure production and management 519 
processes (P. Xu et al., 2019; L. Zhang et al., 2021). We synthesized the estimates from the latest 520 
CEDS, EDGAR and FAOSTAT datasets and Zhang et al. (2021a) for this sector. 521 

N2O emissions from livestock mainly derived from manure management, including 522 
livestock excretion, outdoor/grazing, housing, storage, treatment and field application, are 523 
considered to produce N2O. In addition to the datasets mentioned above, here we also used a 524 
combination of datasets, the Potsdam Real-time Integrated Model for probabilistic Assessment of 525 
emissions Paths (PRIMAP-HIST) emission series (Gütschow et al., 2016). The PRIMAP-HIST 526 
dataset combined several published datasets to create 2 comprehensive sets (HISTCR and 527 
HISTTP) of GHG emission pathways from the years 1850 to 2018. Different priorities are given 528 
depending on the data types. In HISTCR scenario, country-reported data (CRF, BUR, UNFCCC) 529 
is prioritized over third party data (CDIAC, FAO, Andrew, EDGAR, BP). In HISTTP scenario, 530 
third-party data (CDIAC, FAO, Andrew, EDGAR, BP) is prioritized over country-reported data 531 
(CRF, BUR, UNFCCC). Both of the sets were used in this study. For country-scale estimates, in 532 
addition to the national GHG report NCCC for China and NIES for Japan, we included an 533 
estimate made for China from P. Xu et al. (2022), which used the NUtrient flows in Food chains, 534 
Environment and Resources use (NUFER) model and the principle of mass balance method with 535 
county-level activity data and N2O emissions from 1978 to 2016 from province-level activity 536 
data and province-specific EFs. This estimate is close to the IPCC Tier 3 approach. Four models 537 
(DELM, ORCHIDEE, ORCHIDEECNP, VISIT) simulation results from NMIP project (Hanqin 538 
Tian et al., 2018) were also used in this study. 539 

Agricultural soils (Fagri_soil) 540 

Rice cultivation is a major source of CH4 as most of the world’s rice is grown in flooded 541 
paddy fields (Qiu, 2009). The estimates of CH4 emissions from agricultural soils in this study 542 
were obtained from five inventory results (the latest CEDS, EDGAR, FAOSTAT, PRIMAP-543 
HISP and The U.S. Environmental Protection Agency (EPA, 2021)), and two model estimates 544 
from VISIT are considered for the comparative purpose. EPA provides non-CO2 GHG emissions 545 
based on a Tier 1 methodology. Activity data for rice cultivation included rice area harvested 546 
from the latest FAO (2021), type of water management regime and rice-growing season length 547 
from GRiSP (GRiSP (Global Rice Science Partnership) Rice Almanac., 2013), and growth rate 548 
of rice area harvested from IFPRI’s IMPACT model (2017). Several country-level estimates 549 
such as NCCC and NIES for China and Japan respectively were also selected as estimates for 550 
each country in East Asia. 551 
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N2O emission from agricultural soils associated with fertilizer, crop residues, and other N 552 
additions to soils are captured. Both direct and indirect agricultural soil emissions need to be 553 
considered. It is primarily (more than half) attributable to the increase of fertilizer input to 554 
uplands (Ito et al., 2018). Here we calculated this flux based on a common approach, outlined by 555 
Bouwman (1996), in which direct soil N2O emissions are calculated as the sum of emissions 556 
caused by anthropogenic fertilizer-induced emissions plus the remaining background emissions, 557 
and the indirect emissions from N volatilization/deposition and N leaching. Data for East Asia 558 
was obtained as the ensemble mean of N2O emissions from six estimates (the latest CEDS, 559 
EDGAR, FAOSTAT, PRIMAP-HIST, EPA, and X. Cui et al. (2022)), six available model 560 
results from NMIP were used. Different from using the Tier 1 methodology as most of the global 561 
inventories, Cui et al. (2022) provided a Tier 3 estimate using a linear mixed-effect model and 562 
survey-based data set of agricultural management measures to quantify the spatiotemporal 563 
changes of crop-specific cropland-N2O emissions from China between 1980 and 2017. 564 

Aquaculture (Faquaculture) 565 

Aquaculture systems might be potential hotspots for GHG emissions because they have 566 
higher biological density and enrichment from fertilizer and feed compared with natural aquatic 567 
ecosystems. China is the largest aquaculture producer globally, so errors from omitting in other 568 
East Asia countries are expected to be small. In this study, we focused on the emissions from 569 
aquaculture in China due to data limitations. 570 

The CH4 fluxes from aquaculture was acquired from two latest comprehensive studies 571 
(Dong et al., 2023; Yifei Zhang et al., 2022). Zhang et al. (2022) presented a nationwide 572 
metadata analysis from 132 aquaculture sites in China based on 62 published papers. Four land-573 
based aquaculture systems were taken into account, including the coastal wetland reclamation 574 
system (CWRS), inland pond system (IPS), lake/reservoir system (LRS) and rice-field system 575 
(RFS). Dong et al. (2023) analyzed the CH4 emissions from aquaculture ponds in China with a 576 
database of 55 field observations, which corresponds to the emissions from IPS ecosystems. 577 

East Asia contributed 71%–79% of global aquaculture N2O emissions (Tian et al. 2020). 578 
The N2O emissions were estimated from three different methods for the past 20 years (Hu et al., 579 
2012; H. Tian et al., 2020; Zhou et al., 2021). Hu et al. (2012) summarized the nitrogen 580 
transformation mechanisms of N2O production and suggested the average N2O emission factor of 581 
aquaculture system is 1.69 g N2O−N/kg fish globally. We made a rough Tier 1 estimate for East 582 
Asia based on this default emission factor by multiplying it with aquaculture production data 583 
from FAOSTAT(2022). Using a Tier 2 methodology, Zhou et al. (2021) quantified N2O emission 584 
from Chinese aquaculture systems since the Reform and Opening-up (1979–2019) at the species-585 
, provincial-, and national- levels using annual aquaculture production data, based on nitrogen 586 
(N) levels in feed type, feed amount, feed conversion ratio, and emission factors. Tian et al. 587 
(2020) provided a comprehensive estimate for the period 2007-2016 with their meta estimate and 588 
a nutrient budget model estimate. For Japan, the high consumption of fish is a feature of the 589 
Japanese diet (Oita et al., 2018). Hayashi et al. (2021) noticed a high nitrogen use efficiency 590 
(NUE) is obtained by fish production due to wild-catch fish, and they estimated the N2O 591 
emission of fish farming area in Japan from 2000 to 2015 to be 0.16~0.31 Gg N2O yr-1 by using 592 
the fate factors of surplus N as 1.25%. 593 
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2.4.2.2 Other Sectors 594 

Wetlands methane emission (Fwet) 595 

CH4 emissions from wetland in this study were mainly derived from the Global Methane 596 
Budget (GMB) (Saunois et al., 2020). The GMB provides estimates for East Asia from 13 597 
process-based models during 2000-2017. The dataset WetCHARTs (Bloom et al., 2017) provides 598 
global monthly wetland CH4 emissions and uncertainty from an ensemble of multiple terrestrial 599 
biosphere models, wetland extent scenarios, and CH4:C temperature dependencies. The intended 600 
use of the products is as a process-informed wetland CH4 emission and uncertainty data set for 601 
atmospheric chemistry and transport modelling. Here we used the result from WetCHARTs for 602 
the comparative purpose. 603 

Inland waters outgassing (Fwater) 604 

We synthesized CH4 and N2O emissions from three types of inland water bodies 605 
(includes rivers, natural lakes, reservoirs, lakes regulated by dams) in East Asia. Because the 606 
estimates for inland waters are difficult to measure continuously, we assumed that the values are 607 
constant during 2000-2019. For CO2 we obtained estimates from 10 studies whose study period 608 
covers the past 20 years. For CH4 and N2O, we obtained from 8 studies and 5 studies, 609 
respectively (detailed information in Table S2, S3). 610 

Fire CH4 and N2O emissions (Ffire) 611 

Similar to the CO2 emissions from fires, we used GFEDv4.1s (van der Werf et al. 2017) 612 
to estimate CH4 and N2O emissions in this sector. Emissions of five different fire types were 613 
considered. 614 

Natural soil CH4 sink and N2O source (Fnatu_soil) 615 

Oxidation of atmospheric CH4 by methanotrophs in natural soils and N2O emissions from 616 
unmanaged soil were evaluated by the process-based terrestrial ecosystem model VISIT (Ito et 617 
al., 2018), which contained four schemes for simulating the process. Results from simulating 618 
natural vegetation and croplands separately at each grid were used. The output data was at 0.5° × 619 
0.5° resolution and a timeseries between 2000-2016 was extracted for our estimation. 620 

Termites CH4 emission (Ftermite) 621 

Termites are known as a CH4 source (Ito et al., 2019), which is related to symbiotic 622 
cellulose-digesting microbes in their digestive tracts. Given the difficulty in mapping the 623 
regional distribution of termites, our estimate was simply based on the conventional empirical 624 
estimation after Ito et al. (2019) who used land-use data and emission factors from the literature. 625 

2.5 Calculation of net GHG budgets 626 

We then tried to make top-down and bottom-up results comparable through lateral flux 627 
adjustments for each greenhouse gas following the formula below: 628 TDେ୓మ = inversion COଶ flux + F୤୰ୡୡ + Fୠ୰ୡୡ + F୲୰ୟୢୣ                                 (1) 629 



manuscript submitted to Global Biogeochemical Cycles 

 

TDେୌర ୟ = inversion CHସ total source − F୤୭ୱୱ୧୪ୠ − F୵ୟୱ୲ୣୡ − F୥ୣ୭୪୭୥୷ୢ                                   (2) 630 TD୒మ୓ = inversion NଶO source − Fwaste                                                                                 (3) 631 BUେ୓మ = ∆C୤୭୰ୣୱ୲ + ∆C୥୰ୟୱୱ୪ୟ୬ୢ + ∆Cୡ୰୭୮୪ୟ୬ୢ + ∆C୭୲୦ୣ୰ + ∆Cୠ୳୰୧ୟ୪ + ∆C୮୰୭ୢ୳ୡ୲ + Fୣ୶୮୭୰୲      (4) 632 BUେୌర = Fୣ୬୲ୣ୰୧ୡ + F୫ୟ୬୳୰ୣ + Fୟ୥୰୧ୱ୭୧୪ + Fୟ୯୳ୟ + F୵ୣ୲୪ୟ୬ୢ + F୬ୟ୲୳ୱ୭୧୪ + F୤୧୰ୣ + F୵ୟ୲ୣ୰ +633 F୲ୣ୰୫୧୲ୣ                                                                                                                                                             (5) 634 BU୒మ୓ = F୫ୟ୬୳୰ୣ + Fୟ୥୰୧ୱ୭୧୪ + Fୟ୯୳ୟ + F୬ୟ୲୳ୱ୭୧୪ + F୤୧୰ୣ + F୵ୟ୲ୣ୰                                              (6) 635 

Note: aTop-down budget: the fossil fuel emission is assumed to be well constrained at pre- and 636 
post-processing stage from CO2 and N2O inversions, but not removed from CH4 inversions. 637 
bFfossil: fossil fuel induced GHG emissions (data reference: CDIAC-FF Gilfillan and Marland et 638 
al. 2021). cFwaste&landfill: waste treatments and landfills induced emissions (data reference: 639 
CEDS, EDGAR, IIASA GAINS and PRIMAP. dFgeology: geological seepage induced CH4 640 
emissions (data reference: Etiope et al., 2019). 641 

The total influence of three greenhouse gases was calculated separately for bottom-up 642 
and top-down approaches. GWP100 and GWP20 (global warming potentials on 100-year or 20-643 
year time horizon) were used to indicate integrated radiative forcing of CH4 and N2O in terms of 644 
a CO2 equivalent unit. We adopt 100-year GWPs of 27.0 and 273 for CH4 and N2O, 20-year 645 
GWPs of 79.7 and 273 for CH4 and N2O refer to IPCC AR6 Table 7.15 (Canadell et al., 2021), 646 
respectively. The final terrestrial ecosystem GHG budget for the three main GHG gases was 647 
calculated by applying the following equation (Figure 4): 648 GHG = BudgetሺCOଶሻ + BudgetሺCHସሻ ∗ 𝐺𝑊𝑃஼ுర + BudgetሺNଶOሻ ∗ 𝐺𝑊𝑃ேమை                      (7) 649 

2.6 Uncertainty estimates 650 

Uncertainty in the total budget for each greenhouse gas was obtained by error 651 
propagation from uncertainties of each term from equation (1) to equation (6), which is 652 
independent of each other. Most of the terms corresponding to the above fluxes had more than 1 653 
estimate from different sources. The standard deviation of different estimates over the past 20 654 
years was calculated at the national scale, and it is used to quantify uncertainty. As for the other 655 
fluxes which only involved one single estimate, the reported uncertainty for each estimate was 656 
considered as the uncertainty of this term. 657 

3 Results and Discussions 658 

3.1 CO2 budget 659 

3.1.1 Top-down 660 

An ensemble of seven atmospheric inversion models and three inversions using 661 
additional regional observations estimated East Asia to have a net land-to-atmospheric CO2 flux 662 
of -1515.3 ± 450.1 Tg CO2 yr-1 (Table 1), ranging from -662.5 Tg CO2 yr-1 to -1786.8 Tg CO2 yr-663 
1. According to the seven global atmospheric inversions, this accounts for 18% of global land 664 
CO2 sink. We adopted three regional inversions (Jiang et al. 2016, Chen et al. 2021, Wang et al. 665 
2022), which used latest available CO2 measurements by Chinese Meteorological Administration 666 
not included in the global inversions. These regional inversions did not show significant 667 
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differences with the global inversions for East Asia’s land CO2 sink. By adjusting for the CO2 668 
fluxes induced by lateral C transport processes (net trade of food and wood products, reduced 669 
carbon compounds of fossil fuel and biogenic sources) (Ciais et al. 2019, Wang et al. 2022), the 670 
terrestrial ecosystem over East Asia is a net sink of CO2 by -1251.3 ± 456.9 Tg CO2 yr-1. 671 

Table 1. The GHG budget in East Asia since 2000. 672 

Sectors 
CO2 (Tg CO2 yr-1) CH4 (Tg CH4 yr-1) N2O (Tg N2O yr-1)

Mean Uncertainty Mean Uncertainty Mean Uncertainty

1. 
Human 
Activities 

1.A Fossil Fuel 9493.35 221.83 23.40 1.90 0.58 0.05 

1.B Waste and 
Landfill 11.38 3.20 0.32 0.48 

Subtotal 9493.35 221.83 34.79 3.72 0.90 0.49

2. 
Carbon 
Stock 
Change 

2.A Forests -758.21 129.89 

2.B Shrublands -124.24 51.82 

2.C Grasslands -36.37 45.24 

2.D Croplands -67.89 15.47 

2.E Wetlands -44.71 0.40a 

2.F Urban 
Construction 2.06 0.94 

2.G Burial -73.33 36.67 

2.H Wood Products -103.07 10.46 

Subtotal -1205.76 152.64 

  NBP -978.94 316.76 

 Land Cover and 
Land Use Change -290.17 281.72 

 Subtotal -1269.10 423.92

3. 
Lateral 
Adjustments 

3.A Net Trade -194.33 38.87 

3.B Lateral 
Transport to Ocean -150.30 30.06 

3.C Fossil Fuel 
RCC 322.67 18.33 

3.D Biogenic RCC 135.67 66.00 

4. 
Agriculture 

4.A Enteric 
Fermentation   9.60 1.34 

4.B Manure   1.91 0.92 0.30 0.11 
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Management 

4.C Agricultural 
Soil   9.26 2.82 0.80 0.26 

4.D Aquaculture 54.93 21.00 2.93 1.07 0.07 0.05 

Subtotal   23.70 3.43 1.17 0.29

5. 
Other 
Sectors 

5.A Wetlands   3.46 0.50 

5.B Natural Soil   -2.62 0.26 0.78 0.09 

5.C Fires  84.36 12.56 0.28 0.03 0.01 0.00 

5.D Inland Waters 348.40 146.66 4.09 1.77 0.04 0.03 

5.E Termites   0.32 

Subtotal   5.53 1.86 0.83 0.09
5.H Geological 
Seepageb   2.17 0.43 

  TD Inversion -1515.33 450.08 30.98 7.52 2.24 0.61 

  Balance BU Land Budget -1356.06 155.57 29.23 3.90 2.00 0.31
TD Land Budget -1251.33 456.92 30.98 7.52 2.24 0.61

a The uncertainty for 2.E is estimated as 21% of the mean value (NCCC, 2018). 
b Geological seepage is not contained within the boundaries of our terrestrial ecosystem framework. 

3.1.2 Bottom-up 673 

Forests expanded rapidly since 2000 over East Asia. According to FAO, forest area 674 
increased by more than 15% from 2.3×108 ha in 2000 to 2.7×108 ha in 2020, accounting for ~7% 675 
of global forests. Adding up forest inventory estimates from East Asian countries, the carbon 676 
stock in East Asia’s forest increased by 758.2 ± 129.9 Tg CO2 yr-1, which is mostly contributed 677 
by forest plantation in China (Yu et al. 2022). The forest carbon sink was largely due to 678 
increasing biomass, which was reported consistently by ground forest surveys and passive 679 
microwave measurements (see Methods). Shrublands, grasslands, croplands and wetlands were 680 
also found to be weaker CO2 sinks of -124.2 ± 51.8 Tg CO2 yr-1, -36.4 ± 45.2 Tg CO2 yr-1, -67.9 681 
± 15.5 Tg CO2 yr-1, -44.7 ± 0.4 Tg CO2 yr-1 , respectively (Table 1). Adding up the carbon burial 682 
in inland waters and the accumulated carbon in wood products (see Methods), the inventory-683 
based method estimated an East Asia’s CO2 sink of -1356.1 ± 155.6 Tg CO2 yr-1.  684 

3.1.3 CO2 budget synthesis 685 

It is encouraging to see the top-down and bottom-up estimates of land CO2 sink are 686 
within ±10% of one another (between -1251.3 ± 456.9 Tg CO2 yr-1 and -1356.1 ± 155.7 Tg CO2 687 
yr-1) during 2000s and 2010s, though both estimates were larger than the ensemble mean of Net 688 
Biome Production estimated by the 18 TRENDY ecosystem models (-978.9 ± 316.8 Tg CO2 yr-1) 689 
(Pierre Friedlingstein et al., 2022). It should be noted that these TRENDY model estimates were 690 
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Carbon Project (Saunois et al., 2020) basically used the same set of observations reporting on the 722 
range from 26.1 Tg CH4 yr-1 to 38.2 Tg CH4 yr-1, while the regional inversion by Zhang et al. 723 
(2022) using seven additional sites over China reported 30.6 Tg CH4 yr-1 which is also within the 724 
range of the global inversions. These results were also consistent with Thompson et al. (2015), 725 
whose inversion used CH4 and its isotope measurements with a nested grid over East Asia.  726 

3.2.2 Bottom-up 727 

The CH4 fluxes can be broadly classified into two sectors (Figure 2), the agricultural 728 
sector (enteric fermentation, manure management, paddy croplands and freshwater aquaculture) 729 
and the natural ecosystem sector (wetlands, lake, ponds and other inland water bodies, wild fires, 730 
termites, and soil uptake).  731 

For the agricultural sector, the largest flux term was found to be the enteric fermentation 732 
in ruminant animals (9.6 ± 1.3 Tg CH4 yr-1). Although traditional meat sources of East Asian 733 
countries are swine and poultries (chickens and ducks), there is a growing consumption of beef 734 
and lamb. If such tendency persists, the local production could become the dominant source of 735 
CH4 emission in this region, though the per capita consumption of beef and lamb over East Asia 736 
are still below the global average (FAO, 2022). One of the collateral consequences of both 737 
ruminant animals and swine and chickens is CH4 emission from manure management, which 738 
amounts to 1.9 ± 0.9 Tg CH4 yr-1. Another large flux term is CH4 emission from paddy rice fields 739 
(9.3 ± 2.8 Tg CH4 yr-1). Since rice is the primary staple food for China, Japan, South Korea and 740 
North Korea, East Asia contains ~20% of global rice croplands (Figure 1), the majority of which 741 
is flooded and more productive than the global average. Thus, it is not surprising that about one 742 
third of the global CH4 emission from paddy rice fields comes from the East Asia region 743 
(Saunois et al. 2020). Another smaller but significant flux is CH4 emission from freshwater 744 
aquaculture (2.9 ± 1.1 Tg CH4 yr-1), because more than 60% of the global freshwater aquaculture 745 
products comes from East Asia, in particular China (FAO 2021, Yuan et al. 2019, Zhou et al. 746 
2021). Overall, the agricultural sector emits 23.7 ± 3.4 Tg CH4 yr-1 (Table 1). 747 

For natural ecosystems, the largest sources were wetlands and inland water bodies (lakes, 748 
ponds and reservoirs), which we estimated as 3.5 ± 0.5 Tg CH4 yr-1 and 4.1 ± 1.8 Tg CH4 yr-1, 749 
respectively, according to several global and regional studies (see Methods). The ensemble of 13 750 
wetland models estimated a large range of CH4 emission from 0.8 ± 0.2 to 10.4 ± 0.5 Tg CH4 yr-751 
1. The wetland CH4 emission over East Asia only contributes less than 2% of global wetland CH4 752 
emission (Saunois et al. 2020), partly because the small fraction of global wetland area (~4%), 753 
according to global dataset of Wetland Area and Dynamics for Methane Modeling (WAD2M; Z. 754 
Zhang et al. (2021)). The sink of CH4 by non-saturated oxygenated soil is the primary land sink, 755 
which was estimated as -2.6 ± 0.3 Tg CH4 yr-1 over East Asia, whose global contribution is 756 
commeasurable to its land fraction. CH4 emissions from wild fires (0.3 ± 0.1 Tg CH4 yr-1) and 757 
termites (~0.3 Tg CH4 yr-1) were relatively small over East Asia. All added together, natural 758 
ecosystems emit 5.5 ± 1.9 Tg CH4 yr-1 (Table 1).  759 

3.2.3 CH4 Budget Synthesis 760 

It appears encouraging to find the bottom-up estimates of land CH4 emission over East 761 
Asia (29.2 ± 3.9 Tg CH4 yr-1) to be close (< ±5% for ensemble means) to the top-down estimates 762 
of the land CH4 emission (31.0 ± 7.5 Tg CH4 yr-1). However, this could be in part coincident 763 
given the large uncertainties in some major flux terms, as the variation within BU ensembles and 764 
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within TD ensembles is larger than their difference. For example, the challenge to estimate CH4 765 
ebullition from inland waters remain a major source of uncertainties for inland water CH4 766 
emissions that studies may differ by one order of magnitude (e.g., Chen et al. 2013, Stavert et al. 767 
2021). The agricultural sector is the dominant sources of land CH4 emission, whose magnitudes 768 
was three times more than the CH4 emissions from natural ecosystems. The high intensity of rice 769 
cultivation and inland water aquaculture has made East Asia’s contribution to global land CH4 770 
emission larger than its land fraction (~8%). Unlike CO2, the magnitude of anthropogenic CH4 771 
emissions from fossil fuel combustion and waste and landfill has a similar magnitude (34.8 ± 3.7 772 
Tg CH4 yr-1) to land CH4 emissions at the same period (Table 1). 773 

3.3 N2O budget 774 

3.3.1 Top-down 775 

The four atmospheric inversion models reported an average estimate of land N2O 776 
emissions over East Asia of 2.2 ± 0.6 Tg N2O yr-1 during 2000s and 2010s, with individual 777 
estimates ranging from 1.4 Tg N2O yr-1 to 3.1 Tg N2O yr-1. Compared with CO2 and CH4, the 778 
available N2O observation sites remain scarce globally (Thompson et al., 2019), and only few 779 
sites were distributed in or around East Asia. Therefore, the smaller relative uncertainties among 780 
the N2O inversion models should be treated with caution, since the estimates were poorly 781 
constrained by regional observations, and the uncertainties associated with different sets of 782 
observations were not considered in this model ensemble. For similar reasons, the hotspots of the 783 
N2O emissions should come mostly from the prior flux pattern (Figure 5), rather than 784 
observation constraints.  785 

3.3.2 Bottom-up 786 

The land N2O emissions could also be classified into two general categories (Figure 2), 787 
the agricultural sector (manure management, cropland, and freshwater aquaculture) and the 788 
natural ecosystem sector (natural soils, wild fires, and inland water bodies).  789 

The cropland N2O emission was found to be the largest flux at 0.8 ± 0.3 Tg N2O yr-790 
1(Table 1). It contributes to about one fifth of global cropland N2O emission (Q. Wang et al., 791 
2020), which is due to the excessive nitrogen fertilizer input in some East Asian countries (e.g., 792 
Yu et al. 2019). We estimated the second largest emission source to be from manure 793 
management (0.3 ± 0.1 Tg N2O yr-1), with individual estimates by inventories or process-based 794 
models differing by five times from 0.1 Tg N2O yr-1 to 0.5 Tg N2O yr-1 (see Methods). The lack 795 
of spatially explicit data of storage duration and treatment type for livestock dung and urine 796 
could be responsible for the large uncertainties, as well as the potential biases of the fraction of 797 
total nitrogen excretion by livestock species/categories and manure management system and the 798 
associated emission factors (Xiaoqing Cui et al., 2021). The freshwater aquaculture is also a non-799 
negligible N2O emission source (0.1 ± 0.1 Tg N2O yr-1), given much more intense nitrogen input 800 
into these fish/shrimp/crab farms than the other inland water bodies and its wide distribution over 801 
East Asia, in particular over China (Yuan et al., 2019). Because N2O emission estimates for 802 
freshwater aquaculture were mostly available over China, we had to use all available Chinese 803 
estimates and only one available Japanese estimate to represent the East Asia. This should lead to 804 
a minor underestimate given the small ratio (<5%; FAO, 2022) of contributions of other 805 
countries to the East Asian freshwater aquaculture production.  806 
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On the natural sector, natural soil emission was found to be the predominant source (0.8 807 
± 0.1 Tg N2O yr-1), according to the VISIT model (Ito et al. 2019). Apparently, although nitrogen 808 
deposition over East Asia is much higher than the global average (e.g., Yu et al. 2019b), its 809 
contribution to global natural soil N2O emission (Tian et al. 2020) is sizeable to or even smaller 810 
than East Asian land fraction due to large dryland area in its western part. The sum of wild fires 811 
and inland water N2O emissions were less than 0.1 Tg N2O yr-1 (Table 1), resulting in a 812 
synthesized natural sector N2O emission estimates of 0.8 ± 0.1 Tg N2O yr-1.  813 

3.3.3 N2O Budget Synthesis 814 

Overall, we found the bottom-up estimate of land N2O emissions over East Asia was 2.0 815 
± 0.3 Tg N2O yr-1, while the top-down estimate was 2.2 ± 0.6 Tg N2O yr-1. This regional source 816 
of N2O contributes to more than 30% of global land N2O emission (Tian et al. 2020), 817 
highlighting East Asia as the global hotspot region for curbing N2O emissions. Among the flux 818 
terms, the agricultural sector accounted for more than 60% of all N2O emissions, despite the fact 819 
that croplands only occupy less than 20% of the land area. The land N2O emissions over East 820 
Asia was two times than the anthropogenic N2O emission from fossil fuel combustion and waste 821 
and landfill (9.0 ± 0.5 Tg N2O yr-1) for the same period (Table 1).  Compared with CO2 and CH4, 822 
the consistency of N2O emission between the top-down and bottom-up estimates were the 823 
poorest (>10%), reflecting the larger uncertainties in assessing the more potent greenhouse gas, 824 
both for the top-down and for the bottom-up estimates. Unlike CO2 and CH4, there is no direct 825 
satellite N2O measurements to be used for atmospheric inversion (Shen et al. in review). 826 
Considering also the fewest available measurement sites, there is an urgent need for increasing 827 
the number of N2O observation sites. In addition, the inventory-based estimates also vary by 3-5 828 
times at country/regional scales, highlighting the need to further develop spatial representation of 829 
agricultural management practices (e.g., fertilization, irrigation, tillage, manure storage and 830 
treatment) and the emission factors, which would also support the development of mitigation 831 
strategies to address nitrogen pollutions in air and waters (e.g., Gu et al. 2023) . 832 

3.4 Greenhouse gas synthesis 833 

We used greenhouse gas warming potential (GWP) on the 100-year time horizon (IPCC, 834 
2021; Table S1) to account for varying impacts of the three greenhouse gases in our assessment 835 
on the overall GHG gas balance of the region and impacts on the global climate system. The net 836 
source of CH4 was estimated at 836.5 ± 203.1 Tg CO2eq yr-1 by the top-down approach and at 837 
789.2 ± 105.3 Tg CO2eq yr-1 by the bottom-up approach. The net source of N2O was estimated as 838 
611.7 ± 166.4 Tg CO2eq yr-1 by the top-down approach and 546.1 ± 83.4 Tg CO2eq yr-1 by the 839 
bottom-up approach. In either approach, the net sources of CH4 and N2O exceeded the net sink of 840 
CO2 (-1251.3 ± 456.9 Tg CO2 yr-1 by the top-down and -1356.1 ± 155.6 Tg CO2 yr-1), rendering 841 
the land over East Asia a net source of greenhouse gases (196.9 ± 527.0 Tg CO2eq yr-1 by the 842 
top-down and -20.8 ± 205.5 Tg CO2eq yr-1 by the bottom-up) (Figure 4; Table 2). GHG balance 843 
based on GWP on the 20-year time horizon was also calculated (Table 2), the overall source is 844 
substantially stronger due to the much higher weight of short-lived CH4, emphasizing the 845 
challenge of developing sustainable technical approaches to reduce CH4 emissions without 846 
compromising the agricultural demand. No matter for the 100-year or 20-year horizon, the 847 
climate mitigation effects of the CO2 uptake by terrestrial ecosystems in the East Asia region 848 
could have been exceeded by its net release of CH4 and N2O into the atmosphere. 849 
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 TD -1251.3  456.9  836.5 203.1 611.7 166.4 196.9 527.0  116% 823%
 BU -1356.1  155.6  789.2 105.3 546.1 83.4 -20.8 205.5  98% 760%

Natural -1288.2  154.8  149.3 50.1 226.8 25.3 -912.1 164.7  29%
Agricultural -67.9  15.5  639.9 92.6 319.3 79.5 891.3 123.0  1413%
GWP20 
 TD -1251.3  456.9  2469.2 599.4 611.7 166.4 1829.6 771.8  246% 823%
 BU -1356.1  155.6  2329.7 310.8 546.1 83.4 1519.7 357.4  212% 760%

Natural -1288.2  154.8  440.8 147.9 226.7 25.3 -620.7 215.6  52%
Agricultural -67.9  15.5  1888.9 273.4 319.3 79.5 2140.4 285.1  3253%
a Proportion of land CO2 sink being offset by terrestrial GHG source 
b Proportion of land CO2 sink being offset by total fossil fuel source

When we separated the land ecosystems into agricultural ecosystems and natural 855 
ecosystems, which was only possible in bottom-up approach, we found that the natural 856 
ecosystems over East Asia were a significant net GHG sink (-912.1 ± 164.7 Tg CO2eq yr-1), 857 
which was offset by the net GHG source of agricultural ecosystems (891.3 ± 123.0 Tg CO2eq yr-858 
1). This was also consistent with the location of hotspots of CH4 and N2O emissions, and thus net 859 
GHG emission, over areas dominated by cropland, such as the North China Plain (the region’s 860 
wheat basket with widespread wheat-maize rotated croplands) and southern China (rice 861 
cultivated for two or three seasons) (Figure 5). These results highlighted that the agricultural 862 
sector as the priority for climate change mitigation in terrestrial ecosystems. 863 



manuscript submitted to Global Biogeochemical Cycles 

 
 864 

(a)  

(g CO2eq m2 yr-1) 

(b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  



865 
866 
867 
868 
869 
870 
871 

872 
873 
874 
875 
876 
877 
878 
879 
880 
881 
882 
883 
884 
885 

886 

887 
888 

Figure 5
bottom-u
Productio
atmosphe
balance e
based app
m2 yr-1). 

A
(Figure 6
(RECCA
between 
2000s (S
converge
However
contribut
sink, desp
estimates
combined
soil carbo
emission
respectiv
 

Figure 6
the uncer

5. Spatial pat
up approach;
on simulated
eric inversio
estimated by
proach; (h) N

Among the th
6). Compared

AP-1), which
-806.7 Tg C
. L. Piao et a

ent between t
r, large unce
tes to more t
pite new sou
s from both p
d LIDAR an
on budget al

n from cropla
vely (Figure 

6. Contributio
rtainties base

manuscri

ttern of green
 (b) GHG ba

d by dynamic
ons; (e) CH4 
y the atmosph
N2O budget 

hree GHGs, C
d with the fir

h demonstrate
CO2 yr-1 (bott
al., 2012), th
the bottom-u
rtainties rem
han half of t

urces of inde
passive satel

nd multi-spec
lso needs add
and soils con
6).  

on of major 
ed on GWP1

ipt submitted t

nhouse gas (
alance estim
c global veg
balance estim
heric inversi
balance esti

CO2 fluxes w
rst phase of 
ed that terre
tom-up) and

he new estim
up and the to

main in sever
the land CO2
ependent dat
llite microwa
ctral optical 
ditional data
ntribute the l

flux terms to
100. The blu

to Global Bioge

 

(GHG) balan
mated by the 
getation mod
mated by the
ions; (g) N2O
imated by th

were largest 
Regional Ca
strial ecosys

d -990.0 Tg C
mates on East
op-down app
ral flux term
2 sink and ~7
ta emerging r
ave measure
remote sens

a. CH4 emiss
largest to unc

o the magnit
ue block indi

geochemical Cy

nce. (a) GHG
top-down ap

dels; (d) CO2
e inventory-
O emission e
he atmospher

in the magn
arbon Cycle 
stem over Ea
CO2 yr-1 (top
t Asia’s CO2
proaches, wi

ms. For examp
75% of the u
recently, suc

ements (e.g.,
sing (e.g., Xu
sion from the
certainties in

tude of green
icates the GH

ycles 

G balance es
pproach; (c) 
2 balance est
-based appro
estimated by
ric inversion

nitude and un
Assessment

ast Asia was
p-down) duri
2 sink appear
ith difference
ple, forest C
uncertainties
ch as forest b
, Chang et al
u et al. 2021
e paddy field
n CH4 and N

nhouse gas b
HG sink, the

stimated by t
Net Biome 

timated by th
oach; (f) CH4
y the invento
ns (unit: g CO

ncertainties 
t Program 
 a net CO2 s
ing 1990s an
r more 
es within ±2

CO2 sink 
s in land CO2
biomass 
l. 2023) and 
). Constrain

ds and N2O 
N2O emission

budgets and 
e gray block 

the 

he 
4 

ory-
O2eq 

ink 
nd 

20%. 

2 

the 
ning 

ns, 

to 



manuscript submitted to Global Biogeochemical Cycles 

 

indicates the GHG source. The thick black lines distinguish the three gases. (left) Contribution of 889 
each flux term to the magnitude of GHG budgets. (right) Contribution of each flux term to the 890 
overall uncertainties. 891 

4 Conclusions 892 

Terrestrial ecosystems over East Asia were a net GHG source based on the dual-893 
constraint of top-down and bottom-up approaches during 2000s and 2010s, indicating that the 894 
CO2 sink in the ecosystems could have been fully offset by the net source of CH4 and N2O. 895 
Compared to the global GHG estimate from H. Tian et al. (2016), both of our top-down and 896 
bottom-up estimates indicated that CH4 and N2O budgets of East Asia account for ~10% of the 897 
global budget, while the corresponding proportion of CO2 sink to the globe is more than 20% 898 
(top-down: 24.50%; bottom-up: 22.88%). The remarkable carbon sink capacity of East Asia 899 
made the overall balance of terrestrial ecosystem GHG close to neutral. While natural 900 
ecosystems were a net sink of GHG, it has been overcompensated by net sources of GHG from 901 
the agricultural ecosystems. This study highlights the agricultural sector as the priority for 902 
climate mitigation efforts on terrestrial ecosystems over East Asia. The emerging data sources, 903 
improving modelling capacities in recent years have contributed to the improved closure between 904 
top-down and bottom-up estimates, though sizeable uncertainties remain in some major flux 905 
terms, such as land use change. Future studies should need to further refine emission factors and 906 
activity data to provide estimates with better spatial and temporal resolutions, which would not 907 
only facilitate the policy making for climate change mitigation, but also serve monitoring the 908 
progresses in achieving climate neutrality.   909 
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