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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 (CO,, CH,, and N,O) budgets over East Asia during the decades of 2000s and
2010s, following a dual constraint approach. We estimate that terrestrial ecosystems in East Asia is close to
neutrality of GHGs, with a magnitude of between —46.3 + 505.9 Tg CO,eq yr™' (the top-down approach) and
—36.1 +207.1 Tg CO,eq yr™* (the bottom-up approach) during 2000-2019. This net GHG sink includes a large
land CO, sink (—1229.3 + 430.9 Tg CO, yr~" based on the top-down approach and —1353.8 + 158.5 Tg
CO, yr~! based on the bottom-up approach) being offset by biogenic CH, and N,O emissions, predominantly
coming from the agricultural sectors. Emerging data sources and modeling capacities have helped achieve
agreement between the top-down and bottom-up approaches, but sizable uncertainties remain in several flux
terms. For example, the reported CO, flux from land use and land cover change varies from a net source of more
than 300 Tg CO, yr~" to a net sink of ~—700 Tg CO, yr~'. Although terrestrial ecosystems over East Asia is
close to GHG neutral currently, curbing agricultural GHG emissions and additional afforestation and forest
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managements have the potential to transform the terrestrial ecosystems into a net GHG sink, which would help
in realizing East Asian countries' ambitions to achieve climate neutrality.

Plain Language Summary East Asia (China, Japan, Koreas and Mongolia) is not only the hotspot of
anthropogenic greenhouse gas (GHG, including CO,, CH, and N,0) emissions, but also a region with large CO,
sink. However, the greenhouse gas balance of greenhouse gases over the region is poorly understood. In this
study, we performed a synthesis for over 40 flux terms to provide the first-of-its-kind GHG budget assessment
over the decades of 2000s and 2010s. We find terrestrial ecosystems in East Asia is close to neutrality of GHGs.
The bottom-up approach summing up component fluxes estimated a net balance of —36.1 £+ 207.1 Tg CO,eq
yr~!, while the top-down approach based on atmospheric inversions estimated a net balance of

—46.3 + 505.9 Tg CO4eq yr~'. This results from compensation of the large CO, sink by CH, and N,O
emissions, and from compensation of net GHG sink over natural ecosystems by net GHG source over
agricultural ecosystems. Thus, curbing agricultural GHG emissions has the potential to realizing the ambitious
goal of achieving climate neutrality over East Asia.

1. Introduction

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

Although CO, is the primary GHG responsible for global warming since the preindustrial era, the contribution of
CH, and N, O are appreciable, together they highly affect the climate system with global warming potentials that
are 27 and 273 times greater than CO, at a 100 years time horizon (IPCC, 2021). The GHG budget, including CO,,
CH,, and N, 0, is thus more relevant to assess the role of the terrestrial ecosystems in mitigating climate change.
There is emerging evidence that terrestrial ecosystems could be a net source of GHGs due to emissions of CH, and
N,O from both natural and anthropogenic sources (Tian et al., 2016). This is particularly the case for East Asia,
given the high intensity of anthropogenic activities which may lead to emission of CH, and N,O from ecosystems
(e.g., high nitrogen fertilizer application rate (Cui et al., 2021; Tian et al., 2020), high nitrogen deposition rate (Yu,
Jia, et al., 2019), large area of rice paddy fields (Zhang et al., 2016; Figure 1)). However, a knowledge gap remains
to be filled in the net GHG budget of East Asia, undermining the region's ambition to manage the ecosystems for
mitigating climate change.

In this study, we present a new assessment of the GHG budget of East Asia, with an accounting scheme following
the guidelines of RECCAP-2 (Bastos et al., 2022; Ciais et al., 2022) and adapted to the regional characteristics and
data availability in East Asia. The GHG budget is constrained both by observation-based assessments from in-
versions of atmospheric measurements of GHG mixing ratios (“top-down” approach hereafter) and by land-based
assessments based on inventories and model simulations of carbon storage change and model estimates of GHG
fluxes (“bottom-up” approach hereafter).
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Figure 1. Geographical location and land cover type of East Asia.

2. Methods
2.1. Study Area

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

2.2. Accounting Framework of the GHG Budget

The framework to assess the ecosystems GHG budget is adapted from the RECCAP-2 proposal, which contains a
set of shared and agreed definitions that are as precise as possible for each CO, flux to be reported. Compared to
RECCAP-1, we aim to provide a synthesis of GHG budget for East Asia since 2000, including three major GHGs
(CO,, CH,, and N,0). We updated our accounting framework to GHG budget on the basis of carbon budget from
Ciais et al. (2022), which is depicted in Figure 2.

We recommend that our GHG budget is strictly speaking from ecosystems, the effect of fossil fuel combustion,
cement production, industry, geological processes (e.g., volcanic eruption), waste and landfills (hereafter called
“non-biosphere emissions” for simplicity) should be removed from the total budget. It can be captured by the top-
down estimates of CO,, CH,, and N,O flux excluding non-biosphere GHG emissions. The regional CO, budget
includes CO, fluxes resulting from land cover and land use change, climate change and variability, rising at-
mospheric CO,, biomass burning, and nitrogen deposition. Bottom-up approaches encompass various methods to
quantify regional CO, budgets and their component fluxes. The CO, budget can be captured by the net carbon
stock change of land ecosystems in a region (AC in Figure 2), which can be obtained by repeated measurements of
live biomass, dead organic matter, soil carbon and by carbon stock change in wood and crop products. The CH,
budget includes agricultural emissions produced by enteric fermentation, manure management, rice cultivation
(included in “agricultural soil” in our framework), aquaculture, and burning of crop residues. Other fluxes include
emissions from fire, inland waters, natural wetlands, termites, as well as methane oxidation from natural soil. The
N,O budget includes those released from agricultural ecosystems, that is, fertilized soil emission, manure
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Figure 2. Accounting framework of the greenhouse gas balance with dual constraints. Flux terms included in the top-down approach indicated by the yellow brace.
Bottom-up estimates of the three greenhouse gas fluxes is shown in color arrows (CO, (red), CH, (purple), and N,O (blue)). The horizontal arrow indicates lateral flux,
the vertical arrow indicates source/sink (upward/downward) of greenhouse gas to the atmosphere, the double arrows refer to the interaction of the gases inside and

outside the regional atmospheric boundaries.

management, indirect N,O emission from manure and synthetic nitrogen fertilizer use, and aquaculture. Sectors
from natural ecosystems include emissions from natural soil, inland waters, as well from fire.

To characterize the GHG budget in East Asia, we integrated data separately from bottom-up and top-down ap-
proaches with rigorous quantification of the uncertainties, providing a synthesized GHG budget including all
terms of GHG fluxes. The estimated budget will better serve as the baseline for climate change mitigation efforts,
such as emission reductions and the land-based climate solutions. Data and methods we used are described in the
following sections, accessible links of data are available in Supporting Information S1 (Tables S1-S3).

2.3. CO,
2.3.1. Top-Down Approach

The top-down approach combines measurements of CO, mole fractions with atmospheric transport models to
constrain the magnitude and location of the combined total surface CO, fluxes from all sources (Friedlingstein
et al., 2022). In this study, seven atmospheric inversions were used to infer the top-down estimates of the land—
atmosphere CO, flux for East Asia. For China, three inversion estimates using additional territorial observations

WANG ET AL.

4 of 21

8518017 SUOWILWIOD 3A 181D 3|l (dde ays Aq pausenob afe sapiie YO ‘8sn JO SaInJ 10} Aiq1T8UlUO /8|1 UO (SUOTIPUOD-PUR-SLLIBY WD A8 | ARe.q 1 Ul Uo//Sd1Y) SUORIPUOD pue swiie | 3y} 88s *[7z02/60/70] Uo AriqiTaulluo Ae|IM ‘NSNISUNOA!E [wod A 9820099€202/620T 0T/I0p/ w00 A8 |mAReiq1putjuo'sqndnfe;/sduy wo.y pepeojumoa ‘Z ‘v202 ‘2eerreT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2023GB007865

were also included (Chen et al., 2021; Jiang et al., 2016; Y. Wang et al., 2022). To reconcile top-down and bottom-
up results, additional adjustments about reduced carbon compounds (RCC, include fossil fuel RCC and biogenic
RCC) has been made.

Although fossil fuel CO, emissions is not included in the ecosystem GHG budget, it accounts for the largest share
of CO, emissions and acts as the prior flux in inversion-based CO, budget estimate. The fossil fuel CO, emissions
estimated in this study followed the definition boundary described in the latest GCB (Global Carbon Budget,
Friedlingstein et al., 2022). Global inventories (CDIAC-FF, Gilfillan & Marland, 2021; EDGARV7.0, Crippa
etal., 2022; CEDSv2021_04_21, Hoesly et al., 2018, McDuffie et al., 2020; PRIMAP-hist, Giitschow et al., 2021,
Giitschow et al., 2016) and regional specific datasets (CEADs, GIR, 2021; Long et al., 2020; NCCC, 2010, 2018;
NIES, 2022; Shan et al., 2018, 2020) were also taken into our estimation (See more details in the Text S1 in
Supporting Information S1).

2.3.2. Bottom-Up Approach
2.3.2.1. Carbon Stock Change

The magnitude of the terrestrial CO, balance is driven by multiple processes, which can be quantified by the
annual carbon stock changes (AC) (Luo et al., 2015). We estimated the AC in East Asia since 2000 as the sum of
inventory-satellite-model based estimates from above-ground and below-ground carbon storage changes in
different ecosystems pools (e.g., forests, grasslands, croplands, others) and other natural carbon stocks (carbon
burials in sediments and crop and wood products). IPCC has published useful inventory methods for estimating
GHG emissions, here, regionally distributed activity information and statistics are combined with technology-
specific emission factors (EF). The methods are categorized into Tier 1, 2 or 3 approaches (IPCC, 2019). Tier
1 represents the simplest approach that relies on default emission factors drawn from previous studies. Tier 2 and
Tier 3 methods are based on more nuanced, nationally derived information, while Tier 3 could incorporate more
sophisticated approaches, including models and temporally and spatially resolved activity data. More detailed
description of the methods of each AC can be found in the Texts S2—S7 in Supporting Information S1.

2.3.2.2. Ecosystem Modeling Estimates

The terrestrial carbon budget estimated by the carbon cycle models consists of two parts, the net ecosystem
exchange (NEE) and the land cover and land use change flux (Fluc).

We estimated the NEE of East Asia from the TRENDY v9 dataset. More detailed description can be found in the
Text S8 in Supporting Information S1. For the Fluc, six estimates, including three bookkeeping approaches, the
BLUE (Hansis et al., 2015), OSCAR (Gasser et al., 2020), and H&N2017 (Houghton & Nassikas, 2017); three
data-based or model-based approaches, an average estimate derived from 18 dynamic global vegetation models
(TRENDY), a process-based model estimate forced by a Chinese land cover dataset by Yu et al. (2022) and a
process-based model estimate driven by high resolution satellite land cover maps (Leng et al., under review) were
used to estimate the net flux of Fluc in East Asia. Considering the TRENDY models and Hansis et al. (2015) were
driven by a common land use forcing (LUH2, Chini et al., 2021), which in contrast to ground-based and satellite
evidence of land cover change in China (e.g., Yu et al., 2022) shows increasing cropland area and decreasing
forest area, we only took the average from H&N2017, OSCAR, Yu et al. (2022) and Leng et al. (under review) for
China. More detailed description can be found in the Text S9 in Supporting Information S1.

2.3.2.3. Lateral Fluxes

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

Carbon export by rivers (Fexport): The river export of carbon delivered to the ocean and across the boundaries of
the region includes dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) and particulate organic
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carbon (POC). For East Asia, RECCAP-1 estimated the lateral export of carbon involved in terrestrial biological
carbon cycling (i.e., excluding the inputs from mineral dissolution given by the difference DIC-DICuptake by
chemical rock weathering). The DOC and POC were derived from GlobaNEWS2 (Mayorga et al., 2010), DIC
and DICatm (it represents the CO, uptake by chemical rock weathering) were derived from Hartmann
et al. (2009).

For China, we calculated the mean result from three different methods. (a) We used the RECCAP-1 estimate
mentioned above. (b) We used the estimate from Jiang et al. (2016) that based on the observations and empirical
formula from previous studies, they estimated Fexport of nine Chinese exorheic rivers during 2006-2009. (c) We
used a recent data-driven model estimate (Yan et al., 2023) of DOC export from land to oceans, which applied
machine learning methods and a comprehensive set of natural and anthropogenic drivers. Based on Yan
et al. (2023)'s estimate and the mean DIC/DOC and POC/DOC ratios observed in the nine rivers from Jiang
et al. (2016), we calculated the total carbon exported through the southeast boundaries of East Asia.

2.3.2.4. Other Natural Sectors

Inland waters outgassing (Fwater): The flooding of large stocks of terrestrial organic matter into inland waters
may fuel microbial decomposition, converting the organic matter stored in above and below ground biomass to
CO,. The CO, outgassing from inland waters in East Asia is calculated in four types of waters: rivers, natural
lakes (lake type 1), reservoirs (lake type 2) and lakes regulated by dam (lake type 3). For East Asia, 11 global
literature estimates have been synthesized in RECCAP-2, all fluxes are rescaled to consistent estimates of surface
area of lakes and reservoirs (after HydroLAKES, Messager et al. (2016)) and rivers (Allen & Pavelsky, 2018).
They were further corrected for effects of seasonal ice-cover and ice out (Lauerwald et al., 2023).

Fire CO, emissions (Ffire): Two datasets of carbon emissions from fire were collected in our study, the fourth
version of the Global Fire Emissions Database (GFED4.1s, Van Der Werf et al. (2017)) and the Live Vegetation
Biomass Carbon for the 21st Century (LVBC, Xu et al., 2021). GFEDA4.1s combined satellite information on fire
activity and vegetation productivity to estimate gridded monthly burned area and fire emissions of different fire
types: boreal forest fires, temperature forest fires, tropical forest fires, peat fires and agricultural waste burning.
LVBC made a conservative estimate of fire emissions separately for forest and non-forest areas by combining
Landsat-based forest cover change product and the Moderate Resolution Imaging Spectroradiometer (MODIS)
burned area product to avoid the overestimation in confusing the partial clearing from fire with the total clearing
in Landsat forest cover change algorithm. We calculated the average of these two estimates for East Asia during
2000-2019.

2.4. CH, and N,O
2.4.1. Top-Down Inversions

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

For N,0, as described in Tian et al. (2020) a total of four estimates from four independent atmospheric inversion
frameworks were used in GCP, including GEOSCHEM, INVICAT, MIROC4-ACTM, PyVAR_CAMS. The
latest versions which go extend until to 2019 were used in this study. The signal from fossil fuel emissions was
removed at the post-processing stage from the inversions mentioned above. We additionally removed the
emissions from fossil fuel and waste and landfills in our final top-down estimate (see Equation 3). The average
result (including emissions from natural ecosystems and agricultural ecosystems) from the above four estimates
since 2000 has been calculated for East Asia.
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For the CH, and N,O emissions from fossil fuel and industry, the latest versions of three global datasets: EDGAR,
CEDS and PRIMAP-HIST were used to estimate emissions related to fossil fuel and industry. National in-
ventories the NCCC, NIES, and GIR were also included. Non-CO, emissions from waste and landfills includes
emissions from managed and non-managed landfills (solid waste disposal on land), and wastewater handling,
where all kinds of waste are deposited (Saunois et al., 2020). Data from four global inventories were taken into
consideration for East Asia (CEDS, GAINS, EDGAR, PRIMAP-HISP), country-level estimates from NCCC,
NIES, and GIR were also included.

2.4.2. Bottom-Up Methods
2.4.2.1. Agriculture

While agriculture sectors include a large variety of activities, in practice these sectors were categorized into
emissions from enteric fermentation (only CH, emissions), manure management, agricultural soils (CH, emis-
sions mainly from rice paddies and N,O emissions mainly from upland soils) and aquaculture.

Enteric fermentation (Fenteric): CH, emissions from enteric fermentation accounts for the majority (~90%) of
global CH, emissions from livestock (Caro et al., 2014; Kumari et al., 2020; Tubiello, 2019). Ruminants represent
the main source of the emissions in most countries, especially for China and Mongolia, this flux would be
substantial. Three global emission inventories, one regional inventory, and available national inventory reports
have been used in this study. The global estimates included FAOSTAT (2022), the EDGARvV7.0 (Crippa
etal., 2022), and CEDS (v2021_04_21) (Hoesly et al., 2018; McDuffie et al., 2020). The above three inventories
are derived using a bottom-up approach where emissions are estimated using reported activity data and source-
and region-specific (where available) emission factors. (a) FAOSTAT jointly disseminates the emissions reported
by countries to the United Nations Framework Convention on Climate Change (UNFCCC). Estimates are
computed at Tier 1 following the IPCC Guidelines for National GHG Inventories from activities located within
FAO. (b) EDGAR follows the IPCC (2006) methodology, with FAO (2021) crop and livestock data, specified as
livestock numbers for buffalo, camels, dairy and non-dairy cattle, goats, horses, swine, sheep, mules, asses and
poultry (turkeys, geese, chickens, and ducks). The livestock populations and cultivated areas rely on FAO activity
data are further disaggregated according to different technologies and processes. Where available, nationally,
regionally or tailored technology based on Tier 2 emission factors are implemented in EDGAR, and in their
absence, default Tier 1 emission factors from IPCC guidelines (IPCC, 2006, 2019) are used. (c) CEDS aims to
improve upon existing inventories with a more consistent and reproducible methodology applied to all emissions
species, updated emission factors, and recent estimates from 1960 through 2019. It implements a process whereby
default emissions were taken directly from national inventories, gap-filled over time using EDGAR estimates
with population data from United Nations (UN). CH, emissions from enteric fermentation are estimated in nine
livestock species: cattle, buffalo, sheep, goats, camels, horses, asses, and swine. For East Asia, Zhang, Tian,
et al. (2021) estimated CH, emissions from 10 categories of livestock in East Asia during 1961-2019 following
the Tier 2 approaches suggested by the 2019 Refinement to the IPCC (2006) Guidelines. For China, Japan and
Korea, the national GHG reports NCCC, NIES, and GIR were also collected, respectively.

Manure management (Fmanure): In the case of nonruminant CH, emissions, there are about 970 million domestic
swine in the world, and nearly half of them are in China (FAO, 2021). The large swine population produces
considerable amounts of CH, emissions through manure production and management processes (Xu et al., 2019;
Zhang, Tian, et al., 2021). We synthesized the estimates from the latest CEDS, EDGAR and FAOSTAT datasets,
national inventories NCCC, NIES and and Zhang, Tian, et al. (2021) for this sector.

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

Agricultural soils (Fagrisoil): Rice cultivation is a major source of CH, as most of the world's rice is grown in
flooded paddy fields (Qiu, 2009). The estimates of CH, emissions from agricultural soils in this study were
obtained from five inventory results (the latest CEDS, EDGAR, FAOSTAT, PRIMAP-HISP and The U.S.
Environmental Protection Agency (EPA, 2021)), and two model estimates from VISIT (Ito, 2021) are considered
for the comparative purpose. EPA provides non-CO, GHG emissions based on a Tier 1 methodology. Activity
data for rice cultivation included rice area harvested from the latest FAO (2021), type of water management
regime and rice-growing season length from GRiSP (2013), and growth rate of rice area harvested from IFPRI's
IMPACT model (2017). Several country-level estimates such as NCCC and NIES and GIR for China, Japan and
Korea respectively were also selected as estimates for each country in East Asia.

N,O emission from agricultural soils associated with fertilizer, crop residues, and other N additions to soils are
captured. Both direct and indirect agricultural soil emissions need to be considered. It is primarily (more than half)
attributable to the increase of fertilizer input to uplands (Ito et al., 2018). Here we calculated this flux based on a
common approach, outlined by Bouwman (1996), in which direct soil N,O emissions are calculated as the sum of
emissions caused by anthropogenic fertilizer-induced emissions plus the remaining background emissions, and
the indirect emissions from N volatilization/deposition and N leaching. Data for East Asia was obtained as the
ensemble mean of N,O emissions from national inventories (NCCC, NIES and GIR), some global datasets (the
latest CEDS, EDGAR, FAOSTAT, PRIMAP-HIST, EPA), a research study by Cui et al. (2022), and six available
model results from NMIP were used for the comparative purpose. Different from using the IPCC Tier 1 meth-
odology as most of the global inventories, Cui et al. (2022) provided a Tier 3 estimate using a linear mixed-effect
model and survey-based data set of agricultural management measures to quantify the spatiotemporal changes of
crop-specific cropland-N,O emissions from China between 1980 and 2017.

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

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

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

Wetlands methane emission (Fwetland): CH, emissions from wetland in this study were mainly derived from the
Global Methane Budget (GMB) (Saunois et al., 2020). The GMB provides estimates for East Asia from 13
process-based models during 2000-2017. The dataset WetCHARTS (Bloom et al., 2017) provides global monthly
wetland CH, emissions and uncertainty from an ensemble of multiple terrestrial biosphere models. However,
because the wetland extent simulated by under WetCHARTS protocol differ too large from the satellite-based
dataset and each other, we did not use WetCHARTS for budget assessment.

Inland waters outgassing (Fwater): We synthesized CH, and N,O emissions from three types of inland water
bodies (includes rivers, natural lakes, reservoirs, lakes regulated by dams) in East Asia. Because the accessible
estimates are mostly static or with short temporal coverage, we assumed no interannual variations for Fwater
during 2000-2019. For CO, we obtained estimates from 10 studies, while for CH, and N,O, we obtained from
eight studies and five studies, respectively.

Fire CH and N,O emissions (Ffire): Similar to the CO, emissions from fires, we used GFEDv4.1s (van der Werf
et al., 2017) to estimate CH, and N,O emissions in this sector. Emissions of five different fire types were
considered.

Natural soil CH, sink and N,O source (Fnatusoil): Oxidation of atmospheric CH, by methanotrophs in natural
soils and N,O emissions from unmanaged soil were evaluated by the process-based terrestrial ecosystem model
VISIT (Ito, 2021; Ito et al., 2018), which contained four schemes for simulating the process. Results from
simulating natural vegetation and croplands separately at each grid were used. The output data was at 0.5° X 0.5°
resolution and a timeseries between 2000 and 2016 was extracted for our estimation.

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

2.5. Calculation of Net GHG Budgets

We then tried to make top-down and bottom-up results comparable through lateral flux adjustments for each
greenhouse gas following the formula below:

TDco, = inversion CO; flux + Fee + Fyree + Frade (1)

TDcy,” = inversion CH, total flux — Fosit® — Foaste® — Egeologyd 2)

TDy,0 = inversion N, O flux — o — Fyaste 3)

BUco, = ACtorest + ACqrassiand T ACcropiand + ACother + AChurial + ACproduct + Fexport )
BUch, = Eneric T Fnanure + Fagrisoilt + Faqua + Faettand + Fawsoil T Fire + Fyater + Fermite Q)
BUN,0 = Fuanure  Fagrisoit T Faqua + Frawsoil T Fire + Fyater (6)

Note: *Top-down budget: the fossil fuel emission is assumed well known by CO, inversions. *Ffossil: fossil fuel
induced GHG emissions. “Fwaste&landfill: waste treatments and landfills induced emissions (data reference:
CEDS, EDGAR, IIASA GAINS and PRIMAP). “Fgeology: geological seepage induced CH, emissions (data
reference: Etiope et al., 2019).

The total influence of three greenhouse gases was calculated separately for bottom-up and top-down approaches.
GWP100 and GWP20 (global warming potentials on 100-year or 20-year time horizon) were used to estimate the
integrated radiative forcing of CH, and N,O in terms of a CO, equivalent unit. We adopt 100-year GWPs of 27.0
and 273 for CH, and N20, 20-year GWPs of 79.7 and 273 for CH, and N, O, respectively, according to IPCC AR6
WGITable 7.15 (Canadell et al., 2021; IPCC, 2022). The GHG budget is therefore combining the three main
GHG gases with the following equation (Figure 4):
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GHG = Budget(CO,) + Budget(CH,) * GWP¢y, + Budget(N,0) * GWPy o (unit : CO,eq) )

2.6. Uncertainty Estimates

Uncertainty in the total budget for each greenhouse gas was obtained by error propagation from uncertainties of
each term from Equation 1 to Equation 6, assuming each flux term is independent to each other. The standard
deviation of different estimates over the past 20 years was calculated at the national scale as the uncertainty for the
flux term. As for few flux terms which only have one available estimate, the reported uncertainty for the estimate
by the original paper was considered as the uncertainty of this term. Further details in uncertainty reports (Text
S10 in Supporting Information S1) and robustness tests (Text S11, Figure S7 in Supporting Information S1) can
be found in Supporting Information S1.

3. Results and Discussions
3.1. CO, Budget
3.1.1. Top-Down

An ensemble of seven atmospheric inversion models and three inversions using additional regional observations
estimated East Asia to have a net land-to-atmospheric CO, flux of —1516.6 + 419.5 Tg CO, yr~' (Table 1),
ranging from —662.5 Tg CO, yr~! to —1770.5 Tg CO, yr~'. According to the seven global atmospheric in-
versions, this accounts for 18% of global land CO, sink. We adopted three regional inversions (Chen et al., 2021;
Jiang et al., 2016; Y. Wang et al., 2022), which used latest available CO, measurements by Chinese Meteoro-
logical Administration not included in the global inversions. These regional inversions did not show significant
differences with the global inversions for East Asia's land CO, sink. By adjusting for the CO, fluxes induced by
lateral C transport processes (net trade of food and wood products, reduced carbon compounds of fossil fuel and
biogenic sources) (Ciais et al., 2019; Y. Wang et al., 2022), the terrestrial ecosystem over East Asia is a net sink of
CO, by —1229.3 + 430.9 Tg CO, yr™".

3.1.2. Bottom-Up

Forests expanded rapidly during the study period over East Asia. According to FAO, forest area increased by
more than 15% from 2.3 x 10® ha in 2000 to 2.7 x 10® ha in 2020, accounting for ~7% of global forests. Adding up
forest inventory estimates from East Asian countries, the carbon stock in East Asia's forest increased by
788.6 + 142.2 Tg CO, yr~ ', which is mostly contributed by forest plantation in China (Yu et al., 2022). The forest
carbon sink was largely due to increasing biomass, which was reported consistently by ground forest surveys and
passive microwave measurements (see Methods). Shrublands, grasslands, croplands and wetlands were also
found to be weaker CO, sinks of —126.3 + 42.2 Tg CO, yr~!, —=36.4 + 452 Tg CO, yr ', —66.3 + 15.4 Tg
CO, yr', —44.7 + 0.4 Tg CO, yr~', respectively (Table 1). Adding up the carbon burial in inland waters and the
accumulated carbon in wood products (see Methods), the inventory-based method estimated an East Asia's CO,
sink of —1353.8 + 158.5 Tg CO, yr™".

3.1.3. CO, Budget Synthesis

It is encouraging to see the top-down and bottom-up estimates of land CO, sink are within +£10% of one another
(between —1229.3 +430.9 Tg CO, yr ' and —1353.8 + 158.5 Tg CO, yr™ ") during 2000s and 2010s, though both
estimates were larger than the ensemble mean of Net Biome Production estimated by the 18 TRENDY ecosystem
models (—978.9 + 316.8 Tg CO, yr™") (Friedlingstein et al., 2022). Although smaller-scale spatial variations
within the region exist between 18 TRENDY models (Figure S2 in Supporting Information S1), all the models
agree that China contributed the most (about 80%~90%) to the carbon sink in East Asia, followed by Japan,
Koreas and Mongolia (Figure S1 in Supporting Information S1). It should be noted that these TRENDY model
estimates were forced by varying climate and CO,, but by constant land cover. There is emerging evidence from
forest inventories, remote sensing and process-based and book-keeping models that land cover and land use
change flux (Fluc) in East Asia is a strong net sink of atmospheric CO, (e.g., Piao et al., 2018; Yu et al., 2022,
Leng et al. under review). Based on our synthesis, we estimated that Fluc over East Asia as a sink of —290.2 Tg
CO, yr~'. Adding TRENDY model NEE and this Fluc, the resulting land CO, sink estimate was
—1269.1 + 423.9 Tg CO, yr™', close to both the top-down and bottom-up estimates.
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Table 1
The GHG Budget in East Asia Since 2000
CO, (Tg CO, yr ") CH, (Tg CH, yr ") N,O (Tg N,O yr™)
Sectors 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 —788.55 142.22 - - - -
2.B Shrublands —126.25 42.21 - - - -
2.C Grasslands —36.37 45.24 - - - -
2.D Croplands —66.27 15.44 - - - -
2.E Wetlands —44.66 0.40° - - - -
2.F Urban Construction 1.62 0.83 - - - -
2.G Burial -37.79 24.24 - - - -
2.H Wood Products —103.07 10.46 - - - -
Subtotal —1201.33 158.09 - - - -
NEE —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 —171.11 70.75 - - - -
3.B Lateral Transport to Ocean —152.48 11.68 - - - -
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 Management — - 1.91 0.92 0.30 0.11
4.C Agricultural Soil - - 9.26 2.82 0.80 0.26
4.D Aquaculture 54.93 21.00 2.27 0.94 0.07 0.05
Subtotal - - 23.04 3.37 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 Seepage® - - 2.17 0.43 - -
TD Inversion —1516.55 419.46 30.30 5.17 1.34 0.83
Balance BU Land Budget —1353.81 158.52 28.57 3.85 2.00 0.31
TD Land Budget —1229.33 430.86 30.30 5.17 1.34 0.83

Note. Bold values represent the subtotal of each sector or the total budget of each GHG. “The reported uncertainty represents the standard deviation. *The uncertainty for
2.E is estimated as 21% of the mean value (NCCC, 2018). “Geological seepage is not contained within the boundaries of our terrestrial ecosystem framework.

We also noted that uncertainties associated with Fluc remain large for East Asia. When forced with varying land
cover, all TRENDY models estimated Fluc over East Asia as a net source of CO, of more than 100 Tg C yr™"
(Figure 3), especially in China (Figure S3 in Supporting Information S1). The spatial patterns of Fluc varied
greatly among TRENDY models (Figure S4 in Supporting Information S1), which implies that in East Asia, the
performance of carbon cycle model-based inference of Fluc still need to be improved. Such issue also occurred in
estimates from Hansis et al. (2015). This is probably because both TRENDY models and Hansis et al. (2015) were

driven by a common land use forcing LUH2 (Chini et al., 2021) which reported increasing cropland area and
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Figure 3. Comparison of different estimates on flux of land cover and land use change (Fluc) in East Asia. (a) Different Fluc estimates over East Asia; (b) Cumulative

Fluc over EA from 2000 to 2019.

decreasing forest area over East Asia. This contradicts the evidence from ground and satellite observations (e.g.,
Piao et al., 2018; Yu et al., 2022, Leng et al. under review).

The land CO, sink over East Asia contributes more than one sixth of the global land CO, sink (Friedlingstein
et al., 2022), which means its CO, sink per area is stronger than the global average. However, the sink offsets
fossil fuel emissions of East Asia by less than 15% (Friedlingstein et al., 2022). It implies that even tripling the
land CO, sink over East Asia, will still not satisfy carbon neutrality ambitions of East Asian countries. Thus, a
realistic pathway of carbon neutrality would have to combine both CO, emission reduction and CO, sink
enhancement.

3.2. CH, Budget
3.2.1. Top-Down

There are 10 atmospheric inversion models for estimating CH, fluxes over East Asia, which yielded the CH,
emission from terrestrial ecosystems as 30.3 + 5.2 Tg CH, yr~' (Table 1) for the decades of 2000s and 2010s,
after adjusting for fossil fuel, waste and landfill emissions and geological seepage (see Methods). The global CH,
inversion models provided by GCP (Saunois et al., 2020) basically used the same set of observations reporting on
the range from 25.7 Tg CH, yr_l t0 40.4 Tg CH, yr_l, while the regional inversion by Zhang, Fang, et al. (2022)
using seven additional sites over China reported 31.2 Tg CH, yr~! which is also within the range of the global
inversions. These results were also consistent with Thompson et al. (2015), whose inversion used CH, and its
isotope measurements with a nested grid over East Asia.

3.2.2. Bottom-Up

The CH, fluxes can be broadly classified into two sectors (Figure 2), the agricultural sector (enteric fermentation,
manure management, paddy croplands and freshwater aquaculture) and the natural ecosystem sector (wetlands,
lake, ponds and other inland water bodies, wild fires, termites, and soil uptake). Spatial pattern of bottom-up CH,
budget in available sector is shown in Figure S5 in Supporting Information S1.

For the agricultural sector, the largest flux term was found to be the enteric fermentation by ruminant animals
(9.6 + 1.3 Tg CH, yr'). Although traditional meat sources of East Asian countries are swine and poultries
(chickens and ducks), there is a growing consumption of beef and lamb. If such tendency persists, the local
production could become the dominant source of CH, emission in this region, though the per capita consumption
of beef and lamb over East Asia are still below the global average (FAO, 2022). One of the collateral conse-
quences of both ruminant animals and swine and chickens is CH, emission from manure management, which
amounts to 1.9 + 0.9 Tg CH,, yr™'. Another large flux term is CH, emission from paddy rice fields (9.3 + 2.8 Tg
CH, yr™"). Since rice is the primary staple food for China, Japan, South Korea and North Korea, East Asia
contains ~20% of global rice croplands (Figure 1), the majority of which is flooded and more productive than the
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global average. Thus, it is not surprising that about one third of the global CH, emission in paddy rice fields comes
from the East Asia region (Saunois et al., 2020). Another smaller but significant flux is CH, emission from
freshwater aquaculture (2.3 = 0.9 Tg CH, yr™ 1), because more than 60% of the global freshwater aquaculture
products comes from East Asia, in particular China (FAO, 2021; Yuan et al., 2019; Zhou et al., 2021). Overall, the
agricultural sector emits 23.0 + 3.4 Tg CH, yr™' (Table 1).

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

3.2.3. CH, Budget Synthesis

It appears encouraging to find the bottom-up estimates of land CH, emission over East Asia (28.6 + 3.9 Tg
CH, yr™") to be close (about +5%) to the top-down estimates of the land CH, emission (30.3 + 5.2 Tg CH, yr ™ ").
However, this could be in part coincident given the large uncertainties in some major flux terms, as the variation
within BU ensembles and within TD ensembles is larger than their difference. For example, the challenge to
estimate CH, ebullition from inland waters remain a major source of uncertainties for inland water CH, emissions
that studies may differ by one order of magnitude (e.g., Chen et al., 2013; Stavert et al., 2021). The agricultural
sector is the dominant sources of land CH, emission, whose magnitudes was three times more than the CH,
emissions from natural ecosystems. The high intensity of rice cultivation and inland water aquaculture has made
East Asia's contribution to global land CH, emission larger than its land fraction (~8%). Unlike CO2, the
magnitude of anthropogenic CH4 emissions from fossil fuel combustion and waste and landfill has a similar
magnitude (34.8 + 3.7 Tg CH, yr™") to land CH4 emissions at the same period (Table 1).

3.3. N,O Budget
3.3.1. Top-Down

The four atmospheric inversion models reported an average estimate of land N,O emissions over East Asia of
1.3 + 0.8 Tg N,O yr~" during 2000s and 2010s, with individual estimates ranging from 0.5 Tg N,O yr ' t0 2.2 Tg
N,O yr~'. Compared with CO, and CH,, the available N,O observation sites remain scarce globally (Thompson
et al., 2019), and only few sites were distributed in or around East Asia. Therefore, the smaller relative un-
certainties among the N,O inversion models should be treated with caution, since the estimates were poorly
constrained by regional observations, and the uncertainties associated with different sets of observations were not
considered in this model ensemble. For similar reasons, the hotspots of the N,O emissions should come mostly
from the prior flux pattern (Figure 5), rather than observational constraints.

3.3.2. Bottom-Up

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

The cropland N,O emission was found to be the largest flux at 0.8 + 0.3 Tg N,O yr~'(Table 1). It contributes to
about one fifth of global cropland N,O emission (Wang et al., 2020), which is due to the excessive nitrogen
fertilizer input in some East Asian countries (e.g., Yu, Huang, et al., 2019). We estimated the second largest
emission source to be from manure management (0.3 + 0.1 Tg N,O yr™'), with individual estimates by in-
ventories or process-based models differing by five times from 0.1 Tg N,O yr™' to 0.5 Tg N,O yr™! (see
Methods). The lack of spatially explicit data of storage duration and treatment type for livestock dung and urine
could be responsible for the large uncertainties, as well as the potential biases of the fraction of total nitrogen
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excretion by livestock species/categories and manure management system and the associated emission factors
(Cui et al., 2021). The freshwater aquaculture is also a non-negligible N,O emission source (0.1 £ 0.1 Tg N,O
yr™"), given much more intense nitrogen input into these fish/shrimp/crab farms than the other inland water
bodies and its wide distribution over East Asia, in particular over China (Yuan et al., 2019). Because N,O
emission estimates for freshwater aquaculture were mostly available over China, we had to use all available
Chinese estimates and only one available Japanese estimate to represent the East Asia. This should lead to a minor
underestimate given the small ratio (<5%; FAO, 2022) of contributions of other countries to the East Asian
freshwater aquaculture production.

On the natural sector, natural soil emission was found to be the predominant source (0.8 + 0.1 Tg N,O yr™ "),
according to the VISIT model (Ito et al., 2018). Apparently, although nitrogen deposition over East Asia is much
higher than the global average (e.g., Yu, Jia, et al., 2019), its contribution to global natural soil N,O emission
(Tian et al., 2020) is sizable to or even smaller than East Asian land fraction due to large dryland area in its western
part. The sum of wild fires and inland water N,O emissions were less than 0.1 Tg N,O yr™' (Table 1), resulting in
a synthesized natural sector N,O emission estimate of 0.8 + 0.1 Tg N,O yrt.

3.3.3. N,O Budget Synthesis

Overall, we found the bottom-up estimate of land N,O emissions over East Asia was 2.0 + 0.3 Tg N,O yr™', while
the top-down estimate was 1.3 + 0.8 Tg N,O yr~'. This regional source of N,O contributes to more than 30% of
global land N,O emission (Tian et al., 2020), highlighting East Asia as the global hotspot region for curbing N,O
emissions. Among the flux terms, the agricultural sector accounted for more than 60% of all N,O emissions,
despite the fact that croplands only occupy less than 20% of the land area. The land N,O emissions over East Asia
was two times than the anthropogenic N20O emission from fossil fuel combustion and waste and landfill
(9.0 + 0.5 Tg N,O yr™") for the same period (Table 1). Compared with CO, and CH,, the consistency of N,O
emission between the top-down and bottom-up estimates were the poorest (>30%), reflecting the larger un-
certainties in assessing the more potent greenhouse gas, both for the top-down and for the bottom-up estimates.
Unlike CO, and CH,, there is no direct satellite N,O measurements to be used for atmospheric inversion (Shen
et al. in review). Considering also the fewest available measurement sites, there is an urgent need for increasing
the number of N,O observation sites. In addition, the inventory-based estimates also vary by 35 times at country/
regional scales, highlighting the need to further develop spatial representation of agricultural management
practices (e.g., fertilization, irrigation, tillage, manure storage, and treatment) and the emission factors, which
would also support the development of mitigation strategies to address nitrogen pollution in air and waters (e.g.,
Gu et al., 2023).

3.4. Greenhouse Gas Synthesis

We used greenhouse gas warming potential (GWP) on the 100-year time horizon (IPCC, 2021; Table S4 in
Supporting Information S1) to account for varying impacts of the three greenhouse gases in our assessment on the
overall GHG gas balance of the region and thus reflecting its impacts on the global climate system. The net source
of CH, was estimated at 818.0 + 139.6 Tg CO,eq yr™ ' by the top-down approach and at 771.3 + 104.0 Tg CO,eq
yr~! by the bottom-up approach. The net source of N,O was estimated as 365.1 £ 225.3 Tg CO,eq yr~! by the
top-down approach and 546.1 + 83.4 Tg CO,eq yr~' by the bottom-up approach. In either approach, the net sink
of CO, (—1229.3 + 430.9 Tg CO, yr~" by the top-down and —1353.8 + 158.5 Tg CO, yr~") exceeded the net
sources of CH4 and N, O, rendering the land over East Asia is nearly GHG neutral (—46.3 # 505.9 Tg CO,eq yr™"
by the top-down and —36.1 + 207.1 Tg CO,eq yr™" by the bottom-up) (Figure 4; Table 2). GHG balance based on
GWP on the 20-year time horizon was also calculated (Table 2), the overall source is substantially stronger due to
the much higher weight of short-lived CH4, emphasizing the challenge of developing sustainable technical ap-
proaches to reduce CH4 emissions without compromising the agricultural demand. No matter for the 100-year or
20-year horizon, the climate mitigation effects of the CO, uptake by terrestrial ecosystems in the East Asia region
could have been largely canceled out (>90%; Table 2) by its net release of CH, and N,O into the atmosphere.

When we separated the land ecosystems into agricultural ecosystems and natural ecosystems, which was only
possible in bottom-up approach, we found that the natural ecosystems over East Asia were a significant net
GHG sink (—911.5 + 167.4 Tg CO,eq yr™'), which was offset by the net GHG source of agricultural eco-
systems (875.4 # 121.9 Tg CO,eq yr™"). This was also consistent with the location of hotspots of CH, and N,O
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Figure 4. East Asia greenhouse gas (GHG) budget during 2000s and 2010s. The color arrows represent GHG fluxes (in Tg
CO,eq yr_l for 2000-2019) as follows: red, CO,; purple, CH,; blue, N,O. Definitions and explanations of the flux terms can
be found in the Methods section.
Table 2
Terrestrial GHG Budget Based on GWP100 and GWP20 Metrics
CO, CH, N,O GHG total
Terrestrial GHG budget (Tg CO,q yr')  Mean sd Mean sd Mean sd  Mean sd P1* p2°
GWP100
TD —1229.3 4309 818.0 139.6 365.1 2253 —46.3 505.9 96% 836%
BU —1353.8 158.5 7713 104.0 5464 834 -36.1 207.1 97% 760%
Natural —1287.5 157.8 1493 50.1 226.7 253 -911.5 1674 29% -
Agricultural —66.3 154 622.0 91.1 319.7 795 8754 1219 1421% -
GWP20
TD —1229.3 4309 2414.6 412.2 365.1 2253 15503 6374 226% 937%
BU —1353.8 158.5 2276.7 3069 5464 834 1469.3 3553 209% 851%
Natural —1287.5 157.8 440.8 1479 226.7 253 —620.0 217.7 52% -
Agricultural —66.3 154 18359 2689 319.7 79.5 20894 280.8 3,253% -
“Proportion of land CO, sink being offset by terrestrial GHG source. Proportion of land CO, sink being offset by total fossil
fuel source.
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Figure 5. Spatial pattern of greenhouse gas (GHG) balance. (a) GHG balance
estimated by the bottom-up approach; (b) GHG balance estimated by the
top-down approach; (c) Net Biome Production simulated by dynamic global
vegetation models; (d) CO, balance estimated by the atmospheric
inversions; (e) CH, balance estimated by the inventory-based approach;

(f) CH, balance estimated by the atmospheric inversions; (g) N,O emission
estimated by the inventory-based approach; (h) N,O budget balance
estimated by the atmospheric inversions (unit: g CO,eq m~2yr ).

3.5. Uncertainty Analysis

emissions, and thus net GHG emission, over areas dominated by cropland,
such as the North China Plain (the region's wheat basket with widespread
wheat-maize rotated croplands) and southern China (rice cultivated for two or
three seasons) (Figure 5). These results highlighted that the agricultural sector
as the priority for climate change mitigation in terrestrial ecosystems.

An in-depth discussion on the effect of estimates from global datasets (e.g.,
bottom-up estimates from global inventories, GCB, FAO, EDGAR) and
regional datasets with additional regional information (e.g., national and
regional inventories using regional specific emission factors and activity data,
inversion estimates with additional regional observational sites) has been
made. The results showed that all terms were within the reported uncertainty
range of two sources of datasets (Table S5 in Supporting Information S1).
While the estimates of some terms (e.g., Fluc, Ftrade and Fmanure) showed
quite different, suggesting more efforts should be made to recognize their
characteristics regionally, for which we have carefully analyzed and dis-
cussed. It should be noted that estimates of non-CO, GHG fluxes from
natural sources have been relatively poorly constrained in regional scale,
which require future studies to quantify the emissions from the natural
sectors.

In summary, using either global data streams or regional data streams result
in no significant change to the main conclusions of this study (Tables S5
and S6 in Supporting Information S1). It is not yet mature to claim whether
one type is better than the other based on their spatial coverage. We uti-
lized both types of data streams in our synthesis, hoping to maximize the
community wisdom as suggested by the RECCAP methodology (Canadell
et al., 2011).

Among the three GHGs, CO, fluxes were largest in the magnitude and un-
certainties (Figure 6 and Figure S6 in Supporting Information S1). Compared
with the RECCAP-1, which demonstrated that terrestrial ecosystem over East
Asia was a net CO, sink between —806.7 Tg CO, yr~! (bottom-up) and
—990.0 Tg CO, yr™' (top-down) during 1990s and 2000s (Piao et al., 2012),
the new estimates on East Asia's CO, sink appear more convergent between
the bottom-up and the top-down approaches, with differences within +10%.
However, large uncertainties remain in several flux terms. For example,
forest CO, sink contributes to more than half of the land CO, sink and ~75%
of the uncertainties in land CO, sink, despite new sources of independent
data emerging recently, such as forest biomass estimates from both passive
satellite microwave measurements (e.g., Chang et al., 2023) and the com-
bined LIDAR and multi-spectral optical remote sensing (e.g., Xu
et al., 2021). Constraining soil carbon budget also needs additional data and
efforts. CH, emission from the paddy fields and N,O emission from cropland
soils contribute the largest to uncertainties in CH, and N,O emissions,
respectively (Figure 6).

To better clarify the uncertainties related to datasets with different spatial and temporal resolutions, we performed

sensitivity analysis on the sample size and temporal coverage of data used in this study (Text S11). Results

showed that the uncertainty caused by the differences in the temporal coverage is less than 10% of our reported

estimates (Figure S8 in Supporting Information S1), implying minor impacts from the temporal coverage dif-

ferences and the robustness of our estimation during 2000s and 2010s. Furthermore, The analysis also indicates

that our estimation should not be sensitive to inter-annual events, which is one of the reasons why RECCAP-2
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CHa N20 chose the two decades as the study period, rather than a shorter study period.
N - b P el The uncertainties associated with sample size is minor in our analysis (Figure
A 4C s S9 in Supporting Information S1). The differences in spatial resolution will
5D 5A a8 incur uncertainties for spatial patterns of the GHG budget. However, the main
4C 4A* conclusions of this study were drawn from the regional scale aggregated over
Al all East Asian countries. The spatial resolution of the data streams (higher
than 0.5° for bottom-up approaches and ~1° for top-down approaches) are in
4C general fine enough for assessing the budget over the entire region, though the
robust smaller-scale spatial variations within the region should be explored
CO:2 N20 CHa with additional efforts in the future. We have also noted the cautions needed
. for the pattern of GHG budget in fine spatial details.
B

Figure 6. Contribution of major flux terms to the magnitude of greenhouse
gas budgets and to the uncertainties based on GWP100. The blue block
indicates the GHG sink, the gray block indicates the GHG source. The thick
black lines distinguish the three gases. (left) Contribution of each flux term
to the magnitude of GHG budgets. (right) Contribution of each flux term to

the overall uncertainties.
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Based on our analysis, we indicated that a robust synthesis of each flux term
should contain at least five estimates covering more than 12 years in this
study. The spatial resolution of data streams is suggested to be as high as
possible. Divergent estimates with contradicted results should be treated with
caution. For example, in this study, with the assumption of increasing forest
area in China with ground-based and satellite evidence, we excluded esti-
mates of Fluc driven by land use forcing suggesting the increasing cropland
area and decreasing forest area in China during the 2000s and 2010s.

4. Conclusions

Terrestrial ecosystems over East Asia were net GHG neutrality based on the dual-constraint of top-down and
bottom-up approaches during 2000s and 2010s, indicating that the CO, sink in the ecosystems could have been
largely offset by the net source of CH, and N,O. Compared to the global GHG estimate from Tian et al. (2016),
both of our top-down and bottom-up estimates indicated that CH, and N,O budgets of East Asia account for
~15% of the global budget, while the corresponding proportion of CO, sink to the globe is more than 20% (top-
down: 21%; bottom-up: 26%). The remarkable carbon sink capacity of East Asia made the overall balance of
terrestrial ecosystem GHG close to neutral. While natural ecosystems were a net sink of GHG, it has been almost
fully offset by net sources of GHG from the agricultural ecosystems. This study highlights the agricultural sector
as a priority for climate mitigation efforts on terrestrial ecosystems over East Asia. The emerging data sources,
improving modeling capacities in recent years have contributed to the improved closure between top-down and
bottom-up estimates, though sizable uncertainties remain in some major flux terms, such as land use change.
Future studies should need to further refine emission factors and activity data to provide estimates with better
spatial and temporal resolutions, which would not only facilitate the policy making for climate change mitigation,
but also serve monitoring the progresses in achieving climate neutrality.

Data Availability Statement

The relevant data supporting the conclusions of this study, including the inversion fluxes for three GHGs,
the GCP estimates for three GHGs, the regional land carbon fluxes of TRENDYV9, the soil N2O emissions
estimated by NMIP models, the book-keeping model fluxes, the synthesis of inland water GHG emission
estimates and the lateral carbon fluxes were archived and available from the data repository of RECCAP-2
at https://www.bgc-jena.mpg.de/geodb/projects/Home.php. All other datasets used in this study were listed
in Table S1-S3 in Supporting Information S1 with detailed data descriptions and link for access. The
analysis was conducted through MATLAB version R2022a (https://ww2.mathworks.cn/products/matlab.
html). Maps and figures were created through ArcGIS Pro version 2.8.3 from Esri (https://www.esri.com/
en-us/arcgis/products/arcgis-pro/overview) and CorelDraw Graphics Suite version 2021 from Corel Cor-
poration (https://www.coreldraw.com/en/product/coreldraw/). Any other request should be directed to the
corresponding author.
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