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Fig. S1. Monthly Oceanic Nifio Index (ONI) between Jan 2000- Jan 2023 (unit: °C). It is defined as monthly running
mean sea surface temperature (SST) anomalies in the Nifio 3.4 region (5°N-5°S, 120°-170°W). When ONI index is
lower than -0.5°C, it is defined as La Nifia, and it is El Nifio when ONI index is higher than 0.5°C. 2021 is in the middle
of the longest La Nifia in this century.
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Figure S2 Comparison between NOAA global CO2 growth rate and the annual net carbon flux based on the ensemble
OCO-2 inversions. The annual net carbon fluxes were calculated as the sum of fossil fuel emissions and natural carbon
fluxes over land and ocean, which represent the total changes of atmospheric COz estimated by inversion models. The
NOAA global CO» growth rate was converted to gigaton carbon per year using the conversion factor of 2.124GtC/
ppm (42). We assumed 0.2 GtC/year uncertainty for the observed NOAA annual CO: growth following (17),
while the ensemble model spread was used as the uncertainty for the inversion results.
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Figure S3 The annual net biosphere exchange (NBE) anomalies over the tropics and extra-tropics estimated by the eight
inversion models, which are JHU, Baker, CAMS, TM5-4DVar, AMES, COLA, CMS-Flux, and GCAS. The color
represents years. Unit: GtC/year.
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Figure S4 Spatial distributions of the number of aircraft atmospheric COz observations from 1 km to 7 km over mid-
latitude North America (a), East Asia (b), and Southeast Asia (c) for the period 2015-2019. The aircraft observations
are from the Atmospheric Carbon and Transport (ACT) — America and Comprehensive Observation Network for
TRace gases by AlrLiner (CONTRAIL) projects (46). (d-f) Mean atmospheric CO:z differences with a 0.5 km interval
between observations and OCO-2 MIP models over each region for the same period. Black line and shaded area
denote ensemble mean and one inter-model standard deviation range. (g-i) Vertical gradients of mean observation-
model differences of atmospheric CO» for altitude ranges of 1-3 km and 3-6 km above ground.
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Figure S5 Same as Figure S4 but for aircraft atmospheric CO2 observations over East Asia for 2015 (a, d, and g),
2016 (b, e, and h), and 2017 (c, f, and 1).
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Figure S6 Same as Figure S4 but for aircraft atmospheric CO2 observations over Southeast Asia for 2015 (a, d, g),

2016 (b, e, and h), and 2017 (c, f, and i).
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Figure S7 Same as Figure S4 but for aircraft atmospheric CO2 observations over mid-latitude North America for the
periods 2016-2017 (a, c, and e) and 2018-2019 (b, d, and f).



Fig. S8 Land cover classification based on MODIS International Geosphere — Biosphere Program (IGBP) 2020 data.
Green: forest; yellow: semi-arid region; and red: grassland and cropland. Forest type includes evergreen needleleaf
forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf forest and mixed forest. Semiarid
region includes grid points dominated by closed shrublands, open shrublands, woody savannas, and savannas.
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Fig. S9 Spatial distributions of annual climate and carbon flux anomalies. Top left panel: Percentage of annual
precipitation anomalies (unit: %); top right panel : annual temperature anomalies (unit: °C); bottom left panel:

percentage of GPP anomalies (unit: %); bottom right panel: annual anomalies of net biosphere exchange (unit: tera
grams of carbon; TgC).
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Figure S10 Regional normalized climate anomalies. Normalized annual anomalies of vapor pressure deficit (VPD)
(yellow), surface temperature (Ts) (red), precipitation (green), and total water storage (TWS)anomalies (brown) over
mid latitudes of North America (NA) (A), Eurasia (B), East Asia (C), tropical Asia (D), rest of Australia (G), tropical
Africa (F), and tropical South America (E) (clockwise). The normalized anomalies are defined as the ratio between
annual anomalies in 2021 and standard deviation of annual anomalies over 2015-2021. For TWS, the standard deviation

was calculated over 2015-2016 and 2019-2021 due to missing data in 2017 and 2018.
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Figure S11 Regional monthly climate anomalies in 2021. Monthly anomalies of temperature (red, unit: °C) and
precipitation (blue, unit: mm/day) over mid latitudes of North America (NA) (A), Eurasia (B), East Asia (C), tropical
Asia (D), the rest of Australia (G), tropical Africa (F), and tropical South America (E) (clockwise). The shaded area
represents monthly variations of regional mean temperature or precipitation between 2015-2021.
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Figure S12 Regional monthly carbon flux anomalies in 2021. Monthly anomalies of gross primary production (GPP)
(blue, unit: GtC/month) and net biosphere exchange (NBE) (black, unit: GtC/month) over mid latitudes of North
America (NA) (A), Eurasia (B), East Asia (C), tropical Asia (D), the rest of Australia (G), tropical Africa (F), and
tropical South America (E) (clockwise).



T anomalies (May-July)

Beu A
05

TgC/season e — TgC/season e — TgC/season

GPP lies (Feb-April)
P .

TER ar lies (Feb-April) ' ' TER anomalies (May-July]

=S

-0.5

. . 0 .
TgC/season | e TgC/season EE . TgC/season

Figure S13 Temperature (top row), precipitation (second row), total water storage deficit (third row), net biosphere
exchange (NBE) (fourth row), gross primary production (GPP) (fifth row), and total ecosystem respiration (TER)
(sixth row) anomalies over Feb-April (left column), May-July (middle column), and Oct-Dec (right column) in 2021.
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Figure S14 Top panel: annual mean Indian Ocean Dipole (IOD) Index vs. CO2 growth rate anomaly between 1959-
2021 without 1991 and 1992, when Pinatubo volcano eruption had a dominant impact. The Indian Ocean Dipole index
data was downloaded from https://psl.noaa.gov/gcos wgsp/Timeseries/DMI/. Middle panel: annual mean North
Atlantic Oscillation (NAO) Index vs. CO2 growth rate anomaly between 1959-2021 without 1991 and 1992. The NAO
index data was downloaded from https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml. Bottom
panel: annual mean Arctic Oscillation (AO) Index vs. CO2 growth rate anomaly between 1959-2021 without 1991 and
1992. The AO index data was downloaded from
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml.
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Figure S15 The Open-source Data Inventory for Atmospheric CO2 (ODIAC) fossil fuel emissions used in this study
and the Gridded Fossil fuel Emission Dataset (GridFED) from global carbon budget 2022 (GCB-GridFED) have the
similar changes during 2015-2021, though the mean difference is about 0.1 GtC/year. (A): global fossil fuel emission
estimates from ODIAC (black) and GCB-GridFED (blue); (B): total fossil fuel emissions over East Asia. Unit:

GtClyear.



Monthly global total fossil fuel emissions 0.04 Monthly global total fossil fuel emissions anomalies

0.95
—ODIAC
® — GCB-GridFED 002 (B
0.9
0
0.85
£ £ -0.02
c c
g 0.8 g 0.04
S Q-
(6] G -0.06
0.75
-0.08
0.7
-0.1 — ODIAC
—— GCB-GridFED
0.65 -0.12
2015 2016 2017 2018 2019 2020 2021 2015 2016 2017 2018 2019 2020 2021
Month Month
Monthly fossil fuel emissi over East Asia fossil fuel emissi ies over East Asia
0.34 0.04 -
—ODIAC —ODIAC
—— GCB-GridFED —— GCB-GridFED
032t © 003~ ©
0.02
< 0.3 <
S S 0.01
Eo28 £
Q g o
0]
0.26 ©
-0.01
0.24 0,02
0.22 -0.03
2015 2016 2017 2018 2019 2020 2015 2016 2017 2018 2019 2020 2021
Month Month

Figure S16 The Open-source Data Inventory for Atmospheric CO2 (ODIAC) fossil fuel emissions used in this study
and the Gridded Fossil fuel Emission Dataset (GridFED) from global carbon budget 2022 (GCB-GridFED) have the
similar monthly anomalies in both global scale and over East Asia, though these two fossil fuel emissions have
different seasonal cycle. (A) Monthly global fossil fuel emission estimates from ODIAC (black) and GCB-GridFED
(blue) and (B) their anomalies. (C) Monthly fossil fuel emissions over East Asia and (D) their anomalies. Unit:
GtC/month.
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Figure S17 The contrast between monthly net biosphere exchange (NBE) anomalies and monthly fossil fuel emission
anomalies. (A) Monthly fossil fuel emission anomalies from the Open-source Data Inventory for Atmospheric CO2
(ODIAC) (black) and the Gridded Fossil fuel Emission Dataset (GridFED) from global carbon budget 2022 (GCB-
GridFED) (blue), and NBE anomalies (magenta) over the globe and (B) over East Asia. Unit: GtC/month.
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Figure S18 Left panel: annual mean relative precipitation differences between 2021 and 2011 (unit: %). The

precipitation differences are normalized by the annual mean precipitation between 2015-2021. Right panel: annual
mean temperature differences between 2021 and 2011 (unit: °C).
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Figure S19 Precipitation and temperature anomalies in 1975. The anomalies were calculated with respect to the mean
between 1972 and 1978. Top panels: annual precipitation and temperature anomalies (unit: °C); Middle panel:

precipitation and temperature anomalies between Jan-March 1975; Bottom panel: precipitation and temperature
anomalies between April-July 1975.
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Figure S20 Precipitation and temperature anomalies in 1985. The anomalies were calculated with respect to the mean
between 1982 and 1988. Top panels: annual precipitation and temperature anomalies (unit: °C); Middle panel:
precipitation and temperature anomalies between January and March 1985; Bottom panel: precipitation and
temperature anomalies between April and July 1985.
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Figure S21 (left) Annual precipitation anomalies over the Central Asian Region (30°E-85°E, 30°N-50°N) versus annual
mean Oceanic Nifio Index (ONI) for the nine available models from the Coupled Model Intercomparison Project Phase
Six (CMIP6) rlilp1 versions (described further in the text). (Right) Same as the left panel, except April through June
precipitation anomalies. Each dot in each plot represents a seasonal or annual precipitation anomaly for each of the
individual model years from 2016-2100. To compute the ONI, any possible long-term trend is linearly removed for
each model first; analogously this is how precipitation anomalies are computed. The linear correlation coefficients and
best-fit lines are shown in each panel. The CMIP6 models used for this analysis are only those which contain rlilpl
versions, in which “r” refers to the realization (ensemble member), “i” initialization method, and “p” the physics. We
utilize nine CMIP6 models (IPSL, CNRM, MPI, NCAR, MRI, CCCMA, MIROC, GFDL, and CAMS). For an
overview of the configuration and experimental design of CMIP6, please see (52).



Table S1. Summary of the ensemble of top-down atmospheric inversion models.

Model
Name

NOAA-
Baker

CAMS
John
Hopkins

TMS5-
4Dvar

AMES

COLA

CMS-Flux

GCASv2

Transpor
t Model

PCTM

LMDZ

GEOS-
Chem

T™M5

GEOS-
Chem

GEOS-
Chem

GEOS-
Chem

MOZAR

T-4

Resolution

4°x 5°

1.9°x3.75°

4°x 5°

2°x3°

4°x 5°

4°x5°

4°x5°

2.8°x2.8°

Inversion

Method

4D-Var

4D-Var

Geostastical

/4D-Var
4D-Var

4D-Var

EnKF

4D-Var

EnKF

Meteorolo

gy

MERRA2

ERA-5

MERRA-2

ERA-5

MERRA-2

MERRA-2

Merra-2

ERA-5

Prior
terrestrial
biosphere

flux
CASA-
GFED3

ORCHIDEE

CASA-
GFEDA4.1s

SiB-CASA

CASA-
GFEDA4.1s

VEGAS

CADAMO
M

BEPS

Prior air-
sea flux

Landschutze

rvd.4

CMEMS

Takahashi

CT2019

CT2019

Rodenbeck2
021

MOM6

CT2017

Contact

D. Baker

F.
Chevallier

S. Miller
S. Basu

S.
Philip/M.
Johnson
N. Zeng/Z.
Liu

J. Liu

F. Jiang



Table S2. List of datasets used in the study.

OCO-2 10sec
averages

ftp.cira.colostate.edu:/ftp/BAKER/OCO2_b10c_10sec_GOOD r7.nc4

Atmospheric CO2
growth rate

https://gml.noaa.gov/ccgg/trends/gl_gr.html

Fossil fuel https://zenodo.org/record/8325420
emissions
GOSIF https://globalecology.unh.edu/data/GOSIF.html
FluxSAT https://daac.ornl.gov/VEGETATION/guides/FluxSat GPP_FPAR.html#datadescraccess
Nino 3.4 index https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
GPCP precipitation | https://www.ncei.noaa.gov/data/global-precipitation-climatology-project-gpcp-

monthly/access/

Fire CO2 emissions

https://doi.org/10.6084/m9.figshare.21770624.v1

2-m Temperature
and 2-m dew point

ERA-5 reanalysis https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-eraS-land-
monthly-means?tab=overview

temperature
OCO-2 v10 MIP https://gml.noaa.gov/ccgg/OCO2_v10mip/download.php
extension
ACT-America https://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=1593
CONTRAIL https://www.nies.go.jp/doi/10.17595/20180208.001-¢.html
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