SCIENCE ADVANCES | RESEARCH ARTICLE

ENVIRONMENTAL STUDIES

The reduced net carbon uptake over Northern
Hemisphere land causes the close-to-normal CO,

growth rate in 2021 La Nina

Junjie Liu"?*, David Baker®, Sourish Basu*>, Kevin Bowman’, Brendan Byrne',
Frederic Chevalliers, Wei He7, Fei Jiang7, Matthew S. Johnsons, Terence L. Kubar9'1, Xing Li1°,
Zhigiang Liu'", Scot M. Miller'?, Sajeev Philip'3, Jingfeng Xiao'*, Jeongmin Yun', Ning Zeng®**

La Nifa climate anomalies have historically been associated with substantial reductions in the atmospheric CO,
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growth rate. However, the 2021 La Niiia exhibited a unique near-neutral impact on the CO, growth rate. In this
study, we investigate the underlying mechanisms by using an ensemble of net CO, fluxes constrained by CO, ob-
servations from the Orbiting Carbon Observatory-2 in conjunction with estimates of gross primary production
and fire carbon emissions. Our analysis reveals that the close-to-normal atmospheric CO, growth rate in 2021 was
the result of the compensation between increased net carbon uptake over the tropics and reduced net carbon
uptake over the Northern Hemisphere mid-latitudes. Specifically, we identify that the extreme drought and warm
anomalies in Europe and Asia reduced the net carbon uptake and offset 72% of the increased net carbon uptake
over the tropics in 2021. This study contributes to our broader understanding of how regional processes can shape
the trajectory of atmospheric CO, concentration under climate change.

INTRODUCTION

Anthropogenic emissions from fossil fuel burning, cement produc-
tion, and land use practices are primary drivers for the atmospheric
CO; increase. However, not all anthropogenic emissions remain in
the atmosphere. Land and ocean have absorbed a stable proportion
of the anthropogenic emissions so far, maintaining a roughly 44%
airborne fraction (AF) (1), defined as the ratio between the annual
increase in atmospheric CO; and the anthropogenic emissions
(Fig. 1). The AF has large year-to-year variations, ranging from as
low as approximately 20% to as high as 78% (Fig. 1). This variation
is mainly driven by the response of tropical land carbon fluxes to
climate anomalies caused by the El Nifo Southern Oscillation
(ENSO) cycle (2-4). During El Nifos, tropical continents are gener-
ally warmer and drier, leading to a decrease in carbon uptake from
the atmosphere. This, in turn, results in a higher atmospheric CO,
growth rate and an average of 16% more carbon remaining in the
atmosphere (i.e., 60% AF) than the average. Conversely, La Nifa
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events have the opposite effect, causing an average of 9% lower AF
compared to the overall average (Fig. 1). Therefore, the extent to
which land absorbs carbon from the atmosphere and sustains a larg-
er carbon sink in future La Nifa events has consequential implica-
tions for climate change and the effectiveness of carbon-climate
policies aimed at achieving Paris climate goals.

In 2021, despite being in the middle of the longest La Nifia event
of this century (28 months; fig. S1), the atmospheric CO, growth
rate (table S2) was unexpectedly close to historical average, instead
of being lower as expected from the historical record (Fig. 1). Since
the inception of the modern CO, records in 1959, the atmospheric
CO; growth rate has, on average, been about 0.3 parts per million
(ppm) lower than the climatological mean during La Nifa events
after removing the secular trend (Fig. 1). For example, in 2011, the
second longest La Nifia event of this century, the atmospheric CO,
growth rate anomaly was notably negative at —0.5 ppm and the AF
at 32%, owing to the anomalous large carbon uptake over Southern
Hemisphere (SH) semiarid vegetation (5). Intriguingly, the atmo-
spheric CO, growth rate anomaly in 2021 was a mere 0.01 ppm, and
the AF was 46%, even higher than the average AF. This unique oc-
currence contrasts sharply with the historical pattern where positive
CO; growth rate anomalies during La Nifia events were extremely
rare, with notably anomalies of 0.05 ppm in 1975 and 0.19 ppm
in 1985.

Understanding the underlying factors contributing to the near-
neutral impact of 2021 La Nifia can provide valuable insights into
the potential response of the carbon cycle to similar La Nifia events
and anticipated trajectories of atmospheric CO, concentration in
the future. El Niflo events, known for their substantial influence on
both precipitation and tropical carbon cycle, have garnered substan-
tial interest within the scientific community (6-11). Conversely, re-
search on La Nifia events are relatively scarce (5). Unlike in 1975 and
1985, in 2021, there were unprecedented CO, observations from
satellites. Previous studies have shown that the satellite observa-
tions from the Orbiting Carbon Observatory-2 (OCO-2) effectively
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Fig. 1. The atmospheric CO, growth rate and airborne fraction (AF) are generally
lower during La Niiia, while the growth rate in 2021 is close to average despite be-
ing in the middle of the longest La Nifa in this century. (A) AF (bars) and annual mean
Oceanic Nino Index (ONI) (Oct-Sep) (unit: °C) between 1959 and 2021 (line). Gray bars,
1959-2020; orange, 2021; green, average AF during La Nifa events; magenta, average
AF during El Nifio events; black, average over 1959-2021. (B) CO, growth rate anomaly
(black) (unit: ppm) and annual mean ONI (Oct-Sep) (unit: °C) between 1959 and 2021.
(€) Annual ONI index versus CO, growth rate anomaly between 1959 and 2021 with-
out 1991 and 1992, when Pinatubo volcano eruption had a dominant impact (57). ONI
is defined as sea surface temperature (SST) anomalies over Nifio 3.4 region (5°N to 5°S,
170°W to 120°W). El Nifio years are those with annual mean ONI greater than 0.5°C, and
La Nifa years are those with annual mean ONI lower than —0.5°C. Note that the annual
mean ONl is the mean over Oct-Sep to account for possible lagged response of land cli-
mate anomalies to SST anomalies (37), while the annual CO, growth rate for a given year
is the CO, difference between the end of December and the start of January of that year
based on global marine surface data (https://gml.noaa.gov/ccgg/trends/gl_gr.html).
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monitored the response of regional carbon fluxes to climate interan-
nual variations (9, 11-13).

In this study, we use an ensemble of CO, fluxes estimated from
top-down atmospheric inversions assimilating OCO-2 land obser-
vations (tables S1 and S2). We also use two satellite-constrained
gross primary production (GPP) products and a fire CO, emission
product from a top-down CO atmospheric inversion (Materials and
Methods and table S2) to explore processes that have contributed to
the close-to-average atmospheric CO, growth rate in 2021 La Nifia
condition. Specifically, our aim is to assess the land carbon cycle
responses at various scales, ranging from hemispheric to continen-
tal scales and then down to regions affected by extreme climate
anomalies. In addition, we seek to quantify the role played by differ-
ent vegetation types to examine whether semiarid regions play an
outsized role, as observed in the 2011 La Nifa. The ensemble net
CO;, fluxes over 2015-2021 were generated with a subset of models
that contributed to the v10 Orbiting Carbon Observatory (OCO-2)
modeling intercomparison project (MIP) by Byrne et al. (14) and
one additional model, GCASv2, which has been documented in
(15, 16). The ensemble top-down inversions capture the sensitivity
of flux estimates to transport models, inversion methods, and inver-
sion setups (Materials and Methods) (table S1). The annual net car-
bon fluxes, calculated as the sum of fossil fuel emissions and natural
carbon fluxes over land and ocean, align closely with the annual
CO, growth rate reported by National Oceanic and Atmospheric
Administration (NOAA) (fig. S2) (Materials and Methods).

RESULTS

Responses of hemispheric land carbon fluxes to

2021 La Nina

We calculated annual carbon flux anomalies relative to the mean
over 2015-2021 for each year. Over these 7 years, the land net bio-
sphere exchange (NBE) (i.e., including all land-atmosphere CO,
fluxes except fossil fuel emissions) dominated the year-to-year vari-
ations of total natural (land and ocean) carbon fluxes (Fig. 2A), con-
sistent with the long-established understanding that the NBE has
stronger interannual variations than the ocean net carbon fluxes
(17-20). In 2021, the NBE anomaly was —0.22 + 0.15 gigaton car-
bon (GtC), with negative numbers indicating more net carbon up-
take from the atmosphere. Despite 2021 being the strongest La Nifia
among these 7 years (Fig. 1) (21, 22), the magnitude of net land car-
bon uptake from the atmosphere was smaller than that in 2017 and
2018 (Fig. 2), which were weak La Nifa during part of the year and
had —0.74 + 0.14-GtC and —0.59 + 0.15-GtC NBE anomalies, re-
spectively.

Breaking down the land into tropics and extra-tropics, we find
that the tropical land absorbed 0.79 + 0.23 GtC more carbon from
the atmosphere in 2021, the largest carbon sink during these 7 years,
consistent with the notion that a larger carbon sink exists over the
tropical land during La Nifia years (3). Here, the tropical land is de-
fined as the land area within 22°S and 22°N. This increased net car-
bon uptake in 2021 had a similar magnitude as the anomalous
carbon release from the tropical continents during the 2015-2016 El
Nifio, indicating the strong impact of climate interannual variations
due to the ENSO cycle on tropical land carbon fluxes.

However, the extra-tropical land absorbed 0.57 + 0.30 GtC less
carbon from the atmosphere in 2021 (Fig. 2B), offsetting 72% of the
increased carbon sink over the tropics. Consequently, land carbon
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Fig. 2. The reduced net carbon uptake over the extra-tropical land offsets 72%
of the increased net carbon uptake over the tropical land, causing the close-
to-average atmospheric CO, growth rate in 2021, despite being in the middle
of the longest La Nifia in this century. (A) Annual combined land and ocean (dark
green), land (light green), and ocean (blue) net carbon flux anomalies estimated by
the ensemble top-down atmospheric inversion models (unit: GtC/year). (B) The an-
nual NBE anomalies over tropical land (pink) and the extra-tropical land (yellow)
(unit: GtC/year) from 2015 to 2021. Positive values indicate less carbon uptake from
the atmosphere and vice versa. The sum of the NBE anomalies over the tropical land
and the extra-tropical land in (B) is equal to the total land NBE anomaly plotted in (A).
The background colors in these two panels are the annual ONI, with warm colors in-
dicating positive SST anomalies while cool light blue indicating negative SST anoma-
lies. Same as in Fig. 1, the annual ONI is defined as mean SST anomalies between
October and September in Nifio 3.4 region. The uncertainty bars in the figures repre-
sent the SDs among the ensemble top-down atmospheric inversion models.

sink only slightly increased in 2021 leading to a nominal CO,
growth rate. The compensating carbon flux anomalies between the
tropics and extra-tropics in 2021 were consistently estimated among
all the inversions, and almost all the models indicate that the extra-
tropics had the weakest carbon sink in 2021 (fig. S3). Note that the
atmospheric CO, growth rate anomaly was calculated relative to
the mean over 1959-2021 after removing the temporal trend, while
the flux anomalies were calculated relative to the mean over 2015-
2021, so the total flux anomaly in Fig. 2 does not equal to the growth
rate anomaly in Fig. 1.

Previous studies suggest that the CO; flux distributions between
the tropics and extra-tropics are affected by the errors in model-
simulated CO, vertical profiles caused by vertical transport errors
(23, 24). While the flux anomalies are found to be less sensitive to
absolute errors in CO, vertical profiles, they could be influenced by
the time-varying errors in CO,; vertical gradient. To assess the ro-
bustness of the flux anomaly contrast between the tropics and extra-
tropics, we quantified CO, vertical gradient errors across three
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regions—North America, Southeast Asia, and East Asia, where a
stable amount of aircraft observations is available—and examined
how the CO, vertical gradient errors vary by years (Materials and
Methods and figs. $4 to S7). We found that the errors in CO, vertical
gradient are relatively constant in each region over the period that
we examined, although the absolute CO, vertical gradient errors
differing by regions. For example, over Southeast Asia, the CO, ver-
tical gradient errors are 0.2 + 0.3 ppm, 0.2 + 0.3 ppm, and
0.4 + 0.2 ppm in 2015, 2016, and 2017, respectively. This suggests
that the impact of vertical transport errors on the flux distributions
between the tropics and extra-tropics is consistent year to year, sup-
porting the robustness of the flux anomaly contrast between the
tropics and extra-tropics. The persistent nature of transport errors
was also demonstrated in (25).

To further understand the causes for the reduced net carbon
uptake over the extra-tropical land, we divided the extra-tropical
land into three latitude bands: the Northern Hemisphere (NH)
mid-latitudes (23°N to 50°N), the NH high latitudes (50°N to
90°N), and the SH mid-to-high latitudes (23°S to 60°S). We calcu-
lated net carbon flux and its component flux anomalies over forest,
semiarid region, and grassland/cropland (fig. S8). We find that the
net carbon uptake over the NH mid-latitudes reduced by 0.53 +
0.24 GtC in 2021, dominating the total net carbon uptake reduction
over the extra-tropics (0.57 + 0.30 GtC) (Fig. 3 and fig. S10). Over
the SH mid-to-high latitudes, the net carbon uptake increased by
0.09 + 0.04 GtC in the crop/grassland, and the net carbon uptake
decreased by 0.15 + 0.06 GtC over the NH high latitudes (Fig. 3 and
fig. S10), driven by the increased forest fire carbon emissions over
Siberia forest (26). Because the magnitude of the net carbon flux
anomalies over the SH mid-to-high latitudes and the NH high lati-
tudes are much smaller, in the next two sections, we will focus on
regional contributions and causes of net carbon flux anomalies over
the tropics and the NH mid-latitudes.

Regional contributions and causes of the increased net
carbon uptake over the tropics in 2021

Over the tropics, Asia and South America had comparable in-
creases in net carbon uptake, with —0.30 + 0.13-GtC and —0.28 +
0.15-GtC NBE anomalies, respectively (Fig. 4). Tropical Africa
exhibited a slightly lower increase, with —0.24 + 0.13-GtC NBE
anomaly. Of the —0.30 + 0.13-GtC NBE anomalies that occurred
in tropical Asia, —0.07 + 0.05 GtC came from the tropical part of
Australia, and the NBE anomaly over the rest of Australia was
—0.07 + 0.04 GtC. Thus, the NBE anomaly in Australia was
—0.14 + 0.06 GtC, weaker than the NBE anomalies over any of the
tropical continents.

Nearly all NBE anomalies in tropical South America concentrat-
ed within the forested area, whereas semiarid regions and grassland/
cropland were the majority contributor to the net carbon flux anom-
alies over the tropical Africa and Asia (Fig. 3). Only 10% of NBE
anomalies over tropical Africa originated from forests, while ap-
proximately a quarter of the NBE anomalies in tropical Asia were
observed in forested regions. In total, the forested regions contrib-
uted approximately 46% to the tropical NBE anomalies (Fig. 3),
while semiarid and grassland/cropland regions contributed 25 and
30%, respectively.

However, the magnitude of GPP anomalies over the semiarid re-
gion and grassland/cropland was approximately three times of that
over the forest region (1.37 + 0.20 GtC versus 0.44 + 0.24 GtC) in
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Fig. 3. The decrease in carbon absorption in the mid-latitudes of the NH, mostly from grasslands and croplands, is the main driver for the reduced carbon ab-
sorption in extra-tropics, while tropical forests contribute more to increased net carbon uptake than semiarid regions or grasslands. Annual NBE, GPP, TER, and
fire emission anomalies in 2021 over forest, semiarid region, and crop land/grassland (the land cover type is based on MODIS IGBP 2020 land cover classification) in the
tropics (A), the NH mid-latitudes (B), the NH high latitudes (C), and the SH mid-to-high latitudes (D) (unit: GtC/year). The inserted plots on each panel indicate the regions
each panel illustrates. A negative ANBE corresponds to an increased net carbon uptake from the atmosphere, while a positive AGPP indicates increased productivity.
Conversely, positive ATER and Afire values suggest more carbon released to the atmosphere.
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Fig. 4. The overall reduction in net carbon uptake in extra tropical land regions, shown as positive NBE anomalies, is mainly driven by Europe and Asia, while
the three tropical continents have comparable NBE anomalies. Annual anomalies of NBE, GPP, TER, and fire in 2021 over mid-latitudes North America (A), Eurasia (B),
East Asia (C), tropical Asia (D), the mid-latitude Australia (G), tropical Africa (F), and tropical South America (E) (clockwise) in forest, semiarid, and crop land/grassland re-

gions (unit: GtC/year).

the tropics (Fig. 3). Most of the increase in GPP over the semiarid The increase in net carbon uptake across the three tropical re-
region and grassland/cropland was released into the atmosphere  gions was primarily driven by increased photosynthesis, corre-
through an increase in total ecosystem respiration (TER) (Figs. 3  sponding to wetter conditions throughout the year in tropical South
and 4) (Materials and Methods), especially over grassland/cropland. ~ America and Asia (figs. S9 to S12). However, tropical Africa experi-
This is likely due to the much shorter turnover time of carbon pools  enced lower annual mean precipitation in 2021 compared to the
in these vegetation types (27). mean over 2015-2021 (figs. S9 and S10). Despite this, the total water
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storage anomaly (TWS), indicating total soil water availability, was
above average across most of tropical Africa throughout the year
(figs. S11 and S13), potentially contributing to the observed increase
in GPP over the region. Notably, Madani et al. (28) similarly noted
that higher-than-average groundwater storage offsets the impact of
precipitation deficit on GPP over African tropical forest. They found
that GPP anomalies exhibit higher correlation with TWS anomalies
than with precipitation anomalies over tropical Africa. This is likely
due to deeper rooting zone water storage capacity and deeper root-
ing depth (29, 30).

The most substantial increase in GPP and net carbon uptake in
the tropics were observed during the first half of the year and the
last 2 months (Fig. 5), coinciding with stronger La Nina and higher
precipitation (figs. S1, S11, and S12). Among all these regions, the
precipitation increase in tropical South America was the most wide-
spread (figs. S9 and S10). The anomalies in fire carbon emissions
amounted to only 0.07 GtC across the entire tropics.

Regional contributions and causes of the deceased net
carbon uptake over the NH mid-latitudes in 2021

Different from the tropics, over the NH mid-latitudes, the reduction
in net carbon uptake (ie., positive NBE anomalies) primarily occurred
over grassland/cropland in Eurasia and East Asia (Fig. 4). The total net
carbon uptake over North America remained close to normal, pri-
marily because of the compensating effect between the increased net
carbon uptake in the east and reduced net carbon uptake in the west
(fig. S9). In contrast to the tropics, the decrease in net carbon uptake

ANBE AGPP

GtC/month

ANBE AGPP

GtC/month

. 2 2 . -
Mar May July Sep Nov

Jan

over the NH mid-latitudes was driven by an increase in TER instead
of a decrease in GPP (Figs. 3 and 4), particularly over East Asia.

The reduction in net carbon uptake over Eurasia was predomi-
nantly observed in regions that experienced extreme climate anom-
alies in 2021, especially in central Asia (Fig. 6). Averaged over April
to June, the temperature anomalies reached up to 3°C above normal,
while precipitation decreased by as much as 60 to 80% in central
Asia (Fig. 6). These extreme conditions resulted in reduced produc-
tivity and increase in ecosystem respiration (Fig. 6). The GPP de-
creased by over 80% during April to June in a substantial area of
central Asia (Fig. 6). On an annual total, the net carbon uptake de-
creased by 0.39 + 0.12 GtC over the region from 35°E to 85°E and
30°N to 50°N, accounting for more than half of the total NBE anom-
alies over the NH mid-latitudes. Approximately half of the NBE
anomalies in this region can be attributed to a reduction in GPP
(=0.20 + 0.12 GtC), while the other half results from an increase in
TER (0.19 + 0.17 GtC). The contribution of fire emissions to the
reduced net carbon uptake in this region is negligible.

In East Asia, annual GPP increased by 0.52 + 0.07, but the increase
in TER was even larger, with a 0.77 + 0.15 anomaly. Consequently, net
carbon uptake decreased by 0.25 + 0.12 GtC. The largest reduction in
net carbon uptake occurred during spring to early summer (Fig. 7
and fig. S12), predominantly over central and northern China (Fig. 7).
This corresponds to high-temperature anomalies and reduced pre-
cipitation (31) (Fig. 7). During the summer, despite increased pro-
ductivity in most of East Asia, the net carbon uptake decreased
(fig. S12). This implies an increase in ecosystem respiration, possibly
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Fig. 5. Independent monthly GPP anomaly and NBE anomaly show anticorrelation in all four latitude bands. (A to D) Monthly NBE (black) and GPP (blue) anomalies
over the tropics (A), NH mid-latitudes (B), NH high latitudes (C), and SH mid-to-high latitudes (D), respectively (unit: GtC/month).
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Fig. 6. The extreme drought and warm climate anomalies cause the large reduction of GPP and increase of ecosystem respiration over central Asia, both of
which contributes to the reduction of net carbon uptake over the region. (A) Regional mask for central Asia (purple) relative to Eurasia regional mask (gray). (B) Per-
centage precipitation anomalies between April and June, 2021 (unit: %) relative to the mean over 2015-2021. (C) Temperature anomalies between April and June.
(D) Percentage change of GPP anomalies between April and June (unit: %). (E) NBE anomalies during April to June [unit: tera grams of carbon (TgC)]. (F) Monthly anoma-
lies of NBE, GPP, and TER over the region (unit: GtC/month). (G) Annual anomalies of NBE, GPP, and TER (unit: GtC/year).

due to much warmer temperatures across the region and drier condi-
tion over southern China (Fig. 7 and figs. S9 and S13).

In addition to the ENSO cycle, various teleconnections, including
Indian Ocean Dipole, North Atlantic Oscillation, and Arctic Oscil-
lation, have caused carbon flux anomalies over mid-latitudes (32-34).
However, in 2021, these teleconnections were observed to be within
normal ranges (fig. S14), suggesting that the mid-latitude carbon flux
anomalies in 2021 were not influenced by these teleconnections.

The impact of fossil fuel emission uncertainties on flux
anomaly estimation over East Asia

Our results reveal a decrease in net carbon uptake in East Asia
for the year 2021 despite increases in GPP. We posit that the

Liu etal., Sci. Adv. 10, eadl2201 (2024) 7 June 2024

higher-than-normal temperatures during spring and later in the
year contribute to the elevated terrestrial biosphere respiration, ulti-
mately leading to a reduction in net carbon uptake across the region.
However, it is crucial to acknowledge that this conclusion relies
on the accuracy of fossil fuel emission anomalies used in the top-
down inversions. We calculate NBE anomalies by subtracting fossil
fuel emission anomalies from the total flux anomalies, assuming the
accuracy of the former. This assumption is grounded in the obser-
vation that the relative uncertainties in fossil fuel emission invento-
ries are smaller compared to natural carbon fluxes (17). Nonetheless,
it is important to note that the relative uncertainties of fossil fuel
emissions can be considerably much larger on regional scales (35,
36), and this uncertainty may be reflected in the NBE estimates.
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Fig. 7. The warm temperature anomalies caused the increase in ecosystem respiration over East Asia, outpacing the GPP increase. (A) Regional mask for East Asia

(gray). (B) Percentage precipitation anomalies between May and July, 2021 (unit: %)
July. (D) Percentage change of GPP anomalies between May and July (unit: %). (E)

relative to the mean over 2015-2021. (C) Temperature anomalies between May and
NBE anomalies during May to July [unit: tera grams of carbon (TgC)]. (F) Monthly

anomalies of NBE, GPP, and TER over the region (unit: GtC/month). (G) Annual anomalies of NBE, GPP, and TER (unit: GtC/year).

Given East Asia’s large magnitude of fossil fuel emissions, total-
ing 3.5 GtC in 2021 based on the Open-source Data Inventory for
Atmospheric CO2 (ODIAC) fossil fuel emission inventory (fig. S15),
and the substantial uncertainties in emission trends, NBE estimates
for this region may exhibit heightened vulnerability to uncertainties
in fossil fuel emissions. To assess the potential impact of uncertain-
ties in fossil fuel emissions on the calculation of NBE anomalies in
East Asia, we compared the fossil fuel emissions used in our study
with those from the Gridded Fossil fuel Emission Dataset (Grid-
FED), as reported in GCP 2022 (17). In our investigation, all eight

Liu etal., Sci. Adv. 10, eadl2201 (2024) 7 June 2024

inversion models used the same fossil fuel emission data from
ODIAC (refer to Materials and Methods and table S1). The annual
totals for both 2020 and 2021 were derived from near-real-time fos-
sil fuel emission data from Carbon Monitor, and the spatial distri-
bution was based on ODIAC.

Our findings indicate that the fossil fuel emission anomaly in
2021, relative to the mean between 2015 and 2021, is 0.17 GtC for
both inventories over East Asia (fig. S15), consistent with each other,
albeit with a mean difference of 0.1 GtC. Even at the monthly time
scale, the fossil fuel emissions agree on the magnitude of anomalies,
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though they differ in their seasonality (fig. S16). Furthermore, the
magnitude of monthly fossil fuel emission anomalies is much small-
er than that of NBE anomalies (fig. S17). It is noteworthy that NBE
anomalies are only responsive to fossil fuel emission anomalies,
rather than being influenced by the absolute values of fossil fuel
emissions. This is attributed to the removal of annual/monthly mean
fluxes during the calculation of annual/monthly flux anomalies.

Assuming a 20% uncertainty in fossil fuel emission anomalies
over East Asia, implying a range from 0.13 to 0.21 GtC for fossil
emission anomalies, we propagated this uncertainty into the calcu-
lation of NBE anomalies. Consequently, the NBE anomalies over
East Asia integrated over all vegetation types were determined to be
0.25 + 0.13 GtC, reaffirming their robustness.

DISCUSSION

Comparisons to the response of terrestrial biosphere carbon
cycle to the 2011 La Nifia event

Our results reveal a substantial increase in the net carbon sink over
tropical land in 2021, marking the largest tropical carbon sink ob-
served between 2015 and 2021. Conversely, the SH NBE anomaly is
only —0.08 + 0.04 GtC. Notably, the tropical forest contributes ap-
proximately 50% while the semiarid region contributes 20 to 30% to
the overall increased tropical and SH net carbon uptake anomalies.
These results stand in stark contrast to what happens during 2011 La
Nina, as highlighted by Poulter et al. (5). During 2011, NBE anoma-
lies were primarily driven by increased net carbon uptake in semiarid
regions across the SH, with Australia itself accounting for 60% of net
carbon flux anomalies (17, 37). In contrast to the 2011 La Nifia, only
about 25% of the increased tropical net carbon uptake occurs over
Australia in 2021 (Figs. 3 and 4). This difference could be attributed to
lower precipitation and higher temperature over Australia in 2021
compared to 2011. Relative to 2011, the precipitation over Australia
was 32% lower and temperature was 1.3°C higher (fig. S12).

Furthermore, in 2021, while the tropical GPP increase over semi-
arid regions and grassland/cropland is much larger than that over
forests, a substantial portion of the increased carbon accumulation
resulting from photosynthesis is released back to the atmosphere
through increased respiration, likely due to an increased carbon
pool from increased GPP and favorable climate conditions.

The determination of whether forests or semiarid regions serve
as the primary drivers of net carbon flux interannual variability
holds crucial implications for carbon-climate projections (16). This
is because studies have shown that the response of carbon cycle to
interannual climate variations are indicative of how carbon storage
will respond to future climate change (38, 39). Thus, whether tropi-
cal forests or semiarid regions have larger sensitivity to climate in-
terannual variations would imply the vulnerability of their carbon
storage to future climate change. The stark contrast of the response
of tropical and SH land carbon cycle to the 2011 and 2021 La Nina
events indicates that a long-term global CO, observation record that
captures multiple ENSO cycles is essential to understand whether
tropical forests or semiarid regions exert primary influence on the
net carbon flux interannual variability and the vulnerability of their
carbon storage to future climate change.

Implications
The close-to-normal atmospheric CO, growth rate in 2021 was the
result of the compensation between increased net carbon uptake
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over the tropics and reduced net carbon uptake over the NH mid-
latitudes. Specifically, the extreme drought and warm anomalies
over Europe and Asia reduced the net carbon uptake and offset 72%
of the increased net carbon uptake over the tropics from the impact
of the 2021 La Nifna. By comparison, the atmospheric CO, growth
rate was close to average in only two other La Nifia events, 1975 and
1985 (Fig. 1). During those two events, the precipitation anomaly
over central Asia (30°N to 50°N, 30°E to 85°E) was —15.6 and —16.7%
during April to July in 1975 and 1985, respectively, while the pre-
cipitation anomaly was —22.6% in 2021 (figs. S19 and S20). In 1985,
the precipitation reduction was more than 50% over part of the cen-
tral Asia, comparable to the precipitation anomaly in 2021 (fig. S18).
We speculate that the close-to-normal CO, growth rate in these
2 years may also have been caused by the opposite net carbon flux
anomalies between the tropics and extra-tropics.

The frequency of extreme La Nifia events is projected to become
more frequent in the future (40). At the same time, CMIP6 models
predict that the annual and early summer precipitation over cen-
tral Asia is positively correlated with the ONI, suggesting reduc-
tions of precipitation over Central Asia during extreme La Nifia
years (fig. S21). Furthermore, positive vapor pressure deficit anoma-
lies, especially during early summer, are projected by CMIP6 mod-
els during La Nifa years. With the simultaneously increase of global
temperature and predicted drying trend in western United States
(IPCC ARG®), our results imply that the regional compensation of
flux anomalies between tropics and extra-tropics may become more
frequent in future extreme La Nifia events. The pivotal question of
whether the CO, AF during La Nifia events will remain lower than
the average AF holds substantial implications for the trajectory of
atmospheric CO; levels in the future. This underscores the critical
importance to continue monitoring the natural carbon cycle at re-
gional scales to inform and support effective carbon-climate policies.

MATERIALS AND METHODS

Top-down atmospheric CO, flux inversions with OCO-2V10
MIP extensioXn

In this study, the top-down fluxes were generated with eight inver-
sion models that are a subset of the models participating in the v10
OCO-2 MIP described by Byrne et al. (14) plus GCASv2 model that
were documented in (15, 16). These inversions were extended to the
end of 2021. They used a combination of four transport models,
three types of inversion algorithms, and two sources of meteorology
fields (table S1). All the inversions used the same fossil fuel emis-
sions and assimilated the same set of OCO-2 V10 retrievals
(table S2). Because the number of surface flask observations was
drastically different in 2021 at the time of this study (May 2022) be-
cause of data latency, which may affect the interannual variability
analysis, we used the inversion results that assimilated OCO-2 V10
land retrievals only for the entire period (January 2015 to December
2021) in the Results. The original fossil fuel emission has 1° x 1°
resolution. The data between 2015 and 2019 was from the official
ODIAC website (https://db.cger.nies.go.jp/dataset/ ODIAC/DL_odi-
ac2022.html), while the fossil fuel emissions for 2020 and 2021 is
scaled ODIAC emission using the country totals published by Car-
bon Monitor (41). Both air-sea exchange and NBE were optimized
in these models, but the prior assumptions for these fluxes could be
different (table S1). Table S2 lists all the assimilated observations
and their sources.
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The spatial resolution of these eight models is different, but all
the posterior fluxes from these inversions were regridded to 1° X 1°
resolution before analysis. The global annual net carbon fluxes cal-
culated as the sum of fossil fuel emissions and natural carbon fluxes
over land and ocean are consistent with the NOAA annual CO,
growth based on marine surface network (fig. S2). The NOAA an-
nual CO, growth in parts per million was converted to gigaton car-
bon per year (GtC/year) using the conversion factor 2.124 GtC/ppm
(42). We assumed 0.2 GtC/year uncertainty for the observed annual
CO; growth (17).

We calculated the mean across the ensembles as the best estimate
and the SD as the uncertainty. The uncertainties of top-down NBE
estimation come from the uncertainties in atmospheric transport
models, observations, assumed prior natural carbon fluxes, and fos-
sil fuel emissions. Even though we only have eight ensemble mem-
bers, these top-down inversion models used a variety of transport
models, inversion methodologies, and prior natural carbon fluxes
(table S1). Thus, using ensemble SDs as NBE uncertainty enables us
to capture the uncertainties in these aspects. However, because all
these models used the same set of observations and fossil fuel emis-
sions, the uncertainties in these aspects are not fully captured in the
ensemble spread. As discussed in the section “The impact of fossil
fuel emission uncertainties on flux anomaly estimation over East
Asia,” the NBE anomalies analyzed in this study are more sensitive
to changes of fossil fuel emissions, which are consistent among dif-
ferent fossil fuel mission products. The SD among the ensemble in-
versions can still capture the uncertainties in observations, because
the inversions assumed uncertainties (around 1 to 3 ppm) in these
observations (14) even though all inversion models used the same
set of observations. Note that the uncertainties estimated as the en-
semble spread is different from uncertainties from individual mod-
els, which only include uncertainties in observations and prior
fluxes and can significantly differ among each individual model (14).

We evaluated the posterior atmospheric CO, concentrations
against observed CO; vertical profiles from ACT-America (43-46)
campaign and CONTRAIL (47) included in (46) (figs. S4 to S7), be-
cause previous research suggests that the partition of carbon fluxes
over the tropics and extra-tropics is sensitive to errors in CO; verti-
cal gradient. As we focus on the flux anomalies, the results are not
sensitive to the absolute errors in CO, vertical gradient but are sen-
sitive to time-varying errors. We chose measurements from these
two aircraft measurements because of their consistent observation
coverage. CONTRAIL has observations over all the months over
2015-2017 and ACT-America has observations between 2016 and
2019. Because of data latency, there is no CONTRAIL in situ profiles
publicly available for 2019-2021 at the time of this study and ACT-
America field campaigns ended in 2019. The flask observations col-
lected by the National Institute for Space Research over tropical
South America might have higher measurement errors due to water
vapor contamination, so we did not include those observations in
the comparison. Despite the errors in vertical CO; gradient in each
region, the errors are relatively constant from year to year, which
indicates that the contrast of flux anomalies between tropics and
extra-tropics are robust.

GPP estimates

We used two GPP products in this study: FluxSAT and GOSIF (18,
19) (table S2). Both datasets were generated with machine learning
approaches. FluxSAT was derived with neural networks that upscaled
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GPP from selected FLUXNET 2015 eddy covariance tower sites to a
gridded global GPP with the input of Nadir Bidirectional Reflec-
tance Distribution Function-Adjusted Reflectances (product from
the MODIS instruments on the NASA Terra and Aqua satellites)
(48). The FluxSAT provides global gridded daily estimates of GPP
and uncertainties at 0.05-degree resolution.

GOSIF GPP was generated with the global, OCO-2 based SIF
product (GOSIF) and linear relationship between SIF and GPP to
map GPP globally at 0.05-degree resolution (49). GOSIF GPP prod-
uct accounts for uncertainties of GPP estimates using eight SIF-GPP
relationships with different forms. The GOSIF SIF product was gen-
erated with a machine learning approach that upscales OCO-2 SIF
to a global product at 0.05-degree resolution with data from MODIS
and meteorological reanalysis.

We regridded both products to 1° X 1° resolution and used the
mean as the best estimate. We estimate uncertainties with a boot-
strapping approach by randomly generating 1000 samples based on
the difference between these two products.

Fireand TER

The monthly fire CO, emissions were documented (50) and esti-
mated with a top-down atmospheric inversion assimilating CO ob-
servations from Measurements of Pollution in the Troposphere. The
study in (49) does not include uncertainties, and we assumed a 20%
uncertainty in the fire CO, emission anomalies. The TER was calcu-
lated as follows

TER = NBE + GPP — FIRE

The uncertainties for TER were calculated as

+R?

2
+R FIRE

2 _p2
R =R GPP

TER — 'NBE
where Rrgr, Rnse, Ropp, Rrrg are uncertainties for TER, NBE, GPP,
and fire, respectively. Any fire-related land use land cover change
(LULCC) anomalies were included in fire emissions, which is the
largest component in the interannual variability of LULCC (50).
Nonfire-related LULCC anomalies were included in other carbon
flux components.

Because TER was calculated as the residual among NBE, GPP,
and FIRE, we indirectly validated TER by validating NBE, GPP,
and fire emissions. The GPP products have been validated against
FLUXNET observations (48, 49). We validated NBE through com-
parison against aircraft observations. The fire emission data was
used by Zheng et al. (26).

Supplementary Materials
This PDF file includes:

Figs. S1to S21

Tables S1 and S2
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