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Dramatic increase in ecosystem respiration
causes record-breaking atmospheric CO,
growth rate in 2024
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2024 is the hottest year on record, accompanied by extreme precipitation,
droughts and fires. The global atmospheric CO, growth rate in 2024 reached a
historic high of 3.73 ppm yr?, significantly surpassing the previous record set
during the 2015/16 El Nifio event. Here, we investigate the causes and under-
lying mechanisms of this record-high growth rate by combining satellite-based
atmospheric inversions and estimates of gross primary production and fire
emissions. We find that the record-high CO, growth rate is due to large
reductions in the land CO, sink. This is dominated by a dramatic increase in
total ecosystem respiration, which occurred primarily in grass and shrub lands,
owing to compound hot-wet climatic conditions in 2024. Given the projected
increase in the frequency and intensity of compound pluvial-hot extremes
under warming, changes in ecosystem respiration will become more drastic
and cause positive feedback to climate warming.

The global terrestrial carbon dioxide (CO,) sink (hereinafter “land  In 2024, the global mean temperature was 1.55 °C above pre-industrial
sink”) has increased significantly since the 1960s but exhibits pro- levels (1850-1900), making it the hottest year on record®. This
nounced interannual variability (IAV) driven by climate anomalies, exceptional warming coincided with a prolonged El Nifio event (June
which dominates the IAV of the atmospheric CO, growth rate (CGR)?.  2023-March 2024) followed by the onset of La Nifa (from September
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2024), contributing to unprecedented precipitation extremes,
droughts, and fires*”’. Such pulse disturbances might significantly
affect the land sink®7°. Although a record-breaking high global vege-
tation greenness was observed in 2024, some vegetated areas exhib-
ited browning signals due to hot-dry conditions, resulting in
pronounced regional variations". Meanwhile, the global fossil fuel and
cement (FFC) CO, emissions reached an all-time high of -10 PgC yr in
2024, marking a 0.9% increase from 2023 levels'. According to CO,
records from marine boundary layer (MBL) stations', the global annual
mean CGR reached 3.73 ppmyr? in 2024, the highest value in its
records since 1959, surpassing the 2015 peak (2.96 ppmyr™) induced
by extreme El Nifo events (Fig. S1). The increased atmospheric CO,
concentration and associated warming have triggered a series of glo-
bal environmental crises in 2024, such as anomalously low sea ice
extent", faster sea level rise”, increased ocean heat content’, and
extremely high lake surface water temperature”. An in-depth analysis
of the causes of the record-breaking high CGR in 2024 is thus
imperative, as the causes are currently unclear to us.

Large-scale anomalous warming can enhance carbon releases
from the biosphere to the atmosphere, especially in the tropics, but
the carbon processes driving the land net biosphere exchange
(NBE =TER - GPP + Fire) anomalies are different in different regions
and episodes™. For example, during the period of extreme 2015/16 El
Nifio event, the declined land sink in the tropical America was domi-
nated by gross primary production (GPP) reductions, whereas the
declined sink in the tropical Africa and tropical Asia was primarily
caused by increased total ecosystem respiration (TER) and elevated
fire carbon emissions, respectively'®. By contrast, the decline in the
tropical land sink in the extremely hot year 2023 was more attributable
to decreased GPP than to increased TERY. Such divergence in carbon
cycle responses between the 2023 and 2015/16 El Nifio events, as well
as across continents, can be attributed to heterogeneous climate
anomalies and the intrinsic differences in terrestrial ecosystem
response to disturbances. However, the responses of terrestrial eco-
system carbon sinks to climate extremes remain elusive. The year
2024, characterized by out-breaking high temperatures and hetero-
geneous moisture anomaly conditions®, provides another unique
opportunity to analyze the responses of the terrestrial carbon cycle to
climate extremes.

Top-down atmospheric CO, inversions use atmospheric CO, mole
fractions from globally distributed surface stations or column-
averaged dry-air CO, mole fraction (XCO,) retrievals from satellite
observations to estimate global and/or regional carbon sinks and
sources’*?., Evaluations from independent aircraft observations indi-
cate that the Orbiting Carbon Observatory-2 (OCO-2) XCO, retrievals
have similar performance to surface CO, measurements in atmo-
spheric inversions when estimating global carbon fluxes?. In regions
with sparse surface in-situ measurements (e.g., the tropics), however,
0CO-2 satellite observations can provide better spatial coverage and
therefore improve the estimates of regional carbon fluxes and better
reveal the impact of extreme climate events on terrestrial carbon sinks.
The atmospheric inversions by assimilating OCO-2 XCO, retrievals
have been widely used to analyze the impact of climate extremes on
the global and/or regional carbon cycle’®"** %,

To investigate the causes and underlying mechanisms of the
record-breaking high CGR in 2024, we use the Global Carbon Assim-
ilation System, version 2 (GCASv2)*, to estimate monthly and 1° x 1°
NBE fluxes by assimilating OCO-2 XCO retrievals”. To obtain a more
comprehensive estimate, two fire emission datasets®®* and two bio-
sphere flux simulations®®* are used as prior information for the
inversions (see “Methods”). The atmospheric inversions are evaluated
independently using CO, observations from global background
stations®**®, and using the global CGR from the MBL stations”
(Fig. S2-5 and Tables S1-2). During 2015-2024, the mean biases in CO,
concentrations and global mean CGR are 0.25+0.15ppm and

-0.06 +0.19 ppm yr, respectively (Figs. S3 and S5). At most stations,
the biases in 2024 are similar to those in previous years (Table S2),
indicating a good performance of our inversions in this study (details
are shown in Text S1). By further combining two satellite-derived GPP
products®, we quantify the anomalies of NBE and its components
(including fire carbon emissions, GPP, and TER (TER=NBE + GPP -
Fire)) for 2024 relative to 2022. The reasons for choosing 2022 as the
reference year are: (1) 2022 is the latest year with a normal CGR; (2) due
to the extreme 2015/16 El Nifio event, the tropical land sinks did not
fully recover before 20227,

Results

Declined global land sink in 2024 due to increased ecosystem
respiration

To investigate the causes of record-high CGR in 2024, we quantify
anomalies of global net carbon fluxes (NCFs) and their major con-
stituents (i.e., NBE, ocean-atmospheric carbon exchanges (Ocean
fluxes), FFC emissions), where positive and negative values indicate
net CO, release to and uptake from the atmosphere, respectively. In
the year 2024, the global NCF was estimated at 7.08 + 0.55 PgC yr*
(Table S3), resulting from FFC emissions (10.17 PgC yr™) being partially
absorbed by the land (-0.32+0.53 PgC yr') and the ocean
(-2.77 £0.16 PgC yr"). Compared to the reference year 2022, the glo-
bal NCF in 2024 increased by 2.87 + 0.80 PgC yr™, with NBE showing a
notable positive anomaly of 2.62+0.76 PgCyr" (positive NBE
anomalies represent a decrease in land sinks), accounting for 91% of
the global NCF anomaly (Table S1). By contrast, the FFC emissions
increased by 0.27 PgC yr™, while the ocean sink increased slightly by
-0.02 + 0.24 PgC yr'’. These results indicate that the surge in 2024 CGR
is mainly due to large reductions in the land sink (Fig. 1a).

The 2024 NBE exceeded the anomalously high 2015-2016 NBE
caused by the extreme 2015/16 El Nifio event, making it the lowest land
sink over the last decade (Fig. 1b). Compared to 2022, fire carbon
emissions in 2024 showed a positive anomaly of 0.65 +0.13 PgC yr™
(Fig. 1d and Table S3). Although GPP showed a positive anomaly of
2.28+0.63 PgC yr, which could offset the carbon releases from fires,
the TER increased dramatically, with an anomaly value reaching
4.30 +0.99 PgC yr* (Fig. 1c and Table S3), suggesting that the increase
in TER dominated the observed decline in the global land sink in 2024.

We also quantify anomalies of NBE and its constituent fluxes
across major biomes, i.e., forests, shrub/grasslands, and croplands
(Fig. S6a and insets in Fig. 2). The results show that shrub/grasslands
contributed 49% to the global NBE anomalies in 2024, while forests and
croplands contributed 33% and 18%, respectively. The decrease in land
sinks in shrub/grasslands and croplands is mainly due to increased
TER, while the decline in land sinks in forests is due to increased TER
and fire emissions. Overall, these results suggest that the decrease in
the global land sink in 2024 was primarily contributed by non-forests
(especially shrub/grasslands) rather than forests.

Regional contributions to the declined global land sink in 2024
In 2024, most regions witnessed a widespread decline in the land sink,
mainly in eastern US, most of Europe, western Siberia, South America,
southern Africa, India, and China (Fig. 2a). Only 36% of the global land
areas showed enhanced land sinks, such as central and eastern Siberia
and parts of Canada (Fig. 2a). In regions with declined land sinks, TER
generally exhibited positive anomalies, except for southern Africa and
northeastern Brazil where negative TER anomalies occurred (Fig. 2c).
We find a spatially synchronized variation between GPP and TER, but
the magnitude of GPP increases was generally lower than that of TER
increases (Fig. 2b). In addition, elevated fire carbon emissions were
observed in Canada, South America, Angola, eastern Siberia, and
northern Australia (Fig. 2d).

To better understand the regional contributions to the declined
global land sink in 2024, we aggregate the land carbon fluxes in four
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Fig. 1| Atmospheric CO2 growth rate (CGR) and carbon budget from 2015 respiration (TER) from 2015 to 2024. GPP is calculated as the mean of GOSIF GPP and
to 2024. a The CGR dynamics from 2015 to 2024, which are derived from the marine  FluxSat GPP products. TER is constructed from GCASv2 inversions, fire emissions, and
boundary layer (MBL) stations by the NOAA Global Monitoring Laboratory. b Net GPP (TER = NBE + GPP - Fire). (d) Dynamics of fire carbon emissions from 2015 to
biosphere exchange (NBE) dynamics from 2015 to 2024, estimated using the GCASv2 2024, estimated as the mean of GFED and GFAS fire carbon emissions. The shaded in
inversions. ¢ Dynamics of gross primary production (GPP) and total ecosystem (b-d) denote uncertainties of these carbon fluxes (see “Methods”).
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Fig. 2 | Anomalies of the net biosphere exchange (NBE) and its constituent anomalies in 2024 (unit: gC m2yr™). The inserts represent anomalies of NBE and its
fluxes for 2024 relative to 2022. Spatial patterns of (a) NBE, (b) gross primary constituent fluxes over forests, shrub/grasslands, and croplands. Error bars
production (GPP), (c) total ecosystem respiration (TER), and (d) fire emission represent uncertainties of these carbon fluxes (see “Methods”).
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Fig. 3 | Regional and latitudinal contributions of land carbon flux anomalies
in 2024. The bottom left panel shows anomalies of net biosphere exchange (NBE),
gross primary production (GPP), total ecosystem respiration (TER), and fire emis-
sions at the latitudinal scale (unit: PgC yr™), including NH high latitudes (50-90°N),
NH mid latitudes (23-50°N), tropics (23°N-23°S), and SH mid-to-high latitudes

(23-60°S). Other panels show anomalies of NBE, GPP, TER, and fire emissions in
each RECCAP region (unit: PgC yr™). For the RECCAP region, the “West Asia” and
“South Asia” are combined into “West/Central/South Asia”. The error bars indicate
uncertainties of these carbon fluxes (see “Methods”).

latitudinal bands and in 9 land regions of the REgional Carbon Cycle
Assessment and Processes (RECCAP) project® (Fig. S6b). Our results
show that the positive global NBE anomalies in 2024 were dominated
by the tropics (23°N-23°S, 1.42+0.42 PgC yr’), whereas the extra-
tropical lands showed limited contributions in NBE anomalies:
0.57 + 0.40 PgC yr over the Northern Hemisphere (NH) mid latitudes
(23-50°N), 0.33+0.14PgCyr? over the Southern Hemisphere (SH)
mid-to-high latitudes (23-60°S), and 0.17 + 0.39 PgC yr™ over the NH
high latitudes (50-90°N) (Fig. 3). Over the NH mid and high latitudinal
regions, NBE exhibited negative anomalies during April-May 2024 and
switched to positive anomalies in the following months (Fig. S7-8). In
contrast, the positive NBE anomalies were observed throughout the
year in tropics and SH mid-to-high latitudinal regions (Fig. S7-8).
Overall, the enhanced land sinks in April-May over the NH mid and
high latitudinal regions were partly offset by the decreases in
June-August, while the strongly reduced sink in tropics persisted
throughout the year, dominating the global seasonal NBE anomalies.

All of the RECCAP regions showed positive NBE anomalies in 2024
relative to 2022, but with different magnitudes. Large positive NBE
anomalies were found in South America (0.66 +0.27 PgC yr™), Africa
(0.68+0.31PgCyr?), and North America (0.37+0.32PgCyr?),
whereas other regions tended to have less contributions:
0.21+0.14 PgC yr' in West/Central/South Asia, 0.16 + 0.09 PgC yr in
Oceania, 0.12+0.10 PgC yr in Southeast Asia, 0.08 + 0.33 PgCyr in
Russia, 0.14 +0.20 PgCyr" in East Asia, and 0.09+0.19 PgCyr in
Europe (Fig. 3). In tropics and SH mid-to-high latitudinal regions,
shrub/grasslands dominated the NBE anomalies, whereas over the NH
mid and high latitudinal regions, croplands and forests were the major

contributors to the NBE anomalies (Fig. S9-10). The declines in land
sinks across most regions were primarily driven by enhanced TER, as
observed in Europe, West/Central/South Asia, East Asia, Africa, Ocea-
nia, South America, and North America (Fig. 3). In contrast, in Russia
and Southeast Asia, the NBE anomalies were primarily caused by the
elevated fire emissions and decreased GPP, respectively.

It should be noted that the carbon flux anomalies may have strong
spatial variations in a region, which could have biased the contribution
of land flux anomalies in regionally aggregated results, such as in
Russia and Africa. We thus analyze the spatial distribution of dominant
contributors driving the NBE anomalies and find that TER increase
made dominant contributions to the positive NBE anomalies over 40%
of the global land area (Fig. 4a-c). In contrast to the regionally
aggregated results, the positive NBE anomalies in West Russia were
dominated by enhanced TER, whereas the negative NBE anomalies in
East Russia and Canada were mainly caused by the decreased TER
(Fig. 4a). Additionally, the declined land sinks in southern Africa,
northeast Brazil, and southeast Asia were dominated by decreased
GPP. Although areas dominated by increased fire emissions accounted
for only 3% of the global land area, they contributed
0.56 + 0.08 PgC yr to global NBE anomalies in 2024, especially for the
tropics and NH high latitudinal regions (Fig. 4b, c).

Responses of land carbon fluxes to climate anomalies in 2024

Compared to 2022, most regions around the world experienced
extremely high air temperature anomalies (AT) in 2024, such as Africa,
eastern Europe, southern Australia, and North and South America
(Fig. S11-12). Meanwhile, negative anomalies of terrestrial water
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storage (TWS), representing total soil water availability, were observed
in Canada, Amazon, and southern Africa, whereas positive TWS
anomalies (ATWS) occurred in Europe, western Russia, central Asia,
eastern Africa, and northern Australia (Fig. S11-12). We find that the
declined land sink in 2024 was associated with high temperatures and
TWS anomalies: under hot-dry conditions, both GPP and TER generally
exhibited negative anomalies, with GPP reductions exceeding TER
decreases; whereas under hot-wet conditions, GPP and TER generally
showed positive anomalies, but TER increases substantially outpaced
GPP (Fig. 4c, d).

We examine the carbon flux anomalies within the climate phase
space (i.e., AT and ATWS) for 2024, disaggregated across different
biomes and latitudinal bands (Fig. S13-15). Results show that net car-
bon losses in tropical shrub/grasslands increased under intensified
hot-dry and hot-wet anomalies, primarily driven by reduced GPP under
hot-dry conditions and increased TER under hot-wet conditions
(Fig. S13c). Notably, critical thresholds of AT and ATWS that trigger
large carbon losses in these ecosystems were identified: under hot-dry
conditions, losses occur when AT >1.2°C and ATWS <-10cm, and
under hot-wet conditions, they occur when AT >0 °C and ATWS > 20
cm. Similar results are observed in the SH mid-to-high latitudes, where
net losses arise when AT>0.8°C and ATWS <-5cm (Fig. S13d). In
tropical forests, net carbon losses under hot-dry conditions generally
result from decreased GPP and elevated fire emissions; however, no
clear trends along gradients of temperature and TWS were evident
(Fig. S14c). By contrast, biomes in the NH mid latitudes generally show
net carbon losses under warming, primarily due to the increased TER

(Fig. S13-15). For the NH high latitudinal biomes, TER-induced carbon
losses tend to occur during hot-wet conditions within a AT range of
0-1°C and ATWS>O0cm (Fig. S13-15). Under hot-dry conditions,
although reduced GPP is largely offset by decreased TER, enhanced fire
emissions likely drive net carbon losses when AT >1°C and ATWS
<-5cm. However, given that the temperature and TWS thresholds are
empirically derived from the 2024 climate events, further investigation
is needed to determine whether these thresholds shift across different
spatiotemporal scales in the future. To better understand the vulner-
ability of global terrestrial ecosystems to climate change, we sum-
marize the carbon flux responses under compound climate extremes
in 2024 for each biome (Fig. S16-17 and Table S4). Overall, the global
land sinks generally weaken under extreme hot-dry and hot-wet con-
ditions, with tropical shrub/grasslands experiencing greater reduc-
tions than other biomes.

Over the NH mid and high latitudes, the increases in GPP and land
sinks during April-May 2024 could be attributed to an earlier onset of
growing season driven by elevated spring (March-May) air tempera-
ture (Figure S7-8 and S18-19). Relatively high spring temperatures and
the accompanying accelerated landscape thawing advanced the start
of growing season and enhanced plant photosynthesis***, which has
been documented in previous studies****. The positive GPP anomalies
could also be observed after June, especially for NH mid-latitudinal
regions, which is associated with continued warm and wet conditions;
But the GPP increases were offset by increased TER and fire emissions,
leading to decreased Iland sinks in following months
(Figs. S7-8 and S18-19). Over the tropics and SH mid-to-high latitudes,
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Fig. 5 | Responses of total ecosystem respiration (TER) to air temperature,
terrestrial water storage (TWS), and gross primary production (GPP) during
2015-2024 over the shrub/grasslands. Relationship between the TER and (a) air
temperature, (b) TWS, and (c) GPP during 2015-2024. d Contributions of climate
(i.e., air temperature and TWS) and GPP changes to TER anomalies in 2024. The
blue, grey, and green bars in d represent the direct (blue) and indirect (grey)
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climate impacts through GPP, as well as the other GPP impacts (green), on TER
anomalies in 2024, respectively. The TER-air temperature and TER-TWS response
curves are fitted by a second-order polynomial model, whereas the TER-GPP
response curve is fitted by a linear model (see “Methods”). The black dashed lines
denote the regression lines fitted to data, whereas the shaded areas indicate 95%
confidence interval. Here, the TWS is taken from GLDAS dataset.

El Nifo-induced extreme heat and drought hit southern Africa and
eastern Brazil (Figure S11), leading to declines in GPP and land sinks. In
northern Argentina, Uruguay, and Bolivia, the GPP increases under the
hot-wet conditions, but wear offset by increased TER and fire emis-
sions. However, for eastern Africa, characterized by moderate air
temperatures, the combination of abundant water availability and
reduced VPD created favourable conditions for plant growth, leading
to increased GPP and land sinks (Fig. S11).

We further fit the relationships between TER and air temperature,
TWS, and GPP during 2015-2024 over shrub/grasslands, forests, and
croplands (see Methods), focusing on regions dominated by increased
TER. Over the shrub/grasslands, we find that the response of TER to air
temperature is a monotonic function, with TER increases exponentially
with air temperature during 2015-2024 (Fig. 5a). Similar TER-air tem-
perature response curve could also be found in forests and croplands
(Fig. S21-22). However, recent evidence suggests optimal temperature
response of TER, i.e., TER rises with air temperature and reaches a
maximum value at an optimal air temperature, followed by a decline as
air temperature increases further®*, This divergence may arise
because regional aggregations mask the locally optimal response of
TER to extreme high temperatures. To reconcile this divergence, we
further quantify the TER-temperature relationship at the grid-cell level,
incorporating both spatial and temporal variabilities in TER and tem-
perature (Text S2). The results show a unimodal temperature response
of TER across biomes and timescales (Fig. $23-28), aligning with recent
studies**¢. Notably, although some local temperatures have exceeded

the optimal temperature threshold for TER, the 2024 mean tempera-
ture across most regions and biomes remains below the optimum
threshold (Fig. S23-24). This suggests that TER rates retain the
remarkable potential for further increase globally/regionally under
continued climate warming.

Similar to the TER-temperature response curve, the TER-TWS
relationship in shrub/grasslands shows that the TER increases mono-
tonically with TWS (Fig. 5b), reflecting the effect of soil water availability
on TER**. We note that the TWS response of TER differs in forests
compared to shrub/grasslands and croplands (Fig. S21-22). This is
probably because forest respiration in these regions is more limited by
temperature than by water availability*®. On the other hand, the ongoing
global greening trend can increase vegetation photosynthesis, which
directly enhances autotrophic respiration through metabolic processes
and indirectly modulates heterotrophic respiration via changes in
belowground carbon allocation®*’. These effects can be reflected in the
linear relationship between GPP and TER (Fig. 5¢).

We further quantify the contributions of climate (i.e., air tem-
perature and TWS) and GPP anomalies to the TER anomalies in 2024
using a multiple non-linear regression model (see Methods). The
results show that climate and GPP changes over shrub/grasslands
contributed 35% and 65%, respectively, to the positive TER anomalies
in 2024 (Fig. 5d). Positive contributions from climate anomalies to the
TER increases were also found in forests and croplands, contributing
63% and 43% of the 2024 TER anomalies, respectively (Fig. S21-22).
However, it is worth noting that climatic anomalies can indirectly
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influence TER by affecting GPP, which can be detected through mul-
ticollinearity diagnostics (Table S5). We thus use a residualization
method to further separate the indirect climate effects and other GPP
effects in shrub/grasslands (see “Methods”). The results demonstrate
that GPP contributions primarily stems from indirect climate effects,
while the residual GPP effects induced by other factors being com-
paratively small (Fig. 5d). However, it should be noted that the specific
roles of TER components (autotrophic respiration versus hetero-
trophic respiration) in driving the 2024 land sink decline cannot be
diagnosed here, as autotrophic respiration increases are often coupled
with GPP gains. The contribution of individual TER components needs
to be studied further in the future.

Discussion

The uncertainty in this study mainly stems from the estimates of TER
and GPP. The two satellite-derived GPP products (i.e., GOSIF GPP and
FluxSat GPP) used in this study have been independently evaluated by
global eddy covariance (EC) sites and demonstrate a high correlation
with EC-based GPP***, The two GPP products also exhibited consistent
IAV and trends during 2015-2024. Besides, the spatial pattern of GPP
anomalies matched well with that of normalized difference vegetation
index (NDVI) and solar-induced chlorophyll fluorescence (SIF)
anomalies (Fig. S29), and across different RECCAP regions, the GPP
anomalies are linearly correlated with those of NDVI and SIF anomalies
(Fig. S30). These suggest that the estimated GPP is robust in this study.
For the estimated TER, we evaluate it using ground-based CO, flux
observations from global EC sites (Fig. S31 and Table S6). The results
reveal a reasonable agreement between our grid-cell TER estimates
and site-level EC-based TER (R*=0.47 and RMSE =424.30 gC m2yr!
for 2024, R*=0.51 and RMSE =370.76 gC m2yr for 2022) (Fig. S32).
This independent validation provides strong corroboration for our
estimates, even while acknowledging that obvious scaling dis-
crepancies between point measurements and regional estimates can
influence precise numerical agreement. In addition, our estimated TER
implicitly includes carbon releases from other processes, such as CO,
outgassing from inland waters® and estuaries™ and CO, emissions
from land-use change (LUC). The CO, outgassing is substantially
smaller compared to that from TER. Recent estimates indicate that
global LUC emissions in 2024 are only slightly lower than those in 2022
by ~0.05 PgC (Fig. S33)*2. Considering that the temperature sensitivity
of TER shifts with land use and land cover changes®, we also analyze
the land cover changes, and the results show that the extent and
intensity of land cover changes between 2022 and 2024 are very small
(Fig. S34). Thus, the contribution of carbon flux anomalies caused by
these processes to IAV of TER and the 2024 TER anomalies is quite
limited.

We find contrasting roles of hot-dry and hot-wet conditions in
reducing land sinks. To verify this finding, we examine the EC obser-
vations and select EC sites that experienced hot-wet and hot-dry
anomalies in 2024. We find that all EC sites exhibited a decrease in net
CO, uptake (Fig. S35-36 and Tables S7-8). Regardless of how the hot-
dry and hot-wet thresholds are defined, the declined CO, uptake is
dominated by the increased TER at sites experiencing hot-wet
anomalies (Fig. S35 and Table S7) and by GPP reductions at sites
experiencing hot-dry anomalies (Fig. S36 and Table S8), consistent
with our finding. Nonetheless, the subset of EC sites analyzed here
(n=6 for hot-dry anomalies, n=12 for hot-wet anomalies) is quite
limited, and the site-to-site heterogeneity is evident. Meanwhile, our
analyses based on annual aggregates may mask nuances related to the
seasonal timing of extremes, management practices (e.g., tillage and
irrigation), and biome-specific responses. Therefore, these EC site-
scale results should be interpreted as supportive rather than fully
generalizable.

Our results are also consistent with a previous study that suggests
increased carbon release in parts of the NH during 2004-2018 due to

greater increases in TER than GPP under warm and wet conditions™.
Furthermore, controlled experiments in boreal forests under different
warming and rainfall scenarios demonstrate that soil moisture mod-
ulates the temperature sensitivity of respiration, with wetter soils
exhibiting a greater increase in soil respiration under warming than
drier soils®. Similarly, warming control experiments in tropical forests
have recorded a 42-204% increase in soil respiration rates in warm
plots compared to ambient plots®. A five-year precipitation manip-
ulation experiment in temperate meadow steppes also confirms that
TER and its components increase significantly during extremely wet
spring and summer*’. Moreover, EC observations and ground mea-
surements suggest that both vegetation and microbial carbon use
efficiency decrease with increasing temperature and moisture®™, i.e.,
hot-wet conditions can increase carbon emissions via enhanced TER
rates. These controlled experiments and ground measurements all
support our findings.

The increased TER in 2024 under hot-wet conditions may be due
to multiple potential mechanisms. For example, the efficiency of
enzymes and metabolic rate typically increase with temperature under
their optimal temperature®, leading to an increase in the ecosystem
respiration rate. Meanwhile, higher temperatures and increases in soil
moisture can stimulate the soil microbial activity and the decom-
position rate of litter and soil organic matter (SOM)*°. Hot-wet con-
ditions can also promote nutrient mineralization (e.g., nitrogen and
phosphorus), which relieves the microbial metabolic constraints and
enables more complete SOM decomposition. Moreover, the enhanced
plant growth in 2024 provided additional labile carbon inputs via root
exudates and litterfall, thereby increasing the soil respiration rate.

Our results suggest that the overall temperature in 2024 is still
below the optimum threshold at the global/regional scale. In future
extremely hot and wet years, the TER will likely increase more than
GPP, leading to a reduction in land sinks. Notably, current climate
models project a significant increase in the risk of compound extreme
weather events over most global land areas, particularly in regions
already experiencing high temperatures and/or high precipitation
variability®***. This increased risk is primarily attributable to climate
warming®>“*, with future compound pluvial-hot extremes expected to
be more severe than compound hot-dry extremes®. Given the
increasing number and intensity of compound pluvial-hot events
under global warming, the risk of future TER-driven reductions in the
land sink will continue to increase. Ecosystem respiration may thus
play an increasingly dominant role in controlling the IAV of the global
land sink in the future.

It should be noted that this study selects 2022 rather than multi-
year averages as the baseline year, primarily to eliminate the legacy
effect of extreme 2015/16 El Nifio event on land sinks. However, despite
2022 is the year with a normal CGR and land sink globally, climate
extremes may occur at regional scales, such as 2022 extreme heat-
drought event in Europe*” and southern China®, potentially introdu-
cing limitations and uncertainties into estimates of 2024 regional land
sink anomalies. Besides, this study primarily uses precipitation and
TWS anomalies to represent the dynamics of water availability, but
these factors may not fully capture the influence of plant-available soil
moisture®®, atmospheric aridity®’, and antecedent climate conditions®®
on land carbon fluxes. Meanwhile, TWS integrates multiple hydro-
logical cycle processes (e.g., precipitation, runoff, evapotranspiration,
groundwater, ice and snow, etc.); it is thus difficult to attribute carbon
flux anomalies to the specific hydrological process. In addition, the fire
emission datasets (GFED4.1s, GFAS) used in this study provide esti-
mates of carbon released into the atmosphere during combustion, but
they do not capture critical differences in fire type (e.g., crown fires vs.
surface fires) that may have varying impacts on postfire biogeophysical
and biogeochemical processes®. These datasets also do not account
for the long-term legacy effect of fire on carbon processes, such as the
high postfire vegetation mortality, which may result in additional
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carbon losses not reflected in the fire emission estimates. Moreover, as
other inversion results (e.g., from Carbon Tracker and RECCAP2) for
2024 were not available at that time, this study relies solely on the
GCASV2 inversions. Future intercomparison of atmospheric inversion
results for 2024 will be necessary.

In summary, our study reveals the causes and underlying
mechanisms of the record-high CGR in 2024 by combining GCASv2
atmospheric inversions with multiple satellite-derived carbon flux
estimates. We find that the surge in CGR in 2024 is due to large
reductions in the global land sink (2.62+0.76 PgCyr™), which is
dominated by the tropical regions (1.41+0.42 PgC yr™). The declined
land sink is mainly caused by the large increase in TER, owing to the
extreme hot-wet conditions as well as enhanced vegetation produc-
tion. This suggests that extreme heat and wet conditions can reduce
the land sink by increasing TER, providing a more comprehensive
understanding of how the land sink responds to climate extremes
under anthropogenic warming. Alarmingly, the global air temperature
anomalies in 2024 have broken the 1.5°C threshold set by Paris
Agreement’, and there is thus an urgent need for anthropogenic
actions to decrease the carbon release from greenhouse gas emissions
and terrestrial ecosystem respiration, and enhance carbon sequestra-
tion capacity, in order to halt the continued warming of the Earth.

Methods

Global Carbon Assimilation System (GCAS), version 2

The global land and ocean CO, fluxes were estimated using the
GCASv2?%, which has been used in the atmospheric inversion of the
global carbon budget"”°. In this study, the GCASv2 inversion frame-
work is the same as the one used in Dong et al.”, where it is described in
detail. We updated the inversion estimates by assimilating the updated
version of OCO-2 XCO, retrievals (ACOS V11.2 Level 2 Lite)”. We used
the JMA Ocean CO, map’®> for the Ocean fluxes and GCP-
GridFEDv2024.0” from the Global Carbon Project (GCP) for the FFC
emissions. Note that GCP-GridFEDv2024.0 was only updated to 2023
(hereafter FFCgcp); we used the FFC data from the Carbon Monitor?7*
(hereafter FFCcyy) to extrapolate FFC emissions in 2024, based on the
ratios of FFCcy between 2023 and 2024 in different regions. We con-
ducted four atmospheric inversion experiments combining two multi-
year averaged prior biosphere fluxes (BEPS**”> and CASA-GFED4.1s™)
and two fire emission datasets (GFED4.1s*® and GFAS™). We computed
the mean across four experiments as the optimal estimates, and the
uncertainties were calculated as the mean of posterior flux uncer-
tainties across four experiments. A Monte Carlo approach was used to
calculate the uncertainties of posterior fluxes for each experiment.

Gross primary production estimates

We used two different satellite-derived GPP estimates during
2015-2024, i.e., GOSIF GPP** and FluxSat v2.2 GPP*, which were both
generated based on machine learning techniques and have been vali-
dated by independent ground GPP measurements®**>, The GOSIF GPP
was estimated from OCO-2 SIF data based on linear SIF-GPP relation-
ships, which are in 0.05°x0.05° spatial and 8-day temporal
resolutions*. The daily FluxSat GPP (spatial resolution, 0.05° x 0.05°)
was estimated based on eddy-tower GPP measurements, MODIS
reflectance data, and reanalysis data using neural network
architecture®. Both satellite-derived GPP used here were aggregated
to a spatial resolution of 1° x 1° on a monthly basis. We computed the
optimal estimate by averaging the two GPP products. The uncertainty
of GPP (6pp) Was estimated by considering the uncertainty induced by
the differences between the two GPP products (6¢pp,) and the intrinsic
uncertainty for each GPP product (6gpp, ). The 6¢pp, Was estimated as
the standard deviation of 1000 bootstrapped samples®, while the
bgpp, Was calculated using the Monte Carlo method based on the

uncertainty data provided by each GPP product. Here, the uncertainty
of GPP was estimated as Sgpp = |/ Spp, + epp, -

Fire carbon emission estimates

We used two different fire emission data products. i.e., GFED4.1s*® and
GFAS”, which offer emissions of CO,, carbon monoxide (CO), and
methane (CH,). The GFED4.1s used Carnegie-Ames-Stanford Approach
(CASA) biogeochemical model, and MODIS burned area to estimate
global fire emissions at a 0.25°x0.25° spatial resolution and 3-h
interval, which included contributions from small fires®®. The GFAS
assimilated MODIS Fire Radiative Power (FRP) to generate global daily
emissions at a 0.1° x 0.1° spatial resolution. For each product, the fire
carbon emissions were calculated as the sum of carbon emissions from
CO,, CO, and CHy4, and then aggregated to 1° x 1° spatial and monthly
resolutions. We calculated the mean of GFED4.1s and GFAS as the
optimal estimates and assumed a 20% uncertainty in the estimates®.

Total ecosystem respiration estimates

Following previous studies'®****, the monthly TER was calculated as the
residual among atmospheric inversion-derived NBE, satellite-derived
GPP, and fire carbon emissions. Notably, only small fraction of CO and
CH,4 emissions can be transformed to CO, in the boundary layer, and
detected by the inversions’. The TER was calculated as follows:

TER =NBE + GPP — Fireco, , 14« (co+cH,) 1

where NBE and GPP are the optimal estimates of NBE and GPP.
Fireco, +14%x(co+cn,) represents fire carbon emissions from CO, and
14% of CO and CH,. Considering that the uncertainties of NBE, GPP,
and fire emission estimates may be propagated into the TER estimates,
the uncertainty of TER estimates was calculated as follows':

_ [ 2 2
Orer = \/5NBE +8Gpp + 6Firecoz+l4%x(co+CH4) ()

where O1r, Onge, and Ogpp are the uncertainty of TER, NBE, and GPP
estimates, respectively. G, e corcny TEPTESENLS the uncertainty of
fire carbon emissions from Cf)z and 14% of CO and CHy, calculated as
20% of these emissions. Notably, our uncertainty propagation
approach, like many others, assumes independent errors among NBE,
GPP, and fire emissions. This is a common simplification often neces-
sitated by the general lack of comprehensive knowledge regarding
error covariance structures across these complex and inter-related
data streams. However, these variables share common drivers (e.g.,
climate factors and satellite-based reflectance), which likely introduce
positive error covariances and lead to an overestimation of the
uncertainty in TER estimates. Therefore, the true uncertainty of TER
estimates could potentially be smaller than what we reported.

Atmospheric CO, growth rate and in-situ CO, concentration
observations
The annual mean CGR records from globally averaged marine
boundary layer (MBL) stations during 1959-2024 were provided by the
NOAA Global Monitoring Laboratory (GML)". The annual mean CGR
from MBL stations for each year is calculated as the difference in
concentrations between the end of December and the start of January
of that year. Based on the same method, we also calculated the annual
mean CGR using the OCO-2 XCO, retrievals from 2015 to 2024.
Surface flask CO, observations were used for the independently
evaluate the posterior fluxes, which were obtained from the Obser-
vation Package (ObsPack) dataset in the NOAA GML, including
obspack_co2_1_GLOBALVIEWplus_v10.1 2024-11-13 (GV v10.1)**> and
obspack_co2 1 NRT v10.1 2025-02-07 (NRT v10.1)*. The CO, data in
the GV v10.1 dataset only goes up to Dec 2023, whereas the data in the
NRT v10.1 dataset starts from Jan 2024. First, we selected the surface
flask sites with observations in both datasets. There are a total of
49 sites. Then, for the observational data of each site, we performed
data quality control and removed outlier observations. Thirdly, to
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ensure that the 2024 evaluation results are comparable with those of
previous years, we only retained sites with at least eight months of
observation data in 2024 and at least 2 observation records per month.
Finally, 26 sites were retained for evaluations (Fig. S2 and Table SI).

EC data

The EC data were collected from ICOS, AmeriFlux (https://ameriflux.
Ibl.gov/), OzFlux (https://www.ozflux.org.au/), and a paddy rice site
(CN-JR) in China”’. For ICOS and AmeriFlux datasets, we selected the
annual flux data derived from the night-time partitioning method (i.e.,
“GPP_NT_VUT REF” for GPP, “RECO_NT VUT REF” for TER, “NEE_VU-
T_REF” for net ecosystem exchange (NEE)). For the OzFlux dataset, the
annual flux data generated from artificial neural networks were selec-
ted, as some OzFlux sites do not provide the EC flux data from the
night-time approach. We only selected sites with complete records in
2022 and 2024. Ultimately, 98 sites were used to validate the TER
estimates in this study (Fig. S31 and Table S6).

To investigate to response of carbon flux to climate anomalies at
the site scale, we also obtained annual climate data (i.e., air tempera-
ture and precipitation) from each EC site. We used the precipitation
anomaly (APRCP) as the proxy of water availability, as some sites do
not provide soil moisture measurements. We calculated the climate
anomalies in 2024 relative to 2022. Here, the hot-wet anomalies were
defined as AT >0 °C and APRCP >15%, whereas the hot-dry anomalies
were defined as AT >0°C and APRCP <-15%. Of the 98 EC sites, 12
experienced hot-wet anomalies and 6 experienced hot-dry anomalies
in 2024 (Table S7-8).

Auxiliary data

The land cover map was derived from MODIS MCD12C1 vé6.1 product,
which has a spatial resolution of 0.05° x 0.05°%, We aggregated the
land cover map to 1° x 1° resolution by the dominant class. Based on
the majority land cover type, pixels dominated by non-vegetated land
cover types were masked, including “water bodies”, “urban and built-
up lands”, “barren”, and “permanent snow and ice”. We merged
“evergreen needleleaf forests”, “evergreen broadleaf forests”, “decid-
uous needleleaf forests”, “deciduous broadleaf forests”, “mixed for-
ests”, and “woody savannas” into “forests”. In addition, “closed
shrublands”, “open shrublands”, “savannas”, and “grasslands” were
merged into “shrub/grasslands”. We additionally used the MODIS
MCD12Q1 vé6.1land cover map (spatial resolution, 500 m)” to calculate
the fraction of forests, shrub/grasslands, and croplands in 2022 and
2024. Here, the fraction of each biome in these two years was calcu-
lated at the resolution of atmospheric inversions as the proportion of
the summed areas of each biome within each inversion-grid
cell (1°x1°).

The 16-day NDVI data was obtained from MODIS MODI13Cl1 vé6.1
product, which also has a 0.05° x 0.05° spatial resolution®. The daily
SIF data were derived from TROPOspheric Monitoring Instrument
(TROPOMI) near-infrared band measurements (i.e., 743-758 nm fitting
window)®. The NDVI indicates vegetation greenness, and SIF is a
strong proxy of GPP at the ecosystem scale®. The NDVI and SIF data

were aggregated to a spatial resolution of 1° x 1° as well.

Climate data

The TWS data were derived from the Center for Space Research (CSR)
Gravity Recovery and Climate Experiment Follow-On (GRACE-FO) data
product (RL06.3 Mascon Solutions)®’. Due to the lack of GRACE-FO
TWS data during 2017-2018, we also used the TWS data from Global
Land Data Assimilation System (GLDAS) dataset, which assimilates
GRACE observations®, to analyze the relationship between TER and
TWS. Both TWSgrace and TWSg pas Show a consistent spatial pattern
of TWS anomalies in 2024 (Fig. S37). These TWS data were aggregated
to a 1° x 1° resolution on a monthly basis.

The monthly air temperature, VPD, and SR were derived from the
fifth generation of the land component of ECMWF reanalysis (ERAS5-
Land) dataset®. Since VPD was not directly provided in ERA5-Land, it
was calculated using 2-m air temperature and dew-point temperature.
These climate factors were aggregated to a 1° x 1° resolution as well.

Statistical analysis

Given the non-linear response of TER to temperature and soil
moisture®, following previous studies*®®¢, the relationships between
TER and air temperature and TWS during 2015-2024 were fitted using
the second-order polynomial model. In addition, TER typically
increases linearly with GPP at both seasonal and annual scales®, thus a
linear model was used to fit the relationship between TER and GPP.
Statistical significance of the model fitting was computed using F-test.
To quantify the effects of climate and GPP changes to the increased
TER in 2024, we performed a multiple non-linear regression model to
separate the TER anomalies due to climate and GPP, as follows:

- 2 2
TER=ao + 0o, X 2"+ 0y X Z7 + 03 X Z1ys™ + g X Zqws + A5 X Zgpp + Eqpr
3)

where ay, a7, a5, @3, a,, and as are regression coefficients; Z;, Zqys, and
Zgpp are the z-score values of air temperature, TWSg pas, and GPP,
respectively; and &g is the residual error. The time series of TER effected
by climate (TER i) and GPP (TERgpp) was calculated as follows:

TER mare = Xo + Oy X Z 12 + 0, X Zp + 03 X Zyys” + 0y X Zyyys (4)
TERGpp =5 X Zgpp )

We calculated the anomalies of TER e and TERgpp in 2024
relative to 2022. TER ;,.e anomalies were considered as the climate
effects, whereas TER;pp anomalies were considered as the GPP effects.
However, it should be noted that climatic anomalies can indirectly
affect TER by influencing GPP, which can be detected by multi-
collinearity diagnostics (Table S5). Therefore, we used the residuali-
zation method to further separate the indirect climate effects and
other GPP effects. We first fitted the relationship between GPP and
climatic variables, as follows:

Zopp =Bo+BixZ1> + By X Z 1+ B3 X Zyws” + By X Zrws +Ecep (6)
Z 6pp, climate =Bo * By XZ 724 By X Zy+ By x Zrws” + By * Zrys  (7)

Z pp, only = €cpp = Zcpp — Z PP, climate (8)

where Zpp imae T€Presents the climate effects on GPP. Zgpp oy
represents the residual of GPP that is not explained by climatic vari-
ables. On this basis, the indirect climate effects (TER jmate, indirect) aNd
other GPP effects (TERgpp onyy) ON TER time series were calculated as
follows:

TER imate, indirect = @5 X Z Gpp, climate ©)

TERGpp, onty = &s X Zpp, only (10)

We calculated the anomalies of TER jimace, indirece aNd TERGpp, oy iN
2024 relative to 2022. TER inace, indirece aNOMalies were considered as
the indirect climate effects, whereas TERgpp, ,, anomalies were con-
sidered as the GPP effects caused by other factors (e.g., CO, fertiliza-
tion, land management, increased nutrition availability, etc.).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data used in this study are publicly available. The inversions of
GCASv2 are available at https://github.com/Guanyu-nju/Global_
2024sink.git. The GOSIF GPP is available at https://globalecology.
unh.edu/data/GOSIF-GPP.html. The FluxSat v2.2 GPP is available at
https://daac.ornl.gov/VEGETATION/guides/FluxSat GPP_FPAR.html.
The GFED 4.1s fire emissions are available at https://www.geo.vu.nl/
~-gwerf/GFED/GFED4/. The CAMS GFAS fire emissions are available at
https://www.ecmwf.int/en/forecasts/dataset/global-fire-assimilation-
system. The TROPOMI SIF data are available at https://radiantearth.
github.io/stac-browser/#/external/data-portal.s5p-pal.com/api/s5p 12/
collections/L2_SIF__. The GRACE/FO TWS data are available at https://
www2.csr.utexas.edu/grace/RLO6_mascons.html. The EC data col-
lected from ICOS, AmeriFlux, and OzFlux networks are available at
https://www.icos-cp.eu/, https://ameriflux.Ibl.gov/, and https://www.
ozflux.org.au/, respectively. The MODIS NDVI and land cover map, the
GLDAS TWS, and the air temperature, vapor pressure deficit, and solar
radiation from ERAS5-Land are available from the Google Earth Engine

(GEE) platform at https://developers.google.com/earth-engine/
datasets/.
Code availability

The MATLAB codes used in this study are available via GitHub at
https://github.com/Guanyu-nju/Global_2024sink.git.
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