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Abstract

In 2023, the biogeographic Amazon experienced temperature anomalies of 1.5°C above the 1991-2020 average from September
to November. These conditions were driven by high sea surface temperature in the Atlantic and Pacific oceans, together with
reduced moisture advection from the Atlantic, causing large vapor pressure and water deficits in the second semester of 2023.
Here, we evaluate the response of the Amazon carbon cycle to this extreme event across different spatial scales. We combined

atmospheric CO2 mole fractions and eddy covariance flux data from the Amazon Tall Tower Observatory (ATTO), near-real-



time simulations by Dynamic Global Vegetation Models (DGVMs), an atmospheric inversion, and remote sensing data. We find
that in 2023 the Amazon region was, including fires, a net carbon source of 0.01 to 0.17 PgC. Fire emissions (0.15 [0.13-0.17]
PgC) were within typical variability of the 2003-2023 period, thus we attribute the weak carbon source to reduced vegetation
uptake during the dry season. A stronger-than-normal vegetation uptake early in the year (January to April), consistent across
data streams and spatial scales, mitigated the total carbon losses by the end of the year. We find a shift from carbon sink to
source in May and a peak source in October. Our findings show a reduced vegetation carbon uptake over the Amazon region,

leading to a weak carbon source that contributed 30% of the net carbon loss in the tropical land in 2023.
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Key Points:

e Drought turned the biogeographic Amazon in 2023 to a weak carbon source, with
magnitude similar to the drought of 2015 but less than 2016.

e Seasonal development of net carbon exchange in 2023 was marked by early uptake that
partly compensated the carbon source of the dry season.

e The 2023 fire season in the Amazon was extended until November, though annual fire
emissions were close to the long-term average.
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Abstract

In 2023, the biogeographic Amazon experienced temperature anomalies of 1.5°C above
the 1991-2020 average from September to November. These conditions were driven by high sea
surface temperature in the Atlantic and Pacific oceans, together with reduced moisture
advection from the Atlantic, causing large vapor pressure and water deficits in the second
semester of 2023. Here, we evaluate the response of the Amazon carbon cycle to this extreme
event across different spatial scales. We combined atmospheric CO, mole fractions and eddy
covariance flux data from the Amazon Tall Tower Observatory (ATTO), near-real-time
simulations by Dynamic Global Vegetation Models (DGVMs), an atmospheric inversion, and
remote sensing data. We find that in 2023 the Amazon region was, including fires, a net carbon
source of 0.01 to 0.17 PgC. Fire emissions (0.15 [0.13-0.17] PgC) were within typical variability
of the 2003-2023 period, thus we attribute the weak carbon source to reduced vegetation
uptake during the dry season. A stronger-than-normal vegetation uptake early in the year
(January to April), consistent across data streams and spatial scales, mitigated the total carbon
losses by the end of the year. We find a shift from carbon sink to source in May and a peak
source in October. Our findings show a reduced vegetation carbon uptake over the Amazon
region, leading to a weak carbon source that contributed 30% of the net carbon loss in the
tropical land in 2023.

Plain Language Summary

The Amazon rainforest is a fundamental component in the Earth system as it stores large
amounts of carbon in standing biomass. In 2023, unusually high temperatures (1.5°C above
typical levels from 1991-2020) and dryness were recorded in the region from September to
November. These conditions were caused by less moisture from the Atlantic ocean and warmer
water temperatures in the Atlantic and Pacific oceans, which led to low humidity and drought
across the Amazon region in the second half of 2023. We studied how these extreme conditions
affected the Amazon’s ability to absorb and store carbon. Using CO, measurements from the
Amazon Tall Tower Observatory (ATTO), along with computer simulations and satellite data, we
observed that the Amazon became a source of carbon emissions in 2023, releasing between
0.01 and 0.17 billion tons of carbon, rather than absorbing it. Carbon emissions from fires were
0.15 billion tons, which was within normal levels for the last two decades (2003-2023). We
therefore attribute the anomalous carbon release in 2023 mostly to weakened vegetation
uptake, rather than increased losses from fires. The seasonal development diagnosed by
computer models suggest that vegetation absorbed more carbon than usual from January to
April, helping offset emissions, but this shifted in May when the Amazon began releasing more
carbon, with the highest emissions in October. Our results suggest that the Amazon’s reduced
carbon absorption accounted for 30% of the net carbon source across the tropical land in 2023.
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1 Introduction

The global atmospheric CO, growth rate in 2023 was 2.79 +- 0.08 ppm (Ke et al., 2024;
Lan, Tans, et al., 2024), the third largest since 2000 and fourth since 1959. The average growth
rate for the 2010-2020 decade was close to 2.5 ppm
(https://gml.noaa.gov/ccgg/trends/gl gr.html, last accessed Dec 12, 2024), so this large

anomaly, can not be solely explained by an increase of 1.3% in anthropogenic emissions from
2022 to 2023 (Friedlingstein et al., 2024), suggesting a reduction in the global carbon sinks (Ke
et al., 2024). Tropical land plays an important role in determining the mean magnitude of the
land carbon sink (Schimel et al., 2015), which is controlled by a balance between net carbon
sources resulting from deforestation and carbon sinks where uptake surpasses carbon losses in
less disturbed forest vegetation. Net release of carbon in the tropical land has been associated
with positive phases of El Nifio Southern Oscillation events (Gloor et al., 2018; J. Liu et al., 2017;
Palmer et al., 2019; Roédenbeck et al., 2018), which in turn is linked to positive surface
temperature anomalies globally (Trenberth et al., 2002) and in tropical forests (Jimenez et al.,
2018).

Globally, the year 2023 was the first one in which daily global mean temperatures were
continuously 1°C above the 1850-1900 reference period, marking an unprecedented record. In
about 50% of the days, most of them in the second half of the year, daily global mean
temperatures reached values 1.5°C above the 1850-1900 reference period, and from April to
December global surface ocean temperatures registered record values (Copernicus, 2024).
Associated with these record warming conditions, extreme events were observed both over
land and ocean, including major heatwaves and droughts across many regions. For example, in
Canada, extreme temperatures combined with low humidity led to unprecedented wildfires
which contributed to ca. 25% of total tree cover loss that year (MacCarthy et al., 2024) and
released over 0.6 PgC, more than the national fossil fuel emissions (Byrne et al., 2024). In the
Amazon basin, historical drought and heat conditions were registered in 2023, with
temperatures in October greater than 3°C above the 1981-2020 average, and the Port of
Manaus reaching the lowest water levels since records began in 1902 (Espinoza et al., 2024).

These extreme conditions have been linked to a transition from La-Nifia conditions in
2022-23 to El-Nifio from mid 2023, combined with widespread anomalous warming over the
oceans worldwide (Espinoza et al., 2024). Previous droughts in the Amazon region, such as the
ones in 2005 and 2010, and those associated with El-Nifio conditions like in 2015-16, have
resulted in reduced net carbon uptake by the Amazon forest, due to decreased productivity
despite a slight increase in greenness (Bastos et al., 2018; Erik et al., 2018; J. Liu et al., 2017; J.
Yang et al., 2018), reduced tree growth (Phillips et al., 2009; Feldpausch et al., 2016; H. Yang et
al.,, 2022) and increased mortality (Hartmann et al., 2022; Powers et al., 2020). Hot and dry
conditions tend to be associated with high fire activity and increased tree mortality (Brando et
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al., 2014) resulting in persistent impacts that compound with human-driven disturbances, and
can accelerate forest degradation (Berenguer et al., 2021; Fawcett et al., 2023; Lapola et al.,
2023). Furthermore, in previous droughts in 2010 and 2015/2016, intensified fire emissions in
the south and east of the Amazon have shifted the region from a carbon sink to a source (Basso
et al., 2023; Gatti et al., 2014; Rosan et al., 2024; van der Laan-Luijkx et al., 2015; Alden et al.,
2016; Gloor et al, 2018). However, regional differences in drought severity (Aragdo et al., 2018;
Lapola et al., 2023; Phillips et al., 2009) and thus resistance and resilience to drought (S. Chen et
al.,, 2024) and fires (Berenguer et al.,, 2018; Esquivel-Muelbert et al., 2020), together with
long-term rainfall trends, make impacts of each drought unique (Anderson et al., 2018).

Here, we examine the impacts of the 2023 extreme heat and drought conditions on the
Amazon carbon cycle by combining multiple sources of information on ecosystem productivity,
changes in biomass growth, fire activity and resulting net carbon fluxes. The combination of
different types of surface and atmospheric measurements together with satellite observations
of vegetation condition, aboveground biomass and fire activity, as well as atmospheric
inversions and dynamical global model simulations, enables a distillation of robust patterns and
the linking of atmospheric drivers with continental-to-regional-scale impacts on the land carbon
balance. We first study the development of the 2023 drought by analyzing the seasonal
evolution of the large-scale atmospheric circulation anomalies over tropical South America, and
compare these with previous events such as the EI-Nifio in 2015/16. Then we analyze the
spatiotemporal patterns of the most relevant climatic drivers of vegetation dynamics over the
Amazon basin and the evolution of fire activity, contrasting when possible with previous events.
We compare net land-atmosphere carbon exchanges, gross primary productivity, and ecosystem
respiration from global vegetation models and an atmospheric inversion, analyzing their
agreement and differences in magnitude and seasonality during the 2023 extreme event. As a
benchmark, we compare the large-scale patterns with in-situ measurements of carbon fluxes
and atmospheric CO, at the Amazon Tall Tower Observatory (ATTO), which is located in the
central Brazilian Amazon in a well preserved location and is one of the few sites in the region
providing carbon cycle in-situ data. By combining these multiple lines of evidence, our study
aims to provide a robust assessment of the carbon cycle impacts of the 2023 extreme drought
in the Amazon, and their relevance in the context of the global carbon cycle anomalies in 2023
(Friedlingstein et al., 2024; Ke et al., 2024).

2 Materials and Methods

2.1 Data sources and carbon cycle flux terms at regional scale

We used ERAS reanalysis data (Hersbach et al., 2020) and ERA5-Land (Mufoz-Sabater et
al., 2021) to analyze climatic drivers and anomalies over the Amazon. Monthly anomalies for
sea surface temperature (SST), winds, geopotential height, and water vapor flux were computed
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relative to 2000—2023 (Figure 1, Text S1). Potential cumulative water deficit (PCWD) was derived
from precipitation and potential evapotranspiration (PET) following Stocker et al., (2023) and
vapor pressure deficit (VPD) was calculated using 2m air temperature and relative humidity
from ERA5-Land, with anomalies also referenced to 2000-2023. We refer the reader to Text S1
for more details on the reanalysis data.

To calculate the carbon cycle components (see Figure 1 and Text S2 and S3 for more
details) we use four land surface models (bottom-up approach): Simple Biosphere model
Version 4 (SiB4, Haynes et al., 2019), ORCHIDEE-MICT (Guimberteau et al., 2018; Krinner et al.,
2005) , O-CN (hereafter referred to as OCN, Zaehle et al., 2010) and JULES (Clark et al., 2011).
Three of the land surface models are Dynamic Global Vegetation Models (DGVMs) and one is a
process-based model (SiB4), but for practical reasons we will refer to DGVMs throughout the
text. As the top-down approach we use one satellite-driven atmospheric inversion (OCO2-Inv)
that has a high resolution globally (1 x 1 degree) and is driven by the OCO-2 satellite
atmospheric CO, concentration data. The remote sensing data (Figure 1, Text S4), like fire counts
and emissions, GPP proxies (Sun Induced Fluorescence - SIF and Near Infrared of Vegetation -
NIRv) and the Aboveground Carbon (AGC) based on L-band derived Vegetation Optical Depth
(L-vOD) are all described in Text S4.

We define the carbon cycle components as the net flux over land (Fland) which results

from the Net Biome Exchange (NBE) and the anthropogenic emissions (Fff) from fossil fuels.

Fland= NBE + Fff

NBE is composed by the Net Ecosystem Exchange (NEE) and fire emissions, including
deforestation and degradation (Fﬁre) .

NBE = NEE + F
fire

And finally, NEE is given by the difference between terrestrial ecosystem respiration
(TER) and photosynthesis (GPP). A negative sign (-) in Fland, NBE and NEE indicates a net uptake

of carbon over land, whereas a positive (+) sign denotes a net source of carbon over land.
NEE = TER — GPP

To obtain the bottom-up NBE, we use the ensemble mean of the DGVMs and the mean

Fﬂre between GFAS (Kaiser et al., 2012) and GFED4s (van der Werf et al., 2017). The top-down

approach NBE is obtained using the OCO2-Inv and by subtracting Ffire from NBE, we obtain

NEE. In Figure 1, we provide a summary of the data streams used to calculate the bottom-up
and top-down NBE and NEE, together with the data used as proxies in this study.
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The uncertainty of the Fﬂre is reported in terms of the min-max range [min-max],

between GFAS and GFED4s. For the flux components (GPP, TER, NEE and NBE) calculated with
the DGVMs we use the standard deviation of the model ensemble mean. For the OCO2-Inv we
do not report uncertainty for 2023, but we note that as the global uncertainty (1-o) for a single
year is 3 PgC year™, the posterior uncertainty for the biogeographic Amazon will be less given
the smaller domain and the data constraint, likely within 0.3-0.5 PgC year™. The inter-annual
variability (IAV) is also reported explicitly and is calculated as the standard deviation of the
multi-year mean for a given data source (e.g. NEE +- |AV). For the DGVMs, the multiyear mean
is calculated from the ensemble mean of each individual year.

Data . Reference
Variables .
streams period
PCWD
SST
ERAS T 2000-2023
VPD
GeoP H.
GRACE EWH } 2004-2023
Input
NEE T B
DGVMs 2003-2023 Top-down (TD) carbon cycle
TER
NBEocozinv= NEETp + Fire
NEErp = NBEoco2-inv - Fiire

) Proxy L p;
Inversion NBEoco2-inv 2015-2023

- B
Bottom-up (BU) carbon cycle

SiF 2015/8-2023
NIRv 2000-2023 NEEgy = (TER - GPP)pgvms >
L-VOD 2010-2023
Fire Activity 2003-2023 NBEgu = NEEgy *+ Fiire
Fire Emi.(Ffre)]  2003-2023 L Y

Carbon Cycle

Figure 1. Data streams for climate and carbon cycle cycle components used to obtain the
carbon budget for the biogeographic Amazon based on top-down and bottom-up approaches.
Note that for SIF, as we describe in Text S4 we are using two products with different reference
periods. The green highlight shows that SiF and NIRv are used as GPP proxies.

2.2 Local Measurements of carbon and climate variables

We use several data streams measured at the ATTO site (-2.1441, -58.999,
https://www.attoproject.org/). In-situ continuous CO, mole fractions covering the period from
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2014 to 2023 were used. The ATTO site and most of the measurement systems have been
described by Andreae et al.,, (2015) and the footprint of the CO, mole fractions were
characterized by Botia et al., (2022) and added in Figure S1. The half-hourly eddy covariance
(EC) data was measured with a 3D sonic anemometer (CSAT3, Campbell Scientific Inc., Logan,
UT, USA) and an open-path infrared gas analyzer (LI-7500A, Li-COR Inc., Lincoln, NE, USA), both
mounted at 81 m above ground level on the ATTO 80 m Instant tower. The filtered high-quality
and half-hourly turbulent EC-CO, fluxes were used for further data analysis: net ecosystem
exchange (EC-NEE) calculation, gap-filling and EC-NEE partitioning to Gross Primary Productivity
(GPP) and Ecosystem Respiration (R..). The complete details on the processing, partitioning,
data quality assessment and calibration of the eddy covariance data and the CO, mole fraction
datasets can be found in Text S5.

3 Results

3.1 Regional climate anomalies

In 2023, large PCWD (Figure 2) were found in the beginning of the year for the areas
surrounding the Amazon, but remained low through the first semester within the biogeographic
Amazon (hereafter Amazon). PCWD remained particularly low in the southern and eastern
sectors of the Amazon forest, while other parts experienced relatively higher water deficits. By
July, an increasing PCWD started to develop primarily in the southern sector of the Amazon,
intensifying and expanding into central Amazonia. The progressive increase of PCWD is
associated with high pressure anomalies between 5-20°S (Figures S2-S3) and a weakening of the
trade winds that persisted from June until October 2023 (Figures S7-S8). The persistence of
high-pressure anomalies south of the equator in the second half of 2023 further induced a
northward shift of the ITCZ (Figure S4) that suppressed regional convection and rainfall (Figure
S4, S5) over the Amazon.

The weakened winds coming from the east and northeast flow contributed to reduced
moisture transport from the Atlantic Ocean into the Amazon region; such wind anomalies were
more pronounced from March to August (Figures S10). This led to the intensification of PCWD,
potentially reinforcing anomalous anticyclonic circulation, especially in the eastern and central
Amazon. The anomalous circulation patterns from May to December 2023 were likely induced
by the above-average sea surface temperatures (SSTs) registered in both the Pacific and Atlantic
Oceans (Figure 2). In the eastern Pacific, strong positive SST anomalies developed from April to
November, consistent with the predominance of El Nifio conditions (Espinoza et al., 2024), as in
2010 and 2015/16 (Marengo et al., 2011; Jiménez-Mufioz et al., 2016). The coincidence of
warming in both ocean basins is particularly noteworthy, as it likely amplified the drought
effects beyond what would be expected from a typical El Nifio event alone.
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Figure 2. Regional climate analysis for 2023. Sea Surface Temperature (SST, plotted over sea surface),
Cumulative water deficit (PCWD, plotted over continental surface), geopotential height contours at
850hPa (plotted as colored contour lines) and wind fields at 850hPa (black arrows). All variables were
calculated using ERAS reanalysis data, and the monthly anomalies were calculated relative to 2000-2023
baseline.

To better understand the 2023 event we compare the large-scale anomalies in climatic
drivers in 2023 with those in 2015, the previous El Nifio event in the origin year. Compared to
2015, the 2023 drought extended deeper into the Amazon, as shown by positive differences in
PCWD emerging from September to December (Figure S9) and by the precipitation anomalies
(Figures S5-S6). The exacerbated warming in 2023 is also evident in SST anomalies in 2023
compared to 2015 (Figure S9), which were consistently higher in 2023 than 2015 for most of the
year in both the Atlantic and the Pacific oceans. Over the eastern Pacific, 2023 was colder than
2015 from September until December, consistent with it being a weaker El-Nifio.

PCWD differences between 2023 and 2015 are partly driven by differences in VPD
between those years and linked to 2023 having recorded record air temperatures and VPD over
the last 24 years (Figure 3). Moreover, the seasonal evolution of temperature and VPD
anomalies were concentrated in the second half of 2023 (Figure 3a,b,c,d), presenting a peak in
October (Figure 3f,g). In addition, the equivalent water height from GRACE, was the lowest in
this century in the Amazon basin (Figure 3e). Therefore, our results show that other
mechanisms additional to El Nifio in 2023, like the anomalous sea surface temperature in the
Atlantic ocean, contributed to stronger drought conditions over most of the Amazon than in
2015, and are consistent with the attribution of the extreme drought conditions in 2023 to
climate change by the World Weather Attribution project (WWA, 2024).
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Figure 3. Regional scale climate anomalies for tropical South America. The spatial anomalies of VPD for
both semesters in 2023 (a,b) and the same for the 2m temperature (c,d) were calculated using ERA5
land data (Hersbach et al.,, 2020). The seasonal evolution of the Equivalent Water Height (EWH)
anomalies for the Amazon basin (e) were taken from the Gravity Recovery and Climate Experiment
(GRACE) (available at: https://grace.jpl.nasa.gov/data-analysis-tool/. Last access: July 17, 2024). The
seasonal evolution of VPD (f) and 2m temperature (g) anomalies are shown for the shaded area in (h)
that corresponds to the biogeographic Amazon. The anomalies are based on a reference time period
from 2000 to 2023.
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3.2 Seasonal evolution and spatial distribution of carbon cycle components

Seasonal F;,,anomalies
The fire season in 2023 was extended well into November, different from normal years

when the fire season offset is in October (Figure 4b,d). This extended fire season was driven by
a north-to-south shift, but not necessarily leading to anomalous fire activity and carbon
emissions (Figure 4b,c,d,e). Fires were largely concentrated in the Arc of Deforestation, along
the southern border of the Amazon (between 70-602W and 159S), but also further north in the
state of Pard and along the main branch of the Amazon river (Figure 4a). The highest fire counts
and emissions were in October and November (Figure 4b,d). On average, the fire activity is
dominated by fires occurring south of 59S, with an increasing contribution in October and
November (Figure 4f,g). In 2023, from July to September the relative contribution of fires north
of 595 was 10% larger than the long-term mean (2003-2023), consistent with the study of
Jiménez et al., (2024). Later (November and December), the fire counts in the south (below 525)
were doubled relative to the 2003-2023 mean. Note that these spatial patterns are consistent
with the development of the PCWD in the second half of 2023 (Figure 2). Furthermore, ATTO
carbon monoxide data shows larger than average enhancements of CO, especially in September
and October, confirming the larger than average contribution of fires north of 59S (Figure S11).

Even though there was an extended fire season, total fire emissions in 2023 (0.15
[0.13-0.17] PgC year?, see Figure 4c) were the same as the long-term (2003-2023) average
between the two fire products (0.15 [0.13-0.16] PgC year™) with an interannual variability of +-
0.07 PgC year™. Individually, over the entire record (2003-2023, Figure S12), GFED4s emissions
and its inter-annual variability (0.16 +- 0.08 PgC year™) are on average larger than GFAS (0.13 +-
0.07 PgC year™). Our estimate for the biogeographic Amazon in 2023 is similar to 2015 and 2016
(0.13 and 0.14 PgC year), consistent with the total fire counts in 2023 (~180,000), which were
marginally higher than 2015 (~163,000) and 2016 (~145,000). Given these findings, we conclude
that fires were within the long-term variability and had a close-to-normal contribution to the
NBE in 2023.
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Figure 4. Fire counts and carbon emissions from fire in the biogeographic Amazon. Spatial distribution of
total Fire counts in 2023 (a) with the latitudinal and longitudinal marginal distributions on y and x. We
calculated the mean fire carbon emissions based on the GFED4s (van der Werf et al., 2017) and GFAS
(Kaiser et al., 2012) products for each month from 2003 to 2023 (b). The red shading in (b) indicates the
maximum and minimum fire emission between GFED4s and GFAS for the months in 2023. The
cumulative fire carbon emissions are shown in (c). The seasonal evolution of fire counts (d) and
cumulative fire counts from 2003 to 2023 (e). The relative contribution (%) of fire counts north (f) and
south (g) of the latitude 59S to the total fire counts per month for 2023 and the mean for 2003 to 2023.
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Spatial distribution of NEE, NBE and Fires
In 2023, the spatial patterns of vegetation carbon sources and sinks (NEE), as simulated

by DGVMs, show high consistency, with at least three out of four models agreeing on the sign of
NEE (Figure 5a). According to these models, vegetation acted as a carbon source south of the
main branch of the Amazon River and northeast of ATTO. The source regions south of the
Amazon River (e.g., between 70°W—-60°W) overlap with fire emissions (Figure 5b), whereas this
overlap is not observed in the northeast near ATTO. Spatial patterns of NEE partially align with
the temperature and VPD anomalies shown in Figure 3 and with PCWD in Figure 2, particularly
in the central, southern, and eastern Amazon. Conversely, regions in the north and northwest,
where DGVMs simulate vegetation uptake, do not show significant VPD or temperature
anomalies, nor large PCWD throughout the year. Therefore, DGVMs and fire data suggest that
vegetation carbon sources were enhanced by fire activity in the south of the Amazon but not in
the northeast.

The spatial distribution of NBE in the DGVMs and the OCO2-Inv is broadly consistent in
an east-west sink-to-source gradient in the Amazon (Figure 5c¢,d). The OCO2-Inv indicates a net
uptake of carbon concentrated over the west (west of 70°W), but the DGVMs simulate the
uptake in the northwest. While DGVMs simulate larger carbon sources than the OCO2-Inv in the
south of the Amazon where most of the fires are located, the OCO2-Inv shows a large source
northeast of ATTO. Note that northeast of ATTO, fire emissions were low suggesting that the
positive NBE (carbon sources) is mainly driven by vegetation. The differences between NEE and
NBE in Figure 5a versus 4c,d are indicative of fire emissions in the regions where NBE > NEE, but
only where fire emissions overlap. On the other hand, in the grid cells in which NEE (Figure 5 a)
is close to NBE (Figure 5 d), the role of the vegetation in the sink or source of carbon is more
relevant than fires. Based on this, we found a carbon source (+NEE) due to reduced vegetation
uptake in the north of the main branch of the Amazon river and northeast of ATTO.

Seasonal evolution of NEE, NBE and GPP, TER
We compared the calculated seasonal evolution of the gross and net carbon fluxes over

the whole basin in 2023 with the long-term mean, both for DGVMs (2003-2023) and the
0OCO2-Inv (2015-2023) (Figure 6). We use different reference periods as the OCO2-Inv is limited
to the OCO2 data coverage. DGVMs simulate positive (slightly above 10) TER and GPP
anomalies in the beginning of 2023, which result in equally strong negative NEE (increased
uptake) until May (Figure 6 a,b,c). Starting in August, DGVMs indicate a steep decline in GPP,
shifting from moderately positive values in August to extremely low (<-20) levels from
September to December. This decline is accompanied by a consistent but less pronounced
decrease in TER, with the most significant negative anomalies (also below -20) in November. As
a result, the NEE over the Amazon shifts from negative (carbon uptake) to positive (carbon
source) in September, remaining positive through the end of the year (Figure 6c). Adding fire,
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the NBE from DGVMs shows a similar trajectory, with more evident contributions from fire since

July onwards (Figure 6d). Note that the anomalies given by the DGVMs are based on a reference

period between 2003 and 2023 and represent the largest simulated decline in gross fluxes and

net sources (NEE and NBE) during the dry season in the current century.
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Figure 5. Bottom-up and top-down carbon cycle components for the biogeographic Amazon in 2023. In
(a) the mean NEE for the DGVMs, in (b) the mean fire emissions between GFAS and GFED4s, in (c) the
NBE calculated as the sum of panels a and b (NBE = NEEgywms +Fsr.) and in (d) the NBE of the OCO2-Inv. In
(a) the grid cells in which at least three of the DGVMs coincide in the sign of NEE are highlighted with a

marker.
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The OCO2-Inv estimates a strong uptake (NBE) in the first months of 2023, but followed
by a switch from sink to source in May and a return to a sink in December (Figure 6 e). This is
consistent with uptake anomalies (NEE) in DGVMs in the beginning of the year, but the
magnitude of uptake in the OCO2-Inv (NBE) relative to the mean of the reference period is
larger than in the DGVMs. We find that in the DGVMs and the OCO2-Inv, October is the month
in which NEE and NBE reach the seasonal maximum or the largest carbon source in 2023,
coinciding with the temperature and VPD anomalies shown in Figure 3 and with the peak in fire
activity at the Amazon region scale. Given the seasonal development, we conclude that the NBE
maximum in the second semester was driven by a combination of fires and a positive NEE, but
the switch from sink to source in May (only in the OCO2-Inv) is only driven by a positive NEE as
fire activity with a late onset began only in August (Figure 4). Nevertheless, the enhanced
uptake from January to May, evident in both OCO2-Inv and DGVMs, compensated for the
relatively large source in the second part of the year.

Over the whole year (2023), the NBE ranges from 0.01 PgC year™ (DGVMs) to 0.17 PgC
year® (OCO2-Inv). In the top-down estimate the NBE implicitly includes fires, and degradation
and deforestation emissions that do not occur through burning (although these were not
prescribed in the priors) over the Amazon (Figure 6f). Interestingly, the NBE in DGVMs and the
0CO2-Inv during 2023 was similar in magnitude to 2015 (DGVMs, -0.06 PgC year® and
0CO2-Inv, 0.16 PgC year™), but contrastingly different than in 2016 (DGVMs, -0.10 PgC year™
and OCO2-Inv, 0.83 PgC year™). Without fires (0.15 [0.13-0.17] PgC year™), the NEE ranges from
a sink (DGVMs, -0.13 PgC year™) to a small source (OCO2-Inv, 0.02 PgC year™) in 2023. Note that
compared to previous years, the DGVMs show the largest difference in NEE relative to the
long-term mean, indicating a carbon sink weakened by more than 30%. It is worth noting that
the shape of the seasonal cycle differs between the OCO2-Inv and DGVMs, which might be
because DGVMs tend to not capture well the seasonality of GPP in the evergreen tropical
forests (Restrepo-Coupe et al., 2017; X. Chen et al.,, 2020). Therefore, even differing in
seasonality and in the absolute magnitude of the fluxes, both DGVMs and the OCO2-Inv
estimate a large anomaly in 2023 relative to the reference period.

GPP anomaly and Aboveground biomass change

To confirm the negative anomaly in GPP given by the DGVMs, we further analyzed
independent GPP proxies for the same region. First, we compared each GPP proxy (OCO2-SiF,
Tropomi-SiF and NIRv) to the local EC-GPP at ATTO (Figure S13), which indicate that the SiF
products (OCO2-SiF and Tropomi-SiF) are closer to the local GPP (r = 0.49; p-value<<0.01, r =
0.47; p-value<<0.01, n=72) than NIRv (r = 0.32; p-value=0.01, n=72). Using the SiF products for
the Amazon, we found that the sign of the anomalies in October, November and December is
the same as for the DGVMs (Figure 7 a). Earlier in the dry season, in August and September, the
SiF products and the DGVMs are not consistent and in September the DGVMs show a rather
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Therefore, it is likely that the GPP anomaly in DGVMs had an earlier

onset compared to the GPP proxies. However, from October to December, a reduced vegetation
uptake, as the DGVMs and the GPP proxies suggest, is likely.
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Figure 6. Mean seasonal cycle of gross and net carbon fluxes from DGVMs, having the period from 2003
to 2023 as a reference for the biogeographic Amazon. The climatological mean for the DGVM ensemble
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Net ecosystem exchange (NEE) based on the DGVM ensemble mean is shown in (c). Net biome exchange
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NBE for the DGMV ensemble mean was calculated adding the mean fire emission from the GFED4s and
the GFAS fire emission products.
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We find that the average Aboveground Carbon (AGC) loss in the Amazon from 2011 to
2023 was -0.39 +- 0.15 PgC year™ (average value over all years with losses) while for 2023 it was
-0.61 PgC (Figure 7 b). Changes in AGC (AAGC) have been associated with tree mortality,
deforestation and subsequent degradation at forest edges due to fire and logging, but also to
secondary forest growth (Fawcett et al., 2023; Silva Junior et al., 2020), so a AAGC represents a
net exchange which can have a fraction not emitted directly into the atmosphere. For example,
selective logging or tree mortality are processes that can cause a AAGC but not an immediate
CO, source to the atmosphere. The losses in 2023 could have been influenced by the decreasing
trend in the L-VOD signal since 2016 (Figure S14). However, the spatial patterns in the AGC
anomalies were found to correlate well with Enhanced Vegetation Index (EVI) and SiF (Wigneron
et al., 2020), both proxies of GPP. As a comparison, relative to the long-term mean the
reduction in DGVMs-GPP was 0.88 PgC year™ in 2023. Thus, while the AGC change in 2023 could
in part be associated with a reduction in GPP due to deforestation, the mismatch (GPP,... >
AGC,...;) suggests that the reduction in GPP in the DGVMs could be slightly overestimated, like
in the beginning of the dry season.
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Figure 7. Magnitude of the standardized anomalies in OCO2-SiF, Tropomi-SiF and ensemble mean GPP of
the DGVMs for the biogeographic Amazon a) and mean net aboveground carbon loss estimated from
L-VOD for the same Amazon region b). Note that the anomalies in a) were calculated with the OCO2-SiF
period as a reference (2018-2013), for the OCO2-SiF, Tropomi-SiF and the DGVMs. For b), we calculated
the difference in AGC from year,,, to year, (year,,-year,) from 2011 to 2023 and selected the years with
losses (negative numbers) and gains (positive numbers), from that we got the mean for the entire record
and the individual loss for 2023. The bars in b) show the interannual variability.

3.3 Local response of the carbon cycle in 2023: ATTO as independent benchmark

CO, mole fraction measurements at ATTO (Figure 8 a), representative of a large footprint
(Figure 8 b and Figure S1) show a large enhancement over the background (ACO,, Figure 8 a),
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peaking in September and consistent with a larger-than-normal fire activity north of 5°S during
this month. Note that the concentration footprint of the 80-m tower covers the area east of the
ATTO site, where some of the largest carbon sources were estimated by both the OCO2-Inv and
by the DGVMs-ensemble mean (Figure 5), coinciding with the highest VPD and Temperature
anomalies (see Figure 3). However, at the same location, the local eddy covariance
measurement had a different response.

In the absence of large disturbances, the eddy covariance measurements indicate that
the forest close to ATTO was on average a sink of carbon in 2023 (Figure 8c). At ATTO we
observe a large (close to but within 10) uptake from January to March, interrupted by a positive
peak (source) in May and followed by a consistent sink from July to November. The first part of
the year is consistent with the seasonal pattern in OCO2-Inv coinciding on a large carbon
uptake. The EC-NEE sink is mainly controlled by a large (close to and larger than 10) decrease in
ecosystem respiration (R,.,) in the beginning of the year (February - April), and during the dry
season (August - October). Note that GPP also attains the lowest values in June and September,
but most of the development in 2023 is within the normal variability of the record. Given these
findings, the 2023 drought at ATTO had a stronger effect in R,., than GPP, leading to a net sink at
the local ecosystem scale (i.e. ATTO).

The seasonal development of simulated NEE, R.., and GPP in the DGVMs at the grid cell
including ATTO (Figure 8 d,f,i) is in contrast to the local EC measurements. The DGVMs show a
stronger decline in GPP than in R,, mainly during the dry season, leading to a positive NEE from
September to November in 2023. It is worth noting that the seasonality of the DGVMs is very
different to the measured one at ATTO, mainly during the wet season, not being able to
reproduce the uptake of carbon from January to March. The EC measurements indicate that
such uptake was amplified during 2023, reaching values close to 1o from January to March in
EC-NEE. We find that such mismatch could be associated with the forcing data in the DGVMs, as
the measured precipitation and shortwave radiation at ATTO were higher than ERAS in February
and March (Figure S15).

The flux response at ATTO deserves more context due to its contrasting development
relative to the DGVMs. Local measurements at ATTO show that VPD, air and soil temperature
anomalies in 2023 were consistent with the regional pattern shown in Figure 3, reaching values
larger than 1o (Figure S16, S17). Interestingly, soil moisture in the first 50 cm layer did not show
anomalous values and precipitation was above the average with 200 mm more than normal
years. Therefore, we believe that the normal levels of soil moisture sustained photosynthetic
uptake throughout 2023, buffering the effect of air temperature and VPD, which could be a local
response associated with the forest close to ATTO and not a general response regionally.
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Figure 8. Seasonal evolution of the CO, mole fractions and eddy covariance fluxes (NEE, GPP and R.,) at
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4 Discussion

The drivers and consequences of drought

Our results show how elevated SST anomalies in the tropical Atlantic and Pacific oceans
and associated changes in atmospheric circulation and surface hydroclimatic conditions,
contributed to intensifying widespread soil water deficits across the Amazon during the second
half of 2023 (Figure 2), consistent with the extremely low water levels reported by Espinoza et
al., (2024) for the Rio Negro in Manaus. An interesting feature of the 2023 drought is that the
onset coincided with a transition to an El Nifio phase that followed three years of consecutive La
Nifia conditions (https://psl.noaa.gov/enso/mei/, last accessed August 15, 2024). Compared to

the previous El Nifio event of 2015/16, 2023 registered higher SST anomalies over the tropical
Pacific and especially the tropical Atlantic (Figure S9), which played an important role in the
atmospheric circulation anomalies, extremes in air temperature and atmospheric and surface
dryness (PCWD). Temperature and precipitation anomalies in the Amazon basin have surpassed
the previous record in 2015/16 (Espinoza et al., 2024; Jiménez-Mufioz et al., 2016b) and their
extreme magnitude has been attributed to climate change (WWA, 2024). Compared with
2015/16 and previous droughts, the potential cumulative water deficits and extremely high
vapor pressure anomalies registered in late 2023 progressed deeper into the humid Amazon
forest, extending the dry season by several months and thus contributing to increased
vegetation stress.

Here, we calculate PCWD as the balance between potential evapotranspiration and
precipitation adapted from Stocker et al., (2023). This estimate is less conservative than other
commonly used estimates for the Amazon such as CWD in Aragdo et al., (2007), which assume
constant evapotranspiration (ET) of 100 mm month™. Even though there are no reported trends
in regional ET, there are spatial gradients (Baker et al., 2021) that could be important for water
deficit calculation. For example, at ATTO the mean ET is 120 mm month™, so a CWD calculated
using 100 mm month™® would result in weaker CWD. Furthermore, evaporative demand
depends on atmospheric humidity, which, as we have shown, reached extreme values in 2023
(Figure 3). Thus, we consider that estimating PCWD based on potential evapotranspiration,
instead of a fixed value, can better represent the spatial patterns of the surface drought,
especially under such extreme conditions.

Summary of responses by different data streams

In this paper, we have reported on the response of the Amazon forest to the 2023 event
across various spatial scales using multiple data streams (Figure9). In the absence of
anthropogenic disturbances at the ecosystem scale at ATTO (Figure9c) and with no
precipitation deficit, the forest remained a carbon sink due to a large reduction in respiratory
carbon loss together with a mild decline in photosynthetic uptake, resulting in a persistent sink
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of carbon due to vegetation uptake (EC-NEE). Based on individual measurements of leaf, live
wood and soil respiration in the Amazon, Chambers et al., (2004) found that autotrophic
respiration contributes a large portion (~70%) of the ecosystem respiration, so a decline in GPP
and in autotrophic respiration due to drought (Doughty et al., 2015) could explain the observed
decline in R, in this study. However, an increase in autotrophic respiration and thus an overall
increment in ecosystem respiration was found in a rainfall exclusion experiment in the eastern
Amazon (Metcalfe et al., 2010), suggesting that there might not be a unidirectional response of
Re, to drought in the Amazon given than each drought is unique in its development and
preceding conditions (S. Liu et al., 2024). Furthermore, it is worth noting that our estimate of
ecosystem respiration (R..,) relies on nighttime NEE that inherently assumes that daytime R, is
equal to nighttime R, , leading to a source of uncertainty in our total ecosystem respiration
estimates.

At a larger scale (Figure 9 b) the positive ACO, indicates that the ATTO footprint area was
likely a source of carbon with a combined effect of reduced vegetation uptake, fires and land
use change emissions. There are several implications of these findings. At the ecosystem scale,
the forest close to ATTO buffered the effects of the large VPD and temperature anomalies with
sufficient soil moisture availability (Figure S17). Such a localized response is not captured by the
DGVMs, presenting a challenge for the bottom-up estimates. However, the atmospheric CO,
signal indicates a larger-than-normal carbon source in the ATTO concentration footprint (which
is much larger than the flux footprint). This is consistent with fire activity, the NEE source in the
DGVMs, and the NBE source in OCO2-Inv that we report here.

At the biogeographic Amazon scale (Figure 9 a), the source of carbon including fires
(NBE) ranges from 0.01 PgC year® (bottom-up, DGVMs) to 0.17 PgC year® (top-down,
0CO2-Inv), with the main difference being the magnitude of the vegetation uptake (NEE),
which, depending on the method used, can represent a small carbon source of 0.02 PgC year™
(0CO2-Inv) or a sink of -0.13 PgC year® (DGVMs) in 2023. Note that relative to the long-term
mean (2003-2023, -0.36 PgC year™), -0.13 PgC year™ represents more than a 30% reduction in
NEE. According to the DGVMs the reduction in NEE was driven by a larger decline in GPP than
Rew, Similar to the findings of Liu et al., (2017) for the 2015/2016 event. Nevertheless, the local
response in NEE, GPP and R, at ATTO, challenges the regional response in the DGVMs, yet we
can not rely on the ATTO fluxes to infer a regional-scale response, even more in the absence (at
ATTO) of anthropogenic disturbances. Including fires, the NBE source we find here based on the
OCO2-Inv represents about half of that reported by Ke et al., (2024) for the Amazon. This
difference is mainly because their definition of Amazon is larger than ours, the biogeographic
Amazon. Therefore, the definition of the Amazon influences the region-wide fluxes as a large
contribution of the fire activity is at the boundary of the Amazon and Cerrado biomes (Botia et
al., 2024).
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Spatially we attribute the NEE source to the northeast part of the Amazon (Figure 5),
consistent with a negative SiF and GPP anomaly during Oct-Dec (Figure 7) and a decline in
greenness reported for 2023 by Jiménez et al., (2024). Including fires, based on the OCO2-Inv
and the study by Wang et al., (2023), the NBE source was similar to 2015 and lower than 2016.
We find that such a response, given the extreme temperature and VPD anomalies, was due to a
seasonal compensation, with a large carbon uptake in the beginning of 2023 evident in both
0OCO2-Inv and DGVMs. This compensation can be associated with more rainfall in the beginning
of 2023, driven by La Nifia conditions in the Pacific Ocean. It remains to be confirmed whether
the findings by Wang et al., (2023) for the 2015/2016 El Nifio, in which temperature dominated
the total NBE flux, but the spatial patterns were controlled by deficits in soil moisture, still hold
true for 2023 and the post-El Nifio development in 2024. Therefore, we believe that the use of
several large scale data streams and in-situ measurements enhance the comprehensive
understanding of drought impacts.
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Figure 9. Summary of the drought response across scales and different data streams. In (a) the
bottom-up (DGVMs) vs top-down (OCO2-Inv) carbon budget is shown. In panel (b) we present the ACO,
or regional signal at ATTO, which is affected by the areas (i.e. footprint) covered by the gray polygons in
the map. The mean response of the ecosystem level EC-NEE is shown in (c). Note that the footprint of
the EC-NEE is less than 100 km?.

Role of fire in NBE

We showed that the fire season was extended until November/December, mainly driven
by the progression of surface and atmospheric dryness conditions (Figure 2 and Figure 3). These
resulted in an early onset (July to September) with more (less) fire activity in the north (south)
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and an offset (November and December) with more (less) fire activity in the south (north),
relative to the total fire activity regionally. The north to south dynamic in fire activity reported
here, is consistent with the timing of the rainfall anomalies in Espinoza et al., (2024) and in
Figures S5 and S6. Furthermore, our results follow the fire anomalies in Jiménez et al., (2024).
Even though we find pronounced spatial differences relative to the long-term mean, the total
fire counts over the Amazon were similar in magnitude to 2015 and 2016. Fires and
deforestation have been linked to drought (Aragdo et al., 2007, 2018), with more fires during
years of drought (Aragdo et al., 2018; Basso et al., 2023; Gatti et al., 2014; Rosan et al., 2024;
Silva Junior et al., 2019; van der Laan-Luijkx et al., 2015). Nevertheless, fire emissions in 2023
within the Amazon (0.15 [0.13-0.17] PgC year®, mean between GFAS and GFED4s) were
comparable and even lower than non-drought years (e.g. 2022) and similar to the long-term
average (see Figure 4 and S7). The individual estimates for GFED4s and GFAS were equal or
lower than their long-term averages, respectively. In both products there were less fires
compared to the long-term mean in the southeastern border of the Amazon from July to
September (Figure 4), when the rainfall anomalies were not as pronounced as in the following
months (Oct-Dec). Therefore, our analysis suggests that regardless of an extended fire season,
the fire carbon emissions had a smaller contribution to the NBE source in 2023 relative to
previous droughts, in which fire changed the sign of NBE from sink to source (Basso et al., 2023;
Gatti et al.,, 2021; van der Laan-Luijkx et al., 2015). We note, though, that the fire inventory
products used here (GFAS and GFED4s) tend to underestimate fire emissions, likely due to
missing understory fires and small scale fires (Naus et al., 2022; Pessoa et al., 2020). However,
the results of Naus et al., (2022) suggest that such underestimation is more pronounced outside
of the biogeographic Amazon, in the neighboring Cerrado biome, as also shown by Botia et al.,
(2024).

Remaining challenges reconciling top-down and bottom-up approaches

The most important differences between top-down and bottom-up NBE are associated
with the seasonal timing and the absolute magnitude of NBE. This mismatch is likely due to a
misrepresentation of the dry and wet season contrast of NEE, GPP and R, in DGVMs (Figure 6
and Figure 8), as well as large uncertainty in the bottom-up NBE driven by disturbances and land
use change emissions (Rosan et al., 2024). The response of the DGVMs to the development of
the drought in 2023 was limited to the dry season when there was a larger spread between
models (Figure 6 and Figure 8) and larger inter-annual variability, coinciding with the positive
anomalies in VPD and temperature and the negative anomalies in terrestrial water storage and
large PCWD (Figure 2 and Figure 3). Conversely, during the wet season, the DGVMs showed a
flat and more uniform GPP and TER, suggesting a reduced sensitivity to wet season anomalies,
notwithstanding potential biases in the forcing data that would attenuate the severity of the
drought (Figure S15). Our study thus adds to the body of literature indicating the limitations
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DGVMs have for tropical regions and specifically the Amazon, lacking processes such as (i) leaf
phenology and demography, which affect the seasonality in GPP (X. Chen et al., 2020; Kim et al.,
2012; Restrepo-Coupe et al., 2017), (ii) low sensitivity of GPP to soil texture (Meunier et al.,
2022), (iii) lacking a representation of drought induced tree mortality and therefore biomass
reductions (de Almeida Castanho et al.,, 2016; Powell et al., 2013) and (iv) not simulating
secondary forest regrowth leading to difficulties reproducing gains in biomass and thus
hindering the simulated changes in AGC (O’Sullivan et al., 2024; Pugh et al., 2019) in DGVMs.

For the top-down approach used here (OCO2-Inv), we acknowledge that cloud cover
during the wet season could limit the number of successful XCO, retrievals (Frankenberg et al.,
2024), inducing a dry-season adjustment bias in the inversion (Crowell et al., 2019; Massie et al.,
2017). Furthermore, in-situ data is scarce in the region hindering evaluation of posterior fluxes
in satellite-driven inversions and for inversions assimilating flask or in-situ data, leaving no
choice but to assimilate most of the available data (Basso et al., 2023; Botia et al., 2024).
Additionally, the spatial distribution of the posterior fluxes and their overlap with DGVMs, could
be affected by the spatial correlation length scale, which in this study was 500 km. We showed
that the strongest carbon sources in the DGVMs overlap to some extent but not entirely, with
those in the OCO2-Inv. Therefore, we acknowledge that understanding the causes of the spatial
mismatch between top-down and bottom-up approaches should be prioritized in future studies.

The missing disturbance sources in bottom-up NBE assessments that are reported in
existing literature include low intensity understory fires (Alencar et al., 2022), missing carbon
emissions due to edge effects caused by forest fragmentation (Silva Junior et al., 2020), and an
enhanced post-logging respiratory flux which is difficult to quantify as it is a function of recovery
time and requires long-term observations (Mills et al., 2023). In addition, a remaining challenge
to improve the seasonal development of bottom-up NBE is related with non-fire carbon
emissions due to forest degradation (Lapola et al., 2023) and how these vary seasonally and
inter-annually. Moreover, the role of CO, outgassing from river and aquatic surfaces remains as
an ignored flux in recent bottom-up and top-down assessments (Basso et al., 2023; Gatti et al.,
2021; Gloor et al., 2012; Rosan et al., 2024), and its role in the Amazon basin seems to result in
a weakening of the vegetation (NEE) carbon sink (Hastie et al., 2019). These processes are the
remaining challenges in reconciling top-down and bottom-up processes for regional
assessments of the carbon cycle response to drought.

5 Conclusions

We studied the Amazon carbon cycle response to the extreme drought in 2023 by using
multiple data streams, including land surface models, an atmospheric inversion,
remotely-sensed vegetation dynamics and aboveground carbon at the regional scale. In addition
we used in-situ measurements from the Amazon Tall Tower Observatory, including eddy
covariance fluxes and a decade long CO, mole fraction time series to complement the large scale
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analysis. At the regional scale, we report that in 2023 the Amazon drought led to a substantial
shift in the carbon dynamics of the region, with a net carbon emission (NBE), driven primarily by
reduced vegetation uptake. While the fire season extended into November, fire contributions
remained near the long-term average, indicating that fires had a smaller influence on the
Amazon carbon source compared to vegetation responses. The decline in gross primary
productivity (GPP) was particularly strong during October to December coinciding with
anomalies in remotely-sensed GPP proxies (i.e. Sun-Induced Fluorescence). During these
months anomalously high temperatures, vapor pressure deficits and potential cumulative water
deficits were recorded.

Our findings highlight that in early 2023 a relatively large uptake helped to offset the
dry-season emissions, possibly driven by a transition from La Nifia to El Nifio, which was
characterized by high precipitation in the beginning of the year in the northern part of the
Amazon. Such wet season response was consistent in the atmospheric transport inversion and
the local eddy flux measurements, but to a lesser extent in the DGVMs. The low sensitivity of
DGVMs to the wet season anomalies in precipitation are partly explained by a bias in the forcing
data. However, the observed balance between photosynthesis and respiration in the eddy flux
measurements was not reproduced by the DGVMs throughout the year. At ATTO, the seasonal
development of NEE was mainly controlled by a large (close to and larger than 1o) decrease in
ecosystem respiration (R,.) in the beginning of the year (January - March), and during the dry
season (August - October). Even though we can not attribute the ATTO-eddy-fluxes to all the
Amazon region, we believe the comparison points to processes that should be improved in
DGVMs to better represent the inter-annual variability of the carbon dynamics in the Amazon.
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Open Research

The biogeographic Amazon area used for the climate (VPD and 2m temperature) and carbon
cycle (DGVMs, 0CO2-Inv, and GPP proxies) analysis can be found here:
https://edmond.mpg.de/privateurl.xhtml?token=a4af161f-1b77-4611-aa01-7de9203639b8. The
ERA5 and ERA5-Land datasets are under public access available here:

calculation we used the following R package: https://zenodo.org/records/5359053. All the

processed data integrated for the biogeographic Amazon area can be found here:
https://edmond.mpg.de/privateurl.xhtml?token=a062e1cb-9c28-4880-9f99-b9b8a9125dff. This
includes the DGVM output and fire emissions (GFED4s and GFAS) from 2003 to 2023, the
OCO2-Inv prior and posterior from 2015 to 2023 and the fire counts from MODIS (terra and
aqua) from 2003 to 2023. Additionally, on the same repository, the monthly totals of NEE, GPP
and Reco at ATTO, together with the monthly mean ACO, can be also found in tabular form. The

GRACE data for the Amazon basin used here can be freely downloaded here:
https://grace.jpl.nasa.gov/data-analysis-tool/. The ATTO meteorological data is available at

https://www.attodata.org/home/Start. The OCO2-Inv gridded files are available via the

atmospheric data store: https://ads.atmosphere.copernicus.eu/datasets. TROPOMI SIF data is
available through the S5P-PAL Data Portal

(https://data-portal.s5p-pal.com/products/troposif.ntml). MODIS BRDF-corrected surface
reflectance (MCD43C4v061) is available at the Land Processes Distributed Active Archive Center
(LP DAAC; https://lpdaac.usgs.gov/products/mcd43c4v061/). The OCO2-SiF data is available
from  https://oco2.gesdisc.eosdis.nasa.gov/data/OCO2_DATA/OCO2_L2_Lite_SIF.11r/. The
L-VOD data can be downloaded here: https://doi.org/10.5281/zenodo.14171387.
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Reduced vegetation uptake during the extreme 2023 drought turns the Amazon
into a weak carbon source
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Key Points:

e Drought turned the biogeographic Amazon in 2023 to a weak carbon source, with
magnitude similar to the drought of 2015 but less than 2016.

e Seasonal development of net carbon exchange in 2023 was marked by early uptake that
partly compensated the carbon source of the dry season.

e The 2023 fire season in the Amazon was extended until November, though annual fire
emissions were close to the long-term average.
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Abstract

In 2023, the biogeographic Amazon experienced temperature anomalies of 1.5°C above
the 1991-2020 average from September to November. These conditions were driven by high sea
surface temperature in the Atlantic and Pacific oceans, together with reduced moisture
advection from the Atlantic, causing large vapor pressure and water deficits in the second
semester of 2023. Here, we evaluate the response of the Amazon carbon cycle to this extreme
event across different spatial scales. We combined atmospheric CO, mole fractions and eddy
covariance flux data from the Amazon Tall Tower Observatory (ATTO), near-real-time
simulations by Dynamic Global Vegetation Models (DGVMs), an atmospheric inversion, and
remote sensing data. We find that in 2023 the Amazon region was, including fires, a net carbon
source of 0.01 to 0.17 PgC. Fire emissions (0.15 [0.13-0.17] PgC) were within typical variability
of the 2003-2023 period, thus we attribute the weak carbon source to reduced vegetation
uptake during the dry season. A stronger-than-normal vegetation uptake early in the year
(January to April), consistent across data streams and spatial scales, mitigated the total carbon
losses by the end of the year. We find a shift from carbon sink to source in May and a peak
source in October. Our findings show a reduced vegetation carbon uptake over the Amazon
region, leading to a weak carbon source that contributed 30% of the net carbon loss in the
tropical land in 2023.

Plain Language Summary

The Amazon rainforest is a fundamental component in the Earth system as it stores large
amounts of carbon in standing biomass. In 2023, unusually high temperatures (1.5°C above
typical levels from 1991-2020) and dryness were recorded in the region from September to
November. These conditions were caused by less moisture from the Atlantic ocean and warmer
water temperatures in the Atlantic and Pacific oceans, which led to low humidity and drought
across the Amazon region in the second half of 2023. We studied how these extreme conditions
affected the Amazon’s ability to absorb and store carbon. Using CO, measurements from the
Amazon Tall Tower Observatory (ATTO), along with computer simulations and satellite data, we
observed that the Amazon became a source of carbon emissions in 2023, releasing between
0.01 and 0.17 billion tons of carbon, rather than absorbing it. Carbon emissions from fires were
0.15 billion tons, which was within normal levels for the last two decades (2003-2023). We
therefore attribute the anomalous carbon release in 2023 mostly to weakened vegetation
uptake, rather than increased losses from fires. The seasonal development diagnosed by
computer models suggest that vegetation absorbed more carbon than usual from January to
April, helping offset emissions, but this shifted in May when the Amazon began releasing more
carbon, with the highest emissions in October. Our results suggest that the Amazon’s reduced
carbon absorption accounted for 30% of the net carbon source across the tropical land in 2023.
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1 Introduction

The global atmospheric CO, growth rate in 2023 was 2.79 +- 0.08 ppm (Ke et al., 2024;
Lan, Tans, et al., 2024), the third largest since 2000 and fourth since 1959. The average growth
rate for the 2010-2020 decade was close to 2.5 ppm
(https://gml.noaa.gov/ccgg/trends/gl gr.html, last accessed Dec 12, 2024), so this large

anomaly, can not be solely explained by an increase of 1.3% in anthropogenic emissions from
2022 to 2023 (Friedlingstein et al., 2024), suggesting a reduction in the global carbon sinks (Ke
et al., 2024). Tropical land plays an important role in determining the mean magnitude of the
land carbon sink (Schimel et al., 2015), which is controlled by a balance between net carbon
sources resulting from deforestation and carbon sinks where uptake surpasses carbon losses in
less disturbed forest vegetation. Net release of carbon in the tropical land has been associated
with positive phases of El Nifio Southern Oscillation events (Gloor et al., 2018; J. Liu et al., 2017;
Palmer et al., 2019; Roédenbeck et al., 2018), which in turn is linked to positive surface
temperature anomalies globally (Trenberth et al., 2002) and in tropical forests (Jimenez et al.,
2018).

Globally, the year 2023 was the first one in which daily global mean temperatures were
continuously 1°C above the 1850-1900 reference period, marking an unprecedented record. In
about 50% of the days, most of them in the second half of the year, daily global mean
temperatures reached values 1.5°C above the 1850-1900 reference period, and from April to
December global surface ocean temperatures registered record values (Copernicus, 2024).
Associated with these record warming conditions, extreme events were observed both over
land and ocean, including major heatwaves and droughts across many regions. For example, in
Canada, extreme temperatures combined with low humidity led to unprecedented wildfires
which contributed to ca. 25% of total tree cover loss that year (MacCarthy et al., 2024) and
released over 0.6 PgC, more than the national fossil fuel emissions (Byrne et al., 2024). In the
Amazon basin, historical drought and heat conditions were registered in 2023, with
temperatures in October greater than 3°C above the 1981-2020 average, and the Port of
Manaus reaching the lowest water levels since records began in 1902 (Espinoza et al., 2024).

These extreme conditions have been linked to a transition from La-Nifia conditions in
2022-23 to El-Nifio from mid 2023, combined with widespread anomalous warming over the
oceans worldwide (Espinoza et al., 2024). Previous droughts in the Amazon region, such as the
ones in 2005 and 2010, and those associated with El-Nifio conditions like in 2015-16, have
resulted in reduced net carbon uptake by the Amazon forest, due to decreased productivity
despite a slight increase in greenness (Bastos et al., 2018; Erik et al., 2018; J. Liu et al., 2017; J.
Yang et al., 2018), reduced tree growth (Phillips et al., 2009; Feldpausch et al., 2016; H. Yang et
al.,, 2022) and increased mortality (Hartmann et al., 2022; Powers et al., 2020). Hot and dry
conditions tend to be associated with high fire activity and increased tree mortality (Brando et
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al., 2014) resulting in persistent impacts that compound with human-driven disturbances, and
can accelerate forest degradation (Berenguer et al., 2021; Fawcett et al., 2023; Lapola et al.,
2023). Furthermore, in previous droughts in 2010 and 2015/2016, intensified fire emissions in
the south and east of the Amazon have shifted the region from a carbon sink to a source (Basso
et al., 2023; Gatti et al., 2014; Rosan et al., 2024; van der Laan-Luijkx et al., 2015; Alden et al.,
2016; Gloor et al, 2018). However, regional differences in drought severity (Aragdo et al., 2018;
Lapola et al., 2023; Phillips et al., 2009) and thus resistance and resilience to drought (S. Chen et
al.,, 2024) and fires (Berenguer et al.,, 2018; Esquivel-Muelbert et al., 2020), together with
long-term rainfall trends, make impacts of each drought unique (Anderson et al., 2018).

Here, we examine the impacts of the 2023 extreme heat and drought conditions on the
Amazon carbon cycle by combining multiple sources of information on ecosystem productivity,
changes in biomass growth, fire activity and resulting net carbon fluxes. The combination of
different types of surface and atmospheric measurements together with satellite observations
of vegetation condition, aboveground biomass and fire activity, as well as atmospheric
inversions and dynamical global model simulations, enables a distillation of robust patterns and
the linking of atmospheric drivers with continental-to-regional-scale impacts on the land carbon
balance. We first study the development of the 2023 drought by analyzing the seasonal
evolution of the large-scale atmospheric circulation anomalies over tropical South America, and
compare these with previous events such as the EI-Nifio in 2015/16. Then we analyze the
spatiotemporal patterns of the most relevant climatic drivers of vegetation dynamics over the
Amazon basin and the evolution of fire activity, contrasting when possible with previous events.
We compare net land-atmosphere carbon exchanges, gross primary productivity, and ecosystem
respiration from global vegetation models and an atmospheric inversion, analyzing their
agreement and differences in magnitude and seasonality during the 2023 extreme event. As a
benchmark, we compare the large-scale patterns with in-situ measurements of carbon fluxes
and atmospheric CO, at the Amazon Tall Tower Observatory (ATTO), which is located in the
central Brazilian Amazon in a well preserved location and is one of the few sites in the region
providing carbon cycle in-situ data. By combining these multiple lines of evidence, our study
aims to provide a robust assessment of the carbon cycle impacts of the 2023 extreme drought
in the Amazon, and their relevance in the context of the global carbon cycle anomalies in 2023
(Friedlingstein et al., 2024; Ke et al., 2024).

2 Materials and Methods

2.1 Data sources and carbon cycle flux terms at regional scale

We used ERAS reanalysis data (Hersbach et al., 2020) and ERA5-Land (Mufoz-Sabater et
al., 2021) to analyze climatic drivers and anomalies over the Amazon. Monthly anomalies for
sea surface temperature (SST), winds, geopotential height, and water vapor flux were computed
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relative to 2000—2023 (Figure 1, Text S1). Potential cumulative water deficit (PCWD) was derived
from precipitation and potential evapotranspiration (PET) following Stocker et al., (2023) and
vapor pressure deficit (VPD) was calculated using 2m air temperature and relative humidity
from ERA5-Land, with anomalies also referenced to 2000-2023. We refer the reader to Text S1
for more details on the reanalysis data.

To calculate the carbon cycle components (see Figure 1 and Text S2 and S3 for more
details) we use four land surface models (bottom-up approach): Simple Biosphere model
Version 4 (SiB4, Haynes et al., 2019), ORCHIDEE-MICT (Guimberteau et al., 2018; Krinner et al.,
2005) , O-CN (hereafter referred to as OCN, Zaehle et al., 2010) and JULES (Clark et al., 2011).
Three of the land surface models are Dynamic Global Vegetation Models (DGVMs) and one is a
process-based model (SiB4), but for practical reasons we will refer to DGVMs throughout the
text. As the top-down approach we use one satellite-driven atmospheric inversion (OCO2-Inv)
that has a high resolution globally (1 x 1 degree) and is driven by the OCO-2 satellite
atmospheric CO, concentration data. The remote sensing data (Figure 1, Text S4), like fire counts
and emissions, GPP proxies (Sun Induced Fluorescence - SIF and Near Infrared of Vegetation -
NIRv) and the Aboveground Carbon (AGC) based on L-band derived Vegetation Optical Depth
(L-vOD) are all described in Text S4.

We define the carbon cycle components as the net flux over land (Fland) which results

from the Net Biome Exchange (NBE) and the anthropogenic emissions (Fff) from fossil fuels.

Fland= NBE + Fff

NBE is composed by the Net Ecosystem Exchange (NEE) and fire emissions, including
deforestation and degradation (Fﬁre) .

NBE = NEE + F
fire

And finally, NEE is given by the difference between terrestrial ecosystem respiration
(TER) and photosynthesis (GPP). A negative sign (-) in Fland, NBE and NEE indicates a net uptake

of carbon over land, whereas a positive (+) sign denotes a net source of carbon over land.
NEE = TER — GPP

To obtain the bottom-up NBE, we use the ensemble mean of the DGVMs and the mean

Fﬂre between GFAS (Kaiser et al., 2012) and GFED4s (van der Werf et al., 2017). The top-down

approach NBE is obtained using the OCO2-Inv and by subtracting Ffire from NBE, we obtain

NEE. In Figure 1, we provide a summary of the data streams used to calculate the bottom-up
and top-down NBE and NEE, together with the data used as proxies in this study.
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The uncertainty of the Fﬂre is reported in terms of the min-max range [min-max],

between GFAS and GFED4s. For the flux components (GPP, TER, NEE and NBE) calculated with
the DGVMs we use the standard deviation of the model ensemble mean. For the OCO2-Inv we
do not report uncertainty for 2023, but we note that as the global uncertainty (1-o) for a single
year is 3 PgC year™, the posterior uncertainty for the biogeographic Amazon will be less given
the smaller domain and the data constraint, likely within 0.3-0.5 PgC year™. The inter-annual
variability (IAV) is also reported explicitly and is calculated as the standard deviation of the
multi-year mean for a given data source (e.g. NEE +- |AV). For the DGVMs, the multiyear mean
is calculated from the ensemble mean of each individual year.

Data . Reference
Variables .
streams period
PCWD
SST
ERAS T 2000-2023
VPD
GeoP H.
GRACE EWH } 2004-2023
Input
NEE T B
DGVMs 2003-2023 Top-down (TD) carbon cycle
TER
NBEocozinv= NEETp + Fire
NEErp = NBEoco2-inv - Fiire

) Proxy L p;
Inversion NBEoco2-inv 2015-2023

- B
Bottom-up (BU) carbon cycle

SiF 2015/8-2023
NIRv 2000-2023 NEEgy = (TER - GPP)pgvms >
L-VOD 2010-2023
Fire Activity 2003-2023 NBEgu = NEEgy *+ Fiire
Fire Emi.(Ffre)]  2003-2023 L Y

Carbon Cycle

Figure 1. Data streams for climate and carbon cycle cycle components used to obtain the
carbon budget for the biogeographic Amazon based on top-down and bottom-up approaches.
Note that for SIF, as we describe in Text S4 we are using two products with different reference
periods. The green highlight shows that SiF and NIRv are used as GPP proxies.

2.2 Local Measurements of carbon and climate variables

We use several data streams measured at the ATTO site (-2.1441, -58.999,
https://www.attoproject.org/). In-situ continuous CO, mole fractions covering the period from
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2014 to 2023 were used. The ATTO site and most of the measurement systems have been
described by Andreae et al.,, (2015) and the footprint of the CO, mole fractions were
characterized by Botia et al., (2022) and added in Figure S1. The half-hourly eddy covariance
(EC) data was measured with a 3D sonic anemometer (CSAT3, Campbell Scientific Inc., Logan,
UT, USA) and an open-path infrared gas analyzer (LI-7500A, Li-COR Inc., Lincoln, NE, USA), both
mounted at 81 m above ground level on the ATTO 80 m Instant tower. The filtered high-quality
and half-hourly turbulent EC-CO, fluxes were used for further data analysis: net ecosystem
exchange (EC-NEE) calculation, gap-filling and EC-NEE partitioning to Gross Primary Productivity
(GPP) and Ecosystem Respiration (R..). The complete details on the processing, partitioning,
data quality assessment and calibration of the eddy covariance data and the CO, mole fraction
datasets can be found in Text S5.

3 Results

3.1 Regional climate anomalies

In 2023, large PCWD (Figure 2) were found in the beginning of the year for the areas
surrounding the Amazon, but remained low through the first semester within the biogeographic
Amazon (hereafter Amazon). PCWD remained particularly low in the southern and eastern
sectors of the Amazon forest, while other parts experienced relatively higher water deficits. By
July, an increasing PCWD started to develop primarily in the southern sector of the Amazon,
intensifying and expanding into central Amazonia. The progressive increase of PCWD is
associated with high pressure anomalies between 5-20°S (Figures S2-S3) and a weakening of the
trade winds that persisted from June until October 2023 (Figures S7-S8). The persistence of
high-pressure anomalies south of the equator in the second half of 2023 further induced a
northward shift of the ITCZ (Figure S4) that suppressed regional convection and rainfall (Figure
S4, S5) over the Amazon.

The weakened winds coming from the east and northeast flow contributed to reduced
moisture transport from the Atlantic Ocean into the Amazon region; such wind anomalies were
more pronounced from March to August (Figures S10). This led to the intensification of PCWD,
potentially reinforcing anomalous anticyclonic circulation, especially in the eastern and central
Amazon. The anomalous circulation patterns from May to December 2023 were likely induced
by the above-average sea surface temperatures (SSTs) registered in both the Pacific and Atlantic
Oceans (Figure 2). In the eastern Pacific, strong positive SST anomalies developed from April to
November, consistent with the predominance of El Nifio conditions (Espinoza et al., 2024), as in
2010 and 2015/16 (Marengo et al., 2011; Jiménez-Mufioz et al., 2016). The coincidence of
warming in both ocean basins is particularly noteworthy, as it likely amplified the drought
effects beyond what would be expected from a typical El Nifio event alone.
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Figure 2. Regional climate analysis for 2023. Sea Surface Temperature (SST, plotted over sea surface),
Cumulative water deficit (PCWD, plotted over continental surface), geopotential height contours at
850hPa (plotted as colored contour lines) and wind fields at 850hPa (black arrows). All variables were
calculated using ERAS reanalysis data, and the monthly anomalies were calculated relative to 2000-2023
baseline.

To better understand the 2023 event we compare the large-scale anomalies in climatic
drivers in 2023 with those in 2015, the previous El Nifio event in the origin year. Compared to
2015, the 2023 drought extended deeper into the Amazon, as shown by positive differences in
PCWD emerging from September to December (Figure S9) and by the precipitation anomalies
(Figures S5-S6). The exacerbated warming in 2023 is also evident in SST anomalies in 2023
compared to 2015 (Figure S9), which were consistently higher in 2023 than 2015 for most of the
year in both the Atlantic and the Pacific oceans. Over the eastern Pacific, 2023 was colder than
2015 from September until December, consistent with it being a weaker El-Nifio.

PCWD differences between 2023 and 2015 are partly driven by differences in VPD
between those years and linked to 2023 having recorded record air temperatures and VPD over
the last 24 years (Figure 3). Moreover, the seasonal evolution of temperature and VPD
anomalies were concentrated in the second half of 2023 (Figure 3a,b,c,d), presenting a peak in
October (Figure 3f,g). In addition, the equivalent water height from GRACE, was the lowest in
this century in the Amazon basin (Figure 3e). Therefore, our results show that other
mechanisms additional to El Nifio in 2023, like the anomalous sea surface temperature in the
Atlantic ocean, contributed to stronger drought conditions over most of the Amazon than in
2015, and are consistent with the attribution of the extreme drought conditions in 2023 to
climate change by the World Weather Attribution project (WWA, 2024).
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Figure 3. Regional scale climate anomalies for tropical South America. The spatial anomalies of VPD for
both semesters in 2023 (a,b) and the same for the 2m temperature (c,d) were calculated using ERA5
land data (Hersbach et al.,, 2020). The seasonal evolution of the Equivalent Water Height (EWH)
anomalies for the Amazon basin (e) were taken from the Gravity Recovery and Climate Experiment
(GRACE) (available at: https://grace.jpl.nasa.gov/data-analysis-tool/. Last access: July 17, 2024). The
seasonal evolution of VPD (f) and 2m temperature (g) anomalies are shown for the shaded area in (h)
that corresponds to the biogeographic Amazon. The anomalies are based on a reference time period
from 2000 to 2023.
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3.2 Seasonal evolution and spatial distribution of carbon cycle components

Seasonal F;,,anomalies
The fire season in 2023 was extended well into November, different from normal years

when the fire season offset is in October (Figure 4b,d). This extended fire season was driven by
a north-to-south shift, but not necessarily leading to anomalous fire activity and carbon
emissions (Figure 4b,c,d,e). Fires were largely concentrated in the Arc of Deforestation, along
the southern border of the Amazon (between 70-602W and 159S), but also further north in the
state of Pard and along the main branch of the Amazon river (Figure 4a). The highest fire counts
and emissions were in October and November (Figure 4b,d). On average, the fire activity is
dominated by fires occurring south of 59S, with an increasing contribution in October and
November (Figure 4f,g). In 2023, from July to September the relative contribution of fires north
of 595 was 10% larger than the long-term mean (2003-2023), consistent with the study of
Jiménez et al., (2024). Later (November and December), the fire counts in the south (below 525)
were doubled relative to the 2003-2023 mean. Note that these spatial patterns are consistent
with the development of the PCWD in the second half of 2023 (Figure 2). Furthermore, ATTO
carbon monoxide data shows larger than average enhancements of CO, especially in September
and October, confirming the larger than average contribution of fires north of 59S (Figure S11).

Even though there was an extended fire season, total fire emissions in 2023 (0.15
[0.13-0.17] PgC year?, see Figure 4c) were the same as the long-term (2003-2023) average
between the two fire products (0.15 [0.13-0.16] PgC year™) with an interannual variability of +-
0.07 PgC year™. Individually, over the entire record (2003-2023, Figure S12), GFED4s emissions
and its inter-annual variability (0.16 +- 0.08 PgC year™) are on average larger than GFAS (0.13 +-
0.07 PgC year™). Our estimate for the biogeographic Amazon in 2023 is similar to 2015 and 2016
(0.13 and 0.14 PgC year), consistent with the total fire counts in 2023 (~180,000), which were
marginally higher than 2015 (~163,000) and 2016 (~145,000). Given these findings, we conclude
that fires were within the long-term variability and had a close-to-normal contribution to the
NBE in 2023.
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Figure 4. Fire counts and carbon emissions from fire in the biogeographic Amazon. Spatial distribution of
total Fire counts in 2023 (a) with the latitudinal and longitudinal marginal distributions on y and x. We
calculated the mean fire carbon emissions based on the GFED4s (van der Werf et al., 2017) and GFAS
(Kaiser et al., 2012) products for each month from 2003 to 2023 (b). The red shading in (b) indicates the
maximum and minimum fire emission between GFED4s and GFAS for the months in 2023. The
cumulative fire carbon emissions are shown in (c). The seasonal evolution of fire counts (d) and
cumulative fire counts from 2003 to 2023 (e). The relative contribution (%) of fire counts north (f) and
south (g) of the latitude 59S to the total fire counts per month for 2023 and the mean for 2003 to 2023.
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Spatial distribution of NEE, NBE and Fires
In 2023, the spatial patterns of vegetation carbon sources and sinks (NEE), as simulated

by DGVMs, show high consistency, with at least three out of four models agreeing on the sign of
NEE (Figure 5a). According to these models, vegetation acted as a carbon source south of the
main branch of the Amazon River and northeast of ATTO. The source regions south of the
Amazon River (e.g., between 70°W—-60°W) overlap with fire emissions (Figure 5b), whereas this
overlap is not observed in the northeast near ATTO. Spatial patterns of NEE partially align with
the temperature and VPD anomalies shown in Figure 3 and with PCWD in Figure 2, particularly
in the central, southern, and eastern Amazon. Conversely, regions in the north and northwest,
where DGVMs simulate vegetation uptake, do not show significant VPD or temperature
anomalies, nor large PCWD throughout the year. Therefore, DGVMs and fire data suggest that
vegetation carbon sources were enhanced by fire activity in the south of the Amazon but not in
the northeast.

The spatial distribution of NBE in the DGVMs and the OCO2-Inv is broadly consistent in
an east-west sink-to-source gradient in the Amazon (Figure 5c¢,d). The OCO2-Inv indicates a net
uptake of carbon concentrated over the west (west of 70°W), but the DGVMs simulate the
uptake in the northwest. While DGVMs simulate larger carbon sources than the OCO2-Inv in the
south of the Amazon where most of the fires are located, the OCO2-Inv shows a large source
northeast of ATTO. Note that northeast of ATTO, fire emissions were low suggesting that the
positive NBE (carbon sources) is mainly driven by vegetation. The differences between NEE and
NBE in Figure 5a versus 4c,d are indicative of fire emissions in the regions where NBE > NEE, but
only where fire emissions overlap. On the other hand, in the grid cells in which NEE (Figure 5 a)
is close to NBE (Figure 5 d), the role of the vegetation in the sink or source of carbon is more
relevant than fires. Based on this, we found a carbon source (+NEE) due to reduced vegetation
uptake in the north of the main branch of the Amazon river and northeast of ATTO.

Seasonal evolution of NEE, NBE and GPP, TER
We compared the calculated seasonal evolution of the gross and net carbon fluxes over

the whole basin in 2023 with the long-term mean, both for DGVMs (2003-2023) and the
0OCO2-Inv (2015-2023) (Figure 6). We use different reference periods as the OCO2-Inv is limited
to the OCO2 data coverage. DGVMs simulate positive (slightly above 10) TER and GPP
anomalies in the beginning of 2023, which result in equally strong negative NEE (increased
uptake) until May (Figure 6 a,b,c). Starting in August, DGVMs indicate a steep decline in GPP,
shifting from moderately positive values in August to extremely low (<-20) levels from
September to December. This decline is accompanied by a consistent but less pronounced
decrease in TER, with the most significant negative anomalies (also below -20) in November. As
a result, the NEE over the Amazon shifts from negative (carbon uptake) to positive (carbon
source) in September, remaining positive through the end of the year (Figure 6c). Adding fire,
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the NBE from DGVMs shows a similar trajectory, with more evident contributions from fire since

July onwards (Figure 6d). Note that the anomalies given by the DGVMs are based on a reference

period between 2003 and 2023 and represent the largest simulated decline in gross fluxes and

net sources (NEE and NBE) during the dry season in the current century.
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Figure 5. Bottom-up and top-down carbon cycle components for the biogeographic Amazon in 2023. In
(a) the mean NEE for the DGVMs, in (b) the mean fire emissions between GFAS and GFED4s, in (c) the
NBE calculated as the sum of panels a and b (NBE = NEEgywms +Fsr.) and in (d) the NBE of the OCO2-Inv. In
(a) the grid cells in which at least three of the DGVMs coincide in the sign of NEE are highlighted with a

marker.
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The OCO2-Inv estimates a strong uptake (NBE) in the first months of 2023, but followed
by a switch from sink to source in May and a return to a sink in December (Figure 6 e). This is
consistent with uptake anomalies (NEE) in DGVMs in the beginning of the year, but the
magnitude of uptake in the OCO2-Inv (NBE) relative to the mean of the reference period is
larger than in the DGVMs. We find that in the DGVMs and the OCO2-Inv, October is the month
in which NEE and NBE reach the seasonal maximum or the largest carbon source in 2023,
coinciding with the temperature and VPD anomalies shown in Figure 3 and with the peak in fire
activity at the Amazon region scale. Given the seasonal development, we conclude that the NBE
maximum in the second semester was driven by a combination of fires and a positive NEE, but
the switch from sink to source in May (only in the OCO2-Inv) is only driven by a positive NEE as
fire activity with a late onset began only in August (Figure 4). Nevertheless, the enhanced
uptake from January to May, evident in both OCO2-Inv and DGVMs, compensated for the
relatively large source in the second part of the year.

Over the whole year (2023), the NBE ranges from 0.01 PgC year™ (DGVMs) to 0.17 PgC
year® (OCO2-Inv). In the top-down estimate the NBE implicitly includes fires, and degradation
and deforestation emissions that do not occur through burning (although these were not
prescribed in the priors) over the Amazon (Figure 6f). Interestingly, the NBE in DGVMs and the
0CO2-Inv during 2023 was similar in magnitude to 2015 (DGVMs, -0.06 PgC year® and
0CO2-Inv, 0.16 PgC year™), but contrastingly different than in 2016 (DGVMs, -0.10 PgC year™
and OCO2-Inv, 0.83 PgC year™). Without fires (0.15 [0.13-0.17] PgC year™), the NEE ranges from
a sink (DGVMs, -0.13 PgC year™) to a small source (OCO2-Inv, 0.02 PgC year™) in 2023. Note that
compared to previous years, the DGVMs show the largest difference in NEE relative to the
long-term mean, indicating a carbon sink weakened by more than 30%. It is worth noting that
the shape of the seasonal cycle differs between the OCO2-Inv and DGVMs, which might be
because DGVMs tend to not capture well the seasonality of GPP in the evergreen tropical
forests (Restrepo-Coupe et al., 2017; X. Chen et al.,, 2020). Therefore, even differing in
seasonality and in the absolute magnitude of the fluxes, both DGVMs and the OCO2-Inv
estimate a large anomaly in 2023 relative to the reference period.

GPP anomaly and Aboveground biomass change

To confirm the negative anomaly in GPP given by the DGVMs, we further analyzed
independent GPP proxies for the same region. First, we compared each GPP proxy (OCO2-SiF,
Tropomi-SiF and NIRv) to the local EC-GPP at ATTO (Figure S13), which indicate that the SiF
products (OCO2-SiF and Tropomi-SiF) are closer to the local GPP (r = 0.49; p-value<<0.01, r =
0.47; p-value<<0.01, n=72) than NIRv (r = 0.32; p-value=0.01, n=72). Using the SiF products for
the Amazon, we found that the sign of the anomalies in October, November and December is
the same as for the DGVMs (Figure 7 a). Earlier in the dry season, in August and September, the
SiF products and the DGVMs are not consistent and in September the DGVMs show a rather
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Therefore, it is likely that the GPP anomaly in DGVMs had an earlier

onset compared to the GPP proxies. However, from October to December, a reduced vegetation
uptake, as the DGVMs and the GPP proxies suggest, is likely.
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Figure 6. Mean seasonal cycle of gross and net carbon fluxes from DGVMs, having the period from 2003
to 2023 as a reference for the biogeographic Amazon. The climatological mean for the DGVM ensemble
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Net ecosystem exchange (NEE) based on the DGVM ensemble mean is shown in (c). Net biome exchange
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NBE for the DGMV ensemble mean was calculated adding the mean fire emission from the GFED4s and
the GFAS fire emission products.
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We find that the average Aboveground Carbon (AGC) loss in the Amazon from 2011 to
2023 was -0.39 +- 0.15 PgC year™ (average value over all years with losses) while for 2023 it was
-0.61 PgC (Figure 7 b). Changes in AGC (AAGC) have been associated with tree mortality,
deforestation and subsequent degradation at forest edges due to fire and logging, but also to
secondary forest growth (Fawcett et al., 2023; Silva Junior et al., 2020), so a AAGC represents a
net exchange which can have a fraction not emitted directly into the atmosphere. For example,
selective logging or tree mortality are processes that can cause a AAGC but not an immediate
CO, source to the atmosphere. The losses in 2023 could have been influenced by the decreasing
trend in the L-VOD signal since 2016 (Figure S14). However, the spatial patterns in the AGC
anomalies were found to correlate well with Enhanced Vegetation Index (EVI) and SiF (Wigneron
et al., 2020), both proxies of GPP. As a comparison, relative to the long-term mean the
reduction in DGVMs-GPP was 0.88 PgC year™ in 2023. Thus, while the AGC change in 2023 could
in part be associated with a reduction in GPP due to deforestation, the mismatch (GPP,... >
AGC,...;) suggests that the reduction in GPP in the DGVMs could be slightly overestimated, like
in the beginning of the dry season.

a. Reference period (2018-2023) b. Reference period (2011-2023)
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Figure 7. Magnitude of the standardized anomalies in OCO2-SiF, Tropomi-SiF and ensemble mean GPP of
the DGVMs for the biogeographic Amazon a) and mean net aboveground carbon loss estimated from
L-VOD for the same Amazon region b). Note that the anomalies in a) were calculated with the OCO2-SiF
period as a reference (2018-2013), for the OCO2-SiF, Tropomi-SiF and the DGVMs. For b), we calculated
the difference in AGC from year,,, to year, (year,,-year,) from 2011 to 2023 and selected the years with
losses (negative numbers) and gains (positive numbers), from that we got the mean for the entire record
and the individual loss for 2023. The bars in b) show the interannual variability.

3.3 Local response of the carbon cycle in 2023: ATTO as independent benchmark

CO, mole fraction measurements at ATTO (Figure 8 a), representative of a large footprint
(Figure 8 b and Figure S1) show a large enhancement over the background (ACO,, Figure 8 a),
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peaking in September and consistent with a larger-than-normal fire activity north of 5°S during
this month. Note that the concentration footprint of the 80-m tower covers the area east of the
ATTO site, where some of the largest carbon sources were estimated by both the OCO2-Inv and
by the DGVMs-ensemble mean (Figure 5), coinciding with the highest VPD and Temperature
anomalies (see Figure 3). However, at the same location, the local eddy covariance
measurement had a different response.

In the absence of large disturbances, the eddy covariance measurements indicate that
the forest close to ATTO was on average a sink of carbon in 2023 (Figure 8c). At ATTO we
observe a large (close to but within 10) uptake from January to March, interrupted by a positive
peak (source) in May and followed by a consistent sink from July to November. The first part of
the year is consistent with the seasonal pattern in OCO2-Inv coinciding on a large carbon
uptake. The EC-NEE sink is mainly controlled by a large (close to and larger than 10) decrease in
ecosystem respiration (R,.,) in the beginning of the year (February - April), and during the dry
season (August - October). Note that GPP also attains the lowest values in June and September,
but most of the development in 2023 is within the normal variability of the record. Given these
findings, the 2023 drought at ATTO had a stronger effect in R,., than GPP, leading to a net sink at
the local ecosystem scale (i.e. ATTO).

The seasonal development of simulated NEE, R.., and GPP in the DGVMs at the grid cell
including ATTO (Figure 8 d,f,i) is in contrast to the local EC measurements. The DGVMs show a
stronger decline in GPP than in R,, mainly during the dry season, leading to a positive NEE from
September to November in 2023. It is worth noting that the seasonality of the DGVMs is very
different to the measured one at ATTO, mainly during the wet season, not being able to
reproduce the uptake of carbon from January to March. The EC measurements indicate that
such uptake was amplified during 2023, reaching values close to 1o from January to March in
EC-NEE. We find that such mismatch could be associated with the forcing data in the DGVMs, as
the measured precipitation and shortwave radiation at ATTO were higher than ERAS in February
and March (Figure S15).

The flux response at ATTO deserves more context due to its contrasting development
relative to the DGVMs. Local measurements at ATTO show that VPD, air and soil temperature
anomalies in 2023 were consistent with the regional pattern shown in Figure 3, reaching values
larger than 1o (Figure S16, S17). Interestingly, soil moisture in the first 50 cm layer did not show
anomalous values and precipitation was above the average with 200 mm more than normal
years. Therefore, we believe that the normal levels of soil moisture sustained photosynthetic
uptake throughout 2023, buffering the effect of air temperature and VPD, which could be a local
response associated with the forest close to ATTO and not a general response regionally.
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4 Discussion

The drivers and consequences of drought

Our results show how elevated SST anomalies in the tropical Atlantic and Pacific oceans
and associated changes in atmospheric circulation and surface hydroclimatic conditions,
contributed to intensifying widespread soil water deficits across the Amazon during the second
half of 2023 (Figure 2), consistent with the extremely low water levels reported by Espinoza et
al., (2024) for the Rio Negro in Manaus. An interesting feature of the 2023 drought is that the
onset coincided with a transition to an El Nifio phase that followed three years of consecutive La
Nifia conditions (https://psl.noaa.gov/enso/mei/, last accessed August 15, 2024). Compared to

the previous El Nifio event of 2015/16, 2023 registered higher SST anomalies over the tropical
Pacific and especially the tropical Atlantic (Figure S9), which played an important role in the
atmospheric circulation anomalies, extremes in air temperature and atmospheric and surface
dryness (PCWD). Temperature and precipitation anomalies in the Amazon basin have surpassed
the previous record in 2015/16 (Espinoza et al., 2024; Jiménez-Mufioz et al., 2016b) and their
extreme magnitude has been attributed to climate change (WWA, 2024). Compared with
2015/16 and previous droughts, the potential cumulative water deficits and extremely high
vapor pressure anomalies registered in late 2023 progressed deeper into the humid Amazon
forest, extending the dry season by several months and thus contributing to increased
vegetation stress.

Here, we calculate PCWD as the balance between potential evapotranspiration and
precipitation adapted from Stocker et al., (2023). This estimate is less conservative than other
commonly used estimates for the Amazon such as CWD in Aragdo et al., (2007), which assume
constant evapotranspiration (ET) of 100 mm month™. Even though there are no reported trends
in regional ET, there are spatial gradients (Baker et al., 2021) that could be important for water
deficit calculation. For example, at ATTO the mean ET is 120 mm month™, so a CWD calculated
using 100 mm month™® would result in weaker CWD. Furthermore, evaporative demand
depends on atmospheric humidity, which, as we have shown, reached extreme values in 2023
(Figure 3). Thus, we consider that estimating PCWD based on potential evapotranspiration,
instead of a fixed value, can better represent the spatial patterns of the surface drought,
especially under such extreme conditions.

Summary of responses by different data streams

In this paper, we have reported on the response of the Amazon forest to the 2023 event
across various spatial scales using multiple data streams (Figure9). In the absence of
anthropogenic disturbances at the ecosystem scale at ATTO (Figure9c) and with no
precipitation deficit, the forest remained a carbon sink due to a large reduction in respiratory
carbon loss together with a mild decline in photosynthetic uptake, resulting in a persistent sink
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of carbon due to vegetation uptake (EC-NEE). Based on individual measurements of leaf, live
wood and soil respiration in the Amazon, Chambers et al., (2004) found that autotrophic
respiration contributes a large portion (~70%) of the ecosystem respiration, so a decline in GPP
and in autotrophic respiration due to drought (Doughty et al., 2015) could explain the observed
decline in R, in this study. However, an increase in autotrophic respiration and thus an overall
increment in ecosystem respiration was found in a rainfall exclusion experiment in the eastern
Amazon (Metcalfe et al., 2010), suggesting that there might not be a unidirectional response of
Re, to drought in the Amazon given than each drought is unique in its development and
preceding conditions (S. Liu et al., 2024). Furthermore, it is worth noting that our estimate of
ecosystem respiration (R..,) relies on nighttime NEE that inherently assumes that daytime R, is
equal to nighttime R, , leading to a source of uncertainty in our total ecosystem respiration
estimates.

At a larger scale (Figure 9 b) the positive ACO, indicates that the ATTO footprint area was
likely a source of carbon with a combined effect of reduced vegetation uptake, fires and land
use change emissions. There are several implications of these findings. At the ecosystem scale,
the forest close to ATTO buffered the effects of the large VPD and temperature anomalies with
sufficient soil moisture availability (Figure S17). Such a localized response is not captured by the
DGVMs, presenting a challenge for the bottom-up estimates. However, the atmospheric CO,
signal indicates a larger-than-normal carbon source in the ATTO concentration footprint (which
is much larger than the flux footprint). This is consistent with fire activity, the NEE source in the
DGVMs, and the NBE source in OCO2-Inv that we report here.

At the biogeographic Amazon scale (Figure 9 a), the source of carbon including fires
(NBE) ranges from 0.01 PgC year® (bottom-up, DGVMs) to 0.17 PgC year® (top-down,
0CO2-Inv), with the main difference being the magnitude of the vegetation uptake (NEE),
which, depending on the method used, can represent a small carbon source of 0.02 PgC year™
(0CO2-Inv) or a sink of -0.13 PgC year® (DGVMs) in 2023. Note that relative to the long-term
mean (2003-2023, -0.36 PgC year™), -0.13 PgC year™ represents more than a 30% reduction in
NEE. According to the DGVMs the reduction in NEE was driven by a larger decline in GPP than
Rew, Similar to the findings of Liu et al., (2017) for the 2015/2016 event. Nevertheless, the local
response in NEE, GPP and R, at ATTO, challenges the regional response in the DGVMs, yet we
can not rely on the ATTO fluxes to infer a regional-scale response, even more in the absence (at
ATTO) of anthropogenic disturbances. Including fires, the NBE source we find here based on the
OCO2-Inv represents about half of that reported by Ke et al., (2024) for the Amazon. This
difference is mainly because their definition of Amazon is larger than ours, the biogeographic
Amazon. Therefore, the definition of the Amazon influences the region-wide fluxes as a large
contribution of the fire activity is at the boundary of the Amazon and Cerrado biomes (Botia et
al., 2024).
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Spatially we attribute the NEE source to the northeast part of the Amazon (Figure 5),
consistent with a negative SiF and GPP anomaly during Oct-Dec (Figure 7) and a decline in
greenness reported for 2023 by Jiménez et al., (2024). Including fires, based on the OCO2-Inv
and the study by Wang et al., (2023), the NBE source was similar to 2015 and lower than 2016.
We find that such a response, given the extreme temperature and VPD anomalies, was due to a
seasonal compensation, with a large carbon uptake in the beginning of 2023 evident in both
0OCO2-Inv and DGVMs. This compensation can be associated with more rainfall in the beginning
of 2023, driven by La Nifia conditions in the Pacific Ocean. It remains to be confirmed whether
the findings by Wang et al., (2023) for the 2015/2016 El Nifio, in which temperature dominated
the total NBE flux, but the spatial patterns were controlled by deficits in soil moisture, still hold
true for 2023 and the post-El Nifio development in 2024. Therefore, we believe that the use of
several large scale data streams and in-situ measurements enhance the comprehensive
understanding of drought impacts.
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Figure 9. Summary of the drought response across scales and different data streams. In (a) the
bottom-up (DGVMs) vs top-down (OCO2-Inv) carbon budget is shown. In panel (b) we present the ACO,
or regional signal at ATTO, which is affected by the areas (i.e. footprint) covered by the gray polygons in
the map. The mean response of the ecosystem level EC-NEE is shown in (c). Note that the footprint of
the EC-NEE is less than 100 km?.

Role of fire in NBE

We showed that the fire season was extended until November/December, mainly driven
by the progression of surface and atmospheric dryness conditions (Figure 2 and Figure 3). These
resulted in an early onset (July to September) with more (less) fire activity in the north (south)

21


https://www.zotero.org/google-docs/?DAcWGx
https://www.zotero.org/google-docs/?Wvbo2u
https://www.zotero.org/google-docs/?1RWvkH

manuscript submitted to replace this text with name of AGU journal

and an offset (November and December) with more (less) fire activity in the south (north),
relative to the total fire activity regionally. The north to south dynamic in fire activity reported
here, is consistent with the timing of the rainfall anomalies in Espinoza et al., (2024) and in
Figures S5 and S6. Furthermore, our results follow the fire anomalies in Jiménez et al., (2024).
Even though we find pronounced spatial differences relative to the long-term mean, the total
fire counts over the Amazon were similar in magnitude to 2015 and 2016. Fires and
deforestation have been linked to drought (Aragdo et al., 2007, 2018), with more fires during
years of drought (Aragdo et al., 2018; Basso et al., 2023; Gatti et al., 2014; Rosan et al., 2024;
Silva Junior et al., 2019; van der Laan-Luijkx et al., 2015). Nevertheless, fire emissions in 2023
within the Amazon (0.15 [0.13-0.17] PgC year®, mean between GFAS and GFED4s) were
comparable and even lower than non-drought years (e.g. 2022) and similar to the long-term
average (see Figure 4 and S7). The individual estimates for GFED4s and GFAS were equal or
lower than their long-term averages, respectively. In both products there were less fires
compared to the long-term mean in the southeastern border of the Amazon from July to
September (Figure 4), when the rainfall anomalies were not as pronounced as in the following
months (Oct-Dec). Therefore, our analysis suggests that regardless of an extended fire season,
the fire carbon emissions had a smaller contribution to the NBE source in 2023 relative to
previous droughts, in which fire changed the sign of NBE from sink to source (Basso et al., 2023;
Gatti et al.,, 2021; van der Laan-Luijkx et al., 2015). We note, though, that the fire inventory
products used here (GFAS and GFED4s) tend to underestimate fire emissions, likely due to
missing understory fires and small scale fires (Naus et al., 2022; Pessoa et al., 2020). However,
the results of Naus et al., (2022) suggest that such underestimation is more pronounced outside
of the biogeographic Amazon, in the neighboring Cerrado biome, as also shown by Botia et al.,
(2024).

Remaining challenges reconciling top-down and bottom-up approaches

The most important differences between top-down and bottom-up NBE are associated
with the seasonal timing and the absolute magnitude of NBE. This mismatch is likely due to a
misrepresentation of the dry and wet season contrast of NEE, GPP and R, in DGVMs (Figure 6
and Figure 8), as well as large uncertainty in the bottom-up NBE driven by disturbances and land
use change emissions (Rosan et al., 2024). The response of the DGVMs to the development of
the drought in 2023 was limited to the dry season when there was a larger spread between
models (Figure 6 and Figure 8) and larger inter-annual variability, coinciding with the positive
anomalies in VPD and temperature and the negative anomalies in terrestrial water storage and
large PCWD (Figure 2 and Figure 3). Conversely, during the wet season, the DGVMs showed a
flat and more uniform GPP and TER, suggesting a reduced sensitivity to wet season anomalies,
notwithstanding potential biases in the forcing data that would attenuate the severity of the
drought (Figure S15). Our study thus adds to the body of literature indicating the limitations
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DGVMs have for tropical regions and specifically the Amazon, lacking processes such as (i) leaf
phenology and demography, which affect the seasonality in GPP (X. Chen et al., 2020; Kim et al.,
2012; Restrepo-Coupe et al., 2017), (ii) low sensitivity of GPP to soil texture (Meunier et al.,
2022), (iii) lacking a representation of drought induced tree mortality and therefore biomass
reductions (de Almeida Castanho et al.,, 2016; Powell et al., 2013) and (iv) not simulating
secondary forest regrowth leading to difficulties reproducing gains in biomass and thus
hindering the simulated changes in AGC (O’Sullivan et al., 2024; Pugh et al., 2019) in DGVMs.

For the top-down approach used here (OCO2-Inv), we acknowledge that cloud cover
during the wet season could limit the number of successful XCO, retrievals (Frankenberg et al.,
2024), inducing a dry-season adjustment bias in the inversion (Crowell et al., 2019; Massie et al.,
2017). Furthermore, in-situ data is scarce in the region hindering evaluation of posterior fluxes
in satellite-driven inversions and for inversions assimilating flask or in-situ data, leaving no
choice but to assimilate most of the available data (Basso et al., 2023; Botia et al., 2024).
Additionally, the spatial distribution of the posterior fluxes and their overlap with DGVMs, could
be affected by the spatial correlation length scale, which in this study was 500 km. We showed
that the strongest carbon sources in the DGVMs overlap to some extent but not entirely, with
those in the OCO2-Inv. Therefore, we acknowledge that understanding the causes of the spatial
mismatch between top-down and bottom-up approaches should be prioritized in future studies.

The missing disturbance sources in bottom-up NBE assessments that are reported in
existing literature include low intensity understory fires (Alencar et al., 2022), missing carbon
emissions due to edge effects caused by forest fragmentation (Silva Junior et al., 2020), and an
enhanced post-logging respiratory flux which is difficult to quantify as it is a function of recovery
time and requires long-term observations (Mills et al., 2023). In addition, a remaining challenge
to improve the seasonal development of bottom-up NBE is related with non-fire carbon
emissions due to forest degradation (Lapola et al., 2023) and how these vary seasonally and
inter-annually. Moreover, the role of CO, outgassing from river and aquatic surfaces remains as
an ignored flux in recent bottom-up and top-down assessments (Basso et al., 2023; Gatti et al.,
2021; Gloor et al., 2012; Rosan et al., 2024), and its role in the Amazon basin seems to result in
a weakening of the vegetation (NEE) carbon sink (Hastie et al., 2019). These processes are the
remaining challenges in reconciling top-down and bottom-up processes for regional
assessments of the carbon cycle response to drought.

5 Conclusions

We studied the Amazon carbon cycle response to the extreme drought in 2023 by using
multiple data streams, including land surface models, an atmospheric inversion,
remotely-sensed vegetation dynamics and aboveground carbon at the regional scale. In addition
we used in-situ measurements from the Amazon Tall Tower Observatory, including eddy
covariance fluxes and a decade long CO, mole fraction time series to complement the large scale
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analysis. At the regional scale, we report that in 2023 the Amazon drought led to a substantial
shift in the carbon dynamics of the region, with a net carbon emission (NBE), driven primarily by
reduced vegetation uptake. While the fire season extended into November, fire contributions
remained near the long-term average, indicating that fires had a smaller influence on the
Amazon carbon source compared to vegetation responses. The decline in gross primary
productivity (GPP) was particularly strong during October to December coinciding with
anomalies in remotely-sensed GPP proxies (i.e. Sun-Induced Fluorescence). During these
months anomalously high temperatures, vapor pressure deficits and potential cumulative water
deficits were recorded.

Our findings highlight that in early 2023 a relatively large uptake helped to offset the
dry-season emissions, possibly driven by a transition from La Nifia to El Nifio, which was
characterized by high precipitation in the beginning of the year in the northern part of the
Amazon. Such wet season response was consistent in the atmospheric transport inversion and
the local eddy flux measurements, but to a lesser extent in the DGVMs. The low sensitivity of
DGVMs to the wet season anomalies in precipitation are partly explained by a bias in the forcing
data. However, the observed balance between photosynthesis and respiration in the eddy flux
measurements was not reproduced by the DGVMs throughout the year. At ATTO, the seasonal
development of NEE was mainly controlled by a large (close to and larger than 1o) decrease in
ecosystem respiration (R,.) in the beginning of the year (January - March), and during the dry
season (August - October). Even though we can not attribute the ATTO-eddy-fluxes to all the
Amazon region, we believe the comparison points to processes that should be improved in
DGVMs to better represent the inter-annual variability of the carbon dynamics in the Amazon.
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Open Research

The biogeographic Amazon area used for the climate (VPD and 2m temperature) and carbon
cycle (DGVMs, 0CO2-Inv, and GPP proxies) analysis can be found here:
https://edmond.mpg.de/privateurl.xhtml?token=a4af161f-1b77-4611-aa01-7de9203639b8. The
ERA5 and ERA5-Land datasets are under public access available here:

calculation we used the following R package: https://zenodo.org/records/5359053. All the

processed data integrated for the biogeographic Amazon area can be found here:
https://edmond.mpg.de/privateurl.xhtml?token=a062e1cb-9c28-4880-9f99-b9b8a9125dff. This
includes the DGVM output and fire emissions (GFED4s and GFAS) from 2003 to 2023, the
OCO2-Inv prior and posterior from 2015 to 2023 and the fire counts from MODIS (terra and
aqua) from 2003 to 2023. Additionally, on the same repository, the monthly totals of NEE, GPP
and Reco at ATTO, together with the monthly mean ACO, can be also found in tabular form. The

GRACE data for the Amazon basin used here can be freely downloaded here:
https://grace.jpl.nasa.gov/data-analysis-tool/. The ATTO meteorological data is available at

https://www.attodata.org/home/Start. The OCO2-Inv gridded files are available via the

atmospheric data store: https://ads.atmosphere.copernicus.eu/datasets. TROPOMI SIF data is
available through the S5P-PAL Data Portal

(https://data-portal.s5p-pal.com/products/troposif.ntml). MODIS BRDF-corrected surface
reflectance (MCD43C4v061) is available at the Land Processes Distributed Active Archive Center
(LP DAAC; https://lpdaac.usgs.gov/products/mcd43c4v061/). The OCO2-SiF data is available
from  https://oco2.gesdisc.eosdis.nasa.gov/data/OCO2_DATA/OCO2_L2_Lite_SIF.11r/. The
L-VOD data can be downloaded here: https://doi.org/10.5281/zenodo.14171387.
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Introduction

The information in this document supports the methods section (Text S1 to S5) of
the main text and includes additional Figures (Figures S1 to S17) that help to convey
the messages on the main text.

Text S1. Reanalysis Data

We use the ERAS reanalysis dataset (Hersbach et al., 2020), provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF) through the
Copernicus Climate Change Service (C3S) Climate Data Store (CDS). This dataset
offers a comprehensive reanalysis of global weather conditions from 1950 to the
present (Bell et al., 2021), featuring a spatial resolution of approximately 31 km
(0.25° x 0.25° grid) and hourly temporal resolution. To characterize the
synoptic-scale drivers, monthly mean anomalies were computed for sea surface
temperature (SST, K), horizontal wind components (u, v, in m s-1), geopotential
height (Z) at 500hPa (m? s-2) and the vertical integral of eastward water vapor flux in
kilograms per meter per second (kg m™ s). These anomalies were calculated
relative to the 2000-2023 climatological mean seasonal cycle. Based on ERAS fields,
we further calculated the cumulative water deficit (PCWD) based on the weekly
difference between precipitation (P) and potential evapotranspiration (PET)
following Stocker et al., (2023). Note that in ERA5, PET is calculated using the
Penman-Monteith formulation for a well-watered reference crops. PCWD allows
detecting periods when the atmospheric evaporative demand (potential
evapotranspiration) exceeds water input from precipitation, and quantifies the
cumulative effects of the imbalance between radiation and precipitation until rain
terminates the event, i.e. the deficit cumulation. The deficit is reset to zero following
sufficient rainfall; i.e.,, when the weekly water balance compensates the current
cumulative water deficit. Where annual total PET generally exceeds annual total P
we reset PCWD during the wettest months to avoid unrealistically long PCWD
accumulation periods in arid regions. Note that the use of PET generally exceeds
actual PCWD in areas where stomatal regulation reduces evapotranspiration. To
quantify spatial anomalies in vapor pressure deficit (VPD) and temperature over the
biogeographic Amazon, we used the ERA5-Land dataset (Mufioz-Sabater et al., 2021)
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retrieved from the Copernicus Climate Change Service, (2022). We downloaded the
dataset at hourly resolution, with 0.1 x 0.1 degree spatial resolution. As VPD is not
directly provided by ERA5, we derived it using 2m air temperature and relative
humidity at hourly resolution. The anomalies in VPD and temperature were also
relative to the period from 2000 to 2023. The shape file containing the area
corresponding to the biogeographic Amazon, used in the climate analyses and
throughout this paper, can be downloaded here:
https://edmond.mpg.de/privateurl.xhtml?token=a4af161f-1b77-4611-aa01-7de9203
639b8.

Text S2. Bottom-up Model Simulations

We used simulations from four terrestrial biosphere models forced with
historical climate from ERA5 reanalysis in near-real time. The contributing models
were the Simple Biosphere model Version 4 (SiB4, Haynes et al, 2019),
ORCHIDEE-MICT (Guimberteau et al., 2018; Krinner et al., 2005) , O-CN (hereafter
referred to as OCN, Zaehle et al., 2010) and JULES (Clark et al., 2011). All models
simulate water, energy, carbon allocation and exchange, vegetation growth, and soil
carbon changes driven by a common set of forcing data, but they differ on the
number of plant functional types that they represent and the processes included.
The model simulations were conducted at 0.5 x 0.5 degree spatial resolution and
were done using changing climate forcing at 3-hourly (JULES), 6-hourly (ORCHIDEE),
and daily (OCN) temporal resolution from 1960 to 2023 and annual CO,, following a
spin-up with recycled 1960s climate and 1960 CO, levels to equilibrate carbon pools.
Both the spin-up and the transient simulations used a fixed land-cover map based
on the Land-Use Harmonization dataset for global carbon budgets (LUH-GCB, Chini
et al, 2021) in the year 2010. The fixed land-cover aims to reduce variability
introduced by land-cover changes (Bastos et al., 2020), given that the main interest
in this study is to evaluate climate impacts. The choice of 2010 ensures a land-cover
distribution close to the present state, but we note that this can lead to
inconsistencies in the absolute fluxes estimated by the bottom-up models, when
compared to inversions and in-situ observations. The simulations by SiB4 were done
at 3-hourly temporal resolution for the period 1980-2023 and used a land-cover
distribution based on MODIS data between 2001-2003 (Lawrence & Chase, 2007).
For practical reasons we will refer to the four bottom-up models as DGVMs. Note
that from all the models we obtained Net Ecosystem Exchange (NEE, see section 2.6)
by using the simulated Gross Primary Productivity (GPP) and Total Ecosystem
Respiration (TER). We do not include the Fire emissions simulated in the DGVMs and
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thus we obtain the Net Biome Exchange (NBE) from the DGVMs using the fire
emissions from remote-sensing-based products, see Figure 1 for more details.

Text S3. Top-down OCO2-Inversion (OCO2-Inv)

We used a global high resolution (1 x 1 degree) atmospheric inversion driven
by the OCO-2 satellite atmospheric CO, concentration data from the Copernicus
Atmosphere Monitoring Service (CAMS, https://atmosphere.copernicus.eu). CAMS

delivers global estimates of weekly greenhouse gas fluxes with a typical 4-month
latency. The product used here is an intermediate version between versions FT23r3
and FT24r1. It differs from version FT24r1 only by its regular resolution of 0.7 degree
in latitude and 1.4 degree in longitude and follows the usual production and
quality-control process of the CAMS products. It covers the OCO-2 period from 2015
to December 2023, and its mean fluxes and anomalies are close to the median of 14
inversions used in previous assessments (Friedlingstein et al., 2023). The underlying
transport model was nudged towards horizontal winds from the ERAS5 reanalysis.
The inferred fluxes were estimated in each horizontal grid point of the transport
model with a temporal resolution of 8 days, separately for day-time and night-time.
The prior values of the fluxes combine estimates of (i) gridded monthly fossil fuel
and cement emissions (GCP-GridFED version 2023.1, Jones et al., 2021) extended to
year 2023 following Chevallier et al., (2020) using the emission changes reported by
https://carbonmonitor.org/, together with anomalies in retrievals of NO, columns
from the Tropospheric Monitoring Instrument (TROPOMI, van Geffen et al., (2019),
(ii) monthly ocean fluxes (Chau, Chevallier, et al., 2024; Chau, Gehlen, et al., 2024),
3-hourly (when available) or monthly biomass burning emissions (GFED 4.1s)
described in van der Werf et al, (2017) and climatological 3-hourly
biosphere-atmosphere fluxes taken as the 1981-2020 mean of a simulation of the
ORCHIDEE model, version 2.2, revision 7262 (ORCHIDEE, Krinner et al., (2005)). The
variational inversion accounts for spatial and temporal correlations of the prior
errors, resulting in a total 1-sigma uncertainty for the prior fluxes over a full year of
3.0 PgC-year™ for the land pixels and of 0.2 PgC-year" for the marine pixels. Over
land, the correlations decrease exponentially with a length of 500 km. To make the
inverse estimates comparable with the DGVMs we have subtracted the lateral fluxes
from the NBE estimates using the data available here:
https://meta.icos-cp.eu/objects/FHbD80OTgCb7TIvs99IUDAPQOO, last accessed 28,
May, 2024.
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Text S4. Remote sensing datasets

Sun-induced fluorescence (SIF) is a proxy for photosynthesis rate
(Frankenberg et al., 2011) and can therefore be used as an approximation for gross
primary productivity (GPP) by vegetation. SIF (L1 product) is taken from the OCO-2
satellite (Kurosu et al., 2022, c.f. Parazoo et al., 2019), hereafter OCO2-SIF. We use
the daily SIF at 740 nm, which is calculated based on the retrievals at 757 nm and
771 nm. We use only full years from 2014 to 2023 and select all retrievals that have
passed the quality control (quality flag < 2) within the biogeographic Amazon. In
addition, we used Sentinel-5p TROPOMI SIF L3 data (Guanter et al., 2021) for the
years 2018-2023. Furthermore, we have included another GPP proxy, the
Near-Infrared Reflectance of vegetation (NIRv) (Badgley et al., 2017), which has been
used previously to quantify the impact of drought on photosynthesis (Smith et al.,
2020; van der Woude et al., 2023). Here, we calculated NIRv from MODIS surface
reflectance with Bi-Directional Reflectance Distribution Function (BRDF) correction,
from retrieval algorithm v6.1 (Schaaf & Wang, 2021). Following Badgley et al. (2017),
we used an empirical correction for removing the effect of soil reflectance.

Aboveground biomass (AGB) changes were estimated from L-band
Vegetation Optical Depth (L-VOD) data computed from observations of the SMOS
(Soil Moisture and Ocean Salinity) passive microwave satellite using the SMOS-IC
version 2 (V2) algorithm (Wigneron et al., 2021, 2024). As most spaceborne sensors
have a limited capability to quantify high carbon density in the Amazon forest, the
SMOS L-VOD AGB dataset, which does not present obvious saturation in dense
tropical forest areas, is now a major satellite-based dataset for monitoring
inter-annual changes of AGB (Brandt et al., 2018; Fan et al., 2023; Qin et al., 2021;
Wigneron et al.,, 2024; Yang et al., 2023). Here, we calculated the annual global
L-VOD AGB using the following steps. First, we only chose the ascending daily L-VOD
observations (acquired at 6 am), which are less affected by diurnal changes in the
vegetation moisture. Then, yearly median L-VOD values were estimated for each
grid cell and converted to carbon density using previously published biomass map
as references for regressions between annual median of L-VOD (2011) and AGB
maps. No single AGB benchmark map can be considered completely reliable, and all
AGB maps contain uncertainties and biases. To reduce dependence on only one
map, we calculated 34 sets of L-VOD AGB products for each year based on the
calibrations of L-VOD with several biomass reference maps, including four global
maps (Dubayah et al., 2022; Saatchi et al., 2011; Santoro et al., 2021; Spawn et al.,
2020) and two pan-tropical maps (Avitabile et al., 2016; Baccini et al., 2012). Instead
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of creating a single global spatial calibration function as in previous studies, where
outliers can affect the fitting parameters, we conducted separate calibrations for
three regions: the tropics (30° S-30° N), the Northern Hemisphere (30° N-90° N),
and the Southern Hemisphere (90° S-30° S), as detailed in Yang et al. (2023). We
then averaged these 34 L-VOD AGB products to obtain the final annual AGB maps
during 2010 and 2023. The minima and maxima were also calculated to provide
estimates of the uncertainty associated with the derived AGB estimates, which are
related to systematic errors in the biomass benchmark maps. In a detailed analysis,
the uncertainties associated with the L-VOD-derived AGB estimates and the relative
uncertainties associated with changes in the carbon stocks over the tropics have
been estimated to be in the order of 20 to 25% (Fan et al., 2019). The L-VOD data
product has a spatial resolution of ~25 km covering the period from January 12,
2010 to the present. Daily observations affected by radio frequency interference,
which is very limited in the Amazon basin, were removed as described in Wigneron
et al., (2021).

Direct fire counts from MODIS were obtained from the Fire Information for
Resource Management System (FIRMS) dataset (Earth Science Data Systems, 2020)
and aggregated to the biogeographic Amazon mask. We selected all MODIS fire
counts from the Terra and Aqua sensors which had a confidence level above 60%.
Fire emission estimates are based on the Global Fire Assimilation System (GFAS)
(Kaiser et al., 2012) and the Global Fire Emissions Database (GFED4s) (van der Werf
et al., 2017). With the fire counts and the fire emissions we analyze the seasonal
dynamics for all the years from 2003 until 2023. In addition, we aggregate fire
emissions of both products (GFAS and GFEDA4s) over the biogeographic Amazon and
report the average between the two for the period between 2003 and 2023.
Additionally, we have also used Equivalent Water Height anomalies from the Gravity
Recovery and Climate Experiment, specifically the CSR GRACE/GRACE-FO RLO0.63
Mascon solution (GRACE-FO CSR) available at:
https://grace.jpl.nasa.gov/data-analysis-tool/ covering the period from 2004 to 2023.

Text S5. ATTO data, eddy fluxes and mole fraction data

The mole fraction CO, data from 2014 to 2021 are calibrated on the World
Meteorological Organization (WMO) CO, X2007 scale using 1-point calibration and
specifically the 80 m level used here follows the details in Botia et al., (2022). We
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have adjusted the scale from X2007 to X2019 of the 2014-2021 data using the
recommendation available at: https://gml.noaa.gov/ccl/scale conversion.html, last
accessed December 12, 2024. For the period between 2022 to 2023, CO, mole
fractions were measured by a new analyzer (Picarro Inc. model G2401), and
calibrated by a 3-point calibration (van Asperen et al., 2024). Using the CO, mole
fractions, we obtained a regional signal (ACO,) by subtracting a background

concentration from the measurements. The background is calculated using the
Stochastic Time-Inverted Lagrangian Transport (STILT) model (Lin et al., 2003), in
which a 100-particle ensemble is released at the ATTO location and 10-day
back-trajectories are produced. Using the mean ending position (lat/lon) of the
trajectory ensemble we obtain the corresponding CO, background as a function of
latitude and the CO, record from two NOAA stations, Ragged Point Barbados (RPB,
13.1650, -59.432) and Ascension Island (ASC, -7.9667, -14.4) (Lan et al., 2024). With
this, we obtain a background concentration associated with each hourly
measurement.

To calculate half-hourly turbulent EC-CO, fluxes, Alteddy software was
applied for processing EC raw datasets sampled at 10 Hz in January to July 2014. For
the other period (i.e., July 2014 to 2023), EddyPro software was used for the EC raw
data processing. Both software de-spiked and filtered EC raw time-series data
following Vickers & Mahrt, (1997). The Alteddy and EddyPro software used the Foken
et al., (2005) and Mauder & Foken (2004) approaches, for data quality flags on
half-hourly turbulent EC-CO, fluxes. We defined good data using the quality flags 1-3
using the Foken et al., (2005) method and flags 0 and 1 when using the Mauder and
Foken (2004) method. We also filtered half-hourly turbulent EC-CO, fluxes for the
favorable wind direction ([0°: +180°] sector) and removed anomalous half-hourly
turbulent EC-CO, fluxes with absolute flux values above 60 pmol m? sec” (i.e., above
+ 60 pmol m? sec’ or below - 60 umol m*? sec”), most likely due to human or
instrumental error, based on the 10-year record. The filtered high-quality and
half-hourly turbulent EC-CO, fluxes were used for further data analysis: net
ecosystem exchange (EC-NEE) calculation, gap-filling and EC-NEE partitioning. The

EC-NEE can be calculated as, NEE = F__+ F 4+ F . Following Winderlich et
stor eddy adv

al., (2014), we have neglected the advection flux (Fadv) and added the turbulent flux (

Feddy) and the storage flux (str) to obtain EC-NEE. To obtain the storage flux term,

we applied the methodology described in Winderlich et al., (2014). The EC-NEE
partitioning follows the methodology in Botia et al., (2022). The footprint of the
EC-NEE, which is located at 80m, is less than 100 km?. In addition, we use 11 years of
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10°N

10°s

ATTO measurements (from 2013 to 2023), of several meteorological variables at
different heights across the canopy, from 4 m (within the canopy) to 80 m (~40 m
above the canopy top). The variables are: air temperature, precipitation, soil
moisture, soil temperature, and relative humidity. Rainfall (Rain gauge TB4,
Hydrological Services Pty. Ltd., Australia) was measured at 81 m. Air Temperature
was measured by a Termo-higrometer CS215, Rotronic Measurement UK Solutions.
For soil water content we used a Water content reflectometer CS615, Campbell

Scientific Inc., USA, and for soil temperature a Thermistor 108, Campbell Scientific
Inc., USA.
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Figure S1. Seasonally time-varying concentration footprint for the ATTO site. The
figure was taken from our previous study describing the footprint using the STILT
model (Botia et al., 2022).
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Figure S2. Regional climatology of PCWD, geopotential height at 850hPa, wind fields

at 850 hPa and SST (°C).

January - 2023 February - 2023
- NI — L1 — - 15N
77 10°N z D 10°N
iz o 5N o 5N
- 3 o 3 o
= £ 55 £ 55
I8 108
o0eg RIS 20°5
100°W  80°W  B0°W  40°W  20°W 100°W  80°W  60°W  40°W  20°W 100°W  80°W
Longitude Longitude
May - 2023 June - 2023 July - 2023
P T e — 15°N s > 15°N
: 10°N 10°N
= o 5N © 5N
S S
£ 5°5 £ 5°5
3 10°S 10°S
3 - 15°S - 15°S N
20°S oeg  BeDel
100°W  80°W  BO°W  40°W  20°W 100°W  80°W  BO°W  40°W  20°W 100°W  80°W
Longitude Longitude
October - 2023 November - 2023
15N — - = - - L smnos 15N s = -
10°N 1 10°N
o 5N o 5N
RS RS
-:% 5°S -:% 5°S
10°S 10°S
— 58 —izs Lol
20°S 20°5 =3
100°W  80°W  BO°W  40°W  20°W 100°W  80°W  BO°W  40°W  20°W 100°W  80°W
Longitude Longitude
850-hPa anomaly (m) R
20 -10 0

60°W  40°W  20°W
Longitude

60°W  40°W  20°W

Longitude

60°W  40°W  20°W
Longitude

10

20

Latitude

Latitude

Latitude

April - 2023
15°N
10°N

5°N
0°
5°S
10°S
15°8
20°S

100°W  80°W  B0°W  40°W  20°W
Longitude

August - 2023
15°N - -
10°N

158 - T

20°8 -

100°W  80°W  B0°W  40°W  20°W
Longitude

December - 2023
15°N P —

10°N © 2
5N

100°W  80°W  B0°W  40°W  20°W
Longitude

Figure S3. Monthly geopotential height anomalies at 850hPa in reference to

baseline (2000-2023), monthly wind fields at 850 hPa.
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Figure S4. Hovmoller plot showing the latitudinal position of the Intertropical
Convergence Zone (ITCZ) between 81°W and 56°E for the climatology (left plot) and
year 2023 (middle plot). The x-axis represents time (months), and the y-axis shows
latitude from 20°S to 10°N. Colors indicate mean weekly precipitation (mm), with
warmer colors (blue to purple) representing higher precipitation and cooler colors
(yellow to green) representing lower precipitation. The red line traces the latitude of
the weekly maxima from climatology and the white line, from 2023. This
visualization enables the identification of anomalies in the 2023 ITCZ position and
intensity relative to the multi-decadal mean. Note any deviations of the 2023
precipitation patterns from the precipitation bands, the climatological contours, and
the red maximum curve, particularly any northward shifts or delayed southward
migrations in the latter half of the year. The difference plot (right plot) highlights
these anomalies more clearly by showing the deviation in precipitation (mm) in 2023
compared to the climatological average, with positive values (blue) indicating
wetter-than-normal  conditions and negative values (red) indicating
drier-than-normal conditions.
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Figure S7. Monthly wind speed (m/s) and direction anomalies (baseline 2000-2023)

at 850 hPa.
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Figure S10. Monthly vertical integral of eastward water vapor flux anomalies (kg m™’
s for 2023 over South America (90°W-30°W, 20°S-10°N). Streamlines indicate

monthly wind patterns. The anomalies

represent the deviation from the
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climatological mean (2000-2023) of eastward moisture transport through the
atmospheric column. Negative anomalies (blue) indicate stronger westward
transport (more moisture transport from the Atlantic to the Amazon), while positive
anomalies (red) indicate stronger eastward transport (less moisture transport from
the Atlantic to the Amazon).
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Figure S11. Mean seasonal cycle (averaged over 2012-2023) of CO at ATTO (-2.1441,
-58.99) with a shaded area showing the standard deviation for each month. In red,
the seasonal evolution of 2023 is shown.
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Figure S12. Monthly fire counts and cumulative fire counts (two upper panels) for
the biogeographic Amazon. Monthly fire emissions and cumulative fire emissions
from GFED4s, GFAS and the mean between the two products also for the
biogeographic Amazon (lower two panels). The dashed lines denote the long term
mean of the annual fire emissions from each product and their mean.
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Figure S13. Seasonal development of GPP proxies (SiF and NIRv) for the

biogeographic Amazon and their evaluation at ATTO. The first row shows the

average seasonality and the 2023 development for each GPP proxy for the

biogeographic Amazon. The second row presents the evaluation against the local
EC-GPP using the pixel in which ATTO is located. Given that the GPP proxies have
different time coverage we limited the comparison against EC-GPP to the 2018-2023

period, following the TROPOMI data availability and thus n=72.
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19



30 T

rainfall(mm/month)

To1m(°C)

24

28

month

100m(°C)

Ts

6 7
month

(m®/m?)

10cm

Soil Moisture

0.14

P 3, 3
Soil M0|sture40cm(m Im~)

6 7 8 9
month

month

0.36

°
®

o
@
5

o
w
S

o
]
3

o
]
=3

0.24

7
month

Figure S16. Seasonality of environmental variables at ATTO. The solid line is the
mean over 2013-2023 and the dashed line is the seasonal development in 2023.

20



80m Standardised Anomalies in —0

2023 (reference 2013-2023)

'y

[l Precipitation

7om T [ Temperature
[ VPD
RH / Soil Moisture
60m +
50m +
40m -

30m
20m

10m + |

Om

:
r
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